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Summary

Coordinated expression of embryo and endosperm tissues is required for proper seed development.
The coordination among these two tissues is controlled by the interaction between multiple genes
expressed in the embryo and endosperm genomes. In this article, we present a statistical model for
testing whether quantitative trait loci (QTL) active in different genomes, diploid embryo and triploid
endosperm, epistatically affect a trait expressed on the endosperm tissue. The maximum likelihood
approach, implemented with the EM algorithm, was derived to provide the maximum likelihood
estimates of the locations of embryo- and endosperm-specific QTL and their main effects and
epistatic effects. This model was used in a real example for rice in which two QTL, one from the
embryo genome and the other from the endosperm genome, exert a significant interaction effect on
gel consistency on the endosperm. Our model has successfully detected Waxy, a candidate gene in
the embryo genome known to regulate one of the major steps of amylose biosynthesis in the
endosperm. This model will have great implications for agricultural and evolutionary genetic

research.

1. Introduction

The developing seed contains endosperm and embryo
tissues nourished by maternal tissues. The genetic and
physiological balance between the embryo and endo-
sperm tissues is crucial for proper seed development
(Chaudhury et al., 2001; Walbot & Evans, 2003; Shi
etal., 1999, 2000). A classic view about the function of
the endosperm emphasizes its role in nourishing the
embryo (Brink & Cooper, 1947). But the function of
the endosperm is beyond simple nutrient delivery to
the embryo. The endosperm is a source of signals
involved in embryogenesis and interacts with the
embryo in a coordinated way to regulate seed devel-
opment (Olsen, 1998 ; van Hengel et al., 1998 ; Opsahl-
Ferstad et al., 1997).

Substantial evidence shows that the coordinated
expression of the maternal, embryo and endosperm
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tissues is under genetic control (Walbot & Evans,
2003). Much research has been performed to study the
interaction effect between maternal and offspring
zygotic genes on seed development (Evans & Kermicle,
2001; Dilkes et al., 2002). Despite its paramount
importance in seed biology and crop breeding, how-
ever, the knowledge of the genetic control of the
co-regulation between the embryo and endosperm is
limited. Genetic mapping based on molecular linkage
maps has proven powerful for identifying individual
loci, known as quantitative trait loci (QTL), that
affect complex phenotypes. Lander & Botstein (1989)
proposed an interval mapping approach for mapping
QTL on a particular chromosomal interval bracketed
by two flanking markers. This approach was later
improved by including markers from other intervals as
covariates to control the overall genetic background
(Jansen & Stam, 1994; Zeng, 1994). The improved
method, called composite interval mapping by Zeng
(1994), displays increased power in QTL detection
because of reduced residual variance. Kao et al.
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(1999) proposed using multiple marker intervals
simultaneously to map multiple QTL of epistatic
interactions throughout a linkage map. The advan-
tage of these mapping approaches is that they allow
for a genome-wide search for the existence of QTL
and estimates of their chromosomal locations, genetic
actions and interactions.

Taking into account the unique trisomic inheritance
nature of the endosperm, several statistical methods
have been proposed to map endosperm-specific QTL
that are expressed on the endosperm itself (Wu et al.,
2002a,b; Xu et al., 2003; Kao, 2004). These methods
have also considered the generation difference between
the maternal sporophyte and the embryo/endosperm
(offspring) tissue. The markers used may be genotyped
solely from the maternal tissue or from both the
maternal and embryo tissues. More recently, we have
constructed a general framework model for character-
izing the interaction between different QTL from the
maternal and embryo genomes (Cui et al., 2004 ; Cui &
Wu, 2005 a, b). Simulation studies were used to examine
the statistical properties of this interactive model.

