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ABSTRACT 

Protein-bound and free lysine contributed to the total lysine content of maize 

endosperm, and both of these can be significantly increased by the opaque-2 (o2) 

mutation. Elongation factor 1A is one of the lysine-rich proteins increased in o2 mutants, 

and its concentration is highly correlated with the protein-bound lysine content of the 

endosperm. However, the biological basis of this correlation is unknown. The 

mechanism by which the free amino acid content, including free lysine, is increased by 

the o2 mutation is also poorly understood. Understanding the biological basis of these 

traits could provide new insights for improving maize nutritional quality. 

A maize genetic linkage map consisting of 83 DNA simple sequence repeat 

markers was created for two inbred lines (OhSI Ao2 and Oh545o2) that differ in 

elongation factor 1A and free amino acid content. Quantitative trait locus analysis was 

performed and identified two significant loci that accounted for 25% of the variance for 

elongation factor 1A content. One of them was linked with a cluster of 22-kD a-zein 

genes on the short arm of chromosome 4; the other locus was on the long arm of 

chromosome 7 and may be linked to the 27-kD y-zein genes. Quantification of protein 

and mRNA levels of the major storage proteins suggested that a higher level of a-zein 

gene expression co-segregates with higher elongation factor 1A content. Furthermore, 

measurement of protein body size and density predicted a greater protein body surface 

area (80% higher) in OhSl Ao2 than Oh545o2, and this may partially explain the higher 
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level of elongation factor 1A in Oh51 Ao2 by creating a more extensive cytoskeletal 

network. 

Quantitative trait locus analysis of free amino acid content identified four loci 

accounting for about 46% of the variation for this trait. One locus on the long arm of 

chromosome 2 is tightly linked to monofimctional aspartate kinase and a bifunctional 

aspartate kinase-homoserine dehydrogenase gene. Biochemical characterization of these 

enzymes indicated the aspartate kinase in Oh545o2 is less sensitive to lysine than that in 

Oh51Ao2. Consequently, aspartate kinase 2 is the more promising gene involved in this 

quantitative locus. 
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CHAPTER 1 

REGULATION OF LYSINE CONTENT IN MAIZE (Zea mays L.) ENDOSPERM 

INTRODUCTION 

By contributing about two thirds of the calories and half of the proteins, cereals 

play an important role, directly and indirectly, as human food sources. Among cereal 

crops, maize is one of the most important, with the highest production (600 million tons) 

and the highest yield (4300 kg/hectare) (Table LI); about 75 million tons of maize was 

used for international trading, based on 1999 FAO statistics. However, in spite of being a 

major source of human food and animal feed, most cereals have an unbalanced amino 

acid composition for monogastric animals, because they lack several essential amino 

acids (Table 1.2). Lysine and tryptophan are most limiting of these amino acids. The 

FAO/WHO recommends 5 mg of lysine per 100 mg protein for a healthy diet (Mertz, 

1992), but the protein from maize and other cereals generally contain a much lower 

concentration of lysine (1.5 - 2.5 %). To improve the composition of amino acids in 

animal feed from cereal grains, about 200,000 tons of lysine are produced annually via 

fermentation and used as an animal feed additive (Falco et al., 1995). 

In the last several decades, efforts have been made to develop cereals with higher 

nutritional value, especially for lysine content. Mertz et al. (1964) found that the maize 

opaque-2 (o2) mutant almost doubles the lysine content of the endosperm, and later 



Table 1.1 World Major Crop Production and Yield in 1999 

Crops Production (Million Tons) Yield (kg/Ha) 

Cereals: 

Maize 600 4300 

Rice 584 3800 

Wheat 596 2700 

Barley 130 2300 

Sorghum 63 1400 

Millet 26 700 

Soybean 154 2100 

Source: FAQ report, 1999 

Table 1.2 Amino Acids Essential for Monogastric Animals 

I Lysine 
l-- - - ---1· 

Threoni"ne 

Methionine 

Valine 

!
·------------. 
, Leucine 

,---·--·------------------
1 lsoleucine 
1·-·-
1 Tryptophan 
I ---·----------------. 

~ Phenylalanine 

i Arginine 
·1--···---···- ............................................................ . 

Histidine 
! 

18 
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Nelson et al. (1965) showed the same was true for the floury 2 {fl2) mutant. But these 

mutants turned out to have several deleterious phenotypes, resulting from a soft starchy 

endosperm, which reduces kernel hardness, perturbs food processing, increases 

susceptibility to insects, pests, and diseases, and reduces kernel weight and yield 

potential. Therefore, other strategies needed to be developed to increase nutritional value 

of cereals and overcome the deficiencies of these high lysine mutants. 

One of these solutions was the creation of modified o2 mutants, which maintain 

the high lysine content of o2, but manifest a hard vitreous kernel. In addition, there have 

been multiple attempts to over-produce lysine in the endosperm. This work has included 

chemical mutagenesis and selection using lysine analogues or high concentrations of 

lysine plus threonine, as well as genetic engineering with genes encoding altered 

enzymes for lysine biosynthesis. Finally, there have been studies directed at selection for 

high levels of lysine-containing proteins in o2 and normal endosperm, as well as genetic 

engineering of storage protein genes encoding lysine-containing proteins. 

Although much has been learned about the nature of the 02 gene and its flmction 

during endosperm development, we still do not understand the mechanism through which 

it increases the level of lysine-containing proteins, as well as free lysine in the 

endosperm. Therefore, the objective of this research was to investigate the genetic and 

biochemical basis for the increased lysine content of o2 endosperm. To approach these 

questions, a cross between two o2 maize inbreds (OhSl Ao2 and Oh545o2) that differ 

significantly in protein-bound lysine and free lysine level was analyzed. Based on QTL 



analysis, several candidate genes that appear to partially explain the high lysine 

phenotype in some o2 mutants were identifed. 

As background to this study, the nature of storage proteins in major cereals, high 

lysine mutants in cereals, the metabolic regulation of essential amino acids derived from 

the aspartate pathway and lysine catabolism in higher plants, are reviewed. Recent 

approaches for improving the nutritional quality of cereals are also described. Finally, 

questions and technical approaches involved in this dissertation, which focus on QTL 

mapping in maize using simple sequence repeats are discussed. 

CEREAL STORAGE PROTEINS 

Nature of Cereal Storage Proteins 

Seed storage proteins were initially characterized in wheat by Beccari in 1745. 

The pioneering classification and nomenclature for seed storage proteins was developed 

by Osborne (1924), and it is widely accepted and used for protein quality studies. 

Osborne classified these proteins into four groups based on their solubility in different 

solvents. They are as follows: albumins, water-soluble proteins; globulins, salt-soluble 

proteins; prolamins, alcohol-soluble proteins; and glutemins, the remaining acid- or 

alkaline-soluble proteins. In most cereal seeds, including maize, wheat, barley, and 

sorghum, prolamins are the most abundant storage proteins, while globulins are the major 

storage proteins in oats and rice, and most legume grains (Shotwell and Larkins, 1988). 



21 

The classification of storage proteins is important, because their nutritional value 

is quit different. Analysis of the various seed storage protein fractions demonstrated that 

their amino acid composition is highly variable. The most abundant cereal storage 

proteins, the prolamins, lack several essential amino acids, including lysine, threonine, 

and tryptophan, and contain high levels of proline and glutamine. Albumins and 

globulins contain high levels of lysine and threonine, but these proteins are usually 

present in small amounts. 

In maize, the procedures for extracting seed storage proteins have been improved 

in the last twenty years. Laundry and Moureaux (1970, 1982) modified Osborne's 

procedure to improve the efficiency of protein extraction and reduce cross-contamination 

of different proteins by adding reducing regents, 0.6% P-mercaptoethanol and/or 0.5% 

sodium dodecyl sulphate (SDS), to the solvents. Based on this procedure, maize 

endosperm proteins were divided into five classes: the 0.5 M NaCl-soluble albumins and 

gioblulins; the 70% ethanol-soluble zeins; the 70% ethanol- and 0.6% p-

mercaptoethanol-soluble zein-like proteins; the glutelin-like proteins extracted with pH 

10 borate buffer containing 70% ethanol and 0.6% P-mercaptoethanol; and the glutelins 

extracted with borate buffer containing 70% ethanol, 0.6% P-mercaptoethanol, and 0.5% 

SDS. However, the complexity of this procedure and complexity of the protein 

composition in each fraction made this classification difficult for an evaluation purpose. 

For example, related proteins occur in several fractions (Misra et al., 1975; Metha et al., 

1979). Wallace et al. (1990a) developed a simple procedure to separate maize endosperm 

proteins into two major fractions, zeins (prolamins) and non-zeins. With this procedure. 
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total endosperm protein is extracted with a high pH borate buffer containing 1% (w/v) 

SDS and 2% (v/v) p-mercaptoethanol. Non-zeins are precipitated with 70% ethanol, 

while zeins are ethanol-soluble. Non-zeins, including albumins, globulins, and glutelins. 

contain most of the protein-bound lysine. Zeins do not contain lysine, but they account 

for most of the endosperm proteins. 

A new nomenclature system for maize zeins was established by several groups 

(Esen, 1986; Kirihara et al., 1988; and Thompson and Larkins, 1989), and it has been 

widely used. This classification is based on protein solubility as well as the structural 

features of each polypeptide. The proteins are identified as a-, P-, y-, and 5-zeins. 

Figure 1.1 shows SDS-PAGE of the zein fractions. The most abundant maize prolamins 

are a-zeins, which are resolved by SDS-PAGE into two main bands of Mr 19-lcD and 22-

kD. a-zein polypeptides can be separated further by isoelectric focusing electrophoresis 

(Righetti and Gianazza, 1977; Wall et al., 1984). a-zeins predominately contain 

glutamine, leucine, and alanine (Table 1.3). 

y-zeins are the second most abundant prolamins in maize endosperm. In SDS-

PAGE gels, three bands of 16-kD, 27-kD, and 50-kD correspond to y-zeins. The deduced 

amino acid sequences of y-zeins, based on cDNAs, show these proteins are rich in proline 

and cysteine. Their molecular weight is much smaller than indicated by their migration 

in SDS-PAGE (Prat et al., 1985, 1987; and unpublished data). It was suggested that the 

high proline content of these proteins could retard their movement in the gels. 

Glutamine and proline are the most dominant amino acids in y-zeins, and they also 

contain the highest level of cysteine, compared to other zeins (Table 1.3) 



Oh51A+ Oh51Ao2 
-""' -:~l.lllil@il] ~ 50kD y-zein 

, ~ 27kD y-zein 

· ~ 22kD a-zein 
~ 19kD a-zein 

· ~ 16kD y-zein 
., ~ 14kD ~-zein 

~ 1 OkD 8-zein 

Figure 1.1. SDS-PAGE of the zein fractions in maize wild type and 

opaque-2 endosperm. Zein fractions from 750 µg of endosperm flour of Oh51A wild 

type and opaque-2 were separated by 12.5% SDS-PAGE. The Mr of each band is 

indicated on the right. 

23 
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Table 1.3. Amino acid composition (%) of maize zeins, deduced from cDNA clones 

Amino Acid 
27-kD 

gamma-zein' 
22-kD 

alpha-zein'' 
19-kD 

alpha-zein*^ 
16-kD 

gamma-zein*^ 
14-kD 

t)eta-zein" 
10-kD 

delta-zein' 
Asn 0.0 5.3 4.5 0.6 1.2 2.3 
Asp 0.0 0.0 0.5 0.0 2.5 0.8 
Thr 4.4 2.8 3.2 3.7 3.1 3.9 
Ser 3.9 6.9 7.3 5.5 6.7 6.2 
Gin 14.7 20.7 19.5 18.9 17.2 11.6 
Glu 1.0 0.8 0.5 1.8 3.1 0.0 
Pro 25.0 8.9 10.0 15.2 8.0 15.5 
Gly 6.4 0.8 0.9 9.1 7.4 3.1 
Ala 4.9 13.8 13.6 7.9 11.0 5.4 
Cys 7.4 0.4 0.9 7.3 3.7 3.9 
Val 7.4 6.9 2.7 4.9 2.5 3.9 
Met 0.5 2.0 0.5 1.8 6.7 22.5 
lie 2.0 4.5 4.5 0.6 0.6 2.3 

Leu 9.3 17.1 19.5 8.5 9.2 11.6 
Tyr 2.0 2.8 3.6 4.9 9.8 0.8 
Phe 1.0 3.3 5.5 4.3 0.0 3.9 
His 7.8 1.2 0.5 2.4 2.5 2.3 
Lys 0.0 0.0 0.0 0.0 0.0 0.0 
Arg 2.5 1.6 1.4 1.8 4.3 0.0 
Trp 0.0 0.0 0.0 0.6 0.6 0.0 

a. Prat et al., 1987 
b. Clone pZ22.3; Marks and Larkins, 1982 
c. Clone cZ19C1; Marks et a!., 1985 
d. Prat et al., 1987 
e. Pedersen et al., 1986 
f. Kirihara et al., 1988 
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P-zein is one of the smallest maize prolamins with a Mr of 14-kDa. It is typically 

found in much lower level than a- and y-zeins. P-zein contains higher amounts of 

methionine and cysteine, and lower levels of proline and leucine than most of other maize 

prolamins (Table 1.3). 

Like P-zein, 5-zein is a low abundance protein with a Mr of 10-kD. It contains an 

extremely high percentage of sulfiir-containing amino acids (26.4%), methionine and 

cysteine (Table 1.3). Table 1.3 shows the amino acid composition of the maize a-, p-. y-

and 5-zeins. 

Although most other cereals also contain a large amount of prolamin proteins. 

they are structurally quite different from zeins. Wheat is one of the most important 

cereals in production around the world (Table 1.1). Its storage proteins are divided into 

two major groups: gliadins, 70% ethanol-soluble proteins, and glutenins, acid- and 

alkaline-soluble proteins. The role of glutenins in breadbaking quality has been 

extensively investigated. Glutenins are believed to affect the elasticity of dough, while 

gliadins determine its extensibility (Payne et al.. 1982). 

Generally, gliadins account for about 50% of wheat storage proteins, the high 

molecular weight (HMW) glutenins are 40%, and the remaining 10% are low molecular 

weight (LMW) glutenins (Payne et al., 1984). Gliadins are classified as a-, p-, y-, and m-

types, based on their molecular weight and mobility in acidic PAGE. Another system 

classifies wheat prolamins into sulfur-rich (S-rich), sulfur-poor (S-poor), and high 

molecular weight proteins (Kreis et al., 1985). Because of the high content of methionine 

and cysteine in a-, P-, and y-gliadins, these prolamins are S-rich and have molecular 
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weights ranging from 32-kD to 44-lcD. m- gliadins with molecular masses from 50-kD to 

70-kD are S-poor prolamins, containing high levels of glutamine, proline, and 

phenylalanine. These gliadins exhibit a high heterogeneity among different wheat 

varieties, which is caused by their different molecular weights and charges (Payne et al.. 

1982). Therefore, gliadins have been widely used for variety identification. 

Hordeins are the prolamins of barley, and they are divided into three main groups 

designated B, C, and D based on SDS-PAGE (Kreis et al., 1985). B-hordeins are the 

most abundant barley prolamins, accounting for 80-90% of the total. They have Mr 

ranging from 30-kD to 50-kD. B-hordeins are structurally similar to the S-rich wheat 

gliadins. C-hordeins, which have a Mr of 60-kD to 80-kD and compose 10-20 % of the 

barley prolamins, are structurally similar to S-poor wheat prolamins. C-hordeins contain 

repeats of the peptide (Pro-Gln-Gln-Pro-Phe-Pro-Gln-Gln), which compose most of the 

protein sequence. The least abundant prolamins of barley are D-hordeins, and they have 

the largest Mr at 105-kD. D-hordeins may be related to wheat HMW glutenins. but their 

role in the breadbaking quality has not been investigated (Kreis et al.. 1985). 

Prolamins in sorghum, kaflrins, have similar molecular masses to maize zeins, 

and a nomenclature system similar to maize zeins is used to identify them (Shull et al.. 

1992). There are three types of the sorghum prolamins: a-, P-, and y-kafirins. Like a-

zeins in maize, a-kafirins are the most abundant proiamin in sorghum, and they are rich 

in hydrophobic amino acids, including proline, glutamine, alanine, and leucine (Table 

1.3). y-kafirins, which are similar to y-zeins in structure and amino acid composition, are 

rich in cysteine, proline, and glutamine, but poor in lysine and tryptophan. Although P-
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kafirins have a higher level of methionine than a-kafirins, the methionine content in P-

kafirins is half that of p-zeins. 

The deficiency in lysine and tryptophan in cereal prolamins (Table 1.3) 

dramatically reduces the biological value of their endosperm flour. However, several of 

these proteins contain high levels of methionine and cysteine, especially in the p-zein of 

maize. P-kafirin of sorghum, S-rich gliadins of wheat, and B-hordeins of barley. In 

contrast, legume storage proteins are rich in lysine and tryptophan, but they lack sulfur-

containing amino acids, methionine and cysteine. Thus, a mixed diet of cereals and 

legumes could create a balanced protein ration for humans and animals. However, the 

availability of both grains can be a limiting factor. In some regions, legume grains are 

very expensive. In addition, the traditional daily diet may not be easily changed for 

people living in certain regions, because of cultural and religious influences. In countries 

where animals are major consumers of cereal grains, supplementation with microbially 

produced lysine (Falco et al., 1995, 1997) or legume grains increases the costs of animal 

feeds. More economical production requires modified cereal grains with enhanced lysine 

content (Nelson, 1969). 

Protein Body Formation in Cereal Endosperm 

Cereal seed storage proteins, especially prolamins, are synthesized on rough 

endoplasmic reticulum (ER) and subsequently deposited in different cellular locations in 

the endosperm. Prolamins are either retained in the ER lumen, where they associate to 
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form protein bodies (PBs), or they are transported to vacuoles, called protein storage 

vacuoles (PSVs) (Herman and Larkins, 1999). 

Maize zeins are synthesized by membrane-bound polyribosomes in endosperm 

and transported into the lumen of the ER, where they form PBs (Khoo and Wolf, 1970; 

Larkins and Hurkman, 1978; Lending et al., 1988; Lending and Larkins, 1989). Mature 

maize PBs are spherical with a diameter of 1-2 (im. PBs, together with starch granules, 

are the major particulate components in mature endosperm, and they are embedded in a 

proteinaceous matrix. 

Figure 1.2 shows the development of protein bodies in maize endosperm (from 

Lending and Larkins, 1989). The smallest and youngest protein bodies are located in the 

outer layers of developing endosperm, while the larger and more mature ones are in the 

central region. Histochemical staining illustrated the distribution of PBs in the 

developing endosperm, but did not identify the organization of the individual zeins within 

PBs. The distribution of various zeins in PBs was studied by immunolocalization 

(Ludevid et al., 1984; Lending et al.. 1988; Lending and Larkins. 1989; Esen and Stetler. 

1992). At early stages of endosperm development, the small PBs are mainly composed 

of P- and Y-zeins. Later, a-zeins are accumulated and gradually fill the center of the PBs, 

partitioning P- and y-zeins to the outside. Like a-zeins, 5-zeins are located in the central 

region of PBs (Esen and Stetler, 1992). 

The mechanism by which zeins become organized in PBs could be related to their 

structure, although this is poorly understood. The core of a-zeins is a series of 9 or 
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Figure 1.2. The development of protein bodies in maize endosperm (Adapted from Lending and Larkins, 

1989). The most immature protein bodies are on the left, and development is from left to right. Greek letter designations 

in the lower figure indicate the location of the corresponding zein classes as determined by immunolocalization. Arrows 

shows where various zeins are located in developing protein bodies. 
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10 peptide repeats of approximately 20 amino acids. Each repeat is flanked by clusters 

of glutamines (Pedersen et al., 1982). These repeats appear to form antiparallel a-

helices, which may function in their intermolecular interactions (Argos et al., 1982; 

Tatham et al., 1993). The N-terminus of the 27-kD y-zein contains 8 tandem repeats of 

the hexapeptide PPPVHL, followed by 22 residues with proline and another amino acid, 

alternatively (Prat et al., 1985, 1987). The hydrophilic nature of this domain may be 

responsible for its water-solubility of reduced proteins. 

There appears to be specific interaction between zeins that leads to their assembly 

into protein bodies. In transgenic tobacco endosperm, y-zein was stably accumulated in 

the ER, while a-zein was not (Coleman et al., 1996). However, when the two proteins 

were simultaneously synthesized, y-zein interacted with a-zein, leading to PB formation 

and stable accumulation of both proteins (Coleman et al., 1996). p-zein was also stably 

accumulated when synthesized in transgenic plants; P-zein can interact with 5-zeins and 

promote the stable accumulation of both proteins (Bagga et al., 1995). However, the 

structural domains for the interaction between zeins that initiate PB formation and 

enlargement are currently poorly understood. 

In sorghum, PBs are also formed in ER lumen, but the distribution of various 

prolamins in PBs is slightly different from maize. The interior of sorghum PBs is 

predominately filled with a-kafirins and with small amounts of P- and y-kafirins (Shull et 

al., 1992). p-kafirins are located in the center and the periphery of the PBs, while y-

kafirin is present in inclusion bodies in the center and at the periphery (Shull et al., 1992). 

a-kafirins are present in all PBs. However, p- and y-kafirins are synthesized in later 
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developmental stages, so these storage proteins are mainly observed in the older PBs that 

are located in the central endosperm cell (Shull et al., 1992). 

It appears that the assembly of prolamins into protein bodies in wheat and barley 

is much more complex than in maize and sorghum. Although accretions of prolamins 

from wheat and barley are formed in the lumen of the ER, they are transported to PSVs 

by two different pathways (Galili et al., 1993). The barley sulfur-rich and sulfur-poor 

prolamins form distinct small protein bodies, while wheat sulfur-rich and sulfur-poor 

prolamins are mixed together (Rubin et al., 1992). The golgi apparatus is involved in the 

transport of wheat prolamins to vacuoles by endomembrane trafficking (see review of 

Sanderfoot and Raikhel, 1999). Autophagy is another primary route for storage protein 

trafficking to PSVs. With this route, prolamins initially aggregate within the ER lumen 

and then bud from the ER as small protein bodies, then they are transported and 

integrated into vacuoles to form SPVs (Levanony et al., 1992). 

Cereal High Lysine Mutants with Altered Storage Protein Accumulation 

The earliest effort to improve the nutritional quality of maize was by Hopkins in 

1899, and it involved selecting over seventy generations for high protein content (Dudley 

et al., 1974). However, the outcome of this effort was mainly to increase prolamins, 

which did not improve the protein quality. The application of nitrogen fertilizer also 

increases the prolamins, but not the lysine-containing proteins (Schneider et al., 1952). 

Because of the lack of high-lysine genotypes and methods to improve protein quality in 

cereals, by the 1950s, it was thought that there was not much variation for protein quality 
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among different germplasm (Nelson, 1969). However, this changed in 1964 following 

the discovery of the high lysine mutant, o2 (Mertz et al., 1964). 

The o2 mutation was first described by Jones and Singleton (Emerson et al., 

1935). Initially, it was used as a genetic marker for the short arm of chromosome 7, 

because of its easily recognized opaque kernel phenotype (Feist and Lambert, 1970). 

Based on the hypothesis that genotypes with a lower prolamin content can have higher 

levels of lysine, Mertz et al. (1964) showed that an o2 mutant almost doubles lysine 

content, compared to its normal genotype. Feeding experiments with children showed 

that o2 maize has 90% of the value of milk protein (Bressani et al.. 1966) and can cure 

the protein deficiency disease called Kwashiorkor (Harpstead, 1971). 

The effects of the o2 mutation on storage protein accumulation and lysine content 

were described by Mertz (1964). In o2 mutants, there is a reduction of a-zeins and 

generally an increased accumulation of lysine-containing non-zein proteins. The 

reduction of a-zeins leads to smaller protein bodies (Lending and Larkins, 1989; Geetha 

et al., 1991). 

Like o2, another maize mutant called floury-2 ifll) causes a starchy endosperm 

phenotype. fl2 is a semi-dominant mutant that was initially identified by Emerson et al. 

in 1935 (Nelson et al., 1965). jl2 endosperm also has a higher level of lysine, compared 

to its wildtype (Nelson et al., 1965). The 19-kD and 22-kD a-zeins are reduced in this 

mutant, and there is an increase in many non-zein proteins that contribute to the increased 

lysine content (Jones, 1978; Di Fonzo et al., 1980). In fl2, the normal pattern of zein 
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aggregation within protein bodies is disturbed, resulting in irregular-shaped protein 

bodies (Christianson et al., 1974; Jones, 1978). 

Besides o2 and fl2, several other opaque mutants (Coleman and Larkins, 1999). 

also affect the accumulation of endosperm storage proteins, and, in some cases, protein 

body formation, opaque-7 (o7) exhibits a predominant reduction of 19-kD a-zeins, with 

a minor reduction of other zein proteins (Di Fonzo et al.. 1979). Two other dominant or 

semi-dominant mutants, DeB30 and Mc, have a somewhat similar phenotype to J12, with 

a reduced amount of a-zein and an increased level of non-zein proteins (Coleman and 

Larkins, 1999). Opaque-15 {pi5) significantly reduces the mRNA and protein content of 

the 27-kD y-zein (Dannenhofffer et al., 1995). 

Successes in the identification of high lysine maize mutants encouraged 

researchers to find high lysine genotypes in other cereals. By screening the world barley 

collection, a starchy kernel mutant from Ethiopia, called hyproly, was identified and 

shown to contain 20 — 30% more lysine than normal barley (Munck et al., 1970). By 

screening 9000 of the world sorghum selections for floury endosperm, Singh and Axtell 

(1973) identified two high lysine (Jh[) lines, which have a reduced prolamin content. Both 

lines carry a single recessive gene for this phenotype, although it remains unknovm 

whether these genes are allelic. Unlike other cereals, sorghum has another nutritional 

problem, lower protein digestibility (Axtell et al., 1981; Kirleis, 1991; Hamaker et al., 

1996). Recently, Oria et al. (2000) identified a highly digestible sorghum mutant cultivar 

from a population derived from a cross of the P721 opaque mutant and a normal cultivar. 

This mutant exhibits a unique protein body structure with numerous invaginations that 
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often reach to the central area of the PBs (Oria et al., 2000). This PB morphology may 

result in increased accessibility of digestive enzymes to a-kafirins (Oria et al., 2000). but 

its molecular basis is unknown. 

In wheat, this broad screening approach was not successfiil at identifying high 

lysine genotypes. For example, Johnson et al. (1979) screened more than 25.000 wheat 

collections and found relatively little variation in kernel lysine content. 

In the 1970s, concern regarding protein production rather than protein quality 

limited research and potential utilization of these high lysine mutants (Micke, 1983), but 

many of studies were still made to improve endosperm nutritional quality by using these 

mutants in breeding. However, these early efforts were not very successful. The soft and 

starchy endosperm in most of high lysine mutants usually caused a number of negative 

poleitropic effects (Glover and Mertz, 1987). The kernels tend to have higher mechanical 

damage during processing, to be more susceptible to diseases and pests, and to have a 

lower protein content. They are generally lighter in weight, which leads to lower yield 

potential (10 to 15 % reduction). 

