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ABSTRACT

The population genetic structure of the freshwater snail, Biomphalaria glabrata, was assessed in the
municipality of Virgem das Graças (Minas Gerais, Brazil), a schistosomiasis-endemic area. The
seven microsatellite loci that were used to genotype 326 individuals from 17 collection sites within a
3-km radius revealed high genetic variability. However, we found a deficit of heterozygotes relative
to Hardy–Weinberg expectations for most of the loci and in many collection sites, indicating a high
level of inbreeding. This may be the result of founder effects and sib-mating. A high level of overall
population genetic differentiation among B. glabrata collection sites suggested low gene flow at this rela-
tively small spatial scale in this region. However, subsequent analyses also indicated that these patterns
may also result from founder events and that an exchange of individuals between particular collection
sites does exist. The isolation-by-distance correlation between collection sites of B. glabrata was found to
be significant. However, only approximately 6% of the variance in FST was explained by geographic
distances suggesting that there are other factors affecting genetic differentiation among these collection
sites. It is likely that the current population genetic structure reflects patterns of both migration and
founder events. Results from this study are important for understanding the potential for local
adaptation between schistosomes and their snail hosts at this epidemiologically relevant scale.

INTRODUCTION

The extent of genetic diversity in natural population results from
an interplay between forces generating local genetic differen-
tiation and forces generating genetic homogeneity. Hence, the
level of population genetic variation can be influenced by such
processes as founder events, genetic drift, mutation, recombina-
tion, migration (gene flow) and selection. These forces, in turn,
interact with other factors, such as life-history traits, breeding
system, dispersal and other ecological and evolutionary processes
to determine the patterns of genetic structuring that are
observed in the field (Gow et al., 2004).
Tropical freshwater snails have been recognized as interesting

biological models for studying population genetic structuring
(Städler & Jarne, 1997; Charbonnel et al., 2002), because:
(1) their populations experience frequent fluctuations in size
and bottlenecks caused by seasonal drought and flooding
(Brown, 1994); (2) many tropical snails are hermaphroditic
and reproduce by both cross-fertilization and self-fertilization,
which can reduce genetic diversity within populations and
increase genetic differentiation among populations (Jarne,
1995; Gow et al., 2004); and (3) they are intermediate hosts for
a number of parasitic trematodes and host populations with
lower genetic diversity may exhibit higher parasite prevalence
(Jarne & Théron, 2001; Puurtinen et al., 2004).
By assessing the population structure of snail intermediate hosts

using highly polymorphic co-dominant DNA markers, gene
flow can be estimated among local populations, which in turn
can (together with other life history traits) be used to predict

the likelihood of snail recolonization events (Mavárez et al.,
2002a, b). For example, Gow et al. (2004) suggested that
enhanced gene flow in some populations of the African fresh-
water snail, Bulinus forskalii, counteracted genetic drift and
resulted in higher genetic diversity and lower genetic differen-
tiation among snail populations than predicted based on pre-
sumed population bottlenecks. On the other hand, Trouvé,
Degen & Goudet (2005) showed that highly structured popu-
lations of the temperate freshwater snail, Galba truncatula, had
low effective population sizes. It was determined that both
factors likely contributed to its high selfing rates.
Freshwater snails of the genus Biomphalaria are widely

distributed through South America, Africa and the Middle
East, occupying patchy habitats (e.g. small ponds, ditches,
springs, irrigation channel or slow flowing rivers) that are
affected by seasonal variation in water availability. The fre-
quency of floods and drought in these regions is expected to
affect snail population sizes via dispersal/drift, resulting in local
bottlenecks and increased/reduced genetic variation. Another
important determinant of population structure is mating
system. Biomphalaria species, are hermaphrodites in which rates
of self- and cross-fertilization may vary from highly selfing
species (e.g. B. pfeifferi; Charbonnel et al., 2005) to almost exclu-
sively outcrossing species (e.g. B. glabrata; Mavárez et al., 2002b).
Moreover, Biomphalaria snails serve as intermediate hosts for the
parasitic trematode, Schistosoma mansoni. This parasite is an
agent for schistosomiasis, the human disease which occurs in
parts of South America, the Caribbean, Africa and the Middle
East. Approximately, 200 million people are infected across 74
countries, making this a tropical disease of global importance
(Allen et al., 2002). Understanding genetic structuring and
gene flow patterns in and among host populations may be
important for predicting disease transmission within a local area.
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Here, we present a study on the genetic structure of B. glabrata
collected from a schistosomiasis-endemic area located in the state
of Minas Gerais, Brazil. Using microsatellite markers, we inves-
tigated snail genetic diversity and differentiation within and
between 17 collection sites over a spatial scale that is rarely
considered in epidemiological studies (see Curtis, Sorensen &
Minchella, 2002). We used population genetic differentiation
to estimate gene flow among snail collection sites and to assess
other factors that may be contributing to population structure
in this system. We also discuss how genetic patterns in B. glabrata
could influence the local adaptation of S. mansoni at this scale, and
consequences of this interaction for the transmission of disease.

