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ABSTRACT

The interplay between population subdivision and epistasis is investigated by studying the fixation
probability of a coadapted haplotype in a subdivided population. Analytical and simulation models are
developed to study the evolutionary fate of two conditionally neutral mutations that interact epistatically to
enhance fitness. We find that the fixation probability of a coadapted haplotype shows a marked increase
when the population is genetically subdivided and subpopulations are loosely connected by migration.
Moderate migration and isolation allow the propagation of the mutantalleles across subpopulations, while at
the same time preserving the favorable allelic combination established within each subpopulation. Together
they create the condition most favorable for the ultimate fixation of the coadapted haplotype. On the basis of
the analytical and simulation results, we discuss the fundamental role of population subdivision and
restricted gene flow in promoting the evolution of functionally integrated systems, with some implications

for the shifting-balance theory of evolution.

ENES are notalone in the genome; instead, they are
interconnected in a complex web of gene interac-

tion networks, changing their own function in conjunction
with several other genes with which they associate. It is
often conceived that many evolved characteristics are the
product of complex genetic interactions during ontogeny.
Yet we still lack a comprehensive understanding of the
factors affecting evolution in multilocus systems. Many of
the existing models of adaptive evolution assume, explicitly
or implicitly, that evolution proceeds by sequentially
accumulating mutational changes at single loci (eg,
MAYNARD SMITH 1970; GILLESPIE 1983, 1984; KAUFFMAN
and LEvIN 1987; Rice 1990; HAMMERSTEIN 1996; HARTL
and TAUBES 1996, 1998; Orr 1998, 2002; BurcH and
CHAO 1999; PooN and OtTto 2000; GrRISwWOLD and
WaiTLOCK 2003; WELCH and WAXMAN 2003; WHITLOCK
et al. 2003; WEINREICH et al. 2005). Under this scenario,
two loci that could interact epistatically may never be
polymorphic simultaneously during evolution, and the
fitness effect of each mutation is evaluated in a given,
fixed genetic background. Epistatic effects of cosegre-
gating alleles can therefore largely be ignored. On the
other hand, when most standing genetic variation within
a population is nonadaptive but in fact has a potential to
form adaptive gene combinations in a new genetic back-
ground, evolutionary changes may be driven by epistatic
selection on cosegregating variants, through the simul-
taneous increase of the interacting alleles that eventually
leads to the formation of a coadapted system. These
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contrasting views on the evolutionary significance of
epistasis date back to the conflicting theories of evo-
lution, each founded by FisHEr (1930) and WRIGHT
(1931, 1932), and in the words of EweNs (1994) rep-
resent the true nub of the Wright-Fisher argument (see
also COYNE et al. 1997, 2000; WADE and GOODNIGHT
1998; GoopNIGHT and WADE 2000).

Another aspect of evolution emphasized in the
Wrightian theory is the genetic structure of geograph-
ically subdivided populations and its consequences on
adaptive evolution (WRIGHT 1931, 1932). The Fisherian
view holds that evolution should proceed in a large,
panmictic population such that the effects of genetic
subdivision may largely be ignored. In contrast, Wright
envisaged that the individuals of a species are distrib-
uted into small, partially isolated breeding units, where
the effects of random genetic drift and interdemic
selection predominate. Evolutionary consequences of
population subdivision have also been studied in re-
lation to the fixation probability of a mutant allele
under genic selection (MaRUYAMA 1970; CHERRY and
WAaKELEY 2003). It has been shown that in the simplest
case with conservative migration (i.e., migration that has
no directional effects in changing the overall allele
frequencies), fixation probabilities are not affected by
subdivision (MARUYAMA 1970; CHERRY and WAKELEY
2003). Later, more complex (and presumably realistic)
models of subdivision that incorporate local extinction
and subsequent colonization were developed (BARTON
1993; CHERRY 2003b, 2004; RozE and RousseT 2003;
WaiTLoCcK 2003). The effect of dominance has also
been included, leading to an alteration in the fixation
probability under subdivision, even in the absence
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of local extinction and recolonization (SrATKIN 1981;
CHERRY 2003a, 2004; Roze and RousseT 2003; WHITLOCK
2003; N1sHINO and Tajima 2004).

While these and other studies have seen only a
marginal role for population subdivision in driving mu-
tant alleles to fixation in single-locus systems, relatively
little has been done formally to elucidate the joint effects
of population subdivision and epistasis (WHITLOCK et al.
1993; WADE and GoopNIGHT 1998; GoopNigHT 2000;
WabEe 2002). To investigate the possible role of popula-
tion subdivision in the evolution of functionally integrated
systems, we here extend our preceding formulation for a
panmictic population (TAkanAsI and Tajima 2005) and
develop two-locus models for the evolution of a coadapted
system in a subdivided population. By focusing on the
fixation process of two conditionally neutral mutations
that interact epistatically to form a coadapted haplo-
type, we have previously demonstrated that when both
dominance and linkage disequilibrium are absent in a
panmictic population, the fixation probability of the
coadapted haplotype is simply given by the product of
two probabilities: the fixation probability of a selectively
neutral mutant, which is 1/(2N) in a population of N
diploids, multiplied by the fixation probability of a ben-
eficial allele with a selective advantage s, which is approx-
imately 25 (HALDANE 1927). The result holds irrespective
of the time T between the two consecutive mutational
events, implying that under random mating the epi-
static effects of cosegregating variants during evolution
do notinduce any additional chance of double fixation.

