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SUMMARY
Non-availability of adult worms from living hosts remains a key problem in population genetic
studies of schistosomes. Indirect sampling involving passage through laboratory animals presents
significant ethical and practical drawbacks, and may result in sampling biases such as
bottlenecking processes and/or host-induced selection pressures. The novel techniques reported
here for sampling, storage and multi-locus microsatellite analysis of larval Schistosoma mansoni,
allowing genotyping of up to 7 microsatellite loci from a single larva, circumvent these problems.
The utility of these assays and the potential problems of laboratory passage, were evaluated using
7 S. mansoni population isolates collected from school-children in the Hoima district of Uganda,
by comparing the associated field-collected miracidia with adult worms and miracidia obtained
from a single generation in laboratory mice. Analyses of laboratory-passaged material erroneously
indicated the presence of geographical structuring in the population, emphasizing the dangers of
indirect sampling for population genetic studies. Bottlenecking and/or other sampling effects were
demonstrated by reduced variability of adult worms compared to their parent field-collected larval
samples. Patterns of heterozygote deficiency were apparent in the field-collected samples, which
were not evident in laboratory-derived samples, potentially indicative of heterozygote advantage
in establishment within laboratory hosts. Genetic distance between life-cycle stages in the majority
of isolates revealed that adult worms and laboratory-passaged miracidia clustered together whilst
segregating from field miracidia, thereby further highlighting the utility of this assay.
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INTRODUCTION
Schistosomiasis is a macroparasitic disease of profound medical and veterinary importance,
with some 600 million people exposed and 200 million infected at any time throughout the
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tropical world (Chitsulo et al. 2000). The causative agent, Schistosoma spp. (Platyhelminth;
Trematoda), has an indirect life-cycle involving obligatory alternation of generations
between a mammalian definitive host and a molluscan intermediate host. Transmission
between hosts occurs via free-swimming larval stages, miracidia (infective to the mollusc)
and cercariae (infective to the mammal). Molecular epidemiological studies of schistosomes
provide exciting opportunities to investigate many important topics, such as the contribution
of parasite genetics to variation in disease burden and pathology (Brouwer et al. 2003), the
genetic consequences of various control activities for the parasite population (Curtis et al.
2002), patterns of recruitment and transmission in endemic areas (Sire et al. 1999) and the
potential for the circulation of strains differentially adapted to human and reservoir hosts,
particularly important in the zoonotic Schistosoma japonicum (Shrivastava et al. 2005).
Curtis and Minchella (2000) stressed the need for “estimates of schistosome genetic
diversity ... over a broad area and in different infection foci with varying transmission
dynamics”. To help achieve this, microsatellite markers have been developed for 2 of the
major schistosomes of humans, S. mansoni and S. japonicum (Durand et al. 2000; Blair et
al. 2001; Curtis et al. 2001; Rodrigues et al. 2002; Shrivastava et al. 2003).

A key problem for schistosome molecular epidemiological studies, however, is that adult
worms are not available for direct sampling due to their location in the mesenteric system
surrounding the intestine (S. mansoni and S. japonicum) or bladder (S. haematobium).
Researchers have taken various approaches to circumvent these difficulties, the most
common being to use indirect sampling, analysing adult worms following a single, or
occasionally multiple, generation(s) of laboratory passage (Curtis et al. 2002; Rodrigues et
al. 2002; Stohler et al. 2004). In such cases, isolation of the parasite depends on hatching
eggs and infecting laboratory snails with miracidia and subsequently exposing laboratory
mammals to cercariae from the infected snails. Such methods not only present evident
disadvantages in terms of animal usage, but are also extremely time consuming, requiring
several months for passage. Moreover, laboratory passage has the potential to introduce
sampling error, bottlenecks and selection biases, such that the resulting isolates may not be
representative of genetic variation in the original population. Indeed, previous studies have
demonstrated that long-established laboratory schistosome strains may only represent
10-15% of the diversity present in that of recent field isolations, with the absence in
particular of many rare alleles (Rodrigues et al. 2002; Stohler et al. 2004), although the
severity of this problem in a single life-cycle passage is less established (LoVerde et al.
1985; Shrivastava et al. 2005). An alternative approach has been to characterize the
schistosome populations of natural non-human hosts such as wild rats in Guadeloupe (Sire et
al. 2001; Prugnolle et al. 2002), which, whilst such lethal sampling allows for direct
characterization of adult worms, it carries the caveat that schistosome epidemiology may be
quite different in human populations due, in part, to potential strain adaptations (LoVerde et
al. 1985) and patterns of host movement (Curtis et al. 2002; Davies et al. 1999). Finally,
Brouwer and co-workers (Brouwer et al. 2001, 2003) made elegant use of the amplification
inherent within the schistosome life-cycle to generate sufficient parasite samples for genetic
analysis through, in their case, collection of S. haematobium miracidia from schoolchildren
in Zimbabwe and subsequent single miracidial infections of snails. Cercarial samples arising
from asexual reproduction in the snail host, representing clonal copies of the infecting
miracidium, were then used for their Randomly Amplified Polymorphic DNA (RAPD)
analyses. However, such methodology still necessitates infection of laboratory or field-
collected snails, thereby introducing potentially serious bottlenecking and selective
pressures, such as variations in snail-schistosome compatibility (Webster and Davies, 2001).
Indeed, this may be particularly relevant to this system since the snail-schistosome
interaction is characterized by a high level of strain-specificity, where the likelihood of
establishment in a given laboratory or field snail strain is directly influenced by both parasite
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(Cohen and Eveland, 1988; Davies et al. 2001) and snail host genetics (Manning et al. 1995;
Morand et al. 1996; Webster et al. 2004).

