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Juxtaposed Microsatellite Systems as Diagnostic Markers for Admixture:

Theoretical Aspects
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Two populations which have diverged from an ancestral population may come back into contact due to human
action via stocking or introduction programs. We report here a method to measure genetic admixture in such
situations based on juxtaposed microsatellite systems (IMSs). A JMS is composed of two microsatellite repeat
arrays separated by a sequence of less than 200 bp. The advantage of a JM S stems from the superior geneal ogical
information carried by the two microsatellite sites to that carried by just one. If five assumptions are fulfilled, IMSs
provide reliable diagnostic markers which eliminate the need to know the genetic structure of the native population
in the absence of admixture. Simulations show that optimal features at both microsatellite sites of the IMS are the
occurrence of multistep mutations, moderately high mutation rates, and limited allele size constraints. Optimal
demographic features include a relatively large number of generations since the separation of the alien and native
populations and small population sizes, especially for the alien population. Substantial sampling of the alien pop-

ulation is also necessary.

I ntroduction

Natural or man-induced situations in which two ge-
netically differentiated taxa hybridize and introgression
occurs have received considerable interest in recent
years and have been studied in al major groups of or-
ganisms (reviewed in Harrison 1993; Avise 1996). The
situation considered in the present paper is that of two
populations which have diverged from an ancestral pop-
ulation and have recently come back into contact due to
human action via stocking or introduction programs. In
this case, genetic admixture is asymmetric, as gene flow
occurs only from the introduced population (hereinafter
denoted the alien population) toward the native popu-
lation. The study of such situations requires methods to
accurately measure the proportion of admixture in native
populations and in their individua genomes. Measure-
ment of admixture may be achieved at both levels when
diagnostic markers (markers with different alleles in the
adlien and native populations) are available (Harrison
1993; Avise 1996). For markers with overlapping alele
distributions, one may compute various estimators of ad-
mixture coefficient at the population level based on the
comparison of alele frequencies between the alien and
the admixed populations, including genealogica infor-
mation or not (e.g., Bertorelle and Excoffier 1998).
However, al of the above methods require a good
knowledge of the allele frequencies in the alien popu-
lation and in the native population in the absence of
admixture. Thisis possible for the alien population pro-
vided its origin is well documented and substantial sam-
pling and marker analysis is achieved. In contrast, de-
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termining the alele frequencies prevailing in the native
population in the absence of introduction is often not
possible. Samples of the native population collected be-
fore introduction (temporal method) are often unavail-
able. Furthermore, even if preintroduction samples are
available, temporal variation due to genetic drift and
mutation may have substantially changed the genetic
structure of the native population. This can be tentative-
ly circumvented by determining alele frequencies in
nearby populations, assuming that no alien individuals
have been introduced and that allele frequencies are rep-
resentative of those characterizing the admixed native
population prior to admixture (geographical method)
(e.g., Gyllensten et al. 1985; Giuffra, Guyomard, and
Forneris 1996). However, because of the geographic
structuring of genetic variation, these assumptions may
lead to erroneous conclusions. With ““diagnostic mark-
ers,”’ as defined by either the temporal or geographical
methods, any allele documented in both the admixed
native and the alien populations is considered to have
an alien origin. However, these alleles may also have a
native origin, with their similarities with alleles of the
alien population resulting from identity by descent (an-
cestral alleles) or from homoplasy (alleles identical by
state due to convergence, parallelism, or reversion
events). Hence, usual alele assignment procedures using
diagnostic markers potentialy result in overestimation
of admixture. The direction and extent of the bias as-
sociated with estimators of admixture coefficient based
on the comparison of allele frequencies between the
alien and the admixed populations are unpredictable.
Using microsatellite markers for admixture studies
(Abernethy 1994; Gotelli et a. 1994; Roy et al. 1994;
MacHugh et al. 1997; Goostrey et al. 1998) complicates
the estimation of admixture rather than facilitating it.
For a given divergence time, ancestral aleles are ex-
pected to be less frequent at highly mutating loci such
as microsatellites than at low-mutating loci such as
enzymes. However, a substantial amount of size homo-



plasy is expected at these markers for at least three rea-
sons: (1) length variation at microsatellites is usually
due to stepwise variation in the repeat unit count (re-
viewed in Estoup and Cornuet 1999), (2) the high mu-
tation rates of many microsatellite loci (Weber and
Wong 1993) increase the likelihood of the same muta-
tion occurring in paralel in different lineages, and (3)
constraints act on allele size range, reducing the number
of possible allelic states (Bowcock et al. 1994; Garza,
Slatkin, and Freimer 1995; Nauta and Weissing 1996).
The high levels of polymorphism of most microsatellites
also result in potentially different alelic patterns among
even closely related populations or successive cohorts
of the same population (e.g., Estoup et al. 1998). This
substantially complicates the assessment of genetic
structure of the native population in the absence of ad-
mixture using the temporal or geographical methods.

