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Summary

To study the effects of maternal and endosperm quantitative trait locus (QTL) interaction on
endosperm development, we derive a two-stage hierarchical statistical model within the maximum-
likelihood context, implemented with an expectation-maximization algorithm. A model
incorporating both maternal and offspring marker information can improve the accuracy and
precision of genetic mapping. Extensive simulations under different sampling strategies, heritability
levels and gene action modes were performed to investigate the statistical properties of the model.
The QTL location and parameters are better estimated when two QTLs are located at different
intervals than when they are located at the same interval. Also, the additive effect of the offspring
QTLs is better estimated than the additive effect of the maternal QTLs. The implications of our
model for agricultural and evolutionary genetic research are discussed.

1. Introduction

As a pivotal process in the life cycle of an angiosperm,
seed development is initiated by a process of double
fertilization in which the embryo and the endosperm
develop (Chaudhury et al., 2001). In diploid higher
plants, the embryo (a diploid zygote) results from the
fertilization of the haploid egg by one of the sperm
cells. By contrast, the triploid endosperm develops
when the maternal homodiploid central cell is ferti-
lized by another sperm cell. The embryo and endo-
sperm tissues, each with a different ploidy, develop in
a coordinated manner inside the maternal ovule
tissues surrounded by the diploid sporophytic layers
of inner and outer integuments. Thus, the interplay of
different genomes from the parental and offspring
generations defines seed development (Chaudhury &
Berger, 2001). The understanding of gene action and
interaction in tissues of different ploidies using
molecular linkage maps has become possible with the
recent advent of powerful statistical models.

Lander and Botstein (1989) developed a maximum-
likelihood-based approach for mapping the genes
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responsible for a quantitative trait (a quantitative
trait locus (QTL)) based on two flanking markers in a
segregating population. This approach assumes that
the marker genotypes are collected from the tissue of
the same generation on which a putative QTL is
expressed and therefore cannot be directly used to
map the embryo or endosperm QTLs with marker
information from the maternal (sporophytic) plants.
Wu et al. (2002a) modified Lander and Botstein’s
approach to characterize the genetic effects of endo-
sperm QTLs on endosperm traits by considering the
generation difference between the endosperm and
sporophytic plant. More recently, the joint control of
the maternal and offspring genomes on embryo traits,
as documented in empirical studies (Chaudhury et al.,
2001), has been incorporated in the QTL-mapping
framework (Cui et al., 2004), aimed at the precise
characterization of the genetic mechanisms underly-
ing seed development.

In this article, we develop a new statistical model
for mapping QTLs that affect triploid endosperm
traits in higher plants. Unlike the previous model by
Cui et al. (2004), the model presented here adopts a
two-stage hierarchical sampling strategy for genotyp-
ing markers from both the maternal and offspring
generations. We are especially interested in
characterizing epistatic effects between different QTLs
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from the maternal and offspring genomes, because
QTL interactions are thought to play a central role in
development and evolution (Doebley et al., 1995;
Lark et al., 1995; Whitlock et al., 1995 ; Phillips, 1998 ;
Cheverud, 2000). We derive a mixture-based likeli-
hood function to model the gene action and interac-
tion effects on endosperm traits between the QTLs
from different genomes, and implement the expec-
tation maximization (EM) algorithm proposed by
Dempster et al. (1977) to provide a solution to the
likelihood equations. The model incorporating both
the maternal and offspring marker information can
improve the accuracy and precision of genetic map-
ping. Extensive simulations were performed to inves-
tigate the statistical behaviour of the model. Our
model provides a powerful tool with which to study
the genetic epistatic effects of the maternal and off-
spring genomes on endosperm traits in agricultural
crops, and can also be used to study the genetic sig-
nificance of double fertilization in the evolution of
higher plants.

2. Modelling maternal and offspring QTLs
(1) Experimental design

Consider a backcross population of size n derived
from two contrasting inbred lines for an autogamous
species. For backcross plant i (i=1, ..., n), n; seeds are
collected to measure an endosperm trait from each
seed and to screen the marker genotypes of this plant
and its self-pollinated offspring. Given the complexity
of genotyping the triploid endosperm, we will screen
marker genotypes from the seedlings that develop
from the diploid embryos. In total, the number of
seeds is m=2?=1nl-. We denote the (maternal) back-
cross plant as generation ¢ and the embryo and
endosperm as generation 7+ 1. To identify the QTL
affecting the triploid endosperm, we can either use a
simple one-stage design in which marker genotypes
are derived only from the diploid maternal plants or
use a two-stage hierarchical design in which marker
genotypes are derived from both the maternal plants
and their embryos. Clearly, the two-stage hierarchical
design is more precise because it considers the within-
family variation of a backcross plant (Wu et al.,
2002 a). As a result of this, our analysis and modelling
of QTL interactions from the maternal and offspring
genomes is based on the two-stage hierarchical model.