To increase variation in lysine content and find additional high lysine mutants in 

cereal seeds, in the 1970s to early 1980s, mutagenesis breeding with chemicals and 

radiation was widely used. In this way, Doll et al. (1974) identified fourteen barley 

mutants with variable amounts of lysine. Later, genetic studies found another locus, lys3, 

which has at least three different alleles among different Ris0 mutants (Jensen and Doll, 

1979). Another barley high lysine allele, hor-2ca, was created by y-radiation to produce 

Ris0 mutant 56 (Doll, 1980). The major barley storage protein, B-hordein, is absent in 



this mutant, as a consequence of an 85 kb of DNA deletion that includes the Hor-2 locus 

(Kreis et al., 1983). Other barley mutants. Notch 1 and Notch 2, were induced from 

NP113 by Bansal (1970, 1972). In sorghum, the P-721 opaque mutant with a 60% 

increase in lysine content was induced by chemical mutagenesis. It is controlled by a 

single semi-dominant gene (Mohan, 1975). 

Commonly, these mutants have a reduced content of some or most prolamin 

fractions and a lower yield, along with other inferior kernel phenotypes. As a result, 

these mutants are not widely used in maize production. 

Characterization of 2^iii Genes 

Different classes of maize prolamins are encoded by a variable number of genes, 

with a-zeins being the most complex, a-zeins are encoded by more than seventy genes, 

although some of these may be pseudogenes or duplicated genes (Hagen and Rubenstein. 

1981; Burr et al., 1982; Wilson and Larkins, 1984). These a-zein genes were mapped to 

the short and long arms of chromosome 4, the short arm of chromosome 7. the long arm 

of chromosome 10, and the centromere region of chromosome 1 (Hartings et al., 1984; 

Shen et al., 1994). A sequenced 78 kb region of a 22-kD a-zein cluster on the short arm 

of chromosome 4 demonstrated that this region contains more than ten 22-kD a-zein 

genes, but only three have an intact open reading frame in the inbred BSSS53 (Llaca and 

Messing, 1998). The 27-kD y-zein was mapped to a locus containing one or two genes 

(called A and B genes), near centromere on the long arm of chromosome 7 (Das and 

Messing, 1987). This locus may be related to opaque2 modifier genes, which appear to 
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regulate the level of 27-lcD y-zeins (Dannenhoffer et al., 1995; Lopes et al., 1995). Both 

the 14-kD P-zein and the lO-kD 5-zein are encoded by a single copy gene, and map near 

the centromere of the short arm of chromosome 6 and the short arm of chromosome 7. 

respectively (Murry et al., 1988; Benner et al., 1989). Figure 1.3 shows the genomic 

location of various zein genes, their regulatory genes, and some loci causing opaque 

mutations. 

Regulation of Cereal Storage Protein Gene Expression 

The expression of maize zein genes is regulated spatially and temporally in 

endosperm (Faccio Dolflni et al., 1992). A cis-element called the endosperm box is 

located in the promoter region of zeins and most other cereal storage protein genes (Kreis 

et al.. 1985). This element, located about 300 bp upstream of the translation start codon, 

is bipartite, consisting of an endosperm-specific motif (TGTAAAG) and a GCN4-like 

motif (Muller et al., 1995). The endosperm-specific motif, which may have a role in the 

endosperm-specific expression of the 22-kD a-zeins (Quayle and Feix, 1992), is 

conserved among all cereal prolamin genes, the GCN4-like motif is absent in maize. 

GCN4 is a transcription factor in yeast that regulates the expression of enzymes involved 

in amino acid biosynthesis (Hinnebusch, 1990). In addition, a 58-bp region of the y-zein 

promoter, from nucleotides —307 to -250, interacts with a nuclear protein, and it was 

predicted that this element plays a role in y-zein expression (Ueda et al., 1994). 
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Figure 1.3. The genome location of various zein genes, their regulatory genes, 

and some opaque mutations on the ten maize chromosomes. The open boxes indicate the 

locations of a-zein gene clusters. 
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Several transcriptional factors identified in cereals may play important roles in 

storage protein gene expression. A nuclear protein of unknown function was purified 

from maize endosperm and shown to bind the endosperm-specific motif of a 22-kD a-

zein gene (Maier et al., 1987). Another endosperm-specific nuclear protein was shown to 

bind the promoter region of the maize p-zein gene (So and Larkins, 1991). A maize 

prolamin box-binding factor (PBF-1) that binds to the prolamin-box of 22-kD and 19-kD 

a-zein gene promoters was purified from immature endosperm (Wang et al.. 1998). A 

wheat seed-specific basic leucine zipper (bZIP) protein SPA (Albani et al., 1997) from 

wheat activates transcription of a maize 22-kD a-zein gene, through endosperm-specific 

binding factor-1 (ESBF-1) in vitro (Conlan et al.. 1999). In barley, an endosperm-

specific DOF (DNA binding with One Finger) protein may bind to the prolamin-box and 

regulate the expression of B-hordein genes (Mena et al., 1998). 

Opaqne2 (02) is currently the only well-characterized transcription factor that 

regulates zein gene expression, especially the 22-kD and 19-kD a-zeins. The cloning of 

02 by transposon tagging (Schmidt et al., 1987; Motto et al., 1988) led to the 

characterization of this gene and the demonstration that it encodes a protein belonging to 

the bZIP class of transcription regulators (Hartings et al., 1989; Schmidt et al., 1990). 

Later studies of this gene showed that 02 activates expression of the a-zein genes. 

mainly the 22-kD a-zeins (Schmidt et al., 1990), a ribosome inactivating protein (RIP) 

(Soave et al., 1981; Bass et al., 1992), and a cytosolic pyruvate phosphate dikinase 

(cyPPDKl) (Maddaloni et al., 1996). The 02 protein can bind to the promoter region of 

22-kD a-zein genes (Schmidt et al., 1992). It was shown that the 02 protein can 
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substitute for GCN4 in transformed yeast ceils (Mauri et al., 1993). 02 binds to three 

sites (Zl. Z2, Z3), which are close to the endosperm-specific motif, in the promoter 

region of 22-kD a-zein genes (Lohmer, 1991). The Z2 region has homology to the 

GCN4-like motif Consequently, it was suggested that 02 binding sites contain AYGT 

core sequences and may represent a GCN4-like motif in maize (Mailer et al.. 1995). 

Another starchy endosperm mutant gene that has been cloned is fl2. In fl2. an a-

zein with a defective signal peptide causes the P- and y-zeins to become disorganized, 

leading to abnormal protein bodies (Coleman et al., 1995; Lopes et al., 1994; Gillikin et 

al., 1997). 

ol5 may be an o2 modifier gene, whose wildtype gene product can reverse the 

soft o2 endosperm to a hard phenotype (Villegas et al., 1992). This mutant was mapped 

to the telomere region of chromosome 7, a similar location with an o2 modifier gene 

(Dannenhoffer et al., 1995). It was predicted to be a trans-factor that regulates 27-kD y-

zein gene expression and/or mRNA stability (Dannenhoffer et al., 1995). 

Some opaque mutants alter amino acid biosynthesis. For example, o6 may 

encode an enzyme essential for proline biosynthesis. It is allelic withproline-I (pro!) 

and is lethal when homozygous (Ma and Nelson, 1975; Dierks-Veentling and Tonelli, 

1982; Manzocchi etal., 1986). 

Although efforts have been made to understand the biological mechanism of these 

high lysine mutants by studying the regulation of storage protein genes, our knowledge of 

the high-lysine trait is still fairly limited. For example, the mechanism by which the 

decreased level of zeins in o2 endosperm leads to more non-zein proteins and which 
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proteins are responsible for the higher lysine content are poorly understood. The 

mechanism responsible for increased level of free amino acids in o2 endosperm is also 

unknown (Misra et al., 1975; Moro et al., 1996). Moreover, a starchy endosperm 

phenotype does not always lead to a high lysine content (Coleman and Larkins, 1999), so 

this phenotype may result from reasons rather than the low level of prolamins. 

REGULATION OF LYSINE METABOLISM IN HIGHER PLANTS 

Besides the increased level of lysine-containing proteins in the previously 

described mutants, free lysine also contributes to the total lysine pool in cereal 

endosperm. The level of free lysine is regulated by its biosynthesis and degradation. In 

the 1970s, studies on the free amino acid (FAA) composition of different maize tissues 

showed that FAA composition of vascular sap in the ear peduncle is fairly different from 

that in the endosperm (Sodek, 1976; Arruda and Da Silva, 1979; Lyznik et al., 1982). 

This result suggested the metabolic inter-conversion of related amino acids in maize 

endosperm. Among these FAAs, several essential amino acids, including lysine, 

threonine, methionine, and isoleucine, derive from the aspartate pathway (Bryan, 1990; 

Galili, 1995), which is similar to that found in most bacteria. Furthermore, it was 

revealed that this pathway is present in maize endosperm (Sodek, 1976). Recently, it was 

found that lysine catabolism is another major regulatory mechanism affecting the lysine 

level in cereal endosperm (Da Silva and Arruda, 1979; Brochetto-Braga et al., 1992; 
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Kemper et al., 1998, 1999). Here, the function and regulation of key enzymes of the 

aspartate pathway and lysine catabolic pathway in higher plants is reviewed, with an 

emphasis on maize. Figure 1.4 shows the enzymes and regulation of the aspartate 

pathway and the lysine catabolic pathway. 

The Aspartate Pathway 

Aspartate kinase (AK; EC 2.7.2.4) is the first enzyme in the aspartate pathway, 

and it catalyzes the conversion of aspartate to P-aspartyl phosphate with the 

accompanying hydrolysis of ATP. In plants, this enzyme is located in plastids (Bryan. 

1990). AK has been biochemically characterized in several cereal crops, including maize 

(Dotson et al., 1989, 1990b; Azevedo et al., 1992a), barley (Bright et al., 1982b). and rice 

(Teixeira et al., 1998). The major regulation of this enzyme is by feedback-inhibition of 

end products, lysine and threonine. As in other plants, there are at least two major 

isoforms of AK in maize, one lysine-sensitive and the other threonine-sensitive (Azevedo 

et al., 1992a; Muehlbauer et al., 1994b). There are at least two genes encoding the maize 

lysine-sensitive AK as demonstrated by biochemical characterization of purified AK 

isoforms (Dotson et al., 1989, 1990a, 1990b) and genetic studies of two AK mutants 

(Hibberd et al., 1980; Hibberd and Green, 1982; Diedrick et al., 1990; Muehlbauer et al.. 

1994a). The two AK mutants, Askl and Ask2, are both lysine-sensitive, and map to the 

short arm of chromosome 7 and the long arm of chromosome 2, respectively 

(Muehlbauer et al., 1994a). Because purified lysine-sensitive AK separates into two 

bands (49-kD and 60-kD) by SDS-PAGE, the two genes may encode the two different 
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subunits of the lysine-sensitive AK (Dotson et al., 1989. 1990a). Native PAGE showed 

that there are three proteins with molecular masses of 104-kD, 124-kD, and 140-kD. and 

gel-filtration suggested that the native AK has a molecular mass of 254-kD (Datson et al., 

1989). Therefore, it was proposed that native AK is a heterotetramer composed of two a-

and two P-subunits (Dotson et al., 1989). 

The only cloned monoflmctional AK in plants comes from two genes in 

Arabidopsis (Frankard et al., 1997; Tang et al.. 1997) and a deduced soybean gene 

(public database). The deduced molecular weight of one monofiinctional AK from 

arabidopsis is about 52.5-kD (Frankard et al., 1997). In arabidopsis, the monofiinctional 

AK genes were expressed in most tissues (Tang et al., 1997). 

It is unclear how monofiinctional AK genes are regulated in plants. Brennecke et 

al (1996) proposed that they are regulated by the o2 gene in maize endosperm, because its 

enzyme activity is higher in o2 than wild type, and one AK gene. Ask2, appears to be 

linked to the o2 locus. However, this regulation remains to be proved at the molecular 

level. Recent evidence suggested that different isoforms of AK are regulated by Ca^^, 

with calmodulin integrating into the holoenzyme as one of the AK subunits (Kochhar et 

al., 1998). This enzyme may also be regulated by light (Rao et al., 1999). 

At least one isoform of AK, which has been characterized and cloned in several 

plant species, is bifunctional aspartate kinase-homoserine dehydrogenase (Wilson et al., 

1991; Azevedo et al, 1992b; Ghislain et al., 1994; Muehlbauer et al., 1994b; Teixeira et 

al., 1998). The identification of the bifunctional enzyme in maize was based on co-

purification of AK and homoserine deydrogenase (HSDH; EC 1.1.1.3) activity (Azevedo 
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et al. 1992b). Biochemical characterization of this isoform showed it is threonine-

sensitive (Walter et al., 1979; Kirshnaswamy and Bryan, 1986; Azevedo et al., 1992b). 

Later, cloning of genes encoding bifimctional AK-HSDH in many plant species 

confirmed that the bifunctional isoform is common. There are at least three AK-HSDH 

genes in the maize genome, and they are expressed in most tissues (Muelhmauer et al.. 

1994b). Two of them map to the long arm of chromosome 2, where one mono functional 

AK is nearby, and the short arm of chromosome 4 (Muelhmauer et al., 1994b). In 

arabidopsis, this enzyme is metabolically regulated by the photosynthesis-related 

metabolites, sucrose and phosphate, but not by nitrogenous compounds (Zhu-Shimoni et 

al. 1998). A GCN4-Iike binding site in the promoter region of the arabidopsis AK-HSDH 

lead to the suggestion that 02 may regulate its expression in maize endosperm (Zhu-

Shimoni et al, 1998). 

Dihydrodipicolinate synthase (DHDPS; EC 4.2.1.52) is the first enzyme of the 

lysine-committed biosynthetic branch, and it catalyzes the formation of 2,3-

dihydrodipicolinate from pyruvate and 3-aspartate semialdehyde. DHDPS has been 

characterized and/or cloned in wheat (Kaneko et al., 1990), maize (Frisch et al.. 1991a, 

1991b), poplar (Vauterin and Jacobs, 1994), arabidopsis (Vauterin and Jacobs, 1994). 

soybean (Silk et al., 1994), tobacco (Negrutiu et al., 1984; Ghislain et al.. 1990). and coix 

(Dante et al., 1999). All the cloned DHDPSs have a putative transit peptide at the N-

terminus, inferring the plastid localization of this enzyme (Brj'an, 1990). Although 

DHDPS in plants catalyzes the same reaction as that in bacteria, plant DHDPS is more 

sensitive to lysine inhibition, with an I50 of 10-50 |aM (Vauterin et al., 2000), compared to 
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an I50 of 400 to 1000 in bacteria. It is believed that DHDPS is the most limiting-step 

for lysine biosynthesis in plants. There is only one isoform of DHDPS identified in 

plants, and the native erujyme is homotetramer (Kaneko et al., 1990; Ghislain M, 1990; 

Frisch et al., 1991a). In maize and coix, DHDPS is expressed at a high level in 

coleoptiles and developing kernels (embryo and endosperm), at lower levels in roots, and 

it is only slightly expressed in leaves (Dante et al., 1999). Vanterin (1999) showed in 

arabidopsis and tobacco that DHDPS is expressed in meristems and the young 

vasculature of roots, vasculature of stems and leaves, meristems of young shoots, but not 

in pallisade cells of mature leaves. It is highly expressed in carpels, style, stigma, 

developing embryos, tapetum of young anthers and pollen. 

The lysine binding sites of this enzyme have been studied using tobacco and 

maize DHDPSs. Two independent studies showed that a 10 amino acid region of 

DHDPS in plants is the allosteric inhibition site. A mutation of the N80 (from Asn to He) 

residue of tobacco DHDPS leads to lysine-insensitive inhibition (Ghislain et al., 1995; 

Vauterin et al., 2000). Other mutations in sites nearby this region (A79. E84. and L88) 

were identified as essential for lysine inhibition of the maize DHDPS (Shaver et al.. 

1996). Recently, Vauterin et al. (2000) identified another region of maize DHDPS 

essential for lysine inhibition. Mutation of W53 to R made it insensitive to lysine 

(Vauterin et al., 2000). The crystal structure of DHDPS from tobacco has been 

established, and the regions where lysine binds are consistent with the reported lysine-

binding sites of this enzyme (Blicking et al., 1997). 
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Figure 1.4. The regulation of the aspartate pathway and lysine 

catabolic pathway. Plus and minus signs indicate positive and negative regulation of 

the enzyme by amino acids, respectively. AK: aspartate kinase; DHDPS: 

dihydrodipicolinate synthase; HSDH: homoserine dehydrogenase; LKR: lysine 

ketoglutarate reductase; SDH: sacharopine dehydrogenase. 
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HSDH catalyzes the conversion of 3-aspartate semialdehyde to homoserine. 

depending on reduction of NADPH, and this is the key step for threonine, methionie. and 

isoleucine formation, but not for lysine (Figure 1.4). Two isoforms of HSDH have been 

identified in plants including maize, one threonine-sensitive and the other threonine-

insensitive (Walter et al., 1979; Dicamelli and Bryan, 1980; Kirshnaswamy and Bryan, 

1986). The relative composition of the two forms is dependent on tissues and developing 

stages (Matthews et al., 1975; Bryan and Lochner, 1981). The bifunctional enzyme with 

AK at the N-terminus is threonine-sensitive (Azevedo et al., 1992b; Ghislain et al., 1994; 

Muehlbauer et al., 1994b). Threonine-insensitive HSDH activity is conferred by a 70-kD 

dimer of two 38-kD subunits and presummably represents a monofiinctional HSDH in 

maize (Walter et al., 1979; Kirshnaswamy and Bryan, 1986). HSDH from carrot can be 

changed in vitro between a threonine-sensitive trimeric form (T-form) and threonine-

insentive dimeric form (K-form) (Matthews et al., 1989; Turano et al., 1990). The T-

form requires the presence of threonine, whereas the K-form requires the presence of 

potassium (Turano et al., 1990). Because the potassium level would be higher during the 

day-light, threonine synthesis may be enhanced by the conversion of the T-form to K-

form (Turano et al., 1990). 

Lysine Catabolic Pathway 

Lysine catabolism plays a significant role in the regulation of lysine content in 

seeds. Earlier studies suggested that lysine is degraded in seed tissues to form 

saccharopine and a-aminoadipate semialdehyde, similar to what occurs in mammalian 



cells (Sodek and Wilson, 1970; Brandt, 1975; Mazelis, 1980). The first enzyme directing 

lysine degradation is lysine ketoglutarate reductase (LKR; EC 1.5.1.8), which is also 

called lysine 2-oxoglutarate redutase (LOR) (Figure 1.4). This enzyme has been 

characterized or the gene cloned from developing seeds of maize (Arruda and Da Silva, 

1983; Brochetto-Braga et al.. 1992; Kemper et al., 1998, 1999), soybean (Miron et al., 

1997, 2000), and rice (Gaziola et al., 1996, 1997). During isolation of this enz>'eme, 

LKR activity always co-purifies with sacchropine dehydrogenase (SDH; EC 1.5.1.9) 

activity, so the bifunctional enzyme is the only identified form of LKR in plants. A 

model is proposed that LKR and SDH activity can be regulated via the interaction 

between the two domains of the enzyme (Arruda et al., 2000). Their interaction could be 

regulated by different factors, including Ca2+, lysine concentration, ionic strength, and 

phosphorylation (Karchi et al., 1995; Miron et al., 1997; Kemper et al, 1998. 1999; 

Gaziola and Azevedo, 1999; Arruda et al., 2000). Interestingly, the gene encoding the 

bifunctional enzyme in arabidopsis may separately encode a monofimctional SDH (Tang 

et al., 2000). Its function remains to be investigated. 

The reduced activity of LKR in o2 maize endosperm may be responsible for the 

high level of free lysine. Silva and Arruda (1979) suggested that the high level of free 

lysine in some maize mutants with a higher lysine content could be explained by the 

reduced catabolism of lysine (Silva and Arruda, 1979). Later, it was confirmed that LKR 

in o2 maize is much reduced at the enzyme (Brochetto-Braga et al., 1992) and transcript 

levels (Kemper et al., 1999). In the promoter region of this gene in arabidopsis. there is a 

putative endosperm box, an o2 box, and a combined o2/legume RY box (Tang et al.. 



49 

2000). Therefore, there is probably an o2 box in the promoter of maize LKR/SDH gene. 

An expression study showed that this gene is solely expressed in maize endosperm 

between 15- and 30-DAP, and the enzyme may have a specific role in lysine metabolism 

in maize endosperm (Kemper et al., 1999). Immunolocalization indicated that this 

enzyme is distributed in the cytosol of endosperm subaleurone layers in maize (Kemper 

etal., 1999). 

Free Amino Acid Overproducing Mutants via Altered Enzymes 

Starting in the 1980s, a better understanding of the lysine biosynthetic pathway in 

plants and the development of tissue culture technology activated extensive screening for 

mutants with modified enzymes that regulate amino acid biosynthesis. The enzymes of 

the aspartate pathway were the main targets for this screening, because all the amino 

acids derived from this pathway are essential amino acids, including the most limiting 

amino acid in cereals, lysine. The two major end-products, threonine and lysine, are 

inhibitors of several key enzymes in this pathway. Mutagenesis selection methods were 

based on growth inhibition caused by the presence of a lysine analog, S-(2-aminoethyl)L-

cysteine (AEC), leading to starvation for lysine and other amino acids, or by the presence 

of lysine and threonine (LT), leading to methionine starvation in selection medium 

(Green and Phillips, 1974; Gengenbach, 1984). AK and DHDPS can be modified to 

lysine and/or threonine insensitive forms, with two major classes of mutations normally 

identified: one threonine-overproducing (screened under high LT concentration) and the 

other lysine-overproducing (screened with AEC). 



50 

A number of cereal mutants with altered eniyme properties and changed amino 

acid content and composition have been identified. In maize, two threonine-

overproducing lines, LT19 and LT20, are regulated by single dominant genes (Hibberd et 

al., 1980; Hibberd and Green, 1982; Diedrick et al., 1990). Biochemical characterization 

of these mutants showed that AKs are less sensitive to lysine-inhibition. The two genes. 

Askl and Ask2, were mapped to chromosome 7S (Azevedo et al., 1990) and 2L 

(Muehlbauer et al., 1994a). Besides overproducing threonine, both mutants have a high 

level of other free amino acids (Muehlbauer et al., 1994a). However, an AEC-induced 

maize mutant did not overproduce lysine (Gengenbach, 1984). 

In barley, several AEC- and LT-resistant mutants were also identified. In 1979. a 

mutant resistant to AEC was selected using the excised embryo screening system mutant 

(Bright et al., 1979a). Later, it turned out that a single recessive nuclear gene is 

responsible for this mutant (Bright et al., 1979a). This mutant resulted from an alteration 

in the uptake of AEC by the root, rather than altered enzymes for lysine metabolism. 

Consequently, no enhanced lysine content was found (Bright et al., 1979b). Altered AK 

barley mutants were induced by sodium azide mutagenesis with LT-selection using 

embryos. These mutants overproduce threonine and have a slightly higher level of free 

lysine (Bright et al, 1982a, 1982b; Rognes et al., 1983). 

Although rice has a relatively balanced amino acid composition, an increased 

lysine content would increase its nutritional value. A rice mutant with resistance to AEC 

has a higher content of protein-bound lysine and storage proteins in seeds (Schaeffer et 

al., 1987), but its mechanism is not yet understood. 
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In wheat, an AEC-resistant mutant contains slightly less lysine-sensitive AK. 

However, it does not contain a significantly higher level of free lysine than wildtype 

(Kumpaisal et al., 1988). 

These mutagenesis methods have also been used in other plant species besides 

cereals. In tobacco, a lysine-overproducing mutant was selected with AEC, and so far it 

is the only mutant with an altered DHDPS (Negrutiu et al., 1984; Ghislain et al., 1990). 

Cloning of the mutated DHDPS gene demonstrated a dinucleotide mutation that leads to 

less lysine sensitivity (Ghislain et al., 1995). A tobacco LT-resistant mutant, RLT70, 

showed a 45- and 79-foId increase in free lysine in leaves and seeds, respectively, 

because of altered AK (Frankard et al., 1991, 1992). A carrot LT-resistant mutant 

accumulates a higher level of free threonine, because of a lysine-insensitive AK (Cattoir-

Reynaerts et al., 1983). Recently, work in arabidopsis also characterized the regulation 

of lysine and threonine synthesis. Lysine-resistant mutants with enhanced free threonine 

and lysine content were identified and shown to result from altered AK (Heremans and 

Jacobs, 1995, 1997). 

Although reduced degradation of lysine could also contribute a higher free lysine 

content, it appears that this approach has not been used to screen for mutants. However, 

this method might be useful, because LKR appears to be encoded by a single gene in 

maize, and loss of function mutants could be induced with a high efficiency. 

The approaches for selecting high fi-ee-lysine mutants have been very successful. 

At least a several-fold increase in free lysine and/or threonine is typical for most of these 

mutants. However, there are important disadvantages for this approach, which limit the 
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Utilization of these mutants in crop production. For example, an increased level of free 

lysine may not lead to a significantly high level of protein-bound lysine, because protein-

bound lysine is the major form in cereal grains. Another problem is that deleterious 

agronomic phenotypes sometime occur in high free amino acid mutants, since the mutant 

enzymes are often expressed in most tissues, and the constitutive overproduction of free 

lysine and threonine can be toxic (Frankard et al., 1992). 

RECENT APPROACHES TO IMPROVE NUTRITIONAL QUALITY IN 

CEREALS 

Development of Quality Protein Maizes (QPMs) 

The agronomic problems associated with o2 mutants are the most limiting factors 

that prevented their introduction into elite lines. Fortunately, breeders found ways to 

resolve some of these problems. One of the most striking efforts is the development of 

o2 genotypes with modified endosperm, leading to vitreous kernels (Paez et al., 1969). 

This work was initiated by scientists at the International Maize and Wheat Improvement 

Center (CIMMYT) in Mexico (Villegas et al., 1992) and the University of Natal in South 

Africa (Gevers and Lake 1992). Figure 1.5 shows the kernel phenotypes of CM105+, 

CM105o2, and CMI05mo2. 



CM105+ CM105o2 CM105mo2 

Figure 1.5. The kernel phenotypes of CM105+, CMl05o2, and 

CMI 05mo2 (QPM). These three genotypes are near-isogenic lines in the CMI 05 

genetic background. CMl 05o2 is a soft, starchy o2 mutant. CMI 05mo2 is the 

BC4F4 generation from cross of Pool 33 (QPM) X CM105o2, with CM105o2 as the 

recurrent parent. Backcrossing and self-pollination were performed in alternate 

generations, and vitreous kernels were selected following each self-pollination 

generation for planting and backcrossing. The top row shows the cross-section of 

kernels; the bottom row shows the whole kernel. The pictures were taken on the light 

box. 
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Two genetic components were simultaneously selected in modified o2 genotypes: 

an o2 gene (leading to high lysine content) and o2 modifier genes (leading to hard 

kernels). However, systematic selection procedures are needed to keep these factors 

together in QPM varieties. Selecting the o2 gene in a target line is not difficult, because 

RFLP and PCR-based molecular markers can be used to identify it (Kata et al., 1994). 

However, the genetic complexity of o2 modification makes selection of modifier genes in 

the target line more difficult. An understanding of the biological basis of o2 modifier 

genes would facilitate this process. 

