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ABSTRACT 

During maize endosperm development, the cell cycle in the majority of cells 

switches from a mitotic to an endoreduplication cell cycle. This results in cells of 

varying ploidies within the tissue, and is presumed to be a factor in its rapid growth. 

Investigating the inheritance of variation in endoreduplication in maize endosperm will 

begin to elucidate the genetic mechanisms controlling it. It has been hypothesized that 

retinoblastoma-related proteins (RRBs) negatively regulate the Gl/S transition during 

both mitotic and endoreduplication cell cycles. Testing this hypothesis in both mitotic 

cells and endoreduplicating endosperm cells will fiirther our understanding of the 

molecular mechanisms regulating endoreduplication. 

Flow cytometry was used to assess the variability of endoreduplication in 

endosperms of maize inbred lines. High levels of endoreduplication were observed in 

popcorns relative to Midwestern dent corns. To study the genetic regulation of 

endoreduplication, four inbreds were crossed to B73 and developing endosperms from 

parental, reciprocal Fl, and backcross generations were subjected to flow cytometric 

analysis. Maternal zygotic effects, often considered a form of parental imprinting, and 

maternal sporophytic effects were detected. To test the feasibility of introgressing a high 

endoreduplication phenotype into a Midwestern dent inbred line, a backcross population 

was generated using B73 as the reciprocal parent and the popcorn Sgl8. The 

heritabilities calculated from an analysis of the backcross population generally agree with 

the values calculated in the larger crossing experiments. 
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The Wheat Dwarf Virus RepA protein binds RRBs and is predicted to activate the 

cell cycle. RepA and the maize RRB, ZmRbl, were tested for cell cycle regulatory 

activity in tobacco BY-2 cells and determined to be an activator and repressor, 

respectively. The effect of RepA on endoreduplication was evaluated in both 

mitotically-active maize callus cultures and developing endosperms. Flow cytometric 

measurements of nuclear ploidy showed that RepA expression was sufficient to convert a 

mitotic into an endoreduplication cell cycle in calli but had no discernable effect on 

endopolyploidy in developing endosperm by 18-days after pollination (DAP). 
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CHAPTER 1 

LITERATURE REVIEW 

General introduction 

Introduction to the cell cycle 

Plant architecture is ultimately determined by growth (increases in size) 

differentiation (increases in cellular diversity), and morphogenesis (the spatial 

manifestation of these). Growth is accomplished by a combination of increases in cell 

number and cell size (Gilbert, 2000), and an increase in cell number is affected by 

modulation of the cell cycle. For the purposes of this review, the reference cell cycle to 

which all others will be compared is that in angiosperm meristems. This meristematic 

cell cycle involves the progression through a series of states that allow the complete 

replication of the genetic material into two copies. These two copies of the genome must 

be subsequently partitioned, along with cytoplasm, into two new cells by a mitotic 

division. The two new daughter cells, which take the place of the original mother cell, 

can then re-enter this process and "cycle" through again to produce more cells. 

Generally, this cell cycle is discussed as comprising four phases. In the first phase, gap 

one (Gl), cells have a basal DNA content or C value, where a single C unit corresponds 

to the haploid DNA content of the organism; during Gl, cells prepare to replicate their 

DNA. The second step is S-phase or synthesis phase, in which the DNA of the cell is 

faithfully and completely replicated. Replicated chromatids remain associated, so they 
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can be separated later into two complete chromosomes. In the next phase, gap two (G2), 

the cell prepares to divide the separated genetic material and cytoplasm, and marks the 

plane of cell division with a radial microtubule array called the pre-prophase band (PPB). 

Collectively, these three phases are often called interphase, due to the lack of 

cytologically distinct structures (in animal and yeast cells) during these periods. The 

fourth phase, mitosis, is a programmed set of cytological events beginning with the 

condensation of chromatin and culminating in the separation of replicated DNA into two 

spatially distinct but fundamentally genetically identical sets of chromosomes 

compartmentalized in nuclei of the two daughter cells. At the culmination of mitosis in 

meristems, a new cell wall and plasma membrane is assembled by a specialized set of 

secretory vesicles and cytoskeletal structures called the phragmoplast. 

This mitotic cell cycle I have described, similar to the mitotic cycles of fungi and 

animals, is the standard cell cycle that most authors refer to as the "cell cycle". 

Frequently, perhaps unintentionally, it is assumed that this cell cycle is the only 

mechanism for increasing cell number and increases in cell number are the only way in 

which the cell cycle affects growth. This assumption is a gross oversimplification and 

distortion, as many variations on this cell cycle exist in most organisms. Some of these 

alter cell size or cell division orientation such that modulation of the cell cycle can 

influence growth, differentiation and morphogenesis by increasing the number, size, type, 

and distribution of cells within an organism. For example, the very rapid cell cycles in 

early development of the angiosperm endosperm do not involve the formation of cell 

walls. Moreover, these nuclear divisions require a mere 6 hours (h), unlike the mitotic 



cycles in plant leaves which are typically 15-36h (Olsen et al., 1992; Granier and 

Tardieu, 1998; Tardieu and Granier, 2000). These endosperm cell cycles do give rise to 

cells, each with its own cell wall, as multiple rounds of nuclear divisions are followed by 

a temporally distinct wave of cellularization using a modified phragmoplast (Otegui and 

Staehelin, 2000; Olsen, 2001). A reciprocal modification of the standard mitotic cell 

cycle has been described for Chlamydomonas reinhardtii (John, 1984; John et al., 1989; 

Umen and Goodenough, 2001). In this single-celled alga, cells engage in a growth phase 

in which they enlarge and accumulate cytoplasmic material. As material accumulates, 

cells enlarge until they reach a critical size. At this time, multiple cycles of DNA 

synthesis and mitotic division ensue and continue these divisions until a population of 

haploid cells is generated (John, 1984). Thus, cellular proliferation and growth can be 

accomplished by temporally and mechanistically distinct cell cycles, e.g. cycles of DNA 

synthesis followed by cycles of mitotic division. 

Genetic and cell biological experiments from animal, plant, and fungal systems 

have shown that mitotic and other types of cell cycles utilize many of the same regulatory 

proteins. Mitotic-type cycles can be modified into another type of cell cycle by altering 

the activity of one or more regulatory factors (van den Heuvel and Harlow, 1993; Moreno 

and Nurse, 1994; MacAuley et al., 1998; Niculescu et al., 1998; Schnittger et al., 2002). 

As these many types of cell cycles are somewhat interchangeable, a broader concept of 

the cell cycle, capable of integrating many variations of cell cycle type, is necessary. I 

will therefore use the term "cell cycle" as a more general term, referring to any series of 

events comprised by the stages of the meristematic cell cycle. This definition is inclusive 



to any sequence of events that can be explained by alteration of the meristematic cell 

cycle by the removal, duplication, or addition of a subset of events in the meristematic 

cell cycle. 

The four phases discussed above do not explain the behavior of cells in the 

standard cell cycle, as shown in a number of genetic and cell biological experiments. In 

the yeasts, Saccharomyces cerevisiae and Schizosaccharomyces pombe, mutants have 

been identified that arrest before and during S-phase and mitosis, suggesting that the 

onset and progression of these phases are under some shared and some distinct genetic 

controls (Elledge, 1996; Tourret and McKeon, 1996; Weinert, 1997; Foiani et al., 1998; 

Rhind and Russell, 2000). Also, mutants defective in cell cycle progression have been 

identified that either arrest during DNA replication or mitosis or continue through the 

cycle without completing all the steps typically required; mutations of the same genes 

affect non-mitotic cell cycle events (e.g. (Dutcher and Hartwell, 1983; Surana et al., 

1991). While some of the genes encoding these functions are structural (e.g. catalyze a 

reaction within DNA synthesis), others clearly are signaling molecules that transmit 

information regarding the completion of "subroutines" (Dutcher and Hartwell, 1983; 

Tourret and McKeon, 1996; Rhind and Russell, 2000). Results from genetic and cell 

biological experiments in yeast led to the proposal of checkpoints within each stage, that 

divide the cell cycle into a series of states (Weinert and Hartwell, 1989; Hartwell, 1992; 

Hartwell and Kastan, 1994; Weinert et al., 1994). This hypothesis, which has been 

validated for the cell cycles of animals, fungi and plants, postulates that each checkpoint 

helps to ensure that replication and cell division are accurately accomplished in sequence 
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prior to the onset of the next cell cycle stage. The number of checkpoint states exceeds 

the number required for a four-stage cell cycle, demonstrating that the four stages are 

artificial and that describing the cell cycle according to checkpoint status may provide a 

more biologically relevant nomenclature. For example, in tobacco BY-2 cells, it has been 

demonstrated that the appearance of the PPB depends on the completion of DNA 

replication, i.e. a replication checkpoint is passed prior to the appearance of the PPB 

(Yanagawa et al., 2002). Thus, appearance of a PPB actually differentiates the G2 phase 

of the meristematic cell cycle into at least two substates; marked (post-PPB); and 

unmarked (pre-PPB band but post-replication). If a cell can be halted or diverted from a 

checkpoint and transitioned to a different checkpoint, a mechanism for the production of 

many cell cycles (using a minimal number of components) can be proposed based on the 

meristematic cycle. 

Environmental stimuli both inhibit and promote growth via cell cycle-dependent 

mechanisms. Increasing temperature results in a shortening of the cell cycle (Tardieu and 

Granier, 2000) until it reaches the point of inducing stress, at which point cell division is 

inhibited (Cheikh and Jones, 1994; Commuri and Jones, 1999, 2001). In a majority of 

plant species tested, elevated atmospheric carbon dioxide leads to an increase in cell 

divisions and organ size (Pritchard et al., 1999). 

Cell cycle manipulation has also contributed to vigor in cereal crops. In 

summarizing data from earlier publications, Kiesselbach stated that approximately 10% 

of the increased size of maize hybrids over their inbred parents is due to cell enlargement, 

and 90% of this increase can be accounted for by a greater number of cells (Kiesselbach, 



18 

1922; Kiesselbach, 1949). This observation, that enhanced cell proliferation contributes 

to increased maize plant vigor, remains unchallenged. Recently it has been demonstrated 

that transgenic manipulation of cell cycle regulatory components can lead to increased 

organ initiation (Doerner et al., 1996; Riou-Khamlichi et al., 1999; Cockcroft et al., 

2000), stimulation or inhibition of cell proliferation (Hemerly et al., 1995; Hemerly et al., 

2000; Gordon-Kamm et al., 2002) and increases in plant and plant organ size 

(Wyrzykowska et al., 2002). 

Variations of the classical mitotic cell cycle are ubiquitous and are involved in 

events in the development of virtually all plant and metazoan taxa. Many variations on 

this cell cycle can be conceptualized as reductions of the classical cell cycle, i.e. they are 

missing one or more stages. Examples of some prevalent variations on the mitotic cell 

cycle include: the production of multinucleate cells or coenocytes (a cell cycle retaining 

all but cytoplasmic division and compartmentalization); meiosis II (a cell cycle lacking 

DNA replication); the rapid cell cycles during embryogenesis (a cell cycle lacking gap 

phases); endocycles of recurrent replication of the nuclear DNA (lacking nuclear and 

cytoplasmic division). Additionally, there are cell cycles in which the two daughter cells 

are not genetically equivalent to the mother, or each other; these cell cycles often 

contribute to cellular differentiation. In haploid S. cerevisiae cells, from which much of 

the genetic and molecular experiments that contribute to our present understanding of the 

cell cycle were obtained, normal mitotic division utilizes a cell cycle that violates the 

classical one. During haploid cell divisions in yeast, the DNA at the mating type locus 

undergoes a programmed sequence alteration, in which the relative position of genes and 
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regulatory sequences is altered (Haber, 1992). The consequence of this, as with all cell 

cycles resulting in genetically distinct daughter cells, is a change in cellular diversity 

(differentiation). While the cell cycle is often thought of as a modulator of growth, this 

example illustrates that a cell cycle that produces cells genotypically unequal to the 

mother cell leads to both growth and differentiation. 

Partial endopolyploidy (polysomaty) characterizes most multicellular organisms 

In most multicellular eukaryotes, a subset of cells uncouple the processes of DNA 

replication and cell division such that they re-replicate their DNA. Most frequently, this 

is accomplished without nuclear division, giving rise to a tissue or organ containing cells 

with the basal nuclear ploidy and cells with greater-than-basal nuclear ploidy, or 

endopolyploid cells. The coexistence of cells with differing nuclear ploidy in an organ or 

tissue is referred to as polysomaty (DAmato, 1964). Like endopolyploidy, the definition 

of polysomaty does not implicate a mechanism for DNA re-replication. As with the 

example of the haploid yeast cell cycle (above), polysomaty accomplishes both growth 

and differentiation. 

A variety of endocycle mechanisms exist. Some stop DNA replication prior to 

completion, such as the partial re-replication cycles in Drosophila nurse cells (Sauer et 

al., 1995; Lehner and Lane, 1997; Weiss et al., 1998; Edgar and Orr-Weaver, 2001). 

Others progress through mitosis, as occurs in the endomitotic cell cycles during 

mammalian megakaryocyte differentiation (Vitrat et al., 1998) and the abortive mitoses 

of cells with a compromised mitotic apparatus (Khan and Wahl, 1998; Verdoodt et al.. 
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1999). In plants, the most common mechanism for the generation of endopolyploid cells 

is endoreduplication (D'Amato, 1984). Endoreduplication is defined as the complete 

replication of the nuclear DNA without chromosomal condensation, nuclear division or 

envelope breakdown. Endoreduplication cycles proceed through the completion of S-

phase, have a gap phase, and then repeat the process leading to endonuclear DNA re-

replication. If compared to the meristematic cell cycle, endoreduplication would include 

any variation that ends the cell cycle after completion of DNA replication but before the 

onset of mitosis. This should give rise to polj^ene chromosomes, although only a few 

examples of these have been utilized for the investigation of chromosomal banding in 

plants (Carvalheira and Guerra, 1998) 

Endopolyploidy, regardless of the mechanism, is typically measured by 

fluorometric determination of the DNA content per nucleus. In early studies, this was 

accomplished by making sections of fixed tissue stained by the Feulgen reaction and 

microphotometric measurement of nuclear fluorescence. This method, and variants of it 

using more DNA-specific and vital dyes, such as DAPI, has the advantage of both 

quantifying the differences in fluorescence between cells, and recording their relative 

positions. More recently, with the advent of flow cytometric methods, endopolyploidy 

can be assayed by extracting nuclei, staining them with a fluorometric dye, typically 

DAPI or the general nucleic acid stain, propidium iodide, and then passing them in fi"ont 

of an excitation light source and emission detector. In this way, the DNA content of 

hundreds to hundreds of thousands of nuclei can be measured in a few minutes, allowing 

for more robust conclusions to be drawn regarding the degree of endopolyploidy in a 



21 

sample. However, this approach sacrifices any spatial resolution below the size of the 

explant used as the source for protoplasts or nuclei. As neither of these methods can 

critically address the mechanism of endopolyploidization, we often know more about the 

occurrence and distribution of polysomaty than the mechanisms by which it occurs. 

Measurements of endopolyploidy pose problems for the definition of its scale, for 

quantitation and statistical analyses. The data obtained typically have no single value that 

accurately describes the degree of endopolyploidy. For instance, in a tissue in which both 

mitosis and endoreduplication are occurring, cells with a duplicated DNA content are 

comprised of both G2 cells poised for mitosis and endoreduplicating cells in G1. Thus, 

the degree of polysomaty does not necessarily reflect the degree of endoreduplication, as 

the latter is defined as re-replication. However, if a tissue contains cells with duplicated 

DNA which will not divide, i.e. are terminally doubled, they should be regarded as 

endopolyploid. 

When comparing two or more endoreduplicated samples by most statistical 

methods, a value or set of values need to be generated from the measurements. The most 

commonly used value, mean ploidy, can be skewed by a few highly polyploid cells and is 

not necessarily a linear measure, as increases in DNA content are geometric. Another 

common measure is the percentage of cells with a greater than basal DNA content, 

referred to as %E in this dissertation. While %E lumps G2 and Gl-endocycle cells 

together, it is insensitive to a few highly polyploid cells. As is discussed for the specific 

example of endosperm in Chapter 2, a third measurement, the mean ploidy of 



endopolyploid cells, can be used in conjunction with the %E to calculate the mean ploidy 

and better expresses the effect of endocycles on cells. 

Endoreduplication in plants 

While conspicuously missing from many textbooks discussing plant growth, 

polysomaty is a nearly ubiquitous feature of the higher-plant life cycle. Within the 

angiosperms, endopolyploidy is subject to no major taxonomic limitation and is estimated 

to occur during the development of at least 90% of all plants; examples of endopolyploid 

cells derived from all three layers of the meristem are known (D'Amato, 1984). In lower 

plants, such as the bryophytes, it is a less common occurrence, but polysomaty is an 

important component of the development of some taxa (Kingham et al., 1995). 

Polysomaty of the leaves and roots has been identified in arabidopsis, pea, potato, corn, 

bean, brassica, and others (Dvorak, 1968; Capesius and Stohr, 1974; Bryans and Smith, 

1985; Galbraith et al., 1991; Gilissen et al., 1993; Demchenko, 1994; Smulders et al., 

1994; Gilissen et al., 1996; Cavallini et al., 1997; Engler et al., 1999; Berta et al., 2000; 

Lagunes-Espinoza et al., 2000; Kudo and Kimura, 2001, 2002). While the mere 

existence of a few cells with altered nuclear ploidy may appear to be of little 

consequence, the near ubiquitous nature of the phenomenon and its degree in certain 

cases suggest otherwise. For example, in maize endosperm of all the copies of a 

particular gene, greater than 90% are contained in chromosomes resident in an 

endopolyploid nucleus (see Chapter 2). 

Endopolyploid cells are often associated with ephemeral and metabolically active 

cells (D'Amato, 1984). These cells are commonly found in support and storage tissues, 
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or exist as specialized storage cells. Examples include the endosperm (Kowles et al., 

1990; Brunori et al, 1993), cotyledon (Bryans and Smith, 1985; Smulders et al., 1995; 

Lemontey et al., 2000), and embryo suspensor of plant seeds(Clutter et al., 1974; 

Luszczek et al., 2000), the tapetum cells of the anther (Sawicka, 1991; Sherwood, 1995) 

and idioblasts in leaves (Kausch and Homer, 1984; Melaragno et al., 1993; Perazza et al., 

1999). Apart from high metabolic activity, many of these cells also share the feature of 

having physical barriers to cell division. In these cells, endoreduplication could support 

increases in cell size and metabolic activity in a way that is not mechanically inhibited by 

the cytoplasmic contents of the cell. Cases of extreme endopolyploidy are found in the 

suspensors of many angiosperm embryos. C values upwards of 1024 are not uncommon 

in suspensors (D'Amato, 1984), and the not insubstantial investment of carbon, nitrogen, 

and ATP for nucleotide and DNA synthesis in these short lived cells suggest that 

endoreduplication serves some purpose. These cells endoreduplicate to such a degree 

and engage in sufficient transcription to produce chromosome puffs, permit G-band 

staining and in situ localization of the site of rRNA synthesis (D'Amato, 1984; 

Carvalheira and Guerra, 1998). 

Changes in cellular ploidy can be affected by a number of genetic, signaling and 

pharmaceutical manipulations. Treatment of cells with nucleotide analogs and inhibitors 

of protein phosphorylation has been shown to induce endopolyploidy in plants (Ronchi et 

al., 1965; Rosiak et al, 2002). Alteration in the exogenous supply of auxins and 

gibberellic acid can activate endocycles in vitro and in whole plants (Cavallini et al., 

1995; Valente et al., 1998; Fujii et al., 1999; Gendreau et al., 1999; Mishiba et al., 2001). 
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Genetic analyses of arabidopsis mutants defective in the perception of gibberellic acid, 

ethylene, and cytokinin have also demonstrated hormonal regulation of endopolyploidy 

(Gendreau et al., 1999). In a number of systems light quality and phytochrome 

perception have been linked to endopolyploidization. In all cases, endoreduplication is 

associated with the elongation of plant cells and organs, either in response to genetic 

ablation of a phytochrome signaling component or etiolation (Cavallini et al., 1995; 

Gendreau et al., 1997; Gendreau et al, 1998; Cavallini et al., 2001). While this does 

support the idea that cell elongation and endoreduplication share some functional link, 

mutation of the blue-light receptor in arabidopsis also leads to cell elongation, but fails to 

increase the nuclear DNA content, suggesting that elongation and endoreduplication can 

be uncoupled (Gendreau et al., 1998). However, in Medicago truncatula, interference 

with endoreduplication led to a failure in the expansion of some cells (Cebolla et al., 

1999). 

Endopolyploidy is also a feature of specialized structures involved in the 

interaction of plants with microorganisms and animals. As with many of the examples 

above, plant cells in these structures are often involved in support and nutrient transfer 

functions and are characterized by high metabolic activity. Endopolyploidy is induced by 

nematode feeding (Niebel et al., 1996; Engler et al., 1999), the association of roots with 

arbuscular fvingi (Berta et al., 2000), and the process of nodulation in legumes (Foucher 

and Kondorosi, 2000). In all of these, the transition to endopolyploidy is associated with 

differentiation into a highly specialized cell type (e.g. syncytial giant cells at nematode 

feeding sites). 
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Consequences and correlates of endopolyploidy 

Organ growth is accomplished by a combination of cellular proliferation and 

expansion. Animal cells often increase in volume only modestly following cell division. 

Animals differ in size by five orders of magnitude between taxa, yet cells increase in 

volume only modestly. The result is that differences in body size are primarily the result 

of changes in cell number (Flemming et al., 2000). Plant cells, on the other hand, 

routinely expand many fold during organ growth (e.g. leaf parenchyma cells), and 

periods of plant organ growth are often divided into proliferative and expansive stages. 

The ubiquitous nature of endoreduplication and other mechanisms that increase 

nuclear DNA content, suggest these phenomena should have some function in organismal 

activity. Authors have speculated that endoreduplication is critical for cellular 

differentiation, cell size, cell fate determinacy, and increasing metabolic activity. Each of 

these processes is certainly correlated with the occurrence of endoreduplication, and all 

of them may be caused by endopolyploidy in some systems. Critical experiments testing 

these hypotheses have not been performed for most endopolyploid tissues, and so the 

meaning of the correlation has had to stand as suggestive. In general, endoreduplication 

is associated with ephemeral, highly determined, metabolically active cells (D'Amato, 

1977; DAmato, 1984). 

The correlation between cell size and endopolyploidy, particularly when done 

within a tissue type, is perhaps the most widely researched relationship (Nagl, 1976; 

D'Amato, 1977; DAmato, 1984; Kowles and Phillips, 1985; Melaragno et al., 1993; 

Kingham et al., 1995; Gendreau et al., 1997; Cebolla et al., 1999; Engler et al., 1999; 
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Perazza et al., 1999; Flemming et al., 2000; Foucher and Kondorosi, 2000; Kondorosi et 

al., 2000; Luszczek et al., 2000; Edgar and Orr-Weaver, 2001; Kudo and Kimura, 2002). 

As endoreduplication and other forms of DNA re-replication can occur in cells 

mechanistically recalcitrant to wall formation, e.g. crystal accumulating idioblasts and 

endosperm storage cells, endoreduplication may help accommodate cytoplasmic 

accretion and cell expansion. Polysomaty increases during and after leaf expansion, 

leading investigators to suggest that endoreduplication-mediated cell expansion could 

play a role in leaf area determination (Melaragno et al., 1993; Traas et al., 1998). As 

cytoplasmic enlargement is often associated with increases in plastids and mitochondria, 

some authors have proposed and investigated a connection between endopolyploidy and 

the maintenance of a balance between nuclear and cytoplasmic genomes (Galbraith et al., 

1991). Indeed, when comparing endosperms from the maize inbreds B73 and Mol7, 

Mo 17 endosperms have more cells, of a smaller size, each with fewer amyloplasts (Jones 

et al., 1996) and a lower degree of endopolyploidy (see Chapter 2). Given the importance 

of cell expansion to growth in plant systems, these data suggest that endoreduplication 

could play a role determining the ultimate volume of plant cells and organs. 

If endopolj^loidy positively impacts growth, one would predict a high correlation 

between gene expression, metabolic activity, and the number of genome equivalents 

available for transcription. In the embryos of legumes, microphotometric measurements 

of polyploid nuclei determined that the RNA/DNA ratio was two fold greater in highly 

polyploid nuclei, when compared to diploid controls (Clutter et al., 1974). However, this 

study compared cells within the suspensor to the embryo proper, and therefore did not 
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account for differences in differentiation state. In Chara vulgaris, both RNA and protein 

synthesis increased with ploidy in the basal cell, suggesting that ploidy, independent of 

other forms of differentiation, contributed to metabolic activity (Malinowski and 

Maszewski, 1994). Measurements of rRNA accumulation from leaves of 2C and 4C 

polyploid maize lines (Guo et al., 1996) provided similar results, arguing in favor of the 

hypothesis that RNA accumulation can be related to the number of genomes available for 

transcription. Furthermore, in polyploid series of maize and yeast (e.g. IC, 2C, 4C), the 

majority of mRNA transcripts did not deviate in their relative abundance between diploid 

and tetraploid individuals when normalized to rRNA abundance (Guo et al., 1996; 

Galitski et al., 1999). Thus, two 2C cells would be roughly equivalent to one 4C cell in 

their summed transcriptional activity. Additional evidence in favor of this relationship is 

largely the result of correlative histological studies, demonstrating that metabolically 

active tissues also contain the highest degree of endopolyploid cells (D'Amato, 1984). 

As endoreduplication does not involve the formation of new cell walls or plasma 

membranes, it serves as an efficient way to maximize gene expression. Neither the 

energy necessary to engage in cell division nor cell wall and membrane biogenesis needs 

to be expended, and the cell cycle time can be reduced by eliminating M-phase and all 

preparations for division. However, this does sacrifice plasticity, in that cells no longer 

are able to produce haploid gametes, and often divide more slowly; this is reflected in the 

occurrence of endoreduplication in terminally differentiated, ephemeral and highly 

determined cells (D'Amato, 1964). 
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In both plants and animals, body size has been correlated with endoreduplication. 

A recent study in nematodes demonstrated that the best predictor of body size in 16 taxa 

was a combined measure of nuclear number and nuclear ploidy (Flemming et al., 2000). 

In wheat endosperm, dry matter accumulation was effectively modeled by either nuclear 

number or ploidy, but was best predicted by a combination of the two (Brunori et al., 

1993). Pea seed weight and pod size are also best modeled by a combination of cell 

ploidy and number (Lemontey et al., 2000). In wheat and pea seeds, it is endopolyploidy 

rather than cell number that best predicts size at maturity. However, in both cases 

endopolyploidy and cell number are positively correlated. Thus, it is reasonable to 

propose that endoreduplication can accomplish growth and increases metabolic capacity 

per cell to support the increased metabolic demands of larger cellular compartments. 

The relationship between endopolyploidy and cell differentiation is complex. For 

example, differentiated cells of the moss, Frunaria, typically undergo three rounds of 

nuclear DNA re-replication (8C), while Physcomitrella patens contains no endopolyploid 

cells in the mature gametophyte (Reski et al., 1994; Kingham et al., 1995). While the 

majority of plants have cells that endoreduplicate in many of their organs, measurement 

of thousands of Helianthus nuclei from a variety of tissues provided no evidence for 

polyploid cells (Evans and Vanthof, 1975). These results suggest that increases in ploidy 

are not strictly required for differentiation of many plant cell types often found in 

endopolyploid states in the adult plant body. However, changes in cell size and 

differentiation are often associated with the presence of endopolyploid nuclei, and 

sometimes ploidy-dependent (Cebolla et al., 1999; Perazza et al., 1999). In the trichomes 



of arabidopsis, cell morphogenesis is related to DNA re-replication and nuclear DNA 

content. Tetraploids, or mutants that over-replicate DNA, produce supernumerary 

trichome branches while mutants that are defective in replication produce fewer branches 

(Szymanski and Marks, 1998; Perazza et al., 1999). However, the trichome branching 

pattern is not an endopolyploidy-dependent phenomena, per se. Mutations that cause 

ectopic divisions within trichome cells produce trichomes of normal branching pattern 

composed of multiple cells (Walker et al., 2000; Schnittger et al., 2002). These 

multinucleate trichomes consist of cells of lower ploidy that sum to a similar number of 

genomes as the endoreduplicated trichomes of normal leaves, suggesting that the ultimate 

volume and metabolic output remain linked to the number of genomes available for 

transcription. 

In many cases, endopolyploid cells either cease dividing, or at least slow division 

below the level of detection. This form of cellular determinacy provides a mechanism for 

endocycles to limit the size of an organ. If an organ can switch from proliferative cell 

cycles to endocycles in response to the environment, or developmental cues, it may limit 

the amount of resources that must be committed to the growth of the organ. If 

endoreduplication serves to fix the cell number of an organ, it may actually operate as a 

mechanism to restrict the upper limit of an organ's growth. For example, in leaves 

endoreduplication is often limited to only a few cycles (Smulders et al., 1994; Cavallini et 

al., 1995; Cavallini et al, 1997; Szymanski and Marks, 1998; De Veylder et al., 2001). If 

these endoreduplication cycles preclude later mitotic division, and cell cycle re-entry, cell 

number can be fixed by the generation of polyploid cells. Cell expansion of these cells 
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could proceed to a maximum-allowable size and then would cease. To continue growing, 

neighboring cells would either have to engage in continued expansion of division beyond 

the boundary of these endopolyploid cells, or overcome the shearing forces within the 

appressed cell walls. Thus, the diploid cells neighboring these polyploid cells could be 

limited in their ability to continue dividing and expanding. Growth would only be 

restricted in the directly abutting dimensions, such that increases in division in the area 

surrounding an endoreduplicated cell would have an abated effect on organ size (Traas et 

al., 1998), but divisions elsewhere could continue to expand an organ. 

Endopolyploidy does not preclude later mitoses. Plants regenerated from tissue 

culture of explants of varying ploidy levels occasionally regenerate into tetraploid or 

greater ploidy individuals (e.g. (Scheid et al., 1996), though polyploid cells regenerate at 

a reduced efficiency when compared to diploid cells (Gilissen et al., 1996; Ochatt et al., 

2000). In animals, cancer cells often become endopolyploid. Considering the 

requirements of a cancerous tissue, e.g. rapid growth and high metabolic activity, the 

association with endopolyploidy seems consistent enough with those observed in more 

"natural" conditions. Tumors consisting of chimeras of mitotically active endopolyploid 

cells are frequently observed, and in some types of cancer it has been determined that 

increases in ploidy are negatively correlated with patient survival and response to 

radiological and chemotherapeutic treatment (Illidge et al., 2000; Ladenstein et al., 2001; 

Walen, 2002). Thus, endoreduplication can impact many aspects of an organisms 

growth, from increasing metabolic rates, increases of cell size, increasing the determinacy 
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of tissues, differentiating cells within a tissue, and facilitating programmed and 

unprogrammed alterations to the genomic constitution of parts of the organisms body. 

Polyteny, the generation of unseparated chromatids through endoreduplication, 

may have specific consequences of it's own. In studies of maize endosperm, 

endoreduplication was shown to be associated with increases in the quantity of the 

Hmgl/Y protein (Zhao and Grafi, 2000). This protein is a relatively abundant 

chromosomal protein associated with the activation of a number of genes in plants 

(Pedersen et al., 1991; Thanos et al., 1993; Ponte et al., 1994; Zhao and Grafi, 2000; 

Ascenzi et al., 2001). Hmgl/Y binds to the AT-rich enhancer elements in gene regulatory 

regions (Grasser et al., 1990; Ponte et al., 1994) and stimulates binding of transcription 

factors (Krohn et al., 2002). The presence of multiple chromatids may also facilitate 

intrachromatid and intrachromosomal information exchange. If changes in gene 

regulation result in the activation of a subset of genes, then the metabolic output of an 

endopolyploid cell may be higher than an equivalent number of genomes distributed into 

many cells. More conservatively, if we assume a gene template equivalently expressed in 

cells of any ploidy normally found within a tissue, then 82% of all gene products 

produced in maize endosperm at 13 days after pollination (DAP), and 91% at 18-DAP, 

are the result of transcription in polyploid nuclei (Dilkes et al., 2002). 

The metabolic activity of an organ is determined by the capacity of each cell and 

the number of cells in the organ. If the activity of one cell with two genome copies is 

equivalent to two cells with a single copy, as has been suggested, then enhanced 

endoreduplication should contribute to the activity of a plant organ as much as enhanced 
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cell division. However, if DNA re-replication takes the place of an equivalent number of 

mitotic cycles, we would expect no change in organ size. Furthermore, if an organism 

utilizes endoreduplication to fix cell number, higher %E may be associated with smaller 

organ size. All of these suggestions can be unified if the number of genome equivalents, 

per organ, determines both the informational capacity of that organ and its sustainable 

metabolic activity. This proposal unifies the data obtained for worm body size 

(Flemming et al., 2000), pea seed weight (Lemontey et al., 2000), polyploid and defective 

kernel mutants in maize (Kowles et al., 1992; Guo et al., 1996), and endosperm weight in 

wheat (Brunori et al., 1993). 

Maize endosperm development 

In angiosperms that reproduce via sexual reproduction, seeds are produced 

through a double fertilization of the haploid female gametophyte (Nawaschin, 1898). 

