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Evidence of a Slower-Z effect in Schistosoma japonicum

Abstract

Sex-linked and autosomal loci experience different selective pressures and
evolutionary dynamics. X (or Z) chromosomes are often hemizygous, as Y (or W)
chromosomes often degenerate. Such hemizygous regions can be under greater
efficacy of selection, as recessive mutations are immediately exposed to selection in
the heterogametic sex (the so-called Faster-X or Faster-Z effect). However, in young
non-recombining regions, Y/W chromosomes often have many functional genes, and
many X/Z-linked loci are therefore diploid. The sheltering of recessive mutations on
the X/Z by the Y/W homolog is expected to drive a Slower-X (Slower-Z) effect for
diploid X/Z loci, i.e. a reduction in the efficacy of selection. While the Faster-X effect
has been studied extensively, much less is known empirically about the evolutionary
dynamics of diploid X or Z chromosomes. Here, we took advantage of published
population genomic data in the female-heterogametic human parasite Schistosoma
Jjaponicum to characterize the gene content and diversity levels of the diploid and
hemizygous regions of the Z chromosome. We used different metrics of selective
pressures acting on genes to test for differences in the efficacy of selection in
hemizygous and diploid Z regions, relative to autosomes. We found consistent
patterns suggesting reduced Ne, and reduced efficacy of purifying selection, on both
hemizygous and diploid Z regions. Moreover, relaxed selection was particularly
pronounced for female-biased genes on the diploid Z, as predicted by Slower-Z
theory.

Introduction

Sex chromosomes, such as the X and Y of mammals, or the Z and W of birds,
originate from standard pairs of autosomes. After they are coopted for sex
determination, the two chromosomes typically stop recombining and start diverging
from each other (Jay et al., 2024). This leads them to evolve differently from
autosomes. The most striking aspect of this is the progressive degeneration of the
non-recombining Y/W that is observed in many clades (Charlesworth, 2021).
However, it has become increasingly appreciated that evolutionary rates on the X
chromosome (or Z, but explained in terms of the X for simplicity) are also shaped by
unusual evolutionary pressures. All else being equal, the effective population size of
the X chromosome is % the autosomal effective population size, while Y
chromosomes have a population size of only %2 the autosomal one (Vicoso and
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Charlesworth, 2009). Both X and Y chromosomes exhibit sex-biased transmission:
the X resides in females % of the time, while the Y is in males 100% of the time
(Furman et al, 2020). Furthermore, the degeneration of the Y chromosome
(Bachtrog, 2013) leaves X-linked loci hemizygous in males. Selection is more
efficient for hemizygous X-linked loci, where recessive mutations are always
exposed to selection in males, compared to the autosomal loci. This should lead to
higher rates of adaptive evolution on the X chromosome than autosomes if new
beneficial are on average recessive, a hypothesis known as the Faster-X effect
(Charlesworth et al., 1987, Vicoso and Charlesworth, 2006). Support for the Faster-X
effect comes from the observation of elevated dN/dS on the X chromosome, or
elevated values of a, the inferred proportion of nonsynonymous divergent sites that
were fixed by positive selection (Meisel and Connallon, 2013), in various clades.

In particular, there is empirical evidence for high rates of hon-synonymous
evolution on the X in mammals and Drosophila, and on the Z in birds and arthropods
(Meisel and Connallon, 2013, Charlesworth et al., 2018, Mank et al., 2010, Mongue
et al., 2022). However, evidence suggests that this is not always driven by increased
rates of adaptation. In particular, while there is evidence of increased rates of
adaptive divergence on various X chromosomes (Garrigan et al. 2014, Avila et al.
2014, Veeramah et al. 2014, Kousathanas et al. 2014, Campos et al. 2014,
Charlesworth et al. 2018), the Faster-Z effect has been interpreted as being the
result of stronger drift on the Z chromosome of several species (Mank et al., 2010,
Hayes et al., 2020, Chase et al., 2023, Mongue and Baird, 2024, but see Wanders et
al., 2024). This is possibly due to the fact that the Z spends more time in males:
males usually have a higher variance in reproductive success, resulting in the more
extreme reduction in the effective population size for the Z chromosome than for the
X (Vicoso and Charlesworth, 2009, Mank, Vicoso et al., 2010). In smaller
populations, a higher proportion of mutations entering the population is effectively
neutral, contributing to faster non-adaptive evolution (Mank et al., 2010, Mank,
Vicoso et al., 2010). On the other hand, evidence of faster and more adaptive Z was
found in some Lepidoptera, which typically have a larger population size than birds
(which may make the Z chromosome less sensitive to the reduction in the effective
population size) (Mongue et al., 2022, Villavicencio, 2024).

X-linked loci in young non-recombining regions, which still have a
non-degenerated homologous region on the Y chromosome, are not hemizygous,
but diploid in males, as they have a functional, albeit non-recombining, gametolog
on the Y. Unlike loci on older, hemizygous X chromosomes, such “diploid X” loci are
not expected to adapt faster than autosomal loci. New mutations that arise on a
diploid X region are always heterozygous in males, and, if (partly) recessive, are
(partially) sheltered from selection by the functional copy on the Y. This is expected
to cause reduced efficiency of selection in males on diploid X region, slower
adaptation of male-important genes and accumulation of deleterious mutations on
male-important genes, i.e. a "Slower-X" effect (Mrnjavac et al., 2023).

