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Abstract
We examined the spatial structure of Schistosoma mansoni, a parasite of humans, from natural
infections at two levels: across the Lake Victoria basin of Kenya and among snail hosts. Using 20
microsatellite markers we examined geographic patterns of relatedness and population structure of
cercariae and found weak, but significant structure detected by some, but not all analyses. We
hypothesize structure created by aggregations of clonal individuals or adherence of hosts to local
transmission sites is eroded by high amounts of gene flow in the region. This finding also supports
previous hypotheses concerning the evolution of drug resistance in the region. Intrasnail dynamics
were investigated in the context of aggregation and kin selection theory to determine how relatedness
and also sex influence host sharing and host exploitation. Cercarial production did not differ
significantly between snails with one or two genotypes suggesting that mixed infections resulted in
decreased individual fitness and provides a framework for reproductive competition. Coinfection
patterns in snails were independent of parasite relatedness indicating that schistosomes were not
aggregated according to their relatedness and that kin selection was not influencing host sharing.
Additionally, host exploitation in coinfections (measured by cercarial production) was not negatively
correlated with relatedness, as predicted by classical models due to increased competition and thus
exploitation when parasites are unrelated. Because of the low levels of relatedness within the
population, schistosomes may rarely encounter close relatives and kin selection mechanisms that
influence the distribution of individuals within snails or the virulence mode of the parasites may
simply have not evolved.
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Understanding the transmission patterns of pathogens among host populations is an important
goal for the control of infectious diseases. Population genetics can be used to reveal patterns
of pathogen transmission. For instance, population subdivision into separate transmission
cycles, the amount of gene flow among subpopulations, and the role of hosts and geography
in structuring subpopulations can be revealed with these methods (Tibayrenc, 1999; Criscione
et al., 2005; Archie et al., 2009). This information also can be used to predict evolutionary
dynamics of pathogens such as the evolution of drug resistance alleles and local adaptation or
divergence of pathogens (Criscione et al., 2005; Huyse et al., 2005).
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Schistosomiasis is a chronic and debilitating disease that is estimated to infect 207 million
people world wide, most of whom are in sub-Saharan Africa (King et al., 2005; Steinmann et
al., 2006). Schistosoma mansoni is the primary etiological agent of schistosomiasis in the Lake
Victoria basin of Africa, a region where schistosomiasis has a serious impact on human health
(Kardorff et al., 1997; Handzel et al., 2003; Steinmann et al., 2006; Steinauer et al., 2008c).
Previous studies of genetic structure in Kenya have revealed population subdivision across
large geographic regions (Agola et al., 2006), but this question has not been investigated within
the Lake Victoria basin. This region is of particular interest because of an ongoing longitudinal
study that has involved the repeated use of Praziquantel, the primary drug to treat
schistosomiasis (Karanja et al., 2002). Although there is no evidence of clinical resistance
(Black et al., 2009), drug tolerant parasites have been found in this population (Melman et al.,
In Review).

Population substructure is formed in large part by the amount and patterns of gene flow of the
parasites, which is strongly influenced by the movement of their hosts (Blouin et al., 1995;
Blouin et al., 1999; McCoy et al., 2003; Criscione and Blouin, 2004). S. mansoni develops
within two hosts, a vertebrate definitive host, typically humans, and a snail intermediate host,
snails of the genus Biomphalaria. Also, free living stages, cercariae or miracidia, may have
the capability of dispersal through active swimming or via water currents. While dispersal acts
to erode genetic structure, spatial aggregation works to create it. In many ways, the life cycles
of parasites can create spatial aggregation such as the release of eggs in feces or the release of
cercariae from a single snail point source. Furthermore, aggregation can be amplified through
the life cycle because it increases the probability that infective stages will be cotransmitted to
the same individual hosts (Lotz et al., 1995; Vickery and Poulin, 2002; Keeney et al., 2007).
For instance, a fecal sample from a host will contain eggs of related parasites. Because the eggs
are spatially aggregated, an individual snail may acquire related worms, and then release the
related cercariae, which are likely to encounter the same individual definitive hosts. High
aggregation can lead to the formation of local transmission sites containing unique parasite
demes (Criscione and Blouin, 2006).

Another consideration is polyembryony within the snail host, resulting in the daily release of
hundreds to thousands of cercariae into the environment during patent infection. Particularly
if the transmission success of clones is highly variable, so that some clones are overrepresented
in the adult population, they will produce most of the offspring which will be related as full or
half siblings. If dispersal of the offspring is minimal, such aggregation could create local
pedigree structure, which has an effect on the population genetic structure and also could
influence intraspecific interactions.

