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SUMMARY

A ‘two locus two allele’ model is developed with special reference to
the introgression of extranuclear genomes between two species of finite
size. The model assumes that one locus, coded by a nuclear genome, causes
the reproductive barrier while the other locus, coded by an extranuclear
genome, causes nucleo-cytoplasmic incompatibility in particular geno-
types. To fully study this model, simulations are conducted, and a diffu-
sion equation is derived when introgression or extranuclear gene flow
occurs in one direction. It is shown that although selection against the
nuclear genome can reduce the levels of extranuclear gene flow and retard
the introgression process, the dynamics are very similar to those without
such selection. In contrast, the nucleo-cytoplasmic incompatibility
directly affects the dynamics of introgressing extranuclear genomes: in
large populations the ability of incompatibility to overcome extranuclear
gene flow is conspicuous, but in small populations it is overshadowed by
random sampling drift. Paternal leakage of extranuclear genomes, if
present, is of evolutionary importance only when the male’s migration
rate is much larger than the female’s. When the sizes of two populations
are unequal, the introgression is most likely to occur from the larger
population to the smaller one in the absence of mating preferences of
backecross progeny. Recent observations on interspecific mitochondrial
transfer in various species do not support the ubiquitousness of nucleo-
cytoplasmic incompatibility as an efficient reproductive barrier.

1. INTRODUCTION

The evolution of reproductive isolation is of fundamental interest in evolutionary
biology. Isolation could develop by fixation of different sets of interacting genes
(Dobzhansky, 1937; Muller, 1942), or chromosomal rearrangments (White, 1978),
or repetitive DNAs (Dover & Flavell, 1982) in different populations. Although the
underlying evolutionary mechanisms of developing reproductive isolation are not
fully understood, no doubt most reproductive isolation results from changes in the
nuclear genome. For example, Zouros (1981) determined the number and
chromosomal locations of genes which control the mating behavior of D. mojavensis

* The early version of this paper was prepared while I was on leave at Center for Demographic
and Population Genetics, University of Texas, Houston, Texas 77225 U.S.A. This is contribution
no. 1589 from the National Institute of Genetics.

https://doi.org/10.1017/50016672300022102 Published online by Cambridge University Press


https://doi.org/10.1017/S0016672300022102

180 NaoYUKI TAKAHATA

and D. arizonensis. Genes that cause hybrid sterility are found in the nuclear
genomes of rice (Oka, 1978), wheat (Tsunewaki & Kihara, 1962), D. pseudobscura
(Prakash, 1972), and many other species.

However, the incompatibility of crosses between local populations or species can
sometimes be traced to nuclear and cytoplasmic (extranuclear) interaction. Laven
(1959) discusses the possibility of speciation by cytoplasmic isolation in the Culex
pipiens-complex; he claims that the dualism of genetic systems should not be
overlooked, and that the existence of a dual, or in some plants a triple, system
of genetic determinants must be taken into account in evolutionary theory. A
number of cases of male sterility are attributed to incompatibility between nuclear
and cytoplasmic genes (Grun & Aurbertin, 1965). An enumeration of cases of
cytoplasmic pollen sterility is found in Jones (1951). Caspari, Watson & Smith
(1966) model the effect of pollen sterility on gene flow (see also Wright, 1969, pp.
163-168), although they find no evidence that the nuclear and cytoplasmic pollen
incompatibility by itself can induce permanent reproductive isolation.

Recent molecular genetics analysis sheds light on the interaction of nuclear and
extranuclear genomes from different points of view. Mitochondrial and chloroplast
DNAs are ‘promiscuous’ not only between cellular organelles and nucleus (Stern
& Lonsdale, 1982, Ellis, 1982; Farrelly & Butow, 1983) but also between organelles
in different populations or species (Powell, 1983; Ferris et al. 1983; Yonekawa,
Tagashira & Moriwaki, 1983; Palmer, Shields & Cohen, 1983; Weissinger et al.
1983; Spolsky & Uzzell, 1984). Thus extranuclear DNAs might move and be
integrated into the host nucleus, and moreover interspecific transfer could occur
rather frequently in the course of evolution. Extranuclear DN As are remarkably
flexible both in their gene organization and in their introgression between different
species.

