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ABSTRACT 

The maize mutationsjloury-2 (jl2) and opaque-2 (02) reduce endosperm storage 

protein synthesis and lead to accumulation of protein fractions that are nutritionally 

more balanced. However j this advantage is offset by the soft and fragile texture of 

the endosperm, which gives the grain inferior quality for harvesting, storage, and 

processing. Further development and future usefulness of these materials may depend 

upon deciphering the genetic, biochemical and molecular mechanisms that affect seed 

physical structure and nutritional quality. 

The soft endosperm of the maizejloury-2 (jl2) mutant is associated with a 

reduction in zein mRNA and protein synthesis, and enhanced levels of a 70-kO 

protein shown to be the maize homolog of the chaperonin BiP. An unusual alpha-zein 

protein of 24-kO was found to be consistently associated with the storage protein 

fraction from jl2 mutants. Increases in accumulation of this novel alpha-zein protein 

is correlated with increases in BiP accumulation and decreases in storage protein 

deposition. Also, an RFLP that is unique to jl2 was detected with a 22-KD alpha-zein 

probe. The synthesis of an abnormal alpha-zein protein in jl2 could explain many 

features of the mutant, such as abnormal protein body morphology, BiP induction and 

hypostasis to 02. These findings indicate that the effects of the jl2 mutation could be 

a response to accumulation of a defective protein that causes impairment of secretory 

protein synthesis. 

Breeding methods based on accumulation of 02 modifier genes led to the 

development of mutant germplasm with normal kernel phenotype and enhanced 
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nutritional value. However, these modified mutants have not yet reached widespread 

commercial production because the components and mode of action of the genetic 

system involved in seed modification are largely unknown. Detailed genetic and 

biochemical characterization of endosperm modification in 02 indicated that two 

independent modifier genes act in a semidominant fashion to increase seed hardness 

and accumulation of the storage protein gamma-zein. Genetic mapping experiments 

together with molecular analysis indicated gamma-zein genes as components of the 02 

modifier system. Also the use of RFLP, RAPD and bulked segregant analysis to 

locate a second endosperm modifier locus is described. 



CHAPTER 1 

BIOCHEMICAL, GENETIC AND MOLECULAR ASPECTS OF STORAGE 

PROTEIN SYNTHESIS AND DEPOSmON IN MAIZE ENDOSPERM 

INTRODUCTION 

22 

Maize (Zea mays L.) provided the agricultural basis for the development of early 

civilization in the American continent, and after the arrival of Columbus in 1492, it 

virtually spread to virtually all continents of the world. Today, this cereal is 

recognized as a strategic food crop that provides an enormous amount of protein and 

energy for humans and livestock. The carbohydrates, proteins and lipids from maize 

endosperm end up in a variety of processed products ranging from feed, snack foods 

and alcoholic beverages to plastics, paints, paper products, construction materials, 

textiles, metal castings, pharmaceuticals, ceramics, and explosives to name a few 

(Watson, 1988). In fact, the com wet milling industry derives products from com 

endosperm as effectively as the distillation industry refines products from crude oil. 

Perhaps more importantly, maize endosperm represents a renewable, biodegradable 

source of materials, which of course petroleum is not. 

Due to its amenity to genetic manipulation, high productivity, wide range of 

uses and remarkable adaptability to diverse environments, much research has been 

dedicated to characterize and improve the biosynthetic pathways leading to the 

accumulation of starch and protein, the major storage reserves in the maize seed. In 

particular, much effort has been devoted to understanding the process of storage 
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protein synthesis in maize endosperm. The storage proteins of maize and most 

cereals are characterized by low contents of certain amino acids that are essential for 

human and monogastric animal nutrition. This is the primary cause for the poor 

nutritional quality of most cereal seeds. However, the recent advances in molecular 

biology have provided new insights into the process of protein biosynthesis in the 

endosperm of agriculturally important cereal species. Through a better understanding 

of gene regulation, synthesis and accumulation of storage proteins, we may be better 

able to develop novel strategies to help maize breeders improve the nutritional quality 

of the endosperm while maintaining the high agronomic quality of the seed. 

This review describes the early phases of maize endosperm development and 

the biosynthesis and genetic regulation of storage protein accumulation, with emphasis 

on the importance of reserve composition on nutritional quality. In addition, I discuss 

the involvement of storage reserve accumulation in the development and physical 

properties of the seed. 

MAIZE SEED DEVEWPMENT 

Flower Structure and Fertilization. 

The morphology of the maize plant is one of the factors that contributed most to its 

success as a crop and model system for biological studies. Maize is a robust annual 

species that has unisexual flowers located on different parts of the plant (Figure 1.1). 

A branched inflorescence (tassel) on the tip of the stem contains the male (staminate) 

flowers. The female (pistillate) flowers develop from lateral meristems located in the 
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middle of the stem, or culm, into structures known as ears. Ears are composed of a 

large number of ovaries attached to a long rachis (cob) that is connected to the stem 

by a short branch. Ears are surrounded by overlapping modified leaf sheaths called 

husks. From each ovary, a long style grows until it reaches the outside of the 

protective husks at the tip of the ear. Protruding styles or silks are receptive to pollen 

grains shed by the tassels at the time of fertilization. 

The unfertilized ear contains hundreds of ovaries along the rachis. Inside of 

each ovary there is an ovule that contains a single embryo sac (Figure 1.1). The 

embryo sac is the product of one of the four haploid cells resulting from the meiosis 

of the megaspore mother cell. The three sister cells degenerate, but the megaspore 

nucleus divides three times to produce eight specifically organized haploid nuclei: 3 

antipodal nuclei at the tip, 2 polar nuclei at the center, one egg cell and 2 synergid 

cells at the base of the embryo sac. 

Maize is a cross pollinated species, and under natural conditions only a very 

small portion of self pollen reaches the silks of the plant. Spatial separation of tassel 

and ear on the plant, a long flowering period and an abundance of pollen greatly 

facilitate controlled pollinations and genetic manipulations. Pollination is followed by 

germination of the microspore and establishment of the pollen tube in the stigmatic 

hairs of the silk. 

Pollination in maize leads to a phenomenon known as double fertilization, a 

unique biological process in which one haploid sperm nucleus fuses with the egg to 

produce the embryo, while a second sperm nucleus fuses with the two female polar 
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nuclei to form a triploid endosperm (Figure 1.1). The maternal ovule cells 

surrounding the embryo sac gives rise to the outer layer of the mature caryopsis, the 

pericarp. Therefore, the embryo has one genome from each parent, the triploid 

endosperm receives two genomes from the female and one genome from the male, 

and the pericarp has maternal constitution only. The process of double fertilization 

was first reported by Nawaschin (1898). Since that time, the occurrence of double 

fertilization, followed by the subsequent formation of a (usually) triploid endosperm 

tissue, has been shown to be ubiquitous among angiosperms (Friedman, 1992). 

Endosperm Development 

The endosperm is a specialized seed storage tissue filled with diverse compounds that 

provide nitrogen, sulphur, and energy for germination and early stages of seedling 

growth. Normally, endosperm development requires fertilization, even though this 

tissue does not have the means to transfer its genetic information to another organism 

(Sargant, 1900). Extensive morphological and cytological descriptions of endosperm 

development have been provided by Miller (1901), Weatherwax (1919) Lampe 

(1931), Randolph (1936), Brink and Cooper (1947a,b), Kiesselbach (1949), and 

Duvick (1951). More rer.-ent information on endosperm histo-differentiation, 

physiology, and molecular biology has been reviewed by Vijayaraghavan and 

Prabhakar (1984), Kowles and Phillips (1988), Olsen et aI., (1992), and Lopes and 

Larkins (1993). 

There is considerable variation in the literature concerning the timing of events 
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that lead to endosperm development. Differences are certainly due to seasonal and 

genotypic aspects that are peculiar to each investigation. In general, the initial period 

of maize endosperm development is marked by synchronous mitotic divisions of the 

primary triploid nucleus. These divisions start two to four hours after fertilization, 

and are not accompanied of cytokinesis. Between the first and the third day after 

fertilization the endosperm becomes a single multinucleate cell with as many as 250 

nuclei. Placement of nuclei within the embryo sac is not random. Their ordered 

position is dependent upon the planes in which the fust divisions of the multinucleate 

cell occur. Cell walls begin to form between three and four days after pollination. 

The endosperm becomes cellular by a process of cytokinesis that starts in the 

peripheral regions and progresses toward the center of the tissue. Mitotic divisions of 

the mononucleated cells continue throughout the tissue during the early developmental 

phases, but cease or at least become rare in the interior regions by 12 days after 

pollination. 

An increase in endosperm size occurs parallel to the disintegration of the 

gametophytic tissue (nucellus) surrounding it. Endosperm differentiation and 

specialization proceeds at a tremendously fast rate. The changes in the size of the 

entire endosperm body that occur between 8 and 12 days after pollination are 

particularly rapid. Usually, by 12 days after pollination the endosperm has 

completely filled the kernel cavity. This is due to both an increase in cell number 

and, to some extent, nuclear and cellular enlargement. Subsequent to this period, 

changes in the central region of the endosperm are due to large increases in nuclear 
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and cell size (Kowles and Phillips, 1988). Mitotic activity reaches a peak in the 

developing endosperm between 8 and 10 days after pollination (Phillips et al., 1983; 

Kowles and Phillips, 1985). Mitosis is rare in the centrally located endosperm cells 

by 12-14 days after pollination, but some cell divisions can be observed in the 

extreme peripheral tissue until about 20 days after pollination (Kowles and Phillips, 

1988). Mitotic activity stops fIrst in the extreme basal portion, and then in the 

centrally located cells. Cessation of mitotic activity usually progresses from the silk

scar region of the kernel near the apex downward toward the base and outward 

toward the periphery. This cessation of cell division appears to occur in a wavelike 

manner until all divisions terminate at about 20-25 days after pollination (Duvick, 

1951; Kowles and Phillips, 1988). 

Between 12 and 20 days after pollination mitotic activity ceases and the 

outermost layer of endosperm cells differentiates into a one-cell thick aleurone layer 

that surrounds the endosperm, except in the area adjacent to the embryo. The basal 

endosperm cells differentiate into several layers of transfer cells with extensive wall 

ingrowths that function as nutrient conducting cells. By the end of the differentiation 

process the endosperm consists of only three distinctive tissues: a bulky starchy 

parenchyma, the aleurone layer, and the basal transfer cells. 

Clonal analysis has provided insight into the proliferation of cell lineages that 

occur during endosperm development. McClintock (1978) studied the timing of 

unstable mutations caused by the activator (Ac) regulatory system in the Waxy locus, 

which controls the accumulation of amylose. This proved to be an excellent system 
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Figure 1.2. Schematic Representation of Endosperm Development in Maize. A. 

Transposon-induced variation in aleurone coloration illustrating the developmental 

relationships among endosperm cells. Cell lineages in the starchy endosperm and 

aleurone are directly related in terms of genetic constitution. B. Introduction of an 

autonomous Spm element in a maize stock with colorless aleurone led to genetic 

instabilities at different stages of cell proliferation, and appearance of aleurone 

coloration in defined regions of the endosperm. Left: early excision event leading 

to aleurone coloration in most of the endosperm. Middle: excision of the 

transposable element occurred immediately after the first division of the primary 

endosperm nucleus (as shown in the drawing in B). This division established the left 

and right halves of the kernel, and cell proliferation from the center to the surface 

culminates with the formation of colorless and colored aleurone in the two halves of 

the seed. Right: early event (before the first division of the primary endosperm 

nucleus) leading to a totally colored aleurone. 
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trace endosperm cell lineages, since the excision of the Ac element from the waxy 

locus results in sectors of amylose-containing cells that can be easily visualized in to 

mature kernels stained with I-KJ solution. From the arrangement of these sectors, the 

patterns of cell division during endosperm development can be deduced. This method 

of clonal analysis showed that initial cell divisions lead to the establishment of the 

right and left halves of the endosperm (Figure 1.2). In most cases, sectors of cells 

originate at one internal location in the endosperm, and the shape of the mutant 

sectors suggest that cells proliferate in a conical pattern from the interior to the 

exterior of the tissue. 

Despite all the knowledge of endosperm morphology and histo-differentiation, 

little is known about the mechanisms that control endosperm development. Evidence 

that the products of double fertilization are differentially imprinted in maize indicates 

the possibility that differences in the activity of maternally and paternally derived 

genomes could be responsible for the steps leading to endosperm and embryo 

differentiation. Kermic1e and Alleman (1990) hypothesized that epigenetic variation, 

acting in conjunction with the unequal genetic contribution from the parents, could 

lead to different gene dosage levels within the endosperm. Since genes from either 

parent could be turned on or off, and the endosperm has different dosages of paternal 

and maternal genomes, such a mechanism could provide the explanation for why the 

endosperm develops as a specialized storage tissue, while the embryo has a different 

developmental destiny. In addition, hybrid vigor, or heterosis, could be generated in 

the endosperm of self- and cross-pollinated species by epigenetic differentiation 
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between the polar and sperm nuclei (Kermicle, 1978). Differences in gene expression 

generated by transmission through the female vs. the male could help explain the 

intense metabolic activity and vigorous growth observed during endosperm 

development. 

Many other basic aspects of maize endosperm development and differentiation 

are not understood. Much research remains to be done to uncover the mechanisms 

leading to proliferation of cell lineages, the definition of cell identity and 

specialization, ego aleurone vs. starchy parenchyma, and chemical composition. The 

isolation and characterization of developmental mutants in maize is still in its infancy, 

but it will eventually lead to better understanding of basic plant developmental 

processes and endosperm-specific mechanisms that can be used to develop more 

efficient approaches to maize improvement and use. 

Chromosome Endoreduplication in Maize Endosperm 

Chromosome endoreduplication is a common process of cell polyploidization that 

occurs in plants and animals. It consists of endonuclear chromosome duplication 

without obvious condensation and decondensation stages, and it leads to the 

production of supernumerary chromatids without affecting the basic chromosome 

number (D' Amato, 1984). In maize endosperm, after the syncytial stage, there is a 

dramatic increase in size and DNA content of nuclei (Phillips et al., 1983; Kowles 

and Phillips, 1985; Kowles and Phillips, 1988). The most dramatic changes have 

been shown to occur between 10 and 20 days after pollination, when the genome of 
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these cells increases from 3C to as much as 690C. In fact, genome amplification is a 

common occurrence in organs and tissues that are metabolically active (D' Amato, 

1984). Similar increases in nuclear DNA content have been shown to take place in 

developing cotyledon cells of legumes (Millerd, 1975), antipodal cells, synergids, 

endosperm haustoria and the suspensor of cells of many plant species (reviewed by 

D' Amato, 1984, Brodsky and Uryaeva, 1985). 

The physiological importance of this dramatic increase of DNA content is not 

understood, but it is favorably reflected in the growth and highly active metabolism of 

the endosperm tissue. If highly polyploid endosperm cells are functionally equivalent 

or nearly-equivalent to hundreds or thousands of triploid cells, polyploidization could 

provide a mechanism to overcome the spatial and temporal limitations to growth by 

cell division. By avoiding mitotic divisions needed to produce a large number of 

metabolically active cells, the endosperm would produce fewer, highly polyploid cells 

that could provide the same capabilities in a much more efficient way (D' Amato, 

1984). 

Despite the fact that the timing of genome endoreduplication and rapid 

synthesis of endosperm storage reserves appear to coincide (Tsai et al., 1970; Kowles 

et al., 1986), it has been demonstrated that storage protein genes and genes that 

encode enzymes involved in starch biosynthesis are not specifically amplified in maize 

endosperm (Ronison, 1983; Phillips et al., 1985). Rather, the entire genome is 

amplified, indicating that endoreduplication can provide additional functions, such as 

storing nucleotides that could be mobilized for germination and early phases of 
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seedling growth. 

ENDOSPERM STORAGE COMPONENTS 

Maize endosperm accumulates large amounts of compounds which serve to support 

germination and early phases of seedling growth. These reserves are deposited as 

membrane-bound intracellular bodies and include mainly starch and proteins. Lipids 

and other organic and inorganic compounds exist in small amounts in the maize 

endosperm. 

Starch is the reserve carbohydrate in the maize endosperm. It is deposited as 

crystalline granules in amyloplasts and serves to provide the embryo with a source of 

energy and carbon in its early heterotrophic growth phase. Starch is composed of two 

polymers, amylose and amylopectin. Amylopectin is a branched polymer made up of 

short alpha-glucan chains; it is commonly the major component, accounting for 70% 

to 80% of the starch. The linear portion of the starch molecule is made up of 

amylose, which is primarily a straight chain molecule made up of alpha 1,4-linked 

glucose residues. It is a helical molecule with six glucosyl residues per tum. The 

spatial relationship of amylose and amylopectin within the starch grain is unknown, 

but it appears that the semi-crystalline structure of the granule is due to the 

amylopectin component. The process of starch biosynthesis in maize has been 

extensively reviewed in recent years (John, 1993; Preiss et al., 1991; Singh, 1991). 

Proteins correspond to approximately 10% of the maize endosperm dry 

weight. For practical purposes, we divide them into two main categories: storage and 



non-storage proteins. The most abundant type (approximately 65 % of the total) are 

storage proteins known as prolamines or zeins. Zeins are hydrolyzed when 

germination commences to provide nitrogen, sulphur and carbon skeletons during 

early phases of seedling growth. 
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The remaining endosperm proteins that do not perform an obvious storage 

function are called non-zeins. These proteins perform housekeeping and seed-specific 

functions during endosperm development. Among these are cytoplasmic structural 

proteins, protease inhibitors and biosynthetic enzymes. This diverse group of proteins 

may act secondarily as a source of nitrogen and sulfur for the seedling during 

germination, but its primary function is to protect the seed against pathogens and 

predators and to provide biosynthetic and structural functions. Upon seed desiccation 

the storage and non-storage proteins and the remaining cytoplasmic components form 

an insoluble matrix in which starch granules are embedded. 

Storage Components and Endosperm Physical Structure 

The physical structure of the endosperm is an inherited characteristic that can be 

modified by environmental conditions during the growing period, as well as by 

postharvest handling (Watson, 1988). Differences in kernel physical structure are 

generated by variations in compactness of cell components, cell wall thickness, cell 

sizes, thickness of the protein matrix surrounding starch granules, pericarp thickness, 

etc. Investigations on the biological processes that control these parameters have been 

scant. 
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Kernel texture is of great significance at ail steps of cereal handling and use. 

Hardness, or the resistance of kernels to deformation by an outside force (Greenway, 

1969), greatly affects breakage susceptibility, storability and processing. However, 

the factors defining seed physical properties are still poorly understood. Several 

theories have been proposed to explain grain hardness in wheat (Hoseney, 1987), the 

most thoroughly investigated cereal in this aspect. However, there are many 

differences in seed development and composition between maize and wheat, so the 

information obtained from these studies may not help explain maize endosperm 

physical structure. 

In wheat, physical analysis of isolated endosperm components showed that 

there is no difference between hard and soft wheat cultivars in the hardness of either 

the starch or the protein. However, the binding between protein and starch appears to 

be stronger in hard wheat than in soft wheat, suggesting that the interaction between 

these two components is responsible for differences in endosperm physical structure 

(Barlow et aI., 1973). Scanning electron micrographs of wheat and maize kernels, 

suggest that there are differences in the binding of protein and starch between soft and 

hard endosperm (Christianson, 1970; Hoseney and Seib, 1973; Hoseney, 1987). 

Scanning electron micrographs of mature maize seeds revea.led that in the hard 

endosperm portions starch granules are compacted and polygonal whereas in the 

floury parts they are spherical and loosely packed (Robutti et al' 1974). 

The inner portion of the maize endosperm is usually soft and floury (Figure 

1.3) and contains larger cells with thick cell walls (Wolf et aI., 1952). Light and 
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electron microscopy, aided by immunocytochemical localization of endosperm 

proteins, have revealed considerable variation in cell size and storage protein 

distribution within a few cell layers in the outer part of developing endosperms 

(Lending and Larkins, 1989). Consistent with this observation is the fact that storage 

protein composition is different between inner (soft texture) and outer (hard texture) 

endosperm regions. Hard endosperm has more storage protein than soft endosperm, 

suggesting that storage protein composition and its spatial distribution within the 

endosperm may affect endosperm development and the physical structure of the seed 

at maturity (Wolf et al., 1967, Dombrink-Kurtzman and Bietz, 1993). 

Very little attention has been directed to study the impact of reserve accumulation on 

endosperm morphogenesis and differentiation. For several millennia maize has been 

under intensive selection pressure for seeds that provide higher yield. Possibly, 

increases in yield, higher resistance to pathogens and better tolerance to storage 

involved alterations in biosynthesis, accumulation, and interactions between major 

endosperm storage components. This hypothesis is supported by the existence of 

mutations that affect maize endosperm storage protein deposition and starch 

biosynthesis. Such mutations usually cause developmental perturbations that lead to 

changes in chemical composition and physical structure of the endosperm (Nelson, 

1980). Storage protein mutants often have a fragile and lusterless endosperm 

phenotype and are usually described as opaque or floury. Starch mutants usually have 

collapsed or shrunken seeds, with the severity of the phenotype generally correlated 

with the extent of reduction in starch accumulation. Interestingly, starch mutations 



lead to collapsed seeds that usually retain a hard and vitreous texture, but mutations 

that reduce storage protein synthesis always lead to seeds with soft and chalky 

endosperm. Although the interaction between these two components have not been 

studied at the ultrastructural level, the phenotypes of these mutants point to the 

possibility that starch is an inert component that cannot pack correctly without the 

presence of a certain amount of storage proteins. 

In the following sections I will present an overview of various aspects of 

maize storage protein synthesis and its impact on nutritional quality. In addition, I 

will review the facts that indicate that storage proteins may cooperate with other 

cellular components to help provide the material basis for the development of the 

endosperm tissue. 

ENDOSPERM STORAGE PROTEINS 

Isolation and Analysis of Endosperm Proteins 
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Maize endosperm proteins are traditionally separated into four major solubility classes 

(Osborne and Mendel, 1914). The water-soluble fraction is called albumin, while the 

proteins extracted with dilute salt solutions are referred to as globulins. Many 

globulins and albumins are enzymes that are synthesized early in development 

(Murphy and Dalby, 1971; Misra et al., 1975; Tsai, 1979). Prolamines, the major 

protein fraction are extracted with aqueous alcohol. The name prolamine was coined 

to illustrate the high content of proline and glutamine in these proteins. The 

remaining insoluble proteins, referred to as glutelins, can be extracted with dilute 
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alkali or acids. Glutelins are heterogeneous and have not been biologically defined. 

To analyze the protein composition of various maize genotypes, quantitative 

methods for extraction and measurement are needed. A variety of fractionation 

procedures for endosperm proteins have been described (Landry and Morreaux, 1970; 

Wilson et al., 1981; Esen, 1986). The most commonly used is that of Landry and 

Morreaux (1970). With this procedure, five protein fractions are obtained by 

sequential extraction with different solvents: Fraction 1- albumins and globulins, 

extracted together with 0.5 M NaCI, Fraction ll- zein, extracted with 70% 

isopropanol, Fraction Ill- Zein-like, extracted with 70% isopropanol plus 0.6% 

2-mercaptoethanol, Fraction IV- glutelin-like, extracted in borate buffer, pH 10, plus 

0.6% 2-mercaptoethanol, and Fraction V- glutelin, extracted in pH 10 borate buffer, 

plus 0.6% 2-mercaptoethanol and 0.5% SDS. 

Other extraction procedures that have been frequently used are all based on 

sequential solubilization of proteins with a series of solvents (Wilson et al., 1981; 

Esen, 1986). As a consequence of the multiplicity of samples and extraction 

conditions, it has proven very difficult to compare the data obtained with these 

fractionation methods. Wallace et al., (1990) and Ludevid et al., (1984), found that 

the traditional extraction procedures for maize proteins have little quantitative 

meaning, especially when applied to proteins fractions that require reduction of 

disulfide bonds in order to be solubilized. In general, these procedures suffer from 

two limitations: extraction of various types of storage protein is incomplete with a 

single solvent so they are recovered in multiple fractions, and, depending on the 
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presence or absence of reducing agents, various proteins mayor may not be extracted 

by the same solvent. This has led to a complex and confused description and 

nomenclature for the several classes of maize endosperm proteins (Landry and 

Morreaux, 1970; Wilson, 1991). 

A new method for quantitative extraction of total zeins was reported by 

Wallace et al., (1990). This procedure is less laborious and makes it possible to 

quantitatively obtain, in less time and fewer steps, the total storage proteins and non

storage proteins from endosperm flour (Figure 1.4). The procedure involves 

solubilization of total endosperm protein in an alkaline buffer containing sodium 

dodecyl sulphate (SDS) and 2-mercaptoethanol, with subsequent precipitation of 

non-zein proteins by the addition of ethanol to 70%. Since all of the endosperm 

proteins can be obtained in two distinct fractions, their analysis and quantification is 

greatly simplified. 

Biochemical Composition of Maize Storage Proteins 

Zeins consist of a complex mixture of polymorphic alcohol-soluble polypeptides 

(Figure 1.4). They are synthesized as pre-proteins by membrane-bound 

polyribosomes in developing endosperm. Zeins are cotranslationally transported into 

the lumen of the endoplasmic reticulum (RER) and subsequently assembled into 

insoluble, membrane-bound accretions termed protein bodies (Figure 1.5)(Larkins and 

Hurkman, 1978; Lending and Larkins, 1989). Accumulation of maize storage 

proteins in protein bodies prevents their exposure to enzymes responsible for turnover 
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endosperm proteins were obtained and fractionated according to the method described 

by Wallace et al., (1990). SDS-polyacrylamide gradient gels (7.5 to 18%, w/v) were 

prepared according to Laemmli (1970) and stained with Coomassie blue. Description 

of the components of both fractions is presented in the text. A. protein 

corresponding to 1.5 mg of mature endosperm flour. B. Protein corresponding to 

3.0 mg of endosperm flour. Lane 1, W64A; lane 2, W64Ao2. 
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of metabolic proteins. In addition, their accumulation within membrane bound 

organelles probably facilitates their packaging, as well as seed desiccation. The onset 

of zein synthesis occurs approximately 8-10 days after pollination, and the proteins 

are accumulated throughout seed development. 

Expression of zein genes is primarily limited to endosperm, although trace 

amounts can be found in the embryo. There is no evidence for transcription of any 

zein gene subfamily in leaf, root, or shoot tissue. Zeins have no enzymatic activity, 

and their only known function is to provide nitrogen, sulphur, and carbon skeletons 

for germination and early phases of seedling growth. They survive desiccation for 

long periods of time. 

The diversity of zeins in terms of structure and solubility properties makes it 

possible to divide them into four distinct types, called alpha-, beta-, gamma-, and 

delta-zeins (Figure 1.4 and 1.5)(Esen, 1986; Larkins et al., 1989). Alpha-zeins, 

which typically account for about 70% of the total storage protein fraction, are 

composed by polypeptides of apparent molecular weight 19- and 22-kD. These 

proteins can be further separated into many different groups by IEF (Righetti, 1977; 

Hagen and Rubenstein, 1981), indicating that they correspond to a large number of 

polypeptides with similar solubility properties but considerable charge heterogeneity. 

In fact, alpha-zeins have been showed to be encoded by a large family of related 

genes (Hagen and Rubenstein, 1981). The 14-kD beta-zein, 16-kD and 27-kD 

gamma-zeins, and lO-kD delta-zein require reducing agents, such as 

2-mercaptoethanol, to be soluble in alcoholic solvents. These proteins have been 



Table 1.1. Amino Acid Composition of Maize Zein Proteins 

Amino 27-lcDl 22-lcD2 

Acid Gamma-Zein Alpha-Zein 

Leu 19 

GIn 30 

Ala 10 

Pro 51 

Ser 4 

Phe 2 

Asn 0 

TIe 4 

Tyr 4 

Val 15 

Gly 13 

Thr 9 

Arg 5 

His 16 

Cys 14 

Glu 2 

Met 2 

Asp 0 

Lys 0 

Trp 0 

Total 200 

1 Prat et al. (1985). 
2 Marks and Larkins (1982). 
3 Pedersen et aI., (1986). 
4 Kirihara et al., (1988). 
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31 

34 

22 

18 

8 

13 

11 

6 

17 

2 

7 

4 

3 

1 

1 

5 

0 

0 

0 

225 

14-kD3 

Beta-Zein 

15 

28 

18 

13 

11 

0 

2 

1 

16 

4 

12 

5 

7 

4 

6 

5 

11 

4 

0 

1 

163 
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10-kD4 

Delta-Zein 

15 

15 

7 

20 

8 

5 

3 

3 

1 

5 

4 

5 

0 

3 

5 

0 

29 

1 

0 

0 

129 



found to be encoded by genes present in only one or two copies in the genome 

(pedersen et al., 1986; Prat et al., 1987; Kirihara et al., 1988). 
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All zeins are deficient in lysine and tryptophan (fable 1.1), amino acids that 

are essential for human and livestock nutrition. The alpha-zein proteins have high 

contents of glutamine (25%), leucine (20%), alanine (15%), and proline (11 %) and 

range in size from 210 to 245 amino acids. The beta-zein protein is 160 amino acids 

long and contains less glutamine (16%), leucine (10%), and proline (9%), than the 

alpha-zeins, but has significantly more methionine (4%) and cysteine (7%). The Mr 

27-kD gamma-zein is a cysteine-rich (7%) protein of 180 amino acids, with high 

content of proline (25%) (prat et al., 1987). The delta-zein is a small protein of 130 

amino acids. It has a very high content of the sulfur amino acid methionine (23 %) 

(Kirihara et al., 1988). 

Non-zeins, or the alcohol-insoluble proteins (albumins, globulins and glutelins) 

(Figure 1.4), are a good source of the essential amino acids that zeins lack. 

However, their low amount relative to the zeins diminishes their contribution to the 

overall nutritional quality of the maize grain. 

Zein Gene Structure and Organization 

Zein mRNAs have been isolated and copied into cDNA clones by molecular genetic 

techniques. These cDNAs have been used to estimate the number of genes encoding 

each of the major classes of zeins. For the 19- and 22-kD alpha-zeins, the charge 

complexity detected among proteins, especially as demonstrated by IEF analysis 
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(Wilson et al., 1981; Soave and Salamini, 1984; Hastings et al., 1984; Motto et al., 

1989), has been documented by DNA sequence analysis of the mRNA coding 

sequences (Geraghty et al., 1981; Pedersen et al., 1982; Marks and Larkins, 1982; 

Marks et al., 1985; Shotwell and Larkins, 1989). The cDNA clones hybridize to 

multiple coding sequences in the genome, and alpha-zeins are estimated to be part of 

a large gene family with 75 to 100 members (Hagen and Rubenstein, 1981). These 

can be divided into at least four subfamilies of closely related sequences (Rubenstein 

and Geraghty, 1985). However, this large number of genes exceeds the complexity 

of proteins resolved by two-dimensional SDS-gel electrophoresis (Valentini, 1979; 

Hagen and Rubenstein, 1980), suggesting that there are many duplicate gene copies, 

or that many of them correspond to pseudogenes. 

An interesting aspect of the organization of alpha-zein genes is their clustering 

on chromosomes 4, 7, and 10 (Figure 1.6). Closely linked zein genes are usually 

found in the maize genome. Thompson et al., (1992) found two 22-kD alpha-zein 

genes, one an apparently-functional gene and one a pseudogene, within a stretch of 

7.3 kb of genomic DNA. Computer aided analysis suggested that these genes resulted 

from a 3.3 kb DNA duplication event. Analysis of cosmid clones containing a cluster 

of 22-kD alpha-zeins revealed the presence of five genes of the same subfamily on a 

stretch of only 56 kb of DNA (Liu and Rubenstein, 1992). This kind of arrangement 

could lead to higher rates of gene duplication and gene conversion, events thought to 

be important for the evolution of mUltigene families (Heidecker and Messing, 1986; 

Heidecker et al., 1991). 
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The 14-kD beta-zein (pedersen et aI., 1986),27- and 16-kD gamma-zeins 

(prat et aI., 1987), and the lO-kD delta-zein (Kirihara et aI., 1988) are each encoded 

by one or two genes, which is consistent with the complexity of proteins resolved IEF 

(Wilson and Larkins, 1984; Boronat et aI., 1986). There are no obvious explanations 

to why the genes encoding these proteins did not become amplified into large 

families, like alpha-zeins. The fact that they encode polypeptides with unequal 

structural properties, and that they are targeted to the same cellular compartment 

indicate that these proteins may provide functions other than storage. This possibility 

will be discussed later. Another intriguing and unresolved aspect of maize storage 

protein gene evolution is the absence of introns, which is true of all the genes cloned 

and characterized so far. 

Genes corresponding to each zein class vary to different extents, in their 

promoter sequences, even though they are all coordinately expressed in developing 

endosperms and apparently serve the same storage function (Feix and Quayle, 1993). 

Comparisons of gene flanking regions reveal conserved sequences that may be 

important for regulation of these genes in an endosperm-specific manner. Even 

though studies on transgenic plants suggest that certain sequences within the 5' 

flanking regions of some zein genes are required for correct transcription, the detailed 

study of the temporal and tissue specific expression of maize storage protein genes 

has not been possible due to difficulties in achieving proper regulation in transgenic 

plants (reviewed by Thompson and Larkins, 1989; Feix and Quayle, 1993), 

Consequently, better characterization of zein regulatory elements awaits the 



development of superior heterologous systems or the improvemellt of maize 

transformation for such kind of studies. 

