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During seed development, proteins, carbohydrates, lip-
ids, vitamins, minerals, and nonnutrients are laid down,
leading to the unique chemical composition of plant seeds
that determines their nutritional and functional properties.
Understanding the molecular genetic mechanisms by which
photosynthetic assimilates are partitioned into these
components will allow the design of genetic engineering
strategies to improve the usefulness of seeds as food
sources. Utilization problems of legumes and cereals and
their possible causes are summarized in Table L

The application of recombinant DNA techniques and
related methodologies to plants has opened up the potential
to improve agronomic characters, food processing traits,
and food quality properties of plants as food sources. The
rapid accumulation of knowledge on gene expression
processes in plants in the past 5 years has given us an
understanding of structure, function, and organization of
plant genes that has brought about some applications. My
purposes in this review are to discuss the rationale for
improving the nutritional and functional properties of plant
seeds through genetic engineering and point out recent
developments in molecular biology of seed development
that I think are relevant to this goal. Since this is not
meant to be a comprehensive review, the reader is referred
to more complete reviews on biochemistry and molecular
biology of seed proteins written in the past 5 years (Shewry
and Miflin, 1984; Higgins, 1984; Croy and Gatehouse, 1985;
Gatehouse et al., 1986; Casey et al., 1986; Goldberg, 1986;
Goldberg et al., 1989).

In the past 5 years, there has been a rapid accumulation
of knowledge on gene expression processes in higher plants
(Schell, 1987; Kuhlemeir et al., 1987; Goldberg, 1988; Gold-
berg et al., 1989). Much of this information has been
obtained from gene systems that are intensively studied
because they code for abundant gene products, are
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Table I. Utilization Problems of Legumes and Cereals and
Possible Causes

problems causes
legumes
incomplete protein limiting amounts of methionine
and cysteine
incomplete availability of unknown

amino acids

low protein digestibility nature of protein (?), protease
inhibitors (?)

protease inhibitors,
hemagglutinins, goitrogens,
ete.

antinutritional factors

flatulence raffinose oligosaccharides,
dietary fiber (?), undigestible
starch (?)

undesirable “beany flavor™ lipoxygenases

cereals
low protein content
incomplete protein limiting amounts of lysine and,
in some cereals, tryptophan,

threonine

inducible, and are involved in unique plant processes that
are economically important.

PLANT SEEDS CONTRIBUTE SIGNIFICANTLY TO
THE HUMAN DIET

Seeds of cereals and legumes and their byproducts make
up a major part of the human diet. Rice is the staple food
of half of the world’s population and is the single largest
source of protein in the world (Juliano, 1985). Cereals
contribute 50% of the per capita energy intake worldwide
and 65% in developing countries and Asian centrally
planned economies (FAOQ, 1980). Cereals account for about
45% of the daily per capita protein supply in the world
and approximately 63% in developing countries. Although
the worldwide production of grain legumes is small relative
to cereals, its relative contribution to human nutrition is
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greater than its relative production. Approximately 700
million people use legumes as an essential part of their diet
(Abbott, 1966). Legumes make up 9% of the total plant
food production in developing countries and serve as the
major source of proteins in the diet of a number of countries
(Toenniessen, 1985).

Animal products which have replaced plant foods in
human diets in the developed market economies of the
world are derived from farm animals. Nonruminants and
intensively reared ruminants consume seeds and their
byproducts supplemented with protein concentrates
processed from oil seeds. In addition, the consumption
of vegetable oils and fats, mostly derived from oilseeds,
accounts for 4-10% of the daily per capita energy supply
in the world (Duffus and Slaughter, 1980). Soybean is the
largest source of vegetable oil in the world (American
Soybean Association, 1982). Thus, the total contribution
of seeds to the human diet, as energy and protein sources,
can be as high as 85% of total calories.

The protein content of cereals varies from 7% to 14%,
while that of legumes from 20% to 40%. Lysine is the first
nutritionally limiting essential amino acid in most cereals;
tryptophan is the second limiting amino acid in maize and
threonine in other cereals (Eggum and Beames, 1983). The
high content of prolamin (alcohol-soluble fraction) in
cereals accounts for the low content of essential amino
acids. Not only are prolamins very low in lysine, they are
also low in threonine, valine, and isoleucine. Rice and oats
have a better balance of essential amino acids than other
cereals due to a lower content of prolamins (Shewry and
Miflin, 1984; Doll, 1984). Legumes are uniformly limiting
in methionine and cysteine because their major storage
proteins, the globulins (salt-soluble fraction), are low in
these amino acids (Gupta, 1983; Duffus and Slaughter,
1980).

IS THERE A NEED TO GENETICALLY ENGINEER
LEGUMES AND CEREALS FOR IMPROVED
NUTRITIONAL PROPERTIES?

