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ABSTRACT
Both theory and experimental data from pathogens suggest that the production of transmission 
stages should be strongly associated with virulence, but the genetic bases of parasite transmis-
sion/virulence traits are poorly understood. The blood fluke Schistosoma mansoni shows extensive 
variation in numbers of cercariae larvae shed and in their virulence to infected snail hosts, 
consistent with expected trade-offs between parasite transmission and virulence. We crossed 
schistosomes from two populations that differ 8-fold in cercarial shedding and in their virulence 
to Biomphalaria glabrata snail hosts, and determined four-week cercarial shedding profiles in F0 
parents, F1 parents and 376 F2 progeny from two independent crosses in inbred snails. 
Sequencing and linkage analysis revealed that cercarial production is polygenic and controlled 
by five QTLs (i.e. Quantitative Trait Loci). These QTLs act additively, explaining 28.56% of the 
phenotypic variation. These results demonstrate that the genetic architecture of key traits relevant 
to schistosome ecology can be dissected using classical linkage mapping approaches.
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INTRODUCTION:

Parasites face a central problem: how to maximize 
transmission to the next host. This has driven the 
evolution of a wide variety of lifecycle features to facil-
itate parasite transmission [1,2]. However, perhaps the 
most common transmission strategy is to produce vast 
numbers of infective stages [3, p. 20]. This brute force 
approach exploits host resources for parasite growth 
and reproduction, while infective stages may also 
cause damage as they exit the host to reach the envir-
onment [4, p. 200; 5]. Hence, there is a strong expecta-
tion that transmission stage production will result in 
collateral damage to the host, but also that high levels 
of host mortality will constrain evolution of very high 
levels of parasite virulence. There is a large body of 
theoretical work examining this relationship between 
transmission stage production and virulence evolution 
[6–8] and empirical studies provide compelling, but not 
universal support, for this model [9,10]. However, there 
is limited understanding of the genes and genetic archi-
tecture underlying transmission stage production and 
virulence on which selection can act.

Schistosoma mansoni parasites provide a useful sys-
tem for examining the genetic basis of transmission/ 
virulence related traits. These parasitic organisms are 

well suited for genetic studies because (i) the complete 
lifecycle can be maintained in the laboratory using 
rodent definitive hosts and freshwater snail intermedi-
ate hosts, (ii) parasites have separate sexes which sim-
plifies staging of efficient genetic crosses in the 
laboratory, (iii) thousands of progeny are produced 
which provides good statistical power, and (iv) experi-
mental work over the last 75 years has revealed herita-
ble genetic variation in multiple biomedically 
important traits [11] such as drug resistance [12–16], 
chronobiology [17–19], host specificity [20–24], and 
virulence [25–27]. Furthermore, the Schistosoma man-
soni genome is fully sequenced and assembled [28,29], 
and a growing molecular toolkit including molecular 
sexing tools [30,31], RNAi [32], transfection [33,34], 
CRISPR [35–37] and a suite of cell biology tools [38–-
38–41] improves our ability to link phenotype with 
genotype. Furthermore, we can also control the genetics 
of the snail host by generating inbred snail lines. 
B. glabrata is hermaphrodite, so inbred snail lines can 
be developed by isolating individual snails and serial 
inbreeding [42].

In addition of being a tractable model for genetic 
studies, schistosomes are also important human para-
sites. Three major schistosome parasite species (i.e. 
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S. mansoni, S. haematobium and S. japonicum) infect 
over 200 million people in 78 countries [43,44]. These 
parasites have a complex lifecycle, involving 
a freshwater snail (intermediate host) and a mammal 
(definitive host). When parasite eggs are expelled with 
mammal feces or urine in freshwater, miracidia larvae 
hatch and actively search for its snail vector. Larvae 
penetrate the snail head-foot, differentiate into sporo-
cysts that then asexually proliferate to generate daugh-
ter sporocysts. These actively consume snail tissue 
(hepatopancreas and ovotestis), castrating the host 
snail, and parasite sporocysts can comprise up to 60% 
of the tissue within infected B. glabrata snails [5]. The 
daughter sporocysts release cercariae, the mammal- 
infective larval stage of the parasite. Hundreds to thou-
sands of these motile cercariae exit through the snail 
body wall and are released into freshwater. Exit through 
the body wall results in leakage of hemolymph and 
damage to the snail. This quantitative transmission 
and virulence related trait – numbers of cercariae pro-
duced from the intermediate snail host – is the focus of 
this paper.

There is strong evidence from laboratory selection 
experiments that the amount of cercariae produced is 
heritable: in just three generations, parasites selected 
for low or high numbers of cercariae showed rapid 
divergence in this phenotype [25,26]. We have 
described distinctive life-history strategies in labora-
tory schistosome populations. In two parasite popu-
lations originating from Brazil we observed: i) 
a “boom-bust” strategy characterized by high trans-
mission measured in term of cercarial production 
(the total number of larvae released from the inter-
mediate snail host, starting at 4 weeks post-infection) 
and high virulence to the snail intermediate host 
resulting in short duration infections, compared 
with ii) a “slow and steady” strategy characterized 
by low transmission (few cercariae released), result-
ing in low virulence to the snail host and a long 
duration of infection [5]. The high shedding geno-
type develops larger sporocyst stages than the low 
shedding genotype, although this is insufficient to 
explain the difference in cercarial shedding from 
these two parasites. These patterns are observed 
when using the same inbred snail line, ruling out an 
impact of host genetics. Our central goal was to deci-
pher the genetic architecture of a transmission/viru-
lence-related trait in a biomedically important 
helminth parasite (S. mansoni), to determine whether 
cercarial shedding is under monogenic or polygenic 
control, and ultimately to understand the cellular path-
ways on which selection acts to modulate this trait.

Linkage mapping has previously been used to exam-
ine a monogenic drug resistance trait (oxamniquine 
resistance) in S. mansoni [16,45]. Here we extend this 
approach to examine a life-history trait: we conducted 
reciprocal genetic crosses between S. mansoni indivi-
duals from two laboratory parasite populations origi-
nating from Brazil that show dramatic differences in 
numbers of cercariae shed (Figure 1). Using classical 
linkage mapping, we showed that cercariae production 
in S. mansoni parasite is polygenic, with additive varia-
tion at 5 different QTLs (i.e. Quantitative Trait Loci) 
explaining 28.56% of the variation in cercarial 
production.

MATERIALS & METHODS

Ethics statement

This study was performed in accordance with the 
Guide for the Care and Use of Laboratory Animals of 
the National Institutes of Health. The protocol was 
approved by the Institutional Animal Care and Use 
Committee of Texas Biomedical Research Institute 
(permit number: 1419-MA).

Biomphalaria glabrata snails and schistosoma 
mansoni parasites

Uninfected inbred albino Biomphalaria glabrata snails 
[line Bg26 derived from 13–16-R1 line; 42] were reared 
in 10-gallon aquaria containing aerated freshwater at 
26–28°C on a 12 L-12D photocycle and fed ad libitum 
on green leaf lettuce. All snails used in this study had 
a shell diameter between 8 and 10 mm, as snail size can 
influence cercarial production [46,47]. For all the 
experiments we used inbred snails to minimize the 
impact of snail host genetic background on the parasite 
life history traits [5].

