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Abstract

Background: The trematode flatworms of the genus Schistosoma, the causative agents of schistosomiasis, are among the
most prevalent parasites in humans, affecting more than 200 million people worldwide. In this study, we focused on two
well-characterized strains of S. mansoni, to explore signatures of selection. Both strains are highly inbred and exhibit
differences in life history traits, in particular in their compatibility with the intermediate host Biomphalaria glabrata.

Methodology/Principal Findings: We performed high throughput sequencing of DNA from pools of individuals of each
strain using Illumina technology and identified single nucleotide polymorphisms (SNP) and copy number variations (CNV).
In total, 708,898 SNPs were identified and roughly 2,000 CNVs. The SNPs revealed low nucleotide diversity (p= 261024)
within each strain and a high differentiation level (Fst = 0.73) between them. Based on a recently developed in-silico
approach, we further detected 12 and 19 private (i.e. specific non-overlapping) selective sweeps among the 121 and 151
sweeps found in total for each strain.

Conclusions/Significance: Functional annotation of transcripts lying in the private selective sweeps revealed specific
selection for functions related to parasitic interaction (e.g. cell-cell adhesion or redox reactions). Despite high differentiation
between strains, we identified evolutionary convergence of genes related to proteolysis, known as a key virulence factor
and a potential target of drug and vaccine development. Our data show that pool-sequencing can be used for the detection
of selective sweeps in parasite populations and enables one to identify biological functions under selection.
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Introduction

In addition to their obvious importance as threats to physical

and economical well-being, parasites constitute an interesting

group of organisms in which to investigate adaptation and

selection. Parasites closely interact with their hosts and entirely

depend on them for reproduction and survival. Thus, any change

in a host population, which for example decreases parasite ability

to penetrate host tissue, will reciprocally select for a change in the

parasite such as mechanisms favouring evasion of host resistance

to infection. Such an evolutionary arms race [1,2] has been well

studied in Schistosoma mansoni during the interaction with its

intermediate host snail [3–6]. S. mansoni is a parasitic platyhelminth

infecting humans in Africa, the Arabian Peninsula, and South

America. It is responsible for the most severe parasitic disease after

malaria in terms of morbidity [7–10] killing 200,000 people

(WHO Technical Report Series 912: prevention and control of

schistosomiasis and soil transmitted helminthiasis (WHO, Geneva,

2002)). S. mansoni’s life cycle is characterized by the passage

through two obligatory hosts. Parasite eggs are emitted with the

faeces of the definitive human or rodent host, but can also

accumulate in the liver and cause the symptoms of the disease.

When the eggs in host faeces come into contact with water, free-

swimming larvae (miracidia) hatch and actively seek their specific

intermediate host snails. After active penetration through the

tegument, the parasite develops via a primary (mother) sporocyst,
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then daughter sporocysts releasing the cercariae that infect the

vertebrate host. Then, sexual differentiation takes place within this

definitive host and the mating of male and female worms leads to

new egg production.

In natural populations, snail/schistosome combinations present

different levels of compatibility (i.e. the ability for the parasite to

penetrate and develop in the host) [3,4]. Previous comparative

approaches between a Brazilian (BRE) and Guadeloupean (GH2) S.

mansoni strains showed that while the first is compatible with a

sympatric Biomphalaria glabrata strain from Brazil, the latter is much

less compatible [7]. Compatibility levels of these strains (and several

others not presented in this study) are stable after several years of

maintenance under laboratory conditions (Supplementary figure

S1). This particular feature has made it possible to elucidate partially

the molecular basis of the compatibility polymorphism at the global

proteomic [3,4,7–11] and epigenetic scales [12]. In addition, these

strains present significant differences in several life history traits, such

as chronobiology in cercarial emission [11] and number of mother

sporocysts [7]. They are therefore ideal models to investigate

signatures of selection at the whole genome scale in S. mansoni and to

elucidate the genetic basis of phenotypic variation for this parasite.

Three major classes of polymorphisms are responsible for

variations in the genotype: (i) single nucleotide polymorphisms

(SNPs), a modification of the nucleotide information at a single

position, (ii) insertions and deletions (indels) and (iii) structural

polymorphisms such as copy number variation (CNV), resulting from

tandem duplications of genome segments. These variations can

produce by chance favourable, neutral or deleterious phenotypic

variations leading to greater, equal or lower fitness, respectively. With

the recent advent of Next Generation Sequencing (NGS), hundreds

of complete eukaryotic genomes are now available together with

huge amounts of data on gene expression and genomic polymor-

phisms. Standard methods from population genetics to detect

selection [3,4,7,13,14] can theoretically be applied to large-scale

genomic data, but improvements have been needed to take into

account the SNP ascertainment process [15].

These improved methods have been successfully applied to answer

different biological questions dealing with the adaptive process, such

as biological invasions [11,16], gene selection in human populations

[7,17], and domestication [18,19]. An obstacle for small organisms is

the amount of DNA required for library generation and sequencing.

In this context, pool-sequencing provides an alternative. The method

consists of DNA extraction from a large number of individuals from a

population (pool) followed by massive sequencing. SNP frequencies

and distributions are then extracted from the sequencing data. While

in principle straightforward, current methods for the detection of

selective sweeps from pooled sequence SNPs had to be adapted. We

used pool-HMM [20–22] in the current work. In this statistical

method, the inference of selective sweeps (i.e. the elimination of

standing variation in regions linked to a recently fixed beneficial

mutation) is based on the allele frequency spectrum (AFS) assessed in

a sliding window along each chromosome. Our approach allowed

sequencing a sufficient number of individuals at moderate costs and

to apply population genetics approaches without affecting population

genetics estimators [23].

CNV detection is often performed by microarray-based

methods comparing two genomes [1] but recent developments

such as CNV-seq [24] have extended the method to NGS data. It

takes advantage of the variation in the number of short reads

aligned in a sliding window along each chromosome to assess

CNV at the whole genome scale. As differences in CNV within the

same species have been recognized to be involved in adaptive

evolution [25,26], we used NGS data to investigate the proportion

of this type of variation in our comparative approach.