The evolutionary patterns of young non-recombining regions on the X or Z
have been studied less often, as population data is needed to detect very young
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non-recombining regions with non-degenerated Y counterparts (Darolti et al., 2022),
but a few have found some support for Slower-X/Z evolution. Neo-X regions (with the
corresponding Y chromosomes showing intermediate levels of degeneration) in
several Drosophila species experience accelerated pseudogenization, driven by the
loss of male-important genes (Nozawa et al., 2016, Nozawa et al., 2021). In the plant
Silene latifolia there is evidence of relaxed purifying selection on young X-linked
genes with a non-degenerated Y homolog (Krasovec et al., 2018). Recently, a study
in the butterfly genus Leptidea provided direct empirical evidence of reduced
efficiency of selection for female-biased and unbiased genes on the young
non-recombining region of the Z chromosome with a non-degenerated W, i.e. of a
Slower-X (Slower-Z) effect (Hook et al., 2024). On the other hand, some studies
have found similar rates of divergence for diploid X/Z genes as for
(pseudo)autosomal genes. The young X-linked region of the plant Salix dunni is
enriched for transposable elements and pseudogenes, but divergence of X-linked
genes is similar to the autosomal divergence, possibly because the X-linked region is
very young and there was no time for non-adaptive substitutions to accumulate (He
et al., 2021). Similarly, in Sylvioidea songbirds, there is no difference in evolutionary
rates between the neo-Z and autosomes (Leroy et al., 2021). Darolti et al. (2023)
further showed that while Faster-X correlates with hemizygosity in various species of
poeciliid fishes, no evidence of increased drift or differences in divergence rates
could be detected between diploid X chromosomes and their respective autosomes.
Therefore, the broad relevance of the Slower-X effect in taxa with young sex-linked
regions is still to be fully explored.

Blood flukes (genus Schistosoma) are a promising model for studying the
evolutionary dynamics of sex-linked regions of different ages. While they all share an
ancestral pair of ZW chromosomes, the non-recombining part of the sex
chromosomes has been expanded independently in different lineages (Picard et al.,
2018). A very young non-recombining region of the Z chromosome has been
recently identified in the Asian species Schistosoma japonicum (Elkrewi et al. 2021,
Xu et al., 2023). This region has over 700 functional W genes (ZW dS < 0.085),
which makes the corresponding Z region diploid but non-recombining in females. We
expect such a region to be under reduced efficiency of selection in females,
compared to autosomes and hemizygous Z (Mrnjavac et al., 2023). Here, we use
publicly available comparative (Protasio et al., 2012, Luo et al., 2022), population
(Luo et al., 2022) and expression data (Wang et al., 2017) to test those predictions.

Methods
Strata determination
To identify hemizygous and diploid Z regions, we performed female-to-male

coverage analysis and male-to-female Fst analysis as in Elkrewi et al. (2021), using
the recently published male S.japonicum genome assembly (GCA_021461655.1)
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(Luo et al., 2022). Briefly, female (SRR6841388) and male (SRR6841389)
S.japonicum reads were separately mapped to the S.japonicum male genome using
bowtie2 (Langmead and Salzberg, 2012). Only uniquely mapped reads were kept.
Coverage for male and female reads was calculated with soap.coverage (Luo et al.
2012) per 10000 bp windows. Log2(F/M coverage) was calculated and visualised in
R (R Core Team, 2023). Coordinates of the hemizygous Z region were determined
as the limits of the Z chromosome region where log2(F/M coverage) values are
centred at -1, meaning there are twice as many reads in males compared to females
(Z chromosome coordinates: 24470001-49640001).

The Fst analysis also followed the approach of Elkrewi et al. (2021), but using
the new chromosome-level genome assembly. Fst between male and female reads
(PRJINAG50045, sex of the individual library was determined from Elkrewi et al.,
2021) was calculated with vcftools (Danecek et al., 2011) and visualised in R. The
diploid Z region was determined as the region for which the male:female Fst values
were consistently above the 95 percentile of the distribution across the genome (Z
chromosome coordinates: 49640001-76240000). In this region 62.67% of windows
had male:female Fst values above the 95 percentile of the genome-wide distribution
and 90.42% of reads had male:female Fst values above the 90 percentile of the
genome-wide distribution.

Sex-biased expression analysis

Publicly available whole-body expression data was downloaded for 24 male
and 24 female S.japonicum individuals, (PRJNA343582, Wang et al., 2017).
Normalised gene expression was obtained per gene, per sample, using kallisto (Bray
et al.,, 2016) and sleuth (Pimentel et al., 2017). We filtered out the genes with no
expression in both of the sexes. We estimated sex-biased gene expression as SPM
(Kryuchkova-Mostacci and Robinson-Rechavi, 2017), the square of mean
expression in females divided by the sum of the square of mean expression in
females and the square of mean expression in males, using R. SPM=0 corresponds
to male-limited expression, while SPM=1 corresponds to female-limited expression.
For further analyses, genes with SPM values lower than 0.3 were assigned as
male-biased, and genes with SPM values above 0.7 were assigned as
female-biased. Distributions of SPM values in autosomes, hemizygous Z and diploid
Z regions were visualised and compared in R. Sex-bias distribution was compared
between the Z chromosome and autosomes with Kolmogorov—Smirnov test and
Mann-Whitney-Wilcoxon test.

Divergence inference

We identified orthologs between S.japonicum and closely related species
S.mansoni (65% median synonymous divergence, Picard et al., 2018) as the best
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reciprocal blat (Kent, 2002) hits between S.japonicum and S.mansoni coding
sequences (assembly version GCF_000237925.1, Protasio et al., 2012) (we chose
the longest coding sequence per gene for the analysis). Orthologs were aligned
using TranslatorX with the “gblocks” option (Abascal et al., 2010). Divergence
between orthologs was calculated with KaKs_Calculator 2.0 (Wang et al., 2010).
Yang-Nielsen estimates of Ka/Ks were obtained per gene, as well as the number of
nonsynonymous and synonymous substitutions per gene. These parameters were
visualised and compared in R.

