
Theoretical Population Biology 77 (2010) 105–118
Contents lists available at ScienceDirect

Theoretical Population Biology

journal homepage: www.elsevier.com/locate/tpb

FST in the cytonuclear system
Xin-Sheng Hu
Department of Renewable Resources, 751 General Services Building, University of Alberta, Edmonton, AB, Canada T6G 2H1

a r t i c l e i n f o

Article history:
Received 8 July 2009
Available online 11 December 2009

Keywords:
Cytonuclear disequilibrium
Population structure
Mating system
cpDNA
mtDNA

a b s t r a c t

Selection on nuclear (or organelle) sites inevitably affects the spatial distribution of a neutral organelle
(or nuclear) allele via transient cytonuclear disequilibrium. Here I examine this effect in terms of Fst for a
neutral allele by bringing together cytonuclear genomes with contrasting modes of inheritance. The rela-
tionships between cytonuclear disequilibrium and increment in Fst are explored and confirmed through
Monte Carlo simulations. Results show that the transient increment in Fst for a neutral allele is not only
related to the vectors of seed and pollen dispersal but also to the mode of its inheritance. Such incre-
ments can be substantial under certain conditions. Seed dispersal is more effective than pollen dispersal
in changing the transient increment. The cumulative effects frommultiple selective nuclear sites can am-
plify the transient increment in Fst for a neutral paternal or maternal organelle allele. Selection on selec-
tive organelle sites facilitates the transient increment in Fst for a neutral nuclear allele. Partial selfing can
significantly reinforce the transient increment in Fst . These theoretical insights highlight the roles of tran-
sient cytonuclear disequilibrium as a biological factor in evolving population differentiation and refine
our practical interpretations of Fst with cytonuclear markers.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Wright’s Fst , a standardized variance of allele frequency among
subpopulations, is an important measure for population differen-
tiation (Wright, 1969). In an evolutionary model with the forces
of migration and genetic drift, this measure has been extensively
used for different purposes in practice, such as the indirect esti-
mation of gene flow (Slatkin, 1985) and the neutrality test at in-
dividual loci (Lewontin and Krakauer, 1973). Other evolutionary
forces (e.g., mutation and selection) can also modify Fst to differ-
ent extents (Wright, 1969; Whitlock and McCauley, 1999). One
important modification of Fst for a neutral allele comes from the
effects of its linked selective site due to the linkage disequilib-
rium (LD) between them, broadly termed as genetic hitchhiking
effects (Maynard Smith andHaigh, 1974; Charlesworth et al., 1993;
Barton, 2000). Our current understanding of genetic hitchhiking
effects on Fst is mainly attributable to the studies on the strictly
nuclear genome system.
When the cytonuclear system, one of the most important

symbiotic systems among living organisms (Rand et al., 2004;
Dowling et al., 2007), is considered, the transformation from the
nuclear to cytonuclear system cannot be simply realized in plant
species, except for a large random mating population without ge-
netic drift and migration effects. This is because the evolution for
a cytonuclear system in a finite population with genetic drift and
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migration effects is related not only to the asymmetric vector of
genome dispersal, but also to the mode of genome inheritance
(Ennos, 1994; Mogenson, 1996). Furthermore, the presence of cy-
tonuclear epistasis can reinforce the complexity of this transforma-
tion (Asmussen et al., 1987; Dowling et al., 2007; Wolf, 2009). In
relation to the genetic hitchhiking effects, such differences be-
tween the two systems lead to the unsuitability of applying the
theory for the nuclear system to the cytonuclear system. Incor-
rect prediction of Fst in the cytonuclear system can be resulted if
we simply set the recombination rate as 1/2 in the genetic hitch-
hiking theory for the nuclear system. In reality, influences from
cytonuclear genomes are often neglected in interpreting Fst with
cytonuclear markers, partly due to the lack of appropriate the-
oretical support. In this study, I bring together different combi-
nations of cytonuclear systems to show how genetic hitchhiking
effects change Fst for a neutral allele in the cytonuclear system. The
genetic basis for such a joint analysis is the presence of cytonuclear
disequilibrium.
Ample evidence demonstrates the existence of cytonuclear dis-

equilibrium, primarily in hybrid zones (Arnold, 1993; Monsen
et al., 2007), but the type of cytonuclear disequilibrium between
neutral and selective sites is rarely clarified for mechanism. As
implied from previous studies (Hu and Li, 2002; Hu, 2008), migra-
tion can produce this type of cytonuclear disequilibrium in struc-
tured populations. The neutral allele frequency at a nuclear (or
organelle) site can be altered by selective organelle (or nuclear)
sites through cytonuclear disequilibrium. In the nuclear system, LD
between selective and neutral nuclear sites generated by random
genetic drift can transiently inflate the variance of neutral allele
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frequencies among subpopulations (Barton, 2000). This is explic-
itly demonstrated in hermaphroditic plant species (Hu and He,
2005). Thus, it is of both theoretical and practical significance to
study how cytonuclear disequilibrium affects Fst for a neutral nu-
clear (or organelle) site.
Like LD between selective and neutral sites in the nuclear sys-

tem (Barton, 2000), cytonuclear disequilibrium between selective
nuclear (or organelle) and neutral organelle (or nuclear) sites is
transient. One reason is that recombination between physically
unlinked cytonuclear genomes reduces cytonuclear disequilibrium
with generations. Another reason is that mutation recurring at ei-
ther nuclear or organelle sites changes the existing pattern of cy-
tonuclear disequilibrium in structured populations and migrants.
Further, genetic drift can facilitate the extinction of neutral alle-
les. Nevertheless, when the time required formutation recurring at
the focal nuclear or organelle site,∼100 Myrs (Wolfe et al., 1987),
is longer than the time required for the occurrence of a balance
among effects of migration, selection, genetic drift, and recombi-
nation, stable cytonuclear disequilibrium can be maintained for a
certain period of time. This is similar to a transient neutral cline
in the nuclear system (Barton, 1979, 1986; Barton and Bengtsson,
1986), or in the cytonuclear system (Hu, 2008). Here, the steady-
state cytonuclear disequilibrium, maintained by the joint effects of
migration, genetic drift, and selection, is formulated for plantswith
a randommating system.
The purpose of this study is to examine the effects of selective

nuclear (or organelle) sites on Fst for a neutral organelle (or nu-
clear) allele. An earlier study has explored the roles of transient
cytonuclear disequilibrium in impeding the spread of a neutral nu-
clear or organelle allele in an ecological hybrid zone (Hu, 2008).
Here, I continue to explore the roles of transient cytonuclear dise-
quilibrium on the spread of a neutral nuclear or organelle allele in
space, in terms of Fst in the classical islandmodel (Wright, 1969). In
my analysis of Fst in the cytonuclear system, a mixed mating sys-
tem is investigated. Selfing facilitates cytonuclear disequilibrium
in plant species (Asmussen et al., 1987, 1989; Maroof et al., 1992;
Asmussen and Orive, 2000; Overath and Asmussen, 2000), similar
to its function in generating LD between nuclear sites. Partial self-
ing exists in plant species where nuclear and organelle genomes
have contrasting modes of inheritance (Mitton, 1992; Mogenson,
1996). In the following sections, three systems are separately ex-
amined: effects of the selective nuclear sites on Fst for a neutral
organelle allele with paternal or maternal inheritance; effects of
selective organelle sites on Fst for a neutral nuclear allele. Monte
Carlo (MC) simulations are used to evaluate transient increments
in Fst for a neutral allele since few empirical studies are recorded.
Inferences on the transient increment in Fst are drawn from both
analytical and simulation results.

2. General assumptions

The models deal with a hermaphroditic plant species distribut-
ing in the form of classical island model of population structure
(Wright, 1969), with constant immigration rates of seeds (mS)
and pollen (mP ) per generation in each subpopulation. Through-
out the analysis, only diallelic sites are considered for either selec-
tive or neutral sites. This is appropriate for most single nucleotide
polymorphism (SNP) sites because tri-/tetra-allelic SNP sites are
infrequent in natural populations. The selective SNP sites may
refer to those adaptive quantitative trait nucleotides (Mackay,
2004). Mutation rate is assumed to be much smaller than the
migration rate and its effects are not included. Mutation effects
could have a similar mathematical form to migration under the
island/continent model (Datta et al., 1996). The genetic variation
at the selective sites is subjected to a balance between the effects
of selection and migration, similar to the previous considerations
in addressing genetic hitchhiking effects or associative overdomi-
nance effects except that mutation is not included here (Ohta and
Kimura, 1970; Nordborg et al., 1996; Hu and He, 2005). Weak se-
lection is considered throughout this study at the sporophyte stage
so that the items containing the second or higher order of selec-
tion coefficients are neglected. The cytonuclear epistatic effects on
fitness are excluded (Asmussen et al., 1987; Hu, 2008). Whenmul-
tiple selective nuclear sites are included, a multiplicative-viability
model is employed to calculate mean population fitness. The life
cycle for each subpopulation follows a sequence of events: pollen
flow, combination between pollen and ovules (with or without
partial selfing), seed flow, diploid selection, genetic drift, and next
adults. This procedure is the same as Hu and He (2005) except that
the cytonuclear system is emphasized here.
For the effective population size of individual cytonuclear

genomes, each subpopulation is assumed to have the same
effective population size, Ne. The effective number of diploid nu-
clear genomes (biparentally inherited) is 2Ne in each subpopu-
lation. The effective number of organelle genomes (paternally or
maternally inherited) in each subpopulation is Ne by assuming
haploid (homoplasmy) organelle genomes (Birky, 1995). This as-
sumption can be relaxed usingNm andNp for the effective numbers
of maternally and paternally inherited genomes, respectively (Hu
and Ennos, 1999).