In the case of S. mansoni, we benefit from the availability of a genome

assembly [27], facilitating the use of NGS-based strategy for the

detection of regions under selection. In this work, we have characterized

SNPs from whole genome pool-sequencing data and described their

distribution before applying the new population genomics method of

Boitard et al. [21,22] for detecting selective sweeps as signatures of past

selection in these two populations. We also describe differences in copy

number variations (CNV) between the two populations as another

signature of selection. We finally investigated functional aspects of all

genomic regions corresponding to either private selective sweeps or

structural variation and proposed evolutionary and ecological inter-

pretations to these genetic differences found between and within BRE

and GH2 strains at the whole genome scale.

Materials and Methods

Ethics statement
We adhered to national ethical standards established in the writ of

February 1st, 2013 (NOR : AGRG1238753A) setting the conditions

for approval, planning and operation of establishments, breeders and

suppliers of animals used for scientific purposes and controls. The

Ministère de l’Agriculture et de la Pêche and Ministère de

l’Education Nationale de la Recherche et de la Technologie provided

permit A 66040 to our laboratory for experiments on animals and

certificate for animal experimentation (authorization 007083, decree

87–848) for the experimenters. Housing, breeding and animal care

followed national ethical standards.

Microsatellite analysis
DNA of twenty individual worms (10 males and 10 females) of

each strain was individually extracted and genotyped using 15

microsatellite markers. Methods for DNA extraction and micro-

satellite amplifications were previously published [28].

Schistosoma mansoni DNA preparation for high
throughput sequencing

Two Schistosoma mansoni strains, one collected in Brazil (BRE)

and the other in Guadeloupe (GH2) were used in this study. Each

Author Summary

Adaptation of parasites to their environment is governed
by the principle of selection. Favourable mutations are
fixed in populations while deleterious mutations are
progressively eliminated. Here, we aimed to find signa-
tures of selection in two strains of Schistosoma mansoni,
the causative agent of intestinal schistosomiasis. The
strains differ in specific characters, in particular in their
capacity to infect intermediate host snails. The reason for
this is unknown and understanding it could help control
the spreading of the disease. Finding footprints of
adaptation to different snail hosts would lead to the
discovery of genes that are particularly important for the
interaction. Since a single parasite does not contain
sufficient DNA to be sequenced, we pooled several
individuals, sequenced them as a whole analysed them.
In the regions under selection we found genes that are
indeed linked to the parasitic lifestyle. We also discovered
that natural selection led to diversification of genes that
are related to proteolysis, the process by which the
parasite destroys host tissue. The related proteins are
considered good targets for drug development and
vaccination. Our results suggest that in natural populations
many variants of these genes exist and that they evolve
rapidly, which might hamper therapeutic approaches.

Selective Sweeps and CNVs in S.mansoni
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strain was maintained in its sympatric intermediate host (the mollusk

Biomphalaria glabrata) and in the mouse (Mus musculus) or the hamster

(Mesocricetus auratus) as a definitive vertebrate host. Genomic DNA

was isolated from a pool of a hundred adult individuals. Parasite

tissues were digested with 300 mg/L Protease K (Merck, Darmstadt,

Germany) in 20 mM TRIS pH 8; 1 mM EDTA; 100 mM NaCl;

0.5% SDS at 55uC overnight. DNA was extracted by two successive

rounds of phenol/chloroform followed by chloroform extraction.

Precipitation of DNA was done by adding an equal volume of

isopropanol/sodium acetate at room temperature [29] and DNA was

collected by centrifugation at 12000 rpm for 30 min. After washing

with 1 mL of 70% ethanol and air drying, DNA was dissolved in

200 mL of ultrapure water. Quality control and quantification were

performed using a spectrophotometer (BioPhotometer, Eppendorf

AG, Hamburg, Germany). Twenty mg of DNA was sent to the

Montpellier (France) GenomiX facility for Illumina sequencing. Both

pooled DNA samples thus represented a random sample from BRE

and GH2 populations. If not otherwise stated, reagents were

purchased from Sigma-Aldrich (St. Louis, USA).

Illumina (pool-) sequencing
Illumina library production. The Illumina TruSeq DNA

sample preparation kit (FC-121-2001, Illumina Inc., San Diego,

USA) was used according to the manufacturer’s six-steps protocol:

1) 1 mg of DNA was sonicated for 20 minutes by using a Bioruptor

(power set on ‘‘High’’, cycles of 30 seconds ‘‘ON’’ and 30 seconds

‘‘OFF’’); 2) Extremities of sonicated DNA fragments were

repaired; 3) an A-base was added to these extremities; 4) Universal

(59-AATGATACGGCGACCACCGAGATCTACACTCTTTC-

CCTACACGACGCTCTTCCGATCT-39) and strain-specific

(C: 59-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-

TGACCAATCTCGTATGCCGTCTTCTGCTTG-39 ; IC: 59-

GATCGGAAGAGCACACGTCTGAACTCCAGTCACCGAT-

GTATCTCGTATGCCGTCTTCTGCTTG-39) adapters were

then ligated to these extremities ; 5) DNA products were migrated

on 2% agarose gel and 500 bp+/225 fragments were purified

(DNA insert size of 380 bp+/225); 6) 12 cycles of PCR

amplification were performed to select only DNA fragments

carrying both universal and strand specific adapters; 6) Libraries

were then validated and quantified on a DNA1000 chip on a

Bioanalyzer (Agilent) to determine size and concentration.

Illumina library clustering and sequencing conditions. The

cluster generation process was performed on cBot (Illumina Inc.) by

using the Illumina Paired-End DNA sample preparation kit (FC-102-

1001, Illumina Inc.). DNA libraries were denatured using 0.1 N

NaOH then diluted to 8 pM. Diluted libraries were first hybridized to

the flow cell (one library per lane) and then amplified leading to DNA

cluster formation. After DNA linearization and free-extremity

blocking, the first sequencing primer was hybridized to the free-

extremity of DNA fragments. Both S. mansoni strains were paired-end

sequenced on the HiSeq 2000 (Illumina Inc.), using the SBS

(Sequence By Synthesis) technique. Paired-end sequencing consisted

of sequencing of the first extremity of DNA fragment, followed by the

reversal of DNA molecules before the sequencing of the second

extremity. Fluorescence was acquired by a camera and image

analysis was performed by using HiSeq Control Software (Illumina

Inc.). Base calling was achieved by using the RTA software (Illumina

Inc.), which corrected and transformed the optical signal from a

nucleotidic base. Reads of 100 bp from both sides of the fragments

were thus obtained after this step.

