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Evolution of a Perfect Simple Sequence Repeat Locus in the Context of Its
Flanking Sequence

Scott M. Blankenship,* Bernie May,† and Dennis Hedgecock*
*Bodega Marine Laboratory and †Department of Animal Science, University of California–Davis

Microsatellites, which have rapidly become the preferred markers in population genetics, reliably assign individual
chinook salmon to the winter, fall, late-fall, or spring chinook runs in the Sacramento River in California’s Central
Valley (Banks et al. 2000. Can. J. Fish. Aquat. Sci. 57:915–927). A substantial proportion of this discriminatory
power comes from Ots-2, a simple CA repeat, which is expected to evolve rapidly under the stepwise mutation
model. We have sequenced a 300-bp region around this locus and typed 668 microsatellite-flanking sequence
haplotypes to explore further the basis of this microsatellite divergence. Three sites of nucleotide polymorphism in
the Ots-2 flanking sequence define five haplotypes that are shared by the Californian and Canadian populations.
The Ots-2 microsatellite alleles are nonrandomly distributed among these five haplotypes in a pattern of gametic
disequilibrium that is also shared among populations. Divergence between the winter run and other Central Valley
stocks appears to be caused by a combination of surprisingly static evolution at Ots-2 within a context of more
rapidly changing haplotype frequencies.

Introduction

Microsatellites are tandem repeats of short nucle-
otide sequence motifs. They have been enthusiastically
adopted in the past decade for linkage and population
genetic studies because their high polymorphism (Litt
and Luty 1989; Tautz 1989; Weber and May 1989) is
believed to resolve population structure better than al-
lozymes (Bowcock et al. 1994; Blouin et al. 1996; Es-
toup et al. 1996; Jarne and Lagoda 1996). Although
these highly variable loci are certainly a boon for indi-
vidual assignment, pedigree, or parentage analysis, as
well as for mapping studies, their use in classical anal-
ysis of population genetic structure has shortcomings.
Hedrick (1999) showed that estimates of population dif-
ferentiation may be erroneously low because microsat-
ellite loci have high within-population heterozygosity or
may be inflated because of recent reductions in popu-
lation size. Additionally, a statistically significant result
regarding differences in allele frequency between pop-
ulations may not reflect biological significance because
statistical power is often high for hypervariable loci
(Hedrick 1999). Queney et al. (2001) reported that pop-
ulation level inference based on microsatellite genetic
variation is also affected by time and space. Their nine
microsatellite loci vastly underestimated the divergence
between the main groups of European rabbit (Orycto-
lagus cuniculus) populations in Iberia, although they
correctly identified the more recent colonization of
France by O. cuniculus.

Microsatellites are thought to mutate predominant-
ly by slippage of DNA polymerase during replication,
which generally results in gains or losses of single repeat
units, depending on the DNA strand in which the slip-
page occurs (Levinson and Gutman 1987b; Schlötterer
and Tautz 1992; Weber and Wong 1993; Primmer et al.
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1996; Wierdl, Dominska, and Petes 1997). The mutation
mechanism for microsatellites appears consistent with
the theoretical stepwise mutation model (SMM; Kimura
and Ohta 1978) in which mutations are additions or sub-
tractions of repeat units in the case of microsatellites.
Convergent or recurrent types of mutations, although a
fundamental part of SMM, are not consistent with the
standard infinite alleles model (IAM, Kimura and Crow
1964), which assumes that every mutation that occurs
within a population creates a unique allele. A slippage
mechanism of mutation, which may occur commonly
only in microsatellites because of their molecular struc-
ture, clearly has implications for inferences based on
population phenotypic diversity because alleles can re-
turn to previous allele sizes or states, retarding the sep-
aration of allele frequency profiles between populations.

If microsatellites evolve in a stepwise fashion, con-
vergence of unrelated alleles to a common size, size
homoplasy, should be common at these loci, yet ho-
moplasy has rarely been observed within populations
(Estoup et al. 1995; Garza and Freimer 1996; Grimaldi
and Crouau-Roy 1997; Culver, Menotti-Raymond, and
O’Brien 2001). Homoplasy should also obscure the ac-
tual genetic distance between populations (Goldstein et
al. 1995). This creates a paradox: microsatellites are use-
ful because they are polymorphic, yet their mechanism
of mutation obscures population differentiation by in-
creasing homoplasy. Nevertheless, microsatellites do
produce information generally concordant with other
marker types, which suggests that homoplasy does not
obscure differentiation of allelic frequencies. For ex-
ample, microsatellites reliably discriminate the five ma-
jor stocks of chinook salmon (Oncorhynchus tschawyts-
cha) in California’s Central Valley (Banks et al. 2000)
and corroborate information provided by allozymes
(Bartley et al. 1992; G. Winans and D. Teal, personal
communication), mtDNA (Nielsen et al. 1994), and
MHC class-II B (Kim, Parker, and Hedrick 1999; Hed-
gecock et al. 2001).

