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ABSTRACT

Quality Protein Maize (QPM) genotypes are opaque2 (02) mutants that, through
the action of modifier genes, develop a hard, vitreous endosperm. QPM kernels have the
increased level of lysine observed in 02 mutants, but the appearance and physical
properties of normal genotypes. In this dissertation, two important aspects regarding the
development of QPM genotypes are addressed: the process of 02 endosperm modification
and the accumulation of lysine in the endosperm.

The formation of vitreous endosperm in 02 kernels is associated with the increased
accumulation of the 27-kD y-zein protein. When modifier genes were backcrossed into a
normal (non-02) genotype, higher levels of y-zein were observed in the endosperm, similar
to what happens with 02 mutants. However, in this case the increase in y-zein content did
not translate into increased endosperm hardness or density. Thus, there appear to be
limits in the extent to which y-zein can affect the physical properties of the endosperm.

It has been suggested that the AB allele of the y-zein locus is necessary, but not
sufficient, for 02 endosperm modification. However, a recombinant 02 plant homozygous
for the y-zein rA allele was identified, in which the kernels have a uniformly vitreous
endosperm and increased level of y-zein protein. This indicates that the formation of
vitreous endosperm in 02 genotypes does not require the presence of the AB y-zein allele
and that the increased level of y-zein protein in modified 02 endosperm is not dependent

on the presence of two y-zein coding sequences.
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Very little is known about the proteins that account for the majority of lysine in

maize endosperm. A close relationship between the level of non-zein proteins and
endosperm lysine content was determined. Additionally, a very high correlation between
the concentration of the protein synthesis factor, EF-1a, and the lysine content of the
endosperm was found. This is a significant step towards understanding the biochemical
basis of lysine accumulation in the endosperm. EF-la content can be used as an indicator
of lysine levels for breeding programs, as well as a tool to investigate factors influencing

the accumulation of lysine-rich protein in maize endosperm.
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CHAPTER 1
THE BIOCHEMISTRY, GENETICS AND MOLECULAR BIOLOGY OF

QUALITY PROTEIN MAIZE

INTRODUCTION

Cereal seeds, which account for two thirds of the calories and half of the protein
consumed worldwide, are the base of human nutrition. In some developing countries, they
can contribute up to 85% of the energy and 70% of the protein in the human diet
(Roderuck and Fox, 1987; Glover and Mertz, 1987). Since they are also the main
component of animal feed, the overall impact of cereals on human nutrition is very
substantial. Also, cereals are of primary economic importance. About 50% of the arable
land in the world is used for growing cereals. Total production is about 1.9 billion tons,
with the generation in 1994 of several billion dollars in trade (FAO, 1995).

Worldwide, maize holds an important position among cereals. It ranks first in
yield and third in production (26.7% of the total), very close to that of wheat (29%) and
rice (28.8%) (FAO, 1995). Maize can be grown in a diverse number of environments, and
its broad genetic variability guarantees high yields and outstanding adaptability. In
addition to being an important staple food for humans and livestock, maize kernels are the
raw material for a number of processed products, including beverages, plastics, paints,

paper products, textiles, pharmaceuticals, ceramics and explosives (Watson, 1988).
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Although maize and other cereals are, in quantitative terms, an important source of
dietary protein, the low content of several amino acids essential for monogastric animals
reduces the biological value of maize and limits its utilization. Lysine has been shown to
be the most limiting amino acid in maize (Nelson, 1969). The FAO/WHO recommends a
minimum of 5 mg of lysine per 100 mg of protein (Mertz, 1992), but for normal maize
genotypes the lysine content in the whole kernel ranges between 1.5 and 2.5 mg per 100
mg of protein. The main reason for the low level of lysine is that the maize storage
proteins, or zeins, which are the most abundant protein in endosperm, are devoid of lysine.
As a consequence, zeins dilute the contribution of lysine from other endosperm proteins,
the non-zeins.

Intensive screening to identify maize genotypes with low levels of zein proteins led
to the discovery that opaque2 (02) mutants have an enhanced lysine per protein ratio
(L/P), in comparison to normal genotypes (Mertz et al.,, 1964). A number of other
mutations, such as_floury2 (f12) in maize (Nelson et al., 1965), Hyproly in barley (Munck
et al., 1970) and A/ in sorghum (Singh and Axtell, 1973), were later identified, and these
also promote an increase in L/P. The potential to develop maize and other cereals with
better nutritional quality generated a great deal of excitement in the middle 1960s.
opaque?2 is a single gene with an easily scorable phenotype (Emerson et al., 1935),
making it highly amenable for selection. So, during the 1960s and early 1970s an
extensive effort was made to transfer the 02 mutation into commercial maize genotypes.

However this effort became a major disappointment.
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Figure 1.1. The phenotypic effect of the 02 mutation. Cross (C) and longitudinal (L)
sections of mature kernels of W64A and W64Ao2. Top panel: the normai kernel shows
the typical floury, white channel in the center, surrounded by the horny, yellow portion of
the endosperm (C1, L1), while the mutant kernel has a homogeneous starchy endosperm
(C2, L2). Bottom panel: when the same kernels are illuminated with a light box, the
floury region of the endosperm is opaque to light, but the horny regions allow the light to
be transmitted (C1, L1). Since 02 endosperm is completely floury, very little light is
transmitted (C2, L2). The floury endosperm of 02 kernels is soft and chalky, resulting in a

series of negative features associate with the mutation.
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As the 02 breeding program progressed, a number of negative effects associated
with the mutation became evident. The mutant endosperm is soft and chalky (Figure 1.1),
resulting in kernels with low density, poor processing characteristics, increased
susceptibility to insects and pathogens, a higher proportion of breakage, and overall lower
yield (Glover and Mertz, 1987). Despite an intense selection process, breeders were
unable to overcome the negative features of the mutation, and by mid-70 most of the work
involving 02 was abandoned, without the release of a single commercially important
variety.

The idea of using 02 to develop maize genotypes with improved protein quality
received new impetus with the identification of 02 mutants that have sectors of vitreous,
horny endosperm, while maintaining increased levels of lysine (Paez et al., 1969). This
suggested the existence of modifier genes able to promote the development of normal
endosperm physical properties and overcome the negative effects of the mutation.
Subsequently, breeders at the International Maize and Wheat Improvement Center,
(CYMMIT), in Mexico (Villegas et al., 1992) and the University of Natal, in South Africa
(Gevers and Lake, 1992), used backcross strategies to introgress the modifier genes and
develop 02 genotypes with a normal, vitreous endosperm. These modified 02 genotypes
were designated Quality Protein Maize or QPM (Vasal, 1980).

The development of QPM constituted a major advancement towards an
economically viable, high lysine maize germplasm. The hard, vitreous endosperm of QPM
is physically indistinguishable from the normal phenotype, and its yield is comparable with

that of normal genotypes (Glover, 1992; Villegas, 1992; Gevers and Lake, 1992;
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Magnavaca, 1992; Bockholt and Rooney, 1992). In addition, QPM can have the lysine
content typical of 02 mutants. Breeding programs to develop locally adapted QPM
genotypes are being conducted in Mexico, South Africa, Brazil, China, Ghana and the
USA (Vasal, 1994). Despite this, the utilization of QPM genotypes is still limited. The
process of selection requires continuous monitoring of the lysine content, and the high
price of conventional amino acid analysis makes the cost of this process prohibitive for
most breeding programs. Development of alternative methods to estimate lysine content
and determine its genetic inheritance might be possible with a better understanding, at the
biochemical and genetic levels, of factors affecting the synthesis and accumulation of
lysine in the maize kernels. Only limited information is available with regard to the
number and mechanism of 02-modifiers. Transfer and manipulation of these genes would

be greatly facilitated if their identity and mode of action were known.

THE MAIZE KERNEL

The maize kernel is a caryopsis, consisting of a germ, endosperm, pericarp, and
pedicel or tip cap (Esau, 1977) (Figure 1.2). The pedicel is the remnant of the tissue
connecting the kernel to the cob (Wolf ez al., 1952). The pericarp is a protective tissue
that covers the kernel surface. Both the pedicel and the pericarp are of maternal origin
and, therefore, are genetically identical to the mother plant. The endosperm is a storage
tissue with the function of supplying nutrients to the embryo during germination. The

endosperm is triploid, resulting from the fusion of a male sperm nucleus and two female
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polar nuclei. As a consequence, the genetic makeup of the endosperm is two thirds
maternal and one third paternal. Finally, the germ, which has equal genetic contribution
from both male and famale parents, includes the scutellum, a storage structure similar to
the cotyledon, and the embryo, precursor of the new plant (Wolf et al., 1952).

Although variation caused by mutation or breeding can occur, the relative
proportion of kernel fractions and the specific chemical composition for a typical dent
corn are well established (Earle ez al., 1946; Watson, 1977). The endosperm is the
largest part of the kernel, comprising around 83% of the total weight. Next are the germ,
the pericarp and the pedicel, which account for 11%, 5% and 1% of the weight,
respectively. The major biochemical component of the kernel is starch (about 73% of the
total weight), with protein and fat present at much lower levels (10% and 4.5%,
respectively). Individual structures have quite different chemical compositions. The
proportion of starch, protein and fat in the endosperm are 87%, 8% and 1%, respectively,
whiie in the germ these components are 8%, 18% and 34%.

Since it is the largest part of the corn kernel, the endosperm is the primary
determinant of the seed’s nutritional value. The endosperm accounts for 98% of the
starch, at least 80% of the protein and 15% of the lipid (Glover and Mertz, 1987). The
poor nutritional value of corn proteins for humans and other monogastric animals is mainly
due to the low content of essential amino acids, particularly lysine and tryptophan, in the
endosperm. The germ has a balanced amino acid composition, with 6.1 mg of lysine and
1.3 mg of tryptophan per 100 mg of protein (Mertz et al., 1966), but its impact on the

overall protein quality is limited. The main protein fraction in the endosperm, the storage
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proteins or zeins, is essentially devoid of lysine and tryptophan, and as consequence the
there is usually less than 2 mg of lysine and 0.5 mg of tryptophan per 100 mg of protein.
Therefore, to improve the nutritional quality of maize protein, it is necessary to change the
composition of endosperm proteins, by reducing the accumulation of storage proteins and

increasing the accumulation of the non-storage protein fraction.

THE MAIZE ENDOSPERM PROTEINS

Proteins in maize seeds have traditionally been fractionated based on their
solubility in different solvents. In the pioneering work of Osborne and Mendel (1914),
seed proteins were sequentially extracted with water, saline, aqueous alcohol, and either
alkaline or acidic solutions. The resulting fractions were referred to as albumins,
globulins, prolamins and glutelins, respectively. Through this procedure it was established
that the prolamins, designated zeins in maize, are the major proteins in cereal seeds. The
original Osborne procedure was later modified by Laundry and Moureaux (1982) to
improve the efficiency of extraction and reduce cross-contamination of the different
protein fractions. Extraction of proteins from maize endosperm results in five fractions:
I - albumins and globlulins, extracted with 0.5 M NaCl; II - zein, extracted with 70%
ethanol; III - zein-like, extracted with 70% ethanol plus 0.6% beta-mercaptoethanol; IV -
glutelin-like, extracted in borate buffer, pH 10, plus 0.6% beta-mercaptoethanol; and V -
glutelin, extracted in borate buffer, pH 10, plus 0.6% beta-mercaptoethanol and 0.5%

SDS.
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Although useful, this conventional fractionation method is not very informative. It
is very difficult to functionally define proteins in the different solubility fractions. Except
for fractions I and ITI, which include most of the zein proteins, very little is known about
the composition of other fractions. Many globulins and albumins are thought to be
enzymes, which are synthesized early in endosperm development (Misra et al., 1975;
Murphy and Dalby, 1971; Tsai, 1979), while the glutelins are thought to be mainly
structural or membrane proteins (Wolf ef al., 1967; Tsai, 1983). Although considerable
effort has been made to estimate the amount of these individual fractions (reviewed in
Glover and Mertz, 1987), the multiplicity of fractions make the interpretation of the
results complex and confusing. In addition, cross-contamination of proteins between the
different fractions reduces the precision of the estimates (Wallace et al., 1990). Efforts to
assign lysine-containing proteins to a specific fraction have failed because large amounts of
this essential amino acid are recovered from at least three fractions (Ribeiral, 1973; Misra
et al., 1975; Metha et al., 1979).

A new method to extract and characterize maize endosperm proteins was recently
developed (Wallace et al., 1990). In this procedure, total endosperm proteins are
extracted with borate buffer, pH 10, containing SDS and beta-mercaptoethanol. Two
protein fractions are distinguished by adding ethanol to 70% concentration (v/v). The
zeins, which are alcohol-soluble, remain in solution, while all the non-storage proteins, or
non-zeins, are precipitated. The separation of zeins and non-zeins is highly efficient and
very little cross-contamination is observed between the two fractions, even when

immunodetection is used (Wallace et al., 1990). As a consequence, the precision for
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quantification of each protein group is greatly improved, and since only two fractions are
obtained, analysis of the results is facilitated. Furthermore, it is possible to recover all the
lysine-containing proteins in the non-zeins, a single protein fraction.

Zeins are the storage proteins. They have no known enzymatic or structural
function and simply serve as a supply of nitrogen, sulfur and carbon skeletons for the
embryo during germination. Zeins are rich in proline and glutamine, but are devoid, or
nearly so, of the essential amino acids lysine, tryptophan, and threonine (Shotwell and
Larkins 1989). Separation of the zein fraction by SDS-PAGE resolves polypeptides with
apparent molecular weight of 27, 22, 19, 16, 14 and 10 kD (Larkins et al., 1989). These
polypeptides are usualy classified into four groups: a-, -, v- and 8-zeins based on their
structure (Esen, 1986; Kirihara et /., 1988; Thompson and Larkins, 1989). The a-zeins,
which typically account for up to 60% of the total zeins (Larkins et al., 1989), correspond
to the 22- and 19-kd polypeptides. The B-zein is a polypeptide of 14 kD, and it represents
5% to 10% of the total zein fraction. It contains less proline than the o-zeins, but more
cysteine and methionine. The y-zeins are the second most abundant type of zein proteins,
representing about 25% of the total. However, in certain genotypes they may account of
up to 50% of the total (Ortega and Bates, 1983). y-zeins are represented by polypeptides
of 16 and 27 kd, which are very rich in proline and cysteine. Finally, the 6-zeins are a less
abundant class (5% of the total), consisting of 10 kd polypeptides that are extremely rich

in sulfur-containing amino acids.
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Genes encoding zein proteins have been extensively characterized (reviewed by
Feix and Quayle, 1993). «-zeins are encoded by a multigene family with 50 to 100
members (Heidecker ef al., 1991). Three major clusters of a-zein genes were genetically
mapped to chromosomes 4, 7 and 10 (Soave and Salamini, 1984). In contrast, B-, y- and
d-zeins are encoded by only one or two genes. The map positions for these genes are: 6-
zein, the long arm of chromosome 9 (Benner, et al, 1989); y-zein, the long arm of
chromosome 7; and B-zein, the long arm of chromosome 6 (Murray ef al., 1988). A
number of loci affecting the expression and accumulation of zein proteins have also been
identified (Reviewed by Coleman et al., 1996). Two of these, opaque2 and floury2
(Schimdt et al., 1987; Coleman et al., 1995), have been cloned, helping us to understand
their mode of action, but the identity of the genes at other loci is still unknown.

Zeins are synthesized as pre-proteins by membrane-bound polysomes. A signal
peptide directs their transport into the lumen of the rough endoplasmic reticulum where
they aggregate into insoluble, membrane-bound accretions, designated protein bodies
(Larkins and Hurkman, 1978). The onset of zein synthesis occurs at 8 tol0 days after
pollination and the proteins accumulate throughout endosperm development (Thompson
and Larkins, 1989). Immunocytochemical analysis indicated that early in development,
protein bodies are small and composed mainly of y- and f3-zeins. Later, this initial core is
filled with o- and 8-zeins, displacing, as it grows, the y- and B-zeins to the periphery of the

protein body (Figure 1.3) (Lending and Larkins, 1989; Esen and Stetler, 1992).
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The non-zeins are a large and complex group of proteins that are much more
difficult to assess. Non-zeins are enzymes, receptors, structural proteins, etc, which
perform a variety of cell functions. A few of the non-zeins have been identified (Habben
et al., 1993), but most of these proteins and their functions are unknown. From a
nutritional perspective, non-zeins are important because they are the main source of lysine
in the endosperm. Therefore, variation in non-zein content is directly related to the lysine
content of the seed, and understanding the the variation in non-zein content is the key to

developing maize genotypes with better nutritional quality.

THE opaque2 MUTATION

The maize opaque? (02) mutation was first described by Jones and Singleton
(Emerson et al., 1935). In contrast with the predominantly horny and translucent
endosperm of normal maize, 02 kernels have a chalky endosperm that prevents
transmission of light (Figure 1.1). Because of the easily scorable phenotype, 02 was
initially used as a genetic marker for the short arm of chromosome 7. Later, this mutation
received a great deal of attention when it was shown that 02 endosperm has a radical
change in protein composition, which results in an increased concentration of lysine
(Mertz et al., 1964).

Biochemical characterization of 02 endosperm indicated that the major effect of
the mutation is a reduction of the content of zein proteins (Mertz et al., 1964; Mosse,

1966; Paulis ef al., 1969; Sodek and Wilson, 1970; Sodek and Wilson, 1971). Because
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zeins contain no lysine, their reduction results in an increased proportion of lysine in the
protein. However, an increase in the levels of free lysine (Sodek and Wilson, 1971; Misra
et al., 1975) and lysine-rich protein fractions, such as albumin, globulin and glutelin, were
also reported (Misra et al., 1976; Metha et al., 1979). More recently, it has been
demonstrated that the 02 mutation promotes a net increase in lysine content and that is
primarily mediated by an absolute increase in the amount of lysine-containing non-zein
proteins (Habben et al., 1993). Moreover, the content of specific non-zein proteins is
generally increased by the 02 mutation (Damerval and De Vienne, 1993; Habben er al.,
1993).

Cloning of O2 helped to clarify the effects of the mutation at molecular level
(Schimdt et al., 1987, Motto et al., 1988). The (02 gene encodes a basic
domain / leucine zipper-type (b-zip) transcriptional activator (Hartings et al., 1989;
Schimdt er al., 1990). Using DNA binding assays, it was demonstrated that the 02
protein binds to specific sequences in the promoter of the 22-kD a-zein genes (Schimdt ez
al., 1992) and the b32 gene, which encodes a ribosomal inactivating protein (RIP)
(Lohmer et al., 1991; Bass et al., 1992). Transcription of these genes is dramatically
reduced in 02 mutants (Kodrzycki et al., 1989; Lohmer et al., 1991). Also, a significant
reduction in the transcription of genes encoding the -, y- and §-zeins was also observed
(Kodrzycki et al., 1989; Or et al., 1993).

The mechanism by which the reduction of a-zein content in the 02 mutants alters

the endosperm texture is not understood. There is considerable evidence suggesting that
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protein composition has a direct impact on the physical properties of the endosperm. The
endosperm in normal, mature kernels is composed of a mixture of hard, corneous and soft,
floury regions (Figure 1.2), at an approximate ratio of 2:1 (Wolf et al., 1952). The hard
region has a higher concentration of zein proteins than the soft one (Paiva er al., 1989;
Dombrink-Kurtzman and Bietz, 1993; Paulis et al., 1993; Pratt er al., 1995). A number
of mutations that reduce the accumulation of storage proteins lead to a floury, opaque
phenotype (Nelson, 1980; Dannenhofer, 1995). Conversion of the starchy phenotype to a
vitreous one is correlated with an increased concentration of y-zein (Wallace ez al., 1990;
Lopes and Larkins, 1991). The opaqueness of the starchy regions of the endosperm has
been attributed to light refraction, resulting from air spaces formed by ruptures of the
cytoplasmic matrix around the starch grains upon drying (Duvick, 1961). In 02, the
reduced content of a-zeins results in small protein bodies that are about 1/10 to 1/5 the
diameter of those in normal maize, which contain primarily 8- and y-zeins, with only small
locules of a-zeins (Lending and Larkins, 1989; Geetha et al., 1991). It has been
suggested that the small size of the protein bodies causes the formation of air spaces
around the starch grains as the endosperm dries, with consequent formation of soft,
starchy phenotype (Robutti et al., 1974).

The idea that protein bodies play an important role in the endosperm structure is
further supported by the properties of the floury? (fI2) mutant. This is a semi-dominant
mutation, with a soft, starchy phenotype, like that of 02. f12 endosperm shows a general

decrease in both the 19- and 22-kd a-zeins (Jones, 1978; DiFonzo et al., 1980). Protein



33
bodies in f12 endosperm develop abnormally, becoming highly lobed with an uneven
distribution of the zein proteins (Lending and Larkins, 1993; Zhang and Boston, 1993).
Cloning of the fI2 gene revealed the proteir it encodes is an a-zein whose signal peptide is
not cleaved. It appears that the protein remains attached to the ER membrane and affects
the organization of the zein proteins in the protein body (Lopes et al., 1994; Coleman et
al., 1995).