In silico SNP identification
If not otherwise stated, software was used with default

parameters. The Fastx-toolkit version 0.0.13 (http://hannonlab.

cshl.edu/fastx_toolkit/index.html) was used for quality control

and initial cleaning of the sequencing reads. Adaptators were first

removed and the three last bases were trimmed from reads

because they showed global poor quality scores (Phred quality

score ,24) in most reads. We then filtered reads by their quality

score and retained only reads for which at least 90% of the bases

had a minimum Phred quality score of 24 (corresponding to less

than 1 incorrect base call in 100 and more than 99% of base call

accuracy). Paired-end data were then considered as two subsets of

single-end data. Reads were aligned onto the reference genome

version 5.2 [27] with the Bowtie software version 0.12.7 [30].

Because 47% of the S. mansoni genome consists of repeated

sequences [31] we did not allow for alignment of reads that

matched more than one time to avoid false positives in subsequent

SNP calling. We allowed 2 mismatches and used the ‘‘best’’ and

‘‘strata’’ options. SNP calling was done with Freebayes software

version 0.9.5 (https://github.com/ekg/freebayes) with parameters

–min-coverage –min-alternate-fraction –min-alternate-total –

pooled –ploidy 20. We tested a minimum coverage of 10 or 20

reads per SNP position (–min-coverage 10 or 20) with a minimum

of 2 reads supporting the variant allele (–min-alternate-total 2) and

with a minimum frequency of variant of 0.02 (–min-alternate-

fraction 0.02). By retaining only SNP that met these conditions, we

prevented mistakes in SNP discovery due to errors during base

calling and we allowed the discovery of rare variants (up to a

frequency of 0.02). Among all SNPs, we identified rare and

frequent SNPs by using a 20% threshold as proposed in other

studies [17,32]. In silico verification of SNP calls was performed by

choosing at random 20 SNPs per chromosome and per strain for

each minimum coverage value 10 and 20, corresponding to a total

of 640 SNPs. We visually checked the number of reads, the

number of variant allele and the alternative base identity with the

Next Generation Sequence Assembly Visualization software

Tablet [33]. All further analyses were done on the dataset

obtained with the option –min-coverage 20.

In vitro SNP verification
To confirm SNP calling, we PCR amplified (primers in Table

S8) and re-sequenced 14 DNA fragments covering a total of 22

SNPs. We used a specific melting temperature for each primer pair

(Table S8). Sequencing was performed for each PCR product in

forward and reverse directions by the GATC biotech AG

Company (Konstanz, Germany) using Sanger technology. Se-

quences were aligned on the reference sequence with Sequencher

software version 4.5 (Gene Codes Corporation, Ann Arbor, USA)

and SNPs were visually confirmed.

Structural variants
We used CNV-seq to detect copy number variation [24] using a

1026 p-value threshold. Briefly, this algorithm uses variation in

sequence coverage in a sliding window between genomic reads

mapped to a reference genome to detect variations in sequence

copy numbers. Plots were drawn using the associated cnv package

in R. We manually checked protein-coding genes contained in the

20 largest genomic regions and the 20 regions with the highest

difference in copy number between the BRE and GH2 strain by

using the coordinates of the regions in the Schistosoma mansoni local

Gbrowse instance of the genome (http://genome.univ-perp.fr).

Characterization of genetic variability
We used standard tools available on a local Galaxy instance [34]

to extract information from the pool-sequencing data. Samtools

version 0.1.18 [33] was used to produce mpileup files with read

coverage information and call quality from the alignment BAM

Selective Sweeps and CNVs in S.mansoni
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files. Nucleotide diversity was evaluated using the unbiased

Tajima’s Pi and Watterson Theta estimators proposed by Futschik

and Schlotterer [35] and implemented in Popoolation [36].

Briefly, along each chromosome, each estimator was computed in

50 kb sliding windows (with an overlap of 25 kb between

consecutive windows) with the following additional options –

min-count 2 –min-coverage 4 –max-coverage 400 –min-qual 20.

Considering smaller (10 kb) or larger (100 kb) window size did not

affect the results. Fixation index (Fst) was assessed on SNPs by

using Popoolation2 [37]. We considered all SNPs for which at least

6 reads supported the minor allele for both population simulta-

neously (–min-count 6), and with a coverage ranging between 20

and 200 reads (–min-coverage 20 ; –max-coverage 200). Mean

fixation index between BRE and GH2 was calculated as the

average of all Fst values obtained for individual SNPs.

Whole-genome scan for footprints of selection
In the current version of the genome, the Z and the W

chromosomes are put into a single linkage group [27] despite their

physical separation into two chromosomes. SNPs could therefore

reflect differences between Z and W and not between target and

reference genome. For this reason we excluded them from further

analyses of selection. To identify footprints of selection on the 7

autosomes of Schistosoma mansoni from BRE and GH2 pool

sequences, we relied on the approach recently proposed by

Boitard et al. [21] implemented in the pool_hmm program [22].

The following option were used to run the analyses:-C 1000 -k 1e-

10 –pred -t hw, where hw corresponds to the average unbiased

Watterson theta estimator of nucleotide diversity for the popula-

tion of interest (see above). This method relies on the study of the

allele frequency spectrum (AFS) within sliding windows along the

genomic sequences. The AFS is expected to be distorted in regions

subjected to selection. The model allows estimating the probability

of each SNP to belong to one of the three possible (hidden) states (i)

neutral, (ii) intermediate and (iii) selected. In practice, one of the

critical parameter of the model (defined with the –k option) is the

transition probability q assumed between states. The larger the q,

the less evidence is required for transition to selection and the

more sweep candidates will be detected. In our analyses, we used

q = 10210 but also tested less stringent values (q = 1029). As shown

in Table S9 and as expected, this leads only to a slightly higher

number of footprints. We identified overlapping and private

selective sweeps between the two strains by comparing their

genomic position for each chromosome. As some genomic region

swept in one strain could overlap several shorter regions swept in

the other strain (and vice versa), we counted overlapping regions as

the exact number of genome fragments really overlapping (i.e.

counting the number of shorter instead of counting only the larger

region covering them). Private selective sweeps of each strain

correspond to all genomic regions that strictly did not overlap any

sweeps of the other strain. Identification of known transcripts in

private selective sweeps for both strains was performed using the

genome coordinates of the regions and the Schistosoma mansoni local

Gbrowse instance of the genome. Confidence index was calculated

for each specific selective sweep as the maximum of 2log(1-qi) over

the window, where qi is the posterior probability of hidden state

‘‘Selection’’ given after simulations.

