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Herewe assess the role of parasite genetic variation in host disease phenotype in human schistosomiasis by
implementing concepts and techniques from environmental association analysis in evolutionary epidemi-
ology. Schistosomiasis is a tropical disease that affects more than 200 million people worldwide and is
caused by parasitic flatworms belonging to the genus Schistosoma. While the role of host genetics has been
extensively studied and demonstrated, nothing is yet known on the contribution of parasite genetic varia-
tion to host disease phenotype in human schistosomiasis. In this study microsatellite genotypes of 1561
Schistosoma mansoni larvae collected from 44 human hosts in Senegal were linked to host characteristics
such as age, gender, infection intensity, liver and bladder morbidity by means of multivariate regression
methods (on each parasite locus separately). This revealed a highly significant association between allelic
variation at the parasite locus L46951 and host infection intensity and bladder morbidity. Locus L46951 is
located in the 30 untranslated region of the cGMP-dependent protein kinase gene that is expressed in
reproductive organs of adult schistosome worms and appears to be linked to egg production. This putative
link between parasite genetic variation and schistosomiasis disease phenotype sets the stage for further
functional research.

� 2017 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction adaptive patterns that are not easily detected by traditional popula-
It is becoming increasingly feasible and affordable to generate
molecular data for small-sized pathogens with the advent of new
molecular techniques, thereby facilitating species diagnosis andepi-
demiological research. However, as pointed out by Restif (2009), a
huge amount ofmolecular data ismerely used in a diagnostic frame-
work, and therefore left under-used. By integrating this molecular
data with evolutionary theory and epidemiology (‘evolutionary
epidemiology’; Archie et al., 2009) much more information can be
extracted. ‘Environmental association analysis’, also called
‘genotype-environmental analysis’ (Lotterhos and Whitlock, 2015;
Rellstab et al., 2015) is an emerging research field in evolutionary
biology. This method identifies genetic variants associated with
particular environmental factors and has the potential to uncover
tion genetic approaches (Rellstab et al., 2015). Here, we introduce
concepts of environmental association analysis in evolutionary
epidemiology, to link parasite genetic data with human epidemio-
logical data on schistosomiasis in northern Senegal.

Schistosomiasis is a major poverty-related disease infecting
more than 200 million people in developing countries, over 90%
of whom live in Africa (Hotez and Kamath, 2009). The causative
agents are blood flukes belonging to the genus Schistosoma (Dige-
nea, Platyhelminthes). They have an obligate alternate life cycle
in a freshwater snail host where asexual amplification generates
thousands of clonal cercariae that infect the human host, in which
sexual reproduction takes place. The most prevalent human schis-
tosome species in Africa are Schistosoma mansoni and Schistosoma
haematobium. Pathology is mainly caused by host immune
responses against the eggs that are trapped in host tissues (Burke
et al., 2009). Chronic infection with S. mansoni may result in liver
fibrosis, spleen congestion and portal hypertension. The eggs of
S. haematobium induce lesions in the vesical and ureteral walls or
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in the reproductive organs; chronic infection can result in fibrosis
of the bladder and lower ureters (Gryseels et al., 2006).

Three commonly studied disease phenotypes of human schisto-
somiasis are the intensity of infection, the immune response to
infection and schistosome-related pathology (Bethony and
Quinnell, 2008). In a Brazilian pedigree study it was found that
S. mansoni infection intensity, expressed as the number of eggs per
gram of faeces (epg), was found to be highly over-dispersed, with
only a small proportion of the human population displaying high
infection intensities, often tied to certain households (Dessein
et al., 1992). Bethony et al. (2002) showed that part of this variation
in infection intensity could be explained by shared environment
(household), accounting for 14% of the variance, and shared host
genes (heritability), accounting for 21–27% of the variance. In the
same study, a segregation analysis provided strong evidence for a
major human co-dominant gene (SM1) controlling S. mansoni infec-
tion levels. Linkage analysis on a subset of the Brazilian subjects
localised the major locus to chromosome 5, more specifically to
the 5q31-q33 region (Marquet et al., 1996, 1999). This successful
mapping of a gene region linked with infectious disease was also
confirmed in a linkage study on a Senegalese population (Müller-
Myhsok et al., 1997). The 5q31-q33 region contains several candi-
date loci involved in the regulation of the immune response to
pathogens, such as genes coding for IL-13, IL-4, IL-5, IL-3 and IL-9,
and the IFN regulatory factor-1 (Marquet et al., 1999). Subsequent
candidate gene studies found associations between genetic varia-
tion in some of these genes, similar to the one coding for IL13, and
infection intensity (Kouriba et al., 2005; Isnard et al., 2011; Grant
et al., 2012) and resistance to S. mansoni re-infection after treatment
(Gatlin et al., 2009).

