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ABSTRACT: Cereals are the most important crops in the world for both human consumption and animal feed. Improving their
nutritional values, such as high protein content, will have significant implications, from establishing healthy lifestyles to helping
remediate malnutrition problems worldwide. Besides providing a source of carbohydrate, grain is also a natural source of dietary
fiber, vitamins, minerals, specific oils, and other disease-fighting phytocompounds. Even though cereal grains contain relatively
little protein compared to legume seeds, they provide protein for the nutrition of humans and livestock that is about 3 times that
of legumes. Most cereal seeds lack a few essential amino acids; therefore, they have imbalanced amino acid profiles. Lysine (Lys),
threonine (Thr), methionine (Met), and tryptophan (Trp) are among the most critical and are a limiting factor in many grain
crops for human nutrition. Tremendous research has been put into the efforts to improve these essential amino acids.
Development of high protein content can be outlined in four different approaches through manipulating seed protein bodies,
modulating certain biosynthetic pathways to overproduce essential and limiting amino acids, increasing nitrogen relocation to the
grain through the introduction of transgenes, and exploiting new genetic variance. Various technologies have been employed to
improve protein content including conventional and mutational breeding, genetic engineering, marker-assisted selection, and
genomic analysis. Each approach involves a combination of these technologies. Advancements in nutrigenomics and nutrigenetics
continue to improve public knowledge at a rapid pace on the importance of specific aspects of food nutrition for optimum fitness
and health. An understanding of the molecular basis for human health and genetic predisposition to certain diseases through
human genomes enables individuals to personalize their nutritional requirements. It is critically important, therefore, to improve
grain protein quality. Highly nutritious grain can be tailored to functional foods to meet the needs for both specific individuals
and human populations as a whole.
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■ INTRODUCTION

Cereals are the most important crops in the world for both
human consumption and animal feed. Improving their
nutritional values including higher protein content will have
significant implications from establishing healthy lifestyles to
help remediate malnutrition problems worldwide. Besides
providing a source of carbohydrate, grain is also a natural
source of dietary fibers, vitamins, minerals, specific oils (γ-
oryzanol), and other disease-fighting phytocompounds, includ-
ing polyphenols and flavonoids that have the potential to
inhibit the growth of or kill cancer cells.1 Flavonoids, such as
tricin (5,7,40-trihydroxy-30,50-dimethoxyflavone), are anti-
cancer agents that have a specific chemopreventive activity.
Improved grain nutrition has been a subject of interest in both
research and industry looking for better ways to utilize the grain
crop beyond its current status as a source of carbohydrates and
calories.2−5

Advancements in nutrigenomics and nutrigenetics improve
public knowledge of the importance of developing nutritional
regimes for optimum fitness and health. Greater knowledge of
the human genome and understanding of the molecular basis
for human health and genetic predisposition to certain diseases
enable individuals to personalize their nutritional requirements.
These recent advances together with worldwide accessibility to
the most current information on nutrition and health can
potentially transform and elevate the need for more nutritious
food products. High-protein grains can provide the base for

developing novel foods and fibers or nutrient-dense food
products. Highly nutritious grain can also be tailored to
functional foods to meet the needs of individuals with specific
genetic traits.
Current total annual world grain yield exceeds 2350 million

metric tonnes (mt).6 Three major cereals account for >85% of
the total gain production, that is, maize at about 838 mt, wheat
at 700.2 mt, and rice at 484.3 mt. Even though cereal grains
contain relatively little protein (about 6−12% dry wt)
compared to legume seeds, they provide over 200 mt of
protein for the nutrition of humans and livestock, about 3 times
that of legumes. Between 2010 and 2012, nearly 870 million
people in the world were chronically malnourished.7 This
represents 12.5% of the global population and most of these
live in developing countries. Every year, about 19 million
children suffer from severe acute malnutrition and at least 3.5
million of them die from malnutrition-related causes.
It is estimated that 2 billion people live primarily on a meat-