In this article, we develop a new statistical model
for unravelling the interactive network between the
QTL expressed in the embryo and endosperm genomes
and estimating the effects of these tissue-specific QTL
on quantitative traits expressed on the endosperm.
Our model is derived within the maximum likelihood
context and implemented with the EM algorithm
(Dempster et al., 1977). Computer simulation studies
are performed to investigate the accuracy and pre-
cision of parameter estimates from this new model
and test its power to detect QTL interactions under
different sample sizes and heritability levels. The suc-
cessful detection of significant interactive QTL effects
from the embryo and endosperm genomes on endo-
sperm regulation in rice has validated the usefulness
of our model.

2. Methodology
(1) Genetic design

Consider an F; heterozygote, Aa, derived from two
homologous inbred lines, high-valued P; (44) and
low-valued P, (aa), in plants. This F; as the female
parent is crossed with each of the two parents to
generate seeds known as a backcross progeny, i.e.
F; xP; and F; xP,. These seeds each contain two
different organizations: the diploid embryo and the
triploid endosperm resulting from the combination of
the polar nucleus of two central cells and a sperm
nucleus. In this article, we postulate two QTL active
in the embryo or endosperm genomes to jointly
regulate endosperm-specific traits. Because it is more
difficult to genotype a triploid than a diploid, a link-
age map is constructed with the diploid embryo. The
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two backcrosses are assumed to share an identical
linkage map. As the most important source of staple
grains, the endosperm is measured for a phenotypic
trait of interest. Our aim is to develop a statistical
model for mapping the QTL from both the embryo
and endosperm that epistatically affect the endosperm
trait using molecular markers from the embryo.

Suppose there are two interacting QTL, labelled A
with two alleles 4 and a, and B with two alleles B and
b, for an endosperm trait. These two QTL can have
three different patterns of expression:

(1) both are located on the embryo genome (embryo—
embryo),

(2) both are located on the endosperm genome
(endosperm—endosperm),

(3) oneislocated on the embryo genome and the other
on the endosperm genome (embryo—endosperm).

Regardless of their genome locations, the two QTL
always generate four different genotypes in each of
the backcrosses F; x P; and F; x P,. The value of a
backcross QTL genotype (j) under QTL expression
pattern k can be generally expressed as

Uy :ﬂk+§k1ak1 +§kzaz+§k1§k2l (1)

where u, is the overall mean, a;, and @, are the
additive effects of QTL A and B, respectively, I, is the
additive x additive interaction between these two
QTL (Lynch & Walsh, 1998) and &;; and &, are the
indicator variables that define the QTL genotypes for
the two backcrosses under QTL location pattern k.
Assuming that the capital letters 4 and B are the
favourable alleles at two different QTL, respectively,
&1 and &, are defined as in Table 1 for different QTL
location patterns in the two backcrosses.

(1) The likelihood and parameter estimation

To fully use the genetic information from different
backcross populations, we construct a joint model for
integrating likelihood functions of two different
backcrosses under the same pattern of QTL ex-
pression. Suppose there are n and »n’ members in
backcross F;xP; and F; xP,, respectively, whose
endosperm-specific trait (y or y’) is affected by the two
QTL. For location pattern k, the likelihood function
of unknown QTL effects given the phenotypic values
of the endosperm for the two backcross populations is
formulated, on the basis of a finite mixture model, as

Li(S2)= H lzw/qjiﬂ/@i)l H [Z wkj’ifkj’()’/)] 2

i=1 [j=1 i=1 |J'=1

where Qi =(0y, Bi, 0%, 0/%) contains unknown QTL
position (6;) and QTL-effect parameters () and the
residual variances (o}, 04*) being estimated, woy; is the
conditional probability of the jth joint QTL genotype
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Table 1. Genotypic compositions of four QTL genotypic values for each backcross under three different patterns
of QTL expression