Intraspecific interactions of parasites within natural populations can also be explored using
population genetics. The degree of relatedness between individuals that share a host is predicted
to play a large role in determining the outcome of their interaction, and the extent to which
they harm their host (Reviewed by Buckling and Brockhurst, 2008). In single infections, the
optimal strategy is for the parasite to maximize its reproductive rate to maximize fitness without
killing its host (Levin and Pimentel, 1981; Bremermann and Pickering, 1983; Buckling and
Hodgson, 2007). However, hosts are often exposed to multiple individuals of a parasite species,
especially if the infective stages are aggregated in the environment. If resources are limited, a
conflict ensues between parasites that share a host. Classically, related pathogens are expected
to cooperate resulting in decreased host exploitation, while non-related pathogens are expected
to compete resulting in increased reproduction and host exploitation (Hamilton, 1972; Frank,
1992, 1996). If schistosomes can modulate their reproductive rate based on the relatedness of
a competitor, the outcome of this interaction may be detected in the population. If coinfections
of nonrelatives lead to exclusion or host death, then the parasites that share a host will be more
related to each other than expected due to the background relatedness of the parasites. Also, if
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coinfections of non-relatives lead to increased host exploitation via increased reproduction and
relatives moderate exploitation, there will be a negative relationship between relatedness and
reproductive rate. This relationship will also give insight into whether this schistosome system
fits the predictions of more recent alternative models (Chao et al., 2000; Brown et al., 2002;
Buckling and Brockhurst, 2008).

Another factor that could influence host sharing and competition of dioecious parasites is the
sex of the participants. The fragmented nature of their habitats, which are individual hosts, can
be problematic for dioecious parasites because when a parasite colonizes a host, there is no
guarantee that an available mate will be present. Therefore, strategies that increase the
probability of co-transmission of mates, like facilitating dual sex infections in snails, could be
highly advantageous if the cost of host sharing is not too high.

We examined natural populations of S. mansoni in the Lake Victoria basin in western Kenya
to determine the geographic transmission dynamics of this parasite and also investigate
intraspecific interactions that may influence transmission among hosts. First, we examined the
genetic structure of schistosomes in snails in the Lake Victoria basin using a hierarchical
approach. Fine scale structure was determined with spatial patterns of relatedness values. Also,
pairwise F-statistics (Wright, 1932) and Bayesian clustering methods were used to determine
patterns of subdivision and gene flow. Using these data, we addressed the question of whether
schistosomes in the Lake Victoria basin of Kenya function as a single panmictic population or
if separate collection sites or water bodies represent subpopulations or separate transmission
foci.

We also examined relatedness patterns of individual parasites that shared a snail host. Both
spatial aggregation and intraspecific interactions may influence whether related parasites share
a host and how relatedness influences their reproductive output. First, we examined the patterns
of relatedness of individuals in coinfections to determine if those within a single snail were
more related to each other than expected based on background levels of relatedness (predicted
by aggregation and kin selection theory). Second, the asexual reproductive output of parasites
in single and multiple infections was compared to determine if snails represent a limited
resource to the production of infective stages, thus suggesting the potential for interaction
among individuals that share a snail host. Third, to determine the association between
relatedness and cercarial reproduction, we examined the relatedness of coinfecting individuals
and the number of cercariae produced from the infection. We also examined whether or not
coinfections were gender biased since bisexual infections may be more favorable if they permit
cotransmission of mates. We used a field based approach to address these questions so that a
natural population of hosts and parasites and their true relatedness structure could be
investigated. This is in contrast to experimental studies using inbred lines of parasites that may
not be relevant to what a parasite actually encounters in the natural system. In this regard, a
field study places the theory in the context of the natural system and provides a valuable
perspective even if all variables cannot be controlled.

