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Abstract

Objective—The freshwater snail Biomphalaria glabrata is the principal intermediate host for the
parasite Schistosoma mansoni within Brazil. We assessed the potential effects of snail population
dynamics on parasite transmission dynamics via population genetics.

Methods—We sampled snail populations located within the confines of three schistosome-
endemic villages in the state of Minas Gerais, Brazil. Snails were collected from individual
microhabitats following seasonal periods of flood and drought over the span of one year. Snail
spatio-temporal genetic diversity and population differentiation of 598 snails from 12 sites were
assessed at 7 microsatellite loci.

Results—Auverage genetic diversity was relatively low, ranging from 4.29 to 9.43 alleles per
locus and, overall, subpopulations tended to exhibit heterozygote deficits. Genetic diversity was
highly spatially partitioned among subpopulations, while virtually no partitioning was observed
across temporal sampling. Comparison with previously published parasite genetic diversity data
indicated that S. mansoni populations are significantly more variable and less subdivided than
those of the B. glabrata intermediate hosts.

Discussion—Within individual Brazilian villages, observed distributions of snail genetic
diversity indicate temporal stability and very restricted gene flow. This is contrary to observations
of schistosome genetic diversity over the same spatial scale, corroborating the expectation that
parasite gene flow at the level of individual villages is likely driven by vertebrate host movement.
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Introduction

Researchers in both parasitology and medicine have long been interested in elucidating the
transmission of disease agents among hosts. In their own ways, both groups are striving to
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understand the historical or evolutionary associations of host and parasite that have shaped
current dynamics, as well as the degree to which various biotic and abiotic factors continue
to influence coevolutionary landscapes and epidemiological outcomes. With the advent of
molecular ecology and the increasing availability of molecular tools, many researchers in
both fields have taken to investigating parasite and host genetics as either direct or proxy
measurements of parasite transmission dynamics and/or the factors influencing patterns of
transmission. One of the most frequently used tools is estimation of genetic variation and the
partitioning of that variation using neutral polymorphic loci like microsatellites (variable
number tandem repeat markers). Generally, when neutral genetic diversity is high and/or
individuals are genetically similar across putative population groups, we conclude that
mating is random (in the case of sexually reproducing organisms) and that gene flow is high
and not spatially or temporally restricted. For pathogens, such an outcome might produce
conclusions of widespread transmission that is not limited to distinct foci.

These measures of genetic variation have been routinely applied to the study of natural
populations of the trematode parasites in the genus Schistosoma (Steinauer et al. 2010),
which are estimated to cause disease in over 200 million people worldwide (Engels ef al.
2002, Chitsulo et al. 2004). In these studies observed levels of parasite genetic diversity and
its spatial partitioning often lead to conclusions that the vertebrate definitive hosts, whether
human or otherwise, are the primary agents of gene flow within the parasite population. In
studies utilizing non-human definitive hosts, this can be supported by direct measurements
of both host and adult worm genetic variation (Prugnolle et a/. 2005). Moreover, numerous
studies of the molluscan intermediate host population genetics (Woolhouse ef a/. 1992,
Langand et al. 1999, Sire et al. 2001, Webster et al. 2001, Charbonnel et al. 2002a&Db,
Mavarez et al. 2002a&b, Wethington et a/. 2007) and demographics and ecology (Utzinger
et al. 1997, Utzinger and Tanner 2000, Erko et al. 2006), as a whole, support the assumption
that snail populations are subdivided over both temporal and increasingly limited spatial
scales. However, given the role of schistosomiasis as a tropical disease with global
implications, much of the interest in transmission dynamics is focused on endemic human
populations. Clearly studies of human populations have ethical and logistical limitations that
restrict investigation of host influence on parasite movement to observations of water
contact and usage patterns (e.g. Kloos et a/. 1998 2001 2006) and assessments of genetic
variation are restricted to collection of parasite offspring from human hosts (Brouwer et al.
2001; Curtis et al. 2002; Thiele et al. 2008; Standley ef a/. 2010). These studies on parasites
of humans have found that parasite gene flow ranges along a continuum that can reasonably
be associated with human movements, but cannot eliminate alternative factors, such as
hydrogeography and the influence of alternative or intermediate hosts. In this study, we
sought to supplement previous investigations of parasite transmission dynamics within
human populations by assessing the role that snail host populations may play in the
establishment of observed parasite population genetics. More specifically, we aimed to do so
at a scale most relevant to the local epidemiology of schistosomes — that of the spatial
confines of single villages.