QTL Coefficients
Expression pattern Backcross Genotype Value Wi i Qs I
Embryo—embryo (k=1) Fyx Py (AA)(BB) Un 1 Y, Y, Yy
(44)(Bb) " 1 /2 ~'h —/a
(Aa)(BB) Us 1 - I/Z 1/2 - l/4
(Aa)(Bb) M 1 ~'h ~'h s
Fy x Py (Aa)(Bb) “n 1 - l/2 - 1/2 1/4
(Aa)(bb) U2 1 —'h — a
(aa)(Bb) s 1 — ' a
(aa)(bb) e 1 7 ~% a
Endosperm—endosperm (k=2) Fix P (AAA)(BBB) s 1 3 3h s
(AAAYBbE) I .
(Aaa)(BBB) U3 1 — 3/z ~a
(Aaa)(Bbb) Lo 1 — = Ya
Fix Py (AAa)(BBbD) Un 1 2 ' Ya
(AAa)(bbb) W 1 /2 % —a
(aaa)(BBb) Was ! — /> —J
(aaa)(bbb) g 1 -3 — a
Embryo—endosperm (k =3) F x P, (4A)(BBB) s 1 ', 3 s
(A4A4)(Bbb) Uszs 1 /2 —h —a
(Aa)(BBB) Uss 1 - l/2 3/2 —3/4
(Aa)(Bbb) U 1 ~'h ~'h s
Fyx Py (Aa)(BBb) W 1 1 )
(Aa)(bbD) Uz 1 —'h —h 4
(aa)(BBb) s 1 - 3/2 1/2 _3/4
(aa)(bbb) Uz 1 — h a

for QTL A and B given a marker interval for indi-
vidual i in backcross F; x P; and f(y;) is the normal
density corresponding to the jth genotype with mean
uy; and variance o} under QTL expression pattern k.
Similar definitions of wy;y;, fi(v), ury and o2 can also
be given.

Consider two flanking markers, M; and M,, derived
from the embryos of a backcross seed, whose recom-
bination fraction is denoted by r. A putative embryo
QTL (A) that exerts an effect on the endosperm trait is
located between these two markers, as measured by
the recombination fraction r; with M; and r, with M.
The conditional probabilities of an embryo QTL
genotype, conditional upon the four embryo marker
genotypes in the backcross can be derived, as shown
in Cui et al. (2004). This conditional probability
matrix is denoted by ®,. The endosperm trait is also
affected by the endosperm QTL (B). Accordingly, the
conditional probabilities of a putative endosperm
QTL genotype, conditional on the four embryo mar-
ker genotypes is derived (Cui et al., 2004) and denoted
by ®,. Both the embryo and endosperm QTL epista-
tically affect an endosperm-specific trait of interest
and they could be located either on the same marker
interval or on different marker intervals. If they are
located on different intervals, the conditional prob-
ability matrix (®) of the joint embryo—endosperm
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QTL genotypes, conditional upon two different mar-
ker intervals, can be expressed as @ =P, ® P,, where
® refers to the matrix direct product operation. If two
linked QTL are located within the same marker
interval, the joint conditional probabilities (®) of the
two QTL conditional upon the embryo marker geno-
types of the flanking markers (bracketing two puta-
tive QTL) should be re-derived (Table 2).

We derive the standard EM algorithm to obtain the
maximum likelihood estimates (MLEs) of Q, in the
mixture model (2). As usual, we use a grid approach
to estimate the QTL locations by fixing the putative
QTL at particular locations between two flanking
markers. The genetic effects (3;) of QTL that com-
prise the genotypic values u;; (Table 1) and the
residual variances are estimated using the algorithm
given in the Appendix. In this particular study, we
assume o3 =02

By assuming different QTL expression patterns, the
corresponding plug-in likelihoods are calculated. A
most likely pattern is determined which corresponds
to a maximum likelihood.