Polymorphism inference

We downloaded a publicly available population genomic dataset
(PRJNA789681), including whole genome sequences of 48 S.japonicum adult male
individuals sampled from several locations in South-East Asia (we did not include the
Taiwan and the Philippines subpopulations in our analysis as those subpopulations
have extremely reduced levels of diversity and could have biased our analysis),
corresponding to their worldwide range (Luo et al., 2022). We trimmed the reads with
Trimmomatic (Bolger et al., 2014). Trimmed paired reads were mapped to the
S.japonicum male genome assembly (GCA _021461655.1) using bowtie2 with
--end-to-end and --sensitive parameters, separately for every individual.
Non-uniquely mapped reads were removed. SAM files were reformatted into sorted
BAM files using samtools (Li et al., 2009). Variant calling was performed with bcftools
mpileup option (Li et al., 2009), using (48) 72 individual bam files as input. Variants
were filtered by quality, bcftools view -i '%QUAL>=20", only biallelic sites were kept,
--max-alleles 2, and indels were removed, --exclude-types indels. bcf file was
reformatted into vcf file. Rare variants (maf<15%) were removed with vcftools using
--maf 0.15 --max-missing 0.9 options. Polymorphic sites were annotated as
synonymous or nonsynonymous using snpEff and SnpSift (Cingolani et al., 2012).

Population genomic analyses
a

a per gene was calculated as 1-((number of nonsynonymous polymorphisms
per gene (Pn) / number of synonymous polymorphisms per gene (Ps))/(number of
nonsynonymous substitutions per gene (Dn) / number of synonymous substitutions
per gene (Ds))) (Smith and Eyre-Walker, 2002, Charlesworth and Charlesworth,
2010), after removing variants below 15% frequency (Fay et al., 2001, Al-Saffar and
Hahn, 2022), using R. Distributions of a values for different categories of sex-bias,
and different genomic regions: hemizygous Z, diploid Z and autosomal one, were
visualised and statistically compared in R.
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Direction of Selection
In addition to a, we calculated Direction of Selection (DoS) as
DoS=Dn/(Dn+Ds)-Pn/(Pn+Ps) (Stoletzki and Eyre-Walker, 2011).

Nucleotide diversity

Nucleotide diversity along the genome, in 10000 bp windows, was calculated
using pixy (Korunes and Samuk, 2021).

Results
Hemizygous and diploid regions of the Z chromosome

Elkrewi et al. (2021) and Xu et al. (2023) recently described evolutionary
strata of different ages along the Z chromosome of S. japonicum, and in particular
the presence of a large section of the ZW pair that no longer recombines, but still
exists on the W. However, a highly fragmented genome was used in Elkrewi et al.
(2021), and no population genomics data was used to infer young non-recombining
regions in Xu et al. (2023). We therefore set out to define precise boundaries of the
diploid and hemizygous Z regions on the published chromosome-level assembly of
S. japonicum (Luo et al.,, 2022). Using both coverage patterns and genetic
differentiation between a population of males and females, we recovered large
contiguous hemizygous and non-recombining but diploid Z regions (Xu et al., 2023,
Elkrewi et al. 2021) (Figure 1). In particular, a large region where female coverage is
consistently half of male coverage is consistent with the degeneration of the
homologous region of the W chromosome, i.e. this Z chromosome region is haploid
or hemizygous in females. A second region shows no difference in coverage
between males and females, but shows a high level of genetic differentiation
between the Z and W, measured as male-to-female Fst, consistent with a recent loss
of recombination between the Z and W, and a non-degenerated homologous region
on the W chromosome. The hemizygous and diploid Z regions contain, respectively,
703 and 624 genes.

Lower effective population size on the Z chromosome
Since males have two Z chromosomes but females only have one (compared

to two sets of autosomes in each sex), the expected effective population size of the
Z is % of that of the autosomes. We estimated total genetic pairwise diversity ()
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from a population of 48 males from 6 sampling locations, and used it to infer the
effective population size of the hemizygous and diploid Z regions relative to that of
the autosomes in Schistosoma japonicum. Both hemizygous and diploid Z regions
show lower than expected nucleotide diversity compared to autosomes, with the Z/A
ratio of median nucleotide diversity 0.37 for diploid Z region and 0.09 for hemizygous
Z region (S.Figure 1), which suggests that effective population size of the Z
chromosome could be even lower than % of the autosomal effective population size.
Similar estimates were obtained when only synonymous sites were used to calculate
diversity (Z:A ratios of 0.395 and 0.235 for the diploid and hemizygous regions).
Given the apparent young age of the diploid Z region, we took advantage of the
reduced 1 on the diploid Z to check that the loss of ZW recombination was found in
every population. Two populations had extremely reduced levels of diversity and
were excluded from further analysis. In each of the other populations, the diploid Z
region had reduced levels of diversity compared to the autosomes (p<2*107°,
Mann-Whitney-Wilcoxon test), confirming that it is non-recombining throughout the
geographical range of the species (S.Figure 1B). Such a reduction was not
observed in the pseudoautosomal region (p>0.1).

Reduced efficacy of purifying selection on both the hemizygous and diploid Z
regions

We first measured the divergence between S.japonicum and the closely
related species S.mansoni to estimate synonymous (Ks) and nonsynonymous (Ka)
substitution rates per gene. Figure 2 shows the distribution of Ka/Ks for hemizygous
Z, diploid Z and autosomes: Ka/Ks is significantly higher on the hemizygous Z
compared to both autosomes and to the diploid Z (W = 1178163, p-value =
1.327*10"3, W = 119932, p-value = 0.0003441, respectively), while diploid Z genes
show a slight increase compared to the autosomes (W = 1243012, p-value =
0.02237). Synonymous divergence is significantly lower on the Z chromosome, with
hemizygous Z exhibiting the lowest synonymous divergence (hZ vs A: W = 1918300,
p-value < 2.2*107'%, dZ vs A: W = 1565712, p-value = 1.656*10"", hZ vs dZ: W =
158188, p-value = 2.493*10°). Overall these results support the faster protein
divergence of Z-linked genes compared to the autosomes.