We have investigated both the temporal and spatial variation in snail host genetic diversity
within three villages in a region of endemic schistosomiasis in Brazil. Although Brazil’s
schistosomiasis control program has enjoyed success, the disease remains an important
factor in the public health and economy of the country (Coura and Amaral 2004, Amaral et
al. 2006). Estimates of prevalence, though admittedly imprecise, include over 6 million
people (Katz & Peixoto 2000). In contrast to previous studies of snail genetic diversity, the
work presented here aims to investigate patterns of snail movement at the epidemiologically
relevant spatial scale of the individual village, replicated over three distinct villages and over
a temporal scale that encompasses a year’s seasonal population fluctuations to better
estimate the actual role that snail movements may have in the establishment of observed
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patterns in parasite population genetics. These results are also presented in the context of
patterns of parasite genetic variation previously observed in one of the Brazilian villages.

Methods and Materials

Site Descriptions and Snail Collection

Natural populations of Biomphalaria glabrata were sampled in three villages endemic for
schistosomiasis in the Jequitinhonha Valley of northeastern Minas Gerais, Brazil. The
villages of Caju (16° 21'S; 41° 18' W), S&o Pedro do Jequitinhonha (SPdJ, 16° 30' S; 41°
20" W), and Virgem das Gracas (VdG, 16° 56'S; 41° 21' W) can all be broadly characterized
as semi-arid locales subject to high levels of poverty and urban migration. Lack of water
delivery or sanitary infrastructure and reliance on subsistence agriculture ensures
widespread human use, and often fecal contamination, of all habitat types suitable for B.
glabrata, guaranteeing maintenance of the schistosome life cycle. All three villages have a
prevalence of schistosomiasis in excess 0f60% in human hosts (Kloos et al. 2004; Carlos dos
Reis et al. 2010). Geographically, all three villages are characterized by well-defined
drainages, however, the degree of confluency and the scale across which snails were
sampled varied for each one (Figure 1). Within the sampled region, there is a precipitation
pattern of distinct periods of high and low rainfall (i.e., rainy versus dry seasons), with the
rainiest period being from late October to March. To investigate the temporal effects of
season on snail populations and levels of genetic variation, sites within each village were
sampled once at the end of each season in 2006, with the post-rainy season collection in
April and post-dry season collection in early November.

To assess spatial variation in snail genetic diversity at an epidemiologically relevant level,
sampling was confined to the immediate area of each village. Sample sites were selected
based on the known existence of B. glabrata populations and expectation of B. glabrata
presence based on the suitability of habitat types (Kloos et al. 2001). Most sites sampled
were used by both the molluscan intermediate and human definitive hosts. Sampling at all
sites in all villages was performed with a standard FIOCRUZ metal scoop and large forceps
and was standardized according to sampling area and sampling effort (10 minutes within
each of 3-5 transects of approximately 1 m? per site at depths <1m). All snails were
transported to the malacology lab at the Centro de Pesquisas René Rachou in Belo
Horizonte, Minas Gerais, where they were examined for parasite infection over a period of
3-4 weeks, and then later to Purdue University where they were re-assessed for infection
after tissue was collected for genetic analysis.

Microsatellite Analysis

Total genomic DNA was extracted from individual snails’ head-foot tissue via a modified
Puregene extraction method (Gentra). Briefly, tissue was digested in 200pL of cell lysis
solution (100mM Tris-HCI, 10mM EDTA, 100mM NacCl, 1% SDS, 0.06mg Proteinase K,
1.5mM dithiothreitol), followed by protein precipitation with 30% v/v of 10M potassium
acetate. DNA was then separated from the supernatant via standard ethanol precipitation,
dried, resuspended in sterile nuclease-free water, and quantified with a NanoDrop 1000
(Thermo Fisher Scientific).