The SmLE-H S. mansoni population (high shedder, 
H) was originally obtained from an infected patient in 
Belo Horizonte (Minas Gerais, Brazil) in 1965 and has 
since been maintained in laboratory [48], using 
B. glabrata NMRI and Bg26 populations as intermedi-
ate hosts and Syrian golden hamsters (Mesocricetus 
auratus) as definitive hosts. The SmBRE- 
L S. mansoni population (low shedder, L) was sampled 
in 1975 from Recife (East Brazil) [24] and has been 
maintained in the laboratory in its sympatric albino 
Brazilian snail host (B. glabrata BgBRE) using ham-
sters or mice as the definitive host.
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Genetic crosses between high shedder and low 
shedder S. mansoni parasites

Schistosomes have separate sexes which simplifies 
crosses [16]. To identify QTL(s) controlling the number 
of cercariae produced by schistosome parasites, we 
conducted crosses between parasites from our high 
shedder (SmLE-H) and low shedder (SmBRE-L) popu-
lations [5]. We performed reciprocal genetic crosses 
(cross A: male SmBRE-L x female SmLE-H; cross B: 
female SmBRE-L x male SmLE-H). Conducting two 
independent crosses allowed us i) to replicate our 
cross experiment and ii) to test for the potential 

influence of sex chromosomes on the transmission 
phenotype (Figure 1).

The design of the crosses is summarized in Figure 1. 
To obtain the parental (F0) parasite generation, we 
exposed individual snails (192 per parasite populations) 
to single miracidia in 24 well-plates overnight. Exposed 
snails were then maintained in trays (48 per tray) for 
4 weeks as described in 5, in a 26–28°C temperature 
controlled room with 12 L-12 D photocycle. At four 
weeks post-exposure, we placed each snail in a well of 
a 24 well-plate in 1 mL freshwater under artificial light 
for 2 h to induce cercarial shedding. Shedding was 
conducted late morning to early afternoon every week 

Figure 1. Outline of the genetic cross experimental design. (a-b) We performed two independent reciprocal genetic crosses 
(crosses A and B, to account for potential sex specific effect(s)) between single genotypes of SmLE-H and SmBRE-L Schistosoma 
mansoni parasite populations. These two populations exhibit striking differences in terms of transmission stage production (number 
of cercariae produced). (c) For each parasite generation (F0 parental populations, F1 and F2 progeny), we exposed individual 
Biomphalaria glabrata Bg26 inbred snail to single miracidium from either the SmLE-H or SmBRE-L populations for F0 (N = 192/ 
population), or the F1 progeny (N = 288/cross), or the F2 progeny (N = 1000/cross). For each infected snail and each generation of 
S. mansoni parasites, we measured transmission stage production during 4 weeks of the patent period (week 4 to 7 post-infection). 
We also evaluated the virulence of these generations of crossed parasites by measuring the total laccase-like activity as well as the 
hemoglobin rate in infected snail hemolymph samples.
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from week 4 to week 7 post-infection. All the snail 
infection experiments and cercarial shedding experi-
ments were conducted in a temperature controlled 
room (26–28°C). To track cercarial production of indi-
vidual snails over the 4 weeks of the patent period 
(4–7 weeks post-infection (PI)), we isolated each 
infected snail in a uniquely labeled 100 mL glass beaker 
filled with ~50 mL freshwater at the first shedding, fed 
them ad libitum with fresh lettuce and kept them in the 
dark in the 26–28°C temperature controlled room. We 
determine parasite gender by PCR [30] of clonal cer-
cariae collected from each infected snail in week 4 for 
the two schistosome populations (i.e. SmLE-H and 
SmBRE-L). One female and one male genotype, each 
derived from one infected snail, were randomly selected 
for producing the next generation. At week 5, cercarial 
shedding was induced and 2 female golden Syrian 
hamsters per cross were exposed to 250 cercariae of 
the female genotype and 250 cercariae of the male 
genotype. Cercariae from both genders were counted 
and sampled under a microscope, then transferred into 
a glass jar containing freshwater. Finally, a hamster is 
place into the jar (2 h) and is infected though contact 
with inoculated water. For cross A, the male genotype 
was SmBRE-L and the female genotype was SmLE-H. 
For cross B, the male genotype was SmLE-H and the 
female genotype was SmBRE-L (Figure 1). After 
45 days, we euthanized and perfused the hamsters to 
recover the F0 adult male and female worms for DNA 
extraction and sequencing. We also collected the livers 
containing the F1 eggs.

We applied the same procedures for the F1 genera-
tion for both crosses (i.e. A and B). We hatched F1 
miracidia from eggs recovered from hamster livers fol-
lowing 5. For each cross, we exposed individual Bg26 
snails (288 per cross) to single F1 miracidia. At week 4, 
we isolated infected snails in individual beakers for 
tracking individual shedding. We collected cercariae 
of the first shedding for parasite gender determination. 
At week 5, we infected 4 female hamsters per cross with 
250 cercariae of the females and the male genotypes of 
the selected F1s. We euthanized and perfused hamsters 
45 days post infection to recover F1 adult worms and 
collected livers containing the F2 eggs.

After hatching F2 miracidia from each cross (A and 
B) from eggs recovered from hamster livers, we 
exposed 2,000 individual Bg26 snails (1,000 per cross) 
to single miracidia. After 4 weeks, we isolated the 
infected snails in individual beakers as above to track 
individual shedding. For each snail, we collected all the 
cercariae produced from the first or the second shed-
ding in individual microtubes for further DNA 
extractions.

Measurement of S. mansoni cercarial production 
and snail response to infection

We measured larval output (i.e. cercarial production) 
of F0 (N = 46 SmLE-H and N = 48 SmBRE-L), F1 
(N = 102 F1A and N = 110 F1B) and F2 (N = 204 
F2A and N = 204 F2B) parasite populations. We used 
the same inbred snail population for all infections to 
minimize the impact of host snail genetic variation 
(Figure 1). All snails were infected with single mir-
acidia to allow examination of cercarial shedding 
from single parasite genotypes. We also measured 
the impact of these parasitic infections on the snail 
host by quantifying snail physiological responses (lac-
case-like activity and hemoglobin rate in the hemo-
lymph) at end point (Figure 1). The phenotypic 
datasets are available on Zenodo (DOI: 10.5281/ 
zenodo.4383248).

a. Snail physiological response to parasitic infection

We placed infected snails in 1 mL freshwater in a 24 
well plate under artificial light (as described above) 
every week for 4 weeks (week 4 to 7 post-exposure). 
After replacing the snail in its beaker, we sampled three 
10 (for the high shedder parasites) or 100 µL (for the 
low shedder parasites) aliquots from each well, added 
20 µL of 20X normal saline and counted the immobi-
lized cercariae under a microscope. We multiplied the 
mean of the triplicated measurement by the dilution 
factor (100 or 10) to determine the number of cercariae 
produced by each infected snail. We assessed cercarial 
production every week from week 4 to 7 post-exposure 
in snails infected with F0 (SmLE-H and SmBRE-L), F1 
and F2 parasites for each cross (A and B). We use the 
average number of cercariae produced over this 4 week 
period for each F2 progeny as the phenotype for our 
linkage analysis.

Snail physiological response to parasitic infection
During week 7, 3 days after the last cercarial shedding, 
we collected hemolymph [49] from all surviving snails 
infected with F0 parental populations (i.e. SmLE-H and 
SmBRE-L), F1s and F2s. We measured both laccase-like 
activity [49] and the hemoglobin rates in the hemo-
lymph of each infected snail [5].