Juxtaposed Microsatellite Systems as Diagnostic
Markers for Admixture

A juxtaposed microsatellite system (IMS) is com-
posed of two microsatellite repeat arrays separated by a
sequence of less than 200 bp. None of the few studies
on JMS polymorphism (Chakraborty et al. 1994; Pena
et al. 1994; Dermitzakis et al. 1998) had the estimation
of admixture coefficient as its objective. The advantage
of a JMS for admixture study stems from the superior
genealogical information carried by the two microsat-
ellite sites to that carried by just one. More precisely,
the information regarding sharing or not sharing an al-
lele between the alien and the admixed native popula-
tions obtained at one microsatellite site is complemented
by the sharing or nonsharing information at the second
neighboring microsatellite site. This additiona infor-
mation is the cornerstone feature alowing a JIMS to dif-
ferentiate between alien alleles and naturally shared
homoplasious or ancestral alleles and hence to be con-
sidered a reliable diagnostic marker of admixture. For
both microsatellite sites of the IMS, we denote P (pri-
vate alleles) any allele specific to the native population
(i.e., not observed in the alien population) and S (shared
aleles) any allele of the native population shared with
the alien population. When all alleles of the alien pop-
ulation have been sampled, P alleles in the admixed na-
tive population are, by default, of native origin. How-
ever, S alleles may have an alien origin or a native or-
igin, with their similarities with alleles of the alien pop-
ulation resulting either from identity by descent
(ancestral aleles) or from homoplasy. For nonadmixed
isolated native populations and a given divergence time,
the probability that adjacent microsatellite sites both
have homoplasious or ancestral alleles (SS haplotypes)
is expected to be lower than that for a single microsat-
ellite site (S allele). Under certain evolutionary assump-
tions that still need to be specified, this probability can
be extremely low. Under these assumptions, PR, SR, and
PS haplotypes sampled in an admixed population are of
native origin, whereas SS haplotypes have a high prob-
ability of having an aien origin.
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Table 1

Assumptions that Need to be Fulfilled for Valid Use of a
Juxtaposed Microsatellite System (JMS) as Diagnostic
Marker of Admixture

No. Assumption

1... The aien population does not contain any individual s'genes
originating from the native population.

2... No recombination has occurred within the IMS segments be-
tween two haplotypes, one (SS) of alien origin and one (PP)
of native origin since admixture.

3... No mutation at admixed alien haplotypes (SS) toward an alle-
lic state specific to the native population (P) has occurred at
either microsatellite site since admixture.

4. .. Prior to admixture, the probability that a IMS haplotype in the
native population is composed of shared aleles (S) at both
microsatellite sites (SS haplotype) is extremely low.

5... All aleles of the alien population have been sampled for both
microsatellite sites composing the IMS.

Note.—P (private alele) stands for any single microsatellite site allele spe-
cific to the native population (i.e., not observed in the alien population), and S
(shared alele) stands for any alele shared by the native and aien populations.

However, the proportion of SS haplotypes in the
native population will be artificially increased if the
alien population, even at low frequency, includes indi-
viduals originating from the native population. More-
over, two evolutionary events can potentially induce SS
haplotypes of alien origin to be incorrectly diagnosed as
native SP or PS haplotypes and cause an underestima-
tion of admixture: (1) a recombination event occurring
within the IMS segments between one SS haplotype of
alien origin and one PP haplotype of native origin and
(2) a mutation at one of the two microsatellite sites of
admixed alien SS haplotype toward an alelic state spe-
cific to the native population (P). Thus, taking into ac-
count these considerations, we defined five assumptions
(table 1) that need to be fulfilled for valid use of IMSs
as diagnostic markers without any information on the
genetic structure of the native population in the absence
of admixture.

The interpretation of all possible categories of IMS
genotypes assuming the five assumptions of table 1 is
summarized in table 2. It is worth mentioning that the
shared (S) or private (P) status of an allele in the native
population is independent of its frequency in both the
native and alien populations. SP, PS, and PP haplotypes
are necessarily of native origin, and SS haplotypes have
a high probability of corresponding to an introduced
alien gene. Thus, an estimation of the admixture coef-
ficient at a given IMS locus is simply the proportion of
SS haplotypes in the admixed native population sample.
Since microsatellite sites 1 and 2 are separated by less
than 200 bp, the phase and, thus, the double-site hap-
lotypes constituting the JMS genotype can be deter-
mined by PCR using the external primer of each micro-
satellite site and by comparing the sizes of the alelic
fragments with the sizes of the alelic fragments ob-
tained with two independent PCRs of each microsatellite
site.

Validity of Assumptions 1-3

Assumption 1 (table 1) should be valid for numer-
ous actual systems of admixture between alien and na-
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Table 2

Interpretation of All Possible Genotypes at a Juxtaposed Microsatellite System (JMS)
Under the Five Assumptions Presented in Table 1

Number
Genotype  Genotype JMS Genotype = Double-Site of IMS Complement of
a Micro- at Micro- Haplotypes with Microsatellite  Haplotypes Information
satellite satellite Sites 1 and 2 in the First and of Alien Assessing IMS
Site 1 Site 2 Second Columns, Respectively QOrigin Double-Site Phase
3 %% Pep. homozygous native IMS 0 No
s Vs S¥ss: homozygous alien IMS 2 No
A A Pss: native-alien hybrid IMS 1 Yes: differentiation be-
or tween the two possible
genotypes
P9s: homozygous native IMS or
with one homoplasious/ 0
ancestral alele at both
sites
e Vs Pes: homozygous native IMS 0 No
with one homoplasious/
ancestral allele at site 2*
3 s P9 homozygous native IMS 0 No
with two homoplasious/
ancestral aleles at site 2*
A s PYss native—dien hybrid IMS 1 Yes: determination of the

with one homoplasious/
ancestral alele at site 2*

homoplasious/ancestral
dlele at site 2

NoTe.—For both microsatellite sites composing the IMS, P (private allele) stands for any allele specific to the native
population (i.e., not observed in the alien population), and S (shared alele) stands for any alele shared by the native and
alien populations. * = reverse sites 1 and 2 for reciprocal cases.