Individual snails were genotyped across 7 microsatellites (Table 1; BgC7, BgC8, BgE4,
BgES5 [Mavarez et al. 2000] and Bgul5, Bgul6, uBgl [Jones ef a/ 1999]) in 2 multiplex
reactions using the QIAGEN Type-It PCR Kit (Qiagen). Each 5 L reaction contained 0.2
UM each of 3—4 fluorescently labeled primers (6-FAM, HEX [Integrated DNA
Technologies], or NED [Applied Biosystems]), 1X each of the proprietary master mix and Q
solutions, and 10 ng of total genomic DNA. Thermal cycling was performed in an
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Eppendorf Mastercycler ep thermocycler under the following conditions: 15 min at 95 °C;
35 repetitions of 30 s at 94 °C, 90 s at 57 °C, and 60 s at 72 °C; 30 min final extension at 60
°C; and a final hold at 4 °C. PCR products were genotyped with an ABI 3130 automated
sequencer (Applied Biosystems) and scored with GeneMapper v.4.0 software (Applied
Biosystems).

Data Analysis

A total of 598 snails were genotyped from across the 3 villages. Prior to assessing the
standard estimates of genetic diversity, the data were evaluated with the freely available
programs MICRO-CHECKER (van Oosterhout ef a/. 2004) and GENETIX (Belkhir et al.
2004). MICRO-CHECKER helps validate allelic designations by evaluating the dataset for
evidence of typographical errors and the presence of null alleles, allelic dropout, and stutter-
related scoring errors. Because related and morphologically similar species of Biomphalaria
(e.g. B. tenagophila) can coexist with B. glabrata, genetic data were screened with a 2D
factorial correspondence analysis in GENETIX to identify genetic outliers. Individuals that
were clearly separated from the village-wide assortment (i.e. not just from their putative
subpopulation) were eliminated from the data set to avoid potential inclusion of related
species in population genetic analyses.

To assess the genetic diversity of snail populations at each site within each village and for
each sampling event, number of alleles per locus and unbiased heterozygosity (H; Nei
1987) were calculated in FSTAT version 2.9.3.2 (Goudet 2001). The Weir and Cockerham
(1984) estimator f of A5 was calculated for each locus and across all loci to test for
deviations from Hardy-Weinberg equilibrium (HWE). The hypothesis that the snail
populations are not panmictic (i.e., £# 0) was tested in SPAGeDi version 1.3 (Hardy and
Vekemans 2002) via a two-tailed test of 10,000 permutations of alleles among individuals,
with significance set at P < 0.05. Linkage disequilibrium between pairs of loci was tested in
FSTAT, with the nominal significance value set to 0.05. Significance of multiple
comparisons was determined after the sequential Bonferroni correction (Rice 1989).

Genetic differentiation of snails was assessed with several measures of subdivision. The
standard estimator 6 of 51 (Weir & Cockerham 1984) was calculated to assess the variance
in allele frequencies among subpopulations. Significance of genetic differentiation was
assessed with the G-based test (Goudet et a/. 1996) following 50,000 permutations of host
genotypes, and 95% confidence intervals were calculated by bootstrapping over loci in
FSTAT. Because differing levels of heterozygosity and marker-based variability can limit
the ability to compare measures of Fst among studies (Hedrick 2005), all measures of Fst
were standardized using the recoding method of Meirmans (2006) to represent the
proportion of Aynax comprised by Fyps (i-6. Fs1). Both traditional and standardized
representations are presented here and all quantitative comparisons with previous studies,
whether of B. glabrata or other organisms, utilize Fgr.

To evaluate the proportion of genetic variance explained by population and/or seasonal
effects, analysis of molecular variance (AMOVA) was performed with ARLEQUIN version
3.11 (Excoffier et al. 2005). Patterns of isolation-by-distance were investigated within each
village and collection event using the method of Rousset (1997). To determine if the
distribution of genetic variation (measured as 6/(1- 8)) was significantly correlated to the
distance between populations, a partial Mantel test with 10,000 permutations was performed
in FSTAT. Finally, the Bayesian clustering analysis of STRUCTURE version 2.2 (Pritchard
et al. 2000; Falush ef al. 2003) was also utilized to test for subdivision of snails into distinct
genetic clusters. Clustering of populations was performed within individual villages, both
within and across seasons. The maximum number of clusters (K) was set at twice the
number of sampling sites so as to include the maximum number of populations reasonably
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expected if snail microhabitats are representative of demes. Under the assumptions of
admixture and allele frequency independence, each K-value was replicated 10 times with
burn-in and Markov chain Monte Carlo lengths of 10,000. Estimation of the true value of K
followed the procedure ofEvanno et al. (2005).

