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ORIGINAL ARTICLE
Genetic mapping of sterile genes with epistasis
in backcross designs

S Xiel, J Chen! and B Walsh?

The mapping of sterile genes is an essential issue, which should be solved for the investigation of sterility mechanism in wide
hybridization of plants. However, the methods formerly developed cannot address the problem of mapping sterile loci with
epistasis. In this study, we developed a new method to map sterile genes with epistasis in wide hybridizations of plants using a
backcross design. The maximum likelihood method was used to estimate the parameters of recombination fractions and effects

of sterile genes, and the convergent results of these parameters were obtained using the expectation maximization (EM)
algorithm. The application and efficiency of this method were tested and demonstrated by a set of simulated data and real

data analysis. Results from the simulation experiments showed that the method works well for simultaneously estimating the
positions and effects of sterile genes, as well as the epistasis between sterile genes. A real data set of a backcross (BC)
population from an interspecific hybrid between cultivated rice, Oryza sativa, and its wild African relative, Oryza longistaminata,
was analyzed using the new method. Five sterile genes were detected on the chromosomes of 1, 3, 6, 8 and 10, and significant
epistatic effects were found among the four pairs of sterile genes.
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INTRODUCTION

Wide hybridization is a useful tool in plant breeding. It provides us
with a means of transferring the desirable characters from wild species
into cultivated species, and can be used to introduce alien variation,
study genome structure and phylogeny, and sometimes may be used
to produce a new species or a new crop. However, crossing plants
from two different species is more challenging and has limited success.
There are three main barriers to wide hybridization: (i) incompat-
ibility between parent species; (ii) inviability of the Fy hybrid; and (iii)
sterility of the F; hybrid or its progeny (Sharma and Gill, 1983). Some
of these are prezygotic barriers that occur before fertilization, whereas
some are postzygotic barriers that occur after fertilization. Postzygotic
barriers may lead to the isolation of different populations by reducing
hybrid fitness (Lopez-Fernandez and Bolnick, 2007). Hybrid sterility
is one of the postzygotic barriers, in which the hybrids that survive are
unable to reproduce their offspring. Such reproductive barriers
generally hinder transferring of genes for useful characters in the
cross-breeding of crops. Despite the importance of these barriers, little
is made clear about the kind of molecules related to hybrid sterility
and how they arise in the course of speciation (Kubo et al., 2008).
Thus, to understand the genetic mechanism of postzygotic barriers in
wide hybridization of plants, we must identify the genes affecting
fertility.

The location and effect of reproductive barriers have been
estimated historically by analyzing their association with a mapped
morphological trait or biochemical trait loci. However, high-resolu-
tion mapping has clearly revealed the genetic architectures underlying
the sterility of hybrids between different species. Genetic linkage maps
are useful tools for mapping traits of interest and for studying the