3. Nuclear and paternally inherited organelle genome system

In this section, effects from selective nuclear sites on Fst(P) for a
neutral organelle allelewith paternal inheritance are concentrated.
I first look at the mixed mating system (Asmussen et al., 1987),
which can naturally occur in many conifer species where chloro-
plast genomes are paternally inherited (Mitton, 1992; Mogenson,
1996). In this case, only MC simulations are used to evaluate the
effects of partial selfing on Fst(P) due to the difficulty of analytical
deduction. I then look at the randommating system where Fst(P) is
formulated and evaluated throughMC simulations. The results can
be applied to plants with the randommating system, or used as an
approximation to plants with a nearly complete outcrossing rate
(Mitton, 1992).

3.1. Mixed mating system

For simplicity, consider a selective nuclear site and a neutral
organelle site, with alleles Ai and ai at the i nuclear site, and
alleles B and b at the neutral organelle site, respectively. Let
pAiAiB(l) (l = 1, . . . , L) be the frequency of genotype AiAiB at the
current generation (adults) in the lth subpopulation and pAi(l) and
pB(l) be the frequencies of alleles Ai and B in the lth subpopulation,
respectively. Notation for the frequencies of the remaining
genotypes and alleles can be denoted in the same way. Let
DAiAiB(l) (= pAiAiB(l)−pAiAi(l)pB(l)) and DAiB(l) (= pAiB(l)−pAi(l)pB(l)) be
the genotypic and gametic disequilibria in the lth subpopulation,
respectively. Notation for the remaining gametic and genotypic
disequilibria can be set in the same way (Asmussen et al., 1987).
Some statistical properties for estimating these disequilibria have
been explored (Basten and Asmussen, 1997; Dean and Arnold,
1996; Sarchez et al., 2006) and are not repeated further.
Let 1 + si(l) be the genotypic fitness for AiAiB or AiAib, 1 +

hi(l)si(l) for AiaiB or Aiaib, and 1 − si(l) for aiaiB or aiaib in the
lth subpopulation, where si(l) is the selection coefficient and hi(l)
is the degree of dominance. The selective nuclear site evolves
independently from the neutral organelle site. The steady-state
frequency of Ai in the lth subpopulation at the balance between
the effects of migration and selection is derived as
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0 =
(
mS +

1− α
2
mP

)
(QA − pAi(l))

+ si(l)(1− α)pAi(l)pai(l)
(
1+ (pai(l) − pAi(l))hi(l)

)
+ si(l)αpai(l)

(
pai(l) +

1− (1− α)hi(l)
2− α

pAi(l)

)
, (1)

whereα is the selfing rate andQA is the frequency of Ai inmigrants.
The steady-state pAi(l) can be numerically calculated using Eq. (1)
for each subpopulation.
Following the life cycle of hermaphrodite plants, the frequency

of the neutral organelle allele before the occurrence of genetic drift,
p∗∗∗B(l) , is derived as

p∗∗∗B(l) = (1− (1− α)mP −mS) pB(l) + ((1− α)mP +mS)QB

+ (1− α)si(l)
(
1+ (pai(l) − pAi(l))hi(l)

)
DAiB(l)

+αsi(l)(DAiAiB(l) − DaiaiB(l) + hi(l)DAiaiB(l)/2), (2)

where QB is the frequency of B in migrating seeds and pollen. In
the presence of partial selfing (α 6= 0), the genotypic frequencies
in the preceding adults cannot be simply decomposed, leading to
the difficulty for further analytical deduction for the cytonuclear
disequilibria and the genotypic frequencies at the selective nuclear
site. Biologically, Eq. (2) indicates that the change of the neutral
allele frequency is dependent on the genetic variation at the
selective nuclear site. Partial selfing gives an additional component
to the change of the neutral allele frequency. When the selection
coefficient equals zero, the cytonulear allele frequencies evolve
independently.
MC simulation is employed to evaluate the effects of a mixed

mating system. Simulations start from an initial adult reference
population that begins subdivision into L subpopulations. All allele
frequencies among subpopulations at the selective or neutral site
are initially set to be the same as their initial frequencies in
the reference population. The frequencies of cytonuclear gametes
in migrating pollen and the genotypic frequencies in migrating
seeds are assumed to be equal to those in the initial reference
population. For simplicity, constant selection coefficients at the
nuclear site are considered in all subpopulations, i.e. si(1) = · · · =
si(L) = s. There is no variation in selective allele frequency
among subpopulations. The simulation procedure is based on the
life cycle of plants mentioned in the preceding section, given the
initial parameter settings. After sampling, genotypic and allelic
frequencies are calculated, given the effective subpopulation size
(Ne), and Fst(P) is then calculated. These steps are repeated until
the Fst(P) reaches steady-state distribution from generation to
generation. Independent simulation results are used to calculate
mean and standard deviation of Fst(P).
Simulation results show that partial selfing can increase Fst(P)

for the neutral organelle allele (Fig. 1a). Comparedwith the steady-
state Fst(P)(= (1+ 2Ne(mS +mP))−1 = 0.0769, Ennos, 1994) in a
pure neutral process, the steady increment is about 13.97%, 20.46%,
and 71.68% at the 50th generation when α is 0.0, 5%, and 50%,
respectively. Note that the increment at α = 0.0 (random mating
system) is due to the joint effects of seed flow (mS = 0.04) and
selection on the selective nuclear site (si(l) = 0.04, l = 1, . . . , L).
This can also be viewed from Eq. (2) by setting α = 0. The standard
deviation also approaches steady distribution although a high level
of selfing rate increases the fluctuation of Fst(P) and raises the
standard deviations (Fig. 1b).
Fig. 2 shows that natural selection at the nuclear site facilitates

the increment in Fst(P) for the neutral organelle allele. Compared
with the steady-state Fst(P) under a pure neutral process, the
steady increment can reach about 11.96% and 20.46% at the 50th
generation when selection coefficient si(l)(= s) is 0.01 and 0.05,
respectively (Fig. 2a). Strong selection on the selective nuclear site
a

b

Fig. 1. Effects of partial selfing (α) on Fst for a neutral paternal organelle allele: (a)
the change of average Fst with time; (b) the standard deviation of Fst . The results
are obtained from 5000 independent simulations, with the migration rates of seeds
mS = 0.04 and pollenmP = 0.08, the degree of dominance h = 0.01, the selection
coefficient s = 0.04, the number of subpopulations L = 30, and the effective
population size Ne = 50. The initial genotypic frequencies (the same as those
in migrants) are set as QAAB = 0.45, QAaB = 0.03, QaaB = 0.02, QAAb = 0.02,
QAab = 0.03, and Qaab = 0.45.

can substantially increase Fst(P) and bring about high fluctuation as
well (Fig. 2b). The indirect effects from selection at the nuclear site
are mediated through changing cytonuclear disequilibria (results
not shown here).

3.2. Random mating system

Consider T (≥2) diallelic selective nuclear sites, with allele
frequencies pAi(l) and pai(l) (pAi(l) + pai(l) = 1; i = 1, 2, . . . , T ; l =
1, . . . , L) for Ai and ai at the i site in the lth subpopulation,
respectively. Similarly, let 1+ si(l) be the genotypic fitness for AiAi,
1+hi(l)si(l) forAiai and 1−si(l) for aiai in the lth subpopulation.Mean
population fitness can be calculated according to the assumptions
of a multiplicative-viability model with weak selection. Following
the life cycle of hermaphroditic plants, the changes in cytonuclear
genotypic frequencies, in the neutral organelle allele frequency,
and in the selective nuclear allele frequencies, can be formulated.
The T selective nuclear sites evolve independently from the

neutral organelle site. Appendix A derives the results for the
changes of allele frequencies and LDs in the case of T selective nu-
clear sites in one subpopulation. The steady-state allele frequen-
cies can be reached under joint effects of migration that leads
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a

b

Fig. 2. Effects of selection on a nuclear site on Fst for a neutral paternal organelle
allele: (a) the change of average Fst with time; (b) the standard deviation of Fst . The
results are obtained from 5000 independent simulations, with the migration rates
of seeds mS = 0.04 and pollen mP = 0.08, the degree of dominance h = 0.01, the
selfing rate=5%, the selection coefficient s = 0.04, the number of subpopulations
L = 30, and the effective population size Ne = 50. The initial genotypic frequencies
(the same as those in migrants) are set as QAAB = 0.45, QAaB = 0.03, QaaB = 0.02,
QAAb = 0.02, QAab = 0.03, and Qaab = 0.45.

allele frequencies to the frequencies in migrants and selection that
increases adaptive allele frequencies. The steady-state LDs can be
reached under the joint effects of recombination, migration, and
selection. At the steady state, there are T + T (T − 1)/2 joint equa-
tions that are difficult to solve analytically.Without loss of examin-
ing the cumulative effects from multiple selective nuclear sites on
the neutral organelle site, a coincidence among T allele frequen-
cies is considered. This consideration is similar to the analysis of
coincidence of allele frequency clines in hybrid zones (Kruuk et al.,
1999). Although the cumulative effects in this specific case may
be different from a more general case (a discordance among allele
frequencies), the qualitative results are expected to be the same.
The steady-state allele frequencies and LDs can be calculated un-
der the coincidence among the T allele frequencies (Appendix A).
These results are applicable to any subpopulation.
Under the influences of T selective nuclear sites, the neutral

allele frequency can be readily obtained from the results for the
two nuclear sites shown in Eq. (A.3) in Appendix A. The frequency
before the occurrence of genetic drift in the lth subpopulation is
written as
p∗∗∗B(l) = (1− m̃

′)pB(l) + m̃′QB +Λ1(l), (3)

where m̃′ = mS + mP , Λ1(l) =
∑T
i=1 si(l)

(
1+ (pai(l) − pAi(l))hi(l)

)
DAiB(l) in which DAiB(l) is the cytonuclear disequilibrium between
Fig. 3. Cumulative effects from multiple selective nuclear sites on the increment
in Fst for a neutral paternal organelle allele. Results are calculated according to
Eq. (4), with the migration rates of seeds mS = 0.04 and pollen mP = 0.08,
the degree of dominance h = 0.0, the selection coefficient s = 0.03, the allele
frequencies in migrants QA = QB = 0.5, the linkage disequilibrium between
adjacent nuclear sites D̄ = 0.15, the cytonuclear disequilibrium D̄AB = 0.15, the
number of subpopulations L = 30, and the effective population size Ne = 50.

