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Potential of microsatellites for individual assignment:
the North Atlantic redfish (genus Sebastes) species

complex as a case study
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Abstract

We used the four redfish taxa (genus Sebastes) from the North Atlantic to evaluate the
potential of multilocus genotype information obtained from microsatellites in assigning
individuals at two different levels of group divergence. We first tested the hypothesis that
microsatellites can diagnostically discriminate individual redfish from different groups.
Second, we compared two different methods to quantify the effect of number of loci and
likelihood stringency levels on the power of microsatellites for redfish group member-
ship. The potential of microsatellites to discriminate individuals from different taxa was
illustrated by a shared allele distance tree in which four major clusters corresponding to
each taxa were defined. Concomitant with this strong discrimination, microsatellites also
proved to be powerful in reclassifying specimens to the taxon of origin, using either an
empirical or simulated method of estimating assignment success. By testing for the effect
of both the number of loci and the level of stringency on the assignment success, we
found that 95% of all specimens were still correctly reclassified with only four loci at the
most commonly used criterion of log0. In contrast, the results obtained at the population
level within taxa highlighted several problems of assignment that may occur at low levels
of divergence. Namely, a drastic decrease of success with increasing stringency illustrated
the lack of power of our set of loci. Strong discrepancy was observed between results
obtained from the empirical and simulated methods. Finally, the highest assignment success
was obtained when reducing the number of loci used, an observation previously reported
in studies of human populations.
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Introduction

Microsatellite loci are increasingly replacing or com-
plementing other markers for numerous applications in
evolutionary and conservation genetics (Jarne & Lagoda
1996). They are of particular interest in studies requiring
fine-scale resolution for which other markers may have
reached their limits of applications (Estoup & Angers
1998). Namely, their high level of polymorphism provides
the potential to define unique multilocus genotypes.
This, coupled with their relative ease of application and
reliability of allelic determination compared with other
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methods, makes microsatellites particularly useful in
studies requiring individual identification.

To date, most individual-based applications have con-
cerned kinship, parentage analysis, mating systems and
reproductive success (Queller etal. 1993; Kellogg et al.
1995; San Cristobal & Chevalet 1995; Estoup & Angers
1998; Jones et al. 1998). Less attention has been paid to
using individual genotype information to determine the
population membership of a single individual. This may
be relevant to more precisely quantify gene flow (Waser
& Strobeck 1998; Bossart et al. 1998), the degree of genetic
differentiation among populations (Bowcock ef al. 1994;
Paetkau 1998; Paetkau et al. 1995) and to establish rela-
tionships among individuals within and among popula-
tions or higher taxonomic groupings (Estoup & Angers



1704 ROQUES, DUCHESNE and BERNATCHEZ

1998; Estoup et al. 1995; Cornuet et al. 1996; Ellegren
et al. 1996). An extension of these approaches is to detect
an admixture of populations in a sample of individuals of
unknown origins (Paetkau et al. 1995; Smouse & Chevillon
1998). However, in order to optimize the use of micro-
satellites for such applications, it is important to deter-
mine how factors such as allelic diversity and the extent
of population differentiation will affect the success of
population assignment (Shriver etal. 1997; Estoup &
Angers 1998; Smouse & Chevillon 1998).

North Atlantic redfish (genus Sebastes) is a marine,
viviparous fish, living at great depths in the North Atlantic
ocean. It consists of a complex of four taxa: S. mentella,
S. marinus, S. fasciatus and S. viviparus that can be found
in sympatry and thus contribute to mixed fisheries. The
discrimination of those taxa and the understanding of
their evolutionary relationships have been hampered
by their morphological similarity and variable extent of
overlap in criteria used to define them, depending on
regions (Barsukov 1968, 1972; Ni 1982; Power & Ni 1985).
Low levels of inter- and intraspecific genetic variation
have also generally been observed with proteic markers
(Nedreaas & Naevdal 1991; Rubec et al. 1991). Allele fre-
quencies may differ among taxa but these alone do not
allow species identification (Nefyodov 1971; Payne & Ni
1982; Johansen et al. 1993). Recent studies of the D-loop
region of the mitochondrial DNA have not proved to be
more informative (Bentzen et al. 1998; M. Black, personal
communication). Consequently, a combination of several
morphological and proteic characters must still be used to
confidently distinguish these taxa at adult stage. These
characters, however, are not easily used at early (young)
life-history stages. Consequently, the problems met at the
‘species’ level in redfish resemble those encountered
at the population level in other taxonomic groups, not
including the potential of population substructuring
within each of the four taxa (Nedreaas et al. 1994).

In this context, the two specific objectives of this study
were: (i) to provide a first quantification of the amount of
divergence among Sebastes species based on microsatel-
lites; and (ii) to test the hypothesis that microsatellites can
discriminate individual redfish based on their multilocus
genotypes. In doing so, we also compared two different
methods to estimate the power of microsatellites for red-
fish group membership at different levels of divergence.

Materials and methods

Samples

Two geographical samples of each of the four taxa,
S. fasciatus, S. mentella, S. marinus and S. viviparus were
collected in the North Atlantic (Table 1). Samples were
identified using meristic, morphological and genetic

characters usually used for redfish (genus Sebastes) identi-
fication (Barsukov 1968, 1972; Ni 1981, 1982; Power & Ni
1985). DNA was extracted from muscle tissue stored in
95% ethanol, using the Chelex method (Walsh ef al. 1991).
Samples were screened for variation at eight specific
microsatellites loci as described in Roques et al. (1999).