Consider two flanking markers M;(z) and M,(?)
genotyped from the backcross plants. The recombi-
nation fraction between these two markers is denoted
by r. Suppose there is a maternal QTL, denoted Q(r)
and located between these two markers (measured by
the recombination fraction r; with My(7) and r, with
My(7)), which affects the endosperm trait. The
maternal QTL has two genotypes expressed as Qg(t)
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Table 1. The frequencies of material marker
genotypes and joint frequencies of maternal
marker—QTL genotypes in a backcross design, used
for the calculation of the conditional probabilities of
maternal QTL genotypes given marker genotypes

Marker QTL*

Genotype Frequency  Qq(?) qq(1)

My Mymy(f)  1—r (I=rp)(I=ry) 1y
Mymymgmy(t) r (I=rry r(1—ry)
mumMymy(1) (1 —rs) (1=rpry
mymymems(t) I—r Iy (1=r) (1—=ry)

* r; and ry are the recombination fractions between marker
M, and the QTL, and between the QTL and M,, respect-
ively, and r is the recombination fraction between the two
markers.

and ¢q(?). The conditional probability m; (f), of a
backcross plant 7 carrying a maternal QTL genotype
Jj1, conditional upon the four maternal marker geno-
types MymyMamy(t), Mimymamy(t), mymy Mymy(t) and
mymymymy(t), can be derived and is shown in Table 1.
Suppose the endosperm trait is also affected by an
offspring QTL, denoted by Q(¢+1), on the endo-
sperm genome of the backcross population. During
double fertilization, this offspring QTL generates four
different triploid genotypes QQQ(t+1), QQq(t+1),
Qqq(t+1) and gqq(t+1) of equal frequency if the
maternal plant is a heterozygote Qq(), or one triploid
genotype gqq(t+ 1) if the maternal plant is a homo-
zygote gq(1). The offspring QTL can be predicted by a
pair of flanking markers derived from the maternal
and offspring genomes. Joint maternal (in generation
t) and embryonic (in generation ¢+ 1) marker geno-
types at two flanking markers, M; and M,, form the
basic framework of a two-stage hierarchical model as
described by Wu ef al. (2002a). We derive the con-
ditional probability s ;,(¢4+1), of an endosperm k
(k=1, ..., n;) from backcross plant i carrying endo-
sperm QTL genotype j,, conditional upon joint
maternal and embryo marker genotypes (Table 2).
Both the maternal (Q(#)) and endosperm (Q(¢+ 1))
QTLs can be located either on the same marker in-
terval or on different marker intervals. These two
QTLs form eight joint genotypes across the two

different generations (Qg(1)QQQ(t+1), Qq(t)QQq
(t+1), Qq(0qq(1+1), Qq(gqq(t+1), qq()QQQ

(t+1), qq(0QQq(1+1), qq(1)Qqq(t+1) and gq(1)
qqq(t+1)) numbered 1-8, respectively. We assume

that these two QTLs located on the genomes with
different generations epistatically affect the endo-
sperm trait. If they are located on different marker
intervals, M;—M, for Q(f) and M;—M; for Q(t+1),
the conditional probability matrix, g, ;,, of the
joint QTL genotype for endosperm k derived from
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Table 2. The frequencies of two-stage hierarchical marker genotypes from the backcross plants and their
embryos and joint frequencies of marker—endosperm QTL genotypes in a backcross design, used for the
calculation of the conditional probabilities of endosperm QTL genotypes, conditional upon two-stage
hierarchical marker genotypes from the backcross plants and their embryos

Two-stage hierarchical marker genotype

Joint marker—endosperm QTL genotype frequency*

Maternal Embryo Frequency Q00(t+1) 00q(t+1) Qqq(t+1) qqq(t+1)

MimiMjms(1) M{M{M;Mj(t+1) 03 0303 17,0203 11,0203 1179(r1790,05 + 6%)
M{M{My(t+1) 2r0? 21,0302 11630,0, 110%0,0, 2r179(r10,02 + )
MiMimsmy(t+1) %0 2030, 1150203 11,0203 11(r10,03 + ror?)
MimiMiM3(t+1) 2r0% 21,0203 190,050, 190,030, 21179(r90%05 +10)
MimiMamy(t+1) 200 4ryry0303 010:0,0, 010,00, 2520103+ 0)
mimymymi(t+1) 2r0? 21112020, 190,020, 720,020, 2r1(0203 + r,r0)
mimy MMt +1) %0 70,03 110%r,02 1,021,032 19(ry030, + 111
mymy Mymy(t+1) 2r0? 212r50,0% 71020, 11020,0, 2r5(030% + 1,70)
mymymymy(t+ 1) 0? r31r30,0, 11,0303 1720303 0303 + r,1r,0?

Mimimsms(t) MiMimymy(t+1) r 1,03 111902 1903 11(r1r901 + 65)
Mimimsmy(t+ 1) 2r 2111502 90104 90,0, 211,02 +0,)
mymymymy(t+1) r 21501 111903 111903 7503 + 7,0,

mymy Myms(1) mymy MyMy(t+1) r 03 11503 11903 ro(r17205 +0;)
mymy Mymy(t+ 1) 2r 2111503 10505 1050, 2ry(r,03+6;)
mimymymi(t+1) r 130, 1503 r1rs0% 703 + 150,

mymymyms(t) mymymgmy(t+1) 40 Iy Iy ks 40, —4ry+5rry

* 11, r and r are the recombination fractions between marker Mj and the endosperm QTL, between the endosperm QTL and
marker Mj, and between the two flanking markers, respectively. @;=1—2r+21%, @y=1—2r+2r%, ¢o=1-2r +2r%

0,=1—r,0,=1—r,and 6=1—r.

backcross plant i, conditional upon the two different
marker intervals can be expressed as

T,

i

Jij2 = nijl ® ﬂ:kr'jZ 2

where ® is the matrix Kronecker product operation.
If Q(¢) and Q(z+1) are linked and located within the
same marker interval, the joint conditional prob-
abilities of the two QTLs, conditional upon the joint
maternal-embryonic marker genotypes of the flank-
ing markers, are derived differently and are shown in
Table 3.