tive taxa (see Discussion). The second assumption (table
1) should be valid when analyzing microsatellites sep-
arated by a short sequence, as for a IMS. Assuming that
1 cM corresponds to ca. 1 X 10° bp as in humans (Mir-
sky and Riss 1951; Dib et al. 1996), one recombination
between two sites 100 bp apart is expected every 1 X
10% generations. Hence, recombination should not rep-
resent a major problem for most alien—native case stud-
ies, except if microsatellites represent recombinational
hot spots. Although the occurrence of rare interallelic
events involving crossover or gene conversion cannot
be ruled out, indirect evidence suggests that most repeat
number variation at microsatellites corresponds to intra-
alelic events involving a replication slippage mecha
nism (Levinson and Gutman 1987; Schlotterer and Tautz
1992). Finally, although more difficult to quantify, the
third assumption (table 1) should be met if the mutation
rates at the microsatellite sites are not too high and if
the introduction of the alien population is relatively re-
cent, such that mutations occurring between introduction
and sampling times can be neglected along the ancestral
lines of the sampled genes.

Validity of Assumption 4

At mutation-drift equilibrium, the validity of as-
sumption 4 (table 1) depends on two population param-
eters, the population size and the time since the sepa-
ration of the alien and the native populations before ad-
mixture. It also depends on two marker parameters, the
mutation rate and the mutation model. We used a sim-
ulation approach to assess the influence of these param-
eters on the proportion of SS haplotypes in a nonad-

mixed native population. Simulations of the coalescent
process were performed according to Simonsen, Chur-
chill, and Aquadro (1995), assuming no gene exchange
between the two populations since they separated and
no population size fluctuation over time. The demo-
graphic and marker conditions assumed in standard sim-
ulation conditions are equal population sizes of 1,000
individuals and mutation rates of 5 X 104 for both pop-
ulations and microsatellite sites, the latter evolving un-
der a stepwise mutation model (SMM; Kimura and Ohta
1978) with no constraint on allele size. The number of
JM'S haplotypes sampled after each iteration was 60 for
the native population (30 diploid individuals) and 900
for the alien population (450 diploid individuals). The
large size of the aien sample is justified by assumption
5 (table 1; for details, see Validity of Assumption 5).
Proportions of SS, PR SP, and PS haplotypes in the na-
tive sample were computed at each replicate. An esti-
mate of the expectation of these proportions was com-
puted from 1,000 iterations (E[SS], E[PP], E[SP], and
E[PS]). An additional statistic, denoted Abs(SS), was
computed. It is defined as the proportion of replicates
for which SS haplotypes were absent from the 60 genes
sampled in the native population. Abs(SS) can be inter-
preted as: (1) (considering a single native population)
the proportion of JMSs with no SS haplotypes among
the 60 genes sampled in this population and, thus, the
proportion of strictly diagnostic IMS markers at this
sampling level, or (2) (considering a single IMS) the
proportion of native populations (replicates of the sim-
ulated evolutionary process) for which this IMS will
behave as a strictly diagnostic marker. Because one of
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the decline of E[SS] and E[S] with time (see text for details).

the main objectives of this study was to evaluate the
informational gain associated with the use of a IMS as
compared with a usual single-site microsatellite locus,
similar statistics were computed independently for each
microsatellite site composing the JMS (E[S1] and
Abg[S1] for site 1 and E[S2] and Abg[S2] for site 2).
Note that S1 and SP statistics are, respectively, equiv-
alent to S2 and PS statistics when both microsatellite
sites of the IMS have the same mutation rate and model.
In this case, only S1 and SP values are presented in
figures and tables.

Population Parameters
Divergence Time

The variation of SS and S statistics for divergence
times ranging from O to 200,000 generations (step of
1,000 generations) are given in figure 1 for standard
simulation conditions. As expected, E[SS] (Abg[SS])
values decrease (increase) with the divergence time
much more rapidly than do E[S] (Abg[S]) values. Since
reliable diagnostic markers call for low (high) values of
E[SS] or E[T] (AbgSS] or Abg[S]), the use of the IMS
potentially represents a substantial gain regarding the
range of divergence time that can be analyzed as com-
pared with that using a single-site microsatellite locus.
For instance, under standard conditions, a divergence
time of 150,000 generations is associated with high
Abg[SS] (95%) and low E[SS] (2.5%) values, while
comparatively low Abg[S] (74%) and high E[S] (16%)
values make the use of a single-site microsatellite locus
less appropriate. This result holds for any demographic
and marker conditions studied in this paper.

