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ABSTRACT

Between three and six tri- and tetranucleotide repeat microsatellite loci were analyzed in 3720 samples
collected from four different species of baleen whales. Ten of the 18 species/locus combinations had
imperfect allele arrays, i.e., some alleles differed in length by other than simple integer multiples of the
basic repeat length. The estimate of the average number of alleles and heterozygosity was higher at loci
with imperfect allele arrays relative to those with perfect allele arrays. Nucleotide sequences of 23 different
alleles at one tetranucleotide repeat microsatellite locus in fin whales, Balaenoptera physalus, and humpback
whales, Megaptera novaeangliae, revealed sequence changes including perfect repeats only, multiple repeats,
and partial repeats. The relative rate of the latter two categories of mutation was estimated at 0.024 of
the mutation rate involving perfect repeats only. It is hypothesized that single-strand slippage of partial
repeats may provide a mechanism for counteracting the continuous expansion of microsatellite loci, which
is the logical consequence of recent reports demonstrating directional mutations. Partial-repeat mutations
introduce imperfections in the repeat array, which subsequently could reduce the rate of single-strand
slippage. Limited computer simulations confirmed this predicted effect of partial-repeat mutations.

NALYSES of microsatellite loci are now common-
place in evolutionary and genetic studies of natu-

ral populations. Microsatellite loci are nucleotide se-
quences of one to five nucleotides arranged in tandem
(Tautz 1989; Weber and May 1989), with mutation
rates as high as 107°-10"2 (Weber and Wong 1993;
Talbotetal. 1995; Amos and Rubinsztein 1996a; Prim-
mer et al. 1996). The allelic states at microsatellite loci
are usually scored from their molecular weight, and the
subsequent data analysis relies on a mutational mecha-
nism of single-strand slippage during replication (Lev-
inson and Gutman 1987a,b), mainly of single repeats
(Schlotterer and Tautz 1992; Mahtani and Wil-
lard 1993; Weber and Wong 1993; Talbot et al. 1995;
Amos and Rubinsztein 1996a; Primmer et al. 1996; but
see also Grimaldi and Crouau-Roy 1997; Orti et al.
1997). This stepwise mode of mutation combined with
the high mutation rates violates the assumptions of the
commonly used infinite allele/site models. This, in turn,
has necessitated development of novel measures of ge-
netic divergence specifically for the analysis of micro-
satellite data (e.g., Goldstein et al. 1995a,b; Shriver
et al. 1995; Slatkin 1995; Kimmel and Chakraborty
1996). Although most investigations of these novel statis-
tics presented so far have been based on a simple sym-
metrical stepwise mutation model, the proposed statis-
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tics also accommodate more complicated distributions of
changes in repeat numbers, including asymmetrical and
multirepeat mutations (Kimmel and Chakraborty
1996; Kimmel et al. 1996).

Several reports have presented analyses of microsatel-
lite data, which demonstrated deviations from null ex-
pectations of the simple symmetrical, stepwise mutation
model. Likely explanations for the observed deviations
are constraints on the number of repeats (Garza et al.
1995), presence of multirepeat mutations (Di Rienzo
et al. 1994; Amos and Rubinsztein 1996a; Primmer et
al. 1996), and/or directional mutation toward more
repeats (Ellegren et al. 1995; Rubinsztein et al. 1995;
Amos and Rubinsztein 1996a; Primmer et al. 1996).

A serious obstacle to additional insight into the mode
of evolution at microsatellite loci is the fact that the
only phylogenetic signal contained in the repeat array
itself is the number of repeats. Hence, investigations of
the mode of evolution at microsatellite loci have mainly
relied on indirect analyses of deviations from the null-
expectations, either by estimating the probability of the
observed data under specific evolutionary models (e.g.,
Shriver et al. 1993; Di Rienzo et al. 1994; Nielsen
1997), by including sequence data from other linked
loci (e.g., Jin et al. 1996; Orti et al. 1997), or by direct
identification of germ-line mutations (e.g., Amos and
Rubinsztein 1996b; Primmer et al. 1996). An alterna-
tive approach, which has been pursued by several au-
thors, is analyses of loci with interrupted or compound
microsatellite repeat arrays (e.g., Estoup et al. 1995;
Garzaetal. 1995; Garza and Freimer 1996; Messier et
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al. 1996; Angers and Bernatchez 1997). These studies
showed that the nucleotide sequence of the microsatel-
lite array at such loci often provides additional evolu-
tionary data not obtainable from the molecular weight
alone and that, indeed, the difference in molecular
weight may not be a reliable indicator of evolutionary
distance. However, because one of the major advantages
of microsatellite analyses over traditional sequence anal-
yses in population assays is that alleles are scored by the
molecular weight, such an additional sequence analysis
will require a substantial increase in effort.

Here we present the results from a study of cetacean
tri- and tetranucleotide repeat microsatellite loci where
some alleles differ in length by other than simple multi-
ples of the basic repeat length. These microsatellite loci
differ from the interrupted and compound microsatel-
lite loci presented previously by the fact that alleles at a
locus can be divided into groups that represent different
evolutionary lineages from the molecular weight alone.
Sequencing of alleles at one locus in two species re-
vealed a complex pattern of single-strand slippage on
several levels that involved not only single repeats, but
also multiple and partial repeats. We estimated the rate
of mutations that included such imperfect or partial
repeats at ~2.4% of the rate of mutations involving only
perfect repeats (most of which are presumably single-
step mutations).

MATERIALS AND METHODS AND RESULTS

Sample collection: A total of 3720 tissue samples were ana-
lyzed, the majority of which were obtained from free-ranging
whales as skin biopsies (Palsbgll et al. 1991) or sloughed
skin (Clapham et al. 1993), and a few that were obtained
during whaling operations (coastal subsistence hunting and
premoratorium commercial whaling operations). Samples
from fin whales, Balaenoptera physalus, were collected in the
North Atlantic, the Mediterranean Sea, and the Sea of Cortez
in the North Pacific Ocean (Bérubé et al. 1998). Minke whale,
B. acutorostrata, blue whale, B. musculus, and humpback whale,

Megaptera novaeangliae, samples (Palsbgll et al. 1997a) were
collected only in the North Atlantic (Table 1). Samples were
preserved either by freezing at —20° to —80°, conservation in
saturated NaCl with 20% DMSO (Amos and Hoelzel 1991),
or both.