Ai and B in the lth subpopulation. Λ1(l) represents the cumulative
effects from the T selective nuclear sites in the lth subpopulation.
Eq. (3) indicates that the neutral organelle allele evolves indepen-
dently from the T selective nuclear sites when DAiB(l) = 0.
The presence of transient cytonuclear disequilibrium can

modify population differentiation to some extents. Appendix B
details the analysis of population differentiation for the neutral
organelle allele. At the steady state, population differentiation for
the neutral organelle allele can be simply expressed as

Fst(P) =
1

1+ 2Nem̃′
(1+ ρ1) , (4)

where ρ1 is the change induced by the cytonuclear disequilibria.
Appendix B shows that ρ1 is a complex function of the allele fre-
quencies, migration rate, and the effective population size. Com-
pared with the result under a pure neutral process (Ennos, 1994;
Hu and Ennos, 1999), the relative increment in Fst(P) is equal to
100ρ1%.
To assess quantitatively the cumulative effects of multiple se-

lective nuclear sites, a specific case is considered, where equal
selection coefficients exist among subpopulations and the coinci-
dence of allele frequencies among the T sites takes place in each
subpopulation. Under this specific situation, the expected effects of
cytonuclear disequilibria on the frequency of the neutral organelle
allele among subpopulations are equal among subpopulations as
well. Appendix B details the methods for calculating ρ1.
Fig. 3 shows how the increment of Fst(P) at a neutral organelle

site changes with the number of selective nuclear sites. Generally,
the relative increment (100ρ1%) increases with the number of se-
lective nuclear sites. For example, the relative increment changes
from 1.78% to 49.33% as the number of selective nuclear sites in-
creases from 2 to 10 under certain parameter settings (Fig. 3).
When more selective nuclear sites are closely linked on chromo-
somes, the cumulative effects are higher, especially in the case of
many closely linked selective nuclear sites (Fig. 3). A large effec-
tive population size facilitates this increment due to its effects on
cytonuclear disequilibrium (results not shown here).
To confirm the above-predicted pattern, MC simulations are

conducted. Thenumber of cytonuclear genotypes, 2×3T (excluding
the difference in linkage phases) for one diallelic organelle and
T diallelic nuclear sites, increases quickly as the number nuclear
sites increases, whichmakes the simulation difficult to implement.
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Thus, only the simulation results for the two and three nuclear sites
are presented.
Fig. 4(a and b) shows that the average Fst(P) at the steady state

increases as the number of selective nuclear sites changes from
two to three, with the average relative increment being 2.84%
(Fst(P) = 0.0791 ± 0.013; Fst(P) = 0.0769 for the pure neutral
case) and 7.67% (Fst(P) = 0.0828±0.02), respectively. Note that the
parameter settings in Fig. 4 are comparable for allele frequencies
and cytonuclear disequilibria between the two- and three-site
cases except for one more selective site in the three-site case. The
theoretical predicts for the relative increment of Fst(P) under the
comparable parameter settings are 1.78% and 3.81% for the two-
and three-site cases (Fig. 3), respectively. The simulation results
are greater than the theoretical predicts because of the limited
number of subpopulations. The theoretical results (Appendix B) are
calculated according to the density distribution of neutral allele
frequency and cytonuclear disequilibrium where a large number
of subpopulations are assumed.
MC simulations confirm the predicted pattern about the effects

of effective population size on the relative increment of Fst(P). For
example, let mS = 0.04, mP = 0.08, h = 0.0, s = 0.03, the
adjacent recombination rate = 0.02, L = 30, QA1 = QA2 = 0.6,
QB = 0.5, D̄A1A2B = D̄a1a2b = 0.15 and all other cytonuclear dis-
equilibria = −0.05. Simulation results show that the relative in-
crement in Fst(P) at steady state is about 24.0% (Fst(P) = 0.0496 ±
0.007; Fst(P) = 0.04 for the pure neutral case) with the effective
population size being 100 in the case of two selective nuclear sites.
The average relative increment is greater in the case of Ne = 100
than in the case of Ne = 50 in Fig. 4. Note that all other param-
eter settings are comparable between the cases of Ne = 50 and
100. Again, the simulation result ρ1 is greater than the predict from
Eq. (4) (ρ1% = 2.96%) under the comparable parameter settings
owing to the limited number of subpopulations. However, the the-
oretical predicted results in each case are within the range of one
standard deviation of the simulation results.

4. Nuclear and maternally inherited organelle genome system

This system is applicable to the combination of nuclear and
mitochondrial genomes in both angiosperms and gymnosperms
where mitochondrial genomes are maternally inherited, or to the
combination of nuclear and chloroplast genomes in angiosperms
where chloroplast genomes are maternally inherited (Mogenson,
1996). Only seed dispersal can spread the maternally inherited or-
ganelle genomes. Effects of pollen dispersal on Fst(M) for a neutral
organelle allele are realized through changing the cytonuclear dis-
equilibrium mainly generated by pollen and seed dispersal. Some
properties of this type of cytonuclear disequilibrium have been ex-
plored in different models (Datta et al., 1996; Datta and Arnold,
1998). In the following, I first look at the case of the mixed mating
system occurring in some angiosperms and gymnosperms (Mitton,
1992; Jesson and Barrett, 2002) and then the case of random mat-
ing system.

4.1. Mixed mating system

Consider one diallelic selective nuclear site, with alleles Ai and
ai, and one diallelic neutral organelle site, with alleles E and e.
Let pAiAiE(l) be the frequency of genotype AiAiE at the current
generation (adults) in the lth subpopulation (l = 1, . . . , L), and
pE(l) be the frequency of the E allele in the lth subpopulation. The
frequencies of remaining genotypes and alleles can be denoted in
the same way. Let DAiAiE(l)(= pAiAiE(l) − pAiAi(l)pE(l)) and DAiE(l)(=
pAiE(l) − pAi(l)pE(l)) be the genotypic and gametic disequilibria in
the lth subpopulation, respectively. All remaining genotypic and
gametic disequilibria for the cytonuclear system can be defined in
a similar way to Asmussen et al. (1987).
a

b

Fig. 4. Cumulative effects from two and three selective nuclear sites on Fst for
a neutral paternal organelle allele: (a) the change of average Fst with time; (b)
the standard deviation of Fst . The results are obtained from 2000 independent
simulations, with the migration rates of seeds mS = 0.04 and pollen mP = 0.08,
the degree of dominance h = 0.0, the selection coefficient s = 0.03, the adjacent
recombination rate=0.02, the number of subpopulations L = 30, the effective
population size Ne = 50. In the two-site case, the selective allele frequencies in the
initial genotypic frequencies (or in migrants) QA1 = QA2 = 0.6, the neutral allele
frequencyQB = 0.5, the genotypic cytonuclear disequilibra D̄A1A2B = D̄a1a2b = 0.15
and all other cytonuclear disequilibria=−0.05. In the three-site case, QA1 = QA2 =
QA3 = 0.6, QB = 0.5, and D̄A1A2A3B = D̄a1a2a3b = 0.175 and all other cytonuclear
disequilibra=−0.025.

Let genotypic fitness be 1+ si(l) for AiAiE or AiAie, 1+hi(l)si(l) for
AiaiE or Aiaie, and 1− si(l) for aiaiE or aiaie in the lth subpopulation.
Again, the selective nuclear site evolves independently from the
neutral organelle site. The steady-state allele frequency at the
selective site can be described by Eq. (1) and calculated through
the iterative approach.
Following the life cycle of plants, the frequency of the neutral

organelle allele before the occurrence of genetic drift, p∗∗∗E(l) , is
derived as

p∗∗∗E(l) = (1−mS) pE(l) +mSQE

+ (1− α)si(l)
(
1+ (pai(l) − pAi(l))hi(l)

)
DAiE(l)

+αsi(l)(DAiAiE(l) − DaiaiE(l) + hi(l)DAiaiE(l)/2), (5)
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where QE is the frequency of E in migrating seeds. Again, the pres-
ence of partial selfing (α 6= 0) introduces an additional part,
i.e. genotypic cytonuclear disequilibria, in changing neutral allele
frequency. In the case of random mating (α = 0), the effects from
the selective nuclear site are mediated through gametic cytonu-
clear disequilibrium. Eq. (5) explicitly describes the evolutionary
dependence of the neutral organelle site on the selective nuclear
site. The difference between Eqs. (1) and (5) is that the migration
rate of pollen (mP ) is absent in Eq. (5) because pollen dispersal does
not spread the neutral organelle allele with maternal inheritance.
Using the same method as in the preceding section, MC sim-

ulations are employed to examine the effects of selfing on Fst(M)
for the neutral organelle allele. Constant selection coefficients at
the nuclear site are considered in all subpopulations, i.e. si(1) =
· · · = si(L) = s. Fig. 5 demonstrates how partial selfing affects
Fst(M) for the neutral maternal organelle allele. The steady-state
Fst(M) increases when the selfing rate increases (Fig. 5a). Com-
pared with the steady-state Fst(M) under a pure neutral process
(= (1+ 2NemS)−1 = 0.2; Ennos, 1994), the steady-state incre-
ment is about 4.08%, 5.75%, and 15.15% at the 100th generation
when α is 0.0, 5%, and 50%, respectively. The steady-state standard
deviations increase when the selfing rate increases (Fig. 5b). These
results indicate that a certain increment in Fst(M) can be produced
under the influences of a single selective nuclear site and high self-
ing rates.
MC simulations show the presence of different effects of pollen

and seed dispersal on Fst(M). For example, letα = 5%, h = 0.01, s =
0.04, L = 30, Ne = 50, and the same initial genotypic frequencies
as the settings in Fig. 5. Results show that in comparison with the
steady-state Fst(M) with mS = 0.04 and mP = 0.08 (Fst(M) =
0.2115± 0.0388), the average increment can reach about 137.90%
with mS = 0.01 and mP = 0.08 (Fst(M) = 0.5031 ± 0.0567), and
6.02% withmS = 0.04 andmP = 0.02 (Fst(M) = 0.2242± 0.0381),
the same for the reduction of the migration rate (0.04 − 0.01 =
0.03 for the change of the seeds dispersal, (0.08− 0.02)/2 = 0.03
for the pollen dispersal). This indicates that the effect of pollen
dispersal is not as high as that of seed dispersal, given the same
changing rate in migration. However, when pollen dispersal is
substantially greater than seed dispersal (Ennos, 1994; Ennos et al.,
1999), the indirect effects of pollen dispersal can be large as well.

