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Abstract Endoreduplication in maize endosperm pre-

cedes the onset of starch and storage protein synthesis, and

it is generally thought to influence grain filling. We created

four backcross populations by reciprocally crossing the F1

progeny of a cross between Sg18 and Mo17 to the parental

inbreds, which differ in endoreduplication by two param-

eters—mean ploidy and percentage of endoreduplicated

nuclei. This four-backcross design allowed us to estimate

and test the additive and dominant genetic effects of

quantitative trait loci (QTLs) affecting endoreduplication.

An analysis of endosperm from the four backcross popu-

lations at 16 days after pollination using a modified triploid

mapping approach identified three endosperm QTLs

influencing mean ploidy and two endosperm QTLs

affecting the percentage of endoreduplicated nuclei. Some

of these QTLs may manifest their effects on endoredupli-

cation via expression in the embryo. The QTLs detected

display strong dominance or over-dominance and

interacted epistatically with an embryo-expressed QTL.

This helps to explain the genetic basis for transgressive

segregation in the backcross progeny. Although the

favorable alleles that increase mean ploidy and percentage

of endoreduplicated nuclei can be contributed by both

parents, the Mo17-derived alleles for endoreduplication

were often dominant or over-dominant to the Sg18-derived

allele. One QTL on chromosome 7 that may be expressed

in both the embryo and endosperm exerted a pleiotropic

effect on two different parameters of endoreduplication.

The results from this study shed light on the regulation of

endoreduplication in maize endosperm and provide a

marker-assisted selection strategy for potentially improving

grain yield.

Introduction

Endoreduplication describes a cell cycle in plants and

animals that leads to genome replication without an ensu-

ing reduction in chromosome number. This process is

found widely in Angiosperms, having been observed 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 game-

tophyte. During the first few days of endosperm

development, cells undergo a period of rapid mitotic

activity. Around 8–9 days after pollination (DAP), cells in

the center of the endosperm begin to undergo endoredu-

plication, and it progresses centripetally toward peripheral
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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 Gallie 2000).

Although endoreduplication is common in plants and

animals, its function is not well understood. It is thought that

this process could provide a mechanism to create high 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 endoredupli-

cation. In Arabidopsis, ectopic-expression of genes

involved in the G1/S transition and S-phase, such as E2Fa

(AtE2F3) and its dimerization partner DPa, AtCDC6a, and

AtCDT1a leads to increased ploidy in leaves and trichomes

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

the other hand, ectopic expression of genes involved in M-

phase, such as the mitotic cyclin CYCB1;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 of a dominant

negative mutant of CDKA, which appears to function in the

S phase of the cell cycle, decreased endoreduplication in

starchy endosperm cells.

Because of the high frequency with which endoredu-

plication 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 Kowles et al. (1997) reported that the endoreduplica-

tion pattern of F1 hybrid endosperm is more similar to the

maternal parent than the paternal parent. Further evidence

for maternal control of endoreduplication in maize endo-

sperm 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

maternal genomic excess forces cells to enter early into

endoreduplication, while paternal genomic excess prevented

its establishment, indicating that endoreduplication in maize

endosperm depends on parental gene dosage events.

Although several genetic factors influencing endoredupli-

cation have been described, the mechanisms controlling this

process and their regulation are not well understood.

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 manipula-

tion of the genetic components affecting grain yield.

The control of endoreduplication in maize endosperm

could be influenced by several different genetic sources,

including the maternal genome and the genomes of the

embryo and endosperm. The embryo and endosperm have

the same genetic composition, but because of the differ-

ence in their ploidy, a quantitative trait locus (QTL) could

perform differently between the two. To consider this

potential difference, we used the terminology ‘‘embryo

genome’’ and ‘‘endosperm genome’’. In order to address

this question, it is necessary to determine how QTLs in

different locations affect the phenotype of endoreduplica-

tion in the endosperm. In particular, it was interesting to

test whether these QTLs interact in a coordinated fashion to

affect endoreduplication.

In an effort to map genes influencing the endoredupli-

cation process in maize endosperm, four backcross

populations were created by reciprocally crossing the F1

progeny of a cross between Sg18 (a popcorn inbred with a

high endoreduplication level) and Mo17 (a Midwestern

dent inbred with a lower level of endoreduplication) to the

parental inbreds. Molecular markers and traits that describe

endoreduplication were measured for backcross ears on

plants of the F1 genotype. This design can be used to

identify QTLs expressed from the genomes of the embryo

and endosperm. We performed a joint analysis with the

four backcross populations to estimate the additive and

dominance effects of a segregating QTL affecting endo-

reduplication. The Lander and Botstein technique was
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used to map QTLs in the diploid embryo, but we used a

modified mapping approach for the triploid endosperm

based on the method proposed by Wu et al. (2002) to

identify endosperm QTLs. The combination of the four

backcross populations allowed us to detect and test how

different QTLs associated with the embryo and endosperm

interact and influence the process of endoreduplication.

These tissue-specific QTLs for endoreduplication were

detected by using Cui and Wu’s (2005) genome–genome

epistasis model.

Materials and methods

Plant materials

Sg18, a popcorn inbred line, was crossed as the maternal

parent with Mo17, a Midwestern dent inbred line, to pro-

duce F1 progeny. Subsequently, four backcross (BC)

populations were created by using the following strategy.

