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Abstract A genetic analysis of freshwater pearl

mussel Margaritifera margaritifera populations from

NW Spain, a peripheral area of its European distri-

bution, was carried out using microsatellite markers.

These populations were formerly reported as geneti-

cally differentiated on the basis of growth and lon-

gevity studies. Ten loci previously characterized in

populations from central Europe were used to com-

paratively analyze the genetic variability at the south-

ern edge of the species’ range. Iberian pearl mussel

populations showed very low genetic variability and

significant high genetic differentiation. Half of the total

genetic diversity observed appeared to be distributed

between populations, which suggested a highly struc-

tured adaptive potential in pearl mussel at the southern

peripheral distribution of the species. Population dis-

tinctiveness was evidenced by assignment tests, which

revealed a high accuracy of individual assignments to

their population of origin. All data suggested low

effective population size and major effects of genetic

drift on population genetic structure. In order to avoid

further loss of genetic variation in biologically

distinctive populations from NW Spain, prioritization

of genetic resources of this species is required for

conservation and management.

Keywords Margaritifera margaritifera � Freshwater

pearl mussel � Microsatellites � Genetic variation �
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Introduction

Freshwater mussels or naiads (Bivalvia, Order

Unionoida) are among the highest endangered group

of invertebrates due to habitat destruction and other

anthropogenic perturbations (Lydeard et al. 2000;

Roe and Hoeh 2003). The long-lived naiad Margar-

itifera margaritifera (Family Margaritiferidae) is listed

as ‘‘threatened’’ by IUCN (2004), and recently ap-

pears as one of the most critically threatened naiad

in Europe due to the catastrophic declines and local

extinctions throughout most of its range throughout

the 20th century (Bauer 1983, 1986, 1988; Beasley

and Roberts 1996; Ziuganov et al. 1998; Young et al.

2001; Velasco et al. 2002; Reis 2003). The freshwater

pearl mussel is distributed from the artic and tem-

perate regions of western Russia, westwards through

Europe to the northeastern seaboard of North

America (Young et al. 2001). Bauer (1992) studied

48 populations of this species across Europe and

found a latitudinal variation (north Spain to polar

circle) among several life-history traits. Their study

showed that reproductive success was positively cor-

related with both maximum life span and maximum

shell length, but negatively with growth rate. Iberian

populations exhibit the highest growth rates, the
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shortest life span and the smallest maximum shell

length known for M. margaritifera (San Miguel et al.

2004). Furthermore, adult specimens in these popu-

lations likely produce fewer offspring (Ziuganov

et al. 2000; San Miguel et al. 2004). It has long been

recognized that in a wide variety of organisms,

mortality increases with growth rate but decreases

with body size (Gunderson 1980; Roff 1984, 1992,

2001). Iberian populations can be considered

peripheral because they are lying at the southern

edge of the species’ range and appear to be close to

their physiological (and reproductive) limits (San

Miguel et al. 2004). Geographical peripheral popula-

tions, separated from central ones by spatial distance,

are more likely to be imperilled than central ones, as

has been demonstrated in different animal and plant

species (Lesica and Allendorf 1995; Durka 1999;

Pedersen and Loeschcke 2001; Guo et al. 2005). In

comparison with central populations, peripheral

populations may show less genetic variation and

substantial genetic divergence caused by genetic drift

and selection (Lesica and Allendorf 1995; Vucetich

and Waite 2003; Garner et al. 2004). It is argued that

divergence associated with geographic isolation will

be more noticeable in quantitative characters

(Schwaegerie et al. 1986). In plants, it has been

shown that self-fertilizing populations occur at the

geographic periphery of outcrossing species or spe-

cies complexes (Solbrig and Rollins 1977), which

probably has a strong impact on the population ge-

netic structure of peripheral populations. Pearl mus-

sels are normally dioecious (Bauer 1987; Ziuganov

et al. 1994), but females have the ability to switch

over to hermaphroditism under certain conditions

(e.g., low density). There is some evidence for a high

percentage of hermaphrodite individuals in Iberian

populations (Grande et al. 2001; Reis 2003), sug-

gesting a high prevalence of selfing related to their

peripheral habitat and low densities. Selfing might

genetically impoverish these populations, increasing

their extinction risk. However, whether or not

peripheral populations of freshwater pearl mussel

show less and highly structured genetic variation

remains uncertain.

Although over the last decade there has been an

increasing interest in all aspects of unionoid mussel

biology, including genetics (Roe and Hoeh 2003),

there is little genetic information available on

M. margaritifera. Allozyme studies of Margaritifera

species, including M. margaritifera from Spain,

revealed very low genetic variability (Davis and

Fuller 1981; Machordom et al. 2003; Curole et al.

2004); these latter authors warned about the need for

specific management of populations, and protection

of species. However, the very low allozymic varia-

tion, particularly in M. margaritifera, limit more

detailed analysis of population genetic structure.