An ethically and biologically superior alternative to laboratory passage must thereby consist
of the development and application of novel methodologies for the field collection, storage
and microsatellite analysis of larval schistosome samples directly collected from natural
infections. However, these are not without practical difficulties, due primarily to the small
size (S. mansoni and S. haematobium - 180 μm×80 μm, S. japonicum - 80×63 μm) and
limited life-span (hours) of schistosome larvae (Rollinson and Johnston, 1996). We have
previously reported a methodology for microsatellite amplification of single S. japonicum
larvae (Shrivastava et al. 2005), which represented a substantial epidemiological and
practical improvement over previous sampling techniques requiring laboratory passage.
Nevertheless, that methodology requires samples to be frozen on collection. Moreover, it is
limited to single locus analyses per individual parasite larva, which not only requires prior
information about parasites in the region regarding the presence of linkage (dis)equilibrium
between the loci used (Rosenberg et al. 2002), but also requires large numbers of larval
samples per individual host (the number required being the product of the sample size per
locus and the number of loci). Furthermore, it is not possible to assess the multilocus
genotype of an individual larval stage.

The aim of the current study was therefore to develop a substantially refined alternative
methodology which allows for larval sampling, room temperature-based storage, and PCR
amplification of, in this case, up to 7 microsatellite loci from individual S. mansoni larvae
collected directly from naturally infected humans. Furthermore, we aimed to demonstrate
the utility of this novel assay, and the potential influence of the stage of sampling and isolate
production on genetic data through comparative population genetic analyses of field-
collected S. mansoni miracidia obtained from Ugandan schoolchildren and the resulting
adult worms and miracidia obtained when these isolates were passaged in the laboratory.

MATERIALS AND METHODS
Development and optimization of assays for storage and PCR amplification of field-
collected miracidia

For DNA storage, following hatching of eggs, individual miracidia were picked up using a
glass pipette under the binocular microscope and washed twice by successive transfer to a
new Petri dish containing autoclaved deionized (in the laboratory) or bottled spring water (in
the field), in order to minimize the presence of contaminants. Single miracidia were
transferred to Whatman FTA® indicator cards in a volume of 5 μl of deionized autoclaved
water and allowed to dry for 1 h. Addition of the sample activates chemicals in the cards that
lyse cells, inactivate proteins and immobilize the genomic nucleic acids. For DNA
extraction, a 2·0 mm sample disk was removed from the Whatman FTA® cards using a
Harris Micro Punch and incubated for 5 min in FTA® purification reagent (Whatman plc,
Maidstone, Kent). The FTA® purification reagent was removed and replaced twice for a
total of 3 washes. This was followed by 2×5 min incubations in TE buffer. Samples were
dried for 10 min at 56 °C before use in PCR reactions.