In order to investigate whether this fast evolution of Z-linked genes was driven
by an increase in positive selection or by a decrease in the efficacy of purifying
selection, we obtained estimates of synonymous and nonsynonymous polymorphism
across the sampled populations (excluding the two that did not harbour any
diversity). The Z chromosome has higher levels of honsynonymous to synonymous
diversity compared to the autosomes (hZ vs A: p=5.9*10", dZ vs A: p= 0.0057)
(Figure 2). This is in line with the reduced effective population size and the resulting
reduced efficiency of selection in removing slightly deleterious mutations from the
population. We also calculated a per gene, a regularly used measure of adaptive
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evolution based on the McDonald-Kreitman test (McDonald and Kreitman, 1991,
Smith and Eyre-Walker, 2002, Charlesworth and Charlesworth, 2010). Positive a
values suggest positive selection, while negative a values mean there is an excess
of nonsynonymous polymorphisms segregating in the population. This excess is
usually caused by segregating slightly deleterious mutations, that is, lower efficiency
of selection, or, balancing selection (Charlesworth and Charlesworth, 2010). We
removed rare polymorphic sites (with minor allele frequency below 15%) from the
analysis to minimize the contribution of deleterious mutations segregating at low
frequencies. We also removed the genes with no polymorphism for the downstream
analysis, which greatly reduced the number of genes: in the hemizygous Z region up
to 80% of the genes did not exhibit any polymorphism after filtering out rare variants,
while in the diploid Z region and autosomes, from 20% to 60% of genes exhibited no
polymorphisms. This reflects extremely low levels of nonsynonymous and
synonymous polymorphisms segregating on the hemizygous Z region (Figure 2),
congruent with the extreme reduction in the population size for hemizygous Z
compared to the rest of the genome (S.Figure 1). The small number of genes in
some categories, especially on hemizygous Z, greatly reduced our statistical power.
It should be noted that our values of a likely underestimate the true proportion of
nonsynonymous substitutions fixed by positive selection, however, here we are
interested in relative differences in the strength of selection in different genomic
regions. Furthermore, a values for diploid Z region should be interpreted taking into
account that observed higher diversity for female-biased genes is not reflected in
higher divergence, as this region only recently became diploid and its divergence
reflects autosomal patterns. In agreement with purifying selection being relaxed on
both the hemizygous and diploid Z, genes in both regions showed reduced a values
compared with autosomal genes (p=4.5*10"° and p=0.005) (S.Figure 3A). Once
again, the effect was stronger for the hemizygous Z region than for the diploid Z.

In addition to a, we calculated a second metric of selection strength, the
Direction of Selection (DoS) (Stoletzki and Eyre-Walker, 2011), and the results were
qualitatively similar (S.Figure 4A). The lower values of DoS observed for both
hemizygous and diploid Z genes compared to autosomal genes (p=4.7*10"° and
p=0.0043) suggest that there is an excess of nonsynonymous polymorphisms that
reach high frequencies in the population (as we removed rare variants) on both
regions of the Z.

Different evolutionary dynamics of hemizygous and diploid Z-linked sex-biased
genes

Genes with sex-specific functions are expected to evolve differently on
hemizygous and diploid Z-linked regions. To test this hypothesis, we used
sex-specific patterns of expression as a proxy for function. We measured sex bias in
the expression of the S.japonicum whole body throughout the development, as SPM
(specificity metric, Kryuchkova-Mostacci and Robinson-Rechavi, 2017), where 0
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corresponds to male-specific expression and 1 corresponds to female-specific
expression. S.Figure 2. shows distributions of sex-biased expression on autosomes,
in the diploid Z region and in the hemizygous Z region. The hemizygous Z region is
significantly masculinized (D = 0.54589, p-value < 2.2*107"%, W = 3170339, p-value <
2.2*10%%), in agreement with its incomplete mechanism of dosage compensation
(Picard et al., 2018), while the diploid Z region exhibits a small shift towards
male-biased expression (D = 0.11372, p-value = 2.487*10°, W = 1953576, p-value =
0.0003627).

Figure 3. shows nonsynonymous to synonymous substitution rates and
genetic diversity as a function of sex-bias and genomic region: hemizygous Z, diploid
Z and autosomes. Unbiased genes generally follow the trends described above for
all genes: both hemizygous Z and diploid Z genes have increased Ka/Ks (though
only significantly so in the case of diploid genes, p=0.025) and increased TIN/TTS
compared with autosomal genes (p=9.7*107 and p=0.027 for hemizygous and
diploid Z genes), consistent with reduced efficacy of selection on both parts of the Z.
This is also supported by their reduced a values compared with autosomal values
(S.Figure 3B, p=0.00038 and p=0.00781 for hemizygous and diploid Z genes).

In the hemizygous Z region, a key prediction is that genes that function
primarily in females are expected to be under stronger efficacy of selection than
equivalent autosomal genes, potentially leading to higher rates of adaptive
divergence. The ratio of nonsynonymous to synonymous divergence (Ka/Ks) for
female-biased genes on the hemizygous Z is significantly higher than for autosomal
female-biased genes (W = 7432, p-value = 0.03918). Female-biased genes on the
hemizygous Z also have a higher median Ka/Ks than female-biased genes on the
diploid Z, however, the difference is not significant (W = 718, p-value = 0.1146),
possibly due to low statistical power, as there are only 15 and 76 genes, respectively,
in these categories. TN/TS values did not differ between female-biased genes on
the hemizygous Z and on the autosomes, and a trended towards higher values for
the former (though not significantly so), suggesting that positive selection acting on
hemizygous mutations may contribute to the observed increase in protein coding
divergence. Male-biased genes on the hemizygous Z also showed higher Ka/Ks than
male-biased genes on autosomes (W = 137936, p-value = 8.587*107"2) but this was
in this case associated with elevated levels of mTN/TS (hZ vs A mb: W = 35139,
p-value = 3.512*10™) and reduced values of a (p=2.1*107"), consistent with a
primary role of relaxed purifying selection.

