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ABSTRACT:

Schistosomes are obligately sexual blood flukes that can be maintained in the laboratory using
freshwater snails as intermediate and rodents as definitive hosts. The genetic composition of
laboratory schistosome populations is poorly understood: whether genetic variation has been purged
due to serial inbreeding or retained is unclear. We sequenced 19 — 24 parasites from each of five
laboratory Schistosoma mansoni populations and compared their genomes with published exome data
from four S. mansoni field populations. We found abundant genomic variation (0.897 — 1.22 million
variants) within laboratory populations: these retained on average 49% (mt = 3.27e-04 — 8.94e-04) of
the nucleotide diversity observed in the four field parasite populations (it = 1.08e-03 — 2.2e-03).
However, the pattern of variation was very different in laboratory and field populations. Tajima’s D was
positive in all laboratory populations except SmBRE, indicative of recent population bottlenecks, but
negative in all field populations. Current effective population size estimates of laboratory populations
were lower (2 — 258) compared to field populations (3,174 — infinity). The distance between markers at
which linkage disequilibrium (LD) decayed to 0.5 was longer in laboratory populations (59 bp — 180 kb)
compared to field populations (9 bp — 9.5 kb). SmBRE was the least variable; this parasite also shows
low fitness across the lifecycle, consistent with inbreeding depression. The abundant genetic variation
present in most laboratory schistosome populations has several important implications: (i)
measurement of parasite phenotypes, such as drug resistance, using laboratory parasite populations
will determine average values and underestimate trait variation; (ii) genome-wide association studies
(GWAS) can be conducted in laboratory schistosome populations by measuring phenotypes and
genotypes of individual worms; (iii) genetic drift may lead to divergence in schistosome populations

maintained in different laboratories. We conclude that the abundant genetic variation retained within
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many laboratory schistosome populations can provide valuable, untapped opportunities for

schistosome research.

KEY WORDS: Schistosoma mansoni, genomic variation, genetic diversity, effective population size,

linkage disequilibrium, genome-wide association studies (GWAS)
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BACKGROUND

Many viral, bacterial and protozoan pathogens can be cloned and maintained as asexual lineages in the
laboratory. This has many advantages for research because experimental infections can be established
using genetically homogeneous pathogens, and differences in biomedically important pathogen traits
can be directly attributed to genetic differences between pathogen clones. In contrast, the blood fluke
Schistosoma mansoni has separate sexes (males are ZZ; females are ZW) and an obligately sexual
reproductive system: these parasites are maintained as recombining populations in the laboratory.
Successful cryopreservation has been reported for schistosomes but is inconsistent [1], and cannot be
used reliably for maintaining schistosome populations. Schistosome populations are therefore typically
maintained by continuous passage through the aquatic snail intermediate host, where clonal
proliferation of larval stages occurs, and the rodent definitive host, where adult males and females pair

and produce eggs.

Schistosome populations have been maintained in the laboratory for up to 80 years [2]. For
example, the SMNMRI parasite population maintained by the Biomedical Research Institute (BRI) [3] was
originally isolated in the 1940s [2]. Our laboratory maintains four different parasite populations: SmEG
from Egypt, collected at an undetermined date (possibly in the 1980s) by US researchers and then
established at the Theodor Bilharz Research Institute in Cairo in 1990 [4,5]. SmLE isolated in Brazil in
1965 [2], while SmMBRE was acquired from Brazil in 1975 [6], and SmOR, a descendant from SmHR, which
was isolated in Puerto Rico in 1971 [7]. Assuming five generations per year, these parasite populations
have been maintained continuously for ~400 (SmMNMRI), ~160 (SmEG), ~285 (SmLE), ~235 (SmBRE), and

270 (SmOR) generations.
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The genomic consequences of long-term laboratory passage in schistosomes are not known, but
several authors investigated this question in the pre-genomic era. Fletcher et al. [8] examined enzyme
polymorphism at 18 loci in individual worms. They measured mean heterozygosity per locus and
observed that genetic variation within laboratory populations maintained from 1-40 generations was
approximately half that observed in fresh parasite isolates. Minchella et al. [9] quantified genetic
variation in a maternally inherited DNA element (pSM750) using restriction fragment length
polymorphism (RFLP) of individual parasites from 14 laboratory isolates. They noted that parasites from
the same laboratory isolate generally showed low variability. However, SMNMRI parasites exhibited
extensive variation. Pinto et al. [10] found no variation between worms from a laboratory isolate (SmLE),
but extensive variation within parasites derived from different Brazilian patients using random amplified
polymorphic DNA (RAPD) analysis from three different primer sets. Hence, these studies reached rather

different conclusions.

Efforts to sequence the genome of S. mansoni provided further insights. The S. mansoni genome
was initially sequenced from pools of parasites from the SMNMRI population [11]. The genetic variation
present within these populations contributed to issues with genome assembly: the resultant assembly
was fragmented in > 19,000 scaffolds [11,12]. As a consequence, subsequent work to improve the
genome used DNA isolated from worms with a single genotype, that were a product of single miracidium
larvae infections, to minimize this issue. This approach contributed to a much improved genome

assembly, closing more than 40,000 gaps and assigning 81% of the data to chromosomes [13].