MATERIAL AND METHODS

Collection sites

Eleven to 37 adult individuals of Biomphalaria glabrata were
collected from 17 sites representing various habitats (canal,
pond, spring, stream or swamp; Table 1) in the Virgem das
Graças municipality, Minas Gerais, Brazil (168560S, 418210W).
These sites are typically temporally unstable habitats, as their
snail population sizes vary between wet and dry seasons
(E. Thiele and R. Scholte, personal communication). Thus,
although some of the sample sizes for this study are small, they
do represent all available individuals at the time of collection.
All collection sites were located within a 3-km radius (Fig. 1).
The prevalence of Schistosoma mansoni among the citizens in this
area is high (60%), whereas the prevalence of snail infections
is low (E. Thiele, personal communication). All collected
snails were first assessed for parasite infections by exposing
them to direct light for 2 h at room temperature to induce para-
site cercarial release. A few snails from only three collection sites
(Sites 1, 5 and 13; Table 1) were infected by S. mansoni. Sub-
sequently, all individual snails were stored in 95% ethanol
prior to DNA extraction.

Microsatellite genotyping

Total genomic DNA was extracted from head/foot tissue of each
snail. Tissue was placed in 1.5-ml Eppendorf tubes and frozen on
dry ice for 30 min prior to mechanical pulverization. Each
sample was mixed with 50 ml of grinding buffer (100 mM
NaCl, 25 mM sucrose, 10 mM EDTA and 2% SDS in 50 mM
Tris, pH 8.0) (Brindley et al., 1989) and incubated at 658C for
30 min. To precipitate proteins, 8 ml of 8 M potassium acetate
was added to each tube and the solution was chilled on ice for
30 min. Salts were removed from the mixture by centrifugation
at 13,200 rpm for 15 min. Standard ethanol precipitation of
DNA was used to pellet the DNA from the supernatant
(Sambrook, Fritsch & Maniatis, 1989). DNA pellets were
resuspended in sterile water.
Seven previously developed microsatellite markers that were

both scorable and polymorphic in a preliminary analysis were
used in this study: mBg1, mBg2, Bgm10, Bgm15, Bgm16 (Jones
et al., 1999); BgE4, BgE5 (Mavárez et al., 2000). Polymerase
chain reaction (PCR) was performed in a 15 ml volume contain-
ing 10 mM Tris–HCl (pH 9.0), 50 mM KCl, 0.1% Tritonw

X-100, 2.5 mM MgCl2, 200 nM of each primer, 200 mM of
each dNTP, 1 unit of Taq Polymerase (Madison, WI, USA)
and 50 ng of template DNA. Thermal cycling was performed
on a PTC-100 Thermocycler (MJ Research Inc.) under the
following conditions: 4 min at 948C; 32 cycles of 30 s at 948C,
30 s at 508C and 1 min at 658C; followed by a final 1 min
extension at 658C. Fluorescently labelled PCR products were
analysed on an ABI 377 sequencer (Applied Biosystems) using
internal size standard GeneScanw-500 [TAMRA] and scored
using GENOTYPER software (Applied Biosystems).