Descriptive statistics

We first documented the extent of intra- and intersample
genetic diversity based on allelic composition of each
sample. The intrasample genetic diversity was estimated
by the number of alleles (A) per locus, gene diversity (Hp)
and observed heterozygosity (Hg) (Table 1). Locus inde-
pendence, Hardy—Weinberg equilibrium and allelic
frequency heterogeneity were tested by probability tests
computed using the Markov chain method (1000 iterations,
Guo & Thompson 1992) available in GENEPOP, version
3.1 (Raymond & Rousset 1995). Deviations from Hardy-
Weinberg equilibrium were tested using both alternative
hypotheses of deficit and excess of heterozygotes for each
locus and globally across loci and populations (Fisher’s
method). Statistical significance levels were adjusted for
multiple comparisons using sequential Bonferroni adjust-
ments (Rice 1989).

The extent of genetic divergence among samples was
estimated by 6, an unbiased estimator of Fgq; (Weir &
Cockerham 1984) using GENEPOP, and ®g, which integ-
rates allelic size differences as a parameter of population
differentiation (Michalakis & Excoffier 1996) using the
program ARLEQUIN, version 1.1 (Schneider et al. 1997).
8 and ®g; were first calculated between each pair of
samples, and a hierarchical gene diversity analysis was
also performed using ARLEQUIN to quantify the extent
of genetic variance imputable to intertaxon differences
relative to intersample within taxon.

Individual-based analyses

The relationships among the 260 redfish analysed based
on their multilocus genotype was achieved by first cal-
culating shared allele distances (D,g) as described by
Chakraborty & Jin (1993). This distance matrix was then
used to build a neighbour-joining (NJ) tree, using a pro-
gram provided by Jean-Marie Cornuet (Laboratoire de
Modélisation et Biologie Evolutive, INRA, Montpellier).
We used the index of classification (Ic, Estoup ef al. 1995)
to quantify how effectively individuals of a given group
clustered together.

Species and population assignment

Two different approaches were used to quantify the
assignment success at different levels of divergence in
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Table 1 Gene diversity (Hp), observed heterozygosity (Hg), number of alleles (A), significant exact probability (P) for Hardy—Weinberg
departures proportions (after corrections for null alleles), for each locus/population and overall (global tests)

Populations* SEB31 SEB30 SEB45 SEB46 SEB37 SEB25 SEB9 SEB33 P
Famai A 5 17 7 10 14 14 8 19
(n = 60) Hg 0.586 0.882 0.500 0.800 0.867 0.902 0.799 0.939

Hg 0.667 0.793 0.544 0.789 0.886 0.833 0.759 0.931 0.146
Fanel A 2 25 10 11 17 16 8 20
(n=70) Hg 0.507 0.920 0.589 0.778 0.900 0.787 0.691 0.881

Hg 0.486 0.857 0.485 0.882 0.886 0.800 0.647 0.943 0.102
Menel A 14 22 15 10 15 15 9 24
(n =58) Hg 0.835 0.930 0.878 0.832 0.886 0.893 0.772 0.958

Hy, 0.893 0.793 0.714 0.741 0.720 0.828 0.964 0.893 0.029
Metne A 15 23 14 11 22 18 11 28
(n=96) Hg 0.780 0.889 0.827 0.821 0.923 0.909 0.835 0.960

Hg 0.783 0.652 0.745 0.800 0.886 0.813 0.761 0.917 < 0.00001*
Manol A 12 17 12 13 12 19 9 21
(n = 60) Hg 0.854 0.693 0.821 0.912 0.823 0.886 0.786 0.948

Hg 0.767 0.600 0.733 0.867 0.759 0.964 0.759 0.929 0.220
Mano2 A 8 20 12 14 13 15 9 25
(n =56) Hg 0.797 0.791 0.824 0.898 0.804 0.894 0.777 0.963

Hg 0.821 0.786 0.750 0.964 0.679 0.929 0.786 0.857 0.244
Vinol A 6 26 11 20 17 4 5 23
(n =60) Hg 0.612 0.960 0.761 0.918 0.933 0.606 0.628 0.956

Hy, 0.926 0.897 0.667 0.667 0.611 0.714 0.483 1.000 0.025
Vino2 A 5 22 12 22 23 5 6 20
(n = 60) Hg 0.599 0.949 0.645 0.914 0.955 0.614 0.715 0.940

Hg 0.759 0.862 0.586 0.967 0.467 0.767 1.000 0.931 0.982
Total A 23 56 27 33 36 23 14 44
(n =530) Hp* 0.883 0.960 0.869 0.915 0.947 0.911 0.860 0.967

P 0.595 0.402 < 0.00001* 0.061 0.636 0.011 0.113 0.163

tS. fasciatus, Famai (Gulf of Maine; 67°32'N, 43°15'W); Fanel(Nova Scotia; 62°20'N, 43°38'W); S. mentella, Menel(Nova Scotia; 60°44'N,

43°39'W); Metne (Newfoundland; 59°16'N, 46°42'W); S. marinus, Manol (Norway; 63°32'N, 8°15'W); Mano2 (Norway; 64°30'N, 9°13'E);
S. viviparus, Vinol and Vino2 (both samples from Norway).
*Significant deficit in heterozygotes following adjustments for multiple tests with the sequential Bonferroni method (a = 0.05, k = 8).

redfish. We first conducted an empirical method that con-
sisted in reclassifying individuals of known population
origin, as described in Paetkau etal. (1995). This con-
sisted of assigning an individual to the group in which its
multilocus genotype has the highest probability of occur-
ring, assuming reliable allelic representation, Hardy-
Weinberg equilibrium and locus independence (Paetkau
et al. 1995). The proportion of correct classifications was
used as an estimate of the probability of assignment
success (P,). In this method, the reassigned specimens
are also the ones from which the population allelic dis-
tribution estimates were obtained (Paetkau et al. 1995).
This leads to an upward bias of the probability of suc-
cessful assignment. To eliminate this bias, the contribu-
tion of the specimen to be classified is removed from the
estimation of the allelic distributions (Waser & Stroebeck
1998).