Materials and Methods
Collection of Snails and Parasites and Molecular Techniques

Snails (Biomphalaria sudanica and B. pfeifferi) were collected around the Kenyan portion of
Lake Victoria basin (Fig. 1, Table 1) from November 2004–February 2007 (Steinauer et al.,
2008c). Snails were examined for infection by bringing them into the laboratory, isolating them
in wells of a 24 well plate, and monitoring them for 48 hours for emerging cercariae. Cercariae
from infected snails were used to infect mice via skin penetration of the abdomen while the
mice were anesthetized with sodium pentobarbital. Infection doses of 10 to 200 cercariae were
used depending on the number released by the snail, and 1–8 mice were infected with cercariae
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for each snail depending on how many cercariae were released and how long the snail survived.
Recovery of adult worms from mice 7 weeks post-exposure was accomplished by perfusion
(Smithers and Terry, 1965). Gender of the worms was determined by examining adult
morphology. The HotSHOT (Truett et al., 2000) method was used to prepare genomic DNA
of the worms for PCR. The number of genotypes per snail was previously determined
(Steinauer et al., 2008c) using 7 microsatellite loci. The total number of adults genotyped was
4,777, with a mean of 34.1 per snail (2.5 standard error), range of 8–217, and median of 24
adults per snail. Individuals with the same genotypes at all 7 loci that emerged from the same
snail were considered to be clones descended from a single miracidium and are referred to as
a multilocus genotype. The probability that each multilocus genotype was produced from
independent sexual reproduction events rather than clonal reproduction was low and ranged
from 1.2 × 10−27 to 7.4 × 10−4 for each multilocus genotype (Steinauer et al., 2008c). No
identical multilocus genotypes were found among snails. A total of 182 multilocus genotypes
of S. mansoni were collected from over 22,000 snails (158 infected). Each multilocus genotype
was further characterized so that a total of 22 loci were amplified (Steinauer et al., 2008b).

Geographic Structure
Hardy-Weinberg equilibrium tests at each locus and genotypic disequilibrium tests for pairs
of loci were performed within populations using GENEPOP 4.0 (Rousset, 2008). Significance
tests were performed using the Markov chain method (10,000 dememorizations, 10,000
batches, 10,000 iterations per batch) with sequential Bonferroni corrections for multiple
comparisons within each sample (Rice, 1989). Because prevalence of infection in snails is often
less than 1%, sample sizes at some of the sites were low; therefore, we performed these tests
in five of the populations from which more than 18 schistosome individuals were sampled.
This dataset included 163 individuals. The software package, MICRO-CHECKER (Van
Oosterhout et al., 2004), was used to identify loci that potentially are affected by the presence
of null alleles, long allele dropout, or scoring errors due to stuttering. Diversity including the
number of alleles (A), allelic richness (Rs, number of alleles rarefied to the smallest sample
size), Nei’s estimator of unbiased heterozygosity (Hs) (Nei, 1987), and the Weir and
Cockerham estimator f of Fis (Weir and Cockerham, 1984) were calculated for each locus for
each population and the population considered as a whole using FSTAT 2.9.3 (Goudet,
2001), and results are shown in Table 2. Because sex specific genetic structure has been
reported in a population of schistosomes that infects rats in Guadaloupe (Prugnolle et al.,
2002), we grouped the individuals by sex and tested for differentiation with 10,000
permutations of individuals among sex using FSTAT, and calculated values of Hs and Fis
including the 95% confidence intervals obtained through bootstrapping procedures. This
analysis was performed without regard to geographic location and by only using the largest
“lake” population.

To test for the presence of population structure of S. mansoni in the Lake Victoria basin
indicative of separate local transmission foci, we examined patterns of relatedness among
geographic sites (fine scale genetic structure), compared F-statistics among sites, and used a
Bayesian clustering method that does not rely on a priori delimitation of populations. For the
analyses in which a priori designations were required (all but Bayesian clustering), we
designated populations at two spatial scales: by considering only the 5 sites that had samples
larger than 18 individuals (sites), and by combining samples based on the boundaries of
different water bodies including individuals from the Lake, Asao Stream, Nyabera Marsh, and
Kasabong Stream (water bodies).

