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The inability of humans and many farm animals to
synthesize certain amino acids has long triggered tre-
mendous interest in increasing the levels of these so-
called essential amino acids in crop plants. Knowledge
obtained from basic genetic and genetic engineering
research has also been successfully used to enrich the
content of some of these essential amino acids in crop
plants. Among the essential amino acids, Lys, Trp, and
Met have received the most attention because they are
most limiting in cereals (particularly Lys and Trp) and
legumes crops (particularly Met), which represent the
major sources of human food and animal feed world-
wide. Enriching crop plants in essential amino acids
has both economical and humanitarian interest. In
developed countries, the interest is mostly for the
livestock feeding industry because farm animals gen-
erally provide sufficient amount of essential amino
acids for human diets. In developing countries, where
plants directly account for the majority of the food, the
interest is both humanitarian and economical.

So far, the success of genetic approaches has been
mostly restricted to maize (Zea mays) by generating
quality protein maize (QPM) cultivars, which are
enriched in Lys and to some extent Trp in their seeds.
However, genetic approaches have resulted in rela-
tively limited success in other crop species. This is
mostly due to limited availability of genetic resources
for plant breeding, and the fact that genetic traits for
high contents of Lys, Trp, or Met are generally associ-
ated with abnormal plant growth because these traits
do not operate in a seed-specific manner. In contrast,
results from genetic engineering research appear to be
more promising, particularly because this approach
allows seed-specific expression of specific traits of
interest, using seed-specific promoters. In fact, one
high-Lys maize cultivar, LY038, developed by genetic
engineering, represents the first genetically modified
(GM) crop with high nutritional value to be approved
for commercial use in a number of countries. The

potential to increase the contents of Trp and Met in a
seed-specific manner have already been proven suc-
cessful in basic research studies. Another advantage of
genetically engineered traits is that they can be trans-
formed into multiple plant species and genotypes
and function synergistically with many other agro-
nomically important traits. These genetic engineering
approaches were generally aimed at tailor-made im-
provements of essential amino acid metabolic path-
ways and expressing native and genetically engineered
proteins enriched in essential amino acid contents.
However, improvements of metabolic pathways by
genetic engineering also requires a detailed under-
standing of how these pathways interact with regula-
tory networks that fine tune plant development. These
are now beginning to be elucidated by modern systems
biology approaches, including transcriptomics, proteo-
mics, and metabolomics. Due to space limitation, we
focus this review only on approaches that have been
extensively studied and proven suitable to improve the
nutritional quality of food and feed. We also only cover
research associated with nutritional improvements for
monogastric mammals, namely, human and certain
farm animals, particularly poultry and swine. These
approaches are not as important for ruminant livestock,
such as beef, because these animals require the pres-
ence of the essential amino acids in proteins that are
resistant to rumen proteolysis. Approaches suitable for
ruminant animals are discussed in the following re-
views (Galili et al., 2002; Amir and Tabe, 2006).

INCREASING SEED LYS AND TRP CONTENTS IN
MAIZE BY GENETIC APPROACHES: THE STORY
OF QPM

Maize is one of the most important cereal crops,
providing between 50% and 70% of the dietary protein
for humans, depending on geographical distribution. It
is also one of the major crops used for feeding farm
animals, particularly poultry and swine. Since maize
seeds are very low in Lys, a major effort was initiated at
the mid 20th century to identify high-Lys corn varieties
by genetic approaches. These efforts resulted in the
discovery of the high-Lys opaque2 mutant (Mertz et al.,
1964; Mertz, 1997), which contains low levels of the Lys-
poor seed storage proteins (called zeins) and a com-
pensatory increase in Lys- and Trp-rich, non-zein, seed
proteins as well as free Lys and Trp, compared to
normal maize. The opaque2 mutant seeds, together with
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minerals and vitamins, were proven to significantly
increase growth in rat feeding trials (Mertz et al., 1964),
and they were found to have 90% the value of milk
protein when fed to Guatemalan children (Bressani,
1966). A diet based solely on opaque2 flour was further
shown to cure children who suffered from the protein
deficiency disease kwashiorkor (Harpstead, 1971). Suc-
cess with opaque2 maize stimulated extensive research
to identify similar mutants in other cereals, including
barley (Hordeum vulgare; Munck et al., 1970; Doll et al.,
1974), and sorghum (Sorghum bicolor; Singh and Axtell,
1973).