Takahata & Slatkin (1984) studied a simple model that accounts for mithochon-
drial gene flow over species boundaries. They considered two populations X and
Y and assumed that population X, of infinite size, receives only female immigrants
from population Y. As the genotypes in population Y are assumed not to change
during the course of evolution, their model differs from Wright’s (1931) island
model only in that migration is sex-dependent and that the effect of random
sampling of gametes is neglected even in population X (the island population).
From their deterministic analysis it was found that the rate of replacement of
extranuclear genomes is mainly determined by the immigration rate g if selection
against the foreign extranuclear genome is very weak. Since g must be very small
for different species, we can claim that random sampling drift may have played
an important role in the introgression process. A purpose of this note is therefore
to incorporate the fact that populations consist of finite numbers of males and
females. We also extend their model to investigate the effect of nucleo-cytoplasmic
incompatibility [in Wright’s (1969) terminology] on the introgression of extra-
nuclear genomes. We will approach this problem by both simulation and analytical
studies.
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2. THE MODEL

We consider two populations X and Y of a diploid organism which differ in a
pair of alleles or haplotypes of completely linked loci, 4 and a, and in their
extranuclear genomes, M and m. We assume that there has been geographic
isolation between these populations for a sufficient time .to establish a fixed
genotype in each population. Denote these genotypes by 4AMM in population X
and aamm in population Y. The reason why we use double letters to designate
extranuclear genotypes will be made clear in the following. Suppose that it is
possible for the two populations to exchange individiuals because of recent
population expansion or change of their geographic ranges. Suppose also that
reproductive isolation between the two populations is still incomplete and
therefore the hybrids are not completely sterile (otherwise no gene flow exists even
for extranuclear genomes). Qur problem is to determine under what conditions the
extranuclear genome in one population is replaced by the other and how fast the
process proceeds, if it occurs.

We assume that 4 and a are responsible for reproductive isolation between the
two populations by lowering the fitness of heterozygotes (Slatkin, 1982). We
designate by 1—s the reduced fitness independent of extranuclear genotypes.
Under this condition, we shall study the influence of nucleo-cytoplasmic incom-
patibility on extranuclear gene flow. We model incomplete maternal inheritance
for generality and denote by # the proportion of extranuclear genomes paternally
transmitted into a single cell zygote. If # = 0 and no heteroplasmic zygotes are
produced, our model of extranuclear genomes is equivalent to that of haploid
genomes. When a zygote is heteroplasmic due to paternal extranuclear genomes,
we assume complete fixation of an extranuclear genotype within a cell before
gametogenesis. This fixation is caused by random drift at mitosis occurring in a
generation (within-generation drift). With this assumption, we can treat the
problem in a simplified way and ignore the multiplicity of copy genomes in a cell
(Takahata, 1984, and references therein for mechanisms of within-generation
drift). When 44 MM males and aamm females mate, the genotype of their offspring
is therefore AdaMm although the relative frequency of M in their offspring is
dependent on £. By nucleo-cytoplasmic incompatibility, we imply that individuals
having a combination of Am, or aM, or both are less fit. To specify the selection
regime, we assume that the extent of the fitness reduction of incompatible
individuals is in proportion to the amount of incompatible gene products of Am,
or aM, or both, relative to the total. Thus the fitness of individuals produced by
AM male gametes and 4Am female gametes is reduced by af (a = 1—2), that
produced by AM male gametes and am female gametes is reduced by ¢/2 and so
on. We note that the incompatibility thus defined is nonreciprocal if £ % 0-5. For
instance, if 8 = 0, a cross between Am male gametes and AM female gametes gives
normal offspring, but the reciprocal cross gives rise to incompatible offspring. With
multiplicative action of underdominant selection and nucleo-cytoplasmic
incompatibility, we have the selection regime given in Table 1 where
1—8" = (1—s)(1—t/2). This selection regime is applied to both sexes unless
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otherwise stated. The effect of unequal selection in both sexes will be discussed
later.
The life cycle of the populations is as follows:

Adults et adults ——= gametes ———+ gametes ——=zygoes ——adults

gametogenesis fertilization selection

sampling
B(P}) P(PF) PUPE) | 554 TP
Here P,(F*), F,(B,*), F(F,*), and F,(F,*) are the expected gamete frequencies of
AM, Am, aM, and am in the females (males) in either of population X or Y. We
will add a subseript X or Y to F, and P} when it is necessary to distinguish them
between the two populations. The primes and dagger denote these frequencies at
different stages of life cycle. Generations are discrete and nonoverlapping.

