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a  b  s  t  r  a  c  t

We  conducted  the first meta-analysis  of ten  Schistosoma  haematobium  (one  published  and  nine  unpub-
lished)  and  eight  Schistosoma  mansoni  (two  published  and six unpublished)  microsatellite  datasets
collected  from  individual  schistosome-infected  school-children  across  six  sub-Saharan  Africa  countries.
High  levels  of genetic  diversity  were  documented  in  both  S. haematobium  and  S. mansoni.  In  S.  haema-
tobium  populations,  allelic  richness  did  not  differ significantly  between  the ten  schools,  despite  widely
varying  prevalences  and  intensities  of  infection,  but higher  levels  of  heterozygote  deficiency  were  seen  in
East than  in  West  Africa.  In contrast,  S. mansoni  populations  were  more  diverse  in  East  than  West  African
schools,  but  heterozygosity  levels  did  not  vary  significantly  with  geography.  Genetic  structure  in  both
S.  haematobium  and  S. mansoni  populations  was  documented,  at both  a regional  and  continental  scale.

Such  structuring  might  be expected  to slow  the  spread  to new  areas  of  anti-schistosomal  drug  resistance
should  it  develop.  There  was,  however,  limited  evidence  of  genetic  structure  at the  individual  host  level,
which  might  be  predicted  to promote  the  development  or establishment  of  drug  resistance,  particularly
if  it were  a recessive  trait. Our results  are  discussed  in terms  of their  potential  implications  for  the  epi-
demiology  and  evolution  of  schistosomes  as  well  as their subsequent  control  across  sub-Saharan  Africa.
. Introduction
There is considerable current interest and activity in the area
f parasite population genetic dynamics, including that relating
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to those schistosome species of profound clinical and/or veteri-
nary importance. Schistosomiasis infects over 206 million people,
particularly the rural poor of the developing world, more than
half of which are symptomatic and at least 20 million exhibit
severe disease manifestations (King et al., 2005; Steinmann et al.,

2006). Elucidating the genetic structure of natural schistsosome
populations is important in terms of helping us undertand many
aspects of disease epidemiology and transmission (Slatkin, 1987;
Rudge et al., 2008; Agola et al., 2006, 2009; Steinauer et al., 2009;
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ual miracidia were picked up using a P20 micropipette under the
62 C.M. Gower et al. / Acta

u et al., 2010). This may  be particularly pertinent for predict-
ng potential intervention-induced evolutionary change in parasite
opulations (Norton et al., 2010; Webster et al., 2008), especially
erhaps given the recent move towards schistosome elimination
ather than control in some areas (Knopp et al., 2013). Within the
ast few years we have obtained the sequences for the Schisto-
oma mansoni and S. japonicum genomes (Berriman et al., 2009;
chistosoma japonicum Genome Sequencing Functional Analysis
onsortium, 2009; Webster et al., 2010), and also now that of the
. haematobium genome (Young et al., 2012). Furthermore, we now
ave initial microsatellite markers for these three major species
S. mansoni (Durand et al., 2000; Blair et al., 2001; Curtis et al., 2001);
. japonicum (Shrivastava et al., 2003); S. haematobium (Golan et al.,
007; Gower et al., 2011)). Schistosomes, however, present inher-
nt logistical sampling problems for population genetic studies,
ince only egg or larval stages are directly available from living
osts. However, we now also have the methodology to collect, store
nd genotype larval schistosome samples directly from human (or
nimal) infections (Shrivastava et al., 2005; Gower et al., 2007,
011), thereby avoiding the sampling, ethical and considerable

ogistical and temporal disadvantages and biases of laboratory pas-
age.

One important aspect which has not been possible to investi-
ate until now, however, is the extent and scale of any geographic
tructuring in schistosome populations on a continental level, and
hether common features relating to patterns of schistosome

enetic diversity can be identified in different geographic areas.
oreover, the two main causative agents of human schistosomia-

is in sub-Saharan Africa (SSA), S. mansoni and S. haematobium,
ave important differences in their epidemiology, clinical manifes-
ations and transmission – although understanding the extent of
hese differences and their subsequent influences on the impact
f schistosomiasis treatment and control have been severely
eglected (Rollinson, 2009). Population genetic studies, includ-

ng those ideally incorporated into the routine monitoring and
valuation (M&E) of large-scale preventive chemotherapy pro-
rammes, would enhance understanding of the genetic diversity,
resence and nature of population structure and gene flow in such
uman helminth populations over space and time. Furthermore,
ny potential changes in allele frequency or composition mediated
y such large-scale drug administration can be monitored in order
o determine the impact of treatment on the parasite population as

 whole, inform of the size of likely refugia,  as well as the likelihood
f the spread of drug resistance, should it develop, in the population
tructure observed (Webster et al., 2008). Another potential popu-
ation genetic parameter of interest is that of the effective number
f breeding parasites in the population (Nb). This metric has the
otential to measure the impact of treatment at a community level,
o study the population dynamic processes by which elimination is
chieved (or not), and/or the identification of areas where elimina-
ion might be most successful. These have not yet, however, been
ell studied with respect to schistosomes, or indeed parasites in

eneral (Criscione et al., 2005).
We  present here a meta-analysis of three published and 15

npublished data sets obtained from six sub-Saharan Africa (SSA)
ountries, collected prior to the implementation of school-based
ational praziquantel (PZQ) treatment programmes. S. mansoni
opulations were collected from individual children in eight
chools: two in Kenya, two in Tanzania (Norton et al., 2010), one
n Uganda, two in Niger and one in Mali, while S. haematobium

ere collected from children at 10 schools: two  in Kenya, two
n Tanzania, one in Cameroon, three in Niger and two in Mali

Gower et al., 2011). Our primary aim was to use microsatel-
ite markers to characterise the population genetic structure of
. mansoni and S. haematobium from multiple locations across the
frican continent, separated by thousands of kilometres, with
a 128 (2013) 261– 274

varying water sources, in order to elucidate whether popula-
tion structure occurs, and over what scales. Since it is necessary
to use differing microsatellite markers for the different schisto-
some species, absolute measures of genetic diversity were not
directly compared between species, but rather the nature of the
patterns observed. We  primarily report on analyses between the
parasite populations of the different schools, but more detailed
analyses of local variation at the level of parasite populations
of individual hosts of the highly neglected S. haematobium,  and
associations with individual host characteristics such as age and
gender, were conducted using S. haematobium samples collected
in Cameroon as a key example. Finally, we  also attempted to use
genetic data to estimate the effective number of breeders in the
populations using available statistical software. Our results are
discussed with regard to their analytical, epidemiological and evo-
lutionary implications and applications for human schistosomiasis
in SSA.