One pollen nucleus fuses with the egg cell to form the zygote, and the other pollen 

nucleus fuses with either two haploid nuclei or a diploid nucleus resulting from their 

fusion in the central cell of the female gametophyte, forming the endosperm cell. Thus, 

two genetically distinct structures co-exist in the seed; a diploid embryo (sporophyte) that 

will carry genetic information into the next generation and a triploid endosperm 

containing two genome copies from the megagametophyte and one from the 

microgametoph)1;e. 

The endosperm of angiosperms has been demonstrated to be important for 

embryo development and seedling establishment, and therefore plant fecundity. In seeds 

with persistent endosperm, such as maize, this tissue engages in critical support functions 
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storing, and later supplying the embryo and seedling with fixed carbon and amino acids. 

This storage function has been shown to be important for seedling establishment and 

embryo development in a number of plants. Even in plants with an ephemeral 

endosperm, such as arabidopsis, defects in endosperm development are suspected to 

result in embryo abortion (Scott et al., 1998; Kinoshita et al., 1999; Kiyosue et al., 1999; 

Adams et al., 2000; Vinkenoog et al., 2000; Baroux et al., 2002). 

During the very earliest stages of development, the maize triploid endosperm 

nucleus proliferates via a syncytial cell cycle, forming a multinucleate coenocyte within 

the central cell (Olsen, 2001). Each nucleus has an associated region of dense cytoplasm, 

and the central cell is organized into mitotic subdomains. Replication and nuclear 

division proceed in a partially synchronous manner, but cell plates do not form between 

nuclei. Some experiments in barley suggest that phragmoplast formation begins but is 

aborted or suppressed, leaving traces of microtubule structures associated with daughter 

nuclei at the site of aborted cell wall formation (Brown et al., 1994; Brown and Lemmon, 

2001). During nuclear proliferation, daughter nuclei migrate out of the chalazal pole and 

distribute throughout the central cell, suggesting that the endosperm coenocyte is 

polarized. Radial polarity within the coenocyte is also apparent, as nuclei migrate to the 

periphery of the cell (Olsen, 2001). Cellular polarity does not appear to require active 

signaling by the sporophyte, through phytohormones or positional cues, as isolated in 

vitro fertilized endosperms show similar organization (Kranz et al., 1998; Laurie et al., 

1999). 
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In vivo and in vitro fertilized central cells cellularize between 3-5 DAP (Kranz et 

al., 1998; Laurie et al., 1999; Olsen, 2001). By this time, approximately eight or nine 

rounds of nuclear division have taken place, lining the periphery of the central cell with 

nuclei. Radial microtubule arrays then form around each of the nuclei. Phragmoplasts 

organize at the junctions between microtubule arrays, and cell wall and plasma 

membranes are formed anticlinal to the wall of the central cell (Olsen, 2001). These new 

walls extend until they meet the central cell wall, and then grow into the central cell, 

forming alveoli that surround each nucleus. The microtubule arrays re-orient during this 

process, such that they extend to the aperture of the alveolus and connect with the central 

cell wall anchoring the nucleus to the periphery of the central cell. Division of nuclei 

within alveoli proceeds via a modified mitotic-type cell cycle that results in cell wall 

formation periclinal to the central cell. This cell cycle differs from the meristematic cell 

cycle in that it does not produce a PPB, utilizes an atypical phragmoplast, and there is an 

unknown mechanism for determining the plane nuclear division (Berger, 1999; Otegui 

and Staehelin, 2000; Olsen, 2001). Nuclear divisions at the aperture of the alveoli 

continue to form anticlinal cell walls until the cells have fully invaded the interior of the 

central cell, when cellularization is complete, and results in ordered cell files. 

Cellularization is not entirely synchronous, as nuclei in the embryo-proximal region of 

the endosperm cellularize slightly earlier (Olsen, 2001). Once the endosperm is 

completely cellularized, mitotic cell cycles continue and most of the cell divisions lack 

PPBs. Rather than producing periclinal and anticlinal cell walls in an orderly fashion, the 
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orientation of cell division appears to be random. Thus, after only a few rounds of 

division, the appearance of orderly cell files is lost from the endosperm. 

The cells of the endosperm differentiate into four histologically distinct cell tj^es: 

aleurone, basal endosperm transfer layer, embryo-proximal region, and starchy 

endosperm. Genetic analyses of mutants and in situ hybridization experiments have 

confirmed the differentiation of these four cell types (Olsen et al., 1992; Olsen et al., 

1999; Olsen, 2001). 

The cells at the chalazal pole of the endosperm form the basal endosperm transfer 

layer (BET). Three to four layers of these cells elongate, and their walls and plasma 

membranes invaginate, increasing the surface area of the cells, presumably to facilitate 

transport of nutrients from the maternal sporophyte to the developing endosperm and 

embryo (Thompson et al., 2001). This region is transcriptionally distinct from the 

remainder of the endosperm (Hueros et al., 1995; Hueros et al., 1999; Hueros et al., 1999; 

Gomez et al., 2002). Studies of transport rates, using radio-labeled sugars and amino 

acids, have demonstrated that this tissue is a primary source of assimilate transport into 

the developing seed (Shannon, 1972; Shannon and Doughert.Ct, 1972; Felker and 

Shannon, 1978, 1980). Consistent with a role in metabolite transport, transport-related 

genes are specifically expressed or upregulated in the BET (Barrieu et al., 1998; Weschke 

et al., 2000; Weschke et al., 2003). 

Cells at the periphery of the remainder of the endosperm differentiate into the 

aleurone. In late endosperm development, the aleurone is critical for endosperm 

breakdovm and nutrient readsorption by the embryo and developing seedling (Bethke et 
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al., 1998; Olsen, 2001; Simpson, 2001). During maize endosperm development, aleurone 

cells divide both periclinally and anticlinally. Periclinal division results in a daughter cell 

no longer at the surface of the endosperm; this cell subsequently differentiates into a 

starchy endosperm cell, demonstrating some developmental plasticity within the 

endosperm. Unlike the remainder of the endosperm, aleurone cell divisions mark the 

plane of division with a PPB (Brown and Lemmon, 2001; Olsen, 2001). In maize, the 

appearance of the PPB is the earliest sign of aleurone cell fate specification; however, in 

situ hybridization analyses of gene expression have also identified markers with a similar 

onset of expression (Doan et al., 1996; Olsen, 2001). 

The majority of the maize kernel (>90% by weight) is composed of starchy 

endosperm cells. These cells accumulate storage proteins in protein bodies, carbohydrate 

in amyloplasts and various other minerals and metabolites. By weight, the most 

important of these is starch, which comprises 85-90% of the kernel dry weight at 

maturity. In the maize seed, it is the starchy endosperm cells that function as the primary 

storage compartment. Upon germination, these metabolic reserves are mobilized and 

used by the developing sporophyte. The storage protein is predominantly found in 

spherical accretions called protein bodies and is mostly comprised of alcohol soluble 

prolamins called zeins. The composition of the starchy endosperm is not uniform; 

differentiation displays a radial gradient such that cells at the periphery tend to have 

fewer and smaller starch grains and protein bodies than those in the interior (Boyer et al., 

1976; Lending and Larkins, 1989). In situ hybridization with probes corresponding to a 

number of storage protein genes indicated that in addition to a radial developmental 
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gradient visible by histological staining, gene expression is spatially and temporally 

regulated within the starchy endosperm (Woo et al., 2001). The pattern of zein gene 

expression roughly corresponds to the spatial and temporal distribution of protein body 

maturity within starchy endosperm. 

Less is known about the function of the embryo-proximal region. This region 

may be critical for the transport of nutrients from the endosperm to the embryo, and for 

the exchange of hormones and other cues important for development. In maize, a small 

gene family has been identified as differentially expressed in the embryo proximal 

region. In situ hybridization and promoter-GUS fusions with these genes have 

demonstrated that the embryo proximal region is transcriptionally distinct from the 

remainder of the endosperm (Opsahl-Ferstad et al., 1997; Bonello et al., 2000; Bonello et 

al., 2002). Differences in cellularization timing and the high cytoplasmic density of these 

cells early in development also supports the classification of this region as a distinct zone 

of differentiation within the maize and barley endosperm (Olsen, 2001). 

The radial gradient of the endosperm for protein body and starch grain maturation 

is mirrored in other aspects of cellular differentiation within the starchy endosperm, such 

as endoreduplication. In maize endosperm, nuclear DNA endoreduplication commences 

in starchy endosperm cells by 8-9 DAP. The endoreduplication cell cycle is estimated to 

require 24h for completion (Kowles and Phillips, 1998). As discussed earlier, endosperm 

cellularization is completed by 5- to 7-DAP, and the rapid onset and progression of 

endoreduplication appears to contribute to the importance of this process in the 

development of this tissue. Mitosis all but ceases in the starchy endosperm by 12-DAP 
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(Kowles and Phillips, 1985). Prior to this, mitosis and endoreduplication overlap such 

that some new 3C cells are generated, mostly at the periphery (Olsen, 2001), and the 6C 

cells are comprised of replicated nuclei awaiting division (e.g. G2), cells awaiting DNA 

replication (e.g. Gl), and terminally differentiated cells that are cell cycle arrested 

(Schweizer et al., 1995). By 13-DAP 82% of the genome equivalents in the endosperm 

are present in 6C or greater nuclei, and by 18-DAP this has risen to 91% (See Chapter 2). 

Mitotic cell cycles continue in the periphery of the endosperm in the aleurone and sub-

aleurone layers. These divisions presumably increase the number of cells at the periphery 

to accommodate endosperm expansion. 

Microscopic observation of Feulgen-stained nuclei in developing endosperm 

suggests that endoreduplication is most extensive in the center of the endosperm. A 

gradient of nuclear sizes and ploidy level is visible at the periphery of the endosperm 

(Kowles and Phillips, 1985), similar to the gradients in protein body and starch grain 

sizes (Lending and Larkins, 1989). The concomitant timing of zein gene expression and 

endoreduplication, and the similarity in spatial distribution of endopolyploid nuclei and 

mature protein bodies suggest co-regulation of these two traits. At the very least, it 

would appear that cells in the starchy endosperm increase in size and nuclear DNA 

content coincidently with storage product biogenesis. 

Nuclei with ploidy levels of 96C (representing 5 successive S-phases) are 

routinely foimd in endosperms from most maize genotypes, and a substantial proportion 

of 128C nuclei are not uncommon (Kowles et al., 1997). When single nuclei can be 

measured, as with Feulgen-stained tissue sections, nuclei of higher ploidy values are 
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reported at the center of the endosperm (Kowles and PhilUps, 1985). However, the mean 

ploidy of the endosperm is considerably lower than this, owing to the high degree of 

polysomaty and low frequency of high ploidy nuclei and persistence of all lower ploidy 

classes throughout development. As a result, mean ploidy values for Midwestern dent 

varieties are typically around 10-14C at mid-development (Kowles et al., 1990; Kowles 

etal., 1997). 

Endoreduplication in the endosperm continues through 21- to 27-DAP, coincident 

with the collapse of the starchy endosperm. Endosperm collapse is associated with DNA 

degradation and cell death (Young et al., 1997; Young and Gallic, 1999, 2000, 2000). As 

many studies use endopolyploidy as a proxy for endoreduplication, the degeneration of 

cells at the interior of the endosperm, i.e. those that have engaged in endocycles the 

longest, makes evaluation of the physiological relevance of endopolyploidy on mature 

endosperm size difficult. 

We do not know the relationship between the degree of endopolyploidy at 18-

DAP and the absolute or mean number of endoreduplication cycles experienced by 

endosperm cells. Neither has the relationship between endopolyploidy at 18-DAP and 

mature kernel phenotypes, such as starch and protein content, been investigated. By 18-

DAP the endosperm has achieved approximately 70% of it's maximal volume and fresh 

weight and accumulated 50% of the dry matter it will have at maturity (Ritchie et al., 

1997). Further increases in cell number are negligible by 17-DAP and cell numbers 

decrease after 20-DAP (Schweizer et al, 1995). This suggests that the remaining growth 

of the endosperm is due to ploidy-mediated growth and/or metabolic activity in cell cycle 
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quiescent cells. As seen in Chapter 2, a majority of the cells in the endosperm exist as 

cells with greater than 3C ploidy values by 18-DAP. Thus, if endoreduplication affects 

endosperm size, contributions of endopolyploidy to endosperm size should be evident at 

this stage. 

Storage protein synthesis in maize endosperm 

The maize prolamins, zeins, are subdivided into four classes (alpha, beta, gamma 

and delta) based on SDS-PAGE migration, immunologic similarity and amino acid 

sequence analyses. Zeins are predominantly expressed in a subset of starchy endosperm 

cells. The first zeins to be synthesized and to acquire spatially distinct organization are 

the 14- and 15-kDa beta and 16- and 27-kDa gamma zeins. By 10-DAP, the 27-kDa-

gamma zein gene is expressed throughout the starchy endosperm as an abundant mRNA 

(Woo et al., 2001; Hunter et al., 2002). While the accumulation of storage proteins and 

endoreduplication are temporally correlated, expression of zein genes and the 

differentiation of metabolically active starchy endosperm cells does not require 

endoreduplication. The beta and gamma zeins contain considerable amounts of cysteine 

(c.a. 7%) and appear to form both intra- and inter-molecular cysteine bridges; these may 

provide structural support for the protein body (Shewry and Tatham, 1990; Lopes and 

Larkins, 1993; Shewry and Halford, 2002). At 9-11 DAP in the central endosperm, and 

in recently differentiated starchy endosperm cells at the periphery of the horny 

endosperm throughout development, the beta and gamma zeins form a small spheroid 

that stains densely with uranyl acetate, consistent with the high cysteine content (Lending 

and Larkins, 1989). 



Expression of the genes encoding the alpha zeins commences shortly after the 

beta and gamma zeins. Alpha zeins can be distinguished into subtypes by immunological 

and sequence similarity. They are classified by SDS-PAGE migration into 22-kDa and 

19-kDa alpha zeins, each with recognizable subtypes (Song et al., 2001). These proteins 

are co-translationally inserted into the small beta and gamma-containing accretions, 

increasing the size of the protein body and producing less electron dense "locules" within 

the beta and gamma zeins (Lending and Larkins, 1989; Lopes et al., 1994; Coleman et al., 

1997). As protein bodies mature, beta and gamma zeins are partitioned to the exterior, 

comprising a shell, while alpha is accumulated in increasing amounts at the center of the 

endosperm. This process is not uniform throughout the endosperm, and in general it 

follows a spatial pattern consistent with endosperm differentiation; the youngest cells 

occur at the periphery and fully mature cells and protein bodies are found towards the 

interior of the endosperm (Lending and Larkins, 1989). 

The onset of storage protein accumulation is associated with dramatic changes in 

gene expression. The levels of individual zein mRNAs can be extremely high (Marks et 

al., 1985; Song et al., 2001; Woo et al., 2001; Hunter et al., 2002). For example, 22-kDa 

a-zein mRNAs are not detectable before 9-DAP by northern blot (Song et al., 2001). 

Subsequently, single genes can account for up to 4.9 % of the total transcript population 

by mid-development (Woo et al., 2001). These changes in gene expression are associated 

with changes in the abundance of chromosomal proteins associated with chromatin de

condensation. During endoreduplication in maize endosperms, there is a reduction in the 

chromatin-condensing histone HI protein and increased accumulation of high mobility 
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group (HMG) protein I/Y (Zhao and Grafi, 2000). HMG proteins bind enhancer-like cis-

elements in the promoters of endosperm storage protein genes and assist transcription 

factor binding (Grasser et al, 1990; Schultz et al., 1996). It has been suggested that this 

may be one way in which cellular differentiation via an endocycle contributes to 

endosperm metabolic output and dry matter accumulation (Zhao and Grafi, 2000). 

Analysis of zein promoters has identified cis-acting motifs that are conserved in 

endosperm-specific genes from a number of cereals (Takaiwa et al., 1991; Nakata and 

Okita, 1996; Russell and Fromm, 1997; Mena et al., 1998; Wu et al., 2000). Promoter 

fragments have been identified that are necessary and sufficient for high level 

endosperm-specific gene expression in maize (Takaiwa et al., 1991; Russell and Fromm, 

1997). Some of the conserved sequence elements have been demonstrated to bind 

endosperm-specific transcription factors, and are presumably required for high level 

expression (Vicente-Carbajosa et al., 1997; Mena et al., 1998; Yunes et al., 1998; Carlini 

et al., 1999). However, nothing is known about the contribution of these transcription 

factors, and their binding sites to the spatial regulation of gene expression within the 

endosperm. 

Endoreduplication and endosperm growth and growth inhibition 

Much of the increase in kernel volume and mass occurs during the period 

described as the "effective grain filling period" (EGFP). The onset and duration of this 

period temporally coincides with that of endocycles within the starchy endosperm 

(Schweizer et al., 1995; Jones et al., 1996). During the EGFP, starch and storage proteins 

are rapidly synthesized and accumulated in the starchy endosperm cells. The role of 
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endoreduplication in the EGFP is undetermined. However, a number of lines of evidence 

suggest they are related. In wheat, mature kernel weight was predicted by a combination 

of the number of mitotic divisions and the number of endoreduplication cycles in the 

endosperm, and it was much better predicted by the latter than the former (Brunori et al., 

1993). In maize, both endosperm endocycling and the EGFP are negatively impacted by 

water stress, heat stress, and exogenous application of ABA. Lastly, both the EGFP 

(Poneleit and Egli, 1983; Seka and Cross, 1995, 1995; Jones et al., 1996) and some 

aspects of endoreduplication (Cavallini et al., 1995; Kowles et al., 1997) are subject to 

maternal control, such that Fl's more closely resemble the ear-parent. Given the 

evidence for endopolyploidy's impacts on plant growth and the correlation between 

growth, cell expansion, and endoreduplication in maize endosperm, it appears likely that 

endoreduplication influences the rapid synthesis of starch and storage protein during the 

EGFP. 

Endoreduplication in maize endosperm can be influenced by alterations to kernel 

physiology. Exogenous application of the auxin analog, 2,4 dichlorophenoxyacetic acid, 

prior to the period of endoreduplication, increased endopolyploidy at 9- and 11-DAP (Lur 

and Setter, 1993). However, applications of an auxin inhibitor led to no change in 

endopolyploidy early in development but decreased it at 13-15-DAP (Lur and Setter, 

1993). The stress and ripening hormone, ABA, also impacts the cell cycle in maize 

endosperm. Exogenous applications of ABA at concentrations of 100 |j,M reduced the 

number of cells per endosperm, but had little effect on kernel fresh weight at 11-DAP 

(Myers et al., 1990; Mambelli and Setter, 1998). Endosperm cell number was most 
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dramatically affected if ABA was applied early in development, e.g. 5-8-DAP, when 

mitosis is most active. By contrast, endopolyploidy was less sensitive. In an identical 

treatment regimen, ImM ABA was required for a significant decrease in mean ploidy at 

11-DAP; the percentage of nuclei in higher ploidy classes was most affected and 

decreased between 100-300 p-M ABA (Mambelli and Setter, 1998). 

Water and heat stress influence endoreduplication similar to the effects observed 

with ABA application. Water stress, early in endosperm development, inhibits cell 

division but stress during the endoreduplication phase had little effect on mean ploidy. 

Endopolyploidy, particularly that in nuclei of the highest ploidy classes, as inferred from 

nuclear size, was dramatically decreased by early water stress, suggesting that after the 

removal of the stress endoreduplication does not proceed normally (Artlip et al., 1995). 

Heat stress has been well studied in relation to kernel growth, cell division and 

endoreduplication. Application of heat stress at 5-DAP for four or six days dramatically 

reduces kernel dry weight and cell numbers (Commuri and Jones, 2001). As with water 

stress, endoreduplication is most sensitive to heat stress occurring before the 

endoreduplication period, such that four days of heat stress from 4-8 or 6-10 DAP halves 

the mean ploidy at 18-DAP, while later application of the same stress had no effect on 

mean ploidy at 18-DAP (Engelen-Eigles et al., 2001). In the case of heat stress, 

correlation coefficients were calculated between fresh weight, nuclear number, and mean 

ploidy. There was a statistically significant positive correlation between nuclear number 

and both fresh weight and mean ploidy. However, fresh weight was better predicted by 

the mean ploidy of the endosperm than nuclear number (Engelen-Eigles et al., 2000), 
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similar to observations in pea and wheat seeds (Brunori et al., 1993; Lemontey et al., 

2000). Interestingly, the dry weight of Mo 17 inbred endosperm is substantially more 

sensitive to heat stress than B73, and Mol7 endosperm cells exhibit less 

endoreduplication (Commuri and Jones, 2001). The results of the ABA and water stress 

experiments and the high correlation of fresh weight to mean ploidy, suggest that 

enhanced endoreduplication positively impacts endosperm growth and exchanging 

mitotic for endoreduplication cell cycles may lead to stress-resistant endosperm grow1;h. 

Maternal control of endoreduplication as quantitative trait 

Quantitative genetics and maternal control 

Quantitative genetic analyses have at their heart two complementary approaches. 

On the one hand, are variations in trait means, or suitable non-parametric correlates, 

which facilitate the identification of populations that vary for the particular trait being 

studied. However, trait mean values can change due to a number of factors, and defining 

the degree to which a trait is subject to genetic control is a "mean components" analysis. 

On the other hand is a variance-components analysis, an investigation of the deviation of 

individuals within a population fi-om their population mean. It is alterations in variance, 

and not the mean, that typically provide the most valuable information regarding the 

populations under observation and the genetic differences between them. Principally, 

while detection of mean allelic effects suggests the presence of genetic control, it is the 

variance that increases when genes segregate, providing the best evidence for or against a 

particular model of genetic effects. Detection of an increase in variance requires the 
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measurement of generations in which genes do not segregate and generations in which 

they do. The mode of inheritance expected for a gene would then dictate the crosses and 

generations necessary to observe segregation variance. 

Perhaps in no plant tissue is the importance of proper crossing design more 

pertinent than in endosperms. First, endosperm is triploid, necessitating a design that 

accounts for the two identical alleles inherited from the female gametophyte and the 

single allele from the male gametophyte, as well as the two dominance relationships 

possible (Foolad and Jones, 1992; Alleman and Doctor, 2000). Second09, maize 

endosperm development is significantly influenced by the maternal parent. For example, 

during maize seed development, starch, protein and other nutrients from the maternal 

parent (sporophyte) are stored in the endosperm of the developing kernel. Kernel size 

and shape are known to be maternally controlled, such that F1 kernels more closely 

resemble the ear parent (Birchler, 1993; Alleman and Doctor, 2000). This is also true for 

the EGFP (Jones et al., 1996) and some aspects of endoreduplication (Cavallini et al., 

1995; Kowles et al., 1997). Maternal effects on seed and fruit traits have been 

demonstrated for many plants, suggesting this is a general feature of angiosperms. 

(Foolad and Jones, 1992; Birchler, 1993; Cavallini et al., 1995; Cavallini et al., 1997; 

Kowles et al., 1997; Alonso-Blanco et al., 1999; Alleman and Doctor, 2000; Lagunes-

Espinoza et al., 2000; Lemontey et al., 2000). Lastly, the endosperm has a genome 

balance of two female gametophyte and one male gametophyte genomes (2m: Ip). In 

maize, successful development of the endosperm requires that this balance of maternal 

and paternal genomes be maintained, as departure from the 2m:Ip ratio leads to 
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endosperm failure and kernel abortion (Cooper, 1951; Lin, 1982; Lin, 1984). This 

demonstrates that the contributions of the seed and pollen parents to the endosperm are 

not equivalent. Thus, an additional form of maternal and paternal control are 

theoretically possible (gametophytic inheritance) in endosperm and should be formally 

considered, especially for traits with demonstrated parent-specific-effects. 

The rule of thumb in quantitative genetics is to test the additive only and additive 

with dominance models first. Typically, if they prove to be adequate, then it is not 

necessary to test any additional models. If additional evidence suggests that some other 

mode of inheritance or complicating factor influences the quantitative trait, then the 

experimental design should allow a test or provide a control for these factors. For seed 

traits, and traits influencing early life history in animals and plants, it should be 

considered necessary to investigate, or control for, the presence of maternal influence. In 

endosperm, the question becomes which additive or additive and dominance model 

should be tested first. Models for triploid or diploid inheritance might be appropriate. In 

addition, factors displaying parent-of-origin specific and maternal sporophytic genetic 

effects have been identified as modulators of endosperm growth and must be formally 

considered. Ignoring the differences in predictions for different maternal modes of 

inheritance also has dangers, as the most common experimental designs (e.g. the diallele), 

cannot distinguish between parent-of-origin and sporophytic effects. 

Quantitative genetics, like all of experimental science, is subject to canalization 

and distortion by the subjectivity of the researcher. Data are tested against theoretical 

models of inheritance, and the question is asked if the data and the models are 
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the precision of estimates drawn from the data and the kinds of differences that can be 

detected. As such, the experimental design (e.g. the nature of each cross, the number of 

individuals sampled) as well as the theoretical models tested (e.g. diploid nuclear 

inheritance with additive and dominant allele effects) can unduly influence interpretation 

of the data, and hence the conclusions. Investigations cannot always distinguish between 

sporophytic and gametophytic maternal control. In some studies this is explicitly stated, 

and conclusions regarding the meaning of the results are carefully drawn (Cavallini et al., 

1995; Cavallini et al., 1997). However, in the rather extensive literature on nutrition and 

cooking quality of rice endosperms, a diallele design was utilized which lumps 

sporophytic and gametophytic genetic effects, and maternal additive genetic effects were 

assigned to the sporophyte (Shi et al., 1997; Shi et al., 1999; Shi et al., 1999; Shi et al., 

2000). As a further example of the utility in considering multiple modes of inheritance, 

QTL mapping of endosperm traits using a diploid model led to the identification of 

significant QTL (Wang and Larkins, 2001; Wang et al., 2001) that was better fit to a 

triploid inheritance model (Wu et al., 2002). The triploid model detected more loci and 

had smaller intervals, demonstrating that the precision and sensitivity of genetic estimates 

are dependent on the mode of inheritance employed. 

Evaluation of quantitative traits is frequently complicated by two types of 

maternal influence. The first and most common is a shared maternal-environment effect. 

This can be envisioned as similarity, or predictable differential treatment, by the maternal 

parent in organisms where development is tied to a persistent maternal parent and shared 
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microenvironmental effects due to co-localization. In maize, this might occur as an 

influence of the environment on the metaboUte source strength of the sporophyte during 

kernel development. The second tj^e of maternal effect is bonafide genetic effects. 

Either the genotype of one parent differentially influences a trait, or the genes inherited 

from only one parent affect the trait. Differential contributions of the maternal and 

paternal sporophytic generations, as well as the maternally inherited plastid and 

mitochondrial genomes, can be considered as examples. If not considered directly, all 

forms of maternal effect can lead to incorrect estimation of the allelic effects and 

heritability by other modes of inheritance (Falconer and Mackay, 1996; Lynch and 

Walsh, 1998). As shown in Chapter 2, maternal sporophytic and gametophytic effects 

can be distinguished by a variance component analysis. Gametophytic expression of 

alleles will result in segregation and increases in variance, so called break-out variance, 

when the F1 is used as the ear parent. Cytoplasmic and sporophytic effects will be of no 

consequence for the variance in the crossing design implemented, but may effect 

estimates of the mean. 

Endoreduplication in maize endosperm has been subjected to six genetic studies, 

in addition to the one I undertook. In the first, the largest cells from the interior of 

endosperms from inbred lines, some harboring a mutation of the Opaque2 transcription 

factor, were analyzed. The authors detected an increase in the average ploidy level of 

cells in o2 endosperms when compared to their wild-type covinterparts (Kowles and 

Phillips, 1985). Upon repeating this study with whole endosperms, I was unable to detect 

a change of this kind. This suggested either the microphotometric method used produced 
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an artifact in o2 comparisons or, more likely, that the modest changes in the mean ploidy 

of a few cells in the interior of the endosperm was below the resolution of detection by 

whole endosperm analysis (Kowles and Phillips, 1985). This same group followed up the 

study with an analysis of maize defective kernel mutants. These mutants were analyzed 

for endosperm cell number as well as ploidy. All the mutants but one were found to 

contain fewer endosperm cells and decreased levels of endoreduplication. One mutant 

decreased endosperm cell number without also decreasing ploidy. However, no mutants 

were found that had decreased levels of endoreduplication and no concomitant effect on 

cell number (Kowles et al., 1992). In a second study of defective kernel mutations, one 

mutant was identified with no change in nuclei per endosperm, and an increased mean 

and median ploidy level (Lur and Setter, 1993). Unfortunately, the number of samples 

analyzed did not permit a statistical evaluation of significance. Nonetheless, these two 

studies suggest that endoreduplication and mitotic proliferation can be uncoupled 

(Kowles et al., 1992; Lur and Setter, 1993). 

The last three studies are most relevant to the research I undertook. In one, 

endosperm endoreduplication levels in Illinois High Protein and Illinois Low protein 

populations, their reciprocal crosses and F2 generations were measured at low precision 

using microphotometric methods. The authors concluded their data were consistent with 

predominantly maternal control over endoreduplication, and the lack of a detectable 

increase in the variance of the F2 indicated the absence of genetic segregation for the trait 

(Cavallini et al., 1995). However, the quality of the data and the accuracy of the 

conclusions are difficult to assess, as it is difficult to imagine that reliable estimates of 
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In a separate study, a large number of maize inbreds and populations, as well as some of 

their reciprocal crosses, were subjected to flow cytometric analyses of endopolyploidy 

(Kowles et al., 1997). In some cases, individuals from Fl, F2, and F3 generations were 

measured, and the means and variances compared pair-wise. These comparisons 

indicated that in most crosses, the mean ploidy of Fl progeny more closely resembled the 

maternal parent. However, in some crosses the Fl was closer to the paternal mean value, 

suggesting that the variability in ploidy in the stocks chosen was subject to different 

modes of inheritance. Furthermore, the variance of endoreduplication in the Fl and F2 

generations of the few crosses analyzed was not different, but the variance increased in 

the F3, as assessed by pair-wise F-tests for variance equivalence. Though no formal 

genetic analysis was attempted, the authors concluded that the maternal genetic control of 

endoreduplication is most consistent with maternal sporophytic determination of 

endopolyploidy levels in the progeny endosperms cells (Kowles et al., 1997). However, 

the data were not shown, and only the conclusions of statistical tests were shown and 

discussed. In the last study, the effect of heat stress on endoreduplication in the 

endosperms of two inbred lines, B73 and Mo 17, was investigated. As discussed above, 

the application of heat stress early in development inhibited later endoreduplication, and 

the effect was more severe in the lower-endoreduplicating Mo 17 genotype (Commuri and 

Jones, 2001). 

The observation of predominantly maternal control of endoreduplication was 

clear in the Cavallini et al. (1995) and Kowles et al. (1997) studies, but at least three 
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modes of maternal inheritance were possible, and no formal genetic analysis was 

attempted. The first possible maternal mode of inheritance was, as the authors suggested, 

that the maternal sporophytic genotype determines the phenotype of the endosperm 

(Cavallini et al., 1995; Kowles et al., 1997). A second possibility, suggested by the 

authors of the IHP vs. ILP study (Cavallini et al., 1995), was that the cytoplasmic 

genotype of endosperm, which is solely inherited from the ear parent, determines the 

phenotype of the endosperm. A third possibility, which could not be discounted with the 

limited number of crosses utilized by the two previous studies, was that alleles affecting 

endoreduplication in endosperm are disproportionately expressed from the maternally 

inherited genomes. This possibility could be distinguished from the other two maternal 

modes of inheritance by means of a 3^ factorial design, in which three generations, the 

two parental and one Fl, were inter-crossed. If sporophytic or cytoplasmic effects were 

the sole operating factors, as suggested by the authors of the previous studies, there 

should be no difference in the variance of endoreduplication traits between endosperms 

produced by these crosses. If the genotype of the megagametophyte or microspore 

affected ploidy, an increase in variance should be seen in the F2 and Fix parental (BCl) 

generations. Furthermore, maternal gametophytic effects should be manifest by increases 

in variance when the Fl is used as the ear parent only. 

Theoretical models for the inheritance of traits in endosperms, with and without 

cytoplasmic and sporophytic effects, have been derived (Foolad and Jones, 1992; Shaw 

and Waser, 1994; Zhu and Weir, 1994). However, I was unable to find a model for 

gametophytic effects based on a factorial cross design. Thus, for further experimentation 
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it was necessary to generate models that would also be able to take into consideration the 

sole expression of the maternal or paternal chromosomal complement, or residual effects 

of the megagametophyte, on subsequent endosperm development. Results pertaining to 

the generation and testing of such models is presented in Chapter 2. 

In these models, the additive maternal effect on the mean value of 

endoreduplication carmot necessarily be assigned to gametophytic and sporophytic 

components. Even if the variance component analysis detected gametophytic effects, the 

mean component analysis, which lumps both into an indistinguishable additive 

component, would not be able to distinguish between the contributions of the two given 

the crossing design of the experiment. Thus, the detection of female gametophytic 

effects essentially nullifies any conclusions about the nature of maternal additive effects 

on the mean value of endoreduplication, as they could be due to either sporophytic and 

gametophytic alleles or gametophytic alleles alone. However, dominance effects on the 

mean can only be due to maternal sporophytic effects, and this can serve as an indication 

that both maternal factors are influencing a trait. If female gametophytic effects are not 

detected, then maternal additive mean components are most likely due to the genotype of 

the maternal sporophyte and the conclusions of the previous studies would be confirmed. 

Mean ploidy, referred to hereafter as E3P, can be expressed algebraically as two 

potentially separate components, the mean ploidy of the endopolyploid nuclei (E6P) and 

the percent of nuclei that endoreduplicate (%E). The E6P is calculated similarly to E3P, 

except the 3C class is excluded from the average. In maize endosperm, after 14-DAP the 

vast majority of cells with a 6C DNA content are either in Gl, or quiescent, and should 
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be considered endopolyploid rather than part of a mitotically cycling population of cells. 