Genetic Organization of Zein Genes 

Zein genes act codominantly, i.e., each functional allele is expressed in 
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heterozygotes. In the triploid endosperm, the amount of an individual zein protein 

depends upon the number of zein alleles encoding it (Wilson, 1984). SDS-PAGE and 

isoelectric focusing (lEF) of zeins have been important tools for the investigation of 

the genetic heterogeneity of the maize prolamines. Because many of the bands 

produced by IEF represent single polypeptides, this analysis is suitable for standard 

genetic tests, such as locating the chromosomes on which zein genes are found or 

determining which genes are linked on the same chromosome (Soave et al., 1981; 

Soave et al., 1982; Wilson, 1986). 

Mendelian segregation of zein IEF bands suggests a relationship between zein 

structural loci and the IEF pattern. Since the zein IEF pattern is genotype dependent, 

it allows the detection of variability among different maize genotypes. The genetic 

basis of this variability can be inferred from inheritance studies of crosses between 

inbreds differing by the presence or absence of some IEF bands. In the seeds of two 

reciprocal Fl hybrids obtained from parents diverging for a specific zein locus, the 

presence of a protein band is dominant over its absence, and its amount correlates 

with gene dosage. When seeds from the F2 generation are analyzed, a simple 

segregation is observed for the presence or absence of particular zein IEF bands 
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contributed by the parents. On this basis, linkage relations and the chromosomal 

location of the structural gene encoding some zein polypeptides has been investigated 

(Soave et al., 1978; Soave et al., 1981; Wilson, 1985; Wilson et al., 1989). 

Genetic mapping has located genes encoding alpha-zeins in three main clusters 

on chromosomes 4, 7 and 10 (Figure 1.6) (Soave and Salamini, 1984). The gene 

corresponding to the 100kD delta-zein has been mapped to the long arm of 

chromosome 9 (Benner et al., 1989). RFLP linkage analysis was used to locate the 

genes corresponding to the 14-kD beta-zein and 27-kD gamma-zein to chromosomes 6 

and 7, respectively (Murray et al., 1988). It is interesting to note that the loci coding 

for the lO-kD delta-zein, 14-kD beta-zein, and 27-kD gamma-zein have all been 

mapped to the centromeric regions in their respective linkage groups (Figure 1.6). 

Despite the fact that many variations exist for the amount and pattern of accumulation 

for the several zein classes among diverse inbred lines (personal observation), null 

mutations that prevent accumulation of delta-, beta-, or gamma-zein have not yet been 

reported. 

Distribution of Zein Proteins in Maize Endosperm 

Mature maize endosperm contains a complex of starch granules and protein bodies 

embedded in a proteinaceous network or matrix (Wolf et al., 1952a, b; Duvick, 1955, 

1961). It is implied that the structural characteristics of the endosperm are a 

consequence of the interactions between these components. Duvick (1961) attributed 

the opaqueness of the soft, starchy regions that are usually found in the inner part of 
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the endosperm tissue (Figure 1.3) to light refraction resulting from air spaces formed 

by ruptures of the cytoplasmic matrix upon drying. Dombrink-Kurtzman and Bietz 

(1993) suggest that maize protein composition may influence endosperm texture and 

physical properties of the kernels. Hard endosperm regions appear to accumulate 

more storage proteins than soft regions. 

Immunocytochemical techniques were used to determine the distribution of the 

various types of zeins within protein bodies (Ludevid et al., 1984; Lending et al, 

1988; Lending and Larkins, 1989), and the distribution of the various types of protein 

bodies in regions of the developing maize endosperm (Lending and Larkins, 1989). 

The distribution of the different zein types within the protein body appears to be 

determined by the temporal and spatial synthesis of the proteins during endosperm 

development (Figure 1.5). Protein bodies in the youngest endosperm cells, those 

located in the outer endosperm layers, are small and accumulate mostly beta- and 

gamma-zeins, while those in the central, developmentally more mature endosperm 

cells are filled with alpha-zeins. Early in development, the alpha-zeins are present in 

small amounts and form small, distinct globules within a matrix of beta- and 

gamma-zeins. As alpha-zein synthesis and accumulation increase, the beta- and 

gamma-zeins are progressively displaced to more peripheral parts of the protein body 

(Lending and Larkins, 1989). Recently, the delta-zein has been found to 

predominantly occur in the center of the protein body, within the alpha-zein core 

(Esen and Stetler, 1992). The fact that mutations that prevent accumulation of any of 

the minor zein fractions (gamma-, beta-, and delta-zeins) have not been identified 
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Figure 1.5. Pattern of Zein Deposition During Protein Body Formation. Zeins are 

synthesized as pre-proteins by membrane-bound polyribosomes and cotranslationally 

transported into the lumen of the endoplasmic reticulum (RER). Subsequently they 

assemble into insoluble, spherical membrane-bound accretions termed protein bodies 

(A to D) (Larkins and Hurkman, 1978). Immunocytochemical studies have revealed 

that protein bodies in the outer endosperm layers (A) are small and accumulate mostly 

beta- and gamma-zeins (represented by dark color), while those in the central, 

developmentally more mature endosperm cells are filled with alpha-zeins (represented 

by light color) (D). Early in development, the alpha-zeins are present in small 

amounts and form small, distinct globules within a matrix of beta- and gamma-zeins 

(B and C). As alpha-zein synthesis and accumulation increase, the beta-, delta-, and 

gamma-zeins are progressively displaced to more peripheral parts of the protein body. 

The protein bodies are surrounded by rough endoplasmic reticulum (dark dots 

represent ribosomes) (After Lending and Larkins, 1989). 
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indicate that these polypeptides may play essential roles in endosperm development 

and/or seed viability. 
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The mechanisms that control the assembly of zein polypeptides in protein 

bodies are still unclear. However, the amino acid sequence and the solubility 

properties of the various zein polypeptides provide some clues regarding how these 

proteins are assembled into protein bodies within the RER. The alpha-zeins have a 

highly conserved primary amino acid sequence. After the first 40 amino acids, the 

polypeptides contain a series of repeated peptides of about 20 amino acids. Circular 

dichroism analysis suggest that these repeated peptides exist in antiparallel alpha

helices separated by glutamine-rich tum regions, giving a rod-shaped form to the 

folded polypeptide chain. Hydrogen bonding between glutamine residues at the ends 

of the repeated peptides and polar amino acids on the surface of the repeats, as well 

as nonpolar interactions, could facilitate stacking of these molecules into tightly 

packed aggregates (Argos et al., 1982). 

The 27- and 16-kD gamma-zein polypeptides are readily soluble in aqueous 

solutions in the presence of reducing agents. The N-terminal sequence of the 27-kD 

gamma-zein has a large proportion of hydrophobic side chains; 69% of the amino acid 

residues identified in the first 58 positions are proline, valine and leucine (Esen et al., 

1982). Furthermore, there are several histidines in the eight tandem repeats of the 

sequence Pro-Pro-Pro-Val-His-Leu, which are located in the first quarter of the 

molecule (prat et al., 1985), making the N-terminus positively charged. The 

occurrence of regularly spaced histidines in a region rich in proline, valine and 
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leucine may be responsible for the solubility of gamma-zein in aqueous buffers, since 

charge repulsion between histidines could diminish hydrophobic interactions between 

nonpolar side chains (Esen et al., 1982). This property may help direct gamma-zein 

to its location within the protein body. As alpha-zeins are added to the protein body, 

leading it to an increase in size, perhaps the less hydrophobic gamma-zein is excluded 

from the highly hydrophobic alpha-zein core, becoming peripheral (Figure 1.5) 

(Lending and Larkins, 1989). 

The interactive properties of the various types of zein polypeptides and the 

importance of these interactions for the correct assembly of the organelle is supported 

by studies with Xenopus oocytes (Wallace et al., 1988; Wallace et al., 1990). When 

oocytes were injected only with an alpha-zein mRNA, the resulting protein bodies 

were less dense than those formed with a mixture of zein proteins. Protein bodies 

formed following injection of a mixture of mRNAs sedimented deeper in the gradient, 

suggesting that the beta- and gamma-zeins lead to the formation of a more densely 

packed protein body. 

None of the zein polypeptides contain signals for RER retention. It is possible 

that the interactive properties of these proteins is an important factor controlling their 

accumulation in this organelle. Recent studies suggest that hydrophobic peptide 

repeats playa role in the retention of wheat proteins within the RER (Altschuler et 

al., 1993). Perhaps the repeated peptides found in zeins are involved in RER 

retention as well. 



MUTATIONS THAT ALTER STORAGE PROTEIN SYNTHESIS AND 

ACCUMULATION 
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Mutations causing a reduction in storage protein synthesis usually lead to dramatic 

alterations in the chemical composition and physical structure of the endosperm 

(Mertz et al., 1964; Nelson et al., 1965). Storage protein mutants often have a soft, 

starchy endosperm with a fragile texture (Figure 1.7). The loose packing of 

endosperm components may lead to the formation of air spaces that block light 

transmission through the mature seed. For this reason, these mutants are generally 

termed opaque or floury. For several of these mutations, the biochemical effect of 

the mutant gene is an alteration, usually quantitative, in zein synthesis. There is no 

definitive experimental proof that establishes a direct relationship between endosperm 

physical structure and storage protein accumulation. Nevertheless, the consistent 

association between these traits indicates that storage proteins may contribute to the 

definition of endosperm texture at maturity. 

Mutations that cause an opaque appearance and starchy endosperm texture 

includejloury-l (flJ),jloury-2 (fl2),jloury-3 (fl3), Mucuronate (Me), opaque-l (01), 

opaque-2 (02), opaque-5 (05), opaque-7 (07), opaque-9 (0.9), opaque-lO (010), 

opaque-ll (011), opaque-12 (012), opaque-13 (013), and Defective endosperm B-30 

(DeB30). Me and DeB30 are dominant mutations (Soave and Salamini, 1984; 

Salamini et al., 1985). The mutantsjl1,jl2 andjl3 are semi-dominant and therefore 

display their phenotypes in a dosage-dependent manner. All the other opaque mutants 

listed are recessive (Cae et al., 1988). 



57 

Figure 1.6. Cross-section of mature kernels from W64A (left) and W64A02 (right). 

Typical kernels were sampled from well-developed ears and cut in cross-section 4-5 

mm from the crown with a razor blade. Normal maize endosperms usually have a 

vitreous, hard outer layer and only a small internal region with soft, starchy texture. 

The 02 mutation causes reduction in storage protein accumulation and development of 

a homogeneous, starchy endosperm at maturity. The loose packing of endosperm 

components appears to lead to formation of air spaces that block light transmission 

through the mutant seed. For this reason, this and other similar mutants are generally 

called opaque. 
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An association between opaque phenotype, decrease in storage protein 

deposition and increase in the content of essential amino acids have been established 

for 02, (Mertz et al., 1964),jl2 (Nelson et al., 1965), and 07 (Misra et al., 1972). In 

addition, the 02 mutation has been found to cause a very defined increase in the non

zeins, the endosperm protein fraction that contains the essential amino acid lysine. 

The mechanism leading to an increase in non-zein proteins is not yet understood 

(Habben et al., 1992). Plant breeders have devoted an enormous amount of effort to 

improving the nutritional quality of endosperm proteins through the use of these 

mutations, but unfortunately, a plethora of poorly understood pleiotropic effects that 

result in seeds with inferior agronomic properties have limited the development of this 

germplasm (Glover and Mertz, 1987). 

The occurrence of opaque mutations has stimulated basic research into the 

mechanisms of storage protein regulation and biosynthesis (Soave and Salamini, 1984; 

Motto et al., 1988; Schmidt, 1993). These mutants have been broadly considered as 

regulatory, due to their capacity to affect simultaneously the synthesis of several zein 

polypeptides. However, for most of the opaque mutants isolated so far the primary 

genetic lesion underlying the phenotype has not been identified. A better 

understanding of the molecular alterations leading to the opaque phenotype may help 

elucidate important aspects of gene action involved in the normal development of the 

maize seed. In addition, through a better understanding of the chemical composition, 

synthesis and accumulation of storage and non-storage proteins in these mutants, we 

may be able to develop novel strategies to help breeders improve the content of 
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essential amino acids in the endosperm, without decreasing agronomic qualities of the 

seed. 

Characterization of the 02 Mutation 

The 02 mutation was first described by Jones and Singleton in the early part of this 

century (Emerson et al., 1935). The soft texture and opaque properties of the mutant 

kernels (Figure 1.7) were widely used as a phenotypic genetic marker for the short 

arm of chromosome 7 (Feist and Lambert, 1970). The biochemical effects of the 

mutation at the protein level were later reported by Mertz et al., (1964). Mutant 

seeds were found to accumulate the essential amino acids lysine and tryptophan in 

amounts twice that usually found in normal maize. The basis for the changes in the 

proportion of amino acids in the mutant is the reduced amount of alpha-zeins and 

increased accumulation of the nutritionally more balanced non-zeins (Figure 1.4) 

(Habben et al., 1992). In addition to lysine and tryptophan, the amounts of histidine, 

arginine, aspartate plus asparagine, and glycine are markedly increased in 02 mutants. 

The glutamate plus glutamine, alanine, and leucine contents are decreased, with 

leucine being decreased the most (Nelson, 1980). Apparently, there are no significant 

changes in the amino acid composition of endosperm proteins from 02 and normal 

maize. The differences between the content of amino acid residues are due to 

quantitative and not qualitative changes in protein composition (Sodek and Wilson, 

1971; Habben et al., 1992). 

Studies of zein synthesis during endosperm development indicate that 02 
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mutants have a lower rate of zein accumulation, compared to normal genotypes. In 

addition, 02 mutants accumulate little or no zeins following 35 days after pollination 

(DAP), in contrast to normal genotypes which continue to accumulate zein until late 

in development (Tsai and Dalby, 1974; Dalby and Tsai, 1974). Kodrzycki et 

al.(1989) showed that the synthesis of zein proteins in 02 mutant genotypes is delayed 

and reduced. The 19-kD alpha-zein proteins are not detected until 14 DAP and the 

22-kD alpha-zeins are found only in trace amounts. The 14-kD beta-zein, and 16-

and 27-kD gamma-zeins are detected around 12 DAP, and their accumulation is not 

as dramatically affected by the mutation. 

Ultrastructural analysis has shown that reduction of alpha-zein synthesis causes 

the protein bodies in 02 endosperm to be small. Generally they are 0.1 to 0.3 p.m in 

diameter in developing endosperm, while the wild type protein bodies are between 1 

and 2 p.m in diameter. Immunocytochemistry revealed that protein bodies in the 

mutant contain primarily beta- and gamma-zeins, with only smalllocules of alpha-zein 

(Lending and Larkins, 1989; Geetha et al., 1991). The small size of the protein 

bodies has been postulated to cause the formation of air spaces around the starch 

grains as the endosperm desiccates, causing the soft phenotype of the mature mutant 

seed (Robutti et al., 1974). 

Several studies showed that the reduction of zein proteins in opaque mutants is 

correlated with reduced amounts qf the corresponding mRNAs (pedersen et al., 1980; 

Burr and Burr, 1982; Marks et aI., 1985; Boston et aI., 1986). These results suggest 

that the mutations alter zein gene transcription. This was demonstrated for 02 using 
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nuclear run-on transcription analysis (Kodrzycki et al., 1989). A substantial reduction 

was shown in alpha-zein gene transcription in the 02 mutant relative to the normal 

genotype. 02 differentially affects the transcription of genes encoding the 22- and 19-

kD alpha zeins, with the former being almost totally blocked. This result indicates 

that although the alpha-zein genes share common sequence elements responsible for 

their coordinate expression (Thompson and Larkins, 1989), there must also be 

somewhat different regulatory factors that control their transcription. 

Since the 02 locus is located on the short arm of chromosome 7 (Figure 1.6), 

the transcription data are consistent with the gene acting as a positive, transacting 

transcriptional activator of the zein coding sequences, which occur on chromosomes 

4, 7, and 10 (Soave and Salamini, 1984). Schmidt et al., (1987) used the 

transposable element Spm as an insertional mutagen to tag the locus and obtained 

three mutable 02 alleles. DNA sequences flanking the Spm insertion in one of them 

were verified as 02-specific. Following cloning by recombinant DNA procedures, 

this sequence provided a probe to clone the wild-type allele. Northern blots indicated 

that the 02 gene is expressed in wild-type endosperm but not in leaf tissues or 

endosperm homozygous for the mutant allele. Transcripts were detected in 

endosperms homozygous for 07 andfl2, indicating that 02 expression occurs 

independently of the other two putative regulators of zein gene expression. Another 

successful attempt to clone the 02 locus was reported by Motto et al., (1988). They 

isolated the 02 gene by transposon tagging with the element Activator (Ac), using an 

approach similar to that of Schmidt et al. (1987). 
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02 has been shown to encode a basic domain/leucine zipper transcriptional 

activator (Schmidt et aI., 1990) that regulates 22-kD alpha-zein genes (Schmidt et al., 

1990; Lehmer et al., 1991), as well as a ribosome inactivating protein (RIP) gene 

(Bass et al., 1991). Genetic and molecular aspects of 02 regulation have recently 

been reviewed (Schmidt, 1993). Another gene encoding a protein with a similar 

regulatory domain has been isolated and the protein it encodes shown to interact with 

02 in vitro (Pysh et al., 1993). The fact that transcriptional activator complexes are 

potentially involved in regulation of genes encoding proteins with diverse functions 

indicates that very complex regulatory processes may take place during endosperm 

development. Transcription factors containing a similar activator domain, such as 

v-fos and v-jun, form heterodimeric complexes (Rauscher et al., 1988; Smeal et al., 

1989; Jones, 1990), so it is possible that the 02 protein interacts with other 

transcription factors to regulate zein gene expression in the endosperm tissue. Further 

evidence for this comes from the multiple pleiotropic effects caused by 02 and other 

opaque mutations believed to affect regulatory genes (Damerval and De Vienne, 1993; 

Motto et al., 1989). 

Characterization of the fl2 Mutation 

A second opaque mutant,j12, was found to affect accumulation of maize storage 

proteins and to lead to higher amounts of lysine, tryptophan and methionine in the 

endosperm, compared to normal genotypes (Nelson et al., 1965). Like 02, the basis 

for the changes in the proportions of the various essential amino-acids in fl2 
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endosperms appears to be the reduced synthesis of zeins and the increased synthesis of 

non-zein proteins (see Chapter 2). Genetic and biochemical analysis demonstrated 

that 02 is epistatic tofl2 (Di Fonzo et al., 1978), thus excluding the possibility of 

increasing protein quality by using double mutants. However, the fact thatfl2 is 

associated with more serious phenotypic defects compared to 02, reduced interest in 

utilizing this mutant for developing high nutritional quality maize. 

The fl2 mutation was identified at the beginning of this century (Emerson et 

al., 1935), and it has been mapped near genes encoding several alpha-zein 

polypeptides on chromosome 4 (Figure 1.6). Synthesis of the two main size classes 

of alpha-zein polypeptides (19- and 22-kD) is inhibited by fl2 to a similar extent 

(Soave and Salamini, 1984; Motto et al., 1989). A reduced level of membrane

bound polysomes (Jones, 1978), and smaller population of zein mRNAs (Burr and 

Burr, 1982) has been detected in developing seeds. Based on IEF analysis, the 

mutation causes no preferential inhibition of specific alpha-zein polypeptides (Soave et 

al., 1978). Jones (1978) demonstrated a dosage-dependent reduction of zein synthesis 

for the mutant allele. 

Like 02, decreased zein production infl2 mutants is associated with smaller 

and apparently fewer protein bodies in the endosperm. Christianson et al., (1974) 

isolated small and oddly shaped protein bodies from immature fl2 kernels and 

concluded that the protein bodies of this mutant are disrupted during grain maturation. 

The mutant kernels overproduce a soluble polypeptide of 70-kD (called b-70) that is 

associated with protein bodies and rough endoplasmic reticulum membranes. The 
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endosperm specific (Galante et al., 1983; Motto et al., 1989). 
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Recent studies demonstrated that b-70 is a homolog of the mammalian 

molecular chaperone, immunoglobulin heavy chain binding protein, also called BiP. 

It is an ER resident protein that can also be isolated from fl2 protein body fractions 

(Fontes et al., 1991; Boston et al., 1991; Marocco et al., 1991). BiP is a member of 

a protein family (hsp 70) whose members recognize and bind unfolded or malfolded 

polypeptide chains, and its induction has been associated with accumulation of 

incorrectly assembled proteins in the ER (Kozutsumi et al., 1988; Flynn et al., 1989; 

Hartl and Martin, 1992). Immunocytochemistry was used to demonstrate that 

increase of mutantfl2 alleles alters protein body morphology to an extent that is 

positively correlated with amounts of BiP within the membrane surrounding the 

organelle (Zhang and Boston, 1993). Although the molecular basis of the fl2 

mutation is not known, overproduction of BiP may reflect a defect in the process of 

storage protein folding and assembly into protein bodies (Fontes et al., 1991; Zhang 

and Boston, 1993). 

Other Opaque Mutations 

Since the discovery of the biochemical effects of the 02 and fl2 mutations on maize 

endosperm proteins, several other mutants have been identified that affect the amount 

of zein accumulated during endosperm development. The recessive mutation 07, is 

located on the long arm of chromosome 10, linked to the R locus (McWhirter, 1971). 
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This mutation is reported to be a repressor of all the zein polypeptides, with 

preferential effect on the 19-kD alpha-zeins. In an 0207 double mutant, zein 

synthesis is reduced additively. This interaction suggest that multiple regulatory 

pathways are involved in zein synthesis, with 02 controlling synthesis of the 22-kD 

alpha-zeins and 07 controlling synthesis of the 19 kD alpha-zeins (Soave and 

Salamini, 1984; Motto et al., 1989; Schmidt, 1993). Like 02, 07 is epistatic to fl2 

(DiFonzo et al., 1980). The changes in lysine content associated with the 07 mutation 

are similar to those observed for 02 and fl2 mutants (Misra et al., 1972; Mertz, 

1986). Based on genetic analysis of mutant interactions, Schmidt (1993) proposed 

that the expression of the 22- and 19-kD alpha-zein genes could be regulated by 

different combinations of interactive regulatory proteins encoded by 02, 07, and F12. 

Although attractive, this model depends upon 07 and F12 encoding regulatory 

proteins, a fact not yet proven. 

The recessive 06 mutant was first isolated by R.B. Ashman in a popcorn line 

(Nelson, 1972). It is lethal when homozygous, since the embryo gives rise to a 

short-lived seedling (Ma and Nelson, 1975). The 06 mutation is a severe repressor of 

zein accumulation, acting drastically on both 19- and 22 kD components of the alpha

zein class (Soave et al., 1981). Up to 88% reduction in zein level has been reported 

for this mutation (Soave and Salamini, 1984; Motto et al., 1989). This mutation is 

allelic with proline-l (proJ) (Manzocchi et al., 1986), a gene located on the long arm 

of chromossome 8. This gene has been shown to be involved in proline synthesis in 

maize (Dierks-Ventling and Tonelli, 1982), an indication that the effect of 06 on zein 
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accumulation is a pleiotropic. 

A 32-kD albumin has been found to be consistently absent in 02 and 06 

mutants (Soave et al., 1981; Manzocchi et al., 1986; Di Fonzo et al., 1986). This 

protein, also called b-32, is confmed to the endosperm, and its temporal and 

quantitative synthesis are coordinated during endosperm development with that of 

zeins (DiFonzo et al., 1986). A cDNA corresponding to b-32 has been cloned and 

sequenced (Di Fonzo et al., 1988). This gene, which is regulated by 02 (Lohmer et 

al., 1991) encodes a ribosome inactivating protein (RIP) (Bass et al., 1992). This 

suggests that its function is that of a defense protein. The relation between the 06 

mutation and b-32 gene expression are still not clear. 

Me is another opaque mutation that interferes with synthesis of zein proteins. 

This mutation is dominant in depressing zein synthesis (about a 29 % reduction) and is 

non-specific in its effect on zein polypeptides. Its chromosomal location is unknown 

(Soave and Salamini, 1984). The dominance of Me is incomplete when protein 

parameters rather than kernel phenotype are considered. In this respect, the mutant is 

similar to fl2 which shows dose-dependent effects on storage protein deposition 

(Salamini et al., 1983). An interesting aspect of the action of Me lies in its 

synergistic interaction with 02 in repressing zein synthesis. In the double mutant 

021Me, the accumulation of zeins is reduced to less than 10% of that of the wild type 

endosperm. It appears that the interaction of Me with 02 generates metabolic 

constraints that almost lead to complete suppression of zein synthesis. Unlike other 

genetic combinations that cause an extreme repression in zein synthesis (0206 and 
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0207), both the seed and plant phenotypes of 02Me are not so drastically affected by 

pleiotropic effects (Salamini et al., 1983). 

DeB30 is a dominant mutation that affects kernel structure and zein content. It 

is located on the short arm of chromosome 7, close to 02. This mutation 

preferentially reduces the level of the 22-kD alpha-zeins. The total amount of zein is 

reduced by about 12% in mutant endosperms (Soave and Salamini, 1984). Likefl2, 

Me and DeB30 overproduce b-70, the homolog of the mammalian molecular 

chaperone BiP (Fontes et al., 1991; Boston et al., 1991; Marocco et al., 1991). 

Protein body morphology is altered as well in both mutants, indicating that these 

mutations may lead to impairment in biological functions that affect protein folding 

and protein body assembly (Zhang and Boston, 1993). 

Mutations that cause an opaque phenotype in the seed are not always 

associated with a high lysine content in the endosperm. Nelson et al., (1965) found 

that the mutants 01 and fl1 have an amino-acid composition similar to that of normal 

maize. Despite their opaque phenotype, laser densitometry of zein bands separated by 

SDS-PAGE shows great similarity between the total zein pattern of these mutants and 

a normal genotype (unpublished observations). The semi-dominant mutationfl3, 

located on the long arm of chromossone 8, increases the percent of lysine in the 

endosperm, but difficulties in growing this mutant did not encourage its further 

analysis. 

The search for mutants with a higher content of limiting essential amino-acids 

led to the isolation of several additional opaque mutations. Nelson (1981) reported 
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five additional mutants that are not allelic to previously reported opaque mutants, nor 

to each other. Seeds of the 09 mutant have fully opaque crowns that are lightly 

colored. There may be patches of corneous starch on the abgerminal side of the 

kernel, or its entire base may be corneous. The 010 mutation leads to a totally solid 

opaque phenotype similar to 01. The 011 mutation has thin, grayish, shrunken 

kernels that usually contains a cavity in the center of the endosperm. The 012 

mutation has thin, variable size kernels. Mutant plants are usually 

chlorophyll-deficient. In some genetic backgrounds, mutant plants rarely produce 

ears. The 013 mutant has etched kernels with thin regions of corneous endosperm on 

the abgerminal side. 

Most of the previously described opaque mutations do not cause the dramatic 

reduction in the alpha-zeins, as observed in 02, fl2 and 07. Interestingly, they also do 

not cause any significant increase in nutritional quality of kernel proteins. 

Ultrastructural analysis and careful assessment of changes in minor zein components 

have not been done for many of these opaque mutants. An EMS-induced mutation 

has been isolated that almost abolishes gamma-zein production, even though the levels 

of alpha-zein are as high as in wild type seeds (Bostwick and Larkins, unpublished 
" 

results). This recessive lethal mutation leads to a soft, opaque endosperm, and the 

relationships between these traits are currently being studied. The fact that no null 

mutations that prevent accumulation of the minor storage protein classes (beta-, 

gamma-, and delta-zeins) have been identified, could indicate that these components 

have functions other than storage. In fact, the regular arrangement of these 



components in protein bodies may be an indication that they perform structural 

functions that are essential for correct assembly of this structure (Lending and 

Larkins, 1989). 

INCREASING SEED NUTRITIONAL QUALITY THROUGH THE USE OF 

MUTANTS 
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Although research on cereal nutritional quality has been emphasized for many years, 

there has been relatively little progress at increasing the percentage of the limiting 

amino acids, lysine and tryptophan. One of the major problems imposed to the 

improvement and utilization of maize mutants that increase seed nutritional quality is 

the lack of understanding of the factors that ultimately determine the nutritional and 

physical qualities of the seed. Endosperm storage proteins are apparently involved in 

cellular functions other than storage, since most mutations that affect their 

accumulation also alter endosperm texture (Figure 1.7) and the agronomic quality of 

the seed. 

The possibility to genetically manipulate the phenotype of the 02 mutant, 

eliminating its undesirable attributes and maintaining its nutritional quality, provide 

great hope for the development of commercially attractive high quality cultivars 

(Larkins et al., 1992; Gevers and Lake, 1992; Bjarnason and Vasal, 1992). 

Characterization of these modified mutants has been carried out at the genetic, 

biochemical, ultrastructural and molecular levels (Ortega and Bates; 1983; Belousov, 

1987; Wallace et al., 1990; Lopes and Larkins, 1991; Geetha et al., 1991; Larkins et 



al., 1992). The knowledge generated by these studies may provide a better 

understanding of the processes that define physical and chemical properties of maize 

endosperm, as well as aid in the development of better strategies to explore existing 

genetic variability to improve the quality of the maize seed. 

Genetic Modification of 02 Mutants 
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Modification of the floury endosperm of 02 is a naturally occurring phenomenon that 

leads to the formation of hard and vitreous endosperm regions in the mutant seed 

(Figure 1.8). Genes that condition this phenotype are generally called "02 

modifiers". Biochemical analysis have shown that the high levels of essential amino 

acids associated with the 02 mutation persists even after the physical modification of 

the endosperm (paez et al., 1969). 

The ability of modifier genes to alter the soft endosperm of 02 mutants while 

maintaining a high nutritional quality was successfully utilized to convert several 

maize cultivars to genotypes known as Quality Protein Maize (QPM) (reviewed by 

Vasal et al., 1980; Bjamason and Vasal, 1992; Villegas et al., 1992; Gevers and 

Lake, 1992). The breeding approach consisted of sequential cycles of selection in 02 

stocks that have genetic variability for seed modification. The objective of the 

breeder was to accumulate favorable modifier genes, thus promoting a progressive 

increase in seed hardness. Every cycle of selection included careful analysis of 

diverse plant traits, as well as physical and biochemical analysis of seed traits, so that 

selected material had desirable agronomic properties as well as high nutritional 
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Figure 1.S. Modified opaque-2 kernels showing vitreous (strong yellow color) 

endosperm in the top half (left), middle portion (center), and bottom half of the 

endosperm (right). Formation of modified endosperm leading to alterations in 

physical structure of the mutant seed appears to act independently of the clonal mode 

of development illustrated in Figure 1.2. 
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quality. 

The action of endosperm modifier genes in maize has been the subject of 

considerable number of reports during the last 25 years (reviewed by Glover and 

Mertz, 1987). However, due to the complexity of this trait, no detailed research was 

done to unravel the inheritance and mode of action of the modifier genes. The need 

for complex breeding strategies and many cycles of selection to achieve a reasonable 

degree of endospenn modification (Vasal et al., 1980) indicates that this trait has 

complex inheritance. 

Phenotypic analysis reinforced the hypothesis that seed modification depends 

upon a complex system of genetic control. The existence of gene dosage effects in 

the triploid endosperm, effects of genetic background, and incomplete and unstable 

penetrance of the modifier genes all supported such view. Additive, dominant, 

semi-dominant, and recessive gene action were all detected in genetic studies with 

different modified genotypes (Belousov, 1987). 

Phenotypic variation ranging from completely unmodified to completely 

modified kernels with a plethora of intermediate, partially modified types, is found in 

single ears of F2 progenies obtained of Fl hybrids from modified and non-modified 

02 mutants (Lopes and Larkins, 1991). The existence of such a wide range of 

segregation in small seed samples suggests that the number of genetic factors 

responsible for endosperm modification is not large, although their interaction must be 

complex. In fact, extensive variability in the manifestation of endosperm modification 

can be detected, depending on genotype. In segregating kernels involving certain 
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combinations of modified and opaque parents the opaque and vitreous regions occur 

either at the tip or at the crown of the endosperm, but are never interspersed. 

However, other parental combinations generate kernels that segregate as mosaics with 

irregularly interspersed opaque and vitreous regions. These dramatic variations in the 

nature of phenotypic segregation suggests that the genetic background affects the 

spatial expression of endosperm modifiers (Figure 1.8) (Lopes and Larkins, 1991), 

thus complicating genetic analysis of this trait. 

The successful development of modified 02 germplasm opened new 

possibilities for the improvement of the nutritional quality of maize. In addition, the 

potential of this system to help uncover mechanisms of modifier gene action prompted 

interest in studying the genetic, biochemical and molecular basis of endosperm 

modification. The first biochemical change reported to be associated with 02 

modification was the increased accumulation of the storage protein fraction extracted 

in aqueous alcohol plus reducing agent following removal of alpha-zeins (Gentinetta et 

al., 1975; Ortega and Bates, 1983). This fraction usually contains the less abundant 

storage proteins, the delta-, beta-, and gamma-zeins, although small amounts of alpha

zeins are also recovered in this fraction (Landry and Morreaux, 1970; Esen, 1986). 

