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ABSTRACT

To examine the signature of population expansion on genetic variability at microsatellite loci, we
consider a population that evolves according to the time-continuous Moran model, with growing population
size and mutations that follow a general asymmetric stepwise mutation model. We present calculations of
expected allele-size variance and homozygosity at a locus in such a model for several variants of growth,
including stepwise, exponential, and logistic growth. These calculations in particular prove that population
bottleneck followed by growth in size causes an imbalance between allele size variance and heterozygosity,
characterized by the variance being transiently higher than expected under equilibrium conditions. This
effect is, in a sense, analogous to that demonstrated before for the infinite allele model, where the
number of alleles transiently increases after a stepwise growth of population. We analyze a set of data on
tetranucleotide repeats that reveals the imbalance expected under the assumption of bottleneck followed
by population growth in two out of three major racial groups. The imbalance is strongest in Asians,
intermediate in Europeans, and absent in Africans. This finding is consistent with previous findings by
others concerning the population expansion of modern humans, with the bottleneck event being most
ancient in Africans, most recent in Asians, and intermediate in Europeans. Nevertheless, the imbalance

index alone cannot reliably estimate the time of initiation of population expansion.

ANDEM repeat loci, with repeat motifs 2-6 nucleo-

tides long, called microsatellites (Tautz 1993),
have been shown to be extremely helpful in evolutionary
studies (Chakraborty and Jin 1993a; Bowcock et al.
1994; Deka etal. 1995), forensic identification of individ-
uals (National Research Council 1996), determination
of parentage and relatedness of individuals (Chakra-
borty and Jin 1993b; Pena and Chakraborty 1994),
and mapping genes in the genome (Cox-Matise et al.
1994; Hanis et al. 1996). This is because of their abun-
dant distribution in the genome (Gyapay et al. 1994)
and ease and automated procedure of typing (Lin et
al. 1996). The relative efficiency of microsatellites in
comparison to the classical genetic markers for all of
the above applications mainly arises because of their
high heterozygosity (Weissenbach et al. 1992), as well
as ubiquity of polymorphism, even in inbred popula-
tions or species (Gilbert et al. 1990).

The use of microsatellite loci for evolutionary pur-
poses, however, has been a subject of intense research
in recent studies because the mechanisms that produce
new variation at such loci are unusual in comparison
to those of classical loci. While the exact mechanism of
mutations at such loci is still not characterized at a
molecular level (e.g., Jeffreys et al. 1994), itis generally
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believed that the processes and the patterns of muta-
tions at different tandem repeat loci may differ from
locus to locus, depending on the motif as well as the
size of alleles at each locus (Weber 1990; Weber and
Wong 1993; Jin et al. 1996; Chakraborty et al. 1997).
Empirical and theoretical studies indicate that for most
microsatellite loci, mutations lead to stepwise changes
of the repeat size of allelesalthough the relative frequen-
cies of mutations leading to expansion may not be equal
to those of contraction of allele sizes (Di Rienzo et al.
1994; Valdes et al. 1993; Shriver et al. 1993; Rubin-
sztein et al. 1995).

Therefore, we recently developed a general stepwise
mutation model to study the population dynamics of
microsatellite loci in which mutations may change the
allele size in any arbitrary specified manner that is not
necessarily symmetric (Kimmel et al. 1996; Kimmel and
Chakraborty 1996). Under such models, in accor-
dance with the previous results of simple stepwise muta-
tion models (Moran 1975), even though the allele size
distributions may be fluctuating, mutations and genetic
drift will produce a stationary distribution of size dif-
ferences among randomly chosen alleles from the pop-
ulation, and consequently, the population will have a
steady-state value of homozygosity (heterozygosity) that
is specified by a composite parameter, 6, the product
of the effective size of the population and the rate of
mutation at the locus (Kimmel and Chakraborty 1996).