2. Materials and methods

2.1. Collection of parasite material

Schistosome samples were collected from school-children aged
6–16 years in six SSA countries as shown in Fig. 1 and Table 1.
All samples, with the exception of the Mali S. mansoni dataset,
were collected in villages that had not, to the authors’ knowl-
edge, been previously treated with PZQ. The Mali S. mansoni dataset
consisted of PZQ-naïve children (i.e. those who had not themselves
been previously treated), but was collected two years following
the introduction of their National Schistosomiasis Control Pro-
gramme  (as true baseline data were not available for this parasite
in Mali). The number of children ranged from one to 53 children per
school and a total of 144 and 183 parasite infrapopulations (here
defined as the miracidia obtained from a single child; French et al.,
2013) were collected for S. haematobium and S. mansoni, respec-
tively.

Children were identified as schistosome-positive by urine fil-
tration (S. haematobium)  or duplicate Kato-Katz thick smears
(S. mansoni). Epidemiological data (e.g. age, gender, infection
intensity, coinfections with other helminths and morbidity param-
eters) were recorded for each child, wherever possible. All
infected children were treated with PZQ at 40 mg/kg after sam-
ple collection. All collections were made after having obtained
ethical approval from the responsible national committees
(see below).

For S. mansoni isolation, stool samples from each infected child
were prepared separately for miracidial hatching by breaking
them up with a toothbrush and passing them through a 425 �m
sieve with approximately 1 L bottled spring water. The resulting
suspension was  then poured through a Pitchford funnel con-
sisting of two  meshes; the inner mesh of 200 �m allowed eggs
to pass through but collected any larger debris and the outer
mesh of 40 �m collected the eggs. The outer mesh was washed
through again with approximately 1 L bottled spring water and
the eggs were released into a Petri dish. Similar filtration was
conducted for S. haematobium isolation, using collected urine sam-
ples. Miracidial hatching from the eggs was stimulated by placing
the Petri dish in indirect sunlight for up to 6 h (Lamberton et al.,
2010).

For DNA storage, following successful hatching of eggs, individ-
binocular microscope and transferred to Whatman FTA® indica-
tor cards (Whatman plc; Maidstone, UK) and allowed to dry in the
shade for one hour. Up to 100 miracidia were collected per child,
depending on infection intensity.
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Fig. 1. Location of the eight schools across the six sub-Saharan African (SSA

.2. Microsatellite genotyping of individual larvae
Individual miracidia were subject to DNA extraction and multi-
lex polymerase chain reaction (PCR) for seven S. mansoni [SMD28,
MDA28, SDM25, SMD89, CA11-1, SMS9-1 and SMU31768] (Gower

able 1
ocation and features of S. haematobium and S. mansoni sampling sites.

Country Place School or
village?

District Geographic
coordinates

Ye

Schistosoma haematobium
Kenya Abori School Taveta −3.40, 37.68 20
Kenya  Kiwalwa School Taveta −3.40, 37.68 20
Tanzania Kilambo School Mtwara −8.55, 33.80 20
Tanzania Nanhyanga School Mtwara −10.80, 39.60 20
Cameroon Bessoum School Lagdo 9.13, 13.71 20
Niger  Falmado Village Dosso 21.51, −2.86 20

Niger  Libore School Kollo 13.40, 2.19 20
Niger  Namarigoungou School Tillaberi 14.30, 1.30 20
Mali  Bambougou School Segou 13.60, −6.08 20
Mali  Dougouba School Segou 13.60, −6.11 20

Schistosoma mansoni
Kenya Abori School Taveta −3.40, 37.68 20
Kenya  Kiwalwa School Taveta −3.40, 37.68 20
Tanzania Bukindo School Mwanza −2.03, 33.10 20
Tanzania Kisorya School Mara −2.14, 31.22 20
Uganda Musubi School Lake Victoria 0.35, 33.67 20
Niger  Diambala School Tillaberi 14.31, 1.30 20
Niger  Namarigoungou School Tillaberi 14.30, 1.30 20
Mali  Kokry-bozo School Office du Niger 13.96, −5.51 20
tries from which S. haematobium and S. mansoni miracidia were collected.

et al., 2007; Norton et al., 2010) and eight S. haematobium

microsatellite loci [C102, C11, C111, C116, C131, C146, C2 and D3]
(Gower et al., 2011) using previously published protocols. How-
ever, C2 was  recently identified as a duplicate of C111 and thus
was excluded from all analyses here. Extensive previous empirical

ar Mean age Age range No. of
children

Prevalence Major water course

07 10.4 8 to 13 15 40.0 Lake Jipe
07 9.7 7 to 12 14 40.0 Lake Jipe
05 Unknown Unknown 4 Unknown River Rovuma
05 Unknown Unknown 1 Unknown River Rovuma
07 10.5 6–16 33 87.0 River Benue
07 8.49 6–10 13 99.0 Marshes fed by

River Niger
07 9.58 7–14 11 93.0 River Niger
07 8.65 7–10 6 46.5 River Niger
05 9.04 6–13 22 59.0 River Niger
05 11.52 6–15 25 59.0 River Niger

07 10.14 8–12 7 10.2 Lake Jipe
07 10.60 7–15 5 10.2 Lake Jipe
05 9.08 7–12 38 60.0 Lake Victoria
05 8.15 7–11 42 91.0 Lake Victoria
07 8.4 8–9 5 75.7 Lake Victoria
07 12.4 10–14 5 62.4 River Niger
07 9.0 7–13 28 66.2 River Niger
07 9.81 6–14 53 88.0 Irrigation channels

fed by River Niger
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ork had confirmed the reliability of the multiplex reaction in
ssigning individual genotypes when amplified in this eight locus
ultiplex, and thus C2 was only excluded at the analytical stage.
ll genotyping of all samples took place in the same central labora-

ory (Imperial College, London) to ensure consistency and prevent
ias.

The number of microsatellite loci used was limited by the num-
er of alleles it was possible to amplify from a single miracidia at
he time of collection and analyese. More recent work, such as the
evelopment of whole genome amplification techniques (Valentim
t al., 2009) now allow repeated genotyping of individual larvae at

 larger number of loci, and will be used in future studies. Never-
heless, separate statistical investigation of the S. mansoni assay,
t least, have suggested that similar conclusions regarding popu-
ation structure are robust to the removal of any 1, 2 or 3 of the

icrosatellite loci (French et al., 2013), thereby providing further
upport for the validity of the current analyses.

