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ABSTRACT 

Endoreduplication is a process of genome duplication without mitosis. This cell cycle 

results in an increase in nuclear DNA content, hence gene copy number. Although 

endoreduplication is common among plants and animals, the molecular mechanisms 

involved with this process are not fully understood. Elucidating the mechanisms that 

control this type of cell cycle could provide a better understanding of endosperm 

development, and ultimately could provide new insights for manipulating the genetic 

components involved with grain yield. Two strategies were used in this study to 

determine the genetic components involved with endoreduplication. One, based on QTL 

analysis to investigate the number, location and interaction of loci involved with 

endoreduplication. The other strategy involved identifying cell cycle candidate genes, 

more specifically cyclin dependent kinase inhibitors (CKIs), and characterizing them in 

regard to endoreduplication. 

In an effort to map genes influencing endoreduplication, four backcross populations 

were created from crosses between a high (Sgl8) and a low (Mo 17) endoreduplication 

inbred and their Fi (Sgl8 x Mo 17) progeny. These populations were used to detect 

quantitative trait loci with different modes of inheritance that influence 

endoreduplication. In all, fourteen quantitative trait loci were identified that affect the 

degree of endoreduplication in maize endosperm. Six QTLs were mapped using a 

statistical model that considers the triploid mode of inheritance in the endosperm. Two 

QTLs were mapped using a statistical model that considers parent-of-origin effect 
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inheritance. Six QTLs were mapped using a model that considers genetic interaction 

between embryo and endosperm. 

Previous studies with maize endosperm showed that accumulation of a cyclin-

dependent kinase (CDK) inhibitor is coincident with the onset of endoreduplication, but 

the identity of this inhibitor is unknown, nor is it clear whether it affects M- or S-phase 

CDKs. We therefore tried to determine if cyclin-dependent kinase inhibitor (CKI) activity 

is required for the occurrence of endoreduplication in maize endosperm. The expression 

of two maize CKI genes, Zeama;CKl;l and Zeama;CKI;2, were characterized in 

developing endosperm, and their functional activities were investigated. The 

accumulation of Zeama;CKI;l RNA is not developmentally regulated, and its expression 

encompasses the period in which endoreduplication takes place during maize endosperm 

development. In contrast, Zeama;CKI;2 gene expression appears to be developmentally 

regulated in the endosperm, since its protein level decreases after 13 days after 

pollination (DAP). Both proteins were able to inhibit the maize Cdc2/CDK kinase 

activity associated with pi3^"'^', through in vitro assays. They were also able to 

specifically inhibit cyclin A1 ;3/ and cyclin D5;l/-associated CDK activities, but not 

cyclin B1;3/CDK, at least in vitro. Although Zeama;CKI;l was found to be associated 

with the endosperm CKI activity, it did not account for all of the CDK inhibitor present 

in this fraction. Over-expression of ZeamaCKI 1 in maize embryonic calli that ectopically 

expressed the wheat dwarf virus RepA protein, which counteracts retinoblastoma-related 

protein (RBR) function in the cell cycle, led to an additional round of DNA replication 



without nuclear division. However, a role for Zeama;CKI;l in endoreduplication could 

not be demonstrated in maize endosperm. 
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CHAPTER 1 

IDENTIFICATION OF QUANTITATIVE TRAIT LOCI (QTLs) AFFECTING 

ENDOREDUPLICATION AND CHARACTERIZATION OF CYCLIN 

DEPENDENT KINASE INHBITORS IN DEVELOPING MAIZE {Zea mays L.) 

ENDOSPERM 

INTRODUCTION 

Duplication of the genome without mitosis is common in eukaryotes (Nagl, 1978). 

This process, called endoreduplication, results in an increase in nuclear DNA content, 

hence gene copy number. In animals, endoreduplication occurs in the Malpighian tubules 

and salivary glands of various dipterans, and it is also observed in cardiomycetes, 

hepatocytes, megakaryocytes and trophoblast giant cells of mammals. In plants, 

endoreduplication is a widespread process, particularly among Angiosperms, and it may 

occur in any cell type, except the gametes, meristematic parenchyma and guard cells 

(Nagl, 1978). Although endoreduplication is common among plants and animals, its 

function is not well understood. It is thought that endoreduplication could provide a 

mechanism to create high levels of gene expression by increasing the availability of DNA 

templates. Transcriptional and translational activity increase proportionately with each 

doubling of the genome, so the metabolic activity of a highly polyploid cell can be 

functionally equivalent to that of many diploid cells (D'Amato, 1984). Cells that 



undergo endoreduplication are typically bigger than other cells, and it was suggested that 

large cells have the capacity to increase their volume faster than smaller cells, which 

could be advantageous in rapidly growing fruits and seeds (Grime and Mowforth, 1982). 

Because endoreduplication occurs frequently in seed storage tissues, it has also been 

suggested that this process could provide a mechanism for storing nucleotides or nitrogen 

for the embryo (reviewed in Larkins et al., 2001). Because of the high frequency with 

which the endoreduplication occurs in plants, and its presumed importance, there is great 

interest in understanding the regulation of this process. 

ENDOREDUPLICATION VERSUS MITOTIC CELL CYCLE 

Endoreduplication can be considered an alternative cell cycle, since it consists of one 

or more rounds of DNA replication without nuclear and cell division. Therefore, some of 

the mechanisms that direct progression of the G1-, S-, 02- and M-phases of the mitotic 

cell cycle must be modified in order for endoreduplication to occur (reviewed in Larkins 

etal.,2001). 

The mitotic cell cycle has been reviewed in detail by Morgan (1997) and Edgar and 

Orr-Weaver (2001). Briefly, the cell cycle is orchestrated by activation and repression of 

different cyclin dependent kinase (CDK) complexes. CDKs are composed of a 

serine/threonine protein kinase, the catalytic subunit, and a regulatory subunit called 

cyclin. Positive regulation of CDKs is mediated at the level of cyclin accumulation and 

by phosphorylation of the catalytic subunit. Negative regulation of CDK activity is 
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achieved either by phosphorylation of the Tyr 15 and Thr 14 sites in the catalytic subunit, 

through Weel, or by binding CDK inhibitory proteins, CKIs. In higher eukaryotes, the 

transition from G1 to S phase is achieved by sequential accumulation of cyclinD/CDKs 

and cyclinE/CDKs. S-phase initiation and progression are mediated by cyclinE/- and 

cyclinA/CDK complexes. In the mitotic cell cycle, after S-phase completion, the 

formation of a cyclin B/CDK complex is essential for the G2/M transition. After 

completion of S-phase, cyclin/CDK activity drops to low levels and remains low from M-

to early G1-phase, allowing the assembly of prereplication complexes, thus licensing the 

DNA for replication. The ability to relicense DNA for replication is inhibited by high 

levels of CDK activity during S- and G2-phase, and only after CDK activity drops during 

the next M/Gl transition is the DNA relicensed to replicate. In this way, only one round 

of DNA replication is allowed per mitotic cycle. 

Endoreduplicating cells appear to have simplified the machinery needed to regulate 

the cell cycle, by eliminating the expression of components of M-phase. Recent studies in 

animals and plants suggest that endoreduplication requires loss of M-phase CDK activity. 

It has also been suggested that endoreduplication requires oscillation of S-phase CDK 

activity. Additionally, during endoreduplication, cells replicate their DNA many times 

with a single interphase, indicating that these cells escape the mechanisms that inhibit 

DNA replication in mitotic cells (Edgar and Orr-Weaver, 2001; Larkins et al., 2001). 
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ENDOREDUPLICATION IN ANIMALS 

Endoreduplication is composed of only gap and S-phases, and recent studies have 

shown that this process utilizes much of the same Gl/S regulatory machinery as the 

mitotic cell cycle. It was reported that in mammalian megakaryocytes, a blood cell type 

specialized to produce platelets and trophoblasts which contribute to the placenta, the 

commitment to polyploidization requires cyclin D (Gl/S cyclin) function and is 

associated with changes in expression of D-type cyclins, as well (Wang et al., 1995; 

MacAuley et al., 1998). Studies of Drosophila cyclin D/CDK4 showed that this complex 

is associated with increased ploidy in endoreduplicating tissues, also suggesting a role for 

D-type cyclins in the endoreduplication process ( Bassini, et al., 1999). In mammalian 

trophoblast cells, initiation of endoreduplication was associated with synthesis of cyclins 

E and A (S-phase cyclins), and its termination was correlated with abrupt loss of these 

two cyclins (MacAuley et al., 1998). Additionally, both cyclins were observed to be 

absent in gap-phase cells, suggesting their degradation may be necessary to allow 

reinitiation of the next endoreduplication cycle. In Drosophila embryos upon transition 

from mitotic to endoreduplication cell cycles, it was observed that cyclin E expression 

changes from continuous to periodic, and it was shown that continuous expression of 

cyclin E in salivary glands inhibited polyploidization, indicating that oscillation of cyclin 

E expression is required for endoreduplication (Follette et al., 1998; Weiss et al., 1998). 

Other factors that play a role in the Gl/S and S-phases and also affect 

endoreduplication are the adenovirus E2 promoter biding factor (E2F), its dimerization 
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partner (DP), cell division cycle 6 (CDC6) and cdclO target 1 (CDTl), the latter two 

proteins cooperate with each other to license DNA for replication. E2F was first 

identified as a protein that stimulates expression of the adenovirus E2 promoter (Kovesdi 

et al., 1986) and subsequently, it was shown to activate the transcription of several genes 

involved in the Gl/S and S-phase transitions (reviewed in Trimarchi and Lees, 2002). 

Royzman et al. (1997) showed that E2F-DP is required for normal progression of 

endocycles in Drosophila. The polyploidization of Drosophila nurse cells can be divided 

into a two step process: during the first five endocycles, the entire genome is replicated 

and the sister chromatids stay tightly aligned; then, after cycle six, the heterochromatin is 

no longer replicated. In E2F-DP mutants, heterochromatin continues to replicate rather 

than being blocked after the sixth endocycle, indicating that E2F-DP is important for the 

transition from polytene to polyploid chromosomes. With regard to CDC6 and CDTl, it 

has been shown in yeast and metazoans that the association of these two proteins with the 

origin recognition complex (ORC) is a pre-requisite for loading minichromosome 

maintenance (MCMs) proteins onto chromatin, which is required for licensing the origins 

for a new round of DNA replication (reviewed in Bell and Dutta, 2002). Bermejo et al. 

(2002) showed in two human megakaryoblastic cell lines that CDTl levels are 

maintained upon differentiation whether or not they undergo endoreduplication. In 

contrast, CDC6 is present only in differentiated endoreduplicating cells. Additionally, 

they showed that overexpression of CDC6 in megakaryoblastic cell lines leads these cells 

to endoreduplication cycles, suggesting a role for CDC6 in DNA polyploidization. 
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In agreement with the hypothesis that endoreduplicating cells simplify their cell cycle 

regulatory mechanism by eliminating components of the mitotic cell cycle that are not 

required for the polyploidization process, MacAuley et al. (1998) reported that in rodent 

trophoblast giant cells, the onset of endoreduplication is associated with failure to 

assemble a cyclin B/CDKl complex at the first cycle of endoreduplication, which is 

followed by a reduction of this mitotic cyclin. Additionally, in Drosophila embryos 

expression of the mitotic cyclins A, B and B3 was observed to be terminated upon 

transition from mitotic to endoreduplication cell cycles (Lehner and Farrel, 1989 and 

1990). Yet, according to the requirement for elimination of the mitotic machinery in 

endoreduplicating cells, one of the components of the anaphase-promoting complex 

(APC) complex, HCTl/Cdhl/fizzy-related, which is responsible for proteosome substrate 

recognition and is a negative regulator of mitotic cyclin accumulation, was shown to be 

needed for Drosophila salivary gland cells to enter endoreduplication cycles (Pfleger et 

al., 2001; Sigrist and Lehner, 1997). Another regulator of mitotic cyclin accumulation, 

the Myb transcription factor, was shown through quantitative microscopic analysis of 

nuclei from two temperature-sensitive myb mutants to be required for prevention of 

endoreduplication in Drosophila wing cells (Katzen et al., 1998). Chang et al (2000) 

observed that over-expression of the CKI, p21, in pl6- and retinoblastoma (Rb)-deficient 

human cells, leads to endoreduplication and a reduction in mRNA levels of M-phase-

associated genes, among them cyclin Bl. Taken together, these results suggest that the B-

type cyclins, a key component of the mitotic cell cycle, are eliminated in 

endoreduplicating cells, according to the model proposed by Edgar and Orr-Weaver 
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(2001). Furthermore, it was recently demonstrated by Wuarin et al (2002) that in fission 

yeast, cyclin B/cdc2 makes a stable association with replication origins, preventing 

endoreduplication by affecting DNA replication. 

Several studies have demonstrated a potential positive role for CKIs in the 

endoreduplication process of various organisms. In mammals, seven CKIs were 

identified, and they have been classified in two families according to their structural and 

functional similarities (reviewed in Sherr and Roberts 1995). The INK4 family contains 

an ankyrin repeat motif and specifically affects CDK4 and CDK6, the most divergent cell 

cycle-associated CDKs in mammals. There are four members of this family: pl5, pl6, 

pl8 and pl9. The Cip/Kip family of CKIs comprises p2l'^'''' (also called Wafl, Sdil or 

CAP20), p27^'''' and and each of these has a conserved domain at its N-terminus. 

Members of the Cip/Kip family show a broader spectrum of inhibitory effects on 

cyclin/CDK complexes than the INK4 family. Importantly, the CKIs in both families 

function as Gl/S inhibitors. In regard to the endoreduplication process, Kikuchi et al. 

(1997) observed that a member of the Cip/Kip family, p21*^'''', was upregulated at the 

early stage of megakarocytic differentiation of human UT-7 cells before terminal 

differentiation, which is characterized by nuclear polyploidization. They also showed that 

over-expression of p2l'^'''' resulted in increased ploidy of human megakarocytic cells. 

Bates et al. (1998) verified that expression of p21^'''' resulted in G2/M cell cycle arrest in 

human Saos-2 cells, while reversal of its expression leads to unscheduled DNA 

replication in G2 blocked cells. Niculescu et al. (1998) showed that over-expression of 

p21^'''' and p27^'''', Cip/Kip inhibitors that affect cell cycle control at the Gl/S transition, 
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leads to endoreduplication in Rb-negative human cells. Chang et al. (2000) observed that 

transient expression of the p21^'''' CKI in pl6-Rb-deficient human cells, led to a higher 

fraction of G2/M cells and a large number of polyploid cells. Hattori et al. (2000) 

reported that expression of the p57^'''^ CKI, also a Cip/Kip family member, is induced 

coincidentally with the transition to endocycles in mammalian trophoblast giant cells. 

They also showed that p57^'''^ mRNA levels do not change during the endoreduplication 

process, but the protein level fluctuates. In synchronized trophoblast giant cells, pS?'^'''^ 

accumulates at the end of S-phase and disappears a few hours before the onset of the next 

S-phase. Finally, a study that indirectly indicated a positive role for CKIs in 

endoreduplication demonstrated the need for a negative regulator of the mammalian CKI, 

p27^'P\ to prevent hepatocytes from undergoing endoreduplication. 

In animals, there are two complexes related to protein degradation through the 

ubiquitin-proteasome pathway, and they regulate cell cycle progression. The APC is 

necessary for separation of sister-chromatids at anaphase and exit from M- to G1-phase. 

The other ubiquitin-proteasome complex, called SCF, is implicated in Gl-S progression. 

One of the components of the SCF complex is an F-box protein, and recently the Skp2 

protein, which also contains an F-box domain, was implicated in the ubiquitin-mediated 

degradation of p27'^'''' by in vitro and in vivo assays (Tsvetkov et al., 1999 and Carrano et 

al., 1999). Nakayama et al. (2000) showed through flow cj^ometric analyses that 

hepatocytes of Skp2 homozygous recessive mutant mice undergo endoreduplication. 
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In summary, recent studies indicated that the endoredupUcation cell cycle shares many 

of the Gl/S regulatory cell cycle components with the mitotic cell cycle, but eliminates 

genes that function at M-phase of the mitotic cell cycle. 

ENDOREDUPLICATION IN PLANTS 

In plants, physiological, genetic and environmental factors have been described that 

influence the endoredupUcation process. Among the environmental factors, water deficit, 

light and exposure to high temperatures were reported to affect the cell cycle and the 

magnitude of endoredupUcation. Artlip et al. (1995) and Setter and Flaimigan (2001) 

showed that water deficit reduces maize endosperm endoredupUcation. Gendreau et al. 

(1998) reported that the number of endoredupUcation cycles in Arabidopsis hypocotyls is 

partially controlled by light, since two endocycles occur in light-grown hypocotyls, 

whereas in the dark, a certain percentage of the hypocotyl cells undergo a third 

endocycle. By using mutants in the phytochrome pathway, it was shown that the third 

endocycle was suppressed in far red light through the action of phytochrome A; to a 

lesser extent, it was suppressed in red light by phytochrome B, and it was completely 

suppressed in dark-grown constitutive photomorphogeneticl (cop-1) mutant seedlings. 

Finally, Engelen-Eigles et al. (2000 and 2001) reported that the percentage of 

endoreduplicated nuclei was reduced by 4 to 6 days of high temperature treatments given 

from 4-8 days after pollination (DAP) or from 6-10 DAP, causing the endosperm to 
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remain predominantly mitotic, instead of endoreduplicated, until late stages (18 DAP) of 

development. 

Among the physiological factors, the role of hormones in the endoreduplication 

process was investigated in several studies. Mambelli and Setter (1998) showed that 

endoreduplication is reduced by exogenous application of abscisic acid (ABA) when it 

was applied from 5-11 DAP maize kernels. However, it was shown that mitotic division 

was even more sensitive to ABA than the polyploidization process. Gendreau et al. 

(1999) investigated the role of two hormones, gibberellin (GA) and ethylene, in 

endoreduplication by using a collection of Arabidopsis mutants. With the GA-deficient 

mutant, gal, they showed that the proportion of endoreduplicated nuclei was reduced in 

mutant hypocotyls, and that the last endoreduplication cycle was absent, indicating GA is 

needed for this process. Other evidence that GA can be involved in endoreduplication 

was reported by Perazza et al. (1999), who showed that a mutant that displays a 

constitutive gibberellin response, splindly {spy), presented, as expected, a contrasting 

phenotype to gai, limiting the endoreduplication process in Arabidopsis trichomes. By 

applying 1-aminocyclopropane-l-l-carboxylic acid (ACC), a precursor for ethylene 

biosynthesis, and analyzing a constitutive triple response ethylene mutant {ctrl), an extra 

round of endoreduplication was observed in the hypocotyls (Gendreau et al., 1999). By 

analyzing the ethylene-insensitive ein2 mutant seedlings, a slight reduction in the 8C/4C 

ratio in the hypocotyls was reported. In agreement with the previous study that showed 

ethylene may play a role in endoreduplication, Dan et al. (2003) showed that DNA 

synthesis observed after exogenous ethylene exposure of cucumber hypocotyl epidermal 
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cells was the result of DNA replication without an intervening cell division, leading to as 

many as three rounds of endoreduplication. Taken together, these results indicate that 

ethylene might play a role in the endoreduplication process. Two other hormones, auxin 

and cytokinin, have also been suggested to play a role in endoreduplication. Valente et al. 

(1998) showed that tobacco cells cultured in the presence of an auxin analog induced 

nuclear elongation, followed by polyploidization, and that addition of a cytokinin analog 

to the medium stopped cell elongation and triggered a switch to cell division. These 

results indicated that the presence of auxin and the absence of cytokinin is needed for 

endoreduplication, however this conclusion is based on application of exogenous auxin 

and cytokinin to tobacco; therefore, it is still necessary to investigate changes in 

endogenous levels of these hormones during the endoreduplication process. Other 

evidence that these two hormones are involved in cell division, and may be involved in 

endoreduplication, comes from early studies that reported that they influence the 

synthesis and activation of a protein kinase, CDKA/cdc2a, whose activity is needed in all 

phases of the mitotic cell cycle (John et al., 1993). 