Estimation of the minimum number of loci 
influencing transmission stage production

Castle and Wright proposed an estimate ne of the 
minimum effective number of genetic factors explain-
ing trait segregation in crosses between two lines based 
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on the phenotypic mean and variance [50,51], where 
P is the phenotypic mean of the parents (P1 for SmLE- 
H and P2 for SmBRE-L), Var(F2) is the phenotypic 
variance of the F2 population progeny and Var(F1) is 
the phenotypic variance of the F1 population. We cal-
culated ne for each cross 
independently.ne ¼

P1� P2ð Þ
2

8 Var F2ð Þ� Var F1ð Þð Þ

Whole genome and exome sequencing of 
S. mansoni

We sequenced genomes from F0 parent worms, and 
exomes from F1 worms used to generate the F2 and 
from 188 F2s cercariae for both cross A and cross 
B. We sequenced exomes from F1 and F2 progeny, 
to reduce costs, and because sparse genotyping data 
is sufficient to determine the segregation of different 
genome regions in the progeny and identify QTLs. 
We sequenced complete genomes from the parents, 
because this allows us to determine sequence varia-
tion within QTL regions, and to identify putative 
causal SNPs and copy number variants.

gDNA extraction
We extracted gDNA from F0 (For cross A: 73 
SmBRE-L males and 70 SmLE-H females; For cross 
B: 136 SmLE-H males and 104 SmBRE-L females) 
and F1 (F1A: 228 males and 238 females; F1B: 207 
males and 198 females) worms and from F2 cercar-
iae (204 per cross) using the Blood and Tissue kit 
(Qiagen), following the manufacturer’s protocol, 
with minor modifications. We homogenized worms 
in DNA extraction kit lysis buffer using sterile 
micro pestles. For F2 cercariae, frozen samples 
were thaw at 4°C, centrifuged 5 minutes at x300 
g to pellet the cercariae. We removed the water 
supernatant, added lysis buffer to the pellet, and 
vortexed to homogenize. We incubated at 56°C 
worm and cercariae samples for 2 and 1 hour, 
respectively. We recovered gDNA in 200 µL of elu-
tion buffer. We quantified the worm samples gDNA 
using the Qubit dsDNA HS Assay Kit (Invitrogen) 
while F2 cercarial DNA was directly whole genome 
amplified to provide sufficient DNA for exome 
capture.

Whole genome amplification (WGA) of F2 cercarial 
samples
We performed WGA on each F2 gDNA cercarial sample 
using the Illustra GenomiPhi V2 DNA Amplification kit 
(GE Healthcare Life Sciences, USA) following Le Clec'h et 
al. [52]. We quantified the WGA DNA using the Qubit 
dsDNA HS Assay Kit (Invitrogen).

Whole genome and exome library preparation and 
sequencing
We prepared whole genome libraries of F0s using the 
KAPA HyperPlus kit (KAPA Biosystem) according to 
the manufacturer’s protocol. For each F0 library, we 
sheared 500 ng of gDNA by adaptive focused acoustics 
(Duty factor: 10%; Peak Incident Power: 175; Cycles per 
Burst: 200; Duration: 180 seconds) in AFA tubes, using 
a Covaris S220 instrument with SonoLab software ver-
sion 7 (Covaris, Inc., USA), to recover fragmented 
DNA between 150–200 bp. We used 6 PCR cycles for 
post-ligation library amplification.

We captured F1 and F2 (188 per cross) S. mansoni 
exomes using the SureSelectXT2 Target Enrichment 
System (Agilent). The design of the custom baits used to 
capture the S. mansoni exome (SureSelect design ID: 
S0398493) is described in Chevalier et al. [45], and 
exome capture methodology follows Le Clec'h et al. [52].

We sequenced the libraries on a HiSeq 2500 sequen-
cer (Illumina) using 100 bp pair-end reads. On each 
sequencing lane, we either pooled 32 exome capture 
libraries or two whole genome libraries. Raw sequence 
data are available at the NCBI Sequence Read Archive 
under accession numbers PRJNA667697.

Bioinformatic analysis

Jupyter notebook and scripts used for processing the 
sequencing data and mapping QTLs are available on 
Zenodo (DOI: 10.5281/zenodo.4798591).

Sequence analysis and variant calling
We aligned the sequencing data against the S. mansoni 
reference genome (schistosoma_mansoni.PRJEA36577. 
WBPS14) using BWA (v0.7.17) [53] and SAMtools 
(v1.10) [54]. We used GATK (v4.1.8) [55,56] to mark 
PCR duplicates and recalibrate base scores. We used 
the HaplotypeCaller module of GATK to call variants 
(SNP/indel) and the GenotypeGVCFs module to per-
form a joint genotyping on each chromosome or unas-
sambled scaffolds. We merged VCF files using the 
MergeVcfs module. We annotated the variants using 
snpEff (v.4.3.1 t) [57]. All these steps were automated 
using Snakemake (v5.14.0) [58].

a. Linkage analysis

Sexual determination in schistosomes relies on Z and 
W chromosomes: females are ZW while males are ZZ. 
In parasite stages exhibiting no sexual dimorphism (i.e. 
miracidium and cercaria), we can determine sex by 
PCR using sex specific markers [30]. We took advan-
tage of the sequencing data to perform in silico sexing 
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of F2 cercarial progeny by comparing the read depth 
along the Z chromosome. The Z chromosome carries 
a Z-linked region (located between 11 and 44 Mb) 
which does not recombine with the W chromosome 
unlike the rest of the Z chromosome (pseudo- 
autosomal region). While the Z-linked region in males 
(ZZ) has the same read depth as the pseudo-autosomal 
region, the Z-linked region in females (ZW) will have 
half of the read depth of the pseudo-autosomal region 
(Supplementary Figure 1). We determined the read 
depth ratio between the Z-linked and pseudo- 
autosomal regions: a ratio around 1 indicates a male 
(ZZ) while a ratio of 0.5 corresponds to a female (ZW). 
We computed the read depth at each base of chromo-
some Z using SAMtools and BEDtools (v2.29.0) [59]. 
We used R to first smooth the read depth data which 
may show local high variation using the runmed func-
tion on 101 contiguous sites, then we kept only site 
showing a read depth of more than 5 to finally compute 
the ratio on Z-linked over Z pseudo-autosomal read 
depth. We validated this approach by comparing mole-
cular and in silico sexing of F2s cercariae.

Linkage analysis
We reduced the VCF file using the SelectVariants mod-
ule of GATK to include sites called in at least half of the 
samples. The QTL analysis was performed with 
R (v3.5.1) [60]. We loaded the VCF file using vcfR 
(v1.10.0) [61], filtered out sites with genotype quality 
(GQ) less than 30, read depth (DP) less than 10 and 
with more than 20% of missing data. We used F0 
genome sequences to obtain the full genetic informa-
tion from the parents of the crosses. We selected alter-
natively fixed variants between parents (i.e., fully 
informative variants) and retained Mendelian inherited 
variants only using F1 sequences and converted the 
genotype data into an R/qtl compatible format. We 
then ran the scanone function of R/qtl (v1.46.2) [62] 
on all the recombinant F2s to map QTL in each cross 
or in the combined crosses (to increase the power of 
our statistical analysis and linkage mapping) using the 
expectation–maximization (EM) algorithm. We per-
formed 1,000 permutations for each test.