evolution of genomic organization (Fishman and Willis, 2001; Chen
and Tanksley, 2004). For instance, interspecific linkage mapping
makes it possible to locate the genetic basis of reproductive isolating
mechanisms in natural populations that may lead to speciation
(Moyle and Nakazato, 2008) and genetic regions that control mating
system variation (Chen and Tanksley, 2004; Chen et al., 2007).
DNA markers can be used to analyze quantitative trait loci (QTL)
that may contribute to reproductive isolation. However, four impor-
tant limitations exist in the study of reproductive barriers using QTL
analysis. First, as a phenotype of an individual, sterility is determined
both by genotypes of its own and by genotypes of its progeny.
Without information of the genotypes of the aborted gametes and
zygotes, it would be difficult to use the QTL method to analyze hybrid
sterility. Second, the traits selected to be investigated are restricted to
those believed, a priori, to be involved in the isolation mechanisms.
Third, it is difficult to compare the isolation efficiency among
different traits detected as reproductive barriers by QTL analysis.
Finally, deviations in allele frequencies can weaken the statistical
sensitivity for the identification of QTL, which could affect sterility or
inviability at the reproductive barrier (Harushima et al., 2001). DNA
markers can also be used to study reproductive barriers by analyzing
deviations from expected Mendelian segregation ratios. Hybrid
sterility genes can lead to segregation distortions at such loci and at
the marker loci linked to them. Several studies have been reported for
investigating reproductive barriers by the analysis of segregation
distortions of DNA markers. Cheng et al. (1996) presented a method
for estimating the recombination fractions between a lethal factor
locus and molecular markers nearby; the relative viability of gametes
or zygotes affected by the lethal factor was obtained using the
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maximum likelihood (ML) approach and the expectation conditional
maximization (ECM) algorithm in an F, population. The ML
method, the bayesian method and the multiresponse nonlinear
regression method based on molecular markers were developed to
map segregation-distorting loci (SDL) that caused deviations from
expected Mendelian segregation ratios in different crops (Vogl and
Xu, 2000; Harushima et al., 2001; Harushima et al., 2002; Lu et al.,
2002). Luo and Xu (2003) extended the ML method to map viability
loci in outbred populations, which used the observed marker
genotypes as data and the proportions of the genotypes of the
viability locus as parameters. In two F, populations of rice (Oryza
sativa L.), a multipoint method of ML was used to estimate the
positions and effects of the SDLs (Wang et al, 2005). The agreement
between chromosomal regions exhibiting marker transmission ratio
distortion (TRD) and QTLs known to contain hybrid incompatibility
was evaluated qualitatively and quantitatively in a genome-wide scale
(Moyle and Graham, 2006). A multipoint ML method was proposed
for estimating the location and the effect of SDL under the liability
model along with selection coefficients of marker genotypes and
recombination fractions (Zhu and Zhang, 2007). Chen and Walsh
(2009) presented an ML method for genetic mapping of a female
partial-sterile locus in a backcross population using the genotype data
of molecular markers. However, a common limitation in the methods
mentioned above is that they cannot address the problem of mapping
sterile loci with epistasis.

Dobzhansky (1936) and Muller (1942) suggested a two-locus
model in which deleterious epistatic interaction among different loci
results in hybrid inviability. This model is still widely accepted in
plants and animals, and can also be used for the analysis of hybrid
sterility. In addition, hybrid sterility shows a typical polygenic
inheritance; hence, it is conceivable that the interaction among the
polygenes is related to the sterility mechanism (Kubo et al., 2008).
Recent studies have mapped the epistatic genes underlying hybrid
sterility and inviability in diverse animal species such as Drosophila
(Orr and Irving, 2001; Chang and Noor, 2010) and in plants such as
Solanum (Moyle and Nakazato, 2009) and rice (Kubo et al, 2008;
Garavito et al., 2010; Kubo et al., 2011). Epistasis in more than two
loci could therefore be fundamentally important in determining
patterns and rates of evolution of isolation between diverging species.
Nonetheless, the prevalence and nature of interactions between more
than two loci from one or both species involved in a hybridization
(that is , ‘complex epistasis’), and their effects on hybrid incompat-
ibility, are poorly understood empirically (Moyle and Nakazato,
2009).

In this study, we developed a new method for mapping sterile genes
with epistasis in wide hybridizations of plants using a BC design. The
ML method was used to estimate the location and intensity of the
reproductive barriers. The relative viability of a gamete carrying a
sterile allele was also estimated as compared with that of a normal
one. The ML solutions of the parameters were obtained via the
expectation maximization (EM) algorithm (Dempster et al., 1977). To
illustrate the method, a simulation study was presented. As an
application of the proposed method, the reproductive barriers of an
interspecific hybrid between cultivated rice, O. sativa, and its wild
African relative, Oryza longistaminata, were analyzed, using a satu-
rated molecular map (Causse et al., 1994).

THEORY

Genetic model

We developed the model under a BC design. The parents that initiate
the cross were assumed to be pure inbred lines. The parents P,
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(mymysisymymy, msmssysymgmy) and Py (MiM§,S1MpMy, MM
S8, M4M,) were crossed to produce the F; hybrid, where M;-m,
and M,-m, are two molecular markers flanking the sterile locus S;-sy,
Ms-m3 and My-my are two molecular markers flanking the sterile
locus S,-s5, and S;-s; and S;-s, are two non-linked loci that are
located on different chromosomes. The order of the loci is M;-S;-M,
and M3-S,-M,. The recombination values between M; and S;, S;-M,,
M;-S, and S,-My are ry, 1), r3 and ry, respectively. The F; hybrid from
P; x P, cross is backcrossed to one of its parents (here P,) to produce
a BC population of n individuals. When the F; of the cross is used as
the maternal parent, the female sterility loci can be mapped, and
when the F; of the cross is used as the paternal parent the male
sterility loci can be mapped. We only consider the situation in which
the F; of the cross is used as the maternal parent (F; x P;), in which
female gametes generated by the F; hybrid are subjected to the
selection of sterile genes s; and s,. The viability of female gametes with
haplotype s,S;, Sis; and s;s,, relative to the normal gametes with
haplotype S1S,, are u, v and x, respectively, where x denotes the
epistasis between sterile genes s; and s,.