Despite the initial optimism, field analyses showed
that opaque mutations were associated with inferior
agronomic traits that could not be easily overcome. The
undesirable traits included reduced yield and protein
content as well as a soft endosperm that increased dis-
ease and insect susceptibility, kernel breakage, and poor
food processing (Glover, 1992; Munck, 1992). Commer-
cial utilization of opaque2 mutants seemed unlikely un-
til 1992, when researchers at the Maize and Wheat
Improvement Center in Mexico and the University of
Natal in South Africa (Geevers and Lake, 1992; Glover,
1992) generated opaque2-derived QPM lines with nor-
mal kernel properties and yields comparable to other
maize cultivars. The QPM genotypes are generally
associated with an increased level of the 27-kD g-zein
storage protein, which somehow compensates for the
reduced level of the Lys-poor a- and b-zein storage
proteins, but the molecular nature of this compensation
is not understood. Progress with developing commer-
cial QPM lines has been slow, particularly because of
the complexity and multiple loci of the opaque2 modifier
genes. Research led to the discovery of the molecular
basis of opaque2 and other opaque mutant genotypes in
maize (Gibbon and Larkins, 2005), and this knowledge
has accelerated the development and commercializa-
tion of QPM maize varieties. Further details associated
with the molecular basis of different opaque mutants in
maize can be found in the following references (Or
et al., 1993; Coleman et al., 1995; Lopes et al., 1995;
Burkhardt et al., 1997; Gillikin et al., 1997; Sun et al.,
1997; Kim et al., 2004, 2006).

Since its discovery, QPM maize has been used
worldwide (see, for example, Bockholt and Rooney,
1992; Magnavaca et al., 1993; Zarkadas et al., 2000).
Based on adaptation of QPM maize in many develop-
ing countries, the World Food Prize was awarded to
the Maize and Wheat Improvement Center in Mexico
researchers who contributed significantly to their de-
velopment. The performance and nutritional value of
the QPM varieties appears promising as exemplified
by analysis of a number of QPM cultivars adapted to
conditions in Canada (Zarkadas et al., 2000).

The high Lys and Trp contents of opaque2 and QPM
maize genotypes is associated with a major reduction
in the Lys-poor a- and b-zein storage proteins. At-
tempts have also been made to reduce the content of
these storage proteins by genetic engineering, using
constructs designed to reduce their expression in seeds

(Segal et al., 2003; Huang et al., 2005, 2006). Interest-
ingly, specific reduction of zeins by this approach also
causes an opaque phenotype (Segal et al., 2003), im-
plying that this phenotype is directly associated with
the reduction of zein storage proteins. Since many of
the natural opaque mutations are associated with reg-
ulatory components of maize seed development (Kim
et al., 2004; Gibbon and Larkins, 2005), it will be
interesting to test the agronomical potential of zein
reduction traits when combined into QPM genotypes.

IMPROVING LYS CONTENT BY
GENETIC ENGINEERING

Lys is considered the most important essential amino
acid, because it is most limiting in the cereals grains,
which are major crops worldwide. Hence, much ge-
netic engineering research was devoted to: (1) under-
standing the regulation of Lys metabolism and its
exploitation for increasing free Lys level in seeds; and
(2) using proteins that are enriched in Lys content.
Research on increasing free Lys content provides an
excellent example of how utilizing model plants can
speed up research and later efficiently utilize it to
improve crops, particularly maize, which is a staple
crop for the livestock feeding industry.

