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ABSTRACT

Use of sequence information from extranuclear genomes to examine deme
structure in natural populations has been hampered by lack of clear linkage
between sequence relatedness and rates of mutation and migration among
demes. Here, we approach this problem in two complementary ways. First, we
develop a model of extranuclear genomes in a population divided into a finite
number of demes. Sex-dependent migration, neutral mutation, unequal genetic
contribution of separate sexes and random genetic drift in each deme are
incorporated for generality. From this model, we derive the relationship be-
tween gene identity probabilities (between and within demes) and migration
rate, mutation rate and effective deme size. Second, we show how within- and
between-deme identity probabilities may be calculated from restriction maps of
mitochondrial (mt) DNA. These results, when coupled with our results on gene
flow and genetic differentiation, allow estimation of relative interdeme gene
flow when deme sizes are constant and genetic variants are selectively neutral.
We illustrate use of our results by reanalyzing published data on mtDNA in
mouse populations from around the world and show that their geographic
differentiation is consistent with an island model of deme structure.

WRIGHT (1970, 1977, 1978 and references therein) suggested that evo-
lution would act more quickly in species with semi-isolated populations
linked by low gene flow and influenced by independent selective regimes.
Direct nucleic acid comparisons (either single gene comparisons or larger ho-
mologous DNA segments) within or between species have great potential for
addressing the problems of population substructure or species divergence.
Gene purification and sequencing (BROWN et al. 1982; MARTIN, VINCENT and
WiLsoN 1983), thermal renaturation (BRITTEN, CETTA and DaAvipson 1978;
BrROWN, GEORGE and WILSON 1979) and restriction endonuclease digestions
(AVISE, LANSMAN and SHADE 1979; AVISE et al. 1979; FERRIS, WILSON and
BrOwN 1981; BROWN, GEORGE and WILSON 1979; BROWN 1980; YONEKAWA
et al. 1981) have all been successfully applied to the study of within- or be-
tween-population genetic differentiation. In particular, mitochondrial (mt)
DNAs from a wide variety of species have been investigated by use of restric-
tion fragment mapping.
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Mitochondrial and chloroplast (extranuclear) genomes are self-replicating
units genetically (but not physiologically) independent of the nuclear genome.
They are maternally inherited in the majority of species studied (LANSMAN,
Avise and HUETTEL 1983 and references therein). There are multiple copies
per cell (GILLHAM 1978; BEALE and KNOWLES 1978), and these are randomly
transmitted to daughter cells during mitotic cell divisions (BIRKY 1978, 1983;
THRAILKILL ¢ al. 1980). Furthermore, mitochondrial genomes have a much
higher rate of gene substitution possibly due to deficient repair mechanisms
for mtDNA (BROWN, GEORGE and WILSON 1979). As a result, evolutionary
patterns exhibited by nuclear and extranuclear genomes are not necessarily
congruent and the extensive body of theory on nuclear genetic differentiation
and evolution does not apply directly to extranuclear genomes.

The transmission genetics of extranuclear genomes have been modeled re-
cently (OHTA 1980; TAKAHATA and MARUYAMA 1981; CHAPMAN et al. 1982;
BIRKY, MARUYAMA and FUERs 1983; TAKAHATA 1983a,b; TAKAHATA and
SLATKIN 1983, 1984). Others (NEI and L1 1979; NEI and TAjiMa 1981; EN-
GELS 1981; EWENs, SPIELMAN and HARRIS 1981) have examined the relation-
ship between endonuclease cleavage patterns and within- and between-popu-
lation genetic variation. However, there is currently little theoretical work
allowing a bridge between empirical studies and theoretical models of extra-
nuclear genomes in a species divided into subpopulations.

Here, we study extranuclear genetic variation in a subdivided population
based on WRIGHT’s (1943) finite island model. Particular attention is paid to
the joint effects of both maternal inheritance and sex-dependent gene flow on
the local differentiation of extranuclear genomes. First, we develop a model
describing the behavior of a single locus on an extranuclear genome. We derive
the identity probability (i.e., the probability that two sampled homologous DNA
segments will be identical) either in the same or in different demes. This
probability is primarily determined by the effective migration rate, which is
shown to vary both with paternal contribution to zygotic extranuclear genes
and with the relative dispersal of females and males between demes.