A substantial proportion of the power to discrimi-
nate California’s chinook populations comes from the
Ots-2 locus, a simple dinucleotide microsatellite [CA]6–27
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with confirmed disomic, Mendelian inheritance (Banks et
al. 1999). Of the 10 microsatellite loci surveyed in that
study, the Ots-2 microsatellite exhibits the greatest al-
lele-frequency divergence among chinook salmon pop-
ulations in the Central Valley of California (Banks et al.
2000). The Sacramento River winter-run chinook, listed
under state and federal laws as endangered (NMFS
1994), has a high frequency of the 7-repeat allele at the
Ots-2 microsatellite, making it genetically more distinct
from the other Californian populations. We sought to
resolve the paradox of how microsatellites reveal pop-
ulation structure by sequencing nonrepeat regions flank-
ing the microsatellite repeat regions of the Ots-2 locus,
thereby placing the changes occurring at a putatively
rapidly mutating microsatellite locus in the evolutionary
context of its more slowly evolving flanking sequence.
Point mutations are of the order of 1029 to 10210 events
per locus per generation (Li and Graur 1991, pp. 69–
73), several orders of magnitude less than the mutation
rate estimates for microsatellites, which lie between
1022 and 1025 events per locus per generation (Levinson
and Gutman 1987a; Henderson and Petes 1992; Weber
and Wong 1993). Banks et al. (1999) estimated the mu-
tation rate for the Ots-2 microsatellite at 1024 events per
locus per generation. The flanking sequence haplotype
in which each microsatellite allele is embedded can be
used to determine the historical relationship among mi-
crosatellite alleles, and specifically for the pure repeat
Ots-2 locus, required for constructing genealogies. In
previous studies, homoplasy has largely been character-
ized by differences in the composition of complex repeat
arrays (Estoup et al. 1995; Garza and Freimer 1996;
Grimaldi and Crouau-Roy 1997; Angers, Estoup, and
Jarne 2000). In this study, if two microsatellite alleles
of the same size differ at one or more flanking nucleo-
tides, we assume that these alleles are homoplaseous,
having converged by stepwise mutation to a common
repeat number along separate flanking sequence
lineages.

For multiple chinook populations, the Ots-2 tandem
repeat array and 300 bp of associated flanking sequence
were isolated for individual alleles. The sequence flank-
ing the microsatellite repeat contains polymorphisms;
hence, the sequence information for a chromosomal hap-
lotype contains two loci: the tandem repeat and the
flanking sequence with its complement of flanking sin-
gle nucleotide polymorphisms (SNPs). In this study we
compare the observed flanking sequence variation and
the distribution of microsatellite repeats at the Ots-2
locus.

Materials and Methods
Population Samples

Three populations from the Central Valley of Cal-
ifornia were studied: winter, fall, and spring runs. Indi-
viduals used in this study are a subset of those studied
by Banks et al. (2000). Winter-run samples were from
wild-caught individuals used as broodstock in the Unit-
ed States Fisheries and Wildlife Service Coleman Na-
tional Fish Hatchery (CNFH). Individuals collected

from 1991 through 1995 were used. Additional winter-
run samples were also obtained from CNFH in 1998.
Fall-run samples were also obtained from individuals
used as broodstock at the CNFH. Fall samples com-
prised individuals collected from 1993 and 1994. Ge-
notype frequencies within hatchery samples conform to
random mating expectations and the populations show
no evidence of relatedness (Banks et al. 2000). Spring
samples are from the California Department of Fish and
Game collections of wild individuals from Deer Creek,
during 1996–1998, and Mill Creek, during 1995 and
1998. An ‘‘outgroup’’ of chinook salmon from the Ques-
nel River is from a 1996 collection of wild individuals
supplied by the Canadian Department of Fisheries and
Oceans. DNA was extracted from all samples, as de-
scribed by Banks et al. (1999, 2000).

Primer Development and PCR

We developed a new primer based on the sequence
of the genomic DNA clone from which Ots-2 was orig-
inally developed (Banks et al. 1999). The new primer,
2A(2)-R, 59-GTC AGG AGT AAC TTT AT-39, replaced
the original primer Ots-2-R and was used in combination
with the previously described PCR primer, Ots-2-L, 59-
ACA CCT CAC ACT TAG A-39 (Banks et al. 1999) to
amplify a fragment encompassing as much known flank-
ing sequence as possible (GenBank accession
#AF107030). The program Oligo 4.0 was used to select
the exact primer sequence (Applied Biosystems). The
new PCR primer, 2A(2)-R, and the original primer, Ots-
2-L, amplified a fragment containing the microsatellite
and 300 bp of flanking sequence. The PCR components
for this locus were 1.0 mM MgCl2, 0.05 mM dNTPs,
1.0 mM PCR primer, 0.025 U/ml Taq (Promega), and 50
ng template DNA. Temperature and cycling parameters
were denaturing at 948C for 30 s, annealing at 458C for
15 s, and extension at 728C for 20 s, repeated for 35
cycles on a tetrad thermocycler (MJ Research). Ampli-
fied fragments were separated by electrophoresis on 8%
denaturing polyacrylamide gel, and fluorescently end-
labeled amplicons were visualized using the FMBIO II
imaging system (Hitachi Software Engineering America
Ltd.).