The development of improved techniques for extraction and measurement of 

endosperm storage proteins revealed that endosperm modification is associated with a 

two- to three-fold increase in the accumulation of the 27-kD gamma-zein. No other 

significant change occurs in any protein component of the modified seed compared to 

non-modified 02 (Wallace et al., 1990). Further analysis showed that in reciprocal 



crosses between modified and non-modified genotypes, as well as in F2 progenies 

segregating for seed modification, the degree of endosperm modification and 

77 

increased synthesis of gamma-zein are both dosage-dependent and directly correlated 

(Lopes and Larkins, 1991). Furthermore, analysis of the steady-state level of 

gamma-zein mRNA indicated a correlation between gene dosage and mRNA levels in 

the developing endosperm. The increased level of gamma-zein mRNA in modified 

endosperm could be a result of increased gene transcription or more stable mRNA, 

but it cannot be a consequence of gene amplification, since gamma-zein genes are 

found in only two copies per modified genome (Geetha et al., 1991). Inbred lines 

that have no modifier genes and one or two gamma-zein genes in the genome do not 

develop modified endosperm when converted into 02. Therefore, the process of seed 

modification appears to lead to accumulation of factors that act on gamma-zein gene 

transcription and/or mRNA stability in order to increase the net amount of mRNA and 

protein in the endosperm. 

To further characterize the changes in gamma-zein protein accumulation 

conditioned by 02 modifiers, the subcellular location and spatial distribution of this 

protein was determined in developing endosperms by immunocytochemical techniques 

(Geetha et al., 1991). Interestingly, the increased synthesis of gamma-zein in 

modified 02 mutants does not lead to larger protein bodies. Protein bodies in 

modified genotypes have about the same diameter as those in non-modified 02 

mutants (about 0.4 I'm). However, there is an alteration in spatial distribution of this 

protein. In modified 02 mutants high concentrations of the protein extend for 
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multiple cell layers toward the center of the endosperm, while in the wild-type and 02 

endosperms gamma-zein is located mostly in the outer cell layers of the endosperm 

tissue (Lending and Larkins, 1989). 

Despite the fact that the number of protein bodies per unit endosperm volume 

has not been compared between modified and non-modified 02 types, higher 

accumulation of gamma-zein must lead to formation of many more of these structures 

in the cytoplasm of modified endosperm, compared to unmodified types (Lopes and 

Larkins, 1991). As the seed matures, the desiccation of the endosperm may lead to 

disintegration of RER membranes, exposing the gamma-zein protein to the 

cytoplasmic matrix. The fact that this protein has the ability to crosslink, forming 

high molecular weight oligomers in vitro (Lopes and Larkins, 1991), in addition to 

the necessity of strong reducing/denaturing conditions to quantitatively extract it from 

maize endosperm (Wallace et aI., 1990), suggest its is extensively complexed in vivo. 

During desiccation, the protein bodies become closely packed (Torrent et aI., 1989) 

and possibly crosslinked by the gamma-zein protein. This could cause the vitreous 

phenotype of the mature modified 02 kernels (Lopes and Larkins, 1991). 

INCREASING SEED NUTRITIONAL QUALITY THROUGH GENETIC 

ENGINEERING 

Although modification of 02 maize represents a significant step in the development of 

high quality maize, further increases in essential amino acid content may be possible 

through genetic engineering of seed protein genes. With the advent of recombinant 
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DNA research and development of techniques for genetic manipulation of plant genes, 

it has become possible to isolate the genes encoding seed storage proteins and alter 

their DNA sequences, generating codons that encode essential amino acids. 

Introduction of engineered genes into elite inbred lines may prove to be the 

most efficient strategy to solve the problem of poor nutritional quality of cereal 

grains. However, analysis of mutants already revealed that alterations in storage 

proteins may lead to undesirable effects in seed phenotype. Therefore, it is expected 

that higher chances of success with the genetic engineering approach depend on the 

possibility of altering seed nutritional quality by causing minimal alterations in seed 

structure. This will require protein modifications that do not abolish or alter 

biological properties such as the ability to fold properly and assemble into protein 

bodies, or change the susceptibility to degradation during seed germination. 

Since alpha-zeins, the major class of endogenous storage proteins in maize, are 

encoded by a multigene family with a number of active members, addition of a single 

engineered gene into the genome may prove insufficient to significantly increase the 

nutritional value of the seed. Therefore, mechanisms that reduce the synthesis of low 

quality endogenous storage proteins and provide conditions for high levels of 

expression of the engineered genes must be found. A modified mutant such as 02 

could be useful in this regard. With this mutation, expression of genes encoding the 

endogenous lysine-poor zeins is reduced. It may be that endosperm modifier genes 

responsible for the high levels of gamma-zein gene expression in modified 02 mutants 

will provide the mechanism for regulating synthesis of a genetically engineered 
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storage protein gene, thus providing the way to develop agronomically desirable seeds 

containing a significant increase in lysine content. 

Modification of the coding sequence of an storage protein gene has been done, 

by adding lysine at numerous sites of the polypeptide, as well by inserting short 

peptides containing both lysine and tryptophan (Wallace et al., 1988). Analysis of 

their synthesis and processing was carried out in Xenopus laevis oocytes. Injection of 

in vitro synthesized message into oocytes led to proper synthesis and processing of the 

altered zein polypeptides. Analysis of oocyte contents by density fractionation 

indicated that alpha-zein proteins containing both lysine and tryptophan residues can 

aggregate into structures with the physical properties of maize protein bodies. 

However, stability and assembly of these modified proteins in developing maize 

endosperm has not yet been determined. 

SUMMARY AND CONCLUSIONS 

Although attractive for studies of endosperm development and structure, analyses of 

opaque mutations in maize have been mostly focused on their potential regulatory 

controls over storage protein genes (Soave and SaIamini, 1984; Motto et aI., 1989; 

Schmidt, 1993). Regulatory processes do not operate in isolation, but in a series of 

complex temporal and spatial interactions that are context dependent (Goodwin, 1985; 

Green, 1991). The products of regulatory genes and of those genes they regulate 

most probably affect the dynamics of one or more physiological or interactive 

processes leading to a cascade of inter- and intracellular reactions that impact on 



differentiation and morphogenesis (Nijhout, 1990). 

Although very little is known about the role endosperm storage proteins play 

in morphogenesis and differentiation, evidence for their involvement in these 

processes comes from the phenotype of mutants missing certain zein components. 

81 

The existence of mutations such as 02 and fl2 that affect seed nutritional quality, 

storage protein deposition, protein body morphology and endosperm phenotype (Mertz 

et al., 1964; Nelson et al., 1965; Christianson et al., 1974; Motto et al., 1989; 

Boston et al., 1991; Fontes et al., 1991; Marocco et al., 1991; Zhang and Boston, 

1993), reinforce the hypothesis that prolamines perform functions other than nutrient 

storage. Further evidence for the involvement of storage proteins in endosperm 

differentiation has been provided by indications that gamma-zein is involved in the 

modification of 02 endosperm (Larkins et al., 1992). The study of these mutations 

may provide knowledge to help design better strategies for genetic manipulation of 

endosperm chemical and physical structure through genetic engineering. 

The developments of molecular biology and the possibility of synthesizing 

storage proteins and expressing the genes encoding them in transgenic plants 

(Hoffman et al., 1987), yeast (Coraggio et al., 1988; Utsumi et al., 1991), and frog 

oocytes (Wallace et al., 1988) provides a way to dissect the molecular and cellular 

mechanisms by which these proteins are targeted and deposited in their correct 

cellular locations. These studies, in conjunction with the analysis of developmental 

mutants, will eventually explain the unique biochemical features of these proteins, as 

well as their involvement in interactive processes that affect endosperm development. 
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CHAPfER2 

SYNTHESIS OF AN UNUSUAL ALPHA-ZEIN PROTEIN IS CORRELATED 

WITH THE PHENOTYPIC EFFECTS OF THEfloury-2 MUTATION IN 

MAIZE ENDOSPERM. 

INTRODUCTION 

A number of mutations are known to affect storage protein synthesis in maize 

endosperm (Motto et aI., 1989). In general, these mutants have lower seed density, 

and a fragile and lusterless (opaque) endosperm, both of which are generally thought 

to be associated with their reduced capacity to synthesize specific zein proteins. 

Several dominant and recessive opaque mutations are considered to be regulatory, due 

to their ability to affect synthesis of specific zein classes (Soave and Salamini, 1984; 

Motto et al., 1989; Schmidt, 1993). However, this relationship has only been 

confirmed for the recessive mutation 02, which corresponds to a defect in a regulatory 

locus involved in alpha-zein gene transcription (reviewed by Schmidt, 1993). 

Another mutation of a putative regulatory locus, floury-2 (fl2) (Salamini et al., 

1984; Motto et al., 1989), acts in a semidominant mode and results in decreased 

accumulation of alpha-zein proteins (Jones, 1978; Di Fonzo et al., 1979). This 

mutation has been shown to reduce zein mRNA levels (Jones, 1978; Burr and Burr, 

1982) and to cause formation of morphologically altered protein bodies that 

accumulate abnormally large amounts of an RER-resident 70-kD protein identified as 

a maize homologue of the chaperonin BiP (Fontes et al., 1991; Boston et al., 1991; 
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Marocco et al., 1991; Zhang and Boston, 1993). In contrast to the normal genotype, 

where the sequential association of alpha-, beta-, gamma-, and delta-zeins gives rise 

to discrete, spherical protein bodies that are 1 to 2 J.'m in diameter (Lending and 

Larkins, 1989), those ofjl2 grow irregularly, becoming highly lobed with an uneven 

distribution of the various zein classes (Zhang and Boston, 1993; Lending and 

Larkins, 1993). Although the genetic defect undedyingjl2 is unknown, the multitude 

of phenotypic changes associated with this mutation make it difficult to explain its 

action simply on the basis of a defect in a zein transcriptional regulatory locus. 

The complex effects of the jl2 mutation suggest that it could correspond to a 

defect in zein protein synthesis and secretion. Accumulation of defective proteins 

within the RER could lead to changes in protein-protein interactions and disruption of 

supramolecular structures necessary for a wild type phenotype. Sequence 

conservation among prolamines of several species and the organized distribution of 

the several zein classes within protein bodies is an indication that the conserved 

structural features of prolamines may be necessary to direct their folding and targeting 

to cellular locations, their assembly into protein bodies, or their degradation during 

seed germination (Kreis and Shewry, 1989; Lending and Larkins, 1989). 

If jl2 corresponds to a defect that interferes with wild type activity, its 

semidominant nature could be explained by the effect of the level of defective gene 

product accumulated, depending on the number of mutant alleles active in the triploid 

endosperm. Increases in BiP induction parallel to increased alteration in protein body 

morphology and dosage of jl2 alleles (Zhang and Boston, 1993) strongly favors this 



hypothesis. The fact that only onej12 allele has been found (Emerson et al., 1935), 

together with its map position within a cluster of alpha-zeins on chromosome 4, 

further indicates that if a defective gene product is associated with this mutation, it 

could correspond to an alpha-zein. This is an especially attractive possibility, since 

certain alpha-zeins are 02-regulated (Schmidt, 1993), which would provide an 

explanation for the epistasis of 02 over j12. 
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This chapter shows that the complex phenotypic changes associated with the 

j12 mutation are correlated with the synthesis and accumulation of an unusual alpha

zein protein of 24-kD. Also, an RFLP that is unique to j12 can be detected with an 

alpha-zein gene probe. The results presented suggest that the generalized reduction in 

gene transcription observed in j12 (Lopes et al. 1993) may be a response to 

accumulation of a defective alpha-zein protein that impairs the endosperm secretory 

machinery. 

MATERIAL AND METHODS 

Plant Materials and Chemicals 

Maize (Zea mays L.) inbred lines and their isogenic mutants were grown at the 

University of Arizona Research Farm, Tucson, AZ, and Purdue University Agronomy 

Farm, West Lafayette, IN. Self-pollinated ears and reciprocal Fl hybrids were 

obtained by hand-pollination. F2 families segregating for the j12 mutation were 

obtained by hand pollinating Fl plants obtained from the cross W64A x W64Aj12. F2 

seeds were segregated into opaque (fl21j121j12), semi-opaque (fl21j12/ + and j12/ + / + ), 
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and vitreous (+1+1+) classes with the aid of a light box. From each class, 60 seeds 

were planted and leaf tissue from 30 plants was harvested in bulk, frozen and 

lyophilized for DNA extraction. Developing seeds were harvested at different 

developmental stages, frozen in liquid nitrogen, and stored at -80"C until use. 

Enzymes were purchased from Bethesda Research Laboratories, Life 

Technologies, Inc. (Gaithersburg, MD), unless otherwise indicated. Nitrocellulose 

and nylon membranes were purchased from Schleicher & Schuell Inc. and MSI 

Corporation. BSA, Tris base (tris[hydroxymethyl]aminomethane), Tween 20 

(polyoxyethylenesorbitan monolaurate), SDS (sodium dodecyl sulphate), 2-

mercaptoethanol, and goat anti-rabbit IgG were from Sigma Chemical Co. All other 

chemicals were reagent grade and were purchased from either Sigma Chemical Co. or 

Bethesda Research Laboratories. 

Extraction of Zeins, SDS-PAGE, Immunoblotting, and Protein Measurements 

Embryos were hand-dissected from dry, mature kernels sampled from fully developed 

ears. A sample of 20 endosperms was first pulverized in a blender, then ground to a 

fine meal with a ball mill. Alpha-zein proteins were extracted overnight in 70% (v/v) 

ethanol by constant shaking at 37"C. After centrifugation for 15 min at 12,000 rpm, 

the supernatant was collected, vacuum dried, and stored at 4°C until use. Total zeins 

and non-zein proteins were isolated according to Wallace et al. (1990). Total 

endosperm protein was solubilized in 0.0125 M sodium borate (PH 10.0), 1 % (w/v) 

SDS, and 2 % (v/v) 2-mercaptoethanol. Samples were extracted overnight with 



constant shaking at 37°C, and centrifuged for 15 min at 12,000 rpm to remove 

insoluble components. The supernatant was carefully removed and mixed with 

absolute ethanol to a final concentration of 70% (v/v). After 30 min incubation at 

37°C with occasional mixing, a precipitate of alcohol-insoluble non-storage proteins 

was visible, and the samples were again centrifuged as described before. The 

supernatant containing total zeins was transferred to clean microfuge tubes, vacuum 

dried, and stored at 4°C until use. 
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SDS-polyacrylamide gradient gels (7.5 to 18%, w/v) were prepared 

according to Laemmli (1970), but the Tris concentrations used in the resolving gel 

and running buffer were doubled. Protein samples were diluted in Laemmli sample 

buffer and boiled for 3 min before loading. Gels were run at room temperature at a 

constant current of 15 rnA, stained with Coomassie blue overnight, and destained in 

40% (v/v) methanol and 10% (v/v) acetic acid for at least 8 hours. Immunoblotting 

analyses were used to specifically detect alpha-zeins in protein extracts. Protein 

extracts were separated by SDS-PAGE as described above, transferred to 

nitrocellulose fIlters, and treated with a rabbit anti-alpha-zein polyclonal antibody 

(Lending et al., 1988). Goat anti-rabbit alkaline phosphatase conjugate was used for 

indirect detection of alpha-zein, as described by Knecht and Dimond (1984). 

Duplicated Coomassie blue-stained gels were scanned with a laser 

densitometer, and the average of absorbance values were used to calculate the relative 

amounts of the various components of the zein fraction. Concentration is indexed to 

the value of the genotype indicated by a star in Table 2.1, which had the absorbance 
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Figure 2.1. Effect of thefl2 Mutation on Endosperm Phenotype. Seeds from 

representative samples of normal, fl2 and o2fl2 versions of the inbred line W64A, and 

their reciprocal FI crosses were cut in cross section with a razor blade and 

photographed on a light box. (PI), parent 1; (P2), parent 2. In cmsses between PI 

and P2, the female parent is always listed first. (A) Left, W64A (PI); right, 

W64Ao2 (P2); middle, PI x P2 and P2 x PI, respectively. (B) Left, W64A (PI); 

right, W64Ajl2 (P2); and middle, PI x P2 and P2 x PI, respectively. (C) Left, 

W64Afl2 (PI); right, W64Ao2 (P2); middle, PI x P2 and P2 x PI, respectively. (D) 

Left, W64Ao2 (PI); right, W64Ao2fl2; middle, PI x P2 and P2 x PI, respectively. 
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value arbitrarily considered to be 1. Enzyme Linked Immunosorbent Assays (ELISA) 

were performed for triplicated samples of total zein extracts from W64A and 

W64Afl2. Absorbance was measured over a series of twofold dilutions of the 

antigen, and a regression analysis was performed on a range of concentrations over 

which increase in absorbance was proportional to increase in antigen concentration 

(Wallace et al., 1990). The slopes of the regression lines were used to calculate 

relative concentration. Relative concentration is indexed to the slope value of the 

genotype indicated by a star in Table 2.1, which had its value arbitrarily considered to 

be 1. 

Protein Purification, Amino Acid Analysis, and Amino Tenninus Sequencing 

Alpha-zein extract from W64Afl2 was obtained as described and fractionated by a 

12.5% (w/v) preparative SDS-PAGE. The gels were pre-run for 2 hours, loaded, and 

run at room temperature at 60 V in a Mini Protean II gel apparatus (Bio-Rad). Gel 

strips containing the 24-kD alpha-zein were excised with a razor blade, washed briefly 

in distilled water, transferred to the well of another similar preparative gel, and ran as 

described. The gels were electroblotted onto polyvinylidene difluoride (PVDF) 

membranes at 60 V in 25 mM Tris-Hel, pH 8.3, 192 mM glycine, and 15 % 

methanol. The membranes were washed extensively in deionized water to remove 

excess of Tris and glycine. Protein was detected by brief staining with a 0.2 % (w/v) 

Ponceau S and 1 % (v/v) acetic acid solution. The membrane was destained by 

rinsing in distilled water for 10 min, blotted dry between filter papers, and stored at -
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20°C until use. The amino acid analysis and NH2-terminal sequence were obtained 

with an Applied Biosystems 477A Protein Sequencer operated by the Macromolecular 

Structures Facility, University of Arizona, Tucson, AZ. 

DNA Isolation, Probe Labelling, and Southern Blot Analysis 

Lyophilized leaves were ground in liquid nitrogen in the presence of acid washed 

sand, and DNA was extracted according to the procedure described by Saghai-Maroof 

et al. (1984). DNA samples (10 p.g) were digested at 37°C overnight with 2 units of 

restriction enzyme per p.g of DNA. To ensure that full digestion had occurred, a 

second aliquot of 1 unit of restriction enzyme per p.g of DNA was added, and the 

reaction was allowed to proceed for an additional 3 h. Digested samples were loaded 

onto 0.8% agarose gels, which were run at 2 V/cm for 15 h. Gels were stained for 

15 min in ethidium bromide (0.5 p.g/ml) and photographed over a UV 

transilluminator. Following a 10 min wash in distilled water DNAs were depurinated, 

denatured, and transferred to a nylon membrane (MSI Corporation) as described by 

Kreike et al., 1990. After transfer, membranes were washed for 15 min in 2X SSC, 

blotted onto filter paper to remove excess moisture, UV crosslinked, and baked under 

vacuum for at least 3h at 80°C. Probe labelling was by PCR (perkin Elmer Cetus) 

amplification of plasmid inserts with incorporation of digoxigenin-dUTP (Boehinger 

Mannhein) (McCreery and Helentjaris, 1993a). Pre-hybridization, hybridization and 

chemiluminescent detection were done according to the method described by Kreike et 

al., (1990) and McCreery and Helentjaris (1993b). 
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Figure 2.2. SDS-PAGE Analysis of Zein and Non-Zein Proteins from Mature 

Endosperm Flour of W64A, W64Ao2, W64Afl2, W64Ao2fl2 and Their Reciprocal Fl 

Crosses. (A) Total non-zeins were obtained as described in "Material and Methods" 

and separated by a 7.5% to 18% gradient gel SDS-PAGE. Samples of 20 seeds from 

each genotype were degerm and ground to a fine powder. Proteins were extracted 

from equal amounts of endosperm flour; protein extracts corresponding to 4 mg of 

extracted flour were solubilized in Laemmli sample buffer and loaded on the gel. 

Lane 1, W64A (PI); lane 2, PI x P2; lane 3, P2 x PI; lane 4, W64Ao2 (P2); lane 5, 

W64A (PI); lane 6, PI x P2; lane 7, P2 x PI; lane 8, W64Afl2 (P2); lane 9, 

W64Ao2 (PI); lane 10, PI x P2; lane 11, P2 x PI; lane 12, W64Afl2 (P2); lane 13, 

W64Ao2 (PI); lane 14, PI x P2; lane 15, P2 x PI; and lane 16, W64Ao2fl2 (P2). 

(B) Total zein proteins obtained and separated as described in (A) and "Material and 

Methods", except that protein extracts corresponding to 2 mg of extracted flour were 

loaded on the gel. Sample order is the same described in (A). 
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RESULTS 

Effects of the fl2 Mutation on Endosperm Phenotype 
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To study the effects of the fl2 mutation on endosperm phenotype we obtained 

reciprocal Fl progenies of normal,jl2, 02, and 02jl2 versions of the inbred line 

W64A. Because maize endosperm is triploid, reciprocal crosses can be used to study 

the effect of gene dosage on endosperm traits. Figure 2.1 shows the phenotype of 

mature seeds from a representative sample of each mutant and Fl cross. Usually, 

mutations that reduce storage protein accumulation lead to the loss of the hard texture 

and vitreous phenotype commonly seen in the wild-type endosperms. As a result, the 

tissue becomes soft and starchy, and is usually called "opaque" due to its inability to 

transmit light. 

Figure 2.1A shows that the regulatory gene 02 affects the endosperm 

phenotype in a dominant fashion. Seeds carrying 1 or 2 doses of the mutant 02 allele 

have a wild type phenotype. In contrast, Figure 2.1B reveals thatjl2 affects the 

phenotype in a semidominant manner. Increasing dosage of the wild type allele leads 

to a progressive enlargement of the region of the endosperm that has a hard texture. 

Figure 2.1C contrasts the dominant and semidominant nature of 02 andjl2. 

Progenies that are heterozygous at both loci have the jl2 phenotype. The phenotype 

of seeds in Figure 2.1D illustrates the epistasis of 02 over jl2. Seeds from reciprocal 

crosses of the double mutant 02fl2 with 02 display the 02 phenotype, even though 1 

and 2 doses of thefl2 allele are present in the heterozygous Fl. Figures 2.1B, 2.1C 

and 2.1D indicate that manifestation of the fl2 phenotype is conditioned by the 
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presence of at least one functional 02 allele in the seed. 

Effects of the fl2 Mutation on Accumulation of Endosperm Proteins 

To characterize the effects of the fl2 mutation on zein and non-zein protein 

accumulation, mature endosperm from the seeds illustrated in Figure 2.1 was 

extracted and analyzed by SDS-PAGE. Figure 2.2A shows a Coomassie-blue stained 

gel of non-zein protein from equivalent amounts of mature endosperm flour. This 

protein fraction is composed of a complex mixture of polypeptides that correspond to 

products of housekeeping genes, as well as to proteins that perform endosperm

specific metabolic and structural functions. One consequence of the fl2 mutation is 

the enhanced production of a 70-kD polypeptide known to be the maize homolog of 

the chaperon in BiP (Fontes et al., 1991; Boston et al., 1991; Marocco et al., 1991; 

Zhang and Boston, 1993). This protein, indicated by a thick arrow in Figure 2.2A, 

increases in parallel with the increase in dosage of the fl2 allele (Galante et aI., 

1983), as illustrated in lanes 5-8 and 9-12. However, wild type or 02 endosperms 

have only a small amount of this protein, as seen in lanes 1-4, 9, and 13 to 16. 

The 02 locus encodes a transcriptional activator that regulates certain alpha 

zein genes, as well as b-32, a gene that encodes a ribosome inactivating protein (RIP) 

(Lohmer et aI., 1991; Bass et al., 1991). The b-32 protein is indicated by a thin 

arrow in Figure 2.2A. By comparing the presence of b-32 and BiP in each lane, it is 

clear that overexpression of BiP does not occur unless an active allele of 02 is 

present. The epistasis of 02 over fl2 at this level suggests that the gene causing the 



Table 2.1. Quantification of zeins in W64A, W64Ao2, W64Afl2, W64Ao2fl2, and 

some of reciprocal crosses, by densitometry of Coomassie blue-stained gels and 

ELISA. 

A. Densitometryl 

Genotypes 27-kD 22-kD 19-kD 13-kD I2-kD 

W64A (PI)- 1.00 1.00 1.00 1.00 1.00 

PI x P2 0.91 0.84 0.96 0.82 1.63 

P2 x PI 0.83 0.67 1.05 0.53 2.93 

W64Afl2 (P2) 0.89 0.48 0.92 0.23 4.20 

W64Ao2 (Pir 1.00 1.00 1.00 1.00 1.00 

PI x P2 1.14 0.96 0.81 1.13 -
P2 x PI 1.05 0.92 0.74 0.95 -
W64Ao2fl2 (P2) 0.86 0.84 0.71 0.95 -

B. ELISA Assays2 

Genotypes Beta-Zein Alpha-Zein Gamma-Zein 

W64A- 1.00 1.00 

W64Afl2 0.67 0.69 

1 Results correspond to the average readings of two scanned gels. 

2 Results correspond to the average of triplicate assays. 
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* Concentrations are indexed to the values of the indicated genotypes, which had their 

values arbitrarily stablished as 1. 
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fl2 mutation is, similar to b-32, regulated by 02. 

Figure 2.2B shows the effect of thefl2 mutation on zein protein accumulation. 

All zein classes are represented in each lane. The 19- and 22-kD polypeptides 

correspond to the alpha-zein class; the 16-, 27-, and 58-kD polypeptides are all 

related and classified as gamma-zeins (Lopes and Larkins, 1991). The polypeptides 

in the 10-leD region correspond to delta-zeins. The relationship of the 12- and 13-kD 

polypeptides has not yet been described. Lanes 1-4 and 5-8 contrast the dominant and 

semidominant effects of 02 and Fl2 on alpha-zein accumulation. Only the 

homozygous 02 mutant leads to a significant reduction in alpha-zein accumulation 

(Lanes 4, 9, and 13), whereas a gradual decrease in the 19-kD alpha-zein can be 

detected with increasing dosages of thefl2 allele Oanes 5-8, 9-12). Although crosses 

between 02 and 02fl2 double mutants have an alpha-zein content similar to 02, a 

small, but gradual decrease in both the 19-kD alpha-zein and 27-kD gamma-zein 

classes occurs parallel with increasingfl2 dosage (Lanes 13-16). Similar results have 

been obtained with samples from mutants in different inbr~ lines (data not shown), 

indicating that the variations described here are not due to effects of inbred 

background unrelated to the fl2 mutation. 

Some variation in accumulation of small molecular weight zein bands is also 

seen in Figure 2.2B. The 12- and 13-kD alcohol-soluble polypeptides can only be 

efficiently extracted by the method described by Wallace et al. (1990). Apparently, 

these proteins require exposure to denaturing and reducing solvents before they can be 

effectively solubilized in aqueous alcohol. Interestingly, an increase of fl2 dosage is 
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paralleled by an increase in accumulation of the 12-kD polypeptide, while the opposite 

occurs for the 13-kD polypeptide (Table 2.1). Similar alterations occur in different 

inbred lines (data not shown; Hastings et al., 1984), indicating that these changes are 

either directly related to jl2 or caused by pleiotropic effects of the mutation. 

To measure the differences in storage protein content in W64A, W64Ajl2, 

W64A02jl2 and their reciprocal crosses, we used laser densitometry to determine the 

relative amount of each protein class in Coomassie-stained gels (Table 2.1). For the 

reciprocal crosses between the wild-type andjl2, the 22-kD alpha-zein decreases with 

increasing dosage of the mutant allele. Only minor variations could be detected for 

the 19-kD fraction. A small decrease in the 27-kD gamma-zein could also be 

detected. For the reciprocal crosses between 02 and 02jl2, the 22-kD alpha-zein was 

practically absent in all lanes. However, small but gradual decreases could be 

detected for the concentration of both the 19-, and 27-kD bands. We also used 

ELISA with polyclonal antibodies to more precisely determine relative concentration 

of each of the zein classes in the normal andjl2 versions of W64A (Table 2.1). 

These results show thatjl2 reduces the accumulation of the alpha-, beta-, and gamma

zeins classes to different extents. The drastic decreases detected by ELISA in the 

content of gamma-zein in the mutant is not paralleled by the decrease detected by 

densitometry. The reason for this discrepancy is that the 27-kD gamma-zein band 

runs in close proximity to an unusualjl2-related alpha-zein protein, described in the 

next sections. Since it is not possible to distinguish these protein bands in Coomassie

stained gels (Figure 2.2B), the densitometric values for the 27-kD gamma-zein of the 
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Figure 2.3. Immunodetection of Alpha-Zein Proteins in Mature Endosperm Flour of 

W64A, W64Ao2, W64Ajl2, W64Ao2fl2 and Their Reciprocal F1 Crosses. Seeds 

from each genotype were degermed and ground to a fine powder. Alpha-zein proteins 

were obtained as described in "Material and Methods" and extracts corresponding to 

100 p.g (lanes 1-4) and 80 p.g (lanes 5-16) of extracted flour were separated by a 

7.5% to 18% gradient gel SDS-PAGE. Proteins were electroblotted onto a 

nitrocellulose filter and treated with alpha-zein polyclonal antibodies. Sample identity 

and order are the same as described in Figure 2 .1. 
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fl2 genotype correspond to two protein bands. 

A Novel Alpha-Zein Protein is Associated with thefl2 Phenotype 

In order to analyze alpha-zeins we used immunoblotting, a technique that allows 

better resolution of the components of this protein class. Figure 2.3 shows an 

immunoblot of the alpha-zein proteins shown in Figure 2.2B. The proteins were 

blotted onto a nitrocellulose filter and treated with an alpha-zein polyclonal antibody 

(Lending et al., 1988). In addition to reacting with the 19- and 22-kD polypeptides, 

the antibody recognized an additional polypeptide of 24-kD, present in all genotypes 

carrying fl2 alleles. The amount of this protein increased in a dosage dependent 

manner with the mutant allele. It was not present in samples of the normal Oanes 1-3 

and 5) or 02 Oanes 4, 9, and 13) genotypes, although small, almost undetectable 

amounts of this polypeptide are present in the 02fl2 double mutant Oane 16). 

A high molecular weight protein band (indicated by the arrow in Figure 2.3, 

lanes 6-8, and 10-12), which appears to be an oligomer of this alpha-zein, increased 

in parallel with the dosage of fl2. Additional oligomers of slightly lower molecular 

weight appear to correspond to dimers of the 19- or 22-kD alpha-zeins. Genotypes 

that accumulate lesser amounts of alpha-zeins showed barely detectable amounts of 

these polypeptides Oanes 13-16). It is difficult to explain the formation of these high 

molecular weight complexes, considering the protein samples were boiled in a 

reducing/denaturing sample buffer (Laemmli, 1970) and separated in a denaturing gel. 

Similar patterns were obtained when we analyzed alpha-zein proteins from the 
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inbred lines M14 and lllinois Low Protein (ILP). Figure 2.4A shows the SDS-PAGE 

of alpha-zein proteins extracted from equal amounts of endosperm flour obtained from 

isogenic normal (lane 1), 02 (lane 2) andfl2 (lane 3) versions of M14. High 

molecular oligomers between 45- and 69-kD are present only in the fl2 sample (lane 

3). Analysis of alpha-zeins from normal, 02 andfl2 mutants in the ILP background 

produced unexpected results (Figure 2.4, B and C). Both normal andfl2 seeds 

contain an extra alpha-zein polypeptide of 24-kD, not present in the 02 genotype. 

Normal and fl2 versions of the inbred line Va36 have been reported to contain an 

extra protein band similar to those described here (Soave et al., 1978). However, 

careful analysis of SDS-PAGE gradient gels and immunoblots indicated that the 24-

kD proteins in the wild type and fl2 genotypes have a slight variation in mobility. An 

immunoblot of equivalent amounts of alpha-zein extracted from normal, 02 andfl2 

versions of ILP reacted with alpha-zein antibodies is shown in Figure 2.4B. We 

arbitrarily consider that the protein in the normal genotype (lane 1) migrates at 25-

kD, while the protein in thefl2 genotype (lane 3) migrates at 24-kD. 

By analyzing the solubility properties of these two proteins we demonstrated 

that they have additional differences. When the alpha-zeins of ILP and ILP fl2 were 

extracted in 70% ethanol, both the 24- and 25-kD polypeptides were present in 

comparable amounts, as shown in the immunoblot of Figure 2.4B, lanes 1 and 3. 