We also used a Monte-Carlo simulation approach to
randomly generate 1000 artificial multilocus genotypes
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from each population, as used in Shriver et al. (1997). In
this method, the probability of generating a given geno-
type is precisely the theoretical probability computed
from the allelic frequencies of the population, assuming
random mating. As for the empirical method, the propor-
tion of correct classifications was used as an estimate of
the probability of assignment success (P,). We refer to this
method as the simulated method.

Each of the two procedures above was extended fol-
lowing the log-likelihood method detailed by Shriver
etal. (1997) to define assignment success at different
thresholds of stringency. To assign an individual, we first
calculate its probability of occurrence within each popu-
lation. The log-likelihood statistic is the logarithm (base
10) of the ratio of the largest probability over the next
largest. If the log-likelihood is greater than a predefined
acceptance threshold, the specimen is assigned to the
population corresponding to the largest probability of
occurrence. Four acceptance thresholds were applied
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(log3, log2, log1, log0), log1 to log3 meaning that a multi-
locus genotype has to be 10, 100, or 1000 times more
likely in one group than any other to be assigned. Log0
simply requires that a genotype is more likely in one
group than another, and corresponds to the criterion used
in the method of Paetkau efal. (1995). Increasing the
stringency of the criterion reduces the probability of
misassignment at the expense of increasing the undeter-
mined proportion of specimens.

Finally, we investigated the effect of using different
numbers of loci on assignment success. In order to find
the best set for each number of loci, all possible com-
binations of 1-8 loci have been computed according to
the empirical method. A total of 8 (one locus), 28 (2 loci),
56 (3 loci), 70 (4 loci), 56 (5 loci), 28 (6 loci), 8 (7 loci), and
1 (8 loci), totalling 255 estimates, have been calculated.
Then, we were able to select the combination with the
highest assignment success for each number of loci.

All the procedures described above were performed
with programs written with the algebric computer system
MapleV, version 5.

Results

Polymorphism, locus independence and
Hardy—Weinberg equilibrium (HWE)

All loci showed high variability with the total number of
alleles varying from 14 to 56 (average = 33), and a mean
gene diversity per locus varying between 0.860 (SEB9) and
0.967 (SEB33) (mean = 0.914) (Table 1). High polymorphism
was also generally observed within each sample.

Exact tests for locus independence revealed no signi-
ficant locus comparison at the 5% level. Global tests
(Fisher’s method) for HWE across loci revealed signi-
ficant heterozygote deficiency within all eight samples.
Global tests across populations showed that these depar-
tures were mainly caused by heterozygote deficiencies at
loci SEB37 and SEB30 found in most samples, suggest-
ing the presence of null alleles at these loci. A null allele
test was thus performed using the EM algorithm of
Dempster etal. (1977) implemented in GENEPOP. This
method first assigns a frequency to the null allele suspected
for a given locus, considering deviations from Hardy-
Weinberg expectations, and provide the allelic combination
of the null allele with the other alleles that minimizes
departures from HWE. The data set was corrected for the
null allele before performing statistical analysis. As it is
assumed that the null allele is the same in all samples,
this correction will generate a conservative bias in assign-
ment tests. Global tests for Hardy—Weinberg equilibrium
were conducted again for all samples, and only the Metn1
sample (Sebastes mentella) remained in significant hetero-
zygote deficiency, suggesting a deviation from HWE

expectations caused by other factors (Table 1). Such dis-
equilibrium may partially bias the results of the assignment
tests at population level, but tests were not performed for
S. mentella (see below). Its effect is probably of minor
significance at the intertaxon level, given the major differ-
ences observed in allelic composition (see below).

Genetic differentiation

Highly significant differences (P <0.001) in allelic fre-
quencies were observed at all loci for all pairwise com-
parisons of taxa (Table 2). Only 20% of all alleles over all
loci were shared among them. Differences in allelic fre-
quencies among taxa translated into moderate estimates
of 0 that varied between 0.088 and 0.199 (Table 3). Allelic
differences among taxa were often based on modal size
differences, and consequently ®g; estimates were approx-
imately twice as high as 6 on average, varying between
0.120 and 0.486 (Tables 1 and 2).

Much smaller differences in allelic composition were
observed among samples within taxa (Table 2). Signific-
ant differences in allele frequencies were found at loci
SEB33 and SEB30 for S. fasciatus, at loci SEB45 and SEB30
for S. mentella, at loci SEB31, SEB33, SEB37, SEB9 and
SEB30 for S. marinus, and at loci SEB37, SEB9 and SEB30
for S. viviparus. These differences translated into very
small levels of divergence between samples. 8 estimates
significantly different from zero were found between S.
fasciatus and S. viviparus samples only and a significant
&g value was only observed for S. viviparus (Table 3).
As we could not reject the null hypothesis of a unique
gene pool for S. marinus and S. mentella, assignment tests
at the population level were not valid and consequently
not performed for these two taxa. The hierarchical
gene diversity revealed that the amount of genetic
variance imputable to taxa differences was much higher
than among samples within a taxon (Table 4). This ratio
was approximately 10:1 based on variance in allelic fre-
quencies, and nearly 100:1 based on allelic size variance.
This indicated that the accumulation of mutations con-
tributed more substantially to differentiation among taxa
relative to that observed among populations within taxon.

