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Abstract

Pooled sequencing provides a rapid cost-effective approach to assess genetic variation segregating within populations of or-
ganisms. However, such studies are typically limited to single nucleotide variants and small indels (<50 bp), and have not been
used for structural variants (SVs > 50 bp) which impact large portions of most genomes and may significantly impact pheno-
type. Here, we examined SVs circulating in five laboratory populations of the human parasite Schistosoma mansoni by gen-
erating long-read sequences from pools of worms (92—152 per population). We were able to identify and genotype 17,446
SVs, representing 6.5% of the genome despite challenges in identifying low-frequency variants. SVs included deletions (n =
8,525), duplications (n = 131), insertions (n = 8,410), inversions (n=311), and translocations (n = 69) and were enriched in
repeat regions. More than half (59%) of the SVs were shared between >4 populations, but 12% were found in only one of
the five populations. Within this subset, we identified 168 population-specific SVs that were at-or-near fixation (>95% al-
ternate allele frequency) in one population but missing (<5%) in the other four populations. Five of these variants impact
the coding sequence of six genes. We also identified eight SVs with extreme allele frequency differences between populations
within quantitative trait loci for biomedically important pathogen phenotypes (drug resistance, larval stage production) iden-
tified in prior genetic mapping studies. These results demonstrate that long-read sequence data from pooled individuals is a
viable method to quickly catalogue SVs circulating within populations. Furthermore, some of these variants may be respon-
sible for, or linked to, regions experiencing, population-specific directional selection.
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Significance

Structural variants (SVs) are large genomic variants that are frequently overlooked despite being the largest source of
genetic variation within a population. This is because large SVs are expensive and difficult to genotype relative to single
nucleotide variants or small indels, so are typically overlooked in population studies. This study attempts to solve these
problems by using pooled samples and long-read sequencing to survey SVs circulating in five laboratory populations of
the human parasite, Schistosoma mansoni. We were able to identify 17,446 SVs that impact 6.5% of the genome. A
number of these SVs may be linked to population-specific adaptations. We also found eight SVs that were associated
with known parasitic traits from previous studies. This work highlights the value of long-read sequencing of pooled sam-
ples to document genetic diversity and provides a new method for exploring the role of SVs in parasite evolution and
pathogenicity.
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Structural variants (SVs), including insertions, deletions, du- O: O:
plications, translocations, inversions, and fusions >50 bp < Q/\/ Q’\/
(Alkan et al. 2011), represent a significant source of genetic Q,O Q}Q_ \(/(,’ \i(,’ OQ—
variation within populations (Sudmant et al. 2015). For ex-
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ample, in humans, two individuals may differ at 0.1% of
their genomes when measured by singe nucleotide variants
(SNVs), but by up to 1.2% due to SVs (Pang et al. 2010).
Furthermore, SVs are frequently associated with major
phenotypic changes. The textbook example of the pep-
pered moth (Biston betularia) which underwent a color
change from white to black in response to coal pollution
and bird predation during the industrial revolution was dri-
ven by a ~22-kb SV that altered expression of the cortex
gene (Van't Hof et al. 2016). Other SVs have been linked
to disease phenotypes (Weischenfeldt et al. 2013) for mul-
tiple human traits including cancers (Li et al. 2020) and aut-
ism (Brandler et al. 2018), while in pathogen populations
SVs often play roles in drug resistance and immune evasion
(Nair et al. 2007; Nair et al. 2008; Cheeseman et al. 2016).

Despite their clinical and evolutionary significance, large
SVs are often overlooked in population genetic studies of
non-model organisms. This is primarily due to challenges
in sequencing and genotyping. SVs are typically larger
than the reads generated by short-read sequencing tech-
nologies, requiring indirect inference from secondary fea-
tures of mapped short reads (Gong et al. 2021). While
these methods have achieved some success, they can suffer
from relatively low accuracy and precision (Sibbesen et al.
2018). Consequently, nearly 70% of all SVs may be missed
(Ebert et al. 2021), representing a significant blind spot in
the study of within-species variation.

Rapid improvements in long-read sequencing technolo-
gies by Oxford Nanopore Technologies (ONT) and Pacific
Biosciences now allow generation of reads above 100 kb
in length (Logsdon et al. 2020). However, these methods
are still expensive relative to short-read technologies and
require large amounts of intact DNA from fresh tissue for
best results. The central aim of this study was to evaluate
the efficacy of pooled long-read sequencing for rapid,
cost-effective characterization of SVs segregating within
populations. Use of pools has several advantages. First,
single individuals may not provide sufficient DNA for
nanopore sequencing from fresh tissue, but pools provide
ample material. We note that Kim et al. (2024) were able
to generate long-read assemblies from single flies, using
35-ng of whole DNA, while high-quality data may be recov-
ered from DNA generated by whole genome amplification
(WGA, Lee et al. 2023; Agyabenga-Dadzie et al. 2025).
However, nanopore sequencing from multiple individuals
would be needed to assess population allele frequencies
adding to costs, and WGA has potential to introduce biases
and artifacts due to variable coverage, amplification errors,
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Fig. 1. Bioinformatic methods overview. Long-read sequence data were
generated for five Schistosoma mansoni populations in order to describe
segregating structural variants (SVs). Initially, we identified SVs in each
population after filtering and mapping reads to the SM_V10 genome as-
sembly. These initial SV calls were filtered and then merged into a single
catalogue representative of all SVs within the S. mansoni populations we
queried. We used that catalog of SVs to re-genotype the populations at
each SV site in the catalogue.
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and concatemers (Sabina and Leamon 2015), or to amplify
contaminants along with the target DNA (Thoendel et al.
2017). Second, nanopore sequencing of pools of indivi-
duals has the added benefit of documenting SVs circulating
within the population, similar to the use of pooled short-
read sequencing to evaluate SNV population frequencies
(Schlotterer etal. 2014; Czech et al. 2024). To date, this ap-
proach has not been employed for long-read sequencing
and SV characterization.

SVs can have significant impacts on parasite phenotypes.
For example, most SVs in the malaria parasite (Plasmodium
falciparum) populations are at low frequency and likely
neutral or deleterious (Cheeseman et al. 2016). However,
high frequency copy number variants and duplications in
drug resistance genes (Ravenhall et al. 2019) clearly dem-
onstrate the possibility for positive selection to act on SVs.
In the protozoan parasite Leishmania spp., chromosomal
copy number is highly variable and involved in adaptation
(Dumetz et al. 2017). Along these lines, SVs are key drivers
of diversity in Giardia. Comparisons between lines show
that one-third of the genome falls within regions affected
by SVs. Of particular interest is the expansion and contrac-
tion of the variant-specific protein gene family responsible
for host immune evasion (Pollo et al. 2020).