However, if the ethanol concentration was diluted to 50%, most of the 25-kD protein 

remained in solution, while most of the 24-kD protein precipitated. Figure 2.4C 

shows an immunoblot of the alpha-zein proteins obtained by dilution to 50% ethanol 
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Figure 2.4. Analysis of Zein Proteins from Mature Endosperm Flour of M14 and 

ILP Genotypes. (A) Total zein proteins from M14 genotypes were obtained and 

separated as described in Figure 2.3, except that protein extracts equivalent to 2 mg 

of endosperm flour were loaded onto each lane, and the gel was stained with 

Coomassie blue. Lane 1, M14; lane 2, M1402; Lane 3, MI4fl2. (B) Immunoblot of 

alpha-zeins from ILP. Protein extract from 100 p.g of flour was separated by a 7.5% 

to 18% gradient gel SDS-PAGE. Proteins were electroblotted onto a nitrocellulose 

filter and treated with alpha-zein polyc1onal antibodies as described in "Material and 

Methods". Lane 1, ILP; lane 2, ILPo2; Lane 3, ILPfl2. (C) Equivalent amounts of 

protein extract described in Figure 2.4B were diluted to 50% ethanol by addition of 

distilled H20. Samples were incubated at 37°C for 30 min, spun for 15 min at 14,000 

rpm in a microfuge to precipitate insoluble zeins. The supernatant was discarded and 

the pellet was resuspended in SDS-sample buffer (Laemmli, 1970). Protein extracts 

corresponding to 200 p.g of extracted flour were separated by a 7.5 % to 18 % gradient 

gel SDS-PAGE. Proteins were electroblotted onto a nitrocellulose filter, and treated 

with alpha-zein polyc1onal antibodies. Lane 1, ILP; lane 2, ILPo2; Lane 3, ILPfl2. 
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of equal amounts of the 70% ethanol extract. Only trace amounts of the 25-kO 

protein of the normal genotype were detected (lane 1), while a large amount of the 

24-lcD protein of thefl2 genotype was found in the precipitate (lane 3). Again, high 

molecular weight oligomers were detected in thefl2 genotype (Figure 2.4C, lane 3), 

but not for either the normal or the 02 genotypes. It is interesting to note that the 

three ILP genotypes illustrated in Figure 2.4 (B and C) have similar, soft endosperm 

textures (data not shown) and accumulate about the same low levels of alpha-zeins. 

TIlinois Low (ILP) and High Protein (IHP) strains were developed by a long process 

of divergent selection to decrease or increase endosperm protein content. Mutations 

that reduce storage protein content appear to make little difference on the phenotype 

and zein composition of the ILP strain. 

We obtained F2 segregating seeds by selting Fl progenies of the cross 

between W64A and W64Afl2. Analysis of alpha-zein proteins from segregating 

kernels selected according to the degree of endosperm opacity showed that the content 

of the 24-kD zein increases with the severity of the phenotype. Analysis of non-zein 

proteins showed that BiP accumulation also increased with the severity of the 

phenotype (data not shown), in a manner similar to that observed in the reciprocal 

crosses shown in Figure 2.2A. 

Amino Acid Composition and Amino-Terminal Sequence of the Novel24-kD 

Alpha-Zein 

The novel 24-kD protein in /12 appears to be related to the alpha-zeins, since it is 
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readily soluble in 70% ethanol and is recognized by polyclonal antibodies raised 

against a mixture of 19- and 22-kD alpha-zeins. To further evaluate the similarity 

between the alpha-zeins and the 24-kD protein, we purified this polypeptide from 

W64Ajl2. The data presented in Table 2.2 show that the 24-kD protein has an amino 

acid composition typical of alpha-zeins, with high contents of glutamine plus 

glutamate, leucine, alanine, and proline. The large amount of glycine in the sample 

may be due to residual Tris-glycine buffer retained by the PVDF membrane after 

electroblotting and washing. Comparison of the amount of valine and phenylalanine 

(in bold numbers) indicates that the 24-kD polypeptide is more similar to a 22-kD 

than a 19-kD alpha-zein (Esen et al., 1987). 

In contrast with the results of the amino acid composition, the NH2-terminal 

sequence analysis indicated that the 24-kD protein is more like a 19-kD alpha-zein. 

Figure 2.5 shows the amino-terminal sequence of this protein compared with those of 

typical 19- and 22-kD alpha-zeins (Marks et al., 1985). This comparison shows that 

13 out of 15 residues match typical 19-kD NH2-terminal sequences. These results 

show that the 24-kD protein has mixed properties of 19- and 22-kD alpha-zein 

proteins. Since the sequence matches other alpha-zeins, incorrect processing of the 

signal peptide cannot account for the slower mobility of this protein on SDS-PAGE. 

An Alpha-Zein Probe Identifies RFLPs Linked to thefl2 Phenotype 

If the 24-kD protein is encoded by an unusual alpha-zein gene injl2, there is a 

possibility to locate it by RFLP analysis. To attempt this, we used bulked segregant 
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Table 2.2. Amino acid composition of the 24-kD alpha-zein isolated from W64Afl2, 

and its comparison with those calculated from deduced primary structures of 19- and 

22-kD alpha-zein clones·. 

Amino acid composition (mol %) 
Amino 
Acid 24-kDl zAl z22.1 A20 ZG99 

.................................. _ ..... __ ......... _-_ .... _ ........................ __ ................. 
(22-kD) (22-kD) (l9-kD) (19-kD) 

Asx 5.5 5.2 5.0 5.1 4.7 

Thr 3.0 3.3 3.3 2.7 1.9 

Ser 6.1 6.1 6.6 7.8 7.0 

Glx 18.4 21.0 21.1 19.6 19.2 

Pro 6.3 8.9 9.1 10.0 9.8 

Gly 7.3 0.5 1.7 1.4 1.4 

Ala 13.7 15.9 14.0 13.7 14.5 

Val 6.0 5.6 6.2 3.2 2.8 

Cys - 0.5 0.4 0.9 0.9 

Met 1.2 1.9 2.1 0.9 0.5 

Ile 4.0 3.7 3.3 4.1 4.2 

Leu 18.9 18.2 18.2 19.2 20.6 

Tyr 2.6 3.3 3.3 3.7 3.7 

Phe 3.5 3.3 3.7 5.5 6.1 

Lys 0.9 0.0 0.0 0.0 0.0 

His 0.8 0.9 1.2 0.5 1.4 

Arg 1.8 0.5 0.8 1.4 1.4 

• Values calculated by Esen et ale (1987). 1 Purification and analysis described in 

"Material and Methods". Values are the averages of two determinations. 
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1 5 10 15 

24-kD T I F P Q L S L AP I A S L L 

cZ19A2 T I F P Q c S Q A P I T S L L 

cZ19B1 T I F P Q c S Q A P I A S L L 

cZ19AB T I F P Q c S Q A P I A S L L 

cZ19C1 T I F P Q c S Q A P I A S L L 

c22A1aa F I I P Q c S Q A P S A S I P 

c22B1aa S I I P Q L S LAP S S I I P 

c22C2aa F I I P Q c S LAP S A I I P 

Figure 2.5. Comparison of the NHz-Terminal Sequences of the 24-kD Zein fromJl2 

with Typical 19- and 22-kD Alpha-Zeins. The amino-terminal sequence obtained 

from the 24-kD zein purified from W64AJl2 is contrasted with those from deduced 

sequences of typical 19-kD (cZ19 clones) and 22-kD (c22 clones) alpha-zeins (Marks 

et al., 1985). Non-identical residues are displayed in bold. 
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analysis (BSA) (Michel more et al., 1991) with different alpha-zein probes. Three 

pooled DNA samples were obtained from mixed progeny of an F2 population derived 

from the cross W64A x W64Aj12. Each pool contained 30 individuals with floury, 

semi-floury and normal phenotypes. These three groups are genetically dissimilar 

except at the genomic region associated with the selected phenotype. 

After extensive screening with different probe/enzyme combinations we 

detected an RFLP with a 22-kD alpha-zein gene probe and Sst I digested DNA 

(Figure 2.6). The thick arrow indicates a 7.7 kb band that is present in the 

homozygousj12 bulk (lane 1) and heterozygous semi-floury bulk (lane 2), but is 

absent in the normal bulk (lane 3). This tightly linked RFLP could be interpreted as 

a landmark that indicates a 22-kD alpha-zein gene located close to thefl2 locus, or it 

could indicate the j12 locus itself if it recognizes an alpha-zein gene that encodes the 

protein responsible for the mutant phenotype. However, these data are insufficient to 

opt for either of these alternatives. A 6.2 kb DNA band is also linked to F12. 

However, the fact that it is more intense in the normal bulk and is almost absent in 

the floury bulk indicates it is not tightly linked to j12. 

DISCUSSION 

The Fl2 gene of maize is traditionally considered to be regulatory, due to reductions 

that the mutant allele (/12) causes in zein mRNA and protein accumulation (Burr and 

Burr, 1982; Motto et al., 1989, Schmidt, 1993). However, this hypothesis has been 

weakened by several studies that have established a correlation between the opaque 
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Figure 2.6. Southern Blot of Bulked DNA Samples Probed with a 22-kD Alpha-Zein 

Sequence. Bulks were made of F2 progenies of W64A x W64Ajl2. F2 seeds were 

selected with a light box for degree of opacity and divided into homozygous normal 

(vitreous), homozygousjl2 (opaque), and heterozygous (semi-opaque). 60 seeds were 

planted, and 30 seedlings were harvested and bulked for each phenotypic class 20 

days after germination. DNA was extracted from the bulked seedling tissue and 

prepared for Southern blot hybridization as described in "Material and Methods". 

Lane 1, jl2 bulk; lane 2, heterozygous bulk; lane 3, normal bulk. Molecular weight 

markers (lane M) correspond to the 1 kb BRL ladder. 
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phenotype of fl2 endosperm and overproduction of b-70, the maize homolog of the 

chaperonin protein known as BiP (Fontes et al., 1991; Boston et al., 1991; Marocco 

et al., 1991; Zhang and Boston, 1993). This protein is a member of the hsp-70 

protein family that binds malfolded polypeptide chains (Flynn et al., 1989; Hartl and 

Martin, 1992). BiP accumulates in protein bodies of developingfl2 endosperm to 

levels that are correlated with number of mutant alleles present, and with the extent of 

alteration in protein body morphology (Zhang and Boston, 1993). 

This study shows that the phenotypic alterations associated with the fl2 

mutation are consistently correlated with the synthesis and accumulation of an unusual 

alpha-zein protein of 24-kD. Overproduction of BiP infl2 is directly proportional to 

the amount of this novel protein (Figures 2.2A and 2.3) and inversely proportional to 

the amount of storage proteins accumulated in the endosperm (Figure 2.2B, Table 

2.1). Furthermore, BiP induction and accumulation of the 24-kD polypeptide are 

dependent on 02 (Figures 2.2A and 2.4), a gene that encodes a transcriptional 

activator that regulates a subclass of alpha-zeins (Schmidt, 1993). Epistasis of 02 

over fl2 can be detected at the levels of seed phenotype (Figure 2.1), storage protein 

accumulation (Figure 2.2B, Table 2.1), and protein body structure (Lopes et al., 

1993), indicating that manifestation of the alterations associated with the fl2 mutation 

are dependent upon the normal functioning of the 02 locus. 

When these observations are considered together with the fact thatfl2 has been 

mapped within a cluster of alpha-zein genes on chromosome 4 (Soave and Salamini, 

1984; Motto et al., 1989), it is plausible to imaginefl2 as a possible 02-regulated 
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storage protein gene that encodes a defective polypeptide that interferes with the 

proper processing, folding, and/or assembly of storage proteins into protein bodies. 

The semidominant mode of action of the Fl2 locus is consistent with the 

semidominant inheritance of storage protein genes. Furthennore, only one mutant 

allele of Fl2 has ever been reported (Emerson et al., 1935). This is consistent with 

our hypothesis thatjl2 is a gain-of-function mutant that encodes a polypeptide that 

interferes with wild type RER function. Such mutations can be very rare, depending 

on the change necessary to produce the mutant phenotype. 

The mutation 02 has been shown to be epistatic to fl2 in reducing the size of 

protein bodies, even though the arrangement of dark and light staining components 

within 02fl2 protein bodies differs somewhat from that of 02 (Lopes et al., 1993). 

The same study indicates that the double mutant accumulates slightly less storage 

protein when compared to 02, and a minimal but detectable amount of the 24-kD 

alpha-zein protein. This last observation is not surprising, since 22-kD alpha-zeins 

that are thought to be regulated by 02 accumulate to small amounts in 02 endospenns 

(Figure 2.2B). Also, a small decrease in total zein content (Marocco et al., 1991; 

Table 2.1) and an slight increase in BiP concentration (Marocco et al., 1991) were 

measured in 02jl2 compared with 02. Therefore, it is possible that the 02 mutation 

does not totally suppressjl2, as suggested by Di Fonzo et al. (1980). These results 

also suggest that manifestation of the fl2 phenotype is dependent on alpha-zein 

deposition, since the severity of the mutant phenotype appears to be proportional to 

the level of secretion of these proteins. Alpha-zeins must interact in vivo (Argos et 



112 

al., 1982), and we show here that they have the the ability to interact in vitro (Figure 

2.3 and 2.4). Possibly, the interaction in vivo of a defective protein with normal 19-

or 22-leD polypeptides leads to alterations in assembly and packaging of alpha-zeins 

into protein bodies. The fact that 07, an opaque mutation that also reduces alpha-zein 

deposition, is epistatic to fl2 (Di Fonzo et al., 1980) further supports this hypothesis. 

Analysis of amino acid composition and NH2-terminal sequence of this 24-kD 

alpha-zein provided an indication that this polypeptide may correspond to a defective 

protein. Amino acid analysis indicates that it has features of 22-leD alpha-zeins 

(Table 2.2) while its NH2-terminal sequence indicates that it is more related to the 19-

leD alpha-zein class (Figure 2.5). Therefore, the reduced mobility of the 24-leD 

polypeptide in denaturing gels, as well as the unusual features of its primary structure 

could be explained by the existence of an altered alpha-zein gene in the fl2 genome. 

A more remote possibility for the accumulation of the unusual 24-leD 

polypeptide is the existence of a defect in the secretory machinery infl2 that prevents 

processing, folding or assembly of a component of the alpha-zein class. The analysis 

of the amino terminal sequence of the 24-kD protein revealed that its signal peptide is 

correctly removed (Figure 2.5). Studies of in vitro processing of prezeins by fl2 RER 

membranes (Burr and Burr, 1982) indicated that when thefl2 mRNA is translated, a 

24-kD alpha-zein is produced, in addition to 19- and 22-leD alpha-zeins. However, 

when wild type mRNA is translated withfl2 membranes, only 19- and 22-leD alpha

zeins are synthesized. These results clearly indicate that the appearance of the 24-kD 

polypeptide is not caused by a defect in the RER of fl2 mutants, but more likely by a 
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specific transcript encoding an alpha-zein protein. These same experiments also ruled 

out the possibility that the altered mobility of this unusual alpha-zein in fl2 is caused 

by glycosylation, or other modifications that depend on RER-resident enzymes. 

Figure 2.6 shows that a 22-kD alpha-zein gene probe detects ajl2-specific 

polymorphism in a Southern blot. It is not know if this RFLP is generated by close 

linkage of ajl2-related DNA sequence or an alpha-zein gene that corresponds to the 

jl2 locus itself. Experiments are in progress to isolate the polymorphic fragment, and 

analyze the alpha-zein gene(s) it contains. 

Developing endosperm in jl2 mutants contains reduced amounts of membrane

bound polysomes (Jones, 1978), as well as decreased amounts of certain alpha-zein 

mRNAs (Burr and Burr, 1982). Lopes et al. (1993) found thatjl2 causes a 

generalized reduction in the steady-state levels of most zein mRNA classes when 

compared with the wild type. Also, a generalized reduction in gene transcription was 

detected for most zein classes. These results are inconsistent with the hypothesis that 

F12 encodes a specific activator of storage protein gene transcription. Although the 

genes encoding alpha-, beta-, gamma-, and delta-zeins are developmentally regulated 

in a similar manner, the DNA sequences of their promoters are distinctly different, 

and evidence to date (Ueda et al., 1993) indicates that they may bind related but 

different transcriptional activators. Consequently, it is difficult to imagine a 

mechanism to explain how a putative F12 transcriptional factor would regulate this 

heterogeneous group of genes. It is even more difficult to reconcile all the other 

phenotypic effects associated with the jl2 mutation with the hypothesis that it 
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corresponds to a mutant transcriptional activator gene. 

It appears that impairment of the endosperm secretory machinery caused by a 

defective zein polypeptide encoded by fl2 leads to a cellular response that induces a 

general decrease in transcriptional activity. Inhibition of protein synthesis in rat-liver 

cells by cycloheximide resulted in reduced secretory activity and increased production 

of proteins that partially restored the capacity for protein synthesis. Disassembly of 

polysomes began about one hour after the hepatocytes were exposed to 

cycloheximide, and six hours after treatment the cells formed many functional free 

polysomes that began to manufacture large amounts of intracellular components to 

ensure survival (Todorov et al., 1977; Todorov et al., 1978). The signals leading to 

the large scale changes in gene transcription occurring under these circumstances are 

unknown. The generalized decrease infl2 of zein protein (Table 2.1), mRNA and 

gene transcription (Lopes et al., 1993), together with the increased amount of 

housekeeping proteins (Figure 2.2A) and the previously reported reduction in the level 

of membrane-bound polysomes (Jones, 1978), all suggest that endosperm cells may 

respond in a similar manner to an alteration in the secretory machinery. 
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CHAPTER 3 

GENETIC MODIFICATION OF opaque-2 MAIZE LEADS TO ALTERATIONS 

IN THE PATTERN OF ENDOSPERM PROTEIN ACCUMULATION. 

INTRODUCTION 

The maize mutation 02 causes a reduction in storage protein synthesis and alterations 

in chemical composition and physical structure of the endosperm (Mertz et al., 1964; 

Nelson et aI., 1965). The consistent association between the 02 mutant phenotype and 

higher contents in the seed of the essential amino acids lysine and tryptophan led to 

efforts to improve mutant germplasm for commercial purposes. Unfortunately, poorly 

understood pleiotropic effects leading to mutant seeds with inferior agronomic 

properties prevented success of this strategy. 

The existence of genetic variability for modification of the 02 phenotype, while 

preserving the seed nutritional quality (paez et aI., 1969), led to the development of 

mutant germplasm phenotypically similar to normal maize (reviewed by Vasal et al., 

1980; Bjamason and Vasal, 1992; Gevers and Lake, 1992). The successful 

development of modified 02 mutants opened new possibilities for the improvement of 

the nutritional quality of maize. In addition, the potential of this system to help 

uncover mechanisms of modifier gene action and endosperm development prompted 

interest in studying the genetic, biochemical and molecular basis of the process. 

Analysis of seed chemical composition revealed that the major biochemical 

alteration caused by 02 modification is a two- to three-fold increase in the 



116 

accumulation of the 27-kD storage protein called gamma-zein. No other significant 

change occurs in any protein component of the modified seed, compared to non

modified 02 (Wallace et al., 1990). Further analysis showed that the degree of 

endosperm modification and the increased synthesis of gamma-zein mRNA and 

protein are all correlated and dependent on the dosage of modifier genes in the 

triploid endosperm (Lopes and Larkins, 1991; Geetha et al., 1991; Larkins et al., 

1992). 

Gamma-zein is a component a complex group of polymorphic alcohol-soluble 

polypeptides that accumulate during endosperm development to provide a source of 

carbon, sulfur and nitrogen for germination and early phase of seedling growth (see 

Chapter 1). Immunocytochemical analysis of normal endosperm reveals that the 

several types of zein proteins accumulate in an organized manner into protein bodies, 

which enlarge to 1 to 2 JLm in diameter (Lending et al., 1988; Lending and Larkins, 

1989). Analysis of 02 and modified 02 endosperm reveal that protein bodies in 

modified genotypes have about the same diameter as those in non-modified 02 

mutants (about 0.4 JLm). However, immunolocalization of gamma-zein indicated that 

there is an alteration in the spatial distribution of protein bodies between 02 and 

modified 02 genotypes. In modified 02, high concentrations of the protein extend for 

multiple cell layers toward the center of the endosperm (Geetha et al., 1991), while in 

the wild-type and 02 endosperms gamma-zein is located mostly in the outer cell layers 

of the endosperm tissue (Lending and Larkins, 1989; Geetha et al., 1991). 

Despite the fact that the number of protein bodies per unit endosperm volume 
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has not been compared between modified and non-modified 02 types, higher 

accumulation of gamma-zein must lead to formation of many more of these structures 

in the cytoplasm of modified endosperm compared to unmodified types (Lopes and 

Larkins, 1991). As the seed matures, the desiccation of the endosperm may lead to 

disintegration of RER membranes, exposing the gamma-zein protein to the 

cytoplasmic matrix. During desiccation, the protein bodies become closely packed 

(Torrent et al., 1989) and possibly crosslinked by the gamma-zein protein. This 

could cause the vitreous phenotype of the mature modified 02 kernels (Lopes and 

Larkins, 1991). 

This chapter describes the analysis of storage proteins from normal, 02 and 

modified 02 genotypes, with emphasis on the relationships between gamma-zein 

deposition, endosperm modification and seed nutritional qUality. The results show 

that independently developed modified 02 genotypes have seeds with higher than 

normal contents of gamma-zein. Also, the nutritional quality of the modified seed is 

apparently dependent upon a quantitative balance between gamma-zein and non-zein 

accumulation. A model is presented to explain the possible involvement of the 

gamma-zein protein in 02 modification. 

MATERIAL AND METHODS 

Plant Materials 

Maize (Zea mays L.) seeds used in this study were obtained from plants grown at the 

University of Arizona Research Farm, Tucson, AZ, from 1990 to 1992. The inbred 
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line W64A and its isogenic 02 version were obtained at Purdue University. Pool 33 

QPM, Pool 34 QPM, and White Flint QPM are modified 02 populations obtained 

from CIMMYT, Mexico City. Modified 02 populations designated by "CMS" 

correspond to genotypes developed by CIMMYT, and selected at the National Maize 

and Sorghum Research Center (CNPMS/EMBRAPA), Brazil. All materials 

developed by CIMMYT have been described by Bjarnason and Vasal (1992) and 

CIMMYT (1987). B0385Y, Do620Y, H0466Y, K0301Y, and K0326Y are 

modified 02 inbred lines developed at the Grain Crops Research Institute and 

University of Natal (GCRIlUN), South Africa (Gevers and Lake, 1992). All inbred 

lines were maintained by self-pollination. All populations were maintained by 

pollination with a bulk of pollen obtained from at least 20 plants. Developing seeds 

were harvested at different stages of development (designated "days after pollination" 

- DAP), frozen in liquid nitrogen, and stored at -8oaC until use. 

Extraction of Zeins, SDS-PAGE, Immunoblotting, and Protein Measurements 

Embryos were hand-dissected from dry, mature kernels sampled from fully developed 

ears. A sample of 20 endosperms was first pulverized in a blender, then ground to a 

fine meal with a ball mill. Alpha-zein proteins were extracted overnight in 70% (v/v) 

ethanol by constant shaking at 37°C. After centrifugation for 15 min at 12,000 rpm, 

the supernatant was collected, vacuum dried, and stored at 4°C until use. Total zeins 

and non-zein proteins were isolated according to Wallace et al. (1990). Total 

endosperm protein was solubilized in 0.0125 M sodium borate (PH 10.0), 1 % (w/v) 
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SDS, and 2% (v/v) 2-mercaptoethanol. Samples were extracted overnight with 

constant shaking at 37°C, and centrifuged for 15 min at 12,000 rpm to remove 

insoluble materials. The supernatant was carefully removed and mixed with absolute 

ethanol to a final concentration of 70% (v/v). After 30 min incubation at 37°C with 

occasional mixing, a precipitate of alcohol-insoluble non-storage proteins was visible; 

the protein sample was separated by centrifugation as described before. The 

supernatant containing total zeins was transferred to clean microfuge tubes, vacuum 

dried, and stored until use. 

SDS-polyacrylamide gradient gels (7.5 to 18%, w/v) were prepared according 

to Laemmli (1970), but the Tris concentrations used in the resolving gel and running 

buffer were doubled. Protein samples were diluted in SDS-sample buffer and boiled 

for 3 min before loading. Gels were run at room temperature at a constant current of 

15 rnA, stained with Coomassie blue overnight, and destained in 40% (v/v) methanol 

and 10% (v/v) acetic acid for at least 8 hours. 

Immunoblotting analyses were used to specifically detect gamma-zein in 

proteins extracted from endosperm flour with 0.5M NaCl. Lyophilized seed meal 

was extracted three times for 30 min in 0.5M NaCI at 4°C with constant shaking. 

Protein extracts were combined and proteins were precipitated in 17% (w/v) TCA 

overnight at 4°C. After centrifugation at 12,000 rpm in a microfuge, protein pellets 

were washed twice in cold acetone, vacuum dried and boiled in SDS-sample buffer 

(Laemmli, 1970), for 3 min. Protein extracts were fractionated by SDS-PAGE as 

described above, transferred to nitrocellulose filters, and treated with rabbit anti-
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gamma-zein polyclonal antibody (Lending et al., 1988). Goat anti-rabbit alkaline 

phosphatase conjugate was used for indirect detection of alpha-zein, as described by 

Knetcht and Dimond (1984). 

The relative concentrations of alpha- and gamma-zeins were measured by 

ELISA assays (Wallace et al., 1990) in duplicate or triplicate samples of total zein 

protein extracted as above. For all ELISA assays, absorbance at 410 nm was 

measured over a series of two-fold dilutions of the antigen, and a regression analysis 

was performed on a range of concentrations over which absorbance vs. relative 

antigen concentration approximated a straight line. The antigen concentration is 

proportional to the slope of the regression line. Results were normalized to those 

from the inbred line W64Ao2, included in all assays. 

Calculation of Dry Matter Content and Extraction of Zeins From Developing 

Seeds 

Samples of 40 seeds from W64Ao2 and Pool 34 QPM corresponding to several 

developmental stages (14-, 18-, 22-, and 28-DAP) were weighed to calculate wet 

weight/seed. Seeds were lyophilized and weight was recorded to calculate dry 

weight/seed. The difference between wet and dry weight was used to calculate 

percentage of dry matter per seed (Table 3.4). Lyophilized seeds were ground to a 

fine meal in liquid nitrogen, defatted by two washes with 50 volumes of cold acetone 

for 15 min at 4°C. Dry meal was stored at -800C until use. Total zeins were isolated 

from lyophilized meal according to Wallace et al. (1990), except that a reextraction 
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with O.IN NaOH, 1 % SDS, and 2 % 2-mercaptoethanol was performed and the total 

protein extracts were combined before fractionation of zeins and non-zeins. Proteins 

from samples equivalent to 3.75 mg of flour were separated by a 7.5-18% (w/v) 

gradient SDS-PAGE. The gels were stained with Coomassie Brilliant blue, 

photographed, and scanned with a laser densitometer. The intensity of protein bands 

was measured with the aid of an Image Quant Program (Molecular Dynamics, 

Sunnyvale, CA). 

Sucrose Density Fractionation of Developing Seed Homogenates 

Homogenates of I8-DAP kernels of W64A, W64Ao2, and Pool 33 QPM were 

fractionated by sucrose density gradient centrifugation as previously described 

(Larkins and Hurkrnan, 1978). Gradients can be separated into four distinct regions 

that contain, from top to bottom, soluble proteins, membranes, mitochondria, and 

protein bodies as their major cellular components. The contents of each region were 

carefully collected with a Pasteur pipette, and density was measured for a homogenate 

of each sample. Samples were diluted sevenfold with distilled water and a 70% (w/v) 

TCA solution (final TCA concentration was 17% (w/v», and incubated on ice for 1 

h. Samples were centrifuged at 1O,OOOg in a Sorvall centrifuge (4°C) for 20 min. 

Insoluble pellets were washed twice in cold acetone and lyophilized. Dry pellets were 

extracted and fractionated as described by Wallace et al. (1990). Proteins were 

measured using the Bicinchoninic Acid Assay (pierce). 
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Protein Extraction, Fractionation and Amino Acid Analyses 

18-DAP seeds of W64A, Pool 33 QPM, and White Flint QPM were lyophilized and 

ground to a fine powder in the presence of liquid nitrogen. Albumin plus globulin 

extraction was performed three times in 0.5 M NaCI, at 4°C with agitation. The 

pellet was washed two times in cold distilled water to remove excess of salt, and zeins 

and non-zeins were extracted as described by Wallace et aI. (1990). Protein extracts 

corresponding to the three fractions were transferred to glass tubes that had been 

previously boiled in 1 M HCI, extensively dialyzed against 100 mM acetic acid, and 

lyophilized. Samples were hydrolyzed at ll00C in 6 N HCI for 24 h in evacuated, 

sealed tubes. Amino acids were determined on a Beckman 6300 analyzer. Results 

were calculated as molar ratios (mol %). Amino acid analysis from mature seeds was 

performed on total protein extracts. 

Purification of Beta-, Gamma-, and Delta-Zeins 

Endosperm flour from mature W64A seeds was extensively extracted with 70% 

ethanol to remove alpha-zein proteins. The insoluble pellet was then extracted 

overnight with constant shaking at 37°C with 0.0125 M sodium borate (PH 10.0), 1 % 

(w/v) SDS, and 2 % (v/v) 2-mercaptoethanol. Samples were centrifuged for 15 min at 

12,000 rpm to remove insoluble materials. The supernatant was carefully removed 

and mixed with absolute ethanol to a final concentration of 70% (v/v). After 30 min 

incubation at 37°C with occasional mixing, a precipitate of alcohol-insoluble non

storage proteins was visible, and the samples were again centrifuged as described 
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before. The supernatant containing gamma-, beta-, and delta-zeins was transferred to 

clean microfuge tubes, vacuum dried and solubilized in SDS-sample buffer by boiling 

for 3 min. Proteins were separated by 7.5 to 18% (w/v) preparative gradient SDS

PAGE. After light staining with Coomassie brilliant blue, gel portions containing the 

central portion of the 27-, 16-, 14-, 12-, and 1O-kD zein bands were excised with a 

razor blade, washed briefly in water to remove excess of stain, minced in a 15-ml 

plastic tube, and lyophilized. Lyophilized gel pieces were frozen in liquid nitrogen, 

finely ground with a mortar and pestle, and stored at 4°C until use. Lyophilized gel 

powder containing each of the zein polypeptides was suspended in SDS-sample buffer 

and applied to the wells of a 7.5 to 18% SDS-PAGE gradient. Samples were 

electrophoresed at room temperature under a constant current of 15 rnA. The gel was 

stained in Coomassie blue. 

RESULTS 

Comparison of Zein Content in Modified 02 Genotypes of Different Origins 

Polypeptides belonging to specific zein classes can be measured in a complex protein 

mixture by Enzyme Linked Immunosorbent Assay (ELISA) with monospecific 

polyc1onal antibodies (Wallace et al., 1990). Table 3.1 illustrates the results of an 

ELISA assay for gamma-zein protein in an 02 and modified 02 genotypes. Protein 

extracts corresponding to lOng of endosperm flour are added to the first well of an 

ELISA plate and diluted seven times to the neighboring wells. Two-fold dilutions 

were performed each time. Regression of absorbance values (410 nm) on relative 
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Table 3.1. Determination of Relative Amounts of Gamma-Zein by Enzyme Linked 

Immunosorbent Assay (ELISA)l. 

Replication Regression2 R2 (%) Average Relative 
Slope Amounf 

W64Ao2 

1 Y = 0.0812 + 0.0183x 88.1 

2 Y = 0.0980 + 0.0179x 84.0 0.01810 1 

3 Y = 0.0904 + 0.0181x 91.4 

Pool 33 QPM 

1 Y = 0.138 + 0.0467x 96.9 

2 Y = 0.151 + 0.0427x 88.6 0.04270 2.48 

3 Y = 0.131 + 0.0457x 91.1 

1 Absorbance at 410 nm was measured over a series of two-fold dilutions (n=7) of 

the antigen. 

2 Y = absorbance, x = antigen concentration. F values significant at the 0.05 

probability level, for all regression lines. 

3 Means are significantly different at P = 0.01 based on Fisher's protected LSD. 
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antigen concentration was calculated for each of the three replicates. R2 and P values 

indicate the validity of the linear model. Since the slope of the regression line is 

proportional to the amount of antigen in the protein extract, its value is used to 

calculate relative amount of gamma-zein. Relative amount of gamma-zein in the 

modified 02 line was calculated by indexing its slope value to the slope value of the 

02 line, arbitrarily considered to be 1. The results indicate that the modified 02 

genotype has 2.48 times the amount of gamma-zein detected in the non-modified 02 

type. 

Figure 3.1 shows a comparison of storage proteins extracted from modified 02 

populations developed at CIMMYT/Mexico and modified 02 inbred lines developed at 

GCRI-UN/South Africa. Zein proteins from representative samples from both origins 

are shown in SDS-polyacrylamide gels. All zein classes are represented in each lane. 

The 19- and 22-kD polypeptides correspond to the alpha-zein class; the 16-, 27-, and 

58-kD polypeptides are related and classified as gamma-zeins (Lopes and Larkins, 

1991). The polypeptides in the lO-kD region correspond to delta-zeins. The 12- and 

13-kD polypeptides have not yet been described. Figure 3.1A shows the zein pattern 

of 7 modified 02 genotypes developed at CIMMYT (lanes 1-7), compared to the 

non-modified W64A02 and wild type W64A. Figure 3.1B shows the zein pattern of 7 

modified 02 inbred lines developed at GCRI-UN (lanes 2-8), compared to the 

non-modified inbred line W64A02. 