Phenotypic data provides further evidence that parasite populations may not be homogeneous.
Davies et al. isolated parasites that shed low or high numbers of cercariae from the SmPR population

[14]. Furthermore, they were able to select low and high shedding populations [15], indicating this
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phenotypic variation has a genetic basis. Similarly Le Clec’h et al. [16] demonstrated that the SmLE-PZQ-
R population, which was selected for resistance to praziquantel (PZQ) in the SmLE population from Brazil,
comprises a mixture of praziquantel (PZQ) resistant and sensitive parasites, as well as abundant variation

across the genome [17].

This study was designed to directly measure genomic variation within five laboratory schistosome
populations. We speculated that either i) a low number of founders or inbreeding due to repeated
laboratory passage could result in bottlenecks and therefore a loss of genetic variation or ii) sexual
outbreeding could be sufficient to retain high levels of genetic variation (Figure 1). We generated 117
independent genome sequences from four schistosome populations maintained in our laboratory and
from the widely used SMNMRI population maintained at the BRI. We compared variation in these
laboratory populations with published exome sequence data from field collected S. mansoni parasites
from Brazil, Niger, Senegal, and Tanzania [18]. We observed abundant genetic variation within laboratory
populations, albeit reduced by 51% compared to field collected parasites. However, laboratory and field
collected parasites showed dramatic differences in pattern of variation, including the allele frequency
spectrum, linkage disequilibrium, and effective population size (Ne). We evaluate the implications of

these results for schistosome research.
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RESULTS

Summary of sequence data

We sequenced the genomes of 117 S. mansoni parasites from five populations (Fig. 2). We retained 108
of 117 generated genome sequences from laboratory samples after quality filtering: 19 SmMNMRI, 21
SmOR, 20 SmBRE, and 24 each for SmEG and SmLE. The mean read depths for these samples was 32.8x
(range: 10.0 — 143.8x), and we discovered 0.897 — 1.22 million single nucleotide polymorphisms (SNPs)
in the laboratory populations. Detailed information about these variants is listed in Table 1. In addition,
we kept 124 previously generated exome sequences from Brazil (n = 46), Niger (n = 9), Senegal (n = 24),
and Tanzania (n = 45) [18]. To make field and laboratory samples directly comparable, we filtered
genotyped laboratory and field samples jointly, keeping only variants that fall in the coding sequence
(CDS) region. This resulted in 362,190 variants of which 281,680 were autosomal (Table 2). Coverage

statistics for each sample are listed in Table S1.

Principal component analysis (PCA) and admixture

We generated a PCA plot using 1.24 million MAF filtered, autosomal variants (MAF > 0.05) from our
laboratory genome sequences (Figure 3A). This analysis identified five distinct clusters. While SmOR,
SmEG, SMNMRI, and SmLE all clustered along the vertical axis, SmBRE formed a separate cluster along

the horizontal axis.
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We used ADMIXTURE and plotted five populations, as k = 5 resulted in the smallest cross-
validation score (Figure 3B). This analysis confirmed the presence of five schistosome populations with

distinct allelic components.

Nucleotide diversity in S. mansoni laboratory and field populations

The distribution of SNP variation across the genome is shown in Figure 4A. We calculated nucleotide
diversity (m) in 25 kb windows (Figure 4B). Statistical analysis using a Kolmogorov-Smirnov test showed
a significant reduction in diversity (51%) in laboratory populations (D = 0.403, p < 0.001). As previously
documented, samples from Tanzania had the highest nucleotide diversity of all populations [18]. This
analysis also revealed minimal diversity in the SmBRE population. While SmBRE had 1.26E+05
segregating SNPs (MAF > 0.05), equivalent numbers for the other populations were 8.69E+05 (SmEG),

5.23E+05 (SmLE), 6.40E+05 (SmOR) and 7.23E+05 (SmMNMRI) (Table 1).

Tajima’s D and allele frequency distributions

Tajima’s D revealed a stark contrast between laboratory-maintained and field populations: while four of
five laboratory populations exhibited a positive Tajima’s D, all field populations showed negative values
(Figure 5A; Wilcoxon test; W =17, p=0.111). The exception to this was SmBRE, which also had a negative
Tajima’s D like the field populations. We inspected allele frequency spectra in each population. This
revealed SNPs at intermediate frequencies were common in SmEG, SmLE, SmOR, and SmMNMRI, whereas

field populations (and SmBRE) had a high frequency of rare alleles (Figure S1). We plotted the empirical
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cumulative distribution (ECDF) of allele frequencies for each population (Figure 5B), revealing highly
significant differences between allele frequency spectra for laboratory and field populations (two sample

Kolmogorov-Smirnov test: D = 0.486, p < 2.2e-16).