A novel multiplex PCR assay using 7 previously published S. mansoni primers (Durand et
al. 2000; Blair et al. 2001; Curtis et al. 2001; see Table 1) was developed. Considerable time
was taken during assay development in investigating and optimizing the effects of reaction
conditions and the combination of individual and different groups of primers on the results
obtained using laboratory stock solutions of DNA originally derived from adult worms. The
final amplification and thermal cycling protocol selected was as follows. Forward primers
were fluorescently labelled using 6-FAM, TET and NED dyes (Applied Biosystems,
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Cheshire, UK), using different colours for alleles with overlapping size ranges. PCR
reactions were performed on Gene Amp® PCR System 9700 (Applied Biosystems,
Cheshire, UK). Amplifications were performed in 25 μl reactions containing template ≤1 μg
DNA, 0·02 μM of each primer, 3 mM MgCl2, ultra-pure quality dNTP Mix and HotStarTaq
DNA Polymerase (Qiagen® Multiplex PCR kit, West Sussex, UK). Thermal cycling was
performed with a step-down PCR beginning with an initial hot-start activation of 15 min at
95 °C, followed by 40 cycles of 30 sec at 94 °C, 90 sec at annealing temperature (2 cycles at
each temperature from 58 to 48 °C followed by 20 cycles at 48 °C), 60 sec at 72 °C, with a
final extension at 60 °C for 30 min. Products were diluted in N, N’-dimethyl formamide
with Genescan®-500 [ROX 500] size standard and analysed using an ABI 377 automated
sequencer and Genescan v. 3.7 (PE Applied Biosystems). Allele sizes were calculated using
ABI PRISM Genescan v 2.7 and Genotyper v 2.7 software (Applied Biosystems).

A random selection of 20 adult schistosome worms from Ugandan isolates (see below) were
also used to conduct single locus amplifications of each of the 7 primers used in the
multiplex assays, under identical reaction and thermocycling conditions in order to verify
the robustness of the multiplex reaction. This was not possible for miracidial samples, which
could only be used in a single reaction.

Assessment of utility of developed assays
Seven ‘population’ isolates were collected from schoolchildren in the Hoima district of
Uganda in June 2004; 4 consisted of pooled isolates from 20 children at 4 randomly selected
primary schools and the remaining 3 were isolates from individual children. Miracidia were
also collected from a fourth infected child, but isolate establishment in the laboratory host
failed in this case (Table 2: see Fig. 1 for location of schools). Infected children were
identified by positive Kato-Katz smears and all examined children were treated with
praziquantel at 40 mg/kg. Miracidia were hatched from faecal samples in bottled spring
water. Samples were divided and 48 to 150 miracidia used for the immediate exposure of
laboratory bred Biomphalaria glabrata (strain NHM2), at a dose of 6 miracidia per snail. The
remaining samples were stored on Whatman FTA® Indicator cards (Whatman plc,
Maidstone, UK). The number of snails exposed varied according to the number of miracidia
hatched (Table 2). Snails were transported to the UK, where they were maintained in the
laboratory in bottled spring water (Sainsburys Supermarkets plc, London, UK) and fed ad
libitum on freshly washed lettuce. The laboratory was maintained at 27 °C and subject to a
light regime of 12 h light and 12 h darkness, with a 30-min gradual transition at ‘dawn’ and
‘dusk’. Snails were maintained for 35-40 days, the pre-patent period during which larval
development to the cercarial stage takes place. Following this time, cercariae from each snail
were induced to shed by placing snails in the dark for 24 h and subsequently exposing them,
at 10 am to an overhead light source (100 W) for 2 h in vials containing 16 ml of water.
Cercariae from the snails representing one isolate were pooled and used to infect 5-10
laboratory mice (strain TO) per isolate at a dose of 220 cercariae per animal by paddling for
0·5 h in 30 ml of infected water. At 7 weeks post-infection, before signs of pathology had
occurred, mice were asphyxiated using a rising concentration of carbon dioxide. Adult
schistosomes (which varied in number from 24 to several hundred established worms per 4-
mouse isolate) were recovered by a modified hepatic perfusion technique (Smithers and
Terry, 1965). Thirty randomly selected adult worms were stored in 100% ethanol until
required for genetic analysis, except for isolate Run-1 where only 24 adult worms were
recovered and stored. Miracidia from eggs in each of the livers were stimulated to hatch by
maceration through a sieve and exposure to a bright light (100 W) source for 30 min in 100
ml of deionized water. Liver samples of each isolate separately, were pooled and 30-50
miracidia per isolate stored for PCR analysis on Whatman FTA® Indicator cards (Whatman
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plc, Maidstone, UK), with the exception again of isolate Run-1 where a total of only 25
miracidia were successfully hatched.