based diet, whereas 4 billion live primarily on a plant-based diet
worldwide.8 On average, the protein consumed per day on the
meat-based diet is 112 g, whereas the lactoovovegetarian diet is
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89 g per day, which is still much higher than the recommended
dietary allowances (RDA) of 56 g per day. Americans, for
example, consume about twice the RDA for protein and about
1000 kcal in excess per day per capita.9 According to the World
Health Organization, excess weight has become a problem not
only in developed but also in developing countries, reaching
global epidemic proportions. More than 1 billion adults are
either overweight or obese.10 Obesity increases annual medical
spending. In the United States, obesity causes an estimated
$190 billion per year in health care spending, or 20.6% of total
health care expenditures.11 Modification of daily diets to reduce
obesity will not only reduce the healthcare cost but also
increase the availability of food supply worldwide. Reducing the
excess of daily food consumption to reflect a healthier lifestyle
will arguably make the world food supply more adequate to
meet the global need. Malnutrition in some cases can be viewed
as a property or economic issue where the poor cannot afford
to buy food. Malnutrition is more severe in the areas where
people’s staple food is exclusively either cereal grain or legume.
With a diet of a 50:50 mixture of cereal grain and legumes, for
example, the malnutrition problem can be reduced. World
malnutrition is an undoubtedly complex problem. Develop-
ment of highly nutritious food products will provide a solid
bottom line that can be used to help solve the worldwide
malnutrition problem across social, cultural, and economic
issues.
This paper provides a review of efforts in developing high

protein in cereal grains that spanned more than 50 years and
can be outlined in four different approaches: (1) manipulation
of seed protein bodies or fractions, (2) deregulation of certain
biosynthetic pathways to overproduce essential amino acids
that are limiting, (3) nitrogen relocation to the grain through
the introduction of transgenes, and (4) exploration of genetic
variance. Various technologies have been employed including
conventional and mutational breeding, genetic engineering,
DNA markers, and genomics. Each approach involves a
combination of several technologies.

■ GRAIN PROTEIN COMPARTMENTALIZATION AND
PROFILE

Protein in the grain is mostly stored in protein bodies. These
protein factions are often referred to as the nitrogen sink in the
grain and can be grouped according to Osborne’s classification
into albumins (water soluble), globulins (alkaline soluble, water
insoluble), prolamins (alocohol soluble), and glutelins (alkaline
soluble, but water, alcohol, and saline insoluble). Distribution of
storage protein classes differs among plants. Also, varieties
within a species can exhibit different distribution of seed storage
proteins. Prolamins and glutelins are the major protein types in
many grain crops. Prolamins and glutelins are typically rich in
proline and glutamine but low in lysine. Zein, the prolamin
fraction of maize (Zea mays L.), for example, often has low
lysine content (0.1 g/100 g protein).12 Zeins can be further
fractionated into α (19 and 22 kDa), β (15 kDa), γ (16, 27, and
50 kDa), and δ (10 and 18 kDa) classes.13,14 Glutelins, on the
other hand, have higher lysine content (3.2 g/100 g protein),
but the portion of glutelins in the grain is small. In maize, this
fraction is primarily composed of polypeptides of 60−70 kDa
(encoded by the Glb1 gene) and of 45 and 27 kDa (encoded by
the Glb2 gene).15,16 Because of these differential compositions
of grain storage proteins, lysine (Lys), threonine (Thr), and
methionine (Met) are the limiting essential amino acids in grain
cereals.

■ BIOSYNTHESIS OF ESSENTIAL AMINO ACIDS

Human and other monogastric animals do not have the ability
to synthesize 9 of 20 amino acids. Thus, these are essential and
must be obtained from diets. Consequently, these essential
amino acids determine the quality of protein. Most cereal seeds
lack a few essential amino acids; therefore, they have
imbalanced or imperfect amino acid profiles. Lys, Thr, and
Met are among the most critical ones and are a limiting factor
in many grain crops for human nutrition (Table 1). Because of
that, tremendous research has been put into the efforts to
improve these essential amino acids. Each amino acid is
synthesized through specific biochemical pathways.