In practice, cereals and legumes are eaten with other
foods. The overall protein quality of cereal-legume
mixtures is better than that of either protein source alone
due to the complementary nature of their amino acid
profiles. Cereals are low in lysine and relatively high in
methionine and cysteine, while legumes are high in lysine
and low in methionine and cysteine. Supplementation of
cereals and legumes with crystalline amino acids improves
their value to support growth of animals and increases the
efficiency of utilization of dietary protein (Bressani and
Elias, 1968). Methionine is used as a supplement in the
formulations of poultry and swine rations of the highly
competitive feed industry where soybean is the main
protein source (Abbott, 1966). Little practical use of
supplementation for planning human diets has been made,
although clinical studies with human beings have
demonstrated their effectiveness (Bresanni and Elias,
1968).

Since cereals are the major sources of protein worldwide,
increasing the protein content alone will improve the
protein intake of a large number of people, especially those
in developing countries, where protein—calorie malnutrition
is prevalent. For instance, an increase of 3% in rice protein
without a decrease in grain yield will add an additional
12 million tons of protein to the diet of rice-eating people,
based on 411 million tons of total rice production in 1981-
1982 (Juliano, 1985). Improving the protein quality of the
rice grain will bring additional significant benefits because
the N digestibility and N retention of rice diets are low
(Roxas et al., 1979).
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Because the protein contents of legumes are already high,
improving the protein quality is the more useful goal. Why
is there a need for a nutritionally balanced protein in
legumes when supplementation and complementation
work? Several reasons can be given. First, in
supplemented foods and feeds, leaching of free methio-
nine during processing leads to losses and subsequent
bacterial fermentation, resulting in objectionable odors and
flavors. Acceptability is perhaps the biggest problem in
supplementation of human diets with crystalline methio-
nine. Addition of minute amounts of methionine to the
diets of nontechnical, village societies may also be a
problem. Second, a large number of people who are
dependent on root crops as their main sources of energy
will benefit from “high protein quality legumes” because
the protein content of root crops is extremely low and their
amino acid profile is not complementary with that of
legumes. For instance, cassava, a major root crop, is the
basic food for 200400 million inhabitants of the tropics
(Odigboh, 1983). Finally, the nutritionally complete
protein of a genetically engineered bean could be added
to the list of advantages of legumes as food such as “no
cholesterol”, dietary fiber source, possible beneficial effects
of plant proteins on blood lipid status (Bodwell, 1987), and
the capability of legumes to produce the greatest amount
of protein per unit of land (Butz, 1973). These char-
acteristics could be used as marketing attributes to
encourage more people to eat legumes as sources of protein.

There are reports emphasizing that protein from plant
sources meets the amino acid requirements of adults and
that protein from some plant sources meets those of young
children (Bodwell, 1987). However, recent reassessment
of the requirements for essential amino acids in healthy
adults led to the conclusion that the requirements for
lysine, leucine, valine, and threonine are likely to be 2-3
times higher than those reported in the 1985 WHO/FAO/
UNU report (FAO/WHOQO/UNU, 1985; National Research
Council, 1988).

FUNCTIONAL PROPERTIES OF PROTEINS

Functional properties of proteins are broadly defined
as those properties other than nutritional attributes that
affect its utilization. These include sensory properties
(flavor, odor, color, texture), water interacting properties
(hydration, dispersibility, solubility), surface active
properties (emulsification, foaming, adsorption), and rheo-
logical properties (gelation, texturization) (Nakai and Pow-
rie, 1981). The overall functional property of a food system
is the result of composite properties of individual protein
components as they interact with one another and with
nonprotein components. Clearly, the functionality of
proteins is very important in foods, yet very little is known
about its molecular basis. Computer modeling of struc-
ture—function relationships in proteins, mainly enzymes,
is increasingly being used to design proteins rationally for
specific functions (Blundell and Sternberg, 1985; Lin, 1986;
Hol, 1987). Such an approach could be used to determine
how site-specific mutations would affect functional
properties of proteins. Since only minute amounts of
proteins are currently available from molecular techniques,
microsystems are needed to test the effects of structural
changes on protein functionalities. Such information,
combined with a knowledge of the critical sequences in
seed proteins needed for posttranslational processing and
packaging, would allow the rational design of proteins with
specific functional attributes without adverse effects on
seed biology.
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MOLECULAR BIOLOGY OF SEED PROTEINS

The seed proteins are classified into two major classes,
namely, storage proteins and the “housekeeping proteins”.
The storage proteins, which make up a considerable part
of the total protein, provide the germinating seed with
carbon, nitrogen, sulfur, and other nutrients, while the
housekeeping proteins are necessary for the normal
metabolism of the seed.

Because of their economic importance, the storage
proteins of legumes have been intensively studied.
Logically, the seed proteins became the focus of studies
on plant gene expression because they are abundant gene
products that accumulate rapidly at midmaturation stage
of seed development and because much is known about
their biochemical and chemical properties as food proteins.
The seed proteins also offer to basic plant biologists a
model for temporal and tissue-specific regulation during
seed development. Consequently, the first plant gene
cloned and sequenced completely was that of the French
bean phaseolin and established the presence of introns in
plant genes (Slightom et al., 1983; Sun et al., 1981).