Table 1. Genotypes and selection regime

Female gamete

AM Am aM am
Male gamete (€) (&) (&) (£d)
AM AAMM AAmM AaMM AamM
(1) 1 1—at 1—¢ 1—-s
Am AAMm AAmm AaMm Aamm
(72) 1-pt 1—t¢ 1-¢ 1-5
aM AaMM AamM aaMM aamM
(73) 1—¢ 1-¢ 1—¢ 1—p¢
am AaMm Aamm aaMm aamm
(m4) 1—¢ 1-¢ 1—at 1

Incomplete maternal inheritance is assumed for the extranuclear genomes M and m.
Selection against the autosomal heterozygotes, and nucleocytoplasmic incompatibility
against associations Am and aM in an individual are indicated by the reduced fitnesses 1 —s
and 1—6¢ (0 is a function of f), respectively, with their combined action being multiplicative
[1—8 = (1—s8)(1—¢/2)]. An individual with genotype damM produces gametes, AM, aM,
Am and am with relative frequencies 8/2, /2, /2 and a/2, respectively and that with
AAMm produces gametes AM and Am with a and # and so on.

Let N§® and N be the numbers of breeding females and males in population
X, and N and N{}’ be those in population Y. These numbers are assumed to
be constant with time. Migration exchanges gN{®) females and g*N(¥) males
between the two populations. The proportions of females and males exchanged
in population X are g and g*, respectively while those in population Y are
h= (N /NY)) g and b* = (NGO /NY) g*. Thus we have

}yXi=(l_g) PXi+gPYi’} (’&=1,2, 3, 4) (1)
Pyy= (1—h) Pyy+hPy,

for female exchange. Male exchange is given by replacing g and & by g* and h*.
Random sampling of gametes following gametogenesis occurs independently of
sex and population. In each population, N, female and N, male gametes are
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sampled from each gamete pool to form N, female zygotes. Likewise, N,, female
and N,, male gametes are sampled forming N,, male zygotes. The resulting gamete
frequencies are determined by multinominal distributions with index N or N,, and
parameters { P;} or { P}'}. Let {£;} and {5,} be the female and male gamete frequencies
to form the female zygotes. When N, is sufficiently large (in practice, even when
it is as small as 10), it is known that a diffusion approximation can give a quite
satisfactory agreement with the Wright—Fisher reproduction model. As we have
considered a time discrete model up until now, an appropriate representation for
these multinominal sampling processes may be given by stochastic difference

equations
d £ = Pi+AB(N,, P), }
1y = P}’ +AB{(Ny, P
from which we obtain P; = Y£,+%,). In the above equations, {AB;} and {AB}} are

two independent sets of random variables. The expectations of AB; and ABY,
conditioned on the values of P; and P}’, are

E{AB;| P; = p;} = E{AB} | P}’ = p/} =0 (3a)

2)

and the variances and covariances are

1
E{AB, ABj | Py =pg = W—Pt(é‘q"l’;),
f
1 (3d)
E{ABf AB} | P} = pf} = Ff?’?("ﬁ‘?}')

in which d;; is the Kronecker delta function and higher order terms of N;' are
neglected. Likewise, the gamete frequencies to form the male zygotes, {£3} and {7},
can be expressed in terms of two other independent sets of random variables with
index N,, and parameters {P;} or {P}}. We define the frequencies of 4 and M in
the sampled female gametes as

A=§ +E and p=§ +§; (4a)
and those in the sampled male gametes as
A* =1+, and p*=7,+7, (4b)

Equation (2) are a convenient way to describe the change of the gamete
frequencies due to random sampling drift in bisexual populations. We will use them
in deriving a diffusion equation, but not in the simulation study. In simulations,
we shall faithfully sample the gametes following multinomial distributions.

Let us consider {P]} in the females of the population after selection. When
fertilization occurs, heteroplasmic zygotes can be formed if g # 0. Then within-
generation drift acts during development, fixing an extranuclear genotype in a cell.
After multiple rounds of mitotic cell divisions and meiosis a heteroplasmic zygote
can produce both types of homoplasmic cells, denoted by MM and mm, with
relative frequencies a(f) and B(a) when type M(m) is transmitted by a female
gamete. That the frequency of homoplasmic cells produced by such heteroplasmic
zygotes equals a (or f) implies that M and m are equivalent in amplification and
degeneration. In other words, we assume no selection occurring within an
individual (Takahata, 1984).