Second, we modify existing techniques for calculating genetic diversity based
on restriction fragment analysis to allow empirical estimation of the gene iden-
tity probabilities we derive in the first section. Third, we analyze published
data on mtDNA variation within and between demes to illustrate use of the
present results.

MODEL AND ANALYSIS

Population genetics of extranuclear genomes in an island model
&

We consider the finite island model of L partially isolated demes in which
migratien may be sex dependent. We denote by m and m* the per-generation
rates of migration of females and males, respectively, between demes. We
assume that the number of breeding females (Ny) and of males (N,) in each
deme are the same and are constant between generations. We consider two
possible alleles (M and M’) at an extranuclear locus (the term “locus” refers
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to either a gene or the recognition site of a restriction endonuclease). We
assume only neutral mutations between the two alleles with the rate v; from
M to M’ and v, for the reverse. This model of mutation allows us to consider
the case in which there are K equivalent alleles at a given locus by setting
ve = vi/(K — 1) and letting M’ represent all alleles other than M (KIMURA
1968). Migration of individuals, random sampling of gemetes and mutation
are assumed to occur in this order. Generations are nonoverlapping and dis-
crete.

We allow for paternal contribution to extranuclear genomes in a zygote and
for heterogeneity of gametes produced by an individual but assume no heter-
ogeneity within each gamete. Although there are usually multiple copies of the
extranuclear genome within a cell, we presume that within-generation drift
due to random transmission of extranuclear genomes at mitosis (THRAILKILL
et al. 1980; BIRKY 1983) guarantees the fixation of either paternal or maternal
extranuclear genomes in a cell (TAKAHATA and SLATKIN 1984). We note that
this assumption does not necessarily imply homogeneity among different cells
within an individual. In other words, we allow for a variety of gametes pro-
duced by a heteroplasmic zygote (BROWN 1983; OL1vo et al. 1983). Let « be
the fraction of genome copies in a zygote at fertilization transmitted from a
maternal cell, and u(«) be the fixation probability of such genomes among
the cells in an adult individual. If extranuclear inheritance is completely mater-
nal, or if the maternal extranuclear genome preferentially replicates, then
u(a) = 1. TAKAHATA (1983b) reports criteria for determining the significance
of a particular level of paternal contribution to extranuclear genomes. With
the assumptions of neutrality and complete homogenization of gametic cells,
our model is similar to that of a haploid population. However, to define quan-
tities specific to extranuclear genomes, and to incorporate the effect of recur-
rent mutation, we need to construct a rigorous mathematical model.

Let x(i) and y(i) be the frequencies of M in females and males (before
migration) in the ith deme in the tth generation. We assume that x,(z) = y(i)
at this stage of the life cycle because of random mating in each deme and
because there is no differential assignment of different extranuclear genotypes
to different sexes. However, if migration is sex dependent (m # m*), the
frequency x/(i) after migration becomes different from y/(;). In the Wright
finite island model, these postmigration frequencies can be obtained by

L

() = (1= m)() + 727 % () o
Y6 = (1= m¥pli) + 7 2 )

for 1 =4, j = L. The first terms of the right side correspond to the loss of M
from the ith deme and the second to the addition of M from the remaining
L — 1 demes.

Next, we consider the change of the frequency of M due to random sampling
of gametes occurring independently in each deme. This process is usually
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described by a Markov chain which may be approximated by a diffusion proc-
ess dependent on both population size and gene frequencies. We describe the
dynamics of x,(i) and y,(i) by introducing a set of independent random varia-
bles, By(i) and Bq(i), which satisfy

E{B\(i)} = E{Bx(i)} = E{B:())Bx(i)} = 0

E(BYi)} = N7's(l — ») @)
E{B}i)} = Na'y(1 — )
where E{ } stands for taking the expectation with respect to the distribution

of By(i) and By(i) conditioned on x/(i) = x and y/(i) = y. Bi(i) and Bs(i) thus
defined are related to the inbreeding effective number in each deme, as we
will see later. By using B,(i) and Ba(i), we have

x/(3) = x/(i) + Bi(3) (3
y7'(3) = /(i) + By(i)

for 1 < i < L, where the double primes denote the frequency of M after
random sampling of gametes occurring in the gamete pool of each sex.