Early investigation of the biological effects of o2 modifiers via biochemical and 

genetic analysis showed that 27-kD y-zein content is increased several fold in QPM lines 

compared to soft o2 genotypes (Wallace et al., 1990a). Later, a more extensive study 

confirmed that the degree of endosperm modification is correlated with the amount of 27-

kD y-zein (Lopes and Larkins, 1991, 1995). It was hypothesized that the increased 

amount of y-zein could promote the formation of protein bodies, which leads to the 

formation of a vitreous kernel (Larkins et al., 1996). Genetic mapping using a population 

derived from CIMMYT's Pool 33 (a QPM) and W64Ao2 (a soft o2 inbred) identified two 

o2 modifier loci (Lopes et al., 1995). Both loci are located on the long arm of 

chromosome?: one is near centromere, linked with 27-kD y-zein locus, and the other near 

telomere. 

Based on these results, investigators focused on the 27-kD y-zein locus to 

understand the molecular mechanism of o2 modifier genes. It was found that there are 

one or two 27-kD y-zein genes at this locus, depending on the genotypes. The duplicated 
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locus contains both genes oriented in the same 5'-3' direction (Das et al., 1987). The first 

and second genes are designed A and B, respectively, and together they are called AB 

locus (Das et al., 1990). The AB y-zein locus is not stable and can reorganize and form 

rearranged A and B forms, called rA and rB, respectively (Das et al., 1990, 1991). 

Because all known QPM lines contain both A and B genes, and all vitreous F2 progeny 

from a cross of a QPM and a soft o2 mutant (W64Ao2) carried the AB locus, it was 

hypothesized that the AB locus is necessary for endosperm modification (Lopes and 

Larkins, 1995). However, Moro et al. (unpublished data) recently found that the rA locus 

can be present in modified genotypes. 

Although the molecular mechanism of o2 modifier genes is unclear, some 

evidence suggests that a higher stability of y-zein mRNA and/or a higher transcription 

rate of y-zein gene could be responsible for the higher level of y-zein proteins in modified 

o2 genotypes. Geetha et al (1991) suggested that the function of o2 midifier genes is to 

enhance the stability of y-zein mRNA and the synthesis of this protein. Or et al. (1993) 

found a significant increase in the steady-state level of y-zein mRNAs in QPM that 

resulted from the higher stability of the A gene RNA, but apparently not higher 

transcription. More recently, Burnett and Larkins (1999) found that the A/B y-zein 

mRNA ratio in modified o2 endosperm was more than 40:1, compared to 1:1 in wildtype 

and 3:1 in soft o2. They also showed that these ratios could result from different rates of 

transcription of the A and B genes. 

Reduced lysine degradation and enhanced lysine biosynthesis may partially 

account for the higher level of lysine in QPMs. Gaziola et al. (1999) investigated the 
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activity of several enzymes involved in lysine metabolism and found that the LKR 

activity in QPM varieties is lower than some wildtype varieties, and AK activity is higher 

in QPMs (Gaziola et al., 1999). Consequently, the higher level of free lysine in QPM 

genotypes may partially contribute to the higher level of total lysine (Gaziola et al.. 

1999). However, because the QPMs analyzed in this study have different genetic 

backgrounds from the o2 and wild types, these results remain to be confirmed with near-

isogenic lines. 

Progress has been made in developing QPM cultivars in some developing 

countries. In Brazil, the development of QPMs was initiated in the 1980s, and great 

progress has been made since then. Recently, a number of varieties with normal yield 

and higher lysine content have been released (Guimaraes et al., 1996). In China, maize 

is a major source of animal feed, especially for swine production. Some Chinese 

institutes started QPM breeding programs in the 1970s. By 1994, there were about 

100,000 hectares of QPM planted, and by 2020 it is expected that QPM maize varieties 

will account for at least 30% of maize grown in China (Shi and Zhang 1996). In South 

Africa, the estimated areas for QPMs were about 20,000 hectares in 1991 -1992, but the 

development of QPMs is uncertain for the future (Gevers. 1996). 

There are two major technical limitations affecting the development of QPMs. 

The first is the complexity of the genetic regulation of modifier genes, which cause the 

difficulty in keeping track the modifier genes in target lines. But this can be resolved by 

fine-mapping modifier genes and identifying tightly linked molecular markers. The other 

major limitation is the high cost of monitoring the lysine content in maize endosperm. 
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Therefore, a highly efficient and not expensive selection procedure for lysine level could 

greatly benefit to crop nutritional improvement. 

eEFl A as a Selectable Marker for the High Lysine Trait 

In the earlier studies, it was shown that there is great variation in lysine content 

among varieties, based on the direct measurement of lysine (Paez et al, 1969; Zuber et al., 

1975). Recently, Moro et al. (1996) characterized a set of normal and o2 genotypes and 

found that there is great variation in lysine and protein content among these lines. They 

also proposed that selection of high-lysine, based on non-zein content is more efficient. 

However, it appears that not all of the non-zein proteins to contribute to a high level of 

lysine. 

The cloning of 02 gene helped to partially explain its function, but the 

mechanisms responsible for the increased content of lysine-containing proteins in the 

endosperm are not understood. To identify lysine-containing proteins that are increased 

in o2 mutants, Habben et al. (1993) made an antiserum against the non-zein proteins from 

developing endosperm of W64Ao2 and used it to screen a cDNA expression library. A 

number of genes were isolated, and comparison of their expression in normal and o2 

endosperms showed that elongation factor la (eEFl A), catalase 2, trypsin inhibitor, and 

some other mRNAs are expressed several-fold higher in o2 endosperm than normal 

(Habben et al., 1993). Among them, eEFl A is particularly lysine-rich. 

Yau et al. (1999) used another approach to identify lysine-rich proteins in mature 

maize endosperm. Lysine-rich proteins can be identified with trinitrobenzene-sulfonic 
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acid on a membrane containing transferred proteins (Tsai et al., 1972). The iysine-rich 

proteins stain stronger than lysine-poor proteins. Using this method, they identified 

several lysine-rich proteins in the non-zein fraction that are more abundant in o2 and 

modified o2 than wildtype endosperm. Based on the size of stained bands, they predicted 

one of them could be eEFl A. However, the nature of the protein corresponding to each 

band was not established. 

eEFl A is among the genes highly expressed in o2 endosperm, as it is in all 

eukaryotic and prokaryotic cells (Habben et al., 1993). and it is rich in lysine (10%). 

Further study of eEFl A content among different maize genotypes helped establish a 

relationship between eEFl A and lysine content. Antibodies against eEFl A were raised 

and used to develop an ELISA procedure to quantify eEFl A content in maize endosperm 

(Habben et al., 1995). When the lysine and eEFl A content were compared in a number 

of different inbreds, it was found that eEFl A concentration is highly correlated with total 

lysine content in maize endosperm (r^=0.9) (Habben et al., 1995). This relationship is 

also true in other cereals, such as sorghum and barley (Habben et al., 1995). Several 

other proteins in the non-zein fraction showed a low correlation with endosperm lysine 

content (Habben et al., 1995). A survey of 93 maize genotypes revealed a 3-fold 

variation of lysine and eEFl A content, but the relationship of eEFl A and lysine content 

was consistent in these lines (Moro et al., 1996). However, lysine from eEFl A cannot 

alone explain endosperm lysine content, because eEFl A only contributes 2.3 % of the 

total lysine in W64Ao2 endosperm (Sun et al., 1997). Consequently, there must be a 

stochiometric relationship between eEFl A and other lysine-containing proteins. 
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One possible explanation for the high correlation between eEF 1A and other 

lysine-rich proteins in maize endosperm is that eEFl A is a component of the cytoskeleton 

(Durso and Cyr, 1994; Condeelis, 1995). Biochemical characterization of eEFl A from 

maize endosperm revealed that this protein bundles F-actin (Sun et al.. 1997). 

Immunolocalization showed that eEFl A co-localizes with an F-actin network that 

enshrouds the rough endoplasmic reticulum at sites where protein bodies are forming 

(Clore et al.. 1996). Therefore, the level of eEFl A may reflect the amount of proteins 

that also are components of cytoskeleton ii maize endosperm. 

Characterization of eEFl A genes in maize showed the expression pattern of 

individual family members (Cameiro et al., 1999). At least 10 different maize eEFl A 

transcripts were isolated from maize cDNA libraries. These genes encode proteins that 

are nearly identical in both DNA and amino acid sequences, but the genes and RNAs can 

be distinguished via their 3'non-coding regions. At least five genes are expressed in 

endosperm, and two of these account for about 80% of the total transcripts (Cameiro et 

al., 1999). 

These studies on eEFl A demonstrated a relationship between eEFl A and other 

endosperm lysine-containing proteins. However, we still do not understand the 

biological basis of this relationship, nor whether or not eEFl A content can be used as a 

selectable trait for the lysine content in endosperm, hence the protein quality of maize. 
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Genetic Engineering in Plants of Proteins Containing Essential Amino Acids 

Genetic engineering of proteins rich in essential amino acids in seeds of plants is a 

novel way to develop high nutritional genotypes. There are two major strategies used in 

this research. One is based on the substitution of selected essential amino acids into 

storage proteins; the other relies on the transfer of genes encoding proteins rich in 

essential amino acids from one species to another. 

Modification of major storage proteins could be an effective way to develop high 

nutritional genotypes, because storage proteins are the most abundant proteins in cereal 

endosperms, and these proteins have no other cellular functions. However, a major 

concern for engineering storage proteins is whether the modified proteins can be stably 

accumulated and deposited in seeds. Knowledge of the three-dimensional structure of 

these proteins could help with protein modification. 

A structural model of the most abundant maize storage proteins, a-zeins, has been 

proposed (Argos et al., 1982). These proteins appear to contain a series of repeated 

peptides of about 20 amino acids that follow the first 40 N-terminal amino acids. These 

repeats appear to exist as antiparallel a-helices separated by glutamine-rich turn regions 

(Argos et al., 1982). Hydrogen bonding between glutamine residues and the hydrophilic 

amino acids, as well as nonpolar interactions, may be responsible for packing these 

proteins into protein bodies (Argos et al., 1982). 

Efforts were made by Larkins' group to modify maize a-zeins. The first 

engineered protein was a 19-kD a-zein containing lysine, and it was expressed in a 

heterologous system due to the difficulty in transforming maize cells (Wallace et al.. 
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1988). When the modified a-zein mRNA was transcribed in vitro and injected into 

Xenopus oocytes, it directed synthesis of proteins similar to wild type a-zeins, but 

containing a few lysine residues. Later, they expressed a gene encoding this protein in 

tobacco and petunia seeds using a dicot storage protein promoter (Wallace et al.. 1990b). 

A high level of mRNA was produced, but only a trace of protein was detectable in seeds 

of transgenic plants, and the protein accumulated against the cell wall. Recently, a 

modified y-zein rich in lysine was fused with a 35S promoter and introduced into 

arabidopsis, and it was found that the glycosylated lysine-rich y-zein was secreted into 

the cell wall of leaf cells (Alvarez et al., 1998). 

Another strategy for genetic engineering seed proteins involves transfer of a gene 

encoding a natural protein fi-om one species into another. One popular protein used for 

genetic engineering high levels of methionine and cysteine is the Brazil nut 2S albumin. 

Altenbach et al. (1989) introduced a gene encoding the Brazil nut protein, which contains 

18% methionine and 8% cysteine, into tobacco, using a pheseolin storage protein gene 

promoter to direct seed-specific expression. In some transgenic tobacco lines, this 

protein accounted for 8% of the seed protein and led to a 32% increase in methionine 

content, but no increase in cysteine. It was estimated that the expression of the Brazil nut 

2S protein caused a decrease in the accumulation of the native tobacco 2S protein, which 

is rich in cysteine. The Brazil nut 2S protein was also introduced into narbon bean, lupin, 

and soybean, and the foreign proteins accounted for 5-10% of total protein in the best 

transgenic lines (see review of Muntz et al., 1998). 
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There are several examples of seed protein engineering with other sulfur-rich 

proteins. Hofffinan et al. (1987) introduced a piece of sulfur-rich maize P-zein into the 

P-phasesolin gene, and expressed it in tobacco seeds. The highest expressing transgenic 

line contained 1.6% of the heterologous protein, which was deposited in vacuolar protein 

bodies of the tobacco seeds. In maize, over-expression of another storage protein rich in 

methionine, the 10-kD 5-zein, was detectable in some transgenic lines, but the 

methionine content was not quantified (Lai and Messing, 2000). Transgenic lupins with 

a methionine-rich sunflower seed albumin have a higher methionine content and nutritive 

value (Molvig et al., 1997). Recently, a seed albumin gene, AmAl from Amaranthus 

hypochondriacus, which is rich in most of the essential amino acids, was introduced into 

potato tubers. Higher protein and essential amino acid contents were found in transgenic 

tubers with proteins in the cytosol and vacuoles (Chakraborty et al.. 2000). 

Artificial proteins with essential amino acids (EAA) can also be used for 

improving nutritional quality in crops. A high-lysine a-helical coiled-coil protein (31% 

lysine and 20% of methionine) fused with a seed-specific phaseolin and soybean p-

conglycinin promoter was introduced into tobacco. These proteins were stably expressed 

in seeds, which accumulated a higher level of lysine (Keeler et al., 1997). This high 

lysine phenotype was stable for several generations (Keeler et al., 1997). A novel 

protein, asp-1, with EAA was designed and introduced into sweet potato (Ipomoea 

batatas L.) (Egnin et al., 1999). Some EAAs in the transgenic sweet potato lines showed 

a several-fold increase, and methionine, threonine, isolucine, and lysine levels were 
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increased proportionally, while tryptophan was increased by several orders of magnitude 

(Egninetal., 1999). 

There are several factors limiting the utilization of this approach for improving 

seed protein quality. The low transformation efficiency and lack of stable expression 

systems have been major limitations in cereal crops. Furthermore, a poor understanding 

of the structure of storage proteins and domains important for protein body formation has 

limited the modification of storage proteins deficient in essential amino acids. 

Genetic Engineering of Enzymes Involved in Amino Acid Metabolism 

Another way to improve the amino acid composition of seed crops is by the 

alteration of key enzymes involved in essential amino acid metabolism. Mutagenesis 

screening for high free lysine and threonine mutants has shown that carbon flow can be 

altered to increase these amino acids by modifying enzymes of the aspartate pathway. 

This research underscores the importance of understanding the regulation of essential 

amino acid metabolism. 

In maize, the enzymes involved in lysine metabolism have been used for genetic 

engineering to improve lysine content. Using mutagenesis and selection in E. coli, 

Gengenbach's group isolated several maize DKDPS mutants that are less sensitive to 

lysine inhibition (Shaver et al., 1996). Later, they used a gene encoding a lysine-

feedback-insensitive maize DHDPS fused to a 35S promoter to transform cultured maize 

cells (Bittel et al., 1996). The cells showed high expression of the DHDPS transgene and 

accumulated four-fold more free lysine than nontransformed cells. DHDPS in 
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transformed cell lines had a higher total activity and was less sensitive to lysine-

feedback-inhibition than wildtype cell lines (Bittel et al., 1996). 

Because bacterial DHDPS and AK are much less sensitive to lysine, these genes 

were introduced into plants. An engineered barley with a lysine-feedback-insensitive 

bacterial AK and DHDPS driven by the 35S promoter produced 14-fold more free lysine 

and 8-fold more methionine in leaves of transgenic lines (Brinch-Pedersen et al., 1996). 

Transgenic lines with only DHDPS produced 2-fold more free lysine in mature seeds, 

while there was no change in free lysine in mature seeds of AK transgenics (Brinch-

Pedersen et al., 1996). It was concluded that genetically engineered barley with feed

back-insensitive AK and DHDPS enzymes preferentially produced high levels of free 

lysine and methionine. 

Bacterial AK and DHDPS, driven with a seed specific P-phaseolin promoter. 

were transferred into soybean and canola (Falco et al.. 1995). Transgenic canola with a 

Corynebacterium DHDPS directed by a seed-specific promoter caused more than a 100-

fold increase in seed free lysine, which equate to a 100% increase in total seed lysine 

(Falco et al., 1995). If this DHDPS and a lysine-insensitive AK were both expressed in 

soybean, a several hundred-fold increase in free lysine or 5-fold increase in total seed 

lysine was found in transgenic lines (Falco et al., 1995). Seed-specific expression of a 

bacterial AK in tobacco resulted in a 17-fold increase in free threonine and a 3-fold 

increase in free methionine (Karchi et al., 1993). Increased lysine synthesis was also 

found in tobacco plants that expressed a high level of bacterial DHDPS in their 

chloroplasts (Shaul and Galili, 1992). 



In general, most efforts to overproduce free essential amino acids in transgenic 

plants were successful. However, the higher level of these amino acids may have only a 

small effect on the total amount of essential amino acids, because protein-bound amino 

acids account for most of the total amino acids. Moreover, free amino acids can be lost 

during food processing. Our knowledge of amino acid metabolism in different organs 

and in different species is fairly limited, and the interaction between different metabolic 

pathways may occur and cause unpredicted negative effects on plants. For example, high 

free lysine may have negative effects on seed germination (Falco et al., 1995, 1997). 

General Comments on Genetic Engineering 

Transgenic plants, either with lysine-rich proteins or with altered enzymes to 

overproduce free lysine, could turn out to be useful. However, none of the approaches 

tested to date ever produced a desirable level of lysine without affecting other traits. The 

combination of enzyme engineering and introduction of genes encoding proteins rich in 

essential amino acids may become a useful strategy to develop genotypes with high 

levels of essential amino acids. 

MAJOR APPROACHES INVOLVED IN THIS STUDY 

Application of QTL Mapping 

Most agronomically important traits, such as lysine content, in a crop species 

show continuous variation and are regulated by multiple loci. Consequently, they are 
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considered as quantitative traits (Tanksley, 1993). Although genetic variation in 

germplasm collections is a tremendous resource (Tanksley and McCouch, 1997), the 

complexity of these traits creates difficulty in studying their biological basis. In the last 

decade, the advent of DNA marker-based mapping made it possible to locate individual 

quantitative trait locus (QTL) in a specific chromosome region. Consequently, QTL 

mapping has raised hopes of studying the genetic and molecular basis of quantitative 

traits and identify economically important alleles. One of the most striking recent 

achievements in quantitative trait studies was the isolation of the gene responsible for a 

QTL influencing tomato fhiit size by map-based cloning (Frary et al., 2000). 

QTL mapping studies require appropriate theories, which have been developed 

in the last several decades. Single marker analysis was first used to identify the 

association between some markers and quantitative traits, but it was inefficient, because 

only a limited number of morphological and biochemical markers were available and a 

complete genetic linkage map was absent (Edwards et al.. 1987; Tanksley et al.. 1982). 

The development of DNA-based genetic markers solved this problem. For example, the 

first whole genome-based QTL mapping result with molecular markers was published in 

1988 (Paterson et al., 1988). Later, simple interval mapping, a widely adopted QTL 

detection method, was developed by Lander and Botstein (1989) and used to locate a 

QTL to a specific interval of a chromosome via likelihood ratio. Using this method, the 

expected QTL genotype is estimated from the genotypes of the flanking markers and 

their distance from the QTL. Since the QTL genotype is uncertain, the likelihood is a 

sum of terms, one for each possible QTL genotype, weighted by the probability of that 
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genotype given the genotypes of the flanking markers. Analysis with this method can be 

simplified using a linear regression procedure, instead of the maximum likelihood 

method (Haley and Knott, 1992). A major problem with the above methods is the biased 

estimation of QTL position, when more than two QTLs are linked together. Therefore, 

multiple QTL mapping and composite interval mapping were developed (Lander and 

Botstein, 1989; Zeng, 1994; Jansen and Stam, 1994; Tinker and Mather. 1995). 

In QTL mapping, methods are required to set up the significant threshold value 

for a QTL. A robust method to establish the significant threshold value in a QTL 

mapping study is the permutation tests (Churchill and Doerge, 1994; Doerge and 

Churchill, 1996). With this method, trait data is shuffled against marker data, destroying 

the existed relationship between markers and traits. Then, QTL mapping analysis is 

performed with the permutated data and the maximum likelihood peak is recorded. This 

procedure is repeated for hundreds and thousands times to generate a distribution of the 

recorded maximum likelihood value. Values at appropriate percentile points (eg. 5%. 

1%) of the empirical distribution can be used as a threshold value. About 1000 

permutations are recommended for establishing a threshold for the 5% level. 

The evolution of QTL mapping technology and theory has enhanced the 

development of software for analyzing QTL mapping data. A set of software packages is 

now publicly available, and they were recently described by Manly and Olson (1999). 

These programs include Mapmaker/QTL, MapQTL, Map Manager QT, Qgene, QTL 

Cartographer. PLABQTL, MQTL, mutiplemapper. The QTL Cafe, and Epistat (Manly 

and Olson, 1999). 



68 

Molecular markers linked with an interesting trait by QTL mapping can be used 

in breeding programs; this procedure is called marker-assisted selection. In this way, 

beneficial alleles can be effectively selected by breeding in a relative small population. 

The introgression of a beneficial allele from one line to another line may only take two 

generations of backcrossing and selection with this technology, while it may require 100 

backcrosses with conventional methods (Ribaut and Hoisington, 1998). 

Another major goal of QTL mapping is to investigate the molecular basis of an 

important trait. The integration of information, including mutants, mapped expressed 

sequence tags (ESTs), and DNA markers in a linkage map helps to predict candidate 

genes for a QTL. Mapped QTLs in arabidopsis for circadian period are linked to several 

genes known for controlling flowering time and some unknown loci that may contain 

new genes regulating the circadian period (Swamp et al.. 1999). The activity of some 

invertase isoforms in maize leaves that were identified by QTL mapping may be related 

with water stress (Pelleschi et al., 1999). 

QTL mapping can also be used to study a well-characterized metabolic pathway 

to confirm known regulatory points and identify new regulatory mechanisms. In maize, 

the mapping of QTLs influencing silk maysin content not only clarified the role of a 

specific gene in a known biochemical pathway, but also identified previously unknown 

loci that may open new insights for the regulation of maysin biosynthesis (Byrne et al.. 

1996; McMullen et al., 1998). Using a model plant, arabidopsis, Mitchell-Olds and 

Pedersen (1998) studied the molecular basis of QTLs influencing central and secondary 

metabolism. They found that enzymes in closely related metabolic pathway are co-
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regulated, and it was suggested that these enzymes may be controlled by common 

regulatory genes, while variation of some enzyme activities is caused by enzyme-

encoding loci. 

Most remarkably, the molecular basis of a QTL can be understood by isolating 

corresponding genes via map-based cloning. For example, a gene responding a tomato 

fruit size QTL was cloned recently by Tanksley's group (Frary et al., 2000). However, 

the cloning of genes responsible for QTLs in maize and most other cereals lags behind 

other plants, like arabidopsis, rice, and tomato, because maize, like most cereals, has a 

much larger genome. The physical mapping of cereal genome is much slower. 

The Development and Utilization of SSRs in Maize 

Creation of a linkage map with appropriate molecular markers is a prerequisite for 

QTL mapping, and there are several major molecular marker systems widely used. 

Restricted Fragment Length Polymorphisms (RPLPs) were first used in mapping 

(Botstein et al., 1980). Until recently, RPLPs were still one of the most popular marker 

systems for various species. PCR-based molecular markers have recently been 

developed. These include the following techniques: Random Amplified Polymorphic 

DNAs (RAPDs), proposed independently by Williams et al. (1990). and Welsh and 

McClelland (1990); Microsatellites or Simple Sequence Repeats (SSRs) (Tautz and Renz. 

1984; Litt and Luty, 1989; Weber and May, 1989); Sequence-tagged Sites (STS) is a 

short, unique sequence amplified by PCR, which identifies a known chromosome region, 

developed by Olson et al. (1989); and Amplified Fragment Length Polymorphisms 
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(AFLPs), developed by Vos et al. (1995). There are several reviews giving detailed 

evaluation of these marker systems (Paterson, 1996; Dodgson et al., 1997; Burow and 

Blake, 1998). 

SSRs are one of the newest classes of molecular markers, and their development 

has been rapid. SSRs are short repeating units of 1-5 bases that are dispersed throughout 

eukaryotic genomes (Litt and Luty, 1989; Tautz and Renz, 1984; Weber and May. 1989). 

The presence of SSRs in plants is well documented (Wu and Tanksley, 1993; Wang et al.. 

1994). and it was demonstrated that di- and tri-nucleotide repeats are frequent in plant 

genomes, based on gene sequence databases (Lagercrantz et al.. 1993). 

SSRs have several advantages over other marker systems; they are relatively 

abundant in the plant genome; they are codominant and highly reproducible; they are 

PCR-based markers and are convenient to use (see reviews by Powell et al.. 1996. and 

Senior et al., 1996). Moreover, once a SSR marker is identified and mapped, it can be 

shared with other laboratories. However, researchers typically need a large amount of 

work to create their own linkage map for different mapping population, when other PCR-

based markers, such as RAPDs and AFLPs, are used. Because of these disadvantages of 

other markers, SSRs have become widely used for studies of genetic diversity, 

germplasm identification, population dynamics (Thomas and Scott, 1993; Yang et al.. 

1994; Rongwen et al., 1995; Senior et al., 1998), and, more broadly, genetic mapping 

(Senior and Heun, 1993; Wu and Tanksley, 1993; Xiao et al., 1998; Xu et al., 1999; 

Frewen et al., 2000). 
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There are two major ways to develop SSRs. Because of the highly variable 

number of tandem sequence repeats and the relatively conserved sequences flanking the 

repeats among genotypes of the same species, primer pairs can be designed based on the 

flanking sequences. PCR products amplified using primer pairs are often of different 

molecular sizes among various genotypes of the same species (Saiki et al., 1988). One 

way to identify the flanking sequences of tandem repeat region is to screen a genomic 

DNA library with tandem repeat DNA probes. Figure 1.6 shows the development of 

SSRs by screening a genomic DNA library and their analysis. More conveniently, many 

SSRs can be identified from gene sequence databases (Yagil, 1993). 

SSR markers are well-developed in maize. By screening maize genomic DNA 

libraries with tandem repeat DNA probes. Taramino and Tingey (1996) identified 34 di-

and tri-nucleotide repeat clones, and they then studied their stability. Additional maize 

SSRs were identified by searching maize sequences databases (Senior and Heun, 1993; 

Chin et al., 1996; Senior et al., 1996). Recently, all the publically available SSRs from 

several different sources were collected in the Maize Genome database 

(http.V/u'ww.agron.missouri.edu/ssr.html). This includes the primer sequences, map 

location, and some agarose gel images of amplified PCR products from a set of 

genotypes. Currently, there are more than 1100 maize SSRs available, and more SSRs 

will be available soon. The near term goal of this project is to identify about 2000 SSRs. 

Then, with SSRs alone, one can create highly dense linkage maps for fine mapping 

interesting QTLs in maize. 

http://http.V/u'ww.agron.missouri.edu/ssr.html
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Figure 1.6. The development of a SSR genetic marker by screening a genomic 

DNA library and its analysis. Genomic DNA libraries were made, a simple repetitive 

sequence probe was used to screen this library, and the hybridizing clones were 

sequenced. The flanking sequences of the repetitive region were used to design a pair of 

oligonucleotide primers. Finally, the primer pair was used to amply the repetitive DNA 

region from different genotypes. If there is a single band showing different sizes among 

the DNA samples, then it can be used as a SSR genetic marker. 
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DISSERTATION OBJECTIVES 

Since the discovery of the correlation between eEFl A and the lysine content of 

maize endosperm, several studies were conducted to investigate its biological basis. 

However, there remains no clear explanation for this relationship. These earlier studies 

focused on the comparisons between o2 and wildtype phenotypes. However, while the 

genetic basis of the variation in eEFl A content provides a convenient way to predict 

endosperm lysine content, this phenotypic measurement requires a large amount of work 

and repeated sampling. Therefore, an investigation of the genetic regulation of eEFl A 

content and identification of molecular markers tightly linked with this trait could provide 

insight to help understand the basis of this relationship and create a breeding strategy for 

improved lysine content. 