Also, schistosome-related pathology is not random as it is more
frequently found in certain families within a human population
(Dessein et al., 1999). It appears, however, to be under different
genetic control than infection intensity, since SM2, the major locus
controlling liver fibrosis, is not linked to chromosome 5q31-33
(Bethony and Quinnell, 2008).

Whereas these studies showed that host genetic variation
clearly affects infection intensity and schistosome-related pathol-
ogy, much variation in disease phenotypes among hosts remains
unexplained. For example, approximately 60–66% of the variation
in infection intensity was unexplained in the above study by
Dessein et al. (1992). Here we specifically look at the role of para-
site genetic variation in host disease phenotype. Within spatiotem-
poral studies in northern Senegal we compiled several datasets on
both parasite population genetics and host immuno-epidemiology.
The parasite dataset consists of microsatellite genotypes of larval
stages of S. mansoni, since adult schistosomes are inaccessible as
they are located in the blood veins. Some microsatellite loci are
in the untranslated regions (UTRs) of expressed sequence tags
(ESTs). Because they are closely linked to coding regions in the gen-
ome, these EST-linked loci can be under selection and thus of par-
ticular interest to our study. The host dataset consists of disease
phenotype information such as infection intensity and
schistosome-related morbidity. We linked both datasets by apply-
ing a redundancy analysis (RDA), a technique used in environmen-
tal association analysis (Rao, 1964; Jombart et al., 2009; Rellstab
et al., 2015). The specific aim was to explore the contribution of
schistosome genetic variation to host infection intensity and mor-
bidity caused by S. mansoni and S. haematobium.

2. Materials and methods

2.1. Study area and ethics statement

All data were previously collected during a large study on the
epidemiology of schistosomiasis and innate immune responses
(SCHISTOINIR: www.york.ac.uk/res/schistoinir), for which
approval was obtained from the review board of the Institute of
Tropical Medicine (Antwerp, Belgium), the ethical committee of
the Antwerp University Hospital (Antwerp, Belgium) and ‘Le
Comité National d’Ethique de la Recherche en Santé’ (Dakar, Sene-
gal). Informed written consent was obtained from all participants.
After the study, praziquantel (40 mg/kg) and mebendazole (500
mg) treatment were offered to all community members to treat
and prevent schistosomiasis and soil-transmitted helminthiasis,
respectively, according to WHO guidelines (WHO, 2006). All the
data were anonymised prior to analysis.

Host demographic data (Meurs et al., 2012a,b; unpublished
data) and parasite genotypes (Van den Broeck et al., 2014) were
collected between February 2009 and January 2010 in northern
Senegal in the villages of Pakh (16�240900N 15�4804200W), Diokhor
Tack (16�1102400N 15�5204800W) and Ndieumeul (also known as
Thiekène, 16�1301200N 15�5103600W). The latter two are neighbour-
ing villages along the western shore of Lac de Guiers, while Pakh
is located a further 22 km north. The three villages are co-
endemic for S. mansoni and S. haematobium. To our knowledge
there have been no periodic anthelminthic programmes in Diokhor
Tack or Ndieumeul (Meurs et al., 2012a,b); the community of Pakh
received anthelminthic treatment in the framework of a study in
2006. Parasitological data on prevalence, infection intensity and
morbidity were obtained from 599 individuals in Diokhor Tack,
99 individuals in Ndieumeul and 530 individuals in Pakh. Preva-
lences of S. mansoni infection, S. haematobium infection and mixed
infection with both Schistosoma spp. were 55%, 44% and 32% in Dio-
khor Tack, 75%, 66% and 55% in Ndieumeul and 17%, 58% and 12% in
Pakh, respectively. The prevalence of S. mansoni-specific hepatic
fibrosis was 31% in Diokhor Tack, 19% in Ndieumeul and 8% in
Pakh. The prevalence of S. haematobium-specific bladder morbidity
was high, with 80% in Diokhor Tack and 91% in Ndieumeul (Meurs
et al., 2012a,b). In Pakh 17% of the individuals showed bladder
morbidity (unpublished data).

2.2. Host characteristics and disease phenotype

Host disease phenotype was defined using four measurements:
(i) S. mansoni infection intensity, (ii) S. haematobium infection
intensity, (iii) S. mansoni-specific lesions of the liver and (iv)
S. haematobium-specific lesions of the bladder (Tables 1 and 2).