We focus on trematodes in the genus Schistosoma
which includes blood-feeding flukes that parasitize humans
and other mammalian hosts. These parasites are diploid,
with a ZW sex determination and ~400-Mb genomes
(Berriman et al. 2009; Protasio et al. 2012; Buddenborg
et al. 2021). Schistosoma larvae (miracidia) infect snail
intermediate hosts, where they clonally reproduce to gen-
erate motile larvae (cercariae, second-stage larvae). These
penetrate the skin of the mammalian host, migrate through
the circulatory system, and settle in the mesenteric veins.
There, mated female worms release hundreds of eggs per
day (Moore and Sandground 1956). Eggs are expelled in
feces or urine, restarting the life cycle (Nelwan 2019).
However, many eggs also become lodged in various or-
gans, resulting in pathology. Schistosomiasis affects >100
million people in the Global South, with the majority of
the burden in sub-Saharan Africa (Steinmann et al. 2006).

S. mansoni is particularly amenable to laboratory main-
tenance (Hackett 1993), and several laboratory populations
exist that vary in their geographic origin or vary in biomedi-
cally important phenotypes. The genetics of wild and la-
boratory schistosomes have been extensively studied
using SNVs (Berriman et al. 2009; Protasio et al. 2012;
Clément et al. 2013; Le Clec’h et al. 2018; Chevalier et al.
2019; Buddenborg et al. 2021; Le Clec’h et al. 20213;
Platt et al. 2022; Vianney et al. 2022) and previous work
has shown that S. mansoni laboratory populations are di-
verse when measured at the single nucleotide level
(Jutzeler et al. 2024). However, little is known about

genetic diversity at the level of SVs in laboratory or field
populations.

Our study had three goals; (i) to catalogue SVs circulating
in S. mansoni laboratory populations using long-read se-
guencing of pooled individuals as a proof-of-concept;
(i) to identify population-specific SVs that may reflect adap-
tation (iii) to examine genome regions known to underlie
parasite phenotypes for the presence of SVs. We have pre-
viously used genome-wide association (GWAS) and linkage
studies to map quantitative trait loci (QTL) associated with
schistosome phenotypes such as drug resistance or larval
stage production (Anderson et al. 2018; Le Clec’h et al.
2021a). These mapping studies typically use short-read se-
guence data that may miss large SVs. SVs present in QTL re-
gions could be an overlooked source of variation
contributing to parasite phenotypes, as is the case in other
species (Chakraborty et al. 2018). To accomplish these
goals, we sequenced pools of parasites from five S. manso-
ni laboratory populations to describe 17,446 large SVs cir-
culating in these populations. Our results show that SVs
can impact up to 6.5% of the genome, including 56 genes,
with some populations harboring population-specific var-
iants (n=168) that are at-or-near fixation (<95% AF)
which may have evolutionary significance. Moreover, we
found that large SVs overlap with known QTLs associated
with parasite phenotypes. These observations underscore
the importance of SVs in shaping genetic diversity within
schistosome populations and demonstrate how pooled na-
nopore sequencing can provide an efficient rapid approach
for assessment of segregating SVs.

Results

Sequencing Results

We generated long-read data with ONT sequencing plat-
form for five laboratory populations of S. mansoni,
SmBRE, SmEG, SmOR and two populations recently se-
lected from a single population SmLE-PZQ-ER and
SmLE-PZQ-ES (Table 1). Instead of sequencing a single indi-
vidual from each population, we generated libraries from
92 to 152 pooled male and/or female adult worms per
population. Pooling individuals allowed us to isolate larger
quantities of high-molecular-weight DNA, which is essen-
tial for long-read sequencing. This approach also offers
the advantage of identifying the presence and frequency
of variants across multiple individuals, providing a more ac-
curate reflection of the SVs present within each laboratory
population compared to sequencing one or a few indivi-
duals at a time. The total amount of whole genomic DNA
extracted from these pools ranged from 2 to 5 pg.

Across the five laboratory populations, we generated a
combined total of 11.9 million reads, resulting in 66.7 giga-
bases of filtered data. The number of reads, genome
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Table 1 Populations examined

Population Origin Approx Est. Num. Features Citation
Date QI3
SmBRE Brazil 1975 152/0 low cercarial shedding Le Clec’h et al.
(2021a)
SMEG Egypt 1980 to 1990  150/0 African origin Hassan et al.
(2003)
SmLE-PZQ-ER  Brazil 2022 140/0 Resistant to Praziquantel, high cercarial shedding, larger sporocysts, Le Clec’h et al.
higher infectivity to mice (2021a)
SmLE-PZQ-ES  Brazil 2022 65/65 Sensitive to Praziquantel, high cercarial shedding, larger sporocysts, Le Clec’h et al.
higher infectivity to mice (2021a)
SmOR Puerto 1971 92/0 Resistant to Oxamniquine Valentim et al.
Rico (2013)
Table 2 Summary of long-read segeunce data, genome coverage, and de novo SV identification
Population Extraction Num. Filt. Num. Filt. N50 Filt. Max Filt. Mapping Mean Num. Raw  Num. Filt.
Method Reads (1e6) Bases (Gb) Reads (bp) Read Len. Rate Genome Cov SV Calls SV Calls
(kb)
SmBRE NanoBind 2.16 13.73 16,145 193.07 97.96% 33.03 34,805 25,117
SmEG Monarch 1.40 9.32 13,681 236.94 98.25% 22.14 23,475 18,408
SmLE-PZQ-ER  NanoBind 1.33 7.00 12,071 447.35 97.52% 16.93 19,884 17,694
SMLE-PZQ-ES  Monarch 3.56 22.57 13,259 198.21 93.52% 50.96 44,031 23,776
SmOR Monarch 3.4 14.12 8,668 168.27 90.33% 31.11 31,624 23,980
Table 3 Summary statistics for each of the major SV types after filtering and merging from all five laboratory populations
Count Mean (bp) Median (bp) Min (bp) Max (bp) Total bp Count
Deletions (DEL) 8,525 -1,475 -441 —161,688 -63 12,576,321 8,525
Duplications (DUP) 131 9,798 4,504 73 98,879 1,283,568 131
Insertions (INS) 8,410 1,227 427 -179 21,343 10,320,844 8,410
Inversions (INV) 311 5,745 864 —4,424 199,209 1,786,834 311
Translocations (TRA) 69 Na Na Na Na Na 69

coverage, and N50 values varied between populations, as
shown in Table 2. N50 values ranged from 8,668 bp
(SmOR) to 16,145 bp (SmBRE), with maximum mapped
read lengths reaching up to 447 kb (SmLE-PZQ-ES). The
data quantity and quality were comparable between the
Monarch and Nanobind DNA extraction methods, how-
ever, we prefer the Monarch kits, because they are readily
available. Mean genome coverage varied from 16.93x
(SmLE-PZQ-ER) to 50.96x (SmLE-PZQ-ES). All sequence
data is accessioned under NCBI BioProject PRINA1206205.

