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Abstract

Maize, one of the three most popular cereal crops of the world, globally
contributes 15 % of the protein and 20 % of the calories derived from food
crops in the world’s diet. However, cereals do not provide a nutritionally
balanced source of protein. For nutritional security, it is necessary to adopt a
genetic enhancement strategy in which essential amino acids are either
incorporated or increased in grain protein to alleviate hunger, increase
income, and improve livelihood. Quality protein maize (QPM) is having
high nutritive value of endosperm protein with opaque2? (02) mutation
leading to 60—100 % increased content of lysine and tryptophan. The lysine
value of 02 maize is 2.5-4.0 g/100 g of endosperm protein, which is more
than twice that of the normal maize (1.3 g lysine/100 g protein). International
Maize and Wheat Improvement Center (CIMMYT), Mexico, played a
significant role in the development of QPM maize. The breeding of QPM
involves three genetic systems: (i) the recessive mutant allele of the 02 gene,
(ii) the endosperm hardness modifier genes, and (iii) the amino acid modifier
genes influencing free amino acid content in the endosperm. Due to recessive
nature of the 02 gene, complex action of modifier genes, and presence of
amino acid enhancer genes, the use of DNA marker-assisted selection (MAS)
accelerated the selection efficiency and expedited the development of new
QPM cultivars. Using a combination of MAS and phenotypic selection
techniques, a single cross, short duration Vivek QPM 9 hybrid was developed
and released in 2008 by Vivekananda Parvatiya Krishi Anusandhan
Sansthan, Almora, India. Alternatively, manipulating the plant lysine meta-
bolic pathway provides possible enzyme targets for genetic engineering to
increase free lysine content in corn grain. Furthermore, RNA interference
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(RNAI) has been used to specifically suppress a-zein production in transgenic
corn, resulting in a doubling of the lysine content of corn grain. QPM is likely
to gain wider acceptance if QTLs for kernel modification, and enhancers for
amino acids are fine mapped to develop markers to follow MAS for vitreous
kernels and high levels of lysine. However, the major constraints in adoption
of QPM hybrids are contamination with normal maize pollen in field,
resulting in erosion of the trait in farmer-saved seed system. It is essential
to give training on good seed production practices to the local communities
and development of linkage between the seed producers, farmers, and the
industry for sustainable higher nutritional benefits of QPM in the long term.

4.1  Introduction

Maize (Zea mays L.) is one of the world’s three
most popular cereal crops. It is a major cereal crop
for both livestock feed and human nutrition
worldwide and of great economic importance not
only as a grain and fodder crop but also as an
industrial raw material. Maize ranks next to rice
and wheat with respect to area and grain produc-
tion. India is the fifth largest producer of maize in
the world contributing about 3 % of the global
production. In India, maize was grown on an area
of 8.33 million hectare with productivity of 2.4
tonnes/hectare in the year 2010-2011. The
demand for cereal grains will continue to increase
as a consequence of the expanding human popu-
lation, which could add > 1.5 billion people by the
year 2025 (Lutz 2001). However, cereals do not
provide a nutritionally balanced source of protein.
Protein-containing foods are necessary for the
rapid growth of children (Millward and Rivers
1989), and in some countries, maize is a primary
weaning food for babies.

From nutritional perspective, the protein of nor-
mal maize is deficient in the essential amino acids,
lysine and tryptophan (Bhatia and Rabson 1987).
Protein deficiency, especially in children, causes
kwashiorkor, a potentially fatal syndrome
characterized by initial growth failure, irritability,
skin lesions, edema, and fatty liver. Nutritional
deficiency is of concern, particularly for people
with high protein requirements, e.g., young chil-
dren, pregnant and lactating women, and patients.

For nutritional security, it is necessary to adopt a
genetic enhancement strategy in which essential
amino acids are either incorporated or increased
in grain protein to alleviate hunger, increase
incomes, and improve livelihoods.