.3. Data analysis

.3.1. Between school characterisation and comparison of

. mansoni and S. haematobium

.3.1.1. Diversity of infections. Allele sizes were calculated in Gen-
mapper version 4 and manually checked. Analysis was  restricted
o miracidia with at least three allele calls (S. mansoni) or four
llele calls (S. haematobium).  Powermarker (Liu and Muse, 2005)
as used to calculate the total number of alleles per locus, the
ajor allele frequency, the expected and observed heterozygos-

ty and the inbreeding coefficient for the parasite population of
ach child). Since the total number of alleles is affected by sample
ize, which varied between individual children due to differences
n infection intensity, allelic richness – a measure of allelic diversity

hich rarefies to the smallest sample size and hence is inde-
endent of sample size – was calculated in FSTAT version 2.9.3.2
Goudet, 2002). Analyses of allelic richness were conducted using
he entire dataset for each schistosome species, such that the
chistosome populations of individual children were rarefied to
he same minimum sample size. The mean of within-child esti-

ates was calculated for each school. In separate analyses, all
ata from a single school were pooled (see Component popu-

ation; French et al., 2013) and the total number of alleles per
ocus, major allele frequency, expected and observed heterozygos-
ty, inbreeding coefficient and allelic richness were calculated. A
on-parametric permutation test, with 15,000 permutations, was
lso used to investigate any difference in the genetic diversity of
arasite populations between geographic regions (FSTAT version
.9.3.2). For S. haematobium,  this consisted of assigning the parasite
opulations of individual schools into two groups: (i) East Africa,
ontaining the parasite populations of all children from Kenya and
anzania; and (ii) West Africa, containing all children from Mali
nd Niger, while for S. mansoni, Ugandan populations were also
ncluded in the East African group. The Cameroonian S. haemato-
ium population was excluded from this analysis as it was the single
epresentative of the Central African region.

.3.1.2. Population structure. As a measure of genetic distance
etween the parasite populations of individual children, a matrix
f Cavalli-Sforza and Edwards’ chord distances (Cavalli-Sforza and
dwards, 1967) was estimated using Powermarker and visualised
sing a neighbour joining clustering algorithm (NJ). The reliabil-

ty of phenograms was assessed by bootstrapping over loci with

00 replications using CONSENSE (Felsenstein, 2005). Two  separate
nalyses were carried out for each schistosome species, one com-
aring the parasite populations of individual children, as above and
ne pooling all miracidia from a single school.
a 128 (2013) 261– 274

Hierarchical Wrights’ Fst statistics measuring evidence of
genetic differentiation between countries, schools and between
children within schools were calculated for each of the two schis-
tosome species using an analysis of molecular variance (AMOVA)
procedure in Arlequin version 3.11 (Excoffier et al., 2005). P-values
were calculated by 10,000 random permutations. A hierarchical
analysis is necessary as it accounts for the potential relatedness
of miracidia within individual children, which will tend to inflate
estimates of classical Wrights Fst statistics (Rudge et al., 2008). Two
separate analyses were conducted for each schistosome species
due to limitations in the hierarchical levels, inherent within the
software. Pairwise Fst statistics were calculated between the par-
asite populations of each of the 10 (S. haematobium)  or eight
(S. mansoni) schools (see Table 1 for list of schools). The correlation
between the matrix of (Fst-1/Fst) genetic distance and a matrix of
geographic distance was investigated for each schistosome species
using Mantel tests. These analyses were conducted in XLSTAT-
Pro 7.5 (Adinsoft Inc; New York, USA). The matrices of geographic
distances between schools was calculated from geographic co-
ordinates (latitude and longitude) using the haversine formula to
calculate great-circle distance between two  points, using the code
available at http://www.movable-type.co.uk/scripts/latlong.html.
Formulae used assumed a spherical earth (ignoring ellipsoidal
effects), and thus errors of approximately 0.3% are expected in the
distance calculations (or 3 m in every km).

2.3.1.3. Estimation of effective numbers of breeders (Nb). Two  soft-
ware programmes were compared here to estimate the Nb of the
parasite population in each school, namely MLNe (Wang, 2001;
Wang and Whitlock, 2003) which implements a pseudo-likelihood
method for computing Ne based on allele frequencies and LDNe
(Waples and Do, 2008), which estimates Ne based on linkage
disequilibrium. (Ne is the average number of individuals in a pop-
ulation that contribute genes to succeeding generations, and thus
is equivalent to Nb in an organism with overlapping generations).
Miracidia were pooled at the school level and for MLNe, a max-
imal estimate of Ne of 32,000 was assigned, close to the upper
limitation of the software. 95% confidence limits of estimates are
reported. This software uses the temporal method for estimating
Ne when there are two or more temporal samples, but also esti-
mates Ne for a single isolated population as a special case (Wang
and Whitlock, 2003). A minimal allele frequency of 0.01 was  used in
LDNe calculations. Estimated Nb for each village were investigated
using general linear modelling, using schistosome species, geogra-
phy (East Africa or West Africa), mean age of children, miracidial
sample size, infection intensity and prevalence as the dependent
variables. Correlations of the estimates of Nb using the two  dif-
ferent software programmes, and the mean allelic richness, were
investigated using Pearson correlation coefficients.

2.3.2. Additional individual level analyses of S. haematobium in
Cameroon

Additional detailed analyses were conducted separately on the
S. haematobium parasite samples collected in Bessoum School,
Cameroon, which were also included in the meta-analyses of the
datasets described above, as an example of the patterns of varia-
tion present in the parasite populations of individual children, and
any associations with the epidemiological characteristics of indi-
vidual hosts, such as age and gender. Measures of genetic diversity
were calculated as for the meta-analyses described above and the
parasite populations of individual children for children of differ-
ent ages and sex were compared using general linear modeling

Minitab Statistical in Software (Minitab Inc; State College, PA, USA),
controlling for miracidial sample size. Similarly, population struc-
ture was investigated using Wright’s Fst statistics and clustering
analyses.

http://www.movable-type.co.uk/scripts/latlong.html
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. Results

For all S. haematobium analyses, data were examined both
ncluding and excluding locus D3, which was difficult to score in
ome of the studies. Similarly for S. mansoni, locus smu31768 was
xcluded in one set of analysis. Since the conclusions of these anal-
ses were not divergent, data are presented using all 7 loci for each
pecies

.1. Between schools characterisation and comparison of

. mansoni and S. haematobium populations

.1.1. Diversity of infections
As shown in Table 2, a high level of diversity was documented

n African populations of both S. haematobium and S. mansoni with
ndividual microsatellite loci detecting a mean of 36.1 alleles per
ocus (range 22–64). The mean number of alleles per loci was higher
n S. mansoni (44.7) loci than S. haematobium (27.4) loci, but this

ight be expected since, as shown in Table 3, more S. mansoni were
enotyped in these studies, and may  be a characteristic of the set of
icrosatellite loci used. However, mean major allele frequency and

xpected heterozygosity were similar between the two species. All
oci showed some evidence of heterozygote deficiency across the
ntire continental-scale datasets.