The influence of village, season, and habitat type on measures of genetic diversity was
assessed by 5000 permutations of individual snails between designated seasonal or habitat
groupings in FSTAT. Habitat groupings were created by categorizing sampling sites
according to estimates of habitat openness (i.e. amount of expected inflow and outflow of
water and, by extension, snails). Sites were either designated as open (expected to allow
relatively equal influx and efflux of snails) or closed (expected to principally serve only as
source populations of snails). Open habitats were primarily streams or marshes located in
the midst of a clear drainage path, while closed habitats were generally springs or wells that
were structurally and/or elevationally prohibitive to passive snail migration.

Snail Sampling and Infection Prevalence

Snail abundance varied widely between sites, with a minimum density of 0.4 snails/m3 in a
wet season VdG stream and a maximum of 414.7 snails/m3 in a dry season Caju spring
(Table 3). Likewise, abundance varied between seasons within individual sites, sometimes
quite dramatically, though there was no association between snail density and season or
openness of the site. Prevalence of schistosome infection in the snails, overall, was 1.8%.
Infected snails were found in only 3 of the 24 sampling events and the majority of infections
occurred in snails collected during the dry season from Caju’s “Monteiro Stream 1” (7
infected snails versus 1 and 2 snails from Caju’s “Stream 1” and SPdJ’s “Stream 1 Rock
Pool”, respectively).

Genetic Diversity

Screening of genetic data with MICRO-CHECKER revealed no indication of null alleles,
dropout, or scoring errors. GENETIX 2D factorial correspondence analysis indicated six
outlier individuals from five different collection sites (2 sites in the village of Caju and 3 in
SPdJ). These individual snails were removed from further genetic analyses. Overall, a range
of 1 to 13 alleles was observed per locus, with the average number of alleles per locus per
population ranging from 4.29 to 8.29 after the wet season and 5.43 to 9.43 after the dry
season (Table 2). Mean overall unbiased heterozygosity (Hs) ranged from 0.26 to 0.61 and
0.29 to 0.57 following the wet and dry seasons, respectively. Overall estimates of inbreeding
(#) ranged from 0.01 to 0.21 and deviated significantly from 0 for three of the six sampling
events, indicating significant heterozygote deficits following the wet season in Caju and
both seasons in SPdJ (Table 2).

At the level of individual collection sites (12 putative subpopulations, Ngnails = 5-69), the
mean number of alleles per locus ranged from 1.43 to 3.86 in Caju, 2 to 7.29 in SPdJ, and
1.14 t0 3.43 in VVdG (Table 3). Two sampling sites, springs located in Caju and VVdG were
monomorphic for all but 1-3 loci, regardless of season (Table 3). Average unbiased
heterozygosity (Hs) for each collection site ranged from 0.16 to 0.39 in Caju, 0.23t0 0.73 in
SPdJ, and 0.01 to 0.57 in VVdG. In Caju only one population deviated significantly from
Hardy-Weinberg expectations, while all but two populations in SPdJ deviated significantly,
and no populations indicated significant deviation in VdG (Table 3). In all cases, significant
deviations from HWE were positive and reflective of inbreeding, and while individual loci
may not have differed significantly from zero, the majority were positive and indicative of
inbreeding.
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In all villages, permutation of individuals between populations grouped by season indicated
that there was no significant difference in either mean unbiased heterozygosity or deviation
from HWE between seasons (all p > 0.3 after 5000 permutations). However, significant
differences in genetic diversity associated with habitat type were found within villages.
Within the village of Caju, populations collected from stream sites (open habitat) exhibited
significantly higher gene diversity than those collected from springs (closed habitats)

(Hs open 0.40, Hs closed 0-20, p = 0.05), though average A did not differ significantly (As
open 0.16, Ag closed 0.05, p = 0.59). The same habitat-specific differences were found in
SPdJ (Hs open 0.73, Hs closed 0.28, p = 0.02; A5 open 0.18, Ais closed 0.18, p >0.99), but there
was no significant difference in genetic diversity between habitat types in VdG (Hs gpen
0.46, Hs closed 0.30, p = 0.64; As open 0.08, Ais closed 0.01, p = 0.12).