DNA was extracted from the 30 (or 24 for Run-1) adult worms using phenol chloroform and
ethanol precipitation (Davies et al. 1999) and from 30 field and 30 laboratory miracidial
samples (25 for Run-1) as described above. All samples were subject to multiplex PCR for 7
microsatellite loci as described above. A sample size of 30 was selected as this represented
the smallest field miracidial sample (isolate Kib-P).

Data analyses
Allelic diversity—Genetic data analysis (GDA) version 1.1 (Lewis and Zaykin, 2001) was
used to calculate the total number of alleles per locus and the number of private alleles per
locus within individual isolates (i.e. alleles exclusive to a sample type). Differences in the
mean number of polymorphic loci and number of private alleles per population were
investigated using multivariate analysis of variance (Minitab, Minitab Inc, State College,
PA) using the 7 microsatellite loci as dependent variables and sample type (field-collected
miracidia, adult worms or laboratory derived miracidia), isolate identity and their
interactions as independent variables. The analysis was repeated using the number of unique
multi-locus genotypes as a covariate, to control for any potential differences in effective
population sizes since adult worms could be clonal. The significance of differences was
assessed using Pillai-Bartlett’s trace test statistic.

Heterozygosity—Hardy-Weinberg equilibrium analyses, testing the hypothesis that
observed diploid genotypes are the product of random union of gametes (i.e. that the
population is randomly mating), were carried out using Arlequin 2.000 (Schneider et al.
2000). To detect significant departure from this equilibrium, a modified version of the
Markov-chain random walk algorithm described by Guo and Thompson (1992) was used, a
test analogous to Fisher’s exact test using a contingency table of observed allele frequencies
and the number of alleles through 100 000 permutations.

Representation of parent populations by laboratory-passaged samples
As a measure of genetic distance between populations, for each of the isolates in turn, a
matrix of Cavalli-Sforza and Edwards’ chord distances (Cavalli-Sfoza and Edwards, 1967)
was estimated between the sample types using POPULATIONS 1.2.28 (Langella, 1999) and
visualized using Unweighted Pair Group Method with Arithmetic Mean (UPGMA). The
reliability of phenograms was assessed by bootstrapping over loci with 10 000 replications.

Evidence of population structure between the isolates
Using each of the 3 sample types (field-collected miracidia, adult worms or laboratory-
derived miracidia) in turn, Fst statistics measuring evidence of genetic differentiation
between the isolates were calculated in Arlequin 2.000 (Schneider et al. 2000). P-values
were calculated by 100 000 random permutations. UPGMA clustering was used to visually
represent the data using Molecular Evolutionary Genetic Analysis (MEGA) version 3
(Kumar et al. 2004). For each of the 3 datasets individually, the correlation between the
matrix of (Fst-1/Fst) genetic distance and geographical distance (as measured by the shortest
straight line distance on a map) was investigated using Mantel tests. These analyses were
conducted in XLSTAT-Pro 7.5 (Adinsoft Inc, New York, USA).
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RESULTS
Development of assays for storage and PCR amplification of field-collected larval
schistosomes

The successful development and application of novel techniques which provide a filter-
paper based, room temperature storage system for schistosome larval DNA and a multiplex
assay for multi-locus genotyping of single larvae with microsatellite markers, which were
able to perform amplification of up to 7 loci from a single miracidium, are described (Table
1). For the 20 adult worms subject to both single locus and multiplex amplification there
was 94% agreement between the reactions. Of the 140 loci, there were 3 that failed to
amplify in the multiplex reaction (2 involving the same adult template DNA), 2 which failed
to amplify in the single locus reaction and 4 genotyping errors (2·85%). This represented
100% concordance for primers s9-1 and smd28, 95% for primers ca11-1 and smd25, 90%
for primers smd89 and smu31768 and 85% for primer smda28. In each of the 4 genotyping
errors the sequencer traces were very similar but had a large stutter band which varied in
height between the multiplex and single locus reaction resulting in the genotyping error.

