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Eradication or local extinction of the human parasite Schistosoma mansoni is a goal for many control pro-
grams. Population genetic analyses are helping to evaluate and guide these efforts, yet what to sample,
how to sample and how densely to sample is not well established. We determined the S. mansoni allele
frequency profile of nearly all infected inhabitants in two small Brazilian communities and created sub-
samples representing 5–50% of all detected human infections (infrapopulations). Samples were selected
at random with replacement, and each size class was replicated 100 times. Mean pairwise differentiation
for all infrapopulations (Di) and the variance effective population size (Ne) were calculated for each sam-
ple. Prior to community-wide treatment, the true mean Di was moderate (0.095–0.123) and Ne large
(>30,000). Most samples of <50% of those infected produced estimates outside of 5% of the true value.
For estimates within 10%, sample sizes of >15% of all infrapopulations were required. At the 3 year
follow-up after treatment, the Di increased and Ne was reduced by >15 fold. At this time sampling of
>30–45% was needed to achieve the same accuracy. Following a second treatment and 4 years from base-
line, the Di further increased and Ne decreased with little change in the sampling effort required.
Extensive sampling is required for accurate estimates of these important population parameters.
Characteristics such as population census size, infection prevalence, the community’s treatment history
and the degree of infrapopulation differentiation should be taken into account. The intensity of infection
was weakly correlated with the ability of a single infrapopulation to represent the component population
(Dic), indicating a tendency toward random acquisition of parasite genotypes. This also suggests that tar-
geted sampling from those most heavily infected will better represent the genetic diversity of the whole
community than a random sample of infrapopulations.

� 2018 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In a perfect epidemiologic study, every individual in a popula-
tion would be enrolled in order to answer a given research ques-
tion. This is not practical or perhaps even advisable for large
populations. In response, studies resort to statistical analyses of a
representative portion of the whole. A sample, however, may be
biased and not represent the population, is susceptible to winner’s
curse (Kraft, 2008; Xiao and Boehnke, 2009), may identify trivial
effect sizes (Biau et al., 2008; Button et al., 2013). One of the great-
est dangers is if too small, it may lack power to detect differences
between groups. The problem of small sample sizes is common.
Moher et al. (1994) indicated that only 36% of the clinical trials
between 1975 and 1990 with negative results had statistical power
to detect differences of 50% between groups. By contrast, a very
large sample size can be complicated by the cost, time to complete
enrollment and potentially subjecting individuals unnecessarily to
risk in clinical trials. In population genetics, no single sample size
will serve to answer all questions for all populations, since there
can be differences in frequency and distribution of variation, the
resolution and accuracy desired, in the amount of uncertainty in
the estimates and basic biology among populations and species.
Nevertheless, estimates of the minimum sample size required in
general or for specific species have been calculated to be from
size for
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Fig. 1. Study design. Stool from nearly all members (89–98%) of two communities
(Jenipapo and Volta do Rio, Brazil) were examined on three different days and
Schistosoma mansoni eggs collected and genotyped. All those positive were re-
examined 4–6 weeks post-treatment and re-treated if persistently positive. Only
Jenipapo was surveyed in 2013.
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two (Nazareno et al., 2017) to greater than 300 (B-Rao, 2001;
Miyamoto et al., 2008; Whiteley et al., 2012).

In studies of population genetics involving parasites such as
Schistosoma mansoni, determining adequate sample size and
selecting a sampling approach are further complicated by the biol-
ogy of the microorganism itself. During their life cycle, schisto-
somes employ asexual and sexual reproduction in different host
species. Its sexual stage is distributed as genetically heterogenous
aggregates (Curtis et al., 2002; Thiele et al., 2008; Agola et al.,
2009) that can be viewed from the perspective of the individual
host (infrapopulation) or as an overall community of hosts (com-
ponent population) (Bush et al., 1997). In addition to geography,
component populations can be defined by time or host character-
istics (Barbosa et al., 2013).

Hardy–Weinberg equilibrium is an assumption of many indices
in population genetics. Infrapopulations formed by schistosomes
are intrinsically different from typical Hardy–Weinberg popula-
tions in that all of the adults are acquired by immigration and all
of the progeny emigrate. In addition, the assumption of random
mating cannot be met. Those genotypes only return to the host
by chance and not because they are retained at or return to the
same site as the adults. Analyses of infrapopulations based on
assumption of Hardy–Weinberg proportions are suspect, but not
necessarily wrong. The component population, however, is likely
to more closely conform to Hardy–Weinberg conditions by reflect-
ing the whole parasite community’s reproductive activity and
retain a set of shared traits and loci. The inbreeding characteristics
of the population are observed at the level of the component
population.