Therefore, the need for additional studies using

hypervariable genetic markers has been proposed

(Curole et al. 2004). Recently, microsatellite loci has

demonstrated appropriate resolution to reveal the

genetic structure for central European populations of

freshwater mussel, providing useful information for

conservation and management programs (Geist and

Kuehn 2005). However, nothing is known about

microsatellite variation in peripheral populations of

this species.

Local wildlife authorities and ecological organiza-

tions in NW Spain have recently become concerned

about the situation of the last pearl mussel populations

in this area. In the present study, ten microsatellite

markers (Geist et al. 2003) were used to analyze ge-

netic diversity and differentiation among M. margari-

tifera populations from the main river basins in NW

Iberian Peninsula. We compared levels and patterns of

genetic variation of peripheral populations from

southern European areas with previous published data

from central Europe. The results obtained revealed

very low variability and high genetic differentiation in

freshwater pearl mussel populations from NW Spain.

This information will be essential for conservation and

management of genetic resources of this species at the

southern border of its European distribution.

Material and methods

Biological samples and DNA extraction

Samples of M. margaritifera were collected in 2002

and 2003 from seven sites from six river drainages in

north-western Spain (Fig. 1). The sampling area from

north to south covered the following river basins: the

Eo river flowing into the Cantabric Sea (EO), the

Mandeo river into the Artabric gulf (MD), and the

rivers Tambre (TA), Ulla (AG, Arnego tributary),

Miño (TR and MR, Trimaz and Mera tributaries)

and Limia (SA, Salas tributary) river basins into the

Atlantic Ocean.

Total DNA was extracted from foot muscle follow-

ing the CTAB (hexadecyltrimethylammoniumbro-

mide) procedure described in Winnepennincks et al.

(1993). The DNA obtained was resuspended in TE

buffer (10 mM Tris–HCl pH 7.5, 1 mM EDTA) to a

final concentration of about 100 ng/ll, and used as

template in polymerase chain reactions (PCR).
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Microsatellite analysis

Ten microsatellite loci from M. margaritifera (Mar-

Ma1632, MarMa3050, MarMa3621, MarMa4143, Mar-

Ma4277, MarMa4315, MarMa4322, MarMa4726,

MarMa4859 and MarMa5167) were amplified using the

oligonucleotide primers reported by Geist et al. (2003).

PCR reactions were performed using 15 ll of mixture

reaction containing 40 ng of template DNA, 100 lM of

each dNTP, 15 pmol of each primer (the forward was

fluorescently labelled with Cy5), 1XPCR Gold Buffer

(15 mM Tris–HCl, pH 8.0, 50 mM KCl), 1.5 mM

MgCl2 and 0.5 U Amplitaq Gold DNA polymerase

(Applied Biosystems). Amplifications were carried out

in a MJ Research PTC-100 thermocycler under the

following conditions: an initial denaturation step at

95�C for 5 min, followed by 35 cycles at 94�C for 45 s,

50 s at the specific annealing temperature (as in Geist

and Kuehn 2005, with slight modifications) and 72�C

for 50 s, and a final extension step at 72�C for 10 min.

Alleles were scored on High Resolution acrylamide

gels run in an ALFexpress II automatic sequencer

using Alfwin Fragment Analyser 2.1 software

(Amersham Biosciences). A sample of 25 individuals

from the Elbe drainage (ZI) was analyzed for the same

microsatellite set of this study as a reference for genetic

comparison with previous data on central European

populations of this species (Geist and Kuehn 2005).

Allelic nomenclature was established by mutual com-

parison between individual genotypes at the six loci

common to both studies (J. Geist, personal communi-

cation).

Data analysis

Unbiased expected heterozygosity (He), mean number

of alleles per locus (A) and proportion of polymorphic

loci (P99 and P95) were computed to estimate genetic

diversity (Nei 1987). Allelic richness (Â) per locus was

obtained using the rarefaction method of FSTAT 2.9.3

(Goudet 1995) for normalizing sample size. Departure

from Hardy–Weinberg equilibrium (H-W) per locus

and genotypic linkage equilibrium between all pairs of

loci were tested by exact tests using GENEPOP 3.1

(Raymond and Rousset 1995). The FIS estimate was

computed according to Weir and Cockerham (1984)

using GENEPOP 3.1. Assuming that departure from H-W

equilibrium is only due to inbreeding produced by

self-fertilization, the selfing rate S was estimated using

the classical relationship S = 2 FIS/(1+ FIS) (Hedrick

Fig. 1 Sampling site locations
of Margaritifera margaritifera
populations from six river
basins in NW Spain (EO,
MD, TA, AG and SA, were
from the Eo, Mandeo,
Tambre, Ulla and Limia river
basins, respectively; the other
two sites were MR and TR,
from the Miño, the main river
basin in the area under study).
Coordinates of the map:
upper left border: 43�16¢ N/
7�15¢ W; lower right border:
40�4¢ N/1�35¢ W
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2005). The program MICRO-CHECKER (van Oosterhout

et al., 2004) was used to check for genotyping accuracy

and to detect evidences of null alleles or large allele

dropout.