Assessment of utility of developed assays: population genetic analysis of samples from
Uganda

From 8 attempted population isolations, only 7 isolates were successfully recovered (Table
2). Due to the low number of miracidia present in isolate Kas-2, only snail infections were
conducted with this isolate, and these infections failed to establish. Thus potential genetic
data from this isolate were lost. Table 2 also illustrates that the frequency of patent
infections differed significantly between isolates (χ2=76·8, P<0·001), as did the successful
establishment in vertebrate hosts as evidenced by the limited number of samples obtained
from isolate Run-1.

Allelic diversity
There was a significant difference in the total number of alleles per locus (A) between
sample types (F=3·07, P=0·04), being most diverse in field miracidia (Table 3 and Fig. 2A).
The number of private alleles (i.e. alleles exclusive to 1 sample type within the isolate - Ap)
was significantly higher in field miracidia than in the passaged adult worms and laboratory
miracidia (F=4·71, P=0·003; see Table 3 and Fig. 2B). This was also true when controlling
for the unique multi-locus genotype sample size (F=3·61, P=0·02). However, there was no
evidence of any difference in allelic diversity between the 7 isolates (A: F=0·87, P=0·68;
Ap: 0·86, P=0·70).

Heterozygosity
Patterns of heterozygosity are shown in Table 4 and Fig. 3. Comparison of the expected and
the observed heterozygosity within isolates demonstrated a significant deficiency of
heterozygotes in field miracidia; this pattern was also observed to a lesser extent in the
laboratory-derived miracidia. However, little difference between observed and expected
heterozygosity was apparent in adult worms. Moreover, in field miracidia there was
variation in this pattern according to the isolate type, and the heterozygote deficiency was
stronger in isolates from single children than in pooled isolates of 20 children. There was no
difference in patterns of heterozygosity between the isolates in adult worms or laboratory-
derived miracidia.

Representation of parent populations by laboratory-passaged samples
There was evidence of low yet significant genetic differentiation between the parent field-
collected miracidia and their derived laboratory-passaged samples. When each isolate was
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considered separately, for all isolates, field miracidia segregated from clusters of adult
worms and laboratory-passaged miracidia, and the amount of variation differed between the
isolates (Fig. 4A-G).

Evidence of population structure between the isolates
In order to determine if the use of laboratory-passaged material affected conclusions
regarding the presence of population differentiation between isolates, Fst statistics were
calculated between isolates using any single life-cycle stage at a time. These matrices
revealed differences in the presence or absence of population structure and in the clustering
patterns between isolates (Fig. 5A-C). As shown in Fig. 5A, there was little evidence of
differentiation between the original field miracidial populations (Fst values ranged from zero
to 0·13 with mean of 0·014; 4 of 21 pairwise comparisons were significant at ά=0.05) and
no evidence of an association with geographical distance. This was supported by a non-
significant Mantel test (r=−0·053, P=0·60). In contrast, using adult worms, Fst values ranged
from 0 to 0·23 with a mean value of 0·08. Nineteen of 21 pairwise comparisons were
significant at ά=0.05 (data not shown). An UPGMA phenogram (Fig. 5B) suggested
separation between populations and there was evidence of samples from the same
geographical area clustering together. There was a positive correlation between the matrix of
the measure Fst/(1-Fst) and geographical distance (r=0·56, P=0·004). The phenogram using
laboratory-derived miracidia was similar to that of the adult worms, although in general
distances between isolates were reduced (mean=0·02, range=0 to 0·07).

DISCUSSION
The techniques described here present novel methodologies for both the simple, long-term,
room temperature storage of field-collected larval schistosome samples on Whatman FTA®
cards and for multiplex PCR analysis leading to multilocus genotyping of single larval
samples. This complements and expands upon our previously described techniques which
enabled genotyping of individual S. japonicum larval samples stored by freezing
(Shrivastava et al. 2005), and presents a further improvement in allowing multilocus
analysis, in this case for up to 7 microsatellite loci, from a single larva. It is suggested that
these novel techniques will be particularly valuable for field situations, where access to cold
storage is often difficult, and for analyses of schistosome samples in cases of low infection
intensity or post-treatment situations. The methodology does, nevertheless, have a few
limitations - in particular since only a single PCR reaction is possible from a single parasite,
one cannot verify the percentage genotyping error by repeat genotyping a particular
individual, and data are lost if PCR amplification fails. A further caveat is that the set of loci
used here were not sufficiently polymorphic for full discrimination, as can be seen in Table
3 where the number of miracidia typed in most cases exceeded the number of unique multi-
locus genotypes observed. However, comparison of patterns of population structure assessed
using laboratory-derived miracidia were similar to those generated using adult worms,
indicating that miracidia are a good representation of their parent worm population in this
respect and rare alleles, in particular, were evidently lost during transfer to laboratory
passage. Overall, such refined methodology thereby represents a significant advance in the
technical capacity available for molecular epidemiological studies of Schistosoma spp. and
should prompt similar research in other trematode species.