Genotyping of microsatellite loci: Total-cell DNA was ex-
tracted after standard procedures of cell lysis by addition of
1% SDS, overnight digestion with proteinase K, multiple ex-
tractions with phenol/chloroform, and finally ethanol precipi-
tation (Maniatis et al. 1982). Three to six tri- and tetranucleo-
tide repeat microsatellite loci were analyzed in each sample
as described (Palsbgll et al. 1997b; Tables 1 and 3). In addi-
tion, the first 289-302 nucleotides of the mitochondrial con-
trol region were sequenced and the sex was determined for
each sample following the procedures outlined in Palsbgl |
et al. (1995) and Bérubé and Palsbgll (1996a,b). Any two
samples with identical genotypes at all analyzed microsatellite
loci, mitochondrial control region sequences, and sex were
inferred as duplicate samples from the same individual whale
(in both the fin whale and blue whale one dinucleotide repeat
microsatellite locus was analyzed as well). Using these criteria,
the 3720 samples were collected from a total of 2975 individual
whales (Table 1).

Number of alleles and allele-length distributions: Two kinds
of intraspecific allele-length distributions were observed in the
analyzed samples: “perfect allele arrays,” in which the length
of all alleles differed by simple integer multiples of the basic
repeat length, and “imperfect allele arrays,” where some alleles
differed in length by other than simple integer multiples of
the basic repeat length (see Table 2 for an example). The
alleles at each imperfect allele array could be further subdi-
vided into “subarrays,” each containing alleles that differed
in length only by simple multiples of the basic repeat length
(Table 2).

Of the 18 species/loci combinations analyzed, 10 had imper-
fect and 8 perfect allele arrays (Table 3). Within and among
species, we observed a higher number of alleles at loci with
imperfect allele arrays relative to loci with perfect allele arrays.
We observed an average of 8.2 (range: 6-11) and 14.6 (range:
8-27) alleles at loci with perfect and imperfect allele arrays,
respectively, and between two and four subarrays at loci with
imperfect allele arrays. Not surprisingly (given the difference
in the number of alleles), we estimated a higher degree of
heterozygosity (H) at loci with imperfect allele arrays as well
(Table 7).

To test if the observed number of alleles and heterozygosity

TABLE 1

Number and origin of samples

Species Samples Individuals® Sampling localities
B. acutorostrata® 161 160 North Atlantic: Barents Sea, Gulf of Maine, Gulf of St. Lawrence, Iceland,
West and East Greenland
B. musculus® 92 89 Western North Atlantic: Gulf of St. Lawrence, West Greenland
B. physalus® 407 358 North Atlantic: Gulf of Maine, Gulf of St. Lawrence, off West Greenland,
Iceland, eastern Spain
Mediterranean Sea: Ligurian Sea
North Pacific: Sea of Cortez
M. novaeangliae® 3,060 2,368 North Atlantic: Eastern Canada, Barents Sea, Gulf of Maine off Iceland,

West Greenland

2 Samples with identical mitochondrial control region sequence, sex, and genotype across all analyzed loci were considered

duplicate samples from the same individual.
®P. Palsbgll (unpublished data).
¢ Bérubé et al. (1998)
dPalsbgll et al. (1997a)
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at perfect loci indeed was significantly lower than that of loci
with imperfect allele arrays, we ranked the observed number
of alleles (Table 3) or estimated heterozygosity (Table 7)
within each species. The test statistic (Spgs) was calculated as
the sum, across all species, of the ranks assigned to the loci
with perfect allele arrays.

The probability of Sogs was estimated from 10,000 permuta-
tions. For each permutation and each species, the observed
ranks were randomly reassigned to the analyzed loci, and the
sum of the ranks (Sgy) assigned to loci with perfect allele
arrays was calculated. The probability of Soss was estimated as
the proportion of simulations where Sg,, was equal or smaller
than Sggs. The tests did not include the data from B. musculus,
as only loci with perfect allele arrays were observed in this
species.

The probability of the observed ranking regarding the num-
ber of alleles (Table 3) and estimated heterozygosity (Table
7) at loci with perfect and imperfect allele arrays was estimated
at 0.0086 (Spgs = 10.5) and 0.073 (Spes = 10.5), respectively.
This resultimplied that a significantly higher number of alleles
was observed at loci with imperfect allele arrays. The degree
of heterozygosity was similarly higher, but not significantly so,
at loci with imperfect allele arrays.

Sequence analysis of locus GATA028 alleles: To gain further
insight into the kind of changes at the sequence level that
generated the imperfect allele arrays, we sequenced individual
alleles of different lengths at locus GATAO028 in fin and hump-
back whale samples.

For the fin whale, one copy of each allele length detected
among the 358 individual whales analyzed was sequenced (a
total of 19 alleles). The alleles were preferably isolated and
sequenced in homozygous individuals. Alleles not detected in
a homozygous state were amplified and sequenced in the
heterozygous individual, where we observed the largest differ-
ence in allele lengths. In practice, this meant that the se-
quenced alleles were sampled from several different and quite
divergent populations, such as the Sea of Cortez, the Mediter-

TABLE 2

Allele lengths and frequencies at locus GATA028
in the Gulf of St. Lawrence fin whale sample

Subarray?
Allele length® 0 1 2 3
143 14
151 2
156 13
160 23
164 11
167 1
168 5
171 8
172 4
173 6
175 22
179 36
183 26
186 2
187 21

ranean Sea, and the Gulf of St. Lawrence. In the humpback
whale, only two alleles of each subarray were sequenced.