Functional characterization of selected genes
To characterize the molecular functions of the transcripts

contained in selective sweeps, we first performed functional

annotations of a recent S. mansoni transcriptome (unpublished

results) by using the Blast2GO software [38]. After the blast step,

we mapped gene ontology (GO) terms (BRE: NodeScore = 10,

alpha = 0.4; GH2: NodeScore = 15, alpha = 0.2). We then scanned

the proteins with Interproscan [39] and performed GO-Enzyme

code mapping to improve annotations before running the

annotation step. We finally merged results from these three

annotation methods before making functional analyses. We

checked if our lists of transcripts matched with proteins that were

identified in an earlier study comparing these two strains at the

proteomic level [3] using tblastn on the 5.2 version of the S. mansoni

genome. Results were verified by visual inspection on a local

GBrowse instance of the genome and transcriptome. We then

performed functional analyses with Blast2GO tools for the list of

transcripts from selective sweeps but not for the list of protein-

coding genes from CNV data because this latter list was not

exhaustive (see the ‘‘Structural variants’’ previous section).

Enrichment analysis was performed for each strain by using the

Fisher’s exact test with the P-value filter mode set at the default

value of 0.05 (Bonferroni correction is applied). Combined graphs

were then drawn for each strain from two kinds of data: i) the total

list of transcripts found in selective sweeps and ii) the reduced list

of transcripts obtained after enrichment analysis. In both cases,

Score alpha and Seq Filter value were set at the default values of

0.6 and 5 respectively. Graphs displaying process or function were

built on the node score criterion set at the value of 10 or 15

depending on the graph complexity obtained. We also compared

molecular pathways in which selection was found by building

KEGG maps for each strain within the Blast2GO application.

Synonymous vs. non-synonymous SNPs
SNPEff was used to scan synonymous and non-synonymous

SNPs in exons of the whole genome of our parasite model. We

downloaded the GFF3 file for the latest assembly (v5.2, nov. 2011)

from the Sanger centre (ftp://ftp.sanger.ac.uk/pub/pathogens/

Schistosoma/mansoni/genome/GFF/Smansoni_gff_21032012.tar.

gz) and modified it using custom scripts so that gff data and fasta data

were separated. We then built a SnpEff database using snpEff.jar

with ‘‘build -gff3’’. A total of 13,385 genes and 14,395 transcripts

were detected. The snpEff.config file was modified accordingly and

snpEff run with the following parameters: -c snpEff.config -i vcf -o txt

-upDownStreamLen 5000 -no None –stats.

Statistical analyses
If not otherwise mentioned, statistical analyses were done on R

version 2.15.1 [40]. To test if the SNP density was correlated to

the chromosome or the strain, we constructed linear models and

tested for the significance of parameters (p.0.05) by analyses of

variance (ANOVAs).

Data availability
Sequencing reads are available at the NCBI sequence read

archive under study accession number SRP016500 (alias

PRJNA177787). Freebayes output (SNPs) is available in vcf and

mpileup format at http://2ei.univ-perp.fr/?page_id = 2007 and

http://methdb.univ-perp.fr/downloads/.

Results

Choice of strains
Since pool-sequencing is not yet an established technique for

detection of selection we reasoned that it would be suitable to use

strains with presumably low genetic diversity. We had earlier

characterized the proteome of two laboratory strains of S. mansoni

of different geographic origins [41] and we had characterized their

life history traits such as host compatibility in detail [42]. A

comparison of the epigenomes of both strains had identified

Selective Sweeps and CNVs in S.mansoni
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differences in chromatin structure in several loci, among them a

metalloprotease of the neutral endopeptidase (NEP) family

potentially involved in immuno-modulation of B. glabrata [12]. A

preliminary assessment of genetic variation in both strains was

performed by sequencing 15 microsatellites previously described

[28]. All microsatellites markers of the Brazilian (BRE) strain were

fixed and homozygous. In the Guadeloupean (GH2) strain only

one marker (SMDO11) showed two distinct genotypes. Among the

14 fixed markers in the two strains, 6 are shared by BRE and

GH2. We concluded that both strains were sufficiently genetically

homogenous to perform massive sequencing of a population and

phenotypically sufficiently well characterized to potentially link

sequence variations to phenotypic traits.

Pool-sequencing
Sequencing of BRE and GH2 strains produced roughly

500,000,000 raw clusters each (Table S1). About 50% passed

quality checking (Table S1) and were subsequently aligned to the

unique sequences of the reference genome (strain NMRI).

Unsurprisingly, we successfully aligned only 46.95% and 59.29%

of high-quality reads for BRE and GH2 strains, respectively. This

is consistent with the large proportion (47%) of repetitive

sequences in the S. mansoni genome [31]. Sequencing data are

available under study accession number SRP016500 (alias

PRJNA177787) at the NCBI sequence read archive.

SNP description. After read alignment on the reference

genome and SNP calling for each strain separately, we identified

672,467 polymorphic sites for GH2 and 464,746 for BRE. About

0.2% of them were multiple alleles (i.e. more than one alternative

allele to the reference genome). Density of polymorphic sites was

thus 1.35/kb for BRE (1 polymorphism every 738 bp on average)

and 1.96/kb (1 polymorphism every 510 bp on average) for GH2.

For all subsequent analyses, we only focused on polymorphic sites

that were localized on the annotated and linkage-group/chromo-

some-level assembled parts of the genome. For the present work,

we define SNP at the species level as a nucleotide that is variable

within the S. mansoni’s genome (i.e. with at least one alternative

allele different from the reference genome) in at least one of the

studied populations/strains or individuals. A SNP can thus fall into

one of these two following categories: (i) Private SNP, that is a

variable nucleotide within a unique population and fixed to the

reference allele in other populations and (ii) Shared SNP, a

nucleotide which is different from the reference in at least two

populations. Alternative allele frequency (AAF) of a private SNP

can thus be equal to zero when fixed in the population, but can

take all values from zero (excluded) to one, if several alleles for this

position are present in the population. Based on this definition, we

found a total of 708,898 SNPs, among which 65,490 were shared

(9.2%), 253,321 were private to BRE and 390,087 private to GH2

(Table 1). SNPs were also classified in two categories (rare and

frequent) based on the AAF with a cut-off value of 0.2 as was

previously proposed [17]. We also defined a sub-category of fixed

alternative allele (AAF equal to one) within the ‘‘frequent’’

category. The majority of shared SNPs (70.9%) were fixed

(Table 1) or frequent, while private SNPs belonged mainly to

the rare category with an AFF #0.2 (Table 1). For both shared

and private SNPs, the majority of SNPs that were classified as

frequent (almost 90% in each case) corresponded to fixed alleles

(Table 1).