In short, two stool and two urine samples were collected from
all participants. Schistosoma mansoni infection intensity was deter-
mined by duplicate 25 mg Kato-Katz examinations on each stool
sample (Katz et al., 1972; Polderman et al., 1985) and expressed
as the number of eggs per gram of feces (epg). Schistosoma haema-
tobium infection was determined after urine filtration using a filter
of 12 lm pore size (Isopore, USA) and expressed as the number of
eggs per 10 ml of urine (ep10ml). Pathological lesions associated
with schistosome infection were recorded by ultrasound according
to the Niamey guidelines (Richter et al., 1996). The urinary bladder
score (UBS score) is a measure for S. haematobium-specific bladder
morbidity, while the liver image pattern (liver IP) is a measure of S.
mansoni-specific morbidity of the liver. In addition, circulating
anodic antigen (CAA) concentrations were determined from one
serum sample per individual as described by Corstjens et al.
(2014) using a random subset of the participants (n = 19). CAA, a
Schistosoma-specific, gut-derived glycoprotein steadily excreted
by metabolically active adult worms, can be interpreted as a mea-
sure of current worm burden in humans (Deelder et al., 1994;
Agnew et al., 1995; Polman et al., 2001). Regarding CAA levels
and egg counts as a reflection of worm burden and egg production,
respectively, a proxy of fecundity can be introduced, which was
calculated as follows: epg/picogram of CAA per ml of plasma
(Wilson et al., 2014).

http://www.york.ac.uk/res/schistoinir


Table 1
Descriptors of categorical host characteristics: gender, village, liver morbidity (IP
score), bladder morbidity (UBS score) and mixed infection with Schistosoma
haematobium.

Parameter n (total = 44) %

Gender
Male 16 36.4
Female 28 63.6

Village
Pakh (code 200) 6 13.6
Ndieumeul (code 501) 29 65.9
Diokhor Takh (code 502) 8 18.2

Liver morbidity (liver IP)
No morbidity (0–1) 34 77.3
Clear morbidity (2–4) 8 18.2
NA 2 4.5

Bladder morbidity (UBS score)
No morbidity (0–1) 21 47.7
Clear morbidity (2–4) 21 47.7
NA 2 4.5

Mixed infection (with S. haematobium)
No (= single S. mansoni infection) 11 25.0
Yes 31 70.5
NA 2 4.5

UBS scores of 0 or 1 were considered as urinary schistosomiasis being unlikely and
treated as category ‘0’ in further analysis. UBS scores �2 are considered as S.
haematobium-specific bladder lesions, category ‘1’. Liver IP scores lower than 2 were
considered as intestinal schistosomiasis being unlikely and treated as category ‘0’;
scores �2 indicate Schistosoma mansoni-specific liver morbidity and treated as
category ‘1’. NA, not available.
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Other host characteristics that were defined were gender, age,
village, and single S. mansoni infection and mixed infection with
S. haematobium (Tables 1 and 2). CAA concentrations, epg, ep10ml
and fecundity (epg/CAA) were log-transformed during all analyses
to comply with model assumptions. Age was included in models as
a categorical variable (four age groups, see Table 2).

2.3. Parasite genetic data: S. mansoni genotyping

Schistosoma mansoni eggs were filtered from positive stool sam-
ples using a Pitchford and Visser funnel (Pitchford and Visser, 1975),
subsequently concentrated and hatched in bottled mineral water.
Using a binocular microscope, individual miracidia were pipetted
in3 ml permiracidiumontoWhatmanFTA� classic cards. In Belgium,
3 mmdiscs containing eachmiracidiumwere excised from the cards
and DNA was extracted using the Nucleospin Tissue kit (Macherey
Nagel, Belgium) following the manufacturer’s instructions. Each
individual parasite (1561 S. mansoni larvae) was genotyped with
nine microsatellite loci combined in a single multiplex: L46951,
smd25, smd28 and smd89 (Durand et al., 2000); CA11-1 and S9-1
(Blair et al., 2001); smd11, smd43 and sdma28 (Curtis et al., 2001).