1. Seed Development Begins after a Double-
Fertilization Process Unique to Angiosperms (Raven
et al.,, 1987). One of the two sperms in the pollen tube
unites with the egg cell in the ovule to form the diploid
zygote that develops into the embryo. The other sperm
unites with the two polar nuclei to form a triploid en-
dosperm which provides nourishment to the developing
seed as well as the germinating seedling. In legumes, the
endosperm is absorbed by the developing embryo while
the fleshy food-storing cotyledons develop. Thus, in
legumes, the seed differentiates into two organ systems,
the axis and the cotyledons, which have different de-
velopmental pathways. The axis develops into the roots,
the stem, and the leaves, while the cotyledon is a terminally
differentiated organ that provides the nutrients to the
germinating seedling. In most legumes, the cotyledon
makes up at least 80% of the mature seed weight. In
cereals, the starchy endosperm constitutes the major part
of the seed.

2. The Seed Undergoes Major and Distinct
Physiological Processes during Development (Gold-
berg et al,, 1989; Spencer and Higgins, 1982). The early
stages are characterized by cell division followed by a phase
of cell expansion in which reserve synthesis and deposition
occur. Starch, proteins, and lipids are synthesized at the
cell expansion stage in which DNA content also increases.
The last stage is characterized by a decrease in RNA and
protein synthesis, loss of water, and finally dormancy.

3. The Synthesis of a Number of Seed Storage
Proteins Is Characterized by Posttranslational
Processing Including Glycosylation, Endoprote-
olytic Processing, and Intracellular Transport (Hig-
gins, 1984; Muntz, 1989). The primary translation
products have “signal sequences” that are cleaved as the
proteins enter the lumen of the endoplasmic reticulum.
Once inside the endoplasmic reticulum, the polypep-
tides may undergo proteolytic cleavage and, in most cases,
are transferred via the Golgi apparatus into the membrane-
bound protein bodies. Inside the protein bodies, the
proteins aggregate, evidently determined by the primary
structure of the protein. A structural model for the 19-
and 22-kDa zein proteins has been proposed (Argos et al.,
1982), implying that certain critical sequences need to be
preserved for proper packaging in addition to targeting
signals for intracellular sorting.

4. The Major Storage Proteins in Legumes and
Cereals Are Coded by Several Homologous Multi-
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gene Families That Vary in Size, Organization, and
Chromosomal Location (Casey et al., 1986; Goldberg
et al,, 1989; Osborn, 1988; Elliston et al., 1988; Gate-
house et al., 1988; Kreis et al., 1985; Higgins, 1984). In
peas, the 50-kDa subunit of vicilin (7S) is coded by at least
3 families with up to 6 members within each family,
indicating that as many as 18 genes code for this subunit.
At least four homologous genes code for the 11S proteins
(legumin) of pea (Croy et al., 1982). The legumin (gly-
cinin) subunits of soybean are coded by five genes belonging
to two subfamilies (Nielsen et al., 1989). The three genes
belonging to one subfamily (Gyl, Gy2, Gy3) occupy two
distinct domains in the soybean genome. Two subfami-
lies of legumin-like proteins are also found in pea (Domoney
and Casey, 1985) and the bean Vicia faba (Baumlein et
al., 1986). The 7S soybean proteins (8-conglycinin) are
coded by 2 distinct genes with at least 15 members
clustered in six regions in the soybean genome (Harada
et al., 1989). Similarly, the 7S proteins (phaseolin), which
are the major storage proteins in Phaseolus vulgaris, are
encoded by two unique gene families made up of seven to
nine members (Slightom et al., 1985; Talbot et al., 1984).

The prolamin (zein) family in maize is coded by 3-10
genes for each family, and since there may be 10 families,
there could be as many as 30100 zein genes in maize (Burr
et al., 1982; Hagen and Rubinstein, 1981; Pedersen et al.,
1982; Viotti et al., 1982; Wienand and Feix, 1980). The
prolamin genes characterized to date do not contain in-
trons, unlike other plant genes (Kreis et al., 1985). Glu-
telin, the major rice protein, is encoded by a small multi-
gene family (Takaiwa et al., 1987a). In contrast with the
maize prolamin genes, the rice glutelin gene has three in-
trons (Takaiwa et al., 1987b).

The genes for the 7S proteins from different species of
legumes show remarkable homologies, suggesting a common
ancestor (Casey et al., 1986). Likewise, the genes coding
for the 118 proteins from different species have strong
homologies (Nielsen et al., 1989; Casey et al., 1986). The
rice glutelin precursor sequence also shows homologies with
leguminous 118 proteins (Takaiwa et al., 1986). The 5’
flanking region of rice glutelin gene contains a sequence
similar to that of the legumin box (Gatehouse et al., 1986;
Takaiwa et al., 1987b). Comparison of gene sequences not
only suggests common evolutionary origins but reveals
sequences that may be useful in genetic engineering such
as putative seed-specific promoters, quantitative-
control sequences, and variable protein sequences where
gene modifications can conceivably be made without
adverse effects on seed biology.

