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PREFACE
Humans are by far the most numerous large individuals that have
ever lived on earth. The actual number of about 6,000 million
people is expected to double between the years 2050 and 2100.
Thus, the major challenges facing the world are to provide enough
food to feed all the people and to ensure that economic and social
conditions are met as basic requirements for a rational fulfillment
of human potentialities. In other words, in general, this will require
at least doubling the actual food production, and most likely,
increases need to be higher in the developing and poor regions of
the world.
Agriculture started about 12,000 years ago and, since then, has
played a key role in food production. At the same time that we look
to the farmers to provide the food we need, we want them, now
more than ever, to farm in a manner compatible with maintaining
the essential natural resources of the earth. However, besides the
remarkable positive aspects that farming has had throughout
history, several undesirable consequences have been generated.
The diversity of plants and animal species that inhabit the earth is
decreasing. Intensified crop production has had undesirable effects
on the environment, for example, contamination of groundwater,
soil erosion, and exhaustion of water reserves. If we do not
improve the efficiency of crop production in the short term, we are
likely to destroy the very resource base on which this production
relies; poverty in most regions of developing countries is also
strongly associated with these negative effects. Thus, the role of the
so-called sustainable agriculture in the developed and undeveloped

world, where farming practices are to be modified so that food
production takes place in stable ecosystems, is expected to be of
strategic importance in the future.
The desire of man to understand how a living cell does what it does
and
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to control the processes of life has been a challenge more difficult
than man's conquest of outer space. Interestingly, recent advances
in molecular biology, immunology, and cell and tissue culture
techniques have enabled present-day biologists to penetrate deep
into the intricate web of life. The role of these discoveries in
enhancing the understanding about living cells and, in the process,
changing them to suit human needs has made modern biology the
most exciting of sciences, as well as the basis of a new endeavor,
biotechnology. Biologists are becoming able to regulate and
modify the entire behavior of microbial, plant, and animal cells just
as physicists and related disciplines can manipulate spaceships in
space.
Molecular biotechnology of plants may be a key player in these
scenarios of the twenty-first century. Nowadays, it is receiving
increasing attention because it is a source of innovation for the
agricultural, chemical, food, and pharmaceutical industries. It
provides the means to translate an understanding of, and ability to
modify, the fundamental processes of plant growth and
reproduction into new products and enhanced productivity. Plant
genomes are being sequenced, and the functions of a large number
of genes regulating plant development are being analyzed. Genes
responsible for resistance to agronomically important pests, fungi,
bacteria, and viruses are being isolated and exploited in agriculture.
Seeds with commercially valuable oils, proteins, starches, and
nutraceutical compounds are being developed, and such transgenic
crops will be assimilated into agriculture. Thus, many plants are
created and will be created that offer new options to consumers and
industries.

Molecular biotechnology will have a major effect on the way
people protect plants against predators and pests. Genetically
engineered plants that are resistant to pests will replace the use of
chemical pesticides; these plants will also use water and soil
nutrients in a more efficient way, will be capable of producing in
nonoptimal environments (e.g., drought, salinity, acid soils, high
and low temperatures), and will have better nutritional messages
and longer shelf life. They will have larger proportions of edible
parts as well, thus generating less waste. It is imperative to
consider the development of a more environmentally friendly
agriculture.
The development of research innovations for products is
progressing, but the constraints of relatively long times to reach the
marketplace, uncertain profitability of the products, intellectual
property rights, consumer acceptances, and the extreme caution and
even fear with which the public now views biotechnology are
tempering the momentum of all but the most determined efforts.
Nevertheless, it seems uncontestable that molecular biotechnology
of plants will emerge as a strategic component to provide foods and
other products required for human development.
This book is meant to be a comprehensive set of reviews of our
present
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knowledge of molecular biotechnology, including genetic
engineering, associated with the production of plant food crops. It
is a multiauthor book, with the advantage that each subject is
explored by an expert or experts in that field. The book was written
principally as a reference for students, researchers, and
practitioners. Its content has been organized into two sections.
Chapters in Section I are mostly oriented toward the principles or
fundamentals of the cellular and molecular approaches to plant
biotechnology, while chapters in Section II address especially the
applications of biotechnology for production of food crops with
new engineered traits.
Finally, thanks are extended to all of the authors for their excellent
contributions to this book and to the editorial staff of Technomic,
Inc., including Eleanor S. Riemer and Susan Farmer.
Acknowledgement is also given to the members of my laboratory,
Drs. F. Guevara-Lara, María E. Valverde, and Miss Marcela Origel.
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SECTION I
CELLULAR AND MOLECULAR APPROACHES
TO PLANT BIOTECHNOLOGY
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Chapter 1
The Biology of Flowering Plants
G.I. Cassab1
J. Nieto-Sotelo1
M.A. Villanueva1
Introduction
Plants are essential to almost all life on earth, providing protection
and sustenance for organisms ranging from bacteria to large
mammals. With their unique capacity for photosynthesis, they form
the basis of the biological food web, while producing oxygen and
mopping up excess levels of the greenhouse gas carbon dioxide.
Plants also perform a number of other important environmental
services like recycling essential nutrients, stabilizing soils,
protecting water recruitment areas, and helping rainfall control via
the process of transpiration.
Most of the world's plants today are vascular plants, the earliest of
which invaded the terrestrial habitat more than 400 million years
ago. At that time they were rather primitive organisms lacking any
obvious differentiation into leaves, roots or complex reproductive
structures [ 1] since then, these ancestral forms have evolved to
produce the vast array of terrestrial plants we see today. Today
different plant species exhibit a range of specific
adaptationsphysical structures and chemical characteristics favored
by a particular ecological nichemany of which have also played a
fundamental part in the evolution of the human culture, providing

not only food and fuel, but also a whole range of materials used for
shelter, clothing and medicine. Taxonomists recognize four major
groups of plants: mosses, ferns, gymnosperms (the largest group of
which are the conifers), and angiosperms or flowering plants. This
chapter describes the cell biology of flowering plants. They have
been studied most intensely in part because all our crop plants are
flowering plants.
1 Instituto de Biotecnología, Universidad Nacional Autónoma de
México, Apdo. postal 510-3, Cuernavaca, Mor. 62250, México.
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TABLE 1. Physical and Behavioral Nature of Angiosperms.
Term
Meaning
MonocotyledonA plant whose developing embryo typically has
one cotyledon, e.g. grasses, palms, and orchids
Dicotyledon A plant whose developing embryo typically has
two cotyledons, e.g. oak and chrysanthemum
Herbaceous
Non-woody plants which do not undergo
secondary growth, e.g. marsh marigold
Woody
Trees and shrubsproduce wood by virtue of
secondary growth from the vascular cambium
(typically gymnosperms, like pine trees, and
dicotyledonous angiosperms, like oak)
Ephemeral
A plant which completes its life cycle very
rapidly, in some cases germinating, blooming,
and setting seed several times in 1 year, e.g.
groundsel and several desert plants
Annual
A plant which lives for 1 year, e.g. maize (Zea
mays)
Biennial
A plant which lives for 2 years, e.g. onion
(Allium cepa)
Perennial
A plant which usually lives for more than 2 years,
and which generally reproduces annually
following maturity, e.g. apple (Malus pumila)
Angiosperms show a wide range of physical and behavioral
characteristics which affect both their ecological functions and
their roles in human society. For example, many successful weed
species are herbaceous and ephemeral, while large woody
perennials may be particularly valuable in stabilizing soils and
protecting watersheds.

The Nature of Flowering Plants

The flowering plants of the world occur in many different physical
forms and exhibit a wide range of behavioral patterns, all of which
can affect both their ecological role and their applications in human
society. For example, they may be monocotyledons or
dicotyledons; woody or herbaceous; annual or perennial (Table 1).
Nevertheless, while they may differ in detail, all angiosperms or
flowering plants hold many general features in common, including
their mode of reproduction, their basic organs and tissues and their
underlying biochemical processes.
The Flowering Plant Body
The complex multicellular body of a flowering plant is the result of
long term evolutionary specialization. This specialization has
permitted the establishment of morphological and physiological
differences between the various parts of the plant body and has led
to the development of the concept of plant organs. For the sake of
convenience, the mature plant body is divided into roots, stems,
leaves, and reproductive parts, each of which has its own specific
structures and functions.
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The roots provide anchoring to the soil, are responsible for
absorbing the water and nutrients required for plant growth, and in
root vegetables such as carrots (Daucus carota), they may play an
important storing energy role. Since early in their development,
root systems are branched and often produce millions of root
hairstiny outgrowths which can increase the absorbing surface by
severalfold [ 2]. These hairs are essentially elongations of
individual cells in the root epidermis, and although they are
relatively short-lived, new ones are constantly produced near the
growing root tip.
Plant stems generally provide support for both leaves and
reproductive structures, and are responsible for the long-distance
transport of water and nutrients between different parts of the plant.
However, in a few species, stems are more specialized and carry
out specific functions. For example, in potatoes (Solanum
tuberosum) and onions (Allium cepa) their tubers and bulbs are
actually underground stems capable of storing energy, while the
succulent stems of leafless cacti store water and carry out
photosynthesisthe process during which plants capture light energy
from the sun to fuel the synthesis of carbohydrate.
In most species however, the major sites of photosynthesis are the
leaves which are distributed along the stem in characteristic
patterns according to species. In order to photosynthesize, leaves
must take up carbon dioxide from the atmosphere, and this is
achieved through small pores on the leaf surface known as stomata.
These stomatal apertures may be opened or closed as
environmental conditions fluctuate, allowing the plant to take up

carbon dioxide while conditions are favorable, yet restricting water
loss when water availability is low.
The reproductive structures begin to develop when the vegetative
plant reaches maturity. In some short-lived annuals this may occur
after only a few weeks; in others, such as the perennial bamboos
(Bambusoidae), this may take up to 50 years [2]. Flowers, like the
cones of gymnosperms, consist of a group of specialized leaves
which protect the egg and pollen cells as they develop. Following
pollination and fertilization, tissues around the developing embryo
differentiate into the new seed which, in angiosperms, is further
contained within the developing fruit.
The Plant Cell and Its Organelles
The cells are the units of structure in plants and animals. The
concept that the cell is the universal elementary unit of organic
structure and function forms the basis of the so-called cell theory
[3]. The differences in structure and function of cells bring about
the differentiation within the organismal bodies of organs and
tissues of more or less specialized nature. In plants however, cells
are not the building blocks of plant form [3].
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Figure 1
Schematic representation of the major components of a
plant cell. Typical structures of a plant cell such as the
cell wall, the chloroplasts, vacuole and transvacuolar
strands, and the plasmodesmata are shown. The other
components are common for both animal and plant cells.

Plants have a distinctly different mode of multicellular
construction, characterized by incomplete cell cleavage, continuous
cytoplasmic connection, and lack of motility during
morphogenesis. When higher plant cells divide into two cells, they
do not pinch apart their protoplasts, as in animal cell cytokinesis,
but separate by the insertion of a partition of polysaccharide
material, the cell plate or phragmoplast. Since animal cells are
cleaved completely, resulting in their distinct mobility and
independence of behavior, the application of cell theory to them is
not problematic.
The main components of a typical plant cell are the cell wall and
the protoplast (Figure 1). The protoplast essentially consists of a

chemically complex viscous fluid (the cytosol), which is delimited
by the nuclear membrane, and the plasmalemma (plasma
membrane), and this in turn, is surrounded by the cell wall. It
contains the cell's organelles (small, often membrane-bound bodies
with specialized functions), the vacuole, plastids and the nucleus.
The Cell Wall and Plasmodesmata
The presence of extraprotoplasmic walls is one of the outstanding
characteristics distinguishing the cells of plants from those of
animals. The cell wall is a complex entity with unique
characteristics related to the developmental stage of a given plant
cell type. Most commonly, each cell
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within a tissue has its own wall. Moreover, the function of each cell
is largely determined by its wall. Cell walls have supportive and
protective functions, both as components of living cells and as
remains of no longer living cells. They maintain the aerial parts of
land plants in resisting the stress of the force of gravity and protect
them from desiccation. A plant cannot long exist unless its body is
firmly knit together and its organs possess the collective
mechanical strength of the cell walls. The wall acts and reacts in
response to cellular commands to grow or differentiate, and
instructs the cell about the external status such as the presence of
pathogens; thus, cell walls are very dynamic structures. They also
play an important role in several physiological processes such as
absorption, transpiration, translocation, and secretion [ 4].
Furthermore, cell walls can function as reserve material during
seed germination, and cell wall modifications are of paramount
importance during fruit ripening. The structure of the cell wall is a
determinant of food texture.
The major component of plant cell walls is the carbohydrate
cellulose. This substance received its name because it is the basic
constituent of almost all cell walls in vascular plants. It is
organized in microfibrils and associated with other indigestible
complex carbohydrates that are the main source of dietary fiber.
They also contain structural proteins, enzymes, lignin, waxes,
water, calcium and boron. Cell walls are the major source of
biomass on earth. The cell walls of adjoining cells are cemented
together by a mixture of pectins and calcium at the middle lamella.
Pectins are amorphous colloidal substances, plastic and highly
hydrophilic. The latter property suggests a possible role in
maintaining a state of high hydration in young walls. Because of

the outstanding ability of pectin to gel, it is an important industrial
product. As was mentioned previously, pectins not only compose
the intercellular substance but also occur associated with cellulose
in the other wall layers, notably the primary. In many cells the first
wallthe primary cell wallremains the only cell wall; in others, it
undergoes secondary thickening as subsequent layers are laid down
forming the secondary cell wall, which may become impregnated
with water-repellent substances such as lignin or cutin [5].
Lignin, one of the most important representatives of the incrusting
substances, is a rigid component that seems to function primarily as
a structural component of the cell wall. In bulk, it produces the
familiar material wood. Lignin can be present in all three wall
layersthe middle lamella, the primary wall, and the secondary wall.
Lignification develops in the primary wall and intercellular space
before it spreads to the secondary wall. In xylem elements with
secondary walls it is in the form of rings and helices, the primary
wall does not become lignified. In woody tissues the middle
lamella and the primary wall are more strongly lignified than the
secondary wall. The fatty compounds, cutin, suberin and waxes
occur
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in varying amounts in the walls of many types of cells, specially
abundant in those that are located at the periphery of the plant
body. Suberin occurs in association with cellulose in cork cells of
the periderm, and in specialized layers like the endodermis and the
exodermis. Cutin forms a continuous layer (the cuticle) on the
surface of the epidermis of all aerial parts. Inner cuticles occur in
seeds during the transformation of the integuments into seed coats.
Mineral substances like silica and calcium carbonate, and diverse
organic compounds like tannins, resins, fatty substances, volatile
oils, and acids, as well as crystalline pigments, may impregnate
walls. Silica is a common compound of the walls of grasses,
sedges, and horsetails.
Primary walls are often associated with living protoplasts. The
walls of dividing and growing meristematic cells are primary, and
so are those of most cells which retain living protoplasts. Since the
primary wall is initiated before the cell enlarges, it passes through a
period of growth in surface area, which may be followed or
transiently interrupted by a period or periods of growth in
thickness; or the two types of growth may be combined. The
changes that occur in primary walls throughout the life of a cell are
therefore reversible. The wall may lose a thickening previously
acquired, and chemical substances may be removed or replaced by
others. For example, cambial cells show seasonal changes in
thickness, and the thick primary walls of the endosperm in certain
seeds are digested during germination. Thus, the primary wall may
have a complex history as well as a complex structure.
Secondary walls are usually laid down after the primary wall
ceases to increase in surface area. At this time, the entire cell

ceases to enlarge so that surface growth is not characteristic of the
secondary wall. The secondary wall can be considered a
supplementary wall whose major function is mechanical. The cells
with secondary walls frequently lack protoplasts at maturity (as
certain fibers, tracheids, vessel members). In other words,
secondary walls are most characteristic of cells that are highly
specialized and undergo irreversible changes in their development [
5]. But cells with active, living protoplasts, such as the xylem ray
and xylem parenchyma cells, also may have secondary walls.
Furthermore, cells specialized as mechanical (sclerenchyma)
elements may conserve their protoplasts and cell division is known
to occur in the presence of secondary walls. Information is scarce
on the ability of protoplasts to reduce the thickness of the
secondary wall or to modify its chemistry after cells complete their
development. Delignification and dissolution of secondary walls
under normal and pathological conditions have been reported in the
literature [5,6].
Secondary cell walls are usually characterized by the presence of
cavities varying in depth, expanse, and detailed structure. These
cavities are called pits. Primary walls also have more or less
conspicuous depres-
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sions, termed primary pit-fields. The primary pit-field of a
meristematic cell may be so intensely depressed and so numerous
that the wall appears beaded in sectional views. In primary pitfields, the primary wall is relatively thin but continuous across the
pit-field area. Moreover, while the cell is alive, these fields show
concentrations of plasmodesmata (see below). The characteristic
feature of a pit is that the secondary wall layers are totally
interrupted at the pit; that is, the primary wall is not covered by
secondary layers in the pit region. A pit in a secondary wall not
only includes the cavity but also the part of the primary wall that
occurs at the bottom of the cavity. Thus, a pit consists of a pit
cavity and a pit membrane. The pit cavity is open internally to the
lumen of the cell and is closed by the pit membrane along the line
of junction of two cells. The more complex pits are present mainly
in the water-conducting and mechanical cells of the xylem, such as
vessel elements, tracheids, and various fibers.
Cell walls have different degrees of plasticity (property of
becoming permanently deformed when subjected to changes in size
or shape), elasticity (property of recovery of the original size and
shape after deformation), and tensile strength in relation to their
chemical composition and their microscopic and submicroscopic
structure. Plasticity of walls is well exemplified by their permanent
extension in certain stages of growth of cells in volume; elasticity,
by the reversible changes in volume in response to changes in
turgor pressure. Significant tensile strength is characteristic of
mechanical cells, mainly of the extraxylary fibers of
monocotyledons and dicotyledons [ 5].
Cellulose has a major influence upon cell wall properties because it

is such an abundant component in them. Other substances add their
properties or modify those imparted by cellulose. Tensile strength
is one of the remarkable characteristics of cellulose. Lignin, on the
other hand, increases the resistance of walls to pressure and
protects the cellulose fibrils from becoming wrinkled.
Cell walls grow in surface area and in thickness. The former
process is much more difficult to explain than the latter. Growth in
thickness is especially obvious in secondary walls but is also
common in primary walls. It occurs by a successive deposition of
wall material, layer upon layer, that is by a process known as
apposition. But intercalation of new particles among those existing
in the wall, that is, intussusception, is not necessarily excluded
during thickening growth. During the growth of cell walls in
surface area a considerable amount of new material is being added
to the walls. Despite the great increase in surface of the primary
wall of enlarging cells, no appreciable decrease in wall thickness is
detectable during such growth. It is not clear whether growth of the
wall in surface involves part of a given wall or the entire wall. In
ground-
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parenchyma tissue growth occurs over the entire surface of a
growing wall. Certain types of cells however, show localized
growth like in fibers and tracheids, in which the tips grow
intrusively among other cells; and root hairs, in which elongation
typically occurs at the tips.
In living cells, cytoplasm is present in the cell wall in the form of
plasmodesmata. Plasmodesmata (PD) are perforations present in
the cell wall that contact the cytosol of adjacent cells and allow a
diverse array of molecules such as sucrose, virus, nucleic acids,
proteins, etc., to pass selectively from cell to cell. They are
membrane-lined pores that have an outer sheath contiguous to the
plasma membrane, a central core of endoplasmic reticulum, and a
collar region. This organelle is inherently dynamic since it can
rapidly alter its dimension to increase its transport capability on
contact with both viral and endogenous plant proteins. Thus,
cytoplasmic continuity is maintained and tightly regulated by this
endogenous macromolecular trafficking pathway. Moreover, PD
seem to play a major role in orchestrating higher plant
development, via cell-to-cell transport of regulatory signals [ 7].
The cytoskeleton (see below) participates as a major tracking
system to PD. For example, the movement protein of plant viruses
colocalizes primarily with microtubules and, to a lesser extent, with
actin filaments. The cytoskeleton may also take part in the gating
of PD. Actin filaments traverse PD channels, and actin may act as
sphincter at the collar region of PD [8].
Plasmodesmata have been found in red algae, hepatics, mosses,
vascular cryptogams, gymnosperms, and angiosperms. They may
be detected in all living tissues, including the meristematic.

Plasmodesmata either occur in groups or are distributed throughout
a wall. When they are grouped, they are localized in the primary
pit-fields. It has been proposed that plasmodesmata arise during
cell division because of persistence of endoplasmic reticulum
tubules in the organizing cell plate, but they are also know to arise
de novo where cells form new contacts, as during cellular
readjustment in tissue differentiation, in graft unions, and in
haustoria-like structures of such plant parasites as Viscum, Cuscuta,
and Orobanche and the cells of their host plants.
The Plasma Membrane
All cells from living organisms are surrounded by a membrane that
provides both a physical barrier for cytoplasmic components and is
the port of entry or exit for various molecules and stimuli that
allow for inter-communication with the external milieu.
In mammalian systems, this membrane is formed by two
phospholipid bilayers with their hydrophobic tails aligning
opposite to each other. This bilayer is asymmetrical in its lipid
composition and it also contains pro-
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Figure 2
Fluid mosaic model of the cell membrane [ 9]. The plasma membrane
is thought to have this arrangement in which the proteins can be
intrinsically associated with either side of the lipid bilayer and
can diffuse freely within this boundary. At the same time,
transmembrane proteins traverse the bilayer and are capable of
association with cytosolic molecules which can give them
directional flow as well. Other associations include peripheral
proteins on either the cytosolic or external face of the membrane
which are bound through weaker interactions such as ionic
and hydrophobic forces.

teins embedded within, which may be transmembrane or integral
with a hydrophilic portion towards either the cytoplasmic or the
extracellular side of the cell. In addition, there are proteins
associated via ionic or hydrophobic interactions and they can move
freely by lateral diffusion or by directed flow as postulated in the
fluid mosaic model [9] (Figure 2). This membrane in the plant cell
is observed by electron microscopy as a tripartite structure similar
to the ones observed in mammalian systems. In spite of being
enclosed on the outside by the cell wall, studies on protoplasts
suggest that in the plant plasma membrane, proteins can move on
the lipid bilayer as well and that this movement may be modulated
via the cytoskeleton [10,11] as it has been found for mammalian

cells [12]. An important implication from these studies is that, some
of the integral membrane proteins that are also transmembrane
proteins containing cytoplasmic regions on the plasma membrane
of the plant cell, may be linked to cytoskeletal components in
specific regions which, in turn, may be coupled to specific receptor
molecules as it has been observed in animal cells [13]. This may be
an important part of the signalling machinery of the plant cell. In
fact, putative receptors of phytohormones, elicitors, and toxins
have been mapped to the plasma membrane of plant cells
[14,15,16]. The ligands of these molecules are capable of producing
a series of biochemical events presumably via their corresponding
receptor. For example, hyperpolarization of membrane potential
and apoplast acidification occur when fusicoccin which is a toxin
from Fusicoccum amygdali binds to the plasma membrane of plant
cells (for a review see [17]). The proton efflux and effects on other
transport processes also imply that the
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membrane must be capable of regulating the entry and exit of
molecules, therefore suggesting the presence of various types of
proteins assembled into channels. A number of these have been
described in several plant systems which include Ca2+ [ 18], anion
[19], and water channels [20].
Finally, the plasma membrane of plant cells also contains the PD, a
series of cytoplasmic communications equivalent to the gap or tight
junctions in animal cells (see previous description).
Endomembrane System (Endoplasmic Reticulum, Golgi Apparatus
and Associated Structures)
The cytosol in eukaryotic cells contains the same components as a
prokaryote but these are compartmentalized by an endomembrane
system that arises from the nuclear membrane and pervades the
whole cytoplasm. Other components of the system are the
endoplasmic reticulum (ER), the Golgi apparatus and the
membrane-bound organelles such as chloroplasts, mitochondria,
lysosomes (vacuole in plants) and peroxisomes. These components
are part of an intercommunication system that has a dual function:
(a) provide the membrane flow for recycling and (b) direct the
trafficking vesicles loaded with molecules to the various cell
compartments such as the vacuole, the nucleus, the plasma
membrane, or even the outside of the cell; this process is called
protein targeting. The distinctive features of the components of this
system have been determined by electron microscopy.
The endoplasmic reticulum (ER) is composed of a series of
membranous folds that appear to be continuous with the nuclear
membrane. In this organelle, the membranes can be divided into

smooth and rough and their ratio can be different depending on the
cell function. The rough appearance of the ER is given by the
ribosomes that are associated with it through their large (60 s)
subunit. Proteins to be sorted via the secretory pathway are
synthesized on these ribosomes and translocated across the ER
membrane into the lumen. This is the very first step through the
pathway which goes from ER to Golgi, and from there to various
organelles or the cell surface (plasma membrane, cell wall,
extracellular space). The endo and exocytic pathway showing the
major organelles involved in this process is depicted in Figure 3. In
plant cells, the ER is formed by cisternae and tubules with a single
internal space. It represents about 30% of the total membrane and it
is the site for accumulation of certain storage proteins in
specialized cells such as those from the seed. The relative
abundance of the membranes usually relates to function; thus, in
cells destined for secretion, the ER is also abundant. There is also a
part of the ER that is continuous between adjacent cells through PD
and it permits intercellular communication as well as passage of
molecules. Studies
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Figure 3
Representation of the endo- and exocytic pathway showing the
major organelles involved in the process. In plant cells, other
structures such as the multivesicular body and the partially
coated reticulum have also been described [ 23].

with vital dyes have shown the existence of a cortical ER in
caulonemata of Funaria hygrometrica [21]. In onion epidermal
cells similar studies reveal three ER domains classified as
cisternae, two forms of smooth ER and a peripheral network [22].
Other functions of the ER include the storage of proteins that can
be retained and form protein bodies surrounded by ER membranes
in certain cereals such as rice and sorghum. In others such as
wheat, they are stored in vacuole-derived protein bodies. However,
the majority can still travel to the Golgi. This differential
processing is probably brought about by differential targeting of the
corresponding mRNA [22]. After residing in the ER, the trafficking
proteins are further processed in the next compartment, the Golgi
apparatus.

Proteins that are synthesized in the ER, and in transit to the cell
surface and lysosome are sorted in a stack of cisternae called the
dictyosome. These along with some associated membranes and
vesicles in the plant cell form the Golgi apparatus (GA). In this
compartment, proteins are glycosylated and packed in vesicles for
delivery to and from the cell surface, and to the plant lysosome or
vacuole [23]. This organelle has been named depending on its
orientation; thus, its trans face is the one directly opposite to the
nucleus or the tonoplast in the plant cell, whereas the cis face is the
one closer to the plasma membrane and, in many plants, the cis
cisternae is less compact than the trans cisternae. In several animal
cells,
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lower plants and some fungi, the cis cisternae is juxtaposed to the
ER [ 23]. Both plant and animal Golgi are involved in membrane
recycling, secretion and lysosomal enzyme delivery. In terms of
composition, biochemical and organizational differences exist. The
GA in plant cells is uniformly distributed throughout the cytosol
whereas in animal cells, it is localized to the juxtanuclear,
pericentriolar region. Structural relationships vary also according to
nature of secreted product and consequently, cell function; for
example, protein secretion favors a closer association of ER to
Golgi than that seen in cells involved in polysaccharide secretion.
In plant cells, the cell wall is assembled from cell-surface
synthesized polymers and Golgi-synthesized pectins or other
secreted polymers. Therefore, this organelle is actively involved in
cell wall polysaccharide biosynthesis rather than glycoprotein
biosynthesis [23]. In terms of biochemical and organizational
composition, in animal cells the glycoprotein processing takes
place from cis (mannosidase I) to medial (N-acetyl-glucosamine
transferase) to trans (galactosyltransferase) [24]. However, this is
not true for all animal cells or for plants. Studies from sycamore
cultured cells suggest that different sets of glycosyl transferases
must exist in the plant Golgi since polysaccharides like
xyloglucans and galacturonans are glycosylated and
methylesterified there in different types of cisternae, and the
complex polysaccharide assembly takes place in a cis to trans
direction like the N-linked glycans [25].
A number of other membranous organelles involved in exo and
endocytosis have been described in plants. Although it is not clear
whether clathrin coated vesicles participate in endocytosis of
membrane receptors directly, these structures have been clearly

observed in plant cells [26,27,28] and some of the participating
molecules described [29,30]. Time-course studies on ferritin uptake
in soybean protoplasts reveal a structure formed by the fusion of
the Golgi with clathrin coated vesicles in the cytoplasm to form
what is called the partially coated reticulum. It has been suggested
that this structure is the equivalent to the trans Golgi network in
animal cells [31,32]. Other endosomal structures include the
multivesicular bodies (MVB) which are membrane-bound
organelles and may contain regions with clathrin coated material
[33]. It is believed that new vesicles arrive and are incorporated
into MVB by fusion-invagination and there is evidence that they
contain degradative enzymes [31]. Another endosomal
compartment is the tonoplast or vacuole which deserves a separate,
more detailed description.
Protein targeting is an essential process that allows a unique set of
proteins to reach specific organelles. This process involves
recognition between the newly synthesized protein and the
organelle of destination and therefore, it determines the function of
that organelle. This has important
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implications for biotechnology if a gene from a different plant or
other organism is expressed in a crop plant, since the protein that is
expressed must contain the right targeting domain.
Cytoskeleton
Plant cells contain a well organized cytoskeleton which consists of
networks that are distributed from the nucleus to the plasma
membrane and appear to connect structures and probably couple
most functions throughout the cell. Three types of networks have
been observed and are formed basically by microtubules (Mts) [
34], microfilaments (Mfs) [35] and intermediate filaments (Ifs) [36].
These structures have been observed to participate in a number of
cellular events such as cell division, protoplasmic streaming,
organelle movement and many others that involve signaltransduction mechanisms [37]. The protein components of these
structures as well as some of their accessory proteins (profilin,
actin, tubulin, spectrin, intermediate filament antigens) have also
been described and characterized although to a limited extent in
plant cells due to the presence of aggressive hydrolytic enzymes
during homogenization and the lack of a tissue containing high
amounts of these proteins like muscle or brain [37].
Mts can be seen by indirect immunofluorescence using
heterologous anti-tubulin antibodies [34,37]. They have an active
role in cell division, growth and differentiation in plants and appear
to work in tight coordination with cell wall deposition. For
example, before Zinnia elegans mesophyll cells can differentiate
into tracheary elements, microtubule patterns reorient from
longitudinal to transverse and predict the places of wall deposition
[37]. Treatment with gibberellin A3 causes hyperelongation of

stems in several plants; in this case, Mts also change their
orientation from longitudinal to transverse and inhibition of
cellulose synthesis reverses the effect [37]. On the contrary,
ethylene causes inhibition of stem elongation and promotes stem
thickening; in this case, the microfibrils reorient from transverse to
longitudinal concomitant with a predominance of longitudinal Mts
[37]. Finally, Mts can be observed forming what is called the
preprophase band which predicts the deposition of cell wall at the
division plane (phragmoplast) before mitosis takes place [37]. A
recent report on the binding of elongation factor EF 1a to
microtubules provides new evidence of the possibility of a coupled
function of protein synthesis with cytoskeletal function [38].
Mfs in plants are observed with phalloidin, which is a specific
polymeric actin-binding toxin from Amanita phalloides, and can be
conjugated with fluorophores to detect the actin organization. An
example of
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Figure 4
Actin microfilament network in cultured soybean
cells and protoplasts as seen by rhodamine-phalloidin
fluorescent staining. A well defined network is observed
throughout the cells. (a) Phase contrast micrograph
of interphase cells; (b) fluorescence micrograph of the
same cells showing the microfilament network;
(c) phase contrast micrograph of a protoplast
derived from the culture; (d) fluorescence micrograph
of the same cell showing the microfilaments around the
nucleus (N) and the cell cortex (white triangle). The bar
represents 25 µm. (Unpublished results of
M.A. Villanueva.)

the actin cytoskeleton array in soybean cells and protoplasts is
shown in Figure 4. They are believed to participate in mitosis by
providing the machinery for organelles and vesicles to travel in the
cytoplasm to the sites of cell division [ 39]. These may travel
through myosin based organelle movement on actin cables. This
type of movement occurs in giant algae [40]. Actin may also be

involved in differentiation as differential expression of actin
isoforms occurs during nodule development [41].
Ifs in plants are far less characterized but they have been observed
in prepared cytoskeletons from carrot cells. They were seen as 7
nm filaments associated in fibrillar bundles arising from the
nucleus and, in some cases, extending to the cortex [37]. Several
related proteins have been identified by heterologous antibodies to
Ifs from animal cells [36,37].
The key components of the cytoskeleton are present in the plant
cell, and it is likely that they participate equally in signalling and
structural events, although this latter role is more limited since the
cytoskeleton alone is not enough to preserve the structure of the
cell after wall removal [35,42]. This may be part of the reason for a
rigid but dynamic wall in the plant cell that in concert with the
cytoskeleton controls growth and shape.
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Peroxisomes and Mitochondria
Plant cells also share some similarities with animal cells. In both
types of cells, biochemical pathways have become
compartmentalized within distinct subcellular organelles in order to
maintain the overall coordination of metabolic regulation.
Peroxisomes are bound by a single membrane, and are found in
practically all eukaryotic cells. These organelles typically produce
and degrade hydrogen peroxide and contain enzymes necessary for
the b-oxidation of fatty acids. They also contain a range of specific
enzymes involved in metabolic processes that are specific to the
tissue type and/or environmental conditions. For example, in plant
cells peroxisomal enzymes catalyze reactions implicated in ureide
metabolism in root nodules, in one- and two-carbon metabolism in
photosynthetically active tissues, and the glyoxylate cycle in
oilseeds where they are called glyoxysomes. Glyoxysomes contain
enzymes necessary for the conversion of fats into carbohydrates
during germination in many seeds. Overall, peroxisomes play an
important protective role against toxic reactive oxygen species [
43]. Mitochondria are constant elements of both plant and animal
cells. In mitochondria, energy is released from the oxidation of
sugars and is used for the synthesis of adenosine triphosphate
(ATP), a process known as respiration. ATP is essential for growth
and reproduction. The mitochondria have two membranes and
contain the enzymes required for cellular respiration. The inner
membrane is extensively folded into pleats known as cristae which
greatly increase the surface area available to enzymes involved in
respiration and the reactions associated with them. Mitochondria
are usually smaller than plastids, measuring about half a
micrometer in diameter, and apparently there is a great variability

in shape and length. With the aid of time-lapse photography,
mitochondria can be seen to be in constant motion, turning and
twisting and moving from one part of the cell to another; they also
seem to fuse and divide. Mitochondria tend to congregate where
energy is required. In cells in which the plasma membrane is very
active in transporting material into or out of the cell they can be
seen frequently displayed along the membrane surface. The greater
the energy requirements of a cell, the more cristae its mitochondria
are to include. The cristae are surrounded by a liquid matrix which
contains proteins, RNA, strands of DNA, ribosomes similar to
those of prokaryotes, and various solutes. In both mitochondria and
chloroplasts the DNA that is present is in the form of a closed
circle, like that of bacteria.
Nucleus
The nucleus is a spherical organelle surrounded by a double
semipermeable membrane called the nuclear envelope. The
compartment be-
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tween membranes in the nuclear envelope is called perinuclear
space and is continuous with the ER lumen (Figure 3). The nuclear
envelope is perforated with nuclear pores which are complexes of
proteins that form octagonal structures that traverse the envelope
and bring the two membranes together around the margins of the
pore. These control the nature and size of molecules that transit in
and out. Actually, nuclear import and export may occur, in part, by
the size of the pore, or they can also be regulated by a shuttling
mechanism [ 44], but both processes are highly specific. Some
proteins that specifically get imported to the nucleus are the transacting factors opaque-2 and R protein from maize [44]. The outer
membrane is associated with ribosomes which direct protein
synthesis destined to different compartments of the endomembrane
system. Besides the phospholipid bilayers, the envelope is
organized by two cytoskeletal networks localized on different
structures; at the innermost surface of the inner nuclear membrane
there is a nuclear lamina composed of a thin web of intermediate
filaments, and randomly distributed intermediate filaments on the
outside of the nuclear membrane. Lamins A, B and C are the main
components of the nuclear lamina in both animal and plant cells
[44].
The interior of the nucleus is filled with deoxyribonucleic acid
(DNA) which at interphase is packed into a suprastructure called
the chromatin. The chromatin has a 50-fold level of compaction
into chromatin fibers of 30 nm in diameter. The sub-compacted
structure of this chromatin has a ''beads-on-a-string" pattern
composed by the nucleosome which is a 10 nm fiber. The
nucleosome is composed of DNA coiled around a heterogeneous
complex of 8 histones [(H3-H4)2 tetramer and two H2A-H2B

dimers]. This is called the core particle, which complexed with H1
histone and more DNA forms the chromatosome. The 30 nm fiber
has been observed in yeast but not in plants; however, the 10 nm
fiber has been found in both animals and plants [44].
The nucleus of plant cells also contains a compact spherical
structure inside called the nucleolus. This is a very electron-dense
particle and from studies in animals it is known that it is composed
of high amounts of RNA and proteins, although it is mainly
involved in ribosomal RNA synthesis and ribosome assembly. The
nucleolus is not bounded by a membrane but compactly assembled
from a network of ribosome precursors. The size of this organelle
is usually dependent on cell type and function; for example it has a
small size in dormant plant cells whereas in cells more actively
engaged in protein synthesis occupies a large nuclear volume [45].
Plastids
A second major difference between plant and animal cells is that
plant cells have plastids, which are delimited protoplasmic bodies
of special-
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ized structure that accomplish a number of key metabolic roles. In
green tissues, these plastids are called chloroplasts and their main
function is photosynthesis, but in storage organs (roots, tubers, and
seeds) plastids accumulate and store starch until it is needed for
growth. Chloroplasts are very abundant in the main photosynthetic
tissue, the mesophyll (middle of the leaf). Thirty to forty percent of
the total leaf nitrogen may be present in these chloroplasts. They
are also present in other green parts of the plant and even in deep
tissues, withdrawn from light, as in parenchyma cells of the
vascular tissues or in embryos enclosed within seed coats and
fruits. The chloroplasts of higher plants are usually disc-shaped
bodies and measure between 4 and 6 micrometers in diameter.
They are relatively constant in shape and size. In photosynthetic
cells, they are present in a single layer in the cytoplasm, oriented so
that one flat side is turned toward the interior of the cell, the other
toward the wall. A single mesophyll cell may contain 40 to 50
chloroplasts, a square millimeter of leaf contains some 500,000.
Chloroplasts consist of an elaborate system of membranes in the
form of flattened sacs called thylakoids surrounded by a double
membrane, and a more or less homogenous ground substance, the
stroma. The thylakoids seem to constitute a single, interconnected
system. Chloroplasts are generally characterized by the presence of
grana (singular: granum) -stacks of thylakoids which resemble a
stack of coins. The thylakoids of the various grana are connected
with each other by thylakoids that traverse the stroma. Chloroplasts
include pigments, chlorophyll and carotenoids, within the thylakoid
membranes which are essential to the photosynthetic process.
Starch grains and small lipid droplets are frequently present in
chloroplasts. The starch grains are transient storage products and

accumulate only when the plant is actively photosynthesizing.
They may be absent in chloroplasts of plants that have been kept in
the dark for as little as 24 hours but often reappear after the plant
has been in the light for only 3 or 4 hours [ 5].
The interior surfaces of thylakoids contain numerous granules,
called quantosomes, that seem to represent the basic structural units
involved in the light-requiring reactions of photosynthesis.
Chloroplasts also have small ribosomes similar to those of
prokaryotes, and strands of DNA are observed in the grana-free
regions. They also have the capacity for growth and division that is
relatively independent of the rest of the cell. Isolated chloroplasts
can synthesize RNA, which is usually carried out under the
direction of chromosomal DNA. The ability to form chloroplasts
and pigments associated with them is generally regulated by
chromosomal DNA interacting in some poorly understood way
with chloroplast DNA. Thus, chloroplasts cannot be made in the
absence of chloroplast DNA.
There are two other types of plastids frequently found in cells of
higher plants, chromoplasts and leucoplasts. As the name implies,
chromoplasts
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are pigmented plastids. These plastids show various shapes
(elongated, lobed, angled, spheroidal) and maintain the carotenoid
pigments, which are yellow, orange, or red in color. Chromoplasts
may have the following inclusions: crystals of carotenoids (root of
Daucus, carrot; fruit of Lycopersicon, tomato), microscopic
globules (petals of Ranunculus), bundles of microscopic filaments
(fruit of Capsicum, pepper). The development of chromoplasts with
globular and fibrous inclusions from chloroplasts implies the
destruction of the original grana system and the accumulation of
masses of carotenoids, as occurs during the ripening of many fruits
like tomato. Chromoplasts develop from leucoplasts as well [ 5].
Leucoplasts are not a clearly defined group of plastids. They are
non-pigmented plastids present in mature cells that are not exposed
to light; for example, those in the pith of many stems or in
underground organs. Some produce starch in granules of variable
size and are called amyloplasts, but others are capable of forming
oils and are known as elaioplasts. Upon exposure to light,
leucoplasts may develop into chloroplasts.
New plastids (chloroplast, chromoplasts, and leucoplasts) may
develop from small, colorless bodies known as proplastids; they
also often arise from the simple fission (division) of preexisting,
mature plastids.
Vacuole
A major difference between plant and animal cells is that plant
cells have a storage compartment called the vacuole that is bound
by the tonoplast. It is filled with a liquid, the cell sap, whose
principal component is water with other elements that may vary in

different cells and even in the different vacuoles of the same cell.
Vacuoles not only store minerals, amino acids, sugars, and organic
acids (such as vitamin C), but in specialized tissues, they can also
store proteins and many other chemicals that help plants defend
themselves against predators and pathogens. For example, in the
appropriate plant, vacuoles of certain specialized cells contain
products of biotechnological interest such as rubber and opium.
Vacuoles also vary in shape and size in relation to the stage of
development and the metabolic state of the cells. In meristematic or
dividing cells vacuoles are often numerous and small. In mature
cells, usually one single vacuole occupies the central part of the
protoplast (70-80% volume of the cell), whereas the cytosol and
the other protoplasmic components are restricted to the proximity
of the cell wall. The small vacuoles of meristematic cells increase
in size through the uptake of water and gradually coalesce as the
cell enlarges and ages [5]. Thus, the enlargement of the plant cell
involves both an increase in the amount of its cell sap and an
extension of its wall. Therefore, the vacuole also provides the
turgor pres-
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sure that allows plant cells to grow and expand and keeps the entire
plant body turgid, provided there is enough water in the soil. This
is a very important function of the vacuole because if the turgor
pressure in the cell falls, then the plant wilts.
The tonoplast has an important role in the active transport of
certain ions into the vacuole and their retention there. Thus, ions
may accumulate in the cell sap in concentrations far in excess of
those in the surrounding cytoplasm. Sometimes, the concentration
of a certain element in the vacuole is sufficiently high to yield
crystals. Calcium oxalate crystals, which can take different forms
are common. Vacuoles are generally slightly acidic. Some of them,
like the vacuoles in citrus fruits, are very acidichence the tart, sour
taste of the fruit [ 46].
Vacuoles also store molecules involved in the interactions of the
plant with animals or with other plants. For example, vacuoles
store pigments. The blue, violet, purple, dark red, and scarlet of
plant cells are typically caused by a group of pigments known as
the anthocyanins. Unlike most other plant pigments, the
anthocyanins are readily soluble in water, and they are dissolved
within the cell sap. They are responsible for the red and blue colors
of many vegetables (radishes, turnips, cabbages), fruits (grapes,
plums, cherries), and a multitude of flowers (cornflowers,
geraniums, delphiniums, roses and peonies). The color of the
flower petals attracts pollinating insects. Sometimes, the pigments
are so bright they mask the chlorophyll in the leaves, as in the
ornamental red maple. Anthocyanins are also the pigments
responsible for the brilliant red colors of some leaves in autumn.
These pigments form in response to cold weather and at the same

time, the leaves stop producing chlorophyll. As the chlorophyll that
is present decays, the newly produced anthocyanins are exposed. In
leaves that do not produce anthocyanins, the disintegration of
chlorophyll in autumn may exhibit more stable yellow to orange
carotenoid pigments already present in the chloroplasts. Other
vacuolar substances participate in defense mechanisms. Plants
cannot move to avoid being eaten by herbivores; instead, they
synthesize a great variety of toxic metabolites that are released
from vacuoles when the cells are damaged.
The vacuole is also involved in the breakdown of macromolecules
and the recycling of their components within the cell. Intact cell
components, such as ribosomes, mitochondria, and plastics, may be
stored in vacuoles in order to be lysed. For example, a portion of
the tonoplast next to a mitochondrion may invaginate into the
vacuole, become distended, and pinch off into the vacuole. The
resulting vesicle, with its enclosed mitochondrion, becomes
suspended in the vacuole. After the mitochondrion has been
degraded, the bounding membrane disappears. Because of this
digestive activity, vacuoles may be comparable in function with
organelles known as lysosomes that occur in animal cells.
Lysosomes, how-
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ever, are not involved with the accumulation of ions and molecules
of various types and in the water balance of the cell. The
enlargement of animal cells is associated mainly with an increase
in the amount of protoplasm. In plants however, it occurs with a
concomitant increase in the amount of the vacuole cell sap and an
extension of the wall.
Vacuoles develop first in young dividing cells, probably by the
progressive fusion of vesicles derived from both the endoplasmic
reticulum and the Golgi apparatus.
Tissue Types of Flowering Plants
According to Esau [ 5], an old but convenient classification based
on topographic continuity of tissues, the body of the vascular plant
may be pictured as composed of three systems of tissues, the
dermal, the vascular and the fundamental (or ground-tissue)
system. The three tissue systems of the primary body are derived
from the apical meristems. The dermal system forms the outer
protective covering of the plant and is represented in the primary
body by the epidermis. During secondary growth the epidermis
may be replaced by another dermal system, the periderm, with cork
cells forming the new protective tissue. The vascular system is
formed by the two major conducting tissues, the phloem and the
xylem. These tissues contain many types of cells. Some of these
are peculiar to the vascular tissues; others have counterparts in the
fundamental and dermal systems.
The system of fundamental tissues includes all tissues other than
the dermal and the vascular. The most common ground tissue is the
parenchyma. Some of the parenchyma may be modified as thick-

walled supporting tissues, the collenchyma. There are still other
modifications of parenchyma cells found in the various secretory
structures which may occur in the ground-tissue system as
individual cells or as more or less extensive cell complexes. The
fundamental system frequently contains highly specialized,
mechanical elements combined in coherent masses as
sclerenchyma tissue or dispersed as individual sclerenchyma cells.
The plant cells derived from a meristem acquire their distinctive
characteristics through developmental changes. Plant cells become
specialized to various degrees. On one hand, there are the relatively
few specialized cells retaining living protoplasts and having the
ability to change in form and function (various kinds of
parenchyma cells). On the other, there are the highly specialized
cells that develop thick rigid walls, lack living protoplasts, and
cease to be capable of structural and functional changes (various
kinds of sclerenchyma and related cells). Between these two
extremes are cells with varying levels of metabolic activity and
different degrees of structural and functional specialization.
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Basically, there are relatively few basic cell types within the body
of a flowering plant, and they are clearly distinguished by the shape
and structure of their cell wall. The wall of the mature or
differentiated plant cell is particularly suited to the function that
such a cell accomplishes. In order to illustrate the variety of cell
walls that a mature plant cell can form, we will briefly discuss the
different cell types and tissues, but the occurrence of intermediate
structures must be kept in mind when evaluating the distinctions.
Epidermal cells form a continuous layer on the surface of the plant
body in the primary state. They show various special characteristics
in relation to their superficial position. The main mass of epidermal
cells, the epidermal cells proper, vary in shape but are frequently
tabular. Other epidermal cells are guard cells of the stomata and
various trichomes, including root hairs. The major distinctive
feature of the epidermal cells of the aerial parts of the plant is the
presence of a cuticle on the outer wall and the cutinization of some
or all of the other walls. The epidermis gives mechanical protection
and is concerned with restriction of transpiration and with aeration.
In stems and roots having secondary growth, the epidermis is
usually substituted by the periderm.
Periderm is a protective tissue of secondary origin. It replaces the
epidermis when the axis is increased in girth and the epidermis is
destroyed. The periderm comprises cork tissue or phellem, cork
cambium or phellogen, and phelloderm. The phellogen occurs near
the surface of axial organs having secondary growth. It arises in the
epidermis, the cortex, the phloem, or the root pericycle and
produces phellem toward the outside, phelloderm toward the
inside. Cork cells are often tabular, are compactly arranged, lack

protoplasts at maturity, and have suberized walls. The phelloderm
usually consists of parenchyma cells. Periderm performs an
important role in wound healing. It is formed beneath wounds, in
the scar left after leaf fall, or in stems and roots growing in
thickness. The exposed surface is sealed with fatty substances,
including suberin. This blocking seems to create internal conditions
favorable for meristematic activity that results in cork formation.
Parenchyma cells form continuous tissues in the cortex of stem and
root and in the leaf mesophyll. They are also present as vertical
strands and rays in the vascular tissue. They are primary in origin
in the cortex, the pith, and the leaf; primary and secondary in the
vascular tissues. Parenchyma cells are typically living cells,
capable of growth and division. The cells vary in shape, are often
polyhedral, but may be stellate or much elongated. Their walls are
usually primary, but secondary wall may be present. Parenchyma is
concerned with photosynthesis, storage of various materials,
wound healing, and origin of adventitious structures. Parenchyma
cells can be specialized as secretory or excretory structures.
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Collenchyma cells are present in strands or continuous cylinders
near the surface of the cortex in stems and petioles, and along the
veins of foliage leaves. Collenchyma is a living tissue composed of
more or less elongated cells with thick primary nonlignified walls.
It is closely related to parenchyma; in fact, it is usually considered
as a form of parenchyma specialized as supporting tissue of young
growing organs. Morphologically, collenchyma is a simple tissue,
for it consists of one type of cell. The shape of cells varies from
short prismatic to much elongated. The most distinctive feature is
the presence of unevenly thickened primary walls, particularly in
the corners where several cells are joined together. Thick walls and
close packing make it a strong tissue. Collenchyma cells can
increase simultaneously the surface and the thickness of the walls
and, therefore, can develop thick walls while the organ is still
elongating. Collenchyma tissue combines considerable tensile
strength with flexibility and plasticity. A comparison of
collenchyma with fibers is particularly interesting. The main
difference between these cells is the fact that the limit of elasticity
is much lower in the collenchyma, where a load of 1.5-2 kg/mm2 is
sufficient to produce permanent elongation, whereas fiber strands
regain their original length even after they have been subjected to a
tension of 15-20 kg/mm2. In other words, collenchyma is plastic,
and fibers are elastic. This physical peculiarity of collenchymatous
walls is related to the special function of this tissuethat is, to give
mechanical support during intercalary growth, without avoiding
longitudinal extension. If fibers were to differentiate in growing
organs, they would hinder tissue elongation because of their
tendency to regain their original length.
Sclerenchyma cells are usually dead cells with thick, secondary,

often lignified walls, which have strengthening and supporting
functions in mature plant parts. This characteristic distinguishes
sclerenchyma from parenchyma and collenchyma. But ground
parenchyma cells may develop secondary walls (sclerotic
parenchyma) and sclerenchyma cells may retain their protoplasts at
maturity. Thus, parenchyma and sclerenchyma are not sharply
delimited from one another. Sclerenchyma may form continuous
masses, or they may occur in small groups or individually among
other cells. Two common types of cells are distinguished, sclereids,
which are shorter branched cells widely distributed in the plant
body, and fibers, which are long cells found associated with
vascular bundles, or in groups, or scattered in the xylem and the
phloem.
There is harmony between the histological structure of mechanical
cells and their functions [ 47]. The main physical properties of the
cell walls of mechanical elements fully qualify them to act as the
skeletal elements of the plant body. The tensile strength of fibers
below the limit of elasticity is remarkable. Their tensile strength
lies usually between 15 and
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20 kg/mm2 and is thus equal to that of wrought iron; the fibers of
Nolina recurvata match steel. However, fibers differ from metals in
two important characteristics; they are more extensible than any
metal, and the extension at the limit of elasticity varies from 11.5% for fibers, while for metals it is less than 1%. Furthermore,
only a very slight increase of tension over the limit of elasticity will
cause fibers to break. In metals the difference is much larger; the
breaking strength of wrought iron is almost three times as great as
its elastic limit. Thus, the properties of mechanical cells are
perfectly suitable for the plant body since great breaking strength
would be of no value in the case of structures which cannot be
stretched beyond the elastic limit without suffering injury. There
appears to be no correlation between the strength of fibers and the
degree of lignification of their walls. This may mean that
components other than lignin contribute to the tensile strength of
sclerenchyma cells. Extensin (a hydroxyproline-rich glycoprotein)
is a major component of sclerenchyma cell walls. It could be that
extensin contributes, with other wall components, to the tensile
strength of mechanical cells [ 4].
Fiber plants have been exploited economically since ancient times.
Flax (Linum usitatissimum) is known to have been cultivated as
early as 3,000 years B.C. in Egypt, and hemp (Cannabis sativa) at
approximately the same time in China. In the phloem fibers of flax,
the secondary thickening may amount to 90% of the area of the cell
in cross section. Flax, hemp, jute (Corchorus capsularis), and
ramie (Boehmeria nivea) phloem fibers are soft and flexible but
have little or no lignin, and their secondary wall consists of 75 to
over 90% cellulose. The monocotyledons' leaf fibers are hard and
stiff but have heavily lignified walls. Examples of plants yielding

such fibers are Agave species (henequen and sisal), Musa textilis
(abaca), Yucca, and Phormium tenax (New Zealand hemp). In the
field, the term fiber usually does not have the strict botanical
connotation of individual cells of a certain category of
sclerenchyma. In plants in which commercial fibers originate in the
phloem (flax, hemp, ramie, jute), the term fiber denotes a fiber
strand. The fibers obtained from monocotyledons' leaves usually
represent vascular bundles together with the associated fibers.
Raffia consists of leaf segments of Raphia palm; rattan, of stems of
Calamus palm. The epidermal hairs of cotton seed and of the kapok
seed pod are also termed fibers. In other plants still, the vascular
system of the root (Muhlenbergia) or of the entire plant (Tillandsia)
are used as fibers.
Xylem cells form a structurally and functionally complex tissue,
for it consists of several types of cells living, and non-living. In
association with the phloem, it is continuous throughout the plant
body. This tissue is responsible for conducting water and dissolved
inorganic ions from the roots to the rest of the plant body. It is also
concerned with support and
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storage of food. Xylem may be primary or secondary in origin. The
main water-conducting cells are the tracheids and the vessel
members. The vessel members are joined end to end into long
continuous tubes, the vessels. Storage occurs in parenchymatic
cells, which are arranged in vertical rows and, in the secondary
xylem, also in the form of rays. Mechanical cells are fibers and
sclereids. Fibers may retain their protoplasts in the conducting
xylem and thus, combine vital functions such as starch storage,
with mechanical support.
The tracheids and the vessel members are tubular cells, containing
no protoplasts, with unusually thick secondary walls that are
strengthened by high local concentrations of lignin, which account
for 20 to 30% of the wall weight. During the initial differentiation
of the xylem cells in young growing tissues, cellulose thickenings
are deposited in patterns defined by groups of microtubules that
appear along the plasma membrane. Frequently, sheets of ER
membrane are found between successive bands of microtubules,
and these define the areas of the wall that will later be strengthened
by the deposition of lignin. Tracheids and vessel members differ
from each other in that the tracheids are imperforate cells having
only pit-pairs on their common walls, whereas the vessel members
are perforated in certain areas of union with other vessel members.
Sap moving through the vessels passes freely from element to
element through the perforations, whereas in the tracheids it
traverses the walls, particularly the thin pit membranes. The
physiology and phylogenetic importance of the vascular system
and its prominence among the structural elements of the plant body
has led to a taxonomic segregation of plants having such a system
into one group, the so-called vascular plants, or Tracheophyta. The

terms vascular plants and Tracheophyta refer to the characteristic
elements of the xylem, the vessels and the tracheids. Because of its
enduring rigid walls, the xylem is more conspicuous than the
phloem, is better preserved in fossils, and is studied with greater
ease.
Phloem cells form a complex tissue. The phloem is responsible for
transporting the products of photosynthesis, usually sucrose, from
the photosynthetic cells to the rest of the plant. The phloem and the
xylem are, as a rule, spatially associated with each other and may
be primary or secondary in origin. Like the xylem, the phloem is
constituted of several kinds of cells, concerned with different
functions. The main conducting cells are the sieve cells and sievetube members, both enucleate at maturity. Sieve tube members are
joined end to end into sieve tubes and are associated with
parenchymatic cells, the companion cells. Other phloem
parenchyma cells occur in vertical rows. Secondary phloem also
contains parenchyma in the form of rays. Supporting cells are
fibers and sclereids. Information on the structure of the phloem is
relatively incomplete due to special characteristics of phloem cell
walls. These walls are not as rigid
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and persisting as the xylem elements, and after the phloem ceases
to act as a conducting tissue, it becomes further modified,
functionally and structurally. Thus, the phloem loses its original
nature and appearance early. The lack of firmness is also related to
the generally poor preservation of phloem in fossils.
The morphological specializations of the sieve elements are
expressed in the development of the sieve areas on their walls and
in the peculiar modifications of their protoplasts. The sieve areas
are wall areas with clusters of pores, through which adjacent sieve
elements are interconnected by strand-like prolongations of their
protoplasts. Thus, the sieve areas are comparable to the primary
pit-fields with plasmodesmata that occur in primary walls of living
parenchyma cells. In fact, the sieve areas are specialized primary
pit-fields. The sieve area is usually associated with the
carbohydrate callose. In sieve elements that are considered as
mature and conducting, the amounts of callose are relatively small.
The callose lines the pores, constricting them only slightly, and it
may form a thin layer on the surface of the sieve area as well.
However, in sieve areas of old sieve elements there is a massive
accumulation of callose that commonly indicates cessation of
activity of the sieve element. When the protoplast of the inactive
sieve element is completely disorganized, the sieve area disappears.
The well-known property of the sieve element protoplast is its lack
of a nucleus at functional maturity. The loss of the nucleus in the
developing sieve element indicates a significant change in the
condition of the protoplast. For example, in young cells a tonoplast
delimits the vacuole; at maturity, no tonoplast is present. Despite
the absence of tonoplast, the sieve element continues to be
plasmolyzable.

The sieve-tube members of monocotyledons and dicotyledons are
usually associated with specialized parenchyma cells called
companion cells. The wall between the companion cells and sieve
element contains a high number of plasmodesmata, frequently
branched on the companion-cell side. In macerated material, the
companion cells commonly remain attached to the sieve-tube
element. In contrast to the sieve element, the companion cell
retains its nucleus at maturity. The sieve-tube elements and their
companion cells seem to be closely associated not only
ontogenetically and morphologically, but also physiologically;
when the sieve-tube protoplasts are disorganized at the end of their
lives, the associated companion cells die as well.
Photosynthesis
As was mentioned previously, photosynthesis is carried out in the
chloroplast. The many different reactions that occur in
photosynthesis can be
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grouped in two broad categories: (1) In the light-dependent
reactions, energy derived from sunlight activates an electron in
chlorophyll, allowing it to move along an oxidation chain in the
thylakoid membrane. This electron transport process is utilized to
pump protons across the thylakoid membrane, and the resulting
proton-motive force drives the synthesis of ATP. This process, at
the same time, produces high-energy electrons that convert NADP+
to NADPH, in which water is oxidized to supply the electrons to
NADPH, and consequently O2 is liberated. (2) In the dark
reactions, the ATP and NADPH made in the light-dependent
reactions serve as the source of energy and reducing power,
respectively, and drive the conversion of CO2 to carbohydrate
(carbon fixation). These reactions begin in the chloroplast stroma
and continue in the cytosol, and they are called dark reactions
because, although they require the products of the light-dependent
reactions, they do not involve light directly. Therefore, the
formation of O2 (which requires light) and the conversion of CO2
are separate photosynthetic processes.
The central reaction in which an atom of inorganic carbon (CO2) is
converted to organic carbon (as 3-phosphoglycerate, an
intermediate in glycolysis) is catalyzed in the chloroplast stroma by
an enzyme called ribulose bisphosphate carboxylase. In this
reaction, for each molecule of CO2 that reacts with the five-carbon
compound ribulose 1,5-bisphosphate, two molecules of the threecarbon compound 3-phosphoglycerate are formed. Since each
molecule of the ribulose bisphosphate carboxylase (RuBisCo)
works very slowly (it processes about 3 molecules of substrate per
second compared to 1000 molecules per second for a typical
enzyme), many copies of it are needed in each chloroplast. As a

consequence, this enzyme represents more than 50% of the total
chloroplast protein, and it is declared to be the most abundant
protein in the world.
While the actual reaction in which CO2 is fixed does not require an
extra input of energy, it depends on a continuous supply of the
energy-rich compound ribulose-1,5-bisphosphate (RuBP), to which
each molecule of CO2 is added. The working out of the elaborate
pathway by which this compound is regenerated was one of the
most successful early uses of radioisotopes made by Melvin Calvin
and Andrew Benson who received the Nobel Prize for their work
on the elucidation of this cycle. In the carbon-fixation cycle (or
Calvin-Benson cycle), three molecules of ATP and two molecules
of NADPH are consumed for each CO2 molecule that is converted
into carbohydrate. In this cycle, 3 molecules of CO2 are fixed by
RuBisCo to produce 6 molecules of 3-phosphoglycerate
(containing 6 × 3 = 18 carbon atoms in all: 3 from the CO2 and 15
from RuBP). The 18 carbon atoms then undergo a cycle of
reactions that regenerate the 3 molecules of RuBP (containing 3 ×
5 = 15 carbon atoms in all) that were
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used up in the initial carbon-fixation step, leaving one molecule of
glyceraldehyde 3-phosphate (3 carbon atoms) as the net gain.
The glyceraldehyde 3-phosphate produced in chloroplasts by the
Calvin-Benson cycle is a three-carbon sugar that is the central
intermediate in glycolysis. Some of it is converted into fatty acids,
amino acids, and starch by important biosynthetic reactions that
occur in the chloroplast stroma. The rest is exported to the cell
cytoplasm, where most of it is readily converted into fructose 6phosphate and glucose 6-phosphate. These two sugars are then
joined together, producing the disaccharide sucrose, which is the
major form of sugar transported between plant cells. It is also
exported from the leaves via vascular bundles to provide the sugar
required by the rest of the plant throughout the phloem, just as
glucose is transported in the blood of animals.
In tropical plants, carbon fixation is compartmentalized to facilitate
growth at low CO2 concentrations. Plants that grow in hot, dry
conditions are forced to close their stomata (the gas exchange pores
in the leaves) in order to prevent substantial water loss, causing the
CO2 levels in the leaf to fall rapidly. Many plants have evolved an
ingenious mechanism that allows them to grow efficiently even at
such low CO2 concentrations. In these plants, the carbon fixation
cycle takes place only in the chloroplasts of specialized bundlesheath cells, which contain all of the plant's RuBisCo. This enzyme
is kept supplied with a high concentration of CO2 by the CO2pumping activity of surrounding mesophyll cells, thereby
preventing the wasteful reaction with O2 that RuBisCo can have.
RuBisCo can use O2 as well as CO2 as the substrate to be added to
ribulose 1,5-bisphosphate. Although CO2 is strongly preferred, O2

is quite commonly added to ribulose 1,5-bisphosphate, producing
one molecule of 3-phosphoglycerate (instead of two) and one
molecule of the two-carbon compound glycolate. The glycolate is
shuttled into peroxisomes, which begin the process of converting
two molecules of glycolate into one molecule of 3phosphoglycerate (three carbons) plus one molecule of CO2.
Because the entire process uses up O2 and liberates CO2, it is
termed photorespiration.
The CO2 ''pump" involves a cycle that begins with a special CO2
fixation step catalyzed in the cytosol of the mesophyll cells by an
enzyme that binds CO2 with high affinity. A four-carbon
compound is produced and transported into the bundle-sheath cells,
where it is broken down to produce one molecule of CO2 and one
molecule of a three-carbon compound. The latter is then returned to
the mesophyll cells where it picks up another CO2 molecule to
restart the pumping cycle.
When a pulse of radioactive 14[C]O2 is given to a plant that pumps
CO2, it encounters the mesophyll cells first, so that the first organic
compound that is labeled has four carbons, in contrast to the threecarbon compound
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that labels first in all other plants. For this reason, CO2-pumping
plants are called C4 plants, while all others are called C3 plants. C4
plants are more efficient utilizers of CO2 than C3 plants, in part
because they minimize the loss of CO2 resulting from
photorespiration even though the pumping of CO2 into the bundlesheath cells costs energy. In hot, dry environments, this cost is
often much less than the loss by photorespiration in C3 plants, and
C4 plants predominate. But in a cool, moist condition, the energy
devoted to CO2 pumping is less useful and C3 plants can grow
perfectly well under these conditions.
A variant of the C4 pathway, called Crassulacean acid metabolism
(CAM), has evolved independently in many succulent plants
including cacti (Cactaceae) and stonecrops (Crassulaceae). It also
implies the initial fixation of CO2 into four-carbon compounds and
the ultimate transfer of the CO2 to the Calvin-Benson cycle.
However, in CAM plants, there is no spatial separation of the C4
pathway and the Calvin-Benson cycle, as in C4 plants. In this case,
PEP carboxylase fixes CO2 into C4 compoundslargely malic acid
at night and, at daylight, the fixed CO2 is transferred to RuBP of
the Calvin-Benson cycle within the same cell. Therefore, a
temporal separation between the C4 pathway and the CalvinBenson cycle exists in these plants [ 46].
CAM plants are mostly flowering dicotyledons, including
bromeliads and epiphytic orchids. These plants have evolved to
accumulate carbon for photosynthesis at night and keep their
stomata closed during the day to avoid water loss; thus, they are
adapted to live in an environment of water stress and high intensity
light.

Growth and Development of the Plant Body
A flowering plant begins its existence as a morphologically simple
unicellular zygote. The zygote develops into the embryo and
eventually into the mature sporophyte. This development consists
of division, enlargement, and differentiation of cells, and an
organization of cells into more or less specialized complexes, the
tissues and systems of tissues. The embryo of a flowering plant has
a relatively simple structure as compared with the adult plant. It has
frequently only an axis bearing one or more cotyledons, and its
cells and tissues are at a low level of differentiation. The embryo
has a potentiality for further growth because of the presence, at two
opposite ends of the axis, of meristems (the apical meristems) of
future shoot and root. Meristems are invariably embryogenic; thus,
they can continuously give rise to new cells. During the
development of shoot and root, following seed germination, the
appearance of new apical meristems may cause a repetitive
branching of these organs. After a certain period of vegetative
growth, the plant enters the reproductive stage with the
development of spore-bearing structures.
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The increments of plant organs originating from the apical
meristems generally experience a period of expansion in width and
length. This initial growth of the successively formed roots,
vegetative and reproductive shoots is termed primary growth. The
plant body formed by this growth is the primary plant body
consisting of primary tissues. In most monocotyledons and
vascular cryptogams, the entire life cycle of the sporophyte is
completed in a primary plant body. The gymnosperms, most
dicotyledons, and some monocotyledons show an increase in
thickness of stem and root by means of secondary growth. There
are two types of secondary growth, the diffuse secondary growth
and the cambial secondary growth. The secondary growth of the
first type is characteristic of some monocotyledons, such as palms,
and some tuberous structures. This growth may be diffuse in that it
involves cells of the ground tissue not localized in a specific
region, or it is not brought about by a special meristem. The second
type of growth depends on the production of cells by a cambium.
The main cambium is the vascular cambium that produces the
secondary vascular tissues. The establishment of these tissues
causes the increase in diameter of the stem and the root.
Furthermore, a cork cambium, or phellogen, usually occurs in the
peripheral tissue system assuming a protective function when the
primary epidermal layer is disrupted during the secondary increase
in thickness. The tissues formed by the vascular and cork cambium
are more or less clearly delimited from the primary tissues and may
be referred to as secondary tissues. The products of the diffuse
secondary growth are not easily separable from the primary tissues.
Environmental Factors that Promote Growth and Development

As most living organisms, plants follow certain developmental
programs to complete their life cycles. However, more often than
in other living forms, plant developmental programs are modulated
by epigenetic events in which the environment plays one of the
most important roles. A simple explanation for this might be that
plants do not move as animals do, and they may have evolved
mechanisms to acclimate rapidly to the changing environmental
conditions in their habitats. This implies that certain gene products
might have the function to sense the environment, transduce these
signals, and regulate the expression of other genes or gene products
at several control points.
Photomorphogenesis
Plants modulate their development as a function of daylight
conditions in their natural habitats or in response to artificial
illumination. These re-
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sponses are more commonly referred to as photomorphogenesis.
Photomorphogenesis is also defined as "the developmental
strategies that plants adopt when growing in the light." Other
responses to light include phototropism (movement responses to
directional light) and photoperiodism, which are responses to the
relative length of day and night. By estimating the plant's responses
to different wavelengths of the electromagnetic spectrum (action
spectrum), photobiologists have been able to propose the existence
of photoreceptors involved in such light responses [ 48].
Among the developmental programs controlled by light are found:
seed germination and de-etiolation. During de-etiolation plants turn
green, develop full photosynthetic capacity by differentiating
etioplasts into chloroplasts, expand their cotyledons, develop
leaves, decrease their rate of shoot elongation, and open their
hypocotyl hooks.
In those species where seed germination is controlled by light
(photoblastic seeds) the red and far red regions of the
electromagnetic spectrum show the highest activity. By exposing
lettuce seeds to different pulses of red (660 nm) and far red light
(730 nm), Borthwick and colleagues showed in 1952 [49] that their
effects on seed germination were mutually reversible. Red light
promoted germination whereas far red light actively inhibited it.
The repeated alternation of pulses of red and far red light in any
combination showed that the last pulse of light was the crucial one
for the control of germination. It is now known that the
photoreceptors involved in this response are a family of molecules
called the phytochromes [50]. These molecules are chromoproteins
with a molecular weight of 120 kD. Light absorption resides in the

chromophore, a tetrapyrrole similar in structure to the
phycocyanins of blue-green algae.
The original hypothesis for phytochrome action postulated that this
photoreceptor exists in two photoreversible forms: the redabsorbing form (Pr) and the far red absorbing form (Pfr) [51]. It
was considered that Pfr was the active form that triggered all red
light promoting plant responses. It is now known that in
Arabidopsis there are at least five different genes encoding
phytochromes: PHYA, PHYB, PHYC, PHYD and PHYE [50]. The
study of mutants in specific PHY genes, and of transgenic plants
expressing different types of phytochromes, is now shedding
information about the roles of each individual phytochrome. A
recent model for the action of the phytochromes A and B indicates
that phytochrome A is sensitive to very low fluences of light in the
spectral range of 300 to 700 nm and its action is not reversible.
Phytochrome B is photoreversible by red and far red light and has a
thousand-fold lower sensitivity to light than phytochrome A. This
model seems to explain the results of experiments on the
photoreversible induction, by red and far red light, of seed
germination in Arabidopsis. Only wild type and PHYB-null
mutants
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were able to germinate under very low fluence in a nonphotoreversible manner. In contrast, only the wild type and PHYAnull mutants were able to control seed germination under low
fluence in a photoreversible manner [ 52].
Light in the UV and blue regions (less that 500 nm) also induces
plant photomorphogenesis. Two different types of photoreceptors
seem to be involved in these responses: the blue/ultraviolet-A light
(300-500 nm) receptor(s) or cryptochrome, and the ultraviolet-B
(280-320 nm) receptor(s) [53]. Some well documented blue
light/UV-A responses include the formation of hair whorls in the
unicellular algae Acetabularia, chloroplast development in
Euglena, retardation of flower opening in Oenothera lamarckiana,
and inhibition of hypocotyl elongation in all higher plants tested.
Another specific response that may be part of the chloroplast
development induced by light is the synthesis of 5-aminolevulinic
acid (chlorophyll precursor) in angiosperms. Anthocyanin and
flavonoid biosynthesis is stimulated by a mechanism involving
blue light/UV-A and ultraviolet-B receptors and phytochrome(s).
Similarly, the inhibition of hypocotyl elongation by white light
takes place by the concerted action of phytochrome(s) and the blue
light/UV-A receptor(s). The lack of a biochemical assay has
prevented the isolation of the putative blue light/UV-A and
ultraviolet-B receptors from plant tissues. Recently, a gene in the
hy4 mutant of Arabidopsis that seems to be responsible for its long
hypocotyl phenotype, when grown in continuous blue light, was
shown to encode, in the wild type plant, a protein named CRY1
with sequence similarity to microbial DNA photolyases and rat
smooth-muscle tropomyosin A [54]. CRY1 associates to flavin
adenine dinucleotide [55] and its absorption spectra is similar with

part of the action spectra for Arabidopsis inhibition of hypocotyl
elongation, indicating that it may be the blue light receptor.
Chua and colleagues [56,57] have shown by microinjection
experiments, using the phytochrome deficient aurea mutant of
tomato, that heterotrimeric G proteins, Ca++/calmodulin and cGMP
are mediators of some of the phytochrome responses in this system.
The molecular-genetic analysis of mutant Arabidopsis plants which
develop in the dark with a quasi-white light phenotype (i.e., short
hypocotyls, opened hooks, chloroplasts almost fully differentiated,
and purple color) has enabled the identification of several genes
involved in the signal-transduction pathway of light during deetiolation. Some of these genes are COP1, 2, 3, 4, 8, 9, 10 and 11
and DET1, 2 and 3 and they all seem to act downstream of the
blue-light and phytochrome photoreceptors [50]. The activities of
the protein products of these genes (COP and DET) seem to be
derepressed by light and respond to signals arising once light has
been captured by the multiple plant photoreceptors. The end result
of all these derepressed ac-
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tivities eventually brings about de-etiolation of the seedling
(reduction of hypocotyl elongation, plastid differentiation into
chloroplasts, upregulation of the expression of photosynthetic gene
products, apical hook opening and cotyledon expansion).
Photoperiodism
Most plants show distinct vegetative and reproductive phases of
growth during their life cycles. Flower induction is the crucial step
between these two phases and can be controlled at different stages
during the development of flower primordia. Light can be the ratelimiting step for flowering to occur on some plant species. Garner
and Allard showed in 1920 [ 58] that the Maryland Mammoth
variety of tobacco (Nicotiana tabacum) could be induced to flower
by artificially shortening the day length of Beltsville's summer
days, where their experiments were performed. These
photoperiodic conditions were similar to the length of winter days,
when natural flowering for this variety was abundant. It is now
known that some plants flower in response to the daylength
conditions (photoperiodic), whereas others are not affected by
daylength (day-neutral or indeterminate). There are different types
of photoperiodic plants: (1) plants that respond to long days and are
known as long-day plants (LDP) and (2) plants that respond to
short days and are known as short-day plants (SDP). Some species
are obligate photoperiodic: they will not flower unless grown under
the appropriate photoperiod. Other species may show an
enhancement of flowering by exposure to either short or long days
(quantitative photoperiodic plants) [59]. Some examples of obligate
photoperiodic SDP are: amaranth (Amaranthus caudatus), coffee
(Coffea arabica), poinsettia (Euphorbia pulcherrima), soybean

(Glycine max), and tobacco (Nicotiana tabacum var. Maryland
Mammoth). Obligate photoperiodic LDP are: oat (Avena sativa),
peppermint (Mentha piperita), radish (Raphanus sativus) and
spinach (Spinacia oleracea). Quantitative photoperiodic SDP are:
hemp (Cannabis sativa), cotton (Gossypum hirsutum), rice (Oryza
sativa) and sugarcane (Saccharum officinarum). Quantitative
photoperiodic LDP are: turnip (Brassica rapa), lettuce (Lactuca
sativa), petunia (Petunia hybrida), garden pea (Pisum sativum) and
spring wheat (Triticum aestivum).
In most SDP, a short light treatment in the middle of the night is
sufficient to prevent flower induction. This means that in SDP the
duration of the night is more important. In contrast, in LDP a night
break in the middle of the night is, in most plant species,
insufficient to prevent flowering. A phytochrome photoreceptor is
involved in the inhibition of flowering in SDP. This action
spectrum was one of the first ever obtained to measure a plant
response to light. As in the experiments with lettuce seed germina-
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tion, this response is reversible by red and far red light pulses. A
very important observation on the night-break reaction in SDP is
that red light inhibits the response with a rhythmicity typical of
circadian rhythms [ 60]. Maximum inhibition occurs 7-9 hours after
the start of the dark period. If the plants are kept in the dark for
several days, maximal inhibition occurs after 7-9 hours of darkness
or at 24 hour intervals relative to that time-point. What governs the
rhythmicity of this response? It is still unknown, but clearly the
phytochromes are not the "clock" since an endogenous rhythm
controls their activity. Their only function seems to be to set the
"clock" on time [60]. Recently, Millar and colleagues [61] have
described mutants in Arabidopsis that have an altered circadian
rhythmicity for the expression of the CAB genes encoding the
chlorophyll a/b-binding protein.
Although flower formation obviously takes place at the shoot
apices, the sensors of photoperiodism are found in the leaves. The
nature of the stimulatory factor for flowering or "florigen" is still
unknown. It is a diffusible substance formed in the leaves under
favorable photoperiodic conditions.
Other plant responses affected by photoperiod are: the length of the
internode in henbane (Hyoscyamus niger), tuber formation in
Jerusalem artichoke (Helianthus tuberosus) and in some potato
species (Solanum andigena), and leaf-fall in several species [59].
Phototropism
Plants are able to respond to unilateral or unequal light irradiation
by bending towards or away from the light stimulus. In general,
stems and other above-ground organs are positively phototropic

(they bend towards the light stimulus) and roots and other belowground organs are negatively phototropic (they bend away from the
light stimulus). This bending involves differential growth of the
organs and striking changes in cell elongation. The action spectra
for the phototropic responses indicate that a blue light/UV A
photoreceptor is involved in light perception.
A model to explain the phototropic response (the Cholodny-Went
hypothesis) proposed that "the redistribution of endogenous growth
substances" in the tip is transmitted to the elongation zone where
"differential growth" is induced. Some common features of the
positive phototropic responses in several plant species are that cells
at the illuminated side reduce or stop elongation, and the
elongation of cells at the shaded side may remain unchanged or
increase [62]. Since its proposal in the 1920's, the Cholodny-Went
hypothesis has suffered major revisions. The "growth substances"
concept has been equated to auxin. However, there is not yet
convincing evidence that changes seen in auxin levels be-
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tween the illuminated side and non-illuminated side would induce
the observed changes in differential cell elongation. Multiregulator
hypotheses involving, auxin, gibberelins, H+, Ca2+, and growth
inhibitors like xanthoxin have been proposed. An alternative model
postulated early in the century by Blaauw states that the same cells
that perceive light also respond to it. This unequal stimulation by
blue light would create a gradient of photoinhibition. So far all
models suffer from inconsistencies with the available data and a
unifying model is needed [ 62].
Other Tropisms
Gravitropism is defined as the growth movements influenced by
the earth's gravitational force. They can be positive, negative and,
in some cases, the response can be intermediate. Primary roots are
positively gravitropic, although secondary and tertiary root systems
may grow more towards the horizontal plane. Stems and flower
stalks are most of the time negatively gravitropic (180° away from
earth's gravity). All vertical growth is referred to as
orthogravitropic, horizontal growth is named diagravitropic, and
oblique growth is named plagiogravitropic. When an organ does
not respond to gravity it is called agravitropic. According to the
statolith theory, gravity perception by plants makes use of
amyloplasts or starch-containing plastids that settle at the bottom of
statocytes of the root cap in response to gravity. Statocytes are also
found in the stems, in a layer or two of cells (the starch sheath)
adjacent to the vascular bundles. As in the phototropic response,
auxin appears to be the transducer of the gravitropic response. In
roots, gravity perception takes place at the root cap and auxin is
supposed to act as an inhibitor of cell elongation. In stems, the

perception and the response to gravity occur in the same place and
auxin seems to act as a growth promoter in the lower side of
gravitropically stimulated tissue. However, the experimental
evidence does not support auxin as the transducer during
gravitropism. Alternative hypotheses postulate gibberelins and
ethylene as regulators of this differential growth response. There is
less controversy about the role of Ca2+ ions as second messengers
during gravitropism. More work is still needed to fully understand
gravitropism.
Plants are also able to respond to water gradients (hydrotropism),
chemicals (chemotropism), electric currents (electrotropism), and
touch (thigmotropism).
Other Plant Movements
Other plant responses induced by light involve cell or organellar
movements. Stomata respond to blue light by increasing their pore
diameter via
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a mechanism that involves the plasma membrane H+ ATPase of the
guard cell. K+ ions are required for stomatal movements, their
uptake being driven by the electrochemical gradient established by
the H+ ATPase [ 63]. Chloroplasts of some plants, as in the moss
Funaria or in the duckweed Lemna, are redistributed within the
cell according to the irradiance level. In the dark and at low
irradiances they are found in the periclinal walls (parallel to the
leaf surface and perpendicular to the incident light), whereas at
high irradiance they move towards the anticlinal walls (parallel to
the incident light). The action spectra for these responses also
involve a blue light receptor. Some chloroplast reorientation
movements are mediated by actin microfilaments [37].
Symbiosis
The relationship between two organisms in which each obtains a
benefit from the other is called symbiosis. In nature, there are many
examples in which plants have developed complex associations
with other organisms in order to succeed up the evolutionary tree.
In fact, the chloroplasts and mitochondria in eukaryotes are
believed to be prokaryotes that developed a symbiosis with the
plant cell and eventually became an integral part of it. Among
some other symbiotic associations in plants are those that occur in
legumes and Rhizobia, mold-like bacteria and some trees, and the
small floating fern Gunnera macrophylla and the cyanobacteria
Anabaena azolla. Symbiosis in legumes is probably the most
widely studied because it leads to the conversion of atmospheric
nitrogen to ammonia in a process called nitrogen fixation. In the
legumes, new structures, the nodules, develop during the process
(Figure 5). There are two types of nodules, determinate and

indeterminate. Determinate nodules are round in shape and have a
limited growth followed by senescence as in the case of beans.
Indeterminate nodules on the contrary, do not have a limited
growth and are oval in shape; examples of these are those from
alfalfa and clover.
The process of bacterial infection is initiated by the plant which, at
the root, releases flavonoid pterocarpane compounds that stimulate
the synthesis of soluble factors by the bacteria. These factors are
species specific and can induce curling of the root hairs followed
by cell division at the root cortex and induction of a meristem
which, after bacterial release and division, forms the nodule [64].
There are a number of newly expressed proteins by the plant during
this process called nodulins, which may appear at early or late
stages of the nodulation. Once the nodule is formed, the bacteria
take up the atmospheric nitrogen and reduce it via the enzyme
nitrogenase to make ammonia which the plant is able to use for the
synthesis of nitrogenous compounds. Nitrogen fixation is so
important a process for agriculture that it has been proposed as the
solution for fertil-
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Figure 5
Twenty-day-old nodules associated
with the roots of Phaseolus vulgaris
cv. Negro Jamapa grown in the
greenhouse and inoculated with
Rhizobium etli.
(Courtesy of M.A.
Villanueva and S. Silvente).

izer substitution when the mechanisms are well known and all the
necessary genes are engineered, transfected and induced to be
expressed in any plant to allow the establishment of nitrogen-fixing
bacteria.
Other plant symbiotic associations that do not lead to nitrogen
fixation are the association of fungi called mycorrhizae to the roots
of most vascular plants. This association is also very important for
agriculture since the fungi at the roots favor phosphate uptake
which is beneficial for the plant. The plant, in turn, provides
organic carbon to the fungi [ 65].

Environmental Factors that Compromise Growth and
Development:
Stress Responses
Biotic Factors:
Plant Pathogenesis
There are also many interactions between plants and
microorganisms that instead of producing a beneficial association,
lead to disease and, in most cases, death of the plant. Plant
pathogenic agents can be microorganisms as diverse as bacteria,
fungi, or protozoa, or even lower prokaryotes such as mycoplasmalike microorganisms (MLOs), viruses and viroids. In both cases,
different modes of interaction with the plant occur
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in order to produce the infection process; in some cases a wound
needs to be produced by a vector or external agent which then
exposes the plant tissue to the infectious agent; in other cases, the
microorganisms can make their way through the plant tissue.
An example of bacterial infection is the invasion of Erwinia
chrysanthemi into a variety of plants to produce soft-rot disease.
The bacteria secretes pectinolytic enzymes which help dissolve the
cell wall of the host for invasion to take place [ 66]. Another
bacterial infection that has been the foundation for genetic
engineering and manipulation for biotechnological applications in
plants is the invasion of dicotyledonous plants by Agrobacterium.
The invasion mechanisms of two species of this microorganism
have been widely studied, A. tumefaciens and A. rhizogenes. Both
strains need a mechanical wound on the plant for invasion to occur;
after invasion, the expression of a discrete portion of the bacterial
tumorinducing (Ti) plasmid produces crown gall tumors. The
plasmid becomes integrated with the nuclear DNA of tumorous
plant tissue [67]. This has led to the manipulation of the plasmid
and its use for gene transfer and integration in plants (see chapter
below).
Some fungi can invade plants by similar mechanisms of enzyme
secretion; for example, spores of Fusarium solani attack pea plants
by first releasing cutinase on the leaves so that the germinating
hyphae can enter the leaf tissue [45]. There is a complex
intercommunication between the two interacting organisms in
which chemical signals go back and forth; in the above case, the
released cutin from the leaf can stimulate the production of
cutinase by the spores. At the same time, the degraded cell wall

products can stimulate the production of plant defense molecules
such as cell wall reinforcement enzymes, lytic enzymes (known as
pathogenesis-related proteins) and, most importantly, phytoalexins.
In this latter case, the success of the invader appears to depend on
the rate and site of the host phytoallexin biosynthesis [68]. Both
plant and fungal cell wall degradation products are called elicitors
and can stimulate the plant defense response. A well characterized
elicitor is the hepta-b-glucoside derived from Phytophtora
megasperma f. sp. glycinea which is pathogenic against soybean
[15].
Lower eukaryotes such as the MLOs that infect coconut trees can
have devastating effects on agriculture as no simple and effective
treatment to kill the pathogen and preserve the plant is known [69].
These MLOs produce a lethal yellowing disease in palms and are
believed to enter the host through a phloem-sucking insect vector.
The MLO grow and establish in a variety of tissues including the
apical meristem which cause the plant to rot and eventually die
[69].
Plant viruses also need a mechanical wound in the plant to enter the
tissue and can be transported from cell to cell via plasmodesmata
due to a
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viral encoded 30 kDa movement protein that disrupts the size
selectivity of plasmodesmal pores. For example, the expression of
this protein in tobacco causes an increase of size selectivity from 1
to greater than 10 kDa in the plasmodesmal pores [ 7].
It is clear that there is a complex exchange of signal molecules
between plant and invading microorganisms; most of the time,
these molecules, when secreted by the invader, are meant to
overcome the mechanical barriers, the plant defense responses or to
cheat the host to their benefit. On the contrary, the plant host must
be capable of producing defense molecules such as phytoallexins,
wall-reinforcing compounds, and/or degradative enzymes [6], in
order to repel the invader. The delicate balance between these
signalling and defense molecules will determine the success of a
symbiotic or a pathogenic association.
Abiotic Factors
All organisms require adequate chemical and physical conditions in
their environments for optimal growth and development. Plants are
no exception to this rule. Temperature, osmotic pressure, turgor
pressure, availability of nutrients, micronutrients, oxygen, etc. are
some abiotic factors affecting plant growth. Other factors not
normally required for development (i.e., metals like: Cd, Hg, Al,
etc.) can compromise normal plant growth. Thus, stress has been
defined as any factor or factors that can be potentially unfavorable
for the growth and development of living organisms.
Some abiotic stress factors are: anaerobiosis (low or zero oxygen),
heat, cold, salt, water, osmotic, heavy metal, and oxidative stress.
Plants cope with these stress factors through different strategies

that involve morphological, anatomical, physiological and
biochemical adaptations [2]. Stress sensitive plants avoid the stress
factor by staying away from it either in time or in space. In areas
where the stress manifests seasonally, escapists adapt so that the
tolerant stage of their life cycle (seeds, spores) confronts the stress
(i.e., a long dry season in most deserts), and the sensitive phase
(germination, vegetative and reproductive growth) escapes from it.
Some desert annuals are a good example of escapists. Other desert
plants avoid topsoil dryness by extending their long roots towards
the water table (avoiders). Stress insensitive plants confront the
stress factor and are called resistant if they have mechanisms to
avail themselves of a scarce resource (i.e., water) as in cacti, or
tolerant if they show true protoplasmic tolerance towards the stress
factor. Resurrection plants are a good example of stress tolerance
since they can dry out completely and upon rehydration they
resume normal growth.
Most plants can acclimate to levels of stress that would be lethal
other-
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wise, provided they have been previously exposed to sublethal
levels of the stress factor. Thus, plants have mechanisms that allow
them to physiologically induce stress tolerance. Stress tolerance in
plants is clearly multifactorial and depends on quantitative traits. In
the last two decades the major emphasis to understand stress
tolerance in plants has been focused on the isolation of genes
whose expression is stress-specific, on the elucidation of how
plants sense the stress, and how the stress signals are transmitted to
trigger the stress response. Additionally, enzymes and metabolites
not usually active or present under non-stressful conditions have
been identified. Some of these components have been shown to be
important to increase stress tolerance. In real life, plants may be
exposed to more than one stress at a time. The effect of different
stress factors on plants sometimes has similar physiological
consequences. This is the case for drought, salt and cold stress
which decrease the water potential of plant cells.
Heat Stress
Dried structures like seeds, spores, pollen or whole lichen or moss
tissues show the highest tolerance to heat with a threshold ranging
from 70 to 140°C. Most hydrated plant structures, however, have
threshold temperatures in the range of 15 to 65°C, the lower end
represented by certain species of algae and the upper end by cacti.
In maize, exposure to 50°C for a few minutes can kill a young
seedling. Tolerance induction for up to one hour at 50°C is
observed if maize seedlings are pre-exposed for 1 h at 40°C. In
animal cells it is well documented that important metabolic
changes occur during the induction period: cytoplasmic pH and
ATP levels drop, cytoplasmic Ca2+ increases, and proteins begin to

denature. As a result of heat stress in plants, amino acids like gaminobutyrate, b-alanine, tyrosine, and proline increase severalfold [ 70], photosystem II activity is inhibited [71], reduced
glutathione (GSH) increases [72], pollen and kernel growth and
development are disrupted in maize [73], acetylene-reducing
activity is strongly diminished in bean nodules [74], endoplasmic
reticulum is delamellated and its fatty acid saturation increases in
aleurone cells of barley [75], etc. A universal feature that all living
organisms show during the induction period or ''heat shock" (5 to
14°C above the optimal temperature for growth) is the synthesis de
novo of the heat shock proteins (hsps) [76]. Besides heat, other
factors induce the expression of certain hsps in different organisms:
heavy metals, amino acid analogues, certain stages of development,
ethanol, glucose starvation, virus infection, etc. Hsp expression is
regulated both at the level of transcription and translation.
Expression of hsp genes requires HSE elements positioned in their
promoter regions. Specific heat shock
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transcription factors (HSF) recognize the HSE elements and
modulate transcription in a heat shock inducible manner. Several
cDNA's encoding HSFs have been isolated from tomato [ 77] and
Arabidopsis [78]. These HSFs show sequence conservation in their
putative DNA binding domains to the mammalian and yeast HSFs,
but their size and structure outside of this region is different. The 5'
untranslated leaders of hsp mRNAs contain sequences that allow
them to escape from thermal repression of translation [79]. In
contrast to some animal systems, most non-shocked mRNAs are
efficiently translated during heat shock in plants. Some plant
mRNAs suffer a rapid heat-induced degradation: a-amylase, thiol
endoprotease and an endochitinase in barley aleurone cells [80].
There are several families of hsps in plants that show a high degree
of conservation, both in sequence and function, to their animal,
fungal and bacterial homologues. Plant hsps range in size from 17
kDa to 100 kDa [76]. The biochemical functions of most hsps are
that of molecular chaperons. Chaperons are involved in preventing
the premature folding and aggregation of nascent polypetides
during translation, in the completion of folding after translation, in
preventing protein denaturation, in renaturing denatured proteins,
in the translocation of proteins across membranes, in the assembly
of oligomeric structures and in the regulation of receptor and
protease activities. Some minor hsps, like ubiquitin, are involved in
protein turnover.
The hsp 100 class is represented by proteins that are homologous to
yeast hsp 104 and E. coli ClpA/ClpB proteins. In yeast, hsp 104 is
necessary, but not sufficient, for the full induction of
thermotolerance. HSP 104 is not an essential gene for growth at

optimal or sublethal temperatures. The exact biochemical function
of hsp 104 has not been established, even though in vivo it is
clearly involved in the disappearance of heat-induced insoluble
aggregates during the recovery of thermally-induced yeast cells.
Hsp 104 activity is dependent on the energy released after ATP
hydrolysis via its two ATP binding sites. Genetic studies support
the idea that hsp 104 acts as a molecular chaperon since it is
required for the conversion of the yeast prion [psi+] from an
inactive [psi-] conformer to an active [psi+] conformer [81].
The plant hsp90 class of proteins encompasses proteins between 80
and 94 kDa in size. They have homologues in bacteria, fungi and
animals. In non-plant systems Hsp90s interact with a whole variety
of proteins that include actin, tubulin, several kinases, and the
mammalian glucocorticoid receptor acting as molecular chaperons.
Their function in plants has not been well established.
The hsp70 family is the second largest hsp family in plants. In
yeast there are eight genes whose products have chaperon functions
in several cellular compartments: cytoplasm, mitochondria and the
ER. Some mem-
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bers of this family are truly heat inducible while others are
constitutively expressed indicating that they also have an important
role in normal growth. In plants, DnaK (the bacterial hsp70 gene)
homologues are also found in both the mitochondria and the
chloroplast. Similarly, members of the cytoplasmic and ER class
have been identified in several plant species. Hsp70 proteins have
an ATP requirement for the release of denatured or unfolded
proteins.
The hsp60 family of plants has both mitochondria and
chloroplastlocalized members. In plants, mitochondrial hsp60s
increase very slightly in response to heat stress (2-3 fold). Under
optimal growth temperature hsp60 levels are high, especially in
imbibed seeds and young seedlings. It plays an important role in
yeast during the processing and correct assembly of proteins in the
mitochondria. Hsp60 requires ATP to carry out the folding and
release of its unfolded substrates. The chloroplastic hsp60
homologues are involved in the assembly of Rubisco holoenzyme.
It is present in large amounts in the absence of stress and its role
during heat stress remains to be described.
The low molecular weight hsp family in plants includes four
classes of proteins ranging in size from 17 to 26 kDa sharing a
large percentage of similarity in their amino acid sequence between
them. This family is the one with the largest number of gene
members and the one which displays the greatest level of
expression. In contrast to the hsp70 family, all plant low molecular
weight hsps are expressed only in response to stress conditions or
during late zygotic embryogenesis (probably as a consequence of
seed desiccation). Class I and II members are cytoplasmic proteins

(17-18 kDa, but one member of 26 kDa) and their chaperon activity
in vitro has been demonstrated. These plant cytoplasmic chaperons
do not require ATP for activity [ 82]. Class III proteins (21-26 kDa)
are nuclear-encoded and localize to the chloroplasts. Class IV
proteins (22 kDa) are targeted to the endomembrane system.
The expression of some ubiquitin genes is elevated by heat
treatments, suggesting that proteolysis is another strategy to get rid
of fully denatured proteins. In certain plants, genes encoding
enzymes like glyceraldehyde-3-phosphate dehydrogenase and a
low molecular weight protein-kinase increase their expression
during heat stress. In Arabidopsis, the overexpression of a
constitutively active heat shock transcription factor increased the
level of thermotolerance [83].
Cold Stress
Plants have varied responses to low temperatures: most tropical
plants are sensitive to temperatures at or lower than 10 to 12°C
(i.e., maize and tomatoes) [84]. Others are chilling-resistant but
freezing-sensitive (po-
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tato), and others are able to develop freezing resistance (most
temperate woody plants, some cacti, etc.). In general the dormant
stages of plant growth are the most tolerant ones to low
temperatures. Developmental stages affected by low temperatures
in sensitive plants include: fruit ripening in tropical plant species,
seed germination, seedling growth, leaf elongation and greening,
and root growth. Some physiological effects of low temperatures
are: a decrease in nutrient and water uptake, decreases in proton
efflux and transpiration, changes in membrane composition, and
inhibition of translocation. Photosynthesis is affected at the level of
CO2 assimilation, and electron transport associated to PSII. In
chilling or freezing tolerant plants, some of the above processes are
either not affected or their function is resumed once they are
returned to non-freezing temperatures. In chilling sensitive plants
respiration increases after a chilling treatment. In some species this
increase in respiration is due to an increase in electron transport via
the alternative oxidase pathway. Membranes also seem to be an
important target for chilling and freezing injury. Differences in
their lipid composition have been detected for chilling sensitive
versus chilling resistant plants. The hypothesis that cold resistant
plants enrich their membranes with low melting point lipids during
chilling stress, has been supported by the development of
transgenic lines with increased resistance to chilling stress by
overexpression of a fatty acid desaturase [ 85].
Chilling resistant plants induce some level of acclimation to
freezing temperatures by avoiding the formation of intracellular ice
formation which is lethal for all plant cells [86]. In addition, they
have to face dehydration and osmotic stress, as a result of the
intracellular loss of water due to intercellular ice formation, and

resume normal activities after their return turn to above freezing
temperatures. Increases in the concentration of ABA, sugars, amino
acids (proline, GABA), phospholipids and "cold regulated
proteins" (COR) occur during acclimation. COR proteins are
extremely hydrophilic, remaining soluble after boiling the protein
extract [87]. However, their exact biochemical function is not clear.
Drought
Many plant activities are influenced by a reduction in water
potential. One of the earliest plant responses to water stress is the
reduction of stomatal aperture. Consequences for this response can
be a decrease in photosynthesis, in respiration, in the flux of water,
ions, carbon and nitrogen. All of these imply that tolerant plants
must adjust their metabolism to these alterations and at the same
time avoid further water loss [88]. Plant growth during water stress
decreases generally as a reduction in cell expansion. In rapidly
growing tissues, protein synthesis is reduced as well
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as the function of certain enzymes such as nitrate reductase and
phenylalanine ammonia lyase. ABA is the plant hormone that
responds more rapidly and seems to have a role in the response to
water stress in mesophytes [ 2]. The production of elevated levels
of osmolytes is characteristic of organisms that experience some
form of environmental water stress (i.e. salinity, desiccation or
freezing). It is considered that some of these compounds help cells
retain water and scavenge free radicals while being compatible
with the metabolic machinery [89]. When grown under water
stress, polyols like mannosidomannitol accumulate in some
lichens; glycerol, sucrose, and isofloridoside in some unicellular
algae; mannitol in Fucus, a multicellular algae; glucose, fructose,
sucrose, mannitol and pinitol in some vascular plants. Other
osmolytes that accumulate in certain species are the potassium ion,
proteins (LEA or dehydrins), amino acids (proline, ectoine),
polyamines (spermine, spermidine), and quaternary amines
(glycine betaine, b-alanine, dimethyl-sulfonio propionate). Some
resurrection plants accumulate trehalose as an osmoprotectant [90].
Gene activity is changed by water stress. Some water-induced
genes are also induced by ABA, but some are only induced by
either water stress or ABA. Water stress induces changes in gene
expression of genes coding for glycine-rich proteins in rice [91], for
aquaporin [92], a phosphatidyl-inositol specific phospholipase-C
[93], a Ca2+-dependent protein kinase [94] and a myb protein in A.
thaliana [95], for LEA (late embryogenesis abundant) proteins in
cotton and other species [96], for a small molecular weight heat
shock protein (hsp17) in sunflower [97], and for ascorbate
peroxidase, Cu/Zn superoxide dismutase and catalase in pea [98].
These induced changes in gene expression suggest that both the

activities of a water stress signal transduction pathway, and of an
acclimation response are part of the response to a decreasing water
potential. This response seems to affect important activities both in
the cell wall and cytoplasmic compartments. Changes in gene
expression of enzymes involved in protection of oxidative damage
strengthen the idea that water stress has also an oxidative
component. The genetic engineering of fructan biosynthesis
allowed an increase in drought resistance in tobacco [99]. In
transgenic rice, overexpression of the LEA-type gene HVAI
increased tolerance to water deficit and salt stress [100].
Anaerobiosis
The most common naturally occurring form of anaerobiosis
experienced by vascular plants is in fact caused by floods or excess
water. The low amounts of dissolved oxygen in the solution of a
flooded soil are depleted very rapidly by respiration of plant roots
and soil microorganisms. Other anaerobic environments are found
in some marine and freshwater
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ecosystems. Anaerobic conditions seem to occur also during
normal plant growth. It is considered that in the first hours of seed
germination the growing shoot/radicle axis undergoes anaerobiosis
due to a barrier to oxygen imposed by the seed coat. These growing
tissues actually show alcoholic fermentation. However, for the
most part, almost all plants are considered obligate aerobes. Only a
few plant species have been described as being able to germinate
and grow under strict anoxia. Among these are four species of the
genus Echinochloa, rice (Oryza sativa) and the African legume
Erythina caffra. As a comparison, maize, a flood intolerant species,
can survive for only three days in complete anoxia [ 101].
Oxygen is not only necessary as an electron acceptor during
respiration, one of the most important processes for generation of
metabolic energy, but also for a large number of other enzymatic
reactions that require molecular oxygen as one of their substrates.
There are at least 200 enzymes that function as oxygenases, by
inserting two or one atom of oxygen into an organic substrate, or as
oxidases in which dioxygen is an electron acceptor and is reduced
to superoxide, H2O2 or 2H2O [102].
One of the first responses of plants to anaerobiosis is a shift from a
respiratory metabolism to lactate and ethanol fermentation. Once
anaerobic fermentation is established plant cells have to deal with
increasing levels of lactate, ethanol and pH acidification. Some
adaptations to this new metabolism include the secretion of lactate,
ethanol and other organic acids to maintain a proper cytoplasmic
pH.
In most plants, ASPs (anaerobic proteins) are synthesized in
response to anaerobiosis, whereas the synthesis of the normal

aerobic proteins is repressed. Most of the ASPs are glycolytic
enzymes: alcohol dehydrogenase, glucose-6-P isomerase, aldolase,
cytosolic glyceraldehyde-3-phosphate dehydrogenase, lactate
dehydrogenase and pyruvate decarboxylase. Another ASP is
sucrose synthase [101].
Tolerant plants show different adaptations to anaerobiosis. In deep
water rice, oxygen can be transported to the submerged parts of the
plant through a column of air formed between the surface of its leaf
blades and the surrounding water. This is possible thanks to a
strongly hydrophobic surface in their leaves [103]. The weed
Echinochloa phyllopogon, that grows in rice fields, seems to divert
its fermentative metabolism to other compounds such as malate,
succinate, g-aminobutyrate and alanine. One of the interesting
adaptations of E. phyllopogon is that lipids are synthesized during
anaerobiosis to serve as a sort of alternate "electron acceptors." In
contrast to most plants, mitochondria from E. phyllopogon are
ultrastructurally intact and metabolically active during anaerobiosis
[101]. More remains to be known about how the production of
metabolic energy and the biochemistry of oxygen can coexist in an
anaerobic environment in tolerant plants.
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Oxidative Stress
Oxygen can be toxic even to plants which are strictly aerobic
organisms. In soybeans, all tissues accumulate more dry matter if
the oxygen concentration is that of air (21%) or less. In fact,
nodules, roots, stems and leaves accumulate more dry matter at any
oxygen concentration below 21%. Its clear that oxygen can act as a
competitive inhibitor of such enzymes as ribulose bisphosphate
carboxylase and nitrogenase, which can explain part but not all of
the damaging effects of oxygen on plant growth. In the 1950's
Gershman and Gilbert proposed that most of the deleterious effects
of oxygen in living cells could be due to the formation of free
radicals [ 104]. Some of these radicals inactivate enzymes by
chemical modification of some of their amino acid residues, a
mechanism different to competitive inhibition. These radicals also
cause oxidation of macromolecules like lipids and nucleic acids.
Although the dioxygen molecule as it occurs in nature is itself a
free radical and it is a good oxidizing agent, it is not highly reactive
and therefore it is very stable. The current terminology refers to
reactive oxygen species (ROIs) as responsible for most of the
damaging effects of oxygen. The reduction of oxygen by one
electron generates the superoxide radical. The addition of one
electron to superoxide generates the peroxide ion. The reduction of
ground-state oxygen by four electrons generates two molecules of
water. In the presence of an iron(II) salt, hydrogen peroxide reacts
with many organic compounds through the formation of the
hydroxyl radical. Thus, superoxide, hydrogen peroxide, hydroxyl
radical and ozone are ROIs. Pollutants in the atmosphere as ozone,
and SO2 can cause large damaging effects in native and cultivated
species due to oxidation at the cellular level. Other ROIs are

generated intracellularly as a consequence of other forms of stress
such as: extremes of temperature, drought, high light intensities,
return from anoxia to normoxia, etc. Production of ROIs is
believed, and in some cases shown, to be a consequence of the
occurrence of electron transfer reactions in many subcellular
compartments, as in the chloroplast (the Mehler reaction),
mitochondria (respiration), peroxisomes and glyoxysomes. Any
condition that diminishes the efficiency of electron transfer
between photosystems in the chloroplast (photoinhibition) will
generate ROIs as a by-product. Additionally, the utilization of
molecular oxygen as a normal electron acceptor in some other
reactions (mitochondrial respiration and many oxidative reactions
occurring in peroxisomes and glyoxysomes) may lead to the
accumulation of ROIs if reduced oxygen intermediates escape due
to inefficiencies in the electron transfer process. A whole battery of
enzymes are present to get rid of ROIs: superoxide dismutase
(SOD [reduces superoxide to hydrogen peroxide]), and catalase,
glutathione-, or ascorbate-dependent peroxidases
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(reduction of hydrogen peroxide to water), etc. Additionally, other
reductases are necessary to regenerate some of the reductants
involved in these reactions: glutathione reductase,
monodehydroascorbate reductase, ferredoxin, etc. All enzymes that
activate and reduce oxygen have either flavins, copper, iron or any
other transition metals as prosthetic groups.
Chloroplasts from all plants contain Cu/Zn SODs and, in some
species, Fe SODs. In mitochondria there are Mn SODs. Ascorbic
acid reductases are found in the cytosol and chloroplast
compartments. Glutathione reductases is found in mitochondria,
cytosol and chloroplast [ 105]. Overexpression of distinct forms of
SODs and glutathione reductase in transgenic plants has led to
improvements in oxidative stress tolerance as measured by
tolerance to the herbicide methyl viologen [105].
Metal Stress
Contaminated soil and water may contain some metals such as Cd,
Pb, and Hg at concentrations that are toxic to plants. Plants
detoxify heavy metals, like Cd, by forming complexes with
cysteine-rich peptides known as phytochelatins or class III
methalothioneins [106]. The primary structure of phytochelatins
varies between plants, and five groups have been described having
the (g-glu-cys)n repeating unit at their amino-terminus and either
glutamyl, glycyl, b-alanyl, seryl or no extra amino acyl residue at
their carboxyl-terminus. The presence of a g-carboxyamide bond
instead of an a-carboxyamide bond is reminiscent of the structure
of the tripeptide glutathione (GSH). Phytochelatins are believed to
be enzymatic condensation products between a GSH precursor (gglu-cys) and GSH itself (for [g-glu-cys]n-gly formation), or

homoglutathione (for [g-glu- cys]n-b-alanine). Therefore,
phytochelatins are not direct products of ribosomal translation. The
route of synthesis for phytochelatins with carboxyl-terminal
glutamyl or seryl residues has not been established yet.
Sequestration of heavy metal has only been demonstrated for Cd,
and in some cases for Cu. However, R. serpentina cells grown in
tissue culture induce the synthesis of (g-glu-cys)2-4-gly in response
to addition of salts of Ni, Cu, Zn, Ag, Sn, Sb, Te, W, Au, Hg, Pb,
and Bi and arsenate and selenate anions. No induction has been
observed by salts of Na, Mg, Al, Ca, V, Cr, Mn, Fe, Co, molybdate,
and Cs. It remains to be seen if all inducers of phytochelatins are
complexed by phytochelatins. Although no correlation has been
found between metal tolerance and phytochelatin production in
plants, in Arabidopsis thaliana a mutant (cadl) with a deficiency to
synthesize both GSH and phytochelatins is cadmium sensitive.
Aluminum, which forms 7% of the earth's crust, is also toxic to
most plants in its soluble form [107]. Most Al in soils is insoluble,
forming complexes with silicates and other ligands. Al availability
to plant tissues
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is enhanced by low soil pH. Aluminum causes major anatomical
changes in root apices, however no solid mechanism of action for
its toxicity has been proposed. Possible mechanisms are: an
inhibition of Ca2+ uptake, the displacement of apoplastic Ca2+, and
a disruption of cytoplasmic Ca2+ homeostasis. Organic acids
chelate Al and plants secrete large amounts of citrate or malate for
detoxification. The capacity to excrete malate or citrate from root
apices correlates with Al tolerance in wheat and snapbean,
respectively. In wheat, small numbers of genes increase their
expression in response to Al, nevertheless this expression does not
correlate with Al tolerance.
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Chapter 2
Molecular Biology Research Procedures
Gabriela Olmedo-Alvarez1
Introduction
Because of their immense economic significance, plants have long
been the subject of genetic analysis aimed at developing improved
varieties. The advent of recombinant DNA technology has
introduced a new dimension to this effort because the genome
modifications made possible by this technology are almost
limitless. No longer is breeding confined to selecting variants
within the species. DNA can now be introduced from other species
of plants, animals, or even bacteria. In this chapter will be reviewed
the basic knowledge on DNA structure and function as well as the
methods most commonly used in molecular biology to create and
analyze recombinant DNA.
DNA Structure and Function
DNA and Gene Expression
The synthesis of a protein involves the copying of a specific region
of DNA (called coding regions or genes) into a chemically and
functionally different type of polynucleotide known as ribonucleic
acid or RNA. RNA retains all of the information of the DNA
sequence from which it was copied. The process by which RNA is
synthesized is called transcription
1 Departamento de Ingeniería Genética de Plantas, Unidad Irapuato,

Centro de Investigación y de Estudios Avanzados del Instituto
Politécnico Nacional, Apartado Postal 629, Irapuato, GTO. 36500,
México.
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Figure 1
The process of gene expression. Information in DNA is
transferred to RNA during transcription. Transcription is
directed by the RNA polymerase and may be regulated by
transcription factors. RNA may then be processed through
splicing into mRNA, whose sequence directs the synthesis
of proteins during translation.

and is carried out by enzymes known as RNA polymerases (Figure
1). If the RNA transcript carries information that will be translated
into a protein then it is called messenger RNA (mRNA). Other
types of RNA are ribosomal and transfer RNA which are molecules
that become part of the cell's protein synthesis or translational
machinery [ 1,2].
In a eukaryotic cell, many of these RNA molecules undergo some
processing before they leave the nucleus to serve as mRNA in the
cytoplasm. This processing is known as splicing which consists of
cutting out some ''non-coding" internal segments of RNA. Because
each mRNA molecule has the potential of being used many times,

the information contained in a small region of DNA can direct the
synthesis of large quantities of a specific protein. The entire
process, from the transcription of a gene until the information in it
is converted into protein, through its intermediate mRNA, or into
tRNA or rRNA, is termed gene expression.
Not every gene is expressed at the same time or even in the same
cell, in fact, it is because of these differences in gene expression
that cells become specialized into different tissues and organs or
may even adapt their intracellular metabolism to certain
environmental conditions. This differential expression is possible
because most genes are subjected to particular genetic regulation.
Genes can be regulated at every step during the process of
expression, for instance, a gene may be transcribed or not in a
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particular cell. Transcriptional regulation can be very complex and
some important differences exist between eukaryotes and
prokaryotes, so that a gene from one cannot readily be expressed in
the other nor a gene from one cell be expressed in a different type
of cell. Transcriptional regulation is usually carried out through
proteins acting on DNA. All genes contain a segment which is used
to direct and regulate their own transcription. The segment used by
the transcriptional machinery to direct transcription of a gene is
called a promoter (Figure 1). The proteins that direct and/or
regulate transcription are known as regulatory proteins or
transcriptional factors.
DNA and RNA Structure
Knowing the structure and chemistry of DNA and RNA is
important to understand the bases of some procedures used in
molecular biology. DNA and RNA are polymers of nucleotides.
Nucleotides are small molecules formed by three components
(Figure 2):
(1) A cyclic five-carbon sugar: This is ribose in ribonucleic acid
(RNA) and deoxyribose in deoxyribonucleic acid (DNA). The
structures of ribose and 2'-deoxyribose differ only in the absence of
a 2'-OH group in deoxyribose. The extra OH group in RNA limits
the range of secondary structures the RNA can form and makes it
more susceptible to chemical and enzymatic degradation than
DNA.
(2) A nitrogenous base, purine or pyrimidine, attached to the sugar
by an N-glycosidic bond: The bases are the purines adenine and
guanine, referred to simply as bases A and G, and the pyrimidines

are cytosine, thymine and uracyl, referred to as C, T and U. Both
DNA and RNA contain A, G and C, however, T is found only in
DNA and U is found only in RNA.
(3) A phosphate: This is attached to the 5'-carbon of the sugar by a
phosphoester linkage. This phosphate is responsible for the strong
negative charge of both nucleotides and nucleic acids. A base
linked to a sugar is called a nucleoside, thus, a nucleotide is a
nucleoside phosphate.
Nucleotides are arranged in a so-called double helix, described for
the first time by Watson and Crick in 1953 [ 3]. This double helix is
formed by two coiled strands and looks like two interlocked
bedsprings (Figure 3). Each helix is a chain of nucleotides held
together by phosphodiester bonds, in which a phosphate group
forms a bridge between -OH groups on two adjacent sugar
residues. The two helices are held together by hydrogen bonds, in
which two electronegative atoms "share" a proton, between the
bases. This kind of bond is quite weak (only 3% of the strength
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Figure 2
Chemical structure of nucleic acids. (a) Purines and pyrimidines
provide the nitrogenous bases in nucleic acids. (b) 2-Deoxyribose
is the sugar in DNA and ribose is the sugar in RNA. The base
thymine is present exclusively in DNA while uracil is present
exclusively in RNA. A sugar and a base form a nucleoside,
and a nucleoside and a phosphate form a nucleotide. The 5'
phosphate ends and 3'OH ends are shown.

of a covalent bond), but this weakness (as will be described later)
plays an important role in the function of the DNA molecule. Bases
can form bonds according to the following rules: G forms hydrogen

bonds only with C, while A can bond specifically only with T.
These reactions are described as base pairing and the paired bases
(G with C and A with T) are said to be complementary. Note that
the two backbones run in oppo-
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Figure 3
The DNA chain consists of a series
of 5'-3' sugar (S)-phosphate (P) links that
form a backbone from which the bases
protrude. The chains forming the double
strand run in opposite directions, one strand
runs in the 5'-3' direction while its partner
runs 3'-5'. Complementary base pairing
involves the formation of two hydrogen

bonds between A and T, and of three
hydrogen bonds between G and C.
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site directions; they are thus said to be antiparallel, and one is
called the 5' to 3' strand and the other the 3' to 5' strand. Note too
that the G-C pair has three hydrogen bonds, whereas the A-T pair
has only two. Therefore, DNA containing many G-C pairs would
be more stable than DNA containing many A-T pairs.
DNA Replication
A gene carries biological information in a form that must be
precisely copied and transmitted to all of its progeny cells. Since
each strand of DNA contains a nucleotide sequence that is exactly
complementary to the nucleotide sequence of its partner strand,
both strands actually carry complementary genetic information.
Therefore, if we designate the two strands as + and -, the + strand
can serve as a mold or template to synthesize strand - and strand can serve as a template to make strand +. Thus, genetic information
can be copied by a process by which strands + and - separate to
allow each of them to be copied into a new complementary strand.
It is in this way that DNA is perpetuated by a mechanism known as
replication. The fundamental reaction requires that an enzyme
called DNA polymerase catalyzes the sequential addition of a
deoxyribonucleotides to the 3' end of a DNA chain so as to reform
a double strand. The nucleotide selected at each step is
complementary to the base in the template strand and thus at the
end the entire new molecule is complementary and remains a
partner of the template strand.
Manipulating Genes
What is Cloning?
Even if we have identified a gene of interest, this gene is only a

tiny piece of the billions of base pairs long DNA present in a cell.
We would be thus very limited in the studies we can do unless we
can separate the gene out to analyze it and manipulate it. Cloning
allows us to keep a piece of DNA separate from the rest of the
DNA where it belongs and even to separate it from the source
organism. A different organism can be a host to such a DNA piece
and this is usually the bacteria Escherichia coli (or E. coli). The
procedure is simple: a piece of DNA is cut out from the rest and
joined into a bacterial DNA known as a vector. This new DNA
molecule is now a hybrid containing part bacterial DNA and part
exogenous DNA and is called a recombinant DNA (Figure 4).
Once this hybrid is introduced into E. coli, the bacterial cells divide
very rapidly making billions of copies of themselves and of the
vector that carries a copy of the gene we inserted. Cloning involves
the following steps:
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Figure 4
Cloning involves generating a recombinant molecule and
putting it in a host, usually a bacteria, where it can be
replicated and maintained.

(1) Isolation of DNA or RNA from the organism of choice and
preparation of a fragment or a collection of fragments. This and
other steps involve the use of enzymes to manipulate nucleic acids
and its analysis through gel electrophoresis.
(2) Selection and preparation of a vector to which a fragment may
be joined
(3) Putting together vector and fragments under conditions that
allow intermolecular interaction and addition of DNA ligase, the

enzyme that will catalyze the formation of the covalent bond
between DNA ends
(4) Introducing the newly formed recombinant molecule into a
host, usually E. coli. This process of introduction of DNA into an
organism is referred to as transformation.
(5) Selection of the E. coli cells that carry the recombinant
molecule(s) we want
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Tools and Procedures in Molecular Biology
Gel Electrophoresis
This is a technique that separates molecules on the basis of their
size. Gels are used which consist of a matrix of long thin molecules
forming sub-microscopic pores. The material is usually agarose or
polyacrylamide. The size of the pore can be controlled by varying
the chemical composition of the gel. A gel is cast and placed in a
tank holding buffer (the same used to cast the gel) and having
electrodes to apply an electric field (Figure 5). The pH and other
buffer conditions are arranged so that the molecules being
separated carry a net negative charge. The molecules will be moved
by the electric field with a direction from the negative electrode to
the positive electrode. As they move through the gel, the larger
molecules will be held up as they try to pass through the pores of
the gel, while the smaller molecules will be impeded less and move
faster. This results in separation by size, with the larger molecules
nearer the well and the smaller molecules further away.
Note that this separates on the basis of size, not necessarily
molecular weight. Thus, a linear fully extended molecule might
actually migrate more slowly than one of the same size but forming
a secondary structure that makes it smaller. To prevent differences
in shape from confusing measurements of molecular weight, the
molecules to be separated must be in a long extended rod
conformation (no secondary structure). In order to remove
secondary structure different techniques are employed for
preparing DNA, RNA and protein samples for electrophoresis.
DNA is first cut with restriction enzymes and the resulting double-

stranded DNA fragments have an extended rod conformation.
RNA is pre-treated with formaldehyde to prevent small regions
within the molecules from forming base-paired secondary
structures.
Proteins have extensive secondary and tertiary structures and are
not always negatively charged. They are pre-treated with the
detergent SDS (sodium dodecyl sulfate) which removes secondary
and tertiary structure and coats the protein with negative charge.
If these conditions are satisfied the molecules will be separated by
molecular weight, with the high molecular weight molecules near
the wells and the low molecular weight molecules far from the
wells. The distance migrated is roughly proportional to the the log
of the inverse of the molecular weight (the log of 1/MW).
Molecular weights are measured with different units for DNA,
RNA and proteins.
DNA: base-pairs (bp) or kilobase-pairs (1 kbp = 1000 bp)
RNA: nucleotides (nt) or kilonucleotides (1 knt = 1000 nt) or some
times in bases (b) or kilobases (kb)
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Figure 5
DNA electrophoresis. A thin slab of agarose is prepared
containing small "wells" into which samples are placed. An
electric field is applied and the DNA molecules penetrate and
move through the gel. Since DNA is negatively charged
because of the phosphate groups on its backbone, it moves
toward the positive pole. Separation of DNA is achieved as
the smaller fragments move more rapidly than the larger ones.
The gel can be stained with ethidium bromide which binds to
DNA and fluoresces to ultra violet (UV) light. Thus, DNA
fragments can be visualized as fluorescent bands. Their size
can be estimated by comparison to known molecular
size standards.

proteins: Daltons (grams per mole)(Da) or kiloDaltons (1 kDa =
1000 Da)

On most gels, in order to place the sample into the well its density
is increased by adding to it a small amount (5%) of glycerol,
sucrose or other substance. A small amount of tracking dye is also
added and is helpful as a visual indicator both of how the samples
were loaded and to follow the progress of the electrophoretic
separation. Additionally, one well is loaded with a mixture of
DNA, RNA or protein molecules of known molecular weight.
These molecular weight standards are used to calibrate the gel run
and the molecular weight of any sample molecule can be deter-
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mined by interpolating between standards. Once the electrophoresis
is done, different staining procedures are used for different classes
of macromolecules:
(1) DNA and RNA are stained with the dye ethidium bromide
(EtBr) which binds to nucleic acids. The complex nucleic acidEtBr fluoresces under UV light.
(2) Proteins can be stained with Coomassie Blue. The complex is
deep blue and can be seen with visible light.
When the electrophoresis procedure described is applied to DNA
the maximum size that can be separated is 50 kb. Beyond this size
all the molecules remain near the well and cannot be separated.
Separation of large DNA molecules requires the use of a special
technique known as pulsed field gel electrophoresis (PFGE). In this
technique, instead of maintaining a constant low electric field
strength like in regular electrophoresis, the direction of the electric
field is periodically changed. Many variants of the method have
been developed each requiring special electrophoresis equipment.
This technique, introduced in 1982, opened a new field of study for
the so-called "large DNA," increasing the size limit for nucleic acid
separations by two orders of magnitude or more to at least 12 mega
base-pairs (12 Mb = 12,000 kbp). What this means is that very
large DNA molecules can be separated; in fact entire chromosomes
can be resolved, as is the case for some fungi chromosomes such as
Saccharomyces cerevisiae. This methodology has many
applications: mapping of large plasmids, genome mapping and is
essential for various mapping and cloning techniques [ 4].
Restriction Enzymes

DNA molecules can be cut in pieces by using special enzymes that
break the covalent bond between bases. These restriction
endonucleases or restriction enzymes recognize a specific base
sequence in a DNA molecule and make two cuts, one in each
strand of the DNA molecule, generating fragments of double
stranded DNA with 3'OH and 5'P termini. More than 1,000
different restriction enzymes have been purified from hundreds of
different microorganisms. The specific recognition sequence for
each enzyme differs in base sequence and size. Table 1 shows four
restriction enzymes and their recognition sequences. Size of
recognition sequence is an important determinant of how many
times an enzyme will cut a particular piece of DNA. Thus, the
longer the recognition sequence, the lower the probability that the
sequence will be found in a particular DNA molecule. Because
there are 4 bases in DNA and any one of the bases could be present
at a particular position in a DNA sequence, the
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TABLE 1. Examples of Restriction Enzymes.
Restriction Recognition Probability Type of
Enzyme
Sequence of Occurrence Cleavage
Alul
AG CT
1/256
blunt
TC GA
Ncil
CC SGG
1/512
cohesive
GGS CC
EcoRl
G AATTC
1/4096
cohesive
CTTAA G
Pmel GTTT AAAC 1/65536
blunt
CAAA TTTG
S = C or G.

probability that a particular base occurs at a particular position in a
DNA sequence is 1/4. Therefore, the probability of finding a
specific sequence of nucleotides is (1/4)n, where n is the number of
nucleotides in the recognition sequence. Given the frequency of
cutting of the different restriction enzymes, these have different
applications. Those with only four base pair recognition sequences
cut too often to be useful in cloning experiments where plasmids
range in size from 3 to 7 kbp; restriction enzymes with recognition
sequences of 6 bp are widely used in cloning since they produce a
high proportion of DNA molecules over 1 kb but small enough to
be manageable for cloning. Restriction enzymes with 8 and 10 base
pair recognition sites produce fragments too large for ordinary
cloning experiments but are very useful for mapping whole
bacterial chromosomes and eukaryotic genes by pulsed field gel
electrophoresis.
Type II restriction endonucleases cut within their recognition
sequence and may generate either blunt or cohesive ends. Blunt

ends are generated when both DNA strands are cut at the center of
symmetry, and when the cuts are symmetrically placed around the
center of symmetry, cohesive ends are generated (see Table 1).
Whether an end is cohesive or blunt becomes important when we
plan to join two DNA molecules, as is done in cloning. Any blunt
ended molecule can be joined with another blunt ended molecule,
but cohesive ends can be ligated exclusively to compatible
cohesive ends (Figure 6).
The restriction enzymes target sites can be used as markers for
DNA. The DNA from a specific source is subjected to successive
digestion by different restriction enzymes. When the fragments are
separated electrophoretically on gels, the "map" of the restriction
sites can be deduced. Figure 7 shows a schematic of bands
resulting from stained DNA fragments, generated by restriction
enzyme digestion, on a gel after electrophoresis. From the
fragments produced, a restriction map is deduced; restriction maps
are highly specific for the DNA molecule under study.
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Figure 6
Restriction enzyme EcoRI generates cohesive ends that can be ligated to a
vector also cut with EcoRI so as to generate compatible cohesive ends.
Ligation can be carried out using T4 DNA ligase which requires ATP to
catalyze the formation of a phosphodiester bond between adjacent
5'-P and 3'OH termini.
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Figure 7
Electrophoretic analysis of DNA which has been
cut with one (single digestion) or two (double
digestion) restriction enzymes provides
information to generate restriction maps
which are unique to different recombinant
molecules.