Having identified QTLs, we selected a subset of 
around 400 markers total (number of markers per 
chromosome being proportional to the chromosome 
size) from the combined crosses and tested QTL inter-
action using the scantwo function from the same pack-
age with 1,000 permutations. We used a subset of 
markers because this function is computationally inten-
sive. We tested the allelic dominance on the combined 
crossed using a custom R code.

Candidate gene prioritization
To identify candidate genes involved in cercarial pro-
duction, we first reduced the VCF file to sites within 
QTL regions identified previously. We loaded the VCF 
file in R using vcfR and refined the QTL regions by 
determining the chromosomal positions corresponding 
to a drop of 1.8 LOD from the highest LOD score of 
each QTL. We then retained only genotypes from the 
cross parents and filtered out sites with a GQ lower 
than 30 and a DP lower than 6. We used a custom score 
(genoscore) to objectively prioritize candidate genes in 
each QTL region:

Genoscore ¼

Pn
i¼1 GSai �GSbi � ISið Þ

l�
ffiffiffiffiffiffiffiffiffiffi
dpeak

p � e� 100

The genoscore is computed either by gene or gene’s 
coding sequence (CDS). For each site i of a gene or 
CDS, we first computed a genotype score (GS) for each 
cross A and B by associating a score of 20 if genotypes 
were alternatively fixed in each cross parent or a score 
of 5 if fixed in one parent and unknown in the other 
(any other genotype combination received 0) and an 
impact score (IS) from the snpEff annotation (low 
impact or modifier mutation = 1, moderate impact = 5, 
high impact = 10). We summed the results for the 
n sites present in the gene or CDS. We weighed this 
sum using the length l of the gene or the CDS, and the 
square root of the distance d between the position of 
the highest LOD score (peak) and the start of the gene 
or the CDS. This was finally modulated by an expres-
sion factor e of 1 if the gene was expressed in mature 
sporocysts from shedding snails [63] or in cercariae 
[29] or −1 otherwise. Jupyter notebook and scripts 
used to obtain gene expression are available on 
Zenodo (DOI: 10.5281/zenodo.4741274).

Gene annotations
To complete the gene annotation of the GFF file, we 
ran the HHsearch tool from the HH-suite (v3.3.0–0) 
[64] on each predicted protein sequences. This method 
relies on generating hidden Markov models (HMM) for 
a given sequence and compares HMM-HMM align-
ments. We compared our sequences to three databases 
(pdb70, scop70 and pfam) and selected the best match 
if the probability generated by HHsearch was at least of 
50%. Gene identifications from the GFF file and the 
HHsearch analysis were combined in a table and used 
during the analysis of gene candidates. Jupyter note-
book and scripts used for this analysis are available on 
Zenodo (DOI: 10.5281/zenodo.4741265).
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Statistical analysis

All statistical analyzes and graphs were performed 
using R software (v3.5.1) [60]. When data were not 
normally distributed (Shapiro test, p < 0.05), we com-
pared results with non-parametric Kruskal-Wallis test 
followed by pairwise Wilcoxon-Mann-Whitney post- 
hoc test or a simple pairwise comparison Wilcoxon- 
Mann-Whitney test. When data followed a normal dis-
tribution, we used one–way ANOVA or a pairwise 
comparison Welsh t-test. We performed correlation 
analysis using Pearson’s correlation test. The confi-
dence interval of significance was set to 95% and 
p-values less than 0.05 were considered significant.

Results

Variation in transmission stage production in 
S. mansoni crosses

We conducted two three-generation (F0 to F2) genetic 
crosses between high (H) shedding parasite genotypes 
SmLE-H and low (L) shedding genotypes SmBRE-L. 
We paired a male genotype SmBRE-L with a female 
genotype SmLE-H (cross A) and a female genotype 
SmBRE-L with a male genotype SmLE-H (cross B) to 
allow examination of sex specific inheritance (Figure 1). 
The two S. mansoni populations, SmLE-H and SmBRE- 
L, are both originated from Brazil, and show striking 
difference in cercarial production [5]. We used the 
same inbred B. glabrata population (Bg26) in these 
experiments to minimize the impact of the host genet-
ics, because cercarial shedding can be influenced by 
snail genotype [65]. Furthermore, we infected snails 
with single S. mansoni miracidia, so quantitative mea-
sure of cercarial production by infected snails can be 
related to a single schistosome genotype.

Using weekly measures of cercarial shedding over 
4 weeks (i.e from week 4 to 7 post-exposure), we 
observed that SmLE-H population shed 8-fold more 
cercariae than SmBRE-L (mean (±se) cercariae per 
shedding: SmBRE-L: 284 ± 19 vs SmLE-H 2352 ± 113; 
Wilcoxon test, p < 2.2 × 10−16, Figure 2a F0 (average 
cercariae produced) and 2b F0 (Number of cercariae 
produced/week); 5). However, the infectivity of these 
two parasite populations in Bg26 snails was identical. 
We observed that 26% (46/177) of snails exposed with 
one SmLE-H miracidia were infected 4 weeks post- 
exposure (PE), while 26% (48/180) of snails exposed 
to one SmBRE-L miracidia were infected 4 weeks PE.

We measured the weekly cercarial production of the 
two S. mansoni F1 populations (i.e. F1A for cross A and 
F1B for cross B) over 4 weeks (i.e from week 4 to 7 
post-exposure). For both crosses, F1 parasite 

populations shed intermediate numbers of cercariae 
compared to F0 (i.e. SmLE-H and SmBRE-L parental 
populations) (Kruskal-Wallis test followed by pairwise 
Wilcoxon Mann-Whitney post-hoc test, p < 2.2 × 10−16) 
and showed limited variation in shedding number 
(Figure 2a – average cercariae produced). However, 
F1 parasites from cross A produced significantly more 
cercariae than those from cross B (Wilcoxon test, 
p = 0.0048, Figure 2a and 2b – Number of cercariae 
produced/week).

Schistosome gender can also impact the average 
number of cercariae produced. In the F1A population, 
male genotypes produced significantly less cercariae 
than female genotypes (one-way ANOVA, p = 0.0038, 
Supplementary Figure 2a). We did not see any effect of 
parasite gender in the F1B progeny (Supplementary 
Figure 2b).

The F2 parasite progeny from both crosses showed 
extensive variation in numbers of cercariae shed that 
encompassed the range seen in the two parental dis-
tributions (Kruskal-Wallis test followed by pairwise 
Wilcoxon Mann-Whitney post-hoc test between F0 
populations (i.e. SmLE-H and SmBRE-L) and F2s 
(i.e. F2A and F2B), p < 2.2 × 10−16, Figure 2a F2 
and Figure 2c and 2d). F2 progeny from cross 
A shed more larvae than cross B (Wilcoxon test, 
p = 0.0089, Figure 2a-b F2). The F2 progeny have an 
average cercarial shedding profile across weeks that 
mimic the SmBRE-L parental profile with a peak in 
cercarial production at the second shedding week (i.e. 
week 5 post-infection). However, the average intensity 
of cercarial production is closer to the SmLE-H parent 
(Figure 2a-b).

We also observed a significant impact of schistosome 
gender for the F2 progeny. In the F2B parasite popula-
tion, male genotypes produced significantly less cercar-
iae than female ones (Kruskal-Wallis test, p = 0.041, 
Supplementary Figure 2c). We did not find any effect of 
parasite gender in F2A progeny (Kruskal-Wallis test, 
p = 0.719, Supplementary Figure 2d).