Linkage disequilibrium in laboratory and field populations

We calculated linkage disequilibrium (LD) for each S. mansoni population and estimated LD decay with
physical distance between markers from pairwise r? values. As we only retained 1,215 common (MAF >
0.05) exonic SNPs in the SmBRE population, we used all autosomal variants to calculate LD decay in the
laboratory populations. Figure 6A shows slower LD decay in four out of the five laboratory populations
compared to the field populations. To compare LD decay curves, we measured the distance at which LD
is reduced to r’=0.5 (LDos, Figure 6B). LD decayed extremely rapidly in the Tanzanian parasite population
(LDos =9 bp). LD decayed uniformly in the Nigerien, Senegalese, and Brazilian populations, with LDos
ranging from 1,000 to 9,543 bp. LD decay was nearly significantly slower in the laboratory populations
(T-test, t(6.23) = 2.31, p = 0.058), with LDo s ranging from 72 kb to 180 kb in SmEG, SmLE, SmMNMRI, and
SmOR. In stark contrast to other laboratory populations, SmBRE exhibited very rapid LD decay (LDo.s =
59 bp). We also calculated LD using exonic SNPs only to ensure that the differences observed did not
result from use of different marker sets in field and laboratory populations (Figure S3). This confirmed
slower LD decay in laboratory than field populations (T-test, t(s.04 = 3.23, p = 0.032), with the exception

of SmBRE.
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Population size

We used our sequencing data to predict the current effective population size (N.) based on either linkage
disequilibrium (NeEstimator) or sibship frequency (COLONY). NeEstimator computed effective
population sizes ranging from 2 — 258 in the laboratory and 3,174 (Brazil) — infinity (Niger, Senegal,
Tanzania) in the field populations (Figure 7A), while COLONY reported N. values from 5 — 123 for
laboratory populations and 3,612 — infinity for field populations (Figure 7B). Both NeEstimator and
COLONY identified SMNMRI and SmLE as having the highest N. estimates among the laboratory
populations, while SmBRE had the lowest N.. N. estimates for laboratory populations using both
approaches were correlated (R =0.96, p = 0.020). N estimates were at least 12-fold greater in field than

in laboratory schistosome populations with NeEstimator and at least 29-fold greater with COLONY.

Using our life cycle maintenance records, we estimated the census size (N¢) of our four laboratory
schistosome populations over time and calculated the harmonic mean of each population. This was done
by estimating the number of parasite genotypes used to infect hamsters for each laboratory
maintenance cycle over a seven-year period (Figure S2). We did not have census data for the SMNMRI
population maintained at BRI. Census size remained relatively consistent in SmLE, SmOR, and SmEG.
However, population size increased in SmBRE parasites starting in 2021 (Figure S2A). The reasons for this
are explained elsewhere [19]. SmLE had the highest census with 157 genotypes, followed by SmOR (137)

and SmEG (132), and SmBRE (93) (Figure S2). Population size data is summarized in Table 3.
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Simulations of genomic diversity in populations of different size

We conducted simulations to examine how population size impacts retention of diversity in
schistosomes. When N = 5, simulations show that autosomal diversity is reduced by >99% in 55
generations when the life cycle is maintained with overlapping generations and 91 generations without
overlap. When N = 100, we observe an 82.7% reduction in diversity with overlap and a 63.4% reduction
without overlap relative to the progenitor population after 400 generations. When N = 200, the
reduction is 59.9% and 39.9% respectively. The average effective population size (Ne) in our laboratory

populations is 124, as calculated by NeEstimator, and 68, as calculated using Colony.
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DISCUSSION

High levels of genetic diversity in most laboratory schistosome populations

We sequenced parasites from five different laboratory-maintained S. mansoni populations and
compared them to four field populations from Africa and South America. Our genomic data revealed
0.897 — 1.22 million variants segregating within the five laboratory populations. This is equivalent to one
variant every 321- 436 bp. Furthermore, our study revealed 51% lower nucleotide diversity (1) in exome
data from laboratory-maintained schistosome populations than from field populations. Despite
repeated passage over 30 — 80 years (~150-400 generations, assuming five generations per year), only

half of genetic diversity is lost in laboratory schistosome populations.

Other studies have compared the genetic composition of different wild and
domesticated/farmed species. Domestication of animals or plants often involves a low number of
founders and the selection for specific traits [20—24]. Nucleotide diversity () is reduced in domesticated
species populations by between 33 and 98% relative to wild populations (Table 4) [25,26]. The notable
exception is for pigs, in which some populations show greater diversity than wild boar [27,28].
Laboratory S. mansoni populations fall close to the center of this range, with nt being reduced by 51%
relative to wild populations, a level of diversity reduction comparable to Mediterranean brown trout
[29] and sunflower [30]. The relatively high levels of retained variation in laboratory schistosome
populations may result from: (i) the relatively large size of S. mansoni founder populations; laboratory
schistosome populations are typically founded by collecting eggs from one or more patients, each of
which may be infected with hundreds of adult worms [31]; and (ii) that laboratory schistosome

populations are maintained in quite large populations to prevent loss during laboratory maintenance.
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Our census estimates show that numbers of independent schistosome genotypes used to infect

hamsters ranges from 93-157 (harmonic means) in our laboratory populations.

The level of variation retained within populations is dependent on the size and duration of
population bottlenecks as demonstrated with our population bottleneck simulation [32]. Our N,
estimates are 2 — 258 with NeEstimator and 5 — 123 with COLONY, while our census (N,) estimates range
from 93 to 157. The observed 51% reduction in nucleotide diversity (i) compared to field population
variation is generally compatible with the simulation results when N = 400. This is approximately double
the observed N. or Ne values estimated. However, we note that factors other than demographics may
maintain genetic variation: both the action of balancing selection [33] or preferential mating between

unrelated parasites [34] may also act to retain genetic variation in laboratory parasite populations.