Similarly, the %E is calculated by dividing the number of nuclei with a ploidy of 6C or 

greater by the total number of nuclei. The E6P and %E can be used to calculate the ESP 

with the following formula; ESP = (%E x E6P) + (S x (1-%E)). The mechanisms for the 

initiation and reiteration of the endoreduplication cell cycle need not share the same 

regulatory components. Thus, the %E and E6P could actually represent wholly different 

phenomenon regulated by different genetic effects, and their inheritance should be 

analyzed separately and as a single trait by modeling the ESP. Prior suggestion of 

differential regulation has been identified as differential sensitivity of the progression of 

endoreduplication, here best detected in the analysis of E6P, to water stress and ABA 

levels (Artlip et al., 1995; Mambelli and Setter, 1998). The data produced in a S^ 

factorial design might also allow for the correlation between traits to be calculated, and 

provided they are not unduly co-linear, to perform an analysis of co-variance. 

Covariance analyses can be used to test for shared environmental and genetic regulation. 

Thus, the nature of the maternal influence on endopolyploidy identified in previous 

studies (Cavallini et al., 1995; Kowles et al., 1997), and the relationship between 

potentially separable components influencing endopolyploidy was investigated as part of 

this dissertation. 

Molecular mechanisms of cell cycle regulation 

As one would expect of a crucial and complicated set of events, regulation of the 

cell cycle occurs at multiple levels of gene expression (e.g. transcription and protein 

stability) by a variety of factors. Cell cycle-dependent gene expression (Duronio and 
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Ofarrell, 1994; Elledge, 1996; Sanchez and Dynlacht, 1996; Dynlacht, 1997; Luo et al., 

1998; Chaboute et al., 2000), reversible protein modification (Nasmyth, 1996; Stillman, 

1996), and proteolysis (King et al., 1996) are all required to affect the progression 

through and between cell cycle phases. In animals, and most likely in plants, much of the 

transcriptional regulation of genes required for DNA replication is coordinated via a 

family of proteins related to the retinoblastoma (RRB) tumor suppressor gene of humans. 

Virtually all cell cycle regulatory proteins, and many of the proteins responsible for 

carrying out the biochemical reactions necessary for accomplishing S-phase and cell 

division, are modulated by at least some form of post-transcriptional regulation, including 

stage-specific proteolysis (King et al., 1996; Michael and Newport, 1998) and 

phosphorylation state changes (Nurse, 2000). The latter of these is the most studied. 

Protein phosphorylation events that activate DNA synthesis, prevent DNA 

synthesis, and promote the progression through S-phase are mediated by the cyclin-

dependent kinase (CDK) family (Stillman et al., 1992; Wu et al., 1998; Bell and Dutta, 

2002). The RRB and CDK pathways interact directly, as CDKs phosphorylate RRBs to 

effect the changes in gene expression necessary for S-phase (Ezhevsky et al., 1997; 

Harbour et al., 1999; Zhang et al., 2000; Ezhevsky et al., 2001). RRBs, in turn, 

negatively regulate the transcription of CDK components and activators (Dyson, 1994, 

1998). Any discussion of endocycles, and how they are regulated or manipulated needs 

to start with an overview of these controls of the cell cycle. 

The current model for cell cycle regulation is based on a highly reticulate network 

of interacting genes and proteins that comprises or impinges upon an oscillator (Novak 
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and Tyson, 1993, 1997; Tyson et al., 2002). At the very center of the oscillator is a 

family of protein kinases, the cyclin dependent kinases (CDK). Active CDK proteins 

consist minimally of a catalytic subunit, the CDK subunit, and a regulatory component 

called a cyclin (Morgan, 1995, 1997). Though both subunits are regulated at the 

transcriptional, translational, and post-translational levels, changes in the abundance of 

cyclin subunits are more dramatic. Temporal regulation of CDKs is affected by changes 

in cyclin availability, activation and inhibition of the protein kinase subunit by 

phosphorylation, and association with multiple interacting proteins and inhibitors. In 

most organisms, CDKs can partner with multiple cyclin subunits and have different 

substrate specificity as a consequence (Peeper et al., 1993; Gibbs et al., 1996; Holmes 

and Solomon, 1996; Horton and Templeton, 1997; Kelly et al., 1998; Endicott et al., 

1999). 

The retinoblastoma related proteins and growth control 

In animals and plants, DNA replication is regulated by the E2F family of 

transcription factors (Johnson et al., 1993; Qin et al., 1994; Egelkrout et al., 2001; De 

Veylder et al., 2002; Kosugi and Ohashi, 2002, 2002). E2F proteins form transcriptional 

activators as heterodimers with members of the Dp protein family (Weinberg, 1996). In 

plants, E2F target sites have been identified in the promoters of genes important for DNA 

synthesis and initiation of DNA replication (Chaboute et al., 2000; Castellano et al., 

2001; de Jager et al., 2001; Chaboute et al., 2002; Kosugi and Ohashi, 2002). 

Differentiated and quiescent plant cells can be induced to re-enter the cell cycle and 

replicate their DNA by the ectopic expression of E2F family members and their partners 
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(Rossignol et al., 2002). Constitutive co-overexpression of E2F and Dp genes in 

arabidopsis led to ectopic cell divisions and a smaller cell size, but it disrupted plant 

development such that plant size decreased (De Veylder et al., 2002). Similarly, in 

animals E2F/Dp dimers activate genes encoding DNA polymerases, nucleotide 

biosynthetic enzymes, chromatin structural proteins, and cyclins, leading to the onset of 

S-phase (Pagano et al., 1992; Pagano et al., 1992). As was true in plants, E2F 

overexpression in mice had negative consequences for development and body size 

(Johnson, 2000; Wang et al., 2000). Mammalian E2F DNA-binding activity can be 

inhibited by phosphorylation via CDKs, which also targets E2F for proteolysis (Krek et 

al., 1995; Weinberg, 1996). Both plant and animal E2F proteins bind RRBs, and this 

association results in the repression of E2F activated promoters (Pagano et al., 1992; Du 

et al., 1996; Ferreira et al., 1998; Huntley et al., 1998). A role for the plant RRBs in cell 

cycle-dependent gene expression has yet to be demonstrated; however, some promoters 

with E2F-binding sites have been demonstrated to be repressed in a cell cycle-dependent 

manner (Egelkrout et al., 2001). 

E2F and RRB were identified as interacting partners during investigations of 

oncogenic DNA viruses in mammalian systems (Chittenden et al., 1991, 1991; Kaelin et 

al., 1992). Viral promoters were found to be activated by the E2F transcription factors 

(Kovesdi et al., 1987; Raychaudhuri et al., 1987; Yee et al., 1989; Ben-Israel and 

Kleinberger, 2002). Viral genomes regulated by E2F-binding sites encode proteins that 

activate E2F-regulated promoters. Expression of these proteins de-represses the host 

genes required for viral DNA synthesis, often resulting in the stimulation of host cell 
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cycles and oncogenic transformation (Moran, 1988; Chellappan et al., 1992; Ben-Israel 

and Kleinberger, 2002). Adenovirus, cytomegalovirus, human papilloma virus, and 

SV40 each encode proteins with similar functions that contain an LxCxE motif. These 

proteins share the ability to interact with members of the RRB family via the LxCxE 

motif, and mutations to this sequence interfere with viral replication and the expression of 

viral RNAs (Moran, 1988, 1993; Ben-Israel and Kleinberger, 2002). Furthermore, 

identification of the binding sites for the LxCxE motif and the E2F transcription factor 

revealed they are not overlapping. Despite this, these viral LxCxE-containing proteins 

dissociate RRBs from E2F. 

Plant geminiviruses are DNA viruses which encode RRB-binding proteins. Some 

of these geminiviral-encoded RRB-binding proteins contain LxCxE motifs, like their 

animal analogs. The best studied of the LxCxE containing proteins are encoded by the 

complementary strand of the monopartite monocot-infecting masteviruses. Typically, the 

first complementary strand transcript is alternately spliced to encode two proteins, Rep 

and RepA (Wright et al., 1997; Palmer and Rybicki, 1998; Gutierrez, 2000, 2000). In 

wheat dwarf virus, this alternative splicing results in 80% of the mRNA population 

encoding RepA, while the remaining 20% encodes Rep (Schalk et al., 1989). Both 

proteins contain the LxCxE motif (Xie et al., 1995), but only RepA interacts with RRBs 

with high affinity (Horvath et al., 1998; Liu et al., 1999; Missich et al., 2000). The Rep 

sequence encodes the viral replicase and is absolutely required for viral genome 

sjTithesis, while RepA is an accessory factor not strictly required for viral replication in 

cultured plant cells (Schalk et al., 1989). Viral mutants disrupting the splice junctions 
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wildtype levels (Schalk et al., 1989; Xie et al., 1996), suggesting that some function 

provided by RepA, potentially RRB-inactivation, is important to the viral life cycle. In 

some wheat cell types, RepA is necessary for high-level transcription of the virion sense 

strand (Gooding et al., 1999). Like the mammalian oncoviruses, masteviral promoters 

are cell cycle regulated (Nikovics et al, 2001), and ectopic expression of RRBs interferes 

with viral gene transcription and DNA replication (Xie et al., 1996). Co-overexpression 

of RepA overcomes the RRB-mediated block in viral replication (Xie et al., 1996). Thus, 

it would appear that RepA functions as a transcriptional regulator important for forcing 

the host cell into a replication-competent state via the opposition of RRB-activity. 

Thus far, all sequenced genomes encode at least one RRB protein. The animal 

and plant genomes sequenced to date encode a variable number of RRBs. Mammalian 

cells encode three partially redundant RRBs (Hauser et al., 1997; Lacy and Whyte, 1997; 

Ferreira et al., 1998); drosophila encodes two (Du et al., 1996; Stevaux et al., 2002), C. 

elegans (Lu and Horvitz, 1998) and arabidopsis genomes both encode one; while maize 

encodes at least three (Grafi et al., 1996; Xie et al., 1996; Ach et al., 1997; Huntley et al., 

1998; Shen, 2002). Though regulators of viral life cycles, animal and plant RRBs play 

critical roles in transcriptional regulation of host cell S-phase (Chittenden et al., 1991; 

Dunaief et al., 1994; Du et al., 1996; Brehm et al., 1998; Ferreira et al., 1998; Knudsen et 

al., 1998; Du and Dyson, 1999; Bosco et al., 2001; Charles et al., 2001; de Jager et al., 

2001; Zhang and Dean, 2001; Ben-Israel and Kleinberger, 2002; Chaboute et al., 2002). 

RRBs primarily act as negative regulators of genes expressed in G1 and at the Gl-S 
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transition. As such, RRB overexpression leads to cell cycle arrest, with enlarged cells in 

animal cell cultures (Qin et al., 1992). However, RRBs themselves appear to lack any 

enzymatic function that could actively repress gene expression. Binding of E2F by RRB 

does mask the activation domain of this transcription factor, perhaps resulting in a failure 

to express genes that require E2F activity (Chan et al., 2001; Xiao et al., 2003). Animal 

cells deleted for RRB are characterized by relaxed chromatin, providing evidence that 

RRB proteins have an effect on chromatin architecture (Herrera et al., 1996). A growing 

body of evidence has now linked RRBs to regulators of chromatin architecture, and it 

strongly suggests that RRBs act as a coordinating module for the recruitment of multiple 

co-repressors. 

Cell cycle repression by RRB is mediated through its association with multi-

protein complexes containing modulators of chromatin architecture. Direct binding has 

been demonstrated for mammalian DNA helicases (e.g. Brgl and hBrm) similar to the 

Sucrose-Non-Fermenting2 gene (Snf2) of yeast, DNA and histone methyltransferases, 

and histone deacetylases (Brehm et al., 1998; Ferreira et al., 1998; Luo et al., 1998; 

Magnaghi-Jaulin et al., 1998; Nielsen et al., 2001). Associations have also been found 

with a group of WD-40 repeat containing proteins, the MSI/RBAP proteins, which are 

components of histone acetylation modifiers in plants and animals and are part of the 

RAS signaling pathway in animals (Lu and Horvitz, 1998; Rossi et al., 2001). The 

association with the SnfZ-like helicases, such as the LxCxE containing Brgl or hBrm, are 

necessary for RRB function, as helicase knockouts fail to undergo cell cycle arrest when 

RRBs are ectopically expressed (Dunaief et al., 1994; Strobeck et al., 2000; Strobeck et 



al., 2002). Moreover, association with histone deacetylases has also been demonstrated 

to repress the expression of cell cycle regulated RRB targets in both animals and plants 

(Brehm et al., 1998; Luo et al., 1998; Magnaghi-Jaulin et al., 1998; Rossi et al., 2003). 

Additional cell cycle regulated contacts are made with the minichromosome maintenance 

(MCM) proteins, which are involved in licensing DNA for replication (discussed below), 

and components of DNA polymerase, potentially targeting RRB and chromatin-level 

repressors to replicating heterochromatin (Takemura et al., 1997; Sterner et al., 1998; 

Kermedy et al., 2000; Takemura et al., 2001). Like viral oncoproteins, many of the RRB-

interacting proteins encode an LxCxE motif Unlike the viral proteins, LxCxE-

containing histone deacetylases and Snf-2 type helicases can complex with RRB while it 

is simultaneously bound to E2F sites and repress transcription (Brehm et al., 1998; Luo et 

al., 1998; Magnaghi-Jaulin et al., 1998; Strobeck et al., 2000; Muchardt and Yaniv, 

2001). Indeed, LxCxE and E2F sites are not entirely overlapping in RRB (Chan et al., 

2001; Xiao et al., 2003). 

RRB is also important for other cellular phenomena; it promotes changes in gene 

expression independent of the cell cycle and can promote cellular differentiation (Lu and 

Horvitz, 1998; Sellers et al., 1998; Hsieh et al., 1999; Charles et al., 2001). In C. elegans, 

for instance, RRB is required for the transcriptional repression of tandem repeat gene 

arrays produced during the production of transgenic animals (Hsieh et al., 1999). This 

does not result in cell cycle-regulated gene expression, as expression is constitutively off 

in the wild type strains and on in the mutants. RRBs are also crucial for vulval 
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development, and RRB and its regulators show a synthetic multivulval phenotype with 

Ras mutations (Lu and Horvitz, 1998; Hsieh et al., 1999). 

For RRB to mediate cell cycle phase-specific expression, its activities, namely the 

repression of E2F, must be cell cycle regulated. During the cell cycle, repression of RRB 

activity and the subsequent activation of E2F-regulated promoters is accomplished by 

phosphorylation of the LxCxE and E2F binding sites in RRB by multiple members of the 

CDK family (Ezhevsky et al., 1997; Harbour et al., 1999; Zhang et al., 2000; Ezhevsky et 

al., 2001). Phosphorylation of RRB by CDKs is sequential and begins with the cyclin D-

regulated CDKs at the transition from quiescence to G1. Cyclin D-mediated 

phosphorylation is not sufficient to release the cell from Gl, but it may be required for 

the GO/Gl transition (Ezhevsky et al., 1997; Ezhevsky et al., 2001). In mammalian cells, 

Cyclin D-targeted phosphorylation of RRBs is sufficient to disrupt interactions with 

LxCxE containing proteins but insufficient to dissociate RRB from E2F (Harbour et al., 

1999). It is not known whether this is also the case in plants, although plant cyclin Ds 

possess an LxCxE, interact with the retinoblastoma protein, and efficiently use it as a 

substrate (Huntley et al., 1998; Nakagami et al., 1999; Boniotti and Gutierrez, 2001; 

Healy et al., 2001; Nakagami et al., 2002). Plant cyclin Ds partner with the P34-type 

PSTAIRE-containing CDK, rather than a divergent CDK like their animal counterparts, 

and this complex can efficiently utilize plant RRBs as substrates (Healy et al., 2001). 

The second step in RRB inactivation in animal cells is phosphorylation by the 

cyclin E- and A-containing CDKs. It is these phosphorylation events that fully inactivate 

RRB as a cell cycle repressor (Harbour et al., 1999; Zhang et al., 2000). As a 
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consequence, released transcription factors, such as E2F, activate repressed gene 

promoters by reversing the chromatin modifications effected by RRB. For example, E2F 

can promoting gene transcription by recruiting histone acetyltransferases (Allard et al., 

1999; Ait-Si-Ali et al., 2000; Lang et al., 2001). Cyclin A- and cyclin E-, but not cyclin 

D- associated CDKs cooperatively induce S-phase in isolated G1 nuclei from animal cells 

(Hauser et al., 1997; Lacy and Whyte, 1997; Ferreira et al., 1998). Both of these CDKs 

complex with E2F and pocket proteins (Xu et al., 1994; Ezhevsky et al., 1997; Harbour et 

al., 1999; Staehling-Hampton et al., 1999; Ezhevsky et al., 2001). However, only cyclin 

A-containing CDK is capable of hyperphosphorylating the RRBs in vitro (Gibbs et al., 

1996). In plants, cell cycle regulatory functions have been assigned to cyclins A and D 

but no clear cyclin E candidates have been reported. 

As with increased cell division due to ectopic co-expression of E2F and its partner 

Dpi (De Veylder et al., 2002; Rossignol et al., 2002), the expression of genes 

hj^othesized to inactivate RRB leads to cell cycle activation in plants. For example, 

over-expression of RRB-interacting cyclin-D shortens the duration of the cell cycle and 

can lead to organ hypertrophy (Riou-Khamlichi et al., 1999; Cockcroft et al, 2000). As 

these cyclins and E2F are known to interact with RRBs in higher plants, it seems likely 

that RRBs from higher plants will function as cell cycle repressors like their mammalian 

counterparts. However, the only study of RRB gene function in plants comes from a 

single-celled alga, Chlamydomonas. In this organism, an RRB was cloned and mutants 

altered cell size at division, but not the rate of cell division, suggesting that the animal 

and plant RRBs may have evolved to regulate separate processes (Umen and 
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but not a decreased phase duration, suggesting that growth and not the cell cycle was rate 

limited by this deletion. As drosophila RRBs have also been implicated in growth, and 

drosophila cyclin D's are involved in growth control but dispensable for mitotic and 

endoreduplication cycles (Datar et al., 2000; Meyer et al., 2000; Martin-Castellanos and 

Edgar, 2002) it is reasonable to propose that the plant RRBs are not directly involved in 

the control of cell proliferation or endoreduplication. Maize appears to contain multiple 

pocket proteins, and the conservation of their interactions with transcriptional and cell 

cycle regulators is the only evidence in favor of cell cycle regulatory function (Grafi et 

al., 1996; Xie et al., 1996; Ach et al, 1997; Huntley et al., 1998). 

Cycling with cyclin dependent kinases 

CDK catalytic subunits are members of the Casein Kinase II subfamily and show 

high sequence similarity to S. pombe Thus far, classification of genes encoding 

proteins from plants by sequence similarity has identified at least five major 

groups (Magyar et al., 1997; Joubes et al, 2000; Meszaros et al., 2000). Two subgroups 

are highly related to p34^'^'^^ of yeasts and animals and contain the conserved PSTAIRE 

motif, which is present in at least one CDK encoded by the genome of every animal, 

plant and fungus investigated. In maize, protein(s) immunologically identical to p34 

have been demonstrated to be part of a CDK associated with mitotic microtubule 

structures (Colasanti et al., 1991; Colasanti et al., 1993) and the S-phase CDK (Grafi and 

Larkins, 1995). Though in mammals the closest relative to p34^'^'^^ is exclusive to mitosis 

(van den Heuvel and Harlow, 1993), the closest plant relatives bind Gl- and S-phase 



specific cyclins (Healy et al., 2001). A divergent CDK type, that does not contain a 

PSTAIRE-motif is active in a mitotic-specific fashion in plants (Fobert et al., 1996; 

Magyar et al., 1997; Ayaydin et al., 2000; Meszaros et al., 2000). By contrast, in animal 

cells divergent CDKs with cell cycle regulatory function act in G1 and complex with the 

cyclin Ds (Matsushime et al., 1992; Ezhevsky et al., 1997). Northerns for all five classes 

of CDKs have been reported for synchronized alfalfa cells, and no clear S-phase 

expression patterns were found for any CDK subunit (Magyar et al., 1997; Meszaros et 

al., 2000). In arabidopsis, the expression pattern of Cdc2 includes all cells with the 

capacity to divide or endoreduplicate, further implicating this protein in S-phase control 

(Hemerly et al., 1993). 

Plant CDKs have been demonstrated to regulate the cell cycle. For example, 

microinjection of active CDK/cyclin complexes from plants can induce mitosis in 

Tradescantia (Hush et al., 1996). Ectopic expression of wild-type, hyper-active, and 

dominant negative CDKs has also been done. Expression of wild-type or hyper-active 

arabidopsis Cdc2 in tobacco cell cultures resulted in smaller cells (Hemerly et al., 1995), 

a result reminiscent of the effects of a hyperactive CDK in yeast cells (Nurse and 

Thuriaux, 1980). These same constructs had no discernable impact on tobacco plant 

architecture, however, suggesting that positional information or other developmental cues 

were able to take compensatory action (Hemerly et al., 1995). Expression of dominant 

negative mutant CDKs, generated by replacing the residue corresponding to aspartic acid 

145 in Cdk2, which is required for ATP binding, or threonine 161, which must be 

phosphorylated for CDK activation, create a competitive inhibitor of endogenous CDK 
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that binds cognate cyclins but is inactive. In animal cells, expression of these mutant 

CDKs arrest the cell cycle and expression in plant cell cultures gave similar results 

(Hemerly et al., 1995). Expression of these mutant CDKs in whole tobacco plants was 

also possible. The regenerated plants had a reduced number of cells that compensated by 

expanding, such that plant size was not affected (Hemerly et al., 1995). In contrast to 

adult plants, embryos aborted in transgenic progeny, suggesting that the rapid cell cycles 

of early development are more sensitive to decreases in CDK activity (Hemerly et al., 

2000). 

Oscillation of CDK activity during the cell cycle is controlled by sophisticated 

mechanisms involving transcriptional and post-transcriptional regulation (Morgan, 1995). 

A principal means of regulation is an alteration in cyclin abundance. Cyclin proteins 

share a region of high similarity, referred to as the cyclin box, which folds into a tight 

barrel of helices. Upon binding the CDK subunit, cyclins deform the CDK, which 

exposes the ATP binding site, promotes substrate interactions, and activates the kinase 

(Morgan, 1997). Oscillations in cyclin abundance are accomplished by transcriptional 

modulation of cyclin genes (Cross, 1991; Nasmyth and Dirick, 1991), translational 

regulation of mRNAs (Swenson et al., 1987) and proteolytic degradation (Glotzer et al., 

1991; Glotzer, 1995; King et al., 1996; King et al., 1996). Cyclin genes have been 

isolated from a number of plant species (Hata et al., 1991; Hemerly et al., 1992; Hirt et 

al., 1992; Renaudin et al., 1994; Dahl et al., 1995; Meskiene et al., 1995; Soni et al., 

1995; Sun et al., 1999), although biological activities in some of these species have not 

been investigated. While activation of CDK components and cell cycle-specific 
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accumulation of cyclins is common to fungi, animals, and plants, all cell cycle regulatory 

genes from plants are more similar to their animal counterparts and the nomenclature 

used for plant genes resembles that of the animal literature (Fobert et al., 1996; Hirt, 

1996; Renaudin et al., 1996). 

In plants, cyclin transcript and protein abundance are subject to phase-specific 

control. Like their animal counterparts, plant B and A cyclins are accumulated during M-

phase and G2. Additionally, A-type cyclins accumulate additionally during S-phase 

(Reichheld et al., 1996; Shaul et al., 1996; Meszaros et al., 2000). No consensus for 

phase-specific expression has emerged for D-t)^e cyclins. Instead, cyclin D transcripts 

appear to be regulated primarily by nutritional and hormonal factors (Dahl et al., 1995; 

Soni et al., 1995; Riou-Khamlichi et al., 1999; Meijer and Murray, 2000). This might be 

seen as partially consistent with the growth-related functions of cyclin D's in drosophila. 

However, one D-type cyclin has been demonstrated to have an expression pattern 

restricted to G1 and S phase, similar to that seen in animal systems (Dahl et al., 1995). 

In all cases analyzed to date, cyclin overexpression has led to increased cell 

proliferation and organ hypertrophy. Cyclin B expression in trichomes led to ectopic cell 

divisions (Schnittger et al., 2002), while expression in roots led to increased rates of root 

growth and branching (Doerner et al., 1996). Consistent with these results, treatment of 

roots with auxin induced cyclin B expression in the zone of lateral root initiation 

(Himanen et al., 2002). Cyclin D overexpression led to cytokinin-independent growth 

and overproliferation of cells (Riou-Khamlichi et al., 1999). Consistent with this, cyclin 

Ds expression can be induced by cytokinin application (Soni et al., 1995). An elegant 



study of cyclin expression further linked these proteins to plant growth, as cyclin A was 

shown to predict cell proliferation and leaf growth rate in arabidopsis (Donnelly et al., 

1999). 

In animal cells, the various CDK complexes preferentially target different 

substrates. CDK substrate specificity can be modified by the cyclin-type, the kinase 

subunit, and the presence of multiple interacting proteins (Gibbs et al., 1996; Hauser et 

al., 1997). In vitro, reconstituted CDKs containing cyclin A, B or E show similar 

substrate specificity (Higashi et al., 1995), but in vivo they carry out non-overlapping 

functions. Of the three, only cyclin A and E form stable complexes with RRB proteins. 

In animal systems, the cyclin D-associated kinases show vastly different substrate 

specificity in vitro, but much of this may be due to the divergent CDK-type with which 

they associate (Matsushime et al., 1992; Kitagawa et al., 1996). In animals cyclin A- and 

E-containing CDKs associate with RRBs and E2Fs, which changes the kinase's substrate 

specificity (Xu et al., 1994; Hauser et al., 1997; Lacy and Whyte, 1997). While binding 

of plant cyclins to multiple interacting proteins (e.g. PCNA and RRB) has been 

demonstrated, their substrate specificity has not been systematically investigated (Ach et 

al., 1997; de la Paz Sanchez et al., 2002). 

The activity of CDKs is regulated by phosphorylation and de-phosphorylation of 

the protein kinase. Three phosphorylation sites have been documented to be involved in 

switching CDK activity on and off Phosphorylation at Thr 161 of human CDKl (Thr 

160 of CDK2) is required for activation the complex (Krek and Nigg, 1992). Members 

of the Weel kinase family, originally identified in S. pombe, inactivate CDK by 
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phosphorylating Thr 14 and Tyr 15 within the ATP-binding domain of the kinase subunit 

(Russell and Nurse, 1987; Mueller et al., 1995; Mueller et al., 1995; Parker et al., 1995; 

Leise and Mueller, 2002). A gene encoding a Wee 1-like kinase has been cloned from 

maize and demonstrated to inhibit maize CDK activity (Sun et al., 1999). Over-

expression of animal or plant Wee 1-like proteins in yeast complements Weel" cells and 

slows the cell cycle in wildtype cells, generating enlarged cells (Igarashi et al., 1991; Sun 

et al., 1999). In animal and yeast cells, Weel is cell cycle regulated by differential 

localization (Baldin and Ducommun, 1995; Morgan, 1997), and it is rapidly up-regulated 

in response to environmental stress in plants (Schuppler et al., 1998). 

Dephosphorylation of the Weel target site of CDKs is accomplished by multiple 

protein phosphatases. In animals and yeasts, phosphatases of the Cdc25-family are cell 

cycle regulated activators of CDKs (Kumagai and Dunphy, 1991). In tobacco cell 

cultures, cytokinin treatment stimulates the dephosphorylation of a Weel target site on 

PSTAIRE-contain CDKs prior to cell division (Zhang et al., 1996). Cdc25 is not the only 

phosphatase regulating CDKs in animals. Phosphatases that remove the activating 

phosphate residue from T161 (Karaiskou et al., 1999; De Smedt et al., 2002) have been 

identified. In plants, no Cdc25-like gene has been identified to date. However, Cdc25 

proteins from other systems efficiently dephosphorylate plant CDKs. Transgenic 

expression of yeast Cdc25 leads to supernumerary organ initiation from both the root and 

shoot, and results in earlier flowering in tobacco (Bell et al., 1993; McKibbin et al., 

1998). In screens for plant genes that can complement Cdc25 mutants of yeast, an 
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unrelated protein phosphatase was uncovered, suggesting that plants regulate the 

activation of Wee 1-inhibited CDKs in a novel way (Ferreira et al., 1993). 

The activity of CDKs can also be reversibly inhibited by small inhibitory proteins. 

These CDK inhibitors (CKls) control the activity of CDKs by binding both the cyclin and 

kinase subunits (Fotedar et al., 1996). For example, p40^"^' in S. cerevisiae binds to 

p34Cdc28 reduces its Vmax and Km for protein substrates (Mendenhall, 1993; 

Mendenhall et al., 1995). Multiple CKls related to the yeast CKls have been isolated 

from animal and plants systems (Lui et al., 2000; Wang et al., 2000; De Veylder et al., 

2001; Jasinski et al., 2002). In animals, these inhibitors are involved in exit from the cell 

cycle (de Nooij et al., 1996; Lane et al., 1996), the inhibition of CDKs in response to 

DNA damage (Deng et al., 1995), and control of the Gl/S and G2/M transitions (Harper 

et al., 1995; Guadagno and Newport, 1996). Plant and animal CKls share at least two 

regions of similarity required for binding cyclin and CDK subunits and inhibiting CDK 

activity (Wang et al., 1998; Lui et al, 2000; De Veylder et al., 2001). Plant CKI proteins 

inhibit CDK activity in vitro (Wang et al., 1998; Lui et al., 2000; De Veylder et al., 2001) 

and abrogate cell division when microinjected into mitotic Tradescantia stamen hairs 

(Cleary et al., 2002). Messenger RNA abundance for some CKls is dramatically 

increased by stress and ABA (Wang et al., 1998; Wang et al., 2000). Over-expression of 

CKls leads to smaller plants and organs with fewer cells and lower degrees of 

endopolyploidy at maturity (Wang et al., 2000; De Veylder et al., 2001; Jasinski et al., 

2002). Plant CKls, unlike their animal covinterparts, directly associate with cyclin Ds 

(Wang et al., 1998; De Veylder et al., 2001), exhibit expression patterns in synchronized 



plant tissue culture cells that mirror cyclin D (Menges and Murray, 2002), and oppose 

cyclin D3 action in transgenic plants (Jasinski et al., 2002). Additionally, CKIs are 

expressed in a radial stripe surrounding the initiation of lateral root formation in response 

to auxin treatment, possibly determining the position of lateral root initiation (Himanen et 

al., 2002). Thus, while cyclin D links cell proliferation to plant physiology, CKIs 

connect cell cycle inhibition and hormonal cues. 

In animals and yeasts, CKIs are phosphorylated by active CDKs in a cell cycle-

dependent manner (Morisaki et al., 1997). Phosphorylated CKIs are targeted for 

degradation by the proteosome, resulting in self-activation of a latent pool of CDKs 

(Morisaki et al., 1997; Vlach et al., 1997; Montagnoli et al., 1999). The rapid onset of 

CDK activity during cell cycle phase changes generates a molecular switch regulated by 

the total abundance of CDK-CKI complexes and CDK localization (Swanson et al., 

2000). The system operates such that constant expression of cyclin, CDK, and CKI 

generates oscillations in CDK activity (Montagnoli et al., 1999). 

An additional protein that is often associated with CDK complexes in yeast, 

animals, and plants; is the so-called constitutive kinase subunit (CKSl). Over-expression 

of CKS1 in yeast leads to cell cycle delay, and its deletion nearly abolishes cell division 

(Hindley et al., 1987). Plant and animal homologues of CKSl are small proteins varying 

from 9- to 15-kDa. These proteins bind some CDKs with high affinity. Yeast CKSl will 

bind the G2/M- but not the S-phase CDK of plants (Grafi and Larkins, 1995; Bogre et al., 

1997) and only one of the two maize and arabidopsis PSTAIRE-containing CDKs (de la 

Paz Sanchez et al., 2002). By contrast, the arabidopsis CKSl, binds both of them and is 
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expressed in both mitotic and endoredupHcating cells (Jacqmard et al., 1999; de la Paz 

Sanchez et al., 2002). In arabidopsis, CKSl functions as a CDK inhibitor, presumably by 

directing active CDK to the proteosome (Kaiser et al., 1999), and overexpression of 

CKSl leads to smaller organs and decreased apical meristem size (De Veylder et al., 

2001). 

The actions and interactions of these cell cycle regulators provide the information 

to initiate and maintain cell cycle progression. In the mitotic cell cycles action is required 

to initiate DNA replication, ensure complete replication, and prevent re-replication. The 

regulatory events required for the last of these must be overcome in an endoreduplication 

cycle. 

Molecular mechanisms of endoreduplication 

DNA replication is limited to once for each division during the standard mitotic 

cell cycle by a process termed "replication licensing" (Blow and Laskey, 1988). In a 

pioneering set of experiments it was demonstrated that DNA synthesis is initiated by two 

cell cycle-regulated factors present in cell extracts. The first, replication licensing factor 

(RLF), is required to make chromatin at the site of replication initiation, origins of 

replication, replication-competent or "licensed" for replication. The second, induces 

competent origins to initiate replication and was termed the S-phase promoting factor 

(SPF). In animal and yeast cells, the components of both RLF and SPF have been 

identified. Despite the simplicity of the conceptual model and the single terms for each 

function, RLF and SPF are comprised of multiple multiprotein complexes. 