Between chromosome distribution. SNP number on each

chromosome for both strains (bars in Figure S2) was highly correlated

to chromosome length (r = 0.93, p,0.0001) but SNP density (dots in

Figure S1) significantly differed between chromosomes (F7,7 = 15.76,

p,0.001) and between strains (F1,7 = 346.28, P,0.001). However,

no differences in SNP density repartition between strains were found

as SNP densities are highly correlated (rho = 0.97, p,0.001).

Within chromosome distribution. SNPs were not equally

distributed within chromosomes as we observed SNP clustering for

each chromosome of each strain, i.e. SNPs tend to aggregate

preferentially in some regions and to be lacking in others (Figure

S3). This non-random distribution of SNPs across the genome was

previously observed in other models [43,44] and is described here

for the first time for a metazoan parasite.

Moreover, the distribution of SNP clusters seemed at least partly

different between BRE and GH2 strains. Some large peaks of SNP

number were common to both strains (see around 55,640,000

window position on ZW sex chromosomes linkage-group, Figure

S3H) while others were specific to BRE (see around 3,960,000

window position on Chromosome 6, Figure S3F) or to GH2 (see

around 1,140,000 window position on Chromosome 7, Figure

S3G).

Nucleotide diversity. We excluded sex chromosomes from

subsequent analysis based on allele frequency because of the

impossibility to assign SNPs specifically to Z or W chromosomes

due to their assemblage into a single linkage group in the present

version of the genome. Using Popoolation [36] on the 568,046

SNPs located on autosomes only, we estimated nucleotide

diversity. Diversity levels are low with Tajima’s Pi (and Watterson

Theta) indexes of 2.1024 (2.9.1024) for GH2 and 1.8.1024

(2.6.1024) for BRE (Table S2 for full details of diversity measures).

This corresponds to an effective population size of hundreds to

thousands individuals, assuming a mutation rate around 1027–

1028 typically found in other eukaryotic genomes [45,46]. This

population size is consistent with our laboratory conditions in

which vertebrate hosts are usually infected with 140 (mice) to 400

(hamster) cercariae.

Population differentiation. Based on the mean fixation

index value (Fst = 0.7360.41 sd), BRE and GH2 populations were

highly differentiated. More precisely, among the 229,044 SNPs

meeting criteria used in this analysis (see Material & Methods

section), 143,391 (60.6%) are fixed in one of the two populations

(Fst = 1).

Identification of structural variants. We used CNV-seq

(R version 2.10.1, package ‘cnv’ version 0.2–7.) to detect copy

number variations between the two populations [24]. Because our

sequences do not come from a single individual but a population,

we used a stringent p-value of 1026 to decrease background

variation in coverage. We identified 1,474 CNV for autosomes

and 529 for W sex chromosome linkage group with a calculated

sliding window of 1,554 and 1,726 nucleotides, respectively

(Table 2, Figure 1, Table S3). This number of CNVs is probably

underestimated due to relatively modest average sequencing

depth. We also analysed independently unassembled scaffolds

larger than 500 kb. As outlined above, reads that matched the

reference genome more than one time were removed before SNP

calling. Manual check of regions with CNV confirmed that they

correspond to genomic regions containing single-copied protein

coding genes (Supplementary Table S3). We are thus confident

that CNV that have been detected in this work do not correspond

to repeated sequences.

Identification of selective sweeps
We used the pool-HMM method [20–22] to detect selective

sweeps from pool-sequencing data. The question of selective

sweeps on sex chromosomes was not addressed in this study. We

detected a total of 121 and 151 selective sweeps across the 7

autosomes for BRE and GH2, respectively (Figure 2). We counted

a total of 146 overlapping regions, and identified 12 and 19 private

Selective Sweeps and CNVs in S.mansoni
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selective sweeps for BRE and GH2, respectively (Figure 2) which

were differently distributed along the 7 chromosomes (Table 3).

Most of these private selective sweeps spanned 100 kb to 1 Mb

which corresponded to larger regions than those identified with

this method for the X chromosome of Drosophila melanogaster [21].

Functional annotation and analyses
Structural variants. We manually checked the CNV

encompassing the twenty largest chromosomal regions for the

presence of protein-coding genes (Table S4). The largest

duplicated region in linkage-group ZW correspond to an

additional 268 kb in BRE (Figure 1, Figure S4) and contains 8

protein-coding genes (nucleolar protein 56, histidine triad nucle-

otide binding protein 1, transcription factor 7 2, exosome complex

component RRP45, spermatogenesis associated protein 6, juncto-

philin 2 and two genes encoding hypothetical proteins). The

largest duplicated region in autosomes corresponds to an

additional 87 kb on chromosome 3 in GH2 (Figure 1, Figure

S4) and contains 2 protein-coding genes encoding telomerase

components. We also checked the CNV encompassing the twenty

chromosomal regions with the highest value of log2 ratio (i.e. with

the largest differences in copy number between BRE and GH2)

(Table S5). Twelve corresponded to regions without protein-

coding genes, four corresponded to regions with genes encoding

hypothetical proteins and three contained known genes. Particu-

larly, we identified the presence of (i) a member of immunophilins,

a large group of proteins with peptidyl prolyl-isomerase activity

(PPI-ase) that exhibit high specificity in binding to immunosup-

pressive agents (such as cyclosporine); (ii) a homolog of SPARC

(secreted protein acidic and rich in cysteine), a secreted

glycoprotein involved in interactions between cells and extracel-

lular matrix [47], both with a higher copy numbers in BRE, and

(iii) a M13 family peptidase (that present more copies in GH2), a

type II membrane metallo-endopeptidase acting on extracellular

substrates [48], belonging to a family of proteases for which

another member was identified to be epigenetically different

between the two strains [12]. Among the 40 CNV regions

checked, one was found in both the Top20 (by size) and in the

Top20 (by log2 ratio) (CNVR_270) (Table S4 and S5). It contains

the abovementioned M13 family proteases.