(ii) Quantitative genetic models

The phenotypic value of an endosperm trait caused
by the two putative QTLs Q(f) and Q(t+1) can
be modelled using traditional quantitative genetic

W=+ a0+ 3a(t+1)+3E, for
Wy=u+ta()+sa(t+1)+d(t+1)+1E+1C,, for
Uy=u+ta()—Sa(t+1)+dy(t+1)— 1E+1C,,  for
u4=pt+%a(t)—%a(l+l)—%§, for
us=n—sa(t)+3a(t+1)—3E, for
wg=u—ta()+la(t+1)+d(t+1)—1E—1C,, for
w,=u—ta()—Sa(t+1)+dy(t+1)+ 1E—1C,, for
Us=p—1a(t)—3a(r+1)+ 3, for

https://doi.org/10.1017/5S0016672305007615 Published online by Cambridge University Press

theory (Lynch & Walsh, 1998). Let w; —u, denote the
genotypic means of the eight joint maternal-endo-
sperm QTL genotypes, respectively. Let a(f) be the
additive effect of the maternal QTL on the endosperm
trait, a(¢+ 1) be the additive effect of the endosperm
QTL, dy(t+1) be the first dominant effect of the
endosperm QTL (i.e. the dominant effect of QQ(z+1)
to ¢(t+1) when Q(z+ 1) is dominant or that of g(¢+1)
to QQ(t+1) when ¢(¢t+1) is dominant), dy(t+ 1) be
second dominant effect of the endosperm QTL (i.e.
the dominant effect of Q(r+1) to gq(r+1) when
Q(t+1) is dominant or gg(t+1) to Q(t+1) when
q(t+1) is dominant), § be the a(z) x a(z+ 1) interac-
tion of these two QTLs, C; be the a(f) x dy(z+1) in-
teraction, and T, be the a(f) x dy(t + 1) interaction. The
eight genotypic means can be expressed in terms of
these genetic effects as

0q(HQQO(t+1)
0q(N00q(1+1)
0q(1)Qqq(t+1)
0q(nqqq(t+1)
qq(H)QQQ0(1+1)
q9(N0QQq(t+1)
qq(1)Qqq(t+1)

qq(1)qqq(t+1) (1)
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Table 3. The frequencies of joint maternal-embryo marker genotypes of the same markers interval in a backcross design and joint, frequencies of
maternal—-endosperm QTL genotypes in a backcross design, used for the calculation of conditional probabilities of joint maternal-endosperm QTL genotypes given
Jjoint maternal-embryo marker genotypes of the same markers interval

Joint maternal-embryo marker genotype

Joint maternal-endosperm QTL genotype frequency*

Maternal Embryo Frequency 0q(NQO(t+1) 0q(NQQq(1+1) 0q(NQqq(t+1) 0q(Nqqq(t+1)

MM M3ms(t) M{MiMéMé(t+ 1) 0 ze%zegpl 2r190197305 P, 21190127303 P; 2’%2’§P1+262P2
MiMiMimy(t+1) e 263,303 Py 71201503 P, 71201505 P; 21151303 Py +2r0 P,
MiMimimy(t+1) r0? 20%,r2P; 21190127305 P; 21190127305 P; 2r%,03P, + 2P,
MimyM;M(1+1) ro? 271301203 P; 13035015P; 1303015P, 21120153 P, + 21O P,
MimyMimy(t+1) S0} 41150157303 P G123y G123 4r13015r303 Py +2(* + 0 Py
Mimumyms(t+1) ro? 2130153 Py 303012 P, 7303012 P, 2r1501505P1 + 2rO P,
mimy MyM(t+1) 20 21%,0%P; 27190127305 P; 21190127305 Py 202,12P; +212P,
mymy Myms(t+1) ro? 2303 Py 71201205 P; 11201205 P; 20757305 P, +2rO P,
mimymymi(t+1) 03 2k, riP; 21190197305 Py 21190127305 Py 202,12P, +20%P,

Mimimymy(1) MiMimimy(t+1) r 20%,P; 2r15012Ps 215012 P 212 P5+2Pg
Mimymyms(t+1) r 2115015 P5 ¢12Ps5 ¢12Ps5 2113012 P5 +2Pg
mymymms(t+ 1) r 213 Py 2r15012Ps5 2115012 P5 202,P;5+ 2P

mymy Mymy(t) mymy MyM(t+1) r 202P, 21303 Py 21303 Pg 2riPs+2P;
mymy Mymy(t+ 1) r 2r303Pg @3Pg @3Pg 2r303Pg+2P;
mymymymy(t+1) r 2Py 21304 Pg 21304 Pg 203Ps+2P;

mynymyms(t) mymymymy(t+1) 20 P, P, P, Py+2P;

Maternal Embryo Frequency qq(NQQQO(t+1) q9(NQQq(1+1) qq(NQqq(1+1) 94(Ngqq(t+1)