A total of 2,655 S. haematobium miracidia were analysed, (from
 total of 2737 collected, and where samples with less than 4 loci
mplifying were excluded from analyses), with a mean of 17.4
iracidia per child and of 266 miracidia per school. As shown

n Table 3, the mean number of alleles per locus in each school
as high, ranging from 3.88 to 18.49 and was strongly positively

orrelated with sample size (78% of variation in mean number of
lleles could be explained by a linear relationship with the num-
er of miracidia sampled). However, allelic richness, a measure
f diversity independent of sample size, was remarkably similar
n the ten schools where S. haematobium was sampled, despite

idely varying prevalences and intensities of infection. Within
hildren, the mean number of alleles ranged from 3.86 to 5.71
nd both mean allelic richness and major allele frequency were
imilar in each of the schools. A permutation test comparing the
ean allelic richness (per school) between East Africa (Kenya and

anzania) and West Africa (Mali and Niger) was not significant
P = 0.58). Similarly high levels of expected heterozygosity were
een in all schools and there was no apparent consistent differ-
nce between them based on their geographical location (P = 0.11)

r infection prevalence and intensity (Fig. 2 and Table 1). However,
bserved heterozygosity did differ, being lower in Kenya and Tan-
ania, intermediate in Cameroon and higher in West Africa and a
ermutation test confirmed that this was a significant difference

able 2
etails of microsatellite loci used for analysis of 2,655 S. haematobium miracidia and 3,56
ame,  Genbank accession number, repeat motif, allele range, number of alleles, frequenc

Species Locus GenBank accession no. Repeat motif Obs

S. haematobium C102 HM856648 ATT 168
S.  haematobium C11 HM856644 TAA 84
S.  haematobium C111 HM856649 ATT 108
S.  haematobium C116 HM856652 TAA 263
S.  haematobium C131 EF608045 ATT 240
S.  haematobium C146 HM856657 TAA 138
S.  haematobium D3 EF608047 TAGA,TTGA 217
S.  mansoni SMDA28 AF325695 GATA 80
S.  mansoni SMD25 AF202965 CA 191
S.  mansoni SMD28 AF202966 CAA 140
S.  mansoni SMD89 AF202968 TC 135
S.  mansoni SMU31768 U31768 GAT 175
S.  mansoni CA11-1 AI068336 GA, GT 187
S.  mansoni SMS9-1 AF330106 GT 170
a 128 (2013) 261– 274 265

(P = 0.008) (Fig. 2a). Thus higher levels of heterozygote deficiency
were seen in East Africa than in West Africa. Estimates of allelic rich-
ness and major allele frequency and heterozygosity were similar
when all data from a single school were pooled (Component popu-
lation approach), and when diversities were calculated separately
for the parasite populations of individual children (Infrapopulation
approach) (Fig. 2 and Table 3).

A total of 3563 S. mansoni miracidia were analysed (from a total
of 3743 collected, and where samples with less than 3 loci amplify-
ing were excluded from analyses), with a mean of 20.5 miracidia per
child and of 445 miracidia per school. As shown in Table 3, the mean
number of alleles per locus in each school was high, ranging from
9.7 to 40.6 and was again strongly positively correlated with sample
size. In common, with the S. haematobium dataset, allelic richness
was much more similar between villages despite wide variation
in prevalence and infection intensity (Tables 1 and 3), although
the highest diversity was  seen at Musubi Church of God School,
Uganda, which had a particularly high mean intensity of infection.
In general, and in contrast to S. haematobium,  diversity was  slightly
higher in East than West Africa, and a permutation test comparing
the mean allelic richness (per school) between East Africa (Kenya,
Uganda and Tanzania) and West Africa (Mali and Niger) confirmed
this was a significant difference (P = 0.0002). Similarly higher lev-
els of expected heterozygosity and observed heterozygosity were
seen in East than West Africa (He P = 0.0002; Ho P = 0.001) although
there was no apparent consistent difference between them based
on their infection prevalence or intensity (Fig. 3, Tables 1 and 3).
Observed heterozygosity was  lower than expected heterozygosity
in all schools but Namarigoungou (Niger).

3.1.2. Population structure
Cavalli-Sforza and Edwards’ chord distances between the

S. haematobium populations of children at 10 schools are shown
in Fig. 4a. Strong geographical clustering was  evident, with East
African (Kenyan and Tanzanian) populations clustering together,
West African (Mali and Nigerian) samples in a separate cluster,
with Cameroonian samples between them. Clustering of the par-
asite populations of individual children (Fig. 4b) demonstrated
complete separation at the country level, but the populations of
children from different schools within the same country were
overlapping. Analysis of Molecular Variance (Table 4a) confirmed
that approximately 16% of the total variation in the dataset was
between the schools, and that this was  largely due to differences
between the five countries (Fst = 0.173, P < 0.001), with significant

but only very low levels of differentiation (Fst = 0.008, P < 0.001)
between schools within countries. There was  significant differenti-
ation between the parasite populations of different children within
schools (Fst = 0.017, P < 0.001) but this only accounted for 1.4% of the

3 S. mansoni miracidia from untreated regions of six SSA countries, including locus
y of most common allele, and expected (He) and observed (Ho) heterozygosity.

erved allele range Major allele frequency No alleles He Ho

–206 0.75 25 0.42 0.35
–126 0.67 33 0.51 0.30
–234 0.38 26 0.71 0.68
–425 0.15 26 0.91 0.66
–296 0.60 22 0.55 0.05
–186 0.27 35 0.84 0.72
–226 0.38 25 0.79 0.55
–151 0.21 53 0.88 0.67
–393 0.28 47 0.84 0.59
–250 0.62 31 0.58 0.24
–286 0.58 33 0.61 0.33
–253 0.37 64 0.77 0.73
–235 0.34 44 0.84 0.50
–212 0.54 41 0.67 0.38
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Table 3
Sample size, diversity values and estimates of effective population sizes for S. haematobium populations from 10 schools, and for S. mansoni populations from 8 SSA schools.