Normally, free lysine contributes only a small amount of the total lysine in maize 

endosperm, but in some genotypes free lysine can make a relatively large contribution. 

In the course of studying a large collection of maize normal and o2 genotypes, Moro et 

al. (1996) found that Oh545o2 has an extremely high level of free lysine, compared to 

other genotypes. Because this inbred deviated significantly from the regression line of 

the relationship between eEFl A and lysine content, it appears that eEFl A content may 

have a better relationship with protein-bound rather than total lysine. Higher levels of 

free lysine in maize endosperm could contribute to the total lysine pool and this could be 

used for synthesis of lysine-containing proteins. The higher level of free amino acids in 

o2 mutants, including free lysine, is well known, but its biological basis is poorly 
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understood. Therefore, an investigation of the genetic and biochemical basis for the high 

free amino acid content in Oh545o2 was a second major objective of this study. 
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CHAPTER 2 

QTL MAPPING OF LOCI INFLUENCING ELONGATION FACTOR -1 a 

CONTENT, A FACTOR HIGHLY RELATED WITH LYSINE CONTENT IN 

MAIZE ENDOSPERM 

INTRODUCTION 

Maize is one of the most important food crops in the world. However, like most 

other cereals, its nutritional value for monogastric animals is low because the major 

storage proteins of the seed, the prolamins or zeins, are devoid of several essential amino 

acids, lysine being the most limiting (Nelson, 1969). Mertz et al. (1964) showed that the 

opaque2 (o2) mutation can nearly double the lysine content of the endosperm, compared 

to wild type. The 02 gene encodes a transcritpional activator that controls expression of 

several zein genes, especially those encoding the 22-kD a-zeins (Kodrzycki et al., 1989; 

Schmidt et al., 1990). The o2 mutation typically reduces a-zein content by half and 

enhances the synthesis of a number of non-zein proteins (Damerval and de Vienne. 1993; 

Habben et al., 1993). Both of these effects contribute to the higher lysine content of the 

mutant endosperm (Moro et al., 1996). 

Understanding the basis for the higher lysine content of o2 endosperm could 

provide an approach for selecting maize genotypes with better protein quality. Several 

studies showed that the enhanced lysine content of o2 mutants is associated with the 

increzised synthesis of several non-zein proteins (Habben et al., 1993; Damerval and de 
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Vienne, 1993). Habben et al. (1995) showed that the protein synthesis factor eEFl A can 

be significantly increased in o2 mutants, and its concentration is highly correlated with 

the lysine content of the endosperm. Moro et al. (1996) analyzed a diverse set of normal 

and o2 maize inbreds with extensive variability in zein, non-zein, lysine and eEF 1A 

content and found a consistently high correlation (r = 0.9) between eEFl A and lysine 

content. This high correlation exists even though eEF 1A itself accounts for only about 

1% of the endosperm protein and 2.3% of the endosperm lysine content (Sun et al., 

1997). Thus, there appears to be a stochiometric relationship between eEFl A and the 

other major proteins that contribute to the lysine content of the endosperm. 

eEFl A appears to be a multifunctional protein. It is one of the components of 

EFl, the protein synthesis factor that binds aminoacyl-tRNAs to the ribosome during the 

process of protein synthesis (Browning, 1996), but it also appears to have several other 

activities. eEFl A was found to associate with the centromere and mitotic apparatus of 

sea urchin eggs (Kuriyama et al., 1990; Ohta et al., 1990), the endoplasmic reticulum of 

Chinese hamster fibroblast cells (Hayashi et al., 1989) and the plasma membrane of 

carrot suspension cells (Yang et al., 1993). It is capable of in vitro interactions with a 

number of proteins, including actin (Yang et al., 1990; Sun et al., 1997), tubulin (Durso 

and Cyr, 1994a), and calmodulin (Kaur and Ruben, 1994). In maize endosperm. eEFl A 

was shown to be associated with a network of F-actin surrounding the rough endoplasmic 

reticulum at sites where protein bodies are forming (Clore et al., 1996). In this case, 

eEFl A appears to be part of a cytoskeletal network involved in zein biosynthesis 

(Stankovic et al., 2000). 
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It is unclear whether the diverse set of biological activities of eEF IA results from 

one or more isoforms of the protein. eEFl A is subject to several types of post-

translational modifications, including methyiation of lysine residues (Hiatt et al., 1982), 

addition of phosphoglycerylethanolamine to glutamic acid residues (Whiteheart et al.. 

1989), and phosphorylation (Venema et al., 1991). In higher eukaryotes, eEF IA is 

typically encoded by a multigene family. In maize there are 10-15 genes, five of which 

are expressed in the endosperm (Cameiro et al.. 1999). Thus, the different biological 

activities that have been ascribed to eEF 1A could result from one or more post-

translational modifications of the protein or expression of different eEFl A genes. 

Although the biological significance of the variation in eEFl A content in maize 

endosperm is unclear, the phenotypic variability that exists provides an opportunity to 

investigate the genetic basis of these differences and the potential to use eEF IA selection 

to create genotypes with higher lysine content. The development of simple sequence 

repeat markers (SSRs) for maize greatly facilitates mapping studies, because the 

procedure is FCR-based and requires small amounts of DNA. SSRs are short repeating 

units of 1-5 nucleotides that are dispersed throughout the genome (Tautz and Renz, 1984; 

Wang et al.. 1994). They serve as highly reproducible, co-dominant genetic markers, 

making their application to genetic linkage analysis straightforward (see reviews by 

Powell et al., 1996 and Senior et al., 1996b). SSRs are relatively abundant in the maize 

genome; currently there are more than 1100 mapped SSRs in public maize genome 

databases (http://www.agron.missouri.edu/ssr.html). 

http://www.agron.missouri.edu/ssr.html
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We crossed several maize o2 inbreds that differ in the level of eEFl A protein 

(Moro et al., 1996). Self-pollinated ears from F2 progeny were phenotyped with regard 

to eEFl A content and leaf DNA was used in conjunction with informative SSR markers 

to genotype the plants. Two QTLs that account for 25% of the variation in eEFl A 

content were identified. One of these is tightly liked with a complex locus encoding the 

22-kDa a-zeins on the short arm of chromosome 4, while the other is near the centromere 

on the long arm of chromosome 7. 

MATERIALS AND METHODS 

Plant Materials 

Two populations of F2 plants were created from F1 seeds obtained from the 

following crosses: Oh51Ao2 (high eEFl A content) and Oh545o2 (low eEF 1A content) 

and CM 105o2 (high eEF 1A content) and Va99o2 (low eEF IA content). F2 seeds of each 

cross were planted in the spring and fall of 1996 and the ears self-pollinated, harvested 

and air-dried. Twenty F2:3 kernels were selected from the middle of well filled parental 

and progeny ears for analysis of eEFl A content. The kernels were degermed and a 

mixed sample of the ground endosperms was prepared as described by Moro et al. 

(1996). Developing kernels were harvested at 15-, 20- and 25-DAP from self-pollinated 

ears grown in the green house at the University of Arizona Campus Agricultural Center. 
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DNA Extraction and PCR Analysis 

Young leaves from F2 plants were lyophilized with a speed vacuum dryer at -

40°C. DNA was prepared by the CTAB method (Shen et al., 1994) and diluted to a final 

concentration of 20 ng/ml for PCR reactions. SSR primers were synthesized by Life 

Technologies (Grand Island, NY) or obtained from Research Genetics (Huntsvilie, AL) 

or Pioneer Hi-Bred Intl. (Johnston, lA). The primer sequences are available in the Maize 

Genome Database (http://www.agron.missouri.edu/ssr.html). Selection of SSR primers 

was based on the Maize Microsatellite-RFLP consensus map and mapped SSRs described 

in the Maize Genome Database. If SSR primers did not yield polymorphic PCR 

products, other markers from the same region were tested. PCR reactions were initiated 

by denaturing the DNA at 95°C for 5 minutes, and this was followed by 30 cycles of PCR 

as follows: 94°C, 1 min; 56°C, 1 min; 72°C, 1.5 min. The final cycle was extended at 

72°C for 5 min. Reactions were conducted in 0.2 ml thin walled PCR tubes in a Perkin 

Elmer GeneAmp PCR System 9600. Each reaction contained 20 ng of maize DNA. 1.5 

|al of lOX PCR reaction buffer, 0.5 nl of 50 mM MgCb, 20 pmole of forward and reverse 

primers and 0.25 units of Platinum Taq DNA polymerase (Life Technology); a final 

volume of 15 |il was made with double-distilled H2O. Following DNA amplification, the 

PCR products were separated by electrophoresis in 4% agarose and visualized by staining 

with 0.01 |j,g of ethidium bromide per ml of gel (Chin et al., 1996). 

http://www.agron.missouri.edu/ssr.html
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Selective Genotyping and Interval Mapping 

Linkage maps of the 10 maize chromosomes were created based on the genotypes 

of polymorphic markers from the F2 population of Oh51 Ao2 x Oh545o2. Initially, a 

selective genotyping strategy was used, based on the analysis of the 20 highest and 20 

lowest eEFl A phenotypes (Lander and Botstein, 1989). A first round of simple interval 

mapping was performed to identify potential QTLs linked with eEFl A content. When 

QTLs with a likelihood ratio statistic (LRS) value larger that 10 (Haley and Knott. 1992) 

were detected in the high and low eEF 1A samples, the remaining F2 individuals were 

then genotyped with the flanking markers. In addition, all the available SSRs between 

the flanking markers were tested, and the informative markers were used to genotype the 

entire population. Finally, the genetic distance between each marker was recalculated 

and the effect of the identified QTL was re-evaluated based on the entire F2 population 

(Darvasi and Soller, 1992). Permutation tests were performed to establish the significant 

threshold value of LRS for each chromosome (Churchill and Doerge, 1994; Doerge and 

Churchill. 1996). 

Map Manager QTXb03 (http://mcbio.med.buffalo.edu/mmOT.hlml) was used to 

create linkage maps and a simple interval mapping method was used to detect QTLs. 

Analyses for variance and regression were performed using the data analysis software 

package in Microsoft Excel. 

http://mcbio.med.buffalo.edu/mmOT.hlml
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Estimation of eEFlA Content by ELISA 

eEF 1A content of maize endosperm flour was determined by an enzyme-linked 

immunosorbant assay (ELISA), similar to that described by Habben et al. (1995) and 

Moro et al. (1996). Protein was extracted from duplicate samples of endosperm flour of 

20 pooled F2:3 kernels as described by Wallace et al. (1990a). Each extract was diluted 

1000-fold in carbonate coating buffer (CCB) (Clark et al., 1986), and 50 ^il of the sample 

was mixed with 100 jal of CCB in the well of an ELISA plate (Immulon2, Dynatech 

Laboratories, Inc. Chantilly, VA). After all the primary samples were loaded, a 

multichannel pipet was used to make four, three-fold dilutions into adjacent wells 

containing CCB. The protein was allowed to bind to the plate overnight at 4C; 

subsequently, the wells were washed twice using TTBS (25 mM Tris-HCL, pH 7.5; 0.9% 

NaCI, and 0.05% Tween 20). The rabbit eEFl A antiserum (Habben et al., 1995) was 

diluted 1:1000 in TTBS and 100 ^il added to each well. Following incubation for 4 hr. 

the primary antibody was removed, the wells were washed twice with TTBS and the 

secondary antibody, goat anti-rabbit IgG alkaline conjugate (Sigma Chemical Co.. St. 

Louis, MO) in TTBS was added and allowed to bind for two hours. The dilution of the 

secondary antibody was 1:1000. After removal of the secondary antibody, the wells were 

washed twice with TTBS and 200 |al of alkaline phosphatase substrate (Sigma) diluted in 

diethanolamine substrate buffer (Clark et al., 1986), was added. The color reaction was 

allowed to develop for 30-45 min, and the absorbency was read at 410 nm with a 

Dynatech MR700 ELISA plate reader. 
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The range of protein concentrations for the ELISA assay was such that the 

relationship between absorbency and relative antigen concentration was linear; an 

analysis for regression was performed. The slope of the regression is proportional to the 

antigen content, and it was used to measure the relative concentration of eEFl A. The 

assay was standardized to the amount of eEFI A in an equal mixture of endosperm flour 

from the parental genotypes. The corresponding ELISA reading was given a value of "1" 

for the purpose of comparing progeny samples. 

SDS-PAGE and ELISA Measurement of a- and y-zein Content 

Protein was isolated from endosperms of Oh545o2 and Oh5I Ao2 as described by 

Wallace et al. (1990a). Fifty mg of flour was extracted overnight with 1 ml of borate 

buffer at 37°C, and soluble proteins were partitioned into zeins and non-zeins with 

addition of absolute ethanol at 70% final concentration. Zein proteins were concentrated 

by lyophilization, dissolved in Laemmli (1970) buffer and stored at -20°C until used. 

The proteins were analyzed by 12.5 % SDS-PAGE and stained with Coomassie blue. 

Measurement of a- and y-zein content by ELISA was similar to the procedure 

described for eEFl A, with some modifications (Moro et al., 1995). Following the initial 

extraction from endosperm flour, the extract was diluted 1:5,000 rather than 1:10,000. 

Samples for y-zein analysis (dilution and binding to wells) were diluted in CCB, whereas 

samples for a-zein analysis were diluted in 40% ethanol. 10% acetic acid (Wallace et al., 

1990a). Rabbit anti-a- and anti-y-zein sera (Wallace et al., 1990a) were diluted 1:2,000 

and 1:1,000, respectively, in TTBS. 
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RNA Extraction and Nothern Blot Analysis 

Total RNA was extracted from 5 g of 15- and 20-DAP endosperm and analyzed 

as described by Liu and Zhu (1997). Ten micrograms of total RNA was separated by 

formaldehyde-agarose gel electrophoresis and blotted onto a nylon membrane. One and a 

half micrograms of ethidium bromide was added to each sample to visualize the RNA 

and estimate equivalent sample loading; an 18S ribosomal genomic DNA probe was used 

to assess equal concentrations of RNA in each sample. Clones encoding l9Da. 22a 

(Marks et al., 1985) and 27Y-zein cDNAs were labeled with a^^P-dCTP by random 

priming. Radioactivity hybridizing to the nylon membrane was detected by X-ray film 

exposure and measured with a phosphoimager. 

Protein Body Isolation and Analysis 

Protein bodies were isolated from 20-DAP kernels of Oh51 Ao2 and Oh545o2 by 

sucrose density gradient centrifiigation and processed for transmission electron 

microscopy (TEM) as previously described (Lending et al., 1988). Briefly, protein 

bodies were recovered from the sucrose gradient with a Pasteur pipette, diluted with 

distilled water and concentrated by centrifugation in microfuge tubes to form pellets 

about 2 mm in diameter and 0.5 mm thick. These pellets were fixed in freshly prepared 

4% paraformaldehyde and 1% glutaraldehyde in 50 mM potassium phosphate, 5 mM 

EGTA buffer, pH 7, overnight at 4° C. Fixative was diluted away in the same buffer by 

three washes for 10 min each. The pellets were fixed in 2% osmium tetroxide for 2 hrs at 

4° C. Dehydration of the pellets was carried out by passage through a series of ethanol 
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concentrations, followed by infiltration with 50% LR White resin in ethanol for 1 hr at 4° 

C and then 100% LR White resin for 8-16 hr. Thin sections were cut and stained with 

5% aqueous uranyl acetate for 5 min, rinsed with distilled water three times, and then 

briefly stained with Reynold's lead citrate. Photographs were taken of representative 

areas of sections from five different grids for each genotype at 10,000-times 

magnification. Negatives were enlarged and printed such that each photograph usually 

contained 100-130 protein bodies. Diameters of protein bodies were measured in five 

photographs for each genotype to estimate mean size. 

For scarming electron microscopy (SEM), 0.5 mm-thick slices were excised 

midway between the crown and base of 25-DAP kernels. These sections were processed 

similar to those for TEM, up to the infiltration step. The kernel sections were incubated 

in 100% hexamethyldisilazane overnight at 4° C. and were then cracked in liquid nitrogen 

and then thawed in hexamethyldisilazane. The tissue blocks were air-dried overnight, 

coated with 30 run-thick gold pallidium with a Hummer 6.2 Sputtering System and 

examined with an ISI WB6 SEM at 4,000-times magnification at 10 kV. Representative 

images were photographed from the fifth to seventh starchy endosperm cell layers. 

RESULTS 

To investigate the genetic basis of the phenotypic variation in eEFl A content in 

maize endosperm, we created F1 and F2 progeny from two sets of inbreds that differ in 
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Figure 2.1. Relative concentration of eEFl A protein in endosperms from F2 

progeny of Oh51 Ao2 by Oh545o2 and CMI05o2 by Va99o2. The height of each bar 

indicates the relative content of eEFl A in flour samples of the designated parents, F1 and 

F2 progeny as determined by ELISA. The measure of eEFl A protein in an equal mixture 

of endosperm flour from the two parents was assigned a value of "1", and the eEFl A 

content in the progeny was indexed to this standard. The measurements were based on 

the average of two independent extractions from a pool of 20 kernels. A. Oh51 o2 by 

Oh545o2, spring of 1996. B. Oh51o2 by Oh545o2, fall of 1996. C. CM105o2by 

Va99o2, spring of 1996. 
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their eEFl A concentrations (Moro et al., 1996). As shown in Figure 2.1 A and IB, 

Oh51 Ao2 contains more than twice the concentration of eEFl A as Oh545o2, while the 

eEFl A content in CM105o2 endosperm is somewhat less than 50% higher than in 

Va99o2 (Figure 2.1C). The level of eEFl A in the reciprocal F1 crosses of Oh51 Ao2 and 

Oh545o2 shows a dominant and additive effect that could relate to gene dosage: in 

Oh545o2 X OhSl Ao2 the level is intermediate between the parents, while in Oh5lAo2 x 

Oh545o2 it is higher than OhSl Ao2. Since the level of eEFl A cannot be accurately 

measured in individual F2 endosperms, ears of F2 plants were self-pollinated, and 

endosperm flour was prepared from a pool of 20 nearly identical kernels taken from the 

central region of well filled ears. The level of eEFl A in the F2:3 progeny of both crosses 

showed continuous variation (cf. Figure 2.1 A, B and IC) that ranged between the 

phenotypes of the parents. Because there was less phenotypic variability in the F2 

progeny of CM105o2 x Va99o2 cross than the Oh51Ao2 by Oh545o2 cross, we focused 

on the latter for a QTL mapping study. 

A linkage map of informative SSR markers was created for the Oh51 Ao2 x 

Oh545o2 cross by testing approximately 300 SSR primer pairs on the parental DNAs. 

Approximately 70% of the SSRs proved to be polymorphic, and 83 of the informative 

markers that are well distributed throughout the genome were used to create a linkage 

map (Figure 2.2). 

To simplify the QTL analysis, we genotyped 40 F2 progeny that comprised the 20 

highest and the 20 lowest eEFl A-containing individuals. By using Map Manager 
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Figure 2.2. Ten linkage groups of the maize genome based on polymorphic SSR 

marker analysis of Oh51o2 and Oh545o2. The map consists of 83 informative markers 

identified from an analysis of over 300 SSRs. The markers cover 1402 cM of the mazie 

genome, with an average interval of 16.9 cM. The significance of linkage between 

flanking markers in p<0.01. 
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software (http://mcbio.med.buffalo.edu/mmOT.html). we identified several SSRs linked 

with the QTLs. Subsequently, all available flanking polymorphic SSRs were also tested 

for linkage. Finally, all the SSRs found to be linked with QTLs were used to genotype 

the entire F2 population, and interval mapping was performed. 

The genotypic analysis of the F2 population identified two QTLs that account for 

approximately 25% of the phenotypic variation for eEFlA content (Figure 2.3, Table 1). 

Interval mapping identified regions on chromosomes 4 and 7 that have LRS values of 

14.0 and 17.7, respectively. To establish significant threshold values for the LRS, 

interval mapping was conducted with a free regression model, and permutation tests 

(1000 shuffles) on individual chromosomes were done to establish the significant 

threshold value of LRS (Churchill and Doerge. 1994; Doerge and Churchill. 1996). This 

analysis determined 12.1 and 11.2 to be significant (95%) LRS values for the QTLs on 

chromosomes 4 and 7, respectively. Consequently, both regions contain significant 

QTLs. The QTL on the short arm of chromosome 4 contributes 11% of the variance for 

eEF 1A content, and its effect is primarily additive rather than dominant. The QTL is on 

the long arm of chromosome 7 contributes 14% of the variance for eEFl A content, and it 

has primarily an additive effect. 

We performed a Chi-square test on the linkage of SSR markers flanking the two 

QTLs among the high and low eEFl A genotypes (Table 2). Among the 20 high eEFl A 

http://mcbio.med.buffalo.edu/mmOT.html
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Figure 2.3. Interval mapping of QTLs associated with eEFl A content on 

chromosomes 4 and 7. These plots are derived from interval mapping of loci associated 

with eEFl A content in the F2 population of OhSI Ao2 by Oh545o2. A free regression 

model was used to perform interval mapping. The solid curve illustrates the likelihood 

ratio statistic (LRS); SSR DNA markers are indicated on the left. The significant 

threshold of LRS resulting from the permutation test is 12.1 and 11.3 for the loci on 

chromosomes 4 and 7, respectively (shown with dashed lines). 
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Table 2.1. Estimated locations and effects of significant QTLs influencing eEF1A content 

Flanking Markers 
Chromosome LRS Var(%) Additive Dominant 

Up Down 

4S phi072 phi026 14.0 11 0.22 0.05 
7L phl114 bmc1666 17.7 14 0.14 0.10 

vO 



Table 2.2. Segregation of flanking markers in the F2 individuals with extreme eEF1 A content 

Maker 
High eEFIA Low eEFIA 

Maker LUUdUUil " 
A' H'' B® A® H'' B' 

phi072 4S 5 14 1 4.8 * 3 8 8 2.9 NS 

phi026 4S 11 8 1 10.8 *** 3 13 4 1.9 NS 

phi114 7L 2 11 7 3.7 NS 11 7 2 9.9 *** 

bmc1666 7L 2 11 7 3.7 NS 11 7 2 9.9 *** 

a. Number of plants honfiozygous for the Oh51 Ao2 allele. 
b. Number of plants heterozygous. 
c. Number of plants homozygous for the Oh545o2 allele. 
d. Significance level; 0.1, *; 0.05, **; 0.01, ***; and no significance, NS. 

sO Ui 
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individuals, the phi026 locus on chromosome 4 had a Chi-square value of 10.6 (p< 0.01). 

and the phi072 locus had a Chi-square value of 4.8 (p< 0.1). Consequently, phi026 

cannot be discounted as a significantly linked flanking marker, although phi072 does not 

appear to be as tightly linked. Based on the chi square test, neither of these SSRs is 

significantly linked with the trait among the low eEFl A individuals. The phil 14 locus 

and the umcl666 loci on chromosome 7 have Chi-square values of 9.9 (p <0.01) among 

the 20 low eEFl A individuals, and neither of these loci are significantly linked among 

the high eEFl A individuals. Based on this analysis, the QTL on chromosome 4 contains 

an allele from Oh51Ao2 that is responsible for the high eEFl A content, while the QTL 

on chromosome 7 contains an allele from Oh545o2 that is responsible for the high eEF 1A 

content. 

The QTL on the short arm of chromosome 4 is tightly linked with a cluster of 22-

kD a-zein genes (Llaca and Messing, 1998), and the QTL near the centromere of 

chromosome 7 is near the locus encoding the 27-kD y-zein (Benner et al.. 1989). To 

assess the significance of these linkages, we analyzed the zein proteins from endosperms 

of OhSl A+ and o2 and Oh545+ and o2. Figure 2.4A illustrates a Coomassie blue-

stained gel showing the relative amount of a- and y-zeins in these inbreds. As is 

common, both o2 mutants show a significant reduction in a-zein protein compared to 

their wild type counterparts, with a noticeable reduction in the level of 22-kD a-zeins 

(Moro et al., 1995). However, compared to the wild type, there is a much more of a 

reduction in a-zein synthesis in Oh545o2 than Oh51 Ao2. There appears to be a slight 
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increase in the synthesis of 27-kD y-zein in OhSl Ao2 compared to Oh51A+. but the 

relative level of 27-kD y-zein is higher in Oh545+ compared to Oh545o2. 

Since Coomassie blue-stained gels only indicate the relative levels of a- and y-

zeins, we performed an ELISA to obtain quantitative measurements of these proteins. In 

this case, we compared Oh51 Ao2 and Oh545o2 and pooled flour samples from the 10 

high and the 10 low eEFl A individuals. Figure 2.4B shows that the relative level of a-

zein proteins is nearly 10-times greater in Oh51Ao2 than Oh545o2. In addition, the a-

zein level is about 50% greater in the flour from the pool of high eEFl A individuals than 

the pool of low eEFl A individuals. Interestingly, this trend is reversed for y-zein content 

(Figure 2.4C). There is approximately 40% more y-zein in Oh545o2 than Oh51 Ao2. but 

there appeared to be an insignificant difference in the level of y-zeins in the high and low 

eEFl A pools. 

Because of the similarity between a-zeins and between y-zeins. our antisera do 

not distinguish between polypeptides within these structural classes. Therefore, to more 

specifically assay zein gene expression in OhSl Ao2 and Oh545o2, we analyzed the level 

of a- and y-zein RNAs in developing endosperms of the two inbreds. The Northern blot 

in Figure 2.5 shows there is a higher level of 27-kD y-zein transcripts in Oh545o2 than 

Oh51Ao2 at both 15- and 20-DAP; the phosphoimager measurement indicated 0.5-times 

more radioactivity at 15-DAP and 2.5-times more radioactivity at 20-DAP. However, the 

transcription of a-zein RNAs is dramatically lower in Oh545o2 compared to Oh51 Ao2. 

The 22-kD a-zein RNAs were nearly undetectable in Oh545o2 at 15- and 20-DAP. 
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Figure 2.4. SDS-PAGE and ELISA measurement of a- and y-zein content in 

OhSl Ao2, Oh545o2 and their F2 progeny with extreme high and low concentrations of 

eEFl A. (A) Total zein extracts were prepared from 750 ^g of endosperm flour of 

Oh5I A+/o2 (lanes 1 and 2) and Oh545+/o2 (lanes 3 and 4) and separated by 12.5% SDS-

PAGE. Molecular weight standards are shown on the right. To measure the amount of 

a- and y-zein, samples were prepared from endosperm flour obtained from 20 kernels of 

the ear from an F2 plant. Equal amounts of flour were mixed from the 10 high or the 10 

low eEFl A individuals to create the high and low eEFl A pools; duplicate measurements 

of zein proteins were made for each pooled sample. The a-zein (B) and y-zein (C) 

contents were determined by ELISA as described in Materials and Methods. The relative 

content of a-zein and y-zein in Oh545o2 was assigned as "1" (B, C). 
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Figure 2.5. RNA blot analysis showing a- and y-zein transcripts in developing 

endosperm of Oh545o2 and Oh51Ao2. Total RNA was extracted from developing 

endosperm at 15- and 20-DAP, and 10 ^ig was separated by formaldehyde gel 

electrophoresis. After blotting on nylon membranes, the 19D a-, 22 a- and 27 y-zein 

transcripts were detected by hybridization with ^^P-labeled cDNA probes. Sample 

loading was standardized with an 18S rDNA probe. 
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Small amounts of these transcripts were measured in Oh51Ao2 at 15 DAP. and 

significantly more RNA was present by 20 DAP. Phosphoimager measurements showed 

20-times more radioactivity hybridizing at 15-DAP and 35-times more radioactivity 

hybridizing at 20-DAP in Oh51Ao2 compared to Oh545o2. Transcripts of 19D a-zeins. 

a distinct sequence homology group (Marks et aJ.. 1985), were detectable in Oh545o2 by 

20 DAP, but these RNAs accumulated to a much higher level in Oh51 Ao2. The 

phosphoimager measurement with this probe showed 130-times more radioactivity at 15-

DAP and 14-times more radioactivity at 20-DAP in Oh51 Ao2. Thus, these data 

corroborate significantly higher levels of a-zein gene expression, especially for the 22-

kD a-zeins, in the Oh51 Ao2 parent, but a higher level of 27-lcD y-zein gene expression in 

the Oh545o2 parent. 