Insuch formulations, it is assumed that the population
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maintains a constant effective size during evolution. In
contrast, through the analysis of distributions of nucleo-
tide differences in pairwise comparison of mitochon-
drial DNA sequences from human populations, Rogers
and Harpending (1992), Harpending et al. (1993),
and Rogers (1995) have concluded that most human
populations have experienced recent expansions. Sev-
eral authors, however, have argued that natural selec-
tion (Di Rienzo and Wilson 1991), high levels of
homoplasy associated with hypervariable nucleotide
sites (Lundstrom etal. 1992), and population structure
(Marjoram and Donnelly 1994) may also mimic the
signature of population expansion on the distribution
of nucleotide differences in pairwise comparisons of
mtDNA sequence data. More recently, Bertorelle and
Slatkin (1995) showed that when recurrent mutations
atthe same site (a more realistic mutation model for the
mtDNA sequence data) are considered, the observed
number of segregating sites does not always support the
population expansion theory from the analysis of the
mtDNA sequence data. In other words, specific assump-
tions of a mutation model may differentially affect differ-
ent measures of genetic variation, and thus, inference
regarding population history from different measures
of genetic variation may not always be the same. Thus,
because the mutation model for microsatellite loci is
different from that of nucleotide sequence variation, it
is important to examine the signature of population
expansion on the genetic variance at microsatellie loci
and to evaluate the effect of population expansion on
different measures (e.g., heterozygosity vs. variance of
allele sizes) of variability at microsatellite loci.

The purpose of this research is to investigate such
problems. Specifically, we present calculations of genetic
variance (variance of allele sizes) and homozygosity (prob-
ability of size identity of alleles) at a microsatellite locus
using a time-continuous Moran model (Moran 1975) for
several variants of population growth possibly preceded
by a bottleneck. From the expected variance of allele
sizes and homozygosity in the population, we show that
if the population growth model is ignored and these
population measures are used to estimate the equilib-
rium value of 8, the variance-based estimator deviates
from that based on homozygosity.

To quantify this imbalance of variance- and homozy-
gosity-based estimates of 6, we define their ratio B as
the imbalance index. Under the assumptions of our
model, the parametric value of this imbalance index,
B, when >1, is a signature of population expansion
preceded by a bottleneck. Under different scenarios of
population growth, we provide numerical calculations
of such a ratio over time and apply the theory to data
on 60 tetranucleotide loci surveyed in three major
groups of human populations. Our results indicate that
the tetranucleotide loci generally provide evidence of
recent population expansion preceded by a bottleneck
in all major human populations.

DYNAMICS OF MICROSATELLITE LOCI ACCORDING
TO THE TIME-CONTINUOUS MORAN MODEL

Statistics used to describe a sample of alleles: Con-
sider a sample of n haploid individuals or chromosomes
and a locus with a denumerable set of alleles indexed
by integer numbers. The expectation of the estimator of
the within-population component of genetic variance,

~ n —
V72 =3 (X, — X)/(n — 1), €))
i=1
where X; is the size of the allele at the locus in the ith
chromosome present and X is the mean of the X, is
equal to V(t)/2, where

V() = E(V) = E[(X — X)), ()

and X; and X; are the sizes of two alleles from the popula-
tion (Kimmel et al. 1996). X; and X; are time-dependent
random variables, i.e., Xi = Xi(t) and X; = X;(t), but
for notational simplicity, the argument t is suppressed
frequently because the time dependence is always clear
from the context.

If p, denotes the relative frequency of allele k in the
sample, then an estimator of homozygosity has the form

By = (n é pz — 1)/(n - 1). ®3)

Note that the random variables X; are not independent
by only exchangeable. The expected value of P, how-
ever, is the true homozygosity; i.e.,

Po(t) = E(Po) = SPr[X = X; = kI. )

The latter equation can be demonstrated by using the
definition of p, as the fraction of chromosomes with
allele of size k, i.e., p. = n/n, and further representing
n, as the sum of indicator variables 8, (= 1 when X; =
k; and = 0 otherwise), i.e., N, = Z;dx, substituting into
Equation 3, and taking expectation.