Besides the SPY mutation that acts in limiting the endoreduplication process through 

the gibberelic acid pathway, four other Arabidopsis mutants, kaktus, triptychon, 

polychrome and rastafari, were reported to limit endoreduplication in Arabidopsis 

trichomes as well (Hiilskamp et al., 1994, Perazza et al., 1999). Three of these genes were 

cloned recently; SPY encodes a tetratricopeptide repeat protein thought to mediate 

protein-protein interactions and resembles TRY (Jacobsen et al., 1996), which was shown 

to code for a single-repeat MYB protein (Schellmann et al., 2002), and KAK encodes a 
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protein with sequence similar to the HECT family, which are known to have ubiquitin E3 

ligase activity (El Refy et al., 2003). Besides its role in trichome endoreduplication, KAK 

was also shovm to reduce the degree of endoreduplication in hypocotyls and in 

cotyledons. Other mutants that increase or decrease the endoreduplication level in 

Arabidopsis trichomes have been reported. Payne et al. (2000) reported that Glabra-3 

encodes a bHLH transcription factor, and its mutant form was shown to decrease the 

number of rounds of endoreduplication in Arabidopsis trichomes. Walker et al. (2000) 

described a mutation in a newly identified gene, SIAMESE (SIM), which resulted in 

reduced endoreduplication levels in Arabidopsis trichomes, comparable to the extent of 

reduction reported for glabra-3 mutants. Sugimoto-Shirasu et al. (2002) showed that in 

two dwarf mutants, hypocotyls 6 (hyp6) and root hairless (rhl2), the cell cycle stalled 

after the first two rounds of endoreduplication. Flow cytometric analysis of leaf and 

hypocotyl tissue of both mutants showed that cells endoreduplicated only until 8 C, while 

the wild-type underwent endoreduplication up to four-times, to 32 C. Higginson et al. 

(2003) reported that AtMTB103 was a member of the R2R3 MYB gene family, and it 

apparantely repressed a fifth round of endoreduplication in Arabidopsis trichomes. 

Additionally, Lui and Meinke (1998) and Tzafrir, et al. (2002) described mutants of 

Arabidopsis that exhibit striking defects during seed development, and for which the 

most defining feature is the presence of abnormal endosperm with giant polyploid nuclei. 

The genes responsible for these ''titan" mutants have been reported to encode 

chromosome structural maintenance proteins, such as condensins and cohesions, which 

are required for chromosome function at mitosis. It has been proposed that the titan 
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abnormalities result from the disruption of either microtubule function or chromosome 

dynamics; however, further studies are necessary to elucidate the exact pathways that 

lead to polyploidization of their endosperm nuclei. 

Disrupted expression, mostly by ectopic- or over-expression, but also by under-

expression of several cell cycle genes, has also been reported to affect endoreduplication 

in plants. In plants, as in other eukaryotes, E2F, together with its dimerization partner DP, 

was shown to act as a transcription factor regulating the expression of genes involved in 

the Gl-S and S-phase transition of the cell cycle (Ramirez-Parra et al., 2003). De Veylder 

et al. (2002) reported that ectopic expression of E2Fa and its dimerization partner, DPa, 

caused extra cycles of DNA replication in endoreduplicating cotyledon cells in 

Arabidopsis plants. Kosugi and Ohashi (2003) reported enlargement of nuclei with 

increased ploidy levels in mature leaves of transgenic tobacco plants that ectopically 

expressed Arabidopsis E2Fa (AtE2F3) and DPa, a CDC6 gene that is known to play an 

important role in yeast and animal cells at Gl/S and S-phase, due to its function in 

licensing DNA replication, was shown to affect endoreduplication in plants as well as in 

animals. Castellano et al. (2001) showed that ectopic expression of Arabidopsis CDC6 

led to a significant shift in the number of nuclei at each ploidy level, from a low of 4C to 

a high of 8C in Arabidopsis leaves. In addition, Castellano et al. (2004) showed that 

ectopic expression of AtCDC6a led to increased DNA content in trichomes, and because 

no multicellular trichomes were observed, they concluded that the increase in DNA 

content was due to an extra round of endoreduplication. By analyzing another protein 

involved with DNA replication, AtCDTla, they showed that ectopic expression of this 
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protein in Arabidopsis leads to increased ploidy in leaves and trichomes, as was observed 

for AtCDC6a. 

Cyclin dependent kinases and their cyclin partners play a crucial role in cell cycle 

progression in plants and all studied eukaryotes; therefore, the role of these proteins in 

endoreduplication has also been investigated. There are five classes of plant CDKs, 

CDKA-CDKE, but only two have been well characterized, CDKA and CDKB (reviewed 

in Joubes et al., 2000). CDKA is the only plant CDK that functionally complements yeast 

cdc2/cdc28 temperature-sensitive mutants; its expression was reported to be detected at 

all phases of the cell cycle, indicating this protein may function during both S- and M-

phase. On the other hand, CDKB, a plant specific CDK, was reported to function at the 

G2/M transition, since the two identified classes of CDKBs were reported to accumulate 

during S-, G2- and M-phase (CDKBl), and G2- and M-phase (CDKB2), both reaching 

maximum kinase activity during M-phase. With regard to the endoreduplication process, 

Jacqmard et al. (1999) showed through in situ hybridization experiments that 

CDKB/CDC2b and CYCB1;1 expression were restricted to mitotically dividing cells. 

CDKA/CDC2a was weakly expressed in endoreduplicating cells and highly expressed in 

mitotically dividing tissues, and CKSlAt, the Arabidopsis homolog of suppressors of 

certain cdc2/CDC28 alleles (SUCl/CKSl) first identified in budding and fission yeast, 

was expressed in both mitotic and endoreduplicating cells. These results indicated that 

CKSl may play a role in both types of cell cycle, while CDKB, CDKA and CYCBl ;1 

may operate only during mitotic divisions. Although studies in Arabidopsis indicated a 

role of CDKA in mitotic and not endoreduplication cycles, Leiva-Neto et al. (2004) 
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reported that expression of a dominant negative mutant of CDKA in maize endosperm 

decreased the endoreduplication level, while over-expression of this gene had no 

phenotype, indicating that this protein is needed, but is not limited, for the 

endoreduplication process. According to earlier studies in Arabidopsis that indicated a 

role for CDKB only in mitotic cycles, Boudolf et al. (2004) reported that over-expression 

of a CDKB dominant negative mutant triggered endoreduplication cycles in several 

Arabidopsis tissues, including leaves, cotyledons, hypocotyls and roots. These results 

indicate CDKB is needed to maintain mitotic and prevent endoreduplication cell cycles. 

With regard to CKSl, De Veylder et al. (2001) reported that over-expression of the 

Arabidopsis SUCl/CKSl, designated CKSlAt, does not affect endoreduplication, 

suggesting that CKSlAt is not limiting for endoreduplication, but this did not exclude the 

possibility that the gene is needed for DNA polyploidization 

Cyclins, like their partner CDK, are needed for progression through the cell cycle, and 

these proteins have been investigated with regard to their role in endoreduplication. As in 

mammals, plant cyclins are classified according to their function during the cell cycle as 

G1/S-, S- and M-phase types. In Arabidopsis, endoreduplication was reported to be 

inhibited in a variety of mature tissues, such as leaves, bracts and segments of the floral 

stalk, by over-expression of a Gl/S cyclin (CYCD3;1) (Dewitte et al., 2003). In 

agreement with the model proposed in animals that endoreduplicating cells simplify their 

mitotic cell cycle regulatory mechanism. Sun et al. (1997 and 1999) reported that 

CycBl;3 mRNA, which encodes a mitotic cyclin, decreases at approximately the onset 

endoreduplication in maize endosperm. More compelling evidence for this hypothesis 
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was reported by Schnittger et al. (2002), who showed that ectopic expression of a mitotic 

cycHn (CYCB1;2) was able to induce mitotic cycles in endoreduplicating Arabidopsis 

trichomes. Additionally, a probable negative regulator of the cyclin B protein level, 

ccs52a, was isolated from Medicago sativa root nodules that exhibited a high level of 

endoreduplication (Cebolla et al., 1999). This protein was reported to have high similarity 

with the "fizzy related" protein from Drosophila. Overexpression of this protein in yeast 

leads to endoreduplication, cell enlargement and the decreased accumulation of CDC-13, 

the M-phase cyclin. Cebolla et al. (1999) showed that over-expression of ccs52a resulted 

in degradation of the mitotic cyclin, CDC-13, in fission yeast, as it was reported for 

Drosophila. They also found that antisense expression of the ccs52 gene resulted in a 

decreased number of endocycles in several tissues, including petioles, hypocotyls and 

roots. Taken together, these results suggest that, like in mammals and Drosophila, 

elimination of mitotic cell cycle components, such as B-type cyclins, is needed in order 

for the endoreduplication process to occur in plants. 

In contrast to studies in mammals that reported a positive role for CKIs in 

endoreduplication, several studies in plants implied a negative role for CKIs in the 

polyploidization process. Sequences displaying similarities with members of the 

mammalian Cip/Kip family have been identified in Arabidopsis, Chenopidium rubrum, 

pea, cotton, rice and tobacco. Seven genes that encode proteins with distant sequence 

homology with p27'^'''' were isolated from Arabidopsis (Wang et al, 1998; De Veylder et 

al., 2001). Two of them, ICKl and ICK2, were shown to inhibit CDK activity in vitro-, 

ICKl was also shown to interact with Arabidopsis CycD3;l in a yeast two hybrid system 
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and to inhibit CDK activity in planta (Wang et al, 1998 & 2000; Lui et al., 2000). Based 

on yeast two hybrid assays, De Veylder et al. (2001) showed that all seven Arabidopsis 

CDK inhibitors, KRPs 1-7, interact with the D-type cyclin, CycD4. Zhou et al. (2002) 

performed a more complete survey, including A-, B- and D-type cyclins in a yeast two 

hybrid system, and showed that ICKl interacts with D-type cyclins, CycDl, CycD2, and 

CycD3, but not with A/B type cyclins, like CycA2, CycBl and CycB2. Additionally, 

Jasinski et al. (2002), Zhou et al. (2002) and Schnittger et al. (2003) showed that co-

expression of the plant CDK inhibitor, ICKl, with D-type cyclins could totally or 

partially rescue the phenotype of the single mutants, indicating a functional interaction of 

these proteins in planta. In tobacco, a CDK inhibitor named NtKISla was isolated though 

a yeast two-hybrid screen, and its over-expression reduced CDK activity in planta 

(Jasinski et al., 2002). Several studies reported that CKIs had an inhibitory role in plant 

endoreduplication. Jasinski et al. (2002) reported that over-expression of the tobacco 

CKI, NtKISla, in Arabidopsis blocked endoreduplication in rosette leaves. Additionally, 

over-expression of the Arabidopsis ICKl/KRPI, ICK2/KRP2, ICK4/KRP6 and ICKCr 

(CKI identified in Chenopodium rubrum, by Fountain et al., 1999) was shown to inhibit 

endoreduplication, decreasing the ploidy level of leaves that normally have cells of mixed 

ploidy. Over-expression of ICKl I was also shown to inhibit endoreduplication in 

trichomes (DeVeylder et al., 2001; Zhou et al., 2002; Schnittger et al., 2003). 

Finally, previous studies with maize endosperm (Grafi and Larkins, 1995) showed that 

accumulation of a CDK inhibitor is coincident with the onset of endoreduplication, but 
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the nature of this inhibitor is unknown, nor it is clear whether it affects the M- or S-phase 

CDK (Yuejin Sun, personal communication). 

MAIZE ENDOSPERM DEVELOPMENT 

In maize, endoreduplication occurs in the endosperm during kernel development 

(reviewed in Larkins et al, 2001). Endosperm results from a fertilization event involving 

two polar nuclei in the megagametophyte and a sperm nucleus from the 

microgametophyte. Following the formation of the endosperm triploid nucleus, multiple 

synchronous divisions give rise to a syncytium of several hundred nuclei. Cellularization 

begins around the nuclei by 3 DAP, progresses in a centripetal pattern, and is completed 

by 4-5 DAP, resulting in a fully cellularized tissue of uninucleate cells. Mitotic cell 

division and cell enlargement occur between 5-12 DAP, which corresponds to the most 

rapid period of endosperm growth. Cell division ceases in the central region of the 

endosperm around 12 DAP; by this stage the endosperm has already completely filled the 

central region of the kernel. In sub-aleurone cells, mitotic divisions continue until 

approximately 20 DAP. The endoreduplication process begins toward the end of mitotic 

cell division (8-9 DAP), and it persists at least through mid-kernel development (20 

DAP). The beginning of endoreduplication is concomitant with the onset of starch and 

storage protein synthesis, but the spatial and temporal relationships between these 

processes are not well characterized. Endoreduplication initiates in the central region of 

the endosperm and radiates toward the aleurone, and it can affect as much as 90% of the 
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nuclei. Notably, starch and storage protein synthesis begin near the apex and proceed 

downward during endosperm development. Kowles and Philips (1985) reported that four 

to five cycles of endoreduplication are common among most maize inbred lines. In 

addhion, Dilkes et al. (2002) showed that endoreduplication occurs in flint, dent and 

popcorn inbred lines. These results suggest that endoreduplication process is positively 

correlated to kernel development. 

Finally, toward mid development (15 DAP), the central cells begin to undergo 

programmed cell death, which eventually affects most of the tissue, leaving only the 

aleurone layer unaffected and viable at maturity. The programmed cell death of the 

endosperm, which marks the end point of its development, is characterized by the inter-

nucleosomal fragmentation of nuclear DNA (reviewed in Young and Gallie, 2000). 

GENETIC CONTROL OF ENDOREDUPLICATION IN MAIZE ENDOSPERM 

By crossing maize plants that produce kernels with abnormal numbers of polar nuclei 

with diploid and polyploid pollen, Rhoades and Dempsey (1966) observed that any 

deviation from a maternal to paternal nuclear dosage ratio of 2:1 resulted in abnormal or 

failed endosperm development. Lin et al. (1982 and 1984) crossed maternal plants 

containing two or four copies of the long arm of chromosome 10 to plants that produced 

pollen with zero, one or two copies of the same genomic region. They observed that the 

maternal contribution was not able to rescue the reduced endosperm phenotype produced 

in the absence of the paternal genetic contribution. That the extra maternal copies cannot 
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correct the endosperm phenotype can be explained by parental imprinting: some genes 

involved in endosperm development would be expressed only when paternally 

transmitted. 

Endoreduplication in maize endosperm is concomitant with the effective grain-filling 

period. Poneleit and Egli (1983) observed that genes from both the male and female 

parents influenced grain-fiUing rates, but maternal effects controlled the effective filling 

period. Similar results were reported by Seka and Cross (1985). Cavallini et al. (1995) 

showed a maternal effect influencing the extent of DNA endoreduplication in the 

endosperm of the maize strains Illinois High Protein (IHP) and Illinois Low Protein 

(ILP). Kowels et al. (1997) reported that the endoreduplication patterns of F1 hybrid 

endosperm is more similar to the maternal parent that the paternal parent. Further 

evidence for the maternal control of endoreduplication in maize endosperm was 

demonstrated by Dilkes et al. (2002). On the other hand, in agreement with previous 

studies that showed the importance of the 2:1 maternal to paternal genome ratio for 

endosperm development, Leblanc et al. (2002) showed that maternal genome excess 

forces cells to enter early into endoreduplication, while paternal genome excess prevents 

its establishment, indicating that endoreduplication in maize endosperm depends on 

matemal and paternal parental gene dosage events. 
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OBJECTIVES AND RESEARCH APPROACHES 

The main goal of my dissertation research was to investigate the genetic basis of the 

maize endosperm endoreduplication process. Elucidating the mechanisms that control 

this cell cycle would provide a better understanding of endosperm development and 

ultimately could provide insight regarding the possibility of manipulating the genetic 

components involved with grain yield. Therefore, one of the specific objectives of my 

dissertation research was to map quantitative trait loci (QTLs) involved with 

endoreduplication, hoping this knowledge will help us to better understand the 

endoreduplication process. Although many studies have shown a maternal effect on 

endoreduplication, others studies showed that both paternal and maternal genomes are 

important for this process, demonstrating that the genetic mechanisms involved with 

endoreduplication are still not well understood. In an effort to map genes influencing the 

endoreduplication process, I developed four backcross populations. These populations 

were created by crossing the F1 progeny with the two parental inbreds, Sgl8 (a popcorn 

inbred line with high endoreduplication level) and Mo 17 (a midwestem dent inbred line 

with low endoreduplication level), producing BCn (Fi x Pi) and BC12 (Fi x P2), and 

reciprocally crossing them, producing RBCn (Pi X Fi) and RBC12 (P2 x Fi). The four 

backcross populations were used to detect QTLs using different models of inheritance 

that are involved in endoreduplication. 

Another goal of this study was to identify cell cycle genes involved in 

endoreduplication; more specifically, I investigated whether CKI inhibitory activity is 
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required for the occurrence of endoredupHcation in maize endosperm. It has been 

hypothesized that in order for the endosperm to stop mitotic division and engage in the 

endoredupHcation process, several changes in cell cycle regulators must be made. First, 

the M-phase of the mitotic cell cycle has to be inhibited. Temporal inhibition of M-phase 

could be achieved by inhibition of mitotic cyclin/CDK activity through phosphorylation 

of specific sites of the catalytic subunit by the Weel kinase or via binding of CKIs. Then, 

degradation of M-phase cyclins and block of M-phase cyclin transcription are also 

supposedly needed for a permanent block of M-phase. In addition, S-phase CDK activity 

has to be quickly activated because the cell cycle is shortened and the oscillation of CDK 

activity is needed for S/G transition; CKIs could be involved in this part of the process as 

well. To approach the second goal of my dissertation, I characterized the patterns of 

expression of two cyclin dependent kinase inhibitors (CKIs), ZeamaCKIl and 

ZeamaCKI2, during endosperm development, confirmed their inhibitory activity by in 

vitro assays with G1-, S- and M-phase CDKs, investigated their role in endoredupHcation 

by over-expressing one of these genes in maize embryonic calli that had the Rb pathway 

blocked by ectopic expression of wheat dwarf virus RepA protein, and investigated the 

role of the Zeama;CKIs in maize endosperm endoredupHcation by attempting to inhibit 

expression of these genes concomitant with endoredupHcation in endosperm cells. 
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CHAPTER 2 

IDENTIFICATION OF QUANTITATIVE TRAIT LOCI THAT AFFECT 

ENDOREDUPLICATION IN MAIZE ENDOSPERM 

INTRODUCTION 

Endoreduplication describes a cell cycle in plants and animals that leads to genome 

replication, without an ensuing reduction in chromosome number. This process is found 

widely in Angiosperms, and it can occur in many cell types, except gametes, 

meristematic parenchyma and guard cells (Nagl, 1978). Endoreduplication has been well 

characterized in maize endosperm, where cells can attain ploidy levels of 96C and higher 

(Kowles and Phillips, 1985; Dilkes et al., 2002). Maize endosperm is a triploid tissue 

(3C) formed by the fusion of a sperm nucleus from the pollen tube and two polar nuclei 

in the female gametophyte. During the first few days of endosperm development cells 

undergo a period of rapid mitotic activity. Around eight to nine days after pollination 

(DAP), cells in the center of the endosperm begin to undergo endoreduplication, and it 

progresses centripetally toward peripheral cell layers. Though not synchronous, 

endoreduplication persists throughout the starchy endosperm until mid-kernel 

development (20 DAP), at which time programmed cell death begins in the central cells 

of the starchy endosperm (Young and Gallic, 2000). 

Although endoreduplication is common in plants and animals, its fiinction is not well 

understood. It is thought that this process could provide a mechanism to create high 
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levels of gene expression by increasing the availability of DNA templates. 

Transcriptional and translational activity are thought to increase proportionately with 

each doubling of the genome, so the metabolic activity of a highly polyploid cell can be 

functionally equivalent to that of many diploid cells (D'Amato 1984). Cells that undergo 

endoreduplication are typically larger than other cells. It was suggested that large cells 

have the capacity to increase their volume faster than smaller cells, and in the case of 

rapidly growing fruits and seeds, this could be advantageous (Grime and Mowforth 

1982). Because endoreduplication occurs frequently in seed storage tissues, it has also 

been suggested that this process could also provide a mechanism for storing nucleotides 

or nitrogen for the embryo (reviewed in Larkins et al. 2001). 

Several genetic factors have been reported to influence the endoreduplication process 

in plants. For example, mutations have been described that limit endoreduplication in 

Arabidopsis trichomes (kaktus; rastafari; polychrome; and siamese), and leaves and 

hypocotyls (hypocotyls 6 and root hairless) (Perazza et al. 1999; Walker et al. 2000; 

Sugimoto-Shirasu et al. 2002). Altered expression of cell cycle genes has also been 

reported to affect endoreduplication. In Arabidopsis, ectopic-expression of genes 

involved in the Gl/S transition and S-phase, such as E2Fa (AtE2F3) and its dimerization 

partner DPa, AtCDC6a, and AtCDTla lead to increased ploidy in leaves and trichomes 

(DeVeylder et al. 2002; Castellano et al. 2001; Castellano et al. 2004). On the other hand, 

ectopic expression of genes involved in M-phase, such as the mitotic cyclin CYCBl ;2, 

were shown to induce mitotic cycles in endoreduplicating Arabidopsis trichomes 

(Schnittger et al. 2002). In maize, Leiva-Neto et al. (2004) demonstrated that expression 
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of a dominant negative mutant of CDKA, which appears to function at the S- and M-

phases of the cell cycle, decreased endoreduplication in starchy endosperm cells. 