For the fine scale genetic structure analyses we followed the methodology of Vekemans and
Hardy (2004) and examined the patterns of relatedness (r) with regard to site only and with
regard to distance among collection localities (analyses were performed on both the sites and
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water bodies sampling regimes). This type of analysis detects the formation of local pedigree
structure. Even though we did not collect adults, this pattern may be detected in the cercariae
if transmission is geographically localized, and a few genotypes are responsible for the
production of the majority of offspring due to their transmission success. In this case, the
parasites within a geographic area will be more related to each other than those from other
geographic locations. This will be particularly true if reproductive variance is highly skewed
among families (which could be exacerbated by a high number of clones in a host) or the
number of reproducing parasites is low (Criscione and Blouin, 2006). This effect may also be
enhanced by the longevity of adult worms (6–10 years) (Fulford et al., 1995). Patterns of
relatedness were investigated with SPAGeDi 1.2 (Hardy and Vekemans, 2002) and ML-
RELATE (Kalinowski et al., 2006). ML-RELATE uses the downhill simplex routine to find
the maximum likelihood estimates of r, and SPAGeDi calculates relatedness statistics as
described by Loiselle et al. (1995) (rn), Queller and Goodnight (1989) (rqg), Lynch and Ritland
(1999) (rlr), and Wang (2002) (rw). Permutation tests (10,000 permutations) were performed
on the four relatedness statistics to test the hypothesis that the average relatedness of individuals
that inhabit a site was greater than a random distribution of the parasites. To test for the effects
of distance, relatedness coefficient values were regressed on the linear spatial distance among
sites and also the natural logarithm of distance and tested against 10,000 permutations of
individuals among sites using SPAGeDi 1.2.

Bayesian clustering analysis was implemented by STRUCTURE 2.2.3 (Pritchard et al.,
2000). This method does not rely on predefined populations and instead delineates clusters of
individuals in Hardy-Weinberg equilibrium and assigns each individual a probability of
belonging to a cluster (Pritchard et al., 2000); therefore all samples were included. We
performed runs with predefined numbers of clusters (K) ranging from 1 to 10, and performed
5 replicates of each using admixture and correlated allele frequency models. Each run was
composed of a burnin period of 1 million MCMC, followed by 100,000 iterations. To ensure
the length of the run was sufficient, we checked that the likelihood values of the runs had
stabilized among replicates. The optimal number of clusters, K, was determined by the
maximum values of lnP(D), which is an estimate of the posterior probability of the data for a
given K value. Also, the assignment patterns of individuals were investigated to determine if
any individuals were strongly associated with a cluster or if they had a relatively equal chance
of belonging to any of them.

Population differentiation was also investigated using fixation indices that were calculated
using the method of Weir and Cockerham (1984) and the presence of population structure was
tested with 10,000 permutations of genotypes among sites using FSTAT 2.9.3 (Goudet,
2001). Pairwise Fst values were calculated using the same software and tested for significant
differences between populations with 6,000 permutations. Since subpopulations must be
defined a priori for theseanalyses and these parameters were unknown, we tested both the sites
and water bodies sampling regimes. All Fst values reported were standardized by calculating
the maximum Fst value given the data using RecodeData v. 0.1 (Meirmans, 2006) and dividing
the Fst values calculated from the data by the maximum values. This standardization allows
comparison of Fst values across studies.

Ideally, population genetics analyses should be performed on a subsample of the adult
population. However, it is not possible to obtain adult schistosomes from human transmitted
systems because they live within the mesenteric veins and cannot be easily or ethically removed
from a living person. Consequently, we sampled cercariae from snails to infer patterns of
transmission. Although indirect, the cercariae represent individuals that are being transmitted
from snails and should represent the adult population unless very few adults produce the
majority of cercariae. In this case, the presence of sibling groups could lead to the conclusion
of false genetic structure (Li and Hedgecock, 1998; Waples, 1998). Fortunately, microsatellite
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data allow the determination of relationship structure so that sibling groups can be detected.
Cercariae are less likely to be affected by a skew in adult reproduction than miracidia, which
are obtained directly from fecal samples and suggested as an alternative method for
schistosome population genetics (e.g. Curtis et al., 2002; Shrivastava et al., 2005; Gower et
al., 2007; Steinauer et al., 2008a; Thiele et al., 2008).

Intrasnail Dynamics
To test the hypothesis that the average relatedness of individuals that coinfect the same snail
host was different from a random distribution of parasites. Permutation tests were performed
with SPAGeDi as described for testing relatedness patterns across geography except
individuals were grouped by snail rather than geographic locations.