Since we can expect that most natural populations
should show some level of subdivision, the following
analysis investigates the effect of limited migration by
incorporating the finite-island model of population sub-
division. The effects of local extinction and recoloniza-
tion are not considered. Dominant allelic effects in fitness
are not included either. Even with these simplifying as-
sumptions, it is demonstrated by stochastic simulations
that the fixation probability of a coadapted haplotype
critically depends on migration rate, suggesting a role
for population subdivision in promoting the evolution of
epistatic systems. Analytical theories based on diffusion
and birth-and-death models are also developed (in the
APPENDIXES), which should approximate high and low
migration limits, respectively.

ANALYSIS

The fundamental part of this analysis follows our
previous formulation of two-locus evolutionary dynam-
ics in a panmictic population (TAkaHAsI and TajiMa
2005). In brief, we focus on the evolutionary fate of two
new mutations that jointly form a coadapted haplotype
with selective advantage s (> 0), butindependently have
no fitness consequences, forming selectively neutral in-
termediate haplotypes (i.e., haplotypes carrying a mu-
tant allele at one of the two loci and an ancestral allele at

the other). Since the two loci are equivalent and inter-
changeable, we may denote the first and second mu-
tations as A; and B, respectively, without loss of
generality. The corresponding ancestral allele at each
locus is indicated by a subscript 0 (Apand By). The entire
population is genetically subdivided into L subpopula-
tions (or demes) of an equal size N. Hence Ny = NL
designates the total population size. Specifically, the
finite-island model of population subdivision is consid-
ered; every generation, a fraction m of individuals in
each subpopulation is replaced by immigrants from the
common gene pool. Under the island model, the overall
allele frequencies in the entire population are unaltered
by migration. Generations are discrete, and the life cycle
is adult migration, then random mating and reproduc-
tion with recombination, followed by local selection on
differential viability in the newborns. Mating and epi-
static selection occur independently in each subpopula-
tion. When selection is not too strong, as assumed below,
the results of the following analysis should not be
affected by the order of events in the life cycle.

Diffusion approximation: While the substantial part
of this analysis is based on stochastic simulations, I also
provide analytical theories based on diffusion and birth-
and-death approximations for the limiting cases with
high and low migration rates, respectively. The details of
the analytical treatments are relegated to the APPEN-
DIXES. I first study the probability of double fixation in a
subdivided population using diffusion approximation.
Recent applications of the diffusion theory to the related
issues for the single-locus situations include CHERRY
(2003a,b, 2004), CHERRY and WAKELEY (2003), RozZE
and Rousser (2003), WHITLOCK (2003), and NISHINO
and TajiMa (2004, 2005). GAVRILETS and GIBsoN (2002)
and WHIrTLOCK and GoMULKIEWICZ (2005) have devel-
oped diffusion-based analytical methods to obtain fixation
probabilities under spatially heterogeneous selection.

For a panmictic population of N diploids, we have
previously shown that when the two loci are in linkage
equilibrium and there is no dominance at each locus,
the probability for the ultimate fixation of the co-
adapted haplotype A, B, is given by

1 — exp(—4Nsxy)
1 — exp(—4Ns) ’

u(x,y) = (1)
where x and y denote the initial mutant allele frequen-
cies at the two loci (TAkAHASI and Tajima 2005,
Equation 4); the assumption of linkage equilibrium
should be valid as long as recombination is sufficiently
frequent and linkage disequilibrium generated by epis-
tatic interaction should soon be removed. On the basis
of this result, it is natural to expect that the probability
of double fixation in a subdivided population should be
approximated by an equivalent formula

1 — exp(—4Nrsxryr)
1 — exp(—4Nrs)

u(xr, yr) = (2)
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provided the migration rate among subpopulations is
sufficiently high. Here,

1 1<
xr:ZZx,; and yr:Z;yi

are the total frequencies of the mutant alleles A; and B,
in the entire population, respectively, with x; and y; de-
noting the frequencies of mutantalleles A; and B, in the
ith subpopulation (¢=1,2,3, ..., L). In APPENDIX A, we
find that (2) indeed gives the valid fixation probability
in a subdivided population if a condition

0 = Cov[x(1 — x),y] + Cov|[x, y(1 — y)] (3a)
or equivalently
0 = 2 Cov|x, y] — Cov[x?,y] — Cov][x, y*] (3b)

ismet (see Equation Ab in APPENDIX A). Covariances are
here computed across subpopulations, such that

1 L
Covlx,)] =, > iy — xoyr (4)

=1

Mathematically, the condition (3) will always be satisfied
if the allele frequencies at the two loci are statistically
independent of each other. This situation is more likely
to be met when the entire population is genetically ho-
mogenized by frequent migration. Later in this section
we specify by simulations the range of migration rates
where the diffusion approximation may be applicable.

For sufficiently strong selection (4Nps > 1) on new
mutations {yr = 1/(2Nt) and E[xr] = 1/(2Ny), re-
spectively, assuming that the allele A; has appeared in
the population before the introduction of the mutant
By; see TarkaHAsT and Tajima 2005}, the solution (2)
reduces to E[u] = 2s/(2Nt); here, the expectation is
taken over the distribution of xr at the second muta-
tional event.