In order to detect if the populations have experi-

enced a reduction in effective size, two different

methods were applied. First, using the program BOT-

TLENECK 1.2.02 (Piry et al. 1999), populations were

tested under different mutational models (IAM, SMM

and the intermediate two-phased model, TPM) for

heterozygosity excess given the number of alleles ob-

served, as expected following a recent bottleneck

(Cournet and Luikart 1996). Significance of heterozy-

gosity excess was checked using Wilcoxon signed-rank

tests. Second, as bottlenecks also lead to the loss of

rare alleles, the ratio of the number of alleles to the

range of allele size (Garza and Williamson 2001) was

calculated for each population using the program

AGARst (Harley 2001).

Homogeneity tests were performed between pairs of

samples by exact probability tests using GENEPOP 3.1.

The program FSTAT v 2.9.3 was used to calculate global

estimates of genetic differentiation using GST

(Nei 1987) and RST (Slatkin 1993) statistics based on

the infinite alleles (IAM) and the stepwise (SMM)

mutation models, respectively. To estimate the genetic

differentiation between all pairs of populations, pair-

wise FST based on polymorphic loci (Weir and Cock-

erham 1984) were calculated using FSTAT v 2.9.3. The

use of absolute measures of divergence has been rec-

ommended, since relative measures of differentiation

between populations are dependent on the extent of

within-population diversity. In this study, we have tried

to standardise FST values according to levels of vari-

ability using Nei’s estimator of minimum genetic dif-

ferentiation Dm (Nei 1987), as suggested by Hedrick

(2005). Absolute genetic distances between pairs of

samples were also obtained by using the estimator DA

over all loci (Nei 1987). The application of DA in our

study will permit to establish direct comparisons with

DA genetic distances between pairs of central Euro-

pean populations reported by Geist and Kuehn (2005).

Genetic relationships among populations were ob-

tained from DA genetic distance matrix by generating a

multidimensional scaling method (MDS) and a mini-

mum spanning tree (MST; NTSYS statistical package;

Rohlf 1992). Isolation by distance was tested using the

ISOLDE program in GENEPOP 3.1. The correlation be-

tween geographic distances (in km, measured directly

following the river contours) and genetic distance

estimated by DA and FST/(1–FST) was tested (Slatkin

1993; Rousset 1997) using the ISOLDE program in

GENEPOP 3.1. The statistical significance of the

correlation was tested using a Mantel randomization

test and 1,000 permutations. The program GENECLASS2

(Piry et al. 2004) was used to estimate the likelihood of

an individual’s multilocus genotype occurring in a gi-

ven population, and indirectly the level of population

genetic differentiation. As in Geist and Kuehn (2005),

population history was investigated with coalescent

models by using the 2MOD program (Ciofi et al. 1999).

The method is based on the comparison between the

likelihoods for a gene flow-drift equilibrium model and

a pure drift model, assuming negligible mutation ef-

fects (Goodman et al. 2001). The probability that two

genes shared a common ancestor within a population

was also estimated for each population (F2MOD value).

A simulation (100,000 iterations) was computed and

the first 10% of the output was discarded in order to

avoid bias to the starting conditions. The sequential

Bonferroni correction was employed when multiple

tests were carried out (Rice 1989).

Results

Genetic diversity within populations

The range of allele size and frequency distribution at

the ten microsatellite loci analyzed in a central Euro-

pean pearl mussel population (ZI, Geist and Kuehn

2005) were highly concordant with the results obtained

in the Iberian populations studied. This agreement

supports the accuracy of the allelic scoring process in

both studies and allowed comparison between them.

The main discrepancy was related to the allelic

nomenclature used in both studies, since a slippage of

the allelic series by two and three bp was observed at

MarMar4143 and MarMar5167 loci, respectively.

Two out of 10 microsatellite loci studied were

monomorphic in all NW Spanish populations (Mar-

Ma4315 and MarMa4322; Appendix A; Table 1). The

loci MarMa4726 and MarMa1632 were weakly poly-

morphic and only showed variation in the TR and/or

MR samples. MarMa4859 and Marma4277 were the

most polymorphic loci. However, the eight polymor-

phic loci showed low variability (Table 1), yielding very

low average estimates of genetic variability within

population (Table 2). The average number of alleles

per locus ranged from 1.2 in AG to 2.5 in EO and the

expected heterozygosity from 0.010 in AG to 0.279 in

TR. The lowest values for genetic variability were

found in the AG population from the Ulla basin, in

which no loci were polymorphic using the 95% criterion

(Fig. 1; Table 2). Maximum values of genetic diversity

were observed in the TR population (A = AR = 2.4;

940 Conserv Genet (2007) 8:937–948

123



He = 0.279), one of two samples from the Miño basin

(Fig.1; Table 2). In contrast, higher variability was ob-

served in the ZI population from central Europe for the

same set of 10 loci, all of which were polymorphic at the

95% criterion (A = 3.8; AR = 3.6; He = 0.498; Table 2).