Evaluation of Flanking Haplotypes

Two methods were used to isolate haplotypes for
sequencing purposes: subcloning and gel isolation. Be-
cause homozygous individuals were common, haplo-
types were isolated predominantly by subcloning (95%),
although some haplotypes were obtained through gel
isolation (5%). Cloning of alleles was completed as de-
scribed subsequently. PCR-amplified fragments were
run onto a 2% agarose gel. Bands, visualized using eth-
idium bromide, were excised from the gel. DNA was
recovered from the agarose and purified using QIA-
Quick purification columns (Qiagen). Purified DNA was
cloned using the TOPO TAt cloning kit (Invitrogen).
For each subclone, a minimum of six minipreps was
performed. Plasmid DNA was isolated using either stan-
dard protocols (Sambrook, Fritsch, and Maniatis 1989,
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FIG. 1.—Schematic of a haplotype comprising a microsatellite
tandem repeat and a collection of flanking polymorphisms, two SNPs
and one insertion-deletion. Cytosine (C), Thymine (T), indel (*), Gua-
nine (G).

pp. 1.23–1.28) or the Qiaprep kit (Qiagen). We se-
quenced cloned DNA using either the fmolt cycle se-
quencing kit (Promega) and fluorescently end-labeled
primers or templates were sent to Davis Sequencing
(Davis, CA). Gel isolation of haplotypes was also ac-
complished for a small number of individuals. PCR-am-
plified fragments were separated on 8% denaturing poly-
acrylamide gel and stained with SYBRt Gold nucleic
acid stain (Molecular Probes). Stained fragments were
visualized using the fluorescent imager. By aligning ref-
erence lines drawn on the gel plate with the gel image,
individual bands were located in the gel for excision.
Isolated bands were placed in 20 ml of ddH20 and in-
cubated overnight at 48C. Ten microliters of a 1:50 di-
lution of supernatant was used as template for 100 ml
PCR reactions. Reaction products were concentrated us-
ing QIAQuick purification columns (Qiagen) and se-
quenced as described previously.

Genotyping

For the region flanking the microsatellite repeat ar-
ray, sequence variation is referenced to the original
clone sequence (GenBank accession #AF107030). A
combination of polymorphisms is considered a flanking
sequence haplotype. Genotype information for each al-
lele at the Ots-2 locus consists of a flanking haplotype
and a microsatellite repeat array (fig. 1). Discrepancies
in the length of the microsatellite repeat array occurred
for some individuals because of sequence stutter. As a
result, clones from a problematic sample could contain
multiple sequences for repeat size (e.g., 8-, 9-, 10-repeat
units). In such cases, cloned DNA was reamplified using
PCR, and repeat length was independently determined
through standard polyacrylamide electrophoresis. If a
haplotype could not be reliably determined for an allele
it was discarded; because both alleles were not identified
in all individuals, sample sizes are not necessarily even
numbers.

Within-Population Analysis

The Ots-2 microsatellite frequencies obtained from
winter, fall, and spring population samples were com-
pared, using chi-square tests and F-statistics, with pub-
lished data from Banks et al. (2000). Published Ots-2
allele frequency data are not available for the Quesnel
River population. A chi-square test for homogeneity be-
tween frequencies observed in this study and previously
published frequencies was performed using pseudoprob-
ability tests of significance (Zaykin and Pudovkin 1993).
In addition, a pseudoprobability test was used to com-

pare microsatellite allele frequency profiles for a hap-
lotype across all populations. To compare observed al-
lele frequency profiles and data from Banks et al.
(2000), Wright’s F-statistics were also calculated using
the program Genetix version 4.0 (Belkhir et al. 2001).
Tests for random mating proportions of genotypes with-
in samples (H-W-C equilibrium) were calculated for
each locus (repeat array; SNP haplotype) using the pro-
gram Genepop, version 3.1 (Raymond and Rousset
1995). Linkage disequilibrium was measured using the
program Genetix, version 4.0.

Between-Population Analysis

To obtain estimates of genetic differentiation be-
tween populations, statistics based on different mutation
models, Wright’s F-statistics and Slatkin’s RST were cal-
culated. Wright’s F-statistics, based on the IAM, were
calculated using the program Genetix, version 4.0. Cal-
culations were made using microsatellite allele frequen-
cies and frequencies of flanking sequence haplotypes.
Additionally, because each microsatellite has a known
flanking sequence haplotype, a composite allele was
generated combining information from both loci. The
composite locus was used to evaluate homoplasy, the
occurrence of the same sized microsatellite with differ-
ent flanking haplotypes. F-statistics were calculated us-
ing the composite alleles, and the estimates derived from
this no-homoplasy (at the resolution of the data) alter-
native were compared with the estimates calculated for
the flanking and the microsatellite loci alone. The sig-
nificance of estimates was assessed using 1,000 per-
mutations in Genetix. A measure of population differ-
entiation assuming an SMM RST, was calculated using
the program RST CALC, version 2.2 (Goodman 1997).
The estimate was calculated using only the microsatel-
lite frequency data because the repeat array is the only
locus that would be consistent with a stepwise model.
All estimates were calculated using four population
groupings, one using all four sample populations, one
using only Central Valley stocks, one excluding winter-
run, and one comparing fall and spring-run populations.