If maternal inheritance is incomplete, there can be two different homo-
plasmic and two different heteroplasmic zygotes in the population when ga-
metes of both M and M’ combine to form a zygote. If maternal inheritance is
complete, however, no heteroplasmic zygotes are produced. In this case, we
can ignore the multiplicity of genomes within each cell and model extranuclear
genomes as those of a haploid. However, when there are recurrent mutations,
heteroplasmic cells are formed even if maternal inheritance is complete. We
need to develop a model that adequately incorporates this possibility. We as-
sume that mutation occurs only at the single-cell zygote stage and that the
resulting heteroplasmic zygote is subject to within-generation drift, fixing dif-
ferent genotypes in different cells. Table 1 summarizes the possible combina-
tions of different gametes and the input frequencies of M in different geno-
types due to the mode of inheritance and mutation. For example, a single-cell
zygote fertilized by an egg of M and a sperm of M’ is heteroplasmic with
relative frequencies of M and M’ being a and 8 = 1 — a. These frequencies
are further changed by mutation to o’ and 8’. We postulate that they are
given by

o' = (I - vl)a + ‘Ugﬂ (4)
ﬂ' = (1 - 112)6 + v«

With these frequencies, within-generation drift starts to act, resulting in hom-
oplasmic cells in the adult in the proportion of u(a’) to u(8’). In the case of
neutral mutations, we expect that the output frequency of M at the adult stage
equals the input frequency, i.e., u(a’) = a’. Likewise, we obtain the input and
output frequencies of M in the other genotypes. Using Table 1, we have the
expected frequency of M in females in the next generation
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TABLE 1

Relative frequency of genotype M in single-celled zygotes as a
Sfunction of gamete genotypes, sex-dependent contribution to zygote
extranuclear genes and postfertilization mutation

Female gametes

M M’
Male gametes [x] 1 - x]
M 1 - (1 = v1)B + v
{51 (%] [(1 = x)p]
M’ (1 = v)a + voff

V2
(1 -] [x(1 = y)] (1 = xX1 —y)]

The relative frequency of occurrence of each gamete or com-
bination of gametes is given in brackets (the symbol to indicate
the frequency after random sampling is dropped here). v, is the
mutation rate from M to M’; vy 1s the reverse rate. The fraction
of genome copies maternally transmitted is « and § = 1 — a. See
text for details.

x/ (1)y! Gyu(l — v) + {1 — x7 @)yl (Du(y’)
+ 2/ (1 — 3/ (u(a’) + {1 — %7 OHL — 37 (1)}u(ve) (5)
ve + plax/ (i) + By! (i)}

for 1 =i< L, where ¥’ = (1 — v1)8 + vea and ¢ = 1 — v; — vs. Note that
Ye+1(2) = x4a1(i) is recovered.

We define the average frequency of M(X,) and identity probabilities within
(I;) and between ( J;) demes as

xt+1(i)

IlMp-

X = E{x,(l)}

N

I,

N

. E EHOY (6)

Tpg-

1
E
J‘ L(L _1) :—Zl ]§' {xt(l)x‘(])}
If we assume that all demes are initially homogeneous in their genetic com-
position or that equilibrium is reached, X,, I, and J, are equal to E{x(i)},
E{x{(i)} and E{x(i)x(j)}. We will use the same notations to represent these
quantities. Recalling that x,(i) = y,(i), we first get

i =X/ =X (7)
X1 = vg + uX,

from (5). To calculate the change of I, and J; due to migration we first define
the identity probabilities of two genes sampled from a male and a female within
a deme (Z,) and between two demes (W,);
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1 & N
Z,= I Y Efx,(i)y(i)}
i=1
L L
E
W, = L(L IL=D =Z § {5}
Making use of (1), we can determine these two probabilities after migration:
Lmm* Lmm*
[ — — *
Z, {1 m-~m +L-—-1}Zt { L—I}Wt ®)
1 Lmm m+ m* Lmm*
P 1- +
Wi L—l{m+ —1} { L-1 (L—1)2}W‘

The equations of I, and J, in females can be obtained by replacing m* by m,
whereas the corresponding equations in males, denoted by I}* and J*, can be
obtained by replacing m by m*. Since x(i) = y(i), Z. = I, = I} and W, =
Je = J& hold immediately before migration.