The number and complexity of seed storage protein
genes present a problem if mutations are to be made to
modify the amino acid composition of the proteins they
code for. Ideally, the most strongly expressed gene would
be modified to bring about a significant change in the
overall amino acid composition of the seed. However, it
is possible to enhance seed-specific expression significantly
by inserting a seed-specific DNA sequence into a strong
constitutive promoter such as cauliflower mosaic virus
(CaMV) 35S promoter (Chen et al., 1988).

5. The Differential Expression of Seed Protein
Genes Is Controlled Temporally during Seed
Development and Spatially within the Plant and
within the Seed. Using RNA blotting and hybridization
with labeled cDNA, detailed analyses of seed mRNAs have
been carried out during legume seed development. In
general, each mRNA shows a characteristic period during
which it increases and then declines, although all the seed
mRNA overlap and are maximal at some stage within the
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period of rapid protein accumulation (Gatehouse et al.,
1986; Higgins, 1984; Goldberg et al., 1981). In addition,
the seed mRNAs are either nondetectable or present at
levels several orders of magnitude lower in mature plant
organs (Goldberg et al., 1981; Walling et al., 1986). Within
the organ system of the seed, differential expression of seed
protein genes is further observed. For instance, lectin
mRNA is present at lower concentration in the embryonic
axis than in the cotyledon (Walling et al., 1986). In situ
hybridization with labeled antisense mRNA reveals a finer
degree of differential expression in that seed mRNAs are
localized within specific cells in the cotyledon and axis but
not in the seed coat (Barker et al., 1988).

That seed protein gene expression is controlled by
transcriptional and posttranscriptional processes is
concluded from comparing accumulation of mRNA and
rates of transcription. Transcription rates are obtained
by in vitro synthesis of RNA from isolated nuclei, and
mRNA accumulation is obtained by RNA dot blots
(Walling et al., 1986; Gatehouse et al., 1986; Chappell and
Chrispeels, 1986; Evans et al., 1984; Beach et al., 1985).
Features of transcription rates that support transcriptional
control include observations that fluctuations in trans-
cription rates parallel the accumulation and decay of
mRNA and that transcription rates are much lower or
absent in plant where mRNA levels are very low or absent.

The evidence that posttranscriptional processes play a
role in controlling gene expression is based on the general
observation that relative rates of transcription do not reflect
the relative accumulation of mRNA (Beach et al., 1985;
Boston et al., 1986; Chappell et al., 1986; Walling et al.,
1986). For example, 22-kDa zein genes are transcribed at
about twice the rate of 19-kDa zein genes, yet the relative
amount of 19-kDa mRNA is almost 3 times that of the 22-
kDa transcript (Boston et al., 1986). Mechanisms of post-
transcriptional control are not known, but efficiency of
transport of mRNA through the nuclear membrane and
stability of mRNA in the cytoplasm have been suggested
(Goldberg et al., 1989).

6. DNA Sequences That Control Seed-Specific and
Quantitative Expression Have Been Identified in
Seed Protein Genes. These DNA regions are being
determined experimentally by analyzing the expression of
seed protein genes in transgenic plants and conceptually
by comparing seed protein gene sequences and identifying
common, conserved sequences. A conserved region of 28
bases (approximately 50% G+C) in legumin genes is
present in pea, soybean, and V. faba and is now called the
“legumin box” (Gatehouse et al., 1986). A similar “vici-
lin box™ of conserved sequences in vicilin gene family is
found in pea, V. faba, and P. vulgaris (Gatehouse et al.,
1986). The vicilin box is not homologous to the legumin
box and is probably an example of a regulatory sequence
specific to a gene family. A consensus sequence of 5’
T(A,C)AACACA(A,C)T(A,C) 3’ is proposed as a candidate
seed-specific cis-control element because it is found in the
5’ regions of five soybean seed proteins (Goldberg, 1986).
A “universal seed-specific DNA sequence” remains to be
identified and tested by mutations and functional analysis
in transgenic plants.