Birth-and-death approximation: For the opposite
circumstances with extremely low migration, I develop
a model based on the birth-and-death approximation
(LANDE 1979; SLATKIN 1981; TAKAHATA 1991; NISHINO
and Tajima 2004, 2005). In this limit, the migration
process is so slow compared to the frequency changes
within subpopulations that the fixation or loss of a new
allele occurs independently within each subpopulation.
As detailed in APPENDIX B, this implies that at any time
during evolution each subpopulation may be consid-
ered monomorphic for one of the four possible allelic
combinations, and the state of the entire population is
uniquely determined by the numbers of subpopulations
that are fixed for each of the four allelic combinations.

Consider two new mutations A; and B;, each in-
troduced randomly into a subdivided population. When
the entire population is subdivided into L subpopula-
tions of an equal size N, the two new alleles may initially

arise in a single subpopulation with probability 1/ L.
Otherwise they arise in two distinct subpopulations
(with probability 1 — 1/L). When the two mutations
co-occur in a single subpopulation, the conditional
probability of double fixation within the subpopulation
is given approximately by 25/ (2N), assuming sufficiently
strong selection (4Ns > 1) and linkage equilibrium
during the fixation process (TakanHasi and TajiMa
2005). The assumption of strong selection further en-
tails that once an adaptive gene combination is estab-
lished in a subpopulation, it is destined to proliferate
throughout the entire population. This is because the
stochastic loss of the favorable combination from the
subpopulation should never happen under this as-
sumption, in spite of the recurrent introduction of
ancestral (and deleterious) alleles through migration.
Therefore, when the two mutations are initially in-
troduced into a single subpopulation, the contribution
to the overall probability of double fixation becomes
2s/(2NL).

When the two mutations arise in distinct subpopula-
tions, each of them must first get fixed independently in
its resident subpopulation before they can be exported
into other subpopulations through migration. This prob-
ability is simply given by {1/ (2N)}?, which is the square of
the fixation probability of a selectively neutral mutation
in a population of N diploids. Summing up the two
mutually exclusive possibilities, the expected fixation
probability in the low migration limit is expressed as

ot = e+ (1-7) (%N)?fb (5)

where f; denotes the conditional probability for the
ultimate fixation of the coadapted haplotype, given that
the two mutations, initially introduced into distinct sub-
populations, are both fixed in the respective subpopu-
lations (APPENDIX B). Note that in (5) the first term in
the right-hand side is equivalent to the corresponding
fixation probability in a panmictic population of size NL
(see Equation 5 in TAkaHASTI and TajiMa 2005; see also
Equation 2 above). The fixation probability in the low
migration limit should therefore be inflated by an
amount given by the second term of (5), which should
be positive as long as the conditional probability f; is
nonzero.

By numerically solving the system of linear equations
that describes the transitions between possible states of
the population (Equation B1), we obtain the solution for
the conditional probability f;, and further by substituting
this into (5), we arrive at the numerical solution for the
fixation probability in the low migration limit.

Simulations: For moderate migration, I conduct a set
of simulations that follow the forward frequency dynam-
ics of the two-locus system with recombination (atrate c).
Initially, the entire population is monomorphic for the
ancestral alleles. The two mutations are consecutively
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introduced, each as a single copy into a randomly
chosen subpopulation. The second mutation appears
T generations after the introduction of the first allele.
No recurrent mutations are assumed afterward. While
the waiting time 7 for the second mutation may in fact
be determined by the mutability w of the By allele and
the population size Nr {such that E[T] = 1/(2Nrp),
assuming an exponential distribution of the second
mutational event}, we here adopt a simplifying assump-
tion that T'is a fixed constant in each set of simulations.
The outcome does not differ qualitatively if we assume
that the time difference is a random variable. Random
genetic drift is implemented in the simulation by the
improved version of the pseudosampling (KiMmura and
TakaHATA 1983), whereas the expected frequency
changes are obtained from the standard two-locus model
with selection and recombination (Ewens 2004, Equa-
tion 2.94), with additional changes due to migration.
Note that in the simulations two-locus genotype fre-
quencies are followed explicitly in each subpopulation,
without imposing linkage equilibria as assumed in the
diffusion analysis. There is no dominance in fitness at
each locus; more specifically, epistatic selection with cis-
acting mutations is assumed (see TAkaHAsTIand TAjiMA
2005, Table 2).

Each run of simulations lasts until either of the mu-
tant alleles is lost from the entire population or when
both become fixed so that a coadaptation is established.
The simulations are repeated until the fixation of the
haplotype A, B, is replicated for 1000 times. The total
number of simulation runs, required to produce 1000
fixation events, is recorded to estimate the fixation
probability.

Interaction between epistatic selection and migration:
To see how limited gene flow interacts with epistatic
selection acting independently within each subpopula-
tion, we first focus on two new mutations that arise simul-
taneously (7'= 0 in the present notation) and investigate
how subsequent migration should facilitate or inhibit the
formation of coadaptation. In so doing, we consider two
situations separately, where the two mutations together
arise in a single subpopulation and where they arise sep-
arately in two distinct subpopulations, respectively. The
probability for the ultimate fixation of the coadapted hap-
lotype would be much different depending on the initial
distribution of the new mutations.