To determine if cercarial production (as a measure of host exploitation) differed among snails
infected with multiple v. single genotypes, an analysis of covariance (ANCOVA) was
performed using the natural log transformed values of cercarial abundance as a dependent
variable. The model included the natural log of snail size as a covariate, the infection category
(single v. multiple infection), and the interaction between these variables as the independent
variables. Cercarial production was measured hourly during a 24 hour period and replicated
every 4 days as long as the snail lived (Steinauer et al., 2008c). Because the number of replicates
varied among snails, cercarial abundance was calculated in two ways: as the mean of all
replicates per snail, and as the first observation for each snail. Results did not differ among
these methods. To determine if relatedness correlated with the number of cercariae shed as a
measure of exploitation, a Pearson correlation was performed on the pairwise relatedness
values (rw) and number of cercariae shed for each replicate for each snail and a one tailed
significance test was performed. If only one replicate per snail was included, the results did
not differ. Snail size was not considered in this analysis as it was not a significant factor in
determining cercarial production as determined from the previous analysis (see Results).

We used cercarial production as a measure of host exploitation in terms of the resources used
by the parasite to create parasite infective stages and the energetic cost to the snail. Schistosome
parasites acquire the majority of their resources directly from snail tissues; therefore greater
cercarial production requires a larger amount of resources taken from the snail. We expect this
to be a general pattern in a natural population, and it was detected Davies et al. (2002) in a
laboratory experiment. However, there may be exceptions due to host-parasite compatibility
such as those detected when comparing selected lines of parasites and snails (e.g. Davies et
al., 2001).

To determine if dual sex coinfections were more common than single sex coinfections, a χ2

goodness of fit was used to compare the observed and expected ratios. Since sex ratios were
not even, permutations were used to determine the expected numbers.

This project has been fully approved for the use of animals by the University of New Mexico
Institutional Animal Care and Use Committee (Protocol #07UNM003) and Board of Animal
Care and Use of the Kenya Medical Research Institute.

Results
Geographic Dynamics

Marker Validation—After Bonferroni corrections, none of the loci showed statistical
deviation from Hardy-Weinberg proportions, although P-values were low, but not significant
after correction (0.0009, 0.0017) for the X77211 locus for two populations, Asembo Bay and
Kisumu, respectively. The analysis with MICRO-CHECKER also indicated that this locus was
likely affected by presence of null alleles, and this locus has been problematic in other studies
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due to stuttering and long allele dropout (Steinauer et al., 2008a); therefore, this locus was not
used in these analyses. Linkage disequilibrium was detected between two loci, which were
originally designated as SMC1 (Curtis et al., 2001) and SMMS16 (Silva et al., 2006). Even
though they were described as independent loci with different primer sets, they appear to be
the same locus since the GenBank accession numbers are identical (AF325694). SMC1 was
removed from further analyses.

Sex Biases—Male and female worms were not significantly differentiated regardless if the
entire dataset was analyzed or if only the “lake” population was analyzed, therefore only the
results using all data are given (P = 0.540 for all populations) and they had similar values of
Fis and heterozygosity. For all populations, Fis for females with the 95% confidence interval
was 0.010 (0.009–0.016) and for males was 0.019 (−0.005–0.043). Unbiased heterozygosity
(Hs) (Nei, 1987) for females and males was 0.744 and 0.749, respectively.

Genetic Structure—The permutation analyses indicated that for 3 of the 4 relatedness
statistics the parasites collected from within a site were more related than expected by the
background relationship structure when only the five largest populations were considered
(sites) and when sites were grouped by water bodies (water bodies) (Table 3). Significant
differences were not detected when relatedness was measured with Wang’s estimator. The
results of the regression analyses indicated that these patterns were not due to isolation by
distance when either a linear or log-linear regression were performed.

The analyses with STRUCTURE, the Bayesian clustering analysis that makes no a priori
assumptions of population structure, indicated that the most optimal partition of the data
consisted of one cluster, with no subdivision, suggesting a single panmictic population. The
lnP(D) values for one cluster (K=1) was consistently lower than when multiple clusters were
considered. Also, when analyses were performed with more than one cluster, the estimated
membership coefficients (Q̂) indicated that each individual was about equally likely to belong
to all of the estimated clusters, which supports the presence of only one cluster.

Permutation tests of F statistics indicated the presence of substructure when individual sites
were considered (P = 0.001) and when water bodies were considered (P = 0.0001). Overall
standardized Fst was 0.012 for sites and 0.016 for water bodies. Pairwise tests indicated that
when each site was considered, only the Asao Stream and Nyabera Marsh populations were
significantly different. When water bodies were considered, the Fst values among them were
low (standardized Fst = 0.010–0.056), but most populations were significantly different from
each other except Kasabong Stream and Nyabera Marsh, and Kasabong Stream and the Lake
population (Table 4); however, this result should be regarded with caution because of the small
sample size of the Kasabong Steam site (n=8).