Basic Local Alignment Tool (BLAST; https://blast.ncbi.nlm.nih.-

gov) results for the primer sequences indicated that two of these
loci are located in regions that are expressed (EST-linked):
Table 2
Schistosoma mansoni and Schistosoma haematobium infection intensities per age group for

S. mansoni infection int

Age (years) No. Median

<9 12 435
10–14 13 770
15–19 5 850
>20 14 560

ALL 44 560

epg, number of eggs per gram of faeces; ep10ml, number of eggs per 10 ml of urine.
L46951 is located in the 30 UTR region of a cGMP-dependent protein

kinase gene (cGK, GenBank Accession No. Smp_123290), and CA11-
1 is located in a B cell receptor-associated protein mRNA (GenBank
Accession No. DQ480542). SMD28 is linked to a putative gene but

its function is not known (GenBank Accession No. Smp_138400).
2.4. Statistical analysis

2.4.1. Associations between S. mansoni genetic data and host
characteristics

The flow diagram (Fig. 1) provides an overview of statistical
analyses. First, the human host characteristics were analysed sep-
arately. Epidemiological studies suggest that host characteristics
are associated in endemic schistosomiasis settings. To test
associations between host characteristics in this particular dataset,
two multiple linear regression models (MLR) were made with
S. haematobium infection intensity or S. mansoni infection intensity
as a dependent variable, and all other host characteristics (host
gender, age, bladder morbidity, liver morbidity, village) as
independent variables. This was also performed using parasite
fecundity as a dependent variable, for a subset of 19 hosts.

To explore associations between the parasite genetic data and
host characteristics, a RDA (Rao 1964) was performed. RDA is a
constrained ordination method based on Euclidean distances and
combines a multivariate regression with a principal component
analysis of the table of fitted values (Borcard et al., 2011). The
use of RDA to associate parasite genetic data with host character-
istics (‘‘environmental variables”) does not rely on an underlying
genetic model such as Hardy–Weinberg equilibrium, while theo-
retical population genetic approaches often do (Jombart et al.,
2009, Joost et al., 2013). This is relevant for schistosomes, consid-
ering their complex life cycle which includes an asexual reproduc-
tion step within a snail host. It also relies less on overall levels of
genetic differentiation among populations than outlier detection
methods (Hancock et al., 2010) and is therefore suitable for schis-
tosome populations as they often show a high diversity within a
host and low levels of genetic differentiation among hosts (Curtis
and Minchella, 2000; Van den Broeck et al., 2014). Allele frequen-
cies of the offspring (miracidia) were grouped per host individual,
hereafter referred to as infrapopulations. These infrapopulations,
grouped per locus, were used to represent the parasite genetic
variation (the dependent variables). Host characteristics repre-
sented the independent (i.e. constraining) variables. Each locus
was considered the unit of analysis because the inclusion of all loci
together may average out the correlation of allele frequencies with
host characteristics at a single locus. Before performing the RDA
analysis, the allele frequencies were centred but not scaled. Nine
separate dependent allelic matrices, one for each locus, were tested
against one and the same independent matrix with host character-
istics, and thus, respectively, nine separate RDA models were built.
To test for significance of the model, and to test for the significance
of the marginal effects of each constraining variable separately, an
the complete dataset.

ensity (epg) S. haematobium infection intensity
(ep10ml)

Range Median Range

20–4140 36.0 0–1111
370–4360 29.5 0–217
110–1010 46.7 0–91
10–6470 1.0 0–17

10–6470 4.5 0–1111

https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov


Fig. 1. Exploring associations between the parasite genetic data and host characteristics. This flowchart summarises the association of the parasite genetics dataset with the
dataset of host characteristics. First the independence of variables within the host dataset was investigated (1) by performing multivariate linear regressions (MLR) among
host characteristics. To link parasite genetics with host characteristics (2), the microsatellite genotypes of 1561 individual parasites (miracidia) were converted to allele
frequencies per host individual. A redundancy analysis (RDA) was used to correlate the allele frequencies of 44 parasite populations with host characteristics. RDA was
applied nine times, for each parasite locus separately, with the same dataset of host variables.
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ANOVA-like permutation test of 10,000 permutations was per-
formed, as available in the vegan package (Oksanen, J., Blanchet,
F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., Simpson,
G.L., Solymos, P., Stevens, M.H.H., Wagner, H., 2013. Package
‘‘vegan.” R Package. ver. 2.0–8.). Significant RDA models are repre-
sented as a Venn-diagram, which shows the result of a variation
partitioning of the parasite genetic variables by different indepen-
dent variables (Borcard et al., 1992). To correct for multiple testing
during RDA analysis, sequential Bonferroni correction was used. To
confirm the results on offspring genotypes, all analyses were
repeated using predicted parental allele frequencies. Since we only
have access to the offspring population, parental genotypes were
reconstructed based on offspring genotypes through a full-
pedigree likelihood method of Jones and Wang (2010) imple-
mented in COLONY software (see Supplementary Table S1).

RDA was performed using the R-packages adegenet (Jombart,
2008), ade4 (Dray and Dufour, 2007) and vegan (Oksanen et al.,
2013, cited earlier). R version 2.13.2 (R Development Core Team,
2015) was used for all statistical analyses.