When the two mutations initially co-occur in a single
subpopulation, Figure 1 shows that with restricted mi-
gration the fixation probability may be increased by a
factor of L (= 10 in Figure 1), roughly ranging from 2s/
(2NL) (=107°) for m = 0.005 to 2s/(2N) (= 107°) for
m = 0.0002. Such dependence on migration rate is ex-
pected because limited gene flow will keep the two
mutations clumped together in the subpopulation, and
the evolutionary increase of the coadapted haplotype
will be effectively promoted by epistatic selection, which
favors the combination of two alleles that initially co-

A Single
® Average
O Distinct

Fixation probability in units of 2s / (2NL)

0.000001 0.00001 0.0001 0.001 0.01 0.1
Migration rate

FIGURE 1.—Fixation probabilities of two new mutations
that arise simultaneously (7= 0). Simulation results are illus-
trated for two mutations that co-occur initially in a single sub-
population (open triangles) and for mutations that arise in
two distinct subpopulations (open squares). Noting that the
former situation should occur with probability 1/L and the
latter with probability (1 — 1/L), average (unconditional) val-
ues (solid circles) are obtained by appropriately taking the
weighted sum of the two conditional probabilities. Parameters
are N= 1000, L = 10 (Ny = 10,000), s = 0.01, and ¢ = 0.5.

segregate at low frequencies in the subpopulation.
Figure 2A shows that when m = 0.0002 the correlation
between allele frequencies at the two loci, computed
across subpopulations (as in Equation 4), is kept high
for a relatively long period after the introduction, sug-
gesting that the two mutations share a greater chance to
cosegregate within a same subpopulation during the
initial stages of evolution. As the migration rate becomes
larger, the correlation across subpopulations decays at a
faster rate. This implies that too much migration would
rapidly reallocate the two mutations into distinct locali-
ties, thereby limiting the role of epistatic selection in
promoting the joint increase of mutant alleles within
subpopulations. The conditional probability of double
fixation should therefore increase monotonically with
decreasing rates of migration.

When the mutations arise separately in two distinct
subpopulations, the formation of an advantageous hap-
lotype should be impeded by restricted migration, be-
cause the two mutations would have only a smaller
chance of being combined together in a single sub-
population. Figure 2B shows that roughly when m =
0.0002, the correlation between allele frequencies at the
two loci is established only after a substantial time has
elapsed since the introduction of the two mutations.
This result indicates that the two mutations should be
less likely to cosegregate in the same subpopulation ini-
tially when they are still at low frequencies. The po-
tential role of epistatic selection in driving the evolution
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F1GUure 2.—Temporal dynamics of the correlation between
allele frequencies at the two loci across subpopulations. Sim-
ulation results, conditional on the eventual fixation of the co-
adapted haplotype, are illustrated for 0.0001 = m = 0.01. (A)
Two new mutations initially co-occur in a single subpopula-
tion. (B) Mutations are initially introduced into two distinct
subpopulations. The abscissa designates the time (in genera-
tions) since the introduction of the two mutations, and the
ordinate gives the correlation coefficient, averaged over the
1000 replicate runs that resulted in double fixation. As in
Figure 1, parameters are N = 1000, L = 10 (Ny = 10,000),
s=0.01, c= 0.5, and T = 0.

of coadaptation would therefore be much constrained.
In contrast, when the migration rate is slightly higher
(m=0.0005 or 0.001), a significant correlation is estab-
lished rather rapidly (Figure 2B), and consequently the
scaled conditional probability exceeds unity (Figure 1).
This implies that in certain cases limited gene flow may
promote the evolution of coadaptation even when the
interacting alleles initially arise in distinct localities. (It
should be emphasized here that in Figure 2 correlations

were computed over a subset of simulation runs that
eventually resulted in the joint fixation of the two new
mutations.)

Taken together, the unconditional probability for the
ultimate fixation of the coadapted haplotype should be
most facilitated by an intermediate rate of migration,
roughly when m = 0.0005 with the parameter values
studied here (Figure 1). Simulations also show that
when m < 0.01 correlations between x and y(1 — y) [or
equivalently between x(1 — x) and j since we here
assume 71'= 0 so that the two loci are indistinguishable]
deviate significantly from zero (result not presented),
suggesting that the condition (3) required for the dif-
fusion approximation is satisfied only when the entire
population is genetically homogenized by frequent
migration, as expected reasonably.

Time difference between two mutational events: As
we have just seen for two mutations arising simulta-
neously (7" = 0), simulations show that when the time
interval between the two mutational events is relatively
short (T'= 1 or 100) there is an intermediate rate of
migration (hereafter denoted my,,,) that maximizes the
fixation probability of the coadapted haplotype (Figure
3). This dependence of fixation probability on migra-
tion rate becomes less evident when the second muta-
tion appears long after the first mutational event (7 =
10,000). With a sufficiently long time interval 7, the first
mutation is more likely to be fixed or lost by the time of
the second mutational event, and in the limiting case of
T — < the probability for the ultimate fixation of the
coadapted haplotype eventually converges to

lim E[u] = e l—ex—p(—25)7 (6)

T—x 2Nt 1 — 6Xp(—4NTS)
which is a product of the two fixation probabilities, one
for a neutral mutation and the other for a beneficial
allele with selective advantage s, both in a subdivided
population of Nr diploids (MARUYAMA 1970). The ex-
pected probability (6) is independent of the migration
rate m and mathematically equivalent to the corre-
sponding probability in a single panmictic population
of size Nt (TakaHAs1and Tajima 2005), suggesting that
the effect of population subdivision may be negligible
when the time interval 7'is too long. Put another way,
the facilitation of double fixation by subdivision should
be expected only when the two mutations appear
sufficiently close in time during evolution (e.g., T =1
or 100 in Figure 3).