ELISA with monospecific polyclonal antibodies was used to more precisely 

determine relative concentration of zein proteins between these genotypes (Wallace et 
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Figure 3.1. SDS-PAGE Analysis of Total Zein proteins from Mature Endosperm 

Flour of Modified 02 Maize. Samples of 20 seeds from each genotype were 

degermed and ground to a fine powder. Protein samples were extracted from equal 

amounts of endosperm flour as described in "Methods", and protein extracts 

corresponding to 3 mg of flour were solubilized in sample buffer (Laemmli, 1970) 

and loaded on a 7.5% to 18% gradient gel SDS-PAGE. Gels were stained with 

Coo massie-blue. A. Modified 02 genotypes developed by CIMMYT. Lane 1, CMS 

450; lane 2, CMS 453; lane 3, CMS 455; lane 4, CMS 458; lane 5, CMS 465; lane 

6, CMS 466; lane 7, CMS 468, lane 8, W64A02; Lane 9, W64A. B. Modified 02 

genotypes developed in South Africa. Lane 1, W64A02; lane 2, B0385Y (Gl); Lane 

3, D0620Y (G2); lane 4, H0466Y (G3); lane 5, K0301 Y (G4); lane 6, K0326Y 

(G5); Lane 7, (G6); lane 8, (G7). 
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Figure 3.2. ELISA Assays of Alpha- and Gamma-Zein Proteins from Modified and 

Non-Modified 02 Genotypes. Total zeins were extracted from triplicate samples of 

endosperm flour and ELISA assays were performed with polyclonal antibodies against 

alpha- and gamma-zein, as described in "Material and Methods". The slopes 

calculated from the antigen dilution curves were used to calculate concentration 

relative to W64A02, a non-modified sample that was included in all assays. A and B 

represent results of assays for alpha and gamma-zein, respectively. 1, eMS 450; 2, 

eMS 455; 3, eMS 458; 4, eMS 461; 5, eMS 468; 6, B0385Y; 7, D0620Y; 8, 

H0466Y; 9, K0301Y; 10, K0326Y; 11, W64A02; 12, W64A. 



130 

al., 1989). All modified 02 materials accumulate low amounts of alpha-zeins, similar 

to the non-modified 02 line. The 22-kD zein is reduced to minimal levels in these 

materials, when compared to the wild type (Figure 3.1A, lanes 1-7). In general, all 

modified 02 accumulate about half the amount of alpha-zeins found in the wild-type 

(Figure 3.2A). The 02 gene has been shown to encode a transcriptional activator that 

regulates expression of genes that encode 22-kD alpha-zein proteins (Schmidt, 1993). 

Therefore, the pattern of alpha-zein accumulation in these modified genotypes 

confirms that they all carry the 02 mutation. However, comparison of the 

gamma-zein content reveals that all modified materials have a consistently higher 

content of the 27-kD polypeptide, when compared to either the non-modified W64A02 

or to the wild type W64A. 

Protein and Amino Acid Composition in Modified 02 Endospenn 

To evaluate the impact of 02 modification on endosperm composition, the cellular 

components of homogenates of 18-DAP developing kernels were fractionated in 

sucrose density gradients and evaluated for protein composition (Table 3.2). 

Endosperm components sediment at different densities and are classified as soluble 

proteins (top), membranous components, mitochondria, and protein bodies (bottom) 

(Larkins and Hurkman, 1978; Habben et al., 1992). A considerably higher amount of 

soluble proteins is found at the top of the gradient for 02, when compared to normal 

genotypes (Habben et al., 1992). Similar to 02, the modified 02 genotype, Pool 33 

QPM, accumulates a high amount of soluble proteins at this developmental stage. 



131 

These soluble proteins probably correspond to enzymes or other cytoplasmic proteins 

that are neither membrane bound nor tightly associated with membranes. 

Zein and non-zein proteins are found in each of the remaining density fractions 

in different proportions. Only small amounts of zein proteins are found in the part of 

gradient that contains RER membranes. The presence of zeins in this fraction could 

result from protein bodies that remain attached to RER membranes after endosperm 

homogenization. A higher amount of non-zeins was found associated with the 

membrane fraction of W64A when compared with modified and non-modified 02. 

The density fraction containing mitochondria was also shown to have a relatively high 

content of zein for all three genotypes, when compared with the less dense RER 

membrane fraction. The zeins in this fraction could correspond to the components of 

small, less dense protein bodies that sediment in the same region as mitochondria. 

This is consistent with the fact that protein bodies in both modified and non-modified 

02 genotypes are usually less than half of the diameter of those found in normal 

endosperm (Geetha et al., 1991). Also, developing endosperm from wild type W64A 

has been shown to have smaller protein bodies in young cells located underneath the 

aleurone layer (Lending and Larkins, 1989). However, most protein bodies of the 

normal genotype must have higher density to explain the high content of zeins in high 

density regions of the gradient in W64A. Surprisingly, the region of protein bodies in 

Pool 33 QPM has three times more zein than that in W64A02, indicating that a 

subpopulation of protein bodies from the modified 02 genotype has density similar to 

those found in the normal genotype. 
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TABLE 3.2. Percentage of Zein and Non-zein Proteins in Cellular Components of 

Density-Fractionated 18 Days After Pollination Developing Kernels of W64A, 

W64Ao2, and Poo133 QPM1. 

FRACTIONS DENSITY PROTEINSJ W64A W64Ao2 POOL 33 
(g/ml)2 QPM 

SOLUBLE 1.090 ALBUMINS 27.7 57.9 42.9 
GLOBULINS 

ENDO 1.146 ZEINS 2.4 4.4 2.6 ................................... ............................ ............................. ................. _ ...... 
MEMBRANES NON-ZEINS 10.4 5.3 4.2 

MITOCHONDRIA 1.197 ZEINS 10.0 14.8 15.9 ................................... ............................ ............................. ................. _ ....... 
NON-ZEINS 8.3 9.7 10.0 

PROTEIN 1.252 ZEINS 34.5 4.2 12.4 
BODIES 

................................... ............................ ............................. ................. _ ....... 
NON-ZEINS 6.7 3.7 12.0 

TOTALS ZEINS 53.1 76.6 69.1 ................................... ............................ ............................. .................. _ ....... 
NON-ZEINS 46.9 23.4 30.9 

1 Homogenates of developing kernels were fractionated in sucrose density gradients. 

The fractions were extracted and the protein content measured using the Bicinchoninic 

Acid Assay. Values represent percentage of each fraction in the total amount of 

protein detected for each genotype. 

2 Density measured for gradient fractions of W64A. 

3 Values are averages of three measurements. 



Non-zein proteins in the endomembrane, mitochondria, and protein body fractions 

probably correspond to membrane associated or membrane-bound proteins, 

co-fractionated with organellar components. 
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In order to evaluate if endosperm modification leads to alterations in the amino 

acid composition of zeins and soluble and insoluble non-zeins, these three protein 

fractions were isolated from 1S-DAP developing endosperms of normal and modified 

02 genotypes and analyzed for amino acid composition (Table 3.3). Soluble and 

insoluble non-zein proteins of normal and modified 02 genotypes have very similar 

amino acid composition, an indication that variation in their content (Table 3.2) is not 

accompanied by any major qualitative variation in their composition. Apparently the 

diverse proteins that compose both non-zein fractions are coordinately increased in 

modified 02 mutants compared with normal genotypes. However, the variation in 

content of certain amino acid residues in the zein fraction of modified versus normal 

genotypes indicates that endosperm modification is associated with a selective increase 

in certain components of this fraction. This observation is consistent with the results 

shown in Figure 3.1, which indicate drastic decreases in alpha-zein and increases in 

gamma-zein in modified 02 versus the normal genotype. Modified 02 genotypes have 

higher contents of proline, valine, and histidine, compared to the normal genotype. 

Since the 27-kD gamma-zein protein has high amounts of these amino acid residues, 

these quantitative changes can be assumed to be caused by increases in gamma-zein 

accumulation that occur parallel to endosperm modification. 
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TABLE 3.3. Amino Acid Composition of Total-Zein and Non-Zein Proteins 

Extracted from 18 DAP Kernels of W64A (A), Pool 33 QPM (B), and White Flint 

QPM (C). 

NON-ZEINSI TOTAL ZEINS NON-ZEINS2 

AA 
A I B I c A I B I c A I B I c 

ASP 9.5 1 9.1 1 9.7 4.7. 3.3 1 3.3 8.7 1 8.9 . 8.9 
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ARG 5.1 1 5.1 1 3.1 1.5 1 1.8 1 1.4 5.7 1 6.7 1 5.8 

1 Soluble non-zeins (albumins plus globulins). 

2 Insoluble non-zeins (glutelins). 
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Tables 3.2 and 3.3 show that developing endosperms of modified 02 genotypes 

vary in composition of cellular components and protein and amino acid contents, 

when compared to either non-modified 02 or wild type genotypes. In order to verify 

if variations in endosperm protein composition are persistent throughout development, 

amino acid composition of mature endosperm samples of a normal, non-modified 02, 

and modified 02 genotypes were obtained and compared (Figure 3.3). Again, the 

results suggest that variations in amino acid composition of total endosperm protein 

between these three genotypes are due to alterations in alpha- and gamma-zein 

contents. The 02 genotypes have consistently less glutamine, leucine, and alanine per 

unit of protein. These are the most abundant amino acid residues in the alpha-zein 

fraction. The modified 02 genotype has more proline, glutamine, leucine, and 

histidine, when compared with the non-modified 02 genotype. Increases in these 

amino acid residues certainly result from increased accumulation of gamma-zein in 

modified genotypes (Figures 3.1 and 3.2). Analysis of lysine indicates that the 

modified genotype has an intermediate lysine content, compared to the normal and the 

02 lines. 

Temporal Variation in Dry Matter and Gamma-Zein Accumulation in 02 and 

Modified 02 Genotypes 

The developmental patterns of dry matter and zein accumulation were compared for 

modified 02 (pool 34) and 02 genotypes (W64a02). Table 3.4 shows that Pool 34 has 
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TABLE 3.4. Accumulation of Seed Dry Weight by 02 and Modified 02 Genotypes 

During different Phases of Development. 

Genotypes Wet Weight Dry Weight Dry Weight 
mg/Seed mg/Seed (%) 

W64Ao2 

14-DAP 125 19 15.2 

18-DAP 191 32 16.7 

22-DAP 252 54 21.4 

28-DAP 288 83 28.8 

Mature 178 178 -
Pool 34 QPM 

14-DAP 160 17 10.6 

18-DAP 237 35 14.7 

22-DAP 291 59 20.2 

28-DAP 353 120 33.9 

Mature 358 358 -



' ,,, 

. , I • ·• ..,. ... • 
,, 58 58 

., .. ,. '" 

•ssarJ llll 
--~---" -

27 - 27 

22 22 
19 19 

-· 18 16 
14 14 
12 12 

........... ,. ........ _ ... 10 10 

DAP 14 18 22 28 M DAP 14 18 22 28 M 

Figure 3.4. SDS-PAGE Analysis of Zein proteins from Developing Seeds of Modified and Non-modified o2 Maize. 

Protein samples were extracted from equal amounts of lyophilized seeds, and protein extracts corresponding to 3 mg of 

flour were solubilized in sample buffer and separated by a 7.5% to 18% gradient gel SDS-PAGE. Gels were stained 

with Coomassie-blue. Arrow indicates position of gamma-zein. M = mature endosperm. 
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Modified and Non-modified 02 Maize by Laser Densitometry. The Coomassie blue-

stained gels shown in Figure 3.4 were scanned with a laser densitometer, and 

absorbance values corresponding to the 27-kD band were used to calculate the relative 

amounts of gamma-zein among the developmental stages (14- to 28 DAP, M = 

mature endosperm). Concentrations were indexed to the value of the 14-DAP sample 

of W64Ao2, which was arbitrarily considered I. A, W64A02; B, Pool 34 QPM. 
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a slower rate of dry matter accumulation, compared to the 02 genotype. By 14 DAP 

Pool 34 has 10% dry weight, while W64A02 has 15.2%. However, by 22 DAP the 

amount of dry matter in the developing seeds of the two genotypes is similar. Even 

though the modified 02 genotype has a slower pattern of dry matter accumulation, it 

starts to synthesize larger amounts of the 27-kD gamma-zein protein very early in 

development, when compared W64A02 (Figures 3.4 and 3.5). Gamma-zein 

accumulation remains higher in Pool 34 throughout seed development, when 

compared to W64Ao2. 

Interactive Properties of the Gamma- and Beta-Zein Proteins 

The 27-kD gamma-zein polypeptide is partially soluble in aqueous solvents, probably 

due to the high content of histidine in its NH2-terminal amino acid residues (Esen et 

al., 1982). However, the protein is thought to be extensively cross-linked by 

disulfide bonds in the mature endosperm, due to the requirement for 

denaturing/reducing conditions for its efficient extraction from endosperm flours 

(Wallace et al., 1990). In order to verify crosslinkage of gamma-zein in vivo, soluble 

proteins from normal and modified 02 seeds collected in different phases of 

development were extracted and analyzed. Saline-soluble proteins extracted from 

equivalent amounts of lyophilized seed flour were separated by SDS-PAGE, 

electroblotted onto nitrocellulose and treated with polyclonal antibodies specific for 

the gamma-zein fraction (Figure 3.6). The amount of the 27-kD polypeptide 

increases gradually from 14 days after pollination (DAP) to 30 DAP for both normal 
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Figure 3.6. Immunoblot Analysis of Gamma-Zein Soluble in Saline Extracts from 

Maize Kernels. Saline-soluble proteins were extracted from lyophilized flour of 

developing kernels harvested in several developmental stages. Protein equivalent to 3 

mg of flour were separated by a 7.5 to 18% SDS-PAGE gradient, electroblotted to 

nitrocellulose, and reacted with a polyclonal antibody specific for gamma-zein. 

W64A: lanes 1-4 correspond to 14-, 18-, 22-, and 30-DAP samples, respectively; 

lane 5, sample from mature endosperm. Pool 33 QPM: lanes 6-9 correspond to 14-, 

18-, 22-, and 30-DAP samples, respectively; lane 10, sample from mature 

endosperm. 
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Figure 3. 7. Interactive Properties of Isolated Zein Polypeptides. Proteins were 

isolated as described in "Material and Methods" and separated by 7.5 to 18% gradient 

SDS-PAGE. The gel was stained with Coomassie-blue. Lane 1, 27-kD gamma-zein; 

lane 2, 16-kD gamma-zein; lane 3, 14-kD beta-zein; lane 4, 12-kD zein; lane 5, 10-

kD delta-zein. High molecular weight bands indicated by the arrows correspond to 

gamma-zein (27-kD) oligomers. Their identity has been confirmed by immunoblot 

analysis (data not shown; Lopes and Larkins, 1991). 
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and modified 02. However, the amount of this polypeptide is drastically reduced in 

mature seeds of both genotypes, indicating that gamma-zein crosslinkage must occur 

with seed maturation and desiccation. The 58-kD oligomer has been shown to be a 

doublet of gamma-zein (Lopes and Larkins, 1991). Interestingly, it is already present 

at 30 DAP in the modified 02 genotype Oane 10), while it is barely detectable in the 

normal genotype Oane 5). 

Also, analysis of purified proteins indicated that the cysteine-rich 27-kD 

gamma-zein, 14-kD beta-zein and 16-kD gamma-zein are able to oligomerize in vitro 

(Figure 3.7). The amount of oligomers formed by the 16 and 14-kD Oanes 2 and 3) 

polypeptides is reduced in comparison with that of the 27-kD gamma-zein Oane 1). 

The 12-kD zein Oane 4) and lO-kD beta-zein Oane 5) show no detectable levels of 

oligomerization. 

DISCUSSION 

Maize breeders have been able to successfully manipulate modifier genes in order to 

develop hard endosperm 02 genotypes with high nutritional quality. Although 

modified germplasm is available for development of inbred lines and commercial 

cultivars (Bjarnason and Vasal, 1992; Gevers and Lake, 1992), relatively little effort 

has been directed toward this goal. Poor understanding of modifier gene action, 

slight decreases in nutritional quality upon seed modification, and instability of 

endosperm phenotype are among the major factors impeding more vigorous efforts 

toward the development of these materials (Vasal et al., 1980; Ortega and Bates, 
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1983; Belousov, 1984; Bjarnason and Vasal, 1992), Efficient strategies for solving 

these problems cannot be devised without a better understanding of the genetic and 

biochemical processes that direct seed modification, Furthermore, the understanding 

of these processes may shed light on the mechanisms that define the physical structure 

of the maize seed, Seed hardness is a trait of extreme importance for the trading and 

processing industries (Troyer, 1991), 

Significant effort has been directed toward the understanding of the genetic, 

biochemical and ultrastructural alterations that are associated with the process of 02 

modification (Lopes, 1989; Wallace et al" 1990; Lopes et al" 1991; Paiva et al" 

1991; Geetha et al" 1991; Larkins et al" 1992), These studies point consistently to 

the involvement of the 27-kD gamma-zein protein in the process, although no 

definitive proof is available for the direct involvement of this protein in endosperm 

structure and seed hardness, This study shows that two groups of independently 

developed modified 02 genotypes have increased contents of the 27-kD gamma-zein 

compared to either 02 or normal maize (Figure 3,1 and 3,2), This result reinforces 

the hypothesis that gamma-zein is either directly involved in the process of seed 

modification and that modifier genes are tightly linked to genes involved with 

increased synthesis of this protein, 

Another consistent biochemical alteration associated with endosperm 

modification is a slight decrease in the content of lysine and tryptophan in the seed 

(Ortega and Bates, 1983; Figure 3,3), Nutritional quality is a function of the content 

of non-zein proteins in the endosperm, and increased accumulation of this protein 
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fraction occurs in 02 compared to wild type endosperm (Habben et al., 1993). The 

mutation 02 is a defect in the gene that encodes a regulatory protein that controls 

transcription of a subset of alpha-zein genes (Schmidt, 1993). Although the increase 

in non-zein proteins is paralleled by decreases in zein accumulation, there is no 

evidence that the two events are directly linked. 

This study shows that there are no alterations in the amino acid composition of 

non-zein proteins of modified 02 mutants compared to a wild type genotype (Table 

3.3). This result indicates that the proteins that compose the non-zein fraction must 

be coordinately increased in modified 02 mutants compared to normal genotypes. 

However, a significant alteration in amino acid composition can be detected for the 

zein fraction of normal versus modified 02 genotypes. Analysis of these alterations 

indicate that the changes in amount of amino acid residues in the modified mutants are 

due to decreased alpha-zein and enhanced gamma-zein accumulation (Table 3.3, 

Figure 3.3). Comparisons of amino acid composition of total proteins from a normal, 

02 and modified 02 genotype indicate that if the increases in lysine content in 02 

versus normal are due to a reduction of alpha-zein accumulation and increase of non

zein proteins, it is possible that the slight decrease observed in the lysine content of 

the modified 02 genotype compared to the standard 02 is due to the increased 

accumulation of the gamma-zein protein. Fractionation of cellular components of 

developing seeds and analysis of their protein composition indicate that as early as 18 

DAP an inverse relationship can be detected between alpha- and gamma-zein 

accumulation and non-zein protein content (Table 3.2). 
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The gamma-zein protein in modified 02 genotypes does contain lysine (Chapter 

5). Therefore, it is difficult to imagine that selection for seed modification would 

cause increased accumulation of a gene product unrelated to the modification process, 

thus antagonizing efforts to maintain protein nutritional quality. This is especially 

true because the selection procedures used for 02 modification placed a high priority 

on maintenance of seed nutritional quality (Vasal et al., 1980; Bjarnason and Vasal, 

1992; Gevers and Lake, 1992). Therefore, it appears that increased accumulation of 

the lysine-poor gamma-zein protein was a necessary route to alter seed phenotype. 

Apparently, the cost of this process was a slight reduction of seed nutritional quality 

relative to the unmodified 02, due to a decrease in the lysine-rich non-zein proteins 

that occurs upon increased storage protein accumulation. The mechanisms 

determining the quantitative balance between these protein fractions remain unknown. 

Accumulation of alpha-zein proteins has been shown to be positively associated 

with endosperm hardness (Dombrink-Kurtzman and Bietz, 1993). This conclusion is 

consistent with the still unproven association between the soft, floury phenotype of 02 

mutants and reduced accumulation of alpha-zeins. If this association is correct, it can 

be imagined that development of seed hardness in 02 mutants would be possible 

through increased accumulation of a storage protein capable of offsetting the "defect" 

caused by reduced alpha-zein. Since gamma-zein genes are not regulated by the 02 

protein, increased accumulation of this protein can be achieved in 02 backgrounds, 

provided that the necessary regulatory processes are amenable to selection. This 

appears to be the case in modified 02 genotypes. 
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Figure 3.8. A Model For the Involvement of Gamma-Zein In Endosperm 

Modification in 02 Maize. A. Increased accumulation of gamma-zein protein leads 

to formation of a higher number of small protein bodies in the developing endosperm 

of modified 02, compared to 02. B. Endosperm desiccation lead to tight packaging 

of endosperm components and probably to disintegration of RER membranes, 

exposing the gamma-zein protein to the cytoplasmic matrix. Closely packed protein 

bodies may become crosslinked among themselves and with the cytoplasmic matrix by 

the gamma-zein located at their surface. This could cause the vitreous phenotype of 

the mature modified 02 kernels. The few, small protein bodies in the 02 endosperm 

do not allow enough packaging and crosslinking. Loose interaction between cell 

components leads to endosperm cracks upon desiccation. SG, starch granules; EM, 

endosperm matrix (cytoplasmic components); PB, protein bodies; ES, empty spaces 

caused by ruptures upon desiccation. 
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Even though no proof is available for the direct involvement of gamma-zein in 

02 endosperm modification, the consistent association between these traits is 

supportive of the model presented in Figure 3.8. Increased accumulation of the 

gamma-zein protein in modified 02 mutants, with maintenance of protein body size 

similar to that found in non-modified 02 (Lopes and Larkins, 1991; Geetha et aI., 

1991), is an indication that modified 02 genotypes must have a much higher number 

of these structures. As the seed matures, desiccation may lead to disintegration of 

RER membranes, exposing the gamma-zein protein to the cytoplasmic matrix. 

During desiccation, the protein bodies become closely packed (Torrent et aI., 1989), 

and possibly crosslinked by the gamma-zein protein and/or other cysteine-rich 

proteins (Figures 3.6 and 3.7). This could cause the vitreous phenotype of the mature 

modified 02 kernels. 
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CHAPTER 4 

GENETIC ANALYSIS OF MODIFIER GENE ACTION IN opaque-2 MAIZE. 

I. SEGREGATION ANALYSIS OF SEED PHYSICAL PROPERTIES AND 

ENDOSPERM BIOCHEMICAL COMPOSITION. 

INTRODUCTION 

The advantage of modified opaque-2 (02) germplasm in human nutrition, animal 

feeding, and in improving the physical properties of the maize grain have prompted 

interest in establishing how the modification of the endosperm is effected at both the 

genetic and biochemical levels. The action of 02 modifier genes has been subject of a 

considerable number of reports during the last twenty years (reviewed by Glover and 

Mertz, 1987). However, there is no detailed or conclusive information about the 

number of modifier genes or their mode of inheritance. The arduous breeding 

process required for efficient endosperm modification, while maintaining high seed 

nutritional quality, suggest that minor genes and quantitative inheritance playa major 

role in the process (Bjarnason and Vasal, 1992; Gevers and Lake, 1992). 

Lopes and Larkins (1991) showed that continuous phenotypic variation ranging 

from completely unmodified to completely modified kernels is found in single ears of 

F2 progenies derived from crosses between 02 and modified 02 genotypes. The 

existence of a wide range of segregating types and the possibility to recover parental 

types from small seed samples suggested the involvement of few modifier loci acting 

in a semi-dominant or additive fashion. 
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Because the components of the 02 modifier gene system are unknown, further 

development and future usefulness of this germplasm may depend upon advances in 

deciphering the genetic, biochemical and molecular mechanisms by which modifier 

genes function. This chapter reports the use of a combination of genetic and 

biochemical approaches to estimate the number of loci responsible for 02 modification 

and to study the relationships between alterations in the content of endosperm proteins 

and endosperm modification. 

MATERIAL AND METHODS 

Plant Materials 

Maize (Zea mays L.) stocks used in this study were developed at the Purdue 

University Agronomy Farm, West Lafayette, IN, during the summers of 1988 and 

1989, and at the University of Arizona Research Farm, Tucson, AZ, from 1990 to 

1992. The inbred lines W64A, and its isogenic 02 version were obtained at Purdue 

University. Pool 33 QPM and White Flint QPM are modified 02 populations 

obtained from CIMMYT, Mexico City. Modified 02 germplasm developed by 

CIMMYT has been described by Villegas et al. (1992) and Bjarnason and Vasal 

(1992). Self-pollinated ears and reciprocal Fl hybrids were obtained by hand

pollination. Their phenotypic and biochemical analysis has been previously described 

(Lopes and Larkins, 1991). 
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Development of Segregating Populations 

F2 families segregating for modifier genes were obtained by hand pollinating F 1 

plants obtained from the crosses W64Ao2 x Pool 33 QPM and White Flint QPM x 

W64Ao2. F3 families with either opaque or vitreous seed phenotype were developed 

by self-pollination of plants derived from opaque and modified seeds selected from 

individual F2 progenies. Therefore, each F2 family chosen originated from two 

groups of F3 progenies with extreme phenotypes (opaque or vitreous). Only 

progenies that bred true for the selected phenotype were retained for subsequent 

analysis. 

Development of Recombinant Inbred Lines 

Recombinant inbred lines were developed by inbreeding progenies of F2 familes 

derived from the crosses W64Ao2 x Pool 33 QPM and White Flint QPM x W64Ao2. 

The objective was to generate homozygote progenies fixed at genomic regions 

containing individual modifier alleles. To start the process, approximately 60 F2 

plants were chosen from each cross. Visual selection for plant and seed phenotype 

was done for each cycle of inbreeding, and progenies displaying undesirable traits and 

long maturation cycles were discarded. Seeds from each selection cycle were 

examined on a light box and a set of progenies representing the widest possible range 

of seed phenotypes was chosen for the subsequent cycle. For this study, F4 lines 

derived from the crosses W64Ao2 x Pool 33 QPM and F5 lines derived from the 

cross White Flint QPM x W64Ao2 were used. 
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Figure 4.1. 02 Modifier Genes Alter Seed Phenotype in a Semi-Dominant Fashion. 

Seeds from representative samples of modified 02 (pool 33 QPM), 02 (W64A02) and 

from their reciprocal FI hybrids were photographed on a light box. Seeds on the top 

row (A) were cut in cross section with a razor blade to better show internal 

endosperm structure. Identification of each pair of seeds (A and B), from left to right 

is: Pool 33 (PI), PI x P2, P2 x PI, and W64A02 (P2), respectively. 
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Seed Sampling and Statistical Analysis 

Twelve well developed F2 ears were randomly chosen from 45 selfed Fl plants of the 

cross W64Ao2 x Pool 33 QPM. Seeds from each family were shelled, examined with 

a light box for seed modification, and divided into opaque, semi-opaque, semi

modified, and modified classes. The phenotypic limits for each class were established 

by comparison with the phenotypes observed in parents and reciprocal crosses 

obtained from the same materials (Figure 4.1) (Lopes and Larkins, 1991). The 

phenotypes of the F2 seeds were classified as follows: seeds similar to the opaque 

parent (W64Ao2) were classified as opaque; seeds similar to the reciprocal Fl seeds 

from the cross W64Ao2 x Pool 33 QPM were classified as semi-opaque; seeds similar 

to seeds from the cross Pool 33 QPM x W64Ao2 were classified as semi-modified; 

and seeds similar to the modified parent (pool 33 QPM) were classified as modified. 

Recombinant inbred lines were propagated by ear-to-row. Individual, well formed 

ears were shelled and used for analysis. Statistical analysis was conducted by using 

analysis of variance (ANOVA), and correlation procedures. Analysis of the 

relationship between seed density, relative amount of gamma-zein, percentage of 

gamma-zein of total zein, relative amount of total zein and relative amount of non

zein was done by regression using the linear model Y = b + ax, where "btl is the 

intercept and "a" the slope of the linear regression. 

Analysis of Seed Density 

Measurement of seed density was used to determine degree of seed modification. 
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These two traits have been shown to be correlated (Lopes and Larkins, 1991). Seed 

density was measured using the absolute ethanol method (Kniepp and Mason, 1989). 

A 500 ml cylinder was placed on an electronic balance, the weight determined, and 

deducted. Grains were poured into the cylinder and the weight recorded. The 

cylinder was then filled with absolute ethanol (200 proof, density 0.78612 at room 

temperature), agitated to remove trapped air, completed to the 300 ml mark, and the 

weight was recorded. Calculation of seed density was done as follows: (g seed + 

ethanol) - g seed = g ethanol; g ethanol/0.78612 = mL of ethanol; 300 mL - mL of 

ethanol = mL seed; g seed/mL seed = g/mL = seed density. Density of 100 proof 

ethanol at room temperature is 0.78612 g/mL. Seed volumes (mL) were calculated 

by the same procedure. 

Extraction of Seed Proteins, SDS-PAGE, and Protein Measurements 

Embryos were hand-dissected from dry, mature kernels sampled from fully developed 

ears. For inbred lines and F1 hybrids a sample of 20 endosperms was first pulverized 

in a blender, then ground to a fine meal with a ball mill. For analysis of combined 

F3 progenies, a sample of 20 endosperms from each individual progeny was first 

pulverized in a blender, then ground to a fine meal with a ball mill. One gram of 

meal from each line was then combined and homogenized in a blender before 

sampling for protein analysis. Endosperm flour of 30 individual F3 progenies was 

combined together into pools of opaque and modified samples. Alpha-zein proteins 

were extracted overnight in 70% (v/v) ethanol by constant shaking at 3'?C. After 
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centrifugation for 15 min at 12,000 rpm, the supernatant was collected, vacuum dried, 

and stored at 4°C until used. Total zeins and non-zein proteins were isolated 

according to Wallace et al. (1990). Total endosperm protein was solubilized in 

0.0125 M sodium borate (PH 10.0), 1 % (w/v) SDS, and 2 % (v/v) 2-mercaptoethanol. 

Samples were extracted overnight with constant shaking at 37°C, and centrifuged for 

15 min at 12,000 rpm to remove insoluble materials. The supernatant was carefully 

removed and mixed with absolute ethanol to a final concentration of 70% (v/v). 

After 30 min incubation at 37°C with occasional mixing, a precipitate of alcohol

insoluble non-storage proteins was visible, and the samples were again centrifuged as 

described before. The supernatant containing total zeins was transferred to clean 

microfuge tubes, vacuum dried, and stored until used. 

SDS-polyacrylamide gradient gels (7.5 to 18%, w/v) were prepared according 

to Laemmli (1970), but the Tris concentrations used in the resolving gel and running 

buffer were doubled. Protein samples were diluted in SDS-sample buffer (Laemmli, 

1970) and boiled for 3 min before loading. Gels were run at room temperature at a 

constant current of 15 rnA, stained with Coomassie blue overnight, and destained in 

40% (v/v) methanol and 10% (v/v) acetic acid for at least 8 hours. Gels were 

scanned with a laser densitometer, and the intensity of the bands was measured with 

the aid of an Image Quant Program (Molecular Dynamics, Sunnyvale, CA). 
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Figure 4.2. Analysis of Seed Phenotype in F2 and F3 Progenies Derived from the 

Cross W64Ao2 x Pool 33. A. Twelve F2 families were analyzed for degree of seed 

modification. Seeds from each family were separated according with endosperm 

phenotype into opaque, semi-opaque, semi-modified, and modified classes, as 

described in "Material and Methods". Graph A indicates number of seeds per class in 

each F2 family. B. F2 seeds from the extreme classes (opaque and modified) were 

planted and selfed. The corresponding F3 familes were analyzed for seed density as 

described in "Material and Methods". Graph B indicates seed density of F3 families 

with opaque and modified endosperm. 
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RESULTS 

Analysis of Endosperm Modification in Segregating Progenies 

Approximately 8000 seeds from twelve well developed F2 ears were randomly chosen 

from 45 selfed FI plants of the cross W64A02 x Pool 33 QPM. Seeds were 

separated based on endosperm translucence into opaque, semi-opaque, semi-modified, 

and modified samples, as described in "Material and Methods". The number of seeds 

per phenotypic class for each F2 progeny are shown in Figure 4.2A. Most seeds fall 

into the two intermediate phenotypic classes, with the distribution skewed toward 

semi-opaque types. The two extreme classes contain seeds with phenotypes similar to 

that of the 02 and modified 02 parents. A small, but similar number of individuals 

fall into these two classes. Previous analysis of seed phenotype indicated that the 

modifier genes have a semidominant or additive mode of inheritance (Lopes and 

Larkins, 1991). Therefore, F2 individuals with parental phenotypes should breed true 

when selfed. To test this hypothesis, seeds with extreme phenotypes were planted and 

selfed to generate F3 familes. Most F3 families had the expected phenotype. 

However, a few familes expected to have an opaque phenotype segregated for seed 

modification (data not shown). One possible explanation for this is the difficulty to 

separate, by analysis of light transmission, F2 seeds that are completely opaque from 

those with a very low degree of modification. Seed density measured for F3 

progenies with the expected phenotype is shown in Figure 4.2B. Seeds displaying a 

vitreous phenotype have a consistently higher seed density when compared to those 

with an opaque phenotype. 
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Differences in the sample means for seed number, seed density and seed 

volume for the four levels of seed transluscence were judged statistically by analysis 

of variance and multiple comparison tests. Analysis of variance for the three 

parameters indicated significative differences (p < 0.01) in sample means for all 

three traits (Table 4.1). Therefore, visual selection for endosperm modification 

allowed separation of populations of seeds with distinct mean values for amount of 

seeds selected per transluscence class (Table 4.1A), seed density (Table 4.1B) and 

seed volume (Table 4.1C). Since all F values were significant at the 0.01 probability 

level, a Fisher's protected LSD test was used to evaluate differences between mean 

values for the three traits. Mean seed numbers for the two extreme classes are not 

significantly different. However, mean seed numbers differed between the 

intermediate and the extreme classes. Also, there is a significant difference between 

mean seed number of the semi-opaque and semi-modified classes. These results are 

in accordance with the variation in seed number shown in graph A (Figure 4.2). 