The time-continuous Moran model: We consider the
evolution of joint distributions of allele sizes in a step-
wise mutation model with sampling from the finite allele
pool. We assume the following:

1. The population is composed of a constant number
of 2N haploid individuals. Each individual undergoes
death/birth events according to a Poisson process
with intensity 1 (mean length of life of each individ-
ual is equal to 1). Upon a death/birth event, a geno-
type for the individual is sampled with replacement
from the 2N chromosomes present at this moment,
including the chromosome of the just-deceased indi-
vidual (time-continuous Moran model, Ewens 1979).

2. Eachindividual is independently subjected to a muta-
tion that replaces an allele of size X with an allele of
size X + U, where U is an integer-valued random
variable with probability generating function (pgf)

)= S SPrU=ul=EE), (5

U=—o0
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defined for s on the unit circle of the complex plane
or in its neighborhood. Mutations occur according
to a Poisson process with intensity v.

Suppose that we follow the evolution of the distribu-
tion of allele sizes X;(t) and X,(t) of two individuals in
the population. We are interested in the distribution
of the difference between these two allele sizes. The
respective pgf is denoted as follows:

R(st) = E[s0 %07,

R(s,t) is a pgf of an integer-valued random variable. It
is generally defined on the unit circle of the complex
plane |s| = 1, or in its neighborhood. Consequently, it
might be more appropriate to consider only R(qt) =
R(e*%t), @ e (—o, ), which is the characteristic function
of the same random variable. For notational simplicity,
however, it seems better to adhere to the pgf formalism
and to use the characteristic function R only when re-
quired.

In the next paragraphs, we consider the dynamics of
R(s,t) when the population size is changing according
to various patterns.

The assumptions above can be used to derive a differ-
ential equation for studying the dynamics of the func-
tion R(s,t) (our Equations 6 and 17). We omit these
calculations, however, in favor of a derivation based on
the coalescent representation of the model. This has an
advantage of proving that our calculations also are valid
for a diffusion approximation of the Wright-Fisher model.

Stepwise change in population size and the disequilib-
rium index: The ordinary differential equation that de-
scribes the dynamics of the pgf R(s,t) is given by

R(st) = —{1/(2N) + 2v[1 — $(S)]} R(s,t) + 17(2N),
(6)

where R(s,t) is the derivative of R(s,t) with respect to t
and () = [o(s + @(1/5)]/2 is the symmetrized ver-
sion of the pgf @(s) of U. This differential equation is
analogous to the one used in the analysis of genetic
variation at electrophoretically determined protein loci
(Wehrhahn 1975; Chakraborty and Nei 1982; Li
1976) under the stepwise mutation model (SMM; Ohta
and Kimura 1973). In the present formulation, how-
ever, the distribution of allele size change caused by
mutation (represented by the random variable U) can
be general, multistep, and asymmetric.

A formal solution of this differential equation can be
obtained,

_ B 1 — exp[—a(5)t]
R(s,t) = R(5,0) exp[—a(s)t] + —2Na(s) ., ()

where
a(s) = 1/(2N) + 2v[1 — ¢(s)]. 8
For |s| = 1, the solution tends to the equilibrium value
R(s,0,N) = [2Na(s)] !

ast— oo,

The stepwise change of population size is described
as

Ny, —o0o <t =0,
N = N(') t>0.

Under this condition, Equation 7 assumes the form

R(s,t) = R(5,,Np) exp[—a(s)t] +
R(s,00,N){1 — exp[—a(s)t]}- ©

Based on Equation 9, it is possible to derive expressions
for the genetic variance and homozygosity at a given re-
peat locus. The variance is equal to V(t)/2, where V(t) =
E{[X.(}) — X,()]D = #R(1,t)70s%, because E[X (t) —
X;(t)] = 0. Consequently,

V() = 4vi"(1) {No exp[-t/(2N)] + N{1 — exp[-t/(2N)]}},
(10)

in which {" (1) is the second derivative of {s(s) evaluated
ats = 1. V(t) clearly converges to V(o) = 4vNy"(1) =
0" (1) ast — oo, If the single-step SMM is assumed, i.e.,
if $(s) = (s + s71)/2 and consequently ¢"(1) = 1, we
obtain