Statistical analyses

For each collection site, genetic diversity was described using
standard parameters such as number of alleles per locus, allelic
richness (an estimate of the number of alleles per locus standar-
dized using the rarefaction method) (El Mousadik & Petit,
1996), observed (HO) and expected (HE) heterozygosity and
linkage disequilibrium (LD) between pairs of loci. These para-
meters were estimated using population genetic analysis software
POPGENE version 1.3.2 (Yeh & Boyle, 1999) and FSTAT
version 9.3.2 (Goudet, 1995). Hardy–Weinberg equilibrium
(HWE) was assessed for each locus for each collection site
using exact test as described in population genetic analysis soft-
ware TFPGA version 1.3 (Miller, 1997). For analyses involving
multiple comparisons, the critical probability value for each test
was adjusted using the Bonferroni correction (Rice, 1989). The
effect of collection site on allelic richness (using values of allelic
richness per each locus) was assessed with a Kruskal–Wallis
test (assumption of homogeneity of variance was tested with
Levene’s: F16,102 ¼ 1.13, P ¼ 0.34) using statistical software
STATISTICA version 6 (StatSoftw).

Weir & Cockerham (1984) estimates of genetic differentiation
between collection sites (FST) and inbreeding (FIS) were calcu-
lated using FSTAT version 9.3.2 (Goudet, 1995). The signifi-
cance of FIS was tested using a randomization procedure
(Goudet, 1995). To test for significance of pair-wise comparisons
of genetic differentiation (FST) between collection sites, the ran-
domization procedure and the Bonferroni correction were
performed using FSTAT version 9.3.2 (Goudet, 1995). Quanti-
tative estimates of gene flow were determined from the FST

values (Hartl & Clark, 1997): FST values range from less than
0.05 indicating high gene flow to greater than 0.25 indicating
extremely restricted gene flow. Isolation-by-distance was exa-
mined by determining the relationship between geographic dis-
tance and genetic differentiation. The geographic distance was
calculated as linear distances between the sites (note that the
major water bodies were connected via side canals; Fig. 1).
The significance of the association between FST/(1 2 FST) and
the natural logarithm of distance (Rousset, 1997) was assessed
using a Mantel test (Mantel, 1967) with 10,000 permutations
implemented in FSTAT version 9.3.2 (Goudet, 1995).

Tests for population structure and assignment of individuals
to populations were performed using the software STRUC-
TURE version 2 (Pritchard, Stephens & Donnelly, 2000). We
chose the option of admixture model and the frequency model
of independent alleles between populations. The length of
burn-in and Markov chain Monte Carlo (MCMC) were set to
10,000. For each data set, five runs were conducted in order to
quantify the amount of variation of the likelihood for each K.
The range of possible K values tested was from 1 to 25. Statistics
used to select K followed Evanno, Regnaut & Goudet (2005).

RESULTS

Genetic diversity

Microsatellite marker characteristics for Biomphalaria glabrata
from the 17 collection sites are shown in Table 1. The total
number of alleles amplified from all genotyped individuals
(n ¼ 326) ranged from seven to 19 per locus with a mean
(+SE) of 12.7 (+1.8) alleles per locus. Since the mean
number of alleles is dependent on sample size, allelic richness
was also calculated per locus and collection site (Table 1). The
mean allelic richness per collection site (across all loci and indi-
viduals) ranged from 2.00 to 4.86 and differed significantly
among the collection sites (Kruskal–Wallis: x2 ¼ 43.02,
df ¼ 16, P ¼ 0.0003; Table 2). Approximately, 36 out of 357
locus-pair tests within collection sites indicated significant
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Table 1. Microsatellite loci characteristics for each of 17 B. glabrata collection sites.