It is unclear how the 02 mutation increases the amount of non-zein proteins in the
endosperm. This effect seems to have some degree of specificity, since not all proteins in
the non-zein fraction are increased in the mutant endosperm relative to its normal
counterpart (Damerval and DeVienne, 1993; Habben ef al, 1993). In fact, at least one
non-zein protein, the RIP encoded by the b32 gene, is sharply reduced or absent in the
mutant. This is because the 02 protein regulates transcription of b32 (Lohmer ef al.,
1991). For a number of non-zeins whose content is elevated in the 02 endosperm, a
significant increase in the steady state level of mRNA was observed (Habben et al., 1993).
But it is still unknown if this happens because of higher rates of gene transcription or
improved mRNA stability. [t has been suggested that the higher accumulation of non-
zeins in the 02 endosperm results from the increased availability of amino acids caused by
the reduction in a-zein synthesis and elevation of free amino acids (Misra et al., 1975).
Alternatively, it has been suggested that the 02 mutation induces a stress response
(Habben et al., 1993). The increased content of proteins like RNase (Wilson, 1975),

trypsin inhibitor and catalase (Habben et al., 1993), which have been associated with
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stress responses (Wilson, 1975; Collinge and Slusarenko, 1981; Apostol er al., 1989), is
consistent with this hypothesis. However, to date there is no conclusive evidence to

support either of these explanations.

MODIFICATION OF o2 ENDOSPERM

Although 02 promotes enhanced nutritional quality, the mutant kernels are less
dense, more susceptible to insects and mechanical damage, and have poor food processing
characteristics. Furthermore, the best 02 genotypes have an average yield that is 10% less
than their respective normal genotypes (Alexander, 1966; Lambert et al., 1969; Singh et
al., 1975; Alexander et al., 1979; Van Twisk, 1979; Glover and Mertz, 1987). These
defects were a major deterrent for the commercial development of the mutant genotype
(Vasal et al., 1984) and created serious doubts regarding the feasibility of using 02 to
improve the nutritional quality of maize.

The identification of genes that alter the phenotype of 02 mutants, giving them a
normal appearance, created the possibility of using these so-called ‘02-modifier genes’ to
overcome the negative effects of the 02 mutation (Paez er al., 1969). Efforts to
introgress modifier genes into 02 genotypes resulted in the development of a novel
germplasm designated Quality Protein Maize or QPM (Villegas et al., 1992; Gevers and
Lake, 1992). QPM kernels have the enhanced nutritional quality of 02 genotypes, while

maintaining the hard, vitreous appearance of normal kernels (Figure 1.4).
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Development of QPM was a long and complex process, because it required the
manipulation of three different genetic systems, the modifier genes, the 02 mutation and
genes controling the lysine content (Bjarnason and Vasal, 1992; Vasal, 1975; Vasal ez al.,
1979; Vasal er al., 1980; Vasal et al., 1984; Vasal, 1994; Gevers, 1972; Gevers, 1979;
Gevers, 1986; Gevers, 1993). Modifier genes were first concentrated in 02 stocks
showing variability for endosperm modification, and the resulting pools were then used as
modifier donors for other 02 genotypes. Throughout the selection process, lysine levels
were monitored to guarantee the mantainance of the superior nutritional quality. Limited
knowledge of the genetics and biochemistry of endosperm modification and the high cost
of lysine analysis constituted major obstacles for this breeding effort.
Biochemically, the process of endosperm modification appears to be associated
with increased levels of the 27-kd y-zein protein. QPMs have two- to three-times more y-
zein than starchy 02 genotypes (Wallace ez al., 1990). It has been demonstrated that the
degree of modification and the increased content of y-zein are highly correlated and
dependent on the dosage of the modifier genes (Lopes and Larkins, 1991; Lopes and
Larkins, 1995). These reports clearly suggest that the y-zein protein is involved in the
development of a vitreous endosperm in 02, and that the modifier genes somehow
promote higher levels of this protein.
The mechanism by which the increased accumulation of y-zein causes the
formation of vitreous endosperm is unknown. Ultrastructural studies showed y-zein

occurs in high concentrations in the first few subaleurone cells of non-modified
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endosperms, but that much higher concentrations of y-zein are found in the subaleurone
and central endosperm cells of modified 02 mutants (Geetha et al., 1991). No significant
increase in protein body size was observed as result of higher y-zein synthesis; both soft 02
and modified 02 endosperms have protein bodies that are about 1/10 to 1/5 the diameter
of those in normal endosperm (Lending and Larkins, 1989; Geetha et al., 1991). Because
proteins bodies are believed to play an important role in endosperm texture, it has been
suggested that the elevated level of y-zein in QPM could result in a larger number of
protein bodies, which could compensate for their reduced size (Lopes and Larkins, 1995).
However, thus far there has been no systematic counting of protein bodies in 02 and
modified 02 endosperms to support this hypothesis.

The gene encoding the 27-kD y-zein protein has been mapped to the long arm of
chromosome 7, near the centromere (Murray et al., 1988). Cloning and molecular
analysis of this locus revealed that one or two genes may be present. The duplicated locus
contains two y-zein genes, each of which is on a 12.5 kb tandem repeat. The genes are
oriented in the same 5’ to 3’ polarity (Das et al., 1987). By convention, the first and the
second coding regions are designated A and B; this is referred as the AB locus (Das er al.,
1990). Nucleotide sequence of the A and B genes revealed that the 5’ non-coding and the
coding regions differ by just a few nucleotides, but there appears to be a 300 bp deletion in
the 3’ non-coding region of the B gene (Das et al., 1990; Or et al., 1993; Lopes et al.,

1995). The AB y-zein locus is somatically unstable and spontaneous rearrangements can
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result in altered forms which contain only a single y-zein gene. These rearranged forms of
the y-zein locus have been designated rA (Das et al., 1990) and rB (Das er al., 1991).

The 02 modifier genes increase the expression of the y-zein genes at the mRNA
level. During endosperm development, there is a two- to three-fold increase in the steady
state level of y-zein mRNA in modified 02 genotypes compared to standard 02 mutants;
this increase is dependent on the dosage of the modifier genes (Geetha et al., 1991).
Comparison of y-zein gene expression in three near isogenic varieties, Tuxpeifio, Tuxpefio
02, and Tuxpefio modified 02 showed that 02 reduces the rate of y-zein transcription by
about 50%, but the steady state levels of y-zein mRNA is two- to three-fold higher in the
modified 02 version than in the normal or standard o2 genotype. This suggests the
modifier genes affect the expression of y-zein genes primarely in a post-transcriptional
manner (Or et al., 1993), although the exact mechanism is unknown.

Endosperm modification and the action of 02 modifier genes have been subject of
a considerable number of studies (Bauman and Aycock, 1970; Poey and Villegas, 1970;
Annapurna and Reddy, 1971; Pollacsek et al., 1971; Vasal, 1971; Vasal, 1975; Pradilla et
al., 1973; Baldi et al., 1973; Dumanovic et al., 1974; Sriwatanapongse et al., 1974;
Bauman, 1975; D’Croz and Crane, 1975; Gupta et al., 1975; Gentinetta et al., 1975;
Bjarnason et al., 1976; Lodha et al., 1976; Loesch et al., 1977, Motto et al., 1978;
Motto, 1979; Vasal et al., 1980; Ortega and Bates, 1983; Vasal ez al., 1984; Vasal er al.,
1992; Pixley and Bjarnason, 1993; Vasal et al., 1993a; Vasal et al., 1993b; Lambert and

Chung, 1995). In general, most of these authors have considered modification to follow a
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multigenic type of inheritance, due largely to additive gene effects. However, other
authors have postulated only a few genes to be involved in endosperm modification
(Pollacsek, 1970; Dudley et al., 1975; Salamini, 1980; Salamini, 1981). In crosses
between standard 02 and modified 02 genotypes, kernels resembling the phenotype of the
parents can be recovered in a single F2 ear (Figure 1.5), suggesting that the number of
genetic factors controling endosperm modification is not large (Lopes and Larkins, 1991).
The complex pattern of segregation usually observed can be explained by the triploid
nature of the endosperm, as well as the incomplete and unstable expression of the modifier
genes and their variable penetrance in different backgrounds (Belusov, 1987). Recently,
genetic segregation analysis suggested there are two major modifier loci (Lopes and
Larkins, 1995). Bulked segregant analysis (Michelmore et al., 1991) of crosses between
02 and modified 02 genotypes revealed two RFLPs associated with endosperm
modification. Both loci map to the long arm of chromosome 7: one is near the telomere
and the other is tightly linked to the y-zein locus, close to the centromere (Lopes et al.,
1995). While soft 02 genotypes may contain either rA or AB allele, an evaluation of the y-
zein locus in a large number of modified 02 genotypes showed all of them to be of the AB
type. In addition, in a cross of a modified 02 genotype (AB locus) with a standard o2
genotype containing an rA locus, the AB locus segregated with modification (Lopes er
al., 1995). Taken together, these observations suggest that the AB form of the y-zein
locus is necessary but not sufficient for endosperm modification. Fully modified 02

genotypes can become unstable, showing patches of opaque endosperm (Figure 1.6). This
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Figure 1.5. Segregation of 02 endosperm modification. Sixteen F2 kernels from a cross
between W64A02 and Pool 33 QPM, illustrating the observed range of phenotypic

variation for endosperm modification. All kernels are from a single F1 ear.
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instability could be caused by the somatic instability of the y-zein locus, resulting in a
single coding sequence (rA or rB), with subsequent loss of modification.

A mutation with properties of a defective 02 modifier has recently been identified
(Dannenhoffer ez al., 1995). Kernels of the opaquel5 (0/5) mutant have a chalky,
opaque endosperm that is associated with a two- to three-fold reduction in the level of y-
zein mRNA and protein. The protein bodies in 0/3 are similar in size and morphology to
the wild type, but there are fewer of them in developing endosperm cells. The o/3
mutation was mapped to the end of the long arm of chromosome 7, near the telomere,
using the same RFLP probe that identified an 02 modifier gene (Dannenhoffer et al.,
1995). o015 would be a hypomorphic allele of a modifier gene, while that present in

modified 02 genotypes would be a hypermorphic version of the gene.

VARIATION OF LYSINE CONTENT IN MAIZE ENDOSPERM

The variability of lysine content in maize, both on a whole kernel and an
endosperm basis, has been extensively documented (Aguirre ef al,, 1953; Bressani et al.,
1962; Tello et al., 1965, Paez et al., 1969; Zuber ef al., 1975; Gevers, 1979). However,
little attention has been directed towards understanding the nature of this variation. The
02 genotypes consistently show higher levels of lysine when compared to their normal
counterparts, and this is mainly because of the increased accumulation of the lysine-rich

non-zein proteins (Habben et al., 1993). Segregation analysis of crosses between normal
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and 02 genotypes show extensive variation for lysine content within normal and 02
genotypes, suggesting the existence of a second genetic system affecting lysine content
that additively interacts with 02 (Choe et al., 1976). The genetic and biochemical bases
for this variation are poorly understood.

Variability in lysine content among normal genotypes indicates that selection for
higher levels of lysine without the use of mutants, such as 02, should be possible. In fact,
two cycles of recurrent selection in three normal open-pollinated varieties promoted an
increase in lysine content, measured on a whole kernels basis, that ranged between 30.8
and 48.2% (Zuber and Helm, 1975). These results prompted the idea that recurrent
selection for improved lysine content would allow the development of normal genotypes
with better nutritional quality. However, after four cycles of selection only modest gains
in the lysine concentration were achieved. These and other efforts to improve the
nutritional quality in normal genotypes (Glover, 1976; Snyder and Hillison, 1979; Vasal,
1980) were eventually abandoned because of their limited success (Vasal, 1994).

The best potential to develop nutritionally balanced maize seems to reside with
QPMs. Due to the presence of the 02 mutation, QPMs potentially have a lysine content
considerably higher than that of normal genotypes. Modifier genes do not directly affect
the lysine content, since their main biochemical effect is to increase the level of y-zein,
which contains no lysine (Wallace et al., 1990; Lopes and Larkins, 1991). In fact, the
increase in y-zein content may negatively impact the Lysine/Protein (L/P) ratio. Reduction

of the L/P ratio in modified 02 genotypes has been reported in a number of studies
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(Pollacsek er al., 1971; Robutti et al., 1974a; Robutti et al., 1974b; Dumanovic et al.,
1974; Hymowitz et al., 1974; Bauman, 1975; Gentinetta et al., 1975; Vasal et al., 1980;
Ortega and Bates, 1983), while in others no difference was observed from the standard 02
(Annapurna and Reddy, 1971; Bjarnason er al., 1976; Gentinetta et al., 1975; Paez et
al., 1969). In any case, high protein quality can be mantained in modified 02 genotypes
by selection for high levels of lysine (Bauman, 1975; Vasal, 1975, Vasal et al., 1980;
Vasal et al., 1984). Since the variation in lysine content has not been systematically
exploited, it is theoretically possible to develop genotypes with even higher lysine content
than those so far reported.

Perhaps, because of the high cost of conventional lysine analysis, there are few
studies describing the types of gene action affecting lysine accumulation. Past reports
have expressed lysine content on a variety of bases (lysine/protein, lysine/flour, endosperm
lysine, whole kernel lysine), making the results difficult to compare. Significant additive
variance has been detected for both lysine in the flour and lysine per protein (Singh et al.,
1977, Wessel-Beaver et al., 1985). Also, significant general combining ability (GCA),
and therefore additive gene action, has been found for both lysine in the flour and lysine
per protein (Sreeramulu and Bauman, 1970; Bjarnason et al., 1977). Few reports
estimate the levels of heritability, another important genetic parameter for plant breeding,
and values available are highly variable. For percent of lysine in the grain, heritability
estimates ranged from 17 to 72% (Dudley et al., 1971), 7 to 47% (Dudely et al., 1975)

and 76% (Wessel-Beaver et al., 1985).
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The process of selecting for higher lysine content, in either normal or QPM
genotypes, is hindered by a number of factors. Conventional lysine analysis is expensive,
making the cost of screening and selection prohibitively high. Indirect methods to
estimate lysine content, based on colorimetric measurements (Tsai ef al., 1972; Mertz et
al., 1974; Guiragossian et al., 1979), are imprecise and have a number of limitations
(Guiragossian ef al., 1979). Considerable information on the synthesis and catabolism of
lysine is now available (reviewed by Galili, 1995), but knowledge of the biochemistry of
lysine accumulation in the endosperm is limited. Most of the endosperm lysine is protein-
bound (Metha et al, 1979), but the proteins accounting for majority of the lysine are
unknown. Studies aiming to identify lysine-rich protein fractions were mostly based on
modifications of the Osborne protein fractionation method (Osborne, 1924; Landry and
Moureaux, 1982) and the results have been too complex to interpret. Measurement of
non-zein proteins may constitute an alternative, simpler indicator for lysine content, since
this fraction accounts for the vast majority of lysine in the endosperm (Lopes and Larkins,
1991; Habben et al., 1993). However, understanding the genetic and biochemical basis
for variation in lysine content requires additional information on the nature of the major

lysine-containing proteins.

SUMMARY AND OBJECTIVES

QPM represents a major step towards the development of phenotypically suitable

maize genotypes with nutritionally balanced concentrations of lysine. However, QPM is
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unlikely to be widely exploited until molecular markers for 02 modifier genes are
developed, and simple, straightforward methods are available to select for high lysine
genotypes. In QPM, two genetic systems are cornbined that result in improved nutritional
quality. First, the 02 mutation changes the balance of protein in the endosperm, reducing
the accumulation of the lysine-poor a-zein storage protein and increasing thc content of
the lysine-rich non-zein proteins (Habben ez al., 1993). As a consequence, there is an
increase in the absolute content of lysine as well as the L/P ratio. Second, the modifier
genes promote the formation of vitreous endosperm, which seems to be mediated by an
increase in the content of y-zein (Lopes and Larkins, 1995; Lopes et al., 1995). The
regulation of these two genetic systems appears to be independent.

Although, we now understand how the 02 mutation reduces the level of o-zeins
(Hartings et al., 1989; Schimdt et al., 1990), it is still unknown why 02 promotes an
increase in the content of non-zein proteins, which account for the higher accumulation of
lysine (Habben et al., 1993). Variable levels of lysine are observed in 02 genotypes,
suggesting the existence of a second genetic system that affects the amount of lysine and
operates in an additive manner with the 02 mutation (Choe et al., 1976). Despite its
importance, information on the source of variability in lysine content is very limited.
Knowledge of the proteins responsible for the accumulation of lysine in the endosperm
could lead to a better understanding of genetic factors affecting this trait and the

development of alternative strategies to increase the lysine content in the grain.
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The biochemical basis for 02 endosperm modification has been established
(Wallace er al., 1990; Lopes and Larkins, 1991; Lopes and Larkins, 1995), but much
remains to be learned about the number and location of modifier genes as well as their
mode of action. It is unclear what effects, if any, modifier genes have in normal (non-02)
maize backgrounds. Although two modifier loci have been identified (Lopes et al., 1995),
there is no evidence these are the only genes affecting modification. Also, the direct
involvement of the y-zein locus in the process of modification remains to be proven. This
information is important for the identification of reliable molecular markers for modifier
genes which can be used as breeding tools. Besides their practical application, modifier
genes constitute an opportunity to obtain more information on the process of endosperm
development and the role of the protein bodies in the physical structure of the endosperm.
Cloning and molecular characterization of the 02 modifier genes will provide clues
regarding the role of y-zein in these processes.

The main objective of this dissertation was to investigate the origin of lysine-
containing proteins in maize endosperm and the basis of their increase in 02 and QPM
germplasm. In addition, the biochemistry and genetics of 02 modifiers was analyzed.
Quantitative variation of lysine content in the endosperm was investigated by (1) studying
the biochemical association between non-zeins and lysine; (2) identifying individual non-
zein proteins responsible for most of the variation in lysine content; (3) investigating the
effects of the 02 mutation on lysine content; (4) studying the genetics of the variation in

lysine; and (5) developing alternative methods to estimate the endosperm lysine content.
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Second, the biochemistry and genetics of the 02 endosperm modification was studied by
(1) analyzing the effects of 02 modifier genes on the physical properties and protein
composition of endosperm in the absence of the 02 mutation; (2) refining the genetic
mapping of the modifier genes; and (3) investigating the role of the y-zein gene in the

process of modification.
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CHAPTER 2
PHENOTYPIC EFFECTS OF opaque2 MODIFIER GENES IN NORMAL MAIZE

ENDOSPERM

INTRODUCTION

Discovery that the maize opaque2 (02) mutation dramatically increases the lysine
content of the grain (Mertz ef al., 1964) led to the development of "high lysine" corn
(reviewed by Mertz, 1992). However, the soft, starchy endosperm of this mutant, causing
the kernel to be susceptible to pests and mechanical damage (Ortega and Bates, 1983),
prevented significant utilization of the mutation. After the initial characterization of 02,
genes were identified that alter the mutant phenotype, giving it a normal appearance.
These genes, designated 02 modifiers (Paez et al., 1969), were subsequently used by plant
breeders at the International Maize and Wheat Improvement Center (CIMMYT) (Villegas
et al., 1992) and Pietermaritzburg, South Africa (Geevers and Lake, 1992) to develop 02
varieties with normal kernel hardness and protein content, as well as an enhanced
percentage of lysine. These modified 02 mutants are called Quality Protein Maize (QPM)
(Vasal et al., 1980).

The mechanism by which 02 modifiers convert the starchy endosperm of 02
mutants to a hard, vitreous phenotype is not understood. The major biochemical
difference between QPM and standard 02 mutants is a two- to three-fold increase in y-zein

protein and mRNA (Wallace ef al., 1990; Geetha, et al., 1991; Or et al., 1993). It has
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been demonstrated that the degree of modification (vitreousness) and the increased
accumulation of y-zein are highly correlated and dependent on the dosage of modifier
genes (Lopes and Larkins, 1991). Thus, it appears the y-zein protein is involved in some
way with the formation of vitreous endosperm, which is generally related to hardness
(Watson, 1987).

Although there have been many reports describing the effect of 02 modifiers in 02
mutant backgrounds, the effect of these genes in normal endosperm genotypes have not
been described. Consequently, the extent to which increased concentrations of y-zein can
increase hardness, density and vitreousness in wild-type backgrounds or the extent to
which 02 modifiers affect the non-zein fraction, the source of lysine-containing proteins
(Habben ef al., 1993) are not known.

To address these questions, 13 inbreds homozygous for the wild type O2 gene and
containing 02 modifiers were developed. These genotypes were designated as "modified
normals” or QPM+. In this chapter, the physical (hardness and density) and biochemical
characteristics of kernels from these inbreds are described. An ELISA procedure to
estimate the content of non-zein proteins using a complex antiserum is also discussed.
This technique could provide an alternative, sensitive method to estimate the content of

lysine-containing protein in maize endosperm.



