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     INTRODUCTION 

 Recent shifts in global health policy have led to the imple-
mentation of mass drug administration (MDA) programs 
against a range of neglected tropical diseases (NTDs). 1  Such 
large-scale programs exert prolonged novel selection pres-
sures on parasites. 2,  3  Schistosomiasis is one such NTD of pro-
found medical importance across many regions worldwide. 4,  5  
Schistosomes, the causative agents, are digenean trematodes 
whose life-cycle alternates sexual reproduction in a mam-
malian host with asexual reproduction in a molluscan host. 
Transmission between hosts occurs by larval cercariae (infec-
tive to the mammalian host) and miracidia (infective to the 
molluscan host). Schistosomes are highly unusual in the 
class of Trematoda being dioecious, enabling the potential 
for increased genetic exchange within parasite populations. 
Indeed, genetic diversity is thought to be vital for schisto-
somes’ ability to survive the pressures of their complex life-
cycles, 6  and their ability to adapt to changing environmental 
conditions. Although only a few population genetic studies 
have been performed on schistosomes to date, they have iden-
tified significant genetic diversity in adult worms within both 
human and rodent hosts. 7–  11  

 There is currently no effective vaccine against schistosomi-
asis and interruption of the transmission cycle through mol-
lusciciding, biological control of the intermediate snail hosts 
and health education have generally proved insufficient con-
trol methods on their own. 2  Chemotherapy with praziquantel 
(PZQ) is therefore the mainstay for schistosomiasis control 12  
and PZQ will remain the only drug of choice for several years. 12  
One major control program, the Schistosomiasis Control 
Initiative (SCI), was established in 2002 to assist selected sub-
Saharan African countries to establish sustainable schistoso-
miasis control. Within the first 5 years alone, over 40 million 
courses of PZQ treatment have successfully been delivered to 
over 20 million individuals. 13  

 One key issue inherent in such programs is, however, the 
potential evolution or establishment of drug resistance and/

or tolerance, which has been a major problem in veterinary 
anthelmintics. This is of particular importance for schistoso-
miasis given that PZQ is the only readily available drug. To 
date, there is no evidence to suggest that PZQ resistance has 
become established under field conditions, even within China 
and Egypt, despite its widespread use for over 20 years. 2,  14,  15  
There is speculation that untreated parasites or  refugia  may 
partly explain the lack of establishment of PZQ resistance, 
with those parasites present in snails, non-human mammals, 
and untreated humans providing a pool of susceptible genes 
that “dilute” any resistance genes in endemic populations. 3  
Subdivision in schistosome parasite populations, and the pos-
sibility of inherent costs of resistance, have also been sug-
gested as additional explanations for the lack of spread of 
PZQ resistance. 3  Nevertheless, evidence arising from clinical 
investigations primarily within Egypt and Senegal, 16  reports 
of individual failures of PZQ treatment in infected travelers, 17  
and results from a range of laboratory studies and artificial-
selection of resistant lines, 15  give cause for concern regarding 
potential future changes in the PZQ susceptibility status of 
schistosome populations in natural foci. 

 It is important, therefore, that the effects of PZQ treat-
ment on schistosome population genetics be monitored for 
any changes, not only those potentially related to drug resis-
tance (for which there are currently no linked genetic mark-
ers), but also for changes in genetic diversity and population 
structure. Reductions in diversity resulting from chemother-
apy may indicate that the population will be less able to adapt 
to a range of environmental pressures (including further che-
motherapy). Conversely, increases in diversity or genotypic 
change may indicate increased genetic exchange of a popu-
lation of parasites with other populations (in different geo-
graphical areas and/or host species). Either of these outcomes 
would be key indicators of the potential impact of MDA on 
current and future schistosome epidemiology. One may pre-
dict, however, that a single round of MDA within primary 
school-aged children would have no such effect on schisto-
some population genetics caused by the large  refugia  present 
in untreated adults and preschool children, the long genera-
tion time of these parasites and the relatively high efficacy of 
PZQ treatment. 