Next, we represent I;4; and [+, in terms of the identity probabilities after
migration. Making use of (5) and then (3), we have

1 1
Loy =v3+ u? [a2 {1,’ + —(X/ - I,’)} + 52 { o+ —(x! - 1,*')}

+ 2a62,’] + 2uuX/ ©)
Jeo1 = 03 + w2 + BAF + 2aBW/] + 2vquX].
Equation (10) suggests defining the effective population number N, by

g1
N, = + — 10
[Nf N,,J 1o
(TAKAHATA and MARUYAMA 1981; ¢f. CRoW and KiMURA 1970). Substitution
of (8) and the similar equations for I{, J/, I*' and J*' into (9) yields the
change of identity probabilities in a generation. If we assume that m, m*, v,,
ve and N;' are all sufficiently small so that the higher order terms of these
parameters are negligible, then the recursion equations for I, and J, are ap-
proximately given by
It+l = {1 - QUI - 2'02 - Qme - Ng_l}ll + Qme], + {2'02 + N;l}Xl (11)
Jeo1 = {1 = 2v; = 2vp — 2m (L — 1)7'}], + 2m.(L — 1)7'1, + 205X,
where the effective migration rate m, is defined by
m, = am + fm*, (12)

The effective migration rate is a linearly increasing (decreasing) function of «
if m > m*(m < m*); it is a constant function of « if m = m*.
These results are formally equivalent to those that should be expected for
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nuclear genes in a haploid population if we set « = 8 = Y. Under this con-
dition, m, = Ya(m + m*) and N, = 4N;N,.[N; + N,]".

Although standard linear algebra yields time-dependent solutions of (7) and
(11), we will be concerned only with the equilibrium solutions denoted by the
same letters but dropping the subscript for generations. We use a K allele
model (KIMURA 1968) and rewrite v, simply by v. The equilibrium solutions
are readily obtained as

_ 1 Q+(K+KV+LQV
KQ+ (1+KV+ LOKV (13)
_ 1 Q+ (1 +KV+LQYV
J=Kko+ 0 +kv+LQKV
since X = K~'. In the (13), Q = 2N,m.(L — 1)™' and V = 2N,v(K — 1)"". I and
J are the identity probabilities for a particular allele. To calculate these prob-
abilities (denoted by I and j)_ for any allele we need to multiply (13) by K.
When K is sufficiently large, I and J become
m, + (L — 1)v
m. + {(L - 1)(1 + 2Ne'U) + 2N,m,,L}v (14)

I

I=

- m,
J m. + {(L =1)(1 + 2N,v) + 2N,m,L}v"

Our model explores the consequences of coupled effects of sex-dependent
migration and unequal cytoplasmic contribution of both sexes. Although the
implications of this are intuitively clear (BIRKY, MARUYAMA and FUERST 1983),
the relative importance of sex-dependent migration and the transmission mode
is not obvious a priori. In addition, the constant generation of heteroplasmic
zygotes due to recurrent mutations even in the case of completely maternal
inheritance prevents the exact correspondence between the models of an ex-
tranuclear genome and a nuclear genome in a haploid organism. Our model
gives criteria under which the dynamics of extranuclear genomes in a sexual
population are equivalent to those of a haploid population.

Estimation of identity probabilities from restriction maps

Ner and L1 (1979), Ne1 and TAjiMa (1981), EWENS, SPIELMAN and HARRIS
(1981) and ENGELS (1981) propose techniques to estimate genetic diversity in
a single panmictic population or between two completely isolated populations
when data are obtained by the use of restriction endonucleases. Here, we
extend these results to estimate identity probabilities and give the relationship
between this statistic and the population” parameters derived in the previous
section. Throughout, we follow the notation and the terminology of ENGELs
(1981).

Suppose there are n sequences randomly sampled from a population. Let [
be the number of different cleavage sites in the n sequences. We denote by C;
the number of cleavage sites at position i among the n sequences (1 < C; < n;
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i=1,2, ..., 1). We denote by II; the true frequency of sites at position i in
the population. Using restriction map data, we have (ENGELs 1981, p. 6330)
C(Ci— 1)
n?=E
e 5 1)

The average squared frequency of II; taken over all / cleavage sites in the n

1 . - .
samples, 7 Yi1 I1Z, is the average identity probability for particular “allele” at

each cleavage site, given that this site is a recognition sequence. In our model,
the probability that r consecutive nucleotides are a recognition sequence is
assumed to be (Y4)’, where r is the length of a recognition sequence of a given
restriction endonuclease. We will equate 4" with K. We note that II; is condi-
tioned on the presence of at least one cut.