Inherent within our study we also directly assessed the advantages of these larval assays
through investigation of the potential for sampling error, bottlenecking and other biases
ordinarily experienced during a single generation of laboratory passage to obtain adult
worms, the standard prior technique used in population genetic studies of schistosomes.
Indeed, we demonstrate here, for the first time, evidence that laboratory passage can
seriously bias interpretation of patterns of population structure between endemic regions. Fst
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statistics, Mantel correlations and UPGMA phenograms generated by using adult worms
indicated population structuring and clustering based on the geographical origin of the
isolates, but this pattern was not evident in phenograms generated by the parent field-
collected miracidia. Hence, if inferences were to be drawn regarding the presence of
population structure in the schistosome population using only (adult) derived samples,
serious errors in interpretation may result. Well-documented characteristics of the
schistosome life-cycle almost inevitably predict that isolations are likely to be subject to
sampling error and/or be non-random. For example, infection rates of snails from single
miracidia range from 10% to 80% depending on the snail-schistosome strain combination,
and have been demonstrated to be directly influenced by parasite genetics (Davies et al.
2001) and host and parasite geographical strain (Morand et al. 1996). In our study, isolate
Kas-2 was lost because of its non-establishment in laboratory bred snails and there existed a
significant difference between isolates in the frequency of patent infections, such that the
degree of bottlenecking experienced might be expected to vary. Infection of definitive
mammalian hosts also exhibits high levels of redundancy and is directly influenced by
parasite strain (Nelson and Saoud, 1968; Thiongo et al. 1997). Moreover, differential host-
induced selection has already been demonstrated according to the species of definitive host
used (LoVerde et al. 1985; Shrivastava et al. 2005). Differences between geographical areas,
for example, in the presence and species of reservoir hosts might also be expected to have a
strong effect on the randomness of laboratory isolations. We suggest that geographical
differences in compatibility with the laboratory snails used for isolation collection could be
one mechanism for the erroneous conclusion of geographical subdivision of populations
using passaged samples in this study. Even without the presence of host-induced selection,
bottlenecks and founder effects during isolate establishment are likely to bias sample sizes
and hence interpretation of derived data; a situation made all the more complex by potential
relatedness of adult worms whose pre-cursors are generated by asexual reproduction in the
snail host. Successful infection of, and survival in, laboratory snails was indeed observed to
be a highly significant factor in our study, reducing effective sample sizes from 50-150
naturally collected parasites to as few as 12 potential genotypes following passage in some
isolates.

There was also evidence of reduced allelic variability in the passaged samples, even when
correcting for potential sample size variation between sample types due to possible clonal
relatedness between adult worms. This could be due to founder effects, bottlenecking and/or
selection during laboratory passage. Such losses can arise due to failure of miracidia to
establish in snails, pre-patent mortality of snails infected with different genotypes,
competitive interactions between larvae within snails, failure of cercariae to infect rodents or
failure of cercariae to establish and mature to adult worms, or most likely a combination of
these factors. Unique multi-locus genotype variation in the passaged samples was relatively
high, although many genotypes differed at a single or small number of loci. The number of
multi-locus genotypes in passaged adult worms reflects the number of miracidia establishing
and successfully developing in snails and then in the definitive hosts, and suggests that
initial snail infection was a major bottleneck point. However, mutation can occur during
asexual reproduction in the snail host although this is likely to occur in only a single locus or
small number of loci for a particular individual. Any such mutation will tend to increase the
number of multilocus genotypes observed in adult worms, but will result in MLGs differing
only by a single/small number of loci as indeed we observed in this study. Genetic diversity
was highest in the original parent field-collected miracidia, particularly in terms of the
presence within isolates of private alleles in this group. However, smaller numbers of private
alleles were also present in the derived populations, suggesting that miracidial sample sizes
must be kept high to represent most of the parasite genotypes present and is complimentary
to our previous results (Shrivastava et al. 2005). Higher levels of total diversity were
apparent in the laboratory-derived miracidia than in the adult worms, which could be
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indicative of high levels of new mutation. This might also reflect a reduced specificity in the
microsatellite assay of larval stages, although this is less likely since if this were the case,
the number of private alleles would also be expected to be higher in laboratory-derived
miracidia than adult worms, where in fact no significant difference was observed. Sampling
error may also affect such patterns, and thus caution in the interpretation of this diversity
data is necessary.