2.4.2. Association of locus L46951 with host characteristics
The parasite locus that we observed to be significantly associ-

ated with host characteristics in RDA (i.e. locus L46951; see Sec-
tion 3.2) was analysed in more detail. Firstly, hypothesis error
plots (HEplots) were constructed to visualise how predictors (=
alleles) relate collectively to the response variables (= host charac-
teristics), based on multivariate regression analysis with the R-
package heplots (Friendly 2007; Supplementary Fig. S1). Secondly,
the association between alleles of this locus and parasite fecundity
was tested on the sub-dataset (n = 19). Allelic frequencies of locus
L46951 were regressed separately over parasite fecundity by using
a univariate linear regression (ULRA).

2.4.3. Data accessibility
Microsatellite genotypes and host phenotype data are deposited

in the DRYAD databank, doi: 10.5061/dryad.t4s0c.

3. Results

3.1. Host characteristics, disease phenotype and S. mansoni genetic
data

Table 1 gives an overview of all categorical host characteristics
(gender, village, liver morbidity, bladder morbidity, single and
mixed infections). Note that most individuals (70.5%) had a mixed
infection with S. haematobium and S. mansoni. For this reason, fur-
ther analyses include both mixed and single infections, as separate
analyses per infection category were not possible due to the low
number of individuals with single infections (n = 11). Table 2
describes the infection intensity of S. mansoni and S. haematobium
across the four age groups. Schistosoma mansoni infection intensi-
ties, CAA measurements and parasite fecundity per age group are
shown in Supplementary Table S2. In total 2891 miracidia col-
lected from 63 host individuals were processed for genotyping at
all nine microsatellite loci.

3.2. Associations between S. mansoni genetic data and host
characteristics

In order to ensure high data quality we first selected 1692 par-
asites with at least five out of the nine loci successfully amplified.
We then retained only those infrapopulations with a minimum of
18 parasites, resulting in a dataset of 1561 parasites from 44 host
individuals. The sizes of infrapopulations ranged from 18 to 86
with a median value of 31. The threshold of 18 was chosen, as after
this value the rarefaction curve reached a plateau (data not
shown), suggesting that most of the variation present in the
parasite population is covered. The results of the two linear regres-
sion models that test for associations between S. mansoni or
S. haematobium infection intensity and host characteristics were
as follows: S. haematobium infection intensities were significantly
correlated with age (four age groups, Table 2) (P = 0.009, R2 =
20.3%); individuals older than 20 years had a lower S. haematobium
infection intensity compared with children younger than 9 years of
age (Table 2). Schistosoma mansoni infection intensity was not
associated with host age (P = 0.34, R2 = 1.1%) or with other host
characteristics. Table 2 describes S. mansoni and S. haematobium
infection intensities per age group. Parasite fecundity was posi-
tively associated with S. mansoni infection intensity (P < 0.001,
R2 = 45,5%) and negatively associated with CAA concentrations
(P < 0.001, R2 = 62.9%).

RDA analyses revealed a significant relationship between
S. mansoni genetic variation at locus L46951 and S. mansoni infec-
tion intensity, host age and bladder morbidity. Allelic variation at
this locus was partitioned over these three host characteristics.
Detailed information concerning the seven corresponding RDA
models is shown in Table 3 and Fig. 2. The RDA model with the
three variables included (Table 3, model 7) was highly significant

http://dx.doi.org/10.5061/dryad.t4s0c


Table 3
Summary statistics for the redundancy analysis (RDA) on the allelic variation of locus L46951 in the parasite population (miracidia) and the characteristics of the associated host.
The P value of the overall RDA models and marginal terms of the model are based on 10,000 simulations. The information of these seven RDA models is summarised in a Venn
diagram (Fig. 2) that represents variation partitioning of the parasite allelic variation at locus L46951 by three host variables.

Locus L46951 Constrained variables R2 adj P value model P value marginal terms

Model 1 S. mansoni infection 11.96% 0.0024 /
Model 2 Age 6.97% 0.0568 /
Model 3 Bladder morbidity 6.97% 0.0205
Model 4 S. mansoni infection Age 16.29% 0.0047 0.0061