Figure 3 also indicates that in any case the analytical
solution (2), which predicts that E[u] ~ 2s/(2NL),
provides accurate estimates only for relatively high mi-
gration rates (roughly when m = 0.01 or equivalently Nm
= 10, with the parameter values studied here). Hence,
as expected, the diffusion model (A3) in APPENDIX A
should be valid when the entire population is effectively
panmictic. On the opposite extreme, in the low migration
limit, the simulations show that the fixation probability is



506 K. R. Takahasi

A T=1
T o | e T=100
5 - o T=10,000
Z
[9))
Yoo |
o -
p2]
c
S5
£ < |
=
% birth—-and-death
SN g A A Aaae N\ approximation
5 -
c
K}
g o
Lt -
0.000001 0.00001 0.0001  0.001 0.01 0.1

Migration rate

Ficure 3.—Effects of time difference between two muta-
tional events on the fixation probability of the coadapted hap-
lotype A, B, in a subdivided population. Simulation results are
illustrated for 7= 1, 100, and 10,000. Other parameters are
N =1000, L =10 (Nr = 10,000), s = 0.01, and ¢ = 0.5. Note
that when 7= 1 and 100, the results practically overlap with
each other, whereas for 7= 10,000, the effect of migration is
less significant. Theoretical expectations derived from the dif-
fusion and birth-and-death models are also illustrated; the
scaled probabilities are 1.000 (dotted line, diffusion approx-
imation) and 1.191 (dashed line, birth-and-death approxima-
tion), respectively.

more or less increased by an amount corresponding to the
second term in the right-hand side of (5).

Subpopulation number and size: When the second
mutation is introduced shortly after the first mutational
event, the simulations show that the effect of population
subdivision in promoting the fixation of the coadapted
haplotype becomes more profound as the number of
subpopulations L becomes larger and the entire pop-
ulation gets more fragmented. This may be observed
either when the total population size Ny is kept constant
(so that the subpopulation size is altered along with the
subpopulation number; Figure 4) or when the sub-
population size Nis constant (so that the total population
size is altered along with the subpopulation number;
Table 1). In the former case, the subpopulation size is
smaller in a more fragmented population (with larger L),
implying that the relative strength of random genetic
drift becomes more prevailing. In the latter case, as the
subpopulation number L gets larger, the total popula-
tion size also gets larger and accordingly the (absolute)
fixation probability becomes smaller (Table 1). Still, the
effect of subdivision is more pronounced for larger L; by
contrasting the scaled fixation probabilities in units of
2s/(2NL), we can see that the fixation probability shows
an almost threefold increase when L = 50, but the
increment is only 1.7-fold when L = 10 (Table 1).

Table 1 also lists the expectations derived by the
analytical methods based on diffusion and birth-and-

2.0

Fixation probability in units of 2s / (2NL)
1.5

o
—

(LINLLELE 11 SN S 20 S 1 ) B B D S

0.000001 0.00001 0.0001 0.001 0.01 0.1
Migration rate

Ficure 4.—Effects of subpopulation size and number on
the fixation probability of the coadapted haplotype A;B; in
a subdivided population. Simulation results are illustrated
for subdivided populations with L = 10, 20, 50, and 100. In
each case, the total population size Ny is kept constant (at
10,000) so that the subpopulation size N (= Np/L) is altered
accordingly. Other parameters are s = 0.01, ¢ = 0.5, and T =
100. Note that for L = 50 the optimal migration rate 7y, is
almost invariant despite the changes in the subpopulation
size N.

death approximations (APPENDIXES A and B). Again, the
diffusion approximation is accurate roughly when m =
0.01 (Nm = 10) or higher. On the other extreme, when
the migration rate is substantially low (~1 X 107°), it
appears that the fixation probabilities converge to (or
become somewhat smaller than) the estimates obtained
from the birth-and-death model.

Additional simulations show that m,, is primarily
affected by the selection intensity s and not by other
factors such as the subpopulation size N (see Figures 4
and b5). Previously, we have demonstrated that there is
an optimal rate of recombination, given approximately
by ¢ = s/2, that most facilitates the evolution of co-
adaptation in a panmictic population (TAKAHASI and
Tajima 2005). While simulations suggest that 7y, also
changes monotonically with s, it appears that the rela-
tionship is rather complex.

Linkage: Whereas the primary focus of this study is
centered on two unlinked loci, effects of linkage can be
investigated by setting ¢ < 0.5 in the simulations. Under
random mating, the probability of double fixation is
most facilitated by an intermediate rate of recombina-
tion, because too much recombination breaks up the
selectively favorable combination of alleles in the cou-
pling phase, whereas two mutations in repulsion are
hardly combined together on a single chromosome
when the recombination rate is too low (TAKAHAST and
Tajima 2005). In accord with the panmictic model, it is
found that for a given rate of migration the fixation of
the coadapted haplotype is most facilitated by an
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TABLE 1

Effects of subpopulation number on the fixation probability of the coadapted haplotype

L =10: L=20 L =50
Migration rate Absolute (X 107%)  Absolute (X 107%) Scaled Absolute (X 107%)  Scaled
Low migration limit 1.191 0.675 1.350 0.337 1.686
0.000001 1.131 0.642 1.283 0.313 1.566
0.00001 1.219 0.677 1.354 0.345 1.723
0.0001 1.493 0.866 1.732 0.444 2.218
0.001 1.711 0.971 1.942 0.562 2.808
0.01 0.986 0.529 1.059 0.214 1.068
0.1 0.978 0.483 0.966 0.203 1.014
High migration limit 1.000 0.500 1.000 0.200 1.000