Identifying and Genotyping SVs

We identified 153,819 raw SVs and small indels (<50 bp)
across all populations during our initial round of genotyp-
ing (Fig. 1), with counts ranging from 19,884 in
SmLE-PZQ-ER to 44,036 in SmLE-PZQ-ES (Table 2). After
applying a read depth filter (DP > 10), 4,821 SVs were re-
moved, with the majority (43.5%, n=2,095) being re-
moved from SmLE-PZQ-ER, which had the lowest median
genome coverage.

The combined impact of the DP > 10 and QUAL > 10 fil-
ters reduced the dataset from 153,819 to 108,975 total SVs
(29.2% reduction). We applied these filters for two rea-
sons. First, removing variants with low QUAL reduces false
positive SV calls. Second, the next step in our analysis in-
volved combining filtered variants across all populations.
This means that a low-frequency variant removed due to
a low QUAL score in one population might be at high fre-
guency, have a high QUAL score, and be retained in an-
other population. In such cases, the variant would still be
included in downstream analyses.

The 108,975 variants from the five populations were
merged into a single catalogue in a step that combined
overlapping variants and removed any remaining small in-
dels (<50 bp, n=70,216) leaving 17,565 large, unique
SVs. A basic summary of the counts and sizes of each of
the major SV types is shown in Table 3. We started with
17,565 variants, but dropped an additional 119 overlap-
ping SVs that occurred at the same position in the genome,
leaving 17,446 SVs. Of these 97.1% (16,935) were inser-
tions and deletions, while 311 (1.8% were inversions and
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Fig. 2. Abundance and size distributions of SVs in five Schistosoma mansoni populations. We examined five major types of SVs in total including; deletions
("DEL"), insertions (“INS"), inversions (“INV"), translocations (“TRA") and duplications ("DUP"). a) Most SVs were insertions or deletions, and only ~3% were
duplications, transversions, or translocations. b) Similarly, the genomic impact in terms of bases affected by SVs is biased toward insertions and deletions.
Translocations often occurred between chromosomes, or between locations on the same chromosome so they were excluded from this subfigure. As a group,
the size range for ¢) deletions, d) duplications, €) insertions, and f) inversions varied between 50 and 199,209 bp.

69 (0.4%) were translocations (Fig. 2). Combined, all SVs
identified in these analyses impact 25.97 Mb representing
6.53% of the 397.9-Mb S. mansoni genome.

We re-genotyped each population using the catalogue of
17,446 SVs that span the entire genome including auto-
somes, sex chromosomes, and the mitochondria. Allele fre-
guencies were calculated for each SV at the population level
(Fig. 3a). The alternate allele frequency distributions were
similar between populations and variant types. Completely
fixed variants, where the alternate allele is at 0 or 100% fre-
quency, were particularly abundant, representing 23.5% to
50.2% of any SV type and population combination.
Segregating variants were evenly distributed at lower fre-
guencies across each SV type and population combination.

SV Distributions Among Populations

We examined the distribution of SVs among each of the five
laboratory populations. Determining absence of an SV is
problematic because each population differed in read
depth and genome coverage. This affects precision and

our ability to confidently state that a variant is missing
from a population. To circumvent this issue, we treated
all variants at <5% in a population to be “low frequency”
rather than absent. Using this criterion, we were able to iso-
late 1,648 SVs (11.3%) that were at >5% in a single popu-
lation (Fig. 3b). By comparison 5,349 (36.8%) of all
autosomal SVs were at >5% frequency in all populations.
While most of the 1,648 population-specific SVs were at
low-to-moderate frequencies, 168 of these population-
specific SVs are at-or-near fixation (>95% alternate allele
frequency). All the population-specific SVs were found in
three populations; 114 in SmOR, 46 in SmMBRE, and 8 in
SMEG (Fig. 4, Table S1). We did not identify any SVs that
were specific to SmLE-PZQ-ER and SmLE-PZQ-ES, consistent
with the recent divergence of these two populations (Le
Clec’h et al. 2021a). However, when these to populations
were combined into a single “SmLE” population we did
identify 17 population-specific variants (Fig. S1).

We examined the relationships between parasite popu-
lations using SV allele frequencies using a principal compo-
nent analysis (PCA). To focus on autosomal variants and
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Fig. 4. Population-specific, SVs distribution across the genome. Population-specific variants are at >95% in a single population and <5% in the other four
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previous studies and includes five QTLs associated with cercarial production “CP” and a praziquantel resistance QTL (PZQ). We did not identify any population-
specific SVs in SmLE-PZQ-ER and SmLE-PZQ-ES. These populations were only recently established from an SmLE source population. Fig. S1 shows the results of

this analysis after combining the SmLE populations.

avoid potential biases from skewed sex distributions, we re-
moved 3810 variants located on the Z chromosome, W
specific-region, and mitochondria, resulting in a final data-
set of 13,656 SVs. Nearly two-thirds of the variation in the
PCA (Fig. 5) was explained by the first two principal compo-
nents (PCs): principal component 1 (36.79%) and principal

component 2 (27.88%). The populations were evenly dis-
tributed in PC space, with the exception of SmLE-PZQ-ER
and SmLE-PZQ-ES, which nearly overlapped. This overlap
is not unexpected, as these two populations were only re-
cently derived from a common SmLE-PZQ-R progenitor
stock (Le Clec’h et al. 2021a).
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selecting for parasites sensitive or resistant to the praziquantel anthel-
minthic drug.