Page 68

Southern, Northern and Western Analysis
Nucleic acid hybridization and protein recognition by antibodies
are important components of many molecular biology techniques.
Both are based on the complementarity that permits a specific
interaction between molecules. Nucleic acids for instance, can base
pair in a sequence specific manner to form a stable double strand: a
single stranded molecule can hybridize to its complementary
strand. Antibodies, on the other hand, recognize a specific shape on
a protein and can form a tight complex with it as they have
complementary shapes. Antibodies or single stranded nucleic acid
molecules can therefore be used as probes to search among a large
number of molecules for those to which they are complementary.
The complex made by the probe and the molecule we are searching
for can be identified if the probe molecules are tagged with
radioactivity or otherwise.
These procedures are named for the molecule that is being searched
for, that is, the target molecule (Table 2) and they exploit the
specificity for the detection of sequences or proteins which is
essential to find and isolate particular molecules among thousands
of different genes, mRNAs or proteins present in a given cell or
tissue.
After the DNA, RNA or protein has been separated by size
(electrophoresis), it must be transferred to a solid support before
hybridization. This transfer process is called blotting and this is
why these hybridization techniques are called blots. The solid
support is a membrane. Once the molecules are transferred to the
membrane they are immobilized so that they remain in position
during the search with the probe. In this manner, the place where

the probe is detected corresponds to the location of the
immobilized target molecule. Transfer can be achieved by placing a
gel-size piece of nitrocellulose paper or other membrane on top of
the gel and dry absorbent paper on top of the membrane so as to
initiate a capillary motion during which the buffer in the gel will
move towards the paper but the molecules diffusing will be
retained on the membrane. This blotting procedure is known as
capillary blotting (Figure 8). Other procedures may be used, such
as electro-blotting, which is the preferred method for protein
transfer. In the case of nucleic acids, they can be bound tightly to
the membrane through their sugar phosphate backbone, but the
bases are
TABLE 2. Southern, Northern and Western Blots.
Procedure
Target
Probe
Southern blot
DNA
Labelled DNA or RNA
Northern blot
RNA
Labelled DNA or RNA
Western blot
Protein Labelled antibody
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Figure 8
Gel electrophoresis and blotting in identifying specific cloned genes.
After RNA (Northern blotting) or DNA restriction fragments
(Southern blotting) are electrophoresed, the gel is placed in buffer and
covered with a nitrocellulose membrane and a stack of paper towels.
The fragments migrate with the buffer until they reach the membrane.
They are first denatured to single strands so they can stick to it. The
membrane is then incubated with a radioactively labeled single-stranded
probe that is complementary to the targeted sequence. Unbound probe
is washed away and X-ray film is exposed to the filter. The film is

exposed only at places corresponding to regions in the gel where
complementary restriction fragments were found. Comparison of these
bands with labeled markers reveals the number and size of the
fragments in which the targeted sequences are found.
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free to pair with complementary nucleic acid molecules. DNA is
therefore treated before transfer so that it is in a single stranded
form and thus able to hybridize to single stranded probe.
Once the target molecules are on a membrane, this is incubated
with the labeled probe for several hours to allow the probe
molecules to find their targets. Finally, the probe has become
immobilized in its complex and has to be detected by either of the
following methods:
(1) Autoradiography: If the probe was labeled with radioactivity,
the membrane is placed in contact with X-ray film which will be
exposed by the radioactive emissions from the membrane and dark
spots will be seen on the film at places that will reveal the location
of the probe on the membrane.
(2) Enzymatic development: Probes may be non-radioactively
labeled in different ways. A widely used label is biotin. Biotin is an
organic molecule that has high affinity for a protein called avidin.
If avidin is coupled to a fluorescent marker then the probe can be
identified by fluorescent technique after incubation with the avidinfluorescein conjugate. Another procedure is based in coupling the
probe to an enzyme like alkaline phosphatase or horseradish
peroxidase. Such a conjugated molecule could be detected by
soaking the membrane in a solution of a substrate for the enzyme.
Usually the substrate produces an insoluble colored product (a
chromogenic substrate) when acted upon by the enzyme, wherever
the probe is bound.
(3) Colony and plaque hybridization: These methods can be
adapted and used to identify recombinant DNA molecules

contained in either bacterial colonies or bacteriophage plaques.
First the colonies or plaques are transferred to a nitrocellulose or
nylon membrane and then treated to remove contaminating
material and permit that either the protein or the DNA (in its single
stranded form) interact with the labeled probe. Detection of the
bound probe allows identification of particular colonies or plaques,
among the thousands of colonies or plaques on the plate, which
may carry the gene we are interested in.
Polymerase Chain Reaction
Polymerase Chain Reaction (PCR) is a method of in vitro nucleic
acid synthesis by which a particular segment of DNA can be
specifically replicated. The technique is an ingenious tool for
molecular biology that has had a great impact on research. Since
the unveiling of the method by Kary Mullis and colleagues [ 5,6,7],
numerous modifications, improvements, and novel applications of
PCR have been devised; actually more than 1000 publications
involving the use of this method have appeared in the
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scientific literature and perhaps it represents the best option for
many experimental problems at hand [ 8,9].
As reviewed at the beginning of this chapter, for DNA replication
to occur, the double strand has to be opened so that each of the
opposite strands serves as a template for the synthesis of a new
DNA chain. Synthesis occurs by the sequential addition of
nucleotides in a 5' to 3' direction. Synthesis of new chains actually
occurs through the extension of small DNA fragments already
''bound" (by complementarity) to each of the template strands.
These small DNA pieces are known as primers and are essential for
replication. Many enzymes participate in this process in vivo, but in
vitro the only enzyme required is a DNA polymerase.
As mentioned above, the PCR procedure is a method for
replicating in vitro a specific DNA region. How is such a region
defined? The key for PCR is the design and synthesis in vitro of
short segments of DNA (often called simply oligonucleotides) that
will be used as primers. If a gene or a genetic region is known at
the nucleotide level, that information is used to design
complementary oligonucleotides. The oligonucleotides thus
provide the specificity since DNA synthesis can only proceed from
them and they are targeting a defined region.
PCR is typically carried out using two oligonucleotide primers that
flank the DNA fragment to be amplified. These primers hybridize
to opposite strands of the target sequence and are oriented so that
DNA synthesis by the polymerase proceeds across the region
between the primers (Figure 9). Amplification is achieved through
repeated cycles of the following steps: (1) Heat denaturation of the
DNA to separate the two strands in the double helix (at 90-95°C);

(2) Annealing of the primers to their complementary sequences
(50-60°C); and (3) Extension of the annealing primers with DNA
polymerase (72°C). Since the extension products themselves are
also complementary to and capable of binding primers, successive
cycles of amplification essentially double the amount of the target
DNA synthesized in the previous cycle. The result is an
exponential accumulation of the specific target fragment by the de
novo synthesis of the region of DNA flanked by the two primers
(approximately 2n, where n is the number of cycles of
amplification performed). In this way, after 30 cycles 1 million
copies of a single piece of DNA can be produced.
As can be deduced from the temperature cycles involved, PCR
relies on the ability of the DNA polymerase to remain stable at
high temperatures, so that thermostable DNA polymerases, such as
Taq (named for Thermus aquaticus, from which it was isolated),
are employed for the procedure.
It should be stressed again that the PCR technique impacted many
basic and applied aspects of molecular biology [8,10]. For instance,
it has had a great impact in diagnostic and detection procedures
given its capac-
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Figure 9
The polymerase chain reaction (PCR). Two primers are generated
complementary to opposite strands of the target DNA. (a) The
strands in DNA are separated by heating and the primers are
allowed to anneal to their target sequence. Taq polymerase then
synthesizes the first set of complementary DNA strands in
the reaction which extends beyond the target site for the other
primer. (b) The two duplexes are heated again exposing 4
binding sites. The two primers bind again to the 3' end of
the target region and are extended by the Taq DNA polymerase.
(c) Four duplexes now enter the cycle of strand separation,

primer annealing and extension. Eight double strands are formed
by now. Notice that by now two double strands have the
length of the target sequence desired, beginning and
ending exactly at the primer provided. Many more cycles
can be carried out (usually 30) to synthesize the desired number
of target DNA sequences.
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ity to specifically amplify a particular DNA segment from a
complex mixture of DNA. It has also become important for cloning
genes for which we have indirect DNA sequence information, that
is, genes that have been cloned from other organisms and which we
suspect will be evolutionarily conserved.
DNA Sequencing
One of the most important techniques available to the molecular
biologist is DNA sequencing, by which the precise order of
nucleotides in a piece of DNA can be determined. A great deal of
information about the structure and function of genes comes from
direct determination of the base sequence of DNA. The Sanger or
dideoxy chain termination method [ 11] is widely used (Figure 10).
It uses a primer and an enzyme, DNA polymerase I, to make copies
of a DNA strand whose sequence we want to know. A small
concentration of a special base analog is used which, when
incorporated into the polymer being synthesized, does not allow
further elongation. The analog is a 2'3'-dideoxynucleotide and it is
the lack of the 3' hydroxyl group that impedes new nucleotides
from incorporating. When the analog is dideoxyadenine, elongation
of DNA will stop at the sites where A needs to be incorporated.
Because it is added in small amounts, different DNA strands will
stop at different A positions. If we do different reactions for
analogs of each A, C, G and T, we will have for each a collection
of DNA molecules of different lengths which can be size-separated
side by side by electrophoresis in polyacrylamide gels. If while the
DNA synthesis proceeds a radiolabeled nucleotide is incorporated,
an autoradiography of the gel will reveal the position of each DNA
molecule in four lanes each of which represents a chain termination

reaction. The result will be a display of bands of every possible
size distributed among the four lanes, and we will be able to read
from the film the position of each base. The smallest chain will be
at the bottom and each band upwards will represent a DNA
molecule growing one base.
It is important to notice that to synthesize new DNA the template
has to be single stranded except for a short DNA segment (primer)
which the enzyme DNA polymerase I requires to carry out
polymerization. This primer is usually a synthetic oligonucleotide
that is added to the sequencing reaction and it determines the
region to be sequenced. Nowadays it is not critical that the DNA to
be sequenced is synthesized as single stranded; double stranded
plasmids can be simply denatured to generate the desired single
stranded DNA.
Cloning Vectors
An essential requirement of a vector is that it can replicate in the
host
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Figure 10
DNA sequencing by the Sanger's dideoxy chain termination method.
(a) 2',3'-Dideoxy nucleotides incorporated into a DNA strand in the process
of being synthesized stops chain growth since it cannot form a
phosphodiester bond with the next incoming nucleotide. (b) Four
different reactions are run, each with the same primer but a
different 2',3'-dideoxy nucleotide, in addition to all four 2'-deoxy
nucleotides. The products of each reaction are a series of

incompletely elongated segments which are separated by gel
electrophoresis (c) and can be read from the bands produced in the gel
and revealed by autoradiography.
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organism, either after its integration into the host's DNA or by
autonomous replication. Another requirement is that it carries a
selectable marker that permits its identification once we introduce
it into its host. Vectors may also contain other features that either
facilitate cloning into them or allow other specialized uses. Some
of the most important vectors for cloning and relevant features are
listed in Table 3.
The most common vectors for cloning are plasmids and
bacteriophages. Plasmids are circular DNA molecules usually
carrying a replicon, that is, a segment of DNA that directs its
replication. In this way the plasmid replicates as a separate
molecule from the host chromosome and can therefore maintain a
number of plasmids per cell that can go, depending on the replicon,
from 1 to 50 copies (chromosomes are maintained approximately at
1 copy per cell). The most widely used plasmid replicon in E. coli
is the Co1E1 replicon. If a piece of DNA containing a plant gene is
cloned, say into a 50 copy Co1E1 plasmid, we could expect to have
50 copies of it in each of the several billion E. coli cells growing in
a test tube.
Bacteriophages are bacterial viruses, of which the more commonly
used are lambda, M13 and P1. Vectors based on bacteriophage
lambda have probably found their most effective use in the
construction of geTABLE 3. Comparison of Cloning Vectors.
Vector Host
Structure
Insert Possible Uses
Size
PlasmidsE. coli, many
Circular
Up to Gene isolation,
bacteria and
plasmid
10 kb sequencing,

fungi
Phage E. coli
M13
Cosmids E. coli
P1
clones

E. coli

BACs

E. coli

PACs

E. coli

YACs

S. cerevisiae

routine analysis,
expression,
mutagenesis
Circular
4-20 Sequencing,
plasmid
kb
mutagenesis
Circular
35-45 Gene isolation,
plasmid
kb
mapping complex
genomes
Circular
70- Gene isolation,
plasmid
100 mapping complex
kb
genomes
Circular
Up to Gene isolation,
plasmid
300 mapping complex
kb
genomes
Circular
100- Gene isolation,
plasmid
300 mapping complex
kb
genomes
Linear
100- Gene isolation,
chromosome 2000 mapping complex
kb
genomes
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nomic libraries (see below). A cosmid is a plasmid cloning vector
used for isolating genomic DNA that contains a piece of the
bacteriophage lambda (cos site) which directs insertion of DNA
into bacteriophage particles. This is useful to clone larger DNA
fragments than would be possible in a plasmid, since up to 40 kb
inserts can be manipulated. Phasmids are hybrids between
bacteriophage DNAs and plasmids that can propagate in either
mode. Common phasmid vectors are those based on f1
bacteriophages. In addition to the replicon that permits their
maintenance in the bacteria as plasmids, these vectors contain a
replicon from a filamentous bacteriophage like M13. This feature
makes it possible for these plasmids to replicate as single stranded
plasmids which are useful for DNA sequencing and for other
procedures as well. The bacteriophage replicon is denominated f1
and is accompanied by a + or a - symbol, which indicates which of
the two strands of the plasmids will be found in the form of single
stranded DNA.
Artificial chromosomes are becoming a major research tool in both
genome analysis and in the functional characterization of a gene [
12]. YACs were the first vectors developed to generate whole
libraries from the genomes of higher organisms with insert sizes at
least 10 times larger than those that could be cloned in
bacteriophages and cosmid vectors.
Reporter Genes
In some studies it is often more convenient to use a gene whose
product is easy to assay instead of the structural gene of interest. A
gene that is used to study the regulatory signals of another gene is
termed a reporter gene. One example of a gene that has been

extensively used as a reporter is the bacterial lacZ gene, which
codes for the enzyme b-galactosidase. This enzyme normally
breaks down lactose, but it can also break down an analog of
lactose, X-gal (5-bromo-4-chloro-indolyl-b,D-galactoside), very
efficiently to yield 5-bromo-4-chloro-indigo which is bright blue.
The blue color is readily visible in some bacterial and yeast
colonies that express the lacZ gene.
Several reporter genes are available [13] (Table 4). An important
consideration for choosing a reporter gene is that the cell or
organism in which it is intended to be used does not express
already the same gene. For example, lacZ is not normally used in
plants since there is a high background of endogenous bgalactosidase. In the same way, only E. coli cells in which the
native lacZ gene has been mutated are used for expression of
recombinant DNA molecules carrying lacZ.
The gusA or uidA gene is the reporter gene that has been most
extensively used in plants [14,15]. The green fluorescent protein
(GFP) from the jellyfish Aequorea victoria is presently attracting a
great interest as a
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TABLE 4. Reporter Genes.
Reporter Gene
Exogenous
Organisms
(reporter protein)
Detection
Substrate(s) Where It Is Used
Visual,
X-gal, ONPG, Some bacteria
lacZ (band fungi,
galactosidase) colorimetric or CPRG, MUG
fluorometric
Drosophila, etc.
assay
gusA or uidA
Visual,
X-gluc, MUG Some bacteria,
(glucuronidase) colorimetric or
plants, etc.
fluorometric
assay
cat
Enzymatic assay 14CBacteria,
(chloramphenicol
chloramphenicol, mammalian cells,
acetyltransferase)
3H-acetyl-CoA etc.
gfp (green
Visual,
None
Some bacteria,
fluorescent
fluorescence
plants, etc.
protein)
assay
luc (luciferase) Visual,
Luciferin
Some bacteria,
luminescence
yeast,
assay
mammalian cells,
plants

method to create strong visible fluorescence by molecular means.
So far GFP has been used as reporter of gene expression, tracers of
cell lineage, and as a fusion tag to monitor protein localization
within living cells [ 16,17].
Construction of Recombinant DNA Molecules:
Cloning Strategies
As already mentioned, cloning genes involves attaching the desired
DNA fragment into the appropriate vector molecule in a suitable

host. We have already reviewed methods for generating and
analyzing recombinant DNA molecules (restriction enzymes, PCR,
electrophoresis) as well as different vector systems. Several
manuals and books describe in depth and provide protocols to carry
out these and other procedures [18,19,20]. These techniques must be
used in conjunction with strategies for isolating and recognizing
the gene or the genetic region to be cloned (see Chapter 6).
There are three basic approaches to cloning a specific gene. The
first approach consists of cloning nonselectively a large number of
DNA fragments so as to have every gene or genetic region
represented in this collection and then screening for the desired
gene. The entire collection represents a gene bank or gene library.
The second approach to cloning involves first using a purified
probe of the gene in question to select a small collection of
restriction fragments that has been tested for the pres-
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ence of the desired gene and constructing a mini-gene library. The
third approach involves amplifying through PCR the gene of
interest using oligonucleotides homologous to regions in it and
cloning the amplified DNA. We will next review the steps involved
in cloning a specific gene in a plasmid and the considerations and
procedures involved in making a gene bank.
Cloning and Subcloning in Plasmid Vectors
Plasmids are probably the vectors most often used in molecular
biology for cloning. Even when a desired gene has already been
cloned, it is often necessary to modify it or to transfer it to a
different vector. For instance, a gene from a plant may be
transferred or subcloned to a vector which has a promoter region
that will allow its expression in E. coli. In this way the protein
coded by the gene of interest may be easily produced and purified
from the bacteria. The most commonly used vectors are those that
replicate in E. coli. There are literally hundreds of cloning vectors
for E. coli [ 21]. Some are of general use and others are specialized
either for protein expression and purification, PCR cloning, etc. A
very good source of information and even acquisition of vectors is
a number of catalogues from commercial companies. Examples of
these are Gibco-BRL, Promega, Stratagene, etc. Most plasmids,
however, have the same or similar features as those shown in
Figure 11. As mentioned before, the origin of replication is usually
derived from Co1E1, which allows the plasmid to replicate in high
copy number in E. coli. They may also contain the origin of
replication of the filamentous bacteriophage f1 which can be used
to produce single stranded DNA useful for sequencing. An
essential feature in all plasmids is a marker that allows the

selection of the bacterial host carrying the plasmid. Common
markers are genes whose products confer to the host resistance to
antibiotics. Other important features are those that facilitate cloning
of a fragment, such as multiple cloning sites and reporter genes.
Multiple cloning sites or polylinkers are regions where several
unique restriction site recognition sequences are clustered. The idea
is that any of such sites can be chosen to cut the vector and insert a
piece of foreign DNA at that position. Such a multiple cloning site
might actually be located within a reporter gene to facilitate the
identification of recombinant plasmids. Such a reporter gene will
be functional in the original plasmid but once a fragment is inserted
within it, its integrity will be lost and so will its function. Why is
this feature useful? When a fragment and a cut vector are ligated
together, a proportion of the vector is often religated and contains
no foreign DNA fragment. When this mixture is transformed into
E. coli, some cells will contain the desired recombinant molecules
and some only the original vector. Therefore, every plasmid
transformed into the bacterial host will confer upon the bacteria the
ability to
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Figure 11
Method for generating a recombinant plasmid. A plasmid vector is cut
with a restriction enzyme and ligated with a fragment obtained
either by PCR or purified as a single band from a gel after restriction
and electrophoresis. Since the plasmid contains an antibiotic-resistance
marker (Ampr) Amps E. coli cells transformed with it are easily
selected on plates containing ampicillin. Insertional inactivation of
lacZ is used to screen for plasmids containing the desired insert.
When X-Gal, the indicator substrate for b-galactosidase, is added to
the growth medium, cells carrying recombinant plasmids produce
white colonies since they no longer express lacZ, while cells with
the original plasmid produce blue colonies.

grow and form colonies on selective medium, that is, medium
containing the antibiotic to which the marker gene confers
resistance. If the vector contained a reporter gene though, like lacZ
which codes for the enzyme b-galactosidase, insertional
inactivation of this gene allows recombinant clones to be identified
directly by color screening on indicator plates con-
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taining X-Gal. White colonies will contain potential recombinants
while blue colonies contain the original plasmid. Usually, colonies
which are thought to carry the desired recombinant plasmid are
purified and used to prepare plasmid from them. Restriction
analysis of the plasmids is then carried out to confirm the presence
of the desired cloned fragment.
Cloning Every Gene:
Construction of Libraries
Genomic libraries can be constructed in different types of vectors
(Table 3). The collection of bacteriophages, or plasmids or YACs
containing different small DNA fragments from a genome forms a
genomic library that represents the entire genome of an organism.
How large does a given genomic library have to be to contain any
unique sequence of interest with a high degree of certainty? Table 5
shows the sizes of genomes of representative organisms. The size
of a given genome of interest is in relation to the number of clones
required for a genomic library. Another important consideration is
the size of the DNA fragments that will be cloned which, as shown
in Table 3, depends on the type of vector to be used. Obviously, the
larger the DNA fragments cloned, the smaller the size the genomic
library needs to be. The formula used to calculate the size of a
given genomic library is:

where N = the number of clones required, P = probability that a
given sequence will be present, a = average size of DNA fragments
inserted in the vector, and b = total size of the genome. Table 6
shows an example of the number of clones that would be needed to

construct a genomic library for Arabidopsis thaliana with a P =
0.95 (95% probability).
The type of vector most frequently used for constructing genomic
libraries is the lambda bacteriophage. The reason is that
conventional molecular biology methods make it reasonably easy
with this vector to both generate and screen a library. Figure 12
shows the steps involved in constructing and screening a lambda
genomic library.
So far we reviewed what was needed to construct a genomic
library. In this, every piece of DNA in the genome is represented; a
large fraction of such DNA may not actually represent genes (there
is a lot of DNA that is not expressed and some DNA fragments
may be over-represented in the so called "repetitive DNA" in
eukaryotic cells). It is possible however, to clone only DNA
sequences that are expressed; the trick is to start with mRNA and
"convert it" into DNA. This process can be carried out by making
use of an enzyme called reverse transcriptase and synthesize
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TABLE 5. Sizes of Genomes of Various Organisms.
Representative
Estimated
Organism(s)
Genome
Size (kb)a
Group
Bacteria
Escherichia coli
4,000
Fungi
Saccharomyces
20,000
cerevisiae
Animals
75,000-620,000
Nematoda
Drosophila
165,000
Arthropoda
melanogaster
Homo sapiens
2,800,000
Mammalia
Mus musculus
3,300,000
Plants
600,000Bryophyta
4,050,000
950,000Pteridophyta
300,000,000
4,900,000Gymnospermae
47,000,000
95,000-120,000
Angiospermae
190,000
Arabidopsis
thaliana
560,000
Oryza sativa
1,600,000
Medicago sativa
3,500,000
Nicotiana
tabacum
15,000,000
Zea mays
a Per single chromosome set. Data taken from Molecular
Biology Lab Fax (1991).
TABLE 6. Number of Clones Needed to Generate a

Library from
A. thaliana in Different Cloning Vectors.
Average Size
Number of Clones
Vector
Fragment (a)
Needed (N)
Plasmid
5 kbp
114.0 × 103
Cosmid
35 kpb
16.3 × 103
YAC
100 kpb
5.7 × 103
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Figure 12
A genomic library can be established by cloning genes in l
bacteriophages. When these recombinant bacteriophages are used to
infect a large number of bacteria on a petri dish plate, plaques of
bacterial lysis are formed, where each plaque contains hundreds
of identical bacteriophages. These plaques can then be screened for
the bacteriophage containing the gene of interest by placing a membrane

on top of the petri dish so as to make an impression of every
plaque and then process the membrane as in a Southern or Western blot.
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DNA using RNA as a template. The resulting DNA is called
cDNA. Libraries constructed by cloning cDNA are known as a
cDNA libraries. cDNA clones are copies of mature mRNAs and
are therefore very often different from the corresponding genomic
DNA. Since the primary RNA is further processed to remove the so
called intervening regions (introns) through splicing (see Figure 1)
cDNAs are often shorter than the corresponding genomic DNA and
they obviously do not include the promoter region. By analysis of
cDNA and genomic clones it is possible to elucidate the processing
associated with the expression of a particular gene.
Transformation Strategies for Higher Plants
Gene cloning has already resulted in plants resistant to herbicides,
to viruses and insects, fruits with improved storage properties,
ornamental flowers in new colors and shades, thanks to the ability
to introduce new genes into plants by gene cloning. The production
of transgenic plants requires the transfer of genetic material into a
plant cell, stable integration of the introduced DNA in the genome
of the plant and regeneration of whole plants such that the
introduced gene is stably maintained in subsequent generations.
Thus, a major requirement for all methods of gene transfer is
regeneration of fertile plants from the cells, which depends on
tissue culture systems.
Two types of transformation systems have been used with higher
plants: Vector mediated, in which another organism is used to
effect the transfer, and direct gene transfer, using naked DNA. So
far viral vectors have not proved to be very useful for plant
transformation and so vector-mediated transformation relies almost

exclusively on the use of soil bacteria Agrobacterium tumefaciens
and A. rhizogenes as vectors.
Agrobacterium Tumefaciens Transformation
No naturally occurring plasmids are known in higher plants. There
is however one plasmid, the Ti plasmid of A. tumefaciens, that can
be transferred to plants [ 23,24,25]. A. tumefaciens is a soil bacteria
that can cause tumors on the stems of many species of
dicotyledonous plants. This is known as crown gall disease and
occurs when A. tumefaciens infects the plant, through a wound on
the stem, and induces a cancerous proliferation of the stem tissue in
the region of the crown. The ability to cause crown gall disease is
associated with the presence of the Ti (tumor inducing) plasmid
within the bacterial cell. This is a large plasmid (greater than 200
kbp) that carries numerous genes involved in the infective process.
A remarkable feature of the Ti plasmid is that, after infection, part
of the
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molecule is integrated into the plant chromosomal DNA (Figure
13) where it remains in a stable form and is passed on to daughter
cells as an integral part of the chromosome. The segment inserted
(called T-DNA) is between 15 and 30 kb in size and contains genes
that are expressed in the plant cell and are responsible for the
cancerous properties of the transformed cells. These genes also
direct synthesis of unusual compounds, called opines, that the
bacteria uses as nutrients. In short, A. tumefaciens genetically
engineers the plant cell for its own purposes.
It was realized that, since the Ti plasmid is capable of introducing
genes into the plant cell, it could be used to transport new genes
into plants. It would only be necessary to insert the new genes into
the T-DNA and then the bacteria would integrate them into the
plant chromosomal DNA. This system has indeed been made to
work essentially in this way, although the integration of genes into
the T-DNA requires some manipulation given the large size of the
Ti plasmid. Once a strain of A. tumefaciens contains an engineered
Ti plasmid, this can be introduced into a plant cell by
transformation. For efficient plant transformation, a selectable
marker (usually Km) is required to select transformed plant cells in
culture. A reporter gene may also be included to enable checking
and characterization of transformants. Bacterial infection of plant
cells does not necessarily require the use of a stem; small pieces of
the plant can be infected and placed on a medium containing the
antibiotic so that the only cells that will undergo division are those
that have acquired the resistance gene from T-DNA transfer. The
growth of such cells results in a clump, or callus, which is an
indication that transformation has occurred. These calluses can be
induced to form shoots and roots and then be transferred to soil,

where they develop into transgenic plants. The DNA inserted in the
genome of the transgenic plant is stably maintained and thus
exhibits, like any other gene, a Mendelian pattern of inheritance
(Figure 14).
Direct Gene Transfer
For plants that are not readily transformed with A. tumefaciens,
direct DNA transfer offers an alternative approach for
transformation [ 24]. In this case the strategy is to introduce many
copies of the naked DNA into the plant cell and then to select those
cells which have incorporated the DNA into their genome.
Transformation of plants with naked DNA involves not just the
transfer of DNA but also culturing the plant cells to identify and
regenerate plants from those cells which have incorporated the
introduced DNA.
There are three main problems for the direct introduction of DNA
into cells: breaching the plant cell wall, the low rate of transfer into
individual cells and low rate of integration into the host cell
genome. Cell wall de-
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Figure 13
The generation of a transgenic plant through the growth of a cell transformed
either by Agrobacterium or by particle bombardment. Transgenic cells
with integrated vector DNA divide and can regenerate plantlets in
the presence of a selective agent, while nontransgenic cells do not
regenerate plantlets. Regenerated transgenic plants produce roots
and can be transferred to greenhouse growth, where they can mature
and be self-fertilized or crossed to obtain seed.
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Figure 14
Any DNA inserted into a plant genome in the transgenic
plant is then transmitted in a Mendelian pattern of inheritance.

grading enzymes can be used to remove the cell wall and generate
protoplasts. Protoplasts can then be permeabilized by chemicals or
electric pulses (electroporation) to allow the uptake of DNA from
the solution. An alternative to protoplasts is the use of
microparticles coated with DNA and accelerated to high velocity
so as to transverse the cell wall. This technique is known as particle
bombardment or biolistics and was first described by Sanford in
1987 [ 26]. The integration of naked DNA into the plant genome is
inefficient compared with transformation with A. tumefaciens and,
therefore, optimization of bombardment parameters as well as of
tissue culture and regeneration is important for the success of the
method.
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Chapter 3
In vitro Mass Cultivation of Cells and Tissues
H.G. Núñez-Palenius1
N. Ochoa-Alejo1
Plant Cell and Tissue Cultures
A wide variety of tissue culture, molecular biology and genetic
manipulation technologies have been developed for an increasing
number of plant species. These plant tissue culture and
recombinant DNA technologies are referred to as plant
biotechnology. The techniques have emerged as practical tools to
enhance the efficiency of plant production and genetic
improvement as well as to contribute to the study of basic aspects
in plant sciences.
Although the first attempts to establish plant cell cultures were
made by the German botanist G. Haberlandt at the turn of this
century, the earliest successes in inducing sustained growth of plant
cells in culture were made in the 1930s. These advances were
followed by the development of aseptic techniques and complex
nutrient media. All this knowledge, combined with the discovery of
plant growth regulators and their profound effects on
morphogenesis, has led to regeneration of plants from cultured
cells and tissues from a wide variety of plants. In fact, the
application of micropropagation in plant production has become a
multibillion dollar industry for nurseries and commercial centers
world-wide. Plant cell and tissue cultures have been used as

experimental systems for physiological, biochemical, genetical and
molecular studies in order to increase our knowledge on plant cell
biology. Today, tissue culture techniques have been largely
integrated in biotechnology and have made possible the
regeneration of plants as clones, somaclones and transgenics.
1 Departamento de Ingeniería Genética de Plantas, Unidad Irapuato,
Centro de Investigacíon y de Estudios Avanzados del Instituto
Politécnico Nacional, Apartado Postal 629, Irapuato, GTO. 36500,
Mexico.
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Selection of Culture Media for Cell and Tissue Cultures
Numerous formulations for plant cell and tissue cultures have been
published; since extensive work on microbial cultures had been
made by the time of the first attempts for establishing plant tissue
cultures, the first medium formulations used for plant tissue
cultures were inevitably based on the experience with microbes. A
systematic study on the nutritional requirements for in vitro tissue
cultures in the 1960s led to the acceptance of the idea that the
employment of one or maximum three media formulations would
permit at least the establishment of plant tissue cultures. A defined
nutrient medium consists of inorganic salts, a carbon source,
vitamins and growth regulators. Other components like organic
nitrogen compounds, organic acids and complex extracts (casein
hydrolysate, yeast extract, malt extract, orange juice or coconut
milk) may be added for specific purposes. Optimization of growth
and plant regeneration from cultured cells and tissues may require
modifications rather than novel formulations of the nutrient media.
The most commonly used cultured media are based on the
established formulations defined by Heller [ 1], Murashige and
Skoog [2], White [3], Linsmaier and Skoog [4], Gamborg et al., [5]
and Schenk and Hildebrandt [6]. Still today, the Murashige and
Skoog (MS) culture medium is preferred by nine out of ten labs. In
general, the choice of culture medium to be employed is dictated
by the tissue culture system itself and by the plant species. The
composition of the most commonly used nutrient culture media is
given in Table 1. However, there are some other culture media with
variations in these basic components; for example, the nitrogen
source may vary depending upon the plant species being cultured
and can be supplemented to the culture medium as ammonium or

nitrate salts or as urea, amino acids and casein hydrolyzate. The
supplied nitrogen source has important effects on cell metabolism.
High levels of ammonium and nitrate have been usually preferred
for callus initiation and culture. Shoot and root cultures need low
concentrations of mineral salts. Cell differentiation and plant
regeneration are commonly promoted by using half strength media.
Leifert et al. [7] have published very recently a review on mineral
and carbohydrate nutrition of plant cell and tissue cultures.
Whole plants, like any other autotrophic organisms, are capable of
using water, mineral elements, carbon dioxide and sunlight to
synthesize all the organic molecules required for cell growth and
development. However, plant cells have been shown to be
heterotrophic when they are cultured in vitro. Since very few plant
cell cultures have been found to be autotrophic under in vitro
conditions, the addition of an exogenous energy source to the
culture medium for heterotrophic cultures is of key importance.
The most common carbon source used in plant cell culture media
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TABLE 1. Composition of Some Common Nutrient
Media Used for Plant Tissue.
Culture Media (mg 1-1)
Constituents
MS B5 SH White's Heller's
Inorganic
1650
NH4NO3
300
NH4H2PO4
1900 2500 2500 80
KNO3
75
CaCl2.2H2O
440 150 200
250
MgSO4.7H2O
370 250 400 750
KH2PO4
170
134
(NH4)2SO4
300
Ca(NO3)2.4H2O
600
NaNO3
200
Na2SO4
150
19
125
NaH2PO4.H2O
KCI
65
750
KI
0.83 0.75 1
0.75
0.01
6.2
3
5
1.5
1
H3BO3
22.3
5
0.1
MnSO4.4H2O
10 10
MnSO4.H2O
8.6
2
1
3
1
ZnSO4.7H2O
Na2MoO4.2H2O 0.25 0.25 0.1
0.001
MoO3
0.025 0.025 0.2 0.01
0.3
CuSO4.5H2O
0.025 0.025 0.1
CoCl2.6H2O
0.03
AlCl3
0.03
NiCl2.6H2O
1
FeCl3.6H2O
2.5
Fe2(SO4)3
27.8
20
FeSO4.7H2O
15
Na2.EDTA.2H2O 37.3

Sequest. 330Fe
28
Organic
Inositol
100 100 1000
Nicotinic acid
0.5
1
5
0.05
Pyridoxine HCI
0.5
1 0.5 0.01
Thiamine HCI
0.1 10
5
0.01
Glycine
2
3
Sucrose
3% 2% 3% 2%
3%
Growth regulators and complex nutrient mixtures
described by various authors are not included here.
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has been sucrose, but glucose and fructose have also been used and
they have been shown to support similar or even higher plant cell
growth rates than sucrose [ 8]. Some cell lines and mutant cells
have been found to utilize either mannose, ribose, galactose,
sorbitol or even acetate as the only carbon source [9]. However, a
high growth rate is not always of paramount importance for cell
cultures. This is true, for example, when the goal is the production
of secondary metabolites that are generally accumulated at low cell
growth rates (stationary phase of the growth cycle) or that are
produced by differentiated cultures. The carbon/nitrogen ratio and
the form in which these elements are supplied to the culture media
is of great importance for growth and productivity of cell cultures.
Plant cells in culture have been also found to require some
vitamins, specially thiamine, but a more complex mixture of these
compounds may be required by some cell systems [10]. As a rule,
the lower the complexity of the in vitro culture, the higher the
nutritional needs for cell growth.
One particular kind of organic substance required for cell growth,
differentiation and development is the group known as growth
regulators, phytoregulators, plant hormones or phytohormones.
There are five major classes of plant growth regulators: auxins,
cytokinins, gibberellins, abscisic acid and ethylene. Auxins and
cytokinins are the most frequently incorporated growth regulators
in plant culture media. Auxins are required for induction of cell
elongation, and frequently for rooting. The most commonly used
auxins are 2,4-dichlorophenoxyacetic acid (2,4-D), indole-3-acetic
acid (IAA), 1-naphthaleneacetic acid (NAA) and indole-3-butyric
acid (IBA). IAA is a naturally occurring auxin, whereas 2,4-D,
NAA and IBA are synthetic compounds that mimic the effects of

natural auxins. IAA is weaker than NAA. IAA decomposes rapidly
in the presence of light, whereas the synthetic auxins are more
stable. 2,4-D is one of the most potent auxins. Dicamba and
picloram have been also found to be potent auxins. Dicamba has
been used for monocots while picloram has been employed
successfully for legume tissue cultures.
Auxin compounds are very often used in combination with
cytokinins, the group of growth regulators that promotes cell
division and shoot formation. The most active cytokinin is N6isopentenyladenine (2iP). 6-Furfurylaminopurine, known also as
kinetin, and N6-benzyladenine (BA) are the most commonly used
cytokinins for plant tissue culture media. Zeatin and zeatin
riboside, two naturally occurring cytokinins, are quite expensive
and are employed for specific cell and tissue cultures. Thidiazuron
has recently been used with considerable success for the promotion
of plant regeneration in woody species [11]. By manipulating the
type and the relative concentrations of auxins and cytokinins in the
culture medium, it is possible to favor either undifferentiated
growth and morphogenesis (organogenesis or embryogenesis).
Therefore, it is advisable to
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test different auxin and cytokinin combinations and concentrations
to establish the conditions for cell growth and differentiation.
Gibberellins have been found to promote shoot elongation in
several plant species and they may be used to elongate shoots after
bud formation in plant tissue cultures. Abscisic acid is an inhibitor
of cell growth and enforces dormancy, but it may also regulate
developmental patterns and may play a specific role during early
stages of somatic embryogenesis. Ethylene is produced by cultured
cells; the benefical role of this compound in tissue culture is not
well understood. It may supress cell growth [ 12] and accelerate
senescence in some cultures [13] and has been found to prevent
embryo formation [14]. Addition of silver, cobalt or nickel salts,
and 2,5-norbornadiene (NBD) has been used to prevent ethylene
effects in tissue cultures. Silver ions have been suggested to
compete with ethylene for binding receptor sites, whereas NBD is a
competitive inhibitor of ethylene action.
Among organic compounds that are optionally supplemented to
culture media, amino acids are usually included to enhance cell
growth and plant regeneration [15]. MS medium has glycine as an
additional reduced nitrogen source. L-Glutamine can be also used
as the sole nitrogen source for several plant species. Enzymatically
hydrolyzed protein products such as N-Z-Amine Type A, which is
a casein hydrolysate, can be employed as a complex source of
reduced nitrogen. It should be kept in mind that some amino acids
have been found to cause growth inhibition of tissue cultures.
Bonner et al. [16] have shown that with the exception of Lglutamine, all 19 protein amino acids inhibited growth of a
Nicotiana silvestris cell suspension. The addition of malate, citrate,

pyruvate and similar organic acids may have beneficial effects in
some cultures and may alleviate the toxicity caused by ammonium
salts. Plant extracts such as coconut milk may be a source of an
undefined mixture of organic nutrients and growth factors.
Activated charcoal very often promotes growth and organogenesis
of plant tissues since this can adsorb growth inhibitors from the
culture medium and/or from the container atmosphere [17].
However, this component may also adsorb some growth regulators
and may promote sucrose hydrolysis during autoclaving.
Addition of gelling agents is required for semisolid media
preparation. Agar and gellan gum (marketed under trade names like
Phytagel, Sigma Co; Gelrite, Merck & Co, Inc., Kelco Division;
and Gel-Gro, ICA Biochemicals) are the most commonly used
gelling compounds for plant tissue culture media. Agarose has been
mainly used for protoplast culture. Agar may be used at 0.6-0.8%;
higher concentrations have been shown to decrease fresh and dry
weight and frequency of shoot formation in different cultures.
Gelrite (0.1-0.3%) yielded twice the number of buds in Rose
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cultures on media with agar, and the shoot multiplication and
elongation on gelrite-containing media was found to be superior to
that of culture media with agarose or agar [ 18]. Rooting can be
enhanced with gelrite as gelling agent. The regeneration frequency
of Poa pratensis callus on medium solidified with gelrite was twice
as high as that compared to agarsolidified medium [19]. In general,
callus growth is better on medium with gelrite; for example,
growth of tobacco callus was enhanced by 30% on medium with
gelrite [20]. Differences in the source of agar may cause differences
in growth responses by the explanted tissue. In addition, plant
growth regulators may have some effect on the setting power of
agar powder. Some other products such as microcrystalline
cellulose, cotton fibers or a mixture of corn starch and gelrite have
been used as supporting matrices for growing tissue cultures.
Differences in embryogenesis caused by gelling agents and liquid
medium have been observed [21].
The pH of the culture media is generally adjusted to 5.8 with 0.5 N
HC1 or 0.5 M KOH. Autoclaving usually leads to the release of
acid sugars that cause a slight dropping in the final pH of the
culture medium; therefore, it is necessary in some cases to add
buffers. pH may be influenced by the basal medium, carbohydrate
source, gelling agent and activated charcoal. When agar is
dissolved in the culture medium by autoclaving at 120°C for 1 min
and then sterilized, the pH drops markedly. On the other hand,
when agar is first dissolved in distilled water and added to the
culture medium the drop in pH was minimized considerably.
Sterilization Techniques
The establishment of plant cell, tissue and organ cultures requires

the application of sterilization techniques. There are two categories
of sterilization procedures: (1) preparation of sterile media and
sterilization of containers and (2), preparation of sterile or axenic
explants.
Steam sterilization or autoclaving is useful for nutrient media,
distilled water, paper products, glassware and metallic instruments.
A pressure of 1.05 kg cm-2 (105 kPa; 121°C) for 20 min is usually
employed. For larger volumes the time should be increased; for
example, 30 and 40 min for 500 and 1,000 ml, respectively. The
vessel volume, gelling agent and basal salts affect pH and gel
strength of autoclaved culture media, so it is recommended to
apply uniform sterilization protocols to maintain consistency in the
chemical and physical properties of the culture medium. Heatsensitive compounds such as certain vitamins, sugars and
hormones like gibberellins and abscisic acid must be sterilized by
filtration using Millipore membranes of 0.2 to 0.45 µm pore size.
Autoclave-sterilization may induce carbohydrate hydrolysis that
may have some negative effects on the growth of cell suspension
cultures. Microwave sterilization of nu-
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TABLE 2. Common Surface Sterilizing Agents for Different
Explants.
Sterilizing Agent
Concentration Used Duration (min)
Calcium hypochlorite
9-10%
5-30
Sodium hypochlorite
0.9-2%
5-30
Hydrogen peroxide
10-12%
5-15
Bromine water
1-2%
2-10
Silver nitrate
1%
5-30
Mercuric chloride
0.1-1%
0.5-10
Antibiotics
4-100 mg 1-1
30-60
Ethanol
70-95%
0.5-5
Chlorine gas
3h

trient media can be also carried out; this method is useful for small
volumes of culture medium. Diethylpyrocarbonate is an effective
agent for sterilization of both liquid and semisolid nutrient media
and also for stabilization of stock solutions and for sterilization of
culture vessels. Chemicals that are insoluble in water (auxins and
cytokinins) may be dissolved in alcohol or dimethyl sulfoxide and
subsequently added to the sterilized nutrient medium.
Disinfection of plant materials can be achieved in different ways.
Plant explants can tolerate surface sterilization with the various
chemicals shown in Table 2. The concentration of disinfectant and
the exposure time depend on the plant tissue used as a source of
explants and must be determined in each particular case. A number
of antibiotics and fungicides have been also tested with plant
tissues as a means of disinfecting explants [ 22].
Culture Conditions
In vitro cultures are usually incubated in growth chambers or

growth rooms in the dark or under light regimes. Cool white or
daylight fluorescent light lamps of 2,000 lux can provide the light
needs for tissue cultures. The photoperiod would generally be set at
6-16 h light and the complementary dark period for a total of 24 h.
For most culture conditions the temperature should be in a range of
25 to 32°C, depending on the plant species.
The containers for explant cultures may be sealed with Parafilm or
with a wrapping film material. Such a seal permits gas interchange
of the atmosphere surrounding the explants and prevents
contamination and desiccation over 3-4 weeks of culture. However,
if sealing is too tight, it is possible that a low oxygen tension and
ethylene accumulation might occur which in turn might cause
epinasty or inhibition of cell growth.
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Figure 1
Effect of auxin and cytokinin on in vitro morphogenesis.

Hormonal Control of Growth and Development
Growth and cell differentiation are highly dependent on the
interaction between naturally occurring endogenous growth
substances and exogenous growth regulators added to the culture
medium. It is necessary to supply the appropriate growth regulator
combination and concentration for each species or variety and for
each specific explant. A special balance between auxins and
cytokinins (0 to 10 mg 1-1 for both regulators) is most often
required for adventitious shoot and root formation. The interactions
between plant growth regulators are often complex and, in some
cases, more than one combination of two substances is necessary to
produce optimum results. Figure 1 shows an example of the
relative levels of auxin and cytokinin that are often required to
induce specific morphogenic responses.
Initiation and Maintenance of Callus Cultures
Callus tissue, an amorphous tissue constituted by parenchymal
cells, is frequently produced in plants as a result of either wounding
roots or stems, or after invasion of plant tissues by microorganisms

or by damage caused by animal feeding. Callus formation is
normally controlled in plant tissues by endogenous hormones.
Incorporation of appropriate plant growth regulators into a culture
medium may induce in vitro callus formation on plant explants
without the influence of an external stress. The induction of callus
tissue from angiosperms, gymnosperms, ferns, mosses and
liverworts has been reported.
Callus tissues provide a good research system to study a wide
range of aspects of plant sciences. Callus cultures involve the
initiation and the continuous proliferation of undifferentiated
parenchyma cells from plant

Page 97

tissues on a semisolid media. It is possible to use almost any kind
of plant material to establish callus cultures. Tissues inoculated on
an appropriate culture medium usually show cell growth and callus
formation at the cut edge of the explant after 2 to 3 weeks of
incubation. Callus tissue continues to grow and may cover the
explant or the explant may desintegrate as the callus grows. After
several weeks, any callus tissues will show signs of aging, noted as
deceleration of growth, browning or necrosis and finally
desiccation. Subcultures of healthy, vigorous callus pieces of about
5 mm in diameter in fresh medium at 4 to 6 weeks intervals will
maintain the callus tissue in active cell division. Such cultures may
be maintained for extended periods, and therefore represent a
convenient form for the long-term maintenance of cell lines and a
good system to study different biological events. In the presence of
light, the callus may turn green (photoautotrophic) and under these
conditions may not need an exogenous organic carbon source.
Callus formation may be accompanied by root formation. A twofold increase in the level of auxins in the culture medium should
prevent root formation and promote callus induction. The
morphology and degree of differentiation of callus cultures can be
controlled by manipulation of plant growth regulators in the culture
medium. Increasing auxin concentration will increase the friability
of the callus culture. Usually 2,4-D and NAA promote callus
friability, whereas IAA and IBA stimulate root formation. This
may be important if callus would be used to establish suspension
cultures. An increase in hardness of the callus would occur by
lowering auxin concentration or by adding a cytokinin. Plant
regeneration can be also induced from callus cultures through the

appropriate combination of growth regulators in the culture
medium.
Initiation and Maintenance of Suspension Cultures
Cell suspension cultures have been widely used as model systems
to study either secondary metabolism and the production of
secondary metabolites [ 23,24], biochemical aspects of the basic
metabolism [25], differentiation of organelles [26], biochemical and
molecular aspects of the host/pathogen-interactions [27], nutrient
metabolism [28], respiratory pathways [29], uptake and effects of
plant growth regulators and herbicides [30,31], ultrastructural
aspects of cell differentiation [32], gene expression [33],
mechanisms of tolerance to different stresses [34,35], selection for
resistant cells [36,37,38], stress responses to toxic metals [39], basic
studies on cell walls [40] and as a source for enzyme purification
[41,42]. The lack of chlorophyll and carotenoid pigments in most
plant cell suspension cultures facilitates enzyme extraction and
purification.
Liquid media have been traditionally used for the establishment
and maintenance of cell suspension cultures. The use of liquid
culture me-
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dium for in vitro cultures has several advantages over the use of
solidified media. When callus tissues are grown on a semisolid
medium, not all the cells are uniformly exposed to all the
components of the culture medium, so that gradients of both
nutrients and gases in the callus occur that may lead to alterations
in growth and metabolism. The gelling agent itself can also release
undefined chemicals to the culture medium, or metabolites secreted
by the callus may accumulate in the gel matrix and may become
toxic for the cultures. Plant cell suspension cultures provide the
biochemist with an aseptic culture composed by a relatively
homogeneous population of cells growing under defined and
controlled conditions and that is readily accessible to exogenously
applied chemicals.
Cell suspension cultures are generally initiated by transferring
pieces of callus to Erlenmeyer flasks containing liquid medium,
and then placed on a rotary shaker in order to promote cell
dispersion. Tranfer of 5 g of callus to 50 ml of liquid medium in a
200 ml Erlenmeyer flask plugged with cotton or capped with
aluminum foil and incubated for 1-3 weeks is a common procedure
to establish suspension cultures [ 43]. Cell cultures must be shaken
or subjected to a forced aeration to permit an adequate gas
exchange, otherwise ethanol production in plant tissues deprived of
oxygen or the ethylene accumulation might affect the cultures
[44,45]. A convenient rotary speed range for cultures growing in
250 ml Erlenmeyer flasks is 100 to 200 rpm; an orbital shaker is
employed for this purpose with an orbital motion stroke of 2 to 4
cm. The volume of liquid medium and the size of the flask are
important factors for adequate aeration (i.e., the culture medium
should occupy about 20% of the total volume of the flask). The

range of temperatures of incubation for plant cell cultures is the
same recommended for callus cultures (25 to 28°C). Cell
suspensions do not require special light regimes, except for cell
cultures used to produce light-induced secondary metabolites or in
the case that cells are photoautotrophic. Photoautotrophic plant cell
cultures provide a very useful system to study chloroplastassociated metabolic pathways or to investigate the relationship of
cell growth and chloroplast development.
After inoculation in liquid medium, callus tissue starts breaking up
into small fragments that produce cell clumps of new cells. It
should be kept in mind, however, that it is very difficult or
impossible to establish a suspension culture totally composed of
single cells. When plant cells are placed in the fresh medium, there
is an initial lag phase prior to any sign of cell division. This is
followed by an exponential rise in cell number and a linear increase
in cell population. After this, a gradual deceleration in cell division
rate is observed. Finally, the cells enter a stationary or nondividing
stage. Cell cultures should be subcultured early during this
stationary phase in order to maintain cell viability. Since cells from
different plant material vary in the time they remain viable during
the sta-
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tionary phase, it is recommended to carry out the subcultures at the
exponential phase or even during the phase of progressive
deceleration.
There are several techniques available for measuring growth of cell
suspension culturessome of these are destructive and some others
are nondestructive [ 46,47]. Since none of these methods is
infallible it is advisable to measure cell growth using more than
one of the following parameters: packed cell volume, cell number
[48], fresh weight [49], dry weight [43], protein and/or DNA
content [50], conductivity of culture medium [46], mRNA content
[51], cell viability [52] and nutrient consumption curves [53].
It has been observed that plant cell cultures require a certain
inoculum size to grow satisfactorily [54]. In general, the lag phase
of the suspension culture increases as the inoculum decreases. It is
possible, however, to grow cells at low densities by using
conditioned medium. A conditioned medium is usually prepared by
culturing plant cells at adequate biomass densities, so that the cells
release unknown organic compounds into the culture medium that
promote cell division and growth at suboptimal densities [55]. Such
a conditioned medium contains factors which are not species
specific since the conditioned medium of one species supports the
growth of cells from different species (cross conditioning) [56].
Growth stimulation by conditioned medium can be mimicked by
spermidine but not by any other polyamine in some cultures [54],
but the effect of conditioned medium in some other cultures cannot
be substituted by a number of compounds including auxins,
cytokinins, polyamines and vitamins [55]. Most of the studies

suggest that the factor(s) could be oligosaccharide-type compounds
[55,57].
Cell suspension cultures usually require much more frequent
subcultures than callus cultures. Replacement of one half volume
of the old medium by fresh medium will allow for continued
growth. Once the suspension is fine enough to be pipetted,
subcultures can be made by transferring 10 volumes of cell
suspension into 40 volumes of fresh medium. Final cell densities
equivalent to 5 mg dry weight ml-1 (100°C for 5 h) have rendered
an appropiate inoculum for chili pepper cell suspensions [43].
Cell suspensions have not necessarily to be cultured in flasks under
agitation for secondary metabolite production. Film vessels and
envelope-shaped film culture vessels have been used successfully
to increase the production of secondary metabolites without
agitation [58,59].
Single Cell Culture
In his pioneering attempt to culture mechanically isolated
mesophyll cells, Haberlandt succeeded in maintaining the cells
alive for about 10
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days [ 60]. During this period, cell swelling and wall thickening
occurred but the cells failed to divide. Sustained cell division of
mechanically isolated cells was first achieved using filter-sterilized
sap from leaves [61].
In vitro culture of single plant cells was for a long time a desirable
goal to demonstrate the totipotency theory, which establishes that
multicellular organisms are composed of fundamental,
metabolically independent units (the cells) capable of undergoing
growth, division and differentiation to form tissues, organs and
whole plants.
One of the main problems faced to culture isolated plant cells is
that they rarely grow as free cells. In general, cells grow as
heterogeneous cell clumps, ranging in cell number per clump from
2 to 200, depending upon such factors as origin of the cell line,
culture medium and culture age. Fractionation of cells of different
sizes can be carried out by passing the cell suspension through a
nylon or a stainless steel screen (25 to 300 µm openings).
The culture of single isolated cells requires complex conditions
which cannot be easily established. Different techniques to culture
single cells have been reported [62]; the most common are:
Bergmann's cell plating technique, the microchamber technique,
the filter paper raft-nurse technique and the microdroplet method
[63]. Modifications of the above mentioned techniques have been
also described [64].
The composition of the culture medium and the initial plating cell
density are critical factors for single cell culture. When cells are
plated at high densities (5 × 104 or 1 × 105 cells ml-1), a culture

medium with a similar composition to that used for cell suspension
cultures or callus cultures is generally satisfactory. The culture
requirements for cell cultures increase in complexity as the plating
cell density decreases. This effect of cell density on cell division
can be effectively replaced in some cases by the addition of
coconut milk, casein hydrolysate, yeast extract or conditioned
medium to the fresh medium. A complex mixture of vitamins,
amino acids and organic acids in the culture medium has also been
found to be beneficial for cell culture at low densities.
Cell Culture in Bioreactors
Plant cells can be cultured in reactors in order to produce either cell
biomass or secondary compounds at large scale levels. Plant cells
have been shown to grow, divide and synthesize products under a
variety of different culture regimes including simple batch culture,
semi-continuous and continuous culture. The problems
encountered in a bioreactor culture are: (1) preparation of seed
cultures; (2) methods of inoculation, transfer and harvest of culture;
(3) shear stress caused by aeration and mechanical agitation; (4)
circulation and aeration of culture medium, which is funda-
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mental for nutrient and oxygen supply; and (5) introduction of light
into a bioreactor [ 65].
The slow growth rate of plant cells is an important restriction factor
on the establishment of plant cell process systems. Biomass
doubling times of many microbial cells are usually very short (1
hour), whereas plant cells double their biomass in two to three
days. This factor is especially important for the preparation of the
initial seed cultures that must be established prior to the production
run itself. For a final production volume of 10,000 liters from a 100
ml initial culture and a one in ten inoculum ratio, it is necessary for
a pre-production phase of biomass that takes about eight to ten
weeks [66]. The inoculum size is also another factor that we must
have in mind to establish bioreactor-based systems for biomass
production. An inoculation density ratio of one part of inoculum to
ten parts of fresh medium appears to be suitable for most systems.
Another important consideration is the problem of contamination.
Because of their slow growth rate and complex nutrient
requirements, plant cell cultures are very susceptible to
contamination by microorganisms, especially by fungi. Therefore,
close attention to sterile operation is required.
Plant cells are highly shear sensitive when they are cultured in
bioreactors. This is possible due to the rigidity of the cellulosic cell
wall, the large size of plant cells and the presence of extensive
vacuoles. However, there are a number of reports of plant cells
being successfully cultured in large-scale stirred tank reactors up to
volumes of 16,500 liters [66]. Because of concern over shear
effects on cell viability and product synthesis, a great deal of
attention has been paid on the use of air-driven bioreactors for large

scale biomass production. Two types of air-driven reactors have
been used: draught tube reactors and air-lift towers [67]. Such
systems have been succesfully used for up to 1,500 liters, and at
biomass levels of up to 25 g dry weight per liter. Biomass densities
of above 40 g per liter may cause problems of nutrient mixing and
inefficient gas transfer [68]. One possible problem with growing
plant cells in air-driven reactors is related to the gas regime and the
specific physiological needs of the cells for oxygen and carbon
dioxide. There are some indications that exposure of plant cells to
high oxygen levels may cause problems of growth inhibition to
some cell systems, but in other cases higher yields of biomass have
been achieved.
In spite of the advantages of air-driven reactors, stirred tank
reactors have been extensively used for biomass production [65].
The largest vessel so far used for plant cell growth is a stirred tank
reactor. This vessel, of 20,000 liters capacity, was used for tobacco
cultures at a working volume of 15,500 liters with a conventional
flat blade impeller system. Spiral systems, which lift and pump the
cells in a tower reactor have been shown to support growth at very
high biomass levels and also to promote high yields of natural
products [66].

Page 102

Immobilized Plant Cells and Bioreactors
Plant cell cultures have great potential as alternative systems for
the production of phytochemicals of commercial value normally
extracted from whole plants. In recent years, suspension cultures of
plant cells have been used to produce diverse kinds of plant
secondary metabolites. In general, plant cells produce low levels of
secondary metabolites in comparison to whole plants; however, in
some cases the yield of phytochemicals by in vitro cultures has
been shown to be higher than that of plants [ 69]. Natural
substances produced by plant cells include medicines (codeine,
diosgenin), stimulants (caffeine), insecticides (pyrethrin), perfumes
(jasmine), pigments (shikonin, anthocyanins) and flavors (quinine).
This technology is progressing rapidly because of its advantages in
terms of simplicity and potential economics compared to the
extraction from plants. There are, however, very few processes at
the industrial scale using plant cells cultures due to the low
biosynthetic capacity of most cell cultures [70].
Immobilized plant cells offer alternative systems to overcome the
low accumulation capacity of some plant cell cultures [71].
Secondary metabolites in plant cell cultures are typically stored
within vacuolar compartments of the cell. Low amounts of
metabolites are usually excreted into the culture medium or may
appear in the medium due to cell lysis. In some cases, active
transport of metabolites adjusts intracellular and extracellular
levels in response to cellular conditions. Poor yields of secondary
compounds released into the medium may be caused by several
factors. In those cases where low yields are due to cellular
mediated regulation of the ratio between intracellular and

extracellular product concentrations, enzymatic and nonenzymatic
degradation in the medium, or because of volatility, it should be
possible to increase the net production by the addition of an
artificial site for accumulation of secondary substances in the
culture medium. By using the so-called two-phase culture, the
accumulation of a secondary substance inside the cell, in the
culture medium, and in the accumulation phase should approach an
equilibrium depending on the physicochemical properties of the
second phase material. It should be recognized, however, that the
appropriate second phase for the accumulation of a certain
secondary metabolite has to be tailored to each substance.
The advantages of immobilization over plant cell cultures include
the formation of diffusionary gradients around and between the
cells that increase intercellular biochemical communication (better
cell-cell contact). It also provides high cell concentration per
volume unit of reactor, and more favorable conditions for cell
differentiation, that can lead to the coordinated expression of
secondary metabolism [72]. In consequence, all these
characteristics contribute to high productivities of secondary
metabolites from
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plant cells. Cell immobilization also eliminates cell washout and
enables one to reuse plant cells in a continuous system. Another
advantage is that immobilized cells are better protected against
shear stress.
Rosevear [ 73] has defined immobilization as a technique which
confines a catalytically active enzyme or cell within a reactor
system and prevents its entry into the mobile phase which carries
the substrate and product. The first report on immobilization of
plant cells was published in 1966, when cells of the lichen
Umbilicaria pustulata were entrapped in a polyacrylamide gel [74].
Cells can be immobilized by confinement within a porous matrix or
a membrane (e.g., gel entrapment, membrane reactor, interfacial
membrane) or by attachment to a solid surface (e.g., inner surface
of a porous structure, outer surface of a carrier by adsorption or
covalent bonds). Extensive work on immobilized plant cells has
been carried out in the last few years. Yeoman [75] has published
an excellent chapter about techniques, characteristics, properties,
and commercial potentialities of immobilized plant cells.
Immobilization techniques have included hollow fiber reactors, gel
entrapment, and entrapment in stainless steel mesh [76]. As shown
in Table 3, plant cell cultures from different species have been
immobilized using several methods and matrices [77].
TABLE 3. System and Methods Used for the Immobilization of
Cultured Plant Cells.
Immobilization Method
Plant Species
Ca-alginate entrapment
Catharanthus roseus
Ceramic hollow fibers
Surface-coated fiberglass
Polyester fiber matrix

Polyacrylamide entrapment
Carrageenan entrapment
Gelatin entrapment
Hypol 3000 entrapment
Lithospermum erythrorhizon Reticulate polyurethane matrix
Ca-alginate entrapment
Ca-alginate entrapment
Capsicum annuum
Reticulate polyurethane matrix
Capsicum frutescens
Fibrous polypropylene matting
Ca-alginate + nylon
Agar + nylon
Reticulate polyurethane matrix
Coffea arabica
Ceramic hollow fibers
Daucus carota
Reticulate polyurethane matrix
Cell aggregates
Ca-alginate entrapment
(continued)
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TABLE 3. (continued).
Immobilization Method
Plant Species
Ca-alginate entrapment
Thalictrum rugosum
Surface-coated fiberglass
Cell aggregates
Solanum aviculare
Ca-alginate entrapment
Papaver somniferum
Ca-alginate entrapment
Mucuna pruriens
Reticulate polyurethane matrix
Dioscorea deltoidea
Polyester fiber matrix
Nicotiana tabacum
Polyester fiber matrix
Glycine max
Ceramic hollow fiber
Ca-alginate entrapment
Digitalis lanata

In Vitro Procedures for Plant Regeneration
Plant cells are considered to be totipotent because of their capacity
to develop whole plants when they are provided with the
appropriate environmental stimuli. Plant regeneration from in vitro
cultures may be attained by culturing plant material bearing
meristems or without a preformed meristem (adventitious origin).
Adventitious regeneration occurs at unusual sites of a cultured
tissue such as internodal tissues, leaf blade, cotyledons, roots or
endosperm. Adventitious plant regeneration is usually induced on
differentiated tissues. Plant regeneration can also take place on
nondifferentiated cells and tissues (callus, cell suspensions and
protoplast cultures).
Morphogenesis
Morphogenesis, or the generation of new forms, refers to
regeneration of organs, embryos and whole plants. Research on in

vitro plant morphogenesis began in the early 1900s when
Haberlandt theorized that whole plants might be produced from
living cells. In 1957, Skoog and Miller published their classic work
demonstrating that shoot and root initiation in callus cultures of
Nicotiana tabacum could be regulated through the manipulation of
the ratio of auxins and cytokinins in the culture medium.
Successful morphogenesis in plant cultures can be achieved by the
right choice of specific conditions. However, many plants would
not undergo morphogenesis easily (recalcitrant) even under a
multitude of different culture conditions. For instance, tissues of
some species regenerate organs from primary explants or from
subcultured lines, whereas some others do not. Likewise, some
cultures produce organs readily for a number
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of subcultures and then lose this ability. Halperin [ 78] has
considered that there are at least three possibilities of blocking the
regeneration capacity: (1) the blockage may be genetic, involving a
lack of totipotency; (2) the blockage may be epigenetic, involving
stable, but potentially reversible constraints on the expression of
genes required for growth and organ formation; and (3) the
blockage may be caused by physiological factors. Changes in plant
cell nuclei are known to occur during cell growth and
differentiation both in the whole plant and in vitro conditions and
the possibility exists that such changes may reduce cell totipotency.
The idea that the loss of morphogenic capacity is associated with
extensive polyploidy and aneuploidy is based on the discovery that
some cultures with altered ploidy have low regeneration capacity
[79]. Genic imbalances resulting from aneuploidy might interfere
with the cellular integration necessary to form meristems and
organs, but might not prevent the basic growth processes operating
in single cells or disorganized clumps. On other hand, there is
evidence that polyploidy and aneuploidy cannot be the sole
explanation for the failure of morphogenesis in some plant species
and cell lines [80]. This conclusion arises from two well
documented facts: (1) high polyploid and aneuploid plants are not
uncommon in nature and also as regenerants from certain cell
cultures; and (2) diploid explants and subcultured tissues often fail
to produce organs under the conditions which normally cause such
behavior in vitro, thus implying morphogenic failure is not always
due to genome imbalance caused by changes in ploidy. Numerous
investigators have expressed the idea that morphogenic failure in
long-term cultures, where genetic change is invoked as the main
cause, is due to a continued selection for efficient growth over

nonessential functions [81]. Development of successful schemes for
in vitro regeneration of recalcitrant plant species would benefit
from a better understanding of the fundamental regulatory
mechanisms of morphogenesis.
A variety of factors have been shown to modify the morphogenic
response of in vitro cultures [82,83]. Perhaps the most important
variables that can influence the morphogenic responses are those
that are intrinsic to the plant material itself (species, genotype,
ontogeny, physiological conditions of the donor plant and type of
explant) and those related to the environment (culture media and
physical factors). Plant growth regulators (type, combinations and
levels), presence or absence of other complex aditives, nitrogen
source (type and concentration), presence or absence of inhibitors
and physical conditions such as light quality, intensity and quantity,
temperature, physical condition of the medium (i.e. liquid vs. solid)
are some of the environmental factors that may influence the
morphogenic responses [84,85,86,87]. The way in which all these
substances and environmental conditions act to control the
morphogenic responses of in vitro cultures is very often unknown.
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In Vitro Systems for Plant Regeneration
Regeneration of plants from cultured cells and tissues is a
fundamental requirement for successful application of tissue
culture technology for plant propagation and genetic improvement.
Regeneration occurs through somatic embryogenesis or
organogenesis, and although much is known about the
manipulation of physical and biological factors regulating
differentiation and development, little is known about the
regulation of these processes at the molecular level.
Organogenesis is the process by which cells and tissues are induced
to undergo changes which lead to the production of a unipolar
structure, namely a bud, shoot or root primordium. The developing
shoots or roots produce procambial strands to establish a vascular
connection between the young primordium and the maternal tissue.
Differentiated tissues and organs have the capacity to generate
shoots, roots or floral structures when cultured on an appropriated
culture medium supplied with mineral salts, vitamins, a carbon
source and exogenous plant growth regulators. In this case, the
immediate precursors of the new organs are differentiated cells in
the explant and this morphogenic pathway is known as direct
organogenesis. The other type of organogenesis involves callus
tissue formation along the cut edges of the explant or a colony
formation from cell and protoplast cultures, and the subsequent
induction of new organs from this newly formed callus tissue
(indirect organogenesis). Christianson and Warnick [ 88] have
proposed that in vitro shoot organogenesis is a developmental
process comprised of distinct phases, at least some of which are
multistep (Figure 2). Plant growth substances have a deep effect on

organogenesis; either exogenous auxin or cytokinin may be
sufficient to induce organogenesis in some cultures [89]. Other
substances like adenine derivatives and polyamines [90], hydrogen
peroxide [91], anti-plant hormones [92], phenolic compounds [93],
proline and derivatives [94] and the primary cell wall itself [95]
have been implicated in organogenesis.
Plant regeneration can also occur through somatic embryogenesis
(embryogenic pathway). During somatic embryogenesis new
individuals with a bipolar structure (i.e., a rudimentary plant with a
root/shoot axis and

Figure 2
Phases in the organogenic process in plant cell and
tissue cultures.
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Figure 3
Stages of asparagus somatic embryo development.
From right-down corner to left-up corner: (1)
globular, (2) and (3) early heart, (4) early torpedo,
(5) torpedo, (6) late torpedo, (7) early walking-stick.
Scale: 6 mm of figure size = 2 mm actual size.

with both shoot and root meristems) arise from single cells that
undergo the distinct structural steps of the globular, heart and
torpedo stages shown in Figure 3.
Plant regeneration by somatic embryogenesis from cultured cells
was initially observed in carrot cultures [ 96]. Somatic
embryogenesis may occur either directly on differentiated tissues
and organs (direct somatic embryogenesis) or indirectly on callus
tissue or from cell cultures (indirect somatic embryogenesis).
Somatic embryogenesis can be induced in callus, cell suspension
and protoplast cultures, or directly from cells or tissues and organs
such as stems, leaves, cotyledons, inflorescences or from zygotic
embryos. Somatic embryogenesis has the following advantages
over organogenesis: (1) the plant regeneration efficiency is higher
since formation of plants occurs in fewer steps, with a concomitant
reduction in labour, time and cost; and (2) the morphological and

cytological uniformity of the plants derived from somatic embryos
is also higher [97]. Up to now about 150 species from both
angiosperms and gymnosperms have been reported to undergo
somatic embryogenesis [98,99].
It seems that two media components, auxin and nitrogen, play
crucial roles in somatic embryogenesis [100]. The process of
somatic embryogenesis normally takes place in two stages: first,
the induction of cells with embyogenic competence in the presence
of high concentrations of auxin; and second, the development of
the embyogenic masses into embryos in the absence of, or in a low
concentration of auxin [99]. 2,4-D is the most commonly used
auxin in the first culture medium, but NAA has been used with
good results in this step. In some cases, low levels of cytokinins are
required in the first culture. Polyamines have been claimed to be
involved in the induction of somatic embryogenesis [90]. Osmotic
po-
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Figure 4
Different regeneration and multiplication approaches showing
the respective propagation rates and variation in plant cell, tissue
and organ cultures.

tential of culture media has been shown to enhance somatic
embryogenesis [ 101]. A direct correlation between cell density and
the degree of embryo maturation has been observed in cell
suspension cultures, but conditioned medium or the addition of
growth regulators and amino acids has been found to overcome the
effects of low initial cell densities [102]. The induction of somatic
embryogenesis requires a single hormonal signal to induce a
bipolar structure capable of forming a whole plant. In contrast,
organogenesis requires different hormonal signals to induce shoots
or roots using two different culture media in some cases.
Organogenesis is the most common morphogenic response in plant
tissue cultures. Most plant species are capable of plant regeneration
by either organogenesis or somatic embryogenesis, but very few
are capable of both processes [103]. Over 1,000 plant species have
been reported to regenerate plants under in vitro conditions
including ornamentals, food crops, vegetable and condiment plants,
fruit and nut crops, medicinal plants and forest trees [99]. Some
species regenerate plants easily from callus or cell cultures, while

others regenerate plants only through adventitious process. The
choice of plant species and the goal of the research will determine
the plant regeneration or propagation procedure. Different
regeneration approaches may yield different propagation rates and
different rates of somaclonal variation (Figure 4). Effectiveness of
plant regeneration depends on factors such as explant selection,
culture medium and the control of the physical environment.
Explant Selection
Murashige [104] have recognized several factors that should be
considered in explant selection. These include: (1) the organ used
as tissue source; (2) the physiological and ontogenic age of the
organ; (3) the season in which the explant is obtained; (4) the size
of the explant; and (5)
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the overall quality of the plant from which the explants are
obtained. George and Sherrington [ 105] have also considered the
genotype, explant orientation, pretreatment and inoculum size.
Some of these variables are easily controlled, whereas others are
more difficult to be fixed, thus making the reproducibility more
difficult. The genotype is one of the most important factors in
determining the regeneration response. Plant regeneration
dependence on plant species, cultivar and genotype has been
reported in different plant species [84,86,106,107]. Almost any plant
part may be used as explant for in vitro culture and plant
regeneration. These include stem segments and apices, root
sections, leaf pieces and petioles, inflorescence sections, ovular
tissue, seedling parts such as leaves, cotyledons and hypocotyls,
and seed embryos [85,86,103]. Studies using thin cell layer explants
[108] have been particularly useful in identifying explantrelated as
well as medium and environmental effects on plant regeneration.
Such layers are able to undergo de novo direct formation of floral
buds, vegetative buds, roots and callus. In some cases, specific
explants must be used for successful plant regeneration, i.e.,
embryogenic tissue in some cereals. Somatic embryogenesis may
be induced from different tissues, but immature and young explants
are better sources and more responsives [109]. When
nondifferentiated systems such as callus or cell suspension are used
as the inoculum for plant regeneration, other factors such as tissue
homogeneity and genetic stability should be considered.
Medium Selection
The chemical composition and physical factors of the nutrient
medium are determinant conditions for the initiation and

development of in vitro plant regeneration. There is no unique
culture medium that fulfills all requirements for any plant species
or type of culture; however, plant regeneration from a particular
species usually involves medium optimization as one of the first
steps. The nutritional requeriments for successful cultures have
been reviewed by Leifert et al. [7]. Carbohydrates have been shown
to play an osmotic role in different regeneration systems [7,83].
Myoinositol, a sugar alcohol, has been found to promote growth
and differentiation in numerous tissue cultures [110]. Vitamins are
required to enhance callus growth and differentiation [111]. The
addition of organic nitrogen may be beneficial for the development
of differentiated structures. Casein hydrolysate, glutamate,
asparagine, tyrosine and adenine are the most frequently used
sources of reduced nitrogen [206]. These organic nitrogen
substances may have quantitative as well as qualitative effects on
organized development [7,112].
Plant growth regulators are the components of the culture medium
that have the most important effects on the responses of in vitro
cultures. Auxins and cytokinins are the most commonly used
phytoregulators for plant
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regeneration. The type, concentration and combination of both kind
of plant growth regulators in the culture media have a profound
effect on growth, differentiation and morphogenesis of plant cells
and tissues grown in vitro. The most frequently used auxins for
plant regeneration are 2,4-D, IAA, NAA and IBA. Kinetin, BA, 2iP
and zeatin are the most common cytokinins employed in
combination with auxins to regenerate plants.
Culture Conditions
There are both substrate and nutrient medium related factors as
well as environmental factors which may have important effects on
morphogenesis. The environmental factors include: (1) the physical
form of the medium (e.g., solid vs. liquid, shaken vs. stationary);
(2) temperature; (3) pH; (4) humidity; (5) light (e.g., spectral
quality, intensity and photoperiod); and (6) gaseous atmosphere.
The optimum culture conditions for any given species have largely
been determined by trial and error methods. In general, most
success in organogenesis has been attained with callus tissue or
with differentiated tissues cultured on semisolid medium. On the
other hand, somatic embryogenesis can occur in liquid as well as in
semisolid cultures. Plant regeneration from cell suspensions may
be affected by different factors such as foaming, dissolved oxygen
and accumulation of ethylene [ 113].
pH of the culture media for plant regeneration is usually adjusted
between 5.0 to 6.5. Nutrient precipitation, differences in uptake of
nutrients and plant growth regulators are all influenced by pH.
However, very little is known about the influence of the pH of
culture medium on in vitro plant regeneration.

The relative humidity (RH) of the atmosphere of culture flasks is
usually ca. 100%. However, the control of RH in some
circumstances is necessary for a specific form of differentiation to
be achieved [114].
The light is perhaps the principal physical factor of the culture
environment. It has a strong effect on cell differentiation and plant
regeneration [82,87]. Fluorescent lamps (cool white or daylight
type) are adequated sources of light for in vitro cultures.
In general, in vitro cultures are maintained at a constant
temperature in the range of 20 to 30°C. However, the optimum
temperature for differentiation and development for a particular
species or cultivar should be determined empirically, since different
species have different optima [100]. Thermoperiod and temperature
pretreatments, including a chilling temperature, have been shown
to affect morphogenesis [100].
The gaseous composition of the environment of the in vitro
cultures may have a deep effect on the morphogenic response. The
cultures may
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be exposed to gaseous components such as ethylene, oxygen, CO2,
ethanol, acetaldehyde, among others. Ethylene may cause different
morphogenic effects on plant regeneration.
Somaclonal and Gametoclonal Variation
Spontaneous genetic variation and induced mutations have been
traditionally used to develop new plant varieties. It is estimated that
at least 200 plant varieties have been developed using these
techniques [ 115]. It was observed several years ago that in vitro
cultured somatic cells that had been subjected to a
nondifferentiated phase of growth (callus formation) were not
genetically uniform, but displayed a significant genetic variability
[116]. Differences in cell growth, pigmentation and growth
regulator requirements were first observed in plant cell and tissue
cultures. The genetic variation exhibited at the cell level can be
also found in plants regenerated from in vitro cultures and, in this
case, the genetic variation is called somaclonal variation [116].
When the explant source is of gametophytic origin, the variation is
known as gametoclonal variation [117].
Genetic cell variation and somaclonal variation are of particular
interest for those researchers interested in the isolation of variant or
mutant cells and plants exhibiting specific biochemical, agricultural
or industrial characteristics. This variability, however, must be
avoided when a genetic uniformity of plant cell cultures or plants is
desired.
Although the genetic variation in plant cell or tissue cultures was
known at least three decades ago, the origin of this variation is still
not clear, and considerable efforts have been focused on

determining the causes and mechanisms of somaclonal variation
[116,118]. In recent years, increasing data have demonstrated that
the processes of differentiation and de-differentiation is
accompanied by different genetic events such as DNA
amplification, loss of DNA sequences and DNA modification by
methylation or de-methylation [119,120].
Genetic Basis of Somaclonal Variation
Somaclonal variation seems to be derived from both pre-existing
genetic variation in the explants and variation induced during the in
vitro culture phase [117]. Skirving et al. [121] have suggested that
two types of somaclonal variation can be found: heritable and
epigenetic. However, Karp [122] has proposed three classes of
variation: (1) heritable stable variation; (2) heritable unstable
variation; and (3) non-heritable (epigenetic) variation. Heritable
variation is stable or unstable through the sexual cycle or repeated
asexual propagation; epigenetic (transient) variation
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may be unstable even when the regenerated plants are asexually
propagated [ 121]. Heritable stable variation may result from
changes in the information content of the genome, whereas
heritable unstable variation results from heritable changes in genes.
Potato somaclonal plants exhibiting desirable alterations for vigor,
yield, tuber number and shape were stable over more than two
consecutive asexual generations and also showed phenotypic
stability across multiple generations and diverse locations.
Epigenetic variation, also known as developmental variation, is a
genetic variation that is stable in the absence of the inducing factor
and remains stable after mitotic cycles. It includes persistent
changes in phenotype that involve the expression of particular
genes. The best known examples of epigenetic variation is the loss
of auxin, cytokinin or vitamin requirements by callus and cell
suspension cultures (habituation). Other examples of epigenetic
changes include the notable vigor observed in regenerated plants in
ex vitro conditions, which is probably associated with either the
reversion to juvenility or virus elimination. Transient dwarfism is
also probably epigenetic and may be due to a carryover of growth
regulators from the culture medium. Some dwarf plants revert to a
normal growth habit after one or two cycles of growth under field
or greenhouse conditions [123]. Epigenetic changes are usually
induced by culture and are not useful for crop improvement since
they are not expressed in the progeny of regenerated plants. When
differentiated cells or tissues are cultured in vitro, cell growth and
mitosis is promoted by the presence of exogenous growth
regulators. Cytological studies have revealed that abnormalities in
cell division can occur such as multi-polar spindle formation,
bridges and fragments, laggards, micronuclei and chromosome

fragmentation. The genetic events also involve either single or
multiple genes and may be due to alterations in DNA nucleotides,
genes, chromosomes or entire sets of chromosomes. Lee and
Phillips [124] have formulated the following general statements
about in vitro chromosomal variation and factors affecting its
occurrence:
(1) Some cytological variation may preexist in the explant,
especially for polysomic species. In these species, and perhaps
nonpolysomic species, the choice of explant may be an important
determinant for the in vitro cytological variation.
(2) Within a species, the explant genotype may be an important
determinant of chromosomal variation.
(3) Culture regimes (subculture interval, physical condition of
media, etc.) and media components, especially growth regulators,
have been shown to influence the cytological status of cultured
cells.
(4) Chromosomal variation increases with the number of in vitro
growth cycles.
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(5) A positive correlation exists between chromosomal stability and
the regeneration capacity of the cultured cells.
(6) Chromosome instability is more frequently associated with
disorganized callus growth as opposed to the relative chromosome
stability of organized cultures derived from meristems.
A variety of techniques has been employed to study chromosomal
variation in cultured cells and regenerated plants. Information has
been collected from stained squash preparations of cells at the
mitotic stage. Chromosome number and other cytological
characteristics such as centromere position, arm length ratio,
chromosome length and location of nucleolus organizer regions
(NOR) have been analyzed by using simple staining techniques.
Analysis of meiotic cells has also been used to increase our
understanding of the cytological variation associated with tissue
culture. Meiotic analysis offers the additional advantage of
evaluating pairing relationships among homologous chromosomes
and chromosome behavior through several stages of meiosis. This
approach quite often permits the detection of subtle variation that
would be more difficult to observe through analysis of mitotic
cells.
Characterization and classification of tissue culture-induced
chromosome aberrations have led to a more complete
understanding of somaclonal variation. Such analysis has provided
specific information on the types and frequencies of aberrations
and the specific chromosomes and chromosome regions affected by
rearrangements [ 125]. These studies have been useful to identify
patterns of variation and to investigate possible underlying
mechanisms generating some of the structural changes.

Variations in chromosome number and structure have been
observed among cultured cells and regenerated plants [126,127].
These variations in chromosome number may result from
endomitosis or endoreduplication during in vitro culture.
Regenerated plants do not always exhibit changes in chromosome
number and very often the plants show the same chromosome
number as those of cell or protoplast cultures used as a source for
plant regeneration [128].
Specific chromosome rearrangements have been found to be, at
least in part, responsible for somaclonal variation in some instances
[129]. Breakpoint locations in regenerated plants have been
observed to occur mainly on chromosome arms containing large
blocks of heterochromatin [127]. Generally, the breakpoints are
detected between the heterochromatin and the centromere.
Heterochromatin regions also seem to be sites of high frequency of
chromosome breakage and rearrangements in plants. Primary
chromosome breakage in cultured cells occurs preferentially within
knobs or at junctions between the euchromatin and a
heterochromatin knob [127].
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Two mechanisms that could explain the gross chromosome
rearrangements observed during plant cell culture are the latereplication of heterochromatin and the nucleotide pool imbalance.
A class of repetitive sequences, like those present in
heterochromatin [ 130], has been shown to play a role in the
induction of chromosome aberrations in tissue cultures. Numerous
studies have demonstrated a correlation between culture-induced
chromosome breakage and the presence of heterochromatin. This
correlation can be explained by the late replication of
heterochromatin resulting in perturbation of the cell cycle since it
has been well known that any perturbation affecting the synchrony
of chromosome replication during S-phase and cell division would
likely result in chromosome aberration [124].
Chromosome breakage has been a means for increasing the activity
of maize transposable elements. Once activated, the elements may
generate a wide array of genomic changes with a great variety of
manifestations. Activation of maize transposable elements during
and after tissue culture has been well documented [131].
Alterations in normal chromosome number and structure have been
known to be associated to morphological, physiological and
developmental abnormalities in plants. Regenerated plants quite
often exhibit an abnormal appearance; these morphological
alterations may be due or not to karyotypic changes [132]. Plant
morphology and chromosome number of regenerated plants seem
to be loosely correlated depending on the species, whereas
morphology and chromosome structural changes seem unrelated.
Variation not attributable to doubled chromosome numbers in
regenerated plants have also been observed [133]. Changes in the

phenotypic effect of one or more genes as a result of a change in
their position with respect to other genes (position effects) appear
to be a logical phenomenon resulting from chromosome
rearrangements in tissue culture.
Mitotic crossing over (MCO) might also account for some of the
variation detected in regenerated plants. This phenomenon may
involve both symmetric and asymmetric recombination. MCO may
account for the recovery of homozygous single recessive gene
mutations in some regenerated plants [134]. Since plant breeders
have had access only to variation that is normally transmitted
through meiosis, the recovery of products from MCO events during
in vitro culture may constitute a unique source of new genetic
variation.
Somaclonal variation may be also caused by differences in the
copy number of DNA sequences. Amplification or diminution of
repetitive sequences, including ribosomal RNA genes, in response
to several factors in different cultures has been reported
[135,136,137,138].
DNA methylation has also been claimed to be a factor for inducing
DNA variation in tissue culture [120,139].
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In addition to nuclear gene changes, cytoplasmic genetic alterations
have also been detected in somaclonal variants. These changes
involve the mitochondrial and chloroplastic DNA [ 140,141].
Origins and Causes of Somaclonal Variation
The origins and causes of somaclonal variation are not well
understood and have not been fully elucidated. However, they are
related to both internal and external aspects of plant tissue culture.
The variation observed in regenerated plants could be originated
either from pre-existing or tissue culture-induced variation [117].
Pre-Existing Variation
Explants derived from a single clone, a seed or a seedling are
assumed to be genetically uniform; however, this assumption is not
always valid, since explants may include several types of cells
(phloem, parenchyma, cortex, and xylem parenchyma). These cells
may also vary in their ploidy level or in some other genetic
characteristics [139,142].
Many plants are known to be chimeras [143]. They consist of cell
sectors or tissues that differ in genetic constitution derived from a
meristem containing layers or sectors of mutated tissue. Chimerism
has been found to occur in regenerants. Somaclonal variation can
also arise from somatic mutations already present in the donor
plant.
Tissue Culture-Induced Variation
Regeneration of plants by plant tissue culture is based on the
totipotent capacity of cells. Differentiated plant cells may become
undifferentiated during in vitro culture and later on may undergo

redifferentiation through a new pathway of development. The
enforced changes in the differentiated state of plant cells during
culture and regeneration, and the peculiar conditions of the culture
environment, submit the plant genome to a kind of stress.
Somaclonal variation can consequently be viewed as a variation
induced by the stress imposed by the environmental conditions
during tissue culture [122].
The influence of growth regulators on the cell cycle is one factor
that might contribute to generate somaclonal variation. Growth
regulators such as 2,4-D and BA have been implicated in the
induction of variation [144,145], but their direct relationship with
this phenomenon is still a matter of discussion. Reduction of
exposure to different combinations of auxins and cytokinins has
been shown to decrease the epigenetic instability of callus cultures
[146]. Cytokinins have been observed to decrease
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DNA methylation in proliferative tissue from cultured explants [
147]. Plant growth regulators in the culture medium may cause
drastic changes in the physiological behavior of the regenerated
plants, but these effects are not permanent and generally disappear
in the asexual progeny under field conditions; therefore, this type
of variation can be regarded as a physiological influence of
phytoregulators [148]. On the other hand, plant growth regulators
seem to influence amplification of DNA pattern indirectly by
regulating cell division activity [135]. Finally, the techniques of
plant tissue culture may induce mutations in single recessive
defective genes [149].
Somaclonal variation can be used to recover natural genetic
variability from crop varieties at high frequencies. Some cultivars
may show excessive variation, while others may be relatively
stable [150].
Numerous evidence supports the idea that different genomes
respond differently under in vitro conditions, so that somaclonal
variation has a genotypic component. Some genotypes are
remarkably stable in culture, whilst others are consistently unstable
irrespective of their ploidy [151]. These differences in stability may
be related to differences in the genome itself or may be due to some
components of the plant genome that render them more stable or
unstable during the culture process [152]. Variability seems to be
quite high among polyploid and high-chromosome number species
[153]. The ploidy level of the cells can determine the physiological
response of the explant and also the degree of somaclonal variation
[154]. Several studies have shown that there is a close relationship
between cell ploidy and the plant regeneration capacity,

organogenic potential and morphogenic responses of plant cell
cultures [79,154].
Different explants exhibit different responses with regard to
somaclonal variation [155]. This is obvious since explants are
constituted by different cell types. It is therefore not surprising that
differences in both the frequency and nature of somaclonal
variation may occur when regeneration is induced from different
tissue sources [156]. In general, variation from axillary buds, shoot
tips and meristems is lower than that from explants that have no
pre-formed shoot meristems such as leaves, roots or anthers [155].
Among the in vitro culture systems used to recover somaclonal
variation, protoplast cultures exhibit the highest rate of variation
[157]. The physiological age of the explant may also affect the
frequency of somaclonal variation [158].
The time of maintenance of plant cells under in vitro conditions is
one of the most important factors involved in inducing somaclonal
variation. Culture duration has been shown to have a marked effect
on the number and on the structure of chromosomes in
embryogenic cell lines. These alterations have been related to the
duration of the undifferentiated cell stage before the induction of
plant regeneration [127]. This seems true for
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plant regeneration from either organogenic or embryogenic tissues
[ 159]. The direct formation of plants from cultured tissues (without
any intermediate callus phase) minimizes the chances of instability.
Somaclonal variation frequency has been also related to cell
division rate. Cultures proliferating at low rates have been found to
show lower somaclonal variation than those growing at faster rates
[79].
Cultural conditions, including the method of plant regeneration
[132,145], temperature [151] and nutrient composition of culture
medium [153,160] are very important factors that may influence the
frequency of somaclonal variation.
The processes of de-differentiation and redifferentiation may
involve both qualitative and quantitative changes in the genome,
and different DNA sequences may be amplified or deleted during
these changes in the state of the cell. These, in turn, are related to
the original tissue source and regeneration system, which may
explain why certain culture systems such as protoplast or cell
suspension cultures can be associated with somaclonal variation
[155,157].
Current and Future Applications of Somaclonal Variation
Desirable somaclones or variant cell lines can be isolated under in
vitro conditions by using visual methods or by applying selective
pressure techniques. Plant cell cultures have been used to select for
resistance to amino acids, amino acid analogs, antibiotics, purine
and pirimidine analogs, herbicides, salts and toxins from
pathogenic microorganisms [37,43,137]. This field was pioneered
by Widholm [161] and has been reviewed extensively by other

authors [162,163]. The value of selection pressure of desirable
genetic modifications has been also recognized [164]. Karp [122]
has reviewed the most frequent problems and applications of
somaclonal variation for crop improvement.
Several reports referring to the possible uses of in vitro variation
have pointed out the value of somaclonal variation to recover new
genetic variants with desirable characteristics, such as high
productivity or disease resistance, at high frequency [36,155]. For
instance, anther culture has been proposed as a probable source of
variation for virus resistance [165]. Gentile et al. [166] have
confirmed the relative tolerance of callus and protoplast cultures
from two citrus cultivars to toxins from Phoma tracheiphila.
Arnold et al. [167] have reported the selection of a watercress
somaclone resistant to crook root disease which exhibited an
infection level of only 8% compared to a value of 40% of the
control plants. However, other findings have suggested that general
conclusions about the
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usefulness of somaclonal variation are difficult to be established,
since regenerated plants from different cultivars can give
differences in somaclonal variation or, in some cases, there is no
somaclonal variation at all.
In vitro variations have been assessed from morphological [ 168],
phenological or agronomical characteristics [169], whilst in other
cases changes have been detected at a cytogenetical [170],
biochemical [171] or molecular level [172].
In order to have important impact in a plant breeding program
using in vitro variation, a scheme must lead either to obtain a new
improved cultivar or, alternatively, to produce a somaclonal variant
plant that may be useful as starting material for a breeding
program. Somaclonal variation is a good alternative particularly for
asexually propagated and apomictic species for which traditional
breeding approaches are limited. Another attractive feature of
somaclonal variation is the high frequency of genetic variation
which has led to the exploitation of somaclonal variation as a
source of useful mutants [155]. Table 4 shows some examples of
horticultural cultivars derived from tissue culture via somaclonal
variation.
The broad spectrum of in vitro variation available through both
nuclear and cytoplasmic characters suggests that all classes of
variation are possible to be recovered and used for crop
improvement [173]. The power of somaclonal variation for plant
improvement is that new traits are developed in the best cultivars
available [168]. Most scientists perform somaclonal variation
research with elite individuals or clones of a known potential as
cultivars or breeding lines [169].

Somaclones and variant cell lines can be easily recovered and
characterized if plant cell culture techniques are used in
combination with molecular biology techniques [174]. However, an
understanding of the causes and origins of somaclonal variation
would be crucial for the realistic application of tissue culture
techniques to crop improvement. This
TABLE 4. Examples of Horticultural Cultivars Derived
from Tissue Culture via Somaclonal Variation.
Crop
Plant Species and Cultivar
Ornamental Eustoma grandiflorum
Hemerocallis Yellow Tinkerbell
Paulownia tomentosa Somaclonal Snowstorm
Pelargonium Velvet Rose
Torenia UConn White
Fruit
Rubus Lincoln Logan
Vegetable Apium UC-T3 Somaclone
lpomoea batatas Scarlet
Lycopersicum P.V.P.C. No. 8400146 (1984)
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knowledge would be useful in the future to control somaclonal
variation, this means to abolish genetic variation when the goal is
the maintenance of genotypic fidelity or to induce variation when
the aim is the recovery of new genotypes from in vitro cultures.
Concluding Remarks
Plant cell and tissue cultures have been successfully used as
experimental systems to investigate at the cellular, morphological,
physiological, biochemical, genetical and molecular level different
processes that occur in plants. However, these systems have been
also applied to the production of secondary metabolites at
industrial scale, to the commercial propagation of plants
(micropropagation) and to plant improvement.
Cell suspensions and tissue cultures can be manipulated to produce
a great variety of natural compounds used mainly in the food and
pharmaceutical industries. These compounds, however, have been
shown to be produced in low amounts in most plant cell cultures.
Optimization of culture media and culture conditions, selection of
overproducing cell lines, addition of precursors and intermediates,
treatmeant with elicitors, cell immobilization and the use of
different bioreactors have made possible an increase in the
production of secondary metabolites in most cases. However, very
few examples have been reported on the successful commercial
production of natural compounds. Therefore, the greatest challenge
in using plant cell and tissue cultures for secondary metabolite
production is to increase the yield efficiency. It is necessary to
extend the research on the metabolic pathways and regulatory
controls of those biosynthetic processes involved in the production
of specific important metabolites. Molecular biology techniques

will surely play a key role for the manipulation of diverse
secondary metabolite pathways.
Regeneration of whole plant showing interesting agricultural or
industrial genetic variations have been isolated from plant cell and
tissue cultures. This kind of somaclonal variation observed in
different in vitro cultures represent a unique source of genetic
variation for crop improvement programs. The advantages of
somaclonal variation is that no sophisticated equipment is needed
to recover interesting plant genetic variants and no health risks are
involved for the users of in vitro plant cell and tissue culture
systems. Somaclonal variation is a very complex phenomenon that
involves random changes in both nuclear and plastid genetic
information. Although a lot of information on the causes and
origins of somaclonal variation has been published, there is not
enough basic knowledge that could allow for the control of
induction or the abolishment of this variation. Perhaps in the near
future, this could be a reality.
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Chapter 4
Plant-Pathogen Interactions in Plant Biotechnology
J. Gold1
L. Good2
A. Herrera-Estrella3
T.O. Diener4
J.P. Martínez-Soriano3
Introduction
Plants can interact with a diversity of micro-organisms with both
detrimental and beneficial outcomes. Many pathogenic microbial
infections result in plant disease, but often the plant is able to
recognize and resist the attack by limiting its spread. Plant diseases
cause enormous and often devastating losses for agriculture and
human nutrition. The damage occurs when pathogenic microbes
overcome the plant's defenses.
In contrast, symbiotic microbial infections are permitted or even
promoted by the plant in order to establish mutually beneficial
associations, although the extent of the infection is also normally
limited to certain regions of the plant. Such plant-microbe
interactions depend on molecular recognition mechanisms for
identifying the respective partners so that each can respond
accordingly to either promote or control the infection. Therefore, it
should be possible for plant biotechnology to utilize and adapt the
plant's own defense mechanisms and their associations with

microbes. This approach should help reduce crop losses as well as
our reliance on harmful pesticides.
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This chapter focuses on plant-pathogen interactionsan area that
provides important opportunities for plant biotechnology. The early
sections of the chapter summarize the genetic and molecular basis
of plant-microbe interactions and how these mechanisms allow
plants to recognize microbes in a species specific manner and
mount a defense response that often provides protection against a
range of invaders. The body of the chapter reviews several
agriculturally significant examples of plant-pathogen interactions,
including bacterial, fungal and viroidal pathogens. The discussion
of these well studied examples is helpful in understanding how
specific plant-microbe interactions function through mechanisms
for signalling, recognition and response. Finally, the examples
presented show that an understanding at this level could be used to
design strategies to control plant disease and improve crops.
Genetic Basis of Interaction
Evidence for a genetic basis to plant-microbe interactions came
early in this century with the realization that plant disease
resistance often follows Mendelian inheritance patterns. Work with
flax and fungal pathogens later indicated that resistance traits in
plants could depend on so-called corresponding genes in the
microbe [ 1]. These observations led to the gene-for-gene
hypothesis, which holds that plants have co-evolved with their
pathogens [2]. Plant genes providing resistance are called R genes,
while the microbial genes that elicit a defense response are called
avirulence (avr) genes. The gene-for-gene hypothesis also appears
to apply to plant interactions with symbiotic bacteria and fungi [3].
The genes involved in plant-microbe interactions are under
evolutionary pressure to evade or maintain recognition. In plants,

new R gene specificities can arise by horizontal introduction from
distant populations [4] and the existing R genes, which are often
tandemly repeated and unstable, can recombine to produce new
recognition specificities. Therefore, plants may possess a
recognition repertoire as well as mechanisms to generate additional
specificities as they encounter new pathogen variants. In microbes,
the avr genes make up a structurally diverse group that provides
little indication of their normal roles in pathogenesis [5]. Also, it is
not known how avr gene diversity is generated in microbes [6].
Nevertheless, we know from extensive studies on human pathogens
that microbes are astonishingly good at generating and
disseminating traits needed to maintain pathogenesis. Entirely new
genes can be transferred between species via extrachromosomal
elements, transposons or conjugation and existing genes involved
in pathogenesis can aquire new activities [7].
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Molecular Basis of Interaction
The gene-for-gene hypothesis predicts that signal molecules
released by one partner are perceived by the other through
mechanisms for molecular recognition. Following recognition,
signalling within the organism leads to a physiological response.
Recently, there has been progress in identifying the actual signal
molecules involved, their corresponding receptors and components
of the signal transduction pathways. In some cases, genes from
both sides of the interaction have been cloned, allowing a reverse
genetics approach to understanding plant-microbe interactions.
Molecular Signals
The signal molecules involved in plant-pathogen interactions are
thought to be produced by plants and microbes for their own
purposes, rather than to "notify" the other partner. For example,
certain microbial avr gene products are thought to function in
survival or pathogenesis. The microbe's need for these molecules is
exploited by plants that learn to perceive them. Also, plants can
perceive a microbial infection by detecting the products that are
released as microbes wound and digest tissue. For example, the
release of oligosaccharide, peptide fragments and phenolic
compounds from digested plant cell walls can lead to a resistance
response in plants [ 8]. Therefore, molecules associated with
microbial growth are recognized by the plant and elicit a resistance
response to control further infection. In a similar way, molecules
encountered on the surface of plants are perceived by microbes to
identify plant species and detect opportunities for infection. For
example, certain plant waxes induce the germination of fungal
spores and a variety of gases are produced during normal cell

growth and metabolism. These compounds can be detected by
microbes and used as growth signals.
Symbiotic plant-microbe interactions are promoted by signal
molecules released by both partners. For example, leguminous
plants excrete signals that induce Rhizobium bacteria to increase
the production of factors (oligosaccharides) which are in turn
received by the plant and lead to root nodule formation [9].
Therefore, Rhizobium infection involves a reciprocal exchange of
chemical signals and responses by both partners to promote the
infection [10]. The response by the plant includes cell growth at a
distance from the infection site [11] indicating that a molecular
signal from the bacteria is recognised by root cells and a response
spreads to surrounding tissue.
The signal molecules produced by plants and microbes during
pathogenesis are potentially very important, but can be difficult to
identify and are often present in very low concentrations. It has
been particularly diffi-
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cult to identify the signals involved in symbiotic plant-microbe
interactions, except in the case of the Rhizobium system. However,
new techniques should allow improved detection of these signals.
Recently, systemin was identified as the first known plant
polypeptide hormone and there may be many more important
examples [ 12]. Also, some of the many species-specific secondary
metabolites produced by plants and microbes may be involved in
signalling [13].
Signal Recognition and Response
Signal molecules often act by directly or indirectly controlling gene
expression. Indeed, many of the biochemical and morphological
changes associated with plant-microbe interactions are associated
with transcriptional control. In some cases, signal molecules bind
directly to transcription factors that alter gene expression. For
example, crown gall tumors release an opine that binds to the
Agrobacterium transcription factor OccR and relaxes its DNA
bending activity [14]. Also, a fungal signal molecule that
suppresses host plant resistance modifies the binding of nuclear
factors to the promoter of PSPAL2, an important defense gene [15].
In other cases, the response appears to occur via a cascade, where a
receptor molecule recognizes a signal and then triggers the release
or modification of transcription factors or additional signalling
molecules.
The receptors in plant cells that recognize microbial signal
molecules can be either membrane bound on the surface or located
inside of the cell [16]. Recently, yeast two-hybrid expression
systems have been used to demonstrate physical interactions
between microbial signal molecules and plant receptors [17]. This

is a major step in our understanding of the genetic and molecular
basis of plant-microbe interactions. The experiments establish the
basic gene-for-gene model [2] and provide an example of signal
recognition at the molecular level. In this case it involves a
receptor-ligand mechanism [18].
After recognition of a chemical signal by a receptor, the next step
in the interaction is signal transduction within the organism. This
aspect of plant-microbe interactions is poorly understood and
potentially very complex, however, there are several examples that
show how traduction may proceed after recognition. In plants,
several of the resistance genes that have been analysed contain
motifs that could be involved in protein-protein interactions and
there are examples of kinase-like domains that could phosphorylate
regulatory factors [19,20]. Recently, a pathogen oligopeptide that
binds a surface receptor in parsley has been shown to activate a
mitogen activated protein (MAP) kinase which is then translocated
to the nucleus, where it might modulate transcription of defense
genes [21]. These mechanisms for signalling in plant cells resemble
those used
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in yeast and animal cells. Therefore, perception and response to
extracellular signals in plants appear to involve mechanisms that
are well known in other eukaryotes.
Pathogen recognition and signalling leads to plant defense that
includes a localized response to prevent the spread of the pathogen
and a generalized response to protect the rest of the plant against
further infections against a range of pathogens. Briefly, the local
response involves relatively immobile signal molecules, which
include oligogalacturonide fragments released by digestion of the
cell wall [ 22]. These molecules elicit a hypersensitive response
which includes localized cell death to limit pathogen spread [23].
The generalized resistance response is known as systemic acquired
resistance (SAR) and is mediated by long-distance chemical
signalling within plants [24] and possibly even between
neighboring plants via volatile compounds such as methyl [25]. A
variety of other diffusable compounds have been associated with
SAR signal transduction, including salicylic acid, systemin, methyl
jasmonate, jasmonic acid and ethylene.
Microbial populations also use intercellular signalling during
pathogenesis. Fungi are known to use pheromones during mating
and recently it has been shown that interferring with these signals
can limit pathogenicity [26]. Also, signalling is used by bacteria to
control population growth. This control can be important to
microbes in their attempts to evade host detection while awaiting
their time for infection [7]. N-acyl homoserine lactones (N-AHLs)
are an important class of signal molecules that play a role in
pathogenesis by modulating metabolic activities within a
population of opportunistic microbes. N-AHLs also may be used

by symbiotic bacteria that infect plants [7]. Therefore, plantmicrobe interactions involve signaling and response mechanisms
between the two interacting partners as well as within the plant and
microbial population.
Bacterial Pathogens as Models
Erwinia Species
Fifteen species of Erwinia are usually associated with plants as
pathogens, saprophytes, or epiphytic flora, including the only
phytopathogenic bacteria that are facultative anaerobes [27]. Some
species are devastating opportunistic pathogens on storage organs
or fleshy plant tissue, especially those compromised by bruising,
high temperature, or excess moisture, while others are true
pathogens, causing systemic infections, vascular disorders, or foliar
necroses. Erwinia species are related to other enterobacteria such
as Escherichia coli and Salmonella typhimurium. The
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ability to employ genetic tools developed in those model systems
has made Erwinia an attractive system for phytopathology studies.
Various traits which have been analyzed include: necrogenic
response and nonhost resistance induced by E. amylovora;
polysaccharide production and plant wilting caused by E. stewartii
[ 28]; antibiotic, pigment, and bacteriocin production, ice
nucleation, and ascorbic acid synthesis in E. herbicola [29]; and
enzyme production and secretion responsible for soft rot elicited by
E. carotovora and E. chrysanthemi [30].
Erwinia species comprise two basic groups. Pathogenicity in the
first group depends on secretion of pectolytic enzymes resulting in
disorganization of the plant cell wall and rotting, putrefying
disease. This group of enterobacteria causes soft rot of fleshy fruits,
vegetables, and ornamentals (E. carotovora pv. carotovora),
blackleg of potato and delphinium (E. carotovora pv. atroseptica),
and common rots and blights of various ornamentals (E.
chrysanthemi). In the second group are Erwinia species incapable
of pectolysis, but causing necrotic or wilting diseases; those
included are fire blight of Pomoideae, Rosaceae, and other plants
(E. amylovora), and wilts of cucurbits (E. tracheiphila), and corn
(E. stewartii) [27]. Virulence in these gram-negative bacteria seems
to depend on exopolysaccharide (EPS) synthesis [31].
Soft-Rot Erwinias
E. carotovora, E. chrysanthemi and other soft rot erwinias attack
the parenchymatous tissues (living cells without secondary wall
thickening) of a wide range of plants. The pathogens are
responsible for important economic losses due to rotting, wilting,
and dwarfing, and are particularly pernicious pests in vegetatively

propagated ornamentals where they form latent infections [32].
Distribution of the bacteria is global, although E. chrysanthemi is
more common in tropical climates, or within green-houses. Disease
initiation depends on plant susceptibility and environmental
factors, with the switch to pathogenic lifestyle determined by
complex regulation of virulence genes. Soft-rot Erwinia are
characterized by their ability to synthesize large quantities of cell
wall-degrading enzymes. Recent reviews have covered in depth the
role of these enzymes in pathogenesis [29], secretory mechanisms
[33], and regulation of pectinolysis [30].
Erwinia species produce a wide variety of depolymerase enzymes;
most strongly implicated in pathogenecity are a variety of
pectinases. Other enzymes may be implicated, but are not always
necessary or sufficient for virulence: cellulases [34], proteases [35],
xylanases [36], and phospholipases [37].
Other factors have been shown to be important in Erwinia
pathogenicity. Most of these are involved in regulation, signalling,
secretion, or are
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otherwise related to pectinolytic pathways. However, in E.
chrysanthemi, siderophores, which enable cells to overcome low
iron availability within plant cells, may be involved [ 38], although
evidence suggests a functional iron acquisition system is not
necessary for pathogenicity of E. carotovora [39]. In E. carotovora,
motility has been demonstrated to be necessary for successful
infection [40]. The next sections will focus on the Erwinia
pectinase machinery, which is the most strongly implicated in
pathogenesis.
Pectinolytic Enzymes
The following steps characterize the interaction between a
pectolytic bacterium and a potential host: (a) Structural genes in the
invading pathogen encode a variety of pectic enzymes, which are
expressed in response to plant and environmental factors through
the action of negative and positive regulatory elements. (b)
Enzymes are secreted from bacterial cells to the host tissues. (c) In
resistant tissues, enzymes encounter inhibitors or protected
substrate. (d) In susceptible tissues, active enzymes cleave
structural polymers in the primary cell wall and middle lamella,
facilitating pathogen penetration and colonization. (e) Pectic
fragments released by enzyme activity continue to effect
interactions, eliciting either further host defense responses or
stimulating pathogen enzyme production [32].
Pectin is a heteropolysaccharide with a backbone of a-1, 4-linked
D-galacturonate residues and some rhamnose molecules. Pectate
lyases, pectin lyases, and oligogalacturonate lyase cleave
glycosidic bonds by b-elimination, generating products with a 4, 5unsaturated galacturonosyl residue at the non-reducing end, while

polygalacturonase and exo-a-D-polygalacturonase cleave by
hydrolysis [32].
Many of the genes encoding Erwinia macerating enzymes have
been isolated, cloned and sequenced by exploiting their high levels
of expression in E. coli. E. chrysanthemi strain 3937 produces five
types of pectinases and multiple isoenzymes [29,30]. At least six
endo-pectate lyases have been characterized (PelABCDE and
PelL), two pectin methylesterases (PemA and PemB), an exopectate lyases (PelX), a pectin lyase (PnlA), and an exo-a-Dpolygalacturonase (PehX), as well as an oligogalacturonate lyase.
A slightly different spectrum of pectinolytic enzymes has been
described in E. carotovora. For example, E. carotovora produces
only alkaline Pel enzymes [32], and has endo-polygalacturonase
activity, while only exo-polygalacturonase has been reported in E.
chrysanthemi [29].
In E. chrysanthemi, Pel genes are organized in two clusters. One
encodes PelB and PelC, both neutral to alkaline isozymes (pI 7.58.5). The other encodes acidic PelA (pI 4.5), and alkaline Pel D and
PelE (pI
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9.5-10.5) [ 41], and is linked to PemA [35]. Construction of mutants
with directed deletions or insertions in E. chrysanthemi genes has
demonstrated that production of a second set of independently
regulated pectate lyase isozymes occurs in planta, although not in
vitro. The gene for one of these secondary lyases, PelL, is situated
adjacent to the major cellulase gene, celZ. The C-terminal region of
the PelL protein shows some sequence homology to that of PelX,
but not to other pectinases [42]. The Pel genes are independent
transcriptional units, despite their common transcriptional direction
and location in clusters.
Protein Secretion Machinery
Protein secretion is an important process in soft-rot Erwinia
species, affecting pathogenicity by allowing degradative enzyme
contact with the plant cell wall. As might be expected, most E.
chrysanthemi macerating enzymes are extracellular, including the
major and secondary pectate lyases, PemA, PehX, and CelZ. PelX
and PemB are periplasmic and membrane bound, respectively. The
four protein secretory pathways which have been defined in
Erwinia have recently been reviewed [33]. In the soft-rot
pathogens, secretion of pectate lyase, polygalacturonase and
cellulase is mediated by the type II, sec-dependent, two-step,
general secretory pathway (GSP).
The first step, export to the periplasm, or the sec pathway, has been
well-studied in E. coli. Because E. chrysanthemi genes cloned and
expressed in E. coli are exported to the periplasm but fail to cross
the outer membrane [43], it has been generally assumed that the
Erwinia has an identical sec pathway, and few studies have
examined export in plant pathogenic bacteria [33]. Type II pathway

enzymes in E. coli are synthesized with classical N-terminal signal
sequences which are processed by signal peptidase enroute to the
periplasm [44].
Study of step two, secretion across the outer membrane, began with
identification of Out- mutants, which accumulate enzymatic
activites in their periplasm. The out loci of E. carotovora and E.
chrysanthemi constitute 14 Kb clusters of 13 and 15 genes,
respectively, organized in five transcriptional units [33]. Expression
of outS and outB seems to be constitutive, while the outT and outC
operons are coregulated with pectinase gene expression. The Out
proteins exhibit homology with secretory proteins of other gramnegative bacteria, but their function in the Type II secretion
machinery is not yet known [33].
Regulation of Pectinolysis
Many stimuli affect pectinase synthesis; stressful conditions
encourage
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enzyme production as well as more than favorable growth
conditions [ 45]. Other physiological factors include growth phasedependent induction, catabolite repression, and environmental
variation (i.e., temperature, anaerobiosis, iron limitation,
osmolarity, nitrogen starvation, and the presence of plant extracts)
[30]. The presence of pectin or polygalacturonate (PGA) is the
main signal required for the induction of cascade expression of all
the genes of pectinolysis, as well as those encoding reductase,
isomerase, kinase, and aldolase activities which act on pathway
intermediates [30]. Also important are the exuT [46] and kdgT [47]
transport systems, mediating uptake of intermediates galacturonate
and glucuronate, and 2-keto-3-deoxygluconate (KDG),
respectively. A number of regulatory elements are involved in these
responses. Signal transduction frequently involves a small
molecule, such as cAMP, which can be rapidly synthesized or
degraded. The interaction of this signal with a transcriptional
regulator, either directly or through sensor or transducer proteins,
modifies the affinity of the regulator for its DNA-binding sites,
thus controlling gene transcription. A recent review describes
twenty proteins involved in regulation of pectinolysis in Erwinia
species, including 3 probable transcription activators, 5
transcriptional repressors, 2 global regulators, proteins involved in
regulatory cascades and signal biosynthesis, etc. [30]. Space
constraints allow discussion of only one of these regulatory factors.
The gene kdgR, just downstream of ogl, is responsible for common
regulation of all genes involved in pectinolysis and Pel secretion.
Inducing molecules include KDG, other intermediates, and
analogues with the motif COOH-CO-CH2-CHOH-C-C in a pyranic
cycle [48]. KdgR is a 306 amino acid protein with an N-terminal

helix-turn-helix motif characteristic of DNA-binding proteins. The
repressor binds to KdgR boxes corresponding to imperfect inverted
repeats of about nine nucleotides with two strictly conserved
regions, RAAATTTY, separated by five nucleotides, in the area of
-35 or -10 regions of putative promoters. Genes regulated by KdgR
fall into two groups: in kdgR mutants expression of pemB, odl,
kduI, kduD, kdgT, kdgA, and outT is constitutive and no longer
inducible, while expression of pemA, pelA, pelB, pelC, pelD, pelE,
and outC is derepressed, but still inducible in the presence of PGA
[49].
Understanding of the mechanism and regulation of soft-rot
pathogenesis should assist the development of strategies to protect
against these devastating, economically important diseases.
Erwinia Amylovora and Exo-Polysaccharide Production
E. amylovora, the first bacterium demonstrated to cause disease in
plants, is the causal agent of fire blight [50]. The disease is of great
com-
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mercial significance in cultivation of apples, pears, and a variety of
important ornamental species including Crataegus, Cotoneaster,
and Pyracantha [ 27]. The name describes the scorched appearance
of dark and shrivelled infected tissue. Symptoms result from ion
leakage and host cell membrane dysfunction which cause
decompartmentalization, cellular collapse, and tissue necrosis [51].
Analysis of mutants suggests two components necessary for
pathogenesis [52]. Avirulence of unencapsulated mutants suggests a
role for EPS, but some avirulent mutants are fully encapsulated,
implicating additional factors. The lack of secreted enzymes or
detectable phytotoxic metabolites thwarted understanding of the
disease, but more recent application of molecular biological
techniques has facilitated study of these plant-microbe interactions.
Bacterial Polysaccharides
Four cell-surface polysaccharides are described in E. amylovora:
EPS, or amylovorin [53], lipopolysaccharide (LPS), highmolecular-mass levan [54], and a poorly studied low-molecularmass glucan [50]. The precise role of these capsular proteins in
pathogenesis is not well understood; they may play roles in water
retention, swelling pressure leading to host tissue collapse, surface
conformation, and protection from recognition by plant defense
mechanisms [31,50].
Transposon and site-directed mutagenesis have implicated
amylovorin and levan in virulence in E. amylovora. Amylovoran is
an acidic pentasaccharide repeating unit, composed of four
galactose and one glucuronic acid residue, while neutral levan is
composed of -2,6-linked fructose molecules [31]. The 12 genes of
the ams operon, amsA to amsL, are organized in a single large

cluster on the bacterial chromosome [55]. The gene product of amsI
has recently been characterized as a low-molecular-weight acid
phosphatase [55]. Levan synthesis from sucrose is mediated by the
secreted enzyme levansucrase, which is expressed constitutively by
the lsc gene [54].
Results from mutagenesis experiments suggest that, as in soft-rot
Erwinia pathogenesis, gene regulation plays an important role in E.
amylovora virulence [31]. Positive regulation of capsular synthesis
genes seems to be similar to that described in E. coli, involving, at
least in part, the lon [56] and members of a family of capsule
activator proteins, rcsA, rcsB, and rcsC [31].
Other Virulence Factors
Fully encapsulated avirulent E. amylovora mutants fail to elicit a
necrotic hypersensitive response (HR) when inoculated into nonhost
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plants. A region of about 25 kb, which is essential for both
pathogenicity and eliciting HR, has been designated hrp. Adjacent
to hrp, insertional mutagenesis abolishes pathogenesis, but not HR;
this poorly characterized region is designated dsp, for disease
specific. Some of the predicted Hrp protein sequences show
homology with those of a variety of bacterial pathogens of animals
and plants (e.g., Pseudomonas spp., Shigella, Yersinia, Salmonella,
etc.), and study of the E. amylovora hrp gene cluster has been
facilitated by the ease of its expression in E. coli [ 33]. The product
of the hrpN gene is an acidic, heat-stable, cell-envelope-associated
protein of approximately 44 kilodaltons (kd), which has been called
harpin [57]. Harpin is secreted via the type III, sec-independent
pathway [33]. A 78 kd protein, HrpI, has been characterized as a
functional part of the E. amylovora secretory apparatus [58].
Although understanding of pathogenesis in E. amylovora has
proceeded more slowly than in soft-rot Erwinias, this organism is a
promising model system for the study of hypersensitive response,
and the application of techniques of molecular genetics promises to
speed future research efforts.
Agrobacterium Tumefaciens:
A Plant Pathogen
The gram-negative bacterium Agrobacterium tumefaciens is a soil
phytopathogen that genetically transforms plant cells. In nature,
this transformation results in crown gall, an agronomically
important neoplastic disease which affects most dicotyledonous
plants. The disease is the direct result of the transfer of a particular
DNA segment, the T-DNA (transferred DNA), from the large
tumor-inducing (Ti) plasmid within the bacterium to the plant cell

genome where its integration and expression results in crown gall
tumor formation [59]. An understanding of the basic principles
involved in this transformation process has led to the design of
modified, nononcogenic Agrobacterium strains which can now be
used to transfer any DNA of interest to plant cells without affecting
their normal growth and regeneration properties.
While Agrobacterium can be used routinely as a vector to transfer
DNA to plant cells without needing to understand the underlying
mechanisms involved, the ''biology" of the system presents a
number of interesting aspects, from how bacterial plant cell
recognition occurs in the complex soil micro-environment to how
the T-DNA determines the crown gall phenotype. The steps in
between plant cell recognition and transformation represent the TDNA transfer process.
A wide variety of bacteria that live in close association with plants,
either as pathogens or as symbionts, have developed the capacity to
influence the growth of their plant hosts. In several instances
(Pseudomonas,
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Azospirillum, Rhizobium) this growth stimulation was shown to be
simply due to the production and release of phytohormones, such
as auxins or cytokinins, by the pathogenic or symbiotic soil
bacteria. Auxins and cytokinins are relatively simple organic
molecules that are, however, powerful growth factors that control
various aspects of plant cell proliferation, elongation, and
differentiation [ 60].
By one or two biosynthetic steps, bacteria can derive these plant
growth factors from common metabolites such as tryptophan, 5'
AMP, and isopentenylpyrophosphate [61,62]. The various types of
tissue proliferation induced in plants by bacteria probably benefit
these bacteria by providing them with organic growth substances
released by the proliferating plant tissues which cannot be
metabolized by other soil bacteria. In agrobacteria, this general
interaction between plants and bacteria has evolved to a highly
sophisticated form. Indeed, genes coding for enzymes involved in
opine synthesis are linked with genes that stimulate the growth and
proliferation of the transformed plant cells. This combination of
growth controlling genes (oncogenes) with genes controlling opine
synthesis on a transferable DNA segment (T-DNA) ensures that
opine producing plant cells will actively proliferate.
Agrobacterium carries three genetic components that are required
for plant cell transformation. The T-DNA is the mobile DNA
element. In contrast with other mobile elements (transposons), the
T-DNA does not encode the products that mediate its own transfer.
Instead, the Ti plasmid virulence (vir) region provides most of the
trans-acting products for T-DNA mobilization. The 30-kb vir
region is organized into six complementation groups that are either

absolutely essential for (virA, virB, virD, and virG) or that enhance
the efficiency of (virC and virE) plant cell transformation. There is
a seventh group virH (pinF) [63], whose role remains unclear. The
third component of the T-DNA transfer process resides in the
Agrobacterium chromosome. To date, four different chromosomal
regions have been shown to be directly involved in attachment of
Agrobacterium to plant cells; the chvA and chvB are two linked loci
that synthesize and excrete b-1,2-glucan [64,65], the cel locus is
necessary for cellulose fibril synthesis [66], the pscA (exoC) locus
affects both cyclic glucan and acidic succinoglycan synthesis
[67,68] and the att locus affects cell surface proteins [69]. Several of
these loci are conserved in other soil bacteria such as rhizobia,
which associate with plants [68], and potentially reflect a
functionally equivalent set of surface components which mediate
bacterial/plant cell interactions. Whereas the chromosomal
virulence loci are constitutively expressed, the vir loci are regulated
so that they become expressed only when Agrobacterium is in the
presence of susceptible plant cells. A plant cell becomes
susceptible for infection when it is wounded.
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Activation and Expression
Wounded cells produce large amounts of low-molecular-weight
phenolic compounds, such as acetosyringone (AS) or
hydroxyacetosyringone (OH-AS), which act as specific inducers of
vir gene expression [ 70]. In fact Agrobacterium is chemotactic
towards AS [71] and virA is required for this chemotaxis. Using a
variety of strategies it has been demonstrated that the virA and virG
gene products belong to a large number of two-component
regulatory systems [72,73] which are highly conserved in
prokaryotes, including EnvZ-OmpR, NtrB-NtrC, and CheACheY/B [74,75]. These proteins link the expression of sets of genes
with specific environmental stimuli. According to the present
model [76] the first protein (sensor) is autophosphorylated in
response to the environmental signal (in the case of the pTi vir
genes, this would be plant wound-induced factors). The
information is then transferred via phosphoryl group transfer to the
second component (activator), which in turn activates a series of
genes which respond to the environment. Specific gene expression
is mediated by the binding of the activator to regulatory sequences
5' of the promoter. In Agrobacterium, the sensor component is
encoded by virA and the regulatory component by virG [72,77].
Conserved sequences in the 5'-noncoding region of all vir genes
have been identified by DNA sequence analysis [75]. The
consensus dodecadeoxynucleotide sequence, TNCAATTGAAAPy
(where Py is a pyrimidine), was postulated to be a cis-acting
regulatory sequence (vir box) that serves as a virG protein-binding
site [77]. Thus, vir specific transcription would be mediated by the
virG product in concert with RNA polymerase. It is therefore

important to study the regulation of the expression of the two
components of this particular sensor-regulator system.
The regulation of virA is simple: it is constitutively expressed.
Thus, it is available to respond to plant signals. The levels of
expression of virA gene fusions as well as the virA transcript itself
are identical, whether Agrobacterium is grown vegetatively or in
the presence of plant cells [78]. In contrast, the regulation of virG is
complex; there are two distinct virG messages that differ at their 5'
termini. A constitutive message is produced under both vegetative
and plant induced conditions and an induced message is produced
only in the presence of plant wound factors. The latter message is
50 bases longer at its 5'-terminus, and it is present at a tenfold
higher level than the constitutive transcript.
The regulation of the expression of the activator of the signal
transduction pathway (virG) is complicated by the fact that its
induction by plant cells is regulated at three distinct levels. One
level is apparently independent of the presence of a wild type copy
of virG, since virG mutants show a significant (25%) level of plantinduced virG transcription. The
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second level of virG induction is, as with other inducible vir loci,
dependent on intact virG; thus, virG positively autoregulates its
own expression [ 78]. The third level involves a modification of the
virG protein. Since, upon transcription of virG from the trp
promoter which is independent of virA and VirG, addition of AS
increased the activity of virG [79].
The vir region of the nopaline Ti plasmid has been shown to be
highly homologous to the octopine Ti vir region. The complete
nucleotide sequence is available for each of the loci, and the
predicted sizes of their specified proteins are given. virA and virG
are the only monocistronic loci, specifying polypeptides of 70 kDa
[75] and 27.1 kDa [79] respectively. virC is 2.0 kbp in length and its
nucleotide sequence can encode two polypeptides of 26 kDa and 28
kDa. The sequence of the 2.0-kbp virE region encodes two
polypeptides of 7.0 kDa and 60.5 kDa [80,81]. The sequence of the
4.5-kbp virD can code for four polypeptides of 16.1, 49.7, 21.4,
and 75 kDa [82,83]. virB is the largest vir locus, roughly 9.5 kbp in
size. The nucleotide sequence of the virB region contains eleven
open reading frames specifying from, 5' to 3', polypeptides of 25.9
kDa, 12 kDa, 11.7 kDa, 21.6 kDa, 65.7 kDa, 23.5 kDa, 31.7 kDa,
5.9 kDa, 26.1 kDa, 72.7 kDa, and 38 kDa [84,85].
At least five additional proteins, designated virulence-related
proteins (VRPs), are induced in Agrobacterium grown in the
presence of AS [86]. The production of the VRPs depends on intact
virA and virG, i.e.; they are under the control of the vir regulatory
system. One VRP of apparent molecular weight 45 kDa is encoded
by virH which is immediately adjacent to the virA locus; another
VRP of apparent molecular weight 27 kDa is encoded by an

unknown region of the Ti plasmid, while the other VRPs are most
likely chromosomally encoded. The existence of the VRPs
indicates another level of genetic and functional complexity to the
T-DNA transfer process. However, their roles remain to be
determined.
Generation of a Transferable T-DNA Copy
The T-DNA region is defined as that segment of the Ti plasmid that
is homologous to sequences present in transformed plant cells. The
actual sizes of the T-DNA elements vary among the different,
naturally occurring Ti plasmids. Ti plasmids are classified
according to the type of opine (sugar-amino acid derivative) they
induce in crown gall tumor cells [87]. Two commonly studied Ti
plasmids, nopaline and octopine, result in nopaline or octopineproducing tumor tissues, respectively. The nopaline T-DNA
consists of a large continuous DNA segment of approximately 22
kbp. The octopine Ti plasmid contains three adjacent T-DNAs, a
right T-NA (TR) element of 7.8 kbp, a central T-DNA (TC)
element of 1.5 kbp, and a left T-DNA (TL) element of 13 kbp. The
TR element contains
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several opine synthetic genes, TL contains oncogenic functions for
tumor initiation and maintenance, TC does not specify a phenotype
in transformed plant cells.
The structural limits of different T-DNAs were defined by
comparing the nucleotide sequence at the ends of the T-DNA
element following integration into the plant genome with the
nucleotide sequence of the corresponding region of the Ti plasmid.
These analyses revealed that in all cases the homology between
sequences present in the Ti plasmid and those in transformed plant
cell DNA ends within or proximal to a 25-bp sequence that flanks
the T-DNA region of the Ti plasmids as direct (almost perfect)
repeats [ 88,89]. These repeats delimit all T-DNAs analyzed to date.
A consensus of six T-DNA terminal repeats from the most studied
Ti plasmids, two from nopaline and four from octopine [90,91]
shows two conserved domains of 13 and 5 to 7 bp as follows:
TG PuG AT
TGGCAGGATATAT N TGTAA
NC C T TC
These 25-bp direct repeats present at the ends of the T-DNA are the
only factor required in cis for its mobilization to the plant cell.
Furthermore, deletion of the first 6 bp or the last 10 bp of the 25-bp
sequences blocks T-DNA transfer [92]. These findings form the
basis of the design of modified and simplified T-DNA molecules
that are useful as vectors to transform plant cells with cloned DNA
fragments of interest [93].
The activation of vir gene expression is followed by several
dramatic changes of the T-DNA element on the Ti plasmid that

ultimately result in its transfer to the plant cell. The mobility of the
T-DNA is largely determined by its flanking 25-bp repeated
sequences, the T-DNA borders [94]. T-DNA transfer is polar:
deleting or reversing the orientation of the right T-DNA border
abolishes T-DNA transfer, while manipulating the left border has
little effect. As mentioned above the 25-bp border sequences are
highly related to each other, suggesting that they might all be
capable of directing T-DNA transfer. However, nonselective use of
all T-DNA borders would lead to nonproductive T-DNA transfer
events. For example, in the simple case of the two border nopaline
Ti plasmid, activity of the left border in a polar manner would lead
to transfer away from the T-DNA element. However, the sequence
context of the T-DNA borders greatly influences their activity.
Thus, while chemically synthesized (correctly orientated)
derivatives of the 25-bp border repeats can direct relatively
efficient DNA transfer [92,95] on the native Ti plasmid, sequences
surrounding right borders enhance and sequences surrounding left
borders attenuate polar DNA transfer [96,97]. In the case of the four
border
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Ti plasmids (octopine-type), a specific 24-bp DNA sequence
designated overdrive has been shown to be essential for efficient TDNA transfer [ 92]. This sequence acts like a true enhancer to
stimulate transfer when placed on either side of and up to 6 kbp
from synthetic border repeats [97,98].
The polarity and functionality of the T-DNA borders reflect their
role in the generation of a free transferable T-DNA copy following
the activation of vir gene expression. Using the two border
nopaline Ti plasmid, a linear single-stranded (ss) molecule,
designated the T-strand, is produced at approximately one copy per
vir-induced bacterium and corresponds to the bottom strand of the
T-DNA region such that its 5' and 3' ends map to the right and left
T-DNA borders respectively [78]. In addition to the formation of a
free, single-stranded, non-Ti plasmid-linked molecule (the Tstrand), other vir-induced changes can be observed that occur at the
T-DNA borders on the Ti plasmid. Specifically, single stranded
endonucleolytic cleavages occur between the third and fourth base
of the bottom strand of the 25-bp border repeat [78,96,99].
A Hypothetical Mechanism for T-DNA Transfer
The physical structure, relative abundance, and proposed (nicked)
intermediates in the synthesis of the T-strand suggest a possible
mechanism for T-DNA transfer to plants. By further assuming that
biological processes are not evolutionarily unique, it is likely that
Agrobacterium has modified a pre-existing process to suit its ends.
In fact, there are many aspects of T-DNA transfer that are clearly
analogous to bacterial conjugation [63,78]. Thus, T-DNA border
nicks are analogous to nicks at the origin of conjugal DNA transfer,
and the T-strand is analogous to the linear donor ssDNA molecule

produced during bacterial conjugation. Furthermore, bacterial
conjugation requires direct contact between donor and recipient
cells, and the same requirement holds for Agrobacterium-mediated
T-DNA transfer. The production of a T-complex molecule
consisting of T-strand and protein has been reported [100,101]. In
this molecule the DNA-protein association appears to be through a
covalent bond [100,101]. The formation of similar DNA-protein
complexes has been demonstrated for virus, phage, and plasmid
relaxation complexes [102,103,104]. In all cases the protein-DNA
interaction takes place at the 5' terminus of the DNA molecule.
Strong support for the model in which part of T-DNA transfer is
analogous to bacterial conjugation but applied to plants derives
from experiments showing that the origin of transfer (oriT) from a
conjugative E. coli plasmid, pRSF-1010, can substitute for T- DNA
borders in directing DNA transfer to plant cells from
Agrobacterium [105]. This hybrid transfer system also requires an
intact Ti plasmid
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vir region and the region of pRSF-1010 encoding polypeptides
involved in plasmid mobilization. The oriT of pRSF-1010 and its
cognate mobilization proteins presumably generate a conjugative
DNA transfer intermediate that is then transferred using
Agrobacterium vir-specific machinery. In addition, recent
experiments have shown that mutations in several vir genes cause a
100- to 10,000-fold decrease in the frequency of conjugal transfer
of the Ti plasmid between Agrobacterium cells under AS induction
[ 106].
However, a conjugation model may not be sufficient to explain the
entire process of Agrobacterium infection of plant cells. Unlike
DNA transferred between bacteria during conjugation, T-DNA
must be capable of penetrating the plant cell wall, localizing and
penetrating the plant cell membrane, and integrating efficiently into
the genome, which is encased in a complex chromatin structure.
These latter features are more reminiscent of virus/cell interactions.
Thus, T-DNA transfer may involve at least two phases: initial TDNA transfer to the plant cytoplasm by a conjugative process, and
later steps by more virus-like processes [107]. To further appreciate
the fundamental mechanism underlying T-DNA transfer requires an
effort to also investigate the protein products that carry out the
numerous steps involved.
A series of data revised here allows us to suggest a sequence of
events leading to T-DNA transfer from bacteria to plants. The
process is initiated with the T-DNA border cleavage by the virD
encoded endonuclease activity [96,108]. The second step would be
the 5' to 3' replication of the bottom strand from the nicked border,

which produces a single-stranded DNA molecule [109] with VirD
proteins associated at the 5' terminus [84,100,101].
This T-complex subsequently associates with non-specific
singlestranded DNA binding proteins, such as VirE2 [107,110],
resulting in the formation of a coated intermediate molecule. These
proteins would protect the T-strand from attack by nucleases [101],
and might also participate in active transport through the
cytoplasmic membrane in conjunction with membrane-associated
proteins such as those encoded by the virB locus [84,86]. The
presence of the VirD2 protein at the 5'-terminus of the T-complex
molecules [84,100,111], its function as a nuclear targeting and its
endonuclease activity [112], strongly implicate its involvement in
subsequent T-DNA integration into the plant genome. These data
are supported by the fact that after integration, the T-DNA
molecules have well defined borders at the right-hand end of the TDNA but not at the left [89,113]. It has been proposed that a
function in integration may require VirD2 to retain an enzymatic
activity after having formed the covalent bond [101]. This is the
case for f 174 phage protein A, which as a covalently bound
protein exhibits nicking and ligase activity [114]. In fact
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there is recent evidence, although indirect, that supports the view
that VirD2 may participate in the ligation of the 5' end of the Tstrand to the plant DNA.
T-DNA Integration into the Plant Genome and Advantages Over
Other Systems
The natural ability of A. tumefaciens to transfer DNA to plants has
been widely used over the last years by plant molecular biologists
to introduce foreign genetic information into plant cells [
115,116,117]. Transformation with Agrobacterium has the advantage
that the efficiency with which it transforms the plant cell is high
compared to transformation frequencies obtained with methods for
direct DNA transfer. Additionally, Agrobacterium can introduce
DNA not only into protoplasts, but also into cells of explants such
as leaf discs [118], tuber discs [119], or root segments [120]. Using
such tissues as targets for transformation via Agrobacterium allows
the immediate regeneration of transgenic shoots. Together these
facts indicate the practical advantages of Agrobacterium-mediated
DNA transfer over direct gene transfer in many instances. One
additional advantage it has over other methods for DNA
introduction is that the DNA segment integrated in the plant cell
usually has the same structure as the copy originally engineered in
the bacterium. The right T-DNA border is very precise, meaning
that the junction with plant DNA occurs within 10 bp of the rightborder repeat (this has been estimated by characterizing 6 different
T-DNA junctions); the left junction is less precise and varies over a
stretch of 200 bp inside of the left-border sequence [121].
Besides these complete T-DNA integrations, several experiments
report the occurrence of truncated, scrambled, and rearranged T-

DNAs [122,123,124,125,126]. The frequency of these truncated TDNAs varies between 1/100 and 1/10 of complete T-DNA
insertions. There seems to be no correlation between the length of
the T-DNA and the frequency of truncation nor does it seem that
the truncation sites represent pseudoborder sequences, imperfectly
recognized by the transfer machinery. Therefore, we presume that
truncation occurs primarily during integration.
In contrast to the Agrobacterium plant cell transformation, the
direct gene transformation methods (naked-DNA transformation by
PEG treatment or electroporation) have in common that the
transferred DNA is integrated at random sites throughout the
introduced sequence so that the genes that must be expressed are
often disrupted. Also, integration is not very efficient [127,128]. On
the other hand, the utilization of the powerful and widely used gene
gun (bioballistics) results in many undesirable DNA
rearrangements. This fact has led to the development of
"Agrolistic" transformation [129], a method which combines the
power of the
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gene gun with the precision and specificity of the T-DNA border
processing proteins VirD1 and VirD2.
Genomic characterization of many T-DNA insertions has
convincingly shown that T-DNA integration appears to occur at
random in the plant genome. In situ hybridization and genetic
analyses have demonstrated that T-DNA insertions can be found on
every chromosome. Moreover, sequence analysis of different left
and right T-DNA/plant junction sequences proved that all are
different and that there is no preference for a unique site or
particular sequence motif.
By cloning and sequence analysis of plant DNA target sequences
and comparison with the plant DNA flanking the left and right
sides of the T-DNA, it was demonstrated that T-DNA integration
can be accompanied by sequence rearrangements [ 113].
The most conspicuous rearrangement is the duplication in one
transformed line of a 158-bp sequence which flanks the T-DNA in
a direct repeat at its left and right side after integration. Moreover,
a small deletion of 27 bp at the outer end of the duplication at the
right side, and the insertion of a 33-bp filler sequence at the left
side suggests that these changes in the plant DNA target sequence
are the result of DNA recombination/repair activities. This may not
be a unique case, since the DNA between tandem T-DNAs [88,130]
or flanking other T-DNA/plant junctions [131] also contains
scrambled, rearranged T-DNA sequence motifs. These results
demonstrate that T-DNA integration does not occur by a simple
recombination, breaking and joining process, but is accompanied
by replication and repair activities, probably by plant-encoded
enzymes.