Population Sze

E[ST] is the average fraction of SS haplotypes in
the native population, which is also the probability that
a single haplotype in the native population is SS. This
probability depends on the mutation events occurring in
the ancestral lineage of the native haplotype. These mu-
tation events are independent of the size of the native
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time was kept at 50,000 generations. Other marker parameters are as
in the standard simulation conditions.

population (N,). However, E[SS] is expected to increase
with the size of the alien population (N,), since larger
alien populations will comprise more different double-
site haplotypes. Regarding the statistic Abg[SS], it is
worth noting that Abg[SS] = E[(1 — fs9)"], where n is
the number of genes sampled in the native population
and fgg is the frequency of SS haplotypes in the native
population. fs is a random variable whose distribution
depends on the size of both the alien and the native
populations (results not shown). Thus, in contrast to
E[SS], Abg[SS] is expected to be also dependent on N,
These expectations were confirmed and detailed through
simulation by varying N, (N,) values by steps of 100
from 100 to 10,000 diploid individuals and by keeping
N, (N,) constant at 500. Figure 2A shows that for a
constant N, value, whereas E[SS] and E[S] values re-
mained similar for different N, values, AbgSS] and
Abg[S] values decreased when N, values increased. For
a constant N, value, E[SS] and E[S] (AbgSS] and
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Abg[S]) values increased (decreased) when N, values
increased (fig. 2B). Hence, JMSs should provide reliable
diagnostic markers even for moderately short divergence
times when populations (especially alien populations) of
small sizes are studied. For instance, Abg[SS] and E[SS]
values will be = 95% and = 2.5%, respectively, for
divergence times = 25,000 generationsif N, and N,, both
equal 100 individuas.

Marker Parameters
Mutation Rate

The influence of the mutation rate was studied by
computing SS and S statistics for high (5 X 10-3) and
low (5 X 10-5) mutation rates, according to the range
of microsatellite mutation rate (10->-10-5;, Weber and
Wong 1993). For any divergence time, higher mutation
rate corresponded to lower values of E[SS] and E[S] and
higher values of Abg[SS] and Abg[S] (fig. 3A). Thus,
JMSs composed of microsatellites with high mutation
rates should be more appropriate for providing reliable
diagnostic markers than JMSs composed of microsatel-

lites with low mutation rates (but see the sections deal-
ing with the validity of assumption 3 and allele size
constraints).

Mutation Model

Effect of large mutation steps: Pedigree analysis,
population studies, and allele sequencing have shown
that, although rarer, mutation steps larger than a single
repeat unit occurred at least at some microsatellites (re-
viewed in Estoup and Cornuet 1999). This evolutionary
feature can be modeled by the two-phase model (TPM;
DiRienzo et al. 1994). Maximum-likelihood estimates
(MLEsS) of the TPM parameters P and « can be com-
puted from a sample of mutations for which the size
change in repeat number is known (see appendix). To
our knowledge, sufficiently large sets of mutations to
allow precise parameterization of the TPM over a large
number of microsatellite loci are still unpublished. The
only published large mutation sample is composed of 43
germ line mutations detected at a single tetranucleotide
locus (Primmer et al. 1998). Using Primmer et a.’s
(1998) mutation size distribution, we found an MLE of
P = 0.674 and a = 0.5. Figure 3B compares SS and S
stetistic values assuming a TPM with P = 0.674 and «
= 0.5 with those obtained under an SMM. TPM values
of E[SS] and E[S] are always lower and TPM values of
Abg[SS] and Abg[S] are always higher than those ob-
tained under an SMM. Hence, the occurrence of muta-
tion steps larger than a single repeat unit favors the use
of JM Ss as diagnostic markers in the sense that, all other
things being equal, low E[SS] values and high Abg[SS]
values are obtained for lower divergence times (but see
section on allele size constraints). This trend increases
when the proportion and/or the mean size of large mu-
tation step increases (results not shown).

Allele size constraints: This evolutionary feature
was incorporated into our simulation by imposing re-
flecting boundaries on the alele size range (Feldman et
al. 1997; Pollock et al. 1998). We varied the range of
contiguous allelic states (R) from 10 to 100 (see Dis
cussion), with identical ranges for both microsatellites
composing the IMS. No significant effect on Abs[SS]
or E[SS] values was observed for R values = 50, with
other simulation parameters as in standard simulation
conditions. For asmaller value of R, e.g., R = 20, E[SS]
and E[S] values were higher and Abg[SS] and Abg[S]
values were lower than those obtained with R = 50 (fig.
4A). Under our simulation conditions, the difference be-
tween R = 20 and other curves appear after ca. 70,000
generations of divergence.