3. Materials

The F, heterozygote between two rice inbred
lines, ZS97 and MHG63, was self-crossed for nine
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Table 2. Conditional probabilities of joint embryo—endosperm QTL genotypes given embryo marker genotypes of

the same interval in a backcross design Fy; x P,

QTL genotype

Marker genotype {Aa} {BBb} {Aa} {bbb} {aa} {BBb} {aa} {bbb}
Mymy Mom, (I—ria)(d—rap)(1 —rps) (1 —ria)raBtps riatap(l —rgs) ra(l—7rap)rps
1—r 1—r 1—r 1—r

Mymymam, (1 —riaA)(1 —7aB)rBs (I —ria)rap(l —rgs) "ATABB2 ra(l—7ap)rs

r r r r
mymy Mom, ria(1 —rap)(1 —rp2) "ATAB! B2 (I —=ra)rap(l —rgs) (1 —ria)(1—7ap)rps

r r r r
1y giMy ria(1 —7aB)ree riaras(l —rgs) (1 —=r1A)rAB B2 (1 =ria)(1 —rap)(1 —rps)

1—r 1—r 1—r 1—r

The markers and QTL are assumed to have order M;ABM,. r;4, rap and rp, are the recombination fractions between marker
M, and the embryo QTL, between the embryo and endosperm QTL, and between the endosperm QTL and M,, respectively,

and r is the recombination fraction between the two markers.

generations to produce 241 recombinant inbred lines
(RILs) for high-resolution genetic mapping of genes
influencing endosperm traits. Those RILs that are
homozygous for the alternative alleles have been
genotyped for 221 polymorphic markers distributed
throughout the genome to construct a molecular
linkage map composed of 12 chromosomes (Fig. 1).
These RILs as the female parent were backcrossed
toward the two original inbred lines as the male
parent, which generate two backcross populations,
RIL x ZS97 and RIL x MHG63, each containing 241
plants. All the RIL and backcross plants have been
evaluated for gel consistency in their endosperm tissues
to determine any major QTL segregating in this
material. Gel consistency, measured by gel length
(mm) from the bottom of the tube to the front of
the gel migration, is one of the most important traits
for the cooking and eating quality of rice. Gel con-
sistency was determined according to Cagampang
et al. (1973).

4. Results

A molecular linkage map was constructed with 221
polymorphic markers distributed throughout the
genome with 12 chromosomes (Fig. 1) for two back-
crosses RIL xZS97 and RIL x MH63 in rice. The
newly developed two-QTL epistatic model was used
to analyse marker (embryo) and phenotypic (endo-
sperm) data collected in these two backcross popula-
tions. By scanning across the entire genome,
maximum log-likelihood ratio (LR) values for gel
consistency expressed on the endosperm were found
to be 197, 228 and 630 through the joint analysis of
the two backcrosses when both QTL are expressed on
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the embryo genome or on the endosperm genome or
when one QTL is expressed on the embryo genome
and the other on the endosperm genome, respectively.
As a result, we suggest that QTL location pattern 3 is
optimal for this dataset, implying that two putative
QTL are located on different genomes. Pattern 3 is
statistically significant because its LR value is mark-
edly larger than the critical value empirically obtained
from permutation tests.

The two detected significant QTL are at a similar
location in the genome for the embryo and endo-
sperm, i.e. 10—12 cM from the first marker on the top
of chromosome 6 (Fig. 2). The QTL location detected
is near a candidate gene, Waxy, that is associated with
a critical step in amylose biosynthesis (Okagaki &
Wessler, 1988). It has been known that Waxy is
expressed in the embryo genome, which suggests that
the first QTL detected by our model may be derived
from the embryo genome.

We estimated the additive and additive x additive
epistatic effects of the detected QTL on gel consist-
ency in both backcross populations (Table 3). Further
hypotheses were performed for the significance
tests of the additive and epistatic genetic effects. The
MLEs of the genetic effect parameters as;, as, and
I3 are —46-32, 32-55 and —4-93, with the respective
LR values suggesting that they all are highly sig-
nificant. Different directions of as; and as, suggest
that the embryo and endosperm QTL affect the
endosperm trait differently. Whereas the endosperm
QTL exerts a positive effect on the endosperm trait,
the embryo QTL displays a negative effect. The
two QTL from different tissues together explain
about two-thirds of the observed variance for gel
consistency.
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Fig. 1. A molecular linkage map of the rice genome using 241 RILs derived from two inbred lines, ZS97 and MH63. Some
gaps on chromosomes 2, 4 and 9 are indicated by dotted lines.