However, for genetic engineering purposes it would be useful to be
able to direct the integration of exogenous DNA to a particular
locus in the genome of plant cells. Direct integration via
homologous recombination, also called gene targeting, has been
accomplished successfully in animal cells. Recently, homologous
recombination studies in plants have been carried out using
coinfected viral DNAs of CaMV [132] cointroduced plasmids [133]
or an introduced plasmid and a plasmid residing at a chromosomal
locus [134]. In all cases exogenous DNA was introduced via a
method of direct gene transfer. Since the frequency with which
these events occur is low, the high efficiency of Agrobacterium
mediated transformation would be of great interest for achieving
gene targeting.
Fungi as Plant Pathogens
Plant diseases caused by fungal pathogens have been familiar to
mankind for millennia, but only since the advent of microscopy
have the causal organisms been recognized. For several decades,
increasing num-
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bers of techniques allowing research on a molecular level have
yielded data which deepen our understanding of mechanisms by
which plants and fungi recognize and respond to each other.
This section focuses on two broadly different fungal-plant
pathogen interactions. Plant smuts, caused by Basidiomycetes
Ustilago spp., have caused serious grain losses. These species,
which require formation of a dikaryotic mycelium for successful
infection, have been studied as genetic models, characterized by
gene-for-gene interactions with their hosts. In contrast, the soilborne wilt pathogens of Verticillium spp., fungi imperfecti, survive
saprophytically for long periods of time before invading xylem
tissue of a wide range of hosts: field crops, shade and fruit trees,
vegetables and flowers. Discussion will cover what is understood
about molecular processes governing infectivity, virulence, and
pathogenicity.
Ustilago Maydis
Smut diseases plagued farmers even before the Romans first named
Ustilago, from the Latin word for burn, and cereal smut diseases
were addressed in early herbal texts [ 135]. In nature, Ustilago
species live almost entirely on their hosts. Of approximately 300
species the most important economically are those causing corn
smut (U. maydis), loose smut of oats (U. avenae), of barley (U.
nuda) and of wheat (U. tritici), semiloose smut of barley (U.
nigra), covered smut of barley and oats (U. hordei), and sugarcane
smut (U. scitaminea) [27]. Interestingly, studies of the biology of
U. maydis are of double interest; as the fungus is a food source and
a culinary delicacy, as well as a pathogen [136].

The life cycles of smut fungi involve similar transitions between
three cell types [137]. Diploid teliospores are the resting cell type,
disseminated mainly by wind or rain splash. Teliospores germinate
to form a transversely septate promycelium (metabasidium),
immediately undergoing meiosis to produce a tetrad of haploid
nuclei, which divide and are parceled into basidiospores [138]. This
second cell type grows by budding, can be cultured on defined
media, and is non-pathogenic. Haploid cells of opposite mating
type fuse to form a dikaryotic mycelium, which is the parasitic cell
type, able to proliferate intercellularly in host plant tissue. The
fungi are easy to work with: gametic cells may be separated by
micromanipulation and established in sporidial culture. Hence, they
have been a favorite subject of genetic research aside from
phytopathogenesis, from Holliday's early studies on auxotrophy
and gene conversion in ordered tetrads [139], to recent work by
Holloman and others on enzymes of U. maydis DNA synthesis
[140].
One of the most interesting differences among the smuts is the
presence of at least two different mating systems. Tetrapolar
mating, with two
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loci controlling dikaryon formation, is found in U. maydis (D.C.)
Corda, U. longissimma (Sowerby) Meyen and U. striiformis
(Westend.) Niessel, as well as in the closely related Sporisorium
smut of sorghum [ 137]. One locus, a, with two alternate alleles a1
and a2, has long been thought to control cell fusion, while the
other, multiallelic locus, b, controls the production and
maintenance of the dikaryon mycelium as well as other subsequent
events in sexual development through meiosis [141,142]. Many
Ustilago species display bipolar mating, in which a single matingtype locus with two alternate alleles controls dikaryon formation,
including U. hordei (Pers.) Lagerh., U. nuda (Jensen) Rostrup, U.
tritici (Pers.) Rostrup, U. nigra Tapke, U. avenae (Pers.) Rostrup,
U. kolleri Wille, U. aegilopsidis Picbauer, and U. bullata Berk. In
U. hordei, the alternate mating-type specificities have been called
''A" and "a." However, because neither is dominant, new genetic
nomenclature was proposed by Yoder and collaborators [143], and
Thomas [138]. The locus is now called MAT, and the alleles which
control sporidial conjugation, MAT-1 (A) and MAT-2 (a)
[137,138,143,144]. Evidence discussed below suggests that physical
linkage of the a and b loci in U. hordei accounts for the distinct
mating system [145]. It is important to understand the structure and
function of the smut mating gene complexes because of the key
role they play in establishment of the parasitic cell type.
Since the late 1980s, the molecular genetics of the Ustilago mating
systems have been the focus of much work. The dimorphic switch
from yeast-like haploid cells to filamentous dikaryons provides an
easy assay for compatibility [141,146]. Moreover, if a diploid U.
maydis strain is heterozygous at a and homozygous at b, it behaves
as a double mater, able to mate with strains of either a mating type

[141,147]. The development of transformation techniques for
Ustilago, including selectable markers, cosmid and expression
vectors, and methods of targeted mutagenesis and gene
replacement have enabled elegant studies of gene structure and
function. The following sections review briefly the explosion of
recent studies characterizing the molecular mechanisms governing
mating behavior, as well as a web of structural and regulatory
genes involved in the morphological switch and tumorigenic phase
of the smut infection cycle.
The a Locus
Two strategies have been employed to clone the a locus. Froeliger
and Leong [148] isolated the a2 allele by exploiting the linkage
between the a locus and the marker pan1 (pantothenic acid
auxotrophy), and then testing cosmids for ability to confer a2
mating behavior to the a1 recipient strain. Bölker [147] used a
functional assay that exploited the ability of U.
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maydis to function as double mater. A cosmid library from an
a1/a2 b2/b2 strain was transformed into the haploid strain a2 b2.
One transformant was able to mate with both a2 b1 and a1 b1
strains, and hence had received a functional a1 gene. With either
strategy, the opposite allele could then be isolated by probing a
genomic library. The a alleles are idiomorphs, sensu Metzenberg
and Glass [ 149], nucleotide sequences mapping to the same genetic
locus but sharing no obvious evolutionary relationship [148,149].
Nonhomologous DNA regions, comprising about 4. 5 kb for a1 and
8 kb for a2, are flanked by identical sequences [147, 148]. The
structural design of the a locus resembles that described in
Neurospora crassa [147,149]. Functional assays together with
deletion and transcript analysis suggest that the a mating type locus
of U. maydis contains structural genes for mating pheromones
(mfa1 and mfa2) and their receptors (Pra1 and Pra2) [Figure 1(a)].
The genes pra1 and pra2 code for proteins of 357 and 346 amino
acids (aa), respectively, with seven transmembrane domains similar
to those found in pheromone receptors of Saccharomyces
cerevisiae and S. pombe [150]. Moreover, the pra genes of U.
maydis share around 20% sequence identity with the yeast factor
gene STE3 and about 24% similarity between each other [147,150].
The pheromone genes are short, with open reading frames (ORF)
of 40 (mfa1) and 38 (mfa2) aa, similar to the genes coding for
precursors of the a factor in S. cerevisiae [147]. The precursors are
processed to secreted pheromones of 13 and 9 aa [151]. The Cterminus of both predicted polypeptides is Cys-A-A-X, where A is
an aliphatic amino acid and X is any amino acid. This motif is
characteristic of prenylated mating factors that have been described
for several fungal species, including S. cerevisiae, Rhodosporidium

toruloides, Tremella mesenterica, T. brasiliensis and Cryptococcus
neoforms [150]. The prenyl group, a farnesyl residue covalently
linked to the SH group of a carboxymethylated C-terminal cysteine
[152] is necessary for the function of all these pheromones.
Transcriptional stimulation is mediated by a 9 bp DNA element
(ACAAAGGGA) found in multiple copies in both alleles of the a
locus [153]. Recent sequence data suggest the existence of a
second, no longer functional, pheromone gene in the a2 allele
[154].
The b Locus
At least 25 to 33 alleles have been reported at the b locus [155,156].
Two groups have worked to clone and characterize the alleles b1,
b2, b3, b4 [146,156], b5, b6, and b7 [145,155,157,158]. Open reading
frames of 410 amino acids were identified in all seven of the b
allele sequences. However, western analyses of the polypeptide
product of U. maydis protein extracts [158] prompted a closer
examination: the gene product is ac-
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Figure 1
Interactions at the a and b loci of compatible haploid strains
U. maydis, a1b1 and a2b2. (a) On the a1b1 haploid cell, receptors
recognize mfa2 pheromone secreted by a2b2 cell. This
activates Prf1, inducing transcription of more pra1 receptor,
mfa1 pheromone, and prf1, as well as activating the b locus. fuz7,
implicated in a and b loci processes, may be activated by plant
factors. (b) In the dikaryon, continued expression of a
stimulates high expression of both b loci, whose compatible
products form bE/bW heterodimers, which probably act to turn
on genes for filamentous growth and pathogenicity. Also
involved in structural and regulatory roles are rep1, myp1,
and repressors rem1-1 and uac1.

tually 473 aa [ 150]. The variable amino-terminal ends (110 aa)
display 63% identity, versus the conserved region which shows
93% identity. The homeodomain motif in the conserved region
suggests that these proteins have a regulatory function [146,156].
Deletion analysis of b showed that the locus contains an additional
gene, encoding a protein of at least 625 aa [156]. This second,
divergently transcribed gene was called bW and the smaller,
previously described
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gene was designated bE [ 159]. bW1, bW2, bW3, and bW4
sequences also have a variable amino-terminal end (46% identity)
and a conserved region (96% identity) with a homeodomain motif.
bE and bW proteins are dissimilar except for limited homology in
the homeodomain region [159, 160]. Because the bE and bW genes
appear to be inseparable by recombination, b1 now refers to bE1
and bW1, and likewise for the other b alleles. Evidence from
deletion experiments, and from work with the yeast two-hybrid
system, supports the hypothesis that within the dikaryon [Figure
1(b)], bW and bE peptides contributed from differing b alleles form
an active heterodimer [156,159,160]. A region of 30-50 aa within
the variable region seems to confer bE allele specificity [161].
Recently, a bE-link-bW fusion protein has been constructed to help
identify the heterodimer target site [162].
Other U. Maydis Loci
A rapidly growing network of genes distinct from the a and b loci
has been implicated in U. maydis morphological changes and
pathogenicity. Bölker and colleagues [163] identified a protein
which binds the pheromone response elements in the a and b loci in
sequence specific fashion [Figure 1(a)]. Pheromone response factor
(prf1) mutants are sterile, and do not express a or b genes, but
constitutive expression of b genes in such strains restores
filamentous growth and pathogenicity in the absence of pheromone
[163].
The a1 pheromone is thought to bind to the receptor on a2 cells,
activating a signal transduction pathway similar to that known of in
S. cerevisiae and S. pombe [150,164]. Downstream components
activated in the yeasts include a MAP kinase (MAPK), and an

activator of MAPK termed MEK. Using polymerase chain reaction,
a homologue of the MEK (STE7) gene has been identified in U.
maydis, the first pathogenicity gene identified distinct from the b
locus [165]. Studies suggest fuz7 participates in several signalling
pathways. fuz7 is necessary for the a-dependent processes of
conjugation tube formation and filament formation. Furthermore,
fuz7 mutants are deficient in tumor production, an a-independent
process. Finally, the fuz7 gene plays a role in germination of U.
maydis teliospores, a process independent of heterozygosity at the
a locus [141]. This gene appears to be activated by a signal(s) from
the host plant [165].
Insertional mutagenesis allowed isolation of nonmycelial mutants
whose analysis yielded the myp1 locus [166]. An open reading
frame of 1150 amino acids predicts a peptide rich in serine residues
with several proline-rich motifs similar to SH3 ligand motifs, but
otherwise not similar to known genes. SH3 domains may mediate
intracellular protein-protein interactions [167]. In S. cerevisiae, the
SH3 motif is found in the BEM1
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gene required for cell polarization in vegetative growth [ 168] and
in the sequences for verprolin, a proline-rich protein thought to
interact with the cytoskeleton [169]. The myp1 product may
participate in organization of the cytoskeleton or other factors
necessary for directed growth at hyphal tips in filaments, or at tips
of budding cells [166]. Perhaps myp1 is necessary for wild-type
levels of virulence because such elongation is needed for tissue
invasion.
Regulated by the mating-type loci, the gene rep1 was found to be
expressed only during filamentous growth [170]. A precursor
protein of 652 amino acids, with a leader sequence for secretion,
contains 12 repeats of a 37 amino acid consensus sequence,
separated by protease cleavage sites. The small peptide products
are secreted and are found in the cell wall; they are required for
surface hydrophobicity and aerial growth of hyphae [170].
Several haploid mutants have been identified which constitutively
form hyphal filaments (i.e., non-budding phenotype), but are nonpathogenic [171]. It has been proposed that the rem1-1 gene
product might function as a repressor preventing expression of
genes involved in filamentous growth, or may play a role of cell
wall biosynthesis, but further characterization of the rem1-1 mutant
is needed to address these possibilities. Disruption of the uac1 gene
also results in a constitutive filamentous phenotype [172]. The gene
encodes a type II regulatory subunit of cAMP-dependent protein
kinase (adenyl cyclase) which is similar to those described in N.
crassa and S. cerevisiae [172]. uac mutations interfere with tumor
formation, probably due to deficient mating. The cAMP pathway

appears to play an important role in decisions to grow by budding
or hyphal extension.
Banuett and Herskowitz [173] have shed light on the
morphogenetic changes which lead to teliospore development by
examining mutants defective in the fuz1 gene. Hyphae become
embedded in a mucilaginous matrix within tumor cells. The hyphal
tips are modified, becoming fragmented to release individual cells
which undergo specialized cell wall deposition.
Compared to U. maydis, U. hordei has not received as much
attention from geneticists. However, there is a background of
studies developing auxotropic, morphological, and other mutants to
describe the genetics of mating and virulence of this pathogen
[144]. U. hordei and other bipolar smuts were probed with
fragments of the U. maydis bE7 gene [137]. One of two alternate
fragments (2.8 or 1.5 kb) was detected in each isolate, while
tetrapolar Ustilago species show hybridization to an 8.5 kb
fragment band. Hybridization with a fragment of bW1 also yields
an 8.5 kb band, whereas among smuts with bipolar mating systems,
band six is about 6.6 or 1.2 kb. Probes from the a1 and a2 alleles of
U. maydis hy-
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bridized specifically to the corresponding idiomorph among smut
fungi, as well as binding to the MAT loci of S. cerevisiae [ 137].
Subsequently, the a allele of U. hordei was cloned [145]. Sequence
analysis confirmed the presence of a pheromone receptor gene,
Uhpra1, with a predicted amino acid sequence 64% identical and
82% similar to that of the U. maydis pra gene product. The a and b
loci of U. hordei are genetically linked, establishing a large MAT
locus, which seems to be in a region suppressed for recombination.
A region of U. hordei with homology to the U. maydis mfa1
pheromone gene was recently cloned; this Uhmfa gene encodes a
42 amino acid precursor product similar to that seen in U. maydis,
including the prenylation motif common to pheromones, discussed
above [174]. As with U. maydis, the b locus of U. hordei is
essential for mating and pathogenicity. The a locus governs not
only conjugation tube formation and fusion between compatible U.
hordei strains, but, when introduced by transformation, the
pheromone signalling components determine inter-compatibility
between Ustilago species.
The interaction between U. hordei and its host, barley, is one of the
best studied in smut fungi [160]. Several avirulence (avr) genes
have been described in this gene-for-gene system [175]. avr genes
have also been characterized for U. tritici and U. nuda [176]
although none have yet been described for U. maydis [160].
Techniques of transformation, etc., as described above, promise to
shed more light on this aspect of Ustilago interactions.
Much progress has been made in this decade in studies of the
Ustilago life cycle. An array of structural and regulatory genes
controlling the dimorphic switch has been described, but many

challenges remain. For example, the host plant is necessary for
proliferation of dikaryotic mycelia, but no involved plant factors
have been identified. Understanding disease development requires
an understanding of genes which alter growth control of the host as
well as those necessary for filamentous growth within plant cells. It
seems clear that U. maydis genes often have homologues in various
other fungi. With our base of knowledge growing on so many
fronts, we can look forward to substantial strides forward in our
understanding of these systems.
Verticillium Species
Diverse species are represented within the genus Verticillium, both
nonpathogenic and those infecting organisms from fungi to insects,
but only five species are recognized to cause vascular wilt diseases
in plants. These are: V. albo-atrum Reinke et Berth., V. dahliae
Kleb., V. nubilum Pethybr., V. nigrescens Pethybr., and V. tricorpus
Isaac [177]. Most agricultural losses are caused by V. albo-atrum
and V. dahliae. While the
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hosts of greatest commercial importance are probably alfalfa,
cotton, hops, potato, and tomato. Verticillium has been reported in
soybean, eggplant, artichoke, cocoa, horseradish, olives, cereals,
maples, and other crop, indigenous, and weed species. Verticillium
is found in virgin soils as well as agricultural soils [ 178].
Moreover, colonization of roots of non-host plants (i.e., immune
from systemic infection) is common [179]. Some host specificity
has been demonstrated for isolates of V. albo-atrum from alfalfa
[180] and mint [181], and of V. dahliae from brussels sprouts [182]
pepper, and Cruciferae [183].
The life cycle of V. dahliae is fairly typical of a pathogenic
Verticillium species, comprising dormant, parasitic and saprophytic
stages. Dormant propagules are found in plant debris or soil. To
infect a plant, the fungus must germinate within the rhizosphere of
the host. Subsequently, it must overcome a complex system of
successive barriers, to penetrate the epidermis and cortex of roots,
the endodermis, and then the vascular system [184]. After hyphae
enter the xylem vessels of the root, they sporulate. The conidia are
released and move upwards in the transpiration stream, until they
are trapped at vessel end walls or within pits (i.e., trapping sites;
Figure 2). This begins a cycling of infection through the vascular
column: the trapped conidia germinate to produce germ tubes or
hyphae which penetrate the end walls or full-bordered pits into
adjacent vessel

Figure 2
Diagrammatic representation of physical and biochemical reactions in
Verticillium-infected xylem tissue. V1, V2, V3, V4, xylem vessels; XP,
xylem parenchyma cell; C, conidiospore; H, hyphae; T, tylose; G, gel. Both
resistant (right) and susceptible (left) interactions are represented, which
can occur in adjacent vascular cylinders [188] and the scope rather than
timing of reactions is depicted. Note that synthetic reactions occur in
xylem parenchyma tissue.
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elements, where sporulation occurs again. Finally, in deteriorating
host tissue, the fungus invades parenchyma tissue, and resting
structures are formed. Microsclerotia, the dormant propagules of V.
dahliae, may be hyaline or melanized, and are likely capable of
much longer survival in soil than the dark mycelial resting
structures of V. albo-atrum, up to 14 years in laboratory cultures or
in naturally or artificially infested soils [ 178]. This is one reason
why V. dahliae may be the hardest to control of the five plant
pathogenic species [178].
Unlike Ustilago, for which a gene-for-gene system has been
described, Verticillium-host interactions are not easily defined. For
example, in tomato, two sources of Verticillium-resistance are
described: multigenic resistance [185], and Ve gene resistance, to
which Schaible and colleagues attributed monogenic, dominant
inheritance [186]. Ve confers resistance to V. albo-atrum and V.
dahliae race 1, but not race 2. However, examination of nearisolines of tomato, with (Ve+) and without (Ve-) the Ve gene, and
concentrated, but unsuccessful, attempts to clone this putative
locus, suggest that resistance is not mediated by a single gene, or a
single locus. In cotton (Gossypium spp.), both recessive and
dominant inheritance of Verticillium resistance may be found [187].
Although sources of resistance are known for most crops, few
genetic details are understood. Colonization is a complex process
that includes an increase in fungal biomass as well as the invasion
of the xylem in both lateral and vertical directions. Different plant
and fungal factors may determine each parameter. Other factors,
including environment, may control resistance or susceptibility to
symptom expression [188].

Research interests in phytopathogenic Verticillium species have
been focused in several directions. Much work has been done to
develop diagnostic techniques such as vegetative compatibility
grouping (VCG), RFLPs, and specific PCR primers, which seek to
identify and categorize isolates by species or pathotype. Unlike
studies of Ustilago, research on Verticillium has focused strongly
on factors contributing to pathogenicity and virulence such as the
production of growth hormones, vivitoxins, and degradative
enzymes. Moreover, host plant responses such as synthesis of
phytoalexins, phenolic coating material, and enzymes, have
received much attention as workers seek to understand factors
leading to disease resistance. In recent years, there have been
widespread reports of V. dahliae race 2 infestations, inspiring
research efforts to understand susceptibility to this pathogen race
[188,189].
Although the fungus may be maintained easily in culture, several
traits both limit and direct genetic studies. Symptoms of
Verticillium wilt infection are difficult to quantify, and may
resemble other physiological and pathogenic diseases.
Furthermore, the systemic niche occupied by Verticillium makes
the study of some aspects of the host-microbe interaction difficult,
in particular the assessment of invasiveness. Thus, there have
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been many microscopical studies to characterize Verticillium
infection, and microscopy is often used in conjunction with other
methods, to monitor infection or to correlate infection levels with
other factors [ 188,190]. To overcome the sporadic nature of natural
infection through plant roots, and to allow monitoring of very early
interactions in a chronological or quantitative fashion, a model
system has been developed which uses host plant petioles infused
with suspensions of Verticillium conidia and marker particles to
identify spore trapping sites [191,192].
Plant Factors of Resistance
Mechanisms of resistance to plant pathogens can be broadly
classified as structural vs. biochemical, and within each class, as
preformed vs. elicited. The plant's arsenal of defense includes
occlusions and coatings which physically limit pathogen spread, as
well as powerful microbial toxins, a battery of hydrolytic enzymes,
phytoalexins, and several components of phenylpropanoid
metabolism.
Mechanical host responses which result in blockage of xylem
vessels are crucial in defense against vascular fungi. In the absence
of other factors, the speed of xylem colonization is a function of
the frequency of vessel end walls or perforation plates [193].
Vertical resistance factors include tyloses and gels, which inhibit
upwards spread through the plant (Figure 2). Development of
tyloses following infection has been implicated in vascular wilt
resistance in numerous hosts [194]. Horizontal resistance factors,
such as vascular coating, inhibit lateral spread of Verticillium from
trapping sites to adjacent vessel elements (Figure 2). In
Verticillium-infected tomato, expression of varietal resistance has

been found at the endodermis, where an electron-opaque material
accumulates [195]. Similarly suberin and autofluorescent material
is deposited in pea. Lignin and suberin coating of xylem vessels
appears to form a physical barrier to colonization in wilts of alfalfa
[196], carnation [197], potato [198] and tomato [189]. Susceptibility
has been correlated with the delay of suberin deposition in V. alboatrum-infected alfalfa [196], and in V. albo-atrum or V. dahliae race
1-infected Ve- tomatoes [189,191], while early, localized
suppression of the coating response appears to allow colonization
of Ve+ tomatoes by V. dahliae race 2 [188,189]. These authors also
examined a cultivar, IRAT-L3, reported to be resistant to some
races of V. dahliae race 2 but lacks Ve gene resistance. The plants
showed colonization levels consistent with resistance and yet were
clearly symptomatic. One explanation for these results is the
involvement of fungal toxins in symptom induction, possibly in a
race-specific way. Such agents could be the same as or different
from those suppressing the early vascular coating defense
responses.
Phenylpropanoid metabolism is essential to the biochemical and
struc-
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tural integrity of plants, and is commonly induced as a major
contributor to plant host responses to pathogens and other stresses [
199]. Phenylalanine ammonia-lyase (PAL), which catalyses the first
committed step of phenylpropanoid metabolism, is one of the most
studied of the enzymes concerned with secondary metabolism in
plants [200]. PAL activity increases rapidly in response to
environmental factors including light and wounding [201], as well
as phytohormones [200] and pathogen infection [199]. In tomato,
five distinct complementary pal loci have been described by
Southern-blot hybridization and sequencing. Enzyme levels
increased after infection of Ve+ tomato petioles with V. albo-atrum,
correlating closely with suberin coating of xylem cells [202], while
Northern blotting with a general probe for PAL showed substantial
suppression of mRNA synthesis in infected Ve- tomatoes. Further
studies using S1 nuclease protection have shown that the ratios of
gene transcripts from alternate initiation sites of PAL 5 vary with
wounding, V. albo-atrum infection, and light exposure [201],
suggesting extensive PAL gene regulation at the transcription level.
Studies using plant transformation to study promoter induction and
in situ hybridization to localize expression in tomato should further
elucidate the role of PAL in disease response.
In response to pathogen infection, plants produce several classes of
pathogenesis related (PR) proteins, which have been shown to be
hydrolase enzymes [203,204]. Production is stimulated by ethylene,
as well as elicitors [205]. Enzymes studied in tomatoV. albo-atrum
interactions include b-1,3-glucanase, chitinase, b-glycosidase, and
N-acetylglucosaminidase. No evidence has been found for
production of endo-b-1,3-glucanase in V. albo-atrum cultures, and
levels of this enzyme do not differ between healthy Ve gene

isolines. In both lines, activity of b-1,3-glucanase and chitinase
increases with infection, but the susceptible cultivar shows
significantly higher levels [206,207]. Constitutive chitinase activity
has been described in a number of plants, even though its substrate
is not found in higher plants. Investigations into the role of fungal
lysis in V. albo-atrum resistance have implicated chitinase and b1,3-glucanase [207,208]. Recently, immunogold labeling was used
to study subcellular localization of b-1,3-glucan hydrolases.
Enzyme accumulation, predominantly in host cell walls and
secondary thickenings of xylem vessels, appeared to be an early
event associated with limited fungal spread in resistant plants,
whereas it occurred in susceptible tomatoes as a result of successful
colonization [209]. Collectively, these studies suggest that some
plant hydrolases may play a role in fungal wilt resistance. Among
their roles may be the production of elicitors which stimulate
enzyme and ethylene synthesis [210].
Phytoalexins are antimicrobial toxic compounds synthesized by
plants in response to infection by pathogens [8]. Among fungal wilt
diseases,
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phytoalexin production has been best studied in Verticilliuminfected cotton [ 211]. Resistance in cotton appears to depend on
timely amassing of terpenoid compounds in tylose-occluded
vessels (Figure 2). Similarly, more of the isoflavanoids medicarpin
and sativan accumulate in Verticillium-resistant alfalfa cultivars
[212]. The sesquiterpene rishitin has been studied in tomato and is
also found in potato [213]. Some workers have found differential
buildup of the compound in Ve gene isolines and other cultivars
infected by either Verticillium or Fusarium [214,215], although
Elgersma concluded that rishitin accumulation is not a primary
factor in V. albo-atrum resistance [216]. Contradictions arising in
phytoalexin studies may stem from irregular infection, or from bulk
extraction of tissue when effective phytoalexin concentrations are
probably localized.
Fungal Factors of Pathogenicity
A variety of growth regulators, fungal hydrolases, and fungal
vivotoxins have been implicated in Verticillium pathogenesis.
Indole acetic acid (IAA) may cause production of adventitious
roots, yellowing and wilting of old leaves, and epinasty of young
leaves [217], as well as pith hyperplasia which occurs in several
wilt pathosystems [218,219]. Production of IAA-equivalent growth
substances by tomato isolates of V. albo-atrum has been
demonstrated by bioassay [217], but the contribution of the fungus
to the high levels of such substances found in infected plants has
not been assessed. IAA and ethylene both induce tylose production,
but it is unclear whether IAA functions independently or in relation
to ethylene synthesis. The dependence of ethylene on auxin supply
[220] and interaction of IAA in phenol metabolism and enzyme

production complicate interpretation of auxin's role in vascular
wilts [221]. Ethylene production as a response to tissue injury may
be the trigger for gel formation; blocking ethylene production
prevented fungal carbohydrases from inducing gelation in castor
bean leaves [222]. Leaf chlorosis is linked to the presence of
chlorophyllase which may be induced by ethylene [221]. Ethylene
biosynthesis in tomato cell cultures can be induced by elicitors
[223]. But while ethylene increases at early stages of leaf symptoms
in susceptible interactions between tomato and Fusarium or
Verticillium [224] other studies present contradictory results [221].
A number of reviews have addressed the enormous body of work
on possible roles of fungal enzymes in pathogenesis, which are
beyond the scope of this chapter [203]. Evidence supporting such
roles is based on the presence of enzymes in diseased plants, the
ability of pathogens to produce them on host tissues, chemical
evidence of disappearance of their substrates in the diseased plant,
microscopic evidence of degradation of middle lamellae and cell
walls, and the ability of such products to induce
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vascular dysfunction [ 222]. There are several possible reasons for
the conflicting conclusions reached in examinations of the roles in
pathogenesis of cellulase, pectinesterase, pectin lyase (PL), pectin
methylesterase (PME), pectin trans-eliminase (PTE), and
polygalacturonase (PG). Screening of a broad range of Verticillium
isolates showed variation in PG, PTE, and PME activity varied as
much within as between Verticillium species, but rankings tended
to fall into groups having in common the species, variety or locality
of the host from which isolates were obtained [184]. Many early
studies inadequately considered effects of culture conditions on
enzyme induction and suppression. Induction levels may vary in
vitro and in vivo, as well as between shoot cutting and whole plant
experiments. Enzymes of related function may be under coordinate
control, or found as complexes and many isoforms, not all active,
may be present [225]. Moreover, induction in vivo could be very
localized (e.g., cellulase induction occurs only when fungus is in
direct contact with substrate), and effective enzyme concentrations
might be greater than assumed from crude tissue extracts [206].
Recent work has utilized mutants for cell wall-degrading enzymes.
In V. dahliae-infected cotton, mutants of the pathogen deficient for
endo-PG, PME, and PTE induced apparently normal symptoms
[226]. In contrast, in tomato, after infection with V. albo-atrum
mutants generated by Durands and Cooper, symptom expression
was delayed and reduced [225,227]. Except for one secretory
mutant, colonization levels were unchanged from wild type,
implying that pectinases were acting as virulence factors, but not
determinants of pathogenicity.
Evidence as a whole does not support the idea that PG is a major
determinant of virulence in either V. albo-atrum or V. dahliae; its

principal role is probably involved in carbon nutrition of the
pathogen. In some pathosystems, pectinases may be of importance
in symptom expression, and may induce gel formation. Infected
host xylem vessels are often occluded with pectic gels. These
apparently originate from degradation of exposed middle lamella at
pit membranes and perforation plates, which provides
galacturonidase known to induce endo-PL [228]. Hydrolytic
enzymes may also function as toxins.
Dimond and Waggoner [229] define a vivotoxin as ''a substance
produced in the infected host by the pathogen and/or its host, which
functions in the production of disease, but is not itself the initial
inciting agent of disease." Vivotoxins have been extensively
reviewed [230,231] many potential activities of these compounds
might be involved in pathogenesis. As with enzymes, assessment
of toxin involvement in symptom development is confounded by
use of culture filtrates in many studies, purified to variable extent,
often with no correlated in vivo work [232]. To complicate matters
further, at least one toxic compound appears to act by stimulating
ethylene release thereby sensitizing tissues to other metabo-
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lites [ 224]. Both low- and high-molecular-weight toxins have been
reported in Verticillium diseases [193,230]. Improving
chromatographic techniques through the 1970s and 1980s allowed
greater purification of Verticillium toxins from many agriculturally
important crop plants. Protein-lipopolysaccharide complexes
(PLPC) may be variably-specific toxins, but analysis is
complicated by many reports of PLPC breakdown. Recently,
phytotoxic peptides have been isolated from PLPCs of V. dahliae
races 1 and 2 from tomato [233]. Although protein sequences have
been unobtainable (personal communication, A. Nachmias), the
peptides were found to differ in amino acid composition from each
other and from a V. dahliae peptide from a potato isolate.
Differential toxicity of these isolates to Ve+ and Ve- tomato
cultivars [234,235] further supports the hypothesis that the V.
dahliae toxins are pathogenicity factors.
A Model of Verticillium-Host Interactions
The complexity of host and fungal factors involved in resistance
and susceptibility to Verticillium wilt disease has hampered
development of a good model of such interactions. However, a
summary of possible scenarios might include the following (Figure
2). Upon entering the vascular tissue of a plant, low constitutive
concentrations of plant hydrolases degradation of Verticillium cell
walls produces elicitors which stimulate induction of ethylene
and/or IAA, as well as phenylpropanoid pathway enzymes such as
PAL, and more cell wall-degrading enzymes. These products
stimulate further autocrine or cascade synthesis. Fungal toxins may
be produced, some of which may suppress host response in
susceptible interactions; synthesis of phytoalexins which affect

fungal metabolism may be stimulated. Altered levels of cellular
ions may affect cell wall and membrane integrity of host and/or
pathogen. Vascular coating, gelation and gummosis may limit
pathogen spread, or colonization may proceed, leading to leaf
flaccidity and necrosis, and further ethylene synthesis, etc. These
interactions are complex, sometimes cyclical, and many of the
components involved are necessary for basic metabolism.
Furthermore, it is likely that alternative and not mutually exclusive
response pathways or mechanisms may exist. In future studies,
application of new technology and the growing body of knowledge
about plant-pathogen interactions should allow fine tuning of this
model of molecular and cellular activities of Verticillium pathogens
and their hosts.
Minimal Pathogens, the Viroids
Viroids are autonomously replicating pathogens of higher plants
that consist solely of unencapsidated, single-stranded, circular
RNAs of
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246-375 nucleotides. They are the smallest and simplest agents of
infectious disease and cause a number of economically important
diseases of crop plants [ 236].
Since their discovery in 1971 [237], many of the properties of
viroids have been elucidated. Their extreme chemical simplicity
has made them ideal models for structural analysis and
investigation of their properties by the methodologies of molecular
biology. It is, therefore, not surprising that the extent of our
knowledge about particular aspects of the viroid problem is
roughly proportional to the ease by which a particular question can
be attacked by structural analysis or the tools of molecular biology.
Viroid Replication and Pathogenesis
One aspect that has received considerable attention is related to the
mechanisms of viroid replication. The intracellular localization of
viroids has been investigated by viroid-specific in situ
hybridization and analysis by digital microscopy of the distribution
of fluorescent hybridization signals; viroids were found to be
neither restricted to the surface of the nucleoli nor to a peripheral
zone, but instead homogeneously distributed throughout the
nucleolus [238].
It has been shown conclusively that viroids are replicated without
involvement of DNA, that is, via RNA intermediates. Yet, the exact
mechanism of this process is still only partially known.
Circumstantial evidence strongly suggests that normally DNAdependent host RNA Polymerase II [239] and a rolling circle-type
replication mechanism [240] are involved, but little is known of
possible promoter regions or initiation sites on the viroid. Because

viroids are not translated, their effects on plants must be a
consequence of direct interaction of the viroid with host
constituents [236].
There is a considerable number of scientific publications dealing
with viroid molecular structures and their presumed native
secondary structures, and a relatively large library of viroid
nucleotide sequences has been reported to the GenBank archives
[241]. Although the molecular mechanisms of viroid pathogenesis
are still unknown, analysis of molecular chimeras between viroids
of different pathogenicity levels has revealed that the severity of
symptoms is the result of complex interactions among three of the
five domains recognized in the viroid molecular structure [236].
From those domains, the most conserved sequences are located in
an area known as the central conserved region (nearly all viroids
bear a common central region of 19 bp). The "upper" part of this
region is, presumably, the cleavage-ligation site of viroid oligomers
during replication. It has been conclusively demonstrated that a
longer-than-unit-length tran-
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script of Potato Spindle Tuber Viroid (PSTVd) is correctly
processed in a potato nuclear extract only if the central conserved
region is folded into a multi-helix junction containing at least one
tetraloop-hairpin [ 242].
Nucleotide sequence comparison shows that sequence variations
are mostly clustered in the P (pathogenicity) and V (variable) in the
PSTVd molecule [243]. It has been suggested that the P domain is
the primary determinant of PSTVd symptom severity, but the
potential contribution of the V domain has never been analysed in
detail. Gora and collaborators investigated the relationship between
the structure of these domains and pathogenicity, and showed that
the P domain is directly responsible for the severity of symptoms
induced in tomato [244]. Quantitation of viroid accumulation in
plants infected with the various recombinants suggests that
symptom severity did not correlate with viroid accumulation,
indicating that the P domain did not influence symptom production
through this simple mechanism [244].
PSTVd is believed to undergo a series of specific structural
transitions during replication. The variable domain of PSTVd is
known to contain sequences that are important for
replication/accumulation, as well as one of three "premelting
regions" which control breakdown of the native structure in vitro
[245].
Nucleotides within the pathogenicity domain of PSTVd are known
to play an important role in regulating symptom expression, but the
underlying molecular mechanism is unknown. In order to
determine more precisely how structural features within the
pathogenicity domain regulate symptom expression, Owens and

collaborators characterized a series of mutations that progressively
stabilize premelting region 1 and the rest of the "virulence
modulating" region [246]. They concluded that conformational
stability appears to be only one of several factors regulating PSTVd
replication and pathogenicity.
The prototype PSTVd, 359 nucleotides (nt) long, is sensitive to
experimentally introduced mutations: the substitution or deletion of
a single nucleotide usually abolishes its infectivity, although certain
sequence alterations are tolerated. This is illustrated by the fact that
viroid progeny can evolve in planta upon inoculation with
substitution mutants generated in vitro, and by the existence of
genetically stable 356-360 nt long PSTVd field isolates. By
deleting approximately 5% of the total PSTVd RNA sequences,
Wassenegger and collaborators demonstrated that the maintenance
of this viroid-specific rod-like structure is not only essential for
nuclease protection but also for the infectivity, i.e., transmissibility,
replicability, processibility and pathogenicity of these minimal
infectious agents [247].
Still, many host factors must be involved in viroid replication.
Experiments using in vitro systems with purified mammalian
protein kinase P68
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have shown that the enzyme is strongly activated (i.e.,
phosphorylated) by purified PSTVd strains that incite moderate to
severe symptoms, but far less by a mild strain. Activation of a plant
homolog of P68 may be the triggering event in viroid pathogenesis
[ 236].
Gruner and collaborators proposed a model to explain the
experimentally determined interdependence between pathogenicity
and replicability of PSTVd strains [248]. After the unexpected
appearance of lethal symptoms on tomato plants infected with the
PSTVd strain Intermediate Di, viroids were isolated and sequenced
and a new strain was found, named RG. In a different series of
plant passages two new strains, named QF A and QF B, were
detected which coexisted with the wild-type strain Di. Strains QF
A and QF B showed intermediate symptoms when inoculated
separately. This led to the hypothesis that the more pathogenic
strain out-competes the less pathogenic strain but strains of similar
pathogenicity might coexist in the host [248].
Plasticity of Viroid Sequences
Results from site-directed mutagenesis experiments indicate that,
upon exposure to selective pressures, viroids can evolve extremely
rapidly, with another, fitter, component of the quasi-species often
becoming dominant within days or weeks. This extreme plasticity
of their nucleotide sequences establishes viroids as the most rapidly
evolving biological system known [249].
Although sequence variability of viroids has been known to exist
for some time [250] the extreme plasticity of viroid sequences has
come to light in site-directed mutagenesis experiments, made

possible by the demonstration that properly constructed viroid
cDNAs are infectious [251,252,253]. In early experiments with
mechanically inoculated plants, single nucleotide substitutions in,
or close to, the central conserved region of PSTVd abolished
cDNA infectivity [251,254,255].
Interestingly, when infection of apparently nonviable cDNAs (in
which position 284 of PSTVd had been changed from C to T) was
mediated by a recombinant Agrobacterium tumefaciens tumorinducing (Ti) plasmid [256] containing full-length mutated PSTVd
cDNA, typical symptoms of PSTVd infection began to appear 14
to 21 days post infection. Sequence analysis and biochemical
characterization of progeny viroids unequivocally showed that the
mutated viroid had reverted to the wild-type sequence [254].
Because viroid cDNAs appear not to replicate in the infected plant,
no obvious selection pressure for sequence reversion exists at the
DNA level. Thus, most likely, reversion occurred during
transcription from the mutated cDNA. Alternatively, reversion
could have occurred during RNA replication, provided that the
apparently noninfec-
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tious mutated transcripts possessed at least a limited capacity for
replication [ 249].
The simplest explanation for these results is that, with mechanical
inoculation, the number of RNA molecules transcribed from the
small number (and presumably short life span) of mutated cDNA
molecules that entered inoculated host cells was not sufficient to
yield the correct misincorporation resulting in wild-type sequence,
whereas, with the far more efficient Agrobacterium infection,
continuous transcription from the recombinant cDNA in galls
favored the probability of reversion to wild-type viroid.
Alternatively, if reversion occurred during replication of mutated
RNA, the large misincorporation leading to wild-type viroid would
have eventually occurred [254].
Similar observations have been obtained from random chemical
mutagenesis of PSTVd [246]. As analyzed by mechanical
inoculation of mutated cDNAs, the presence of multiple mutations
often resulted in nonviable cDNAs. Several mutations were stably
maintained in the progeny, or were lethal. Interestingly, however,
some mutants rapidly reverted to wild type.
Additional evidence for the plasticity of viroid sequences has come
to light with mutants affecting a thermodynamically metastable
structure termed hairpin II [257]. Whereas inoculation of plants
with cDNAs containing single, or compensatory double, nucleotide
exchange mutations affecting the border of the hairpin II were
stably maintained in the progeny, those affecting the core of the
hairpin II rapidly reverted to the wild-type sequence [257]. A
detailed analysis of sequence changes over time in individual
plants showed that, generally, during the early stages of infection

with mutants affecting the core of hairpin II, multiple sequence
variants were present, whereas, in later stages, only the wild-type
sequence remained. Of the temporally expressed variants, some
contained only the sequence change programmed into the cDNA,
whereas others contained, in addition, what appeared to be
compensatory changes, that either reform a base pair in hairpin II
interrupted by the mutation, or contain unprogrammed changes in
other portions of the viroid molecule [246].
Still further evidence supporting the great plasticity of viroid
genomes has been obtained recently in experiments with PSTVd, in
which sequence changes of first and second passage progeny were
determined after mechanical inoculation of plants with RNAs
transcribed from cDNAs mutated at one or two positions in the
pathogenicity domain [246]. Although all five viable mutants
maintained the intended mutations in first-passage progeny, two
had, in addition, spontaneously changed one nucleotide at a
position that was not modified in the inoculated RNA transcripts.
After a second passage, two mutants had completely reverted to
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wild type, whereas others, although more stable, also underwent
slow reversion to wild type. Furthermore, with one single-change
mutant that had remained stable in first-passage progeny, two
novel. sequence variants appeared in second-passage progeny, each
maintaining the intended mutation, but each also spontaneously
adding an additional mutation, either a deletion or an insertion of
one nucleotide [ 246].
Viroid Origin and Evolution
Present evidence indicates that most viroid diseases originated
recently (in the 20th century), presumably by chance transfer of
viroids from endemically infected wild plants or by use of viroidinfected germplasm during plant breeding [249].
It has long been known that RNA genomes have the capacity to
evolve far more rapidly than DNA genomes. Errors in the
replication of DNA chromosomes average as low as 10-8 to 10-11
per incorporated nucleotide, whereas the error rate in RNA
genomes per genome doubling at given base positions is between
10-3 and 10-4.
Partly, the drastically different mutation frequencies of DNA and
RNA replication are due to efficient proofreading enzymes
associated with DNA polymerases, which correct most erroneous
incorporations, and the lack of such enzymes in RNA replication
mechanisms. Undoubtedly, the huge copy numbers of most RNA
viruses synthesized within infected cells, their genome simplicity,
and their freedom from host regulatory functions that influence
DNA expression, contribute to the high mutation rate of RNA
replicons.

Despite this high mutation rate of RNA genomes, wild-type RNAs
usually predominate in pools of progeny virus. Implicit in this
scenario of RNA genome replication is the presence, in each
infected organism, of a large population of sequences deviating
from the predominating ("wild-type") one [258]. ln Eigen's
terminology, such a population represents a "quasispecies."
Following the generation of variant genomes, selection sorts out
those genomes that are fit enough to replicate. As long as
environmental factors remain constant, a "wild-type" strain will
predominate. This is why, despite the instability of RNA genomes,
RNA virus strains often remain stable for long periods of time.
Although selection criteria are poorly understood at present [258],
environmental events, such as climatic changes or alterations
resulting from human intervention, for example large-scale
deforestation, may provide new adaptive possibilities to viral
quasispecies, leading to the emergence of different sequence
variants, and thus to new virus strains. Variation, selection and
random sampling of RNA genomes occur continuously and
unavoidably during RNA replication [258].
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These considerations apply to viroids and viroidlike satellite
RNAs, except that, according to evidence obtained in site-directed
mutation experiments with PSTVd (discussed above), the plasticity
of viroid sequences is even greater than that of RNA virus
genomes. Also, in contrast to many other RNA replicons, the
extended host range of some viroids, such as PSTVd, may present
hosts with different genetic milieus, in which sequence variants of
the quasispecies different from the sequence prevailing in the usual
host will be most fit and will become the prevailing sequence [
244,259].
Recently, several variants of a novel viroid, designated Mexican
papita viroid (MPVd), have been isolated from Solanum
cardiophyllum Lindl. (papita güera, cimantli) plants growing wild
in the Mexican state of Aguascalientes. It was demonstrated that
MPVd's nucleotide sequences are most closely related to those of
the tomato planta macho viroid (TPMVd) and PSTVd.
Phylogenetic and ecological data indicate that MPVd and certain
viroids now affecting crop plants, such as TPMVd, PSTVd, and
possibly others, have a common ancestor that well may be MPVd
[259].
The cimantli viroids discussed above may represent such a system
of sequence plasticity. Whereas all economically important viroid
diseases recognized to date involve crop cultivars that are either
vegetatively propagated (such as fruit trees or potatoes) or are
highly inbred (such as tomatoes), the cimantli plants are sexually
propagated and thus are genetically variable. It is not surprising
that in each individual plant a different variant may be the most fit
and dominate the quasispecies [259].

Final Remarks
In general, plants and pathogens have co-evolved for millenia and
present organisms are the only survivors from a fine tuning of this
close interaction. Understanding disease development requires an
understanding of genes which alter growth control of the host.
Agrobacterium tumefaciens is a remarkable example of a pathogen
that has revolutionized the study of molecular genetics. It is a plant
pathogenic bacterium that is able to cause tumorous growths on
infected plants. A. tumefaciens is a natural instance of plant genetic
engineering and it does this by transferring a piece of DNA into the
nuclei of plant cells. This DNA becomes integrated into plant
DNA. The DNA contains about fifteen genes, some of which cause
the cell either to overproduce the growth hormones auxin and
cytokin or to become hypersensitive to the normal amounts of these
hormones. This causes the cells to proliferate into a tumor. Other
transferred genes cause the plant cell to synthesize
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and release a variety of novel compounds that the bacterium is able
to use as food sources. This ability to deliver specific genes to
plants is at its essence an example of genetic engineering, and so
far as we know, it is unique to two species of Agrobacterium. Once
this natural model of plant transformation was understood, the
bacterium has been used to make unimaginable advances on so
many fronts.
Much progress has been made in this decade in studies of the
fungal life cycles. In Ustilago, for example, fungal transformation
coupled with gene knockout by homologous recombination has
allowed the identification of an array of genes both in and out of
the a and b mating type loci, and new techniques hold further
promise. The transitions from budding to filamentous growth and
dikaryon formation are governed by a pheromone response system
and a complex homeodomain regulatory system. The beginning
pieces of a patchwork of structural and regulatory genes controlling
the dimorphic switch have been described, but many challenges
remain.
Efforts to understand the molecular and cellular factors
contributing to resistance and susceptibility to Verticillium wilt
disease have been hampered by difficulties inherent in working on
systemic pathogens. Moreover, the absence of gene-for-gene
interactions has complicated assessment of the many interacting
host and fungal factors involved. Moreover, since every facet of the
wilt syndrome can be reproduced by agents other than fungi, it is
likely that alternative and not mutually exclusive response
pathways or mechanisms may exist. The use of specific mutants

and biotechnical advances in fungal and plant manipulation holds
promise for unravelling Verticillium-host interactions.
Modern agricultural practices, such as widespread monoculture of
genetically identical plants, and worldwide distribution of planting
material, have made it possible for the pathogens to maintain
themselves in the crop plants and to infect new hosts. This is the
case with the smallest pathogens known to date, the viroids. The
plasticity of viroid sequences is spectacular and is the result of
errors by host RNA polymerase II during viroid replication coupled
with strong selective pressure against alterations in the native
structure of these pathogens. Still, the evolutionary origin of
viroids is unknown and thus open to speculation. In 1971, when the
viroid concept was first advanced, these RNAs could plausibly be
regarded as relatives of conventional viruses, being either primitive
precursors of, or else highly degenerate, viral RNA sequences.
Knowledge of the molecular structures and biological properties of
viroids acquired since has rendered this concept increasingly
unlikely. Their lack of nucleotide sequence homologies with viral
RNAs, their novel molecular structures, and their lack of mRNA
activity imply a far greater phylogenetic distance from viruses than
could have been imagined previously.
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Understanding of host-pathogen interactions in a wide variety of
diseases has increased dramatically in recent years, largely due to
the application of molecular genetic technologies. There exists an
exciting synergy in the field of phytopathology, as researchers
build upon each other's work, as well as upon genetic
breakthroughs in microbiology and other fields. Although most of
these insights involve fundamental research, the knowledge gained
is useful for more applied studies as well. Globally, there is a
struggle to produce higher crop yields, while for economic and
environmental concerns, there is a move to reduce input of crop
protection chemicals. Biotechnology is providing both
understanding of disease resistance and tools to aid breeders in
development of new resistant crop varieties.
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Chapter 5
Genetic Engineering for Crop Improvement:
Strategies for Gene Isolation
Plinio Guzmán1
Introduction
Plants are essential for our survival and the survival of almost all
species on Earth. As in all living organisms, the instructions to
make a plant and the commands needed to respond to specific
developmental or environmental cues are encoded in the genes;
chemical instructions that are maintained in an organism and in its
offspring. New tremendous possibilities for manipulation of crops
are now open and new frontiers are continuously being envisioned
by means of genetic engineering. This area of research groups a
series of modern molecular technologies focused on the
identification, analysis and manipulation of genes. Genetic
engineering consists of isolating a gene from an organism,
modifying the instructions encoded on it and then reintroduce the
altered gene on an organism of the same or other species. By these
means, the application of genetic engineering technologies gives
way to the generation of new varieties of crops with improved or
novel desired traits. Modifying traits and reincorporating them into
an organism by these technologies is less time consuming, more
centered, more efficient and provides new opportunities than with
traditional methodologies of plant breeding.
In this chapter we will describe some of the current technologies

used on gene isolation and analysis in plants. To date, a diverse
array of techniques for genetically transformed plants has been
conceived and some of them can be applied to most of the
important crop species. As stated, an
1 Departamento de Ingeniería Genética de Plantas, Unidad Irapuato,
Centro de Investigación y de Estudios Avanzados del Instituto
Politécnico Nacional, Apartado Postal 629, Irapuato, GTO. 36500,
México.
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essential step toward the improvement of plants by genetic
engineering is the incorporation of the appropriate traits. Therefore,
the possibility to manipulate important agricultural traits in many
crop species will depend in large extent on the knowledge of the
genetics and biochemistry of basic processes in plant biology.
Genes encoding most of these traits are unknown, so are the
regulatory mechanisms governing the expression of them; that is
why a great deal of effort is now centered on gene discovery.
Positional Cloning of Plant Genes
Positional cloning or map-based cloning refers to the isolation of a
gene for which only a mutant phenotype is known in reference to a
genetic marker [ 1]. The first plant gene cloned using these
methodologies was reported in 1993; it was PTO, a tomato gene
conferring resistance to the pathogen Pseudomonas syringae [2].
PTO was the first plant disease resistance gene cloned from a plant,
since then other disease resistance genes have been isolated by
positional cloning; RSP2, from Arabidopsis thaliana [3,4], Xa21
from rice [5], and Hs1pro1 which confer resistance in sugar beet to
the beet cyst nematode [6]. Positional cloning also permitted the
cloning of ETR1, the first receptor for a growth regulator isolated
from a plant [7].
Positional cloning is successfully carried out in plants such as
Arabidopsis, tomato and rice. These plants contain relatively small
genomes and methodologies for the analysis and the manipulation
of their genomes are continuously being developed. Two major
requisites that are essential in positional cloning are the availability
of high density genetic maps generated with molecular markers and
of genomic libraries prepared with large DNA segments from the

plant of interest. The high density maps will enable molecular
markers to be found that are tightly linked to the gene of interest
and the genomic libraries prepared with large DNA segments will
facilitate the general strategy of positional cloning. High-density
genetic maps assembled with one or more classes of molecular
markers, such as Restriction fragment Length Polymorphism
(RFLPs), Randomly Amplified Polymorphic DNA (RAPDs),
Amplified Fragment Length Polymorphism (AFLPs), Simple
Sequence Repeat (SSRs) or microsatellite markers and they are
available or currently generated for many plant species. These
maps are mostly used as sources of markers in plant breeding
programs [8].
The other technical advance that also provides means for positional
cloning is the molecular cloning of large DNA segments. The
cloning capacity of bacteriophage lambda or cosmic clones is about
40-50 kb. This previous capacity was improved with the
development of yeast artificial
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chromosome (YAC) and bacterial artificial chromosome (BAC)
vectors. Segments of DNA as large as 2,000 kb can be maintained
in Saccharomyces cerevisiae by means of yeast YAC vectors and
segments up to 300 kb in BAC or P1-derived vectors [ 9]. Although
very large fragments of DNA have been accommodated in YAC
vectors, some problems such as instability and chimaerism (nonadjacent segments fortuitously cloned together) when handling
them have been detected. Chimeric clones include non-continuous
DNA sequences, and since a set of continuous clones is required
when searching a gene by positional cloning, chimaerism will
impede its assembly. Although BAC vectors cannot hold as large
inserts as YACs, genomic libraries in BACs are considered as a
very good alternative for cloning large DNA segments. BAC
clones are easy to construct as well as to handle and have been
shown to contain less chimaeric clones than YAC clones.
In the initial steps of isolating a gene by positional cloning
methodologies, the gene of interest is genetically mapped to a
chromosome and linked closely to a specific region with molecular
markers. This is generally done by performing crosses between
contrasting individuals for the desired phenotype and determining
in the progeny the genetic linkage between this phenotype and
markers whose position has been established in the genome. Highdensity maps of that region must be available or constructed and
markers at each side of the gene must be identified [Figure 1(a),
(b)]. Since RFLPs are DNA fragments, the physical distance
between RFLPs flanking the locus of interest can be determined.
For this purpose, pulsed-field gel electrophoresis (PFGE) is often
performed [10]. This technique permits the separation of large
DNA segments in agarose gels in the megabase range and it is

successfully used in the long-range physical mapping of genes.
Megabase-size DNA from the plant of interest is prepared and
digested with restriction endonucleases that cut infrequently the
genome, thus generating megabase-size fragments. These DNA
preparations are fractionated by PFGE and Southern blot analysis
is performed using as probes the RFLPs markers that flank the
locus of interest. If the two markers that flank the gene of interest
to each side are linked, they may hybridize to the same restriction
fragment in some of the restriction digests; the size of such
restriction fragment indicates the maximum distance between the
two molecular markers. The results obtained correspond to the
physical distance and it is calculated in kb, conversely to the
genetic distance that is given in units of recombination, cM [Figure
1(c)].
The next step is the isolation of a series of overlapping DNA
segments encompassing the region where the locus of interest has
been mapped; this process is known as chromosome walking. The
nearest molecular marker is used to initiate the chromosome
walking in the region of inter-
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Figure 1
Physical mapping of plant genes. (a) Location of the gene of interest in
a chromosomal region. A genetic map of the chromosome is represented,
including the molecular markers M1 to M7. (b) The gene of interest is
located in the region encompassing the markers M4 and M5. The location
for three hypothetical rare-cutting restriction enzymes, ez1, ez2 and ez3, is
shown within the M4-M5 region. This location is inferred after Southern
blot analysis shown in (c). (c) Megabase-size DNA isolated from the plant
species of interest is digested with the rare-cutting enzymes ez1, ez2
or ez3 and the DNA fragments are separated by pulsed-field gel
electrophoresis. The DNA is transferred to a nylon membrane and
sequentially hybridized with probes M4, M5 and M6. In this hypothetical
condition, ez1 and ez2 render a similar restriction pattern with probes M4
and M5, suggesting that for each sample both probes are contained
in the same restriction fragment. Saccharomyces cerevisiae chromosomes
are used as molecular weight markers, shown in the left of each of
the diagramatically represented autoradiographs.

est by serving as a probe to isolate hybridizing clones from

genomic libraries [Figure 2(a)]. Several libraries in YAC, BAC and
cosmid vectors are commonly screened, and clones from them are
isolated. The ends of some of these clones are obtained and used in
subsequent hybridizations to the same genomic libraries. The
direction of the chromosome walk at each step is followed by
genetic mapping; each of the ends of a particular clone should give
a different frequency of recombination to the locus of interest. This
is sequentially repeated until clones spanning to the molecular
marker flanking the target locus to the other side are obtained
(Figure 2); in such a case the DNA segments spanning the region
of interest are isolated. The results of such genetic mapping
generate a fine-structural map which locates the target locus in a
more precise interval in the chromosome [Figure 2(b)].
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Figure 2
Gene isolation by chromosome walking. (a) The chromosomal
region encompassing markers M4 and M5 from Figure 1 is
shown. c1 to c7 represent clones used for the chromosome
walking. These clones are either obtained from YAC, BAC
or cosmid libraries. Initially, M4 and M5 are used as probes
to identify hybridizing clones after screening the libraries
(clones c1 and c2, respectively). The end-fragments of these
two clones are used to isolate the next hybridizing clones
and this process is repeated until overlapping clones
encompassing the region between the two molecular markers
are obtained. During each step of this chromosome walk, the
orientation of the clones is determined by comparing the
frequency of recombination between each of the end-

fragments and the gene of interest. At the end, the gene of interest
is positioned between two markers
obtained from the clones. (b) The transcripts (t1 to t5)
encoded within the region
denoted in (a) are isolated from
a cDNA library after hybridizing with clone c6. The
position of the transcripts is
established by Southern
blot analysis with clone c6, using as probes each one of
the cDNA clones. The nucleotide
sequence of the clones
encoding t1 to t5 is determined and a search for sequence
homology to known sequences
deposited in data bases is
performed. (c) Genetic complementation of the mutant
phenotype with a clone containing
the gene of interest. Subclones (sc11 to sc16) encompassing the region
containing the gene of interest are generated
and cloned into a plant transformation vector. Transgenic
plants carrying the various subclones are obtained and
tested for genetic complementation. In this example,
sc12 and sc13 complement the mutant phenotype and since
both clones encode a complete t2 transcript,
t2 corresponds to the gene of interest.
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The finding of a clone containing the gene of interest follows the
chromosome walking. At this point, various approaches can be
undertaken to find the desired gene [Figure 2(b), (c)]. A general
one is to search for transcripts encoded within the region where the
gene was mapped. DNA from a clone spanning the locus of interest
is used as a probe in Northern blot analysis performed with RNA
isolated from different organs of the plants or from specific growth
conditions. When a single transcript is detected, it is possible that it
corresponds to the target gene. A related approach was followed in
tomato during the cloning of the resistance gene PTO [ 2]. Then,
clones can be isolated from a complementary DNA (cDNA) library
prepared from the specific condition where the transcript was
detected. When several transcripts are found, the comparison of the
pattern of expression by Northern blot analysis of RNA isolated
from wild-type and mutant plants can be performed; a differentially
expressed transcript may correspond to the gene of interest. If no
difference is observed and if a hint for the function of the gene of
interest is available, the nucleotide sequence for all transcripts can
be determined. This sequence is then used in order to search for
homologies to previous cloned genes that are stored in data bases.
If a candidate gene is detected by this approach and a collection of
mutant alleles is available, the nucleotide sequence from wild type
and mutant alleles is compared; changes in the DNA sequence in
the mutant genes support the fact that it is the gene of interest; a
similar strategy was part of the general scheme to clone the
resistance gene RPS2 [4].
The strongest evidence that a segment of DNA contains the gene of
interest is the complementation analysis; in all instances, it must be
performed. In this approach, several DNA fragments from the

region of interest are cloned in vectores designed for plant
transformation, and the ability to rescue the wild-type phenotype
by the different clones is tested after obtaining the trangenic plants;
a DNA fragment that restores the wild-type phenotype containing
the gene of interest. In cases where the gene of interest is inherited
as a dominant marker, libraries from mutant lines should be
constructed. Clones isolated from such libraries are then used to
transform a wild-type plant and the mutant phenotype is scored
[Figure 2(c)].
Some of the major obstacles with positional cloning in several
plant species are the large size of their genomes and the presence of
large amounts of repetitive sequences. These types of sequences do
not permit the assembly of clones in continuous regions, making
difficult or even impeding the strategy of chromosome walking.
New approaches that do not rely on chromosome walking are
helping to overcome some of these difficulties. These approaches
are known under the name of ''chromosome landing" and are
expected to facilitate gene isolation in crop spe-
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cies. Molecular markers linked to the gene of interest by few
kilobases are identified. Such markers are then used to probe
libraries to pick up clones carrying the desired gene [ 11].
Insertional Mutagenesis in Plants
Gene inactivation based on DNA insertions is a strategy widely
used for gene isolation in organisms from bacteria to complex
eukaryotes. In this strategy a molecular tag is identified within or
near the gene of interest and then, segments of DNA flanking the
molecular tag are cloned to obtain the desired gene. The molecular
tag located within the gene of interest will very likely cause a loss
of function mutation resulting in a scorable phenotype. Likewise,
the location of the molecular tag in the genome can be followed by
segregation analysis using molecular markers. Two types of mobile
elements are commonly used as molecular tags in plants, the TDNA (transferred DNA) from Agrobacterium tumefaciens and
transposable obtained mostly from maize (Zea mays) and
snapdragon (Anthirrhinus majus). The strategies based on
insertional mutagenesis, known as T-DNA tagging and transposon
tagging, have proven to be effective for gene isolation when a
previous knowledge of the identity of the gene product to be
isolated is not available [12]. Large collections of plant lines
carrying molecular tags are essential in order to pursue any of these
strategies. Some of the collection are now being generated in plant
systems such as Arabidopsis, tobacco, maize and tomato where
they have permitted the isolation of previously unidentified genes
whose products participate during embryogenesis and
morphogenesis or mediate resistance to viral or fungal pathogens
[13,14,15,16].

The term T-DNA refers to specific 25 bp regions from the Ti
plasmid from the pathogenic bacterium Agrobacterium tumefaciens
that are transferred and integrated into the plant nuclear genome
during the infection to the plant. Since the early studies on the
characterization of T-DNA insertions in the plant genome it was
observed that any DNA that is flanked by these 25 bp sequences
also gets transferred to the plant, that the insertions apparently
occurred at random locations and that these insertions were stably
maintained [17]. The fact that once inserted the T-DNA does not
move permits the production of stable plant lines and facilitates the
molecular cloning of target genes. These features propagated the
generation of a diverse array of transformation vectors for plants
based on the T-DNA and its subsequent use as molecular tags to
develop insertional mutagenesis. T-DNA tagging has been used
successfully to isolate genes in A. thaliana and tobacco cell lines
and may be applied to plants for which very efficient
Agrobacterium-mediated transformation procedures exist [18,19]; a
general strategy for T-DNA mutagenesis is shown in Figure 3.
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Figure 3
A general strategy for T-DNA mutagenesis in plants.

The other general strategy for insertional mutagenesis in plants
makes use of transposable elements. The existence of transposons
was first deduced half a century ago by Barbara McClintock in
maize and since then they have been found as genetic elements that
are part of the genome of most living organisms. In plants, they
have been mostly characterized in maize and snapdragon where
they have been used as tools for gene isolation. Among them the
Activator/Dissociation (Ac/Ds) and the Enhancer-Inhibitor (En/I),

also known as the Suppressor/Mutator (Spm/dSpm), from maize
have been engineered and tested for insertional mutagenesis
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in maize and in other plant species [ 12]. These two are twoelement transposon systems consisting of an independent element,
termed the autonomous element (Ac or En) which expresses a
factor required for moving, and a non-autonomous element (Ds or
I) that necessitates the factor provided by the autonomous element.
The factor required for moving is a transposase enzyme encoded by
the autonomous element. In general, the non-autonomous elements
are defective autonomous elements that lack tranposase activity
and they can only move if tranposase is provided in trans by an
autonomous element. Since transposons in plants move
preferentially to closely genetic locations, an effective approach to
obtain a transposition event in a desired gene is to begin with a
transposon genetically linked to the gene or to begin with a series
of transposons located at different locations in the plant genome.
Various transposon-tagging systems for gene isolation based on Ac
have been developed and tested mostly in the model plant
Arabidopsis thaliana. One type of system makes use of two
components that are introduced into two different sets of plant lines
[20]. One set expresses the transposase and the other set contains
non-autonomous Ds elements. In the lines expressing transposase,
it can be expressed from an immobilized Ac or from a modified
transposase gene on which its expression is driven by a strong
promoter. The plant lines containing non-autonomous Ds elements
include a modified Ds element inserted between the promoter and
the coding region, inactivating a marker gene. These lines also
carry additional marker genes that allow monitoring of the
elements in the plant. Crosses between these two types of
transposon-derived lines allow transposition to occur that results in
the insertion of Ds in a new location in the genome. The movement

of Ds is monitored by the restoration of marker gene expression
upon its excision, and the reinsertion is followed by the expression
of the Ds containing marker gene. A two-element system has also
been developed for the En/I transposon [21]; a general strategy
showing the two-component transposon tagging system is
presented in Figure 4. In this system, the two-elements are
accommodated in a unique T-DNA construct. Transposase genes
are expressed from a strong promoter and the non-autonomous I
element is cloned in the open reading frame of one of the marker
genes. Restoration of the activity of the marker gene occurs after
excision of I and that event initiates after expression of transposase
proteins. Systems that use only one type of construct have also
been designed. In this case, an autonomous transposon encoding
transposase genes is mobilized from the construct and gets
reinserted in another location in the genome.
Studies in the model eukaryote Saccharomyces cerevisiae have
suggested that mutations in almost 70% of its genes do not render a
readily observable phenotype [22]. If a similar phenomenon occurs
in plants,
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Figure 4
The two component transposon tagging system for plants. Independent
plants' lines carrying the constructs depicted at the top of the figure are
obtained. One construct (L1) contains the transposase gene which is
needed to promote transposition and a selectable marker for
transformation. The other construct (L2) contains a non-autonomous
element inserted within a screenable marker; restoration of the
activity of this screenable marker is an indication of the excision
of the non-autonomous element. The non-autonomous element
carries in addition another selectable marker and a second selectable
marker for transformation is included in this construct. The two
plant lines are then crossed and self-fertilized to allow transposition
to occur. Plant lines (Ls) that have experienced transposition events
which are stably maintained are selected. Such lines do not carry the
transformation marker associated with the transposase construct, and

thus do contain the transposase gene. Among these lines the
screening for mutants is performed.

these series of genes cannot be identified simply by loss of function
mutations as those generated by insertional mutagenesis. The
adaptation of T-DNA tagging and transposon tagging systems as
enhancer, gene and promoter traps facilitates the identification of
genes based on their expression pattern, allowing the isolation of
genes whose mutant phenotype is not easily scorable. Enhancer
traps consist of constructs containing a reporter gene under the
control of a weak promoter that upon integration in the plant
genome, the expression of the reporter gene is controlled by the
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Figure 5
Insertional mutagenesis systems carrying genetic traps. Either T-DNA
or transposon tagging strategies can be followed to generate
collections of plants carrying the constructs used as genetic traps.
(a) Promoter traps. This system carries a promoterless reporter
gene and a transformation marker. Upon insertion into the proximity
of a chromosomal gene, expression of the reporter gene gets
under the control of a genomic promoter sequence (P). (b) Enhancer
traps. This type of system carries a weak promoter region (TATA
box) driving the expression of a reporter gene. Upon insertion into

nearby chromosomal genes, expression of the reporter gene gets
controlled by genomic transcriptional enhancers located in proximity.
(c) Gene traps. In this system, a splite acceptor site (I) is located
in front of the coding region of a reporter gene. Upon insertion
into a chromosomal gene, a transcript encoding a protein fusion
containing the N-terminus exon of a chromosomal protein and the
C-terminus of the reporter gets generated; this event occurs
after messenger RNA synthesis and processing.
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nearby enhancers. Gene trap and promoter trap constructs carry a
promoterless reporter gene designed to generate translational or
transcriptional gene fusions, respectively, that upon insertion into
the plant genome near an expressed gene induce the activity of the
reporter gene. Other types of constructs have been tested in which
the T-DNA carries several copies of a transcriptional enhancer.
Upon integration in the plant genome, genes adjacent to the
inserted element become overexpressed and a desired phenotype is
screened [ 23,24]; some of the constructs used as genetic traps are
shown in Figure 5.
Exploiting Saccharomyces Cerevisiae as a System to Isolate and
Analyze Plant Genes
The yeast Saccharomyces cerevisiae has become a popular model
system for the study of biological phenomena basic to all
eukaryotes. It is presumably the most advantageous eukaryotic
organism where most of the obstacles for molecular genetic
analysis in higher eukaryotes are readily surpassed by using the
well-developed genetics and molecular approaches [25,26]. To date,
there are more data available in many basic biological aspects in
yeast than there are in any other organism. Besides, the nucleotide
sequence determination for the entire yeast genome has been
completed and major efforts to unravel the function for each of the
yeast genes has been undertaken [27,28].
The examination of a biological process in yeast provides
information of an analogous process in other organisms. When a
novel heterologous gene is isolated, the search for related genes in
yeast is a strategy that often facilitates the determination of its
function. The heterologous expression is supported by the

presumption that many of the biological phenomena are conserved
among distantly related organisms. The availability of a large
collection of yeast mutants permitted the examination of the
function of a large number of heterologous genes in yeast by
genetic complementation [29]. The expression of heterologous
genes in yeast is a commonly used approach in gene analysis.
Several novel plant genes have been readily tested for genetic
complementation in yeast, for instance, plant heat shock proteins
complement a thermotolerance defect in yeast and plant cell-cycle
genes rescue cell-cycle mutants of yeast [30,31]. To gain insight
into gene function and to identify novel genes from other
eukaryotes a variety of strategies has been designed in yeast. The
recent development of conditional expression libraries in yeast
permits the regulated expression of gene products. A series of these
vectors contains the galactose-dependent mechanism for regulating
gene expression on which the cloned gene is not expressed in
glucose containing media but gets highly expressed in galactose
containing media [32]. These vectors facili-
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tate the isolation of heterologous genes by complementation and
open the possibility of developing new methods for gene isolation
based on conditional overexpression of gene products [ 33]. In
addition, some vectors are designed to allow the expression of
cDNA inserts in either S. cerevisiae or Escherichia coli depending
on the insert orientation. This versatile feature permits the isolation
of genes by complementation of E. coli mutations as well [32].
Functional complementation of yeast mutants is a frequent
procedure of gene isolation [34]. The identification of heterologous
genes that can partially or fully substitute a defective function in
yeast or that suppresses a conditional mutant has also permitted the
cloning homologues for many yeast genes. Such strategies have
revealed novel components in several biological phenomena in
eukaryotes, including plants. Several auxotrophic mutants in yeast
have been readily complemented by plant cDNA clones and a
putative protein kinase gene from Arabidopsis was identified by
suppression of yeast mutations affected in the mating response [35].
Genetic screenings on which the overexpression of plant cDNAs in
yeast confer drug tolerance have also been tested; yeast tolerant to
the drug diamine by overexpression of plants cDNAs has been
obtained [36].
The ease of yeast genetics prompted the design of artificial
selection systems for gene isolation and analysis. The well-defined
structures of some transcription factors in S. cerevisiae and
Escherichia coli gave the bases for the development of systems that
facilitate the dissection of biological processes that depend upon
protein-protein, DNA-protein or RNA-protein interactions. The
dissection of the S. cerevisiae GAL4 regulator into two functional

domains, a DNA-binding domain and a transcriptional activation
domain, and the fact that hybrid transcription factors can be
generated by using functional domains from different proteins,
allows the construction of in vivo systems to seek for these
macromolecular interactions. The first of these systems that was
developed is known as the "two-hybrid system" [37]. In this
system, a functional transcription factor is put together by the
physical interaction between two polypeptides, one containing the
DNA-binding domain and the other the transcriptional activation
domain [Figure 6(a)]. When searching for a protein that interacts
with a protein of interest, the interactive domain of the protein of
interest is fused to the DNA-binding domain of GAL4 and a
library, generally a cDNA library, is fused to the sequence
encoding the transcriptional activation domain of GAL4. The
interaction between both polypeptides occurs when each one of
them carries a protein interactive domain. The interaction leads to
the expression of a reporter gene that contains the DNA binding
sites for the regulator GAL4 in the promoter region, allowing its
easy identification. The two-hybrid system was useful to
demonstrate for the first time the interaction between a plant resis-
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Figure 6
Systems to analyze macromolecular interactions in Saccharomyces
cerevisiae. (a) The two hybrid system. This system is used to detect
protein-protein interactions. One or more reporter genes are under
the control of a promoter region that carries a known DNA binding site
(E) for a chimaeric transcription factor. Two components
get together to assemble the functional transcription factor.
One component is a
polypeptide carrying a known DNA binding
domain (db) fused to the protein-protein interacting domain of the
protein of interest, that
localizes this component to the promoter
region (E). The other component is a polypeptide containing
the activation domain (ac) of a
known transcription factor fused to the proteinprotein interacting domain (X); when searching for

an interacting partner of a protein of
interest, a library fused to
the activation domain is generated. An interaction between the
two components (right side) restores a
functional transcription
factor that induces expression of the reporter gene. (b) The onehybrid system. This system is based on the
originally described two-hybrid system and is used to isolate the DNA
binding factors of a known DNA binding site (E). A library is
generated by fusing to the activation domain of a known
transcription factor. A clone containing the DNA binding domain that
recognizes the DNA binding site (X) leads to the
expression of the reporter gene. (c) The reverse two-hybrid
system. This system is
used to characterize a known proteinprotein interaction domain. It has been designed in
such a way that the faithful interaction of the
two components in the two-hybrid system led to the expression of a reporter
gene that is toxic or required for host viability under
particular conditions. The dissociation of the protein-protein
interaction by mutation (dark area within X) results in the lack of
expression of the toxic reporter gene, allowing a
positive selection. A second positive selection is
performed to prevent the isolation
of non-sense mutations (40). (d) The reverse one-hybrid system. This
system is used to characterize a known DNA-protein interaction
and is based on the same principles as the reverse twohybrid system shown in (b). Mutations that dissociate the DNA-protein
interaction (dark area within X) result in the lack of expression of the
reporter gene.
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tance gene and the corresponding avirulence gene from the
pathogen [ 38]. The Pseudomonas syringae avirulence gene
product AvrPto interacts physically with the tomato Pto resistance
gene product. When this physical interaction is affected in the S.
cerevisiae system it also affects disease resistance in plants, and
vice versa.
Based on the two-hybrid system additional selection schemes have
been recently developed. The one-hybrid system is a variation of
the two-hybrid system and is designed to isolate DNA-binding
proteins of a known DNA-recognition element [39] [Figure 6(b)].
This system is used when the DNA binding site for a protein is
known but the gene encoding the protein is not available. A library
is fused to the activation domain of GAL4 and screened for the
activation of a reporter gene that contains the known DNA-binding
site in the promoter region. Other modifications are known as the
reverse two-hybrid and one-hybrid systems which are designed to
detect dissociation of known protein-protein and DNA-protein
interactions [40] [Figure 6(c), (d)]. These systems use modified
yeast strains where the macromolecular interactions are deleterious
for growth, favoring the selection of dissociation events. Recently,
the question of whether RNA-protein interactions could also put
together a transcription regulator resulted in the development of the
three-hybrid system [41]. This system uses a well characterized
RNA-binding site and RNA-binding domains in proteins to detect
RNA-protein interactions by means of trancriptional activation of a
reporter gene.
Analysis of Differential Gene Expression
From the totality of genes encoded in the genome of an organism,

only a small fraction is expressed in a particular cell type or under
a particular condition. The regulation of gene expression during
growth and development and in response to biotic or abiotic stimuli
can lead to changes in the level of accumulation of diverse
populations of transcripts. The characterization of genes expressed
during these different circumstances provides invaluable
information concerning many biological processes of interest.
Based on the changes in expression, strategies toward the
identification of genes that take advantage of the differential
patterns of their expression have been conceived.
The initial efforts to characterize differentially expressed genes
were based on differential screenings of cDNA or genomic
libraries. In these screenings, mRNA is isolated from plants
exposed to the desired experimental conditions or from tissues of
plants in particular stages of development. These types of
approaches mainly detect cDNAs representing abundant
transcripts. cDNA probes are then prepared from these mRNAs and
each one is used to screen a copy made from a cDNA library or
from a genomic library. After hybridization the copies of the filters
are com-
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Figure 7
Differential display of messenger RNA. mRNA from the organism
of interest is isolated under different desired conditions or from
different organs (X and Y). Each one of the samples is amplified by
using an oligonucleotide that primes anchored to the 3'-end,
generating the first strand cDNA, and a second oligonucleotide,
that primes the second strand synthesis of cDNAs, and permits
amplification by means of PCR. Samples are subjected to a
polyacrylamide gel electrophoresis and the differences in the

pattern of bands between them are scored. The bands showing
differences in intensity can be isolated and subjected to
reamplification by PCR; the resulting products are cloned and
analyzed.
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pared to each other and clones showing differences in the strength
of the signal are selected as putative differentially expressed
transcripts. Northern blot analysis is then performed to confirm the
differential expression of the clones [ 42,43].
A recently developed technique, known as mRNA differential
display, facilitates the identification of differentially expressed
genes between populations of transcripts [44] (Figure 7). In this
technique mRNA is isolated from the desired experimental
conditions and is subjected to amplification. Since amplification is
based on the polymerase chain reaction (PCR), it can cover a large
set of reactions with small amounts of mRNA and permits the
evaluation of more than two samples at the same time. It also
allows the simultaneous identification of differentially expressed
genes, including those poorly represented in a determined
population of transcripts. cDNAs are first generated from a subpopulation of mRNA by means of reverse transcription using
specific oligonucleotide primers anchored at the poly A region, 3'
end of the mRNA. These oligonucleotide primers, known as the
anchor primers, consist of oligo-dT that contains two additional
nucleotides in combination; in this way, twelve different primers
can be tested to cover all the possible transcripts. After this first
reaction, a second oligonucleotide primer is included and the
cDNA is amplified by PCR; this second primer is ten nucleotides
long and of random sequence. The amplified sequences are then
separated in a sequencing-type gel and the pattern of bands is
compared between the different samples. The bands of interest are
cut out from the gel slices, reamplified by PCR and used for
cloning and characterization.

The differential display technique has been a useful tool to study
several phenomena in plants, including hormone action [45], fruit
ripening [46], drought [47] and ozone stresses [48], and in
particular, this technique facilitates the analysis of processes on
which the amount of biological material is limiting as in early
development or during the early stages on the plant pathogen
interaction. Genes that are specifically turned on during
embryogenesis or that its expression is enhanced in infected plants
have been identified [49,50]. The differential display can also be
adapted to seek for specific types of genes. Primers encoding part
of conserved protein domains can be directed to the isolation of
particular classes of genes. This variation has been employed to
isolate new members of a zinc finger family [51].
Subtractive Cloning of Plant Genes
The differences between two genomes have provided means for the
de-
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Figure 8
Genomic subtraction. A small amount of wild-type DNA digested
with a restriction enzyme and an excess of sheared and biotinylated
DNA from a deletion mutant are combined. The mixture is subjected
to denaturation, allowed to reassociate and then applied to a column
containing avidin coated beads. Biotinylated DNA which includes
most of the wild type DNA associated with biotinylated mutant
DNA is retained in the column. The column eluate contains the
segments of wild-type DNA that are not present in the deletion
mutant, permitting the enrichment for such sequences. The

process of denaturation and reassociation is repeated several
times with new sheared and biotinylated mutant DNA. Then,
adaptor molecules are ligated to the ends of the DNA fragments
and subjected to amplification by PCR. The products are cloned
into a desired vector and the inserts are characterized.
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velopment of a technique for gene isolation that is based on the
cloning of DNA sequences that are present in one genome and
absent in another. The initial applications of this type of approach
were in the isolation of DNA sequences corresponding to large
differences, as in the human Y chromosome. In this case, DNA
from a male was digested with the restriction enzyme Sau3A1 and
mixed with an excess of sheared DNA from a female. DNA
samples were denatured, allowed to reanneal and cloned. Since the
Y-chromosome does not anneal with the shared female DNA, they
were the only DNA sequences that after reannealing generated
ends suitable for cloning, allowing the isolation of specific DNA
fragments from this chromosome [ 52,53]. In general, this type of
single subtraction permits the isolation of DNA sequences missing
in large chromosomal deletion but is not effective for small
differences between complex genomes.
More recently, a new strategy based on subtractive hybridization
was developed [54]. This strategy, named genomic subtraction,
enriches several folds for DNA sequences that are absent from the
deletion mutant by using several cycles of subtraction between the
annealed DNAs from wild type and the mutant samples (Figure 8).
In this strategy the wild-type DNA is digested with a restriction
enzyme, mixed with an excess of sheared and biotinylated DNA
from the deletion mutant; the mixture is then denatured and
allowed to reanneal. The sample is applied to an affinity column
containing an avidin matrix to bind the biotinylated DNA, allowing
the purification of the DNA sequences that are absent in the
deletion mutant. The DNA that does not bind to the avidin matrix
is subjected to several cycles of enrichment by rehybridizing to an
excess of sheared biotinylated DNA from the deletion mutant and

removing the excess in an avidin column. Adaptors are added to
the resulting DNA to allow amplification by PCR using primers
complementary to them; the amplified DNA segments are then
cloned and analyzed. Southern hybridization of genomic DNA
from the wild type and the deletion mutant lines is performed to
verify that the cloned DNA sequences will hybridize only to DNA
isolated from the wild-type line. This strategy was successfully
applyed to isolate the GA1 locus that is involved in gibberellin
response in Arabidopsis [55].
Targeted Inactivation of Genes in Plants
The inactivation of genes is an essential strategy when searching
the function of a specific gene as well as in gene manipulation. The
antisense RNA (minus strand RNA) has been the most frequently
exploited technology in plants to reduce the level of expression of a
desired gene [56].
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Antisense RNA was initially found as a mechanism regulating gene
expression in bacteria and in many eukaryotic organisms.
Antisense RNA was later successfully applied to inhibit gene
expression in animal and plant systems, permitting the generation
of transgenic organisms expressing reduced amount of specific
genes. Chimaeric antisense constructs are generally generated by
cloning a cDNA, or a fragment of it, from the gene of interest in an
opposite orientation under the control of a strong promoter. The
molecular mechanism by which antisense works is not clear, but
the recent discovery that in some instances the sense RNA is able
to mimic the action of antisense RNA suggests that a similar
mechanism may operate in both cases. In plants, antisense RNA
technology has been a tool in the analysis and manipulation of
many processes including development [ 57], virus resistance [58],
fruit ripening [59], flavonoid biosynthesis [60], seed oils [61], and
freezing tolerance [62].
Although the antisense RNA technology is widely used in plants, it
is not effective in turning off completely the expression of a gene.
For instance, an array of phenotypes is usually observed when
independent transgenic lines carrying the same construct are
analyzed; this phenomenon may lead to a misunderstanding of the
function of the gene of interest. Since the number of DNA
sequences from plants is rapidly increasing, technologies for the
functional analysis of genes are required. In an attempt to obtain
null mutation in a desired gene, strategies from other biological
systems are being adapted for plants. In animal systems, gene
targeting or gene replacement by homologous recombination is a
powerful technology to inactivate specific genes creating null
recessive mutations [63]. In plants, the development of this

technology is in its infancy; it has been mostly impeded by the low
frequencies of homologous recombination and the failure to
promote and detect homologous recombination events efficiently.
Only a few cases have been reported and most of them involve
homologous recombination that occurs between selectable markers.
In targeted inactivation of a gene of interest, the gene is replaced in
its natural location in the genome by means of homologous
recombination mediated by sequences of the same gene that are
interrupted by a selectable marker. The overall strategy consists of
the targeted insertion of a selectable marker in the locus of interest
and the use of a screenable marker located outside the region of
homology to distinguish between targeted and ectopic events
(Figure 9). Evidence has been presented for targeted disruption of
TGA3, a transcription factor in Arabidopsis thaliana using this
type of approach [64].
To overcome the inefficiencies of gene targeting in plants
alternative approaches are being considered. These approaches are
based on the identification of insertional mutations in the gene of
interest by means of
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Figure 9
Gene targeting. A construct containing the gene of interest interrupted by a
selectable marker is generated in vitro. A negative selection marker or a
screenable marker is included outside the sequences of the gene of interest
as a counterselection; this marker will facilitate distinguishing homologous
recombination from random recombination events. Homologous events
between chromosomal sequences and the introduced sequences can
be detected by means of PCR amplification. A primer containing sequences
from the selection marker and a primer containing chromosomal sequences
adjacent to the gene of interest are used for such purpose; random
insertions will not generate the expected amplification product.

the polymerase chain reaction. An insertion in the gene of interest
is identified by searching in a collection of transformed plant lines,
for the PCR amplification product of the junction fragment
generated between the inserted element and the desired gene
(Figure 10). This type of screening can select for heterozygous
lines permitting the analysis of the altered phenotype in the

progeny, and allows the identification of mutations in genes where
a mutant phenotype could not formerly be established. The
availability of collections of transformed plant lines with T-DNA or
transposon elements and the previous knowledge of the nucleotide
or amino acid sequence of the gene of interest is required for this
strategy. The PCR-based selection of insertion mutants has been
tested in petunia and maize using transposable elements [ 65,66],
and in Arabidopsis to identify mutations in actin genes from a
collection of plant lines carrying T-DNA insertions [67].
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Figure 10
Selection of insertional mutants in a gene of interest by means of PCR
amplification. Previous knowledge of the DNA sequence of the gene
of interest is required. The junction fragment between the insertional
element (a TDNA or a transposon) and the gene of interest is amplified from
DNA pools of mutant lines generated by insertional mutagenesis; a
random insertion will not render the expected product of PCR amplification.
Initially, pools of 100 plants can be screened, then, to identify the single
plant carrying the insertion in the gene of interest, rounds of
screenings in pools of small size are subsequently performed.

Genomics, a Contemporary View in Genetics
The advent of new technologies and strategies to manipulate the
genome has revolutionized the study of genetics. Genomics is a
new area of biology focused on the analysis, mapping and

sequencing of genomes. Large-scale sequencing efforts in model
organisms are having a profound impact on the understanding of
many biological phenomena occurring in living organisms. Despite
the initial skepticism based mainly in how to examine and decipher
large amounts of nucleotide sequences, many large-scale projects
are extending their goals and new projects are being initiated [ 68].
To date, the nucleotide sequence of two bacterial genomes,
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Haemophilus influenzae [ 69] and Mycoplasma genitalium [70], of
the autotrophic archaeon, Methanococcus jannaschii [71] and of
the model eukaryote the yeast Saccharomyces cerevisiae [28] has
been completed. There is also major progress in the sequencing of
other model organisms such as Caenorhabditis elegans, Drosophila
melanogaster, the human being and the plant Arabidopsis thaliana
[72]. The information generated by these sequencing efforts is
providing unlimited resources in biology and is changing in many
ways the focus and strategies of research.
As a result of the human genome project, the basis for inherited
diseases and mechanisms for their prevention is expected to arise.
In a similar manner, the results of genome projects in plants will
provide resources needed for crop improvement. The lack of
information in the genetics of most of the important agricultural
traits, impedes the design of proper strategies directed to crop
manipulation. Plant genome projects have been established mostly
for Arabidopsis thaliana and rice [73,74]. The size of the genome
of these two plants is among the smallest from the plant kingdom.
Arabidopsis has the smallest genome known for a plant, and rice,
which is about three times the size of Arabidopsis, has the smallest
genome among cereals. To date, physical maps of two of the five
Arabidopsis chromosomes as well as large extensions of some of
the rice chromosomes have been generated. Unlike rice, that is one
of the most important crops in the world, Arabidopsis has no
agronomic value. Arabidopsis is a plant of the family Cruciferae
that gained popularity as a model system to study plant biology.
Besides its small genome, it has a short life cycle, a small size and
a large production of seed that make it suitable for genetic studies
[75]. A multinational effort for large-scale sequencing of the

Arabidopsis genome is now under way; six groups of the
international community have initiated the sequencing from
defined regions of the genome based on segments of DNA cloned
in BAC and YAC vectors; the goal of the project is the completion
of 100 million nucleotide sequences by the year 2004. An
important consideration is that the results generated from the
genome studies in Arabidopsis and rice will have in many cases
direct application to crop species. Supporting this idea is the fact
that in plants there are several examples of conserved genomic
structure among different species. Conservation exists not only at
the nucleotide level of single genes but collinearity between
genomes has been observed. This is the case for grasses, where
synteny between species such as rice, barley, wheat and maize
exists [76].
The sequencing of cDNA clones has been an important part of
large-scale sequencing projects. The goal of these efforts is to
determine the nucleotide sequence from the major possible number
of expressed genes in an organism. In this strategy, a partial singlepass DNA sequence is generated from cDNAs randomly picked
from libraries. These clones, named
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EST for expressed sequence tag, have been extremely useful in
gene discovery and the number of them increases regularly in
model organisms. In plants, Arabidopsis and rice are the two
species with large numbers of EST clones, the current number of
EST is about 25,000 for Arabidopsis and 11,000 for rice. EST
clones are very useful in the comparative analysis of genes, in
many cases the amino acid sequence deduced from a new DNA
sequence gives a prediction on the possible function of the gene.
EST analysis can also provide information on the genes that are
highly conserved in plants or among several eukaryotes [ 77,78].
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SECTION II
APPLICATIONS OF MOLECULAR
BIOTECHNOLOGY FOR PLANT FOOD
PRODUCTION
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Chapter 6
Transgenic Plants for the Improvement of Field
Characteristics Limiting Crop Production
George J. Vandemark1,2
Introduction
Plants cultivated under field conditions normally do not realize the
maximum possible yields. One method for estimating the
magnitude of yield depression is to compare the highest recorded
yields with average yields. Boyer observed that in the United States
during the period up to 1975, average yields of several important
crop species were several times less than maximum recorded yields
[ 1]. Record yields were at least 4 times greater than average yields
for corn, wheat, soybeans, sorghum, oats and barley. These
observations suggest that (1) the genetic potential exists for very
high yields under optimal field conditions, and (2) average field
conditions are characterized by the presence of factors that
adversely affect production.
One way to estimate the relative magnitude of these adverse factors
is to analyze insurance claims by growers for crop losses. Table 1
presents such data for claims by growers in the United States
during the period 1939-1978. It can clearly be seen that the most
significant factors are abiotic, such as drought, excess water, cold
and hail. Biotic factors, such as insects and pathogens, are
apparently less destructive than abiotic factors. It should be
realized that the diminished effect of biotic factors on crop losses in

American agriculture may be the result of measures employed to
control insects and pathogens. Growers in developing nations
generally
1 Departamento de Biotecnología y Bioquímica, Unidad Irapuato,
Centro de Investigación y de Estudios Avanzados del Instituto
Politécnico Nacional, Apartado Postal 629, Irapuato, GTO. 36500,
México
2 Present address: U.S. Department of Agriculture, ARS, Pacific West
Area, Prosser, WA 99350-9687.
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TABLE 1. Distribution of Insurance
Indemnities for Crop Losses in the United
States from 1939 to 1978 [1].
Cause of Crop Loss
Payments (%)
Drought
40.8
Cold
13.8
Hail
11.3
Insect
4.5
Disease
2.7
Flood
2.1
Other
1.5

do not have adequate financial resources for the implementation of
control measures, such as the application of insecticidal and
fungicidal compounds, that are utilized by growers in more
economically developed nations.
The data presented in Figure 1 suggests a possible factor which
may in the future exacerbate production losses. Presently, the
increase in world population has exceeded the rate of increase in
total cultivated land. Between 1961 and 1995, the amount of
cultivated land has decreased from approximately 1.5 ha/person to
0.75 ha/person [ 2]. This increases the pressure to continually
improve yields on a global scale. Attempts to realize these
increases involve the use of superior varieties, improved cultiva-

Figure 1
Increase in world population and the total global area used for
agricultural purposes during the period 1961-1995 [2].
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tion techniques, and increasing the area under cultivation. The
latter factor often results in plants being grown in environments
that are at the limit of the plants' adaptive abilities. Increased
exposure of plants to adverse abiotic factors, such as drought and
cold, is often a consequence of cultivation in marginal
environments.
Regional inadequacies in food supply have resulted in severe
global problems, including famine and malnutrition; the data
presented in Figure 1 suggest that these problems will increase in
the near future if measures are not implemented to increase yields.
Agricultural production would increase with the development of
varieties with enhanced tolerances to adverse abiotic and biotic
factors. Classical breeding techniques have only had limited
success in the improvement of tolerances to abiotic factors such as
drought, cold and salinity. Phenotypes that are influenced by
environmental factors are by definition ''quantitative" traits.
Genetic determinants for the inheritance of quantitative traits
involve multiple loci which exert epistatic, pleotropic and additive
effects [ 3]. Improvement of such traits is often difficult because of
linkage between alleles conditioning tolerance to abiotic factors
and other alleles that are deleterious to plant performance.
Advances in molecular biology and plant transformation have led
to the production of transgenic plants that express various foreign
genes. The production of transgenic plants can be an efficient
method for improving specific phenotypes. If the incorporation of a
transgene into a plant genome results in the desired improvement,
more gain may be realized in this single "cycle" of selection than
could be obtained in several cycles of traditional plant breeding.

We will now consider the current advances and future prospects for
the development of transgenic plants having enhanced tolerances to
factors that adversely affect production. First we will examine
tolerance to abiotic factors, such as cold and drought; we will then
consider the development of transgenic plants with enhanced
resistance to deleterious biotic factors, including insect pests and
pathogens.
Increased Tolerance to Abiotic Stress
As previously noted in Table 1, abiotic stress factors are
responsible for the majority of crop losses. The increased
production of crops in areas that are at the margins of cultivation
results in the increased exposure of crops to adverse abiotic
stresses. Considerable efforts have been focused on the
development of transgenic plants that have increased tolerances to
abiotic stresses such as cold, drought, salinity and the
contamination of soil with toxic metals. Of course, it should be
realized that plants cannot be produced that have resistance to
extreme abiotic conditions resulting in gross structural damage,
such as floods, wind, or hail. Although sub-
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stantial progress has been made in the development of transgenic
plants with enhanced tolerances to specific forms of abiotic stress,
it should be noted that none of these transgenic varieties is
commercially available.
Production of Transgenic Plants with Enhanced Cold Tolerance
Lyon [ 4] has suggested that chilling injury in plants is initiated by
a phase transition of membrane lipids from a liquid crystalline to a
solid gel at 10° to 12°C. This temperature range correlates exactly
with that observed for the induction of chilling injury in
temperature sensitive tropical plants. This phase transition would
be followed by membrane constrictions that increase membrane
permeability while decreasing the reaction rates of most membrane
bound enzymes. Symptoms of chilling injury and tissue
deterioration would eventually result due to the inability of cells to
withstand changes in solute concentrations.
The temperature required for the phase transition of membrane
lipids is dependent on the degree of unsaturation of the membrane
fatty acids [5]. A phospholipid with two saturated fatty acid
molecules will have a phase transition temperature that is
considerably higher than a phospholipid containing unsaturated
fatty acids. For example, the liquid crystalline to solid gel transition
occurs at 58°C in 18:0/18:0 phosphatidylcholine (PC) [6], 3°C in
18:0/18:1 PC [7], and -22°C in 18:1/18:1 PC [7]. These values
suggest that phospholipids containing even one unsaturated fatty
acid moiety will not form a gel phase in plant membranes at
physiological chilling temperatures.
These observations have led several groups to compare the relative

amounts of unsaturated fatty acids in membrane lipids between
cold sensitive and cold tolerant plant species. Murata et al. [8]
compared the fatty acid compositions of phospholipids of leaf
membranes between 11 species of cold tolerant plants and nine
species of cold sensitive plants. Cold sensitive plants had a higher
abundance of 16:0 and 16:1t (trans - 3 - hexa-decanoic acid) in PG
than cold tolerant plants. Trans unsaturation is less effective than
cis unsaturation for reducing the temperature of phase transition
[9], and the authors suggested that a component of cold sensitivity
may be an abundance of 16:1t in the phosphatidylglycerol [PG] of
thylakoid membranes [8].
Murata [10] then determined the relative abundance of specific
combinations of fatty acid moieties in the PG of leaves from
species of cold tolerant and cold sensitive plants. A good
correlation was observed between cold sensitivity and the sum of
the relative contents of the 16:0/16:0 and 16:0/16:1t molecular
species. This sum varied from 26% of total PG (cyclamen,
Cyclamen persicum) to 65% (sweet potato, Ipomoea batatas) for
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the cold sensitive plants, and from 3% (wheat, Triticum aestivum)
to 19% (pea, Pisum sativa) in the cold tolerant plants. Of the cold
sensitive plants, sweet potato was the most sensitive and cyclamen
the least. Among the cold tolerant plants, wheat was the most
tolerant and pea the least. These results are in agreement with those
of Nishihara et al. [ 11], who calculated that the 16:0/16:0 +
16:0/16: It content was 14% of the total PG in spinach (Spinacia
oleraceae), a cold tolerant plant, but the same content was 43% in
soybean (Glycine max), a cold sensitive plant. Roughan [12]
determined that unsaturated PG molecular species accounted for
less than 25% of the total leaf PG from a sample of cold tolerant
species and between 50% - 60% of the total leaf PG from a range
of cold sensitive plants.
Murata and Yamaya [13] tested if a phase shift could occur in leaf
membranes due to the presence of unsaturated fatty acid moieties
in PG. Seven major classes of lipids: phosphatidylglycerol (PG),
phosphatidyl-ethanolamine (PE), phosphatidylcholine (PC),
phosphatidylinositol (PI), monogalactosyl diacylglycerol (MGDG),
digalactosyl diacylglycerol [DGDG] and sulfoquinovosyl
diacylglycerol (SQDG) were isolated from the leaves of a cold
sensitive plant and a cold tolerant plant. All classes of lipids
isolated from a cold tolerant plant (spinach) had transition
temperatures below 5°C. Of the lipid classes isolated from leaves
of a cold sensitive plant (sweet potato), the phase transition of PG
occurred at 32°C, while the phase transition temperatures of all
other lipid classes was below 5°C.
The previously mentioned reports suggested that cold tolerance
was probably conferred in part by the presence of nonsaturated

molecular species of leaf PG. These species would undergo a phase
shift from liquid crystalline to solid gel at temperatures that are
below the physiological threshold for the induction of cold injury
(10-12°C). These observations suggested that it might be possible
to produce transgenic plants with enhanced cold tolerance through
the increased production of unsaturated fatty acids in leaf PG.
Modification of Fatty Acid Desaturation in Transgenic Plants
The first successful production of transgenic plants with modified
cold tolerances was realized by Murata et al. [14]. Transgenic
plants were produced of tobacco (Nicotiana tabacum) because of
the relative ease of producing transgenic tobacco by Agrobacterium
tumefaciens mediated transformation of leaf discs [15]. A cDNA
containing the full length precursor of glycerol-3-phosphate
acyltransferase (GPAT) from Arabidopsis [16], including the 5' and
3' regulatory regions, was cloned downstream of the cauliflower
mosaic virus (CaMV) 35S promoter, producing pARA [14].
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A cDNA consisting of the mature protein region of GPAT from
squash (Curcurbita pepo) [ 17] was ligated to a cDNA which coded
for the transit peptide of the small subunit of pea Rubisco [18]. This
construct was then cloned downstream of the CaMV 35S promoter,
producing pSQ [14]. These two constructs, pSQ and pARA, both
contain the necessary domains for the transport of the GPAT preprotein to the plant chloroplast, where it is processed to its active
form.
Transgenic tobacco lines were produced that contained the
transgenes present in either pARA or pSQ [14]. Transgenic control
lines containing just the binary vector pBI121 were also produced
to verify that any changes in fatty acid content were not simply due
to the experimental conditions employed for plant transformation
and regeneration. Immunoblotting indicated that the product of
both transgenes constituted 0.1-1.0% of total soluble leaf protein
[14]. This confirmed the overexpression of both GPAT genes in
transgenic plants, as the endogenous level of this protein in nontransformed plants was .01% of total soluble leaf protein [14].
Analysis of seperate lipid classes present in the leaves of transgenic
plants indicated that only the fatty acid composition of PG was
altered [14]. Lines transformed with pSQ had 12% cis-unsaturated
fatty acids (18:1 + 18:2 + 18:3) in PG, whereas lines transformed
with pARA had 36%. Untransformed control lines and control lines
transformed with pBI121 both contained approximately 32% cisunsaturated fatty acids in PG. These results demonstrate the
presence of both a reduction and an increase in cis-unsaturated
fatty acids due to the respective over expression of the squash and
Arabidopsis GPAT genes.

The differences in the proportion of cis-unsaturate fatty acids in the
PG of transgenic lines reflect the differences in acyl group
specificity between the two enzymes. In squash, a cold sensitive
species, GPAT has a preference for incorporating saturated acyl
groups at the sn-1 position of PG [19]. In contrast, in Arabidopsis, a
cold tolerant species, the enzyme preferentially incorporates a cisunsaturated acyl group (18:1) at the sn-1 position of PG [16]. The
differences in specificity between the two enzymes are reflected in
the relative proportions of cis-unsaturated fatty acids present in the
PG of leaves of both species. Squash has only 18% (18:1 + 18:2 +
18:3), whereas the content in Arabidopsis is 40% [14].
The cold sensitivity of transformed lines was assayed by two
methods [14]. In the first method, plants were exposed to 1°C for 4
h and then returned to 27°C to evaluate the effect of cold treatment
on the evolution of photosynthetic oxygen. The degree of reduction
in photosynthetic activity measured 1 h after the cold treatment,
relative to oxygen evolution before the cold treatment, was 25 ±
11%, 88 ± 12% and 7 ± 3% in the pBI121 (control), pSQ and
pARA transformants, respectively (Figure 2) [14].
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Figure 2
Chilling induced damage to the
photosynthetic activity of leaves of
transgenic tobacco plants: (a)
transgenic control; (b) transformant
with pSQ; (c) transformant with
pARA. A 10 cm2 disc obtained from an
intact leaf was placed in a
temperature-controlled chamber
equipped with an oxygen electrode. The
leaf disc was illuminated during the whole
experiment at 27°C and 1°C with white light
at an intensity of 300 W/m2. Oxygen
evolving activity of the leaf disc at 27°C
was measured at intervals of 8 min [ 14].
[Reprinted with permission from Nature (N.
Murata et al. 1992. 356:710-713).

Copyright 1992. Macmillan Magazines
Limited.]

The second assay evaluated visible damage to plants due to cold
treatment. Plants were exposed to 1°C for 10 days and the degree
of chlorosis and leaf deterioration was noted two days after
returning the plants to 25°C. The wild type and pBI121
transformed plants both exhibited mild chlorosis, whereas the
pARA transformants had no dead leaves and exhibited less
chlorosis than either the wild type or pBI121 transformed lines.
This study provided clear evidence of the feasibility of producing
transgenic plants with enhanced cold tolerance by modifying the
content of unsaturated fatty acids in leaf glycolipids.
Wolter et al. [20] produced transgenic lines of A. thaliana that
overexpressed the GPAT gene from Escherichia coli. The GPAT
gene (plsB) product preferentially uses the saturated fatty acid 16:0
for acylation of membrane lipids at the sn-1 position [21,22]. Two
independently trans-
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formed lines, #4 and #6, were evaluated for expression of the
bacterial GPAT gene, lipid composition, and cold tolerance.
Membrane fractions were isolated from wild type and transgenic
lines to evaluate GPAT activity. Transgenic lines #6 and #4, both of
which express the bacterial GPAT transgene, had an 8-fold and 4fold increase in membrane GPAT activity, respectively, as
compared to GPAT activity in membranes of control plants [ 20]. A
decrease in the content of C18 unsaturated fatty acids at the sn-1
position of PG was observed in the transgenic lines. The wild type
plants had a content of 18:1 + 18:2 + 18:3 of 69%, whereas the
transgenic lines #4 and #6 had 33% and 39%, respectively.
Transgenic and control plants were then subjected to cold stress by
growing the plants at 4°C for 7 d and then returning the plants to
20°C [20]. Both transgenic lines exhibited browning and necrosis
of leaves 2 days after the termination of the cold stress, whereas the
control plants did not exhibit these symptoms. In order to confirm
that the expressed phenotypes were not simply the consequence of
a general reduction of fitness in the transgenic lines, both
transgenic lines and wild-type plants were subjected to heat stress
at 42°C as described by Hugly et al. [23]. No discernable
differences were noted between the transgenic and control lines in
response to the heat stress. This indicated that the increased
sensitivity to cold observed in the transgenic lines was not the
result of a general decrease in stress tolerance, but rather was due
to an increase in the proportion of saturated fatty acids in
membrane PG.
Kodama et al. [24] produced transgenic tobacco plants that
expressed a chloroplast w-3 fatty acid desaturase gene from

Arabidopsis. The gene (fad7) was isolated from a cDNA library of
A. thaliana using as a probe an endoplasmic recticulum-localized
w-3 desaturase gene from rapeseed (Brassica napus) [25]. Mutants
of Arabidopsis at the fad7 locus are characterized by a decrease in
chloroplast membrane lipids in the production of 16:3 and 18:3
fatty acids, and an increase in 16:2 and 18:2 fatty acids [26].
Expression of the wild-type fad7 cDNA in transgenic fad7 mutants
of Arabidopsis resulted in the restoration of wild-type fatty acid
composition [27].
Kodama et al. [24] transformed tobacco with pTiDES7. This
plasmid contains the full length fad7 cDNA under the
transcriptional control of the CaMV 35S promoter. The p501-17
vector, a derivative of pBI101 that does not contain the fad7
cDNA, was used for the production of transgenic control plants.
The fatty acid profile of leaves was compared between wild type,
control transgenic (p501-17), and transgenic (pTiDES7) lines.
Three transgenic lines produced from independent transformation
events all had considerably increased amounts of both 18:3 and
16:3 and decreased amounts of 16:2 and 18:2 compared to the wild
type and transgenic control lines [24]. The total content of trienoic
fatty acids (16:3 + 18:3) increased
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by approximately 10% in the transgenic lines as compared to the
wild-type profile. The wild-type and transgenic control (p501-17)
lines did not significantly differ in their respective fatty acid
profiles.
The cold tolerances of the wild-type, transgenic control and
transgenic (fad7) lines were evaluated [ 24]. Seedlings grown at
25°C were transferred to 1°C for 7 d and then grown again at 25°C
for 5 days. The relative growth rate (RGR) of the second leaf of
each plant was calculated as follows: RGR = (ln At - ln Ao)/t [1];
where Ao and At are the initial and final leaf areas and t [d] is the
duration of incubation at cold temperature [24]. The RGRs of the
wild-type and transgenic control lines were reduced by 60 and 40%
respectively, as compared to their RGRs at 25°C. The RGRs of the
transgenic (fad7) lines were only reduced by 10%, as compared to
the RGRs of the same lines at 25°C. These results indicated that the
suppression of RGR in the wild-type and transgenic control lines
due to cold stress was largely alleviated by the expression of the
fad7 transgene. Plants were also evaluated visually for chlorosis 3
d after being returned to 25°C following the cold treatment. Over
50% of the wild-type and transgenic control plants exhibited
chlorosis, whereas less than 10% of the transgenic plants (fad7)
were chlorotic (Table 2) [24].
Ishizaki-Nishizawa et al. [28] realized the most recent example of
the genetic engineering of plants for cold resistance by the
incorporation of transgenes which increase the proportion of
polyunsaturated fatty acids in leaf membranes. The transgene used
in this study was the delta-9-desaturase gene (des9) from the
cyanobacterium Anacystis nidulans, which functions by

introducing a cis-double bond at the delta-9 position of fatty acids
[29].
TABLE 2. Visual Assessment of Leaf Chlorosis in Tobacco
Plants Exposed to 1°C for 7 d and Then Transferred to 25°C
for 3 d.
Plants with
Total Number
Plant Line
Leaf Chlorosis
of Plants (n)
Experiment 1
5
9
WT
0
9
SRT-1
Experiment 2
7
10
WT
5
10
EV
1
10
SRT-1
1
10
SRT-5
0
10
SRT-6
WT = non-transgenic control. EV = transgenic control. SRT =
pTiDES7 transgenic lines. Copyright American Society of
Plant Physiologists. Reprinted by permission from H. Kodama
et al. 1994. Plant Physiology 105:601-605.