Low alelic ranges (e.g., R < 20 and other simu-
lation parameters fixed as in standard conditions) con-
verged to moderately low asymptotic Abg[SS] values
(<0.90) and high asymptotic E[SS] values (>0.05),
making the use of JMSs inappropriate for admixture
studies between even highly divergent populations (table
3). This trend is stronger for a single-site microsatellite
locus, since asymptotic Abg[S] and E[S] values for R <
20 were substantially lower (<0.64) and higher (>0.22),
respectively. Interestingly, R values between 30 and 50
(other simulation parameters as in standard conditions)
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lead to high asymptotic Abg[SS] values (0.95-0.98) and
low asymptotic E[SS] values (0.01-0.02), and to sub-
stantially lower asymptotic Abg[S] values (0.75-0.85)
and higher asymptotic E[S] values (0.10-0.15) (table 3).
Hence, with these simulation conditions, single-site mi-
crosatellite loci are much less likely to provide reliable
diagnostic markers than are JMSs, even for highly di-
vergent populations. Simulation results also showed
that, all other things being equal, a TPM results in a
more rapid convergence toward lower (higher) asymp-
totic values of E[SS] (Abg[SS]) than does an SMM (fig.
4B). Note that the difference between the asymptote val-
ues under a TPM and those under an SMM decreases
when R increases (table 3). Moreover, Abg[SS] and
Abg[S] (E[SS] and E[S]) asymptotic values decrease (in-
crease) when the mutation rate and/or the population
size increases (table 4).
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Table 3

Asymptotic Values for Divergent Times - o of E[ST],
E[S], Abg[SS], and Abg[S] Under Allele Size Constraints
Corresponding to Different Ranges of Allele Size (R) and
Assuming an SMM or a TPM with P = 0.674 and o =
0.5

SMM

E[S] AbsSS] Abs[S]

0.381 0.684 0.404
0.221 0.897 0.637
0.148 0.950 0.753
0.116 0971 0.808
0.095 0979 0.846
0.064 0991 0.892
0.046 0993 0.922
0.000 1.000 1.000

TPM

E[S] AbgSS] AbgS]

0.455 0.493 0.250
0.260 0.807 0.513
0.193 0.896 0.649
0.138 0945 0.725
0.117 095 0.774
0.081 0.982 0.846
0.056 0.991 0.890
0.000 1.000 1.000

E[SS]

0.209
0.067
0.036
0.018
0.013
0.005
0.002
0.000

Note.—Other simulation parameters are N, = N, = 1,000 and p = 5 X
104 for both microsatellite sites composing the IMS.

General Considerations on the Expectation of SS and
S Haplotypes

Two factors interact to control the evolution of
E[SS] and E[S] following the separation of populations.
First, mutations change haplotypes within both the alien
and native populations. Second, coalescences occurring
within the alien population reduce the diversity of an-
cestral haplotypes in the alien population. Note that,
since assessing the status of single-site and JMS hap-
lotypes consists of comparing each haplotype of the na-
tive population to all haplotypes of the alien population,
coal escent events within the native population will have
no effect on E[SS] and E[S]. In order to independently
assess the contributions of mutation and coalescence to
the decline of E[SS] and E[S] with time, E[SS] and E
[S] values were computed between the present native
population and the ancestral alien population (the alien
population just before separation) for different diver-
gence times. Since these simulations do not take into
account the mutations occurring in the alien populations,
they give a lower bound of the effect of mutation on
E[SS] and E[S]. However, the effect of alien mutation
is expected to be limited, since al copies of a given
haplotype have to be removed by mutation to have an
effect on E[SS] or E[S]. The effects of mutation on
E[SS] and E[S] are presented in figure 1 for standard
simulation conditions. The contribution of coalescent
events to the decline of E[SS] and E[S] can be estimated

Table 4

Effect of the Mutation Rate (p) and Population Size (N)
on Asymptatic Values for Divergent Times — « of E[SS],
E[S], Abg[SS], and Abs[S] Under an SMM with Allele
Size Constraints Corresponding to R = 30

W N E[SS] E[S] AbgSS] AbgS]
5x102.. 1000 008l 0287 0839 0584
5x104.. 1000 0022 0148 0950  0.753
5x105.. 1000 0004 0067 0993 0910
5x104.. 100 0005 0066 0992 0911

1,000 0022 0148 0950  0.753

10000 0126 0353 0669  0.389
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by looking at the differences between the curve obtained
as explained above and the usua curve, with the latter
including the effects of both coalescence and mutation.
Figure 1 shows that coalescence events substantialy
contribute to the rapid decline of E[SS] and E[S] fol-
lowing population separation. The slower decline that
then ensues essentially results from the accumulation of
mutations pushing apart the distribution of alele sizes
in the two populations. Note that the relative contribu-
tion of mutation is larger for E[SS] than for E[S]. This
is expected, as mutations occurring at either of the two
microsatellite sites change JMS haplotypes within pop-
ulations. Similar patterns were observed for other mark-
er and population parameters (not shown).

Since the mutation processes at each microsatellite
site of a JMS are assumed to be independent, E[ST],
E[PP], E[SP], and E[PS] are expected to be equal to the
products between E[S1] and E[S2], E[P1] and E[P2],
E[S1] and E[P2], and E[P1l] and E[S2], respectively,
whatever the initial composition of the ancestral popu-
lation. Simulation results confirmed these expectations
for al simulation conditions studied in this paper (not
shown).