Linkage analysis of transmission stage production 
in S. mansoni parasites

We sequenced the whole genome (363 Mb) from par-
ents and the exome (15 Mb) of F1 and F2 progeny from 
each cross (Figure 1). We found 10,543 (cross A) and 
8,779 (cross B) SNPs fixed for alternative alleles (i.e. 
fully informative markers) in the exome. A classical 
linkage analysis of the average quantities of cercariae 
per snail (i.e. schistosome genotype) revealed on the 
combined crosses three major quantitative trait loci 
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Figure 2. Transmission stage production of two Schistosoma mansoni parental populations (SmLE-H and SmBRE-L) and 
their progeny (F1s and F2s). (a) Difference in the average number of cercariae produced by SmLE-H and SmBRE-L S. mansoni 
populations during 4 weeks of the patent period (week 4 to 7 post infection). The SmLE-H population (N = 46) shed more cercariae 
than the SmBRE-L population (N = 48) [5]. For both crosses A and B, F1 populations (F1A: N = 102; F1B: N = 110) exhibited an 
intermediate phenotype in terms of cercarial production, compared to F0, while the average production of cercariae by F2s (F2A: 
N = 204; F2B: N = 204) encompassed both parental and F1s distributions. Cercarial productions from parasite populations or 
generations not connected by the same letter are significantly different (post-hoc test). (b) Difference in the number of 
cercariae produced by S. mansoni parental populations (SmLE-H and SmBRE-L) and progeny (F1 and F2) measured by week (week 4 
to 7 post infection). (c) Distribution of the cercarial production (mean ± SE) over the 4 weeks of the patent period for the parents 
(F0) of the cross A, the F1 parents (F1A) and the 204 F2A progeny in rank order. (d) Distribution plot of the cercarial production for 
the parents (F0), the F1 parents (F1B) and all the 204 F2B progeny for the cross B in rank order. For both crosses (c-d), SmBRE-L and 
SmLE-H F0 parents exhibited striking differences in cercarial production (cross A: Welsh t-test, p = 0.031; cross B: Welsh t-test, 
p = 0.013) while F1 showed an intermediate phenotype and F2 encompassed both parental distribution with a gradation from L to 
H phenotype. NS: No significant difference in cercarial production between the two considered groups, * p < 0.05, ** p ≤ 0.02, *** 
p ≤ 0.002.
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(QTL) involved in transmission stage production: on 
chr. 1 (LOD = 5.63), chr. 3 (LOD = 8.16) and chr. 5 
(LOD = 6.37) (Figure 3a; Supplementary Figure 3a and 
b). This finding is consistent with the minimum num-
ber of loci calculated using the Castle-Wright Estimator 
[50,51,66–68], which estimates the minimum number 
of loci determining trait variation from patterns of 
segregating phenotypic variation. This estimated 
a minimum of 3.03 loci involved for cross A and 1.85 
for cross B. Cercarial gender did not impact the result 
of the linkage analysis.

We used a two-dimensional genome scan to search 
for additional contributing QTLs on the combined 
crosses and to identify interactions among loci. We 
found two minor QTLs on chr. 2 (LOD = 3.87) and 
chr. 4 (LOD = 3.32) which contributed significantly to 

Figure 3. Linkage analysis of the transmission stage production in S. mansoni parasites and QTLs interactions. (a) Linkage 
analysis of average cercarial production phenotype in combined crosses A and B demonstrated that transmission stage production is 
a polygenic trait controlled by three major QTLs with statistically significant LOD: on chr. 1 (LOD = 5.63), on chr. 2 (LOD = 8.16) and 
on chr. 5 (LOD = 6.37). The blue dotted line represents the 1,000 permutation threshold. (b) Genetic architecture of cercarial 
production is influenced by the shedding week (first shedding week corresponds to week 4 post-infection), demonstrating 
a sequential pattern of QTL emergence involved in transmission stage production (see also Supplementary Figure 4).

Table 1. Summary table of the two-dimensional, two-QTL 
genome scan identifying QTL interactions (additive or epi-
static effects) between the QTL involved in cercarial pro-
duction in Schistosoma mansoni parasite. LOD values are 
statistically significant when they are above the 5% threshold 
LOD for epistatic (interaction) and/or additive effect. We have 
demonstrated here additive interaction of various loci involved 
in transmission stage production but no epistatic interaction.

Pairs of loci
Position 
locus 1

Position 
locus 2

LOD interaction 
(epistatis)

LOD 
additive

5% threshold -
- 5.68 5.84

chr. 1:chr. 2 43.84 45.94 0.611 10.48
chr. 1:chr. 3 43.84 5.44 0.186 12.40
chr. 1:chr. 4 43.84 28.95 1.020 9.05
chr. 1:chr. 5 43.84 21.56 1.367 11.88
chr. 2:chr. 4 45.94 28.90 0.738 7.48
chr. 2:chr. 5 45.94 21.56 1.244 9.60
chr. 3:chr. 5 5.44 21.56 2.587 10.96
chr. 4:chr. 5 28.90 21.56 0.622 9.20
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explain the phenotype variance. The two-QTL scan 
demonstrated that all five QTLs act additively: we 
found no evidence for epistasis between the loci 
(Table 1). Together, these 5 QTLs explained 28.56% of 
the variation in cercarial production, with a full LOD 

score of 29.79 (Table 2). The three major QTLs 
explained most of the phenotype: chr. 1 = 8.10% 
(p = 5.49 x 10−10), chr. 3 = 6.10% (p = 8.49 x 10−8), 
chr. 5 = 5.57% (p = 3.31 x 10−7). The two minor QTLs 
explained less phenotypic variation: chr. 2 = 3.80% 
(p = 3.38 x 10−5) and chr. 4 = 3.52% (p = 7.06 x 10−5) 
but these contributions are highly significant.

Genetic control of shedding varies across time

When we conducted the linkage analysis on our com-
bined crosses using the cercarial quantities produced 
each week rather than the average across all four weeks 
(i.e. from week 4 to week 7 post-exposure, see Figure 
1), we observed a sequential pattern of QTL emergence 
(Figure 3b, Supplementary Figure 3). On shedding 
week 1, none of the identified QTLs passed the permu-
tation threshold (Figure 4b, Supplementary Figure 4a), 
while on shedding week 2, the QTL on chr. 5 

Table 2. QTLs interactions modeling (additive model) and 
estimation of the proportion of the cercarial production 
variance (%var) explained by each of the loci involved in 
the phenotype. Together, the 5 QTLs explained 28.56% of 
variation in transmission stage production in S. mansoni 
parasites.

Loci LOD %var P value

Full additive model 
(all 5 QTLs) 29.8 28.56 0

chr. 1 9.52 8.10 5.49x10−10

chr. 2 4.6 3.80 3.38x10−5

chr. 3 7.26 6.10 8.49x10−8

chr. 4 4.26 3.52 7.06x10−5

chr. 5 6.66 5.57 3.31x10−7

Figure 4. Inheritance of transmission stage production. Impact of the parasite genotype on the average number of cercariae 
produced for each major and minor QTL linked to transmission stage production. On chr. 1 and chr. 4, cercarial production is not 
significantly different when parasites are homozygous for the “low shedding” allele (LL) or heterozygous (LH) but only when 
parasites are homozygous for the “high shedding” allele (i.e. HH). High shedding allele (H) is recessive and low shedding allele (L) is 
dominant. On chr. 2, chr. 3 and chr.5, cercarial production is significantly different for all the three parasite genotypes encountered 
(LL, LH and HH). high and low shedding alleles act co-dominantly. Cercarial productions from parasite genotypes (LL, LH, HH) not 
connected by the same letter for a given locus are significantly different (post-hoc test).