Habitat mBg1 Bgm10 mBg2 BgE4 BgE5 Bgm15 Bgm16

Site 1 (n ¼ 12) Swamp

NA 3 4 3 7 6 6 3

AR 3 4 3 6 5 5 3

HO 0.50† 0.36� 0.00� 0.50� 0.50� 0.33� 0.22�

HE 0.59 0.63 0.51 0.71 0.72 0.58 0.59

Site 2 (n ¼ 19) Stream

NA 5 4 6 8 7 4 3

AR 4 4 5 7 6 4 3

HO 0.50� 0.26� 0.32� 0.53� 0.42� 0.58� 0.13�

HE 0.72 0.61 0.73 0.83 0.78 0.68 0.48

Site 3 (n ¼ 31) Spring

NA 5 5 5 7 6 4 3

AR 4 4 5 6 5 4 2

HO 0.45� 0.32� 0.44� 0.52� 0.37� 0.48� 0.04�

HE 0.73 0.56 0.74 0.80 0.68 0.63 0.11

Site 4 (n ¼ 19) Spring

NA 6 6 6 9 8 4 2

AR 5 5 5 7 7 3 2

HO 0.21� 0.32� 0.42� 0.58� 0.47� 0.63† 0.00�

HE 0.67 0.75 0.74 0.81 0.84 0.59 0.10

Site 5 (n ¼ 21) Spring

NA 7 6 3 11 9 3 4

AR 5 4 3 7 7 3 4

HO 0.33� 0.24� 0.19� 0.55� 0.19� 0.43† 0.57†

HE 0.70 0.46 0.45 0.81 0.85 0.55 0.65

Site 6 (n ¼ 19) Pond

NA 5 2 2 2 4 3 1

AR 4 2 2 2 3 3 1

HO 0.76� 0.26� 0.00� 0.00� 0.11† 0.68† 0.00

HE 0.68 0.41 0.10 0.11 0.20 0.55 0.00

Site 7 (n ¼ 24) Canal

NA 3 5 1 3 5 3 3

AR 3 4 1 3 4 3 3

HO 0.57† 0.79† 0.00 0.78† 0.59† 1.00� 0.33�

HE 0.56 0.64 0.00 0.64 0.65 0.63 0.62

Site 8 (n ¼ 37) Canal

NA 7 5 1 9 4 4 3

AR 4 4 1 5 4 3 3

HO 0.59† 0.89� 0.00 0.73� 0.37� 0.68† 0.35�

HE 0.60 0.62 0.00 0.65 0.67 0.53 0.65

Site 9 (n ¼ 14) Stream

NA 6 3 3 7 4 4 3

AR 5 3 3 6 4 4 3

HO 0.29� 0.71� 0.00� 1.00� 0.18� 0.71† 0.43†

HE 0.71 0.64 0.26 0.82 0.73 0.60 0.56

Site 10 (n ¼ 19) Pond

NA 2 2 3 3 4 2 2

AR 2 2 2 3 4 1 1

HO 0.11† 0.00� 0.05� 0.11� 0.44� 0.05† 0.05†

HE 0.10 0.43 0.15 0.28 0.60 0.05 0.05

Site 11 (n ¼ 20) Canal

NA 2 3 4 4 5 1 3

AR 2 3 3 3 4 1 2

HO 0.25† 0.20� 0.25† 0.45† 0.75† 0.00 0.40†

HE 0.22 0.41 0.23 0.49 0.65 0.00 0.51

Continued
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deviation from linkage equilibrium (P , 0.05). Apart from the
collection Site 3 which accounted for 25% of these significant
LD tests, the significant LDs (no more than four per site) were
randomly distributed across the locus-pairs and sites.
However, after applying Bonferroni correction for multiple
tests, no significant LD was found between any pair of loci
within any of the collection sites. Expected heterozygozities
over all loci for each collection site ranged from 0.22 to 0.69.
Observed heterozygosities per locus and across all loci were
lower than expected at the majority of the collection sites,
suggesting heterozygote deficiency (see Tables 1, 2). However,
significant heterozygote excess was also found in four of the 17
collection sites (Sites 6–9) at one or two loci (Table 1). Conse-
quently, at each collection site, observed genotype frequencies
deviated significantly from those expected under HWE for
most of the loci (Table 1). Estimates of inbreeding (FIS)
ranged from 20.07 (Site 7) to 0.56 (Site 17) and were significant
in 12 collection sites (Table 2). The estimated total FIS over all
loci was 0.31 (95% CI 0.22–0.39).

Genetic differentiation

The estimated total FST value over all loci was 0.28 (95% CI
0.24–0.33). Pair-wise comparisons of genetic differentiation
(FST) between collection sites varied between 20.012 and
0.662 (Table 3). The tests for significance of pair-wise compari-
sons indicated significant population differentiation between all
17 collection sites of B. glabrata (all but 11 of 136 pair-wise com-
parisons were significant, adjusted P , 0.00037; Table 3).
Assuming that gene flow can be estimated from FST, while recog-
nizing that the assumptions necessary for this calculation are
violated by most populations, quantitative estimates of gene
flow were determined from the FST values. High gene flow
(FST ,0.05) was indicated only among six pair-wise compari-
sons involving nine collection sites (Table 3). This was not
surprising for two of the comparisons (Site 7 vs Site 8 and Site
11 vs Site 12) as these sites were approximately 100 m apart in
the same habitat (canal). However, high gene flow was also indi-
cated in four other comparisons of sites from different habitats
separated by 200 and 600 m (Site 1 vs Site 2; Site 3 vs Site 2;