 This study, using data gathered from children within two 
schools in a Lake Victoria region of Tanzania, therefore aimed 
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to elucidate, for the first time, the potential impact of the first 
round of MDA on the population genetic structure of a PZQ-
naive  Schistosoma mansoni , causative agent of intestinal schis-
tosomiasis in sub-Saharan Africa, the Caribbean, and Yemen. 

   METHODS 

  Study design and schools sampled.   This study was carried 
out in two schools; Kisorya (Bunda district, Mara region) and 
Bukindo (Ukerewe district, Mwanza region) both situated 
close to Lake Victoria in Tanzania. At the start of this study 
(April 2005) children from neither of these schools had 
previously been treated with PZQ, and PZQ was not readily 
available in local health centers. The entire population was 
therefore assumed to be PZQ naive. Parasite samples collected 
in April 2005 were therefore termed baseline and samples 
collected in April 2006 (after MDA) were termed follow-up. 
The MDA with PZQ (for the treatment of schistosomiasis) 
and albendazole (for soil transmitted helminthiasis) was 
performed in November 2005 targeting all primary school-
aged children (enrolled and not enrolled, 7–11 years of age) 
in 11 regions of Tanzania, including the neighboring Mwanza 
and Mara regions. Although coverage data for Bunda 
district and the individual schools was not retrieved by the 
program, coverage in Ukerewe district was high at 90%. Local 
populations, including school enrolment, remained stable 
over this time period (with no large migrations) (Lwambo N, 
unpublished observation). Environmental and meteorological 
conditions were similar between years (National Institute for 
Medical Research, unpublished data). 

 In most SCI-associated National control programs, the 
impact of annual treatments on the prevalence and intensity of 
schistosome infection has been impressive. 13  Unpublished SCI 
data from this first round of mass chemotherapy in Kisorya 
and Bukindo indicated, however, no significant changes in 
parasite prevalence or intensity in Kisorya (2005, 91% preva-
lence, 418 epg; 2006, 92% prevalence, 432 epg) but a reduc-
tion in infection intensity in Bukindo (2005, 60% prevalence, 
135 epg; 2006, 77% prevalence, 66 epg). This may be caused by 
high levels of transmission and therefore re-infection in these 
Lake Victoria highly endemic areas. 

 Baseline miracidial samples were collected from randomly 
selected children 7–11 years of age identified to be infected 
by positive Kato-Katz smears (up to 60 miracidia per child 
were collected) from both Kisorya and Bukindo schools. One 
year follow-up miracidial samples were again collected from 
infected children 7–11 years of age from the same schools 
(only a small number of which were from the same children, as 
detailed below). Samples from an additional subsection of the 
children collected from Kisorya at follow-up were from 7 year 
olds who were new entries to the school and hence had not 
been previously treated in the first round of MDA (because 
of not being of school age) and whose infections were there-
fore presumed to be PZQ naive. Data from these individuals 
thereby provide an insight into the effect of MDA the previ-
ous year on parasite infections in children who had not yet 
been treated, and hence the potential impact of PZQ on para-
site genetics at the population level. 

 Recently developed techniques for parasite collection, stor-
age, and amplification were used enabling large numbers 
of individual schistosome miracidia to be analyzed directly 
from children without the associated genetic bottlenecks and 

selection biases inherent in laboratory passage 18  (because of 
the inability to sample adult schistosomes from their loca-
tion in the mesenteric system previous studies have generally 
relied on infecting snails with miracidia, exposing laboratory 
mammals to subsequent cercariae from these field isolates, 
and performing analyses on the subsequent adult worms). 

   Collection and storage of miracidia.   Infected children were 
identified by positive Kato-Katz smears. Stool samples from 
each infected child were prepared separately for miracidial 
hatching with individual miracidia pipetted directly onto 
Whatman FTA cards for storage as described by Gower and 
others. 18  At baseline (2005) miracidia were collected from 38 
children from Bukindo primary school and 42 children from 
Kisorya primary school. At follow-up (2006) miracidia were 
collected from 18 children at Bukindo primary school and 29 
children from Kisorya primary school. Only a few of these 
follow-up miracidial samples (1 child from Bukindo, 8 children 
from Kisorya) were collected from the same children as at 
baseline as many of those children from which samples were 
taken at baseline were Kato-Katz negative at follow-up. All 
children, regardless of infection status, were treated with PZQ 
under MDA in November 2005 and September 2007. 