Schistosoma haematobium

Mean (±95% c.i.) across loci of parasite
populations of individual children

Mean across loci of parasite populations of villages

Country Place Mean no
miracidia/
child

Total
miracidia
(n)

Mean
infection
intensity
(samples)

Mean no. of
alleles

Major
allele
frequency

Allelic
richness
(Ar)

Mean no. of
alleles

Major
allele
frequency

Allelic
richness
(Ar)

Ne  (±95% c.i.) LDNe Nea (95% c.i.) MNe

Kenya Abori 19.7 296 223.21 5.06 ± 0.31 0.58 ± 0.01 3.38 ± 1.48 12.00 0.52 4.14 340.8 (188.1–1114.9) 233.0–32000+
Kenya  Kiwalwa 16.0 224 587.43 4.95 ± 0.41 0.57 ± 0.01 – 13.14 0.52 4.24 391.9 (188.6–6055.4) 155.0–32000+
Tanzania Kilambo 13.8 55 Unknown 4.00 ± 0.88 0.61 ± 0.05 3.26 ± 1.52 6.14 0.58 3.51 50.4 (26.0–166.8) 30.2–32000+
Tanzania Nanhyanga 10.0 10 Unknown 3.86 0.54 3.29 ± 1.39 3.88 0.53 3.29 37.4 (2.1–infinity) –
Cameroon Bessoum 17.2 568 Unknown 4.95 ± 0.55 0.56 ± 0.01 3.27 ± 1.42 18.49 0.51 4.18 465.2 (312.4–800.8) 482.0–32000+
Niger  Falmado 26.6 346 65.21 5.71 ± 0.34 0.51 ± 0.01 4.24 ± 1.53 10.48 0.49 3.86 333.5 (222.7–576.4) 237.0–32000+
Niger  Libore 20.9 230 110.3 5.51 ± 0.27 0.50 ± 0.02 3.96 ± 1.39 8.86 0.48 3.96 400.1 (216.4–1406.3) 117.0–32000+
Niger  Namarigoungou 14.2 85 0.43 4.50 ± 0.64 0.53 ± 0.02 4.59 ± 1.66 7.29 0.48 4.15 79.1 (52.4–137.1) 1.0–32000+
Mali  Bambougou-Wéré 12.5 276 218.4 4.07 ± 0.55 0.62 ± 0.03 3.45 ± 1.18 11.29 0.58 3.75 147.2 (107.6–214.6) 186.7–32000+
Mali  Dougouba 22.6 565 97.0 5.43 ± 0.28 0.58 ± 0.02 3.48 ± 1.18 13.71 0.56 3.87 85.3 (70.9–103.0) 409.6–32000+

Schistosoma mansoni

Country Place Mean no
miracidia/
child

Total
miracidia
(n)

Mean
infection
intensity
(samples)

Mean (±95% c.i.) across loci of parasite
populations of individual children

Mean across loci of parasite populations of villages

Mean no. of
alleles

Major
allele
frequency

Allelic
richness
(Ar)

Mean no. of
alleles

Major
allele
frequency

Allelic
richness
(Ar)

Ne (95% c.i.) LDNe Ne (95% c.i.) MNe

Kenya Abori 14.7 99 48.6 5.5 ± 0.41 0.51 ± 0.04 2.58 ± 0.09 12.00 0.47 7.14 47.3 (38.5–59.0) 108.0–32000+
Kenya  Kiwalwa 14.7 77 6.0 5.57 ± 1.21 0.47 ± 0.04 2.60 ± 0.10 10.52 0.43 7.10 35.5 (28.0–46.2) 59.9 –32000+
Tanzania Bukindo 13.7 521 94.4 5.31 ± 0.53 0.46 ± 0.03 2.66 ± 0.05 14.71 0.39 6.46 213.7 (172.0–270.6) 462.0–32000+
Tanzania  Kisorya 12.1 509 502.7 5.22 ± 0.33 0.44 ± 0.02 2.66 ± 0.04 14.43 0.38 6.51 218.2 (169.7–289.5) 387.0–32000+
Uganda  Musubi 33.4 167 1650.5 10.34 ± 1.16 0.36 ± 0.03 2.91 ± 0.16 19.57 0.34 9.49 157.9 (123.1–212.7) 143.0–32000+
Niger  Diambala 23.1 33 208.0 3.77 ± 0.99 0.51 ± 0.10 2.58 ± 0.48 9.71 0.43 8.58 6.7 (3.6–10.3) 30.0–32000+
Niger  Namarigoungou 23.4 594 285.5 5.45 ± 0.22 0.50 ± 0.01 2.40 ± 0.03 15.86 0.49 5.40 163.6 (132.0–205.1) 554.0–32000+
Mali  Kokry-bozo 29.5 1563 511.6 6.61 ± 1.32 0.56 ± 0.03 2.56 ± 0.08 40.57 0.50 8.07 64.4 (58.4–70.8) 1791.0–32000+

a All point estimates of Ne were very close to maximum of 32,000.
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able 4a
MOVA results for Schistosoma haematobium populations from five SSA countries.

Source of variation Sum of squares Variance com

Between countries 1455.2 0.354 

Among schools within countries 34.6 0.013 

Within schools 8905.1 1.680 

Between schools 1498.8 0.324 

Among children within schools 360.3 0.028 

Between miracidia within children 8544.8 1.654 
ess representing (a) mean ± 95% of the 1–33 S. haematobium larval populations of
ools in five SSA countries.

located within the same town, and sample sizes in Tanzania were
small.

Cavalli-Sforza and Edwards chord distances between the
S. mansoni populations of children at eight schools are shown in
Fig. 5a. In common with the S. haematobium dataset, there was

evidence of strong geographical clustering with populations clus-
tering together based on their geographic origins. Clustering of
the parasite populations of individual children (Fig. 5b) showed
the populations of children from different schools within the

ponents Percentage of variation Fst P value

17.3 0.173 <0.001
0.62 0.008 <0.001

82.1 0.179 <0.001

16.1 0.161 <0.001
1.4 0.017 <0.001

82.5 0.175 <0.001



268 C.M. Gower et al. / Acta Tropica 128 (2013) 261– 274

Fig. 3. Mean (across loci) expected (He), observed heterozygosity (Ho) and allelic richness representing (a) mean ± 95% of the 5–53 S. mansoni larval populations of individual
children from and (b) combined S. mansoni larval population from eight schools in five SSA countries.