On the diploid Z, the expectation is that female-biased genes should be under
strongly reduced efficacy of selection. Neither female-biased nor male-biased genes
on the hemizygous Z showed a significant difference in Ka/Ks when compared to
their respective autosomal controls (W = 29213, p-value = 0.8083, W = 39549,
p-value = 0.239, respectively). While TTN/TS did not differ between diploid Z and
autosomal male-biased genes, suggesting the two are under similar selective
pressures, female-biased genes on the diploid Z had higher TN/TTS and lower a than
their autosomal counterparts (dZ vs A fb: p = 0.001672 and p=0.0078). (Figure 3, S.
Figure 3B). This is generally in line with our predictions that mutations can freely
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accumulate on female-biased genes in diploid Z, as they are sheltered from selection
by the functional gemetolog on the W.

Discussion

The sex chromosomes of Schistosoma japonicum, with their clearly
distinguishable hemizygous Z and diploid Z regions, that is, strata with degenerated
W and with non-degenerated W (Elkrewi et al., 2021, Xu et al., 2023), provide an
ideal opportunity to study the evolutionary dynamics of young and old sex-linked
regions in the same species. Our results suggest that the effective population size
(Ne) of the Z chromosome in S. japonicum is much lower than the expected % of the
autosomal effective population size. Since neutral diversity levels are a function of
Ne times the mutation rate , it is possible that the difference is driven by differences
in Y. Indeed, the lower synonymous divergence (Ks) observed for the Z compared
with the autosomes suggests that mutation rates may be lower on the Z. To account
for this, we also compared the distribution of 1/Ks, which should control for the
mutation rate. Values for the Z were still lower than % of those of the autosomes
(hZ/A=0.2584, dZ/A=0.4290, S.Figure 5), suggesting a true reduction in Ne. The
effective population size of Z chromosomes is expected to typically be smaller than
the effective population size of X chromosomes, because Z chromosomes spend
most of the time in males, and males often have a larger variance of reproductive
success, which decreases their effective population size (Caballero, 1995,
Charlesworth, 2001, Laporte and Charlesworth, 2002, Vicoso and Charlesworth,
2009, Mank, Vicoso et al., 2010). While the variance in reproductive success of
males and females of S. japonicum is not known, adult populations of adults are
typically male-biased (Beltran and Boissier, 2010). Given the largely monogamous
reproductive mode of schistosome parasites (Beltran and Boissier, 2008), this may
lead to a substantial proportion of males remaining unpaired, thereby increasing the
variance in their reproductive success.

Interestingly, the Ne of the hemizygous Z is lower than the Ne of the diploid Z.
One possibility to explain this is that the hemizygous Z region has been
non-recombining for a longer amount of time: if loss of recombination with the W
occurred very recently, the diploid Z may still not have lost all the standing variation
that it harbored when it was a pseudoautosomal region. This is however unlikely to
fully explain the pattern, as the reduction in Ne following a decrease in population
size should occur fairly rapidly (as the long-term Ne is simply the harmonic mean of
the population sizes over generations, Kalinowski and Waples, 2002). The lower Ne
observed on the Z chromosome could also be due to the stronger effect of linked
selection. The effect of linked selection should be particularly strong on the
hemizygous Z, due to recessive mutations being exposed to selection. While we did
not detect evidence of stronger positive selection on the hemizygous Z than on the
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autosomes, a recent study did detect a few loci under strong selection (Zhou et al.,
2024), which may have contributed to reducing its genetic diversity. Additionally, it is
possible that the hemizygous Z region does not recombine even in males (or has
very low recombination rates), which would further reduce diversity. While no linkage
map is available for S. japonicum, the Z-specific region of its close relative S.
mansoni, which is partly shared with S. japonicum, has normal levels of
recombination in males (Criscione et al., 2009). It therefore seems likely that a
combination of factors drives the strong reduction in Ne that we observe.

Consistent with this reduced effective population size, our results suggest that
the evolution of the Z chromosome in S.japonicum is dominated by the effect of
relaxed purifying selection. This is in line with the general pattern of faster rates of
evolution on the Z chromosome, which are often caused by drift due to its smaller
effective population size (Mank, Vicoso et al., 2010, Mank et al., 2010, Hayes et al,
2020, Chase et al., 2023, Mongue and Baird, 2024). Although both the hemizygous
and diploid Z regions are under reduced efficacy of purifying selection, we could to
some extent test the differential expectations of the “faster-Z” and “slower-Z” effects
by focusing on sex-biased genes. The effect of drift is expected to be counteracted
to some extent by strong haploid selection for female-biased genes on hemizygous Z
(Vicoso and Charlesworth, 2006). Consistent with this, female-biased genes located
on the hemizygous Z region had a slightly increased Ka/Ks, but not TTN/TTS, when
compared to autosomal female-biased genes. However, since only a handful of
genes had sufficient polymorphism in our dataset, we could not obtain a significant
signal of Faster-Z effect when using a inferences. On the other hand, in addition to
reduced Ne, in the young diploid Z region, selective constraints should be relaxed
due to the sheltering effect of functional gametologs on the W, and this effect should
be stronger for genes expressed primarily in females. The effect of sheltering is
supported by the fact that female-biased genes have the highest TTN/TTS, and the
lowest inferred a, of the genes in the diploid Z region. Taken together, these results
confirm that diploid and hemizygous sex-linked regions have different evolutionary
dynamics, and that genes that function predominantly in one sex are primarily
affected (assuming that sex-biased gene expression is a good proxy for sex-biased
function).