72
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Now it is a straightforward matter to calculate {P}} in terms of {£,} and {7,}. The
mean fitness, W, is given by

W= 1—at{f A*+E(1 —A*} =B, A+ 75(1 —A)} =" (A+A*—222%)  (5)

and {P]} by
WPl = (Ja) [£,+pA* —s{€,(1 —A*) + £, A%}]
+(’?ﬁ)["71+P*/\—3/{771(1—/\)+"73/\}]'—“ﬂt(§1772+771£2), (6a)

WP} = (3a) [£,+ (1 —p) A* —2atE, A* — 8'{E, (1 — A*) + £, A*}]
+EB) [+ (1 —p*) A=28ty, A—s'{n,(1—A) + 7, A}]—2aptE, 9, (6b)

WP} = (da) [£3+p(1—A%) — 2atEy(1 — A*) — $'{£,(1 — A*) + £, A%}]
+ (36) 15+ p*(1 — ) —2Btn,(1 —A) — {9, (1 —A) + 93 A}] — 20 ftE, 5. (6¢)
The change in the frequencies, ¢ and R, of 4 and M in the females is obtained
by .
WQ' = YA+ A*— &' (A+ A* —2AA%) ]| —t(af, A* + S, A) (7a)
WR' = afp—s'{E,(1 =A%)+ £, A*}]4+ lo* —s {0, (1= A)+ 7, A}]
—toPE5(1 =A%)+ BPya(L— A)+af{E, my+ 0, £, + 28, 58]  (TD)

where Q' = P{+ P} and R' = P{+ P}. The frequencies {P}'} in the males of the
population are given by replacing {£;} and {»,} by {£;} and {5;} and so are Q*! and
R*t,

It is perhaps instructive to examine the mean and variance of Qf(Q*) and
RY(R*') when there are no migration and selection involved. From (7), we have

Q= 4A+A*)

and R = ap+ Bp*.
Using (2), (3) and (4), the conditional means become
EBQTQ =g, @* =g¢*} =g +g*), (8a)
E{R'|R =1, R* = r*} = ar+ fr* (8b)
and the conditional variances become
1
Var (@) = —{g(1—q) +¢*(1 —¢*)}, (9a)
4N,
Var (RY) = 3 {a%r(1=r)+ fr*(1 = ). (9b)
f

The conditional means of @*' and R*! in the males of the population are the same
as (8), whereas the conditonal variances are given by

Var (@) = - {g(1—g)+¢*(1 — g, (10a)

Var (R*t) = NL {o2r(1—7)+ B2r*(1 —r*)}. (10b)
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In order to define the variance effective number N, in a bisexual population,
we must seek a quasi-Markovian variable (see Ewens, 1979, pp. 104-112). For a
nuclear (Mendelian) gene, Z‘™ = (@ + @*) has such a property and N{® is given

by
4N N
(n) — - f-"m 11
Ne Nf+Nm (11)

In the case of an extranuclear gene, Z® = a R+ SR* plays the same role as Z(™.
The mean per-generation increment of this quasi-Markovian Z(® is, of couse, 0 as
seen from (8b). We define the variance effective number N for an extranuclear

ene b
e N _ @ EA1—2) 12)
€ Var (Z'9)
where z = E(Z®) = ar+ fr*. The variance of Z® is given by
a2 ﬂ2
Var (Z®) = -—+——) {a®r(1—r)+ f2r*(1 —r*)} (13)
N,w,

from (9b) and (105). We can show that {a?r(1 —r)+ f%r*(1 —r*)}iswell approximated
by (a?+ f#%)z(1 —z), the difference being in proportion to f and r—r*. From (12)
and (13), and neglecting higher order terms of 1/N; and 1/N,,, we obtain

N© — N/N,,
¢ PBN+aEN,’
which is identical with the inbreeding effective number (Takahata & Maruyama,
1981). However, there is no guarantee of the validity of the above treatment if
gene frequency differs to a large extent in both sexes. This can occur either by
sex-dependent migration or by sex-dependent selection. In either case, formula (14)
is valid only when g is extremely small.

(14)

3. SIMULATION RESULTS

The model described in the previous section was simulated to observe the
frequency changes of 4 and M and the linkage disequilibrium in the two
populations. Some of the simulation results were used to check the validity of the
analytical treatment in the following section. We treated migration and selection
deterministically, using (1), (6) and (7). In order to determine the genetic
composition of the female and male gametes which produce N{¥) female zygotes
in population X, we generated two sets of multinomial random numbers with index
N and parameters {P;} or {P}’}. These random numbers were used to compute
{£,} and {5,} in (2). Two other sets of multinomial random numbers with index N{X
and parameters {P;} or {P}’} were generated for NX) male zygotes in population
X. The same procedure was employed for population Y if it was finite.