Lys is synthesized by a branch of the Asp family
pathway that also leads to the synthesis of two addi-
tional essential amino acids, namely, Met and Thr
(Galili, 2002). Flux through the Lys biosynthetic branch
is strongly regulated by a feedback inhibition loop in
which Lys inhibits the activity of dihydrodipicolinate
synthase (DHDPS), the first enzyme specifically com-
mitted to Lys biosynthesis (Galili, 2002). Genetic muta-
tions in the tobacco (Nicotiana tabacum) DHDPS gene,
rendering the enzyme Lys insensitive, or constitutive
expression of a bacterial Lys-insensitive DHDPS in
transgenic tobacco or Arabidopsis (Arabidopsis thaliana)
plants caused Lys overproduction in all plant organs,
including the seeds (Negrutiu et al., 1984; Frankard
et al., 1992; Shaul and Galili, 1992a, 1992b; Ben Tzvi-
Tzchori et al., 1996). However, high levels of Lys in all
plant tissues can cause abnormal vegetative growth
and flower development that, in turn, reduce seed yield
(Negrutiu et al., 1984; Frankard et al., 1992; Shaul and
Galili, 1992a, 1992b). Targeting the expression of bacte-
rial Lys-insensitive DHDPS to seeds of tobacco, using a
seed-specific promoter, resulted in plants with normal
growth characteristics that also accumulate higher
amounts of Lys in their seeds, but not yet nutritionally
desirable levels (Karchi et al., 1994).

The increased accumulation of Lys in tobacco seeds
was correlated with enhanced activity of a bifunctional
LKR/SDH enzyme that controls the first two reactions
of the a-amino adipic acid pathway of Lys catabolism
(Karchi et al., 1994, 1995). To elucidate the role of Lys
catabolism in balancing the Lys level in seeds, a
bacterial Lys-insensitive DHDPS was expressed in a
seed-specific manner either in wild-type Arabidopsis
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or in an Arabidopsis LKR/SDH knockout mutant (Zhu
and Galili, 2003). While seeds of transgenic plants ex-
pressing the bacterial DHDPS or the knockout mutant
contained approximately 12- or 5-fold higher levels of
seed free Lys, respectively, than wild-type plants, the
combination of these two traits caused a synergistic
approximately 80-fold increase in the seed free Lys
level (Zhu and Galili, 2003). This showed that Lys
catabolism can become very important when Lys over-
accumulates.

The excessive Lys accumulated in mature seeds of
Arabidopsis plants expressing bacterial DHDPS in the
LKR/SDH knockout mutant background also severely
reduced seed germination (Zhu and Galili, 2003). Since
the LKR/SDH knockout eliminates Lys catabolism in
all tissues, it could not be determined whether the
inhibition of seedling growth was due to a negative
physiological effect of excess Lys on seed maturation or
defective postgermination catabolism of the high Lys
level. This question was addressed by coexpressing the
bacterial DHDPS gene with an RNAi construct of the
Arabidopsis LKR/SDH gene, both under control of
the same seed-specific promoter (Zhu and Galili, 2004).
In this genetic background, both enhanced Lys syn-
thesis and its suppressed catabolism are restricted to
developing seeds. Coexpression of the two seed-specific
constructs significantly boosted seed Lys content, while
seed germination was significantly improved (Zhu and
Galili, 2004).