A total of 15 out of 27 tests showed significant devi-

ations from Hardy–Weinberg expectations. Eight of

these remained statistically significant after sequential

Bonferroni correction (29.5%; Table 1). All significant

deviations were due to heterozygote deficiency (mean

FIS: 0.627 ± 0.041), mostly restricted to MarMa4859 and

MarMa4277 loci in most populations (mean FIS:

0.546 ± 0.091 and 0.361 ± 0.100, respectively; Table 1).

Statistically significant deviations were not systematic,

occurring at different loci in different populations

(Table 1). The application of MICRO-CHECKER only re-

vealed deviations from the expected homozygote and

heterozygote distributions attributable to the presence

of null alleles over populations at locus MarMa4859. In

the EO population, all polymorphic loci showed

Table 1 Summary statistics for eight polymorphic microsatellite loci analyzed in freshwater pearl mussel populations from NW Spain.
MarMa4315 and MarMa4322 loci were monomorphic across studied populations

Population EO MD TA AG MR TR SA

Locus
MarMa1632
A/AR 1/1.0 1/1.0 1/1.0 1/1.0 1/1.0 2/2.0 1/1.0
He 0 0 0 0 0 0.187 0
FIS 0.465

MarMa3050
A/AR 2/2.0 1/1.0 3/2.7 1/1.0 1/1.0 2/1.9 3/2.9
He 0.438 0 0.153 0 0 0.05 0.265
FIS 0.486ns –0.049 0.372

MarMa3621 AP:1 AP:1
A/AR 3/2.4 1/1.0 3/3.0 1/1.0 3/2.7 3/3.0 1/1.0
He 0.315 0 0.666 0 0.352 0.411 0
FIS 0.524* 0.347 0.672* 0.513

MarMa4143 AP:2 AP:1 AP:1
A/AR 3/2.4 1/1.0 2/2.0 2/1.8 2/2.0 2/2.0 1/1.0
He 0.269 0 0.105 0.048 0.52 0.105 0
FIS 0.428ns 1ns 0.465 1ns

MarMa4277 AP:1 AP:2
A/AR 3/2.4 3/2.9 4/4.0 1/1.0 5/4.5 3/2.9 3/3.0
He 0.453 0.38 0.635 0 0.329 0.536 0.528
FIS 0.604** 0.452 0.099ns 0.635* 0.066 0.311 ns

MarMa4726
A/AR 1/1.0 1/1.0 1/1.0 1/1.0 2/1.6 2/2.0 1/1.0
He 0 0 0 0 0.034 0.387 0
FIS 0.224

Marma4859 AP:2
A/AR 9/7.7 3/3.0 5/5.0 2/1.9 4/3.9 6/5.9 4/4.0
He 0.845 0.494 0.777 0.05 0.632 0.787 0.4
FIS 0.657*** 0.494 0.532*** 0.519* 0.197ns 0.875***

MarMa5167
A/AR 1/1.0 2/2.0 3/2.8 1/1.0 2/2.0 2/2.0 1/1.0
He 0 0.059 0.138 0 0.471 0.324 0
FIS –0.034 0.381 0.141

Mean FIS 0.540 0.473 0.316 nd 0.534 0.372 0.519
S 0.70 0.64 0.48 nd 0.70 0.54 0.68
F(2mod) 0.347 0.693 0.282 0.841 0.367 0.304 0.615
M value 0.774 0.867 0.944 0.417 0.786 0.795 0.933

No. of alleles (A), allelic richness (AR), No. of private alleles (AP), expected heterozygosity (He), and FIS estimates are included for
each locus and sample. Departures from Hardy–Weinberg (HW) are also indicated (FIS in bold: P-values < 0.05; significance after
Bonferroni correction over population: **P < 0.01/k; ***P < 0.001/k; ns, non significant). nd: not determined due to very low poly-
morphism. For each population, mean FIS and the S associate estimates of selfing rate are shown at bottom right hand of table, together
with estimates of F(2MOD) (Ciofi et al. 1999) and M values (Garza and Williamson 2001)
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heterozygote deficiency (mean FIS: 0.534 ± 0.018).

These deficits were significant for three loci after

sequential Bonferroni correction. A high average selfing

rate of S = 0.62 ± 0.04 was observed, ranging from 0.48

in TA to 0.70 in EO and MR (Table 1). The proportion

of common ancestors within each population as inferred

from the F2MOD values ranged from 0.28 in TA to 0.84 in

AG, with a global average of 0.493 ± 0.084 for all pop-

ulations under study (Table 1). Exact probability tests

for genotypic disequilibrium between all pair of loci

across all populations revealed a single significant value

among 28 comparisons. This value was not significant

after sequential Bonferroni correction. When each

population was tested separately, genotypic equilibrium

between all pairs of loci was generally observed. Only a

single pair of loci showed genotypic association after

Bonferroni correction in the EO population

(MarMa3621–MarMa4859).