Results
Flanking Variation

Two SNPs and one insertion-deletion are observed
among the 668 alleles sampled. Referenced to the orig-
inal clone sequence (GenBank accession #AF107030),
position 180 contains a C or T, position 323 contains a
single base deletion (*) or T, and position 383 contains
a C or G (see fig. 1). Five haplotype combinations of
the three segregating sites are observed: (1) CTC, (2)
C*C, (3) T*C, (4) T*G, and (5) TTC. Four haplotypes
are possible, given the three polymorphic sites; hence,
a rare back mutation or recombination event is required
for the formation of a fifth haplotype. Although the
flanking haplotypes are shared across all populations,
the frequencies of the flanking sequence haplotypes dif-
fer among populations (table 1, parts a–d). Of the 199
winter-run fragments analyzed, 0.75 are haplotype-1,
0.17 are haplotype-2, 0.06 are haplotype-3, 0.01 are hap-
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Table 1
Flanking Sequence Haplotype microsatellite Allele
Frequency Matrices for (a) Winter Run (b), Fall Run (c)
Spring Run and (d) Quesnel River

TANDEM

REPEATS

HAPLOTYPES

1 2 3 4 5 Total

(a) Winter
7 . . . .
8 . . . .
9 . . . .

10 . . . .
11 . . . .
12 . . . .
13 . . . .
14 . . . .

146

4

5

27 1

2

1

151
—
32

—
2

—
—

1
15 . . . .
16 . . . .
17 . . . .
18 . . . .
19 . . . .
20 . . . .
21 . . . .
22 . . . .

2
1
5

2

1
1

1

—
2
8

—
—
—
—

3
23 . . . .
24 . . . .
25 . . . .
26 . . . .
27 . . . .

—
—
—
—
—

Total 150 34 11 2 2 199

(b) Fall
7 . . . .
8 . . . .
9 . . . .

10 . . . .
11 . . . .
12 . . . .

7

4

3

46
1
3

7

5

7
—
57

1
11

—
13 . . . .
14 . . . .
15 . . . .
16 . . . .
17 . . . .
18 . . . .

1 2

6

2
14

1
7

29

1

5

2
18

1
7

40
—

19 . . . .
20 . . . .
21 . . . .
22 . . . .
23 . . . .
24 . . . .

8

—
—
—

8
—
—

25 . . . .
26 . . . .
27 . . . .

1

1

1 2
—
1

Total 15 58 75 6 1 155

(c) Spring
7 . . . .
8 . . . .
9 . . . .

10 . . . .
11 . . . .
12 . . . .
13 . . . .
14 . . . .

11

1

1

63

1

4

3

10

12
—
67

—
5

—
—
10

15 . . . .
16 . . . .
17 . . . .
18 . . . .
19 . . . .
20 . . . .
21 . . . .
22 . . . .

1
8

20

7

1
6

—
9

27
—
—
—
—

7

Table 1
Continued

TANDEM

REPEATS

HAPLOTYPES

1 2 3 4 5 Total

23 . . . . —
24 . . . .
25 . . . .
26 . . . .
27 . . . .

4
3
1

1 5
3
1

—

Total 12 66 60 8 0 146

(d) Quesnel River
7 . . . .
8 . . . .
9 . . . .

10 . . . .
11 . . . .
12 . . . .
13 . . . .
14 . . . .
15 . . . .

1

2

96

7

1

39

6 2

—
—
98

—
48

—
—

8
—

16 . . . .
17 . . . .
18 . . . .
19 . . . .
20 . . . .
21 . . . .
22 . . . .
23 . . . .
24 . . . .

6
8

6
8

—
—
—
—
—
—
—

25 . . . .
26 . . . .
27 . . . .

—
—
—

Total 3 103 60 2 0 168

lotype-4, and 0.01 are haplotype-5 (table 1, part a). This
frequency profile differed from the other populations in
which haplotypes 2 and 3 are the most common. Of the
155 fall-run fragments analyzed, the frequencies of hap-
lotypes 1 through 5 are 0.10, 0.37, 0.48, 0.04, and 0.01,
respectively (table 1, part b). Of the 146 spring-run frag-
ments analyzed, the frequencies of haplotypes 1 through
4 are 0.08, 0.45, 0.41, and 0.06, respectively (table 1,
part c). Of the 168 Quesnel fragments analyzed, the fre-
quencies of haplotypes 1 through 4 are 0.02, 0.61, 0.36,
and 0.01, respectively (table 1, part d). Haplotype-2 is
the most common haplotype overall.

Population Genetic Analysis—Within Population

The distributions of Ots-2 microsatellite alleles and
the associations of each repeat size with flanking hap-
lotype are shown in table 1, parts a–d, with relative two-
way classification frequencies shown in figure 2. For
example, the 7-repeat allele observed in the winter-run
population has a frequency of 0.76, and a majority of
those 7-repeat alleles are associated with flanking hap-
lotype-1 (fig. 2).