Because of the high frequency with which endoreduplication occurs in plants and its 

presumed importance, there is interest in understanding the regulation of this process. 

Several studies suggested maternal control of endoreduplication in maize endosperm. 

Poneleit and Egli (1983) and Seka and Cross (1995) observed that genes from both the 

male and female parents influenced grain-filling rates, but maternal effects controlled the 

effective filling period. The effective grain-filling period in maize endosperm is 

concomitant with endoreduplication, which could indicate maternal control of this 

process. Cavallini et al. (1995) showed a maternal effect influencing the extent of DNA 

endoreduplication in the endosperm of Illinois High Protein and Illinois Low Protein 

maize lines, and Kowels et al. (1997) reported that the endoreduplication patterns of F1 

hybrid endosperm are more similar to the maternal parent than the paternal parent. 

Further evidence for maternal control of endoreduplication in maize endosperm was 

reported by Dilkes et al. (2002). 

It has been shown that maintenance of a 2:1 maternal to paternal genome ratio is 

important for endoreduplication in maize endosperm. Leblanc et al. (2002) reported that 

matemal genome excess forces cells to enter early into endoreduplication, while paternal 

genome excess prevented its establishment, indicating that endoreduplication in maize 

endosperm depends on parental gene dosage events. 

Although several genetic factors influencing endoreduplication have been described, 

the mechanisms controlling this process and their regulation are not well understood. 
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Consequently, the objective of this study was to investigate the genetic basis of 

endoreduplication in maize endosperm. Elucidation of the regulation of this cell cycle 

would allow a better understanding of endosperm development and ultimately could 

provide insight regarding the manipulation of the genetic components affecting grain 

yield. In an effort to map genes influencing the endoreduplication process in maize 

endosperm, four backcross populations were created by crossing two inbred lines, Sgl8 

(a popcorn inbred with a high endoreduplication level) and Mo 17 (a midwestem dent 

inbred with a lower endoreduplication level). Three statistical models, one that considers 

the triploid nuclear inheritance of the endosperm, one that considers paternal and 

maternal zygotic parent-of-origin nuclear inheritance, and one that considers epistatic 

interaction between endosperm and embryo QTLs were used to identify of QTLs with 

different modes of inheritance that affect endoreduplication. 

MATERIALS AND METHODS 

Plant materials 

Sgl8, a popcorn inbred line, and Mo 17, a Midwestem dent inbred line, were 

crossed to produce F1 progeny. Subsequently, four backcrosses (BC) populations were 

created by crossing the F1 progeny with the two parental inbreds, producing BCn (Fi x 

Sgl8) and BCn (Fi x Mol7) and reciprocally crossing them, producing RBCn (SglS X 

Fi) and RBCn (Mo 17 x Fi). Developing kernels were harvested from the middle of well-

filled ears at 16 days after pollination (DAP). Endosperms were dissected and analyzed 
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by flow cytometry, and their corresponding embryos were rescued by tissue culture and 

grown to seedhngs, as described by Dilkes et al. (2002). 

DNA extraction and PCR analysis 

Seedlings of the backcrosses progeny were lyophilized with a speed vacuum dryer at -

40°C. DNA was prepared by the hexadecyltrimethyl-ammonium bromide method (Shen 

et al., 1994) and diluted to a final concentration of approximately 10 ng/ul for PCR 

reactions. Simple sequence repeat (SSR) primers were purchased from Research Genetics 

(Huntsville, AL) or Invitrogen (Carlsbad, CA). The primer sequences are available in the 

Maize Genomic Database (http://www.maizegdb.org/ssr.php). DNA from the parental 

inbreds, Sgl8 and Mo 17, was analyzed to identify polymorphic SSR markers, and these 

markers were then used to screen the backcross populations. PCR reactions were initiated 

by denaturing the DNA at 95°C for 5 min, followed by 45 cycles of PCR, which 

consisted of the following: 94°C for 1 min, 65 - 53°C for 45 sec (according to the SSR 

primer), and 72°C for 1 min. The final cycle was extended at 72°C for 6-8 min. Reactions 

were conducted in 96 well plates in an Eppendorf Mastercycles PCR machine 

(Eppendorf, Hamburg, Germany). Following DNA amplification, the PCR products were 

separated by electrophoresis in 4% (w/v) agarose gels (Amresco, Solon, Ohio), and 

visualized by staining with 0.01 |ig of ethidium bromide per ml of gel. 

http://www.maizegdb.org/ssr.php
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Flow cytometric analysis of endosperm nuclei 

Dissected 16-DAP endosperms were chopped with a single-edged razor blade in the 

presence of 0.8 ml of filtered, ice cold PARTEC buffer (200 mM Tris-HCl pH7.5, 4 mM 

MgCli and 0.1% Triton X-100) to release the nuclei (Dilkes et al., 2002). The 

homogenate was aspirated through two layers of cheesecloth, passed through a 100 |^m 

nylon mesh and combined with an additional 0.8 ml of PARTEC buffer. Nuclei were 

stained with 40 ^1 of a 100 mg/ml solution of 4',6-diamidino-2-phenylindole (DAPI, 

Sigma, St Louis) and analyzed with a PARTEC CCAII flow analyzer (PARTEC, 

Munster, Germany). For each sample, at least 10,000 nuclei were collected and analyzed 

using a logarithmic scale display. Each flow cytometric histogram was saved with 

PARTEC CA3 software and analyzed with WinMDI 2.8 software (available at 

http://facs.scripps.edu/software.htmiy 

Estimation of endoreduplication levels 

Two parameters were used to estimate endoreduplication in the backcrosses progeny 

and the parental inbred lines, mean ploidy and percentage of endoreduplicated nuclei. 

DNA content was calculated as mean ploidy by multiplying the nuclear ploidy level by 

the number of nuclei in each ploidy class. The percentage of endoreduplicated nuclei was 

calculated as the number of nuclei with 6C and greater DNA content, divided by the total 

number of nuclei, and multiplied by 100. 



Statistical models 

Wu et al. (2002) proposed a statistical model for mapping QTL that influence 

endosperm-specific traits based on the triploid inheritance of the endosperm. This model 

considers the difference between the generation genotyped (F2 progeny) and the 

generation in which the endosperm phenotypic trait was measured (F3 progeny). When 

used in the present study, this model was modified to accommodate the fact that 

endoreduplication levels were measured in endosperms and molecular markers were 

genotyped from embryos dissected from the same kernel for each of the four backcross 

populations. Additionally, with the endosperm-based mapping model, the four backcross 

populations were divided into two groups in order to account for the four possible 

genotypes present in a triploid tissue: AAA, AAa, aaA and aaa. Group 1 included Mo 17 x 

Fi and Sgl8 x Fi, and group 2 was composed of Fi x Mol7 and Fi x Sgl8. For each 

group, we first tested the significance of a QTL detected by the modified model. 

Permutation tests (1,000 shuffles) were performed to determine the critical threshold 

values used to declare the existence of a significant QTL (Churchill and Doerge 1994). 

We further estimated the additive and two dominant effects (due to interactions between 

AA and a or interactions between aa and A) of QTL on the two traits, mean ploidy and 

percentage of endoreduplicated nuclei, throughout the genome. 

The same allele at a QTL inherited from the maternal and paternal parents may have 

different effects on a quantitative trait in a segregating progeny. Methods for 

incorporating such so-called parent-of-origin effects into QTL analysis of quantitative 

traits in plants have received little or no attention. In this study, we modified a random-
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effect model proposed by Xu and Atchley (1995) to identify QTL that have parent-of-

origin effects affecting an endosperm-specific trait. 

Suppose there was a segregating QTL contributing to a quantitative trait in a backcross 

population of size n. The phenotypic value of the trait for the zth backcross individual was 

expressed by a linear statistical model, 

yi = l^ + at + Bi, 

where p. was the overall mean, a, was the additive effect of the QTL for the /th individual, 

Ui ~ A^(0, (Ta^), and e, was the error, e, ~ A'(0, Ge). The phenotypic variance for an 

individual i was <7p^ = cr/ + Oe, whereas the phenotypic covariance between two 

siblings, / and i\ is Cov(y„_y,) = TiifCJa, where 7t„'is the proportion of alleles identical-

by-decent (IBD) shared by i and i' and the errors for the two siblings were independent. 

The phenotypic variance-covariance matrix for j was given by 

Z = n(T/+ Icr/, 

where n was an (n x n) matrix of the proportion of marker alleles IBD shared and I was 

an {n x n) identify matrix. 

To accommodate parent-of-origin effects, the additive genetic variance could be 

partitioned into two components due to the effects of maternally and paternally derived 
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"7 9 
alleles, expressed as <7aM and Oap . Thus, the phenotypic variance-covariance matrix 

became 

S = YiM<yaM + + \<7 ,̂ 

where IIm and Dp were matrices of the proportion of QTL alleles IBD shared that were 

derived from the maternal and paternal parent, respectively. Because the QTL was 

unknown but could be predicted by known markers, we derived the IBD matrix of the 

QTL alleles based on marker information. Let r, r\ and ri be the recombination fractions 

between two flanking markers and between the QTL and the markers bracketing the 

QTL, respectively. We extended Fulker and Garden's (1994) method to extimate the YIm 

and lip matrices as 

YIm = a + PiHA/I + 

rip = a + Pillpi + p2np2, 

where were YIm\ and Ylm (or Ilpi and 11^2) were the IBD values of the two flanking 

markers for the maternal (or paternal) parent, and 

Pi = [(1 - 2x , f  - (1 - 2r2)'(l - 2r)V[l - (1 - 2x)\ 

P2= [(1 - 2r2)' - (1 - 2ri)'(l - 2r)']/[l - (1 - 2v)\ 
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a = (l-Pi- (32)'. 

The log-likeUhood function of the phenotypic values, y = (yi,>'n), for the backcross 

population was formulated by 

m = (27tr°|a-'°exp[-l/2(y - - n)], 

2 '2. 2 2 with n = (//,... ju) = lju. Rewriting S = cTg p̂Yp + I) =o"e H, where ym = o^aM IcXe 

2 2 and Yp = CTaP /o"e, we have 

Z(y) = (27i)-"^V/''|Hr'''exp[-l/(2c7,2)(y - n)''H-'(y - n)]. 

The maximum likelihood estimates (MLEs) of // and (Tg was obtained by differentiating 

the above log-likelihood function with respect to each, setting the derivatives equal to 

zero and solving the log-likelihood equations, i.e., 

Ge = l/«(y - l|j,)'^H"'(y - 1//). 

By plugging fj. and (jg into the log-likelihood function, we used the simplex algorithm 

(Nelder and Mead 1965) to estimate the MLEs of ym and yp, which were the ratios of the 
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maternally and paternally inherited additive genetic variances to the error variance, 

respectively. 

With the method described above, all four backcrosses populations were analyzed 

separately to estimate the maternally and paternally inherited additive genetic variances, 

<7aM and (Jai^. A simulation approach was used to determine the critical thresholds for 

testing the significance of these two variances. 

The method of Cui et al. (2005) was used to estimate interacting QTL from two 

different genomes. This method allows for the estimation of the QTL locations (tt), QTL 

effects (e) and residual variance (a^). According to this mixture model, one observation 

in a backcross is postulated to arise from one (and only one) of the four joint QTL 

genotypes, {Q\q\}{QiQiqi}, {Q\q\}{q2q2q2), {q\q\}{QiQiqi} and {^1^1}{^292^2} forFi 

X P2, from the embryo and endosperm genomes. After the existence of QTLs from two 

different genomes was tested, the additive QTL effect from a particular genome and the 

additive x additive epistatic effect derived from two different genomes were tested. 

RESULTS 

Phenotypic characterization of Mol7 and Sgl8 and their backcross populations 

To investigate the genetic basis for the phenotypic variation in endoreduplication 

observed in developing maize endosperm, four backcross populations were created by 

crossing Sgl8 and Mo 17, two inbred lines that differ in their degree of endoreduplication 

(Dilkes et al., 2002). Developing kernels were harvested at 16 DAP; the endosperm was 
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phenotyped for endoreduplication by flow cytometry, and DNA was subsequently 

obtained from the developing embryo. Figure 2.1 shows representative flow cytometric 

profiles of nuclei from 16 DAP endosperms obtained from Sgl8 and Mol7. Two 

parameters were used to describe the level of endoreduplication in the parental inbred 

lines, mean ploidy and the percentage of endoreduplicated nuclei. Mean ploidy was 

calculated as a weighted average, by multiplying the nuclear ploidy level by the number 

of nuclei in each ploidy class, and dividing this value by the total number of nuclei. 

Percentage of endoreduplicated nuclei was estimated as the number of nuclei with 6C or 

greater DNA content, divided by the total number of nuclei and multiplied by 100. It was 

observed that Sgl8 possess a higher mean ploidy (15.4C) and percentage of 

endoreduplicated nuclei (72.3%) at 16 DAP than Mo 17, for which the mean ploidy was 

9.8C and the percentage of endoreduplicated nuclei is 54.8% (Figure 2.1). By crossing 

the F1 progeny with the parental inbreds, Mo 17 x Fi and Sgl8 X Fi were produced, and 

by reciprocal crosses, Fi x Mo 17 and Fi x Sgl8, were developed. 

Mean ploidy and the percentage of endoreduplicated nuclei were calculated for 92, 89, 

85 and 82 endosperms obtained from the central region of single, well-filled 16 DAP ears 

of Sgl8 X Fi, F] X Sgl8, Mol7 x Fj and Fi x Mol7, respectively. Figures 2.2 and 2.3 

show the distribution of values for mean ploidy and percentage of endoreduplicated 

nuclei calculated for two of the backcrosses populations. Mo 17 x Fi and Sgl8 x Fi; 

similar ranges of phenotypic variation were measured for the two other crosses (data not 

shown). 
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(A) 3C Mean ploidy= 9.8 

% of endoreduplicated 
nuclei = 54.8 

Mean ploidy= 15.4 

% of endoreduplicated 
nuclei = 72.3 

Figure 2.1. Flow cytometric analysis of nuclei from 16 DAP endosperms of Mo 17 (A) 

and Sgl8 (B). Nuclei were isolated, analyzed by flow cytometry and the mean ploidy and 

percentage of endoreduplicated nuclei were calculated as described in Materials and 

Methods. 
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CO 05 

Mo17xF1 progeny 

Figure 2.2. Distribution of mean ploidy values (A) and percentage of 

endoreduplicated nuclei (B) of 16 DAP endosperms from [Mo 17 x (Sgl8 x Mo 17)] 

progeny. Nuclei were analyzed as described in Figure 1. 
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Figure 2.3. Distribution of mean ploidy values (A) and percentage of 

endoreduplicated nuclei (B) of 16 DAP endosperms from [Sgl8 x (Sgl8 x Mol7)] 

progeny. Nuclei were analyzed as described in Figure 1. 
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The two parameters used to phenotype endoreduplication showed continuous variation 

in the four backcrosses populations. For Mo 17 x Fi (Figure 2.2A) and Fi x Mo 17 (data 

not shown) mean ploidy ranged from 6.8C to 14.9C and 8.4C to 14.9C, respectively. The 

percentage of endoreduplicated nuclei for these two populations ranged from 37.9% to 

63.7% for Mol7 X Fi (Figure 2.2B) and 50.4% to 73.3% for Fi x Mol7 (data not shown). 

For Sgl8 X Fi (Fig. 3A) and Fi x SglS (data not shown) the estimated mean ploidy values 

ranged from 9.3C to 19.8C and 8.8C to 19.IC, respectively. The percentage of 

endoreduplicated nuclei ranged from 56.9% to 94.2% for Sgl8 x Fi (Figure 2.3A) and 

42.2%) to 77.9%) for Fi x Sgl8 (data not shown). It was observed that transgressive 

segregants, for which the phenotypic values were greater or lesser than the parents, were 

present in the four backcrosses populations. 

IdentiHcation of QTLs influencing endoreduplication with a statistical model that 

considers the trissomic nuclear inheritance of the endosperm 

Of approximately 500 SSR primer pairs screened, only 65 amplified clear and 

unambiguous polymorphic DNA fragments in Sgl8 and Mo 17. Given the genetic 

differences between popcorn and dent com (Liu et al., 2003), this result was surprising 

and the explanation is not clear. These informative SSR markers were used to construct a 

genetic map based on the linkage groups identified for the four backcross populations 

(Figure 2.4). Although the haploid number of chromosomes in Zea mays is ten, eleven 

linkage groups were created, because for some chromosomes, such as chromosome 1, it 

was difficult to identify polymorphic markers near the centromere. As a result, the 
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Figure 2.4. Linkage map showing polymorphic SSR markers for the four backcross 

populations [(Sgl8 x Mol7) x Sgl8], [Sgl8 x (SglS x Mol7)], [(SglS x Mol7) x Mol7] 

and [Mol7 x (SglS x M017)] according to the MapMaker program. 
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interval between SSR markers mapped to this particular chromosome was greater than 50 

cM, which split chromosome 1 into two linkage groups. The average interval between 

markers for the linkage map was very close to 16 cM. 

By scanning the linkage map using the modified mapping model, we detected two QTLs 

in group 1 (Mol7 x Fi and Sgl8 x Fi) and one QTL in group 2 (Fi x Mol7 and Fi x 

Sgl8) that influence mean ploidy (Figure 2.5). The two detected QTLs in group 1, one 

on chromosome 7 and one on chromosome 10, had maximal LR values of 144.5 and 

144.6 (Figure 2.5A), both of which are greater than the threshold value of 144.4 at the 

5% significance level. Each QTL explained approximately 59% of the total variance in 

mean ploidy level (Table 2.1). The estimated distance between the QTL mapped on 

chromosome 7 and its nearest flanking marker, dupssr9, was zero. The nearest flanking 

marker for the QTL identified on chromosome 10 was umcl040, for which the estimated 

distance was 0.8 cM. For the QTL on chromosome 7, the additive and both dominant 

effects (di and 6.2) were significant; however, for the QTL on chromosome 10, di was not 

significant. The additive effects of both QTLs mapped in group 1 were negative, 

indicating that the Mo 17 allele was favorable to the increase of the mean ploidy trait. 

For group 2, one QTL affecting mean ploidy level was identified in linkage group 

number 5, with a LR value of 51 compared to the threshold value of 49.4 at the 5% 

significance level (Figure 2.5B, Table 2.1). All three effects, one additive and two 

dominant, were significant for the QTL identified on chromosome 5, and the closest 

marker to this QTL was dupssr34. As it was observed for group 1, the additive effect of 

the 
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Figure 2.5. Profiles of the LR test statistics for testing endosperm QTL affecting mean 

ploidy for group 1 (A), [Mol7 x (SglS x Mol7)] and [Sgl8 x (Sgl8 x MoH)] 

populations, and group 2 (B) [(Sgl8 x Mol7) x Mol7] and [(Sgl8 x Mol7) x Sgl8] 

populations, calculated as a function of genome position on chromosomes 7 and 10 for 

group 1 and chromosome 5 for group 2. Linkage groups 7, 10 and 5 are shown in detail 

with arrows indicating the QTL positions. 
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Table 2.1 Estimated chromosome locations, LR values, additive and dominant effects 

and percentage of the total phenotypic variance explained by significant endosperm 

QTLs influencing mean ploidy and percentage of endoreduplicated nuclei. 

Chromosome Flanking markers LR Additive 
values effect (a) 

Dominant 
effect 1 
(dl) 

Dominant 
effect 2 
(d2) 

%of 
variance 
e>q3lained 
by QTLs 

mean ploidy 

Group 1 

7 umc 1066, dupssr9 144.46 -1.39 0.36 -1.79 59,0 

10 umc 1430, umc 1040 144.58 -1.22 2.33 -0.24 58.5 

Group2 

5 umc 1299,dupssr34 50.99 -0.33 -0.42 4.33 59.2 

percentage of endoreduplicated nuclei 

Group2 

4 bnlgl447, umcl012 31.14 2.52 2.21 4.46 28.8 

6 umc 2324, umc2059 31.51 1.64 5.75 5.71 26.4 

7 umc 1066, dupssr9 30.00 0.45 1.01 -6.60 18.4 
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QTL identified for mean ploidy in group 2 was negative, suggesting that the Mo 17 allele 

was favorable for the trait studied. The contribution of the QTL mapped in linkage group 

5 to the total phenotypic variance was estimated to be 59% (Table 2.1). 

For percentage of endoreduplicated nuclei, significant QTLs were found only for group 2. 