Fixation probabilities (X 10°) of the coadapted haplotype A; B in a subdivided population (with L =
10, 20, and 50) are listed. In each set of simulations, the subpopulation size Nis kept constant (at 1000) so
that the total population size Nr (= NL) is altered accordingly. For L = 20 and 50, scaled probabilities
in units of 25/ (2NL) are also provided. (For L = 10, the scaled probabilities coincide with the absolute
values X 10°) Throughout, s=0.01, ¢= 0.5, and T'= 100. Also listed are theoretical expectations derived
from the diffusion and birth-and-death models, which should approximate high and low migration

limits, respectively (see APPENDIXES A and B).

intermediate rate of recombination (¢ = 0.005 in Figure
6), although the effect of linkage becomes less significant
as the migration rate becomes smaller. This is because the
two mutations are less likely to cosegregate in the same
subpopulation when the migration rate is too low (as
noted above), while recombination should affect the
probability of double fixation only when the two loci are
simultaneously polymorphic (Takanasi and Tajima
2005). In the extreme case of complete linkage (¢ = 0),
the present model reduces essentially to a single-locus
system. Therefore, the observed interplay between pop-

A s=0.001
® s=0.01
0s=01

1.2 1.4 1.6 1.8

Fixation probability in units of 2s / (2NL)

1.0

T T Ty

0.000001 0.00001

T T T T T TTT T T TTTIT

0.0001  0.001 0.01 0.1
Migration rate

T T T T T

Ficure 5.—Effects of selection on the fixation probability
of the coadapted haplotype A, B, in a subdivided population.
Simulation results are illustrated for s = 0.001, 0.01, and 0.1.
Other parameters are N= 1000, L =10 (Ny = 10,000), ¢= 0.5,
and 7 = 100. Note that the optimal migration rate Mm,y
becomes greater with stronger selection (larger s).
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ulation subdivision and epistasis should be absent in
asexual lineages.

Weak selection: We have so far concentrated on
situations where epistatic selection is relatively strong
and efficiently promotes the joint increase of the two
mutations in each subpopulation; specifically, we have
assumed 4Ns = 4 (equality holds when L= 100 in Figure
4 or when s= 0.001 in Figure 5). When this condition is
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Ficure 6.—Effects of linkage on the fixation probability of
the coadapted haplotype A;B; in a subdivided population.
Simulation results are illustrated for ¢ = 0.00005, 0.005,
and 0.5 (e, free recombination). Other parameters are
N = 1000, L = 10 (Ny = 10,000), s = 0.01, and 7 = 100.
The results recapture the preceding observation that the
fixation probability is maximized by an intermediate degree
of linkage, roughly when ¢ = s/2 (TakaHasi and TajimMa
2005), although the effect of linkage becomes less pronounced
as the migration rate becomes smaller.
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Fixation probability in units of 2s / (2NL)

{SLINLINL I 11 I S 11 e ) ) B 0

0.000001 0.00001 0.0001 0.001 0.01 0.1
Migration rate

FicUure 7.—Effects of population subdivision on the fixa-
tion probability of the coadapted haplotype A, B; under weak
epistatic selection (s = 0.001). Simulation results are illus-
trated for subdivided populations with L = 5, 10, and 20.
In each case, the total population size Nr is kept constant
(at 2000) so that the subpopulation size N (= N/ L) is altered
accordingly. Other parameters are ¢ = 0.5 and 7= 1.

violated, simulations show that in contrast to the
situations under strong selection the effect of popula-
tion subdivision may be less pronounced in a more frag-
mented population. As shown in Figure 7, when the
total population size is kept constant at Ny = 2000 and
s = 0.001 (hence 4Nys = 8), the probability of double
fixation is increased only slightly in a population frag-
mented into L = 20 subpopulations (hence 4Ns = 0.4),
whereas in a less fragmented population with L =15 (4Ns
=1.6) or 10 (4Ns=0.8), the effect of subdivision is more
evident; still, the increment is only up to a factor of ~1.2
at most (when L = 5). These simulation results also
suggest that the primary role of restricted gene flow is to
colocalize simultaneously segregating mutations that in-
teract epistatically, thereby creating the condition favor-
able for the effective operation of epistatic selection
within subpopulations. When 4Ns < 1 and the advanta-
geous haplotype is only weakly selected in small subpo-
pulations, random genetic drift may override the effect of
epistatic selection in driving the evolution of coadapta-
tion within each subpopulation, even if selection could
be effective at the entire population level (4Nps > 1).

DISCUSSION

This study illustrates the importance of population
subdivision in promoting the evolution of epistatic
systems. Simulation analyses show that when the migra-
tion rate is moderate, analytical theories (based on
diffusion and birth-and-death approximations, res-
pectively) fail to provide accurate estimates for the

probability of double fixation. The diffusion model is
applicable only when the migration rate is relatively high
and the entire population is effectively panmictic. On the
opposite extreme, in the low migration limit, the fixation
probability is more or less increased by an amount
corresponding to the second term in the right-hand side
of (5). For moderate migration, where both approxima-
tions fail, simulations show that the chance of double
fixation may be exaggerated even more substantially.