The reduction in a-zein synthesis in o2 mutants is associated with a two- to four

fold decrease in protein body size compared to the wild type (Geetha et al.. 1991). 

Because of the contrasting differences in a-zein gene expression and protein levels in 

Oh545o2 and Oh51 Ao2, it was of interest to compare the relative sizes of protein bodies 

in these inbreds. Protein bodies were isolated from homogenates of 20-DAP endosperm 

by sucrose gradient centrifiigation (Habben et al., 1993), fixed and embedded for TEM 

analysis as previously described (Lending et al.. 1988). In addition, cross sections of 20-

DAP kernels were observed by SEM to examine the size variation of intact protein 

bodies. 

Figure 2.6 shows representative SEMs of protein bodies from Oh51Ao2 and 

Oh545o2 and the mean diameter of protein bodies isolated from 20-DAP endosperm 
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homogenates. The SEM analysis examined tissue from side of the kernel, beneath the 

subaleurone, as this region has the highest concentration of protein bodies (Lending and 

Larkins. 1989). The TEM analysis examined a random mixtiire of protein bodies from 

the entire endosperm. SEM showed that while there was some variation in protein body 

sizes in each inbred, they tended to be fairly uniform and smaller than those in the wild 

type, which averaged about 1 to 2 |im in diameter (data not shown). Based on 

measurements of approximately 500 protein bodies from each genotype, the mean 

diameter of protein bodies in OhSl Ao2 is 0.32 jim, while that in Oh545o2 is 0.38 fim. 

Since the protein bodies are essentially spherical, these measurements indicate the protein 

bodies in Oh51Ao2 have approximately 40% less volume, on average, than those in 

Oh545o2. 
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Figure 2.6. SEM and TEM analysis of protein bodies in 20-DAP endosperm 

of Oh51Ao2 and Oh545o2. Representative SEM images show protein bodies (p) and 

starch granules (s) in 20-DAP endosperms of Oh51Ao2 (A) and Oh545o2 (B). Both 

micrographs were taken at 4,000 magnification (bar in B, 2.5 m). Diameters of 

approximately 600 protein bodies were measured in five transmission electron 

micrographs of Oh51Ao2 (slashed bar )'and Oh545o2 (open bar) and analyzed for 

size distribution (C) and mean diameter; standard errors are indicated (D). 
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DISCUSSION 

The negative pleiotropic effects of the o2 mutant, such as reduced kernel density, 

lower yield and greater susceptibility to insect and mechanical damage, significantly 

limited its widespread utilization in maize breeding programs. However, the creation of 

modified o2 mutants, so-called quality protein maize (QPM), which manifest a normal 

kernel phenotype while maintaining an elevated lysine content (Villegas et al.. 1992; 

Gevers and Lake, 1992), has increased interest in the agronomic development of this 

mutant. However, optimum development QPM requires selection of genotypes with an 

even higher lysine content. 

The relationship between the eEFl A concentration and the lysine content of 

maize endosperm provides the basis for a simple and inexpensive method to screen maize 

germplasm for genotypes with high levels of lysine-containing proteins (Habben et al.. 

1995; Moro et al., 1996). However, the ELISA procedure for measuring eEFl A requires 

a significant amount of time and repetitive sample preparation to evaluate breeding 

materials. Consequently, it would be valuable to identify QTLs that influence eEFl A 

content, so the corresponding loci can be selected by breeding programs aimed at 

developing higher protein quality maize genotypes. In this way. valuable alleles could be 

transferred to other inbreds by recurrent backcrossing and marker-assisted selection, thus 

greatly reducing the breeding time (Ribaut and Hoisington, 1998; Frisch et al., 1999). 

SSR genetic markers have been widely used for genome mapping, but they have 

only recently been developed for maize (Senior and Heun, 1993; Chin et al., 1996). 
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Since the initiation of this research project more than 1100 maize SSRs were identified 

and made publicly available, and consequently we were able to rely exclusively on SSRs 

to create a uniform linkage map for the Oh51Ao2 x Oh545o2 cross. The 83 polymorphic 

SSR markers we identified cover a total of 1402.4 cM of the maize genome with an 

average interval of 16.9 cM. Chromosome 1 had the lowest density of markers and 

averaged 24 cM between SSRs. The average interval between markers for the other 

chromosomes was very close to 16 cM, and these were all generally well spaced. It was 

difficult to identify polymorphic markers near the centromeres of chromosomes 1 and 5. 

The average interval between markers for chromosome 6 was 14 cM, but there were two 

regions of approximately 40 and 35 cM where no polymorphic SSRs could be identified. 

We used a selective genotyping strategy to increase the efficiency of mapping 

QTLs influencing eEFl A content (Lander and Botstein, 1989; Darvasi and Soller, 1992; 

Nandi et al., 1997). This helped to decrease the time and expense of mapping, and it also 

helped resolve the problem of bias estimation for linked QTLs caused by selective 

genotyping (Lin and Ritland, 1996). This QTL mapping procedure (Haley and 

ICnott,1992) has the advantages of LOD mapping (Lander and Botstein, 1989), but with 

more speed and simplicity of anzdysis (Kearsy and Farquhar, 1998). The QTLs 

associated with variation in eEFl A content, which are on the short arm of chromosome 4 

and the long arm of chromosome 7, have LRS values of 14 and 17.7, respectively. These 

values are higher than the threshold of significance give by the permutation test (Figure 

2.3). If the LRS value is converted to a LOD score by dividing with a factor of 4.61 

(Lander and Botstein, 1989), the LOD value for these QTLs is 3 and 3.8, respectively. 
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These values are greater than the LOD value threshold 2 to 3, which was suggested as 

significant for QTLs by Lander and Botstein (1989). 

The two QTLs we identified account for approximately 25% of the variability for 

eEF 1A content in this population. While this is only a small percentage of the 

phenotypic variability, our results compare favorably with many other QTL analyses. 

Based on an analysis of 176 mapping studies. QTLs commonly account for only about 

50% of the phenotypic variability (Kearsey and Farquhar, 1998). In our case, there are 

several reasons why we could not identify QTLs that accounted for additional phenotypic 

variability in this population. First, the 83 polymorphic SSRs we identified did not 

effectively cover some regions of the maize genome. Thus, some loci could easily have 

been overlooked in our analysis. Second, the size of our mapping population would not 

have allowed the detection of minor QTLs. We planted more than 200 F2 kernels from 

the Oh51Ao2 x Oh545o2 cross, but only 138 well filled ears were recovered for DNA 

and eEFl A analysis. Later when we genotyped these plants with polymorphic SSRs, we 

discovered that 32 individuals were derived from an ear of a different parental 

background, and they had to be discarded. There is also a limitation to our mapping data 

due to environmental effects. It would be useful to reanalyze this population after 

growing it multiple seasons, but this would entail significant effort. We are currently 

developing recombinant inbred lines from the F2 progeny of the Oh51Ao2 by Oh545o2 

cross, and these materials could eventually be used to recalculate the effect of each QTL 

and possibly identify minor QTLs. 
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One value of QTL mapping is the potential to identify genes responsible for a trait 

of interest. Indeed, the strategy of identifying candidate genes by QTL mapping has been 

used in maize (Pelleschi et al., 1999), Arabidopsis (Swamp et al., 1999), humans 

(Nicoliades et al., 1997), and cattle (Parmentier et al, 1999). Neither of the loci we 

identified correspond to regions where maize eEFl A genes have been mapped (Camerio 

et al., 1999). Consequently, variation in eEFl A alleles does not appear to directly 

explain the phenotypic variation in eEFl A protein. Interestingly, the two QTLs we found 

are associated with loci encoding zein storage proteins, and it is possible that differences 

in zein gene expression and protein body formation influence the level of eEFl A. The 

QTL on chromosome 4 is tightly linked with a cluster of a-zein genes that is 2.5 cM 

away from the glyceraldehyde-3-phosphate dehydrogenase 1 (GPC-1) locus from which 

the phi026 marker was developed (Figure 2.2). The QTL on the long arm of 

chromosome 7 is near the 27-kD y-zein locus; however, we were unable to identify an 

SSR marker that anchors this gene. Consequently, it was of interest to examine the 

pattern of expression of the 22-kD a- and 27-kD y-zein genes in the high (Oh51 Ao2) and 

low eEFl A (Oh545o2) parents. 

The 02 gene encodes a transcription factor that regulates a-zein gene expression 

(Kodrzycki et al., 1989), particularly the genes encoding 22-kD polypeptides (Schmidt et 

al., 1992). We would expect to find low levels of a-zein synthesis in Oh51 Ao2 and 

Oh545o2 compared to their wild type counterparts (Figure 2.4), but it was surprising to 

find a 10-fold difference between the levels of a-zein proteins in these inbreds. The 

ELISA assay we used to measure a-zein protein did not allow us to estimate how much 
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the 22-kD a-zeins account for this difference; however, analysis of a-zein RNA 

transcripts in developing endosperms showed a significantly lower level of 22-kD a-zein 

gene expression in Oh545o2 compared to Oh51 Ao2. There is a high level (90%) of 

sequence identity between genes encoding 22-kD a-zeins (Marks et al., 1985). and the 

probe we used should cross-hybridize with all the 22-kD a-zein RNAs encoded at the 

locus on chromosome 4 (Llaca and Messing, 1998). Consequently, it appears that this 

locus is expressed 20- to nearly 40-times higher in OhSl Ao2 compared to Oh545o2. 

While there also appears to be lower levels 19-kD a-zeins in Oh545o2 compared to 

Oh51 Ao2, the difference is not as great as for the 22-kD a-zeins. Nevertheless, we 

cannot be sure the differences we measured with the 19D a-zein probe are representative, 

as this probe would not be expected to cross-hybridize with transcripts of other 

subfamilies of 19-kD a-zein genes (Marks et al., 1985). 

The mechanism by which protein bodies assemble is not fully understood, but it 

appears to be related to interactions between y-zeins and a-zeins (Coleman and Larkins. 

1999). y-zeins initiate protein body assembly and provide the mechanism for ER 

retention of a-zeins, while a-zeins comprise most of the protein body filler (Lending and 

Larkins, 1989; Coleman et al., 1996). Our previous research showed a relationship 

between y-zein concent and protein body number (Geetha et al., 1991; Dannehoffer et al., 

1995). We observed a small, but significant, difference in expression of the 27-kD y-zein 

gene in Oh545o2 and Oh51 Ao2, which was detected at both the transcript and protein 

levels. Nevertheless, the level of y-zein protein was not greatly different between the 
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high and low eEFl A progeny pools. It could be significant that the QTL on the long arm 

of chromosome 7 inherited from the Oh545Ao2 parent is near the y-zein locus. 

Unfortunately, we have not been able to identify a SSR marker that anchors the y-zein 

locus that would allow us to investigate this relationship in more detail. 

One explanation for the relationship between eEF 1A and maize endosperm lysine 

content is the observation that eEF IA appears to be associated with a cytoskeletal 

network that surrounds the rough endoplasmic reticulum at sites where protein bodies are 

forming (Clore et al., 1996). Components of the cytoskeleton would be expected to 

contain lysine, and their mass would significantly contribute to the total lysine content of 

the endosperm (Sun et al., 1997). Genotypes that generate a larger number of protein 

bodies, especially with a large surface to volume ratio as is the case in o2 mutants 

(Geetha et al., 1991), would be expected to develop a more extensive cytoskeleton and 

hence a higher lysine content. It is technically difficult to count and accurately measure 

the surface area of protein bodies and their associated RER, and this task is confounded 

by the variation in protein body number in different cells and regions of the endosperm. 

The SEM and TEM analyses we performed provide an approximation of the average 

volume of the protein bodies in these inbreds. Based on this analysis, which showed that 

protein bodies in Oh51 Ao2 are slightly smaller in diameter than those in Oh51 Ao2. and 

the measurements showing a higher a-zein content in Oh51 Ao2, it appears there are 

more protein bodies and hence more RER surface area in Oh51 Ao2 than Oh545o2. 

Because of the difference in protein body size, the similarity in protein body density, and 

the difference in total zein content (approximately 4 mg in Oh545o2 and 6 mg in 
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OhSl Ao2), we calculated that Oh51 Ao2 has approximately 80% more RER surface area 

than Oh545o2. This could explain a significant portion of the increased eEFI A content 

of Oh51 Ao2. It will be possible to investigate these relationships in more detail using the 

recombinant inbred lines developed from this cross. 
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CHAPTER 3 

GENETIC ANALYSIS OF FREE AMINO ACID ACCUMULATION IN MAIZE 

opaque-2 ENDOSPERM 

INTRODUCTION 

The opaque! (o2) mutation nearly doubles the lysine content of maize endosperm, 

and thereby significantly improves the protein quality of the grain (Mertz et al., 1964). 

The increased level of lysine in o2 mutants results from several factors; I) the synthesis of 

zein storage proteins is reduced, and zeins contains no lysine; 2) there is an increased 

synthesis of a number of other proteins (non-zeins), many of which contain lysine; and 3) 

there is a general increase in the level of free amino acids (FAA), including lysine. The 

extent to which the lysine content of an o2 mutant is increased depends on the genetic 

background. For example, the protein concentration can range nearly two-fold (between 

6.5% and 11.9%), as does the percent of lysine in the flour (between 0.24 mg and 0.48 

mg/100 mg) (Moro et al., 1996). Most of the lysine is protein-bound, but free lysine can 

also make a signiflcant contribution. For example, in Oh545o2 free lysine accounts for 

nearly one third of the total lysine in the endosperm (Moro et al., 1996; unpublished 

data). 

The mechanism by which the o2 mutation increases the lysine content of maize 

endosperm is only partially understood. The 02 gene encodes a transcriptional activator 
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that regulates the expression of a number of genes (Schmidt, 1993), including the 22-kD 

a zeins (Kodrzycki et al., 1989; Schmidt et al., 1990, 1992). The reduction in a-zein 

synthesis is associated with varying degrees of increased accumulation of several non-

zein proteins, which account for most of the higher percentage of lysine (Damerval and 

de Vienne, 1993; Habben et al., 1993). Habben et al. (1995) showed that eEFI A is 

increased in o2 mutants, and its concentration is highly correlated with the lysine content 

of endosperm flour. A survey of a large number of normal and o2 inbreds and found a 

consistently high correlation (r=0.9) between the concentration of eEF 1A and endosperm 

lysine content (Morro et al.,1996). Only in genotypes with high levels of free lysine was 

this relationship less consistent. 

The high level of free amino acids in o2 mutants was recognized many years ago 

(Mertz et al., 1974; Misra et al., 1975), and there has been a great deal of research to try 

and explain it. O2 has features of GCN4 (Mauri et al., 1993), which serves as a general 

transcription factor regulating amino acid biosynthesis in yeast (Hinnebusch, 1990). 

However, the level of free amino acids is increased in o2 mutants. Consequently, it 

seems unlikely that 02 acts through a mechanism similar to GCN-4 to increase the levels 

of free amino acids. Several studies have shown that certain key enzymes involved in 

amino acid and carbon metabolism are altered in o2 mutants. The activity of aspartate 

kinase (AK) is up-regulated by o2 (Brennecke et al., 1996). AK is an important enzyme 

involved in the synthesis of several amino acids, including threonine, lysine, methionine 

and leucine (Bryan, 1990). However, the effect of o2 on aspartate kinase must be 

indirect, as there is no evidence that O2 inhibits expression of the gene. The activity of 



114 

biflinctional lysine ketoglutarate reductase-saccaropine dehydrogenase (LKR-SDH), 

which regulates lysine degradation in maize endosperm, is down-regulated by the o2 

mutation as a consequence of reduced levels of mRNA (Kemper et al., 1999) and enzyme 

(Brocheto-Braga et al., 1992;Yunes et al., 1994). It is thought that the low level of LKR-

SDH is an important factor responsible for the high level of free lysine in mature 

endosperm. Damerval and Le Guilloux (1998) found that acetohydroxyacid synthase, the 

enzyme catalyzing the first common step in the synthesis of branched amino acids 

derived from pyruvate and threonine is down-regulated by o2, and this could decrease the 

level of valine and leucine. In addition, several investigators demonstrated that cytosolic 

pyruvate phosphate dikinase (cyPPDK) is activated by the 02 gene (Gallusci et al., 1996; 

Maddaloni et al., 1996; Damerval and Le Guilloux, 1998). This enzyme is a major 

regulator of the glycolytic pathway, which could be linked to carbon and amino acid 

metabolism by converting pyruvate to phosphoenol pyruvate. Thus, o2 could increase 

FAA levels by influencing a number of enzymatic steps in glycolysis, the tricarboxylic 

acid cycle, and amino acid synthesis and degradation. 

We used a genetic approach to identify loci influencing the pools of FAA in o2 

mutants. We characterized the FAA levels in developing and mature Oh545+/o2 and 

W64A+/o2, two inbreds with significantly different levels of FA.^ in mature endosperm. 

The Oh545+/o2 inbreds were found to contain much higher than average levels of FAAs. 

including lysine, which causes them to deviate from the relationship between eEFl A 

concentration and lysine content (Moro etal., 1996). Oh545o2 contains 10-times more 

FAAs than its wild type counterpart, and almost all amino acids in Oh545o2, especially 
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those derived from the aspartate pathway, are greatly increased compared to other 

inbreds. To identify loci influencing FAA content in Oh545o2, we crossed it to 

OhSl Ao2, an inbred with a smaller increase in FAA, and characterized the F2:3 progeny. 

QTL mapping of loci associated with the high FAA trait identified four regions on 

chromosome 2, 3 and 7. Ask2 and/or Ak-HSDH2 appear to be good candidate genes for 

the QTL on the long arm of chromosome 2. 

MATERIALS AND METHODS 

Plant Materials 

We obtained seed samples of the maize inbreds W64A+/o2, Oh545+/o2 and 

OhSl Ao2 from Crows Hybrid Com Company, Milford. Illinois. One set of FAA data 

was obtained using flour from these samples. W64A+/o2, Oh545+/o2 and Oh51 Ao2 

were also grown at the University of Arizona West Campus Agricultural Center or in the 

greenhouse. Oh545o2, high free amino acid (FAA) and OhS 1 Ao2 (lower FAA) and their 

F1 and F2 progeny were planted in the spring and fall seasons of 1996 in 6 m rows, 75 

cm apart, with 15 plants per row. The plants were self-pollinated or crossed, as 

appropriate, and well-filled ears were collected and air-dried. For free amino acid 

analysis of developing endosperm, single plants were grown in pots in the green house 

between November, 1996 and January, 1997. Developing kernels from well-filled ears 

were collected at 20-, 30-, 40- and 50-days after pollination (DAP). The endosperm and 

embryo were separated by dissection, frozen with liquid nitrogen and stored at -80°C. 
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Preparation of Samples from Mature and Developing Endosperm for Free Amino 

Acid Analysis 

Twenty kernels were collected from well-filled, mature parental, F1 and F2:3 

ears. The kernels were de-germed with a variable speed dental-type drill, Dremel Model 

750 (Dremel, Racine, WI), and the endosperms were combined and pulverized to a fine 

flour with a Wig-l-Bug amalgamator (Crescent Dental Manufacturing Co.. Chicago, IL). 

A modification of the ninhydrin assay described by Mertz et al. (1974) was used to 

estimate the relative content of free amino acids (FAA). Twenty milligrams of 

endosperm flour was defatted by adding 1 ml of petroleum etlier and incubating the 

samples for one hour on a rocking platform. The samples were then centrifuged at 

14,000g for 10 min. The ether was decanted and a second 1 ml of petroleum ether was 

added to the flour. The samples were briefly vortexed, centrifuged and then the ether was 

removed. The flour was resuspended in 1 ml of water and placed on a rocking platform 

for 20 min at 25°C. Particulate matter was pelleted by centriftigation and 600 |al of the 

supernatant was transferred to a fresh 1.5 ml microfuge tube and stored at 4°C as a 

working sample. One hundred nl of the working sample was added to a 1.5 ml 

microfuge tube containing 250 ^L of ninhydrin reagent (Sigma, St. Louis, MO), and the 

lube was placed in a boiling water bath for 20 min. An aliquot of 200 |iL was removed, 

added to an ELISA plate and three 2-fold serial dilutions were made into adjacent wells 

containing water. Absorbance was read at 590 nM with a Dynatech RR 700 ELISA plate 

reader (Dynatech Laboratories Inc., Chntilly, VA). Two samples from two independent 
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extractions were used to measure amino acid content; a regression was used to calculate 

the absorbance of the original sample. The slope of the relationship between A590 and 

flour weight for Oh51 Ao2 was used to calculate the relative FAA content in endosperm 

samples. 

For qualitative analysis, the extracted amino acids were filtered through a Cig reverse 

phase mini-cartridge (Vydac, Hesperia, CA) to remove soluble proteins. An aliquot of 

500 (J.L of the filtrate was dried in a speed vacuum drier (Southwest Instruments 

Biomedical Instrumentation, Tucson, AZ). The pellet was resuspended in 50 j^L of 

sterile double-distilled water for amino acid analysis. 

A similar procedure was used to analyze free amino acids in developing 

endosperms. Two or three well-filled ears were collected at different developmental 

stages, and 10-20 fresh kernels were degermed and the embryos and endosperms pooled. 

These tissues were lyophilized and stored at -80°C until analyzed. Flour was prepared as 

described above, and amino acids were extracted from 20 mg samples. In this case, the 

flour was resuspended in I ml of sterile water containing 0.1 mM phenylmethylsulfonyl 

fluoride (PMSF). After extraction at 4°C for 20 min, the soluble extract was filtered 

through a C|8 reverse phase minicartidge (Vydac, Hesperia, CA) to remove soluble 

proteins. Five hundred (iL of supernatant was lyophilized with a speed vacuum drier 

(Southwest Instruments Biomedical Instrumentation, Tucson, AZ). The pellet was 

dissolved in 50 ^L of sterile, double-distilled water for amino acid analysis. Assays were 

made of triplicate samples and standard errors were calculated (data not shown). 
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Amino Acid Analysis 

Amino acid analysis was perfomied by the Laboratory for Protein Sequencing and 

Analysis at the University of Arizona, Tucson, AZ, using a Beckman 7300 (post-column, 

ninhydrin method) Amino Acid Analyzer. Amino acids were separated by ion exchange 

chromatography, using citrate buffer of increasing ionic strength and pH, at varying 

temperature. Amino acids were detected with ninhydrin; the reaction was monitored with 

a colorimeter at 570 nm for primary amino acids and 440 nm for secondary amino acids. 

Interval Mapping of QTLs Influencing Free Amino Acid Content 

Simple sequence repeat (SSR) DNA marker selection, conditions for polymerase 

chain reaction (PCR), linkage map creation and interval mapping were described by 

Wang et al. (2000). Twenty F2 individuals with extreme high and 20 F2 individuals with 

extreme low levels of FAAs were genotyped with 83 SSR markers that are polymorphic 

between Oh51 Ao2 and Oh545o2 (Wang et al., 2000). The first round of interval 

mapping (Lander and Botstein, 1989) was performed with these selected individuals, and 

regions with a likelihood ratio statistic (LRS) (Haley and Knott, 1992; Kearsey and 

Farquhar, 1998) of more than 10 were considered potential QTLs. Subsequently, 

additional SSRs near these loci were tested for polymorphism, and the entire population 

was genotyped with flanking markers. Finally, interval mapping was conducted with a 

free regression model and permutation tests (1000 shuffles) on individual chromosomes 

were done to establish the significant threshold value of LRS (Churchill and Doerge, 

1994; Doerge and Churchill, 1996). 
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Statistical Analyses 

Variance and linear regression analysis were performed with the statistical 

package in Microsoft Excel. Regressions were always significant (F test. P<0.01) and 

had an r^ value greater than 0.9. The correlation was compared using a standard t-test. 

Map Manager QTXb03 was used to detect htip://mcbio.mcd.bufTalo.edu/mapmgr.html). 

The LRS threshold values for significant QTLs (95%) were based on 1000 permutation 

tests with a one centimorgan step for an individual chromosome. 

RESULTS 

To evaluate phenotypic variation in FAA composition ofo2 endosperm, we 

analyzed mature kernels of the near isogenic normal and o2 maize inbreds. W64A+/o2 

and Oh545A+/o2. These materials were grown at different times and locations. While 

there was variation in total level of FAA, depending on the season and location in which 

the plants were grown, the relative concentrations of FAAs and their ratio in wild type 

and o2 inbreds were consistent (Table 3.1). It is common that o2 mutants have a higher 

content of FAAs compared to their wild type counterparts (Sodek and Wilson, 1971; 

Misra et al., 1975; Moro et al., 1996), but there is striking variation between these two 

inbreds. W64Ao2 has nearly 3.5-times more free amino acids than W64A+ and Oh545o2 

has nearly 12-times more free amino acids than Oh545+. In W64A, the o2 mutation 

results in a general 2- to 3-fold increase in most amino acids, with lysine showing the 
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greatest (nearly 12-fold) increase. W64Ao2 also has a large increase in glutamate-

derived amino acids: glutamine, histidine and arginine. The effect of the o2 mutation on 

FAA composition is very pronounced in Oh545. Compared to W64A, on average there is 

a 10-fold increase in most FAAs, and there is a dramatic increase (18- to 24-fold) in 

amino acids derived from the aspartate pathway (lysine, threonine, methionine and 

isoleucine). Other amino acids significantly elevated above average are serine, leucine, 

alanine and valine, several of which are derived from glycolytic intermediates. 

At least part of the differences in elevated FAAs in the o2 inbreds is related to 

their genetic background. The level of free amino acids in mature endosperm of Oh545-f-

is generally 3- to 4-times greater than in W64A. When we subtracted the difference 

(fold-increase) between a FAA in the high and low normal inbreds from that of the o2 

versions, it was evident that the o2 mutation in Oh545 has a more pronounced effect on 

amino acids derived from the aspartate pathway. Lysine content is only 1.6-times greater 

in Oh545o2 compared to W64Ao2, while isoleucine (21.5-fold), methionine (14.4-fold) 

and threonine (11.4-fold) are much more dramatically increased. 

To understand the dynamic changes that contribute to final concentration of FAAs 

in mature endosperm, we characterized the level and composition of FAAs during 

W64A+/o2 and Oh545+/o2 kernel development. Ears were harvested at 20-, 30-, 40- and 

50-DAP, kernel samples from the center of well-filled ears were pooled, frozen and 

lyophilized, and the amino acids extracted as with the mature endosperm. The data in 

Table 3.2 show the amino acid composition at each developmental stage, and these 

results are illustrated graphically in Figure 3.1. 