4.2. Random mating system

Assume T (≥2) diallelic selective nuclear sites, with allele
frequencies pAi(l) and pai(l) (pAi(l) + pai(l) = 1; i = 1, 2, . . . , T ; l =
1, . . . , L) for Ai and ai at the i site in the lth subpopulation,
respectively. Similarly, let 1 + si(l) be the fitness of genotype AiAi,
1+hi(l)si(l) for Aiai and 1− si(l) for aiai in the lth subpopulation. The
results for the changes of all T selective nuclear sites remain the
same as those in the preceding cytonuclear systems.
Based on the results in Appendix C, the allele frequency at the

neutral organelle site under the influences of T selective nuclear
sites before the occurrence of genetic drift can be expressed as

p∗∗∗E(l) = (1−mS)pE(l) +mSQB +Λ2(l), (6)

where Λ2(l) =
∑T
i=1 si(l)

(
1+ (pai(l) − pAi(l))hi(l)

)
DAiE(l) in which

DAiE(l) is the cytonuclear disequilibrium between Ai and E in the
lth subpopulation. The change for DAiE(l) before the occurrence of
genetic drift is given in Appendix C. Eq. (6) is analogous to Eq. (3),
describing the cumulative effects from the T selective nuclear sites.
After genetic drift, population differentiation for the neutral

organelle allele is derived in Appendix C. At the steady state, Fst(M)
is given by

Fst(M) =
1

1+ 2NemS
(1+ ρ2) , (7)
a

b

Fig. 5. Effects of selfing (α) on Fst for a neutral maternal organelle allele: (a) the
change of average Fst with time; (b) the standard deviation of Fst . The results are
obtained from 5000 independent simulations, with the migration rates of seeds
mS = 0.04 and pollen mP = 0.08, the degree of dominance h = 0.01, the
selection coefficient s = 0.04, the number of subpopulations L = 30, and the
effective population size Ne = 50. The initial genotypic frequencies (the same as
those in migrants) are set as QAAE = 0.45, QAaE = 0.03, QaaE = 0.02, QAAe = 0.02,
QAae = 0.03, and Qaae = 0.45.

where ρ2 is the change due to cytonuclear disequilibrium. Com-
pared with the result under a pure neutral process (Hu and Ennos,
1999), the relative increment in Fst(M) is equal to 100ρ2%.
To examine the cumulative effects from the T selective nuclear

sites, a specific case is analyzed where equal selection coefficients
exist among subpopulations and the coincidence of allele frequen-
cies among the T sites takes place in each subpopulation. Numer-
ical results based on Eq. (7) show that a pattern similar to that in
Fig. 3 can be obtained. The increment percentage of Fst(M) at the
neutral organelle site increases with the number of selective nu-
clear sites (results are not shown here). Tight linkage among the T
sites facilitates the cumulative effects. For instance, about 50% of
increment in Fst(M) can be reached, with parameters T = 10, the
recombination rate 0.02 between adjacent selective nuclear sites,
mS = 0.04, mP = 0.08, h = 0.0, s = 0.03, QA = QE = 0.5, LD be-
tween adjacent selective nuclear sites D̄ = 0.15, the cytonuclear
disequilibrium D̄AE = 0.15, L = 30, and Ne = 50.
MC simulations confirm the pattern about the cumulative ef-

fects from multiple selective nuclear sites and the effects of ef-
fective population size on Fst(M). For example, the average relative
increment in Fst(M) increases from 6.65% to 15.85% when the num-
ber of selective nuclear sites changes from two to three sites (Fig. 6a
and b; the steady-state Fst(M) = 0.2133±0.047, 0.2317±0.05, 0.2
for the two, three, and pure neutral case, respectively). The average
relative increments in Fst(M) from MC simulations are greater than
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b

Fig. 6. Cumulative effects from two and three selective nuclear sites on Fst for
a neutral maternal organelle allele: (a) the change of average Fst with time; (b)
the standard deviation of Fst . The results are obtained from 2000 independent
simulations, with the migration rates of seeds mS = 0.04 and pollen mP = 0.08,
the degree of dominance h = 0.0, the selection coefficient s = 0.03, the adjacent
recombination rate = 0.02, the number of subpopulations L = 30, the effective
population size Ne = 50. In the two-site case, the selective allele frequencies in the
initial genotypic frequencies (or in migrants) QA1 = QA2 = 0.5, the neutral allele
frequency QE = 0.3, the genotypic cytonuclear disequilibria D̄A1A2E = D̄a1a2e =
0.09 and all other cytonuclear disequilibria = −0.03. In the three-site case, QA1 =
QA2 = QA3 = 0.5, QE = 0.3, and D̄A1A2A3B = D̄a1a2a3b = 0.105 and all other
cytonuclear disequilibria=−0.015.

those predicted from Eq. (7), 0.96% and 1.67% for the two and three
nuclear sites, respectively, owing to the limited number of subpop-
ulations used in simulations (L = 30). Again, the predicted results
are within the range of one standard deviation of the simulation
results.

5. Nuclear and paternally and maternally inherited organelle
genome system

In this section, the influences of selection on organelle genomes
on Fst(B) for a neutral nuclear allele are concentrated, and three
plant genomes with contrasting modes of inheritance are jointly
considered. The results can be applied to some gymnosperms
where chloroplast genomes are paternally inherited while mito-
chondrial genomes are maternally inherited (Mogenson, 1996).
Biologically, the interaction among the three genomes can be intro-
duced by variousmechanisms (Rand et al., 2004;Wolf, 2009). Here,
their interactions come from the cytonuclear disequilibria that are
mainly generated by seed and pollen dispersal. In the following, I
first examine the effects of partial selfing on Fst(B) and then formu-
late the analytical expression for Fst(B) in the randommating case.

5.1. Mixed mating system

Let N and n be the two neutral nuclear alleles, C and c be the
two selective alleles on the organelle genomes with maternal in-
heritance, and D and d be the two selective alleles on the genomes
with paternal inheritance. There are 12 cytonuclear genotypes, i.e.
NNDC, . . . , and nndc , with genotypic frequencies pNNDC(l), . . . , and
pnndc(l) in the lth subpopulation, respectively. In the pollen grains,
the four gametic frequencies are pND(l), pNd(l), pnD(l), and pnd(l). Let
DND(l)(= pND(l) − pN(l)pD(l)) be the gametic cytonuclear disequilib-
rium between N and D alleles. Four gametic frequencies in ovules
are pNC(l), pNc(l), pnC(l), and pnc(l), different from those in pollen. Sim-
ilarly, let DNC(l)(= pNC(l) − pN(l)pC(l)) be the gametic cytonuclear
disequilibrium between N and C alleles.
Let the fitness be 1 + sC(l)/2 for C , 1 − sC(l)/2 for c, 1 +

sD(l)/2 for D, and 1 − sD(l)/2 for d in the lth subpopulation.
The joint fitness for any two-site genotype can be calculated
using the multiplicative-viability model and the assumption of
weak selection. The average population fitness is derived as 1 +
sD(l)(pD(l)−pd(l))/2+sC(l)(pC(l)−pc(l))/2, independent of the selfing
rate α. The steady-state frequencies for the B and C alleles in the
lth subpopulation at the balance between migration and selection
are respectively expressed as

0 = (mS + (1− α)mP) (QD − pD(l))
+ sD(l)pD(l)pd(l) + αsC(l)DDC(l), (8)

0 = mS(QC − pCi(l))+ sC(l)pC(l)pc(l) + αsD(l)DDC(l), (9)

where QD and QC are the frequencies of D and C in migrants, and
DDC(l)(= pDC(l) − pD(l)pC(l)) is the disequilibrium between the two
organelle sites. The steady-state equation for the disequilibrium
between the two organellele genomes, DDC(l), is

DDC(l) = mS(pD(l) − QD)(pC(l) − QC )+mS D̄DC
+α

(
1−mS + sD(l)(pd(l) − pD(l))

+ sC(l)(pc(l) − pC(l))
)
DDC(l), (10)

where D̄DC is the disequilibrium between D and C in migrants.
Eq. (10) indicates that DDC(l) is maintained by partial selfing and
seed dispersal. The above three joint equations can be used to
calculate the frequencies of C and D.
Following the life cycle of hermaphroditic plants, the frequency

of the neutral nuclear allele before genetic drift in the lth subpop-
ulation is derived as

p∗∗∗N(l) = (1− (1− α)mP/2−mS) pN(l) + ((1− α)mP/2+mS)QN

+ sC(l)
(
(1− α)DNC(l)/2+ α∆1

)
+ sD(l)

(
(1− α)DND(l)/2+ α∆2

)
, (11)

where ∆1 = pNNDC(l) + pNNdC(l) − pNNDc(l) − pNNdc(l) +
(
pNnDC(l) +

pNndC(l) − pNnDc(l) − pNndc(l)
)
/2,∆2 = pNNDC(l)+pNNDc(l)−pNNdC(l)−

pNNdc(l) +
(
pNnDC(l) + pNnDc(l) − pNndC(l) − pNndc(l)