0.1186
Model 5 Bladder morbidity

S. mansoni infection
17.28% 0.0007 0.0120

0.0045
Model 6 Bladder morbidity

Age
13.00% 0.0147 0.0227

0.0771
Model 7 S. mansoni infection 21.11% 0.0029 0.0102

Age 0.1315
Bladder morbidity 0.0125

R2 adj, adjusted R2, variance in allelic frequencies of locus L46951 explained by the constrained variables.
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(P = 0.0029) and the adjusted R2 (R2
adj) indicated that 21.1% of the

total genetic variation (�constrained variation) at locus L46951
was explained by these constrained variables (unadjusted R2 =
31.0%). No confounding effects of mixed infection with
S. haematobium or the size of the parasite infrapopulation were
found. Variation partitioning of this model indicated that most of
the genetic variation was related to S. mansoni infection intensity
(8.1%). Age and bladder morbidity accounted for, respectively, 3.8%
and 4.8% of the genetic variation (Table 3, Fig. 2). A RDA model
(model 1, Table 3) with only S. mansoni infection intensity explained
12% of the genetic variation at this locus (P = 0.0024).

The three most abundant alleles of locus L46951 were 169, 172
and 175, with a mean allelic frequency per host of 43.4%, 23.2% and
26.2%, respectively. Both allele 172L46951 (P < 0.0001, R2 = 0.48)
and allele 175L46951 (P = 0.008, R2 = 0.14) were negatively corre-
lated with allele 169L46951. The other four alleles (163, 166, 178
and 181) were rare with mean allelic frequencies per host of
0.1%, 5.9%, 0.7% and 0.3%, respectively.

In RDA model 7 (Table 3), the highest scores for alleles correlat-
ing with the first constrained axis (RDA1, explaining 89.4% of the
total constrained variation) were allele 169L46951 (score = 0.31),
allele 172L46951 (score = -0.39) and allele 175L46951 (score = 0.06).
Schistosoma mansoni infection intensity and bladder morbidity
were positively correlated with RDA1 and consequently positively
related to allele 169L46951 and negatively to allele 172L46951. Age
was positively correlated with RDA1 until the age of 20. The second
constrained axis (RDA2, 8.6% of constrained variation) was mainly
correlated with allele 175L46951 (score = 0.12). Bladder morbidity
(score = 0.79) and S. mansoni infection intensity (score = -0.52)
were the host variables that correlated most strongly with RDA2.
This indicates that allele 175L46951 correlates negatively with S.
mansoni infection intensity. Fig. 3 shows a scatterplot and the
results of a univariate regression of allele 169L46951with S. mansoni
infection intensity. The pattern was opposite for allele 172L46951;
this allele was negatively correlated with bladder morbidity (P =
0.012) while no relationship was found with 175L46951 (see Sup-
plementary Fig. S2). The same results were found when using a
higher or lower threshold for the infrapopulation size (data not
shown). A significant association between 169L46951 and S. man-
soni infection intensity was also found when predicted parental
allelic frequencies were used (see Supplementary Table S1).

3.3. Association of locus L46951 with host characteristics

The relationships of alleles 169L4695 and 172L46951 with host
characteristics were highly significant in the multivariate regres-
sion (see Supplementary Fig. S1, Supplementary Table S3). The
regression of the frequency of allele 169L46951 over fecundity
was significant (Fig. 4). Parasite fecundity accounted for 34.3% of
the variation and no confounding variables were found. In contrast
to the positive correlation with allele 169L46951, the correlation
with alleles 172L46951 or 175L46951 as a dependent variable was
negative (rc = �0.03, P = 0.03, R2 = 19.5% for allele 172L46951 and r
c = �0.02, P = 0.008, R2 = 30.3% for allele 175L46951).

4. Discussion

To our knowledge, this is the first study showing a significant
association between helminth parasite genetic variation and host
disease phenotype. We were able to link the presence of specific
alleles in S. mansoni parasite populations, isolated from human
hosts, with specific disease phenotypes. Allele 169L46951 was pos-
itively associated with infection intensity, while 172L46951 was
negatively associated with infection intensity. It was shown that
21% of the total S. mansoni allelic variation at microsatellite locus
L46951 was explained by infection intensity, host age and bladder
morbidity, with infection intensity providing the highest contribu-
tion (12%). The explained variation of locus L46951 in our study
was high compared with other environmental association studies
that used RDA to associate population genetic variation with envi-
ronmental variables (eg. James et al., 2011; Vangestel et al., 2012;
Orsini et al., 2013). This is particularly remarkable when consider-
ing (i) the small geographical scale and (ii) the single-locus
approach in this study (James et al., 2011; Vangestel et al., 2012).
In addition, three single explanatory variables (infection intensity,
host age and bladder morbidity) contributed to a significant model.