When the habitat range of an organism is fragmented
into local subpopulations, the two mutations may
initially arise in distinct localities. If migration among
subpopulations is severely constrained (as in the low
migration limit), it is unlikely that the two mutations
should ever have a chance to see each other in a single
locality before getting fixed (or lost) within a sub-
population. The fixation of a mutant allele within each
subpopulation should then be driven completely by
random genetic drift, and there is not much room left
for epistatic selection to promote the joint increase of
the two mutations. When the two mutations are initially
introduced into a single subpopulation, limited migra-
tion will keep the two mutations together in the sub-
population, and the evolutionary increase of the
coadapted haplotype will be effectively promoted by
epistatic selection. However, too much migration would
rapidly disperse the two mutations away from each
other, thereby reducing the effect of epistatic selection
in the formation of a favorable allelic combination
within each subpopulation. Moderate migration and
isolation allow the propagation of the mutant alleles
across subpopulations, while at the same time pre-
serving the favorable allelic combination established
within each subpopulation. Together they create the
condition most favorable for the ultimate fixation of the
coadapted haplotype. Moreover, the facilitation of
double fixation in a subdivided population should be
expected only when the time difference between the
two mutational events is sufficiently short (see Figure 3),
suggesting the vital role played by epistatic selection
during the initial stages of evolution, when both
mutations are still segregating at low frequencies.

Our findings may seem to render support for the
shifting-balance theory of evolution (WriGHT 1931,
1932; reviewed in WrRIGHT 1980), which advocates the
primacy of epistasis and random genetic drift as the
causes of evolution in small, partially isolated popula-
tions. Although the present study also focuses on the
interplay between population subdivision and epistasis,
there is an important difference between the Wrightian
theory and the present theories. According to the
conventional views, the Wrightian shifting-balance pro-
cess proceeds through the rugged fitness landscape with
peaks and valleys generated by epistatic interactions
among alleles at multiple loci (WHITLOCK et al. 1995).
The fitness valleys represent the class of unfavorable
genotypes that may be formed during evolution. In
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contrast, the present formulation does notinclude unfit
intermediate haplotypes; instead, it involves haplotypes
connected by a neutral network, where evolution may
proceed without crossing the intervening fitness valleys
(GAVRILETS 2004; WAGNER 2005).

The role of conditionally neutral mutations in adap-
tation has recently renewed interest in the theories of
evolution in multilocus systems, where, for example,
biological systems achieve functional robustness by buff-
ering genetic perturbations (e.g., VAN NIMWEGEN el al.
1999; RutHERFORD 2000; WiLke 2001; GiBsoN and
DworkiN 2004; HERMI1sSON and WAGNER 2004; WAGNER
2005). Classically, the adaptive significance of neutral
variation has been noted in the neutral theory of evo-
lution, when Kimura (1983) introduced the Dykhuizen—
Hartl effect (DykHUIZEN and HArTL 1980) to describe
the potential role of neutral mutations in creating the
foundation of adaptation (see also HARTL et al. 1985;
KiMURA 1986; ZHANG et al. 1998).

The stochastic dynamics of the shifting-balance pro-
cess have also been studied by two-locus epistatic
selection models, where mutations are individually del-
eterious but become neutral (or may even be better fit)
when combined with the compensatory allele at the
otherlocus (e.g., Kimura 1990, 1991; PHiLLIPS 1996; but
see also STEPHAN 1996). In a subdivided population,
mutant alleles would individually be kept at low fre-
quencies in each subpopulation if sufficiently strong
selection acts against the intermediate haplotypes. Con-
sequently, itis highly unlikely that the two compensatory
mutations, each formerly in a distinct locality, should be
brought together into a single subpopulation through
migration (PHiLLips 1996). Instead, each subpopula-
tion has to wait for the production of a new mutation
that compensates the deleterious effect of the preexist-
ing allele, without the aid of migration. Therefore, the
evolutionary trajectories follow very different paths under
selection models with or without the detrimental fitness
effects on the intermediates, and the dependence of
fixation probability on migration rate as demonstrated in
the present study would not be expected when multiple
fitness peaks are separated by valleys of low fitness. The
conditional neutrality thus plays a decisive part in the
present theory of evolution in a subdivided population.

It has been known that locally restricted interactions
affect the global foundation of interactive systems in
various ways (e.g., ESHEL and CAVALLI-SFOrRzA 1982;
WaDE and GOoDNIGHT 1998; THOMPSON 1999; CHAVE
et al. 2002; BR16Gs and HoopEs 2004). The present study
also finds a primary role for subpopulation structure in
creating the favorable condition for the evolution of
coadaptation. As the genomewide polymorphism data
accumulate, it is now possible to draw a detailed in-
ference on the genetic structure and history of natural
populations (HEY and MAcHADO 2003; WAKELEY 2004).
Together with our current knowledge on the genetic
architecture of phenotypic diversity, insights into the

historical demography will cast a new light on the role of
population subdivision and migration in determining
the course of evolution in multilocus systems.
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APPENDIX A: DIFFUSION MODEL

Here and in APPENDIX B, I develop analytical theories
based on diffusion and birth-and-death approximations,
each of which should apply to the limiting cases with
high and low migration rates, respectively.