Page 228

Tobacco plants were transformed with a chimeric des9
transformation vector, pRbcs-des9 [ 28]. This construct consisted of
the 5' end of des9 ligated to the 3' terminus of the transit peptide of
the small subunit of pea Rubisco (pRbcs) [18]. This chimeric
fragment was placed under the transcriptional control of the CaMV
35S promoter. Control transgenic lines were produced by
transforming tobacco with the vector pBI121 [28]. The fatty acid
composition of total membrane lipids in leaves and roots was
compared between the control line and a selected pRbcs-des9
transgenic line (D9-1). The levels of saturated fatty acids (16:0 +
18:0 + 16:1t) in leaves and roots of D9-1 were reduced 38% and
39%, respectively, as compared to control plants [28]. The levels of
monounsaturated fatty acids (16:1 + 18:1) in the leaves and roots of
D9-1 were increased 16.6 fold and 8.8 fold, respectively, as
compared to controls.
The cold tolerances of D9-1 and the control plants were compared.
When plants were exposed to 1°C for 11 d, the control plants
exhibited chlorosis which was absent in similarly treated D9-1
plants [28]. This indicated that D9-1 was tolerant of extreme
conditions of cold stress. Seeds were germinated at 10°C and
grown at this temperature for 52 d. The control plants exhibited
chlorosis but the D9-1 plants retained a color similar to that
observed for plants grown at normal temperatures (25°C). This
indicated that the D9-1 plants were capable of normal rates of
chloroplast biogenesis under conditions of moderate cold stress.
Seeds were germinated at 10°C and plants were grown at this
temperature for 70 d to evaluate the effect of long term moderate
cold stress on growth. The surface areas of the primary and
secondary leaves were not significantly different between D9-1

plants and controls. However, these leaves were extremely
chlorotic in the control plants, whereas the leaves from D9-1 plants
did not exhibit chlorosis. This provides a final example of the
genetic engineering of plants to be more cold resistant by the
incorporation of transgenes that increase the proportion of
polyunsaturated fatty acids in leaf membranes.
Cold Tolerance Due to the Expression of Antifreeze Protein Genes
Another approach for the development of plant varieties with
enhanced cold tolerance has focused on the expression in
transgenic plants of genes from certain artic and antartic fishes that
code for antifreeze proteins (AFPs). AFPs are produced by certain
marine fish to prevent serum freezing during periods of subzero
ocean temperatures. These proteins lower the serum freezing point
in fish by binding to ice crystals and preventing further growth of
the crystals [30]. AFPs have also been shown to inhibit ice
nucleation by Erwinia herbicola [31], inhibit ice recrystallation [32]
and protect cells from damage at subzero temperatures [33].
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The best characterized AFP is the alanine-rich Type I AFP
produced by the winter flounder (Pseudopleuronectes americanus).
The active protein is a single amphipathic alpha helix, with a length
of 37 amino acids [ 34]. AFP production in winter flounder is
seasonal, occurring predominantly during the winter months [35].
The alpha helix content of the Type I AFP is temperature
dependent. At - 1°C, the alpha helix content is approximately 85%;
at 25°C, approximately 47%; and at temperatures above 70°C the
protein structure is a random coil [36]. Southern blot analysis has
shown that the AFP genes consist of a multigene family, with
winter flounder having between 30-40 copies of the AFP gene [37].
Initial attempts to exploit AFPs for the production of cold tolerant
plants focused on the effects of exposure of plant tissues to AFP.
Winter flounder AFP, when vacuum infiltrated into leaves of potato
(Solanum tuberosum), canola (Brassica napus) and A. thaliana,
resulted in significant decreases in the freezing temperature of
these tissues relative to control leaves infiltrated with water [38].
This demonstrated the ability of AFP to function as an inhibitor of
ice nucleation in plant tissue. Exposure of suspension cell cultures
of bromegrass (Bromus inermis) to AFP resulted in a decrease in
the amount of freezable water at any given temperature within a
range of -1 to -36°C [38]. This indicated that AFP could serve as a
cryoprotectant for plant tissues. Bromegrass suspension cells
exposed to AFP also had reduced rates of ice crystal formation as
compared to water infiltrated controls [38]. These observations
suggested that it might be possible to produce cold resistant
varieties by the expression of fish AFP genes in transgenic plants.
The successful use of AFP in transgenic plants is dependent on the

accumulation of AFP in these transformed lines. Kenward et al.
[39] produced transgenic tobacco plants which expressed the wildtype AFP gene from winter flounder under the regulatory control of
the CaMV 19S promoter and the NOS polyadenylation sequence.
Northern blot analysis confirmed the presence of AFP transcripts in
transgenic plants, but no AFP could be detected by Western blot
[39]. Transgenic lines were then incubated for 24 h at 4°C and then
were re-evaluated for the presence of AFP. Protein extracts from
these transgenic lines contained a peptide that co-migrated with
winter flounder pro-AFP and cross reacted with anti-AFP
antibodies. AFP levels in transgenic lines increased gradually over
a period of 48 h exposure to 4°C, then remained stable [39].
The difference in Western blot results between transgenic plants
incubated at 20-25°C and those incubated at 4°C suggested that
AFP accumulation is controlled by post-transcriptional
mechanisms, as the levels of AFP mRNA did not vary significantly
between cold treated plants and plants grown at 20-25°C [39]. The
accumulation of AFP at 4°C was attributed to both a decrease in
AFP mRNA degredation and an increase in
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the stability of AFP at low temperatures [ 39]. These results were in
agreement with those of Davies et al. [40], where the levels of AFP
in winter flounder decreased as seawater temperatures increased.
The reduction in alpha helix content of AFP associated with
increasing temperatures [36] possibly makes the protein more
susceptible to proteolytic degradation. These results suggest that in
transgenic plants, AFP may be recycled during warm weather, but
should accumulate as temperatures decrease to levels that can
induce chilling injury in plants. As of yet, the expression of AFP
genes in transgenic plants for the development of cold tolerant
varieties is still speculative, as no reports have been published that
conclusively demonstrate in planta the cold tolerance of these
transgenic lines.
Increased Tolerance in Transgenic Plants to Trace Metals in Soils
Industry and agriculture are responsible annually for the
mobilization of thousands of tons of trace metals into the
biosphere. The annual total toxicity of all mobilized metals exceeds
the combined total toxicity of all radioactive and organic wastes
produced each year [41]. These metals, including aluminum,
mercury, and cadmium, are toxic to plants when present in
concentrations approaching a few parts per million (ppm) [41].
Although developed nations are generally reducing their annual
output of these toxic metals, the total amounts liberated annually
on a global scale are increasing [41]. This is due to the increased
liberation of these metals by industry and agriculture in developing
nations, where the pressures to advance economically often leads to
practices that are irresponsible with regard to the control of
environmental contamination. We will now consider the

development of transgenic plants that have enhanced tolerances to
various toxic trace metals.
Aluminum Tolerance in Transgenic Plants
Acid soils account for about 40% of the arable land worldwide
[42]. Aluminum (Al3+) toxicity is an important factor in limiting
plant growth in soils possessing a pH of less than 5.5 [43]. The
application of lime to increase soil pH can reduce the occurrence of
aluminum toxicity in plants, however this method is often not a
viable alternative for growers of limited economic resources [42].
Symptoms of aluminum toxicity in plants include overall stunting,
purpling of leaves, veins and stems, and rolling of young leaves
[42]. Root systems become thickened and turn brown, and lack
extensive branching of lateral roots [42].
The primary site of aluminum toxicity in many crop species
appears to be the root apex [44]. Ryan et al. [44] demonstrated in
maize (Zea mays)
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and wheat that root elongation was inhibited only when root apicies
were exposed to Al3+, whereas exposure of the remainder of the
root to Al3+ did not inhibit elongation. Delhaize et al. [ 45] stained
roots of near isogenic lines of wheat differing only in susceptibility
to Al3+. Roots were stained with hematoxylin, which binds Al3+ to
form a violet colored complex. Roots of susceptible plants were
stained more intensely than roots of tolerant plants. Sensitive plants
had 3 to 8 fold more aluminum in the root apex than tolerant plants,
suggesting that a mechanism of tolerance to Al3+ is its exclusion
from the root apex [45].
In wheat [46] and maize [47], aluminum tolerance has been
positively correlated with an increase in the release of organic
acids, such as malate and citrate, into the rhizosphere. Miyasaka et
al. [48] have proposed that the excretion of organic acids conditions
tolerance to aluminum by the chelation of Al3+ outside the plasma
membrane, thus preventing its uptake by root apices. The addition
of citrate or malate to plant tissue culture media decreases the
toxicity of a given concentration of Al3+, with citrate being a more
effective inhibitor of toxicity than malate [49]. In plant cells, citrate
is synthesized by the action of the enzyme citrate synthase (CS).
The observed effects of the addition of citrate on Al3+ toxicity [49]
suggested that it might be possible to genetically engineer tolerance
to Al3+ by the overproduction of citrate in transgenic plants.
De la Fuente-Martínez et al. [50] produced transgenic tobacco and
papaya (Carica papaya) plants that expressed a bacterial citrate
synthase [CS] gene isolated from Pseudomonas aeruginosa [51].
The CS gene was placed under the transcriptional control of the
CaMV 35S promoter and the NOS polyadenylation sequence prior

to its introduction into the genomes of tobacco and papaya. Several
transgenic tobacco lines expressing the 35S-CS construct had
between 2- to 3-fold higher levels of CS in their cytoplasm than
control plants [50]. The presence of bacterial CS in the transgenic
lines was confirmed by Western blot analysis using an antibacterial CS antibody that could not cross react with with tobacco
CS. HPLC analysis indicated that the 35S-CS transgenic lines had
up to 10-fold higher levels of citrate in their roots than transgenic
control lines [50]. The increase in citrate levels in the 35S-CS
transgenic lines was accompanied by up to a 4-fold increase in the
exudation of citrate from roots, as compared to levels of control
plants.
The aluminum tolerance phenotypes of the 35S-CS lines were
evaluated by measuring the effect of increasing concentrations of
Al3+ on root growth. The inhibition of root growth was
significantly less in the 35S-CS lines than in the control line over a
concentration range of 75-200 µM Al3+ [50]. Seedlings were
germinated directly on media containing Al3+ to evaluate the effect
of citrate overproduction on root development. At concentrations
higher than 300 mM, root growth and root hair
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development was completely inhibited in control plants. Root
growth and the development of root hairs was less inhibited in the
35S-CS lines than in control lines at any given concentration of
Al3+. The rate of root growth of each 35S-CS line positively
correlated with both levels of CS activity and citrate content in
roots.
Results obtained from the hematoxylin staining test confirmed that
the increased tolerance to Al3+ of the 35S-CS lines was due to the
decreased uptake of Al3+ by roots. Under standard conditions, 35SCS lines had a much reduced degree of staining as compared to
controls, indicating that these tolerant plants took up less Al3+ into
their root apices [ 50]. The relative degree of staining among 35SCS lines was inversely proportional to endogenous CS activity,
with lines having the highest CS activity being stained least. These
results indicated that aluminum tolerance in the 35S-CS transgenic
lines was due to the inhibition of Al3+ uptake by roots, and that the
level of tolerance was positively correlated with the expression
level of the 35S-CS transgene.
Similar to the results obtained for tobacco, 35S-CS transgenic lines
of papaya contained 2- to 3-fold higher levels of CS activity than
transgenic control lines [50]. Root development was completely
inhibited in control lines exposed to 50 mM Al3+. Under these
conditions, the control plants were also incapable of both
expanding existing leaves and producing new leaves. The 35S-CS
transgenic lines were capable of normal growth and root
development even when exposed to 300 µM Al3+ [50].
The results presented by De la Fuente-Martínez et al. [50] represent
the only example of the production of transgenic plants with

increased tolerance to aluminum. These results also demonstrate
that the protective effect of citrate overproduction is more evident
in plant species such as papaya, which is more sensitive to
aluminum than is tobacco. The logical extension of this research
would be field testing of the 35S-CS transgenic lines and the
control lines in environments having different soil concentrations
of Al3+.
Mercury Tolerance in Transgenic Plants
Contamination of soil and water by mercury (Hg) is a problem
observed in all regions of the world. This contamination is
primarily the result of the use of mercury in industrial applications
such as gold mining, chlorine production, and as a pigment in
paints. Mercury is also used as a seed and bulb dressing for the
control of bacterial and fungal diseases, and as a fungicide for the
control of diseases of fruit trees. Total worldwide emissions of
mercury into soils have been estimated to be between 2.2-18 × 106
kg/yr [41]. Most of the mercury in the soil is present as ionic Hg2+
[41]. Mercury has no known beneficial biological function
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[ 52]. Soil levels of mercury in unpolluted environments vary
between 10-20 ppb, with polluted areas often having levels that are
several thousand-fold higher [53]. Concentrations in the range of 520 ppm are generally considered to be lethal to plants [54].
In gram-negative bacteria, mercury resistance is controlled by an
operon of genes [mer] which are transposon borne [52]. The best
characterized of these genes is merA, which codes for an inducible,
NADPH-dependent mercuric reductase [55]. The merA gene
product catalyzes the reduction of Hg2+ as follows [55]:
where RSHg+ is a thiol-containing organic salt of mercury. Hg0,
which is non-ionic and less toxic than Hg2+, is then volatized away
from the cell [55].
The genetic control of mercury tolerance in higher plants is poorly
understood [56]. Initial attempts to express merA in transgenic
plants were unsuccessful [54]. This was probably due to the
original 1695 bp merA gene possessing a reading frame that was
skewed towards GpC-rich codons [57], which are uncommon in
plant genes [58]. Rugh et al. [54] produced transgenic plants of A.
thaliana that expressed a modified merA gene. This gene was
modified by the addition of a consensus sequence for translation in
plants, AACCACA [59], upstream of the ATG initiation codon, and
by PCR mediated modification of merA codons 287-336 to better
reflect plant codon usage. This modified merA gene, called
merAApe9, was then placed under the transcriptional control of the
CaMV 35S promoter and the NOS polyadenylation sequence prior
to its expression in transgenic plants.

Tolerance to Hg2+ in transgenic lines expressing the merAApe9
construct was evaluated by growing plants in media containing
HgCl2. Transgenic lines expressing merAApe9 exhibited seed
germination, seedling growth, flowering and seed set in media
containing 25-100 µM Hg2+ [54]. Control lines rarely exhibited
seed germination, and all control seedlings died on media
containing 50-100 µM Hg2+. The reduction of Hg2+ to Hg0 was
evaluated using a mercury vapor analyzer. Transgenic lines
expressing merAApe9 were significantly more efficient than
control lines in reducing Hg2+ to volatile Hg0 [54]. Northern blot
analysis was used to assay levels of the merAApe9 mRNA in
several transgenic lines. Transgenic lines that transcribed greater
quantities of merAApe9 mRNA were more efficient at reducing
Hg2+ to Hg0 than less actively transcribing lines (Figure 3). These
results indicated that increased tolerance to Hg2+ in transgenic
lines was due to the expression of the merAApe9 gene.
The results of Rugh et al. [54] demonstrate the feasibility of
producing
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Figure 3
Correlation of merA Ape9 RNA expression levels
and MerA Ape9 reductase activity in transgenic
tobacco plants. Northern blots of total RNA from
selected transgenic lines were probed with
sequences specific for merA Ape9 and 18S rRNA.
The levels of merA Ape9 transcripts were
quantified on a PhosphorImager and normalized
to 18S rRNA levels. The quantity of Hg0 evolved
was calculated from results of the mercury
vapor evolution assay [ 54].
(Reprinted
from Rugh et al. 1996. Mercuric ion
reduction and resistance in transgenic
Arabidopsis thaliana plants expressing a
modified bacterial merA gene. Proc. Natl.
Acad. Sci. USA 93:3182-3187.
Copyright 1996.
National Academy of Sciences, U.S.A.)

transgenic plants with enhanced tolerance to mercury contaminated

soil. This approach may facilitate cultivation of plants in
contaminated soils, but a more important application might be the
use of transgenic plants in a program of bioremediation. The use of
transgenic lines that reduced Hg2+ would result in the production
of Hg0, which is volatized into the atmosphere. This should be
followed by the dispersal of Hg0 by air currents, resulting in a
more uniform distribution of mercury in the environment.
Cadmium Tolerance in Transgenic Plants
Cadmium (Cd) is liberated into the environment through its use in
steel mills, foundries, batteries, and phosphorus fertilizers [60].
Cadmium is easily absorbed by plant roots and translocated to
shoots [61]. Symptoms of cadmium toxicity include leaf chlorosis
[62] and stem curling [63]. It is toxic to plants when present in soil
at concentrations as low as 10 ppm [62].
Metallothioneins (MTs) are a class of low-molecular-weight
proteins synthesized by most prokaryotic and eukaryotic organisms
[64]. MTs
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consist of a single polypeptide of 61 amino acid residues, of which
20 are cysteines that chelate several different bivalent cations,
including Cd2+ [ 64]. The chelating activities of MTs suggested
that they might be of use in the development of plants with
enhanced tolerance to cadmium.
Pan et al. [65] produced transgenic plants that expressed a mouse
MT gene. This gene from plasmid pBX-MT1 [66] was cloned
under the transcriptional control of the CaMV 35S promoter and
the NOS polyadenylation sequence. The resulting plasmid, pBIN
19-mMT1, was used to transform tobacco [65]. Putative
transformants were cultured on media containing 100 µM Cd2+.
Ten transgenic lines were identified that grew normally in media
containing 200 µM Cd2+. Untransformed controls exhibited severe
chlorosis and stunting in media containing 100 mM Cd2+.
Seeds were produced by self pollinating three transgenic lines [65].
These R2 generation seeds were plated on media containing 100
µM Cd2+. The seedlings were evaluated at 3 wk for root growth.
Seedlings could easily be classified into two groups: one with an
average root length of 4.0 cm (Cd tolerant), and another with an
average root length of 0.5 cm (Cd sensitive). A chi-squared
analysis of the R2 seedlings supported a 3 tolerant: 1 sensitive
ratio. This indicated that the cadmium tolerance phenotype was
inherited as a single locus, due to the incorporation of the mouse
MT gene into the genomes of the transgenic lines. The results of
Pan et al. [65] demonstrated the feasibility of engineering cadmium
tolerance in transgenic plants. Current efforts are focused on
selectively expressing the mouse MT gene in the roots of
transgenic plants [65]. The objective is to sequester cadmium in

non-consumable plant parts. This would significantly reduce health
risks [67] to consumers which could result from the ingestion of
plant parts containing elevated levels of cadmium.
Enhanced Tolerance to Drought and Salinity
The most serious factor limiting crop production on a worldwide
scale is certainly the lack of water, or drought stress [1]. The U.S.
Department of Agriculture (USDA) has estimated that over 25% of
the total area of cultivated soils in the United States is subject to
drought stress [68]. Boyer [1] has noted that from 1939 to 1978
over 40% of the total insurance indemnities for crop losses in the
United States were due to drought. A drought during 1983 caused
American growers to lose an estimated $10 billion, including over
50% of the annual corn crop [69].
Another form of water stress for plants is excessive salinity of
available water, which is more prevalent in semi-arid and irrigated
agriculture [70]. Excess salinity can have such profound effects as
to force a change in the predominate cultivated crop in an affected
region. The Pajaro Valley of
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California, the most important region in the United States for the
production of strawberries (Fragaria x ananassa), is currently
suffering from excess salinity. This is forcing growers to change
from the cultivation of strawberry to that of artichokes (Cynara
scolymus), a salt tolerant but much less valuable crop [ 71].
Both drought and salinity stress make it difficult for plants to
maintain the water content of tissues. McCue and Hanson [72] have
identified four levels of evolutionary mechanisms used by plants
for adapting to conditions of drought or salinity stress. The most
complex level, that of developmental changes, involves the
interaction of multiple loci. Realizing changes on this level through
genetic engineering will be most difficult, as plant genetic
engineering is currently limited to the incorporation of single
dominant genes. However, at the level of biochemical changes on a
cellular scale, genetic engineering may be more effective, as these
adaptations are primarily due to the action of single genes.
Drought or salinity stress is addressed at the cellular level by the
accumulation of solutes. This process, generally referred to as
''osmoregulation" [73], serves to maintain turgor pressure within a
plant cell. These solutes, when present cellularly in high
concentrations, must not interfere with normal processes of
metabolism. A class of small organic compounds appears to
function as osmoprotectants by serving as the accumulating
solutes. This class of osmoprotectants includes glycine betaine [74],
proline [75], choline O-sulfate [76] and hydroxyproline betaine
[76]. Besides maintaining turgor pressure, these osmoprotectants
appear to also influence protein structure and stability [77]. Proline
is known to increase the solubility of proteins [69]. Other

osmoprotectants in plant cells include sugar alcohols such as
mannitol and sorbitol [78].
One of the first reactions to water stress on a cellular level is
hardening of the cell wall [79]. This serves to limit cell expansion
and reduce further demands for water. Chazen and Neumann [79]
subjected corn leaves to in vitro drought stress by the addition of
polyethylene glycol (PEG). They observed that cell wall hardening
was initiated within two minutes of the addition of PEG. The
addition of mannitol or NaCl to solutions used for the immersion of
leaves also induced cell wall hardening, suggesting a role for
mannitol in the cellular response to drought stress.
In response to drought or salinity stress, another adaptive
mechanism of plants is the production of fructans. Fructans are
polyfructose molecules used by approximately 45,000 plant species
as the main storage carbohydrate [80]. Hedry [81] has suggested a
role for fructans in drought tolerance based on (a) the historical
increase in fructan-producing taxa occurred 30-15 million years
ago, corresponding to a global climatological shift towards
seasonal drought, and (b) the current global distribution of fructanproducing plant species corresponds to regions of seasonal
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drought. The role of osmoprotectants such as glycine betaine,
mannitol and fructans suggested that it might be possible to
develop plants with enhanced drought or salinity tolerance through
the overproduction of these compounds in transgenic plants.
Enhanced Production of Osmoprotectants in Transgenic Plants
Glycine Betaine
In plants, glycine betaine is produced by a two step pathway.
Choline is oxidized to betaine aldehyde by the activity of a choline
monooxygenase located in the chloroplast stroma [ 82]. Betaine
aldehyde is then converted to glycine betaine by the action of a
betaine aldehyde dehydrogenase, located predominately in the
stroma, although a minor cytoplasmic isoform of the enzyme may
exist [83]. A gene coding for the betaine aldehyde dehydrogenase
has been cloned and characterized from spinach [84]. The gene
contains a single open reading frame of 1491 bp which codes for a
peptide of 497 amino acid residues having a MW of 54,257 [84].
This putative gene product has considerable homology with
aldehyde dehydrogenases of fungal, bacterial, or mammalian
origin. It contains a decamer region of Val-Thr-Leu-Glu-Leu-GlyGly-Lys-Ser-Pro which is very highly conserved in all
characterized aldehyde dehydrogenases [84].
Holmstrom et al. [85] produced transgenic tobacco plants that
expressed the betaine aldehyde dehydrogenase gene (betB) [86]
from E. coli. Transcription of the betB gene was driven by the
promoter of the small subunit of RubisCO gene (ats 1a) from A.
thaliana [87]. Two chimeric constructs were prepared for plant
transformation. Plasmid pKOH23 contained the promoter ats 1a-

betB construct. Plasmid pKOH22 contained a promoter ats 1a-betB
construct in which the transit peptide of the small subunit of
RubisCO was fused upstream of the betB gene to direct the
chimeric protein to the plant chloroplast.
Northern blot analysis of both pKOH22 and pKOH23 transformed
lines confirmed the presence of the betB transcripts in these lines
[85]. Lines transformed with pKOH22 contained a protein localized
to the chloroplast that cross reacted with an anti-E. coli betaine
aldehyde dehydrogenase antibody [85]. The protein had the
expected MW (53 KD). Its presence in the chloroplast indicated
that the transit peptide was effective in directing the chimeric gene
product to the chloroplast. Lines transformed with pKOH23, which
lacked the transit peptide, contained a 53 KD peptide in the
cytoplasm but not in the chloroplast [85]. All transgenic lines were
analyzed spectrophotometrically for betaine aldehyde
dehydrogenase activity [88]. Activity was observed in all betB
transgenic lines but not in wild-type or transgenic control lines
[85]. Lines trans-
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formed with pKOH22, which directed the protein to the
chloroplast, had higher betaine aldehyde dehydrogenase activity
than those lines transformed with pKOH23 [ 85]. It is not known if
this difference was due to the chloroplast providing a more stable
environment for the protein or because of higher transcription
levels of the chimeric betB gene in these lines.
The biological significance of the production of betaine aldehyde
dehydrogenase activity in transgenic tobacco plants was assessed
by evaluating growth and seed germination in media containing
toxic levels of the substrate betaine aldehyde [85]. Control lines
could barely germinate and had very poor growth in media
containing 10 µM betaine aldehyde. The pKOH22 and pKOH23
transformed lines germinated normally and suffered only a slight
reduction in growth in the presence of 10 µM betaine aldehyde.
This indicated that the transgenic lines were capable of converting
the toxic betaine aldehyde to the non-toxic glycine betaine.
Transgenic lines produced levels of glycine betaine 8-fold higher
than the levels produced by control plants [85]. The glycine betaine
produced by the control lines was presumably due to the activity of
an endogenous plant betaine aldehyde dehydrogenase.
In the presence of 10 µM betaine aldehyde, lines transformed with
pKOH22 clearly suffered a reduction in root growth that was not
observed for the pKOH23 lines [85]. This was probably due to
roots not containing chloroplasts, as the enzymatic activity was
localized in the chloroplasts of pKOH22 transformed lines. These
plants probably did not have betaine aldehyde dehydrogenase
activity in their roots, and consequently, the roots were susceptible
to betaine aldehyde present in the tissue culture media.

The results of this research demonstrated that transgenic plants
could be produced that synthesized elevated levels of glycine
betaine. Unfortunately, the drought and salinity tolerances of these
transgenic plants have not at present been evaluated.
Fructans
Although fructans are produced by approximately 12% of all
angiosperms [89], most important crop species do not produce
fructans. Transgenic potato [90] and tobacco [91,92] have been
produced that synthesize fructans in these two crop species that
normally do not accumulate fructans. Pilon-Smits et al. [92]
produced transgenic tobacco plants that expressed the levansucrase
gene, sac B, from Bacillus subtilis. The sac B gene contains a
single open reading frame of 1422 bp which codes for a
prelevansucrase of 473 amino acid residues having a MW of 53
KD [93].
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In B. subtilis, the first 29 amino acids serve as a signal peptide
which is cleaved after transit of the prelevansucrase to the
exocellular matrix, resulting in a mature levansucrase with a MW
of 50 KD [ 93].
The sac B gene was fused to the carboxypeptidase Y vacuolar
sorting sequence of yeast and this fusion construct was placed
under the transcriptional control of the CaMV 35S promoter [92].
Line KP, transformed with the modified sac B construct, was
compared to wild-type tobacco plants for various growth
parameters. No difference was observed between the KP and
control lines for growth under non-stressed conditions [92].
However, the KP transgenic line grew much faster than the control
line when plants were subjected to drought stress by the addition of
PEG 10000 to a final volume of 10% of the tissue culture media.
Under these conditions of induced drought stress, the KP
transgenic line had significantly higher fresh and dry root and shoot
weights than control plants. KP plants also had a significantly
greater rate of stem elongation than controls.
The carbohydrate compositions of transgenic and control leaves
were compared under non-stressed and drought stressed conditions.
The total concentration of non-structural carbohydrates (sucrose +
glucose + fructose + starch + fructans) was higher in the KP
transgenic line under both non-stressed and stressed conditions
[92]. The production of fructans increased 7-fold in the KP line
upon the induction of drought stress [92].
The results obtained by Pilon-Smits et al. [92] clearly demonstrate
the feasibility of producing transgenic plants with enhanced
drought tolerance. The exact role of fructan production in drought

tolerance is unclear. Fructans may be influencing the process of
cell wall hardening. They may also stimulate branching of roots to
increase water uptake by the transgenic plants [92]. The obvious
extension of this line of research is to test these transgenic plants in
the field under conditions of drought stress.
Mannitol
Tarczynski et al. [78] produced transgenic tobacco plants that
expressed the mannitol-1-phosphate dehydrogenase gene (mtlD)
from E. coli [94]. A 1.5 kb region containing the mtlD gene and a
150 bp 5' untranslated leader sequence was subcloned so that the
mtlD gene was under the transcriptional control of the CaMV 35S
promoter and the NOS polyadenylation sequence, creating
pCaMVMTLDL [78]. Another recombinant plant transformation
vector, pCaMVMTLDS, was produced which was identical to
pCaMVMTLDL except that the 150 bp leader sequence was
reduced to just 15 bp [78].
Mannitol production was compared between control plants and
trans-
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genic lines expressing the chimeric mtlD gene constructs. No
mannitol could be detected in extracts from leaves of control plants
[ 78]. Mannitol was detected in leaves of several transgenic plants
at concentrations exceeding 6 µmole/g fresh weight. No significant
differences were observed between transgenic plants carying the
150 bp leader sequence (pCaMVMTLDL) and those containing
just the truncated 15 bp leader (pCaMVMTLDS) [78]. Mannitol
was present in higher concentrations in young leaves of transgenic
plants and also in the roots of transformed lines, whereas no
mannitol was observed in the roots of control plants [78].
The growth habit under conditions of salinity stress was compared
between control plants and transgenic plants expressing the
chimeric mtlD gene [95]. In the absense of salinity stress, no
significant differences were observed for increases in height and
fresh weight. This indicated that mtlD expression and mannitol
accumulation in transgenic plants had no effect on growth in the
absence of excess NaCl. After 30 d of exposure to 250 µM NaCl,
mtlD transformants averaged an 80% increase in height as
compared to their height at 14 d, while the control plants
experienced only a 22% increase in height [95]. The salinity stress
treatment resulted in significant differences between mtlD
transformants and control lines for percent change in fresh weight,
with the reduction in fresh weight being much less severe in the
mtlD lines.
Under conditions of salinity stress, flowering and the development
of root systems were different between control and mtlD
transformed lines. After 30 d of stress with 250 mM NaCl, 75% of
the mtlD plants produced new roots, whereas new roots were

produced by only 33% of the control plants [95]. Flowering after 30
d of salinity stress was observed in 73% of the mtlD transgenic
plants that produced new roots, but no flowering was observed for
the control plants [95].
These results demonstrated that the expression of mtlD in
transgenic plants resulted in the production of mannitol and
increased tolerance to conditions of NaCl stress. It has not yet been
determined if the increased stress tolerance is directly due to the
presence of cellular mannitol or if the presence of mannitol,
normally absent in tobacco cells, causes an induction of metabolic
pathways that results in enhanced tolerance to salinity stress.
The results of Pilon-Smits et al. [92] and Tarczynski et al. [95] have
demonstrated the feasibility of using genetic engineering and plant
transformation to develop lines with enhanced tolerance to either
drought or salinity stress. It remains to be seen if these
improvements can be realized in important monocots such as
wheat, corn, rice (Oryza sativa), and sorghum (Sorghum bicolor);
crops that are susceptible to both conditions of excess salinity and
drought.
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Transgenic Plants with Resistance to Insect Pests
Losses in production due to insects and pathogens are far less than
those due to abiotic stress factors such as drought or cold
temperatures [ 1]. However, with growers spending approximately
$10 billion annually on the chemical control of insects, there is a
considerable need for the development of transgenic plants with
greater tolerances to insect pests [96]. The development of
transgenic insecticidal plants has been much more successful than
that for transgenic plants with enhanced tolerances to abiotic
stresses. Several transgenic plants with insect resistance were
introduced into the marketplace in 1996, perhaps the most popular
being BollgardTM cotton (Gossypium hirsutum) by Monsanto. A
knowledge base of such size has been gathered regarding the
development of insecticidal transgenic plants that a comprehensive
review of previous literature is beyond the scope of this chapter.
We shall just consider the highlights of the current revolution in the
development of transgenic plants with enhanced tolerance to insect
pests. It is suggested that the reader consider Koziel et al. [97] and
Peferoen [98] for more comprehensive reviews on this subject.
Expression of d-Endotoxin Genes in Transgenic Plants
The initial step in developing transgenic plants with insect
resistance is the isolation and characterization of insecticidal
proteins. The soil bacterium Bacillus thuringiensis [Bt] has proven
to be a rich source of insecticidal proteins. During sporulation, Bt
produces parasporal crystals containing proteins known as dendotoxins, having MW of approximately 130 KD [99]. The
bacteria are eaten by insects, and in the alkaline insect midgut these
d-endotoxins are proteolytically processed to active forms having

MW of about 65-75 KD. Toxicity towards insects is realized by the
active endotoxins binding to midgut epithelial cells, which results
in osmotic lysis due to the formation of pores in the epithelial cell
membranes [100]. This is a very safe mechanism of insect control
from the standpoint of human or animal consumption, as the acid
pH encountered in animal digestive systems will not allow for the
processing of the d-endotoxins to an active form.
Bt strains have been identified that contain a wide range of dendotoxin genes active against coleopteran, dipteran, and
lepidopteran pests. Over 96 different d-endotoxin genes have been
currently reported [101]. The exploitation of these d-endotoxin
egenes has resulted in the first transgenic plants to be commercially
accepted by a large sector of growers.
Initial attempts to express wild-type d-endotoxin genes in
transgenic tobacco [102], tomato (Lycopersicon esculentum) [103]
and potato [98]
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plants resulted in plants that did not have adequate levels of field
resistance against the targeted insect pests. These disappointing
results were attributed to low levels of expression of the endotoxin
genes. Efforts to enhance expression levels have focused on both
the use of constitutive promoters; i.e. CaMV 35S, and partial or
complete resynthesis of the d-endotoxin genes. Bt genes tend to be
A:T rich, whereas plant genes have higher G:C contents.
Resynthesis of the insecticidal protein genes to better reflect plant
codon usage has resulted in the production of transgenic plants
with high levels of field resistance [ 104].
Koziel et al. [104] completely replaced bacterial codons in a
truncated cry 1Ab d-endotoxin gene with codons preferred by corn.
These modifications changed the G:C content of the gene from 37
to 65%. Transgenic corn plants expressing the modified gene
demonstrated excellent field resistance against the European corn
borer (Ostrinia nubilalis) even when challenged by up to 2000
larvae/plant, an insect pressure hundreds-fold higher than that
encountered under conditions of natural field infestation (Figure 4)
[104]. Adang et al. [105] modified codon usage in another dendotoxin gene, cry 3A, isolated from a coleopteran specific B.
thurengiensis spp. tenebrionis. These modifications changed the
G:C content of the gene from 36 to 49%. Transgenic potato plants
expressing this modified gene under the transcriptional control of
the CaMV 35S promoter were evaluated for levels of field
resistance. Transgenic plants had high levels of field resistance
against the Colorado potato beetle (Leptinotarsa decomlineata)
under conditions of high levels of natural field infestation [106].

Figure 4
Frequency distribution of visual damage ratings due to
the European corn borer for different lines of maize.
Con = Non-transgenic controls. 171 = cry 1A transgenic
lines [104].
(Reprinted from Koziel et al. Bio/technology
1993. 11:194-200.)
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Expression of Proteinase Inhibitor Genes in Transgenic Plants
Individual Bt d-endotoxins exhibit activity against a restricted
range of insect pests. Strains of Bt have not been identified that
have insecticidal activity against several important insect pests,
such as thrips (Frank-liniella sp.) or the two spotted mite
(Tetranychus urticae). Other research groups have attempted to
develop transgenic plants that have resistance against a broader
spectrum of pests than is possible using d-endotoxin genes.
Proteinase inhibitors are proteins produced by plants which can
inhibit the digestive proteinases of insects. Cowpea trypsin
inhibitors (CpTI) are small peptides of about 80 amino acid
residues which are coded for by a small gene family in cowpea
(Vigna unguiculata) [ 107]. The level of CpTI in seeds of different
varieties is positively correlated with levels of resistance to the
major insect pest of cowpea, the bruchid beetle (Callosobruchus
maculatus) [107].
Hilder et al. [107] placed a CpTI gene under the transcriptional
control of the CaMV 35S promoter and the NOS polyadenylation
sequence. This construct, pROK/CpTI+5, was used to transform
tobacco. Western blot analysis indicated the presence in several
transformed lines of a protein having the correct MW (13 KD) of
the mature CpTI. The transgenic lines and several control lines
were assayed for resistance to the tobacco budworm, Heliothis
virescens [107]. Insect survival was 100% on the control lines,
whereas the most effective transgenic lines resulted in an insect
survival rate of only 37.5%. This level of protection however,
would not be adequate under field conditions of normal infestation
[96].

Johnson et al. [108] produced transgenic tobacco plants that
expressed one of the following three genes: tomato proteinase
inhibitor 1 (TPI1) [109], tomato proteinase inhibitor 2 (TPI2) [110],
or the potato proteinase inhibitor 2 (PPI2) [111]. All these
transgenes were under the transcriptional control of the CaMV 35S
promoter and the native gene polyadenylation sequence, except for
TPI2, which used the polyadenylation sequence of the T7 gene
from the T-DNA region of A. tumefaciens [112]. The TPI1 gene
product is a strong inhibitor of chymotrypsin but a weak inhibitor
of trypsin, whereas both the TPI2 and PPI2 gene products are
strong inhibitors of trypsin [108]. Western blot analysis confirmed
the presence of proteinase inhibitors in extracts from the leaves of
several transgenic lines. Leaf extracts demonstrated inhibitory
activity against trypsin or chymotrypsin that was positively
correlated with expression levels of the respective transgenes.
Transgenic lines were tested for resistance against larvae of the
tobacco hornworm (Manduca sexta) [108]. Results indicated that
the expression of these transgenes exerted an effect by the
inhibition of larval growth rather than by killing the larvae [108].
Transgenic plants that expressed
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TABLE 3. Growth of Tobacco Hornworms on Tobacco
Leaves Expressing a Tomato Proteinase Inhibitor II Gene.
Larvae Were Fed on Control Leaves or on Leaves from
Transgenic Plant JN3-#8, #14, or #33 for 6 Days.
Average Wt. (mg)
Inhibitor I
Plant #
µg/g Tissue #Larvae Start
Finish
Control #1
0
20
4
303
Control #2
0
20
4
272
TR #14
26
20
4
316
TR #33
72
20
4
255
TR #8
122
20
4
255
Reprinted from R. Johnson et al. 1989. Proc. Natl. Acad.
Sci. USA 86:9871-9875. Copyright © 1989, National
Academy of Sciences USA.

either the TPI2 or PPI2 genes significantly reduced larval growth
as compared to control lines, whereas the expression of the TPI1
gene had little effect on larval growth. This demonstrated that
trypsin inhibitors were more effective retardants of larval growth
than chymotrypsin inhibitors. The level of reduction in larval
growth rate of the TPI2 and PPI2 transgenic plants was positively
correlated with levels of expression of the transgenes (Table 3) [
108].
Expression of VIP Genes in Transgenic Plants
Vegetative insecticidal proteins (VIPs) are another promising class
of proteins for use in the development of insecticidal transgenic
plants [96]. VIPs that are insecticidal against a wide range of
lepidopteran pests have been isolated from culture supernatant
fluids obtained during both sporulation and the log phase of growth

of Bacillus sp. [113]. Estruch et al. [114] isolated and characterized
a gene from Bt strain AB88, which produces a VIP during the log
phase of growth. The active protein, Vip 3a, had a MW of 80 KD
and was secreted into the culture media [114]. These characteristics
define this VIP as belonging to a different class of proteins than the
smaller, crystal bound endotoxins also produced by Bt strains. The
Vip 3a gene was used as a probe for colony hybridizations of
hundreds of different Bacillus isolates. Over 15% of the isolates
contained genomic sequences that hybridized to Vip 3a, suggesting
that the production of VIPs might commonly occur in the genus
Bacillus [114].
Vip 3a was tested for in vitro activity against several important
lepidopteran pests of corn for which no active d-endotoxins have
been identified. Black cutworms (Agrotis ipsilon) and army
fallworms (Spodoptera frugiperda) are two such pests of corn
which currently account for over $1 billion in annual losses and
costs associated with the application
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of insecticides [ 115]. Vip 3a provoked 100% mortality in both
black cutworms and army fallworms when applied at a
concentration of 62 ng of diet per ml [114], similar to active
concentrations of d-endotoxins against susceptible insects [116].
Cloned VIP genes have no homology with d-endotoxin genes.
However, histopathological analysis of killed larvae indicates that
similar to d-endotoxins, VIPs appear to exert their lethal effect by
inducing the lysis of gut epithelial cells [117].
Expression of Cholesterol Oxidase Genes in Transgenic Plants
Cholesterol oxidases (COs) are another promising group of
proteins for the control of insect pests that are recalcitrant to
control by d-endotoxins. A CO has been isolated from culture
filtrates of Streptomyces sp. A19249 [118]. The concentration of
this CO necessary to kill 50% [LC50] of the first and second instar
larvae of the cotton boll weevil (Anthonomus grandis) was in
nanograms of diet per ml [118], similar to the LC50 of d-endotoxins
[116]. An estimated 30% of the total volume of agricultural
insecticide applications in the United States is directed against the
boll weevil [119].
Corbin et al. [120] expressed in both E. coli and tobacco protoplasts
the CO gene, ChoM, from Streptomyces sp. A19249. This gene
codes for a protein of 547 amino acid residues with a MW of 54
KD [120]. The first 43 amino acids correspond to a secretory signal
sequence. E. coli that expressed the native ChoM gene produced a
peptide of 54 KD which cross hybridized to anti-CO antibodies.
This protein was isolated from E. coli and tested for activity against
boll weevil larvae. The LC50 concentration of this recombinant CO

was less than 20 parts per million (ppm), similar to the LC50
observed for the native CO from Streptomyces sp. A19249 [120].
The ChoM gene was placed under the transcriptional control of the
Figwort Mosaic Virus (FMV) 35S promoter [121] and the NOS
polyadenylation sequence. This recombinant construct,
pMON20909, was used to electroporate tobacco protoplasts.
Tobacco protoplasts that expressed the modified ChoM gene
produced an enzymatically active CO which comigrated with the
wild-type CO. This was the first example of the expression of a
bacterial CO gene in plant cells. The evaluation of the effect of CO
gene expression on insect resistance will have to wait for the
development of transgenic plants.
Minimizing the Development of Resistant Insect Populations
The development of transgenic plants with insect resistance has
been
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one of the greatest successes in the use of transgenic technology.
However, extreme caution should be exercised in the use of these
plants to minimize the development of resistant insect populations.
Diamondback moth populations have been identified in the field
that have developed resistance to microbial sprays based on Bt dendotoxins [ 122]. Populations of the beet armyworm (Spodoptera
exigua) have been identified that have adapted to chronic exposure
to protease inhibitors by the induction of new proteolytic activity
which is insensitive to the protease inhibitors [123]. One approach
towards minimizing the development of resistant insect populations
is to produce transgenic plants that make insecticidal proteins in
such large quantities as to assure 100% mortality of exposed
insects [96]. This approach may be overly optimistic, as it will
certainly bring to bear on the exposed populations an intense
selective pressure for the development of resistance. A more
effective approach may be to include non-transgenic plants in a
field planted with transgenic genotypes. These non-transgenic
plants will provide refuges for susceptible insects. These insects
can then mate with resistant insects to prevent the fixation of
resistance alleles in the insect population. An alternative approach
may be to produce transgenic plants that express genes for several
insecticidal proteins having different mechanisms of toxicity. By
this approach, an insect that has developed resistance to one
insecticidal protein will be killed by exposure to a different protein.
Transgenic Plants with Disease Resistance
Diseases of plants caused by pathogens such as fungi, bacteria,
nematodes or virsuses, are a source of production losses in all areas
of the world. Although losses due to diseases are less extensive on

a global scale than those caused by adverse abiotic conditions [1],
plant pathogens are still a very important concern. During 18451846 in Ireland, an epidemic of late blight disease of potato, caused
by the fungus Phytopthora infestans, was directly responsible for
the starvation deaths of over one million people [124]. A more
recent epidemic in 1943 of brown spot disease of rice, caused by
the fungus Helminosporium oryzae, resulted in the starvation of
over 2 million people in India. Losses due to diseases in the United
States are estimated to be approximately $9.1 billion annually
[124].
Diseases are currently controlled primarily by cultural methods,
agrochemicals, or the use of resistant varieties. Each of these
general classes of control have limitations that reduce their
effectiveness. Cultural methods such as crop rotation, modification
of planting density, canopy management or the use of trap crops is
generally ineffective under conditions
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of severe disease pressure. The implementation of cultural methods
is often in conflict with accepted practices of commercial
agriculture. The use of agrochemicals such as fungicides and
bacteriocides has many limitations, including the development of
resistant pathogen isolates, toxicity to non-target organisms and
high costs associated with the application of these chemicals. Many
growers in developing nations cannot afford to apply
agrochemicals for disease control. The use of resistant varieties is
probably the preferred method of disease control. However,
growers in developing nations often cannot afford to buy the
improved genotypes. The development of resistant varieties by
classical selection methods is often impeded by polyploidy of
many plant genomes and by complex patterns of non-Mendelian
inheritance of resistance.
The application of genetic engineering to plant breeding has been
very successful in the development of resistant plant varieties. In
many cases, especially for viral diseases, the pathogens themselves
have been the source of the genes used to confer resistance in
transgenic plants. Other sources of resistance genes have been
isolated from bacterial, fungal and plant genomes. Transgenic
plants have been produced having resistance to various diseases
caused by bacterial, viral and fungal pathogens. Transgenic squash
seed with resistance to viral diseases is sold commercially by
Asgrow. Transgenic potato seed tubers with viral resistance are
commercially available from Monsanto. Due to the broad nature of
this application of genetic engineering, we will just briefly review
this topic. The reader is directed to Herrera-Estrella et al. [ 125] and
Beachy et al. [126] for more comprehensive reviews.

Genetic Engineering of Virus Resistance
The development of transgenic plants with virus resistance has
been one of the highlights of the application of genetic engineering
to crop improvement. Strategies employed to develop resistance
have predominantly utilized parts of viral genomes as sources of
resistance genes. The viral genes used can be separated into two
groups: the viral capsid protein genes, and non-structural viral
genes such as those coding for proteins involved in viral replication
or movement.
Coat Protein Mediated Resistance
Coat protein mediated resistance (CPMR) is based on the
expression in transgenic plants of wild-type or modified viral coat
protein genes. The great majority of the transgene constructs used
to realize CPMR have employed the CaMV 35S promoter and the
NOS polyadenylation sequence for the transcriptional control of
the coat protein genes. The first trans-
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genic plants to demonstrate viral resistance expressed the coat
protein gene of Tobacco Mosaic Virus (TMV) and were resistant to
infection by TMV [ 127].
Transgenic plants expressing CPMR have been developed against
many filamentous viruses having a genome consisting of a positive
[messenger] sense single stranded [ss] RNA. Examples include
Potato Virus Y (PVY) [128], Potato Virus X (PVX) [129], Tobacco
Etch Virus (TEV) [130] and Tobacco Rattle Virus (TRV) [131].
CPMR has also been expressed against icosahedral plant viruses
with positive sense ssRNA genomes, including Cucumber Mosaic
Virus (CMV) [132], Alfalfa Mosaic Virus (AIMV) [133] and
Tobacco Streak Virus (TSV) [134]. CPMR has also been effective
in the control of Rice Stripe Virus (RSV) [135], an icosahedral
virus with a double stranded (ds) RNA genome. Recently, Yepes et
al. [136] reported the production of transgenic tobacco plants that
expressed the coat protein gene of Tomato Ringspot Virus
(TomRSV). Transgenic plants were resistant to TomRSV, an
icosahedral virus with a bipartite positive ssRNA genome [137],
which is vectored by the nematode Xiphinema americanum [124].
Currently there have been no published reports on the development
of transgenic plants that express CPMR against viruses having
DNA genomes, such as members of the geminivirus, badnavirus, or
caulimovirus groups of plant viruses [138].
The mechanisms by which CPMR functions are not completely
understood and it appears that the resistance mechanisms may be
different for specific viruses. The tobacco-TMV system appears to
involve an interaction between the transgenic capsid protein and
the TMV virion which inhibits the disassembly of TMV, a

necessary prerequisite for viral replication. In this system, disease
resistance is positively correlated with cellular levels of the
transgenic capsid protein [127]. Resistance could be overcome by
inoculating transgenic plants with infectious TMV RNA, with
virions that had been partially disassembled by alkali treatment, or
with high inoculum levels of TMV [139,140]. Transgenic plants that
expressed an untranslatable coat protein gene construct were as
susceptible to TMV as non-transgenic control plants (Figure 5)
[141]. The observations for TMV RNA or partially disassembled
virions suggested that these infectious agents were beyond the
point of interference that the transgenic capsid protein exerted on
viral disassembly. The susceptibility of lines expressing the
untranslatable protein construct, which resulted in transgene
mRNA production but no actual endogenous capsid protein,
indicated that the coat protein was essential for resistance.
Other observations for the tobacco-TMV system suggested that
different mechanisms might also be involved in CPMR. Transgenic
plants had a low level of resistance against infection by TMV RNA
[140]. It also has been noted that virus movement is inhibited in
resistant transgenic plants
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Figure 5
Percentage of plants of various transgenic
lines showing symptoms at daily intervals
following inoculation (DAI) with Tobacco
Mosaic Virus (TMV). Presence or absence
of the TMV coat protein in transgenic
plants was assessed by Western blot
analysis using an anti-TMV coat protein
antibody [ 141].
(Reprinted with permission:
P. Powell et al. 1990. Virology
175(1):124-130. Academic Press.)

[142]. Other reports have also suggested that CPMR may involve
several different mechanisms. Transgenic tobacco plants that
expressed the coat protein gene of PVX were resistant to infection
by PVX RNA [129]. Research into the mechanism involved in the
tobacco-TEV system has resulted in a very interesting hypothesis
to explain CPMR.
Lindbo and Dougherty [143] produced transgenic tobacco plants
that expressed an untranslatable construct of the TEV coat protein
gene. Several highly resistant lines were identified, and studies
with protoplasts derived from these lines indicated that TEV could
not replicate in individual cells. The fact that resistant lines were

incapable of producing TEV coat protein indicated that this was an
RNA mediated mechanism of resistance.
Dougherty et al. [144] then analyzed specific transgenic lines in
which a ''recovery" phenotype was observed. This referred to a
condition in which the transgenic plant initially exhibited
symptoms of viral infection, but then produced new leaves which
were free of symptoms. The new leaves were immune to
subsequent viral infection. Within a resistant transgenic line,
comparisons were made between plants that were not challenged
with TEV and plants that were infected with TEV, but then
exhibited the recovery phenotype. Although the rates of
transcription of the TEV transgene were similar in challeged and
uninfected plants, the levels of transgene mRNA was 5-20 fold
lower in the recovered tissue. These results suggested that a posttranscriptional event in recovered tissue was responsible for the
reduction in transgene mRNA levels.
Dougherty and Parks [145] have suggested that the mechanism of
CPMR in the tobacco-TEV system involves a post-transcriptional
RNA degradation which is initiated only when additive levels of
transgene mRNA and viral coat protein transcripts reach a
threshold level. Analysis
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of transgenic lines containing different copy numbers of the
untranslatable TEV coat protein construct indicated that at least
three copies of the transgene were necessary for the highly resistant
phenotype [ 146]. One or two copies of the transgene resulted in
induced resistance of new leaves characteristic of the recovery
phenotype. Plants having two copies of the transgene recovered
faster than plants having only one copy.
The dosage dependence of resistance on transgene copy number is
consistent with the idea of a cellular threshold on specific RNA
species. Higher copy number, assuming equal expression levels of
the individual transgene inserts, results in cells reaching more
quickly the threshold level needed to induce RNA degradation.
This specific RNA degradation would be responsible for the low
levels of transgene transcripts observed in resistant plants.
Resistance would be realized by the elimination of viral coat
protein mRNA [146]. Northern blot analysis demonstrated the
presence of discrete RNA species of smaller size than the full
length transcript, which hybridized to an RNA probe specific for
the TEV coat protein gene [146]. Resistance in the transgenic lines
was negatively correlated with the amount of full length TEV
transcripts present in these lines (Table 4). This suggested that the
RNA degradation mechanism functions by cleavage at specific
sites on the targeted transcript.
Recent work has demonstrated that this form of resistance
mediated by RNA degradation could be realized using non-viral
transgenes. English et al. [147] examined transgenic tobacco plants
that expressed the bacterial b-glucuronidase (GUS) gene [148].
Transgenic plants were inoculated with a modified PVX that

carried the GUS gene. This modified virus produced local lesions
on infected leaves which could be histochemically stained for GUS
activity [149]. Two transgenic lines, T4 and T19, were analyzed for
the development of local lesions [147]. T4 and T19 had similar
rates of GUS transcription, but T4 accumulated 8-fold less GUS
mRNA than T19. Much less GUS positive lesions were observed
on inoculated leaves of T4 than on leaves of T19. Much less PVXGUS
TABLE 4. Percentage of Transgene-Derived Transcript
Present as Full-Length in Transgenic Tobacco Plants
Expressing a Modified TEV Protein Gene.
Resistance
Full Length
Plant Line
Phenotype
Highly resistant
45
RC-7
Susceptible
84
RC-9
Susceptible
80
FL-44
(unchallenged)
46
FL-44 (recovered) Highly resistant
Highly resistant
35
2RC-6.13
Copyright American Society of Plant Physiologists.
Reprinted by permission. J. Goodwin et al. 1996. Plant
Cell 8:95-105.
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mRNA accumulated in T4 plants. These results suggested that the
reduced severity of infection in T4 was due to specific degradation
of PVX-GUS transcripts.
The GUS gene is not essential for the infectivity of PVX, so it was
possible to make deletions in the GUS portion of the PVX-GUS
recombinant viral genomes. Deleted constructs missing the most 3'
700 bp of the GUS gene accumulated transcripts to equal levels in
T4 and T19 plants, indicating that the RNA degradation
mechanism was targeting the 3' region of the GUS gene [ 147].
Restriction analysis indicated the presence of at least 3 methylated
cytosine bases in the 3' region of the GUS transgene present in T4
which were unmethylated in the transgene of T19 [147]. This
suggested a role for DNA methylation in the post-transcriptional
RNA degradation process.
English et al. [147] have proposed a model to explain the RNA
degradation process. In this model, methylation of the transgene
could result in the formation of abberant RNA molecules (aRNA)
due to the termination of transcription within the methylated
region. These aRNAs would then be used as templates for RNA
dependent RNA polymerase (RdRp) mediated production of antisense RNA molecules (asRNA). The asRNA would then direct the
degradation of complementary transgene and viral transcripts. This
model differs, but is not in direct conflict, with that of Dougherty
and Parks [145], in which a quantitative threshold of specific
transcripts within a cell initiates the process of RNA degradation.
Higher production of aRNA molecules would result in more
efficient destruction of homologous viral transcripts and enhanced
resistance.

Use of Non-Structural Viral Genes
Virus genomes all contain at least one gene that codes for a protein
involved in viral replication. These "replicase" genes have also
been used to develop transgenic plants having viral resistance. The
first successful use of a replicase gene involved the gene coding for
the 54 KD protein of TMV. Transgenic tobacco plants that
expressed this gene were highly resistant to a specific strain of
TMV, the U1 strain, from which the 54 KD transgene was derived
[150]. Transgenic lines were not resistant to closely related strains
of TMV. The 54 KD protein could not be detected in transgenic
plants, making it impossible to correlate levels of resistance with
protein content.
Replicase mediated resistance (RMR) in transgenic plants has also
been observed against PVX [151], PVY [152] and Pea Early
Browning Virus (PEBV) [153]. RMR has recently been
demonstrated in transgenic tobacco plants against African Cassava
Mosaic Virus (ACMV) [154]. However, transgenic plants that
expressed the ACMV replicase gene
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were not resistant to infection by the closely related viruses Beet
Curly Top Virus (BCTV) or Tomato Golden Mosaic Virus
(TGMV). This demonstrates the highly specific nature of this
resistance. ACMV is a member of the geminivirus group,
possessing a bipartite ssDNA genome [ 155]. It is interesting to
note that geminiviruses have proven to be recalcitrant to the effects
of the expression of viral coat protein genes in transgenic plants
[125].
The mechanisms responsible for RMR are poorly understood. Viral
gene products may regulate the expression of other viral genes
during the viral replication cycle. In the case of the 54 KD protein
of TMV, it is postulated that the protein has a regulatory effect on
the cessation of viral replication, and constitutive production of this
protein in transgenic plants severely inhibits the replication process
[156]. In the case of the replicase gene of ACMV, Hong and
Stanley [154] have proposed that the replicase gene product might
inhibit viral replication by the unregulated binding of the protein to
the viral origin of replication. They have also proposed that the
replicase gene may introduce nicks in the viral DNA which
compromise its integrity and inhibit viral replication.
Genes involved in cell to cell movement of plant viruses have also
been examined as potential sources of resistance genes for
transgenic plants. The 30 KD movement protein gene of TMV was
expressed in transgenic tobacco plants but these plants were not
resistant to TMV [125]. This protein is found in association with
plasmodesmata, the channels between cells [157]. It is proposed
that this association increases the exclusion size limit of the
plasmodesmata to allow for cell to cell movement of TMV or TMV

ribonuclear proteins [157]. A transgenic construct was made by
deleting the 5' terminal region of the TMV 30 KD protein gene.
Transgenic tobacco plants that expressed this truncated construct
were very resistant to TMV. It was proposed that the protein
produced by this truncated gene could bind to plasmodesmata but
could not induce a change in the exclusion size limit to allow for
virus movement between cells [158].
Development of Transgenic Plants with Resistance to Fungal
Diseases
Approximately 80% of all plant diseases are caused by fungal
pathogens [124]. There has been much less success in the
development of transgenic plants with fungal resistance than for
viral resistance. This may reflect differences in the complexities of
the host-pathogen interactions between these two classes of plant
pathogens. Viruses are generally pathogenic based on their ability
to be vectored into the plant and subvert cellular components of the
host for their own replication. Plant-fungi interactions, on the other
hand, are characterized by the presence in plants

Page 253

of both passive and active mechanisms of defense. Pathogen fungi,
accordingly, have evolved many different measures to subvert the
defense mechanisms of plants. The complexity inherent in plantfungal interactions has stimulated the development of many
different strategies for the production of transgenic plants with
fungal resistance.
Expression of Genes for the Production of Phytoalexins
Phytoalexins are small antimicrobial compounds that have been
implicated as being a component of the defense system of plants
against pathogenic fungi. Over 150 different phytoalexins have
been identified in 16 plant families, including dicot, monocot and
gymnosperm species [ 159]. Phytoalexin production is induced
upon pathogen infection and these compounds accumulate near the
site of infection. Resveratrol is a phytoalexin produced by
grapevine (Vitis vinifera), and its concentration in plant tissues is
positively correlated with resistance to Botrytis cinerea [160].
Stilbene synthase is the final enzyme involved in the production of
resveratrol [161]. Transgenic tobacco plants that expressed the
stilbene synthase (vst) gene produced resveratrol and were more
resistant to B. cinerea than were non-transgenic control plants
[162]. Wild-type tobacco plants do not produce resveratrol. This is
the first example of the production of a novel phytoalexin in
transgenic plants resulting in increased fungal resistance. This
general strategy may prove to be very effective once more genes
involved in phytoalexin biosynthesis are isolated and expressed in
transgenic plants.
Expression of RIP Genes in Transgenic Plants

Ribosome inactivating proteins (RIPs) are produced by several
plant species. RIPs inhibit protein synthesis by removing a highly
conserved adenine residue from the stem-loop region of 28S rRNA
[163]. RIPs do not inhibit protein synthesis by the plant, but rather
exert an effect on ribosomes of distantly related species, including
fungi [164]. The observation that purified barley (Hordeum
vulgare) RIP could inhibit the in vitro growth of several fungi
suggested that it might be possible to develop fungal resistance in
transgenic plants by the expression of RIP genes [165].
Transgenic tobacco plants were produced that expressed a
transgene construct consisting of the barley RIP gene under the
transcriptional control of the potato win1 promoter, a wound
inducible promoter [166]. Transgenic plants that expressed this
construct grew significantly faster than control plants when sown
in soil infested with the pathogenic fungus Rhizoctonia solani.
Transgenic plants expressing the barley RIP gene un-
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der the transcriptional control of the constitutive CaMV 35S
promoter were not adversely affected by overexpression of this
gene [ 166]. This suggests that it may be possible to enhance levels
of fungal resistance in transgenic plants by the constitutive
overexpression of plant RIP genes.
Expression of Pathogenesis Related Protein Genes in Transgenic
Plants
Pathogenesis related (PR) proteins are a broad class of proteins
produced de novo in plants in response to pathogen attack. Several
of these proteins have been found to have in vitro antifungal
activity, suggesting that the overexpression of PR protein genes in
transgenic plants might lead to enhanced fungal resistance [167].
PR1 is an acidic protein that becomes the most abundant PR
protein in tobacco leaves upon infection by TMV [168]. Transgenic
plants were produced that expressed the PR1a gene from tobacco
under the transcriptional control of the CaMV 35S promoter. These
plants were tested for resistance against several viral and fungal
pathogens of tobacco [125]. Transgenic plants had a significant
reduction in the total leaf area infected by Peronospora tabacina as
compared to non-transgenic controls. Transgenic plants expressing
the PR1a gene also had increased resistance to Phytophthora
parasitica.
Although the mechanism of this PR1a mediated resistance is not
known, it is interesting to note that both P. tabacina and P.
parasitica are oomycetes. Possibly the overexpression of PR1a in
transgenic plants induces other defense mechanisms that are
specific towards oomycete pathogens. These induced mechanisms
may target the cellulose cell wall or the lysine biosynthesis

pathway, two oomycete characteristics that are unique to this class
of fungal pathogens [169].
Chitinases are a group of PR proteins that catalyze the hydrolysis
of chitin, the major component of the cell wall of all non-oomycete
and non-myxomycete pathogenic fungi. Chitinases are present in
low levels in healthy tomato plants, but their production is
increased upon infection by the fungal pathogen Cladosporium
fulvum [170]. Broglie et al. [171] produced transgenic tobacco
plants that expressed a bean chitinase gene [172] under the
transcriptional control of the CaMV 35S promoter. Transgenic
plants that expressed this gene produced 2-4-fold higher levels of
chitinase in roots and 20-45-fold higher levels in leaves as
compared to control plants. The plants were assayed for fungal
resistance by planting transgenic seeds in soil infested with R.
solani. After 16 days of growth in infested soil, the mortality rate
was 54% for the control line and varied between 20-37% for
various transgenic lines. Transgenic plants that survived the
treatment in infested soil had a significantly reduced loss in fresh
root weight as compared to surviving control plants.
Recently Grison et al. [173] produced transgenic oilseed rape
(Brassica
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napus) that expressed a tomato chitinase gene [ 174] under the
transcriptional control of the CaMV 35S promoter. The specific
endochitinase activity of extracts from transgenic plants was 2-5
fold higher than levels in non-transgenic controls. Several
transgenic lines containing a single copy of the transgene were
tested in two field locations for resistance to three fungal pathogens
of oilseed rape: Cylindrosporium concentricum, Phoma lingam and
Sclerotinia sclerotiorum.
One field resulted in higher levels of disease caused by C.
concentricum than the other field site [173]. Under conditions of
high disease pressure, control plants had 89.5% infected leaves,
whereas the percentage of diseased leaves in the transgenic lines
varied between 71.1 and 79.4%. Under conditions of low disease
pressure, 17.3% of the control plants were infected, while between
0 and 11.9% diseased plants were observed for the transgenic lines.
Statistically significant disease resistance against P. lingam was
observed for only one transgenic line. This line, RC 624-29, had
disease indexes of 3.3 and 1.1 in the two different field sites, as
compared to control indexes of 4.3 and 1.7, respectively.
Resistance to S. sclerotiorum was evaluated by measuring the
length of the necrotic stem lesion 52 days after infection. The
average length of the necrotic lesion in the control line was 32.6
cm. The two most resistant transgenic lines had a 70% and a 79%
reduction in the length of the necrotic lesion as compared to the
control line (Figure 6).
The results of Grison et al. [173] demonstrated the increased fungal
resistance of transgenic plants that constitutively expressed a plant
chitinase gene. This resistance was observed against three different

fungi under two different field conditions, suggesting that the
expression of chitinases in transgenic plants may confer resistance
to a wide range of fungal pathogens. This is possibly the closest to
commercial application of any efforts to develop transgenic plants
with fungal resistance, as field tests are now being conducted to
evaluate grain yield in these transgenic lines [173].
Glucanases are another group of PR proteins whose production has
been found to be induced in pea in response to fungal attack [175].
Glucanases are thought to act directly by digesting b-1,3 glucans in
fungal cell walls and also indirectly, through this digestion, by
producing polysaccaride elicitors that induce a hypersensitive
response in infected plants [176]. Analysis of fungal resistance in
transgenic plants that expressed both a chitinase and a glucanse
transgene suggests that coexpression of the two different
transgenes exerts a synergistic effect which results in higher levels
of fungal resistance.
Zhu et al. [177] produced transgenic tobacco plants that expressed
both a rice chitinase gene [178] and an alfalfa (Medicago sativa)
glucanase gene [179]. Both transgenes were under the
transcriptional control of the
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Figure 6
Resistance evaluation to Sclerotinia
sclerotiorum. Mean of the necrosis length of
the oilseed rape stems, 24 and 52 d after
inoculation. Darmor and Norin 9 varieties
used as susceptible and resistant controls,
respectively. All RC 624 lines except for the
control express a tomato endochitinase gene [ 173].
(Reprinted from Grison et al. Bio/technology
1996. 14:643-646.)

CaMV 35S promoter. Transgenic plants were evaluated for
resistance to Cercospora nicotianae. Transgenic lines homozygous
for both transgenes developed lesions only 15% the size of lesions
produced on the control plants [177]. Transgenic plants
homozygous for the glucanase transgene had lesions approximately
70% the size of those on control plants, while transgenic plants

homozygous for the chitinase transgene had lesions 50% the size of
those on control plants. These results demonstrated that expression
of the chitinase transgene was more effective for developing
resistance than expression of the glucanase transgene. However, it
appears that coexpression of both transgenes afforded the greatest
level of resistance.
Zhu et al. [177] have proposed that both the glucanase and chitinase
transgenes may function by degrading fungal cell walls and
producing elicitors that induce other components of the host
defense system. These results suggest that a combinatorial
approach towards the expression of antifungal genes in transgenic
plants may result in higher levels of resis-
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tance than can be realized by the expression of a single transgene.
The use of two transgenes having complementary activities may
also delay the development of fungal isolates capable of
overcoming the resistance mechanisms operating in transgenic
plants.
Production of Transgenic Plants with Bacterial Resistance
Interactions between plants and phytopathogenic bacteria are
characterized by the presence of both passive and active defense
mechanisms in the plant, while bacteria employ countermeasures to
subvert these defenses. The complex nature of these interactions
has stimulated many different approaches for the development of
transgenic plants with resistance to bacterial pathogens.
Inactivation of Bacterial Toxins by Transgenic Plants
Many bacterial pathogens produce non-host specific toxins that
have been implicated in the expression of disease symptoms. In
order for a bacteria to produce a toxin possessing antimicrobial
activity, the bacteria must have a mechanism to protect itself from
the toxin [ 180]. Pseudomonas syringae pv. phaseolicola is the
causal agent of halo blight of bean (Phaseolus vulgaris) [124]. The
bacteria produces a non-host specific toxin, phaseolotoxin, which is
directly responsible for the development of leaf chlorosis
characteristic of halo blight [181]. Phaseolotoxin inhibits the
activity of a key enzyme in the pathway for arginine biosynthesis,
ornithine carbamoyl-transferase (OCTase) [182].
Strains of P. syringae that produce phaseolotoxin possess two
OCTases, one which is sensitive and the other resistant to the
activity of the toxin [183]. During the biosynthesis of

phaseolotoxin, the resistant bacterial OCTase is produced to protect
the cell from the effects of its own toxin. The isolation of the gene
(argK) for this OCTase made it possible to attempt to develop
transgenic plants having bacterial resistance due to the expression
of this gene [184].
De la Fuente-Martínez et al. [185] produced transgenic tobacco
plants that expressed the argK gene under the transcriptional
control of the CaMV 35S promoter. OCTase activity in the
transgenic plants was up to 10-fold higher than levels observed for
non-transgenic controls. Leaf extracts were evaluated for the effect
of the application of exogenous phaseolotoxin on OCTase activity.
OCtase activity was reduced over 99% in the control extracts,
whereas the reduction varied between 14 and 62% for transgenic
extracts. This indicated that the transgenic plants were producing
an OCTase that was insensitive to phaseolotoxin.
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Purified phaseolotoxin was applied to leaves of control and
transgenic lines [ 185]. Control plants exhibited chlorosis and a
30% reduction in chlorophyll content in the area where
phaseolotoxin was applied. Transgenic plants did not exhibit either
chlorosis or a reduction in chlorophyll content, indicating that the
expression of the argK gene protected the transgenic plants from
phaseolotoxin. Control plants developed water soaked lesions and a
systemic infection when inoculated with P. syringae pv.
phaseolicola. Transgenic plants infected with the bacterial
pathogen only developed small necrotic lesions and could not be
systemically infected. Although these are very promising results,
the application of this approach should focus in the future on the
development of resistant lines of bean, the most economically
important host of P. syringae pv. phaseolicola.
Similar to P. syringae pv. phaseolicola, P. syringae pv. tabaci, the
causal agent of wildfire disease of tobacco, produces a non-host
specfic toxin [186]. The toxin, known as tabtoxin, causes an
accumulation of ammonia in infected cells, leading to the chlorotic
symptoms characteristic of wildfire disease [187]. Tabtoxin
producing strains of P. syringae pv. tabaci possess a gene for
resistance (ttr) to tabtoxin. The ttr gene product is an
acyltransferase which inactivates the toxin [188].
Anzai et al. [188] produced transgenic tobacco plants that expressed
the ttr gene under the transcriptional control of the CAMV 35S
promoter. Both transgenic and control plants were infected with P.
syringae pv. tabaci. Control plants exhibited the chlorotic
symptoms of wildfire disease, whereas transgenic plants appeared
perfectly healthy. These results indicate that the expression of ttr in

transgenic plants was sufficient for the observed resistance against
the pathogen.
Expression of Lytic Peptide Genes in Transgenic Plants
Other groups have attempted to develop bacterial resistance in
transgenic plants by exploiting genes which code for antimicrobial
proteins. Lytic peptides are small proteins produced by species of
several animal phyla as a component of antimicrobial defense
systems. Lee et al. [189] have proposed that lytic peptides may be
present in all mammals, including humans. Cecropins are a class of
antimicrobial peptides produced by insects which have a half
amphiphatic N-terminus and a hydrophobic C-terminus [190].
Cecropins appear to exert their effect by facilitating channel
formation in bacterial cell membranes, resulting in the loss of
membrane integrity [191].
Jaynes et al. [192] produced a synthetic cecropin, SB37, which had
over 90% homology to a native cecropin produced by the giant silk
moth (Hyalophora cecropia). This synthetic protein was toxic in
vitro to spe-
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cies of five different genera of plant pathogenic bacteria. Another
synthetic cecropin, Shiva-1, possessing only 46% homology to the
giant silk moth cecropin, was found to be more toxic to bacteria
than SB37. A synthetic gene corresponding to the amino acid
sequence of Shiva-1 was placed under the transcriptional control of
a wound inducible promoter and expressed in transgenic tobacco
plants [ 192].
Control and transgenic plants were subjected to either stem or root
inoculations with Pseudomonas solanacearum [192]. The Shiva-1
transgenic plants had much fewer wilted leaves than control plants
when stem inoculations were employed. However, no significant
differences in disease resistance were observed when plants were
subjected to root inoculations. This difference may reflect the
expression pattern of Shiva-1 in transgenic plants. The potato
proteinase inhibitor II promoter used to drive expression of Shiva-1
is wound inducible and preferentially active in cells surrounding
vascular tissue of the stem [193]. Greater disease symptoms
following root inoculations may have been the result of poor
expression of the gene in roots of transgenic plants. Based on its
broad spectrum of antimicrobial toxicity, it might be interesting to
test transgenic plants that constitutively express Shiva-1 against
several different genera of phytopathogenic bacteria.
Expression of Thionin Genes in Transgenic Plants
The endosperm and leaves of many cereal crops contain a group of
proteins referred to as thionins which have antimicrobial activity
[194]. Leaf thionins are known to be present in healthy tissue, but
increase in content in response to pathogen attack [195]. Carmona
et al. [196] produced transgenic tobacco plants that expressed a

barley thionin gene [197] under the transcriptional control of the
CaMV 35S promoter. Transgenic lines expressing the barley
thionin gene were tested for resistance to P. syringae pv. tabaci.
and P. syringae pv. syringae. Several transgenic lines had
significant reductions in the number of lesions produced by P.
syringae pv. tabaci. Similarly, several transgenic lines had
significantly reduced areas of necrosis caused by P. syringae pv.
syringae. The degree of resistance against both pathogens was
positively correlated with levels of expression of the barley thionin
gene. It might be possible to enhance levels of resistance against
bacterial pathogens by the coexpression in transgenic plants of both
thionin and cecropin genes.
Expression of Lysozyme Genes in Transgenic Plants
Lysozymes are another group of antimicrobial proteins that have
been identified in bacteriophages, plants and mammals. Lysozymes
exert their
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effect by degrading bacterial cell walls, the most potent known
lysozyme being that from T4 bacteriophage [ 198]. During et al.
[199] produced transgenic potato plants that expressed the T4
lysozyme gene under the transcriptional control of the CaMV 35S
promoter. Transgenic potato plants were evaluated for resistance
against Erwinia carotovora, the causal agent of soft rot and black
leg diseases of potato [124]. No varieties of potato have been
identified as having resistance to E. carotovora, and worldwide
losses due to this pathogen are estimated to be $100 million
annually [200].
Transgenic potato plants produced T4 lysozyme at very low levels,
approximately 0.001% of total soluble protein [199]. Resistance
was measured by assaying the amount of tissue maceration (soft
rot) in tuber discs infected with E. carotovora. Control tuber discs
inoculated with 3000 bacteria/disc averaged 60% tissue maceration
after 3 days. The mean maceration of the tuber discs of transgenic
lines was 20%, with the most resistant transgenic line, T424,
exhibiting only 5% maceration (Figure 7). A second assay for
resistance involved assessing the sprouting capabilities of infected
tubers. No infected tubers sprouted for the non-transgenic control
plants, whereas between 30 and 100% of the infected tubers
sprouted among the transgenic lines.
These results were very promising, as relatively high resistance
was achieved with very low expression of the T4 lysozyme
transgene. The use

Figure 7
Percentage of tuber maceration present 3 d after
inoculation of tuber discs with Erwinia carotovora.
Z2 = Non-transgenic control. T 342 C = Transgenic
control. T 424 = Transgenic line expressing the
T4 lysozyme gene [199].
(Reprinted with
permission: K. During et al. 1993. The Plant
Journal 3(4):587-598.)
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of the CAMV 35S promoter in the transgene construct suggests
that the low levels of expression could have resulted from problems
with translation. Possibly the T4 lysozyme gene sequence is not
compatible with codon preferences in plants. The coexpression of a
modified T4 lysozyme gene which better reflects plant codon
usage, along with another antimicrobial protein gene, might result
in transgenic plants with extreme resistance to bacterial pathogens.
Conclusions
The results presented in this chapter indicate that considerable
progress has been made in the development of transgenic plants
with enhanced tolerances to factors that are detrimental to
production. The development of transgenic lines with enhanced
tolerance to abiotic factors, such as cold, drought, and trace metal
contamination of soil, appears to be a considerable challenge.
Efforts directed towards this goal have exclusively used model
plant species, such as tobacco and Arabidopsis. The transgenic
phenotypes have only been assayed under controlled experimental
conditions rather than field conditions. There is a great need to
accelerate the commercial development of transgenic varieties
having increased tolerance to abiotic stress, as these stress factors
are responsible for the majority of global crop losses.
The development of transgenic plants has proceeded more rapidly
for the enhancement of resistance to insect pests and pathogens.
Several transgenic products are commercially available that have
resistance to insect pests or viruses. These efforts have resulted in
the production of transgenic species of considerable economic
importance, including cotton, squash, rapeseed, tomato and potato.

Transgenic varieties with resistance against several classes of plant
pathogens may be commercially available in the near future.
It is important to consider the economic realities of the production
of transgenic varieties. Large, publicly traded corporations such as
Monsanto and Asgrow have been at the vanguard of the
commercialization of transgenic plants. The growers most
adversely affected by both abiotic and biotic factors are those with
the fewest economic resources. These growers often must plant on
marginal lands, which makes them more susceptible to the effects
of adverse abiotic conditions, and generally cannot afford improved
seed nor the costs associated with the application of agrochemicals
for the control of insects and pathogens. Unless a coordinated effort
is made to deliver transgenic varieties to these growers at a reduced
cost, it is unlikely that this sector, the most needy of the world
agricultural community, will enjoy the benefits of the current
revolution in plant improvement.
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Chapter 7
Molecular Markers for Crop Improvement
June Simpson1
Introduction
The development of molecular genetic markers has led to intense
investigation and characterization at the genetic level not only of
crop plants with traditionally well developed genetic systems such
as tomato [ 1] and maize [2] but also of exotic crops such as azuki
bean [3] and even of many tree species [4].
The advantage provided by molecular markers over classical
genetic marker systems is the ability to tap and utilize information
on naturally occurring polymorphism within populations.
Most natural populations have relatively high levels of
polymorphisms due to small changes in DNA sequence such as
point mutations, base substitutions, insertions, deletions and
translocations, most of which are phenotypically neutral. New
technologies allow the detection of these polymorphisms and have
proven extremely efficient in the discrimination of individuals.
Such polymorphisms and the molecular markers associated with
them are inherited in Mendelian fashion. They are extremely
abundant and found throughout the genome. In addition,
developmental, tissue specific and environmental factors do not
influence the detection of these polymorphisms, making them
excellent genetic markers.

The aim of this chapter is to describe the most important molecular
marker systems currently in use, their relative advantages and
disadvantages and how markers are being used in the area of crop
improvement.
1 Departamento de Ingeniería Genética de Plantas, Unidad Irapuato,
Centro de Investigación y de Estudios Avanzados del Instituto
Politécnico Nacional, Apartado Postal 629, Irapuato, GTO. 36500,
México.
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Different strategies for mapping and tagging genes of interest using
molecular markers will be described. The final section is devoted
to approaches where the production of a genetic map is an essential
requirement such as map-based cloning, graphical genotypes,
quantitative trait analysis and comparative mapping studies.
Types of Molecular Marker
Isozymes
Many biochemical compounds or molecules could potentially be
utilized as molecular markers. Examples of those which have been
used successfully are phenolic compounds, anthocyanins,
flavonoids and glycosides among others [ 5]; however, the
chromatographic techniques used to analyze these molecules are
often expensive and time consuming, making them unsuitable for
the routine analysis of large populations.
In contrast, many proteins can be analyzed simply and rapidly and
have proven to be useful and reliable genetic markers. Both
enzymes and nonenzyme proteins (in particular storage proteins)
have been used as genetic markers. Non-enzyme proteins are
usually analyzed by one or two dimensional polyacrylamide gel
electrophoresis (PAGE) where normally several bands or spots
relating to different molecular forms of the protein are observed. In
the case of enzymes, staining based on their specific activity is
usually exploited for their detection and analysis, therefore nondenaturing starch or polyacrylamide gels are used. Differences or
polymorphisms due to different molecular forms of the enzyme but
with conserved activity are detected by differential migration
within the gels. Differences may be due either to changes at the

DNA level which cause amino-acid substitutions and changes in
the charge of the protein or post-translational modifications such as
glycosylation which lead to changes in molecular weight.
Enzymes have been developed as molecular markers since the
1950's and Markert and Moller [6] introduced the term isozyme to
describe the different molecular forms of an enzyme. However
different forms of an enzyme may be expressed either by different
loci or by different alleles at the same locus. The term allozyme has
therefore been accepted to describe forms associated with different
alleles at the same locus and isozyme to describe different forms
from distinct loci.
Isozymes have been used as ''tags" to follow agronomically
important simple traits such as nematode resistance in tomato [7].
A gene is "tagged" when a molecular marker is found to be very
closely linked to the trait of interest, presence of the marker is a
very strong indication that the gene associated with the trait of
interest is also present. Isozymes
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have also been used in the analysis of complex or "quantitative"
trait loci (QTLs) in which several genes are responsible for the
phenotype; examples are seed size in common bean (Phaseolus
vulgaris) [ 8] and grain yield in maize [9] among others. Protein
markers have also been used in studies of genetic diversity and the
evolution of crop plants. An excellent example of this type of study
is the use of the storage protein phaseolin from common bean, to
compare bean germplasm from different geographical areas in
Latin America based on phaseolin patterns. It was determined from
these studies that common bean, was domesticated in several
locations from Mexico through Central and South America [10].
Protein markers have also been used for mapping [11] segregation
distortion studies [12] and varietal identification/purity studies
among others [13].
Protein based markers have the advantages that they are cheap and
need no sophisticated equipment; they are useful in a variety of
crop species and are usually co-dominant making them appropriate
for heterozygosity studies. However, the main drawbacks to their
use are the limited number which are available. Vallejos [14]
described 57 enzyme systems and although in some cases more
than one locus can be studied for each enzyme type, this is not
always possible. For example in a study of 44 enzyme systems in
Lactuca spp., 70 loci could be examined [15]. Even if all 57
enzyme systems were utilized, it is highly unlikely that all would
detect polymorphism in any given cross. Other drawbacks are the
use of specific detection methods for each enzyme and since the
information we obtain is phenotypical or the product of gene
expression, there may be some developmental or tissue-specific

effects which complicate analysis. In addition, only genomic
regions coding for expressed proteins can be analyzed.
Although the DNA based markers to be described below offer
certain advantages over protein markers, the latter are still widely
used either on their own or in combination with DNA based
markers.
Restriction Fragment Length Polymorphisms (RFLPS)
The first DNA based molecular markers were developed to detect
polymorphisms produced by changes in the distance between two
restriction enzyme sites [16]. These polymorphisms are caused by
mutations in or around the restriction sites. Figure 1 explains how
these changes lead to changes in size of restriction fragments. If
one homolog suffers a point mutation (nucleotide substitution or
deletion) at one of the restriction enzyme sites, the restriction
enzyme will no longer recognize the sequence at that location and
will not cut the DNA. The size of the fragment produced will
depend on the proximity of the next closest restriction enzyme
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site. The size of a given fragment can also change as a result of an
internal deletion or an insertion in the fragment of interest.
Obviously a simple restriction digest of plant DNA would produce
a smear of bands in which changes in individual fragments would
be impossible to detect, therefore the Southern blot technique [ 17]
is used to detect specific restriction fragments. Single copy
genomic DNA clones or cDNA clones are used as probes for
specific regions of the genome. Figure 2 parts (a) and (b) shows a
typical result of RFLP analysis. Part (a) illustrates results obtained
with a single copy probe and part (b) with a multilocus probe.
Multilocus probes will be discussed in more detail below in the
section on repeated sequence markers.
Due to the number of restriction enzymes available, a potentially
unlimited number of RFLPs could be detected for any given crop
species.

Figure 1
Examples of how RFLPs may be produced. Part (a) shows a restriction
fragment of 2.5 Kb in a homozygous individual, i.e. both homologous
chromosomes would contain the 2.5 Kb fragment and a single band (lane A)
would be detected on a gel. Parts (b), (c) and (d) diagram the results of
different types of mutation and how these would be distinguished from
(a), following gel electrophoresis and detection [part (e)]. Eco
RIrestriction enzyme, Xchange in restriction enzyme
sequence, insertion.
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Figure 2
Examples of RFLP results. (a) Example of RFLP analysis with a unique
sequence probe and (b) example of RFLP analysis with a multi-locus probe.

Even in self-fertilizing plants such as tomato and common bean,
levels of polymorphism are relatively high [ 18]. RFLP markers
like isozymes, are co-dominant, detecting both alleles at a given
locus, results are consistent when the same probes are used in
different laboratories and in the case of cDNAs and many genomic
clones the probes are directly associated with coding sequences. To
develop RFLPs, single copy genomic or cDNA clones must first be
isolated and tested for polymorphism in the materials of interest.
Although for many crop species such as maize, rice and tomato,
sets of clones covering the whole genome are available, specific
probes must be developed for any new species. Additionally,
although non-radioactive Southern blot methods have been
developed, these procedures remain time consuming and laborious.
Randomly Amplified Polymorphic DNA (RAPD) Markers

RAPD markers were developed using the polymerase chain
reaction (PCR) [19] methodology. In a normal PCR reaction two
distinct oligonucleotide primers of known sequence, flanking a
region of interest are used to synthesize the DNA fragment
between the two primers. Repeated synthesis of the fragment leads
to an amplified number of copies of the specific fragment bounded
by the oligonucleotides [19]. In a RAPD reaction
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a single 10-nucleotide sequence chosen at random is used as a
primer [ 20,21]. Genomic regions flanked by inverted repeats of the
oligonucleotide will be synthesized from this single primer (Figure
3). Amplified PCR fragments are visualized under U.V. light
following separation on an agarose gel and staining with ethidium
bromide. In the case of RAPDs, the polymorphisms detected in
different individuals are due to mutations or changes in DNA
sequence either at the regions homologous to the oligonucleotide
primer or in the surrounding sequences, similar to the situation for
RFLPs depicted in Figure 1. These changes may inhibit
oligonucleotide hybridization causing the PCR reaction to fail and
no amplified fragment to be produced or may cause the size of the
fragment to change. Often, however, loss or movement of the
region of homology to the oligonucleotide primer presents the
situation that distances between primers are greater than the limits
of a standard PCR technique (greater than 2 Kb) leading to failure
in the amplification reaction and loss of a band.
Polymorphisms are detected as presence or absence of bands and
although in theory heterozygotes should give lower intensity bands,
very

Figure 3
Principle of RAPD analysis. Two chromosomes from three individuals are
shown (plants 1, 2 and 3). H1 and H2 denote the two homologs of each
chromosome. Filled lines represent one strand of the DNA helix, open lines
the complementary strand. L1 and L2 represent RAPD locus 1 and RAPD
locus 2. P ® represents the oligonucleotide primer and the direction
of DNA synthesis. X represents lack of sites homologous to P.
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Figure 4
Example of results of RAPD analysis of
common bean cultivars. FM, A193, AB136
and G2333 cultivars; Mmolecular
weight marker.

small changes in reaction conditions or DNA concentration can
mask this effect, therefore it is usually not possible to distinguish
heterozygotes as shown in the example in Figure 3. For this reason
the RAPD marker system unlike isozymes and RFLPs is a
dominant/recessive system. A typical RAPD result showing
banding patterns which differentiate between common bean
cultivars is shown in Figure 4.
RAPD markers have become widely used in many crop species
since they are relatively cheap and simple to use, the only
sophisticated equipment necessary being a thermocycler. No
radioactivity is needed and commercially available oligonucleotide
primers can be used directly to screen for polymorphisms. An
extension of the RAPD technique is the DAF ( 22) or DNA
amplified fragment technique which uses the same methodology to
analyze many fragments simultaneously. The main criticisms of
random amplification methods is the low reproducibility between

different laboratories since the reactions are extremely susceptible
to changes in buffer composition, DNA concentrations and even
different models of thermocyclers. RAPD markers are also
"anonymous," i.e. they are not necessarily associated with coding
sequences. This latter point is advantageous when coverage of the
whole genome including repetitive and non-coding sequences is
required. Many reports of gene tagging, mapping and
characterization of germplasm using RAPD markers continue to be
published and with the normal precautions necessary for all PCR
reactions, are useful and efficient markers.
Mini/Microsatellites or Variable Number Tandem Repeats (VNTRS)
In many organisms, hypervariable regions have been detected and
characterized. The best known examples are from the human
genome [23], where it was shown that the hypervariable regions
consisted of tan-
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demly repeated sequences. These repeats of 15-75 nucleotides were
called minisatellites, due to the possibility to isolate certain tandem
repeats as satellite peaks on density gradients. Tandem repeats of
simple sequences of 2-3 nucleotides, e.g. (GA)n have been named
simple sequence repeats (SSRs) or micro-satellites [ 24]. The
variation between alleles or polymorphism produced by
mini/microsatellites is due to different numbers of repeats at the
same locus on homologous chromosomes (see Figure 5).
These differences in copy number on homologous chromosomes
may be due for example to unequal crossing over during
recombination [25] or perhaps to errors during replicative
processes. Micro and minisatellites are also often described as
VNTRs or variable number tandem repeat markers. In order to
utilize VNTR markers in mapping and tagging projects it is
necessary to develop a method to examine VNTRs at a specific
locus. If a Southern blot is carried out using VNTR sequences,
normally a complex pattern of bands (often called a fingerprint) is
observed. A simple example of such a result is shown in Figure
2(b). This is due to the fact that a single VNTR sequence may be
found at different locations in

Figure 5
Example of the polymorphism associated with VNTRs. P and P' are
unique oligonucleotide primers specific to the regions flanking the
VNTRs at a specific locus on chromosome 1. T.R.Tandem repeat.
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the genome and all these regions are simultaneously detected by
hybridization. These complex patterns are extremely useful in the
discrimination between individuals or fingerprinting analysis,
where the probability of two individuals having exactly the same
banding pattern is extremely low.
Individual VNTR loci can be studied by obtaining information on
unique sequences flanking the repeats and developing PCR primers
which are specific for a given locus (Figure 5). The fragments
containing repeats amplified by PCR can be detected following
electrophoresis and staining in polyacrylamide or agarose gels.
Alleles with different copy number will produce different sized
fragments and allow the detection of these differences in distinct
individuals. Since both alleles at a locus are detected, VNTR
markers like RFLPs and isozymes are co-dominant markers.
Minisatellites from humans and from the protein three gene of the
bacteriophage M13 have been used to detect hypervariable regions
in plants, and minisatellites based on these sequences have been
obtained from plants although the homology is relatively weak [
26,27]. M13 and human satellites have proved successful as
fingerprinting tools in plants where complex banding patterns
rather than locus specific patterns are useful. Recently however,
specific plant microsatellite sequences have been developed and
are proving to be useful in genome analysis since the VNTR
marker systems typically detect high levels of polymorphism and
have proved efficient when availability of other markers is low as
in the case of wheat and barley [28]. The main drawbacks for
widespread use of VNTRs as molecular markers is the preliminary
work necessary (cloning, sequencing and synthesis of

oligonucleotides) to develop locus specific markers and the fact
that such locus specific markers also tend to be species specific and
therefore cannot be applied to a wide range of plant species.
Single Strand Conformation Polymorphisms (SSCPs)
The SSCP technique has been widely used to study changes in the
nucleotide sequences of genes which are associated with certain
clinical conditions in humans. The technique is based on the
observation that single stranded DNA molecules of the same length
but differing in sequence by only one nucleotide show differences
in migration on polyacrylamide gels. The differences in migration
are thought to be due to changes in the conformation adopted by
the DNA molecule and have therefore been denominated Single
Strand Conformation Polymorphisms or SSCPs.
The SSCP method is useful for studying genes of particular interest
which have been previously characterized to some extent and was
origi-
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nally developed using a gene specific probe to detect shifts in the
mobility of single strand sequences following electrophoresis and
hybridization [ 29]. A more practical approach however is to use
PCR in order to amplify specific exons within a gene. Following
PCR using exon specific oligonucleotides, amplified fragments are
denatured and separated on a polyacrylamide gel, fragments are
then detected by autoradiography or fluorescence. Shifts in
migration caused by single nucleotide changes can be observed
when DNAs from normal and affected individuals are compared.
Once a shift has been observed, the fragments amplified by PCR
can be cloned and sequenced in order to pinpoint the mutation
precisely.
The power of the technique lies in the possibility of identifying
polymorphisms at the single nucleotide level which would be
impossible using other types of molecular marker. The most
important application for SSCP is in the scanning of genes
associated with clinical conditions such as cystic fibrosis and
lissencephaly [30] in order to determine whether the same
mutations are responsible for these conditions in different
individuals and to help in the planning of gene therapy protocols.
Although this type of detailed analysis is essential in the field of
human genetics, it is probably unnecessary and not cost effective
for use at least at present in other organisms such as plants.
Amplified Fragment Length Polymorphisms (AFLPS)
The AFLP technique is also a PCR based technique, however
unlike RAPDs and DAFs, specific restriction fragments are
targeted for amplification [31,32]. The general outline of the
procedure is shown in Figure 6 and details can be found in the

article of Vos and co-workers [32]. Briefly, genomic DNA is
digested with two different restriction enzymes, normally a
hexacutter, (recognizing a six base pair sequence) e.g. EcoRI and a
tetracutter (recognizing a four base pair sequence) e.g. MseI.
Specific adapter molecules are then ligated to the ends of the
restriction fragments. The oligonucleotide primers for the PCR
reactions correspond to these adapter molecules. A greater
specificity is achieved by adding an extra nucleotide to the PCR
primer corresponding to the internal nucleotide following the
restriction site (Figure 6). A preliminary amplification reaction is
carried out using this +1 primer allowing the amplification of only
a subset of the population of digested molecules. This initial
amplification is followed by a second amplification using an
oligonucleotide primer with three extra bases, therefore only a
fraction of the originally amplified fragments is subsequently
amplified i.e. those possessing precisely the combination of
internal bases determined by the primers (this can be visualized
more clearly in Figure 6). Different combinations of three base
sequences at each restriction site lead to analysis of different
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Figure 6
Principle of AFLP analysis. The figure shows the steps
of the AFLP protocol. All fragments produced by restriction
enzyme digestion will be amplified, however as explained
in the text not all amplification products are detected
following gel electrophoresis. A ® and AGG ® indicate 1
and 3 extra nucleotides and the direction of DNA
synthesis, 32P indicates radioactive label.

fractions of the genome. In order to detect the amplified fragments,
one of the +3 primers has a radioactive or fluorescent label
attached, the amplification products are then run out on a

polyacrylamide sequencing gel and visualized by autoradiography
or by scanning in a special apparatus designed to detect fluorescent
compounds. The general idea behind the AFLP technique is to
obtain information simultaneously for many restric-
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tion fragment polymorphisms but in an easily manageable fashion,
therefore although initial digestion, ligation and amplification
reactions involve the whole genome, various steps within the
protocol lead us to analyze only a small proportion of the genome.
Analysis of this small subset of the genome is achieved in several
ways: EcoRI/EcoRI fragments will on average be larger than either
MseI/EcoRI or MseI/MseI fragments and many will not enter the
sequencing gel or will fail to be amplified under the PCR
conditions used in the protocol. The small MseI/MseI fragments
are also thought to amplify inefficiently due to the formation of
hairpin structures [ 32]; however if the radioactive label is
incorporated into the EcoRI +3 primer in the second amplification
reaction only fragments of the type EcoRI/MseI (the majority) or
EcoRI/EcoRI fragments will be detected following
autoradiography of the gel. A typical result of an AFLP experiment
is shown in Figure 7.
AFLPs have been shown to detect high levels of polymorphism in
many different organisms including plants [31]. The polymorphism
in this case has the same basis as for RFLPs, namely mutations in
or around the restriction sites of the enzymes used in the initial
digest. In spite of the complexity of the protocol for carrying out
AFLP analysis and the preparation of sequencing gels, many
reports of mapping and tagging using the AFLP technique have
been published recently [33,34]. In order to avoid the use of
radioactivity, sophisticated equipment and computer software must
be employed to detect fluorescently labeled bands. On the plus side
however, the AFLP technique is unrivaled in the rapid, and
consistent generation of large amounts of data on polymorphism
and segregation for mapping, tagging and fingerprinting and in

certain cases heterozygotes can also be distinguished [35]. Since
stringent conditions for primer annealing and long (18-20 bp)
primers are used, the technique is very consistent and with careful
use of molecular marker standards should be comparable between
different laboratories. The AFLP technique, like RAPDs and
DAFs, could easily be automated for high sample throughput.
Although AFLPs are anonymous markers they are useful for the
saturation of regions around loci of interest and should facilitate
map-based cloning efforts.
The most widely used DNA based molecular markers have been
covered in this chapter, certain modifications of these basic
methods are also used in some cases, for example the use of RAPD
bands in hybridization reactions or the development of relatively
long oligonucleotides specific to either RAPD or RFLP bands in
order to make them more stable or easily analyzed. The field of
molecular markers is developing rapidly and some of the methods
mentioned above will probably become obsolete, while others will
be modified and new techniques introduced to meet the increasing
demand for automated high throughput analysis.
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Figure 7
Example of AFLP analysis of
common bean cultivars.

Applications of Molecular Markers for Crop Improvement
The dramatic increase in world population and the related decrease
in useful arable land combined with ecological concerns about use
of chemicals in agriculture is putting extreme demands on food

resources throughout the world. The development of plant
biotechnology is seen as a potential solution to certain elements of
the agricultural crisis.
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Traditional methods of crop improvement used by breeders have
been extremely successful, however although modern techniques
have been introduced, improvement is often achieved with little or
no basic biological, physiological or genetic knowledge of the
character of interest. In many cases although some knowledge is
available it is impractical for breeders to apply it in their programs.
It has been suggested [ 36] that molecular marker studies could
potentially act as a point of contact between plant breeding and
basic plant biology.
A comprehensive review of the use of DNA markers in plant
breeding programs currently under way, and expectations for their
further use, is given by Lee [36]. In the following sections of this
chapter a general overview of the strategies used to obtain useful
markers, how these could be applied to breeding/crop improvement
programs and what advantages they may provide, will be
presented.
Germplasm Characterization
The most simple application of molecular markers is in the
characterization and identification of germplasm. In humans, DNA
markers have proven to be extremely efficient in the discrimination
of different individuals and are now routinely used in legal matters
[37,38]. These markers have the same powers of discrimination in
plants and are therefore useful in distinguishing between cultivars
and closely related lines, and also in determining the relationships
between new accessions in comparison to samples already present
in germplasm banks [33]. Apart from the obvious legal uses in
protecting breeders rights to new cultivars which they develop,
characterization of materials in germplasm collections should lead

to a more efficient management of the banks [39]. Overlapping or
duplicated accessions could be eliminated and new accessions
analyzed to determine how distinct they are at the genomic level.
Due to the narrow genetic base of many crop plants, exotic
germplasm is an essential resource for many breeders and more
efficient management and preservation of germplasm would be
advantageous for crop improvement schemes.
Although all molecular markers can in theory be used for
germplasm characterization, the most efficient markers in this
respect are those which detect polymorphism at many loci
simultaneously throughout the genome, such as
mini/microsatellites, RAPDs/DAFs and AFLPs, allowing specific
fingerprints for each individual to be developed and phylogenies
and diversity analyzed.
Introgression of Monogenic Characters
Certain characteristics of interest to plant breeders are controlled
by single dominant genes, for example resistance to certain
pathogens or
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color traits. Phenotypically individuals can be easily separated into
discrete classes e.g. resistant or susceptible as shown in Figure
8(a). Traditionally under some breeding schemes, germplasm of
interest is identified and by a series of crosses and selection for the
desired trait, breeders produce a new commercial line with the
newly introgressed characteristic and as little as possible of
undesirable genetic information from the donor germplasm.
Normally several generations of backcrossing and/or inbreeding
are necessary to obtain lines suitable for commercial release and in
most cases specific analysis (such as challenge with pathogens)
must be carried out during the breeding program. The whole
process therefore may take from 5-10 years depending on the
species. The identification of molecular markers closely linked to
and preferentially flanking the gene of interest would allow
selection to be carried out based on the molecular marker
genotypes (MAS or Marker Assisted Selection) [ 40,41]. This
would allow testing of progeny at an early stage without the need
to grow

Figure 8
Comparison of quantitative and monogenic traits. (a) Shows
the resistant or susceptible phenotype of common bean plants
to the fungal pathogen, C. lindemuthianum; (b) shows
seed pattern and size phenotypes of a segregating F2
population of Phaseolus vulgaris.
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all plants to maturity and infection tests would be needed less
frequently, leading to a more efficient selection process and
speeding up the production of new cultivars.
In order to make this strategy work, efficient methods for
identifying markers closely linked to the gene of interest must be
developed. Two methods which have become widely used are the
analysis of near isogenic lines or [ 42,43] and bulked segregant
analysis (BSA) [44]. The rationale behind the use of near isogenic
lines is that around 80-90% of the genome is identical between the
NILs, therefore, any marker detecting polymorphism has a
relatively high chance of being associated with the locus of interest
which distinguishes the two lines (Figure 9). Two chromosomes of
two NILs are shown, the NILs are genetically identical with the
exception of a small genomic region associated with disease
resistance. One NIL is resistant (R) the other susceptible (r) the only
molecular marker distinguishing between the NILs in band pattern
is L3 which is associated with the region of chromosome 1 in NIL 1
containing

Figure 9
Use of near isogenic lines. The figure shows both homologs (H1, H2)
of two chromosomes of two near isogenic lines (NIL1, NIL2). L1, 2, 3 and 4
represent molecular marker loci on the chromosomes.
represent the only genomic region which is different between the two NILs.
Rrepresents the dominant allele conferring resistance to a pathogen
within the distinguishing region. rrepresents the recessive susceptible
allele.
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the resistance gene R since only in this region is there a difference
in genetic information. A single band is observed for both RAPD
and RFLP analyses since the NILs are homozygous at all loci
examined. Although in practice NILs also differ in small regions
not associated with the character of interest, the probability that a
distinguishing marker is linked to the gene of interest is high when
compared to lines which are much less homogeneous.
Bulked segregant analysis is done on a segregating population, F2,
F3 or backcross, where segregants are characterized for the trait of
interest and separated into groups. For example plants which are
resistant and plants which are susceptible to a pathogen. DNA is
then extracted from individual plants in the group and a mixture (or
bulk) of equal amounts of DNA from each plant is prepared for
each group. When analyzed with molecular markers the only
markers which can distinguish between the two groups are those
closely linked to the trait of interest. This procedure is illustrated in
Figure 10. As can be seen for loci L1 and L2, the total number of
white or black alleles in each bulk mix are equivalent i.e. four
blacks and four whites in each bulk, although individual plants may
have any combination of white and black at either locus. In the
case of L3 however which is closely linked to a resistance gene
(R/r), the bulks are distinguished phenotypically as R or r since the
R allele or resistance phenotype is dominant, some heterozygotes,
R/r are included in this bulk. In contrast, all susceptible plants must
be r/r and are homozygous. Therefore for L3 we do not see a 1:1
relationship between black and white alleles in the bulks, Bulk 1
shows 6 black: 2 white and bulk 2 shows all white. Molecular
marker patterns for L1 and L2 are identical since all genetic
information is present in equal proportions however for L3 an

excess of information associated with the black allele is present in
bulk 1, associated with the upper band in the RFLP analysis and
the strong band in the RAPD analysis. In bulk 2 an excess of
information for the white allele is present therefore the lower band
in the RFLP and the absence of a band in the RAPD is observed.
The faint bands are due to heterozygotes R/r (in bulk 1) or to
recombinant genotypes where the recombination event occurred
between r and the white allele shown as an example in bulk 2,
plants 1 and 3. This phenomenon could of course also occur in bulk
1.
In order to determine precise linkage relationships around the trait
of interest, markers determined by NIL or BSA analysis can be
used to analyze a complete F2 population. Rather than produce a
complete linkage map of the genome, it is only necessary to
determine linkage relationships between the trait of interest and the
markers determined by BSA or NILs to be closely linked to the
gene of interest. Many important monogenic characters have been
tagged using these strategies, one example is the tagging of fungal
resistance genes in Phaseolus vulgaris [ 45].
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Figure 10
Use of bulked segregant analysis. The figure shows the genotypes
of a single chromosome from four different individuals of a
segregating population showing resistance to a pathogen (bulk1, 1-4)
and four individuals showing susceptibility to the pathogen, (bulk2, 1-4).
L1,2 and 3 indicate molecular marker loci. Black boxes indicate one allele at
each locus and open boxes the alternative allele. R represents the location
of the dominant allele for resistance and r the susceptible allele. B1/B2bulk1
or bulk2, represents faint bands on the gel.

As mentioned above, the application of molecular markers to gene
tagging and germplasm characterization can be carried out without
the development of a full scale genetic map, however for certain
important applications of molecular markers in crop improvement it
is essential to have a representative map of the species of interest
and often of a particular cross involving traits of interest.

Map Based Applications of Molecular Markers in Crop
Improvement
Until the mid 1980s few genetic maps were available for plants,
maize and tomato being notable exceptions. With the advent of
molecular markers, maps of many crop species including perennial
and forest species
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have now been developed. Maps are constantly being updated and
maps of new species developed, it is therefore impractical to list
them here, however current information on individual crops and
related species can be most easily accessed by internet for example
through the USDA site on plant genome databases at
http://probe.nalusda.gov:8300/plant/index.html
The underlying theory of linkage mapping is identical for
molecular or morphological markers and based on the frequency of
recombination events during meiosis between two given markers.
In contrast to morphological markers, a virtually unlimited number
of molecular markers can be mapped in a given mapping
population and the precision or resolution of the map will depend
on the number of individuals analyzed. Backcross or F2
populations can be used for mapping purposes but are essentially
finite in nature. Recombinant inbred lines [ 46], immortalized F2
populations [11] or doubled haploid lines [47] provide permanent
mapping populations with which new markers and traits can be
continually analyzed. Although dominant markers are widely used
for mapping, codominant markers provide more information on
recombinant genotypes. A more profound explanation of the
development of genetic maps is beyond the scope of this chapter
but a detailed introduction to developing molecular marker maps
has been described by Young [48]. Once a map has been developed,
several strategies for crop improvement may be employed based on
map information. First an extension and much more directed
approach to the marker assisted selection mentioned above can be
carried out. In this case rather than simply follow the introgression
of the trait of interest, the constitution of the genome as a whole
can be monitored in individuals of interest, allowing for a more

precise selection of the best individuals for continued breeding.
This idea was first developed by Young and Tanksley [49] with ''the
concept of graphical genotypes," a method for visualizing the
overall genotype of an individual based on molecular marker data
throughout the whole genome. A specialized computer program
"Supergene" [50] has been developed to facilitate these types of
analysis which are particularly useful, for example, in backcross
breeding, for comparing pedigrees of derived cultivars and
potentially for following the complex or quantitative traits which
will be discussed below. More efficient selection of individuals
should greatly reduce the time needed to produce new cultivars and
lead to very efficient selection for small genomic regions around
genes of interest [51].
A second application of genetic maps is the comparison of marker
order in the genomes of related species. One of the first examples
of this type of comparison was between the solanaceous species:
tomato, potato and pepper [52,53]. All have twelve chromosomes
and on comparison of marker order tomato and potato proved to be
extremely well conserved
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with only very small changes in marker order distinguishing the
two genomes. However, a comparison of the order and
organization of molecular markers in tomato and pepper showed
many differences in marker order both within and between
chromosomes suggesting that although the number of centromeres
has been conserved, the gene order in the chromosomes
surrounding these centromeres has been extensively rearranged.
Similar studies have been done with legumes [ 54] and most
successfully with gramineous species [55]. In the latter case
although species vary in numbers of chromosomes and levels of
ploidy, it is possible to align the genomes of most species, taking
the smallest genome (that of rice) as the basic unit. A review of
these comparisons Moore et al. [56] elaborates these observations.
The method of comparative mapping using molecular markers has
also been applied to certain traits of interest where it has been
shown that not only is there conservation in terms of marker order
but in many cases also in terms of gene function. For example a
region controlling presence or absence of ligules is conserved in
rice, wheat and maize, and regions for complex characters such as
plant height are conserved in maize and sorghum and seed weight
in mung bean and cowpea. This means that breeders can now
utilize genetic information and markers from related but sexually
isolated species in their selection programs. Recently comparisons
have been made between taxa which are much more divergent.
Even in these cases a surprising level of colinearity was observed.
As the title of the article by Paterson et al. [57] states we are now
moving "toward a unified genetic map of higher plants,
transcending the monocot-dicot divergence." Comparative mapping

also has important implications for gene isolation strategies as will
be discussed later in this chapter.
The management of monogenic traits in MAS schemes has been
discussed in the preceding sections, however the development of
high density molecular maps has realized the possibility of also
dissecting and managing complex genetic traits. Although this is
not a new idea, the genetic tools to accomplish such analysis were
unavailable until the advent of molecular markers. Complex or
quantitative traits do not show simple Mendelian segregation
patterns since the overall phenotype is the product of accumulative
effects, to varying degrees, of many loci. In addition, classification
of phenotypes is often affected by environmental effects which can
make it difficult to determine a direct relationship between
phenotype and genotype. As shown in Figure 8, whereas the
phenotypic classes of a monogenic trait in common bean are clearcut, in complex or quantitative traits such as seed pattern and size,
it is much more difficult to determine discrete phenotypic classes
and if we look at a large population we would observe a continuous
variation. Traits such as yield, height and stress resistance are not
normally attributable to a single gene and any
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given population will show a range of phenotypes whose
distribution will correspond roughly to a normal curve. Molecular
markers and high density maps are the tools which permit the
systematic analysis of a genome, by dissecting complex characters
into their Mendelian components. This is achieved by comparing
the phenotype of traits of interest with the molecular marker
genotype and allowing the determination of which markers and
consequently which genomic regions are associated with a
quantitative character, putatively how many loci are involved and
the strength of influence of each region on the trait under study [
58]. Since DNA markers show the genotype of an individual
directly, this eliminates to a great extent the complications of
environmental effects giving a clearer indication of the genetic
potential of the individual. Regions determined to be associated
with quantitative trait loci have been dubbed QTLs or quantitative
trait loci. Paterson et al. [59] published the first report of a
systematic whole genome analysis for three traits important for
tomato fruit processing. As may be expected, they found regions of
the genome to be important for the expression of one, two or all
three of the traits and regions with stronger influences as compared
to others with very poor influences. Since this landmark report,
many QTLs have been determined for a variety of traits in different
species including for example height in pines [60] and tuber
dormancy in potato [61]. The basic idea behind QTL mapping is to
systematically screen the whole genome in a segregating
population and compare the genotype of each locus with the
phenotype for the traits of interest of each individual plant.
Statistical analysis then determines the probability of a region
being associated with a trait or not.