These QTLs are located on chromosomes 4, 6 and 7, with LR values of 31, 31.5 and 30, 

respectively, all of which are greater than the threshold value of 28.3 estimated at the 5% 

significance level (Figure 2.6). The QTLs identified on chromosomes 4, 6 and 7 

contributed to 28.8%, 26.4% and 18.4%, respectively, of the variance for percentage of 

endoreduplicated nuclei (Table 2.1). The closest SSR marker to the QTLs mapped on 

chromosomes 4, 6 and 7 were bmlgl447, umc2324, and dupssr9, respectively. The 

smallest estimated distance between the mapped QTL and its flanking marker was zero 

for the QTL mapped on chromosome 7 and the dupssr9 SSR marker. Interestingly, as 

observed for mean ploidy, a QTL tightly linked to the dupssr9 marker affected percentage 

of endoreduplicated nuclei. Additive and both dominant effects were significant for the 

QTLs identified on chromosomes 4 and 6, but only d2 was significant for the QTL 

mapped in linkage group number 7 (Table 2.1). For all three identified QTLs, the 

additive effects were positive, indicating that the allele from the Sgl8 parent is favorable 

to the increase of the percentage of endoreduplicated nuclei. 

Identification of QTLs with parent-of-origin effect that affect endoreduplication 

Of the four mapping populations, only two were found to harbor QTLs with parent-of-

origin effect that affected mean ploidy and percentage of endoreduplicated nuclei. Figure 
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Figure 2.6. Profiles of the LR test statistics for testing endosperm QTL affecting 

percentage of endoreduplicated nuclei for group 2 [(Sgl8 x Mo 17) x Mo 17] and [(Sgl8 

X Mo 17) x Sgl8] populations, calculated as a function of genome position on 

chromosomes 4, 6 and 7. Linkage groups 4, 6 and 7 are shown in detail with arrows 

indicating the QTL positions. 
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2.7 illustrates the profiles of the LR test statistics for testing parent-of-origin effect QTLs 

affecting mean ploidy in the Mol7 x Fi population and percentage of endoreduplicated 

nuclei in the Fi x Sgl8 population, both of which were calculated as a function of 

genome position on chromosomes 6 and 7, respectively. For mean ploidy, one QTL was 

mapped on chromosome 6 at umc2059, with a LR value of 6, and the only component 

that reflected the alleles carried on the paternally derived chromosome was significant, 

suggesting paternal zygotic nuclear inheritance (Figure 2.7A and Table 2.2). One QTL 

was identified for percentage of endoreduplicated nuclei; it was mapped in linkage group 

number 7 at dupssr9, with a LR value of 6.701. Only the component representing the 

alleles inherited from the maternal parent was significant (Figure 2.7B and Table 2.2). 

Epistatic effects of embryo and endosperm QTLs influencing endoreduplication 

Using the model described by Cui et al. (2005), genetic interactions between the embryo 

and endosperm genomes that influence endoreduplication could be investigated. Figure 

2.8 shows the distribution of LR values estimated for testing interactive embryo-

endosperm QTLs affecting mean ploidy for the Fi x Sgl8 population, calculated as a 

function of the entire genome from chromosomes 1 to 10. Two QTLs that have a joint 

significant effect on mean ploidy were identified for the Fi x Sgl8 population, with a LR 

value of 25.8 (Figure 2.8, Table 2.3). The first one, an embryo QTL, was identified in 

linkage group 5, and the second one, an endosperm QTL, was on chromosome 7. These 

joint QTLs explained approximately 28% of the total variance in mean ploidy present in 

the Fi x Sgl8 population (Table 2.3). The estimated distance between the embryo QTL 
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Figure 2.7. Profiles of the LR test statistics for testing parent-of-origin effect QTLs 

affecting mean ploidy for the [Mol7 x (Sgl8 x Mol7)] population (A), and percentage of 

endoreduplicated nuclei for the [(Sgl8 x Mol7) x Mol7] population (B), calculated as a 

function of genome position on chromosomes 6 and 7, respectively. Linkage groups 6 

and 7 are shown in detail with arrows indicating the QTL positions. 
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Table 2.2 Estimated chromosome locations, LR values, maternal and paternal additive 

effects and percentage of the total phenotypic variance explained by the significant 

maternal and paternal parent-of-origin effect QTL influencing mean ploidy and 

percentage of endoreduplicated nuclei. 

Chromosome SSR markers LR values Maternal 
variance 

Paternal 

variance 
% of variance 

ejqjlained 

by QTLs 

mean ploidy 

6 umc 2059 6.05 0 0.378 18.32 

percentage of endoreduplicated nuclei 

7 dupssr9 6.70 10.22 0 17.46 
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Figure 2.8. Landscape of the LR test statistics for testing interactive QTLs affecting 

mean ploidy for [(Sgl8 x Mo 17) x SglS] population calculated as a function of the entire 

genome from chromosomes 1 to 10. Linkage groups 7 and 5 are shown in detail with 

arrows indicating the endosperm and embryo QTL positions, respectively. 
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Table 2.3. Estimated chromosome locations, additive effects and percentage of the total 

phenotypic variance explained by the significant embryo and endosperm QTLs 

influencing mean ploidy and percentage of endoreduplicated nuclei. 

Chromosome Flanking markers Embryo Endosperm Interactive % of variance 

additive additive effect explained by QTLs 

effect effect 

mean ploidy 

5 umc 1088,umc 1299 -0.77 0.56 -1.88 27.78 

7 umc 1066,dupssr9 

Percentage of endoreduplicated nuclei 

4 mmc251,bnlgl97 -4.53 2.05 -4.25 23.04 

7 Dupssr9,umcl001 

5 bnlg345,umc23 24 -6.46 -2.5 6 7.53 49.97 

7 umc 1066,dupssr9 
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mapped in linkage group 5 and its nearest flanking marker, umcl299, was zero. The 

nearest flanking marker for the endosperm QTL identified in 

linkage group 7 was dupssr9, for which the estimated distance was approximately 4 cM. 

The additive effect for the embryo QTL was not significant. However, the endosperm 

additive effect was statistically significant (p<0.05), positive and equal to 0.56. The 

positive sign of the additive endosperm effect indicates that the allele from Sgl8 is 

favorable to the increase of mean ploidy values. Importantly, the interaction between 

these two QTLs was observed to be highly significant (p<0.01), negative and equal to -

1.88. 

Figures 2.9A and 2.9B present the landscape of the LR values for testing joint embryo-

endosperm QTLs affecting percentage of endoreduplicated nuclei for the Fi x Sgl8 and 

Mo 17 X Fi populations, respectively. Two QTLs with joint effect were identified for each 

of the two mapping populations with LR values equal to 22.4 for Fi x Sgl8, and 26 for 

Mo 17 X Fi. For Fi x Sgl8, the embryo QTL was identified in linkage group 4, and the 

endosperm QTL in linkage group 7 (Figure 2.9A and Table 2.3). The identified joint 

QTLs explained 23% of the total phenotypic variation observed in the FI x Sgl8 

population (Table 2.3). The closest SSR markers to the embryo and endosperm QTLs 

mapped in linkage groups 4 and 7 were mmc251 and umclOOl, respectively. The 

estimated distance between the embryo and endosperm QTLs to their nearest SSR 

markers was zero. The embryo additive effect was highly significant (p<0.01), negative 

and equal to -4.53, indicating that the allele from Mo 17 is favorable to the increase of 
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Figure 2.9 Landscape of the LR test statistics for testing interactive QTLs affecting 

percentage of endoreduplicated nuclei for [(Sgl8 x Mo 17) x Sgl8] population (A) and 

[Mol7 X (Sgl8 X Mol7)] population (B), calculated as described in figure 2.8. Linkage 

groups 4, 5 and 7 are shown in detail with arrows indicating the endosperm and embryo 

QTL positions, respectively. 
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percentage of endoreduplicated nuclei values. The endosperm additive effect, and also 

the interactive embryo-endosperm QTL effect were statistically significant at p<0.05. The 

endosperm additive effect was positive and equal to 2.05, while the interactive embryo-

endosperm effect was negative and equal to -4.25. The positive sign of the endosperm 

additive effect indicates that the allele from Sgl8 is favorable to the trait of interest. For 

Mo 17 X Fi, the embryo QTL was identified in linkage group 5 and the endosperm QTL in 

linkage group 7 (Figure 2.9B, Table 2.3). The joint QTL mapped in Mol7 x Fi 

explained a higher proportion (50%) of the variance in percentage of endoreduplicated 

nuclei, compared to the joint QTL identified for Fj x Sgl8. The nearest flanking marker 

for the embryo QTL was umc2324, for which the estimated distance was 12.3 cM. The 

estimated distance between the endosperm QTL and its closest flanking marker, dupssr9, 

was 3 cM. The additive effect of the embryo QTL was statistically significant (p<0.01), 

negative and equal to -6,46. The negative sign of the embryo additive effect suggests that 

the allele from Mo 17 is favorable to the increase of percentage of endoreduplicated 

nuclei values. The additive effect of the endosperm QTL was not statistically significant, 

while the interaction effect for the joint embryo-endosperm QTL was significant at 

p<0.05. 
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DISCUSSION 

QTLs for endoreduplication in maize endosperm and their implication for the 

conflict theory 

Maize endosperm is formed by the fusion of two nuclei in the megagamethophyte with 

a sperm nucleus from the microgamethophyte, and as a consequence, there is a 2:1 

balance of maternal to paternal genomes (reviewed in Birchler 1993). Following 

formation of this triploid nucleus, three distinct cell cycles characterize the phases of 

endosperm development: syncitial, mitotic and endoreduplication. The latter is an 

unusual cell cycle that consists of one or more rounds of DNA replication without nuclear 

and cell division. Many studies have investigated the genetic control of endoreduplication 

in plants, although the molecular mechanisms by which it is controlled remain poorly 

understood. Poneleit and Egli (1983) and Seka and Cross (1995) observed that genes 

from both parents influence the rate of grain-filling, but only the maternal parent 

controlled the effective grain-filling period. This is consistent with a maternal control of 

endoreduplication, since this process is concomitant with the effective grain-filling 

period. Indeed, several studies have demonstrated maternal genetic control of 

endoreduplication during endosperm development (Cavallini et al. 1995; Kowels et al. 

1997). Dilkes et al. (2002) obtained robust data showing a maternal influence on 

endoreduplication in crosses of two popcorn inbred lines, Al-6 and Sgl8, with the 

midwestem dent inbred, B73, and also for the cross between two midwestem dent 

inbreds, Mol7 and B73. Additionally, Dilkes et al. (2002) showed that maternal zygotic 
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components, specifically, were significant for two of the three parameters used to 

measure endoreduplication in crosses involving Al-6 and Sgl8, and B73. On the other 

hand, research has also shown the importance of the 2:1 maternal to paternal genome 

ratio for endosperm development (Leblanc et al. 2002). 

In this study, four backcross populations were developed from crosses between Sgl8 

and Mo 17 to investigate the genetic components influencing endoreduplication. A 

backcrosses strategy was chosen as the experimental design, because in these crosses one 

of the parents is always heterozygous (Fl) and the other parent is always homozygous. 

Consequently, the correlation between the allelic variation and the phenotypic variation 

can always be traced to one of the parents, and depending if the heterozygous F i is the 

maternal or paternal parent, significant QTLs with a paternal or maternal parent-of-origin 

mode of inheritance can be identified. Additionally, backcross populations can also be 

used to identify QTLs with a triploid mode of inheritance. Two traits, mean ploidy and 

percentage of endoreduplicated nuclei, previously described by Dilkes et al. (2002), were 

used as measures of endoreduplication. Previous studies have described mean ploidy and 

percentage of endoreduplicated nuclei as two traits that address different aspects of 

endoreduplication (Dilkes et al. 2002). Mean ploidy combines mitotic and 

endoreduplicated nuclei, therefore by using this parameter, loci involved in the transition 

from mitotic to endoreduplicated cycles were expected to be identified. Percentage of 

endoreduplicated nuclei included nuclei equal to and above 6C. Kowles and Phillips 

(1985) showed that the majority of 6C nuclei in 19DAP endosperm are not poised to 

divide. So, by using percentage of endoreduplicated nuclei to assess endoreduplication 
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degree, QTLs related to unique aspects of endoreduplication, such as its extent and rate, 

might be identified. 

Based on the phenotypic variation in the backcross populations, the lowest value for 

mean ploidy was related to the maternal parent. For example, in the backcross population 

in which Sgl8 was the maternal parent, the lowest mean ploidy value was approximately 

equal to the Mo 17 parent (9.8C). And, in the backcross population for which Mo 17 was 

the maternal parent, the lowest mean ploidy value observed was even smaller (6.8C) than 

the value calculated for Mol7. Fi x Mol7 and Fi x SglS, which have the same maternal 

parent, also has approximately the same lowest mean ploidy values, 8.4C and 8.8C, 

respectively. On the other hand, the highest mean ploidy value for all of the backcross 

populations was dependent on the inbred lines used in these crosses, and was independent 

of the direction in which these crosses were made. The highest mean ploidy values for 

Mo 17 X Fi and Fi x Mo 17 were the same, 14.9C, and these values are close to the mean 

ploidy value calculated for the SglS parent (15.4C). The highest mean ploidy values 

measured for Sgl8 x Fi and Fi x Sgl8 were approximately the same, 19.8C and 19.1C, 

and are much higher than the value calculated for the highest mean ploidy inbred parent, 

Sgl8. These results may indicate that maternal control genes determine the lowest mean 

ploidy value in each of the four mapping populations; however, genes with a different 

mode of inheritance would determine the highest mean ploidy value. 

For percentage of endoreduplicated nuclei, it seems that the lowest and the highest 

values in the backcross populations were dependent on the maternal inbred parent of each 

mapping population. The SglS x Fi progeny consisted of individuals for which the lowest 
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value of percentage of endoreduplicated nuclei is approximately the same as that 

calculated for M0I7 (54.8%), and the highest individual value (94.2%) for this trait is 

much greater than the value measured for Sgl8 (72.3%). For the Mo 17 x Fi population, 

the lowest individual value (37.9%) is much smaller than the value calculated for Mo 17, 

and the highest value (63.7%) is between the parental inbred lines. For Fi x Mo 17 and Fi 

X SglS, the lowest percentage of endoreduplicated nuclei, 50.4% and 42.2%, were greater 

than the value calculated for Mol7, and the highest values, 73.3% and 77.9%, 

respectively, were greater than that measured for SglS. These results may indicate that 

genes with maternal effect control influence the percentage of endoreduplicated nuclei. 

To identify and distinguish QTLs influencing endoreduplication in maize endosperm 

that have triploid nuclear inheritance from those with zygotic maternal or paternal parent-

of-origin inheritance, we developed the two statistical models described in Materials and 

Methods. In summary, three QTLs that affect mean ploidy level were identified from 

analysis of the four backcross populations with the model that allows identification of 

QTL with triploid nuclear inheritance. Two QTLs were mapped on linkage groups 7 and 

10 for the Mo 17 x Fi and SglS x Fj populations (group 1), and one QTL was mapped on 

linkage group 5 for the Fi x Mol7 and Fi x SglS progenies (group 2) (Figure 2.5, Table 

2.1). These QTLs were estimated to contribute to 59%, 5S.5% and 59.2%, respectively, 

of the phenotypic variance (Table 2.1). The heritability values of the three QTL 

identified were over-estimated, probably as a consequence of the small size of the 

populations, 187 individuals for group 1 and 171 individuals for group 2. 
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Considering percentage of endoreduplicated nuclei, three QTL mapped on linkage 

groups 4, 6 and 7 were identified in two of the four backcross populations, Fi x Mo 17 

and Fi x SglB (Figure 2.6, Table 2.1). These QTLs were estimated to contribute to 

28.8%, 26.4% and 18.4%, respectively, of the percentage endoreduplicated nuclei 

variance present in the Fi x Mo 17 and Fi x Sgl8 populations. 

Interestingly, the sign of the additive effects for the three QTLs identified for mean 

ploidy was negative, indicating that the allele from Mo 17 was most favorable to increase 

the value of this trait. As shown in Figure 1, the most prominent ploidy class present in 

endosperm nuclei of Mo 17 is 3C, a ploidy class that was included in the calculation of 

the mean ploidy trait. In contrast, for percentage of endoreduplicated nuclei, a parameter 

that was estimated excluding the 3C nuclei, the sign of the additive effects found to be 

statistically significant for the three QTLs was positive. This result indicates that it was 

the alleles from Sgl8 that favorably contributed to the increase of the percentage of 

endoreduplicated nuclei. 

By using a statistical model that considers phenotypic and allelic identity by descent, 

where the genetic variance is partitioned into paternal and maternal components, we were 

able to identify QTLs with zygotic maternal and paternal parent-of-origin inheritance. In 

this model, the zygotic maternal component will be statistically significant due to 

gametophytically expressed genes, or imprinted genes that affect endoreduplication; 

however, the zygotic paternal component will be the result of paternally imprinted genes 

affecting the trait of interest. In the current study, two QTLs with zygotic parent-of-origin 

effect were found to affect the degree of endoreduplication in endosperm. Although 
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Dilkes et al. (2002) suggested that genes with maternal parent-of-origin inheritance affect 

endoreduplication in endosperm, the specific genetic components were not identified. 

Here we were able to identify a QTL with paternal zygotic nuclear inheritance 

influencing mean ploidy (Figure 2.1 X, Table 2.2). This QTL was mapped on 

chromosome 6 at umc2059, and only the component that reflects the alleles carried on the 

paternally-derived chromosome was significant. For percentage of endoreduplicated 

nuclei, one QTL was identified that mapped on linkage group number 7 at dupssr9. Only 

the component representing the alleles inherited from the maternal parent was significant 

for this QTL (Figure 2.7B, Table 2.2). In the study by Dilkes et al., 2002, paternal 

zygotic effects were reported to be estimable for one of the endoreduplication traits, E6P, 

used to assess the degree of endoreduplication of B73 x Sgl8 crosses. E6P was calculated 

by multiplying the nuclear ploidy level by the number of nuclei in each ploidy class, 

excluding the 3C class. It is important to note that mean ploidy was also analyzed by 

Dilkes et al. (2002), but the paternal additive component was reported not to be 

statistically significant. 

Interestingly, using the triploid nuclear inheritance model we detected a QTL in 

linkage group 7 with a significant dominant effect, d2, on mean ploidy and percentage of 

endoreduplicated nuclei. This same QTL was also detected by the parent-of-origin effect 

model for percentage of endoreduplicated nuclei. The simultaneous occurrence of 

dominant and parent-of-origin effects suggests that this locus is partially imprinted during 

endosperm development. In animals, similar partially imprinted loci were found to affect 

fat composition traits in pigs (de Koning et al. 2000). The expression of partially 
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imprinted loci may be essential for proper seed development. In plants, Vielle-Calzada et 

al. (2000) showed that none of the paternally inherited alleles of the 20 loci tested in their 

study were expressed during early seed development. They also showed that for the 

studied genes that are expressed at later stages, the paternally inherited allele becomes 

active three to four days after fertilization. These findings are in agreement with genetic 

studies showing that emb30/gnom has a maternal effect phenotype that is paternally 

rescuable in addition to its zygotic lethality, and molecular studies showing that the 

maternal FIE allele was expressed at early stages of development, while expression of the 

paternal copy was only detected at a latter stage (Vielle-Calzada et al., 2000; Yadegari et 

al., 2000). Taken together, these studies indicate that the maternal allele could influence 

an endosperm-specific trait at an early stage of development, while the paternal allele 

becomes active at a later stage of development. Therefore, we hypothesized that the QTL 

mapped on linkage group 7 was identified by statistical models that consider different 

modes of inheritance because in certain stages of endosperm development this QTL was 

paternally imprinted and the maternal copy was expressed affecting percentage of 

endoreduplicated nuclei. Conversely, during other stages of development the maternal 

and paternal alleles were expressed and interactively affected percentage of 

endoreduplicated nuclei. 

The phenotypic coefficient of determination (r^) between mean ploidy and percentage 

of endoreduplicated nuclei was estimated for each of the four backcross populations. This 

coefficient, reported as an average of the four backcross populations, was high, positive 

and equal to 0.662. The estimated r^ suggests that approximately 66% of the variance for 
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mean ploidy in the mapping populations can be explained by the variance in percentage 

of endoreduplicated nuclei. Therefore, the high value estimated by r^ indicates that the 

same genes are involved in controlling the two measures of endoreduplicated nuclei. 

Such loci have been detected in this study; for example, the QTL detected on linkage 

group 7 regulates both mean ploidy and percentage of endoreduplicated nuclei. 