Table 3.1. Free amino acid composition of W64A+/o2, Oh545+/o2, and Oh51Ao2 mature endosperm 

Amino Acid 
W64A+ 

nfiean BE 

W64A02 

mean BE 

Oh545+ 

mean SE 

Oh545o2 

mean BE 

Oh51Ao2" 

mean BE 

W64Ao2/ 
W64A+ 

Oh545o2/ 
Oh545+ 

Oh545+ / 
\WB4A+ 

Oh545o2 / 
W64Ao2 

Oh545o2 / 
Oh51Ao2 

Asp 0.63 0,17 1,56 - 2,89 0.03 9,67 0.62 15.76 3.55 2.5 3.3 4.6 62 0.6 

Asn - - - - 1,32 0.42 11,89 2.51 20.24 0.87 - 9.0 - - 0.6 

Glu 1.35 0.25 3.45 0.76 3,43 0.96 26,58 5.24 11.48 3.31 2.6 7.7 2.5 7.7 2.3 

Gin 0.27 0.02 1.74 0.04 0,79 0.38 14,00 4,18 9.56 5.81 6.5 17.8 3.0 8.1 1.5 

Ala 0.87 0.21 2,98 1.15 4,82 1,63 86,30 16,52 7.24 4.97 3.4 17.9 56 29.0 11 9 

Lys 0,12 0.01 1,43 0.28 0,39 0,08 6.93 0,79 1.11 0.34 11.8 17.7 3.2 4.8 6.2 

Thr 0.14 0,05 0,49 0.13 0.54 0.14 7.47 0,82 1.19 049 3.6 13.9 3.9 15.3 6.3 

Met 0.04 0,01 0,12 0.05 0.08 003 1.88 0,39 0.18 0.18 2.7 23.1 1.9 163 10.5 

lie 0.04 0,01 0,15 0.04 0,15 0,02 3.69 0,97 0.10 0.08 3.4 24.0 3.6 24.9 37.6 

Leu 0.08 0.02 0.28 0.10 0,25 0,06 5.75 0,71 0.60 0.32 3.5 23.1 3.1 204 9.5 

Val 0.12 0.02 0,66 0.20 0,40 0,11 7.13 0,87 1.11 0.45 5.6 17.8 3.4 10.9 6.4 

Ser 0,52 0,23 0,71 0,27 1,76 0,65 22,70 2.91 2.22 VOO 1.4 12.9 3.4 32,0 10.2 

Gly 0,28 0.03 0,72 0,22 0,93 0,30 7,66 0,95 0.85 0.40 2.6 8.2 3.4 10,7 9.0 

Tyr 0.08 0.01 0,53 0,05 0,21 0,01 2,71 0,29 0.67 0.17 6.9 12.7 2.8 5 1 4.1 

Phe 0,07 003 0,21 0,05 0,18 0,01 254 0,28 0.41 0.17 2.9 13.9 2.5 11,8 6.2 

Arg 0.13 0,01 0,87 0,25 0.23 0.06 2 22 0,33 1.03 029 6.7 9.8 1.8 26 2.2 

His 0,07 0,01 0,45 0,04 0,30 0,09 1,41 0.20 0.44 0.05 6.0 4.6 4.1 31 3.2 

Total 4.81" 1,22 16,33* 4,45 18,68 4,52 220,53 24,39 74.20 19.64 3.4 11 8 3.9* 135* 3.0 

Values are nmoles per mg dry endosperm. 
Measurements for Oh545+/o2 and W64A+/o2 are the mean of duplicate samples from two locations. 
*. Asn content was not determined. 
**: Samples for Oh51Ao2 were from three different seasons. 



Table 3.2. Free amino acid composition of \Nd4Mo2 and Oh545+/o2 developing endospemi 

Amino Add 
20 DAP 30 DAP 40 DAP 50 DAP 

Amino Add 
WB4A+ VV64A02 OH545+ OH54502 WB4A+ VV64Ao2 OH545+ OH545o2 WB4A+ W54Ao2 0H545+ OH54502 1 i OH54502 

Asp 5.39 11.59 3.97 8.29 3.51 13.94 5.00 12.90 2,31 17,22 2,19 16,36 1,33 14.72 2,89 14.56 

Asn 3.24 12.34 4.93 11.10 1.87 12.06 2.82 7.72 1,53 14,86 1,53 9,64 0.53 11.32 1.27 9,91 

Gu 10.55 27.27 24.30 24.22 7.41 21.17 11.24 26.28 5,05 24,76 3.73 31,91 0,56 10.35 4.30 22,21 

Gn 10.04 78.85 4.30 59.13 4.00 50.07 3.81 53,64 1,89 26,00 0,88 22,34 0.06 1.53 0,99 14,66 

Ala 12.72 40.42 25.29 59.36 7.91 24.41 17.42 53,76 5,74 26.08 6,22 64.51 0.21 2,07 9.42 37.70 

Lys 0.97 1.62 1.63 1.22 0.52 2.06 0.93 3,31 0,30 2,72 0,24 3.81 0,08 1,70 0.27 4.95 

Thr 1.45 4.63 2.25 6.16 0.80 3.25 1.35 6,29 0,48 3,34 0,47 5,66 0,04 1,01 0,56 4,12 

Met 0.62 1.91 1.05 1.41 0.39 1.90 0.48 1,85 0,25 1.49 0,18 1,21 0,02 0,28 0,25 1,35 

lie 0.26 0.70 0.42 1.46 0.12 0.41 0.28 1.17 0,05 0.55 0,07 1,39 0,02 0,26 0,08 1,14 

Leu 0.50 2.87 0.68 2.35 0.20 1.73 0.50 2.76 0,11 2,08 0,10 3,46 0,03 0,67 0.18 2,55 

Val 1.48 5.23 1.98 4.49 0.51 2.88 1.00 3.89 0,26 2.79 0,15 4,13 0,04 1.14 0,27 3,78 

Ser 2.86 7.50 6.17 10.41 1.21 5.09 3.08 9.32 0.70 6,07 0,98 8,78 0,09 1.25 1,41 10,27 

Gly 1.84 4.48 1.72 3,95 0.65 3.41 1.24 4.20 0,48 2,66 0,36 4,64 0.05 0.40 0,62 1,62 

Tyr 0.33 0.81 0.60 0.54 0.20 0.59 0.36 1,19 0.14 1.18 0,08 1,85 0.05 1.30 0,13 2,06 

Phe 0.34 0.80 0.69 1.34 0.25 0.65 0.40 1,15 0,12 0,99 0,10 1,75 0,02 0,64 0,10 1,35 

Arg 0.35 0.85 0.50 0.59 0.20 0.44 0.30 0,92 0,06 0,57 0.05 1.16 0,03 0,76 0,09 1,45 

His 0.39 0.67 0.59 0.34 0.13 0.40 0.29 0,64 0,06 0.49 0.01 0,75 0,02 0.58 0,06 1,09 

Pro 0.59 1,38 1.31 6.26 0.16 1.36 0.83 3,09 0,17 5,82 0,24 11,44 0,10 4,54 0,38 19,27 

Gaba 0.63 2.42 3.08 5.66 0.63 1.80 3.11 7,33 0,76 5,01 1,69 19,77 0.38 2,77 3,50 14,95 

Urea 0.13 2.56 0.28 0.97 0.06 1.11 0.21 1,22 0,04 1,02 0,05 1,06 0.05 0.43 0,09 0.71 

Others 1.84 9.63 3.01 6,50 0.78 7.68 1.63 7,85 0,54 6,23 0,36 9.23 0.33 1,52 0,93 7,37 

Total 56.58 218.54 88.76 215.82 31.51 156.42 56.24 210,47 21,02 151,99 19,70 224,84 4.03 59,35 27,78 177.04 

Values are nmoles per mg dry endosperm; measurements are the mean of three independent extractions. 
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Figure 3.1. Free amino acids in developing endosperm of Oh545+/o2 and 

W64A+/o2. Free amino acid analysis was performed with pooled kernel samples as 

described in Materials and Methods. The values are the means of three independent 

extractions and measurements. 
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To a large extent, the results of this analysis are similar to those obtained with 

mature endosperm. There is a much higher level of FAAs in developing endosperm of o2 

than wild type inbreds, and there is a significantly higher level of free amino acids in 

Oh545+/o2 compared to W64A+/o2 throughout development. The o2 mutants have 

nearly four-times more FAAs compared to their wild type counterparts at 20-DAP, and in 

general their concentrations of FAA drop much more slowly than in wild type 

endosperm. For example, in W64Ao2 the concentration of FAA at 50-DAP is nearly the 

same as in the wild type at 20-DAP. It is striking that W64Ao2 and Oh545o2 have 

similar concentrations of FAAs at 20-DAP, but while the FAA level declines in W64Ao2 

endosperm as it matures, there is only a slight reduction in FAA concentration in 

Oh545o2. 

Although there is some fluctuation in the pool size of various amino acids during 

endosperm development, to a large extent the concentration at maturity reflects that 

during development (Table 3.2). Glutamate, glutamine, aspartate, asparagine and alanine 

are present in the highest concentrations throughout most of endosperm development for 

both normal and o2 genotypes. There is a significant reduction in glutamine 

concentration as the endosperm matures, but with the exception of proline, which 

increases in concentration in o2 endosperm (particularly in Oh545o2), there is not a 

dramatic increase in concentration of any particular amino acid. The higher 

concentrations of lysine, threonine, methione and isoleucine in o2 endosperm as it 

matures, comes as a consequence of the reduction in concentration of the more abundant 

amino acids, such as glutamine. 



126 

We investigated the genetic basis for the enhanced level of FAAs in Oh545o2 by 

crossing it with OhSl Ao2. The FAA content in mature endosperm of Oh545o2 is 3-

times higher than Oh51 Ao2, with the amino acids derived from the aspartate kinase 

pathway being more highly elevated than most others. The level of FAA in OhSl Ao2 is 

four-times higher than W64Ao2 (Table 3.1), and with the exceptions of lysine and 

isoleucine, the concentration of each amino acid is higher in mature endosperm of 

Oh51 Ao2 compared to W64Ao2 (Table 3.1). However, with this particular cross we 

were able to simultaneously analyze segregation for high levels of free lysine and lysine-

containing proteins, and investigate the interaction between these two traits (Wang et al., 

2000). 

We used a ninhydrin assay as a rapid method to phenotype the level of FAAs in 

Oh545o2, OhSl Ao2 and their F1 and F2:3 progeny (Figure 3.2). The phenotypic 

segregation of this trait suggests both recessive and dosage-dependent effects, because 

the relative FAA content in the F1 is closer to the low FAA parent (OhSl Ao2); the FAA 

level in each F1 is directly related to its ear parent. In the spring and fall of 1996, we 

obtained 106 and 69 F2:3 progeny, respectively, and there was continuous phenotypic 

variation in the endosperm FAA content both seasons. The F2:3 progeny generally had a 

FAA level intermediate between the two parents, but most of them have an amino acid 

level more like the low FAA parent, OhS I Ao2 (Figure 3.2A and 3.2B). Only a few F2:3 

progeny had a FAA level close to the high FAA parent, OhS4So2. Because the F2:3 

population from the spring of 1996 was significantly larger than the fall season, we 

selected it for QTL mapping. 
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Figure 3.2. Relative concentration of FAA in matiire endosperm of Oh545o2, 

Oh51 Ao2, their reciprocal F1 crosses and F2:3 progeny. Flour was prepared from a pool 

of 20 kernels from the middle of well-filled ears and assayed with ninhydrin to determine 

the free amino acid content. The relative content of free amino acids in Oh51 Ao2 (the 

low FAA parent) was defined as "1." The relative FAA content of each F2:3 individual 

is the mean of two measurements from two independent extractions. Plants were grown 

in the spring (A) and fall (B) of 1996. 
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A linkage map for the Oh545o2 by Oh51 Ao2 cross was created with 83 

polymorphic SSR markers (Wang et al., 2000). To reduce the labor of genotyping this 

population with informative SSR markers, we analyzed 40 F2 progeny, including the 20 

individuals with the highest and 20 individuals with the lowest FAA content. We 

conducted interval mapping with a simple regression model to identify a few potential 

QTLs using the Map Manager QXTb03 program 

(http://mcbio.med.bufTalo.edu/mapmgr.html). We conducted interval mapping with a 

simple regression model to identify a few potential QTLs. Additional SSRs in these 

regions were then tested and the informative markers were then used to genotype the 

entire population. All markers flanking potential QTLs were used to genotype the entire 

F2:3 population. 

Using the genotypic and phenotypic analysis of the F2:3 progeny, interval 

mapping was performed with a free regression model. One thousand permutation tests 

were performed on individual chromosomes to determine a significant (95%) threshold 

value of the likelihood ratio statistic (LRS). Four significant QTLs were identified that 

account for about 46% of the phenotypic variation in FAA content (Figure 3.4, Table 

3.3). Each of these QTLs has both additive and recessive genetic effects, consistent with 

the phenotypic variation observed in the F1 and F2 progeny. Tlie QTL on the short arm 

of chromosome 2 has an LRS value of 12.7, which is slightly larger than the threshold 

value of 12.2 given by permutation tests. It contributes 10% of variance in free amino 

acid content. A second QTL on the long arm of chromosome 2 has an LRS value of 14.8. 

which is much larger than the significant threshold value of 12.2, and it explains 11% of 

http://mcbio.med.bufTalo.edu/mapmgr.html
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the total phenotypic variance. The third QTL on the short arm of chromosome 3 has the 

largest effect among the four QTLs. It accounts for about 14% of the variance in FAA 

level, and has an LRS value of 15.6, which is much higher than the significant threshold 

value of 11.5, given by the permutation test. The fourth QTL is near the telomere of the 

long arm of chromosome 7 and has an LRS value of 12.6. This QTL primarily has an 

additive effect, with a minor recessive effect. 

To evaluate the significance of the linkage between the SSRs flanking QTLs and 

FAA content, a Chi-square test was performed using the 20 individuals with extreme high 

and 20 individuals with extreme low FAA content (Table 3.3). The flanking markers, 

bmcl633 and bmcl329, which define the QTL on the long arm of chromosome 2, show 

significant linkage with this trait, based on their occurrence in the high and low FAA 

individuals. The flanking marker of the QTL on the short arm of chromosome 2. 

bmcl537, is significantly linked to this QTL. with a Chi-square value of 6.4 among the 

high FAA individuals; there is no linkage among low FAA individuals. There is only one 

flanking marker tightly linked to the QTL on the long arm of chromosome 7. phi045. 

Surprisingly, based on the Chi-square test we did not find significant linkage of the 

markers flanking the QTL on chromosome 3, which has the greatest phenotypic effect 

and LRS value. This could result from the five individuals with the highest FAA content 

having a SSR genotype identical to the Oh545o2 parent (data not shown), while the 

marker genotypes are randomly distributed in other high FAA individuals. This analysis 

shows that for all four QTLs, the alleles contributed by Oh545o2 are responsible for the 

high free amino acid level. 
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Figure 3.3. Interval mapping of QTLs influencing FAA content in maize 

endosperm. The plots are derived from the interval mapping of loci associated with FAA 

content in the F2 population of Oh51 Ao2 by Oh545o2. A free regression model was 

used to perform interval mapping. The solid curve illustrates the likelihood ratio statistic 

(LRS); SSR DNA markers are indicated on the left. The significant threshold values of 

LRS for each chromosome were estimated with 1000 permutations using Map Manager 

QTXb03. The LRS considered as a significant threshold value (95%) for chromosomes 

2, 3, and 7 are 12.2, 11.5 and 12.1, respectively (shown with dashed lines). 
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Table 3.3. Characteristics of QTLs influencing free amino acid content 

QTL Chromosome Flanking Markers LRS Varlance(%) Additive Dominant 

1 2L bmc1633, bmc1329 14.8 11 2.32 -1.35 

2 2S bmc1537, bmc2248 12.8 10 2.59 -1.63 

3 3S bmc1904, bmc2136, bmc1452 17.9 15 2.68 -3.40 

4 7L bmc2328b, phl045 12.6 10 2.37 -0.93 

u.) 



Table 3.4. Segregation of flanking markers among F2 individuals with extreme FAA content 

High FAA Individuals Low FAA Individuals 
Marker Chromosome 

A H B P A H B P 

bmc1537 28 1 10 9 6.4 ** 3 12 5 1.2 N8 

bmc2248 28 1 12 7 5.4 * 5 11 4 0.3 NS 

bmc1633 2L 0 13 6 6.3 ** 8 11 1 5.1 * 

bmc1329 2L 1 9 9 6.5 ** 8 11 1 5.1 * 

bmc1904 3S 6 8 6 0.8 NS 2 13 4 2.9 NS 

bmc2136 38 5 7 7 1.7 N8 2 13 5 2.7 NS 

bmc1452 3S 5 6 8 3.4 NS 4 9 5 0.3 NS 

phi045 7L 2 8 10 7.2 ** 8 10 2 3.6 NS 

A. Number of plants homozygous for the Oh51 Ao2 allele. 

H. Number of plants heterozygous. 

B. Number of plants homozygous for the Oh545o2 allele. 

p. Significance level: 0.1/; 0.05, **; and no significance, NS. 

4^ 
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DISCUSSION 

We found significant variability in the FAA content of different maize inbred 

lines that is accentuated by the o2 mutation. Typically, FAAs constitute about 1-3% of 

the non-protein nitrogen in wild type endosperm, and this is increased several fold in o2 

mutants (Sodek and Wison, 1971; Misra et al., 1975; Moro et al., 1996). The levels of 

FAA in W64A and Oh51 A are fairly typical in this regard, but Oh545 appears to have a 

genetic predisposition for over-accumulating FAAs. especially amino acids derived from 

the aspartate kinase pathway and glycolytic intermediates (Table 3.1,3.2 and Figure 

3.1). Figure 4 illustrates the relative differences in FAA concentration in Oh51 Ao2 and 

Oh545o2. The concentration ratios are somewhat larger when W64Ao2 and Oh545o2 

are compared, but the same amino acids, hence biosynthetic pathways, are affected. 

The high concentration of FAAs in o2 endosperm is a consequence of both high 

levels of synthesis/accumulation during development and the apparent inability to 

incorporate these amino acids, or turn them over (Arruda et al.. 2000). before endosperm 

desiccation. Unfortunately, our data do not provide insight regarding the mechanisms 

responsible for the rapid decline of FAAs in maturing wild type endosperm, nor why this 

fails to occur in o2 mutants. The concentration of all amino acids is increased in o2 

mutants, but aspartate/asparagine, glutamate/glutamine, and alanine are by far the most 

abundant early in endosperm development. The reduction of these abundant amino acids, 

especially glutamine, is largely responsible for the relative increase in concentration of 

minor amino acids, especially lysine, methionine and threonine, as the endosperm 
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matures. We found significant variation in the relative concentration of FAAs in the 

endosperm of the wild type and o2 inbreds when they were grown at different times and 

locations. However, the amount of each amino acid (percent of total) was consistently 

affected for each genotype, regardless of the growing conditions (Table 3.1; data not 

shown). 

While the results of our study do not address the source of the high level of FAAs 

in Oh545o2 endosperm, several types of evidence, including what is known about the 

molecular action of 02 (Schmidt, 1993), suggest that alterations in amino acid 

biosynthesis are responsible. In theory, the high level of FAA in Oh545o2 could result 

from higher rates of transport into the endosperm, reduced rates of incorporation into 

proteins, higher rates of synthesis and lower rates of turnover, or a combination of these. 

However, we would not expect the differences in FAA content to result from variation in 

amino acid transport (Arruda and Silva, 1979; Bush, 1999). The amino acid composition 

of the vascular sap from the ear peduncle is distinct from that of the endosperm (Arruda 

and Silva, 1979). Furthermore, the endosperm has been shown to contain many of the 

enzymes necessary to synthesize its own amino acids (Sodek and Wilson, 1970; Sodek. 

1976; Gengenbach et al., 1978). For example, proline is not present in vascular sap 

(Arruda and Silva, 1979), but it is abundant in the endosperm (Table 3.2, Figure 3.1). 

There could be an association between high levels of FAAs and reduced amounts 

of storage protein synthesis, but our data are incomplete in this regard. The Oh545+/o2 

inbreds have a lower protein content than W64A+/o2 and Oh51 A+/o2, i.e. 8% and 7% 

compared to 11% and 9% and 12% and 10%, respectively (More et al., 1996). The 
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progeny of the Oh545o2 by Oh51 Ao2 cross are all o2 mutants with a reduced capacity 

for storage protein synthesis. A partial analysis of the F2:3 progeny revealed protein 

concentrations ranging from 8.5% to 11.7%, with common values of 9%. This would not 

be considered a particularly low protein concentration. We are developing recombinant 

inbred lines from these materials, and they will be characterized with regard to protein 

and free amino acid content. It is noteworthy that the level of eEF 1 A, which provides an 

index of the protein-bound lysine (Moro et al., 1996), segregated independently from the 

high FAA phenotype among the F2:3 individuals (Wang et al., 2000). Thus, a high level 

of free lysine did not correlate with the level of lysine-containing proteins in this 

population. 

The four QTLs we identified account for approximately 46% of the variability for 

FAA content in the progeny of the Oh545o2 by Oh51Ao2 cross. Although this 

represents only a small proportion of the variability, this outcome is not uncommon for 

QTL mapping studies, which frequently only can explain about 50% of the variability 

(Kearsey and Farquhar, 1998). As previously described (Wang et al., 2000), we 

encountered difficulties developing the Oh545o2 by Oh51Ao2 mapping population, 

which was half the intended size. We also recognize there are limitations in our mapping 

data as a consequence of environmental effects. We hope to address the deficiencies of 

the sample size through a genetic analysis of the recombinant inbred lines that are being 

developed from the F2:3 individuals. 

The QTLs on the short arm of chromosome 2 and the long arm of chromosome 7 

have LRS values of 12.8 and 12.6, respectively, which slightly exceed the significant 
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threshold values of 12.1, provided by the permutation tests (Figure 3.3). The flanking 

markers showed significant linkage with the high FAA trait, and additional genotyping 

with the recombinant inbred progeny lines will help resolve the validity of these QTLs. 

The QTL on the short arm of chromosome 3 has the largest phenotypic effect and 

LRS value, but the Chi-square test with the 40 individuals showing the extreme FAA 

phenotypes failed to show linkage of the flanking markers. Nevertheless, the five 

individuals with the highest FAA content contain the Oh545o2 allele of the SSR markers 

flanking this QTL; bmc2136, bmcl904 and bmcl452. Consequently, it is premature to 

dismiss this QTL on the basis of a random combination of marker genotypes and FAA 

phenotypes. It should also be possible to address this question by analyzing the 

recombinant inbred lines. 

02 encodes a transcription factor that regulates zein gene expression (Kodrzycki 

et al., 1989; Hartings et al., 1989; Schmidt et al. 1990). but it also has several activities 

related to carbon and amino acid metabolism. An alteration of one or more of the 

enzymes involved in amino acid synthesis/degradation or glycolysis could significantly 

change the steady state level of FAAs. Indeed, alterations in enzymes affecting amino 

acid metabolism have been shown to have pleiotropic affects on FAA levels in plant 

tissues. For example, the levels of threonine, methionine and other amino acids are 

increased in aspartate kinase (AK) mutants that are less sensitive to lysine feedback 

inhibition (Hibberd and Green, 1982; Diedrick et al., 1990; Dotson et al., 1990a). A 

feed-back insensitive AK mutant in tobacco, LT 70, not only has a higher level of amino 

acids derived from the aspartate pathway, but other pathways as well (Frankard et al.. 
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1991; 1992). Alteration of tryptophan and tyrosine levels in transgenic tobacco leaves 

affected the level of tryptophan, as well as the non-aromatic amino acids, methionine, 

valine and leucine (Guillet et al., 2000). 

The large amount of alanine and serine in Oh545o2 could be caused by an 

increased level of pyruvate and 3-phosphohydroxypyruvate (Huppe and Turpin, 1994; 

Pla.xton 1996; Bourgnigonon and Rebeille, 1999). which are intermediates or end 

products of gylcolysis. It was shown that a cytosolic phosphoenol pyruvate dikinase 

(cyPPDK) is down-regulated by the o2 mutation (Gallusci et al., 1996; Maddaloni et al.. 

1996; Damerval and Le Guilloux, 1998). This enzyme, which catalyzes the conversion 

of pyruvate to phosphoenol pyruvate, is a key regulator of the glycolytic pathway and is 

linked to carbon and amino acid metabolism. Thus, the o2 mutation may lead to an 

increased level of pyruvate by down-regulating cyPPDK, resulting in higher levels of 

alanine. 

Mitchell-Olds and Pedersen (1998) suggested that both regulatory and structural 

genes influence the glycolytic pathway. Since regulators of glycolysis have not been 

mapped in maize, it is of interest to compare the activity of several key enzymes in this 

pathway. Preliminary results show that pyruvate kinase activity is indeed higher in 

Oh545o2 than W64Ao2 endosperm at 15- and 25-DAP (data not shown). However, a 

systematic characterization of such enzymes will be necessary before any inferences are 

warranted. We determined that a locus encoding cytosolic triose phosphate isomerase 4. 

which encodes a catalytic step of glycolysis (Wendal et al., 1989), is located near the 
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QTL on the short arm of chromosome 3. However, there is no evidence this enzyme 

influences the flux rate of glycolysis. 

Several amino acids of the aspartate pathway are significantly increased in 

Oh545o2 (Tables 3.1 and 3.2; Figure 3.4), and it was interesting to note that 

monofunctional aspartate kinase 2 (Ask2) and the bi-functional aspartate kinase-

homoserine dehydrogenase 2 (AK-HSDH2) both map to the same region as the QTL on 

the long arm of chromosome 2 (Galili, 1995; Azevedo et al.. 1997). The maize 

monofuctional Ask2 presumably encodes a lysine-sensitive AK, and one mutant, ask2. 

over-produces threonine, lysine and methionine (Hibberd and Green, 1982; Dotson et al.. 

1990a; Muehlbauer et al., 1994a), similar to the phenotype of Oh545o2. AK-HSDH, 

which is threonine sensitive (Azevedo et al., 1992b), is encoded by three genes 

(Muehlbauer et al., 1994b). One of them was mapped to the long arm of chromosome 2. 

and one was mapped to the short arm of chromosome 4 using maize cDNA clones, 

however the location of the third is unknown (Muehlbauer et al., 1994b). Ask2 and AK-

HSDH2 are both located a few centimorgans apart on the long arm of chromosome 2. 