Microsatellite allelic diversity differs by haplotype,
with haplotype-3 containing the largest number of mi-
crosatellite alleles, followed by haplotype-2 (table 2).
Disregarding run and pooling over all populations, the
total number of microsatellite alleles observed in hap-
lotypes 1–5 are 4, 6, 12, 4, and 3, respectively. Haplo-
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FIG. 2.—Frequency data of Ots-2 microsatellite alleles categorized by haplotype. Position of gray bubble along x-axis denotes repeat size,
position on y-axis signifies flanking haplotype associated with the given repeat, and size of gray bubbles corresponds to frequency of gene doses.
Data were square-root transformed to make rare alleles visible.

Table 2
Allelic Diversity Categorized by Haplotype

HAPLOTYPE 1

N ASV H

HAPLOTYPE 2

N ASV H

HAPLOTYPE 3

N ASV H

HAPLOTYPE 4

N ASV H

HAPLOTYPE 5

N ASV H

Winter. . . .
Fall . . . . . .
Spring . . . .
Quesnel. . .

2
4
2
2

0.11
4.60
1.33
1.33

0.05
0.67
0.15
0.44

3
5
4
2

4.45
6.56
1.09
0.26

0.34
0.36
0.09
0.13

5
10

9
5

17.60
14.33
18.73

5.91

0.71
0.78
0.82
0.54

2
2
3
2

0.50
10.57

6.50
0.00

0.50
0.28
0.41
0.00

2
1
0
0

32.00 0.50

Total . . . . . 4 0.94 0.17 6 2.55 0.21 12 16.42 0.81 4 7.88 0.51 3 32.30 0.67

NOTE.—N is the number of microsatellite alleles observed, ADV is the allele size variance, and H is the heterozygosity. The column totals are estimates from
data pooled over all populations.

type-3 has the highest combined estimate of allele size
variance (16.423) and heterozygosity (0.809) at the mi-
crosatellite (table 2). Among populations, fall run has
the largest number of microsatellite alleles, with hap-
lotypes 1–5 having 4, 5, 10, 2, and 1 allele(s), respec-

tively (table 2). Allele size variance and heterozygosity
are generally highest at the microsatellite in fall run (ta-
ble 2).

Banks et al. (2000) has previously reported Ots-2
microsatellite allele frequency distributions for the win-
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Table 3
Summary of Within-Population Genetic Analysis

POPULA-
TION N x2 FST

H-W-C

mSat Flank

LD

r Prob.

Winter . . .
Fall . . . . . .
Spring. . . .
Quesnel . .

199
155
146
168

0.94–0.97
0.0–0.001

0.03–0.05
—

0.00
0.01
0.00
—

0.24
0.23
0.09
0.36

0.43
0.36
0.27
0.53

0.26
0.15
0.24
0.35

0.00
0.04
0.00
0.00

NOTE.—N is the number of microsatellite flanking sequence haplotypes
determined; x2, 95% confidence interval for the probability of homogeneity be-
tween observed microsatellite frequencies and data from Banks et al. (2000);
FST, Wright’s FST statistics comparing microsatellite allele frequency data from
observed populations with published data from Banks et al. (2000); msat is the
P value for random mating proportions at the microsatellite locus; flank is the
P value for random mating proportions at the SNP haplotype; r is correlation
coefficient from Genetix (Weir 1979); Prob. is probability of observed value.

Table 4
Pseudoprobability Tests Comparing the Microsatellite
Allele Frequency Distributions, by Haplotype, Across
Population

ALL POPULATIONS

x2 Probability

CENTRAL VALLEY ONLY

x2 Probability

Haplotype-1 . . .
Haplotype-2 . . .
Haplotype-3 . . .
Haplotype-4 . . .

93.26
55.80

108.21
16.63

0.00
0.00
0.00
0.05

58.78
27.05
19.10

5.89

0.00
0.00
0.59
0.46

ter, fall, and spring populations. Our analysis uses a sub-
set of individuals from Banks et al. (2000), and the mi-
crosatellite allele frequencies obtained are statistically
homogeneous with published results. Using a chi-square
pseudoprobability test of significance, the 95% confi-
dence intervals around probabilities of homogeneity be-
tween published and observed data are shown in table
3. The winter allele frequency profile is almost identical,
the spring profile is marginally homogeneous by chi-
square, and the fall allele frequency profile is not ho-
mogeneous by chi-square analysis. For the spring and
fall data, the population subsample is sufficiently dif-
ferent from the larger data set published in Banks et al.
(2000) that an additional comparison was made using
F-statistics (table 3). FST-statistics shown in table 3 re-
veal that minimal population substructure exits when
population samples from this study are compared with
published population data from Banks et al. (2000). No
allele frequencies are published for the Ots-2 locus in
the Quesnel River. The genotype frequencies at both loci
are consistent with the H-W-C expectations (table 3).
Estimates of linkage disequilibrium at the Ots-2 locus
show a strong association between microsatellite allele
and flanking sequence haplotype (table 3). Size homo-
plasy is inferred for most microsatellite alleles, with the
7-, 9-, 11-, 14-, 16-, 17-, 22-, 24-, and 25-repeat alleles
being observed with two or more flanking haplotypes
within a run (table 1, parts a–d).