Expression of seed protein genes in transgenic tobacco
and petunia plants has revealed DNA sequences that
control seed-specific expression (Chen et al., 1986, 1988;
Barker et al., 1988; Bray et al., 1987; Okamuro et al., 1986;
Goldberg et al., 1989). Only 159 nucleotides contiguous
to the transcription initiation site are needed for a low-
level (5% of maximum) expression of the a-subunit of
8-conglycinin gene in transgenic petunia plants (Chen et
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al., 1986). An additional 98 nucleotides increased the
expression to maximum, equal to that of the complete gene.
Analysis of the enhancing sequence of 127 nucleotides (-131
to —257) 5’ to the gene revealed 4 repeats of a 6-base-pair
(G+C)-rich sequence (AG[A,C]CCCA), suggesting the
critical role of the (G+C)-rich repeats in determining the
level of expression of the 3-conglycinin gene (Chen et al.,
1986). Interestingly, insertion of a longer version of this
sequence (-78 to -257) into the 5’ and 3’ ends of a
constitutive promoter (CaMV 35S promoter) conferred
seed-specific enhancement of 25—-40-fold (Chen et al., 1988).
This demonstrates that it is possible to enhance the
expression of a weakly expressed seed protein gene
significantly by inserting key DNA sequences in its 5'-
flanking region into a CaMV 35S promoter. Significant
increases in the expression of foreign genes in plants in a
non-tissue-specific manner has also been achieved by
duplicating the CaMV 35S promoter in tandem (Kay et
al., 1987).

7. DNA Binding Proteins That Interact with Seed
Protein Gene Regulatory Regions Have Been
Identified in Plants. A model proposed to explain
differential expression of seed protein genes during seed
development is that each gene has cis-control elements that
interact with cellular factors (trans elements) to activate
transcription (Goldberg, 1986). These transacting factors
may be coded by regulatory genes. In higher organisms,
sequence-specific DNA binding proteins are directly
involved in the regulation of mRNA transcription initiation
(Dynan and Tjian, 1985; Kadonaga et al., 1986). A DNA
binding protein that interacts with the 5'-flanking region
of the soybean lectin gene and that of two other seed
protein genes has been identified (Jofuku et al., 1987; Gold-
berg et al., 1989). The DNA binding protein activity
increases and decreases during seed development, parallels
the transcription rate, and is associated with a 60-kDa
protein (Jofuku et al., 1987). A similar DNA binding
protein has been identified in corn endosperm and interacts
with the 15-bp DNA sequence found in the 5’ region of
all zein genes sequenced so far (Maier et al., 1987). The
physiological significance of these DNA binding proteins
remains to be established. Regulatory regions in other
plant genes have been shown to interact with nuclear
proteins (Allen et al., 1989; Bustos et al., 1989; Jordano
et al., 1989; Riggs et al., 1989).

GENETIC ENGINEERING STRATEGIES TO INCREASE
THE METHIONINE CONTENT IN LEGUMES

Modification of seed proteins, if it is to be considered
a success, must not have any adverse effect on seed
development and germination. Several approaches are
possible to increase the level of methionine, the limiting
essential amino acid in legumes.

One strategy is to introduce methionine residues or me-
thionine-rich peptides into nonconserved regions of storage
proteins. This is made difficult by the large number of
multigene families coding for seed storage proteins. A
pertinent question is, how many single-base mutations are
needed to increase the methionine content of soybean, for
example, from an average of 1.2% to 2.2%, the nutritionally
adequate level (FAO, 1957, 1973)? One approach is to
make mutations in one subunit of glycinin, A2B1a, which
is well characterized (Nielsen, 1984). Taking into account
that soybean seed has 40% protein, glycinin makes up
approximately 42% of the total protein, and A2Bla is one
of the six subunits of glycinin, the methionine content of
A2B1la subunit has to be increased from 1.8% to 14.3%.
This would require 72 single-base mutations on non-
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essential amino acids and essential amino acids that are
abundant. This is likely to alter the processing and
transport of this subunit. Alternatively, methionine-
rich sequences could be inserted in certain restriction sites.

Another strategy is to transfer genes coding for me-
thionine-rich proteins (MRP) from other species.
Complementary DNA (¢cDNA) clones for MRPs from
Brazil nut (Altenbach et al., 1987) and sunflower seed (Lil-
ley et al., 1989) had been isolated and sequenced. The
Brazil nut MRP gene, when transformed into tobacco,
resulted in seed-specific increases in methionine of up to
30% in transgenic plants (Altenbach et al.,, 1989). A
variation on this theme is to introduce synthetic genes
coding for a protein with a high level of essential amino
acids (Jaynes et al., 1986; Yang et al., 1989).

For the reason that increasing the level of endogenous
proteins would be least likely to be deleterious to the seed,
our approach is to increase the level of endogenous MRP.
We identified a MRP in soybean (Kho and de Lumen,
1988) with a method that we developed for identifying me-
thionine-containing proteins and quantitating their me-
thionine contents (de Lumen and Kho, 1987). Further
resolution using two-dimensional electrophoresis identified
a 10.8-kDa protein that has 12.10% methionine for which
we are now cloning cDNA (George and de Lumen, 1990).
The level of this MRP has to be increased about 17-fold
from its level of 0.6 % of the total protein to bring the
overall methionine content of soybean seed to that of the
FAOQ reference protein.