5. Monte Carlo simulation

We proposed a series of simulation studies to examine
the statistical properties of the model. Five equidistant
markers are simulated from the embryo population
and are ordered as M;-M; on a linkage group with the
length of 80 ¢cM. The Kosambi map function was used
to convert the map distance into the recombination
fraction. Different heritability levels (H?=0-1 and 0-4)
and different sample size (#=200 and 400) were
considered in the simulation study to examine the
model performance under different situations.

https://doi.org/10.1017/50016672306007956 Published online by Cambridge University Press

Suppose there are two different putative QTL that
affect a quantitative endosperm trait of interest, one
expressed in the embryo genome and the other
expressed in the endosperm genome. The two QTL
could either be linked together and located on the
same marker interval (£;) or located on different
marker intervals (£,). For the £, case, the embryo and
endosperm QTL locations are hypothesized at 8 cM
and 16 cM from the marker M, respectively. For L,,
the embryo QTL location is hypothesized at 12 cM
from marker M; and the endosperm QTL is
hypothesized at 8 cM from marker M;. Two sets of
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Table 3. MLEs of the additive genetic effect of the embryo (as;) and endosperm QTL (as,) and their
additive x additive epistatic interaction effect (I3) on gel consistency in the endosperm for two backcross progenies

derived from two inbred lines in rice

Additive effects Epistatic effect
QTL Marker interval Location Mean MLE LR P value MLE LR Pvalue o? R?
Embryo C952-Waxy 1-8 —46:3 517 1-8x10~13
23-3 —49 138 14x1073° 381 097
Endosperm  C952—-Waxy 3-8 325 56 6:8x10122

Note: The locations of detected QTL are described in centimorgans from the first marker of the interval.
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Fig. 2. The landscape of LR values for the existence of interactive QTL derived from the embryo and endosperm genomes
throughout chromosome 6. The locations of the embryo and endosperm QTL are indicated.

parameter values are hypothesized, which include
large additive effects versus small interaction effects
(Tables 4 and 5) and small additive effects versus large
interaction effects (Table 6). The endosperm trait
values for each seed were simulated from a normal
distribution with different joint genetic means and a
residual variance.

In general, our model can provide reasonable
estimates of the QTL positions and effects of various
kinds, with estimation precision depending on heri-
tability, sample size, sampling strategy, gene action
mode and QTL location. Our model has excellent
power to detect epistatically interacting embryo and
endosperm QTL effects. In all cases of different
sample sizes and heritabilities, the maximum values of
the LR landscapes from 200 simulation replicates are
beyond the critical thresholds at the a=0-001 level
determined from 1000 permutation tests for the
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simulated data. Figs 3 and 4 are examples of the
shapes of the LR landscapes for two contrasting
sample sizes, heritabilities and sampling strategies
when the QTL are located at different marker
intervals or at the same interval, respectively. Small
differences between these two lines suggest that our
model can accurately estimate the genomic positions
of the QTL.

The precision of parameter estimation is evaluated
in terms of the square roots of the mean squared
errors (SRMSEs) of the MLEs. The QTL positions
and effects can be better estimated when the endo-
sperm trait has higher rather than a lower heritability
or when sample size is larger rather than smaller
(Tables 4 and 5). But the increase in H? from 0-1 to 0-4
leads to more significant improvement for the esti-
mation precision than the increase in m from 200 to
400. For example, the SRMSEs of the MLEs of the
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Table 4. The MLEs of the QTL position and effect parameters between an embryo QTL and an endosperm QTL
each at a different interval derived from 200 simulation replicates. The square roots of the mean square errors of
the MLEs are given in parentheses