Individual relationships

The NJ tree built from the matrix of pairwise D,g dis-
tances among all 260 specimens illustrated the potential
of multilocus microsatellite genotypes to discriminate
redfish taxa. The complete tree was composed of four
clusters completely corresponding to taxa, except for
six misassigned individual specimens (two S. marinus
and four S. mentella). A smaller subset of 86 speci-
mens (with three misassigned individuals) was used
here as a simplified representation of the complete tree

© 1999 Blackwell Science Ltd, Molecular Ecology, 8, 1703-1717
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Table 2 Allele frequencies for each population. The codes, location and sample size of each population are described in Table 1

S. fasciatus S. mentella S. marinus S. viviparus
Locus-allele (bp) Famai Fane Mene Metn Manol Mano2 Vinol Vino2
SEB31
150 0 0 0 0 0 0 0.017 0
152 0.021 0 0.368 0.441 0 0 0.034 0
154 0.042 0 0.018 0.011 0 0 0.448 0.5
156 0.5 0.5 0.053 0.043 0 0 0.431 0.397
157 0 0 0 0 0 0 0.017 0.052
158 0417 0.5 0.053 0.032 0 0 0.052 0.034
164 0 0 0 0 0.017 0.036 0 0.017
166 0 0 0 0 0.083 0 0 0
168 0.021 0 0.053 0.011 0.05 0 0 0
170 0 0 0 0 0.067 0.286 0 0
172 0 0 0.035 0.086 0.25 0.304 0 0
174 0 0 0.07 0.108 0.25 0.161 0 0
176 0 0 0.035 0.108 0.017 0 0 0
178 0 0 0.053 0.043 0.05 0.107 0 0
180 0 0 0.053 0.043 0.117 0.054 0 0
182 0 0 0.105 0.022 0.067 0.018 0 0
184 0 0 0 0.022 0.017 0 0 0
186 0 0 0.07 0 0 0 0 0
188 0 0 0 0.011 0.017 0.036 0 0
190 0 0 0 0.011 0 0 0 0
SEB25
193 0 0 0 0 0 0 0 0.017
195 0 0 0 0.042 0.017 0.036 0.446 0.517
197 0.1 0.086 0.207 0.146 0.05 0.054 0.446 0.35
199 0 0 0.19 0.208 0.3 0.268 0.054 0
201 0 0.029 0.103 0.094 0.05 0 0.054 0.067
203 0 0 0 0.042 0.033 0.125 0 0.05
205 0 0.014 0.052 0.021 0.017 0.018 0 0
207 0.017 0.014 0.017 0.031 0.017 0 0 0
209 0 0.014 0.034 0 0.033 0.036 0 0
211 0 0 0.103 0.031 0.083 0.071 0 0
213 0.05 0.014 0.017 0.01 0.05 0.018 0 0
215 0.067 0.043 0.034 0.021 0.067 0.089 0 0
217 0.083 0.057 0.017 0.073 0.05 0.071 0 0
219 0.133 0.029 0 0.042 0.083 0.036 0 0
221 0.067 0 0 0.031 0.033 0 0 0
223 0.05 0.043 0.017 0.021 0 0 0 0
225 0.117 0.071 0.069 0.052 0.033 0.054 0 0
227 0.217 0.443 0.103 0.094 0 0 0 0
229 0.017 0.057 0.017 0.01 0 0.036 0 0
231 0.017 0.043 0.017 0.031 0.017 0 0 0
233 0.05 0.029 0 0 0.033 0.071 0 0
235 0.017 0.014 0 0 0.017 0.018 0 0
237 0 0 0 0 0.017 0 0 0
SEB33
220 0 0 0 0 0 0 0 0.169
222 0 0 0.018 0 0 0 0.018 0
224 0 0 0.035 0.01 0 0 0 0
226 0 0 0.018 0 0.018 0 0.036 0.017
228 0 0 0 0 0 0 0.018 0
230 0 0.043 0 0 0 0 0.071 0
232 0.017 0 0 0.031 0 0 0 0
234 0 0 0 0.021 0 0 0 0.017
236 0 0 0.018 0 0 0 0 0
238 0 0.243 0.018 0.021 0 0.036 0.071 0.051

© 1999 Blackwell Science Ltd, Molecular Ecology, 8, 1703-1717
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Table 2 Continued

S. fasciatus S. mentella S. marinus S. viviparus
Locus-allele (bp) Famai Fane Mene Metn Manol Mano2 Vinol Vino2
240 0.138 0.043 0.035 0 0 0.018 0.036 0
242 0.034 0.014 0.018 0.021 0 0 0.018 0.017
244 0 0 0 0.031 0 0 0.089 0.136
246 0 0.029 0.035 0.021 0 0 0.036 0.017
248 0.052 0.014 0.018 0.063 0 0 0.054 0.068
250 0.017 0 0.088 0.063 0.105 0.036 0.018 0.051
252 0.034 0 0.018 0.031 0 0.054 0.071 0.068
254 0.034 0.029 0.053 0.073 0 0.018 0 0.051
256 0.086 0 0.07 0.042 0.035 0 0.054 0.051
258 0.052 0.057 0.053 0.052 0.105 0.071 0.036 0.051
260 0.017 0.043 0.07 0.021 0 0.054 0.125 0.051
262 0.034 0.014 0.088 0.021 0 0.018 0.036 0.034
264 0 0.014 0.123 0.094 0.053 0.018 0.054 0.051
266 0.052 0.029 0.053 0.073 0 0.036 0 0.034
268 0.052 0.014 0 0.063 0.035 0.054 0.071 0
270 0 0.214 0.018 0.052 0 0.036 0.018 0.017
272 0.103 0.114 0.018 0.031 0 0.036 0 0
274 0.121 0.014 0.035 0.042 0.018 0.018 0.018 0.034
276 0.034 0.014 0 0.021 0 0.036 0.018 0
278 0.017 0.014 0.035 0 0.018 0.018 0.018 0.017
280 0.086 0 0 0.01 0.035 0.107 0.018 0
282 0 0 0 0.052 0.07 0.054 0 0
284 0 0.029 0 0.01 0.018 0.018 0 0
286 0 0.014 0 0 0.07 0.036 0 0
288 0 0 0.053 0.01 0.088 0.036 0 0
290 0 0 0 0.01 0.105 0 0 0
292 0.017 0 0.018 0 0.035 0.018 0 0
294 0 0 0 0.01 0 0.071 0 0
296 0 0 0 0 0.053 0.089 0 0
298 0 0 0 0 0.053 0.018 0 0
302 0 0 0 0 0.035 0 0 0
308 0 0 0 0 0.018 0 0 0
310 0 0 0 0 0.018 0 0 0
314 0 0 0 0 0.018 0 0 0
SEB30
163 0 0.014 0 0 0 0 0 0
165 0 0.029 0 0 0 0 0 0
171 0 0 0 0 0 0.036 0 0
173 0.086 0.014 0 0.01 0 0 0 0
175 0 0.014 0 0 0 0 0 0
177 0 0 0 0 0.55 0.446 0 0
179 0 0 0 0.031 0 0.036 0 0.119
181 0.017 0 0 0 0 0 0 0.017
183 0 0 0 0 0 0 0.017 0
185 0 0.014 0 0 0.017 0.018 0 0
187 0.017 0.029 0 0 0.05 0 0 0
189 0.138 0.057 0 0 0 0.018 0.017 0
191 0.017 0.043 0 0 0 0 0.069 0
192 0 0 0 0 0 0 0.017 0
193 0 0 0 0.01 0 0 0 0
195 0 0.029 0 0.01 0.017 0 0 0
197 0.017 0 0.017 0 0.067 0.018 0 0
199 0.069 0.186 0 0.031 0 0 0.034 0
201 0.034 0.014 0 0 0 0.018 0.034 0
205 0 0.057 0.017 0 0 0 0 0
207 0.069 0.014 0 0.01 0 0 0 0.017