Following the studies with model plants, the bacte-
rial DHDPS was expressed in a seed-specific manner in
the embryos of soybean (Glycine max), rapeseed (Bras-
sica napus), and maize. Unlike tobacco and Arabidopsis,
the transgenic soybean and rapeseed showed a signif-
icant elevation of free Lys in the mature seeds, which in
some cases nearly doubled total seed Lys content (Falco
et al., 1995; Mazur et al., 1999; Frizzi et al., 2008). The
differences in Lys content between plant species may
be due to the use of different DHDPS enzymes from
different bacterial sources. Lys overproduction in these
plants was also associated with increased levels of
various Lys catabolites (Falco et al., 1995; Mazur et al.,
1999; Huang et al., 2005; Frizzi et al., 2008). Interest-
ingly, the bacterial DHDPS caused Lys overproduction
only when expressed in the embryo, but not in the
endosperm (Mazur et al., 1999; Frizzi et al., 2008). This is
likely because Lys is efficiently catabolized in the endo-
sperm, as it was also shown that endosperm-specific
reduction of Lys catabolism by an RNAi approach
significantly increased Lys content in maize (Houmard
et al., 2007). The observation that Lys catabolism is
highly active in the maize endosperm (Kemper et al.,
1999; Arruda et al., 2000) provided additional support
for this supposition. To overcome Lys catabolism in
the endosperm, maize plants were transformed with
a single endosperm-specific bifunctional expression/
silencing transgene, which encodes a bacterial feedback-
insensitive DHDPS with a LKR/SDH RNAi sequence in
an intron (Frizzi et al., 2008). This construct resulted in a
significant elevation in the seed Lys level, proving that

maize endosperm possesses enzymatic activity respon-
sible for both Lys biosynthesis and catabolism.

Substantial increases in free Lys in the embryos of
transgenic plants expressing a bacterial feedback-
insensitive DHDPS were in some cases associated with
abnormal seed germination (Falco et al., 1995; Mazur
et al., 1999). Yet, shifting Lys overproduction into the
endosperm enabled free Lys accumulation in maize
grains to over 4,000 ppm, compared to less than 100
ppm in control plants, with no detectable negative
effect on seed germination (Frizzi et al., 2008). This
could be explained by the fact that either Lys is more
toxic in the embryo than in the endosperm and/or that
the volume of endosperm is much larger than the
embryo; hence, Lys can accumulate in the endosperm
to higher levels, while maintaining a relatively low
cellular concentration of this amino acid.

Most of the free amino acids in sink tissues, such as
developing seeds, are incorporated into storage pro-
teins. Thus, another approach to enhance the level of a
given amino acid in seeds is to increase the protein
sink for this amino acid. This can be done by trans-
forming plants with genes encoding stable proteins
that are rich in the desired amino acid(s), and can
accumulate these proteins to high levels. Several types
of recombinant genes encoding Lys-rich proteins have
been tested so far: (1) natural genes encoding Lys-rich
proteins derived from different plant or nonplant
sources; (2) natural genes that have been mutated to
increase the number of Lys codons and make proteins
richer in Lys; and (3) synthetic genes encoding Lys-rich
proteins. However, most of these attempts did not
prove satisfactory because the proteins were unstable
and did not accumulate to sufficiently high levels (see
Sun and Liu, 2004; Beauregard and Hefford, 2006, and
refs. therein for extensive discussion of this issue). Yet,
among the different proteins that were tested, some
were proven to accumulate to reasonably high steady-
state levels. The most significant increases in seed Lys
levels were obtained by expressing a genetically en-
gineered gene encoding HORDOTHIONINE12 or the
BARLEY HIGH LYSINE8 (BHL8) protein, which con-
tain 28% and 24% Lys, respectively (Jung and Carl,
2000). These proteins accumulated in transgenic maize
seeds to 3% to 6% of total grain protein, and when
introduced together with a bacterial DHDPS resulted
in an elevation of total Lys to over 0.7% of seed dry
weight, compared to around 0.2% in wild-type maize
(Jung and Carl, 2000). BHL8 is a recombinant protein
derived from a barley CHYMOTRYPSIN INHIBITOR-2,
which was genetically engineered to substantially
increase the number of Lys codons and those of other
essential amino acids, based on a three-dimensional
structure analyses (Roesler and Rao, 2000). This pro-
tein also serves as a model for elucidating mechanisms
of protein folding (for review, see Daggett and Fersht,
2003, and refs. therein).