VIRULENCE 1517

10.1080/21505594.2021.1932183
10.1080/21505594.2021.1932183


predominated and a QTL on chr. 3 had arisen (Figure 
3b, Supplementary Figure 4b). On shedding week 3, the 
main QTL was on chr. 3 (Figure 3b, Supplementary 
Figure 4c). Finally, on shedding week 4, the QTL on 
chr. 1 predominated, along with QTLs on chr. 2 and 3 
(Figure 3b, Supplementary Figure 4d). Hence, different 
parasite genes determine cercarial production across 
time during the snail infection.

Allelic inheritance and impact on cercarial 
production in S. mansoni parasites

For each QTL, we determined the interactions between 
alleles from L and H shedding parents by analyzing the 
average production of cercariae per genotype (i.e. LL: 
homozygous for the low shedding allele, LH: heterozy-
gous and HH: homozygous for the high shedding allele; 
Figure 4) for the combined F2 progeny (i.e. cross A and 
B analyzed together). Our analysis showed codomi-
nance for the chr. 2, 3 and 5 QTLs: F2 progeny with 
LH genotype produced more cercariae than LL geno-
type but less than the HH genotype (Figure 4). 
However, for the chr. 1 and 4 QTLs showed patterns 
consistent with recessive inheritance. At these loci, F2 

progeny with HH genotype produced more cercariae 
(pairwise comparison using Wilcoxon rank sum test; 
chr. 1: HH vs. LH: p = 4.2 x 10−5 and HH vs. LL: p = 8.2 
x 10−6; chr. 4: HH vs. LH:, p = 0.0109 and HH vs. LL: 
p = 0.0034) than the other genotypes (i.e. LL and LH; 
pairwise comparison using Wilcoxon rank sum test; 
chr. 1: LL vs. LH, p = 0.22; chr. 4: LL vs. LH, 
p = 0.56; Figure 4).

Candidate genes controlling transmission stage 
production in S. mansoni parasite

We listed the genes located within the 1.8 LOD-support 
interval of each QTL and expressed either in daughter 
sporocysts or in cercariae. We identified 314 genes on 
chr. 1, 87 on chr. 2, 31 on chr. 3, 76 on chr. 4 and 86 on 
chr. 5 (Table 3 and Supplementary Table 1). We then 
prioritized genes using an objective index (“genoscore”, 
see Materials & Methods section), that accounts for the 
genotypes of the parents (fixed alternative alleles), the 
presence of non-synonymous mutations and their 
impact on the protein predicted by snpEff (see 
Materials & Methods section), the CDS length and the 
distance from the QTL peak, and the expression of the 

Table 3. Summary table of the total number of genes located within the 1.8 LOD-support interval of each QTL peak, and expressed 
into the different parasite stages: daughter sporocysts only, cercariae only, both stages or not expressed at all.

Loci
QTL peak absolute coordinates in 

S. mansoni genome (bp)
Total number 

of genes
Genes expressed in daughter 

sporocysts only
Genes expressed in 

cercariae only
Genes expressed in 

both stages
Genes not 
expressed

chr. 1 43,844,038 329 297 301 284 15
chr. 2 45,941,343 94 87 83 78 2
chr. 3 4,722,053 32 28 28 25 1
chr. 4 28,695,306 79 70 72 66 3
chr. 5 21,695,876 94 78 82 74 8

Table 4. Summary table of the 3 top candidate genes for each locus involved in cercarial production in the parasite 
S. mansoni based on the computed genoscore CDS (see Materials & Methods) and their relative positions to the maximum 
peak. NA: gene not captured by the S. mansoni baits (exome capture). In bold: selected best candidate genes based on their 
annotations (GFF or HHsearch).

Chromosome Gene ID GFF annotation HHsearch annotation
Max. 
LOD Genoscore

chr. 1 Smp_152850 Tetratricopeptide-like helical domain 
superfamily

Putative 70 kda peptidylprolyl isomerase PFL2275c 5.63 1.646

Smp_057230 Aminoacyl-tRNA synthetase, class II Seryl-tRNA synthetase (SerRS) NA 1.286
Smp_246820 No annotation available hypothetical protein TTHA1254 4.05 1.114

chr. 2 Smp_347740 Coiled-coil domain-containing protein 
39

Nucleoporin_FG2 3.86 7.657

Smp_328700 No annotation available Engineered transmembrane domain variant NA 2.153
Smp_170430 FAD dependent oxidoreductase D-aminoacid oxidase, N-terminal domain 2.81 1.491

chr. 3 Smp_343200 Pleckstrin homology domain G-protein coupled receptor kinase 2 (beta-adrenergic 
receptor kinase 1)

8.16 1.653

Smp_190770 Lanthionine synthetase C-like Nisin biosynthesis protein NisC 5.41 1.426
Smp_138060 No annotation available Cationic trypsin (e.c.3.4.21.4) 7.66 1.227

chr. 4 Smp_313330 No annotation available No annotation available 3.35 1.732
Smp_150840 Zinc finger, C2H2, LYAR-type 60S ribosomal protein L8, 60S 2.47 1.502
Smp_334250 Epithelial sodium channel Acid-sensing ion channel 1 3.42 1.257

chr. 5 Smp_330680 No annotation available No annotation available NA 6.997
Smp_330700 No annotation available No annotation available NA 3.784
Smp_330760 IQ motif, EF-hand binding site Calmodulin, IQ domain-containing protein G 4.50 3.631
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gene at the parasite stages of interest (sporocyst or 
cercariae). Using this objective approach, we identified 
the three most likely candidate genes within each QTL 
that may be involved in transmission stage production 
(Table 4).

The genes prioritization on each of the three major 
QTLs revealed three compelling candidates: (i) pepti-
dylprolyl isomerase (chr. 1) which regulates many bio-
logical processes, including intracellular signaling, 
transcription, inflammation, immunomodulation and 
apoptosis [69,70], (ii) G-protein coupled receptor 
kinase 2 (chr. 3) which is involved in cell migration 
[71] and (iii) a protein with unknown function (chr. 5) 
which suggests schistosome specific factor yet to be 
characterized. On chr. 5, another candidate, the 
Calmodulin IQ domain protein, is of interest: this pro-
tein is a calcium sensor and can stimulate changes in 
the actin cytoskeleton mediated by proteins such as 
myosin [72].

In the two minor QTLs, the top candidate genes 
encode a nucleoporin (chr. 2) and a protein of 
unknown function (chr. 4). The second-best candidate 

gene on chr. 4 is also of interest: it encodes a LYAR, 
a cell growth regulating nucleolar protein.