Previous studies tried to link schistosome genetic variation with
disease outcome. Brouwer et al. (2003) found genetic differences,
measured by randomly amplified polymorphic DNA (RAPD),
between S. haematobium populations from children with varying
pathology. However, they could not link pathology to specific par-
asite genotypes or genes due to the limitations of the RAPD tech-
nique. Gasmelseed et al. (2014) also used a RAPD approach in a
Sudanese setting but could not confirm the results of Brouwer
and colleagues (2003). Barbosa et al. (2013) used 15 microsatellite
markers and found geographic clustering in S. mansoni over a scale
of 8 km, but could not link this with demographic or epidemiolog-
ical host characteristics. However, schistosome eggs were pooled
per host sample and all microsatellite loci were summarised in
one differentiation parameter, which may decrease the power to
detect associations between single parasite alleles and host
variables.

The environmental association analysis used in this study, on
individually genotyped parasite larvae and using a single-locus
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infection intensity, bladder morbidity, and age. The variation partitioning is based on the adjusted R2-values from the seven redundancy analysis-models, represented in
Table 3.
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approach, has proven to be a powerful tool to uncover subtle pat-
terns in parasite genetic variation that might be missed by tradi-
tional methods for the detection of outlier loci, based on
population genetic differentiation (Rellstab et al., 2015). Also, the
possibility to construct models with several (environmental/host)
variables simultaneously is especially relevant in the case of com-
plex disease phenotypes such as schistosomiasis.

The present study contained 44 infrapopulations, of which only
a few host individuals had low infection intensities. Fig. 3 gives the
impression that the two lower infection intensity points are mainly
responsible for the positive trend. However, when we removed
these two lower infection points, the positive association between
allele 169L46951 and infection intensity remained (rc = 0.03569, P =
0.006, R2 = 15.7%). We are therefore confident that this association
is statistically robust. Future studies with larger sample sizes,
including more host individuals from lower infection classes,
would however be desirable.

This study shows that the neutrality of microsatellite markers
should not be taken for granted. Adaptive loci are not suitable as
a tool for population genetic studies and detection of demographic
patterns (Selkoe and Toonen, 2006). The neutrality of the loci
should therefore be tested prior to their use in population genetic
studies.

After a BLAST search against the S. mansoni complete genome,
L46951 appeared to be a trinucleotide (GAA) repeat that occurs in
the 30 UTR region of the cGMP-dependent protein kinase (cGK)
gene (Smp_123290; Leutner et al., 2011),which is located on chro-
mosome 6 (Zerlotini et al., 2013). Follistatin (Sm_123300; Leutner
et al., 2013) and the chromodomain helicase DNA binding protein
(Sm_123320; Zerlotini et al., 2013) are located downstream of
L46951. Interestingly, both the cGK gene and follistatin have been
studied in S. mansoni. The cGK belongs to the family of serine/
threonine-specific protein kinases that are present in a variety of
eukaroytes which play a role in signalling cascades of muscle cells
(Schlossmann et al., 2003; Hofmann et al., 2009). The gene was
recently studied by Leutner et al. (2011) who identified six possible
cGK homologs in the S. mansoni genome. One of these predictions,
Smp_123290, which contains the L46951 locus, was cloned and
characterised. Real-time PCR and in situ hybridisation experiments
revealed a gonad-preferential expression profile in both genders;
transcriptional activity was mainly detected in the ovary, the vitel-
larium, and testes of adult worms. Treatment of adult schistosomes
in vitrowith the inhibitory cGMP analogue resulted in slowmotion,
oocyte congestion, and a reduction in egg production by 30%
(Leutner et al., 2011). Follistatin, located 32,016 bp from locus
L46951, is a regulator of the TGFb signalling pathway that plays a
role in regulating mitotic activity and egg production in paired
S. mansoni females (Leutner et al., 2013).

Since we can only genotype the offspring population (miracidial
larvae isolated from stool samples), we reconstructed parental
genotypes and used these in the RDA analysis. The same positive
association between the frequency of 169L46951 and infection
intensity was found. This suggests that adult parasite populations
with allele 169L46951 have more offspring than those without this
allele. Even though we can only measure eggs that are excreted (a
portion of the eggs remains stuck in the host tissue), this might
suggest that those adults with allele 169L46951 produce more eggs
and thus have a higher fecundity than those without this allele.
This was corroborated by the use of a proxy for fecundity for a sub-
set of the cohort (n = 19), which was strongly positively associated
with allele 169L46951 (Fig. 4). A larger dataset would allow testing
of the robustness of the significant association.