Individual alleles were sequenced directly from asymmetri-
cally amplified PCR products after an initial symmetrical am-
plification (Gyllensten and Erlich 1988). For alleles found
only in heterozygous individuals, the symmetrical amplifica-
tion products were separated before the subsequent asymmet-
rical amplification by electrophoresis through 4% NuSieve
low-melting agarose, and the relevant band was excised and
dissolved in distilled water. Symmetrical and asymmetrical am-
plifications were performed under conditions similar to those
used during the population analyses, except that both oligonu-
cleotide primers (the same as used for the population analy-
ses) were added in 1 wm concentrations. For the asymmetrical
amplifications, the concentration of the limiting oligonucleo-
tide primer was reduced to 0.01 pm. Symmetrical and asym-
metrical amplifications were performed in 10- and 50-p.l vol-
umes, respectively.

The limiting oligonucleotide primer used for the asymmetri-
cal amplification was used as a sequencing primer following
the manufacturer’s instructions (Sequenase Version 2.0;
United States Biochemical, Cleveland). The sequence reaction
products were separated by electrophoresis, as described for
the population analyses, and visualized by overnight autoradi-
ography.

Nucleotide composition of locus GATA028 alleles: The al-
leles at locus GATAOQ28 sequenced in the fin whale could be
divided into four categories, each corresponding to the four
subarrays identified in the population analyses. The se-
quenced alleles of the subarray denoted 1 (Table 4) all con-

TABLE 3

Number of alleles and subarrays per locus

n, for each subarray*

Species and locus 2n? n. 0 1 2 3
B. acutorostrata
GATA028¢ 320 14 2 1 11
GATAO098 320 7
GATA417¢ 320 12 4 8
B. musculus
GATAO028 178 8
GATAO098 178 8
ACCC392 178 6
GATA417 178 11
B. physalus
TAA023¢ 716 8 7 1
GATAO028¢ 716 19 10 6 2 1
GATAO053¢ 716 13 5 7 1
GATAO098 716 8
GGAA520° 716 17 11 6
M. novaeangliae
GATAO028¢ 4736 10 3 7
TAA031¢ 4736 14 7 7
GATAO053 4736 9
GATAO098 4736 8
GATA417¢ 4736 17 7 2 8
GGAA52(¢ 4736 27 17 4 1 5

aSee Table 4. The subarray designations 0-3 indicate the
difference in allele length relative to the alleles in subarray 0
(which contain the shortest allele) and, thus, do not reflect
any actual sequence changes.

b Lengths in base pairs.

2 Number of genotyped chromosomes.

® Number of different alleles.

¢ The subarray designations 0-3 indicate the difference in
allele length relative to the alleles in subarray 0.

¢ Loci with imperfect allele arrays.
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TABLE 4

Nucleotide sequences of the microsatellite
array for alleles detected at locus GATA028
in fin and humpback whales

Nucleotide sequence of

Species Subarray® microsatellite array
B. physalus 0 (gata)s_is (gta gata gata gata)s
1 (gata),os6 (gta gata gata gata),
2 (gata), (ta) (gata). (gta gata
gata gata)s;
3 (gata), (gat) (gata);; (gta gata
gata gata)s;
M. novaeangliae 0 (gata)s_; (gta gata gata gata)

3 (gata)s;s (gta gata gata),

2 The subarray designations 0-3 indicate the difference in
allele length relative to the alleles in subarray 0 (which contain
the shortest allele) and, thus, do not reflect any actual sequence
changes.

tained a duplicated, 15-nucleotide repeat at the 3’ end of the
microsatellite array, each composed of one imperfect (GTA)
followed by three perfect (GATA) repeats. All the remaining
three subarrays (denoted 0, 2, and 3; Table 4) also contained
the 15-nucleotide repeat, but in these alleles, it was repeated
three times. Of these last three subarrays, two contained imper-
fect repeats (a TA or a GAT repeat, subarrays 2 and 3, respec-
tively; Table 4) within what was a perfect array of GATA repeats
in the third subarray (subarray 0; Table 4).

The sequences of GATA028 alleles in the humpback whale
could also be subdivided into two categories, each correspond-
ing to the two observed subarrays. Alleles belonging to the
subarray denoted 0 (Table 4) contained a 15-nucleotide repeat
sequence at the 3’ end that was identical to the one found in
the fin whales, although not repeated. Alleles of the subarray
denoted 3 (Table 4) in the humpback whale did not contain
the 15-nucleotide repeat sequence, but rather they contained
a duplicated 11-nucleotide repeat sequence consisting of one
imperfect (GTA) repeat followed by two perfect (GATA) re-
peats (Table 4).

The nucleotide sequences of alleles at locus GATAO028 re-
vealed that the main mutational mechanism within each subar-
ray at loci with imperfect allele arrays probably was (as antici-
pated for microsatellite loci) single-strand slippage of perfect
GATA repeats. However, the mutations responsible for the
transitions between subarrays were imperfect mutations, i.e.,
not simple loss or gain of single, perfect repeats. Two kinds
of imperfect mutations were observed: gain or loss (presum-
ably by single-strand slippage) of multiple repeats, of which
one was an imperfect repeat (e.g., the 15- or 11-nucleotide
repeat sequences in the fin and humpback whale, respec-
tively), or single-strand slippage involving partial repeats. Al-
ternatively, the latter kind of imperfect mutations could also
result from a deletion of one or two nucleotides not generated
by single-strand slippage.

The new allele generated from such an imperfect mutation
may differ in length from the parental allele by other than a
simple integer multiple of the basic repeat length, as observed
in the present study. Hence, the new allele, as well as its
descendant alleles generated by single-strand slippage of per-
fect repeats, will form a lineage (or subarray) that is readily
distinguishable from other alleles by molecular weight alone.
The occurrence of imperfect mutations thus explained why
we observed an elevated number of alleles at loci with imper-

fect allele arrays. In the absence of imperfect mutations, many
mutations will yield allele lengths that already are present in
the population and, thus, do not add to the overall number
of discernible alleles.