Lysine is the most limiting in cereal grains that serve as the
major world food source. Lysine is synthesized through a
branch of the aspartate (Asp) family pathway that also gives rise
to the synthesis of two additional essential amino acids, Met
and Thr (Figure 1).21 In the Lys biosynthetic branch, the
activity of dihydrodipicolinate synthase (DHDPS), the first
enzyme specifically committed to Lys biosynthesis, is strongly
regulated by a feedback inhibition by Lys.21 This synthetic
pathway has been researched extensively and has provided a
roadmap in developing models for improving the Lys grain
content. Genes encoding for DHDPS that are less sensitive to
Lys have been the subject of extensive research investigation in
both mutational breeding and genetic engineering in the efforts
to enhance both free Lys and seed Lys content. The excess of
free Lys, however, can be harmful to plant growth and seed
development. Because Lys is an easily soluble amino acid, free
Lys can be lost during food preparation. Therefore, excessive
free Lys may contribute little to improving nutritional value in
human consumption in some cultures. The less sensitive-to-Lys
DHDPS, alone or in combination with other components, such
as bifunctional expression/silencing transgene for Lys catabo-
lism, has been used in genetic engineering to improve seed Lys
content.22,23

Table 1. Content of Essential Amino Acids in Major Storage
Proteins in Rice, Wheat, and Corn and WHO
Recommended Levels for Human Consumptiona

amino acidb wheat rice barley rye WHO recommended level

Cys 2.6 2.5 2.9 2.9 3.5
Met 1.3 2.9 1.7 1.7 3.5
Lys 2.0 3.5 3.1 3.3 5.5
Ile 3.6 4.6 3.6 3.6 4.0
Leu 6.7 8.0 7.2 6.7 7.0
Phe 5.1 5.2 5.5 4.9 6.0
Tyr 2.6 4.9 2.7 2.1 6.0
Thr 2.7 3.5 3.3 3.4 4.0
Trp 1.1 2.0 1.8 1.0
Val 3.7 6.5 4.6 4.4 5.0
His 2.2 2.3 1.9 2.1

aAmounts are expressed as g/100 g protein. Cys and Tyr are not truly
essential because they can be synthesized from Met and Phe,
respectively. His is essential for children but not adults. Data are
compiled from Ewart,17 FAO,18 WHO,19 and Houston et al.20 bCys,
cysteine; Glu, glutamate; Gln, glutamine; Gly, glycine; His, histidine;
Ile, isoleucine; Leu, leucine; Lys, lysine; Met. methionine; Phe.
phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp,
tryptophan; Tyr, tyrosine; Val, valine.

Journal of Agricultural and Food Chemistry Review

dx.doi.org/10.1021/jf4016812 | J. Agric. Food Chem. 2013, 61, 11702−1171011703



■ MUTATION, GENETIC ENGINEERING, AND
DEREGULATION OF BIOSYNTHETIC PATHWAYS

Both DHDPS and AK are key enzymes in the biosynthesis
pathway of Lys and Thr. They have been the subject of
mutational breeding through various methods. The two most
commonly used methods are selecting insensitive DHDPS and
inducing mutation using mutagens. Cells that overproduce Lys
can be selected by incorporating Lys or Lys and Thr in the
media. Lys analogues, such as S-2-aminoethyl-L-cysteine
(AEC), have also been used to produce feedback-insensitive
DHDPs. The early efforts of producing high-Lys rice included a
selection using a Lys analogue in cell cultures of rice (Oryza
sativa).24,25 Following the treatments of the Lys analogue, rice
plants were regenerated from resistant cells. Induced mutation
using N-methyl-N-nitrosourea (MNU) has also resulted in
mutated rice lines possessing rice seed with elevated Lys
content.26