All simulations started with the initial conditions Py, = P%, =1 and
Py, = P}, =1, i.e. population X is fixed for AM and population Y for am. To
obtain the expectation of any quantity, 100 independent runs were repeated for
each set of parameter values. The parameter values we chose were as follows:
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g=1073g* =0 and 1073, # =0 and 0-5, ' = 0 and 05, { = 0, 0-01 and 0-05, and
N = NG¥) = 50 while N = N¥) = 50, 100 and co.

Fig. 1 shows the result of control simulations and the effect of selection against
heterozygotes. Here no nucleo-cytoplasmic incompatibility was assumed (¢ = 0)
and N = N&) = oo so that migration is unidirectional from population ¥ to X
with g = g* = 1073, With this setting and 8" = 0, the expectation of Z = aR+ SR*
is given by 1 —e~@0+#09T where T is the time elapsed since migration started. The
agreement between this expectation and the simulation results were satisfactory,
showing that 100 independent repeats are sufficient to obtain the expectation of
our quantities and that random sampling of gametes is correctly simulated.

1-0
0-8

0-6

04

Average frequency of m

0-2

0 i 1 L Al 1 1 1 L
1 2 3 4 5 6 7 8 9

Generations (X 10%)

Fig. 1. Average frequency of the invading extranuclear genome m in population X
(ordinate) against time elapsed since invasion started (abscissa, in units of 10°
generations). N§¥) = N(X) = 50, N{¥) = N{¥) = c0,g = g* =107%,t = Oand s = O or 0'5
are assumed. @, Results for # = 0; O, results for # = 0-5 simply as a reference. A
control simulation indicated by (@) (s = 0, # = 0) agrees with (18¢) with t =0 and
ge = g, whereas a simulation indicated by (@) (s = 05, # = 0) agrees well with the
numerical solution (a smooth line) of (21) with ¢ = 0 and g, = ¢/3.

‘When heterozygotes are semi-lethal (" = 0-5), the introgression of foreign
extranuclear genome m can occur with a slight retardation while that of the foreign
nuclear gene a is nearly completely prevented. We note that the introgression of
m is retarded by a factor of about 1/3 compared with the case when s’ = 0 and
that the frequency of A rapidly approaches equilibrium. We will explain these
results in the next section.
~ Fig. 2 shows some simulation results when both populations are of finite size and
therefore migration is bidirectional. When ¢ is small, the whole population is
eventually fixed for either M or m. The expected frequency of m, however,
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approaches an equilibrium value depending on the size of populations X and Y.
On the other hand, appreciable incompatibility makes the introgression of
extranuclear genomes difficult because the resident nuclear gene is kept high in
frequency. In one example in Fig. 2, N(9 ¢ = 2:5 so that the effect of incompatibility
is large enough to overcome random sampling drift. The direction of introgression

1-0

In Y (case b)

In Y (case a)
08 |

06 F In Y (case ¢)

In X (case a)

04}

Average frequency of m
11

In X (case ¢)

02
In X (case b)

1 2 3 4 5 6 7 8 9
Generations (X 10%)

Fig. 2. Average frequencies of the extranuclear genome m in population X and in
population Y : Effects of nucleo-cytoplasmicincompatibility and differential population
size. The decreasing and increasing lines are regression lines of the simulation results
in population Y and population X, respectively. In all simulations,g = g* = 1073, =0
and & =05: (a) t =001, N{¥ =N =50 and Nf¥ = NG =100, (b) t = 0:05,
N, = N, = 50 m in both populations and (¢) ¢t = 0, N, = N,, = 50 in both populations.
The simulation result for the case of t = 0:05, N{®) = N{¥ = 50 and N{¥’ = N’ = 100,
is very similar to (b).

of extranuclear genome is predictable in our model. When two populations differ
in size, the introgression tends to occur from the larger population to the smaller
population because of the asymmetry of migration rates between the two
populations. For example, when N(¥ NP =50, N¥) = NY) =100, f =0,
g=g*=1073 ¢t =001 and s’ = 0-5, population X was completely invaded by
foreign extranuclear genome m at the end of the simulation (10/g generations) in
72 out of 100 repeats. In contrast, population Y still maintained the resident type
m in more than 70 repeats with the average frequency of m being about 0-8. Thus,
a larger population is more resistant to introgression if hybrids have no mating
preference in the backcross generation. As ¢ increases, however, this directionality
becomes invisible for the obvious reason. The expected frequencies of m in the
populations X and Y for the case when ¢=005 N =NX =50 and