SV Impact on Gene Regions

We examined SVs in coding sequences and regulatory re-
gions which have the potential to affect parasite pheno-
types (Fig. 6). We identified 168 population-specific,
at-or-near fixed (>95% AF) SVs, of which 70 (41.7%) over-
lap with 56 different genes (Table S1). Most of these var-
iants are located in intronic regions (n = 50); however, we
found population-specific variants affecting six genes with-
in either the UTR or coding sequence. These variants in-
clude one inversion, one deletion, and four insertions.
The inversion spans approximately 30 kb (SM_V10_2:
3,848,692 to 3,878,697) and contains two genes
(Smp_327700 and Smp_327710). Both are identified as se-
creted proteins by WormBase ParaSite (WBPS19), but little
is known about their expression profiles or functions.
Similarly, there is limited information available on
Smp_158710. We found a deletion which removes part
of an intron and 41 bp of exon3 (SM_V10_6: 6,022,561
t0 6,022,739) in SmOR. Smp_315070, (a SERPIN domain-
containing protein) contains a pair of 577 and 2,293 bp in-
sertions in the 5 UTR in the SmOR population.
Smp_315070, is expressed at low levels in many different
tissue types (Wendt et al. 2020). Smp_342090, a low-
density lipoprotein receptor class A, contains a 364 bp in-
sertion in the 5" UTR in SmBRE. This gene is highly expressed
in most types of neuronal cells (Wendt et al. 2020). The final
gene, Smp_076960, encodes a C2 NT-type domain-
containing protein that is expressed in most major cell types

(Wendtetal. 2020). Thereisa 419 bp insertion in the 3’UTR
of this gene in SmOR.

SVs Within Known Parasite QTL

Previous work has established a single QTL associated with
praziquantel drug resistance (Le Clec’h et al. 2021a;
Chevalier et al. 2024) and five QTLs for cercarial produc-
tion (Le Clec’h et al. 2021b). We converted the coordi-
nates of these loci to the current SM_V10 assembly and
examined the SVs within these regions, focusing on var-
iants with strong allele frequency differences (>95%) be-
tween the populations analyzed in the original studies
(Table 4).

In the single QTL associated with praziquantel drug re-
sistance, we found two variants of interest. While these var-
iants are strongly differentiated between SmLE-PZQ-ER and
SmLE-PZQ-ES, they are also found circulating in other
S. mansoni populations at frequencies ranging from 0 to
100%. Notably, two variants, DEL.SM_V10_3: 2,969,428
to 2,973,340 and DELSM_V10_3: 3,194,040 to
3,194,564, impact the intronic regions of Smp_345310
(Transcription factor SOX-13), and Smp_307630 (Zinc fin-
ger, TFlIS-type; Pol | subunit A12, C-terminal zinc ribbon),
respectively. Among the five QTLs associated with cercarial
production, two SVs exhibited a > 95% frequency differ-
ence between SmBRE and the SmLE populations: a
6,146 bp insertion at SM_V10_5: 21925347 between
Smp_330830 and Smp_086690 (Protein kinase domain;
Serine/threonine-protein kinase, active site; Protein kinase,
ATP binding site) and a 76 bp insertion (INS.SM_V10_2:
41902922). In these cases, we used the mean frequency
of these SVs in SmLE-PZQ-ER and SmLE-PZQ-ES, which
were derived from SmLE.

Repeats and SVs

De novo searches of the genome identified 985 families of
repetitive sequences. We could assign only 228 of these to
known transposable element (TE) families and 757, were un-
known repetitive sequences. More than half (53.3%) of the
genome was derived from repetitive sequences, with the lar-
gest class of elements falling into the unknown category
(27.05%) followed by retrotransposons (24.39%; Fig. 7).
Bov-B RTEs and L2s are the most common families of de-
scribed retrotransposons in the genome. By comparison
84.01% of SV alleles are derived from repetitive sequences
and the difference between the two categories (whole gen-
ome vs. SV alleles) is driven almost entirely by the expansion
of the Gypsy family of long-terminal repeats (LTRs). These
are present in 4.1% of the genome but in 23.86% of the
SV alleles. The overall repeat content in the SV alleles is
significantly greater than in the genome as a whole (two-
proportion z-test: P=0.0, z-score = 2,916). Allele frequen-
cies of Gypsy-derived SVs are comparable to allele
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Fig. 6. Examples of SVs within genic regions. a) A 178 bp deletion in a gene (Smp_158710.1) with unknown function is specific to the SmOR population
removes a portion of exon 3. b) A 419-bp insertion within the 5" UTR of a C2 NT-type domain-containing (Smp_076960.1). Both SVs were verified using PCR.

frequencies of all other SVs with mean allele frequencies of
40.8% and 41.2% (two-sided Mann-Whitney U test, P=
0.4994; Fig. S2a), however the relative age of
Gypsy-derived SVs is significantly younger than Gypsy ele-
ments in the genome as a whole when measured using
Smith-Waterman distances (mean difference = 6.68%,
P-value < 0.001, 10,000 permutations; Fig. S2b).

SV Validations

We used PCR methods to validate SVs from individuals
within each population, focusing on population-specific
SVs found within genes or under QTL peaks. These included
11 insertions, 12 deletion, and 2 inversions. We generated
primers (Table S2) to successfully amplify 19 of 25 loci. This
included 12 population-specific variants, 2 coding variants,

and five variants in QTL regions. In general, the PCR results
were consistent with the expected (Table 5; Fig. S3). We
were able to validate SVs with 90% accuracy, 85% sensitiv-
ity, and 93% specificity.

Discussion

The availability of long-read sequencing is rapidly changing
our ability to characterize SVs (Mahmoud et al. 2019). In
this study, we used long-read sequencing to identify SVs
in five laboratory populations of schistosome worms with
the goals of cataloguing large SVs in S. mansoni laboratory
populations and identifying variants that may impact para-
site phenotypes. By sequencing parasite pools, rather than
individual parasites, we aimed to evaluate frequencies of
SVs segregating within each population.
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Table 4 QTL associated with parasite phenotypes and their locations in the current S. mansoni genome assembly

Phenotype Original assembly Original location SM_V10 location Populations SVs  CDS Variants of
SVs Interest

Praziquantel GCA_000237925.5 SM_V9_3: 271315 to SM_V10_3:271314 to SmLE-PZQ-R, 593 12 2
resistance® (v9) 5811857 5994738 SmLE-PZQ-S

Cercarial GCA_000237925.2 SM_V7_1: 42010946 to SM_V10_1:41070262 to SmLE, SmBRE 298 3 2
production® (v7) 53482618 52541936

Cercarial GCA_000237925.2 SM_V7_2: 43954213 to SM_V10_3:5895758 to SmLE, SmBRE 74 1 0
productionb (v7) 47725512 7219504

Cercarial GCA_000237925.2 SM_V7_3:3914558 to SM_V10_2:41597599 to SmLE, SmBRE 246 5 3
production® (v7) 5238304 45311388

Cercarial GCA_000237925.2 SM_V7_4:27609036 to SM_V10_4:26999137 to SmLE, SmBRE 64 2 1
pl’oduc’cionb (v7) 30741077 30131178

Cercarial GCA_000237925.2 SM_V7_5:19823314 to SM_V10_5:18834925 to SmLE, SmBRE 237 3 0
productionb (v7) 23768112 22640851

?Praziquantel resistance loci were described in Chevalier et al. (2024).
bCercarial production loci were described in Le Clec’h et al. (2021b).