Validity of Assumption 5

Assumption 5 (table 1) mainly requires a sufficient-
ly large sampling of the alien population. For different
sizes of the alien gene sample, we computed E[SS] as
well as the proportion of the replicates for which only
SS haplotypes were present in the 60 genes sampled in
the native population for a divergence time of zero gen-
erations (Tot[SS]). E[SS] and Tot[SS] are equal to 1 if
al aien aleles have been sampled. Figure 5A and B
show that an insufficiently large sampling of the alien
population results in an underestimation of E[SS] and
Tot[SS] values. The larger the M = 4N values, the
larger is this bias. Assuming an SMM with no allele
size constraint, all tested M values resulted in E[SS]
values of >0.99 when the number of genes sampled in
the alien population (n,) was =180. However, because
of large variance in SS proportions, Tot[SS] values re-
sponded much more drastically to variation in the num-
ber of sampled alien genes. Tot[SS] values were indeed
= 0.95if n, = 280, 480, and 880 for M = 0.2, 2 (stan-
dard conditions), and 20, respectively. Lowered E[SS]
and Tot[SS] values were obtained under a TPM (fig. 5A
and B). In contrast, allele size constraints with R = 20
did not change E[SS] and Tot[SS] values (results not
shown).

Nine hundred gene copies were sampled in our
simulations. For all evolutionary conditions studied, a
simulated divergence time of zero generations gave
E[SS] values of >0.999 and Tot[SS] values of =95%
(fig. 5A and B and results not shown). Note also that if
one assumes a binomial distribution of gene count for
any alelic type, any alele with a frequency of =0.0034
has a probability of <5% of not being sampled in a
sample of 900 gene copies. These simulation results and
arguments both indicate that the SS, PP, SP, and PS sta-
tuses of IM S haplotypes were precisely assessed in our
simulations.

0.94 T T T T T T T T v T T g T 1
60 120 180 240 300 360 420 480 540 600 660 720 780 840 900

Number of genes sampled in the alien population

0.1 T T T T T v T T T T T T 1
GO 120 180 240 300 360 420 480 540 600 660 720 780 840 800

Number of genes sampled in the alien population

Fic. 5.—Effect of the number of genes sampled in the alien pop-
ulation on (A) E[SS] and (B) Tot[SS] statistics for different M = 4N
vaues and assuming an SMM or a TPM®@ with P = 0.674 and o =
0.5. The divergence time was kept constant at zero generations.

Estimation of Admixture Coefficient

When assumptions 1-3 are fulfilled and when rel-
evant marker and demographic parameters are available,
simulation curves of the present study can provide
guidelines to assess the ability of JMSs to fulfill as-
sumption 4 (table 1) for a given admixture situation.
Allele size constraints, mutation rate, population size,
and separation time can be roughly empirically estimat-
ed from nonadmixed populations (reviewed in Estoup
and Angers [1998]). Besides these parameter estimates,
we advise preliminarily testing a set of IMSs in the con-
text of the admixture situation that one aims at studying.
This could be achieved by genotyping an alien popula-
tion sample of moderate size and a few nonadmixed
native population samples for these JIMSs. SS haplo-
types should be absent from these preliminary tests. A
larger sampling and genotyping of the alien population
is then necessary to fulfill assumption 5 (table 1). With-
out any information on the relevant marker and demo-
graphic parameters, and if no nonadmixed populations
are available, one may simply observe some level of



haplotype sharing which could be due to a low separa-
tion time or a larger separation time with admixture. In
this case, it becomes difficult to assess the validity of
assumption 4 (table 1), such that using JMSs as strictly
diagnostic markers is uncertain. For any demographic
and marker parameters, the only reliable information on
alele origin comes from PS, SP, and PP haplotypes,
which are necessarily of native origin. Thus, the sums
of the proportions of PS, SP, and PP haplotypes may be
computed as a potential underestimate of the actual non-
admixed gene fraction. According to our simulations,
such estimates will, in any case, be more precise than
any estimate based on a single microsatellite site.

If the five assumptions of table 1 (especidly as-
sumption 4) are fulfilled, the status of SP, PS, PR, and
SS haplotypes in an admixed population can be deter-
mined at one or several diagnostic IMSs, and an esti-
mation of the admixture coefficient is given at each IMS
by the proportion of SS haplotypes in the sample. Con-
fidence intervals on each IM S admixture coefficient can
be obtained assuming a binomial distribution of SS hap-
lotype count or by bootstrapping over haplotypes or in-
dividuals. A mean admixture coefficient (AC) can be
computed as AC = (2f; SS)/(2f., SS + PP, + SP, +
PS) for k genetically independent JMSs, and confidence
intervals on the mean can be obtained by bootstrapping
over JMSs. For low numbers of JMSs, confidence in-
tervals on AC can be obtained by assuming a multino-
mial distribution of SS haplotype count with the same
probability for each locus (Soka and Rohlf 1995). If
individual genomes are considered, the mean admixture
coefficient for a given genome can be computed as AC
= (M/2K2k; SS for k genetically independent JMSs,
and confidence intervals can be obtained as above.

Comparison between AC values of two (or more)
JM Ss can be achieved using exact tests on two-way con-
tingency tables (Sprent 1989). Comparison between AC
values computed at either the population or the individ-
ual level in different admixed populations or individuals
can be achieved by summing the two classes of haplo-
types (SS and non-SS haplotypes) over loci in each pop-
ulation or individual and using exact tests on two-way
contingency tables (Sprent 1989) or, alternatively, using
amodel | ANOVA or at-test (Sokal and Rohlf 1995).