   Molecular analyses.   Molecular analyses were carried out 
on up to 20, randomly selected, miracidia per child per time 
(baseline versus follow-up) point. Pilot studies revealed that 
20 larvae may provide a representative sample of the total 
genetic variability of all miracida/cercaria shed per individual 
on a certain day, although this is likely to vary per individual 
and epidemiological setting. 10,  18–  20  The DNA preparation was 
carried out on the Whatman cards as per the manufacturer’s 
protocol (Whatman FTA cards). Polymerase chain reaction 
(PCR) was carried out using a previously published multiplex 
allowing genotyping of seven microsatellite loci ( Table 1 ). 10    , 18–  20  
Small modifications were made to the fluorescent labels 
because of the use of an ABI Prism 3730 Genetic Analyser 
(Applied Biosystems, UK)    for genotyping rather than the ABI 
377 automated sequencer for which the assay was developed. 
Forward primers were labeled using 6-FAM, PET, VIC, and 
NED dyes. The PCR reactions were performed on Gene 
Amp PCR system 9700 (Applied Biosystems, Cheshire, UK), 
incorporating positive and negative controls on all plates. 

       Population genetic analyses.   Allele sizes were calculated 
in Genemapper (version 4.0). Analysis was restricted to 
miracidia with allele calls for at least three loci. A total of 1,706 
miracidia were analyzed. A parasite population was defined as 
the population from a single child at one time point. Observed 
(Ho) and expected (He) heterozygosity for each population 
were calculated in  powermarker  24  and the allelic richness (Ar) 
of each population was calculated in  fstat  version 2.9.3.2. 25  
Differences in the mean Ho, He, and Ar between baseline and 
follow-up populations were investigated using a general linear 

 Table 1 
  Details of microsatellite loci used in this study  

Locus Reference GenBank acc. no. Repeat motif Size range (bp)

SMDA28  21 AF325695 GATA 92–128
SMD25  22 AF202965 CA 272–312
SMD28  22 AF202966 CAA 230–245
SMD89  22 AF202968 TC 138–169
SMU31768  22 U31768 GAT 179–247
CA11-1  23 AI068336 GA, GT 191–231
SMS9-1  23 AF330106 GT 178–208
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model (GLM) in Minitab Statistical Software (Minitab Inc., 
State College, PA) with child age, infection intensity (eggs per 
gram) and miracidial samples size as covariates. Differences 
in mean Ho, He, and Ar between PZQ-naive 7 year olds at 
baseline and follow-up were investigated using a GLM with 
infection intensity and miracidial sample size as covariates. 
Summary statistics for Ho, He, and Ar across all miracidia 
collected at each time point were created in  fstat  version 
2.9.3.2 25  and differences between time points were tested 
for using a permutation model with 15,000 permutations. 
Differences between all miracidia in each time point were also 
visualized using the Bayesian clustering program  structure  
versus 2.2. 25  A Markov Chain Monte Carlo (MCMC) burn-in 
of 10,000 steps and 1,000,000 steps after burn-in was used to 
assign samples to four putative populations. As a measure of 
genetic distance between populations, a matrix of Cavalli-
Sforza and Edwards’ chord distances 26  was calculated using 
POPULATIONS 1.2.28 27  and visualized using a neighbor-
joining tree, with bootstrapping with 10,000 replications. 
Measures for population differentiation (F  st  ) were calculated 
between schools within years and between years within 
schools using  GDA  (Genetic Data Analysis: version 1.0). 28     
Analyses were bootstrapped over loci with 30,000 replications 
to achieve 95% confidence intervals. 