Chromatographic separation of RLF identified two fractions that were necessary and 
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sufficient for replication licensing in Xenopus oocytes, RLF-M and RLF-B (Chong et al., 

1995). 

In higher eukaryotes, replication origins are sites along the chromosomes, often of 

ill-defmed sequence, that initiate DNA replication during S-phase of the cell cycle. 

Ultimately, these sites recruit DNA polymerase to chromatin and initiate DNA 

replication. Replication origins are marked by a six subunit origin recognition complex 

(ORC). This complex has the capacity to bind DNA at high affinity and hydrolyze ATP 

in a single stranded DNA-stimulated manner (Klemm et al., 1997; Lee et al., 2000). 

Disruption of ORC ATP hydrolysis activity blocks replication initiation (Klemm and 

Bell, 2001). As ORC is the first complex bound to the DNA at replication origins, 

observations that DNA becomes "saturated" with ORC at a spacing of approximately 

16kB, the lower limit for replicon sizes, suggest that the ORC complex determines the 

sites of replication (Bell and Dutta, 2002). In addition to providing a platform for the 

association of other proteins with pre-replication functions , the ORC interacts with 

RRBs and E2F in drosophila and the interaction with RRB disrupts origin function 

(Bosco et al., 2001). However, there is no biochemical evidence that ORC proteins 

contribute to the replication process per se, as fully assembled pre-replicative complexes 

no longer require the ORC to support replication (Hua and Newport, 1998; Rowles et al., 

1999). However, the ORC is required for localization and chromatin association of 

proteins that make DNA competent for genomic replication. 

In the process of assembling a pre-replication complex at ORC sites, the next step 

is the binding of two proteins Cdtlp and Cdc6p. These proteins associate with the ORC 
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on chromatin and facihtate the loading of an additional complex to complete the pre-

replication complex (Aparicio et al, 1997; Donovan et al., 1997; Tanaka et al., 1997; Hua 

and Newport, 1998; Rowles et al., 1999; Tada et al, 1999; Tada et al., 2001). Like the 

ORG proteins, both Cdtl and Cdc6 have ATP binding, and presumably hydrolyzing 

activity (Bell and Dutta, 2002). The Cdc6 gene provides a link between the RRB and 

CDK pathways and replication licensing. The Cdc6 homologs of plants and animals are 

E2F-regulated, and likely to be RRB-repressed (Castellano et al., 2001; de Jager et al., 

2001). A connection between CDKs and replication licensing is also provided by Cdc6. 

Cdc6 is an efficient substrate for CDK phosphorylation, and this phosphorylation 

promotes its proteolysis and inhibits replication complex assembly (Jallepalli et al., 1997; 

Lopez-Girona et al., 1998; Findeisen et al., 1999; Jiang et al., 1999). Phosphorylation 

and subsequent degradation of Gdc6 is required to limit re-replication, as the 

overexpression of wildtype Gdc6 in plants or the expression of phosphorylation-defective 

mutants of Gdc6 in yeast induces endocycles (Jallepalli et al., 1997; Gastellano et al., 

2001). Recently, it has been demonstrated that RLF-B is Gdtl (Tada et al., 1999; Tada et 

al., 2001). However, immunodepletion of Cdc6 blocks the initiation of replication 

demonstrating that Gdc6 is also required in Xenopus oocytes, but may already be bound 

to ORG complexes in the RLF assay used (Bell and Dutta, 2002). Consistent with this, 

Gdtl has been reported to associate with chromatin in an Gdc6-dependent manner (Tada 

et al., 1999) and both were required to produce licensing factor from highly purified 

proteins (Gillespie et al., 2001). 
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RLF-M, on the other hand, is composed of yet another protein complex with ATP 

hydrolyzing capacity, the MCM proteins. MCM proteins bind to chromatin in an ORC 

dependent and independent maimer, requiring Cdc6 and Cdtl for association with the 

ORC (Donovan et al., 1997; Tanaka et al., 1997; Cook et al., 2002). Binding of MCM 

proteins is associated with a decreased affinity of ORC and Cdc6 for chromatin, and 

removal of either of these from DNA after MCM binding does not block subsequent 

replication (Bell and Dutta, 2002). Some biochemical evidence suggests that the MCM 

protein complex can act as a DNA helicase and facilitate local DNA unwinding, which 

may be required for the initiation of DNA replication (Ishimi, 1997; You et al., 1999; 

You et al., 2002; Masuda et al., 2003). One of the MCM proteins, MCM7 has been 

demonstrated to bind RRB, and may be responsible for the association of RRB with 

replication foci (Sterner et al., 1998). 

The last element to be assembled at the presijmptive site of replication is the 

Cdc45p protein. Originally identified in S. cerevisiae as a cold-sensitive mutation, 

Cdc45p binds to the MCM complex following activation of the origin by SPF (Aparicio 

et al., 1997; Aparicio et al., 1999; Bell and Dutta, 2002). Binding of Cdc45p appears to 

activate the DNA imwinding activity of the MCM complex, and the subsequent 

association of the single stranded DNA binding protein, RPA, and the replicative DNA 

polymerases, alpha and epsilon (Stillman et al, 1992; Bell and Dutta, 2002). Like the 

MCM proteins, Cdc45p remains associated with DNA polymerase during replication. 

Thus, the factors required to recruit replication machinery to the origins, licensing 



factors, disassociate from the site of initiation when repUcation begins allowing each 

origin to fire once. 

The SPF is composed of at least three protein complexes. It was shown that a 

mixture of the Cdk2/Cyclin A and Cdk2/Cyclin E CDKs was sufficient to act as the SPF 

in cell free extracts with mammalian nuclei (ICrude et al., 1997). In each case, purified 

recombinant enzymes were able to substitute for the partially purified SPF nuclear 

fraction, and immunodepletion of these enzymes from the same nuclear extract 

eliminated it's activity. Maintenance of CDK activity throughout S-phase is required for 

replication continuation. In addition to potentially stimulating and inhibiting DNA 

polymerase activity (Takemura et al., 1997; Voitenleitner et al., 1999; Schub et al., 2001; 

Takemura et al., 2001), a decrease in CDK activity can lead to the cessation of DNA 

synthesis (Flores-Rozas et al., 1994; Shivji et al., 1994; Strausfeld et al., 1994). An 

additional kinase, Dbf4, is also involved and genetic experiments have demonstrated that 

it is required for DNA replication and shows allele specific interactions with MCM 

proteins in yeast (Lei et al., 1997). 

In addition to acting as the inducing signal and promoting the complete 

replication of nuclear DNA, CDKs are critical to blocking DNA re-replication (Aparicio 

et al., 1997; Tanaka et al., 1997; Aparicio et al., 1999; Jiang et al., 1999; Snaith and 

Forsburg, 1999; Furstenthal et al, 2001). Cdc6 does not accumulate if CDKs are active, 

and phosphorylation of MCM proteins by CDKs blocks their nuclear localization and 

association with origins of replication (Donovan and Diffley, 1996; Aparicio et al., 1997; 

Donovan et al., 1997; Tanaka et al., 1997; Aparicio et al., 1999; Cook et al., 2002). 



These observations may explain why, in their original experiments. Blow and Laskey 

were able to promote chromatin licensing by disrupting the nuclear membrane (Blow and 

Laskey, 1988; Blow et al., 1989). If there is not a drop in CDK activity between the 

onset of DNA replication and induction of the S-phase CDK, the DNA cannot replicate. 

Maintenance of CDK activity throughout the remainder of the cell cycle prevents re-

replication. In the mitotic cell cycle, cyclin A-dependent kinase activity is maintained 

throughout G2 in most cells, at which time cyclin B accumulates; when cyclin B-

dependent kinase is activated, mitosis ensues. At the end of mitosis, prior to spindle 

separation, cyclins A and B are rapidly proteolyzed in a ubiquitin-dependent manner by 

the proteosome via a protein complex referred to as the "anaphase promoting complex" 

(Glotzer et al., 1991; King et al, 1996; Michael and Newport, 1998). In drosophila and 

plants, deletion or suppression of an activator of this complex inhibits the formation of 

endopolyploid cells (Sigrist and Lehner, 1997; Cebolla et al., 1999). The proteolysis of 

CDKs results in a lull of CDK-mediated phosphorylation, allowing MCM proteins to re-

localize to chromatin and Cdc6 and Cdtl to accumulate to levels that will support re-

licensing of the DNA. Thus, while the addition of CDK activity will speed the onset of 

mitosis and S-phase, the removal of CDK activity is required for cells to re-enter G1. 

Endoreduplication poses a special case of licensing, in that the signal inhibiting 

licensing must be disrupted, but mitosis cannot be induced. As DNA is completely 

replicated it is reasonable to propose that DNA is licensed and replication regulated by 

ordinary mechanisms. In cultured mammalian cells, RRB inhibition by genetic ablation 

or expression of viral LxCxE-containing proteins, together with the constitutive 



78 

expression of CKI, is sufficient to induce recurrent S-phases without intervening mitoses, 

i.e. endoreduplication (Niculescu et al., 1998). Inactivation of RRBs by phosphorylation 

might also play a role in endoreduplication. In mammals, progression through the Gl/S 

transition involves inactivation of RRB by phosphorylation, not genetic ablation (Garcia 

and Cales, 1996; MacAuley et al., 1998). If the same were to be true of endocycling 

cells, then the Gap-phase preceding re-replication might be enforced by the presence of 

transiently hypophosphorylated RRB. Endoreduplication in plants can be activated by 

expression of E2Fs, suggesting that constitutive activity of downstream RRB-repressed 

transcription factors may be sufficient to induce it (De Veylder et al., 2002). In 

endoreduplicating drosophila cells, oscillations in cyclin E expression (Sauer et al., 

1995), or cyclin degradation (Sigrist and Lehner, 1997) are required to induce 

endocycles. Indeed, in drosophila cell cycles CKIs, cyclin E and RRBs show allele-

specific interaction effects, (de Nooij et al., 1996). Accumulation of the p57''^'''^ CKI in 

mouse trophoblast cells is associated with endoreduplication (Hattori et al., 2000). In this 

case CKI mRNA is synthesized constitutively but periodic proteolysis drives cycles of 

inhibitor concentration and therefore CDK activity (Hattori et al., 2000). 

Given the regulation of replication licensing in yeast and animals, a three-step 

process for endoreduplication could be proposed. First, the cell cycle program required 

for repression of S-phase gene expression, e.g. RRB suppression of E2F activity, should 

be disabled. As E2F is a known regulator of RLF components in plants and animals 

(Castellano et al., 2001; de Jager et al., 2001; Egelkrout et al., 2001; Ramos et al., 2001), 

this would activate the sjTithesis of regulatory components that initiate S-phase and the 
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structural genes required for DNA synthesis. Second, processes regulating the cell cycle 

must be diverted such that mitosis is not initiated. As cyclin B is a known component of 

the MPF, subjecting it to transcriptional repression, constitutive proteolysis or post-

translational inhibition could suffice. In fact, deletion of p56^^'^'^, the B-type cyclin in S. 

pombe, causes cells to undergo repeated rounds of S-phase, without progressing to M-

phase. As a result, the ploidy can be increased to greater than 32C (Hayles et al., 1994). 

Likewise, overexpression of Ruml, a CKI in S. pombe, leads to increased DNA content 

and nuclear enlargement (Moreno and Nurse, 1994; Correa-Bordes and Nurse, 1995). 

Mathematical models of cell cycle control, based on fission yeast genetics and 

biochemistry, predict that an oscillation of CDK activity in the absence of MPF is 

sufficient to induce endoreduplication in yeast, where the RRB pathway does not exist 

(Novak and Tyson, 1997). Third, a mechanism for destabilizing the licensing mechanism 

should be periodically disrupted. This would require the proteolysis mechanism and 

nuclear exclusion of MCM proteins to be overridden, allowing the accumulation of RLF 

and support of DNA re-replication. One mechanism to achieve this would be the 

oscillation of CDK activity. Simply put, any oscillation of CDK activity of sufficient 

period to allow re-licensing should result in DNA re-replication, provided MPF is not 

subsequently activated and S-phase gene expression is active. 

Regulation of endoreduplication in maize endosperm 

The cell cycle mechanisms that trigger endoreduplication in maize endosperm are 

unknown, but several studies illustrate that there are alterations to the normal cell cycle 

during endosperm development. First, components of the M-phase CDK are altered 
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during endoreduplication in maize endosperm. Cyclin B transcripts are alternatively 

spliced to yield an aberrant and putatively inactive protein at the beginning of the 

endoreduplicative period (Sun et al., 1997). Additionally, during the endoreduplication 

phase of development, accumulation of cyclin B mRNA is decreased below the level of 

detection (Sun et al., 1999). Second, a CKI-activity accumulates during the period of 

endoreduplication (Grafi and Larkins, 1995). The expression of a maize Wee 1-like 

protein, the CDK-inhibitory kinase, is also increased concomitant with the highest rates 

of endoreduplication (Sun et al., 1999). These events are associated with a dramatic 

decrease in the activity of an affinity adsorbed M-phase CDK activity (Grafi and Larkins, 

1995). Third, there is a marked increase in a CDK activity that is likely to function as an 

S-phase promoting factor (Grafi and Larkins, 1995; Grafi et al., 1996). This CDK 

activity can be adsorbed onto RRB- and E2F-agarose, and it phosphorylates histone HI, 

ZmRbl, and E2F-1, characteristic of cyclin A- and D-complexes (Grafi and Larkins, 

1995). This is associated with the phosphorylation, and presumably inactivation, of 

RRBs expressed in endosperm (Grafi et al., 1996). CKI expression and RRB inactivation 

may be sufficient to induce endoreduplication in plants, in which case these changes in 

cell cycle regulatory components should be sufficient to explain the endoreduplication 

cycles of endosperm. However, these predictions need to be tested. 

As maize encodes multiple RRB proteins that are expressed throughout the plant, 

testing the role of RRB proteins on endoreduplication in endosperm presented a technical 

challenge. To address the problem of creating a three-gene knockdown phenotype in 

endosperm, such as by RNA-mediated gene suppression, I chose instead to analyze the 
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effects of the RRB-interacting protein, RepA, from wheat dwarf virus. It was previously 

shown that this protein can oppose RRB action in the suppression of viral DNA 

replication (Xie et al, 1996). If RRBs from higher plants are important negative 

regulators of the cell cycle, then ectopic expression of RepA should activate the normal 

cell cycle. Furthermore, if RRB inactivation is a rate-limiting step for endoreduplication 

in endosperm, then expression of RepA in this tissue during the period of 

endoreduplication should result in higher degrees of endopolyploidy. Alternately, if the 

RRB present in endosperm is constitutively inactivated by phosphorylation, RepA should 

have no effect on endoreduplication. Additionally, if RRB inactivation is an important 

step in the initiation of endocycles, RepA expression may induce ectopic 

endoreduplication in some cell tj^es. 

As the production of transgenic maize is not trivial, I developed an efficient 

bioassay for cell cycle regulation in the fast-cycling BY-2 (Nagata et al., 1992) cell line 

of tobacco. This was used to test the cell cycle regulatory activity of both the ZmRbl 

gene and the wheat dwarf virus RepA protein. As predicted by protein-protein 

interactions, sequence similarity, and analogy to mammalian models, RepA stimulated, 

and ZmRbl inhibited, the cell cycle in BY-2 cells. ZmRbl and RepA were demonstrated 

to act in opposition to each other, and RepA expression overcame the cell density-

dependent G1-block in these cells. For the analysis of transgenic maize materials, 

antisera to recombinant RepA was generated and characterized. The effect of RepA on 

mitotic maize cells was investigated by flow cytometric analyses of embryogenic maize 

calli expressing one of two constitutive RepA constructs and accumulating the RepA 
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protein. In these cells, the accumulation of RepA was associated with increased 

endopolyploidy, suggesting that RepA expression was sufficient to induce 

endoreduplication in these cells. Following regeneration of transgenic maize expressing 

RepA in an endosperm-specific manner, transgenic endosperm cells were also tested for 

alterations in endopolyploidy and RepA accumulation. The presence of RepA protein in 

endosperm during the period of endoreduplication, even at high levels, was not sufficient 

to affect increased endopolyploidy by 18-DAP. Thus, it seems unlikely that RRB activity 

represents a rate-limiting step for endocycle progression in these cells. In addition, RepA 

accumulation did affect kernel growth and the accumulation of storage products, both of 

which were documented. 
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CHAPTER 2 

GENETIC ANALYSES OF ENDOREDUPLICATION IN ZEA MAYS 

ENDOSPERM: EVIDENCE OF SPOROPHYTIC AND ZYGOTIC 

MATERNAL CONTROL 

Introduction 

During maize seed development, starch, protein, and other nutrients from the 

maternal parent (sporophyte) are stored in the endosperm of the developing kernel. The 

endosperm is formed by the fusion of two nuclei from the female gametophyte and one 

nucleus from the male gametophyte, such that the balance of genomes is 2m: 1 p. 

Endosperm development is characterized by three distinct cell cycles: syncytial 

karyokinesis, mitosis, and endoreduplication. The latter, which occurs by reiterative 

cycles of nuclear DNA replication, begins 8- to 9 -days after pollination (DAP) and is 

associated with the terminal differentiation of endosperm cells (Berger, 1999; Olsen et 

al., 1999). Subsequently, endosperm cells cease mitotic divisions, and the number of 

cells undergoing endoreduplication dramatically increases, such that the mitotic index 

falls to nearly zero by 14-DAP (Kowles and Phillips, 1985). Endoreduplication continues 

until 21— to 27-DAP, when the central cells of the starchy endosperm begin to undergo 

cell death (Young et al., 1997; Young and Gallie, 2000). 

Endoreduplication has been implicated in a number of important physiological 

processes in endosperm and other tissues. Much of the increase in kernel volume and 



mass occurs during the period of effective grain filling (EGF). During the EGF, which is 

temporally correlated with endoreduplication, starch and storage proteins are rapidly 

synthesized and accumulated in the endosperm (Schweizer et al, 1995; Jones et al., 

1996). In wheat, kernel size was predicted by a combination of the number of mitotic 

divisions and the number of endoreduplication cycles in the endosperm (Brunori et al., 

1993). Thus, endoreduplication might assist in the rapid synthesis of starch and storage 

protein during the EGF. Endoreduplication is thought to increase the metabolic activity 

of cells by increasing the number of DNA templates from which RNA transcripts are 

generated. Recently, it was shown that during endoreduplication in maize endosperm 

there is a reduction in chromatin condensing proteins and increased accumulation of an 

HMG protein associated with an open chromatin conformation (Zhao and Grafi, 2000). 

HMG proteins bind enhancer-like elements in the promoters of endosperm storage 

protein genes and assist with the binding of transcription factors (Grasser et al, 1990; 

Schultz et al., 1996). 

Endosperm development is significantly influenced by the maternal parent. 

Kernel size and shape are known to be matroclinally controlled, such that F1 kernels 

more closely resemble the ear parent (Birchler, 1993; Alleman and Doctor, 2000). This 

is also true for the EGF (Jones et al., 1996) and some aspects of endoreduplication 

(Cavallini et al., 1995; Kowles et al., 1997). Endosperm development also requires a 

balanced number of maternal and paternal genomes, as departure from the 2m; Ip ratio 

leads to kernel abortion (Cooper, 1951; Lin, 1984). Kernel development is further tied to 

the physiology of the maternal plant. Cessation of kernel growth can be induced by heat 
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stress, water stress, the exogenous appUcation of stress-associated growth regulators, or a 

disruption in the delivery of photosynthate (Myers et al., 1990, 1992; Engelen-Eigles et 

al., 2000). While the endoreduplication cell cycle can be inhibited, it is an order of 

magnitude less sensitive than the mitotic cell cycle to physiological perturbation (Myers 

et al., 1990; Mambelli and Setter, 1998). 

In this study, we investigated the genetic regulation of endoreduplication in maize 

endosperm using inbred lines that differ in the quantity of endoreduplication. 

Measurements of nuclear DNA content were scored as quantitative traits, and their 

inheritance was investigated. Analyses of the variability of these traits predicted genetic 

regulation through the maternal lineage as the predominant mode of inheritance. By 

monitoring endoreduplication through multiple generations, we confirmed it is a heritable 

trait. Consequently, reciprocal backcrosses were initiated to introgress alleles causing a 

high level of endoreduplication into a low- endoreduplicating inbred background to 

assess the importance of this trait for kernel development. 

Materials and Methods 

Plant material 

Maize plants were grown at the University of Arizona West Campus Agricultural 

Facility in the spring and fall seasons of 1998, 1999, and 2000 and in the greenhouse 

during the winter of 2000. Pollinations and harvesting were performed in the morning. 

Ears were broken from the stalk at the shank and placed in crushed ice for transport to the 

laboratory. Stocks of the inbred lines A188, B37, B73, Mo 17, Oh545, Va99, W64A, 
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B37o2, B73o2, Oh545o2, Va99o2, and W64Ao2, open- pollinated varieties of 8-Row 

Flint and Yellow Flint, and the sweet com "Florida StaySweet" are maintained in our 

laboratory. South American accessions Bolivia 1044 and Venezula 568, inbred lines 

Nc282 Nc306, Nc318, and Nc320, were provided by M. Goodman (North Carolina State 

University). The popcorn inbred lines Al-6, Hp58, Kp58k, Sgl8, Sg32, and Sgl533 

were provided by R. B. Ashmaim (Purdue University). For the analyses of variance and 

mean components, a 3 design was employed where nine generations were created by 

crossing two parents and their Fl in each pair wise combination. For these experiments 

B73 was crossed with the dent corn Mol7 or the popcorns Al-6, Kp58k, and Sgl 8. For 

each set of crosses, the parental types, reciprocal Fl, and four BCl reciprocal generations 

were produced, a total of nine generations. Crosses between B73 and Kp58k were 

affected by dent sterility factors. These factors exist in some popcorns and lead to allele-

specific pollen abortion and poor seed set when the popcorn serves as the maternal parent 

(Glover and Mertz, 1987; Ziegler, 2001). Thus, all Fl plants used to generate F2 and 

BCl data in B73 x popcorn crosses were the progeny of popcorn pollen on B73 ears. In 

all cases except Kp58k x B73 Fl, kernel abortion was not complete and enough Fl and 

BCl kernels were obtained for analysis when the popcorn inbred was used as the female 

parent. Sgl 8 does not contain alleles affecting dent sterility (Kindiger and Beckett, 

1992). 

Flow cytometric analyses 

Developing kernels were carefully removed from the middle third of ears with a 

razor blade or scalpel. A razor blade was used to make an incision through the pericarp, 
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and the pericarp, nucellus, and developing embryo were removed. The dissected 

endosperm was placed in a 60 x 15- cm round polystyrene petri plate on a ceramic floor 

tile resting on a bed of ice. The tissue was overlaid with 0.5 ml of ice-cold lysis buffer 

(200 mM Tris-HCl pH 7.5, 4 mM MgCb, 0.1% Triton X-100, filtered through a 22 |j,m 

filter) and chopped using a new single-edged razor blade (no. 55411-050, VWR, South. 

Plainfield, NJ). The homogenate was taken up into a 2- ml plastic pipette through four 

layers of cheesecloth and transferred to a 3- cc syringe housing (Becton-Dickinson, 

Franklin Lakes, NJ) fitted with 100 |am nylon mesh (Sefar International, Kansas City, 

MO) at the tip. The petri plate was rinsed with an additional 0.5 ml ice-cold lysis buffer, 

and this wash was also passed through the nylon mesh. The filtrate was collected in a 55 

X 12- mm polystyrene tube (no. 55.484, Sarstedt, Newton, NC). Lysis buffer was added 

to adjust the volume of the homogenate to 1 ml, and 4,6-diamidino-2-phenylindole 

(DAPI; Sigma, St Louis, MO) was added to a final concentration of 4 mg/ml. Samples 

were held on ice no longer than 20 min prior to analysis. All samples were analyzed with 

a Partec CAIII flow analyzer (Partec, Miinster, Germany) fitted with the standard filter 

set for DAPI analysis. Sheath fluid consisted of 22 )a,M filtered deionized water. The 

flow c3l;ometer was controlled by Partec's CAS software package at a resolution of 512 

channels. Offline data analysis and figure preparation were performed using WinMDI 

software (Ver 2.8) kindly donated by J. Trotter (Trotter, 2000). 

During the initial screening of germplasm, three to five endosperms were chopped 

together in a single petri dish and data from a minimum of 10,000 nuclei were collected 

for each sample. For all analyses subjected to statistical evaluation, endosperms were 
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chopped individually, and at least five kernels were assayed from each ear. Samples 

were analyzed immediately after chopping, and a minimum of 15,000 nuclei were 

counted. Numerous buffer systems (TRIS, MOPS, phosphate, and HEPES), DAPI 

concentrations (2-20 mg/ml), additives (citrate, polyvinyl pjrrolidone, dithiothreitol, 

Ficoll, and glycerol), incubation times (0-300 min post-chopping), tissue storage 

procedures (0-6 days at 4°), and buffer component concentrations were tested. Flow 

cytometric analysis and microscopic analysis of DAPI-stained samples clearly indicated 

that the procedure described above was optimal for obtaining intact nuclei from fresh, 

developing maize endosperm. 

Embryo rescue 

Ears were harvested and sterilized by immersion in a solution of commercial 

bleach and water (20% v/v) with a drop of Tween-20 for 30 min. They were then 

immersed in sterile water two times for 15 min and placed in a sterile beaker. Kernels 

were removed from the ear using a sterile scalpel and placed in a sterile petri dish. The 

pericarp was removed with a razor blade, the endosperm placed in a petri plate for flow 

cytometric processing, and the embryo placed with the scutellum facing up in a 12 x 150-

mm culture tube containing 3 ml of MS-RD rescue medium (4.33 g Murashige and 

Skoog salts supplemented with 100 mg/liter myo-inositol, 0.4 mg/liter nicotinic acid, 0.2 

mg/liter thiamine-HCl, 20% sucrose, adjusted to pH 5.7- 5.8 with IM KOH, solidified 

with 0.8% agar) (Murashige and Skoog, 1962). Flow cytometric analysis of endosperm 

nuclei was performed as described above. Embryos were placed in the dark at 25°, 

checked daily, and moved to a growth chamber (28°, 16L:8D) following seedling 
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emergence. Seedlings were allowed to green and then transplanted to soil for growth to 

maturity in the greenhouse. 

Statistical analyses 

We routinely analyzed data of five kernels from three ears at 19-DAP for each 

generation. In the Al-6 x B73 and Kp58K x B73 experiments one generation failed. In 

all other cases, at least two ears and no less than eight kernels were analyzed per 

generation. The statistical output from manually gated histograms produced in the 

WinMDI software program were imported into an Excel spreadsheet (Microsoft Inc., 

Redmond, WA) where three values describing the nuclear DNA content were calculated 

for each endosperm. The mean ploidy of all nuclei, ESP, was calculated by multiplying 

the number of nuclei in each ploidy class by the number of genome copies (C) value and 

dividing the sum of these products by the total number of nuclei. The mean ploidy of 

nuclei with a C value greater than three, referred to as E6P, was calculated as for ESP, 

except the 3 C class was excluded. The recruitment of nuclei to an endoreduplication cell 

cycle was estimated by calculating the percentage of nuclei with greater than S C DNA 

content, and is referred to as %E. 

The variances of ESP, E6P, and %E values from each cross were tested for 

variance components. Coefficients for genetic variance components were taken from 

Foolad and Jones (1992) with the exception of additional additive variance components 

considering zygotic parent-of-origin specific genetic components. All components tested 

are summarized in Table 2.1. Lowercase 'a' stands for additive and 'd' for dominance 

inheritance patterns. The subscripts refer to the mode of inheritance predicted by the 
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coefficients with t, d, m, zm, and p referring to triploid, diploid, sporophytic maternal, 

zygotic maternal, and zygotic paternal patterns of inheritance, respectively. The 

subscripts one and two differentiate the two dominance coefficients predicted for the 

allelic interactions Aaa and Aaa in the triploid model. Mathematically indistinguishable 

models for variance components are obtained when models containing additive zygotic 

maternal and zygotic paternal components {Va^m and Vap) are compared with models 

containing additive zygotic maternal and additive diploid components {Vazm and Vad). 

The difference is simply that when Va^m and Vud are estimated, variance preferentially 

partitioned into Vad with respect to the Va^m and Vap predictions. 

A maximum likelihood (ML) method (Hayman, 1960), as modified in Lynch and 

Walsh (1998), was used to estimate variance components from the endoreduplication 

data. The variance of endoreduplication measurements from each ear were utilized as the 

dependent variable. These variances were weighted with the inverse of the unbiased 

estimate of their variance (Lynch and Walsh, 1998). Regression was then carried out 

using the coefficients of genetic and environmental variance components presented in 

Table 2.1. The variances for each ear predicted by the regression results were tabulated, 

and the inverse of the unbiased estimates of these expected variances were calculated and 

used to weight the observed variances for a second iteration of regression. Regressions 

were repeated, recalculating the weighting term at each iteration. The weighted chi-

square value was then calculated by summing the deviation of the observed and expected 

variances divided by the weighting factor. ML iterations were ceased when the weighted 

chi-square values changed less than 1x10"^ for three consecutive iterations. After 
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Table 2,1. Coefficients for genetic components of the variance 

Triploid Diploid Maternal Maternal Paternal 

zygotic zygotic sporophytic zygotic zygotic 

Coefficient Ve Vat Vdti Vdt2 Vaj Vdd Vam Vdm Vazm Vap 

name 

B73 1 0 0 0 0 0 0 0 0 0 

Parent2 1 0 0 0 0 0 0 0 0 0 

B73 X Parent! 1 0 0 1 0 0 0 0 0 0 

Parent2 x B73 1 0 0 0 0 0 0 0 0 0 

F2 1 5/9 3/16 3/16 1/2 1/4 0 0 1 1 

F1 xB73 1 4/9 1/4 0 1/4 1/4 0 0 1 0 

F1 X Parent2 1 4/9 1/4 0 1/4 1/4 0 0 1 0 

B73 X F1 1 1/9 0 1/4 1/4 1/4 0 0 0 1 

Parent2 x F1 1 1/9 0 1/4 1/4 1/4 0 0 0 1 

a additive effect, d dominance effect, e error and environment, subscripts t, d, m, zm, and 
p refer to triploid, diploid, maternal sporophytic, zygotic maternal, and zygotic paternal 
modes of inheritance, respectively 
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convergence, goodness of fit was evaluated by means of a weighted chi-square. 

Weighted chi-squares involving categories with five or fewer members are suspect as 

measures of the fit for a model. As a solution, measurements were pooled for each 

genotype and the nine or eight generation variances were used as the observed variances 

to perform the weighted chi-square as before. The p-value was calculated at one less than 

the number of generations minus the number of estimated parameters. As a further test of 

the models, the generation variances were used to estimate genetic parameters. Both 

methods returned qualitatively similar results. Estimates from ear variances are reported, 

as they are generally more conservative. The narrow sense heritabilities for each 

component and the total were calculated according to Falconer and Mackay (1996). 

Analysis of components of the covariance between ESP, E6P, and %E for genetic and 

environmental components was performed similarly to that for variance analysis. Co-

variances were generated by multiplying the standard deviations of two traits for each 

individual and averaging the total for each ear. Coefficients and ML methods were 

identical to that for variance components. 

Multiple genetic models describing the additive and dominance components of 

mean values were also tested. Coefficients for sporophytic, standard triploid, and diploid 

inheritance were taken from the testa, endosperm, and embryo models, respectively, from 

Foolad and Jones (1992). A model was generated for zygotic parent-of-origin 

expression, which is mathematically equivalent to a completely additive sporophytic 

model. All coefficients discussed in the text are presented in Table 2.2. Lower case 

letters and subscripts are used identically to those described for variance components. 
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Table 2.2. Coefficients for genetic components of the mean 

Triploid zygotic Diploid zygotic Maternal Maternal Paternal 

sporophytic zygotic zygotic 

Ms an at  d t i  d t2  a j  d( j  am dm 

B73 -1 0 0 -1 0 -1 0 -1 -1 

Parent! 1 0 0 1 0 1 0 1 1 

B73 X Parent2 -1/3 0 1 0 0 -1 0 -1 1 

Parent2 x B73 1/3 1 0 0 0 1 0 1 -1 

F2 0 1/4 1/4 0 1/2 0 1 0 0 

F1 X B73 -1/3 1/2 0 -1/2 1/2 0 1 0 -1 

F i x  P a r e n t 2  1/3 0 1/2 1/2 1/2 0 1 0 1 

B73xFl -2/3 1/2 0 -1/2 1/2 -1 0 -1 0 

Parent2 x F1 2/3 0 1/2 1/2 1/2 1 0 1 0 

a additive effect, d dominance effect, e error and environment, subscripts t, d, m, zm, and 
p refer to triploid, diploid, maternal sporophj^ic, zygotic maternal, and zygotic paternal 
modes of inheritance respectively 
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The mathematical conundrum between maternal models including paternal or diploid 

additive components described for variance components is also true for mean 

components in this crossing design. To perform tests for components of the mean and 

investigate models of inheritance, weighted least-squares regression analysis was used to 

estimate the genetic contribution to mean ESP, E6P, and %E using the SPSS statistical 

package (v. 10.01 SPSS Inc., Chicago, IL). Mean values were calculated for each ear and 

considered the dependent variable. The genetic components described in Table 2.2 were 

used as the independent variables. Each mean was weighted with the inverse of its 

variance. Regression was used to estimate the values of the population mean, each 

component, and the component significance. To assess the significance of the model, the 

p-value was calculated according to a chi-square distribution for the residuals of the 

regression where d.f. = {n - p) -\,n being the number of ears and p being the number of 

parameters estimated. A variety of models were tested in each case. First, the mean 

component models consisting of genetic factors present in the variance component 

analysis were tested. These models were supplemented with the maternal additive and 

dominance coefficients for the maternal sporophytic model, as they cannot be detected in 

the variance component analysis. If inclusion of maternal coefficients not detected in the 

variance component analysis did not improve the fit of the data, they were not reported. 