MimyMiyms(1) MiM{MyMy(t+1) 03 202,02P, 21190197505 Ps 21190197305 Ps 2i%,r3Py+20%P,
MiMiMimy(t+1) ro? 26751305 P4 11261203 P3 71201205 P3 21391303 P3 + 21O P,
Mi{Mimimi(t+1) %0 202,r2P;, 21190157305 P5 21190127305 P5 21%,02P; + 2P,
MimyMyMj(t+1) r0? 2712012032 P4 1303015 P3 1303015 P3 271901972 P3 +2r0P,
MimiMyms(1+1) o} 41150157503 P3 0123 P3 Q12933 41130157303 P3 - 2(r° + 0°) P,
Mimymyms(t+1) ro? 211301573 P3 7303012 Ps 7303012 Ps 21130,203P3+ 210 P,
mymy MsM5(t + 1) %0 2r3,0%P, 21190127303 P 21190127503 Pg 20%,r3P3+212P,
mymy Mymy(t+1) ro? 2135303 P 71201203 Py 11201503 P3 20%,r30;P3+2r0 P,
mymymymi(t+1) 0 2r}ar3Ps 21150107305 Py 2r190197305.P5 20%,r3P3 +20°P,

Mimimyms(t) Mi{Mimymy(t+1) r 202,P; 2r15012P7 2r15012P7 2r3 Py +2Pg
Mimymyms(t+1) r 213,012 P, 012P7 0127 2r19015P7+2Pg
mymymyms(t+1) r 22, P, 2119015 P; 2719015 P; 203,P;+ 2P

mymy Mymy(t) mymy MMyt +1) r 202P 2r305P¢ 2r303P¢ 2riPg+2P;
m'ymy Mimy(t+ 1) r 2r303Pg 03P Q3P 2r303Pg+2Pg
mimymymi(t+1) r 213P 21305 P 21305 Pg 202Pg+2P;5

mymymgms(t) mymymgmy(t+1) 20 P, P, P, Py+2P,

* 1, 'y, 19, '3 and r are the recombination fractions between marker Mj and the maternal QTL, between the maternal and offspring QTL, between the marker M; and the offspring QTL and
between the offspring QTL and M; and between the two markers, respectively. Py=1(1—r)(1—ry)(1—r3), Py=1(1—r)ryrs, Py=Lrr(1—rs), Py=3r(1—ryrs, Ps=3(1—r)(1 —ry)rs,
Pg= %(1 —rry(l—r3), Pr= %”1”2”3, Py= %"1(1 —ro)(L—r3). @3=1=2r342r3, Qro=1—2r134+ 21, 03=1—r3, Op=1—ry.

ny "y puv my ‘X
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where u is the overall population mean. This can be
written in matrix form as

m = De,

where m=(ly, ..., Wg)! is the vector of the QTL
genotypic means, e=[a(t), a(t+ 1), di(t+1), do(t + 1),
E, Ty, To]T is the vector of the genetic effect and D is an
(8 x 8) design matrix relating m and e. If the genotypic
means are known, we can estimate the genetic effect
using

e=D"'m. (2)

3. Statistical method
(1) Mixture model

The statistical foundation of QTL mapping is based
on the mixture model, in which each observation
is assumed to have arisen from one of a known or
unknown number of components, each component
being modelled by a density from the parametric
family f. With eight possible maternal-endosperm
QTL genotypes, this mixture model for the obser-
vation () of endosperm k derived from backcross
plant i is expressed as

Yk z<f(yk1 |J'E, q)a 02) :J’tk,lfl(yk,; (l)p 02) + -
+ T sfs(Vis Bgo 0%)

where mw=(sm,, ..., Mg) are the mixture pro-
portions, which are constrained to be non-negative
and to sum to unity, ¢p=(¢y, ..., ¢g) are the
component-specific parameters, with ¢, being specific
to component / (/=1, ..., 8) (in our case, ¢; can be
specified by the genotypic mean vector m, which
contains the parameters e to be estimated) and o? is
the residual variance, which is assumed to be the
same among all the components. The likelihood
function of the marker data and the endosperm trait
values controlled by the putative QTL, Q(¢) and
Q(t+1), based on the mixture model in Eqn 3 can be
expressed as

L@%]IH{memﬂ 4

i=1k=1

3)

where @ =(m7, 0, 0% or (e, 0, 0?) is the vector for
the unknown QTL effect parameters, QTL positions 6
(measured by the recombination fraction between the
QTL and its flanking markers) and residual variance
0% and fj(yy,) is the normal density corresponding to
the /th QTL genotype with mean w, and variance o®.

(i) The EM algorithm

To obtain the maximum-likelihood estimates
(MLE:s) of , we implement the EM algorithm. The
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log-likelihood function of Eqn 4 is given by
n n; 8
log L(R)= 3 ) log{z nk,lf/(yk;):| ()
i=1lk=1 /=1

with the derivative for an unknown parameter Q

w8 s fi)
mum—ZZZlﬁﬂﬁb

i=lk=1I/=1
_ i i 8 nk,lf}(.yki)
k=11l=1 8/ 1ﬂ:k lf/(yk;)

2

i=1

X 8— log fi(yx,)

n n 8
:i;kgg "’89 log fi(yk,) (6)

where we define

M, = Tt/ i(V,)
' zi;zln/c,lﬁ(.yk,)

which is thought of as a posterior probability of joint
maternal-endosperm QTL genotype / for the k;th
endosperm derived from the ith backcross plants,
given joint maternal-offspring marker genotypes.
The conditional probabilities of the QTL genotypes
given the marker genotypes described in Tables 1-3
are viewed as the prior probabilities. Given the initial
values for the unknown parameters € and marker
and phenotypic observations, we can update I,
(E step). The estimated posterior probabilities are
used to obtain the new MLEs of Q (M step) based on
the log-likelihood equations

- Zz 1Zk 1Vki H/tl

W=
21 1 k lnl‘l

@)

®)

1 n n;

p ; Z:: ; Ok, — W) T )
which are derived by letting the derivative (Eqn 6)
equal zero. This iterative process is repeated until the
specified convergence criterion is satisfied. The values
at convergence are regarded as the MLEs.