4.2  Maize Protein

Maize kernel consists of endosperm, embryo, and
the outer seed coat. Both the embryo and endo-
sperm contain proteins but differ substantially in
the content and the quality of the protein. The
endosperm accounts for 80-85 % and the embryo
8—10 % of the total kernel dry weight. The endo-
sperm of maize has two district regions. The aleu-
rone layer, the outermost layers, is rich in
hydrolytic enzymes. The starch-rich endosperm
is present within the aleurone layer, which is
vitreous (Fig. 4.1). The protein fraction constitutes
only 8-10 % of the endosperm, while starch
accounts for about 70 % of the kernel (Lawton
and Wilson 1987; Prasanna et al. 2001). The vari-
ous fractions of endosperm protein are albumin
3 %, globulin 3 %, zein (prolamine) 60 %, and
glutelin 34 %, whereas the embryo protein largely
consists of albumins (60 %).

The zein proteins found in vitreous region form
insoluble accretions called protein bodies in the
lumen of rough endoplasmic reticulum and
toward maturation are densely packed between
starch grains (Gibbon and Larkins 2005). Based
on their solubility, genetic properties, and the
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Fig. 4.1 Structure of maize kernel (Source:http://www.
public.iastate.edu/~becraft/Endosperm.htm)

apparent molecular masses, zeins have been clas-
sified into a-zein (22 and 19 kDa), the most abun-
dant; B-zein (14 kDa); y-zein (27 and 16 kDa); and
6-zein (10 kDa) (Wilson et al. 1981). The zein
fraction o is rich in cysteine, while f and y
fractions are rich in methionine. The zein fraction
in normal maize generally contains a higher pro-
portion of leucine (18.7 %), phenylalanine
(5.2 %), isoleucine (3.8 %), valine (3.6 %), and
tyrosine (3.5 %) but smaller amounts of other
essential amino acids such as threonine (3 %),
histidine and cysteine (1 %), methionine (0.9 %),
and lysine (0.1 %) and is devoid of tryptophan.
The non-zein protein fraction is balanced and rich
in lysine and tryptophan. The high proportion of
zeins in the endosperm is the primary reason for
the poor protein quality of maize (Vasal 2000).
Protein  supplementation to correct such
deficiencies is costly and wasteful of energy in
animal nutrition and is not feasible for most devel-
oping countries, which rely on cereal for human
consumption. Therefore, increasing the amounts
of protein-bound essential amino acids depends
on improving cereal storage proteins.

4.3 High-Lysine Mutants in Maize
Several mutations, both spontaneous and
induced, have been recognized that affect the
amino acid composition of maize endosperm.
In the early 1920s, opaque2 (02) mutation was
first described by Jones and Singleton; but later
on in 1963, researchers at Purdue University,
USA, discovered that opaque2 (02) increases
grain proteins nearly twice as those of normal
maize proteins (Mertz et al. 1964). In fact,
maize homozygous for the recessive o2 allele
has substantially higher lysine (>69 %) and
tryptophan content compared to normal maize.
Nelson et al. (1965) discovered another muta-
tion, the floury2 gene, which in homozygous
form also increases lysine and tryptophan
levels in maize. Later on, a large number of
mutants were discovered, which fall into three
categories: the recessive mutants opaquel
through opaquel7 (ol, 02, 05, 07, 09-o0ll,
and 0/3-017), the semidominant floury mutants
(fll, fi2, and f13), the dominant mutants Mucro-
nate (Mc), and Defective endosperm B30
(De-B30). The position of these mutations and
zein genes on maize genetic map is shown in
Fig. 4.2. The 02 and De-B30 mutants are
located on chromosome 7, fI2 on chromosome
4, f13 on chromosome 8, and 07 on chromosome
10. Chromosome 2 carries o4, o8, fll, and
Mc mutants.

It has been reported that recessive mutations
affect regulatory genes, whereas semidominant
and dominant mutations affect the storage
proteins. All these mutations are associated
with increase in non-zein protein content and
decrease in the level of zein subunits. However,
premature death of the mutant seedlings and the
complex genetics behind lysine trait hinder
utilization of these mutant genes except for o2
in corn breeding and production (McWhirter
1971; Nelson 1979, 1981). Epistatic interactions
have also been reported among various regu-
latory mutants; 02 and o7 are epistatic over fi2,
whereas 02 and Mc have synergistic effect
(Prasanna and Sarkar 1991).
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Fig. 4.2 Map position of zein genes and mutants (Source: Gibbon and Larkin 2005)