To confirm and extend these analyses, a model consisting of all the coefficients was 

simultaneously evaluated by weighted least-squares regression. Coefficients were 

systematically added and removed until an optimal model was produced. Finally, each of 

the individual modes of inheritance was tested singly. The result of a mean component 
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analysis using the additive and dominance triploid model, which is the assumed genetic 

model for an endosperm trait, is reported. For example, if the variance component 

analysis detected zygotic paternal effects (Vap), the mean value predicted by this model 

for the last BCl generation is given by the equation, >" = 1 x ap+ 1 x w if no maternal 

sporophytic effects are present, and by, y=lx ap+lxa^ + Ox dm+ ixm if sporophj^ic 

additive and dominance effects are expected, where y is the observed variable, m is the 

mean of the population, and all other variables are from Table 2.2. In this way the values 

for each genetic effect can be estimated by generating a series of equations from Table 

2.2 specific to any combination of genetic predictions, by estimating a solution by 

regression, and by evaluating the solutions for fit to the data. 

For the analysis of variance and covariance components in the recurrent backcross 

progeny, family means of the offspring were compared to individual maternal parent 

values. The narrow sense heritability was then estimated by the slope (b) of the 

regression line (Falconer and Mackay, 1996). As segregation occurred only on the 

maternal side, only the maternal contributions to the genetic variance were calculated 

from these offspring-parent regressions. Modes of inheritance, other than the simple 

diploid model, were taken into consideration such that h =2/3xb for triploid inheritance 

and h = bin maternal zygotic parent-of-origin-specific inheritance. Progeny family 

means were weighted to take into consideration the number of individuals and the family 

variance (Falconer and Mackay, 1996). 
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Statement of collaboration 

Flow cytometric data collection was done in collaboration with Cintia Coelho and 

Ricardo Dante at the University of Arizona. 

Results 

Identification of maize inbreds differing in the level of endoreduplication in 

developing endosperm 

To assess the phenotypic variation in the degree of endoreduplication among 

various types of maize, we performed flow cytometric measurements of endosperm at 

several stages of development. In general, we found little variation in the maximum 

measured mean C value (ESP) among most midwestem dent (A188, B37, Mol7, Va99, 

W64A, Oh545), South American landraces (Bolivia 1044 and Venezuela 568), flint (8-

Row Flint and Yellow Flint), and sweet com genotypes. In contrast, a number of 

popcorn inbreds (Al-6, Sgl8, Sgl5SS, SgS2, HP58) exhibited dramatically higher levels 

of endoreduplication. 

Figure 2.1 shows flow cytometric histograms illustrating the highest ESP detected 

for selected genotypes, and it illustrates the variation in the degree of endoreduplication 

among maize popcorn and dent genotypes. Sgl5SS and Al-6 have nearly identical ESP 

values, but they are clearly different with regard to the proportion of endoreduplicated 

nuclei (%E). In SglSSS, fewer nuclei undergo endoreduplication, but those that do 

engage in more cycles of DNA replication. In Al-6 endosperm, nearly all nuclei 

participate in endoreduplication. Similar differences in the relationship between ESP and 

%E can be observed by comparing the histograms of nuclei from Sgl8, Kp58k, and B7S. 
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Figure 2.1. Flow cytometric measurement of mean nuclear ploidy (E3P) 

in selected inbred lines. Multiple endosperms from a single ear were combined 

for analysis. Histograms representing the endosperm with the highest measvired 

ploidy for each inbred are illustrated. The X-axes are the log of the fluorescence 

intensity and the Y-axes correspond to the relative frequency of a given intensity. 

The C value indicates the number of genome copies, and the ESP value describes 

the mean ploidy of all nuclei. The highest peak mean ploidy was attained at 

different stages of development for different inbreds as follows: B73, 23-DAP; 

Kp58k, 25-DAP; Sgl8, 26-DAP; Sgl533, 29-DAP; Al-6, 27-DAP. 
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The phenotypic variability we detected between these inbreds suggested that 

endoreduplication occurs earlier, is more rapid, involves a greater proportion of cells, or 

proceeds for a longer period of time in popcorns than in dent inbreds. 

Developmental analysis ofSglS x B73 crosses 

To determine the timing of endoreduplication in genotypes with different levels of 

endoreduplication, we examined endosperms from B73 and Sgl8, and (B73 x SglS) x 

B73 at 13", 15," and 18-DAP (Fig. 2.2). By 13-DAP, the E3P value for B73 endosperm 

was 9 C, and it increased to greater than 10 C by 18-DAP. In SglS, the E3P value at 13-

DAP was about 13 C, and it did not increase up to 18-DAP. Similarly, the E3P value in 

the BCl cross was 12 C at 13-DAP, and there was no further increase. The difference 

between the E3P values of the inbreds was significant by Student's t-test (p<0.01) at each 

developmental stage. We attempted to measure endoreduplication in endosperm at later 

stages of development. However, samples from endosperms older than 19-DAP 

frequently clogged the tip at the base of the flow cell, making a large-scale analysis at 

developmental stages later than 19-DAP unfeasible. The observation of significant 

differences in endoreduplication between genotypes at 18-DAP suggested that a study of 

the genetic regulation of this trait was feasible. 

Genetic analysis of endosperm endoreduplication in B73 x Mol7 crosses 

To assay genetic factors influencing endoreduplication, crosses were made 

according to a 3^ design, in which all nine pair-wise crosses between B73, Mo 17, and the 

F1 were generated. The nine means and variances calculated from this crossing design 
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13 DAP 15 DAP 18 DAP 

Figure 2.2. Measurement of ploidy level in B73, Sgl8, and their 

BCl endosperms at 13- to 18-DAP. (A.) The EBP and E6P values indicate 

the mean ploidy and mean ploidy of endoreduplicated cells in the 

endosperms, while the error-bars show the standard deviations of these 

measvirements. (B) The %E indicates the frequency of cells with greater 
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allowed for the detection of genetic components affecting endoreduplication expressed 

from the genome of the endosperm itself (zygotic expression) and the progenitor 

(sporophytic expression). Thus, this design facilitates the testing of models in which 

genetic factors affecting differences in endoreduplication exhibit zygotic parent-of-origin 

specific inheritance, commonly referred to as parental imprinting. Each of the nine 

generations of B73 x Mo 17 were grown in the fall of the 1999 field season, and single 

endosperms were subjected to flow cytometric analysis at 19-DAP. 

To more completely describe the state of endoreduplication in the endosperm, 

three measurements of nuclear ploidy were calculated from the flow cytometric data, 

E3P, E6P, and %E. The mean ploidy (ESP) was calculated by weighting each nucleus by 

its respective ploidy. However, this value does not consider the relative distribution of 

nuclei in each ploidy class. The ESP value can be expressed algebraically as two 

potentially separate components, the mean ploidy of the endopolyploid nuclei (E6P) and 

the percentage of nuclei that endoreduplicate (%E). These two components can be used 

to calculate the ESP with the following formula: ESP = (%E x E6P) + (3 x (1-%E)). The 

E6P was calculated similarly to E3P, except the S C class was excluded. The %E was 

calculated by dividing the number of nuclei with a ploidy of 6 C or greater by the total 

number of nuclei. Figure 2.3 shows the ESP, E6P, and %E for each of the nine B73 x 

Mo 17 generations, with the corresponding standard deviation and a representative flow 

cytometric histogram. Student's t-tests comparing the values for ESP, E6P, and %E 

between the parental lines were statistically significant (p<0.01, data not shown). 



Figure 2.3. Endoreduplication phenotypes of nine B73 x Mo 17 

generations. Single endosperms were subjected to flow cytometric 

analysis. Representative histograms were selected for illustration based on 

their approximation of the mean ploidy value of the generation. The X-

axes are the log of the fluorescence intensity and the Y-axes correspond to 

the relative frequency of a given intensity. Means and standard errors 

were calculated from no fewer than 14 kernels. The C value indicates the 



CN O 

B73 

48C 

Mol7 xB73 

E3P= 10.6 ±1.8 
E6P= 14.2 ±1.9 
%E=67.3±6.8 
N = 15 

E3P =7.02 ±1.1 
E6P= 11.9 ±1.3 
%E= 44.5 ±7.0 
N = 14 

Mol7 X F1 

3C 

6C 

1 
E3P=7.6±0.9 
E6P= 12.6 ±1.5 
%E=47.9±5.3 

12C N=15 

I 24C 

Mol7 

E3P= 7.02 ±0.6 
E6P= 11.6 ±0.6 
%E= 46.6 ±5.6 
N=18 

F1 X Mol7 

3C 

E3P = 10.3 ±1.8 
E6P= 14.8 ±1.8 
%E = 61.5±7.1 
N = 16 

48C 

E3P=9.2±0.8 
E6P =13.4 ±1.1 
%E = 59.6 ±6.2 
N = 15 

96C 

B73 X Mol7 

6C 

B73 X F1 

F1 xB73 

E3P= 11.2 ±1.7 
E6P =14.5 ±1.7 
%E= 71.3 ±4.6 
N = 15 

48C 

E3P= 11.5 ±1.8 
E6P= 14.9 ±1.8 
%E= 70.5 ±6.3 
N = 16 

48C 

ESP = 11.7 ±2.2 
^ E6P= 15.1 ±1.9 
24C %E = 70.8±8.6 

N = 15 



Moreover, Student's t-tests were unable to distinguish Fl's from their respective ear 

parent (p>0.05). 

To investigate the mode of inheritance for the three endoreduplication traits, an 

analysis of variance components was performed. Maximum likelihood (ML) was 

employed to estimate the contribution of each of the factors in Table 2.1 to the nine 

generation variances in B73 x Mol7. ML estimates and their corresponding standard 

errors and p values and weighted chi-square values for each model are presented in Table 

2.3. The variance in %E and E6P values were best predicted by a maternal parent of 

origin specific component, Va^m- Variance component analyses of these data yielded 

estimates with a rather poor fit (Table 2.3). The p-values calculated were insufficiently 

small to reject these models (p > 0.05), and the addition of further genetic coefficients did 

not improve the fit. The large chi-square values suggest that these results should be 

interpreted with caution. In all three analyses, the Mo 17 parent was associated with 

lower means and variances (Fig. 2.3), and this aspect of the data inflated the chi-square 

values for all models. A logarithmic scale transformation did not improve the fit of the 

model to the data (not shown). Variances from B73 and Mol7 generations were not 

equivalent for both E3P and E6P data (F-test, p<0.05), suggesting that the two inbred 

lines differed in their sensitivity to the environment. Significant differences were also 

detected between Mo 17 x B73 and either parental line, with the F1 variance being 

significantly greater than Mol7 and less than B73 (F-test, p<0.05). However, our 

experimental design does not allow for an in-depth analysis of genotype by environment 

interactions. Nonetheless, it suggests that the assumption of variance equivalence in two 
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Table 2,3. Variance component analysis of the B73 x Mol7 cross 

Trait Vazm Ve p value 

ESP No significant models detected 

E6P 0.17+/-0.63 1.61**+/-0.34 0.06 14.9 

%E 8.3+/-9.7 29.9**+/-4.7 0.07 14.6 

* significantly greater than zero at p<0.05, ** significant at p<0.01 
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inbred lines is not valid for this cross. The inclusion of a coefficient for the contributions 

of unequal variance by the parentals did improve the fit of the data (not shown). When 

this was done, chi-square values dropped and much of the error variance partitioned into 

the unequal variance term, but neither the coefficients of the genetic model nor the 

significance of Vuzm changed. Given the statistical power of this variance component 

analysis and the rather modest estimates of provided, a much larger sample size 

would be required to identify significant components of the amplitudes described in 

Table 2.3. The failure to reject these models and the inability of a scale transformation to 

improve the fit suggest that the segregation variance in these crosses is simply 

insignificant. 

To further test for the presence of genetic components in the variation of E3P, 

E6P, and %E in B73 x Mo 17, an analysis of mean components was performed. Estimates 

of mean components were made, and the fit of each model was tested by weighted chi-

square (Foolad and Jones, 1992; Lynch and Walsh, 1998). A summary of the results 

describing the inheritance of mean values for endoreduplication traits in B73 x Mo 17 is 

presented in Table 2.4. For all three traits, the data can be accounted for with a single 

maternal additive coefficient. Simultaneous regression of all coefficients resulted in 

significance only for the maternal additive coefficient (not shown). Neither the addition 

of a paternal additive component nor the inclusion of a dominant maternal coefficient 

significantly improved the fit of the data for any of the three traits. For E3P and E6P, the 

significance and size of the maternal additive mean components are inconsistent with 

maternal zygotic effects on the scale detected in the variance component analysis. These 
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Table 2.4. Models describing the inheritance of endosperm ploidy in the B73 x 

Mo 17 generations 

Triploid zygotic Maternal 

Trait^model tested^ Mean at dn dt2 am dm p value 

ESP/varcomp no models suggested 

ESP/sporophytic 9.33 -2.1** 0.98 2.0 

E3P/triploid zygotic 9.3 -2.3* -1.0 1.3 0.93 1.9 

E6P/varcomp 13.5 -1.6** 0.98 2.1 

E6P/triploid zygotic 13.4 -1.7* -0.3 0.9 0.95 1.6 

%E/varcomp 59.5 -11.7** 0.97 2.4 

%E/triploid zygotic 58.9 -11.9* -6.3 8.5 0.88 2.4 

* significantly different from zero at p<0.05, ** significant at p<0.01 

^ varcomp refers to the model defined in the variance component analysis and described 
in the text all other models are explicitly specified in table 2.2 
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results are more consonant with additive sporophytic control of endosperm 

endoreduplication levels in B73 x Mo 17. 

The a priori genetic models for endosperm traits, the triploid models, were also 

tested for fit to the data. No models provided a better fit than that of the maternal 

sporophytic additive model. However, E3P, E6P, and %E can all be explained by the 

standard zygotic model (2m: Ip). If a trait is under zygotic parent-specific control, the 

two dominance coefficients {da and da) are expected to have opposite signs, 

compensating for the predicted additive effect (Table 2.2). Furthermore, if it were 

predominantly under maternal control, one would expect the ai and dtj coefficients to 

have the same sign (Table 2.2). This is the case for all three traits. Reworking the 

zygotic model for diploid zygotic inheritance, a phenomenon known to occur for some 

genes in the endosperm (Alleman and Doctor, 2000) and possible if embryo genes control 

this phenotype in the endosperm, did not improve the fit of the data (data not shown). 

Genetic analysis of endoreduplication in endosperm ofB73x popcorn crosses 

To further address the genetic regulation of endoreduplication in maize 

endosperm, popcorn inbreds Sgl8, Al-6, and Kp58k were crossed with B73, and a 3^ 

design was used, as for the B73 x Mol7 crosses above. In the case of Kp58k and Al-6, 

one of the crosses failed (see Materials and Methods). The nine (or eight) generations for 

each of the three B73 x popcorn crosses were grown in the fall of 1999 field season, and 

endosperms from individual kernels were subjected to flow cytometric analyses at 19-

DAP. As in the previous analysis, the models presented in Tables 2.1 and 2.2 were used 
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to test for E3P, E6P, and %E variance and mean components by ML and weighted least-

squares regression, respectively. 

A set of representative histograms for the B73 x Sgl 8 cross is shown in Figure 

2.4, which presents the mean ESP, E6P, and %E for each of the nine generations with the 

corresponding standard deviations. Student's t-tests between B73 and Sgl8 inbred lines 

were significant for E3P and E6P (p<0.01), but not for %E (p>0.05). Again, as with B73 

X Mo 17, Fl's could not be distinguished from their maternal progenitor (p>0.05). 

The mode of inheritance for each endoreduplication trait was first tested by 

variance component analysis. The results from the ML estimation of variance 

components for all three traits in the B73 x Sgl 8 generations are summarized in Table 

2.5. Variance component analyses of E6P data identified maternal zygotic, Va^m, and 

paternal zygotic, Vop, components as the major genetic contributions to the variance. 

Variance component estimation from E3P and %E data, however, identified a single 

maternal zygotic component. Unlike the case for B73 x Mo 17, Va^m estimates from E3P 

and E6P data were statistically significant. The maternal coefficient is not significantly 

different from zero in the best model to describe the %E variances. As with all three 

traits in B73 x Mo 17, the values of Va^m calculated for the %E data and Vup for E6P are 

rather modest, and an increased sample size is required to detect significant components 

of this size. Together, these data strongly suggest that maternal zygotic effects are 

operating in E3P and E6P data sets in B73 x Sgl8. 

To confirm and extend these analyses of genetic components, an analysis of trait 

means was performed. The different modes of inheritance presented in Table 2.2 were 



Figure 2.4. Endoreduplication phenotypes of nine B73 x Sgl8 

generations. Measurements and histogram selection were carried out as 
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Table 2.5. Variance component analysis of B73 x popcorn crosses 

Popcorn Trait Vap 

Coefficients 

Vazm Ve p value 

Sgl8 ESP 5.5**+/-2.0 2.6**+/-0.37 0.26 10.0 

E6P 1.04+/-1.5 S.7*+/-2.7 1.9**+/-0.51 0.85 4.0 

%E 12.9+/-IS.7 45.0**+/-6.6 0.77 4.9 

Al-6 ESP 2.5**+/-0.50 0.80 3.8 

E6P 2.6+/-1.7 4.4*+/-1.8 2.9**+/-0.70 0.69 3.9 

%E 5.9+/-10.3 56.2**+/-5.5 .20 10.9 

* significantly greater than zero at p<0.05, ** significant at p<0.01 
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tested as described above. Estimated mean components for the three endoreduplication 

traits of B73 x Sgl8 crosses are summarized in Table 2.6. Analyses of ESP, E6P, and 

%E data using the coefficients predicted by the variance component analysis were 

significant. In all three cases, optimal models were produced when the maternal 

dominance coefficient from the maternal sporophytic model was included. All three 

mean components were significant for E6P, but only the maternal additive coefficient 

was significant for E3P. A model for %E mean values consisting of maternal additive 

and dominance coefficients could not be rejected despite the insignificance of either 

genetic coefficient. Additive and dominance maternal and additive paternal components 

were positive in sign for all three traits. Simultaneous regression of all coefficients on the 

data for any of the three traits led to the same model predicted by the variance component 

analysis. The standard triploid zygotic model could not be rejected for any of the three 

traits. However, coefficient signs were consistent with a trait under strong maternal 

zygotic influence for the ESP and E6P data. Thus, Sgl8 alleles increase 

endoreduplication levels via zygotic parent-of-origin and maternal sporophytic effects. 

The variances of ESP, E6P, and %E from B7S x Al-6 were also tested for the 

presence of genetic components. The ESP, E6P, and %E for these crosses are 

summarized in Figure 2.5 along with representative flow cytometric histograms. 

Endoreduplication measures of the parental, Fl, and BCl generations were 

indistinguishable from their ear parent by t-test (p>0.5). Variance components for each 

of the three traits were estimated by ML using the coefficients presented in Table 2.1 and 

are summarized in Table 2.5. Models fitting the variance data for all three traits were 
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Table 2.6. Models describing the inheritance of mean endosperm ploidy traits in the 

B73 X Sgl8 generations 

Triploid zygotic Maternal Paternal 

Trait/model tested' Mean at dti dti am dm ap p value '£• 

E3P/varcomp 11.9 1.2** 2.5 0.91 2.1 

E3P/triploid zygotic 12.5 1.5 3.2 -0.5 0.75 3.4 

E6P/varcomp 16.3 1.0* 2.6* 1.3* 0.94 1.9 

E6P/triploid zygotic 16.6 2.0 4.4 -1.2 0.55 5.0 

%E/varcomp 66.3 2.8 5.4 0.50 6.3 

%E/triploid zygotic 69.2 1.3 1.5 2.6 0.93 1.9 

* significantly different from zero at p<0.05, ** significant at p<0.01 

' varcomp refers to the model defined in the variance component analysis and described 
in the text all other models are explicitly specified in table 2.2 
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Figure 2.5. Endoreduplication phenotypes of eight B73 x Al-6 

generations. Measurements and histogram selection were carried out as 

described in Figure 2.3. Means and standard errors were calculated from no 
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identified. Data from E3P measurements were the best fit to a model consisting of a 

maternal zygotic component, Vazm, while E6P variances were best described by a 

combination of zygotic paternal and maternal effects, Vup and Va^m, respectively. 

Coefficients for maternal effects were significant for E3P and E6P models and were the 

only significant genetic coefficients in the analysis of B73 x A16. Failure to detect 

significance of Vap may be attributable either to a lack of involvement in segregation 

variance or to the statistical power of this test, given the sample size. No genetic models 

contained significant coefficients in the analysis of the %E data. However, a model 

containing a maternal additive component could not be rejected and was the best fit to the 

data. These results strongly suggest that genes expressed from the maternal genome of 

the developing endosperm control EBP and E6P. These data weakly suggest paternal 

effects also play a role in the control of E6P. 

Genetic components for the means of the three endoreduplication traits from B73 

X Al-6 crosses were evaluated as described above, and the regression analyses are 

summarized in Table 2.7. Tests of the mean component models for E3P, E6P, and %E 

suggested by variance component analyses were significant for both E3P and E6P. Only 

the maternal additive coefficient was significant, and the inclusion of maternal 

dominance coefficients decreased the fit of the data. The paternal additive component of 

E6P was not significant, and unlike in the B73 x Sgl8 experiment, was negative. As with 

the B73 X Mo 17 crosses, the triploid zygotic additive and dominance model adequately 

described E3P or E6P (Table 2.4), but the sign of the coefficients is consistent with 

maternal control. Results of the analysis of %E means in this experiment were most 



117 

Table 2.7. Models describing the inheritance of mean endosperm ploidy traits in the 

B73 X Al-6 generations 

Triploid zygotic Maternal Paternal 

Trait/model tested' Mean at dti dt2 dm ap p value 

E3P/varcomp 13.2 1.9** p>0.99 0.54 

E3P/triploid zygotic 12.5 1.5 3.2 -0.5 0.99 0.42 

E6P/varcomp 17.3 2 y** -0.2 p>0.99 0.97 

E6P/triploid zygotic 16.6 2.0 4.4 -1.2 0.98 0.81 

%E/varcomp 70.1 0.5 p>0.99 0.29 

%E/triploid zygotic 69.2 1.3 1.5 2.6 p>0.99 0.15 

* significantly different from zero at p<0.05, ** significant at p<0.01 

^ varcomp refers to the model defined in the variance component analysis and described 
in the text all other models are explicitly specified in Table 2.2 



118 

consistent with no genetic influence, as the low chi-square value has more to do with low 

variation between generations for this trait (Table 2.7 and. Fig. 2.5). Thus, the analyses 

of ESP and E6P data from B73 x A16 strongly implicate zygotic maternal parent-of-

origin specific inheritance. 

Endoreduplication traits in the third popcorn cross, B73 x Kp58k, were subjected 

to the same types of statistical analyses described above. The mean values of ESP, E6P, 

and %E and the flow cytometric histograms for each of the generations are summarized 

in Figure 2.6. Student's t-tests of ESP, E6P, and %E at 19-DAP between parental inbreds 

were not significant (p>0.05) for this cross, despite the apparent differences at later stages 

of development (Fig. 2.1). Neither variance components nor mean components for the 

three endoreduplication measures could be identified from the data collected for these 

crosses (data not shown). We concluded that higher endoreduplication levels at 19-DAP 

is not a general feature of popcorn germplasm. 

Pleiotropy in the genetic control of endoreduplication traits 

To assess the degree to which common genetic factors influence the three 

measurements of endoreduplication, an analysis of the components of covariance 

between them was done. A high phenotypic correlation between each of these traits was 

detected in all inbreds (data not shown). However, not all generations showed positive 

phenotypic correlation. To minimize reporting spurious associations, covariance 

component analyses were attempted only for crosses in which significant variance 

components were identified. 
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Figure 2.6, Flow cytometric phenotypes of eight B73 x Kp58k 

generations. Measurements and histogram selection were carried out as 

described in Figure 2.3, except that means and standard errors are from no 
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Genetic components of the covariance were estimated by ML with the same coefficients 

used for variance component estimation (Table 2.1), and these are presented in Table 2.8. 

Of all the trait combinations in both crosses, only the analysis of ESP and E6P covariance 

in B73 X Al-6 produced a significant model. Shared zygotic maternal regulation was 

predicted in this analysis. The covariance between ESP and %E data displayed positive 

phenotypic correlation and coefficients of the covariance could be estimated, but they 

failed to fit the data (p<0.01; data not shown). Estimation of the components of the 

covariance for E6P and %E was unsuccessful due to a failure of the genetic models to fit 

the data, as above. 

Selection for high endoreduplication individuals and experimental validation of 

heritahility 

One value of finding genetic variation in endoreduplication is that it allows the 

identification of kernel traits influenced by this process. Thus, we sought to introgress 

genes for high endoreduplication from Sgl8 into B7S by a recurrent backcross procedure. 

For these crosses, pollen from B7S was used to fertilize B73 x SglS F1 ears and generate 

BCl kernels. Ears were harvested at 19-DAP and, surface sterilized and the embryo and 

endosperm were dissected from individual kernels. Embryos were placed in germination 

medium while the corresponding endosperm was used for flow cytometric analysis. We 

processed 86 BCl kernels by this method. Subsequently, ears from 11 BCl plants were 

fertilized with B7S pollen to generate BC2 kernels. Table 2.9 is a summary of the 

endoreduplication data collected from the BCl and BC2 endosperms. 
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Table 2.8. Covariance component analysis of B73 x popcorn crosses 

Popcorn Trait 

Coefficients 

CoVazm CoVap CoVe p value 

Sgl8 E3P/E6P no significant models detected 

E3P/%E no significant models detected 

E6P/%E no significant models detected 

Al-6 E3P/E6P 3.7**+/-1.4 2.2**+/-0.5 0.52 6.13 

E3P/%E no significant models detected 

E6P%E no significant models detected 

* significantly different than zero at p<0.05, ** significant at p<0.01 
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Table 2.9. B73 x Sgl8 BCl and mean BC2 values for endosperm endoreduplication 

traits 

Plant Family BCl trait Mean BC2 trait +/-S.D. 

size 

E3P E6P %E E3P E6P %E 

15 

18 

45 23.6 29.2 76.2 17.8+/-3.7 21.2+/-3.0 80.4+/-8.8 

19 21.1 25.0 82.1 18.2+/-3.2 22.1 +/-3.0 79.4+/-7.1 

24 18 10.4 16.2 55.8 11.2+/-1.1 15.9+/-1.3 63.9+/-5.0 

26 20 16.3 20.8 74.5 17.7+/-2.7 21.6+/-3.1 79.3 +/-4.6 

59 20 16.7 22.4 70.6 19.2+/-2.9 223+1-2.1 83.8+/-6.0 

67 18 16.3 22.4 68.5 14.4+/-1.8 18.0+/-1.4 75.7+/-6.0 

73 9 11.8 16.5 65.3 12.5 +/-2.0 17.2+/-1.6 66.1 +1-1.2 

11 25 16.3 21.5 72.0 15.4+/-2.3 19.0+/-2.5 11.2>+1-3.1 

79 15 16.0 21.1 71.8 15.4+/-1.8 19.1 +/-1.8 76.9+/-4.7 

82 20 17.4 25.4 58.8 16.5 +/-2.7 20.3 +/-3.1 77.5 +/-4.6 

83 23 9.0 16.6 44.3 15.2+/-2.0 20.7+/-1.5 68.4+/-7.4 
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Regression analysis was used to determine if the endoreduplication characteristics 

of BCl endosperms were accurate predictors of BC2 endoreduplication traits. The slope 

of the regression lines from these analyses are proportional to the narrow-sense 

heritability values (Falconer and Mackay, 1996). However the relationship between the 

slope and the heritability is dependent on the mode of inheritance and crossing design 

(see Materials and Methods). The correlation, slope, and corresponding p values and 

standard errors calculated from these data are presented in Table 2.10, along with the 

heritability expected in such backcross progeny based on the variance components 

presented in Table 2.5. Heritabilities calculated for maternal zygotic inheritance from the 

backcross progeny data are well within the standard errors of those calculated for the 3^ 

experiment. A high phenotypic correlation was observed for all three variables between 

the BCl and BC2 generations. However, attempts to calculate the genetic correlation 

were unsuccessful and resulted in estimates greater than one (data not shown). This is 

expected for samples of this size (Lynch and Walsh, 1998), and may be exacerbated by 

the shared environment within ears. 

Discussion 

Two previous studies implicated maternal effects in the control of 

endoreduplication in maize endosperm. A difference in the mean ploidy (ESP) of nuclei 

in the central endosperm of Illinois High Protein and Illinois Low Protein maize was 

observed following Feulgen staining (Cavallini et al., 1995). When the ESP values were 

compared in reciprocal crosses, the F1 progeny were indistinguishable from the maternal 

parent. However, we found it difficult to determine how mean ploidies were reliably 



Table 2.10. Heritability of endosperm endoreduplication traits in B73 x Sgl8 

Offspring-parent 3 design 

Trait Slope Std.E p value h ^zm 

ESP 0.409 0.13 0.014 0.579 

E6P 0.300 0.14 0.064 0.557 

%E 0.412 0.14 0.018 0.222 



126 

calculated on the basis of the data presented in the histograms (Cavallini et al, 1995; Fig 

1). In another study, flow cytometry was used to evaluate endoreduplication in a variety 

of maize inbreds and their reciprocal crosses, F2, and F3 generations (Kowles et al., 

1997). In this case, differences were observed in flow cytometric histogram peak 

asjonmetry from endosperms of different inbred backgrounds. These peak asymmetries 

appeared more like the maternal than the paternal parent in 86% of the crosses analyzed, 

suggesting maternal control of this phenotype. When the variance of endosperm ESP 

values was compared between generations, the parental, Fl, and F2 generations had 

similar variance, while the variance of the F3 generation was four-fold higher. The 

authors discussed the results of crosses in which maternal or paternal control of 

endosperm mean ploidy were observed, but the data were not presented (Kowles et al., 

1997). The statistical method employed was an F-test for variance equivalence between 

the variances of generations, rather than the test of a genetic model. In both the Cavallini 

et al. (1995) and Kowles et al (1997) studies, the crossing design of the experiments did 

not permit a thorough analysis of the inheritance of endoreduplication traits. 

In this study, we set out to measure the genetic contribution to variation in 

endoreduplication between maize genotypes. Our approach differed from previously 

described studies of endoreduplication in several ways. First, we labeled nuclei with a 

more DNA-specific fluorochrome, and we did not fix tissue samples prior to nuclear 

isolation and analysis. This might explain why we did not observe genotype-dependent 

peak shapes in flow cytometric histograms (Kowles et al., 1997). Rather, our flow 

cytometric data showed a normal distribution of fluorescence intensity around peak 
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means in all genotypes. Second, we did not attempt to measure endoreduplication in 

selected regions of the kernel. Perhaps this is why we did not observe dramatic 

differences in E3P values between normal and o2 endosperms in the B37, B73, Oh545, 

Va99, or W64A inbreds (data not shown), as was observed by microphotometry of the 

central endosperm cells (Kowles and Phillips, 1985). Third, three traits were calculated 

from each flow cytometric histogram to more accurately describe endoreduplication. 

Despite the differences between our data and those previously reported, measurements of 

EBP in dent inbreds by flow cytometry were similar (Kowles et al., 1990; Schweizer et 

al., 1995; Kowles et al., 1997). 

The three endoreduplication traits (EBP, E6P, and %E) calculated from the flow 

cytometric data address different aspects of endoreduplication. Previous studies typically 

reported the mean ploidy (EBP) of the endosperm, which is a combined measure of the 

frequency of endoreduplicated cells in a population of cells and the average number of 

DNA re-replication cycles in these cells. We propose that the mechanisms for initiation 

and reiteration of the endoreduplication cell cycle need not share the same regulatory 

components. Indeed, when a covariance component analysis was performed on E6P and 

%E data, no significant relationship was detected (Table 2.8). The mean ploidy of nuclei 

greater than B C, the E6P value, is perhaps the most accurate single estimate of the 

number of rovinds of DNA re-replication. Although 6 C nuclei are tj^ically considered in 

G2, we included 6 C nuclei in our calculations of %E and E6P. Previous observations of 

a negligible mitotic index by 14-DAP (Kowles and Phillips, 1985) suggest that the vast 

majority of 19-DAP 6 C nuclei are not poised to divide. 
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We observed differences in endoreduplication between inbred lines as early as 13-

DAP, and routine flow cytometric analysis of nuclei from single endosperms was 

possible between 13- and 19-DAP (Figs. 2.2-2.6). In some cases, we were able to assay 

endoreduplication at later stages of development, and the results suggested this process 

continues beyond 19-DAP (cf Fig. 2.1 and Figs. 2.2-2.6). The interpretation of data 

regarding ploidy level after 20-DAP is complicated by the fact that cells in the central 

starchy endosperm begin to undergo cell death at this time (Young et al., 1997; Young 

and Gallie, 2000). We do not know the relationship between endoreduplication traits at 

19-DAP and the final levels of endoreduplication. There is also no clear relationship 

between endoreduplication at 19-DAP and mature kernel phenotypes, such as starch and 

protein content. However, we selected 19-DAP as the best developmental stage for 

large-scale analyses of endoreduplication, because, among the possible stages for 

measurement, it should be closest to the final level of endoreduplication. 