In the procedure described above for the EM
algorithm, we treated the positions of QTLs as known
parameters even though their MLEs can also be
obtained through iterative steps. We can use a grid
approach to estimate the QTL positions. By hy-
pothesizing a pair of maternal and endosperm QTLs
every 4cM at marker intervals, we can draw the
landscape of log-likelihood test statistics throughout
the entire genome. The positions corresponding to the
peak of the landscape across a linkage group are the
MLEs of the QTL positions.

The MLEs of the genotypic mean vector m can be
used to obtain the estimates of the genetic effects
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contained in vector e. As long as the MLEs of m
are uniquely estimated for specific QTL genotypes,
the MLEs of e can be uniquely determined. How-
ever, because QTL genotypes Qq(1)QQq(t+1) and
0q(1)Qqq(t+1) have the same conditional prob-
abilities (as do QTL genotypes gq(1)QQq(t+1) and
qq(1)Qqq(t+ 1)), the MLEs of the genotypic means iy
and us, and the means pg and p; are not identifiable.
For this reason, we cannot uniquely estimate domi-
nant effects d,(t+1) and dy(t+1) or the epistatic ef-
fects C; and C,. However, we can estimate the sums of
each of these two pairs of effects, in which case the
unknown vector is m* =[u, a(t), a(t+1), di(t+1)+
do(1+1), §, T+ G-

Based on Eqn 1, it is interesting that the estimates
of genetic effect parameters e* =[u, a(?), a(t+ 1), ] are
only dependent on genotypic means m* = (U, Uy, Ws,
ug). Let

(10)

B D= D= W

—_
B e L N L ]

B— B |— B— b|—

The MLEs of e* can be obtained by solving the
equation e*=d~' m*. The MLEs for the summed
dominant effect and the summed additive x dominant
effect can be obtained by solving

{dl(t+1)+d2(t+1) = 5 (Mg g + g+ 1y —4)
G+G = M2+M3+(M6+M7)_2a([) (11)

(iii) Hypothesis tests

Several statistical hypothesis tests can be performed
to analyse the genetic control of endosperm traits.
The presence of QTLs affecting an endosperm trait
can be tested for by formulating the hypotheses

Hy: a()=a(t+1)=d\()=dy(1+1)=E={, =L, =0
H;: at least one of the equalities above does
not hold (12)

The test statistic for testing the above hypotheses is
calculated as the log-likelihood ratio (LR) of the null
model (H,) over the full model (H;)

LR= —2[log L(&)— log L(Y)], (13)

where @ and  denote the MLEs of the unknown
parameters under H, and H;, respectively. The LR is
asymptotically y* distributed with seven degrees of
freedom. However, the critical threshold value for
declaring the existence of the testing QTL is generally
calculated on the basis of permutation tests (Churchill
& Doerge, 1994).

To test the additive effects of the maternal QTL
and the endosperm QTL on the endosperm traits, we
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formulate the hypotheses
Hy: a(t)=0
Hy: a(f)#0° (14)
and
Ho: Cl(t + 1) =0
Hy: a(t+1)#0° (15)

where the likelihood-ratio test statistic for both the
tests is asymptotically y? distributed with one degree
of freedom. To obtain the MLEs of the parameters
under the null hypotheses above, we need to pose the
constraints Ww;+W=u;+us for the hypotheses in
Eqn 14 and w;+ps=ps+ug for the hypotheses in
Eqn 15 in the M step.

The significance of maternal-endosperm QTL
additive x additive interaction can be tested by com-
paring the following hypotheses

H,: £E=0
Hy: E£0° (16)

The estimates of the parameter under the null hy-
pothesis are based on the constraint p; + ug =4+ WUs.

Similarly, the significance of the summed dominant
effect and the summed additive x dominant effect can
be tested, with the constraints derived from Eqn 11.
The critical values for declaring the significance of
various genetic effects can be determined on the basis
of the simulated data in which no particular genetic
effect is assumed to exist.

4. Results

We performed a series of simulation studies to exam-
ine the statistical properties of the model. Five equi-
distant markers are ordered as M;—M; on a linkage
group with length 80 ¢cM. These five markers were
simulated for a backcross population based on the
recombination fractions between all pairs of two
adjacent markers. The Haldane map function was
used to convert the map distance into the recombi-
nation fraction. In the simulation experiments, dif-
ferent levels of heritability contributed jointly by
maternal and endosperm QTL (H?>=0-1 vs 0-4) and
different total sample sizes (m=200 vs 400) are
examined. Different sampling strategies are designed
on the basis of the allocations of a given sample size
between the backcross plants and their progeny
(seeds): (1) 10x20 or 10x40 (20 or 40 seceds are
sampled from each of ten backcross plants); (2)
200 x 1 or 400 x 1 (one seed is sampled from each of
200 or 400 backcross plants). Such sampling strategies
not only allow us to examine the possible effects of
the parameters estimation but also provide useful
guidance for practical molecular studies (Wu et al.,
20020).
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Table 4. The MLEs of the QTL position and effect parameters exerted by a maternal QTL and an endosperm
QTL each on a different interval derived from 100 simulation replicates. The squared roots of the mean square
errors of the MLEs are given in the second parenthesized row of the M LEs*