44  Beginning of Genetic
Manipulation of Protein

Quality

The development of quality maize begins
initially with the manipulation of 02 and fi2
mutants singly or in combination. Later on, it
was realized that fI2 conversion programs were
difficult to handle as the kernel expression and
quality depended on dosage effect. On the other
hand, 02 mutants have simple recessive inheri-
tance, no dosage effect, and easily scorable phe-
notypic expression as opaque kernels help in
identification of the presence/absence of o2
gene. The intensive work for utilization of o2
mutation in breeding programs was continued
in 1969 at CIMMYT, Mexico. All potentially
important maize material was converted
to opaque2 with varying degrees of backcrosses.
India was among the first few countries in the
world to focus on improvement of maize quality
and a research program initiated in 1966 under
the All India Coordinated Maize Improvement
Project (AICMIP). Three 02 composites, namely,
Shakti, Rattan, and Protina, were developed
and commercially released in 1970 (Dhillon
and Prasanna 2001; Prasanna et al. 2001). The
02 composites and hybrids were experimentally
tested and grown commercially in Brazil,
Colombia, India, the USA, South Africa,

Yugoslavia, and Hungary during the late 1960s
and early 1970s. The 02 maize had some pleio-
tropic effects such as reduced grain yield, chalky
and dull kernel appearance, susceptibility to ear
rots and stored grain pests, and slower drying of
grain following physiological maturity. Due to
these limitations, the 02 maize did not become
popular with farmers as well as with consumers,
despite its nutritional superiority. The kernel
became soft and more prone to mechanical dam-
age that decreased the yield by 8-15 %, and the
plants were more susceptible to fungi and insects
(Lambert et al. 1969; Salamini et al. 1970).
The search then continued by exploiting other
mutants in breeding programs such as 06, fi3,
and Mc, but none of them showed any additional
advantage over 02 and declined the efforts for
enhancing the nutritional value of maize kernel.
Double-mutant combination of 02su2 had vitre-
ous and small kernels and protein quality at par to
02 but reduced grain yield by 15-25 %, whereas
02fl2 double-mutant combination resulted in
vitreous kernels only in few genetic back-
grounds. Despite the discouraging results,
researchers at CIMMYT, Mexico; the University
of Natal, South Africa; and Crow’s Hybrid seed
company at Milford, IL, continued their efforts
for improving the protein quality of maize. The
only viable strategy that came out was to
combine 02 with genetic modifiers of o2 for
rewarding results.
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4.5 Development of Quality

Protein Maize (QPM)

Maize breeders began to identify modifier genes
(mo2) that alter the soft, starchy texture of the
endosperm, giving it a normal appearance while
maintaining the increased essential amino acid
content of 02 germplasm. During the process of
converting normal maize to o2 version, partially
hard endosperms were observed by Paez et al.
(1969). The plant breeders at CIMMYT, Mexico
(Vasal et al. 1980), and Pietermaritzburg, South
Africa (Gevers and Lake 1992), developed hard
endosperm 02 mutants, designated as quality
protein maize (QPM). QPM looks and performs
like normal maize, except that their nutritional
value gets improved. Since the mid-1990s, QPM
was tested at multiple research stations all over
the world, with encouraging results. Data from
32 locations across Africa, Asia, and Latin
America showed that QPM hybrids were capable
of outperforming the normal in some of the
poorest parts of countries such as China, Mexico,
Ghana, and Peru. In India, it led to the develop-
ment of a modified, nutritionally superior o2
composite in 1997, designated as “Shakti-1.”
The QPM research gained further momentum
by the launch of National Agricultural Tech-
nology Project (NATP) on QPM in 1998 by the
Indian Council of Agricultural Research (ICAR).
In this project, a multidisciplinary team of
multi-institutes involving Directorate Maize
Research (DMR), New Delhi; Punjab Agricul-
tural University (PAU), Ludhiana; Chaudhary
Charan Singh Haryana Agricultural University
(CCSHAU), Karnal Center; Acharya NG Ranga
Agricultural University (ANGRAU), Hyderabad,;
and Rajendra Agricultural University (RAU),
Pusa, wherein the QPM germplasm received
from CIMMYT was acclimatized to suit the
local agroclimatic conditions in India. The lines
were evaluated for their productivity and
deployed in combination breeding, which led to
release of first QPM three-way cross hybrid,
Shaktiman-1, in 2001 followed by the release of
the first QPM single-cross hybrid, Shaktiman-2,
in 2004. Another QPM single-cross hybrid,
HQPM-1, is the first yellow grain QPM single-