In conclusion, a number of studies in maize have
shown that it is possible to increase the Lys content in
cereal grains to sufficiently high levels to meet the
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requirements for animal feeding, with no need for
addition of supplemental Lys. These studies demon-
strate that a combination of the traits of DHDPS ex-
pression, LKR/SDH suppression, and expression of
genetically engineered high-Lys proteins, all in an
endosperm-specific manner, shows the greatest poten-
tial for producing cereal crops with an optimal dietary
Lys level and minimal penalties of growth performance
and yield. Yet, even simpler approaches employing
only the expression of a bacterial feedback-insensitive
DHDPS in an embryo-specific manner could suffice for
commercial use in livestock feed. Indeed, a high-Lys
maize line (LY038) expressing a bacterial feedback-
insensitive DHDPS in an embryo-specific manner
(Dizigan et al., 2007) has recently been approved for
commercial use in the livestock feeding industry in a
number of countries. The maize LY038 line, as well as a
maize LY038 3 MON 810 hybrid, proved superior in
broiler chicken performance, compared to the same
lines that lacked the LY038 trait (Lucas et al., 2007).

Recently, another interesting approach has been
adapted to increase the Lys content in cereal seeds,
utilizing a recombinant tRNA(lys) species that intro-
duces Lys at alternative codons during protein synthe-
sis (Wu et al., 2003). Expression of a recombinant gene
encoding this tRNA in transgenic rice (Oryza sativa)
caused a meaningful enrichment of the Lys content of
seed proteins (Wu et al., 2003). Notably, even stable ex-
pression of a wild-type Arabidopsis gene encoding a
Lys tRNA synthetase in transgenic maize caused trans-
lational recoding of Lys into the Lys-deficient zein
storage proteins, apparently using non-Lys codons,
and resulted in significantly enriching the Lys content
in the grain (Wu et al., 2007). It will be interesting to test
the extent to which such transgenes also introduce Lys
at nonnatural locations in other seed proteins and what
impact this approach has on the performance of the
crop plants and on their safety regulations.

IMPROVING MET CONTENT BY
GENETIC ENGINEERING

Met is synthesized by another branch of the Asp-
family pathway that also synthesizes Lys (Galili et al.,
2005). Besides being a building block of proteins, Met,
through its catabolic product S-adenosyl-Met (SAM), is
a precursor for the hormone ethylene, for polyamines,
and it is also the primary methyl-group donor for
multiple biological processes, such as DNA replication,
cell wall development, and secondary metabolite pro-
duction (Amir et al., 2002). It is likely that under
favorable growth conditions, a significant portion of
the flux through the Asp-family pathway results in the
production of Met and in its further metabolism. A
number of attempts were made to improve the Met
level in plants, mostly by manipulation of genes en-
coding various Asp-family and Cys biosynthetic en-
zymes, which were described in previous reviews (see,
for example, the following reviews: Amir et al., 2002;