Population Genetic Analysis—Between Populations

Estimates of population divergence calculated us-
ing FST and RST are shown in table 5 for the four pop-
ulation groupings. We estimated genetic divergence with
and without winter run because the winter run is the
most divergent population in the Central Valley (Banks
et al. 2000). FST and RST estimates within all groupings
are similar to each other (table 5). FST estimates for the
flanking locus are most similar to RST for all the popu-
lations and Central Valley comparisons (table 5). The
FST estimates using the composite locus tend to be lower
than the estimates for other loci. The FST estimate for
the composite locus and all populations is 0.224, a value
lower than estimates made for the separate loci (table
5).

A pseudoprobability chi-square test comparing the
microsatellite allele distributions for each haplotype
across populations presents a counterpoint to the ob-
served between-population genetic differences at the
Ots-2 microsatellite (table 4). When all sample popula-
tions are included, the microsatellite allele frequency
distributions by haplotype are not equivalent; however,
when only the Central Valley populations are analyzed,
haplotypes 3 and 4 have equivalent microsatellite fre-
quency distributions (i.e., comparisons within haplotype
are not significant in some cases). This contrasts mark-
edly with the highly significant FST 5 0.252 for the Ots-
2 microsatellite locus by itself.

Discussion

We sought to resolve the paradox of how highly
polymorphic microsatellite loci reveal population struc-
ture even though their mechanism of mutation should
seemingly increase homoplasy and obscure allele fre-
quency differentiation. Our study relies on the identifi-
cation, in genetically divergent chinook salmon popu-
lations, of variation at a perfect, simple sequence mi-
crosatellite locus in the context of variation in the
unique DNA sequence flanking the microsatellite. Stud-
ies of genetic diversity in chinook salmon consistently
show Californian populations to be distinct from other
North American salmon populations (Utter et al. 1989;
Bartley et al. 1992; Ford 1998). These same studies sug-
gest that Canadian populations are the result of coloni-
zation from diverse groups of Oregon and Alaskan salm-
on. The inclusion in this study of widely divergent pop-
ulations enables greater inference from patterns of mi-
crosatellite variation than would be possible using
Californian chinook in isolation. Additionally, the SNP
haplotypes flanking the pure repeat microsatellite are re-
quired to define the historical relationships among the
microsatellite alleles. The concordance among micro-
satellite allele-frequency profiles observed from distinct
sample populations may reflect a historical or remnant
phylogenetic relationship that has not been removed by
mutations at the microsatellite locus.

Although a single marker measures population di-
vergence imprecisely, data from the Ots-2 microsatellite
parallels information derived from all marker types. Ots-
2 microsatellite data show winter run to be a genetic
outlier in California (Banks et al. 2000), and this result
is corroborated by allozymes (Bartley et al. 1992; Win-
ans and Teal, personal communication), mtDNA (Niel-
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Table 5
Between-Population Totals. Divergence Among Chinook
Salmon Populations at a Microsatellite (msat), its
Flanking Sequence, and the Composite Locus

RST

msat msat
FST

Flank Composite

All . . . . . . . . . . . . . . .
Excluding Winter . . .
Central Valley . . . . . .
Spring–Fall . . . . . . . .

0.28
0.12
0.33
0.00

0.25
0.06
0.25
0.01

0.28
0.03
0.31
0.01

0.22
0.05
0.22
0.01

sen et al. 1994), and MHC class II B (Kim, Parker, and
Hedrick 1999; Hedgecock et al. 2001). In addition, mi-
crosatellite data from this study show Californian salm-
on populations to be more similar to each other than to
the Quesnel population (Canada) (table 5). Although the
Ots-2 microsatellite is highly polymorphic, the variation
is structured by flanking haplotype. The associations be-
tween haplotype and microsatellite allele are strikingly
conserved across sample populations (fig. 2). Haplotype
information from genetically distinct groups has led us
to conclude that changes in microsatellite allele fre-
quencies are caused by shifts in frequencies of contex-
tual haplotypes and not by stepwise mutation in the re-
peat region. Recent work in human genetics also points
to the importance of chromosomal haplotypes for re-
solving population structure (Rioux et al. 2001; Ste-
phens et al. 2001).

That nonrandom structure exists in the data sets is
not necessarily surprising; however, what is not expect-
ed is that data from all populations should differ from
random association in the same way (fig. 2). For ex-
ample, flanking haplotype-2 is the most frequent hap-
lotype; yet, it most commonly occurs with the 9-repeat
microsatellite, and flanking haplotype-1 is associated
most commonly with repeat 7. The correlation of repeat
size with haplotype class is also shown by the strong
linkage disequilibrium observed in the data (table 3 and
fig. 2). Additionally, if the total linkage disequilibrium
estimate is partitioned into the contribution of each al-
lele combination, there is an excess of large, rare mi-
crosatellite alleles in haplotype-3 and an excess of com-
mon, small microsatellite alleles in nonhaplotype-3 clas-
ses. This observation is associated with the greater di-
versity seen in haplotype-3, irrespective of haplotype
frequency (table 2 and fig. 2). This pattern of variation
is not expected under a rapid stepwise mutation process,
which should rapidly generate microsatellite allelic di-
versity, filling in the gaps of the microsatellite profiles
for each haplotype and homogenizing the microsatellite
allele frequency profiles within each population (S. M.
Blankenship et al., unpublished data). This observation
suggests that the microsatellite mutation rate is much
slower than that expected, slower than changes in the
frequencies of flanking haplotypes to which the Ots-2
microsatellite is linked.