Genetic Differentiation

In all villages and in all seasons, the estimate of genetic differentiation, Fst, was
significantly greater than zero and indicative of significant genetic subdivision among
individual sampling sites (Table 2). The lowest levels of subdivision were observed in SPdJ
(6 =0.18 and 0.30 after the wet and dry seasons, respectively), while 6 for both Caju and
VdG was 0.41 or greater. Given the observed levels of heterozygosity, the observed 8 for all
sites was equal to or greater than 47% of the maximum obtainable ~st (calculated Fg: 0.47
—0.88; Table 2). In all villages, the level of genetic partitioning did not differ significantly
between seasons (all p = 0.66 after 5000 permutations). This was corroborated by analysis of
molecular variance, which indicated that seasons did not comprise a significant component
of the partitioning of genetic variation in any sampled village (all p = 0.93). Rather, in all
villages, a significant proportion of the variance was described both by the distribution of
genetic variation among snail populations within each village and season and by variation
within individuals (Table 4). In no village was there a significant association between
genetic level of genetic differentiation and distance between populations.

Additional support for high levels of genetic subdivision among snail populations at the
spatial scale of a single village was provided by Bayesian cluster analysis. In all villages,
under the most likely value of K (Caju = 4, SPdJ = 2, VdG = 3), a majority of individuals
from each site (= 94%) were assigned to one cluster with >70% probability. In Caju each
sampling site formed its own cluster, regardless of distance between sampling sites (Figure
1). In SPdJ snails from the two sites along the same stream clustered together, while the
closed habitat formed an independent cluster. VdG sites “Spring 1” and “Marsh-Stream 2”
shared the same cluster, as did the disparate sites “Stream 3” and “Sucuarana Stream 1”,
while “Sucguarana Spring 2” clustered independently. Partitioning did not extend to the
temporal component in any site or village, such that the majority of snails collected from the
same microhabitat were always assigned to the same cluster, regardless of collection season.

Discussion

Our goal in this research was to assess spatial and temporal genetic variation of
Biomphalaria glabrata, the intermediate host of the human parasite Schistosoma mansoni. In
particular, we aimed to investigate this variation over a spatial scale most likely to be
relevant to the epidemiology of the parasite (individual villages) and compare the results to
the pattern of variation previously observed in parasite populations. Prior studies of genetic
variation among schistosomes in Brazil indicated low to medium levels of genetic
differentiation among human host infrapopulations and that patterns of differentiation could
be influenced by environmental factors — namely distribution of waterways (Curtis ef al.
2002 and Thiele et al. 2008). Here we observed that levels of snail subdivision remain high
across the various hydrogeologies and spatial scales of three villages. For example, despite
the single primary drainage in VdG and the fact that several sampled populations are
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situated along it, VAG B. glabrata populations exhibited similar levels of differentiation to
those from the village of Caju, where populations are located on at least 3 different
drainages. Likewise, we observed that this differentiation can occur over scales easily
traversable by even passive migration of snails (<5 m). Though collections were not
performed in the same year, we were able to compare levels of snail differentiation with
those of previously published parasite data for the village of VdG (Thiele et a/. 2008). We
found and demonstrate here (Table 5) that levels of standardized pairwise differentiation
among snail populations in VdG are significantly greater than those of human schistosome
infrapopulations collected from the same regions of the village (Mann-Whitney U: Z =
-5.25, p < 0.0001). Unfortunately, no infected snails were found within VdG, preventing
genetic comparison of snail and human infrapopulations.