We aim to map loci that may contribute to female gamete sterility
using mapped molecular markers on the genome. The parameters are
the positions, effects and epistatic effects of these loci. For the six loci
in the model, there are 64 kinds of offspring from the F; hybrid in the
BC population. However, we cannot observe the genotypes of sterile
loci S;-s; and S)-s, directly, and the genotypic data here are the
observed marker genotypes only. The expected frequencies of the
16 kinds of genotypes at M;-M, and M3-M, in the BC population
are listed in Table 1.

Parameter estimates

We set n as the total number of individuals in the BC population, and
n; (i=1,2, ..., 16) as the observed phenotypic counts of the 16 kinds
of genotypes at marker loci M, My, M5 and M. Then the likelihood
function is as follows:

n! ;s
L:WHIE (1)

where p; (i=1,2,...16) is the expected frequency of the ith pheno-
typic class at molecular marker loci M;, My, M3 and My. The data are
the phenotypic counts corresponding to the molecular marker
genotypes listed in Table 1. The parameters including recombination
fractions 1y, 15, 13, 74, and the differential viability u, v and x are
estimated in this study.

Theoretically, the Newtow—Raphson method can be used to obtain
the ML estimates of parameters in equation (1), but the second
derivatives are complex, and it is very difficult to obtain the explicit
solutions for all parameters. Hence, the EM algorithm (Dempster
et al., 1977) was applied to estimate the parameters.

We assumed that the four kinds of genotypes S;S,, 5155, Si5, and
515, are observable in the complete data set, although they are actually
missing data. When all the 64 genotypes of markers and sterile loci
were observable, the complete information likelihood function could
be expressed as follows:

l 64
L=~ —II1I¢/ 2)
[IIIny! =1
i=1j=1
where p;; and n;; are the expected frequency and the observed number
of the jth sterile genotype in the ith marker genotype, respectively.
The partial derivative of the kth parameter in the logarithm likelihood
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Table 1 Expected frequencies of 16 genotypes of molecular markers in the BC population

167

Genotype Expected relative frequency (p;) Observed counts (n;)
MiMoMsMy [(1 =)L =) (1 —r3)(1 —rg) + riro(l —r3)(1 —rg)u+ (1L —n)(1 —ro)rsrav+ rirprsraxl/D m
MiMoMsmy [(1 =)L =) —r3)ra+ rir(1 —r3)rau+ (1 —r )1 —r2)ra(1 —ra)v+ riror3(1 —ra)xl/D nyp
M1M2m3M4 [(1 —fl)(l —f2)f3(1 —r4)+ f1f2f3(1 —f4)U+(1 —f])(l —f2)(1 —f3)f4V+ flfz(]. —I’3)f4X]/D n3
MiMomzmy (1 —r))(1 —r)rarg + nrorarau+ (1 —n )1 =)L —r3)(1 —rg)v+ rnro(l —r3)(1 —r)x1/D Ny
MimoMs3My [(1—r)ro(l —r3)(1 —rg) + (L =) (1 —r3) (1 —rg)u+ (1 —n)rorsrav+ ri(1 —r)rarmxl/D N5
MimoMsmy [(1 =)ol —r3)rg + (1 =)l —r)rau+ (1 —rn)rors(1 —r)v+ ri(1 —r)rs(1 —r)x)/D ng
MimomsMy (1 —r)rors(1 —rg) + (1 —r2)ra(1 —rg)u+ (1 —r))ro(1 —r3)rav+ (1 —rp)(1 —r3)raxi/D ny
Mimomsmy [(1 =n)rorsra+ (1 —r)rarau+ (1 —r)ro(1 —r3)(1 —ra)v+ (1 —ro)(1 —r3)(1 —ra)x)/ D ng
miMoMsMy [ (L =) (1 =) (1 —ra) + (1 —r)ro(1 —r3) (1 —ra)u+ ri(1 —r2)r3rav+ (1 —r)rarsraxl/D ny
miMoMsmy [n(1—r)(1 —r3)ra + (1 —r))r(l —r3)rau+ (1 —r)r3(1 —rg)v+ (1 —r)rors(1 —rg)x)/ D no
m;MomsMy [n(1—r)r3(1 —rg) + (1 —r))rors(1 —rg)u+r (1 —rp)(1 —r3)rgv+ (1 —r)ro(1 —r3)raxl/D mai
miMomsmy [n(1 =n)r3ra+ (1 —n)rrru+ (1 =)l =) (1 —rm)v+ (1 —r)r(l =) (1 —r)xl/D no
mymoMsMy [rr(l —=r3)(1 —rg) + (1 —=r)(1 =) (1 —r3) (1 —rg)u+ rirorarav+ (1 —r)(1 —r)rarxl/D ms
mymoMsmy [nro(l —r3)r+ (1 —n )1 =)l —r)rau+rreors(l —r)v+ (1 —n)(1 —r)rs(1 —r)x)/D ma
mimomsMy [r1rors(1 —rg) + (1 —r)(1 —r2)r3(1 —rg)u+ (1l —r3)rav+ (1 —n)(1 —r)(1 —r3)rx1/D ms
m;momsmy [rirorara + (1 —n)(1 —r)rarau+ rir(1 =) (1 —r)v+ (1 —n)(1 —r)(1 —r3)(1 —ra)x1/D Mme
Total 1 n