N¥) = NY) = 100 do not differ much from those for the case (b) of equal
population size.
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4. ANALYTICAL RESULTS

Here we treat the simulation model analytically, confining ourselves to the case
of f=0,g* =0, N¥ = N’ = o0 and

1~s>tg (15)

where the sign ~ is used to indicate that the quantities on both sides are of the
same order of magnitude. These parameters are equivalent to those in Takahata
& Slatkin (1984) and in the simulation in Fig. 1. An additional assumption is that
initially the gamete frequencies were the same in both sexes, i.e. P, = P}
(¢ =1,2,3, 4). To study this analytical model, we first ignore the effect of random
sampling drift.

Recalling that @ = P,+ F, and R = P, + F,, and defining U = P,/ R, we can show
that @ and U rapidly approach their equilibrium states and are weakly affected
by drift, but in contrast, that the change of R is a very slow process strongly
affected by drift. Consider the changes of @, R and U by migration and selection
alone. The lower case letters ¢, » and u are used to indicate that the processes are
treated in the absence of drift. Using (2) and (4), and noting that § = P; and
7, = P}, we have

1 7 ’ 7 7 ’ ’
¢ = o [4+9 —24(q’ —ur')—s"(g+9¢'—29¢), (16a)

= #V[l—t(l—u)(1—q)—s'{q+u—2qu}], (16b)

ot = g+u—s(q+u—2qu)
T2l —t(1—u)(1—q)—s (g +u—2qu)}

(16¢)

where ¢’ = (1—g)q, v = (1—¢g)r and
W=1—-t{qy+(1—q)r" —ur'}—s(¢g+q¢ —2q¢"). (16d)

From (16a) and (16c), we can readily obtain the equilibria of ¢ and «. The stable
equilibrium of ¢ is given by ,
1—
g 1220 (17a)

and that of w by g(1—s)?

PPV A Ul
“ 2s'(1+5")

(17b)
to a good approximation. If we linearize (16a) and (16¢) around § and 4, we obtain
the rate of return to equilibrium. The larger eigenvalue of the linear equations is
1—¢’ so that the return occurs quite rapidly for large s’. This fact allows us to
substitute § and 4 into ¢ and » in (166) and (16d), and to study the change of r
under the condition that ¢ and u have been attained to equilibrium. The
assumption (15) yields an approximation for the change of r as

= (1—g,)r+tr(1—r) (18a)
where g, = g(ll;-:, ). (18b)
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The degree of extranuclear gene flow g, is a function of s" and equals (1/3)g for
&’ = 0-5. This provides a rationale on simulation results for &' = 0-5 in Fig. 1.
Indeed, these simulation results were indistinguishable from the simulation results
for the case of 8" = 0 and (1/3) g instead of g. The time continuous solution of (18a)

is given b
By 7y = SeLL=exP g, =) T (18¢)
t—glexp {(ge—t) T}]
under the initial condition 7(0) = 1. Thus the equilibrium value of r is
F o~ _&
F~1 ; for t>g, (19)
=0 otherwise

and the rate of return to equilibrium is either g, or ¢, whichever is larger. To show
an adequacy of the present treatment, (18¢) was compared with the exact solutions
of 1 —r, the frequency of m in population X, which were calculated from (16).
Fig. 3 shows the exact solutions which are well approximated by (18¢).

The degree of gene flow g, in the steady state (i.e. after the nuclear gene
frequency reached the equilibrium state) is a key quantity to determine the
introgression process of extranuclear genomes. It is interesting to know the levels
of gene flow for the nuclear loci which link to the locus being responsible for the
reproductive isolation. In this case, recombination plays an important role in the
introgression process of nuclear genes. We consider a single neutral locus which
has a recombination value ¢ with the selected locus. If we follow the same procedure
to derive (185), we obtain ,

c(l1—s")

Yoy = 73 o(1—5)7 (20)

for the degree of nuclear gene flow in the steady state. Clearly, there is no nuclear
gene flow for completely linked loci. However, as c¢ increases, g,,, increases
(9e(ny = 9. when ¢ =1}). Thus the interspecific transfer of nuclear genes is also
possible if they are not closely linked to the selected locus (or loci). In fact,
Selander, Hunt & Yang (1969) found nuclear introgression at several enzyme loci
in M. musculus populations in Denmark (see also Lewontin, 1970, pp. 179-183)
before Ferris ef al. (1983) showed clear evidence of mitochondrial introgression in
these populations.