Schistosoma mansoni adult worms reside in the human blood
stream and are inaccessible for all practical purposes. Thus, the
parasite’s eggs, excreted in faeces, are the sample commonly col-
lected for genetic studies. Eggs also have the advantage of repre-
senting a single generation, an important assumption for many
analyses. Humans with light infections can excrete over 5000
genetically diverse eggs per day. When genotyping eggs or miraci-
dia, all (Van den Broeck et al., 2014) or most (Curtis et al., 2002;
Prugnolle et al., 2004a) are unique multilocus genotypes.
Prugnolle et al. (2004a) also found that clonal mating and mating
of highly related individuals was unusual in adult worm pairs from
naturally infected wild rats. Most of these observations would
seem to dictate the necessity for extensive sampling for studies
of schistosome population genetics. There have been few estimates
for the minimum sample size required to provide sample size esti-
mates for S. mansoni (Jarne and Theron, 2001; Sorensen et al., 2006;
French et al., 2013).

One approach for estimating allele frequencies is to disaggre-
gate and isolate individual eggs from faeces (or miracidia hatched
from eggs) and obtain discrete genotypes that are then pooled to
estimate population allele frequencies (Stohler et al., 2004;
Steinauer et al., 2009; Norton et al., 2010). Our group has taken
advantage of the naturally aggregated nature of faecal eggs to col-
lect them from whole stools and determine allele frequencies
directly based on this pool. This facilitated examination of every
stool egg-positive individual in a small population of 849 in 2009
(Barbosa et al., 2016). With this approach, there is no question of
how many eggs or miracidia to sample nor how many hosts. In
much larger populations, however, even with this approach it
may not be possible to examine all infected individuals, necessitat-
ing taking a sample. The characteristics of the population will also
determine how extensive sampling should be, since greater diver-
sity with uneven distribution should require larger samples to be
representative. Due to the aggregated nature of infections, how-
ever, a population with low heterogeneity may show high differen-
tiation between infrapopulations, or conversely, a highly
heterogeneous population might still have similar representation
Please cite this article in press as: Barbosa, L.M., et al. The effect of sample siz
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among infrapopulations (Blank et al., 2009). We calculated how a
genetic differentiation index (Jost’s D) and effective population size
(Ne) would vary for S. mansoni populations with resampling differ-
ent samples sizes of infrapopulations from human infections. Allele
frequencies were obtained at different periods from a cohort study
in Bahia state, Brazil where nearly all those infected within a dis-
crete transmission zone were enrolled. The parasite population
was exposed to repeated treatment with praziquantel, permitting
evaluation of how different population structures affected results
from different sample sizes.

2. Materials and methods

2.1. Study sites and database

Between 2009 and 2013, two rural communities (Jenipapo and
Volta do Rio) in the state of Bahia, Brazil were surveyed and treated
twice for S. mansoni infections (Barbosa et al., 2016). These villages
are 6 km apart on the Jiquiriçá River and have a total population of
849. An average of 85% of the population participated in all three
parasitological surveys where three stools were collected on differ-
ent days, examined for infection and parasite eggs collected from
all positive stools. All infected individuals were treated with suc-
cess rates ranging from 86% to 98%. All those found to be infected
6 weeks post-treatment were re-treated (Fig. 1). No community-
wide treatment was carried out in either village prior to 2009.

2.2. Genotyping

Stool eggs from every infected individual were concentrated by
sieving and sedimentation, for DNA extraction and genotyping for
at least 11 microsatellite markers (Barbosa et al., 2016). A sample
was considered successfully genotyped and included in the analy-
sis when at least eight of the markers successfully amplified. Sam-
ples that did not amplify tended to be from individuals with low
egg counts and consequently lower concentrations of parasite
DNA (Blanton et al., 2011). PCR success rates were similar through-
out the period (range 58.8–66%). In Jenipapo, total numbers of suc-
cessfully genotyped infrapopulations were 140, 70 and 48 for 2009,
2012 and 2013, respectively. The total numbers in Volta do Rio
were 81 and 16 for 2009 and 2012.