Bottleneck tests based on allele frequency distribu-

tions using different mutation models (either IAM,

SMM or TPM) were not significant for any of the four

populations studied (EO, TA, MR and TR). The

remaining samples could not be analyzed using this

method because of low genetic variation (MD, AG and

SA, less than four polymorphic loci; Cournet and Luik-

art 1996). The ratio of the number of alleles over the

allele size distribution provided high M values for all

populations excluding AG, which was 0.4 (Table 1).

This value is considerably lower than the 0.68 value re-

ported by Garza and Williamson (2001) as a strong

indication for past reduction in population size.

Genetic differentiation between populations

Overall GST and RST estimates of differentiation

among populations were high and significant (0.506

and 0.449, respectively; Table 3). Homogeneity test

performed for each locus across populations were also

highly significant. Pairwise FST values ranged from

0.194 (TR-MR) to 0.856 (AG-MD), and all were sta-

tistically significant after correction for multiple tests

(Table 4). Interestingly, two pairs of Spanish popula-

tions showed higher FST values (>0.8) than any pair

involving ZI, the reference central European popula-

tion (Table 4). Because FST is highly dependent on the

intrapopulation diversity some values were clearly

overestimates, as confirmed by using minimum genetic

distances to standardize FST values (Dm; Table 3). By

contrast to FST values, the absolute measures of genetic

divergence were higher for the ZI population

(Dm > 0.44; DA > 0.58, between ZI-TR; mean Dm and

DA = 0.486 and 0.645, respectively) than for any pair

involving Spanish populations (mean Dm and

DA = 0.183 and 0.231, respectively). The DA genetic

distances between all pairs of Iberian populations

ranged from a minimum between TR and MR

(DA = 0.112), the two populations from Miño basin, to

maximum figures for SA-AG and SA-MR pairs

(DA = 0.389 and 0.328, respectively; Table 4). The

distinctness of populations was also supported by the

presence of private alleles and the assignment tests. A

total of 92.2% of the individuals was correctly assigned

to the population of origin (Table 5). Eleven private

alleles occurred at four loci in five populations, some of

them at high frequencies. The highest number was five

in the EO population (Table 2; Appendix A). The

samples from Miño basin were the most closely related,

and were grouped with the Atlantic sample TA

(Fig. 2). The remaining Atlantic and Cantabric

populations (EO, MD, AG) were genetically very

divergent and did not show an obvious geographical

pattern (Fig. 2). Very low and nonsignificant correla-

tions were observed between pairwise estimates of

genetic differentiation and geographical distances.

Table 2 Genetic diversity in NW Iberian freshwater mussel populations based on ten microsatellite loci, including a central European
reference population (ZI; Geist and Kuehn 2005)

Basin Population P95/P99 A (SE) AR (SE) AP (>5%) fP % He (SE)

Eo EO 0.5/0.5 2.5 (0.8) 2.2 (0.6) 5 (2) 5.2 0.232 (0.091)
Mandeo MD 0.2/0.2 1.5 (0.3) 1.5 (0.3) - - 0.093 (0.058)
Tambre TA 0.6/0.6 2.4 (0.5) 2.3 (0.4) 2 (2) 23.1 0.247 (0.100)
Ulla AG 0/0.2 1.2 (0.1) 1.2 (0.1) - - 0.010 (0.007)
Miño MR 0.5/0.6 2.2 (0.4) 2.1 (0.4) 2 (1) 4.0 0.234 (0.080)

TR 0.7/0.8 2.4 (0.5) 2.4 (0.4) 1 (1) 5.3 0.279 (0.082)
Miño Average 0.6/0.7 2.3 (0.4) 2.2 (0.4) 5 (1) 4.7 0.256 (0.081)
Limia SA 0.3/0.3 1.7 (0.4) 1.7 (0.4) - - 0.119 (0.064)
All Average 0.4/0.5 2.0 (0.4) 1.9 (0.4) 0.173 (0.069)
Elbe ZI 1/1 3.8 (0.6) 3.6 (0.5) 0.498 (0.067)

Proportion of polymorphic loci (P95, P99: 95% and 99% criterion, respectively); unbiased expected heterozygosity (He); mean number
of alleles per locus (A) and allelic richness (AR), with their standard errors (SE); total number of private alleles (AP) indicating the
number exceeding 5% frequency, and the average frequency of private alleles within population (fP)
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Discussion

Genetic variability within population

Genetic variability of the Iberian M. margatifera pop-

ulations was very low. All showed 30% to 70% de-

crease in allelic richness, and up to 98% in

heterozygosity with respect to the central European

population (ZI) genotyped in our study (Table 2). In

comparison with the 24 central European populations

previously studied by Geist and Kuehn (2005), the

average variability was significantly lower in the

Iberian populations studied (He: 0.173 vs 0.323;

P < 0.05). In addition, the proportion of populations

with a low number of polymorphic loci (less than four

variable markers in 43% of the populations) was much

higher than previously reported in this species (20%).