Now let us incorporate the effect of random sampling drift into the change of r.
When g, ~t~1/N® < 1, the standard method of diffusion approximations
leads to the Kolmogorov backward equation

- 2
g%={—ger+tr(l—r)}aa—f+%lzvg—;) %;qz_S (21
in which T again stands for the generations elapsed since the two populations
started gene exchange and ¢ is the distribution of r at time 7' ®r the expectation
of any function of r.

Equation (21) is rather familiar in the literature of population genetics (Wright,
1969; Crow & Kimura, 1970; Ewens, 1979). However, the analysis made to date
is only for the mean sojourn time and the Green’s function (Ewens, 1964, Li & Nei,
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1977; Kimura, 1980). If we use Nagylaki’s (1974) general formula, we can obtain
the distribution of sojourn time (Maruyama & Kimura, 1971). Yet as the mean
sojourn time itself is rather complicated (it is possible to express it in an integral
form or in terms of Kummer’s confluence hypergeometric function), it seems very
difficult to obtain the distribution. The spectral decomposition is also unknown.
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Fig. 3. Frequency of the invading extranuclear genomes m in population X. Both
populations are assumed to be of infinite size, but immigration is assumed to occur
unidirectionally from Y to X. 8’ = 0-5 and g = 1072 in all cases: (a) g* = g and £ = 0-5,
(b)g*=0,8=050rg*=gand f=0,(c)g*=9g,f=05and (d)g*=gand =0 or
g* =0and f = 0-5[t = 0in(a)and (b),t = 0:05in (c) and (d)]. Note that incompatibility
nearly prevents the introgression when ¢ » g,. The equilibrium value attained is given
by g./t in (19). The doubled value for case (c) is the result of male immigration and
the unrealistic assumption that males transmit as many extranuclear genomes as
females.

To obtain the expected frequency of foreign extranuclear genome, we used a
method of numerical solution of partial differential equations (e.g. Maruyama,
1977). The results were compared with the simulation results (Fig. 1). The
agreement between the two warrants the use of (21) to describe the introgression
process under the conditions (15).

When there is no incompatibility, the probability that the foreign extranuclear
genome becomes fixed in population X by the T'th generation can be obtained from
(8.5.19) in Crowe& Kimura (1970, pp. 394). The asymptotic form becomes

P~ 1—(146) exp (—g, ) +16(3+6) exp [—(2(1+G)/Glg, T]  (22)

where G = 2N® g,. The mean fixation time is given by
G
Th= m{‘)’ +y(G)Y/g, (23)
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where y =0:577... is Euler’s constant and (‘) stands for the digamma
function (e.g. Kimura, 1980). It is clear from these formulae that the time
required for fixation to occur is of the order of the reciprocal of the
immigration rate for small and moderate values of G. As G increases, the
digamma function increases, implying that the fixation time is prolonged
indefinitely. However, since y+ (G) increases with log G, the population-size
dependence of 7}, is rather weak. Within this range of G, no only 7, but also P
are determined mainly by g,.

In contrast to the rather weak effect of population size on the fixation time
expected in the neutral case, the effect of incompatibility is very strong when
coupled with weak random sampling drift. In a large population, only a small
amount of incompatibility is sufficient to prevent the establishment of the
invading extranuclear genome. To fix the idea, let us assume ¢=10g¢g, and
G = 1. In this case, the mean fixation time is about 10/g, from Table 1 in
Kimura (1980) (see also Table 3 in Li & Nei, 1977). If the population is
increased by ten times (G = 10), the mean fixation time becomes 6 x 10°/g,,
despite the ratio of ¢t to g, being kept constant. Needless to say, this
enormously prolonged fixation time implies that fixation will never occur in a
large population.

For a small population, such as 2N ¢ < 1, however, fixation occurs with the
mean time of 1/g,. It is well-known fact that a mutant with selective
advantage or disadvantage s behaves as neutral if the effective population
number is smaller than |s[™' (Li & Nei, 1977). Thus, nucleo-cytoplasmic
incompatibility is not an efficient mechanism to prevent the introgression of
extranuclear genomes in a small population unless it is sufficiently strong.