One F1 plant was crossed as the maternal parent to one

Sg18 plant (F1 · Sg18). The Sg18 plant that was the pollen

source was also used as a maternal parent and received

pollen from the F1 plant (Sg18 · F1). A second F1 plant

was crossed as the maternal parent to a Mo17 plant (F1 ·
Mo17), and this same Mo17 plant was used as a maternal

parent and received pollen from the second F1 plant

(Mo17 · F1). In addition to the plants used to produce the

four backcross populations, one plant for each of the two

inbred lines, Mo17 and Sg18, was selfed. All plants used to

produce the backcross populations, plus the two parental

inbred lines, were grown at the same time and in the same

location in the green house facility at the University of

Arizona. The ears were broken from the stalk and placed in

crushed ice for transport to the laboratory. Approximately

100 kernels were removed with a razor blade from the

central region of single, well-filled 16 DAP ears of Sg18,

Mo17, Sg18 · F1, F1 · Sg18, Mo17 · F1 and F1 · Mo17,

respectively. Endosperms from the parental inbred lines

and the four backcross mapping populations were dissected

and analyzed by flow cytometry, and their corresponding

embryos were rescued by tissue culture and grown to

seedlings, as described by Dilkes et al. (2002). Because

some embryos did not germinate due to fungal contami-

nation, the final mapping populations were composed of

92, 89, 85 and 82 endosperms of Sg18 · F1, F1 · Sg18,

Mo17 · F1 and F1 · Mo17, respectively.

DNA extraction, PCR analysis and map construction

Seedlings of the backcross progeny were lyophilized at

–40�C with a Labconco vacuum drier (VWR, Tempe, AZ).

DNA was prepared by the hexadecyltrimethyl-ammonium

bromide method (Shen et al. 1994) and diluted to a final

concentration of approximately 10 ng/ll for PCR reac-

tions. 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,

Sg18 and Mo17, 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 s (depending on the SSR pri-

mer), 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 elec-

trophoresis in 4% (w/v) agarose gels (Amresco, Solon,

Ohio), and visualized by staining with 0.5 lg of ethidium

bromide per milliliter of gel.

Of approximately 500 SSR primer pairs screened, only 65

amplified clear and unambiguous polymorphic DNA frag-

ments in Sg18 and Mo17. Given the genetic differences

between popcorn and dent corn (Liu et al. 2003), this result

was surprising, and we are unsure of the explanation. The

informative SSR markers were grouped into ten different

maize chromosomes (Fig. 4). The markers in each group

were ordered according to the published maize genome

database (http://www.maizegdb.org/). The map distances

between each pair of adjacent markers were calculated with

the four backcross populations. The average interval between

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

Flow cytometric analysis of endosperm nuclei

Dissected 16 DAP endosperms were chopped with a sin-

gle-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 MgCl2 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 100 lm

nylon mesh and combined with an additional 0.8 ml of

PARTEC buffer. Nuclei were stained with 40 ll of a

100 mg/ml solution of 40,6-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

Theor Appl Genet (2007) 115:1147–1162 1149

123



(available at http://facs.scripps.edu/software.html). The

accuracy and reproducibility of flow cytometric mea-

surements was evaluated by analyzing at least 50 kernels

from the same ear of each parental inbred line. The data

were consistent between kernels from each parental ear

(data not shown). Furthermore, we have grown multiple

generations of these genotypes over several years, and the

ploidy measurements are highly reproducible for each

inbred in multiple generations. A single endosperm sam-

ple cannot be analyzed twice, because of starch grain

deposition in the tube during the assay. The portion of the

sample remaining in the tube after the first run clogs the

tubes in the PARTEC machine, resulting in inaccurate

data.

Estimation of endoreduplication levels

Two parameters were used to estimate endoreduplication in

the backcross progeny and parental inbred lines, mean

ploidy and percentage of endoreduplicated nuclei (Dilkes

et al. 2002). Mean ploidy was calculated from the DNA

content by multiplying the nuclear ploidy level by the

number of nuclei in each ploidy class and dividing by the

total number of nuclei. 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

We used the diploid (Lander and Botstein 1989) and trip-

loid models (Wu et al. 2002) to map embryo and

endosperm QTLs, respectively, and a genome–genome

interaction model (Cui and Wu 2005) to detect interactions

between the QTLs. The models that were modified to suit

our four-backcross design are described below.

Diploid model. For this analysis, endoreduplication

levels were measured in the endosperm and molecular

markers were used to genotype the corresponding embryo.

Suppose there are two inbred lines, P1 and P2, between

which a QTL is segregating with two alleles Q and q.

When the F1 as an egg or pollen donor is backcrossed to

each inbred line, different QTL genotypes will be gener-

ated. In Table 1, we list the segregation of genotypes in

each of these backcrosses for the QTL expressed in the

(diploid) embryo. These backcrosses together generate all

three possible embryo QTL genotypes, QQ, Qq, and qq,

with the genotypic values described in Table 1, where lm’s

are the overall mean with the subscripts denoting the type

of backcross, am is the additive effect, dm is the dominance

effect of an embryo QTL. Thus, by estimating the set of

parameters (am, dm), the mode of genetic control in the

diploid embryo can be characterized.

We combined four backcrosses, F1 · Mo17, F1 · Sg18,

Mo17 · F1 and Sg18 · F1, for a joint likelihood analysis to

estimate the parameters (lm1, lm2, lm3, lm4, am, dm) for the

inheritance of a QTL affecting mean ploidy and percentage

of endoreduplicated nuclei in the endosperm based on the

EM algorithm. After these parameters were estimated, the

significance of the embryo QTL was tested by formulating

the following hypotheses:

H0 : am ¼ dm ¼ 0 versus H1 : Not all equalities in H0 hold:

ð1Þ

The log-likelihood ratio test statistic under the H0 and

H1 of hypotheses (1) is calculated and compared with the

critical threshold determined from permutation tests

(Churchill and Doerge 1994). The proportion of the total

phenotypic variance in an endoreduplication variable

explained by a detected QTL was estimated. Additive

and dominance genetic effects of the embryo QTL can be

tested according to the hypotheses as follows:

H0 : am ¼ 0 versus H1 : am 6¼ 0; ð2Þ

H0 : dm ¼ 0 versus H1 : dm 6¼ 0: ð3Þ

Test statistics for each of the above hypotheses (2) and (3)

can be thought to be asymptotically v2-distributed with one

degree of freedom.