D=1+u+v+x
is as follows:

OInL _ A~y Ipy
50:= 50, ZZ 90, ©)

11*1’J

where O =r},15,13,14UV,X.

Setting the above partial derivatives Sy, to zero and then solving the
equations, we can get the ML estimates. The iterative expressions of
the parameters are as follows:

S (i +mia) + 3515 (i + i)
n= (4)

n

Z?zs (nin +ni3) + 2213 (i 4 ni3) + S, (i + i) + Z,lig (ni2 + nis)
n
(5)
ZLI ijzl (n4xi— 1+ n4xi,j) + Z?:U 2?23 (ﬂ4xi+1,j + n4><i+2‘j)

=

r3 =
n
(6)

. 2,7:0 ("2xi+1,3 + Moxit 1,4) + Zle (n2><1l,1 + nzxi,z) )
* n

21121 niz

>oici Mit

16

= Zi:l i3 (9)

2}21 nj1

16
i 2i= i (10)

Dim1 Ml
As the n;; values in the above equations are not the observed genotype
counts, the parameters cannot be estimated directly. However, the EM
algorithm could solve this issue, which includes the following steps:
(1) Initializing the parameters: the initial value of recombination
fraction rk((’)(k: 1, 2, 3, 4) is one of the numbers between 0 and 0.5,
and the viability coefficient (1, v, x) is initialized with 1;

(2) The E-step is to calculate the counts n;; by using p;;, p; and
genotype counts #;:

= %Xn, (= 1,2,3,4) (11)

1
(3) The M-step is to update the parameter estimates by equations
(4-10).
Tterate the E-step and the M-step until convergence is reached, that
is, |0+ —] <106,

Significance test

The null hypothesis Hy: u=1, v=1, x=1 was applied to test the
sterile loci without viability selection, and the statistic of the
likelihood ratio (LR) test can be expressed as follows:

LRy =2[L(i1,v,%,7) — L(u=1,v=1,x=1,7)]

where L(-) is the logarithm likelihood, and LR; approximately
follows the y? distribution with three degrees of freedom (X?jf:s)
under the Hy hypothesis. Furthermore, to test whether the epistatic
effects exist, another null hypothesis Hy: x=1 was adopted. The LR
statistic is:

LRy=2[L(, 7, %, 7) — L(ii, », x=1, 7]

LR, approximately follows a Xfile distribution. To control the false
discovery rate (FDR), we took the multiple test proposed by
Bonferroni, with o =a*/N, where N is the number of hypotheses
and o is the value of significance level 0.01 or 0.05. The set of tests to
which this procedure is applied consists of all the null hypotheses
corresponding to the combinations of marker intervals involved in the
genome scan for the sterile genes.