Relative rate of imperfect to perfect mutations: The fact
that we observed imperfect allele arrays at 10 of 18 loci indi-
cated that imperfect mutations were relatively frequent. To
obtain an estimate of the frequency of imperfect mutations
from the combined data sets of all four species, we estimated
the frequency of imperfect mutations as the relative rate (R)
of imperfect to perfect mutations. For simplicity, we assumed
that all perfect mutations were stepwise mutations. R was de-
fined as

R = M
sy

and estimated as
i

R=25,
Zibrsy;

@
where 8;;, and 8, are the estimates of the composite parame-
ters 6y and By, respectively, at the ith locus. The parameters
Oy and 6 equal 4Nepp; and 4N, where N, denotes the
effective population size, and wy; and p5; denote the mutation
rate of imperfect and single-step mutations, respectively. The
term g is equal to the mutation rate under a symmetrical
single-step model. Under other and less simple mutation mod-
els (e.g., asymmetrical and multistep mutations), the term g,
is equal to the product of the mutation rate and the variance
of the symmetrized distribution of changes in allele size (see
Kimmel and Chakraborty 1996; Kimmel et al. 1996). Hence,
in principle, the estimations below are valid for other and
more complicated stepwise mutation models than the simple
symmetrical single-step mutation model.

Estimation of R: Depending on the rate and nature of the
imperfect mutations, the parameter 6p; can be estimated un-
der either a single-step mutation model and/or an infinite
allele model. The parameter 65, however, is most appropri-
ately estimated under a stepwise model.

Estimation of 65; at a single locus: We estimated 05, at each
locus under the simplest possible stepwise mutation model,
namely gain or loss of only a single repeat, each with an equal
probability. Under such a strict single-step mutation model
and assuming equilibrium conditions, 65 can be estimated
from the sample variance in repeat number per chromosome
at the locus, i.e.,

~ 2 L

Ors) -1 Z Ui — D3 &)
where n is the number of chromosomes sampled, j; is the
number of repeats detected at the ith copy, and j is the mean
number of repeats for all sampled chromosomes (Moran
1975; Valdes et al. 1993).

It is straightforward to estimate 65 in this manner at loci
with perfect allele arrays, as the variance can be estimated
directly from relative difference in allele lengths divided by the
repeat length. However, for loci with imperfect allele arrays, we
cannot deduce the relative difference in the number of repeats
between alleles from different subarrays unless the nucleotide
composition of alleles at each subarray is known (which was
the case for only two species/locus combinations in this study).
An overall estimate of the parameter 65 could be obtained
by simply adding the contribution from each subarray, i.e.,

b = = B ®
]

where g is the estimate of 5 for the jth subarray obtained
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as described by Equation 2. This approach is similar to that
suggested by Hudson and Kaplan (1986), who found that the
expected number of segregating sites in a nested subsample
(based on allelic class) was approximately equal to the popula-
tion frequency of the subsample times the expected number
of segregating sites in the entire sample. Hence, if E(6;) =
05, where x; is the population frequency of the jth subarray,
it follows that E(6s) = 8.

Estimation of 6y, at a single locus: The parameter 6p; was
estimated as 6p; from the heterozygosity in the sample using
the bias correction suggested by Chakraborty and Weiss
(1991) as the solution to the equation

By + (7 — 8y + (8 — 508y — 6t = 0, (4

where t = H/(1 — H) and H = 1 — Zx?, where x; is the
frequency of the ith allele.

Evaluating the estimation of R: To evaluate if indeed Equation
1 provided an unbiased estimate of R, coalescence simulations
were performed as described by Hudson (1990). During these
simulations, two kinds of mutations were allowed: single-step
gain or loss of repeats, each with a mutation rate of 65/2, as
well as less frequent mutations, at a rate of 6y;;, each generating
anew discernible allele, i.e., corresponding to imperfect muta-
tions. For each combination of 6f; and 65}, we conducted 1000
simulations, each with six loci and 200 chromosomes, where
Brp, O1s, and R were estimated as 6y, 85, and R in the manner
described above (Equations 4, 3, and 1, respectively).

Our simulations revealed that R was consistently overesti-
mated over a wide range of parameter values (see Table 5)
when 65 was estimated from subarrays (Equation 2). The
degree of bias, however, was ~40% and did not appear to be
affected by the value of 8y, 65, or R. The bias was mainly
caused by underestimation of 6;5; when estimated from subar-
rays (Equation 3).

The severity of the bias introduced by the estimation of R
in the above manner from the subarrays should be evaluated
in terms of the overall variance in the estimation of R. As is
evident from Table 5, the variance of R is quite considerable
and exceeds by far the bias introduced by the estimation from
subarrays for the values of 6y, 65, and R observed in this
study (Table 7).

Effects of population expansion on the estimation of R: While R
is the ratio of the same parameter (4N.w) for two different
kinds of mutations, the estimates of 6,; and 6 are, however,
obtained from two different aspects of the data. Chakraborty
and Kimmel have recently shown (Chakraborty et al. 1997,
Kimmel et al. 1998) that these two aspects respond differently
to temporal changes in N, and, thus, our estimate of R may
not only reflect the ratio /s during and after changes
in N..

Analyses of mitochondrial control region sequences in the
samples included in this study using the program Fluctuate
in the Lamarc computer package (Kuhner et al. 1998) indi-
cated that several of the populations included in this study
probably have growth rates that deviate significantly from zero
(P. J. Palsbgll, unpublished data; data and results not
shown). We investigated the possible effect of such changes
in N, to our estimates of R by coalescence simulations. The
simulations were conducted under a model of exponential
growth in the manner described by Slatkin and Hudson
(1991), with two kinds of mutations corresponding to either
an infinite allele or a stepwise mutation model and equivalent
to 0p; and 65, respectively. Simulations were performed with
parameter values of 6y; and 65 ranging from 0.001 to 100,
and « (rN, where r is the growth rate) ranging from 5 to 5000
(Table 6). A total of 1000 simulations were undertaken per
combination of 6p,;, 65, and «, each with six loci and 200

chromosomes. The estimate of R was obtained for each simu-
lation using Equations 1-4. ~ .

Although the simulations revealed that 6 and 6y, (Equa-
tions 3 and 4) underestimated 6; and 85 during population
growth, the bias of the estimate of R itself was relatively modest
(Table 6). The simulations that yielded mean values of 6,
Opp, and R observed during this study indicated that R (on
average) was underestimated by ~20% (Table 6).

Observed estimates of R: Using Equations 1-4, we estimated
R, the relative mutation rate of the imperfect to single-step
mutations, at all loci with imperfect allele arrays.