Discussion
Isolation of JMSs

Although both in situ hybridization and genetic
mapping have reveaed a relatively even distribution of
microsatellites over chromosomes, the frequent associ-
ation of several microsatellite sequences in the same
cloned insert is indicative of a clustering of microsat-
ellites in bees (Estoup et al. 1993; Thoren, Paxton, and
Estoup 1995). A similar trend was suggested for mam-
mals by high density maps of the human and mouse
genomes (Dietrich et al. 1994; Dib et al. 1996). Hence,
the isolation of JMSs using classical cloning methods
should be possible, if not easy, provided that a suffi-
ciently high density of microsatellites exits in the ge-
nome under study. It should be possible to increase the
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probability of isolating and sequencing JM Ss by screen-
ing clones with a mixture of probes representing differ-
ent repeat motifs and by preferentially sequencing the
positive clones characterized by a strong hybridization
signal and along insert. For instance, JMSs were found
in ca. 15% of microsatellite clones with intense positive
signals and relatively large inserts (450—1,000 bp) in the
genome of salmonid fishes. For any genome, and es-
pecialy for those with low microsatellite density, IMSs
could be specifically isolated without the need for clas-
sical genomic library construction by using a random
amplified microsatellite system (RAMS; Browne and
Litt 1992; Hantula, Dusabenyagasani, and Hamelin
1996). This method is based on the PCR and uses prim-
ers containing microsatellite sequences and degenerate
anchors at the 5’ end. It directly and essentially screens
for juxtaposed microsatellites, although compound mi-
crosatellites may also be isolated.

Marker and Demographic Parameters

Simulations have shown that constraint on allele
sizes is one of the most influentia factors on E[SS] and
Abg[SS] values and, hence, on the ability of a JIMS to
provide reliable diagnostic markers. Allele size con-
straints were included in our simulations by imposing
reflecting boundaries on the alele size range. This
mechanism presents severa advantages, namely great
simplicity of programming, previous theoretical devel-
opments (e.g., Goldstein et al. 1995; Feldman et al.
1997), and the possibility of estimating boundary values
from empirical data (Pollock et al. 1998). Because a
mechanism based on reflecting boundaries has little em-
pirical support, several other mechanisms have recently
received attention (reviewed in Amos [1999] and in Es-
toup and Cornuet [1999]). Although anecdotal support
has been documented for some of them, further work is
needed to select and parameterize one of these alterna-
tive mechanisms. The range of contiguous allelic states
(R) considered in our simulations (10—-100) is consistent
with empirical data on repeat numbers at microsatellites
in various species (Garza, Slatkin, and Freimer 1995;
Goldstein and Pollock 1997) and with R values esti-
mated using the method of Pollock et al. (1998) applied
to empirical microsatellite data for the brown trout and
other salmonids.

The mutation models considered in our simulations
do not include two factors which have been identified
as being relevant to the evolution of microsatellites: (1)
a complex dependence of the mutation process on repeat
count and purity of aleles, and (2) that mutations at
microsatel lites involve more gains than losses of repeats
(reviewed in Estoup and Cornuet 1999). However, we
currently do not have the data to accurately parameterize
and adequately include these evolutionary factorsin the-
oretical mutation models. It is unlikely that adding these
factors to our simulations would significantly change the
major conclusions of this study.

The chosen window of divergence times (0—
200,000 generations) corresponds to populations be-
longing to the same species or to closely related species.
Much larger divergence times were not, or, at best, were
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punctually studied because they would correspond to
evolutionary situations for which the gain expected from
a JMS would be usually low as compared to a single-
site microsatellite locus. However, a substantial gain of
JIMSs still exists for highly divergent populations when
low-mutating markers and/or large population sizes are
simulated, as well as for particular ranges of allele size
constraints resulting in low (high) E[SS] (Abg[SS]) and
rather high (low) E[S] (Abg[S]) asymptotic values.

All simulations of this work assumed that popula-
tion sizes are constant over time and that no gene ex-
change occurred between the two populations after they
separated and before admixture. The exact influence of
population size fluctuation(s) and past migration on
E[SS] and Abg[SS] till needs to be studied. However,
according to the simulation results on the effect of pop-
ulation size in the present study, qualitative predictions
are likely to be, al other things being equal, a decrease
or an increase of E[SS] if a bottleneck or an expansion
occurred in the alien population, respectively. However,
size fluctuation of the native population should not af-
fect E[SS]. In contrast, Abg[SS] should be affected by
a bottleneck and an expansion, whatever the population
in which it occurred. Finaly, uni- and bidirectional past
migrations are both expected to increase (decrease)
E[SS] (Abg[SS]).

Relationships Between JM S and Single-Site
Haplotypes

In our simulations, we assumed that the mutation
process at one site of the IMS was independent of the
mutation process at the other site. Pena et al. (1994)
observed positive allele size association at a IMS when
considering double-site haplotype occurrences in a hu-
man population. In contrast, negative covariance in re-
peat number was found between the two sites of a IMS
genotyped in afish population (Dermitzakis et a. 1998).
Both studies suggest that IMS may not evolve indepen-
dently, but the evolutionary processes potentially driv-
ing the pattern of intersite disequilibrium are still un-
clear and appear to change substantially among JM Ss.
Further studies should be conducted on additional IMSs
and on different populations and species before consid-
ering these results general evolutionary features of
IMSs.