While our study revealed moderate loss in nucleotide diversity in laboratory schistosome
populations, there were dramatic differences in the pattern of variation in laboratory and field
populations. The patterns observed are consistent with strong bottlenecks during establishment and

maintenance of S. mansoni colonies. We observed (i) loss of rare alleles: this is reflected in the positive

Tajima’s D for four of the five laboratory populations, while the field populations show negative Tajima’s
D. This is furthermore confirmed by the allele frequency spectra, which show a deficit in rare alleles and
more alleles at intermediate frequencies compared to field populations. Population contraction in the
laboratory is the most likely cause of the allele frequency spectra observed as intermediate frequency

alleles are more likely to survive bottlenecks [35]. (ii) Reduction in LD decay: with the notable exception

of SmBRE, we observed 6 — 19-fold slower decay of LD with physical distance on chromosomes in

laboratory populations compared with field populations. This reduction is expected given the increased
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levels of sib-mating, genetic drift, and reduced total number of recombination events in small laboratory

populations.

The exception: SmBRE is depauperate and shows low fitness

We have studied the SmBRE laboratory population extensively. These parasites typically show reduced
snail infectivity, lower cercarial shedding and virulence in the intermediate snail host, and reduced
immunopathology in the mouse [36—39]. One possible explanation for low fitness of SmMBRE is inbreeding
depression. In line with this, we found that nucleotide diversity (1) was two- to threefold lower in SmBRE
than in the other four laboratory populations; SmMBRE also had the lowest estimates for effective
population size (Ne). However, other results were entirely unexpected. While SmEG, SmMNMRI, SmLE, and
SmOR showed strongly positive Tajima’s D, SmBRE had a strongly negative Tajima’s D like the field
collected populations. We do not know what features of SmMBRE demography might have contributed to

this.

LD analysis for SmBRE produced the most puzzling result and showed a pattern that was radically
different from the other laboratory populations. Given the low genetic diversity and effective population
size (Ne) in SmBRE, we had expected to see the slowest rate of LD decay among all groups in this
population. However, LD decayed very rapidly in SmBRE, and was higher than three of the four field
populations examined. A microsatellite based genetic map for S. mansoni revealed that 1cM = 227 kb
(95% Cl 181 to 309kb) [41]. A possible explanation for the rapid decay of LD is that the recombination

rate may be higher in SmBRE than in other laboratory populations. Analysis of further S. mansoni genetic
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crosses involving SmBRE could be used to explore this hypothesis. It is known that recombination rates

can vary both across the genome and among populations of the several species [42,43].

Implication for schistosome research

That four of five laboratory-maintained schistosome populations retain abundant genetic variation has

several important implications for schistosome research:

Phenotype measures in individual worms

Current research on schistosome parasites, including developmental, immunological, transcriptomic, or
drug response studies, utilizes pools of genetically variable worms rather than homogeneous inbred
parasite lines [44—47]. As a consequence, these studies capture average population phenotypes and
underestimate variation in the traits studied. For example, our laboratory has recently documented a
significant impact of parasite population on immunopathological parameters, including spleen/liver
weight and fibrosis [36]. However, we recognize that these impacts are likely to be underestimated, as
our studies, like many others, utilize genetically variable laboratory populations. Analysis of praziquantel
response provides a dramatic example. The SmLE-PZQ-R laboratory population, selected for praziquantel
resistance, shows 14-fold increase in drug resistance relative to SmLE population from which it was
selected. However, SmMLE-PZQ-R is a mixture of both PZQ sensitive (PQZ-S) and PZQ resistant (PQZ-R)
parasites that differ by > 377 fold in drug response [17]. We suspect other parasite phenotypes may
show equally dramatic variation when measured in individual worms rather than diverse populations.
Open source tools like the Single Worm Analysis of Movement Pipeline (SWAMP) [48] and wrmXpress

[49] now offer the capability to accurately measure drug response phenotypes in individual worms, while
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transcriptomic variation can be measured in single worms or single cells [50-53]. We encourage
researchers to shift their focus from genetically diverse populations to individual parasites for clearer

measurement of parasite phenotypes.

Genome-wide association studies (GWAS)

Schistosome parasites show abundant phenotypic variation in a wide range of traits [54]. These include
cercarial shedding [15,37,38,55-57], host specificity [58—60], and drug resistance [17,61-64]. Our
laboratory is specifically interested in understanding the genetic basis of phenotypic traits in
schistosomes, and we have primarily used genetic crosses and linkage analysis for this purpose [54]. That
high levels of genetic variation are found within laboratory populations allows us to use a second
powerful mapping approach (GWAS) to identify genes underlying specific traits. GWAS is considerably
simpler than linkage analysis, because conducting two-generation (F2) genetic crosses is not required.
Furthermore, GWAS more effectively examine variation across multiple individuals within populations,
while genetic crosses examine differences between the two parents only, so samples genetic and
phenotypic variation less effectively. Le Clec’h et al.’s [17] work on PZQ resistance provides strong proof-
of-principal for use of GWAS approaches for schistosomes using laboratory populations. Their GWAS
study used single worm measures of drug response in the SmLE-PZQ-R population and then sequenced
pools of PZQ-S and PZQ-R worms showing extreme drug response phenotypes to determine the genome

regions involved [17,65].