Triploid model. This design allows us to map endo-

sperm-specific QTLs that follow the mode of triploid

inheritance (Wu et al. 2002). Table 1 also tabulates the

segregation of genotypes in each backcross for the QTL

expressed in the triploid endosperm. There are four possi-

ble endosperm QTL genotypes, QQQ, QQq, Qqq and qqq,

with the genotypic values described in Table 1 (Gale 1976;

Mo 1987), where ln’s are the overall mean with the sub-

scripts denoting the type of backcross, an is the additive

effect, dn1 is the dominance effect of QQ to q and dn2 is the

dominance effect of qq to Q. As for the diploid model, by

estimating the set of parameters (an, dn1, dn2), the mode of

genetic control in the triploid endosperm can be

characterized.

We derived the EM algorithm to estimate the parameters

(ln1, ln2, ln3, ln4, an, dn1, dn2) for the inheritance of a QTL

affecting mean ploidy and percentage of endoreduplicated

nuclei in the endosperm by combining four backcrosses,

F1 · Mo17, F1 · Sg18, Mo17 · F1 and Sg18 · F1, for a

joint likelihood analysis (Supplement 1). After these

parameters were estimated, the significance of the endo-

sperm QTL was tested by formulating the following

hypotheses:
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H0 : an ¼ dn1 ¼ dn2 ¼ 0 versus

H1 : Not all equalities in H0 hold: ð4Þ

The log-likelihood ratio test statistic under the H0 and

H1 of hypotheses (1) is calculated and compared with the

critical threshold determined from permutation tests

(Churchill and Doerge 1994). The proportion of the total

phenotypic variance in an endoreduplication variable

explained by a detected QTL was estimated. Additive

and dominance genetic effects of the endosperm QTL are

further tested according to the hypotheses as follows:

H0 : an ¼ 0 versus H1 : an 6¼ 0; ð5Þ

H0 : dn1 ¼ 0 versus H1 : dn1 6¼ 0; ð6Þ

H0 : dn2 ¼ 0 versus H1 : dn2 6¼ 0: ð7Þ

Test statistics for hypotheses (5)–(7) can be thought to be

asymptotically v2-distributed with one degree of freedom.

The triploid model will be reduced to the diploid model

when the two dominance effects specified by the triploid

model are the same, i.e., dn1 = dn2. This can be tested by

formulating this equality as a null hypothesis and then

calculating the log-likelihood ratio under the null and

alternative hypotheses.

Genome-genome epistasis model. Cui and Wu (2005) and

Cui et al. (2006) have recently developed a statistical model

for mapping and estimating two interacting QTLs from

different genomes during seed development. This method

allows estimation of the QTL locations in the embryo and

endosperm genomes, and QTL additive and genome–

genome epistatic effects. Suppose that there are two epi-

statically interacting QTLs, denoted as P (with alleles P and

p) and Q (with alleles Q and q), responsible for an endo-

sperm-specific trait. In our four-backcross design derived

from the F1 and each inbred parents (P1 and P2), these two

QTLs generate a total of 16 joint endosperm–embryo

genotypes (Table 2), assuming that QTL P is expressed in

the endosperm and Q is expressed in the embryo. Together,

QTLs P and Q form a total of 11 genetic effects which are

1. Additive (an), PP to p dominance (dn1) and pp to P

dominance genetic effects (dn2) of QTL P,

2. Additive (am) and dominance genetic effects (dm) of

QTL Q,

3. Additive · additive genetic effect (iaa) between QTLs

P and Q,

4. Additive · dominance genetic effect (iad) between

QTLs P and Q,

5. PP to p dominance · additive (ida1) and pp to P

dominance · additive genetic effects (ida2) between

QTLs P and Q,

6. PP to p dominance · dominance (idd1) and pp to P

dominance · dominance genetic effects (idd2) between

QTLs P and Q.

Each of the joint endosperm–embryo genotypes contains a

backcross-specific overall mean (l1, l2, l3, or l4) and

genetic effects whose number and type depend on the

Table 1 Genotypic segregation and values for the QTLs expressed in the embryo (diploid) and endosperm (triploid) for four backcrosses

Backcross QTL genotype Genotypic value

No Type Female Male Offspring embryo/endosperm

The diploid model

1 F1 · P1 Qq QQ QQ lm1 + am

Qq lm1 + dm

2 F1 · P2 Qq qq Qq lm2 + dm

qq lm2 – am

3 P1 · F1 QQ Qq QQ lm3 + am

Qq lm3 + dm

4 P2 · F1 qq Qq Qq lm4 + dm

qq lm4 – am

The triploid model

1 F1 · P1 Qq QQ QQQ ln1 + 3/2an

Qqq ln1 – 1/2an + dn2

2 F1 · P2 Qq qq QQq ln2 + 1/2an + dn1

qqq ln2 – 3/2an

3 P1 · F1 QQ Qq QQQ ln3 + 3/2an

QQq ln3 + 1/2an + dn1

4 P2 · F1 qq Qq Qqq ln4 – 1/2an + dn2

qqq ln4 – 3/2an
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structure of the joint genotype. Note that, of the 16 joint

genotypes, 6 are present twice (Table 2), which leads to ten

unique genotypes. By considering a different overall mean

for each backcross, we will finally have 12 independent

equations, which do not adequately provide estimates of

the four overall means and all the 11 genetic effects defined

above. To the largest extent, 12 independent equations can

be used to estimate four backcross-specific means and 8 of

the 11 possible genetic effects. The numbers and types of

those estimable genetic effects are given in various options

as follows:

Options 1 and 2 contain a full set of genetic effects for the

endosperm-expressed QTL, one genetic effect for the

embryo-expressed QTL and all possible genome–genome

epistatic effects given the effect specification of the endo-

sperm and embryo QTLs. Options 3–5 each involve both

additive and dominance effects for the embryo-expressed

QTL, two of the genetic effects for the endosperm-expressed

QTL, as well as all possible epistatic effects for these

specified main effects. Options 6–20 specify a full set of

genetic effects for both the endosperm- and embryo-

expressed QTLs, as well as four arbitrarily chosen endo-

sperm–embryo interaction effects. An optimal option that

gives the best fit to the data can be determined with a model

selection criterion, such as AIC or BIC. In fact, Options 1

and 2 cannot be distinguished from one another because they

contain the same number of parameters (eight). This is true

for Options 3–20 where each contains nine parameters. For

this reason, we can only make a selection between Options 1

or 2 and Options 3–20. In this study, our interest is to detect

all possible genetic effects triggered by the endosperm QTL

and their possible interaction effects with the embryo QTL.