H? N Positions 12, 48 u=>3 a; =05 a;=0-5 1=03 o?
01 200 13-12, 47-62 4-9952 0-5346 0-4723 0-3779 1-1487
(97812, 8-3971) (0-1390) (0-2913) (0-2959) (0-6809) (0-1268)
400 12-98, 48-86 4-9894 0-5239 0-4560 0-3400 1-1600
(8-3392, 7-5606) (0-0849) (0-2104) (0-2251) (0-4144) (0-0818)
0-4 200 12-12, 48-08 4-9977 0-4990 0-4918 0-3046 0-1936
(47953, 43375) (0-0410) (0-0973) (0-0987) (0-1903) (0-0221)
400 12-:04, 47-82 5-0010 0-4963 0-4961 0-3057 0-1945
(3-5642, 3-2945) (0-0326) (0-0701) (0-0730) (0-1413) (0-0168)

The locations of the two QTL are described by the map distances (in cM) from the first marker of the linkage group (80 cM
long). The hypothesized o® value is 1:1756 for H>=0-1 and 0-1959 for H2=0-4.

Table 5. The MLEs of the QTL position and effect parameters between an embryo QTL and an endosperm QTL
both at the same interval derived from 200 simulation replicates. The square roots of the mean square errors of
the MLEs are given in parentheses

H? n Positions 8, 16 u=>5 a; =05 ;=05 1=03 o
0-1 200 10-80, 41-22 5-0453 0-8387 0-1409 0-1226 1-:0965
(85702, 34-2914) (0-2489) (0-7179) (0-7724) (1-1846) (0-1526)
400 948, 38-14 5-0139 0-7946 0-1978 0-2601 1-1388
(67212, 32-5040) (0-1882) (0-6707) (0-6976) (0-8769) (0-0903)
0-4 200 7-30, 31-30 5-0387 0-6455 0-3567 0-1528 0-1886
(52818, 26-3084) (0-1058) (0-3579) (0-3751) (0-4685) (0-0237)
400 7-16, 27-54 5-0272 0-5959 0-4059 0-1995 0-1938
(4-5893, 22-4216) (0-0843) (0-2924) (0-2984) (0-3628) (0-0157)

See Table 4 for the explanations.

genetic parameters reduce by more than one-fold
when H? is increased from 0-1 to 0-4 for a fixed
sample size, whereas the reduction is much smaller
when 7 is increased from 200 to 400 for a fixed
heritability. This suggests that in practice it is more
important to manage experiments so as to reduce
residual errors (increase H?) than simply to increase
the sample size.

As expected, the estimation precision of the addi-
tive effects is better than that of the interaction effect.
There is no great difference in the estimation of the
embryo and endosperm additive effects (Tables 4
and 5). The precision of parameter estimation is better
estimated when the embryo and endosperm QTL are
located at different marker intervals (Tables 4) than
when they are located at the same interval (Table 5).
Thus, to avoid the analysis of two different QTL
located at the same interval, a high-density map is
needed. Our model can estimate well the parameters
for different gene action modes, large additive versus
small interaction effect (Tables 4 and 5) and small
additive versus large interaction effect (Table 6).
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In all the cases, the estimates of the genetic effect
parameters can be very biased when different QTL are
located at the same marker interval.

6. Discussion

Coordinated interaction between the embryo and the
endosperm is fundamental to seed development
(Chaudhury et al., 2001; Walbot & Evans, 2003). The
size of the endosperm that contains essential protein,
starch and other nutrients is an important criterion
for crop breeding programmes. Historically, quanti-
tative genetic analyses of seed development are
conducted separately for maternal, embryo and
endosperm tissues and have failed to consider joint
influences of these different but physiologically co-
regulated tissues on the expression of a trait. Cui et al.
(2004) made a first attempt to derive a unifying model
for estimating the effects of different QTL derived
from the maternal and offspring (embryo) genomes.
The model described in this article can unravel the
genetic control mechanisms of endosperm-specific
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Table 6. The MLEs of the QTL position and effect parameters between an embryo QTL and an endosperm QTL
at different intervals and at same interval derived from 200 simulation replicates under the heritability of 0-4. The
square roots of the mean square errors of the MLEs are given in parentheses