The askl mutant, which also encodes a lysine-insensitive AK, results in high levels of 

lysine, threonine and methionine, and a double mutant of o2 and askl has higher AK 

activity and a higher level of FAA than the single mutants (Azevedo et al., 1990; 

Brennecke et al., 1996). Thus, if the AK in Oh545o2 has a higher total activity and/or is 

less sensitive to lysine or threonine feedback inhibition, it could explain why the ratio of 

FAA is so much larger in Oh545o2/W64Ao2 compared to Oh545+/W64A+. Whether the 

monofunctional Ask2 and/or bifimctional AK-HSDH2 is the candidate gene on the long 
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arm of chromosome 2 will be addressed by investigating total activity and feedback 

inhibition properties of these enzymes. 
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Figure 3.4. Metabolic pathways showing the major points of regulation for 

amino acid biosynthesis and lysine degradation. The color scale shows the relative 

increase (blue, > 10-fold; green, 6- to 10-fold; yellow, 3- to 6-fold; orange, 1- to 3-fold; 

red, <l-fold) in FAA concentration in mature endosperm of Oh545o2 compared to 

Oh51 Ao2. AHAS, acetohydroxyacid synthase; AK, aspartate kinase; DAHP. 7-phospho-

2-keto-3-deoxy-D-arabino-heptonate; DHDPS. dihydrodipicolinate synthase; FPK. 

fructose phosphate kinase; HSDH, homoserine dehydrogenase; LICR. lysine ketoglutarate 

reductase; PK, pyruvate kinase; PPDK, pyruvate phosphate dikinase; SDH, sacchropine 

dehydrogenase; TPI, triose phosphate isomerase. 
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CHAPTER 4 

ASK2: A CANDIDATE GENE OF A QTL INFLUENCIING FREE AMINO ACID 

CONTENT IN MAIZE ENDOSPERM 

INTRODUCTION 

The opaque2 (ol) mutation in maize improves the nutritional quality of the grain 

by enhancing endosperm lysine content (Mertz et al., 1964). The higher level of lysine in 

o2 endosperm is primarily a consequence of increased synthesis of lysine-containing 

proteins (Moro et a!., 1996; Sun et al., 1997), but these mutants also have higher than 

normal levels of free lysine. Part of the explanation for the increase in free lysine is the 

loss of lysine ketoglutarate reductase activity (LKR, EC 1.5.1.9), an enzyme that 

degrades lysine as the endosperm matures (Arruda et al., 2000). However, there is also 

evidence for increased lysine synthesis and/or accumulation of other amino acids (Sodek 

and Wilson, 1970; Misra et al., 1975; Sodek, 1976). In characterizing several wild type 

and o2 maize inbred lines, we found evidence for high levels of amino acids derived from 

the aspartate pathway (lysine, threonine, methionine, and isoleucine), as well as alanine 

and serine, in o2 mutants (Wang and Larkins, 2000). By analyzing the progeny of a cross 

between Oh545o2 and Oh51 Ao2, we identifled four QTLs that account for about 50% of 

the variability in the high free amino acid trait. A QTL on the long arm of chromosome 2 

that is responsible for 11% of the phenotypic variability occurs in proximity with genes 
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encoding a mono functional aspartate kinase (Ask2) and a bi functional aspartate kinase-

homoserine dehydrogenase (AK-HSDH2). Consequently, these genes are good 

candidates to explain the increased synthesis of aspartate-derived amino acids in this 

mutant. 

The aspartate pathway directs lysine synthesis and is feed-back regulated by its 

end products (Gengenback et al., 1978; Bryan, 1990; Galili, 1995; Azevedo et al., 1997) 

(Figure 4.1). Aspartate kinase (AK, EC 2.7.2.4), the first enzyme in this pathway, 

catalyzes the conversion of aspartate to P-aspartyl phosphate. In maize, there are at least 

five genes encoding two or more isoforms of this enzyme, based on their feed-back 

inhibition properties (Dotson et al, 1989; Azevedo et al.. 1992a; Muehlbauer et al.. 

1994a. 1994b). Two genes, Askl and Ask2, encode mono functional AKs that have been 

mapped to the short arm of chromosome 7 and the long arm of chromosome 2. 

respectively (Azevedo et al., 1990; Muehlbauer et al., 1994a). The AK in Askl and Ask2 

mutants is less sensitive to lysine inhibition and results in over-production of lysine, 

threonine, methionine and isoleucine (Dotson et al.. 1990a; Muehlbauer et al., 1994a). 

Askl appears to be regulated by 02, because in double mutants of Askl and o2, AK is 

less sensitive to lysine-inhibition than in Askl mutants alone (Azevedo et al.. 1990; 

Brennecke et al., 1996). There are at least three bi-functional AK-HSDH genes in maize, 

and they appear to encode threonine-sensiti ve isoforms of AK (Azevedo et al., 1992b; 

Muehlbauer et al., 1994b). Two AK-HSDH genes were mapped to the long arm of 

chromosome 2 and the short arm of chromosome 4 (Muelhbauer et al., 1994b). 
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Figure 4.1. The aspartate biosynthetic pathway and lysine degradation pathway 

in plants. Plus ( +) and minus (-) signs indicate the stimulation and inhibition of enzyme 

activity. AK is fedback regulated by lysine and threonine; DHDPS is feedback regulated 

by lysine alone; HSDH is feedback regulated by threonine; lysine can activate LKR 

activity. AK, aspartate kinase; DHDPS, dihydropicolinate synthase; HSDH, homoserine 

dehydrogenase; LKR, lysine ketoglutarate reductase; SDH, sacchropine dehydrogenase. 
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Homoserine dehydrogenase (HSDH, EC 1.1.1.3), another enzyme of the aspartate 

pathway, uses NADPH to convert aspartate semialdehyde (ASA) to homoserine (Figure 

4.1). In maize, there are two different isoforms of HSDH, one threonine-sensitive and 

one threonine-insensitive (Walter et al., 1979). Depending on the tissue and 

developmental stage, the relative level of the two isoforms is variable (Mathews et al., 

1975; Bryan and Lochner, 1981). Carrot HSDH can be changed in vitro between a 

threonine-sensitive trimeric form (T-form) and a threonine-insensitive dimeric form (K-

form) (Matthews et al., 1989; Turano et al., 1990). The T-form requires threonine, 

whereas the K-form requires potassium (Turano et al, 1990). Several genes could encode 

HSDH in maize. It was predicted that AK-HSDH genes encode the threonine-sensitive 

form, due to the relationship of the molecular weight of the purified enzyme and cDNA 

sequences (Muehlbauer et al., 1994b); the monofunctional HSDH is threonine-

insensitive. The degree to which feed-back inhibition of HSDH by threonine limits 

threonine synthesis is unknown, and mutations of these genes have not been identified. 

Dihydrodipicolinate synthase (DHDPS, EC 4.2.1.52), a key regulatory enzyme in 

lysine biosynthesis, catalyzes the formation of dihydrodipicolinic acid by condensing 

pyruvate and ASA (Figure 4.1). DHDPS is highly sensitive to lysine feed-back 

regulation; when expressed in E. coli, the maize DHDPS has a lysine I50 of around 7 |iM 

(Vauterin et al., 2000). Plants with a mutant DHDPS are less sensitive to lysine feed

back inhibition and over-produce the amino acid (Ghislain et al., 1995). Because 

bacterial DHDPS is less sensitive than plant DHDPS to lysine, genes encoding bacterial 



148 

DHDPS have been used to genetically engineer plants that over-produce lysine (Falco et 

al., 1995). 

As previously noted, lysine degradation is another important factor influencing 

lysine content in maize endopserm (Arruda et al., 2000). LKR is the initial enzyme 

involved in lysine degradation, and its activity is dramatically reduced in o2 mutants 

(Brochetto-Braga et al.,1992; Kemper et al., 1999). Therefore, it is thought that the 

reduction in LKR activity is primarily responsible for the increased lysine content in o2 

endosperm. 

Here we report the analysis of key enzymes involved in lysine biosynthesis and 

degradation in Oh545o2 and OhSl Ao2. The specific activity of AK in Oh545o2 is 

higher than in Oh51Ao2 at 15-days after pollination (DAP), but not at 20-DAP. The 

most significant difference we found between AK activities in the endosperm of these 

mutants is feed-back inhibition by lysine, but not by threonine. The AK in Oh545o2 has 

an I50 for lysine that is twice that of the AK in OhSl Ao2, indicating that it is less 

sensitive to lysine inhibition. We did not find a difference in level or specific activity of 

HSDH and DHDPS in Oh545o2 and Oh5lAo2, and the feed-back inhibition properties 

by lysine and/or threonine are similar. These results suggest that Ask2, rather than AK-

HSDH2, is the best candidate gene for the QTL on the long arm of chromosome 2 that 

influences free amino acid content. 
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MATERIALS AND METHODS 

Plant Materials 

Oh545o2 and Oh5 lo2 were grown in a greenhouse at the Campus Agricultural 

Center, University of Arizona, Tucson, AZ. Developing kernels were harvested at 15-, 

20- and 25-DAP, frozen with liquid nitrogen and stored at -80°C. The kernels were 

degermed before use in enzyme assays. 

Endosperm flour was prepared from F2 progeny of a cross between Oh51 Ao2 and 

Oh545o2, based on the genotype (25 homozygous like each parent and 55 heterozygous) 

of the SSR marker, bmc 1329, which flanks the QTL influencing free amino acid (FAA) 

content on the long arm of chromosome 2 (Wang and Larkins, 2000). 

Sample Preparation and FAA Analysis of Mature Endosperm 

Extraction and analysis of mature endosperm FAAs was performed as described 

by Wang and Larkins (2000). Twenty milligrams of flour was defatted for one hour in a 

1.5 ml centrifuge tube with 1 ml of petroleum ether. The ether was removed by 

centrifligation at 14,000 rpm for 10 min and another 1 ml of ether was added for 10 min. 

Following centrifligation, the ether was removed by aspiration, and the defatted samples 

were resuspended in 1 ml of sterile double-distilled water by shaking vigorously for 20 

min at room temperature. The supernatant was saved and filtered through a Cig reverse 

phase minicartridge (Vydac, Hesperia, CA) to remove soluble proteins. Five hundred |4,1 

of the supernatant was dried with a speed vacuum drier (Southwest Instruments 
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Biomedical Instrumentation. Tucson, AZ), and the pellet was resuspended in 50 (0,1 of 

sterile double-distilled water for amino acid analysis. 

Amino Acid Analysis 

Amino acid analysis was performed by the Laboratory for Protein Sequencing and 

Analysis at the University of Arizona, using a Beckman 7300 (post column, ninhydrin 

method) Amino Acid Analyzer. Amino acids were separated by ion-exchange 

chromatography using citrate buffer of increasing ionic strength and pH at varying 

temperatures. Amino acids were detected by mixing vvith ninhydrin, and the reaction was 

monitored by a colorimeter at 570 nm for primary amino acids and 440 nm for secondary 

amino acids. 

AK Extraction 

All procedures for enzyme extraction and analysis were carried out at 4°C. Five 

to 10 g of immature endosperm was ground with a Kinematica GmbH Polytron 

(Brinkman Instruments, Wesbury, NY) at a speed setting of 7 in 5:1 (v/w) buffer A [50 

mM Tris-HCl (pH 7.4), 50 mM KCl, 2 mM lysine, 2 mM threonine. 3 mM DTT. 0.1 mM 

phenyl methylsulfonyl fluoride (PMSF), 1 mM EDTA, 15% (v/v) glycerol, and 5% (w/v) 

insoluble polyvinylpoly-pyrrolidone (PVPP)]. The extract was centrifliged at 12,000 x g 

for 30 min, and the particulate was filtered through four layers of Miracloth (Calbiochem, 

La Jolla, CA). Finely ground (NH4)2S04 was gradually added with stirring to the 

supernatant until 10% saturation. The solution was stirred for 30 min and centrifuged at 
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12,000 X g for 30 min. The supernatant was loaded onto a Phenyl Sepharose-CL-4B 

(Pharmacia Biotech, Uppsala, Sweden) column pre-equilibrated with buffer B [50 mM 

Tris-HCI (pH 7.4), 50 mM KCl, 1 mM EDTA, 3 mM dithiothreitol (DTT) and 10% 

(NH4)2S04]. The column was washed with buffer C [50 mM Tris-HCI (pH 7.4), 50 mM 

KCl, 1 mM EDTA, 3 mM DTT, and 7.5% (NH4)2S04]. Proteins bound to the column 

were eluted with buffer D [50 mM Tris-HCI. (pH 7.4), 50 mM KCl. 1 mM EDTA. 3 mM 

DTT and 50% ethylene glycol] until no significant amount remained. Proteins were 

precipitated by adding 1.5 volumes of 100% saturated (NH4)2S04, stirring for 30 min and 

centrifuging at 20,000 x g for 40 min. The pellet was dissolved in resuspension buffer 

[50 mM Tris-HCI (pH 7.4), 50 mM KCl, 3 mM EDTA and 15% glycerol] and stored on 

ice until use. 

AK Assay 

The hydroxamate assay method was modified from a procedure described by 

Brermecke et al. (1996). The assays were performed in a 500 |il volume containing the 

following: 50 mM aspartic acid (sodium salt); 20 mM Tris-HCI (pH 7.4). 1 mM DTT. 3% 

glycerol, 8 mM MgS04, 20 mM ATP (pH 7.4), 480 mM hydroxylamine (neutralized with 

4.8 N NaOH just before use). The assay was started by the addition of 100 (il of enzyme. 

After incubating at 37°C for 40-60 min, the reaction was terminated by addition of 500 nl 

of stop solution [0.67 M FeCb, containing 0.5 M HCl and 20% TCA]. This mixture was 

centriftiged for 5 min with a bench top centrifiige at 14,000 rpm to remove precipitated 

protein, and the absorbance of the supernatant was stably read at 540 nm (Hitchcock and 
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Hodgson, 1976), instead of 505 nm; 540 nm light gives slightly lower absorbance than 

505 nm (Pechere and Capony, 1968) with a Beckman DU-65 spectrophotometer 

(Beckman Instruments Inc., Fullerton, CA), but is more stable. A standard curve of DL-

aspartyl hydroxamate at 540 nm was established with commercial aspartyl hydroxamate 

(Sigma, St. Louis, MO). The assay solutions were read against a blank containing all the 

components except the substrate, aspartate, which was added just before the stop 

solution. One unit of activity was defined as the amount of enzyme that catalyzes the 

formation of 1 nmole of aspartyl hydroxymate per minute at 37°C. Inhibition assays 

were conducted with 0.1. 0.2, 0.3, 0.4, 0.5. 0.6. 0.8. 1.0, and 10 mM lysine, 10 mM 

threonine, and 10 mM lysine plus 10 mM threonine in the reaction solution. 

Synthesis of ASA 

ASA was synthesized using the method described by Black and Wright (1955). 

Twenty milligrams of DL-allylglycine (Sigma) was dissolved in 20 ml of I N HCI and 

placed in a 100 ml graduated cylinder on ice. Ozone was passed through the solution at a 

rate of 1.5 millimoles per min for 40 min. The reaction mixture was frozen at -80°C for 

future use. A 6 ml aliquot of the reaction mixture was placed onto a 5 g, 55 ml bed 

volume Dowex 50-AGW (Sigma) column fabricated from a 60 ml disposable syringe 

barrel. The column was washed with 120 ml of water, and then the ASA was eluted 

using 120 ml of 4N HCI. Attempts to monitor the elution of ASA using thin layer 

chromatography were not successful. However, a faint green-yellow coloring of the 

eluate after 24 ml coincided with ASA. The fractions containing this colored product 



153 

were pooled, divided into 2 ml aiiquots and stored at -SO^C. Enzymatic analysis of the 

L-ASA solution indicated a yield of 80% of the theoretical amount at a final 

concentration of 167 mM. 

Enzyme preparation for HSDH and DHDPS 

All procedures were carried out at 4°C. The method described by Bryan and 

Locher (1981) and Walter et al. (1979) was used for HSDH extraction, with minor 

modifications. Developing kernels were degermed and ground with a Polytron 

homogenizer in 5:1 (v/w) buffer E [100 mM potassium phosphate buffer (pH 7.5). 1 mM 

EDTA, 5 mM L-threonine, 1.4 mM P-mercaptoethanol, 20% glycerol and 1 mM PMSF]. 

The homogenate was centrifiiged for 35 min at 20,000 .\ g, and the supernatant was 

collected. Finely ground (NH4)2S04 was added to the supernatant until 70% saturation. 

The solution was stirred for 30 min and then centrifiiged for 35 min at 20,000 x g. The 

pellet was resuspended in buffer E, desalted with a G-50 column and stored at 4''C until 

use. 

HSDH Aassay 

HSDH activity was measured in the forward direction by monitoring the 

oxidation of NADPH at 340 nm with a Beckman DU-65 spectrophotometer (Walter et 

al., 1979). The 1 ml reaction solution contained the following: 200 mM potasssium 

phosphate (pH 7.0); 1.4 mM P-mercaptoethanol; 0.2 mM NADPH; 6 mM ASA (the 167 

mM stock solution was neutralized with 4 N NaOH just before use), and 30 ^l enzyme. 
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The decrease in absorbance at 340 nm was recorded for I to 5 min at an interval of 1 min. 

The control assay solution contained all components except ASA. One enzyme unit was 

defined as the amount required for the oxidation of 1 nmole of NADPH per min at room 

temperature (25°C). For the threonine inhibition assay. 5. 10 and 20 mM threonine was 

added to the reaction solution. 

DHDPS Assay 

Enzyme activity was measured in 1.5 ml centrifuge tubes containing 100 mM 

Tris-HCl (pH 8.0), 10 mM pyruvate, 4 mM ASA (the 167 mM stock solution was 

neutralized with an equal volume of 4.0 N NaOH just before use). 20 to 60 ^1 of enzyme, 

and sterile double-distilled water to a final volume of 250 fil. The tubes were incubated 

at 37°C for 30 to 60 min, and the reaction was stopped by addition of 1 ml of stop buffer 

[0.22 M citric acid and 0.55 M sodium phosphate (pH 5.0)] containing 0.25 mg/ml o-

aminobenzaldeye (Sigma). The color was allowed to develop for 3 to 6 hr at 37°C. 

Maximal color formation occurred after 3 h at 37°C. and the color remained stable for an 

additional 10 h. After color formation, the samples were centrifuged at 10,000 x g for 5 

min and the absorbance was read at 520 rmi with a DU-65 Beckman spectrophotometer. 

The control assay solution contained all the reaction components except pyruvate. One 

unit of enzyme activity was defined as the amount required for an increase of 0.001 

absorbance at 520 nm/min at 37''C. Inhibition assays were conducted with 10, 20. 30, 40. 

50 and 100 |i.M lysine. 
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LKR Extraction and Assay 

Five g of developing endosperm was ground with the Polytron homogenizer in 

buffer F [100 mM Tris-HCl (pH 7.4), 1 mM DTT, 1 mM EDTA, 0.1 mM PMSF. 15% 

glycerol, and 5% (w/v) insoluble PVPP] and centrifuged at 20,000 x g for 20 min. The 

supernatant was brought to 33% (NH4)2S04 by adding a half volume of 100 % saturated 

(NH4)2S04 and centriliiged at 20,000 x g for 20 min. Solid (NH4)2S04 was added to 

bring the solution to 60% saturation. This mixture was stirred for 30 min and then 

centrifuged at 20,000 x g for 30 min. The pellet was resuspended in 1 ml buffer F 

without PVPP, desalted with a Sephadex G-20 column (Pharmacia Biotech) in buffer F 

without PVPP and then stored at 4°C until used. 

The reaction mixture had a final volume of 1 ml and contained 20 mM lysine, 10 

mM a-ketoglutaric acid (neutralized to pH 7.0 with KOH), 0.1 mM NADPH, 0.2 M Tris-

HCl (pH 7.4) and 0.04 to 0.1 mg of protein. Oxidation of NADPH was monitored at 340 

nm with a Beckman DU-65 spectrophotometer at room temperature. The control assay 

solution contained all components except lysine. One unit of activity was defined as the 

amount of enzyme required for the oxidation of 1 nmole of NADPH per min at room 

temperature. 

Determination of Protein Concentration 

Protein was measured by the Bradford (1976) method with BSA as a standard. 
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Statistical Methods 

Analysis of variance was performed with the software package provided with 

Microsoft Excel. 

RESULTS 

The Effects of the QTL on the Long Arm of Chromosome 2 on endosperm FAA 

content and composition 

To evaluate the effect of the QTL on the long arm of chromosome 2 on 

endosperm amino acid composition, we used a flanking marker, bmcl329. to separate the 

F2:3 progeny of the Oh545o2 by OhSl Ao2 cross into three genotypes: 25 homozygous 

like Oh545o2, 25 homozygous like Oh51Ao2 and 55 heterozygous. Twenty |ag of 

endosperm flour from each individual was used to create the three pooled samples, and 

the FAA compositions were determined. The data in Table 4.1 show that the pool with 

the bmc 1329 genotype of Oh545o2 had more than twice the FAA content of the 

heterozygous and the Oh51Ao2 genotype pool. In the Oh545o2 genotype pool, the 

concentration of amino acids from the aspartate pathway is nearly double that of the other 

two genotypes. The relative content of most other amino acids is not significantly 

different between the pools, although the levels of aspartate and asparagine in Oh545o2-

related pool are reduced fi-om 19% to 14% and 18% to 16%, respectively, compared to 

the Oh51 Ao2-related pool. Consequently, it appears that the allele in Oh545o2 for this 

QTL has a major effect on amino acid products of the aspartate pathway. 



Table 4.1. Free amino acid composition of pooled F2 individuals with different flanking marker (bmc1329) genotypes 

nmol/mg flour Percentage (%) 

Amino Acid A H B A H B Amino Acid 

Mean SE Mean SE Mean SE 

Asp 4,807 0.040 4.454 0.545 7,319 0.257 19.31 17.46 14.23 

Asn 4,500 0.078 4,583 0.449 8.121 0.362 18.07 17.97 15.79 

Glu 3,945 0.052 4.410 0.001 9.745 0.468 15.84 17.29 18.95 

Gin 0.742 0.006 0.892 0.130 2,559 0.129 2.98 3.50 4.97 

Ala 2.857 0.036 3,054 0.062 6,957 0.368 11.47 11.97 13.53 

Ser 0.759 0.011 0,755 0.072 1,381 0.073 3.05 2.96 2.69 

Lys 0.489 0.006 0,440 0.008 1.014 0.053 1.96 1.73 1.97 

Thr 0.451 0.004 0.464 0.021 0.946 0.048 1,81 1.82 1.84 

Met 0.086 0.001 0.071 0.006 0.137 0.008 0,35 0.28 0,27 

He 0.124 0.001 0.117 0.002 0.260 0.012 0.50 0.46 0,51 

Leu 0.178 0.001 0.168 0.002 0.380 0.020 0.71 0.66 0,74 

Gly 0.441 0.005 0.418 0.037 0.760 0.034 1.77 1.64 1,48 

Val 0.448 0.002 0.447 0.012 0.953 0.048 1.80 1.75 1,85 

Tyr 0.307 0.002 0.287 0.009 0.594 0.027 1.23 1.13 1,15 

Pt^e 0.149 0.001 0.124 0.006 0.246 0.011 0.60 0.49 0,48 

Gaba 1.016 0.019 1.142 0.039 2.533 0.119 4.08 4.48 4,93 

His 0.271 0.002 0.240 0.017 0.460 0.022 1.09 0.94 0,89 

Arg 0.367 0.006 0.356 0.016 0.727 0.034 1.47 1.40 1,41 

Pro 1.621 0.011 1.778 0.073 3.866 0.202 6.51 6.97 7,52 

ottiers 1.340 0.006 1.300 0.031 2.476 0.115 5.39 5.10 4,81 

Total 24.899 0.209 25.502 1.192 51.433 2.394 100.00 100.00 100,00 

A. Marker genotype same as Oh51Ao2. 

H. Heterozygous marker genotype. 

B. Maker genotype same as Oh545o2. 
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Specific Activity and Feedback Inhibition Properties of AK in Oh545o2 and 

OhSlAoi Endosperm 

The striking difference in aspartate pathway amino acids in these F2:3 progeny 

led us to investigate the properties of AK in Oh545o2 and OhSl Ao2 endosperm. We 

measured the specific activity and feedback inhibition properties of partially purified AK 

from these inbreds at 15- and 20-DAP. The results in Figure 4.2A show that the specific 

activity of AK in Oh545o2 is nearly twice that of OhSl Ao2 at 15-DAP, but the values are 

nearly identical by 20-DAP. In both inbreds, the specific activity of AK at 15-DAP is 

higher than at 20-DAP. Assays for AK feedback inhibition by 10 mM lysine and/or 10 

mM threonine showed similar degrees of sensitivity to threonine, with only 10% 

inhibition at 15- and 20-DAP (Table 4.2). However, AK sensitivity to lysine is noticably 

different between the inbreds. The AK in Oh545o2 is between 8% and 10% less 

sensitive to 10 mM lysine at both developmental stages (Table 4.2). When 10 mM 

threonine and 10 mM lysine were included in the assay, Oh545o2 AK had 30% of control 

activity, while Oh51Ao2 had about 23% of control activity. 

For a more detailed comparison of the lysine feedback inhibition of these 

enzymes, assays were conducted with varying concentrations of lysine in the reaction. 

Figure 2 shows the AK in Oh545o2 is significantly less sensitive to lysine than that in 

Oh51 Ao2 at 15-DAP. The lysine I50 of the AK in Oh545o2 is more than 500 fiM, while 

that in Oh51 Ao2 is around 250 ^M. Similar results were obtained whether the enzyme 

from 15- or 20-DAP endosperm was assayed. 
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Figure 4.2. Specific activity and lysine feedback inhibition properties of AK 

from developing endosperm of Oh545o2 and OhSl Ao2. AK was extracted from 15- and 

20-DAP endosperm of Oh545o2 and OhSl Ao2 as described in Materials and Methods. 

One unit of AK activity was defined as the amount of enzyme that catalyzes the 

formation of 1 nmole of aspartyl hydroxamate per min at 37°C. The values are the mean 

of at least three independent extractions. A. Activity of AK from 15- and 20-DAP 

endosperm in the absence of amino acid inhibitors; filled and open bars correspond to 

Oh545o2 and OhS 1 Ao2, respectively. B. Activity of AK from 20-DAP endosperm in 

the presence of varying concentrations of lysine; Oh545o2 (B) and Oh51Ao2 (•). 

Control activity in the absence of lysine was defined as 100%. 
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Table 4.2. Inhibition of AK from developing endosperm of Oh545o2 and Oh51 Ao2 

by 10 mM lysine and/or 10 mM threonine 

10 mM Lysine 10 mM Threonine 10 mM Lysine +10 mM Threonine 

Oh545o2 Oh51Ao2 Oh545o2 Oh51Ao2 Oh545o2 Oh51Ao2 

15-DAP 34.32 +/- 0.05 26.16+/-0.33 89.98 +/- 0.65 92.09 +/- 4.59 30.12 +/-0.35 23.71 +/- 0.79 

20-DAP 43.79 +/- 0.57 33.68 +/- 1.70 92.32 +/- 1.74 88.47 +/-2.47 35.38 +/- 1,07 23.35 +/- 2.03 

Values are percentage of control activity (without inhibitors) averaged from 2-4 independent extractions 



Table 4.3. Specific activity of HSDH from developing endosperm of Oh545o2 and Oh51Ao2 

Oh545o2 Oh51Ao2 

Mean +/- SE Mean +/- SE 

15-DAP 14.52 +/- 0.55 22.19+/-1.44 

20-DAP 12.95 +/-1.05 14.12+/-1.35 

Values (units/mg protein) are means of at least two independent extractions. 

One unit is defined as the amount of enzyme required for the oxidation of 1 nmole of NADPH per min at RT. 