Differences among populations are attributable pri-
marily to differences in flanking haplotype frequencies.
The correlation between microsatellite alleles and flank-
ing haplotype, established by gametic disequilibrium,

could explain how microsatellite markers produce con-
cordant information with other marker types because
population differentiation exists at the haplotype level.
Conversely, populations are not different or are much
more similar within a haplotype. For example, the mi-
crosatellite allele-frequency profiles at haplotype-3 are
statistically equivalent among Californian populations
(table 4). It appears possible that demographic effects
(e.g., genetic bottleneck) alter the frequency of the flank-
ing sequence haplotypes, which subsequently alter the
microsatellite allele-frequency distributions. Demo-
graphic changes that alter flanking haplotype profiles
could also account for the reduction in microsatellite
allelic diversity observed in the winter and Quesnel pop-
ulations (table 1, parts a and d). We need to invoke a
combination of slow mutation at the microsatellite locus
and genetic drift or selection at the level of flanking
sequence haplotypes to explain the pattern of variation
seen at Ots-2.

That most microsatellite alleles have multiple
flanking sequences confirms homoplasy for size. More-
over, the pattern of homoplasy is the same within and
among sampled populations, with homoplasy occurring
at almost every allele. For example, allele 9 showed
homoplasy in every study population; however, it most
commonly occurred in haplotype-2 (fig. 2). Other ex-
amples are 11-repeat and 17-repeat alleles, which show
homoplasy in 3 of 4 sample populations but most com-
monly occur in haplotype-3. This observation would not
have been possible without the use of SNPs flanking the
microsatellite repeat array. The older flanking sequence
haplotypes can be used to define the evolutionary rela-
tionships among the microsatellite alleles, given that the
unique noncoding sequence has a mutation rate of ap-
proximately 1 3 1029 per locus/generation (Li and
Graur 1991), several orders of magnitude slower than
that of microsatellite repeat arrays. Homoplasy, the re-
currence of same-size alleles in different haplotypes,
clearly does occur within populations for simple se-
quence repeat loci.

Population analysis is not affected by homoplasy,
however, because microsatellite allele-frequency profiles
are not solely influenced by stepwise mutation. The slow
mutation at the microsatellite creates linkage disequilib-
rium and counteracts homoplasy by confining microsat-
ellite alleles to haplotypes. Perhaps lower levels of ho-
moplasy present at the Ots-2 microsatellite due to link-
age result in greater diagnostic power for the locus. Data
presented in this study show that RST and FST give sim-
ilar estimates of population divergence (table 5), al-
though the RST value calculated for the population
grouping that excluded the winter-run population is sub-
stantially higher than the FST estimates. The within-pop-
ulation component of variance was large for the popu-
lation grouping excluding winter run, which contributed
to a high value for RST even though the between-popu-
lation component of variance was low in this grouping.
Estimates of FST may have been reduced by high within-
population heterozygosity (Hedrick 1999). The compos-
ite locus, which had the highest observed heterozygos-
ity, generally had lower genetic distance estimates.
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Whether the pattern of variation seen at Ots-2 is
typical for microsatellite loci remains to be seen in fu-
ture studies of other loci. For example, Ots-2 is located
on the pseudolinkage group Oii on the rainbow trout
linkage map (Sakamoto et al. 2000), where recombina-
tion may be reduced. If Ots-2 proves to be typical, then
the usefulness of microsatellites for population genetics
may come from associations with larger chromosomal
fragments whose frequencies are responding more di-
rectly to demographic factors governing population dif-
ferentiation. Microsatellites afford an easy entrée to ge-
nome variation and are clearly valuable for mapping and
parentage studies; nevertheless, a shift toward SNPs in
population genetics may provide a better insight into the
evolution of populations below the species level.
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Université de Montpellier II, Montpellier, France.

BLOUIN, M. S., M. PARSONS, V. LACAILLE, and S. LOTZ. 1996.
Use of microsatellite loci to classify individuals by relat-
edness. Mol. Ecol. 5:393–401.

BOWCOCK, A. M., A. RUIZLINARES, J. TOMFOHRDE, E. MINCH,
J. R. KIDD, and L. L. CAVALLISFORZA. 1994. High resolu-
tion of human evolutionary trees with polymorphic micro-
satellites. Nature 368:455–457.

CULVER, M., M. A. MENOTTI-RAYMOND, and S. J. O’BRIEN.
2001. Patterns of size homoplasy at 10 microsatellite loci
in pumas (Puma concolor). Mol. Biol. Evol. 18:1151–1156.

ESTOUP, A., M. SOLIGNAC, J. M. CORNUET, J. GOUDET, and A.
SCHOLL. 1996. Genetic differentiation of continental and
Island populations of Bombus Terrestris (Hymenoptera, Ap-
idae) in Europe. Mol. Ecol. 5:19–31.