Private selective sweeps. To identify which functions and/

or molecular pathways could have been adaptively selected and

could thus be responsible for differences in life history traits and

proteomes, we here focused on private selective sweeps of each

strain (under arrows in Figure 2, Table 3) assuming that shared

selective sweeps could be due to the common laboratory

environment.

Within the 12 BRE and 19 GH2 private selective sweeps, we

found a total of 592 and 791 predicted genes respectively (Table

S5A and Table S5B). Visual inspection of both lists of transcripts

in regions under selection revealed the presence of different

peptidases for BRE and GH2. In particular, we identified several

Cathepsin D and Cathepsin B-like peptidases (Table S6) in BRE,

two proteins involved in parasitic activity [49,50].

In a previous work [41], proteomes of sporocysts of S. mansoni

BRE and GH2 strains had been compared and 17 differentially

expressed proteins and/or protein isoforms were revealed . We

checked if genes encoding these proteins were located in the

regions under selection that we identified in this work. Nine of

these proteins (S.mMucin-like, now SmPoMuc family) are

encoded by members of a gene family and were already

characterized in more detail [51]. Since duplicated loci such as

these were excluded in the short-read alignment process, these

genes were excluded from the present analysis. None of the 7

genes coding for the 8 remaining protein isoforms are located in

any region of private selective sweeps either.

Comparison of combined graphs from Blast2GO gene ontology

analysis highlighted several biological processes (Supplementary

figure S5). Proteolysis and transport appeared as common

biological processes selected in each of the two strains, despite

the fact that they correspond to non-overlapping lists of transcripts

found in private selective sweeps. Specific processes were also

identified, such as cell-cell adhesion for the BRE strain or redox

reactions and protein phosphorylation for the GH2 strain.

Using the Kyoto Encyclopaedia of Genes and Genomes

(KEGG) database, we looked for molecular pathways containing

enzymes appearing in regions under selection for each strain. We

identified 26 and 34 enzymes (distributed over 24 and 22

pathways) for BRE and GH2, respectively (Table S7). We found

five common pathways (Purine metabolism, Riboflavin metabo-

lism, Butanoate metabolism, Aminobenzoate degradation and

Carbon fixation). Two of them (Riboflavin metabolism and

Table 1. Distribution of polymorphic sites and single-nucleotide polymorphism (SNP) for Brazilian (BRE) and Guadeloupean (GH2)
strains of Schistosoma mansoni used in this study.

BRE GH2

1 - Total number of polymorphic sites 464,746 672,467

1.1 - Polybase substitution (% of total polymorphic sites) 1,044 (0.2%) 1,412 (0.2%)

2 - Total SNPs located on chromosomes (autosomes + ZW) 708,898 (568,046+140,852)

2.1 - Shared SNPs (% of total SNP) 65,490 (9.2%)

2.1.1 - Rare (% of total SNP - % of total shared) 9,744 (1.4%–20.5%)

2.1.2 - Frequent: (% of total SNP - % of total shared) 55,746 (7.8%–79.5%)

2.1.2.1 - Fixed (% of total SNP - % of total shared) 46,440 (6.6%–70.9%)

2.2 - Private SNPs (% of total SNP) 253,321 (35.8%) 390,087 (55.0%)

2.2.1 - Rare (% of total SNP - % of total private) 173,336 (24.5%–68.4%) 283,456 (40.0%–72.7%)

2.2.2 - Frequent: (% of total SNP - % of total private) 79,985 (11.3%–31.6%) 106,631 (15.0%–27.3%)

2.2.2.1 - Fixed (% of total SNP - % of total private) 69,620 (9.8%–27.5%) 94,666 (13.4%–24.3%)

AAF = alternative allele frequency. Rare SNP correspond to 0,AAF , = 0.2, frequent correspond to AAF.0.2 and fixed correspond to AAF = 1.
doi:10.1371/journal.pntd.0002591.t001
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Aminobenzoate degradation) were highlighted by a unique

common enzyme (Enzyme code 3.1.3.2 corresponding to a

phosphatase) found under selection and present in both pathways.

The three other common pathways were highlighted by enzymes

differing between BRE and GH2. In specific pathways, we noted

the presence of the N-Glycan biosynthesis for BRE (Table S7),

involved in the glycosylation of proteins. Differential glycosylation

is involved in the generation of SmPoMucs variants and in part is

responsible for compatibility with the intermediate host [42,51].

Synonymous vs. non-synonymous SNPs
Along autosomes, we identified 10,982 and 14,811 SNPs in

exons for BRE and GH2 respectively. Proportions of non-

synonymous (NonSyn-) and synonymous (Syn-) SNPs within and

outside swept regions were similarly distributed for both strains

(Supplementary figure S6). Interestingly, 49% of them were Non-

Syn-SNPs and found within selective sweeps. We also found more

than three times more Non-SynSNPs than Syn-SNPs in private

selective sweeps.

Discussion

In this study we have sequenced the genomes of two Schistosoma

mansoni populations, BRE and GH2, originating from Brazil and

Guadeloupe, respectively. Next generation pool-sequencing was

applied to this metazoan parasite to analyse genomic variations

(SNP and CNV) and to scan for selective sweeps. By mapping

genome reads of these two strains to the S. mansoni NMRI strain

reference genome [27,52], we discovered hundreds of thousands of

SNPs and used these data to make the first SNP map for S. mansoni

at the whole genome scale. We made these data available for

further analyses.