Modes of inheritance 

In this study, we attempted to partition maternal genetic contributions into 

sporophytic and gametophytic components via quantitative genetics. A number of 

published plant genetic studies have utilized maternal genetic components without 

considering zygotic parent-of-origin-specific effects. Up to this point, most studies of 

zygotic parent-of-origin-specific inheritance relied on embryo lethal phenotypes or 

molecular markers (e.g., differential mRNA accumulation or DNA methylation). 

Quantitative genetic experiments, such as the one described in this work, allow for the 

detection of zygotic parent-of-origin inheritance, if such a mechanism is operating on the 
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measured trait. This could benefit the study of gametophyte-regulated events and 

parental imprinting during seed development. The study of non-lethal phenotypes 

affected by uni-parental gene expression may be more informative about the traits 

influencing seed development, and under selection, in the natural and cultivated history 

of maize (see below). 

The analyses presented here strongly suggest maternal genetic control of 

endoreduplication in maize endosperm as a general phenomenon. Robust results were 

obtained for maternal influence on endoreduplication levels in the B73 x Mo 17, B73 x 

Sgl8 and B73 x Al-6 crosses (Tables 2.3-2.7). Variance component analyses did not 

detect any significant genetic components for B73 x Mo 17, a result consistent with 

sporophytic or cytoplasmic inheritance of endoreduplication traits. Comparison of 

variances from parental and F1 generations by F-tests demonstrated significant 

differences. Theoretically, the variances of these four generations should be equivalent 

and reflect the deviation in measurements caused by error and the environment. The 

simplest explanation for these results is a differential sensitivity to the environment for 

these two genotypes. While an intriguing suggestion, the design of our experiments did 

not allow for a more thorough examination of genotype by environment interactions for 

this cross. Nonetheless, the failure to detect segregational or "break-ouf variance in the 

F2 and BCl generations is unlikely to be due to a masking effect by the genotype by 

environment interaction effect. Mean component analyses in this cross of the three 

endoreduplication traits detected additive maternal effects (Table 2.4) and t-tests between 

generations were consistent with maternal control. These results suggest that the genes 
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affecting variation in EBP, E6P, and %E traits in B73 x Mo 17 are expressed from the ear 

parent. As B73 and Mol7 are midwestern dent-type inbreds, these results are consistent 

with previous conclusions about maternal sporophytic control made by Kowles and 

colleagues (1997) from crosses between multiple midwestern dent varieties. However, 

our crossing design is not optimal for the detection of cytoplasmic influence and 

cytoplasmic effects may be important maternal components influencing 

endoreduplication trait mean values. In contrast to these results, significant genetic 

components of the variance were detected in both B73 x Al-6 and B73 x Sgl8 crosses. 

In both crosses, maternal zygotic components were significant in models describing E3P 

and E6P variances (Table 2.5). Mean component analyses detected significant maternal 

additive effects, consistent with zygotic maternal effects (Tables 2.6 and 2.7). In the 

popcorn analyses, additional maternal sporophytic effects cannot be ruled out, and 

sporophytic maternal effects may influence the magnitude of the maternal additive mean 

components. In the B73 x Sgl8 mean component analyses, the addition of a maternal 

dominance coefficient, which is specific to maternal sporophytic inheritance, improved 

the fit of the mean component model to the data, but was significant only for E6P data. 

Despite the narrow germplasm base of popcorns (Senior et al., 1998), no one 

model of inheritance was able to explain the variation in endoreduplication between 

popcorns and B73 (Tables 2.5-2.7). Indeed, there was no detectable genetic variability 

between Kp58k and B73 at 19-DAP for any of the traits analyzed. Additionally, the 

inclusion of a paternal zygotic component improved the fit for E6P data for the B73 x 

Sgl 8 and B7s x Al -6 experiments. The paternal additive coefficient was not significant 
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in the variance component analyses but was in the mean component analysis of B73 x 

Sgl8 (Tables 2.5 and 2.6). As noted previously, it is impossible to distinguish between a 

maternal and paternal zygotic model, and a maternal zygotic and diploid additive model 

in this crossing design. An experiment in which individual loci, and not the mass action 

of multiple independent loci, are taken into account (e.g., QTL mapping) is one method 

to distinguish between maternal effects with paternal parent-of-origin or additive diploid 

effects in these crosses. 

The presence of additive zygotic genetic effects influencing endoreduplication 

traits was partially confirmed by offspring-parent regression in B73 x Sgl8. Significant 

regressions were returned for both E3P and %E, but not E6P (Table 2.10). Design of the 

offspring-parent experiment excluded paternally expressed genes, which were detected 

•y 

for E6P. The relationship of the slope of the regression line ( b )  to the heritability ( h  ) in 

this experiment is difficult to judge. If zygotic maternal expression is the only mode of 

•y 

inheritance, then the slope and the h value are the same. However, if multiple modes are 

operating simultaneously, the relationship between the two numbers must be arrived at 

experimentally. Moreover, if any genes influence both sporophytic and zygotic maternal 

effects, our estimate of h^ will be upwardly biased. 

Conclusions regarding the %E values for the crosses analyzed in this study are the 

most problematic. Mo 17, which has a relatively larger kernel and less endoreduplication 

than B73, was the only inbred in which Student's t-tests on %E values were significantly 

different fi-om those of B73. One possible explanation for this is that a delay in the onset 

of endoreduplication in B73 x Mo 17, with no change in endocycle rate, was measured at 
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19-DAP. The %E of inbreds Al-6 and Sgl8, which have smaller kernels and greater 

levels of endoreduplication than B73, were not different from B73 at 19-DAP by t-test, 

nor were any significant genetic components detected. If cell ploidy and size are 

correlated, this suggests that cell number is dramatically reduced in these popcorns as 

compared to Mo 17, B73, and Kp58k. Unlike the other two traits, the Ve components of 

the %E variance component analyses were by far the largest, suggesting that the majority 

of the variation in %E cannot be accounted for in this experimental design. In contrast, 

the estimate of h^ obtained in the offspring-parent regression analysis of B73 x Sgl 8 was 

the highest of the three traits (Table 2.10). 

The results of this study neither demonstrate nor detract from the hypothesis that 

the phase-change from a mitotic to an endoreduplication cell cycle and the iteration of 

endoreduplication cycles up to 19-DAP share regulatory genetic mechanisms. In all 

crosses, the %E and E6P measurements of parental inbreds showed positive correlation 

(data not shown). The co-linearity of %E and E6P in inbred lines suggests environmental 

variation might similarly influence both traits. However, of the four trait/cross 

combinations with significant genetic variance components, only the covariance of one 

combination was described by a significant model (Table 2.8). Additionally, covariance 

analysis was not possible by offspring-parent regression. Non-genetic maternal co-

regulation of these traits, causing sibling co-variance, is a reasonable explanation for the 

failures of both of these tests, given that multiple kernels were sampled from fewer ears. 

Thus, these covariance analyses are inconclusive and suggest that while E3P, E6P, and 



133 

%E are correlated characters, the nature of their relationships and the presence or absence 

of genetic and environmental co-regulation remain uncertain. 

Relationship between endoreduplication and kernel growth 

The detection of zygotic maternal control of endoreduplication could be the result 

of either gametophytically expressed genes exerting an effect on endosperm 

development, or imprinting of genes expressed in the developing endosperm. None of 

the results obtained from this study are able to distinguish between these two 

mechanisms; however, previous data suggest that phenomena linked to genetic 

imprinting are operating in maize endosperm and are related to endoreduplication. 

Interploidy crosses in which a paternal excess is delivered to the endosperm produce a 

normal phenotype until the endoreduplication phase of development. Defects in 

endosperm cell differentiation and storage product accumulation then become evident 

(Charlton et al., 1995). The popcorn inbreds Sgl8 and Al-6, but not the lesser 

endoreduplicated Kp58k, are highly fecund ear parents for maize x Tripsacum 

dactyloides crosses (Kindiger and Beckett, 1992). If the presence and dosage of 

imprinted factors explains endosperm-based fertility barriers in Angiosperms (Birchler, 

1993), then increased fecundity and endoreduplication can be explained by an alteration 

in the effective dose of parent-of-origin effect genes. Most models for the establishment 

and maintenance of genetic imprinting postulate that it is a mechanism to alter the 

effective dose of genes affecting fitness (Hurst and McVean, 1998). As imprinting is a 

stable evolutionary strategy, traits displaying this property need not currently contribute 

to fitness or be under selection. Thus, endoreduplication could have been selected before 
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or after the domestication of maize. Indeed, teosinte endosperm undergoes 

endoreduplication (Dilkes unpublished results). 

Endosperm has a well- established role in providing nutrition to the developing 

embryo and seedling. If early endoreduplication in this tissue serves to fix endosperm 

cell number, this process could influence resource management. Consonant with this 

possibility, the alleles responsible for an increase in endoreduplication (by 19 DAP) were 

acquired from the parent with the smaller kernel (Tables 2.4, 2.6, and 2.7). Likewise, if 

the number of chromatids possessing a copy of a gene, and not the number of cells 

possessing the gene, determines expression level, iterations of endoreduplication might 

be expected to increase metabolic output. Indeed, endoreduplication in maize endosperm 

is associated with an increase in chromosomal HMG proteins, which are thought to 

influence activation of storage protein gene transcription (Zhao and Grafi, 2000). In this 

light, it is interesting that paternal effects were estimable for E6P but not for the other 

traits. 



135 

CHAPTER 3 

REPA EXPRESSION IS SUFFICIENT FOR PLANT CELL CYCLE 

ACTIVATION AND RECURRENT S-PHASES, BUT ALTERS GENE 

EXPRESSION AND NOT ENDOREDUPLICATION IN MAIZE 

ENDOSPERM 

Introduction 

Endoreduplication, reiterated rounds of DNA synthesis without mitosis, is a 

widespread phenomenon in Angiosperms, where it affects an estimated 90% of extant 

taxa (D'Amato, 1984). This novel cell cycle is frequently associated with rapidly 

growing, highly determined tissues, such as the endosperm, cotyledons, and suspensor of 

developing seeds (D'Amato, 1984). In maize endosperm, cells cease mitosis and begin 

cycles of endoreduplication around nine days after pollination (DAP), concomitant with a 

transition in gene expression, especially those genes encoding storage proteins and starch 

biosynthetic enzymes. These changes in gene expression are dramatic, and the levels of 

specific mRNA transcripts can be extremely high (Marks et al., 1985; Song et al., 2001; 

Woo et al., 2001; Hunter et al., 2002). For example, 22-kDa a-zein mRNAs (Song et al., 

2001) are not detectable early in endosperm development (before 9-DAP), but single 

genes can account for 2.5-5% of total transcripts by 18-DAP (Marks et al., 1985; Woo et 

al., 2001; Hunter et al., 2002). It is possible this high level of gene expression is directly 

related to the process of endoreduplication. 
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The switch from a mitotic to an endoreduplication cell cycle in maize endosperm 

is temporally associated with the loss of mitotic cyclins, activation of S-phase CDK, an 

increase in cyclin-dependent kinase inhibitor activity, and phosphorylation of the maize 

retinoblastoma-related proteins (RRBs) (Grafi and Larkins, 1995; Grafi et al., 1996). 

However, the mechanism by which this modulation of CDK activity creates the 

endoreduplication cell cycle is poorly understood (Larkins et al., 2001), and the potential 

role of RRBs in the endoreduplication of maize endosperm has not been thoroughly 

investigated. 

Studies in other eukaryotes have shown that RRBs' effects on gene expression are 

complex, but typically the protein is a repressor (Markey et al., 2002). This activity is 

mediated by RRB's association with multi-protein complexes containing modulators of 

chromatin architecture, including the Snf2-type DNA helicases (e.g. Brgl and hBrm), 

DNA and histone methyltransferases, and histone deacetylases (Brehm et al., 1998; 

Ferreira et al., 1998; Luo et al., 1998; Magnaghi-Jaulin et al., 1998; Nielsen et al., 2001). 

These associations are necessary for RRB function, as helicase knockouts fail to undergo 

cell cycle arrest when RRBs are ectopically expressed (Dunaief et al., 1994; Strobeck et 

al., 2000; Strobeck et al., 2002). In addition, RRBs affect non-cell cycle-regulated gene 

expression and promote cellular differentiation independent of their cell cycle effects (Lu 

and Horvitz, 1998; Sellers et al., 1998; Hsieh et al., 1999; Charles et al., 2001). 

RRB repression of cell cycle-regulated gene expression is alleviated through the 

action of a number of proteins. In the standard cell cycle, RRB is inactivated via 

phosphorylation by cyclin-dependant kinases (Harbour et al., 1999; Zhang et al., 2000). 
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As a consequence, transcription factors such as E2F activate repressed promoters by 

reversing the chromatin modifications effected by RRB and recruiting RNA polymerase. 

In plants, over-expression of RRB-interacting cyclin-D shortens the duration of the cell 

cycle and can lead to cytokinin-independent growth of cultured cells and organ 

hypertrophy (Doemer et al., 1996; Riou-Khamlichi et al, 1999; Cockcroft et al., 2000). 

Likewise, ectopic co-expression of E2F and its partner, Dpi, leads to increased cell 

division, presumably by bypassing the need for RRB inactivation (De Veylder et al., 

2002; Rossignol et al., 2002). 

In animal cells, RRBs regulate more cellular phenomena than just the mitotic cell 

cycle (Lu and Horvitz, 1998; Sellers et al., 1998; Hsieh et al., 1999; Charles et al., 2001). 

In C. elegans, for instance, RRB is required for the repression of tandem repeat gene 

arrays and is crucial for vulval development (Lu and Horvitz, 1998; Hsieh et al., 1999). 

In cultured mammalian cells, RRB inhibition by genetic ablation or expression of a viral 

LxCxE-containing protein, together with the constitutive expression of cyclin-dependent 

kinase inhibitors, are sufficient to induce recurrent S-phases without intervening mitoses, 

i.e. endoreduplication (Niculescu et al., 1998). RRBs are also important for the 

regulation of non-cell cycle genes. 

By analogy to animal systems, plant RRBs may function as regulators of 

endoreduplication. If phosphorylation of RRB in maize endosperm is important for S-

phase progression (Grafi et al., 1996), then RRB should be inactivated during 

endoreduplication. Furthermore, if RRBs modulate gene expression in a 

phosphorylation-independent manner, as seen for some differentiation-associated 



functions of RRBs in animals (Harbour et al., 1999; Zhang et al., 2000; Hansen et al., 

2001; Pradhan and Kim, 2002), their regulation could alter endosperm development and 

maturation. 

In this study we sought to influence endoreduplication in maize endosperm by 

altering the RRB pathway with the wheat dwarf virus (WDV) RepA protein. WDV is a 

monopartite geminivirus (Mastrevirus) (Hanley-Bowdoin et al., 2000). The RNA 

generated from its complementary strand is alternatively spliced to encode two proteins, 

Rep and RepA (Wright et al., 1997; Palmer and Rybicki, 1998; Gutierrez, 2000). RepA 

binds the long inverted repeat (LIR) promoter of WDV and is hypothesized to play a role 

in regulating viral gene transcription (Collin et al., 1996). Unlike Rep, RepA is 

dispensable for viral replication (Collin et al., 1996); however, RepA expression is 

sufficient to overcome a block in viral replication imposed by ectopic RRB expression 

(Xie et al., 1996) and is required for high levels of viral repHcation (Schalk et al., 1989). 

During viral infection of mammalian cells, activation of S-phase genes and DNA 

synthesis are regulated by the expression of proteins containing the RRB-interacting 

motif, LxCxE (Moran, 1988; Chellappan et al., 1992; Ben-Israel and Kleinberger, 2002). 

Both the Rep and RepA proteins contain an LxCxE, but only RepA binds plant RRB 

proteins with high affinity (Horvath et al., 1998; Liu et al., 1999; Missich et al., 2000). 

Analogous to the expression of RRB-interacting viral proteins in animals (Moran, 1988; 

Chellappan et al., 1992; Ben-Israel and Kleinberger, 2002), RepA expression enhances 

transformation rate and growth in transgenic maize callus (Gordon-Kamm et al., 2002). 
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We hypothesized that if RRB is acting to enforce G1 in endoreduplicating maize 

endosperm, then ectopic expression of RepA during the period of endoreduplication 

would stimulate S-phase, leading to higher ploidy levels. However, we found differential 

effects of RepA expression on endoreduplication in cultured somatic and differentiated 

starchy endosperm cells. Transient expression of RepA in tobacco BY-2 cells lead to 

greater cell division within 24h, and this stimulation of the cell cycle could be opposed by 

ZmRbl expression. This demonstrated cell cycle effects for both of these proteins. Flow 

cytometric analysis of transgenic maize calli stably expressing RepA showed that the 

protein is sufficient to induce endoreduplication. However, endosperm cells expressing 

RepA revealed no evidence of increased endopolyploidy by 18-DAP. Starchy endosperm 

cells expressing RepA manifested alterations in protein synthesis by 18-DAP that 

affected starch and storage protein accumulation, as well as proteins regulating 

maturation. At maturity, the phenotype of these kernels was abnormal, exhibiting an 

opaque, wrinkled appearance. Based on affinity chromatography experiments, proteins 

associated with RepA were found to reside in the nucleus and at least one of them 

belongs to the high mobility group (Hmg) protein family. 

Results 

RepA promotes, and ZmRBl inhibits, cell division in tobacco BY-2 cells 

A transfection-based assay for cell cycle stimulation and repression was generated 

using mitotically active tobacco BY-2 cell cultures. Particle bombardment was used to 

co-deliver a 35S:GFP construct and putative cell cycle regulatory genes. After 24h, GFP-
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expressing foci were counted and scored as consisting of divided or single cells. When 

mitotically active cultures (4d post-subculture) were bombarded with 35S;GFP alone, 

42% of the fluorescent foci consisted of divided pairs (Table 3.1). Simultaneous delivery 

of 35S:RepA increased the proportion of divided pairs to 60%, and this increase was 

significant by Student's t-Test (p<0.01), demonstrating that 35S:RepA can stimulate the 

cell cycle in actively dividing cells. 

If BY-2 cells are not subcultured continuously, they enter a stationary phase after 

approximately 7d in culture. This is characterized by, no further growth, a low mitotic 

index, and a halt of the cell cycle in GO/Gl (Nagata et al., 1992; Planchais et al., 1997). 

Bombardments of 7 and 14d-old cell cultures with 35S:RepA resulted in significantly 

fewer divided pairs than 4d-old cultures (t-test, p<0.01). However co-bombardment of 

these cultures with 35S:RepA and 35S:GFP resulted in a significant increase of divided 

cells (p<0.01) and a greater-fold increase in the number of divided cells than that seen in 

4d subcultures (Table 3.1). This suggests that 35S:RepA is able to overcome the GO/Gl 

block imposed on aging cell cultures. 
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Table 3.1. RepA-stimulates cell division in BY-2 cells. 

Culture age Treatment %Divided (+/-SD) n Sig. 

4d Control 42.0 (5.8) 307 

35S:RepA 59.8(12.1) 326 ** 

7d Control 25.3 (5.8) 529 

35S:RepA 50.4 (6.8) 569 ** 

14d Control 19.9 (0.5) 450 

35S:RepA 35.2 (5.3) 553 ** 

Significant difference (Sig.) determined by t-Test with denoting 
p values <0.01. All cells, control and 35S:RepA treatments, were 
bombarded with 35S:GFP. 
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RepA is hypothesized to act on the plant cell cycle via the disruption of the RRB 

cell cycle inhibitor family. However, plant RRB proteins are purported to have cell cycle 

effects based solely on sequence similarity to animal cell cycle regulatory proteins. To 

test both these hypothesis co-bombardments were carried out with SSSiZmRbl^'^^"^®^, 

encoding the A and B pocket and C-terminus of ZmRbl, and a mutant thereof which 

l a c k s  t h e  a b i l i t y  t o  b i n d  L x C x E - c o n t a i n i n g  p r o t e i n s ,  Z m R b l B o m b a r d m e n t s  o f  4 d  

old cultures with 35S:GFP or 35S:GFP and 35S:RepA returned similar results to those 

obtained in Table 3.1 (compare Tables 3.1 and 3.2). Co-delivery of 35S:GFP and 

35S:ZmRbl, but not the point mutant 35S:ZmRbl'^'°®*^, significantly inhibited the 

number of divided cells (p<0.01). Consistent with RepA and ZmRbl acting on the same 

pathway, co-delivery of 35S:RepA and 35:ZmRbl^'^''^^^ had no effect on the rate of cell 

division, relative to controls. As with the treatment of cells with ZmRbl^^''^^ alone, co-

delivery of 35S:RepA and 35S:ZmRbl'^^''^'^was indistinguishable from 35S:RepA 

treatments, further demonstrating the inability of this mutant to inhibit cell cycle 

progression. Thus RepA overcomes Gl/GO blocks on the cell cycle and opposes 

ZmRbl cell cycle inhibition consistent with the hypothesis that RepA stimulates 

and RRB inhibits entry into S-phase. 

Expression of RepA in maize callus induces endoreduplication 

Transgenic maize calli were generated with two different constructs for the 

ectopic expression of RepA, one using the maize ubiquitin promoter and first intron 

(Ubi), and the other using the Agrobacterium tumefaciens nopaline synthase (Nos) 

promoter (Gordon-Kamm et al., 2002). All bombardments included a plasmid containing 
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Table 3.2, ZmRbl opposes RepA in BY-2 cells. 

Treatment % Divided (+/- SD) n Sig. 

Control 37.6 (2.8) 1009 

35S:ZmRbl^^^"^^^ 15.9 (3.7) 252 ** 

35S:ZmRbl^^"^° 37.7 (4.8) 372 n.s. 

35S:RepA 54.3 (9.9) 408 ** 

35S:ZmRbl^^^-^®^ 35S:RepA 37.5 (0.2) 304 n.s. 

35S:ZmRbl^^''^° 35S:RepA 59.6 (5.6) 339 ** 

Significant difference (Sig.) determined by t-Test with '**' and n.s. denoting p values 
of < 0.01, and > 0.05, respectively. All cells, control and all treatments, were 
bombarded with 35S:GFP. 
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a 35S:BAR cassette for selection of transformants on BASTA or Bialaphos-containing 

medium. After four weeks of subculturing, herbicide resistant calli recovered from 

experiments with and without Rep A expression cassettes were subjected to flow 

cytometric analysis for nuclear DNA content and immunoblot analysis for RepA protein 

accumulation. Examples of flow cytometric histograms and immunoblots are illustrated 

in Figure 3.1. Multiple calli representing independent embryos and transformation events 

for expression cassettes and controls were assayed. Nuclei from herbicide resistant 

controls had either 2C or 4C DNA content and displayed a flow cytometric phenotype 

typical of embryogenic calli (Fig. 3.1, and data not shown). Herbicide resistant calli from 

Ubi:RepA or Nos:RepA treatments had one of two phenotypes. A few calli displayed a 

phenotype reminiscent of controls, with a similar ploidy distribution (Fig. 3.1, c.f. control 

and UbiiRepA*). The majority of Ubi:RepA and Nos;RepA- treated calli exhibited a 

mean ploidy level higher than the control, including the presence of 8C nuclei. 

Immunoblot analyses of proteins extracted from calli revealed that the absence of RepA 

protein from Ubi:RepA and Nos:RepA treated calli correlated with the control cytometric 

phenotype (e.g. UbiRepA*). Herbicide-resistant calli from UbiiRepA and Nos:RepA 

treatments with 8C nuclei accumulated RepA protein, whereas herbicide resistant calli 

lacking the 8C peak, despite bombardment with the RepA construct, contained no or 

undetectable levels of RepA. Thus, it appears that in mitotic maize calli, the RepA 

protein was sufficient to induce endoreduplication. 
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Figure 3.1. Flow cj^ometric histograms of maize calli 

ectopically expressing the RepA gene. A. Histograms showing 

relative fluorescence intensity of DAPI-stained nuclei from maize 

calli following transformation with Nos:RepA, Ubi;RepA or control 

transgenes; the C-value indicates the number of genome copies. B. 

Immunoblot analysis of protein extracts from the same calli as in 

panel A showing RepA protein accumulation. The asterix in A and 

B mark a RepA-negative sample from the Ubi:RepA treatment. 
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Expression of RepA in maize endosperm does not alter the level of 
endoreduplication by 18 DAP 

The observation of endoreduplication in maize calli expressing RepA suggested 

that this protein might increase endoreduplication in endosperm tissue. To test this 

hypothesis, transgenic maize plants were created in which RepA expression was directed 

by the endosperm-specific rice GluBl promoter and maize 27-kDa y-zein terminator 

(Coleman et al., 1997; Russell and Fromm, 1997). This promoter directs endosperm-

specific gene expression beginning around 10-DAP, coincident with the on-set of 

endoreduplication (Russell and Fromm, 1997). Developing embryos were bombarded 

with GluBl ;RepA, along with a BAR cassette, and selected on bialaphos-containing 

media. Seven herbicide resistant plants (TO generation) were regenerated from 

independent transformation events and crossed with pollen from the B73 inbred to 

generate T1 individuals. DNA was isolated from the leaves of TO and T1 plants, and the 

presence of the GluBl :RepA transgene was analyzed by PGR and DNA blot 

hybridization. PGR with primers complementary to the GluBl ;RepA transgene produced 

a DNA fragment of the predicted size (800 bp) in four of the seven herbicide resistant 

lines, which were designated 11, 14, 26, and 28. No bands of this size were seen in 

reactions with DNA from control (BAR only) or untransformed plants (data not shown). 

Integration of the RepA gene into the maize genome was confirmed by DNA blot 

hybridization (Fig. 3.2), which demonstrated a different number of coding sequences in 

the four transformants. When nuclei from leaf tissue of these plants were analyzed by 
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Hill 11 14 26 
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Figure 3.2. DNA blot analysis of Glubl :Rep A transgenic plants. 
Genomic DNA was digested W\ih.NcoI, separated by 0.8% agarose gel 
electrophoresis, and hybridized with a 32P -labeled Rep A probe. Lanes 
contain DNA from wild-type Hi II and GluBl :RepA transformants 11, 
14, and 26. The molecular weight of size markers is indicated on the 
right. 
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flow cytometry, transformant 28 was found to be a tetraploid, and it was excluded from 

further analyses. 

T2 kernels obtained after fertilization of B73 ears with pollen from hemizygous 

T1 plants were harvested at 18-DAP and analyzed by flow cytometry. Remaining 

extracts, unused in the flow-cytometric analysis, were processed for immunoblotting with 

anti-RepA antiserum. Endosperm-derived protein extracts from ears segregating for 

events 14 and 26 tested positive for RepA (Fig. 3.3B) at a ratio of approximately 1:1 

WtiRepA"^ (chi-squared p>0.05), as expected for a single integration locus. Endosperms 

from transgenic line 11 did not accumulate sufficient RepA to allow detection by this 

method (data not shown), but the transgene was expressed and segregated approximately 

1:1 (chi-squared p>0.05; see below). The C-value of individual endosperms was 

calculated from the flow cytometric histograms, and the mean ploidy of wild-type and 

RepA-accumulating endosperms were calculated. A summary of these data is presented 

in Table 3.3. Mean ploidy of wild-type and RepA-expressing kernels were 

indistinguishable by Student's t-test (Table 3.3, p>0.05; Student 1907), and were similar 

to those obtained for the B73 inbred (Dilkes et al., 2002) and Hi-II hybrid (data not 

shown) at similar developmental stages. Thus, expression of RepA in maize endosperm 

did not alter endopolyploidy by 18-DAP. 

Accumulation of RepA leads to a reduction in storage protein accumulation 

Mature kernels from transformants 14 and 26 were small and wrinkled, with a 

chalky, opaque endosperm (Fig. 3.4A and B). However, endosperm size and shape at 18-

DAP were not visibly affected by the expression of the GluBl :RepA transgene (Fig. 
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Figure 3,3. Sanple flow cytometric histograms and immunoblot analysis of 
GluBl :RepA transgenic and wild-type sibling endosperms from event 26. 
Isolated nuclei from single 18-DAP endosperms were treated withDAPI 
and subjected to flow cytometric analysis (A and B); the remaining lysate 
was used for SDS-PAGE and immunoblotting with RepA antiserum. Panel 
C shows a representative immunoblot illustrating transgenic kernels 
expressing and not e?q)ressing RepA. 



Table 3.3. Effect of RepA accumulation on endosperm endopolyploidy 

Event RepA Endosperm ploidy +/- SD 

14-5 ^ 10.6+/-3.5 

+ 9.7 +/- 2.0 

26-3 - 9.2 +/- 2.5 

+ 11.3+/-3.5 
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A .  

B .  

Figure 3.4. Phenotypes of GluBl :RepA transgenic kernels. Photographs 
of T2 ears hemizygous for GluBl :RepA event 26 (A) and event 14(B) at 
maturity and event 26 at 18 DAP (C). 
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3.4C). The lowest expressing transgenic line, line 11, did not manifest this phenotype, 

but it did produce some ears segregating for opaque kernels (not shown). This phenotype 

was inherited over multiple generations and only occurred in kernels developed from 

crosses with GluBl :RepA-positive transgenic plants, and not wild-type siblings (data not 

shown). 

Transgenic and wild-type kernels were harvested from mature hemizygous ears of 

lines 14 and 26 and weighed; a summary of these data is presented in Table 3.4. Seed 

weight was reduced to 33% and 36% of wild-type in transformants 14 and 26, 

respectively. As the kernel is approximately 90% starch by weight, these reductions must 

be primarily due to less starch synthesis. Observations made during the flow cytometric 

analysis were consistent with this hypothesis. Extracts from 18-D AP endosperms of 

event 14 and 26 kernels, later determined to be RepA positive, contained less solid 

material, i.e. were less milky than wild-type siblings. 

Maize mutants with an opaque endosperm are often associated with a reduction in 

zein storage protein synthesis. To investigate whether or not this was true of the 

GluBliRepA-expressing kernels, endosperm proteins from segregating ears were 

separated into zein and non-zein fractions (Wallace et al., 1990). Following SDS-PAGE, 

zeins were detected either by Coomassie Blue staining or immunoblot analyses with zein 

antibodies. The non-zein proteins were analyzed by immunoblotting analysis with RepA 

antisera to identify transgenic endosperms. Photographs of gels and blots from these 

analyses are presented in Figure 3.5. Relative to wild-type siblings, there was a general 

reduction in zein contents in the high GluBl :RepA-expressing transformants. Gel 
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Table 3.4. Weight of mature GluBl:RepA kernels 

Event Generation RepA mean(STD) N Sig 

^6 BC2 + 115.3 (22.9) 33 ** 

- 314.8(38.5) 31 

14 B C 2  +  5 7 . 2 ( 1 0 . 0 )  1 5 * *  

- 173.7(18.0) 15 

26 BC3 + 86.8 (29.1) 46 ** 

- 239.3 (24.7) 45 
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Figure 3.5. Analysis of protein accumulation in 18-DAP 

GluBl :RepA and wild-type sibling endosperms. Coomassie Blue staining 

and immunodetection of zein proteins in transgenic and non-transgenic 

sibling endosperms from events 14 (A), 26 (B) and 11 (C). The "+" and 

in A, B, and C indicate zein extracts from GluBl:RepA and wild-type 

endosperms, respectively. In one endosperm from events 11 and 14, non-zein 

extraction failed and RepA accumulation was not determined (marked as 

n.d.). A representative immunoblot displaying the relative accumulation of 

RepA protein in the non-zein fractions of wild-type, and hemizygous 

endosperms of event 11 , two lineages of event 14, and event 26 is shown in 

panel D. 
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scanning revealed a greater reduction in a-zeins, (migrating approximately 22- to 17-

kDa, Fig. 3.5a) than 27- and 16-kDay- and 15-kDa P-zeins, suggesting a differential 

effect on storage protein accumulation (Fig. 3.5 A and B, and data not shown). 

Immunoblotting with zein-specific antisera showed endosperms from the highest 

expressing transformant, 14, had a reduced accumulation of 22- and 19-kDa a-zeins, 27-

kDa and 16-kDa y-zeins, and a slight reduction in (i-zein accumulation (Fig. 3.5A). Line 

26 endosperm extracts also had a reduced accumulation of 22-kDa a- and 27-kDa y-zein 

proteins (Fig. 3.5B). There was no consistent difference in accumulation of either the 16-

kDa y- or the 15-kDa (3-zein in event 26 kernels (data not shown). Endosperm extracts of 

event 11, the lowest RepA-expressing line, did not display dramatic changes in zein 

protein accumulation as assessed by Coomassie Blue staining or immunoblotting (Fig. 

3.5C and data not shown). 

Immunoblot analysis of the non-zein protein fraction from whole kernels was 

more sensitive than when the flow cytometry extracts were used (c.f. Fig. 3.2B and Fig. 

3.5D). RepA protein was detected in approximately half of the T2 endosperms from 

transformants 11, 14 and 26 (Fig. 3.5D; chi-square, p>0.05). As illustrated in Figure 

3.5D, the accumulation of RepA was highest in transformant 14, substantially lower in 

transformant 11, with transformant 26 endosperms accumulating an intermediate amount. 

Thus, the level of RepA accumulation was related to the reduction in zein proteins as well 

as the severity of the seed phenotype. 



RepA transgenic endosperms are altered in the accumulation of o2-responsive 

and starch biosynthesis-associated proteins 

The decrease in storage protein synthesis could be related to defects in particular 

transcriptional programs, and it does not explain the decrease in starch accumulation. 