The mean pairwise relatedness values and their standard deviations for the three relatedness
test statistics ranged from −0.004 to −0.002 (Table 3). These values along with the frequency
histogram of the pairwise values (Fig. 2) indicate that most individuals were unrelated;
however, some individuals were related as shown by the values in the right tail of the
distribution. ML-RELATE estimated the relationships of 0.03% of the dyads to be full-siblings,
5.52% half-siblings, 0% parent-offspring, and 94.44% unrelated.

Intrasnail Dynamics
Individuals that coinfected the same hosts (21 total coinfections, 18 snails with 2 genotypes
and 3 snails with 3 genotypes) were not more related than expected by chance as determined
by all three permutation tests that utilized different relationship statistics (Fig. 2, Table 3) (This
analysis was also performed within the Lake and Asao populations separately. Results were
still insignificant, data not shown). Also, the number of cercariae released per snail over a 24
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hour period did not differ between snails that were infected with a single genotype and those
multiply infected (First observation only: Size: F1,91 = 0.153, P = 0.153; Infection F1,91 = 0.100,
P = 0.753; Interaction: F1,91 = 0.117, P = 0.733), suggesting that cercarial production is reduced
per capita in multiple infections. The number of cercariae released from snails with multiple
infections was significantly positively correlated with relatedness of the parasites (Pearson
Coefficient = 0.409, P = 0.0237, n = 24, using all replicates); however, a single outlier had a
large influence, and when removed, the relationship was no longer significant (Pearson
Coefficient = 0.223, P = 0.188, n = 23) (Fig. 3). Results using only the first observation were
also similar in that a marginal positive relationship was detected (Pearson Coefficient = 0.503,
P = 0.0837, n = 9). Interestingly, the positive relationship between these variables, whether
considered significant or not due to the outlier, was the opposite of what was predicted by
traditional models, which is a negative relationship between relatedness and cercarial
production. The distribution of sexes within a coinfection was not significantly different than
expected by random association (χ2 = 2.234, df = 2, P = 0.30).

Discussion
Geographic Dynamics

We examined both fine scale and broad scale population structure of schistosomes in the
Kenyan portion of the Lake Victoria basin to investigate their transmission dynamics. There
was some evidence of weak substructure at both levels. Bayesian clustering analyses failed to
identify unique populations suggesting that schistosomes in this area are better characterized
as a single panmictic population. However, the pairwise tests of F-statistics did identify unique
populations in the region, although with low Fst values. Because pairwise test have more
statistical power to detect differences than the Bayesian analysis, these results suggest the
presence of weak, but significant substructure among schistosomes from different water bodies.
The differentiation of these populations could be due to watershed characteristics or movement
patterns of humans that restrict gene flow among these sites. Watershed characteristics
influence parasite gene flow because they restrict movement of both snails and free-living
stages of parasites. Stream flow would work to inhibit upstream movement, especially from
lake sites into streams, although downstream movement is likely. Also, snails are
geographically restricted based on their habitat requirements: B. pfeifferi occurs in the streams
and B. sudanica occurs in the lake. Differential use of these host species would work in synergy
with microhabitat segregation to increase population subdivision if the parasites at these sites
are better adapted to their local intermediate host species. Also, these transmission sites serve
as primary sources of water for many humans in the area, and fidelity of humans to these sites
would also increase population subdivision.

Fine scale structure was detected using 3 of 4 relatedness estimators, suggesting that individuals
collected from a single site or sites grouped into water bodies were more related than expected
from a random distribution of parasites. Fine scale structure detects the presence of local
patterns of pedigree structure (Vekemans and Hardy, 2004; Born et al., 2008), which in this
system could be due to spatial aggregation of siblings in fecal samples or clonal genotypes
emerging from a single snail point source that do not get dispersed. The observed structure did
not significantly correlate to the geographic distance among sites, which suggests that distance
does not necessarily predict dispersal patterns and factors like water currents or wind patterns
could be more important determinants of structure at this scale. Although this analysis indicated
the presence of fine scale structure, it appears to be weak because collection sites were not
characterized by a large number of highly related parasites. In fact, very few closely related
individuals were found (Fig. 2).