)
/2, and QN is the

frequency of N in the migrants. Here,∆1 and∆2 are related to the
genotypic disequilibria introduced by partial selfing. Eq. (11) indi-
cates that both selective organelle sites can change the frequency
of the neutral nuclear allele when selection coefficients are not
equal to zero.
The procedure similar to the preceding two cytonuclear sys-

tems in MC simulation is used to look at the effects of a mixed
mating system on Fst(B) for the neutral nuclear allele. Constant
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selection coefficients at the organelle sites are considered in all
subpopulations, i.e. sC(1) = · · · = sC(L) = SC and sD(1) = · · · =
sD(L) = SD. Fig. 7a shows the increase in Fst with the selfing rate.
Compared with the steady-state Fst(B) under a pure neutral pro-
cess (=(1 + 4Nem̃)−1 = 0.0588 with the same parameters as in
Fig. 7; Ennos, 1994), the steady increment can reach about 17.08%,
23.84%, and 99.84% at the 100th generation when α is 0.0, 5%, and
50%, respectively. The steady-state standard deviation increases
with the selfing rate (Fig. 7b).
To assess the effects of seed and pollen dispersal on Fst(B), ex-

tensive simulations are conducted (not given here). In the three-
genome system with contrasting modes of inheritance, the results
indicate that an increase in migration rate of seeds can increase
the relative increment in Fst(B) under certain conditions (when the
migration rate is comparable or smaller than the selection coeffi-
cients). An increase in migration rate of pollen tends to reduce the
relative increment in Fst(B) in the three-genome system. For exam-
ple, letα = 5%, sC = sD = 0.04, L = 30,Ne = 50, and the same set-
ting of initial genotypic frequencies as in Fig. 7. Simulation results
(5000 independent runs) show that the average steady-state in-
crement in Fst(B) is 23.98% withmS = 0.04 andmP = 0.08(Fst(B) =
0.0729 ± 0.0158, Fst(B) = 0.0588 for the pure neutral case). The
average relative increment is about 10.0% with mS = 0.01 and
mP = 0.08 (Fst(B) = 0.100 ± 0.0205, Fst(B) = 0.0909 for the pure
neutral case). The average steady-state increment becomes 27.39%
withmS = 0.04 andmP = 0.02 (Fst(B) = 0.1158± 0.0230, Fst(B) =
0.0909 in the pure neutral case). These results indicate that effects
of pollen dispersal are not as high as the effects of seed dispersal in
changing Fst(B). This is because pollen dispersal only affects the cy-
tonuclear disequilibriumbetweennuclear andpaternally inherited
organelle alleles (DNC ) while seed dispersal simultaneously affects
both types of cytonuclear disequilibria (DNC and DND).

5.2. Random mating system

At the steady state, the allele frequencies at these two organelle
sites in the lth subpopulation can be readily obtained by setting
α = 0 in Eqs. (8) and (9),

0 = m̃′
(
QD − pD(l)

)
+ sD(l)pD(l)(1− pD(l)), (12)

0 = mS
(
QC − pC(l)

)
+ sC(l)pC(l)(1− pC(l)). (13)

It can be viewed that the two organelle sites evolve independently
and their allele frequencies can be separately calculated from the
above two equations.
Appendix D details the derivation of the steady-state popula-

tion differentiation for the neutral nuclear allele,

Fst(B) =
1

1+ 4Nem̃
(1+ ρ3) , (14)

where ρ3 is the change due to cytonuclear disequilibrium. ρ3
is a complex function of migration rates, selection coefficients,
effective population size, and cytonuclear allele frequencies
(Appendix D). Compared with the result under a pure neutral pro-
cess, the relative increment in Fst(B) is equal to 100ρ3%.
Similarly, consider a specific case where equal selection coeffi-

cients are present among subpopulations, i.e. sC(1) = · · · = sC(L) =
sC and sD(1) = · · · = sD(L) = sD. The frequencies of selective or-
ganelle alleles are equal among subpopulations, i.e. pC(1) = · · · =
pC(L) = pC and pD(1) = · · · = pD(L) = pD. Appendix D derives the
method for calculating Fst(B) in this specific case.
Numerical results based on Eq. (14) show that seed dispersal

facilitates the increment in Fst(B) under certain conditions (when
themigration rate is not greater than selection coefficients; Fig. 8a).
This is because seed dispersal can simultaneously affect two
types of cytonuclear disequilibria. The increment in Fst(B) increases
a

b

Fig. 7. Effects of selfing (α) on Fst for a neutral nuclear allele: (a) the change of
average Fst with time; (b) the standard deviation of Fst . The results are obtained
from 5000 independent simulations, with the migration rates of seeds mS = 0.04
and pollen mP = 0.08, the selection coefficients sB = sC = 0.04, the number
of subpopulations L = 30, and the effective population size Ne = 50. The initial
genotypic frequencies (the same as those in migrants) are set as QNNBC = 0.44,
QNNBc = 0.01, QNNbC = 0.01, QNNbc = 0.010, QNnBC = 0.015, QNnBc = 0.015,
QNnbC = 0.015, QNnbc = 0.015, QnnBC = 0.01, QnnBc = 0.01, QnnbC = 0.01, and
Qnnbc = 0.44.

with the effective population size since ρ3 is proportional to the
effective population size. Unlike seed dispersal, pollen dispersal
mainly changes the cytonuclear disequilibrium between nuclear
and the organelle site with paternal inheritance. An increase in
pollen dispersal can reduce Fst(B) increment, given the constant
setting of cytonuclear disequilibria in migrants (Fig. 8b). MC
simulation results confirm these patterns showed in Fig. 8 about
the roles of seed and pollen dispersal (results not shown here). This
pattern can also be viewed from the MC simulations in the mixed
mating system.
Numerical results based on Eq. (14) indicate that the selection

strength at organelle sites facilitates Fst(B) increment (Fig. 9),
similar to the results in the preceding two cytonuclear systems.
This pattern is consistent withMC simulation results. For example,
let mS = 0.03, mP = 0.06, L = 30, Ne = 50, QAAB = 0.45,
QAaB = 0.03, QaaB = 0.02, QAAb = 0.02, QAab = 0.03, and
Qaab = 0.45, QC = QD = 0.65, QN = 0.5, D̄NNCD = D̄nncd = 0.1,
D̄NnCD = D̄nnCD = D̄Nncd = D̄nncd = −0.05, and all other genotypic
cytonuclear disequilibria = 0.0. Simulation (2000 independent
runs) results show that the average relative increment in Fst(B) at
the steady state is 2.21%with selection coefficients sC = sD = 0.02
(Fst(B) = 0.0786 ± 0.0184; Fst(B) = 0.0769 for the pure neutral
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Fig. 8. Effects of seed and pollen dispersal on the increment in Fst for a neutral
nuclear allele: (a) seed dispersal; (b) pollen dispersal. Calculations are based on Eq.
(14) with the allele frequencies in migrants QC = QD = QN = 0.5, the cytonuclear
disequilibrium D̄NC = D̄ND = 0.10, the selection coefficient sC = sD = 0.08, and
the number of subpopulations L = 30. In (a), the migration rate of pollen is fixed at
mP = 0.05. In (b), the migration rate of seeds is fixed atmS = 0.05.

case), 8.58% with sC = sD = 0.04 (Fst(B) = 0.0835 ± 0.0185),
and 11.31% with sC = sD = 0.06 (Fst(B) = 0.0856 ± 0.0167). The
relative increments predicted from Eq. (14) are 0.70%, 3.17%, and
6.51% for sC = sD = 0.02, 0.04, and 0.06, respectively, with the
same parameters settings. Again, these predicted values arewithin
the range of one standard deviation in each simulation case.

6. Discussion

The purpose of this study is to investigate the effects of tran-
sient cytonuclear disequilibrium on population differentiation of a
neutral nuclear or organelle allele, complementary to the previous
studies in the nuclear system for animal and plant species (Bar-
ton, 2000; Hu and He, 2005). This is also an alternative approach to
looking at the spread of neutral alleles in space in the cytonuclear
system (Hu, 2008). The results show that population differentia-
tion for a neutral nuclear (or organelle) allele increases owing to
the effects of selection on organelle (or nuclear) genomes via tran-
sient cytonuclear disequilibrium. This effect is often neglected in
interpreting empirical Fst ’s with cytonuclear markers. In a mixed
mating system, selfing can substantially increase the transient in-
crement in Fst for a neutral nuclear or organelle allele. An incre-
ment in Fst for a neutral organelle allele can also be substantial in
Fig. 9. Effects of selection on paternal and maternal organelle genomes on Fst for a
neutral nuclear allele. Calculations are based on Eq. (14) with the allele frequencies
in migrants QC = QD = QN = 0.5, the cytonuclear disequilibrium D̄NC = D̄ND =
0.1, the migration rates of seedsmS = 0.03 and pollenmP = 0.06, and the number
of subpopulations L = 30.