Differences in sample means for seed density are shown in Table 4.1B. Mean 

seed density for opaque, semi-opaque, and semi-modified seed classes are 

significantly different at the 0.05 probability level. However, there is no significant 

difference between the semi-modified and the modified classes at the same probability 

level. These results indicate that although semi-modified and modified seeds can be 

separated visually by assessment of light transmission through the endosperm, they do 

not differ in density to an extent that can be detected by the test used. Differences in 

sample means for seed volume are shown in Table 4.1C. Although mean values 



Table 4.1. Analysis of Variance for Seed Translucence (A) Seed Density (B), and Seed Volume (C) in F2 Progenies 

from the Cross W64Ao2 x Pool 33. 

A B C 

Source df F Source df F Source df F 

Factor 3 150.12 ** Factor 3 42.82 ** Factor 3 6.24 ** 

Progeny 11 1.61 NS Progeny 11 1.76 NS Progeny 11 12.16 ** 

1 
Level Level N Mean N Mean 

1 1 
Level N Mean 

Opaque 12 58.17 a Opaque 12 1.1135 a Opaque 12 19.767 a 
Semi-Opq. 12 354.33 c Semi-Opq. 12 1.1789 b Semi-Opq. 12 18.809 ab 
Semi-Mod. 12 207.58 b Semi-Mod. 12 1.2150 c Semi-Mod. 12 18.338 b 
Modified 12 44.83 a Modified 12 1.2272 c Modified 12 18.638 ab 

Pooled St. Dev. = 44.20 II Pooled St. Dev. = 0.0294 II Pooled St. Dev. = 1.670 

•• Significant at the 0.01 probability level. 

Means within a column followed by the same letter are not significantly 

different at P = 0.05 based on Fisher's protected LSD. 

...... 
R3 
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Table 4.2. Analysis of Variance1 and Confidence Intervals2 for Endosperm 

Modification in F3 progenies derived from opaque and modified seeds from F2 

familes of the cross W64Ao2 x Pool 33. A, B, and C represent results obtained from 

F3 progenies derived from three different F2 families. 

Level N Mean St. Dev. 

Opaque 14 1.0628 0.0183 ......... 

Modified 14 1.2102 0.0278 ............. 

Pooled Std. Dey. = 0.0235 
I 

1.1ilo 
I I F = 274.60 ** 1.000 1.200 1.300 

Level N Mean St. Dev. 

Opaque 9 1.0683 0.0200 ...•... 

Modified 9 1.2022 0.0178 ~.~ ..... 
Pooled St. Dey. = 0.0189 
F = 224.64** I I I I 

1.000 1.100 1.200 1.300 

Level N Mean St. Dev. 

Opaque 11 1.0545 0.0289 ................ 

Modified 11 1.2016 0.0278 .... -~ ....... 

Pooled St. Dey. = 0.0284 
F = 147.98 ** I I I I 

1.000 1.100 1.200 1.300 

1 ** Significant at the 0.01 probability level. 

2 Solid bars indicate range of seed density. Dotted lines indicate the mean (star) and 

the 95 % confidence interval for seed density. 



differ between seed populations, there is no trend that indicates that this trait 

correlates with seed modification. 
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The homozygosity of extreme phenotypic classes with respect to modifier gene 

loci has been indicated by non-segregation of seed phenotype in F3 progenies derived 

from modified and opaque F2 seeds (Figure 4.2). Differences in seed density means 

for the two phenotypic classes were judged statistically by analysis of variance of 

three distinct groups of F3 seeds (fable 4.2). Analysis of variance indicated 

significative differences (p < 0.01) for mean seed density of all three progeny 

groups. Also, the individual 95 % confidence interval for seed density means based 

on pooled standard deviations indicated that the two phenotypic classes have distinct, 

non-overlapping ranges of density. 

Inheritance of Endosperm Modifier Genes 

Repeated phenotypic analysis of segregating populations obtained from several 

combinations of different 02 and modified 02 genotypes indicate that 5 to 10% of the 

F2 seeds had either opaque or modified phenotypes (Lopes and Larkins, 1991; data 

not shown). Most of these seeds bred true for seed phenotype (Figure 4.2B, Table 

4.2), indicating that few semidominant modifier genes control endosperm hardness in 

modified 02 genotypes. A range of 5-10% of homozygous parental types in the F2 is 

suggestive of two independent, semidominant modifier genes with similar effects on 

endosperm phenotype (Figure 4.3A, B). Comparison of the seed phenotype of 02, 

modified 02 and their respective reciprocal Fl hybrids indicated a stepwise increase in 



165 

Figure 4.3. Segregation Analysis for Seed Modification in F2 Progenies Derived 

from the Cross W64A02 x Pool 33. A. Prediction of endosperm genotypes in 

reciprocal Fl hybrids under the hypothesis of two independent semidominant modifier 

genes (A and B) with similar effect on phenotype. The number of active alleles 

(indicated by capital letters) in the male and female gametes and in the progeny 

genome are listed below each genotype. Progeny with modified (PI), semi-modified 

(PI x P2), semi-opaque (P2 x PI), and opaque (P2) endosperm phenotypes have 

previously been shown to be generated by these crosses (Lopes and Larkins, 1991). 

B. A prediction of endosperm genotypes generated in F2 progenies derived from 

crosses between 02 and modified 02 genotypes. This is an extension of the 2-gene 

model described in A. Selfed PI's should generate 16 genotypic classes. Phenotypic 

classes can be predicted by the number of active modifier alleles (A and B) for each 

genotype, as in A. Modified (6 active alleles), semi-modified (5 and 4 active alleles), 

semi-opaque (1, 2, and 3 active alleles) and opaque (0 active alleles) classes are 

expected at a ratio 1:5:9:1. C. Testing the hypothesis presented in A and B. 7979 

F2 seeds derived from progenies of the cross W64A02 x Pool 33 were analyzed for 

degree of seed modification and divided into opaque, semi-opaque, semi-modified, 

and modified classes as described in "Material and Methods". The data was analyzed 

by a chi-square goodness-of-fit test, using the phenotypic ratios expected from the 

predictions described in B. 
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seed hardness with increasing dosage of modifier genes (Figure 4.1)(Lopes and 

Larkins, 1991). 
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Figure 4.3A shows that with the assumption of two semidominant genes 

controlling endosperm modification, the number of active alleles (A plus B) correlates 

with the phenotype of parents and progeny. The modified parent has 6 active alleles 

while the 02 parent has none. Unequal contribution of male and female genomes to 

endosperm genotype generates Fl reciprocal hybrids with 4 and 2 active modifier 

alleles, respectively. Figure 4.3B shows a Punnet square with the predicted 

genotypes and active number of modifier alleles in the triploid endosperm of F2 

progenies, based on the assumption of two semidominant modifier genes. These 

genotypes would be obtained from self-pollination of any of the Fl progenies shown 

in Figure 4.2A. The number of active modifier alleles (represented by capital letters) 

is the sum of A and B alleles in each genotype. With semidominance the phenotype 

is expected to be a function of the number of active alleles controlling the trait. 

Therefore, it is possible to predict the proportion and genotypes of F2 individuals that 

will have opaque, semi-opaque, semi-modified, and modified endosperm phenotypes. 

Because stepwise variation in seed modification in 02, modified 02, and reciprocal Fl 

hybrids (Figures 4.3A) can be evaluated by visual assessment of light transmitted 

through the endosperm (Figure 4.1) (Lopes and Larkins, 1991), they were used as 

standards for selection of F2 seeds having similar phenotypes (Figure 4.3C). Since 

segregation of two independent genes generate genotypes with 1, 3, and 5 active 

alleles, combinations not seen in the Fl, it is reasonable to assume that individuals 



with 1, 2, and 3 active alleles have semi-opaque phenotype, and individuals with 4 

and 5 active alleles have semi-modified phenotype. Under these assumptions, the 

expected phenotypic ratio in F2 is 1 opaque: 9 semi-opaque: 5 semi-modified: 1 

modified. 
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Selection of phenotypic classes similar to those of parents and reciprocal Fl 

hybrids from approximately 8000 F2 seeds of the cross W64Ao2 x Pool 33 QPM 

generated a phenotypic ratio of 1.39 opaque: 8.53 semi-opaque: 5.00 semi-modified: 

1.08 modified (Figure 4.3C). A chi-square goodness-of-fit test was used to check if 

the observed data conform to the expected based on the assumption of two 

independent semi-dominant genes controlling endosperm modification. Figure 4.3C 

indicates that the computed chi-square value was greater than the critical value at the 

0.05 probability level. This is an indication that at least one of the class probabilities 

is different from the hypothesized value. This is not an unexpected result since seeds 

with small amounts of hard endosperm (like the ones expected to have I active 

modifier allele, as shown in Figure 4.3B) are frequently misclassified as opaque 

types, inflating the opaque class and deflating the semi-opaque class. Such mistakes 

in seed classification could explain the deviations between the observed and expected 

ratios for these two classes. Also, the existence of one or three semidominant 

modifier genes would lead to proportions of the F2 progeny with extreme phenotypes 

that greatly deviate from the observed values (1I4th and lI64th respectively). 

Therefore, the data indicate that it is reasonable to assume that two independent 

semidominant loci control endosperm modification in this 02 population. 
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Figure 4.4. SDS-PAGE Analysis of Zein proteins from Modified and Non-modified 

02 Maize. A. Protein samples were extracted from equal amounts of endosperm, 

and protein extracts corresponding to 2 mg of flour were solubilized in sample buffer 

(Laemmli, 1970) and separated by a 7.5% to 18% gradient gel SDS-PAGE. Gels 

were stained with Coo massie-blue. B. Quantification of the 27-kD Gamma-Zein by 

Laser Densitometry. Duplicate Coomassie blue-stained gels were scanned with a 

laser densitometer, and absorbance values corresponding to the 27-kD band were used 

to calculate the relative amounts of gamma-zein among the several genotypes. 

Concentrations were indexed to the value of the inbred W64A02, which was 

arbitrarily established as 1. The arrow indicates the position of the 27-kD gamma

zein band. 
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Endosperm Modification Co-Segregates with Gamma-Zein Content 

Endosperm modification has been shown to correlate with increases in gamma-zein 

accumulation (Wallace et al., 1990; Lopes et al., 1991). In order to verify if this 

correlation holds in segregating progenies, endosperm flour of the F3 progenies 

described in Figure 4.2B and Table 4.2 was pooled and analyzed for storage protein 

content. SDS-PAGE separation of total zein proteins obtained from Pool 33 QPM, 

W64A, their reciprocal crosses, and F3 pools is shown in Figure 4.4A. 

Quantification of gamma-zein content by laser densitometry is shown in Figure 4.4B. 

Changes in modifier gene dosage (as shown in Figures 4.1 and 4.3A) are positively 

correlated with changes in content of the 27-kD gamma-zein protein in parents and 

reciprocal crosses (Lanes 1-4). Modified and opaque F3 pools (lanes 5 and 6) 

derived from F2 seeds homozygote at modifier gene loci (Figure 4.2B) show a pattern 

of gamma-zein content similar to that of the modified and opaque parents (lanes 1 and 

4). These results confirm that segregating progenies that breed true for seed 

modification also accumulate a content of the gamma-zein protein that is positively 

correlated with the degree of endosperm modification. 

FIXation of Individual Modifier Genes in Recombinant Inbred Lines 

The complex pattern of segregation of seed phenotype (Figure 4.3) makes it difficult 

to study the effects of individual modifier genes. Also, transposon tagging and 

isolation of modifier genes is easier if less complex genetic stocks are available. To 

obtain these materials, recombinant inbred lines were produced by inbreeding the 
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progenies derived from crosses of an 02 line (W64Ao2) with two well modified 02 

genotypes (pool 33 QPM and White Flint QPM). Visual selection was carried out 

before each cycle of inbreeding in order to maintain a range of seed modification as 

wide as possible. By analogy with the model presented in Figure 4.3, inbred lines 

with extreme phenotypes (modified and opaque) are expected to have the parental 

modifier loci (either AB or ab). However, selfing with selection for types with 

extreme and intermediate phenotypes can lead to fixation of different combinations of 

modifer alleles (AABB, AAbb, aaBB, aabb). Analysis of seed density 

of recombinant inbred lines obtained from the two crosses is shown in Figure 4.5A 

and B. For both groups, a continuous distribution was obtained within a wide range 

of seed density. 

Correlation Between Seed Density and Accumulation of Endosperm Proteins 

Analysis of total zein proteins by SDS-PAGE (Figure 4.6A) showed that the content 

of the 27-kD gamma-zein in recombinant inbred lines from the cross W64Ao2 x Pool 

33 QPM increases in a continuous fashion, parallel with the distribution of seed 

density (Figure 4.5A). Analysis of non-zein proteins also showed only minor changes 

in banding pattern, even though laser densitometry detected variations in the total 

content of non-zeins between the different lines (Figure 4.10). Similar results were 

obtained for recombinant inbred lines from the cross W64Ao2 x White Flint (data not 

shown). 
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Figure 4.6. SDS-PAGE Analysis of Zein and Non-Zein Proteins from Mature 

Endosperm Flour of Recombinant Inbred Lines Developed from the Cross W64Ao2 x 

Pool 33 QPM. A. Total zeins were obtained as described in "Methods" and 

separated in a 7.5% to 18% gradient gel SDS-PAGE. Samples of 20 seeds from each 

genotype were degermed and ground to a fine powder. Protein samples were 

extracted from equal amounts of endosperm flour, and protein extracts corresponding 

to 1.5 mg of flour were solubilized in Laemmli sample buffer and loaded in the gel. 

B. Non-zein proteins were obtained and separated as described in A and "Material 

and Methods", except that protein extracts corresponding to 3 mg of flour were 

loaded in the gel. Protein samples were loaded according to the ascending order of 

seed density shown in Figure 4.5A. Arrow indicates position of the 27-kD gamma

zein band. 
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Evaluation of seed density provided a measurable parameter that better defines 

the dimensionless classification of seed modification into "opaque", "modified" and 

"intermediate" types (Figures 4.1 and 4.2, Tables 4.1 and 4.2). Furthermore, 

measurement of seed density facilitated evaluation of the relationship between seed 

modification and any other measurable trait, through regression and correlation 

analysis (Figures 4.7-4.10). Contents of the 27-kD gamma-zein protein, total zein 

proteins, and non-zein proteins were measured by laser densitometry of the 

endosperm proteins extracted from recombinant inbred lines and separated by SDS

PAGE (Figure 4.6). Absorbance values for gamma-zein, total zeins, and non-zein 

proteins were indexed to the absorbance value of the inbred line with the lowest 

reading, arbitrarily considered 1, and designated "relative amounts". Also, gamma

zein contents were calculated as percentages of total zein for each individual line. 

Figure 4.7 shows the relationship between seed density and relative amount of 

gamma-zein. Seed density and gamma-zein content are positively correlated with an 

R2 value of 0.82 (P < 0.01). Also, increments in seed density are positively 

associated with increases in percentage of gamma-zein in the total zein fraction of 

these lines (R2 = 0.79, P < 0.01) (Figure 4.8). Although there is a positive 

relationship between seed density and relative amount of total zein in the endosperm 

(Figure 4.9), the R2 value is much lower (0.30, P < 0.01) than the ones calculated 

for the relationships illustrated in FigiJres 4.7 and 4.8. Figure 4.10 shows that seed 

density is inversely correlated with relative amount of non-zein proteins (R2 = 0.42, 

P < 0.01). To evaluate the relationships between all the variables, a Spearman's 
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rank correlation test was used (Table 4.3). Correlation coefficients (rJ are very 

similar to the R2 values for the associations illustrated in Figures 4.7-4.10. Positive 

correlations were found among parameters involving seed density, gamma-zein, and 

total zein content, and negative correlations were found between those and non-zein 

content. 

DISCUSSIOI~ 

Endosperm modification in 02 maize genotypes results from the action of a system of 

genetic "modifiers" that were accumulated by backcross and recurrent selection 

(Bjarnason and Vasal, 1992; Gevers and Lake, 1992). Through repeated cycles of 

phenotypic selection, chemical analyses, and recombination, remarkable improvements 

in kernel hardness, kernel density, and overall agronomic performance of 02 were 

obtained, while the improved nutritional quality associated with the mutation was 

maintained (Vasal et al., 1980). Despite of the success of this approach, very little is 

known about the genetic and biochemical changes underlying the process of seed 

modification. 

A gradual increase in the proportion of hard to soft endosperm is consistently 

observed in reciprocal Fl hybrids developed by crossing 02 and modified 02 

genotypes (Figure 4.1) (Lopes and Larkins, 1991). In addition, continuous 

phenotypic variation ranging from completely opaque to completely modified kernels 

is found in single ears of F2 progenies segregating for kernel modification (Figure 

4.2A) (Lopes and Larkins, 1991). Selfing of F2 individuals with an extreme 

(modified and opaque) phenotype indicated that the selected phenotype persists in the 



179 

5.---------------------------------------------------, .. 
.. 

4 ............................................................................................................................... _ ............ __ .................................... . 

z 
iii 
N 
< .. 
~ .... .. 
~ .. 
~ 3 ........................................................................................................................... - •.... _. __ ........................................ . 

u. 
o 
I
Z 
:J 
o 
~ 
< 
w 
> 

~ 
w 
a: 

.. 
2 .......................................................................... i¥.l!': •••• i¥. ........................................ _ ........... _ ••••••••••••••••••••••••............••••• 

II( .. 
.. .. 

III .,} 

III II( 

II( 

III .. .. 

1 ...................•........................................................................................................................ _ ....................................... . 

o+---------~--------~--------~~--------.---------~ 
1.05 1.1 1.15 1.2 1.25 1.3 

SEED DENSITY (g/mL) 

Figure 4.7. Relationship Between Seed Density and Relative Amount of Gamma-zein 

in the Endosperm of Recombinant Inbred Lines Developed from the Cross W64Ao2 x 

Pool 33 QPM. Seed density and gamma-zein determinations were done for seed 

samples derived from individual inbred plants, as described in "Materrial and 

Methods". Regression equation was Y = -17.36 + 16.84x. R2= 0.82 (P < 0.01). 

P values for constant and slope < 0.01. 
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Figure 4.8. Relationship Between Seed Density and Percentage of Gamma-zein on 

Total Zein Protein in the Endosperm of Recombinant Inbred Lines Developed from 

the Cross W64Ao2 x Pool 33 QPM. Seed density, total zein, and gamma-zein 

determinations were done for seed samples derived from individual inbred plants, as 

described in "Material and Methods". Regression equation was Y = -156.57 + 

158.09x. R2= 0.79 (p < 0.01). P values for constant and slope < 0.01. 
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Figure 4.9. Relationship Between Seed Density and Relative Amount of Zein Protein 

in the Endosperm of Recombinant Inbred Lines Developed from the Cross W64Ao2 x 

Pool 33 QPM. Seed density and zein determinations were done for seed samples 

derived from individual inbred plants, as described in "Material and Methods". 

Regression equation was Y = -1.52 + 2.68x. R2= 0.30 (P < 0.01). P value for 

constant = 0.058. P value for slope < 0.01. 
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Figure 4.10. Relationship Between Seed Density and Relative Amount of Non-Zein 

Proteins in the Endosperm of Recombinant Inbred Lines Developed from the Cross 

W64Ao2 x Pool 33 QPM. Seed density and non-zein determinations were done for 

seed samples derived from individual inbred plants, as described in "Material and 

Methods". Regression equation was Y = 4.21 - 2.2Ox. R2= 0.42 (p < 0.01). P 

values for constant and slope < 0.01. 
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F3 (Figure 4.2B). These results strongly suggest that modifier genes act in a semi-

dominant fashion. 

Previous analysis of a large number of segregating populations developed from 

different combinations of 02 and modified 02 genotypes indicated that approximately 

10-16% of the F2 seeds had parental phenotypes (5-8% opaque and 5-8% modified) 

(Lopes and Larkins, 1991). Recovery of equal amounts of parental types at a 

proportion that approximates 1116 of the total progeny indicates the possibility that 

two semidominant genes are involved with the trait. 

On theoretical grounds, a modified 02 individual with two independent semi

dominant modifier genes whould have 6 active modifier alleles in the triploid 

endosperm. Reciprocal crosses of this individual with an 02 plant, that lacks active 

modifier alleles should result in Fl hybrids with 4 and 2 modifier alleles in the 

endosperm, depending on how the cross is made (Figure 4.3A). Based on this 

hypothesis, the dosage variation in the number of modifier alleles in the endosperm of 

both parents and their progeny (from 6 to 0) perfectly follows the stepwise variation 

in seed phenotype seen in Figure 4.1 (from vitreous to opaque). 

F2 genotypes and their number of active alleles were estimated on the basis of 

the 2-gene hypothesis described in Figure 4.3A. F2 genotypes were illustrated in a 

Punnet square (Figure 4.3B) and defined as follows: 1. F2's having no active 

modifier alleles were considered opaque (1116 of the progeny). 2. F2's having 1-3 

active modifier alleles were considered semi-opaque (9/16 of the progeny). 3. F2's 

having 4 or 5 active modifier alleles were considered semi-modified (5116 of the 
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progeny). 4. F2's having 6 active modifier alleles were considered modified (1116 of 

the progeny). This criteria generated an expected genotypic ratio 1:5:9:1 that was 

contrasted to the observed values (Figure 4.2A) and tested by the chi-square goodness 

of fit method (Figure 4.3C). The calculated chi-square exceeded the critical value, 

indicating that the observed value for at least one class deviates from the expected 

value. Comparison of observed and expected values indicated that the observed ratios 

for the semi-modified (1.08) and modified (5.00) classes fit well with the expected 

values (1 and 5 respectively). However, the ratios for the opaque (1.39) and semi

opaque (8.53) classes deviate from the expected in opposite directions (1 and 9, 

respectively). Mistakes in phenotypic classification could explain the deviations 

between the observed and expected ratios for these two classes. Another possibility is 

that the assumption of two genes with equal effects on phenotype is incorrect. Since 

the extent of deviation between the expected (1:9:5: 1) and observed 

(1.39:8.53:5.00: 1.08) ratios does not support the involvement of 1 or three 

semidominant genes, it is safe to assume that the data support the existence of two 

semidominant loci associated with 02 modification. 

With an approximate number of modifier genes in hand, the next step was to 

determine biochemical changes linked to endosperm modification that would provide 

indications of the candidate genes involved. The study described in the previous 

chapter indicated that two groups of independently developed modified 02 genotypes 

have increased contents of the 27-kD gamma-zein, when compared to either 02 or 

normal maize. Since gamma-zein genes function in a semidominant fashion, it is 
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possible that the locus that encodes this protein corresponds to a modifier gene locus. 

The protein could be either directly involved in the process of seed modification 

(Chapter 3, Figure 3.8) or a modifier gene could be tightly linked to genes 

responsible for its increased deposition, thus explaining the consistent linkage between 

these traits. 

A combination of genetic and biochemical analyses was used to further 

investigate linkage between seed modification and gamma-zein deposition. Analysis 

of storage proteins of 02, modified 02 and their reciprocal crosses indicated that the 

degree of modification (Figure 4.1) and the increased deposition of gamma-zein are 

dosage-dependent and directly correlated (Figure 4.4). Except for the 27-kD 

polypeptide, the pattern of zein accumulation in both parents and their progeny is 

similar to that observed for individuals displaying the 02 phenotype. However, 

linkage between high accumulation of gamma-zein and endosperm modification cannot 

be implied by the relationships seen in the parental and Fl generations. Analysis of 

segregating progenies is necessary to definitely determine linkage. Analysis of pooled 

F3 progenies homozygous at modifier gene loci provided definitive proof of linkage 

between these two traits (Figure 4.4). Pooled F3 individuals with a modified 

phenotype accumulate approximately 3.5 times more gamma-zein than pooled 

individuals with an opaque phenotype. Since each pool was composed by 30 

individuals derived from a random sample of F2's homozygous at modifier gene loci, 

it is not likely that the association between endosperm modification and gamma-zein 

accumulation was established by chance. 
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Table 4.3. Spearman's rank correlation coeficients (rJ between seed density 

(SDEN), relative amount of gamma-zein (RAGZ), relative amount of total zein 

(RATZ), percentage of gamma-zein on total zein (pGTZ) and relative amount of non

zein (RANZ). 

Variables RAGZ RATZ PGTZ RANZ 

SDEN 0.903 0.551 0.855 -0.640 

RAGZ - 0.730 0.854 -0.466 

RATZ - - 0.323 -0.105 

PGTZ - - - -0.569 
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Biochemical analysis of modified 02 genotypes do not reveal any other obvious 

change that could be caused or related to a second modifier gene locus (Wallace et 

al., 1990; Lopes and Larkins, 1991). To facilitate the search for modifier gene loci, 

a dissection of the modifier gene complex was attempted by developing recombinant 

inbred lines with intermediate phenotypes. Fixation of intermediate phenotypes is an 

strategy to obtain genetic stocks with different combinations of independently 

segregating modifier genes. These stocks may provide more efficient ways to locate 

candidate modifier genes and to study their individual effects. Also, transposon 

tagging and isolation of modifier genes could be a less difficult task if less complex 

genetic stocks are available. 

In order to check the hypothesis that recombinant inbred lines provide a tool to 

strengthen the relationship between a candidate modifier gene and the vitreous trait, 

physical and biochemical analyse of the seeds were performed, and the association 

between seed modification and accumulation of endosperm proteins was assessed. As 

expected, the amount of gamma-zein increased in a continuous fashion, with 

continuous increases in the degree of seed modification (Figures 4.5 and 4.6). 

Regression analysis indicated that there is a positive correlation between endosperm 

modification and content of gamma-zein (R2 = 82%) (Figure 4.7). Also, positive 

correlations between endosperm modification and percentage of gamma-zein in the 

total storage protein fraction (R2 = 79%) (Figure 4.8), and content of total zein 

proteins (R2 = 0.30) (Figure 4.9) indicated that increases in the absolute content of 

storage protein occur as a consequence of increased gamma-zein accumulation. 
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However, the magnitude of the calculated R2 values indicated that gamma-zein, rather 

than total zein content, is better correlated with endosperm modification. 

Also, there is a negative correlation between endosperm modification and 

accumulation of the lysine-rich non-zein proteins (Figure 4.10). As discussed in 

Chapter 3, slight decreases in the contents of lysine and tryptophan in the seed are 

consistently associated with endosperm modification. These two amino acids are 

contributed by the non-zein protein fraction (Chapter 3, Figure 3.3). Therefore, the 

results presented here provide further support to the hypothesis that increases in seed 

modification cause a decrease in non-zein content and a slight reduction in seed 

nutritional quality. Non-zein content was found to be negatively correlated with seed 

density, relative amount of gamma-zein, percentage of gamma-zein in total storage 

protein fraction and relative amount of total zein (Table 4.3). However, the relatively 

low R2 value (42%) calculated from the regression of non-zein content on seed density 

(Figure 4.10) indicates that it might be possible to select lines with reasonable levels 

of seed modification and high non-zein content. This knowledge may provide a tool 

for more efficient selection and development of improved modified 02 cultivars. 
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CHAPTER 5 

GENETIC ANALYSIS OF MODIFIER GENE ACTION IN opaque-2 MAIZE. 

II. GENETIC AND MOLECULAR ANALYSIS OF A CANDIDATE MODIFIER 

GENE BY RFLP, BULKED SEGREGANT ANALYSIS AND PCR. 

INTRODUCTION 

In the previous chapters it was demonstrated that seed modification and gamma-zein 

content in modified 02 endosperms are dosage-dependent and directly correlated. The 

biochemical features of this storage protein, as well as its location in the endosperm 

indicate that it might be involved in functions other than storage of nitrogen and 

sulfur. In Chapter 3 a model for the possible involvement of gamma-zein in the 

alteration of the physical structure of 02 mutants is presented and discussed. Since 

these relationships make gamma-zein genes candidates for modifiers, further genetic 

analysis was carried out to verify if any modifier gene maps to the gamma-zein locus. 

This chapter describes the use of bulked segregant analysis (BSA) in 

conjunction with restriction fragment length polymorphism (RFLP) analysis to map 

endosperm modifier genes in the maize genome. The results indicated that a modifier 

maps to the same chromosomal region where gamma-zein genes are located. Also, 

peR-based analysis indicated that variation in allelic composition at the gamma-zein 

locus correlates with variation in endosperm modification. In order to verify if 

specific cis-acting modifications are associated with gamma-zein gene sequences in 

modified 02 genotypes, the cloning, sequencing, and comparison of these genes with 
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characterized alleles was also carried out. 

MATERIAL AND METHODS 

Genetic Material 

Maize (Zea mays L.) stocks used in this study were developed at the University of 

Arizona Research Farm, Tucson, AZ, from 1990 to 1992. The inbred line W64A02 

was obtained at Purdue University. Pool 33 QPM is a modified 02 genotype obtained 

from CIMMYT, Mexico City. Modified 02 germplasm developed by CIMMYT has 

been described by Villegas et al. (1992) and Bjamason and Vasal (1992). 

Development of Segregating Progenies and Bulked Populations 

F2 families segregating for modifier genes were obtained by hand pollination of Fl 

plants obtained from the cross W64Ao2 x Pool 33 QPM. F2 seeds were examined on 

a light box and separated into vitreous and opaque classes. Leaf tissue from 

individual F2 plants derived from these seeds was harvested, lyophilized and stored 

for subsequent analysis. F2 plants were self pollinated for assessment of 

homozygosity at modifier gene loci. Only leaf tissue from F2 plants that bred true 

for the selected phenotypes was retained for bulked segregant analysis. 

Bulked DNA Preparation, Restriction Digests, and Blotting 

Groups of 30 opaque and 30 modified F2 plants were used to generate bulked DNA 

samples. Lyophilized leaves were ground in liquid nitrogen in the presence of acid 
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washed sand, and DNA was extracted according to the procedure described by 

Saghai-Maroof et al. (1984). Equivalent amounts of DNA from each of the 30 F2 

individuals was mixed to generate the two DNA bulks. DNA from each F2 

individual was also retained for linkage analysis. DNA samples (10 or 15 JLg) were 

digested overnight at 37°C with 2 units of restriction enzyme per JLg of DNA. To 

ensure that full digestion had occurred, a second aliquot of 1 unit of restriction 

enzyme per JLg of DNA was added, and the reaction was allowed to proceed for an 

additional 3 h. Restriction enzymes used were EcoRI, Hindill and BamHI. Digested 

samples were loaded onto 0.8% agarose gels, which were run at 2 V/cm for 15 h. 

Gels were stained for 15 min in ethidium bromide (0.5 JLg/ml) and photographed over 

a UV transilluminator. Following a 10 min wash in distilled water, DNAs were 

depurinated, denatured, and transferred to magnagraph nylon membranes (MSI 

Corporation) as described by Kreike et al., 1990. After transfer, membranes were 

washed for 15 min in 2X SSC, blotted onto filter paper to remove excess moisture, 

UV crosslinked, and baked under vacuum for at least 3h at 800C. Dry membranes 

were kept between filter papers, sealed in a plastic bag and stored at 4°C until use. 

Probe Preparation and Hybridization 

For probe labelling, plasmid inserts corresponding to genomic or cDNA clones were 

amplified by PCR (perkin Elmer Cetus) with incorporation of digoxigenin-dUTP 

(Boehringer Mannheim) (McCreery and Helentjaris, 1993b). Pre-hybridization, 

hybridization and chemiluminescent detection were done according to the method 
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Figure 5.1. Strategy for Identification of Molecular Markers Linked to Endosperm 

Modifier Genes Using Bulked Segregant Analysis (BSA). F2 seeds with 02 (A) and 

modified 02 (B) phenotypes were planted, and leaf tissue from individual plants was 

saved. Each plant was selfed and the phenotype of the resulting F3 seeds was 

examined. DNA was extracted from leaf tissue of several F2 plants that breed true 

for the selected phenotype (opaque and modified) and bulked together. Bulked DNA 

was screened with several probe/enzyme combinations. Linkage between a marker 

and the selected trait was assessed by the presence of RFLPs between the two bulks. 

Degree of linkage is assessed by analysis of each individual that was used to prepare 

the bulks. The example indicates complete linkage since all modified and all opaque 

F2 individuals have a restriction pattern that resemble that of the modified or opaque 

parent. 
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described by Kreike et aI., (1990) with modifications suggested by McCreery and 

Helentjaris (1993a). 

RFLP Analysis 
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DNA probes used for hybridization were selected from collections of mapped maize 

clones kindly provided by Dr. Tim Helentjaris (University of Arizona, Tucson, AZ). 

Approximately 90 RFLP markers, covering the entire genome (Figure 5.2), were used 

in this study. The clone 02-Xho was kindly provided by Dr. Robert Schmidt 

(University of California, San Diego). In the "Results" section the markers relevant 

to the objectives of this study are discussed. 