V() = 4uN = 0. (11)

The expression for homozygosity requires evaluation
of the zero-order (constant) term in the Laurent series
expansion of R(s, 1), i.e.,

Puct) = 5§ s

2 S

with the integration path being a closed contour around
the singularity at s = 0. It is convenient to choose the
unit circle around the origin with the parameterization
s = exp(v@). If the single-step SMM is assumed, i.e., if
P(s) = (s + s71)/2, using the symmetry properties of
the integrand, we obtain

Po() = 7 [ exp{—{1/(2N) + 2v[1 ~ cos(@)I}}/
{1 + 4N (1 — cos(p)]}do
+ ot jo“ {1 — exp{—{1/(2N) + 2v[1 — cos(®)1}t}}/
{1 + 4Nv [1 — cos(@)]}de. 12)

As t — oo, Py(t) converges to a limit value that can be
explicitly written as

Po(®) = (1 + 8NV) 2 = (1 + 20) 2 (13)

Equations 11 and 13 provide two intuitive estimators of
the composite parameter 6,

6, =V, (14)
called the (allele size) variance estimator of v, and
B, = (1/P% — 1)/2, (15)
the homozygosity (heterozygosity) estimator of 6. At equi-
librium,
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E(B) _ V() _
E(r)  [1/Po() — 1172 ™

which leads to a parametric definition of an index B(t),
given by

V(1) , (16)
[1/Py(t)* — 1]/2
which represents an imbalance (caused by population
size changes) at a microsatellite locus.
Arbitrary pattern of population size change: Formal
substitution of N(t) for N in Equation 6 yields

R = —as)RGY + 1/[2N®], (A7)

B() =

where
a(s,t) = 1/[2N()] + 2v[1 — ()]

The solution obtained from the variation of constants
is
't t 1 t
R(s.) = R(s.0)e ~ ko + J L Laeongy,
0 ZN(T)
(18)

As demonstrated in the appendix, Equations 17 and 18
can be obtained using the coalescent-based approach.
Similarly as before, we derive expressions for variance

and homozygosity,
t

V() = V(0)e ~bans + 2vi''(1) [ e-batdr  (19)
0

and
Po() = =+ r R(p0)e ~ ) H0miTdg
0
+at F Jt L 6’,f15(TYU)dude(p7 (20)
o Jo 2N(7)
where
R(9.0) = R(e*,0)

and

adet) = a(ewy).

If a mutation-drift equilibrium is assumed at time t = 0,
we obtain

t t
1 e~ [T a(suduglr.

(21)

RGt) = R(s,oo,No)e*L; a(smer 4 J NG

and V(0) = 4vNg"(1). In this latter case,

V(D) = v[20" (1] {ZNOeJE)Z,j;) + Jteﬁzﬁ(”u)m}. (22)

0

NUMERICAL EXAMPLES

Modeling of imbalance index B(t) under different
population growth patterns and initial conditions: We
modeled the imbalance index B(t), as defined in Equa-

tion 16, as a function of time (number of generations)
for several patterns of population growth:

1. Stepwise population growth: N(t) = N,, t = 0, and
N() = N, t > 0.

2. Exponential population growth: N(t) = N, exp(at),
t = 0, where the growth rate o = [IN(N/Ng)1}/T has
been selected so that N(t) = Nift = T.

3. Logistic population growth: N(t) = K/[1 + (K/
No — 1) exp(—at)], t = 0, where the growth rate o
and the carrying capacity K have been selected so
that N(t) = N ift = T, and N(t) = N/2 if t = T/2.