© 1999 Blackwell Science Ltd, Molecular Ecology, 8, 1703-1717
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Table 2 Continued

S. fasciatus S. mentella S. marinus S. viviparus
Locus-allele (bp) Famai Fane Mene Metn Manol Mano?2 Vinol Vino2
209 0.293 0.186 0.069 0 0.017 0.018 0 0.068
211 0.052 0.057 0 0.01 0.017 0.054 0 0
213 0 0.043 0.069 0.042 0.033 0.018 0 0.051
215 0 0.014 0.034 0.01 0.033 0 0.034 0.034
217 0.017 0 0.017 0 0 0.071 0 0.034
219 0.034 0.071 0 0.031 0 0 0 0.017
221 0 0 0.017 0 0.017 0.036 0.017 0.102
223 0.034 0 0.017 0.01 0.033 0.089 0.103 0.034
225 0 0 0.034 0.01 0.017 0.018 0.017 0.068
227 0.034 0 0.086 0.021 0 0.018 0.034 0
229 0 0 0.034 0.01 0.017 0 0.103 0.136
231 0 0.014 0.017 0.042 0 0.018 0.052 0.051
233 0.034 0.014 0.034 0.031 0 0 0.086 0.017
235 0 0.014 0.017 0.042 0 0.018 0.069 0.017
237 0 0.014 0.052 0.208 0 0 0.052 0.034
239 0 0 0.103 0.208 0 0 0.017 0.051
241 0 0 0.207 0.115 0 0 0 0
243 0 0 0.052 0.063 0.033 0 0.034 0.034
245 0 0 0.052 0.031 0 0 0.034 0.034
247 0 0 0.017 0 0 0.018 0.017 0.034
249 0 0 0 0.01 0.033 0 0.034 0
251 0 0 0 0 0 0 0 0.017
253 0 0 0.017 0 0 0 0 0
255 0 0 0.017 0 0 0 0 0
257 0 0.029 0 0 0 0 0 0
265 0 0 0 0 0 0 0.017 0
279 0 0 0 0 0 0 0.017 0
285 0 0 0 0 0.033 0.018 0 0
287 0 0 0 0 0.017 0.018 0 0
289 0 0 0 0 0 0 0.034 0
291 0 0.014 0 0 0 0 0 0
293 0.034 0.014 0 0 0 0 0 0
299 0 0 0 0 0 0 0 0.017
317 0 0 0 0 0 0 0.017 0
353 0 0 0 0 0 0 0.017 0
SEB46
112 0 0 0 0 0 0.018 0 0
116 0 0 0.362 0.356 0.1 0.107 0.017 0.017
118 0 0.029 0 0 0.05 0.036 0 0
120 0.02 0 0 0 0.05 0.196 0.017 0.05
122 0 0 0 0 0.067 0.071 0.017 0
124 0.4 0.412 0.213 0.1 0.133 0.071 0.05 0.05
126 0 0 0.043 0.022 0 0 0 0
128 0.04 0.029 0 0.022 0.05 0.071 0.133 0.017
130 0.08 0.074 0.043 0.122 0 0.018 0.083 0.117
132 0.02 0.015 0.064 0.067 0.017 0 0.217 0.25
134 0 0.015 0.043 0.044 0.15 0.196 0.067 0.067
136 0.1 0.088 0.085 0.044 0.083 0.036 0.033 0.033
138 0.12 0.147 0.085 0.056 0.05 0 0.017 0.017
140 0.18 0.162 0.064 0.156 0.167 0.071 0.017 0
142 0 0.015 0 0 0.05 0.071 0 0.033
144 0.02 0.015 0 0 0.033 0.018 0 0
146 0 0 0 0 0 0 0 0.017
148 0.02 0 0 0 0 0 0.05 0.033
150 0 0 0 0 0 0 0.067 0
152 0 0 0 0 0 0.018 0.05 0.033

© 1999 Blackwell Science Ltd, Molecular Ecology, 8, 1703-1717
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Table 2 Continued