The identification of QTLs with paternal and maternal parent-of-origin inheritance 

affecting the two different traits used to assess the degree of endoreduplication in maize 

endosperm suggests that a balance between maternal and paternal genomes is important 

for endoreduplication and they provide support for the conflict theory that describes 

imprinting as a battle between the maternal and paternal genomes over maternal resource 

allocation during endosperm development (Haig and Westoby, 1989). This theory 

postulates the existence of two types of genes, paternally and maternally imprinted, 

affecting a specific trait. Presumably, the reproductive fitness of the maternal parent 

requires the maternal resources to be distributed equally to all the progeny, while the 

paternally derived gametes are programmed to extract the maximal maternal resources 

for its own progeny (Chaudhury et al., 2001). 

The importance of incorporating parent-of-origin effect inheritance in linkage 

analysis 

Besides maternal genetic control of endoreduplication in maize endosperm, the role of 

maternal genes in embryo and endosperm development has been described in several 

other plant species. In barley, a group of endosperm mutants has been described that 
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produce shrunken seeds, irrespective of the pollen source genotype (Felker et al., 1985). 

The homozygous maternal effect mutations sin-1 and sin-2 in Arabidopsis were reported 

to cause alterations in embryo patterning (Robinson-Beers et al., 1992). Colombo et al. 

(1997) showed that normal endosperm development in petunia requires the expression in 

maternal tissues of the ovule-specific genes, FBP7 and FBPl 1. Recently, several 

maternal gamethophytic mutants, fertilization independent endosperm (fie), fertilization 

independent seed 2 (fis2) and medea (mea), were shown to be required for normal 

embryo development and to suppress fertilization-independent endosperm development 

(Ohad et al., 1996, Chaudhury et al., 1997, Grossniklaus et al., 1998). In Arabidopsis, 

Vielle-Calzada et al. (2000) reported that most of the paternal genome is silenced during 

early seed development suggesting the embryo and endosperm are mainly under maternal 

control at early stages of development. These studies underscore the value of developing 

a statistical model that permits identification of genes with maternal effects. 

Maternal effect genes can be characterized as genes required in the maternal 

sporophyte for normal embryo and/or endosperm development, genes required in the 

female gamethophyte for proper embryo and/ or endosperm development, and imprinted 

genes, for which the maternal copy is active and required for embryo and/or endosperm 

development. Statistical models that consider sporophytic control of endosperm traits 

have been reported elsewhere (Cui et al., 2004). Here we report a statistical model that 

/ 

allows the identification of maternal and paternal parent-of-origin effect QTLs that affect 

endosperm traits. The model divides the genetic variance in maternal- and paternal-

specific components, and it is based on the principle that, if a marker is closely linked to 
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a locus influencing a trait, pairs of relatives that share a larger proportion of marker 

alleles identical by descent (IBD) will tend to have a more similar phenotype than pairs 

of relatives that share fewer IBD alleles. By analyzing endoreduplication traits in 

backcross populations of maize inbreds, we were able to identify two QTLs with 

maternal and paternal parent-of-origin effects using this model. Importantly, we were 

able to show that QTLs can be uniquely identified by this new model. A paternal parent-

of-origin effect QTL mapped on chromosome 6 at umc2059 was shown to affect mean 

ploidy. It is important to note that maternal parent-of-origin effect QTLs identified by this 

model cannot distinguish between genes required in the female gamethophyte and 

imprinted genes that are active only when maternally transmitted. 

Epistatic interaction between embyro and endosperm QTLs affecting 

endoreduplication 

We sought to investigate a potential genetic interaction between the embryo and 

endosperm that might influence the degree of endoreduplication. There is abundant 

evidence for physiological and genetic interaction between the embryo and endosperm in 

maize kernels. Both organs compete for sucrose transported into the kernel. In the 

endosperm this ends up as starch, while in the embryo it is converted to oil, and there is a 

reciprocal, negative relationship between starch and oil accumulation in the seed (Moose 

et al., 2004). It was also well documented that any deviation from a maternal to paternal 

nuclear dosage ratio of 2:1 resulted in abnormal or failed endosperm development that 
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generally does not support embryo germination (Rhoades and Dempsey, 1966; Lin et al., 

1982 and 1984). 

By using the method proposed by Cui et al. (2005), one embryo and one endosperm 

QTL were identified for mean ploidy, and two embryo and two endosperm QTL were 

identified that influence the percentage of endoreduplicated nuclei (Figures 2.8 and 2.9, 

Table 2.3). The additive effect estimated for the embryo QTL affecting mean ploidy was 

not statistically significant, but the joint effect of the embryo-endosperm QTL was. These 

results suggest the existence of an epistatic interaction between the embryo and 

endosperm QTLs that affect mean ploidy. It also suggested that the embryo QTL alone 

has no effect on this trait, but the endosperm QTL by itself affects mean ploidy, because 

the additive effect of the endosperm QTL for this trait was statistically significant. Other 

evidence that the QTL mapped at dupssr9 affects mean ploidy, without considering the 

joint embryo-endosperm effect, is that the same QTL was identified using the model that 

considers the endosperm's trissomic nuclear inheritance. 

Considering percentage of endoreduplicated nuclei, the additive effect of the embryo 

and endosperm QTL mapped in the Fi x Sgl8 population was significant, as was the 

interaction effect between these two QTLs. The results suggest that both QTLs are able to 

affect percentage of endoreduplicated nuclei, and they also epistatically interact with each 

other to affect this trait. For Mo 17 x Fi, only the additive effect for the embryo QTL and 

the interactive embryo-endosperm QTL effect were significant. One possible explanation 

for the endosperm additive effect not being statistically significant is that the endosperm 

QTL affecting percentage of endoreduplicated nuclei that maps at dupssr9 was shown to 



have a maternal parental-of-origin effect, a mode of inheritance that was not considered 

by the model used in this study. The embryo QTL is tightly linked to the SSR marker, 

umc2324. A QTL that mapped close to this marker was also identified using a model that 

considers the triploid mode of inheritance. One could hypothesize that there are two 

tightly linked genes acting in the embryo and endosperm that influence the same trait, i.e, 

percentage of endoreduplication nuclei. 

Interestingly, the sign of the additive effects of the two embryo QTLs mapped for 

percentage of endoreduplicated nuclei were negative, indicating that the allele from 

Mo 17 is favorable to an increase for the value of this trait. Whereas, the only endosperm 

QTL for which the additive effect was statistically significant for percentage of 

endoreduplicated nuclei had a positive sign, indicating the Sgl8 allele is the one 

contributing favorably to the value for percentage of endoreduplicated nuclei. 
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CHAPTER 3 

CYCLIN-DEPENDENT KINASE INHIBITORS IN MAIZE ENDOSPERM AND 

THEIR POTENTIAL ROLE IN ENDOREDUPLICATION 

INTRODUCTION 

Cyclin dependent kinase inhibitors (CKIs) regulate cell cycle progression by binding 

to and inhibiting the activity of S- and M-phase cyclin-dependent kinases (CDKs) 

(Morgan, 1997). In budding yeast {Saccharomyces cerevisiae) three CKIs were 

identified: Farl inhibits G1 cyclin dependent kinases (CDK); Sicl plays a role in the 

timing of S-phase by inhibiting Gl/S-phase CDK complexes; and Ph081 inactivates a 

cyclin/CDK complex that functions in controlling gene expression under low phosphate 

conditions. In fission yeast (S. pombe) a CKI called Ruml inhibits mitotic CDK 

complexes. The seven CKIs described in mammals are classified in two protein families 

according to structural and functional similarities. The INK4 family contains an ankyrin 

repeat motif, and it specifically affects CDK4 and CDK6, the most divergent cell cycle-

associated CDKs in mammals. The Cip/Kip family of CKIs comprises p2l'^'''' (also 

called Wafl, Sdil or CAP20), p27^'''' and pS?'^'''^, all of which have a conserved 

inhibitory domain at the N-terminus. Members of the Cip/Kip family show a broader 

spectrum of inhibitory effects on cyclin/CDK complexes compared to the INK4 family. 

Importantly, both the INK4 and the Cip/Kip families inhibit CDKs involved in the Gl/S 
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transition; members of INK4 family inhibit CDKs containing D-type cyclins, while 

Cip/Kip family members inhibit CDKs containing E- and A-type cyclins (reviewed in 

Sherr and Roberts, 1995). 

Recently, CKI gene sequences similar to members of the mammalian Cip/Kip family 

of CDK inhibitors were identified in plants. Seven genes that encode proteins with some 

degree of sequence homology with p27'^'''^ were isolated from Arabidopsis (Wang et al, 

1998; De Veylder et al., 2001; Zhou et al., 2002). Two of them, KRPl and KRP2, were 

shown to inhibit CDK activity in vitro, and KRPl was also shown to inhibit CDK activity 

in planta (Wang et al, 1998 & 2000; Lui et al., 2000). In tobacco, a CDK inhibitor 

named NtKISla was isolated by a yeast two-hybrid screen; over-expression of this gene 

reduced CDK activity in planta (Jasinski et al, 2002). These studies, together with 

others that identified homologs of a variety of core cell cycle genes in plants, 

demonstrated that much of the molecular machinery controlling the cell cycle is 

conserved in eukaryotes. 

In addition to their role in blocking cell cycle progression, CDK inhibitors also appear 

to help regulate endoreduplication. This type of cell cycle occurs in many eukaryotes, 

including plants, and it can lead to a dramatic increase in nuclear DNA content. 

Although the endoreduplication cell cycle is common in metabolically-active tissues, the 

regulatory mechanisms and the components that enable endoreduplicating cells to 

replicate their DNA without cell division are not entirely clear (Edgar and Orr-Weaver, 

2001). 
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Several recent studies in plants reported that CKIs inhibit endoreduplication. Jasinski 

et al. (2002) showed that over-expression of a tobacco CKI, NtKISla, in Arabidopsis 

blocked endoreduplication in nuclei of rosette leaves. Over-expression of Arabidopsis 

KRPl, KRP2, KRP6 and ICKCr, a CKI from Chenopidium rubrum (Fountain et a., 

1999), was shown to inhibit endoreduplication, decreasing the ploidy level of leaves 

(DeVeylder et al, 2001; Zhou et al., 2002). Additionally, over-expression of KRPl was 

shown to inhibit endoreduplication in Arabidopsis trichomes (Schnittger et al., 2003). 

In contrast, studies in a variety of organisms demonstrated a potential positive role for 

CKIs in the endoreduplication process. Kikuchi et al. (1997) observed that a CKI 

belonging to the Cip/Kip family, p2l'^'''', was upregulated at an early stage of human UT-

7 megakarocytic cell differentiation, just before nuclear polyploidization. Bates et al. 

(1998), Niculescu et al. (1998) and Chang et al. (2000) showed that over-expression or 

transient expression of p2l'^'''^ or p27'^'''' leads to endoreduplication in Rb-deficient 

human cells. Hattori et al. (2000) reported that expression of p57'^'''^, a Cip/Kip family 

member, is induced coincidentally with the transition to endocycles in mammalian 

trophoblast giant cells. Additionally, as indirect evidence of a positive role for CKIs in 

endoreduplication, Nakayama et al. (2000) showed that reduced synthesis in mouse 

hepatocytes of Skp2, a protein involved in p27'^'''' degradation, resulted in DNA 

polyploidization. 

CDK inhibitory activity in developing maize endosperm was suggested to be involved 

in endoreduplication (Grafi and Larkins, 1995); however, the molecular nature of the CKI 

is unknown. The objective of this study was to identify and characterize CKIs expressed 
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in maize endosperm and investigate their role in endoreduplication. I describe the 

characterization of two maize CKI genes, Zeama;CKI;l and Zeama;CKI;2, which are 

expressed in developing endosperm. Both proteins are able to inhibit maize Cdc2/CDK 

kinase activity associated with They also specifically inhibit cyclin A1 ;3/- and 

cyclin D5;l/-associated CDK activities, but not cyclin B1;3/CDK. Although 

Zeama;CKI;l was found to be associated with the CKI activity described by Grafi and 

Larkins (1995), it did not account for all of the CDK inhibitory activity present in this 

fraction. Over-expression of Zeama;CKI;l in maize embryonic calli that ectopically 

expressed the wheat dwarf virus RepA protein, which counteracts Rb-related protein 

(RBR) function (Grafi et al., 1996; Gordon-Kamm et al.,2002), led to an additional round 

of DNA replication without nuclear division. While a clear role for Zeama;CKI; 1 in 

endoreduplication could not be demonstrated in maize endosperm, indirect evidence 

suggests this protein could be involved in this process. 

MATERIAL AND METHODS 

Isolation of maize CKI cDNA clones 

By searching Pioneer Hi-Bred's maize EST database, two putative maize cDNA 

clones were identified based on conserved domains in the mammalian Cip/Kip family of 

CKIs. Comparison of the deduced amino acid sequences of the maize clones with those 

of the mammalian Cip/Kip family of CKIs, those of Arabidopsis (KRPl-7) and tobacco 
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CKIs (NtKISla and NsKISl) were performed using MACAW software. One of the 

cDNA clones was arbitrarily identified as Zeama;CKI;l and the other as Zeama;CKI;2 

RT-PCR analysis of RNA transcripts 

Total RNA was isolated from maize tissue using an Absolutely RNA miniprep Kit, as 

recommended by the manufacturer (Stratagene, San Diego, CA). RT-PCR reactions were 

performed with 50 ng (endosperm) or 8 ng (maize embryonic calli) of total RNA using 

the Titan One Tube RT-PCR System (Roche, Basel, Switzerland), as recommended by 

the manufacturer. RT-PCR reactions with RNA from maize embryonic calli contained [a-

^^P] dCTP (10 mCi/ml) (NEN, Boston, MA). Zeama;CKI;l, Zeama;CKI;2 Actin 1 and 

RepA transcripts were reverse-transcribed and PCR amplified using a total of 40 cycles 

(endosperm) or 25 cycles (maize embryonic calli) with the following gene-specific 

primer combinations: Zeama;CKI;l forward 5'-

ATGGGCAAGTACATGCGCAAGGCC-3', Zeama;CKI;l reverse 5'-

GCTTCACCCACTCAAACCTGCCTGGG-3'; Zeama;CKI;2 forward 5'-

GTTACGCAGGTCGGTCGGCGTCCGG-3', Zeama;CKI;2 reverse 5'-

TGCAGCGTCGTAGGAGCGG-3'; Actinl forward 5'-

ATTCAGGTGATGGTGTGAGCCACAC-3', Actinl reverse 5'-

GCCACCGATCCAGACACTGTACTTCC-3'; RepA forward 5'-

TCTGCACCCAGGTTCCGTGTCTATTCC-3', RepA reverse 5'-

CTCGAGGGACAGAGAGTAGAGATGTTC-3'. The annealing temperatures were as 

follows: Zeama;CKIs and Actinl, 68°C, RepA 65°C. The non-radioactive RT-PCR 
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products were separated by electrophoresis in agarose gels and visualized by UV 

excitation of ethidium bromide-stained DNA. The radioactive RT-PCR products were 

separated by electrophoresis in 4% (w/v) non-denaturing acrylamide gels containing IX 

Tris-borate EDTA (TBE; 90 mM Tris-borate, 2 mM EDTA), after which the gel was 

dried and exposed to X-ray film and a Phosphorlmager screen. Radioactive signals were 

measured with a Storm 860 Phosphorlmager (Molecular Dynamics, Sunnyvale, CA) and 

analyzed with ImageQuaNT software (Amersham, Piscataway, NJ). All RT-PCR assays 

were performed at least three times for each RNA sample. 

Production of recombinant GST-Zeama;CKI;l and GST-Zeania;CKI;2 proteins 

The Zeama;CKIs were PCR amplified from their respective cDNAs using gene 

specific primers (GSTCKIIF, 5'-CGGGATCCATGGGCAAGTACATGCGCAAGGCC-

3', GSTCKIIR, 5'-CGGAATTCTCAGTCTAGCTTCACCCACTCAAACC-3', 

GSTCKI2F 5'-CGGGATCCATGGGGAAGTACATGCGCAAGTGC-3'; GSTCKI2R 

5'-GGAATTCTCAGATGCTGACCACCGGCGCCC-3'), subcloned in frame into the 

pGEx4T-3 expression vector (Amershan) and the resulting construct used to transform 

BL21 codon plus (DE3)-RIL cells (Stratagene). Recombinant GST-Zeama;CKI;l and 

GST-Zeama;CKI;2 protein production was induced with 1 mM isopropyl-p-d-

thiogalactopyranoside (IPTG) for 3 h at 37°C. The GST-tagged proteins were purified 

using glutathione agarose resin (Sigma) as follows: after 15 min centrifugation at 4,225g 

in a Sorvall GS-3 rotor (DuPont, Wilmington, DE), the bacterial pellet was resuspended 

with lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, pH 8.0) 
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containing freshly added 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 

IX Complete EDTA-free Protease Inhibitor Cocktail (Roche, Hamburg, Germany), and 

incubated for 30 min on ice with 1 mg/ml lysozyme. Sarcosyl was added to 1%, the 

lysate sonicated three times for 30 sec, and then Triton X-100 added to 1%, and the 

extract centrifuged for 15 min at 15,000g. The supernatant was filtered though two to 

four layers of cheesecloth and applied to glutathione agarose beads. Two washes were 

performed with a lOX bed column volume of lysis buffer that contained 0.5% and 0.1% 

Triton X-100, respectively. The recombinant proteins were eluted with a lOX bed column 

volume of lysis buffer containing 20 mM reduced L-glutathione (Sigma, St.Louis, MO) 

and no PMSF or Triton X-100. The proteins were dialyzed at 4°C for 3 h against 1,000 

volumes of kinase assay buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM P-

glycerol phosphate and the protease inhibitor cocktail) containing 2 mM EGTA and 0.4 

mM DTT, as described by Wang et al. (1998). After dialysis, the proteins were stored at -

80°C until use. 

Immunodetection of Zeama;CKl;l and Zeama;CKI;2 proteins 

Polyclonal rabbit antisera were raised against the complete Zeama;CKI;l protein and 

against amino acids 1 to 120 of the Zeama;CKI;2. Both recombinant proteins were 

expressed from cDNA clones with a GST tag in Echerichia coli, as described above, 

separated by 15% SDS-PAGE, and the corresponding bands (based on their calculated 

molecular weights) were excised and sent to Strategic Biosolutions (Widham, ME) for 

production of polyclonal antisera. 
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For affinity purification of Zeama;CKI;l and Zeama;CKI;2 antibodies, the crude 

antisera were centrifuged at 5,000g for 30 min at 4°C in a Sorvall SS-34 rotor; proteins 

were precipitated with 50% ammonium sulfate by stirring at 4°C overnight and collected 

by centrifugation at 3,000g for 30 min at 4°C. The protein pellet was resuspended in 50 

mM Tris-HCl, pH 7.5, to the original volume, incubated by rocking for 6 h with GST 

covalently bound to 1,1' carbonyldimidazole-activated, 0% cross-linked, beaded agarose 

(Reactive gel 6x, Pierce). After 6 h, the supernatant was collected and incubated by 

rocking at 4°C overnight with GST-Zeama;CKI;l or GST-Zeama;CKI;2 covalently 

bound to beaded agarose (Reactive gel 6x, Pierce). The agarose beads were washed with 

50 mM Tris-HCl, pH 7.5 (50X bed column volume) and the antibodies were eluted with 

100 mM glycine, pH 2.4, and collected in microcentrifuge tubes containing IM Tris-HCl, 

pH 8.0, which was needed to adjust the pH to approximately 7.0. Fractions that contained 

antibodies were pooled and concentrated with Amicon Ultra-15, according to the 

manufacturer's instruction (Millipore, Bedford, MA). 

For immunodetection of Zeama;CKI;l and Zeama;CKI;2, 9-21 DAP dissected 

endosperms were ground in three volumes of NETT buffer (20 mM Tris-HCl, pH 8.0, 

100 mM NaCl, 20 mM EDTA, pH 8.0, 0.5% Triton X-100, 5 mM NaF, 1 mM Na3V04, 

with freshly added 1 mM PMSF, 1 mM DTT and IX protease inhibitor cocktail, and 

centrifuged at 12,000g at 4°C for 10 min in an Eppendorf microfuge (Eppendorf, 

Hamburg, Germany). The protein concentration of the supernatant was determined by 

Bradford Assay (Bio-Rad, Hercules, CA). Fifty micrograms of protein from each sample 

was separated by 12.5% SDS-PAGE and blotted onto nitrocellulose using a wet transfer 
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apparatus (Bio-Rad Mini Trans-blot Cell) at 200Vh. The membrane was blocked with 

TTBS (20 mM Tris-HCL, pH 7.5, 150 mM NaCl and 0.005% Tween 20) plus 5% non-fat 

dry milk for 1 h, followed by overnight incubation on a rotating plate at 4°C with a 

1; 1000 dilution of polyclonal rabbit anti-Zeama;CKI; 1 and a 1:100 dilution of anti-

Zeama;CKI;2 antibody. After three washes with TTBS for 15 min each, the membranes 

were incubated for 1 h with a 1:25,000 dilution of anti-rabbit IgG conjugated with 

horseradish peroxidase (Sigma). The membranes were washed with TTBS three times for 

15 min each and incubated with chemiluminescent substrate (Super Signal West Pico, 

Pierce) for 5 min. Then, the membranes were exposed to X-ray film, which was 

subsequently developed (Konica QX 134 plus, Tokyo, Japan). All immunoblot analysis 

were performed at least twice. 