Thus, our selection is Option 1 or 2 in which only one

genetic effect is estimated for the embryo QTL. Because the

additive effect can be better estimated than the dominance

effect, especially for a small to moderate sample size like the

one used in this study, we used Option 1 to estimate endo-

sperm–embryo interaction effects on endoreduplication.

The EM algorithm has been developed to estimate the

four backcross-specific means and seven effect parameters

(an, dn1, dn2, am, iaa, ida1, ida2) for Option 1 by maximizing

a joint likelihood that combines the four backcrosses

(Supplement 2). The existence of any significant QTLs for

the endosperm trait can be tested by formulating the fol-

lowing hypotheses:

H0 : am ¼ an ¼ dn1 ¼ dn2 ¼ iaa ¼ ida1 ¼ ida2 ¼ 0 versus

H1 : Not all equalities in H0 hold. ð8Þ

The critical value for the declaration of significant QTLs

can be determined from permutation tests (Churchill and

Doerge 1994). The significance of the endosperm- (P) and

embryo-expressed QTLs (Q) can be tested, respectively,

based on

H0 : an ¼ dn1 ¼ dn2 ¼ 0 versus

H1 : Not all equalities in H0 hold. ð9Þ

H0 : am ¼ 0 versus H1 : am 6¼ 0: ð10Þ

Whether genome–genome epistatic interactions between

QTL P and Q are significant, is tested by formulating the

hypotheses:

H0 : iaa ¼ ida1 ¼ ida2 ¼ 0 versus

H1 : Not all equalities in H0 hold. ð11Þ

As needed, each specific component of the genotypic val-

ues can be tested in a similar way. The test statistics for all

these hypotheses follow a v2 distribution with the degree of

freedom equal to the difference in the number of unknown

parameters between the null and alternative hypotheses.

Results

Phenotypic characterization of endoreduplication

in Mo17 and Sg18 endosperm and their backcross

populations

To investigate the genetic basis, for the phenotypic varia-

tion in endoreduplication observed in developing maize

Option Endosperm QTL effect Embryo QTL effect Endosperm–embryo interaction effect Number of parameters

1 an, dn1, dn2 am iaa, ida1, ida2 8

2 an, dn1, dn2 dm iad, idd1, idd2 8

3 an, dn1 am, dm iaa, iad, ida1, idd1 9

4 an, dn2 am, dm iaa, iad, ida2, idd2 9

5 dn1, dn2 am, dm ida1, idd1, ida2, idd2 9

6 an, dn1, dn2 am, dm iaa, iad, ida1, idd1 9

… … … … …
20 an, dn1, dn2 am, dm ida2, iad, idd1, idd2 9
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endosperm, four backcross populations were created by

crossing Sg18 and Mo17, two inbred lines that differ in

their degree of endoreduplication (Dilkes et al. 2002).

Developing kernels were harvested at 16 DAP; the endo-

sperm was phenotyped for endoreduplication by flow

cytometry, and DNA was subsequently obtained from the

developing embryo. Figure 1 shows representative flow

cytometric profiles of nuclei from 16 DAP endosperms

obtained from Sg18 and Mo17. Two parameters were used

to describe the level of endoreduplication in the parental

inbred lines, mean ploidy and the percentage of endore-

duplicated 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 Sg18 possess a higher mean ploidy (15.4C) and per-

centage of endoreduplicated nuclei (72.3%) at 16 DAP

than Mo17, for which the mean ploidy was 9.8C and the

percentage of endoreduplicated nuclei is 54.8% (Fig. 1).

By crossing the F1 progeny with the parental inbreds,

Mo17 · F1 and Sg18 · F1 were produced, and by reci-

procal crosses, F1 · Mo17 and F1 · Sg18, 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 Sg18 · F1, F1 · Sg18, Mo17 · F1 and F1 · Mo17,

respectively. Figures 2 and 3 show the distribution of

values for mean ploidy and percentage of endoreduplicated

nuclei calculated for two of the backcross populations,

Mo17 · F1 and Sg18 · F1; similar ranges of phenotypic

variation were measured for the two other crosses (data not

shown). Tests performed for the two parameters used to

Table 2 Genotypic segregations for two QTLs, P (with two alleles P and p), expressed in the endosperm, and Q (with two alleles Q and q),

expressed in the embryo, in the four backcrosses as well as genotypic values of these two QTLs under Option 1 for the triploid · diploid model

Backcross QTL genotype Genotypic value

No Type Female Male Offspring (endosperm) (embryo)

1 F1 · P1 (Pp) (Qq) (PP) (QQ) (PPP) (QQ) l1 þ 3
2

an þ am þ 3
2

iaa

(PPP) (Qq) l1 þ 3
2

an

(Ppp) (QQ) l1 � 1
2

an þ dn2 þ am � 1
2

iaa þ iad2

(Ppp) (Qq) l1 � 1
2

an þ dn2

2 F1 · P2 (Pp) (Qq) (pp) (qq) (PPp) (Qq) l2 þ 1
2

an þ dn1

(PPp) (qq) l2 þ 1
2

an þ dn1 � am � 1
2

iaa þ ida1

(ppp) (Qq) l2 � 3
2

an

(ppp) (qq) l2 � 3
2

an � am þ 3
2

iaa

3 P1 · F1 (PP) (QQ) (Pp) (Qq) (PPP) (QQ) l3 þ 3
2

an þ am þ 3
2

iaa

(PPP) (Qq) l3 þ 3
2

an

(Ppp) (QQ) l3 þ 1
2

an þ dn1 þ am þ 1
2

iaa þ ida1

(Ppp) (Qq) l3 þ 1
2

an þ dn1

4 P2 · F1 (pp) (qq) (Pp) (Qq) (Ppp) (Qq) l4 � 1
2

an þ dn2

(Ppp) (qq) l4 � 1
2

an þ dn2 � am þ 1
2

iaa � ida2

(ppp) (Qq) l4 � 3
2

an

(ppp) (qq) l4 � 3
2

an � am þ 3
2

iaa

Fig. 1 Flow cytometric analysis of nuclei from 16 DAP endosperms

of Mo17 (a) and Sg18 (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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phenotype endoreduplication showed continuous variation

and a normal distribution in the four backcross populations.