Positions w a(t) a(t+1) di(t+ 1) +do(1+1) Ci+G
)2 (8, 48) (10) (0-7) (0-5) EO03) (05 (0-3) o
0-1 10 x 20 (11-10, 49-52) 10-11 0-52 0-56 0-11 —0-13 1-21 5-41
(1029, 5:24) 063)  (134) (045 089)  (212) 408)  (0-82)
10 x 40 (9-46, 49-44) 10-08 0-48 0-53 0-17 0-15 1-08 5-51
(988, 4:92) 045  (1:00)  (0:30) 0-60)  (1:59) (342)  (0-60)
200 x 1 (9-74, 49-56) 9-95 0-81 0-44 0-38 0-61 0-07 5-32
(969, 5-19) 047)  (093)  (031) 0-67)  (1-49) (315)  (0-88)
400 x 1 (9-13, 49-36) 9-95 0-81 0-43 0-33 0-55 0-08 5-49
(8:93, 4-69) 029) (062  (0-20) 0-44)  (1:02) (199)  (0:61)
0-4 10 x 20 (8:41, 47-84) 10-00 0-68 0-49 0-28 0-45 0-35 091
(848, 3-55) (0-23) (0-51) (0-15) (0-33) (0-74) (1-56) (0-12)
10 x 40 (8:28, 48-20) 9-9801 0-7047 0-47887 0-2925 0-4889 0-4326 0-9408
(7-42, 2:87) 022)  (046)  (015) ©30)  (072) (1:56)  (0-10)
200 x 1 (9-84, 47-92) 9-96 0-84 0-46 0-38 0-58 0-14 0-92
(172, 331) ©17) (034  (0-12) 022)  (0-64) (123)  (0-13)
400 x 1 (8:30, 48-08) 10-01 0-70 0-50 0-30 045 0-34 0-92
(619, 2:67) 013)  (023)  (0:08) 016)  (0-46) 082)  (0-13)

* 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 5-8725 for H*=0-1 and 0-9788 for H2=0-4.

Table 5. The MLEs of the QTL position and effect parameters between a maternal QTL and an endosperm QTL
both on the same interval derived from 100 simulation replicates. The squared roots of the mean square errors of
the MLEs are given in the second parenthesized row of the M LEs*

Positions w a(t) a(t+1) 13 di(t+ 1) +dy(z+1) G+ G
H n (8, 16) (10) (0-7) (0-5) (0-3) (0-5) (0-3) o?
0-1 10 x 20 (5:73, 17-21) 10-11 0-24 0-52 0-00 —0-12 1-58 529
(6:90, 5-73) (0-80) (1-78) (0-56) (1-22) (2-18) (4-86) (0-91)
10 x 40 (4-96, 17-24) 10-06 0-58 0-55 0-15 0-52 0-09 565
(6:52, 4-05) (0-75) (1-58) (0-51) (1-09) (2-15) (4-39) (0-59)
200 x 1 (3-81, 17-99) 10-11 0-46 0-56 0-05 0-51 0-29 5-38
(7-21, 4-83) ©-61)  (1:34)  (0-46) 0-88)  (217) (427) (0-86)
400 x 1 (3-69, 16-99) 9-98 0-68 0-48 0-26 0-68 0-15 5-67
(673, 3-89) 0-59) (1190 (0-39) 0-80)  (1-68) (3-26) (0-48)
0-4 10 x 20 (4-64, 16-53) 10-10 0-52 0-56 0-14 0-53 0-27 0-95
(6:16, 2:91) (0-37) (0-70) (0-23) (0-48) (1-14) (2-15) (0-13)
10 x 40 (4-36, 16-57) 10-04 0-58 0-53 0-23 0-54 0-39 0-94
(579, 2-59) (0-31) (0-62) 0-21) (0-41) (0-91) (1-66) (0-08)
200 x 1 (2-45, 16-84) 10-08 0-48 0-55 0-17 0-63 0-06 0-92
(6:87, 2:96) 029)  (0:68)  (0-20) ©0-43) (097 2:01) (0-12)
400 x 1 (4-04, 16:61) 10-04 0-64 0-52 0-26 0-49 0-24 0-96
(6:06, 2:43) 024)  (048)  (0-16) 033) (071 (1-46) (0-08)

* 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 5-8725 for H2=0-1 and 0-9788 for H>=0-4.