Hesse et al., 2004; Amir and Tabe, 2006; Azevedo et al.,
2006). These experiments generally met with limited
success, either because they were associated with se-
vere phenotypes or Met did not accumulate, due to
extensive catabolism. Indeed, reduced catabolism of
Met to SAM, due to suppression of SAM synthase, gen-
erally caused increased levels of soluble Met (Boerjan
et al., 1994; Goto et al., 2002; Shen et al., 2002). It is
also likely that many of the metabolic phenotypes
resulting from an increased Met level are indirectly
associated with the reduced production of SAM. The
major regulatory enzyme of Met biosynthesis is cysta-
thionine g-synthase (CGS), and this activity in Arabi-
dopsis is also regulated by the level of SAM via a
compound posttranscriptional control mechanism in-
volving interactions with a highly regulatory multi-
component domain located in the N terminus of the
mature CGS polypeptide (Inaba et al., 1994; Chiba et al.,
1999; Hacham et al., 2002; Ominato et al., 2002; Hacham
et al., 2006). Interestingly, mutations in this region, or its
deletion, result in overproduction of Met, which is
likely independent of a reduction of SAM synthesis
(Chiba et al., 1999; Hacham et al., 2002, 2006, 2008;
Ominato et al., 2002). Moreover, the combination of
expression of a mutated form of CGS with a bacterial
feedback-insensitive Asp kinase (the first enzyme of the
Asp-family pathway) further increases the accumula-
tion of Met (Hacham et al., 2008). Utilization of CGS
enzymes with either deleted or mutated N-terminal
domains currently appears as a potentially promising
approach to increase the production of free Met with
minimal negative effects. Yet, it is still questionable
whether the regulatory characteristics of the Arabidop-
sis CGS are conserved in other plant species (Kreft et al.,
2003). It also remains to be demonstrated whether
utilization of a mutated CGS can improve Met produc-
tion in seeds.

Another important metabolite regulating Met me-
tabolism in plants is S-methyl-Met (SMM), a Met stor-
age and phloem mobile metabolite that can be
efficiently transported from leaves to developing seeds
(Bourgis et al., 1999). SMM is synthesized from Met by
Met S-methyltransferase (MMT) and is recycled back to
Met by homo-Cys methyltransferase. However, despite
the efficient transport capability of SMM, Arabidopsis
and maize mmt mutants, which are unable to synthe-
size SMM, grow and reproduce normally, suggesting a
minimal regulatory role for SMM in sulfur transport of
at least these two species (Kocsis et al., 2003). Notwith-
standing, a recent report (Lee et al., 2008) showed that a
mutant Arabidopsis plant overaccumulating Met in its
seeds is due to a mutation eliminating the activity of
HMT2, one of the three Arabidopsis HMT isozymes
that recycle SMM into Met (Lee et al., 2008). The HMT2
gene is expressed in vegetative tissues where it appar-
ently shifts the balance from Met to SMM in these
source tissues. The accumulated SMM in this mutant
apparently transports more efficiently than Met into the
sink tissues, where it is converted back to Met by the
two other HMT isozymes (Lee et al., 2008). Why plants
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need a delicate balance between Met and SMM is an
interesting question, but certainly the increased accu-
mulation of Met in the seeds of the HMT2 mutant
suggests a novel approach to increase the nutritional
value of crop plants.

Another approach to increase the Met content in
plants involved the expression of sulfur-rich proteins.
Although a large array of sulfur-rich proteins have been
tested (see the following reviews as examples: Muntz
et al., 1998; Tabe and Higgins, 1998; Tabe and Droux,
2002; Hagan et al., 2003; Galili et al., 2005; Amir and
Tabe, 2006), the most commonly used and most suc-
cessful approaches in terms of increased Met content
included expressing heterologous, natural Met-rich
storage proteins, such as the 2S albumin from Brazil
nut (Bertholletia excelsa) and sunflower (Helianthus an-
nuus). Therefore, we will focus in this review on expres-
sion of these two proteins in seeds of transgenic plants.

The Brazil nut and sunflower 2S albumins have been
transgenically expressed in seeds of a number of plant
species, including tobacco, canola (B. napus), narbon bean
(Vicia narbonensis), and soybean. Significant enhance-
ment of total seed Met was observed in some of these
plant species, and in some cases was still below the
optimal level required for human food and animal
feed (Altenbach et al., 1992; Saalbach et al., 1995;
Molvig et al., 1997; Tabe and Higgins, 1998; Tabe and
Droux, 2002; Hagan et al., 2003; Lee et al., 2003;
Chiaiese et al., 2004; Amir and Tabe, 2006). This was
largely because production of the proteins came at the
expense of endogenous sulfur-rich compounds, such
as free Met, Cys, and glutathione, as well as endoge-
nous Met-rich proteins. These results indicate that the
available soluble Cys and Met in seeds of these species
limits the accumulation of sulfur-rich proteins. More-
over, studies preformed in lupin (Lupinus angustifolius)
expressing the sunflower 2S albumin demonstrated
that the seed Cys and Met content is not only depen-
dent on their transport from the canopy, but also on
their de novo synthesis in seeds (Tabe and Droux, 2002).