Schistosoma mansoni has been the focus of similar studies that examine population structure
in human transmission foci (e.g. Curtis et al., 2002; Agola et al., 2006; Thiele et al., 2008).
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Structuring is dependent both on the scale of the study and the particular populations
investigated (Thiele et al., 2008). A previous study of schistosome genetic structure in Kenya
showed subdivision among three watersheds in Kenya and among sites within two of these
watersheds (Agola et al., 2006). Our results show much less differentiation partly due to the
smaller scale of the study, but also potentially due to the enormity of the lake and the large
number of people who are occupationally tied to it for fishing, harvesting sand, and washing
cars, and who rely on it for their primary source of water.

In the Lake Victoria basin, schistosome population structure is of interest because of the
possibility for the emergence of drug resistance. In this region, there is an ongoing longitudinal
study that has involved the repeated use of Praziquantel to treat a population of approximately
200 men near the city of Kisumu (Karanja et al., 2002; Black et al., 2009). Recently drug
tolerant parasites have been isolated from this population (Melman et al., In Review). However,
long term epidemiological data suggest that there is no evidence of clinical resistance in this
population (Black et al., 2009). One of the primary factors in determining how rapidly drug
resistance alleles spread throughout a population is the size of the treated proportion relative
to the untreated proportion, termed “refugium” (Geerts and Gryseels, 2000; Sissay et al.,
2006; Leathwick et al., 2008; Waghorn et al., 2008). Our findings suggest this refugium is
relatively large because of the high rates of gene flow and lack of population substructure
throughout the Kenyan portion of the lake. On one hand, high rates of gene flow indicate
opportunities for resistance alleles to become distributed widely; however, as long as drug
treatment pressure is restricted to a small proportion of the population, such alleles are less
likely to increase in frequency to the level of clinical resistance. Our findings are consistent
with this theory; however, other factors play a role in the emergence of drug resistance such
as the genetic architecture underlying the trait and costs associated with resistance, and these
factors have yet to be fully explored (Feng et al., 2001; William et al., 2001).

Intrasnail Dynamics
We also examined the relatedness patterns of parasites within snails. Snails that share a host
may be related due to aggregation of relatives within the habitat, or potentially due to
intraspecific interactions. We investigated intraspecific interactions in the context of classical
kin selection models. These models predict that unrelated individuals should compete and
increase reproduction and thus exploitation in the short term to acquire as many resources as
possible even at the expense of the host, but related individuals should reduce their levels of
competition, and reduce host exploitation (Hamilton, 1972; Frank, 1992; May and Nowak,
1995; Frank, 1996).

First, to determine the potential importance of intraspecific interactions when parasites share
a snail host, we compared reproductive success of parasite individuals that shared a host to
those that did not. We found that the total reproductive rate of parasites in coinfections did not
differ from those in single infections. Therefore, coinfections have severe fitness consequences
to the parasites, and there is a context for intraspecific interactions to evolve. Although asexual
reproductive rate is not the same as fecundity, it likely is directly associated as the more
infective stages that are produced, the greater the probability of transmission to the next host,
and thus the higher their total fecundity. However, this prediction has not been validated in
natural populations and it is possible that a tradeoff could result in the opposite pattern.

We also found that the parasites that coinfect snails were not more related than expected by a
random distribution of parasites. It was predicted that aggregation or kin selection would favor
the occurrence of related parasites within a snail. The former would be due to spatial
autocorrelation of parasite relatives in fecal samples. The latter could be due to competitive
exclusion of unrelated individuals within snails or the death of snails that acquire unrelated
parasites due to increased parasite competition. The latter outcome is one prediction of kin
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selection theory; however, interactions could be manifested differently such as by modifying
reproductive rates based on relatedness of coinfecting parasites. However, there was no
significant negative relationship between relatedness and the total number of cercariae
produced in coinfections, as predicted by classical models. In fact, the trend, which was
significant with the inclusion of an outlier, was a positive correlation. These data better fit
alternative models that incorporate more details of the interactions between the parasites and
their hosts (Chao et al., 2000; Brown et al., 2002; Schjørring and Koella, 2003). For example,
if there are costs to competition, then decreased growth or reproductive rates of the parasites
is predicted when parasites are less related, creating a positive correlation between relatedness
and reproductive rate (Chao et al., 2000). Alternatively, if the parasites only cause sub-lethal
damage to the host, and this damage feeds back to affect parasite reproduction, then multiple
infections generally lead to reduced reproduction (Schjørring and Koella, 2003). In this case,
competition may initially increase reproduction, but damage done to the host limits further
parasite reproduction, resulting in no net increase. Further studies are necessary to determine
if these models are relevant to this system.