the presence of cumulative selective nuclear sites. It is speculated
that such an increment can be furthered when the joint effects of
multiple selective nuclear sites and partial selfing occur although
this is not examined here. In general, the transient increment in
Fst for a neutral nuclear or organelle allele is not only related to the
mode of its genetic inheritance but also to the vector of its dispersal
(seeds and pollen). These theoretical insights highlight the signif-
icance of transient cytonuclear disequilibrium in changing Fst for
neutral alleles. The results also expand our understanding of em-
pirical studies when cytonuclear markers are used to investigate
population structure.
Note that the transient cytonuclear disequilibrium is main-

tained by the joint effects of migration, selection, and genetic drift.
Relative effects of each component may be different and vary with
structured populations, which can be deduced from the expec-
tations of cytonuclear disequilibria explored here. Although cy-
tonuclear disequilibrium has been stressed for inferring different
evolutionary and ecological processes (Asmussen and Schnabel,
1991; Schnabel and Asmussen, 1992; Harrison, 1989; Ennos et al.,
1999; Orive and Barton, 2002), its impacts on population differen-
tiation have only been investigated in a limited way (Datta et al.,
1996; Datta and Arnold, 1998). The transient increment in Fst is
important for a subdivided population with a short history, such
as those recently expanded populations owing to climate changes
where transient cytonuclear disequilibrium exists (Latta et al.,
2001). However, the eventual consequence for Fst of a neutral allele
remains the same as those obtained for individual genomes since
the cytonuclear disequilibrium decays with time.
It is important to distinguish the presently addressed cytonu-

clear systems from two alternative cytonuclear systems. One is the
system between neutral nuclear and organelle alleles where cy-
tonuclear disequilibrium is generated by migration and/or genetic
drift. This type of cytonuclear disequilibrium can be stable when it
is present in immigrants (Asmussen and Schnabel, 1991; Asmussen
and Arnold, 1991; Schnabel and Asmussen, 1992; Dakin, 2006),
or transient when it is generated by genetic drift (Fu and Arnold
1992;Datta andArnold 1998; Latta et al. 2001). Onedistinct feature
is that the cytonuclear disequilibrium between neutral sites does
not change their Fst ’s and the two neutral sites evolve indepen-
dently. This provides the genetic basis for independently using Fst ’s
of nuclear and organelle genomes to estimate the ratio of pollen to
seed dispersal (Petit et al., 1993; Ennos, 1994; Hu and Ennos, 1997,
1999), or to infer the asymmetric introgression between cytonu-
clear genomes in hybrid zones (Arnold, 1993; Avise, 1994; Ennos
et al., 1999).
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The other system is the one between selective cytonuclear sites
where a stable cytonuclear disequilibrium can be maintained by
the joint effects of selection and migration in structured popula-
tions (Hu and Li, 2002; Monsen et al., 2007), or by the cytonuclear
epistatic effects on fitness (Asmussen et al., 1987). This stable cy-
tonuclear disequilibrium can also be implied from the results in
a strictly nuclear system where stable linkage disequilibrium (LD)
between selective sites can be maintained in structured popula-
tions (Li and Nei, 1974; Slatkin, 1975). As a consequence, their Fst ’s
are interdependent although Fst remains to be formulated in either
the nuclear or cytonuclear system (Wright, 1969), owing to various
patterns of spatial selection.
Similar to the cytonuclear cline situation (Hu, 2008), a com-

parison between the nuclear and cytonuclear systems is related
to an array of combinations of different conditions (Barton, 2000;
Hu and He, 2005). It cannot be excluded that cytonuclear dise-
quilibrium may be stronger than LD between linked selective and
neutral nuclear sites under some combinations of the number of
selective sites, the migration rate of seeds and pollen, the magni-
tude of cytonuclear disequilibrium inmigrants, and the level of se-
lection strengths. Under this situation, cytonuclear disequilibrium
can have larger effects than LD in the nuclear system on shaping
Fst for a neutral allele. However, for a pair of cytonuclear sites (one
neutral and the other selective) in a more general condition, cy-
tonuclear disequilibrium could not be as large as the LD between
linked neutral and selective nuclear sites because the ‘‘recombina-
tion rate’’ between cytonuclear sites is 1/2, themaximum recombi-
nation rate. Cytonuclear disequilibrium dissipates faster with time
than does the LD between linked selective and neutral nuclear
sites. Thus, a frequent outcome is that the magnitude (or the per-
sistent time) for the transient increment of Fst for a neutral allele
is greater (or longer) in the nuclear system than in the cytonuclear
system. Empirical comparisons await appropriate data collections.
Unlike the effects of seed dispersal, effects of selection on

the transient increment in Fst are realized by changing cytonu-
clear disequilibriumvia altering selective allele frequencies in each
subpopulation. High selection strength increases the frequency
of adaptive alleles and facilitates cytonuclear disequilibrium. The
general case is that selection coefficient and degree of dominance
vary in space, displaying various adaptive alleles and population
fitness. The expectations of allele frequencies, cytonuclear disequi-
librium, and their second-order functions, such as E(DAiB), E(pB),
E(p2B), E(pBDAB), and E(D

2
AB) in the first cytonuclear system exam-

ined in this study, can vary in space as well. Under this situa-
tion, the transient increment in Fst may be different in magnitude
from the results obtained under equal spatial selection strengths.
Nevertheless, the qualitative results remain the same.
Concerning the transient increment in Fst for a neutral nuclear

allele, the present study only addresses a simple cytonuclear
system. One more complex system is that a neutral nuclear allele
is affected by the selective sites from both organelle and nuclear
genomes. Inclusion of the effects from linked selective nuclear
sites can reinforce the transient increment in Fst (Barton, 2000; Hu
and He, 2005). A challenge is to assess the relative contributions
from nuclear and organelle genomes under a variety of conditions,
which requires a more sophisticated analysis.
Similarly, concerning the transient increment in Fst for a neutral

organelle allele, the selective sites on the same organelle genomes
can also bring about selective sweep effects (Maruyama and Birky,
1991; Ennos et al., 1999). Selective sweep effects can be strong and
rapidly spread through whole population (Mazur and Falco, 1989;
Hanson, 1991), producing the same genetic background across
all subpopulations since recombination rarely occurs between or-
ganelle genomes. Under this condition, it is important to under-
stand that the present results refer to the additional effects from
cumulative selective nuclear sites.
Concerning individual fitness, this study only addresses a sim-
ple cytonuclear system where cytonuclear epistasis is excluded.
Evidence is recorded about the interdependence in function and
some DNA sequence homology between cytonuclear genomes
(Rand et al., 2004;Wolf, 2009). Cytonuclear disequilibrium can also
be generated by epistatic effects in addition to the mechanisms
addressed here (Asmussen et al., 1987). It is of interest for future
study to address the epistatic effects on transient increment in Fst
for a neutral nuclear or organelle allele.
The results here have several implications for the use of cytonu-

clear markers. The first implication is that a caution is required
in interpreting population differentiation observedwithmolecular
markers, especially in the presence of disequilibria between nu-
clear and organelle markers. The precondition for such analyses
is the neutrality test when molecular markers from nuclear or or-
ganelle genomes are separately employed for Fst analysis (Kimura,
1983; Li, 1997), and/or the cytonuclear disequilibria test when cy-
tonuclearmarkers are simultaneously used (Basten and Asmussen,
1997; Castro et al., 1999). Use of those neutral markers without
cytonuclear disequilibria can effectively remove the transient im-
pacts on population structure analysis.
The second implication is related to the comparison of using Fst

to estimate seed and pollen dispersal with using cytonuclear dis-
equilibrium, which has been discussed by Ennos (1994). Cytonu-
clear disequilibrium is independent of Fst whenneutral nuclear and
organellemarkers are employed, implying that both of themcan be
separately used to infer migration parameters in structured pop-
ulations (Asmussen and Schnabel, 1991; Schnabel and Asmussen,
1992; Ennos, 1994). This independent property also implies their
similarity for inferring population genetic structure under a strict
neutral condition. The present study furthers the comparison by
formulating the relationships between cytonuclear disequilibrium
and Fst in a differentmodel. Both Fst and cytonuclear disequilibrium
are the function of selection, migration, and genetic drift. This also
implies an additional condition for Fst 6= 1/(1 + 4Nem) for a neu-
tral nuclear allele when cytonuclear system is considered (Whit-
lock and McCauley, 1999). When the cytonuclear disequilibrium
exists between selective nuclear and neutral organelle sites or the
reverse case, effects of seed and pollen dispersal are compounded
with those of selection and genetic drift. Under this situation, addi-
tional data are required for using Fst or cytonuclear disequilibrium
to estimate seed and pollen dispersal. Thus, clarification of cytonu-
clear disequilibrium for mechanism is required in prior for further
explorations.
The third implication is the prediction of strong effects on Fst

fromnonrandommating in the cytonuclear system. It is commonly
held that selfing facilitates population differentiation in addition
to causing inbreeding depression in many plant species in the
nuclear system (Wright, 1969; Mitton, 1992). The importance of
nonrandom mating in generating cytonuclear disequilibrium has
also been stressed (Asmussen et al., 1987; Maroof et al., 1992). The
present simulations further imply that the joint effects of selection
and partially selfing can substantially increase the transient
increment of Fst . This may enhance the persistence of transient
increment over times and allow more opportunity to detect high
Fst . This also increasesmisinterpretation of the transient increment
in Fst as evidence for evolutionary forces other than the effects of
the mixed mating system (Overath and Asmussen, 2000).
The fourth implication is about the roles of seed and pollen dis-

persal in shaping the transient increment of Fst in the cytonuclear
system. Early studies indicate that effectiveness of seed and pollen
dispersal as vectors of gene flow in changing Fst is related to the
mode of inheritance in the nuclear or organelle genome system
(Petit et al., 1993; Ennos, 1994; Hu and Ennos, 1997, 1999). This is
also the case in spreading a selective or neutral allele in cytonuclear
clines in hybrid zones (Hu and Li, 2002; Hu, 2008). The present the-
ory furthers the function of seed and pollen dispersal in changing
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the transient increment of Fst in addition to shaping the steady-
state Fst . Seed dispersal can generate two types of cytonuclear dis-
equilibria and facilitate the transient increment of Fst for a neutral
allele from either nuclear or organelle genomes. Pollen dispersal
only directly changes the cytonuclear disequilibrium between nu-
clear and paternal organelle sites. Such a divergence predicts that
plant species with various ratios of pollen to seed dispersal may
have unequal transient increments in Fst .
Finally, it is of interest to mention briefly the implication of the

present theory to genome-wide Fst mapping at a fine scale. The
present theory implies that transient increment of Fst at a neutral
nuclear site could be misinterpreted as a Fst outlier (false positive),
especiallywhen the subdivided population has a short history. This
problem is likely not serious when the transient increment mainly
comes from effects of seed and pollen dispersal or genetic drift be-
cause the whole genome-wide Fst ’s will be simultaneously altered.
However, when the transient increment comes from selection at
organelle genomes, together with genetic hitchhiking effects from
nuclear genomes, regional variation among Fst ’s at different neu-
tral sites exists. These compounded sources of perturbations com-
plicate our insights into genomic evolution at the population level.
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Appendix A