Suppose there are two different QTLs that affect a ~ M,, respectively. For L,, the maternal QTL is located
quantitative endosperm trait of interest, one from the 8 cM from marker M,, whereas the endosperm QTL
maternal genome and the other from the endosperm is located 8 ¢cM from marker M;. Two sets of
genome. The two QTLs are hypothesized either on the hypothesized parameter values are hypothesized,
same marker interval (L;) or on a different marker including large additive effects vs small interaction
interval (L,). For L,, the maternal and endosperm effects (Tables 4, 5) and small additive effects vs large
QTLs are located 8 cM and 16 cM from the marker  interaction effects (Table 6). The endosperm trait
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Table 6. The MLEs of the QTL position and effect parameters between a maternal QTL and an endosperm
QTL on different and the same interval derived from 100 simulation replicates. The squared roots of the
mean square errors of the MLEs are given in the second parenthesized row of the M LEs*
u a(t) a(t+1) 3 dt+ D) +do(t+1)  G+G
o n (10) (0-3) (0-3) (0-5) (0-4) (0-5) o
Positions
(8, 48)
0-4 (D)} 10 %20 (8-12, 47-48) 9-98 0-25 0-29 0-48 0-53 0-28 0-44
(7-68, 3-53) (0-18)  (0-40)  (0-1297)  (026)  (0-60) (126) (006
10 x 40 (7-92, 48-20) 10-01 0-27 0-31 0-47 0-39 0-51 0-45
(633, 2:81) (0-13)  (028)  (0-09) (0-19)  (0-40) 079 (0-04)
200 x 1 (7-40, 48-08) 10-01 0-26 0-30 0-45 0-36 0-51 0-42
(652, 3-55) (0-12) (025  (0:08) 0-17)  (0-39) 092)  (0:06)
400 x 1 (7-60, 48-32) 10-01 0-29 0-30 0-49 0-39 0-49 0-44
(4-48, 2-60) 009  (0-18)  (0-06) 0-12)  (0-29) 0-66)  (0:04)
Positions
(8, 16)
04 (S)i 10 %20 (4-56, 15-30) 10-12 0-06 0-38 0-34 0-38 0-58 0-42
(619, 3-22) 0-24)  (048)  (0-16) 035 (0-60) (115 (007
10 x 40 (6-48, 15-95) 10-10 0-13 0-36 0-37 0-37 0-50 0-44
(4-32, 2:35) 022)  (0-44)  (0-15) 030)  (0-58) (1-14)  (0:04)
200 x 1 (4-64, 15-62) 10-08 0-10 0-36 0-37 0-45 0-45 043
(592, 2:95) 021)  (0-44)  (0-14) 0-31)  (0-66) (1-29) (0-06)
400 x 1 (5-56, 15-79) 10-08 0-12 0-35 0-38 0-36 0-63 0-44
(496, 2-07) (019 (0-39)  (0-13) 026)  (0-55) (1-13) (0-05)

* The locations of the two QTLs are described by the map distances (in cM) from the first marker of the linkage group
(80 cM long). The hypothesized o® value is 0-4547 for H*=0-4.
i D refers to two QTLs in different location and S refers to two QTLs in the same location.

values for each seed were simulated as the summation
of the joint maternal-endosperm QTL genotypic
means and random errors that follow a normal dis-
tribution with mean zero and variance o® calculated
on the basis of given genetic effect values and different
heritability levels.

In general, our model can provide reasonable esti-
mates of the QTL positions and effects of various
kind, with estimate precision depending on herita-
bility, sample size, sampling strategy, gene action
mode and QTL location. Our model has excellent
power to detect epistatically interacting maternal and
endosperm QTLs. In all cases of different sample sizes
and heritabilities, the maximum values of the LR
landscapes from 100 simulation replicates are beyond
the critical thresholds at the a=0-001 level deter-
mined from 1000 permutation tests for the simulated
data. Fig. 1 and 2 are examples of the shapes of the
LR landscapes for two contrasting sample sizes, heri-
tabilities and sampling strategies when the QTLs
are located at different marker intervals or at the same
interval, respectively. The thicker line indicates the
given QTL positions, whereas the thin line indicates
the estimated QTL positions. The small differences
between these two lines suggest that our model can
accurately estimate the genomic positions of the
QTLs.
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The precision of parameter estimation is evaluated
in terms of the square root of the mean squared errors
of the MLEs. The QTL positions and effects can be
better estimated when the endosperm trait has higher
rather than lower heritability or when the sample size
is larger rather than smaller (Tables 4-6). However,
the increase of H? from 01 to 0-4 leads to more
significant improvement of the estimation precision
than the increase of m from 200 to 400. The square
roots of the MSEs of the genetic parameters reduce by
more than half when H? is increased from 0-1 to 0-4,
whereas such reduction is much smaller when m is
increased from 200 to 400. This suggests that, in
practice, it is more important to manage experiments
to reduce the residual errors (increase H?) than to in-
crease the sample size.

In addition to these two predictable effects by H?
and m, we also found the following. First, different
sampling strategies have effects on parameter esti-
mation. For a given sample size, the sampling strategy
of taking more backcross plants and fewer seeds for
each backcross tends to provide more precise esti-
mates of all parameters than the sampling strategy of
taking fewer backcross plants but more seeds for each
backcross. This is an important finding for designing
an optimal molecular experiment. Second, the
position and additive effect can be better estimated for
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Fig. 1. The landscapes of the log-likelihood ratio (LR) test
statistics calculated for the hypothesis test of the existence
of QTLs against the maternal andendosperm QTL
locations on the assumed linkage group when the two
QTLs are located at different marker intervals. (A) The
landscape for a heritability of 0-1 and a sampling strategy
of ten backcross plants x 20 seeds for each backcross. (B)
The landscape for a heritability of 0-4 and a sampling
strategy of 400 backcross plants x one seed for each
backcross.

the endosperm QTLs than the maternal QTLs, even
if the maternal QTL has a larger effect than the
endosperm QTL (Tables 4, 5). Also, the ad-
ditive x additive effect between the maternal and
endosperm QTLs can be well estimated, with better
precision than that for the additive effect of the
maternal QTLs. As expected, the estimation precision
of the additive and additive x additive effects is better
than that of the dominant effect, with the latter
better than the estimation precision of the ad-
ditive x dominant epistatic effects.