APPLICATIONS

To illustrate the application of this method, simulation experiments
were conducted, and the real data set from one cross in rice was
analyzed, which was generated between cultivated species of rice
(O. sativa) and its wild African relative (O. longistaminata).

Monte Carlo simulation
In the simulation experiments, two chromosomes were simulated.
One of them was spaced equally with 10 markers, the total length of
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which was 180 cM; the other contained eight markers equally
distributed and the total length was 140 cM. Two sterile loci s; and
s, were located in the two chromosomes, s; was in the interval
between marker six (denoted as 1M6) and marker seven (denoted as
1M7) on the first chromosome, s, was in the interval between marker
four (denoted as 2M4) and marker five (denoted as 2M5) on the
second chromosome. The genetic distance between s; and 1M6 was
9cM and that between s; and 1M7 was 11 ¢cM. The genetic distance
between s, and 2M4 was 12 ¢cM and that between s, and 2M5 was
8 cM. Three factors considered in these simulation experiments were
the sample size of the population (ranging from 50 -500), the
intensity of viability (0-1) and the recombination fraction between
sterile loci and linked markers (0-0.5). Each process was carried out
with 1000 replicates, and the performances of all parameter combina-
tions were evaluated using the bias and standard deviations of these
replicates.

A data set with 300 individuals was simulated as an example and the
estimates of parameters are listed in Table 2. In this example, only in
the intervals where the putative sterile genes were located, that is, the
interval between markers 1M6 and 1M7 (designated as IMg;) and the
interval between 2M4 and 2M5 (designated as 2Mys), were the
estimates for the seven parameters very close to their true values. The
farther the interval markers are from the flanking marker combination
IMg7-2Mys, the greater the estimates of viability (u, v and x) tend to
deviate from the respective true values. When the markers were farther
enough from the sterile loci, the estimates of viability (¢, v and x) tend
to be 1, which means that these markers are in normal segregation.

The LR statistics for the tests on the presence of viability selection
(LRy) and epistasis between loci (LR,) are obtained using the
estimates of the seven parameters. The results are shown in
Figure 1. The maximum values of LRy and LR, are both observed
at the sixth interval marker (1Mg;) and the fourth interval (2Mys) of

the two chromosomes, that is, the flanking marker combination
IMg;-2Mys, which contains the sterile genes s; and s,. The cutoff
o values in the multiple tests for LR; are 7.94e —4 (o* =0.05) and
1.59¢ —4 (o¥* =0.01), and those for LR2 are 9.40e —4 (o = 0.05) and
l.1le—4 (o*=0.01). The P-values of the y>-test for the seven
estimates in the 1Mg;-2My5 are very significant (P<1.59¢ —4). This
example shows that the estimates obtained with the new method are
unbiased and the hypothesis tests behave as expected.

There are three factors that influence the estimation of parameters,
including sample size for the mapping population, viability intensity
and recombination fractions between the sterile genes and flanking
markers. The effects of these factors on the estimation of parameters
are presented in Figure 2, where the standard deviations and the bias
from 1000 replicates are plotted. The results show that: (1) when the
sample size of the BC population is larger than 100, the estimates for
the locations and effects of the sterile genes are nearly unbiased and
the increase in sample size can decrease bias and make it close to zero
ultimately (Figure 2a); meanwhile, their standard deviations are also
small and decrease with increasing sample size. (Figure 2b). (2) When
the parameter r; is less than 0.35, little bias is introduced in the
estimates of other parameters; when the recombination fraction r; is
larger than 0.35, the bias of parameters u and r, increases sharply.
This may be due to the fact that the parameters u, r, and r; are all
about the same sterile gene s1 in the same interval; simultaneously, the
standard deviation has a similar trend with bias of parameters
(Figure 2d). (3) As viability effect u increases from 0 tol, the bias
and the standard deviation of the parameters 1, r, and u increase
gradually; however, all these values are smaller than 0.15, and other
parameters are unaffected (Figures 2e and f). These results demon-
strate that the proposed method is the most efficient when the sample
size is large (>100), recombination is small, and there are strong
viability effects.