Recalling that [ is the identity probability for a particular type of allele, and
imposing the condition that the allele must be a recognition sequence, we
obtain

I=I1/K)y"'= %

T~

2. (16)
That is, we see that the identity probability, I, equals that for a particular type
of allele conditioned on the probability that that allele is found. From (15) and
(16), and replacing expectations by their observed values, we have the esti-
mator

Z C(Ci = 1) (17)

When n = 2, T = (I — k)/l, where & is the number of polymorphic or unshared
sites.

We can extend (17) to consider sampling from two demes. If we sample n
and n’ sequences from the two demes, respectively, and if / is now the number
of sites in the pooled sample, and C; and C{ are the numbers of members cut
at position i in the » and n’ samples, respectively, then the average conditional
identity probability per site between two demes is

% é ILIL; . (18)

Here, II; and II] are the true frequencies of sites at position i in each deme.

Since sampling of the n and n’ sequences is independent, ILII] = E (;;ff, .
The average conditional identity probability is then estimated as

] = 2 CiC/ (19)

When n = 11’ = 1, or when demes are comprised of individuals with only one
genotype, J = (I — k)/l. We use (17) and (19) to estimate I and ], respectively.
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As noted by NEr and L1 (1979), it is often difficult to obtain unambiguous
restriction site maps on the basis of endonuclease cleavage patterns. Lost frag-
ments (ADVISE et al. 1979) or insertion and deletion mutations (CANN and
WiLsoN 1983) may prohibit assigning all sites to the sequences that contain
them. It is more straightforward to determine the number of DNA fragments
shared by digests of two sequences. The total number of restriction sites (I)
and the number of unshared sites (k) may be estimated from the total number
of fragments in two samples and the number of fragments shared (ENGELs
1981). For pairwise comparisons I and ] can be calculated by (I — k)/I, allowing
fragment patterns to be used to determine identity probabilities between pairs
of individuals or between monomorphic populations. We are currently unable
to extend this approach to more than two polymorphic sampled sequences.

Data analysis

FERRIS et al. (1983a) present complete restriction maps and complete gel
fragment patterns for European mice (Mus domesticus and M. musculus) from
various localities. We apply the analyses to mouse demes pairwise and examine
identity probabilities between demes calculated both from restriction site oc-
currences and from gel fragment patterns. Theoretically, equilibrium I and]_
are independent of the demes chosen. However, the values estimated from
restriction analyses may vary with demes. A number of causes for this are
conceivable; the symmetries of migration pattern and population size in the
island model and the equilibrium assumption may not be warranted. In addi-
tion, sampling variance would augment heterogeneity. We will discuss the var-
iances of identity probabilities due to random sampling drift.

Estimates of pairwise J for Old World mice are given in Table 2. Calculations
based on restriction maps were identical with those based on fragment sizes,
suggesting that fragment patterns are adequate to estimate J. Only one mouse
was analyzed per site (except for site 3 which was monomorphic for restriction
cleavage patterns), so that I could not be estimated. The degree of interdeme
differentiation measured by J is consistent with results presented by FERRIS et
al. (1983a) based on percentage differences in nucleotide sequences. Strong
negative correlation between J and percentage difference indicates that J is
also an appropriate measure for estimating interdeme differentiation. The rea-
son we use identity probabilities is that we could easily relate them to popu-
lation parameters, particularly to the levels of gene flow.