As explained above, the estimations rely on population equi-
librium conditions, i.e., constant population size, no recombi-
nation, and that the sampled chromosomes are from a single,
panmictic population with no migration. It is not possible with
the current knowledge to assess if all these assumptions are
met for all the species and populations included in this study.
However, to minimize possible violations of the assumptions,
we did confine our estimation of R to populations that are
currently believed to constitute part of a single panmictic
population (although migration most likely does occur). The
analyzed populations were West Greenland minke whales
(n = 69), western North Atlantic blue whales (n = 89), Gulf of
St. Lawrence fin whales (n = 97), and West Indian humpback
whales (1992 only, n = 596). Additional estimations were also
obtained from the Sea of Cortez (n = 51) and Mediterranean
Sea (n = 58) fin whale populations. As mentioned above, an
analysis of the mitochondrial control region sequences using
the program Fluctuate in the Lamarc computer package
(Kuhner et al. 1998) based upon the population samples used
in this study yielded estimates of growth rates in blue and
humpback whale populations that did not deviate significantly
from zero (data not shown). For the remaining populations,
we estimated positive growth rates that deviated significantly
from zero. The only exception were the Mediterranean Sea
fin whales, where we estimated a negative growth rate that
deviated significantly from zero.

Estimates of 65 for individual loci ranged from 0 to 430,
with most values in the range of 5-30 (Table 7). Extreme
values outside this range (e.g., B. musculus, locus GATA098,
05y = 430; Table 7) did have allele frequency distributions
that deviated significantly from the null expectations under
a single-step mutation model (for further discussion see Niel-
sen and Palsbgll 1999).

The estimates of R obtained at loci with imperfect allele
arrays ranged from 0 to 0.065 (Table 8), with an overall mean
of 0.024. The highest estimates of R were observed in the
minke whale (B. acutorostrata; Table 8) and fin whale (B. physa-
lus; Table 8), where analysis of mitochondrial control region
sequences indicated population growth (data not shown).
Hence, it appears (as our simulations suggested) that the
population expansions have not greatly influenced our esti-
mate of R. Our results imply that (on average) ~2.4% of the
mutations at these tri- and tetranucleotide repeat microsatel-
lite loci were imperfect mutations, i.e., mutations other than
simple gain or loss of perfect repeats (Table 8).

Separate estimates from other fin whale populations in the
Mediterranean Sea and the Sea of Cortez yielded similar esti-
mates of R (Table 9).

Because the nucleotide sequence of each allele length de-
tected at locus GATA028 was known in the fin and humpback
whales, we were able to estimate 6 directly from the variance
in repeat number (Equation 2) after exclusion of the imper-
fect mutations responsible for the generation of subarrays
(Table 4). During this estimation, we assumed that all copies
of equal length had a nucleotide sequence similar to that of
the sequenced allele (Table 4).

The values of R estimated in this manner at locus GATA028,
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Estimated values of R from simulations under a model of constant population size
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TABLE 5

Parameter values

Estimated values

0[|] G[S] éma Vémb 6[5]C Vé[s]b Rd Vﬁb Bias Q/R
0.001 1.0 0.00092 0.00007 1.0 0.26 0.0013 0.00021 1.32
0.005 1.0 0.0061 0.00046 0.98 0.24 0.0074 0.00082 1.48
0.01 1.0 0.012 0.00088 0.96 0.26 0.014 0.0016 141
0.05 1.0 0.059 0.0047 0.99 0.29 0.074 0.011 1.48
0.1 1.0 0.11 0.0088 0.99 0.26 0.14 0.022 1.43
0.005 50 0.0073 0.00062 51 7.6 0.0017 0.000038 1.66
0.025 5.0 0.029 0.0023 4.9 4.7 0.0071 0.00016 142
0.05 50 0.057 0.0045 4.8 54 0.014 0.00032 1.37
0.25 5.0 0.27 0.023 4.3 3.1 0.071 0.0024 141
0.5 5.0 0.54 0.046 4.3 31 0.14 0.0053 141
0.01 10 0.011 0.00081 9.8 23 0.0013 0.000015 1.29
0.05 10 0.057 0.0048 9.8 23 0.0069 0.000087 1.38
0.1 10 0.11 0.0096 9.6 18 0.013 0.00016 1.35
0.5 10 0.54 0.046 8.5 11 0.070 0.0012 141
1 10 1.0 0.097 7.9 6.2 0.14 0.0033 141
0.025 25 0.026 0.0020 25 140 0.0012 0.000005 1.25
0.125 25 0.14 0.011 24 110 0.0068 0.000034 1.36
0.25 25 0.28 0.025 23 100 0.014 0.000098 141
1.25 25 1.27 0.12 20 38 0.069 0.00065 1.38
2.5 25 24 0.31 18 17 0.14 0.0017 1.40
0.05 50 0.056 0.0041 48 480 0.0014 0.000003 1.36
0.25 50 0.27 0.023 44 310 0.0068 0.000018 1.35
0.5 50 0.54 0.045 43 230 0.014 0.000049 1.40
2.5 50 24 0.31 37 74 0.068 0.00042 1.36
5 50 4.7 0.72 35 44 0.14 0.0012 1.40
0.1 100 0.12 0.0087 95 1800 0.0014 0.000002 1.44
0.5 100 0.54 0.051 86 990 0.0070 0.000014 1.41
1 100 10 0.093 79 670 0.014 0.000029 1.40
5 100 4.7 0.69 68 170 0.070 0.00026 1.40

10 100 9.2 1.8 63 83 0.15 0.00075 1.47

Mean 1.40

2 Equation 4.

® The observed variance.
¢ Equations 2 and 3.
¢ Equation 1.

in three fin whale populations and one humpback whale popu-
lation (Table 10), yielded estimates of 8, that were approxi-
mately half of the estimates obtained by our indirect approach
(Equation 3). In all four cases, the estimate of R was at least
twice that of the estimate obtained by the indirect approach
(Equation 3). Given the large variance in the estimation of
05 itself from the number of repeats (Equation 5) and the
fact that some of the populations share a recent common
ancestry and, thus, do not constitute independent observa-
tions, no generalizations can be drawn from these relatively
few observations.