It is often assumed, and has been shown in other species (Nadler 1995; Blouin et al. 1995
1999; McCoy et al. 2003; Criscione and Blouin 2004) and in sylvatic systems of
schistosome transmission (Sire et al. 2001, Prugnolle et al. 2005), that vertebrate hosts are
primarily responsible for parasite migration and gene flow. However, assessments of snail
population patterns at spatial and temporal levels most relevant to human disease (i.e. that of
single villages) are limited. The results shown here are in general agreement with other
studies of Biomphalaria population genetics (Langand et a/. 1999; Sire et al. 2001;
Charbonnel et al. 2002a&b; Mavérez et al. 2002a&b; Wethington et al. 2007), with the
added benefit of assessment over an epidemiologically relevant scale and comparability to
parasite infrapopulations collected from the same regions of one village. Moreover, we have
shown that the observed pattern of snail population differentiation is maintained across
seasons and, at least within the span of a single year, there is little genetic evidence for
significant demographic flux. This conclusion supports the view that snail intermediate hosts
are not primarily responsible for parasite gene flow on epidemiologically relevant levels.
This does not rule out the possibility that heavy rains/flooding events may play a role in
parasite migration, via passive movement of either infected snails or free-swimming parasite
larvae. But it should be noted that the topography of the region (high elevational variation
with well-defined drainages) makes it likely that the majority of such movements would
follow a pattern of effectively unidirectional migration along highly constrained paths.
Moreover, this funneling of runoff could be expected to generate water flows that promote
flushing of populations, rather than mixing. Such an effect would not be expected to
homogenize snail populations (or their parasite infrapopulations) across the expanse of these
villages, explaining in part why snail populations along the same stream can remain highly
subdivided and why we detected no seasonal influence.

Overall, in questions of genetic structuring of populations, scale matters. In the three
Brazilian villages studied here, our assessments of genetic variation indicate that the
population dynamics of the snail host operate on a spatial scale that is much more limited
than the parasite and that snail population genetics may be more temporally stable than we
expected. This is evolutionarily significant in that it has been shown that asymmetrical
patterns of host and parasite migration can promote local adaptation (Gandon and
Michalakis 2002). Our findings here, taken with those of previous observations (Curtis et al.
2002; Thiele et al 2008), indicate that B. g/abrata snails have significantly lower levels of
gene flow than their schistosome parasites. Given this asymmetry, local adaptation is a
feasible outcome at the level of individual villages in this host-parasite system. So while
snails may not be expected to be responsible for the regular transport of parasites across
large spatial scales, it may be reasonable to expect that snails would have a role as genetic
filters and that the outcome of a snail-schistosome interaction (e.g. a parasite’s transmission)
could be influenced by where in the environment (village) a parasite finds itself deposited.
Thus, snail population structure may be implicated in the coevolutionary trajectory between
hosts and parasites and impact transmission dynamics. The degree to which snails and their
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genetic variation influence these outcomes continues to be a valid question and one that
warrants continued investigation.
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Figure 1.

Maps of the villages in which snails were sampled. Individual sites are indicated by the
assigned site name and symbols to indicate the habitat designation as “closed” or “open”.
Open habitats (circles) are expected to allow relatively equal rates of snail influx and efflux,
while closed habitats (X’s) are expected to principally serve as source populations.
Permanent/semi-permanent waterways are represented by the lines, with arrows indicating
water flow direction.
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Microsatellite primers utilized for assessment of B. glabrata genetic variation.

Table 1

Name Repeat Motif Acc. # Size Range Citation
BgC7 | (AG);G(GA)sGGGAGG(GA)s | AF216280 | 317-321 | Mavarez et al. 2000
BgC8 | (AG);Np3(AG)sG(GA);N13(AG)s | AF216274 | 269-271 | Mavarez et al. 2000
BgE4 (GATA) 3 AF216272 | 185-246 | Mavarez et al. 2000
BgE5 (GATA)34 AF216271 | 273-345 | Mavérez et al. 2000
Bgu15 (GA)14(G)1; AF157700 | 182-162 Jones et al. 1999
Bgy16 (TC)oa(TATC)g AF157701 | 138-124 Jones et al. 1999
HBg1l (TC)a0 AF157703 | 200-160 Jones et al. 1999
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Analysis of molecular variance (AMOVA) of B. glabrata populations across seasons and microhabitat site
(population)

Variance component % Variation P - value
Among seasons -16.98 0.93
. Among populations within seasons 59.12 <0.0001
Caju Among individuals within populations 0.27 0.48
Within individuals 57.59 <0.0001
Among seasons —-8.89 1
Among populations within seasons 26.48 <0.0001
SPdJ Among individuals within populations 5.85 0.005
Within individuals 76.56 <0.0001
Among seasons -17.67 0.93
Among populations within seasons 65.38 <0.0001
vde Among individuals within populations -0.44 0.61
Within individuals 52.73 <0.0001
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