Geographic patterns in J (Table 2) suggest either that there has been sub-
stantial gene flow between mouse demes or that these populations have di-
verged recently. Populations of mice separated by more than 3000 km (deme
11 vs. 13) exhibit values of J as high as 0.89. Theoretically, J declines with
declining migration rate (Figure 1) but can remain high even if m, is on the
order of the mutation rate (v). Given the prevalence of trans-Mediterranean
commercial traffic (BRAUDEL 1982) which may act as a vector for gene flow,
it is not surprising to find high identity probabilities in distant locales. Table
2 suggests, however, that Northern demes (1, 2; 3, 4; 10; 11) exchange genes
at a higher rate than do those further apart. This trend is particularly re-
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TABLE 2

Estimates of between-deme identity probabilities J's for Old World mice

Deme
3,4 10 11 12 13
1,2 0.984 0.969 0.861 0.811 0.836
(0.2) (0.3) (1.9) (3.0) (2.3)
M. musculus 14, 0.985 0.875 0.825 0.849
(0.2) (1.7) (2.8) (@.1)
10 0.863 0.824 0.838
(2.0) (3.0) 2.3)
)11 0.893 0.893
M. domesticus (1.3) (1.3)
12 0.893
(1.5)

The deme numbers refer to localities where mice were collected by FERRIS et al. (1983a). The
demes in eastern Europe belonging to authentic M. musculus are excluded from the analysis. The
demes used here are northern Denmark (1, 2, 3), Sweden (4), Federal Republic of Germany (10),
southern Denmark (11), Switzerland (12) and Egypt (13). The numbers in parentheses are estimates
of the percentage difference in nucleotide sequence, taken from Table 2 in FERRIS et al. (1983a).

and P (percentage difference) are strongly inversely correlated (the regression curve: [ = 1 —
0.089P + 0.009P?).

10 10° 102 10
v/me

F1GURE 1.—Between-deme identity probability ( J; solid lines) and Gsr statistic (dotted lines) as
a function of the ratio of mutation rate (v) to effective migration rate (m,) for populations divided
into different numbers of demes (L). The appropriate scales for J and Gsrare drawn on the left
and right margins of the figure, respectively. Here, back mutations is ignored (i.e., the infinite
allele model) and 2Nv is kept constant at 0.001. As m, increases relative to v, genetic similarity
between populations increases (]_ increases, Gsr decreases). As deme number increases, similarity
decreases, especially at low levels of gene flow. The statistic Gsris much less sensitive to L than is
7 as long as N, and not total population size (NL) is constant.
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TABLE 3

Within-(T) and interdeme (J) identity probabilities for ten demes of M. domesticus

Califor-  Indi-  Mary- Mo- Yugo-  Switzer-

nia ana land Peru Israel  Egypt  rocco slavia land Italy
California 0.951 0.950 0.949 0.917 0906 0.917 0.898 0915 0.906 0.900
Indiana 1.0 0.946 0.942 0931 0.961 0.924 0.939 0.947 0.930
Maryland 1.0 0.946 0936 0.937 0.915 0.937 0.914 0.924
Peru 1.0 0.960 0.925 0.926 0.940 0.910 0.944
Israel 1.0 0.915 0.933 0.937 0900 0.946
Egypt 0.965 0.901 0.916 0.921 0.916
Morocco 0.910 0919 0.893 0.912
Yugoslavia 0.953 0.908 0.923
Switzerland 0.956 0.898
Italy 0.953

Restriction site data are from FERRIS et al. (1983b) Values on the main diagonal are I’s
calculated with equation (17); values above the main diagonal are J's calculated with equation (19)
for the pairs of demes listed.

markable since it seems to hold whether comparisons are made intraspecifically
(demes 1, 2 vs. 3, 4) or interspecifically (deme 10 vs. either 1, 2 or 3, 4).
Indeed, interspecific mtDNA transmission in Danish mice (FERRIS et al. 1983a)
signals that mitochondrial genes may be transmitted more extensively than
nuclear genes depending on the selective regimes acting on each genome (TAk-
AHATA and SLATKIN 1984; A. C. WILSON, personal communication). Gene flow
appears to play an important role in determining the geographic pattern of
mouse mitochondrial genomes. If there has been continuous gene flow, neglect
of gene flow would underestimate the rate of mitochondrial divergence in M.
domesticus.

To illustrate the relationship between I and J, we used data on M. domesticus
presented by FERRIS et al. (1983b). The results reported in their study include
the occurrence of all restriction sites from digests with 11 different restriction
endonucleases of 29 M. domesticus collected worldwide. For illustration, we
have arbitrarily grouped mice collected in the same countries (or in the same
states from United States mice) and used these to calculate I’s. We then com-
pare demes pairwise to calculate J using equation (19).