Transgenic lupin seeds expressing the sunflower 2S
albumin were tested in various nutritional studies. Rat
feeding experiments showed not only an increase of
Met availability, but also an increase in general dietary
value (Molvig et al., 1997). Furthermore, the transgenic
lupin seeds were superior to control lupin seeds for
poultry feeding, requiring lower amounts of supple-
mental Met (Ravindran et al., 2002). They also in-
creased the efficiency of wool growth in Merino sheep
(White et al., 2001). Unfortunately, despite their nutri-
tional potential, the plant 2S sulfur-rich albumins were
found to be allergenic (Pastorello et al., 2001), reducing
their usefulness as Met sink proteins, at least for
human nutrition. Nevertheless, accumulating data sug-
gest that a combination of specific transgenes that
allow increased free Met accumulation and its incor-
poration into sulfur-rich proteins could considerably
enhance Met accumulation in crops, such as the forage
alfalfa (Medicago sativa; Avraham et al., 2005; Bagga
et al., 2005).

IMPROVING TRP CONTENT BY
GENETIC ENGINEERING

Trp is the second most limiting essential amino acids
in cereal grains. Trp synthesis in plants is strongly feed-
back regulated by inhibiting its biosynthetic enzyme,
anthranilate synthase. The discovery that a mutation
rendering the Arabidopsis a-subunit of anthranilate
synthase insensitive to feedback inhibition by Trp en-
hances Trp accumulation (Kreps et al., 1996; Li and
Last, 1996) led to a number of studies using this trait to
improve the Trp content in crop plants. Expression of a
transgene, termed OASA1D, encoding an analogous
feedback-insensitive a-subunit of the rice anthranilate
synthase, under control of the constitutive ubiquitin
promoter in transgenic rice, led to a significant in-
crease in free Trp in the seeds (Wakasa et al., 2006). Yet,
this caused significant negative effects on a limited num-
ber of important agronomical traits, including germi-
nation, spikelet fertility, and yield (Wakasa et al., 2006).
Expression of the transgene also caused a nearly 2-fold
increase in auxin content in the seed, which is pro-
duced from Trp (Wakasa et al., 2006). Whether consti-
tutive expression of the transgene caused a similar
auxin increase in vegetative tissues (Matsuda et al.,
2005), and whether the hormonal imbalance is associ-
ated with the deleterious agronomical traits is un-
known. It could be interesting to test whether specific
expression of this transgene, either in the developing
embryo or the developing endosperm of the rice grains,
will reduce the deleterious agronomical traits. Embryo-
specific and endosperm-specific promoters are currently
available, both from rice and other cereals, rendering
such experiments highly feasible.

The rice OASA1D transgene was also shown to raise
the free Trp level when expressed in transgenic potato
(Solanum tuberosum; Yamada et al., 2004), adzuki bean
(Vigna angularis; Hanafy et al., 2006), and Arabidopsis
(Ishihara et al., 2006) plants. In addition, an analogous
increase in free Trp was obtained in transgenic soy-
bean plants upon expression of a different transgene
encoding a feedback-insensitive tobacco anthranilate
synthase driven by the cauliflower mosaic virus 35S
promoter (Inaba et al., 2007). These results, when taken
together with those obtained by genetic approaches
(Kreps et al., 1996; Li and Last, 1996), support an
evolutionarily conserved mechanism for regulation of
Trp synthesis in plants by feedback inhibition of
anthranilate synthase. It is important to notice that
besides being an essential building block of proteins,
Trp is a precursor for a variety of secondary metabo-
lites and therefore its overproduction may reduce or
stimulate their levels. Since some of the Trp secondary
metabolites are harmful either to mammals or to plant
pathogens, it is important to elucidate whether in-
creased Trp accumulation alters their production.