cross hybrid released for its cultivation across the
country in 2005. Later in the series of QPM,
Shaktiman-3, Shaktiman-4, HQPM-5, HQPM-7,
and Vivek QPM-9 were released. Vivek QPM-9
has a unique distinction of the first molecular-
marker-assisted (MAS) converted product of
normal hybrid Vivek-9. The cultivation of QPM
hybrids will ensure higher income to farmers
as well as nutritionally superior food to the
consumers. Therefore, the QPM can be a strong
support to the mission of food and nutritional
security of the country particularly in underpriv-
ileged and tribal regions, where maize is con-
sumed as a staple food. QPM will also ensure
quality feed for poultry and animal sector, which
are the largest consumers of maize in India.

Molecular Basis of 02
and Modifier Gene Action

4.6

The breeding of QPM involves three genetic
systems: (i) the recessive mutant allele of the 02
gene, (ii) the endosperm hardness modifier genes,
and (iii) the amino acid modifier genes influencing
free amino acid content in the endosperm. Isola-
tion and characterization of 02 gene revealed that
it encodes a transcriptional factor that regulates
the expression of zein gene and a gene encoding a
ribosomal inactivating protein (Schmidt et al.
1990; Lohmer et al. 1991; Bass et al. 1992). The
02 mutation typically reduces the level of 22-kDa
a-zein and enhances the synthesis of a number of
non-zein proteins, particularly EF-1a, that contain
relatively higher levels of lysine and tryptophan
(Damerval and Devienee 1993; Habben et al.
1993; Gaziola et al. 1999). In higher eukaryotes,
EF-1a is encoded by a multigene family. In maize,
there are 10—15 genes, five of which are expressed
in endosperm (Carneiro et al. 1999). Wu et al.
(2002) identified two significant QTLs (on
chromosomes 2S and 4S) and two suggestive
QTLs (on chromosomes 5S and 6S) for EF-1a.
The opaque?2 gene is also known to be involved in
the synthesis of the enzyme lysine-ketoglutarate
reductase that is associated with free lysine degra-
dation. As a consequence, in the grain with o2
mutation, a dramatic reduction in this enzyme
leads to a corresponding increase in free lysine
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Fig. 4.3 Kernels on a light
table showing varying
degrees of endosperm
modifications

0%

in the endosperm (Brochetto-Braga et al. 1992).
The o2 allele is inherited in a simple recessive
manner, and the presence of 02 allele in homozy-
gous state (0202) is the prerequisite for the entire
process of obtaining high-lysine/high-tryptophan
maize.