T's vary from 0.91 to 1.0 (Table 3); J’s vary from 0.89 (Morocco-Switzerland)
to 0.95 (California-Indiana). FERRIS ¢t al. (1983b) provide a detailed discussion
of how the population biology of mice may affect mtDNA patterns and con-
clude that mouse demes are remarkably homogeneous in mtDNA even though
variation in mtDNA between individuals is high. Ferris ¢t al. conclude that this
is because mice have long had “commensal ties to the highly mobile human
species” (p. 701). The high degree of interdeme similarity between geographic
extremes and the lack of a clear relationship between interdeme distance and
identity probability in this species (FERRIS et al. 1983b) suggests that “isolation
by distance” may not be a reasonable explanation for this species. Of course,
this may not hold for all species; indeed, other rodents show a correlation
between genetic differentiation and geographic distance (AVISE et al. 1979).
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We may examine Table 3 in a slightly different way by using Wright’s Fsr
or NEI's (1973) Gsr statistic for multiple alleles. Gsr represents the fraction of
genetic variation within an entire population that is due to interdeme genetic

differences and is defined by
HT - Ho
GST - HT

- 1 -~ -
where Hp =1 ~-Tand Hr =1 - {Z <l - —) ]} The equilibrium value

=1 () e (1= 2)41]

Estimates of I and_J are 0.97 and 0.93 and, therefore, Hy = 0.07 for moderate
and large L and Gsr = 0.56. This indicates that more than 50% of the mito-
chondrial variation per site in the entire M. domesticus population can be at-
tributed to interdeme variation. This may in turn suggest that the species is
spatially heterogeneous and “microgeographically structured” (Ferris et al.
1983b, see DISCUSSION).

of GST is

DISCUSSION

Restriction fragment patterns are relatively straightforward to obtain from
even a large number of individuals (LANSMAN et al. 1983). By comparison,
restriction maps providing unambiguous identification of endonuclease cleav-
age sites are much more difficult to construct (CANN, BROWN and WILsON
1982). Our analysis of identity probabilities using both the restriction maps of
FERRIS et al. (1983a) and the fragment patterns they supply yields identical
results. This suggests that fragment patterns, treated as in ENGELS (1981) to
estimate the percentage of polymorphic restriction sites, are adequate for pair-
wise analyses of mtDNA genotypes. However, as mentioned earlier, fragment
patterns alone may not allow correct estimation of identity probabilities when
multiple samples are taken. In addition, care should be taken to detect missing
or altered fragments and insertion or deletion mutations (CANN and WILSON
1983). For instance, several fragments are missing from the patterns presented
in AVISE, LANSMAN and SHADE (1979) (e.g., compare Baml patterns N and O)
and from the patterns in FERRIS et al. (1983a) (see the cautionary footnote to
their Table 1). Adding the minimum number of extra fragments to compensate
for those missing will tend to underestimate the identity probabilities.

Equation (12) indicates that m, varies primarily with the relative contribution
of females and males to zygotic extranuclear genomes and with the relative
rates of migration of males and females. Even if migration of males is high,
m, is low if the migration of females is low and «a is near 1. Yet, in this case,
the effective migration rate for nuclear genes may be high since males and
females contribute equally to zygotic nuclear content. Thus, for species in
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which males migrate more often than do females, genetic differentiation for
mitochondrial genomes might be higher than that for nuclear genomes even
if mutation or substitution rates are the same. In this context, a comparison
of similar species with and without sex-dependent dispersal would be very
informative.

Our method is critically based on the assumption of no within-cell hetero-
geneity in an adult population. TAKAHATA and MARUYAMA (1981) analyzed
within- and between-deme identity probabilities in one- and two-dimensional
stepping stone models taking into account the possibility of within-cell heter-
ogeneity but assuming sex-independent migration. Within-cell heterogeneity
decreases interdeme genetic divergence by the ratio of within-cell heteroge-
neity to within-deme heterogeneity. With sex-dependent migration the effec-
tive migration rate will increase (and genetic divergence will decrease) if there
is substantial within-cell heterogeneity since mitochondrial genomes transmitted
during any one migration event may be more diverse than if all gametes carry
only a single extranuclear genotype. Thus, the present method will overesti-
mate m, if there is substantial within-cell heterogeneity. At present, within-cell
heterogeneity of extranuclear genomes appears of minor importance in higher
organisms (AVISE et al. 1979; BROWN 1983; BIRKY 1983; LANSMAN, AVISE and
HUETTEL 1983; but see Olivo et al. 1983).