GWAS relies on association (LD) between trait loci and surrounding genetic markers. We
observed much slower decay in LD in four out of five laboratory-maintained schistosome populations

than observed in the field. GWAS studies in laboratory populations are therefore likely to generate much
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broader peaks [66,67]. For example, in the GWAS of praziquantel resistance locus, the genome region
mapped spanned 5.72 mb and 137 genes [65]. Broad peaks have some advantages, as such peaks are
unlikely to be missed if they are situated in genome regions that are difficult to genotype. However,
broad peaks containing multiple genes make the task of identifying the causative locus much harder. We
note that the extremely rapid decay in LD observed in some field populations (e.g. Tanzania) suggests
that GWAS using freshly isolated parasite populations collected from infected patients may result in

narrow peaks and allow identification of candidate regions with greater precision.

Reproducibility at different institutions

Several laboratories maintain the same and/or different schistosome populations as examined here. The
literature often refers to these schistosome populations as strains or lines, akin to bacterial clones or
inbred mice, and so the assumption is that they will produce similar results at different institutions.
However, bottlenecks and low N. will result in genetic drift, and divergence between populations at
different institutions. Such changes are likely to affect reproducibility, as is the case with non-model
rodents [68]. Accessing schistosome parasites through the BRI [3] increases short-term consistency and
reliability, but even parasites obtained from BRI in different years may vary due to genetic drift. While
genetically variable laboratory populations have advantages for some genetic analyses (e.g. see
“Genome-wide association studies”), one possible solution to increase repeatability in laboratory
experiments might be to establish inbred parasite lines by serial inbreeding over a minimum of seven
generations to reach 99% homozygosity. Such inbred lines have been used for snails [69] and mice [70]:
the addition of inbred schistosome lines would allow precise dissection of parasite host interactions

across the parasite life cycle. However, our experience with SmBRE illustrates that highly inbred
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populations may suffer from inbreeding depression and reduced fitness, posing a significant challenge

to overcome.

Relevance to other helminths

Recent work suggests that the degree of genetic variation in other laboratory-maintained helminths
could be underestimated as well. Stevens et al. [33] showed that Heligosomoides bakeri, a commonly
used model nematode of rodents, retains extensive genetic diversity despite laboratory maintenance
for 70 years [33]. Even in the selfing nematode C. elegans, long-term balancing selection maintains
genetic variation to increase fitness and survival [71]. In line with these studies, sequencing of other
laboratory-maintained helminths, such as Brugia pahangi and Trichuris muris, may well provide similar
results. We anticipate that substantial genetic diversity will be found in these populations, therefore

providing new research opportunities for a wide range of model helminth parasites.

Limitations of this study

Paired field and laboratory populations from the same location are most informative for examining the
impact of laboratory culture or domestication. These were not available here, so we compared
laboratory sequence variation with that from previously published, but independent field collected
samples. We used lllumina short read sequencing for this work. Highly variable genes are difficult to align
to a reference sequence, so are typically excluded from illumina-based resequencing studies. It is

therefore likely that we significantly underestimated diversity in this study. For a more exhaustive
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evaluation of genetic variation within laboratory schistosome populations, long read (Nanopore)
sequencing, Hi-C and de novo assembly will be needed [33]. For the same reason, our study was not well
powered to detect islands of genetic variation, suggestive of balancing selection, as observed in C.

elegans [71] and H. bakeri [33] (see “Relevance to other helminths”).
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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).

Recovery of Schistosoma mansoni miracidia and snail infections for sample generation

The experimental design used to generate our samples is summarized in Figure 2, and the methodology
for each stage is explained below. We extracted gDNA from cercarial larvae in lieu of adult worms for
two reasons: (i) adult schistosome females carry fertilized eggs which would result in mixed genotype
sequences, and (ii) we wanted to avoid the sampling of identical adult worms derived from clonal
cercariae from a single snail. In brief, we recovered S. mansoni eggs from livers of infected Golden Syrian
hamsters as previously described [72] and infected Biomphalaria glabrata (line Bg36 for SmOR and SmLE)
and B. alexandrina (for SmEG) snails by placing individuals in 24-well plates with a single miracidium.
Plates were placed under a light source overnight before putting the snails in trays covered with a clear

plastic lid. The lids were exchanged for a dark lid three weeks post infection to prevent cercarial shedding.
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Sample generation for SmBRE

Preliminary analyses for this project revealed that our SmBRE population was already contaminated with
SmLE [19]. We therefore extracted gDNA from schistosome parasites previously collected during life
cycle maintenance. Individual male worms were processed as described below. To avoid obtaining mixed
genotype eggs, we decapitated individual female worms and extracted gDNA with Chelex® solution

following an established protocol [41]. All samples were whole-genome amplified as described below.

Collection of S. mansoni cercariae and gDNA extraction

We placed all snails into 24-well plates and shed them for 2 hours under light 28 days post infection. The
content in each individual well was collected, transferred into microtubes, and spun down at 500 x g for
5 minutes to pellet the cercariae. We removed supernatant before flash-freezing cercariae in liquid
nitrogen. Samples were stored at -80°C until gDNA extraction with the DNeasy Blood & Tissue Kit (Qiagen,
Germantown, MD, USA) according to manufacturer instructions (tissue lysis for 2 hours at 56°C). We
qguantified gDNA using a Qubit dsDNA BR Assay Kit (Invitrogen, Carlsbad, CA, USA). We used the
GenomiPhi V2 DNA Amplification Kit for whole genome amplification (WGA) of samples with gDNA yield