Challenges in Identifying Low Frequency and Small Indel
Variants in Pooled Samples

Pooled sequencing using short-read, lllumina approaches is
now widely used due to its rapid, cost-effective determination
of SNP allele frequencies within populations (Lynch et al.
20714). Relative to short reads, long reads are better able to re-
cover indels >10 bp in general (Kosugi and Terao 2024) and
specifically insertions >50 bp which are only discoverable
17% to 28% of the time (Delage et al. 2020). So comparable
methods for measuring SV frequencies using nanopore
long-read sequences from populations could be extremely
valuable. However, identifying SVs from pools of individuals
presents challenges compared to genotyping single indivi-
duals (Layer et al. 2014). We initially identified 19,884 to
44,031 SVs for each of the five laboratory populations. This
was reduced to 17,446 SVs after multiple rounds of filtering
and merging into a single set of consensus variants. We outline
several limitations and opportunities for future experiments.
Most indels are small (<50 bp). We identified 70,216 small
indels across all five laboratory populations. These smaller var-
iants outnumber large SVs by nearly 4:1. The bias toward
smaller variants is commonly seen in other taxa (Alonge
et al. 2020; Trost et al. 2021; Ruggieri et al. 2022). This is
not unexpected given that the larger a variant is the more likely
it will be to affect functional sequences and be exposed to se-
lection (Chiang et al. 2017). Further, given our pooled sam-
pling strategy it is difficult to differentiate small indels from
sequencing artifacts. In general, nanopore sequencing error
rates are elevated in homopolymer regions making it difficult
to differentiate between true indels and sequencing artifacts
(Ye etal. 2025). For example, in humans, error rates in homo-
polymer regions are 2.6-fold higher than SNVs (Cretu Stancu
et al. 2017) and can account for half of all sequencing errors
(Delahaye and Nicolas 202 1). Bioinformatic tools are available
to polish or correct these regions using a variety of technigues
from haplotype-based de Bruijn graphs (Liu et al. 2024) to

measuring the timing/kinetics of the DNA molecule as it passes
through the physical nanopore (Sarkozy etal. 2017). Some ap-
pear to be fairly robust (Dohm et al. 2020). What is not clear,
though, is how appropriate these methods are for correcting
homopolymer reads in pooled samples. Future work could
compare in-silico polishing to a known catalog of high-quality
variants in homopolymer regions. If successful this technique
could help differentiate true SVs from those introduced by se-
guencing artifacts.

Limitations on Calling Low-Frequency SVs

Most SV tools, and quality metrics like QUAL and GQ, are
designed to identify germline mutations that exist as
homozygous or heterozygous variants. Pools of indivi-
duals defy these expectations since SVs can be present
at frequencies ranging from 0 to 100% within a popula-
tion compared to the 0, 50, and 100% expected in a single
diploid individual. QUAL scores assess the confidence that
an SV exists at a particular site. In our dataset, even mod-
erate frequency (<27%) variants did not have QUAL
scores higher than 10 indicating 90% confidence in a
call (Fig. S4). This means that a low-to-moderate fre-
quency variant in population “A" is only present in the fi-
nal catalogue if it is also present at relatively high
frequency in another population(s). As a result, our cata-
logue under-reports low-to-moderate frequency variants
in schistosomes populations.

Sequence Coverage and SV Call Accuracy

Genome coverage also contributes to accuracy in low-
frequency SV calls (Yang 2020). The number of SVs was posi-
tively correlated with genome coverage (Fig. S5) both before
(R*=0.97) and after filtering (R* = 0.77). Further, the ability
to detect low-frequency variants with accuracy and precision
is directly related to sequencing coverage. Ideally, a
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Fig. 7 . SVs are frequently associated with repetitive sequences. Around half of the Schistosoma mansoni genome is derived from repetitive sequences,
but 84% of SVs are either caused by, or found within repetitive regions of the genome. The difference appears to be associated primarily with retrotransposon

transposable elements (TEs), primarily those in the Gypsy family.

Table 5 PCR validation of SVs in SmBRE, SmEG, and SmOR.

n False neg. True neg. True pos. False pos. Accuracy (%) Sensitivity (%) Specificity (%)
Pop-Specific 12 2 44 20 0 97 91 100
QTL 5 2 6 10 2 80 83 75
Genic 2 0 8 4 0 100 100 100
Overall 19 6 63 34 5 90 85 93

Accuracy = (TP + TN)/(TP + TN + FP + FN), Sensitivity = TP/(TP + FN), Specificity = TN/(TN + FP).

population should be sequenced to a depth greater than the
number of individuals (genomes) present in the pool to avoid
missing low-frequency variants. For example, in simulated
pools of cancer cells, an SV at 20% allele frequency is only de-
tected 31% of the time at 10x coverage (Layer et al. 2014).
We estimate that by sequencing 100 pooled worms from the
SmLE-PZQ-ES population to 51x coverage, the lowest

frequency variants we can score with 95% confidence is
5%. By contrast, we can only be confident in sampling var-
iants present at >15% in SmLE-PZQ-ER due to lower total
genome coverage (17x). Our inability to sample SVs at low
coverages is compounded by the fact that low-frequency var-
iants are harder to distinguish from false positive and false
negative calls using standard quality metrics.
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Long-Read Sequencing of Pooled Individuals Can be
Used to Identify Large SVs

By pooling parasites from each population, we were able to
quickly survey SVs from five S. mansoni populations. Even
with the limitations discussed above, we were able to identify
17,446 SVs segregating within the laboratory populations.
Combined, these SVs, impact ~26 Mb representing 6.5% of
the genome. This number is almost certainly an underestimate
since low-frequency variants were filtered from the final SV
catalogue.

SVs can be used as markers to understand relationships be-
tween populations. The majority of SVs where shared be-
tween >4 populations (n=8,096; 59%) compared to only
1,648 (12%) lineage-specific SVs. We used SV allele
frequencies to project the populations in genotypic space
using a PCA (Fig. 7). While we are limited to five
data points, the patterns are consistent with the history of
each laboratory population. SmLE-PZQ-ER and SmLE-PZQ-ES
are derivatives of the SmLE population based on their suscep-
tibility to the drug praziquantel (Le Clec’h et al. 2021a). In the
PCA, the two populations are effectively overlapping. Further,
these two populations combined contain 160 unique variants
while each of the other populations contain at least 350 un-
ique, moderate frequency (>5%) SVs (Fig. 3b).