   Ethics statement.   Ethical approval was obtained from 
the Ethical Review Board of National Institute of Medical 
Research (clearance number NIMR/HQ/R.8a/Vol.IX/379), 
Tanzania and from the Imperial College Research Ethics 
Committee (ICREC), Imperial College London, UK in 
combination with the ongoing Schistosomiasis Control 
Initiative activities. Written consent for the schoolchildren to 
participate in longitudinal monitoring of the national control 
program for schistosomiasis and soil-transmitted helminth 
(STH) was given by head teachers because in African schools, 
written consent of the child’s guardian is very difficult to 
obtain (because of the associated impoverished conditions and 
often low literacy   ). The parents/guardians verbal consent was 
recorded at school committees including parents, teachers, and 
community leaders after they received satisfactory information 
about the study. Each individual child also gave verbal consent 
before recruitment. 

    RESULTS 

 The GLMs showed that the populations of parasites within 
individual children at each of the two schools had significantly 
reduced levels of allelic richness (Bukindo, 3.9% reduction, 
F 1,43  = 12.49,  P  = 0.001; Kisorya, 3.3% reduction, F 1,62  = 10.41, 
 P  = 0.002) and expected heterozygosity (Bukindo, 7.6% 
reduction, F 1,40  = 4.86,  P  = 0.033; Kisorya, 8.7% reduction, F 1,52  
= 19.81,  P  < 0.001) post-treatment in comparison to baseline 
( Figure 1 ), even when controlling for intensity of infection. 

  To determine whether this within-child reduction in genetic 
diversity was in fact indicative of a general reduction in diver-
sity across the whole parasite population, we further investi-
gated the results for parasites from all children combined across 
each year. The overall diversity of the parasites collected from 
all children within each school was thus compared between 
the time points. A reduction in genetic diversity between 
baseline and follow-up samples was identified ( Table 2 ), 
and a non-parametric permutation test indicated the reduc-
tion in allelic diversity approached statistical significance 

( P  = 0.084). Results from  Structure  were consistent with these 
results indicating greater diversity across all parasites at base-
line (with parasites divided between four putative populations 
at  k  = 4) in comparison to follow-up (with parasites catego-
rized mainly into only two of the four putative populations) 
indicating a lower level of genetic diversity ( Figure 2 ). Analysis 
at the school level (across all children in the cohort), showed 
that this reduction in genetic diversity observed within indi-
vidual children was indeed indicative of a general reduction in 

 Figure 1.    ( A ,  B ) Genetic diversity of  Schistosoma mansoni  popu-
lations within children. Mean (±SEM) allelic richness and expected 
heterozygosity of the  S. mansoni  populations of individual children 
from two schools (Kisorya and Bukindo) collected from 80 children 
in 2005 (baseline) and 47 children in 2006 (post-praziquantel (PZQ) 
mass chemotherapy follow-up). Number of children in each group 
indicated within bars.    

 Table 2 
  Mean allelic richness and expected heterozygosity across all 

 Schistosoma mansoni  samples analyzed pre-treatment and post-
PZQ treatment  

Allelic richness Expected heterozygosity

2005 (baseline) 10.353 0.720
2006 (follow-up) 9.432 0.668
 P  value obtained after 15,000 

permutations in Fstat
0.085 0.167
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parasite genetic diversity across all these children and there-
fore potentially in the parasite community itself. 

      A key comparison was made between those parasite sam-
ples collected from the newly recruited 7 year olds at follow-
up in 2006, who had not been previously treated with PZQ (as 
they were not yet of school age during baseline sampling and 
therefore essentially act as a control group for non-chemother-
apy-induced changes between the 2 years) and parasites from 
7 year olds collected at baseline in 2005. A reduction in allelic 
richness was observed, with miracidia collected from 7 year 
olds at follow-up showing lower allelic richness than those col-
lected at baseline (4.3% reduction, F 1,16  = 4.14,  P  = 0.05) from 
GLM ( Figure 3 ). The statistical significance of this result was 
likely limited by the small sample size of 7 year olds. 