Table 1. Continued

Habitat mBg1 Bgm10 mBg2 BgE4 BgE5 Bgm15 Bgm16

Site 12 (n ¼ 20) Canal

NA 2 2 3 3 4 1 2

AR 2 2 2 2 4 1 2

HO 0.35† 0.10† 0.15� 0.05� 0.60† 0.00 0.55†

HE 0.29 0.10 0.23 0.43 0.58 0.00 0.49

Site 13 (n ¼ 18) Swamp

NA 2 2 3 3 4 3 2

AR 2 1 3 2 3 2 1

HO 0.18� 0.06† 0.28† 0.17† 0.13� 0.17† 0.06†

HE 0.49 0.05 0.40 0.16 0.41 0.16 0.05

Site 14 (n ¼ 13) Stream

NA 4 2 3 1 3 3 1

AR 4 2 3 1 2 3 1

HO 0.13� 0.00� 0.33† 0.00 0.17† 0.15† 0.00

HE 0.60 0.14 0.39 0.00 0.16 0.27 0.00

Site 15 (n ¼ 15) Stream

NA 6 4 3 3 2 3 2

AR 4 4 3 3 2 3 2

HO 0.21� 0.20� 0.20† 0.07� 0.18† 0.14� 0.47†

HE 0.32 0.63 0.29 0.62 0.17 0.53 0.49

Site 16 (n ¼ 14) Stream

NA 6 4 4 5 5 7 4

AR 5 3 3 4 4 5 4

HO 0.36� 0.29� 0.21� 0.07� 0.36� 0.29� 0.54†

HE 0.66 0.56 0.41 0.47 0.67 0.52 0.57

Site 17 (n ¼ 11) Swamp

NA 2 2 1 4 2 4 2

AR 2 2 1 3 2 3 2

HO 0.00� 0.18† 0.00 0.27† 0.00† 0.18� 0.09†

HE 0.40 0.17 0.00 0.32 0.18 0.38 0.09

Total (n ¼ 326)

NA 19 10 10 19 13 11 7

AR 6 5 4 6 6 4 3

HO 0.38 0.35 0.16 0.41 0.37 0.42 0.26

HE 0.73 0.78 0.40 0.77 0.79 0.60 0.58

Abbreviations: n, number of individuals analysed; NA, total number of alleles; AR, allelic richness; HO, observed heterozygosity; HE, expected heterozygosity.
�Indicates significant deviation from HWE. †Indicates non-significant deviation from HWE.
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Site 2 vs Site 4; Site 7 vs Site 9) (Fig. 1, Table 3). In contrast,
strong population differentiation was estimated between sites of
the same habitat only about 30 m apart from each other (e.g.
Site 8 vs Site 11; Site 8 vs Site 12; Fig. 1, Table 3). A significant
correlation was observed between genetic differentiation and
geographic distance (Mantel test, r ¼ 0.26, P ¼ 0.0035) (Fig. 2).
Another way to evaluate the relative isolation of the collection

sites is to use assignment tests. We have used the model-based
clustering program STRUCTURE 2.0 to assign individuals to
populations, although we are aware that low sample size in
some locations and/or low number of microsatellite loci used
might have weakened the power of this analysis (Evanno,
Regnaut & Goudet, 2005). Averaged over five replicates, the

highest likelihood was observed for K ¼ 19. However, the
modal value of DK was K ¼ 2 and another, reduced, value of
DK was observed for K ¼ 7 (Fig. 3). Given the high genetic
differentiation estimated from overall FST values, assignment
of individuals to only two or potentially seven populations was
unexpected. Under the K ¼ 2, approximately 87% of indivi-
duals were assigned with high probabilities to either of the two
populations. The individuals from collection Sites 1–3 and
part of 4 formed one cluster, and individuals from the remaining
sites were assigned to the second cluster. Under the K ¼ 7, all
individuals from Sites 6–12 and 14 were assigned with high
probabilities to one of the seven populations indicating high
genetic homogeneity within locations. For example, all indivi-
duals from Sites 7 (canal), 8 (canal) and 9 (stream) formed
one population, all individuals from Sites 10 (pond), 11
(canal) and 12 (canal) were assigned to another cluster and all
individuals from Sites 2 (spring) and 3 (stream) formed
another population. This corresponds with the low genetic
differentiation estimated among these locations. Most of the
individuals from the remaining locations were assigned to
various clusters having equal probabilities in multiple groups
suggesting some degree of heterogeneity within these sites.