2.3. Sampling scheme, differentiation and Ne

The sample size categories represented proportions of the total
number of those infected (5, 10, 20, 30, 40, 50%), since the number
e on estimates of genetic differentiation and effective population size for
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Fig. 2. Mean differentiation between Schistosoma mansoni infrapopulations (Di) (A–
E) and S.D. (F) for 100 subsamples. Di based on the total population or subsamples
of different sizes formed by resampling with replacement. The percent of samples
that gave values 5% or 10% outside of the true value (based on all samples). Samples
obtained from Jenipapo, Brazil in 2009 (A), 2012 (C) and 2013 (E). Samples obtained
from Volta do Rio, Brazil in 2009 (B) and 2012 (D). The X-axis represents the percent
(and number) of all infrapopulations in the subsamples. The Y-axis is the proportion
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infected differed by year. For each of six size categories, 100 repli-
cate samples of infrapopulations were selected at random with
replacement using the open source software R 3.3.2 (R Develop-
ment Core Team 2016). The R script is available upon request.
Allele frequencies were then used to estimate genetic differentia-
tion (Jost́s D) between infrapopulations (Di) using the software
SPADE (http://chao.stat.nthu.edu.tw). SPADE also calculates P val-
ues and the 95% confidence interval for each estimate by bootstrap
methods.

Variance Ne was calculated with the program MLNe (Wang and
Whitlock, 2003) that uses maximum-likelihood to jointly calculate
Ne and the migration rate. The program parameters were the
assumption that the populations were not in drift equilibrium,
maximum Ne value of 35,000, source populations from 2009 and
focal populations from 2012. The proportion of samples falling out-
side of 5% and 10% of the mean values for the total population was
plotted. The temporal method uses the allele frequency variance
over generations. Minimum generation time for S. mansoni was
estimated to be 12 weeks, so a maximum of 10.8 generations
passed between the first treatment period and the resurvey in
2012. While adults represent overlapping generations and, there-
fore, complicate estimates of Ne, the eggs are of the same
generation.

To further assess sampling strategies, we calculated the differ-
entiation between each infrapopulation and the component popu-
lations (Dic). Correlation between the Dic and host characteristics
(age, sex, intensity of infection) was assessed by multiple linear
regression using Excel (Microsoft, Redmond, CA, USA) after log
transformation of the Dic and stool egg counts.
of samples that were 5% or 10% above or below the mean for all infrapopulations. (F)
Mean S.D. for each sample size, community and year of collection. Jen, Jenipapo;
VdR, Volta do Rio.
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Fig. 3. Mean Ne for 100 Schistosoma mansoni infrapopulation subsamples from
Brazil. Variance Ne based on the total 2012 population or subsamples of different
sizes formed by resampling with replacement. The total population from 2009 was
the source population. Jen, Jenipapo; VdR, Volta do Rio.
3. Results

3.1. Infrapopulation differentiation

Changes in differentiation and effective population size
between sampling periods allowed analysis of sample size under
differing population structure. In both communities, the pairwise
Di rose significantly and the Ne decreased more than 10 fold over
the period of study (Barbosa et al., 2016). Prior to community-wide
treatment in 2009, most of the subsamples produced results for
mean Di within 5% of the true value only when sampling >40% of
the infected population (Fig. 2A and B). Most results were within
10% of the true value with samples representing �15% of the total
population. In 2012, 3 years after the first community-wide treat-
ment, no subsample category was on average within 5% of the true
value, and sampling at least 30% in Jenipapo and 45% in Volta do
Rio was required to place most estimates within 10% of the true
value (Fig. 2C and D). In 2013, when only Jenipapo was surveyed,
and 1 year following the second round of community-wide treat-
ment, most samples were within 10% of the true value only when
sampling at least 35% of the infected population (Fig. 2E). The S.D.
of these estimates (Fig. 2F) increased with smaller sample sizes and
as the prevalence of infection decreased. The S.D., nevertheless,
remained relatively small, since thousands of eggs in aggregate
were used in the calculations.
3.2. Ne

Ne was calculated between 2009 and 2012 for both communi-
ties with an estimated 10.8 generations between these years. Ne
is dependent on sample size, and this was well reflected in esti-
mates based on subsamples from 2012. All samples less than
100% produced lower estimates of Ne (Fig. 3) for Volta do Rio
and plateaued between 50% and 5%, but for Jenipapo the decline
Please cite this article in press as: Barbosa, L.M., et al. The effect of sample siz
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continued as the size of the subsamples decreased. Ne was not cor-
rected for migration rate since this was estimated to be negligible.