MOLECULAR BIOLOGY OF PROTEINASE INHIBITORS

The structure, chemistry, and mechanism of action of
serine protease inhibitors are well understood (Ryan, 1981).
The inability of raw soybean to support the growth of rats
(Liener and Kakade, 1969) and the lethal effect of raw
winged bean (de Lumen and Chan, 1986) are attributed
to antinutritional factors, primarily proteinase inhibitors
and hemagglutinins (Higuchi et al., 1983). Since their
adverse effects can be removed by proper processing, the
practical significance of proteinase inhibitors in human
diets in terms of their native function is questionable. In
fact, the presence of denatured proteinase inhibitors in
human diet may be beneficial because they are sources of
sulfur amino acids and may have anticarcinogenic effects
in the lower intestines (Ryan, 1989).

Thus, the molecular biology of proteinase inhibitors has
focused on their function as defense compounds against
predators and as models of seed proteins that are differ-
entially expressed during development. The genes and/
or cDNAs for several proteinase inhibitors have been
isolated (Jofuku and Goldberg, 1989; Perez-Grau and Gold-
berg, 1989; Ryan, 1989; Hilder et al., 1987; Lee et al., 1986;
Cleveland et al., 1987; Williamson et al., 1987; Thorn-
burg et al., 1987; Hammond et al., 1984; Walling et al., 1986;
Joudrier et al., 1987; Sanchez-Serrano, 1987; Graham et
al., 1986). The defense capability of foreign proteinase
inhibitors against predators in transgenic plants was
demonstrated by Hilder et al. (1987).

Transformation of a cowpea trypsin inhibitor DNA
construct into tobacco resulted in a high constitutive
expression in the leaves and a significant resistance to
tobacco budworm. Other proteinase inhibitors isolated
from potato and tomato are similarly being evaluated
(Ryan, 1989). Investigations on the Kunitz trypsin
inhibitor gene family demonstrate their usefulness as
models of seed proteins genes that are differentially
expressed during embryogenesis and are also represented
in leaf, stem, and root mRNA populations. Studies on
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Kunitz trypsin inhibitor genes suggest that each gene
contains cis elements that control its expression in the
developing seed and in the mature plant {Jofuku and Gold-
berg, 1989) and that cell-specific expression program is
determined very early during embryogenesis (Perez-
Grau and Goldberg, 1989).

MOLECULAR BIOLOGY OF CARBOHYDRATE
SYNTHESIS

1. Starch Biosynthesis. Starch is the major
component in cereals and legumes except in certain
oilseeds. Cloning the genes for key enzymes in the bio-
synthetic pathways and studying the regulation of their
expression during seed development may provide
information useful for molecular genetic strategies to
improve functional properties of carbohydrates.

A comprehensive discussion of starch biosynthesis in
plants is covered in reviews (Preiss, 1982; Juliano, 1985;
Manners, 1985). The formation of new glucosidic bonds
in a growing amylose or amylopectin molecule is catalyzed
by starch synthase via the transfer of a glucosyl group from
ADP- or UDPglucose. The nucleotide sugars are
synthesized either through the pyrophosphorylase reaction
or the reversal of the sucrose synthase reaction. The
current thinking is that ADPglucose pyrophosphorylase
is a key regulatory enzyme in the starch biosynthetic
pathway in the leaf (Preiss, 1982). However, the sucrose
synthase reaction may play a very important role in
sucrose—starch conversion in the developing maize and rice
seed (Lee and Su, 1982; Chourey and Nelson, 1976).

The availability of mutants that are defective in starch
biosynthesis has allowed extensive genetic and biochemical
studies of starch biosynthesis in maize seed. These
mutations lead to an altered level of starch or its quality
(Creech, 1968). Four mutants in maize have been identified
with their enzyme products: (a) shrunken (sh), associated
with decreased sucrose synthase and a collapsed phenotype
due to a reduced level of starch in the endosperm (Chourey
and Nelson, 1976); (b) shrunken 2 (sh-2) and brittle 2 (bt-
2), associated with reduction in endosperm starch content
and a complete loss of ADPglucose pyrophosphorylase
(T'sai and Nelson, 1966); and (c) waxy (wx), associated with
an altered starch. The wx mutation produces starch with
100% amylopectin compared with 25% amylose and 75%
amylopectin in wild type (Chourey, 1982) and starch
granules that have much reduced UDPglucose starch syn-
thase compared with wild type (Nelson and Rines, 1962).

Similar endosperm mutations like amylose extender (ae),
shrunken (sh), sugary (su), dull (du), waxy (wx), white-
core, and floury have been induced in rices by using
chemical mutagens and irradiations (Okuno, 1976; Sa-
toh and Omura, 1981; Yano et al., 1985). Since many of
the cooking and eating qualities of rice are determined by
the ratio of amylose to amylopectin, molecular analysis of
these mutations might provide useful information for
manipulation of amylose/amylopectin ratios through
genetic engineering.

The ¢cDNA for rice ADPglucose pyrophosphorylase has
been cloned (Krishnan et al., 1986). Studies by this group
showed that there are at least two tissue-specific forms of
ADPglucose pyrophosphorylase encoded by distinct mRNA
in the leaf and seed of wheat and rice.