S. fasciatus S. mentella S. marinus S. viviparus

Locus-allele (bp) Famai Fane Mene Metn Manol Mano2 Vinol Vino2
154 0 0 0 0 0 0 0.067 0.067
156 0 0 0 0 0 0 0 0.033
158 0 0 0 0 0 0 0 0.033
160 0 0 0 0 0 0 0.033 0
162 0 0 0 0 0 0 0.017 0.033
166 0 0 0 0.011 0 0 0.017 0
168 0 0 0 0 0 0 0 0.017
174 0 0 0 0 0 0 0 0.033
176 0 0 0 0 0 0 0 0.017
180 0 0 0 0 0 0 0.017 0
186 0 0 0 0 0 0 0.017 0
188 0 0 0 0 0 0 0 0.017
208 0 0 0 0 0 0 0 0.017
SEB37
211 0 0 0 0 0 0 0 0.017
213 0 0 0 0 0 0 0 0.017
219 0 0 0 0 0 0 0.029 0.033
221 0 0 0 0 0 0 0.029 0
223 0 0 0 0 0 0.018 0 0
229 0 0 0 0 0.362 0.411 0 0
231 0 0 0 0 0.069 0.036 0 0.033
233 0 0 0 0.011 0 0.018 0 0.133
235 0 0 0.286 0.169 0.017 0.071 0.029 0
237 0 0 0.02 0.022 0 0 0.086 0
239 0 0 0 0.034 0 0 0.171 0.083
241 0 0.029 0 0 0 0.018 0.029 0.067
243 0.017 0.029 0.02 0 0 0 0.029 0.017
245 0.083 0.157 0.143 0.011 0 0 0 0.033
247 0.25 0.214 0.061 0.135 0 0.036 0 0
249 0.15 0.114 0.02 0.079 0 0.089 0.086 0
251 0.067 0.014 0.143 0.045 0.069 0.125 0.057 0.05
253 0.05 0.057 0.02 0.056 0.19 0.036 0.029 0
255 0.067 0.086 0.061 0.112 0.052 0 0.057 0.033
257 0.133 0.057 0.02 0.045 0.069 0.054 0.057 0
259 0.033 0.029 0 0.09 0.052 0.071 0 0.05
261 0.067 0.1 0.102 0.011 0.017 0.018 0 0.067
263 0.033 0.014 0.02 0.022 0.052 0 0.057 0.033
265 0 0 0 0.011 0 0 0.029 0.067
267 0.017 0.043 0 0 0 0 0.143 0
269 0.017 0 0.041 0.034 0.017 0 0.029 0.067
271 0 0.014 0 0.022 0 0 0 0.017
273 0 0.014 0 0.022 0.017 0 0 0
275 0.017 0.014 0 0 0 0 0 0.017
277 0 0.014 0 0.022 0.017 0 0.029 0.033
279 0 0 0.02 0.022 0 0 0.029 0
281 0 0 0.02 0.011 0 0 0 0.033
285 0 0 0 0 0 0 0 0.033
287 0 0 0 0 0 0 0 0.05
293 0 0 0 0.011 0 0 0 0
295 0 0 0 0 0 0 0 0.017
SEB09

95 0 0 0 0 0 0.054 0 0

99 0 0.015 0.036 0.054 0.19 0.232 0 0
101 0.052 0.088 0.071 0.054 0 0 0.017 0.017
103 0.241 0.191 0.018 0.054 0 0 0.017 0.033
105 0.034 0.044 0.018 0.022 0.224 0.054 0 0.167

© 1999 Blackwell Science Ltd, Molecular Ecology, 8, 1703-1717
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Table 2 Continued

S. fasciatus S. mentella S. marinus S. viviparus
Locus-allele (bp) Famai Fane Mene Metn Manol Mano?2 Vinol Vino2
107 0.345 0.515 0.161 0.109 0.034 0.018 0.259 0.417
109 0.086 0.059 0.179 0.239 0.017 0.018 0.534 03
111 0.086 0.044 0.411 0.283 0.017 0 0.172 0.067
113 0.017 0 0.018 0.022 0 0.036 0 0
115 0 0 0 0.033 0.034 0.125 0 0
117 0.138 0.044 0.089 0.12 0.362 0.393 0 0
119 0 0 0 0 0.069 0.071 0 0
125 0 0 0 0 0.052 0 0 0
127 0 0 0 0.011 0 0 0 0
SEB45
114 0.018 0 0 0 0 0 0 0
116 0 0.015 0 0 0 0 0 0
118 0 0.061 0.018 0.011 0 0 0 0
120 0 0 0.071 0.021 0.05 0.036 0.02 0
122 0 0.015 0 0 0.033 0.054 0 0.017
124 0 0 0.018 0.043 0.033 0 0 0
128 0 0 0.268 0.16 0.2 0.179 0 0
130 0.036 0.015 0 0.011 0.05 0 0.449 0.586
132 0.661 0.621 0.125 0.33 0.033 0.018 0.082 0.086
134 0.071 0.076 0.125 0.149 0.017 0.054 0.143 0.086
136 0.143 0.152 0.143 0.138 0.25 0.125 0.082 0.017
138 0.036 0.015 0.018 0.043 0.283 0.357 0.041 0
140 0 0 0.054 0 0 0.071 0.061 0.052
142 0 0 0 0.032 0 0.018 0 0
144 0.036 0 0 0.011 0.017 0 0.02 0.017
146 0 0 0.018 0.032 0.017 0 0.02 0.034
148 0 0 0 0.011 0 0 0 0
150 0 0.015 0.018 0 0 0 0 0
152 0 0.015 0.036 0 0 0 0 0
154 0 0 0.054 0 0 0 0 0.034
156 0 0 0.018 0 0 0 0.061 0.034
158 0 0 0.018 0.011 0 0 0.02 0.017
160 0 0 0 0 0 0.036 0 0
164 0 0 0 0 0.017 0 0 0
166 0 0 0 0 0 0.036 0 0
168 0 0 0 0 0 0 0 0.017
170 0 0 0 0 0 0.018 0 0

Table 3 Pairwise sample differentiation estimates, based on allelic (8, lower diagonal) and molecular (®g;, upper diagonal) variance
analysis at eight microsarellites loci in eight redfish samples. Values in italics indicate intrataxonomic pairwise comparisons