Effect of Zeama;CKl;l and Zeama;CKI;2 on pl3 cyclin Al;3-, cyclin D5;l-

and cyclin Bl;3-associated CDK activity 

Three to five grams of dissected endosperm from 9 DAP kernels were ground in 10 to 

15 ml of NETT buffer. The homogenate was centrifuged at 12,000g for 10 min at 4°C. 

The supernatant was pre-incubated with 30 fj.1 of a slurry of glutathione agarose beads 

(Sigma) (Grafi and Larkins, 1995) by rocking at 4°C for 1-2 h. After removal of the 

agarose beads with a quick spin in the microfuge, Cdc2-like protein kinases were purified 

from the extract by incubating with 30 |il of GST-pn^"*^' -conjugated agarose beads for 

2-3 h at 4°C. Subsequently, the pi3^"*^^-conjugated agarose beads were washed two times 

with NETT buffer and once with kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCb 
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, 20 mM EGTA, 2 mM DTT, 1 mM B-glycerol phosphate and the IX protease inhibitor 

cocktail). 

Rabbit polyclonal antibodies that cross-react with maize cyclin A1 ;3, cyclin B1 ;3 and 

cyclin D5;l were prepared as described by Dante et al. (manuscript in preparation). 

Mono-specific antibodies were purified by affinity chromatography with GST fusions of 

the cyclin proteins. Immunoprecipitation of cyclin Al;3-, cyclin D5;l- and cyclinBl;3-

associated CDK activity was performed similarly to the pi3^"'^' pull-downs, except that 

endosperm extracts or extracts from 10-15 cm long immature ears were incubated with 

approximately 5 ^g of affinity-purified cyclin D5;l antibodies, 0.5 jag of affinity-purified 

cyclin Al;3 antibodies, or 1.0 i^g of affinity-purified cyclinBl;3 antibodies for 2 h on a 

rocker at 4°C. Subsequently, Protein-A agarose beads (Sigma) were added and incubated 

for 2 h by rocking at 4°C. The Protein-A agarose beads were centrifiaged and washed as 

previously described. As a negative control, endosperm or immature ear extract was 

incubated with Protein-A agarose beads only. 

For the CDK inhibition assay, the concentration of the recombinant proteins, GST-

Zema;CKI;l and GST-Zeama;CKI;2, and GST alone was estimated by side-by-side 

comparison with known concentrations of Bovine Serum Albumin (fraction V, Pierce, 

Rockford, Illinois) after 12.5% SDS-PAGE, scanning the gel and measuring the bands 

using Image J software. The kinase activity associated with anti-cyclin Al ;3, anti-cyclin 

D5;l and anti-cyclin Bl;3 immunoprecipitates, or pl3®"'^' pulls-downs, was incubated 

with different amounts of GST or recombinant Zeama;CKI proteins plus kinase buffer 

100 |j,l total volume by rocking for 1.5 h at 4°C. The plS^"*^' -conjugated agarose beads or 
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Protein-A agarose beads were collected by centrifugation, washed with kinase buffer one 

time and incubated with 7 |a,l of kinase buffer, 1 |j,l of 2.5 |ag/[il of histone HI (Sigma), 1 

10,1 of 4 mM ATP and 1 |ol of [y-^^P] ATP, 10 |j,Ci/|a.l (Amersham). After 25 min 

incubation at room temperature, the reactions were stopped by adding 5 [il of 5X 

Laemmli buffer (Laemmli, 1970), heating in boiling water for 5 min, and the proteins 

were resolved by 12.5% SDS-PAGE. The gels were vacuum-dried and exposed to X-ray 

film and a Phosphorlmager screen. Radioactive signals were measured with a Storm 860 

Phosphorlmager (Molecular Dynamics) and analyzed with ImageQuaNT software 

(Amersham). The effect of Zeama;CKI proteins on histone HI phosphorylation was 

calculated as a percentage of the radioactive labeling present in a particular sample (with 

a certain amount of GST-Zeama;CKI protein) relative to that measured in the control 

reaction with the corresponding amount of GST protein. All inhibition assays were 

performed at least twice with four different concentrations of the recombinant proteins. 

Partial purification and analysis of a CDK inhibitor from maize endosperm 

One hundred grams of 15 DAP maize kernels were homogenized in 200 ml of NETT 

buffer and centrifuged at 23,435g for 20 min at 4C in a Sorvall GS-A rotor. The 

supematant was filtered through one layer of Micracloth, and the proteins recovered by 

precipitation with 30-80% ammonium sulfate. The pellet was resuspended in 20 ml 

NETT buffer, applied to a 2.5 x 100 cm Sephadex GlOO column and eight ml samples 

collected. Fractions with CDK inhibitory activity were pooled and applied to linked 

DEAE/SP Sepharose columns (each 2x15 cm). The columns were washed with IM 
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NaCl, then equilibrated with 7x bed column volume of NETT buffer. The SP Sepharose 

column was eluted with a linear gradient of 0 to 1.0 M NaCl and fractions containing 

CDK inhibitory activity were analyzed. 

For the CDK inhibitor assay, 1 fil of 5 U/fj.1 human recombinant cyclinB/cdc2 

(Promega, Madison, WI), or the kinase activity associated with the previously described 

maize cyclin immunoprecipitates, and 2 |xl of alternate fractions collected from the 

Sephadex GlOO column were incubated with 20 |a,l of kinase buffer at room temperature 

for 10 min. When the assay was performed with the purified CDK inhibitory fraction 

from developing endosperm, 2 |al of fractions collected from SP Sepharose column were 

used. Fractions from the Sephadex G-lOO column were used in most assays, because too 

little activity was recovered after affinity chromatography on DEAE-SP Sepharose. The 

kinase reaction was initiated by adding 1 |j1 of 2.5 |Jg/|^l of histone HI (Sigma), 0.5 |j1 of 

25 mM ATP and 0.5 |j1 of [y-^^P] ATP (10 |iCi/|j,l), (Amershan) and stopped after 20 min 

by adding 5 |il of 5X Laemmli buffer (Laemmli, 1970) and heating in boiling water for 5 

min; histone HI was resolved by 12.5% SDS-PAGE. The gel was vacuum-dried and 

exposed to an X-ray film and a Phosphorlmager screen. Radioactive signals were 

measured as described above. All inhibition assays were performed at least three times. 

Immunodepletion of Zeama;CKI;l protein from Sephadex GlOO fractions was 

performed by incubating alternate 1ml fractions with approximately 5 |Jg of polyclonal 

Zeama;CKI;l antibodies for 2 h on a rocker at 4°C. Subsequently, Protein-A agarose 

beads (Sigma) were added and incubated for 2 h by rocking at 4°C. The Protein-A 

agarose beads were centrifuged, the supernatant transferred to a clean microfuge tube. 
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and an aliquot was immediately used for CDK inhibitor assays. As a control, 1 ml of the 

same fraction was incubated with only Protein-A agarose beads. 

Expression of Zeama;CKl;l and Zeama;CKl;2 in transgenic maize calli 

Embryogenic maize calli were co-bombarded with genes expressing the wheat dwarf 

virus RepA protein and/or Zeama;CKI;l and Zeama;CKI;2, as described by Gordon-

Kamm et al. (2002). The Zeama;CKI;l and Zeama;CKI;2 recombinant DNA constructs 

were made by PGR amplification of the full-length cDNAs using the following primer 

combinations: CKIlubiF, 5'-CGGATCCATGGGCAAGTACATGCGCAAGGCC-3'; 

CKIlubiR, 5'-CGGATCCTCAGTCTAGCTTCACCCACTCAAACC-3'; CKI2ubiF, 5'-

GGATCCATGGGGAAGTACATGCGCAAGTG-3'; CKI2ubiR, 5'-

CCATGGTCAGATGCTGACCACCGGCGC-3'. The PGR products were subcloned into 

PHP 17720, an expression vector that contains a maize ubiquitin (UBIl) promoter and the 

3' downstream region of the proteinase inhibitor, pinll (An et al., 1989). Expression of 

the RepA gene was also regulated by a maize ubiquitin promoter and pin II terminator 

(Gordon-Kamm et al., 2002). 

Maize calli were obtained from high type II embryos, as described by Gordon-Kamm 

et al. (2002). Particle-mediated transformation was performed as described by Songstad 

et al. (1996). After incubating the embryos on 560P medium in the dark at 28°C for 4 or 

5 days, they were transferred onto 560Y medium and subcultured scutellum-side-up for 3 

h before transformation. The scutellar surface was targeted with a PDS-100 Helium Gun 

(BioRad) at one shot per sample using 650PSI rupture disks. Approximately 67 ng of 
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DNA was delivered per shot. After bombardment, the embryos were maintained on 560L 

medium. Transformants were transferred 2-7 days after bombardment onto 560R for 

selection. Plates were maintained at 28°C in the dark and transferred to fresh medium 

every 2 weeks until analyzed. 

Flow cytometric analysis of nuclei 

Maize embryonic calli transformed with ZeamaCKIl, GUS, Rep A or Rep A + 

Zeama;CKI;l were chopped with a single-edged razor blade in the presence of 0.8 ml of 

filtered ice cold PARTEC buffer (200 mM Tris-HCl, pH 7.5,4 mM MgCb and 0.1% 

Triton X-100) (Dilkes et al., 2002). The homogenate was aspirated through two layers of 

cheesecloth with a plastic pipette, passed through a 100 i^m nylon mesh and then 

combined with an additional 0.8 ml of PARTEC buffer. Nuclei were stained with 40 |al of 

a 100 mg/ml solution of DAPI and analyzed with a PARTEC CCAII flow analyzer 

(PARTEC, Munster, Germany). For each sample, at least 10,000 nuclei were collected 

and analyzed using a logarithmic scale display. Each flow cytometric histogram was 

saved using PARTEC CAS software and analyzed with WinMDI 2.8 software (available 

at http://facs.scripps.edu/software.htmn. The ratio of G1 to G2 nuclei was calculated by 

dividing the total number of G1 nuclei by the total number of G2 nuclei. The percentage 

of endoreduplicated nuclei was calculated by dividing the total number of nuclei with a 

ploidy equal to or greater than 8C by the total number of nuclei and multiplying it by 100. 

http://facs.scripps.edu/software.htmn


100 

RESULTS 

Identification of two maize cDNAs encoding CKI-related proteins 

Two CKI cDNA clones with the conserved domains found in the mammalian Cip/Kip 

family of CDK inhibitors were found by searching Pioneer Hi-Bred's maize EST 

database. These clones, called Zeama;CKI;l and Zeama;CKI;2, have coding regions that 

are 567 and 771 base pairs in length, respectively. Comparison of the amino acid 

sequences deduced from the Zeama;CKIs and those of other CDK inhibitors, showed the 

C-terminus of the maize CKIs shares 40% identity with the mammalian p27 Cip/Kip 

inhibitors (Figure 3.1A). This region was identified as the CDK interaction/inhibition 

domain of the Cip/Kip inhibitors (Russo et al., 1996), where it is found, interestingly, 

near the N-terminus. In this regard, the maize CKI protein sequences resemble those 

described for Arabidopsis and tobacco (Figures 3.1B and 3.1C) (Zhou et al., 2002; 

Jasinski et al, 2002). 

Characterization of Zeania;CKI gene expression during endosperm development 

To determine the expression pattern of the genes encoding Zeama;CKI;l and 

Zeama;CKI;2 in maize endosperm, RNA transcripts were detected by RT-PCR and the 

corresponding proteins were identified by immunoblotting. Figure 3.2 shows the 

accumulation of RNAs encoded by Zeama;CKI;l (Figure 3.2A) and Zeama;CKI;2 

(Figure 3.2B) between 7 and 21 DAP. These data showed that, relative to the Actinl 

control, transcripts for both genes were present at what appeared to be relatively constant 
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Figure 3.1. Comparison of maize CKI protein sequences with those of the 

mammahan Cip/Kip family of CKIs (p21, p27 and p57), Arabidopsis CKIs (KRPl-7), 

and tobacco CKIs (NtKISla and NsKISla). (A) Protein sequence alignment of the 

Zema;CKI;l and Zeama;CKI;2 domains that shares sequence similarity with the 

mammalian Cip/Kip inhibitors. (B) Aligrmient of the amino acid sequences deduced from 

Zeama;CKI;l and Zeama;CKI;2 with polypeptides deduced from the Arabidopsis and 

tobacco CKI cDNA sequences. The scale on the right illustrates the percentage of amino 

acid identity for the regions compared. (C) Alignment of conserved motifs among plant 

CKIs. The accession numbers of the sequences shown are as follows: KRP1(AF079587); 

KRP2 (AJ251851); KRP3 (AJ301554); KRP4 (AJ301555); KRP5 (AJ301556); KRP6 

(AJ301557); KRP7 (AJ301558); NtKISla(AJ297904); NsKISl A(AJ297905); similarity 

of the amino acids among the proteins is indicated by the degree of shading. 
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Figure 3.2. RT-PCR detection of Zeania;CKI;l and Zeama;CKI;2 RNA transcripts 

during maize endosperm development. Total RNA was extracted from endosperm at 7-21 

DAP and 50 ng was used as template for RT-PCR. Gene-specific primers were used to 

amplify Zeama;CKI;l (A), Zeama;CKI;2 (B) and Actin 1 (C), which was used as a 

loading control. The CKI cDNAs and genomic DNA were used as positive controls. Each 

assay was repeated at least three times, and the results illustrated are representative. 
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amounts throughout this period of endosperm development. 

Zeama;CKI;l and Zeama;CKI;2 protein accumulation was determined with affinity-

purified polyclonal antibodies made against GST fusion proteins. Zeama;CKI;l 

antibodies detected a protein of approximately 21-kD in 7-21 DAP endosperm extracts 

(Figure 3.3A), which is consistent with the predicted molecular weight of Zeama;CKl;l. 

Zeama;CKI;2 antibodies detected a protein of approximately 26-kD (Figure 3.3B), which 

was also expected based on the molecular weight calculation. However, these antibodies 

also detected a protein of approximately 20-kD. The 20-kD band may correspond to 

Zeama;CKI;l, since Zeama;CKI;2 antibodies cross-reacted with the recombinant GST-

Zeama;CKI;l protein in immunoblots (data not shown). Alternatively, this band could 

represent an unknown protein. Immunoblot analysis showed that, relative to actin protein, 

Zeama;CKI;l was present between 7 and 21 DAP, while the Zeama;CKl;2 protein level 

decreased after 13 DAP (c.f. Figures 3.3A and 3.3B). These results show that while the 

pattern of RNA transcript accumulation is similar for the two genes during this period of 

endosperm development, the Zeama;CKl;l and Zeama;CKl;2 proteins are differentially 

expressed. 

Zeama;CKI;l and Zeama;CKI;2 inhibit maize endosperm Cdc2-related kinases in 

vitro 

To investigate whether or not Zeama;CKl;l and Zeama;CKI;2 have CDK inhibitory 

activity, their effect on CDKs isolated from maize endosperm was tested by in vitro 

assays. Figure 3.4 shows histone HI phosphorylation by pi3^"'^'-associated CDK/Cdc2 
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Figure 3.3. Immuno-detection of Zeama;CKI;l and Zeama;CKI;2 during maize 

endosperm development. Protein was extracted from 7 to 21 DAP endosperm, as 

described in Materials and Methods, and 50 ng was loaded per lane. Zeama;CKI;l 

antibodies (A) detected a single protein of approximately 21-kD (arrow). Zeama;CKI;2 

antibodies (B) detected a protein of approximately 26-kD protein (arrow), which 

corresponds to the molecular weight calculated for Zeama;CKI;2, and a protein of 20-kD 

that may represent the Zeama;CKI; 1 or an unknown protein. Actin 1 (C) and Ponceau S 

staining (not shown) were used to standardize sample loading. 
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Figure 3.4. Effect of Zeama;CKI;l and Zeama;CKI;2 on pl3^"'^'-bound CDK 

activities from maize endosperm. GST-pl3^"'^' agarose beads were used to pull-down 

CDK activity from 9 DAP endosperm extracts. Subsequently, the kinase activity was 

incubated for 1 hour with varying amounts (shown above each lane of the gel) of GST 

(control), GST-Zeama;CKI;l (A) or GST-Zeama;CKI;2 (B) fusion proteins. Histone HI 

(arrow) was used as substrate for the kinase assay, and the radioactive protein was 

analyzed by SDS-PAGE and autoradiography. Agarose beads (lanes A) were used as a 

negative control. 
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kinase activities obtained from 9 DAP maize endosperm extracts. Aliquots of the CDKs 

were incubated with different amounts of GST or GST-tagged Zeama;CKI;l and 

Zeama;CKI;2. The addition of 0.1 to 1.0 [xg of GST-Zeama;CKI;l (Figure 3.4A) or 

GST-Zeama;CKI;2 (Figure 3.4B) inhibited the p 13®"''^-bound CDK activity, while 

increasing amounts of GST alone had no effect. The degree to which CDK activity was 

reduced in these assays appeared to be proportional to the CKI concentration, as would 

be expected for this type of CDK inhibitor (Wang et al., 1998, Lui et al., 2000). 

Zeama;CKI;l and Zeama;CKI;2 specifically inhibit cyclin D5;l/ and cyclin 

A1;3/CDK activity, but not cyclin B1;3/CDK activity in vitro 

Although Zeama;CKI;l and Zeama;CKl;2 inhibited pl3^"®'-associated kinase 

activities from maize endosperm, the identity of the target CDK complexes was 

unknown. To determine if the CKIs inhibited specific cell cycle-related cyclin/CDK 

complexes, affinity-purified antibodies that recognize cyclin Al;3 (presumably S- and/or 

G2/M-phase), cyclin Bl;3 (presumably M-phase) and cyclin D5;l ( presumably G1 to S-

phase) were used to immunoprecipitate the corresponding CDKs from 9 DAP endosperm 

extracts. Cyclin D5;1/CDK was obtained from both 9 DAP endosperms and also from 

developing young ears because relatively low levels of cyclin D5;l-associated kinase 

activity could be obtained from 9 DAP endosperm extracts. 

Cyclin A 1;3-containing CDKs from 9 DAP endosperm effectively phosphorylated 

histone HI (Figure 3.5A, GST control); in these reactions the radioactive labeling of 

histone HI was approximately forty-times higher than the control reaction, which 
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Figure 3.5. Effect of Zeama;CKI;l on endosperm cyclin Al;3- and cyclin Bl;3-

associated CDK activity. Affinity-purified cyclin A1 ;3 (A) and cyclin B1 ;3 (B) 

antibodies were used to immunoprecipitate CDK activity from 9 DAP endosperm 

extracts. The immunoprecipitated cyclinAl;3- and cyclin Bl;3-containing CDKs were 

incubated for 1 hour with the amount of GST (control) or GST-ZeamaCKIl fusion 

proteins shown above the lanes of each gel. Histone HI (arrow) phosphorylation was 

used to assay kinase activity, and protein A-bound agarose beads was used as a negative 

control. ImageQuaNT software was used to measure radioactive histone HI; the 

histograms show the average and standard deviation of the percentage of kinase activity 

inhibited in each assay. 
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contained no cyclin Al;3 immunoprecipitate (Figure 3.5A, lane A). The addition of 0.1 

to 5.0 \xg of GST-Zeania;CKI;l to this reaction reduced the kinase activity up to ten-fold. 

Immunoprecipitates of cyclin Bl;3-containing CDKs from 9 DAP endosperm 

contained less than half the level of histone HI kinase activity as those recovered with 

cyclin Al;3 antibodies (c.f GST, Figures 3.5A and 3.5B). This could reflect a difference 

in the level of specific CDKs, cell cycle activity, or a variety of other factors. Endosperm 

is mitotically active at 9 DAP, although endoreduplication has begun by this stage and 

one might expect an increase in S-phase associated CDKs and a reduction in M-phase 

CDK activity (Grafi and Larkins, 1995; Leiva-Neto et al., 2004). In contrast to the 

inhibition of cyclin A 1;3-containing CDK activity, there was essentially no effect of 

GST-Zeama;CKI;l on the cyclin Bl;3-associated CDK activity (Figure 3.5B). Even at 

the highest level of CKI used (5 ng) no dramatic reduction in histone HI phosphorylation 

was measured compared to the control; the histone HI labeling in these reactions was 

approximately four-times over background, indicating that an effect on kinase activity 

should have been measurable in these assays. 