The genetic expression of sucrose synthase in maize has
been investigated intensively after it was shown that
mutants deficient in sucrose synthase had significantly
reduced levels of starch compared with wild type (Chourey
and Nelson, 1976; Chourey et al., 1986; Taliercio and
Chourey, 1989; Gupta et al., 1988; McCarty et al., 1986).
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In maize, there are two tissue-specific isozymes of sucrose
synthase encoded by two sets of genes which are differ-
entially expressed in endosperm and embryo tissues (Mc-
Carty et al., 1986; Chourey, 1981). Both sets of enzymes
have been cloned and characterized (Sheldon et al., 1983;
McCarty et al., 1986; Gupta et al., 1988).

Strategies to increase the protein content of cereals,
especially rice, will have to take into consideration the
inverse relationship between protein content and grain
yield (Doll, 1984; Juliano, 1985). In a given rice variety,
grain yield and protein content may be increased up to a
certain threshold, beyond which further increases in protein
result in a sacrifice in grain yield. Since the decrease in
grain yield is due completely to reduction in starch (Doll,
1984), understanding the genetic relationships between
starch biosynthesis and storage protein biosynthesis in the
developing cereal grain may provide useful information
to increase protein content without adverse effect on yield.
Competition for photoassimilates between the carbohydrate
and protein biosynthetic pathways may be a simple
explanation. Nitrogen translocation may also be a factor,
since high-protein rice varieties seem to have a more
efficient nitrogen transport from the leaves to the
developing grain, as reflected in increased free amino acids
in the culm sap and developing grain, rather than increased
absorption of nitrogen from the soil (Cagampang et al.,
1971; Perez et al., 1973). Rice mutants defective in starch
biosynthesis that have reduced starch and increased protein
and lipid contents might be useful models to study the
starch—protein relationships (Juliano, 1989).

2. Biosynthesis of Raffinose Oligosaccharides. The
raffinose family oligosaccharides, which are «-p-galacto-
sides of sucrose and include raffinose, stachyose, and ver-
bascose, are second only to sucrose in abundance in legume
seeds (Dey, 1985). They accumulate at the late stage of
seed maturation as the seed desiccates toward dormancy
and have been proposed to play roles in response of plants
to cold, seed viability, and flatulence in humans upon
consumption of beans (Saravitz et al., 1987; Kandler and
Hopf, 1980; Calloway and Murphy, 1968; Rackis, 1981;
Ovcharov and Koshelev, 1974)). The raffinose oligosac-
charides are synthesized by the sequential transfer of ga-
lactosy! units to sucrose via galactinol catalyzed by specific
transferases (Dey, 1985). Since the biosynthetic pathway
of these oligosaccharides is known, understanding the
regulation of genes for key enzymes in the pathway would
be useful in manipulating the levels of raffinose oligosac-
charides in legume seeds to clarify their roles in plants and
in flatulence formation (Castillo et al., 1990).

MOLECULAR BIOLOGY OF LIPID METABOLISM

Legumes are the world’s major source of vegetable oil,
soybean being the single largest source (Hymowitz, 1987).
The nutritional properties, food applications, and industrial
uses of vegetable oils are largely dependent on their fatty
acid composition. Thus, a major objective of oilseed plant
breeding programs is to obtain cultivars with fatty acid
compositions that are suited to certain market needs.

The application of techniques of molecular biology to
plant lipid metabolism is very much in its infancy.
Mutants of Arabidopsis thaliana that are deficient in fatty
acid desaturation are being used to study the regulation
and functional significance of lipid unsaturation (Som-
erville et al., 1987; Hugly et al., 1989; Kunst et al., 1989).
Since acyl carrier protein (ACP) plays a central role in plant
lipid metabolism and is well characterized, one approach
is to study its protein and gene structure, which may reveal
control mechanisms that regulate fatty acid biosynthe-
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sis in plants (Ohlrogge et al., 1987; Slabas et al., 1987;
Guerra et al., 1987; Elhussein et al., 1987). Another
approach is suggested by the differences in fatty acid
composition in seed storage lipids and those found in
membrane phospholipids in other organs of plants. Studies
are being undertaken to determine if oilseeds have
mechanisms to target unusual fatty acids to storage tri-
glycerides, where they will have less deleterious effects,
and to exclude them from phospholipids in the membranes,
where their presence can disrupt membrane structure (Bat-
tey and Ohlrogge, 1989). Such information will give
insights into the design of genetic engineering techniques
to modify fatty acid composition without disrupting normal
plant metabolism.