In the diffusion limit, the expected frequency changes
within each subpopulation are given respectively by

Msy, = syixi(1 — x;) + m(xr — x;) (Ala)

and

My, = sxiyi(1 = yi) + m(yr — y) (Alb)
(see Equations 1 in TakanHasi and Tajima 2005),
assuming the finite-island model of population sub-
division and linkage equilibrium within each subpopu-
lation (z.e., P; — x;; = 0 for all i, where P; designates the
frequency of haplotype A; B, in the ith subpopulation).
The expected variances of the changes in mutant
frequencies are obtained from the ordinary binomial
model of random genetic drift,
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xi(1 = xi) il =)

Vow, = ————" d Vg, =477 A

T Y (A2)
Using these notations, fixation probability u(xy, ..., x/,
Y1, ..., yr) satisfies the equation

L 2
0= : x L + My, — ¢
;{2 0 Mgf 2 9y oy

(A3)

Here we want to know under what conditions the partial
differential equation (A3) has a solution (2), which is
mathematically equivalent to the panmictic solution (1).
Given that the probability « is defined by (2), we have

Ou  4Nsyr exp(—4Nrsxryr)

el A4
Ox; 1 —exp(—4Nrs) (Ada)
*u _ (4Nsyr)® exp(—4Nrsxryr) (Adb)
Ox? 1 — exp(—4Nrs) ’
% _ 4Nsxy exp(—4Nrsxryr) (Ade)
Oy 1 —exp(—4Nrs)
and
@ (4Nsxr) exp(—4NrsxTyr) (Add)

8y-2

13

1 — exp(—4Nrs)

Substituting (Al), (A2), and (A4) into the right-hand
side of (A3), we arrive at the desired condition,
L

=D {1 —x)(

=1

—yr)yr +3i(1 — yi)(xi — xr)xr},

(A5)

which may be expressed as an equality (Equation 3) by
using covariances across subpopulations (as defined in
Equation 4).

APPENDIX B: BIRTH-AND-DEATH MODEL

For the low migration limit, I study the probability of
fixation based on the birth-and-death approximation. In
this limit, the fixation of an allele within a subpopulation
occurs almost instantaneously in comparison to its
transmission across subpopulations. This entails that
the two loci should both be monomorphic within each
subpopulation; i.e., either (x, y) = (0, 0), (0, 1), (1, 0) or
(1, 1) holds, where x and y here denote the mutant
frequencies in a subpopulation. Denoting the numbers
of subpopulations with (x, y) = (0,1), (1,0),and (1, 1) by
no1, N19, and ny, respectively, the state of the entire
population S(ng1, 719, 711) can be uniquely determined
by these three variables. (The summation ny; + ny9 + 711

does not exceed the total subpopulation number L.)
Noting that the fixation takes place independently
within each subpopulation in the low migration limit,
and further assuming that a subpopulation receives
immigrants from a randomly chosen subpopulation
during a migration event, the ultimate fixation proba-
bility f(ng1, Mo, n11), conditional on the initial state
S(ng1, 10, M11), satisfies the relation

Sf(no1, m0,0) ={f(no1 + 1, no,0)un(L — 191 — m10) no1
+f(nol — 1, n10, 0) uxmo1 (L — no1 — n10)
+ f(no1, m10 + 1,0)un (L — no1 — n10) 710
+ f(no1, mo — 1,0)uxmio(L — no1 — n19)
+ f(no1 — 1 "107 1) 14 mo1 a0
+ f(no1, mo — 1, 1)us monor }/ a(nor, mo),
(B1)

where a(ng1, n19) = 2{un(no1 + n10) (L — no1 — n19) +
Uy g1 N} is the standardizing variable, uy designates
the probability that a subpopulation, which receives
selectively neutral immigrants during a migration event,
becomes fixed for the incoming haplotype, while u,
denotes the corresponding probability for a subpopu-
lation that receives a beneficial haplotype with selec-
tive advantage s. In the low migration limit, the two
probabilities should be proportional to 1/(2N) and
2s, respectively (for a more thorough discussion, see
NisHINO and TajiMA 2004). The boundary conditions
aref(O, Nn10, 0) :f(n01, O, O) = O,f(’l’lo], Nn10, 1) = 1, and
flnor, L — mpy, 0) =1 for ny; # 0, L. Note also that f; =
f(1,1,0). The conditional probability f; can be obtained
by numerically solving a sparse system of (L — 1) (L —2)
/2 linear equations for (L — 1) (L — 2)/2 unknowns.

On deriving the relation (B1), it is assumed that if a
subpopulation with (x, y) = (0, 1) receives immigrants
with haplotype A; B, from another subpopulation with
(%, y) = (1, 0), the possible outcome is either (x', y') =
(1, 1) (fixation of the incoming allele A;, with proba-
bility u) or (', y") = (0, 1) (no change, with probability
1 — u,), where the primes denote the frequencies after
the migration event. An equivalent argument applies
when a subpopulation with (x, y) = (1, 0) receives
immigrants with haplotype AyB;. This simplifying as-
sumption, which further entails the boundary condition
fngr, L — ng1, 0) =1 (for ng; # 0, L), neglects the
possibilities of (x', y') = (0, 0) (loss of the preexisting
allele By) and (¥, y') = (1, 0) (fixation of A; accompa-
nied by loss of B;) and should be valid only when the
selection is sufficiently strong (4Ns > 1). Therefore,
when the entire population is fragmented into many
small subpopulations such that the required condition
4Ns > 1 does not hold, the present formulation based
on (BI) should overestimate the probability of double
fixation.