Mapping by F2 Segregation Analysis 

As described before, seeds from segregating families were first classified according to 

the expression of modifier genes (Chapter 4). Only DNAs of F2 individuals 

belonging to the opaque and vitreous classes were utilized for linkage analysis. It has 

been determined that in F2 progenies obtained from crosses between 02 and modified 

02 genotypes these two classes are represented at approximately the same frequency 

(Chapter 4). Equal numbers of opaque and modified F2 individuals were then 

considered for linkage calculations (Figure 5.4). Actual segregation values were 

utilized for calculating linkage, according to the maximum-likelihood method (Kramer 

and Burnham, 1947; Soave et aI., 1982). 
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PCR Amplifications 

Four different oligonucleotides were used to target and amplify the coding, promoter, 

and coding plus promoter regions of gamma-zein alleles. Primed regions are defined 

by position relative to the ATG codon in the sequences of gamma-zein genes 

described by Geraghty (1985). Primers correspond to the regions bounded by 

nucleotides at positions indicated in parenthesis: oligo #1 (-8 and -25), oligo #2 (762 

and 744), oligo #3 (-1109 and -1127), and oligo #4 (-8 and -25). Amplification 

reactions were performed in volumes of 25 or 50 JLI containing 10mM Tris-HCI, pH 

8.3,50 mM KCI, 1.25 mM MgCI2, 0.001 % gelatin, 100 JLM of each dNTP, 0.5 unit 

of Taq DNA Polymerase (perkin Elmer Cetus), 25 ng of each oligonucleotide and 50 

ng of genomic DNA. A layer of autoclaved mineral oil was added to each tube to 

avoid evaporation and concentration of components within the reaction mixture. 

Amplification was performed in a Thermal Cycler (perkin Elmer Cetus) programmed 

for 1 cycle of denaturation of 3 min at 95°C, followed by 25 cycles of denaturation at 

94°C for 1 min, annealing at 500C for 1 min, and extension at 72°C for 1 min. A 

final extension cycle of 5 min at 72°C was performed before cooling to 4°C. All 

cycles were performed using the fastest possible transition between each temperature. 

Amplified products were analyzed either on agarose or acrylamide gels prepared in 

IX T AE buffer, and detected by staining with ethidium bromide. Identity of 

amplified products derived from different gamma-zein alleles was monitored by 

cleavage with Pst!, Pvull or EcoRI, as indicated in Figure 5.S. 
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Cloning and Sequencing of PCR Products 

After PCR amplification, the layer of mineral oil was removed from the tube with a 

pipette and the DNA product was extracted twice with a solution of phenol, 

chloroform, isoamyl alcohol mixed in a proportion of 25:24:1. The DNA was 

precipitated with cold ethanol, the pellet was rinsed in 70% ethanol, and briefly dried 

under vacuum. The DNA pellet was dissolved in 101'1 of TE (10 mM Tris-HCI, pH 

8.5, 1 mM EDTA). Oligos #3 and #4 were designed with the restriction sites Sall 

and BamHI respectively. Oligos #1 and #2 were designed without restriction sites at 

the 3' ends. All blunt ends were filled in with Klenow before ligation (Maniatis et 

aI., 1982). After the appropriate restriction enzyme digestions, the PCR product was 

again extracted in phenol, chloroform, isoamyl alcohol, resuspended in TE and ligated 

into the plasmid pUC19 (Maniatis et aI., 1982). The 1,059 bp promoter sequence 

was ligated into SalI-BamHI sites, the 787 bp coding sequence was ligated as a blunt 

ended insert into the SmaI site, and the 1,819 promoter plus coding sequences was 

ligated into SmaI-SaII sites in the polylinker. Transformation of competent E. coli 

cells, strain DHSalpha, with the ligation mixture resulted in many white colonies on 

LB solid medium containing ampicillin (75 mg/ml) and XGAL (40 mg/ml). White 

colonies were picked and analyzed by agarose gel electrophoresis of alkaline lysed 

DNA minipreparations. Recombinant plasmids were monitored for insert identity by 

cleavage with Pst!, PvuTI or EcoRI, as indicated in Figure 5.6. Restriction fragments 

of inserts of interest were subcloned into pUC19 and sequenced by the 

dideoxynucleotide chain termination method with a Sequenase kit purchased from 
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Figure 5.3. Identification of RFLPs linked to a Modifier Gene Locus on 

Chromosome 7. BSA analysis was conducted with bulked DNA from 3002 and 30 

modified 02 F2 individuals selected from the cross W64A02 x Pool 33 QPM. (A) 

DNA samples from the 02 parent (W64A02) (lane 1), modified 02 parent (pool 33) 

(lane 2), Fl (lane 3), 02 bulk (lane 4), and modified 02 bulk (lane 5) were digested 

with EcoRI. The blot was probed with the gamma-zein gene sequence indicated by a 

dotted line in Figure 5.6. (B) DNA from the 02 bulk (lane 6), and modified 02 bulk 

(lane 7) was digested with Hindm and probed with the same gamma-zein gene 

sequence. (C). An example of a locus unlinked to modifier gene loci. DNA 

samples from the 02 parent (W64A02) (lane 8), modified 02 parent (pool 33) (lane 

9), Fl (lane 10), 02 bulk (lane 11), and modified 02 bulk (lane 12) were digested 

with Hindm. The blot was probed with the clone BNL6.29, that maps to the 

centromeric region of chromosome 6 (Maize Genetics Cooperation Newsletter, 1993). 

Lane M is the 1 kb ladder (BRL). The uppermost band is the 12 kb marker. 
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United States Biochemical Corporation. Sequence analysis was performed with the 

Microgenie computer program (Beckman, Palo Alto, CA). 

RESULTS 

RFLP and Bulked Segregant Analysis Reveal a Modifier Gene Locus on 

Chromosome 7 

Two bulked DNA samples, each containing 30 individuals, were generated from a 

segregating population derived from the cross W64A02 x Pool 33 QPM. More 

detailed analysis of these genotypes is described in Chapter 4. Each bulk was 

designed to contain individuals that are identical for either opaque or vitreous 

phenotypes (Figure 5.1). Individual F2 plants were selfed to F3 to confi.rm 

homozygosity at modifier gene loci. All individuals are expected to have a random 

distribution of parental genomic regions unlinked to the selected trait. In summary, 

the two bulks are genetically dissimilar in the selected region, but heterozygous at all 

other regions (Michel more et al., 1991). Modified and opaque DNA bulks were 

screened for differences using RFLP probes located in all linkage groups (Figure 

5.2). A tight linkage was found between an 02 modifier gene locus and the gamma

zein locus, which is located in the centromeric region of chromosome 7 (Figure 5.3). 

Linked markers were also reliably identified in a 25-30 centimorgan window on either 

side of the modifier gene locus (Figure 5.4). 

The above results and all previously described associations between the 

increased accumulation of the gamma-zein protein and endosperm modification in 02 
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Figure 5.4. Identification of Markers Bounding the Modifier Gene on Chromosome 

7. BSA analysis was conducted with the bulked DNAs described in Figure 5.2. In 

all Southern blots lanes containing DNA bulked from opaque individuals are labelled 

as "OP" and lanes containing DNA bulked from modified individuals are labelled as 

"MO". (A). The region of chromosome 7 that contains the modifier gene locus 

identified in Figure 5 .2. Map distances are from the Maize RFLP map published in 

the latest Maize Genetics Cooperation Newsletter (1993). Black circle represents the 

approximate position of the centromere. Markers preceded by a vertical bar are 

printed in their approximate map location. (B). Bulked DNA digested with Hindill 

and probed with 02-Xho. (e). Bulked DNAs digested with Hindill (a) and EcoRI 

(b) and probed with npi389. (D). Bulked DNA digested with Hindill (a) and EcoRI 

(b) and probed with npi283. Lane M is the 1 kb ladder (BRL). The uppermost band 

is the 12 kb marker. 
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(Chapters 3 and 4) suggest that a modifier gene may co-segregate with the gamma

zein locus itself. In order to verify this, linkage analysis was carried out to 
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locate the modifier gene locus in relation to two marker loci located at the boundaries 

of the gamma-zein locus (Figure 5.5). The clone 02-Xho identifies the 02 locus, 

located on the short arm of chromosome 7, approximately 25 centimorgans from the 

gamma-zein locus. The clone npi455 is located on the long arm of chromosome 7, 

approximately 30 centimorgams from the gamma-zein locus (Figure 5.4A). 

The sum of the calculated values for percentage of recombination between the 

modifier gene locus and NPI455 and 02-Xho total 56.8. This value is very close to 

55 centimorgans, the distance mapped between markers located near 02 and npi455 

(Figure 5.4A) (Maize Genetics Cooperation Newsletter, 1993). Recombination values 

between the modifier gene locus and 02-Xho is 26 % and between the modifier gene 

loci and npi455 is 30.8 %. Interestingly, the gamma-zein locus is located 

approximately 25 centimorgans from 02 and 30 centimorgans from npi455 (Figure 

5.4A) (Maize Genetics Cooperation Newsletter, 1993). Thus, these results reinforce 

the possibility that one of the modifier genes corresponds to the gamma-zein locus. 

Amplification and Analysis of Gamma-Zein Gene Sequences by the Polymerase 

Chain Reaction (PCR) 

The results presented so far indicate a possibility that seed modification in 02 

genotypes involves changes in gamma-zein genes, located at or near a modifier gene 

locus (Figures 5.4 and 5.5). In order to further analyze these relationships, 
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Figure 5.5. Location of the Modifier Gene by Linkage Analysis of 02 and modified 

02 F2 individuals selected from the cross W64A02 x Pool 33 QPM. Individual DNA 

samples used to prepare the bulks described in Figure 5.2 were digested with Hindm 

and probed with markers located at the boundaries of the modifier locus. (A) 

Example of a blot obtained from such analysis. DNA from modified F2 individuals 

was digested with Hindill and probed with npi455. The recombinant band is 

indicated by the arrow. Drawings in B and C show the results obtained for modified 

and opaque individuals with the markers 02-Xho and NPI455, whose positions on the 

map are indicated in Figure 5.4. (D). Segregation values were utilized to calculate 

recombination percentages according to the maximum-likelihood method (Kramer and 

Burnham, 1947). Ml designates the modifier locus. 
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amplification, cloning and analysis of gamma-zein gene sequences was carried out 

for several genotypes (Figures 5.6-5.10). 
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The inbred line W2202 has two near-identical gamma-zein genes, called A and 

B, located in two tandemly repeated DNA stretches of approximately 12 kb (Figure 

5.6A) (Geraghty, 1985; Das and Messing, 1987). The inbred line W64A02 (lane 2) 

has only one gamma-zein gene (prat et al., 1985), that is thought to have originated 

from a recombinational event that takes place between the tandem repeats of the A 

and the B genes. After this event only the upstream gene (A) remains (Figure 5.6B). 

In this case, the remaining gene is called rearranged A (Ra) (Das et al., 1990). 

Oligonucleotides were used to amplify the coding and 5' flanking sequences of 

gamma-zein genes, as indicated in Figure 5.6. Variations in restriction enzyme sites 

in the targeted regions allowed identification of peR products corresponding to each 

alternative allele at the locus. Figure 5.7A shows digested peR products 

corresponding to gamma-zein 5' flanking sequences of several normal, 02 and 

modified 02 genotypes. The recombination process that leads to loss of the B gene 

and conversion of the A gene into Ra also causes the appearance of an Eco RI 

restriction site in the promoter region of the Ra gene (Das and Messing, 1987; Das et 

al., 1990), as indicated in Figure 5.6. Therefore, digestion of peR amplified 

products allows identification of genotypes that contain either the A plus B tandemly 

repeated genes or only the Ra gene. In addition, this strategy can be used to identify 

genotypes in which somatic recombination occurs (Das et al., 1990). Figure 5.7A 

(lane 1) shows a 1,050 bp band corresponding to undigested peR product from the 
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Figure 5.6. Targeting and Amplification of Gamma-zein Sequences by the 

Polymerase Chain Reaction (PCR). Oligo nucleotides were designed for amplification 

of the coding and flanking region sequences of the tandemly repeated A and B genes 

(A), and Ra gene (B), as indicated. Rectangles represent sequences bound by the 

ATG and TGA codons. Arrows indicate location of the several oligonucleotide 

sequences. Sequences of the oligos #1 and #2 are AGCGCAGAAGAACCCGAT and 

ATAATGTGTCACGCATCAC, respectively. To clone 5' flanking sequences we 

designed the oligo #4, complementary to oligo #1, as well as oligo #3. They target a 

position 1,050 bp upstream of the ATG codon. The sequence of oligo #3 is 

GCACCAGTTTCAACGATC. Restriction enzyme sites are S, Sal I; E, Eco RI; U, 

Pvu II; P, Pst I; and SP, Spe I. Variation in Pstl, PvuII, and EcoRI restriction sites 

at the locations indicated in the map allowed identification of PCR-amplified 

sequences corresponding to each one of the existing alleles. 



209 

inbred Oh43. Lanes 2 and 3 show PCR products of the inbreds A188 and Oh43 after 

digestion with Eco RI. The inbred A188 has the A and the B genes, but somatic 

recombination has been shown to be of generalized occurrence in this line (Das and 

Messing, 1987; Das et al., 1990), as confirmed by the presence of a smaller band in 

lane 2, corresponds to Eco RI-digested PCR product. Complete digestion of the 

Oh43 PCR product by Eco RI Oane 3) indicates that this line has only the Ra gene. 

Digestion with Spe I, a restriction enzyme that recognizes a site present in all gamma

zein alleles (Figure 5.6) is a control to indicate that all amplified products correspond 

to gamma-zein sequences Oanes 4 and 5). Lane 6 shows that W64A02, similarly to 

Oh43 has only the Ra gene at the gamma-zein locus. Lanes 7-9 indicate that modified 

02 genotypes have either the A and B alleles or the A and B plus the Ra allele. 

Figure 5.7B shows Pst I digested PCR products corresponding to gamma-zein 

coding sequences of several 02 and modified 02 genotypes. The A, B, and Ra genes 

were amplified by oligos #1 and #2. The A and Ra genes have three sites for Pst I 

(Figure 5.6). Therefore, digested PCR product from W64A02, a genotype that has 

only the Ra gene (Figure 5.7), yields 4 DNA bands (Figure 5.7B, lane 1). Since the 

B gene has only two sites for Pst I (Figure 5.6), digestion of peR products of 

genotypes that have both the A and the B genes yields 5 DNA bands. The presence 

of the uppermost band in lanes 2-18 is indicative of a locus composed by the 

tandemly repeated A and B genes. Similar to the results shown in Figure 5.7A, 

analysis of PCR amplified products indicate that modified 02 genotypes have two 

genes at the gamma-zein locus. These results have been confirmed by Southern blots 
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Figure 5.7. Restriction Analysis of Gamma-Zein Coding Sequences Amplified by the 

Polymerase Chain Reaction from Modified 02 Genotypes. A. Gamma-zein flanking 

sequences were amplified from genomic DNA, and 16 ",I from a 50 ",I PCR reaction 

was digested and separated in 1.5% agarose gels in TAE buffer. Gels were stained in 

ethidium bromide and photographed. Lane 1, Oh43, undigested; lane 2, A188, 

EcoRI-digested; lane 3, Oh43, EcoRI-digested; lane 4, A188, Spe I digested; lane 5, 

Oh43, Spe I digested; lane 6, W64A02, EcoRI-digested; lane 7, CMS 463, EcoRI

digested; lane 8, CMS 468, EcoRI-digested; lane 9, CMS 465, EcoRI-digested. B. 

Gamma-zein coding sequences were amplified from genomic DNA and 12.5 ",I from a 

50 ",I PCR reaction was digested with PstI and separated in a 6% polyacrylamide gel 

in IX TAB buffer. The gel was stained in ethidium bromide and photographed. 

Lane 1, W64A02; lane 2, W2202; lane 3, Poza Rica 02; Lane 4, Pool 34; lane 4, 

Pool 33; lane 5, CMS 450; lane 6, CMS 454; lane 7, CMS 455; lane 8, CMS 456; 

lane 8, CMS 457; lane 9, CMS 459; lane 10, CMS 459; lane 11, CMS 460; lane 12, 

CMS 461; lane 13, CMS 463; lane 14, CMS 465; lane 15, CMS 467; lane 16, CMS 

468; lane 17, CMS 471; lane 18, CMS 472. 
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probed with gamma-zein gene sequences. All modified 02 materials analyzed so far 

have either the A and B genes or the A, B, and Ra genes (data not shown). 

Selection for Seed Modification Leads to Alterations in Allelic Composition at the 

Gamma-Zein Locus 

The results shown in Figure 5.7 indicate that modified 02 genotypes have the A and 

the B genes at the gamma-zein locus. Since there is a possibility that this relationship 

is only casual, further analysis was necessary to strengthen the involvement of 

gamma-zein genes with 02 modification. The detailed analysis of a series of 

recombinant inbred lines selected for a wide range of seed modification is presented 

in Chapter 4. Gamma-zein gene sequences were obtained from each one of these 

lines and assayed for the presence of the A and B or only Ra genes, using the same 

strategy described in Figure 5.6A. Seed density was plotted in ascending order for 

the 44 recombinant inbred lines (Figure 5.8A). Also, the content of gamma-zein 

protein was plotted following the ascending order of seed density (Figure 5.8B). 

Comparison of theses two plots clearly indicate that increases in seed density leads to 

increases in the amount of gamma-zein protein accumulated in the endosperm. 

Genomic DNA was obtained from mature endosperm flour of each line and the 

promoter region of the gamma-zein genes was amplified by PCR, as described in 

Figure 5.6. Amplified DNA sequences were digested with the restriction enzyme 

EcoRI and separated in a polyacrylamide gel (Figure 5.SC). EcoRI digestion of DNA 

sequences corresponding to the Ra gene generate fragments of 593 and 534 bp upon 
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Figure 5.8. Allelic Composition at the Gamma-Zein Locus Correlates With Seed 

Physical Properties and Amount of Gamma-Zein Protein Accumulated in the 

Endosperm. Recombinant inbred lines were developed by inbreeding F2 progenies 

derived from a cross between an 02 (W64A02) and a modified 02 genotype (pool 33 

QPM), as described in Chapter 4. A. Seed density (g/mL) was measured for seed 

samples from each individual line, and values were plotted in ascending order. B. 

Contents of the 27-kD gamma-zein protein were measured by laser densitometry of 

endosperm storage proteins extracted from individual lines and separated by SDS

PAGE, as described in Chapter 4. Absorbance values were indexed to the absorbance 

from the sample of the inbred line with the lowest reading, arbitrarily considered 1, 

and designated "relative amounts". Values were plotted according to the ascending 

order of seed density determined in A. C. Allelic composition at the gamma-zein 

locus of each individual line was determined as in Figure 5.6A. Gamma-zein 

flanking sequences were amplified from genomic DNA extracted from endosperm 

flour. 12.5 ILl from a 50 ILl PCR reaction was digested with EcoRI, and separated in 

a 6% polyacrylamide gel in IX TAB buffer. Samples were loaded according to the 

ascending order of seed density determined in A. The upper band correspond to 

DNA sequences amplified from the 5' regions of the A and B genes (undigested since 

they do not have an EcoRI site). The lower band correspond to the 593 plus 534 bp 

DNA fragments resulting from digestion of sequences amplified from the Ra gene 

(see text and map in Figure 5.6). 
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digestion with EcoRI. Due to the similarity in size, only a single band can be 

recognized in the gel. All lines selected for low or intermediate levels of seed density 

are homozygous for the Ra locus, as indicated by the total digestion of PCR products 

with EcoRI. The only exception is line #10, that was only partially digested. This is 

an indication that this line is still heterozygous at the gamma-zein locus, or else 

somatic recombination occurs, generating the Ra gene from the A plus B genes. All 

inbreds with seed density equal or bigger that 1.2 g/mL have at least 2.5 times the 

amount of gamma-zein found in the least modified line. Also, these lines have the A 

and the B genes at the gamma-zein locus. Since the only tool used to select these 

lines was evaluation of degree of seed modification by assessment light transmission 

through the endosperm (Chapter 4), it is concluded that selection for seed 

modification leads to changes in allelic composition at the gamma-zein locus. 

Sequence Analysis of Gamma-Zein Sequences from Modified 02 Genotypes 

PCR products obtained from two modified 02 genotypes, CMS 450 and Pool 33, were 

used to clone DNA sequences corresponding to coding and flanking regions of both 

the A the B genes. Recombinant colonies were screened for plasmid inserts 

containing variable number of Pst I sites, as indicated in Figure 5.7B. Cloning of 

flanking region sequences of the A, B, and Ra genes was done in a similar manner, 

but with PCR product corresponding to coding plus flanking sequences, obtained with 

oligonucleotides #3 and 2 (Figure 5.6). Identification of each alternative allele was 

done by screening recombinant colonies for plasmid inserts containing variable 
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number of Pst I sites, as well as for presence or absence of the Boo RI site in the 

flanking region, as shown in Figures 5.6 and 5.7. Cloned sequences from the 

modified 02 genotypes Pool 33 (data not shown) and CMS 450 were sequenced and 

compared with sequences from normal genotypes. Figure 5.9 shows a comparison of 

5' flanking sequences of CMS 450 with those of the lines W22 (A and B genes) 

(Geragthy, 1985), and W64A (Ra gene) (Reina et al., 1990). Minor variations were 

found between these sequences. The only significant variations, in addition to base 

changes, were small deletions at the 3' end of a long AT rich sequence located 

between nucleotides -977 and -851. Sequences of the A and B genes from the 

modified genotype are very similar to sequences of W22 genes. A higher number of 

base changes were detected for the Ra gene from W64A, when compared to A and B 

genes from both CMS 450 and W22. It is interesting to note that these changes are 

mostly concentrated in the upstream part of the promoter, between nucleotides -1100 

and -600. Very few base changes could be found at close distance from the coding 

region, where the prolamine box, a near-identical 02 target site, and CAA T and 

TATA boxes are located. Similar results were obtained from comparisons with 

sequences from the modified 02 genotype Pool 33 (data not shown). 

Figure 5.10 shows a comparison of coding sequences of CMS 450 with those 

of the lines W22 (A and B genes) (Geragthy, 1985), and W64A (Ra gene) (Reina et 

al., 1990). Again, only minor variations were found between these sequences, the 

most significant one being a deletion of a 7 bp stretch in the 3' untranslated region of 

the A gene from CMS 450 and Ra gene from W64A, when compared to the other 



sequences. Similar results were found in comparisons with coding sequences from 

the modified 02 genotype Pool 33 (data not shown). 

DISCUSSION 
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Genetic analysis of 02, modified 02, their segregating progenies and recombinant 

inbred lines allowed the demonstration that the degree of seed modification and 

increased deposition of gamma-zein in modified 02 endosperms are dosage-dependent 

and directly correlated (Chapter 4). RFLP analysis was used to determine map 

location of putative modifier genes and their possible association with the gamma-zein 

locus, using a Bulked Segregant Analyses (BSA) strategy (Michelmore et al., 1992) 

with pooled F2 individuals from the two extreme parental phenotypes (Figure 5.1). 

Approximately 90 RFLP markers combined with several restriction enzymes were 

used to search for genomic regions associated with endosperm modification in the 

maize RFLP map (Figure 5.2). The results showed that a modifier gene maps to the 

centromeric region of chromosome 7 (Figure 5.3-5.5), where gamma-zein genes are 

located. Interval mapping with F2 progenies and RFLP markers located at the 

boundaries of the modifier gene locus also indicated that a modifier gene is indeed 

linked to the gamma-zein locus (Figure 5.4). 

Co-localization of a modifier gene and the gamma-zein locus could be an 

indication that the gamma-zein locus itself is involved in the process of endosperm 

modification, or it could indicate that gamma-zein genes are located close to a 

modifier gene locus. Obviously, the mapping data presented are insufficient to 
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Figure 5.9. Comparison of the Nucleotide Sequences of the 5' Flanking Region of 

Gamma-zein Alleles Isolated from a Modified 02 With Those from Other Genotypes. 

Nuc1eotides are numbered relative to the first nucleotide of the initiation codon. Only 

nucleotide differences between these sequences are indicated. Dashes represent 

deletions, and the underlined sequence at the 5' end corresponds to the upstream 

oligonucleotide used for PCR amplification of this sequence. Also, the EcoRl site, 

diagnostic of the Ra allele, is indicated. Names of the genotypes from which the 

sequences were obtained are listed at the bottom, followed by the allele designation. 
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GCACCAGTTTCAACGATCGTCCCCCCTCAATATTATTAAAAAACTCTTACATTTCTTTATAATCAACCCCCACTCTTATAATCTCTTCT 
C 
C 
C 

T T C 

-1038 C-TACTACTATAATAAGAGAGTTTATGTACAAAATAAGGTGAAATTATGTATAAGTGTTCTGCATATTGGTTGTTGGCTCCATATTCAC 
-1036 
-1040 
-1042 
-1047 T CC 

-950 ACAACCTAATCAATAGAAAACATATGTTTTATTAAAACAAAATTTATCATATATCATATATATATATATACATATATATATATATATAT 
-948 C 
-952 
-954 
-959 T 

-861 -------AAACCGTAGCAATGCACCGGCATATAACTAGT-GCAACTTAATA-CATGTGTGTATTAAGATGAATAAGAGGGTATCCAAAT 
-859 
-863 AT 
-865 AT TA 
-871 ATAATAT A G G C 

-781 AAAAAACTTGTTCGCTTACGTCTGGATCCAAAGGGGTTGGAAACGATTAAATCTCTTCCTAGTCAAAATTGAATAGAAGGAGATTTAAT 
-781 
-781 
-781 
-783 T A 

-692 
-692 
-692 
-692 
-694 

-607 
-607 
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-607 
-608 

-518 
-518 
-518 
-518 
-519 

-429 
-429 
-429 
-429 
-430 

-341 
-341 
-341 
-341 
-341 

-252 
-252 
-252 
-252 
-252 

-163 
-163 
-163 
-163 
-163 

C----TCTCCCAATCCCCTTCGATCATCCAGGTGCAACCGTATAAGTCCTAAAGTGGTGAGGAACACGAAACAACCATGCATTGGCATG 
T 

GATT A TAT 
EeeRI 

TAAAGCTCCAAGAATTTGTTGTATCCTTAACAACTCACAGAACATCAACCAAAATTGCACGTCAAGGGTATTGGGTAAGAAACAATCAA 
C 

ACAAATCCTCTCTGTGTGCAAAGAAACACGGTGAGTCATGCCGAGATCATACTCATCTGATATACATGCTTACAGCTCACAAGACATTA 

CAAACAACTCATATTGCATTACAAAGATCGTTTCATGAAAAATAAAATAGGCCGG-ACAGGACAAAAATCC'r.rGACG"rOv.AAcnAAAT 

A 

TTACAACAAAAAAAAAGCCATATGTCAAGCTAAATCTAATTCGT:I:'l"XACGTAGATCAACAACCTGTAGAAGGCAACAAAACTGAGCCAC 
G 

GCAGAAGTACAGAATGATTCCAGATGAACCATCGACGTGCTACGTAAAGAGAGTGACGAGTCATATACATTTGGCAAGAAACCATGAAG 

CTGCCTACAGCCGTCTCGGTGGCATAAGAACACAAGAAATTGTGTTAATTAATCAAAGCTATAAATAACGCTCGCATGCCTGTGCACTT 

-74 CTCCATCACCACCACTGGGTCTTCAGACCATTAGCTTTATCTACTCCAGAGCGCAGAAGAACCCGATCGACACCA70 - CKS450(A) 
-74 - CKS450(B) 
-74 - W22(A) 
-74 - W22(B) 
-74 - W64A(Ra) 
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Figure 5.10. Comparison of the Nucleotide Sequences of the Coding Region of 

Gamma-zein Alleles Isolated from a Modified 02 With Those from Other Genotypes. 

Nucleotides are numbered relative to the first nucleotide of the initiation codon. Only 

nucleotide differences between these sequences are indicated. The underlined 

sequences at the 5' and 3' ends correspond to the oligonucleotide used for PCR 

amplification of these sequences. Also, the Pst! and Pvu IT sites, diagnostic of the A 

and B alleles, are indicated. Names of the genotypes from which the sequences were 

obtained are listed at the bottom, followed by the allele designation. 



-25 ACCCCACAACAACCCCATCGACACc.AmACCGTGTTCCTCGTTGCCCTCCCTCTCC'TCCCTCTCCCTGCGACCGCCACCT 
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56 CCACCCATACAaCCCCCGCCTCCCCCTCCACCCACCCCCCCCCCTTCATCTACCGCCCCCCCTCCATCTCCCACCTCCC 
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136 GTTCACCTGCCACCTCCCGTGCATCTCCCACCGCCCGTCCACCTGCCCCCCCCCCTCCACCTCCCACCGCCCCTCCATCT 
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216 GCCGCCCCCCCTTCATCTGCCCCCGCCACCATGCCACTACCCTACTCAACCGCCCCCCCCTCACCCTCATCCCCACCCAC 
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CCCCACTGCCTCCAGTTCCTCACCCATCACTGCAGCCCCACCGCCACGCCCTACTGCTCCCCTCACTGCCACTCCTTCCC 
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T 

CCACCAGTCTTGCCACCAGCTCAGGCACGTCGAGCCCCACCACCCGTACCACGCGATCTTCCGCTTGGTCCTCCAGTCCA 
A 

A 

PstI 
TC~CCAGCACCCCCAAACCCGCCACGTCGCGGGGCTCTTCCCGGCCCAGATACCGCAGCAACTGACCGCGATGTCC 

T 

T 

Pst I 
CCC~CACCCCACTCCATGCCCCTACCCTCCTGCCCGCCGTGTCCCCCACTCAACAAACTATGTGCTCTACTATAC 

T C 

T 
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696 
696 
696 
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-------CCGCTCGCTACCTAGCTACTTCACTCATTTACCGCCCATGATTCACTAATAATCTCTCACCCATCAC 
CCCCTCC 

- CMS450(A) 
- CMS450(B) 

CCGCTCC - W22 (A) 
CCGCTCC - W22(8) 

- W64A(R&) 



validate either of these alternatives. However, when a gamma-zein gene sequence 

was used as an RFLP probe, a strong linkage was detected between endosperm 

modification and allelic composition at the locus (Figure 5.3). This 
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result indicated that a molecular approach could be used to verify if allelic changes at 

this locus could be linked to endosperm modification. 

The gamma-zein protein has been shown to be encoded by only one or two 

genes (Das and Messing, 1987; Das et al., 1991). Figure 5.6 shows the restriction 

maps of alleles of the gamma-zein genes described so far. Some inbreds, such as 

A188, W23 and W22, contain two tandemly linked genes, designated "A" and "B" 

(Das and Messing, 1987; Das et al., 1990). In spite of their extensive sequence 

identity, these two genes can be easily distinguished because the A gene contains three 

Pst I sites, while the B gene contains only two. Also, the A gene has a Pvu II site in 

the middle of the coding region. This site is absent in the B gene. Most of the 

commonly used inbred lines, such as W64A, Oh43, Mo17 and B73 contain a single 

rearranged A gene (Ra) that has been shown to be generated by a recombinational 

event that led to excision and loss of the B gene (Das et al., 1990). 

One possible explanation for the increased synthesis of gamma-zein in 

modified 02 mutants is that a modifier corresponds to additional copies or cis-acting 

modifications of gamma-zein genes. To clarify these possibilities,. gamma-zein gene 

sequences were amplified by peR, cloned and sequenced (Figures 5.6-5-10). 

Amplified DNA from several 02 and modified 02 individuals was used to analyze the 

number and organization of gamma-zein genes (Figure 5.6 and 5.7). Restriction 
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analysis indicated that all modified 02 genotypes have two genes at the gamma-zein 

locus (A and B) (Figure 5.7). This result has been confirmed by Southern analysis of 

two groups of modified 02 genotypes developed by independent breeding programs 

(Bjarnason and Vasal, 1992; Gevers and Lake, 1992) (data not shown). 

More definitive proof for the linkage between a locus that carries two gamma

zein genes and endosperm modification was provided by analysis of the recombinant 

inbred lines described in Chapters 3 and 4. These lines were developed from a cross 

between a modified genotype that has the A and B genes (pool 33 QPM) and an 02 

line that has only the rearranged A gene (W64A02). Amplification and restriction 

analysis of gamma-zein gene sequences indicate that recombinant inbred lines that 

have low levels of endosperm modification (seed density) and accumulate lower levels 

of the gamma-zein protein inherited the gamma-zein gene from the 02 parent 

(rearranged A alleles). On the other hand, recombinant inbred lines that have a high 

degree of endosperm modification (seed density) and accumulate higher levels of the 

gamma-zein protein inherited the gamma-zein genes from the modified 02 parent (A 

and B alleles). 

After analysis of all the available modified 02 genotypes (33 different 

genotypes), no individual was found to carry only one gamma-zein gene (data not 

shown). Therefore, it appears that seed modification and overproduction of the 

gamma-zein protein are defmitely linked to the presence of the A and B alleles at this 

locus. An intriguing aspect of this relationship is the fact that a few inbred lines 

(W22, W23, and A188) are known to have the A and B genes at the gamma-zein 
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locus (Das et al., 1987). Introduction of the 02 mutation into these genotypes does 

not result in modified genotypes. Therefore, it appears the gamma-zein locus alone 

does not affect 02 seed phenotype. In addition, DNA sequence of the alleles cloned 

from modified genotypes revealed no major differences in the coding and 5' 

untranslated regions when compared to alleles of non modified opaque and normal 

genotypes (Figure 5.9 and 5.10). These results are not surprising, since phenotypic 

analysis clearly indicated the existence of additional modifier genes (Chapter 4). 

Therefore, it appears that a gamma-zein locus with the A and B genes is necessary 

but not sufficient to effect modification of the 02 phenotype. 
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CHAPTER 6 

GENETIC ANALYSIS OF MODIFIER GENE ACTION IN opaque-2 MAIZE. 

ill. IDENTIFICATION OF RANDOMLY AMPLIFIED POLYMORPIDC DNA 

(RAPD) MARKERS LINKED TO MODIFIER GENE LOCI. 