MATERIALS AND METHODS

Development of Modified Normal Inbreds

The W64A line was used as the source of the normal Opagque? allele and Pool 34
QPM was used as the source of modifier genes (recurrent parent). Although Pool 34 is an
open-pollinated population, its kernels have a uniformly modified endosperm, indicating
that the modifier genes are fixed. W64A x Pool 34 F1 plants were selfed, and F2 seeds
were visually selected for normal, vitreous phenotype (dominant allele in the opaque2
locus). F2 plants were backcrossed (BC) to the Pool 34 QPM parent, and the resultant
seeds were again visually selected for normal phenotype and used in the next cycle of
backcross. The BCS seeds had a uniformly normal phenotype.

Selected BCS plants went through three generations of self-pollination and visual
selection for normal phenotype to eliminate the opaque?2 allele. BC5-S3 plants were
tested for the presence of a mutant opaque2 allele by two criteria. Since 02 regulates
expression of a gene encoding a ribosome inactivating protein (RIP) (Lohmer ef al., 1991;
Bass et al., 1992), the presence of RIP verifies the expression of the wild-type O2 allele.
Southern blot analysis with an 02 cDNA clone was used to confirm the presence of the
wild-type allele. The thirteen BC5-S3 families homozygous for the O2 allele were selfed

and their seeds (BC5-S4) used for biochemical characterization.



Sample Preparation

For the Stenvert hardness test, microKjeldahl determinations (total protein, total

zeins, non-zeins) and amino acid analysis, seed samples were conditioned for at least two

weeks at 67% r.h., 279C, to a moisture content of 12.5%-13%, and stored in sealed
containers until used. For enzyme-linked immunosorbent assay (ELISA) measurements
(c-zein, y-zein and non-zeins) and SDS-PAGE, seeds were allowed to dry at room
temperature. Whole kernel samples were used for the Stenvert hardness test. For the
other analyses, kernels were degermed using a variable speed dental-type drill (Dremel,

Racine, WT) and pulverized to flour using a ball mill.

Kernel Hardness and Density

The Stenvert hardness test was performed using a modification of the method of
Pomeranz et al. (1985). Due to small sample size, 15 g of seed was used instead of the
normal 20 g. Preliminary tests showed comparable reproducibility to the standard method
(r=0.895, P<0.01). Samples were ground in a Glen Creston Type 4 microhammer mill
(Glen Mills, Maywood, NT), using a 2.0 mm aperture screen and a hammer speed of 3,600

rpm. Grain hardness was measured as the time in seconds to grind a volume of 17 ml.
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Kernel densities were measured using an air picnometer (fabricated by the
Department of Agricultural Engineering, Purdue University) corrected to actual volumes

using a standard curve.

Total Protein, Zein and Non-zein Determination

MicroKjeldahl determinations were made of protein fractions (total protein, zein
and non-zein) prepared by an adaptation of the method of Wallace ef al. (1990). Flour
samples (300 mg) were extracted for one hour on a shaker at room temperature with
0.0125 M sodium borate (pH 10), 1% SDS, 2% 2-ME at a ratio of 1:10 (flour/solvent).
The suspension was centrifuged at 5,000 x g for 20 min and the supernatant was saved.
This was repeated twice and the supernatants were pooled. For the zein/non-zein
determination, ethanol was added to the total protein extract to a final concentration of
70%. The mixture was allowed to stand for 2 hr with occasional stirring, and then
centrifuged. The supernatant fraction contained the zein fraction and the pellet contained
the non-zein fraction. Total flour protein, and zein, non-zein and residual protein
(unextracted N) were analyzed for N by the microKjeldahl method (method 46-13,
AACC, 1983). N values were multiplied by 5.70 to estimate the protein content (Mossé,
1990). Previous testing showed that the presence of SDS did not interfere with N
determination.

SDS-PAGE with a gradient of 7.5% to 18% acrylamide was performed for both

zein and non-zein fractions following the procedure of Fling and Gregerson (1986).



ELISA Measurements

Protein extraction and zein/non-zein fractionation were performed as described by
Wallace ef al. (1990). The alcohol-soluble protein fraction was used to quantify y- and o-
zein. For ELISA of y-zein, the alcohol fraction (equivalent to an extract from 15 mg of
flour) was diluted 10,000-fold in carbonate coating buffer (CCB) (Clark ef al., 1986).
One hundred pL of this dilution (equivalent to an extract from 15 ng of flour) was mixed
with 100 pL of CCB in a well of an ELISA plate (Immulon 2, Dynatech). Using a
multichannel pipette, the samples were homogenized and four two-fold dilutions were

made into adjacent wells of a different plate (to ensure uniformity in loading of different

samples) containing CCB. The antigen was allowed to bind to the plate overnight at 40C.
Subsequently, the antigen was removed by aspiration, the wells were washed twice using
TTBS (25 mM Tris-HCI, pH 7.5; 0.9% NaCl, 0.05% Tween 20) and 100 pL of the rabbit
anti-y-zein serum diluted 1:1000 in TTBS was added and allowed to react for 4 hours.
The primary antibody was removed, the wells were washed twice with TTBS and the
secondary antibody, goat anti-rabbit I[gG alkaline conjugate (Sigma) diluted 1:4000 in
TTBS, was added and allowed to bind for two hours. After the secondary antibody was
removed, the wells were washed twice with TTBS and 200 uL of the substrate for alkaline

phosphatase (Sigma) diluted in diethanolamine substrate buffer (Clark ef al., 1986) was
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added. The color was allowed to develop for 1 hour and the absorbance was read at 410
nm on a Dynatech MR700 ELISA plate reader.

The ELISA for a-zein was performed the same way as for y-zein with some
modifications. The dilution and antigen binding steps were done using a 40% ethanol,
10% acetic acid solution (Wallace ef al., 1990) and the primary antibody (rabbit anti-c-
zein) dilution was 1:2000.

For ELISA of total non-zeins, a freshly isolated non-zein pellet was resuspendend
in I ml of 0.1 N NaOH, 1% SDS with vortexing and boiling for 5 min. This non-zein
protein solution was diluted 1000-fold in CCB. One hundred pl of this dilution
(equivalent to an extract from 1.5 pg of flour) was mixed with 100 uL of CCB in the well
of an ELISA plate (Immulon2, Dynatech). After all samples were loaded, a multichannel
pipette was used to make seven two-fold dilutions into the adjacent wells containing CCB.
From this point, the procedure is similar to that described for y-zein, except the incubation
time for the alkaline phosphatase substrate was 30 min. The primary antibodies used in
this assay were from a rabbit complex antiserum produced against the non-zein endosperm
proteins. The antiserum was shown to recognize most of the major non-zein proteins
(Habben et al., 1993).

The range of protein concentrations chosen for all ELISA analyses was such that
the relationship of absorbance vs. relative antigen content was approximately linear; a
regression analysis was performed. Since the slope of this regression is proportional to

the antigen content, it was used to measure the relative protein content. The results were
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normalized to the values of the W64A inbred. Results reported are the average of two

independent experiments in which three measurements were taken.

Amino Acid Analysis

Amino acid analysis was performed at the University of Missouri Experiment
Station Chemical Laboratories. The complete amino acid profile was obtained by sample
hydrolysis, performic acid oxidation followed by acid hydrolysis for cysteine, and alkaline
hydrolysis for tryptophan, according to the AOAC method (1990). Separation and
analysis of amino acids was done on a Beckman 6300 Amino Acid Analyzer (Elk Grove,
CA) equipped with a high performance cation exchange resin column with amino acid
detection accomplished with post-column ninhydrin derivation. Norleucine was used as

the internal standard.

Statistical Analysis

All statistical analyses were performed using an ANOVA computer software
package. For ELISAs, the regression equations used for estimation of relative protein
content were always significant (F test, P <0.01) and had a r* greater than 0.90. The

correlations were compared using a standard T test (significance levels are shown).



RESULTS

Thirteen inbreds homozygous for the wild type O2 gene and containing 02
modifier genes were developed by crossing the W64A inbred with Pool 34 QPM using
Pool 34 QPM as the recurrent parent. The identity of the O2 locus in the modified normal
inbreds (QPM+) was confirmed by SDS-PAGE of the a-zein and RIP proteins, and by
RFLP analysis using an O2 cDNA probe. The phenotype of the parental and progeny
kernels is illustrated in Figure 2.1. The effect of 02 modifier genes on a homozygous 02
background is observed by comparing the endosperms of W64A02 and Pool 34 QPM.
The completely soft, starchy endosperm of W64A02 contrasts with the vitreous phenotype
of the modified 02 mutant, which resembles the wild-type W64A. Seeds with the wild
type O2 locus and 02 modifiers have normal phenotypes, except they are generally more
translucent and have a smaller channel of starchy endosperm in the central region of the
endosperm.

Coincident with a vitreous phenotype, modified 02 mutants typically show a two-
to three-fold increase in y-zein protein relative to their unmodified 02 counterparts
(Geetha ef al., 1991; Or et al., 1993). Figure 2.2 A shows SDS-PAGE separation of the
zein fraction from Pool 34 QPM and W64A, as well as the 13 QPM+ inbreds. The
concentration of y-zein was estimated using an ELISA with polyclonal antibodies against
the y-zein protein (Fig. 2.3). Relative to W64A, which has a high y-zein content (Or et

al., 1993), Pool 34 QPM contains 1.8-times more y-zein. Eight out of the thirteen
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Figure 2.1. Phenotypes of kernels from W64A normal (A1), QPM+ (modified normal) 1-
13 (A2-A4, B1-B4, C1-C4, and D1-D2), QPM (modified opaque2) Pool 34 (D3), and
W64A opaque2 (D4) maize genotypes. Kernels are shown in cross-section (top) and

longitudinal section (bottom).
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QPM+ inbreds contain 1.5-times more y-zein than W64A; all of them have significantly
more y-zein than W64A.

The presence of a wild-type O2 gene in QPM+ inbreds allows expression of a
number of genes encoding a-zeins, especially the 22-kD a-zeins (Kodrzycki ef al., 1989,
Schmidt et al, 1992) (Fig. 2.2 A). Most of the 13 QPM+ inbreds resemble W64A in
having high concentrations of 22- and 19-kD a-zeins (Fig. 2.3). With the exception of
QPM+ 3, which has nearly the same o-zein content as W64A, most of the QPM+ lines
contain approximately 12%-25% less a-zein protein than W64A. But while the total
quantity of o-zeins in the QPM+ lines is somewhat lower than W64A, it is nearly double
the Pool 34 QPM. A doubling of the a-zein content is consistent with restoration of the
02 mutation to wild type (Kodrzycki et al., 1989).

SDS-PAGE separation of the non-zein fraction from the 13 QPM+ lines revealed a
few qualitative differences in protein composition (Fig. 2.2 B). In addition to a-zein gene
transcription, O2 regulates expression of a gene encoding a RIP protein (b-32) (Lohmer ef
al., 1991; Bass et al., 1992). This protein is not detected in the non-zein fraction of Pool
34 QPM, but it is found in W64A and all 13 QPM+ lines (Fig 2.2 B). Another qualitative
difference between the parental genotypes is an 18-kD polypeptide, which is found only in
the Pool 34 QPM parent. This protein, whose function is unknown, is also present in
some of the QPM+ progeny (inbreds 5, 9, 11, and 12).

To estimate quantitative variation in non-zein proteins in the parents and progeny,

an ELISA was developed using a polyclonal antiserum against the non-zein fraction
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Figure 2.2. SDS-PAGE of total zeins (A) and non-zeins (B) extracted from endosperm
of W64A, Pool 34 and modified normal (QPM+) families (1-13). The protein loaded
onto each lane was from 1.5 mg of endosperm flour. Molecular weight standards (kD) are

indicated on the left side of each panel.
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(Habben ef al., 1993). Since this antiserum reacts with the major non-zein proteins in
W64A, and most of these are common with Pool 34 QPM, this procedure should provide
a rapid and sensitive estimate of the non-zein fraction. Based on this assay, using W64A
as standard for comparison, Pool 34 QPM contains approximately 75% more non-zein
protein per unit of flour (Fig. 2.4). As illustrated for representative inbreds, there is some
variation in the non-zein content among the QPM+ progeny, but these inbreds tend to
resemble W64A.

As an additional basis for comparing the protein content of the parents and
progeny, microKjeldahl assays were done to measure total protein and zein and non-zein
fractions. Data presented in Table 2.1 show W64A contains more protein per unit of flour
than Pool 34 QPM. This is mainly the result of a lower o-zein content in Pool 34 QPM,
resulting from the 02 mutation (see Fig. 2.3). Most of the QPM+ inbreds have a total
protein content intermediate between W64A and Pool 34 QPM. The only exception is
QPM+3, which has a protein content similar to W64A. The microKjeldahl analysis
revealed the non-zein fraction of most QPM+ inbreds is lower than either parent, although
inbreds 2 and 6 are exceptions.

The QPM+ kernels were not necessarily denser or harder than W64A kernels.
Kemel densities for W64A (1.418 g/cc), Pool 34 QPM (1.429 g/cc) and the 13 QPM+
inbreds (from 1.245 g/cc to 1.404 g/cc) were not statistically different (data not shown).
In contrast, kernel hardness, as measured with a Stenvert test, showed a broad range of
variation (Table 2.1). Perhaps surprisingly, kernels of Pool 34 QPM are harder than

W64A. Among the QPM+ inbreds, three statistically distinct groups differing in hardness
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Figure 2.3. Content of v- and a-zeins in W64A, Pool 34 and modified normal (QPM+)
families (1-13), measured by ELISA. The results indicated by the bars were normalized to

the inbred W64A. Lines on the top of the bars represent the standard deviations.
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were identified. The hardest group, with values comparable to Pool 34 QPM, includes
inbreds 3, S, 6, 7,9, 11, and 12. A second group includes inbreds 8 and 13, which have
hardness values comparable to W64A. The third group, inbreds 1, 4, and 10, are
somewhat softer than W64A. Seven of the 12 QPM+ inbreds analyzed by the Stenvert
test were significantly harder than W64A; however, all inbreds tested would be considered
to have a hard phenotype. Stenvert values well above 20 represent very hard endosperm
kernel types. For comparison, a recent study of 42 yellow food maize hybrids grown in
West Lafayette, IN, some of which were developed for hard kernel characteristics,
showed a range of Stenvert values from 11.0 to 19.1 (Darrah ef al., 1993).

The variation in zein content, especially o- and y-zeins, and the difference in non-
zein content affect the amino acid composition of the parents and QPM+ progeny.
Because of its high non-zein content, Pool 34 QPM has the highest percentage of lysine
(Table 2.2). With the exception of the inbreds QPM+ 2 and 6, the lysine content of all the
other QPM+ inbreds is lower than W64A. The concentrations of most other amino acids
in the QPM+ progeny are intermediate to the parental types. The reduction in glutamic
acid, proline and alanine, compared to W64A, reflects the reduction in a-zein protein in

QPM+ inbreds. The tryptophan content shows little variation between the parents and

progeny.
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DISCUSSION

There is variability in total protein, the content of specific storage proteins, and
hardness among the progeny inbreds developed from the W64A by Pool 34 QPM cross.
This heterogeneity reflects the fact that the recurrent parent, Pool 34 QPM, represents an
open pollinated population and consequently is genetically diverse. Nevertheless, the
traits measured were uniform for each QPM+ inbred line.

The identification and evaluation of 02 modifiers is traditionally done by crossing a
specific genotype to an 02 mutant, selfing, and assessing for the degree of vitreousness
among the F2 progeny. The biochemical parameters described here allow one to monitor
accumulation of modifier genes in wild-type genotypes without the need for systematic
crossing with an 02 mutant. The approach is based on the linkage between modifier gene
activity and enhanced synthesis of y-zein. In addition, by assaying the presence of the 32-
kD RIP and 22-kD a-zein proteins, O2 gene expression can be assessed. Specific 02
alleles can be determined by RFLP analysis. Geevers and Lake (1992) used a somewhat
similar approach to evaluate modified 02 lines.

In 02 mutants, the high concentration of y-zein endowed by 02 modifier genes is
directly related to an increase in vitreousness, density and hardness (Lopes and Larkins,
1991; Paulis ef al., 1993). However, in normal (O2) genotypes, this effect of the protein

is not obvious. High concentrations of y-zein in the QPM+ inbreds did not increase kernel



TABLE 2.1

Stenvert hardness and total protein, total zein and non-zein contents for

QPM+ families ¢
Genotypes Hardness® Total Protein® Zeins® Non-zeins® Res.
s) (% of flour) (% of flour) (% of flour)
W64A+ 243 B 129 A 79 B 1.8 B 0.67
QPM+ 1 19.5 C 92 D 5.7 D 16 C 048
QPM+2 * 100 c 71 B 19 B 0.43
QPM+3 284 A 129 A 8.7 A 1.7 B 0.46
QPM+ 4 20.2 C 9.7 D 6.1 D 17 B 0.39
QPM+5 259 A 9.4 D 58 D 1.5 C 046
QPM+6 289 A 109 B 77 B 2.1 A 0.46
QPM+7 263 A 10.7 B 73 B 1.6 C 048
QPM+ 8 235 B 102 ¢ 6.7 C 1.6 C 057
QPM+9 270 A 99 <c 67 C 14 C 030
QPM+ 10 223 C 96 D 5.7 D 13 C 0098
QPM+ 11 26.1 A 100 c 6.1 D 16 C 043
QPM+ 12 255 A 9.6 D 6.1 D 14 C 055
QPM+ 13 238 B 10.1 c 6.3 D 15 C 070
Pool 34 27.1 A 8.5 E 42 E 21A 0.55

a Average of two replications. Higher values represent harder kernels.
b Estimated by microKjeldahl. Average of two replications.

€ Means in the same column not followed by the same capital letter (A-E)
are significantly different by the test of Scott-Knott (P <0.05).
* Value not determined
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density, at least when compared to W64A. Furthermore, hardness was only weakly
correlated to y-zein content (r =0.40, P =0.098), suggesting other factors affecting
hardness segregate in these progeny lines. However, it is also possible there is a threshold
of density and hardness in normal endosperm above which it is no longer possible to
detect an effect of y-zein content.

Hardness of the QPM+ inbreds is highly correlated with a-zein content (r = 0.86,
P <0.0001). However, this too is not a simple relationship. All the QPM+ inbreds
contain less a-zein than W64A, and yet one third are harder. Furthermore, Pool 34 QPM
has one half the o-zein content of W64A and the QPM+ inbreds, but it has the highest
Stenvert value. The relationship between a-zein content and hardness, like that between
y-zein and hardness, is not simply quantitative. It has been reported that hardness is a
function of the ratio of vitreous to starchy endosperm, and that starchy endosperm
contains much less a-zein (Dombrink-Kurtzman and Bietz, 1993; Paulis ef al., 1993).
However, it is also possible a-zein content relates to hardness as a function of size and/or
number of protein bodies, which would also be expected to reflect the spatial pattern of «-
zein distribution.

Hardness among the QPM+ genotypes is also correlated with cysteine content
(r=0.67, P=0.0082). Since y-zein contains 7% cysteine (Prat ef al., 1985) and is a
major protein component of the endosperm, it is somewhat surprising there is such a weak
relationship between hardness and y-zein content (r =0.40, P =0.098). The correlation

between y-zein and cysteine content is r =0.57 (P =0.0199), suggesting there are other



TABLE 2.2
Amino-acid profile of QPM+ families 3

W64A+ QPM+ Pool 34
1 2 3 4 5 6 7 8 9 10 11 12 13
ASP 082 058 066 070 061 058 069 064 063 060 056 053 057 057 059
THR 045 033 037 043 034 034 039 039 037 036 032 030 034 034 033
SER 060 041 047 057 044 045 054 051 048 046 042 040 045 044 036
GLU 296 207 226 281 215 212 255 246 229 228 199 191 213 213 153
PRO 130 105 116 149 110 1.12 131 127 120 120 105 100 1.12 1,13 0098
GLY 035 029 034 037 030 030 038 033 033 033 029 030 030 030 037
ALA 116 079 088 107 082 082 102 093 087 087 077 077 080 082 054
CYS 025 023 025 033 024 025 031 028 027 028 023 023 025 024 030
VAL 064 049 055 063 051 048 058 053 053 051 047 045 048 050 046
MET 023 0.17 021 030 017 021 026 020 020 024 0.18 019 020 0.17 0.16
ILE 053 039 042 049 039 038 048 044 041 041 036 038 037 039 030
LEU 223 151 164 208 155 159 184 184 165 168 147 147 155 157 0097
TYR 0.52 033 038 047 035 036 043 041 036 040 031 033 036 036 027
PHE 079 054 059 071 055 055 066 065 058 058 051 051 053 055 039
HIS 035 032 034 041 034 031 037 036 036 033 030 029 032 033 036
LYS 022 020 023 019 020 0.18 022 0.18 021 0.18 0.18 0.18 0.18 0.18 027
ARG 044 035 040 042 037 035 042 039 038 038 033 031 035 035 044
TRP 006 005 006 006 006 005 006 006 006 006 005 006 005 005 0.08

4 Expressed in W/W%, on a flour basis

L
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major sources of cysteine-containing proteins. Nevertheless, the correlation between
cysteine and hardness lends support to the hypothesis that cross-linkage between cysteine-
containing proteins plays a role in kernel hardness (Lopes and Larkins, 1991).