Linkage analysis of snail physiological trait 
associated with transmission stage production

Laccase-like activity and hemoglobin rate in the 
Biomphalaria snail hemolymph were correlated 
(Supplementary Figure 5c and 5f). These metrics pro-
vide proxies to evaluate snail health and the impact of 
schistosome infection [5,49]. Both parameters were 
negatively correlated with F2 cercarial production (lac-
case-like activity: Pearson’s correlation test, p = 4.31 × 10-
−15, correlation coefficient = −0.56; Hemoglobin rate: 
Pearson’s correlation test, p = 8.014 × 10−12, correlation 
coefficient = −0.50; Supplementary Figure 5d and 5e). 
There was no correlation with the F1 cercarial produc-
tion (laccase-like activity: Pearson’s correlation test, 
p = 0.426, correlation coefficient = −0.09; Hemoglobin 
rate: Pearson’s correlation test, p = 0.661, correlation 
coefficient = −0.05; Supplementary Figure 5a and 5b). 
This was expected because F1s were heterozygous for 

Figure 5. Potential mechanisms involved in production of schistosome transmission stage. our genetic analysis of transmis-
sion stage production and virulence in S. mansoni parasites revealed that this complex trait is controlled by five loci with potentially 
different mechanisms involved to induce and maintain cercarial production over time. this could involve (i) the differentiation of 
sporocysts cells into cercariae through the calmodulin calcium sensor (chr. 5) (ii) the maintenance of the clonal reproduction of 
sporocysts and the continuous cercarial production through the G protein (chr. 3) and the nucleoporin (chr. 2), and (iii) the 
modulation of the snail immune response to protect parasitic cells through the pPIase (chr. 1) and the G protein (chr. 3). the LYAR 
cell growth protein (chr. 4) could also be involved all along the patent period to regulate the growth and multiplication of sporocysts 
cells and the development of cercariae. the proteins of unknown function are also of high interest: they could reveal new 
mechanisms involved in transmission/virulence.
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markers from each parent at all five QTLs and showed 
limited variation in cercarial production.

We performed a linkage analysis in each cross and in 
the combined crosses to investigate parasite genes 
linked to laccase-like activity and the hemoglobin rate 
in the snail host hemolymph. We did not find signifi-
cant QTLs across S. mansoni genome linked to these 
snail hemolymph phenotypes.

Discussion

How many loci are involved in transmission/ 
virulence?

We determined the genetic architecture of transmission 
stage production trait in schistosome parasites using 
classical linkage mapping. We showed that transmis-
sion/virulence traits in schistosome are polygenic, 
involving five loci from which three have major effect. 
These results are consistent with the idea that relatively 
small numbers of genes are involved in strongly 
selected traits such as virulence/transmission. The 
obvious caveat here is that loci of small effect may be 
difficult to identify even in well powered linkage ana-
lyses. The five loci identified explained 28.56% of the 
phenotypic variation observed: it is unclear what pro-
portion of the remaining variation is explained by addi-
tional undetected QTLs, or reflects the impact of 
environmental variation or measurement error [73–75].

There is an extensive literature on compatibility 
between S. mansoni and B. glabrata [22], which is 
important to distinguish from virulence. We define 

virulence as parasite induced host mortality and have 
previously shown that SmLE-H produces more cercar-
iae and causes higher snail mortality than SmBRE-L 
[5]. Compatibility determines the ability of particular 
parasites to develop in particular snails. In incompati-
ble host-parasite pairs miracidia are unable to success-
fully establish: miracidia die soon after snail 
penetration [22]. In our experiments, both parental 
parasite genotypes are compatible with Bg26 snails. 
Twenty-six percent of snails Infected with single mir-
acidia develop infection in for both SmBRE-L and 
SmLE-H, but the number of cercariae released, and 
snail mortality differs between these two parasite geno-
types. Hence, this work examines difference in viru-
lence rather than compatibility.

Three other studies have used linkage mapping to 
dissect the genetic basis of parasite transmission/viru-
lence trait (Table 5). In the protozoan parasite 
Toxoplasma gondii, four sets of genetic crosses were 
used to identify the genetic basis of acute virulence 
between different clonal lineages from North America 
[76]. These crosses identified several QTLs linked to 
acute virulence and resulted in the identification of 
a set of polymorphic genes in the GTPase serine/threo-
nine kinase family in secretory organelles called rhop-
tries [77]. In another protozoan model, the rodent 
malaria parasite (Plasmodium yoelii yoelii), 
Pattaradilokrat et al. [7], and Otsuki et al. [79], showed 
that just one locus on chr. 13 was linked to parasite 
growth rate and host virulence. Plant parasite nematode 
system provides a directly comparable macroparasite 
system in which virulence has been examined using 

Table 5. Do transmission/virulence traits tend to be oligogenic (i.e. controlled by few genes)? Summary table of the number 
of loci and genes involved in transmission/virulence or growth life-history traits for various eukaryotic parasite systems (reviewed 
from the literature).

Parasite system Phenotypes

Number of 
loci involved 

(chr. #)
Number of gene(s) involved 

(gene name)

Percentage of 
phenotypic variations 
explained by the loci References

Toxoplasma gondii Acute virulence 1 (XII) 1 (ROP5) - 97
Acute virulence 3 (VIIa/VIIb/ 

XII)
3 (ROP18/ROP16/ROP5) - 98, 99

Acute virulence 2 (VIIa/Ia) 1 (ROP18) - 100, 101
Growth 4 (VIIa/XI/XII/ 

Ia)
- - 102

Migration 1 (VIIa) - - 101
Acute virulence 1 (XII) 1 (ROP5) - 103

Plasmodium yoelii 
yoelii (rodent 
malaria 
parasite]

Growth rate 1 (XIII) 1 (pyebl) - 78, 79

Meloidogyne hapla 
(plant 
pathogen 
nematode)

Egg mass 
number

2 (VII/XIII) - - 80

Total eggs 
among F2 
lines

2 (IV/VII) - - 80

Schistosoma 
mansoni

Transmission 
stage 
production/ 
Virulence

5 
(3 major: I/ 
III/V and 2 
minor: II/IV)

5 potential best candidate genes (peptidylprolyl isomerase/ 
G-protein coupled receptor kinase/Calmodulin and 
Nucleoporin_FG2/LYAR cell growth regulating nucleolar 
protein)

28.56% Present 
study
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linkage mapping. In the root-knot nematode 
Meloidogyne hapla, crosses between parasites that differ 
in ability to produce galls on the roots of the ornamen-
tal nightshade Solanum bulbocastanum identified three 
QTLs linked to nematode transmission success [8].

In all these three cases, relatively few loci control 
transmission/virulence traits, as we see in schistosome 
parasites (Table 5). This question of “few loci or genes” 
versus “many loci or genes” controlling key life-history 
traits is fundamental to our understanding of adapta-
tion in nature. As demonstrated by an increasing num-
ber of studies, few large-effect loci (and subsequently 
genes) have been shown to drive rapid adaptation 
(reviewed in Messer et al. [81]).

This paper focuses on the genetic basis of transmis-
sion/virulence traits in the intermediate snail host. 
However, schistosome adults infect vertebrate hosts 
and the complete lifecycle involves six different body 
plan (eggs, miracidia, sporocysts, cercariae, schistoso-
mulae, adults) [41], so pleiotropic effects of genes on 
fitness of different lifecycle stages may be important in 
schistosome evolution. A previous study suggested that 
high virulence in the snail was inversely correlated with 
low virulence during the adult stage [25,26]. They sug-
gested that trade-offs between fitness traits in different 
lifecycle stages should be considered. We have not 
investigated fitness in other lifecycle stages in this 
study, but this will be a focus of future work.

How do parasite genes impact numbers of 
cercariae shed?