Third, the precision of parameter estimation is
better when the maternal and endosperm QTLs are
located at different marker intervals (Table 4) than
when they are located at the same interval (Table 5).
Thus, to avoid the analysis of two different QTLs
located at the same interval, a high-density map is
needed. Fourth, our model can well estimate the
parameters for different gene action modes (large
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Fig. 2. The landscapes of the log-likelihood ratio (LR) test
statistics calculated for the hypotesis test of the existence
of QTLs against the maternal and endosperm QTL
locations on the assumed linkage group when the two
QTLs are located at the same marker interval. (A) The
landscape for a heritability of 0-1 and a sampling strategy
of ten backcross plants x 20 seeds for each backcross.

(B) The landscape for a heritability of 0-4 and a sampling
strategy of 400 backcross plants x one seed for each
backcross.

additive vs small interaction effect (Tables 4, 5) and
small additive vs large interaction effect (Table 6)).
However, in the latter case, it is possible to estimate
precisely the interaction effects. Also, in this case,
there is no marked difference in estimate precision
between the two cases in which the two QTLs are
located at different intervals or at the same interval.

5. Discussion

Endosperm is the result of double fertilization in
flowering plants and plays a vital role in the early
stage of embryo development (Chaudhury & Berger,
2001 ; Chaudhury et al., 2001). The expression of most
quantitative traits in the endosperm results from
direct (offspring) and indirect (maternal) genetic ef-
fects (Roach & Wulff, 1987), and involves complex
interactions between QTLs from the maternal and
offspring genomes (Chaudhury et al., 2001). Such
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maternal-offspring interactions have been well docu-
mented in animals (Falconer, 1965; Mousseau &
Dingle, 1991; Reznick, 1991; Li et al., 1999) and are
likely to have an effect on animal development
and evolution (Mousseau & Fox, 1998 ; Wade, 1998;
Agrawal et al., 2001; Cheverud, 2003; Hager &
Johnstone, 2003; Wolf, 2000, 2003). Cheverud and
colleagues have attempted a mapping approach for
detecting specific QTLs that are associated with
maternal care (Peripato & Cheverud, 2002; Peripato
et al., 2002; Wolf et al., 2002). In this article, we
develop a new statistical model for studying the
genetic architecture of endosperm development con-
tributed by the interactions between the maternal and
endosperm QTLs.

Our model was founded on the developmental
mechanisms of higher plants, which are characterized
by a complex life cycle that consists of alternating
haploid and diploid generations. These mechanisms
culminate in five distinct phases (Chaudhury &
Berger, 2001): (1) the diploid sporophytic mother; (2)
the haploid female gametophyte; (3) the haploid male
gametophyte; (4) the developing diploid embryo; and
(5) the developing triploid endosperm. The develop-
ment of the embryo sac and the seed are under the
direct maternal control of both the sporophytic and
the female gametophytic origin. The paternal gameto-
phytic and postfertilization sporophytic controls are
other levels in the complex genetic interactions that
govern seed development. Cui et al. (2004) proposed
an analytical model for characterizing QTL inter-
actions from the sporophytic maternal and embryo
genomes. The model proposed here is designed to
detect interactions between QTLs derived from the
maternal and endosperm genomes.

Our model has implemented two fundamental bio-
logical phenomena — maternal effects and epistasis —
into QTL mapping models. Recent data suggest that
these two phenomena might have been of greater
importance in shaping the evolutionary process of
organisms than was originally appreciated (Mousseau
& Fox, 1998; Cheverud, 2003 ; Wolf et al., 2002). We
expect that this model will have great implications for
the study of evolutionary genetic problems related to
seed development in higher plants. From a statistical
perspective, by contrast, this model should be able to
provide biologically more realistic results than many
existing models because it integrates information
about gene segregation and transmission from the
maternal to offspring generations at both the marker
and the QTLs.

We have conducted extensive computer simulations
to investigate the statistical properties of this model.
It is robust, in that it can provide reasonable esti-
mation of QTL position and effect parameters at
modest sample sizes and heritability levels. The result
about the effect of different sampling strategies
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suggests that, for a given sample size, the inclusion of
more maternal plants is more important for increased
parameter-estimate precision than the inclusion of
more seeds for each maternal plant. The simulation
studies have also provided information about the
impact on the precision of parameter estimates of
different gene action modes, different origins of the
QTLs and different QTL locations. For example,
although both the maternal and endosperm QTLs are
important for seed development, estimates of genetic
effects of the endosperm QTLs is much more precise
than that of the maternal QTLs.

The control of female and male gametophytes on
seed development has been identified in many studies.
Recent studies in particular show that the paternal
and maternal genomes play unequal roles during early
embryo and endosperm development (Vielle-Calzada
et al., 2000; Weijers et al., 2001). For example, none
of the paternally inherited alleles of 20 loci identified
in Arabidopsis by Vielle-Galzada et al. (2000); is ex-
pressed during early seed development. These genes
whose expression depends on the origin of parents are
called imprinting genes (Li et al., 1999). Our model
presented here provides an important step toward in-
corporating the control of imprinting genes within a
QTL mapping framework.
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