< 200 ng (Cytiva, Marlborough, Massachusetts, USA).

gDNA Library preparation and sequencing

We used the KAPA HyperPlus Kit with library amplification (Roche, Indianapolis, IN, USA) to generate

whole genome libraries with 200-400 ng of input material. We followed the manufacturer’s instructions
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with the following modifications: we fragmented the samples for 25 minutes, amplified libraries using
six PCR cycles, and we performed library size selection using a ratio of 0.6X (30 ul beads) for the first size
cut and 0.8X (10 ul beads) for the second size cut. We assessed the library profile with TapeStation 4200
D1000 ScreenTape (Agilent, Santa Clara, CA, USA) (average library size: 455) and quantified all libraries
with the KAPA Library Quantification Kit (Roche, Indianapolis, IN, USA) (average library concentration:
43 nM). Pooled samples were sent to Admera Health and sequenced on a NovaSeq S4 (one pool with 40
samples) or NovaSeq X Plus (3 pools with 18-19 samples) platform (Illumina) using 150 bp paired-end

reads.

Computational environment

We used conda version 23.1.0 to manage environments and download packages used in the analysis.
Data was processed in R 4.2.0 using tidyverse v1.3.2, and plots were generated with ggplot v3.4.2. All
shell and R scripts written for this project are available at
https://github.com/kathrinsjutzeler/sm_single_gt and Zenodo

https://doi.org/10.5281/zenodo.10672479.

Genotyping

We used trim_galore v0.6.7 [73] (-g 28 --illumina --max_n 1 --clip_R1 9 --clip_R2 9) for adapter and
quality trimming before mapping the sequences to version 9 of the S. mansoni reference genome

(GenBank assembly accession GCA_000237925.5) with BWA v0.7.17-r118 [74] and the default
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parameters. We used GATK v4.3.0.0 [75] for further processing of the sequences. First, we removed all
optical/PCR duplicates with MarkDuplicates. Next, we called single nucleotide polymorphisms (SNPs)
with HaplotypeCaller and GenotypeGVCFs on a contig-by-contig basis, which we combined for each
individual and finally merged into a single VCF file for all sequences, including the ones from previously
processed field samples [18]. At this point, we lifted the file over to v10 of the S. mansoni reference
genome (Wellcome Sanger Institute, project PRIEA36577) using LiftoverVcf. We used VariantFiltration
with the recommended parameters (FS > 60.0, SOR > 3.0, MQ < 40.0, MQRankSum < -12.5,
ReadPosRankSum < -8.0, QD < 2.0) and VCFtools v0.1.16 [76] for quality filtering. For variant statistics of
genomic data from laboratory populations, we removed sites with quality < 15, read depths < 10, and
missingness > 20 % and individuals with a genotyping rate < 50%. For the combined laboratory/field
population analyses of exome data, we i) removed sites with quality < 15, read depth < 10 and > 56%
missingness, and ii) individuals with a genotyping rate < 50%. Finally, we used bedtools intersect (v2.31.0)

[77] to keep only variants in the CDS region to normalize whole genome and exome data.

Principal component analysis (PCA) and admixture

We used the snpgdsPCA() function from the SNPRelate v1.30.1 [78] R package to generate the PCA matrix
and ADMIXTURE v1.3.0 [79] to estimate population ancestry for which we examined between k=1 and
k = 10 populations. In the end, we chose the model with the smallest cross validation score and used Q

estimates as a proxy for ancestry fractions.
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Summary statistics, Tajima’s D, and nucleotide diversity (n)

We calculated coverage statistics with samtools v1.9 [80] and mosdepth v0.3.6 [81]. We used VCFtools
to calculate Tajima’s D in windows of 25 kb using autosomal variants in each population separately. We
generated a VCF file containing both variant and non-variant sites from the genotyped GATK database

to calculate nucleotide diversity () in 25 kb windows with pixy [82].

Allele frequency spectrum and empirical cumulative distribution function (ECDF)

We used the site.spectrum() function from the pegas v1.2 R package [83] to compute the folded site
frequency spectrum and bcftools v1.9 [80] to get overall allele frequency for SNPs in each individual
population. We used stat_ecdf() from ggplot to calculate and plot ECDF for a statistical comparison of

laboratory and field populations.

Linkage disequilibrium

We examined linkage disequilibrium (LD) between autosomal variants within each population with PLINK
v1.90b6.21 to make pairwise comparisons between SNPs within 1Mb of one another (--ld-window-r2 0.0,
--ld-window 1000000, --ld-window-kb 1000). We binned average r? values using stats.bin() from the
fields v14.1 R package [84] into 1,000 equal windows along the log scale which were calculated with
logseq() from the pracma v2.4.4 package [85]. Rare variants (MAF < 0.05) were excluded from this

analysis. To compare LD decay curves, we measured the distance at which LD is reduced to r?=0.5 (LDo:s).
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Census and Ne estimation

Census: We estimated census data using detailed schistosome life cycle maintenance records we keep
for each of our laboratory populations. Generally, we infect individual snails with five to ten miracidia
and record the number of infected and uninfected snails at the time of the first shedding. Therefore, the

probability of a snail not being infected is:

Number of uninfected snails

P(0) =
© Number of surviving snails

We then computed the probabilities of snail infections with varying numbers of miracidia utilizing a

Poisson distribution with the dpois() function from the stats v4.2 package [86,87].