Although both strains have been maintained in the lab for more

than thirty years (corresponding to approximately one hundred

full life-cycles), life history traits such as compatibility levels with

the intermediate host as well as chronobiology were maintained

overtime (Supplementary figure S1) [7,11]. Earlier investigations

had concluded that populations maintained in the laboratory

rapidly decreased in diversity to become monomorphic based on

the analyses of nine neutral microsatellite markers [28]. It was also

previously demonstrated that the diversity of S. mansoni decreased

dramatically after the first life cycles of laboratory maintenance,

based on the analyses of 15 microsatellite markers [28]. Our global

comparative approach of BRE and GH2 strains was thus fully

justified by their high level of inbreeding and their well-described

compatibility polymorphism at the phenotypic and molecular

scales [3,7,12,41,51,53]. The use of pool-sequencing allowed for

evaluating the genome-wide diversity (SNP distribution and

density, SNP frequencies and copy number variations) for each

population. Intra-population diversity was low (confirming the

results of the earlier microsatellite study) based on the whole-

genome nucleotide diversity indexes Tajima’s Pi and Watterson

Theta and compared to other studies considering nucleotide

diversity at this scale [54,55]. Moreover, several lines of evidence

indicate a high divergence between populations: (i) we found a

high number (and thus a high density) of single-base polymor-

phisms for both strains when compared to the NMRI reference

genome (1.35 and 1.96 mutated site per kb), which was clearly

higher than the values (i.e. between 0.312 and 0.857 per kb) found

after the re-sequencing of lab strains from Entamoeba histolytica,

another human parasite [56] ; (ii) a large majority of SNPs (90.8%)

we identified were private, either to BRE (35.8%) or GH2 (55.0%)

strains, indicating specific polymorphic loci; (iii) mean fixation

index was clearly very high, certainly as a result of the only few
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shared and variable SNPs (Table 1) and (iv) large differences in

copy number variations were identified between both strains. All

these genome-wide diversity results are fully consistent with the

geographic separation of the two strains in the wild since their

introduction in the New World from Africa, hampering any

genetic exchange, and separate cultivation for decades in the

laboratory (Supplementary figure S1). Interestingly, rare SNPs

represent the most important class of private SNPs, thus

demonstrating that long maintenance in the lab conditions, even

if it would largely decrease diversity, could not fully erase

segregating polymorphisms.

Using SNP frequencies within each population, we applied a

recently published method of population genomics to identify

selective sweeps [21,22]. The sweep detection method of Pool-

hmm [21,22] uses both the density of segregating sites and the

allele frequency pattern among segregating sites to distinguish

sweep regions from neutral regions. In populations with low

genetic diversity the length of regions with low genetic diversity in

the genome is expected to be higher and therefore mapping

resolution lower. Low genetic diversity of our populations will

affect the power of the method (false negative sweep detection rate)

and the resolution of the sweeps but not its robustness (false

positive sweep detection rate). The high number of selective

sweeps for both BRE and GH2 strains indicated that a high

selective pressure has operated at the whole genome scale.

Attributing these signatures of selection to either long evolutionary

history or adaptation to laboratory conditions will now require

comparison with strains sampled from the field. We therefore

focused on private (i.e. specific non-overlapping) selective sweeps

that may not correspond to adaptation to the common laboratory

conditions but to long-term evolutionary processes instead. It also

helped to increase resolution because the private selective sweeps

Figure 1. Log 2 ratio plot of copy number variations (BRE/GH2) along the Schistosoma mansoni genome. The x-axis represents the
genome position in basepairs. Chromosomes are colour coded. The y-axis shows log2 ratio between BRE and GH2. Positive values indicate
overrepresentation of a region in BRE, negative values indicate overrepresentation of a region in GH2.
doi:10.1371/journal.pntd.0002591.g001

Figure 2. Chromosomal representation of selective sweeps (in black) and non-swept regions (grey) over the 7 autosomes of
Schistosoma mansoni for BRE and GH2. Black arrowheads indicate the non-overlapping specific selective sweeps for both strains.
doi:10.1371/journal.pntd.0002591.g002
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all constituted smaller regions than other sweeps. We may have

here under-estimated the number of regions involved in adapta-

tion and missed some relevant regions that would be identified in

further work on field strains. The robustness of the method we

used ensures a true and confident discovery of private sweeps,

which was confirmed by the high proportion of non-synonymous

SNPs that was found within selective sweeps (Supplementary

figure S6).

As differences in copy number variation (CNV) within a same

species have been recognized to be involved in adaptive evolution

[25,26,57], we also investigated such variations as clues of selection

between BRE and GH2. We used the recently published CNV-seq

method [24] that takes advantage of the high throughput

sequencing data and is suitable for pairwise comparisons. The high

number (2,003 in total) of CNV found across the whole-genome of

S. mansoni reinforced our hypothesis of high selective pressure and

even suggested that these selective pressures were different between

both strains and contributed to shape the specific genomic

landscape observed for each strain.

Functional annotations and analyses gave more biological

significance to these specific signatures of selection. Exploring

private selective sweeps, we identified 592 (BRE) and 791 (GH2)

transcripts that have been potentially subjected to selection, but

some of them could also have been identified because of their

genomic proximity with truly selected genes. We therefore

regrouped genes in regions under selection and/or with CNV by

function using GO terms. Genes that did not form functional

groups (outliers) were considered as having little or no significance.

Overall, biological processes specific to each strain emerged from

functional analysis, among which there is cell-cell adhesion for

Table 3. Selective sweep regions and number of corresponding genes for (A) BRE and (B) GH2 strains.

A Start End Length Number of genes CI

Chr1 1,194,541 2,357,392 1,162,852 56 Inf

61,387,283 62,009,343 622,061 23 11.15

62,218,658 62,721,763 503,106 19 6.67

62,877,538 63,098,318 220,781 9 2.71

Chr2 24,145,118 24,315,462 170,345 6 2.83

Chr3 22,823,405 23,467,278 643,874 35 Inf

24,930,649 25,380,787 450,139 14 Inf

Chr4 20,500,484 21,005,970 505,487 24 8.63

31,100,629 31,804,241 703,613 36 Inf

Chr5 2,117,276 2,386,209 268,934 17 7.53

8,814,688 9,017,158 202,471 12 9.05

Chr6 17,508,128 17,649,604 141,477 6 3.94

Chr7 - - - - -

B Start End Length Number of genes CI

Chr1 2,509,484 3,001,529 492,046 43 12.00

17,514,351 17,728,884 214,534 16 6.36

44,140,447 44,504,258 363,812 15 4.70

46,537,352 46,758,483 221,132 13 4.98

47,463,874 47,701,141 237,268 7 2.83

Chr2 91 101,151 101,061 3 4.07

832,591 953,172 120,582 8 4.24

2,627,180 2,753,105 125,926 6 4.74

Chr3 7,872,267 8,528,892 656,626 24 Inf

9,155,168 9,454,868 299,701 11 11.10

15,054,008 15,663,195 609,188 52 10.00

23,728,696 24,321,481 592,786 29 9.51

Chr4 3,816,163 4,152,576 336,414 12 Inf

16,762,042 17,264,224 502,183 23 Inf

Chr5 7,988,578 8,174,020 185,443 9 3.64

Chr6 18 139,169 139,152 8 9.74

11,873,433 13,026,934 1,153,502 54 Inf

15,736,118 15,951,459 215,342 14 3.29

18,289,818 18,553,369 263,552 21 10.55

Chr7 - - - - -

Confidence Index (CI) was calculated as the maximum of 2log(1-q) over the window, where q is the posterior probability of hidden state ‘‘Selection’’. (Inf. = infiny).
doi:10.1371/journal.pntd.0002591.t003
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BRE and reduction-oxidation reactions, potentially involved in ROS