Specialized computer programs and statistical methods for
estimating QTL locations have been developed [62,63,64,65,66]. A
detailed description of software and methods is beyond the scope
of this chapter but good reviews of QTL mapping [67,68] and the
individual articles cited above provide more in-depth information.
The success of detection of QTLs is however both exciting and
deceptive since we are given a glimpse of how this powerful tool
may be used for MAS of quantitative traits in breeding programs
and possible gene cloning experiments, but on the other hand much
research is still necessary to use QTL map information routinely.
Initial studies have shown that contrary to the expectations of many
investigators, relatively few genomic regions, often accounting
individually for a large proportion of the phenotype, underlie
quantitative characters, thus encouraging intense study of QTLs as
tools to carry out MAS or indeed as the first step for use in cloning
and genetic engineering strategies.
However, the positions of QTLs are estimated normally within
regions of 10-20 cMs; this is still a relatively large region in
genetic terms. In
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molecular terms, this genetic distance could correspond to 2.3-4.6
Mb in Arabidopsis or 15-30 Mb in maize making it unmanageable
in the latter case. Although MAS could be carried out, the
efficiency of such a scheme may not be as high as expected due to
the ambiguity of QTL location. In terms of cloning strategies,
distances of this size are impractical for chromosome walking and
physical mapping. In addition, several genes may have to be cloned
in order to have all the components of a phenotype. Other
unresolved problems are non-conserved QTLs in different
populations, QTL effects specific to environment and epistatic
effects which would determine how widely QTL information for a
given trait could be used. Therefore, although QTLs promise much
for the future, certain caution should be employed until plant
breeding, molecular marker and statistical methodology provide
more confident information on the location, nature and effects of
QTLs. The graphical genotypes mentioned above provide a simple
method for accessing QTL data in an easy to visualize format
which would help in programs involving MAS of QTLs.
The final and increasingly important application of molecular
marker maps is in map-based cloning strategies. Many genes of
agronomic interest are unknown in terms of the proteins for which
they code and their direct biochemical function. In this case,
traditional gene cloning strategies based on protein sequence
information or RNA isolation are useless. However, in many cases
it is possible to map genetically such traits and to locate them on
molecular marker maps. The general strategy is to obtain molecular
markers as close as possible to the gene of interest (less than two
centimorgans) and flanking the gene [ 69]. The markers can then be
used to identify clones present in special large insert genomic

libraries (normally maintained in yeast or bacterial artificial
chromosomes, YACs or BACs) which putatively contain or are
close to the gene of interest. Clones which span the whole region
between the flanking markers are isolated and usually subcloned in
smaller fragments in bacteriophage l or other vectors. The
fragment containing the gene of interest must then be identified by
expression studies or complementation of mutants and finally the
gene itself isolated and sequenced. The process of map-based
cloning is not trivial since in previous studies often 2-3 thousand
individuals of a population were screened to confirm that markers
were indeed very close to the gene under study [70]. In addition,
development of high molecular weight libraries is a complicated
process hampered by the sheer size of large genomes. However a
map-based cloning strategy is often the only option available for
isolating genes of interest especially in species where mutagenesis,
transposon or Agrobacterium tagging cannot be used and is
becoming more feasible as methodologies improve. To date mapbased cloning has been used successfully to isolate a number of
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disease resistance genes the first of which was a gene for resistance
to Pseudomonas syringae in tomato [ 70].
Conclusions
Molecular markers are radically changing the way we understand
and analyze genomes. A much more detailed knowledge of the
structure and components of the genome of individual species can
be compiled and used to compare species and even taxa. Major
genes of interest can be tagged relatively easily and even complex
traits can be handled more directly.
These new tools are being gradually assimilated into breeding
programs and should lead to much more efficient selection
strategies. Genotyping of germplasm will also facilitate the
cataloging and maintenance of large collections of materials aiding
in conservation and diversity studies and perhaps even allowing
more efficient selection and introgression of traits from exotic
germplasm.
The essential use of markers in map-based cloning strategies
should provide both a wealth of information on previously
unobtainable genes and new possibilities for the use of such genes
in genetic engineering projects. Using these novel techniques a
huge reservoir of information on plant genomes will soon
accumulate and this knowledge both at the basic and applied level
will in turn lead to a greater efficiency in crop improvement and
production schemes.
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Chapter 8
Physiology and Molecular Biology of Fruit Ripening
M.A. Gomez-Lim1
Introduction
Fruits represent an important item of our diet. Considering the
large variety of fruits found in nature, it is surprising that only a
relatively small number of them such as grape, banana, citrus,
pome, apples, pears, and tomato, is consumed in the western world.
Exotic, tropical fruits such as cherimoya, guava, carambola,
persimmon, passion fruit, mango, prickly pear and papaya have
been known to and enjoyed by local people for centuries and it is
only recently that western consumers are becoming more aware of
them. International demand has turned fruits into commercially
valuable crops and consequently trade in exotic fruits is increasing
rapidly.
When compared to other plant organs, fruits exhibit high metabolic
activity which continues during postharvest. This high activity
makes most fruits highly perishable commodities and it is precisely
this perishability, and resulting short shelf life, that causes the
greatest problem to the successful transportation and marketing of
fresh fruits. Postharvest problems have been largely solved for
many commercial crops (particularly those of temperate climate)
by harvesting at the immature or green stage, and/or by using
storage at low temperatures or in controlled atmospheres. However,
these methods have not been successfully applied to other fruits,

notably those of tropical climates. For instance, mangoes harvested
at full maturity do not store well, but if harvested immature fail to
ripen prop1 Depto de Ingeniería Genética de Plantas, Centro de Investigación y
de Estudios Avanzados del Instituto Politécnico Nacional, Apartado
Postal 629, Irapuato, GTO. 36500, México.
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erly. The same applies to other tropical fruits. Better handling
procedures for many fruits as well as improvements for the major
established crops can only come from a deeper understanding of
the physiology and molecular biology of fruit ripening.
The objective of this chapter will be to present a summary of recent
observations which have widened our current understanding of
fruit ripening, with emphasis on the application of molecular
biology. Until recently, apart from extensive horticultural breeding
research, emphasis had been on a mix of descriptive and analytical
work, together with metabolic and enzymological investigations.
Only of late has it become possible to revisit venerable questions
pertaining to fruit maturation, ripening and senescence in
molecular terms particularly with respect to selective gene
expression. The genetic manipulation of fruits has allowed not only
to modify the rate and some processes of normal ripening but also
to develop methods to utilize fruits (and plants in general) as
''bioreactors" to express and produce a wide range of heterologous
proteins, in particular human vaccines. This issue will also be
considered.
Ripening Processes
Fruit ripening is a highly complex process, with marked variations
in metabolism occurring between different types. Nevertheless, the
process is characterized by a series of coordinated biochemical and
physiological changes that lead to the development of a soft, edible
fruit. Some of these changes include synthesis of secondary
metabolites associated with flavor and aroma, synthesis of
pigments, degradation of chlorophyll, alterations in organic acids

and cell wall metabolism and a softening of the fruit tissue (Table
1). These events occur in conjunction with a sharp autocataTABLE 1. Changes That May Occur during the Ripening
of Fleshy Fruit.
Color changes: synthesis of pigments
Degradation of chlorophyll
Softening: changes in composition of cell wall
constituents
Production of flavor and aroma compounds
Changes in tissue permeability
Abscission
Changes in respiration rate
Changes in the rate of ethylene production
Changes in levels and composition of organic acids
Changes in gene expression
Synthesis of new proteins
Development of wax on skin

Page 305
TABLE 2. List of Some Climacteric and Non-climacteric
Fruits.
Non-climacteric
Climacteric
Bell Pepper
Apple
Cherry
Avocado
Citrus
Banana
Grape
Cherimoya
Pineapple
Fig
Strawberry
Kiwifruit
Watermelon
Mango
Melon
Olive
Papaya
Passion Fruit
Paw Paw
Persimmon
Peach
Pear
Plum
Tomato

lytic increase in ethylene production and a peak of respiratory
activity, the climacteric.
Fruits have been divided into non-climacteric and climacteric
classes on the basis of their respiration pattern during maturation
and ripening (Table 2). Fruits belonging to the climacteric class
undergo a distinct ripening phase which is signaled by a climacteric
rise in respiration and ethylene production, while fruits of the nonclimacteric class do not [ 1]. The two classes of fruits are

distinguished by their responses to exogenous ethylene. In unripe
(preclimacteric) fruits of the climacteric type, ethylene accelerates
the onset of ripening and the associated increases in respiration and
ethylene biosynthesis, without altering the climacteric patterns and
magnitude of respiration and ethylene evolution [1]. In nonclimacteric fruits the magnitude of the respiratory response
increases as a function of ethylene concentration but this increase
in respiratory activity is not accompanied by an increase in
ethylene production or other associated ripening changes [1].
Climacteric and non-climacteric also differ in the control of
ethylene synthesis. The biosynthesis of ethylene of climacteric
fruits is considered to be autocatalytic whereas non-climacteric
fruits do not show this behavior. This led McMurchie et al. [2] to
postulate two control systems for ethylene biosynthesis:
(1) System 1, common to both climacteric and non-climacteric, is
the low level of ethylene produced in immature fruits before the
onset of ripening, and the ethylene produced when the tissue is
wounded.
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(2) System 2 represents the autocatalytic burst of ethylene
production accompanying the ripening process in climacteric fruits.
The significance for the existence of the two systems is unknown.
The Control of Ripening
Fruit ripening is considered to be a metabolic process regulated
during development. Originally, the process was regarded as
primarily catabolic in which cellular organization was breaking
down [ 3]. However the development of new analytical tools has
made it clear that ripening like other plant processes is under strict
genetic control. In this regard, there are some questions that need
addressing. Firstly, what initiates fruit ripening? Secondly, how is
the process regulated? Thirdly, how are the various biochemical
and physiological changes coordinated throughout ripening? We
cannot provide answers to any of these questions, but it is likely
that the overall control for ripening must be shared between
different factors, both internal and external.
Fruit ripening, like other plant developmental processes, is affected
by plant growth regulators [4]. When applied exogenously auxin,
gibberellin or kinins generally retard ripening whereas ethylene and
abscisic acid enhance the process. This has led to the notion that
plant regulators control fruit ripening in the intact plant. The
simplest approach to address the role of a growth regulator in
ripening has been to measure the endogenous level during ripening
and to attempt to establish correlations. Although some correlations
have been found, only ethylene has been regularly found in close
association with ripening. For that reason for many years ethylene
has been considered the quintessential "ripening hormone." In spite

of this, one should not lose sight of the fact that other plant growth
regulators may be involved in the process.
Ethylene and Fruit Ripening
Ethylene has been known to hasten the ripening of fruits for a long
time. Smoke as an agent enhancing the ripening of fruits was
recognized a long time ago. This effect is now attributed to the
action of ethylene that is present in the smoke. In 1924 Denny
determined that the effect of "stove gas" that induced the yellowing
of lemons could be duplicated if ethylene replaced stove gas [5].
By 1930 ethylene was recognized to have a wide variety of effects
on plants. It was not until 1934, however, that Gane presented
chemical proof that ethylene was a natural plant product [6]. Based
on the observations that ethylene was produced by ripening
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fruits and that its application to preclimacteric fruits hastened
ripening, ethylene was suggested to be a ripening hormone in the
1940s. With the advent of sensitive gas chromatographic
instruments, it was shown in the 1960s that low but significant
concentrations of ethylene were present before the onset of the
respiratory climacteric [ 1]. Once ripening is initiated, more
ethylene is produced as part of the ripening process. When ethylene
is applied to preclimacteric fruits, it shortens the time to the
eventual onset of ripening [1,4]. Ethylene production and ethylene
sensitivity must increase prior to ripening. Sensitivity has been
defined in terms of a receptor molecule to ethylene. Analysis of the
levels of the ethylene receptor indicates that it increases during
fruit ripening (see below).
Internal ethylene concentration can be reduced physically by
holding the fruits under hypobaric conditions or chemically by
application of ethylene biosynthesis inhibitors, such as
aminoethoxyvinylglycine (AVG); ethylene action can be inhibited
by application of Ag+ or norbornadiene, antagonists of ethylene
action [7]. All these treatments have been shown to be effective in
retarding the fruit ripening. In addition, it has long been a
commercial practice to store fruits under controlled atmospheres of
low oxygen which inhibits both ethylene synthesis and action, and
high CO2 which inhibits ethylene action. These treatments are most
effective if they are applied in the early preclimacteric state and as
soon as the fruits are harvested. Recently, however, the
development of genetic engineering has allowed to delay softening
in an unprecedented manner (see below).
Ethylene Biosynthesis

The pathway of ethylene biosynthesis was first described in apple
fruit [8]. Since then, the same pathway has been shown to operate
in other climacteric fruits such as avocado, banana and tomato [9],
indicating that it is the normal pathway in many plants (Figure 1).
The main biological precursor is methionine and even though there
have been suggestions that other compounds can also serve as
precursors for ethylene synthesis in higher plants, this remains to
be demonstrated.
The net result is a cyclic pathway capable of yielding high rates of
ethylene production without depleting a given tissue of its
methionine reserves. The two key enzymes in the pathway are
those catalyzing the conversion of S-adenosylmethionine (SAM) to
1-aminocyclopropane-1-carboxylic acid (ACC) and ACC to
ethylene, called ACC synthase and ACC oxidase or ethylene
forming enzyme (EFE) respectively (Figure 1). The rate-limiting
process in this pathway is the tissue's capability to convert SAM to
ACC [10]. ACC synthase requires pyridoxal phosphate for
maximal activity [11]. ACC is subsequently oxidized to ethylene,
CO2 and cyanide via the ethylene forming enzyme, ACC oxidase,
while the re-
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Figure 1
The ethylene biosynthetic pathway of higher
plants. Only development processes affected
by ethylene and relevant to fruits are shown.
Enzymes are underlined. See text for details.
SAM: S-adenosylmethionine; MTA:
5-methylthioadenosine; MTR:
5-methylthioribose; MTR-1-P:
5-methylthioadenosine-1-phosphate;
KMB: 2-keto-4-methylthiobutyrate.

mainder of the modified amino acid skeleton resulting from ACC
synthase activity is recycled back into methionine (Yang cycle) [
10].
The changes in activity of those two enzymes have been
investigated in a wide variety of climacteric fruits of which the
tomato is characteristic. Levels of both ACC and ACC synthase are

very low in preclimacteric fruits, but both dramatically increase,
together with an increased ethylene production. [12]. The level of
ACC in a fruit can be controlled not only by its rate of synthesis by
ACC synthase but also by conjugation and inactivation with
malonyl and glutamyl residues. ACC N-malonyltransferase
catalyzes the malonyl CoA-dependent formation of 1(malonylamino)-cyclopropane-1-carboxylic acid [10] and recently,
Martin et al. [13] described the formation in tomato of 1-(gglutamylamino)-cyclopropane-1-carboxylic acid, catalyzed by a gglutamyltranspeptidase. Both conjugates are acid hydrolizable to
ACC.
ACC synthase has been purified from a wide range of sources and
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shown to be a cytosolic enzyme with a molecular weight of about
50 kDa and a short half-life of 58 min [ 14,15]. There are a
multitude of both internal and external inducers which elicit de
novo synthesis of ACC synthase [9]. The extremely low abundance
of the enzyme made purification difficult, requiring, in the case of
the tomato enzyme, the processing of 200 kg of fresh fruits [15].
EFE is considered to be a constitutive enzyme in most vegetative
tissues [9], but it is induced during fruit ripening [16], senescence
[17], wounding [18] and by fungal elicitors [19]. Its subcellular
location is still a matter of controversy. The primary sequence does
not contain any putative membrane-spanning domain or a signal
peptide but the enzyme can be isolated either soluble [20] or in
association with vacuoles [21]. ACC oxidase activity can be
severely inhibited by the presence of uncouplers and ionophores
and by the atmospheric concentrations of O2 and CO2, which is the
basis for the use of controlled atmospheres [9]. Isolation from
various sources and molecular analysis have revealed that ACC
oxidase has a molecular weight of about 35 kDa [22].
The same biosynthetic pathway for ethylene seems to operate in
both climacteric and non-climacteric fruits. The differentiation,
therefore, into System 1 and 2 for both types of fruits is probably
due to different mechanisms of control acting on the same
biosynthetic pathway.
The Softening/Storage Compromise
Fruits are often attractive to the consumer because of their aesthetic
qualities of flavor, color and texture. In addition, they also provide
essential nutrients and this quality attribute is assuming greater

significance in western societies. Fruits in general are poor sources
of protein or fat, although in some diets fruits can represent major
sources of energy. For example, plantains, with their high starch
content, are a major staple food in many countries. In general,
fruits are important in the diet for their vitamin and mineral
contents.
Fruits contain a very high percentage of their fresh weight as water.
In tomato, for example, the water content is around 95% and may
even be as high as 98%. Consequently, fruits exhibit relatively high
metabolic activity when compared to other plant-derived foods
such as seeds. This has dramatic consequences when considering
storage and transport, as many fruits are very perishable
commodities.
One important attribute of fruits is softening. Ripening of many
fruits is characterized by softening of the flesh. Softening is caused
by a series of changes in the metabolism and structure of the cell
wall, which results in a change of texture. This process probably
involves enzymatic as well
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as non-enzymatic mechanisms. Manipulation of CO2 and O2 is in
use commercially to help in the conservation of fresh produce.
These technologies delay softening and extend fruit shelf life and
although they have been particularly effective for some fruits, such
as apple, they have not been successfully applied to tropical fruits
(banana, mango, papaya etc.). Clearly other alternatives are,
therefore, needed. In what follows, an analysis of cell wall changes
during fruit ripening will be made from the standpoint of the
enzymes studied in the process.
The plant cell wall comprises a complex network of cellulose
microfibrils embedded in a matrix of pectic polysaccharides and
proteins. The composition of the fruit cell wall has been reviewed
before [ 23]. In essence it consists of protein and three major
polysaccharide components, pectin, cellulose and hemicellulose.
The pectic substances consist of a 1,4-linked galacturonan
backbone interspersed with 2- and 2,4-linked rhamnosyl residues.
Between 50% and 60% of the C-6 carboxyl groups are
methoxylated, while calcium ions can form inter- and intrapolymer bridges. A fraction of the rhamnose residues has sidechains of sugars such as galactose or arabinose. Hemicellulose
polymers also contain condensed sugars such as xyloglucans,
glucomannans and galactoglucomannans, which may be covalently
linked to pectin and hydrogen-bonded to cellulose microfibrils.
Cellulose itself consists of linear chains of b-1,4-linked glucosyl
residues, which assume a stable microfibrillar structure through
hydrogen-bonding [24]. The cell wall plays a key role in plant
development by defining cell size and shape, acting as a physical
barrier against attack by pathogens, and providing a source of
pectic fragments, which may elicit developmental and defense

responses in unripe fruit cells. The cell wall is also the source of
dietary fiber.
The ripening of fruits is accompanied by fragmentation of pectic
polymers and hemicelluloses, the solubilization of long-chain
pectin and the loss of specific sugars (e.g. galactose and arabinose)
from the cell wall [25]. These modifications reduce cell wall
strength and cell-to-cell adhesion leading to softening, and the
characteristic texture of many ripened fruits. Softening is thought
to be brought about, amongst other factors, by the concerted action
of different cell wall hydrolases whose activity changes during
ripening and alters the properties of many cell wall constituents.
Mechanisms such as degradation of starch and loss of turgor are
also believed to contribute to softening although the exact role of
each phenomenon is not understood.
Knee and Bartley [26] found that fruit cell walls contain relatively
more pectic material and less hemicellulose than other plant cell
walls. However, fruit cell walls seem to be structurally very similar
to primary cell walls from other organs [26], except possibly that
being pectin-rich they may contain a larger proportion of middle
lamella to primary wall.
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This last fact may be of great significance in fruit physiology,
considering the dramatic increase in activity of pectin-degrading
enzymes taking place during the ripening of several fruits. In this
sense, it is well known that ripening of fruits is accompanied by an
increased synthesis of cell wall hydrolases such as
endopolygalacturonases (PG, EC 3.2.1.15),
carboxymethylcellulases (Cx-cellulases; EC 3.2.1.4)
pectinmethylesterases (PME; EC 3.1.1.11), b-1,4-glucanases (EC
3.2.1.4) and b-glycosidases such as b-galactosidase (EC 3.2.1.23).
The genes encoding most of these hydrolases have now been
cloned, and the roles of the enzymes encoded by these genes have
been assessed during ripening in transgenic tomato fruit (see
below).
Polygalacturonases
Historically, polygalacturonases (PG) have been regarded as the
key enzymes controlling fruit softening because of their rapid
synthesis, high abundance and ability to catalyze the hydrolytic
cleavage of a-(1®4) galacturonan linkages [ 27]. They were
originally implicated in ripening because of the increased levels of
soluble pectins detected during the process. Of the PG that have
been identified in fruits, both exo- and endo-PG have been
characterized. A number of fruits contain both types of enzymes,
including peach, pear, tomato, cucumber apple, papaya and mango
[28,29,30,31,32; Saucedo-Arias, L.J., R. Sexton, R. and M.A.
Gómez-Lim, unpublished data]. It has often been suggested that
PG is primarily responsible for ripening-associated pectin
degradation and fruit softening. The evidence supporting this
contention includes: (a) the observation that in vitro degradation of

isolated cell walls by PG mimics the pectin degradation that occurs
in vivo [33,34], (b) a correlation between PG levels and fruit
softening [35,36], and (c) the absence or deficiency of PG in
ripening tomato mutants that fail to soften [37,38].
Polygalacturonases have been most extensively studied in tomato
where the existence of three isozymes, PG1, PG2A and PG2B, has
been reported [39]. In ripening tomato fruit PG1 accumulates first,
followed by accumulation of PG2A and PG2B [40]. The
relationship of these isozymes to one another and to the PG gene
has been a major focus in understanding PG function and the
relative roles of specific isozymes in pectin degradation and fruit
ripening.
Cx-Cellulases
Cx-cellulases are enzymes characterized by their ability to degrade
carboxymethylcellulose (Cx-cellulose). The name is unfortunately
chosen
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because, except for one unconfirmed case [ 41], plant cellulases
have not been shown to degrade crystalline cellulose. Therefore,
they should properly be referred to as endo-b-(1®4) glucanases.
Thus, the nature of the in situ substrate for these enzymes is
unknown, but it is possibly the hemicellulosic fraction of the cell
wall matrix [4,42]. Purified avocado fruit Cx-cellulase failed to
degrade crystalline cellulose but was active against various
carboxymethyl and hydroxyethyl celluloses, xyloglucan and mixed
b-(1®3), (1®4) glucans [43]. Of the substrates tested, only
xyloglucan is known to be present in avocado cell walls,
suggesting that this may be the target of Cx-cellulase activity in
ripening avocado. Since Cx-cellulases from other sources do not
have xyloglucanase activity [44], it is likely that plant Cx-cellulases
may comprise a group of related enzymes acting on distinct
polysaccharide substrates possibly in different tissues.
Cellulase levels in unripe fruits are generally low and increase
dramatically during ripening of fruits such as tomato, strawberry,
pear, peach, avocado and mango [45,46,47,48,49, Saucedo-Arias,
L.J., R. Sexton, and M.A. Gómez-Lim, unpublished data]. Avocado
fruit Cx-cellulase activity is induced to an extremely high level and
this induction results from an accumulation of Cx-cellulase mRNA
(see below). Tomato Cx-cellulase activity is high in very young
fruit, decreases during maturation and increases again during
ripening [48]. Cx-cellulases may comprise several isozymes which
are differentially expressed during fruit development, suggesting
that they have different physiological functions.
Pectinmethylesterases
Polygalacturonases seem to be more active in degrading

demethylated pectin than methylated pectin [50,51]. Therefore,
pectinmethylesterases, a group of enzymes that catalyze
deesterification of galactosyl uronate methyl esters of pectin to
their free carboxyl groups, may be important factors to determine
the extent to which pectin is accessible to degradation by
polygalacturonases. Alternatively, the deesterification of the pectic
substances, if it occurs to any significant degree during softening,
could have effects beyond that of merely satisfying the substrate
specificity of the polygalacturonases. The removal of methoxy
groups could create a situation in which the galacturonan chains,
now bearing a high frequency of negatively charged groups, would
be forced apart, resulting in some degree of swelling.
Pectinmethylesterases are widely distributed in the tissues of higher
plants [25,52] and unlike PG, they are always present in unripe
fruits. Reports on the changes in pectinmethylesterase activity
during ripening are often contradictory; pectinmethylesterase
activity has been reported to increase [52,53], to remain constant
[54,55], or to decrease [56,57]. In many cases these enzymes, unlike
the polygalacturo-
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nanases and Cx-cellulases, are present throughout fruit
development and often show no correlation with softening.
Part of the confusion regarding the activity of PME during ripening
is perhaps related to the sensitivity of these enzymes to phenolic
compounds [ 58,59] and their sensitivity to cations [25]. Differential
extractability during ripening also may contribute to apparent
activity changes [60]. Early studies demonstrated that
pectinmethylesterase activity increased dramatically in ripening
banana fruit [53], yet when precautions were taken to protect
against enzyme inactivation by polyphenols, activity remained
constant [54,60].
As with the polygalacturonases and Cx-cellulases, the
pectinmethylesterases in most tissues exist in multiple forms.
Several pectinesterase isozymes have been identified in tomato [57]
and banana [58]. As many as eight isozymes of PME have been
reported in tomatoes [61]. The isozymes differed in response to pH,
cation concentration, and thermostability, and their activities varied
considerably with stage of ripeness and cultivar [61]. The
significance for the existence of all these isoforms is not known.
Other Hydrolases
A reassessment of the relationship between cell wall degradation
and fruit softening has been fueled by the discovery that PG is not
the primary determinant of softening in tomato [62,63]. This has
changed the focus of attention to the nonpectic components of the
fruit cell wall and the enzymes that act on them. In addition, reports
of galactose and arabinose loss from the cell wall of ripening fruits

initiated searches for glycanases and glycosidases that might
participate in fruit softening.
The complexity of the cell wall structural polysaccharides suggests
that a large number of enzymes must ultimately be involved in its
turnover. Enzymes that have been reported in fruit tissues include
a- and b-galactosidases and glucosidases [64,65,66], bmannosidase [65,66], mannanase and xylanase [67], b-xylosidase
[65,66,67], and b-1,3-glucanase [64,68]. The activity of most of
these enzymes generally remains rather constant during ripening,
with increases observed for some of them such as b-galactosidase.
For this reason, b-galactosidase has been the focus of attention
over the last few years. The activity of b-galactosidase seems to
increase substantially during ripening in apple, tomato, kiwifruit
and mango [69,70,71,72]. In mango, apple and tomato the enzyme is
present in more than one isoform with some isoforms being fruitspecific [69,71,72]. Some of these isoforms have been found to
have b-D-galactanase activity.
Seven glycosidases were found in cell wall from Bartlett pears with
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a-galactosidase and a-mannosidase increasing twofold and

fivefold, respectively, during softening [ 73]. A variety of
glycosidases and glycanases have also been reported in the
Japanese pear [67] and their activity followed during development
and ripening.
All of these studies have demonstrated that a wide range of
carbohydrases is indeed commonly found in ripening fruits. Their
activity trends may or may not show association with softening and
in many cases they show little capacity to mediate hydrolysis of
isolated fruit cell wall. Unfortunately, investigators have not always
addressed the possibility that these enzymes constituted a
contaminating feature of isolated cell wall. Several studies have
described the composition of isolated walls and the soluble
polymers recovered from homogenates of fruit tissues.
Unfortunately, neither method would reveal the occurrence of more
subtle wall changes, i.e. those that may alter cell wall polymers
without changing the levels of the component sugars. Huber [74]
has shown that this may, in fact, occur in tomato fruit. It is
important to emphasize that in the majority of the cases, these
enzymes have been assayed using synthetic substrates. A number
of investigators have cautioned that the capacity of an enzyme to
degrade synthetic substrates foreign to the wall, in particular the
nitrophenylglycosides, may not adequately reflect its capacity to
degrade native wall polymers [64,67,75]. This has been confirmed
in those cases in which a particular enzyme was not able to degrade
isolated cell walls.
During fruit softening, an ostensible swelling of the cell wall
occurs in many fruits [25]. It has been suggested that wall swelling

may be caused by changes in the cellulose-hemicellulose
interaction and that swelling or loosening of the wall may itself be
a factor in the release or solubilization of pectic polysaccharides
[76]. The recent discovery of xyloglucan endotransglycosylase
(XET) [77] has provided a novel candidate for consideration as an
additional factor in cell wall changes leading to fruit softening.
XET catalyzes both the endo-type splitting of a xyloglucan
molecule and the linking of the newly generated reducing end to a
nonreducing end of another xyloglucan molecule. The favored role
of XET is as a reconnecting enzyme involved in the rearrangement
of xyloglucans to accommodate chemical creepage during cell
growth. Nevertheless, in the presence of suitable oligosaccharides
(such as those arising during partial lysis of matrix polysaccharides
during fruit ripening), XET can catalyze polysaccharide-tooligosaccharide endotransglycosylation and this, in turn, would
cause a permanent loosening of the wall. Indeed, a significant
increase in activity of XET has been found to occur in kiwifruit and
tomato during ripening [78,79]. The significance of these
observations remains to be demonstrated.
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Role of Gene Expression During Ripening
Protein Synthesis
It has been known for over 30 years that fruit cells retain the
capacity for protein synthesis during ripening [ 4]. In several fruits,
there is a significant increase in the protein content during ripening.
The fact that inhibitors like cycloheximide prevent ripening [80],
was indirect evidence that protein synthesis was responsible for
this increase. On the other hand, it has been demonstrated that
ripening fruits synthesize rRNA, tRNA and poly A+ RNA [81].
Rattanapanone et al. [82] analyzed the relationship between total
RNA synthesis and tomato fruit development. The resulting data
suggested that peaks in fruit RNA synthesis occurred early during
fruit development, at a time corresponding to rapid cell division,
and again at the initiation of fruit ripening.
The first studies to provide direct evidence for changes in mRNA
content during ripening were performed in avocado fruit [83]. Since
then, these types of studies have been extended to include other
fruit such as tomato [84], strawberry [85], peach [86], pear [87],
apple [88], mango [89] and kiwifruit [90]. These investigations have
demonstrated that some mRNAs decrease, some remain constant
and others increase during ripening. Some of the mRNAs that
decline in quantity probably encode photosynthetic enzymes, as it
is known that during ripening the photosynthetic apparatus is
dismantled [91]. This method for detecting changes in mRNA
population has low sensitivity. Only the most abundant mRNAs
can be detected. Thus, the results of such an experiment are
normally taken as preliminary indication of a change in gene
expression. Nevertheless, these results suggested the utility of

''differential screening" for the isolation of different types of genes
involved in the manifestation of fruit ripening (see below).
Isolation and Analysis of Genes Related with the Ripening Process
The molecular analysis of fruit ripening requires the availability of
a gene library and the subsequent isolation and analysis of relevant
genes. This approach has already yielded valuable information in
several fruits, in which genes coding for various ripening-related
enzymes have been isolated. The mRNA for virtually all the
ripening-related genes isolated so far have been shown to be absent
or at a low level in immature fruit, increase during ripening and
decline as ripening progresses. In some cases, the application of
exogenous ethylene causes an increase in expres-
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sion of many of these genes. There is a wide range of genes
identified (Table 3) and will be examined according to the process
they are related to.
Cell Wall Metabolism
The first ripening-related cDNA to be sequenced encoded tomato
PG [ 92,93]. The tomato PG gene itself was isolated shortly
thereafter [94]. PG activity has long been known to increase
dramatically during tomato fruit ripening and this increase in
activity was correlated with an increase in immunologically
detectable protein [95]. Quantitative analysis of mRNA levels has
revealed that PG mRNA may account for over 1% of the poly A+
(RNA) [96]. Analysis of the PG gene in tomato suggests that it is
present in one copy per haploid genome [97]. The current view is
that there is only one tomato PG gene expressed during ripening
and that it gives rise to the three isozymes referred to previously.
Further studies have shown that the PG protein is
posttranslationally processed and glycosylated [98]. Fusion of DNA
fragments from 5' upstream regions of the PG gene to the bacterial
chloramphenicol acetyl transferase indicated that a 1.4 kb fragment
confers ripening-specific expression [94]. However, the fusion of a
larger DNA fragment (4.8 kb) from the 5' upstream region of the
PG gene to the same bacterial gene produces much higher levels of
expression [99].
Complementary DNAs coding for PG have been isolated from
avocado [100], apple [101] and kiwifruit [102]. Studies in all of
these fruits have shown that the increase in PG activity during
ripening is preceded by an increase in gene transcription. However,
the factor(s) responsible for controlling the transcription of PG

mRNA during ripening is (are) not known. The mRNA for tomato
PG is not synthesized in response to ethylene [103] and,
furthermore, the inhibition of endogenous ethylene production with
antisense genes does not prevent PG transcription although it does
affect PG translation [104].
As mentioned before Cx-cellulase activity increases during
ripening of many fruits. Avocado fruit Cx-cellulase is induced to an
extremely high level and this induction results from an
accumulation of Cx-cellulase mRNA [105]. Avocado Cx-cellulase
is encoded by a small family of closely related genes [106]. Two
members of this family have been cloned but only one of them,
cell, is expressed in ripening fruit.
Regulation of Cx-cellulase gene expression has also been studied
in tomato gene where two cDNAs (cell and cel2) have been
isolated [107]. Interestingly, the clones shared a 50% homology and
showed an overlapping accumulation of transcripts in ripening fruit
and in plant organs undergoing separation [107]. An increase in Cxcellulase activity has also
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TABLE 3. Enzymes Whose Genes Have Been Cloned and
Shown to Be Up-Regulated during Fruit Ripening.
Enzyme
Fruit
Reference
Polygalacturonase
Tomato, Avocado, Ki-92, 93, 100,
101, 122
Apple, Kiwifruit
Cellulase
Tomato, Avocado, 105, 107, 108
Bell pepper
Pectinmethylesterase Tomato
109, 111
ACC synthase
Various sources
9, 22
ACC oxidase
Various sources
9, 22
Ethylene receptor
Tomato, Mango
126, 127,
Unpublisheda
Apple, Tomato,
113, 114,
b-Galactosidase
Mango
Unpublishedb
Xyloglucan
Tomato
79
endotransglycosylase
Alternate oxidase
Mango
129
Thiolase
Mango
130
Acyl CoA oxidase
Mango
Unpublishedc
Defensins
Bell pepper
133
Endochitinase
Avocado
134
Chitinase Type III
Banana
135
Thaumatin
Avocado, Cherry
134, 136
UDP-Glucosyl
Avocado
134
transferase
UDP-Glucuronosyl
Avocado
134
transferase
Heat shock protein
Tomato
137
Water-stress related
Tomato
138
protein
Phenylalanine
Melon
139
ammonia-lyase
Metallothionein
Kiwifruit
90

Alcohol dehydrogenaseTomato
140
Histidine
Tomato
141
decarboxylase
Phytoene synthase
Tomato, Melon
143, 145
Phytoene desaturase Tomato
146
Tomato
147
Lycopene b-cyclase
Thiol protease
Tomato
148
Vacuolar protease
Citrus
149
Proteinase inhibitors Avocado, Tomato
134, 150
Vacuolar invertase
Tomato, Grape
152
Lypoxigenase
Tomato
153
Glutamate
Tomato
154
decarboxylase
Shikimate pathway
Tomato
155
enzymes
Arginine decarboxylaseTomato
156
14-3-3 homologs
Tomato
157
Myb-related proteins Tomato
158
Rab 11-like protein
Mango
159
a Gutiérrez-Martinez, P., S. Parra-Arenas and M.A. GómezLim, manuscript submitted.
b Parra-Arenas, S., P. Gutiérrez-Martínez, and M.A. GómezLim, manuscript submitted.
c Nila-Méndez, A., L.J. Saucedo-Arias, and M.A. GómezLim, manuscript in preparation.
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been observed in pepper fruit and three cDNAs (CX1, CX2 and
CX3), encoding different cellulases, have been isolated [ 108].
Accumulation of all three mRNAs is induced by ethylene
treatment, though to different levels. CX1 is mainly expressed in
ripe fruits while CX2 is especially found in abscission zones and
CX3 is present in abscission zones albeit at very low levels. Cxcellulase activity is also induced during mango fruit ripening and a
cDNA clone has been recently identified [Saucedo-Arias, L.J., R.
Sexton, and M.A. Gómez-Lim, unpublished data]. By using the
cDNA as probe, it was shown that the mRNA is up-regulated
during fruit ripening, paralleled with the increase in enzyme
activity.
Pectinmethylesterase is another enzyme whose expression has been
examined by molecular probes. A cDNA clone was isolated from
tomato fruit which allowed the characterization of mRNA levels
that are highest in immature green fruit and then decline throughout
maturation and ripening [109]. This pattern of mRNA accumulation
did not parallel the pattern of pectinmethylesterase activity reported
previously for tomato [110]. Considering that several
pectinmethylesterase isozymes have been detected in tomato, as
described before, and several distinct tomato pectinmethylesterase
genes have been isolated [111] it is likely that each
pectinmethylesterase isozyme present in the cell fulfills a specific
function.
Most research has focused on the relatively abundant cell wall
hydrolases already discussed. However other cell wall hydrolases
present in fruit, such as b-galactosidase, have also been examined
at the molecular level. After the first reported cloning of b-

galactosidase from senescing carnation petals [112], cDNAs from
other sources were isolated employing, in some cases, the carnation
gene as a probe. Thus, cDNAs coding for b-galactosidase have
been identified from apple [113], tomato [114] and mango [ParraArenas, S., P. Gutiérrez-Martínez and M.A. GómezLim, manuscript
submitted]. In all cases there is a clear increase in mRNA levels as
ripening proceeds, correlated with the increase in b-galactosidase
activity. As mentioned earlier, several b-galactosidase isozymes
have been identified in mango and tomato. Similar to the case of
pectinmethyl esterase, b-galactosidase may be present as a small
multigene family and, in fact, Southern analysis has suggested that
the b-galactosidase gene is present in more than one copy in the
genome of mango, apple and tomato.
Another cell wall hydrolase studied at the molecular levels is XET,
which catalyses the cleavage and concomitant transfer of one
xyloglucan molecule to another. It is thought to be an important
component of cell wall metabolism, particularly in expanding
tissue and ripening fruits. An increase in activity of XET has been
found to occur during fruit ripening in kiwifruit and tomato [78,79].
Two XET-encoding cDNAs have been
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isolated from tomato fruit [ 79]. Southern hybridisation analysis
suggests that these clones are members of a small multi-gene
family. Ribonuclease protection assays show that transcripts
protected by one of the clones (tXET-B1) are most abundant in
pink fruit pericarp and were also detected in stems [79].
Ethylene Biosynthesis
As the limiting catalyst in the ethylene biosynthesis pathway, ACC
synthase activity and the corresponding gene(s) have proven
particularly important targets for analysis. ACC synthase activity
and resulting ethylene production have been shown to be inducible
by numerous environmental and chemical factors, in addition to
developmental components such as those active during ripening
[9]. There is a large number of ACC synthase cDNA clones and
genes isolated from different fruits [22]. Two questions concerning
the regulation of ACC synthase have been studied using the
molecular probes: At what level is ACC synthase regulated? And
do developmental, environmental and chemical factors control the
expression of the same or of different ACC synthase genes? All
increases in ACC synthase reported so far during fruit ripening
appear to be based on increased levels of ACC synthase mRNA as
shown by RNA (Northern) blotting or RNAse protection assays
[9,22].
ACC synthase is encoded, in all plants examined, by a small
multigene family with all members sharing significant sequence
similarity although their carboxyl termini are quite divergent.
Using gene-specific probes, Olson et al. [115] and Yip et al. [116]
showed differential expression of various ACC synthase genes
during ripening, wounding and by auxin treatment in tomato fruit,

cell cultures and hypocotyls. Accumulation of the wound inducible
transcript encoding ACC synthase in tomato fruits is reduced by
salicylic acid, an inhibitor of wound signal transduction and by
polyamines, which are known to inhibit ethylene biosynthesis
[117].
The identification of the first cDNA to ACC oxidase is a good
example of "reverse genetics." This enzyme could not be isolated
by conventional biochemical methods, but it was identified by
functional expression of a ripening-related cDNA clone (pTOM13)
isolated from ripe tomato pericarp [118]. Tomato plants were
transformed with a 1.1-kb fragment of pTOM13 inserted in
antisense orientation between the CaMV 32S promoter and
terminator [119]. In wounded leaves and ripening fruits of
transformed tomato plants, ethylene synthesis was reduced in a
gene dosage dependent manner, and accumulation of mRNA
homologous to pTOM13 was greatly decreased or not detectable.
This fact, together with the similarity (58%) of pTOM13 to the
amino acid sequence of flavanone 3-hydroxylase, an enzyme
similar to ACC oxidase, led Hamilton et al.
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[ 119] to suggest that pTOM13 encoded ACC oxidase or the
ethylene forming enzyme. Complementary DNAs to ACC oxidase
have now been identified in a wide variety of fruits such as,
avocado, apple, melon, banana, mango, peach, winter squash etc.
[9,22]. ACC oxidase activity and mRNA levels are constitutive in
most tissues but they are induced by different stimuli including
fruit ripening [22]. Like ACC synthase, ACC oxidase is encoded by
a small multigene family in all plants tested, whose members share
high similarity (>85%). Primary sequence comparison has shown
that ACC oxidase is a member of the family of iron- and ascorbatedependent dioxygenases [120]. Recently, Barry et al. [121] have
shown that there is a differential expression of the three ACC
oxidase gene family members in tomato, with ACO1 and ACO3
being preferentially expressed during the senescence of leaves,
fruits and flowers.
It is well known that during fruit ripening ACC oxidase induction
precedes the induction of ACC synthase [4]. The pattern of
expression of both enzymes seems to be similar in the peel and in
the pulp of some fruits, however, the mRNAs appear in the pulp
before appearing in the peel. The ACC oxidase message shows a
similar pattern in both types of tissue, but the message is clearly
detectable before any ACC synthase message appears. This
suggests that ripening and probably softening start on the inside
and proceed outwards, this has been observed to occur in banana
[122] and mango [Lopez-Gómez, R., L.J. Saucedo-Arias and M.A.
Gómez-Lim, unpublished data]. Interestingly, ethylene disrupts
natural ripening in banana and mango, with ACC oxidase and ACC
synthase mRNAs appearing in the peel first [122,123; SaucedoArias, L.J. and M.A. Gómez-Lim, unpublished data].

In addition to the genes described before, another ethylene-related
gene sharing extensive homology with tomato ACC oxidase, has
been isolated from tomato fruit and named E8 [103]. E8
transcription is not detected until just prior to the onset of ripening
[103]. However, the genetic transformation of tomato with E8 in
the antisense orientation yielded unexpected results which suggests
that the E8-encoded product may be a negative regulator of
ethylene biosynthesis. These results will be discussed later.
Ethylene Perception
It is becoming clear that it is not only the concentration of ethylene
in a tissue that produces a given effect, but also the ability of the
tissue to respond to ethylene. It was originally thought that
ethylene represented the trigger in fruit ripening. However, recent
evidence has indicated that the picture is not so simple as increased
ethylene causing ripening. In tomato fruit, changes in gene
expression are observable before any increase in
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ethylene production [ 103]. Thus, ethylene is not required for all
ripening associated changes to occur. Some ripening events such as
color and texture changes are under the control of ethylene while
others, including flavor development, and sugar and acid changes,
may be independent of ethylene [124].
The capacity of a fruit to respond to ethylene is an important
element of ripening. Major advances in the understanding of
ethylene perception in plants have been achieved following the
cloning of several genes involved in ethylene signal transduction
from ethylene-insensitive mutants of the small crucifer Arabidopsis
thaliana [125]. Interestingly, the predicted protein encoded by the
first mutant ethylene-response gene to be cloned (namely etr1,
which may result in a disfunctional ethylene receptor) shares
sequence similarity with bacterial and yeast histidine kinases,
proteins known to be involved in cell signalling processes. The etr1
allele is dominant and a possible explanation for this dominance is
that the mutant gene product is locked in a catalytically active state
(a gain of function must be postulated in order for the mutations to
be dominant over the wild type). When etr1 is introduced into
wild-type Arabidopsis by genetic transformation, the transgenic
plants are insensitive to ethylene. The introduction of dominant
genes that confer ethylene insensitivity (such as etr1) into crops
that are currently sensitive to ethylene following harvest (e.g.
lettuce, asparagus and broccoli) would produce new plants that are
insensitive to endogenous and exogenous ethylene. This would
have a major impact on postharvest technology because harvestinduced senescence would be delayed in these plant organs, and
they could be stored and transported with other ethylene-producing
organs without detriment.

In plants, the only two component genes analyzed so far are etr1
and ers in Arabidopsis, and several etr1 and ers homologs in
tomato [126,127] and mango have been isolated [GutiérrezMartínez, P., S. Parra-Arenas and M.A. Gomez-Lim, manuscript
submitted]. One of the tomato homologs was recently identified as
being the gene responsible for a partially dominant, ethyleneinsensitive tomato mutant called "never ripe" (nr) [128]. The nr
mutant has fruit that ripens incompletely and petals that have
delayed senescence. The mutation consists of a proline to leucine
substitution at position 36 [128], which corresponds to position 36
in the Arabidopsis etr1 amino acid sequence. The emerging picture
appears to be that the signalling systems mediating ethylene
responses in plants might be evolutionarily conserved.
Zhou et al. [126] have recently reported that a tomato etr1 homolog
is constitutively expressed both in vegetative and reproductive
tissues. However, Payton et al. [127] found that the mRNA for
another tomato etr1 homolog, identical to the nr gene from the
never ripe fruit, is up-regulated during fruit ripening, flower
senescence and abscission. It could
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be that the tomato etr1 exists as a multigene family and that the
various genes are differentially regulated during plant
development.
Other Processes
In addition to the genes discussed before, a number of other genes
have been identified in ripening fruit whose encoded products
participate in a series of metabolic reactions not previously
suspected to be up-regulated during fruit ripening (see Table 3).
Expression studies have shown that these genes are predominantly
expressed during ripening, however the role they may play during
the process is still an open question. In what follows a brief
examination of the most conspicuous genes will be made together
with a short description of the pathway they are involved with.
The alternate oxidase is an enzyme involved in the cyanideresistant respiratory pathway. There is a significant participation of
this pathway in the climacteric of many fruit. A cDNA coding for
the mango alternate oxidase has been isolated and by Northern blot
analysis the message was detected in unripe fruit and shown to
increase substantially in ripe fruit [ 129]. These results were
correlated with similar increases in enzyme activity and protein
accumulation [129].
Fatty acids in plants are metabolized by the b-oxidation pathway
and the products are mainly used in the synthesis of both
carotenoids and terpenoid volatiles and released by ripe fruits.
Bojórquez and Gómez-Lim [130] have isolated a cDNA clone
coding for mango thiolase, the last enzyme of the b-oxidation
pathway and have shown that it is virtually absent in unripe fruit,

although it accumulates dramatically in ripe fruit. This is the first
reported cloning of a plant gene involved in fatty acid metabolism
showing an induction during fruit ripening. The role thiolase may
have during ripening is to metabolize fatty acids to produce volatile
compounds [130,131]. Recently a cDNA clone to acyl CoA oxidase,
the key enzyme in the b-oxidation pathway, was also isolated from
mango fruit and shown to behave in an identical manner to
thiolase, thus confirming previous observations [Nila-Mendez, A.,
L.J. Saucedo-Arias and M.A. Gómez-Lim, manuscript in
preparation].
There have been some suggestions in the past that ripening
represents a stress condition for fruit cells [132]. Accordingly, it is
interesting to note that a series of stress-related genes are
dramatically induced during fruit ripening. One conspicuous class
of stress-related genes are defensive proteins.
Rich in macromolecules, fruits and especially ripe fruits are
vulnerable to pathogen infection because plants do not possess an
immune system similar to that of higher vertebrates and their
resistance is based mainly
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on a dynamic defense system composed of physical barriers,
chemical responses and antimicrobial proteins of different classes.
In this respect, defensins, a type of cysteine-rich proteins of small
molecular weight (5 kD) constitute an important element for plant
defense against pathogen attack. Two cDNAs coding for plant
defensins have been isolated from bell pepper fruits and shown, by
northern and western blotting, that they are induced during fruit
ripening [ 133]. However, defensins are not the only defense-related
proteins to be induced during fruit ripening. An endochitinase was
found to be induced during avocado fruit ripening [134] and, in
addition, a chitinase type III was recently identified in banana fruits
and shown to be differentially regulated during fruit ripening [135].
Thus, the induction of these type of enzymes probably represents a
common event during fruit ripening and the role they may play is
one of defense against pathogen invasion.
Other examples of stress-related and metabolite-detoxifying
proteins whose genes are induced during fruit ripening are
thaumatin [134,136], UDP-glucosyl and glucuronosyl transferases
[134], heat shock proteins [137], water stress-related protein [138],
phenylalanine ammonia-lyase [139], metallothionein [90], alcohol
dehydrogenase [140] and histidine decarboxylase [141].
Many fruits change in color during ripening and this change is
primarily brought about by the transition of chloroplasts into
chromoplasts at least in tomato [142]. In addition, new pigments are
synthesized such as carotenoids (b-carotene, lycopene) and
anthocyanins. Enzymes involved in pigment biosynthesis have
therefore been isolated such as phytoene synthase from tomato
[143,144] and melon [145], phytoene desaturase from tomato [146]

and lycopene b-cyclase from tomato [147]. These studies have
shown that the mRNA for phytoene synthase and phytoene
desaturase increases as ripening proceeds whereas that of lycopene
b-cyclase decreases in abundance.
Most of the current research in fruit ripening has focused on
enzymes involved in the metabolism of ethylene and cell wall.
However, a number of metabolic reactions are activated and their
genes induced during fruit ripening, not only those mentioned
above, and thus it is reasonable to expect that genes coding for
enzymes involved in other processes (not necessarily related to the
ripening process itself) will be affected as well. In this respect, a
series of genes coding for enzymes studied in other systems but
whose role during fruit ripening is still unknown have been
identified; These include thiol and vacuolar processing proteases
[148,149], proteinase inhibitors [134,150], vacuolar invertases from
tomato [151] and grapes [152], lipoxygenases [153], glutamate
decarboxylases [154], enzymes of the shikimate pathway [155],
arginine decarboxylases [156], 14-3-3 homologs [157], myb-related
genes [158] and rab11-like genes
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[ 159]. In all these cases the corresponding mRNA levels have been
found to increase as the fruit ripens.
Finally, it appears that processes such as methylation and
demethylation of specific genes may be an important component
for the regulation of gene expression during fruit ripening [160].
Genetic Manipulation of Fruit Ripening
As described in the previous section, a large number of ripeningspecific genes have been isolated from a variety of fruits and their
expression examined. For the majority of these genes little is
known concerning their physiological role in fruit development.
Furthermore, only a few of the ripening-related genes (for example
polygalacturonase, pectinmethylesterase, ACC synthase and ACC
oxidase) have been shown to be responsible for a particular
biochemical function.
Recent advances in molecular genetic techniques have made it
possible to alter individual cell wall hydrolase activities. By genetic
transformation using cloned genes encoding various fruit enzymes,
it is now possible to increase or decrease specific enzyme activity
levels in either wild-type or mutant fruit. The effect of altering a
single enzyme activity on fruit ripening and softening can then be
assessed and conclusions about its function can be drawn. Tomato
has been the system of choice for these experiments because of its
short generation time and the relative facility of genetic
transformation. Three ripening processes have been examined
using genetic manipulation and each will be examined in turn
(Table 4).
TABLE 4. Ripening Processes Manipulated by Genetic

Engineering.
Process
Cell wall metabolism
Polygalacturonase
Pectinmethylesterase
Polygalacturonase and
Pectinmethylesterase
Ethylene biosynthesis
ACC synthase
ACC oxidase
ACC oxidase
E8
Carotenoid biosynthesis
Phytoene synthase

Fruit Reference
Tomato62, 63,
161
Tomato164, 165
Tomato166, 167

Tomato104
Tomato119
Melon 168
Tomato171
Tomato172
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Cell Wall Metabolism
To investigate the function of polygalacturonase the level of
polygalacturonase activity was reduced in wild-type fruit by
producing antisense polygalacturonase mRNA. This was
accomplished by the introduction of a polygalacturonase cDNA in
the reverse orientation relative to the endogenous gene. Sheehy et
al. [ 161] employed 1600 base pairs spanning the complete
polygalacturonase open reading frame whereas Smith et al. [62]
utilized 730 base pairs representing the 5'-end of the
polygalacturonase mRNA. Both sequences were placed under the
control of the constitutive CAMV 35S promoter. In both cases, the
levels of polygalacturonase mRNA, protein and enzyme activity
were reduced in transformed fruits to approximately 10% of that
found in wild type fruit. However, the phenotypic analysis of
transformed and untransformed fruits revealed no obvious
differences in compressibility, ethylene production or lycopene
accumulation [62,161]. Thus, polygalacturonase-mediated
depolymerization of pectins is not essential for softening and for
other fundamental processes associated with fruit ripening. This
observation was in contrast to considerable correlative data linking
polygalacturonase mediated pectin hydrolysis with ripening-related
softening [4,162].
A complementing experiment was performed in which rin
tomatoes were transformed with an inducible chimeric
polygalacturonase gene construct [63]. The rin mutants contain
only 1% of the wild-type level of polygalacturonase activity and
present an inhibition of many aspects of normal fruit such as
softening, ethylene biosynthesis and lycopene accumulation [163].

Thus, induction of polygalacturonase gene expression
complements the rin mutation specifically for polygalacturonase
activity. The level of polygalacturonase activity in transformed rin
fruit was approximately 60% of that found in wild-type fruit but it
was not sufficient to increase softening as measured by
compressibility [63]. These results indicate that polygalacturonase
activity is not sufficient to induce softening, confirming the results
obtained using antisense polygalacturonase mRNA accumulation
[62,161].
Using a similar approach, the function of pectinmethylesterase was
addressed by genetic transformation of tomato plants. Tieman et al.
[164] used an antisense construct of 1600 base pairs containing
most of the open reading frame and two introns whereas Hall et al.
[165] utilized two constructs in antisense containing fragments of
420 and 756 base pairs corresponding to the 5'-end of the
pectinmethylesterase cDNA. Expression in both cases was driven
by the constitutive CAMV 35S promoter. Pectinmethylesterase
mRNA, protein and activity levels were greatly reduced in
antisense fruit as compared to untransformed fruits [164,165].
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However, no major differences were observed in fruit development
and ripening between transformed and wild-type fruits, although
pectin remained more heavily esterified (methylated) at all stages
of development. Tieman et al. [ 164] also transformed tomato plants
with the same construct in the sense orientation. In spite of the fact
that the resultant transformed fruits showed a highly variable level
of pectinmethylesterase activity, in some cases reaching up to
140% of that found in wild-type fruit, the softening pattern was not
affected. These results indicate that pectinmethylesterase activity
by itself is not responsible for softening.
The expression of more than one gene can also be altered by
genetic transformation, and this can be accomplished either in the
sense or antisense orientation. Seymour et al. [166] transformed
tomatoes with a construct in the sense orientation having 244 bp of
the 5' end of a polygalacturonase (PG) cDNA, fused to 1320 bp of
pectinmethylesterase cDNA encoding the full sequence of the
mature protein. On the other hand, Pear et al. [167] transformed
tomatoes employing the complete open reading frames of
polygalacturonase and pectinmethylesterase in the antisense
orientation. Both constructs were driven by the constitutive CaMV
35S promoter. In both cases there was a significant reduction in
polygalacturonase and pectinmethylesterase mRNA and enzyme
activity.
Ethylene Biosynthesis
One of the major constraints for enhancing the yield of many crops
has been the premature, ethylene-induced ripening of their fruits,
which occurs before they are shipped or consumed. Around 50% of
all fresh fruits and vegetables are thought to be lost due to such

spoilage. The producers use various means to prevent, or at least
reduce, this spoilage, for example by harvesting unripened green
fruits or sequestering ethylene using chemicals. A goal in the
genetic engineering of fruit quality was therefore to depress
ethylene content. Two different strategies have been employed to
achieve this aim. One of them has been by inhibiting the expression
of genes encoding ethylene biosynthetic enzymes by
transformation with the respective antisense genes and the other is
by lowering the level of ACC by deamination or hydrolysis.
Hamilton et al. [119] were the first to reduce ethylene biosynthesis
in tomatoes by expression of an antisense construct of pTOM 13.
As mentioned above, this allowed the identification of the clone to
ACC oxidase [119]. A similar approach was followed by Oeller et
al. [104] who transformed tomato plants with an antisense tomato
ACC synthase gene. Expression of the transgenes was driven by
the constitutive CAMV 35S promoter. In both cases, ethylene
production was reduced to less than 10% of the wild type tomato.
Antisense fruit either left on the vine, or harvested
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and left in air, had a 10 to 20 day delay in the onset of normal
chlorophyll degradation, attained only an orange color, and failed
to soften or develop a ''ripe" aroma. In addition, no significant
polygalacturonase protein or activity was detected in antisense
fruit. Furthermore, the transgenic plants also showed retarded foliar
senescence. One interesting aspect of the fruits is that exogenous
application of ethylene reverted the phenotype and the fruits were
able to ripen normally.
Similar results have recently been obtained in cantaloupe melon
fruits, where transformation with antisense ACC oxidase
significantly delayed ripening [ 168]. These results suggest the
general applicability of the technology. Interestingly, color change
was not inhibited in transgenic melon fruits unlike transgenic
tomato, where fruits remained green at low ethylene concentrations
[119,168].
Another strategy to reduce ethylene production has been the
introduction of genes coding for enzymes that metabolize ACC.
Klee et al. [169] cloned a Pseudomonas sp. ACC deaminase gene
and inserted it in tomato plants. Ethylene biosynthesis was reduced
to 3% to that of wild type but the resultant transgenic plants did not
show any apparent phenotypic abnormalities. Fruits from these
plants exhibited significant delays in ripening, and the mature fruits
remained firm for at least 6 weeks longer than the nontransgenic
control fruit. Similarly, a gene from the bacteriophage T3 encoding
the enzyme S-adenosylmethionine hydrolase (SAMase), driven by
the promoter from the tomato E8 gene, was used to generate
transgenic tomato plants that produce fruit with a reduced capacity
to synthesize ethylene [170]. SAMase catalyzes the conversion of

SAM to methylthioadenosine and homoserine. Plants containing
the chimeric gene showed a substantially reduced capacity to
synthesize ethylene and a longer storage life.
To investigate the function of E8, a tomato ripening-specific gene
with homology to ACC oxidase, transformation of tomato plants
with E8 in antisense, driven by the constitutive CAMV 35S
promoter, was conducted [171]. Considering the homology to ACC
oxidase, it was expected that transformation in antisense would
inhibit ethylene synthesis. However the opposite effect was
observed, i.e. a dramatic increase in ethylene evolution was
obtained specifically during the ripening of detached fruit [171].
For that reason, E8 is considered to encode a protein that
negatively regulates ethylene production.
Carotenoid Biosynthesis
Phytoene synthase from tomato has been shown to be induced
during ripening [144]. The enzyme catalyzes the dimerization of
two molecules of geranylgeranyl pyrophosphate to form phytoene,
the first C40 carotene
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in the carotenoid synthesis pathway. Expression of phytoene
synthase in antisense in tomatoes produced fruits that ripened to a
yellow color and also had pale yellow flowers [ 172]. Lycopene
could not be detected in those fruits although other aspects of
ripening, such as polygalacturonase accumulation, were unaffected.
These experiments confirmed that phytoene synthase is, indeed,
involved in carotenoid biosynthesis and illustrate the potential of
this technology to manipulate diverse types of genes.
As can be deduced from the above information, there exist several
strategies to genetically manipulate the process of fruit ripening.
Genes in the antisense or sense orientation can be utilized to inhibit
specific genes. Gene repression resulting from homologous sense
gene expression is termed co-suppression. There is no clear
superiority of antisense versus co-suppression techniques, or vice
versa. The current lack of knowledge regarding mechanisms for
either antisense or co-suppression makes it difficult to ascertain
which technique will be more effective in reducing expression of a
particular target gene. As these mechanisms are elucidated, a set of
parameters for both general and specific strategies of gene
repression are likely to emerge.
With the tools available, it is currently possible to genetically alter
practically any geneas long as a suitable molecular probe is
availableand analyze the function during fruit ripening. In addition,
by genetically crossing the appropriate transgenic plants, it should
be possible to modify the activity of multiple enzymes and thus
look for synergistic relationships between various enzyme
activities. The ability to apply this technology to various fruits is
expanding as the number of fruit-bearing plants that can be

transformed and regenerated is also increasing. Currently the list
includes apple [173], muskmelon [174], papaya [175], strawberry
[176], banana [177], raspberry [178], mango [179], avocado [CruzHernández, A., Witjaksono, R.E. Litz and M.A. Gomez-Lim,
manuscript submitted] and other tropical and subtropical crops
[180].
Fruits and Other Edible Plant Tissues as Vaccine Delivery Systems
Since the early 1980s, it has been possible to genetically alter many
plant species by the stable introduction of foreign DNA (transgenic
plants). Nowadays, the list of potential candidate plants to be
transformed contains over 70 members and is growing constantly.
As of late, several academic and industrial laboratories have been
experimenting with the use of transgenic plants as novel
"bioreactors." It has been demonstrated that plants can be utilized
to produce high value proteins, such as hormones [181], antibodies
("plantibodies") [182], human serum albumin
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TABLE 5. Examples of High Value Proteins
Produced in Transgenic Plants and
Corresponding References.
Hormones
181
Antibodies
182
Human serum albumin 183
Human interferon
184
Human and animal
191, 192, 193, 194,
vaccines
196

[ 183] and human interferon [184] (Table 5). Two basic strategies
have been employed to produce recombinant proteins in plant
hosts. One is based upon the generation of transgenic plants by
stable integration of a transgene in the plant genome. This
approach has been mentioned before. The other uses plants as hosts
for transient expression by using plants viruses as vectors [185].
Generating stable transgenic plants is more labor-intensive but
once a stable strain has been produced, it can be multiplied many
times. It is likely that both approaches will have useful practical
value under different circumstances. One area where this
technology could have a dramatic impact is in the production of
human vaccines in edible tissues of transgenic plants, since large
amounts of antigen could be produced at a relatively low cost,
using agriculture instead of sophisticated and expensive cell
culture-based expression systems.
Oral Vaccines and Mucosal Immune Responses
Many infectious agents colonize or invade epithelial membranes;
these include bacteria and viruses that are transmitted in
contaminated food or water or by sexual contact. Vaccines that are

effective against these infections must stimulate the mucosal
immune system to produce secretory IgA (S-IgA) at mucosal
surfaces such as the gut and respiratory epithelia [186]. In general,
a mucosal immune response is more effectively achieved by oral,
rather than parenteral, antigen delivery [187]. Several particulate
antigens have proven to be effective oral immunogens, including
live and killed microorganisms. By comparison with parenteral
immunizations, oral immunization is often inefficient at stimulating
an immune response, and requires larger amounts (mg versus µg)
of antigen. Vaccines based upon recombinant cell culture
expression systems are feasible but, for commercial-scale
production, these systems require fermentation technology and
stringent purification protocols which poses technical problems for
the consistent removal of unwanted impurities. This is of critical
importance as the product is to be used for therapeutical purposes.
Even with technological improvements, fermentation-based
vaccine production may be a prohibitively expensive technology
for many countries.
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In 1992, the World Health Organization and a consortium of
philanthropic organizations presented a Children's Vaccine
Initiative [ 188]. The focus of this initiative is to encourage the
discovery of technology that will make vaccines available to
developing countries where they are needed most. Priority areas
included lower cost vaccines, vaccines that can be easily
distributed in poor countries lacking refrigeration and health care
infrastructure, and oral vaccines generally. In this sense, transgenic
plants could be used for production of vaccines in edible tissues,
thereby allowing very inexpensive means of oral immunization
simply through consumption of the plant tissue. A potential
advantage is that plant cells represent a natural bioencapsulation
system with surrounding layers of cell wall, cell membrane, and (in
some cases) internal membrane compartments to encapsulate and
thereby protect the desired protein from digestive degradation.
Another advantage of recombinant plants for vaccine production is
the possibility that multi-subunit vaccines, could all be produced in
a single plant. There is no theoretical limitation in the number of
different genes that could be introduced into a single plant species.
Plant tissue, could therefore meet some of the needs expressed in
the Children's Vaccine Initiative with respect to delivering multiple
antigens in one delivering system. In addition this could
circumvent the need for a "cold chain" in vaccine delivery.
It has been recently reported that plants have potential utility as
expression systems for the production and delivery of candidate
oral vaccines [189]. In the initial studies, the expression of hepatitis
B surface antigen (HBsAg) was demonstrated in transgenic tobacco
plants, reaching 0.01% of total soluble protein [190]. The plantderived recombinant HBsAg self-assembled into subviral particles

which are virtually indistinguishable from serum-derived HBsAg
with respect to size, density, sedimentation, and antibody binding
[190]. This is very significant since the particulate form of the
proteins is important in determining immunogenic properties. It is
likely that particulate proteins will have greater oral
immunogenicity than soluble proteins. This work demonstrates that
plants can produce an immunologically reactive antigen from an
animal virus.
More recently, tobacco plants have been transformed with genes
encoding the Norwalk virus (NV) capsid protein and both subunits
of the E. coli heat-labile enterotoxin (LT-A, LT-B) [191,192].
Recombinant plant-derived LT-B forms pentamers which mimic
the gene product produced in E. coli [191]. Recombinant NV capsid
protein expressed in stably transformed tobacco plants aggregates
into virus-like particles and is immunologically reactive [192].
Edible plant species, like potato, have also been genetically
transformed with the NV and LT-B genes [191,193]. The data
obtained so far suggests that oral consumption of the transgenic
material does induce a mucosal immune response [191,193].

Page 331

The type of plant material that would best serve as an "edible
vaccine" has yet to be determined. However, ripening fruits seem
to be an attractive choice. In fact, transgenic tomato plants have
been recently produced that expressed the gene encoding the
glycoprotein (G-protein) that coats the outer surface of the rabies
virus [ 194], although the immunogenicity of these materials was
not determined.
An ideal fruit to contain edible vaccines is banana. This crop has
several major attributes: it is grown in almost all tropical or
subtropical countries throughout the world; the food is eaten
uncooked (which would avoid denaturation of proteins); bananas
are a food that is widely consumed by infants or children; and they
are cheap, a single banana, for instance, can be grown and
harvested in central American countries for less that 0.01 USD.
The development of a method to transform and regenerate banana
plants [177] has opened up the possibility to use the fruit to this
end. Banana shoots have recently been transformed with HBsAg
and the E. coli heat-labile enterotoxin (LT-B) [Gómez-Lim, M.A.,
H.S. Mason, G.D. May, and C.J. Arntzen, unpublished]. Banana
fruit-specific as well as the constitutive CAMV 35S promoters
were employed [135,195]. In addition tomato plants have also been
produced, containing these same constructs [Gómez-Lim, M.A.,
H.S. Mason, G.D. May, and C.J. Arntzen, unpublished]. Current
work is aimed at analyzing the levels of expression of the genes in
the transgenic plants.
The demonstration that vaccine antigens can be produced in plants
in their native, immunogenic forms opens exciting possibilities for
the "bio-pharming" of vaccines. In fact, the potential of this

approach has recently been demonstrated when Dalsgaard et al.
[196] fused the coding sequence of a linear epitope from a
parvovirus into the gene encoding the coat protein of the cowpea
mosaic virus. The chimeric viral genome was then introduced into
black-eyed bean and upon subcutaneous injection, it was shown to
confer complete protection against parvovirus infection in mink.
This clearly shows that plants can produce foreign immunogenic
antigens and if the antigens are orally active, food-based, edible
vaccines could allow economical production and delivery.
Some engineering challenges remain, including maximizing the
expression of the antigenic proteins, stabilizing the foreign protein
during post-harvest storage in plant tissues, and enhancing the oral
immunogenicity of some antigens.
Concerns about allergy and immune tolerance of orally applied
antigens must be addressed as this technology develops, and will
be resolved only by collaborative research efforts with medical
specialists in these fields. It must be determined whether the levels
of antigen required to induce the desired oral immune responses are
less than the levels that could induce tolerance, as happens with
proteins that occur as normal compo-
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nents of our food. If so, a delivery scheme must be developed to
provide only the edible vaccine as a medicinal product at the
required dosage level and not as a routine food source.
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Chapter 9
Molecular Aspects of Secondary Metabolites in Plant
Food Production
A. Mandujano-Chávez1
E. Lozoya-Gloria1
Introduction
Secondary metabolites or natural plant products are considered as
all those plant substances without any apparent essential role in
plants, so they were erroneously considered as discarded products,
just because their function was unknown. However, a deeper study
of these substances showed that secondary products are the best
plant tools for a successful adaptation to the ecosystem where
plants are growing in.
For any plant seed, the primary life elements (e.g. amino acids,
lipids, sugars, nucleic acids and those related to control the
production of primary metabolites) are required for a normal
germination process. Remarkable and at difference from animals,
the emerged plantlet cannot move away from the germination
place, it should survive and reproduce itself just taking the
necessary nutrients from the surrounding environment, despite the
environmental and biological changes.
The production of specific secondary metabolites at particular
times, tissues, developmental states and conditions seems to be
necessary for the correct adaptability of plants to these changes.
Besides this role, the sophisticated and highly energy consuming

biosynthetic pathways of most of these substances make manifest
their specific, important and costly functions. The complicated
biosynthesis involving specific intracellular compartments of some
secondary products (e.g. alkaloids) suggests very particular and
detailed requisites for their production [ 1]. Thus, secondary
1 Depto. de Ingeniería Genética de Plantas, Unidad Irapuato, Centro
de Investigación y de Estudios Avanzados del Instituto Politécnico
Nacional, Apartado Postal 629, Irapuato GTO. 36500, México.
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metabolites must be considered as the royalty of the plant products
instead of discarded stuff.
Regarding the utility for human beings, secondary metabolites have
been used since the beginning of the civilization as medicines,
cosmetics, and food additives; however they have other important
functions into the plants. The fact that cardiac glycosides exist in
Digitalis is just a very fortunate coincidence for some human heart
sickness, but the plant does not have a heart. So, why are these
substances in the plant? What is their function? When are they
produced? Which are the driving stimuli recognized by Digitalis to
respond with the cardiac glycosides production? To answer these
questions could help to understand the role of such substances in
plants and probably we will be able to manipulate the respective
pathway, yield, degradation, accumulation, tissue specificity or
developmental state of specific secondary products useful for
human beings [ 2,3].
In this chapter, we attempted to include the most recent advances
of the molecular biology of plant secondary products with
emphasis in plant food production. The discovery of attractive
plant flavors and aromas for the taste and smell of human beings
improves the variety and quality of food. Currently, their use in
food technology is very important and every day is increasingly
demanded.
Several attempts to produce commercial flavorings by plant tissue
culture procedures have been made, either by the cultures alone or
stimulated with elicitors such as fungal cell wall extracts, to trigger
specific defense-response (phytoalexins) production, or by
acidification of the culturing media which could result in the rapid

excretion of interesting compounds. Excellent reviews on this
matter are available and now with the availability of new plant
genetic manipulation techniques, the possibilities of yield control
and design of new products are unlimited. Despite these advances,
it is still necessary to obtain more cellular, biochemical and
molecular information about enzymes, pathways, signal
recognition process, transport mechanisms, compartmentation and
other biological requisites related to plant secondary metabolites
for human consumption [4,5,6,7].
Flavors and Aroma
Probably, flavor and aroma are the most important characteristics
of foods. These sensory properties can define consumer choice,
even if the sight or feeling of a particular food is not very
attractive. However, food's edibility depends on many other factors
related to the consumer like age, sex, religion and others which
may influence the particular concept of "edibility." Some people
will refuse to eat peppers even if they look
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bright, fresh and green, but smelling "dangerously" hot. On the
other hand, cherry marmalade in a flask without etiquette can look
repulsive, till the flask is opened.
Because flavor and aroma are so important for food acceptance, it
is necessary to know how plants produce them and the possibilities
to manipulate the respective biosynthesis.
Essential Oils
Essential oils are among the most used flavorings and recent
advances in the study of their biosynthesis may be very helpful to
improve the production. Most of the essential oils are formed by
complex mixtures of mono- and sesquiterpenes and some few
enzymes of the corresponding biosynthetic pathways are currently
known [ 8].
Essential oils are biosynthesized in very specific plant tissues or
organs (e.g. glandular hairs or fruits) and tissue-specific enzymes
are most likely involved in this biosynthesis. Also, the gene
expression of these and other enzymes as well as the self proteins
may be under physical and/or biological control (e.g., the amount
and type of light, the ripening state and others). Undifferentiated
cell cultures of commercially important plants, without specific
tissues or under inadequate but controlled conditions, have not
been very successful for the production of these substances, maybe
because of the absence of critical tissue-specific enzymes [4,9].
The specificity of the plant tissues is still not possible for in vitro
cell cultures (e.g. suspension or callus) although in some in vitro
organ cultures, like roots and embryos, it is possible. However,
most of the useful essential oils are not produced by these tissues

and other alternatives should be approached. In some cases, as
described below, the genetic manipulation of the terpene
biosynthetic pathway has been a successful alternative.
Most of the biosynthesis of terpenes starts with the production of
mevalonic acid (MVA) by the 3-hydroxy-3-methylglutaryl
Coenzyme A reductase (HMGR) (Figure 1). The HMGR enzyme
activity is the first important step in the synthesis of many terpenes
and the successful production of a specific terpenoid compound
depends on the right HMGR reaction. This enzyme is under
biochemical and genetic regulation and HMGR gene families have
been seen in many plants. Thus, it is possible to have several
HMGR isoenzymes in different intracellular locations, with distinct
times of gene expression, responsive to unrelated stimuli, having
different Km and optimum pH and other biochemical and genetic
specificity. Also, HMGR isoenzymes may have different
intramembrane domains for particular association with different
plant tissues [10].
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Figure 1
Role of the 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) enzyme
in the biosynthesis of terpenes. HMGR enzyme activity catalyzes the
conversion of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) to
mevalonic acid (MVA). Different HMGR isoenzymes could bepresent
in different tissues, developmental stages or stimulated by several factors.
After consecutive phosphorylation steps, MVA is added with a
pyrophosphate tail (OPP) and the isomers isopentanyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP) are synthesized.
Condensation of IPP with DMAPP produces the precursor molecule
geranyl pyrophosphate (GPP) of either acyclic (e.g., linalool) or
cyclic (e.g., limonene) monoterpenes.

Several genomic and cDNA sequences of HMGR have been
isolated and characterized from different plants. The most common
strategy to identify and isolate these sequences has been to use a
known sequence (e.g. from Arabidopsis thaliana) as a heterologous

probe to screen a genomic or cDNA library from the target plant.
With this strategy, at least three different HMGR genes related to
plant-defense response were identified in potato, two responsives
specifically to wound induction and the third one elicitorstimulated [ 11,12,13,14,15]. In a similar situation, essential oils
biosynthesis may require the proper supply of necessary precursors
toward specific glandular hairs; this supply could be controlled by
particular HMGR enzymes located into specific cells (e.g. at the
base of the glandular hair, where biosynthesis is being carried out).
The right
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HMGR-cDNA isolation and manipulation to get a tissue-specific
gene expression is now possible. The reintroduction of the new
construction into the original or the most available target plant
could result in a transgenic plant being a high producer of a useful
essential oil mixture [ 16].
Such plants may be cultivated under usual field conditions, looking
for a significant increase of the desired mixture yield and without
modification of the harvest, extraction and processing procedures
traditionally established. The requisites for this approach are the
isolation of the specific HMGR-cDNA, and the establishment of
highly efficient transformation and regeneration procedures for the
plant of interest.
Other important enzymes, as well as their respective cDNAs,
involved in the final steps of monoterpene biosynthesis have been
isolated. These enzymes are responsible for the synthesis of the last
substances and two interesting examples are the 4S-limonene
synthase, from the oil glands of spearmint (Mentha spicata) and the
S-linalool synthase, involved in the production of a sweet floral
scent of Clarkia breweri [17,18].
The limonene synthase-cDNA was successfully expressed in
bacteria and the encoded enzyme produced the 4S-limonene, an
intermediate of p-methane monoterpenes of Mentha species. Some
evidence suggested the presence of several limonene synthase
genes [19]. A potential application could be to direct the expression
of this limonene synthase-cDNA, toward the target plant cells in
order to increase the yield of commercial final products. Another
alternative could be to use the established microbial fermentation
procedures, with bacterial strains holding the limonene synthase-

cDNA in order to produce high amounts of the 4S-limonene
precursor. This substrate may be subsequently transformed to
commercial end-products by in vitro tissue cultures of Mentha
species. In the last case, the process is independent of the clime,
pests, agrochemicals and other disadvantages related with
agricultural work [4,20]. Regarding the S-linalool synthase, a
cDNA was isolated and used for evolution studies of floral scent in
Clarkia. Although the cDNA expression in bacteria has not yet
been reported, it seems possible. Importantly, the encoded protein
is the first enzyme catalyzing the formation of an acyclic
monoterpene [21].
Other enzymes different from plant sources are also considered for
application in plant food science. The bitter limonoids lower the
quality and value of commercial citrus juices; the enzyme
limonoate dehydrogenase from Arthrobacter globiformis converts
limonoate, the precursor of bitter limonin, to nonbitter 17dehydrolimonoate (Figure 2). This enzyme was isolated and the
amino acid sequence elucidated, with the modern genetic
techniques; it is now possible to clone and modify the bacterial
gene and introduce it into citrus trees. The goal will be to get
transgenic plants with a natural debittering mechanism in citrus
fruits [22].
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Figure 2
Conversion of limonoate to 17-dehydrolimonoate
by enzymatic activity of limonoate dehydrogenase
from A. globiformis
(modified from Reference [ 2]).

Fatty Acid Derivatives
Other important fruit flavorings are some fatty acids derivatives,
the final commercial products are short-chain unsaturated
aldehydes, alcohols, ketones and esters. These substances are
mainly related to the ripening process of many fruits; the
recognized precursors of the biogenesis of many of such flavorings
are unsaturated fatty acids as oleic, linoleic and linolenic acids
(Figure 3) [2].
Other fatty acid derivatives known as jasmonates and different
from the previously described, are currently recognized as strong
signal-transducers regulating many plant responses. The (-)jasmonic acid methyl ester is a well known fragrant constituent of

Jasminum and other species, its smell can be very pleasing for
humans but this is not the only reason to produce such nice aromas.
The chemical structures and biological effects of jasmonates are
similar to those of prostaglandin hormones of mammals. These
hormones have been related to several physiological and
pathological processes, are released by mechanical, bacterial and
other damages and are important contributors to the inflammation
process. Prostaglandin biosynthesis starts with the linolenic acid
uptake from external sources because it cannot be synthesized from
acetyl-CoA in mammals; later on, linolenic acid is converted into
arachidonic acid. Interestingly, the last one is found in
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algae, mosses and fern but not in higher plants; however it is a
strong elicitor of some phytoalexins, a plant-defense response [
23,24,25,26].
The deep effects of jasmonates on plant growth and developmental
processes suggest other purposes for the production of these
substances, more than just the pleasant smell. Some jasmonates
effects include inhibition of seedling longitudinal growth, root
length growth, embryogenesis, seed germination, flower bud
formation, pulvinule opening, carotenoid biosynthesis, chlorophyll
formation, RuBPCase biosynthesis and photosynthetic activities.
Jasmonates also stimulate sugarcane cutting elongation,
adventitious root formation, germination and ethylene biosynthesis
among others. Besides that, these fatty acid derivatives promote
seed dormancy breaking, fruit ripening, pericarp senescence, leaf
senescence, leaf abscission, stomata closure, chlorophyll
degradation and respiration [27].
Jasmonates biosynthesis starts with the conversion of linolenic acid
to hydroperoxy acids through the incorporation of O2 by
lipoxygenase enzyme activity. Considering the main role of these
fatty acid derivatives, a

Figure 3
Fatty acids derivatives. The production of jasmonic acid and aromatic
derivatives in plants; arachidonic acid in algae, mosses and ferns and
prostaglandins in mammals is shown. Final aromatics are produced by the
alcohol dehydrogenase (ADH) activity. The similarity between chemical
structures of prostaglandins (e.g., prostaglandin E1, PGE1, and
prostaglandin E2, PGE2) and jasmonic acid is remarkable.
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strong regulation of the specific biosynthesis is expected because
any modification of the normal fatty acids composition may have a
significant physiological effect. This was demonstrated after
genetic transformation of tomato with the yeast D-9 desaturase
gene. The activity of the encoded enzyme introduced a double
bond in the Coenzyme A derivatives of palmitic and stearic acids
(16:0-CoA and 18:0-CoA respectively) to yield the 16:1-CoA and
18:1-CoA products, thus modifying the saturated and unsaturated
fatty acid levels raising predominantly the concentration of
palmitoleic; 9,12-hexadienoic; oleic and linoleic acids. These
changes were associated with abnormal concentration of tomato
flavor compounds derived from fatty acids, mainly cis-3-hexenol,
1-hexanol, hexanal and cis-hexanal and other flavor compounds
unrelated to fatty acids [ 28].
The next biosynthetic step of fatty acid derivatives involving
lipoxygenase activity is also susceptible to modification. Different
lipoxygenase genes and enzymes have been reported, and several
stimuli such as wounding, ripening and others affect the gene
expression, enzyme activity and location of the gene products [29].
Soybean seeds contain three lipoxygenase isoenzymes and their
role in n-hexanal generation was investigated by using mutant
lines. The production of n-hexanal in the presence of linoleic acid
was different in the mutants compared to the wild type, suggesting
that lipoxygenase-3 was not able to produce the n-hexanal
precursor further inhibiting the n-hexanal generation through other
pathways [30]. Recently, two soybean lipoxygenase cDNA clones
were isolated, and the corresponding genes were found to be
differentially expressed in soybean leaves after wounding. In

addition, treatment of soybean plants with methyl jasmonate
resulted in higher levels of both transcripts in leaves. The
respective gene expression suggested that the encoded
lipoxygenases may participate in general physiological processes
enhanced after physical damage [31].
In tomato, a membrane-associated lipoxygenase was purified from
breaker-stage fruit. Two clones were isolated by PCR amplification
and screening of a breaker fruit cDNA library, DNA blot analysis
indicated three or more lipoxygenase genes in tomato but RNA blot
analysis showed that one of these genes was expressed in
germinating seeds and ripening fruit, the other gene appeared to be
fruit specific [32]. It is unknown if some of these lipoxygenases are
related to n-hexanal or similar compounds, however the cDNAs
can be used to isolate genes related to flavoring production useful
in food technology.
Sulfur Compounds and Others
Sulfurous aromas or flavors in foods are either accepted or
rejected, according to habits, age and other consumer traits. In any
case, the feasibil-
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Figure 4
Structures of alliin and allicin and
alternative names.

ity to control the plant production of these compounds, by novel
and different procedures from those random and long term for plant
breeding, is attractive. The possibilities of a decrease in the process
cost and the final product's quality improvement are worthwhile
reasons to use this approach.
It is known that the characteristic garlic odor amino acid
precursors, methyl-, propyl-, propenyl-, propenyl(allyl)- and (+)-Sallyl-L-cysteine sulfoxide (alliin) are converted to sulfenic acid,
ammonia and pyruvate by alliinase (a cysteine sulfoxide lyase)
enzyme. Sulfenic acid is extremely unstable and converts easily to
allicin (a thiosulfinate), also known as bacteriostatic agent (Figure
4). Allicin does not exist in the whole and undamaged garlic bulb,
it is produced just after the plant tissue integrity is destroyed
because alliinase is in a different intracellular compartment than
precursors are. Thus, after chopping or chewing the garlic bulb, the
enzyme and precursors are combined raising the allicin which is
spontaneously degraded to thiosulfonate and mono-, di- and,
trisulfides.
It is clear that alliinase is an important factor for the intensity of the

garlic odor and the amount of active enzyme may be controlled by
genetic engineering technology. The enzyme was purified to
homogeneity from garlic bulbs and after screening a garlic cDNA
library two related-cDNAs were cloned, one nearly and other full
length. Northern and Western blot analyses showed high expression
of this alliinase in bulbs, lower expression level was found in
leaves, and no expression in roots. Strikingly, the roots exhibited an
abundant alliinase activity, suggesting the existence of a distinct
root isoenzyme with very low homology with the bulb enzyme [
33].
Comparison of other cDNA clones from different Alliaceae species
(garlic, onion and shallot) revealed a high degree of similarity at
both the nucleotide and amino acid sequence level. Apparently,
alliinases are translated from mRNA species of approximately
2200 nucleotides, the primary translation products are preproteins
which are converted into the
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mature alliinases following post-translational modifications.
Southern blot analysis of genomic DNA suggested that alliinases
are most probably encoded by a closely related gene family,
according to the sequence heterogeneity found between different
alliinase cDNA clones of one species [ 34,35].
With the right genetic transformation and regeneration procedures
for target plants, an antisense strategy could be approached with a
tissue-specific construction in order to decrease or avoid the
alliinase activity to raise ''odor-free" transgenic garlic bulbs. On the
contrary, if more intense garlic odor is the goal (e.g. in commercial
varieties with naturally low enzyme activity or just to increase the
final garlic odor) then the alliinase construction should be in sense
with a strong and constitutive promoter region. Garlic cell cultures
having the right amino acid precursors but low alliinase activity
were already reported [36].
Other commercially important flavorings are still not available for
manipulation with new technologies, although the advance of in
vitro tissue cultures is evident for the production of some
substances like capsaicin in chili pepper (Capsicum annuum and
other species), cocoa aroma (Theobroma cacao), caffeine and
theobromine in coffee (Coffee arabica), theanine in tea (Camellia
sinensis), vanillin in vanilla (Vanilla fragrans and other species);
the final productivity of commercial substances obtained from in
vitro tissue cultures may result, up to this stage, in increased
expense in comparison with the original processes. The present
limitations to improve these strategies are related to the lack of
cellular, biochemical and/or molecular information available for

the right manipulations of the corresponding biosynthetic pathways
[37].
Browning, Texture and Astringency
In contrast to flavor and aromas, generally considered as very
attractive food traits, there are other undesirable characteristics
affecting the quality of the final products which could be addressed
by new methodologies.
Phenols
The browning of many fruits, vegetables and other plant foods
produced by enzymatic oxidation of phenolic compounds is a
common and serious problem. The use of antioxidants (e.g.,
ascorbic acid and others) could help to control this problem
although it can be expensive and, under some conditions, the taste
or smell may be altered. The enzymatic browning is mainly due to
polyphenol oxidases (PPOs), which are copper metalloproteins
catalyzing the oxidation of mono- and o-diphenols to o-diquinones;
this activity affects fresh fruits and derivative products.
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Several genes of polyphenol oxidase have been isolated and
characterized from different plants. The existence of seven nuclear
PPO genes in tomato (Lycopersicon esculentum cv. VFNT Cherry)
has been reported; these genes fall into three structural classes
based on RFLP analysis. After comparison with the respective
cDNAs, a lack of introns in the genomic genes was found; this fact
enables a simple genetic manipulation because theoretically, the
genomic gene could be directly expressed. Divergent DNA
sequences are present in the 5' promoter regions of five genomic
genes; these sequences were proposed to regulate the differential
gene expression. The protein precursor encoded after in vitro
transcription and translation of one PPO gene was routed to the
thylakoid lumen of isolated chloroplasts in two steps, one ATPdependent and the next, light dependent. This may explain the
multiplicity of PPO observed in vivo [ 38,39,40].
The function of PPO enzymes is mainly defensive and the enzyme
activity can be affected by substances related to plant-defense
responses as methyl jasmonate. Addition of this lipid-derivative
caused an increased level of PPO activity, equivalent to that found
in plants overexpressing the prosystemin gene, which encodes the
systemin precursor. Systemin is a mobile wound signal responsible
for the constitutive synthesis of other defense-response proteins (a
proteinase inhibitor). Transgenic tomato plants overexpressing a
prosystemin gene possess up to 70-fold higher levels of PPO than
those found in leaves of wild-type plants, suggesting that PPO and
proteinase inhibitor genes are coactivated systemically by
wounding. This fact could be useful for pathogen protection but
such tomatoes will not be suitable for food purposes because the

increased PPO activity will raise the phenols' oxidation with
deleterious effects [41].
However, plant defense-responses are not the only factors involved
in the PPO gene expression; a small PPO multigene family was
found in potato (Solanum tuberosum) and each gene had a specific
temporal and spatial expression pattern. High PPO activity was
detected in some tissues (stolons, tubers, roots, and flowers) but
low activity was present in leaves and stems of potato plants. Tuber
PPO activity was increased during development, being greatest at
the exterior, including the skin and cortex tissue. Distinct PPOcDNA clones were isolated from developing tuber RNA where
POT32 was the major form, found in all parts of the tuber at all
stages of development; it was also expressed in roots but not in
photosynthetic tissues. POT33 was expressed mainly in the tissue
near the skin. POT72 was detected in roots and at low levels in
developing tubers. And NOR333 was detected in young leaves and
tissues near the tuber skin but it was highly expressed in flowers.
These tissue-specific PPO genes are promising candidates for
future genetic manipulation of the right genes [42].
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Other PPO enzymes and genes have been described although not so
well studied. A spinach thylakoid PPO was purified and the
complete amino acid sequence deduced from cDNA clones; it
predicted the protein location in the thylakoid lumen. Two PPOcDNA clones were isolated from a suspension culture of
Phytolacca americana (pokeweed) cDNA library; several plant
organs were investigated for spatial and temporal gene expression
by Northern blot analysis and both transcripts were found in
ripening betalain-containing fruit. A PPO-cDNA clone from apple
(Malus domesticus) was isolated from a fruit peel cDNA library;
the respective PPO enzyme was encoded by a divergent multigene
family and PPO-mRNA was accumulated in wounded tissues and
peel with superficial scald symptoms as shown by nucleic acid blot
analysis. A PPO enzyme was purified to homogeneity from Sultana
grapes and the corresponding cDNA clone (GPO1) was isolated by
3'- and 5'-RACE PCR procedures; Southern blot analysis suggested
the presence of only one PPO gene and high levels of expression
were found in young developing berries, leaves and roots, but little
expression in mature tissues. Three PPO-cDNA clones were
isolated from Vicia faba and the DNA sequence data suggested the
existence of a gene family [ 43,44,45,46,47].
It is important to remark the role of PPO enzymes in plant defenseresponses and their location in the chloroplast. The existence of
PPO gene families in most of the studied plants, and their
correlation with spatial and developmental states of expression,
suggest an important role of this enzyme at various stages and plant
conditions. PPO gene's manipulation addressed to knock out the
enzyme activity (e.g., antisense) could result in a transgenic plant
highly susceptible to a pathogen's attack. A better approach could

be the manipulation of the tissue-specific regulatory regions to
control the PPO gene expression in the right stages and in
important tissues for food purposes. An interesting possibility may
be a high expression of PPO genes in seedlings, roots, stems and
leaves for protection against a pathogen's attack during field
conditions, and a low or no expression in fruits at post harvest
period or after wounding, as required for particular food
preparations (e.g., "browning free" fresh purée).
Lignin
Phenols are involved in many plant structures important in food
production. Alcohol polymers derived from phenylpropanoid
compounds constitute the lignin which provides mechanical
strength to the plant cell wall and is a physical barrier to resist a
pathogen's attack. For food science, lignin plays an important role
in the texture of some edible plants like celery, the toughness of
asparagus and the sclereids formation by lignocellulose complexes
causing grittiness in some pear's varieties.

Page 355

Figure 5
Enzyme activities involved in the production of
lignin precursors: (A) cinnamyl alcohol
dehydrogenase (CAD) enzymes and (B) caffeic
acid O-methyltransferase (COMT).

Cinnamyl alcohol dehydrogenase (CAD) is one of the important
enzymes in lignin biosynthesis; the immediate lignin's precursors,
the cinnamyl alcohols, are produced by CAD activity from the
respective cinnamaldehydes. Another enzyme activity, the Omethyltransferase (OMT) is also very important in lignification;
there are several O-methyltransferases (e.g., caffeic acid Omethyltransferase or COMT) in plants which recognize different
substrates for the respective methylation. The role of these two
enzymes has been described for some plants (Figure 5).
Two CAD isoforms (CAD1 and CAD2), with distinct biochemical
and functional characteristics, were purified from Eucalyptus

gunnii. Using a tobacco probe, the full length CAD2-cDNA was
isolated and expressed in bacteria; the encoded enzyme showed the
same properties as the natural isoform. In plants, the CAD2
transcript was equally abundant in stems and leaves but a very low
level was found in roots [ 48]. A genomic CAD clone was isolated
and DNA fragments containing the full promoter region and
several 5' deletions were fused to b-glucuronidase (GUS) reporter
gene. These fusions were introduced into poplar and, in contrast to
CAD2-cDNA expression, some transgenic plants showed the
highest
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GUS activity in roots followed by stems and leaves, specifically in
vascular tissues. This functional characterization suggested that
CAD expressing parenchymal cells may provide lignin precursors
to the adjacent elements [ 49]. The CAD enzyme from Norway
spruce (Picea abies L.) was purified and the respective cDNA
isolated; Southern blot analysis indicated the existence of only one
gene, which could allow an easy manipulation of the CAD activity
in the plant. Treatment of spruce cell cultures with elicitor and
plant seedlings with ozone both increased the CAD mRNA level
[50]. In transgenic tobacco, the antisense strategy using the same
tobacco CAD-cDNA resulted in reduction of the enzyme activity
and modification of lignin composition by qualitative changes in
lignin deposition. The new lignin, altered in composition and
structure, was more susceptible to chemical extraction; these
changes were produced by the preferential incorporation of
cinnamyl aldehyde monomers, in comparison to cinnamyl alcohol
monomers, into the new lignin [51].
OMT-cDNA and genomic clones have been isolated from maize;
apparently there is only one gene in this plant, and extracts of
OMT-cDNA expressing bacteria showed enzyme activity
comparable to that present in plant extracts. The highest
accumulation of the corresponding mRNA was found at the
elongation zones of roots [52]. The maize brown midrib mutation
produces a reddish brown pigmentation of leaf midrib; these
mutations alter lignin composition and digestibility. Two
independent brown midrib3 (bm3) mutations were shown as
resulting from structural changes in the caffeic acid Omethyltransferase (COMT) gene, which catalyzes the

methoxylation step at 3 and 5 positions of caffeic and 5hydroxyferulic acids [53].
A specific S-adenosyl-L-methionine:trans-caffeoyl-coenzyme A 3O-methyltransferase (CCoAOMT) cDNA from differentiating
tracheary elements of Zinnia was isolated. RNA gel blots showed
an induced gene expression during tracheary elements
differentiation and associated with lignification in xylem and
phloem fibers. The CCoAOMT gene expression was specific for
lignification during in vivo and in vitro xylogenesis, in contrast to
caffeic acid O-methyltransferase (COMT) gene expression, only
specific for in vitro stress-responses. Indeed, an alternative
methylation pathway involving CCoAOMT was suggested in
lignin biosynthesis [54]. A COMT-cDNA isolated later on showed
that the respective gene expression did not correlate well with in
vitro lignification during Zinnia mesophyll cell's differentiation.
The expression of these two genes (CCoAOMT and COMT) was
suggested as differentially regulated during lignification in
different cell types [55].
Tobacco has two classes of OMTs: class I is expressed in lignified
tissues and class II is induced upon infection; these enzymes differ
in their substrate specificity and expression patterns. Sense and
antisense OMT
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constructions were shown to modulate the enzyme activity. The
phenotype of antisense tobacco plants resembled that from maize
brown midrib mutants and sorghum with red-brown color in xylem
tissues [ 56]. An improved digestibility has been shown for the
maize and sorghum mutants when used as forage and similar
modifications could be commercially attractive in celery, asparagus
and other edible plants.
Other attempts to modify lignin composition in tobacco by using
heterologous plant genes were not so successful. The antisense
expression of lucerne OMT gene in tobacco resulted in less lignin
content without modification on the monomers composition, and
the expression of aspen OMT gene produced a slightly change of
lignin composition [57,58]. Apparently each plant species has a
strict specificity regarding the substrates involved in final steps of
lignin biosynthesis; in that case the best, if not the only way, to get
a significant difference in lignin composition could be by
modification of the homologous CAD or OMT genes.
Modifications of the initial steps of lignin biosynthesis produce
interesting results. Tryptophan decarboxylase (TDC) enzyme uses
tryptophan to produce tryptamine; transgenic potato holding the
TDC gene from Catharanthus roseus showed an increase in
tryptamine, creating a metabolic sink for tryptophan. The effect of
this modification was a dramatic decrease in the levels of
tryptophan, phenylalanine and other phenylpropanoid-derivative
compounds produced by the shikimate pathway. After wounding or
elicitation of transgenic potato tubers, the chlorogenic acid and
lignin were dramatically reduced because of the limiting
availability of phenolic monomers. Unfortunately, the transgenic

potatoes were more susceptible to infection by Phytophthora
infestans, because of the putative cell wall modification [59].
Considering the key role of lignin in the natural defense, it is
desirable to get edible plants having a modified lignin with better
digestibility but keeping important characteristics such as pathogen
resistance.
Flavonone Glycosides and Tannins
Tanning or the tightening of living tissues is a process able to
produce materials durable as leather but also, it is an important
process for the final taste of some beverages like wines or bitters.
The bitterness and astringency are produced by phenolic
compounds and these characteristics can be modified by the new
biotechnology as described below.
The flavonone glycosides hesperidin and naringin (Figure 6) are
common on the peels of orange, lemons and grapefruits; naringin is
bitter whereas hesperidin is tasteless. Their structures are similar
and apparently the attachment point between the L-rhamnose and
D-glucose moieties, present in both compounds, determines the
bitterness. The possibility
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Figure 6
Structural differences between hesperidin and
naringin.The change in the attachment position of
L-rhamnose to D-glucose moiety apparently makes
the difference from bitter to tasteless (modified
from Reference [ 2]).

of avoiding the production of naringin, neohesperidin and other
bitter flavonone glycosides or their conversion into non-bitter
compounds, seems interesting for food science.
The rhamnosyltransferase enzyme catalyzes the transfer of
rhamnose to the C-2 hydroxyl group of the glucose attached to
naringenin or hesperetin; this enzyme is responsible for the
production of the bitter flavanoneglucosides naringin and
neohesperidin, and was purified to homogeneity from young
pummelo leaves. Some biochemical properties as well as inhibitors
of the enzyme activity were studied. The isolation of the respective

gene may enable the modification of bitterness by genetic
engineering procedures [60].
Other important phenylpropanoid derivatives are the condensed
tannins (proanthocyanidins); the tannin monomers are
dihydroflavonols derived from naringenin chalcone. The
dihydroflavonol reductase (DFR) enzyme converts these monomers
to flavan-3,4-diols, which are precursors of anthocyanins and
condensed tannins. The polymeric joint of flavan-3,4-diols with the
next products, flavan-3-ols, constitutes the condensed tannins. An
antisense construction of the DFR-cDNA from Antirrhinum majus
was introduced into Lotus corniculatus by Agrobacterium
rhizogenes transformation; the transgenic root cultures showed a
reduction in the tan-
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nin levels. This reduction was accompanied by a change in the
subunit composition of condensed tannins, reflecting possible
alterations in the regulation of tannin biosynthesis. Owing to the
tanning effect, these polymers have been considered insect
antifeedants and related with fungal pathogen resistance. Similar to
the lignin modifications described above, alterations in the tannin
level and/or composition could result in an increased susceptibility
of the target plant to a pathogen's attack [ 61].
Poisons and Deleterious Substances
The existence of poisons and plant products deleterious for human
health is not unusual. However, some plant food products can be
lethal or healthy depending on several factors such as the
consumed amount, the plant developmental stage, the growing
conditions and the food processing. Sorghum seed is a good
example. Some varieties are commonly used as food but only
under appropriate conditions; otherwise they can be dangerous
because of the amount of dhurrin, a cyanogen glycoside, present.
Living organisms could suffer cyanide poisoning if they are fed
with the wrong sorghum. The role of these compounds in the plant
is still not well known; however, they seem to be involved in the
promotion of seed germination [62]. Other edible plants from the
Cruciferae family and the Brassica genus (e.g., cauliflower, cress,
brussels sprouts, cabbage and broccoli) have significant levels of
toxic glucosinolates; however, recent studies have demonstrated
that extracts of these plants are effective in reducing the risk of
developing cancer. The activity of anticarcinogenic protective
enzymes, such as quinone reductases in animals, is induced by a
mustard oil or isothiocyanate (sulforaphane) produced by

conversion of SAGA broccoli (Brassica oleracea italica)
glucosinolates [63,64]. Thus, although the brassica's smell or taste
is not so attractive for many consumers, its demonstrated
nutraceutical properties may have a positive effect in the marketing
of these products. In a somewhat similar situation are found the
alkaloids which are very useful for humans, mainly in medicine,
but their food role is unacceptable, not only because of the bitter
taste but also due to the pharmacological and toxic effects.
Fortunately, some advances have been carried out at molecular and
biochemical levels to control the production of all these deleterious
substances.
Cyanogen Glycosides
Cyanogen glycosides are synthesized from different amino acids;
the first step is the N-hydroxyamino acid production, followed by
an oxidative decarboxylation to yield the corresponding aldoxime.
Subsequently,
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the aldoxime is dehydrated to the respective nitrile and the
resulting cyanohydrin is finally glycosylated and stored as
cyanogen glycosides. The poisonous effect results after
deglycosylation of the cyanogen glycosides by a b-D-glucosidase
enzyme; the resulting hydroxynitrile is then converted to the
corresponding aldehyde or ketone, releasing HCN; this conversion
is either spontaneous or enzymatically accelerated by a
hydroxynitrile lyase (HNL) [Figure 7(A)]. The enzymes involved
in the cyanogenesis or HCN release (b-D-glucosidase and HNL)
are located in other cell compartments, different from where
cyanogen glycosides are. Prevention of HCN production in
cyanogenic edible plants is desirable and with the isolation of
related genes, some approaches for this goal are currently
available.
A cDNA clone comprising about 90% of the COOH terminal
sequence of a precursor encoding both subunits of the
heterotetrameric hydroxynitrile lyase enzyme from Sorghum
bicolor L. (SbHNL) was isolated, suggesting that SbHNL subunits
resulted from post-translational processing. Northern blots of total
RNA from various organs of young sorghum seedlings using the
SbHNL-cDNA probe showed the same expression pattern of HNL
as found by Western blotting or enzyme assays. PCR and Southern
blot analysis demonstrated the absence of introns in the SbHNL
gene; this must permit a relatively easy isolation and manipulation
of the gene [ 65].
An a-hydroxynitrile lyase (HNL) enzyme was purified to
homogeneity from young leaves of the very important tropical crop
plant cassava (Manihot esculenta Crantz). Interestingly, pure HNL

showed a complex kinetics, depending on the substrate
concentration and probably related to the enzyme aggregation;
also, pure HNL catalyzed the conversion of two natural substrates,
acetone cyanohydrin and 2-butanone cyanohydrin, and

Figure 7
Catabolism of: (A) cyanogenic glycosides, where the
role of b-glucosidase and hydroxynitrile lyase
enzymes in cyanogenesis is shown, and (B)
glucosinolates, where the role of myrosinase and
the respective isomerase is also indicated.
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one nonphysiological substrate, 2-pentanone cyanohydrin. After
endoproteinase digestion of the pure enzyme and analysis of the
obtained N-terminal and internal peptide sequences, some
degenerate oligonucleotides were designed and used as primers for
RT-PCR procedure with purified mRNA from cassava cotyledons.
The resulting PCR fragment was used to screen a cassava
cotyledon cDNA library; four cDNA clones were isolated,
sequenced and the deduced amino acid sequences were identical to
the sequence of the pure protein [ 66].
The derived protein sequence of cassava HNL-cDNA is closely
related to the corresponding cDNA from leaves of Hevea
brasiliensis and shows significant homology with two other
proteins, of unknown function, from Oryza sativa. The full-length
cDNA of Hevea brasiliensis was cloned and sequenced; the protein
was expressed in E. coli and S. cerevisiae and isolated from the
respective soluble fractions in an active form. This active enzyme
can be utilized to detoxify cyanogenic materials, such as cassava or
sorghum starch, used for bread or alcohol and syrup production
[67].
Glucosinolates
The characteristic mustard oil smell of some plants including
Cruciferae, Euphorbaceae, Phytolaccaceae and others, arises from
the glucosinolate's degradation; these plants are known to produce
many different mustard oil glycosides, derived from methionine,
phenylalanine, or tryptophan. Biosynthetic pathways are not well
known but some steps are similar to those found in cyanogen
glycoside biosynthesis, like the N-hydroxyamino acid production
and its decarboxylation to the corresponding aldoxime; at this point

and different from cyanogen glycoside biosynthesis, a sulfur atom
is included to produce the thiohydroximate which is then
glycosylated and added with a
group by PAPS (3'phosphoadenosine-5'-phosphosulfate), finally the respective
glucosinolate is stored. The catabolism of glucosinolates is carried
out first by a myrosinase (thioglucosidase) enzyme to generate the
mustard oil (an isothiocyanate), then, one isomerase converts the
mustard oil to rhodanid (a thiocyanate); these enzymes are located
in different cell compartments where there are glucosinolates
[Figure 7(B)] [68].
Myrosinase is specific for these substances; thus, most of the
biochemical and molecular work has been dedicated to this
enzyme. Four cDNAs encoding myrosinase were isolated from a
Sinapis alba (white mustard) cDNA library, one full-length (MB3)
and three partial (MA1, MB1 and MB2) clones. They were
encoded by a gene family consisting of at least two subfamilies
(MA and MB) with several members, each one in both S. alba and
B. napus (oilseed rape). In contrast, Arabidopsis thaliana seems
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to have only three genes but all mRNA species had approximately
the same size, according to Northern blot analysis [ 69].
Several myrosinase isoenzymes (three major and three minor) were
identified in mature seeds of Brassica napus. A turnover of
myrosinases was found during seedling development; from the
initial forms of 75, 73, 70, 68, 66, and 65 kD, only the 75, 70, 66
and 65 kD isoforms were identified in 5-day-old seedlings, the 70
and 75 kD forms were predominant. The four identified isoforms
were present at 21-day-old seedlings, the 66 and 65 kD forms being
more abundant now; at flowering, only a 72 kD was present in the
mature plant organs. MA and MB genes showed a slightly different
expression pattern in the different seedling tissues and the
transcripts accumulation was higher for MB than MA during
embryogenesis [70].
A B. napus myrosinase genomic clone of 5 Kb and containing at
least 12 exons was isolated, analyzed and identified as a
pseudogene member of the MA family. Using 3'-end probes from
the MA genomic and MA- and MB-cDNAs clones, it was shown
that MA myrosinases were encoded by at least four genes while
MB isoforms were encoded by more than 10 genes; a high
similarity was found between these enzymes and the b-glycosidase
enzyme family [71]. Two nuclear genes (Myr1.Bn1 and Myr2.Bn1)
were isolated and available PCR primers were synthesized, based
on the conserved regions. These primers were used to analyze
myrosinase genes in seven species of Brassicaceae; after Southern
hybridization, the fourteen genes found in B. napus were also
identified in the other investigated species. Myr 1 and 2 genes had
very similar signal peptide structures as well as number and size of

the respective exons and introns. Analysis of the deduced amino
acid sequences suggested the presence of putative glycosylation
sites and the possibility of transport, through ER-Golgi complex,
mediated by signal peptides [72].
The three myrosinase genes of Arabidopsis thaliana were isolated
from a genomic library; two of them (TGG1 and TGG2) were
sequenced and found in an inverted mode, separated by 4.4 Kb
between the respective 3'-ends. Both genes have 12 exons with a
75% of nucleotide sequence similarity, and 11 introns with 42%
similarity. Phylogenetic analyses suggested that TGG1 and TGG2
could not be grouped with MA or MB genes; according to in situ
hybridization experiments, TGG1 and TGG2 gene expression was
located in leaf, sepal, petal and gynoecium cells but only TGG1
was found in developing seed cells. The respective TGG1 and
TGG2-cDNAs from leaves were cloned and compared with the
genomic genes [73,74].
Manipulation of the myrosinase genes could be efficacious to
control the catabolism of glucosinolates; however, an alteration at
the beginning of the glucosinolate pathway resulted in a successful
approach. With the
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intention to modify the normal biosynthesis of indole
glucosinolates produced from tryptophan, canola (B. napus) was
transformed with the tryptophan decarboxylase (TDC) gene from
Catharanthus roseus. The TDC enzyme converts tryptophan into
tryptamine so, all tissues of the transgenic plants showed an
increase in tryptamine and lower levels of indole glucosinolates;
particularly, in seeds the glucosinolate amount was only 3%, in
comparison with non-transformed plants. Interestingly, mature
seeds of transgenic plants did not contain tryptamine or derivatives,
which were probably degraded during seed aging. Finally and at
least in one experiment, the transgenic plants showed a normal pest
resistance; however, more studies should be performed in order to
fully appreciate the consequences of this modification [ 75].
In previous studies was demonstrated that the agronomic and
qualitative traits of transgenic plants were not affected by the
transformation procedure. Eleven independent transgenic canola
lines holding the NPTII gene (kanamycin resistance) introduced via
Agrobacterium transformation, were evaluated in the field; stable,
heritable integration and expression of NPTII gene was confirmed.
Agronomic characteristics like maturity, yield, and oil and protein
content were statistically comparable with non-transformed plants
[76].
The apparent similarity between glucosinolates and cyanogen
glycoside pathways is only at the chemical conversion level but not
at the biochemical level. Cytochrome P-450-type enzymes are
involved in cyanogen glycosides but not in glucosinolates, as
confirmed by the use of specific P-450 inhibitors; although with
similar properties, two apparently distinct enzyme systems are

specifically required for each particular substrate. Besides that,
glucosinolate biosynthesis seems to be catalyzed by flavincontaining monooxygenases as in mammal tissues. It is necessary
to bear in mind these differences in order to manipulate the right
enzymes; modified P-450 enzymes are not expected to influence
glucosinolate production but only cyanogen glucoside production
[77,78].
Alkaloids
The importance of knowing the function of secondary products in
the plants was already mentioned; however, alkaloids are the best
example of the lack of information in this area. Although these
substances are highly demanded by humans, their role in the plant
physiology is mostly unknown up to now. Some alkaloids are
known as pest resistant products and probably this is the function
of some of them, but the roles of many others having very complex
chemical structures and hence biochemically expensive are still to
be elucidated. Independent of the potential pharmacological effect
on human beings, the alkaloids are defined as plant sec-
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ondary metabolites containing secondary, tertiary or quaternary
nitrogen atoms.
In contrast with other natural products, alkaloids do not have a
common or general biosynthetic pathway as phenols or terpenes.
The nitrogen element is provided by amino acids but the
subsequent conversions are very specific for each alkaloid, not only
for the enzymes involved but also for the plant cell(s) where it is
biosynthesized, transported, stored or degraded. In some cases, the
necessary and functional enzymes are located in particular vesicles,
just at specific times and conditions. These are some good reasons
to understand why it is so difficult to control or modify the
alkaloid's production [ 1].
In edible plants containing alkaloids, the objective is to decrease or
to eliminate them and the most well known example is the plant
breeding selection of ''sweet" lupines, having low contents of
lysine-derived quinolizidine alkaloids (Figure 8). Unfortunately,
lupine alkaloids are related with the plant's resistance to pests and
sweet varieties are highly susceptible to pathogen attacks so they
must be cultivated with polluting chemical pesticides. A novel
screen of plant varieties has been used to design more efficient
strategies to improve crop plants; six Lupinus species were
screened by restriction fragment length polymorphism (RFLPs)
using as a probe a rice ribosomal RNA (rDNA) coding DNA
fragment. The resulting information was correlated with alkaloidrich "bitter" forms and alkaloid-poor "sweet" forms of L. albus and
L. luteus; the phylogenetic tree constructed from RFLP profiles
was related with the pattern of alkaloid production [79]. Another
example is the selection of potato varieties with low content of

steroid alkaloids in the tubers, but other plant tissues are still
susceptible to some pathogens. The chemistry and plant physiology
of potato glycoalkaloids have been revised and a cDNA of
solanidine UDP-glucose glucosyltransferase was cloned and
analyzed; this information may be very helpful to address
interesting strategies to down-regulate the expression of this and
other similar enzymes in commercial potato cultivars [80,81,82].
Specific modifications by genetic engineering procedures, resulting
in decreased alkaloid levels in edible plants are desirable; however,
as far as we know, no published information is currently available.
On the other hand, and due to the importance of alkaloids as
medicines, there are genetic manipulations which successfully
modify the production of a particular alkaloid for pharmaceutical
purposes; some examples are described below.
The lysine decarboxylase (LDC) gene from Hafnia alvei was
expressed in transgenic tobacco in two manners; sending the gene
product to the cytoplasm, and targeting the protein to the tobacco
chloroplasts. Successful transformation was demonstrated by
Southern and Northern blots; how-
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Figure 8
Structure of quinolizidine alkaloids
derived from L-lysine found in Lupinus
luteus and Sarothamnus scoparius. The
first step is catalyzed by the lysine
decarboxylase enzyme.

ever, LDC activity was found only with the fused protein targeted
to the chloroplast and the corresponding transgenic plants showed
increased cadaverine levels up to 0.3-1% of dry mass [ 83]. In hairy
root cultures of tobacco transformed with similar construction,
some proportion of the cadaverine pool was used for the
biosynthesis of the muscle relaxant alkaloid anabasine, hardly
detectable in control cultures [84].
Another example of directed alkaloid modification by manipulation
of specific genes was after transformation of tobacco root cultures
with the ornithine decarboxylase gene from Saccharomyces
cerevisiae. A strong promoter sequence was used and constitutive
gene expression was demonstrated at mRNA and active protein

levels, resulting in twofold enhanced accumulation of putrescine
and the derived alkaloid nicotine [85].
Atropa belladona is a hyoscyamine-rich producing plant but after
transformation with the hyoscyamine 6 b-hydroxylase gene from
Hyoscyamus niger, which encodes the enzyme catalyzing the
conversion of hyoscyamine to scopolamine, the scopolamine
production was almost exclusive in the transgenic Atropa plants.
Some other alkaloid-related genes have been isolated, modified and
reintroduced into the same or different plants and interesting results
on the final alkaloid content have been reported [86].
Research on this area is developing and improving the
understanding of the possible roles of alkaloids in the plant
physiology; as mentioned
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before, this knowledge may allow a better manipulation of
alkaloids' production in edible plants [ 87,88,89,90,91].
Perspectives
The different manipulations described in this chapter like microbial
genes into plant cells or vice versa, modification and reintroduction
of plant genes, and exchange of plant genes among others, are just
some of the existing possibilities. However, there is a remarkable
aspect; if the goal is a permanent modification in the whole plant
resulting in a benefit for foods of human interest (e.g., constitutive
expression of specific genes), we must keep in mind that the
possibility of missing such permanency exists if the change means
any disadvantage for the plant. Thus, inducible mechanisms as
natural plant-defense responses may be a more acceptable solution
and the use of the right genes, probably regulatory more than
structural, seems a more available alternative to keep the desired
change under control, without forcing the natural plant physiology.
Furthermore, the modified plant will choose the best response
according to its needs and this response could not be appropriate
and could even be harmful for human interests.
Secondary metabolites are no longer obscure, complicated and
exclusive of some plants; with new technologies any plant is
potentially able to produce unknown and novel substances never
found before, and the already known useful products are now
susceptible to manipulation in order to be either overproduced or
modified in the plant itself. Many critics, discussions and positions
arise from these possibilities but one thing is sure, plants will
produce whatever they need to survive and to adapt to the
surrounding environment; if secondary products are the tools for

this purpose, sooner or later they will be biosynthesized, with or
without human mediation and, if by coincidence these products can
be used for human consumption or nutrition, this fact will be
independent of the role of this product in the plant physiology
[92,93,94,95,96,97].
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Chapter 10
Plant Pigments:
Characterization, Biosynthesis, Gene Regulation, and
Applications as Food Additives
G.C. Godoy-Hernández1
E. Lozoya-Gloria2
Introduction
Artificial colorings such as "coal tar dyes" or "food dyes" have for
many years been ideal for replacing natural colorings destroyed
during food processing, reducing color variations in product
batches and providing consumer appeal. Added colorings assist in
ensuring batch to batch uniformity and help to reinforce colorings
that are already present but less intense than the consumer would
expect. However, the number of dyes suitable for food has been
drastically reduced in recent years, as a result of toxicological
studies and legislation, in addition to the consumer pressure for
more natural food products. Indeed a survey of consumer
preferences revealed that "natural" is frequently perceived as "safe"
[ 1].
Natural pigments are used as food and drink additives (e.g.,
anthocyanins in desserts, drinks, and jams; carotenoids in dairy
products and cereals; and betalains in food mixtures, meats, and
drinks). However, they have several limitations: Pigment content is
less defined and depends on the extraction method, and has lower
tinctorial strength requiring higher amounts and increased unit cost.

The pH of the food matrix may affect color shade and the stability
to heat, light and preservatives. Also, some natural coloring may
have characteristic odors. Apart from anthocyanins and betalains,
the majority of natural colorings are oil solu1 Centro de Investigación Científica de Yucatán, Div. de Biología
Vegetal, Dept. de Biología Experimental, Apartado Postal, 87, Mérida
Yuc. 97310, México.
2 Depto. de Ingeniería Genética de Plantas, Unidad Irapuato, Centro de
Investigación y de Estudios Avanzados del Instituto Politécnico
Nacional, Apartado Postal 629, Irapuato GTO. 36500, México.
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ble and require chemical modification or the use of carriers and
stabilizers for dispersion in foods. Finally, natural colorings are
usually six to eight times more expensive than artificial dyes [ 1,2].
The advantages of natural colors in terms of consumer acceptance
outweigh the previous disadvantages, and despite their limitations
the industry has a great interest in their production. The brilliant
colors of flowers, fruits and other plant parts are mainly due to
three types of natural pigments: Flavonoids, carotenoids and
betalains. Flavonoids are responsible for most orange, scarlet,
crimson, purple, violet and blue colors. This group represents a
large class of secondary plant metabolites, of which anthocyanins
are the most important. The carotenoids account for the majority of
yellow hues and are found in a significant number of plants. And
the betalains provide the colors of flowers and fruits from yellow
through various shades of orange and red to violet.
Chemically all these pigments are completely different,
nevertheless they can produce very similar colors in some cases.
Flavonoids and specifically anthocyanins are the most common and
important group, and have been studied for many years being the
most well known group of secondary plant metabolites regarding
the chemical, biochemical, genetic and regulatory aspects [3,4].
This chapter emphasizes the biosynthesis, genetic regulation and
biotechnology of the above-mentioned natural pigments; analytical
procedures are also included here.
The Anthocyanin Biosynthetic Pathway
The term anthocyanin originates from the Greek words for flower
and blue and was introduced by L.C. Marquart in 1835 to designate

the blue pigments of flowers, but also the purple, pink, scarlet,
crimson, violet, and mauve magenta; nearly all the red colors of
many flowers, fruits and some leaves, stems, and roots are due to
pigments chemically similar to Marquart's anthocyanins [5].
The biosynthesis and genetics of anthocyanin production have been
elucidated mainly with undifferentiated cells derived from parsley
(Petroselinum hortense) and pigmented tissues of maize (Zea
mays), snapdragon (Antirrhinum majus), and petunia (Petunia
hybrida). The initial step belongs to the general phenylpropanoid
metabolism where phenylalanine is deaminated by the
phenylalanine ammonia-lyase (PAL) enzyme to produce cinnamic
acid, which is then hydroxylated, with or without addition of
methyl groups, by hydroxylases and O-methyltransferases
producing p-coumaric acid and other hydroxycinnamic acids
(Figure 1). The CoA esters are produced further on by the 4coumarate:CoA ligase (4CL) enzyme resulting in the activated
intermediates which are then branched toward many different and
specific pathways. The central
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Figure 1
Anthocyanins' biosynthetic pathway. (PAL), phenylalanine ammonia-lyase;
(C4H), cinnamate 4-hydroxylase; (4CL), 4-coumarate:CoA ligase; (CHS),
chalcone synthase; (CHI), chalcone isomerase; (F3H), flavanone
3-hydroxylase; (F3'H), flavonoid 3'-hydroxylase; (F3'5'H), flavonoid
3',5'-hydroxylase; (FLS), flavonol synthase; (DFR), dihydroflavonol
4-reductase; (ANS), anthocyanidin synthase; (3GT),
flavonoid 3-glucosyltransferase.

step of anthocyanin biosynthesis is the condensation of three
molecules of malonyl-CoA with one p-coumaroyl-CoA by the

chalcone synthase (CHS) enzyme to form the C15 intermediate
4,2',4',6'- tetrahydroxychalcone (yellow chalcone). The second step
is the stereospecific isomerization of the yellow chalcone into
naringenin (colorless flavanone), which
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proceeds spontaneously at low rate but it is accelerated by the
chalcone isomerase (CHI) enzyme. The flavanone so formed is
hydroxylated at the C3 position by the flavanone 3-hydroxylase
(F3H) to yield dihydrokaempferol (Dhk, an unpigmented
dihydroflavonol) [ 6].
Dihydrokaempferol can be either hydroxylated by flavonoid 3'hydroxylase (F3'H) enzyme to produce dihydroquercetin (Dhq) or
by flavonoid 3',5'-hydroxylase (F3'5'H) enzyme to produce
dihydromyricetin (Dhm). F3'5'H can also convert dihydroquercetin
to dihydromyricetin. At least three enzymes are required to
transform the colorless dihydroflavonols into anthocyanins. First,
the reduction of dihydroflavonols to flavan-3,4-cis-diols
(leucoanthocyanidins) by dihydroflavonol 4-reductase (DFR).
Further on, the diols are converted into colored anthocyanidins by
oxidation, dehydration, and glycosylation to produce the
corresponding brick-red pelargonidin, red cyanidin, and blue
delphinidin pigments. These conversions are catalyzed by the
anthocyanidin synthase (ANS) and the flavonoid 3glucosyltransferase (3GT) enzymes. Thus, the anthocyanins are
glycosides of the anthocyanidins, and anthocyanidin 3-glucosides
may be further modified in many species by glycosylation,
methylation, and acylation. The modification extent and the types
of glycosides and acyl attached groups depend on the plant species
and varieties [7].
Structure
Seventeen different anthocyanidins (anthocyanin aglycones formed
when anthocyanins are hydrolyzed with acid) have been so far
identified in nature: Apigeninidin, aurantinidin, capensinidin,

columnidin, 5-methylcyanidin, 6-hydroxycyanidin, delphinidin,
europinidin, hirsutidin, luteolinidin, malvidin, pelargonidin,
peonidin, petunidin, pulchellidin, rosinidin, and tricetinidin. Their
structure differs in the number and methylation of hydroxyl groups
attached to the A and, in particular, to the B-ring (Figure 2) [4,5,8].
Despite the natural structural variation, there are three main
anthocyanidins: Pelargonidin (Pg), hydroxylated only in the 4'position and responsible for orange, salmon, pink and red colors;
cyanidin (Cy), with hydroxyl groups in the 3'- and 4'- positions and
providing most of magenta and crimson flower colors and
delphinidin (Dp), having a 3',4',5'-hydroxylation pattern and source
of purple, mauve and blue flower colors. Thus, either singly or as
mixtures, Pg, Cy and Dp can provide the whole range of flower
color from orange-red to blue. Three anthocyanidin methyl ethers
are also quite common: Peonidin (magenta color), derived from
cyanidin and petunidin and malvidin (purple color) based on
delphinidin [4,9].
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Figure 2
Nomenclature and structure of some anthocyanidins.
(OMe), methoxy groups. Most of the substitutions
are in the B-ring.