Three types of initial conditions selected are as fol-
lows:

1. Mutation-drift equilibrium: V(0) = 4vN,, R(5,0) =
R(5,90,Np).

2. Initial population monomorphic: only a single allele
present, hence V(0) = 0, R(5,0) = 1.

3. Initial population carrying two alleles: uniform mix-
ture of two alleles differing in size by k repeats, with
respective frequenciesp and g = 1 — p, hence V(0) =
2k%pg, R(s,0) = (1 — 2pq) + pask + s7).

Finally, one more complex growth pattern was con-
templated, with population initially of large size N,
dropping instantly to a smaller size Ny, and then regrow-
ing exponentially to a final size N, i.e.,

Noo; t<O0,
N(t) = Nz(e)(xt; tE 0’ (23)

where o = IN(N/Ny)/ T has been selected so that N(t) =
N if t = T. Technically, this variant can be computed
for t > 0 as exponential growth starting from size N,
but from equilibrium R(S, o, Ny) corresponding to Ny.

Population increase with parameters estimated from
data on human populations: We used the numerical
values obtained by Rogers and Harpending (1992),
who fitted distributions of pairwise differences of num-
bers of segragating sites in mitochondrial DNA to the
data of Cann et al. (1987). The second row of Table 1
in Rogers and Harpending (1992) contains estimates
concerning the world’s population expansion. Correct-
ing the fact that Rogers and Harpending (1992) con-
sidered only females while we consider both genders,
i.e., multiplying all effective sizes by 2, we obtain expan-
sion from N, = 3,254 to N = 547,586 within 120,000 yr
or T = 4,800 generations, assuming generation times
roughly equivalent to 25 yr. We combined these values
with mutation rates v = 107* and 5 X 10~* typical for
microsatellite loci (Weber and Wong 1993).

Figure 1, a and b, presents the B(t) index values for
the stepwise and exponential population growth, with
equilibrium initial conditions. The index falls with time
tovalues <1, the deviation increasing with the mutation
rate v. The logistic growth (not shown) leads to an
effect that is intermediate between those caused by the
stepwise and exponential growth.
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Figure 1.—Values of the
B(t) index for stepwise
and exponential popula-
tion growth corresponding

a 1.0 b 1.0
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to population expansion
from N, = 3,254 to N =
547,586, within 120,000 yr
or T = 4,800 generations,
with mutation ratesv = 10~*
and 5 X 10~* Equilibrium
initial conditions: (a) step-
wise growth and (b) expo-
nential growth. Monomor-
phic initial conditions: (c)
stepwise growth and (d) ex-
ponential growth.

v=0.0001

t (in thousands of generations)

Figure 1, c and d, presents the B(t) index values for
stepwise and exponential population growth, with initial
conditions corresponding to a monomorphic popula-
tion. The index is initially close to 0, but then rapidly,
during ~100 generations, increases to a value close to
1 and subsequently follows almost the same trajectory
as the case of equilibrium initial conditions.

Figure 2, a and b, presents the B(t) index values for
stepwise and exponential population growth, with initial
conditions corresponding to a mixture of two alleles
with parametersk = 5, p = q = %. An interesting effect
is observed: The index is initially much greater than 1

but falls to values between 1 and 2. Higher mutation
rates yield lower values of the index.

Figure 3 presents the B(t) index values for the bottle-
neck patterns of Equation 23, with the prebottleneck
population size Ny = 40,000, N, = 3,254, and N =
547,586, as described above. Again, for an initial period,
the index increases from 1 to values higher than 1, the
increase being greater for greater mutation rates. After
that initial period, an imbalance as in simple exponen-
tial growth is restored.