Samples 1 2 3 4 5 6 7 8
1-Famai 0* 0.329 0.310 0.247 0.208 0.467 0.375
2-Fanel 0.022 0.326 0.315 0.314 0.273 0.495 0.348
3-Menel 0.099 0.137 0% 0.430 0.395 0.142 0.207
4-Metne 0.088 0.127 0.009* 0.433 0.398 0.121 0.223
5-Manol 0.156 0.199 0.094 0.097 0* 0.381 0.486
6-Mano2 0.152 0.196 0.097 0.098 0.009* 0.396 0.455
7-Vinol 0.143 0.173 0.108 0.109 0.182 0.177 0.038
8-Vino2 0.153 0.179 0.137 0.139 0.192 0.192 0.016

*Not significant following sequential Bonferroni corrections (o = 0.05, k = 28).
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Table 4 Hierarchical analysis of genetic diversity in redfish with
eight microsatellite loci, using allelic (8) or molecular (®g;) vari-
ance, with percentages of variation (%), variance components
(V,) and probability of components being equal to zero (P).

% \% p

a

Allelic variance

Among taxa

Among populations within taxon

Within populations
Size variance
Among taxa

Among populations within taxon

Within populations

12.84
1.17
85.99

34.88
0.35
64.77

0.3442
0.0314
2.3065

134.97
1.3574
250.62

0.00610
< 0.00001
< 0.00001

< 0.00001
< 0.00001
< 0.00001

(Fig. 1). This translated into highly significant (P < 0.0001)
indices of classification; 83% for S. mentella, 89% for S.
marinus, and 100% for both S. fasciatus and S. viviparus. Some
phylogenetic information could also be obtained from the
D g tree. S. viviparus and S. fasciatus had a sister-group
relationship at the first-order clustering level, while S.
marinus had the most basal position. No consistent clus-
tering was observed among samples within each taxon.

Assignment sucess

High percentages of assignment success were observed
among the four taxa based on both the empirical and
simulated methods (Fig.2). Using all loci, 87-100% of

viv/ 4 Fig. 1 Neighbour-joining (NJ) tree of 86

iy e redfish specimens based on the allele shared

viv/ 7 distance (D, ¢). Arrows indicate misclustered

Vivses individuals. Values along branches indicate
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Fig. 2 Results of assignment precision (in percent) among taxa and populations within taxon (Sebastes fasciatus) as a function of number
of loci (8—-1) and threshold level (Log0 to Log3), with the empirical (white bars) and simulated (black bars) methods. The combinations of
1-7 loci with the highest assignment precision are listed below. Numbers refer to reduced locus names (e.g. 31 = SEB31). Taxa: (Log0): 31,
33, 25,37, 46,9, 30; 31, 25, 37, 46, 9, 30; 31, 25, 46, 9, 30; 31, 25, 9, 30; 31, 25, 30; 31, 30; 31 (Log1): 31, 33, 25, 37, 46, 9, 30; 31, 25, 37, 46, 9, 30;
31, 25,46, 9, 30; 31, 45, 46, 30; 31, 25, 30; 31, 30; 31 (Log2): 31, 25, 37, 45, 46, 9, 30; 31, 25, 45, 46, 9, 30; 31, 25, 37, 46, 30; 31, 25, 46, 30; 31, 25,
30; 31, 30; 31 (Log3): 31, 25, 37, 45, 46, 9, 30; 31, 25, 37, 45, 46, 30; 31, 25, 45, 46, 30; 31, 25, 46, 30; 31, 25, 30; 31, 30; 30. S. fasciatus: (Log0): 31,
33,25, 45, 46, 9, 30; 31, 33, 25, 45, 46, 9; 31, 33, 25, 45, 9; 33, 25, 45, 9; 31, 33, 9; 33, 9; 33 (Log1): 31, 33, 25, 37, 45, 9, 30; 31, 33, 25, 45, 46, 30;
31, 33, 45, 9, 30; 33, 25, 45, 30; 31, 33, 30; 33, 30; 33 (Log2): 31, 33, 25, 45, 46, 9, 30; 31, 33, 25, 45, 9, 30; 31, 33, 25, 9, 30; 31, 33, 25, 30; 33, 25,
30; 31, 33; 33 (Log3): 31, 33, 25, 37, 46, 9, 30; 31, 33, 25, 37, 9, 30; 33, 25, 45, 9, 30; 33, 25, 9, 30; 31, 33, 30; 31, 33; 33.
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individuals were correctly assigned from thresholds log3
to log0 (Fig. 2). The success remained above 95% at log0
with only four loci, while the number of loci necessary
to reach a similar level approximately increased by one
for each threshold level. Results of both empirical and
simulated methods were comparable at log0, but dis-
crepancy between them increased with the stringency
applied. Assignment tests at the population level are only
presented for S. fasciatus, but very similar results were
obtained for S. viviparus (Fig.2). In contrast with the
results obtained at the taxa level, results obtained by both
methods varied considerably at all threshold levels. Relat-
ively high assignment success was only obtained with
the simulated method at log0. Values dropped drastically
with increasing threshold levels for both methods. An
interesting observation was that assignment success did
not clearly improve with an increasing number of loci
with the empirical method. In fact, the best assignment
success at log0 was obtained with the use of two and
three loci.

Discussion

Taxa and population discrimination

This study revealed the usefulness of microsatellite multi-
locus genotype analysis to discriminate individuals of
redfish taxa in the North Atlantic. Specific alleles and/or
distinct allelic size modes were observed for all taxa
depending on loci. The potential to discriminate indi-
viduals from different taxa was illustrated by the D g tree
in which four clusters corresponding to each taxon were
defined, with only 2.3% of specimens clustering at the
wrong place, which could potentially be due to incor-
rect identification from other characters. Microsatellites
are thus much more informative than previously used
genetic markers to discriminate redfishes in the North
Atlantic (Nedreaas & Naevdal 1991; Rubec et al. 1991;
Bentzen et al. 1998; M. Black, personal communication).
Moreover, these markers can easily be used at any life-
history stages (e.g. Bentzen ef al. 1996), which can be
of interest in studies of recruitment and larval ecology
(Ruzzante et al. 1996).