Classification
There are far more anthocyanins than anthocyanidin structures;
depending on the glycosylation and acylation pattern, anthocyanins
may be grouped into the next classes: 3-monosides, 3-biosides, 3triosides, 3-monosides-5-monosides, 3-biosides-5-monosides, 3monosides-7-monosides, and 3-biosides-7-monosides; complex
anthocyanins contain chiefly an ester from organic acid and
hydroxyl of the anthocyanidin or sugar moiety. The simple sugars
most frequently found in anthocyanins are glucose, galactose, and
rhamnose [ 5].
Function, Location and Source of Anthocyanins
The main function of anthocyanins seems to be to attract insects,
birds and animals for pollination and seed dissemination purposes;
leaf anthocyanins could have a protective role against insect
feeding. Anthocyanins are commonly located into the vacuoles of

epidermal cells of flowers and fruits, the biosynthetic enzymes are
probably in the cytoplasm attached to the vacuolar membrane. It is
suspected that pigments are transported into the vacuole, after the
attachment of sugar moiety [8,10].
Some ornamental plant varieties (Antirrhinum, Dianthus, Lathyrus,
Mattiola, Petunia and Streptocarpus) contain predominantly, and
are a source of, only one anthocyanidin type whereas others
(Hyacinthus, Primula, Rosa, Tulipa and Verbena) contain
anthocyanidin mixtures. Several anthocyanidins are present in
some fruits and vegetables as apple (Malus pumila), cabbage (red
Brassica oleracea var. capitata), cherry

Page 378

(Prunus cerasus), fig (Ficus carica), mulberry (Morus nigra),
peach (Prunus persica), raspberry (Rubus idaeus) which are
sources of cyanidins; eggplant (Solanum melongena) and
pomegranate (Punica granatum) provide delphinidins, whereas
radish (red Raphanus sativus) pelargonidin. Cyanidin and peonidin
are in cherry sweet (Prunus avium) and cranberry (Vaccinium
macrocarpon), and cyanidin and delphinidin in black currant
(Ribes nigrum) and orange (Citrus sinensis). Grape (Vitis vinifera)
is a source of malvidin, peonidin, delphinidin, cyanidin, petunidin
and pelargonidin. The anthocyanin concentration goes from 0.1 up
to 1.0% dry weight for most fruits and vegetables [ 4,5].
Factors Affecting the Biosynthesis of Anthocyanins
Physical and chemical factors can affect the biosynthesis of
anthocyanins, that is the case of some plant growth regulators such
as 2,4-dichlorophenoxyacetic acid (2,4-D) and gibberellins (GA)
which regulate anthocyanin synthesis at the level of transcription of
early (CHS and CHI) and late (DFR and ANS) biosynthetic genes
as shown in Daucus carota suspension cells, roselle (Hibiscus
sabdariffa) callus cultures and petals of Petunia hybrida
[11,12,13,14,15].
Light is one of the most important factors controlling the
anthocyanin biosynthesis according to experiments with seedlings
or cell suspension cultures of Daucus carota, Centaurea cyanus
and Perilla frutescens. The plant response depends on light quality
(UV, blue, red and far-red), fluency rate, and exposure time with
significant variation regarding the plant species and experimental
conditions. Red and far-red irradiation responses are mediated by
phytochrome, UV and blue light responses are mediated by UV-

A/blue-light-photoreceptor (cryptochrome), UV-A-photoreceptor
and/or phytochrome, either interacting or independently. After
overexpression of UV/blue light photoreceptor named CRY1 in
transgenic tobacco and Arabidopsis, high anthocyanin production
was reported [13,16,17,18,19,20].
Short-term low-temperature stress in maize seedlings resulted in
enhancement of transcripts leading to increased levels of
anthocyanin pigmentation. Other factors such as variety, growing
region, and growth conditions can influence the level of produced
anthocyanins and the pigment profile in grapes [21,22].
Osmotic potential also affects the anthocyanin production and
composition. An increase of sucrose concentration or mannitol
addition, resulted in a significant intracellular accumulation of
anthocyanin in hybrid cell cultures of Vitis vinifera L. cv Gamay
Fréaux and Bailey Alicant A Vitis [23,24,25].
Some signal transduction elements and stress conditions such as
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wounding, jasmonic acid and salicylic acid, seem to have some
influence in anthocyanin production. Wounding and methyl
jasmonate addition induce Chs and Dfr gene expression and
anthocyanin accumulation in soybean hypocotyls and in detached
petunia corollas grown in vitro. A by-product of salicylic acid
(SA), acetylsalicylic acid, has been successfully used to increase
anthocyanin production in tumor suspension cultures of
Catharanthus roseus, however distinct transduction pathways for
diverse signals result in the same response [ 20,26,27,28].
Genetic Control:
Structural and Regulatory Genes
The genetic control of color production by anthocyanins is
complex. Elucidation of the links between floral morphogenesis
and pigmentation controlling genes will help to understand the
development of pigment patterns in petals. Genes controlling
anthocyanin biosynthesis have been extensively studied in maize
(Zea mays), snapdragon (Antirrhinum majus), and petunia (Petunia
hybrida) mainly because of the availability of nonlethal
anthocyanin mutants selected over many years by plant breeders
and geneticists. In maize, the regulatory start point appears to be
CHS enzyme, whereas in snapdragon and petunia it is further on, at
F3H and DFR enzymes respectively. Apparently, there are two
mutant groups, the first involving structural genes and the second
regulatory genes [4,6,15, 22,29].
Anthocyanin pathway structural genes are among the most well
known, their knowledge is necessary to understand and design
novel strategies oriented to control and to improve the pigment

production. A brief list of the structural genes, plants holding and
number of them is next provided.
chalcone synthase (CHS): The parsley (P. hortense) CHS gene was
the first isolated and used as probe to isolate two out of twelve
different CHS genes from petunia (P. hybrida), and only four of
these (chsA, chsB, chsG, and chsJ) are known to be expressed. In
maize (Z. mays), two genes encode CHS: c2 and whp, and the
snapdragon (A. majus) genome contains only one CHS gene in the
nivea locus.
chalcone isomerase (CHI): The French bean gene was the first
isolated. P. hybrida has two CHI genes, chiA and chiB, and its Po
gene controls the expression of chiA.
flavanone 3-hydroxylase (F3H): The incolorata locus of
snapdragon encoded F3H genes and F3H-cDNAs were isolated
from petunia, carnation, China aster and stock.
flavonoid 3'-hydroxylase (F3'H): Two petunia loci, Ht1 and Ht2;
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the Pr maize locus, and the snapdragon eosina (eos) gene controls
the flavonoid 3'-hydroxylation.
flavonoid 3',5'-hydroxylase (F3'5'H): Two petunia loci, Hf1 and
Hf2, control the F3'5'H activity.
dihydroflavonol 4-reductase (DFR): The al maize gene encodes
DFR enzyme. The pallide (pal) snapdragon locus showed
homology with the maize a1 gene. Petunia contains three different
DFR genes (dfrA, dfrB, and dfrC).
anthocyanidin synthase (ANS): The A2 maize gene was associated
with the leucoanthocyanidins to anthocyanidins conversion; the
same activity was proposed for the snapdragon Candica (Candi)
gene.
anthocyanin glycosyltransferases (3GT; 5GT; 3RT): The maize Bz1
gene encodes UDP glucose: flavonoid 3-O-glucosyltransferase
(3GT); similar 3GT clones have been isolated from snapdragon and
petunia. Anthocyanin 5-O-glucosyltransferase activity (5GT) was
related with An1 which is a regulatory gene controlling expression
of many anthocyanin structural genes. Clones of UDP rhamnose:
anthocyanidin 3-glucoside rhamnosyltransferase (3RT),
corresponding to the Rt locus, were isolated from petunia.
anthocyanin methyltransferases: The petunia loci Mt1, Mt2 and
Mf1 control methylation at the 3' position; and Mf2 controls
methylation at 3',5' positions.
other structural genes: The Bronze2 (Bz2) gene encodes a
glutathione-S-transferase [ 7,30].
Although not directly involved in the conversion of specific

substrates to defined products, the regulatory genes control the
expression of the structural genes and some of them have been
identified in plants.
Zea mays: The regulatory genes R (S) and C1 regulate CHS, DFR,
F3H and 3GT (UFGT = UDP Glc-flavonoid 3-O-glucosyl
transferase) gene expression. The R locus includes S, Lc and Sn,
each one determining pigmentation of different parts of the plant.
Viviparous-1 (Vp1) controls the anthocyanin pathway in developing
maize seeds through regulation of the C1 gene.
Antirrhinum majus: Three anthocyanin regulatory genesDelila
(Del), Eluta, and Roseahave been identified. Mutation of Del gene
reduces the level of DFR, F3H, ANS (called Candi = LDOX =
leucoanthocyanidin dioxygenase), and 3GT (UFGT). Mutation of
the Eluta and two alleles of the Rosea locus have shown similar
results. The Del gene shares sequence similarity with the R gene
family of maize.
Petunia hybrida: Mutations at four loci, An1, An2, An4 and An11,
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have effects on the gene transcription of DFR, ANS, An3, 3RT,
anthocyanin methyltransferase (AMT) and chsJ at least. 3GT
activity is controlled by An1, An2 and An4; An1 also controls
F3'5'H activity associated with Hf1. Apparently these regulatory
genes control all gene expression after F3H, excluding F3'H
activities [ 6,7,20,22].
Biotechnology
The knowledge and isolation of genes involved in anthocyanin
pathway provided the necessary tools to alter flower color by three
ways: (1) introduction of genes encoding novel enzyme activities,
(2) inactivation of endogenous structural genes, and (3)
introduction of regulatory genes.
(1) Introduction of genes encoding novel enzyme activities: The
''bricked" petunia (pelargonidin-producing flowers) was the first
example of a novel flower color production by genetic engineering
procedures. The general strategy was directed to the enzymatic
conversion of specific colorless dihydroflavonols (Dhk, Dhq, and
Dhm) present in petunia, to the respective leucoanthocyanidins.
The petunia DFR enzyme cannot make this conversion which
explains the natural lack of pelargonidin pigments. A Dhkaccumulating petunia line transformed with a DFR gene (A1) from
maize, able to convert Dhk to leucopelargonidin, enabled the
production of pelargonidin by transgenic petunia flowers changing
the color from pale pink to brick red. A similar result was observed
with DFR genes of gerbera [4,7,31].
(2) Inactivation of endogenous structural genes: Antisense
expression of the CHS-mRNA of petunia had a dramatic effect on

floral pigmentation. Furthermore, the introduction of extra sense
CHS gene copies led not only to protein overproduction but also, to
gene silencing by a phenomenon known as sense suppression,
cosuppression or trans-inactivation. Antisense or cosuppression of
CHS genes has also been achieved in gerbera, chrysanthemum and
rose to produce flowers with reduced pigmentation. Increased
anthocyanin accumulation in flowers was achieved by
cosuppression of the flavonol synthase (FLS) gene in tobacco.
Recently, the petunia mutant RL01 was transformed with maize A1
and gerbera gdfr cDNAs, both encoding DFR activity. The flowers
of A1 transformants were pale and showed variability in
pigmentation, while the flowers of the gdfr transformants showed
intense and highly stable coloration [7,31,32,33,34].
(3) Introduction of regulatory genes: The regulatory genes C1 and
R(Lc allele), or an R homolog from the monocot maize, have been
expressed in two dicots, Arabidopsis thaliana and Nicotiana
tabacum. Increased an-
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thocyanin pigmentation in both plants and augmented trichome
production in Arabidopsis was found after R expression but C1 had
no effect. Arabidopsis expressing both C1 and R produced
anthocyanins in root, petal and stamen tissues, normally without
anthocyanins. When R was expressed in the transparent testa of
glabrous mutant of Arabidopsis (without anthocyanins and
trichomes), both anthocyanins and trichomes were restored.
Expression of Delila (Del) gene of Antirrhinum, strongly increased
anthocyanin pigmentation in vegetative tissues of tomato, while
pigment intensification was restricted to flowers in tobacco [
35,36].
In spite of these advances, more knowledge is required about the
regulatory networks in the different plant tissues and under
different environmental and developmental conditions, in order to
get more predictable modifications. The power of these techniques
clearly resides in the possibility of manipulating individual steps in
one or more biosynthetic pathways, so an interesting possibility
could be in altering flower carotenoids which are generally yellow,
but the combination of carotenoids and anthocyanins may result in
a different final color. Novel colors of orchid flowers have been
obtained by genetically altering the composition of anthocyanins
and carotenoids [37,38,39].
The Carotenoid Biosynthetic Pathway
The name of carotenoids derives from b-carotene, the orange
pigment first isolated from carrot (Daucus carota) by Wackenroder
in 1831. Yellow, orange, and red carotenoids are widespread and
are very important natural pigments. They are found in bacteria,
fungi, algae and in both nonphotosynthetic and photosynthetic

tissues of higher plants, accompanying the chlorophylls. Unlike
anthocyanins and betalains, they are also found in animals and are
responsible for bird, fish, insect, and some invertebrate colors;
however, plant carotenoids constitute the only source of all animal
carotenoids. The current knowledge of the biosynthesis and
genetics of carotenoids has been elucidated from pepper (Capsicum
annuum), tomato (Lycopersicon esculentum), Arabidopsis thaliana,
and tobacco (Nicotiana tabacum) [38,40,41,42,43,44,45].
Carotenoids are C40 terpenes biosynthesized by the isoprenoid
pathway. The precursor of terpenoids is mevalonic acid (MVA; C6)
generated from acetyl-CoA (Figure 3), MVA is then converted to
isopentenyl pyrophosphate (IPP; C5), condensation of IPP with its
isomer dimethylallyl pyrophosphate (DMAPP) results in the
formation of geranyl pyrophosphate (GPP; C10), a subsequent
series of condensation reactions where IPP is involved results in
farnesyl pyrophosphate (FPP; C15), geranylgera
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Figure 3
Terpene's biosynthetic pathway. (AACT), acetyl-CoA:acetyl-CoA
C-transferase; (HMGS), hydroxymethylglutaryl-CoA synthase; (HMGR),
hydroxymethylglutaryl-CoA reductase: (IPP), isopentenyl pyrophosphate;
(DMAPP), dimethylallyl pyrophosphate; (GPP), geranyl pyrophosphate; (FPP),
farnesyl pyrophosphate; (GGPP), geranylgeranyl pyrophosphate; (GFPP),
geranylfarnesyl pyrophosphate.

nyl pyrophosphate (GGPP; C20) and longer isoprenyl pyrophosphates.
Recently, it has been described an alternative MVA-independent IPP
biosynthetic pathway where pyruvate is the main precursor, instead of
acetyl-CoA. This "new" pathway was found in bacteria, green algae

and higher plant chloroplasts; however, it is not yet clear if both
pathways,
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MVA-dependent and independent, are active in all developmental
stages of higher plant chloroplasts [ 46].
The stages after condensation of two GGPP molecules are unique
to carotenoid biosynthesis and will be the specific subject of this
section. Details of the earlier and other specific stages of
isoprenoid biosynthesis and enzymes can be found in several
reviews [47,48,49,50,51].
The geranylgeranyl pyrophosphate synthase (GGPS) enzyme
catalyzes three successive condensation reactions; first the
condensation of IPP and DMAPP to form GPP which remains
bound to the enzyme, then a second IPP is added to yield FPP, and
finally another IPP addition yields GGPP. The phytoene synthase
(PSY) enzyme catalyzes the tail-to-tail condensation, involving the
pyrophosphate groups of two molecules of trans-GGPP to produce
the prephytoene pyrophosphate (PPPP) intermediate and finally the
colorless phytoene (C40) (Figure 4). Later on, phytoene undergoes
a series of sequential desaturation reactions to give phytofluene (7,
8, 11, 12, 7', 8'-tetrahydro-y,y-carotene), z-carotene (7,8,7',8'tetrahydro-y,y-carotene), neurosporene (7,8-dihydro-y,ycarotene) and finally lycopene (y,y-carotene). At each stage, two
hydrogen atoms are removed by trans-elimination from adjacent
positions introducing a new double bond and extending the
conjugated chromophore. The phytoene desaturase (PDS) enzyme
catalyzes the first two desaturations (phytoene to phytofluene to zcarotene), then z-carotene desaturase (ZDS) enzyme catalyzes the
next two desaturation steps (z-carotene to neurosporene to
lycopene). Plastoquinone (PQ) was proposed to act as intermediate

electron carrier between carotenoid desaturases
[38,42,44,45,52,53,54].
The cyclization of both ends of neurosporene or lycopene forms
either a- or b-carotene by the enzyme lycopene cyclase (LCY).
Two different cyclases have been proposed, one producing a gcarotene (one b-ionone ring) intermediate in b-carotene formation,
and another producing d-carotene (with one e-ionone ring)
intermediate in the synthesis of a-carotene. The next steps are the
introduction of hydroxyl groups at position 3 and 3' of the ionone
rings to yield the xanthophylls; lutein in the a-carotene series (a:
3-OH; 3'-OH) and zeaxanthin in the b-carotene series (b: 3-OH; 3'OH), with a two-step hydroxylation of b-cryptoxanthin (b: 3-OH)
as the intermediate. Further epoxydation of zeaxanthin to
antheraxanthin intermediate (one 5,6-epoxy group), produces
violaxanthin (5,6- and 5',6'-epoxy groups). Oxidation of
violaxanthin yields neoxanthin (b: 3-OH, 3'-OH, 6-OH and 5',6'
epoxy group), with an unusual accumulation of double bonds. In
the a-carotene series, lutein epoxy (a: 3-OH, 3'-OH, and 5,6-epoxy
group) is a minor component of the chloroplast carotenoids and the
corresponding xanthophyll with two epoxy groups does not occur.
The final steps, particularly from desaturase of lycopene and its
successive transformation to colored cyclic carotenes and
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Figure 4
Carotene's biosynthetic pathway. (PSY), phytoene synthase; (PDS),
phytoene desaturase; (ZDS), zcarotene desaturase; (LCY), lycopene cyclase.

xanthophylls, proceed within the chloroplasts (plastids) and are
membrane bound [ 38,52].
Structure
Chemically, the carotenoids are isoprenoid polyenes formed by the
joining of eight C5 isoprene (2-methyl-1,3-butadiene) units. The

isoprenes are linked in a regular head-to-tail manner except in the
center of the
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Figure 5
Structure and nomenclature of carotenes. (A) isoprene structure
and different joining between head and tail of two isoprene molecules;
(B) joining of eight isoprene molecules to form the basic structure of
carotenoids; (C) nomenclature and symmetry of the lycopene molecule.
Dotted line indicates the symmetry center; (D) capsanthin structure,
a pepper specific red carotenoid.

molecule, where the order is inverted tail-to-tail so the molecule is
symmetrical and either acyclic or with one or two cyclic end
groups. The two central methyl groups are separated by six C
atoms while the others just by five C atoms (Figure 5). From this
basic structure almost all other carotenoids can be derived by
hydrogenation, cyclization, oxidation, or any combination of these
processes. The molecule numbering is 1 to 15 from the end to the
center, additional methyl groups are 16 to 20, and the symmetrical
part is 1' to 20' [ 43].
Classification

The carotenoids can be divided in two groups: (1) carotenes that
are hydrocarbons (C40H56) and (2) oxygenated derivatives
(xanthophylls). Trivial names of the best-known carotenoids,
usually derived from the source from which they were first
isolated, are well established. These names are complemented by
more recent semisystematic nomenclature; the name of a specific
hydrocarbon carotenoid is constructed by adding two Greek letters
as prefixes to the stem name. These prefixes are charac-
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teristics of the two C9 end groups: Acyclic (y), cyclohexane (b, e),
cyclopentane (k). The collective term xanthophylls refers to
substituted derivatives containing hydroxy-, keto-, methoxy-,
epoxy-, or carboxyl groups. Carotenoids may also be classified as
acyclic and alicyclic, and mono- and bicyclic. Two more
carotenoid types are the degraded carotenoids, with less than 40
carbon atoms in the skeleton (aprocarotenoids), and the higher
carotenoids in which the carbon skeleton contains more than 40
carbon atoms (C45 and C50) [ 43].
Function, Location and Sources of Carotenoids
Two important functions, essential for the plant survival, have been
clearly established for carotenoids: (1) as accessory pigments in
photosynthesis and (2) as protective agents of the photosynthetic
apparatus against potential damage from light. At different
wavelengths from the chlorophylls, carotenoids absorb and transfer
to them the light energy. Also, carotenoids protect the organisms by
either quenching the energy excess of excited chlorophyll, which
initiates redox reactions with the consequent formation of free
radicals or, by quenching the singlet oxygen produced after
transference of the energy. The action of some herbicides is based
on the inhibition of carotenoid biosynthesis so, without the
photoprotective function, plants are killed under high light
intensities. Besides these effects, the oxidative cleavage of
xanthophylls seems to give rise to the abscisic acid (ABA) plant
hormone, required for normal plant growth and development like
seed maturation and mediation of the drought stress response.
Finally, that of a structural role has been proposed for chromoplast
carotenoids in the tapetum during pollen development. Because of

the quenching function for reactive and free-radical species,
carotenoids are used as antioxidants to protect animal cells and
other organisms from oxidative damage. Another important
function of carotenoids and their metabolites in animals is their use
as vitamin A (retinol) precursors [38,43,55,56].
Carotenoids are synthesized by nuclear-encoded multienzyme
complexes located in the plastids of higher plants (e.g., chloroplasts
in photosynthetic tissues or chromoplasts in flowers, ripe fruits and
some roots and tubers). The major carotenoids, namely b-carotene,
lutein, violaxanthin and neoxanthin, are in all plants examined as
pigment-protein complex, but not covalently bound. Detergents
used to isolate the complexes release "free" carotenoids [57].
Important sources of carotenoids are: b-carotene (Daucus carota),
lycopene (Lycopersicon esculentum), lutein and zeaxanthin
(Medicago sativa, Zea mays, Tagetes erecta,), capsanthin
(Capsicum annuum), bixin (Bixa orellana) and crocetin (Crocus
sativus) [58,59].
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Factors Affecting the Biosynthesis of Carotenoids
Application of GA3 in roots of carrot decreased carotene content
but in a cucumber bud culture in vitro system, the same plant
growth regulator promoted the rapid induction of both carotenoids
and a carotenoid binding protein. The fruit-ripening hormone
ethylene accelerated the chlorophyll degradation rate and induced a
rapid synthesis of carotene and lycopene in tomatoes picked at 90%
of development [ 38,43].
Differing from chloroplast carotenoids, xanthophyll furanoxides
dominate in etioplasts of plants dark-grown but carotenoids can be
synthesized, though in smaller amounts. Upon illumination of the
etiolated plants, carotenoid levels increase severalfold. On the other
hand, tomatoes ripened independently in darkness and in light both
contained the same carotenoid pattern, indicating that
carotenogenesis is light-independent. Red light is more effective,
compared to white or green light, to induce carotenoid synthesis
and far-red light inhibited it in ripening tomatoes, thus suggesting a
phytochrome-mediated response. Transitions from low to high light
intensity in the field trigger a photooxidative stress response
increasing the xanthophyll cycle, particularly zeaxanthin. Similar
stress can be produced too by treatment with bleaching herbicides
such as norflurazon, a phytoene desaturase inhibitor. Expression of
phytoene desaturase and, to a lesser extent, phytoene synthase
genes, are induced under photooxidative conditions [43,45,60].
The synthesis of certain pigments has been shown to be
temperature sensitive with variations from plant to plant. The
optimal temperature for lycopene production in tomato and carrot
is between 16°C to 21°C; above 30°C it is not synthesized [43].

Carotene levels were higher in carrots grown on sandy soils, moor
soils, and brown and loessial chernozem but the effect of three
different soils (muck soil, pH 7.1 and pH 5.8; and sandy clay, pH
7.7) on the carrot carotene content was less important than
genotypic effects; however, the more acidic muck enhanced
significantly the carotene level. Pesticides also affect the carotenoid
content but depending on the type of chemical; in general the
results suggest that pesticide treatment increased the violaxanthin
cycle and photosynthetic activities [43].
Genetic Control:
Structural and Regulatory Genes
Carotenoid biosynthetic enzymes and carotenoid binding proteins
are encoded by nuclear genes, and the corresponding precursor
proteins are post-translationally imported into plastids. Therefore,
transcriptional and post-transcriptional steps are potential targets
for regulation of carotenoid biosynthesis.
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The structural genes involved in the initial steps of carotenoid
biosynthesis have been isolated from different plants and some
genes encoding enzymes catalyzing later steps are also known.
Geranylgeranyl pyrophosphate synthase (GGPS): Three cDNAs
and one genomic gene have been isolated from A. thaliana. Other
cDNAs from B. campestris, C. roseus, L. albus and S. alba are also
known as well as one genomic and one cDNA from C. annuum.
phytoene synthase (PSY): Mostly PSY-cDNAs have been isolated
from A. thaliana, C. annuum, C. melo, N. pseudonarcissus, O.
sativa and Z. mays. A PSYl-cDNA (pTOM5) from tomato fruits
has been isolated and a second PSY2 gene has been identified in
tomato leaves. In contrast to tomato, PSY gene expression is not
induced by ripening in pepper fruits, the encoded PSY enzyme was
located in the stroma of chloroplasts and amyloplasts of Capsicum,
pea fruits and Triticum leaves as well as on the chloroplast
envelope of spinach and in a peripheral membrane protein of the
inner membrane of Narcissus chromoplasts.
phytoene desaturase (PDS): Similar to PYS, PDS-cDNAs have
been cloned from A. thaliana, C. annuum, G. max, N.
pseudonarcissus, N. benthamiana, O. sativa and Z. mays. PDS
enzyme is membrane-bound and probably located in the
chloroplast envelope, but neither in the thylakoids nor in the inner
chloroplast membrane of Narcissus and Capsicum annuum. In
tomato, PDS is encoded by a single copy gene, and a 5' nontranslated region fused with the GUS reporter gene indicates a
chromoplast specific expression. PSY1 and PDS gene expression
in tomato is controlled by both stress (e.g., norflurazon) and
developmental signals. The yellow-1 (Y1) locus was cloned and

shown to correspond to PSY and the viviparous-5 (vp5) locus
corresponds to PDS.
z-carotene desaturase (ZDS): Corresponding cDNAs are known
from A. thaliana, C. annuum and O. sativa.
lycopene cyclase (LCY): The two LCY (b and e) cDNA sequences
have been isolated from A. thaliana, C. annuum, L. esculentum, N.
tabacum, B. campestris, B. napus and S. tuberosum. LCY enzyme
is membrane bound, probably in the plastid envelope, in both
tomato and Capsicum fruits.

b-carotene hydroxylase (CHYB): CHYB converts a-carotene to
lutein, only one cDNA has been isolated from A. thaliana.

zeaxanthin epoxidase (ZEP): ZEP-cDNAs have been isolated from
A. thaliana, B. campestris and N. tabacum.
violaxanthin de-epoxidase (VDE): One genomic gene has been
identified in A. thaliana and a cDNA was isolated from L. sativa v.
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longifolia. Two specific genes related to the particular carotenoids
of pepper have been isolated, the b-cyclohexenyl carotenoid
epoxidase and the keto carotenoid synthase (KCS), the latter
catalyzes the conversion of 5,6-epoxycarotenoids (antheraxanthin
and violaxanthin) into ketocarotenoid (capsanthin and capsorubin)
[ 38,44,45,61,62,63,64,65,66,67,68,69,70,71,72].
Unlike anthocyanin biosynthesis, no information about regulatory
genes controlling the expression of the carotenoid structural genes
is currently available. The only approximation is in regard to a
mutant pepper line homozygous for the y locus; the fruits are
yellow due to the accumulation of violaxanthin, a precursor of the
red ketocarotenoids capsanthin and capsorubin. The expression of
KCS gene is under genetic control by the y gene, which also
controls the synthesis or accumulation of the carotenoid binding
protein ChrA. Thus, y may be a general regulator of ketocarotenoid
complexes in pepper fruits. Many other mutants arrested in
carotenoid biosynthesis have been isolated from Zea mays (y1, vp2,
vp5 w3, vp9, ps, y9), Lycopersicon esculentum (r, gh, not),
Arabidopsis thaliana (aba), Hordeum vulgare (tig-b, tig-o) and
Helianthus annuus (nd-1) plants, but with the exception of the
previously described mutants the others remain to be elucidated
[38,45].
Biotechnology
Currently only b-carotene and astaxanthin are produced from
biological sources and widely sold to the food and feed industry.
However, results obtained by private companies using the
recombinant DNA technology demonstrated that it was possible to
alter the production of carotenoids in pigment-producing

microorganisms, or even in microorganisms that do not normally
produce carotenoids. Besides carotenoid production, prokaryotic
genes for carotenoid biosynthesis can be used to generate plants
resistant to herbicides that inhibit carotenoid biosynthesis. The
PDS gene (ctrl) of Erwinia uredovora was fused to the transit
peptide nucleotide sequence of pea Rubisco small subunit, and
expressed under the control of the CaMV 35S promoter in tobacco
plants. The transgenic tobacco acquired elevated resistance to
norflurazon [73,74].
Overexpression or inhibition of the PSY gene in transgenic plants
can alter carotenoid levels, as demonstrated in PSY1 antisense
tomato plants which show a sharp decline of them in fruits but not
in leaves. However, constitutive expression of PSY gene caused
dwarfism. The dwarf charac-
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ter was inherited with an inverse relationship between expression
of PSY and plant height; dwarf plants showed a 30-fold reduction
in levels of gibberellin A1 (GA1). On the other hand, cytoplasmic
inhibition of carotenoid biosynthetic pathway in Nicotiana
benthamiana was demonstrated with antisense strategy using a
partial PDS-cDNA derived from tomato. The leaves of the
transgenic plants developed a white phenotype and accumulated
high levels of phytoene [ 75,76,77,78].
The Betalain Biosynthetic Pathway
The term betalain was introduced to embrace all yellow pigments
whose structure was based on betalamic acid occurring in many
centrospermous plants (Figure 6). Betalains are nitrogenous
pigments found in some families belonging to the order
Caryophyllales, but are not found in plants containing anthocyanin
pigments. Betanin was shown to be an O-b-D-glucopyranoside of
betanidin on the basis of hydrolysis with b-glucosidase and NMR
studies, and was the first red-violet glucoside isolated from beet
root (Beta vulgaris) [3,79].
Betanidin can be formed from two molecules of 3,4-dihydroxyphenylalanine (L-DOPA), one producing the betalamic acid after
ring cleavage and recyclization (dihydropyridine ring), and a
second molecule undergoing oxidative cyclization to cyclo-DOPA.
Betalamic acid, present in all betalains, was originally obtained as a
degradation product of betanin or betanidin. Condensation of
betalamic acid with cyclo-DOPA would yield betanidin, whereas
reaction with other amino or imino compounds could yield a
variety of betalains. The conversion of L-DOPA to yield betalains
is only known for the Centrospermae and mushrooms.

Incorporation studies with labeled cyclo-DOPA and isolation of
betalamic acid allowed the proposal of the biosynthetic pathway to
betanidin and betaxanthins (Figure 7). The proposed mechanism
requires a metapyrocatechase enzyme type analogous to those
obtained from microorganisms and also found in higher plants;
however, there are no implications of this enzyme in the
biosynthetic pathway of betalains. Betacyanins (betanidin
glycosides) and their isobetanidin counterpart can be found in some
plants as in seedlings of A. tricolor which contains only
amaranthin, but in mature leaves the pigment is accompanied by its
isomer. Betanidin pigments have been suggested as the primary
products of metabolism, being the isobetanidin derivatives formed
by spontaneous epimerization. The mechanism of individual
betacyanins production from betanidin and isobetanidin
(aglycones) is still unknown [3,79].
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Figure 6
Betalain structures.
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Figure 7
Proposed biosynthetic pathway of betalains. (DOPA),
3,4-dihydroxyphenylalanine. Some examples of specific betalains are
indicated according to the R and R' substituting.

Structure and Classification
The general formula for betacyanins and betaxanthins is based
therefore as inmonium derivatives of betalamic acid.
Betalains are divided into betacyanins and betaxanthins, based
upon their molecular structure. Betacyanins generally appear red to
red violet in color, whereas betaxanthins generally appear yellow.
With the exception of 2-descarboxybetanidin (containing a
modified aglycone moiety) from Carpobrotus acinaciformus, all
other betacyanins may be derived from two basic nuclei (two

aglycones), betanidin and its C15 epimer isobetanidin.
Glycosidation occurs in one of the hydroxyl groups at positions 5
and 6 (no betacyanin is known to have both positions substituted
with sugar residues). The sugar (mono-, di-, and trisaccharides),
and their hydroxyl groups may be acylated by one or more
inorganic and organic, aliphatic and cinnamic acids [ 3].
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There are three betacyanin aglycones (betanidin, isobetanidin, and
2-decarboxybetanidin), as well as 9 nonacylated and 40 acylated
glycosides of betanidin and isobetanidin. Some nonacylated
glycosides are: Betanin and isobetanin (the 5-O-b-Dglucopyranoside of betanidin and isobetanidin, respectively), and
gomphrenin-I and -II, (the 6-O-b-D-glucopyranosides of the
isomeric aglycones) from globe amaranth, Gomphrena globosa;
Amaranthin (the 5-O-[2-O-(b-D-glucopyranosyluronic acid) b-Dglucopyranoside] of betanidin), and its epimer, isoamaranthin, from
leaves of Amaranthus tricolor; Bougainvillein-r-I and
isobougainvillein-r-I (the 5-O-b-sophorosides of betanidin and
isobetanidin) from Bougainvillea (`Mrs Butt'); Bougainvillein-v's
(the 6-O-b-sophoroside of betanidin) and its epimer, from
Bougainvillea glabra var. sanderiana and Oleracin-I and -II (the
isomeric 5-O-b-cellobiosides) from Portulaca oleracea. The only
known triosides, 6-(2G-glucosylrutinosides) of betanidin and
isobetanidin, have been obtained by deacylation of the
bougainvillein-v's [ 3,79].
Some acylated glycosides are: Prebetanin (betanin 6'-sulfate), from
Beta vulgaris; phyllocactin (the sulfuric acid half-ester of betanin)
from Phyllocactus hybridus; rivinianin (the malonic acid half-ester
of betanin) from Rivinia humilis; iresinin (the betanin-3'-sulfate)
from Iresine herbstii; the 3-hydroxy-3-methylglutaric acid halfester of amaranthin, and gomphrenin-III and -V (the 6'-pcoumaroyl and 6'-feruloyl esters of gomphrenin-I respectively)
from Gomphrena globosa. Other acylated betacyanin glycosides
not fully characterized, contain caffeic, citric, p-coumaric and
sinapic acid moieties [3,79].

Betaxanthins share a direct structural relationship with betacyanins
as shown by the analysis of indicaxanthin, the betaxanthin from
Opuntia indica. Indicaxanthin was transformed into betanidin by
allowing it to react with 5,6-dihydroxy-2,3-dihydroindole-2carboxylic acid. Other betaxanthins were prepared by dissolving
betanin in water and then saturating the solution with sulfur dioxide
and concentrating the solution in vacuum; addition of the
appropriate amino acid or amine yielded the expected betaxanthin.
Several betaxanthins are known (Figure 6): Portulaxanthin from
Portulaca grandiflora; vulgaxanthin-I and -II from Beta vulgaris;
four miraxanthins from Mirabilis jalapa, and dopaxanthin from
Glottiphyllum longum. Muscaaurin-I, in which the dihydropyridine
moiety is linked to a nonprotein amino acid (ibotenic acid), has
been isolated from the toadstool Amanita muscaria (fly agaric)
[3,79].
Functions, Location and Sources of Betalains
Betalains in flowers or fruits may, like anthocyanins, act as
attractants for vectors to ensure an adequate pollination and/or seed
dispersal. How-
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ever, their occurrence in other plant parts (leaves, stems, and roots),
seems to have no immediate function. Betalain formation in
wounded tissues is perhaps a defense mechanism against viral
infection, due to the inhibitory effect on viral reproduction, and
betanin-containing beet seedlings have a higher resistance to
Phythium debaryum. Betalains are effective inhibitors of
indoleacetic acid (IAA) oxidase and could modify the auxin
metabolism [ 3,79].
Betalains are found in the vacuoles of some Caryophyllales
(Aizoaceae, Amaranthaceae, Basellaceae, Cactaceae,
Chenopodiaceae, Didiereraceae, Nyctaginaceae, Phytolaccaceae
and Portulacaceae). The more studied plants for betalain
production are Beta vulgaris (red beet root), Chenopodium rubrum,
Phytolacca americana (Virginia pokeweed or pokeberry),
Portulaca, Amaranthus tricolor, Chenopodium album and Spinacia
oleracea. In addition, some members of the Cactaceae genus
(Lobivia, Parodia, Phyllocactus, Zygocactus, Epiphyllum) and
species of Conophytum (Aizoaceae), may be considered important
sources of betalains in the future. Betalains have also been found in
some higher fungi in the genera Amanita, Hygrocybe, and
Hygrophorus [79,80,81,82,83,84,85].
Factors Affecting the Biosynthesis of Betalains
Kinetin (6-furfurylaminopurine) has a synergistic effect and is able
to replace the light requirement for betalain production. Exogenous
GA3 and ABA inhibit light-stimulated betacyanin synthesis in A.
tricolor and A. caudatus seedlings, but growth retardants
(phosphon D, CCC, AMO 1618) enhance the pigment level [3,83].

Light stimulates additional betalain biosynthesis in species
producing substantial amounts in the dark. Also, light has an
inductive effect into betalain production on cell suspension culture
line of A. tricolor and callus of Portulaca. Phytochrome
involvement in far-red reversibility of light-induced betalain
biosynthesis has been reported in seedlings of A. tricolor, A.
caudatus, Chenopodium rubrum, Celosia plumosa, and C. cristata.
Continuous far-red light does not have effect on A. tricolor, which
requires light for pigment production. The light effect on the
genetic system appears to be mediated by photoreceptors(s) other
than phytochrome [3,83,84].
Addition of DOPA and tyrosine increases betalain accumulation in
Amaranthus seedlings in comparison to betanin synthesis in callus
cultures. After feeding DOPA in 16 Centrospermae species,
betaxanthin concentrations were increased in only seven plant
species in comparison with the control plants. Added sucrose
stimulated betacyanin accumulation in leaf discs of red beet plants
and potassium nitrate enhanced pigment biosynthesis in A.
caudatus seedlings [3,86].
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Genetic Control:
Structural Genes
Very scarce information is currently available on the genes
involved in betalain production, the most important agronomic and
genetic studies of betalain inheritance were carried out with P.
grandiflora. Purple flowers contained primarily betacyanins and
trace amounts of betaxanthins, whereas the opposite applied to
yellow flowers. Red, orange, and intermediate colors were due to
the presence of varying proportions of betacyanins and
betaxanthins; in general, betacyanins are dominant to betaxanthins.
Studies on Portulaca at distinct developmental stages of flower
maturation showed a 200 times increase of tyrosine preceding
betalain biosynthesis in magenta petals, in comparison to leaves
and stems. Tyrosine concentration diminished rapidly and
synchronously with pigment appearance but DOPA did not follow
the same kinetics and remained relatively steady at a moderate
concentration. In Phytolacca americana cell suspension cultures,
betacyanin accumulation was regulated at the tyrosine
hydroxylation step in association with cell proliferation. These
results suggested that tyrosine, more that DOPA, was an important
precursor for betalain biosynthesis [ 3,87,88].
The polyphenol oxidase (PPO) (also known as tyrosinase in some
species) is a nuclear-encoded enzyme catalyzing the hydroxylation
of monophenols (e.g., tyrosine) and the dehydrogenation of orthodiphenols (e.g., L-DOPA), to ortho-quinones which go on to form
the cyclical intermediate cyclo-DOPA. The PPO-cDNA of
Phytolacca americana was cloned and characterized, PPO
expression was specifically located in red and ripened fruits [89].

At present, there is no further information on the betalain
biosynthetic pathway or its genetic manipulation.
Application of Plant Pigments as Food Additives
The application of natural pigments as food additives depends
mainly on their physical and chemical properties according to the
respective structures. A better knowledge of these characteristics
should allow their adequate incorporation into drinks and/or foods.
Physical and Chemical Properties of Plant Pigments
Anthocyanins are water-soluble but the anthocyanidins are
generally less so. The type of glycosylation significantly affects the
solubility in certain alcohols; and the distribution between 0.5%
aqueous hydrochloric acid and isoamyl alcohol (or n-butanol) has
been used in differentiating anthocyanin groups from each other.
The anthocyanins are insoluble and
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precipitate in nonhydroxylic solvents; this property and the
formation of crystalline picrate salts have been used in the
purification of these pigments. An increase in the number of
hydroxyl groups of the aglycon deepen the color (red to violet),
whereas methoxylation has a slight hypochromic (redding) effect [
5].
There are at least four recognized ways to stabilize anthocyanins in
vivo: (1) self-association, (2) inter- and (3) intramolecular
copigmentation and (4) metal complexing. (1) Self-association of
some anthocyanins: Especially those partly methylated 3,5diglucosides are protected in vivo from hydrolytic attack. Above a
certain critical concentration, the nearly planar flavylium cations
forms molecular aggregates. (2) and (3) Interand intramolecular
copigmentation: Flavone copigments usually co-occur with
anthocyanins and apparently the complex between the flavylium
cation of cyanin and the flavonol glycoside quercitrin, leads to an
apparent reduction in the hydration constant for the cation. On the
other hand, anthocyanins with more than one aromatic acyl
substituting linked through sugar (e.g., the blue pigment platyconin
from Platycodon grandiflorum), could adopt a more stable
configuration with the acyl groups on either side of the pyrylium
ring; this intramolecular copigmentation may protect the flavylium
cation from nucleophilic water addition. Monoacylated
anthocyanins can also be stabilized by this mechanism, but to a
lesser extent [8,10,90]. (4) Metal complexing: Anthocyanins with
catechol B-rings readily form metal complex in solution with the
shifting of color to the blue region; this complexing may well
stabilize anthocyanins in vivo. A pigment-metal complex has been
demonstrated with four molecules of acylated anthocyanin,

malonylawobanin, four molecules of flavone flavocommelinin (7methyllisovitexin 4'-glucoside) and two magnesium atoms [8].
Oxygen affects the stability of anthocyanins in foods, removal of
oxygen during processing and storage of food will minimize the
loss of color due to the destruction of anthocyanins. Also,
anthocyanins may be destroyed by enzymatic oxidation with
glycosidases, which can remove the sugar moiety and the free
anthocyanidin fades due to its instability; phenol oxidases
decolorize anthocyanins, especially in the presence of other
phenolic substrates and peroxidase can also oxidize these pigments
[5].
The lowest temperature allowed during processing and storage of
food will minimize the color loss, which is due to the destruction of
anthocyanins [5].
The pH of the solution has a deep influence on the color of pure
anthocyanins and pH changes can give rise to different colors.
Orange to red colors appear in strongly acidic medium; in weakly
acidic to neutral solutions, purple to violet colors are present; the
blue color can be produced only in alkaline solutions. These
properties must be carefully managed
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because anthocyanins are unstable in neutral or alkaline solutions
and the color may fade slowly due to the light exposure; however, a
decrease of the pH stabilizes these pigments [ 5,9,91].
Some examples of anthocyanins used in food production are the
roselle (Hibiscus sabdariffa) extract as a flavor ingredient in
alcoholic and non-alcoholic beverages, frozen dairy desserts,
candy, baked goods, and gelatins and pudding at an average
maximum level of 0.02% for all products mentioned above. Fresh
roselle is used in jams, juices, wines and jellies with a
cranberrylike flavor. Grape (Vitis vinifera) skin extracts are used
for coloring alcoholic and nonalcoholic beverages, the powder is
used in drink mixes [92,93].
Carotenoids are soluble in other lipids, fat solvents (acetone,
alcohol, diethyl ether, and chloroform) and in apolar solvents
(petroleum ether and hexane). Xanthophylls dissolve best in polar
solvents (alcohols). Except for the most unsaturated carotenes
(phytoene, phytofluene, and z-carotene), other carotenoids are
solids at room temperature and can be crystallized in various
colored forms (orange-red to dark violet) from suitable solvent
mixtures [43].
All carotenoids exhibit the phenomenon of cis-trans isomerization
(stereomutation). At cis-configuration, the highest-priority groups
are on the same side, and in trans-configuration they are on
opposite sides. The number of possible stereoisomers is restricted
because of the steric hindrance of methyl groups along the chain
(e.g., from 1056 theoretically possible cis-trans isomers of
lycopene, only 72 sterically unhindered cis isomers exist). In
nature, carotenoids are predominantly all-trans isomers which are

more stable, but naturally occurring cis and poly-cis isomers have
been isolated and their number is increasing as new techniques are
available [43].
The conjugated double bonds system in carotenoids is easily
destroyed by oxidative degradation. In solution and crystallized
they undergo spontaneous combination with air oxygen. This
process is stimulated by temperature, light (photooxidation),
humidity, and some metals, and occurs widely during food
processing and storage [94]. Different antioxidants, especially
butylated hydroxytoluene, are used indicating that carotene
oxidation is a chain radical reaction where initiators and inhibitors
may be involved. Enzymatic oxidation is catalyzed by
lipoxygenase, lipoxidase, carotene oxidase, heme proteins,
peroxidase and catalase [43,95]. Carotenoids are more rapidly
oxidized in dehydrated products, and the protective role of water
content may be explained by its direct effect on free radicals
produced during pigment oxidation [43].
Carotenoid sources widely used as non-toxic colorants in food for
human consumption are annatto (bixin, a C25 diapocarotenoid),
paprika extracts (capsanthin and capsorubin), alfalfa, marigold
extracts (lutein), to-
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mato extracts, and carrot extracts (b-carotene, lycopene, crocetin)
which are directly added to drinks, confectionery and cosmetics.
Other carotenoids, called pigmenters, are used as animal feeds
(lutein, zeaxanthin, canthaxanthin, astaxanthin, capsanthin, bixin)
to color either the body tissue (skin and fat) or animal products
such as milk, eggs, butter, and cheese.
Carotenoids are used in the prevention or correction of vitamin A
deficiency and the treatment of photosensitivity diseases. Besides
these properties, other food crops having carotenoids and
flavonoids have been proposed as ''chemopreventers" against some
types of cancer as well as helpful to reduce the risk of
cardiovascular diseases, age-related macular degeneration and
cataracts, mainly by their antioxidant capacity. These results must
be carefully taken because, although the beneficial properties of
dietary carotenoids are derived from epidemiological studies, the
effect of specific compounds must be elucidated in human
intervention studies. As an example, results of these kinds of
studies indicated no protective activity with supplementary bcarotene in respect to cancer prevention; even more, it was reported
a negative effect of b-carotene supplementation with respect to the
incidence of lung cancer in smokers and, other studies had shown
either no effect or a negative effect of b-carotene on chronic
diseases and HIV-infected patients. It has been proposed that the
use of chemopreventive agents without considering their
pharmacologic, oxygen-responsive characteristics may produce
unwanted effects. [ 43,58,59,96,97,98,99,100,101].
Betalains are water-soluble and betacyanins were referred to as
"nitrogenous anthocyanins," but differ from anthocyanins in being

much more unstable to acid hydrolysis in the colors produced at
different pHs and in their chromatographic and electrophoretic
properties, so it is easy to distinguish them by a simple color test.
Since the two classes of pigments are mutually exclusive in the
same plant, these tests can be carried out on crude pigment
extracts. At variance from anthocyanins, food ingestion of
betacyanins (e.g. as beet root) can produce "beeturia" or excretion
of the unchanged color in the urine because they are not
metabolized by some 14% of the human population. Normally,
alkaline hydrolysis of betanidin yields three fragments: 4methylpyridine-2,6-dicarboxylic acid; 5,6-dihydroxy-2,3dihydroindole-2-carboxylic acid; and formic acid. Acid and
alkaline degradation of indicaxanthin afforded L-proline and 4methylpyridine-2,6-dicarboxylic acid [79].
The red-violet betacyanins are evidently suitable as natural color
additives for some foods and although the total chemical synthesis
has been achieved, isolation of betacyanins from natural sources
would still be the more economical technique for production of
these pigments [81,82].
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Commercial Aspects
According to the Natural Food Colors Association, the natural
pigments world market is expanding around 10% annually. Pure
anthocyanin can be purchased at US$ 1,250 to 2,000/kg, but
commercial saffron, which is the dry stigma of Crocus sativus, is
the costliest spice (US$ 2,000/kg). Considering that one hectare
yields only about 6 kg of dry saffron requiring the harvest of
900,000 flowers, this high cost is due to the low yield and the
labor-intensive harvesting and processing of harvested stigmata.
The annatto (Bixa orellana) is around US$ 1000-1,100/metric ton
of seeds with an expected increase to US$ 1,300/metric ton in the
next years. The U.S. imports around 2,500-3000 metric tons of
annatto seeds per year and the value of the market can be
calculated to be US$ 2.5-3.3 million [ 102,103].
The selection of suitable cultivars as alternative sources is a costeffective way of improving pigment yield. The highest
concentration of anthocyanin pigments was found in the concord
variety of Labrusca grape, and Detroit dark red has been the
preferred choice for beetroot red production. Selection has also
been used to reduce the spicy flavor of paprika extracts. Gardenia
fruits provide a more commercially attractive source of crocin than
Crocus sativus. Alternative colorants under modified names are
Indian saffron, otherwise known as turmeric (Curcuma longa),
meadow saffron (Colchicum autumnale) and safflower (Carthamus
tinctorius). Other promising sources are: Pokeberries (Phytolacca
americana) to produce phytolaccanin (identical to betanin);
heavenly blue (morning glory flowers) (Ipomoea tricolor) having a
light-stable anthocyanin rich in blue color; and Amaranthaceae

leaves with red-violet pigments similar to beetroot pigments
[1,104,105].
Analytical Methods
Next, a short review of the most common procedures to analyze
natural pigments is included. The references of more detailed
literature about specific pigments and procedures are also provided.
Chromatography
Anthocyanidins are separated by thin layer chromatography (TLC)
on silica gel, cellulose or mixtures of both and using similar
solvents. Rf tables of the common anthocyanidins and anthocyanins
with different solvents have been published; the main factors
determining Rf are the number of sugars and acyl groups attached
to the anthocyanins. Two di-
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mensional TLC of anthocyanidins on microcrystalline cellulose
was also carried out and the gradient TLC efficiency to separate
complex plant extracts with a wide polarity range was
demonstrated by Matysik and Benesz [ 106]. Anthocyanins were
detected under UV light (365 nm) after spraying with 1% aqueous
KOH to intensify the color and the respective densitograms were
obtained at 465 nm. Commercial pure anthocyanidins are not easily
available, but the next marker solutions from plant sources can be
utilized: Pelargonidin from pelargonium flowers or red radish;
cyanidin from copper beech leaf or blackberry; peonidin from
peony flower; delphinidin from blue delphinium flower or skin of
eggplant (aubergine); petunidin from black grapes or red wine;
malvidin from mallow flowers. The high performance liquid
chromatography (HPLC) using reverse phase columns such as
µBondapak C18 or LiChrosorb RP-18 are ideal for the quantitative
analysis of anthocyanins in floral tissues. HPLC analysis of
anthocyanins from Vitis vinifera, Litchi chinensis and Petunia
hybrida have been reported [9,22,23,107,108].
The used adsorbents for carotenoid chromatography are extensive;
sucrose, cellulose, starch, CaCO3, Ca3(PO4)2, Ca(OH)2, CaO,
MgCO3, MgO, ZnCO3, Al2O3, silicic acid, silica gel, kielseguhr,
microcell C, and mixtures of these have all been widely and
successfully used. Solvents should be stored in dark bottles. The
usual strategy is first a column chromatography to achieve the
extract separation into fractions containing groups of carotenoids
with similar polarity, then separation of individual pigments from
each fraction by TLC until the required purity for further studies.
TLC of unstable carotenoids should be carried out in an inert
atmosphere, avoiding exposure to air oxygen or light. Elution from

TLC (alumina or silica layer) is carried out with a mixture of a
hydrocarbon carrier (hexane, petroleum ether or benzene) and polar
organic component (acetone, chloroform or methanol), although
other systems have been developed. Separation is easy and fast into
esthetically pleasing and highly visible colored sharp bands;
however the compounds begin to bleach before the supporting
layer is scraped off the plate for qualitative and quantitative
analysis [109,110,111].
The saponified-alkaline hydrolysis improves the separation of
carotenoid esters by HPLC because this procedure destroys the
chlorophyll and neutral lipids which can disturb the
chromatography and mask the presence of minor carotenoids. With
reverse-phase HPLC, the polar compounds (xanthophylls) elute
earlier than nonpolar (carotenes) and lycopene, as the relatively
most polar carotene, will elute first, and phytoene at the end. On
line spectrophotometric scanning for qualitative analysis can be
achieved with stop-flow systems. Stationary and mobile phases
commonly used in carotenoid HPLC have been published. Gasliquid chromatography (GLC) is unsuitable for carotenoids because
of the need
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of high temperature, although it has been successfully used to
separate perhydrogenated carotenoids [
57,111,112,113,114,115,116,117].
TLC tests to identify anthocyanin from betacyanin have been
previously mentioned and published. Improved HPLC-systems for
accurate quantification of betaxanthins and betacyanins in 16
species of Aizoaceae, 10 members of Cactaceae, 16 species of
Centrospermae and plant and cell cultures of Phytolacca
americana have been published [9,79,80,85,86].
Spectrophotometry
A great range of wavelengths (525, 530, 535, 540, 550 nm) has
been used for spectrophotometric measurements of anthocyanins in
different tissues of plants. Content is expressed as absorbency units
or calculated on fresh weight base, using the respective extinction
coefficient (e.g., E1%1cm = 98.2 at 535 nm for cranberry
anthocyanin extract) [11,17,23, 25,118,119].
Carotenoids absorb strongly in the blue light (430-470 nm), but
also in the blue-green (470-500 nm) and green (500-530 nm), and
occasionally in the UV region. z-carotene has a seven conjugated
double bonds chromophore which absorbs mainly in the violet
region showing therefore a light yellow color. The influence of
other substitutes such as OH is negligible; for example, b-carotene,
cryptoxanthin, and zeaxanthin; all have the same absorption
spectrum. The wavelength of maximum absorbency (lmax) and
the spectrum shape, both give valuable information about the
carotenoid structure. The spectrum of most carotenoids exhibits
three peaks, and although their position is influenced by the

solvent, they are characteristic of each individual pigment. The
lmax, specific absorbencies coefficient or specific extinction
coefficient values of the most common carotenoids in different
solvents are available. If not any experimentally determined value
has been reported, an arbitrary A1%1cm value of 2500 at 450 nm is
usually applied for an unknown compound, or for having an
estimation of the total carotenoids in an unknown extract. The
amount of carotenoid is calculated from the equation:
where X is the mass of carotenoid (g/100 mL), A the measured
absorbency, y the volume of the solution, and A1%1cm the specific
absorbency coefficient [58,109,110,111,120].
Betaxanthins absorb in the 475-480 nm range, whereas betacyanins
in the 535-550 nm range. Quantification of betacyanins from
suspension cultures of Chenopodium rubrum and Amaranthus
tricolor were reported
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using the molar extinction coefficient (5.66 × 104) at 537 nm for
amaranthin [ 82,83,87].
Perspectives
In spite of the advances regarding genetic manipulation of
anthocyanin biosynthesis, the knowledge of the genotype, the
substrate specificity and other structural and regulatory genes of
the endogenous flavonoid enzymes are still important for
developing strategies to modify pigment production in flowers and
fruits of commercially important species. With the molecular
techniques, it should now be possible to isolate novel flavonoid
genes and their function can then be confirmed through expression
in a heterologous system in genetically defined lines [7].
For manipulation of carotenoid production, the efforts have so far
focused mainly on genes involved in the sequence to carotenes and
acyclic xanthophylls. Beyond, there are other genes to be cloned,
especially in the xanthophyll pathway of algae and higher plants.
Also, besides fermentative mass production of carotenoids, new
carotenoids can be obtained by combination of different genes from
different organisms. In addition to plant food production
improvement, other uses are important as for biomedical
application in cancer and tumor prevention or the construction of
transgenic plants resistant to herbicides which inhibit
carotenogenic enzymes. Our current understanding of carotenoid
biosynthesis has received a considerable stimulus in the last few
years, but it will be interesting to see what is going on in the near
future. To approach the study of the biology of carotenoids in
plants, it is necessary to parallel examinations of the genes and
proteins for biosynthetic enzymes, apoproteins and redox

components as well as complex and not just single carotenoids, as
final products of the pathway. Then it should be possible to pay
attention to the complex regulatory mechanisms associated with
plastid development and the concomitant synthesis, transport,
targeting and turnover of these enzymes [38,44,122].
More efforts are expected for betalain production taking into
account that the potential applications of these compounds, not
only in foods but also for other uses to benefit human beings, are
enormous. Both, the scientific challenge of this biosynthesis and of
course the practical and commercial applications are sufficiently
attractive to continue their research.
Plant pigments, and in general the area of plant natural products is
currently beyond the simple extraction, purification and processing
procedures. With the advantages of the new technologies, it is not
only interesting but a duty and a serious responsibility for the use
of these procedures and the improvement of more, in order to
discover and exploit the full biosynthetic potential of plants.
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Chapter 11
Genetic Modifications of Plant Seed Storage Proteins
for Food Production
M. Segura-Nieto1
R. Jiménez-Flores2
Introduction
Proteins are an essential part of our food, and plant proteins are the
primary source of all dietary proteins for humans and livestock.
The daily intake has to cover the requirements for growth
maintenance and metabolic activity during all stages of our lives.
World protein production in 1992 was 137 million metric tons, of
which 65% was obtained from plants directly and 35% through
animal protein production [ 1]. In comparison to meat proteins,
plant proteins are more economic to produce and easy to transport
and store. The world production of some major seed crops is shown
in Table 1 where cereals like wheat, rice and maize keep their
leader position as the main crops consumed by humans and
livestock [2]. A report of daily protein consumption in distinct
regions in the world is described in Table 2, including the quantity
of daily protein consumption per capita in developed and less
developed countries [3].
Although plant proteins are an important source of dietary proteins
for human and monogastric animals, they are nutritionally
incomplete because of their deficiency in certain essential amino
acids. In the case of plant seed proteins, they present differences in

both protein content and essential amino acid concentration, as it
appears in Tables 3 and 4 respectively. In general, cereal proteins
have low protein content as well as ly1 Departamento de Ingeniería Genética de Plantas, Unidad Irapuato,
Centro de Investigación y de Estudios Avanzados del Instituto
Politécnico Nacional, Apartado Postal 629, Irapuato, GTO. 36500,
México.
2 Dept. of Dairy Science, Dairy Products Technological Center. Cal.
Poly. State University. San Luis Obispo, CA, 93407-0216, U.S.A.
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TABLE 1. World Production of Major Seed Crops.
Seed Type
Metric Tons (millions)
Cereals
Maize
588.2
Wheat
586.1
Rice
569.9
Barley
157.0
Sorghum
69.1
Legume
Soybean
129.1
Beans dry
18.4
Peas, dry
10.5
Chick pea
8.0
Broad bean dry
3.2
Lentils
3.0
Oilseeds
Cotton
56.4
Rapeseed
30.6
Sunflower
24.7
Source: Reference [2].
TABLE 2. Daily Protein Consumption per Capita in
Different Regions of the World.
Region
Total Protein Consumption (g/day)
Western Europe
105.0
North America
103.0
Eastern Europe
86.0
Latin America
73.5
Africa
58.0
Whole World
72.4
Source: Reference [3].
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TABLE 3. Protein Content of Major Crop Seeds.
Total Protein (%)
Cropa
Cereals
8.2-11.6
Barley
7.2-9.4
Maize
10.0-11.0
Milletb
12.1-14.2
Oats
7.5-9.0
Rice
9.0-15.0
Sorghumb
11.0-14.0
Wheat
Pseudo cereals
13.2-18.2
Amaranthc
13.8
Buckwheat
12.0-20.0
Quinoa
Legumes
20.0-28.0
Chickpea
20.0-30.0
Field bean
23.0-29.0
Lentil
19.0-21.0
Lima bean
21.0-28.0
Pea
25.0-28.0
Peanut
32.0-42.0
Soybean
Oilseeds
17.0-21.0
Cotton
20.0-25.0
Rape
25.0
Sesame
27.0
Sunflower
aSource: Reference [32]; (%N × 6.25).
bSource: Reference [25].
cSource: Reference [260].

sine, threonine, and tryptophan, while legumes have good protein
content but deficiencies in methionine, cysteine and tryptophan [
4], and Table 4.
Amino acid insufficiency can be corrected in at least three ways,
namely by addition with synthetic amino acids, supplementation
with small amounts of proteins which are a rich source of the
deficient amino acid(s), or complementation with other protein(s),
so that the combined protein sources will balance each other's
deficiencies or excesses. The U.S. animal feed industry, annually
spends between 70 and 150 million dollars on synthetic Met and
Lys, respectively, to supplement the protein base feeds [5].
Conventional plant breeding methods have made some progress in
identifying mutations with improved seed protein quality, such as
high lysine corn and barley [6,7]. But the undesirable traits
associated with these mutations, like lower yield and higher
susceptibility to pest and diseases,

Page 414
TABLE 4. Pattern of Essential Amino Acid Requirements and Amino Acid Composition of
Some Seed Proteins.
Proposed Pattern of
Pseudo
Requirementsa
Legumese
Cereal
Cerealsc
Child
Infant
French
A.A (range)b, e (2-5 (10-12
bean
yrs.)
yrs.) WheatRiceMaizeAmaranthdSoybean
PeaPeanut
His 26 (18-36) 19
19
21 21 27
27
30
30 26 27
lle 46 (45-53) 28
28
34 40 34
40
51
45 41 40
Leu
93 (8366
44
69 77 127
62
82
78 70 74
107)
Lys 66 (53-76) 58
44
23 34 25
61
68
65 71 39
Met + 42 (29-60) 25
22
36 49 41
39
33
26 24 32
Cis
Phe + 72 (6863
22
77 94 85
91
95
83 76 100
Tyr
118)
Thr 43 (40-45) 34
28
28 34 32
46
41
40 36 29
Trp 17 (16-17) 11
10 11
13
14
11
9
6
9 11
Val 55 (44-77) 35
25
38 54 45
44
52
52 47 48
a Data from References [1,4]; values in mg/g of crude protein.
b Amino acid composition from human milk.
cSource: Reference [276].
dSource: Reference [277].
eSource: Reference [23].
A.A., Amino acid.
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have prevented their agronomic utilization [ 5]. Here the breeders
are selecting for protein amount, and for the balance of the
essential amino acids in the protein [8].
Advancements in the knowledge of cellular and molecular biology
have provided the opportunity to engineer crop plants. The promise
of genetic engineering in plants has begun to be realized in a
number of different aspects; one of them, the most discussed in
both the scientific and the popular press, is the improvement of
food quality and composition. Since plants and plant products
provide much of the world's food production, then one of the early
applications of genetic engineering is in this area. But so far very
few direct food applications are nearing commercialization [9]. The
most notable examples are the Flavr SavrTM tomato from Calgene
which is currently in commercial production [10]; tomato ripening
or ethylene delay traits in tomatoes such as the Endless Summer
tomato from DNAP, with the gene AS ACC Synthase (AS
aminocyclopropane carboxylate synthase) [11] and for the canola
oil from Calgene containing the 12 carbon fatty acid laureate which
will have food as well as industrial applications [12]. But so far
there are no seed crops nutritionally balanced in commercial
production, although there is some progress in this area of research
as will be analyzed below.
The major storage compounds in plant seeds are proteins,
carbohydrates and oil that are used in food applications. Much
effort and advance have been made in understanding the basic
mechanisms by which each one of these components is
synthesized, processed and stored. This knowledge has led to
potential targets for genetic engineering. This is the case for seed

storage proteins that have been one of the first envisioned as targets
for the improvement in the balance of essential amino acids in
proteins of cereals and legumes and other food staple crops. In
spite of the fact that much research has been done in this area, most
of it has been done using model systems such as tobacco or petunia
with some success. More research needs to be done for direct
improvement of crops for human nutrition [9].
Plant seed storage proteins are synthesized and deposited in
endosperm (monocots) or cotyledon (dicots) tissue, to serve an
important physiological function at the onset of germination.
Because of their abundance, they constitute an important factor in
the amount and nutritional value of kernel proteins. The
physiological, biochemical, nutritional, and genetic properties of
many storage proteins of some important crops have been
extensively studied and there are several reviews in that respect,
trying to understand the relationship between structure and
functionality, as well as strategies trying to increase their
nutritional quality
[13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29].
In this chapter we provide a broad overview of the properties,
structure, and the organization of the protein, cDNA and
corresponding genes of
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some of the main seed storage proteins from the major crop plants,
emphasizing some specific storage protein genes from cereals,
oilseeds, and legumes due to their properties and characteristics as
food proteins and their genetic modifications for human
consumption.
Characteristics of Seed Storage Proteins
In general seed storage proteins have a number of common
properties: (1) they are synthesized at high levels from sets of
genes in specific tissues, at certain stages during seed development;
(2) their synthesis is regulated by nutrition and they act as sinks of
surplus nitrogen and sulfur; (3) the amino acid composition as well
as the physical-chemical properties are characteristic of certain
protein groups; (4) they are accumulated in protein bodies, whose
origin depends on the type of protein and it may vary, both between
and within species; (5) they do not exhibit any enzymatic activities;
(6) they are sources of nitrogen and carbon during seed
germination; and (7) the four groups of storage proteins from
different seeds are mixtures of components that exhibit
polymorphism in both the same and within species [ 19].
Classification of Seed Storage Proteins
According to Solubility
Seed proteins have been classified in four main groups based on
their solubility in water (albumins), saline solutions (globulins),
alcohol/water mixtures (prolamins) and dilute acid or alkali
(glutelins) [31]. Seed storage proteins include mainly albumins and
globulins in legumes, and prolamins and glutelins in cereals [13].

According to Protein and Gene Sequence Homologies
Seed storage proteins from several monocots and dicots have been
studied in detail over the past decade, from their complete amino
acid sequence, the full length cDNA up to the corresponding genes,
as well as their biosynthesis, processing and accumulation into
specific protein bodies [13,18,32,33,34,35,36,37,38,39,40,41,42,43,44].
All this information has led to the proposition that storage proteins
should be classified as globulins and prolamins [17]. For instance
glutelins, classified by traditional sequential extractions, in some
cases should be classified either as globulins (rice orizenin, oat
glutelins) [44], or prolamins (wheat glutenins), based on their
molecular structure
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[ 44,26]. In the case of 2S albumins present in seeds of many
dicotyledonous plants and a group of inhibitors present mainly in
seeds of many cereals, such as serine proteinase inhibitors and aamylases, there is molecular evidence that they contain the three
conserved regions, A, B, and C, originally discovered at the Cterminal domain of S-rich prolamins [14]. It has been proposed that
most of this group of protein belongs to the prolamins superfamily
(oat fast avenin, barley trypsin inhibitor, Brazil nut 2S albumin)
[18,42]. and some other 2S can be grouped into globulins [45,46].
Plant Storage Proteins Gene Structure
Techniques in molecular cloning and DNA sequencing have
provided the tools to study the structure of genes at the nucleotide
level. In an attempt to answer the question how genes are organized
and regulated, many laboratories have started investigating gene
primary structure and detection of differences in the primary
structure that could explain functional changes, regulatory regions
and their evolutionary relationships. It has been found that storage
proteins genes are organized into multigene families and
subfamilies, and their expression is regulated to particular times
and cells during seed development [17,47,48,49,50,51,52].
Seed Storage Proteins Gene Expression is Temporally and Spatially
Regulated
Seed storage proteins are generally not found in non-seed organs.
Then in addition to organ specificity there is a cellular specificity
within the seed. In particular seed storage proteins of legumes are
predominantly restricted to the cells of the embryo [49,52], while
those of cereals are mainly restricted to the endosperm [17,24]. The

intraseed spatial specificity is not absolute; globulins can be
accumulated in non-embryonic cells in cereals as it is in the case of
vicilin-like proteins in barley endosperm [53], and legumin like
proteins have been detected in wheat endosperm [68].
The seed-specificity and temporal expression of storage protein
genes are primarily under transcription control. The mRNA of
storage proteins accumulates to high levels during early and midmaturation stages of embryogenesis and decay during late
embryogenesis [48,49,50]. The changes in relative levels of mRNAs
for seven major seed proteins during pea seed development are
shown in Figure 1. Total RNA was isolated from cotyledons at
intervals during seed development and fractionated on agarose
gels. Then this gel was blotted onto a membrane and hybridized
with
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Figure 1
Relative mRNA levels for seven major seed proteins during pea seed
development. Equal amounts of total RNA from cotyledons isolated
during seed development were loaded on agarose gels, separated by
electrophoresis, transferred to derivatized cellulose filters, and hybridized
with each one of the eight 32P-labeled plasmids containing the cDNA of
the major seed proteins.
(Reprinted with permission from Reference [ 48].)

each one of eight 32P-labeled plasmids containing cDNA with the
insert complementary to each of the seven mRNA, except for 18S
rRNA from wheat. Equal amounts of total RNA were loaded on all
tracks. In this way, the mRNA level was measured for each of the
seven major seed proteins, followed throughout development of
pea seeds. In all cases the changes in each mRNA closely reflect
the pattern of synthesis of its corresponding polypeptide, seen by
pulse labeling. On the right side of Figure 1 is pointed out the size
of the polypeptides (Mr × 103) corresponding to each cDNA insert,
determined by hybrid released translation [48].

In soybean, seed protein gene transcripts are approximately 7 to 20
times more prevalent in embryonic cotyledons than axis cells [57]
These transcripts are not detectable in the nucleus or cytoplasm of
nonembryonic cell types, suggesting that their expression is
controlled primarily at the level of transcription. This means that
seed storage protein genes contain temporal and spatial regulatory
elements. In vitro transcription assay using isolated nuclei shows
that transcription of globulin genes is not transcribed or very
weakly in other organs of the plant [49,50,51,58]. In the case of
maize, rice glutelins or wheat prolamins all the genes are expressed
in the endosperm during seed maturation [24,54,55,56,59,60,61,62].
The above observations suggest that gene transcription is the major
point at
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which spatial and temporal regulation of seed storage proteins
genes occurs; although posttranscriptional events can also
influence the time of appearance and the final concentration of
storage proteins [ 63].
Molecular Basis for Transcription Control of Seed Storage
Proteins Gene Expression
The abundant and tightly regulated synthesis of seed storage
proteins makes their corresponding genes ideal for studies on
mechanisms of tissue specificity and developmental gene
regulation. Studies of several storage proteins gene promoters have
revealed a complex regulatory network behind the quantitative and
tissue specific expression of individual storage protein genes
[63,64]. Several cis elements have been implicated in the control of
seed specific expression, although the exact role of most cis
elements is still not well defined in the control of seed specificity
[64]. Regulatory elements such as promoters, enhancers and
silencers are required for the transcription regulation of genes in
vivo [65].
Three approaches have been used to find DNA sequences or
regulatory elements within the genes, which are responsible for the
seed and temporal specificity of their expression: (1) analysis of
gene constructs in transgenic plants and cells to determine the
location of important regulatory elements, (2) the upstream
sequences of genes expressed in seeds are compared in order to
find conserved DNA motifs, and (3) assays of DNA-protein
binding are used to find DNA sequences in the regulatory regions
that are recognized by nuclear proteins [63].

The typical structure of a plant gene is depicted in Figure 2, panel
A. The location of DNA protein binding sites and regulatory
elements in the 5' proximal region of phaseolin gene Pvu-b is
depicted in panel B. The target sequences of DNA binding proteins
are AAAAAG(A/G)CAA motifs, a GC-rich sequence, two separate
CA-rich sequences, three CANNTG-rich motifs and two TATA
boxes. Nucleotide numbers are relative to the transcription
initiation site. In the upper part of panel B is shown the potential
position and functions of temporal and spatial cis-regulatory
elements. The exact boundaries of protein binding sites have not
been determined. In this example, phaseolin expression in seeds is
under control of a major positive element {++} (-295/-228), a
minimal promoter (-64/-14) and one minor positive {+}
(-782/-423) and a negative element{-}(-422/-296). Another
negative element repressing phaseolin in stem and root is located
between the sequence (-295/-106), but there is a positive regulatory
element {+} at (-106/-65) for phaseolin expression in stem and
root. It looks like there is one temporal element (-295/-228) for late
expression. One more element for early expression

Page 420

Figure 2
Schematic structure of a typical plant gene coding for storage proteins and
representations of multiple proteinbinding sites in the 5' proximal promoter.
(A) Schematic structure of a typical plant gene coding for storage proteins.
(B) Schematic representation of multiple protein-binding sites in the 5'
proximal promoter of the b-phaseolin gene. Potential positions and
functions of temporal and spatial cis-regulatory elements are shown on
the top. Phaseolin expression in seeds was under control of a major
positive regulatory element (++)(-295/-423), a minimal promoter
(-64/-14), and one minor positive {+} (-782/-423). (Part B,
adapted from Reference [ 66].)

in seeds has been suggested between the sequences (-64/-14). The
DNA binding proteins and their target sequences are shown on the
bottom [66].

Tobacco and petunia plants are two of the model systems most
frequently used to study seed-specific gene promoters, and
temporal regulation in transgenic plants. Mature tobacco seeds
contain both endosperm and embryonic tissue and can be used to
study the expression of both legume and cereal seed storage protein
genes [52,63]. The observation that seed storage protein genes from
legumes and many cereals can be expressed correctly in transgenic
tobacco and petunia, indicates that the transcription factors of the
host can recognize common cis-acting DNA
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sequences in their promoters and that their binding sequences are at
least partly conserved between these groups of plants. Conserved
sequence motifs that may be common regulatory elements have
been identified in the 5' regions of seed storage protein genes.
These conserved sequences include the CATGCATG, CACA,
ANCCCA, and octanucleotide motifs, which are present in
promoters of seed specific genes like in legume genes (pea vicilin
gene, psa-v) and in the -300 box which is common in cereal genes
encoding prolamins. Morton et al. [ 63] assessed the relative
frequency of these putative seed specific motifs in the 5' regions of
64 genes expressed highly in seeds, using a data base that
contained the sequence of the 5' region as shown in Table 5.
As just mentioned, seed specificity may be defined by two types of
DNA regulatory elements: positive and negative. A positive seed
specific element would stimulate transcription, presumably by
interaction with a transcription factor that is abundant and active
only in the seed. On the other hand, a negative type of element
would prevent transcription in non-seed organs. A repressor protein
binding to specific sites could act in several ways to prevent
transcription, like direct interaction at the initiation complex,
competition for the binding site with other factors, and quenching
of the transcription activation of other protein bound to the 5'
region [63,65].
It is interesting to mention that there is a conserved DNA-binding
protein (BP-1) motif of 7 bp,-272AAGCAACACACACAAC-259 in
different seed specific storage protein genes (Table 6), suggesting
that BP-1 binding sequence is a common cis-regulatory element in
controlling seed specific genes. BP-1 binding motif is one of the

three DNA-binding activities (BP-2, and BP-3) which interact with
the 5' flanking region of the rice glutelin Gt-3 gene [67].
In the case of rice glutelins all the genes are expressed in the
endosperm tissue during seed maturation. A 45bp proximal region
containing AACA and GCN4 motif is sufficient to confer
endosperm-specific expression of the rice storage protein glutelin
A-3 (GluA-3) [62] and cis-regulatory elements are responsible for
quantitative regulation of this glutelin A-3 gene [55].
Posttranscription events can also influence the time of appearance
and the final concentration of storage proteins. There are factors
acting after the mRNA has been transcribed, which can have
important influence in the expression of seed genes, which are not
going to be discussed here [63].
The primary storage protein information from transcripts
(unprocessed), contains: (1) the signal peptide coding region with
variable size (from 19 to 25 a.a.), (2) the exons, which are the
structural sequences that encode proteins, and (3) the introns are
the intervening sequences that are
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TABLE 5. Seed Specific Presumption Motifs in Plant Promoters.
Motifs Frequency (%) (Observed)
Legumes
Cereals
AlbuminsGlobulin
GlobulinsProlamins 2S
7S 11S Lectins
Seed Specific Genes
Number of Genes
Motifs
Expected
2
18
1
7 11
7
CATGCATG
11
50
39
100 100 100
86
CACA
15
50
67
0 86 45
71
ANCCCA
59
50
44
0 71 45
0
Octanucleotide
2
0
0
0 86 73
43
boxa
Vicilin box Ib
<1
0
0
0 100 0
0
Vicilin box IIc
<1
0
0
0 71 0
0
Legumin boxd
<1
0
3
0
0 100
0
300 boxe
4
0
73f
0
0 27
0
a Octanucleotide box: GCCACc/tTC, without any mismatches.
b Vicilin box I: GCCACnTCAATTTt/GTnCATTTnAACACnCGTC with
up to three mismatches.
c Vicilin box II: nTTCATnAAATTCAAACAAAA with up to two
mismatches.
d Legumin box: TCCATAa/gCCATG CAa/tGa/cTGAAGAATGTC up to
two mismatches.
e -300 box: TGTAAAG, with no mismatches.
f Four sequences with less than 300 bp were excluded.
The 5' sequences that were used all contained 100bp or more and came
from a data base compiled by Leon Dure and other published sequences,
from Reference [63].
Frequencies significantly higher than the expected frequencies (x2test
with Yates correction, at 5%) are in bold.
Source: Adapted from Reference [63].
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TABLE 6. Detection of Bp-1 Binding Motif in
Several Seed Storage Protein Genes.
Gene
Sequence
Position
Glutelin GT3 (rice) CAACACA
269a
Glutelin Gt1 (rice) CAACACA
172b
Glutelin Gt2 (rice) CAACACA
172b
Zein (maize)
CAACACA
353c
Zein (maize)
CAACACA
1,164d
Glycinin 1 (soybean) CAACACA
420h
125e
a/b Gliadin (wheat) CAACATA
B-Hordein (barley) TAACACA
131f
C-Hordein (barley) CATCACA
368g
Consensus
C/tAA/tCAC/tA
aSource: Reference [67].
bSource: Reference [261].
cSource: Reference [279].
dSource: Reference [139].
eSource: Reference [120].
fSource: Reference [56].
gSource: Reference [262].
hSource: Reference [263].
Adapted from Reference [67].

removed when the primary transcript is spliced to create the mature
mRNA. This is the case for the primary transcripts of Arabidopsis
albumins, soybean globulins and rice glutelins [ 43,70,71] and many
other storage protein transcripts of similar groups. Not all seed
storage protein genes contain intervening sequences in their
primary transcripts as it is the case for prolamins in zein and wheat
gliadin genes [61,72,134].

Cereal Seed Storage Proteins and their Genes
Generalities
Cereals are the most important crops harvested by human beings,
over legumes and oil seeds as already mentioned (Table 1).
Although the mature cereal grains consist predominantly of starch
with only about 8 to 15% of protein (Table 3), they form the major
source of protein for humans and livestock. Cereal grains are
processed to give various types of food including baked goods (e.g.
bread, cakes, biscuits, tortillas) noodles, pasta, fermented beverages
(e.g. beer, whiskey, sake, vodka chicha). Cereal proteins have
important effects on all these end uses, besides determining the
nutritional quality for monogastric animals (poultry and humans)
[20].
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TABLE 7. Comparison of Storage Protein
Distribution from some Cereals and Legumes.
AlbuminsGlobulinsProlaminGlutelins
Cerealsa
34
1020
3545
3545
Barley
210
1020
5055
3045
Maize
510
5060
1015
5
Oats
25
28
15
8590
Rice
Trace
Trace
6070
3040
Sorghum
510
510
4050
3040
Wheat
Pseudo Cereals
16
2
30
Amaranthb 50
Legumesc,d
20
60
15
Broad
bean
15
75
10
Common
bean
21
66
12
Pea
15
70
10
Peanut
10
90
0
Soybean
aSource: Reference [278].
bSource: Reference [167].
cSource: Reference [171].
dSource: Reference [32].
Values expressed as a percentage of protein;
Wheat is Hard Red Spring.

Distribution
The main groups of storage proteins present in cereals correspond
to prolamins that account for about 40-50%, and glutelins for

around 35-40% of total proteins from several seeds, like wheat
(Triticum aestivum), barley (Hordeum vulgare), and rye (Secale
cereale) [ 73], as shown in Table 7. The prolamins from wheat,
barley, rye and maize are called gliadins, hordeins, secalins, and
zeins, respectively, and the glutelins from wheat are called
glutenins. Apart from these two groups of storage proteins, cereals
also contain other types such as albumins and globulins (glutelins)
[20], as is indicated in Table 7.
Prolamins are the major storage proteins in most cereal seeds
except for oats and rice, where the main storage proteins have the
solubility properties of globulins and glutelins, respectively, and
prolamins are present at levels as low as 5-10% of total grain
protein (Table 7). The major seed storage proteins of cereals are
deposited in the maturation phase of endosperm development and
they start accumulating at around 12 days after pollination (dap) in
maize, and continuing up to around 30 days [74].
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Protein Properties
Prolamins are traditionally recognized by their solubility in alcohol
water mixtures usually 60-70% (v/v) ethanol or 50% (v/v) 1propanol and their high levels of proline and glutamine, which in
some cases together account for about half of the total grain
nitrogen as is shown in Table 8. Although prolamins and glutelins
have been considered as distinct groups of proteins, now it is
known that part of the glutelins is structurally related to prolamins,
but these high Mr weight polymers need to be reduced at their
interchain disulfide bond, then the monomers become aqueous
alcohol soluble proteins [ 18,76]. The prolamin group of proteins
has been the most widely studied and for convenience it is divided
in four groups: the Triticeae (wheat, barley and rye), oats, rice and
Panicoideae (maize, sorghum and most millets) [20].
TABLE 8. Amino Acid Composition of Prolamins from Different
Cereals.
S-Rich
S-Poor
B1
Ca-Type g-Type Aggregated Gluten
Hordein Hordein
GliadinGliadinProt.
Abt.
30,820 31,629
32,269
31,444 52,570
Mr:
A.A.
Asp
1
2
0
0
Asn
7
4
2
2
4.4
Thr
4
7
8
6
4.4
Ser
14
17
28
13
20.2
Glu
5
3
6
5
Gln
92
93
97
83
180.9
Pro
38
45
33
53
134.3

Gly
Ala
Cys
Val
Met
Lle
Leu
Tyr
Phe
His
Lys
Arg
Trp
Total
res.

7
9
6
13
2
13
22
9
11
6
1
5
1
266

8
7
8
15
6
14
17
3
14
5
3
2
3
276

11
9
8
17
5
12
22
4
11
3
1
6
2
285

8
7
8
17
3
12
22
7
13
4
2
7
2
274

1.3
3.1
0
4.4
0.9
11.4
15.8
10.0
38.6
4.8
0.9
3.5
n.d.
439

(continued)

(table continued on next page)
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(table continued from previous page)
TABLE 8. (continued).
HMW Subunits
1Dx5
88,128

a1Dy10 (19,000)
67,476 23,329

a(22,000)
26,532

Zeins
b(15,000)
17,279

g(28,000)
21,824

d(10.000)
14,431

Abt. Mr:
A.A.
Asp
4
4 0
0
1
0
1
Asn
0
0 10
12
3
0
3
Thr
24
24 5
8
4
9
5
Ser
47
42 15
16
8
8
8
Glu
15
17 1
1
3
2
0
41
Gln
299
206
50
26
30
15
23
Pro
109
69
22
14
51
20
Gly
166
113 5
4
14
13
4
Ala
25
23 29
34
22
10
7
Cys
5
7 2
1
7
15
5
Val
14
16 5
15
4
15
5
Met
2
3 0
5
18
1
29
lle
4
4 9
8
1
4
3
Leu
36
24 43
44
16
19
15
Tyr
46
34 8
8
14
4
1
Phe
2
2 13
9
0
2
5
His
4
13 2
3
0
16
3
Lys
6
7 0
0
0
0
0
Arg
10
13 2
2
5
5
0
0
Trp
9
6
0
0
0
0
213
Total res.
827
627
242
160
204
126
Source: References [6,33,110,117,130,136,264,265,274,280]. Modified from Reference [18].
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Prolamins
Superfamily of the Triticeae
Wheat, barley and rye are closely related species of the tribe
Triticeae. The prolamins of these three species are highly
polymorphic mixtures of polypeptides, whose Mr values range
from about 25 kDa to 110 kDa as shown in Table 9. They have
been classified into three families: the sulfur rich (S-rich), the Spoor, and the high molecular weight (HMW) [ 19,75], as is shown
in Table 9. Typical structures of the three types of prolamins are
summarized in Figure 3.
S-Rich Prolamins
They represent the major protein group in the three species,
reaching 80-90% of the prolamin, and the most diverse in structure
[20,77,219]. They include both monomeric with intrachain disulfide
bonds and polymeric with interchain disulfide bonds (Figure 3).
There are at least two
TABLE 9. Prolamins from the Triticeae Group.
Barley
Rye
Wheat
S-Rich
Ancestral
g-type, Mon*
(loci)
Mr
g-type, Pol
(loci)
Mr
Pol type
(loci)

g-type Hordein, g-Secalins
(Hor 5, 5)
(Sec 1, IR)
40 K
g-Secalins
(Sec 2, 2R)
75 K
B Hordein
(Hor 2, 5)

g-type Gliadins
(Gli1, 1A, 1B, 1D)
30.8 K31.6 K

Gliadin/LMW Subunitsd
(Gli-1, 1A, 1B, 1D)

Aggregated
a-type, Mon*
(loci)
S-poor, Mon* C Hordein
(loci)
(Hor 1, 5)
Mra-c
26.531.9 K
HMW, Pol D Hordein
(loci)
(Hor 3, 5)
Mr

a-18-Gliadins
(Gli-2, 6A, 6B, 6D)
w-Secalins
w-Gliadins
(Sec 1, IR)
(Gli-1, 1A, 1B, 1D)
39, 4853 K
44-78 K
HMW Secalins HMW Subunits
(Sec 3, IR)
(Glu-1, 1A, 1B, 1De)
1D × 2, 87 K;
1D × 2.2*, 110 K
In parentheses the chromosomal location of the controlling loci; Mon*,
monomeric; Pol, Polymeric.
a[20]; b[18]; c[23]. Adapted from [20]; d[123]; e[218].
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Figure 3
Schematic structural organization of some members of the cereal prolamine
superfamily. a[ 20], b[18], c[19], d[137], e[138], f[99].
, signal peptide; C, cysteine
residues.
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families in each species: in barley the g-hordeins and b-hordeins; in
rye two types of g-secalins; and three types in wheat, the g-gliadins,
a18-gliadins (monomeric) and the aggregated gliadins with low
molecular weight (LMW) subunits (polymeric type) as appear in
Table 9. Their Mr in SDS-PAGE is around 30 K to 40 K except for
g-secalins with 75 K [ 20]. All are synthesized with a signal peptide
of about 20 residues. Most of these proteins are encoded by loci on
the short arms of the homologous group 1 chromosomes (1A, 1B,
1D) of wheat, 1R of rye, 5 (1H) of barley, but in rye and wheat
there are additional loci in the chromosome group 2 (2R) and group
6 (6A, 6B, 6D), respectively (Table 9).
The primary structure of these proteins reveals two clear domains:
a repetitive domain close to the N-terminus and a non-repetitive Cterminal domain. In the N-terminus of g-gliadin there is also a short
unique sequence (Figure 3). The repetitive domain is rich in proline
and glutamine accounting for 15 to 20% in proline and 30 to 40%
in glutamine of the whole protein, as shown in Table 8. The repeats
are based on one or two motifs, but in all cases the PQQP
tetrapeptide motif is present. In g-gliadins the repetitive domain is
based in a heptapeptide PQQPFPQ that forms a secondary structure
containing b-reverse turns and a poly-L-proline II helix [77], and
the nonrepetitive domain that appears to have a globular structure
rich in a-helix. This domain contains all the eight cysteine residues
in the monomeric g-gliadin forming four intrachain disulfide bonds.
In the monomeric a-gliadins there are six cysteines. In polymeric
LMW glutenin subunits there are additional unpaired cysteine
residues that may be responsible for polymer formation [19,78].
S-Poor Prolamins

They include C-hordein of barley, the w-secalins of rye and the wgliadins of wheat [79] as is shown in Table 8. They account for
about 10 to 20% of the total prolamin fraction of the corresponding
species. Sulfur amino acids are absent or in a very low amount and
therefore cannot form oligomers or polymers. All are complex
polymorphic mixtures between four and eighteen individual Chordeins detected in different genotypes of barley [20,76]. The Chordein and w-secalins are encoded by the complex Hor1 and Sec1
loci on the short arms of chromosome 5(1H), and 1R, respectively
[20,28,80]. In wheat most w-gliadins are encoded by the Gli1 loci
on the short arms of chromosome 1A, 1B and 1D, but some w-like
gliadins are encoded by the Gli2 loci on the short arms of
chromosomes 1A and 1B only (Table 9) [82].
From N-terminal protein sequence analysis of several S-poor
prolamins can be observed that they are structurally related [79]. In
the case of C-hordeins, there are two genes encoding for precursors
with a signal pep-
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tide of 20 residues and two mature proteins of 241 [ 83] and 290
residues respectively [84]. In w-secalins there are two genes that
codify for a mature protein of 338 residues and a signal peptide of
19 residues [85]. In both cases the encoded proteins consist mainly
of repeats of the ''octapeptide motif PQQPFPQQ" that are flanked
at the N-terminal side of short unique sequences of twelve residues
and at the C-terminal side by short unique sequences of either six
for C-hordein, or four residues for w-secalins (Figure 3) [19].
The structural studies of C-hordeins indicate that the highly
conserved repetitive primary structure results in an unusual
conserved supersecondary structure. This is a loose spiral based on
elements of b-turns and poly-L-proline II helix. The whole
molecule forms a "stiff worm-like coil" of ~70 nm in length [86]
when dissolved in 70% (v/v) ethanol [20].
High Molecular Weight
Among the high molecular weight (HMW) prolamins only one or
two subunits are present in barley (D-hordein), and in rye (HMW
secalins), where they account for less than 5% of the total fraction
[20]. In hexaploid bread wheat there are three to five HMW
prolamin subunits (HMW subunits of glutenin), each accounting
for about 2% of the total fraction [76,87,88].
The genetic and the molecular analyses show that HMW prolamins
are encoded by a single loci on the long arms of the homologous
group 1 chromosomes of wheat (1A, 1B, 1D), (Glu-1),
chromosomes 1R of rye (Sec 3) and 5 (1H) of barley (Hor 3)
[20,87,88] as shown in Table 9. In wheat each locus consists of two

genes encoding an x and y type subunit, respectively, but there are
only expressed genes 3, 4 or 5 due to specific gene silencing.
The HMW subunits of wheat glutenins account for around 10% of
gluten. They have been the subject of considerable attention, as
allelic variation in their composition is associated with differences
in bread-making quality [18,19,89]. Nine genes have been isolated
and sequenced [20,87]. HMW glutenin subunits are classified into x
and y types. The mature subunits encoded by the expressed genes
consist of the x type of around 83-88 K with larger molecular
masses, and the y type of 67-74 K. The true molecular masses are
smaller than those estimated by SDS-PAGE, indicating that their
molecular shapes are not globular. Like all other prolamin
precursors they have a signal peptide of 21 residues [20]. As is
shown in Figure 3, the primary protein sequence of subunit 1By9,
shows three clear domains: a repetitive, and two non-repetitive
domains, one at the N-terminus of 81 to 104 residues and the other
at the C-terminus with 42 residues. The repetitive domain
corresponds to the central region
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which consists of repeats of three motifs: a hexapeptide consensus
PGQGQQ, a nonapeptide consensus for y type GYYPTSLQQ, and
in the x type subunit there is the nonapeptide consensus
GYYPTSPQQ, and tripeptides GQQ which always follow the
hexapeptide motifs PGQGQQ [ 81] as shown in Figure 3. These
repeats are mainly responsible for the unusual properties and amino
acid composition of the these proteins: Gly (G) 15-20%, GLN (Q)
33-36% and PRO (P) 10-16% and the 4-7 Cys residues (in mol%)
located in the non-repetitive domain: 3-5 Cys at the N-terminal,
and 1 in the C-terminal. These subunits are found as high Mr
polymers stabilized by interchain disulfide bonds. The amount and
the type of the polymers determine the elasticity of whole gluten
and the bread-making quality [20].
Predictive studies reveal that the repetitive domain of HMW
subunits adopts an unusual supersecondary structure of loose spiral
based on b-turns giving an extended rod-like conformation for the
whole molecule [90] which has been imaged directly by scanning
probe microscopy [91]. On the other hand, the non-repetitive
domain appears to be largely globular with high content of a-helix
[81,91].
The analysis of the protein structure of the three groups of
prolamins in Triticeae reveals that all consist of at least two
discrete domains, one of them is based on repeated sequences and
the other with non-repetitive motifs. The comparison between the
non-repetitive domains among the S-rich prolamins shows that all
contain three conserved regions of 20 to 30 residues. These regions
have been designated as A, B, and C, and they contain most of the
conserved cysteine residues (Figure 3) [19].

Prolamins from Oat
Avenins represent 10% of total grain proteins [93]. The
polypeptides consist of 160-200 residues with Mrs of 18.5-23.5 K
as is shown in Table 10 [94,95]. These groups of proteins are the
most closely matched to prolamins of Triticeae in the presence of
repeated sequences, but these are located in two different blocks of
repeats rich in glutamine and proline; one is close to the Nterminus with two to five repeats and the other of three to five
repeats close to the C-terminus. The repeats resemble those of Spoor and S-rich prolamins of the Triticeae in length with 6 to 11
residues and in amino acid composition, but they differ in
sequence. The consensus close to the N-terminal is PFVQQQ(QQ)
and FQPQLQQ near to the C-terminal. Fast avenin also contains
the A, B and C region described for the Triticeae (Figure 3). Parts
of the non-repetitive sequences of avenin are homologous with
those of S-rich and HMW prolamins [94,95].
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TABLE 10. Some Molecular Characteristics of Cereal Prolamins.
Relative Abundance
Proteina-c
Plant
(%)
cDNA Prolamin Box Gene
BarleyB-Hordein
5
d
(297)
a3, e
TGTAAA.G
C-Hordein
1020
e
f
(297)
a4
g-Hordein
TGTAAA.G
Rye g-Secalin
5
g
Wheat a/b-Gliadin
8090
h
(315)
a5
TGTAAA.G
l, ii (315)
a6,
TATAAA.G
a7
(315)
TGTAAA.G
j
(317)
a8,
g-Gliadin
TGTAAA.G
a9
LMW-Glutenin
k
(306)
b1,
TGTAAA.G
b2
(341)
b1,
TGTAAAA
b2
HMW-Glutenin 10
l
(243)
b3,
TGCAAA.G
b4
(243)
b5
TGCAAA.G
(243)
b6,
TGCAAAA
b7
(320)
b8,
TGCAAAC
b9
(318)
TGCAAAC
(313)

TGCAAAC
Oat

Avenin-18.4 K
Avenin-23.2 K,
23.5 K

101

(table continued on next page)

m
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(table continued from previous page)

Plant Proteina-c
Rice Prolamin-10
K2
Prolamin-13
K2
Prolamin-16
K2
Maize
g-Zein: 27 K
a-Zein 22 K3

TABLE 10. (continued).
Relative Abundance
(%)
cDNA Prolamin Box
5
n,
o,p,q
r

d-Zein 10 K

c1

n, o,s,
t
510
75

a-Zein 19 K3
b-Zein 16 K4
b-Zein 14 K4

Gene
o

1015

u, v

(353)
TGTAAA.G
w, y (341)
TGTAAA.G
x,z, a1(325)
TGTAAA.G3
w,y
a2
(211)
TGTAAA.G

c2
c3, c4
a1,
c3c6
c7

N.R.
c8
Consensus (212351) TG/aT/cAAAG/c/a
a Reference [18], b Reference [19], c Reference [20], d Reference [112], e
Reference [111], f Reference [113], g Reference [38], h Reference [115], l
Reference [117], ii Reference [118], j Reference [33], k Reference [123], l
Reference [267], m Reference [95], n References [97 ¨ , o98], p
Reference [102], q Reference [103], r Reference [100], s Reference [101],
t Reference [129], u Reference [127], v Reference [128], w Reference
[130], x Reference [273], y Reference [131], z Reference [274], a1
Reference [61], a2 Reference [132], a3 Reference [56], a4 Reference
[114], a5 Reference [116], a6 Reference [119], a7 Reference [121], a8
Reference [72], a9 Reference [122], b4 Reference [268], b5 Reference

[40], b6 Reference [87], b7 Reference [320], b8 Reference [124], b9
Reference [125], c1 Reference [126], c2 Reference [271], c3 Reference
[139], c4 Reference [272], c4c6 Reference [272], c5 Reference [282], c6
Reference [275], c7 Reference [134], c8 Reference [137].1 Reference
[93];2 Rice prolamins, the sum of the three;3a-zeins 22 K and 19 K, both
account 75%;4b-zeins 16 K and 14 K the sum of both account 10-15%;
N.R. non reported. The numbers in parentheses are the positions relative
to the transcription initiation site. A dot represents a gap. Variable bases
are in lower case. LMW, low molecular weight; HMW, high molecular
weight.
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Prolamins from Rice
In rice the major storage proteins are glutelins, accounting for
around 80%, and prolamins, which account only for 5% of the total
grain protein. Rice prolamins contain three groups of small proteins
which are classified by size as 16 K, 13 K and 10 K, respectively [
96,97]. Prolamin 16 K group consists of 130-140 residues plus a
signal peptide of 18-19 residues without repeated sequences; its
content of cysteine varies from zero to eight residues per mole.
[98].
13 K Rice prolamin comprises 137 residues plus 19 of the signal
peptide. The mature protein shows 70% sequence homology to the
16 K prolamin. A single octapeptide QQQCCQQL shows strong
similarity to the rice 10 K and to the S-rich prolamins of the
Triticea and b- and g-zeins [97]. Finally, the rice 10 K prolamin
group consists of about 110 residues plus 24 residues of the signal
peptide [97,98,99,100,101,129]. They do not contain repeated
sequences and appear to be related to one of the S-rich prolamins
of the Triticea. They seem to have vestiges of regions A, B, and C
[99,103] as shown in Figure 3. The mature protein is unusually rich
in methionine (20 mol%) and cysteine (10 mol%) and with only
6% of proline and 16% of glutamine. It contains the octapeptide
region as mentioned in 13 K and it also has similarity with other Srich prolamins. So far a single rice cDNA of 13 kDa has been
isolated [100].
Subfamily Panicoidea
Maize and other related C4 proteins are classified in the subfamily
Panicoidea. This subfamily contains three tribes: the

Andropogoneae (sorghum), the Paniceae (millets), and the
Maydeae (maize, Job's tears). Although zeins of maize have been
studied in detail, there are several evidences showing that sorghum
[104,220], pearl millet and Job's tears [106,220] contain essentially
similar groups of prolamines. The initial Mr values reported for
zeins separated on SDS-PAGE under reducing conditions revealed
various polypeptides of about 10 K, 14 K, 16 K 19 K, 22 K, and 28
K [107,108]. Later with the availability of complete amino acid
sequences either from the mature protein or derived from cloned
cDNA or genes, it is known that the true molecular mass of zeins is
larger than that originally estimated on SDS-PAGE, as shown in
Tables 8 and 10, suggesting that these proteins have a compact
tertiary structure as described below [18,109].
Zeins have been classified in four groups taking into consideration
their amino acid composition, as it is shown in Table 8, whereas all
zeins like all prolamines are fairly rich in proline and glutamine
and devoid of lysine and tryptophan [17,18] but with very different
content in other es-
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sential amino acids such as methionine, leucine, and histidine (like
in d-, a- and g-zeins, respectively).

a-Zeins
a-Zeins are the main components and comprise the group of

polypeptides of Mr 19 K and 22 K, both account for about 75-85%
of total zeins [ 110] and consist of monomers and oligomers [92].
The amino acid sequence deduced from cDNA and gene sequences
[16,221,222] shows that the 19 K and 22 K subclasses consist of
210-220 and 240-245 residues respectively, with true molecular
mass of 23 K-24 K and 26.5 K to 27 K, respectively as shown in
Table 8. Their signal peptide is about 20 residues long (Figure 3)
[18]. Both a-zein subclasses have similar structures consisting of
short unique domain at the N-terminus of 36-37 residues and 10
residues at the C-terminus flanking the repetitive domain, which is
highly degenerated and consists of a block of about twenty
residues, as shown in Figure 3. Although there is not a single
consensus motif, all the repeats (9 to zein 19 K and 10 to zein 22
K) are rich in leucine and alanine, which is reflected in the high
proportions of these amino acids in the whole molecule (see Table
8). The size difference between 19 K and 22 K has been interpreted
as deriving from an additional repeat unit at the C-terminal end of
the repetitive domain in the 22 K subclass. The complete amino
acid sequence also shows one cys for the Mr 22 K zeins and two
for the Mr 19 K zeins which are always located at the N-terminal
domain [18].
The precise organization of these molecules is still uncertain;
analyses by optical rotatory dispersion and circular dichroism
spectroscopy, of fractions enriched in a-zeins, have shown high

content of a-helix (45-60%) and low content of b-sheet when
dissolved in aqueous alcohol [133]. Argos et al. [109] proposed that
the nine repeat units of 19 K and 22 K zeins each form an a-helix
and these are packed into an antiparalellel ring, stabilized by
hydrogen bonding between polar residues and adjacent helices; but
the presence of one or two proline residues in the predicted helix;
and early physical studies of the conformation of zein fractions and
subfractions, have indicated a more extended rod-shape
conformation, with precise axial ratios varying from 7:1 to 25:1
depending on the zein fractions and the method used [77].

b-Zein
b-Zein accounts for 10-15% of the total prolamin group and

consists of the Mr 14 K and Mr 16 K detected in SDS-PAGE. It has
been shown that
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two cDNAs and one gene are codifying for mature proteins of 160
residues, with true Mr values of 17.5 K and rich in sulfur amino
acids (18 met and 7 cys) as shown in Tables 8 and 10 [
110,131,134]. Some of the cysteines are presumably involved in
interchain disulfide bonds resulting in the insolubility of the native
protein in aqueous alcohol. This prolamine group does not contain
repeated sequences and shows no sequence similarity to a-zeins.
Circular dichroism studies of purified b-zein showed about 33% ahelix and most of the sequence with about 55% b-sheet and
aperiodic structure containing b-turns and random coil [134].

g-Zeins
This group of proteins is also known as glutelin-2 due to the fact
that it is only extracted in the presence of reducing agents
becoming water soluble [127,135]. It represents 5-10% of total
zeins as shown in Table 10. The IEF analysis reveals several
components of basic pI [135] and the cDNA clones so far
characterized reveal that most of them encode for 204 residues with
a true Mr of 21.8 K as seen in Figure 3, and Tables 8 and 10. gZeins have unique N-terminal and C-terminal regions of 11 and
156 residues flanking a repetitive domain of eight conserved
hexapeptides (PPPVHL), as shown in Figure 3. Prat et al. [127]
have recognized further regions within the C-terminal domain
including P-Xaa region (proline every second position between
residues 70 and 91) and a cysteine-rich region between residues 92
and 148 as described (Figure 3). Another g-zein cDNA isolated by
Prat et al. [128] contains only 164 residues with a turn Mr of
17,800, and a repetitive domain of only two complete hexapeptides
and two truncated repeats of five and three residues.

The secondary structure content of this zein group by optical
rotatory dispersion and circular dichroism spectroscopy reveals an
a-helix content between 19 to 32% and b-sheet content of 11 to
34%. More detailed studies on the repetitive domain using two
dimensional NMR spectroscopy of synthetic peptide showed that it
presents a random coil trans configuration when dissolved in 2H2O
and dimethylsulfoxide but it changes to poly(L-Pro)II-like
conformation in non-polar solvents [18,223].

d-Zein
This is a different prolamin with no homology to others and with a
higher methionine content (29 residues). It accounts for only a
small proportion of total zeins and it is only extracted under
reducing conditions [110,136,137]. The true Mr is 14.43 K (129
residues as shown in Table 8) and it contains repeats of Metdoublets, as shown in Figure 3.
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The precursor polypeptide has a signal peptide of 21 residues. Its
secondary structure content has not been studied.
In 1995 Chui and Falco [ 138] reported the identification and
characterization of a gene encoding another methionine rich zein
related to the 10 K d-Zein. This high sulfur zein gene is also
expressed in endosperm at the same putative developmental stage
as the 10 K gene [136,137]. The high sulfur zein gene codes for a
protein with a signal peptide of 21 residues and 190 amino acids in
the mature form, with a MW of 21.29 K as shown in Figure 3. This
is the protein with the highest methionine content so far known,
about 37% methionine by weight and 40% total sulfur amino acids.
This mature high sulfur zein is composed of a central M-rich
region with repeats of -MMMP- of approximately 50% Met
residues, flanked by N-terminal and C-terminal regions with lower
Met content (10 and 7% Met, respectively). The related 10 K dzein with similar structure has 76% amino acid sequence identity.
Zein Genes
Analyses of a number of different zein genomic clones by Rlooping and DNA sequencing have shown that most of the genes
do not contain intervening sequences [59,61]. The flanking regions
contain typical "CCAT" "TATA" and "AATAAA" involved in
transcription, initiation and polyadenylation, respectively [139,140]
as indicated in Table 10 where some information about the location
of the prolamins box is displayed.
Cereal Globulin and Globulin-Like Proteins
Globulins from Oat

Although storage globulins account for most of the protein in dicot
seeds, they generally make up only a small fraction of the protein
found in cereal seeds. Instead most cereals contain predominantly
prolamine like storage proteins. Oat and rice are exceptions; most
of their storage proteins are 11 to 12S glutelins that are synthesized
in the endosperm, although they are structurally related to 11S
globulins found in dicots, located principally in the cotyledon and
axis of the embryo [20,105].
Glutelins from Rice
Cereal globulin-like proteins are much less soluble than the dicot
11S. Oat globulin requires 0.8 to 1.0 M NaCl for solubility whereas
rice globulin (glutelin) requires denaturing conditions. This is the
reason why it is
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classified as glutelin [ 105,141]. Antibodies against oat 12S detected
cross-reacting polypeptides legumin-like in wheat, corn, and rye in
a lower proportion as compared with polypeptides from oat and pea
[45]. On the other hand in maize has been isolated a globulin-like
cDNA similar to 7S as described below [217].
Glutelins are the major rice storage proteins (80%) of the total
endosperm proteins. The mature protein is composed of
heterogeneous acidic (30-39 K) and basic (19-23 K) subunits
linked by disulfide bonds [45,96,141]. It was shown that these
subunits are the product of post translational cleavage of a 57 K
precursor [96].
The cDNA clone encoding the complete glutelin precursor
polypeptide and the nucleotide sequence confirmed that the rice
glutelin was structurally homologous to the leguminous 11S
globulin, despite differences in the solubility properties of rice
glutelins and dicotyledonous 11S proteins [44,142]. Nucleotide
sequence homology between these two groups of proteins suggests
that these genes may have originated from a common ancestor
[142,143]. The analysis of several glutelin cDNA clones revealed
microheterogeneity of the acidic and basic subunits. The encoded
polypeptides contain the same number of amino acids including 24
amino acid residues in the signal peptide, 282 residues in the acidic
subunit and 193 residues in the basic subunit. The coding regions
were 95% homologous to each other at the nucleotide and amino
acid levels. Southern hybridization analysis revealed that there
were about five copies of glutelin genes per haploid rice genome
[142,143]. More recent studies have shown that rice glutelins were
codified by a small multigene family of about ten genes per haploid

genome. These genes have been divided into two subfamilies based
on DNA sequence analysis: Glu A and Glu B. Subfamily A
containing types I, II, and III [71], and Subfamily B [102,224]. The
coding sequences between the Glu A and Glu B members show 6065% homology whereas members whithin the same subfamily
share more than 80% homology [71].
Maize Globulins
Maize globulins represent a group of saline soluble proteins that
accumulate primarily in the developing embryo [144,146]. The most
abundant components are the Mr 63K GLB1 and the Mr 45K
GLB2; these proteins are encoded by Glb1 and Glb2 genes,
respectively. Both globulins comprise 10 to 20% of total protein in
mature maize embryo (Table 7). The amino acid composition and
the accumulation pattern suggest that they are embryo storage
proteins [144,146]. Glb1 and Glb2 are single copy of the haploid
genome. Alignment of both polypeptides shows 28% amino acid
sequence identity [145].
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Evolutionary Relationship Between Prolamins with Other Seed
Proteins
Prolamins were long thought to be a unique group of proteins
present only in cereal seeds; several studies have shown
unexpected sequence similarities between different prolamins and
other seed proteins. The availability of sequences of proteins,
cDNA and genes from different groups of prolamins and other
groups of storage proteins, has enabled a detailed comparison
between them, and the results have demonstrated some similarity
between three conserved regions called A, B, and C, detected in the
non-repetitive C-terminal domain of a number of S-rich prolamins.
These conserved regions are flanked and separated by sequences
(I1-I4) with little or no similarity between the different families of
S-rich prolamins (a-type, g-type, b-zeins, d-zeins, wheat HMW
subunit 1By9, rice S-rich 10 K prolamin [ 18,99,130]. In particular
the number and distribution of cysteine residues are highly
conserved. In addition, the A, B, and C regions are also present in
other groups of seed proteins like barley trypsin inhibitor [147], 2S
proteins from castor bean [225], Brazil nut [148,234], and sunflower
[149], among others. Finally there is also some similarity between
regions A, B and C in the same protein, suggesting a triplication of
a single ancestral sequence of about 30 residues. The location of
each of the three related regions can change in the distinct storage
proteins that where they have been identified (see Figure 3) [18].
Genetic Engineering of Cereal Protein Quality for Food Production
The above described information related to the molecular and
biological properties of cereal prolamins has been fundamental for
understanding their functional properties in food systems, in

particular the quality of wheat for bread making and for the
production of other goods such as pasta and noodles. These
properties depend on the ability of the wheat prolamines to form
gluten. Although wheat prolamines are deposited in protein bodies,
these become disorganized during grain maturation and drying to
form a matrix surrounding the starch granules. This facilitates the
formation of gluten when the grain is milled, wetted and kneaded
to make dough. The result is a network of protein that extends
throughout the dough [81]; although the extent to which the
protein-protein interactions in gluten are established either during
grain development or dough formation is uncertain. It has been
proposed that the formation of interchain and intra-chain disulfide
bonds that undoubtedly occurs in the endoplasmic reticulum (ER),
probably is catalyzed by protein disulfide isomerase, leading to the
formation of glutenin polymers. Field et al. [151] have isolated
glutelin polymers of Mr above 1 × 106 from protein
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bodies of developing grains. Disulfide exchange with
rearrangements, and the establishment of strong and multiple noncovalent interactions, are probably occurring during dough
formation, giving changes in the bulk rheological properties of the
dough during its preparation [ 20,81,152].
Gluten is present as a network in the dough, but it is usually studied
after isolation by gentle washing to remove most of the starch and
soluble compounds. The resultant adhesive mass contains 10% of
the wet weight of dough, 70% protein (mainly prolamins), and
residual starch and lipids [81]. This gluten has an unusual
combination of two physical properties: elasticity (glutenin
fraction) and viscous flow. The accurate combination of these
properties is crucial in determining the functional properties of
dough. In the breadmaking process a highly elastic gluten is
required to entrap the carbon dioxide produced during fermentation
to give a protein foam, that it is fixed by baking to obtain a light
porous crumb structure [81]. A weak dough has low elasticity, and
it gives a flat dense loaf. This also can happen if gluten is too
elastic to be expanded. But in the case of pasta or noodles a highly
elastic gluten is required. Therefore different ratios of elasticity to
viscosity are required for distinct baked goods.
In molecular terms the properties of gluten are associated with its
components. It has long been known that viscosity is associated
with gliadins, the monomeric proteins, and it is probably that these
properties result from non-covalent protein-protein interactions
(mainly hydrogen bonds and hydrophobic interactions). On the
other hand elasticity is associated with polymeric glutenins. So far,
understanding the complexity of this property is the subject of

intense research. The glutenin polymers range in Mr from 1 to 10 ×
106, and consist of 3 to 5 HMW subunits together with a variable
number of LMW subunits, around 40 [81,226]. In spite of some
polymers appearing to consist of only LMW subunits, a mixture of
LMW and HMW subunits has been proposed. So far it has not
been possible to isolate individual polymers, and there is no
evidence for the existence of polymers made of only HMW
subunits. The potential for variation in polymer size and
composition is enormous when the number of individual HMW
and LMW is considered. Attempts to explain the physical
properties of gluten have focused on two features: structures and
properties of the HMW subunits, and the distribution of disulfide
bonds. These subunits appear to be responsible for gluten elasticity.
In the case of disulfide bonds, their number and distribution is
expected to affect elasticity. It has been observed that good quality
polymers of higher Mr are related to the type of cross-links of the
HMW subunits [81].
Gluten viscosity is another very important functional property
poorly studied. It is considered to result from non-covalent
interactions, principally hydrophobic interaction and hydrogen
bonds between monomeric
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and polymeric components. It is evident that further research is
required to understand the molecular structure of wheat gluten and
its functional properties in food systems [ 81].
Application of Molecular Genetics to Improve Protein Quality
Improving Seed Nutritional Quality Through Genetic
Manipulations of Cereal Seed Proteins
Many attempts have been done to improve cereal seed proteins
quality through genetic studies [153]; in particular to increase the
lysine concentration. The results of Mertz et al. [153], on high
lysine maize in the 1960s demonstrated the potential of genetic
approaches to improve the nutritional value of seed proteins. These
investigators measured the lysine content of several chalky
endosperm mutants and discovered that seed homozygous, either
opaque-2 or floury-2 mutations had a greater percentage of lysine
than their normal counterparts [153,154,227].
The screening of barley collection by Munck et al. [155], led them
to discover barley mutants with 20-30% more lysine than normal
genotypes. Later on Doll et al. [156] mutagenized barley seeds and
found several mutants with increased lysine. Although there was a
lot of soptimism with high lysine mutants, with time, their inferior
agronomic traits became apparent. Subsequent studies on these
mutants revealed that the increase in lysine concentration was the
result of increase of non-prolamins synthesis such as catalase-2
(7% lys), elongation factor 1-a (11% lys) and trypsin inhibitor (1%
lys) in opaque-2 [157]. In the case of high-lysine barley mutants
(Hiproly), the increase in about 50% in lys was due to the

expression of four non-prolamin proteins as compared to the
normal genotypes [158].
These examples suggested the convenience of using other
strategies focused on nutritional quality improvement without
adverse effects, by using molecular techniques, with more direct
manipulation of the genes of seed storage proteins.
Genetic Engineering of Cereal Protein Quality for Food Production
Lysine-Rich g-Zein Gene Modified by Protein Engineering
For several decades different research groups have striven to
improve maize seed nutritional quality, using different genetic and
molecular
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approaches without much success. After the modest results in
improvement of maize seed protein quality, using different genetic
and molecular approaches, as mentioned above, with the search of
high-lysine maize mutants such as opaque-2 (o2) and floury-2 (fl2) [ 153,227] and the attempts to remove the pernicious phenotypic
effects of these mutants (low protein content, soft and starchy
endosperm) scientists have considered other approaches to develop
seeds with a better balance of essential amino acids. Recently
Torrent et al. [169] have modified g-zein through the introduction of
lysine rich (Pro-Lys)n coding sequences at different sites of g-zein
coding region. The constructions were under the control of 1.7kb gzein promoter and the cauliflower mosaic virus (CaMV) 35S and
maize endosperms were transiently transformed by biolistic
bombardment with Lys-rich zein constructs. When (Pro-Lys)n
sequences were located contiguous or in substitution of Pro-Xaa
regions of the g-zein gene, high levels of protein were observed.
These results suggest that only an appropriate positioning of lysrich inserts leads to the modified zein displaying correct folding
and stability. Besides this, the subcellular localization and the
immunoelectron microscopy studies demonstrated that the
modified g-zein was accumulated in the protein body and colocalized with endogenous a- and g-zeins. This study shows the
feasibility of manipulating the g-zein gene in order to obtain stable
and correctly targeted zeins in maize seeds and opens the
possibility of finally obtaining maize or other cereals with high
protein quality.
Major Seed Proteins from Dicotyledonous Plants
The principal seed proteins of dicotyledonous plants are divided by

their solubility properties into two major classes: the albumins
(water soluble) and globulins (saline aqueous soluble).
Albumins from Different Species
Physical-Chemical Properties
This group of small water soluble seed proteins was originally
considered as ''house keeping proteins" in the research studies by
Youle and Huang [159,160], who demonstrated that within the
metabolic and structural proteins there was a group of albumins
with sedimentation coefficient (S20W) around 2, with
characteristics of storage proteins, such as its accumulation and
detection in protein bodies and its consumption during germination
[159]. The amino acid composition of these albumins revealed high
nitrogen content (due to glutamine plus glutamic acid, as-
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paragine plus aspartic acid, arginine) and high content of sulfur
amino acids [ 160]. In this study was also found that oil seeds of
diverse species contained 2S proteins, with high concentration of
sulfur amino acids, that could be subdivided into those which
fulfilled a storage role and those which have a defined biological
activity like protease inhibitors and allergens which are regarded as
antinutritional factors [159a]. On the basis of sequence homology
among several 2S albumins from diverse sources, there was found
significant sequence identity ranging from 21 to 44% [228,229].
Some of the 2S proteins are rich in Cys, with about 8 mol % and
the number and position of these Cys residues are highly conserved
in various proteins of this type (12kDa Brazil nut albumin, napin,
sunflower, 2S from Arabidopsis, etc.) [19,43].
Methionine Rich (MRP) 2S Albumins and Related Proteins
The methionine-rich albumins belong to the group of methionine
rich proteins (MRP) that have been found in different types
dicotyledonous seeds with a methionine concentration within a
range of 7.7 to 20% of moles. The other group of MRPs, so far
detected, belongs to the S-rich prolamins from monocots already
mentioned, with methionine concentration in the range of 11.0 to
22.5% and cysteine from 3.9 to 10% of moles. In both groups of
MRPs, the cysteine concentration is variable, as is shown in Table
11.
TABLE 11. Methionine-Rich 2s Albumins and Prolamins.
Protein
Source Met (mol %) Cys (mol %)Reference
Met-Rich Dicots
12 K Albumin Brazil nut
18.0
8.0 [230, 231]
12 K Albumin Paradise nut
14.0
4.3 [228]

12 K Albumin Cannonball
10 K Albumin Sunflower
2S Albumin
Cotton
2S MRP-1
Amaranth
2S MRP-2
Amaranth
8 K-1D MRP Soybean
8 K-1D MRP Soybean
Met-Rich Monocots
10 K prolamin Rice
10 K Zein
Maize
15 K Zein
Maize
7.9 K a-Setarin Millet
9.1 K b-Setarin Millet

19.9
16.0
10.0
18.6
16.6
7.7
8.6

4.5
8.0
8.0
6.5
5.9
5.0
1.5

[228]
[149]
[232]
[167]
[167]
[283]
[283]

20.0
22.5
11.0
12.7
11.3

10.0
3.9
4.3
4.8
4.2

[99]
[137]
[134]
[284]
[284]
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Figure 4
Schematic processing of 2S methionine rich Brazil nut albumin. BNA, Brazil nut.
Adapted from [ 161]. C, cysteine residue;
, signal peptide;
conserved regions;
, sequence lost by posttranslational processing.

Protein Properties and Structure
MRP albumins like 2S Brazil nut have a relative Mr of 12 K and consist
of two subunits: the small subunit of 3 K and a large subunit of 9 K,
joined by disulfide linkages. Both subunits are derived from a precursor
polypeptide of approximately 18 K, which includes the signal peptide,
that runs through a series of proteolytic processing events shown in
Figure 4 [161]. This is common processing for many other 2S from
distinct plant families including the Cruciferae such as rape [162,163,
[163a], Arabidopsis [43] Lecythidacea like Brazil nut [230,231],
Compositae like sunflower [149,150], Malvaceae such as cotton [232].
Euphorbiaceae like castor bean [225], Leguminosae as lupine [233], and
soy bean [233], and Amaranthacea, like amaranth [166,167].
cDNA, Genes and Protein Engineering of MRP Albumins and Related
Proteins
Proteins, mRNAs, cDNAs, and their genes from the methionine-rich 2S
albumins from Brazil nut (Bertholletia excelsa) [148,164], napins or
napin like from the Cruciferae like Brassica [162,163], or Arabidopsis
[43], have been widely studied, including the regulatory regions
responsible for their differential expression. In the case of napin a
functional dissection of the gene promoter identifying the elements
required for embryo and endosperm-specific transcription has been

done, with the aim to know the expression pattern directed by the napA
promoter within the seed in order to characterize activating regions and
to define cis elements responsible for tissue specificity [64].
Much of the interest in understanding the regulation of transcription,
synthesis, processing, and deposition of 2S MRP albumins is their
exploitation in genetic engineering for overexpression to enhance the
nutritional quality of methionine deficient plants. The studies of
Altenbach et al. [148,164] that have used the 2S albumin of Brazil nut to
increase the
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methionine content of tobacco seeds by up to 30%, or in transgenic
canola up to 33%, must be mentioned here, as well as those of De
Clercq et al. in 1990 [ 30] using modified Arabidopsis 2S albumin
gene 1 (AT2S1) fused at different positions to the Brazil nut 2S
cDNA clone and used to transform Arabidopsis, Brassica napus
and tobacco plants. They found that the chimera gene "Brazil nut
2S albumin" was accumulated in the three transgenic seeds. In a
second approach, the same authors constructed a methionine
enriched AT2S1 gene by deleting sequences encoding a region of
the protein which is not highly conserved among 2S albumins of
different species, and replacing them with methionine-rich
sequences. The introduction of the modified AT2S1 genes into
three different plant species resulted in the accumulation in the
three species, reaching concentrations of 1-2%, of the total high
salt extractable seed protein.
Alfalfa and other leguminous forage as well as legume seeds, with
high protein content but deficient in sulfur amino acids, have been
the goal of many crop breeders to balance their amino acid
composition. Sengupta-Gopalan in 1995 using the modified genes
of the 15 K and 10 K zeins (10% and 22% Met, respectively) with
the CaMV 35S promoter were introduced into tobacco, L.
japonicus and alfalfa. In both tobacco and L. japonicus was found a
high accumulation of the proteins in the vegetative tissue, and 15 K
modified zein was accumulated in specialized protein bodies inside
the ER. These results are promising for protein supplementation of
forage legumes [235]. Similar success was obtained increasing
three times the methionine concentration in transgenic narbon bean
(Vicia narbonensis) obtaining a stable expression of the 2S Brazil
nut gene, under the control of the legumin B4 (LeB4) and low

levels of protein expression under the control of CaMV 35S [165].
The LeB4 promoter conferred seed-specificity and high levels of
expression in V. narbonensis and low levels in tobacco.
Comparisons of homozygous and heterozygous progeny revealed
that a doubling of the number of genes resulted in an approximate
doubling in the amount of gene product. From these promising
results it would seem that in the near future the obtainment of
legumes with high protein quality is a reality.
Lysine-Rich Proteins
Different research groups in past decades have struggled to
improve protein quality of cereals, with particular attention to
increment lysine concentration using different genetic and
molecular approaches. So far there is almost no information of
lysine rich proteins as it occurs with MRP, and just recently Sun et
al. [5] have cloned a cDNA Lys-rich 18 K seed-protein of winged
bean (Psophocarpus tetragonolobus). The de-
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duced amino sequence acid reveals a polypeptide of 157 amino
acids with 17 Lys, representing 10.8%. Northern analysis reveals
that this is a developmentally regulated seed protein, although it is
not known if it corresponds to a storage protein.
Another Lys-rich protein has been isolated from Amaranthus
hypochondriacus seeds from the albumin fraction. This Lys-rich
protein has an Mr of 9 K with 11.29% of Lys moles [ 168]. Its
amino acid composition corresponds to a typical storage protein. In
Table 12 is shown the amino acid composition of these two
proteins.
Recently Keeler et al. [321] have designed and constructed a gene
sequence encoding a set of new high lysine and high methionine
proteins. The new proteins have been expressed in transgenic
bacteria and plants. These a-helical coiled coil designed proteins
have been used to increase the levels of lysine in mature cereal
seeds. These proteins may contain up to 43% mol of Lys. Genes
encoding such proteins were constructed using synthetic
oligonucleotides. The stability of the protein was tested by its
expression in E. coli. One protein (CP3-5) with 31% Lys and 20%
Met has been expressed in transgenic tobacco seeds, utilizing the
seed specific bean phaseolin and soybean b-conglycinin promoters.
Both promoters were successful in the expression of the new
protein and the significant

Amino
Acid

TABLE 12. Lysine-Rich Proteins.
Winged Bean 18
High-Lys Amaranthb
Ka
Albumin
(mol %)
(mol %) (Determined)
(Deduced)

Lys
10.83
11.29
Arg
6.02
His
1.27
4.22
Asp
5.73
7.68*
Asn
3.18
Thr
5.09
4.21
Ser
7.64
3.77
Glu
10.09
18.81**
Gln
0.64
Pro
5.09
1.75
Gly
10.09
7.54
Ala
9.55
17.60
Val
8.92
3.65
lle
6.37
2.44
Leu
6.37
2.53
Tyr
4.46
1.96
Phe
4.46
0.58
Met
5.38**
Cys
0.57*
aSource: Reference [5].
bSource: Reference [168]. The hydrolysis was performed
under oxidized conditions.
* Sum of Asp + Asn; ** sum of Glu + Gln; **; methionine
sulfone; * cysteic acid.
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increase of the total lysine content. In a particular plant
transformed with the soybean b-conglycinin promoter/CP3-5 gene,
the high lysine phenotype was consistently expressed through three
generations. This is the first report with significant increase in seed
lysine content due to the seed specific expression of a novo protein
sequence. This report, together with the already mentioned lysinerich modified g-zein, transiently expressed in transformed maize
endosperm [ 169], is a successful approach to achieving an increase
in seed lysine.
Globulins from Legumes
The legumes belong to the family of the Fabaceae, which is one of
the biggest families of angiosperms [170]. The world production of
the five major legumes in 1996 (169.2 million metric tons) was
about one-twelfth of the production of five major cereals (1970.3
million metric tons, as seen in Table 1 [2]). Legumes are
considered the "protein crop" because of their higher protein
content as shown in Table 3. The seed protein content of major
legumes is in most cases well above 20%, to around 40% in
soybean. This crop is mainly used as an oil producer and as a
component of food concentrates for humans and for intensive
rearing of animals [25,27].
The distribution of legume storage proteins according to solubility
reveals that globulins are the main group, from about 60% in broad
bean to 90% in soybean as shown in Table 7 [171]. The globulin
group corresponds to the salt soluble proteins; among their
physical-chemical properties are size, amino acid composition,
sugar content, translation modifications, processing, and
characteristic organization mainly in trimers and hexamers during

protein maturation. This last property allows their separation by
ultracentrifugation in sucrose gradients with sedimentation
coefficient which is divided in two major classes: 7S (7-8S),
constituted of trimers, and 11S (11-13S), conformed of six pairs.
Both groups show considerable variation in their structures, which
results in part from post-translation processing (Figures 5 and 8) as
well as from their genetic polymorphism. They usually are codified
by a family of very related genes. Historically they are structurally
related to the 11S legumin like and 7S vicillin like proteins and
their relative abundance is highly variable (Table 7). Some species
are virtually devoid of either one or the other protein complex. A
third class of legume storage protein is represented by lectins, or
carbohydrate binding proteins, and the proteins related to them.
These proteins are widely distributed in nature and in trace
amounts may be found in most plant tissues. Lectin may be found
in high amounts in the tribe Phaseolae. In the case of wild
Phaseolus vulgaris accessions, the lectin-related protein arcelin is
the most abundant seed protein, reaching levels up to about 40% of
total seed [172].
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Figure 5
Schematic pathway of synthesis and processing of 7S storage globulin.