To examine the impact of the initial population size
(Ny) on the imbalance index B(t), in Figure 4, we pres-
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Figure 2.—Values of the B(t) index for stepwise and expo-
nential population growth, corresponding to population ex-
pansion from N, = 3,254 to N = 547,586, within 120,000 yr
or T = 4,800 generations, with mutation rates v = 10~ and
5 X 107 Initial conditions corresponding to a mixture of
two alleles, with parameters k = 5, p = q = %. (a) Stepwise
growth, (b) exponential growth.

ent the values of B(t) as a function of t for three values
of the initial population size: N, = 10,000, 20,000, and
50,000. As expected, larger N, diminishes the deviation
of B(t) from 1. Nevertheless, the signature of expansion
[namely, B(t) < 1] is present for all initial sizes and for

30

25+ v=0.0005

B(®

0.0 1 1 i ] ] !
0 1 2 3 4 5 6

t (in thousands of generations)

Figure 3.—Values of the B(t) index for the bottleneck pat-
tern of Equation 23 with the pre-bottleneck population size
Ng = 40,000, N, = 3,254, N = 547,586, and T = 4,800 genera-
tions, with mutation rates v = 10"*and 5 X 1074

both models of population growth (stepwise or expo-
nential). Similar sensitivity studies demonstrate robust-
ness of the bottleneck pattern of Equation 23.

In summary, if before expansion the population is
at a mutation-drift equilibrium, the imbalance index
deviates downwards from 1 [i.e., B(t) < 1]. In contrast,
if the population experiences a bottleneck preceding
expansion, there will be a long (e.g., several thousand
generations) transient time period during which B(t)
> 1 before showing the signature of expansion alone
[B(t) < 1].Figure 1, cand d, shows an obvious exception
to this general rule, when the bottleneck is severe
enough to make the population monomorphic before
expansion, in which case B(t) < 1 for all times.

ANALYSIS OF DATA ON
TETRANUCLEOTIDE LOCI

Jorde et al. (1995, 1997) recently analyzed allele fre-
guency distributions at 60 tetranucleotide loci in a world-
wide survey of human populations. These authors also
describe the details of the loci surveyed, as well as the
various characteristics of the allele frequency distributions
at these loci. In this section, we investigate whether there
is any imbalance between allele size variances and hetero-
zygosity (homozygosity) observed in these data, as analyzed
by the imbalance index B(t) defined above. The purpose
is to examine if such an imbalance, if it exists, is in accor-
dance with the population expansion model of human
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Figure 4.—Values of the B(t) index for stepwise (a) and
exponential (b) population growth, corresponding to popula-
tion expansion from equilibrium condition with N, (= 10,000,
20,000, and 50,000) to N = 547,586, within 120,000 yr or
T = 4,800 generations, with mutation rate v =5 X 107*.

populations suggested from the analysis of mtDNA varia-
tion reported by Rogers et al. (1992).

Three major groups of population, Asians, Africans,
and Europeans, are considered for this purpose. For
each population, the allele size variance and homozygos-
ity at each locus were calculated from the distributions
of allele frequencies within each of these population

groups. Estimators V/2 and P, in Equations 1 and 3,
respectively, averaged over the 60 loci were used for
these computations for the respective parameters. The
variance estimator 0, is obtained by equating 6 = V,
while the homozygosity estimator 6y, is obtained by
equating 6 = (Pg% — 1)/2.

Finally, the estimator used has the form

Ing = Inby — Inbz, = In(V) — In[Ps2 — 1)72],

where V and P, are estimates averaged over 60 loci.

Simulation studies were carried out to determine the
statistical properties of the estimator Inf = Inf; —
In@)’ﬁ0 under the null hypothesis of constant population
size and mutation-drift equilibrium.

Figure 5 depicts histograms of In@ based on coales-
cent simulations with different values of 6 = 4Nv. The
estimator has an almost symmetric distribution centered
around 0. For example, for § = 10, the 0.05 and 0.95
quantiles of the empirical distribution of Inv are qgg =
—0.24 and qoes = 0.21, respectively.

Table 1 contains the values estimated from the data
on three major groups of populations. The values of
Inf% for Asians, Europeans, and Africans are equal to
0.60, 0.29, and 0.11, respectively.