Population-specific SVs Can Affect Coding Sequences

We found 168 population-specific variants within genic
regions: these were usually in introns. There are five SVs
that directly impact coding regions (CDS) of six genes.
Smp_327700 and Smp_327710 are secreted proteins
found in a 30-kb inversion. Smp_315070 (a SERPIN domain-
containing protein), Smp_158710, and Smp_342090 have
unknown function. Smp_076960 (C2 NT-type domain-
containing protein) contains a 419 bp insertion in the 5" UTR.
This variant is specific to the SmOR population and appears
to be expressed throughout the parasite’s life cycle (Harris
etal. 2020) and an ortholog is associated with abnormal sleep
recovery and lethargy in C. elegans (WBPhenotype:0001524;
Huang et al. 2017). While it is difficult to directly associate
any of these variants directly with a phenotype, these results
show that SVs that alter disrupt CDS are present.
Population-specific variants are not randomly distributed
throughout the genome (Fig. 4; chi-square test; P-value =
1.2e-180). Instead, we found seven windows accounting for
28 Mb of the genome (~7%) that contains 109 of the 168
(64.9%) of all population-specific variants. Within these regions,
population-specific variants occur every 3.3 kb (mean) and out-
side of these regions SVs are distributed every 441.8 kb (mean).

High Frequency SVs are Found in QTL Associated With
Parasite Phenotypes

SVs have been associated with phenotypes in many
species including horses (Bellone et al. 2023), pigs

(Zong et al. 2023), goats (Guo et al. 2021), humans
(Hollox et al. 2022), and others (Zhang et al. 2016;
Jeffares et al. 2017; Guo et al. 2020; Chen et al. 2023).
We have used both linkage mapping and association stud-
ies to identify the genetic basis of parasite phenotypesin S.
mansoni (Anderson et al. 2018; Le Clec’h et al. 2021b;
Chevalier et al. 2024). We investigated whether SVs were
located within QTL regions for praziquantel resistance or re-
lease of larval parasites (cercarial shedding) from the inter-
mediate host snails. We found population-specific SVs of
interest in four of six QTLs examined. The presence of these
SVs does not necessarily imply they are the causative var-
iants for the observed phenotypes, but these are potential
candidates. A transient receptor potential channel gene
(TRPM-PZQ) is thought to underlie the praziquantel resist-
ance QTL on chr 3 (Le Clec’h et al. 2021a; Park et al.
2021). However, specific causative SNPs within this gene
have not been located. It is possible that SVs outside of
the TRPM-PZQ result in altered expression of this gene
and modify PZQ-resistance. Interestingly there is a 524 bp
deletion in the intronic regions of Smp_345310 (transcrip-
tion factor SOX-13): this gene shows the strongest associ-
ation with praziguantel resistance within the QTL region
(Le Clec’h et al. 2021a; Chevalier et al. 2024).

Chevalieretal. (2024) used short-read SV calling method to
identify two large deletions tightly linked with the praziquan-
tel QTL. These deletions were at SM_V10_3: 2,775,001 to
2,900,000 and SM_V10_3: 3,175,001 to 3,300,000; referred
to here as the “upstream” and “downstream” deletions, re-
spectively. We did not recover either of these deletions in
the nanopore analysis and only found one deletion that differ-
entiates the two SmLE populations within these QTL regions
(SM_V10_3: 3,194,040 to 3,194,564). Mean read depth
across the deletions is 0.07x (upstream) and 1.11x (down-
stream) and both are in the 0.03 and 0.06percentile when
compared to the rest of the genome sampled in 125-kb win-
dows. This is consistent with large deletions. By comparison,
these same regions are in the 96.2th and 17th percentiles in
SmLE-PZQ-ES. Visual inspection of the read alignments is
not consistent with an immediate break typically associated
with deletions. Instead, genome coverage gradually changes
over hundreds of base pairs in regions with high repeat. In
the end it is likely that this combined with low coverage in
SmLE-PZQ-ER in general and variation in pooled populations
likely negatively impact SV calling in these regions.

Repetitive Sequences are Strongly Linked With SVs in
S. mansoni Populations

We estimate that more than half (53.3%) of the S. mansoni
genome is derived from repetitive sequences. This is higher
than estimates from previous work on S. mansoni (45%;
Berriman et al. 2009) and S. haematobium (43%; Young
et al. 2012). The difference between our analysis and

12 Genome Biol. Evol. 17(7) https://doi.org/10.1093/gbe/evaf127 Advance Access publication 27 June 2025



Pooled, Long-read Sequencing

GBE

Berriman et al. (2009) could be driven by many factors. For
example, Berriman et al. (2009) used RepeatScout (Price
et al. 2005) to identify repetitive sequences. Here we used
RepeatModer2 (Flynn et al. 2020) which uses a combination
of RepeatScout (Price et al. 2005), RECON (Bao and Eddy
2002), LTRharvest (Ellinghaus et al. 2008), and LTR_
retreiver (Ou and Jiang 2018).

Most of the repeats (27.1%) from our de novo analysis
were unique and did not share significant homology or
structural features for classification. Hence, >100-Mb of
the 400-Mb S. mansoni genome is derived from repeats
of unknown origin. Future work should look to provide a
complete annotation (Platt et al. 2016; Goubert et al.
2022) and deposit the repeats in a public repository (ex.
RepBase; Bao et al. 2015) as a first step in understanding
the impact of repetitive sequences on the evolutionary his-
tory of S. mansoni.

It is apparent that S. mansoni SVs are significantly en-
riched in repetitive sequences [two-proportion z-test (P=
0.0, z-score =2,916.7)]. While 53.3% of the genome is re-
petitive, 84% of SVs are caused by, or occur in repetitive se-
quences. The over-representation of repeat sequences in
SVs is consistent with previous work (Dominguez et al.
2020; Reis et al. 2023; Quah et al. 2024; Smeds et al.
2024). Furthermore, we note that highly, repetitive se-
quences larger than 150 bp are difficult to unambiguously
map with short-read sequence data. For example, short
reads are unable to map to 10% of the human genome
due to large repetitive sequences (Jain et al. 2022). This im-
plies that genotyping SVs with short reads could potentially
miss many of the variants associated with repetitive se-
guences (Kosugi and Terao 2024). Direct comparisons of
short vs. long reads for SV calling in humans has shown
that 70% to 80% of SVS are called in repetitive regions
compared to only 27% to 58% with short reads (Kosugi
and Terao 2024) though it should be noted these results
are from single individuals rather than population pools.
The strong association between repeats and SVs provides
a further limitation on our ability to score SVs with short-
read lllumina data, which cannot be effectively mapped in
repeat regions.