DISCUSSION

In this study, relatively high values of the mean number of alleles
per locus and overall HE reveal high levels of genetic polymor-
phism among the 326 B. glabrata individuals collected from 17
sites in the Virgem das Graças municipality, Brazil. As the water-
ways are one of the major migration routes for the snails, the sites
upstream may serve as a ‘source’ of migrants, and so genetic
diversity is high for the downstream sites. Indeed, downstream
Sites 1–5 exhibited the highest expected heterozygosity and
allelic richness suggesting that these sites were more genetically
diverse than the other collection locations (Fig. 1; Table 2). Simi-
larly, the study of Mavárez et al., (2002b) on B. glabrata in the
Valencia Lake basin (Venezuela) detected more genetic diversity
within the lake populations than outside the lake, suggesting an
influence of connectivity among populations. Nevertheless, they
found strong population structure among the snail populations,
indicating their functioning as metapopulations.
Here, we observed heterozygote deficits relative to HWE

expectations in many loci across most collection sites. This
could result from various evolutionary phenomena, such as
non-random mating, founder effects and selection or artifacts
of the screening procedure, involving the sampling regime or
null alleles. Null alleles are, however, very unlikely to occur
across many or all loci and collection sites. Although we
cannot completely rule out the possibility of population subdivi-
sion (Wahlund effect), it is more likely that the heterozygote
deficiency results from the biological phenomena of non-
random mating and founder effects, as these affect all loci in a
similar way, whereas scoring artifacts and selection are unlikely
to affect all loci in a similar manner. Indeed, the estimated total
inbreeding level across all sites was high, likely caused by
sib-mating, selfing and/or founder effect.
Furthermore, a significant excess of heterozygotes was found

in four collection sites at one or two loci, which can be indicative
of recent bottleneck events (Mavárez et al., 2002a). The sites
investigated in our study area are typically temporally unstable
habitats, as their snail population sizes fluctuate seasonally, and
so are likely to experience bottlenecks. However, founder events
and self-fertilization may result in the same effect on genetic
diversity. Although the mating system in many pulmonate
snail species appears to be predominantly self-fertilization
(e.g. B. pfeifferi, Charbonnel et al., 2002; Bulinus forskalii, Gow
et al., 2004; Galba truncatula, Trouvé, Degen & Goudet, 2005),
B. glabrata predominantly outcrosses in wild populations

Figure 1. Map of the collection sites in the Virgem das Graças
municipality, Brazil. Arrows indicate direction of water flow. The
symbols indicate the type of habitat as follows: square, canal; circle,
pond; cross, spring; triangle, stream; diamond, swamp.

Table 2. Mean allelic richness (AR), observed (HO) and expected (HE)
heterozygosity, and estimates of inbreeding coefficient (FIS) over all loci
for each of B. glabrata collection sites.

n AR HO HE FIS

Site 1 12 4.14 0.35 0.62 0.48�

Site 2 19 4.71 0.39 0.69 0.46�

Site 3 31 4.29 0.37 0.61 0.40�

Site 4 19 4.86 0.38 0.64 0.44�

Site 5 21 4.71 0.36 0.64 0.46�

Site 6 19 2.43 0.26 0.29 0.14

Site 7 24 3.00 0.58 0.53 20.07

Site 8 37 3.43 0.52 0.53 0.05

Site 9 14 4.00 0.48 0.62 0.27�

Site 10 19 2.14 0.12 0.24 0.53�

Site 11 20 2.57 0.33 0.36 0.10

Site 12 20 2.14 0.26 0.30 0.17

Site 13 18 2.00 0.15 0.25 0.43�

Site 14 13 2.29 0.11 0.22 0.54�

Site 15 15 3.00 0.21 0.44 0.54�

Site 16 14 4.00 0.30 0.55 0.48�

Site 17 11 2.14 0.10 0.22 0.56�

n denotes number of individuals analysed.
�Indicates significant deviation from HWE at adjusted P , 0.00042 for multiple