Genes may impact numbers of cercariae shed from 
infected snails by (i) influencing growth and differen-
tiation of sporocysts, (ii) changing the balance of 
investment between cercarial production and daughter 
sporocyst production, (iii) influencing the ability of 
cercariae to escape from the snail host (Figure 5). 
Two lines of evidence strongly suggest that the genes 
determining cercarial shedding may act on different 
processes.

First, we previously compared sporocyst size and 
growth kinetics in the parental populations using 
qPCR. SmLE-H sporocysts comprise on average 47% 
of cells within infected snails, while SmBRE-L sporo-
cysts comprise 25% of cells within infected snails [5]. 
However, this is not sufficient to fully explain the 
difference in cercariae produced by these two popula-
tions, because the SmBRE-L infected snails shed sig-
nificantly fewer cercariae than predicted from qPCR 
measures of sporocysts cells in infected snails [5]. 
These results are consistent with independent action 

of genes to determine sporocyst size and cercarial 
production.

Second, when we dissected the genetic architecture 
of cercarial production over the 4-week patent period 
of the infection, we observed sequential emergence of 
QTLs. This is also consistent with the idea that genes 
influencing cercarial shedding may act on different 
processes to determine this cercarial production. This 
sequential emergence of loci could also explain the 
evolution of sporocysts kinetics trajectories observed 
in parental population [5]. Moreover, we highlighted 
that the high shedding alleles acted co-dominantly 
with the low shedding alleles at QTLs on chr. 2, 
chr. 3 and chr. 5 but were recessive at QTLs on 
chr. 1 and chr. 4. These differences in allelic inheri-
tance could also support the existence of different 
mechanisms involved in the modulation of transmis-
sion stage production and virulence: co-dominant 
loci would involve alleles with dose effect while 
recessive loci would involve loss-of-function alleles. 
In the next section we evaluate potential candidate 
genes and speculate at which stage of the parasite 
these may play a role.

Candidate genes underlying transmission/virulence 
traits

The first QTL linked to cercarial production appears 
on the second shedding week and is located on chr. 
5. The three leading candidate genes under this QTL 
include two genes encoding proteins of unknown 
function and a gene encoding a calmodulin (CAM) 
IQ domain protein. The proteins of unknown func-
tion are of high interest as they could reveal new 
mechanisms involved in transmission/virulence and 
will deserve further attention. CAM IQ domain pro-
teins belong to calcium sensors and can stimulate 
changes in the actin cytoskeleton mediated by pro-
teins such as myosin [82]. In schistosome, the cal-
cium sensor (CAM IQ domain protein) could 
modulate the differentiation of daughter sporocysts 
cells into cercariae and induce the cercarial shedding 
early in the patent period. Calcium binding proteins 
are known to play an important role in amoebic 
pathogenesis and are essential for the Entamoeba 
histolytica parasite growth [10], while in Toxoplasma 
gondii parasite, CAM-like proteins are essential and 
contribute to regulate parasite motility and host cell 
invasion [83].

During the third shedding week, the major QTL is 
on chr. 3, where the leading candidate gene is 
a G-protein coupled receptor kinase 2. In Entamoeba 
histolytica G-protein are involved in pathogenesis- 
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related cellular processes, such as migration, invasion, 
phagocytosis and evasion of the host immune response 
by surface receptor capping [84]. In S. mansoni, this 
G-protein coupled receptor kinase 2 may stimulate 
sporocyst expansion or renewal into snail host tissues 
(i.e. new generation of daughter sporocysts) while 
escaping host immune defenses, to maintain the para-
sitic infection and eventually, cercarial production.

During the fourth shedding week, QTLs on chr. 1, 
chr. 2 and chr. 3 are involved in transmission stage 
production. The leading candidate gene on chr. 1 is 
a peptidylprolyl isomerase (PPIase). Most PPIases 
characterized in parasites belong to the cyclophilin 
family [85] and are strong immunomodulatory pro-
teins [86]. In the apicomplexan Theileria, a secreted 
prolyl isomerase modulates host leukocyte transfor-
mation [87]; similar immunomodulatory peptidylpro-
lyl isomerases have been demonstrated in two other 
apicomplexan parasites, Toxoplasma gondii and 
Neospora caninum [88]. PPIases have been shown to 
be primary actors of host-parasite interactions and 
are certainly essential for the development and dif-
ferentiation of parasitic protozoans (e.g Leishmania 
parasites), which show a high degree of plasticity in 
their cellular organization and metabolic status dur-
ing their infection cycles [89]. In our schistosome 
model, PPIase may modulate snail host immune 
response to infection, while maintaining proliferation 
and viability of sporocysts cells. The best candidate 
gene under the chr. 2 QTL is a nucleoporin, protein 
that is essential to microtubule organization and 
dynamics during mitosis. In the parasite 
Plasmodium falciparum, nucleoporins are essential 
for parasite proliferation in human erythrocytes 
[90]. Nucleoporins are also essential in the transport 
of mRNA from the nucleus to the cytoplasm after 
transcription and are involved in cell migration [91]. 
In schistosome, these proteins might trigger the spor-
ocysts clonal proliferation and cercarial production.

The QTL on chr. 4, revealed by the two- 
dimensional genome scan, did not pass the permuta-
tion threshold at any of the 4-week patent period of 
the infection. Therefore, this QTL could have 
a minor but continuous effect throughout the patent 
period. Interestingly, the leading candidate genes 
under this QTL encode protein of unknown function 
followed by a LYAR cell growth regulating nucleolar 
protein. Proteins of unknown function are again of 
high interest and will deserve further attention. In 
addition, the LYAR protein, required for cell prolif-
eration [92] and highly present in early embryos of 
mammals [93], could also be involved all along the 
patent period to regulate the growth and 

multiplication of schistosome sporocysts cells and 
the development of cercariae.

Prospects for functional analysis

Figure 5 summarizes potential involvement of candi-
date genes in cercarial shedding in S. mansoni. 
Functional validation is required to investigate involve-
ment of these candidate genes. While RNAi methods 
are available for gene knockdown in adult worms [32], 
delivery of RNA to the sporocysts within the snail is 
challenging. We have tried several approaches to 
induce RNAi in daughter sporocysts including injection 
of ds or siRNA into the snail hemolymph/tissues, but 
have so far not been able to knockdown genes in this 
stage. CRISPR provides a possible alternative approach 
but is still at an early stage of development for 
S. mansoni [35–37]. Once effective gene manipulation 
approaches are available for late sporocysts, we will be 
able to directly examine the involvement of our leading 
candidate genes.

Stem cells play a central role in schistosome develop-
ment and reproduction. Wang et al. [16],have demon-
strated that primary sporocysts containing different 
cellular types including stem cells. In our model, we suspect 
that SmLE-H and SmBRE-L sporocysts may exhibit differ-
ent cellular trajectories, with differences in development of 
cell that differentiate to generate cercariae and those that 
give rise to the next generation of daughter sporocysts [17]. 
Advances in our understanding of stem-cell differentiation 
of S. mansoni within the molluskan host coupled with 
single-cell transcriptomics of daughter sporocysts from 
our two populations provides and alternative approach to 
investigate the molecular basis of these transmission- 
related developmental differences at the cellular and mole-
cular levels [94–96]. Functional and cell biology character-
ization of this key life history trait underlying transmission 
and virulence will be the focus of future work on this 
system.
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