During the earlier stages of genetic engineering technology,
major efforts were focused on exploitation and gene expression
of the less sensitive-to-Lys DHDPS from both plant and
nonplant origins. Lysine overproduction in all plant organs,
including the seeds, was generated through the expression of a
bacterial Lys-insensitive DHDPS in transgenic tobacco
(Nicotiana tabacum) and Arabidopsis (Arabidopsis thaliana)
plants.27−30 However, high levels of Lys in all plant tissues
resulted in unintended consequences, such as abnormal
vegetative growth and flower development and reduced seed
yield.27−29 More specific expression targeted at the seed,
therefore, was needed. A seed-specific promoter increased the
expression of bacterial Lys-insensitive DHDPS in seeds of
tobacco, resulting in normal plant growth with higher amounts
of Lys in the seed. However, improvement of Lys content in
the seed has not reached nutritionally desirable levels.31 Under
the control of the maize germ-preferred globulin1 promoter,32 a

Lys-insensitive version of DHDPS from Corynebacterium
glutamicum (CordapA) was constructed. The transgenic maize
line exhibited a 40-fold increase in free Lys content, from 43 to
1838 ppm, equivalent to a total grain Lys content of 0.43%,
almost twice the Lys in the control (0.26%).33 A similar
construct using a seed-specific promoter was used to generate
the high-Lys transgenic maize LY038.34 LY038 has been
approved by the Animal and Plant Health Inspection Service,
U.S. Department of Agriculture, for commercial use (Federal
Register 2006, 71, 5801−5802).
Increased accumulation of Lys can also be obtained by

reducing the activity of a bifunctional LKR/SDH enzyme (Lys-
ketoglutarate reductase/saccharopine dehydrogenase; Figure 1)
that controls the first two reactions of the α-aminoadipic acid
pathway of Lys catabolism.31,35 An LKR/SDH knockout
mutant from Arabidopsis, when expressed in the seed of a
tobacco plant, caused accumulation of Lys. Combination of a
bacterial Lys-insensitive DHDPS and an Arabidopsis LKR/SDH
knockout mutant with a seed-specific promoter resulted in an
approximately 80-fold increase in the seed free Lys level.36 The
excessive Lys accumulated in mature seeds of Arabidopsis
plants, however, severely reduced seed germination.36 Coex-
pressing an RNAi construct of the Arabidopsis LKR/SDH gene
(that suppresses the expression of the gene) with the bacterial
DHDPS gene, both under control of the same seed-specific
promoter, addressed the problem. The new construct resulted
in a significant enhancement in both seed Lys content and seed
germination rates.37 Similar work has been expanded from plant
model to grain crops, such as maize and other plants including
soybean (Glycine max) and rapeseed (Brassica napus). Refine-
ment of this approach was required due to the specific nature of
the target plant. In maize, for example, Mazur et al.38 and Frizzi
et al.22 found that the bacterial DHDPS caused Lys
overproduction in the embryo but not in the endosperm.
This possibly indicates that Lys is catabolized efficiently in the
endosperm or that Lys catabolism is highly active in the maize
endosperm.39−41 Endosperm-specific reduction of Lys catabo-
lism by an RNAi approach has provided a significant increase of
Lys content in maize.42 Transformation with a single
endosperm-specific bifunctional expression/silencing transgene,
encoding a bacterial feedback insensitive DHDPS with an
LKR/SDHRNAi sequence in an intron, has resulted in an
elevated level of seed Lys.22 On several occasions, high
expression of a bacterial feedback insensitive DHDPS in the
embryo caused abnormal seed germination.38,43 With the
availability of embryo-specific and endosperm-specific pro-
moters in many cereal crops, the problem can be overcome by
directing the overproduction into the endosperm.22