n QTL positions u=>=5 a,=04 a,=04 1=09 0?2=0-1959
Different intervals
200 11-66, 48-08 5-0041 0-4027 0-4019 0-8970 0-1935
(4:2343, 4-5897) (0-0423) (0-0943) (0-0883) (0-1754) (0-0214)
400 11-88, 48-04 4-9990 0-3982 0-4054 0-8971 0-1935
(2-9468, 2:7491) (0-0293) (0-0620) (0-0647) (0-1324) (0-0155)
The same interval
200 814, 3202 5-0778 0-5088 0-2896 0-6060 0-1895
(49358, 27-9482) (0-1509) (0-3042) (0-3193) (0-6329) (0-0212)
400 7-52, 23-00 5-0544 0-4593 0-3445 0-6909 0-1939
(39696, 17-6964) (0-1173) (0-2721) (0-2712) (0-4903) (0-0156)

The positions of the two QTL are described by the map distances, (12, 48) for the QTL at different intervals and (8, 16) for the
QTL at the same interval, from the first marker of the linkage group (80 cM long).
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Fig. 3. The landscapes of the log-likelihood ratio (LR) test statistics calculated for the hypothesis test of the existence of
QTL against the embryo and endosperm QTL locations at different marker intervals for a heritability of 0-1 and a sample
size of 200 (A4) and for a heritability of 0-4 and a sample size of 400 (B). The true and estimated QTL positions are

indicated by the thick and thin lines, respectively.

traits conferred by the embryo and endosperm QTL,
and can thus be thought of as complementary to Cui
et al’s (2004) and Cui & Wu’s (2005 a, b) models.
Our model integrates parameters that account for
genetic epistasis between the embryo and endosperm
genomes into a general QTL mapping model for endo-
sperm traits. A large body of evidence has suggested
that genome—genome interactions can provide sup-
plementary genetic variation in adaptation to a wide
spectrum of environments and, therefore, may have
played a more important role in shaping the evolution-
ary process of organisms than originally appreciated
(Mousseau & Fox, 1998). Given such a feature, this
model can be expected to have great implications for
the study of evolutionary genetic problems related to
seed development in higher plants (Walbot & Evans,
2003). From a statistical perspective, this model
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should be able to provide biologically more realistic
results than many existing models because it
integrates the information about gene segregation and
transmission from the maternal to offspring gener-
ations at both the embryo and endosperm QTL.

We have conducted extensive computer simulations
to investigate the statistical properties of this model.
It is robust in that it can provide a reasonable estimate
of QTL position and effect parameters at modest
sample sizes and heritability levels. The simulation
studies have also provided information about the
impact of different gene action modes, different origins
of QTL, and different QTL locations on the precision
of parameter estimation. Our model presented here
provides an important step towards incorporating the
control of seed development within a QTL mapping
framework.
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Fig. 4. The landscapes of the log-likelihood ratio (LR) test statistics calculated for the hypothesis test of the existence of
QTL against the embryo and endosperm QTL locations at the same marker interval for a heritability of 0-1 and a sample

size of 200 (A4) and for a heritability of 0-4 and a sample size of 400 (B). The true and estimated QTL positions are

indicated by the thick and thin lines, respectively.

Perhaps the most important aspect of this model
is its successful discovery of significant QTL that
trigger considerable effects on differentiation in an
endosperm trait. Our model identified an embryo
QTL that interacts with an endosperm QTL at a
similar chromosomal location to regulate gel consist-
ency in the endosperm for two RIL-derived backcross
populations in rice. This embryo QTL was detected at
almost the exact position of a candidate gene, known
as the Waxy gene, on the short arm of chromosome 6
(Terada et al., 2002). The Waxy gene that is respon-
sible for the synthesis of amylose in the endosperm
and pollen is genetically well characterized in many
grasses including maize and rice. This consistency
with the Waxy gene convincingly demonstrates the
power of our model to probe significant QTL hidden
in real datasets. The further functional analysis of this
detected embryo QTL will accelerate its usefulness for
improving the quality and quantity of rice grains. It
should be pointed out that the embryo QTL for gel
consistency near the Waxy gene was also detected by
single-marker analysis and interval mapping ap-
proaches that do not incorporate QTL interactions
from the embryo and endosperm genomes (Tan et al.,
1999). But our model possesses the unique power to
unravel how these two different genomes are co-
ordinated to regulate the expression of an endosperm
trait. Thus, beyond the traditional methods, our model
will help to shed light on the genetic and physiological
mechanisms underlying seed development.