Table 2 The result of parameter estimates in the Monte Carlo simulation

r ro rs3 rg u v X

IMyo-2My 2 0.1690 0.0195 1.94e -01 3.27e-07 0.7986 0.6437 0.5389
1IMp3-2Mp3 0.1924 5.99e -05 1.80e -01 1.68e -02 0.6929 0.4916 0.3783
1IM34-2M34 0.1892 1.81e-04 1.86e-01 8.01e-03 0.5615 0.3203 0.2064
1Mys-2M34 0.1754 0.0263 1.86e -01 7.71e—-03 0.4026 0.3212 0.1522
1IMs6-2Mys 0.1914 5.52e -06 1.11e-01 0.07817 0.2004 0.2024 0.0728
1Mg7-2Mys 0.0907 0.1106 0.1118 0.0781 0.0988 0.1985 0.0534
1Meg7-2Ms6 0.0936 0.1137 1.34e-03 1.91e-01 0.10066 0.2763 0.0617
1IM7g-2Ms¢ 2.45e-14 0.1925 4.96e —05 1.92e -01 0.2244 0.2801 0.0973
1Mgg-2Me7 2.92e -05 0.1934 1.66e —08 1.92e -01 0.4486 0.4881 0.2484
1Mog10-2M78 0.0077 0.1802 2.37e—-05 1.90e -01 0.6230 0.6648 0.4321
True value 0.0890 0.1082 0.1177 0.0793 0.1 0.2 0.05

The bold entries in Table 2 highlight the intervals (1M67-2M45) the putative sterile genes were located, where the estimates for the seven parameters are very close to their true values.

Figure 1 The likelihood ratio (LR) value of the hypothesis test in the Monte Carlo simulation. (a) The test of viability selection; (b) the test of epistasis.
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Figure 2 The influence of sample size, recombination fraction and viability on the estimates of parameters. a and b show the bias and sd of r, u, vand x in
different sample sizes (r1 =0.15, r2=0.1, r3=0.12, 4=0.2, u=0.1, v=0.2, x=0.05); ¢ and d show the bias and sd of r, u, v and x in different
values of recombination fraction r1 (r2=0.1, r3=0.12, 4=0.2, u=0.1, v=0.2, x=0.05); e and f show the bias and sd of r, u, v and x in different
values of viability v (r1 =0.15, r2=0.1, 3=0.12, 4=0.2, v=0.2, x=0.1).

Table 3 The position of sterile genes in cultivated-wild rice
hybridization

Table 4 The effect of sterile genes in cultivated-wild rice
hybridization

Sterile gene Chromosome Interval

sp! 1 RG147-RG400
sp° 3 RZ742B-RZ993X
5p° 6 RG1028-RG456
58 8 RZ926-CD0595
5,10 10 RZ625-RZ561

Real data analysis

As an application of the new method, a real data set of a rice BC
population was analyzed using a saturated molecular map. This
population (O. sativa/O. longistaminata//O. sativa) stemmed from an
interspecific hybrid between two species of rice, cultivated (O. sativa)
and its African wild relative (O. longistaminata) (Causse et al., 1994).
The RFLP mapping data from the O. sativa x O. longistaminata cross
were provided by Susan R. McCouch from the Department of Plant
Breeding and Genetics, Cornell University. O. longistaminata species
are isolated from the other species of AA genome by a strong
reproductive barrier (Causse et al, 1994). The molecular map
comprised 726 markers, and five sterile genes, named s;!, 5%, 5,5,
5,8 and s,'0, were detected on the 1, 3, 6, 8 and 10 chromosomes.
The locations and epistatic effects of these sterile loci are shown in
Tables 3 and 4, respectively. We found significant epistasis in four
pairs of sterile genes (Figure 3). As the population was generated by
crossing the interspecific hybrid F; as the female parent to the
cultivated rice as the male parent, the sterile genes detected should be
female sterile genes. The same sterile gene got similar estimates of
viability effects in different marker combinations (Table 4). Table 4
shows that the effect of epistasis from sterile genes at least less than
the effect of one sterile gene, and also exist the situation under which
the epistasis effect less than two sterile genes effects.