The genetic modifiers are complex in their
inheritance and they are additive in nature. The
expression of modifiers varies with respect to
kernel modification, density, and biochemical
composition of the grain of the genetic back-
ground. Genetic analysis has shown that there
are two major modifier genes: one modifier
locus is tightly linked with y-zein (27 KDa)
encoding sequence near the centromere of chro-
mosome 7, while the other is near the telomere of
chromosome 7L (Lopes et al. 1995). Using two
independently developed QPM lines, Holding
et al. (2008) mapped several major 02 modifiers
(Opm) QTLs to chromosomes 1, 7, and 9. In
addition, five other QTLs are also present: one
each on chromosomes 5S, 7L, and 10S and two
on chromosome 1L. So far, 10 gene modifiers
have been identified. A microarray hybridization
and real-time PCR performed with RNA from
true breeding o2 progeny with vitreous and
opaque kernel phenotypes identified several can-
didate genes that were upregulated and mapped
at or near the Opm QTLs, suggesting linkage of
02 endosperm modification with these differen-
tially expressed genes. One of the QTLs is linked
to the 27-kDa y-zein locus on chromosome 7S.
Moreover, QPM lines have 2-3-fold higher
levels of the 27-kDa y-zein, but the physiological
significance of this increase is not known.
Because the genes encoding 27- and 16-kDa y-
zein are highly conserved in DNA sequence,
Wu et al. (2010) introduced a dominant RNAi
transgene into a QPM line (CM105Mo2) to get
rid of their expression. Elimination of y-zeins
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disrupts endosperm modification by 02
modifiers, signifying their hypostatic action to
y-zeins. Abnormalities in protein body structure
and their interaction with starch granules in the
F; with Mo2/+; 02/02; yYRNAIi/+ genotype sug-
gest that y-zeins are essential for restoring
protein body density and starch grain interaction
in QPM. RNAi is to eliminate pleiotropic
effects caused by 02, resulting in protein bodies
formation such as honeycomb-like structures that
clearly demonstrate that y-zeins play a mechanis-
tic role in QPM molecular breeding. Proteomic
analysis revealed that altered starch structure was
associated with endosperm modification in QPM
as granule-bound starch synthase I (GBSS I)
level was increased in modified kernels, which
alters the amylopectin branching in QPM.
Compared with normal and soft 02 genotypes,
amylopectin in QPM had reduced levels of inter-
mediate length a-1, 4-linked glucose chains. As a
consequence, the QPM starch swelled more than
the normal and formed tight contacts between
starch granules in mature endosperm, resulting
in vitreous kernel phenotype. However, the
mechanism by which modifier genes create a
vitreous phenotype is yet to be understood. The
beneficial alleles of the modifying loci that con-
trol y-zein production can be selected using a
rapid, low-cost, light table method. Due to segre-
gation of genes for endosperm hardness (or soft-
ness), varying degrees of softness/hardness are
expressed in the endosperm of segregating
generations (i.e., varying levels of opaqueness
are observed on a light table (Fig. 4.3). Gradation
in the opaqueness is scored on a 1-5 scale for
easy description of the various classes. Score 1 is
given for fully modified kernels (0 % opaque-
ness), scores 2, 3, and 4 for 25 %, 50 %, and 75 %
opaqueness, respectively, whereas score 5 for
soft, chalky, and 100 % opaque kernels.
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The modified 02 version maize lines have
varying levels of lysine and tryptophan content.
This indicates presence of amino acid enhancer
genes (minor modifying genes), which neces-
sitate systematic biochemical evaluation of
lysine and tryptophan levels in each segregating
generation. At least three genes associated with
lysine level have been mapped to locations
on chromosomes 2, 4, and 7 (Wang et al. 2001).
Ten significant and one suggestive QTL for free
amino acid (FAA) content were identified on
all 10 chromosomes (Wu et al. 2002). The QTL
on chromosome 2L is coincident with genes
encoding two aspartate kinase enzymes, which
control important steps in amino acid biosynthe-
sis and lysine degradation pathways. A negative
correlation was observed between endosperm
texture trait and amino acid content (Gutierrez-
Rojas et al. 2008). Therefore, their regular moni-
toring at each step is essential as one could
end up with a maize cultivar having the 0202
genotype with lysine and tryptophan levels
equivalent to those in normal maize (Krivanek
et al. 2007).

Molecular Interventions for
Enhancing the Protein Quality

4.7

The expression of the o2 allele is specific to
seeds, and recessive, conventional introgression
approaches require the inclusion of a selfing
progeny test to monitor the introgression of
the o2 allele within each backcross (BC) popula-
tion, and also higher plant population, enormous
time duration, labor, and spatial resources are
required. Numerous advantages such as reduced
time and population size are known to accrue to
the breeder by use of marker-facilitated genotype
selection rather than classical phenotypic selection
or by genetic engineering for endosperm-specific
expression of high lysine and tryptophan content.

4.7.1 Molecular Breeding for QPM

Mapping and tagging of agriculturally important
genes have been greatly accelerated by an array

of molecular markers in crop plants. The use of

DNA markers in backcrossing has greatly

increased the efficiency of selection. The practi-

cal application of molecular markers in crop
improvement is in marker-assisted selection

(MAS), which is of great importance as it helps

in improving the efficiency of plant breeding

through specific transfer of genomic regions of
interest (foreground selection) and accelerating
the recovery of the recurrent parent genome

(background selection). MAS have been more

extensively employed for simply inherited traits.