For Mo17 · F1 (Fig. 2a) and F1 · Mo17 (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

Mo17 · F1 (Fig. 2b) and 50.4 to 73.3% for F1 · Mo17

(data not shown). For Sg18 · F1 (Fig. 3a) and F1 · Sg18

(data not shown) the estimated mean ploidy values ranged

from 9.3C to 19.8C and 8.8C to 19.1C, respectively. The

percentage of endoreduplicated nuclei ranged from 56.9 to

94.2% for Sg18 · F1 (Fig. 3a) and 42.2 to 77.9% for

F1 · Sg18 (data not shown). It was observed that trans-

gressive segregants, for which the phenotypic values were

greater or lesser than the parents, were present in the four

backcross populations. Analysis of variance indicated that

the backcross populations and the parental inbred lines are

statistically different at 16 DAP at the 1% significance

level (data not shown).

Identification of embryo and endosperm QTLs

influencing endoreduplication

An integrated linkage map was constructed with 65 SSR

markers for the four backcrosses (Fig. 4). This map was

used to genome-wide map and test for the existence of

QTLs that affect endoreduplication using the triploid

mapping model. A profile of the log-likelihood ratios (LR)

used to test the significance of an embryo-expressed QTL

calculated under hypothesis (1) for mean ploidy (Fig. 5)

and the percentage of endoreduplicated nuclei (Fig. 6) was

drawn over the linkage map. The LR peaks that surpass the

chromosome- and genome-wide critical thresholds deter-

mined from permutation tests indicate the locations of

suggestive and significant embryo-expressed QTLs.

Table 3 shows estimates of the locations of the QTLs

detected by flanking markers and the genetic effects of the

QTLs on the two endoreduplication variables. One sug-

gestive QTL on chromosome 4 and one significant QTL on

chromosome 7 that affect mean ploidy were detected, with

each explaining about 17% of the phenotypic variance. At

the QTL on chromosome 4, the Mo17 parent contributes a

favorable allele to increased mean ploidy, although the

allele from the Sg18 parent is dominant to the Mo17 allele.

Compared with this QTL, the one on chromosme 7 mani-

fests an inverse mode of inheritance (Table 3). A second

QTL on chromosome 7 at the same location and with a

similar mode affects the percentage of endoreduplicated

nuclei (Fig. 6; Table 3).

The triploid model detects more QTLs for the two

endoreduplication variables—mean ploidy (Fig. 7) and the

percentage of endoreduplicated nuclei (Fig. 8). The QTLs

detected by the triploid model cannot be detected by the

diploid model, because two dominance effects characteris-

tic of an endosperm QTL are significantly different from

one another, i.e., dn1 = dn2 (P \ 0.05). Table 4 shows

estimates of the locations of the QTLs detected by flanking

markers and the genetic effects of the QTLs on the two

endoreduplication variables. Three suggestive QTLs were

observed for mean ploidy on chromosomes 4, 6 and 7,

respectively, with each explaining 11–18% of the total

phenotypic variance (Table 4). It appears that the three

triploid endosperm QTLs detected behave in a dominant

Fig. 2 Distribution of mean

ploidy values (a) and percentage

of endoreduplicated nuclei (b)

of 16 DAP endosperms from the

backcross Sg18 · F1. Nuclei

were analyzed as described in

Fig. 1. The data for the

reciprocal backcross F1 · Sg18

were not shown
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over-dominance manner, because the two types of domi-

nance effects (i.e., dominance of two Sg18-derived alleles

over one Mo17-derived allele, dn1, and dominance of two

Mo17-derived alleles over one Sg18-derived allele, dn2) are

similar to, or strikingly larger than, the additive effect (an).

For the QTLs on chromosomes 4 and 6, the Mo17 parent

contributes the favorable allele to an increase in mean

ploidy (an \ 0), and the Mo17-derived allele is always

Fig. 3 Distribution of mean

ploidy values (a) and percentage

of endoreduplicated nuclei (b)

of 16 DAP endosperms from the

backcross Mo17 · F1. Nuclei

were analyzed as described in

Fig. 1. The data for the

reciprocal backcross F1 · Mo17

were not shown

Fig. 4 An integrative genetic

linkage map constructed by

polymorphic SSR markers for

the four backcross populations

F1 · Sg18, F1 · Mo17,

Sg18 · F1 and Mo17 · F1.

These SSR markers were

grouped and ordered on ten

different maize chromosomes

according to the published

maize genome database

(http://www.maizegdb.org/)
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Fig. 5 Profiles of the log-

likelihood ratio (LR) test

statistics for testing embryo-

expressed QTLs affecting mean

ploidy based on a joint analysis

of the four backcross

populations, calculated as a

function of genome position

across the linkage map.

Chromosome- and genome-

wide critical thresholds

determined from permutation

tests are indicated by the dashed
and solid horizontal lines,

respectively

Fig. 6 Profiles of the log-

likelihood ratio (LR) test

statistics for testing embryo-

expressed QTLs affecting

percentage of endoreduplicated

nuclei based on a joint analysis

of the four backcross

populations, calculated as a

function of genome position

across the linkage map.