Neestimation: We used two programs to determine effective population size: NeEstimator v2 [88], which
relies on linkage disequilibrium between pairs of SNPs on different chromosomes to estimate N. and
COLONY v2 [89], which calculates Ne based on sibship inference. We used the R package radiator v1.2.8
[90] to convert working VCF files per population (14,073 — 119,643 loci) to suitable input files for each
software and ran COLONY via the command line with default parameters. Additionally, we created an
input file listing chromosomes and loci to run NeEstimator v2 with the “LD Locus Pairing” option which

excludes the comparison of loci on the same chromosome.

Bottleneck simulation

We used vcfR v1.13.0 [91] to extract genotypes from a VCF file containing common variants in the
Brazilian field population. We then randomly sampled 10,000 loci to generate an input file suitable for

BottleSim v2.6 [92]. We simulated bottleneck events with the “Diploid multilocus, constant population
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size” option, assumed a generation overlap of 0 or 100, and dioecy with random mating. We ran this

simulation for N = 400, 200, 100, 50, 25, and 5 for 400 generations with a 1:1 sex ratio.

Statistical analysis

We performed all statistical analyses with R package rstatix v0.7.2 [93] or stats v4.2. We used Student’s
t-tests (parametric) or Wilcoxon’s rank-sum test (non-parametric) to compare the means of field and
laboratory populations (normally distributed data, Shapiro test, p > 0.05). Comparisons between
empirical cumulative distributions were tested with the Kolmogorov-Smirnov test. We considered

comparisons statistically significant when p < 0.05 [32].
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FIGURE LEGENDS:

Figure 1: Genetic consequences of long-term laboratory maintenance. Genetic variation in laboratory
schistosome populations may be removed or retained during repeated passage during life cycle

maintenance. We aimed to directly quantify levels of variation in laboratory S. mansoni populations.

Figure 2: Sample generation: We infected 192 — 240 Biomphalaria glabrata (SmOR and SmLE) or B.
alexandrina (SmEG) snails with a single Schistosoma mansoni miracidium. We shed the snails 28 days
post parasite exposure to identify infected (i.e. shedding) snails and to collect cercariae for gDNA library
preparation and sequencing. We used the bioinformatics pipeline outlined to analyze all the data. We
used adult worms from previous life cycle maintenance to generate sequences for SmBRE, as this

population was contaminated at the time of this experiment.

Figure 3: Population structure in S. mansoni laboratory populations. Both plots demonstrate the
separation of each population with the exception of SmMBRE and SmLE. (A) PCA plot showing clustering

of sequenced S. mansoni laboratory populations. (B) Admixture analysis with k = 5 populations.

Figure 4: Comparable nucleotide diversity in field and laboratory populations. (A) Average nucleotide
diversity across the whole genome for each laboratory population calculated in 25 kb windows and
plotted for each autosome. The line indicates a LOESS smoothed curve. (B) Box and whisker plot showing
nucleotide diversity (rt) in 25 kb windows across the CDS in laboratory and field populations. Outliers are

not shown.

Figure 5: Indicators of recent bottlenecks in laboratory populations. (A) Bar plots showing mean and
standard error of Tajima’s D in each population. A t-test was used to compare means of Tajima’s D in

field and laboratory populations. (B) Line plot showing the empirical cumulative distribution function
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(ECDF) of allele frequencies in each population. Kolmogorov-Smirnov test was used to compare field vs

laboratory distributions.

Figure 6: Slower LD decay in laboratory populations. (A) r’ showing LD decay with physical distance
between all autosomal SNPs in laboratory populations and exonic SNPs in field populations along the
chromosomes. Mean was calculated over 1 kb windows following the log scale. (B) Bar plot showing
position when r? = 0.5 (LDos) for field and laboratory populations. A t-test was used to compare field and

laboratory populations.

Figure 7: Reduced effective population size in laboratory populations. Bar plots showing effective
population size N. calculated with (A) NeEstimator and (B) COLONY. The y-axis is split to show both high

and low Ne values clearly. The error bars represent a 95% confidence interval.

Figure 8: Bottleneck simulation over 400 generations with and without overlap. Line plot showing
simulated reduction in genetic diversity of schistosome populations of different sizes over 400
generations. We used constant N ranging from 5 —400. The horizontal dashed line shows 49% indicative

of the retention of diversity observed in our laboratory populations.

Figure S1: Folded allele frequency spectra. Histograms of folded allele frequency spectra of each S.

mansoni population.

Figure S2: Estimated census size (Nc) of laboratory S. mansoni populations. (A) Line plot showing
estimated census size over time. We used detailed life cycle maintenance records to estimate P(0) and
calculated numbers of parasites/snail assuming a Poisson distribution. Note that these N. values are
likely to be systematic overestimates. We conduct hamster infections with newly infected batches of

snails to which we add surviving infected snails from the prior life cycle maintenance. Therefore, the
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proportion of uninfected snails (P(0)) will be underestimated, and Poisson estimates of numbers of
parasite genotypes per snail will be overestimated. The actual N¢ values are likely to be somewhat lower.
(B) Bar plot showing the harmonic mean of the N, for each population. The error bars represent a 95%
confidence interval. (C) Scatter plot showing the relationship between N as calculated by COLONY (filled
circle) and NeEstimator (open circle) for each population. The lines represent a linear regression model,
and the corresponding Pearson correlation coefficients are displayed in accordance with the legend of

the tool used.