Given the common subset of loci used in both studies,

these data indicate reduced genetic variation in

southern European populations. The results are in

agreement with the general prediction for geographi-

cally peripheral populations i.e. reduced genetic vari-

ability as a result of small population size and spatial

isolation (Lesica and Allendorf 1995).

Table 3 Gene diversity analysis in freshwater pearl mussel populations from NW Spain using allele frequencies at microsatellite loci

Locus HS HT GST RST

MarMa1632 0.027 0.305 0.913 0.921
MarMa3050 0.130 0.340 0.618 0.491
MarMa3621 0.249 0.362 0.312 0.412
MarMa4143 0.149 0.207 0.278 0.152
MarMa4277 0.409 0.665 0.385 0.438
MarMa4726 0.060 0.076 0.211 0.214
MarMa4859 0.570 0.886 0.357 0.285
MarMa5167 0.142 0.670 0.789 0.611
Overall 0.174 0.351 0.506 0.449
SE 0.066 0.097 0.097 0.087

HS: mean expected heterozygosity within populations; HT: unbiased total heterozygosity; GST and RST: estimates of the relative
interpopulation component of genetic diversity

Table 4 Coefficient of differentiation and minimum genetic
distances (above diagonal; FST and Dm—in parenthesis—respec-
tively) and DA genetic distances (below diagonal) between all

pairs of NW Iberian freshwater pearl mussel populations,
including a central European reference population (ZI)

EO MD TA AG MR TR SA ZI

EO 0.513* (0.193) 0.238* (0.081) 0.578* (0.218) 0.285* (0.097) 0.327* (0.127) 0.463* (0.171) 0.575* (0.458)
MD 0.2631 0.518* (0.185) 0.856* (0.325) 0.524* (0.187) 0.482* (0.170) 0.613* (0.171) 0.628* (0.517)
TA 0.1715 0.1883 0.611* (0.213) 0.261* (0.092) 0.269* (0.105) 0.573* (0.252) 0.541* (0.457)
AG 0.2788 0.3160 0.2567 0.553* (0.162) 0.601* (0.215) 0.846* (0.366) 0.665* (0.558)
MR 0.1902 0.2521 0.1528 0.2358 0.194* (0.068) 0.567* (0.236) 0.552* (0.453)
TR 0.1843 0.2480 0.1608 0.2026 0.1124 0.507* (0.206) 0.516* (0.438)
SA 0.1964 0.1945 0.2797 0.3892 0.3284 0.2565 0.616* (0.520)
ZI 0.6411 0.6465 0.6075 0.6655 0.6283 0.5812 0.6720

*P < 0.00018: significance of FST after sequential Bonferroni correction

Table 5 Assignment tests based on multilocus genotypes at microsatellite loci in freshwater pearl mussel populations from NW Spain

EO MD TA AG MR TR SA Unass. Total %

EO 38 1 1 40
MD 22 3 25
TA 21 1 3 25
AG 28 28
MR 26 1 2 29
TR 1 19 20
SA 1 23 1 25
Assign. % 95 88 84 100 90 95 92 92

Numbers in bold denote the number of individuals assigned to the sample of origin Assign.%: percentage of individuals assigned to the
sample of origin Unass; P < 0.05: unassigned individuals from individual sample of origin
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Low genetic variation in pearl mussel populations

may be explained by different factors. Anthropogenic

influence has lead to fragmentation and deterioration

of the sensitive habitat of this specialized mussel. In

addition, a complex life cycle involving a parasitic

phase probably explains the presence of small popu-

lations interconnected by low gene flow. Among the

available host in NW Spain are Atlantic salmon (Salmo

salar) and principally the brown trout with both resi-

dent and anadromous ecotypes (Salmo trutta). Despite

extremely high mussel fecundities only a small per-

centage of larvae survive past metamorphosis to the

juvenile stage (Curole et al. 2004). The combination of

high reproductive rates and the variance in the repro-

ductive success of few parents can increase the vari-

ance in family size, and so decreases the ratio Ne/N

(Hedgecock 1994). This effect in combination with the

habitat perturbation may dramatically reduce effective

population size. Therefore, pearl mussel populations

would be subjected to strong genetic drift effects

resulting in low levels of genetic variability within

populations, and high genetic differentiation between

populations. The predominant effect of drift on popu-

lation genetic composition was supported by the results

of the 2MOD analysis with a higher probability of sup-

porting a gene flow-drift disequilibrium model

(P = 0.997), as well as by high FST values (see below).

However, the test by Cornuet and Luikart (1996) did

not provide evidence for a recent bottleneck in any

population studied. These results might be explained

by low statistical power because of the limited number

of loci and their low level of polymorphism in some

populations. In addition, this test may fail to detect

recent reductions in effective population size if it has

been low for several generations (Luikart et al. 1998;

Hansen et al. 2000). The approach by Garza and

Williamson (2001) suggested past reduction in popu-

lation size for AG (M < 0.7; Table 1). Although cau-

tion should be observed when interpreting M estimates

calculated with a limited number of loci (8 out of 10

loci were monomorphic in AG), even a pair of loci

have provided indirect evidence of genetic bottlenecks

using this method (Gagnon and Angers 2006).