In 2001, the primer sequence of three SSR

markers (phill2, umc1066, and phi057), all at

the 02 locus, were released at the website www.
agron.missouri.edu, which facilitated the study
and application of the 02 gene. Phi057 is located
between G box and 3 upstream ORF in the leader
sequence of the 02 gene, and its mutation
can affect transcription of the 02 gene. The
umc1066 and phi057 are located in exon 1 and
exon 6, respectively; these are the two largest
exons among the six exons within the o2 gene.

To follow MAS, there are three main steps:

1. Validation of markers, i.e., the markers for the
target gene should give polymorphism bet-
ween recipient and the donor parent.

2. Foreground selection of the target gene with
linked molecular markers and recombinant
selection for recurrent parent allele at markers
flanking the target allele. Flanking markers
are used to select rare individuals that are the
result of recombination near the target gene,
thus minimizing the effects of linkage drag
(Ibitoye et al. 2010). Using very close markers
is the only way to reduce linkage drag,
substantially.

3. Marker-assisted background selection for
noncarrier chromosomes. Using markers, it
can be achieved by BC, generation (Visscher
et al. 1996; Hospital and Charcosset 1997,
Frisch et al. 1999a, b), thus saving four BC
generations accelerating the rate of recurrent
parent genome recovery.

The utility of three maize SSR markers pres-
ent within the 02 gene in molecular-marker-
assisted selection for 02 has been successfully
used for conversion of non-QPM to QPM lines
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in many parts of the world including CIMMYT,
Mexico; VPKAS, Almora; and PAU, Ludhiana,
in India and elsewhere in Asia and Africa (Babu
et al. 2005; Manna et al. 2005; Jompuk et al.
2006; Gupta et al. 2009; Agrawal and Gupta
2010; Zhang et al. 2010). At PAU, Ludhiana,
three microsatellite primers, viz., phill2,
umc1066, and phi057, within the gene o2 have
been surveyed among non-QPM lines (LMS,
LM6, LM11, LM12, LM13, and LM14), CML
lines (161, 163, 170, 189, 193, and 165), DMR
lines (7, 11, 56-1, 564, 56-8, 72, and 74), and
derived QPM lines (in different generations,
S1-S4) for their validation. With phi057, three
alleles were detected, and this primer clearly
distinguished between QPM and normal lines.
With primer phill2, null allele was observed in
most of the QPM lines except CML 189, DMR 7,
DMR 56-8, and few derived QPM lines. With
primer umc 1066, only two of the non-QPM lines,
viz., LM11 and LM13, were distinguished from
QPM lines (unpublished data). Xu and Crouch
(2008) also reported that umcl066 is easily
visualized on agarose gels but is commonly not
polymorphic in CIMMYT breeding populations,
while phill2 is a dominant marker and hence
cannot be wused in the identification of
heterozygotes in F,/BC populations. It is best to
use three markers together in MAS for high-
lysine maize materials (Babu et al. 2005; Danson
et al. 2006; Mboogoi et al. 2006). A rapid line
conversion strategy using MAS program is given
in Fig. 4.4. Using combination of MAS and phe-
notypic selection techniques, linkage drag can be
reduced by selecting for flanking markers of recip-
ient allele type (selection of either single or double
recombinants) and recovery of the maximum
amount of recurrent parent genome (90-95 %)
coupled with higher lysine and tryptophan content
within a short span of 3 years, which would other-
wise require 10 generations by conventional
backcrossing method.

Danson et al. (2006) used a modifier marker,
umc 1216, to select modifiers for the o2 pheno-
type showing two peaks for the non-QPM at
112 bp and 115 bp, while only one peak for the
QPM donor at 115 bp. However, Micic-Ignjatovic
et al. (2008) reported this marker as

Y. Vikal and J.S. Chawla

monomorphic. So, this marker could not be
employed in MAS for selection of modified endo-
sperm. Effective markers associated with
modifying loci for both endosperm hardness and
amino acid levels need to be identified. Besides,
phenotypic selection is applied for grain hardness
and amino acid content; the rapid line conversion
strategy using MAS was followed to develop
QPM hybrid Vivek QPM 9 in India at VPKAS,
Almora (Gupta et al. 2009), which was released in
2008 At PAU, Ludhiana, non-QPM lines, viz.,
LM11, LMI12, LM13, and LM14, have been
converted into QPM versions, which are parental
lines of two important hybrids, Buland (LM11 x
LM12) and PMH1 (LM13 x LM14).