Alleles of type S correspond to ancestral alleles or
to homoplasious alleles. The fraction of ancestral alleles
is expected to decrease with divergence time as a result
of genetic drift and mutation. Analytical and simulation
results for two diverging populations have shown that
for a wide range of evolutionary conditions compatible
with those of microsatellites, the fraction of shared al-
leles identical by descent between two populations rap-
idly decreased so that most S aleles corresponded to
homoplasious alleles (unpublished data). For example,
if M =4Np = 1 (eg., p» = 5 X 104 and N = 500)
for both the alien and the native populations, 95% of S
aleles are homoplasious after less than 4N generations
under an SMM and after less than 3N generations under
aTPM with P = 0.674 and a = 0.5 (unpublished data).
The number of generations required to fulfill assumption

4 (table 1) is substantially larger than the above num-
bers. Therefore, a diagnostic IMS will essentially dif-
ferentiate between introduced and homoplasious alleles.

Application of IMSs

The classical cases of application of IMSs as di-
agnostic markers involve native population(s) which
were recently admixed with genetically differentiated
alien individuals introduced by man in the context of
stocking or introduction programs. Numerous potential
case studies exist, concerning a wide variety of organ-
isms. As examples, we can cite, for fish, the stocking of
native brown trout (S. trutta) populations with hatchery
trout from the same or different subspecies (e.g., Giuf-
fra, Guyomard, and Forneris [1996]); for insects, the
issue of the Africanized honeybee Apis mellifera in
South and Central America or the introduction of for-
eign honeybee queens in west European apiaries by bee-
keepers (Lobo, Del Lama, and Mestriner 1989; Rinderer
et a. 1991; Estoup et a. 1995); and for mammals, the
admixture in Scotland of native red deer (Cervus ela-
phus) populations with japonese sika deer (Cervus nip-
pon) (Abernethy 1994) or the recent admixture of Ethi-
opian wolf populations (Canis simensis) with domestic
dogs (Gotelli et al. 1994).

The use of IMSs could tentatively be extended to
the study of recent hybrid zones induced by habitat
changes caused by human development. For instance, a
potentially appropriate situation could be the hybridiza-
tion of three closely related North American canid spe-
cies, the gray wolf (Canis lupus), the coyote (Canis la-
trans), and the red wolf (Canis rufus), among which
substantial overlap of microsatellite allele size distribu-
tion has been observed (Roy et al. 1994). Note that for
such natural hybrid zones, the general procedure of us-
ing JMSs is more complex than it is for the previous
unidirectional admixture case studies. Since either taxon
can be considered the alien population, the study of a
hybrid zone would first require a large sampling of the
gene diversity of both taxa outside the hybrid zone. Sub-
sequently, individuals from the hybrid zone would be
analyzed by considering aternatively each taxon as the
aien population.

Finally, it has been argued that protein-coding loci
may introgress more slowly than neutral nuclear markers
such as anonymous restriction fragment length poly-
morphisms or microsatellite loci because of selection
constraints acting on functional markers in oysters (Karl
and Avise 1992; but see Hare and Avise 1996) or in
brown trout (Poteaux, Bonhomme, and Berrebi 1998).
Testing this hypothesis requires that homoplasious/an-
cestral alleles be clearly identified and withdrawn from
the computation. JMSs could be appropriate markers to
fulfill this requirement, at least for particular evolution-
ary situations.

Acknowledgments

We thank Marie-Charlotte Anstett, Yannis Micha-
lakis, Craig Primmer, Julie Turgeon, Ross Crozier, and
two anonymous reviewers for constructive comments.



This work was partly supported by the program *‘Re-
cherches méthodologiques pour I’amélioration des pro-
cessus de gestion et de conservation des ressources gé-
nétiques animales, végétales et microbiennes’ of the
Bureau des Ressources Génétiques for A.E. and R.G.

APPENDIX

In the TPM (DiRienzo et a. 1994), mutations in-
troduce a gain/loss of X repeats. With probability P, X
is equal to one and with probability 1 — P, X follows a
geometric distribution, with parameter o defined as Pro-
ba(X = i) = (1 — o)1, with variance V(X) = a/(1 —
«)? and expectation E(X) = 1/(1 — «). We have derived
MLE expressions of P and « that can be computed from
a sample of mutations for which the size change in re-
peat number is known.

The likelihood of a sample n = (ny, Ny, ..., N,
...), with n; being the number of mutation events cor-
responding to a gain or a loss of i repeats, is, under a
TPM,

n!

nt ...

L(n; Py o) = — [1 - (1 - P)m

L
x [T1@ =P = a1,
i=2

Solving (0 log L)/oP = 0 and (0 log L)/oa =
the MLE

> > (= D
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> (i —2)n,

Is =1 - i>1 i>l. and & _ i>2 : ,
n 22 (i — 2)n; 21 (i — Dn;
1> 1>

except in some special cases in which one of the partial
derivatives cannot be zero for possible parameter values.
These cases are:

1. Onlyn, >0 - P =1,
2.0nlyn,>0 - P =0,
3.0nyn andn, >0 -

no estimate for o.
Q 1/2.
0, 6(. = n2/(l”l1 + nz)

&
P:
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