ESTOUP, A., C. TAILLIEZ, J. M. CORNUET, and M. SOLIGNAC.
1995. Size homoplasy and mutational processes of inter-
rupted microsatellites in two bee species, Apis mellifera and
Bombus terrestris (Apidae). Mol. Biol. Evol. 12:1074–
1084.

FORD, M. J. 1998. Testing models of migration and isolation
among populations of chinook salmon (Oncorhynchus
tschawytscha). Evolution 52:539–557.

GARZA, J. C., and N. B. FREIMER. 1996. Homoplasy for size
at microsatellite loci in humans and chimpanzees. Genome
Res. 6:211–217.

GOLDSTEIN, D. B., A. R. LINARES, L. L. CAVALLIS-FORZA, and
M. W. FELDMAN. 1995. An evaluation of genetic distances
for use with microsatellite loci. Genetics 139:463–471.

GOODMAN, S. J. 1997. R-ST Calc: a collection of computer
programs for calculating estimates of genetic differentiation
from microsatellite data and determining their significance.
Mol. Ecol. 6:881–885.

GRIMALDI, M. C., and B. CROUAU-ROY. 1997. Microsatellite
allelic homoplasy due to variable flanking sequences. J.
Mol. Evol. 44:336–340.

HEDGECOCK, D., M. A. BANKS, V. K. RASHBROOK, C. A.
DEAN, and S. M. BLANKENSHIP. 2001. Applications of pop-
ulation genetics to conservation of chinook salmon diversity
in the Central Valley. Pp. 45–70 inR. L. BROWN, ed. Fish
Bulletin 179: contributions to the biology of Central Valley
Salmonids. California Department of Fish and Game.

HENDERSON, S. T., and T. D. PETES. 1992. Instability of simple
sequence DNA in Saccharomyces cerevisiae. Mol. Cell.
Biol. 12:2749–2757.

JARNE, P., and P. J. L. LAGODA. 1996. Microsatellites, from
molecules to populations and back. Trends Ecol. Evol. 11:
424–429.

KIM, T. J., K. M. PARKER, and P. W. HEDRICK. 1999. Major
histocompatibility complex differentiation in Sacramento
River chinook salmon. Genetics 151:1115–1122.

KIMURA, M., and J. F. CROW. 1964. The numbers of alleles
that can be maintained in a finite population. Genetics 49:
725–738.

KIMURA, M., and T. OHTA. 1978. Stepwise mutation model and
distribution of allelic frequencies in a finite population.
Proc. Natl. Acad. Sci. USA 75:2868–2872.

LEVINSON, G., and G. A. GUTMAN. 1987a. High frequency of
short frameshifts in poly-CA/TG tandem repeats borne by
bacteriophage M13 in Escherichia coli K-12. Nucleic Acids
Res. 15:5323–5338.

———. 1987b. Slipped-strand mispairing: a major mechanism
for DNA sequence evolution. Mol. Biol. Evol. 4:203–221.

LI, W.-H., and D. GRAUR. 1991. Fundamentals of molecular
evolution. Sinauer, Sunderland, Mass.

LITT, M., and J. A. LUTY. 1989. A hypervariable microsatellite
revealed by in vitro amplification of a dinucleotide repeat
within the cardiac muscle actin gene. Am. J. Hum. Genet.
44:397–340.

NATIONAL MARINE FISHERIES SERVICE (NMFS). 1994. Endan-
gered and threatened species; status of Sacramento River
winter-run chinook salmon. Fed. Reg. 59:440–450.

NIELSEN, J. L., C. GAN, J. M. WRIGHT, and W. K. THOMAS.
1994. Phylogeographic patterns in California steelhead as
determined by MtDNA and microsatellite analyses. Calif.
Coop. Oceanic Fish. Investig. Rep. 35:90–92.



Evolution of a Perfect Simple Sequence Repeat Locus 1951

PRIMMER, C. R., H. ELLEGREN, N. SAINO, and A. P. MOLLER.
1996. Directional evolution in germline microsatellite mu-
tations. Nat. Genet. 13:391–393.

QUENEY, G., N. FERRAND, S. WEISS, F. MOUGEL, and M. MON-
NEROT. 2001. Stationary distributions of microsatellite loci
between divergent population groups of the European rabbit
(Oryctolagus cuniculus). Mol. Biol. Evol. 18:2169–2178.

RAYMOND, M., and F. ROUSSET. 1995. Genepop (Version
1.2)—population genetics software for exact tests and Ec-
umenicism. J. Hered. 86:248–249.

RIOUX, J. D., M. J. DALY, M. S. SILVERBERG et al. (31 co-
authors) 2001. Genetic variation in the 5q31 cytokine gene
cluster confers susceptibility to Crohn disease. Nat. Genet.
29:223–228.

SAKAMOTO, T., R. G. DANZMANN, K. GHARBI et al. (12 co-
authors) 2000. A microsatellite linkage map of rainbow
trout (Oncorhynchus mykiss) characterized by large sex-spe-
cific differences in recombination rates. Genetics 155:1331–
1345.

SAMBROOK, J., E. F. FRITSCH, and T. MANIATIS. 1989. Molec-
ular cloning a laboratory manual. 2nd edition. Cold Spring
Harbor Laboratory Press, New York.
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