Biological characteristics of the pearl mussel and its

anadromous hosts, sea trout and Atlantic salmon may

be under stress in these species at the southern

periphery of their European distribution (Bouza et al.

1999; Morán et al. 2005). More stressful habitats are

usually expected for marginal populations at the

periphery of a species distribution area (Pedersen and

Loeschcke 2001). In addition, the southern peripheral

populations of M. margaritifera could be genetically

less variable than populations from central Europe

because a higher prevalence of selfing in the long term

(Grande et al. 2001; Reis 2003; Charlesworth 2003).

Assuming that the heterozygote deficiencies detected

in our study were mainly caused by non-random mat-

ing, the estimated selfing rates were very high

(Table 1). The highest inbreeding values inferred by

F2MOD were observed in the less variable populations,

the maximum in AG (F > 80%) with extremely low

levels of genetic variability. This could be a general

phenomenon for genetically eroded populations of the

species (Geist and Kuehn 2005), but more acutely

present in the southern peripheral areas as shown in

this study. Inbreeding should affect all loci, generating

uniform heterozygote deficiencies across polymorphic

loci, as occurs in the EO population. The observed

variability in heterozygote deficits across loci in the

remaining populations (Table 1) requires other expla-

nations. For example, sampling error increasing the

variance of FIS among loci cannot be excluded.

Fig. 2 Genetic relationships among Iberian Margaritifera mar-
garitifera populations obtained by three dimensional multidi-
mensional scaling (MDS) with superimposed minimum spanning
tree (MST) based on the DA genetic distance matrix between all

pairs of populations, including a central European reference
sample (ZI). The stress value (0.01) indicates a good fit of the
MDS to genetic distance matrix. Population codes are presented
in Fig. 1
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Another explanation could be the presence of null al-

leles (Brookfield 1996), particularly for MarMa4859

and MarMa4277 loci which show high FIS across loci in

most populations. The application of MICRO-CHECKER

only revealed the presence of null alleles at locus

MarMa4859 over most populations. By contrast, in the

EO population, all polymorphic loci showed a general

excess of homozygotes for most allele size classes,

attributable to the presence of null alleles according to

MICRO-CHECKER. It is unlikely that all loci show null

alleles at high frequencies in this single population,

inbreeding appearing as a more likely explanation of

the deviations of HW equilibrium detected over all loci

in this case. Additional factors such as the Wahlund

effect, caused by sampling a mixture of genetically

differentiated populations across river basins mediated

by anadromous hosts should also be considered. This

could be particularly likely in the Eo river basin where

different freshwater mussel populations exist along the

fluvial course, despite no data on the genetic differ-

entiation among them exist to date (San Miguel et al.

2004). To confirm this aspect, further studies on pearl

mussel genetic structure within EO basin would be

required. Fine-scale genetic analysis involving related-

ness estimation in relation with spatial distances

between individuals would be necessary to disentangle

selfing, mating among relatives, null alleles, and the

Wahlund effect as causes of the HW deviations detected

(Curole et al. 2004; Vekemans and Hardy 2004).

Genetic variability among populations

Half of the total genetic diversity observed was located

between populations (Table 3). Population differenti-

ation was also demonstrated by assignment tests. Be-

cause no significant correlation between geographical

and genetic distances could be found, isolation by

distance seems unlikely. Patterns of microsatellite ge-

netic differentiation of Iberian pearl mussel popula-

tions studied could be due to different factors. First,

the microhabitat availability within each river basin

because the strong physical habitat preferences of the

species (substratum descriptors, aquatic vegetation

cover, mean water depth and current velocity etc.;

Zyuganov 1994; San Miguel et al. unpublished data).

This is particularly important in peripheral areas where

less favourable habitats are expected. Second, the

existence of a parasitic stage in the life cycle is another

important factor shaping the genetic structure of pop-

ulations of this species. The mobility of infected hosts

would be one of the major factors influencing gene flow

because of the limited dispersal of the glochidial larval

stage. While gene flow among river basins has not been

proven to date, it can not be ruled out, at least during

past flood events along evolutionary history (Machor-

dom et al. 2003). Host population genetic structure

probably influences the distribution of genetic vari-

ability of the mussel. On one hand, genetically eroded

populations of the host with small population sizes

might reduce the infestation success of glochidia.

However, extremely low genetic variation in some

populations (e.g. AG) was not associated with low

variation in brown trout samples from the same sam-

pling area (Bouza et al. 1999; unpublished data). On

the other hand, high genetic differentiation among

brown trout populations has been described in the area

under study, with restricted gene flow among popula-

tions even in proximity (Bouza et al. 1999; unpublished

data). The highest genetic similarity observed in this

study between MR and TR pearl mussel populations

(Fig. 2) was in agreement with high gene flow among

brown trout populations in tributaries of the Miño

basin’s upper course. However, the scattered pattern of

genetic variation observed in the remaining pearl

mussel populations (Fig. 2) was not strictly related to

the genetic differentiation observed among brown

trout populations from Cantabric, Artabric and

Atlantic basins (Bouza et al. 1999; unpublished data).