In our analyses, we have first treated I and J as independent indices of
identity within and between demes. Then, we considered Gsr, averaging T and
J over all demes. The ratio of ] to I (or to the geometric mean of I values for
two demes) may be also used to calculate the genetic distance between extran-
uclear elements in two populations. NEI (1972) and NEI and FELDMAN (1972)
suggested a measure of nuclear genetic distance, D, which might be used as a
standard metric for comparing populations. In our terminology, D between
two demes is given by

D = —log(J/T)
and at equilibrium it becomes
D =logfl + (L — l)v/m,]. (20)

Thus, equilibrium D = (L — 1)v/m, when v/m, is small, and it is primarily
determined by the ratio of mutation rate to effective migration rate. However,
we note that D is fairly sensitive to L. D’s estimated pairwise between the ten
demes in Table 3 range from 0.013 to 0.087. Lack of information about the
deme number in natural populations allows only estimates of the relative levels
of gene flow between different pairs of demes. Ratios of D for two pairs of
demes vary directly with the ratios of m, between these pairs, assuming muta-
tion rates do not vary among demes. Effective migration rates vary about
seven-fold between pairs of demes (Yugoslavia-Morocco compared to Switzer-
land-Israel). It should be noted, however, that m, thus estimated may be inac-
curate since D reaches equilibrium only slowly and (20) only holds at equilib-
rium. In contrast, Gsr reaches steady state relatively quickly (J. F. CROw, per-
sonal communication). In addition, Gsr is rather insensitive to changes in L
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(Figure 1). Sincg Gsr = [1 + 2N,m,J™* for m, > v, and moderate and large L,
substitution of Gsr = 0.56 for M. domesticus gives N.m, = 0.39.

So far, we have studied only the mean identity probabilities defined in (6)
and their related quantities. For a full discussion of empirically observed ge-
netic heterogeneity, information about the variances is necessary. Although we
did not fully study this problem, we can draw the following conclusion about
the relationship between the mean and variance of identity probability. Pre-
viously, TAKAHATA (1983b) studied this relationship at a single extranuclear
locus in a panmictic population. It was clear that the deviation of the variance
from STEWART’s (1976) relationship for a nuclear locus is very small. A sto-
chastic force (within-generation drift) characteristic of extranuclear genetic sys-
tems does not substantially change the relationship. On the other hand, the
population structure (e.g., gene flow and number of demes) may either increase
or decrease the variances (Table 2, TAKAHATA 1983c). The variance is large
when L is small but tends to be smaller as L increases. From these studies, we
anticipate that the variances of identity probabilities at an extranuclear locus
take more or less the same values expected from Stewart’s relationship when
the mean values are given (see BIRKY, MARUYAMA and FUERST 1983). In M.
domesticus, the expected variance of interdeme identity probability would be
approximately 0.015 for the mean 0.93. Thus, the standard deviation becomes
0.12.

Although we are aware that the population parameters we estimate for M.
domesticus are perhaps greatly dependent on our underlying assumptions, the
two main findings by FERRIS et al. (1983a,b) are consistent with the predictions
from the present study. First, we cannot detect a strong correlation of genetic
differentiation with geographic distance between the pairs of demes compared.
This “macrogeographic homogeneity” strongly suggests that geographic dis-
tance has not been an important barrier in determining the migration pattern
of commensal mice. On the other hand, there indeed exists a substantial “mi-
crogeographic heterogeneity” despite the commensal mobility of M. domesticus.
The proportion of interdeme variation to the total may be as high as 50%. In
light of the present study, this microgeographic heterogeneity can be attributed
either to limited mitochondrial gene flow or to large stochastic errors of sta-
tistics we used.

The most powerful use of our results will be in application to mitochondrial
data from insular faunas or species inhabiting other discrete habitats. For these
species, simultaneous estimates of both within- and between-deme identity
probabilities from restriction data will allow estimation of relative interdeme
gene flow and the extent to which local populations are isolated demographic
(and evolutionary) units.
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