First, consider two selective diallelic nuclear sites (i, j) in one
subpopulation, with alleles Ai and ai at the i site and Aj and aj at
the j site, and one neutral organelle site, with alleles B and b. Let
Dij be the LD between the i and j sites at the current adult stage
and rij be the recombination rate between them. The frequencies
of four nuclear gametes produced by the adults can be written as
follows: pAiAj = pAipAj + (1 − rij)Dij, . . . , and paiaj = paipaj +
(1−rij)Dij. The cytonuclear gametic disequilibria are set as pAiAjB =
pAiAjpB + DAiAjB, pAiAjb = pAiAjpb + DAiAjb, and similar expressions
for the remaining six gemates, which extends the definitions of
Asmussen et al. (1987) to the three-site case. Some properties for
the three-site cytonuclear disequilibria are readily derived, such as
DAiAjB + DAiAjb = 0 and DAiB = DAiAjB + DAiajB.
Let 1 + si, 1 + hisi, and 1 − si be the fitness for AiAi, Aiai, and

aiai, respectively, and 1 + sj, 1 + hjsj, and 1 − sj for AjAj, Ajaj,
and ajaj, respectively. Fitness for any two-site genotype can be
readily calculated according to the assumptions of multiplicative-
viability model with weak selection. Let m̃ = mS + mP/2 and
m̃′ = mS + mP . Following the life cycle of hermaphroditic plants,
the allele frequency at the i site in the next adult is derived as

p∗∗∗Ai = (1− m̃)pAi + m̃QAi + sipAipai
(
1+ (pai − pAi)hi

)
+ sj(1− rij)

(
1+ (paj − pAj)hj

)
Dij, (A.1)

where QAi is the frequency of Ai in migrants. The allele frequency
at the j site in the next adults, p∗∗∗Aj , can be simply obtained by
replacing subscript i in Eq. (A.1) with subscript j.
The recursion equation for LD between selective nuclear sites is

derived as

D∗∗ij = (1− rij)Dij + m̃(1− rij)(D̄ij − Dij)

+ m̃(pAi − QAi)(pAj − QAj)+ (1− rij)

×Dij
(
si(pai − pAi)(1+ (pai − pAi)hi)

+ sj(paj − pAj)(1+ (paj − pAj)hj)
)
, (A.2)

where D̄ij is the LD between sites i and j in migrants.
The allele frequency at the neutral organelle site in the next
adults is derived as

p∗∗∗B = (1− m̃
′)pB + m̃′QB + si

(
1+ (pai − pAi)hi

)
DAiB

+ sj
(
1+ (paj − pAj)hj

)
DAjB, (A.3)

where QB is the frequency of B in migrants. The recursion equation
for cytonuclear disequilibrium is derived as

D∗∗∗AiB =
1
2
DAiB + m̃(pB − QB)(pAi − QAi)+

1
2
m̃′(D̄AiB − DAiB)

+
1
2
si
(
(pai − pAi)(1+ (pai − pAi)hi)− 2paipAihi

)
DAiB, (A.4)

where D̄AiB is the cytonuclear disequilibrium in migrants.
Now, consider the case ofmultiple nuclear sites. From Eqs. (A.1)

and (A.2), the results for each of the T selective nuclear sites can be
expressed as

p∗∗∗Ai = (1− m̃)pAi + m̃QAi + sipAipai
(
1+ (pai − pAi)hi

)
+

T∑
j6=i

sj(1− rij)
(
1+ (paj − pAj)hj

)
Dij, (A.5)

The last term on the right-hand side of Eq. (A.5) represents the
cumulative effects from the T − 1 selective sites. Expression for
the change in LD between selective nuclear sites remains the same
as Eq. (A.2).
According to the assumptions, selective sites are subject to the

balance of selection-migration (Ohta and Kimura, 1970; Nordborg
et al., 1996; Hu and He, 2005). At the steady state, solutions
are difficult to obtain from T + T (T − 1)/2 joint equations
derived from Eqs. (A.2) and (A.5). Without loss of examining the
cumulative effects from multiple selective nuclear sites on the
neutral organelle site, a coincidence among T allele frequencies is
examined.
Consider equal selection coefficients (s1 = s2 = · · · = sT = s,

and h1 = h2 = · · · = hT = h) and equal allele frequencies
among the T selective sites (pA1 = pA2 = · · · = pAT = pA, and
pa = 1 − pA). From Eq. (A.2), we obtained the steady-state LD in
one subpopulation

Dij =
m̃
(
(1− rij)D̄ij + (pA − QA)2

)
rij + (1− rij)

(
m̃− 2s(pa − pA)(1+ (pa − pA)h)

) . (A.6)

Substituting Eq. (A.6) into Eq. (A.5) and using the average of T
equations yield the following steady-state equation for selective
nuclear alleles

pA = QA + s(1+ (pa − pA)h(l))

×

(pApa
m̃
+ 2(R1D̄ij + R2(pA − QA)2)

)
, (A.7)

where R1 = 1
L

∑
i
∑
j<i

(1−rij)2

rij+(1−rij)(m̃−2s(pa−pA)(1+(pa−pA)h))
, and R2 =

1
L

∑
i
∑
j<i

1−rij
rij+(1−rij)(m̃−2s(pa−pA)(1+(pa−pA)h))

. From Eq. (A.7), the
steady-state allele frequency pA (0 ≤ pA ≤ 1) can be numerically
solved using the iterative method.

Appendix B

This appendix derives the analytical expression for Fst(P) and
the method for calculating the transient increment in Fst(P). After
genetic drift, the neutral allele frequency, denoted by p∗∗∗∗B(l) in the
lth subpopulation, can be written as p∗∗∗∗B(l) = p

∗∗∗

B(l) + δ(l) where δ(l)
is the random change due to sampling and p∗∗∗B(l) is the neutral allele
frequency after the event of natural selection acting on T nuclear
sites. δ(l) has themean zero and variance p∗∗∗B(l)(1−p

∗∗∗

B(l))/Ne. Let σ
′

B
2
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be the variance of allele frequency among L subpopulations after
genetic drift. Then, I obtained

σ ′B
2
=
1
L

L∑
l=1

(
p∗∗∗∗B(l) − QB

)2
=

(
1−

1
Ne

) (
(1− m̃′)2σ 2B + Π̄1 + Λ̄

2
1

)
+
1
Ne
QB(1− QB), (B.1)

where σ 2B =
∑L
l=1

(
pB(l) − QB

)2
/L, Π̄1 = 2(1 − m̃′)

∑L
l=1(

(pB(l) − QB)Λ1(l)
)
/L, and Λ̄21 =

∑L
l=1Λ

2
1(l)/L.

The expression for Λ1(l) is given in the main text, Eq. (3). Note
that the above derivation is obtained using the same method as
that used by Hu and Ennos (1999). At the steady state, population
differentiation for the neutral organelle allele is derived as

Fst(P) =
1

1+ 2Nem̃′
(1+ ρ1) , (B.2)

where ρ1 = (Ne − 1)(Π̄1 + Λ̄21)/QB(1− QB).
Without loss of examining the cumulative effects of multiple

selective nuclear sites, consider a specific case where equal selec-
tion coefficients exist among subpopulations and the coincidence
of allele frequencies among the T sites takes place in each subpop-
ulation. Let s1(l) = s2(l) = · · · = sT (l) = s, h1(l) = h2(l) = · · · =
hT (l) = h, pA1(l) = pA2(l) = · · · = pAT (l) = pA, and pa = 1− pA. Then,
Π̄1 becomes Π̄1 = 2(1 − m̃′)Ts(1 + (pa − pA)h)(E(pB(l)DAB(l)) −
QBE(DAB(l))), and Λ̄21 becomes Λ̄

2
1 = T

2s2(1+ (pa−pA)h)2E(D2AB(l)).
Note that the expectation E is based on the density distribution of
two independent random variables pB and DAB, i.e. φ(pB,DAB), the
same consideration asOhta andKimura (1969b, 1970). Expectation
for a single variable can be further simplified with marginal den-
sity, e.g. E(pB) =

∫∫
pBφ(pB,DAB)dpBdDAB =

∫
pBφ(pB)dpB and

E(DAB(l)) =
∫ ∫
DAB(l)φ(pB,DAB)dpBdDAB =

∫
DAB(l)φ(DAB)dDAB.