The values in Table 8 suggested a positive correlation be-
tween 6p; and 6. The existence of such a correlation was
assessed by using the same approach that was used when test-
ing whether the observed number of alleles and heterozygosity
was higher at loci with imperfect allele arrays compared to
loci with perfect allele arrays (see above). The loci within
each species (Table 8) were ranked according to 6 and

subsequently partitioned into loci with perfect or imperfect
allele arrays. The probability of the observed sum of the ranks
for the loci with perfect allele arrays (Soss = 9.0) was estimated
from 10,000 Monte Carlo simulations to 0.025, which implies
there was a positive correlation between 0p; and 6.

DISCUSSION

Multiple levels of single-strand slippage at microsatel-
lite arrays: The findings of this study suggest that single-
strand slippage mutations at microsatellite loci involve
not only single-step mutations, but also relatively high
frequencies of multi- as well as partial-repeat mutations.
The frequency of the two latter categories of mutations
was estimated at a mean of 2.5% of the rate of single-
step mutations. The estimate was obtained from several
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TABLE 6

Estimates of R under a model of population expansion

Parameter values

Estimated values

[0 e[|] 6[51 R 6[”& Vémb é[s]c Vé[s]b I’:\\)d Vﬁb Bias IQ/R
5 0.05 10 0.005 0.092 0.035 18 26 0.053 0.00012 1.05
10 0.05 10 0.005 0.064 0.021 12 11 0.0055  0.00017 1.09
50 0.05 10 0.005 0.020 0.0062 41 1.4 0.0050 0.00042 1.00
100 0.05 10 0.005 0.012 0.0037 25 0.56 0.0049  0.00057 0.98
500 0.05 10 0.005 0.0026 0.00026 0.68 0.11 0.046 0.00084 0.91
1000 0.05 10 0.005 0.0029 0.00091 0.37 0.047 0.0081  0.0045 1.62
5000 0.05 10 0.005 0.00030  0.000007 0.091 0.00840.0049  0.0034 0.98
5 1.00 10 01 2.1 1.0 21 32 0.10 0.0026 1.01
10 1.00 10 01 13 0.53 14 14 0.094 0.0027 0.94
50 1.00 10 0.1 0.39 0.11 4.6 1.8 0.086 0.0051 0.86
100 1.00 10 01 0.23 0.050 2.6 0.67 0.091 0.0086 0.91
500 1.00 10 01 0.061 0.011 0.70 0.10 0.10 0.033 1.01
1000 1.00 10 01 0.036 0.0092 0.38 0.047 0.12 0.10 1.18
5000 1.00 10 01 0.0089 0.0017 0.094 0.00890.17 11 1.67
5 0.25 50 0.005 0.48 0.19 95 640 0.0052  0.000023 1.04
10 0.25 50 0.005 0.32 0.11 64 250 0.0051  0.000028 1.02
50 0.25 50 0.005 0.097 0.026 21 18 0.0046  0.000057 0.91
100 0.25 50 0.005 0.062 0.016 13 6.3 0.0048 0.000088 0.97
500 0.25 50 0.005 0.017 0.0036 3.5 0.75 0.0050  0.00027 1.00
1000 0.25 50 0.005 0.0085 0.0016 1.9 0.31 0.0042  0.00034 0.85
5000 0.25 50 0.005 0.0017 0.00044 0.48 0.051 0.0041  0.0025 0.81
5 500 50 0.1 14 14 150 750 0.099 0.00072 0.99
10 500 50 0.1 8.9 7.1 110 370 0.086 0.00064 0.86
50 500 50 01 24 1.0 32 44 0.075 0.00086 0.75
100 500 50 0.1 1.2 0.41 18 15 0.070 0.0011 0.70
500 500 50 01 0.31 0.066 4.0 12 0.078 0.0035 0.78
1000 500 50 0.1 0.17 0.032 2.1 0.42 0.081 0.0065 0.81
5000 500 50 0.1 0.042 0.0069 0.50 0.066 0.096 0.039 0.96
5 0.50 100 0.005 0.99 0.42 200 2600 0.0052  0.000012 1.04
10 0.50 100 0.005 0.66 0.26 130 860 0.0050  0.000014 1.00
50 0.50 100 0.005 0.19 0.048 44 69 0.0043  0.000021 0.87
100 0.50 100 0.005 0.10 0.022 25 21 0.0041  0.000034 0.82
500 0.50 100 0.005 0.029 0.0046 6.9 1.7 0.0043 0.000091 0.86
1000 0.50 100 0.005 0.017 0.0023 3.9 0.64 0.0043 0.00014 0.86
5000 0.50 100 0.005 0.0033 0.00014 0.98 0.11 0.0039  0.00018 0.77
5 10.00 100 0.1 36 46 320 2400 0.11 0.00055 1.13
10 10.00 100 0.1 24 33 260 1700 0.096 0.00052 0.96
50 10.00 100 0.1 55 3.2 86 220 0.064 0.00034 0.64
100 10.00 100 0.1 2.8 1.2 45 67 0.062 0.00043 0.62
500 10.00 100 0.1 0.65 0.17 9.3 52 0.070 0.0015 0.70
1000 10.00 100 0.1 0.35 0.067 4.8 18 0.074 0.0025 0.74
5000 10.00 100 0.1 0.085 0.014 0.98 0.14 0.094 0.019 0.94

@ Equation 4.