3.3. Dic

How closely any individual infrapopulation reflected the com-
position of the component population was measured by comparing
differentiation between the infrapopulation and the component
population. This is the Dic. By multiple linear regression, age and
sex were unrelated. The log normalised Dics from 2009 showed
weak correlation with intensity of infection in Jenipapo, but no cor-
relation in Volta do Rio (r2 = 0.05 and 6 � 10�6, respectively, Sup-
plementary Fig. S1). The correlation with egg counts increased
for both communities in subsequent years following treatment.
In Jenipapo for 2012 r2 = 0.18 and for 2013 r2 = 0.32. In Volta do
Rio for 2012 r2 = 0.11. Residuals were normally distributed.
e on estimates of genetic differentiation and effective population size for
16/j.ijpara.2018.10.001
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4. Discussion

We have approached the sampling problem by empirically
determining the outcome of using subsamples of a population
where essentially every known human infection was analysed,
and a large number of eggs produced from each infection was used
in aggregate to determine differentiation and diversity. We found
that a large percentage of all infections have to be examined in
order to achieve good accuracy and precision. We also observed,
as have others, that the precise number depends on the structure
of the population and the question being asked. As population
structure changed over time, indicated by changes in Di and Ne,
sampling requirements also changed relative to the percentage of
infections that needed to be included. For infrapopulation differen-
tiation, sample size greatly affected the accuracy of estimates. As S.
mansoni prevalence decreased and the degree of genetic difference
increased between parasites from individuals, a larger proportion
of infrapopulations needed to be sampled to be representative
(Fig. 2).

Ne was most sensitive to sample size when prevalence and
diversity were highest. Ne, which correlates with diversity,
required larger sample sizes than differentiation for accuracy.
Some authors suggest 10% of the census population (Hare et al.,
2011; Costa et al., 2015), while others recommend a number of
the census population equivalent to 10% of the effective population
size (Palstra and Ruzzante, 2008). In a study of ash trees, >300
adult samples were needed for accurate estimates of diversity,
whereas smaller samples were sufficient for expected heterozygos-
ity (Miyamoto et al., 2008). When seeds were sampled, 50% more
seeds needed to be sampled than adults, but the resultant diversity
measures were identical to those of adults. In a simulation study, a
sample size of 2000 was needed for accurate estimates when Ne
was 8000 (Ovenden et al., 2007). Ackerman et al. (2016), investi-
gating Ne as the number of breeders in populations of steelhead
trout recommended the equivalent of >100% of the effective popu-
lation. Of note, the relationship between prevalence and diversity
here is influenced by the study design, since the baseline infections
were the result of decades of acquisition in some cases. By contrast,
in subsequent years the diversity represented the acquisition of
parasites by individuals over only 1–3 years.

Identifying the optimal sample size has been an active area of
discussion in population genetics for years. This is primarily
because so many answers are possible depending on the research
question, the type of analysis to be applied and the structure and
diversity of the population to be studied. Hale et al. (2012) appear
to suggest that 25–30 individuals is a sufficient size to provide
accurate allele frequencies and FST analysis for a variety of organ-
isms. Two years later, Fung and Keenan (2014) in the same journal
argued that under a variety of scenarios samples sizes of 49–285
could be required to ensure narrow confidence intervals. Some
studies (Willing et al., 2012; Nazareno et al., 2017) indicate that
using very high single nucleotide polymorphism densities in the
thousands obtained from sequencing yields good population level
information from just 2–8 individuals. By contrast, Fumagalli
(2013) in simulation studies found that large sample sizes were
more important for accuracy of allele frequencies and estimation
of population genetic parameters than sequencing depth, despite
the uncertainty for allele calling when sequencing depth is low.

There have been other attempts at validating parasite sample
sizes in studies of schistosome population genetics. Sorensen
et al. (2006) suggested using the results of genotyping worms
derived from eggs from five human infections and passaged
through laboratory snails and definitive hosts to estimate the sam-
pling required for the rest of the population. It was not clear, how-
Please cite this article in press as: Barbosa, L.M., et al. The effect of sample siz
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ever, how this would translate into a specific number for the whole
population. Jarne and Theron (2001) suggested 20 parasites from
five hosts located at 10 different dispersal sites as being practical
and providing statistical power to detect structure. French et al.
(2013) empirically addressed the sampling problem of directly
genotyping eggs collected from infected humans. Using data from
a Tanzanian study of school-aged children, their conclusion was
that only 1–5 miracidia from 50 individuals would be sufficient
to reproduce their study with confidence. Their conclusion
assumes a large degree of genetic redundancy in the egg popula-
tion and that infections in their 115 children between the ages of
7–11 represent the whole community. Since the total sample in
their study was 115, their recommendation could be taken to mean
miracidia should be collected from 50% of all those infected. The
authors make clear that a different site with different conditions
is likely to require modification of their estimates.