Finally, we determined that parasites that coinfected a host were also randomly distributed with
regard for sex. This finding suggests there is no mechanism that would favor the establishment
of opposite sex coinfections over same sex coinfections. Opposite sex coinfections were
predicted to be beneficial because it is likely that the individuals would be cotransmitted to the
final host, thus insuring the presence of a mate.

Contrary to our findings, relatedness of schistosomes in snails has been found by others to be
an important factor in determining parasite interactions within snails. Experimental infections
of laboratory strains of schistosomes revealed that mixed infections of unrelated individuals
led to increased asexual reproductive rates (Davies et al., 2002). It is possible that parasite
interactions are context dependent: Davies and colleagues used strains of laboratory bred
schistosomes and a different species of snail host than used in our study. Another explanation
is that the discrepancies between studies are due to the differences in the degree of relatedness
among individuals. The experimental study utilized two highly divergent laboratory strains of
parasites and laboratory raised snails while we used individuals from a large, heterogeneous,
natural population. It is possible that the relatedness values of the schistosomes in Kenya were
not high enough for this theory to be relevant as high levels of relatedness are necessary for
kin selection to operate (Buckling and Brockhurst, 2008). For example, interactions may only
be detected with full siblings or inbred lines. Finally, competition between parasites could be
manifesting itself differently from either complete interference or increased reproductive rates
of both competitors. It is possible that one genotype reproduces more rapidly while interfering
with the reproduction of the other resulting in no net increase in cercariae (Gower and Webster,
2005). To test this scenario, a detailed examination of the numbers of cercariae produced by
each MLG would be necessary.

Field based studies of natural populations such as this one cannot control all possible factors
influencing the system and therefore may not be as clear-cut as experimental studies that are
necessary to fully understand intraspecific interactions. However, they provide an essential
perspective because the data are based on a natural population of hosts and parasites and focus
on their true relatedness structure. In populations in Kenya, the fact that schistosomes rarely
encounter close relatives in the snail host due to chance alone could make kin selection
irrelevant for this system particularly if their current relationship structure is analogous to
historical structure. However, relatedness has been shown to positively influence coinfections
of tapeworms in sticklebacks even when the relatives were only cousins (r = 0.125) (Jager and
Schjørring, 2006).
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Summary
Schistosoma mansoni in the Lake Victoria basin is characterized by having very little spatial
structure among snail hosts and across geography. Although there is evidence of spatial
patterning of related individuals and also spatial substructure based on water bodies,
substructure is not strong indicating a significant amount of gene flow across these geographic
sites. We also found evidence of local pedigree structure, which may be attributed to the
massive production of clonal infective stages in snails; however, the pedigree structure was
weak and close relatives were not common. These findings suggest that the variance of success
in schistosome cercariae is not highly skewed so that most infections in humans are not derived
from a small proportion of snails (i.e. superspreading snails), which would lead to a much more
related population of schistosomes. Relatedness or sex of schistosomes did not influence host
sharing. Also, relatedness and cercarial production had a positive relationship, the opposite
result of our predictions based on classical models. Because of the low levels of relatedness
within the population, schistosomes may rarely encounter close relatives and kin selection
mechanisms that influence the distribution of individuals within snails or their competitive
strategy may simply have not evolved.
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Figure 1.
Map of the Lake Victoria region of Kenya and sites sampled for this study. Collection locality
numbers correspond to Table 1.
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Figure 2.
Frequency histogram of pairwise relatedness values (r) of Schistosoma mansoni collected from
snails in the Lake Victoria Basin of Kenya. Relatedness was calculated by the method of Wang
(2002). Open circles indicated relatedness values of dyads collected from the same individual
snail.

Steinauer et al. Page 16

Int J Parasitol. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Relationship between the number of cercariae released from multiply infected snails and the
relatedness of their parasites.
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Table 4

Pairwise comparisons of assemblages of Schistosoma mansoni collected from sites grouped by lake and non lake
sites within the Lake Victoria basin. Standardized pairwise Fst values are in the lower matrix and significance
values are in the upper matrix.

Lake Asao Kasabong Nyabera

Lake - *0.0070 0.0030 *0.0020

Asao 0.0100 - *0.0030 *0.0083

Kasabong 0.0461 0.0564 - 0.0153

Nyabera 0.0150 0.0109 0.0494 -

*
= statistical significance after Bonferroni correction.
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