It appears a-zein and y-zein synthesis are to some degree regulated independently.
This is supported by the magnitude of the correlation between a- and y-zein (r = 0.49,
P =0.0432). Although there is variation in o-zein content among the QPM+ inbreds,
three of them, QPM+ 2, 3, and 9 have high levels of both a-zein and y-zein. A non-o02
version of Pool 34 QPM to compare the a-zein content of the QPM+ inbreds is not
available; however, assuming it would be approximately double of Pool 34 QPM, and
nearly the same as W64A, then three of the inbreds have near maximal amounts of both a-
and y-zein.

Most of the QPM+ inbreds contain reduced amounts of non-zein protein compared
to Pool 34 QPM. Since these proteins are the primary source of lysine (r=0.82,
P <0.0001), the smaller content of non-zeins results in a depression of the lysine
percentage. Nevertheless, it does appear there is genetic variability in non-zein content,
and this segregates independently of both a- and y-zein. This demonstrates selection for a
vitreous phenotype, or y-zein content alone, will not insure a high lysine content in QPM
materials.

These results suggest that an ELISA for non-zeins using antibodies against these
proteins (Habben ef al., 1993) may be suitable for genetic selection to increase lysine

content. Lysine estimates based on the ELISA show high correlation with measurements
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obtained by amino acid analysis (r = 0.75, P =0.0148). But while the complex antiserum
recognized most of the abundant non-zeins (Habben et al., 1993), the correlation between
the ELISA estimates and the microKjeldahl measurements of non-zeins is weak (r = 0.50,
P =0.1045). Perhaps the conditions used for this assay did not allow equivalent binding
of all non-zein proteins to the ELISA plate. This would not be surprising, since the non-
zeins are a highly complex group of proteins. Considering the correlation with absolute
lysine content, it is nevertheless clear a considerable portion of the protein that contributes
to the lysine content is recognized. The genetic base of this analysis is being expanded to
evaluate the efficiency of this method.

In summary, the expression of 02 modifier genes in normal backgrounds leads to
enhanced synthesis of y-zein proteins. To an extent, this increases the proportion of
vitreous endosperm and affects hardness. However, the modifier genes, per se, do not

increase the nutritional quality of wild type endosperm.
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CHAPTER 3
DUPLICATED y-ZEIN LOCUS IS NOT REQUIRED FOR MODIFICATION OF

opaque2 ENDOSPERM

INTRODUCTION

The soft, chalky endosperm associated with the maize opaque2 (02) mutation
makes the kernel less dense and more susceptible to mechanical damage and insect pests
(Glover and Mertz, 1987). Although kernels from 02 genotypes generally have a
considerably higher content of the essential amino acid lysine, the effects of the mutation
on the physical properties of the endosperm prevented the wide utilization of 02 to
improve the nutritional quality of maize. The identification of modifier genes able to
overcome the negative effects of 02 (Paez et al., 1969) led to the development of modified
o2 genotypes, designated Quality Protein Maize (QPM) (Villegas et al., 1992; Gevers and
Lake, 1992). QPM kernels have the hardness and vitreousness of normal genotypes, while
keeping the enhanced lysine content of 02 mutants.

Activity of 02 modifier genes is associated with an increased accumulation of the
27-kD y-zein protein in the endosperm. QPM genotypes have in general two- to three-
times more y-zein than soft 02 mutants (Wallace et al., 1990). Comparison of the y-zein
content in soft 02, modified 02 and their reciprocal F1 crosses indicated that the pattern of

accumulation of this protein depends on the dosage of modifier genes (Lopes and Larkins,
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1991; Geetha et al., 1991). Biochemical analyses of recombinant inbred lines derived
from crosses between modified 02 and soft 02 genotypes also showed a high correlation
between the degree of endosperm modification (vitreousness) and the accumulation of the
y-zein storage protein (Lopes and Larkins, 1995).

Phenotypic analysis of segregating populations from crosses between soft 02 and
modified 02 genotypes indicated the existence of two independent modifier genes (Lopes
and Larkins, 1995). Efforts to map the modifiers using restriction fragment length
polymorphism (RFLP) also identified two loci, both on the long arm of chromosome 7:
one maps to the distal end, near the telomere, while the second is tightly linked to the y-
zein locus, close to the centrome (Lopes ez al., 1995). A mutation with properties of a
defective 02 modifier was also identified. This mutation, designated opaquel5 (o!l5),
maps near the telomere of chromosome 7L, coincident with an 02 modifier locus
(Dannenhoffer et al., 1995). Based on the close linkage between the second modifier and
the y-zein locus and the high correlation between the activity of the modifier genes and the
content of y-zein protein, it has been suggested that the y-zein gene could itself be a
modifier (Lopes et al., 1995).

The y-zein locus can occur in two alternative forms that contain one (rA allele) or
two y-zein genes (AB allele) (Das ez al., 1990). Soft 02 materials homozygous for either
rA or AB alleles have been identified. ~However, of 33 modified 02 genotypes
characterized to date, all were homozygous for the AB allele. Analysis of the F2

generation from a cross between the soft 02 inbred W64Ao02, which is homozygous rA/rA,
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and the modified 02 genotype Pool 33 QPM, which is homozygous AB/AB, revealed that
30 plants that bred true for vitreous (modified) endosperm were homozyogus AB/AB.
Furthermore, in recombinant inbred lines derived from this cross, the degree of endosperm
modification segregated with the AB allele (Lopes et al., 1995). Taken together, these
results suggest that the AB form of the y-zein locus is necessary, although not sufficient,
for endosperm modification. The presence of two y-zein genes would be consistent with
the increased concentration of y-zein protein observed in modified 02 genotypes.
Alternatively, a modifier gene could be linked to the AB allele of the y-zein locus and no
recombination was detected. In this case, factors other that the duplication of the y-zein
locus would be playing a significant role in the process of endosperm modification.

In this chapter, evidence is presented indicating that the AB y-zein allele is not
required to promote the formation of vitreous endosperm in 02 genotypes. An o2 plant,
which kernels have high levels of y-zein in the endosperm and develop a vitreous
phenotype, is shown to be homozygous rA/rA at the y-zein locus. In addition, data are
presented suggesting that a modifier gene is tightly linked to the y-zein locus, in a position

distal from the centromere.
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MATERIAL AND METHODS

Plant Materials and Genealogy

Maize plants were grown at the University of Arizona Research Farm in Tucson,
AZ, between 1993 and 1995, and the basic pedigree of each generation is shown in Figure
3.1. The South-African QPM line, KO326Y (AB y-zein allele), was crossed to W64A02
(rA y-zein allele). Thirty F1 plants were selfed and their seeds examined with a light box
to determine the degree of modification. Approximately 150 F2 plants originating from
seeds showing a vitreous phenotype were selfed to verify the modified genotype. Twenty
seven of these plants bred true and showed no segregation for starchy endosperm. RFLP
analysis of the allelic composition of the y-zein locus revealed that 26 of these plants were
homozygous for the AB allele (AB/AB), while one, F2-MODS8, was heterozygous
(rA/AB). Three of sixteen plants descended from F2-MOD8 were homozygous for the rA
allele (rA/rA). Seeds were recovered from one of them, F3-MOD8.9, and again no
segregation for endosperm modification was observed. F3-MODS8.9 kernels were
separated into embryo and endosperm. Embryos were used for genotyping the y-zein

locus in the F4 generation, while the endosperm was used for protein characterization.
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Figure 3.1. Pedigree, endosperm phenotype and allelic composition for the y-zein locus in

KO326Y, W64A02, F2-MODS8, F3-MODS.9, and 15 F4-MOD8.9 plants.
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RFLP analyses

Genomic DNA was isolated from lyophilized leaf tissue according to Taylor and
Powell (1982). Embryos from the F4 seeds were germinated in Murashige and Skoog
medium (1962) and the developing seedlings transferred to soil in order to generate
enough leaf material for analysis. Approximately 15 pg of DNA was digested with the
appropriate restriction enzyme, separated in a 0.8% (wt/vol) agarose gel and transferred to
a nylon membrane (Kreike et al., 1990). For probe labeling, plasmid inserts were
amplified by PCR with incorporation of digoxigenin-dUTP following the protocol of
McCreery and Helentjaris (1994a). Pre-hybridization, hybridization and chemiluminescent
detection of DNA were performed as previously described (McCreery and Helentjaris
(1994b). Orientation of the modifier gene in relation to the y-zein locus was performed by
analyzing the RFLP pattern of KO326Y, W64A02 and F3-MOD8.9 plants with probes

that are linked to the y-zein locus (Maize Genetic Database).

Protein Extraction, SDS-PAGE and y-zein ELISA

Kernels were allowed to dry at room temperature, and the endosperms were hand
separated from the embryo and then pulverized to a fine flour using a ball mill. Protein
was extracted from equal amounts of endosperm flour, with subsequent separation of the

zein fraction as described by Wallace ez al. (1990). SDS-PAGE separation of the zein
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proteins followed the procedure of Fling and Gregerson (1986). Quantification of vy-
zein protein was done by ELISA, essentially as described in Chapter 2. The range of
protein concentrations chosen for this analysis was such that the relationship of
absorbance vs. relative antigen content was approximately linear; a regression analysis was
performed. Since the slope of the regression is proportional to the antigen content, this
value was used as a measurement of the relative protein content. Results reported are the

average of three measurements.

RESULTS

The pedigree, phenotypic description and allelic composition for the y-zein locus
of the genotypes in this study are presented in Fig. 3.1. In the F2 generation of a cross
between W64A02 and the modified 02 inbred KO326Y, 27 plants with kernels showing an
exclusively vitreous endosperm phenotype were identified. Because it was previously
demonstrated that the AB y-zein locus is associated with endosperm modification (Lopes
et al., 1995), y-zein gene specific probes were used in an RFLP analysis to investigate the
allelic composition of the y-zein locus in the 27 F2 plants (data not shown) and their
parents (Fig. 3.4). This analysis revealed that the modified 02 parent, KO326Y, is
homozygous AB/AB, while the starchy endosperm 02 parent, W64Ao02, is homozygous

rA/rA. Among the 27 F2 plants, 26 are homozygous AB/AB, similar to KO326Y, but one
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F2 plant, F2-MODS, is heterozygous (AB/rA) for the y-zein locus (Fig. 3.4). No
segregation for endosperm modification was observed among the F2-MODS8 seeds (Fig.
3.2). SDS-PAGE of the zein proteins for 5 of these kernels showed a sharp reduction in
the accumulation of the 22-kD a-zein protein (data not shown), typical for 02 mutants
(Kodrzycki et al., 1989; Lohmer et al., 1991). This analysis ruled out the possibility that
the vitreous phenotype resulted from contamination of normal pollen (P = 0.999). F3
plants originated from the selfing of F2-MOD8 segregated for the y-zein locus. A
homozygous rA/rA F3 plant, designated F3-MODS8.9, was selfed and the embryo and the
endosperm of its kemnels were characterized for y-zein allelic composition and protein
content, respectively.

The phenotype of W64A02, KO326Y, F2-MOD8 and F3-MOD8.9 kernels, when
observed on a light box, is shown in Fig. 3.2. The starchy endosperm of typical o2
mutants prevents the transmission of light, resulting in the opaque phenotype observed in
W64A02 kernels. In contrast, modified 02 genotypes, such as KO326Y, have a horny,
vitreous endosperm which allows transmission of light, similar to normal kernels. Despite
the presence of an rA y-zein locus in F2-MOD8 (AB/rA) and F3-MODS8.9 (rA/rA) (Fig.
3.4), there was no evidence of segregation for starchy endosperm among kernels from
these plants.

To verify the presence of the 02 mutation in F3-MOD8.9 and eliminate the
possibility of contamination by normal (non-mutant) pollen, kernels from this plant were

biochemically and genetically characterized. SDS-PAGE analysis of the zein protein in
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the endosperm of ten F4-MODB8.9 kernels confirmed reduced accumulation of the 22-kD
a-zein protein (Fig. 3.3), consistent with the weil documented phenotype of 02 mutants
(Geetha et al., 1991; Or et al., 1993; Schmidt, 1993, Dannenhoffer er al., 1995). The
zein profile of the kernels is very similar to KO326Y. RFLP analysis of genomic DNA
using an O2-specific probe revealed that F3-MOD8.9 has a pattern identical to W64A02
(data not shown). These observations indicate that F3-MOD8.9 has an 02 gene, and that
its vitreous phenotype is caused by the action of 02 modifiers.

The y-zein locus of F3-MOD8.9 and its progeny was characterized by genomic
DNA blot analysis. Genomic DNA from KO326Y, W64A02, F1 (KO326Y x W64A02),
F2-MODS8, F3-MOD8.9 and 10 F4 plants (F4-MOD8.9.1-10) was digested with HindlIl
and probed with a S’-end y-zein specific sequence. The hybridization pattern for
W64A02, F3-MOD8.9 and the F4 plants yielded a single RFLP, indicating the
homozygous rA/rA genotype (Lopes, 1993). In contrast, two higher molecular weight
DNA bands were observed in KO326Y, typical of homozygous AB/AB plants.
Consistently, heterozygous plants, F1 (KO326Y x W64A02) and F2-MODS8, showed all
three bands. The use of different restriction enzymes as well as a 3’ y-zein probe
produced similar results (data not shown).

In addition to a vitreous endosperm, modified 02 genotypes generally show an
increased accumulation of the 27-kD y-zein protein (Wallace et al., 1990). Therefore,
higher levels of this protein would be expected in the endosperm of F3-MOD8.9 seeds.

To test this, an ELISA with y-zein polyclonal antibodies was used to estimate the relative
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level of y-zein protein in the endosperms of 15 individual F4 kernels, as well as the original
parents (Fig. 3.5). Relative to W64A02, KO326Y has 1.8-times more y-zein, while the
F4-MOD8.9 kernels have on average 1.5-times more y-zein. All the F4 kernels have
significantly more y-zein than W64Ao02 (range 1.4 to 1.7-times the level of W64A02) and
some of them have y-zein levels comparable to KO326Y.

The linkage disequilibrium in the F2 segregation suggests the presence of a
modifier gene closely linked to the y-zein locus. Characterization of the the allelic
composition in the chromosomic region surrounding the y-zein gene in F3-MOD8.9 and
comparison with the parents, W64A02 and KO326Y, would help to more precisely map
the position of the modifier gene linked to the y-zein locus. Some probes that are linked
to the y-zein locus have already been used. F3-MOD8.9 has the O2 locus of W64Ao02 and
the umc116 locus of KO326Y (Fig. 3.6). Other probes are now being tested to obtain a

more precise genomic map of this region of chromosome 7 in F3-MOD8.9.

DISCUSSION

It has been previously suggested the AB allele of the y-zein locus is necessary but
not sufficient for development of a vitreous endosperm in 02 genotypes (Lopes et al.,
1995). The AB locus segregates with endosperm modification and all the modified 02
genotypes so far characterized contain this type of locus (Lopes et al., 1995). This

hypothesis is consistent with the increased content of y-zein in modified 02 materials
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(Wallace et al., 1990; Lopes and Larkins, 1991; Lopes and Larkins, 1995). The AB locus
contains two y-zein genes (Das et al.,, 1990), and therefore higher levels of gene
expression would be expected. However, from a cross between a modified 02 (K0O326Y)
and a starchy 02 (W64A02) inbred, a plant (F3-MOD8.9) was obtained which is
homozygous rA for the y-zein locus (Fig. 3.4), but still produces kernels that visually (Fig.
3.2) and biochemically (Fig. 3.5) resemble modified 02 kernels. Taken together with the
linkage disequilibrium observed among the 27 F2 plants, these data clearly indicate that a
modifier gene is closely linked to the y-zein locus, but that the AB allele of the y-zein locus
is not required for endosperm modification.

The increased content of y-zein observed in the endosperm of F4-MOD8.9 kernels
reinforces the idea that this protein plays an important role in the process of endosperm
modification. However, it seems that the higher level of y-zein is not dependent on the
presence of a second y-zein gene. The endosperm of F4-MODB8.9 kernels has on average
86% the level of y-zein observed in KO326Y, while W64A02 has only 56%. Since the
genetic background of KO326Y and F3-MOD8.9 is not exactly the same, it is not clear if
the net 14% reduction of y-zein content in F4 kernels is due exclusively to the absence of a
second y-zein gene. Nevertheless, some of the F4 kernels have as much y-zein in the
endosperm as the KO326Y parent. Therefore, at least 70% of the difference in y-zein
content between K0326Y and W64Ao02 can be explained by factors other than the

presence of a second y-zein gene.
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Chromosome 7
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Figure 3.6. Characterization of the allelic composition of the centromeric region of maize
chromosome 7 in W64A02, KO326Y and F3-MOD8.9. Loci analyzed are identified on the

left side. For each locus, K and W indicate alleles from W64A02 and K0326Y,

respectively.
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These data also suggest that the y-zein locus, per se, cannot be considered an 02
modifier, as previously suggested (Lopes et al., 1995). Although it is possible that a
novel rearrangement produced a new rA y-zein allele in F3-MODS8.9, which would drive
higher levels of gene expression, this seems unlikely. Extensive analysis in F3-MODS.9
using probes for both the 5’ and 3’ ends of the y-zein gene always generated a RFLP
pattern similar to that of W64Ao02 (data not shown), suggesting no significant change in
gene structure from the original W64A02 rA allele. The increased accumulation of y-zein
protein in this rA-modified 02 genotypes is, therefore, a function of other factors that
interact with the y-zein gene and/or message.

A more precise map location of the modifier gene linked to the y-zein locus can be
obtained by extending the RFLP analysis of chromosome 7 in F3-MQODS8.9, but the
identity and precise mode of action of this modifier remains elusive. It is clear that this
element alone is not sufficient to direct the higher level of y-zein synthesis observed in
modified 02 genotypes. At least one additional modifier gene has been mapped to the end
of the long arm of chromosome 7, near the telomere (Lopes er al., 1995; Dannenhoffer ez
al., 1995). How the gene products of these two loci interact, as well as how they relate
to y-zein gene expression, is unknown. It is possible that the modifier near the y-zein
locus is a cis-acting element that somehow enhances the expression of the y-zein gene.
However the proportion of recombination in the F2 suggests a large physical distance
between the modifier and the y-zein genes, especially because they are located in a region

close to the centromere. Therefore, a frans- mode of action seems to be more likely.



92

The characterization of the region surrounding the y-zein locus in F3-MOD8.9
(Fig. 3.6) is still at a preliminary stage. More probes need to be tested to produce a
thorough picture of the allelic composition for the loct in this area. This should lead to the
identification of molecular markers that flank the modifier gene, considerably narrowing
the chromosomal region that must be analyzed. Eventually, this information may help
with the positional cloning of this gene or the identification of a y-zein deficient mutant
that corresponds to a defective modifier gene. The data so far available (Fig. 3.6) suggest
a crossover occurred between the y-zein locus and the umcl16, breaking the linkage
between the AB y-zein locus and the modifier gene. Therefore, the modifier gene would
be found close to the y-zein locus in a position distal from the centromere.