Chromosome- and genome-

wide critical thresholds

determined from permutation

tests are indicated by the dashed
and solid horizontal lines,

respectively

Table 3 Additive (am) and dominance effects (dm) of embryo-expressed QTLs for two endoreduplication variables estimated from the diploid

mapping model and the proportion of the total phenotypic variance explained by the QTLs in the four backcrosses

Trait Chromosome QTL location Genetic effects R2

am dm

Mean ploidy 4 umc1017–mmc471 –0.65 0.76 0.17

7 umc1066–dupssr9 0.70 –0.59 0.16

% Endoreduplicated nuclei 7 umc1066–dupssr9 1.94 –2.49 0.13
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dominant to the Sg18-derived allele, regardless of whether

there is one dose of the Mo17 allele compared with two

doses of the Sg18 allele (dn1 [ 0), or two doses of the Mo17

allele compared with one dose of the Sg18 allele (dn2 [ 0).

The QTL on chromosome 7 has a favorable allele contrib-

uted by the Sg18 parent (an [ 0), which is recessive to the

Mo17-derived allele (dn1, dn2 \ 0) (Table 4).

It was observed that chromosome 7 harbors a significant

QTL, whereas chromosome 3 harbors a suggestive QTL

responsible for the percentage of endoreduplicated nuclei

(Fig. 8). These QTLs are over-dominant and explain

approximately 8 to 18% of the total phenotypic variance

(Table 4). The significant QTL on chromosome 7 is loca-

ted at the same position as the QTL affecting mean ploidy,

suggesting that this QTL is pleiotropic, exerting its effects

on both endoreduplication traits. This pleiotropic QTL

affects mean ploidy and the percentage of endoreduplicated

nuclei with the same direction of additive and dominant

Fig. 7 Profiles of the log-

likelihood ratio (LR) test

statistics for testing endosperm

QTLs affecting mean ploidy

based on a joint analysis of the

four backcross populations,

calculated as a function of

genome position across the

linkage map. Chromosome- and

genome-wide critical thresholds

determined from permutation

tests are indicated by the dashed
and solid horizontal lines,

respectively

Fig. 8 Profiles of the log-

likelihood ratio (LR) test

statistics for testing endosperm-

expressed QTLs affecting

percentage of endoreduplicated

nuclei based on a joint analysis

of the four backcross

populations, calculated as a

function of genome position

across the linkage map.

Chromosome- and genome-

wide critical thresholds

determined from permutation

tests are indicated by the dashed
and solid horizontal lines,

respectively
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effects. At the QTL in chromosome 3, the Mo17 parent

contributes a favorable allele to an increase in the per-

centage of endoreduplicated nuclei, but one dose of the

Sg18-derived allele is highly over-dominant to two doses

of the Mo17-derived allele (Table 4).

It should be pointed out that, although there is a dis-

tinction between expression of QTLs in the embryo and

endosperm, the two types of QTLs are not totally inde-

pendent, because of the similarity in their genotypic values

(see Table 1). This implies that the triploid model can

possibly detect an embryo-expressed QTL, whereas the

diploid model can also possibly find an endosperm QTL.

An issue thus naturally arises about whether the origin of a

QTL—embryo or endosperm—can be claimed to affect

endoreduplication if both diploid and triploid models

obtain significant results. For the QTLs detected on chro-

mosomes 3 and 6, it is safe to suggest that they are

endosperm-derived because the diploid model failed to

detect them (Table 3 vs. 4). To determine a more likely

source for the QTLs on chromosomes 4 and 7, we calcu-

lated AIC values under the diploid and triploid mapping

models. For the QTL on chromosome 4 for mean ploidy,

AICs are 1322.6 for the diploid model and 1323.6 for the

triploid model, and therefore this QTL most likely has an

embryo origin. It appears that the QTL on chromosome 7

for both mean ploidy and the percentage of endoredupli-

cated nuclei is an embryo-derived QTL, because the AICs

for these two endoreduplication traits are smaller under the

diploid model (1315.273 and 2141.998) than the triploid

model (1316.128 and 2142.240). However, it could also

happen that these two QTLs originate in both the embryo

and endosperm, because they were found to be significant

by the diploid and triploid models.

Epistatic effects between the QTLs expressed

in the endosperm and embryo on endoreduplication

Different QTLs from the embryo and endosperm may

interact to affect endoreduplication. Cui and Wu’s (2005)

genome–genome epistasis model, in conjunction with the

four-backcross design used in this study, is able to estimate

the main genetic effects of the endosperm- and embryo-

expressed QTLs, respectively, and their interaction effects.

For our four-backcross design (see Table 2), only a subset

of genetic parameters can be estimated because the number

of independent equations is less than that of parameters.

Considering the purpose of this study for mapping endo-

sperm traits, we attempted to estimate as many genetic

effects as possible that are related to endosperm QTLs. The

genetic effects of interest to be estimated are the additive

(an) and dominance effects (dn1 and dn2) of the endosperm-

expressed QTL, the additive effect (am) of the embryo-

expressed QTL and the additive · additive (iaa), domi-

nance · additive (ida1 and ida2) epistatic effects between

the endosperm and embryo QTLs. Hypothesis (11) was

used to test whether the endosperm–embryo interaction is

important for endoreduplication through pair-wise scan-

ning of the entire genome (Fig. 4). The critical threshold

for testing the significance of genome–genome epistasis is

directly determined from the v2 table, subject to the Bon-

ferroni correction by assuming independence among

marker intervals in a sparse linkage map (Lander and

Botstein 1989). The corrected threshold at the 5% signifi-

cance level is 32.93. Although no significant epistasis was

detected for the percentage of endoreduplicated nuclei, two

pairs of QTL interactions between the endosperm and

embryo display an evident impact on mean ploidy (Fig. 9).