In the next, the Kolmogorov backward equation is used
to calculate the following expectations: E(pB), E(DAiB), E(p

2
B),

E(pBDAB), and E(D2AB). This approach was used by Ohta and Kimura
(1970) in addressing associative overdominance effects. Under
the coincidence of allele frequencies among the T nuclear sites,
individual cytonuclear disequilibria, DAB’s, are equal. According to
the results of Ohta and Kimura (1969b, eq. A4, p.238), for a function
of two randomvariables (pB andDAB)with a stationary distribution,
f , the following equation can be derived as

0 = E
{
1
2

(
1
Ne

(
1
2
pApapBpb +

1
4
(1− 2pA)(1− 2pB)DAB

−
1
4
D2AB

))
∂2f
∂D2AB

+
1
2Ne
pB(1− pB)

∂2f
∂p2B

+
1
2Ne

(1− 2pB)DAB
∂2f

∂pB∂DAB

+
(
m̃′(QB − pB)+ Ts(1+ (pa − pA)h)DAB

) ∂ f
∂pB

+

(
−
1
2
DAB + m̃(pA − QA)(pB − QB)

+
m̃′

2
(D̄AB − DAB)+

1
2
∆DAB

)
∂ f
∂DAB

}
, (B.3)

where ∆ = s ((pa − pA)(1+ (pa − pA)h)− 2papAh). The dedu-
ction of the above equation is based on the life cycle of her-
maphroditic plants and the sampling variance for DAB is slightly
different from the resultswithout inclusion of the process of pollen
and ovule combinations. In deriving Eq. (B.3), the terms with the
order of m̃′2, s2, sm̃′, m̃′/Ne, s/Ne, or higher are neglected.
E(DAB) and E(pB) can be calculated by substituting f = DAB and

f = pB in Eq. (B.3). Substitution of f in Eq. (B.3) by D2AB, pBDAB,
and p2B respectively yields the following three equations for E(D

2
AB),

E(pBDAB), and E(p2B):(a0 b0 c0
a1 b1 c1
0 b2 c2

) E(D2AB)E(pBDAB)
E(p2B)

 = (g0g1
g2

)
, (B.4)

where a0 = − 14 − Ne(1 + m̃
′
− ∆), . . . , and g2 = −(1 +

Nem̃′QB)E(pB). Eq. (B.4) can be numerically solved using theMath-
ematica tool (Wolfram, 1991). Note that in the absence of cytonu-
clear disequilibrium in migrants (D̄AB = 0), its expectation is
absent as well, i.e. E(DAB) = 0 from Eq. (B.3), but E(D2AB) and
E(pBDAB) remain present due to the genetic drift effects (Ohta and
Kimura, 1970). This can be seen from the solution to Eq. (B.4) in the
absence of cytonuclear disequilibrium in migrants. The property
is not mentioned in the continent-island model investigated by
Asmussen and Schnabel (1991) and Schnabel and Asmussen
(1992).

Appendix C

Consider the case of one neutral organelle and T selective
nuclear sites in one subpopulation. The results for the T selective
nuclear sites are the same as Eqs. (A.2) and (A.5) in Appendix A.
Their steady-state values can be calculated using the method
described in Appendix A.
The neutral allele frequency before the occurrence of genetic

drift in the lth subpopulation canbe expressed as Eq. (6) in themain
text. The recursion equation for individual pairs of cytonuclear
disequilibria in the lth subpopulation, DAiE(l), can be expressed as

D∗∗AiE(l) =
1
2
DAiE(l) +mS(pE(l) − QE)(pAi(l) − QAi)

+
1
2
mS(D̄AiE − DAiE(l))+

1
2
si(l)

(
(pai(l) − pAi(l))

× (1+ (pai(l) − pAi(l))hi(l))− 2pai(l)pAi(l)hi(l)
)
DAiE(l), (C.1)

where D̄AiE is the cytonuclear disequilibrium in migrants.
After genetic drift, the variance of allele frequency among L

subpopulations, σ ′E
2, is derived as

σ ′E
2
=

(
1−

1
Ne

) (
(1− m̃′)2σ 2E + Π̄2 + Λ̄

2
2

)
+
1
Ne
QE(1− QE), (C.2)

where σ 2E =
∑L
l=1

(
pE(l) − QE

)2
/L, Π̄2 = 2(1 − mS)

∑L
l=1(

(pE(l) − QE)Λ2(l)
)
/L, and Λ̄22 =

∑L
l=1Λ

2
2(l)/L. At the steady state,

population differentiation for the neutral organelle allele with
maternal inheritance is

Fst(M) =
1

1+ 2NemS
(1+ ρ2) , (C.3)

where ρ2 = (Ne − 1)(Π̄2 + Λ̄22)/(QE(1− QE)).
To calculate ρ2, consider a specific situation where equal se-

lection coefficients exist among subpopulations and the coin-
cidence of allele frequencies among the T sites takes place in
each subpopulation. Then, Π̄2 becomes 2(1 − mS)Ts(1 + (pa −
pA)h)(E(pE(l)DAE(l))−QEE(DAE(l))), and Λ̄22 becomes T

2s2(1+ (pa−
pA)h)2E(D2AE(l)). The expressions for E(DAiE), E(pE), E(p

2
E), E(pEDAE),

and E(D2AE) under the influences of genetic drift can be calculated
by replacing m̃, m̃′, pB and DAB in Eq. (B.3) in Appendix B with mS ,
mS , pE , and DAE , respectively.
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Appendix D

This appendix begins by deriving the expression of Fst(B) and
then the method for calculating Fst(B) in the three-genome system.
The neutral allele frequency before the occurrence of genetic drift
can be obtained by setting α = 0 in Eq. (11) in the main text.
The gametic cytonuclear disequilibria after selection in the random
mating system are derived as

D∗ND(l) =
1
2
DND(l) +

m̃′

2

(
D̄ND − DND(l)

)
+ m̃

(
pN(l) − QN

) (
pD(l) − QD

)
+
1
2
sD(l)

(
pd(l) − pD(l)

)
DND(l), (D.1)

D∗NC(l) =
1
2
DND(l) +

mS
2

(
D̄NC − DNC(l)

)
+mS

(
pN(l) − QN

) (
pC(l) − QC

)
+
1
2
sC(l)

(
pc(l) − pC(l)

)
DNC(l), (D.2)

where D̄NC and D̄ND are the cytonuclear disequilibria in migrants.
Eqs. (D.1) and (D.2) indicate that seed and pollen dispersal
differently contributes to cytonuclear disequilibria between the
nuclear and paternal organelle alleles (DND) and between the
nuclear and maternal organelle alleles (DNC ).
The variance of allele frequency among subpopulations after

genetic drift, σ ′N
2, is derived as

σ ′N
2
=

(
1−

1
2Ne

) (
(1−mS)2σ 2N + Π̄3 + Λ̄

2
3

)
+
1
2Ne
QN(1− QN), (D.3)

where σ 2N =
∑L
l=1

(
pN(l) − QN

)2
/L, Π̄3 = (1 − m̃)

∑L
l=1

(
(pN(l)−

QN)(sDDND(l) + sC(l)DNC(l))
)
/L, and Λ̄23 =

∑L
l=1

(
1
4 s
2
D(l)D

2
ND(l)+

1
2 sD(l)sC(l)DND(l)DNC(l) +

1
4 s
2
C(l)D

2
NC(l)

)
/L. Note that Λ̄23 could be very

small and has a small contribution to σ ′N
2. At the steady-state

(σ ′N
2
= σ 2N ), the population differentiation for the neutral nuclear

allele is derived as

Fst(B) =
1

1+ 4Nem̃
(1+ ρ3) , (D.4)

where ρ3 = (2Ne − 1)(Π̄3 + Λ̄23)/(QN(1− QN)).
To calculate ρ3, consider a specific case where equal selection

coefficients are present among subpopulations, i.e. sC(1) = · · · =
sC(L) = sC and sD(1) = · · · = sD(L) = sD. The frequencies
of selective organelle alleles are equal among subpopulations,
i.e. pC(1) = · · · = pC(L) = pC and pD(1) = · · · =

pD(L) = pD. Then, Π̄3 is expressed as (1 − m̃)(sC (E(pNDNC ) −
QNE(DNC )) + sD(E(pNDND) − QNE(DND))), and Λ̄23 becomes
1
4 s
2
DE(D

2
ND)+

1
2 sDsCE(DNDDNC )+

1
4 s
2
CE(D

2
NC ). Under this case, each

of these expectations (E(pN), E(DND), . . . , and E(DNDDNC )) is equal
among subpopulations. The expectation E is based on the density
distribution of three independent random variables pN , DNC , and
DND, i.e. φ(pN ,DNC ,DND).
The Kolmogorov backward equation is used to calculate the

following expectations after genetic drift in one subpopulation:
E(pN), E(DND), E(DNC ), E(p2N), E(pNDNC ), E(pNDND), E(D

2
ND), E(D

2
NC ),

and E(DNDDNC ). According to the results of Ohta and Kimura
(1969a,b), for a function of random variables (pN , DNC , and DND)
with stationary distribution, f , the following equation can be
derived as
0 = E
{
1
4Ne
pNpn

∂2f
∂p2N
+
1
2

(
1
Ne

(
1
2
pNpnpDpd

+
1
4
(1− 2pN)(1− 2pD)DND −

1
4
D2ND

))
∂2f
∂D2ND

+
1
2

(
1
Ne

(
1
2
pNpnpCpc +

1
4
(1− 2pN)(1− 2pC )DNC

−
1
4
D2NC

))
∂2f
∂D2NC

+
1
4Ne

(1− 2pN)DND
∂2f

∂pN∂DND

+
1
4Ne

(1− 2pN)DNC
∂2f

∂pN∂DNC
+
1
4Ne
DNDDNC

∂2f
∂DND∂DNC

+

(
m̃(QN − pN)+

1
2
sDDND +

1
2
sCDNC

)
∂ f
∂pN

+

(
−
1
2
DNC +mS(pC − QC )(pN − QN)+

mS
2
(D̄NC − DNC )

+
1
2
sC (pc − pC )DNC

)
∂ f
∂DNC

+

(
−
1
2
DND + m̃(pD − QD)(pN − QN)+

m̃′

2
(D̄ND − DND)

+
1
2
sD(pd − pD)DND

)
∂ f
∂DND

}
. (D.5)

In deriving the above equation, all the terms with the order of m̃′2,
s2, sm̃′, m̃′/Ne, s/Ne, or higher are neglected.
Substitution of f in Eq. (D.5) by DND, DNC , and pN respectively

yields three equations that can be used to calculate E(pN), E(DND),
and E(DNC ). Similarly, substitution of f in Eq. (D.5) by p2N , pNDND,
D2ND, DNDDNC , pNDNC , and D

2
NC respectively yields six equations

for calculating E(p2N), E(pNDND), E(pNDNC ), E(D
2
ND), E(D

2
NC ), and

E(DNDDNC ). The joint equations can be numerically solved with
Mathematica tool (Wolfram, 1991).
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