Table 4b
AMOVA results for Schistosoma mansoni populations from five SSA countries.

Source of variation Sum of squares Variance components Percentage of variation Fst P value

Between countries 1156.4 0.238 10.8 0.108 0.006
Among schools within countries 4.0 −0.001 −0.07 −0.0007 0.972
Within schools 13733.0 1.950 89.2 0.108 <0.001

Between schools 1160.3 0.220 10.1 0.100 <0.001
Among children within schools 449.9 0.025 1.2 0.015 <0.001
Between miracidia within children 13283.4 1.936 88.7 0.113 <0.001
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Fig. 4. (a) Neighbour-Joining clustering of Cavelli-Chord distances between pooled S. haematobium larval populations from 10 schools in five SSA countries. Bootstrap values
from  100 repetitions are indicated. (b) Neighbour-Joining clustering of Cavelli-Chord distances between the individual S. haematobium larval populations of 144 children
from  10 schools (KA, Abori; KK, Kiwalwa; TN, Nanhyanga; TK, Kilambo; CB, Bessoum; NF, Falmado; NL, Libore; NN, Namarigoungou; MB,  Bambougou; MD,  Dougouba) in five
S

s
d
c
A
i
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SA  countries.

ame country were overlapping. In contrast to the S. haematobium
ataset, there was substantial, but not complete separation, at the

ountry level, with some overlap between villages in West Africa.
nalysis of Molecular Variance (Table 4b) confirmed that approx-

mately 10% of the total variation in the dataset was  between the
chools, and that this was largely due to differences between the
five countries (Fst = 0.108, P = 0.006), with no significant differen-
tiation (Fst = −0.0007, P = 0.972) between schools within countries.

There was significant differentiation between the parasite popu-
lations of different children within schools (Fst = 0.053, P < 0.001)
but this only accounted for 1.2% of the total variation. Most of the
variation (88.7%) was within the parasite populations of individual
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chools (KA, Abori; KK, Kiwalwa; TB, Bukindo; TK, Kisorya; UM,  Musubi; ND, Diamb

hildren. Geographic distances between schools varied between

.2 km and 5,138 km and there was an overall significant pos-

tive correlation between the matrix of geographic and genetic
Fst/1-Fst) distances (r = 0.29, P = 0.03). The correlation was  also sig-
ificantly positive within East Africa (r = 0.64, P = 0.004) but not
nsoni larval populations from eight schools in five SSA countries. Bootstrap values
ances between individual S. mansoni larval populations of 183 children from eight
N, Namarigoungou; MK,  Kokry) in five SSA countrie.

within West Africa (r = 0.43, P = 1.0). Distances between schools

ranged from 0.2 km to 612 km in East Africa, and in West Africa
consisted of two  neighbouring villages (1.1 km apart) in Niger and a
village in Mali, at approximately 720 km distant. Fst values between
villages in West Africa were very small.
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.1.3. Estimation of effective number of breeders (Nb)
Estimated effective number of breeders (Nb) for both S. man-

oni and S. haematobium are shown in Table 3. There were orders
f magnitude in difference in the estimated Nb for the same vil-
ages with the two methodologies used, with point estimates of
b being near to the maximum set by the software (32,000) in
ll villages using the maximum likelihood analysis of allele fre-
uencies implemented by MLNe (Wang, 2001), yet in the range of
7–466 using the linkage disequilibrium approach implemented
y LDNe (Waples and Do, 2008). Moreover, there was little cor-
elation between the estimated Nb for the same villages between
he two methodologies (rs = −0.05), and between the estimated Nb
nd estimated genetic diversity of the populations, as measured
y mean allelic richness (rs = 0.25 MLNe, rs = −0.34 LDNe). Lower
5% confidence limits of estimates using MLNE were strongly influ-
nced by miracidial sample size (F1,8 = 185.6, P = 0.0001) and were
ot related to schistosome species, geography nor the infection

ntensity, prevalence or mean age of the children sampled.
In contrast, estimates of Nb calculated using LDNe were not

ffected by miracidial sample size (F1,8 = 0.06, P = 0.81). In com-
on  with estimates of Nb calculated in MLNe, they did not differ

etween the schistosome species (F1,8 = 0.77, P = 0.41), between
chools in East and West Africa (F1,8 = 2.14, P = 0.18), between
reas located near to lakes or rivers (F1,8 = 0.55, P = 0.48) nor vary
ith the prevalence or intensity of infection (F1,8 = 0.89, P = 0.37 or

1,8 = 0.00, P = 0.97).

.2. Additional individual host level analyses of S. haematobium
opulations from Bessoum School, Cameroon

.2.1. Diversity of infections
There were populations which showed both an excess and a

eficit of heterozygotes and considerable variation in the within
opulation variability (FIS) between populations, but no patterns
ith child age (He: F1,28 = 1.30, P = 0.24; Ho: F1,28 = 1.14, P = 0.30;

IS: F1,28 = 0.38, P = 0.54) or gender (He: F1,28 = 0.24, P = 0.63; Ho:
1,28 = 0.96, P = 0.34; FIS: F1,27 = 0.03, P = 0.86). The allelic richness
f the 33 S. haematobium populations did not differ between male
nd female children (F1,28 = 3.53, P = 0.07) or vary with child age
F1,28 = 0.95, P = 0.34).

.2.2. Population structure
There was little genetic variation and limited bootstrap support

or differentiation of the parasite populations of individual children,
nd no evidence of clustering based on age and gender (although
he number of females sampled here was small) of the children sur-
eyed. This was confirmed by a mean FST between populations of
.020 (P = 1.0) and AMOVA results which showed that only 1.7% of
he total variation was between the parasite populations of differ-
nt children, with 98.3% of the variation being within children.