comparisons.
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(Mavárez et al. 2002a, b). On the other hand, crossing exper-
iments using individuals from remote population sometimes
result in self-fertilization in otherwise outcrossing species, and
have been interpreted as a consequence of partial reproductive
isolation. This has occurred in captive populations of B. glabrata
(Mulvey & Vrijenhoek, 1984) and in B. globosus (Fryer,
Rollinson & Probert, 1987; Njiokou et al., 1992). Because of
small sample sizes (n , 20) in many of our collection sites, it is
impossible to disentangle the effects of selfing and founder
events, and therefore we cannot completely rule out that these
B. glabrata populations may express some degree of self-fertiliza-
tion. However, the lack of significant LD supports that self-
fertilization is unlikely. It would be interesting to follow these
populations over time, including larger sampling during both
wet and dry seasons over a number of years, to see if heterozy-
gosity levels fluctuate seasonally and/or annually.
The isolation-by-distance correlation between collection sites

of B. glabrata was found to be significant, however, only approxi-
mately 6% of variance of FST was explained by geographic
distances suggesting that there are other factors (e.g. other geo-
graphic barriers, historical differentiation, strong fluctuations in
effective population sizes or reproductive isolation) affecting
genetic differentiation among these collection sites.
By assessing the amount of structuring between populations,

estimates can be made regarding gene flow among populations.
For example, current studies using microsatellite markers to
examine the population structure of freshwater snails of the

genera Bulinus and Biomphalaria have demonstrated strong
genetic differentiation between snail populations on large spatial
scales (20–1000 km) (e.g. Mavárez et al., 2002a; Emery et al.,
2003; Gow et al., 2004), as well as on the fine-scale of a few kilo-
meters (e.g. Charbonnel et al., 2002; Mavárez et al., 2002b). In
our study, snail populations were sampled on a small spatial
scale thought to be epidemiologically relevant for S. mansoni.
The overall high level of population genetic differentiation
detected in this study would suggest low gene flow for populations
of B. glabrata at this relatively small spatial scale in this region.
However, low genetic differentiation (FST , 0.05) and thus
high gene flow was revealed among six pair-wise comparisons
involving nine collection sites. This was not surprising for two of
them due to the shared habitat type and short distances of separ-
ation. However, in four instances high gene flow was estimated
between sites that did not fit these criteria. The estimated
low genetic differentiation among these locations also corresponds
with the results from the assignment test. These patterns may
therefore reflect connectivity among sites that occurs
during flooding in the wet season. Moreover, human- and
animal-mediated dispersal of snails may also play an important
role in snail population structure, as high frequency of water
contact by humans is known in this area (Kloos et al., 2006).
Thus, one may view these patterns of genetic structure within
the context of metapopulation structure, where the effects of
extinction/recolonization events on the genetic structure are
dependent on population dynamics and determined by the

Figure 2. Scatter plot of pair-wise genetic and geographic distances
(isolation-by-distance).

Figure 3. Magnitude of DK as a function of K, calculated as in Evanno,
Regnaut & Goudet (2005) using data from STRUCTURE. The
parameters of the model and procedure are detailed in the text.

Table 3. Estimates of pair-wise genetic differentiation (FST) between collection sites.

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 Site 11 Site 12 Site 13 Site 14 Site 15 Site 16 Site 17

Site 1 – 0.030 0.154 0.092 0.123 0.409 0.123 0.150 0.096 0.411 0.280 0.308 0.421 0.424 0.267 0.182 0.369

Site 2 – 0.032 0.043 0.123 0.408 0.184 0.203 0.117 0.362 0.275 0.300 0.361 0.401 0.279 0.179 0.343

Site 3 – 0.113 0.243 0.491 0.304 0.318 0.233 0.416 0.351 0.374 0.430 0.497 0.368 0.265 0.435

Site 4 – 0.074 0.408 0.188 0.207 0.136 0.342 0.297 0.330 0.280 0.396 0.252 0.209 0.233