Another high-lysine mutant opaquel6 (0l16)
has been isolated from the Robertson Corn
Mutant library in Guizhou Institute of Upland
Food Crops, China. It has been mapped on long
arm of chromosome 8 and umc1141 marker is
linked to this gene. Double-recessive mutant
effect of the 016 with 02 was evaluated on lysine
content and the double-recessive hybrid showed
6 % higher lysine content than both the parents
(Yang et al. 2005; Zhang et al. 2010). This infor-
mation may be useful for marker-assisted selec-
tion and gene pyramiding in high-lysine maize
breeding programs.

4.7.2 Transgenics for QPM

Efforts in genetic transformation are focused on
developing a dominant opaque?2 trait in maize.
RNA interference (RNAi) has been used to spe-
cifically suppress a-zein production in transgenic
corn, resulting in doubling of the lysine content of
corn grain. Segal et al. (2003) used RNAi technol-
ogy to engineer transgenic maize for 22-KD a-
zein gene, producing a dominant opaque pheno-
type. The phenotype segregated in a normal Men-
delian fashion and eliminated 22-kD zein without
affecting the accumulation of other zein proteins.
It was also found that the dominant phenotypes
generated were correlated with increased lysine
content. Similarly in another experiment, 19-kD
alpha-zeins got reduced by using antisense trans-
formation constructs (Huang et al. 2004, 2005). In
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Fig. 4.4 Marker-assisted foreground and background
Babu et al. 2005)

both the studies, the increase of lysine was far
below than is reported in 0202 maize. Huang
et al. (2006) changed the gene construct and
used a double-stranded RNA (ds RNA) to sup-
press the 19-kD and 22-kD a-zein gene families.
Thus they could achieve the lysine 5.62 % and
tryptophan 1.22 %, which is higher that is achiev-
able with opaque2. This approach of using ds
RNA looks promising. While the dominant nature
of the antisense transgene is a definite advantage
as compared to recessive allele of 02, the opaque
endosperm still needs to be modified by endo-
sperm modifier genes whose epistasis with the
transgene has not yet been tested.

Alternatively, the plant lysine metabolic
pathway provides possible enzyme targets for

selection scheme for quality protein maize (Source:

genetic engineering to increase free lysine
content in corn grain. As shown in Fig. 4.5,
lysine, along with methionine, threonine, and
isoleucine, is derived from aspartate; dihydrodi-
picolinate synthase (DHDPS) catalyzes the first
committed step of lysine biosynthesis. A bifunc-
tional enzyme, lysine-ketoglutarate reductase/
saccharopine dehydrogenase (LKR/SDH), is
responsible for lysine catabolism (Azevedo
et al. 2006; Stepansky et al. 2006).

The free lysine level in plant cells is thought
to be regulated by lysine feedback inhibition
of DHDPS and feed-forward activation of
LKR/SDH. Indeed, the expression of a lysine
feedback-insensitive DHDPS from Corynebacte-
rium glutamicum, CordapA, as well as the
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Fig. 4.5 (a) The lysine metabolic pathway in plants.
In the biosynthesis of aspartate (Asp)-derived amino
acids, dihydrodipicolinate synthase (DHDPS) catalyzes
the committed step to (Lys) production and is sensitive
to feedback inhibition by Lys (red line). The bifunctional
lysine catabolic enzyme lysine-ketoglutarate reductase/
saccharopine dehydrogenase (LKRSDH) is activated by
excess lysine (green line). Other amino acids (shaded

suppression of LKR/SDH have resulted in trans-
genic corn with higher levels of free lysine
(Huang et al. 2005; Houmard et al. 2007). To
overcome lysine 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).
The suppression of LKR/SDH in the endos-
perm tissue increases free lysine to 1,324 ppm
(~30-fold increase). The combination of
CordapA expression and LKR/SDH suppression
in a single transgene produces over 4,000 ppm
free lysine (~100-fold increase), the highest ever
reported in corn kernels. This construct resulted
in a significant elevation in the seed lysine level,
proving that maize endosperm possesses enzy-
matic activity responsible for both lysine

An intron-embedded inverted repeat
targeting LKR/SDH for suppression,
reduces lysine degradation.

box) and metabolites (open box) shown in the pathway
are threonine (Thr), methionine (Met), isoleucine (Ile),
glutamate (Glu), 3 aspartate semialdehyde (ASA), and
a-aminoadipic-8-semialdehyde (AASA). (b) The design
of a bifunctional transgene cassette that simultaneously
deregulates lysine biosynthesis and reduces lysine degra-
dation (Source: Huang et al. 2008)

biosynthesis and catabolism. GM crops with
higher levels of other important amino acids,
namely, methionine, tryptophan, and threonine,
are also expected. The opportunities for and the
impacts of GM crops with enhanced nutritional
quality depend on public acceptance.