Our model combines two backcross mapping
populations initiated from two inbred lines, in which
the same QTL can be assumed to be segregating.
Zou et al. (2001) showed increased power for QTL
detection when different related crosses are combined.
In order to clearly present our idea for mapping
genome—genome interactions based on a combined
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analysis, we have derived the model within the context
of interval mapping (Lander & Botstein, 1989). More
sophisticated models that incorporate the ideas of
composite interval mapping and multiple interval
mapping should be developed (see Kao et al., 1999).
Such more comprehensive approaches, in conjunction
with increasingly accumulating genetic and genomic
data, will make our model more useful and powerful
in practice.

This work is supported by an Outstanding Young
Investigator Award of the National Natural Science
Foundation of China (30128017), a University of Florida
Research Opportunity Fund (02050259) and a University of
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thank Dr Qifa Zhang of Huazhong Agricultural University
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manuscript was approved as Journal Series No. R-10585 by
the Florida Agricultural Experiment Station.

Appendix. EM algorithm

To obtain the MLEs of genetic effects and residual
variance, ©, = (B, 07), at a given QTL location, we
implement the EM algorithm within the mixture-
based likelihood function. The log-likelihood func-
tion described by equation (2), where the conditional
probabilities of QTL genotypes given marker geno-
types are a function of QTL positions expressed as 6y,
are given, under expression pattern k, by

log Li(0k, )= i log [Z i ki@i)]

i=1 =1
(AD)
n' 4
+ > loglz wkj’ifkj’(yi/)‘|
i=1 =1
with the derivative for the ¢th unknown

parameter €2,
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which can be regarded as the posterior probability of
joint QTL genotype j (or ;') given a marker genotype
for a backcross seed i under the expresison pattern k.
Like the conditional (prior) probability zy; (or wyj,),
the posterior probability ITy;; (or Ily;),) is backcross-
specific and, thus, forms an n x4 matrix IT and an
n' x4 matrix IT".

Let Br=(ux, ar, ars, I)’ and Dy, be the design
matrix (Table 1) for cross-combination F; x P, (=1,
2) under the expression pattern k. The EM algorithm
is formulated as follows:

In the E step, calculate the posterior probability
matrix for a given QTL genotype and endosperm trait
value using given values for @, and QTL locations.
The initial values are obtained through the least
squares method.

In the M step, the calculated posterior probabilities
are used to estimate unknown parameters by solving
for the zeros of% log Li(0, ©,), which lead to

> YW ,D} ,— 1T Diag{D} "} D} , + Y;II;, ZDX2—I’Hk,zDiag{Dﬁ,ffﬂ(’j)}DL,z
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where II; ,={I1y; 4:},, «4 1s the posterior probability
matrix; D§;V(I=1, 2) is the design matrix without
the vth column; =" is the genetic parameter vector
without the vth entry; D} is a vector which is the
vth column of the design matrix Dy ; and Diag means
diagonalizing the vector as a diagonal matrix.

The calculations are iterated between the E
(equations A2 and A3) and M step (equations
A4 and AS5) until the estimates converge. The
converged values are the MLEs of the unknown
parameters.

Under the null hypothesis, with the
parameters @, =a,=1=0, the estimates of 4 and o®
are given by

. 1Y,+1Y,
H n
and
2
Y (Yo—@)(Y,o—)
6_2 _ /=1

n
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