These comparisons of genetic structure between host

and mussel should be taken with caution since the

reduced number of pearl mussel populations studied.

The preference for resident brown trout in pearl

mussel central European populations (Geist and

Kuehn 2005) should probably be the case for some

populations in this study (MR, TR and SA). These

samples were from Miño and Limia rivers basins lo-

cated below the current limit of distribution of the

anadromous brown trout (Bouza et al. 1999). Both

resident and anadromous brown trout as well as

Atlantic salmon are present in the remaining river

basins studied, especially in the Cantabric and Artabric

areas. The possibilities of recruitment of the glochid-

ium stage could be probably increased in these rivers

(Fernández et al. 2006). Finally, habitat fragmentation

together with small effective sizes population has

resulted in high differentiation among NW Spanish

populations. Strong genetic drift on populations stud-

ied was supported by high global and pairwise FST

figures, as well as by the presence of private alleles,

even between close populations. The importance of

stochastic phenomena influencing the population

genetic structure of freshwater pearl mussels was also

pointed by Geist and Kuhen (2005).

As expected, the central European population used

as reference in this study (ZI) was highly differenti-

ated with respect to the NW Spanish populations
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(FST = 0.585; DA = 0.635). This is in agreement with

both previous studies on M. margaritifera populations

using microsatellites (Geist and Kuehn 2005; global

FST = 0.374 Central Europe) and low polymorphic

allozymes (Machordom et al. 2003; global FST = 0.320

including northern and southern European popula-

tions). However, the peripheral southern populations

studied revealed the higher level of genetic structure

(GST = 0.506). The average genetic distance observed

in the area under study (DA = 0.231) was much higher

than the average between populations from Elbe and

Danube river basins flowing into Atlantic and Black

Sea drainages (DA = 0.164 recalculated from Geist

and Kuehn 2005). These results suggested very low

gene flow and a high degree of genetic variation

among populations.

Management implications

The present study represents the first population ge-

netic analysis of M. margaritifera from NW Spain using

microsatellite loci. These populations are exceptional,

based on growth and longevity data (San Miguel et al.

2004). Our results showed very low and structured ge-

netic variation at the southern peripheral range of the

species, suggesting a high risk of extinction for many of

these biologically distinctive populations. The combi-

nation of data from neutral markers and adaptive

characters support the priority for conservation of

endangered Iberian populations. More detailed

knowledge of the genetic diversity within and among

populations will be essential to develop strategies for

conservation and management, including future plans

for captive breeding and reintroduction. In addition, the

conservation of mussel habitat should be considered a

priority in the protection of this threatened species.
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Appendix A

Allele frequencies at eight polymorphic microsatellites

in NW Iberian freshwater pearl mussel populations.

MarMa4315 and MarMa4322 loci were monomorphic

across studied populations.

Locus Allele EO MD TA AG MR TR Miño SA

MarMa
1632

40 25 23 21 28 20 24 23
164 1 1 1 0 1 0.9 0.95 1
166 0 0 0 1 0 0.1 0.05 0

MarMa
3050

40 25 25 21 29 20 24.5 24
85 0 0 0.06 0 0 0 0 0.042
87 0.688 1 0.92 1 1 0.975 0.988 0.104
89 0.313 0 0.02 0 0 0.025 0.013 0.854

MarMa
3621

40 25 23 20 26 20 23 23
187 0.013 0 0 0 0 0 0 0
189 0.813 1 0.217 1 0.788 0.75 1 1
191 0.175 0 0.391 0 0.192 0.2 0 0
193 0 0 0.391 0 0 0 0 0
195 0 0 0 0 0.019 0.05 0.035 0

MarMa
4143

39 22 19 21 18 19 18.5 23
194 0 0 0 0 0 0.053 0.027 0
198 0 0 0 0.024 0 0 0 0
204 0.846 1 0.947 0.976 0.528 0.947 0.738 1
206 0 0 0.053 0 0.472 0 0.236 0
208 0.141 0 0 0 0 0 0 0
216 0.013 0 0 0 0 0 0 0

MarMa
4277

39 24 21 21 25 20 22.5 22
172 0 0 0 0 0.02 0 0.01 0
178 0 0 0.071 0 0 0 0 0
180 0.308 0.188 0.476 1 0.82 0.525 0.673 0.636
182 0 0.042 0.381 0 0 0.45 0.225 0.091
184 0.679 0 0 0 0 0 0 0.273
186 0.013 0 0 0 0.04 0.025 0.033 0
188 0 0.771 0.071 0 0.06 0 0.03 0
190 0 0 0 0 0.06 0 0.03 0
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