Figure 6 depicts a comparison of the sample values
of Inﬁ with the simulation-based quantiles (with 500
replications of coalescent simulations of 60 loci each)
of the distribution of In[§ under the null hypothesis of
constant population size and mutation-drift equilib-
rium. The value for Asians exceeds the 0.99 quantile.
The value for Europeans is located between the 0.95
and the 0.99 quantiles. The value for Africans, residing
around the 0.70 quantile, is not significantly different
from 0. ~

The behavior of InB obtained from the data is consis-
tent with the growth scenarios depicted in Figures 2
and 3, i.., |§ > 1 or Inf% > 0. Both of these scenarios
assume a reduced diversity of the population at the time
when population expansion begins (t = 0), representing
the consequences of a pre-expansion bottleneck.

The gradation of sample values of In is consistent
with the bottleneck being mostancient in Africans, most
recent in Asians, and of intermediate age in Europeans.

In general, this is in agreement with a population
growth scenario with pre-expansion and the present
effective sizes, as estimated by Rogers et al. (1992),
although these authors do not explicitly model a bottle-
neck. Of course, from 3 indices alone, the exact pattern
of population growth (stepwise vs. logistic or exponen-
tial) or the time of initiation of the expansion cannot
be predicted reliably.

Another technical remark concerns alternative esti-
mators of Inf. For example, if (INR); = (INvg); — (INVso);
is calculated for each individual locus and these individ-
ual estimators are averaged, one obtains an estimator
that is seriously downward biased, although it has a
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Figure 5.—Empirical distribution of InB, from coalescent-
based simulations, under the null hypothesis of constant popu-
lation size and mutation-drift equilibrium and under the sin-
gle-step stepwise mutation model. Estimates of Inf3 are based
on averages of variance and homozygosity over 60 loci. Five

hundred simulations were run for each assumed value of pa-
rameter 6.

TABLE 1

Estimates of parameter 0 and of disequilibrium index B
based on data for three major human populations

Africans Europeans Asians
Oy = Ve 9.19 8.56 8.97
P 0.24 0.27 0.30
05, 8.20 6.44 4.94
B 1.12 1.33 1.82
Inp 0.11 0.29 0.60

lower variance than the one we used (based on simula-
tions, not shown). For our purposes, it is more appro-
priate to have a less biased estimator. Furthermore, the
estimator we used also has a lower mean square error
than the one mentioned above.

DISCUSSION

Our theory indicates that population expansion
leaves a strong signature on allele size distributions,
and the signature is specific for different major human
populations. The departure from the equilibrium value
of InB is strongest in Asians, weakest in Africans, and
intermediate in Europeans. This can be translated into
the bottleneck being most ancient in Africans, least an-
cient in Asians, and of intermediate age in Europeans.
This, in turn, is consistent with a scenario in which a
small subpopulation emerges from Africa and moves
via Europe to Asia, with some of its descendants settling
en route and expanding, possibly replacing the preex-
isting populations.
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Figure 6.—Continuous lines: Simulation-based 0.01, 0.05,
0.95, and 0.99 quantiles of the distribution of InB, under the
hypothesis of constant size and mutation-drift equilibrium and
plotted against the assumed values of parameter 6. Symbols:
Data-based estimates of Inf for the three major human popu-
lations—A, Asians; [, Europeans; O, Africans—plotted
against estimates of 6 based on variance (solid symbols) and
on homozygosity (empty symbols).
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Before considering the implications of these findings,
recall that any signature of past population size changes
through the imbalance index B requires unbiased esti-
mation of the index. We adopted the estimation proce-
dure where In6, and In6,, were estimated from average
(over loci) estimates of V and P, to obtain Inf = Inf; —
Ins, While, in theory, locus-specific estimates of Ing
can be obtained, our simulations (not shown) indicate
that B, estimated in this fashion, is severely biased down-
wards (i.e., in the direction 8 < 1), even when popula-
tion size is constant and the population remainsin muta-
tion-drift equilibrium throughout time.