The increase in repeat-related SVs is driven almost entire-
ly by Gypsy endogenous retrovirus which are present in
4.4% of the genome but 23.9% of SV alleles.
Structurally, endogenous retroviruses contain a combin-
ation of gag, pol, and env genes flanked by two LTRs.
The LTRs may range between 100 and 1,000 bp in length
and are exact duplicates of each other. Because of their
size and sequence similarity, LTRs are hotspots for non-
homologous recombination which removes the internal
regions of the ERV and one of the LTRs, leaving a behind
a single LTR (Hughes and Coffin 2004). The disproportion-
ate number of Gypsy LTRs associated with SVs suggests
that they are actively mobilizing in the genome, creating

insertions, and being partially removed via non-
homologous recombination and generating deletions.
Age estimates based on sequence divergence show that
Gypsy-derived SVs are significantly younger than Gypsy ele-
ments in the genome as a whole (Fig. S2b). This could be
caused by a range of phenomena including selection
against older insertions or differences in subfamily mobil-
ization rates. In either case, these observations imply that
SVs associated with Gypsy mobilization could be a signifi-
cant driver of lineage-specific evolution in S. mansoni la-
boratory populations.

Conclusions

We used long-read sequencing of pooled parasite popula-
tions to identify and describe SVs within five S. mansoni la-
boratory populations. While these methods are limited in
their ability to de novo detect low-frequency variants
from pooled samples, we were able to identify 17,446
SVsimpacting 6.5% of the genome. Furthermore, we iden-
tified population-specific variants present at high frequen-
cies and SVs that fall within known parasite QTLS for
important phenotypic traits. Such population-specific SVs
may reflect the action of selection or determine phenotypic
differences between population so are of particular inter-
est. As a proof of concept, this study demonstrates the va-
lue of using long-read sequencing and pooled samples to
survey SVs within parasite populations. To ensure that the
variation generated by SVs is properly accounted for, future
work should aim to improve low-frequency variant identifi-
cation, to evaluate SV frequencies with field populations,
and examine the impact of SVs on parasite phenotypes.

Materials and Methods

Parasite Populations

We examined five laboratory populations of Schistosoma
mansoni (SmMBRE, SmEG, SmLE-PZQ-ER, SmLE-PZQ-ES,
SmOR). These parasite populations differ in resistance to
anthelmintic drugs, specificity to the snail intermediate
host, and were initiated with founder individuals from dif-
ferent geographic regions (Table 1). These parasite popula-
tions are maintained by laboratory passage using hamsters
as the vertebrate host (where sexual reproduction occurs)
and Biomphalaria spp. snails as the intermediate host.
Two of the populations, SmLE-PZQ-ER and SmLE-PZQ-ES,
were derived from the same SmLE stock population <10
years ago (Le Clec’h et al. 202 1a). Fresh schistosome worms
were obtained from hamster perfusions in the laboratory.

DNA Extraction and Sequencing

We used two different DNA extraction methods for extract-
ing HMW DNA and Nanopore sequencing of schistosome
(Table 2).
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For the first method, we used the Monarch HMW DNA
Extraction Kit for Tissue (NEB #T3060) and manufacturer
recommended protocols to isolate DNA from 92 to 152
worms for the SmEG, SmLE-PZQ-ES, and SmOR popula-
tions. For the second extraction method we isolated
DNA from SmBRE and SmLE-PZQ-ES populations using a
developmental version of the Nanobind HMW DNA extrac-
tion kit being designed by Circulomics specifically for
C. elegans. We transferred 100 mg of worms to 2 mL pre-
chilled Protein LoBind microcentrifuge tube. The tube was
centrifuged at 16,000xq for 15 s. We discarded the result-
ing supernatant, added 20 ulL of Proteinase K and 150 pL
of Buffer NL, and resuspended the worm pellet by vortex-
ing 1 to 2s prior to incubating on a ThermoMixer at
900 rpm and 55°C for 1.5 h. After spinning the tube on
a mini centrifuge for 1s to remove liquid from the cap,
we added 20uL RNase A and incubated on a
ThermoMixer at 900 rpm and 55°C for 1 h. After spinning
the tube on a mini centrifuge for 1 s to remove liquid from
the cap, we added 40 plL Buffer ESB, pulse vortexed 5x,
and incubated on ice for 5 min. We centrifuged the tube
at 2,000 g at RT for 10 min, and transferred 200 uL of
the supernatant to a new 1.5-mL Protein LoBind microcen-
trifuge tube using a wide bore pipette, and discarded the
tube containing the precipitate. We added a Nanobind
disk to the lysate, followed by 250 uL of isopropanol,
and mixed 10 times by inversion, to precipitate DNA and
allow binding to the Nanobind disk. The DNA is initially
opague on addition of isopropanol but becomes clear dur-
ing subsequent washing steps. We mixed the tube on a
tube rotator at RT for 15 min. We used the Magnetic
rack handling procedure (PacBio PN 102-587-900) for
washing the disc with buffers CW1 and CW2. We eluted
DNA with the appropriate volume of EB buffer for 7 days
at 4°C. We used Qubit dsDNA BR Assay and Nanodrop
to record DNA concentration and purity. Nanodrop read-
ings should have A260/A280 in the range of 1.85 to
2.02 and A260/A230 in the range of 2.03 to 2.35. We
used the Short Fragment Eliminator kit from PacBio (PN
102-582-400) to eliminate DNA below 25 kb. We stored
DNA at 4°C.

Long-Read Sequencing

A single microgram of high-molecular-weight genomic
DNA was used for preparing libraries to be sequenced on
the MinlON. We prepared libraries with either the
Genomic DNA by Ligation (SQK-LSK109) kit, or Ligation
Sequencing V14 (SQK-LSK114) kit, loaded on flowcells
with R9.4.1 or R10.4.1 chemistry. The sequencing runs
lasted from 48 to 72 h. Halfway through the run, we
paused sequencing, washed the flow cells with
EXP-WSHO004-XL kit to unclog the pores, loaded more of
the same libraries, and resumed sequencing.

Genotyping SVs

Bioinformatic analyses are summarized in Fig. 1. We as-
sessed long-read quantity and N50s with n50 v1.4.2
(Telatin et al. 2021). All reads were quality filtered and
trimmed with nanoq v0.10.0 (Steinig and Coin 2022). We
trimmed bases with a minimum Phred score of 7
(—=min-qual 7), removed the first and last 25 bases (—trim-
start 25, —trim-end 25) and any reads that were <500 bp
after trimming (—min-len 500). We then mapped the
quality-filtered reads to the S. mansoni V10 genome assem-
bly (SM_V10) with minimap2 v2.24 (Li 2016) using the “-x
map-ont” parameter set. The SM_V10 assembly was ac-
cessed via WormBase ParaSite (accession: WBPS19; Harris
et al. 2020). Genome coverage was calculated with mos-
depth v0.3.2 (Pedersen and Quinlan 2018). Reads were
sorted with SAMtools v1.19 (Li et al. 2009) for downstream
analyses. SV detection and genotyping occurred in three
steps; (i) an initial de novo SV query in each population, fol-
lowed by (ii) filtering and merging the population SV calls
into a single catalogue, then each sample was (iii) re-
genotyped using the catalogue of merged variants.