7s Globulins and their Genes
The 7S globulins are glycoproteins, with molecular mass of ~150
K to 190 K, composed of three subunits, with molecular masses of
40 K to 76 K [ 73,173]. Except for Phaseolus vulgaris, Phaseolus
lunatus, and Phaseolus coccinineous, where 7S is virtually the
main globulin [174], the 7S globulins are less abundant than 11S
globulins for other seeds. The ratio between 11S/7S is highly
variable among cultivars, from 0.5 to 1.7 in soybean, 0.2 to 1.5 in
pea and 0.3 to 0.7 in fieldbean (Vicia faba) [175]. Their amino acid
composition in Table 13 reveals that sulfur containing amino acids
are lower than in 11S, and the lack of cysteine prevents the
formation of disulfide bonds.
Protein Properties and Structure
The most typical 7S globulins are b-conglycinin of soybean,
vicilins and convicilin of pea, and phaseolin of common bean. The

amino acid composition of these globulins shown in Table 13
makes evident their deficiency in Met, Cys, Trp, Val and Thr as
compared with a standard protein. Table 14 shows some molecular
characteristics of these globulin groups. The 7S class or vicilins
can be divided into two major groups. In the first group the
precursor polypeptides are extensively posttranslationally
processed, giving rise to polypeptides with Mr in a range of 12 to
34 K as mentioned in
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TABLE 13. Amino Acid Composition of Major Seed Legume Proteins (aa/1000res).
7S
11S
Soybeana bPeaa
Soybeana
Peaa
Egga
Beanb
Amino Acids
Conglycinin
Vicilin
Phaseolin
Glycinin Legumin LectinbArcelinb std.
Asx (Asp +
141
134
133
131
117
108
134 101
Asn)
Thr
28
30
42
34
37
95
75 54
Ser
68
78
95
42
63
165
137 55
Glx (Glu +
205
182
145
180
176
52
66 108
Gln)
Pro
43
44
36
54
51
38
35 48
Gly
29
52
58
40
78
119
103 56
Ala
37
45
52
36
59
93
89 83
Cys
3
0.5
3
14
7
2
11 28
Val
51
57
64
51
58
78
75 79
Met
3
1.3
7
18
8
0
1
28
lle
64
55
60
47
45
48
44 55
Leu
103
103
99
72
83
79
61 88
Tyr
36
23
27
41
22
14
20 34
Phe
74
50
56
57
38
39
46 48
Lys
70
71
54
49
55
37
48 65
His
17
16
23
22
21
8
18 20
Arg
88
57
40
78
77
15
31 46
Trp
3
0.5
6
16
7
11
5
8
aSource: Reference [26].
bSource: Reference [281].
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TABLE 14. Molecular Characteristics of Some 7S Globulins from Major Legumes.
Protein
References
Reference
Subunits
(Mr × 10Native
Vicilin Box I*
Plant species 1(Mr × 10-3)
3)
cDNA Gene
Gene
Soybean
Glycine max be
a (5776)a- e, f,a1,
o
Conglycinin
d
(150175)e
a'(5768)a- e, f
Gma-a'GCCACcTCAtTTTtgTttATTTcAACACcCGTC e, p
d
q, t
b (4253)aGma-b GCCAC- -- ---- ----gtAcaccAACACcCGTC
d
CG-4 GCCAC- -- ---- ----gtAcaccAACACcCGTC
r,s,q
Pea
Pisum
Vicilin
(47)
g
sativum
(150190)z
(50)
g, h
Psa-v GCCACtTCAATTTtgTaCATTTtAACACaCGTCi
(68)
j
Convicilin
(71)k
l
Cvc-a GCCACtTCtATTTtgTtCATTTcAACACtCGTC m
(290)**
Cvc-b GCCACcTCtATTTtgTtCATTTcAACACtCGTC n

(table continued on next page)
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(table continued from previous page)
TABLE 14. (continued).
References

Protein
Reference
Subunits
(Mr × 10Native
Vicilin Box I*
Plant species1(Mr × 10-3)
3)
cDNA Gene
Gene
Common bean
Phaseolus Phaseolin a (5153)u v
GCCACcTCAATTTc-TtCACTTcAACACaCGTC w
Pvu-a
vulgaris
(140163)u b (4750)u v
GCCACcTCAATTTc-TtCACTTcAACACaCGTC x
Pvu-b
(4347)u
g
d (43)u
Jackbean
Canavalia Vicilin
(47)y
Can-1
GCCACgTCAATTT-gTtCATTTgAACACtCGTC y
Ensiformis (170)y
ConsensusGCCACcTCAATTTtgTtCATTTcAACACaCGTC
* Some data for vicilin box I were from Reference [63]. A 33-bp version of vicilin box is shown, starting with the
octanucleotide box GCCAC(c/t)TC, and CACA motifs but lacking the CATGCATG motif. Variable bases are in
lower case, the mismatched nucleotides or gaps () to the vicilin box I in Psa-v sequence are shown.
Sources: aReference [176], bReference [285], cReference [173], dReference [15], eReference [286], fReference [34]
a1Reference [287], oReference [292], gReference [35], iReference [288], hReference [289], jReference [237],
zReference [290], kReference [291], lReference [293], mReference [187], **Reference [178], nReference [294],
pReference [295], qReference [296], rReference [297], sReference [298], tReference [299], uReference [15],
vReference [190], wReference [191], xReference [300], yReference [63].
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Figure 5. On the other hand the processing of the second group
undergoes little or no posttranslation processing and the mature
polypeptides have Mr in a range of 76 to 42 K [ 176,177,178]. In
pea are present both groups of 7S: vicilin which corresponds to
group one, and undergoes several post-translational cleavages with
subunits of 12 to 34 K and two major subunits of 47 to 50 K [179],
while convicilin is a member of the second group, the less
abundant of the two, and is made up of a small number of
polypeptides with Mr between 70 to 75 K without major
posttranslational cleavage [177,178].
A general pathway of synthesis and processing of 7S globulin is
depicted in Figure 5. The proteins are synthesized by membranebound polysomes as precursor polypeptides, with N-terminal signal
sequences. This signal peptide is recognized by the signal
recognition particle (SRP) that guides and locates the nascent
polypeptides chain in a specific site of the ER. Then the signal
peptide is translocated to the lumen of the ER. There it is
cotranslationally removed; here also some 7S globulin precursors
(proglobulins) are cotranslationally glycosylated at specific
asparagine residues by addition of a mannose-containing core of
oligosaccharide [180,236]. So far the physiological significance of
the glycosylation is unknown, although a function in the protection
from degradation by vacuolar enzymes has been proposed [22].
Moreover not all 7S globulins are glycosylated as reported for pea
convicilin [177].
After translation is completed both proglobulins 7S and 11S type
are assembled into trimers inside the ER, and then they are
transported to the Golgi apparatus [181,182,183,184]. There, the

oligosaccharide chains of the Pro 7S-glycopolypeptides may be
modified by removal or addition of sugar residues; both
glycosylation sites are located in the b-barrel of C-terminal module
of phaseolin (3D phaseolin structure) as described below [185,186].
Then they will be transported to the central vacuole involving
specific membrane vesicles. After deposition in the vacuole, both
7S and 11S precursors are proteolytically processed. The 7S
precursor is processed at a specific site determined by the species
[17]. Heterogeneity of vicilin subunits may account for the
presence of about 20 closely related genes [237]. Bown et al. found
that the convicilin gene has an insertion near the N-terminus that
makes it larger than vicilin [187].
The 7S globulins from soybean and common bean differ from pea
in that glycosylation is more extensive but proteolysis does not
occur. Phaseolin consists of four size classes of glycosylated
polypeptides: a'', a', b" and b', with Mr about 53 K, 50 K, 46 K
and 43 K, respectively [188]. As mentioned before, these
glycosylated polypeptides originate by cotranslational
glycosylation of the a and b subunits by addition of either one Nlinked oligosaccharide chain in subunits a' and b' or two in a" and
b" [189].
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The three dimensional structures of several 7S globulins have been
determined using X-ray crystallography. The polypeptides of
phaseolin comprise two structurally similar units, each made up of
a b-barrel and a cluster of three a-helices. A segment containing a
fourth helix connects the a-helical domain of the N-terminal
module to the b-barrel of the C-terminal module. Interactions
between the C-terminal a-helical domain of one subunit and the Nterminal a-helical domain of the neighboring subunit stabilize the
trimeric structure. In Figure 6 is shown a schematic diagram of
phaseolin polypeptide unit, showing the pair of diad-related a + b
structural unit. The N-terminal and the C-terminal b-barrel has the
"jelly-roll" folding topology of the viral coat proteins, and the ahelical domain shows structural similarity, to the helix-turn-helix
motif found in certain DNA-binding proteins [ 185,186]. In panel B
is shown a stereo pair of phaseolin trimers showing a Ca trace,
viewed down the molecular threefold axis towards the centre. The
crystallization conditions used encourage the formation of
tetrameric 18S particles. This association of trimers into
dodecamers occurs under acidic pH conditions. The 18S particle
observed in the crystal is formed by four trimers assembled on the
faces of a regular tetrahedron and it is consistent with the
negatively stained electron microscope image. The inter-trimer
contact in the tetramer occurs at the tetrahedral dyad axes [185].
The canonical model of the 7S protein structure provides the basis
for proposing specific mutations of these proteins with the goal of
enhancing nutritional and functional properties [186].
cDNA and Genes

Analysis of phaseolin cDNA clones showed that the Mr differences
between a and b polypeptides are due to the presence in genes of
two duplications of 5 and 8 amino acids [190]. These repeated
sequences seem responsible for most of the size differences among
phaseolins. Antony et al. [191] have identified one gene of aphaseolin with the longer duplication. In Table 14 some
characteristics of selected 7S globulins are described, their cDNAs,
as well as their genes, and the conserved element located at
position about -100 bp upstream from the transcription start site,
called vicilin box I. It contains the octanucleotide sequence
GCCACC/tTC as part of the 33 bp version shown in Tables 5 and
14. Vicilin box I is not found in the vicilin-type genes from
nonlegumes [63] as shown in Table 5. A second conserved element
termed vicilin box II is present in at least 5 of the genes for 7S
proteins located between -350 and -150 bp. These motifs contain
20 bp with up to two mismatches
(A/GTTCATnAATTCAAACAAAA) as mentioned in Table 5
[63,238]. This region can be
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Figure 6
Schematic drawing of phaseolin showing the pair of dyadrelated a + b structural units. (A) (n), N-terminal,
(c), Cterminal. Consisting of two structurally similar units of ~160 amino acids each. Every unit is itself
a + b two domain structure. The b-barrel domain with eight strands arranged in a "jellyroll" motif, and the
second smaller domain being a cluster of three helices, including a helix-turnhelix motif. A fourth helix in the
Nterminal unit is not associated with the three helix cluster. It forms part of the connection to the Cterminal unit.
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Figure 6 (continued)
Schematic drawing of phaseolin showing the pair of dyad-related a + b structural units. (B) Stereo pair showing
a Ca trace of the phaseolin trimer. View down the molecular threefold axis toward the center of the tetramer. The
N- and the C- termini of each subunit are labeled. The shorter link of 18Å (solid line) is favored above the longer
37 Å link (dashed line).
(Reprinted with permission from [ 185].)
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Figure 7
Diagram of general structure of genes encoding 7S
and 11S seed storage globulins. The position of the
exons (E) are in black, while non-coding sequences
(introns, I) are in white. In (B) are indicated the regions
corresponding to the acidic and basic subunits.

deleted without significantly affecting the level of expression of
Gma-a' [ 239].
Most of the 7S globulin genes sequenced so far have six exons and
five introns [17]. There is homology in the nucleotide sequence of
the exon and intron junctions. In Figure 7(A) there is a drawing of
a general structure of genes encoding for 7S globulin type genes.
The coding regions or exons are in black, and the non-coding
regions or introns are in white.
Pea 7S globulin genes map to six different loci. The structural
genes for convicilin are restricted to a single locus on chromosome
2 [192]; whereas the genes for vicilin are at five loci with each
containing several copies [193].
Genetic Engineering of 7S Protein Quality
Improvement of nutritional quality remains a major goal of genetic

engineering of seed storage proteins. The determination of
phaseolin tridimensional structure provided a powerful tool for the
investigation of structure-function relationship and for the
manipulation of its nutritional characteristics [194]. The importance
of structural information in the design of mutants has been
highlighted by the experiments of Hoffman et al. in 1988 [195].
They modified the b-phaseolin gene by inserting a sequence of 45
bp synthetic duplex rich in methionine codons at XbaI site (after
residue 165) in the third exon of the b-phaseolin gene. This gene
was expressed in transgenic tobacco. Very low levels of modified
protein accumulate in the transformed seed compared to the
control. Later in 1990, when Lawrence et al. [185] analyzed the
native protein structure, they realized that this site lays within Nterminal helix 2, an element
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crucial to trimer integrity, and that could unlikely tolerate such
severe modification [ 186].
Lawrence et al. [186] have analyzed three major regions where
large sequence variations have been tolerated across the entire 7S
family and have considered their potential for methionine insertion:
(1) the mid-sequence inter-domain linker has a major site of both in
vivo and in vitro enzymatic cleavage [240] (Although its role in
structural integrity is not clear, they are reluctant to propose
insertions at this site.); (2) natural insertions in the C-terminal EF
loop; and (3) the region between N-terminal helix 3 and strand J'
[Figure 6(A)] comprises predominantly charged residues and may
be tolerant of consecutive methionine insertion. The authors
propose these sites as targets for genetic engineering of 7S
proteins.
11s Globulins and their Genes
The 11S related globulins, or legumin type, are the major storage
proteins in most legumes as well as in many dicots (e.g. amaranth,
sunflower, pumpkin, rape), and in some monocots too (e.g. oats,
rice). In different plants 11S related globulins have received
different trivial names derived from the genus of the plant, as is the
case for amaranth 12S called amaranthin [241], soybean 11S called
glycinin, in pea is called legumin as well as in common bean, mung
bean, and cowpea [15].
Protein Properties and Structure
The 11S globulins have low levels of methionine to meet the daily
nutritional requirements of many monogastric animals, as can be
seen in Table 13. With the advent of genetic engineering this type

of protein is being studied in order to improve their nutritional and
functional properties [196,197].
Legumin type globulins are generally unglycosylated with the
exception of 12S globulin from lupin [242]. Their sedimentation
coefficient is in the range of 11-13S and they have a complex
oligomeric structure with a molecular mass around 300 to 450 K.
These 11S globulins tend not to dissociate except at very low pH or
low ionic strength [15], but can form dimers of 15S-18S [15,198].
The mature protein consists of six subunit pairs, that interact noncovalently. Each unit is made up of two disulfide bonded subunits.
Each of this subunit pair consists of an acidic polypeptide (named
a, or A) with an Mr of about 40 K and a basic polypeptide (b or B)
of Mr around 20 K linked by a single disulfide bond. Both
polypeptides originate from the same precursor after proteolytic
processing as described in Figures 7 and 8.
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Figure 8
Schematic pathway for synthesis and processing of
11S seed storage globulins.

The assembly of pea legumin was found to be a two-step process
with the formation of 8S trimers (11S prolegumin) in the RER as
the first step. In the case of proglycinin trimers, their in vitro
assembly is ATP dependent. This observation, together with others,
is consistent with the hypothesis that molecular chaperons are
involved in the assembly of proglobulin trimers [ 199]. Then they
are transported through the Golgi as Chrispeels and his colleagues
have suggested [181,183], then to the vacuole via dense vesicles. In
the vacuole takes place the second processing step by a vacuolar
cysteine proteinase that splits at the peptide bond Asn-Gly, on the
C-terminal side of an exposed asparagine residue of the
proglobulin precursor [15,243], and then it is completely assembled
into 11S hexamers. The Asn-Gly bond located between the acidic
and basic polypeptide of 11S proglobulin is conserved in a wide

variety of legumes and nonlegumes and its cleavage is required for
the assembly of trimers into hexamers [17,199] as is shown in
Figure 8.
Glycinin is the most abundant storage globulin of soybean and it is
made up of six Mr ~60 K pairs consisting of an acidic large subunit
type A subunit, Mr about 40 K, covalently linked by a single
disulfide bond to a basic small subunit type B, Mr about 20 K. The
studies of Staswick et al. [200] have suggested that although both
subunit types show a small degree of heterogeneity, there is no
subunit exchange among pairs and the pairing between them is
specific. Both subunits may have different
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amounts of methionine but their total Met concentration is low as
compared with animal protein as shown in Table 13. Some
molecular characteristics of these globulins are described in Table
15. Common bean legumin has been partially purified and the Nterminal of its subunits a and b respectively has been partially
sequenced; they present close similarity to the legumin sequences
of other legumes, particularly to soybean legumin [ 201]. It looks
like b-subunit is a single polypeptide of 21 K, while the a-subunits
shows a range of sizes from 35 to 54 K (Table 15). It is not known
whether legumin subunit pairs associate into homohexamers, or, as
suggested for Vicia faba legumin, randomly associate during
oligomerization [244].
cDNA and Genes
Many cDNAs corresponding to mRNA encoding 11S globulin
from different sources have been cloned and sequenced; they have
allowed the analysis of the primary amino acid sequence, as well as
the isolation and sequence of the corresponding genes. Table 15
describes some characteristics of selected 11S globulin cDNAs as
well as their genes, and the sequence of the conserved element
named legumin box located at slightly different positions upstream
of the transcription initiation site (-102 bp in pea Leg J, -117 in
soybean Gy3, or -127 in pea Leg A). Most of the globulin 11S
genes selected in Table 15 have four exons and three introns,
except for B type subunit of pea and field bean that lacks intron I.
In Figure 7(B) is shown a drawing of the general structure of 11S
genes indicating the position of the corresponding locations to the
acidic and basic polypeptides [17]. There is higher homology in the

nucleotide sequence around the exon and intron junctions than in
the structural coding sequence of each gene [23].
Globulin seed storage proteins are encoded by gene families
varying from 2 to more than 20 members. For instance, group I
glycinins from soybean are encoded by 3-4 genes [57,202] and
group 2 glycinins are encoded by 4 genes (Table 15). The
organization of 11S globulin genes varies among species.
Domoney et al. [245] demonstrated that there are three subfamilies
of legumin genes in pea by using restriction fragments length
polymorphism (RFLPs). One on chromosome 7, near the r locus,
and the other on chromosome 1 near the a locus. The genes are
tightly clustered, whereas the third subfamily also on chromosome
1 is less closely spaced. Genes encoding soybean glycinins are
more scattered throughout the genome. Of the five glycinin genes,
two of them, Gy1 and Gy2, are tightly linked whereas Gy3 and Gy5
segregate independently. The regions around Gy1-Gy2 and Gy3 are
similar. By heteroduplex formation it was found that the Gy1-Gy2
region differs from Gy3 by simple deletion or duplication of 4.3 kb
of DNA. It appears that glycinins group 1 arose
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TABLE 15. Molecular Characteristics of Some 11S Globulins from Major Legumes.
Protein
Genec,n,y
Legumin Box a2,y
Referen
Plant
Native Group Subunitsa- References
c
Species (Mr × 10-3) # (Mr × 10Gene
3)
ProteincDNA
Soybean
GlycineGlicinin
1
G1
a2, b,c n
Gy1
TCCATAgCCATGCAtacTGAAGAATgTC f
(A1a:37;
B2:20)
max (320375)a,b 1
G2 (A2:37; c, g a1
Gy2
TCCATAgCCATGCAtacTGAAGAATgTC h, i
B1a:20)
1
G3
b, c d, e Gy3
TCCATAgCCATGCAtacTGAAGAATgTC j
(A1b:37;
B1b:20)
2
G4 (A5:10; c, k.l l, ll Gy4(R) aCaATAgCCATGCAaGaTGAAGAATgTC m, n
B3:20;
A4:37)
Gy4(F) aCaATAgCCATGCAaGgTGAAGAATgTC y
Gy4(D) aCaATAgCCATGCAaGgTGAAGAATgTC y
2
G5 (A3:42; o
q
Gy5
aCaATAgCCATGCAgGgTGAAGAATgTC n
B4:20)
Pea
Pisum Legumin
a:37.740.4;q
b:22.8
sativum(330350)c,p,r
s-u
a:24.543; r
b: 20.722
A
Leg A
TCCATAgCCATGCAaGcTGcAGAATgTC v, y
A1
Leg A1 TCaATAgCCATGCAaGgTGAAGAATgTC y
A2
Leg A2 TCCATAaCCATGCAaGaTGAAGAATgTCy
B,C
Leg B,C TCCATAgCCATGCAaGcTGcAGAATgTC w
J,K
Leg J,K TCCATAgCCATGCAtGcTGAAcAATgTC x, y

(table continued on next page)
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(table continued from previous page)

Plant
Species

TABLE 15. (continued).
Protein
Genec,n,y
Native Group Subunitsa-c References
(Mr × 10- # (Mr × 10-3)
3)
ProteincDNA

Common
bean
Phaseolus

Legumin

Vulgaris

(300400)z

a:35-54;
b:21

Legumin Box a2,y

Referenc
Gene

z

CONSENSUS
tCcATAGCCATGCAtgcTGaAgAATGTC
a
motif:
CATGCA(a/t)g
Sources: aReference [301], bReference [302], cReference [15], dReference [303], eReference [305], fReference [202
gReference [306], hReference [308], iReference [309], jReference [304], kReference [310], lReference [311],
llReference [312], mReference [313], nReference [51], oReference [314], pReference [316], qReference [315],
rReference [244], sReference [317], tReference [37], uReference [245], vReference [36], wReference [318],
xReference [319], yReference [63], zReference [201]; a1Reference [307], a2Reference [23]. Variable bases are in
lower case. Some of the data for legumin box come from yReference [63] and a2Reference [23].
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from an ancestral gene that gave rise to the Gy1-Gy2 cluster by
duplication. This probably means that duplication of the genome
(tetraploidization) and deletion of DNA could account for the two
glycinin domains, one containing two genes (Gy1-Gy2) and the
other one gene (Gy3) [ 17,51,57].
11S Protein Structure and Genetic Engineering for Protein Quality
and Functional Properties
With respect to protein structure the earliest model of 11S proteins
to gain acceptance was that of glycinin proposed by Badley et al.
[246] who envisaged a bihexagonal structure with acidic and basic
subunits alternated, where the acidic and basic subunits were
considered to be disulfide-bonded as described in legumin from
Vicia faba, but it was not clear which acidic and basic polypeptides
were linked to each other [247].
In general the crystals of several 11S globulins have been small and
disordered and have failed to provide details of protein structure.
However, the studies of edestin (11S) from hemp seed have shown
an equivalent triply centered hexagonal cell of a = b = 215 Å, c =
80 Å. There is one hexameric protein in the rombohedral unit cell.
From these results at 3.5 Å resolution, it can be stated that the
subunits must be arranged in a disk whose diameter is 145 Å, and
thickness of about 90 Å [248].
Soybean glycinin has not been crystallized so far, the difficulty in
the crystallization may be due to the heterogeneity of the molecular
species and the polymorphism of its primary structure [23,196,249].
Gidamis et al. [196] have obtained crystals of soybean proglycinin
normal and modified versions, expressed in E. coli, that diffracted

X-rays to a resolution limit in a range of 4.1 to 2.9 Å at maximum
resolution on photographs. The preliminary crystallographic data of
normal proglycinin were obtained from these crystals and its
tridimensional structure was obtained at 6 Å resolution [196,249].
This is a first step toward understanding the relationships between
the structure and the functional properties of glycinin at molecular
level. They also have obtained preliminary X-ray analysis of
crystals of the modified proglycinins by protein engineering aiming
to improve nutritional qualities and functional properties.
Gidamis et al. [196] have designed new proglycinins with better
properties than native proglycinin. Two of the six differently
modified proglycinins were designed to improve methionine
content by making inserts with four methionines, plus two other
amino acids introduced into specific variable regions: proglycinin
IV+4Met contains an insertion of Arg-Met-Met-Met-Met-Gly
between Pro-281 and Arg-282, and proglycinin V+4Met with an
insertion of Glu-Met-Met-Met-Met-His between Pro-467 and Gln468.
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All the mutated proglycinins were modified based on the
relationship of structure and functionality, considering the variable
regions, and the expectancy to exhibit better food properties than
normal glycinin. The ability of the modified proglycinins to take on
their proper conformations was judged from the following three
criteria: (1) high expression (10-20% total of E. coli protein); (2)
comparable solubility to the globulin, and (3) self-assembly into
trimers. In fact all the modified proglycinins did form crystals and
the number of protomers per asymmetric unit of the crystal gave a
result of about three. These modified proglycinins capable of
crystallizing, are an important success that may give clues to
understand the structure-function relationship [ 196,249].
7s and 11s Globulins are Derived from a Common Ancestor
Although the comparison of the primary sequence of 7S and 11S
globulins shows no obvious similarities, the comparison of the
primary structures for several members of both vicilin and legumin
families, using a computer routine based on amino acid physical
characteristics, revealed that sequences of the two families could be
aligned sharing a number of predicted secondary structural
features. For the COOH-terminal half of the subunits in both
families displayed a highly conserved core region that was largely
hydrophobic and in which a high proportion of the residues is in bsheet conformation [203].
Both 7S and 11S globulins have the ability to form trimeric and
hexameric structure as is the case to both proglobulin groups when
they are transported through the secretory system as intermediate
trimers until they reach the vacuole, where the 11S-proglobulin is
processed and organized to form the hexameric structure [179,199].

In the case of 7S globulin the mature form keeps trimeric, but it
may undergo reversible aggregation into hexamers depending on
the ionic strength [176]. The comparisons of primary sequences of
several 7S globulins revealed an ancient sequence duplication up to
80%. This sequence duplication presumably accounts for structural
duplication in the canavalin monomer as well as in the phaseolin
observed by crystallography analysis [185,186,204]. One copy of
this repeat was also found in legumins, where it circumscribes
almost the entire b-chain of the mature molecule. From these data
Gibbs et al. [205] proposed that the vicilin and the legumin families
have evolved from a common precursor which consisted of a single
domain of an ancestral gene that suffers an internal duplication,
generating a two-domain gene. Subsequent duplications of this
gene form the ancestors of the vicilin and legumin families. In
vicilin still persists the duplicated domain while in legumins part of
the N-terminal domain has been replaced with a different sequence
as it is in Figure 9.
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Figure 9
7S and 11S globulins are related. It has been postulated that
a single domain of an ancestral gene, after internal duplication,
gave rise to a two-domain gene. Then by subsequent
duplication generated the ancestors of both the vicilin and
legume families. In vicilin, duplicated domains have
persisted, while in the legumins a different sequence has
been partially replaced in the N-terminal domain, but the
basic C-terminal region of 11S is related to 7S vicilin
(adapted from Reference [ 205]).

Biotechnology of Storage Proteins and Protein Food Products
In this section will be discussed some views in how biotechnology
may affect our understanding, production and consumption of these
proteins.
The driving forces behind the application of genetics, systematic
breeding, molecular biology and other techniques in the realm of
biotechnology to seed storage proteins are twofold. First, economic
impact of these foods at the local and global level, and second the
need of optimizing natural resources for feeding the rapidly
increasing human population. In the short term, economic gain for
some organizations seems to be preponderant. However, world

organizations and other scientific groups in government
organizations have, or in some cases should have, vision programs
for the long term. As described above, changes in the amino acid
sequence of some of the storage proteins, or the production of
newly designed (de novo) proteins, and the constructions of vectors
for the specific production of these in plants, are the main
contributions of biotechnology to solve this problem [23].
The inherent superiority of some proteins over others for a
particular application lies at the molecular level. A clear example is
the improvement of nutritional quality of proteins, as mentioned
above, in the introduction of certain essential amino acid residues.
However, much remains to be learned about the mechanisms
whereby the molecular structure of proteins governs their
properties so that they can be used with maximum efficiency in
food processes. Therefore, well-defined, systematic,
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structure-function studies in seed storage proteins should supply
the food scientist with the knowledge and tools to eventually
design these proteins with superior specific properties.
It is at the DNA level that biotechnology, involving techniques
such as genetic engineering, cell culture, and site directed
mutagenesis, can contribute to the study of protein properties that
result from their structure or from their primary amino acid
sequence. Eventually, this understanding will allow the design of
novel proteins with tailor-made properties.
Strategy for the Genetic Engineering of Food Proteins
In the genetic engineering of food proteins, and in particular seed
storage proteins, an integrated and holistic approach is required.
This dynamic procedure requires the following:
(1) Information on the physical basis and mechanisms that define
the properties of the protein to be studied
(2) A hypothesis of the basis of the structure/function properties of
the given protein
(3) Identification and isolation of the DNA encoding the protein,
either cDNA or structural gene
(4) Design the change or mutation on the DNA that would prove or
disprove the hypothesis formulated
(5) Producing the protein in a suitable expression system from the
modified DNA
(6) Evaluating the protein for its function, properties, localization
and the efficiency of the production system utilized

Information on the Physical Basis and Mechanisms that Define the
Properties of the Protein to be Studied
The functionality of a food protein is the result of chemical and
physical properties which impart desirable performance in a food.
Functional properties of importance is an area of active research
and the readers are referred to the review by Kinsella [ 206].
Ultimately, the physical and chemical properties of a protein
depend on its structure. In the literature there are studies correlating
structure and function of a protein and studies concerned
exclusively with the three dimensional structure of a purified
protein. While functional studies of protein focus primarily on the
protein in solution or in a model system, structural studies tend to
focus on the purified or crystallized protein. Both types of studies
have to be taken in consideration for the elaboration of a central
hypothesis of structure/function relationship of a food protein. The
functionality of a given
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protein can ultimately be viewed as the effect that the protein has
on the free energy of the whole food system, which depends on the
sum of all the forces involved. The basis of these are covalent
interactions, hydrogen bonding, salt bridges, disulfide bridges,
hydrophobic interactions, metal binding and water interactions.
These forces between the proteins and their surroundings define the
properties of the food system such as adhesion, emulsification,
gelation, foaming, and viscoelasticity [ 206]. Thus, chemical
characteristics and the structure of the protein are intimately related
and functionality can only be manipulated by alterations to the
protein. A significant functional attribute required in food proteins
is their thermal stability during processing; for example, the caseins
are remarkably stable during heating. In contrast the whey proteins
and the majority of plant globular proteins are quite heat liable. A
gross examination of the structure for caseins and whey proteins
indicates tremendous variation in the secondary structure of these
two groups of proteins. Through chemical and enzymatic
modification, such as proteolysis, it is possible to improve on the
globular structure of plant and whey proteins. In part this may be
due to the relaxation of the rigid secondary structure in such
proteins, and to some extent their hydrophobic domains may be
altered. Probing the molecular basis of functionality can be
exemplified with the studies of protein hydrophobicity at the
surface of the intact proteins and after the protein has been
denatured [207]. The relative hydrophobicities can be determined
by using fluorescing hydrophobic probes such as cisparinaric acid.
Significant correlation exists among surface hydrophobicity,
emulsifying capacity, stability, fat binding capacity and solubility.
Exposed hydrophobicity, which is determined on denatured

proteins, correlates more with viscosity, gelation, and thickening.
These studies are complex in nature due to the very large number
of variables. However, they shed some light with regard to
localization of sites in the protein that play an important role in the
mechanism of their action.
A Hypothesis of the Basis of Structure/Function Properties of the
Given Protein
Genetic engineering of a food protein is based on the working
hypothesis that the structure and function of a given protein are
related. The working hypothesis is dynamic and can be altered with
the generation of new data. It is in formulating this hypothesis that
all the knowledge on a protein becomes essential. To design the
desired changes in the protein, information is needed on the
proteins as well as on the DNA coding it. In this step, the
researcher should process all the available information on a
particular protein and apply it to a specific objective based on the
desired structural and functional property to be generated,
improved or studied.
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This step is particular to the target protein and the final properties
that are desired. Examples of genetically modified seed storage
proteins, as well as the systems used to produce them, demonstrate
the importance of a well defined working hypothesis. These
examples are discussed at the end of this chapter.
Information on the Structure of the Given Protein
Proteins with known three dimensional structure are a minuscule
part of the known protein sequences [ 208]. Therefore, it is not
surprising that there is a lack of information with regard to three
dimensional structure of food proteins. There are some seed storage
proteins whose structures have been solved. A very good example
is the recent elucidation of the winged bean albumin-1 (WBA)
which is the main seed albumin of Psophocarpus tetragonolobus
[209].
The structure of this protein has been resolved at 1.8 Å by X-ray
crystallography. WBA has sequence similarity with the STI-Kunitz
trypsin inhibitors, including the apparent conservation of the
functional reactive site residue, lysine 64, at the position of the
scissile bond (position P1) in the STI-Kunitz type trypsin
inhibitors. However, WBA does not inhibit trypsin. The reason for
the lack of inhibitory activity against trypsin is clearly evident from
the structure. The loop corresponding to the inhibitory loop in the
STI-Kunitz trypsin inhibitors does not conform to the canonical
conformation of the inhibitory loops of the ''small inhibitors" [209].
Given this detailed information on the structure of a protein,
judicious modifications can be suggested for alteration of its
structure or function, and reasonable models can be constructed by
computer analysis even before starting the modification of DNA.

WBA represents a very small portion of the known proteins for
which a three dimensional structure is well known. The vast
majority of the seed storage proteins lack such analysis. However,
the primary sequence, structure prediction studies, NMR, circular
dichroism and other techniques, can indicate important features of
a particular protein. It has been suggested that the combination of
these techniques and more efficient molecular modeling algorithms
may soon become a valuable tool in establishing accurate
structure/function relationships for food proteins [210]. Research in
the area of protein structure is evolving extremely fast. These
changes will affect our view of many food proteins. Protein motifs
and structure prediction technology are areas that promise to soon
yield details on protein structure.
Protein motifs are structural units of proteins that are present
frequently in diverse proteins. As the database of proteins grows it
is clear that many proteins are constructed from modular units
(apparently a limited number
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of them) that appear repeatedly in the same or different proteins;
these are called motifs. The existence of repeated sequences of
motifs in several proteins is now recognized as a common
occurrence. These modules or motifs often correspond to single
exons [ 211]. Determination of three dimensional structure of such
modules by NMR has been possible due to their production in
relatively large quantities by recombinant DNA techniques. This
information on individual modules can then be used to predict the
structures of intact proteins.
Another field of fast development is the prediction of protein
secondary structure by computer calculations. In its classical and
simplest form, the prediction problem is posed as that of predicting
whether each residue in the protein forms part of an a-helix, a bstrand or sheet, or a loop. A variety of techniques have been
utilized to solve this problem, statistical information,
physicochemical properties, sequence patterns, multilayered
artificial neural networks and incorporating evolutionary
information from sequence families [212]. Current methods range
from 55 to 70% in prediction accuracy; in general, an obvious
limitation is that the methods with a high accuracy for predicting
a-helix, are very deficient in predicting b-sheet and vice-versa.
However, these prediction methods can be extremely useful in
experiments involving mutagenesis. The calculations may save
time by identifying the existence of secondary structure and thus
being able to avoid mutation that would destroy protein structure
(e.g. a valine on the interior surface of a b-strand, or a proline in an
a-helix).
The rapid development in all of these methods of structure

prediction and calculation will play an important role in predicting
structures of protein modified using genetic engineering.
Identification and Isolation of the DNA Encoding the Protein,
Either cDNA or Structural Gene
The first step in the identification of a gene encoding a protein is a
review of the literature and a search of available databases for gene
collections. Currently, the National Center for Biotechnology
Information of the NIH offers very valuable assistance to the
researcher via the Internet. Search of DNA or amino acid
sequences can be accomplished on line at the following site:
http://www.ncbi.nlm.nih.gov/. In addition there are other
commercial databases that are highly specialized, and are particular
to the kind of sequence required.
Once the gene of interest has been identified and the information in
the available database gathered, there are several possible results.
The genes have been cloned and reported, in which case the next
logical step is to request the DNA (may be the complete gene of
cDNA). Another outcome
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may be that there is only partial information, or just a gene with
some homology. And finally, that there is no information regarding
the gene of interest. In these two later cases, the following step is to
construct a cDNA library [ 213,214].
The following steps to obtain the desired protein are synthesis and
cloning of cDNA, screening of the desired gene or cDNA,
nucleotide sequencing of the target cDNA and finally expression of
the protein in an appropriate host. All of these steps are very
technique intensive and constantly being reviewed and modified.
The reader interested in current methodology is referred to
periodical publications that specialize on the details of all of these
techniques (e.g. Bio-techniques, Current Protocols, Gene
Analytical Techniques).
Design the Change or Mutation on the DNA that Would Prove or
Disprove the Hypothesis Formulated
Site-directed mutagenesis is the tool used in the alteration of
protein sequences. This systematic replacement of a known amino
acid(s) is performed through the use of short synthetic
oligonucleotide primers that code for the designed change
[215,216,252].
The region to be mutagenized is typically subcloned as a single
stranded M13 phage template; a synthetic oligonucleotide coding
for the change is then annealed and the remaining sequence is
synthesized by a DNA polymerase. The mutant clones are
identified by sequencing and the mutant fragment is then
incorporated to the original construction. Commercial molecular
biology laboratories offer different kits for performing

mutagenesis. Diverse variations to increase efficiency of mutations
are available and the choice will depend on the preference of the
researcher.
The in vitro replication of DNA, principally using the polymerase
chain reaction (PCR), permits the amplification of defined
sequences of DNA. By exponentially amplifying a target sequence,
PCR significantly enhances the probability of detecting target gene
sequences in complex mixtures of DNA. It also facilitates the
introduction of mutations and the cloning and sequencing of genes.
Bej and coworkers [250] have reviewed PCR and other in vitro
nucleic acid amplification methodologies. This methodology is
now commonly used in construction and mutagenesis of protein
encoding genes.
With the ease of manipulation and alteration of DNA it may be
tempting for the researcher to trivialize such work. Detailed study
of function requires careful study and description of mechanistic
steps, and the role of the protein to be modified. Care must be
taken when selecting the amino acid residues to be replaced or
deleted. For example, in studying the role of a specific amino acid
in the active site of an enzyme, the
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mutation should not cause delocalized structural reorganization or
else the true significance of functional change will remain unclear [
251].
Production of the Modified Protein
This section outlines some of the most important aspects to be
considered in the selection of a host organism for the experimental
production of any food protein. Gene expression technology has
been reviewed in Methods of Enzymology, Vol. 185 [253]. It
presents a thorough and current view of the technology involved in
gene expression in all the different host organisms, except for
transgenic animals and plants.
Microbial expression of mutant proteins is the easiest for assessing
specific protein functionalities. These systems are superior to that
of animal or plant cell culture for experimental protein production
due to their ease of manipulation and shorter time required for the
production of the altered protein. Microorganisms are also
amenable to large scale protein production in fermentors, provided
that optimal conditions are identified. Proteins with
pharmacological interest are produced commercially in these
fermentors, thus the need to produce large quantities of these
proteins in a purified form has made fermentation one of the most
sophisticated technological areas in biotechnology. However,
bacterial expression systems have some disadvantages. Bacteria
cannot splice mRNA precursors nor can they modify proteins after
they have been produced (e.g. lack of post translational
modifications). Studies on structure/function relationships of
proteins have to take into consideration these limitations due to the
possible variation in protein folding and protein structure in a

bacterial system as compared to the authentic folding of the
protein.
E. coli is a well understood system for protein synthesis. This has
led to the development of E. coli as an expression system of
foreign proteins (heterologous expression). Regulatory sequences
of DNA which are responsible for the time, destination and amount
of the heterologous protein in E. coli are well characterized and
quite different than those of other organisms (regulatory sequences
are particular for each species). Many factors affect the levels of
expression of foreign proteins in E. coli. Strong promoters such as
lac, trp, tac, Pl and Pr are desirable for expression of the
heterologous protein. Promoters for high-level of expression have
to be selected based on the target protein to be expressed. An
inducible promoter is sometimes desirable if the foreign gene
affects the growth of the bacteria. The distance between the ShineDelgarno (SD) sequence, which is the ribosome binding site, and
the initiation codon influences the expression level. Formation of a
secondary structure round the promoter, the SD sequence, and the
initiation codon inhibit transcription and/or translation. The 3'noncoding region of foreign gene should be short and
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contain a sequence called terminator. Absence of the terminator
sequence causes instability of mRNA and plasmid. Codon usage is
also different between bacteria and other organisms. A high content
of codons, which are rare in E. coli, causes a low level of
expression. Another variable is the different stains of E. coli. For
example, tuna growth hormone was expressed at a level of 13% of
total E. coli proteins in E. coli strain JM109, but was not expressed
in C600, HB101, RB791, JM103, and JM 105 [ 254].
After the product has been translated in the bacteria, it may be
susceptible to proteolytic degradation, resulting in a very low yield
of the protein. This is generally associated with proteins that are
produced at a low level. Most protein products that are expressed at
a high-level form insoluble inclusion bodies within the cells.
Formation of unnatural and sometimes random disulfide bonds and
interaction with other intracellular components cause the formation
of these insoluble inclusion bodies. Thus high-level accumulation
of the protein is obtained by escaping proteinase attack. The
formation of inclusion bodies increases the amount of protein
expressed and aids in the purification of the protein, since these
inclusion bodies are easily separated from the rest of the cellular
components. However, proper folding of the protein is not achieved
directly after expression and it is necessary to develop individual
protocols for re-folding proteins to their authentic state. This may
prove very difficult with proteins that do not posses enzymatic
activity due to the uncertainty of the proper conformation and lack
of proper post-translational modification, unless a reliable assay is
in place.
Expression in eukaryotic systems such as yeast is of special

interest. Eukaryotic cells can perform post-translational
modifications not possible in prokaryotic cells. Yeast provides
many of the same advantages that a bacterial system provides,
since it is also a unicellular host expression system. Many of the
manipulations common to bacteria can also be applied to yeast.
Yeasts have a rapid growth rate, can be propagated in simple
media, and can be transformed with a wide variety of commercially
available vectors.
Yeast expression vectors are designed to be shuttle vectors that can
replicate in both yeast and E. coli. Gene manipulation is carried out
using E. coli and then the resultant expression plasmids are
introduced in yeast for protein production. Yeast expression vectors
carrying the replication origin of 2-µm circular DNA (YEp) are
generally used, because such vectors are stable in yeast walls and
their copy number is generally high (50-100 copies). Another
yeast, Pichia pastoris, has been used successfully for the
expression of many genes. This system is available commercially,
and takes advantage of an integration of the target gene into the
genome by recombination of the alcohol oxydase gene AOX [255].
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Plant or mammalian cell culture represents other systems for
protein production and ultimate assessment of the effects of the
mutation on normal function. For example, Giovianzzo et al. [ 256]
have established the transient expression of seed protein genes in
protoplasts derived from cell suspension cultures of common bean.
Transient expression of a phaseolin sequence, driven by a
constitutive promoter, resulted in the accumulation of the correctly
glycosylated and assembled protein. This system, when compared
to tobacco protoplasts, largely avoids phaseolin fragmentation and
the presence of contaminant polypeptides in the
immunoprecipitates. Therefore, bean protoplasts are a good system
to study the expression of wild-type as well as in-vitro modified
bean seed proteins [256].
Evaluation of the Protein and the Production System
Food proteins do not usually exhibit enzymatic activities and are
usually detected by immunological methods. There is the
possibility that the expressed proteins will be secreted from the
cells into the medium. Therefore, the cells and the medium should
be analyzed by SDS-polyacrylamide gel electrophoresis (SDSPAGE), followed by immunoblotting. The immobilized polypetides
on the filters are detected by their reaction with antibodies specific
to the target proteins. Several commercial antibodies can be found
to some food proteins, for example, whey proteins and several
plant lectins. An alternative technique is the assay of the protein
using an ELISA method. This requires a very specific antibody for
the protein of interest. Because of the limited protein quantities
produced by these experimental expression systems (bacteria, yeast

or cell culture), functionalities of mutant proteins must be
determined using microanalytical methods.
Examples of Seed Storage Protein Modification by Genetic
Engineering
There is a tremendous increase of the seed storage proteins that are
being produced in transgenic plants. Most of them, however, are
related to the enhancement of the nutritional characteristics of the
protein, as mentioned above.
Wheat (Triticum aestivum) protein engineering has been recently
reviewed [257]. The popularity of wheat is based on diverse uses,
resistance to many pathogens and pests, low cost of production,
rapid growth, genetic flexibility and adaptability to different
climates. The unique breadmaking quality is related to the type and
quantity of gluten proteins, especially the high-molecular-weight
glutenin subunits that are synthesized and stored in the seed
endosperm. Using a technique based on the integration and
expression of high-molecular-weight glutenin subunit genes made
it possible to engineer the gluten proteins in order to improve
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breadmaking qualities [ 258]. For example, to change the amount
and composition of high-molecular-weight glutenin subunits
(HMW-GS) via genetic engineering, a gene encoding a novel
hybrid subunit under the control of native HMW-GS regulatory
sequences was inserted into wheat. Of 26 independent transgenic
lines identified by bialaphos selection, 18 expressed the
cotransformed hybrid HMW-GS gene in their seed. The hybrid
subunit accumulated to levels comparable to those of the native
HMW-GS. These results show that a native HMW-GS gene
promoter can be used to obtain high levels of expression of seed
storage and, potentially, other proteins in transgenic wheat
endosperm. Transgene expression was stable for at least three seed
generations in the majority of lines. These experiments
demonstrate the feasibility of constructing wheat plants with novel
seed protein compositions [258].
Another example of increase in nutritional value of a seed is the
enhancement of methionine levels of lupins (Lupinus angustifolius
L) that express a sunflower albumin gene [259]. Sunflower seed
albumin accounted for 5% of extractable seed protein in a line
containing a single tandem insertion of the transferred DNA. The
transgenic seeds contained less sulfate and more total amino acid
sulfur than the nontransgenic parent line. This was associated with
a 94% increase in methionine content and a 12% reduction in
cysteine content. There was no statistically significant change in
other amino acids or in total nitrogen or total sulfur contents of the
seeds. In feeding trials with rats, the transgenic seeds gave
statistically significant increases in live weight gain, true protein
digestibility, biological value, and net protein utilization, compared
with wild-type seeds.

Of special mention in this chapter is the important report of the
introduction of an enzyme in plants that may change the
composition of lipids in the seed of a transgenic plant. This type of
work, not only modifies the protein characteristics but the overall
composition of the plant. Brough and coworkers [68] report that a
cDNA encoding a 1-acyl-sn-glycerol-3-phosphate acyltransferase
from Limnanthes douglasii was introduced into oil seed rape
(Brassica napus) under the control of a napin promoter [68]. This
enzyme synthesizes trierucin (tri erucic acid triglycerol); trierucin
was detected at a level of 0.4% and 2.8% in two transgenic plants
but was not found in untransformed rape seed. Furthermore, erucic
acid was found in the sn-2 position in up to 28% of the
triglycerides of one of the transgenic plants [68].
To conclude this section, it is important to mention that the
expression of animal proteins in plants has been reported. Chong et
al. [216] have reported that a cDNA fragment encoding the human
milk protein b-casein was introduced into Solanum tuberosum cells
under control of the auxin-inducible, bidirectional mannopine
synthase (mas 1',2') promoters using Agrobacterium tumefaciensmediated leaf disc transformation
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methods [ 216]. Antibiotic-resistant plants were regenerated and
transformants selected based on luciferase activity carried by the
expression vector containing the human b-casein cDNA. The
presence of human beta-casein cDNA in the plant genome was
detected by PCR and DNA hybridization experiments. The protein
produced in transgenic plants migrated in polyacrylamide gels as a
single band with an approximate molecular mass of 30 kDa, which
is typical of the native human casein. However, the level of
expression was found to be very low; immunoblot experiments
identified approximately 0.01% of the total soluble protein of
transgenic potato leaf tissue as b-casein [216]. Further experiments
need to be carried out to demonstrate that the protein produced in
the plant can function in the same way as that in human milk. In
any event, the above experiments demonstrate the great potential of
changing the composition of nutrients in the seed storage proteins
and even the expression of human proteins as part of an edible food
plant.
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Chapter 12
Chemistry, Biosynthesis, and Engineering of Starches
and Other Carbohydrates
Alan H. Schulman1
Introduction
The biotechnology of starch dates to the earliest period of
cultivation of the cereal crops in the Fertile Crescent, with
permanent cultivation of wheat and barley established by 7000
B.C.E. [ 1]. As starch-bearing plants were taken into cultivation,
the genetic variation in the wild populations became a feature of
the landraces and, later, cultivars of agriculture. Today, breeders
turn again to the wild progenitors and relatives of cultivated plants
in search of genetic backgrounds conferring sought-after
properties. Where this is not possible, genetic engineering of the
relevant biochemical pathway comes into play.
Since these earliest times, cereal grains, tubers, and their byproducts have become a central and essential source of food and
beverage. In particular, it is the starch and protein components of
the seed and tuber upon which nutritional and industrial
applications depend. Despite the great importance and long history
of agriculture, only since the 1940s have yields significantly
increased, through the introduction of hybrid cereal seed, chemical
inputs, mechanization, and improved breeding methods.
Nevertheless, the quality of the harvested grain or tuber, of the
starch and protein components thereof, has not greatly improved

using these established methods. Improvement of the quality of a
seed or tuber depends, above all, on two factors. First, the basic
biology of the organ must be understood. Secondly, techniques for
the manipulation of the synthetic and regulatory processes of the
storage product must be applied to modify the
1 Institute of Biotechnology Viikki Biocenter, University of Helsinki,
P.O. Box 56, Viikinkaari 9, FIN-00014 Helsinki, Finland.
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plant to better suit human needs. This biotechnology has only
begun to be applied with respect to quality in the last five years.
Starch, as the most plentiful edible biopolymer in nature, is an
appropriate target for quality improvement through biotechnology.
Besides its role in production of foods and beverages, starch finds
increasing use in many industrial sectors including biodegradable
plastics. The end-use properties of starch depend directly, in large
part, on its polymeric structure. This structure is formed through
the activities of several key biosynthetic enzymes. Hence, to alter
structure one must focus on the properties of the enzymes present
at the site of biosynthesis, which is primarily amyloplasts in
storage organs. Furthermore, tubers and especially seeds have a
developmental profile extending from initiation to maturity and
senescence or resting state. The biosynthetic enzymes likewise
display a temporal expression pattern which is reflected in the
appearance and accumulation of the starch. Often, the situation is
complicated by the presence of multiple forms of the enzymes,
catalyzing the same chemical reaction but with differing substrate
specificities and product structures. The carbon source for
biosynthesis must be supplied to the storage organ from elsewhere
in the plant. The expression profiles of each enzyme or form is
ultimately determined by expression of the encoding genes. To
genetically tailor starch, then, each of these levels must be grappled
with; an overview of progress in these areas will be presented
below.
Starch Structure
Amylose and Amylopectin, the Two Major Components

This discussion will be confined to the storage starch of seeds and
tubers. While starch may also be found in leaves where it plays a
role in diurnal balance of the carbon budget in a plant, only a few
studies have examined this [ 2] or the starch of other than storage
tissues in any great detail. Furthermore, only storage starch has at
present commercial applications. Starch is composed of two
components, both of which are largely a-1,4-linked polymers of
glucose. General aspects of starch structure have been well
reviewed over the years [3,4,5,6,7]. Amylose accounts for some 2030% of the total starch and contains rare branches, whereas
amylopectin, constituting the remainder, is highly and regularly
branched. In "high amylose" plants, apparent amylose may
comprise 40% of the total starch, while the starch is almost entirely
amylopectin in "waxy" mutants of maize [8,9], wheat [10], rice [11],
pea [12], and potato [13]. For both glucans, the branches consist of
a-1,6-links between chains
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TABLE 1. Properties of plant starch components.
Property
Amylose
AmylopectinPhytoglycogen
Degree of branching
branches rarebranched
highly branched
Solubility in water
insoluble
insoluble
soluble
Molecular size
105106
107108
107
Glucose residues (DP)
~103
~105-~106 ~105
Average chain length
100550
1825
1014
(CL)
A-chains/B-chains
1.01.5
0.61.1
530550
430450
Lodine coloration (lmax) 660
~70
~55
~45
b-amylolysis limit (%)
~90
~80
a-amylolysis limit (%) ~100
Sources: Nakamura [6], Manners [5].

of a-1,4-linked glucans. Animal and microbial glycogen as well as
plant "phytoglycogen" may be characterized as an extreme
example of amylopectin, with a very high degree of branching. A
comparison of these three polymers is found in Table 1.
Many of the differences in properties listed in Table 1 are directly
derived from the degree and position of branches and from chain
length variation. The chains of amylose easily form inter-chain
hydrogen bonds, crystallizing in raw starch and falling out of
solution (retrogradation) in gelatinized, cooked starch, whereas
amylopectin resists this tendency, forming stable and clear gels. In
this way, properties such as gelatinization, retrogradation, viscosity,
fermentability, behavior as granules, and behavior as pure and
mixed polymer sheets are determined by molecular structure.
Iodine coloration reflects the ability of iodine from a solution of I2
in KI to migrate into the hydrophobic core of the helix formed by
two glucan chains [ 14] and to form polyiodide complexes. The

longer chains of amylose permit more complexation than the
shorter chains of amylopectin and phytoglycogen, shifting the
iodine absorbance profile and the lmax [7].
Amylase digestibility is directly linked to amylose and amylopectin
structure. As an exoglucanase, b-amylase is able to digest
progressively inward from the non-reducing ends of a-1,4 glucan
chains, generating maltose. It is blocked by a-1,6 bonds,
generating a "limit" dextrin. The endoglucanase a-amylase attacks
a-1,4 bonds within the glucan chain, generating a mixture of linear
and branched dextrins, maltose, glucose, and maltotriose as
products. Since it is unable to affect cleavage of terminal a-1,4
bonds or in the vicinity of a-1,6 bonds, amylopectin and amylose
have appreciable amounts of "a-limit" dextrin remaining after
extensive digestion.
The ability of native plant amylases, such as those active during
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malting, as well as those exogenously added during processing, to
digest various glucan structures, and the products generated, have a
major practical impact on the properties of products including
bread, beer and other fermented beverages, and biodegradable
thermoplastic starch. In particular, the role of amylases during
malting, i.e. germination, of barley has received much attention [
15,16,17]. Here, the added complexity of differences between
various types of starch granules, discussed below, is also present.
In an industrial setting where starch or flour is treated with
amylolytic enzymes, the general effect of shortening chains
increases solubility, lowers viscosity, and weakens the resulting
starch gel formed.
Three-Dimensional Structure
These enzymes, together with others able to cleave a-1,6 glucan
bonds such as pullulanase and isoamylase, have played a major
role in the elucidation of amylose and amylopectin structure. An
important concept for understanding starch structure is that of AB- and C-chains. The C-chain contains the sole reducing glucosyl
moiety in the molecule, and may be thought of as the "trunk" of the
glucan tree. The B-chains branch from the C-chain, and may
themselves be branched further. The A-chains are the outermost
branches which are themselves unbranched. Early on, b-amylolysis
studies of amylose showed that it was not a purely linear structure
[18]. Later work has shown that chain lengths and degrees of
polymerization for amyloses vary in a species-specific manner, and
that chain length is related to the ability of amylose to retrograde
[19,20].
Successive digestion of amylopectin with exoglucosylases and

debranching enzymes followed by column chromatography have
enabled a model for amylopectin structure to be assembled
[21,22,23,24]. Characteristically, amylopectin has a clustered
structure (Figure 1), with a layer of branch points in parallel glucan
chains alternating with a region lacking branching [25,26,27]. The
amylopectin cluster together with its neighbors forms a lamellar
structure, which can be visualized by electron microscopy [28,29].
While the parallel, unbranched helices extend 5 nm and therefore
consist of about 15 glucose residues in each chain, some B-chains
extend from cluster to cluster and give rise to distinct
chromatographic peaks, with fractions of 18-19 glucoses as B1
chains, 40-60 residues as B2 chains, ~70 glucoses, B3, and ~110,
B4 [27]. The lamellae form higher-order "growth rings" ~100 nm
thick [28].
Starch in its native state is partially crystalline. Studies by J.R. Katz
at the University of Amsterdam in the 1930s (reviewed in [30,31])
established X-ray diffraction patterns for amylose, categorized as
A-, B-, C-,
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Figure 1
Cluster model of amylopectin structure proposed by
Robin et al. [ 25]. The · shape represents an
a-1,4 glucan connected to another a-1,4 glucan by
an a-1,6 bond. Branch points are clustered in amorphous
regions (2) which are interspersed with lamellae of
crystalline regions (1). The only chain with a free reducing
end (C), marked with a , carries branches (B) which in turn
carry other chains, the outermost, unbranched chains denoted
as (A). Parallel, crystalline helix groups are referred to as
clusters.
Figure adapted from Reference [25].

and V. Generally, cereal starches produce A-patterns, tubers Bpatterns, and leguminous seeds C-patterns. Both structures are

formed of right-handed, parallel helices in a hexagonal array, with
A-starch containing of 7 double helices and B-starch 6 double
helices [32,33], V-starch being amorphous. The A-starch has a
higher density due to the extra helix [34]. The crystalline
morphology of starch can be altered through the use of heat,
moisture, and emulsifiers, and has practical implications through
the rate of retrogradation and thermodynamics of gelatinization for
bread staling and food and processing [30].
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The formation of crystalline domains in native starch, however,
appears to involve primarily amylopectin [ 30]. The waxy mutants,
as described below, produce starch of nearly 100% amylopectin,
yet display normal X-ray diffraction patterns [35]. Furthermore, Xray diffraction patterns depend on amylopectin chain length, with
short (26 glucan) chains giving A patterns and long (36 glucan)
chains giving B patterns [36]. The amylose extender (ae) mutant,
producing amylopectin with longer side chains, gives a B-type
diffraction pattern as well. The crystalline regions of amylopectin
consist of the unbranched, parallel chains in the clusters of the
molecule, interspersed with the amorphous, branched regions.
Amylopectin may be modeled as a quartz-like structure [30]. As
will be discussed below, various starch biosynthetic mutations alter
chain length distributions, thereby crystallinity and cluster
morphology, and finally the physical and rheological properties of
the starch with consequences in applications [31]. The role of
amylose may be restricted to disruption of the structural order of
amylopectin crystallites [37].
Starch Granules
Starch growth rings accrete into granular structures which form
within the amyloplasts, the site of starch biosynthesis. The shape
and size distribution of starch granules is characteristic of their
botanical source [38]; therefore, these properties are under genetic
control. Tuber starch granules are oval and spherical, 5-100 µm in
diameter. Maize starch is 6-17 µm in diameter, and spherical to
angular. Starches of cereals in the Triticeae (including wheat and
barley) show bimodally distributed populations of starch granules
(Figure 2), with large A-granules (~15 µm diameter) and small (~4

µm diameter) B-granules [39,40]. In mature normal barley, Bgranules account for more than 75% of the total number, but less
than 15% of the volume, of mature starch [41,42].
The biosynthesis of A- and B-granules appears to be under separate
genetic control, as evidence from starch mutants indicates (see
below). They display different temporal patterns of appearance and
enlargement during endosperm development [40,43,44,45,46] and
have been reported to differ in composition [40,44]. These
differences have a large practical significance for baking and
brewing because A- and B-granules behave very differently under
amylolytic attack [16,17,47]. Industries that use starch granules,
such as those producing coated and sized paper and those
manufacturing starch-containing thermoplastics, have preferences
regarding the granule size distribution of their starch feedstocks.
Hence, for the cereals in particular, manipulation of granule size
distribution would have great practical consequences.
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Figure 2
Starch granules in mature barley endosperm. The large (A-) and
small (B-) granules are visible in this scanning electron micrograph
of barley endosperm 40 days post anthesis. The mutant shx in cv.
Bomi background is shown, which, despite smaller than normal
A-granules still retains the biphasic distribution typical of the
Triticeae.
Courtesy of Marko Jääskeläinen, University of Helsinki.
Bar is 20 µm.

Biosynthesis of Starch
Starch is characteristically synthesized in amyloplasts, modified
plastids, which are localized in regions of starch accumulation such
as tubers or the starchy endosperm of cereals. Over the last 30
years, the basic biochemistry of starch biosynthesis has become
fairly clear, but recent years have seen important advances in
clarifying the role and cellular localization of the key enzymes. A
general outline of the process is seen in Figure 3.

Sucrose and its Metabolites
Carbon for starch biosynthesis is supplied to the storage organ from
the leaves via the phloem in the form of sucrose. Control of both
source strength and sink strength represents important quantitative
control points in starch biosynthesis, and has been subject to
genetic engineering (see below). This has been investigated
extensively for the fava bean [ 48,49].
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Figure 3
Pathway for starch biosynthesis in storage organs. Sucrose enters
through the phloem and, in some plants is cleaved by a cell wall invertase (8)
during passage into the cytoplasm of the starch-accumulating cell. Other
enzymes are: (1), sucrose synthase (SS); (2) UDPglucose pyrophosphorylase;
(3) ADPglucose pyrophosphorylase (AGP); (4) granule-bound starch
synthase GBSSI; (5) starch synthases of amylopectin biosynthesis (SSS);
(6) starch branching enzyme (SBE); (7) debranching enzyme. The AGP
is shown localized in the amyloplast, although in maize and barley
endosperm some or most is cytoplasmic (see text for details). The role
of debranching enzymes in amylopectin biosynthesis has not yet
been established for all plants.

In the fava bean, a cell wall invertase (EC 3.2.1.26) breaks down
sucrose to fructose and glucose, helping to maintain a sucrose
gradient into the seed. Following this, sucrose phosphate synthase
(UDPglucose-fructose-phosphate glucosyltransferase, EC 2.4.1.14),
catalyzes the resynthesis of sucrose: UDPglucose + D-fructose 6phosphate ® UDP + sucrose 6-phosphate, which is then converted
to sucrose by sucrose phosphatase (EC 3.1.3.24). The resynthesized
sucrose is broken down, in turn, by sucrose synthase (UDPglucose:
D-fructose-2-glucosyltransferase EC 2.4.1.13) which catalyzes:
sucrose + UDP ® UDPglucose + D-fructose. This reaction is

reversible, but under the conditions in the seed, proceeds in the
sucrose-degradative direction. This serves as the starting point for
the rest of the starch biosynthetic pathway.
The importance of sucrose synthase in quantitative control of starch
biosynthesis has been confirmed for several systems. For the pea
seed coat, of invertase, sucrose phosphate synthase, and sucrose
synthase, only sucrose synthase activity was correlated with starch
synthesis levels [ 50]. Sucrose synthase is highly expressed at the
sites of starch synthesis. In maize [51], barley [52], wheat [53], rice
[54], and potato [55], isoforms of sucrose synthase have been
identified which are alternatively either "housekeeping" and
expressed in all tissues or highly expressed in starch-synthesizing
tissues. The total activity of sucrose synthase in developing wheat
grains is correlated with maximum grain weight at matur-
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ity [ 56], although the enzyme cannot be considered as ratelimiting. The case for the importance of sucrose synthase is
strengthened by analyses of the shrunken-1 (sh1) mutation of
maize, which eliminates 90% of the sucrose synthase activity and
produces a starch-deficient kernel with shrunken endosperm
[57,58]. More recently, the role of sucrose synthase in determining
sink strength was directly established by specifically eliminating
the presence of the enzyme in potato tubers through the expression
of antisense RNA [59].
The product of sucrose synthase, UDPglucose, is converted to
glucose-1-phosphate by UDPglucose pyrophosphorylase
(UTPglucose-1-phosphate uridylyltransferase, EC 2.7.7.9). This
enzyme has been purified from potato [60] and barley [61] and its
gene cloned from potato [62] and barley [63] as well as from nonplant sources. The glucose-1-phosphate product is then converted
to ADPglucose, the main if not sole substrate for the starch
syntheses, by the enzyme ADPglucose pyrophosphorylase (AGP,
glucose-1-phosphate adenylyltransferase, EC 2.7.7.27) which
catalyzes the reaction: ATP + a-D-glucose 1-phosphate ®
pyrophosphate + ADPglucose.
ADPGlucose, The Substrate for Starch Biosynthesis
That step, the first committed step of the starch-biosynthetic
pathway, has been under enormous scrutiny over the years and has
been extensively reviewed by Preiss [64,65,66,67,68] and others
[69]. The general picture of this enzyme which has emerged, from
investigation of both photosynthetic and storage organs, is of a
heterotetramer of two types of subunits, catalytic and regulatory. It
is generally allosterically regulated, the exception being the barley

endosperm form [70], and is activated by 3-phosphoglycerate but
inhibited by orthophosphate in the plants, while in bacteria the
activator is fructose-1,6-bisphosphate and the inhibitor AMP. There
are however well-conserved protein domains between various
bacterial and plant forms [71]. The enzyme has been purified,
protein sequence obtained, and clones produced from a wide
variety of organisms. Sequences are available for many of these,
including rice (Accession P23509), wheat (P12298, P12299,
P12300), barley (P30524), potato (P39669), and many
microorganisms.
The key role of AGP in starch biosynthesis has been clearly
established by analyses of the shrunken-2 (sh2) and brittle-2 (bt2)
mutants of maize, both of which greatly reduce endosperm starch
synthesis through elimination of most of this enzyme activity [72].
The identity of sh2 as a subunit of AGP was discovered by an early
example of transposon tagging [73]. The sh2 gene has furthermore
been shown to encode the large (60 kD), enzymatic subunit and the
bt2 gene the small (55 kD), regulatory subunit
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of the enzyme [ 74]. Corresponding mutants have been identified in
Arabidopsis thaliana, adg1 eliminating the small (51 kD) subunit
[75] and adg2 eliminating the large (54 kD) subunit [76]. The rb
wrinkled mutant of pea has likewise been identified as a mutant of
this enzyme [77]. Finally, mutagenesis of the large subunit of
potato AGP, followed by expression in E. coli together with a gene
for the normal small subunit, desensitized the enzyme to 3phosphoglycerate activation and has helped identify a residue
critical to this allosteric effect [78]. Nevertheless, flux analyses of
the role of AGP show that, at least for maize endosperm and pea
embryos, AGP does not exercise particularly strong control over
carbon flow to starch [79,80].
As with many of the enzymes involved with starch biosynthesis,
forms differentially or specifically expressed in storage organs or
leaves have been identified in a variety of plants (e.g., Arabidopsis
thaliana [81] and rice [82]). Differences between these forms
regarding their localization, at least for maize and barley, have
become salient, however, over the last couple of years and have
forced a reevaluation of the starch biosynthetic pathway [83]. The
leaf and cotyledonary forms of the enzyme have been localized to
plastids [84,85], as has the enzyme in potato tubers [86], and it was
long held that this was true for endosperm forms as well. Analyses
of the brittle-1 (bt1) mutation of maize identified the affected gene
product as a polypeptide of the amyloplast membrane [87,88] and
as a possible metabolite transporter. More recently, Shannon and
coworkers [89] established that bt1 endosperm accumulates up to
13 times the normal level of ADPglucose. Since bt1 is a membrane
component, these results suggested that the mutation in some way
separated the origin of ADPglucose from its sink, which placing

the source of ADPglucose outside the amyloplast envelope. The
work on the bt2 and sh2 mutants discussed above established that
AGP was the major if not exclusive source of ADPglucose; an
extraplastidial localization for ADPglucose pyrophosphorylase was
therefore implied.
Recent work involving careful isolation of intact amyloplasts has
confirmed that the major (95%) form of AGP is indeed cytoplasmic
in maize [90], and that the bt2 mutation eliminates specifically this
form of the enzyme. The lack of transit peptides from the cDNAs
of maize and barley AGP, due in barley to differential mRNA
splicing, is consistent with this localization pattern [91,92].
Nevertheless, an amyloplast isolation study for barley endosperm
placed only 15% of the enzyme activity within the plastid [93]. The
biological significance of this proportional difference in
localization between barley and maize remains to be established.
There would appear, though, to be a physiological explanation for
the difference between chloroplasts and amyloplasts in the
localization pattern, since the ATP needed for ADPglucose
synthesis is produced within chloroplasts
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but would need to be imported into amyloplasts. Furthermore, an
extraplastidial AGP could be linked with the sucrose synthase in
storage tissues to convert UDPglucose to ADPglucose via glucose1-phosphate (Figure 3; [ 83]).
Amylose Biosynthesis
Whatever the source of ADPglucose, its utilization for
starchamylose and amylopectinbiosynthesis takes place within the
amyloplast or chloroplast. Although amylose and amylopectin both
contain a-1,4 and a-1,6 bonds, the enzymatic mechanisms for their
respective biosynthesis are distinct if not exclusive, as detailed
below. Almost 40 years ago, a starch granule-bound enzymatic
activity was demonstrated [94] which incorporated UDPglucose
into a-1,4 glucan; about the same time, ADPglucose instead was
shown to be the primary substrate [95]. Connecting this enzymatic
activity to the exclusive synthesis of amylose was made possible
through the long-known ''waxy" mutants. Amylose is virtually
eliminated, but amylopectin levels are almost completely
unaffected, in the waxy mutants of maize [8,9], wheat [10], rice
[11], and in the amf mutant of potato [13]. Testing of the substrateincorporating activity of starch granules from normal and waxy
(wx) maize established that the wx mutation simultaneously
eliminated both amylose and most of the granules' synthetic
activity [96]. The enzyme (EC 2.4.1.21) can thus be characterized
as granule-bound starch synthase (GBSS) or ADPglucose-starch
glucosyltransferase.
A breakthrough in the understanding of starch biosynthesis came in
1983 when Shure and coworkers, working with transposon Ds and
Spm-induced waxy maize, showed that the disappearance of a

granule-bound 58 kD protein is correlated with the waxy phenotype
and were furthermore able to obtain cDNA and genomic clones for
the wx transcript and gene [97]. Subsequently, the enzymology [9]
and molecular genetics of the wx locus and enzyme [98,99] were
well characterized, and similar data obtained for potato [100],
barley [101], rice [102], wheat [103], and other plants.
More recently, the simple model by which the 60 kD "waxy
protein" is the exclusive granule-bound starch synthase has been
challenged. In both potato and pea, there are two granule-bound
forms, that affected by waxy mutations being GBSSI, and a similar
protein containing a ~200 residue N-terminal extension, GBSSII
[104] which is expressed more widely than GBSSI in the plant. A
lack of mutations affecting GBSSII makes identification of its
biosynthetic role difficult. Similarly, multiple starch-bound proteins
have been identified in barley and maize [105], with additional
forms of 74, 77, and 83 kd. Analyses of waxy barley mutants,
however,
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continue to support the view that GBSSI alone synthesizes amylose
though the source of the remaining amylose in some waxy mutants,
such as barley where it may range to more than 7% [ 42], remains
to be clarified.
Amylopectin Biosynthesis
From early on [106,107], a second, easily released, enzymatic
activity able to synthesize a-1,4 glucan from ADPglucose was
detected in developing grains and potato tubers, and also from
leaves. Later fractionation studies identified two types of soluble
starch synthase (SSS, EC 2.4.1.21 as for GBSS) from maize
[108,109], barley [110,111], and other cereals. Soluble starch
synthase I (SSSI) is active even in the absence of starch primer if
sodium citrate is present in the reaction, whereas SSSII is
dependent on an added glucan primer for its in vitro activity. Type I
is stimulated by sodium citrate to a greater extent than Type II.
Activity on various primers has been seen for the maize forms
[112], with an SSSI fraction in both leaves and endosperm
preferring glycogen to amylopectin as primer but the SSSII fraction
preferring amylopectin. Whereas both types of SSS activity are
also present in potato tubers [113,114], only primer-dependent
activity has been detected in pea embryos despite the occurrence of
two SSS forms [115].
Examination of the various forms of starch synthase in pea has also
made it clear that, while GBSSI may be the sole enzyme making
the a-1,4 bonds of amylose, for the other starch syntheses the
distinction between soluble and granule-bound is no longer tenable
[116]. In pea, 60 and 77 kD isoforms occur in the soluble fraction.
The 77 kD form (SSII) is identical with GBSSII (see above) and is

the major soluble starch synthase; the 60 kD form (SSI), distinct
from GBSSI of the same size, may be derived from processing of
the 77 kD form, and plays a minor role [117].
The situation is similar in maize, where a 76 kD protein is both
tightly granule-bound, the major soluble SSS, and displays primerindependent activity [118,119]. In wheat, however, a 77 kD protein
is granule bound together with a ~100kD protein and the 60 kD
GBSSI, but is only a minor SSS [120]. In potato, still a third SSS
form, a 140 kD protein named SSIII, has been identified which in
tubers is the major form of soluble starch synthetic activity [121].
Whereas the primer-independent activity is associated with a 76 kD
protein in maize, in rice a 55 kD form has been identified (SSS1)
and cDNA and genomic clones produced for it [122,123]. A fulllength clone for a similar 55 kD form from barley has been
produced as well [Tanskanen et al., unpublished].
From this confusing plethora of starch synthase forms, activities in
vitro, and polypeptide sizes, a few messages emerge. While the
starch syn-
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thases all catalyze formation of the same biochemical bond and use
the same substrate, they produce different products. This may be
related to in vivo requirements or preferences for primers and the
accessibility of their product to branching. None of these factors is
clear from the enzymological data, although evidence from genetic
studies is accumulating (see below). The GBSSI is however
responsible solely for amylose biosynthesis, since waxy mutations
do not necessarily affect amylopectin biosynthesis. Furthermore,
partitioning onto the starch granule per se does not indicate a role
in amylose biosynthesis; the biochemical basis and consequences
of varying degrees of affinity to starch granules remain to be
clarified. Much of the literature refers to additional SSS forms in
the various species which remain to be purified, and few sequences
are available for comparison, so a unified picture of starch
syntheses has yet to emerge.
Against this background, mutations or transgenic constructs
affecting soluble starch synthetic activity can be extremely
informative regarding the roles of the individual isoforms.
Relatively few SSS mutants have been identified, however. In a
series of papers [ 124,125,126], Ball and co-workers have
characterized the roles of starch syntheses in laboratory-generated
mutants of the unicellular green alga Chlamydomonas reinhardtii
selected for altered glucan structure or quantity by iodine-staining
properties. Activity staining shows the alga to have SSS forms
similar to the higher plant SSSI and SSSII [126]. Mutants of SSSII
at the st-3 gene alter the structure of amylopectin by decreasing the
number of chains with 8-50 glucoses and increasing the number of
2-7 glucosyl chains. This suggests that SSSII may play a role in
elongating existing short branch stubs which cannot be replaced by

SSSI activity. In Chamydomonas, however, waxy mutants are not
only amylose deficient, but also display a modified, more highly
branched, amylopectin which is a product of the residual GBSS
activity and SSSI [125].
The only mutation shown to affect SSSI is the shx of barley
[111,127], a single-locus Mendelian recessive trait. Mature shx
grains contain only 31% the normal weight of starch per grain, with
A-granules reduced in size together with B-granules of normal
dimensions [46]. Developing grains of shx contain increased levels
of sucrose, hexoses and hexose phosphates, and, critically,
ADPglucose [128]. This is correlated with the loss of an SSSI
activity band and 85% of the total SSSI activity [111,129].
However, a detailed analysis of amylose and amylopectin structure
and levels in shx seeds showed a normal amylose: amylopectin
ratio and no major differences in branch length distribution [130].
Combining the results of Ball on SSSII with these on SSSI, one
interpretation of the data is that SSSI may be initiating new
amylopectin chains, being, at least in vitro, primer-independent,
while SSSII may be elongating existing chains, particularly
subsequent to branching [130]. This interpreta-
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tion would require that the degree of branching is not a result of a
ratio of branching versus extension activities during synthesis.
When the major SSS form of potato, the 140 kD SSIII, was
reduced more than 70% in activity by antisense expression [ 121],
neither starch content nor amylose:amylopectin ratio were affected.
Nevertheless, starch structure was deeply perturbed. Interpretation
of the role of the various SSS forms and their interaction with
starch branching enzymes will require expression of these enzymes
in combination in multiple mutants and possibly with in vitro
systems.
Amylopectin Branching
The starch branching enzymes (SBE, a-1,4 glucan, a-1,4 glucan-6glucosyl transferase, EC 2.4.1.18), like the starch synthases, occur
in the amyloplast in multiple forms. Research on SBE, as on the
starch synthases, dates back to the 1960s, with work proceeding as
well on liver and muscle glycogen branching enzymes which
catalyze the same reaction. The enzyme has also been referred to as
Q-enzyme. The SBEs remove short a-1,4 glucans and reattach
them by means of a-1,6 bonds to a-1,4 glucans (C- or B-chains).
Hence, the enzyme is a transglucosylase and generates no net
synthesis of glucan. It can, however, stimulate the synthetic activity
of SSS by increasing the concentration of the substrate nonreducing a-1,4 glucan termini. The first cleavage step by SBE is
reminiscent of the action of a-amylases, which is reflected in the
structural similarities of these classes of enzymes which share
(b/a)8-barrel domains [131]. In maize, multiple, immunologically
distinct forms of SBE have been purified [132] and named SBEI,
SBEIIa, and SBEIIb, and clones obtained [133,134]. Distinct forms

have been purified or cloned from other plants as well, including
Arabidopsis [135], pea [136], potato [137,138,139], cassava [140],
rice [141,142], and wheat [143] which show as well distinct patterns
of expression in various organs and particularly within the seed or
tuber during development. Based on sequence comparisons, Burton
and coworkers have grouped rice SBEI, maize SBEI, and pea
SBEII in one group, and rice SBEIII, maize SBEII, and pea SBEI
in another [136].
Distinct forms and expression patterns for the SBEs in various
plants [29,136,144] suggest the possibility of different enzyme
kinetics or substrate preferences for the various forms, and such
evidence has been accumulating. Assays of maize SBEI and SBEII
show that their specific activities differ for both the native enzymes
[145] and those expressed in E. coli and then purified from the
bacterial cells [146], the SBEI preferentially transferring longer
chains than either SBEII form [145]. Furthermore, when SBEI or
SBEII is transformed into an E. coli strain lacking
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the native glycogen branching activity, the maize enzymes
produced products with longer chain lengths than made by a
glycogen branching enzyme [ 147], although the product does not
fully resemble amylopectin. Regarding the localization of SBEs,
the story is reminiscent of that for the SSS forms. While immunoelectron microscopy allows visualization of potato SBE in the
stroma at the surface of the starch granule [148], more than 85% of
SBEII in maize is tightly granule-bound [119] as is at least 50% of
SBEI and SBEII in pea [116].
As with SSS, an understanding of SBE function is greatly aided by
analyses of mutants and transgenics affecting the enzymatic
activity of various forms. The most relevant mutants are the
amylose-extender (ae) of maize and related mutants in other plants.
High amylose maize [149], pea, and barley [150] have long been
known. Ae, however, has been shown to affect amylopectin
branching rather than amylose synthesis. Structural analyses of
starch from amylose-extender (ae) maize in a wx background
demonstrated that the apparent increase in amylose is due to more
long B-chains and fewer short B-chains in the amylopectin [8,151]
rather than any quantitative change in amylose per se (i.e., the
GBSSI product). The longer linear regions of this novel
amylopectin have an increased iodine affinity relative to normal
amylopectin, which leads to overestimates of amylose by iodine
colorimetry [8] and hence the "high amylose" phenotype.
Consistent with this, starch branching enzyme IIb (SBEIIb) activity
had been shown to be lacking in ae [152]. Parallel mutants include
the amylose-extender of rice, resulting from the lack of a specific
SBE, RBE3 [153], the rr pea mutant of Mendel having an
highamylose phenotype and lacking SBEI, and amol of barley

[154,155]. These results support the view that a family of SBE
forms, including maize SBEII, rice RBE3, and pea SBEI, transfer
primarily short glucan chains [136,145]. The means by which
amylopectin receives its characteristic clustering of branches,
though, has not been addressed to date by research on SBE.
The Role of Debranching Enzymes
Recent work has shown, though, that the structure of amylopectin
is not built solely by SSS and SBE, but requires as well a
debranching activity [156]. Evidence for this stems from the
observation that the sweet corn of commerce, the sugary-1 (su1)
mutant of maize, produces phytoglycogen, a highly-branched
molecule [8,157]. This mutant has been shown to lack a
debranching enzyme activity (a-1,6 glucosidase) in developing
endosperm [158]. Recently, the nature of the lesion at sugary1 was
directly identified by tagging the gene with the transposon Mutator
[159]. This established that su1 encodes a large (742 amino acid)
polypeptide with
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Figure 4
The discontinuous synthesis model for amylopectin
biosynthesis. (A) The substrate for a new round of
synthesis is the trimmed, amorphous lamella of
clustered branch points. (B) The a-glucan chains are
elongated by the starch synthases. (C) Linear chains
reach the critical minimal size for branching, and action
by the branching enzymes (SBE) creates a highly branched, glycogenlike structure. This is immediately
trimmed by debranching enzyme action. (D)
Debranching continues until only tightly clustered
branches, no longer accessible to the debranching
enzyme, remain. (E) New, completed pair of linear,
crystalline and branched, amorphous lamellae ready
for the next round of synthesis. The model is
detailed by Ball et al. [ 156]; the figure was supplied
by S. Ball and is used with his permission.

similarity to bacterial debranching enzymes such as isoamylase and
belongs in maize to a multigene family. That the process is general
for all plants is supported by the identification of STA7, a similar
mutant in Chlamydomonas [160].
Synthesis of a highly branched glycogen-like structure is therefore
an integral part of amylopectin biosynthesis. To prevent a futile
cycle of branching and debranching while the linear chains of
amylopectin are extended by the synthases and to explain the

clustering of branch points, Ball and colleagues [156] proposed a
discontinuous process based on substrate specificity. In this model
(Figure 4), SSS first creates chains long enough for SBE attack,
leading to a multitude of branches. These are then trimmed back,
thereby decreasing SBE activity but leaving a domain of clustered
branches. It is not yet clear, however, that the plant debranching
activity would not be active on quite short chains, as is isoamylase
on glycogen, disrupting such an orderly temporal progression of
steps. Furthermore, crystallization of the linear portions of
amylopectin may play a role in excluding both branching and
debranching activity on those segments.
In sum, a wealth of enzymological and molecular biological
information on starch biosynthesis has accumulated, and a broad
knowledge base on starch structure, chemistry, and functionality
has been assembled. However, we currently do not fully understand
how the macroscopic structure of the starch granule comes to be,
and we are not able to start with desired thermodynamic or
rheological parameters of a starch and specify directly the required
gene activities in the synthesizing plant organ to produce such a
starch. We are currently witnessing, nevertheless, the initial
attempts at genetic engineering of starch quantity and quality.
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Genetic Modification of Starch Structure
Shortcomings of Native Starches and Conventional Modification
For many applications, the properties of native (not chemically
modified) starches are seriously lacking. Problems include granular
flow limitations, insolubility of starch in cold water, excess
viscosity after cooking, rubbery texture of gelatinized starch,
opaqueness of cereal starch gels following cooling, and limited
fermentability. In brewing, the relative resistance of small (B-)
granules of barley to saccharification may complicate malt
production. Today, starches are modified to improve their utility by
either chemical or enzymatic means. Among the oldest of these is
acid hydrolysis or "lintnerization," first reported in 1811 [ 161] and
commercialized at the end of the 19th century. The process reduces
chain lengths, increasing solubility, decreasing viscosity, and
limiting retrogradation. Similar processes may be carried out
enzymatically. Traditional malting, for example, involves the
conversion of starch into maltose, glucose, and dextrins by the aand b-amylases of the grain itself. Other modifications include
various means of oxidation, pyrolysis, and cross-linking. Starches
may variously be acetylated, hydroxyethylated, hydroxypropylated,
phosphorylated, succinated, or made cationic. These treatments
have been extensively reviewed elsewhere [162].
In-Plant Modification of Starch Structure
Alternatively, the enzymatic activities present during grain
development or germination may be altered or new activities
introduced so that the plant produces modified starches or
carbohydrates ready for direct use as part of the grain, or for

extraction. "Modified" starch is already well-known and tolerated
in nature, as is seen with the waxy, amylose extender, and sugary-1
mutations of maize and their equivalents in other plants, discussed
above. Other mutants, such as the shx (see above) and Risø [41]
mutants of barley, have altered granule size distributions. While
maize with the waxy mutation alone or in combination with other
starch-affecting mutations has been grown commercially,
particularly on contract, many of the natural mutants are too
reduced in starch yield to be industrially viable. Furthermore,
maize is exceptional among crop plants in the diversity of starchsynthetic mutations available.
Three basic approaches have been taken in the genetic engineering
of starch biosynthesis: altering source-sink relationships to gain
quantitative control over carbohydrate accumulation in storage
organs; altering expression of synthases or branching enzymes to
affect the amylose:amylopectin ratio and the degree of branching in
amylopectin; introducing
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novel enzyme activities or novel expression patterns. For these
purposes, genes of any origin may be used, provided that codon
choice does not interfere with expression in the plant. Expression
patterns depend on the choice of promoter to drive the transgene. In
some cases, a strong promoter such as the CaMV35S is desired; in
others, a highly tissue-specific one is employed. The ease of
transformation has a great effect on the applicability of transgenic
technologies. Dicots such as potato are fairly easy to transform
using conventional methods such as Agrobacterium, and starch
modification by transgenic technology with dicots dates back to
about 1990 [ 163]. Cereal transformation is considerably more
difficult and has inhibited applications in those plants, although
much industrial effort is now concentrated on maize and
commercial, transgenic maize is emerging.
Alteration of Starch Quantity
Manipulation of the source-sink balance has been approached on
the source side particularly through the expression of an exogenous
invertase to cleave the normally transported sucrose at the point of
phloem loading in the leaves [164]. Alternatively, sink strength can
be reduced by antisense removal of sucrose synthase [59] or by
pyrophosphatase-mediated reduction in pyrophosphate (PPi)
content and consequent inhibition of glucose-1-phosphate
production at the next step of the starch-synthetic pathway [165].
Antisense reduction of AGP [166] also reduces tuber starch levels,
increases sugar accumulation (up to 30% of dry weight as sucrose),
and concomitantly reduces patatin content.
Although such low-starch tubers accumulate sucrose, generally this
is not a commercially desirable property. Cold-induced sweetening

of potatoes, which is sugar accumulation during cold storage,
contributes to discoloration of chips or slices during frying. Recent
work by Sowokinos and colleagues have shown that this process
may be linked to the UDPglucose pyrophosphorylase activity
derived from a specific allele (ugpB) [167]. Moderate (50%)
antisense- or ribozyme-mediated reduction in UDPglucose
pyrophosphorylase activity suppresses the cold sweetening [168].
An increase in the quantity of storage starch has been attempted by
raising AGP activity. This work has taken advantage of the AGP
from a mutant E. coli strain which accumulates 30% more
glycogen than normal [68]. When this gene, glgC16, was expressed
in tubers, fused to a ribulose bisphosphate carboxylase transit
peptide and driven by a patatin promoter [169], starch content was
increased in the tubers. However, more recent work examined more
than 30 lines of transgenic potatoes expressing the
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same E. coli AGP at levels yielding up to 5-fold higher enzyme
activity [ 170,171]. In all cases, increased synthesis of starch was
balanced by increased starch turnover. Hence, this approach to
quantitative increase appears to demand either breeding or
additional transgenic modification to decrease the activity of
amylolytic enzymes.
Modification of Starch Quantity
Efforts targeted at practical alteration of starch quality in plants
began with a mutagenesis program in potatoes and the successful
creation of a low amylose (amf) line [172], the result of a single
point mutation in the GBSS gene [13]. Amylose-free potato lines
have also been produced by expression of antisense RNA for the
GBSS transcript [173,174]. Production of waxy wheat has long
been viewed as extremely difficult due to the recessive nature of
the mutation and the hexaploid genome of commercial bread
wheat. Nevertheless, careful investigation recently revealed
differences in the electrophoretic mobility of the GBSS forms
stemming from the three constituent genomes, and enabled
screening of wheat lines for heterozygous recessives lacking one or
other form [10]. These lines have subsequently been combined, and
wheats containing less than 1% amylose are now being bred
[175,176].
The first successful effort to modify amylopectin structure by
transformation with the gene for an exogenous enzyme was
reported by researchers at Calgene [177] who expressed the E. coli
glycogen synthase gene (glgA) in potato. Starch content was
decreased and measured amylose was reduced from 23% to 8-9%
of total starch. In the amylopectin fraction, short chains (A + B1)

increased from 66% to 85% at the expense of long (B2 + B3)
chains, which decreased from 33% to 15%. In a complementary
approach, Visser, Jacobsen, and coworkers used the amf potato
which they had developed [178]. In that work, the gene for the E.
coli glycogen branching enzyme (glgB) was fused to the GBSS
transit peptide sequence and expressed under the GBSS promoter.
Up to 25% more branches were produced in the amylopectin,
mostly short chains of DP < 16, leading to a decreased average
chain length and lower lmax for iodine coloration.
Production of Non-Starch Carbohydrates
The many metabolites linking sucrose cleavage to starch synthesis
and the existence of enzymes able to interconvert these metabolites
means
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that novel enzymatic activities can, in principal, be introduced to
redirect synthesis to carbohydrate products other than starch. One
example of this is the synthesis of cyclodextrins in potato through
the expression of a bacterial cyclodextrin glucosyltransferase.
Cyclodextrins are cyclic 6-8 glucose rings and are produced by
amylolytic action on starch followed by cyclization. Synthesis of
cyclodextrins in transgenic potato has been reported, though the
level obtained was extremely low [ 179].
Fructans, other storage carbohydrates, are polymers of fructose and
are localized in vacuoles rather than plastids. They are synthesized
by a disproportionation process, where the fructosyl moiety is first
transferred from one sucrose to another to make the shortest
fructan, glucose-fructose-fructose. This continues with further
fructosyl transfers from sucrose as well as between fructans.
Fructans possess a great variety of branching patterns. For
temperate grasses, fructans represent an alternative to starch for
carbon storage [180], accumulate very early in endosperm
development, and are turned over in favor of starch biosynthesis as
the seed matures. In the shx mutant of barley, fructans persist in the
endosperm when starch biosynthesis is impaired [128]. The cloning
of fructosyltransferase has now made possible the synthesis or
accumulation of fructans where they are not normally found, or the
accumulation of fructan forms novel to the host plant [181,182].
Conclusions
Starch and its derivatives form a large and expanding market.
Starch confers the textures and properties for many traditional food
products, ranging from beer to bread when used without isolation
from the grain, and in many prepared foods as an additive. Starch

likewise finds use in many new products, ranging from fat
substitutes and fiber (as "resistant starch") in novel foods to
components of thermoplastic starch. Several factors are now
converging which should provide impetus to the genetic
engineering of starch biosynthesis: Starch is a green alternative to
petroleum-based chemical feedstocks, but requires extensive
modification for this purpose; new products and new markets are
emerging for starch; grain surpluses can find beneficial uses; plant
transformation technology and the increasing availability of
appropriate genes make starch modification or biosynthesis of
novel carbohydrates in the plant possible. While public acceptance
in some parts of the world lags, non-food uses of genetically
engineered starch may escape such pressures. Hence, we may look
forward to rapid progress both in our understanding of the basic
mechanisms of starch biosynthesis, and in the application of this
understanding for crop improvement and the creation of new
products.
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Chapter 13
Chemistry and Engineering of Edible Oils and Fats
S.L. MacKenzie1
Quality of Edible Oils and Fats
Consistency, flavour, nutritional value, taste and texture are
important properties which relate directly to the quality and
enjoyment of food and the benefit derived therefrom. Edible oils
play a significant role in contributing to these attributes. The
quality of an edible oil or fat is a direct function of the chemical
structure of its components.
Components of Plant Seed Oils
Plant seed oils consist almost entirely of triglycerides, compounds
in which fatty acids are esterified to a glycerol backbone (Figure
1). The chemical structures of the common fatty acids of plant
storage oils are illustrated in Table 1. Unusual fatty acids, which
contain, for example, hydroxy and epoxy functional groups, are not
generally used for edible purposes and are not included in the
present discussion.
In most commercial seed oils, more than 95% of the mass can be
attributed to only a few fatty acids, specifically lauric, myristic,
palmitic, stearic, oleic, linoleic and linolenic acids. However,
depending on the source, the proportions of these individual fatty
acids vary significantly [ 1,2]. Consequently, oils from different
sources find favour in particular applications as a consequence of

the particular balance of fatty acids in the oil (Table 2). Linolenic
acid occurs in two main isomeric forms in
Copyright © National Research Council of Canada.
1 National Research Council of Canada, Plant Biotechnology
Institute, 110 Gymnasium Place, Saskatoon, SK, Canada, S7N OW9.
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Figure 1
Triglyceride chemical structure. The
sn numbers denote stereochemical
numbering.

plant oils, specifically a-linolenic acid (D-9,12,15-18:3) and glinolenic acid (D-6,9,12-18:3; GLA). Unless specified, the term
linolenic acid will refer to the a-isomer. It is appropriate to note
that the double bonds in the common fatty acids of edible oils are
in the cis-configuration and, in all subsequent references to
unsaturation, this configuration may be assumed unless otherwise
specifically indicated. Lipids which are solid at room temperature
are commonly called fats whereas oils are liquid at room
temperature.
Polyunsaturated fatty acids (PUFAs) are defined as those having 2
or more double bonds. The common PUFAs found in plant oils are
linoleic and linolenic acids. GLA is found in significant quantity in
the seeds of borage, evening primrose, blackcurrant [ 3] and some
Onosmodium species [4]. Longer chain and more unsaturated fatty
acids are rarely found in
TABLE 1. Structures of Common Edible Oil Fatty Acids.
Trivial Name Systematic Name
Symbol

Lauric acid
Dodecanoic acid
12:0
Myristic acid Tetradecanoic acid
14:0
Palmitic acid Hexadecanoic acid
16:0
Stearic acid
Octadecanoic acid
18:0
Oleic acid
cis-9-Octadecanoic acid
D-918:1
Linoleic acid cis,cis-9,12-Octadecadienoic acid D-9,1218:2
a-Linolenic all-cis-9,12,15-Octadecatrienoic D-9,12,1518:3
acid
acid
all-cis-6,9,12-Octadecatrienoic D-6,9,1218:3
g-Linolenic
acid
acid
The symbolic nomenclature used for fatty acid structure follows
the standard convention. A descriptor such as D-9, C18:1
indicates an 18 carbon chain containing a single double bond
located 9 carbons from the carboxy end of the molecule.
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TABLE 2. Composition and Traditional Uses of Some Plant Oils and Fats.
Predominant Fatty Acids (%)a
Source
8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 a18:3g18:3
Uses
Borage
915 37 15193238
1825Health foods
Brassicaceae
24
12851118 712
Cooking and salad oil; shortening
Cocoa
242932373137
Confections
Coconut
610 510 39541523 611
Biscuits, cooking oil and margarine
Cotton
1731
13213460
Refined oilspecialty uses
Evening
59
812 7079
813 Health foods
Primrose
Maize
622 115 24325562
Mostly animal feed; cooking oil; margarine
Olive
821
5380 324
Cooking and salad oil
Palm
2246 16 3668 720
Cooking; margarine; shortening
Palm kernel 25 35 4451
1517
1218
Frying; margarine; shortening
Peanutb
813
35661441
Cooking oil
Poppy
911
13186977
Dietary products
Sesame
811
37423947
Cooking and salad oil Carrier for medicines
Safflower
73801220
Cooking oil
10206883
Salad oil and soft margarines
Soybean
813 25 17855062 410
Cooking and salad oil; margarine; shortening
Sunflower
57
15856270
Salads and cooking; margarine; shortening High 18:
oilfrying; infant food formulas
a Compositional values are derived from Reference [2], Chapter 3.
b Includes both African and South American varieties.
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plants but eicosapentaenoic acid (D-5,8,11,14,17 C20:5; EPA) and
docosahexaenoic acid (D-4,7,10,13,16,19 C22:6; DHA) occur in
some Portulaca species [ 5]. However, these species are not
domesticated, so, for commercial purposes, EPA and DHA are
usually obtained from fish oils or from microbial sources.
Medium chain fatty acids (MCFAs) are arbitrarily classified. They
are usually represented by the C8 and C10 fatty acids, although
lauric acid (C12) is sometimes included in the category and has
some of the metabolic characteristics of the shorter chain members.
MCFAs are not commonly found in vegetable oils. They occur in
the Cuphea species, the amount and the predominant fatty acid
depending on the species [6]. MCFAs are also present in palm
kernel and coconut oils in proportions of about 4 to 8%. They are
usually isolated by fractionation following hydrolysis of the oil,
and are resynthesized into MCTs [7].
Crude seed oils contain small proportions of several classes of
compounds which also bear in the quality of the processed oil [8].
These include carotenoids, phospholipids, sterols and tocopherols.
Typical proportions for this non-saponifiable matter are 1.5% in
soybean, 2.0% in canola and 1.0% in sunflower oils, but the
proportions will depend on the method and degree of processing.
Palm oil is rich in carotenoids, tocopherols and tocotrienols.
Carotenoids impart a yellow or orange colour to vegetable oils.
Depending on the eventual use, this may or may not be a desirable
feature. For example, red palm oil is sold as a specialty product but
the colour is usually removed during the bleaching step of oil
processing.

Vegetable oils contain small proportions of phospho- and glycolipids which contain a phosphate group at the sn-3 position of the
glycerol backbone and which, in turn, is linked to either choline,
ethanolamine, inositol or serine. The sn-1 and sn-2 positions
generally contain acyl groups. The phospholipids are derived from
the membranes of chloroplasts and mitochondria. Because their
presence in the oil can cause cloudiness and lack of clarity, they are
generally removed during the degumming phase of processing.
The phytosterols campestrol, sitosterol and stigmasterol, chemical
analogues of cholesterol, are commonly found in plant oils in total
amounts of 0.5-1.5%. They occur in mature seeds in the free form
or as sterol esters of the common long chain fatty acids.
Phytosterols are removed to varying degrees during the refining
process.
Vegetable oils contain a mixture of as many as eight compounds
consisting of tocopherols and tocotrienols. The most abundant are
a-, b-, g- and d-tocopherols which are so classified based on the
number and location of methyl groups on a chromane ring. The
naturally occurring tocopherol content of vegetable oils is
especially important in assessing quality. Public
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perceptions of safety have resulted in a worldwide trend to avoid or
minimize the addition of synthetic antioxidants such as butylated
hydroxyanisole, butylated hydroxytoluene and tertbutylhydroquinone to processed foods. Although, on a mass basis,
natural antioxidants are not as effective as synthetic antioxidants,
they are presumed to be safe and there is no issue of public
acceptance. Therefore, the retention of antioxidants already present
in the oil is desirable. The temperature lability of tocopherols [ 9]
also emphasizes the importance of cold press processing of oils
containing significant proportions of PUFAs if the tocopherol
content and quality are to be maintained. Soy deodorizer distillate
is the primary source of a-tocopherol.
Chemical and Physical Properties
The overall functionality of an edible oil is, to a first
approximation, a reflection of the chemical properties of its
individual fatty acids. The primary chemical characteristics of a
fatty acid are its chain length and degree of unsaturation. In the
first instance, these determine the physical characteristic of melting
point. Edible oils are frequently exposed to harsh chemical
environments and elevated temperatures during both refining and
their subsequent use. Therefore, the chemical reactions of the
carboxyl group and the double bonds, both singly and in
combination, affect the quality of edible oils and of products made
from, or using, such oils. These reactions have been thoroughly
reviewed by Ucciani and Debal [10].
The melting point of a fatty acid is a direct function of its chain
length. Thus myristic acid (C14:0) melts at 54°C and stearic acid
(C18:0) at 69.7°C. Unsaturation decreases the melting point. Oleic

acid, which contains a single double bond melts at 12-16°C
depending on the crystalline form. In addition to the primary fatty
acid composition, the distribution of fatty acids in a triglyceride is a
primary determinant of functional properties such as melting point
and melting profile. In most vegetable oils, the central, sn-2,
position tends to be occupied by an unsaturated fatty acid.
Chocolate, of which cocoa butter is a major ingredient, must
usually remain hard and brittle up to 30°C but must melt
completely at 35°C. This physical requirement matches the need
for the chocolate to melt in the mouth. The predominant
triglyceride in cocoa butter contains oleic acid in the sn-2 position
and stearic and palmitic acids in the sn-1 and sn-3 positions. The
precise melting point characteristics are a direct result of this more
ordered chemical structure compared to other triglycerides which
have the same overall composition but a more random structure.
Vegetable oils and fats are a mixture of triglyceride species each
having a defined melting point. Although apparently solid, for
example at
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room temperature, fats consist of a crystal matrix of the solid
triglycerides interspersed with the liquid ones [ 11]. When heated,
therefore, the fat exhibits the melting characteristics of a mixture.
These characteristics are measured on the basis of density
variations between solid and liquid and expressed as the Solid Fat
Index (SFI) which roughly represents the proportion of the fat
which is solid at a particular temperature. Alternatively, the Solid
Fat Content (SFC) can be measured by nuclear magnetic
resonance. The SFI and SFC are important parameters used to
assess the effects of chemical processing and the performance of
oils and fats in specific food applications.
Polyunsaturated fatty acids (PUFAs) are readily oxidized, a process
resulting in decomposition products such as aldehydes,
hydroperoxides, hydroxy fatty acids, ketones and malondialdehyde.
The mechanism of PUFA peroxidation has been described in detail
by Giese [12]. The practical consequence of this oxidation process
in an oil and food context is a tendency to rancidity and off odors.
Depending on their degree of unsaturation and the presence of
natural or added antioxidants, fats and oils have a variable degree
of stability or resistance to oxidation. The Oil Stability Index
(OSI), which is temperature dependent but usually expressed as hrs
@ 110°C, is a measure of the resistance of an oil to oxidation and
represents the time at which the oxidative process accelerates
rapidly.
The physical characteristics of MCFAs render them suitable for a
wide variety of food related applications in which their presence is
not primarily intended to confer nutritional benefit [7]. The short
chain length confers a lower viscosity and greater hydrophilicity

than that possessed by longer chain fatty acids. The lack of
unsaturation confers excellent stability to oxidation. The low
viscosity confers excellent spreadability characteristics. Therefore,
medium chain triglycerides (MCTs) are used as barrier coatings.
For example, raisins and some confectionery products tend to stick
together during storage, because of their high sugar and water
content. This undesirable property can be moderated by applying
an oil coating containing MCTs. Similarly, MCTs either alone or in
formulations with other vegetable oils are used as coatings for
powdered spices, release agents in baking and the manufacture of
sausage casings. MCTs are also used to reduce the viscosity of
lipophilic food ingredients such as lecithins and tocopherols,
thereby facilitating handling and incorporation into the final
product. In this context, MCTs have a direct bearing on the quality
of the product.
The relative hydrophilicity of MCTs makes them miscible with
alcohols in the presence of water. Thus they can be used as binding
agents for flavours and to aid the dissolution of flavours. The soft
drink industry is a typical application. In a similar vein, MCTs are
suitable carriers for incorporating other food additives such as fat
soluble vitamins.
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Nutritional Properties
In addition to providing energy, edible oils provide essential
nutrients and are involved in the absorption of fat-soluble vitamins.
Furthermore, specific types of fatty acids, even if not essential, are
not necessarily neutral in their biological effects and thus their
presence bears on the quality of an edible oil. It is not intended to
provide herein a comprehensive review of the complex and
sometimes controversial topic of the nutritional effect of lipids.
Discussion will be limited to touching on the major topics which
affect vegetable oil quality and in particular those which can be
addressed by genetic engineering of oils. For more information the
reader is directed to more detailed treatises [ 13,14,15].
There is ample evidence that an elevated blood level of cholesterol,
which is carried in the bloodstream bound to high density
lipoprotein (HDL) and low density lipoprotein (LDL), is a major
contributing factor in arterial disease. HDL appears to function in
transporting cholesterol away from the cells of other tissues to the
liver for secretion. HDL is therefore considered beneficial.
Conversely, LDL appears to be involved in transporting cholesterol
to the bodily tissues. It is well documented that the risk of coronary
heart disease is positively correlated with elevated levels of LDLcholesterol.
The C12, C14 and C16 saturated fatty acids are known to induce
hypercholesterolemic effects and to increase the proportions of
LDLs in the bloodstream although they differ in their impact [16].
Myristic acid has the most pronounced hypercholesterolemic
effect. Shorter and longer chain fatty acids do not share this
property. The intake of saturated fatty acids has been shown to be

closely related to the clotting activity of platelets and their response
to thrombin-induced aggregation [17]. Associated with these effects
was the appearance, in platelet phospholipids, of small amounts of
eicosatrienoic acid (20:3 n-9), a potent platelet aggregating
compound. There seems to be a general consensus that stearic acid
does not induce hypercholesterolemia [18]. There are, however,
conflicting opinions on the role of saturated fatty acids in coronary
heart disease [19]. There is also a general societal trend towards a
reduction of saturated fatty acids in the diet. Consequently, there
has been, and there continues to be, a parallel research effort to
improve the quality of vegetable oils by reducing the total amount
of saturated fatty acids.
Monounsaturated fatty acids are generally considered to have little
effect on thrombogenesis and to be similar in their cholesterolemic
effects to the PUFAs. Oleic acid, the major dietary
monounsaturated fatty acid, is hypolipidemic. It reduces
cholesterol and LDL but has no effect on HDL [20].
When considering the metabolic functioning of PUFAs, a
convention
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different from the standard chemical one is used. Thus PUFAs are
categorized as belonging to the n-3 and n-6 families, where the
numeral designates the number of carbons between the terminal
methyl group and the nearest double bond. Alternatively, the
designations w3 and w6 are used. Linoleic and linolenic acids
cannot be synthesized de novo by animals, and are therefore
classed as essential and must be ingested. Furthermore, for
metabolic purposes, the two families cannot be interconverted.
Linoleic acid is further desaturated to GLA then converted to the
longer chain PUFA, arachidonic acid (D-5,8,11,14 C20:4; AA)
through a stepwise process of two carbon elongation and
desaturation. The same enzymes convert linolenic acid into EPA
and DHA. Because of the competition for common enzyme
pathways, the ratio of available linoleic and linolenic acids is an
important nutritional factor.
PUFAs are important structural components of all cell membranes
and also help to maintain membrane fluidity and elasticity. DHA is
concentrated in retinal photoreceptors and therefore plays a critical
role in visual acuity. Furthermore, its accumulation in brain lipids
during late pregnancy and early infancy is crucial to normal
development. Members of the n-3 and n-6 families are also
precursors of the biologically active eicosanoids, which include
leukotrienes, prostaglandins and thromboxanes. AA, derived from
linoleic acid, is converted into the prostanoids PGE2, PGI2, the
thromboxane TXA2, the leukotrienes LTB4, LTC4 and LTE4 and
lipoxins. Dihomo-GLA, an intermediate in the pathway from
linolenic acid to AA, is also a precursor of the E1 series of
prostaglandins.

Prostaglandins and leukotrienes function as signaling chemicals in
cell metabolism and inter-cell communication. Their diverse roles
include involvement in cardiovascular, circulatory, pulmonary,
brain, reproductive and renal functions. They are also involved in
the functioning of blood cells such as monocytes, macrophages,
neutrophils and platelets, and in conditions such as arthritis,
diabetes, psoriasis and immune functions [ 21]. As an example of
thromboxane activity, thromboxane A2, which is synthesized from
AA, causes vasoconstriction and platelet aggregation consequently
promoting blood clotting. AA is also converted to prostacyclin
(PGI2) which counters these activities. Clearly, the involvement of
eicosanoids in so many diverse metabolic functions makes the
ingestion of their fatty acid precursors an important dietary
consideration.
Dietary lipids can frequently have a beneficial effect on the above
diseases. It has been shown that, relative to saturated fatty acids,
PUFAs reduce serum cholesterol levels [13], and that increasing the
relative intake of PUFAs decreases platelet clotting activity and
their thrombin induced aggregation [17]. GLA has therapeutic
applications in the treatment of a range of clinical conditions
including diabetic neuropathy, premenstrual pain and rheumatoid
arthritis [3].
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MCFAs are metabolized differently than long (C14-C18) and very
long chain (>C18) fatty acids. They cross the intestinal wall bound
to albumin and are transported directly to the liver via the hepatic
portal vein. There they are almost completely metabolised by boxidation. This process is more rapid than the absorption of longer
chain fatty acids. Myristic and longer chain fatty acids are absorbed
into the epithelial cells of the small intestine as monoglycerides and
free fatty acids in mixed micelles. After incorporation into
triglycerides, they are exported as chylomicrons via the lymphatic
system to the bloodstream. Lauric acid is absorbed via both the
portal vein and via chylomicrons but the latter route predominates [
22].
The direct digestion of MCFAs provides rapid energy and is
particularly beneficial for newborn infants in whom the pancreatic
secretions which contain the lipase that hydrolyses triglycerides in
the duodenum are not yet fully developed. The rapid absorption
also makes MCFAs suitable for patients requiring enteral and
parenteral feeding. MCFAs are used as a rapid energy source by
those involved in vigorous sports activities. Because MCFAs do
not contribute significantly to plasma lipoproteins, they have no
effect on blood cholesterol levels. Furthermore, they are not
deposited in adipose tissue.
Fatty acids in which a double bond is in the trans configuration are
a common component of the human diet. They are present in dairy
foods as a result of microbial hydrogenation of unsaturated fatty
acids in the rumen. They are also produced in processed vegetable
oils during partial hydrogenation. A major epidemiological study
concluded that there was a positive correlation between the risk of

coronary heart disease and consumption of trans monounsaturated
C18 fatty acids [23]. Over a range of 2-11% of total dietary energy,
the blood concentrations of LDL cholesterol increased and the
proportion of high density lipoprotein (HDL) cholesterol
decreased. Although not all epidemiological studies reached similar
conclusions (reviewed by Gurr [24]), and the cumulative evidence
is equivocal, there has nevertheless been a trend towards reduced
ingestion of trans fatty acids.
Because of the negative nutritional connotations, a high level of
trans fatty acids in a food is now regarded as a negative quality
factor. Therefore, considerable effort has been expended to develop
oil formulations which minimize or preferably eliminate trans fatty
acids.
Fats and oils of similar fatty acid composition and saturated to
unsaturated fatty acid ratios can have quite different metabolic
effects because of different stereospecific distributions of the fatty
acids on the glycerol backbone [18,25]. Thus, in cocoa butter, oleic
acid occurs mostly in the sn-2 position but, in oils such as olive and
peanut, it is more randomly distributed across all three positions.
Palmitic acid, a major unsaturated
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fatty acid component of the diet, is mostly esterified to the sn-1 and
sn-3 positions.
The combined action of pancreatic lipase and colipase releases free
fatty acids preferentially from the sn-1 and sn-3 positions, leaving a
residual sn-2 monoacyl glyceride which also crosses the cell
membrane by passive diffusion. Long chain saturated fatty acids in
the sn-1 and sn-3 position tend to have low absorptivity. Cocoa
butter has a high saturated fatty acid content, particularly in the sn1 and sn-3 positions. However, it has less effect on serum lipid
concentrations than other dietary sources of saturated fatty acids. In
part, this is also due to the presence of medium chain fatty acids.
The low gastrointestinal absorption rate, and hence lack of effect of
stearic acid on serum and LDL concentrations, has been attributed
to its preponderant stereospecific location, to its rapid conversion
to oleic acid, and to the relative insolubility of its calcium salts.
Thus dietary calcium levels also affect relative fatty acid absorption
rates. Stereospecific effects are not confined to the saturated fatty
acids. For example, linoleic acid is more hypocholesterolemic
when located at the sn-2 position. Fatty acid absorption may be
further complicated by the effect of fatty acids adjacent to the
cleavage site. There is in vitro evidence that the hydrolysis of GLA
in either the sn-1 or sn-3 position by pancreatic lipase is slower
when the remaining positions are occupied by C16:0 or
monounsaturated fatty acids (C18:1 and C20:1) than when GLA is
present [ 26].
The minor components of vegetable oils also have a direct bearing
on oil quality. b-Carotene is a precursor of retinol or vitamin A,
which is required for vision. Vitamin A plays a role in several other

physiological functions such as modulation of gene expression,
DNA transcription and resistance to infection [21]. b-Carotene and
its oxygenated derivatives, xanthophylls, also protect lightsensitized cells against radiation. Thus, b-carotene is sometimes
added to edible oils to extend shelf life.
Phytosterols have little physiological activity and little effect on oil
quality, but there is some evidence that they inhibit cholesterol
absorption [27]. However, sitostanol, a reduced derivative of
sitosterol has been demonstrated to reduce cholesterol by 10% in a
Finnish study of subjects with mild hypercholesterolemia [28].
According to Gurr, ''It is clear that we have neglected the plant
sterols as potentially important dietary components and that much
more needs to be known about their physiological effects" [28].
This conclusion is especially relevant since phytosterols are
relatively temperature stable and are less affected by processing
than the tocopherols. Some phytosterols, for example D-5
avenasterol, stabilize oils in deep fat frying.
Vitamin E functions in vivo as a peroxyl free-radical scavenger and
therefore as an antioxidant for controlling peroxidation of PUFAs.
The
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term vitamin E is used to refer to the mixture of tocopherols and
tocotrienols found in vegetable oils. a-Tocopherol or 2R, 4R, 8Rtocopherol, also known as natural source vitamin E, is the most
biologically active in mammalian systems, primarily on the basis of
its longer half life in plasma and tissues. Vitamin E plays a role in
regulating mobilization and storage of retinol esters and counters
the effects of tissue degeneration which accompany the oxidative
degradation of PUFAs. In foods, d-tocopherol is the most effective
anti-oxidant, but b- and g-tocopherols are also effective in this
application [ 8]. Tocotrienols have been found in animal
experiments to inhibit hydroxymethylglutaryl-coenzyme A
reductase, the enzyme that catalyzes the rate limiting step in
cholesterol biosynthesis [29].
Typical Applications
Vegetable oils are used for a variety of purposes, only some of
which are indicated in Table 2 [30]. The relationship between
chemical structure, functionality and quality in such applications
may be exemplified by considering the characteristics of the oil
blend required for manufacturing margarine. Apart from
considerations of colour, flavour and mouth feel, a typical
margarine must obviously be spreadable at room temperature.
However, consumer convenience and preference has created a
demand for a soft margarine which is easy to spread at refrigeration
temperatures. Margarines are an emulsion of oils in an aqueous
phase generally consisting of salt, reconstituted milk powder and
water. The required physical characteristics are achieved by
formulating the necessary blend of oils containing fatty acids
which are crystalline below room temperature (saturated fatty

acids) and fatty acids which are liquid at room temperature
(unsaturated fatty acids). The former are usually provided by palm,
coconut and oil palm kernel oils, or by hydrogenation of a variety
of oils. Palm oil contains about 50% saturated fatty acids, of which
about 80% is palmitic acid. Coconut and palm kernel oils usually
contain about 50% saturated fatty acids, mostly lauric acid.
Frequently, fractions enriched in lauric and palmitic acids are used.
The liquid oil component of margarines has traditionally been
provided by sunflower, soy, poppy and the high linoleic variants of
safflower. More recently, significant amounts of partially
hydrogenated canola oil are used in margarine blends. Soft
margarines can contain up to 40% saturated fat while in hard
margarine the proportion is usually about 55%. Two typical oil
compositions for a block margarine are 48% hydrogenated soy oil
and 32% canola oil, or 43% corn oil and 39% canola oil. A block
margarine containing 80% corn oil is also marketed. Soft
margarines might typically contain a blend of 51% canola oil and
23% sunflower oil.
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The consistency and spreadability of other margarine types are also
achieved by adjusting the proportions of saturated and unsaturated
fats. A typical tub margarine contains 61% canola oil and
hydrogenated soy oil. Clearly, in all cases, the desired functionality
can be achieved by blending a variety of vegetable oils and the
specific blend is frequently a result of oil availability and cost on
the prevailing market.
Edible oils are an excellent cooking medium, because they can be
heated to the elevated temperatures required. Furthermore, they
impart flavour and texture such as crispness which cannot be
achieved by cooking in an aqueous medium. Edible oils are
frequently used for frying. However, the requirement that the oil
remain stable during the cooking process and preferably during
repetitive use imposes restrictions on the types of oils which are
suitable. For example, if the free fatty acid content is not
sufficiently low, smoking will occur. Furthermore, it is of critical
importance that the oil does not impart off flavors to the food.
Conversely, food that tastes too bland may not be accepted by the
consumer.
Traditionally, the vegetable oils used for frying have required at
least partial saturation via hydrogenation to impart appropriate
temperature stability and melting characteristics. Peanut oil has
been favored for deep fat frying but soy, sunflower and safflower
oils have also been used. In addition to the concern about the
negative nutritional effects of trans fatty acids, the hydrogenation
process leaves low levels of metallic catalysts in the oil, resulting
in the formation of heavy metal soap salts in the presence of water.
Such concerns have driven research directed at developing frying

oils which do not contain hydrogenated oils but which otherwise
have the required nutritional and stability characteristics.
In general, the physical and nutritional requirements are met by an
oil having a high proportion of a monounsaturated fatty acid and a
low proportion of PUFAs. "The ideal frying oil would be a lowsaturate ultrahigh oleic (90% or greater) and very low linolenic
(less than 0.5%) fatty acid content" [ 31]. In 1995, a low-linolenic
acid (3%) frying oil based on the canola cultivar Apollo began to
be used commercially. Now, higholeic, low-linoleic acid oils from
B. napus and other plant species are playing an increasing role in
commercial and domestic frying both in Europe and North
America. All aspects of food frying are covered in detail in a
monograph edited by Perkins and Erickson [32].
Traditional and Novel Techniques to Enhance Functional
Properties
The following discussion of techniques for enhancing the
functional properties of edible oils and fats is restricted to those
general procedures
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which are, by and large, applied to the total oil. The present ambit
cannot do justice to the many modifications which are made to oil
fractions and components to produce specific individual food
products.
In Vivo Techniques
The traditional in vivo technique for improving oil quality has been
crop breeding based on selection of appropriate phenotypes. It has
been immensely successful in providing an ever improving food
supply and in creating cultivars of diverse fatty acid composition in
a number of oilseed species. Chemical agents such as N-ethyl-Nnitrosourea (ENU) and ethylmethane sulfonate (EMS), which
induce mutations in DNA, have also been used to modify fatty acid
composition in a number of vegetable seed oils. For present
purposes, mutagenesis breeding is considered as traditional
although the definition is entirely arbitrary. It is neither reasonable
nor possible to describe all the breeding developments in all
commercial oilseed crops. Therefore, selected examples are
presented.
Canola is a classical example of oilseed improvement by traditional
crop breeding. Originally cultivated in Canada in response to a
Second World War need for lubricating oils, B. napus was
subsequently grown for edible purposes. However, the seed oils of
B. napus species then contained significant proportions of erucic
acid (D-13 C22:1), which was considered at that time to be
responsible for heart lesions when fed to rats. In the 1960s, Craig
and Downey combined analytical and crop breeding expertise to
embark on a breeding program to reduce the proportion of erucic
acid [ 33]. The first challenge was to develop an analytical method

sufficiently sensitive that the fatty acids in half a B. napus seed
could be analyzed. This was duly achieved and the initial success
in reducing seed oil erucic acid content was later continued by
many others. Today, one of the factors defining canola is an erucic
acid content of less than 2%. However, there have been, over the
years, other significant modifications and canola has been
continually improved. The oleic acid content of B. napus seed oil
has been increased to about 80% by EMS mutagenesis [34]. An
oleic acid content of greater than 85% and a linolenic acid content
of less than 3% was achieved in B. napus by mutagenesis with
ENU [35]. The total content of saturated fatty acids, although not a
regulatory factor, must be less than 7% for a new line to be
accepted for registration as a cultivar. In addition, Intermountain
Canola (Cargill) is developing high oleic, high-oleic low-linolenic
(about 3%) and high stearate canolas [36]. CanAmera has
developed both high palmitic (12%) and low linolenic canolas and
Pioneer has reduced saturate levels to about 4%.
Although soybean is grown primarily as a protein crop, it is,
nevertheless, also the world's largest oilseed crop. The composition
of soybean oil
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has been considerably modified by traditional breeding although
the available germplasm does not contain the genetic diversity of
many other oilseed crops. The primary objectives have been to
reduce lipoxygenase activity, decrease the linolenic acid content
and reduce the proportion of palmitic acid. Progress up to about
1990 has been reviewed by Burton [ 37]. The first two objectives
were complementary as the off flavours and odors produced on
peroxidation of linolenic acid are produced, in part, by the action of
lipoxygenases. Through mutagenesis and selection, three different
germplasm sources having linolenic acid contents ranging from 3.0
to 3.5% were developed. Four lines with palmitic acid content
ranging from 4.0 to 8.4% were produced. This corresponds to a
reduction of up to 50%.
Flax seed oil contains about 50% linolenic acid, which oxidizes
readily. This property has confined traditional flax oil to use in
varnishes and other protective coatings. However, by EMS
mutagenesis, Green generated two mutant flax lines containing
about 30% linolenic acid [38]. These were crossed and the progeny
screened and selected for seed oil linolenic acid content. The result
was a line, containing only 2% linolenic acid, which was
subsequently developed into the cultivar called Linola. The linoleic
acid content of Linola ranged from 65% to 76% depending on
environmental factors and the particular variety. Linola matches
high quality polyunsaturated edible oils such as those from corn,
safflower and corn in composition and functional properties. It is
suitable for use in margarine formulations and for direct use as a
salad oil. Independently, Rowland developed similar flax oils
containing about 2% linolenic acid [39]. In Canada, solin is the

generic name for flaxseed that yields oil containing less than 5%
linolenic acid.
Traditional sunflower oil is rich in linoleic acid but mutants having
a high oleic acid content (>80%), based on Russian germplasm,
were available in the early 1980s. This was the highest level of
monounsaturated fatty acid oil on the market at the time [40]. Oils
of this type had excellent high temperature stability [41]. More
recent development, based on recurrent selection to minimize the
effect of the D-12 fatty acid desaturase, has resulted in Sunola
which typically contains 87% oleic acid (D. Hutcheson; personal
communication) and less than 6% saturated fatty acids (C16:0 and
C18:0). Mutants having increased seed oil palmitic (25%) and
stearic acid (26%) contents have also been developed [42].
Molecular genetic analyses based on genome mapping and
techniques such as restriction length fragment polymorphism
(RFLP) and quantitative trait loci (QTL) are now being used in
crop breeding programs (Chapter 7), and have been used to clone
genes involved in fatty acid synthesis [43]. A few examples of the
use of these techniques in the context of seed oil composition will
suffice herein. RFLPs have been applied to
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the analysis of palmitic, stearic, oleic, linoleic and linolenic acid
content in soybean [ 44]. Markers significantly related to each fatty
acid were detected. RFLPs have also been used to develop
specialty oil canolas and have been found to reduce by up to 40%
the time taken to introduce new traits into elite canola germplasm
[35]. QTL mapping has been applied to the analysis of fatty acid
concentrations in maize [45] and more specifically to oleic acid in
spring turnip rape [46].
In Vitro Techniques
Few seed oils are used directly after being expressed from the seed.
Therefore processing is required. The processing methods used
have considerable bearing on the quality of the finished oil. A
detailed discussion of the traditional procedures used in oil
processing does not properly fall within the ambit of the present
discussion. The topic has been thoroughly covered by Carr using
Brassica oilseeds as a basis [47]. Current trends affecting the oil
processing industry, primarily the reduction of environmental
impact and health and nutritional issues, and the response of the
industry have been reviewed by Wesdorp [48]. Following primary
processing, vegetable oils often require hydrogenation to achieve
the functional properties required in various applications [49]. In
the present context, it is appropriate to focus on those elements of
oil modification in which biocatalysts are used, and which,
therefore, are capable of benefiting from genetic engineering.
The major oleochemical development of the last decade has been
the introduction of interesterification [50,51,52]. Lipases hydrolyze
triacylglycerides in vivo and are distinguished from esterases by
functioning at the interface between the aqueous and lipid phases.