A recombinant tRNA(lys) species can also be used to
increase Lys content in cereal seeds.44 The tRNA(lys)
introduces Lys at alternative codons during protein synthesis.
Transgenic rice (Oryza sativa) produced this way showed
elevated seed Lys content. In transgenic maize, an Arabidopsis
gene encoding a Lys tRNA synthetase caused translational
recoding of Lys into the Lys-deficient zein storage proteins,
apparently using non-Lys codons, and resulted in significant
enrichment of Lys content in the grain.45

Tryptophan (Trp) is often considered also as a limiting
essential amino acid in cereal grains. Within the plant system,
anthranilate synthase is the key enzyme in Trp synthesis, and it
is strongly feedback inhibited. The first discovery that the α-
subunit of anthranilate synthase mutant is insensitive to
feedback inhibition by Trp was found in arabidopsi.46,47 The

Figure 1. Asp family pathway of plants, leading to the synthesis of Lys,
Thr, and Met. Arrows represent individual enzymatic steps. Arrows
with a minus symbol represent feedback inhibition. AK, aspartate
kinase; DHDPS, dihydrodipicolinate synthase; ASD, aspartic-semi-
aldehyde; OPH, O-phosphohomoserine; DHDP, dihydrodipicolinate;
LKR/SDH, Lys-ketoglutarate reductase/saccharopine dehydrogenase.

Journal of Agricultural and Food Chemistry Review

dx.doi.org/10.1021/jf4016812 | J. Agric. Food Chem. 2013, 61, 11702−1171011704



mutant had enhanced Trp accumulation. The gene has been
used in many studies to improve the Trp content in crop plants.
Under the control of the ubiquitin promoter in transgenic rice,
the expression of an OASA1D transgene (encoding an
analogous α-subunit of the rice anthranilate synthase that is
insensitive to inhibition) has produced a significant increase in
free Trp in the seeds.48 A strong Trp increase, however,
negatively affected a number of important agronomic traits,
including germination, spikelet fertility, and yield.48 The
transgene also increased auxin content produced from Trp
about 2-fold in the seed.48 In addition to being an essential
building block of proteins, Trp is also a precursor for a variety
of secondary metabolites. Overproduction of Trp, therefore,
may affect the levels of those secondary metabolites. Some of
the Trp secondary metabolites are harmful to either mammals
or plant pathogens. As a precautionary measure, production of
the Trp secondary metabolites will need to be checked to
determine if they are affected by increased levels of Trp.

■ ALTERATION OF PROTEIN SINK AND
MUTATIONAL BREEDING

The opaque2 mutation in maize is an example of protein sink
alteration that gives rise to improved protein quality. Zein
reduction from the mutation caused redirection of the available
nitrogen into other protein fractions in the grain. Alteration of
protein fractions within the seed resulted in improving the
overall protein quality in the grain. This provides a model that
can be used in other crops to improve a nutritional value. Over
18 different mutations associated with zein (prolamin protein
fraction) have been documented in maize.49 These mutations
altered zein synthesis, forming abnormal protein bodies in size
or number resulting in soft and starchy kernels.50 Mutations
that reduce α-zein synthesis, such as o2, produce small,
unexpanded protein bodies,51 whereas those that reduce γ-zein
synthesis, such as o15,52 produce a reduced number of protein
bodies. Overproduction of γ-zein such as in modified o2
mutants, on the other hand, increases protein body number and
forms more vitreous endosperm.53,54 The f loury2 (f l2) and
Defective endosperm B-30 (De-B30) mutations caused by
defective signal peptides on 22 and 19 kDa α-zein, respectively,
disrupt protein body formation by trapping the α-zein at the
surface of endoplasmic reticulum-derived protein bodies, which
leads to small, irregularly lobed protein bodies.55,56 The
mutants o2 and f l2 are studied extensively because of their
altered nutritional qualities.
Despite higher Lys content, the initial form of opaque

mutants had undesirable traits associated with low yield, low
protein content, kernel breakage, soft endosperm causing
susceptibility to diseases and insects, and poor food processing
quality.57,58 After the discovery of o2, new genes, “o2 modifiers”
(mo2), that revert the soft, starchy texture of o2 endosperm
back to a normal vitreous texture were also discovered.59