The analysis of multilocus genotype relationships
based on D,g4 distance also illustrated the potential use-
fulness of microsatellites to infer shallow phylogenies
where other genetic markers have been limited. Barsukov
(1972) proposed that although they have a disjunct distri-
bution on both sides of the Atlantic ocean, Sebastes fasciatus
and S. viviparus were more closely related to each other
than to other taxa, and that S. marinus had basal relation-
ships relative to other redfishes from the North Atlantic.
The D,g tree resolved here provides a first empirical
support to this hypothesis.

Our results were also indicative that the extent of
genetic variance among populations within redfish taxa
is much smaller than among taxa, in the order of 10-100
times depending on the parameter used. The extent
of intrapopulation allelic diversity and gene diversity
estimates observed in this study were very comparable
to those reported to date for other marine fishes (e.g. de
Garcia Leodn et al. 1995; Bentzen et al. 1996; Rico et al. 1997;
Ruzzante et al. 1998). Similarly, the very low but signific-
ant genetic differentiation quantified between samples
within both S. fasciatus and S. viviparus was in the same
range of amplitude reported in those studies.

Assignment precision

Concomitant with the strong discrimination revealed by
the D,g tree, microsatellites proved to be powerful in
reclassifying specimens to taxon of origin in the assign-
ment procedures. Thus, a nearly perfect assignment suc-
cess was obtained when using all eight loci at minimal
stringency (log0), and nearly 90% could still be assigned
correctly with the criterion that a genotype could be
assigned if it was 1000-times more likely to be in a given
taxon than in any other (log3). Furthermore, the use of
the optimal combinations for assignment from 1 to 8 loci
allowed us to determine that high success may still be
obtained when reducing the number of loci analysed. An
obvious advantage of such a procedure is to reduce both
cost and time required to realize such studies. When
applying the most commonly used criterion of log0, more
than 95% assignment success could still be obtained with
only four loci. However, given the possible uncertainties
as to whether the assumptions required to reliably apply
assignment tests are always met, it may sometimes be a
risk to rely on the most relaxed criterion to perform such
analysis. For instance, the assignment procedure does not
take into account the possibility of differential popula-
tion size among groups. The probability or likelihood that
a sampled genotype originates from a given group vs.
other groups is not only a function of its probability of
occurrence within each group, but also of the relative
population sizes of the different groups. Not considering
differences in relative population size may lead to mis-
classifying genotypes to the less abundant groups at the
expense of more abundant ones. For instance, a given
multilocus genotype may be 10 times more likely in a
given group based on its allelic composition, but if that
group is 100-times less abundant than a second one, it
would be overall 10-times more likely in nature that this
genotype belongs to the second group. Although it may
often be impossible to precisely know the discrepancy in
population size among groups studied, the stringency of
threshold procedures can be adjusted to approximate
its effect, based on the best knowledge available, thus
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reducing potential assignment biases. High threshold
levels may also be required in situations where correct
assignment is critical, such as in forensics applications
(e.g. Shriver et al. 1997).

Another observation of this study was that the preci-
sion of assignment obtained by the empirical method
became lower relative to the simulated one as the strin-
gency level increased (Fig. 2). The contrast between both
methods was more stricking when comparing popula-
tions within taxa, which was probably related to the lack
of power of our set of loci for population assignment
within Sebastes taxa. Thus, assignment success of both
empirical and simulated methods dropped rapidly at all
levels of stringency above log0. Also, increased assign-
ment success was obtained with a reduced number of loci
with the empirical method. This observation corrobates
previous theoretical investigations which showed that
adding less segregating loci, generally those with large
numbers of low frequency alleles, may actually increase
noise rather than power (discussed in Smouse et al. 1982;
Smouse & Chevillon 1998).

Advantages and limitations of the empirical and
simulated methods

The main advantage of the simulation approach lies in
the potential of generating an almost unlimited number
of individuals (multilocus genotypes). By increasing the
number of simulated individuals, one can thus better
cover the set of all possible multilocus genotypes in a
given group, thus potentially improving the precision of
the probability of correct assignment. On the other hand,
this method uses the allelic composition of source popu-
lations as if sampling errors simply did not exist. One can
foresee two consequences of this. First, the simulated gen-
otypes are not exactly distributed according to the real
allelic distributions. The second and potentially worse
consequence is that the success is very likely to be over-
estimated by assuming complete knowledge of allelic
distributions. Sampling errors can thus have a dramatic
effect on the real power of the classification procedure,
especially in situations where populations are charac-
terized by many, low-frequency alleles. Suppose that an
allele has a sampled frequency (x) of 0.02 but has a true
frequency (P) of 0.01. Every time this allele appears
within a genotype, the above sampling error has the same
impact on the calculation of its likelihood, as if x = 0.8 and
P = 0.4, because the ratio x/P = 2 in both cases. However,
the latter sampling error is obviously much less likely
than the former.

Contrary to the simulated approach, the empirical
method generally explores a very restricted portion of
the genotypic space (e.g. Paetkau etal. 1995). On the

© 1999 Blackwell Science Ltd, Molecular Ecology, 8, 1703-1717

other hand, this procedure removes the individual to be
assigned from the gene pool of the source population,
and consequently eliminates the bias that favours correct
allocation. It is thus a more conservative procedure
than the simulated method. Considering both the advant-
ages and limitations, the simulation method will prob-
ably be the most useful in situations where the groups
studied are well differentiated by high allelic frequency
differences. When this is not the case, the use of the
empirical method will probably be safer. This, however,
remains to be explored in further empirical and theoret-
ical investigations.
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