In organic solvents with little water present, however, the activity
of lipases, like proteolytic enzymes, is reversed and esterification
and interesterification are catalysed. This functionality has opened
up an alternative to processes such as random chemical
rearrangement of triglyceride structure which have been used to
achieve specific melting point profiles. Lipases possess the
advantage of functioning at a lower temperature than is used in
chemical processes thus reducing energy costs. Lipases vary in
regiospecificity [52]. Therefore it is possible to insert the desired
fatty acids into the sn-1 and sn-3 triglyceride positions without
affecting the composition at the sn-2 position. The synthesis of
such a structured triglyceride is a reaction not possible by chemical
means. An example is the conversion of palm oil to a structure
having the functional qualities of cocoa butter [54]. Lipases have
also been used to produce oils enriched in GLA from borage and
evening primrose oils [55]. Interesterification mediated by lipases
also offers an alternative to partial hydrogenation as a means of ob-
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taining the desired physical characteristics while reducing the trans
fatty acid content of margarines and spreads. Lipases catalyse a
variety of other chemical reactions which have applicability in food
production [ 52].
Although there are numerous laboratory demonstrations of the
efficient use of lipases to promote a range of chemical reactions,
their industrial use has thus far been mainly to produce high value
modified oils such as cocoa butter equivalents. For example, Loder
Croklaan in the Netherlands use a lipase-based reactor to produce
confectionary fats [56]. High enzyme costs and limited enzyme
stability have tended to counter the energy advantage of using
biocatalysts. However, enzyme costs are decreasing with
biotechnological improvement in the microbial processes via the
method they are obtained. Similarly genetic engineering has been
used to alter the chain length selectivity of a Rhizopus delemar
lipase and to enhance by two- to fourfold a preference for
tricaprylin and tributyrin [57]. As understanding of the relationship
between protein structure and temperature stability is gained, lipase
stability will no doubt also be improved by site directed
mutagenesis. Although not conducted directly in the plant, such
developments will make an important contribution of genetic
engineering to food production.
Interesterification provides manufacturers with an opportunity to
reduce the caloric content and atherosclerotic effects of foods.
Salatrim, a product developed by Nabisco Foods Group, is a
structured triglyceride consisting mainly of stearic acid from
completely hydrogenated vegetable oils and short chain (acetic,
propionic and butyric) saturated fatty acids. The combined effect of

the low caloric content of the short chain fatty acids and the low
absorption of stearic acid is a caloric content of about 5 calories/g
[58]. There is no degradation in sensory quality.
A quite different approach to supplying a frying oil was taken in
the development of Appetize. It consists of 70 to 88% beef tallow
from which cholesterol has been removed by steam distillation
[59]. The taste associated with frying in beef tallow is maintained
but the negative health connotations of cholesterol ingestion are
removed. Furthermore, the trans fatty acids associated with
hydrogenation are absent. The remaining proportion of the oil is
derived from corn but other plant oils could be substituted.
Improvement of Oilseed Quality by Genetic Engineering
The improvement and potential improvement of vegetable oil
quality by genetic engineering is best understood in the context of
the biochemical pathways for fatty acid and triglyceride synthesis.
Therefore, the pro-
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cess will be outlined, but with a focus on storage oil triglycerides.
For more detailed information on this aspect and also on the
synthesis of membrane lipids, the reader is referred to any of
several excellent reviews by Ohlrogge and Browse [ 60] (includes
comprehensive graphic representations of the pathways), Moore
[61] and Murphy et al. [62].
Synthesis of the fatty acid chain up to and including C18, and the
first unsaturation, occur in subcellular organelles called plastics.
Further modifications such as additional desaturation,
hydroxylation and elongation beyond 18 carbons occur in the
cytosol and are generally regarded to be catalysed by enzymes
associated with the endoplasmic reticulum (ER). Triglyceride
synthesis also occurs primarily in association with the ER. Acylcarrier protein (ACP) is the major cofactor in the intraplastidic
reactions whereas CoA is involved in the extraplastidic reactions.
Unlike the mammalian and yeast fatty acid synthesizing systems,
that in plants can be dissociated into its individual enzyme
components. This property provides scope for genetic manipulation
by inserting or silencing genes for specific enzymes in the pathway.
Fatty acid synthesis begins with acetyl-CoA which is first
converted to malonyl-CoA by acetyl-CoA carboxylase and then to
malonyl-ACP by malonyl-CoA:ACP transacylase. Malonyl-ACP is
then condensed with either acetyl-ACP or acetyl-CoA to form a bketobutyryl-ACP. The reaction with acetyl-ACP is catalysed by bketoacylsynthetase III (KASIII) and that with malonyl-CoA by
KASI. The b-ketobutyryl-ACP is then reduced by b-ketoacyl-ACP
reductase, dehydrated by b-hydroxyacyl-ACP dehydrase and again
reduced by enoyl-ACP reductase to form butyryl-ACP. The cycle

of condensation, reduction, dehydration and reduction is repeated
six more times resulting in the synthesis of palmitoyl-ACP. Further
chain elongation to stearoyl-ACP is otherwise identical except that
the condensation reaction is mediated by KASII. In most cases, a
D-9 fatty acyl desaturase converts stearoyl-ACP to oleoyl-ACP, but
in coriander, for example, D-4 desaturation followed by elongation
can also occur. Fatty acid synthesis is terminated by the removal of
ACP by an acyl-ACP thioesterase and the free fatty acid is
transported outside the plastid via a mechanism as yet unknown.
Alternatively, the fatty acid can be retained inside the plastid by
being transferred to glycerol-3-phosphate or to a
monoacylglycerol-3-phosphate. However, the present focus is on
the majority of the fatty acids which constitute oil body
triacylglycerides. Commonly, chain termination can occur at either
the palmitoyl-, stearoyl- or oleoyl-ACP stages of the reaction
sequence. Thus, the balance of fatty acids exported from the plastid
is a function of the specificities and relative activities of the acylACP thioesterases in the plastid. Furthermore, different plant
species contain acyl-ACP thioesterases having distinct chain length
preferences and thus these enzymes are a dominant factor in deter-
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mining the composition of the oil. For example, the presence of
medium chain fatty acids in the seed oils of Cuphea species is a
direct consequence of the specificity of acyl-ACP thioesterases.
Thus, genetic manipulation of acyl-ACP thioesterase genes offers
an opportunity to manipulate fatty acid chain length and, therefore,
the quality of a vegetable oil.
Once outside the plastid, the fatty acids are condensed to CoA and
then transacylated to the sn-2 position of phosphatidyl choline
where they are further desaturated at the D-12 and D-15 positions
by appropriate desaturases to form linoleic and linoleic acids. In
some plant species such as borage and evening primrose, D-6
desaturation also occurs so that their oils contain GLA as well as
stearidonic acid (D-6,9,12,15-18:4).
Fatty acids are stored in the seed in oil bodies consisting largely of
triglycerides [ 63]. Triglyceride synthesis occurs via the Kennedy
pathway which starts with glycerol-3-phosphate being acylated in
the sn-1 and sn-2 positions to form first lysophosphatidic acid and
then phosphatidic acid (PA). The phosphate group is removed by
PA phosphatidase, resulting in diacylglycerol which is then
acylated to form triacylglycerol. Diacylglycerol represents a branch
point common to phospholipid and triglyceride synthesis. It can be
converted to phosphatidyl choline, a component of membrane
lipids and also to other phospholipids.
Improvements in the quality of seed oils by genetic engineering
have occurred in response to a variety of factors. The need for a
reliable supply and a stable price has driven research directed at
producing, in temperate climate crops, oils having the properties of
coconut and palm oils. Improving the oxidative stability of

vegetable oils, and reducing the proportion of saturated fatty acids
to meet nutritional requirements have also been significant factors.
Parallel developments in the enabling technology have made it
possible to manipulate lipid metabolism (Chapters 2 and 5).
The manipulation of fatty acid metabolism in an oilseed crop was
first demonstrated by Calgene [64,65]. A lauroyl-specific acyl-ACP
thioesterase cloned from Umbellularia californica (California bay),
was expressed in B. napus to prematurely interrupt the normal
intraplastidic chain elongation. Initial transformants containing up
to 24% lauric acid in the seed oil were obtained. Subsequently, the
lauric acid content was increased to about 40%. Although one
original objective of producing maximal quantities of lauric acid
for industrial feedstock purposes has yet to be achieved, this was a
landmark achievement. The prospect of further increasing the
lauric acid content is complicated by the recycling of lauric acid to
acetyl-CoA and sucrose by the induction of b-oxidation and the
glyoxylate cycle [66]. Since little lauric acid was incorporated into
the sn-2 position of triglycerides, it is probable that an additional
transformation using a lauroyl-specific lyso-phosphatidic acid acyl
transferase
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(LPAAT) will be required. Furthermore, the endogenous LPAAT
would compete in the sn-2 acylation and down regulation of its
expression would be beneficial. However, the presence of lauric
acid in the sn-2 position of lysophosphatidic acid and therefore
probably in phosphatidyl choline might have a detrimental effect
on membrane structure. The accumulation of lauric acid in
rapeseed is also affected by other metabolic and genetic parameters
[ 67].
The second dramatic modification of oilseed metabolism was also
reported by Calgene [68]. Expression of an antisense gene construct
encoding a B. rapa stearoyl-ACP desaturase in both B. napus and
B. rapa partially interrupted oleic acid synthesis. The transformants
contained up to 40% stearic acid. No other phenotypic or
pleiotropic effects were evident and the plants showed normal
vigor.
Expression of a Ch FatB2 acyl-ACP thioesterase cDNA from
Cuphea hookeriana in canola has resulted in a T2 transformant line
producing seed oil containing respectively 11 and 27 mol% of C8:0
and C10:0 [69]. These fatty acids are not normally present in
significant amounts in canola oil. Seed total fatty acid content was
not affected. The Ch FatB2 thioesterase is specific for C8:0 and
C10:0 and expressed only in the seed.
In the previous examples, the objective was to increase the
proportions of specific saturated fatty acids albeit with a parallel
effect on the proportions of other fatty acids. However, reducing
the total amount of saturated fatty acids is a desirable nutritional
goal. This objective was achieved by DuPont in soybean oil [70].
Total saturated fatty acids were reduced from about 15% to less

than 4% by suppressing the activity of a type II acyl-ACP
thioesterase.
The proportions of unsaturated fatty acids have also been directly
and successfully targeted. For example, the oleic acid content of
canola seed oil has been increased from 68% to about 83%
[70,71,72] by suppressing the activity of the D-12 fatty acid
desaturase gene. A further increase to about 88% was achieved by
crossing the transgenic lines with a line bearing a mutant oleate
desaturase gene. The proportion of C18:3 correspondingly dropped
from 6.5 to 4.2%. In other transformation experiments, the C18:3
content was reduced from 9 to less than 2% by antisense
expression of a C18:2 desaturase construct. Similarly, by
expressing antisense constructs to both the D-12 and D-15
desaturases, the oleic acid content of soybean oil was increased
from 21% to more than 80% [70]. The selection of appropriate gene
and promoter combinations to achieve the desired phenotypes was
facilitated by the development of a soybean somatic embryo
suspension culture system.
The technological properties of the high oleic oils were
significantly better than those of normal soybean oil [73]. The OSI
was improved from about 7 hrs to about 81 hrs. This latter value is
also significantly greater
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than that for high oleic sunflower oil (18 hrs), although the fatty
acid compositions are similar. The difference is attributed to the
variance in types and total content of tocopherols in the two oils.
Plant species which produce seed oils containing GLA are not
widely grown and there would be distinct crop husbandry and
processing advantages to the production of GLA in thoroughly
domesticated crops such as B. napus. With this eventual objective,
a cyanobacterial D-6 desaturase gene was expressed in tobacco and
synthesis of GLA was demonstrated [ 74]. The plant D-6 desaturase
gene has also been cloned from borage and expressed in tobacco
[75]. GLA and stearidonic acid comprised more than 30% of the
total C18 fatty acids. Independently, Sayanova et al. [76] also
cloned the borage D-6 desaturase gene and confirmed its function
by expression in tobacco. The gene differed from other plant
desaturase genes by having an N-terminal domain with significant
sequence homology to that of cytochrome b5. Leaves of the
tobacco transformants contained about 13% GLA and 10%
stearidonic acid.
In an oilseed crop, both the yield and composition of the oil are
targets for continuous improvement. Increasing the quantity of oil
in a seed has obvious economic advantages. With the objective of
increasing the erucic acid content of high erucic acid rapeseed to
make the oil more attractive as a chemical feedstock, Zou et al. [77]
transformed both Arabidopsis thaliana and B. napus using a yeast
(Saccharomyces cerevisiae) gene (SLC1-1) [78]. The original
objective was achieved. However, in both species there was also a
significant increase in seed mass and oil content. In B. napus the
seed oil content (µg triacylglycerides/seed) increased from about

990 to an average of 1460 for 10 transformants (T2). This effect
was not anticipated. However, since the fatty acid and triglyceride
synthesis pathways are common to all oilseeds, it is anticipated that
the oil content of other oilseed crops can be increased by
transformation using the SLC1-1 gene.
Improvement of seed oil quality is not just a matter of manipulating
lipid metabolism, but there appears to be little research activity
directed at modifying the proportions of minor components such as
tocopherols and phytosterols. In the relatively short Canadian
growing season, an early frost can result in canola seed which has
not completed the maturation process and therefore contains
significant amounts of chlorophyll. The green colour reduces the
quality of the oil. Processes for removing the colour are expensive
and generally not cost effective. A molecular genetic approach to
this problem is now under way [E. Tsang, PBI; personal
communication].
Uses of Engineered Products
Traditional uses of edible vegetable oils have largely been
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dictated by the chemical composition and the resultant physical properties of
their fatty acid and triglyceride components. Processing and compositional and
structural modifications have expanded the range of uses of natural oils and fats.
However, genetic engineering has radically changed fatty acid composition so
that oils having compositions suitable for a specific purpose are now available
from a much wider range of plant species.
The first demonstration of the modification of vegetable oil composition by
genetic engineering was reported in 1992 [ 64]. The long time required to
conduct the necessary field tests and to increase seed has resulted in the fact that
commercial products based on that scientific development are only now in their
second year of production. The high lauric acid B. napus oil developed by
Calgene, trivially named ''laurate canola," is marketed as a partially
hydrogenated vegetable oil under the trade name Laurical® and in four different
forms, Laurical 15, 25, 35 and 45. These oils contain a fairly consistent amount
of lauric acid (34.8 to 36%) but vary from 49% to 84.5% in saturated fatty acid
content and from 15% to 46.9% in monounsaturates (Table 3). Laurical products
are described as non-emulsified shortenings designed for use in a variety of food
applications. Suggested processing procedures are provided for each oil. The
more highly saturated Laurical 15 and Laurical 25 are described as having good
compatibility with cocoa butter, superior texture and meltdown, and excellent
snap and gloss and are appropriate in chocolate flavored confectionary coatings
for baked goods. A typical milk chocolate type compound coating would contain
11% cocoa powder and respectively 28.0% and 3.0% of Laurical 25 and
Laurical 15. Laurical 35 is
Fatty Acid
C12:0
C14:0
C16:0
C18:0
C18:1
C18:2
C18:3
C20:0
C22:0

TABLE 3. Partial Composition of Laurical Oils (wt%).
Lauricalâ 15 Lauricalâ 25 Lauricalâ 35 Lauricalâ 45
36.0
34.9
35.3
34.8
4.0
3.5
3.5
3.8
1.5
3.3
3.2
3.0
41.5
26.2
18.7
5.5
12.5
30.0
37.1
45.8
0.1
0.1
0.2
3.3
0.2
0.1
0.3
0.8
1.2
1.0
0.8
0.6
0.1
0.6
0.6
0.6

Other
2.7
0.1
0.1
1.6
Total saturates
84.5
69.7
62.3
49.0
Total monounsaturates
15.0
30.0
37.2
46.9
Total polyunsaturates
0.5
0.3
0.5
4.1
Fatty acids whose amounts were £ 0.1 wt% for all formulations are omitted. The data were
obtained from the Calgene Web Site, www.Calgene.com.
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suitable for use in vegetable dairy cream cheese, reduced fat icings
and reduced fat simulated dairy products such as coffee whiteners
in proportions of, respectively, 35%, 14.5% and 7.0%. Laurical 45
can be used in the standard icing and coffee whitener formulations
and also in making crackers and reduced fat cream fillings. In
cream fillings, it can reduce the fat content by 25% without
negative effect on product quality.
Other genetically modified plant oils are in advance stages of
development but have yet to reach market. The medium chain oils
developed by Calgene are expected to be on the market by the year
2000 [ 36]. Their primary edible use will be in high value
nutritional applications such as infant formulas and structured
lipids. The high oleic soybean oils under development by DuPont
[17], and other oils of similar characteristics, will no doubt be
suitable alternatives to partially hydrogenated vegetable oils in
margarine and shortening formulations. Especially when combined
with a low linolenic acid content such oils will be used as high
stability cooking oils. High palmitic and stearic acid oils will
enable margarine to be formulated without containing any trans
fatty acids. Super high erucic acid rapeseed, although being
developed primarily for use in the chemical industry, could be
used, fully hydrogenated, as an emulsifier in peanut butter.
Although at an earlier stage of development, modified oils
containing GLA will be used as a source of both GLA and GLAcontaining triglycerides for the nutraceutical and health food
markets.
Future Developments

New developments in the modification of vegetable oils by genetic
engineering will build on and eclipse those thus far developed. The
structure and function of fatty acid synthesizing enzymes will be
modified by site directed mutagenesis (SDM) and will lead to the
capability to make entirely novel fatty acids. At present the
regulation of fatty acid synthesis and triglyceride assembly is
poorly understood but increasing production of transgenic plants
will not only produce new oils but also lead to a better
understanding of the underlying regulation [79].
To date, the substrate specificity of an acyl-ACP thioesterase has
been modified [80]. Desaturases are already being modified by
SDM [81] so it can be foreseen that it will be possible to insert
double bonds in locations not now commonly found in edible oils.
The modification of B. napus by transformation using a
Limnanthes LPAT represents the first directed modification of
triglcyeride synthesis in vivo [82]. Perhaps it is appropriate to
consider this event the beginning of the development of
triglycerides that have been "bio-structured" via
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human intervention. When the remaining acyltransferases are
cloned and the available natural specificity is used in
transformation strategies, the process will be more controlled.
Further selectivity will be possible when acyltransferase function
can be studied and modified by SDM. In combination with
modifications in fatty acid synthesis, there will be more scope for
directing triglyceride structure in vivo.
In the nearer term, it is likely that lipase stability will be improved
by SDM so that the synthesis of structured lipids in vitro will
become more cost effective.
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Chapter 14
Biotechnology for the Improvement of Nutritional
Quality of Food Crop Plants
S.H. Guzmán-Maldonado1
O. Paredes-López1
Nutritionally Important Components in Plants
Protein Quality and Amino Acid Requirements of Humans
Plant Proteins
From a human nutrition standpoint, egg, milk and meat proteins are
considered the best sources of high quality proteins [ 1].
Nevertheless, in recent years animal foods have been projected in
negative terms because these foods contribute dietary saturated fats
and cholesterol, two well-known factors in the etiology of heartrelated and cancer disorders [2,3,4,5]. Besides, those foods are
consumed in low proportions in developing countries, where
cereals and legumes are the most important sources of food supply
in terms of food energy as well as nutrients.
Cereals are the fruits of cultivated grasses of the family Gramineae.
The principal cereal crops produced world-wide are wheat
(Triticum spp.), maize (Zea mays), barley (Hordeum spp.), rice
(Oryza sativa), oats (Avena spp.), rye (Secale cereale) and triticale
(a hybrid of wheat and rye) [6]. Cereal crops are a very good and
relatively cheap source of proteins and contribute a significant
amount to the total protein in the diet. Table 1 shows the ranges of

protein content of principal cereals. Wheat, which has between
8.0% and 17.5% of protein content, is the world's most important
1 Departmento de Biotecnología y Bioquímica, Unidad Irapuato,
Centro de Investigación y de Estudios Avanzados del Instituto
Politécnico Nacional, Apartado Postal 629, Irapuato, GTO. 36500
México.
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TABLE 1. Protein Content of Some FoodCrop Plants and Protein
Production of Cereals and Legumes.
Protein Content
Annual Protein Yields
Crop
(% on Dry Matter)
(1000 metric ton)
Cereals
7.014.6
19,000
Barley
8.811.9
32,437
Maize
8.814.6
5,700
Oats
8.310.1
33,843
Rice
7.014.0
2,900
Rye
11.716.3
Triticale
8.017.5
61,194
Wheat
Total
155,074
Legumes
17.121.0
Chickpea
17.030.0
13,663
Common bean
20.026.0
Peas
38.040.0
36,933
Soybean
26.034.0
Faba bean
22.025.0
200
Lentil
27.0
3,003
Peanuts
28.045.8
Lupin
Total
53,799
Emerging proteinseeds
sources
Oilseeds
Safflower
10.819.1
Seed
18.853.7
Defatted meal
Sesame
20.025.0
Seed

Defatted meal
57.763.4
Sunflower
13.723.4
Seed
37.256.4
Defatted meal
Psuedocereals
13.717.8
Amaranth
11.013.7
Quinoa
Source: Adapted from References [1,3,6,1419,2832]
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food crop and is the major cereal used in developing countries as a
direct source of food. Conversely, in spite of a remarkable protein
content in triticale, this cereal is used as feed [ 6]. On the other
hand, legumes as common bean (Phaseolus vulgaris L.), peas
(Pisum sativum), chickpea (Cicer arietinum), soybean (Glysine
max) and lentil (Lens esculenta) are good sources of protein (Table
1). Moreover, in Latin America many kinds of common bean have
been used for food from prehistoric times; this grain, together with
maize or other cereals, is a vital component of the protein daily
intake [1,7]. Soy meal was initially fed to dairy cows or used as
fertilizer. Since the end of the Second World War, when a worldwide protein shortage was first recognized, emphasis has centered
on the development of new technologies to make soy-proteins
available and acceptable as human food [8]. Interestingly, protein
content of some species of lupin seeds (Lupinus spp.) is higher
among legumes (Table 1); substantial information on lupin protein
constituents has been obtained in recent times [9,10,11,12].
Legumes are the principal, if sometimes not the only, source of
dietary protein for vegetarians [3].
Although cereals supply nearly 50% of the total protein in the
human diet world-wide [13,14,15,16,17,18], and the total protein
production from cereals in 1988 was more than two and a half
times that from legumes [3] (Table 1), their unfavorable balance of
amino acids requires a complementary protein for optimal
nutrition. In the developed Western countries, animal proteins
comprise a substantial portion of the diet. This preference may be
based on intuitive recognition of their higher intrinsic nutritional
value, lack of any cultural or religious taboos, or simply the
availability of animal protein being plentiful because of high

buying power. The relatively poor quality of cereal proteins,
therefore, is of hardly any importance in Western diets. In the
developing countries, however, animal proteins are, as was pointed
previously, either too expensive (Latin America and Africa) or not
readily accepted (India). Legumes constitute the main source of
both protein and calories in many of these tropical and subtropical
areas [3]; dry legumes and legume products are, in fact, the richest
source of food protein from plants [18]. In some developing
countries, such as Togoland, south of Sahara, and India, their
dietary intake per capita per day was estimated at 10 to 150 g.
While soybean and wheat products have a commanding lead as
protein-rich supplements in processed foods, several new sources
of vegetable protein are potentially able to share the market as food
ingredients. For example, high protein flours are now prepared
commercially from defatted meals of some oilseeds (Table 1). The
proteins from these sources present high nutritional quality [19].
Amaranth, a basic food of the New Word in pre-Columbian times,
was nearly as important as maize and common beans. Nowadays
this crop is a relatively important grain
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crop in some countries of Asia and an important vegetable crop in
parts of Africa, parts of Asia and on the Caribbean [ 19]. Many
efforts have been made to assess the nutritional and quality
properties of protein and on processing technology of amaranth
seeds [20,21,22,23,24,25,26,27]; as a result, have been found,
outstanding nutritional characteristics, particularly of its proteins
and some micronutrients [28,29,30]. Quinoa, an Andean food crop,
is another alternative crop because of the very attractive quality of
its protein [31,32].
Protein Quality
The term protein quality has several different meanings, depending
on which crop is being bred and for what purpose. In wheat-based
foods, protein quality is associated with viscoelasticity for making
leavened bread, extensibility for biscuit-making and hardness for
the manufacture of the pasta products. In legumes protein quality
means the ability of the protein to be spun and textured for meat
substitutes. Paradoxically, in malting barley protein quality means
minimal protein content. Perhaps the most common meaning is in
relation to the nutritional value of the crop for humans or for farm
animals [33]. The ingestion of proteins from a variety of food
sources is essential for maintaining health. Humans, as do animals,
use protein chiefly for its amino acid content [33].
Protein quality is the capacity of a protein to meet nutritional and
functional requirements for essential and non-essential amino acids
[34]. It can be judged partially by the amino acid pattern and its
relation to human amino acid requirements, which will be
discussed later in this chapter; and partly by other determinations
based on nitrogen balance studies or rat growth [35]. Nitrogen in

foods not only comes from amino acids and proteins, but also
exists in additional forms that may or may not be used as a part of
the total nitrogen economy of humans and animals [36]. For
example, purines, pyrimidines and vitamins can all contribute to
the total nitrogen present. Because the nutritional significance of
much of the non-amino acid and non-peptide nitrogen is unclear,
nitrogen analysis of a food is usually much more precise than the
nutritional significance that can be attached to it [35,36].
In practice, most biological methods for evaluating protein quality
are evaluating nitrogen but are expressed as crude protein. Nitrogen
data are also used for amino acid score when amino acids are
expressed in terms of mg/g N. When results are to be expressed in
terms of protein, a conversion factor (CF) is used (NxCF). Some of
these factors are: 5.85 for wheat, 5.95 for rice, 5.83 for rye, barley
and oats [36], 6.25 for soy and
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for common bean [ 14,37], 5.40 for sunflowers, 5.3 for safflowers,
6.25 for sesame, 5.85 for amaranth and 5.96 for quinoa [19].
Methods of estimation of protein quality may be broadly
categorized into in vivo and in vitro procedures. Clearly, for the
evaluation of the foods protein quality methods involving the use
of humans would be ideal but cost and time, and sometimes safety
considerations, prohibit this. Methods using experimental animals,
as rats, have been widely used to evaluate protein quality. The
protein efficiency ratio (PER) assay is commonly used and is the
official assay in the U.S. and Canada [38], whereas in Europe
preference is given to the net protein utilization (NPU) [35]. In
vitro methods (e.g. protein digestibility, available lysine) have
advantages over in vivo ones, as they are quicker and more precise
[39,40,41]. However, their relationship to in vivo methods must be
clearly understood and they should be applicable to a wide range of
food proteins [35]. Table 2 shows a list of assays to measure in vivo
and in vitro protein quality. The net protein ratio (NPR) is similar
to the protein efficiency ratio (PER), but also involves a
measurement of weight loss of a group of rats fed a protein-free
diet. In this way, not only is protein quality for growth determined
but also that required for maintenance [35]. Pellett and Young [36],
have suggested that net protein utilization (NPU) can be calculated
from the product of biological value (BV) and true digestibility
(TD).
On the other hand, there are at least two methods for estimating in
vitro protein digestibility (Table 2) [38,42,43,44]. Two different
steps are involved in the procedure of Satterlee et al. [38] compared
with Hsu et al.'s method [43]. The former uses four-enzyme

solution (porcine pancreatic trypsin, bovine pancreatic
chymotrypsin, porcine intestinal peptidase and bacterial protease),
subjecting both the sample and enzyme solution at 37°C and at
55°C, measuring pH after this. Meanwhile, Hsu et al.'s method uses
only porcine pancreatic trypsin, bovine pancreatic chymotrypsin
and porcine intestinal peptidase enzymes, subjecting samples at
37°C before pH measurement.
Protein quality values of some food-crops are shown in Figure 1.
Values in this figure represent the mean of range reported in
literature. Protein biological values of soybean, amaranth and
quinoa come closer than any other grain protein to the perfect
balance of essential amino acids (not synthesized by human body);
maize scores about 59, wheat 65, common bean 58 and cow's milk
76 [18,45,46]. On the other hand, values of NPU and PER of rice,
soybean, amaranth and quinoa are remarkably high compared with
casein, whereas protein efficiency ratio of rice, sesame, sunflower,
amaranth and quinoa may reach values somewhat similar to casein
protein.
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TABLE 2. In vitro and in vivo Assays for Measuring Protein Quality in Foods.
Assay
Determination
Reference
In vivo
Biological value
BV =(absorbed N from food) (urinary N endogenous
36
urinary N)
Weight gain of weight loss of animal
Net protein ratio
test animal + fed non-protein diet
36,39
NPR =_____________________________
Protein consumed by test animal
(body N of (body N of group fed
Net protein utilization
Test group) non-protein diet)
36
NPU= ________________________
N consumed
Protein efficiency ration
weight gain
36
PER = ______________
protein consumed
True protein digestibility
TPD =(protein intake) (fecal protein - metabolic fecal
36, 40
protein)
__________________________________________
protein intake
In vitro
Protein digestibility
PD =234.84 22.56 (pH)
44
PD =210.46 18.10 (pH)
42, 43
Reactive sulphur amino acids
(methionine and cysteine)
Colorimetric
40
Reactive lysine
Colorimetric
36, 41
N = nitrogen.
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Figure 1
Relative values of protein quality for some foodprotein sources. BV = biological value;
NPR = net protein ratio; NPU = net protein utilization; PER = protein efficiency ratio;
TPD = true protein digestibility; PD = in vivo protein digestibility; RL = reactive lysine
(g/100g protein)
adapted from References [ 1,8,18,19,35,36,37,45,46].
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Dietary Protein Requirements
The problem of protein requirements is one of the most difficult in
the science of nutrition [ 47]. Diets available in all industrialised
countries satisfies protein requierements, in fact it is difficult not to
do so. When food is available the appetite normally takes care of
the energy requirements, and with the types of food available this
will automatically supply adequate protein [48]. In developing
countries, however, protein-energy malnutrition is a major cause of
ill health both directly and indirectly; it occurs at all ages but its
incidence is greatest, and the results more serious, in the weaning
and immediate post-weaning periods. While the baby is breast fed
he is relatively healthy and in the first 3-4 months grows well, as
well as infants in the Western world. At about 6 months of age
growth of babies in developing countries falls below that in the
West, largely due to the fact that breast milk alone is not adequate
for growth at this age [48]. In adults marginal deficiencies of
protein may be transient or seasonal, and pregnant and lactating
women are particularly vulnerable.
When a deficiency of a nutrient results in a specific behavior, such
as the appearance of beri-beri in thiamin deficiency, it is possible to
measure with some precision how much is needed to prevent or
cure the deficiency signs. This is not true of protein. Measurements
of serum albumin and total body potassium have been explored but
there is no sensitive and reliable marker. Long-term studies become
necessary and current methods are based on replacing body losses
of protein or maintaining nitrogen balance [48]. Among early
workers, estimates for healthy adults varied from 46.5 g to 119 g
protein per day. International expert committees estimate that a

daily adult need varies from not less than 0.57 g/kg of body weight
to 1.0 g/kg [48,49]. Among the poor communities of the less
developed countries, the high incidence of infectious diseases and
debilitating parasites creates a greatly increased demand for protein
and energy. For example, the post-infection recovery of young
children may need 40% more protein than is necessary for normal
healthy growth [48,49].
It has long been accepted that protein quality and quantity must be
considered together, one compensates for the other. Quality of
protein depends on the extent of similarity of the dietary protein
and the body's requirements. Thus if the utilization of protein by
the body amounts to 40 g per day, then the diet must replace this 40
g with amino acids in the same proportion as used by the body. If
any one or more of the essential amino acids is present in the diet
below this level, then proportionately more protein must be
provided; quantity makes up for quality [48]. As plant protein foods
contribute with about 65% of the per capita supply of protein on a
worldwide basis [50], efforts to study mixtures of plants show
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that mixes of cereals and legumes can serve as a complete and
well-balanced source of protein and essential amino acids for
meeting human physiological requirements [ 50,51,52].
Amino Acids
Protein requirements are, of course, requirements for amino acids,
both essential and non-essential. Nutritionally, only the essential
amino acids (histidine, isoleucine, leucine, lysine methionine,
threonine, phenylalanine, tyrosine, tryptophane, valine) are
required from exogenous sources because the human body cannot
synthesize them [34]. The others can be synthesized in vivo.
Inadequate levels of essential amino acids result in depression of
food intake and retardation of growth; these consequences may be
seen among the world's poor where protein deficient diets are
common.
Proteins are converted to large and small peptides and individual
amino acids by gastric and duodenal proteases [53]. Important
alterations occur on this mechanism because of the presence of
protease inhibitors in food-crops, which will be discussed later in
this chapter. The blood transports the amino acids to individual
cells where they are placed in a cytosolic pool; they are utilized
from the pool to synthesize proteins essential for growth and
maintenance of healthy tissue. Little, if any evidence exists, to
demonstrate the physiological benefits of amino acid
supplementation of the diets of healthy individuals; meanwhile, the
beneficial effects of amino acid supplementation for individuals
with protein deficient diets are well known [34]. When diets are
high in carbohydrates and low in proteins over a protracted period,
essential amino acid deficiencies result [54].

A nutritionally adequate diet must include a minimal daily
consumption of essential amino acids; body size is the major
determinant of requirements of such compounds. For infants, data
in Table 3 are given from intakes of cow's milk or breast milk that
support satisfactory growth, and from N balances of infants given
amino acid mixtures [48]. For older children (10-12 years), dates
are given from studies based on feeding amino acid mixtures
adequate to bring all subjects into positive N balance. The original
data first column, Table 3 were re-examined thus generating the
second column for this age group [48]. There are differences
between the reported requirements for men and women but it is not
known whether they are due to biological or methodological
differences [48,54].
As was pointed out before, milk, egg and meat have very high
nutritional values because they contain a disproportionately high
level of essential amino acids. On the other hand, most foodstuffs
obtained from
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TABLE 3. Essential Amino Acid Requirements at Different
Ages (mg/Kg per day.)
Infants Children Schoolboysa
(3-4
(2
(10-12
Amino Acid
months) years)
years) Adult
Hystidine
?
?
?
812
28
Isoleucine
28 1013
70 3031 30
Leucine
44 1418
161 5573 45
Lysine
44 1216
103 5264 60
Methionine + cysteine
22 1316
58 2527 27
Phenylalanine +
22 1419
125 5069 27
tyrosine
Threonine
28
79
87 3237 35
Tryptophan
913
4
3.3 3.5
17
Valine
25 1012
93 3238 33
a First column, original data, was re-examined, thus generating
the second column [48]. Source: adapted from References [34,
47, 55].

plants possess a low nutritional value because of their relatively
low content of some or, in a few cases, all of the essential amino
acids [ 54]. Generally, the essential amino acids that are found to be
most limiting in plants are lysine, methionine, threonine,
tryptophan, threonine and isoleucine. Thus, requirements and food
contents need to be carefully monitored in order to replace intrinsic
metabolic consumption of these amino

Figure 2
Amount of seed-crop that must be consumed in order to meet the minimum
daily requirements for an adult of some essential amino acids.
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Figure 3
Essential amino acid deficiencies in maize and common bean and amino acid
complementation of these crops
(adapted from Reference [ 1]).

acids [55]. Figure 2 shows amounts of plant seeds that are required
to satisfy such amino acids for a human adult (the higher the
quantity of plant food is needed, the lesser essential amino acid
content in such food). In practice, most developing communities do
not have a diet which is exclusively from cereals but is mixed to
varying extents with legumes and in some cases vegetables, milk
and meat.
On the other hand, mixing different foods can greatly improve the
nutritional quality of the total protein. The maximum
complementary effect as compared to the FAO reference protein
often occurs at cereal-legume protein ratios of about 70:30 to 50:50
[18]; it also depends on the source of cereal proteins. A good
example is when maize is consumed with common bean; this
mixture provides both a larger protein intake and an amino acid

balance that significantly improves the protein quality [1,18,33]. The
low lysine of the cereal and the low methionine of the bean are
compensated so that the nutritional value of mixtures is higher than
for either food alone (Figure 3) [1,8,18,19,55,56,57]. Excellent effects
in protein complementation could be reached also with mixtures of
amaranth-common bean, soybean-wheat and amaranth-soybean.
Protein Quality and Genetic Engineering
The amino acid composition of cereal proteins is particularly
deficient in essential lysine and tryptophan; in legumes, methionine
and cysteine
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are the major limiting essential amino acids for an efficient protein
utilization, while roots and tubers are deficient in almost all of the
essential amino acids [ 1,18,54,55,56]. There has been a great deal
of effort to overcome these amino acid limitations by breeding and
selecting for more nutritionally balanced varieties [54]. Other direct
approaches to this problem would be to modify the nucleotide
sequence of genes encoding storage proteins so that they contained
higher levels of essential amino acids. For example, in vitro
mutagenesis was used to supplement the sulphur amino acid codon
content of a gene-encoding b-phaseolin, a Phaseolus vulgaris
storage protein [58]. The nutritional quality of b-phaseolin was
increased by the insertion of 15 amino acids, six of which were
methionine. The inserted peptide was essentially a duplication of a
naturally occurring sequence found in the maize 15-kilodaltons
zein storage protein [59]. However, this modified phaseolin
achieved less than 1% of the expression level of normal phaseolin
in transformed seeds.
There are alternative approaches that might be more practical. One
of them is to transfer heterologous storage protein genes that
encode proteins with higher levels of the desired amino acid. For
this purpose a chimeric gene encoding a Brazil nut methionine-rich
protein that contains 18% methionine has been transferred to
tobacco and expressed in the developing seeds [60]. Later, this gene
was transferred to soybean resulting in a significant improvement
in methionine content of transgenic soybean. Unfortunately, protein
of such bioengineered seeds was allergenic and its consumption
had to be discontinued [61].
Although the mature cereal grain consists predominantly of starch

with only about 7.0-17.5% of protein (Table 1), it is the protein
fraction which is largely responsible for quality. As was mentioned
before, in wheat protein quality means both quality for bread
making and for other baked products and quality for essential
amino acids content [33]. When protein cereal is transformed,
usually both protein quality definitions are improved. With this in
mind, a complete set of high molecular weight-glutenin (HMWglutenin) genes from the hard red winter wheat [62] has been
isolated and sequenced, including the two genes with the highest
correlation to good wheat quality. Attempts to use the HMWglutenin genes to bioengineer improved wheat quality and new
utilizations will be the first use for native genes. In the simplest
approach, new HMW-glutenin loci will be created via
transformation. Cultivars expressing more than one gene tend to
have better quality than those expressing one. Thus there is a high
expectation that quality can be improved with the addition of more
HMW-glutenin genes [62].
Alternative crops can be used as well as sources of genes that
encode high nutritional quality proteins. Amaranthus spp. is one of
such alternative crops; amaranth has been identified as a very
promising food crop
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because of the remarkable nutritional value of its proteins; the
globulin fraction is relatively rich in lysine (3.7 to 7.6%) and good
levels of sulfur amino acids (3.1 to 7.1%) [ 63]. Barba de la Rosa et
al. [64] extracted and purified a globulin from amaranth. A cDNA
library was made from poly (A+) RNA isolated from developing
amaranth seeds; two of eight distinguished globulin clones were
sequenced. Currently, Osuna and Paredes-López [65], are working
in expressing the 11S fraction of such protein from transformed E.
coli with a pT7-7 plasmid which contains an IPTG induced
promoter; the final objective being its characterization,
manipulation (e.g. protein engineering) or expression in a superior
plant (e.g. maize).
Finally, there are several precautions that should be considered in
engineering storage proteins. First, in vitro mutational change must
not be in regions of the protein that perturbs its normal structure;
otherwise the protein might be unstable. Second, when attempting
to increase nutritional quality by introducing a gene encoding a
heterologous protein in crop plants, it is important that the protein
encoded by an introduced gene does not produce any adverse
effects in human or livestock, the ultimate consumers of the
engineered seed proteins [60]. It is critical that the amino acids
present in the introduced protein are able to be utilized for growth
and development.
Vitamins
Types of Vitamins
Vital for life, that's what the early researchers thought of the group
of organic compounds later to be called vitamins. In 1906, J.G.

Hopkins of England observed that a small amount of vital
substances were required in the diet [66]. Funk in a 1912 review of
the nutrition literature suggested that the diseases beriberi, pellagra,
scurvy, and rickets were caused by something deficient in the diet
also. This substance contained nitrogen, so he proposed the name
vitamine: vita for life and amine for the group of compounds
containing nitrogen [67]. The last letter e from vitamine was soon
drooped when it was realized that all vital factors were not amines.
Most vitamins cannot be synthesized by the body and must be
supplied by the diet [68]. Important nutritionally, the vitamins also
play a role as functional additives in food products. Ascorbic acid
(vitamin C) is used to prevent oxidation in apples, peaches,
apricots, potatoes, peanut butter, potato chips, beer, fat and oils.
The carotenoids (vitamin A precursor) are used as colorants in
margarines, cheese, ice cream, pasta, juices and beverages [67].
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Vitamins are classified according to their solubility as water
soluble or fat soluble [ 69]. Individual members are designated also
by alphabet letters A, B1, B2, C, etc. It is now recommended that
chemical names for the vitamins (e.g. retinol) should be used;
however, designated alphabet letters continue to be used (e.g.
vitamin A) [66,70]. The list and chemical structure of water, and fat
soluble vitamins are presented in Figures 4 and 5, respectively.

Figure 4
Chemical structure of water soluble vitamins.
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Figure 5
Chemical structure of fat soluble vitamins.

In early times, long sea voyages deprived sailors of fresh fruits and
vegetables, often resulting in death from scurvy. The beneficial
effects of citrus fruits in the treatment of scurvy were recognized
long before the antiscorbutic factor was identified as water soluble
ascorbic acid (C) [ 66]. On the other hand, riboflavin (B2) in nature
is usually phosphorylated and functions as a coenzyme [69]. In
addition to riboflavin, vitamin B2 preparations in early times were
reported to contain another factor named pyridoxine or B6 [66].
There are other two closely related compounds that have vitamin
B6 activity also: pyridoxal and pyridoxamine. The last member of
B complex cyanocobalamin (B12) is a red crystalline substance and
is chemically by far the most complex vitamin (Figure 4).
The name folic acid, another water soluble vitamin, is derived from
a Latin Word, folium, for green leaves. Meanwhile, nicotinic acid

vitamin was named niacin to distinguish it from nicotine from
tobacco [66].
Vitamins A, D, E and K are well-characterized fat soluble vitamins
[67, 69]. These vitamins require proper lipid digestion, absorption,
and liver function for utilization [66]. Retinol and its ester,
aldehyde, and acid derivatives have vitamin A activity. These
compounds are found only in the animal kingdom. Plants, however,
can synthesize carotenoids, which are precursors of vitamin A; bcarotene is by far the most potent provitamin
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A (Figure 5) [ 69,70]. Vitamin D is formed from 7dehydrocolecalciferol in skin by exposure to sunlight [71]. On the
other hand, vitamin E is unstable to UV light, but is relatively
stable to heat, acid, and alkali especially in the absence of oxygen
[67]. Vitamin E is a compound of eight naturally occurring
tocopherols, among which a-tocopherol has the highest biological
activity [72]. Finally, in 1935 was found the Koagulation vitamin
which promoted blood clotting and prevent fetal hemorrhage,
hence, the name vitamin K [66].
Recommended Dietary Allowance and Plant-Food Content of
Vitamins
A simple question often asked is about how much vitamins in the
diet can assure us that any lack of vitamins will not be the cause of
any health problem that one might ever develop? Unfortunately, the
science has not advanced enough to give a precise answer to this
question [66]. The National Research Council (NRC) [73], has
recently published the Tenth Edition of the Recommended Dietary
Allowances (RDA). This organization has established RDA for
eleven vitamins: A, B1 B2 B6, B12 C, D, E, K, folic acid and niacin
(Table 4). In determining the RDA, considerations like the amount
of a particular vitamin required for elimination of its deficiency
symptoms are paramount. To that amount allowances are added to
account for individual variations and for some margin of safety. In
addition, turnover rate, body pool, and blood level of vitamins are
considered. After such considerations, the NRC agrees on arbitrary
amounts of vitamins that it recommends as dietary allowances for
the normal healthy population. Nevertheless, some human
physiological conditions require adjustments in vitamin dosages.

Smokers, for example, are recommended a daily allowance of 100
mg/day of vitamin C compared to 60 mg/day for nonsmoking
adults [73]. On the other hand, Driskell [74] estimates pyridoxine
(B6) requirements of pregnant and lactating women range from
about 2.1 to 7.6 mg/day, compared to 1.6-2.0 mg/day suggested for
normal adults (Table 4). Boisvert et al. [75] found no differences of
riboflavin (B2) intake between elderly and young adults.
It is generally believed that people in Western countries have
adequate (as defined by RDA) vitamin intake. There are, however,
susceptible groups within the general population who may have
inadequate vitamin intake. Such groups include dieters, people on
medication including oral contraceptives, pregnancy, alcoholics,
adolescents and people with diabetes and other chronic ailments
[76,77,78]. In developing countries very little information exists
concerning the nutritional status; nevertheless, in recent years
Barclay et al. [79] found that in Ecuador, a mean country from
Latin America, adults satisfy 72% thiamin (B1), 62% niacin and
42% retinol (A) those allowances recommended by RDA;
meanwhile intakes of

Page 569
TABLE 4. Recommended Dietary Allowances and Vitamin Content in Some FoodCrop Plants.
Daily Recommended
FoodCrop Plants (mg/100 g)
Allowances
Children to
Common
Vitamins
Men/Women Infants Age 11 Amaranth Bean Soybean Maize Wheat
Water soluble
Ascorbic acid (C)
5060
3035
4045
3.07.1
0.02
(mg)
1.01.5
0.30.5
0.71.2
0.100.14 0.91.2 1.11.8 0.30.9 0.15
Thiamin (B1) (mg)
2
1.32.2
0.40.6
0.81.4
0.190.32 0.10.3
0.23 0.030.6 0.04
Riboflavin (B )
(mg)
1.62.0
0.30.6
0.91.6
0.64 0.53
Pyridoxine (B6)
(mg)
Cyanocobalamin
2.03.0
0.51.5
2.03.0
(B12) (µg)
Folic acid (µg)
180400
3045
50300
4244
0.20.6
0.23 0.03 0.02
Niacin (µg)
1319
68
916
1.01.5
1.22.7 2.02.6 0.97.0 1.31
Fat soluble
Retinol (A) (µg)
8001000 375420 400700
0.020.2a 0.25
Cholecalciferol (D)
510
7.510
10
(µg)
810
34
68
1.6
1.5
0.9
aTocopherol (E)
(µg)
Vitamin K (µg)
5580
510
1530
a As b-carotene
Source: Adapted from References [14, 19, 46, 66, 69, 7375, 81, 82].
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riboflavin (B2) and ascorbic acid (C) reaches 98% and 175%,
respectively, those daily allowances recommended. High vitamins
B2 and C intake could be because high amounts of daily intakes of
cereals (195 g), vegetables (88 g) and fruits (102 g), and a
reasonable daily intake of legumes (23 g) [ 79]. On the other hand,
Calloway et al. [80] found from food consumption recorded during
one year in Mexico and compared with requirements standards,
inadequacies for retinol (A) (68%), ascorbic acid (C) (63%) and
riboflavin (B2) (52%).
As can be seen in Table 4 thiamin (B1) content in amaranth appears
in lower concentration than found in legume and cereal grains;
ascorbic (C) and folic acids, however, are present in higher
amounts compared to those present in cereals and legumes [81,82].
Raw common bean is a relatively good source of water-soluble
vitamins, especially thiamin (B1), riboflavin (B2) and niacin (Table
4). Nutrient retention values during cooking of this legume vary
from 70.9 to 75% depending on the vitamin [14,83]. On the other
hand, when soybean products are consumed as a part of a mixed
diet, they can hardly be considered to be an important source of
vitamins except for thiamin (B1) and niacin. However, when
consumed in the form of a protein-rich supplement to a basal diet
that may be deficient in vitamins, as well as in proteins, the vitamin
contribution of the soybean may assume a very decisive role in the
maintenance of health [82]. In addition to retinol (A), maize
contains some of all the important vitamins with the exception of
cyanocobalamin (B12). On the other hand, it has been known for a
long time that niacin present in cereals is unavailable to
monogastric animals including humans, as a result pellagra has
been recognized to be the niacin-deficiency in animals and humans

consuming diets containing a high level of cereals, especially
maize. Interestingly, when this cereal is processed using a limecooking step, as in the preparation of tortillas in Mexico and other
Latin American countries, the niacin-deficiency diet of rats
improves its growth [84].
Restoration, fortification or enrichment are three terms that
describe how nutrients are added to foods [67]. Restoration is the
replacement of nutrients lost during processing to levels
comparable to the original level. Restoration can be used to help
prevent nutritional inadequacies in certain segments of the
population. Fortification is the addition of nutrients at levels higher
than those found in the original or comparable food. It can be used
to help correct nutritional deficiencies in specific population. The
term enrichment, which is often used interchangeably with
fortification, is the addition of nutrients to achieve concentrations
specified by the standards of identity. On the other hand, genetic
improvement can be an alternative method to increase and/or
improve nutritional quality of plant-food crops.
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Vitamin Deficiencies
Vitamin deficiencies in humans and animals most often result from
dietary intake failures. Those deficiencies present many clinical
disorders which will be briefly discussed in this section. Watersoluble vitamin ascorbic acid (C) deficiency causes irritability,
retardation of growth, anemia, poor wound healing, increased
tendency to bleed, and susceptibility to infections [ 66]. Weak
cartilages and tenderness in the legs are some of the hallmark
symptoms of scurvy an important deficiency of this vitamin. The
relationships between ascorbic acid nutriture and a variety of
clinical conditions has been reviewed by Clemetson [85] and
Hemilä [86].
B complex vitamins present a range of symptoms depending on
specific member of such complex. Thiamin (B1) deficiency causes
beriberi which symptoms include fatigue, irritability, depression,
weight loss, gastrointestinal disturbances and frequently
cardiovascular complications. Meanwhile, dermatitis around nose,
altered coloration and texture of lips and tongue, fatigue and
sensitive eyes, and bloodshot and vascularized eyes are common
symptoms of riboflavin (B2) deficiency. Weakness, ataxia,
vomiting and irritability are some of the symptoms observed in
pyridoxine (B6) deficiency. Meanwhile usual symptoms of
cyanocobalamin (B12) deficiency include megaloblastic anemia,
dyspnea, anorexia, intestinal discomfort, depression, and other
neurological symptoms. Vitamin B12 deficiency usually develops
from the lack of intrinsic factors required for proper intestinal
absorption of this vitamin [66].
Folic acid deficiency leads to megaloblastic anemia in which

proper maturation of red blood cells is hampered, resulting in fewer
red blood cells. On the other hand, it usually takes several months
to develop a niacin deficiency; this is rare in developed countries,
but is not uncommon in countries where maize is a stable diet. Loss
of weight, poor health, nausea, anemia, confusion, irritability, and
dementia are some common symptoms.
In relation to fat soluble vitamins, retinol (A) deficiency leads to
blindness in many children in developing countries. Nyctalopia or
night blindness is an early sign of vitamin A deficiency followed
by keratinization of epithelial tissues [66]. Cholecalciferol (D)
deficiency develops infantile rickets which exhibit improper
formation of bones, bowing of legs and poor muscle tone. On the
other hand tocopherol (E) severe deficiency leads to increased
fragility and hemolysis of red blood cells and impaired sensation
and neuromuscular functions. Finally, vitamin K deficiency leads
to increased hemorrhage due to lower prothrombin levels,
especially in premature or anoxic infants. Oral therapy with
antibiotics and
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sulfa drugs may interfere with intestinal bacterial synthesis of this
vitamin [ 66].
Minerals
Principal Minerals in Plants
A number of minerals contained in foods are essential nutrients for
humans and animals. These minerals can be categorized in two
types, macrominerals and trace elements [87]. Macrominerals
consist of minerals that have clearly been demonstrated to be
deficient in the diets of large segments of populations in the
developed and developing nations. The trace elements include
mineral nutrients that may be potentially deficient in populations,
but whose deficiencies are difficult to establish by traditional
assessment methods.
In developing countries cereal grains such as wheat, maize and
sorghum and some legumes as common bean and soybean are the
primary and least expensive source of certain minerals which are
required for structure and function of various cells in living
organisms [14,88]. As it can be seen in Table 5, amaranth grain is
an outstanding source of macrominerals standing out iron [28]
which is one of the major minerals deficient in developing
countries [79]. Iron is present in this pseudo-cereal approximately
two to five fold than in cereals and legumes (Table 5). Raw
common beans are good source of several minerals as well,
including calcium, iron, cooper, zinc, phosphorus and potassium
[14]; nutrient retention values during cooking vary from 78.9%
(Cu) to 100% (Ca) [14,89]. Most of the nutritional interest in the
calcium content of soybean has involved a comparison of soybean

milk with cow's milk. Analytically, the calcium content of soybean
milk (0.08%) compares quite favorably with cow's milk (0.11%).
The three cereal grains cited in Table 5 differed significantly in
some of their mineral contents. Wheat contained the highest
amounts of iron, zinc and manganese and differed significantly
from other cereals in this respect. By contrast, sorghum contained
significantly higher amounts of calcium and copper than that of
wheat and maize [84,88]. It is interesting to note that the storage of
grains of these crops for 1 to 4 months did not affect the levels of
these minerals significantly [88]. Only amaranth has almost similar
calcium contents than soybean.
The mineral content of food crops should be considered in
conjunction with its bioavailability [90]. Bioavailability of
minerals, and other nutrients, refers to the proportion in food that is
absorbed and utilized by the body [91]. Until a nutrient is absorbed
from the gastrointestinal tract and enters the systemic circulation, it
is not available for utilization. Usual ab-
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TABLE 5. Mineral Contents of Principal FoodCrop Plants (mg/100 g) and Daily Allowances.
Recommended Dietary Intakes
Common
for Adults (mg/day)
Minerals Amaranth Bean Maize SorghumSoybeanWheat
RDA
RDI
Macrominerals (mg/100g)
Calcium
120340 70210 2430 7880 160470 3558
800
1000
Chloride
50
50
2000
Iron
17
3.38.0
35
36
615
8.5
1215
15
Magnesium 244
160230 140
140 220340
300350
400
Phosphorus 480620 380570 290350 226 4201080 361
800
1000
Potassium
290 13201780 370
600 8102390 370
750
Sodium
310
421
30
10
140610 3
500
Zinc
3
1.96.5 1.42.3 2.25 1.83.7
3
15
15
Trace elements (mg/100 g)
Copper
0.92
0.51.4 0.40.9 1.85
1.2
0.92
0.00150.003
0.002
Manganese
12
12
0.51.8 1.52 2.14.1 2.14.1
25
RDA = recommended dietary allowances; RDI = reference daily intake.
Source: Adapted from References [14,28,83,84,8790,96].
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sorption of minerals ranges from less than 1% to over 90%. The
bioavailability of dietary minerals must be considered when
determining whether the diet contains enough, too little, or too
much. Mineral content should be considered also in conjunction
with phytic acid, oxalic acid, proteins, polyphenols, and complex
polysaccharides such as starch, crude fibre and lignin which can
complex with dietary essential minerals [ 92,93]. For example,
phytic acid and proteins can complex with calcium, zinc, iron and
magnesium and render them biologically unavailable for
absorption [14,89,94]. High levels of calcium in amaranth suggest
that phytic acid could be an insoluble calcium salt in the seed [95].
On the other hand, the phytin phosphorus content of soybean
ranges from 0.505% to a high level of 0.727% [96], 22.6% of
soybean milk calcium is available compared to 29.1% from cow's
milk [82].
Mineral Requirements and Deficiencies
Values of the recommended dietary allowances (RDA) and
reference daily intake (RDI) of the minerals under consideration in
this section, are given in Table 5. The RDI of the minerals are
emphasized because they are now incorporated in all food labels
effective 1994 for all U.S. food products [87]. RDAs are based on
the best available scientific evidence at their time of publication.
The RDI formulation uses the population coverage approach,
selecting the requirement for the group with the highest
recommended intake. Calcium and iron are the only minerals that
are mandatory for labeling because potential nutritional
deficiencies are most likely for such minerals [87]. The other
minerals listed in Table 5 may be consumed in low quantities

relative to physiological requirements, but in general these intakes
are not deficient.
Dietary calcium deficiency has been linked epidemiologically to
several chronic diseases, including osteoporosis, hypertension and
colon cancer [87]. Several natural history or retrospective studies
have demonstrated positive linkages between adequate lifetime
calcium intakes and greater bone mass measurements or reduced
fracture rates [97,98,99]. Chapuy et al. [100] reported that a daily
supplement of 1,200 mg of calcium and 800 UI of vitamin D to
2,000 octogenarian women, resulted in a reduction of
approximately 50% of all nonvertebral fractures. It is well known
that calcium absorption is influenced by the vitamin D status [101].
Other lines of evidence support an adverse effect of amino acid on
calcium reabsorption suggesting that excessive protein intakes
from animal products can be calciuretic and responsible for the
high fracture rates in Western nations [102,103].
Iron deficiency anemia, rather than simple iron deficiency, is
characterized by decrements in red blood cell function, as well as
in depressed
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function of numerous other cellular activities because of inadequate
oxygen delivery [ 87]. Several epidemiologic lines of evidence
suggest that high intakes of iron may contribute to cholesterol
diseases because of the speculated increase in iron-estimulated
oxidation of low density lipoproteins. Similar evidence on excess
iron consumption has been gathered for cancer, at several sites, but
speculations about possible mechanisms remain unsupported by
experimental data [87].
Rosado et al. [104] and Barclay et al. [79] found that Mexican and
Ecuadorian diets provide satisfactory amounts of calcium. On the
other hand, the percentage of anemic subjects (26%) in Ecuador
was higher than those observed in free-living European (10.9%)
and U.S. individuals (8.0%) [79]. Data revealed that anemia in
infants and young women was predominantly caused by iron
deficiency. In the cited studies, although iron intakes were
generally satisfactory, as was calcium, the bioavailability of both
dietary minerals was probably low [79,104]. Since 3.4% iron was
derived from meat compared to 40% from cereals [74], this mineral
could react, as was indicated earlier [14,89,94] with phytic acid, an
inhibitor of iron absorption in cereals.
Starch
Carbohydrates constitute three-quarters of the biological world and
about 80% of the caloric intake of humankind [105]. The most
abundant carbohydrate is cellulose, the principal structural
component of trees and other plants. The major food ingredient
consumed by humans is starch, providing 75-80% of the total
caloric intake. In the U.S. carbohydrates supply 46% of the
calories, fats supply 42% and proteins supply 12% [105].

The cold water-insoluble starch granule forms the major
constituent of all cereal grains. It is a reserve substance composed
entirely of a-D-glucose for most higher plants and constitute also
an energy source essential for many organisms. In our culture, the
main purpose of starch utilization remains aesthetic rather than
nutritional. This biopolymer constitutes an excellent raw material
for modifying food structure and consistency [106]. The
commercial and technological uses of starch are extremely
numerous; this arises from its unique character as it can be used
directly as intact granules, in the dispersed form, as a film dried
from a dispersion, or as an extrudate powder after conversion to a
mixture of oligosaccharides or via hydrolysis and isomerization
[106,107,108]. As a result, the academic aspects of the subject have
received much attention. The most important advance in the study
of starch was the realization that the starch granule was not
chemically homogeneous. [106,109,110]; thus, separation could be
made into the simpler components amylose, and es-
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sentially linear polymer of glucopyranose units linked through aD-1,4 linkages, and amylopectin, a branched polymer containing
chains with a short degree of polymerization (DP = 20 to 25
glucopyranose residues) linked to the C-6 hydroxymethyl position
of certain glucose moieties via a-D-1,6 linkages [ 111, 112].
Although it is now accepted that amylose is not completely linear
[113], its solution properties are typical of those of a linear polymer
[111].
More than half of all starch production goes to the manufacture of
food and feed products, either as such or in pregelatinized and
chemically modified form [106,114]. However, modified starches
are used in the paper, textile, soap, laundry, cosmetic, and
pharmaceutical industries; in fireproofing preparations; as
explosive- and fuel-binding agents; and as flocculating agents for
water treatments and in the building industry [106,107]. These
industries, especially the paper and board industry, consume a
remarkable amount of starch, modified as well as native.
Starch Sources
The most important sources of starch are cereal grains (40 to 90%
of their dry weight), pulses (30 to 70%), and tubers (65 to 85%)
[106]. Of the common starches, regular maize, waxy maize (high
amylopectin content) and high amylose maize are by far the most
important sources. Nevertheless, only about 5% of the annual
world maize crop is used for the manufacture of maize starch [115].
The amylose content ranges from about 80% in high amylose to
about 1% in waxy starch (Table 6) [116]. Wheat starch, on the other
hand, is produced as a byproduct in the manufacture of wheat
gluten and is the principal carbohydrate constituent of the

endosperm (96%). Wheat and rice starch are used in the baking
industry and in the production of adhesives as well as having
applications in the confection and canning industries [116,117].
Carbohydrates range from 50 to 60% of the dry weight of common
beans [89], starch being the major constituent (Table 6).
Researchers have suggested that some of the properties of starch
(e.g. gelatinization temperature ranges, water absorption) may be
responsible for the prolonged cooking time of legumes [14].
Triticale, amaranth and cassava are other potential sources of
starch. Some efforts have been made to study the potential use of
starch from these materials, especially from amaranth
[27,118,119,120,121] and cassava [122].
Resistant Starch
The interest in studying starch as a nutrient in the human diet was
generated as a result of several coincidental events, all of which led
to
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TABLE 6. Starch and Amylose Contents of Some Edible Crop Plants.
Amylose
Crop
Starch (%)
(% of Starch)
Reference
Cereal
27
28
Barley
6880
116
Maize
25
28, 105, 116
Normal
9799
28, 105, 116
Waxy
9192
1732
28, 117
Rice
1425
28
Sorgum
6396
27
28
Wheat
Legumes
3560
1039
14, 89
Common bean
3144
Soybean
Pseudocereal
4869
022
118, 119
Amaranth
Tubers
11
28
Cassava
75
1137
28, 127
Potato

the suggestion that while most starch consumed is degraded in the
small intestine, some 10% of starch consumed may be resistant to
human digestive enzymes and may enter the colon in a similar
manner to the non-starch polysaccharides of dietary fibre [ 123,124].
Resistant starch (RS) can be classified depending on the reason for
resistance in: RS1, physically inaccessible starch is that present in
intact grains or seeds. This starch may be present in quite large
amounts in whole grains, particularly if those grains are coarsely
ground, rather than finely ground. It has been shown that the larger
the particle size of wheat, maize, and oat grains, the less starch is
digested by pancreatic amylase in vivo. RS2, starch that is resistant

because of the type and crystalline nature of the starch granules. RS3,
starch that is resistant as a result of retrogradation; this can occur for
starch in whole grains as well as isolated starch [125]. The granules
of starch present in plant undergo major changes as a result of
heating. Granules swell and are disrupted under a process known as
gelatinization, which renders the starch much more accessible to
human digestive enzymes when it is consumed [126]. If starch that
has been heated is cooled, retrogradation occurs, converting the
starch to a crystalline form that is resistant to digestion. Most starch
consumed in the human diet is cooked.
There are two main effects that varying reduced starch digestion in
the small intestine can have: (1) an effect on the glycemic response
and (2) an effect on the amount of starch entering the colon and the
implications this
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has for health. Specific information on the beneficial action of
resistant starch for colon is given by Stephen [ 123].
The importance of factors that correlate resistant starch and health
are likely to be great and constitutes an area of research that
warrants considerable emphasis. The genetic modification of starch
to improve its resistance to enzyme attack is an area of research
that warrants emphasis as well.
Genetic Modification of Starches
Chemical and enzymatic methods may be used to modify starches
to endow them with new characteristics appropriate to a range of
specific applications. Genetic modification of plants, on the other
hand, offers a new approach for creating novel starches with new
functional properties similar to those of post-harvest modified
starches, whilst also retaining important characteristics of natural
starches [127].
Most starch is synthesized from sucrose, and this route involves
four steps: initiation, elongation, branching and granule formation
[127]. In maize and many other plant species, at least 13 enzymes
have been identified in the starch biosynthetic pathway. Of those,
three enzymes are considered to be key points in the synthesis of
amylose and amylopectin: ADP-glucose pyrophosphorylase (AGP)
(involved in the initiation step); starch synthase (involved in
elongating and granule formation); and branching enzyme
(involved in branching and granule formation) [127]. Amylose and
amylopectin appear to be synthesized simultaneously in vivo. The
exact mechanism by which synthesis in amyloplasts occurs is not
clear, but there are indications that different enzymes are involved

in amylose and amylopectin synthesis. This is based on the
observation that waxy mutants lack the granule-bound starchsynthase, but still contain soluble starch-synthase. In general, it
appears that the enzymes producing amylose can be completely
suppressed without a significant effect on the total amount of starch
produced, whereas minor fluctuations in amylopectin synthesis
lead to a marked decrease of the total amount of starch [127].
Genetic engineering has been used to increase the amount of starch
in plant storage organs. A mutated bacterial gene encoding AGP
was expressed in potato tubers. Low-starch potato lines that were
transformed with this gene produced tubers with almost 60% more
starch than the control [128]. Similar experiments in a high-starch
potato variety might indicate whether there is a physiological limit
to the accumulation of starch, and whether this technology is of
commercial interest to the starch industry [129]. Conversely,
transgenic potato plants were created in
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which the expression of AGP was inhibited by introducing a
chimeric gene containing the coding region of one of the subunits
of the AGP linked in an antisense orientation to the CaMV 35S
promoter. This resulted in the abolition of starch formation in
tubers where sucrose accumulates up to 30% of tuber dry weight,
and glucose accumulates up to 8% of tuber dry weight [ 130].
Therefore, carbohydrate-storage organs in plants can be used to
produce different carbohydrates without destruction of the sink
function of the organ.
Although starch granules are mainly composed of amylose and
amylopectin, they also contain small amounts of lipids, protein, and
phosphorus. The presence of these compounds influences starch
quality. Physical parameters, such as swelling power and viscosity,
are reported to depend on lipid and amylose content and
lipid/amylose interactions with the starch. If starches could be
tailored to a customer's requirements by genetic modification of the
plant, there would be a number of benefits. By altering starch
structure (amylose/amylopectin ratios), granular starches with
novel physical properties (high or low lipid, protein or phosphorus
contents) and corresponding new commercial applications could be
produced.
Alternatively, plants with a reduced capacity to synthesize starch
may accumulate other storage products such as lipids, proteins or
other sugars in the storage organism. Starchy plants can be used
also to produce novel starch derivates with industrial or
pharmaceutical applications. For example, cyclodextrins (a-, b-,
and g-cyclodextrins consisting of six, seven, and eight glucose
monomers, respectively; which bind together in a dough-shaped

ring) [131,132] are very expensive compounds to produce,
moreover the availability is only in limited amounts and there is
not enough knowledge to produce them on an industrial scale [119].
This makes cyclodextrins very attractive for genetic manipulation.
Cloning and overexpression of CGTase (cyclodextringlycosyltransferase) gene provides a straightforward way to satisfy
the anticipated expansion of the cyclodextrin market [132].
Moreover, a novel production of those compounds in the tuber of
transgenic potato plants by expression of CGTase from Klebsiella
pneumoniae has been developed [133]. The report declares that
even though the levels of cyclodextrins were low, this is the first
step in using genetic engineering for the molecular farming of
novel carbohydrates. The attrataction of these cyclic compounds
arises from their ability to form an inclusion complex with a wide
variety of organic molecules of suitable size (guest molecules).
Perhaps the greatest potential for cyclodextrins is the area of
flavors and spices, because cyclodextrins can stabilize volatile
materials [134,135].
A transgenic approach to the generation of novel starches enables
the specific modification of just one character in a high-yielding
disease-
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resistant variety to be carried out. However, characterized, isolated
genes and an efficient transformation system for the plant in
question are prerequisites. It is for that reason that the potato
became a model system [ 127]; it is amenable to transformation
with Agrobacterium. Several protocols using either A. tumefaciens
[136] and A. rhizogenes [137] in combination with the use of
stem/leaf [137] or tuber [136] explants have been established.
Although key cereal crops such as wheat, rice and maize can now
be transformed using microprojectile bombardment techniques and
are thus candidates for starch modification, potato starch has
additional advantages because of its very low protein and lipid
contents which result in acceptable flavor and odor.
The novel starches should find markets, provided that they possess
novel properties and therefore satisfy a previously unmet need.
Alternatively, where a starch from a genetically modified plant is
competing with a product that is already available, manufacturing
strategies that enable it to be commercially competitive will be
developed [127]. Potential applications in the food industry
together with the other industrial uses of starches already
discussed, indicate a bright future for this area. Marketing use of
potatoes that are almost completely devoid of starch [130] may
soon enable plants containing only other polymers, such as
polyhydroxybutyrate, to be produced. However, a deeper
understanding of carbohydrate metabolism and partitioning is
necessary before a product such as plastic potatoes can be grown in
the field [127,138].
Lipids
Lipids consist of a broad group of compounds that are generally

soluble in organic solvents but only sparingly soluble in water.
Together with proteins and carbohydrates, they constitute the
principal structural components of plant cells. Glycerol esters of
fatty acids, which make up to 99% of the lipids of plant origin,
have been traditionally called fats and oils [139,140]; fats are solid
at room temperature and oils are fluid. Lipids in food exhibit
unique physical and chemical properties. The composition,
crystalline structure, melting and solidifying behavior, and their
association with water and other nonlipid molecules are especially
important with regard to the various textural properties they impart,
and to their functionality in bakery and confectionery products.
Dietary lipids play an important role in nutrition. They supply
calories and essential fatty acids act as vitamin carriers [67,69] and
increase the palatability of food.
Based on their structural components, lipids can be classed as (1)
simple lipids (e.g. acylglycerols and waxes); (2) compound lipids
(e.g. phosphoacylglycerols or glycerophospholipids, cerebrosides)
and (3) derived lipids, materials that meet the definition of a lipid
but are not simple or compound lipids (e.g. carotenoids, steroids)
[140]. Such classification,
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Figure 6
Structural forms for (A) triacylglycerols and (B) most common
saturated and unsaturated fatty acids. (18:1w9) = 18, number of
carbons; 1, number of double bond; 9, the position of the first
double bond from the CH3 end.

however, should be used only as a guide because it may be too
rigid for a group of compounds so diverse as lipids are. The most
abundant class of food lipids are the acylglycerols, which dominate
the composition of vegetable fat and oils. Of these, triglycerides (a

glycerol residue molecule plus three fatty acid residues) [Figure
6(A)] are the principal components of fats and the most
concentrated form of energy among the macromolecules of the
diet, providing 9 cal/g [ 141].
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Fatty Acids
Fatty acids are classified by their length(1) short chain (less than 6
carbons), (2) medium chain (6 to 11 carbons), and (3) long chain
(12 or more carbons)and in terms of their degree of saturation:
saturated fatty acids lack double bonds, monounsaturated fatty
acids have a single double bound and polyunsaturated fatty acids
have two or more double bonds [Figure 6(B)]. Liver and adipose
tissue are the most important organs where fatty acid biosynthesis
occurs. The end product is usually palmitic acid (16:0) or stearic
acid (18:0). High carbohydrate/low fat diets activate fatty acid
synthesis, whereas high fat diets suppress it. Western diets supply
more than adequate amounts of saturated fatty acids; therefore,
there is no need for synthesis. Palmitic acid and stearic acid are the
major saturated fatty acids in foods (e.g. beef, pork, lamb, poultry,
fish, tallow, milk, milk products) [ 141].
In order to function, cell membranes need unsaturated fatty acids to
maintain fluidity. Through the process of desaturation a simple
double bond is introduced between the ninth and tenth carbon atom
by the enzyme delta(8)-desaturase to form oleic acid (18:19), the
major monounsaturated fatty acid in the diet [Figure 6(B)]. The
enzyme is present in both plants and animals [141]. Moreover,
saturated and monounsaturated fatty acid (oleic acid), can be
readily synthesized from other nutrients in the diet such as glucose
or amino acids, and thus are not essential dietary components.
Plants, not humans, can insert additional double bonds into oleic
acid and form linoleic acid and linolenic acid with three double
bonds (Figure 6). These two families of essential fatty acids are not
interconvertible. Moreover, linoleic acid is converted in the body to

arachidonic acid (Figure 6), which is the precursor of a group of
hormones known as prostanoids (prostaglandins and prostacyclins)
[140]. It is well known that those compounds have antithrombotic,
antivasoconstrictive and anti-inflammatory properties [142,143].
Linoleic acid, on the other hand, is known to lower cholesterol
content in human blood and thus helps to prevent atherosclerosis
and heart attacks. The proportion of oleic acid and linoleic acids
determines the quality of the oil and its use. The oleic oils are used
primarily in the production of infant foods, for special snack frying
and as salad oil, whereas linoleic oils are used in margarine and in
polyunsaturated oil products [19].
Fatty Acids Plant Sources
A major selling point for maize oil is its high level of the essential
polyunsaturated fatty acid, linoleic acid (C18:26) [28,139,144]
(Table 7).
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TABLE 7. Fatty Acid Composition of Seed from Edible Crop Plants (data expressed as g
fatty acid/100 g oil).
Oleic
Linoleic
Linolenic
Palmitic
Stearic
Crop
(C16:0)
(C18:0)
(C18:1w9) (C18:2w6)
(C18:3w3) References
Cereal
11.011.5
2.02.2
24.126.6
58.761.9
0.70.8
28, 139,
Maize
144
16.7
1.58
39.2
33.5
1.6
144
Rice
17.2
26.1
49.9
1.9
144
Sorghum
14.024.5
0.42.0
11.517.0
56.364.0
3.76.7
144
Wheat
Legume
0.71.4
7.09.7
21.028.1
37.254.3
89
Common 10.814.7
bean
10.711.3
3.94.1
18.229.3
45.954.9
6.59.5
28, 96
Soybean
Oilseed
4.57.2
1.29.5
7.312.4
78.581.0
0.1
146, 147
Safflower
7.89.7
3.65.4
38.449.3
37.346.1
148
Sesame
3.76.5
16.459.0
32.073.7
0.1
19
Sunflower 5.510.0
2.0
30.0
4.5
158
Rapeseed
Psuedocereal
0.95.4
19.137.1
33.558.7
0.31.3
24, 28,
Amaranth 13.828.1
153
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Consumers have been made aware of the importance to health of
polyunsaturated fatty acids in the diet. Maize oil is an excellent
source. Although highly polyunsaturated, maize oil is a very stable
oil because it contains low levels of peroxide (0.5 meq/Kg) [ 145],
which is a measure of the degree of oil oxidation and hence loss of
quality, and very little linolenic acid (C18:33). Among the
commercial vegetable oils, only safflower and sunflower oils have
higher percentages of polyunsaturated fatty acid than maize oil
(Table 7) [19,146,147]. Sesame oil is dominated also by linoleic and
linolenic acids [148]. The dominant vegetable oil in the world,
soybean oil, has a lower level of oleic and linoleic oils, but a major
problem is its higher content of linolenic acid [96]. This fatty acid
is highly susceptible to oxidation, whose products produce offflavors [139].
Common bean contains 1% to 3% lipids, depending on the variety
[89], origin, location, climate, environmental conditions, and the
type of soil in which they are grown. Neutral lipids are the
predominant class of lipids in common bean, which is made up
primarily of triglycerides accompanied by smaller proportions of
free fatty acids, sterols, and sterol esters. In fact, the common bean
lipids show a significant amount of variability in their fatty acid
composition and contain substantial amounts of unsaturated fatty
acids [149]. Oleic, linoleic, and linolenic are the major unsaturated
fatty acids, which range from 65% to 87% of total lipids [14]
(Table 7). They also contain saturated fatty acids, notably palmitic
acid, which ranges from 10.8% to 14.7% of the total lipids. The
lowering effect of serum cholesterol levels by common beans in
rats has been attributed in part, to a high content of polyunsaturated
fatty acids such as linoleic and linolenic [150].

Amaranth oil is also mostly dominated by oleic and linoleic acid
[28,151]; its fatty acid composition is very similar to rice and maize
oils and has a nutritious ratio of saturated and unsaturated fatty
acids. An outstanding characteristic of amaranth oil is its
tocopherol and tocotrienol contents, which is similar to or
somewhat higher than olive oil (191 mg/g oil) [24]. Tocopherols
(a, b, g, and d) possess biological activity as vitamin E compounds,
with a-tocopherol having the highest activity [152]. These
compounds have been reported to inhibit cholesterol biosynthesis
and hence, lower total serum cholesterol in humans [28,153].
Vitamin E isomers, tocopherols, possessing also high antioxidant
activity, which protects seed oils in stored grains from rancidity
[154].
The economics of the commercial extraction of oil from amaranth
seeds has not been studied in detail. The processing costs of this
oil, when added to the high cost of the raw material, would require
a selling price considerably greater than the cost of competing oils
from traditional sources [151]. However, future research and
production of value-added products may bring down raw material
costs to position amaranth in a more competitive scenario [154].
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Genetic Engineering for Plant Oils
There is a considerable interest in the specialty oils markets in
modifying oilseed composition to obtain high levels of specific
fatty acids. Several oilseed crops are amenable to modern
techniques of gene transfer; this suggests that fatty acids now
available in small quantities from undomesticated species could be
produced by traditional oilseed crops [ 155]. The viability of
current gene transfer technology for oilseeds has been
demonstrated by the transformation of rapeseed, cotton, sunflower
and safflower with foreign DNA [156]. Seed-specific promoters
have been used to ensure that expression of the introduced gene
occurs only in the seed, increasing the probability that
modifications of seed oil may be undertaken without disruption of
whole plant physiology. However, the synthesis of oil plants
requires the interaction of multiple gene products [155]. The
machinery for synthesis of the fatty acids and their incorporation
into triacylglycerols (TAG) are reviewed by Battey et al. [155]. The
complexity of this biochemical web means that the final
composition of TAG is determined by many interdependent factors.
Machinery for synthsis and transport of desired fatty acid species
must be in place. The enzymes at each stage of TAG synthesis must
be able to use intermediates containing the species at a competitive
rate. For TAG with a specific arrangement of fatty acids on the
glycerol there is a requirement for position-specific
acyltransferases. What are, then, the prospects for achieving
significant modifications of plant oils by genetic engineering?
The first step towards modifying fatty acid metabolism has been to
control the degree of fatty acid desaturation. Saturated fatty acids

are relatively uncommon in most plant storage lipids because of the
presence of highly active desaturases in developing seeds. The first
transgenic crop with a modified seed composition, a lauric-oil
rapeseed, was cultivated for commerical use in 1995, and
additional transgenic rapeseed varieties, expressing a variety of
novel seed-oils are under development [157]. For example,
transgenic rapeseed plants with 40% stearic (C18:0), 40% and 60%
lauric (C12:0) and 80% oleic (C18:16) are under field trials. Each
of these transgenic varieties contains one additional gene. The
lauric variety contains a lauroyl-ACP thiesterase gene from the
California Bay plant [158]. This causes premature chaintermination of the growing fatty acid resulting in the accumulation
of C12 (lauric), rather than the normal C18 oils. Lauric oils are
mainly used in soaps and detergents, although their use in
confectionery fats and milk formulas is also being investigated
[157]. The stearic variety contains a seed-specific antisense gene
construct of B. rapa stearoyl-ACP desaturase resulting in a
dramatically increased level of stearic oil in the seeds. A
continuous distribution of stearate levels from 2% to 40% was
observed in seeds of transgenic B.
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napus plant, illustrating the potential to engineer specialized seed
oil compositions [ 159]. The resulting high-stearic oil may have
advantages over normal rapeseed oil for the production of certain
solid fats, such as margarines.
Although significant advances have been made, there is much that
needs to be learned about lipid metabolism in plants before
manipulation can progress beyond an essentially empirical stage.
Despite the achievements of researchers, there are some major
challenges about the immediate commercial future of oilseed
biotechnology [157]. First, most of the transgenic rapeseed varieties
currently under development are substitution products aimed at
existing markets. In many cases, the aim is to displace another
plant oil that currently supplies that market. Hence, lauric rapeseed
would be a substitute in detergent markets, leading to displacement
of conventional lauric oils derived from coconut or palm kernel,
whereas stearic rapeseed may substitute in margarine markets and
displace hydrogenated conventional rapeseed oil. The economics of
such substitutions for existing plant oils are far from clear, and may
rely on improved yields of the novel fatty acids concerned [157].
Second, as discussed above, the insertion of a single exogenous
gene into rapeseed can dramatically alter the seed-oil composition.
Nevertheless, single-gene insertion often only results in the
accumulation of 30-40% of the total seed-oil as the desired novel
fatty acid. To overcome the top 40% lauric oil in transgenic
rapeseed, a second exogenous gene was inserted. This has
reportedly increased levels of acid up to 60% of total seed-oil in
first generation transgenic plants, although this result remains to be
confirmed in large-scale trials [157].

Rapeseed transformation is now routine, and while soybean
transformation is more labour-intensive, it is also relatively
straightforward. Transformation protocol for sunflower is being
developed rapidly, and within the next five years it should be
possible to transform all the major annual oilseed crops [157]. It
also appears that gene constructs that have already been developed
for seed-oil modification in rapeseed can be used directly for
transforming sunflower, as well as other species that are
susceptible to Agrobacterium-mediated transformation.
Antinutritional Factors in Plants
A very diverse group of nonnutrient chemicals found in plants is of
interest with respect to food safety by virtue of its undesirable or
potentially hazardous properties. Several authors have published
information on those antiphysiological compounds, reporting plant
contents, implication of such components on nutrition, their
protective effect against field
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and/or storage pests and the effect of processing on such
antinutrients, among other information [
21,42,160,161,162,163,164,165,166,167,168,169]. On the other hand,
there have been some efforts to study the pharmaceutical effects of
antinutritional compounds in relation to different diseases
[170,171,172,173], which will be discussed later in this chapter.
With this information in mind, evaluation of the alleged
antiphysiological properties of antinutritional components should
be placed in perspective in relation to the level of these factors in
the diet, their function against the attack of pests to the plant, as
well as weighing them with respect to their therapeutic potential.
Proteins
Antinutritional proteins in plant foodstuffs are of great importance
since they can limit the nutritional potential of these materials for
human consumption. The two main types of antinutritional protein
present in plants are the proteinase inhibitor and the lectins [174].
Although they are widely distributed throughout the plant
kingdom, seeds of the Leguminosae (e.g. common bean, soybean)
are rich sources for both antimetabolites (Table 8). A third type of
antinutritional protein present in plants is the allergens (antigens),
but unlike the toxic lectins and proteinase inhibitors which exhibit
their effect on the individual who consumes them, they are usually
normal food constituents, and the abnormality rests in the
individual who reacts to such otherwise innocuous substances.

a-Amylase Inhibitors
Legumes, and cereals also, are a significant source of
carbohydrates. However, their absorption and utilization may be

affected by the presence of proteinaceous inhibitors of the
important digestive enzyme a-amylase [89]. The physiological role
of a-amylase inhibitors in beans is not yet known. They do not
inhibit the a- and b-amylases of plants in which they are found.
Mature dry maize, on the other hand, has a low level of a-amylase
activity, which increases during germination [162]. Extensive
research has been done on the a-amylase inhibitors of wheat. As a
result, three classes of this inhibitor have been detected. Types one
and two are more active against insect a-amylases than against
human salivary or pancreatic a-amylase. Type three inhibits human
salivary and insect a-amylases but does not inhibit enzymes for
bacteria or fungi. In wheat, two thirds of all albumins are amylase
inhibitors (Table 8) [56,175]. On the other hand, the major aamylase inhibitor present in the seeds of Amaranthus
hypochondriacus has been purified and tested against a-amylases
from mammalians and insects [176]. As a result, it was found that
such an inhibitor is active against Tribolium castaneum and
Prostephanus truncatus but not against mammalian a-amylases.
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TABLE 8. Undesirable Components in Plants.
Component
Amaranth Common Bean Maize Potato
Soybean
Wheat
Protein
329672
10a
Alpha-amylase (U/g)
0.10.5
15.531.1
Traces 0.010.05 3.14 × 103b < 0.1
Lectins (g/Kg)
3.15.5
1329
20.447.1
Trypsin inhibitors (TIU/mg)
Chemical
10150
Glycoalkaloids (mg/Kg)
2962
Nitrates (mg/100 g)
016
Oxalic acid (mg/100 g)
.340.61
0.62.8
0.9
1.01.47 0.881.43
Phytic acid (g/100 g)
Traces
0.21.6
0.225.6
Saponins (g/100 g)
24
9.6131-4
0.045c
Tannins (mg cat. eq./mg)
Flatulence factors (g/100 g)
0.130.82
0.180.22
Traces
0.75.6
0.190.68
Raffinose
0.020.13
1.842.45
2.24.2
Stachyose
0.153.8
0.00.3
Verbascose
a g/100 g protein.
b As hemagglutinating units.
c Values given in %.
Source: Adapted from References [14, 18, 21, 26, 42, 89, 96, 160169].
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Lectins
The poor nutritional properties of raw legumes have not only been
ascribed to the low sulphur-containing amino acid content of their
storage proteins [ 1,8,18] and the presence of proteolitic enzyme
inhibitors, but also the presence of another class of proteins, the
lectins [177]. Lectins are defined as carbohydrate-binding proteins,
and because they are able to agglutinate erythrocytes, they are also
known as phytohaemagglutinins [164,174]. Like the protease
inhibitors, the lectins appear to be particularly widespread
throughout the legume family, although they are also formed in
other plant genera as amaranth, potato and wheat (Table 8).
Most lectins, particularly those of legumes, appear to be present in
seeds; in common bean they have been shown to be present only in
mature seeds [14,178]. Although some common bean cultivars do
not have lectins, those containing them make up 6 to 12% of the
total protein [179], suggesting that they may play an important role
in the physiology of the plant. Some of the suggested functions for
the lectins are: (1) act as antibodies to counteract soil bacteria, (2)
protect against fungal attack, (3) participate in transportation or
storage of sugars, and (4) protection against insects [14,178]. A
number of wild strains of common bean from México have been
found to be highly resistant to Zabrotes subfasciatus; apparently,
this is due to the presence of high levels of arcelin (one type of
lectin) in the cotyledon of the seed [180]. Lectins, as trypsin
inhibitors, are inactived by heat treatments, except by dry heat
treatment [164].
Trypsin Inhibitors

Nutritionally, trypsin inhibitors are capable of inhibiting the growth
of rats, chicks, and mice [164], an effect that was generally
accompanied by a depression in the digestibility of the protein in
the diet. Not long after soybeans were introduced into the U.S.,
Osborne and Mendel [181] made the significant observation that
soybean had to be subjected to heat treatment in order to support
the growth of rats. Nowadays, it is well known that processing
[164], germination [168] and fermentation [42] significantly
decreases the trypsin content in foodstuffs. Physiologically, most of
the evidence supports their role of either being regulatory or
protective proteins [174,178], since their activity is directed against
digestive proteinases found in pests and microorganisms.
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Chemicals
Glycoalkaloids
The glycoalkaloids (GA) are nitrogenous, steroidal glycoalkaloids
produced by many species in the family Solanaceae, including the
cultivated and wild potatoes (Solanum spp.), and tomatoes
(Lycopersicon spp.) [ 182]. The two related compounds a-solanine
and b-chaconine, account for ~95% of the GA present in S.
tuberosum [163,183]. Low concentrations of GAs improve the taste
of potato, but concentrations greater than 200 mg/Kg for fresh
potato and 1000 mg/Kg for dry potato can have toxic effects on
humans; consequently, such GA levels are the safety limits
accepted in potatoes [184].
It has been stated that GAs are one of the most poisonous
components of human diet [185]. The toxicity of some are
comparable to other well-known poisons such as arsenic. However,
GAs differ in their toxicity; for example, b-chaconine is more toxic
than a-solanine [184,186].
Despite several studies, there is little evidence for the involvement
of potato GAs in resistance to insects. Interestingly, wireworms
prefer feeding on tubers where the GA concentration is low [187],
whereas Colorado potato beetles prefer young tissues of foliage,
which have the highest GA concentration [188]. On the other hand,
the significance of GA in potato disease resistance is uncertain,
although they have antifungal activity.
Phytic Acid
Phytic acid is a naturally occurring compound formed during the

maturation of legumes seeds and cereal grains. Wheat, soybean and
common bean are the three food crops which contain the highest
contents of this acid (Table 8). In the seed of legumes, it accounts
for about 70% of the phosphate content and is structurally
integrated with the protein bodies as phytin, a mixed potassium,
magnesium, and calcium salt of inositol [14,18,189]. Phytic acid has
been considered as an antinutrient due to its inhibitory effect on
mineral bioavailability. The most striking chemical impact is its
strong chelating ability with multivalent cations. Minerals of
concern in this regard would include zinc, iron, calcium, and
copper [189]. In particular, phytic acid-induced zinc deficiency has
been extensively reported [18,82,87,190,191].
Phytate-protein interactions and their effects on protein
digestibility have been also reported [192,193]. Several researchers
have found that phytic acid can inhibit enzymes such as pepsin, aamylase and trypsin [194,195]. However, Thompson and Serriano
[196] and Deshpande and Damodaran [197], show that phytate does
not interfere with protein digestibility either in vivo or in vitro,
respectively.
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Saponins
Saponins share many physical, physicochemical and physiological
properties with glycoalkaloids [ 167]. Those compounds, saponins,
are widely distributed in plant species, being reported in nearly 100
families but relatively few of those are used as foods (e.g.
amaranth, common bean, soybean, potatoes, and tomatoes) [167].
High saponin contents confer bitter taste, which decreases the
palatability of seeds, and possibly have an antinutritional effect
[19].
Tannins (Polyphenols)
The common dietary plant phenols are not considered toxicants
under normal amounts and conditions. The condensed tannins are a
possible exception [18]. They are widespread in fruits and
vegetables and in certain grains. The tannin content of common
bean and soybean is present in Table 8. It varies with the type of
species and variety. Generally, the pigmented varieties of beans
contain greater amounts of tannins [198,199]. However, GuzmánMaldonado et al. [160] did not find such a relationship between
color and tannin content in common beans varieties grown in
México.
Antinutritional effects of tannins have been reported to differ with
test animals and avian species. The deleterious effect of tannins in
the diet seems to be related to their interactions with dietary
proteins. Tanninprotein complexes are believed to be responsible
for growth depression, low protein digestibility, and increased fecal
nitrogen [18,200]. Dehulling eliminates 68 to 95% of tannins in
common bean, and soaking presents similar effects on tannin

contents. Bressani et al. [200] studied the partition of polyphenols
in beans during cooking. About 60, 67 and 75% of total
polyphenols of the raw beans remained in black-, white-, and
redcolored beans, respectively, upon cooking. The cooking waters
contained less than 20% of the total polyphenols.
Flatulence-Producing Factors
Oligosaccharides, the flatulence factors, are short-chain
polysaccharides which have a sucrose moiety plus one (raffinose),
two (stachyose) or three (verbascose) galactose moieties [170,172].
Major emphasis is placed on investigations relating this family of
sugars because they are the most common oligosaccharides present
in legumes [18]. Such compounds are present in cereals as well;
nevertheless, the levels are low (Table 8).
These compounds have to meet two specific requirements: (1) they
are not digestible by human digestive juices, and (2) they are
preferentially
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consumed by beneficial intestinal bacteria, bifidobacteria, in the
colon [ 170]. Oligosaccharides are water soluble and mildly sweet,
typically 0.3 to 0.6 times as sweet as sucrose [201].
Flatulent activity associated with soybean and common bean
consumption is often considered one of the limiting factors in their
utilization, especially in the developed Western nations; although
these beans undoubtedly rank at the top of the chart, several
commonly consumed vegetables have also a similar flatus-causing
potential. These include lima bean, lentils, cabbage, onion,
Brussels sprouts, apricot, banana, prunes and prune juice, raisins,
whole wheat bread, bran cereals, bran muffins, pretzels, wheat
germ, milk cream, and ice cream [171]. Because the
oligosaccharides are stable to heat, attempts have been made to
eliminate them by enzymatic action. One approach is to take
advantage of the endogenous enzymes capable of hydrolyzing
these oligosaccharides produced during germination. Thus, a
germination period of 1 to 4 days leads to an almost complete
disappearance of oligosaccharides [164].
Genetic Modifications of Antinutritionals
To the best of the authors' knowledge, poor or scant attention on
modification of antiphysiological compounds has been given
except for that of inhibitors in pest control. Plants protect
themselves against predation by producing insecticides and
proteinase inhibitors of the pest digestive system, impairing
predator physiology. Several research groups have been
enthusiastic about the potential of proteinase inhibitors for the
control of insect pests. One approach to provide defense against
herbivorous insects is the incorporation of the gene encoding the

proteinase inhibitor into the genome of the plant. This strategy has
proved to be successful [202]. Transgenic plants expressing a
proteinase inhibitor have enhanced levels of insect resistance. The
gene encoding the cysteine proteinase inhibitor has been
successfully introduced in tobacco plants [203]. Transformation of
pea seeds expressing the a-amylase inhibitor of the common bean
has been also successful; the seeds are resistant to bruchid beetle
attack [204].
An alternative approach for pest control is the production of
proteinase inhibitors on a large scale in a bacterial system for
subsequent purification and use as a crop spray. The expression of
the gene cysteine proteinase inhibitor, in E. coli has yielded active
forms of the inhibitor [205]. This approach can be used to produce
antinutritional compounds for pharmaceutical purposes, because
those components have attractive health potentials in preserving
different diseases.
Owing to their involvement in plant defense, several lectin genes
are currently being investigated for possible use as resistance
factors against phytophagous insects, nematodes and herbivores
[166]. On the other
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hand, in the elimination and inactivation of existing lectin genes,
and other antinutritional genes, it must be present that such genes
may play a role in plant defense mechanisms against pests or
diseases. Lectin-minus varieties might be more susceptible to
parasites and may require a higher input of pesticides in
agricultural practice than lectin-containing varieties. Finally, if
recombinant DNA technology is used for the development of
lectin-free crops, the resultant genetically modified plants will be
subjected to specific regulations and face the problem of gaining
public acceptance [ 164].
Tissue culture techniques and genetic transformation are well
developed and widely employed in potato research [182]. Most of
the studies are also directed to the development of pathogenderived resistance to diseases and genetically engineered resistance
to insects. Genetic transformation could offer the means for
regulation of glycoalkaloid (GA) production in transgenic plants.
GA Derivates are utilized for the synthesis of steroid drugs and
extracts from Solanum spp. have been used as anticancer agents
[182,206]. Conversely, genetic transformation could offer the means
for lowering GA production in transgenic potato plants. Genetic
localization and isolation of the gene or genes controlling GA
degradation in ripening tomato fruits is a realistic goal due to the
rapidly advancing analysis of the tomato genome and because of
the recent study on a naturally occurring tomato mutant, in which
GA are not degraded, indicates simple inheritance of the phenotype
and makes mapping attractive. Following isolation, a gene for GA
degradation could be transferred to potato plants under a
constitutive or inducible promoter and could be expressed

specifically in certain tissues, for example, in tubers, in order to
limit the amount of GA in edible plant organs [182,183].
Pigments
Naturally Occurring Pigments
The pigments found in plants play important roles in plant
metabolism and visual attraction in nature. They are also important
for humans, attracting our attention and providing us with nutrients
[207,208]. They have been found to play important roles in
preventing serious human diseases as cancer and in the reduction of
cardiovascular diseases [171]. Major plant pigments include
carotenoids, anthocyanins and other flavonoids, betalains, and
chlorophylls [208]. Carotenoids, which are yellow, orange or red,
and chlorophylls, which are green, play pivotal roles in
photosynthesis. They occur in all green plants and are localized in
plastids. Flavonoids, on the other hand, include red or blue
anthocyanins
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and white or pale yellow compounds. Flavonoids in flowers and
fruit provide visual cues for animal pollinators and seed dispersers
to locate their target. They are located in the cytoplasm and
plastids.
Like carotenoids and flavonoids in flowers and fruit, betalains are
also likely to play an important role in attracting animals. These
red-violet (betacyanin) and yellow (betaxanthin) pigments, which
are located in the cytoplasm of plant tissue, only occur in about ten
plant families [ 207].
Anthocyanins
There is considerable interest worldwide in the development of
food colorants from natural sources. It is likely that advances in
toxicology companies with realistic estimates of risk-benefit
consideration will allay a number of the current consumer concerns
about food addition. Moreover, present consumer opinion tends to
favor colorants form natural sources [208]. There are many highly
colored pigments occurring in nature which are potential food
colorants. The anthocyanin pigments are very widespread in the
plant kingdom and provide many of the orange, red and blue colors
found in fruits and flowers. Since the presence of anthocyanins is
universally associated with attractive colorful and flavorful fruits
around the world, such as grapes, strawberries, prune granates, and
mangoes, the anthocyanin are logical candidates for food colorants.
Many natural sources have been suggested, but the major problem
with all anthocyanins is their instability in storage [208].
Anthocyanins are, as was indicated before, particularly associated
with fruits, but also occur in vegetables, roots, tubers, bulbs,
legumes and cereals (Table 9); also, certain anthocyanin-containing

leaves and flower parts are traditionally consumed in some parts of
the world [209]. It is reasonable to assume, therefore, that human
beings are well conditioned to ingesting anthocyanins; further, it
may be argued that the present day diet with its increasing
dependence on processed foods, has become deficient in
anthocyanins. The addition of natural anthocyanin extracts to give
color to processed foodstuffs could be regarded in this context as
maintaining current levels, if not actually redressing the balance,
which may be desirable in view of their health beneficial effects.
Betalains
Betalains are a class of water-soluble pigments produced by plants
and some higher fungi. They consist of two major subgroups: (1)
red and purple betacyanins and (2) betaxanthin pigments, which are
yellow to orange [210]. Betalains are heat, light, and oxygen
sensitive and their use has been limited to foods with short shelf
life or with low pH. Five of ten
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TABLE 9. Major Plant Pigments, Their Sources, and Common Food Uses.
Pigment
Source
Use
AnthocyaninWine grape skin, elderberries, Food colorant
seed coat of corn, sorghum,
cranberries, blueberries
Morning glories flowers
Ice cream, yogurts dairy
(lpomoa tricolor)
desserts
Skins of colored beans
Red cabbage (Brassica
Soft drinks, candies
oleracea)
Red sweet potato (lpomoea
Dry beverages, gelatin dessert
batatas)
mixes
Cranberries
Food ingredient
Carotenoids Carrot, sweet potato,
Bakery, beverages, fat and oils,
cauliflower (Brassica
dairy products, milk substitutes,
oleracea), tomato,
desserts, preserves, syrups,
watermelons, pink grapefruit, confectionery, salad dressing,
cucumber (Cucumis sativus), pasta, egg products
paprika, saffron
Marigold flowers (Tagetes
Aquaculture industry, feed for
erecta)
laying hens
Source: Adapted from References [208211, 214].

betalain-producing plant families are: Amaranthus, Beta,
Chenopodium, Phytolacca, and Portulaca [ 207,210]. Betalains, as
some less-common carotenoids and flavonoids as well as all of the
other minor pigment classes, represents only an insignificant
contribution to pigments in plants and therefore, are of small use in
food-color industry.
A betacyanin amaranthine has been extracted from leaves of
amaranth. This compound is comparable in most aspects to betanine

which is responsible for the red color of beets, and has been
commercialized as a natural color. Interestingly, as a result of
germination, amaranth seeds synthesize a red pigment that could be
related with amaranthine. Further studies on this topic are pending
[23].
Carotenoids
Carotenoids and xanthophylls belong to the class of polyenes and
are probably the most widely distributed group of pigments in
nature. Carotenoids are found in bacteria, fungi, yeasts, and plants.
The advantages of carotenoids as colorants are their good pH
stability, their red to yellow color, and their insensitivity to reducing
agents such as ascorbic acid [211]. Nevertheless more than 600
carotenoids have been identified in nature [212], only ~40 have
been found to be vitamin A precursors. When provitamin A
carotenoids are consumed, they are enzymatically broken
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down to retinol (vitamin A). Vitamin A deficiency world-wide is
the most common specific dietary deficiency, as it affects millions
of children each year with xerophthalmia, blindness, or death [
207]. Recent studies have been indicated that food crops containing
carotenoids are believed to function as chemopreventers by
providing protection against certain forms of cancer as well
[207,212].
Plant extracts of carotenoids have been used for centuries as food
colorants. The best known plant sources are carrots, tomato,
paprika and saffron (Table 9). Commercial preparations are
currently available for almost any type of foodstuff in the yellow to
red range [213]. The beta carotene formulation provides a yellow to
orange color. Apocarotenal and apocarotenoic acids provide an
orange or red range and canthaxanthin preparations are red. The
range of products appropriate for coloration by carotenoids
involves margarine, oils, fats, fruit juices, beverages, daily products
and many others (Table 9). Marigold extracts from Tagetes erecta
or the dried flower themselves are well known as supplements for
chicken feed to color the eggs and the chicken's skin [214].
Marigold flowers contain high concentrations of lutein as the major
pigment [215.].
Tissue Culture and Recombinant DNA Technology for Pigment
Production
Tissue Culture
In recent decades the production of secondary metabolites (e.g.
pigments) using plant cells has been the subject of extended
research. Strain improvement, development of methods for the

selection of highproducing cell lines, and medium optimization by
the variation of nutrients and phytohormones can lead to an
enhancement in pigment production. For example, there are many
culture conditions and process strategies leading to improved
anthocyanin production: inoculum density, amonium:nitrate ratio,
UV and gamma irradiation, osmotic potential and stress, among
many others [210].
Betacyanins, on the other hand, the red pigments, as well as
betaxanthins, the yellow ones, have been produced in culture by
five of the ten betalain-producing families. Both pigments were
accumulated inside the cell vacuole [210]. The highest
concentration of betacyanins was obtained in cell cultures of
Chenopodium rubrum [216]. This culture could accumulate up to
1% (dry weight) betacyanins under optimized growth conditions
with tyrosine as precursor.
Finally, the production of b-carotene was possible by high-density
cultures of Daucus carota using an air-lift column. In these carrot
cells the productivity was higher in the logarithmic phase of cell
growth than in
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the stationary phase [ 210]. Semicontinuous cultures that
maintained the logarithmic phase were performed for continuous
production of b-carotene. On the other hand, the production of
carotenoids was reported in cell culture of tomato (Lycopersicon
esculentum). Dark-grown tomato suspension cultures contain low
levels of carotenoids (mainly lycopene and b-carotene). The
addition of bioregulator resulted in a 60-fold increase in carotenoid
production over a cultivation time of 14 days. The major
component of the increase was lycopene [210].
Recombinant DNA Technology
With the increasing evidence of the positive influence of plant
pigments on human health, a heightened interest in a broad range
of vegetable pigments and chemopreventers is developing. Genetic
improvement of anthocyanin or betalain content has been
successful for a variety of vegetables [207,217]. Biotechnological
approaches to improvement of plant pigments are also
encouraging. For example, the suppression of the first committed
step in anthocyanin biosynthesis chalcone synthase. Completely
white-flowering plants have been produced from red- or purpleflowering plants through sense suppression of the cited enzyme in
petunia [218]. This example will serve to illustrate some of the
issues involved in modifying flower color through genetic
engineering.
The carotenoids biosynthetic pathway is also especially amenable
to manipulation by recombinant DNA techniques since all
carotenoids share a common precursor. Affecting these key steps
with genetic engineering methods can increase carotenoid
productivity. Recently, many genes coding for enzymes catalyzing

specific steps in the biosynthesis of carotenoids have been isolated
and characterized from bacteria, cyanobacteria, and higher plants.
There are recent reviews listing carotenoid biosynthesis cDNAs
and genes that have been cloned and sequenced [219,220]. When
tomato plants were transformed with a copy of the fruit-expressed
phytoene synthase cDNA under the control of the CaMV 35S
promoter, they showed ectopic production of carotenoids. However
high expressers were reduced in stature [221]. This founding has
implications of the regulation of this important area of metabolism
and may provide a means for genetic manipulation.
Allergenicity of Foods
Allergic Diseases
A food allergy is the immune-mediate state of hypersensitivity that
re-

Page 598

sults from exposure to an allergen. An allergen, in turn, is a
biological or chemical substance that causes an allergic reaction.
The most common allergic reaction (Type I) is mediated by
immunoglobulin E (IgE) and involves activation of effector cells,
mainly mast cells (localized in connective and mucosal tissues) and
basophils (cells of the immune response present in blood), which
lead to an inflammatory response and clinical manifestations [ 222].
Mekori [222] and Anderson [223] published excellent reviews for
more detailed information about immune system and type II, III,
and IV hypersensitive reactions. It is important that food allergy
should not be confused with food intolerance that may be
metabolic (e.g. lactose intolerance), pharmacological (e.g.
scombroid fish poisoning from histamines), toxic (e.g. shellfish
poisoning from dinoflagellate saxitoxin) or psychological [224].
A normal immune system is essential for health; a deficiency in
immune cell production or defective immune function may lead to
a wide spectrum of immune-deficiency diseases. Overactivity of
various components of the immune system leads to the
development of allergic or autoimmune response [222]. The
immediate hypersensibility reactions occur when antigens such as
certain proteins from pollens or food bind to specific preformed
IgE antibodies attached to the mast cells. This interaction results in
the release of various mediators (histamine and cytokine among
others) which produce a reaction. The critical difference between a
symptomatic and normal individual is that the former produces
high levels of IgE in response to particular antigens, whereas the
latter generally synthesizes other Ig isotypes and only small
amounts of IgE. IgE is the least prevalent of the antibody classes in
terms of serum levels, which range in normal human subjects from

17 to 250 ng/ml (0.002% of total serum Ig). In pathological
conditions, such as severe atopic, this level can rise to over 1000
ng/ml [222]. Allergen-IgE binding to mast cell IgE receptors
triggers the cascade of inflammatory responses. This cascade,
mediated by the already mentioned mediators (histamine and
cytokine), results in mucosal inflammation and characteristic type I
allergic reactions such as anaphylaxis (a generalized inflammatory
reaction resulting in vasodilatation and contraction of the smooth
muscle cells, including those of the bronchus).
Allergenic Plant Foods
Although a handful of foods or food groups accounts for the vast
majority of food allergy cases, it has been calculated recently that
over 100 different foods or food components have produced
documented adverse reactions [224]. Moreover, over 200
proteinaceous allergens (from all sources, food and non-food) have
been identified and characterized using

Page 599

molecular biology techniques [ 225,226]. Peanuts, soybean, tree
nuts, milk, eggs, fish crustaceans and wheat are responsible for
over 90% of serious allergenic reactions to foods [227].
Antigens that elicit immediate hypersensitivity reactions are called
allergens and are proteins or chemicals bound to proteins [222].
Most food exposure is initially through the gastrointestinal (GI)
tract. The GI tract provides a barrier of immunologic and
nonimmunologic defense mechanisms where unwanted, intact
proteins are prevented from gaining ready access to the body [223].
Some intact food proteins do gain access. Thus the major identified
allergens responsible for IgE-mediated reactions are proteins
usually heat stable and proteolysis resistant. Clinically, many
patients react to only one or a few items from one food family.
Peanut allergic individuals usually can be found to possess IgE
antibody reactivity to other legumes (peas, beans, soy), yet can
regularly ingest these foods without clinical reactions [223].
Allergies to certain fresh fruits and vegetables are rather common,
but the allergens tend to be labile to processing and cooking and
the symptoms are mild and confined primarily to the oropharyngeal
area [227]. The prevalence of allergic sensitivities to specific foods
varies from one country to another depending on the frequency
with which the food is eaten in that country and the typical age at
its introduction into the diet. For example, peanuts are a much
more frequent cause of food allergies in the U.S. than in most other
countries. The Japanese probably experience more soybean and
rice allergies than some other cultures. Scandinavians have a high
incidence of codfish allergy for similar reasons [227].
Table 10 provides a list of the most and the less common allergenic

plant foods. The common have comparatively large groups of
patients and use the most objective diagnostic criteria, such as
double-blind, placebo-controlled food challenges (DBPCFC);
meanwhile, for the less common allergenics only some of those
foods have been documented to cause severe life-threatening
allergic reactions. The absence of a particular plant food on this list
may not mean that it is nonallergenic, but may indicate that its
allergenicity has not been documented. For a complete list of
allergenic foods see Hafle et al. [227]. Bush and Hafle [228]
reviewed the biochemistry of common and less commonly
allergenic foods and the allergenic proteins that have been
identified; the techniques utilized to document the allergenicity of
those foods and proteins are discussed as well.
Food Allergy and Transgenic Plants
The development of transgenic plants was first reported in 1984
[224]. Since then, essentially all economically important crops have
been ge-
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TABLE 10. Common and Less Common Allergenics in
Plant Foods.
Crop
Symptoms
Common allergenic
HR
Peanuts
HR
Soybean
HR
Wheat
Less common allergenic
A, AE, BR, H, U
Amaranth
A, AS, EX, GI, U
Barley
AS
Beans
H, LE, W
Lima
A, AE, U
Pinto
Broccoli
A, AE, DY
Cabbage
AE, I, TS, W
Carrot
AE, C, H, TN, U
Celery
A, AE, GI, I, LE
Cucumber
AS, CO, DY, RN
Lentils
AE, U
Lupine
A, AE, CU, GI, RC
Maize
AE, AD, AP, AS, GI, N, RN, U, V
Oats
A, AE, AS, DY, H, S, U, V, W
Potato
A, AC, AE, DY, GI, NS, PR
Rice
A, AE, B, D, E, FL, I, N, U, V
Sesame
AE, AS, DM, I, U
Tomato
A = anaphylaxis; AC = abdominal cramping; AD = atopic
dermatitis; AE = angioderma; AP = abdominal pain; AS =
asthma; B = burning mouth or lips; BR = bronchospasm; C =
chills; CO = cough; CU = cutaneous complaints; D =
diarrhea; DM = dermatitis; DY = dyspnea; E = edema; EX =

eczema; FL = flushing; GI = gastrointestinal symptoms; H =
hypotension; HR = hypersensibility reactions (see text); I =
itching; LE = laryngeal edema; N = nausea; NS = nasal
symptoms; PR = pruritus; RC = rhinitis; S = sneezing; TN =
tongue swelling; TS = throat swelling; U = urticaria; V=
vomiting; W = wheezing.
Source: Adapted from Reference [227].

netically engineered. Most of the traits introduced into crops result
from the expression of one or more proteins that are not normally
expressed in the non-transgenic crop plant. Over 60 different plant
species have been successfully genetically engineered. Traits being
introduced into these crops include insect protection, delayed
ripening, virus resistance, modified starch, herbicide tolerance,
modified oils, disease resistance, male sterility and many others.
More than 20 different genetically engineered plant products are
predicted to be in the marketplace within the next 4 or 5 years [
229]. Prior to market introduction the potential allergenicity of all
proteins encoded by genes that are introduced into plants should be
assessed [224,229].
The Food and Drug Administration (FDA), in their Policy on
Foods Derived from New Plant Varieties, recognized the need to
address the po-
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tential transfer of food allergens [ 229]. The FDA stated that if a
gene was obtained from an allergenic source it is prudent to assume
that the transferred protein is the allergen. Appropriate in vitro or in
vivo allergenicity testing may reveal whether food from the new
variety elicits an allergenic response in the potentially sensitive
population. The source from which the gene is derived is the
critical parameter in the assessment of the potential allergenicity. It
dictates the need to verify whether a gene encoding an allergenic
protein was transferred and expressed in a food component. For
example, in soybean, a cloned gene was used from a Brazil nut that
encodes a 2S storage protein found in the nut meat and introduced
by transformation. The Brazil nut 2S protein has a methionine
content of 18%. The protein was expressed in the seeds of
transgenic soybean, resulting in a significant improvement in
nutritional quality. However, because Brazil nuts are allergenic for
some sensitive individuals, the developers have to investigate the
allergenic potential of the 2S protein. This protein was tested
against IgE from the sera of eight Brazil nut-sensitive individuals
using an inhibition test and immunoblotting [61]. Seven of the eight
sera detected the 2S protein, suggesting that it is likely the major
allergens in Brazil nuts and would therefore need to be labeled if
used in fresh or processed foods in compliance with the 1992 FDA
policy on food derived from new plant varieties. In view of this
restriction, development of this product has been discontinued.
Metcalfe et al. [229] and Astwood and Fuchs [224] suggest that a
rational assessment of allergenic potential should be conducted in a
careful step-wise process (Figure 7). If a gene is derived from a
source that has no history of allergenicity, a comparison of the
amino acid sequence identity between the gene product and known

allergens should be conducted. Besides, gene products derived
from both allergenic or nonallergenic sources must be subjected to
digestibility and stability to processing. The ability of food
allergens to reach and cross the mucosal membrane of the intestinal
tract is likely a prerequisite to allergenicity [229]. Clearly, a protein
that is largely stable to the proteolytic and acidic conditions of the
digestive tract has an increased probability of reaching the
intestinal mucosa. The stability, on the other hand, of a protein to
various food-processing activities is also an important factor when
assessing the allergenic potential of an introduced protein. Food
allergens, particularly those present in processed food products like
peanuts and soybean, tend to be stable to processing conditions. If
a protein is being engineered into fresh market products such as
tomatoes, squash, or lettuce, processing stability is irrelevant
because the product will be consumed fresh [229]. If a gene is
obtained from a known allergenic source and the protein encoded is
expressed in a food component
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Figure 7
Step-wise process for assessment transgenic plants as potential
sources of allergenics
(adapted from References [ 224 and 229]).

of the new plant variety, data should be generated to assure that the
gene does not encode an allergen.
Regulation and Risks of Crop Transgenic Plants
As plant biotechnology research develops, industry and society
must evaluate public acceptability and benefits for consumers;
these will remain important issues for the research scientists, as
well as the industrial investor, politicians and legislators. During
the next ten years, the first wave of products will be released and
trends of consumer relation will be established. Across the

industrialized countries, legislation will decide whether or not
genetically engineered products will be labeled as such. On the
other hand, it is a challenge to scientists and managers of
intellectual property to make sure that patents and licensing are
handled to maxi-
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mize benefit world-wide for all crops and products [ 230]. Risks
from transgenic crop plants need to be estimated as well. Some of
these problems are briefly discussed ahead.
Product-functionality assessment is critical for the initial
identification of desirable transformed lines and for their validation
as product candidates. Although compositional assays are often
used as a primary screen, product-based assays that measure value
for the end user must ultimately be conducted. For human food, for
example, and food-ingredient products, the value of a product of
transgenic plant must first be assessed in small-scale test, such as
oil frying tests, to measure heat and oxidative stability, or consumer
taste trials, to assess sensory properties. These are followed by
large-scale customer evaluations that are designated to assess the
trade and shelf life of the final product [231]. Conversely, seeds
with improved-quality traits, such as enhanced protein, oil or
carbohydrate composition, can be marketed directly to growers for
their use on-farm, in which case a premium is added to the price of
the seed. Before this, however, a rational assessment of allergenic
potential of the cited metabolites must be conducted on such seeds
[232].
During the product development period several other
precommercialization steps must be completed. These include
securing freedom to operate under any dominating patents, and
acquiring government regulatory approvals for product
introductions. Intellectual property issues have complicated the
introduction of many products. Patents have been applied for, and
granted, which cover many of the important basic procedures of
biotechnology-based product development. Increasingly, cross-

licensing of technology is being used to exchange rights to patents
critical for commercialization [231].
Product labeling is another critical factor in plant biotechnology
[233]. If the food poses no new risk to health of safety why issue a
warning? Advocates claim the right to know so they can exercise
free choice. With genetically engineered foods, FDA has developed
a risk and science-based approval process to ensure that no new
risks accompany the modified plant. They do require the labeling
of any plant that poses new risks of allergy. Critics argue that
health risks, including deaths, have already occurred from
genetically engineered foods. They cited the case several years ago
of the amino acid tryptophan made using biotechnology [233].
Investigations of those cases, however, failed to fault the
application of biotechnology and concluded that contaminants were
the likely cause of the hazards. The consequences of bringing to
market a genetically engineered plant that had not been thoroughly
tested and subsequently caused illness would be disastrous for the
developer.
The first transgenic plant line was a herbicide tolerant oil-seed rape
(Brassica napus). Although it was approved for production, but not
for
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human or animal consumption, several Scandinavian states had
objected to it because of the implications for the possible overuse
of herbicides [ 232]. The second transgenic plant line was Ciba's
corn-borer tolerant maize (Zea mays), which also contained a gene
for herbicide tolerance and a gene for an antibiotic marker under a
bacterial promoter. Competent authorities voted against or
abstained for various reasons, including the risk of antibiotic
tolerance spreading in bacteria in the rumen of cattle, a possibility
that Ciba had not considered adequately. These cases show that the
competent authorities take hazards seriously but vary in their
assessment of the risk. The present regulatory systems only address
the safety of biological effects, and there is no official standing
forum for discussing the other problems. Some of these problems
are common to agriculture and the public in general but are more
acute for genetically modified organisms [232].
Moreover, effective risk communications require recognizing and
overcoming several obstacles that are rooted in the limitations of
scientific risk assessment and in public understanding. Technical
barriers to effective risk communications include the need to make
assumptions and subjective judgments in the risk assessment
process as well as the existence of disagreements among experts.
From the standpoint of public understanding, it has been noted that
public perception of risk is often not consistent with those of
experts, that risk information may frighten and frustrate the public,
that strong beliefs are hard to modify, and that native views are
easily manipulated by the method of presentation [234]. The
vigorous debate, even the protests, generated by genetically
engineered foods can provide the inducement and the urgency to
tackle the more difficult questions posed by this new technology.

Human Health and Food-Crop Plants
Approximately 90% of all cancer cases correlate with
environmental factors, including one's dietary habits. Manipulating
dietary intakes appears to be one of relatively few realistic
approaches to bring about significant cancer risk reduction. While
major limitations exist in defining the precise role of food
constituents in the cancer process, published data suggest that
about 60% of cancers in women and more than 40% in men are
related to food habits [235]. Cardiovascular diseases (CVD), on the
other hand, have been also correlated to dietary habits. Elevated
blood cholesterol concentrations are regarded as a major indicator
of CVD risk. These beliefs arose primarily from the ''seven-country
cross-cultural" study, which found a strong relationship between
the consumption of saturated fatty acids and mortality from CVD.
This finding subsequently
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evolved into the "lipid hypothesis," which suggests that the
consumption by a population of high levels of saturated fat
increases blood cholesterol concentrations, and that this, in turn, is
related to number of deaths from CVD [ 236]. Similar relationships
(diet and disease) have been reported in obesity [237], immune
function [238] and aging [239], among multiple diseases.
The influence of dietary components of plant foods in human
health has been extensively examined. Epidemiological studies
suggest that the intake of some specific food components is
influential in preventing specific diseases. A brief discussion of
some of these food-crop compounds and their relation to health is
given in this section.
Protein
Celiac disease is characterized by sensitivity to the prolamin
fraction of cereals, especially by hypersensitivity to the alcohol
soluble gliadins from wheat; total avoidance of gliadin is the
lifelong treatment for such patients [171]. One health food niche for
amaranth protein has been as a gluten or prolamin free protein
[154]. Recombinant DNA technology applied to develop a wheatfree gliadin could be another solution for such patients.
Another nutraceutical aspect of proteins is the 7S and 11S globulin
subunits, which are present in cereals as well as in legumes and
amaranth (the 7S and 11S fraction represents 20.5% and 18.6% of
the total amaranth seed protein, respectively) [22]. It has been
suggested that soy globulins 7S and 11S exert a cholesterol
lowering effect [240]. Besides, common bean and soy bean proteins
are excellent options for substituting or lowering the intakes of

animal proteins especially when some studies have suggested that
excessive protein intake from animal products can be calciuretic; as
a result, it has been hypothesized that these protein intakes may be
responsible for the high incidence of human bone fractures in
Western nations [171].
Lysine, which is present in higher levels in legumes than in cereals,
is an important factor in certain disease conditions; for example,
when liver is impaired the synthesis of carnitine may also be
impaired. Fatty acids supplied by the diet must be transported into
mitochondria via the carnitine pathway. A lysine rich diet can
improve carnitine synthesis from this essential amino acid as well
as from methionine [171].
Lipids
Cereals, legumes, oilseeds, and amaranth oil contain high levels of
polyunsaturated oil (e.g. linoleic and linolenic) (Table 7). It is well
estab-
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lished that essential fatty acid deficiency results in lymphoid
atrophy and depressed antibody responses. Small dietary amounts
of linoleic acid are required for the normal propagation and
maturation of a cell-mediated immune response; besides, oil
enriched gamma linolenic acid has been shown to suppress
inflammation and join tissue injury in a limited number of placebocontrolled human studies [ 171]. Moreover, the lowering effect of
serum cholesterol levels in rats has been attributed, in part, to a
high content of polyunsaturated fatty acids such as linoleic and
linolenic acids [28,153].
Antinutritional Compounds
There have been some efforts to study the pharmaceutical effects of
antinutritional compounds in relation to different diseases. For
example, phenolic compounds possess a myriad of biological
properties that can impact many biochemical and physiological
processes [241]. While polyphenolic compounds are widely
distributed in the plant kingdom, their concentrations are relatively
high in legumes and in amaranth (Table 8). They have already
demonstrated significant hormonal effects (estrogen mimics) on
premenopausal women in diets including modest amounts of soy
proteins containing these phytochemicals. Moreover, polyphenols
may lower the risk of cancer by blocking the formation of
carcinogens such as nitrosamines [242]. Soy polyphenols may also
lower the morbidity and mortality of cardiovascular diseases by
decreasing thrombotic processes in platelets, or by protecting low
density lipoproteins from oxidation (one of the principal factors in
atherosclerotic diseases) [243,244].
On the other hand, trypsin inhibitors have been under criticism;

ingestion of raw soybean trypsin inhibitors caused enlargement of
the pancreas in mice and young pigs but not in adult guinea pigs,
dogs, calves, monkeys and presumably in humans as well [245].
Conversely, reports support the involvement of trypsin inhibitors in
the suppression or prevention of carcinogenesis in mice in vivo.
Finally, the benefits of oligosaccharides (flatulence-producing
factors) may include production of indigenous bifidobacteria in the
colon which suppress the activity of putrefactive bacteria and
reduce the formation of toxic fermentation products, prevention of
constipation, reduction of serum cholesterol and blood pressure,
and anticancer effect [171,172].
Pigments and Vitamins
Research findings have indicated that food crops containing
carotenoids and anthocyanins are believed to function as
chemopreventers, by
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providing protection against certain forms of cancer and a
reduction of CVD [ 207]. Interestingly, nonprovitamin A
carotenoids such as lycopene, the major pigment of tomato and
watermelon, also confer chemopreventers [171,246]. The important
characteristic common to all chemopreventers is their antioxidant
capacity [246,247]. The antioxidant properties of carotenoids, which
protect plants in photosynthesis, may also protect humans from
carcinogens and heart disease. Because of the complexity of largescale efficacy testing of natural compounds in foods, dietary
supplementation with pigments and other chemopreventers (e.g.
vitamins) has not yet been undertaken. However, increased intake
of the best sources of these compounds, fruits and vegetables, is
highly encouraged [207].
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cyclodextrins, 512, 579
Carotenoids, 595-596
Carotenoid biosynthesis, 382-391, 403
biotechnology, 390-391, 403
factors affecting, 388
genetic control, 388-390
Carotenoid classification, 386-387
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lytic peptides, 258-259
pathogenesis related proteins, 254-257
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DNA manipulation, 62-77
DNA sequencing, 73
DNA structure, 55-60
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DNA recombination, 77-83
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proteins, 68-70, 276, 472
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RNA, 68-70
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photoreceptors, 32, 33, 34
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anaerobiosis, 45-46
biotic factors, 38-40
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Flavors and aroma, 344-352
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fatty acids, 348-350
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terpene biosynthesis, 345, 346, 347

sulfur compounds, 350-352
Flowering plants, biology, 3-54
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pigments, 373, 396-400
Fruit ripening
physiology-molecular biology, 303-342, 349
Fruits
climacteric, 305-306, 307
non-climacteric, 305-306, 307
preclimacteric, 305
Fruits
softening/storage compromise, 309-314
Cx-cellulases, 311-312
other hydrolases, 313-314
pectinmethylesterases, 312-313
polygalacturonases, 311
Functional properties
oils-fats, 536-540
proteins, 462-463, 465-467
Fungi, plant pathogens, 149-163, 252-257
Ustilago maydis, 150-156

a locus, 151-152
b locus, 152-154
other loci, 154-156
Ustilago species, 150, 151, 155, 156, 170
Verticillium species, 156-163, 170
fungus-host interactions, 163, 170
pathogenicity factors, 161-163
resistance plant factors, 159-161
G
Gametoclonal variation, 111
Gene expression, 55-57
differential, 201-203
Gene isolation strategies, 187-215
Gene manipulation, 60-61
Gene targeted inactivation, 205-207
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Genomics, 208-210
Germination process, 343, 595
H
Health, humans, 604-607
antinutritionals, 606
foods, 604-607
lipids, 605-606
pigments, 606-607
protein, 605
vitamins, 606-607
I
Immobilized cells, 102-103
techniques, 103
Insect pests, 241-246
transgenic plants, 241-246
Bacillus sp. proteins, 244, 245
Bacillus thuringiensis proteins, 241, 242, 243, 246
cholesterol oxidase genes, 245
endotoxin genes, 241-242
insect resistance, 245-246

Insertional mutagenesis, 193-198
L
Libraries construction, 80-83
Lipids, 580-586, 605
fatty acids, 582
genetic engineering, 585-586
sources, 582-584
M
Mass cultivation, cells, tissues, 89-130
Minerals content, plants, 572-576
Minerals, humans
deficiencies, 574-575
recommended dietary allowances (RDA), 574
requirements, 574-575
Molecular biology procedures, 55-87
Molecular biology tools, 62-86
Molecular markers
amplified fragment length polymorphisms (AFLPs), 284-286,
288
isozymes, 276-277
mini/microsatellites, 281-283

randomly amplified polymorphic DNA (RAPD), 188, 279-281,
284, 286, 288, 291
restriction fragment length polymorphism (RFLP), 188, 189,
277-279, 281, 283, 286, 291, 364, 538, 539
quantitative trait loci (QTLs), 277, 295, 296, 538, 539
single strand conformation polymorphism (SSCP), 283-284
variable number tandem repeats (VNTRs), 281-283
Molecular markers, crop improvement, 275-301
genetic maps, 292-297
germplasm characterization, 288
marker assisted selection (MAS), 289, 294
monogenic characters, 288-292
near isogenic lines (NILs), 290, 291
Morphogenesis, 92, 104-105
N
Nitrogen fixation, 37, 38
nodules, 37
Northern analysis, 68-70, 192, 360, 446
Nutraceutics, 359, 387, 399, 403, 532, 534, 570, 571, 572, 574,
575, 577, 578, 584, 593, 594, 596, 604-607
Nutritional components, plants, 553-586
proteins, 553-556

Nutritional quality
food crops, 553-620
O
Oils
chemistry, engineering, 525-551
Oils, plant seeds
applications, 535-536
components, 525-529
engineered products, 544-546
functional properties, 536-540
in vitro techniques, 539-540
in vivo techniques, 537-539
trans configuration, 540
future developments, 546-547
genetic engineering, 540-544
nutritional properties, 531-535
properties, 529-530
quality, 525-536, 540-544
P
Photosynthesis, 5, 19, 23, 27-30
chlorophyll, 28

chloroplasts, 19, 20, 27, 28
ribulose bisphosphate carboxylase (RuBisCo), 28, 29
Pigments
occurrence, 593-596
Pigments, food additives, 373-410
analytical methods, 400-403
chromatography, 400-402
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commercialization, 400
properties, 396-399
spectrophotometry, 402-403
Pigments production, 596-597
DNA technology, 597
tissue culture, 596-597
Plant body
flowering, 4-5
growth and development, 30-31
embryo, 30
meristems, 30, 31
spore-bearing structures, 30
sporophyte, 30
zygote, 30
Plant cell, 5-22, 89-103
cell wall, 6-10
cytoskeleton, 15-16
intermediate filaments, 15, 16
microfilaments, 15
microtubules, 15

culture conditions, 95
culture media, 90-94
endomembrane system, 12-15
endoplasmic reticulum, 12, 13, 14, 18, 22, 26
Golgi apparatus, 13, 14, 22
multivesicular bodies, 14
mitochondria, 17
nucleus, 17-18
nucleolus, 18
peroxisomes, 17
plasma membrane, 10-12
plasmodesmata, 6-10
plastids, 18-20
chloroplasts, 19, 20
chromoplasts, 19, 20
leucoplasts, 19, 20
proplastids, 20
quantosomes, 19
thylakoids, 19
protoplasts, 6, 8
sterilization techniques, 94-95

suspension cultures, 97-99
tonoplast, 20, 21
vacuole, 20-22
Plant-microbe interactions, 37-38, 131-171
genetic basis, 132
molecular basis, 133-135
molecular signals, 133-134
signal recognition, 134-135
Plant-pathogen interactions, 131-185
Plant regeneration, 89, 104-111, 115
culture conditions, 110-111
explant selection, 108-109
in vitro systems, 104, 106-108
medium selection, 109-110
totipotent capacity, 115
Poisonous compounds, 359-366
Polymerase chain reaction (PCR), 70-73, 203, 205, 207, 279, 280,
284, 286, 350, 354, 361, 362, 469
Protein food products, 464-474
Protein quality, 556-559, 563-565
genetic engineering, 563-565
in vitro procedures, 557-558

in vivo procedures, 557-558
Protein requirements, humans, diet, 560-563
amino acids, 561-563
R
Regulation, transgenic plants, 602-604
Reporter genes, 76-77
Restriction enzymes, 64-67
Ripening control, fruits, 306-309
Ripening, fruits
carotenoid biosynthesis, 327-328
cell wall metabolism, 304, 316-319, 325-326
color changes, 323, 327
ethylene biosynthesis, 306, 307-309, 319-320, 326-327
ethylene perception, 320-322
gene expression, 315
gene repression, 328
genetic manipulation, 304, 324-328
processes, 304-306, 322-324
protein synthesis, 315
related genes, 315-324
RNA structure, 57, 58

S
Saccharomyces cerevisiae, system, 198-201
Secondary metabolites
food production, 343-372
Seed storage proteins, 411-492, 553-556
biotechnology, 464-474
cereals, 423-442
characteristics, 416
classification, 416-417
dicots, 442-464
different sources, 553-556
gene expression, 417-419
gene structure, 417-423