  In addition to impacting the diversity of schistosome infec-
tions, MDA might also be predicted to change the frequency of 
specific alleles and genotypes in the population. We therefore 
calculated the genetic disparity between the parasite popula-
tions of individual children using Cavalli-Sforza and Edwards’ 
chord distances and visualized the similarity of parasite samples 
collected at baseline and post-treatment using a neighbor-join-
ing clustering algorithm. The resulting phenogram ( Figure 4 ) 
showed clear separation between samples from children at 
baseline and follow-up (although lack of bootstrap support 
indicates that this separation is small) with some cluster-
ing but no clear separation between schools at each of these 
time points. Three populations of parasites from children clus-
tered within the opposite time point, and this tree was used 
to confirm that none of the samples from nine children, who 
were infected and sampled at both time points (indicated in 
blue and red on  Figure 4 ) clustered together, suggesting that 
these may be reinfections rather than treatment failures (and 
hence not potentially resistant parasites). The results from this 
neighbor-joining tree were confirmed with F  st   analyses, which 
indicated between-year within-school population separation 
(although small) to be significant and greater than between 
school within year population separation ( Figure 5 ). 

     DISCUSSION 

 One may have predicted, because of the large parasite  ref-
ugia  in snails, untreated children and adults, and potentially 
also untreated non-human mammals such as rodents and 
other primates in the case of  S. mansoni  (each of which can be 
considered as a “reservoir” for re-infection), that one MDA 
treatment of school-aged children would have very little, if 
any, impact on the genetic composition and characteristics of 
the schistosome population. Indeed, because those parasites 
killed by treatment would only represent a small proportion 
of the circulating parasite population, multiple years worth of 
treatment might be expected to be necessary before impacts 
on parasite genetic diversity and genotype would be apparent 
(as observed after up to 15 years of ivermectin treatment as 

 Figure 2.    Clustering output of  Schistosoma mansoni  populations. A clustering output produced by  distruct  visualizing the outputs of data analy-
ses from  structure  (a software program implementing a Bayesian clustering algorithm to determine how many putative separate populations are 
present in the genetic data) showing the allocation of miracidia populations by school and year to each of four putative populations. Results indi-
cated greater diversity across all parasites at 2005 baseline (with parasites divided approximately equally between all four putative populations at 
 k  = 4, indicated by the colors blue, red, yellow and green) in comparison to the 2006 follow-up (where parasites were categorized mainly into only 
two, indicated by green and yellow here, of the four putative populations).    

 Figure 3.    Genetic diversity of  Schistosoma mansoni  populations 
within 7 year olds. Mean (±SEM) allelic richness of parasite popu-
lations collected from praziquantel naive 7-year-old children in 2005 
(baseline) and 2006 (follow-up) for Kisorya school. Number of chil-
dren in each group indicated within bars.    
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part of the onchocerciasis control program 29 ). In contrast, we 
report here a significant reduction in parasite genetic diversity 
after a single PZQ MDA treatment. 

 One might propose, therefore, that the observed reductions 
in parasite genetic diversity within each child could simply 
reflect the short time over which children were able to acquire 
those infections measured at follow-up (i.e. only 6 months pre-
suming treatment had cleared any prior infections) relative to 
those measured at baseline, which might have been acquired 
over several years. However, indication that this may not be 
a sufficient explanation is provided by the results from the 
new 2006, previously untreated, cohort of 7-year-old children, 
and their comparison with the matched pre-MDA cohort of 
untreated 7 year olds in 2005, because similar reductions in 
allelic richness were observed in these “control” 7 year olds 
at follow-up. Indeed, this result tends to indicate that not only 
did one round of MDA affect parasite diversity within each 
child treated and across all children treated; it may also have 
affected parasite diversity within untreated children and there-
fore the broader  S. mansoni  population as a whole. 