An accurate quantification of infection intensity is very impor-
tant in these analyses. Here we performed duplicate Kato-Katz
examinations on two different stool samples, allowing a suffi-
ciently sensitive and accurate quantification of schistosome egg
excretion in our study setting (Utzinger et al., 2015). In addition,
we measured CAA concentrations in the sera of a small subsample
of participants. Serum CAA levels have been reported to correlate
with schistosome worm numbers in experimental animals, thereby
providing a valuable alternative measure of infection intensity. For
this reason, it would be good to include CAA (or CCA) detection
tests in future evolutionary epidemiologic studies.

Both the location of themicrosatellitemarker (in a cGK gene and
nearby follistatin) and the link between genetic variation at this
locus with infection intensity and with (a proxy for) parasite fecun-
dity, suggests that 169L46951 is linked with S. mansoni parasite
fecundity. Also other studies have suggested a link between protein
kinases and schistosome reproduction (Morel et al., 2014). Eggs that
are trapped in host tissues are the main cause of pathology, so vac-
cines or drugs that interact with parasite reproduction are therefore
considered as a potential tool for control (Wilson et al., 2014).
Accordingly, protein kinases are new important drug targets in
schistosomes (Morel et al., 2014; Walker et al., 2014).

In addition to the link with S. mansoni infection intensity, there
was also a significant link between S. mansoni genetic variation and



Fig. 3. Scatter plot of the frequency of allele 169L46951 over Schistosoma mansoni infection intensity (log eggs per gram of faeces (epg)). The univariate regression model was
highly significant (P = 0.003, R2 = 19.38%).

Fig. 4. Scatter plot of the frequency of allele 169L46951 over parasite fecundity (log (eggs per gram of faeces/circulating anodic antigen), on a subset of 19 observations. The
positive regression coefficient was highly significant (P = 0.005, R2 = 34.4%).
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host bladder morbidity and age. This was not due to multi-
collinearity between these variables and infection intensity, as
variation partitioning clearly showed the statistically independent
association of both variables with the allelic frequencies of
locus L46951. The association between S. mansoni genetic variation
and bladder morbidity is at first sight counter-intuitive as
S. mansoni eggs are usually excreted via the stool. However, mixed
S. mansoni and S. haematobium infections are very common in
northern Senegal and this can lead to heterologous pairing
between both species (Southgate et al., 1998). If S. mansoni females
mate with S. haematobium males this will result in S. mansoni eggs
in urine because the male defines the egg-laying site (Brant and
Loker, 2005). In northern Senegal, Ernould et al. (1999) found that
31% of urine samples contained ectopic S. mansoni eggs while
Meurs et al. (2012b) found that 13% of urine samples from people
with mixed infections had ectopic S. mansoni eggs. The latter study
showed that S. haematobium-infected people eliminating
S. mansoni eggs both via urine and via stool had the highest risk
of bladder morbidity.

Further experiments are needed to make any conclusion about
the causality of the observed association between the parasite
locus and host infection intensity. Secondly, the functional mecha-
nism of the association needs to be disentangled. As discussed
above, allelic variation of locus L46951 may be linked with
mutations upstream in the coding region of the cGK gene or with
other genes downstream (‘hitch-hiking’). Therefore, future studies
should investigate this association at the level of the entire
chromosome or even genome to determine the polygenic nature
of the trait. Full exome analysis on single larval schistosome stages
is possible nowadays but still expensive (Chevalier et al., 2014).
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Another strategy is transcriptomic analysis (RNA-seq) to under-
stand the gene expression changes and study gene regulatory net-
works. Both genomic and transcriptomic approaches allow a focus
on molecular pathways (such as, for instance, the TGFb signalling
pathway) whose concerted action is much more likely to reflect
the association with the host phenotype than single genes
(Jackson, 2015). To perform RNAseq, adult worms and thus an
experimental set-up are needed. Finally, microsatellite polymor-
phisms in 30 UTR regions themselves can influence gene expres-
sion. For example, polymorphism can influence the binding of
miRNA in the 30 UTR region (Clop et al., 2006; Hon and Zhang,
2007; Bhattacharya et al., 2014; Chaturvedi et al., 2014) or alter
chromatin structure, which is known to modulate DNA accessibil-
ity to DNA binding proteins such as DNA polymerase and thus
affect gene expression (Xi et al., 2010).

Our results suggest parasite genetic variation to be an impor-
tant factor in explaining the variation in host disease phenotype
in human schistosomiasis. Further research, preferably with a lar-
ger sample size, is needed to test whether our findings are replica-
ble and consistent across space and time. This study highlights the
potential of environmental association analysis in uncovering sub-
tle patterns in parasite genetic variation that may not be picked up
with traditional population genetic approaches. The incorporation
of ecological concepts and principles in the field of parasitic dis-
eases may be a promising tool in ongoing or future molecular epi-
demiological studies.
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