Figure S3: LD decay between exonic SNPs in all S. mansoni populations. (A) r? showing LD decay with
physical distance between exonic SNPs along the chromosomes. Mean was calculated over 1 kb windows
following the log scale except for SmBRE for which all data points were plotted. (B) Bar plot showing
position when r? = 0.5 (LDos) for field and laboratory populations. A t-test was used to compare field and

laboratory populations.
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Table 1 - Summary Statistics of Laboratory Populations

Number
. Mean coverage All ; | Autosomal | Mitochondrial SNPs

Population of (Range coverage) | variants SNVs INDELS SNPs SNPs MAF > 0.05

samples
BRE 20 71.1(47.8,143.8) | 8.97E+05 | 8.11E+05 | 8.55E+04 | 7.37E+05 7 1.26E+05
EG 24 24.8(17.3,38.3) | 1.22E+06 | 1.11E+06 | 1.10E+05 | 1.03E+06 9 8.69E+05
LE 24 23.4(10.5,44.5) | 1.01E+06 | 9.15E+05 | 9.65E+04 | 8.62E+05 7 5.23E+05
NMRI 19 26.3(15.9,38.5) | 1.08E+06 | 9.83E+05 | 9.35E+04 | 9.36E+05 2 7.23E+05
OR 21 24.4(10.0,42.2) | 1.07E+06 | 9.55E+05 | 1.19E+05 | 9.23E+05 5 6.40E+05
1 Mean INDEL size = -98, range (-369, 406)
Table 1 - continued

Number Non-

. Synonymous .
Population of . synonymous Intron Intergenic
coding .

samples coding
BRE 20 9.65E+03 1.33E+04 4.64E+05 | 4.27E+05
EG 24 1.30E+04 1.53E+04 6.19E+05 | 5.95E+05
LE 24 1.03E+04 1.26E+04 5.12E+05 | 4.96E+05
NMRI 19 1.08E+04 1.33E+04 5.57E+05 | 5.20E+05
OR 21 1.10E+04 1.33E+04 5.51E+05 | 5.20E+05

1 Mean INDEL size = -98, range (-369, 406)
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Table 2 - Summary of variants used for the analyses

Population | Number of samples | Autosomal SNPs in CDS region | MAF filtered (> 0.05)
BRE 20 14,073 1,215
EG 24 18,574 14,573
LE 24 14,977 8,420
NMRI 19 15,504 11,581
OR 20 16,160 10,591
Brazil 43 41,599 21,691
Niger 9 31,710 29,539
Senegal 24 51,769 15,076
Tanzania 45 119,643 40,748
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Table 3 — N, N. estimates and ratios

Census  Census NeEstimator  NeEstimator COLONY COLONY | NeEstimator COLONY
Population | Census NeEstimator COLONY

CI95 (L) CI95 (V) CI95 (L) Cl95 (U) Cl95 (L) CI95 (V) Ne/N. Ne/N.
BRE 93 79 114 2 2 2 5 2 20 0.02 0.05
EG 132 111 161 81 80 81 55 33 112 0.61 0.42
LE 157 127 205 258 253 264 123 71 417 1.65 0.79
OR 137 112 174 42 42 42 45 27 99 0.31 0.33
NMRI 237 232 242 114 60 581
Brazil 3,174 3,064 3,291 3,612 1,211 Infinite
Niger Infinite Infinite Infinite Infinite 1 Infinite
Senegal Infinite Infinite Infinite Infinite 1 Infinite
Tanzania Infinite Infinite Infinite Infinite 1 Infinite
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Table 4. Nucleotide diversity in other species populations

Domesticated/Farmed/

Organism Wild Laboratory adapted Reduction in diversity | Authors
Animals
Wolf/Dog 0.02-0.011 0.001-0.0004 95% (91- 98%) | Djan et al. (2014), Brouillette et al. (2000)
Boar/Pig 0.0079 0.00264 - 0.01559 -15% (-97 - 66%) | Hu et al. (2021), Zhang et al. (2018)
Chicken 0.0002 0.00010 37% | Zhang et al. (2018), Zhang et al. (2023)
Elliot's Pheasant 0.0063 0.0015 76% | Jiang et al. (2005)
Salmon 0.1114 0.04446 60% | Tsaparis et al. (2022)
Italian brown trout 0.0011 0.00043 61% | Magris et al. (2022)
Mediterranean brown trout 0.0049 0.0029-0.004 56% (49 - 63%) | Leitwein et al. (2016)
Drosophila 0.1557 0.0048 97% | Lian et al. (2017), Kapun et al. (2021)
Plant
Teosinte 0.0097 0.0064 34% | Wright et al. (2005)
Alfalfa 0.0202 0.0135 33% | Muller et al (2006)
Sunflower 0.0128 0.0056 56% | Liu and Burke (2006)
Wheat 0.0023 0.0008 65% | Haudry et al. (2007)
Elephant Foot Yam 0.3058 0.08594 72% | Gao et al. (2017)
Schistosomes
Schistosoma mansoni 0.0014 0.0007 51% | This study
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Genetically homogeneous — Genetically heterogeneous —
variation removed by serial variation retained during
inbreeding during laboratory passage.
laboratory passage.
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