5. DISCUSSION

Our analytical study shows that the immigration rate g, defined in (18) is a
quantity of prime importance in determining the introgression process. The
quantity is a function of the intrinsic immigration rate and of the degree of
premating isolation between two species. We also assumed that ¥, males are sterile
and therefore excluded male migration. In the case of D. pseudoobscura and D.
persimilis in the United States, 3 female hybrids were found out of 30,000 females
examined (Powell, 1983). Laboratory studies show the postmating isolation of
these species to be such that F, females are fertile while ¥, males are sterile
(Dobzhansky, 1936). These figures suggest that the reproductive isolation between
D. pseudoobscura and D. persimilis is not complete, which allows gene exchange
in nature. Therefore, we set ¢ = 107 in our previous paper (Takahata & Slatkin,
1984) which is much larger than a typical value of mutation rate per locus (107°
or 107%). Although F, females are fertile, there are no data that indicate the relative
fitnesses of F, female and their backcross progeny. We can speculate, however, that
the relative fitnesses should be much lower than that of normal genotypes,
otherwise both species could not have maintained their genetic distinction. If this
is the case, g, is smaller than g because of the reduction in hybrid viability and/or
fertility, e.g. g, = (})g when s’ = 05 and of course g, = 0 when s = 1. Then the
introgression would be slower than expected from the observed value of g.
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The effect of male migration can be easily anticipated. If § is extremely small,
it increases the frequency of foreign nuclear genomes without increasing the
frequency of foreign extranuclear genomes. However, an increased amount would
be very small as long as selection against hybrids is strong enough compared with
the level of male migration rate. Then the dynamics of introgressing extranuclear
genomes are not affected much by male migration. A significant change can happen
only in an extreme case where male migration swamps the reproductive barrier.

When the sizes of the two populations are finite and migration is bidirectional,
the extranuclear genome m is eventually fixed or lost from the entire population.
Yet the expected frequency of m taken over many sample paths may asymp-
totically take an intermediate value, depending on asymmetric migration rates
between populations. In a symmetrical migration model, it should approach 1.
The discrepancy between this expectation and the simulation result in Fig. 2(c)
is due to a sampling error. An asymmetrical migration, on the other hand, can
easily result in a bias in the direction of introgression, as shown in Fig. 2(b).
However, this asymmetry does not seem to be the only determinant of the
direction. Some sorts of assortative mating (or Wallace effect) may be more
important in this respect (Murray, 1972; Slatkin, 1982).

The effect of ‘paternal leakage’ of extranuclear genomes was demonstrated by
assuming an unrealistic value of £. It is significant only when migration is strongly
biased for males. If males migrate more frequently than females do, a small
paternal leakage would play an important role in the introgression process of
extranuclear genomes. In contrast, more frequent female migration obscures the
paternal leakage.

Sex-independent selection against backcross progeny is a conservative assump-
tion for protecting a resident genotype. If we consider selection operating only in
one of the sexes, the absence of selection in the other sex would make the
introgression of extranuclear and nuclear genomes easier. Reproductive isolation
mechanisms must operate in both sexes. When the F, males are sterile, the sterility
diminishes the level of nuclear gene flow, but does not diminish extranuclear gene
flow. As long as the ¥, females are fertile and transmit the majority of extranuclear
genomes, male sterility plays a minor role in the introgression of extranuclear
genomes.

In conclusion, it is very difficult to prevent the introgression of extranuclear
genomes unless the hybrids between two species have very low fitnesses (see also
Takahata & Slatkin, 1984). Selection operating on nuclear genomes does not
strongly affect the dynamics of extranuclear genomes because of their independent
segregation. This conclusion also applies to nuclear genes which do not cause
reproductive isolation and which are loosely linked to genes that are responsible
for reproductive isolation (see also Barton, 1983). Incompatibility would prevent
the introgression of extranuclear genomes only when its effect is strong compared
with random sampling drift. Although the intensity of incompatibility is little
known, it would not be surprising to find more instances of mitochondrial or
chloroplast invasion across species boundaries other than those already reported
in Powell (1983), Ferris et al. (1983), Yonekawa et al. (1983), Palmer et al. (1983),
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Weissinger et al. (1983), and Spolsky & Uzzell (1984). Conversely, these observations
suggest that nucleo-cytoplasmic incompatibility has played a very minor role in
reproductive isolation between species examined.

I thank M. Nei, M. Slatkin, B. Charlesworth and M. Kimura for their comments and interest
on this subject. An anonymous reviewer’s comments were very useful in improving the content
and presentation of this paper. This research has been supported by NIH and NSF Grants and
by Grant from the Ministry of Education, Science and Culture in Japan.
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