O 



Table 4.4. Inhibition of HSDH from developing endosperm of Oh545o2 and Oh51Ao2 by threonine 

15-DAP 20-DAP 

Oh545o2 Oh51Ao2 Oh545o2 Oh51Ao2 

Mean +/- SE Mean +/- SE Mean +/- SE Mean +/- SE 

5 mM Thr 73.84 +/-1.53 80.34 +/- 4.66 61.22 +/-1.57 72.69 +/-1.55 

lOmMThr 73.16+/-0.69 78.12+/-0.26 59.77+/-1.63 73.66+/-0.58 

20mMThr 70.98+/-2.86 71.92+/- 1.65 48.98+/-0.14 67.95+/-1.28 

Values are percentage of control activity (without inhibitors) averaged from two independent extractions 

On 
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HSDH Activity in Developing Endosperm of Oh54502 and Oh51A02 

Since AK-HSDH2 is also a candidate gene for the QTL on the long arm of 

chromosome 2, we characterized HSDH activity to obtain evidence for whether or not 

variation in the HSDH domain of the bifiinctional AK-HSDH is involved in the 

regulation of the high FAA level in Oh545o2. Table 4.3 shows the specific activity of 

HSDH in Oh545o2 is lower than that in OhSl Ao2 at I5-DAP, but at 20-DAP the 

difference is not significant. The specific activity of both enzyme preparations at 20-

DAP is lower than at 15-DAP, as was true for AK. We tested for feedback inhibition 

using high concentrations of threonine (5 mM, 10 mM and 20 mM). With enzyme from 

15-DAP endosperm, there was 70-80% of control activity in 20 mM threonine for the 

Oh545o2 and OhSl Ao2 enzymes, respectively (Table 4.4). Interestingly, HSDH from 

Oh545o2 is more sensitive to threonine than the enzyme fi-om Oh5lAo2 at 20-DAP. 

Specific Activity and Feedback linhibition Properties of DHDPS in OhS45o2 and 

Oh51Ao2 Endosperm 

The genes encoding maize DHDPS have not been genetically mapped, so we have 

no information whether or not one of the four QTLs influencing FAA composition 

(Wang and Larkins, 2000) is associated with this enzyme. DHDPS is a key regulatory 

enzyme for lysine synthesis, and Oh545o2 has a much higher level of lysine than 

Oh51 Ao2. Therefore, it was of interest to investigate the activity of DHDPS in 

developing endosperm of these two inbreds. We used the same endosperm extracts to 

measure DHDPS activity as were used for HSDH assays. The DHDPS activity at 15-



Table 4.5. Specific activity of DHDPS from developing endosperm of Oh545o2 and Oh51Ao2 

Oh545o2 Oh51Ao2 

Mean +/- SE Mean +/- SE 

15-DAP 13.07 +/-0.06 18.68+/-1.94 

20-DAP 10.42 +/-0.82 10.45 +/- 0.60 

Values (units/mg protein) are means of at least two independent extractions. 

One unit is defined as the amount of enzyme required for an increase in A520 of 0.001 per min at 37°C. 

Ox 
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Figure 4.3. Lysine feedback inhibition of DHDPS from developing endosperm 

of Oh545o2 (B) and Oh51Ao2 (•). DHDPS was extracted from 15- and 20-DAP 

endosperm of Oh545o2 and OhSl Ao2 as described in the Materials and Methods. One 

unit of activity was defined as the amount of enzyme that produced an increase of 0.001 

A520 absorbance units/min at 37°C. The value for each measurement is the average of at 

least two independent extractions and assays. Control activity without lysine was defined 

as 100%. A. Inhibition of DHDPS from 15-DAP endosperm by varying concentrations 

of lysine. B. Inhibition of DHDPS from 20-DAP endosperm by varying concentrations 

of lysine. 
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DAP is higher than at 20-DAP, with no difference between the two genotypes at 

20-DAP (Table 4.5). At 15-DAP, the specific activity of the enzyme from 

Oh51 Ao2 is higher than that from Oh545o2. However, the sensitivity of the two 

enzymes to feedback inhibition by lysine is almost identical, with an I50 of 20 to 

30 (iM at both developmental stages. More than 90% of the DHDPS activit>' in 

crude extracts is inhibited by 100 }aM lysine (Figure 4.3A, B). 

LKR Activity in Developing Endosperm of Oh545o2 and OhSl A02 

The lysine catabolic pathway is a major factor determining the final lysine content 

of maize endosperm (Arruda et al., 2000). LKR is the first enzyme involved in lysine 

degradation, and it is highly expressed in endosperm tissue. To test whether there is a 

difference in LKR activity in developing endosperm of these two inbreds. we measured 

LKR activity at several developmental stages. At 15-DAP, we did not detect any LKR 

activity. At 20-DAP, the LKR activity in Oh545o2 is much lower than that in Oh5I Ao2; 

however, both activities are very low (less than 0.3 units per mg protein). The LKR 

activity at 25-DAP for both genotj'pes is higher than at earlier stages, and it is slightly 

greater in Oh545o2 than OhSl Ao2 (Figure 4.4). However, total activity of LKR for both 

genotypes is extremely low compared to their wild type counterparts (5 units/mg protein; 

data not shown). Therefore, the slight difference in LKR activity Oh545o2 and Oh51 Ao2 

does not appear to contribute significantly to the difference in free lysine levels. 
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Figure 4.4. LKR activity in Oh545o2 and Oh51Ao2 endosperm. LKR was 

extracted from 20- and 25-DAP endosperm of Oh545o2 (.) and Oh51Ao2 ( •) as 

described in Materials and Methods. One unit of activity was defined as the amount of 

enzyme that catalyzes the oxidation of 1 nmole ofNADPH per min at room temperature 

(25°C). The value for each assay is the mean of at least three independent enzyme 
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DISCUSSION 

The FAA analysis of pooled F2:3 flour samples, based on the flanking marker 

genotype of the QTL on the long arm of chromosome 2, demonstrated that this locus has 

a large effect on the endosperm FAA content. It appears the allele from Oh545o2 has a 

recessive genetic effect, and relative to the allele from OhSl Ao2 it effectively doubles the 

FAA content of the endosperm (Table 4.1). The increased levels of threonine, lysine, 

methionine and isoleucine in Oh545o2 are consistent with the hypothesis that this locus 

affects the aspartate pathway. The reduced percentage (not absolute content) of aspartate 

and asparagine in Oh545o2 suggest that relatively more aspartate enters this pathway. 

These data support our suggestion that AK is a good candidate gene to partially explain 

the high level of FAA in Oh545o2 (Wang and Larkins. 2000). 

As appears to be true of other maize tissues, the lysine-sensitive AK seems to be 

the major form of the enzyme in endosperm (Dotson et al., 1989, 1990b: Azevedo et al.. 

1992a). Initially, we partially purified AK by ammonium sulfate precipitation, but its 

specific activity was too low to assay accurately. We therefore fiorther purified the 

enzyme by phenyl sepharose chromatography, and this led to a several-fold increase in 

the specific activity. This AK had a specific activity of three to eight units per milligram 

of protein, which is comparable to the activity described by other investigators using a 

similar method of purification (Gaziola et al.. 1999; Dotson et al., 1989; Heremans and 

Jacobs, 1997). We found 10 mM threonine inhibited only about 10% of the AK activity, 

while 10 mM lysine inhibited 56% to 74% of it, depending on the inbred and the stage of 
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endosperm development (Table 4.2). Interestingly, 10 mM lysine plus 10 mM threonine 

only inhibited about 80% of the endosperm AK activity. This result is similar to that 

with the purified lysine-sensitive AX from maize suspension cultured cells (Dotson et al., 

1989). The observation that AK activity at 15-AP is higher than at 20-DAP is also 

consistent with another study that showed endosperm AK has the highest activity at 16-

DAP (Gaziola et al., 1999). There may be less lysine-sensitive AK activity at 20-DAP. 

since this enzyme preparation was less sensitive to inhibition by 10 mM lysine (Table 

4.2). 

Depending on the purity of the extracted AK and its source, the sensitivity of AK 

to feedback inhibition by lysine or threonine is variable. The partially purified AK we 

isolated is less sensitive to lysine feedback inhibition than the highly purified lysine-

sensitive AK (Dotson et al., 1990b). The enzyme we obtained has an I50 between 250 

and 500 fiM lysine (Figure 4.2B), but the one purified from maize suspension cultured 

cells had an I50 of 10 fiM (Dodson et al., 1990a). One reason for the difference in lysine 

sensitivity is the fact that the partially purified enzyme contains lysine-resistant isoforms. 

Therefore, it is more appropriate to compare that has been purified to a similar extent. A 

partially purified lysine-sensitive AK from tobacco leaves had an [50 of 90 lysine 

(Frankard et al., 1991) and the enzyme fi-om barley seedlings had an I50 of 300 to 400 |i.M 

(Bright et al., 1982b; Rognes et al., 1983). Another explanation for the higher lysine I50 

of the AK enzyme we isolated compared to the more highly purified form (Dotson et al., 

199Gb), is that we isolated it from o2 endosperm. It has been shown that AK from o2 
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endosperm is less sensitive to lysine feedback inhibition than that from the normal 

genotype (Brennecke et al., 1996). 

We found HSDH in maize endosperm is very active, with the threonine-

insensitive isoform predominating. Even in the presence of 20 mM threonine, there was 

still 50 to 70% of the HSDH activity in our enzyme preparations. As is true of AK and 

DHDPS. HSDH had a higher specific activity at 15-DAP than at 20-DAP (Table 4.3). 

This implies a higher activity of the aspartate pathway at early stages of endosperm 

development. A change in HSDH sensitivity to threonine during development was also 

observed in maize leaves and shoots (Matthews et al., 1975). In contrast to the results of 

Matthews et al. (1975), we found HSDH to be more sensitive to threonine at later stages 

of endosperm development; there is no obvious explanation for the discrepancy between 

the two sets of experimental results. 

The DHDPS in Oh545o2 and Oh51 Ao2 endosperms is similarly sensitive to 

lysine feedback-inhibition, although the specific activity of DHDPS in Oh545o2 is 

slightly lower than that in Oh51 Ao2. The lysine I50 of the crude DHDPS we prepared 

from both genotypes is between 20 and 30 fiM, similar to previous reports for DHDPS 

feedback inhibition (25 j^M) in maize and tobacco (Negrutiu et al., 1984; Frisch et al., 

1990). This suggests that DHDPS is not related to the high level of free lysine in 

Oh545o2. AK and DHDPS play important roles in lysine metabolism, but DHDPS 

primarily regulates the level of free lysine and does not influence the level of other amino 

acids (Negrutiu et al, 1984; Ghislain et al., 1995). 
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LKR does not appear to account for the difference in the FAA level in Oh545o2 

compared to Oh51Ao2. The activity of this enzyme is very low in both genotypes, with 

slightly more activity at 25-DAP compared to earlier stages of development. LKR 

activity is somewhat lower in OH545o2 than in Oh51 Ao2 at 20-DAP (Figure 4.4). The 

activity of this enzyme in both genotypes is substantially less (under 0.3 units/mg protein) 

than in their wild ty7)e counterparts. This difference is typical for LKH activity in wild 

type and o2 mutants (Brochetto-Braga et al., 1992; Gaziola et al., 1997; Kemper et al., 

1999). No doubt the low activity of LKR in Oh545o2 is important for maintaining the 

high concentration of lysine as the endosperm matures, but it appears likely that the high 

level of lysine in this inbred is primarily a result of high levels of biosynthetic activity. 

Overall, the results of our studies indicate that Ask2 rather than AK-HSDH2 is the 

best candidate gene for the QTL on the long arm of chromosome 2 influencing FAA 

content. The similarity of HSDH activity in Oh545o2 and Oh51 A<72 and its sensitivity to 

threonine feedback inhibition indicate that HSDH is unlikely to be responsible for 

overproducing FAAs in Oh545o2. The difference in AK inhibition by lysine, but not by 

threonine, and the lower sensitivity of AK from Oh545o2 to lysine, suggest the 

monofunctional rather than the biflmctional AK is responsible for overproduction of 

aspartate pathway amino acids. In other plant species, mutants with lysine-insensitive 

AK overproduce threonine as well as other amino acids (Shaul and Galili, 1992b; 

Frankard et al., 1992), so perhaps it is not coincidental that the FAA composition of 

Oh545o2 endosperm reflects that of the maize As/c2 mutant (Muehlbauer et al, 1994a). 

We therefore hypothesize that the Ask2 allele from Oh545o2 encodes an AK that is less 
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sensitive to lysine. We cannot dismiss the possibility that high levels of AK expression 

in Oh545o2 also contribute to the high FAA phenotype. If high levels of AK influence 

the FAA phenotype, allelic variation in the promoter region of this gene could also be 

responsible for this QTL. 

There is another observation that indirectly fails to support bifunctional AK-

HSDH2 as the candidate gene for this QTL. Because the promoter region of the 

Arabidopsis AK-HSDH contains a putative GCN4-like element (Zhu-Shimoni and Galili. 

1998), the same could be true of the maize gene. Since the 02 protein can substitute for 

GCN4 in transformed yeast cells (Mauri et al, 1993), one would predict that in an o2 

mutant this enzyme would have a lower level of expression, and consequently, a lower 

level of amino acids would be synthesized. Thus, it would be a surprising if the QTL 

encodes AK-HSDH2, based on what we know about the high FAA phenotype of 

Oh545o2. 

The FAA analysis of pooled F2:3 samples (Table 4.1) suggest the high FAA level 

regulated by this QTL is recessive. Although most AK mutants are semidominant 

(Hibberd and Green, 1982; Diedrick et al., 1990; Dotson et al., 1990a; Frankard et al., 

1991). it is still possible the high level of aspartate-derived amino acids in Oh545o2 is 

related to AK activity. It was predicted that the native mono-functional AK is a 

heterotetramer composed of two a- and two p- subunits, which are encoded by AskI and 

Ask2, respectively (Dotson et al., 1989). In the heterozygous condition, a single altered 

subunit of the enzyme may not change its sensitivity to lysine inhibition. Another 

explanation is that the analysis of pooled F2:3 subunits, based on flanking marker 
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genotype, may not accurately reflect the genotype of the QTL. Thus, the FAA 

composition of these samples may not represent the phenotype of the alleles of this QTL. 

We identified several QTLs that influence endosperm FAA content, and if the size of the 

population is not large enough to neutralize the effect of the other QTLs, the phenotype 

of the pooled samples would be correspondingly distorted. 

To test our hypothesis regarding the role of Ask2 on FAA content in Oh545o2, it 

is necessary to isolate and characterize its alleles from these inbreds. We have obtained 

several maize AK cDNA clones, and experiments are in progress to map and characterize 

these genes. We have also developed recombinant inbred lines from the progeny of the 

Oh545o2 by Oh51Ao2 cross, and these materials will allow us to prepare developing 

endosperm that can be used to analyze AK activity and FAA composition in individuals 

with a known genotype at their Ask2 locus. 
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CHAPTER 5 

SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS 

Since the discovery of the maize o2 mutation in 1964, efforts have been made to 

investigate the biological mechanism by which the lysine content is increased in this 

mutant. The reduced amount of storage protein in o2 mutants, mainly a-zeins, is 

correlated with an increase of non-zein proteins, many of which contain lysine, as well as 

free amino acids, including free lysine. However, the negative agronomic effects caused 

by the soft, starchy kernel made it difficult to use the o2 mutation in breeding programs. 

Studies examining the mechanisms responsible for the increased lysine content in o2 

mutants could reveal ways to overcome these problems and develop higher lysine maize 

genotypes. 

One approach has been to identify lysine-containing proteins that are over-

expressed in o2 backgrounds. It was found that the protein synthetic factor, elongation 

factor-la (eEFl A), which contains 10% lysine, is highly expressed in o2 compared to its 

wild type counterpart. Furthermore, it was shown that the concentration of eEFl A 

protein is highly correlated (r = 0.9) with the lysine content of maize endosperm. It was 

suggested that eEFl A can be used as an indicator of lysine content in maize breeding 

programs. However, the biological basis of this relationship is unclear. eEF 1A by itself 

contributes only about 2% of the total lysine in most genotypes. Furthermore, the value 

of eEFl A as a selectable marker in breeding practice has not been tested. The ELISA 
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method for quantifying eEF IA requires a significant amount of time and repetitive 

sample preparation. QTL analysis of this trait could identify linked DNA molecular 

markers that would facilitate marker-assisted selection in breeding and predict candidate 

genes regulating this trait. Among collections of maize germplasm, there is great 

variation in eEFl A content, so I could adopt a genetic approach and conduct a QTL 

mapping study. 

QTL analysis using a F2 population derived from a cross between Oh545o2 and 

Oh51 Ao2 identified two loci influencing eEF 1A content. Both QTLs have a major 

additive effect, with a minor dominant effect. They account for approximately 25% of 

the phenotypic variance. One of them is tightly linked with a cluster of 22-kD a-zein 

coding sequences on the short arm of chromosome 4; the other is on the long arm of 

chromosome 7 and may be linked to the 27-kD y-zein coding sequence. The amounts of 

a-zein and y-zein were measured in pools of Fi individuals with high and low eEFl A 

concentrations. A higher level of a-zein was found to co-segregate with high eEFl A 

content. The level of 22-kD a-zein gene transcripts in Oh545o2 and OhSI Ao2 is 

significantly different. These results suggest allelic variation at the 22-kD a-zein locus 

on the short arm of chromosome 4 may contribute to the difference in eEFl A content 

between Oh51 Ao2 and Oh545o2. 

One hypothesis to explain the stoichiometric relationship between eEF 1A and 

other lysine-containing proteins is that eEFl A is associated with a number of other 

lysine-containing proteins that form an the cytoskeletal network around the endoplasmic 

reticulum. The development of this network may be correlated with protein body surface 
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area. If a greater amount of a-zein increases the number of protein bodies and their 

surface area, then more eEF 1A and other cytoskeletal proteins are needed. However, the 

relationship between the cytoskeletal network and the regulation of eEFlA gene 

expression has not been investigated. Further characterization of protein bodies Oh545o2 

and Oh51 Ao2 indicated a much greater (80% more) protein body surface area in 

Oh51 A2o than Oh545o2. This appears to be caused by the larger amount of a-zein and 

large number of small protein bodies in OhSl Ao2. 

The 83 SSRs polymorphic between Oh545o2 and Oh5lAo2 were identified by 

screening about 300 SSRs. More SSRs have recently become available, facilitating the 

creation of a much denser linkage map, which will help to resolve the QTL to a narrower 

genomic region and possibly identify more QTLs with minor effects. At the beginning of 

this study, the size of our mapping population from Oh51 Ao2 and Oh545o2 was half of 

the intended size. However, a population of recombinant inbred lines (RILs) from these 

F2 progeny has been developed. These lines can be planted in multiple seasons and 

locations and used to characterize and map this trait more accurately. In addition, 

developing endosperm from these lines, which can be characterized by linked marker 

genotypes and the amount of storage protein, can be used to investigate the relationship 

between the protein body surface area and eEF 1A content. 

Although the effect of the o2 mutation on the accumulation of storage proteins 

and lysine-containing proteins has been widely studied, the effect of this mutation on the 

increased amount of free amino acids (FAAs) has not been extensively investigated. Free 

lysine can make a significant contribution to the total lysine in two ways; (1) by 
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contributing to the total lysine content; and (2) by supplying more lysine for the synthesis 

of lysine-rich proteins. By screening a large collection of maize inbred lines, it was 

possible to identify a high FAA o2 inbred, Oh545o2, in which free lysine contributes 

almost one third of the total lysine. The phenotypic variation in FAA content among 

different o2 inbred lines made it possible to investigate the genetic basis of this trait. 

FAA analysis of mature and developing endosperm from several maize 

genotypes (Oh545+/o2, W64A+/o2, and Oh51Ao2) confirmed that the o2 gene has a 

general effect on the FAA accumulation, with the aspartate pathway being significantly 

affected. In the Oh545 background, the amino acids derived from aspartate and 

intermediates of glycolysis (lysine, threonine, methionine, isoleucine, alanine, and serine) 

are much more elevated compared to other amino acids. QTL mapping of FAA content 

with the F2 population derived from two o2 inbreds (Oh51Ao2 and Oh545o2) identified 

four significant loci, which account for almost 50% of total phenotypic variance. 

Interestingly, a monofionctional aspartate kinase gene (Ask2) and a biflmctional aspartate 

kinase-homoserine dehydrogenase gene (AK-HSDH2) are located in a QTL region on the 

long arm of chromosome 2 and are candidate genes to explain the high free amino acid 

composition of Oh545o2. The QTL on the short arm of chromosome 3 is linked with a 

cytosolic triose phosphate isomerase (TPI4), which could be related with the flux rate of 

the glycolitic pathway. These results suggest that alteration of amino acid and carbon 

metabolism pathways could account for the high level of FAA in Oh545o2. 

The aspartate pathway in plants plays an important role in the biosynthesis of 

several essential amino acids, including lysine, threonine, and methionine. To investigate 
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whether Ask2 and/or AK/HSDH account for the high level of these essential amino acids 

in Oh545o2, the specific activity and inhibition properties of these enzymes, as well as 

other key enzymes of the aspartate pathway were measured in the immature endosperm 

of Oh545o2 and OhSI Ao2. The enzymes assayed included aspartate kinase (AK), 

homoserine dehydrogenase (HSDH), dihydrodipicolinate synthase (DHDPS), and lysine 

ketoglutarate reductase (LKR). The slight difference of total activity of DHDPS. HSDH. 

and LKR between the two parents and the feed back inhibition properties of HSDH and 

DHDPS by lysine and/or threonine cannot explain the high FAA phenotype of Oh545o2 

compared to OhSl Ao2. The most significant difference identified between these inbreds 

is the feedback inhibition of AK by lysine but not threonine. Furthermore, the AK in 

Oh545o2 is less sensitive to lysine inhibition than that in OhSl Ao2. with the lysine I50 in 

Oh545o2 being twice that in OhSl Ao2. The AK specific activity in Oh545o2 endosperm 

is also higher than in OhSl Ao2 at 15-DAP, but not at 20-DAP endosperm. These results 

suggest that Ask2, instead of AK-HSDH2, is the most promising candidate gene 

accounting for the high level of several essential amino acids in Oh545o2. 

Further experiments can be conducted to investigate the biochemical and 

molecular basis of other QTLs influencing the high FAA trait of o2 mutants. Since 

alanine and serine are also elevated in OhS4So2.1 predict that there is a higher 

concentration of glycolytic intermediate in OhS45o2, which may be caused by an 

enhanced flux rate of this pathway. Although a cytosolic triose phosphate isomerase 4 

(TPI4) is located near the QTL region on the short arm of chromosome 3, there is no 

evidence to show that TPI is a key enzyme for glycolysis. Preliminary results showed 
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that the activity of pyruvate kinase, a key enzyme influencing the flux rate of glycolysis, 

is higher in immature Oh545o2 endosperm than Oh51Ao2. However, the gene encoding 

this enzyme has not been mapped, so a more systematic study is needed to clarify this 

relationship. Measurement of other key enzymes in the glycolysis could give more 

evidence to support this hypothesis. If multiple enzymes in this pathway are elevated in 

o2, this could be caused by a regulatory gene mutation. 

The RILs developed from this cross can help resolve the metabolic pathways that 

each QTL influences. RJLs can be dissected by analyzing pooled individuals, based on 

their flanking marker genotypes. For example, for the QTL on the long arm of 

chromosome 2, two sets of samples can be prepared based on the alleles of Ask2 locus. 

These materials can be tested to determine whether the alleles encode an aspartate kinase 

with distinct properties. 

Allelic comparison of the Ask2 genes of the two parents will be critical evidence 

to explain the molecular basis of this QTL. Since this gene has not been described in 

maize, isolation of the gene is a key step for future studies. I have used the amino acid 

sequences of the arabidopsis monofunctionai AK genes and identified several ESTs from 

the maize public EST databases. These clones were grouped into three distinct 

contiguous sequences. If one of these corresponds to Ask2 gene, mapping will 

demonstrate which one is the Ask2 gene on the long arm of chromosome 2. Since the 

enzyme level and/or inhibition properties may explain the difference in amino acid 

biosynthesis, the measurement of expression level and/or comparison of sequences of this 

gene will test this prediction at the molecular level. 
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If the Ask2 allele from Oh545o2 encodes an enzyme that is less sensitive to lysine 

regulation than that from Oh51Ao2, this gene can be used in enzyme engineering to 

increase essential amino acids derived from this pathway, or the gene can be introgressed 

into other genotypes by marker-assisted selection. Bacterial AK has been introduced into 

plants to over-produce lysine and threonine, because this AK is less sensitive to lysine 

feedback inhibition than most plant AKs. If a plant AK less sensitive to lysine inhibition 

is available, this gene can be used for the same purpose. 

Genomic-scale mRNA profiling technologies could be used to compare the 

pattern of gene expression in Oh545o2 and other o2 genotypes and among RJLs from the 

Oh545o2 and Oh51 Ao2 cross. One of these technologies is designated as GeneCalling 

(Shimkets et al., 1999; Wesley et al., 2000), and we have used this technique in 

collaboration with Pioneer Hi-Bred Intl. Another technology that we are planing to use 

for mRNA transcript analysis is cDNA microarrays (Schena et al., 1995). Currently, a 

cDNA array of several thousand of clones from a maize endosperm library is available. 

We are particularly interested in genes involved in amino acid and carbon metabolism, 

such as the glycolytic and TCA cycle, and genes associated with the cytoskeleton. It is 

worth noting that with the GeneCalling technique, a key enzyme of glycolysis, 

pyrophosphate-dependent phosphofructokinase, was found to be up-regulated in 

Oh545+/o2compared to W64A+/o2. Further characterization of this gene is required to 

evaluate the significance of this finding. In addition, by comparing pooled samples from 

these RILs with distinct alleles of a particular QTL, the effects of the QTL can be 
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evaluated at the protein and mRNA levels to test which pathway is altered by this QTL 

can be tested. 

One solution for the poor agronomic performance of the opaque-2 mutation is the 

development of Quality Protein Maize (QPM). In QPM genotypes, both the o2 gene, 

leading to a high level of lysine, and o2 modifier genes, which convert the soft 

endosperm to a vitreous phenot>'pe, are present. Modifier genes have been mapped to 

two regions on the long arm of chromosome 7, but the precise position of these loci 

remains to be determined. Furthermore, the biochemical, cellular, and molecular basis of 

endosperm modification are not fully understood. Development of near-isogenic lines of 

o2 and modified o2 will facilitate these studies. 

Although, I have not discussed the work related to QPM in my dissertation, I have 

created a modified o2 inbred, CM105mo2 (BC4), which is near-isogenic to the CM105o2 

inbred, by making ten generations of back-crossing and self-pollination, alternately, with 

Pool 33 as the donor of o2 modifier genes and CM105o2, a high eEFl A genotype, as the 

recurrent parent. Because they are near-isogenic, identification of polymorphic markers 

between CMl05mo2 and CM105o2 would roughly map the modifier genes, and a large 

population segregating for endosperm modification can be created with a cross between 

the two lines. With such a population, the modifier genes can be mapped to more precise 

positions and possibly isolated by map-based cloning, a technique that is becoming 

possible in maize with progress in the physical mapping of its genome. 

Although biochemical and molecular characterization of QPM has been 

conducted, the molecular role of o2 modifier genes is unclear. One limiting factor for 
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these studies is the lack of near-isogenic o2 and modified o2 inbred lines. A comparison 

between near-isogenic lines of CM105mo2 and CM105o2 could address the effects of the 

modifier genes at the biochemical, cellular, and molecular levels. One future experiment 

is to identify genes differentially expressed between the two inbred lines by the mRNA 

profiling technique mentioned earlier. Recently, a biochemical study suggested that, like 

soft o2 mutation, QPM genotypes contain greater enayme activity for lysine biosynthesis 

and lower enzyme activity for lysine degradation. However, this comparison can be 

better investigated by comparing near-isogenic lines, instead of genotypes with distinct 

genetic backgrounds. 
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