DISCUSSION
Sterile genes in wide hybridizations have already been reported in
several species in plants and animals. Genetic mapping of sterile genes

Sterile gene 1 Sterile gene 2 u v X LRy LRy

Name Chr. Interval ~ Name Chr. Interval

spt 1 RG147- 553 3 RZ742B- 0.25 0.38 0.19 26.17 16.95
RG400 RZ993X

spt 1 RG147- 5,8 8 RZ926- 0.21 0.70 0.46 15.41 6.48
RG400 CD0595

553 3 RZ742B- s 6 RG1028- 0.31 0.62 0.31 16.00 8.86
RZ993X RG456

553 3 RZ742B- 5,10 10 RZ625- 0.41 0.69 0.44 11.07 6.23
RZ993X RZ561

Abbreviation: Chr., chromosome.

plays a very important role in theoretical research and practical
application (Song et al., 2005). The traditional methods for mapping
sterile genes often depend on the data of seed set in the plant, rate of
pollen stained with I,-KI, or embryo-sac morphology (Chen and
Walsh, 2009, and references therein). These traits are vulnerable to
environments and the criterion of sterility level is not consistent
among different researchers. Some methods have been developed to
map sterile genes or segregation distortion loci (Vogl and Xu, 20005
Luo and Xu, 2003; Luo et al., 2004; Wang et al., 2005; Chen and
Walsh, 2009). These approaches take advantage of using the distorted
segregating molecular markers linked to sterile genes, which circum-
vents the problems with seed set, rate of aborted pollen or embryo-sac
morphology, but none of them took into account the existence of
epistasis among sterile loci. Although epistasis is commonly believed
to play a role in hybrid sterility, few studies have been conducted to
detect the epistatic effects between sterile loci contributing to the
unfitness of the hybrid. In this paper, we presented a statistical
method using distorted segregating markers for mapping sterile genes
with epistasis in wide hybridizations of plants in a BC population.
The new method can effectively avoid the shortcoming of environ-
mental influences and the inconsistency in the criteria of sterility.
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Figure 3 The position and epistasis of sterile genes in the BC population (Oryza sativa/Oryza longistaminata//Oryza sativa). The broken lines indicate the
location in the flanking markers, and double-arrow polylines connect the interacting loci and indicate that epistatic effects were detected among four pairs



In classical genetics the term epistasis refers to several kinds of gene
interactions, including complementary, additive, duplicate effect etc.
(Phillips, 1998). These effects cause the fixed segregation ratio of traits
in the offspring population by which the type of epistasis can be
defined. However, in the most practical situation, the epistasis type is
difficult to distinguish completely because of the complex relation of
genes and the influence of the environment. When the general traits
are subject to multipoint gene interactions, the quantitative method is
utilizable. However, the epistasis of sterile genes is different from
traditional epistasis. The effect of some sterile genes can cause an
individual to be dead, and when there are many sterile genes in an
individual the expression in one sterile gene may affect that in others;
thus, the epistatic interactions among them are complicated. For
studying the epistasis of sterile genes, the epistasis considered in this
paper is taken as a single parameter, which may include different
kinds of epistasis in its conventional definition; this can solve the
practical problem and lower the complexity of the method for
estimating.

The epistatic effects have been found among four pairs of sterile
genes in the real data analysis in the BC population from interspecific
hybridization rice by our method. From the relation of epistasis effect
(x) and the main effects of sterile genes (u, v), we find that the
parameter x is less than one of the two main effects or less than both
of them. It is different from the situation of dominant epistasis or
recessive epistasis in the classical genetics, which is in accordance with
the model and the assumptions we proposed completely. The
parameter x is the epistasis effect of two sterile genes existing in a
gamete; 1 and v are the effects of only one sterile gene. In the process
of gamete generation, the gametes include 0, 1 and 2 sterile genes
whose viability effect corresponds to 1, u or v, x, respectively.
The result confirmed the feasibility of our method in practical
application.

The method presented in this paper uses the flanking markers in a
BC population. We also developed the method using the single
marker and flanking markers in two different chromosomes, which is
similar to the interval method except that one less solution of
recombination fraction is to be estimated. The interval method
makes use of the largest amount of marker information, and hence
it is more accurate for parameter estimation; however, the calculating
amount is great while scanning the whole genome. When one sterile
gene in the chromosome is a candidate gene and linked closely with
the marker, such as wide compatibility gene s5” (Ouyang et al, 2010),
the loci-interval method is suggested to detect epistasis among s5"
and other loci. When sterile genes are unknown the method in
this paper is more suitable. For species in which it is easy to obtain a
BC population, such as rice, our method is useful. However,
for difficult cross-species, such as soybean, F, rather than backcross
population is more frequently used for mapping. Further studies
are required to develop methods for other types of experimental
designs.
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