Therefore, we analyzed the synthesis of a variety of other endosperm proteins. SDS-

PAGE separations of non-zein proteins from 18-DAP endosperms of transformants 14 

and 26 were analyzed by immunoblotting (Fig. 3.6A and B) with antisera against ADP-

glucose pyrophosphorylase (ADPGase), sucrose synthase (the Shrunkenl gene product) 

and b-32, an Opaque2 (02)-regulated gene product encoding a ribosome inactivating 

protein or RIP (Bass et al., 1992). Accumulation of all three proteins was reduced, and 

the reduction was more noticeable in transformant 14 than 26 (Fig. 3.6). This suggests 

that accumulation of these proteins was inversely related to RepA expression. In 

addition, accumulation of the cell cycle regulatory kinase, Cdc2, may be slightly greater 

in transformant 14 (Fig. 3.6A). RepA-accumulating endosperms (Fig. 3.6A). 

Endosperms accumulating RepA did not contain significantly less total non-zein proteins 

per-endosperm, as assessed by Bradford assay (t-test p value > 0.05, data not shown). 

Furthermore, RepA expression did not detectably alter the accumulation of eEFl A (Fig. 

3.6A and B), an abundant protein associated with translational and cytoskeleton functions 

(Motorin et al., 1988; Yang et al., 1990; Edmonds, 1993; Durso and Cyr, 1994; Shiina et 

al., 1994; Condeelis, 1995; Liu et al., 1996; Sun et al., 1997; Clore and Larkins, 1998). 

Seed development, particularly close to maturity, is affected by the plant growth 

regulator ABA. The G-Box Binding Factor 1 (GBFl) protein is known to regulate ABA-
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Figure 3.6. RepA expression in endosperm affects the level of a 

variety of proteins. Immunoblots were prepared with equal amounts of non-

zein proteins from 18-DAP endosperms of ears hemizygous for transgenic 

events 14 (A) and 26 (B). Antibodies to ADP-glucose pyrophosphorylase, 

b-32, Cdc2, sucrose synthase (Shi), and cEFl A are described in Materials 

and Methods. 
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responsive gene expression in cereals and be up-regulated by both hypoxia and 

exogenous ABA application (de Vetten and Ferl, 1995; Nakagawa et al., 1996; Hollung 

et al., 1997; Kosugi and Ohashi, 1997). Immunoblot analyses were performed to 

determine if RepA expression alters GBFl accumulation in 18-DAP GluBl:RepA 

transgenic and wild-type kernels (Fig 3.7). As was true of most zeins and b-32, GBFl 

accumulation was negatively affected in endosperms of transformants 14 and 26, but not 

transformant 11. 

RepA associates with nuclear proteins from maize endosperm 

The observation of dose-dependent RepA effects on gene expression and the 

detection of RepA in nuclear and cytoplasmic compartments (data not shown) led us to 

investigate the nature of RepA-interacting proteins. Maize kernels were harvested at 18-

DAP and separated into cytoplasmic and nuclear fractions by differential extraction and 

I 
centrifugation. Proteins from these fractions were pre-adsorbed on Ni -agarose in the 

presence of 20 mM imidazole buffered saline (IBS). The pre-adsorbed extracts were 

incubated with native or denatured recombinant His-RepA immobilized on Ni^"^ agarose, 

washed with five column volumes of 40 mM imidazole in IBS to remove non-specific 

protein interactions. The bound proteins were eluted by the addition of IM NaCl. 

Protein in aliquots from the eluant, wash, and pre-column sample were resolved by SDS-

PAGE and detected with Coomassie Blue staining or immunoblot analysis with antisera 

to the maize Retinoblastoma-1 protein (ZmRbl) and High mobility group I/Y (Hmg I/Y; 

Fig. 3.8 and data not shown). Coomassie Blue staining of SDS-PAGE gels loaded with 

RepA-bound cytoplasmic proteins did not resolve any bands (data not shown). However, 
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Figure 3.7. Rep A expression affects G-box binding factor-1 

accumulation in maize endosperm. Non-zein protein extracts were 

made from 18-DAP endosperms of hemizygous ears segregating for 

GluBl;RepA events 11, 14, and 26. Following SDS-page, blots loaded 

with equal amounts of protein were treated with antiserum to OsGBFl. 
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Figure 3.8. RepA pull-down assay showing potential interacting 

proteins in developing endosperm. Soluble proteins from developing 

endosperms were incubated with RepA agarose beads as described in Materials 

and Methods. A. Coomassie Blue-stained SDS-PAGE separation of nuclear-

enriched proteins adsorbed by His-RepA. Lanes 1 -4 show molecular weight 

standards, RepA-agarose flow-through, IM NaCl eluant from RepA agarose, 

and Ni2+ flow through, respectively. (B) Immunoblot analysis of samples in A 

with HmgA-antisera. Lanes 1-3 are Ni2+ agarose flow through, RepA-agarose 
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three proteins were recovered following the interaction of nuclear proteins with RepA. 

Each of these bands migrated at positions similar to major chromosomal proteins and are 

presumably histones. Immunoblot analyses of the eluant also detected the presence of 

Hmgl/Y, a non-histone major chromosomal protein (Fig. 3.8B). 

Discussion 

A role for RRB inactivation in the plant cell cycle and endocycle initiation 

These results demonstrate a role for RRBs in the plant cell cycle. ZmRbl, but not 

a mutant defective in LxCxE-binding could inhibit cell division (Table 3.2). Opposition 

of native RRB by ectopic expression of RepA was sufficient to induce endoreduplication 

in maize callus cells (Fig. 3.1), and overcome a Gl/GO block in tobacco BY-2 cells 

(Table 3.1). Furthermore, concomitant expression of ZmRbl and RepA had no effect on 

cell cycle progression in tobacco cells after 24h, suggesting that these two proteins act in 

opposition. Endoreduplication in RepA treatments was dependent on stable 

accumulation of RepA. Conversely, calli from RepA treatments that did not 

endoreduplicate failed to accumulate RepA. Despite evidence for some degree of 

endoreduplication in these calli (Fig. 3.1), they retained morphogenic competence and 

regenerated fertile diploid plants (Gordon-Kamm et al., 2002). This may reflect that only 

some of the cells endoreduplicated; polyploid cells divided more slowly; only 

differentiating cells within the callus were prone to endoreduplication; or polyploid cells 

were inefficiently recruited into differentiating shoot meristems. The latter two of these 

hypotheses are consistent with the observation that over-expression of the E2F/Dpl 
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proteins, typically repressed by RRBs, lead to increased endoreduplication only in 

differentiating cells within the arabidopsis leaf (De Veylder et al., 2002; Rossignol et al., 

2002). 

In animal systems, mitotic cells can be sensitized to enter an endoreduplication 

cell cycle through the loss of RRB function, either by genetic ablation of the expressed 

RRBs or by inactivation by viral RRB-binding proteins such as the human papillomavirus 

E7 protein (Niculescu et al., 1998). However, these cells require the co-expression of 

CDK-inhibitors to induce endoreduplication. Expression of RepA, a protein analogous to 

the viral LxCxE-containing oncoproteins, was sufficient to induce endocycles in cultured 

diploid cells of maize. Thus, cultured animal and plant cells may share a necessary 

condition for the induction of endoreduplication, i.e. abrogation of RRB function; 

however, they may differ in the conditions sufficient for endoreduplication, i.e. animal 

cells additionally require CDK inhibition. 

We hypothesized that RRB modification is an important step in the induction of 

endocycles in normal plant tissues. In maize endosperm, for example, RRB becomes 

phosphorylated and presumably is inactive (Grafi et al., 1996). If RRB becomes inactive 

in endoreduplicating endosperm cells and RepA induces endocycles by disrupting RRB 

functions, RepA expression could have no effect on endopolyploidy levels in endosperm. 

If RepA alters the plant cell cycle via DNA-binding and -transactivation independent of 

RRB, RepA expression might increase endoreduplication in maize endosperm. However, 

we found in endosperm that RepA accumulation at low and high levels did not influence 

the degree of endopolyploidy (Table 3.3). While it is possible that RepA does not affect 
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endopolyploidy because it or its target is inactive in starchy endosperm cells, data from 

several experiments suggest otherwise. For example, RepA from transgenic endosperm 

interacted with GST-ZmRbl in vitro, and immunoblots of total non-zeins with ZmRbl 

antiserum immunodecorated proteins that showed increased concentration and altered 

mobility in GluBl :RepA transgenic kernels (data not shown). Also, the degree of RepA 

expression in the endosperm was associated with the severity of altered storage protein 

accumulation, further demonstrating that RepA possessed some activity capable of 

altering gene expression. Thus, our finding that RepA induced endoreduplication in 

mitotic tissue, but did not influence endopolyploidy in endosperm cells, is consistent with 

RRB serving as a negative regulator of S-phase. Phosphorylated RRB, such as that 

detected in 14-DAP endosperm (Grafi et al., 1996), may be unable to inhibit S-phase 

initiation and/or progression, rendering endosperm endocycles insensitive to RepA. 

RepA expression disrupts endosperm storage functions in a dose-responsive 

manner 

The phenotypic abnormalities of maize endosperm accumulating RepA protein 

suggest an alteration in transcriptional regulation. Kernels from the highest RepA-

expressing transformants were smaller than wildtype, and wrinkled with a chalky 

endosperm at maturity (Fig. 3.4 and Table 3.4). Storage protein accumulation was 

generally reduced, as many zeins did not accumulate to wild-type levels. The 22-kDa a 

and 27-kDa y-zeins were the most severely affected storage proteins, while the 16-kDa y-

and 15-kDa P-zeins were only slightly affected in the highest RepA-accumulating 
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transformant (Fig. 3.5). Similar results were observed for the b-32 RIP. An ABA-

regulated G-box binding factor (de Vetten and Ferl, 1995; Nakagawa et al., 1996) was 

also down regulated in high RepA-expressing endosperms (Fig. 3.6), implicating this 

growth regulator in the observed phenotypes. In contrast, eEFlA, which is expressed at 

high levels throughout endosperm development, was unaffected by RepA accumulation. 

Additionally, the Cdc2 protein, which is expressed at slightly higher levels early in 

endosperm development, was relatively unaffected, and showed a slight increase in 

accumulation in the highest RepA-expressing endosperms. 

Less starch was recovered from developing endosperms expressing GluBl;RepA. 

Nuclear extracts were not occluded with starch and zein extracts were pale rather than 

yellow, suggesting either inhibition of carotenoid biosynthesis or a paucity of amyloplast 

membranes due to a reduction in starch biosynthesis (data not shown). The levels of 

enzymes involved in starch synthesis were also lower in the highest RepA-expressing 

transformants. However, the rather minor decreases in the intensity of staining in 

immunoblots calls into question whether the decreases in the enzymes monitored in this 

study can account for the decrease in starch accumulation. 

These data demonstrate that RepA represses the expression of genes typically up-

regulated during starchy endosperm differentiation, while some genes expressed 

constitutively are relatively unaffected. Proteins with storage functions were synthesized 

in RepA-accumulating endosperm, but were reduced in concentration, suggesting that 

RepA interferes with a process required for the accumulation of these proteins to high 

levels, but not starchy endosperm cell differentiation, per se. If RepA suppresses 
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differentiation to create a permissive environment for viral replication, we might expect a 

qualitative phenotype. However, if Rep A were to interfere with a signal that is required 

for high level gene expression in endosperm, we might expect the phenotype observed. 

ABA is an important growth regulator for fruit maturation, and it plays a role in 

endosperm development in maize. Moderate applications of exogenous ABA positively 

affect both zein and starch synthesis (Muller et al., 1997; Ahmadi and Baker, 1999). The 

decrease in GBFl accumulation (Fig. 3.7) implies an interference with ABA-regulated 

gene expression and ABA-mediated endosperm differentiation and could explain the 

phenotj^es observed. However, a more detailed analysis of the effects of ABA on maize 

starchy endosperm cells and storage functions are required to clarify these findings. 

The dosage dependence of the defects in endosperm development due to RepA 

expression suggest they are RRB independent. The amount of RepA accumulated in 

transgenic endosperms is likely to be many fold greater than endogenous RRBs, which 

were detected only after affinity purification (Grafi et al., 1996). Given the affinity of 

RepA for RRB, even line 11 (phenotypically normal) endosperms are unlikely to contain 

appreciable amounts of RRB that is not bound to RepA. Thus, the dose-dependant 

effects of RepA on starch and storage protein synthesis, visible in the high RepA-

expressing transformantss, are more likely mediated by an RRB-independent effect of 

RepA. 

RepA has been demonstrated to interact with two related transcription factors, 

GRABl and GRAB2 (Xie et al., 1999). The RRB-independent effects of RepA 

expression in endosperm could be mediated by these transcription factors. GRABl and 
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GRAB2 are of unknown function in plant cells, but they could play important roles in 

endosperm development. However, the maize genes in the public databases most similar 

to GRABs are not found in maize seed libraries (data not shown). Further research will 

be required to determine if these or similar factors are important to endosperm 

development and storage gene expression. 

We attempted to identify endosperm proteins that interacted with RepA. While 

no biochemical identification of the three major bands was made, they migrated at 

positions identical to those of histones. In addition to these proteins, positive 

identification was made of Hmgl/Y, and the three major RepA-interacting bands and 

Hmgl/Y were removed from the flow through of the column (Fig. 3.8). This observation 

suggests an additional mechanism for RepA action independent of RRB. Besides RRB-

binding, RepA could mediate changes in chromatin organization by binding proteins that 

modulate DNA architecture. A number of transcription factors regulating storage gene 

functions in cereal endosperm are known to be sensitive to the ratio of Hmg to linker-

histone proteins (Schultz et al., 1996; Krohn et al., 2002). Hmg proteins bind the AT-rich 

enhancer element, TATA-, and CAAT-boxes of zein promoters (Grasser et al., 1990; 

Maier et al., 1990; Ponte et al., 1994; Guillen et al., 1998) and are implicated in high 

level transcription of these genes concomitant with endoreduplication. Hmgl/Y is up-

regulated, while linker histones are down-regulated, concomitant with DNA 

endoreduplication (Zhao and Grafi, 2000). Furthermore, as these proteins are extremely 

abundant, interference with these proteins may explain the RepA-dosage sensitivity of the 

endosperm phenotypes. The creation of endosperm-specific RRB knockouts and the 
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delimitation of domains within RepA required to induce these effects would be necessary 

to clarify these observations and test the mechanisms by which RepA influences storage 

gene expression in maize endosperm. 

Materials and Methods 

Tobacco Cultures and Transformation 

Nicotiana tabacum L. cv. Bright Yellow 2 (BY2) suspension cultures were used 

for transient evaluations of RepA and ZmRbl expression on cell division. Suspension 

cells were grown in a medium comprised of Murashige and Skoog (Murashige and 

Skoog, 1962) salts (Life Technologies, Inc., Grand island, NY), 100 mg/L inositol, 1 

mg/L thiamine, 180 mg/L KH2P04, 30 g/L sucrose, and 2 mg/L 2,4-D, subcultured every 

7-10 days, and grown on a gyratory shaker at 150 RPM, 24''C in the dark. Three, six or 

nine days after subculturing, cells were pipetted onto solidified agar medium and left in 

the dark for 24 hours prior to bombardment. Plasmid DNA was precipitated on gold 

particles by the addition of PEG and CaCli as previously described (Lowe et al., 1995). 

Bombardment was performed using a BioRad PDS-1000 helium gun at 650 PSI of 

helium, the chamber evacuated to 25 inches Hg, with 8 cm distance between the stopping 

plate and petri dish. All cells were shot once with 500 ng gold and 0.5 |j.g DNA. All 

constructs were derivatives of pRTL2 which contains, from 5' to 3' of the gene, a 

duplicated 35S enhancer, the 35S promoter, the tobacco etch virus omega-leader, 

multiple cloning site and 35S terminator (Carrington et al., 1990). All bombardments 

utilized a 35S:GFP expression cassette. Treatments consisted of 35S:RepA, 
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35S:ZmRbl'°^*^ or combinations thereof. 24h after bombardment, the 

cells were monitored for GFP expression and cell division by epi-fluorescence 

microscopy. The total number of GFP-expressing foci and whether these GFP-

expressing foci were comprised of single or multiple cells were recorded. The data from 

the controls and treatments was then tested for significant differences by Students t-test 

(Student, 1907) as modified for testing proportions (Wormacott and Wormacott, 1990). 

Plant material and production of RepA transgenic maize 

pHP3630, which contains the maize 27-kDa y-zein promoter, a multiple cloning 

site and the y-zein terminator, was the vector plasmid used for construction of 

pGluBl :RepA (Coleman et al., 1997). The WDV RepA gene was obtained by PGR 

amplification of pGEM-RepA (Grafi et al., 1996). The sense primer 

(5'GGGCCATGGCCAT GGCCTCTTC ATCTGCACCCA 3') contains an iVco/site and 

in frame ATG start codon, and the antisense primer (5' 

CCCGGATCCGGATCCCTAGAG ACCTTG CCCAGGAAG 3') contains a BamHI site. 

The amplified DNA fragment (0.8 kb) was subcloned into the NcoI/BamHI site of 

pHP3630. The rice Glutelin B1 promoter (Takaiwa et al., 1991) was obtained by PCR 

amplification with a sense primer 

(5'AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCT 3') containing an Xbal 

site and an antisense primer (5' GGGCCATGGTGTCGATCGGGTTCTTCTGCGCT 

TTAA-3') containing an Ncol site and an ATG start codon. The amplified DNA 

fragment (1.3kb) was subcloned into the ^aZWco/site of pHP3630-RepA to create the 

plasmid pGluBl :RepA. The Nos:RepA and Ubi:RepA constructs for constitutive 



173 

expression of RepA and the BAR cassette conferring resistance to BASTA and bialaphos 

were described previously (Gordon-Kamm et al., 2002). The RepA constructs were 

introduced into scutellar cells of the Hi-II genotype along with the BAR cassette. 

Herbicide resistant calli were maintained on selection media, and fertile plants were 

regenerated essentially as described previously (Gordon-Kamm et al., 2002). 

Fertile plants were recurrently backcrossed using the B73 inbred line as the ear 

parent. PGR analysis of GluBl :RepA transgenic plants was carried out with RepA 

oligonucleotide primers used in vector construction using DNA extracted from one g of 

lyophilized young leaf tissue. Integration of the target genes into the maize genome was 

analyzed by Southern hybridization using the 0.8 kb RepA coding sequence as probe. 

For DNA blot analysis, 10 ^g of total DNA was digested with Ncol, separated by 0.8% 

agarose gel electrophoresis, transferred to a nylon membrane, and hybridized with a P 

labeled RepA probe (Sambrook et al., 1989). 

Production of polyclonal antiserum to WDV RepA 

Eight mg of GST-tagged RepA (Grafi et al., 1996) was purified from E. coli 

lysate by glutathione-agarose affinity chromatography (Frangioni and Neel, 1993). 

Multiple protein extracts were pooled and concentrated by anion exchange 

chromatography with a Hi-Trap Q column (Pharmacia, Location). Proteins were 

separated by SDS-PAGE, visualized by nickel negative staining, and the band consisting 

of GST-RepA excised (Harlow and Lane, 1988). HTI Biosciences (Ramona, CA) was 

contracted for the immunization of two rabbits with GST-RepA protein in Freund's 

complete adjuvant; a total of four one mg injections were given to each rabbit. Serum 
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collected from immunized animals, before and after injection, was tested for reaction 

with maize extracts, purified GST, and purified histidine-tagged RepA (see below). The 

crude antiserum was diluted 1:5000 for use in immunoblots. 

Flow cytometric analyses 

Actively growing calli or dissected endosperms of developing kernels were 

analyzed by flow cytometry and immunoblot analysis for RepA protein. Kernels were 

obtained at 18-DAP from greenhouse-grown ears that segregated 1:1 for the GluBl:RepA 

transgene; this permitted the analysis of transgenic and non-transgenic sibs developing on 

the same plant. Maize tissue was homogenized by chopping with a razor blade in 

modified PARTEC buffer and nuclei prepared as described previously (Dilkes et al., 

2002). Data from no fewer than 10,000 nuclei were obtained on a PARTEC CA III flow 

analzer (Partec; Hamburg, Germany). The remainder of the tissue homogenate was 

analyzed by immunoblotting as follows. Membranes and proteins were solubilized by 

the addition of 1/10 vol of 10% (w/v) deoxycholate. After clearing by centrifugation, 

protein was precipitated by addition of 1 vol of 20% (w/v) trichloroacetic acid, pelleted 

by centrifugation, washed with acetone, resuspended in 8 M urea and analyzed for 

protein content by the Bradford method (Bradford, 1976). For each sample, equal 

quantities of protein were separated by SDS-PAGE and tested for the presence of RepA 

by immunoblot analysis with the anti-GST-Rep A antiserum. 

Flow cytometric histograms were analyzed using the WinMDI software package 

(V. 2.8, Joe Trotter personal communication). The statistical outputs from manually 

gated histograms were imported into the Excel spreadsheet program (Microsoft, Redland 
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WA). Mean ploidy levels and the percent of endoreduplicated cells were calculated from 

the output from each histogram, as described previously (Dilkes et al, 2002). Pair-wise 

Student's t-tests were utilized to determine if endoreduplication in endosperms 

accumulating RepA protein was significantly different from non-transgenic sibs (Student, 

1907). 

Analysis of proteins in developing endosperms 

Endosperms were dissected from 18-DAP BC2 kernels, placed in weighed 

microfuge tubes, and 400 |j,l of zein solubilization buffer (SDS, Borate, 2-ME) was added 

(Wallace et al., 1990). Tissue was homogenized in microfuge tubes using a plastic 

pestle; extraction was enhanced by incubating the homogenate at 37 C on a rotary shaker 

at 225 RPM for 8-16 h. Separation of alcohol soluble (zein) and alcohol-insoluble (non-

zein) proteins proceeded as described by Wallace et al. (1990). Non-zein pellets were 

washed three times with 70% ethanol, resuspended in 8 M urea, 10 mM Tris (pH 7.5), 

and protein quantified by the Bradford method (Bradford, 1976). Zein proteins were 

separated by SDS-PAGE in 12.5% gels, transferred to nitrocellulose and immunoreacted 

with rabbit polyclonal anti-a-zein, anti-27-kDa y-zein, anti-16-kDa y-zein, and anti-15-

kDa p-zein antiserum (Woo et al., 2001; Hunter et al, 2002). Non-zein blots were 

immunoreacted with rabbit polyclonal anti-GST-Rep A, anti-G-Box-binding-factor 1 

(Kosugi and Ohashi, 1997), anti-Shrunkenl, anti-elongation factor 1-a (Sun et al., 1999), 

anti-ZmCdc2a (Colasanti et al., 1993), anti-B32 (Bass et al., 1992), anti ZmRbl (Huntley 

et al., 1998), and anti-ADP-glucose-pyrophosphorylase (Giroux and Hannah, 1994) 
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antibodies. Goat anti-rabbit alkaline phosphatase conjugates (Jackson Immunoresearch 

Laboratories Inc., West Grove PA) were used for the indirect detection of the antibodies 

by NBT/BCIP colorimetric reaction (Harlow and Lane, 1988). 

Protein pull down assays 

The wheat dwarf virus RepA coding sequence was subcloned from pACT2-RepA 

(Grafi et al., 1996) into pQE60 (Qiagen, Chattsworth, CA), using the Ncol and Bglll 

restriction enzymes to generate a carboxy-terminal histidine tagged RepA. Recombinant 

protein was produced in E. coli strains DH5-alpha or BL21-CodonPlus-RIL (Stratagene, 

Torrey Pines CA) and induced by ImM IPTG at 30 C. Cells were harvested by 

centrifugation and resuspended in imidazole buffered saline (40mM Imidazole, 0.5% 

Triton X-100, 300mM NaCl, pH 8.3) supplemented with 5 mg/ml lysozyme. Complete 

lysis and reduced lysate viscosity were effected by two 30 s sonication pulses using a cell 

disruptor. Cellular debris was pelleted by centrifugation at 15,000 g for 20 min before 

loading extracts on iminodiacetic acid Sepharose Fast Flow (Amersham Biosciences, 

Suimyvale CA) saturated with Ni^"^. Columns were washed with at least five column 

volumes of IBS with 0.1% Triton-XlOO and eluted with 200 mM imidazole in IBS. 

Eluants were split into aliquots for re-adsorption onto affinity matrices or adsorption onto 

immobilized target proteins. 

Kernel extracts were separated into soluble and chromatin-associated proteins 

similar to the procedure described for germinating seedlings (Lechner et al., 2000). 

Briefly, kernels were chopped to a fine meal in a steel Waring blender under liquid 

nitrogen. Frozen meal was suspended in chromatin isolation buffer (4ml/g; 20mM Tris 
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pH 7.5, 5 mM MgCli, 5mM KCl, 0.25 M sucrose, 0.1% Triton, and 40% glycerol) and 

filtered through cheesecloth. Filtrate was pelleted gently by centrifugation at 600 RPM in 

an SS-34 rotor (Sorvall, Ashville VA) and the supernatant removed and re-centrifuged at 

15,000 g for 15 minutes. This supernatant was regarded as the soluble protein fraction 

from maize kernels. The 600 RPM pellet was gently resuspended and washed in 

chromatin isolation buffer twice before nuclei were disrupted and proteins solubilized by 

the addition of either IM KCl or IM NaCl modified IBS. Insoluble material was pelleted 

by centrifugation at 15,000 g for 30 minutes, and the resulting supernatant was regarded 

as the chromatin-enriched fraction, although it also contained proteins from other 

organelles. Extracts were pre-adsorbed on Iminodiacetic Acid Sepharose loaded with 

NiClj. The flow through from these columns was passed over the RepA-containing resin, 

washed with at least five column volumes of IBS and eluted with increasing 

concentration of NaCl. Adsorption of proteins, and retention of RepA on the affinity 

matrix, were assessed by SDS-PAGE and Coomassie Blue staining or immunoblot 

analysis of column eluants with an anti-Hmgl/Y (Spiker, 1984), a monoclonal ZmRbl 

antibody (Grafi et al., 1996), a polyclonal ZmRbl antibody (Huntley et al., 1998), or anti-

GST-Rep A polyclonal antiserum. 

Statement of collaboration 

The Ubi:RepA and Nos:RepA transgenes and transgenic calli were generated by 

Keith Lowe at Pioneer Hi-Bred, Johnston, lA. The GluBl :RepA transgene and 

transgenic maize lines were generated by Yan Liu at the University of Arizona. Southern 
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

Investigation of characters correlated with endoreduplication and correlation of 

characters within endoreduplication 

The results obtained studying natural variation in endosperm endopolyploidy do 

not suggest that endoreduplication contributes to an increase in kernel size, at least in 

these crosses. A three-fold difference in endoreduplication at 19-DAP was observed in 

the (B73 X Sgl8) x B73 BCl and BC2 generations. Despite this difference, no dramatic 

alterations in endosperm size were seen between kernels. This seems to fly in the face of 

earlier reports of the positive correlation of endopolyploidy and seed size (Brunori et al., 

1993; Lemontey et al., 2000), as well as the purported link between increases in 

endoreduplication and metabolic output (D'Amato, 1984). These reports appear to argue 

that "more is better" and would result in larger kernels. Additionally, the genotypes with 

smaller kernels, namely the popcorns, had the highest degrees of endoreduplication (Fig 

2.1). While this may be a peculiarity of popcorn germplasm, it impacts the interpretation 

of the role of endoreduplication in endosperm development. 

The apparent association of smaller size, or no difference in size, with increased 

endopolyploidy in these crosses could be explained by the following predictions for 

endosperm growth. Either endoreduplication and cell division is reciprocally affected or 
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the relationship between ploidy and cell size are altered such that increases in 

endopolyploidy have no effect on cell size. As cell size tends to be roughly equivalent 

within ploidy classes between closely related organisms (Flemming et al., 2000), it seems 

more likely that a decrease in cell number was responsible for the increases in 

endoreduplication at 19-DAP. A possible mechanism for this is suggested by the data in 

Fig. 2.2; Sgl8 and (B73 x Sgl8) x B73 endosperms manifest significant increases in 

endopolyploidy by 13-DAP, as compared to B73. A hypothesis consistent with this, and 

a reduction in cell division, is that Sgl8 alleles condition endosperm cells to adopt the 

endoreduplication cell cycle earlier in development. This could result in fewer cells and 

an increase in the E6P value. Later in development one would expect, all other things 

being equal, endosperms that endoreduplicated earlier to show higher E3P and E6P 

values. This is similar to what occurs in kernels subjected to heat stress early in 

development, which exhibit a reduction in cell divisions in favor of earlier 

endoreduplication. At mid development (11- to 13-DAP), endosperms from stress-

treated kernels exhibit higher degrees of endopolyploidy (Engelen-Eigles et al., 2001). 

Unlike the genotypic variability in endopolyploidy, heat stress early in development 

additionally shortens the endoreduplication phase of endosperm growth, resulting in no 

increase or lower endopolyploidy by 18-DAP (Engelen-Eigles et al., 2000, 2001). 

Evaluating the relationship between cell number and endopolyploidy will require 

an investigation into characters correlated with the degree of endopolyploidy. With 

proper controls, cell numbers can be estimated flow-cytometrically while simultaneously 

measuring endopolyploidy. Isolated endosperm nuclei from BCl ears segregating for 
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blood cell nuclei prior to analysis. The ratio of chicken red blood cell nuclei to maize 

nuclei in a flow cytometric histogram would provide an estimate of the total number of 

cells isolated from the endosperm. The same flow cytometric histogram used to calculate 

relative nuclear numbers, could be used to estimate the %E, E6P, and ESP values for an 

individual endosperm. Estimates of nuclear number and the three measures of 

endopolyploidy could then be subjected to an analysis for phenotypic correlation. If the 

lack of change in endosperm size was the result of reciprocal regulation of 

endoreduplication and cell division, the correlation between nuclear number and 

endopolyploidy should be strongly negative. Performing the analysis using a sufficient 

set of crosses could be used to partition any phenotypic covariance, positive or negative, 

into genetic components. 

Of all the germplasm tested, significant differences in %E were only detected 

between B73 and Mo 17. The failure to detect significant genetic components for %E in 

the popcorn by B73 3^ populations (Tables 2.5, 2.6 and 2.7) may be due to a lack of 

differences for this trait in these genotypes. No significant variance components were 

detected for %E in B73 by Mo 17 as well, suggesting that it is sporophytically or 

cytoplasmically inherited. However, a problem with these interpretations is provided by 

the significant heritability of %E detected by the regression of BC2 on BCl (B73 x Sgl8) 

X B73 values and observations within inbred lines. There was a two-fold variation in %E 

in the BCl, and the mean %E of the BC2 was well predicted by the BCl %E values 

(Table 2.10). Thus, despite the lack of any significant variance components in the 
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heritable in the parent-offspring regression experiment. In fact, %E showed the highest 

narrow-sense heritability of the three traits in the parent-offspring regression experiment. 

Within inbred lines the %E and E6P displayed a high phenotypic correlation, suggesting 

that they are environmentally co-regulated. 

The failure to detect differences in %E utilizing a 3^ factorial design, and 

subsequent finding of %E heritability in the parent-offspring regression, may be 

explained if endosperm size influences the %E value. As the volume of a solid 

decreases, if the proportion of the total volume comprised by the shell is to stay the same, 

the shell must decrease in thickness. The %E value is the number of 3C cells, 

concentrated at the periphery of the endosperm, divided by the total number of cells. 

Thus, the number of cell files contributing to this shell or the number of cells required to 

span an equal surface area must have decreased in the smaller endosperm genotype with 

similar %E. An identical %E value in these two kernel types requires a smaller or 

narrower "shell" of cells with triploid nuclei. This could be envisioned to have taken 

place either by transverse cellular expansion of the same number of cell files (a cell size 

increase in smaller endosperms), or distributing ploidy within a sharper boundary at the 

edge of the endosperm. In the (B73 x Sgl8) x B73 materials used for parent-offspring 

regression, kernels were not visibly different in size within an ear. Thus, the two-fold 

differences in %E between BCl kernels were not subject to endosperm size effects and 

"became" heritable. Reanalyzing the data presented in Chapter 2 to correct for this would 

require determining the average size of endosperms in each generation at 19-DAP, the 
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size of cells at the periphery, and/or the number of cell files that fail to endoreduplicate 

for each genotype. This would also determine if cell size was altered in the popcorn 

germplasm. A scaling factor could then be applied to the data, or the average number of 

cells between the aleurone and the first endoreduplicated cell could be analyzed directly. 

The latter may be a more developmentally relevant measure of the extent of 

endoreduplication in the endosperm, where endopolyploidy is spatially segregated. 

Regardless, in the absence of a scaling factor, a negative association between increased 

endopolyploidy and kernel size results in a more conservative estimation of ESP and %E 

components, and may explain the failure of the 3 factorial design to identify variability, 

and genetic components for these traits in some populations. 