These two significant genome–genome epistatic pairs

occur between two endosperm-expressed QTLs on chro-

mosomes 4 and 10 and the embryo-expressed QTL on

chromosome 9, respectively (Table 5), although the main

effects due to the two endosperm-expressed QTLs were

found to be non-significant. Yet a small peak was detected

at each of the two endosperm-expressed QTL positions

with the triploid QTL mapping model (see Fig. 7). For both

pairs, there is a large value for the dominance · additive

epistatic effect (ida2) due to the interaction between the

dominance of two doses of the Mo17-derived allele over

one dose of the Sg18-derived allele for the endosperm-

Table 4 Additive effect (an) and two dominance effects (dn1 and dn2) of the endosperm-expressed QTLs for two endoreduplication variables

estimated from the triploid mapping model and the proportion of the total phenotypic variance explained by the QTLs in the four backcrosses

Trait Chromosome QTL location Genetic effects R2

an dn1 dn2

Mean ploidy 4 umc1017–mmc471 –0.46 0.77 0.82 0.13

6 umc2324–umc2059 –0.16 0.37 1.68 0.18

7 umc1066–dupssr9 0.47 –0.61 –0.56 0.11

% Endoreduplicated nuclei 3 umc1012–bnlg197 –1.17 –1.07 3.78 0.15

7 dupssr9 1.26 –2.03 –2.78 0.08
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expressed QTL and an additive effect for the embryo-

expressed QTL.

As stated by Cui and Wu (2005), significant endosperm

(triploid) · embryo (diploid) interactions may be due to

the interactions between two QTLs expressed in the

endosperm or between two QTLs expressed in the embryo,

because the three models, triploid · diploid, trip-

loid · triploid and diploid · diploid, are not totally

independent from each other. The full triploid · triploid

model contains 15 genetic effect parameters (two additive

effects, four dominance effects, and one additive · addi-

tive, two additive · dominance, two dominance · additive

and four dominance · dominance epistasis), plus four

backcross-specific means. To estimate these parameters

from 12 independent equations in our four-backcross

design (Table 2), we need to make similar assumptions as

shown in different options for the triploid · diploid model

in Table 3. One option is to consider all three genetic

effects for one triploid QTL and only one genetic effect for

the second triploid QTL, but this will not make an adequate

distinction between the triploid · triploid model from the

triploid · diploid model. However, these two models are

distinguishable from the diploid · diploid model in which

ten independent equations are generated (Table 2). By

assuming the additive effect for each embryo QTL, the

diploid · diploid model can provide the estimates of four

backcross means, two additive genetic effects and one

additive · additive epistatic effect. The diploid · diploid

Fig. 9 Profiles of the log-likelihood ratio (LR) test statistics for

testing the genome–genome epistatic QTL affecting mean ploidy

based on a joint analysis of the four backcross populations, calculated

as a function of the endosperm and embryo genome positions across

the linkage map. The arrows indicate the two peaks of the LR profiles

at the locations of the endosperm (in chromosomes 4 and 10) and

embryo QTLs (in chromosome 9) that display significant epistatic

effect

Table 5 Additive · additive (iaa) and dominance · additive (ida1 and ida2) epistatic effects between the endosperm- and embryo-expressed

QTLs on mean ploidy estimated by a triploid · triploid model

Pair Endosperm QTL Embryo QTL Main effect Epistatic effect LRa

Chrom Location Chrom Location an dn1 dn2 am iaa ida1 ida2

1 4 umc1299–dupssr34 9 umc1040–umc1430 0.10 –0.54 1.06 –0.47 –0.56 0.06 1.88 35.96

2 10 mzetc34–umc1506 9 umc1040–umc1430 –0.37 0.06 1.18 –0.10 –0.37 –0.81 1.49 33.00

a LR = log-likelihood ratio for testing the significance of epistasis based on hypothesis (8)

Theor Appl Genet (2007) 115:1147–1162 1159

123



model found a significant embryo · embryo interaction

between two QTLs on chromosomes 6 and 7 (Table 6),

with the log-likelihood ratio (25.1) for the epistasis test

being larger than the 5% significance threshold determined

with a Bonferroni correction. But the diploid · diploid

model did not find significant endosperm · embryo

interactions at the QTL locations detected by the trip-

loid · diploid model (see Table 5), suggesting that the

results regarding QTL interactions given in Table 5 can be

better explained by the epistasis between the endosperm

and embryo.

Discussion

Maize endosperm is formed by the fusion of two nuclei in

the mega-gametophyte with a sperm nucleus from the

micro-gametophyte, 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 endoredu-

plication. 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 influ-

ence the rate of grain-filling, but only the maternal parent

controlled the effective grain-filling period. This is con-

sistent with 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; Kowles et al. 1997).

Dilkes et al. (2002) obtained robust data showing a

maternal influence on endoreduplication in crosses of two

popcorn inbred lines, A1-6 and Sg18, with the Midwestern

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

Midwestern dent inbreds, Mo17 and B73. Additionally,

Dilkes et al. (2002) showed that maternal zygotic compo-

nents, specifically, were significant for two of the three

parameters used to measure endoreduplication in crosses

involving A1-6, Sg18, and B73. On the other hand,

research has also shown the importance of the 2:1 maternal

to paternal genome ratio for endosperm development (Le-

blanc et al. 2002).

In this study, four backcross populations were developed

from crosses between Sg18 and Mo17 to investigate the

genetic components influencing endoreduplication.

Because this design utilized the backcrosses between the F1

and each of the parental inbreds, the progeny genotypes

included all possible allele combinations, allowing the

estimation of additive and dominance effects for a QTL

expressed in the embryo or endosperm. In this four-back-

cross design, two traits, mean ploidy and percentage of

endoreduplicated nuclei, previously described by Dilkes

et al. (2002), were used as measurements of endoredupli-

cation. Mean ploidy considers both mitotic and

endoreduplicated nuclei; therefore, with this parameter we

expected to identify loci affecting the transition from a

mitotic to an endoreduplication cell cycle. Percentage of

endoreduplicated nuclei considers nuclei equal to and

above 6C. Kowles and Phillips (1985) showed that the

majority of 6C nuclei in 19 DAP endosperm are not poised

to divide. So, by using the percentage of endoreduplicated

nuclei to assess endoreduplication, we hypothesized we

could identify QTLs related to unique aspects of endore-

duplication, such as its extent and rate.