There are potential errors in our analysis. The Kato-Katz method
for stool examination is particularly insensitive for low intensity
infections, so especially in years following treatment there might
be an increasing number of cryptic infections. The allele frequen-
cies derived from pooled samples is subject to 5–10% error in its
measurement (Silva et al., 2006; Hanelt et al., 2009). Null alleles,
heterozygosity and some F statistics cannot be measured in pooled
samples. By contrast, the use of pooled samples has the potential to
identify alleles not captured by sampling small numbers of eggs, to
avoid the error associated with small samples of the infrapopula-
tion, biased hatching of eggs or sampling eggs from a small region
of the stool. Analysis of pools might not estimate the number of
breeding adults due to variation in family size (Steinauer et al.,
2013), but direct measurement made in laboratory (Blank et al.,
2010) or natural animal infections (Shrivastava et al., 2005) indi-
cate that egg allele frequencies do approach the frequencies found
in the adults. In any case, the egg population itself is a valid and
useful population for analysis.

Variation in family size means that some individuals will con-
tribute more offspring to the next generation than others. This is
not always an error to be corrected for differentiation, but is a char-
acteristic of the population, and to simulate it away is to describe
some population other than the one being examined. The effect on
Ne is generally small (Frankham, 1995; Waples and Anderson,
2017). Some authors suggest that the effect of siblings should be
removed from population genetics analysis, since they carry
redundant genetic information and are not independent samples
(Steinauer et al., 2013). This is a notion that comes primarily from
statistical genetics where inclusion of relatives in association stud-
ies leads to bias (Anderson et al., 2010). Siblings are a natural part
of a population. Their removal risks the combined errors of reduced
sample size, statistical power and precision, and incorrect assign-
ment (Waples and Anderson, 2017). In studies of parasites, siblings
or highly related individuals are estimated from genetic marker
data alone, and there is often unknown error with these estimation
algorithms (Wang, 2014; Taylor, 2015). What Allendorf et al.
(1982) and others (Whiteley et al., 2012) point to as an error when
sampling fish populations is the likelihood in a limited spatial col-
lection of capturing a sample enriched for siblings and not repre-
sentative of the population over a larger area. The error is in the
non-random collection of relatives and not that they are related
per se. If the problem is the sampling approach, the best solution
is not to remove siblings, but to perform better sampling.

While the location of adult worms and the distribution of para-
sites in infrapopulations that are not Hardy–Weinberg populations
make sampling complex, one aspect of parasite biology simplifies
sampling. The good news is that parasite genotypes are acquired
relatively randomly from the environment, and within the defini-
e on estimates of genetic differentiation and effective population size for
16/j.ijpara.2018.10.001
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tive host, clonal siblings (Curtis et al., 2002) and brother:sister
matings are not common (Prugnolle et al., 2004b). Parasites also
do not select for host features (Barbosa et al., 2013). Schistosomes
are acquired from the local environment at random, as indicated by
the inverse correlation between Dic and intensity of infection with
reinfection. As we show here and as suggested by others (Sorensen
et al., 2006), the more heavily infected, the better the individual
infrapopulation approximates the component population. This is
consistent with genotypes being acquired at random in a
frequency-dependent manner. In contrast to our site in Brazil
and others (Betson et al., 2013), one study in Senegal did find par-
asite differentiation by age but no other characteristic (Van den
Broeck et al., 2014). When demographic features such as age are
associated with parasite genotypes, some significant change in
the parasite population, such as migration or widespread treat-
ment, should be suspected. The contribution of rodents to the per-
sistence of the parasite is unknown, but the presence of rodent
infection should not affect the relationship of infection intensity
to the Dic. A random acquisition of parasites is a representative
model and mathematically the most simple. For the parameters
that most affect public health decisions, i.e. parasite differentiation
and diversity, analyses need not be overly complex, but sampling
has to be extensive or one has to accept a large degree of error.
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