The theory described above also indicates that the
deviation from B = 1 is of a qualitatively different pat-
tern for different scenarios of past population size
changes. For example, a population at a mutation-drift
equilibrium, when it suddenly or gradually increases in
size, will produce B < 1, while if it experiences a bottle-
neck followed by expansion, it will produce B transiently
>1 and subsequently falling <1. With realistic values of
parameters (Figure 3), the transient values of 8 > 1 can
persist for several thousand generations. These patterns,
which are due to fluctuations of population sizes, these
patterns are valid for a general stepwise mutation model.
Because any general form of {(s) (Equations 22 and
20) can yield B # 1, we argue that the specificity of
mutation pattern is not the critical determinant of the
signature of population expansion preceded by bottle-
necks at different time points, as noted in the present
work.

The importance of the implications of our findings
is worth discussing. Expansion of population size, pre-
ceded by bottleneck events that appear to have occurred
at different points in time for the three major human
populations, is consistent with a replacement model
(Stringer 1989) of the origin of modern humans, while
ittends to argue against the multiregional model (Weiden-
reich 1939), which maintains that humans probably
have not experienced a major bottleneck. We also argue
that should the recent expansion of size apply to most
human populations, evolutionary inference based on
summary statistics of microsatellite variation should be
viewed with caution. For example, when genetic dis-
tances are based on indices related to heterozygosity
alone (as in the case of Nei’s distance D, Nei et al.
1983), the branch lengths and topology may be grossly
misspecified. So will be the case of allele size variance-
based measures of genetic distance (Goldstein et al.
1995; Slatkin 1995; Kimmel et al. 1996).

Second, deviation from mutation-drift equilibrium is
not necessarily an indicator of selective forces operating
on the microsatellites. Demographic history of popula-
tions, as shown in our analysis, can produce deviation
that cannot always be distinguished from certain types
of selection (see Bertorelle and Slatkin 1995).

Third, note that the present analysis indicates that
the within-population variance of allele size is different

from its mutation-drift equilibrium value for a growing
population, and this departure is dependent on the
mutation rate at the locus, as well as the growth pattern
of the population. Although in the present work we
used data on tetranucleotide loci alone, the impact of
these findings on the estimates of relative mutation rates
of different motif types of microsatellites is also impor-
tant. We argue that although Chakrabortyetal. (1997)
used a mutation-drift equilibrium model to estimate the
relative mutation rates of di-, tri-, and tetranucleotide
loci, their conclusions are consistent with the analyses
of the present set of data. This is so because Equation
20 clearly shows that even in the nonequilibrium case
(caused by population size change), the ratio of ex-
pected variances between loci is simply given by the
respective ratio of their mutation rates.

Finally, we note that an observed imbalance such as
the one noted in the present analysis is not necessarily
caused by population expansion alone. There could be
possible effects of population structure superimposed
on this factor (data considered here are in fact from a
number of different national populations within each
group), and even the different loci may be subject to
differential allele size constraints.
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APPENDIX

Coalescent-based derivation of expression (Equation
17): Let us consider the present time (t) as a reference
point, and let us introduce the reverse time 7 such that
7 =t — 1, where 1 is the chronological time assuming
value T = t at the present. Let us further denote N*(7*)

N( — ) and R*(5,7*) = R(s,t — 7*). Suppose that
lineages of two chromosomes from the population co-
alesce at the reverse time T = t*. Then, under the SMM,

R*(S,0|T — T*) = VT YE)]
The distribution of the nonnegative random variable T
has hazard rate [2N*(1*)]*, 7* = 0, equal to the coales-
cence intensity. T is proper if fo [2N*(7*)] d7* = oo.
Therefore,
R*(s,0) = jo R*(s,0[T = 1) fr(v*)dr*
™
— [* avrp—we] *(®\] 1o — | [N*U*)]— ldus ek
joe [2N*(1%)] % b dr*.
Passing to the usual time, we obtain
t
RG.b) = JO g2 DI—VOI2N(1)] e - [T[ZN(u)]—ldudT
t
= [ [N e | ewngr,
But this is equal to
0 t
RGst) = { [ [2N@1 e keomgr| e~ oo

t
+ j;[zN(T)] 1 - [, tsongy

which is identical as Equation 18, considering that
0
R(s0) = [*_[2N(D)] e~k od.