Systematic introgression of mo2 genes into o2 germplasm
yielded several hard endosperm o2 mutants that have the
phenotype and yield comparable with typical maize cultivars
but with the high lysine content of o2 mutants.60,61 These lines
were designated “Quality Protein Maize” (QPM).59,62 The
discovery of the molecular basis of opaque2 and other opaque
mutant genotypes in maize has accelerated the development
and commercialization of QPM varieties.56,63,64 The QPM
genotypes have an increased level of the 27 kDa γ-zein storage
protein compensating for the reduced level of the Lys-poor α-
and β-zein storage proteins. QPM has been planted worldwide

in 23 developing countries and grown over 10 million acres.65,66

To further advance QPM applications, dominant RNA
interference (RNAi), rather than using the recessive o2
mutation, can be used.67 The RNAi construct was directed
against both 22 and 19 kDa zeins, but linked to the visible
green fluorescent protein (GFP) marker gene. With this marker
gene, high lysine and kernel hardness can be selected as a
dominant trait. This simplifies the breeding process in
developing new QPM varieties that can facilitate broader
geographical applications.
Finding mutants similar to opaque mutants have been

conducted in other cereals, including sorghum (Sorghum
bicolor)68 and barley (Hordeum vulgare).69,70 Many of the
natural opaque mutations are associated with regulatory
components of maize seed development.56,63 Genetic engineer-
ing has also been used to further investigate and recreate a
reduction of these storage proteins using constructs specifically
designed to reduce their expression in seeds.71−73 An opaque
phenotype with specific reduction of zeins was produced.71

■ NITROGEN RELOCATION AND GENETIC
ENGINEERING

Genes that encode stable proteins containing increased levels of
desirable amino acids can be introduced to cereal crops.
Transgenes that increase protein sink in the seed cause
improved protein levels and specific amino acids. There are
three sources of recombinant genes that are commonly used:
(a) natural genes from different plant or nonplant source
coding for proteins with more essential amino acids; (b)
mutated natural genes with more codons for essential amino
acids; and (c) synthetic genes encoding proteins rich in
essential amino acids.
Expression of a genetically engineered gene for hordothio-

nine12 (containing 28% Lys) or the barley high lysine8
(BHL8) (containing 28% Lys) is one of the most promising
results in improving protein sink.74 BHL8 is a recombinant
protein derived from a barley chymotrypsin inhibitor-2
designed on the basis of a three-dimensional structure
analyses.75 The design objectives were to increase the codon
number for essential amino acids, including Lys, and serve as a
model to study protein folding.76 The transgenic maize seeds
produced 3−6% more of total grain protein that the control.
Co-introduction with a bacterial DHDPS resulted in a total Lys
content of >0.7% of seed dry weight.74 As a comparison, wild-
type maize has only about 0.2% of the Lys fraction.
High-quality protein (Asp-1) was designed to improve Lys

for nutritional quality improvement of the grain.77−79 The Asp-
1 gene, although similar in structure to other plant storage
proteins, encodes many essential amino acids, such as
isoleucine, Lys, Met, Thr, and Trp. The Asp-1 gene was placed
under the control of an endosperm-specific promoter, linked to
an appropriate target sequence for import into the endosperm
protein storage vesicles, and transformed into rice (cv. TP309,
Japonica). The Asp-1-transgenic rice plants accumulated the
Asp-1 protein in the endosperm in a range of concentrations
that provided more balanced essential amino acids. Detailed
biochemical analysis, however, has yet to be carried out to
verify the preliminary results and reveal whether the
concentrations achieved are nutritionally relevant.
Improving the nutritional value of grain can also be done

simply by expressing Lys-rich soybean protein into Lys-
deficient maize. On the other hand, Met-rich maize protein
can be expressed in Met-deficient soybean to improve its