. Discussion

In areas where schistosomiasis is highly endemic, the present
oal is to mitigate the burden of the disease by controlling mor-
idity through preventive chemotherapy using PZQ and national
ontrol programmes have been established in several sub-Saharan
frican countries (Fenwick and Webster, 2006; Fenwick et al.,
009). This recent shift towards large-scale administration of PZQ
ay  lead to intensive and prolonged new selection pressures on

he parasite, including, but not exclusive to, that for drug resis-
ant parasites (Doenhoff et al., 2009; Fallon and Doenhoff, 1994;

smail et al., 1999). Parasites are not static, and our own previous
aboratory studies show that selection can rapidly change schisto-
omes’ infectivity and virulence phenotypes as well as population
enetic structure within only a few generations (Davies et al., 2001;
a 128 (2013) 261– 274 271

Webster et al., 2004, 2007; Gower and Webster, 2004). Yet, remark-
ably little is known about potential natural variations in human
schistosome populations over space and time, nor how such vari-
ations may  influence transmission dynamics, clinical impact or
evolutionary responses to intervention-induced selection.

Population structure, the genetic subdivision of parasite popu-
lations, is vitally important to the potential emergence and spread
of PZQ resistance. High levels of population structure between
hosts, due perhaps to clumped transmission of related genotypes,
may  increase the likelihood of recessive alleles (which commonly
confer drug resistance) coming together in the same host thus
increasing the chance of a doubly recessive individual develop-
ing, while restricted gene flow between individuals and regions
is likely to limit the spread of any such resistance should it develop
(Gower et al., 2011). Patterns of population structure might be
expected to vary between different regions and epidemiological
settings (Steinauer et al., 2010). Our study was  relatively consistent
in both S. mansoni and, as one of the first major reports of geo-
graphic variation in the highly neglected S. haematobium (Doenhoff
et al., 2009; Rollinson, 2009), in identifying that the majority of
variation existed within the parasite populations of individual chil-
dren. At this pre-PZQ ‘baseline’ stage, there was a small amount of
genetic differentiation between the parasite populations of differ-
ent children. Since we have attempted to correct for the potential
relatedness of miracidia within individual hosts (who may be sib-
lings) by using a hierachical FST analysis, this could additionally
reflect genetic relatedness of parental worms, which might be
expected given clumped transmission of clonally related adults at
a single infection site. The very small Fst values, however, sug-
gest that inbreeding is low, and that children are being exposed
to genetically different infections, over space and time. Similarly,
there was  little evidence from Fst or clustering analyses of genetic
divergence between the parasite populations of individual children
of the same school, or between schools in the same country. This
was further supported by little evidence of differentiation between
the parasite populations of children of different ages and gender in
more detailed analyses in Cameroon. However, analysis of molec-
ular variance and clustering analyses demonstrated that there was
strong isolation by distance and geographical divergence between
the six SSA countries from which samples were collected. This is
despite geographic distances (e.g. for S. haematobium Nanhyanga
to Kisorya; Fig. 1) within countries sometimes exceeding those
between them (e.g. Nanhyanga to Abori; Fig. 1), although in some
instances (e.g. Kenya S. haematobium and S. mansoni and Tanza-
nia S. mansoni collections), sampling sites within countries were
geographically close to one another and on the same water course.
Thus this study documented genetic population structure in both
S. haematobium and S. mansoni populations, on both regional and
continental scales, which might be expected to slow the spread
of drug resistance should it develop, as well as limited evidence
of structure at the individual host level that might promote its
development. Interestingly, Steinauer et al. (2009) found limited
genetic structuring in S. mansoni populations around a single water-
shed in Kenya, including in the Kenyan portion of Lake Victoria
which stretches to 1800 km2, in contrast to strong genetic struc-
ture detected in a previous study by the same authors over a wider
geographic scale within Kenya encompassing different watersheds
in the east, west and southwest portions of the country (Agola
et al., 2006). One should acknowledge, however, these differences
could also be influenced by variations in the sampling methodol-
ogy used, since the latter study used animal-passaged schistosome
samples (Steinauer et al., 2010). Our study documented similar and

significant levels of genetic differentiation between the S. man-
soni populations collected from Ugandan and Tanzanian schools
on Lake Victoria, as between those collected from Uganda or
Tanzania and schools on a different watershed in Kenya, with all
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airwise comparisons having very similar moderate/high Fst val-
es. Thus, though there was evidence of genetic mixing occurring
etween populations on Lake Victoria within Kenya, larger scale
ixing of parasite populations across the Lake does not appear to

e occurring. This is not perhaps surprising given the large dis-
ances involved. Moreover, schistosomes live for, on average, 3–5
ears in their human hosts and previous studies of schistosome
iversity (Davies et al., 1999) have implicated geographical distance
ather than closeness on water courses, and human rather than
ntermediate hosts, as the driving forces in schistosome dispersal
nd gene flow. Our results indicate that human movement within a
ountry may  be greater than across borders, but to geographically
loser areas, with political boundaries having a stronger influence
han absolute distance. In this study, the significant genetic varia-
ion between the S. mansoni populations collected in the Ugandan
nd Tanzanian areas of Lake Victoria would tend to support this. It
ould be interesting, and highly relevant to national control pro-

rammes, to know if national boundaries, due to their effect on the
ispersal of people, act to limit schistosome gene flow in addition
o the effects of geography, and warrants further studies in border
egions. Our data also indicate that gene flow may be higher in S.
ansoni than in S. haematobium,  particularly in West Africa. Our

tudy sites for S. mansoni in Niger were two neighbouring villages
ocated in the Tillaberi department, north of the capital, Niamey.
he Tillaberi region has for a long time been known as a S. haema-
obium focus although in 2001 an extensive malacological survey
as conducted and Biomphalaria pfeifferi, a major intermediate host

pecies for S. mansoni, was identified in five villages in this region
Labbo et al., 2003). Consequently a parasitological survey was  con-
ucted in 2002/2003 and S. mansoni was found in Namarigoungou
Garba et al., 2004). S. mansoni has now spread to Diambala and
ther villages in this area and appears to have overtaken S. haema-
obium as the dominant schistosome species in the area (Garba
t al., 2004, 2011). Indeed our genetic data implicating higher gene
ow across West African populations and/or reduced opportuni-
ies for local differentiation, supports this recent expansion in this
rea. Thus conclusions regarding gene flow and the implications
or spread of drug resistance vary between the two schistosome
pecies and in different regions.