Initial SV Identification

SVs were identified for each individual population with an
initial query using cuteSV v2.0.2 (Jiang et al. 2020 2022).
We used the following parameters for SV identification:
“—max_cluster_bias_INS 100 —diff_ratio_merging_INS 0.3
—max_cluster_bias_DEL 100 —diff_ratio_merging_DEL 0.3
—min_mapg 20 —min_read_len 500 -md 100 -mi 100 -
min_support five —max_size 200000 —genotype”. The com-
bination of these parameters was chosen to identify larger
SVs between 10 bp and 200 kb supported by at least five
reads with a minimum mapping quality (MAPQ) of 20.
These parameters are recommended for long-read-based
SV detection in the cuteSV documentation (https:/github.
com/tjiangHIT/cuteSV v0.19).

SV Filtering and Merging

After the initial round of SV identification with cuteSV we
explored various combinations of QUAL, GQ, and DP filters
(discussed in the Results section) before choosing to re-
move variants with QUAL < 10 and read depth (DP) < 10
using VCFtools v0.1.16 (Danecek et al. 2011). These filters
were chosen with the reasoning that DP > 10 would allow
us to reasonably calculate allele frequency thresholds in
10% increments and a QUAL > 10 indicates at least 90%
confidence in the SV call. The filtered SVs from each
population were merged into a single catalogue using
SURVIVOR v1.0.7 (Jeffares et al. 2017) and the following
parameters: max_distance_between_breakpoints = 100,
min_calls=1, sv_type =1, sv_strand =0, dist_estimate =0,
and min_size = 50. These parameters assured that variants
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must be present in at least one population and if variants are
present in multiple populations they are only merged if their
SV boundaries are within 100 bp of one another, the SV is of
the same type, and greater than 50 bp.

Final SV Genotyping and Secondary Analyses

The merged catalogue of SVs contains the higher quality SV
calls present in one or more S. mansoni populations. We
provided these variants to SVledi-graph v1.2.1 (Romain
and Lemaitre 2023) for forced variant calling at SVs with
a minimum of two supporting reads (‘—minsupport 2).
We then converted the population VCF files to tables using
the BCFtools v1.14 (Danecek et al. 2011) query. The alter-
nate allele frequency of each variant was calculated by div-
iding the alternate allele depth (AD) by total depth.
Subsequent processing was managed with Pandas v2.0.3.

We used a PCA and Venn diagrams to examine how SV
are distributed between the populations. To minimize arti-
facts caused by biases in the sex distributions between po-
pulations, we removed any variants on the Z chromosome,
WSR, and mitochondria to focus solely on autosomal SVs. A
PCA was calculated for the first two PCs using the PCA()
function implemented in scikit-learn v1.2.0. To identify
population-specific SVs we used the venn() v0.1.3 package
to generate Venn diagrams of the autosomal SVs. Rather
than strictly examining presence or absence, we partitioned
and categorized each SV as low frequency (<5%) or
moderate-high frequency (>5%). These cutoffs were cho-
sen to minimize false negatives in low coverage populations
where a SV may be present at low frequencies but was not
sampled in our sequence data. We used the Venn diagram
to identify specific variants present at >5% in only one
population. From this pool, we identified any variants
with an allele frequency of >95% for downstream analysis.
We refer to these SVs as lineage-specific as they are
at-or-near fixation (>95%) in one population but present
in <5% in the others populations.

We identified Repeat families de novo using
RepeatModelerv2.0.3 (Flynn et al. 2020) to query the entire
SM_V10 genome assembly. We used RepeatMasker v4.1.7
(Smit et al. 2015) to quantify repeats in the whole genome,
and in the SV alleles separately, using the de novo repeat
families as a custom library (“-lib”) and the sensitive
("-s") options. We compared the overall repeat content
of each category, whole genome vs. SV alleles, using a two-
proportion z-test. Our null hypothesis was that the overall
repeat content of the SV alleles was the same as the rest
of the genome. We used RepeatMasker's Smith—
Waterman distances between individual insertions and
the family consensus sequence as a proxy for the relative
age for each insertion. When an element is copied into
the genome it is an exact, or near exact replica of the donor
element. Over time, elements will acquire independent

mutations so the genetic distance between two elements
is generally correlated with time. We used a permutation
test and 10,000 replicates to compare the Smith—
Waterman distances (age) between Gypsy-derived SVs
and all Gypsy insertions across the genome.

We used BEDtools v2.31.1 (Quinlan and Hall 2010) to
intersect the SV and gene annotations for the SM_V10 gen-
ome assembly. Previous work has established six QTLs asso-
ciated with either praziquantel drug resistance (Le Clec'h
et al. 2021a; Chevalier et al. 2024) or cercarial production
(Le Clec’h et al. 2021b). We converted these coordinates
to the current version of the S. mansoni genome by aligning
the SM_V7 (GCA_000237925.2) and the SM_V10 assem-
blies with minimap2 v2.24 (Li 2016) and the “asm5" align-
ment preset parameter. Coordinates were converted
between the assemblies wusing paftools.js liftover
2.28-r1209 (Li 2016).

Validating SV Calls

We validated a subset of SVs by amplifying the target locus
from individual worms in each population and scoring the
presence or absence of the variants. For this dataset, we ex-
amined 26 population-specific SVs that were between 250
and 750 bp. Primers for each locus were designed using
BatchPrimer3v2.6.1 (You et al. 2008) with an optimum pri-
mer size of 20nt, melting temp of 59°C, and size range of
400 to 600 nt. We extracted DNA from individual worms
from each population using Qiagen’s DNeasy Blood and
Tissue kit and performed WGA using Genomiphi V2 DNA
Amplification kit from Cytiva. We amplified PCR products
using a 25-cycle PCR reaction using TaKaRa Taq polymerase
kit and ran 1 pL of the PCR product on a 1% agarose gel
(94 V/for 60 min). Gels were visualized on the BIO-RAD
ChemiDoc Touch Imaging System and scored as homozy-
gous presence, heterozygous, or homozygous absence
for each of the individual worms. We then compared these
results to the population allele frequency to determine
whether a variant was a true positive, false positive, true
negative, or false negative to calculate accuracy, sensitivity,
and specificity.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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