Compared with immunoprecipitates of cyclin Al;3- and cyclin Bl;3-containing 

CDKs, the kinase activity obtained from 9 DAP endosperm extracts with cyclin D5;l 

antibodies was low. Because the level of histone HI phosphorylation was only slightly 

higher than background (c.f Figure 3.6A with Figures 3.5A and 3,5B), it was not 

possible to reliably measure the effect of GST-Zeama;CKI;l on cyclin D5;l-containing 

CDKs immunoprecipitated from endosperm. We therefore tested the cyclin D5;l-

associated CDKs in extracts from small, unfertilized ears. We generally found high levels 
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Figure 3.6. Effect of Zeama;CKI;l on cyclin D5;l-associated CDK activity from 9 

DAP endosperm and unfertilized ears. Affinity-purified cyclin D5;l antibodies were 

used to immunoprecipitate CDK activity from endosperm (A) and unfertilized ear (B) 

extracts. Immunoprecipitated cyclin D5;l-bound CDK was incubated for one hour with 

the amount of GST (control) or GST-Zeama;CKI;l fusion proteins indicated above the 

lanes of the gels. Kinase activity was assayed as described in Figure 3.5. The histogram 

shows the average and standard deviation of the percentage of kinase activity inhibited in 

each assay, which was measured by using ImageQuaNT software. 
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of activity for all three cyclin/CDK complexes in this tissue (data not shown). As shown 

in Figure 3.6B, the cyclin D5;l-associated kinase activity from young ears 

phosphorylated histone HI approximately four-times over the control reaction lacking 

cyclin D5;l immunoprecipitate. The addition of 0.5 or 5.0 |^g of GST-Zeama;CKI;l to 

this reaction reduced histone HI phosphorylation approximately 80%, but the relative 

inhibition at either concentration was not measurably different. 

The effect of GST-Zeama;CKI;2 on cyclin Al;3/, D5;l/ and B1;3/CDK activities was 

similar to that of GST-Zeama;CKI;l. Cyclin A-containing immunoprecipitates from 9 

DAP endosperm extracts had a marked sensitivity to increasing concentrations of 

Zeama;CKI;2 in the kinase assay (Figure 3.7A). On the other hand, kinase assays 

containing cyclin Bl;3/CDKs were essentially unaffected by the addition of GST-

Zeama;CKl;2 (Figure 3.7B). Immunoprecipitated cyclin D5;l/CDKs from young ear 

extracts were equally sensitive to either 0.5 |J,g or 5 [xg of GST-Zeama;CKI;2 and, at 

either concentration, the level of kinase activity was reduced to about half of the GST 

control (Figure 3.7C). 

Zeama;CKI;l does not account for all the CDK inhibitory activity in endosperm 

cells undergoing endoreduplication 

Grafi and Larkins (1995) described a CDK inhibitor that accumulated in maize 

endosperm coincident with the onset of endoreduplication. This inhibitor was presumed 

to affect the M-phase CDK, but neither the identity of the inhibitor nor the cyclin/CDK it 

affected was demonstrated. To better characterize this CDK inhibitor, proteins from 15 



113 

Figure 3.7. Effect of Zeama;CKI;2 on cyclin Al;3- and cyclin Bl;3- associated CDK 

activity from 9 DAP endosperm and cyclin D5;l-associated CDK activity from 

unfertilized ears. Affinity-purified cyclin Al;3 (A), cyclin Bl;3 (B), and cyclin D5;l (C) 

antibodies were used to immunoprecipitate CDK activity from 9 DAP endosperm and 

unfertilized ear extracts. The immunoprecipitated cyclinAl;3-, cyclin Bl;3- and cyclin D 

5; 1-containing CDKs were incubated for one hour with the amount of GST (control) or 

GST-Zeama;CKI;2 fusion proteins indicated above the lanes of each gel. Kinase activity 

was assayed as described in Figure 3.5. 
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DAP endosperm extracts were fractionated by ammonium sulfate (30-80%) precipitation 

and separated by chromatography on G-lOO Sephadex and DEAE/SP Sepharose. Activity 

of the partially-purified inhibitor obtained after ion exchange chromatography was 

assayed by incubating with human recombinant cyclin B/cdc2, using histone HI as 

substrate. Figure 3.8 shows the inhibition of histone HI phosphorylation in the presence 

of the CDK inhibitor and the accumulation of this activity in endosperm between 9 and 

19 DAP. The results show that the inhibitory activity peaked between 15 and 19 DAP, 

coincident with the maximum stage of endoreduplication (Grafi and Larkins, 1995; 

Leiva-Neto et al, 2004). 

Because the identity of the CDK inhibitor is unknown, I decided to test for the 

presence of Zeama;CKI;l and Zeama;CKI;2 in column fractions using specific 

antibodies. Figure 3.9 A and 3.9B show the distribution of CDK inhibitory activity in 

peak fractions of the Sephadex GlOO column, as assayed by human cyclin B/cdc2 kinase. 

The percent reduction in ^^P-labeling of histone HI was calculated by comparison to a 

control reaction that contained buffer only (Figure 3.9, lane c); the relative inhibition of 

cyclin B/cdc2 kinase activity is illustrated by the histogram in Figure 3.9B. To detect 

Zeama;CKI;l and Zeama;CKI;2 in these fractions, the proteins were separated by SDS-

PAGE and reacted with affinity-purified antibodies by immunoblotting. Zeama;CKI;2 

was not detectable (data not shown), but Zeama;CKI;l was found in some of the fractions 

containing CDK inhibitory activity (Figure 3.9, lanesl, 2, 7 and 8). Because 

Zeama;CKI;l was found in fractions excluded from the Sephadex GlOO matrix, it 

appeared to be associated with high molecular weight protein complexes. 
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Figure 3.8. Characterization of CDK inhibitor activity in developing maize 

endosperm. (A) Human recombinant cyclinB/cdc2 was used to assay the partially 

purified (see Materials and Methods) endosperm CDK inhibitor activity in 9-19 DAP 

endosperm using histone HI as substrate. (B) Histogram showing quantification of the 

cyclinB/cdc2 inhibitor activity in 9 to 19 DAP endosperm. NEXT buffer was used as the 

negative control in the histone HI kinase assays (lane c). 
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Figure 3.9. Association of Zeama;CKI;l with CDK inhibitory activity in 15 DAP 

endosperm extract. (A) CDK inhibitory activity present in fractions eluted from the G-

100 column was assayed with human recombinant cyclinB/cdc2. (B) Histogram showing 

the percent reduction of kinase activity, which was measured using Image J software, 

compared to a non-inhibited control (lane c). (C) Immuno-detection of Zeama;CKI;l in 

the fractions shown in panel A. Human recombinant cyclinB/cdc2 was incubated for 10 

min with fractions eluted from the Sephadex G-lOO column containing 15 DAP 

endosperm extract. Kinase activity was assayed based on histone HI (arrow) 

phosphorylation. NETT buffer was used as control (lane c). For the immunoblot, 25 |il of 

the protein present in the fractions shown in (A) was loaded per lane. Zeama;CKI;l 

antibodies detected a ~ 21-kD protein (arrow). 
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Since the CDK inhibitory activity identified in this assay was purified using 

humanrecombinant cyclin B/cdc2 as the kinase, we were interested in knowing if it also 

affected cyclin Al;3-, cyclin Bl;3- and cyclin D5;l-containing CDKs from maize 

endosperm. To reduce the contribution of Zeama;CKI;l to the results of this assay, three 

column fractions that were immunoblot-negative for ZeamaCKIl were used for this 

analysis. Figure 3.10A shows the sensitivity of endosperm cyclin A 1;3-containing CDKs 

to the partially purified inhibitor. Compared to the level of histone HI phosphorylation 

in control reactions containing either the immunoprecipitated cyclin A1;3/CDK or a 

column fraction lacking CKI (Figure 3.10A, c.f. lanes c and 4), addition of the three 

fractions containing the partially purified CDK inhibitor reduced kinase activity by half 

(Figure 3.10A, lanes 1, 2 and 3). Similar assays with cyclin Bl;3 immunoprecipitate 

contained a lower level of kinase activity (Figure 3.10B, lanes c and 4), but there was no 

detectable effect of the CDK inhibitor on histone HI phosphorylation in these reactions 

(Figure 3.10B, lanes 1, 2 and 3). In contrast, the inhibitor activity in these fractions 

reduced kinase activity associated with cyclin D5;l immunoprecipitates by half, similar 

to the results with cyclin A 1;3-containing CDKs (c.f Figure 3.10A and 3.IOC). These 

data suggest that in addition to Zeama;CKI;l the CDK inhibitory activity contained other 

types of CKIs. 

To examine the contribution of Zeama;CKI;l to the total CKI activity, we assayed 

kinase activity before and after immunodepletion of Zeama;CKI;l from the column 

fractions. Affinity purified antibodies recognizing Zeama;CKI;l were added to aliquots 

of the samples used in Figure 3.9, and the protein was removed by reaction with Protein-
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Figure 3.10. Effect of CDK inhibitory activity from 15 DAP endosperm on cyclin 

Al;3-, cyclin Bl;3- and cyclin D5;l- containing CDKs. Affmity-purified cyclin Al;3 

(A), cyclin Bl;3 (B) ,and cyclin D5;l (C) antibodies were used to immunopreciptate 

CDKs from 9 DAP endosperm (A and B) or unfertilized ear extracts (C). The 

immunopreciptated cyclin Al;3-, cyclin Bl;3- and cyclin D5;l- associated CDK 

activities were incubated with alternate fractions (lanes 1, 2, and 3) from the Sephadex G-

100 column (see Materials and Methods) containing CDK inhibitory activity but lacking 

Zeama;CKI;l. Kinase activity was assayed as described in Figure 3.9. NEXT buffer (lane 

c) and a fraction that did not contain the CDK inhibitory activity (lane 4) were used as 

controls. Xhe histograms show the average and standard deviation of the percent 

reduction of kinase activity compared to a non-inhibited control, which were measured 

using ImageQuaNX software. 
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A-bound agarose beads. Figure 3.11 shows the relative inhibition of human cyclin 

B/cdc2 kinase activity after adding aliquots of the Sephadex GlOO column fractions 

before (Figure 3.11 A) and after (Figure 3.1 IB) immunoprecipitation of Zeama;CKI;l. 

To ensure that Zeama;CKI;l was completely removed, aliquots of immunodepleted 

fractions were immunoblotted with Zeama;CKI;l antibodies (data not shown). Figure 

3.lie shows a comparison of the level of histone HI phosphorylation by human cyclin 

B/cdc2 kinase before (grey bar) and after (white bar) removal of Zeama;CKI;l. The 

fractions illustrated in 3.11C correspond to the kinase assays shown in 3.11A and 3.11B. 

Although there was evidence of increased histone HI phosphorylation in several samples 

(e.g. Figure 3.11C, fractions 1-5), kinase activity was relatively unaffected in others 

(Figure 3.1 IC, fractions 6-10). Notably, the immunodepletion of Zeama;CKI;l had 

relatively little effect on the CKI activity. 

Ectopic expression of Zeama;CKI;l can induce endoreduplication in maize calli 

Over-expression of the p21 and p27 Cip/Kip CKIs leads to endoreduplication in 

human Rb-negative cells (Bates et al., 1998; Niculescu et al., 1998; Chang et al., 2000). 

To determine if over-expression of Zeama;CKI;l and Zeama;CKI;2 can cause 

endoreduplication in cells in which the activity of the maize retinoblastoma-related 

protein (RBR) is reduced or eliminated, embryonic calli were transformed with gene 

constructs expressing the wheat dwarf virus Rep A protein in the presence and absence of 

the Zeama;CKIs. RepA was previously shown to interact with the maize RBR protein and 



Figure 3.11. Effect of Zeama;CKI;l immunodepletion on the partially purified CDK 

inhibitory activity. (A) CDK inhibitory activity from aliquots of the fractions shown in 

Figure 3.10 was assayed with human recombinant cyclinB/cdc2 after incubation with 

Protein A-bound agarose beads; the Zeama;CKI;l (arrow) in these fractions was 

subsequently detected by immunoblotting. (B) CDK inhibitory activity from aliquots of 

the fractions shown in panel A was assayed after immunodepletion of Zeama;CKI;l. 

Kinase activity was assayed as described in Figure 3.11 A, followed by immunodetection 

of Zeama;CKI; 1. (C) Histogram showing the percent reduction of kinase activity, 

measured by ImageJ software, before (gray bar) and after (white bar) 

immunoprecipitation of Zeama;CKI;l. Affinity-purified Zeama;CKI;l antibodies were 

used to immunodeplete Zeama;CKI;l protein from fractions as described in Materials 

and Methods. Protein A bound to agarose beads was used as a negative control. 
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stimulate the cell cycle (Grafi et al., 1996; Gordon-Kamm et al., 2002). Maize embryos 

were transformed by particle bombardment as described by Gordon-Kamm et al. (2002) 

and, after culturing them on selective media, the levels of Zeama;CKIs and RepA 

transcripts was measured by RT-PCR and the nuclear ploidy of cells was determined by 

flow cytometric analysis. 

Figure 3.12 shows the analysis of two transgenic events expressing RepA only 

(Figure 3.12A, lanes 1 and 2), and four events expressing both RepA and Zeama;CKI;l 

(Figure 3.12A, lanes 3-6). Calli over-expressing only Zeama;CKI;l grew very slowly, 

and for reasons that are unclear, no transgenic calli expressing Zeama;CKI;2 were 

obtained. Based on RT-PCR measurements, there were variable levels of Zeama;CKI;l 

and RepA transcripts in the calli. In general, the level of Zeama;CKI;l RNA exceeded 

that of RepA RNA, which could have been a consequence of the endogenous expression 

of the Zeama;CKI;l gene. Calli transformed with only the RepA gene (Figure 3.12, lanes 

1 and 2) generally contained lower levels of Zeama;CKI;l RNA than those ectopically 

expressing Zeama;CKI;l (Figure 3.12, lanes 3 to 6). 

The nuclear ploidy of cells in the transgenic calli was measured by flow cytometric 

analysis, and the numerical values shown in Figure 3.12B correspond to the percentage 

of endoreduplicated nuclei for the transformation events in lanes 1 to 6. Only 2C and 4C 

nuclei were detected in calli transformed with RepA only (Figure 3.12B, lanes 1 and 2), 

but some cells in each of the calli over-expressing Zeama;CKI;l and ectopically 

expressing RepA underwent an additional cycle of DNA replication without nuclear 
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Figure 3.12. Effect of Zeama;CKI;l over-expression on nuclear ploidy of maize 

embryonic calli expressing the wheat dwarf virus RepA protein. Calli were co-

bombarded with plasmids expressing the RepA and Zeama;CKI;l genes under control of 

the ubiquitin promoter (see Materials and Methods). (A) Detection of Zeama;CKI;l, 

RepA and Actin 1 RNA transcripts by RT-PCR. RNA (8 ng) from individual transformed 

calli was used as template for RT-PCR, and assays were done in triplicate. RNA samples 

in lanes 1 and 2 were from calli transformed with RepA only; RNA samples in lanes 3-6 

were from calli expressing RepA and Zeama;CKI;l. (B) Percentage of endoreduplicated 

nuclei in transgenic calli. Nuclei were analyzed with a PARTEC flow cytometer, as 

described in Materials and Methods. The percentage of endoreduplicated nuclei was 

calculated by dividing the total number of nuclei with a ploidy equal to or greater than 8C 

by total number of nuclei and multiplying by 100. 



126 

division, resulting in 8C nuclei. The callus with the highest level of 

Zeama;CKI;l expression (Figure 3.12A, lane 4) had the lowest percentage of 

endoreduplicated nuclei. Calli with the highest percentage of endoreduplicated nuclei 

appeared to contain somewhat higher levels of Zeama;CKI;l and RepA RNAs compared 

to calli transformed with RepA only, but there was no clear relationship between the 

percentage of endoreduplicated nuclei and level of RepA and Zeama;CKI;l RNAs. 

However, the amount of RNA transcripts detected in these assays might not reflect the 

level of functional proteins in the cells. 

DISCUSSION 

Differential expression of Zeania;CKI;l and Zeama;CKI;2 in developing maize 

endosperm 

We report the identification and characterization of two maize CDK inhibitors, 

Zeama;CKI;l and Zeama;CKI;2, which are expressed in developing endosperm tissue. 

As is the case for the other plant CKIs (Wang et al., 1998; De Veylder et al., 2001; Zhou 

et al., 2002; Jasinski et al., 2002), Zeama;CKI;l and Zeama;CKI;2 share a sequence of 

approximately 20 amino acids in common with animal Cip/Kip CKIs (Figure 3.1A); this 

region was identified as the CDK interaction/inhibition domain in the mammalian CKIs 

(Russo et al., 1996). Zeama;CKI;l RNA and protein are present throughout the early and 

middle stages of endosperm development (7 to 21 DAP), which encompasses the period 

when endoreduplication begins (Figures 3.2 and 3.3). In contrast, while Zeama;CKI;2 
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RNA was detected in endosperm between 7 and 21 DAP, the protein decreases in 

concentration after 13 DAP (Figure 3.3). Thus, Zeama;CKI;2 could play a role in the 

onset of endoreduplication, but it does not appear to play a role in later stages of the 

polyploidization process. We cannot explain the functional significance for the apparent 

stability of Zeama;CKI;2 RNA, but not for the protein it encodes; however, this 

relationship underscores the importance of measuring both protein and RNA 

concentrations before drawing conclusions regarding gene expression. 

Zeama;CKIs are CDK inhibitors that can affect cyclin Al;3/ and cyclin D5;1/CDK 

activities 

Crystal structure analysis of the inhibitory domain of the mammalian p27^'''' bound to 

cyclin A/CDK2 revealed a mechanism of inhibition where strong interactions between 

the inhibitor, the cyclin and the CDK allow deformation of and interference with the 

CDK active site (Russo et al., 1996). Because of the sequence similarity between the 

plant and mammalian CKIs of the Cip/Kip family, it has been inferred based on indirect 

evidence that the plant CKIs inhibit CDK activity through interaction with cyclin/CDK 

complexes (Wang et al., 1998; De Veylder et al., 2001; Zhou et al., 2002; Jasinski et al., 

2002; Zhou et al., 2002; Schnittger et al., 2003) 

The maize CDK inhibitors, Zeama;CKI;l and Zeama;CKI;2, inhibited pi3^"*^'-bound 

CDKs from developing maize endosperm (Figure 3.4). However, it is now well 

documented that pl3^"'^^ has affinity for cdc2At (CDKA) (De Veylder et al., 1997), which 

has high activity at both S- and M-phase of the cell cycle (reviewed in Mironov et al.. 
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1999). Consequently, to more precisely identify the nature of the cyclin/CDK complexes 

affected by Zeama;CKI;l and Zeama;CKI;2, we tested their inhibitory effects on specific 

CDKs. Immunoprecipitates of cyclin A1 ;3- and cyclin B1 ;3-containing CDK complexes 

from 9 DAP endosperm produced histone HI kinase activities that were significantly 

above background levels; however, the kinase activity obtained from cyclin D5;l 

immunoprecipitates of 9 DAP endosperm was very low. Therefore, cyclin D5;l-

containing CDKs from small, unfertilized ears were used instead. While different 

concentrations of GST alone did not affect histone HI phosphorylation by cyclin D5;l / or 

cyclinAl;3/CDKs, different concentrations of the recombinant GST-Zeama;CKIs did 

(Figures 3.5A, 3.6,3.7A and 3.7C). D-type cyclins have been proposed to mediate the 

Gl/S transition in plants and animals (Dewitte and Murray, 2003), consequently these 

resuhs are consistent with the hypothesis that the Zeama;CKIs function as Gl/S transition 

inhibitors. 

In contrast to studies with yeast two-hybrid assays (Zhou et al., 2002) that reported no 

interaction between A-type cyclins and the Arabidopsis KRPl, the Zeama;CKIs were 

able to inhibit cyclin A1;3/CDK activity from 9 DAP endosperm in a concentration-

dependent maimer (Figures 3.5A and 3.7A). The difference between these results and 

those of previous studies may be explained by the hypothesis that various A-type cyclin-

containing CDKs may have different functions in plants. In contrast to animals, plants 

contain a complex set of A-type cyclins. In Arabidopsis there are two Al (CYCAl; I and 

CYCA1;2), four A2 and A3 (CYCA2;1 to CYCA2;4 and CYCA3;1 to CYCA3;4) genes 

(Chaubet-Gigot, 2000; Vandepoele et al., 2002). Different A-type cyclins were reported 



129 

to be expressed sequentially at different time points from late Gl/early S-phase until mid 

M-phase (Reichheld et al., 1996). Yu et al. (2003) proposed that the tobacco A3-type 

cyclin, Nicta;CYCA3;2 has important functions in the control of plant cell division and 

differentiation, analogous to animal E-type cyclins, which stimulate the assembly of 

prereplicative complexes for DNA synthesis at the mid G1/S-phase transition. This 

observation could explain the fact that Zeama;CKIs, which are similar to the Cip/Kip 

family of mammalian inhibitors and would therefore be considered Gl/S transition 

inhibitors, were able to inhibit A-type cyclin-related CDK activity from maize 

endosperm. 