Levels of genetic diversity, as opposed to genetic divergence
etween populations, may  itself be an important component of the
pidemiology of infection and disease, and a key indicator for mon-
toring the effects of selection imposed by drug treatment (Norton
t al., 2010). In these studies, microsatellite analyses revealed high
evels of genetic variability in both S. mansoni and S. haematobium.

e also report differences between the schistosome species, in
hat S. mansoni, but not S. haematobium,  were more variable in East
han West Africa. Our S. mansoni results thus agree with a compre-
ensive intraspecific phylogeographical study using mitochondrial
equences which revealed that there are several divergent clades
f S. mansoni across Africa, with the highest number of clades (3
f 5) located in East Africa (Morgan et al., 2005) suggesting an
ast African origin for S. mansoni, but comparable data are not
urrently available for S. haematobium. There was a marked defi-
iency of heterozygotes in our S. haematobium populations of East
frica, which was not present in the West African samples, nor

n S. mansoni populations, indicating higher levels of inbreeding,
he Wahlund effect, non-random mating and/or reduced gene flow
n these populations. A further potential explanation for heterozy-
ote deficiency is, of course, sampling bias – where such differences
ould occur if, for example, there was an increased frequency of
onger alleles in these regions, although there is no a priori reason

o expect such a bias in the current dataset. There are, nevertheless,

ultiple differences between the sampling sites here in addition
o their geography. For instance, all East African S. mansoni sam-
les were collected from Lake regions (Lake Victoria for Ugandan
a 128 (2013) 261– 274

and Tanzanian samples, Lake Jipe for Kenyan samples) and West
African samples were all collected along the Niger River, whereas
in S. haematobium,  both lake and rivers were sampled in East Africa.
Likewise there were potential differences in snail intermediate host
use and differences in infection prevalence and intensity between
these study sites, and hence it is not possible to determine the exact
causes of the reported differences at this stage.

A methodological difficulty in describing genetic diversity is also
that of variable sample size, since larger sample sizes will tend
to harbour more alleles. Many population genetic studies in other
organisms address this by regulating the size of samples collected,
but in schistosome collections the sample size of the parasite popu-
lation of individual hosts is partly determined by infection intensity
and is often highly variable between hosts. One sampling solution is
to discard small samples, but this will tend to discriminate against
low infection intensity infections, which may  be of particular epi-
demiological interest, and would be particularly common following
large-scale drug administration. Alternative solutions are to include
sample size as a covariate (Norton et al., 2010) or, perhaps, most
satisfactorily to rarefy to the smallest sample present (El Mousadik
and Petit, 1996). Allelic richness is a measure of diversity which
is rarefied in this way, but is not widely implemented in statisti-
cal packages, and care should be taken in its use since its value
will vary depending on the minimum sample size with which it is
being compared (within the same analysis). It may  not be directly
comparable between different species, or studies, depending on
the characteristics of the microsatellite loci used, but is suitable,
and highly informative, within studies or for meta-analyses such as
described here. We  also reported that conclusions regarding com-
parative genetic diversity were similar whether data were pooled
at the village level (Component population approach), or when data
were analysed separately at the level of the parasite populations of
individual children (Infrapopulation approach). The latter is more
satisfactory from an analytical point of view, since it not only allows
comparison with epidemiological data such as host age, gender
and infection intensity, but also effectively controls for potential
relatedness of sampled miracidia, and is thus the methodology used
within the reported studies.

Estimates of Ne or Nb,  key parameters in population genetics
have been poorly studied by parasitologists (Criscione et al., 2005),
despite the information it may provide on the ability of parasite
populations to respond to selection and, potentially a measure of
the impact of treatment at the community level and on refugia
(Webster et al., 2008) as well being as an important parameter for
the success of local elimintion. The most commonly used meth-
ods for calculating Nb/Ne are variations on the temporal method
(Waples and Yokota, 2007) whereby two  samples are taken from
the same population at two different time points. However, this
methodology is of limited use in the monitoring of helminth control
programmes, where temporal changes in Nb/Ne as a result of large-
scale drug administration are the major interest and resampling
untreated control groups is not possible due to ethical consider-
ations. Published methodology and statistical programmes exist
for calculating Ne from a sample taken at a single time point based
on allele frequencies (MLNE; Wang and Whitlock, 2003) or linkage
disequilibrium (LDNe; Waples and Do, 2008), which were investi-
gated in this study, with the aim of assessing whether differences
in Nb could be identified between schistosome species and geo-
graphical regions or epidemiological settings. The major conclusion
of this meta-analysis was that the two  methods used, which are
themselves based on differing assumptions, provided widely differ-
ing estimates of Nb,  with the methodology of Wang and Whitlock

(2003) being strongly influenced by miracidial sample size. Esti-
mates of Nb with LDNe seem low for entire schools, although
there are many features of schistosome life cycles that will tend to
reduce Nb below the population census size (Prugnolle et al., 2005).
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nterestingly, there was  a non-significant trend for Nb to be lower in
chools where the mean age of children sampled was  higher, which
s consistent with the development of acquired immunity in older
hildren. However, there were no obvious differences in Nb (or
ndeed between measures of larval diversity) between schools with

idely differing prevalences and intensities of infections, which, if
ccurate, might suggest that traditional measures of community
nfection (prevalence among school-aged children is the indica-
or used by WHO  and National Control Programmes to classify
hole community risk) may  not be good indicators of the size of

he breeding population of parasites, and hence their susceptibility
o the selective pressures imposed by large-scale drug administra-
ion. Prugnolle et al. (2005) conducted theoretical work attempting
o account for the clonality and redundancy in the schistosome
ife-cycle in estimating population genetic parameters such as Nb.
urther theoretical work (and implementation in statistical soft-
are) focussing on sampling larval schistosomes, and the impact

f structured population, would certainly be a welcome addition to
he field.

. Conclusion

Recent methodological developments in schistosome popula-
ion genetic studies have allowed investigation of the parasite
opulations of large numbers of infected individuals across the
frican continent. We  report novel data on genetic variability

n the two major African schistosome species, S. mansoni and
. haematobium,  including the largest datasets to date on the highly
eglected latter species. We  report high levels of genetic diver-
ity in both species, and population structure between countries in
oth schistosome species prior to the introduction of national con-
rol programmes for schistosomiasis in six SSA countries, on both
egional and continental scales. Both the lack of genetic population
tructuring observed at the individual host level, and the pres-
nce of population structuring on regional levels for both species,
ould be expected to slow or discourage both the development,

nd subsequent spread, of drug resistance. Further samples are
ecessary to determine the extent of geographic differentiation
ithin countries, and whether patterns of differentiation may  vary

etween the two species and geographical regions. These data will
hereby help serve as baseline upon which to measure the impact
f large-scale PZQ administration on schistosome genetics in these
egions.
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to participate in longitudinal monitoring of the national control
programmes for schistosomiasis were given by either parents,
head teachers and/or village chiefs where there were no schools.
The children and/or their parents/guardians verbal consent was
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