The identification of a modified 02 genotype with a single y-zein gene (rA locus)
also has practical implications. Modified 02 genotypes can become somatically unstable,
showing patches of opaque endosperm (see Fig. 1.6). This is one reason for the poor
acceptance among farmers of modified 02 genotypes. The duplicated AB y-zein locus has
been shown to be somatically unstable (Das et al., 1990; Das et al., 1991). It is possible
the starchy sectors that eventually develop in QPM are associated with somatic
recombination of the y-zein locus, with the consequent loss of the modifier gene in certain
endosperm cell lineages. If this is the case, the presence of a single y-zein gene might
stabilize this region and suppress or reduce the degree of somatic recombination. The
utilization of rA-modified 02 genotypes, however, depends on more complete analysis of

their biochemical properties to verify if other changes occur in relation to the original
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modified 02 genotypes. Special attention should be given to the nutritional quality of
these genotypes. Although the reguiation of endosperm modification seems to be
independent of the accumulation of lysine-containing proteins in the endosperm, it is still

not known if this is the case in this rA-modified 02 genotypes.
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CHAPTER 4
ELONGATION FACTOR-1a IS HIGHLY CORRELATED WITH THE LYSINE

CONTENT OF MAIZE ENDOSPERM

INTRODUCTION

Cereal grains provide 50% of the dietary protein for humans and can comprise
70% of the protein intake for people in developing countries (Deutscher, 1978).
Unfortunately, the most abundant proteins in cereals, the storage proteins or prolamins,
are devoid of several amino acids essential for monogastric animals. The most limiting of
these is lysine (Nelson, 1969). Discovery that mutations such as opaque2 (02) and
Sfloury2 (f12) in maize (Mertz et al., 1964; Nelson et al., 1965), Hiproly in barley (Munck
et al., 1970), and Al in sorghum (Singh and Axtell, 1973) decrease prolamin synthesis and
increase the lysine content of the grain raised hopes for creating cereals with more
nutritionally balanced proteins (Glover and Mertz, 1987). However, the soft, starchy
endosperm of these mutants, combined with reduced yields, prevented their development
into agronomically important cultivars (Mertz, 1992). Modifier genes have been
introgressed into 02 genotypes (called modified 02, or Quality Protein Maize) to
overcome these negative agronomic traits (Villegas et al., 1992), but the lysine content in
modified 02 mutants still needs to be increased to meet the FAO standard (FAO/WHO,

1985).
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The mechanism responsible for the increased lysine content of 02 and f12 maize is
not understood. The Opaque?2 gene has been shown to encode a transcription factor that
regulates expression of genes encoding the o-zein prolamin proteins (Schmidt ez al.,
1990) and a ribosome inactivating protein (Bass et al., 1992), whereas fI2 appears to
correspond to a mutant a-zein protein that retains its signal peptide (Lopes et al., 1994;
Coleman et al., 1995). These mutations cause a decrease in zein synthesis and an increase
in the accumulation of a number of other endosperm proteins (non-zeins). Because zeins
do not contain lysine (Shotwell and Larkins, 1989), all the protein-bound lysine comes
from the non-zein fraction. Hence, the reduction in zein synthesis and the increased
synthesis of non-zein proteins both contribute to the enhanced percent of lysine in grain
protein (Habben et al., 1993).
To investigate the basis for the pleiotropic increase in lysine-containing proteins in
02 maize, genes whose expression is increased in this mutant were identified (Habben et
al., 1993). Elongation factor-1a (EF-1ct) was found to be one of several mRNAs whose
level is significantly increased in the endosperm of W64Ao02 compared to its normal
counterpart. EF-la is a lysine-rich protein (10% lys) that binds aminoacyl-tRNAs to the
ribosome. It is a highly abundant protein in eukaryotes (Merrick, 1992; Browning et al.,
1990), making it a potential contributor to the increased lysine content in 02. In
characterizing this protein, it was found that the concentration of EF-la is remarkably

predictive of the total lysine content of maize and other cereal grains.
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MATERIALS AND METHODS

Plant Materials

The maize (Zea mays L.) genotypes Mo17, B73, W64A, and Tuxpefio were grown
in Tucson, AZ in 1992, and the Pioneer inbreds were raised in Johnston, [A in 1993. The
sorghum [Sorghum bicolor (L.) Moench] genotypes were grown in the Banderas Valley,
Mexico in 1992, while the barley (Hordeum vuigare L.) was grown in Denmark in 1994,
W64A02 developing kernels used for the two-dimensional PAGE analysis were harvested
at 28 days after pollination, frozen in liquid nitrogen, and stored at -80°C. Mature kernels
were harvested after physiological maturity and air dried. For analysis of endosperm

tissue, the embryo, and scutellum were removed by hand dissection.

Extraction and Analysis of Non-Zein Proteins by SDS-PAGE

Non-zein proteins were extracted from endosperm of W64A+ and W64Ao02 and
analyzed by SDS-PAGE (12.5% acrylamide) as previously described (Habben et al.,

1993).
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Immunoblotting and Detection of Non-Zein Proteins

Non-zein proteins were separated by SDS-PAGE (as described above) and blotted
onto nitrocellulose paper using the Trans-Blot SD Semi-Dry Transfer Cell (BIO-RAD,
Hercules, CA). The positions of protein bands were determined by staining with Ponceau
S dye (Sambrook er al., 1989). The proteins were reacted with either EF-1ct (1:2000),
elongation factor-2 (EF-2) (1:1000), or sucrose synthase (Sh1) (1:1000) antisera followed

by reaction with a secondary antibody as described by Habben et al. (1993).

Two-dimensional Analysis of Non-Zein Proteins

Non-zein proteins were extracted as described previously and analyzed by two-
dimensional SDS-PAGE (Barent and Elthon, 1992). Ampholytes in the isoelectric
focusing gels were pH 3.5 to 10, or a 1:1:2 ratio of pH 3.5-10, pH 5-7, and pH 9-11,
respectively. The second dimension gel contained 12.5% acrylamide. Gels were stained
with Coomassie blue or blotted onto nitrocellulose and reacted with either EF-1c or Shl

antibodies as described above.
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Development of EF-1a Fusion Protein and Antisera

An EF-la ¢cDNA clone (pSCO4H09) was obtained from a maize endosperm
cDNA library (Shen ef al., 1994). This clone does not represent a full-length mRNA;
rather, it encodes approximately the carboxyterminal half of the protein. To identify the
protein encoded by this mRNA sequence, the cDNA was subcloned into a bacterial
expression vector. The cDNA insert was excised using the restriction enzymes Eco R1
and Hind I and subcloned into the plasmid pRSET C (Invitrogen, San Diego). After
transformation into E. coli strain BL21(DE3), the fusion protein was induced with | mM
I[PTG (Gold Biotechnology, St. Louis) as described by Sambrook er al. (1989). The
fusion protein was analyzed by SDS-PAGE and immunoblotting as described above.

Antiserum against this protein was made by Bethyl Laboratories (Montgomery, TX).

Determination of Protein and Lysine Content

To assess the genetic variation in the lysine and protein content of maize
endosperm tissue, total protein, zein, and non-zein fractions were prepared (Wallace et
al., 1990). The amount of protein in each fraction was determined by microKjeldahl
analysis (AACC, 1983); N was converted to protein using the factor 5.7. The presence of

SDS did not interfere with N determination.
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Amino acid analyses of endosperm tissue from maize, barley, and sorghum were
performed at the University of Missouri Experiment Station Chemical Laboratories. The
lysine content was determined following acid hydrolysis of the tissue (AOAC, 1990).
Separation of amino acids was with a Beckman 6300 Amino Acid Analyzer equipped with
a high performance cation exchange resin column, and amino acid detection was
accomplished with post-column ninhydrin derivation. Norleucine was used as the internal

standard.

ELISA Determination of EF-1a.

For ELISA of endosperm proteins, protein extraction was performed as described
by Wallace et al.(1990). Proteins solubilized in the extraction buffer were diluted 1000-
fold with carbonate coating buffer (Clark ez al., 1986) and then further diluted in the wells
of an ELISA plate (Immulon2, Dynatech). Alternatively, the proteins were fractionated
into zeins and non-zeins and the non-zein pellet was resuspended in 1 mL of 0.1 N NaOH,
1% SDS and then diluted as described above. Either method gave similar results. The
plates were incubated overnight at 4°C to allow adhesion of the protein. Subsequently,
excess antigen was removed, the wells washed with TTBS (25 mM Tris-HCl, pH 7.5,
09% NaCl, and 0.05% Tween 20) and either EF-la, EF-2, Shl, or ADPG
pyrophosphorylase antisera (diluted 1:1000 in TTBS) added. The reactions were

incubated for 2 hr at room temperature. After the primary antibody was removed, the
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wells were washed twice with TTBS and the secondary antibody, conjugated to alkaline
phosphatase (diluted 1:4000 in TTBS), added and allowed to bind for two hrs. After the
secondary antibody was removed, the wells were washed twice with TTBS and alkaline
phosphatase substrate, diluted in diethanoloamine substrate buffer (Clark et al., 1986),
was added. The color was allowed to develop for 1 hr and the absorbance was read at
410 nm. The range of protein concentrations chosen for the ELISA was such that the
relationship of absorbance vs. relative antigen content was linear as determined by
regression analysis. The regression equations were always significant (F test, P <0.01)
and had an * greater than 0.90. Results are the average of three independent protein

extractions in which two ELISA measurements were taken for each extraction.

RESULTS

Maize endosperm proteins can be divided into two types: the alcohol-soluble
storage proteins, zeins, and the remaining proteins, or non-zeins. Zeins typically account
for 50% to 70% of the endosperm protein, and because they are devoid of lysine, they
decrease the percent of this essential amino acid in endosperm protein. The data in Table
4.1 illustrate some of the variability that exists among different normal and 02 maize
genotypes in the amount of total protein, zein and non-zein proteins, and the percent of
lysine in the endosperm. For these genotypes, protein concentration ranges from 5% to
12% and lysine, as a percent of flour, ranges from 0.1% to 0.4%. In general, the 02

mutation reduces the amount of zein protein and increases the amount of non-zein protein,



Table 4.1

Protein and lysine levels in normal genotypes and 02 mutants of maize.
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Mol7 B73 Tuxpeno W64A
e+ 02 + 02 mo2* + 02
Protein 84 80 7.1 54 110 6.6 93 11.7 97
(mg/100 mg flour)
Zeins 52 45 46 24 75 S51 4.1 80 50
(mg/100 mg flour)
Non-zeins 1.7 24 16 25 1.7 28 34 1.8 3.1
(mg/100 mg flour)
Lysine 1.8 22 1.7 32 1.0 40 27 1.8 3.8
{mg/100 mg protein)
Lysine 0.1 02 0.1 0.2 0.1 03 03 02 04
(mg/100 mg flour)
Lysine 87 16 73 6.9 6.3 92 74 11.7 12.0

(mg/100 mg non-zeins)

Proteins were extracted from endosperm tissue of mature kernels and fractionated

into zein and non-zein proteins.

The protein fractions were measured by

microKjeldahl analysis and the lysine levels were determined with an amino acid

analyzer.

* + = normal genotype

To2= opaque?2 genotype

* mo2 = modified opaque?2 genotype
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but this varies depending on the genetic background. Differences in the content of non-
zein proteins significantly affect the percent of lysine in the flour, but this value is also
influenced by the percent of lysine in the non-zein fraction.

Genotypes with similar levels of non-zeins, but with considerable difference in
lysine content can be identified (eg. W64A+ x B73+). This implies that specific lysine-rich
proteins account for a significant proportion of the variability in lysine content. Since
transcripts encoding the lysine-rich protein EF-lo are increased two-fold in W64A02
compared to W64A+ (Habben et al., 1993), this protein was selected for further
characterization.

To identify EF-1ct, the protein was synthesized using a cDNA clone from maize
endosperm and a bacterial expression vector. The truncated fusion protein, as well as an
E. coli protein (presumably EF-Tu), cross-reacted with an antiserum raised against the
maize EF-lo (Fig. 4.1A). This antiserum, as well as EF-la antibodies made against the
protein from wheat (Browning et al., 1990) and tobacco (Zhu ez al., 1994) cross-reacted
with a major 54-kDa polypeptide in the non-zein fraction from endosperm of W64A+ and
02 (Fig. 4.1B). Based on staining of the protein on immunoblots, there appeared to be
nearly twice as much EF-la in the 02 mutant compared to the normal genotype. The
complexity of the 54-kD band was examined by two-dimensional SDS-PAGE using an
isoelectric gradient between pH 3.5 and 10. In this pH range, most of the non-zein
proteins were well separated and the 54-kD band resolved into multiple protein spots.

However, sucrose synthase did not focus (Fig. 4.2A), and based upon immunoblotting,



103
Figure 4.1. Immunodetection of EF-la. A. SDS-PAGE and immunoblot analysis of the
EF-la fusion protein. Lane 1, Coomassie-blue stained gel of proteins extracted from
induced E. coli; Lane 2, Immunoblot with EF-1c. antiserum showing cross reactivity with
a 27-kDa fusion protein and with a 51-kDa protein, presumably the bacterial EF-1a (EF-
Tu). B. SDS-PAGE and immunoblot analysis of EF-1c from maize endosperm. Lane 1,
Immunoblot with maize EF-la antiserum showing cross reactivity with a polypeptide
band of 54-kDa. Lanes 2 and 3, Coomassie-blue stained proteins of W64A+ non-zeins
and W64A02 non-zeins, respectively. The migration of elongation factor-la (EF-1a),
elongation factor-2 (EF-2), and sucrose synthase (Shl) was determined by

immunoblotting analysis.
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EF-1a was streaked across the gel (data not shown). Nevertheless, when a more alkaline
pH gradient was used, most of the EF-la cross-reacting protein resolved into a single
spot with a pl of approximately 9.5 (Fig. 4.2B), consistent with the value reported by
others (Merrick, 1992).

To more accurately measure EF-1a in maize endosperm, an ELISA was developed
using an antiserum against this protein. Initially, three inbreds (W64A, B73 and Mo17)
and their isogenic 02 counterparts were analyzed, as well as the open-pollinated
populations Tuxpeno, Tuxpeno 02, and Tuxpeno modified 02, which were developed in
the Quality Protein Maize program at CEIMMYT (Villegas ez al., 1992). This analysis
revealed a two-fold increase in EF-1a in W64A02, Tuxpeno 02 and Tuxpeno modified 02,
relative to their normal counterparts (Fig. 4.3). There is a small, but significant increase in
EF-1a in B7302 compared to B73+, but no difference in the amount of this protein in
Mol17+ and Mol702. Thus, the specific increase in EF-1o varies among normal and 02
genotypes.

The lysine content in the endosperm of these nine normal and 02 genotypes was
determined and related to the EF-1o. concentration. These data revealed nearly a four-
fold range of variation in the lysine content among these genotypes and a remarkable
relationship (*= 0.91) between lysine and EF-1a concentration (Fig. 4.4A). The highest
level of EF-1c was in the 02 mutants, but the 02 mutation did not consistently increase the
lysine content (e.g., Mo17+ and Mo1702). To extend this analysis, lysine and EF-1a was

also measured in a number of normal maize inbreds developed by Pioneer Hi-Bred.
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Figure 4.2. Two-dimensional SDS-PAGE of non-zein proteins from developing
endosperm of W64Ao02. A. Coomassie-blue stained gel of proteins separated with a pH
gradient from 3.5 to 10. The migration of elongation factor-la. (EF-1c) and sucrose
synthase (Shl) was determined by immunoblotting analysis. In this range, most of the
non-zein proteins were well resolved; however, sucrose synthase and EF-1a did not focus.
B. Immunoblot showing separation of EF-1a using a 1:1:2 ratio of pH 3.5-10, pH 5-7,

and pH 9-11, respectively.
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These results showed approximately a two-fold variation in lysine content and a nearly
identical (= 0.89) relationship between lysine and EF-1o. concentration (Fig. 4.4B).

The high correlation between EF-lo and lysine concentration is not fortuitous.
Comparison of the concentrations of three other proteins with lysine content, using the
genotypes shown in Fig. 4.4A, yielded a much poorer relationship. The concentration of
elongation factor-2 (EF-2), another abundant protein (Fig. 4.1B) involved in polypeptide
chain elongation, showed no correlation with lysine content (r* = 0.07). Sucrose synthase,
a major endosperm protein (Fig. 4.1B) involved in carbohydrate biosynthesis, had a higher
correlation with lysine content (r* = 0.57), but the relationship was still considerably less
than that of EF-la (Fig. 4.4A). There was also a poor correlation (r* = 0.21) between
lysine content and the concentration of ADP-glucose pyrophosphorylase, a carbohydrate
biosynthetic enzyme found at low levels in the endosperm.

Because of the surprising relationship between EF-lo and the lysine content in
maize endosperm, this analysis was extended to two other cereals, barley and sorghum,
which also have considerable genetic variability in lysine content. Among the barley
genotypes tested, there was a two-fold range in the concentration of lysine in the
endosperm flour, and a moderate correlation (= 0.60) between total lysine content and
the concentration of EF-1a (Fig. 4.5A). The data for sorghum genotypes were even more
striking. In this case, the concentration of lysine varied more than two-fold and the
coefficient of determination between EF-la. and lysine concentration (r* = 0.96) (Fig.

4.5B) was even greater than that of maize (Fig. 4.4).
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Figure 4.3. Quantitation of EF-lat in mature endosperm tissue from nine maize
genotypes. Mol7, B73, and W64A are inbreds lines; Tuxpeno is an open-pollinated
population. + = Normal, 02 = opaque2; mo2 = modified opaque2. EF-la concentration
was determined by an ELISA.  Each bar represents the mean of three independent
extractions and analyses. The error bars are the SD of the mean. All measurements were
standardized against the genotype with the lowest ELISA value (B73+), which was

arbitrarily set to 1.0.
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DISCUSSION

The high correlation between EF-1a and lysine content in cereal endosperm must
reflect an association of this protein synthesis factor with other lysine-rich proteins,
because EF-la itself can contribute only a small percent of the total endosperm lysine.
Because the concentration of EF-2 is not correlated with the lysine content, it appears this
relationship does not generally apply for protein synthesis factors. EF-la is a
multifunctional protein. Besides binding aminoacyl-tRNAs to the ribosome, it has been
shown to associate with the cytoskeleton, bind to the endoplasmic reticulum, couple with
the mitotic apparatus, and sever microtubules (Merrick, 1992; Shiina er al., 1994; Durso
and Cyr, 1994). In endosperm homogenates, a significant proportion of the EF-la is
found in the protein body fraction, along with actin (Habben er al., 1993; Abe et al.,
1991; data not shown). There is indirect evidence that the cytoskeleton plays a role in
zein synthesis through its association with the rough endoplasmic reticulum membrane
surrounding the protein bodies (Stankovic et al., 1993). Thus, it is possible that the EF-
la concentration provides an index of the complex group of proteins making up the
cytoskeleton.

There is a two-fold increase in EF-1a in W64A02 (Fig. 4.3) and W64Af72 (data
not shown) compared to their normal counterpart, but the mechanism responsible for the
higher content of this protein synthesis factor in these mutants is not obvious. Both

mutations increase the lysine content of the endosperm, but depress zein synthesis through
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Figure 4.4. Relationship between lysine content and EF-lot concentration in endosperm
tissue from mature maize. EF-la concentration of endosperm flour was determined as
described in Fig. 4.3., while total lysine content was measured with an amino acid
analyzer. A. Correlation between EF-1a and lysine in four maize genotypes and their 02
counterparts. All measurements were standardized against the genotype with the lowest
ELISA value (B73+), which was arbitrarily set to 1.0. B. Correlation between EF-1a
and lysine in ten inbreds from Pioneer Hi-Bred. All measurements were standardized

against the genotype with the lowest ELISA value (P4), which was arbitrarily set to 1.0.
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different mechanisms (Schmidt ez al., 1990; Coleman ez al., 1995). It has been suggested
that the increased synthesis of non-zein proteins in 02 and fI2 is a result of the
redistribution of nitrogen away from its normal sink, the zein proteins (Mertz, 1976).
However, the EF-1a content remains high in Tuxpeno modified 02 (Fig. 4.3), which has a
significantly elevated zein content relative to Tuxpeno 02 (Or ez al., 1993). A common
characteristic of 02 and fI2 mutants is a reduction in protein body size (Wolf et al., 1967,
Geetha et al., 1991). The protein bodies in these mutants are smaller (0.1- to 0.2-times
diameter) than those in normal maize. Although the mutants contain approximately half as
much zein as their normal counterparts (Nelson et al., 1965; Glover and Mertz, 1987),
because the protein bodies are spherical, the reduction in size would create a predictably
larger number of protein bodies and, hence, surface area. This larger surface area might
explain the higher level of certain cytoskeletal proteins as a consequence of their
association with the rough endoplasmic reticulum surrounding the protein bodies. Thus,
the variability detected in EF-lo concentration for normal and 02 genotypes may reflect
differences in the size and number of protein bodies in this diverse germplasm.

There is a similarity between maize and sorghum endosperm in ultrastructure,
mechanism of storage protein synthesis, and protein body formation (Shull et al., 1992),
so it is not surprising that these two cereals show a consistent relationship between EF-1a
and lysine content (cf. Figs. 4.4 and 4.5B). That the correlation is not as high for barley
may reflect differences in the ultrastructure of its endosperm. In barley, the storage

proteins are synthesized on rough endoplasmic reticulum membranes, but they accumulate



115

Figure. 4.5. Relationship between lysine content and EF-1la concentration in endosperm
tissue of mature sorghum and barley. EF-la and lysine content were determined as
described in Fig. 4.4. A. Correlation between EF-1at and lysine in ten barley lines. All
measurements were standardized against the genotype with the lowest ELISA value
(Carlsberg IT), which was arbitrarily set to 1.0. B. Correlation between EF-1a and lysine
in ten sorghum lines. All measurements were standardized against the genotype with the

lowest ELISA value (11141), which was arbitrarily set to 1.0.
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in large vacuoles (Rechinger er al., 1993; Cameron-Mills and von Wettstein, 1980).
Thus, the rough endoplasmic reticulum in barley may not be as extensive as it is in maize
and sorghum endosperm. Nevertheless, there remains a reasonable relationship between
EF-la and lysine content in barley endosperm (Fig. 4.5A), which must reflect a
fundamental characteristic of this protein’s function in cereal endosperm.

The relationship between EF-1a and lysine content in the endosperm of two other
important cereals, rice (Oryza sativa L.) and wheat (Triticum aestivum L.) was examined.
Preliminary analysis of several wheat cultivars that vary in lysine content showed a
significant correlation between the level of EF-1a and lysine concentration (r* = 0.69), but
little variability in lysine content was observed for the few rice genotypes examined. But
as a consequence of the narrow genetic base of the rice germplasm tested, a conclusion
cannot be made about whether or not EF-1q is related to lysine content.