Although Fig. 1 shows only one representative flow

cytometric image for the two parents, data obtained with

each kernel from these ears produced a phenotype consis-

tent with this pattern of endoreduplication. The flow

cytometric profiles of endoreduplication in the Sg18 pop-

corn inbred were similar to those described several years

earlier by Dilkes et al. (2002). These authors also analyzed

the Mo17 inbred line, and while those results were not

reported, the data were consistent with those presented

here. As with B73, in Mo17 there is a larger number of

nuclei in the 6C class and a decreasing number of nuclei in

the higher ploidy classes. It is important to note that the

flow cytometric profiles reported for Sg18 and B73 by

Dilkes et al. (2002) were obtained from endosperms at a

more advanced stage of kernel development than that

reported here, and this explains the higher mean ploidy

values they reported. Dilkes et al. (2002) proposed that the

phenotypic differences in endoreduplication between pop-

corn and dent corn might occur because this cell cycle

begins earlier, is more rapid, or involves a greater pro-

portion of cells than in dent inbreds, such as the Mo17 and

B73.

Table 6 Additive · additive (iaa) epistatic effects between two embryo-expressed QTLs on mean ploidy estimated by a diploid · diploid model

Pair QTL1 QTL2 Main effect Epistatic effect LR Threshold

Chrom Location Chrom Location a1 a2 iaa

1 6 bnlg238–umc1014 7 umc1001–dupssr13 0.65 0.83 1.72 25.08 24.71
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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 Sg18 was the maternal parent, the

lowest mean ploidy value was approximately equal to the

Mo17 parent (9.8C). And, in the backcross population for

which Mo17 was the maternal parent, the lowest mean

ploidy value observed was even smaller (6.8C) than the

value calculated for Mo17. F1 · Mo17 and F1 · Sg18,

which have the same maternal parent, also had approxi-

mately 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 Mo17 · F1 and F1 · Mo17

were the same, 14.9C, and these values are close to the

mean ploidy value calculated for the Sg18 parent (15.4C).

The highest mean ploidy values measured for Sg18 · F1

and F1 · Sg18 were approximately the same, 19.8C and

19.1C, and are much higher than the value calculated for

the highest mean ploidy inbred parent, Sg18. These results

may indicate that maternal control genes, plus genes with a

different mode of inheritance, would determine mean

ploidy value.

For percentage of endoreduplicated nuclei, it seems that

the lowest and the highest values in the backcross popu-

lations were dependent on the maternal inbred parent of

each mapping population. The Sg18 · F1 progeny con-

sisted of individuals for which the lowest value of

percentage of endoreduplicated nuclei is approximately the

same as that calculated for Mo17 (54.8%), and the highest

individual value for this trait (94.2%) is much greater than

the value measured for Sg18 (72.3%). For the Mo17 · F1

population, the lowest individual value (37.9%) is much

smaller than the value calculated for Mo17, and the highest

value (63.7%) is between the parental inbred lines. For

F1 · Mo17 and F1 · Sg18, the lowest percentage of en-

doreduplicated nuclei, 50.4 and 42.2%, were greater than

the value calculated for Mo17, and the highest values, 73.3

and 77.9%, respectively, were greater than that measured

for Sg18. These results may indicate that genes with

maternal effect control influence the percentage of en-

doreduplicated nuclei.

By implementing appropriate statistical models (see

Wu et al. 2002; Cui and Wu 2005), the joint analysis of

these four backcross populations provided the power to

dissect endoreduplication into individual QTLs arising

from the embryo and endosperm and estimate the addi-

tive, dominance and epistatic genetic effects between the

QTLs. We detected three endosperm-expressed QTLs on

chromosomes 4, 6 and 7 for mean ploidy and two triploid

QTLs on chromosomes 3 and 7 for the percentage of

endoreduplicated nuclei (Figs. 7, 8; Table 4). Some of

these QTLs may also trigger an effect on endoredupli-

cation by the embryo (Figs. 5, 6). The results describing

the genetic effects of the QTLs detected can be summa-

rized as follows: First, each of the QTLs accounts for a

moderate proportion (8–18%) of the total phenotypic

variance for the two endoreduplication variables, and they

display strong dominance or overdominance effects. The

dominance due to the interactions between the QTL

alleles derived from the parents, Sg18 and Mo17, was

found to be larger than, or equal to, the additive effect.

Second, the triploid endosperm QTLs interact strongly

with the QTL expressed in the embryo to influence the

degree of endoreduplication. There is abundant evidence

for physiological and genetic interactions between the

embryo and endosperm in maize kernels, e.g. both organs

compete for sucrose transported into the kernel. In the

endosperm, sucrose 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). By crossing maize ears

that produce abnormal numbers of polar nuclei with

diploid and polyploid pollen, Rhoades and Dempsey

(1966) and Lin (1982, 1984) observed that any deviation

from a maternal to a paternal nuclear dosage ratio of 2:1

resulted in abnormal or failed endosperm development

that generally did not support embryo germination.

Remarkable dominance/over-dominance effects may have

contributed to transgressive segregants for endoredupli-

cation that were detected in the backcross progeny

populations (see also deVicente and Tanksley 1993). The

existence of genetic episatsis may also provide an

explanation for the formation of transgressive segregants

(see also Yu et al. 1997), although our experimental

design by phenotyping and genotyping four backcrosses is

limited to precisely distinguish among the sources of QTL

epistasis due to endosperm–embryo (triploid · diploid),

endosperm–endosperm (triploid · triploid) and embryo–

embryo (diploid · diploid) interactions.

The QTL detected on chromosome 7 jointly affects

mean ploidy and the percentage of endoreduplicated

nuclei, suggesting the importance of pleiotropy in the

regulation of endoreduplication. The phenotypic coefficient

of determination (r2) 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, suggesting that approximately

66% of the variance for mean ploidy in the mapping

populations can be explained by the variance in percentage

of endoreduplicated nuclei. The detection of this pleiotro-

pic QTL explains the strong relationship between the two

measures of the degree of endoreduplication.
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In conclusion, having as a primary goal the fine mapping

and ultimate cloning of QTLs involved in endoreduplica-

tion in maize endosperm, the QTLs identified in this study

will 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 segre-

gates a single QTL region in an inbred background that is a

mixture of the two parents.
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