Lipoxygenases are a group of polyunsaturated fatty acid
oxidases that are thought to play important roles in the
generation of undesirable flavors and aroma in legume seed
protein and oil products (Kinsella, 1979). Mutants lacking
various isoenzymes of lipoxygenases have been identified
in soybean (Hildebrand and Hymowitz, 1981; Kitamura
et al., 1983; Kitamura, 1984). cDNA clones for soybean
lipoxygenases have been isolated and used as probes to
demonstrate that lipoxygenase null mutants accumulate
reduced levels of lipoxygenases transcripts (Start et al.,
1986). Soybean genomic clones have been isolated and
characterized and are being transformed into soybean and
tobacco to obtain transformants with up and down
regulated lipoxygenase activity. These are being correlated
with generation of volatile compounds and with pest
resistance to better understand the role of lipoxygenases
in plant metabolism (Hildebrand et al., 1987).

TRANSFORMATION TECHNIQUES

A key to any genetic engineering strategy requires the
introduction of the desirable gene or set of genes into the
genome of the target plant. Very rapid progress has been
achieved in this area in the past 4 years, and the reader
is referred to several reviews on plant transformation
systems for detailed discussion (Uchimiya et al., 1989; Go-
bel and Lorz, 1988; Weising et al., 1988; Gasser and Fra-
ley, 1989; Schell, 1987; Klee et al., 1987; Cocking and Davey,
1987; Fraley et al., 1986).

Currently used gene-transfer techniques in plants can
be broadly classified into one group that uses a delivery
vehicle for DNA transfer and another group that involves
the direct transfer of DNA. The most commonly used
vector is Agrobacterium tumefaciens, which causes
tumorous crown galls on infected species. The virulence
of Agrobacterium is due to tumor-inducing (Ti) plas-
mids which contain two regions necessary for the transfer
and integration of the bacterial genes: a transferred DNA
(T-DNA) domain that is transferred to the plant and a
virulence (Vir) domain that catalyzes the transfer but which
is not itself transferred. Molecular analysis of the Ti plas-
mid revealed that the T-DNA and the Vir region do not
have to be in the same piece of DNA (Fraley et al., 1986),
leading to the design of intermediate vectors that can be
multiplied in Escherichia coli and manipulated before
introduction into Agrobacterium cells and infection of
plants. A typical vector contains the border sequences that
define the limits of the DNA transferred to the plant, a
plant selectable marker such as kanamycin resistance, an
origin of replication that allows multiplication in Agro-
bacterium, another origin of replication for E. coli, and
an E. coli selectable marker such as spectinomycin
resistance (Gasser and Fraley, 1989). The piece of DNA
transferred to the plants bounded by the border sequences
contains the foreign gene and the selectable marker. The
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intermediate vector is introduced into Agrobacterium cells
containing the plasmid with the Vir region and inactivated
pathogenesis genes (disarmed Ti). Upon infection of the
host, the Vir DNA acts in trans to mobilize the transfer
of the DNA within the border sequences and the phenotype
conferred by the kanamycin resistance gene is used to
screen transformed cells during plant regeneration. The
most commonly used infection procedure is exposure of
leaf disks to Agrobacterium cells (Horsch et al., 1985).

An important limitation of Agrobacterium-mediated
gene transfer is that the major cereal and legume crops
have not been successfully transformed because they are
poor hosts and because of the inability to regenerate whole
plants from leaf disks. Recent efforts to deliver DNA
directly into the genome of these plants have been reported.
Such techniques include facilitated uptake of DNA by pro-
toplasts (Fromm et al., 1986; Uchimiya et al., 1986), DNA
application into reproductive organs (Luo and Wu, 1988;
de la Pena et al., 1987), microinjection into cells of
immature embryos (Neuhaus et al., 1987), and rehydra-
tion of desiccated embryos (Topfer et al., 1983). Of
practical value is the stable transformation of soybean by
DNA-coated gold particles introduced into meristems by
electric discharge acceleration (McCabe et al., 1988; Chris-
tou et al., 1988). The introduced genes are inherited in
a Mendelian manner (Christou et al., 1989). Of interest
also is the regeneration of fertile rice plants from
transformed protoplasts (Shimamoto et al., 1989), since
easy and reproducible production of transgenic cereals has
not been reported previously.

SUMMARY

In summary, rapid developments in our knowledge of
plant gene structure and organization and their regulation
bring us closer to actual applications of genetic engineering
to improve the nutritional properties of legumes and
cereals. Improving the digestibility of proteins and starch,
reducing flatulence, altering fatty acid composition,
manipulating the amylose/amylopectin ratios in rice starch,
and minimizing formation of undesirable flavors and aroma
will have to be long-term objectives because of the very
limited knowledge we have of the molecular biology of
carbohydrate and lipid metabolism in the developing seed.
To design seed proteins with specific functional attributes
without adverse effects on seed biology requires knowledge
of the molecular basis of functional properties and of
critical features of seed protein structures that are essential
in posttranslational processing and packaging.

With the rapid progress being made in gene cloning and
transformation methodologies in plants, our knowledge of
basic plant metabolic processes can be the limiting factor
in the application of genetic engineering to improve the
usefulness of plant seeds as food sources. Any genetic
changes must not have any adverse effects on normal seed
biology.
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