Site 5 – 0.338 0.136 0.134 0.114 0.266 0.239 0.285 0.192 0.266 0.204 0.130 0.158

Site 6 – 0.279 0.253 0.318 0.551 0.409 0.440 0.649 0.662 0.360 0.302 0.595

Site 7 – 0.008 0.045 0.301 0.207 0.248 0.331 0.385 0.247 0.181 0.308

Site 8 – 0.059 0.276 0.187 0.224 0.331 0.363 0.247 0.153 0.298

Site 9 – 0.347 0.269 0.313 0.377 0.371 0.256 0.185 0.327

Site 10 – 0.196 0.265 0.419 0.635 0.424 0.229 0.491

Site 11 – -0.012 0.398 0.557 0.285 0.083 0.438

Site 12 – 0.469 0.608 0.312 0.118 0.495

Site 13 – 0.480 0.446 0.353 0.335

Site 14 – 0.512 0.440 0.531

Site 15 – 0.215 0.336

Site 16 – 0.372

Site 17 –

Non-significant population differentiation indicated in bold (adjusted P , 0.00037).
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number of founders, the rate of population growth and immigra-
tion after initial founding events (Ingvarsson, 1997).
Furthermore, habitat type may interact with population

density to drive population genetic structure (Kloos et al.,
2001). From this perspective, our assignment tests suggest that
canals are likely to maintain genetically homogenous snail popu-
lations, as all individuals from canal sites were assigned to a
particular cluster. On the other hand, other habitat types may
contain genetically diverse arrays of individuals, as the snails
from these sites were assigned to multiple clusters. Moreover,
the canal sites exhibited the lowest mean inbreeding coefficient,
indicating that these sites may retain relatively large effective
population sizes compared to other sites. Thus, canals might
be less affected by water fluctuation caused by flooding or
drought events, whereas open habitats such as swamps, springs
etc., may likely encounter seasonal fluctuation of immigrants,
and so form more diverse, albeit somewhat distinct populations.
Nevertheless, as discussed earlier, we cannot rule out previous
founder events. It is likely that the current genetic composition
among snail individuals at different locations/habitats (and so
the overall significant differentiation between locations) results
also from different past-founder effects, which are the likely
cause of the shifts in allele frequencies (Luikart et al., 1998).
Hence, the current population structure patterns likely reflect
a combination of both different immigration and founder events.
Finally, this study was conducted in a schistosomiasis-endemic

region. In general, the prevalence of snail infections is characte-
ristically low even in areas where human schistosomiasis is
endemic (Minchella & Loverde, 1983). This may be due to
high rates of infected snail mortality and to the duration of the
latent period of infection. Very low prevalence of snail infections
was also observed at the collection sites in our study. For
schistosome–snail interactions, empirical data suggest that
these parasites can evolve better to infect their local snail popu-
lations (Manning, Woolhouse & Ndamba, 1995). Moreover, a
loss of genetic variation can increase susceptibility to parasitism
(Coltman et al., 1999). For example, Puurtinen et al. (2004)
demonstrated higher levels of trematode infections in snail popu-
lations that exhibited reduced levels of genetic diversity. Further
increases in infection levels might be expected when parasites
become locally adapted to hosts that are genetically similar
(i.e. predictable) (Trouvé, Degen & Goudet, 2005). Although
low parasite prevalence and small snail sample sizes did not
allow us to assess the relationship between parasite infection
and inbreeding, the high level of B. glabrata inbreeding in com-
bination with potentially locally adapted strains of S. mansoni
could have important consequences for the incidence of infection
in the snail populations surrounding Virgem das Graças. This in
turn could enhance transmission of this parasite from snail to
human hosts. Future work assessing the genetic architecture
underlying both host and parasite populations will be
critical for interpreting and predicting patterns of disease in
schistosomiasis-endemic areas.
Results from this study provide novel insight into the genetic

structure of a medically important host species over an epide-
miologically relevant spatial scale. This research, in combi-
nation with the extent and distribution of parasite genetic
diversity, may allow us to better understand the role of host–
parasite interactions play in the evolution of both genetic
systems and in the transmission of disease.
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MAVÁREZ, J., AMARISTA, M., POINTIER, J.P. & JARNE, P.
2002a. Genetic differentiation, dispersal and mating system in the
schistosome-transmitting freshwater snail Biomphalaria glabrata.
Heredity, 89: 258–265.
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