Another possibility is that the maize Al;3-type cyclin/CDK functions during S-phase 

and/or the G2/M transition, as was suggested for the Medicago sativa A2-type cyclin-

associated CDK. This kinase has biphasic activity, peaking first at S-phase and secondly 

at the G2/M transition (Roudier et al., 2000). In view of this result, the Zeama;CKIs 

could contribute to regulation of the G2/M-phase transition, as reported for one of the 

Cip/Kip family members, p21^''''. Niculescu et al. (1998) and Bates et al. (1998) showed 

that expression of p21^'''' at physiological levels in a diverse panel of cell lines resulted in 

Gl- as well as G2-arrested cells suggesting that, in addition to its negative role in 

controlling the Gl/S transition, this protein could also function at the G2/M transition. 

Consequently, besides functioning at the Gl/S transition, which was indicated by the 

ability to inhibit maize endosperm D-type cyclins (Figs. 6 and 7C), the Zeama;CKIs 

could also function at the G2/M transition. 
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Neither of the Zeama;CKIs appeared to inhibit cyclinBl;3/CDK activity from maize 

endosperm (Figures 3.5B and 3.7B). Even at the highest concentration of CKI (5 

|ig/reaction) there was no apparent reduction in kinase activity in these reactions (c.f. 

Figure 3.5A and 3.5B). Based on histone HI phosphorylation, there was less cyclin 

Bl;3-associated CDK activity immunoprecipitated from 9 DAP endosperm than that 

obtained with cyclin Al;3 antibodies. This may have some developmental significance, 

but it is also possible that histone HI is not as good a substrate for cyclin Bl;3- compared 

to cyclin Al;3-containing CDKs. ZeamaCycBl;3 was isolated by Sun et al. (1997 and 

1999) and it was proposed to be a B-type cyclin based on its activity and developmental 

expression. Our results are in accordance with those reported by Zhou et al. (2002), 

which showed that, based on yeast two-hybrid assays, ICKl does not interact with 

CycBl- and CycB2-containing CDKs. Consequently, it appears that neither 

Zeama;CKI;l nor Zeama;CKI;2 are M-phase CDK inhibitors. 

Zeama;CKIs accounts for only part of the CDK inhibitory activity that peaks 

coincident with endoreduplication 

Grafi and Larkins (1995) identified a CDK inhibitory activity in 15 DAP maize 

endosperm that affected the pi3^"*^'-bound kinase activity obtained during the period of 

endoreduplication. Based on earlier studies that showed mitosis promoting factor (MPF) 

binds plS^"*^' and phosphorylates histone HI, they proposed this kinase activity was 

related to MPF and that the inhibitor specifically affected an M-phase CDK. However, 

De Veylder et al. (1997) subsequently showed that the Arabidopsis, fission yeast and 
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human Sucl/Cksl protein can bind cdc2aAt (CDKA), and this activity is high at S-, G2-

and M-phase (reviewed in Mironov et al., 1999). This implies that the endosperm CDK 

inhibitor identified by Grafi and Larkins (1995) could be an S- and/or M-phase CKI. 

We attempted to determine the molecular nature of the endosperm CDK inhibitor by 

partially purifying it and testing its effect on cyclin-associated CDK activities that 

function at different phases of the cell cycle. Although a significant degree of enrichment 

was made possible by affinity chromatography (Figure 3.8), inhibitor fractions eluted 

from the DEAE-SP Sepharose column were found to contain multiple polypeptides, and 

it was not possible to identify a CKI. The partially purified CKI activity did not inhibit 

the ZeamaCycBl :3/CDK from 9 DAP endosperm, but it did inhibit cyclinD5;l/CDK and 

cyclin A1;3/CDK activity (Figure 3.10), similar to Zeama;CKI;l and Zeama;CKI;2. 

However, based on immunodepletion and immunodetection assays, it was shown that 

Zeama;CKI;2 is not present and Zeama;CKI;l only accounts for a portion of this CDK 

inhibitory activity (Figure 3.11). It appears, therefore, that the CDK inhibitory activity 

described by Grafi and Larkins (1995) contains both M- and S-phase CDK inhibitors, 

including Zeama;CKI; 1. Since we do not know the precise role of cyclin Al ;3, cyclin 

BI;3 or cyclin D5;l in cell cycle regulation during endosperm development, it is not 

possible to conclude whether or not Zeama;CKI;l and Zeama;CKI;2 are functionally 

involved in endoreduplication. However, the observation (see below) that over-

expression of Zeama;CKI;l can induce an additional cycle of DNA synthesis in RBR-

inhibited maize cells implies that it might function in the polyploidization process. 
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Zeama;CKl;l over-expression can lead to endoreduplication in RepA-expressing 

embryonic calli 

Although endoreduplication is a widespread process in plants and animals, its 

molecular mechanisms are still not fully understood. Based on studies in plants and 

animals it appears that a common regulatory mechanism that creates an 

endoreduplication cell cycle involves the loss of mitotic regulators and oscillation of S-

phase CDKs. Recently, several studies have demonstrated a potential role for CKIs in the 

endoreduplication process of various organisms (Kikuchi et al., 1997; Bates et al., 1998; 

Niculescu et al, 1998; Chang et al., 2000; Hattori et al., 2000; Nakayama et al., 2000). 

To determine if Zeama;CKI;l can affect endoreduplication, we over-expressed the 

gene encoding it in maize embryonic calli in the presence and absence of the wheat dwarf 

virus RepA protein. RepA expression in these cells, as well as in tobacco cell cultures, 

was shown to stimulate cell cycle activity, apparently by inhibiting RBR function 

(Gordon-Kamm et al., 2002). Rb/RBR inhibits cell cycle progression by coupling with 

transcription factors (E2F/Dp) that promote expression of genes required for S-phase 

(Weinberg et al., 1995; Gutierrez et al., 2002). Rb/RBR inhibitory activity can be 

released either as a consequence of phosphorylation or binding of specific viral proteins, 

such as RepA (reviewed by Gutierrez, 2000). Since Grafi et al. (1996) suggested that 

ZmRb phosphorylation increases during the period of endoreduplication, it was 

hypothesized that inactivation of this protein is associated with the polyploidization 

process. 
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Over-expression of Zeania;CKI;l in maize embryonic calli ectopically expressing 

RepA allowed an additional round of DNA replication, resulting in 8C nuclei (Figure 

3.12). This result is consistent with those from similar types of studies in mammalian cell 

cultures (Bates et al., 1998; Niculescu et al.,1998, and Chang et al., 2000). The number of 

cells undergoing endoreduplication in the maize calli ranged from 6% to 21% based on 

flow cytometric analysis. In general, calli with endoreduplicated nuclei had a higher level 

of Zeama;CKI;l RNA than RepA RNA, but there was no obvious relationship in the size 

of this ratio. However, the callus with the highest expression of Zeama;CKI;l had the 

lowest percentage of endoreduplicated cells and there was no evidence of 

endoreduplication in calli expressing RepA only. Over-expression of the Zeama;CKIs by 

themselves severely reduced growth of embryonic maize calli, as was observed in several 

previous studies in which CKIs were constitutively expressed (Wang et al., 2000, Jasinski 

et al., 2002, Zhou et al., 2002a and 2002b). 

Over-expression of CDK inhibitors in Arabidopsis and tobacco plants reduced and/or 

blocked endoreduplication. Therefore, it is possible that a constitutive high level of CDK 

inhibitor is not sufficient to induce endoreduplication. Rather, a preexisting block of the 

Rb pathway at the transition from the mitotic to the endoreduplication cell cycle may be 

required to initiate this process. As reported by Hattori et al. (2000), the CDK inhibitor, 

p57l^ip2, accumulates at the onset of endoreduplication, but its level oscillates during 

polyploidization. A mutation that stabilized pS?'^'''^ blocked S-phase entry, ultimately 

inhibiting endoreduplication progression. It is possible that high levels of CDK inhibitor 

in the presence of a blocked Rb pathway promotes only one additional cycle of DNA 
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replication in maize embryonic calli, while in tissues like endosperm, where 

endoreduplication is associated with differentiation, a different mechanism is in 

operation. 

To investigate the role of Zeama;CKIs during endoreduplication in maize endosperm, 

a construct was designed to knock out CKI expression at an early stage of development 

using double stranded (ds) RNA-mediated gene silencing (Waterhouse et al., 1998). This 

construct was based on the 27-kD y-zein promoter, which becomes activated coincident 

with the onset of endoreduplication. RT-PCR analysis of endosperm from a number of 

different transgenic maize plants with Zeama;CKI gene-specific primers showed normal 

levels of RNA transcripts at 16 DAP (data no shown), suggesting that gene silencing had 

not occurred. Kerschen et al. (2004) reported that maximal reduction of target gene 

transcripts by RNAi varied, and suggested that each target mRNA sequence possesses an 

inherent degree of susceptibility to dsRNA-mediated degradation. This could explain our 

lack of success finding transformed maize plants with suppressed Zeama;CKI gene 

expression. 

Because ds-RNA mediated degradation was not a successful method for altering 

expression of the Zeama;CKIs, other approaches, such as transposon mediated disruption 

of gene expression, could be used to identify maize plants with reduced levels of 

Zeama;CKIs gene expression. However, a potential problem with this approach is that if 

Zeama;CKIs are required for plant development, a reduction or elimination of their 

expression at an early stage of development could be lethal. 
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CHAPTER 4 

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

Although endoreduphcation is common among plants and animals, the molecular 

mechanisms involved with this process are not fully understood. In plants, most of our 

knowledge regarding endoreduphcation has come from the identification and 

characterization of mutants in Arabidopsis with altered endoreduphcation levels. Several 

mutants were described that limit endoreduphcation in trichomes (kaktus; rastafari; 

polychrome; and siamese), and leaves and hypocotyls (hypocotyls 6 and root hairless) 

(Perazza et al. 1999; Walker et al. 2000; Sugimoto-Shirasu et al. 2002). Cell cycle genes 

also have been reported to affect endoreduphcation. Ectopic-expression of genes 

involved in the Gl/S transition and S-phase of the cell cycle, such as E2Fa (AtE2F3) and 

its dimerization partner, DPa, AtCDC6a, and AtCDTla lead to increased ploidy in leaves 

and trichomes (DeVeylder et al., 2002, Castellano et al., 2001, Castellano et al., 2004). 

On the other hand, ectopic expression of genes involved in M-phase, such as the mitotic 

cyclin CYCB1;2, was shown to induce mitotic cycles in endoreduplicating trichomes 

(Schnittger et al., 2002). In contrast to studies in animals, research in plants reported that 

CKIs had an inhibitory role in endoreduphcation. Over-expression of the Arabidopsis 

ICKl/KRPl, ICK2/KRP2, ICK4/KRP6, the Chenopodium rubrum CKI, ICKCr, and the 

tobacco CKI, NtKISla was shown to inhibit endoreduphcation, decreasing the ploidy 

level of leaves that normally have cells of mixed ploidy. Over-expression of ICKIl was 
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also shown to inhibit endoreduplication in trichomes (DeVeylder et al., 2001; Zhou et al., 

2002; Schnittger et al., 2003; Jasinski et al., 2001). 

One of our strategies to understand and elucidate the genetic mechanisms that are 

involved with the endoreduplication was to map QTLs involved with this process. 

Although many studies have shown a maternal effect on endoreduplication, others studies 

showed that both paternal and maternal genomes are important for this process, 

demonstrating that the genetic mechanisms involved with endoreduplication are not well 

understood. Four backcross populations were created from crosses between two inbred 

lines with different levels of endoreduplication (Sgl8 and Mo 17) and their Fi progeny. 

These populations were then used to detect QTLs with different modes of inheritance that 

are involved with endoreduplication. Two parameters, mean ploidy and percentage of 

endoreduplicated nuclei, were used to measure endoreduplication levels in this tissue. 

Fourteen QTLs were identified that influence the degree of endoreduplication in maize 

endosperm. Six QTLs were mapped by using a statistical model that considers the triploid 

mode of inheritance in the endosperm. Two QTLs were mapped by using a statistical 

model that considers parent-of-origin effect inheritance, one with maternal zygotic effect 

and the other with paternal zygotic effect. Six QTLs were mapped by using a model that 

reflects genetic interactions between embryo and endosperm. These results showed that 

endoreduplication is a very complex trait, being controlled by various genes with 

different modes of inheritance. Additionally, in agreement with previous studies that 

showed the importance of the 2:1 maternal to paternal genome ratio for endosperm 
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development (Leblanc et al., 2002), these results indicated that endoreduplication 

depends on maternal and paternal parental gene dosage events. 

Having as a primary goal the fine mapping and ultimately cloning of QTLs involved 

in endoreduplication in maize endosperm, it becomes important to determine if the QTLs 

identified in the present study are repeatable. In the current study, the estimated distance 

between a QTL and its nearest flanking SSR marker ranged from 0 cM to 10.7 cM. The 

small distance between a QTL and its closest SSR marker may indicate that the statistical 

models used in the present study have good precision for QTL mapping. Yet another 

possible explanation for the tight linkage between certain QTLs and their flanking SSR 

markers could be due to the size of the mapping populations. Accordingly, the QTLs 

identified in this study should be confirmed in nearly isogenic lines, which contain small 

introgressed genome fragments in an isogenic background, or in heterogeneous inbred 

families that are derived from a single recombinant inbred line that segregates a single 

QTL region in an inbred background that is a mixture of the two parents. To perform 

efficient map-based cloning, it is essential to have well-integrated physical and genetic 

maps, which is under development in maize. Another approach relies on synteny between 

species that have the smallest possible evolutionary divergence (Borevits and Chory, 

2004). In this case, knowledge of the rice genome sequence could be valuable. Rice and 

maize diverged about 50 million years ago (Kellogg, 2001), and in contrast to maize with 

a genome size of 2,500 Mb, the genome of rice is approximately 430 Mb (Bennetzen et 

al., 2001). Sequencing of the rice genome is almost complete, and it may be an useful 

resource to facilitate map-based cloning in maize. However, comparison between similar 
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regions of the rice and maize genomes showed approximately one or two rearrangements 

per BAC, suggesting there could be more than 15,000 rearrangements between the two 

genomes (Tikhonov et al., 1999, Dubcovsky et al., 2001). Therefore, rice might not help 

map-based cloning in maize. Currently, the best option to guide selection of candidate 

genes in the identified QTL intervals is the integration between physical and genetic 

maps in maize. 

Another goal of this study was to identify genes involved with the endoreduplication 

cell cycle. Previous studies with maize endosperm (Grafi and Larkins, 1995) showed that 

accumulation of a CDK inhibitor is coincident with the onset of endoreduplication, but 

the identity of this inhibitor was unknown, nor was it clear whether it affects M- or S-

phase CDKs. My experiments were designed to address whether CKI inhibitory activity 

is required for the occurrence of endoreduplication in maize endosperm. Two maize CKI 

genes, Zeama;CKI;l and Zeama;CKI;2, expressed in developing endosperm were 

characterized. Zeama;CKI;l RNA and protein are present throughout the early and 

middle stages of endosperm development (7 to 21 DAP), which encompasses the period 

when endoreduplication begins. In contrast, while Zeama;CKI;2 RNA was detected in 

endosperm between 7 and 21 DAP, the protein decreases in concentration after 13 DAP. I 

showed that both proteins are able to inhibit the maize Cdc2/CDK kinase activity 

associated with plS®"*^'. They were also shown to specifically inhibit cyclin Al;3-

(presumably S-or G2/M-phase) and cyclin D5;l- (presumably Gl/Sphase) associated 

CDK activities, but not cyclin B1;3/CDK (presumably M-phase). Although Zeama;CKI;l 

was found to be associated with the CKI activity described by Grafi and Larkins (1995), 
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it did not account for all of the CDK inhibitor present in this fraction. Over-expression of 

Zeama;CKI;l in maize embryonic calli that ectopically expressed the wheat dwarf virus 

RepA protein, which counteracts RBR function in the cell cycle (Grafi et al., 

1996;Gordomn-Kamm et al.,2002), led to an additional round of DNA replication 

without nuclear division. These results, in aggrement with previous results that showed 

that up-regulation of CKIs is correlated to endoreduplication (Kikuchi et al., 1997; Bates 

et al., 1998; Niculescu et al. 1998; Chang et al., 2000; Hattori et al., 2000), indicated a 

positive role of CKI in endoreduplication in plants. 

To investigate the role of Zeama;CKIs in endoreduplication in maize endosperm, a 

construct was designed with the intent of knocking out its expression at an early stage of 

endosperm development by using dsRNA-mediated degradation (Waterhouse et al., 

1998). To affect Zeama;CKI expression only in endosperm tissue, this construct was 

transcriptionally controlled by the 27-kD gamma-zein promoter. Woo et al. (2001) 

demonstrated through in situ hybridization experiments that the 27-kD gamma-zein 

mRNA can be detected as early as 10 DAP in maize endosperm, which coincides 

approximately with the beginning of the endoreduplication process. RT-PCR with gene-

specific primers that amplified the Zeama;CKI;l RNA transcript in 16 DAP endosperm 

of the transformed plants was performed, and verified that Zeama;CKI;l RNA was not 

suppressed (data not shovm). Kerschen et al. (2004) reported that the maximal reduction 

of target transcript level varied among genes, suggesting that each target sequence 

possesses an inherent degree of susceptibility to dsRNA-mediated degradation. This may 

explain my lack of success in finding transformed plants with suppressed Zeama;CKI;l 
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expression. Another possible explanation for these results is that eventhough 

Zeama;CKI;l expression was controlled by an endosperm specific promoter, the 

Zeama;CKI;l construct designed to trigger PTGS might be expressed in undifferentiated 

tissues, such as maize embryonic calli. If so, one may hypothesize that dow-regulation of 

Zeama;CKI;l at early stages of plant regeneration may be lethal, resulting in absence of 

mature transformed plants with suppressed Zeama;CKI;l expression. 

Because ds-RNA mediated degradation was not successful in disrupting expression of 

Zeama;CKI;l, other methods, such as transposon mediated disruption of gene expression, 

could be used to identify maize plants in which Zeama;CKI;l gene expression is knocked 

down in order to investigate if this Zeama;CKI plays a role in endoreduplication in maize 

endosperm. However, a possible problem in the identification of maize plants in which 

Zeama;CKI;l expression is knocked down by transposon-mediated disruption of gene 

expression is that if Zeama;CKI;l is needed for normal plant development, reduction or 

elimination of expression of this gene at an early stage of development may be lethal. 

In summary, the identification of several QTLs that affect the endoreduplication 

process in maize endosperm create the basis for isolation of candidate genes that 

influence this process. I describe the characterization of the first two CKIs found in maize 

and my investigation of their role in endoreduplication. Eventough previous studies had 

demonstrated that plant CKIs are able to inhibit Cdc2/CDK kinase activity associated 

with pl3^"'^\ the molecular nature of those CDK complexes was unknown. The present 

work showed that both maize CKIs specifically inhibit cyclin Al;3/- (presumably S-

phase or G2/M phase cyclin) and cyclin D5;l/- (presumably Gl/S phase cyclin) 



associated CDK activities, but not cyclin B1;3/CDK (presumably M-phase). Although 

Zeama;CKI;l was found to be associated with the CKI activity described by Grafi and 

Larkins (1995), neither Zema;CKI;l nor Zeama;CKI;2 explain most of the CDK 

inhibitory activity present in this fraction. These results indicate that other CKIs or yet 

another type of inhibitor are responsible for this CDK inhibitory activity. The current 

work showed that transgenic expression of Zeama;CKI;l in maize embryonic calli 

expressing RepA ectopically leads to an additional round of DNA replication without 

nuclear division. These results are the first to indicate a positive role for CKIs in 

endoreduplication in plants, since all previous studies that overexpressed CKIs in 

different plant tissues suggested a negative effect. One can hypothesize that high levels of 

CKI in the presence of an inhibited Rb pathway could be involved with the 

commencement of the endoreduplication cell cycle; however, oscillation of the CKI 

protein level may be necessary in order to regulate CDK activity during the gap-phase. 
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