Journal of Agricultural and Food Chemistry Review

dx.doi.org/10.1021/jf4016812 | J. Agric. Food Chem. 2013, 61, 11702−1171011705



nutritional profile. Specific proteins that can potentially be used
to engineer better seed nutritional profiles include the maize 10
kDa zein containing 30% Met,80 the maize 15 kDa zein with
15% Met,81 2S Bertholletia exalsa albumin with 24% Met,82 and
an 18 kDa sulfur-rich zein with 37% Met.83 To successfully
improve Met content, Met-rich zein must be expressed in
soybean protein bodies for storage.

■ NOVEL GENETIC SOURCE AND GRAIN PROTEIN
CONTENT

Natural genetic variation for protein content among grain crop
cultivars and breeding lines is low, making genetic improve-
ment quite challenging. Many cultivars are developed from
genetically known and well-adapted breeding materials that
have a narrow genetic background. About 96% of all winter
wheat varieties in Russia, for example, are descendants of either
one or both of two cultivars, Bezostaya 1 and Mironovskaya
808.84 All U.S. rice cultivars developed in the southern United
States and California are also very narrow and can be
respectively traced to 22 and 23 initial introductions in the
early 20th century.85 A population structure of U.S. rice was
established before 1930 and essentially remains unchanged after
more than 70 years of controlled crossing and selection by
various breeding programs.86 Screening of world collections of
cultivated rice and wild-related ancestors for protein content,
for example, revealed a range of protein content from 5 to 18%,
indicating that the existing genetic variability in the wild-related
ancestors can potentially be useful for breeding high-protein
rice cultivars.87 Tan et al.88 identified two QTLs associated with
protein content located on chromosome 6 (between C952 and
Wx) and chromosome 7 (between R1245 and RM234) based
on an F10 RIL population from a ‘Zhenshan 97’ and ‘Minghui’
cross. Both QTLs explained 17.7% variation. Using a BC3F1
population from an interspecific backcross of O. sativa ‘V20A’
and O. glaberrima ‘IRGC No. 103544’, Li et al.89 identified one
QTL cp8.1 associated with protein content located on
chromosome 8, linked to RM42, and originated from O.
glaberrima. On the basis of the sequence homology, cp8.1 was
closely related to qproc5, a QTL for protein content in maize90

that was mapped on chromosome 1.91 The major stable main-
effect QTLs for grain protein content, however, have not yet
been identified among rice species.
An interspecific hybrid between O. sativa ssp. indica and the

wild species Oryza nivara92 showed a protein content of 12.4%,
which was respectively 28 and 18.2% higher than those of the
parents O. nivara and IR 64. The elevated protein content of
the hybrid was from significant increases in prolamins and
glutelins. The amino acid profiles of seed proteins revealed that
the hybrid had net gains of 19.5% in Lys and 19.4% in Thr over
the O. nivara parent on a seed dry weight basis. Molecular
analysis showed that the increase in protein content of the
hybrid was not due to chromosomal rearrangements or
transposable element activation in chromosomal regions
containing seed storage protein genes. On the basis of F2
segregating genetic studies, the inheritance of the increased
protein content was governed by multiple genes. The result
demonstrates that a wild ancestor of rice can give rise to a high-
protein hybrid. However, the commercial applications of such
an approach remain challenging. Grain protein has low
heritability,93 is also affected by environmental factors,94,95

and, in many cases, has shown a negative correlation with yield
and some eating/cooking quality attributes.96,97 Progress in

developing high-protein lines has been slow, mainly due to the
complexity of trait inheritance.98