Several theoretical models predict that Z-chromosomes may become
“‘masculinized” over time, i.e. they may lose genes with female-specific functions and
gain genes that work primarily in males (Gurbich and Bachtrog, 2008, Mrnjavac et
al., 2023). An excess of Z-linked genes of S. japonicum are indeed male-biased in
their expression. In the hemizygous Z region, masculinized expression can to a large
extent be explained by the incomplete dosage compensation system found in this
group: the Z chromosome is upregulated in both sexes, and has higher expression in
males, since males have two copies of the Z (Picard et al., 2018). Whether an
ancestral enrichment in genes with male-specific functions favored the evolution of
such an unusual regulatory mechanism has yet to be tested. In the diploid Z region,
expression patterns are more similar to autosomal ones, as we are capturing
expression from the W gametologs in females, but a significant bias towards higher
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male expression was observed. This could have two (non-mutually exclusive)
explanations: 1. Genes on the W may have undergone some regulatory
degeneration, leading to their lower expression; 2. Genes on the Z may have
become masculinized, ie male-beneficial mutations may have favored their
increased expression in males and/or decreased expression in females, as predicted
by the Slower-Z hypothesis. A recent study found similar expression levels from the
W and the Z in the diploid Z region (Elkrewi et al., 2021); however, there was very
limited power as only a small subset of genes were sampled. Future work comparing
the expression of the Z and the W over the whole region, as well as patterns of
expression of these genes in species where they are not sex-linked, may shed light
on which of these hypotheses is driving this shift.

Our study illustrates different evolutionary dynamics of old and young
sex-linked regions. Together with other studies on young sex-linked regions in
butterflies of genus Leptidea (Hook et al.,2023), plant Silene latifolia (Krasovec et al.,
2018), and several Drosophila species (Nozawa et al., 2016, Nozawa et al., 2021),
our study suggests that Slower-X (or Slower-Z) effect might be widespread in young
sex-linked regions. This body of work also illustrates the importance of studying
non-model species, where diploid Z and X regions might be common, but
underreported, as well as using population data for studying ongoing evolutionary
processes.
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Figure 1. Schistosoma japonicum Z chromosome strata: hemizygous and diploid Z
regions. Upper panel: Log2(Female coverage / Male coverage) along the Z
chromosome. Hemizygous Z region has male coverage that is two times the female
coverage. Lowe panel: Male-to-Female Fst along the Z chromosome. Diploid Z
region has equal coverage in males and females,but has high levels of
Male-to-Female Fst.
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Figure 2. Synonymous (Ks) and nonsynonymous divergence (Ka), and their ratio
(Ka/Ks), nonsynonymous (1mS) and synonymous diversity (TTN) and their ratio
(TTN/11S) for hemizygous and diploid Z and autosomes.
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Figure 3. Ka/Ks and TTN/TS for hemizygous and diploid Z and autosomes as a
function of sex-bias.

14


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

References

Abascal, F., R. Zardoya, and M. J. Telford. 2010. TranslatorX: multiple alignment of
nucleotide sequences guided by amino acid translations. Nucleic Acids Research
38:W7-W13.

Al-Saffar, S. |, and M. W. Hahn. 2022. Evaluating methods for estimating the
proportion of adaptive amino acid substitutions. bioRxiv.

Avila, V., S. Marion de Procé, J. L. Campos, H. Borthwick, B. Charlesworth, and A. J.
Betancourt. 2014. Faster-X Effects in Two Drosophila Lineages. Genome Biology
and Evolution 6:2968-2982.

Bachtrog, D. 2013. Y-chromosome evolution: emerging insights into processes of
Y-chromosome degeneration. Nat Rev Genet 14:113—-124.

Beltran, S., and J. Boissier. 2010. Male-biased sex ratio: why and what
consequences for the genus Schistosoma? Trends in Parasitology 26:63—69.

Beltran, S., and J. Boissier. 2008. Schistosome monogamy: who, how, and why?
Trends in Parasitology 24:386—-391.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30:2114—2120.

Bray, N. L., H. Pimentel, P. Melsted, and L. Pachter. 2016. Near-optimal probabilistic
RNA-seq quantification. Nat Biotechnol 34:525-527.

Caballero, A. 1995. On the effective size of populations with separate sexes, with
particular reference to sex-linked genes. Genetics 139:1007-1011.

Campos, J. L., D. L. Halligan, P. R. Haddril, and B. Charlesworth. 2014. The
Relation between Recombination Rate and Patterns of Molecular Evolution and
Variation in Drosophila melanogaster. Molecular Biology and Evolution

31:1010-1028.

15


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Charlesworth, B. 2001. The effect of life-history and mode of inheritance on neutral
genetic variability. Genetics Research 77:153—-166.

Charlesworth, B., J. L. Campos, and B. C. Jackson. 2018. Faster-X evolution:
Theory and evidence from Drosophila. Molecular Ecology 27:3753-3771.

Charlesworth, B., and D. Charlesworth. 2010. Elements of Evolutionary Genetics.
Roberts and Company.

Charlesworth, B., J. A. Coyne, and N. H. Barton. 1987. The Relative Rates of
Evolution of Sex Chromosomes and Autosomes. The American Naturalist
130:113-146.

Charlesworth, D. 2021. The timing of genetic degeneration of sex chromosomes.
Philosophical Transactions of the Royal Society B: Biological Sciences
376:20200093.

Chase, M. A., M. Vilcot, and C. F. Mugal. 2023. Evidence that genetic drift not
adaptation drives fast-Z and large-Z effects in Ficedula flycatchers. Molecular
Ecology n/a:e17262.

Cingolani, P., A. Platts, L. L. Wang, M. Coon, T. Nguyen, L. Wang, S. J. Land, X. Lu,
and D. M. Ruden. 2012. A program for annotating and predicting the effects of
single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila
melanogaster strain w1118; iso-2; iso-3. Fly 6:80-92.

Criscione, C. D., C. L. Valentim, H. Hirai, P. T. LoVerde, and T. J. Anderson. 2009.
Genomic linkage map of the human blood fluke Schistosoma mansoni. Genome
Biology 10:R71.

Danecek, P., A. Auton, G. Abecasis, C. A. Albers, E. Banks, M. A. DePristo, R. E.

Handsaker, G. Lunter, G. T. Marth, S. T. Sherry, G. McVean, R. Durbin, and 1000

16


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Genomes Project Analysis Group. 2011. The variant call format and VCFtools.
Bioinformatics 27:2156-2158.