production or ROS scavenging, for GH2. Earlier studies postulated

that an evolutionary arms race between snail host and parasite

operates preferentially on immune effectors for the Brazilian strain

and on immune recognition for the Guadeloupean strain [3,42]. This

is consistent with negative selection process acting on these pathways

in the two strains. Two pathways involved in N-glycan biosynthesis

were also found under selection in BRE. This finding was consistent

with previously observed differences between BRE and GH2 in their

glycosylation level for SmPoMucs [51]. As SmPoMucs were shown to

be involved in compatibility polymorphism, and because the level of

glycosylation is directly related to compatibility, we argue that

differential selection in the N-glycan biosynthesis pathway may be

responsible for this compatibility polymorphism between the two

strains. In summary, we find correspondence between observed life-

history traits of the different strains and genomic regions under

selection. However, we see this rather on the biological function and

metabolic pathway level and not on the level of individual genes.

Despite strong genomic divergence between BRE and GH2

strains, functional analyses revealed interesting evolutionary conver-

gence. From non-overlapping lists of transcripts (because only private

sweeps were analysed), we highlighted two common biological

processes and three common molecular pathways as targets of

selection. More particularly, we independently identified numerous

proteases in genomic swept regions or in regions showing copy

number variations in both strains, indicating an evolutionary

convergence to this function. Proteases are indeed key virulence

factors of parasites and particularly trematodes, as they are involved

in a number of biological processes such as host tissue invasion/

migration, nutrition from host substrates (e.g. haemoglobin degrada-

tion), immune evasion and more generally host-parasite interactions

[58,59]. Phylogenomic analysis had shown that protease-encoding

genes, including cathepsins for which we found two genes under

selection in the BRE strain, were expanded in the Schistosoma lineage

[60]. Cathepsins are secreted proteases and due to their importance

in host-parasite interactions they are considered to be promising

targets for the development of novel chemotherapeutic drugs and

vaccines against schistosomiasis. Simoes et al. [61] previously

described SNPs in the cysteine protease Cathepsin B vaccine target

gene that are involved in significant conformation changes leading to

an alteration in antibody binding to the protein. Variability among

Schistosoma species at the biochemical level has been described earlier

for cathepsin B-like activity [62]. Our results suggest that different

selective pressures operated on this gene, and we propose that using

this as a target for vaccine development could rapidly become

inefficient in natural populations. Cathepsin D is an aspartyl protease

originating from successive gene duplication events in the parasite

lineage after its diversification from other metazoans and was

proposed to be involved in adaptation to the parasitic lifestyle [49].

Here, we also showed that this gene could be under differential

selection between strains of the S. mansoni species. Further analyses of

these two particular genes have to be conducted to investigate the

functional basis of this evolutionary signature. From CNV data, we

identified an M13 family peptidase, a type II membrane metallo-

endopeptidases acting on extracellular substrates [48], belonging to a

family of proteases with other member involved in one of the

epigenetic differences found between these two strains in a previous

study [12]. Characterized members of the family such as neprilysin

act on polypeptides smaller than 40 amino-acids. Considering

evolutionary relationships among members of the family, it has been

proposed that proteases of this family fulfil a broad range of

physiological roles [63]. In nematodes, a neprilysin-like protease is

involved in locomotion and pharyngeal activity [64]. Combination of

our results indicated that the differences in BRE and GH2 life history

traits [3,11] could result from the selection and maintenance of

different proteases, leading for example to different compatibility

levels with the intermediate host. Altogether, these elements support

the hypothesis that the proteolysis function has evolved through

different ways within different populations of the S. mansoni species.

Evolutionary convergence was generally described between species

[65] or communities [66] to explain adaptation of different species to

a particular life style. Proteolysis could thus be a promising function to

further focus on because of its key role in parasitic lifestyle, either to

better understand parasite evolution and adaptation to its hosts or to

develop new treatment or preventive strategies. Since the function of

most genes in the S. mansoni genome has not yet been confirmed by

functional studies, further investigations are nevertheless needed to

objectively demonstrate the above conclusions.

It is important to note that the 47% of repetitive elements in the

S. mansoni genome were not investigated in this work because we

excluded all reads that matched more than one time to the

genome to allow SNP and CNV identification. We may have thus

under-estimated the number of regions under selection. The

recent de novo repeat assembly [31] should facilitate such a study on

the repetitive part of the genome. The identification of SNPs in

segmental duplications could also open new perspectives in S.

mansoni evolutionary studies. As gene duplication is a mechanism

of genomic adaptation to a changing environment [67], it could be

largely involved in parasite adaptation as it was suggested earlier

with peptidase families [49].

In conclusion, our work provides one of the first examples of a

comparative genomic approach based on population sequencing.

A genome-wide comparison of single-nucleotide and structural

polymorphisms combined with population and functional analyses

allowed us here to identify signatures of selection in two S. mansoni

populations. Even if all the life history traits and proteome

complexity have not found their genetic bases through this study,

we were able to identify selection acting on specific functions

involved in parasitic lifestyle. Notably, our integrative approach

highlighted that selection can act on a same function but through

different pools of genes, which clearly suggests evolutionary

convergence within schistosomes. However, high-throughput

genotyping of a larger number of populations (with the pool-

sequencing method) is expected to shed more light into

evolutionary history and bases of adaptation of Schistosoma mansoni.

In particular further comparative analyses of field isolates of Old

World and New World strains could help to better understand the

evolutionary history and diversification of the parasite since its

‘‘out-of-Africa’’ origin [68]. Such future studies would also help us

to identify more polymorphisms associated with the intermediate

host compatibility and to clarify how the rapid adaptation of the

parasite to Biomphalaria glabrata has occurred during the coloniza-

tion of the New World.
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