4.8 Nutritional Superiority and

Biological Value of QPM

Maize, being a potential crop in India, occupies an
important place as a source of human food (25 %),
animal feed (12 %), poultry feed (49 %), industrial
products mainly as starch (12 %), and 1 % each in
brewery and seed. The maize grain accounts for
about 15-56 % of the total daily calories in diets of
people in about 25 developing countries, particu-
larly in Africa and Latin America, where animal
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protein is scarce and expensive and consequently
unavailable to a vast sector of the population
(Prasanna et al. 2001). Research suggests that
QPM can help reduce protein deficiencies, partic-
ularly in young children, where maize dominates
in the diets (Vasal 2000). In QPM varieties,
leucine/isoleucine ratio was improved and became
better balanced which in turn is considered benefi-
cial as it helps to liberate more tryptophan for more
niacin biosynthesis, thus helping to combat pella-
gra (Prasanna et al. 2001). The other nutritional
benefits of QPM include higher calcium and car-
bohydrate (Bressani 1995) and carotene utilization
(De Bosque et al. 1988).

Because of the 60-100 % increase in these
two essential amino acids, increased digestibil-
ity, and increased nitrogen uptake relative to
normal-endosperm maize, the biological value
of QPM is about 80 %, whereas that of normal
maize is 40-57 % (Bressani 1992). The lysine
content of 02 maize is 2.5-4.0 g/100 g of protein,
which is more than twice that of an endosperm
from the normal maize (1.3 g lysine/100 g pro-
tein). Only 37 % of common maize protein intake
is utilized compared to 74 % of the same amount
of 02 maize protein. A minimum daily intake of
approximately 125 g of 02 maize might guaran-
tee nitrogen equilibrium. This could not be
obtained by using even twice the amount of nor-
mal maize. The nitrogen balance index for skim
milk and 02 maize protein is 0.80 and 0.72,
respectively, which indicates that the protein
quality of QPM is 90 % of that of milk. Besides,
around 24 g of normal maize per kg of body
weight is required for nitrogen equilibrium, com-
pared to only around 8 g for QPM (Bressani
1995; Graham et al. 1980). This nutritional
value of the QPM genotypes meets the
requirements of preschool children for their pro-
tein needs (Mertz et al. 1964; Vasal 2000).

The decreased level of zein (5-27 %) in o2
maize in contrast to normal endosperm
(54-59 %) considerably improves its nutritional
quality. Another important application of QPM is
as animal feed, especially for monogastric
animals such as pigs and poultry, as it results in
improved growth. Small-holding farmers (who
typically cannot afford balanced feeds) and

commercial farmers find this extremely remuner-
ative. Therefore, the development and adoption
of improved QPM cultivars have significant
potential to alleviate hunger, increase incomes,
and improve livelihoods.

4.9 Conclusion

Malnutrition is one of the important issues in
India and the world. Therefore, development of
QPM hybrids, which are widely grown in spe-
cific locations will provide food and nutritional
security and thereby help in reducing poverty.
QPM is likely to gain wider acceptance if QTLs
for kernel modification and enhancers for amino
acids are fine mapped to develop markers to
follow MAS for vitreous kernels and high levels
of lysine. It also provides an ideal platform for
stacking of other nutritional genes for enhanced
Fe and Zn content and low phytate content for
multiple benefits. However, the major constraint
in adoption of QPM hybrids is contamination
with normal maize pollen in field, resulting in
erosion of the trait in farmer-saved seed system.
It is essential to give training on good seed
production practices to the local communities
and development of linkage between the
seed producers, farmers, and the industry for
sustainable higher nutritional benefits of QPM
in the long term.
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