Darolti, 1., P. Almeida, A. E. Wright, and J. E. Mank. 2022. Comparison of
methodological approaches to the study of young sex chromosomes: A case study
in Poecilia. Journal of Evolutionary Biology 35:1646—1658.

Darolti, I., L. J. M. Fong, B. A. Sandkam, D. C. H. Metzger, and J. E. Mank. 2023.
Sex chromosome heteromorphism and the Fast-X effect in poeciliids. Molecular
Ecology 32:4599-4609.

Elkrewi, M., M. A. Moldovan, M. A. L. Picard, and B. Vicoso. 2021. Schistosome
W-Linked Genes Inform Temporal Dynamics of Sex Chromosome Evolution and
Suggest Candidate for Sex Determination. Molecular Biology and Evolution
38:5345-5358.

Fay, J. C., G. J. Wyckoff, and C.-l. Wu. 2001. Positive and Negative Selection on the
Human Genome. Genetics 158:1227-1234.

Furman, B. L. S., D. C. H. Metzger, |. Darolti, A. E. Wright, B. A. Sandkam, P.
Almeida, J. J. Shu, and J. E. Mank. 2020. Sex Chromosome Evolution: So Many
Exceptions to the Rules. Genome Biology and Evolution 12:750-763.

Garrigan, D., S. B. Kingan, A. J. Geneva, J. P. Vedanayagam, and D. C. Presgraves.
2014. Genome Diversity and Divergence in Drosophila mauritiana: Multiple
Signatures of Faster X Evolution. Genome Biology and Evolution 6:2444-2458.

Gurbich, T. A.,, and D. Bachtrog. 2008. Gene content evolution on the X
chromosome. Current Opinion in Genetics & Development 18:493-498.

Hayes, K., H. J. Barton, and K. Zeng. 2020. A Study of Faster-Z Evolution in the

Great Tit (Parus major). Genome Biology and Evolution 12:210-222.

17


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

He, L., K.-H. Jia, R.-G. Zhang, Y. Wang, T.-L. Shi, Z.-C. Li, S.-W. Zeng, X.-J. Cai, N.
D. Wagner, E. Horandl, A. Muyle, K. Yang, D. Charlesworth, and J.-F. Mao. 2021.
Chromosome-scale assembly of the genome of Salix dunnii reveals a
male-heterogametic sex determination system on chromosome 7. Molecular
Ecology Resources 21:1966—1982.

Hook, L., R. Vila, C. Wiklund, and N. Backstrom. 2024. Temporal dynamics of faster
neo-Z evolution in butterflies. Evolution qpae082.

Jay, P, D. Jeffries, F. E. Hartmann, A. Véber, and T. Giraud. 2024. Why do sex
chromosomes progressively lose recombination? Trends in Genetics 0.

Kalinowski, S. T., and R. S. Waples. 2002. Relationship of Effective to Census Size
in Fluctuating Populations. Conservation Biology 16:129—-136.

Kent, W. J. 2002. BLAT—The BLAST-Like Alignment Tool. Genome Res.
12:656—664.

Korunes, K. L., and K. Samuk. 2021. pixy: Unbiased estimation of nucleotide
diversity and divergence in the presence of missing data. Molecular Ecology
Resources 21:1359-1368.

Kousathanas, A., D. L. Halligan, and P. D. Keightley. 2014. Faster-X Adaptive Protein
Evolution in House Mice. Genetics 196:1131-1143.

Krasovec, M., B. Nevado, and D. A. Filatov. 2018. A Comparison of Selective
Pressures in Plant X-Linked and Autosomal Genes. Genes 9:234.

Kryuchkova-Mostacci, N., and M. Robinson-Rechavi. 2017. A benchmark of gene
expression tissue-specificity metrics. Briefings in Bioinformatics 18:205-214.

Langmead, B., and S. L. Salzberg. 2012. Fast gapped-read alignment with Bowtie 2.

Nat Methods 9:357-359.

18


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Laporte, V., and B. Charlesworth. 2002. Effective Population Size and Population
Subdivision in Demographically Structured Populations. Genetics 162:501-519.
Leroy, T., Y. Anselmetti, M.-K. Tilak, S. Bérard, L. Csukonyi, M. Gabrielli, C.
Scornavacca, B. Mila, C. Thébaud, and B. Nabholz. 2021. A bird’s white-eye view

on avian sex chromosome evolution. Peer Community Journal 1.

Li, H., B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth, G.
Abecasis, R. Durbin, and 1000 Genome Project Data Processing Subgroup. 2009.
The Sequence Alignment/Map format and SAMtools. Bioinformatics
25:2078-2079.

Luo, F., W. Yang, M. Yin, X. Mo, Y. Pang, C. Sun, B. Zhu, W. Zhang, C. Yi, Z. Li, J.
Wang, B. Xu, Z. Feng, Y. Huang, Y. Lu, and W. Hu. 2022. A chromosome-level
genome of the human blood fluke Schistosoma japonicum identifies the genomic
basis of host-switching. Cell Reports 39:110638.

Luo, R., B. Liu, Y. Xie, Z. Li, W. Huang, J. Yuan, G. He, Y. Chen, Q. Pan, Y. Liu, J.
Tang, G. Wu, H. Zhang, Y. Shi, Y. Liu, C. Yu, B. Wang, Y. Lu, C. Han, D. W.
Cheung, S.-M. Yiu, S. Peng, Z. Xiaogian, G. Liu, X. Liao, Y. Li, H. Yang, J. Wang,
T-W. Lam, and J. Wang. 2012. SOAPdenovo2: an empirically improved
memory-efficient short-read de novo assembler. GigaScience 1:18.

Mank, J. E., K. Nam, and H. Ellegren. 2010a. Faster-Z Evolution Is Predominantly
Due to Genetic Drift. Molecular Biology and Evolution 27:661-670.

Mank, J. E., B. Vicoso, S. Berlin, and B. Charlesworth. 2010b. EFFECTIVE
POPULATION SIZE AND THE FASTER-X EFFECT: EMPIRICAL RESULTS AND
THEIR INTERPRETATION. Evolution 64:663—-674.