® The observed variance.
¢ Equations 2 and 3.
¢ Equation 1.

loci and across four different species. The multistep
mutations detected in this study included an imperfect
repeat, and, thus, were contingent on a previous imper-
fect mutation, i.e., by partial-repeat slippage. Of the four
imperfect mutations detected from the sequences at
locus GATAO028, two involved multiple repeats. Hence,

our study yielded an approximate rate of multirepeat
and partial-repeat mutations of roughly 1.25% each.
As our study only detected multirepeat mutations that
included an imperfect repeat, this rate is most likely an
underestimate of the overall rate of multirepeat muta-
tions. The occurrence of imperfect mutations was not
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TABLE 7

Observed values of ﬁ[s] and heterozygosity (H) for
selected populations

Species and locus 2n B’ Vo' A
B. acutorostrata
GATA028 138 6.3 1.3 0.80
Subarray 0 9 0.56
Subarray 1 1 0.0
Subarray 2 121 5.7
GATA098 138 31 0.14 0.74
GATA417 138 7.3 0.76 0.86
Subarray 0 69 11
Subarray 3 69 6.2
B. musculus
GATA028 178 7.4 1.6 0.77
GATA098 178 7.6 2.1 0.73
ACCC392 178 430 2500 0.71
GATA417 178 13 13 0.86
B. physalus
TAA023 194 7.1 0.24 0.74
GATA028 194 23 13 0.89
Subarray 0 130 20
Subarray 1 56 2.7
Subarray 2 6 0.0
Subarray 3 2 0.0
GATAO053 194 28 3.8 0.85
Subarray 0 29 18
Subarray 1 147 10
Subarray 3 18 0.0
GATA098 194 4.2 0.14 0.80
GGAA520 194 9.8 0.90 0.89
Subarray 0 163 7.0
Subarray 1 31 2.8
M. novaeangliae
GATAO028 1192 29 1.0 0.48
Subarray 0 1002 0.89
Subarray 3 190 28
TAA031 1192 30 6.3 0.82
Subarray 0 218 26
Subarray 2 974 3.9
GATAO053 1192 12 0.10 0.82
GATA098 1192 25 0.34 0.68
GATA417 1192 9.2 0.079 0.87
Subarray 0 467 4.0
Subarray 2 21 0.38
Subarray 3 704 4.8
GGAA520 1192 48 2.5 0.81
Subarray 0 1099 46
Subarray 1 54 2.1
Subarray 2 1 0.0
Subarray 3 38 0.0

2 Number of chromosomes in sample.

® Equation 3.

¢ The sampling variance of 6 estimated from 10,000 boot-
strap samples.

confined to a single species, locus, or population, but
was detected across several species and loci, arguing
that imperfect mutations are relatively common phe-
nomena.

The imperfect mutations, which we interpreted as

partial-repeat slippage, could also be indels not gener-
ated by single-strand slippage. However, single-strand
slippage appears to be the most likely mutational mecha-
nism for generating the imperfect mutations observed
at locus GATAO028 for the following reasons:

The nucleotide sequences of the alleles at locus
GATAO028 contained as many nucleotides from the
flanking regions as from the microsatellite array (data
not presented); however, neither indels nor any nu-
cleotide substitutions were observed in the flanking
regions.

All the inferred partial-repeat changes were located
within a stretch of perfect repeats where single-strand
slippage is presumably the main mutational mecha-
nism.

The apparent positive correlation of 8p; with 6.

The two imperfect repeats generated from these muta-
tions consisted of partial GATA repeats (GAT or TA).

The sequence data presented by Estoup et al. (1995)
and Angers and Bernatchez (1997) also suggest par-
tial-repeat slippage mutations, although at an interspe-
cific level.

As suggested for minisatellites (Monckton et al.
1994), the mutation in the repeat array could also be
influenced by elements in the flanking regions; how-
ever, the present data do not allow for the testing of
such a possibility.

Constraints on allele size as a result of partial-repeat
mutations: While multirepeat mutations have been pre-
sented earlier, partial-repeat mutations within the mi-
crosatellite array are not commonly reported. Imperfec-
tions in the repeat array of an allele appear to reduce
(Weber 1990) or completely halt the rate of single-
strand slippage mutations (Jin et al. 1996). Hence, im-
perfections in the repeat array may, in part, provide
a mechanism that would counteract the expansion in
overall allele length caused by a mutational bias toward
a gain of repeats as reported recently by Amos and
Rubinsztein (1996b) and Primmer et al. (1996).

A number of deleterious diseases, e.g., Huntington’s
disease (Duyao et al. 1993), have been shown to be
caused by a rapid increase in the number of repeats at
specific microsatellite loci, and, thus, selection could
also hinder expansion of microsatellite loci. However,
as many microsatellite loci are situated in noncoding
DNA sequences, selection does not appear to be the
sole mechanism preventing a continuous expansion.

Partial-repeat mutations may partly counteract con-
tinuous expansion of the repeat number at neutral mi-
crosatellite loci by generating imperfections in the mi-
crosatellite array. We tested the effects of partial-repeat
mutations on the overall number of repeats by simula-
tions. We assumed a biased (toward gain of repeats)
single-step mutation model with an equal probability of
a partial-repeat mutation per repeat in the microsatellite
array. The occurrence of a partial-repeat mutation in
a microsatellite array changed the rate of single-step
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TABLE 8

Intraspecific estimates of R

Species and locus ~ 2n® B’ Vi (i Re
B. acutorostrata 138

GATAO028 0.12 0.0014 6.3

GATAO098 0.00 — 3.1

GATA417 0.74 0.00021 7.3

Mean 0.37 56  0.065
B. musculus 178

GATAO028 0.00 — 7.4

GATAO098 0.00 — 7.6

ACCC392 0.00 — 430

GATA417 0.00 — 13

Mean 0.00
B. physalus 194

TAA023 0.00 — 7.1

GATAO028 0.65 0.0056 23

GATAO053 0.49 0.0062 28

GATAO098 0.00 — 4.2

GGAA520 0.27 0.0025 9.8

Mean 0.28 14 0.020
M. novaeangliae 1192

TAA031 0.32 0.00047 30

GATAO028 0.27 0.00041 29

GATAO053 0.00 — 12

GATA098 0.00 — 25

GATA417 0.74  0.00040 9.2

GGAA520 0.13 0.00019 48

Mean 0.24 24 0.010

2 Number of chromosomes in the sample.

b Equation 4.

*The sampling variance estimated from 10,000 bootstrap
samples.

¢From Table 7.

¢ Equation 1.

mutations from 6; to zero. The prediction of such a
model is that alleles with a high number of repeats on
average are more prone to partial-repeat mutations than
alleles with fewer repeats, which in turn will reduce the
rate of single-strand slippage (in this case to zero). The

proposed mechanism is consistent with the observation
that some loci contain alleles with a large number of
perfect repeats (Rico et al. 1994), or that some species
are fixed for alleles with an imperfect repeat array.