INTRODUCTION 

Analysis of segregating populations derived from the cross between a modified 02 

genotype (pool 33 QPM) and an 02 line (W64A02) indicated that at least two loci are 

involved in endosperm modification in 02 maize (Chapter 4). Through RFLP 

analysis, the gamma-zein locus was identified as a candidate modifier gene. PCR

based strategies showed that allelic composition at this locus correlates with 

endosperm modification (Chapter 5), thus strengthening its involvement in the process 

of seed modification. However, RFLP analysis did not reveal the second modifier 

gene locus, predicted to exist in this mapping population (Chapter 5). Since RFLPs 

are generated by base pair changes at a restriction enzyme site or by insertion/deletion 

events within a region bounded by restriction sites, it is possible that alternative 

alleles at a second modifier gene loci cannot be distinguished by restriction digestion 

and Southern hybridizations. Therefore, an alternative strategy has to be used to 

identify the locus of interest. 

To overcome this problem, experiments were conducted to locate randomly 

amplified polymorphic DNA (RAPD) markers linked to modifier gene loci. This 

strategy is based on the use of short oligonucleotide primers to amplify, via PCR, 
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random sequences from a complex DNA template (Williams et al., 1991). 

Polymorphisms result from changes that prevent stable pairing at the primer target 

site, preventing successful amplification of the target DNA, or from changes that lead 

to alteration in the size of the targeted DNA fragment (insertion/deletions, e.g.). If 

the gene of interest is located at or near a target site, size variants generated by a 

RAPD locus could be used to assess linkage (Figure 6.1). 

Combining the use of RAPDs and bulked segregant analysis provides a 

strategy for quickly identifying markers linked to endosperm modifier genes. Bulked 

segregant analysis assumes that markers adjacent to targeted genes will be in linkage 

disequilibrium. Therefore, bulked DNA samples from segregating individuals that are 

identical for a particular trait should be identical at the genomic region controlling the 

trait and, arbitrary, at all other unlinked loci (Figure 6.2) (Michelmore et al., 1991). 

Such an analysis was conducted by comparing bulked F2 DNA from progenies 

identical for the modified and opaque endosperm traits. This chapter describes the 

successful use of this strategy to identify markers linked to endosperm modifier genes. 

MATERIAL AND METHODS 

Genetic Materials 

Maize (Zea mays L.) stocks used in this study were developed at the University of 

Arizona Research Farm, Tucson, AZ, from 1990 to 1992. The inbred line W64A02 

was obtained at Purdue University. Pool 33 QPM is a modified 02 genotype obtained 

from CIMMYT, Mexico City. Modified 02 germplasm developed by CIMMYT have 
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Figure 6.1. Strategy for Identification of Randomly Amplified Polymorphic DNA 

(RAPD) Markers. A. A primer of arbitrary nucleotide sequence (indicated by the 

arrows) is used for peR amplification under low stringency. Amplification of DNA 

fragments will occur as long as the distance between priming sites does not exceed the 

size limit for efficient peR amplification (approximately 1.8 kb). RAPD 

polymorphisms (indicated by size variations of BI, B2, and B3 DNA regions) are 

caused by differences in nucleotide sequence at priming sites or by structural 

rearrangements within the targetted sequence. B. Polymorphisms between genomes 

are exemplified by separation of peR products generated from the 4 examples shown 

in A. The drawing represents a gel with separated peR products. Solid boxes 

represent polymorphic bands. DNA fragments that differ in size between two 

genomes (BI in lane 1, B2 in lane 2, and B3 in lane 3), or ampli!ication of a 

fragment from one genome and no amplification from another (lane 4), indicate 

genetically useful polymorphisms. Also, RAPD markers can be used to locate a gene 

of interest (hatched box in AI), provided that linkage between the two loci can be 

assessed. 
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been described by Villegas et al. (1992) and Bjarnason and Vasal (1992). 

Production of Reciprocal Fl Hybrids, Segregating Progenies, Bulked Populations 

and Recombinant Inbred Lines 

Seeds from the 02 and modified 02 parents, as well as from their reciprocal F 1 

hybrids were obtained by hand pollination. F2 families segregating for modifier 

genes were obtained by hand pollination of F I plants obtained from the cross 

W64A02 x Pool 33 QPM. F2 seeds were examined on a light box and separated into 

vitreous and opaque classes. Leaf tissue from individual F2 plants derived from these 

seeds was harvested, lyophilized and stored for subsequent analysis. F2 plants were 

self pollinated for assessment of homozygosity at modifier gene loci. Only leaf tissue 

from F2 plants that bred true for the selected phenotypes was retained for bulked 

segregant analysis. Also, seeds from their corresponding F3 families were saved for 

subsequent analysis. Recombinant inbred lines were developed from the cross 

W64Ao2 x Pool 33 QPM. Their description and analysis were presented in Chapters 

4 and 5. 

Bulked Segregant Analysis 

Groups of 30 opaque and 30 modified F2 plants were used to generate bulked DNA 

samples, as described in Chapter 5. Lyophilized leaves were ground in liquid 

nitrogen in the presence of acid washed sand, and DNA was extracted according to 

the procedure described by Saghai-Maroof et al. (1984). Equivalent amounts of DNA 
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FIgUre 6.2. Strategy for Identification of RAPD Markers Linked to Endosperm 

Modifier Genes Using Bulked Segregant Analysis (BSA). F2 seeds with 02 (A) and 

modified 02 (B) phenotypes are planted, and leaf tissue from individual plants is 

saved. Each plant is selfed and the phenotype of the resulting F3 seeds is examined. 

DNA is extracted from leaf tissue of several F2 plants that breed true for the selected 

phenotype (opaque and modified) and bulked together. Bulked DNA is used for peR 

amplification under low stringency with short primers of arbitrary sequence. Linkage 

between a marker and the selected trait is assessed by the presence of one or more 

polymorphic DNA band between the two bulks (indicated by the arrow on the right 

hand side). 
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from each of the 30 F2 individuals was mixed together to generate the two DNA 

bulks. DNA from each F2 individual was also retained for linkage analysis. Bulked 

F3 DNA was prepared by mixing DNA obtained from endosperm flour of F3 

individuals derived from each chosen F2 plant. Also, DNA samples from the 02, 

modified 02, and from their reciprocal Fl hybrids were obtained from endosperm 

flour. 

Extraction of DNA from Dry Endosperm Flour 

DNA was extracted from dry endosperm flour according to the method of Lopes and 

Larkins (1993). Endosperm samples were finely pulverized in a ball mill and 

collected in 1.5 mL Eppendorf microfuge tubes. Six hundred p.L of extraction buffer 

(100 mM Tris-HCI, pH 8.5, l00mM NaCI, 20 mM EDTA, pH 8.0, 1 % 

N-Iauroylsarcosine) was added to 15 to 20 mg of powdered endosperm, and the tube 

was vortexed vigorously to completely resuspend the flour. After 10 min incubation 

at room temperature, 600 p.L of phenol was added and the tube was vortexed. 

Chloroform was avoided, since it makes removal of a clean aqueous phase very 

difficult when starchy materials are present. The tubes were centrifuged for 10 min, 

and the aqueous phase was transferred to a clean tube. After the addition of 1 p.g/mL 

of DNAse free RNAse, the solution was incubated at 37°C for 15 min. The volume 

of the aqueous phase was adjusted to 900 p.L with H20, followed by addition of 450 

p.L of cold isopropanol. After mixing by inversion, the tubes were centrifuged for 3 

min, the supernatant discarded, and the pellet washed once with 70% ethanol. The 
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last drops of ethanol were immediately removed from the tube with a Kim Wipe and 

50 p.L of dH20 was added to the pellet. The pellet was still contaminated with 

protein and carbohydrates; it was therefore necessary to disperse it with a pipette tip 

in order to release the DNA into solution. After incubation at 4°C for 30 min, the 

tubes were centrifuged for 5 min to pellet insoluble materials, and the supernatant was 

transferred to a new tube. Electrophoretic analysis revealed DNA larger than 15 kb 

in size for all samples analyzed. 

peR Amplifications 

Approximately 110 2-primer combinations were tested for ability to generate 

polymorphic bands between opaque and modified F2 pools. The lO-nucleotide 

primers with random sequence were obtained from kits A, B, and C, from Operon 

Technologies (Alameda, CA). Double primer experiments were conducted with 20 

primers of a given kit (the variable primer) plus one primer from another kit, 

common to all 20 reactions (Figure 6.3). This strategy allows a large number of 

primer combinations from 3 kits containing 20 primers each. Amplification reactions 

were performed in volumes of 25 p.l containing 10mM Tris-HCI, pH 8.3, 50 mM 

KCI, 2.0 mM MgCI2, 0.1 mg/ml gelatin, 100 p.M each of dATP, dCTP, dTTP, and 

dGTP (pharmacia), 0.5 units of Taq DNA Polymerase (perkin Elmer Cetus), 0.25 

p.M of each primer and 100 ng of genomic DNA. A layer of autoclaved mineral oil 

was added to each tube to avoid evaporation and concentration of components within 

the reaction mixture. Amplification was performed in a Thermal Cycler (perkin 
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Elmer Cetus) programmed for I cycle of denaturation of 1 min at 95°C, followed by 

35 cycles of denaturation at 94°C for 10 sec, annealing at 36°C for I min, and 

extension at 72°C for I min. A final extension cycle of 5 min at 72°C was performed 

before cooling to 4°C. All cycles were performed using the fastest possible transition 

between each temperature. Samples were kept at 4°C until electrophoretic analysis. 

Samples were pipetted from below the layer of mineral oil, transferred to a 

clean tube and mixed with 0.1 volumes of a lOx sample buffer. Amplified products 

were analyzed either in agarose or acrylamide gels prepared in IX T AE buffer. 

Electrophoresis was conducted for 2-3 hours at high voltage to avoid band diffusion 

and poor resolution. Gels were stained with ethidium bromide and photographed. 

Identification of Linkage Between RAPD Markers and 02 Modifier Genes 

Primer combinations that generated polymorphic bands between the modified and 

opaque F2 pools were used to confirm the results with the 02 and modified 02 

parents, their reciprocal Fl hybrids, F2 and F3 bulked progenies. Linkage was 

subsequently confirmed by analysis of F2 individuals selected to compose F2 and F3 

bulks (Figure 6.1 and 6.5). Also, recombinant inbred lines were analyzed in order to 

check the allelic composition at RAPD marker loci in lines representing a wide range 

of seed density (Figure 6.6). 
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Figure 6.3. Search of RAPD Markers Linked to Endosperm Modifier Genes Using 

One or Two 10-Nucleotide Primers of Arbitrary Sequence. Analysis was conducted 

with bulked DNA from 30 o2 and 30 modified o2 F2 individuals selected from the 

cross W64Ao2 x Pool33 QPM. Efficiency of DNA amplification from opaque and 

modified bulked DNA using 1 or 2 primers was compared. For each lane pair, left 

and right lanes correspond to DNA amplified from opaque and modified bulks 

respectively. Each lane pair is identified with D or S, indicating the use of double or 

single primers for amplification. The variable primer is indicated for each group of 4 

lanes. In addition to the primers indicated, the primer OPA04 was added to all 

amplification reactions containing a pair of primers (lanes identified with D). M 

indicates molecular weights (lambda DNA labelled with Hindill, BamHI, and EcoRI, 

plus pUC 18 digested with Mspl). 



RESULTS 

Double Primed Reactions Increase the Number of Amplified DNA Bands in 

RAPD Analysis 
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Initial attempts to generate RAPD markers linked to 02 modifier genes resulted in 

several single primed reactions producing few or no DNA bands (Figure 6.3). Since 

the number of amplified sequences is directly related to the probability of finding the 

10 base sequence juxtaposed within the size limit required for PCR amplification, 

double primed reactions were tested in order to increase such probability. For most 

double primer combinations the number of scorable DNA bands was greatly increased 

in relation to reactions with single primers (Figure 6.3). 

Bulked Segregant Analysis Identifies RAPD Markers Linked to 02 Modifier 

Genes 

Screening of about 110 double primer combinations revealed several RAPD Markers 

apparently linked to 02 modifier genes. However, in several of these cases the results 

could not be repeated consistently. An example is the primer combination OPB01 + 

OP A04 that generated a polymorphic band between the opaque and modified F2 

bulks. This result is shown in Figure 6.3, first two lanes on the left. The opaque 

bulk has a DNA band of 1.8 kb (indicated by a star) that is not present in the 

modified bulk. Several attempts to repeat this result using identical PCR conditions 

led to a series of positive and negative results (data not shown). Therefore, all primer 

combinations yielding potentially positive results had to be carefully analyzed for 
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reproducibility . 

After screening of several potential positives, the primer combination OPAI9 

+ OPB07 was found to yield consistent results (Figure 6.4). Interestingly, this 

combination generates two polymorphic bands between the two bulks. These RAPD 

markers were identified by a combination of primer numbers and the molecular 

weight of the polymorphic bands generated (in subscript). Figure 6.4 shows an 

analysis of the 02, modified 02, their reciprocal FI hybrids, and bulks obtained from 

F2 and F3 individuals with opaque and modified phenotypes. A band of 1.3 kb, 

identified as AI9B07130Ch is only amplified from DNA of the modified 02 parent (lane 

I), F2 (lane 5) and F3 (lane 7) bulks developed from individuals with modified 

phenotype. This DNA band is not amplified from the reciprocal FI hybrids (lanes 2 

and 3), 02 parent (lane 4) or F2 (lane 6) and F3 (lane 8) bulks. In this case, absence 

of the band in the reciprocal FI hybrids and 02 parent indicates that absence is 

dominant over presence of the band. Another polymorphic band of 1.2 kb, identified 

as AI9B07120Ch is present in the 02 parent (lane 4) and decreases gradually with 

reduction of the modified 02 contribution to the triploid endosperm genome of 

reciprocal FI hybrids (lanes 1 and 2). Also, analysis of the F2 Oane 6) and F3 (lane 

8) bulked DNA samples indicate that presence of this band is linked to the opaque 

phenotype. However, a small, almost undetectable amount of this DNA band was 

consistently found in the modified 02 parent (lane I), F2 (lane 6) and F3 (lane 8) 

bulks. The fact that the amount of A19B071200 polymorphic product is dependent 

upon the number of 02 genomes in the triploid endosperm of the parents and their 
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Figure 6.4. RAPD Analysis of o2, modified o2, Reciprocal Fl Hybrids, and Bulked 

DNA Samples Derived from F2 and F3 Progenies. DNA was obtained from mature 

endosperm flour as described in the text, and amplification was carried out with the 

pair of primers OPA19 and OPB07. These primers have the following sequences, 

from the 5' end: OPA19, CAAACGTCGG; OPB07, GGTGACGCAG. Twenty five 

ul of the PCR reaction was loaded into a 1.5% agarose gel in a 1 x TAB buffer. 

Major bands were named with the primer identification numbers (A19B07) plus their 

molecular weights in subscript. Lane 1, Pool 33 QPM; lane 2, Pool 33 QPM x 

W64Ao2; lane 3, W64Ao2 x Pool 33 QPM; lane 4, W64Ao2; lane 5, bulk of 

modified F2's; lane 6, bulk of opaque F2's; lane 7, bulk of modified F3's; lane 8, 

bulk of opaque F3 's. M indicates molecular weights (lambda DNA labelled with 

Hindiii, BamHI, and EcoRI, plus pUC 18 digested with Mspi). 



reciprocal Fl hybrids indicates that this RAPD marker behaves in a semidominant 

fashion. 
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Analysis of Segregating Progenies Comnm that RAPD Markers A19B07l2Oo and 

A19B071300 are Linked to Modifier Genes 

To better assess the degree of linkage between endosperm modifier genes and RAPD 

markers A19B071200 and AI9B071300, analysis of opaque and modified F2 individuals 

that have previously been confirmed to be homozygous at modifier gene loci 

(Chapters 4 and 5) was carried out with primers OPA19 + OPB07 (Figure 6.5). 

Figure 6.5A shows that all 28 selected F2 individuals with modified phenotype 

generate band AI9B071300• Presence of the band AI9B071200, previously found linked 

to the opaque phenotype, in 6 modified individuals (lanes 3, 8, 11, 15, 23 and 27) 

explains the presence of a small amount of this band in the modified parent and 

modified bulks described in Figure 6.4. Also, Figure 6.5B shows that all 28 selected 

F2 individuals with opaque phenotype generate band A19B071200 and lack band 

A 19B071300• 

Analysis of RAPD Marker Loci in Recombinant Inbred Lines with Different 

Levels of Endosperm Modification 

The recombinant inbred lines developed from the cross W64A02 x pool 33 QPM 

(Chapters 4 and 5) were also analyzed for presence of RAPD markers A19B071200 

and AI9B071300• In Figure 6.6, seed density (A), allelic composition at the gamma-
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Figure 6.5. Segregation Analysis of RAPD Markers Linked to Endosperm Modifier 

Genes. DNA samples from F2 individuals that constitute the opaque and modified 

bulks analyzed in Figure 4 were used for RAPD analysis with the pair of primers 

OPA19 and OPB07. Separation of PCR products and band identification are as 

described in Figure 4. A. Analysis of F2 individuals with modified phenotype (lanes 

1-28). Lane 29, bulk of modified F2's; lane 30, bulk of opaque F2's. B. Analysis 

of F2 individuals with opaque phenotype (lanes 1-28). Lane 29, bulk of modified 

F2's; lane 30, bulk of opaque F2's. 
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zein locus (B), and allelic composition at RAPD loci (e) were compared for each of 

the 44 inbred lines. RAPD loci A19B071200 and A19B0713oo are identified as A and B 

respectively. AlB indicates lines carrying both alleles. The results show that there is 

a good correlation between the presence of the rearranged gamma-zein (Ra) gene and 

marker A19B0712oo in most lines with low degree of modification. Also, lines with 

higher degree of seed modification have the A and B gamma-zein genes and RAPD 

marker A19B0713oo• However, there is no perfect association between the patterns of 

RAPD markers and allelic composition at the gamma-zein locus for several inbreds 

with intermediate levels of seed modification. Although this could be an indication 

that markers A19B071200 A19B071300 are linked to modifier loci other than gamma

zein, only mapping experiments can assess these associations. 

DISCUSSION 

Initial attempts to identify markers linked to endosperm modifier genes by a 

combination of RAPD and BSA analysis indicated that several oligonucleotides do not 

generate peR products while others generate only a few bands, thus decreasing the 

chance to encounter linked markers (Figure 6.3). On theoretical grounds, the number 

of peR-generated fragments using a 10 nucleotide primer is dependent on the size of 

the target genome, and on the probability that the 10 base sequence will be found 

juxtaposed within the maximum length amplifiable by peR (usually 1.8 kb) (Williams 

et al., 1991). Therefore, addition of a second primer of equal length and arbitrary 

sequence should increase the probability of finding DNA sequences on opposite DNA 
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Figure 6.6. Comparison of Seed Density, Allelic Composition at the Gamma-Zein 

Locus and RAPD Marker Loci in Recombinant Inbred Lines. Recombinant Inbred 

lines derived from the cross W64Ao2 x Pool 33 QPM have been described in 

Chapters 4 and 5. (A). Seed density was determined for each line (Chapter 4) and 

plotted in ascending order. (B). Allelic composition at the gamma-zein locus was 

determined for each line (Chapter 5). Presence of the alternative alleles at the 

gamma-zein locus (Ra, A and B, RaJA and B) is indicated by a "+" sign. (C). 

Allelic composition at RAPD marker loci was determined for each line as indicated in 

"Material and Methods". Presence of markers A19B0712oo (A), A19B071300 (B) or 

both (AlB) is indicated by a "+" sign. 
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strands and in opposite orientation within the distances that are amplifiable by PCR 

(Figure 6.1). The results presented in Figure 6.3 indicate that this is the case. 

Addition of a second primer to the PCR reaction lead to consistent amplification of a 

larger number of bands in comparison to single primed reactions. 

Screening of a large number of double primer combinations led to several 

potential positives that could not be repeated consistently. In some cases the result 

could not be repeated in a second attempt under the same conditions. In other cases, 

several attempts under the same conditions generated positive and negative results. 

Investigation for the reasons of such results was not attempted. Instead, primer 

combinations that generated ambiguous results were ignored and new combinations 

were tried. 

After testing approximately 110 2-primer combinations, repeatable, positive 

results were obtained. The primer combination OPA19 + OPB07 generated two 

DNA bands that were polymorphic between the modified and opaque bulks (Figure 

6.4). Interestingly, one DNA band segregated with the modified trait (marker 

AI9B0713oo), while the other segregated with the opaque trait (marker A19B0712cxJ. 

Results were confirmed by amplifying DNA from the 02 and modified 02 parents, 

their reciprocal Fl hybrids, and pooled progenies from F2 and F3 progenies (Figure 

6.4). 

Analysis of parental and Fl DNA samples obtained from endosperm tissue 

indicated that DNA band A19B0713oo is inherited as a recessive marker. Only DNA 

from the modified 02 parent (lane I) and from F2 (lane 5) and F3 (lane 7) modified 



02 bulks supported amplification of large amounts of this DNA band. This is an 

unexpected result since most RAPD markers have a dominant mode of inheritance 

(Williams et al., 1991). The fact that the heterozygous Fl progeny DNA do not 

support amplification of this DNA band Oanes 2 and 3) appears to indicate that the 

presence of one or two copies of the 02 genome suppress amplification of band 
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A 19B0713oo• At least one case in the literature supports this interpretation. Heun and 

Helen~aris (1993) reported a similar situation in RAPD analysis of reciprocal crosses. 

They found that with primer A19, DNA bands present in one of the parents were 

suppressed in the reciprocal Fl hybrids. Note that A19 is one component of the 

primer pair A19B07 used in the present study. 

Figure 6.4 also illustrates the results for the RAPD marker linked to the 02 

phenotype. Band A19B071200 behaved as a semidominant marker since its amount 

varied in an stepwise manner with increasing dosage of the 02 genome in the triploid 

endosperm Oanes 1-4). Although intense A19B071200 bands were present in the 02 

parent Oane 4), F2 Oane 6) and F3 Oane 8) opaque pools, weak DNA bands of the 

same size could also be detected in the modified parent Oane 1), F2 Oane 5) and F3 

Oane 7) modified pools. Predominant presence of this band in individuals with 

opaque phenotype could be interpreted as linkage between a RAPD locus and an 

alternative, inactive version of a modifier gene locus. 

To verify the degree of linkage between markers AI9B071300 and AI9B071200 

and modifier gene loci, analysis of F2 DNA samples obtained from opaque and 

modified individuals was carried out. Analysis of a group of 28 modified individuals 
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indicated complete linkage between marker AI9B071300 and the modified trait (Figure 

6.5A). Also, analysis of a group of 28 opaque individuals indicated complete linkage 

between marker A19B071200 and the opaque trait (Figure 6.5B). An interesting result 

is the presence of band A19B071200 in some modified individuals (Figure 6.5A, lanes 

3, 8, 11, 15, 23, and 27), which helps explain the presence of a small amount of this 

DNA band in the modified 02 parent (lane I) and bulked modified DNAs Oanes 5 and 

7) shown in Figure 6.4. 

Since these RAPD markers have not yet been mapped to the maize genome it 

is not possible to determine if one, both, or none of them are located to or near the 

gamma-zein locus. Analysis of recombinant inbred lines that vary in seed 

modification (Figure 6.6) indicate that there is a near perfect association between seed 

density, allelic composition at the gamma-zein locus and type of RAPD marker 

amplified from inbreds with extreme phenotype (opaque or modified). This 

association is not as clear for inbreds with intermediate levels of seed modification. 

This is interesting since intermediate phenotypes are predicted to result from the 

combination of different dosages of modifier gene alleles (Chapter 4). However, only 

mapping experiments can establish more definitive linkage relationships between these 

RAPD loci, allelic composition at the gamma-zein locus and seed modification. 
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SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

The storage proteins of the maize seed, zeins or prolamines, playa major role in 

determining both the nutritional quality of the grain and its physical properties. Zeins 

contain no lysine and very little tryptophan; consequently, high levels of zeins lower 

the overall concentrations of these essential amino acids in the seed. Also, storage 

proteins appear to cooperate with other cellular components affecting development and 

physical properties of the endosperm tissue. Very little is known about the role these 

components play in morphogenesis and differentiation, but evidence for possible 

involvement comes from the phenotype of mutants with altered patterns of storage 

protein deposition. In general, storage protein mutants have lower seed density and a 

fragile and lusterless (opaque) endosperm, both of which are generally thought to be 

associated with their reduced capacity to synthesize specific zein proteins. In several 

of these mutants, reduction in storage protein accumulation is associated with 

increased accumulation of non-zein proteins, a complex group composed of all 

endosperm proteins with non-storage functions (structural proteins, protease 

inhibitors, biosynthetic enzymes, etc.). Since non-zeins are nutritionally more 

balanced than zeins, opaque mutants are an attractive option for nutrition of humans 

and monogastric animals. 

02 and fl2 are the most widely studied opaque mutations. For both, the 

biochemical effect of the mutant gene is an alteration, usually quantitative, in zein 

synthesis. However, there is no definitive experimental proof that establishes a direct 
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relationship between endosperm physical structure and storage protein accumulation. 

Nevertheless, the consistent association between these traits indicates that storage 

proteins may contribute to the definition of endosperm texture at maturity. 

Most of the research on opaque mutants has been directed to understanding 

various aspects of yield and nutritional quality and not to questions pertaining to 

endosperm development and physical structure. A better understanding of the 

biochemical and genetic alterations that affect seed physical structure may help maize 

breeders improve the nutritional quality of the endosperm while maintaining the high 

agronomic quality of the seed. 

The mutation jl2 acts in a semidominant mode and results in decreased 

accumulation of alpha-zein proteins. This mutation has been shown to reduce zein 

mRNA levels and to cause formation of morphologically altered protein bodies that 

accumulate abnormally large amounts of an RER-resident 70-kD protein, identified as 

a maize homologue of the chaperonin BiP. In contrast to normal maize genotypes, 

which have spherical protein bodies that are I to 2 p.m in diameter, jl2 has irregular, 

highly lobed protein bodies with an uneven distribution of the various zein classes 

(Zhang and Boston, 1993; Lending and Larkins, 1993). 

The results presented here show that an unusual alpha-zein protein of 24-kD is 

consistently associated with the storage protein fraction fromjl2 mutants. Although 

this protein is larger than the common 19- and 22-kD alpha-zeins, its NH2-terminal 

sequence is that of a 19-kD, while its amino acid composition is more like that of a 

typical 22-kD alpha-zein. Increased accumulation of this novel alpha-zein protein is 



249 

correlated with increases in BiP accumulation and decreases in storage protein 

deposition. In addition, synthesis of this protein is regulated by 02. Double mutants 

02fl2 do not manifest the fl2 phenotype. The synthesis of an abnormal alpha-zein 

protein in fl2 could explain many features of the mutant, such as abnormal protein 

body morphology, BiP induction and hypostasis to 02. Although these results do not 

prove that accumulation of this protein is responsible for the fl2 phenotype, such a 

possibility was reinforced by the detection of an RFLP with a 22-KD alpha-zein probe 

that is unique to fl2. 

Further experiments are necessary to define whether the tightly linked RFLP is 

due to an alpha-zein gene located close to the fl2 locus or to an alpha-zein gene that 

encodes the protein responsible for the mutant phenotype. The fl2-specific RFLP will 

provide the means to construct a size fractionated genomic library that can be 

screened with an alpha-zein gene probe. The isolation of an alpha-zein gene with 

unusual features would support the hypothesis that the fl2 phenotype is caused by a 

defect in the secretory machinery. However, defmitive proof for the involvement of a 

defective gene would only be provided by expression of the fl2 phenotype by maize 

plants transformed with such a gene. If so, such system could provide an important 

tool to study the role of storage proteins in the definition of the biochemical and 

physical properties of the maize grain. 

The biochemical effects of the 02 mutation at the protein level were reported 

by Mertz et al., (1964). Mutant seeds were found to accumulate the essential amino 

acids lysine and tryptophan in amounts twice that usually found in normal maize .. 
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The basis for the changes in the proportion of amino acids in the mutant is the 

reduced amount of alpha-zeins and increased accumulation of the nutritionally more 

balanced non-zeins. The mechanism leading to an increase in non-zein proteins is not 

yet understood. 02 is the frrst regulatory gene shown to play an important role 

in controlling expression of storage protein genes. This gene has been cloned 

(Schmidt et al., 1987; Motto et al., 1988) and shown to encode a basic 

domain/leucine zipper transcriptional activator (Schmidt et al., 1990) that regulates a 

subset of zein storage protein genes (Schmidt et al., 1992). 

Plant breeders have devoted an enormous amount of effort to improving the 

nutritional quality of endosperm proteins through the use of 02, but unfortunately, a 

series of poorly understood pleiotropic effects that result in seeds with inferior 

agronomic properties have limited the development of this germplasm for commercial 

use. 

The discovery of a system of modifier genes that cause formation of hard and 

vitreous endosperm regions in 02 mutant seeds led to a series of efforts to develop 

mutant genotypes with normal seed phenotype. The development of breeding methods 

that rely on progressive accumulation of 02 modifier genes led to the development of 

germplasm with normal kernel phenotype and enhanced nutritional value. However, 

these modified opaque-2 mutants have not yet reached widespread commercial 

production because the components and mode of action of the genetic system involved 

in seed modification are poorly understood. Problems related to stability of 

modification, difficulties to transfer modifier genes to elite inbred lines and slightly 



reduced nutritional quality in comparison to the original 02 mutant indicate that 

further development and future usefulness of modified 02 may depend upon 

deciphering the genetic, biochemical and molecular mechanisms acting in these 

genotypes. 
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One of my goals was to advance the knowledge of the genetic and biochemical 

mechanisms by which modifier genes act during maize endosperm development. 

Analysis of storage proteins from normal, 02 and modified 02 genotypes indicated 

that independently developed modified 02 genotypes have seeds with higher than 

normal contents of gamma-zein, a cysteine-rich storage protein that has similarities 

with proteins known to carry out structural functions (extensin, e.g). Also, the 

nutritional quality of the modified seed is apparently dependent upon a quantitative 

balance between gamma-zein, a lysine-poor protein, and non-zein accumulation. 

Even though no proof is available for the direct involvement of gamma-zein in 02 

endosperm modification, the consistent association between these traits is supportive 

of the hypothesis that during seed desiccation protein bodies may become closely 

packed and possibly crosslinked by the gamma-zein protein and other cysteine-rich 

proteins, thus causing the vitreous phenotype of the mature modified 02 kernels. 

A combination of genetic and biochemical analyses was used to investigate the 

number and mode of action of modifier genes and possible association between seed 

modification and gamma-zein deposition. These analysis indicated the possible 

existence of two semi-dominant modifier genes in the population studied. Also, 

analysis of 02, modified 02, their reciprocal F1 's, and segregating progenies indicated 
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that increased deposition of gamma-zein is dependent on the dosage of 02 modifier 

genes and directly correlated to seed modification, thus indicating that the association 

between endosperm modification and gamma-zein accumulation was not established by 

chance. Since these relationships make gamma-zein a candidate modifier gene 

product, genetic analysis was carried out to determine where modifier genes map. 

The results indicated that a modifier maps to the same chromosomal region where 

gamma-zein genes are located. Also, PCR-based analysis of recombinant inbred lines 

with variable degrees of seed modification indicated that allelic composition at the 

gamma-zein locus correlates with variation in endosperm modification. 

Co-localization of a modifier gene and the gamma-zein locus reinforces all 

previously described associations between accumulation of the protein and the process 

of endosperm modification. However, it could also indicate that gamma-zein genes 

are tightly linked to a modifier gene locus. Inactivation of the gamma-zein locus in 

modified 02 genotypes (by transposon tagging e.g.) would be useful to test this 

possibility. Inactivation or reduced expression of gamma-zein genes should prevent 

or alter the development of the modified phenotype. 

Even though RAPD analysis allowed the identification of markers linked to 

other modifier loci, their location in the genome is unknown. Therefore, it is 

necessary to map these markers to determine if they indicate a second modifier locus 

that is predicted to exist based on phenotypic analysis. Knowledge of the location of 

modifier gene loci will allow more detailed studies of their individual mode of action 

in the recombinant inbred lines that were developed. Also, isolation of individual 



modifier genes in recombinant inbred lines will facilitate isolation of modifier gene 

mutants by EMS mutagenesis or transposon tagging strategies. 
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The results presented represent the first important steps toward the dissection 

of a complex modifier system. The understanding of 02 modifier gene action 

promises to shed light on important aspects of seed development, seed physical 

structure and nutritional quality. Knowledge of the genomic location of modifier 

genes will greatly facilitate the use of marker-assisted selection for their rapid transfer 

to elite inbred lines. Also, the finding of the antagonistic relationship between 

endosperm modification and non-zein accumulation can be used to develop selection 

strategies to enhance nutritional quality in highly modified 02 materials. Monitoring 

of the non-zein content is an inexpensive and rapid procedure as opposed to expensive 

and cumbersome monitoring thorough amino acid analysis. 

Although modification of 02 maize represents a significant step in the 

development of high quality maize, further increases in essential amino acid content 

may be possible through genetic engineering of seed protein genes. However, 

introducing an engineered gene into the genome may prove insufficient to significantly 

increase the nutritional value of the seed. The understanding of the 02 modifier 

system could provide the mechanisms to reduce the synthesis of low quality 

endogenous storage proteins while allowing for high levels of expression of the 

engineered genes. 
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