Despite my hypothesis that endoreduplication and cell number confound an 

interpretation of endoreduplication's effect on endosperm size, a positive role in cellular 

growth is still possible. Based on the correlations between ploidy and metabolic activity 

per cell, it is expected that endopolyploidy contributes to the level of gene expression per 

cell in polysomatic tissues (see Chapter 1). If endoreduplication is responsible for 

limiting cell numbers, but still contributes positively to cellular growth, both 

endopolyploidy and cell number should be required for optimal regression of endosperm 

weight by estimates of cell cycle parameters. It has been proposed that endoreduplication 

is important for storage protein accumulation and high metabolic activity (D'Amato, 

1964, 1984; Grafi, 1998; Larkins et al., 2001). Endoreduplication and phosphorylation of 

the chromosomal protein Hmgl/Y, a positive regulator of zein gene promoters, are 

temporally correlated (Zhao and Grafi, 2000). If a link between endoreduplication and 
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storage protein accumulation is mechanistic, one would expect the two to be positively 

correlated. For example, the protein content in g per kernel and/or g protein per total 

weight should be higher in individuals with greater degrees of endopolyploidy. If 

research into maize endosperm endoreduplication is to be continued on the grounds that it 

impacts seed growth and development and endosperm is to be cited as a tissue in which 

endopolyploidy impacts growth, clearly a test of this is in order. 

Endoreduplication and the relationship to parent-of-origin effects 

A large body of literature has been devoted to parent-of-origin genetic effects on 

the endosperm of maize and other species. In plants, altering the dosage of either the 

male or female contributions to the endosperm, e.g. via interploidy crosses, leads to 

alterations in endosperm and seed development. In maize, 2n x 4n interploidy crosses, 

and the reciprocal, are lethal (Cooper and Brink, 1945; Cooper, 1951; Charlton et al., 

1995). The seeds produced by interploidy crosses produce defective endosperms, and it 

is the genotype of the endosperm that controls seed abortion (Lin, 1982; Lin, 1984). In 

crosses in which an excess of paternal genomes is contributed, the tetraploid (2:2 m:p) 

endosperms fail to fill with starch and defects in growth are visible by 10 DAP (Cooper 

and Brink, 1945; Brink and Cooper, 1947; Cooper, 1951; Charlton et al, 1995). Cellular 

differentiation is affected such that the cells of the basal-endosperm transfer layer die at 

12-DAP following a failure to cellularize. Maternal excess pentaploid endosperms (4:1) 

grow relatively normally until 16-DAP. Seeds from maternal excess crosses are plump, 

smaller than diploid maize kernels, and defective in germination (Cooper, 1951; Charlton 

et al., 1995). The effect of increased and decreased dosage of individual chromosomes 
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and chromosomal segments via BA-translocations has also been investigated. In these 

cases, a group of hypothesized endosperm dosage factors appears to disrupt endosperm 

development. In most cases, deficiency of these factors from the pollen parent leads to a 

decrease in endosperm size, and simultaneous increases in maternal dosage enhance the 

size defect (Birchler, 1993), suggesting that the dosage of particular genomic segments 

relative to the total genome is a critical feature of balancing the contributions to 

endosperm. 

Parent-of-origin effects have also been identified for mutants affecting endosperm 

development. A number of mutants display differential transmission through either 

germline, suggesting either that the effect the development of the gametophyte, affect 

meiotic drive, or are unequally expressed from the two parental copies in the progeny 

(Pan and Peterson, 1989; Huang and Sheridan, 1996; Klucher et al., 1996; Feldmann et 

al., 1997; Christensen et al., 1998; Howden et al., 1998; Mayer et al., 1999; Siddiqi et al., 

2000; Springer et al., 2000; Evans and Kermicle, 2001; Grini et al., 2002; Pischke et al., 

2002). Among the maternally-expressed mutants of arabidopsis a subset have been 

identified with fertilization independent seed development (Kinoshita et al., 1999; 

Kiyosue et al., 1999; Luo et al., 1999; Luo et al., 2000; Spillane et al., 2000; Yadegari et 

al., 2000). Of this group of mutants, the mea,fie,fis mutant endosperms show 

phenotypes similar to those caused by paternal excess interploidy crosses. Development 

of endosperms inheriting these alleles via the egg is characterized by a prolonged 

proliferative stage and defects in cellularization (Ohad et al., 1996; Kiyosue et al., 1999; 

Vinkenoog et al., 2000). Cloning of the genes responsible for the phenotypes has 
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determined that all share sequence similarity with suspected modulators of chromatin-

organization-mediated gene expression. Additionally, maternal transmission of a Metl 

antisense transgene suppresses interploidy effects in tetraploid (2m:2p) arabidopsis 

endosperms and paternal transmission of DDMl or METY-antisense can suppress some of 

the maternal effect mutations or allow complementation by a paternally-inherited copy 

(Vielle-Calzada et al., 1999; Adams et al., 2000; Vinkenoog et al., 2000; Yadegari et al., 

2000). So far, the methods employed in maize have not provided the resolution 

necessary to determine if the effects of altered genomic dosage can be manipulated by 

alleles of particular imprinted genes, such as those identified in arabidopsis, or is due 

only to genomic-scale effects. My study, similarly, carmot be used to claim 

demonstration of imprinted gene expression on endosperm cell cycles. Genetic analyses 

9 • • • 
of Al-6 by B73 and Sgl8 by B73 3 factorial designs detected significant genetic 

components of the variance, with allelic effects exerted by the maternal contribution to 

the endosperm, a situation only allowed if segregation for genomic loci or segments is 

allowed. This could be consistent with genomic segments encompassing many genes, 

persistent effects of the female gametophyte on endosperm development, or imprinted 

gene expression. 

The detection of parent-of-origin-specific expression for some of the 

endoreduplication traits suggests that endoreduplication, or something related to it, has 

been under fitness selection (McVean and Hurst, 1997; Hurst and McVean, 1998; 

Spencer et al., 1998; Haig and Wilkins, 2000). Unfortunately, endoreduplication in 

maize endosperm correlates temporally and spatially with a number of events, such as the 
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onset of storage product accumulation, which could be hypothesized to affect later 

embryogenesis and seedling growth. The measurement of these temporally correlated 

processes in a population of known variability for endoreduplication may allow some or 

all of them to be eliminated as associated with endoreduplication. 

In some interspecific crosses, failures in endosperm development enforce a 

species barrier. Efforts to manipulate the endosperm barrier have led to the development 

of a hypothetical endosperm balance number (EBN). By generating autopolyploids, 

closely related species that were previously inter-sterile can be crossed efficiently. The 

EBN is the number of genomes from one species necessary to balance, i.e. produce fertile 

seeds, in a cross with another (Katsiotis et al., 1995). The EBN derived from different 

crosses is often the same, such that if three species are used one can predict the viability 

of the first and second by the EBN each has in crosses with the third (Ehlenfeldt and 

Ortiz, 1995; Katsiotis et al, 1995; Carputo et al., 1997; Masuelli, 2001; Carputo et al., 

2003). EBN has been hypothesized to be the result of the expression level or activity of 

imprinted genes critical to endosperm development, and may be the interspecific 

manifestation of the action of the same genes that contribute to the requirement of 

endosperm for ploidy balance in interploidy intraspecific crosses (Birchler, 1993). As an 

example, crosses between diploid maize and diploid Tripsacum dactyloides are extremely 

inefficient. If tetraploid Tripsacum and diploid maize are crossed, the efficiency is 

substantially greater. Thus, it would appear that maize has a greater EBN than T. 

dactyloides. In both cases, it is primarily a defect in endosperm development that ensues, 

as endosperms fail to fill with starch and collapse while embryos grow if isolated from 
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developing kernels and placed on agar-solidified media (Kindiger and Beckett, 1992; 

Grimanelli et al., 1997). 

A number of economic, evolutionary and genetic models have been hypothesized 

to account for the sensitivity of endosperm development, and early organismal growth in 

general, to balanced parental genetic contribution. All share the postulate that genes 

affecting the dosage sensitivity of endosperm development are sensitive to the number of 

copies, and activity, of rate-limiting regulators of gene expression (Haig and Westoby, 

1991; Birchler, 1993; Ehlenfeldt and Ortiz, 1995; Gregory and Hebert, 1999; Birchler et 

al., 2001; Baroux et al., 2002). Each also suggests that an observation of parent-of-

origin effects suggest that the trait measured has been, or is downstream of genes that 

have been, selected on the basis of effective dose (Haig and Westoby, 1989, 1991; 

Birchler, 1993; Hurst and McVean, 1998; Spencer et al., 1998). Imprinting, or parent-of-

origin-specific expression, is simply one mechanism to alter the dosage of a particular 

gene. Fortunately, these models for the regulation of genomic balance make predictions 

about the behavior of a trait displaying maternal allelic effects, such as endopolyploidy. 

If endosperm-expressed dosage sensitive regulators control endopolyploidy in these 

crosses, we expect endoreduplication to respond dramatically to other alterations in gene 

dosage, such as unbalanced BA translocations, interploidy crosses, and crosses with 

related species and subspecies, such as the various other members of Zea and Tripsacum. 

Furthermore, we might expect inheritance of alleles affecting high or low 

endoreduplication to impact the fertility, or severity of disruption in endosperm 

development, in interploidy and interspecies crosses. 
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Some evidence suggests that genomic balance requirements are altered in the 

more endopolyploid popcorn genotypes and the potential coimection warrants further 

investigation. Firstly the behavior of the EBN is different in popcorns with higher 

endopolyploidy. The popcorn inbreds Sgl533, Sgl8 and Al-6, but not the lesser 

endoreduplicated Kp58k, are highly fecund ear parents for diploid maize by tetraploid T. 

dactyloides and diploid maize by diploid T. dactyloides crosses (Kindiger and Beckett, 

1992). This suggests that the maternal EBN of popcorns with high endoreduplication is 

different from other stocks. Either parental balance less important for endosperm 

development, or the EBN has changed such that it more closely matches the EBN of 

Tripsacum. The latter seems less likely as both 2n x 4n and 2n x 2n interspecific crosses 

were improved. 

A number of experiments utilizing the materials generated and described in 

Chapter 2 could be used to test the predictions outlined above. If the maternal effects on 

endopolyploidy are due to a change in dosage sensitive regulators, the B73 by Sgl8 

backcross progeny which have been analyzed for endopolyploidy in endosperm should 

also posses a similar variability for interspecific and interploidy cross effects. Crosses 

could be used to determine if the maternal expression of genes affecting 

endoreduplication in endosperm was due to a reduction in matemal-side effects or 

requirements for balance. Many possible outcomes of the experiments can be envisioned, 

however the possibility of validating the relationship between EBN and interploidy 

effects make it a worthwhile experiment even if endoreduplication shows no association. 

If the presence and dosage of shared factors explains endosperm-based fertility barriers in 
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maize, interploidy effects (Birchler, 1993) and higher degrees of endoreduplication in 

maize endosperm, Al-6 or Sgl8 by B73 BCl and Fls should be more fecund ear parents 

than B73 in crosses with T. dactyloides. Furthermore, fecundity in BCl x T. dactyloides 

crosses, as measured by progeny viability and/or size, should correlate with the degree of 

endopolyploidy measured for the BCl endosperm. Similarly, popcorn should be a more 

fertile ear parent, or display weaker or delayed symptoms, when used in interploidy 

crosses. Endopolyploidy of the BCl endosperms should predict the severity of 

interploidy effects, and the viability of progeny from BCl x tetraploid crosses. These 

types of experiments could provide a link or refute an association between intraspecific-

intraploidy parent-of-origin inheritance, the effects of interploidy crosses, and 

interspecific cross effects in the endosperm. Even a negative result, ruling out the genes 

affecting endoreduplication as a contributing factor to the EBN and allied impacts of 

genomic imprinting, would be valuable. If the EBN and interploidy phenomena are 

allied, however, the selection of maize stocks for the increased fertility with T. 

dactyloides could benefit both the introgression of traits from T. dactyloides into maize 

germplasm and attempts to induce apomixis in maize. Indeed, if popcorn germplasm 

affects fertility with T. dactyloides via a decreased requirement for endosperm balance, 

the exploitation of this could move maize closer to an apomictic reproductive habit. 

QTL mapping of genes affecting endoreduplication in maize endosperm 

QTL mapping experiments for the three endoreduplication traits, and testing the 

inheritance of QTL for maternal expression could be used to localize the genes 

responsible, validate the mode of inheritance suggested by the study in Chapter 2, and 
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attempt to identify the molecular nature of the allelic variation responsible for increased 

endoreduplication in these crosses. The materials generated by a QTL mapping 

experiment could also be used to better assess the genetic correlation between traits, as 

shared alleles should co-localize. Lastly, the materials generated in a QTL mapping 

experiment could be used to test any of the hypotheses regarding correlated characters 

proposed in the previous two sections. The identification of individual genes and gene 

products responsible for maternal zygotic control of endoreduplication, if such can be 

identified, is the only way to link imprinted gene expression (in the molecular sense) to 

the parent-of-origin-specific allele effects seen in Al-6 x B73 and Sgl8 x B73. This is 

especially true, given the inability of the quantitative genetic analysis to distinguish 

gametophytic effects from parent-of-origin effects on gene expression within the 

developing endosperm. 

The choice of materials for QTL mapping may be largely a matter of taste. 

However, at least four technical points impact the choice of material for QTL mapping 

the three endopolyploidy traits. Firstly, mapping should proceed utilizing a cross in 

which significant, and the corresponding, mean and variance components were identified. 

Secondly, if validation and localization of genes affecting parent-of-origin-specific 

effects is a goal, then the mapping should proceed in a cross in which significant variance 

and mean components consistent with zygotic maternal inheritance were observed. 

Depending on the crossing design employed, the cleanest results will be obtained a cross 

with less maternal sporophjliic influence, as this will confound the analysis when 

different ears and later generations are to be compared. The confounding effects of 
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sporophytic maternal control of trait mean values will require a greater number of 

repetitions and generations to map or control for it. Thirdly, the observations of 

increased error, little genetic influence, and confounding effects of endosperm size on 

%E suggest that this trait may be refractory to further analysis by similar methods to 

those employed in Chapter 2. Considering this, crosses in which %E and endosperm size 

displayed reciprocal differences between the two parents would lead to the least 

information and artificial deflation of %E and ESP differences, as may have occurred in 

the analyses of the factorial design experiments in Chapter 2. If BCl generation material 

were to be used for QTL mapping, size concerns could largely be ignored, allowing %E 

and ESP to be subjected to QTL mapping. However, as no information is currently 

available about the mode of inheritance for %E, the best model to apply to a mapping 

population is difficult to determine. In a BCl population additive gene action resulting in 

differences between kernels could be due to maternal, triploid, or diploid zygotic 

inheritance. Due to segregation occurring in only one of two parents, mapping would 

proceed essentially as for haploids, but would not distinguish between any of these 

inheritance modes. Lastly, a potential validation population already exists for a B7S x 

Sgl 8 mapping population in the form of the reciprocal backcross progeny (Table 2.9) 

which have been measured for endopolyploidy. The progeny of these plants could be 

used to validate the effects and mode of inheritance for large effect QTL, and provide 

material for fine mapping, much like a recombinant-inbred population (Mackay, 2001). 

Unfortunately, the small number of BCl individuals founding this population limits its 

utility (Hill, 1998). 



As the detection of parent-of-origin effects has the widest potential impact from a 

basic research standpoint, it seems that the Sgl8 and Al-6 by B73 crosses, which 

identified significant variance in maternal genetic contributions to both the ESP and E6P, 

would be the best choices. QTL mapping is a time consuming and costly process, and 

thus it is probably only feasible to carry out a mapping experiment using one of these two 

crosses. The existence of BC2 (Table 2.9) and higher (data not shown) back-cross 

generations for B73 x Sgl 8 may make this cross technically superior. Major QTL could 

be verified in backcross progeny derived from these generations, provided they are 

present in the population, and a more precise estimate of allele effects and map position 

determined. Furthermore, the identification of QTL affecting increased endopolj^loidy 

in these materials would allow, with marker association testing, a more robust and 

specific test of the inheritance mode for QTL controlling these traits. Thus, this material 

truly constitutes a validation or rejection of the inheritance modes proposed by the 3 

factorial analysis. However, the B73 x Al-6 cross provides the best material considering 

the first three technical concerns (Tables 2.5, 2.7 and 2.8) and the size of the B73 x Sgl 8 

backcross population mitigates its utility. Thus, I favor mapping in an Al-6 x B73 

population. This cross identified both paternal and maternal effects, had the least error of 

the four, and did not provide support for maternal sporophytic effects (though none can 

be ruled out). These results suggest that the magnitude of QTL required for detection 

will be lower. If fewer confounding factors need to be considered and differences 

between sporophj^es do not exert any genetic influence on endoreduplication, then a 

multi-generation population could be used without the problems of maternal effect co-
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linearity. Lastly, the E6P differences are greater Al-6 and B73 than any of the other 

crosses. As this is the trait which displayed the strongest maternal zygotic effects in the 

popcorn by B73 populations, a QTL analysis of E6P in Al-6 x B73 should produce the 

most robust conclusions. 

The phenotypes of arabidopsis maternal effect mutations suggest the maize 

orthologs as possible candidate genes affecting endoreduplication in endosperm. 

Maternally-expressed, paternally silent allelic effects on endoreduplication could be seen 

as the opposite phenotype of loss of function at Fie, Fis, or Mea. Mutations in the 

maternally expressed Fie and Mea both lead to a prolonged mitotic phase of development 

in endosperm (Ohad et al., 1996; Kiyosue et al., 1999; Vinkenoog et al., 2000). While 

the effects of alleles of the maize orthologs on endosperm development have not been 

demonstrated, some have been cloned and their expression in endosperm determined 

(Springer et al, 2002) and maternal expression and paternal imprinting reported (Lai and 

Messing, 2001). Mapping of related genes in maize, and tests for co-localization with 

QTL affecting endoreduplication in the endosperm, would be required to associate these 

genes with the phenotype observed in Chapter 2. 

Application of gametophytic inheritance models to previous studies 

Before we leave the subject of the quantitative genetic analysis presented in 

Chapter 2, it is important to discuss perhaps the best evidence for parent-of-origin-

specific effects on endosperm storage functions. A number of genetic studies, including 

QTL have demonstrated that seed and endosperm traits are strongly influenced by the 

maternal parent (Shi et al., 1997; Alonso-Blanco et al., 1999; Chen and Zhu, 1999; Shi et 
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al., 1999; Shi et al., 1999; Shi et al., 2000). Some studies utilized populations in which 

maternal sporophytic effects and maternal gametophytic effects would have identical 

influence on trait means or variance, such as the diallele design (Shaw and Waser, 1994) 

and QTL mapping with recombinant inbreds. One area for further experimentation is the 

extension of the genetic models presented in Chapter 2 (Tables 2.1 and 2.2) to the 

predictions for mapping populations, such as those used in previous studies. Indeed, 

prior to initiating a QTL mapping project, the theory required must worked out to allow 

for proper experimental design. Some crossing designs, such as those used to analyze 

grain quality in rice (Shi et al., 2000), allowed for the estimation of sporophytic and 

c}4oplasmic components and may be properly designed to distinguish between 

sporophytic and gametophytic (zygotic) maternal effects. Despite this, the authors 

conclude that maternal genetic control is the result of the influence of the genotype of the 

maternal sporophyte and cytoplasm (Shi et al., 2000). The identification of differences in 

variance within generations and the diagnostic "breakout" variance in the second 

generation in the raw data collected in some of these studies may detect of parent-of-

origin effects on these traits if the appropriate mathematical models are applied. 

Additionally, conclusions of maternal sporophytic or cytoplasmic effects may have been 

premature, as they are often co-linear with maternal zygotic effects when they cannot be 

distinguished. A test for the presence of these effects, and correction of the theoretical 

models employed to analyze the data may reduce, or remove, the presumed effect of 

sporophytic effects or add zygotic maternal genetic components to the necessary 

explanatory variables. 
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The impact of parent-of-origin effects on endosperm storage functions could be 

substantial. If maternal zygotic inheritance controls nutritional quality, selection for 

improved nutritional quality assuming a sporophjliic mode of inheritance will lead to 

increased trait mean values. However, selection would be more efficient, and require 

fewer kernels from fewer generations to achieve the same increase in trait mean values, if 

the trait were vinder gametophytic inheritance and selected accordingly. Furthermore, the 

hypothesis that maternal-specific gene expression is more substantial and important than 

previously thought, as suggested by a recent and controversial study (Vielle-Calzada et 

al., 2000), could find validation and even application this way. Traditional breeding 

methods have resulted in two new varieties of protein-content-enhance maize this year. 

These varieties join the o2-regulated high lysine and Top-cross high oil maize varieties in 

a marketplace that has an increasing share of specialty corns. If parent-of-origin effects 

impact nutritional quality, application of this knowledge to further improve these lines 

could be accomplished in the very near term. Observations of matemal-specific 

expression and demethylation of zein genes suggest that parental imprinting may affect 

storage protein accumulation in maize (Lund et al., 1995). 

Mechanism of RepA effects on the cell cycle 

While natural variation could be exploited to both identify and select for increased 

endoreduplication in maize endosperm (Fig. 2.1 and Table 2.10), expression of the viral 

cell cycle regulator, RepA, did not alter endoreduplication in maize endosperm (Fig 3.2 

and Table 3.4). However, RepA expression induced maize callus to endoreduplicate 

(Fig. 3.1) and increased cell division in tobacco BY-2 cells (Tables 3.1-3.2). As 
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endopolyploidy in endosperm cells is manipulable, the failure of Rep A to alter 

endopolyploidy suggests that it interferes with cell cycle regulators that are not rate 

limiting steps in endosperm endoreduplication. Earlier findings of RRB phosphorylation 

and high level RRB-kinase activity in these cells (Grafi and Larkins, 1995; Grafi et al, 

1996) suggestive of RRB-inactivation, are consistent with the failure of RepA to induce 

increased endopolyploidy. However, the RRB-dependence of RepA-promoted 

endocycles in callus and cell cycle stimulation in tobacco BY-2 cells has not been 

determined. 

Further experimentation is necessary to demonstrate, or rule out RRB-dependence 

for cell cycle stimulation by RepA. The most obvious solution is to repeat the callus and 

BY-2 experiments of Chapter 3 using a point mutant of RepA that disrupts the LxCxE 

motif and prevents binding to RRBs (Grafi et al., 1996; Xie et al., 1996; Ach et al., 1997; 

Huntley et al., 1998). If an RRB-binding mutant of RepA induces endocycles in calli or 

stimulates cell division in tobacco BY-2 cells, then RepA must mediate these effects by 

an RRB-independent mechanism. If it does not, this strongly suggests that RRB-binding 

is necessary, but it does not allow one to presume RRB binding to be sufficient for these 

cell cycle effects. RepA is known to have a number of activities, including DNA binding 

and nicking, oligomerization and binding to GRAB transcription factors (Horvath et al., 

1998; Xie et al., 1999; Gutierrez, 2000; Hanley-Bowdoin et al., 2000; Missich et al., 

2000) all or none of which may be necessary for cell cycle stimulation. While no 

evidence that these functions exert an influence on the cell cycle is available, any and all 

activities of RepA are formally possible contributing factors. Lastly, if RepA stimulates 
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endocycles via RRB-inactivation, overexpression of RRB proteins in maize callus should 

oppose endoreduplication. 

In animal cells, endoreduplication can be accomplished by the concomitant 

inhibition of RRB and oscillation of CDK activity (Bates et al., 1998; MacAuley et al., 

1998; Niculescu et al., 1998; Jiang et al., 2000). CDK oscillations can be accomplished 

in a myriad of ways, but this is often done via cyclin abundance (Sauer et al., 1995) or 

oscillations in the activity of CDK inhibitor proteins (Hattori et al., 2000). Animal CKIs 

are rapidly degraded following phosphorylation by CDKs, and this relationship can be 

exploited to form a CDK oscillator (Morisaki et al., 1997; Vlach et al., 1997; Montagnoli 

et al., 1999). If the plant cell cycle is similarly regulated, co-expression of a CKI in 

RepA-expressing calli could lead to extensive endoreduplication. 

Transfection of animal cell cultures is a highly efficient technique that allows 

transgenes to be delivered to a large percentage treated cells. In plants, transgenes are 

typically expressed in only a subset of treated cells. For this reason, extensively 

endoreduplicating cells are likely to be overwhelmed by mitotically active cells in maize 

calli. Furthermore, the maize CKIs are expected to block cell proliferation and thereby 

negatively select for transgenic cells. Thus, only a small fraction of the cells analyzed in 

a flow cytometric analysis would contain, or express, the CKI-treatment transgenes. 

Inducible expression systems could be adapted to permit the delay of CKI expression, 

and subsequent mitotic arrest, until homogeneously CKI"^ RepA^ callus was available. 

However, a simple transfection based assay, as follows, could also be used. First, a few 

lines of RepA-expressing calli should be generated. Subcultures of these calli could be 
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made and tested for RepA accumulation to ensure that the callus was homogeneously 

RepA^. Similar to the experiments I performed with BY-2 tobacco cells, bombardment 

with a GFP expression construct and co-bombardment with GFP and CKI expression 

cassettes could then be carried out on RepA and control calli. Following DAPI staining, 

measurements of nuclear diameter and microphotometric measurements of fluorescence 

intensity could provide estimates of endopolyploidy. If the animal model extends to 

plants, fluorescent cells from RepA"^ calli co-bombarded with GFP and CKI cassettes 

should have a higher ploidy than GFP-only controls after a few days of culture. This 

experiment could also demonstrate cell cycle inhibitory activity for the CKI, as control 

calli co-bombarded with GFP and CKI cassettes should exhibit cell cycle arrest. 

While RepA expression had significant cell cycle-stimulatory effects on two types 

of cultured cells, it had no effect on the cell cycles of starchy endosperm cells. This 

differential cell cycle effect may be due to the fact that the starchy endosperm, unlike 

callus, is composed of differentiated and highly determined cells. Transgenic calli and 

endosperms expressing RepA were evaluated for endopolyploidy, but the vegetative 

somatic cells of plants regenerated from calli constitutively expressing RepA were not 

(Gordon-Kamm et al., 2002). Cursory visual examination did not reveal any major 

morphological defects in RepA-expressing plants. However, a more carefiil flow 

cytometric and microscopic analysis of tissues might do so. If some cell tj^es are limited 

in their capacity for endoreduplication by RRB proteins, I would expect to see increased 

levels of polysomaty in a subset of tissues, and these tissues should contain active (e.g. 

unphosphorylated) RRB protein in wild-type plants. However, if positional cues limit 
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endoreduplication regardless of RRB status, I would expect to find no, or very little, 

increase in endopolyploidy in any plant tissue, regardless of RRB phosphorylation status. 

Mechanism of storage protein down-regulation 

The influence of RepA on endosperm storage functions is perhaps the most 

perplexing observation in this study. The next experiment to further our understanding of 

the changes in storage product accumulation as a consequence of RepA expression 

should be an investigation of the affected gene products at the level of mRNA 

accumulation. RRB and RepA are both known transcriptional regulators, and it is 

expected that all of the downregulated proteins identified in Chapter 3 would also exhibit 

a decrease in mRNA abundance. Second, a delimitation of the domains within RepA 

necessary to mediate these effects is needed. The failure to influence endoreduplication 

and the proposed RRB inactivation in maize endosperm during endopolyploidy, suggests 

that some function, other than RRB-binding, is important for the observed effects of 

GluBl :RepA on storage product accumulation. However, RRB proteins do influence 

non-cell cycle regulated gene expression in a phosphorylation-independent maimer 

(Pradhan and Kim, 2002). Additionally, binding of DNA directly, nicking DNA, 

influencing GRAB-related transcription factors, or associating with chromosomal 

proteins, by RepA may or may not be related to the changes in gene expression in 

endosperm (Horvath et al., 1998; Xie et al., 1999; Hanley-Bowdoin et al., 2000; Missich 

et al., 2000). The use of RepA mutants defective in any of the activities outlined above 

could be analyzed for both endoreduplication in callus and endosperm gene expression 
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effects if promoter and terminator sequences for the transgenes were chosen for 

expression in both callus and endosperm. Following the production of transgenic calli for 

cell cycle analysis, plants could be regenerated and the endosperms tested for effects on 

storage product accumulation. As the expression of wild-type RepA in maize endosperm 

produces a visible phenotype (i.e. small wrinkled kernels), screening of events could be 

rather rapid. 

A number of lines of evidence suggest that RepA is a transcriptional regulator. 

RepA expression is necessary for high-level transcription of the virion sense strand in 

some cell types (Gooding et al., 1999; Munoz-Martin et al., 2003). Stimulation of viral 

promoters has been shown to be dependant on the RRB-binding site (Munoz-Martin et 

al., 2003). In addition, RepA has been demonstrated to interact with two related 

transcription factors, GRABl and GRAB2 (Xie et al., 1999). This interaction is mediated 

by a distinct domain in RepA from the RRB binding site, but it may require the RepA 

dimerization domain (Horvath et al., 1998; Xie et al., 1999). GRABl and GRAB2 are of 

unknown function in plant cells, but they are members of a small plant-specific 

transcription factor family identified as modulators of plant form (Aida et al., 1997; Aida 

et al., 1999; Ishida et al., 2000; Takada et al., 2001; Daimon et al., 2003) and mediators 

of auxin signal transduction (Xie et al., 2000; Xie et al., 2002). Auxin is known to 

promote both the cell cycle and zein expression in maize endosperm (Lur and Setter, 

1993, 1993), suggesting that an explanation of RepA effects via auxin signaling will be 

complicated and require differential effects on the two phenomena. Examination of 

cDNA libraries for the closest maize relatives of the wheat GRABl and GRAB2 proteins 
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revealed that neither of the maize genes were represented by cDNAs from endosperm 

libraries. A more direct investigation of the expression of these genes via RT-PCR would 

be better able to exclude them from the list of candidates for RepA modulation of gene 

expression in endosperm. 

RepA also interfered with the accumulation of the GBFl transcription factor, 

which is both downstream of and a likely transducer of ABA signals (de Vetten and Ferl, 

1995; Nakagawa et al., 1996). While it is possible that the GBFl transcription factor is 

important for endosperm-specific gene expression (e.g. the zeins genes), RepA is likely 

to have interfered with a step upstream of GBFl action. Currently, the relationship of 

ABA signal transduction to zein gene regulation is not clear. One study reports a minor 

increase in zein gene expression following exogenous application of ABA to cultured 

whole kernels (Muller et al., 1997). Another study shows no influence of ABA on zein 

accumulation (Ober et al., 1991). 

If RepA affects gene product accumulation via interference with ABA signal 

transduction, a number of predictions can be made. Firstly, exogenous ABA application 

to RepA transgenic material could restore zein accumulation. Second application of 

ABA-inhibitors should disrupt zein gene expression. If the above two experiments return 

positive results in then becomes necessary to determine if GBFl, or downstream targets 

of GBFl, are important for zein accumulation. Co delivery of Zein:GUS fusions 

(e.g.(Thompson et al., 1990) and GBFl via particle bombardment of dissected 

endosperms could be used to test this hypothesis. If GBFl regulates zein gene 
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expression, co-delivery of GBFl and ZeiniGUS expression cassettes should result in 

higher levels of GUS accumulation that the ZeiniGUS cassette alone. 

An additional potential mechanism for RepA-mediated effects on seed storage 

functions exists. The PKL protein, a Snf2-like DNA helicase from arabidopsis, encodes 

an LxCxE interaction motif which would compete with RepA for RRB binding. PKL 

mutants display GA-dependant phenotypes, and misregulation of genes important for 

embryo storage functions (Ogas et al., 1997; Ogas et al., 1999). In suspension cultured 

maize endosperm cells, GA application leads to an increase in protein content and fresh 

weight (Cao and Shannon, 1997). However, no information is currently available 

regarding a role for GA in the regulation of storage proteins in intact endosperms. Tests 

of a hj^othetical involvement of PKL in endosperm-specific gene expression and/or 

RRB-mediated changes in gene expression would be more involved. In vitro interaction 

tests of RRB with PKL should determine whether or not the LxCxE encodes an RRB-

interaction motif or not. If PKL is a genuine RRB interactor, RepA could be tested for 

it's ability to dissociate the RRB-PKL complex. PKL is an upstream regulator of LEG 1 

(Ogas et al., 1999), which is important for embryo storage protein gene expression (Lotan 

et al., 1998; Vicient et al., 2000). A role for LECl or LECl-like genes in endosperm 

development or zein regulation has not been investigated, and the differences between the 

regulation of embryo and endosperm storage functions do not suggest a link between the 

two. However, these genes are a part of the CAAT-box transcription factor important for 

activation of CAAT-box containing promoters (Lotan et al., 1998; Lee et al., 2003). As 
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some zeins promoters contain CAAT-boxes (Grasser et al., 1990; Maier et al., 1990; 

Song et al., 2001) a link is possible. 

An additional possible mechanism for transcriptional control may be via major 

chromosomal proteins. At least three intensely staining proteins were identified by 

affinity chromatography of nuclear extracts of endosperms with immobilized 

recombinant RepA. While none of these proteins have been positively identified, they 

migrate at the same relative molecular mass as histones. Additionally the Hmgl/Y 

proteins, which do not co-migrate with any of the intensely staining bands were also 

found to bind RepA. Hmgl/Y proteins promote zein gene transcription (Grasser et al., 

1990; Maier et al., 1990; Ponte et al., 1994; Zhao and Grafi, 2000; Krohn et al., 2002) 

suggesting that a disruption in Hmgl/Y function could affect storage product 

accumulation. The reduction in GBFl accumulation may also be an effect of Hmgl/Y 

activity, as transcription factors involved in binding promoter elements within GBFl 

show altered in vitro DNA binding and transactivation capacities at different Hmg to 

Histone HI ratios (Nakagawa et al., 1996; Schultz et al., 1996). At this time, it is 

unknown if RepA binds directly to Hmgl/Y, and what domains of RepA are required for 

this association. An investigation into the Hmgl/Y binding requirements of RepA and the 

molecular nature of the histone-like proteins in the eluant from RepA-agarose will be 

required to begin to address the potential of a direct role for RepA in alterations to 

chromatin structure. 
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