Cereal grains are the most important source of protein for humans in the world,
but they are limiting in several essential amino acids, including lysine, tryptophan and
threonine (Nelson, 1969). Plant breeders have improved the agronomic traits of high
lysine cereals (Villegas et al., 1992; Gevers and Lake, 1992; Munck, 1992), but even in
these varieties the lysine content is below the standard recommended by the FAO. The
ELISA described here provides a sensitive, efficient and inexpensive method to monitor
the lysine content of cereal grains. With this procedure it is possible to sample a single
seed, or a portion thereof, and rapidly obtain an estimate of the lysine content. This

procedure makes it possible to assess the genetic variability for lysine content in normal
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and mutant germplasm and should greatly facilitate selection and development of more

nutritious cereals.
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CHAPTER§
CHARACTERIZATION OF THE VARIABILITY IN LYSINE CONTENT FOR

NORMAL AND opaque2 MAIZE ENDOSPERM

INTRODUCTION

Cereal proteins have poor nutritional value for humans and other monogastric
animals, because of their reduced content of essential amino-acids such as lysine,
tryptophan and threonine. Of these, lysine is the most limiting (Mertz et al., 1964).
Discovery that the opaque2? (02) mutation alters the pattern of protein synthesis and
promotes an increase in the lysine content of maize endosperm (Mertz ef al., 1964) raised
hopes that genotypes with better nutritional quality could be developed. However, the
negative pleiotropic effects associated with the mutation prevented its widespread
utilization. The soft, starchy endosperm of 02 kernels causes them to be less dense, more
susceptible to insects and mechanical damage and to have inferior food-making properties
(Van Twask, 1979). Most importantly, the mutant genotypes were generally less
productive than their normal counterparts (Alexander, 1988).

Maize breeders at CIMMYT, Mexico (Villegas et al., 1992), and the University of
Natal, South Africa (Gevers and Lake, 1992) were able to overcome the negative features
of the 02 mutation by developing modified 02 mutants called Quality Protein Maize
(QPM). QPM has been extensively used in Brazil (Magnavaca, 1992), and to a limited

extent it has also been developed in the USA (Bockholt and Rooney, 1992). QPMs are 02
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mutants that have a hard, vitreous endosperm, a high nutritional quality and a normal
yield. QPM provides the means to develop practical high-lysine genotypes, but further
improvement of the protein quality is necessary. The lysine content of QPM is below 5
mg/100 mg of protein, the recommended minimal level for human diets (FAO, 1991).
Several studies have documented variability for lysine content among maize genotypes
(Aguirre ef al., 1953; Bressani ef al., 1962; Tello et al., 1965; Paez et al., 1969; Zuber et
al., 1975b; Gevers 1979), but efforts to make use of this variability and generate
nutritionally superior maize have been limited by the high cost of conventional amino acid
analysis (Villegas, 1996) and limited knowledge of the genetic and biochemical basis of
lysine accumulation in the endosperm.

Cloning and characterization of the 02 gene (Schmidt et al., 1990) helped clarify
its role in increasing the lysine content of the endosperm. O2 encodes a transcriptional
activator that regulates the expression of a-zein genes (Kodrzycki ef al., 1989; Schmidt et
al., 1990) and a ribosome inactivating protein (RIP) (Lohmer ef al., 1991). Defects in O2
result in a significant reduction in zein synthesis and a pleiotropic increase in the remaining
endosperm proteins, the non-zeins (Damerval and de Vienne, 1993; Habben ef al., 1993).
The higher concentration of lysine in 02 mutants is a consequence of the reduction in zein
accumulation and the increased synthesis of lysine-containing proteins in the non-zein
fraction. But it is the amount of non-zein proteins and their lysine content that contribute
the most to the high lysine content of the 02 mutants (Habben ef al., 1993). Several of the
lysine-rich, non-zein proteins have been identified (Habben ef al., 1993), but the molecular

mechanism(s) responsible for their enhanced synthesis are unknown.
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A limited number of maize genotypes was analyzed in Chapter 4 and a high
correlation between the concentration of lysine in the endosperm and the content of a
single non-zein, the protein synthesis factor EF-1a. was found. EF-la is a lysine-rich,
abundant protein that mediates the binding of aminoacyl-tRNAs to the ribosome (Merrick,
1992) and performs a number of other cellular functions (Yang ef al., 1993; Durso and
Cyr, 1994; Shiina et al., 1994; Morelli et al, 1994). The biochemical basis of the
relationship between EF-1a and lysine content is unknown, but an assay that monitors the
concentration of this protein could provide a simple and inexpensive method to study the
inheritance of lysine-containing proteins in maize endosperm.

To further assess the genetic variability for lysine content in maize endosperm, the
amount of zein and non-zein proteins was analyzed in a diverse set of normal and 02
inbreds. The relationship between the concentration of EF-lot and non-zeins with the
lysine content was also assessed. The results show extensive variability in the amount of
zein and non-zein proteins among these lines and significant differences in the extent to
which the 02 mutation increases the lysine content of the endosperm. A consistently high
correlation between the absolute content of lysine in the endosperm, the amount of non-

zein protein and the concentration of the protein synthesis factor EF-1o was observed.
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MATERIALS AND METHODS

Plant Materials

The 31 public inbred lines and their opaque2 versions were grown in Milford, IL
by Crow’s Hybrid Corn Company in 1994. Rows were 6 m long and 75 cm apart, with 22
plants per row. Normal and opaque2 genotypes were planted side by side for each inbred.
Fertilization was done with 112 kg of 8-32-16 (NPK) per hectare applied with the planter,
plus 112 kg of N per hectare as anhydrous ammonia applied in a side dress. The 31
private inbred lines from Pioneer Hi-Bred (identified P1 - P31) were grown in Johnston,
A in 1993. Plots were similar to those used for the public inbreds. Plants were fertilized
with 157 kg of N per hectare applied as liquid nitrogen. In both cases, all ears were
selfed, and the best ears (based on fill, freedom from disease and insect damage) were

selected and the mature kernels used for analysis.

Sample Preparation

MicroKjeldahi determinations (total protein, zeins and non-zeins) and amino acid

analyses were done with kernel samples conditioned for at least two weeks (67% r.h.,

279C) to a moisture content of 12.5-13%. For enzyme-linked immunosorbent assay

(ELISA) measurements and SDS-PAGE, seeds were dried at room temperature. Kernels
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were degermed using a variable speed dental-type drill (Dremel, Racine, WI) and

pulverized to a fine flour (< | mm) using a ball mill.

Total Protein, Zein and Non-zein Determination

Protein determinations were made of fractions prepared by an adaptation of the
method of Wallace et al. (1990) as described in Chapter 2. Total flour protein, zein, non-
zein and residual protein (unextracted N) were analyzed for N by microKjeldahl (method
46-13, AACC, 1983). N values were multiplied by 5.70 to estimate protein content
(Mossé, 1990). Values are the average of two independent measurements. SDS-PAGE
(12.5% acrylamide gel) of non-zein proteins was performed as described (Moro ef al.,
1995). The equivalent of 2.5 and 1.25 mg of flour was loaded for normal and opaque?2

genotypes respectively.

ELISA Measurements

Protein extraction was performed as described by Wallace et al. (1990). Two
independent experiments were conducted. The first included 31 genotypes from Pioneer
Hi-Bred, and the second included 20 of the 63 public genotypes, which covered the
complete range of variation for lysine content. The ELISA was a modification of the
method described in Chapter 2. The total protein extract was diluted 333-fold in

carbonate coating buffer (CCB) (Clark et al., 1986). 50 uL of this dilution (equivalent to
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an extract from 1.25 pg of flour) was mixed with 100 uL of CCB in the well of an ELISA
plate (Immulon2, Dynatech). After all samples were loaded, a multichannel pipette was

used to make four three-fold dilutions into the adjacent wells containing CCB. The

antigen was allowed to bind to the plate overnight at 40C. Subsequently, the antigen was
removed by aspiration, the wells were washed twice using TTBS (25 mM Tris-HCI, pH
7.5; 0.9% NaCl: 0.05% Tween 20) and 100 uL of rabbit anti-EF-1o serum diluted 1:1000
in TTBS was added and allowed to react for 4 hours. The primary antibody was removed,
the wells were washed twice with TTBS and the secondary antibody, goat anti-rabbit IgG
alkaline conjugate (Sigma) in TTBS, was added and allowed to bind for two hours. The
dilution ratio for the secondary antibody was 1:1000 for the Pioneer samples and 1:1500
for the public inbreds, because two different lots of secondary antibody were used. After
the secondary antibody was removed, the wells were washed twice with TTBS and 200 p
L of alkaline phosphatase substrate (Sigma), diluted in diethanolamine substrate buffer
(Clark et al., 1986), was added. The color was allowed to develop for 1 hour. The
absorbance was read at 410 nm on a Dynatech MR700 ELISA plate reader.

The range of protein concentrations chosen for the EF-1a. ELISA was such that
the relationship of absorbance vs. relative antigen content was approximately linear; a
regression analysis was performed. Since the slope of this regression is proportional to
the antigen content, it was used to measure the relative protein content. Results reported

are the average of three independent extractions. Because more than one ELISA plate
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was required to accommodate all the 31 Pioneer genotypes, determinations were

normalized against the EF-la content of W64A02.

Amino Acid Analysis

Amino acid analysis was performed by the University of Missouri Experiment
Station Chemical Laboratories. The lysine profile was obtained by sample hydrolysis
according to the AOAC method (1990). Separation and analysis of amino acids was done
with a Beckman 6300 Amino Acid Analyzer (Elk Grove, CA) equipped with a high
performance cation exchange resin column and an amino acid detection accomplished with
post-column ninhydrin derivation. Norleucine was used as the internal standard. Because
of the high cost, lysine analysis was not routinely duplicated. However, duplicate

measurements made for selected samples showed minimal variation (data not shown).

Ninhydrin Assay

For the 20 selected public inbreds a ninhydrin assay was also used to estimate the
relative content of free amino-acid. The assay was essentially that described by Mertz et
al. (1974). Twenty mg of endosperm flour was defatted by adding 1 mL of petroleum
ether and incubating the samples for 1 h on a rocking platform. The samples were then
centrifuged at 16,000 x g in a microcentrifuge for 5 min. The ether was removed and a

second 1 mL aliquot of solvent was added to the flour. The samples were briefly
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vortexed, centrifuged, and the ether was removed. The flour was resuspended in | mL of
H,0 and placed on a rocking platform for 20 min at room temperature. Samples were
centrifuged as described before and 100 pL of the supernatant was removed and added to
250 pL of ninhydrin reagent (Beckman Instruments, Inc.). The samples were boiled for
20 min and a 200 pL aliquot was removed, added to an ELISA plate, and three, two-fold
dilutions, were made into adjacent wells containing H,0. Absorbance was read at 590 nm
with a Dynatech MR700 ELISA plate reader. Three independent extractions with two
subsamples per extraction were measured. The range of concentrations chosen for the
analysis was such that the relationship of absorbance vs. relative free amino acid
concentration was approximately linear; a regression analysis was performed. Since the
slope of this regression is proportional to the content of free amino acids, this value was

used as a relative measurement of free amino acid levels.

Statistical Analyses

All analyses were performed using the Linear Regression and Correlation
procedures of the SAEG statistical software (UFV, Vigosa, Brazil). Regressions were
always significant (F test, P <0.01) and had a r* greater than 0.90. Significance of all
correlations was determined by a ¢ test (P levels are shown). Because the zein fraction is

devoid of lysine and the relative contribution of lysine from the pool of free amino acids is
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small (Sodek and Wilson, 1971), the concentration of lysine in the non-zein fraction was

estimated by dividing the total lysine by the non-zein content.

RESULTS

The variability in protein and lysine content of kernels was assessed for a diverse
set of maize inbred lines obtained from Pioneer Hi-Bred and Crow’s Hybrid Corn Co.
The data reported in Table 5.1 show the total protein, zein and non-zein proteins, as well
as the lysine content in the endosperms of 93 genotypes. The following range of variation
was observed: protein (mg/100mg of flour), 6.7 to 13.5 for normal and 6.5 to 11.9 for 02
genotypes; zeins (mg/100mg of flour), 4.6 to 9.4 for normal and 3.4 to 6.9 for 02; non-
zeins (mg/100mg of flour), 1.1 to 3.0 for normal and 1.8 to 4.8 for 02; lysine (mg/100mg
of flour), 0.13 to 0.28 for normal and 0.24 to 0.48 for 02; lysine (mg/100mg of protein),
1.6 to 2.6 for normal and 2.8 to 4.5 for 02; lysine (mg/100mg of non-zeins), 8.2 to 15.1
for normal and 9.5 to 16.9 for 02. These data reveal significant variability for protein
content and protein quality among this array of maize genotypes.

Zeins are the most abundant endosperm proteins, accounting for about 80%
(range: 72-87%) and 65% (range: 53-75%) of the total protein in the normal and 02
genotypes, respectively (Table 5.1). On an absolute basis, the 02 lines have, on average,
45% less zein than their normal counterparts, which is consistent with the role of 02 as a
defective zein gene transcriptional regulator (Schmidt et al, 1990; Lohmer ef al., 1990).

However, there is only an average 13% reduction in total protein in 02 versus normal
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Protein, Zeins, Non-Zeins, and Lysine Contents in the endosperms of 93 maize lines.

Genotype  Protein Zeins Non-Zeins  Lysine Lys/Prot Lys/NZ*
mg/l00mg mg/l100mg mg/l00mg mg/100 mg mg/100 mg mg/100 mg
of flour of flour of flour of flour of protein of non-zeins
P1 9.63+£0.14 6.90+0.35 1.90+0.02 0.20 2.08 10.53
P2 10.13+£0.05 7.03+£0.00 2.13+0.07 021 2.07 9.84
P3 947+0.12 6.43+0.08 1.83+0.12 0.20 2.11 10.91
P4 853+0.07 5.83+0.00 1.93+0.19 0.20 2.34 10.34
P5 10.87+£0.31 7.77+0.00 2.10+0.19 0.21 1.93 10.00
P6 13.50+£0.12 9.20+0.09 3.03 +£0.02 0.28 2.07 9.23
P7 9.77+0.17 7.00+0.24 1.83+0.09 0.18 1.84 9.82
P8 8.53+0.24 5.67+0.07 193+0.17 0.20 2.34 10.34
P9 10.60+0.17 7.57+0.24 2.07+0.21] 0.18 1.70 8.71
P10 920+0.12 6.50+£005 1.77+0.19 0.17 1.85 9.62
P11 987+0.14 7.20+0.16 2.00+0.26 0.18 1.82 9.00
P12 943+021 690+0.14 1.97+0.17 0.18 1.91 9.15
P13 9.57+0.14 690+0.09 1.67+0.14 0.20 2.09 12.00
P14 7.10+£0.09 493 +0.05 1.45+0.07 0.16 2.25 11.01
P15 897+0.26 6.20+0.22 1.97+0.02 0.19 2.12 9.66
P16 6.67+0.05 460+0.14 1.57+0.14 0.15 2.25 9.57
P17 11.93 £049 9.07+0.23 227+0.14 0.23 1.93 10.15
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Genotype  Protein Zeins Non-Zeins Lysine Lys/Prot Lys/NZ*
mg/100mg mg/l00mg mg/l100 mg mg/100mg mg/l100 mg mg/100 mg
of flour of flour of flour of flour of protein of non-zeins

P18 8.67+0.16 623+0.05 1.40+0.18 0.16 1.85 11.43
P19 1027 £0.09 7.43+0.24 1.50+0.24 0.18 1.75 12.00
P20 9.77+0.09 6.67+0.10 1.83+0.39 0.25 2.56 13.64
P21 9.13+0.09 6.83+0.07 1.53+0.26 0.19 2.08 12.39
P22 9.63+0.09 6.83+028 190+0.02 0.21 2.18 11.05
P23 7.57+0.14 5.83+0.13 1.07+0.17 0.15 1.98 14.06
P24 977+007 7.17+0.25 147+0.15 0.18 1.84 12.27
P25 8.07+0.12 543:023 1.60+0.14 0.19 2.36 11.88
P26 7.53£0.07 550+0.19 1.17+0.11 0.17 2.26 14.57
P27 773 +0.12 560+0.07 137+0.25 0.16 2.07 11.71
P28 9.70£0.17 6.83+0.23 1.77+0.31 0.20 2.06 11.32
P29 887+005 533+0.26 1.63+0.19 0.17 1.92 10.41
P30 1290+£002 937+0.02 2.13+0.33 0.25 1.94 11.72
P31 11.23+£0.07 7.80+0.38 1.87+0.12 0.23 2.05 12.32
Pa884 10.23+0.14 7.17+0.07 1.90+0.00 0.20 1.95 10.53
Pa88402 8.17+042 493+0.16 2.83+0.07 0.32 3.92 11.29
Va26 10.07+024 6.72+0.16 2.08 +£0.07 0.21 2.08 10.10
Va2602 7.74+0.14 4.09+0.02 2.35+0.31 0.29 3.75 12.34
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Genotype Protein Zeins Non-Zeins Lysine Lys/Prot Lys/NZ*
mg/100 mg mg/l100mg mg/100mg mg/100 mg mg/100 mg mg/100 mg
of flour of flour of flour of flour of protein of non-zeins

R177 955+0.07 6.82+0.02 1.88+0.02 0.20 2.09 10.62
R17702 982+0.21 502+0.09 331+£0.02 034 3.46 10.27
Mol7 11.24+0.00 8.09+0.05 1.83+£0.05 0.22 1.96 12.00
Mol702 9.34+0.00 5.53+0.00 2.62+0.02 0.32 3.43 12.00
A641 11.50+0.05 7.83+0.14 2.18+031 0.22 1.91 10.08
A64l02 895+021 424+0.02 3.53:0.05 0.37 4.13 10.47
PaS1 11.25+0.26 8.73+0.09 1.56+0.05 0.21 1.87 13.43
Pa9lo2 11.23+0.58 5.21+0.05 2.18+0.54 0.33 2.94 15.11
Ms71 1042+0.00 8.02+0.26 1.32+0.12 0.20 1.92 15.15
Ms7l02 895+0.06 535+03 2.38+0.12 031 3.46 13.04
Pa871 10.28+0.12 7.14+0.02 191 +0.07 0.20 1.94 10.49
Pa87102 8.54+0.73 5.51+0.21 1.83 £0.59 031 3.63 16.91
B37 10.70+0.07 7.67+0.07 1.85+0.07 0.22 2.06 11.91
B3702 9.65+0.16 5.71+0.07 242+0.24 037 3.83 15.27
B73 9.08+0.65 6.11+0.19 236x0.10 0.20 2.20 8.46
B7302 993+042 492+0.08 3.85+0.29 041 4.13 10.66
Ci23 1053 +0.15 7.63+0.09 2.07+0.00 0.18 1.71 8.71
Cl12302 9.87+0.09 5.70+0.19 3.07x0.16 033 334 10.76
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Genotype  Protein Zeins Non-Zeins Lysine Lys/Prot Lys/NZ*
mg/l100 mg mg/l00mg mg/l00mg mg/100 mg mg/100 mg mg/100 mg
of flour of flour of flour of flour of protein of non-zeins

H93 11.40£0.05 8.23+0.09 2.27+0.00 0.22 1.93 9.71
H9302 950+0.09 507+0.12 333:0.12 0.35 3.68 10.50
Oh545 7.10+£0.47 5.40+0.12 1.53+0.05 0.13 1.83 8.48
Oh54502 8.07+0.45 5301007 2.13+0.02 0.31 3.84 14.53
Va9%9 9.08+0.05 7.04+026 1.08+0.14 0.16 1.76 14.77
Va9902 746+0.09 4.85+0.07 2.06+0.12 0.26 3.49 12.60
W64A 11.63+0.14 871+0.19 1.60+0.00 0.18 1.55 11.25
W64A02 9.34+0.14 460+0.24 3.16+0.09 0.38 4.07 12.01
Mo40 10.80+0.61 7.80+0.05 1.63+0.02 0.18 1.67 11.02
Mo4002 8.70+0.16 4.97+033 2.77+0.16 0.31 3.56 11.20
Va35 11.00+0.14 7.93+0.28 2.20+0.09 0.18 1.64 8.18
Va3502 8.67+045 543+04 2.53+021 0.24 2,717 9.47
W117 927+0.28 6.13+0.19 2.00+0.12 0.19 2.05 9.50
W11702 6.50+0.16 3.40+0.26 290+0.19 0.29 4.46 10.00
N28 9.80+0.35 819+049 1.34+0.33 0.19 1.94 14.18
N2802 7.64+0.09 4.56+0.14 2.08 +0.09 0.27 3.54 12.98
W540 12.10+0.11 9.03+0.51 2.10+0.23 0.20 1.65 9.52
W54002 11.77+0.16 6.93+£0.40 3.37+0.26 0.37 3.14 10.99




Table S.1. (cont.)
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Genotype  Protein Zeins Non-Zeins  Lysine Lys/Prot Lys/NZ*
mg/100mg mg/l00mg mg/l00mg mg/100 mg mg/100 mg mg/100 mg
of flour of flour of flour of flour of protein of non-zeins
w153 9.61+£0.00 7.12+0.16 147+035 0.20 2.08 13.64
WI15302 8.72+0.62 544+040 2.23+0.54 0.34 3.90 15.25
B89 944 +0.12 7.11+£0.28 1.44+031 0.20 2.12 13.86
B8902 8.19:£0.25 490+021 224+027 0.32 391 14.29
R806 10.60+0.02 7.57+0.19 2.07+0.05 0.21 1.89 10.16
R80602 9.73 £0.31 6.03+0.24 2.80+0.09 0.33 3.39 11.79
CM105 9.52+021 6.10+£0.28 2.14+0.00 0.21 221 9.83
CMI10502 1191 +0.54 544+030 4.77+£0.26 0.48 4.03 10.06
A619 11.57+0.00 7.77+0.24 243 +0.15 0.23 1.99 9.45
A61902 7.77+005 433+0.12 257+0.16 0.28 3.61 10.91
A554 1095+0.05 7.72+0.12 1.84+0.12 0.27 2.47 14.70
A55402 9.66 +0.07 6.11+£0.05 258+0.15 0.39 4.04 15.10
OhS1 12.70£0.38 931+0.31 2.07+0.19 0.27 2.13 13.06
OhS102 10.46+049 6.01+£0.02 2.72+0.00 0.41 3.92 15.07

* Ratio between total lysine and total non-zeins.
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genotypes. This is because 02 lines have a average of 33% more non-zein protein than
their normal versions. In general, these data are consistent with other reports describing
the effects of the 02 mutation (Sodek and Wilson, 1971; Metha ez al., 1979; Habben et al.,
1993). But unlike these studies, differences in patterns of protein accumulation could be
detected because of the large number of genotypes analyzed and the method by which the
proteins were extracted and fractionated. For example, in Oh545 there is no significant
reduction in zein synthesis in the 02 mutant, while in Pa871 there is no increase in non-
zein content in 02 (Table 5.1).