 These observations have important implications for our 
understanding of population genetics of parasites in gen-
eral and potential implications for the implementation of 
NTD MDA campaigns. The unpredicted apparent “bottle-
neck” imposed by one round of MDA on schistosome popu-
lation genetics has several putative explanations, all of which 
require further investigation. It may indicate that not all par-
asites present in r efugia  at the time of treatment contribute 
to the re-infection of children in this age group (7–11), and 
hence the “effective reservoir” may be smaller than previously 
thought. One could speculate that parasite genetic differentia-
tion may occur between human hosts of different ages caused 
by immunological differences, with the untreated pre-school 
children, teenagers, and adults not treated in this study harbor-
ing different parasite genotypes, which may be less likely to 
re-infect children in the study group ages (7–11). This reduc-
tion in genetic diversity as a result of one MDA treatment may 
therefore result from a large number of the genotypes of para-
sites currently adapted to infecting humans of the group 7–11 
years of age having been killed by chemotherapy, with not all 

 Figure 4.    Neighbor-joining tree of parasite populations per child. Neighbor-joining tree displaying genetic distance calculated using Cavalli-
Sforza and Edwards’ chord distances 23  for all the populations of miracidia collected (from each child at each time point). Populations labeled blue 
and red are those parasites collected from the same child at both baseline and follow-up (blue at baseline and red at follow-up). Populations are 
coded by year (5 = 2005, 6 = 2006), school (B = Bukindo, K = Kisorya) and child ID number (all individuals at follow-up have “10” in front of their 
two digit ID number in comparison to baseline or a “1” in front of their three digit ID number in comparison to baseline).    
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parasites present in the “reservoir” adapted to re-infect these 
children or being present in the specific transmission foci that 
these children frequent. Further investigation would be neces-
sary to confirm or disprove this hypothesis. 

 An alternative/additional potential hypothesis is that 
the presence of chemotherapy-induced acquired immunity, 
whereby the host immune system is exposed to parasite anti-
gens through the damage and subsequent killing of adult schis-
tosome worms by the action of PZQ, 30  may compound the 
reduction in the “effective reservoir.” The resulting chemo-
therapy-induced “vaccination” of children to those parasites, 
which they were harboring and treated for may potentially 
lead to a reduction in genetic diversity of infections as chil-
dren may be resistant to genotypes closely related to those 
that they were infected with pre-treatment. This may in turn 
explain the phylogenetic separation between parasites col-
lected from baseline and follow-up. With repeated treatments 
(especially community-wide treatments occurring in areas of 
high endemicity), continued reduction in genetic diversity may 
be predicted. Furthermore, as the aforementioned natural 
diversity in schistosome populations is thought to be essential 
to complete their complex life-cycles and respond to changing 
environmental pressures, continued significant reductions in 
such diversity may therefore reduce their ability to adapt and 
survive any future novel environmental selective pressures to 
which they may be exposed. 

 However, a non-biological explanation for the decreased 
diversity is that multiplex PCR from low yields of miracidial 
DNA results in null amplification, although there is little rea-
son to suspect a systematically higher rate of null alleles in the 
post-treatment collections because all data collection and pro-
cessing techniques remained constant. An alternative and less 
optimistic explanation for the observed reduction in diver-
sity is that chemotherapy-imposed selection is occurring. The 
reduction in genetic diversity may represent the increased suc-
cess of a small number of alleles, although this may be unlikely 
after only one treatment event. While population genetic stud-
ies with neutral microsatellite markers do not have the power 
to directly identify selection, careful monitoring of changes in 
microsatellite allele frequency over time and treatment suc-
cess (aided by the identification of re-infections versus treat-
ment failures with phenograms) may enable selection for PZQ 
resistance to be detected even with the current absence of spe-
cific genetic markers for resistance. Continued and expanded 
monitoring of schistosome population genetics over several 
treatments is now important, especially where epidemiolog-
ical data suggests non-clearances. Such techniques should 
ideally be extended to all the NTDs covered in the new and 
expanding human MDA programs, particularly as this study 
has shown that currently available tools can provide important 
markers to elucidate the impact of selective pressures such 
as chemotherapy on parasite population genetics and hence 
potentially, disease epidemiology. 

 Received May 18, 2010. Accepted for publication July 19, 2010. 
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