Comparison of observed heterozygosity to the values expected from the allele frequencies
assuming Hardy-Weinberg equilibrium revealed a significant deficiency of heterozygotes in
the field-collected miracidia, particularly in those isolates generated and collected from
single individuals, perhaps due to pairing between related worms and/or structuring in the
population at the level of individual hosts. However, this heterozygote deficiency was
apparently lost in the adult worms. Since adult worms are generated from miracidia solely
by asexual reproduction, maturation and development, one could speculate that this may
indicate some form of heterozygote advantage during either miracidial establishment or
progression through the schistosome life-cycle. It is plausible that more genetically diverse
individuals are better able to infect hosts as has been suggested in models of host-parasite
coevolution (Thompson, 1994) and indeed a correlation between heterozygosity and clone
size has been observed in S. mansoni (Prugnolle et al. 2004) in rats. This merits further
investigation, since changes in heterozygosity are a potential outcome of mass
chemotherapy programmes. A non-biological explanation for the decreased observed
heterozygosity is that multiplex PCR from low yields of miracidial DNA results in null
amplification. The pattern arising from allelic diversity and heterozygosity estimates were
also reflected in the direct evidence from UPGMA phenograms that passaged material was
variably genetically differentiated from the naturally collected field miracidia in all 7
isolates studied, and again argues that material collected from even a single generation of
laboratory passage may be poorly representative of natural infections.

To conclude, novel techniques for sampling, long-term room temperature storage and multi-
locus genotypic analysis of larval stages of schistosomes have been developed. This
methodology allows the replacement of laboratory animals used in sample collection, and is
thus in keeping with the ‘3Rs’ (the reduction, refinement and replacement of animal use),
the cornerstone of animal experimentation ethics (Wolfensohn and Lloyd, 1999). Moreover,
such techniques are logistically easier and more efficient than previous methods, allowing
collection and analysis of samples within a matter of days. Since there is a substantial
amount of genetic variation present in schistosome miracidia, these assays on larval stages
will prove extremely helpful in understanding the epidemiology of this system. Finally, we
have used these techniques to investigate the potential for sampling error and biases
introduced by transfer of parasite isolates to laboratory passage and demonstrate that there is
a high probability of problems in this approach. Our results overall thereby reveal the
epidemiological, ethical and practical advantages of examining larval samples, directly
collectable from natural infections, in order to conduct population genetic studies of
schistosomes.
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Fig. 1.
Map of Uganda showing Hoima district and the sample sites for this study (1- Runga
community, 2-Kibiro primary school, 3-Tonya primary school, 4-Kasenyi primary school).
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Fig. 2.
Comparison of mean (±standard error of the mean) (A) total number of alleles and (B)
private alleles (exclusive to a particular sample type within isolates) for field miracidia
(miracidia collected directly in the field), and adult worms and miracidia (laboratory
miracidia) following a single generation of laboratory passage.
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Fig. 3.
Comparison of mean (±standard error of the mean) observed (Ho) and expected
heterozygosity (He) (±standard error of mean) across 7 microsatellite loci for (A) field
miracidia, (B) adult worms and (C) laboratory-derived miracidia.
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Fig. 4.
UPGMA depicting Cavalli-Sforza Edwards chord measured separately for 7 Schistosoma
mansoni isolates between field-collected miracidia (FM), and adult worms (AW) and
miracidia (LM) obtained following a single generation of laboratory passage.
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Fig. 5.
Comparison of UPGMA phenograms depicting Fst distance between 7 Schistosoma
mansoni isolates from 4 geographical locations using (A) field-collected miracidia (FM), (B)
adult worms (AW) and (C) laboratory-passaged miracidia (LM). Details of isolates are
shown in Table 2 and P values are reported in the text.
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