Differences in absolute lysine content among the genotypes are mostly dependent
on the content of non-zein proteins. This is supported by the high correlation (r = 0.85,
P =0.0001) between lysine and non-zein concentrations (Fig. 5.1). However, the lysine
content is also influenced by the concentration of lysine in the non-zein fraction (Table
5.1). The 02 lines averaged 40% more lysine than their respective normal versions. The
effect of the mutation seemed to be largely manifested in the content of non-zeins (33%
average increase) rather than with the concentration of lysine in the non-zein fraction
(10% average increase). It is interesting to note that among the different genetic
backgrounds examined, some normal inbreds contained more lysine per unit of flour than
certain 02 genotypes, e.g. Oh 51 vs. Va3502 (Table 5.1).

To investigate the relationship between the concentration of EF-1a and the lysine
content, 10 normal inbreds and their 02 counterparts which represented the range of
variation for lysine content (0.13-0.48 mg/100 mg of flour) were selected. The differences

in lysine, zein and non-zein proteins for these 20 lines are presented in graphic form (Fig.
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Figure 5.1. Relationship between lysine content and non-zein concentration in the
endosperm of 93 maize inbreds. Values illustrated correspond to the data presented in

Table 5.1. ***Correlation significant by the ¢ test (P = 0.0001).
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5.2) to better illustrate the variation. Lines with more non-zein protein tended to have
higher lysine levels, although this was not a strict relationship (cf. CM105 vs. A554),
because of variation in the concentration of lysine in the non-zein fraction. In general the
o2 versions have lower zein, higher non-zein and higher lysine levels, but within this group
of twenty genotypes there is considerable variability for these traits.

SDS-PAGE was used to analyze the non-zein proteins of these 20 genotypes. To
resolve the polypeptides, only half as much endosperm flour was used for the opaque?2
genotypes compared to normal. (02 regulates the expression of a gene encoding a
ribosomal inactivating protein or RIP (b-32) (Lohmer et al., 1991; Bass ef al., 1992), and
consequently it is much reduced in the non-zein fraction of the 02 mutants (Fig. 5.3).
Quantitative variation of individual proteins is readily observed when comparing 02 and
normai lines. While most of these proteins have not been identified, one of them, EF-la,
was shown to be highly correlated with the lysine content (Chapter 4).

EF-la is a major non-zein protein with an apparent molecular weight of 54-kD
(Fig. 5.3). The data in Figure 5.4A show the relative EF-la concentration in the
endosperms of the 20 selected genotypes compared to their lysine content. A significant
correlation (r = 0.88; P < 0.0001) was observed between these two traits. Indeed, if the
data for the Oh54502 inbred are not considered (see Discussion), the value of the
correlation is even greater (r = 0.92; P < 0.0001). Analysis of the 31 normal genotypes
from Pioneer, which have a narrow lysine range (0.15-0.28 mg/100 mg of flour), produced

a nearly identical correlation (r = 0.85; P = 0.0001) (Fig. 5.4B).
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AS54 W153 VA99 CM105 N28 SDP312 A632 OH545 OHS1A W64A
kD T o2 o0z + 02+ 02+ 02+ 02 +02 +02 + 02 + 02

| <EF-1a1

< b-32

19>

16>

Figure 5.3. SDS-PAGE separation of non-zein proteins from ten normal inbreds (+) and
their 02 counterparts. Molecular weight standards (kD) are indicated on the left side of
the gel. Relative positions of EF-1a and b-32 (RIP) are indicated on the right side. Non-
zein protein equivalent to 2.5 and 1.25 mg of flour were loaded for normal and o2

genotypes, respectively.
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The pool of free amino acids in 02 endosperm is consistently elevated compared to

the normal genotypes, and its measurement is frequently used as a diagnostic to determine
protein quality (Mertz et al,, 1974). Using a ninhydrin assay (Mertz ef al., 1974), the
relative levels of free amino acids for the 20 selected inbreds was estimated (Fig. 5.5A).
As expected, this analysis showed a general increase of the free amino acid pool for all 02
mutants relative to their normal counterparts. However, the effect of the mutation was
not uniform across different backgrounds. The percentage increase in the free amino acid
level as consequence of the 02 mutation ranged from 1.4 (A55402 vs. A554) to 32 times
(Oh54502 vs. Oh545). Very little variation in free amino acid level was observed among
normal inbreds, while a 20-fold difference was detected for the 02 versions. Despite the
elevated amount in the 02 mutants, the free amino acid level was poorly correlated with
the lysine content (r = 0.39; P =0.0536). This is especially clear from the analysis of the
Oh54502 inbred. Although this line had several times the level of free amino acids of the
other 02 genotypes, it had the third lowest lysine content among the 10 mutant inbreds
(Fig. 5.4). Consistent with the high levels of free amino acid, Oh54502 has a increased
concentration of free lysine (Fig. 5.5A Insert). In comparison to W64A02, Oh54502 has
almost 6 times more free lysine. As consequence, the proportional contribution of free
lysine to the total pool of lysine is almost 10 times higher than that of W64Ao02 (Fig.

5.5B).
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Figure 5.4. Relationship between lysine content and EF-lo. concentration in maize
endosperm. A. Correlation between lysine and EF-1a in 10 normal public inbreds and
their 02 counterparts. B. Correlation between lysine and EF-1c in 31 normal inbreds from
Pioneer Hi-Bred. Each point represents the mean of three independent extractions and
analyses, with two subsamples per replication.

***Correlation significant by the ¢ test (P < 0.0001).
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Figure 5.5. A. Level of free amino acids in the endosperm of ten normal inbreds (+) and
their 02 counterparts. Each bar represents the mean of three independent extractions and
analyses, with two subsamples per replication. A Insert. Levels of free lysine in the
endosperm of the normal (+) and 02 versions of W64A and OHS545. Each bar represents
the mean of kernel samples from plants grown in two different years. For each sample
two independent measurement were taken. B. Relative contribution of free lysine to the
level of total lysine in the endosperm of normal (+) and 02 versions of W64A and OH545.

Where present, the error bars are the SD of the mean
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DISCUSSION

Analyses of maize germplasm for lysine and protein, both on a whole kernel and
endosperm basis, have been previously reported (Aguirre ef al., 1953; Bressani ef al.,
1962; Tello et al., 1965; Paez et al., 1969; Zuber et al., 1975b; Gevers, 1979). These
studies revealed a broad range of variability, as observed here (Table 5.1), but
unfortunately the proteins responsible for the differences in lysine content and the
regulation of their synthesis were difficult to assess. Traditional methods of fractionating
seed proteins based on solubility divide them into four or five fractions, and lysine-
containing proteins are recovered in three or four of them, depending on the method used
(Osborne, 1924; Landry and Moureaux, 1982). The procedure used here, which simply
divides the endosperm proteins into zein (lysine-poor) and non-zein (lysine-rich) fractions
(Wallace et. al., 1990), not only increases the efficiency of extraction (Hamaker ef al,
1996), but also simplifies the analysis of the genetic variability of the lysine-containing
proteins, i.e., the non-zein fraction.

It was proposed that normal genotypes with better nutritional value could be
developed by selecting for higher levels of lysine and lower levels of protein (Zuber et al.,
1975a). However, implementing this strategy without monitoring the levels of zein and
non-zein proteins significantly complicates the selection process. Among the normal
genotypes surveyed, there is a two-fold variation in zein content and almost a three-fold
variation in non-zeins (Table 5.1), suggesting the potential for development of normal

genotypes with higher levels of non-zein and lower levels of zein protein. This change in
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the protein profile would result in higher lysine levels without a major effect on the
physical properties of the endosperm, as commonly seen in 02 mutants. Nevertheless,
whether the resulting normal genotypes would approach the FAO recommendation for
lysine content, cannot be predicted from these data.

Clearly the greatest potential for developing maize which meets the FAO standard
exists with 02 genotypes. The 02 mutation generally causes a decrease in zein and an
increase in non-zein content, with a coincident improvement of the nutritional value of the
endosperm proteins. Nevertheless, the effect of the mutation on zein and non-zein protein
synthesis is not uniform for different genotypes (Table 5.1, Fig. 5.2). This variation could
be the result of genetic background, caused by the action of other genes, differences in 02
alleles, or both. Understanding which of these factors is responsible for the variation in
lysine content is extremely important for the development of QPM genotypes. Preliminary
analyses suggest that similar levels of variability exist for lysine content in QPM (data not
shown). Thus, with selection it may be possible to develop economically viable QPM
genotypes that exceed the FAO recommendation for lysine content.

It is not surprising that there is a high correlation (r =0.85, P =0.0001) between
lysine and non-zein protein content (Fig. 5.1). Essentially all the protein-bound lysine is in
this fraction, and thus quantitative variation in the amount of non-zein, as well as the
concentration of lysine in the non-zeins, significantly influence the lysine content of the
flour (Chapter 2; Habben ef al., 1993). However, it is remarkable that a single protein
(EF-la) is as predictive of the total lysine content as the total non-zein fraction (Fig. 5.4).

While the biological basis for the correlation between total lysine content and EF-la
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concentration is unknown, this relationship provides an approach to study, at the genetic
and biochemical levels, factors affecting lysine content in maize endosperm.

The elevation of free amino acids in 02 endosperm has been reported (Mertz ef al.,
1974), but the observed vanation in the magnitude of this effect is somewhat surprising,
especially considering the variability in free amino acids among normal inbreds was low
(Fig. 5.5). For the selected inbreds, there is an 80-fold difference between the lowest
(AS554 and A55402) and the highest (Oh545 and Oh54502) increase in free amino acids
caused by 02. This variability presumably relates to a pleiotropic effect of the o2
mutation, but whether it is a function of the 02 gene itself or the background is unknown.

It has been proposed that the reduced capacity to synthesize zein in 02 mutants
results in an increased level of free amino acids, and this may, in turn, promote the higher
levels of non-zein proteins (Misra ef al., 1975). However, the analysis of the [0 genetic
backgrounds shown in Fig. 5.2 does not support this hypothesis. The increase in the
amount of non-zeins is not correlated with either the increase in free amino acid level
(r=-0.17; P=0.3144) or the decrease in zein content (r = 0.04; P =0.4587). Likewise,
there is a low correlation (r =0.51; P =0.0635) between the increase in free amino acids
and decrease in zein content. Therefore, while 02 generally results in a higher level of free
amino acids, this does not necessarily appear to cause the production of more non-zein
proteins and consequently more lysine.

The highest increase in free amino acids promoted by 02 was observed in the
Oh545 genotype. 054502 has about 20-times the level of free amino acids of Oh545 (Fig.

5.5A). Consistently, an exceptionally high level of free lysine is observed in the
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endosperm of Oh54502. This inbred has about 15-times the content of free lysine
observed in its normal equivalent and about 6-times more than W64A02 (Fig. 5.5A
Insert). Interestingly, in this inbred the mutation causes no significant reduction in zein
accumulation, while promoting only a moderate increase (25%) of non-zein proteins.
Oh54502 contains more lysine than what would be predicted by the EF-la assay (Fig.
5.4). This distortion is clearly caused by the exceptional accumulation of free lysine in
OhS4502. Free lysine accounts for almost 30% of the total lysine in this inbred, a
proprotion considerably higher than that of W64A, W64A02 and Oh545. The reason for
this exceptional effect is under investigation

Determination of lysine content is a limiting factor for breeding programs aiming to
improve the nutritional quality of maize kernels. Currently, such programs have to rely on
amino acid analysis or indirect measurements of lysine, based on colorimetric methods
(Tsai et al., 1972; Mertz et al., 1974; Guiragossian ef al., 1979). Lysine measurements
made by conventional amino acid analysis are expensive and slow, making them
prohibitive for most breeding programs. Colorimetric methods, on the other hand, are not
precise and have many limitations (Guiragossian ef al., 1979). As previously observed
(Sung and Lambert, 1983), the ninhydrin measurement of free amino acids can distinguish
between normal and 02 genctypes (Fig. 5.5), but it is not reliable for predicting the lysine
content. Based on the level of correlation, measuring either the non-zein protein by
microKjeldahl or the EF-la content by ELISA provide a reliable index for estimating

lysine in the endosperm. However, measuring the EF-1c content has clear advantages for
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most breeding programs. The ELISA is inexpensive, less laborious, and more amenable to
automation than the non-zein quantitation. Furthermore, it could be performed with only
a portion of the endosperm, while preserving the embryo. It appears that the relationship
between EF-lo concentration and lysine content holds true for other cereals as well
(Habben et al., 1995), which suggests this approach can be used for genetic selection to
improve the nutritional value of cereals in general.

Overexpression of lysine-rich proteins by means of genetic engineering is an
alternative method to improve the nutritional quality of maize kernels (Habben and
Larkins, 1994), and EF-1la may be a good candidate for this strategy. However, the high
correlation between EF-loe concentration and lysine content is a function of the
stoichiometric relationship between EF-la and the other lysine-containing proteins in the
endosperm. It is not clear that overexpression of EF-la. would lead to the concomitant
synthesis of the other lysine-rich proteins, nor are the consequences of disproportionate
levels of this protein synthesis factor on endosperm development, seed quality and yield.
While genetic engineering of EF-1c expression in maize endosperm may eventually prove
valuable, it appears that simply using this protein as a predictor to breed for higher lysine
content will allow plant breeders to take advantage of naturally occurring genetic

variability for nutritional quality.
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CHAPTER 6
QUANTITATIVE ANALYSIS OF EF-1a CONTENT IN QUALITY PROTEIN

MAIZE

INTRODUCTION

The development of Quality Protein Maize (QPM) (Villegas, 1992; Gevers and
Lake, 1992) represented a major step toward the production of an economically viable
high lysine maize. QPM combines the improved protein quality of the opaque2 (02)
mutation with normal kernel hardness and appearance, thereby overcoming the negative
effects associated with the 02 mutation. Agronomicaily, QPM performs as well as normal
genotypes (Glover, 1992; Villegas, 1992; Gevers and Lake, 1992; Magnavaca, 1992;
Bockholt and Rooney, 1992). Breeding programs aiming to develop QPM adapted to
specific areas, as well as further efforts to improve the lysine content in these genotypes,
have been limited by the high cost of conventional amino acid analysis. Other methods
available to estimate the lysine content are imprecise and fairly limited (Guiragossian et a/.,
1979). Therefore, development of alternative strategies to estimate the level of lysine in
maize kernels would greatly facilitate the breeding process.

In Chapters 4 and 5, a high phenotypic correlation between the concentration of a
protein synthesis factor, EF-1a, and the content of lysine in maize endosperm is reported.

The ELISA used to estimate the level of EF-1a has a number of desirable features that
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make it suitable for use in breeding programs. It is inexpensive and less laborious than
amino acid analysis, and it is highly amenable to automation, which would allow the
processing of a large number of samples. Furthermore, the ELISA can be performed with
only a portion of the endosperm, thereby preserving the embryo. However, to assess the
potential of this methodology, it is important to establish what portion of the variation for
EF-1a content is due to genetic factors and what is caused by environmental effects. In
other words, what is the degree of heritability for this trait.

The heritability of a quantitative trait is one of its most important genetic
parameters, because it expresses the proportion of the phenotypic variation that is due to
genetic effects. It is a measure of the degree of correspondence between the phenotypic
and the genotypic values (Falconer, 1988). Heritability estimates are useful to predict
genetic gain during the process of selection and to determine if progress will be easily
achieved (Hanson, 1963). There are no reports of heritability for EF-1o. content. For
percent of lysine in the grain, the reported heritability levels are quite variable, ranging
from 17 to 72% (Dudley et al., 1971), 7 to 47% (Dudley ef al., 1975) and 76% (Wessel-
Beaver et al,, 1985). A broad range of variation was also observed when lysine was
considered as a percentage of protein, with heritability values ranging from 0 to 70%
(Dudley et al., 1971), 2 to 29% (Dudely et al, 1975) and 76% (Wessel-Beaver ef al.,
1985).

The concept of combining ability is another useful parameter in plant breeding. In
a diallel crossing system, one can estimate the level of general combining ability (GCA)

and specific combining ability (SCA). GCA designates the average performance of a line
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in hybrid combinations, while SCA refers to those cases in which certain combinations
perform relatively better or worse than others (Sprague and Tatum, 1942). Significant
GCA estimates indicate additive gene action. SCA on the other hand, indicates a
dominant mode of action and is useful to identify particularly favorable heterotic
combinations. Significant GCA has been found for both lysine/flour and lysine/protein
(Sreeramulu and Bauman, 1970; Bjarnason et al., 1977; Singh et al., 1977, Wessel-
Beaver et al., 1985), while significant SCA has been detected only for lysine per unit of
protein (Bjamason et al., 1977).

In this Chapter, the phenotypic correlation is assessed between the contents of
lysine and EF-la in ten QPM inbreds from the Brazilian National Breeding Program
(CNPMS/EMBRAPA). In addition, an attempt is made to estimate the level of broad

sense heritability, GCA and SCA for content of EF-1a in a diallel involving these inbreds.

MATERIALS AND METHODS

Plant Materials and Experimental Design

The 10 QPM inbreds are S4 or S6 lineages originally selected from “top cross”

experiments. The parents were grown in Sete Lagoas, Brazil, in the 1990/1991 season,

selfed, and 50 kernels from each inbred were used for the biochemical analysis of the
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parents. These 10 inbreds were also crossed following a diallel mating design, and the
resultant F1’s were grown in Sete Lagoas, Brazil, in the winter of 1992, following Method
4, Model I (one set of Fl’s, no parents or reciprocals) of Griffing (1956). The
experimental design was a 7 x 7 lattice with two replications and 5 m row plots. F1

plants were selfed and a sample of 50 F2 kernels was used for the analyses.

Sample Preparation and Protein Determinations

Kernels used in the analyses were allowed to dry at room temperature and the
embryos were removed using a variable speed dental-type drill (Dremel, Racine, WT).
Endosperm tissue was pulverized to a fine flour using a ball mill. Protein determinations
were made of fractions prepared by an adaptation of the method of Wallace er al. (1990),
as described in Chapter 2. Total flour protein, zein, non-zein and residual protein
(unextracted N) were analyzed for N by microKjeldahl (method 46-13, AACC, 1983). N
values were multiplied by 5.70 to estimate protein content (Moss€, 1990). Values are the

average of two independent measurements.
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ELISA Measurements

For determination of the relative content of EF-la, protein was extracted from
endosperm flour following the procedure of Wallace er al. (1990). An ELISA was
performed essentially as described in Chapter 5, with the secondary antibody being
diluted 1:1000. Results reported are the average of three independent protein
extractions and ELISA measurements. Since samples from all 10 parents could fit in
one single ELISA plate, the original readings can be compared and therefore were used
as relative estimates. For the diallel analysis, purified EF-1a was used as a standard in

all plates, and the original ELISA readings were normalized against it.