FUTURE GOALS AND OPPORTUNITIES

Most if not all of the currently grown commercial GM
crops contain traits that are considered to be beneficial
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for farmers and not consumers, such as the herbicide
resistance Roundup Ready trait. GM crops with en-
hanced nutritional quality, such as the high-Lys LY038
maize, should be beneficial not only to farmers, but also
to consumers, an issue that will hopefully increase their
public acceptance. It was estimated that doubling the
Lys content in maize without changing the grain pro-
tein content could increase the gross value of the U.S.
maize in the world feed market by additional $360
million (Johnson et al., 2001). This is important in view
of the competition between maize used for ethanol
production and maize used for feeding. The progres-
sively increasing prices of foods and feeds resulting
from the massive and growing markets for biofuels are
expected to further increase the value of GM crops with
enhanced nutritional quality. Such crops will be im-
portant in developing countries for uses as food and
feed. High Lys QPM maize has already penetrated into
developing countries, such as those in Africa, and it is
likely that GM crops with enhanced nutritional quality
will do the same if freely available to developing
countries. Individual traits for enhanced nutritional
quality, such as those described in this review, could be
combined into a single plant, along with other valuable
traits, such as high protein and high oil content, to
further improve a crop’s value and competitive abili-
ties. Moreover, the technology developed for produc-
ing high-Lys corn could be transferred to other crops
used as foods and feeds, particularly to important
cereals such as wheat, rice, and barley. Since cereals
have comparable seed characteristics, namely, rela-
tively large endosperms and small embryos, it is likely
that the endosperm-specific approaches that have been
proven most successful in maize will also succeed in the
other cereals. The success with high-Lys maize also pro-
vides an optimistic basis for generating GM crops with
enhanced levels of other important essential amino
acids. A second GM crop that has already been proven
beneficial in feeding trials is the transgenic high-Met
lupin. In addition, future production of GM crops with
higher levels of two other important amino acids,
namely, Trp and Thr, is also expected.

Another important aspect of enhancing the nutri-
tional quality of crops is related to the rapidly growing
demand for crops for biofuel production. Ethanol pro-
duction from maize generates large amounts of non-
extractable seed material, called dried distiller grain
solubles (DDGS; Rausch and Belyea, 2006), the produc-
tion of which progressively increased in recent years.
Historically, most of the DDGS has been fed to cattle,
but in the past several years, researchers have been
evaluating its nutritional value and feeding recommen-
dations for swine and poultry (Fastinger et al., 2006;
Pedersen et al., 2007). Hence, research projects under
way could modify the amino acid composition, protein
composition, and phosphorous content of DDGS (Singh
et al., 2005; Rausch and Belyea, 2006). The feed quality
of DDGS can be further improved by expressing re-
combinant proteins enriched in essential amino acids
that will not be lost during ethanol extraction. Nutri-

tional improvement for cattle requires the presence of
essential amino acids in proteins that are resistant to
rumen proteolysis (Galili et al., 2002; Amir and Tabe,
2006).

Like all other GM crops, the opportunities for and
the impacts of GM crops with enhanced nutritional
quality depend on public acceptance. Although recent
years have shown gradual increases in the acceptance
of these crops and GM foods in some countries, there
is still public debate about the safety of GM crops. A
detailed study based on a number of categories, in-
cluding molecular studies and comparative safety
assessments, concluded that the high-Lys LY038 maize
is as safe as conventional maize (Glenn, 2007). Yet,
despite the fact that the high-Lys LY038 maize was
approved for commercial use in a number of countries,
there remains public debate about its safety, which can
be viewed on the Internet. The outcome of this debate
is central to the development of additional GM crops
with a high content of essential amino acids.
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