A limited number of simulations, under the model
proposed above using forward simulations with multi-
nomial resampling of alleles over discrete generations
and constant population size, did indeed confirm the
predictions of the model (Figure 1). The presence of
partial-repeat mutations reduced the increase in mean
allele length relative to the absence of partial-repeat
mutations. The number of simulations conducted was
very limited and assumed that a partial-repeat mutation
completely halted the rate of single-step mutations,
which our own data indicate is not necessarily the case.
A more thorough assessment is warranted over a wide
range of parameter values before any firm conclusions
can be drawn. However, this result indicates that a rela-
tively minor extension of the main mutational mecha-
nism at microsatellite loci could provide an explanation
for the absence of continuous expansion of microsatel-
lite loci, which is a logical consequence of the empirical
data suggesting a mutational bias toward gain of repeats
at microsatellite loci.

Consequence for detection and estimation of di-
vergence: Our study revealed that approximately half
of the imperfect mutations were multirepeat changes.
This estimate is likely to be an underestimate because
of the approach used in this study (see above). Amos and
Rubinsztein (1996b) as well as Primmer et al. (1996)
identified germ-line mutations, each at single micro-
satellite loci, and detected multirepeat mutations at a
frequency of 0 and 18%, respectively. Di Rienzo et al.
(1994) observed allele distributions at 8 out of 10 dinu-
cleotide repeat microsatellite loci that were consistent
with the occurrence of multirepeat mutations when
compared to the null expectations under a strict single-
step mutation model. Nielsen and Palsbgll (1999)
estimated the frequency of multirepeat mutations at 9
microsatellite loci with perfect arrays in different baleen

TABLE 9

Estimates of R from additional fin whale populations (B. physalus) at loci
GATAO028, GATA053, and GGAA520

Locus
GATAO028 GATAO053 GGAA520
Locality 2n? |:|b 6[|]C é[s]d |:|b 6[|]C 6[5]d F‘b ’é[I]c é[S]d ﬁe

Mediterranean Sea 128 0.89 0.73 26
Sea of Cortez 102 0.72 0.56 3.0

0.74 025 25 090 043 12 0.022
0.10 0.061 6.6 0.29 NA 24  0.065

NA, not available.

@ Number of chromosomes in sample.
b Estimated heterozygosity.

¢ Equation 4.

¢ Equations 2 and 3.

¢ Equation 1.
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TABLE 10
Estimates of 05 and R at locus GATA028 directly from the sequence data

Species and population 2n? Ae By Voo Byt Vi R
B. physalus
Gulf of St. Lawrence 194 0.89 0.65 14 (23) 0.046
Mediterranean 128 0.89 0.73 17 (26) 0.043
Sea of Cortez 102 0.72 0.56 1.3 (3.0) 0.43
M. novaeangliae
West Indies 1992 1192 0.48 0.27 11 (29) 0.025

2 Number of chromosomes in sample.
® Heterozygosity.
¢ Equation 4.

¢ The sampling variance estimated from 10,000 bootstrap samples.
¢ Estimated using Equation 2 for perfect GATA repeats only directly from the sequence data, ignoring non-
single-step mutations. Numbers in parentheses are the estimates of 65 obtained by adding separate estimates

at each subarray (Equation 3).
fEquation 1.

whale populations using a maximum likelihood proce-
dure (Nielsen 1997). They found significant deviations
from the null expectations under a strict single-step
mutation model, consistent with multirepeat mutations
at 2 loci. The estimates of the frequency of multirepeat
mutations most compatible with the observed data were
0.05 and 0.29, respectively.

The results from the above-mentioned studies as well
as the present studies indicate that multirepeat muta-
tions occur at a high proportion of loci. Multirepeat
mutations will change the sample mean and increase
the sample variance several repeat units in a single muta-
tional event. In the present study, we observed two in-
stances where one subarray was completely absent from
one or several population samples (locus GATA028 and
locus GGAAS20, B. physalus, data not shown), which, of
course, will affect the linear relationship between the

10.6
10.4

10.2

Mean number of repeats

4,000 6,000 8,000 10,000

Generations

Figure 1.—Estimates of mean allele length with or without
partial-repeat mutations. Estimates of mean number of repeats
per allele after 2000-10,000 generations in a population of
1000 chromosomes and an initial allele size of 10 repeats at
generation 0. A total of 100 simulations were conducted per
estimate. The single-step mutation rate (8;5;) was set at 107,
and the probability of a gain was set at 0.7. (O) A probability
of 0.005 of a partial-repeat mutation per repeat, which reduced
O to zero. (@) Simulations under similar conditions, but
with no partial-repeat mutations.

microsatellite-specific statistics and divergence time
(Goldstein et al. 1995a,b; Slatkin 1995). The increase
in variance of the microsatellite-specific statistics caused
by multirepeat mutations may have a considerable im-
pact on the accuracy of studies of natural populations,
which are typically based on analyses of a relatively mod-
est number of loci (Zhivotovsky and Feldman 1995),
and may explain why some population genetic studies
find a poor correlation between geographic and inter-
population genetic distances (e.g., Valsecchi et al.
1997).

The partial-repeat mutations detected in the current
study have an impact on the accuracy of divergence
estimates obtained from statistics based on the number
of alleles, such as Weir’s 8 (Weir 1990). As our results
have shown, the number of alleles are correlated with
the number of subarrays and, thus, partial-repeat muta-
tions will increase the variance of such statistics.

The results from this and other studies (see above)
show that the sequence changes observed at microsatel-
lite loci do not follow a simple pattern, which presum-
ably increases the variance of the current statistics pro-
posed for estimating divergence from microsatellite
data. Most studies of natural populations rely on the
analysis of a relatively modest number of microsatellite
loci, and, thus, the increase in variance is of concern
and needs to be addressed. It may be that microsatellite
loci with imperfect allele arrays, such as those described
in the present study, constitute a useful class of loci,
which possesses the high rate of mutation that is charac-
teristic of microsatellite loci, but with an elevated hum-
ber of alleles relative to perfect loci.
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