Lysine Determinations

Amino acid analysis was performed by the University of Missouri Experiment
Station Chemical Laboratories. The lysine measurement was obtained following sample
hydrolysis according to the AOAC method (1990). Separation and analysis of amino acids
was with a Beckman 6300 Amino Acid Analyzer (Elk Grove, CA) equipped with a high
performance cation exchange resin column with amino acid detection accomplished with

post-column ninhydrin derivation. Norleucine was used as the internal standard.
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RESULTS

To assess the variability of EF-1a content in the Brazilian QPMs, an ELISA was
used to estimate the relative level of this protein in the endosperm of 10 elite inbreds from
the Brazlian National Breeding Program (CNPMS/EMBRAPA). Considerable
variability was observed among these 10 genotypes, with the highest inbred (# 1) showing
1.85-times the level of EF-la of the lowest one (# 9) (Fig. 6.1). There was almost
continuous variation between these two extremes, suggesting a quantitative inheritance for
this trait. The degree of variation for EF-1a content observed among these QPM inbreds
is similar to that of soft 02 inbreds reported in Chapter 4 and S.

Based on their levels of EF-la, 5 inbreds that cover the observed range of
variation (Fig. 6.1) were selected for lysine analysis. Consistent with previous results, a
very high correlation (r= 0.96, P=0.001) between EF-la. and lysine content was
observed (Fig. 6.2). The range of vanation in lysine content (0.24-0.42) (Table 6.1) is
very similar to that of standard 02 genotypes discribed in Chapters 4 and 5.

In addition to lysine analyses, microKjeldahl determinations for total protein, zeins
and non-zeins were obtained. For the inbreds in which lysine content was determined, the
ratio of lysine/total protein and lysine/non-zein protein were also calculated. These results
are shown in Table 6.1. Relatively narrow ranges of variation were observed for total
protein (7.34 - 10.32 mg /100 mg of flour) and zein contents (3.83 - 5.52 mg/ 100 mg of

flour). Inagreement with previous results, there was high correlation between the
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Figure 6.1. Variation of EF-la content in the endosperm of 10 QPM inbreds. Values
were estimated by ELISA. Each bar represents the mean of three independent extractions

and analyses. The error bars are the SD of the mean.



155

1.4
S 12
=
=
&
3
2 Lop
=
]
2
< 0.8f
7

0.6 1 [ 1 ']

0.20 0.25 0.30 0.35 0.40 0.45

Lysine Content
(% flour)

Figure 6.2. Relationship between lysine content and EF-la concentration in the
endosperm of 5 QPM inbreds. Each point represents the mean of three independent

extractions and analyses. ***Correlation significant by the f test (P <0.0001).



156
concentration of EF-la and non-zeins (r = 0.85, P =0.01), as well as between lysine and
non-zeins (0.94, P =0.01, based on the S selected inbreds). All QPM genotypes have a
lysine per protein (L/P) ratio superior to 3%. Even more interesting, two of the QPM
inbreds (1 and 7) showed endosperm L/P levels around 4%, suggesting that on a whole
grain basis the L/P values may surpass the 5% level.

In Table 6.2, I present the average estimates for EF-la content in the endosperm
of 43 hybrids derived from the 10 QPM inbreds. Two hybrid combinations, 3 x 6 and 6 x
9, were lost and their values not determined. On average the hybrids with highest value (1
x 2 and 8 x 10) had 1.52 times more EF-la than the lowest (1 x 8). Unfortunately, no
significant difference in EF-la level was detected among the crosses (Table 6.2, lower
panel), indicating that it was not necessary to proceed further to estimate GCA and SCA.
Apparently no detectable differences in EF-1a content was contributed by the parents to
their offspring (Hallauer and Miranda, 1981). The results point to low levels of heritability
for this trait, although a precise estimate cannot be obtained.

The non-zein content was estimated for 10 crosses that cover the range of EF-1a
content (data not shown). Consistently, the levels of correlation between the average EF-
loe and non-zein protein were high (r = 0.85, P =0.05), suggesting that the relationship

between lysine and EF-1c. is significant among the different hybrids.
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Table 6.1
Protein, zeins, non-zeins, and lysine content in the endosperms of 10 QPM maize
inbreds.

Parent Protein  Zein  Non-zein EF-la Lysine Lys/Prot’ Lys/NZ*

mg/100 mg mg/100 mg mg/100 mg * mg/100 mg mg/l00mg mg/100 mg
of flour of flour of flour of flour of protein  of non-zeins
| 10.32 4.79 3.93 1.293 0.42 4.07 10.69
2 7.95 3.86 2.39 0.872 nd nd nd
3 7.67 4.29 2.00 0.800 0.28 3.65 14.00
4 8.17 3.87 2.55 1.054 nd nd nd
5 9.14 5.11 2.32 1.033 nd nd nd
6 9.19 5.19 2.16 0.798 nd nd nd
7 922 4.66 2.81 1.246 0.36 3.90 12.81
8 9.47 5.44 2.44 0.967 0.30 3.17 12.30
9 7.34 3.83 2.09 0.708 0.24 3.27 11.48
10 9.64 5.52 2.74 1.057 nd nd nd

nd - value not determined

“Relative amounts

' Ratio total lysine / total protein content
* Ratio total lysine / non-zein content



Table 6.2
Average EF-1a content for 43 hybrids between QPM genotypes
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Parent 1 2 3 4 5 6 7 8 9 10
1 -+

2 0.404 ++++

3 0.313 0.359 ++++

4 0367 0340 0371 ++++

5 0333 0282 0365 0357 ++H+

6 0347 0341 nd 0358 0.371 +++

7 0364 0399 0345 0347 0.337 0351 ++H+

8 0265 0327 0354 0337 0348 0366 0350 ++++

9 0363 0360 0369 0359 0320 nod 0324 0305 ++++

10 0.384 0375 0365 0350 0307 0.325 0403 0404 0305 ++++
nd - value not determined
Analysis of Variance

Sources of DF Square Sum  Mean Square F Significance
Variation
Replication 1 0.017682 0.017682 11.893 0.00129
Crosses 42  0.076895 0.001831 1.231 0.25136

Error 42  0.062439 0.001487

C.V.=10.75%



DISCUSSION

The level of variability for EF-1a (Fig. 6.1), lysine and non-zein protein (Table
6.1) contents in the endosperm of the 10 QPM inbreds is similar to that previously
observed for standard o2 genotypes (see Chapters 4 and 5), despite the increased
accumulation of y-zein in QPM genotypes (Wallace et al., 1990; Lopes and Larkins,
1991). This suggests that some degree of independence must exist between the process of
endosperm modification and protein quality. More interestingly, this indicates that the
levels of lysine in QPM genotypes may be as high as those of standard 02 materials. In
fact, two of the inbreds have a L/P ratio around 4%, close to the 4.5% of the highest
standard 02 genotype in Chapter S. Five of the 10 inbreds were selected for lysine
measurements based on their EF-1a levels and the content of this protein was again a
remarkable predictor of the lysine concentration (Fig. 6.2). It is clear that it is possible to
identify, with reasonable precision, genotypes with different levels of lysine based on their
levels of EF-la..

The results from the diallel analysis suggest that EF-1a content is highly influenced
by the environment and therefore indicate low levels of heritability for this trait. However,
it is premature to conclude that is always the case. Each heritability value is specific to the
group of genotypes from which it was estimated and relates only to the particular sample
of environments and experimental conditions in which those genotypes were tested

(Hanson, 1963). This is the first time an attempt was made to estimate the heritability for
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EF-1a content, so no other examples were available for comparison. Heritabilities for
lysine content are also scarce, and the reported values are highly variable, ranging from 7
to 76% (Dudley ez al., 1971; Dudley et al., 1975; Wessel-Beaver et al., 1985) depending
on the group of genotypes, method of estimation and experimental conditions. It should
be considered that the analysis performed here involved only two replications and as a
consequence the number of degrees of freedom for replication and error are small,
resulting in inflated estimates for the mean square of these effects. Supporting this notion
is the fact that there was a non-significant effect of crosses for other quality related traits,
such as total protein, tryptophan per unit of flour and trypthophan per unit of protein.
Therefore, this experiment should be performed with a larger number of replications.

In evaluating the significance of these results, considerations should also be given
to the use of the diallel design to investigate endosperm traits. Since F2 kernels were used
for the analysis, considerable genetic segregation was taking place. The triploid nature of
the endosperm contributes even more to the degree of variability. Nothing is known about
the genetic factors controlling the level of EF-lae. A large number of genes could
positively or negatively affect the accumulation of this protein, resulting in a very complex
pattern of segregation in the F2 generation. As a consequence, the average for this trait
might be expected to be closer among the hybrids than for their parents. Thus, future
studies should concentrate on studying the segregation of EF-la. content in specific
crosses to help understand the pattern of variation. Another problem associated with this

complex segregation is the sampling of the material. Since small seed samples were used,
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chances of error due to improper sampling are high, causing more variation among
replications and resulting in higher estimates for effects of replications (environmental
effect) and experimental error. Therefore, in addition to a larger number of replications,
more attention should be given to the sampling process in this type of experiment. Also,
at present stage of knowledge, maybe less complex experimental approaches should be
used to assess the quantitative characterization of EF-1ct content. [n this way, problems

associated with the complex pattern of segregation would be reduced.
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CHAPTER 7

SUMMARY, GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

Quality Protein Maize (QPM) genotypes are gpaque2 (02) mutants that by the
action of modifier genes have a hard, horny endosperm. Kernels from these modified 02
genotypes have the physical properties and vitreous appearance of normal seeds, while
keeping the increased levels of lysine associated with the 02 mutation. QPM represents an
excellent opportunity to generate agronomically successful high lysine corn. This
dissertation addressed, at the biochemical and genetic levels, two aspects relevant to the
development of QPM genotypes: the process of endosperm modification and the
biochemical basis of the variation in lysine content. From a maize breeding perspective,
the results of these studies may facilitate the development of better adapted germplasm, as
well as help in the selection process to further increase the level of lysine in the kernels. In
addition, these studies offer clues to important biological processes in endosperm cells.

An increase in the levels of y-zein protein is observed when the 02 modifier genes
are introgressed into normal backgrounds, similar to what is observed in 02 mutants
(Wallace et al., 1990; Lopes and Larkins, 1991; Lopes and Larkins, 1995). However, in
modified normal genotypes (QPM+, Chapter 2), the effects of the modifier genes on the
physical properties of endosperm are not as obvious. It seems that the increased level of
y-zein plays a compensatory role for the reduced content of a-zein in the 02 mutants.

This effect would be masked when normal levels of a-zein are synthesized. Assuming the
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level of y-zein influences the initiation of protein body formation and that the number of
protein bodies is important for endosperm modification, it is possible that there is a limit to
the how many protein bodies can be formed.

Although QPM+ kernels are not denser or harder than regular normal genotypes, a
more careful evaluation of the food processing characteristics of QPM+ genotypes should
be performed. The grit fractions, the most important product in dry milling, are produced
from the horny endosperm (Watson, 1988). QPM+ genotypes are very “flinty” with a
small central channel of floury endosperm (Fig. 2.1). The increased proportion of vitreous
endosperm in QPM+ may result in a higher grit yield and/or better grit quality. The 13
QPM-+ inbreds analyzed in this study are being multiplied in order to produce enough
kernels to perform such evaluations.

During the characterization of QPM+, an 18-kD non-zein protein was observed
segregating among the inbreds. At maturity, this protein is present in the endosperm of
Pool 34 QPM and absent from the 02 parent, W64Ao02. Five of the 13 QPM+ inbreds
also contain this protein. At the time these analyses were performed, the identity of this
protein was unknown. However, recent investigation suggests this protein may be related
to calmodulin. Antibodies against calmodulin specifically recognize this protein and the
18-kD molecular weight is consistent with that reported for calmodulin (Roberts and
Harmon, 1992). Western blot analysis confirmed the presence of this protein in some
QPM+ genotypes and its absence in others (data not shown). Since calmodulin is an
essential cellular component, the apparent absence of a related protein from certain

genotypes is intriguing. It is possible that in these genotypes calmodulin is present early in
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endosperm development, but it is later degraded. Genetic and biochemical studies are
being performed to address this question. This analysis could offer clues regarding the
regulation of calmodulin and its role in endosperm cells.

Previously, several studies showed that the level of the 27-kD y-zein is directly
correlated with the degree of 02 endosperm modification (Wallace et al., 1990; Lopes and
Larkins, 1991; Geetha et al., 1991; Or et al.,, 1993; Lopes and L: rkins 1995).
Furthermore, modification was found to be associated with the duplicated (AB) y-zein
allele (Lopes et al., 1995). These observations led to the suggestion that the duplicated v-
zein gene required for the formation of vitreous phenotype in 02 endosperm (Lopes et al.,
1995). However, in a cross between the South-African QPM KO326Y (AB allele) with
W64A02 (rA allele) the observed elevation of y-zein content in the endosperm of modified
02 genotypes seemed to be independent of the number of y-zein genes (Fig. 3.4 and 3.5).
The F3-MODS8.9 plant is homozygous rA/rA (only one y-zein gene) at the y-zein locus,
but it still produces kernels with high levels of y-zein in the endosperm and a vitreous
phenotype. This result strongly argues against the suggestion that the AB form of the y-
zein locus is necessary for endosperm modification (Lopes et al., 1995).

The endosperm of F3-MODS8.9 kernels is homogeneously vitreous, despite the
presence of only the rA allele. This observation has some implications regarding the
stability of modification in QPM genotypes. The rA allele should reduce or elimate
somatic recombination at the y-zein locus. If the appearance of opaque sectors in

modified endosperm (Fig. 6.1) is caused by this event, a stable phenotype would be
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expected for modified-rA materials. However, this relationship needs to be more
throughly tested.

Efforts to map the modifter genes identified two loci in the long arm of
chromosome 7, one near the telomere and another tightly linked to the y-zein locus, close
to the centromere (Lopes et al., 1995). However, the precise position of these loci
remains elusive. In an F2 generation derived from the cross of the South African QPM
KO326Y with W64Ao02, 26 of the 27 plants that bred true for the modified genotype were
homozygous AB/AB. This result is consistent with the presence of a modifier gene tightly
linked to the y-zein locus. A more precise map location of this modifier gene can be
obtained by determining the allelic composition of the centromeric region of chromosome
7 in the F3-MODS8.9 plant and comparing it to the original parents (KO326Y and
W64A02). Using RFLP probes it should be possible to determine which loci come from
the modified or the opaque progenitor and therefore establish the regions of chromosome
7 in F3-MOD8.9 originated from each parent. A modifier gene is expected to be in a
segment donated by KO326Y. Eventually, closely linked markers flanking the modifier
gene can be identified using this strategy. These markers can be used in QPM breeding
programs as well as in the cloning of modifier genes.

Protein fractions contributing the majority of the lysine in the endosperm have been
previously identified (Misra et al., 1976; Habben et al., 1993). However, these analyses
were based on only one or a few genotypes, and none of them established any relationship

between lysine content and the proportion of these protein fractions. In three independent
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experiments (Chapters 4, 5, and 6) it was shown that the level of lysine is highly correlated
with the non-zein content, consistent with the notion that this protein fraction is the main
source of lysine in maize endosperm (Habben et al., 1993). However, the assignment of
lysine to the non-zein protein fraction is not biologically very informative. This fraction is
very complex and includes a large number of proteins, many of which do not contribute
significantly to the lysine content of the endosperm. With so many proteins in this
fraction, it is very difficult, if not meaningless, to assess the regulation of their synthesis,
accumulation and metabolism.

The fact that genotypes with considerably different levels of lysine can have similar
contents of non-zein proteins (Chapter 4) suggested that lysine-rich proteins do exist and
therefore can be isolated and characterized. In searching for these proteins, a very high
correlation was observed between the concentration of lysine and the level of the protein
synthesis factor, EF-1a (elongation factor-1at). This relationship was observed for a large
group of genotypes grown under a variety of conditions (Chapters 4, 5, and 6).
Furthermore, genotypes with high and low lysine contents in the endosperm could be
identified based on their levels of EF-1c. (Chapter 6). These results suggest EF-1a is an
important component of lysine accumulation, but the basis of this relationship is still
unclear. Although EF-la contains 10% lysine and is very abundant in eukaryotic cells
(Merrick, 1992), estimates indicate that it cannot account for more than 3% of the total

lysine in the endosperm (data not shown). The high correlation between lysine and EF-1c
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must reflect some stoichiometric relationship between EF-loe and other lysine-rich
proteins.

EF-la is a multi-functional protein and is related to a number of different cellular
processes. In addition to mediating the binding of aminoacyl-tRNAs to the ribosome
(Merrick, 1992), EF-la interacts with microtubules (Durso and Cyr, 1994), actin (Yang et
al., 1990), calmodulin (Kaur and Ruben, 1994), the endosplamic reticulum (Hayashi er
al., 1989), and the mitotic apparatus (Ohta et al., 1990). Other reports suggest the
participation of EF-la in protein degradation (Gonen et al., 1994), activation of
phosphatidylinositol 4-kinase (Yang ez al., 1993), bundling and severing of microtubules
(Shiina et al., 1994) and wound responses (Morelli, 1994). The multi-functional nature of
this protein complicates the identification of other lysine-rich proteins that are related to
EF-la, because a variety of proteins associated with diverse cellular processes and
structures must be considered.

The identification of OH54502, as a genotype with extremely high levels of free
lysine but only moderate levels of total lysine, has some interesting biological implications.
Considerable effort has been directed to increase the level of lysine in maize and other
cereals by overexpressing or deregulating enzymes involved the lysine biosynthesis (Falco
et al., 1995; Muehlbauer er al., 1994) or by repressing the enzyme responsible for lysine
catabolism (Gongalves-Butruille ez al., 1996). The content of free and total lysine in
OHS54502 suggest that, as far as the maize endosperm is concerned, the availability of free

lysine may not necessarily translate into higher levels of total lysine or lysine-rich proteins.
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Therefore, when the lysine-overproduction approach is considered, genotypes with ability
to efficiently incorporate lysine into protein should be used. It is stll unclear what
maximum level of total lysine can be achieved. The high correlation between EF-1a and
lysine content offers an opportunity to study the relationship of lysine synthesis and the
incorporation of lysine into proteins. So far, these two processes have only been studied
independently, and it is not known what influence they may have on each other.

It is clear that EF-la can be used as an indicator of the lysine content in the
endosperm. The fact that genotypes with different levels of lysine could be precisely
identified based on their EF-1a content (Chapter 6) demonstrates the potential use of this
relationship. However, it is still not clear how efficiently one can select for higher levels
of lysine, since our preliminary results suggest significant influence from the environment
on this trait. More extensive analysis should be performed to verify the level of genetic
control of the content of lysine/EF-la in the endosperm. If, in fact, low levels of
heritability are observed, it may be that overexpression of EF-lo, via transformation,
would be an alternative approach to increase lysine content.

The biochemical characterization of 32 maize inbred lines and their respective 02
versions (Chapter 5) offered intriguing new information about the biochemical
characteristics of 02 mutants. From a nutritional standpoint, the most important feature of
02 is that it promotes an increase in lysine as a percentage of protein (L/P) (Mertz et al.,
1964). It is recognized that the most important effect of the mutation is to decrease the

level of storage proteins, which generally causes a reduction in the total protein content
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(P) with a consequent relative increase in the L/P ratio (Mertz et al., 1967, Mosse, 1966;
Paulis et al., 1969; Sodek and Wilson, 1970; Sodek and Wilson, 1971). The function of
the O2 protein as a transcriptional activator of the 22-kD a-zein genes (Schimdt et al.,
1992) is consistent with this effect. Other effects of the mutation, like an increase in level
of free lysine (Sodek and Wilson, 1971; Misra et al., 1976) and an increase in the content
of lysine-rich proteins (Misra et al., 1975; Meetha et al., 1979; Habben et al., 1993),
with the consequent net increase in lysine content (Habben er al., 1993), are largely
regarded as secondary or indirect. The analysis of these normal and 02 isogenic lines
showed that 02 mutants have on average 45% less zein than their normal equivalents, but
they also have 33% more non-zein protein (Chapter 5). On average, 02 results in a net
13% reduction in total protein (P) against a 40% increase in the total lysine (L). Thus, the
increase in total lysine promoted by the 02 mutation has a more significant impact on the
L/P ratio than the reduction in zein protein. Unfortunately, very little is known about this
pleiotropic effect of the mutation at the molecular level. Although, the increase in total
lysine can indeed be an indirect effect of the mutation, this can hardly be considered
secondary when the L/P ratio is analyzed. More effort should be directed toward
understanding this effect of the 02 mutation at the molecular level. Because of its high
correlation with the lysine content, EF-1a can be used as a tool to investigate this effect of
the mutation. This research can help answer an even more intriguing question: Can the
increase in lysine content be uncoupled from the decrease in the level of zein proteins? In

other words, can one mimic the effect of the 02 mutation in promoting an increase in the
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levels of lysine, without necessarily causing a decrease in the concentration of zein
proteins? If so, in theory, normal genotypes with superior nutritional quality could be

developed.
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