In other cereals including wheat and oats, successful
outcomes in combining high protein content and high yield
potential have been reported.99,100 In wheat, one of the genes
for high grain protein content (GPC) is Gpc-B1, isolated from
a wild emmer wheat, Triticum turgidum ssp. dicoccoides,
accession FA-15-3, collected in Israel.101 This gene was mapped
on chromosome arm 6BS.102,103 Two hexaploid wheat and two
durum wheat cultivars containing the Gpc-B1 gene have been
released commercially. They include hexaploid wheats ‘Lassik’
(13.6% GPC; 4342−8030 kg/ha grain yield range) and
‘Farnum’ (11.9−12.3% GPC; 2822−3158 kg/ha yield) and
durum spring wheats ‘Westmore’ (9.57−16.94% GPC; 6070−
9262 kg/ha yield) and ‘Desert King High Protein’ (14.4%
higher GPC than one of its parent varieties, ‘Desert King’
(GPC = 13.2%) but with a yield penalty of 3−4%).104,105 Three
hard red spring wheat cultivars have also been commercially
released, ‘Lillian’ (13.4−15.6% GPC; 2122−5042 kg/ha
yield),106 ‘Somerset’ (16.1% GPC; 3199−4190 kg/ha
yield),107 and ‘Burnside’ (14.4% GPC; 2910− 3950 kg/ha
yield).108 The Gpc-B1 gene has significant interaction with
both genetic backgrounds and environment. Although yield
recovery remains an issue, progress has been made to develop
effective methods to recover yield.109

Molecular markers play an important role during GPC
varietal development. High throughput and low-cost genotyp-
ing combined with next-generation sequencing technology will
further increase the accuracy in identifying major GPC genes
and integrating them across and within species or breeding
lines. It will facilitate better dissection of grain protein trait and
discoveries of gene associates with the trait. This new tool will
help address some of the issues related to the complexity of
trait inheritance to improve grain protein quality. Whole
genome sequencing across species coupled with in-depth
phenotyping will provide better quantification of diverse
germplasm to increase natural genetic variation for protein
content among grain crop cultivars and breeding lines. The
potential uses of this approach have been discussed
extensively.110−113 Both whole genome sequencing and in-
depth phenotyping will help develop effective strategies to
utilize existing sources of genetic variation within identified
gene pools for systematic improvement of grain protein
content. A global view of the high protein gene expression
can be obtained through transcriptomic analysis. Transcriptome
technology, which examines the expression level of mRNAs in a
given cell population through gene microarray, AFLP/PCR-
based gene expression analysis,114,115 serial ananlysis of gene
expression (SAGE),116 GeneCalling,117 and massively parallel
signature sequencing (MPPS)118 offer robust approaches to
identify genes by profiling of gene expressions at any growth
stage of plant development. In a few cases, mRNA and protein
levels are tightly correlated. Most often they are not. Therefore,
the best and most reliable screening is conducted at the protein
level, but it requires new proteomic technologies similar to
microarrays.
The importance of improving nutritional content of grain

crops has been well recognized. Successful development of
QPM lines and their commercial applications was rather
arduous and elaborate due to the involvement of multirecessive
alleles, which complicated and slowed the breeding process.
Nonetheless, several QPM cultivars were successfully commer-
cialized in many developing countries. In many situations,
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however, improving nutritional grain quality and increasing
yield are competing breeding goals. The goals compete for
breeders’ time and resources, which are limited. In the
developed world, there is no direct incentive for the breeder
to do both. Although enormous progress has been made,
application technology that reduces the technical requirements
in the breeding process will need to be made to streamline the
product development for commercial applications. One of the
examples is the recent development of the dominant RNAi that
allows rapid visual observation and allows selections to be
conducted in a dominant fashion. This can potentially simplify
the breeding process of new QPM varieties to reach broader
geographical application. Development of similar tools to
streamline selection and the breeding process will help
overcome current limitations.
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