McDonald, J. H., and M. Kreitman. 1991. Adaptive protein evolution at the Adh locus

in Drosophila. Nature 351:652-654.

19


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Meisel, R. P.,, and T. Connallon. 2013. The faster-X effect: integrating theory and
data. Trends in Genetics 29:537-544.

Mongue, A. J., and R. B. Baird. 2024. Genetic drift drives faster-Z evolution in the
salmon louse Lepeophtheirus salmonis. Evolution qpae090.

Mongue, A. J., M. E. Hansen, and J. R. Walters. 2022. Support for faster and more
adaptive Z chromosome evolution in two divergent lepidopteran lineages®*.
Evolution 76:332—-345.

Mrnjavac, A., K. A. Khudiakova, N. H. Barton, and B. Vicoso. 2023. Slower-X:
reduced efficiency of selection in the early stages of X chromosome evolution.
Evolution Letters 7:4—-12.

Nozawa, M., Y. Minakuchi, K. Satomura, S. Kondo, A. Toyoda, and K. Tamura. 2021.
Shared evolutionary trajectories of three independent neo-sex chromosomes in
Drosophila. Genome Res. 31:2069-2079.

Nozawa, M., K. Onizuka, M. Fujimi, K. lkeo, and T. Gojobori. 2016. Accelerated
pseudogenization on the neo-X chromosome in Drosophila miranda. Nat Commun
7:13659.

Picard, M. A. L., C. Cosseau, S. Ferré, T. Quack, C. G. Grevelding, Y. Couté, and B.
Vicoso. 2018. Evolution of gene dosage on the Z-chromosome of schistosome
parasites. elLife 7:€35684.

Pimentel, H., N. L. Bray, S. Puente, P. Melsted, and L. Pachter. 2017. Differential
analysis of RNA-seq incorporating quantification uncertainty. Nat Methods
14:687-690.

Protasio, A. V., I. J. Tsai, A. Babbage, S. Nichol, M. Hunt, M. A. Aslett, N. D. Silva, G.
S. Velarde, T. J. C. Anderson, R. C. Clark, C. Davidson, G. P. Dillon, N. E. Holroyd,

P. T. LoVerde, C. Lloyd, J. McQuillan, G. Oliveira, T. D. Otto, S. J. Parker-Manuel,

20


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

M. A. Quail, R. A. Wilson, A. Zerlotini, D. W. Dunne, and M. Berriman. 2012. A
Systematically Improved High Quality Genome and Transcriptome of the Human
Blood Fluke Schistosoma mansoni. PLOS Neglected Tropical Diseases 6:€1455.

R Core Team. 2023. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https.//www.R-project.org/
Smith, N. G. C., and A. Eyre-Walker. 2002. Adaptive protein evolution in Drosophila.

Nature 415:1022—-1024.

Stoletzki, N., and A. Eyre-Walker. 2011. Estimation of the Neutrality Index. Molecular
Biology and Evolution 28:63-70.

Veeramah, K. R., R. N. Gutenkunst, A. E. Woerner, J. C. Watkins, and M. F.
Hammer. 2014. Evidence for Increased Levels of Positive and Negative Selection
on the X Chromosome versus Autosomes in Humans. Molecular Biology and
Evolution 31:2267-2282.

Vicoso, B., and B. Charlesworth. 2009. EFFECTIVE POPULATION SIZE AND THE
FASTER-X EFFECT: AN EXTENDED MODEL. Evolution 63:2413-2426.

Vicoso, B., and B. Charlesworth. 2006. Evolution on the X chromosome: unusual
patterns and processes. Nat Rev Genet 7:645-653.

Villavicencio, M. L., J. Ledamoisel, C. Lopez-Roques, V. Debat, and V. Llaurens.
2024. Increased evolutionary rate in the Z-chromosome of Morpho butterflies and
implications for speciation. bioRXxiv.

Wanders, K., G. Chen, S. Feng, T. Székely, and A. O. Urrutia. 2024. Role-reversed
polyandry is associated with faster fast-Z in shorebirds. Proceedings of the Royal

Society B: Biological Sciences 291:20240397.

21


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.02.601697; this version posted July 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Wang, D., Y. Zhang, Z. Zhang, J. Zhu, and J. Yu. 2010. KaKs_Calculator 2.0: A
Toolkit Incorporating Gamma-Series Methods and Sliding Window Strategies.
Genomics, Proteomics & Bioinformatics 8:77-80.

Wang, J., Y. Yu, H. Shen, T. Qing, Y. Zheng, Q. Li, X. Mo, S. Wang, N. Li, R. Chai, B.
Xu, M. Liu, P. J. Brindley, D. P. McManus, Z. Feng, L. Shi, and W. Hu. 2017.
Dynamic transcriptomes identify biogenic amines and insect-like hormonal
regulation for mediating reproduction in Schistosoma japonicum. Nat Commun
8:14693.

Xu, X., Y. Wang, C. Wang, G. Guo, X. Yu, Y. Dai, Y. Liu, G. Wei, X. He, G. Jin, Z.
Zhang, Q. Guan, A. Pain, S. Wang, W. Zhang, N. D. Young, R. B. Gasser, D. P.
McManus, J. Cao, Q. Zhou, and Q. Zhang. 2023. Chromosome-level genome
assembly defines female-biased genes associated with sex determination and
differentiation in the human blood fluke Schistosoma japonicum. Molecular
Ecology Resources 23:205-221.

Zhou, A., W. Zhang, X. Ge, Q. Liu, F. Luo, S. Xu, W. Hu, and Y. Lu. 2024.
Characterizing genetic variation on the Z chromosome in Schistosoma japonicum

reveals host-parasite co-evolution. Parasites & Vectors 17:207.

22


https://doi.org/10.1101/2024.07.02.601697
http://creativecommons.org/licenses/by-nc-nd/4.0/

