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Sex-limited experimental evolution drives transcriptomic
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Abstract

The evolution of gonochorism from hermaphroditism is linked with the formation of sex chromosomes, as well as the evo-
lution of sex-biased and sex-specific gene expression to allow both sexes to reach their fitness optimum. There is evidence that
sexual selection drives the evolution of male-biased gene expression in particular. However, previous research in this area in
animals comes from either theoretical models or comparative studies of already old sex chromosomes. We therefore inves-
tigated changes in gene expression under 3 different selection regimes for the simultaneous hermaphrodite Macrostomum
lignano subjected to sex-limited experimental evolution (i.e. selection for fitness via eggs, sperm, or a control regime allowing
both). After 21 and 22 generations of selection for male-specific or female-specific fitness, we characterized changes in
whole-organism gene expression. We found that female-selected lines had changed the most in their gene expression.
Although annotation for this species is limited, gene ontology term and Kyoto Encyclopedia of Genes and Genomes pathway
analyses suggest that metabolic changes (e.g. biosynthesis of amino acids and carbon metabolism) are an important adaptive
component. As predicted, we found that the expression of genes previously identified as testis-biased candidates tended to
be downregulated in the female-selected lines. We did not find any significant expression differences for previously identified
candidates of other sex-specific organs, but this may simply reflect that few transcripts have been characterized in this way. In
conclusion, our experiment suggests that changes in testis-biased gene expression are important in the early evolution of sex
chromosomes and gonochorism.

Key words: Macrostomum lignano, experimental evolution, sexual selection, sex-biased gene expression, evolution of go-
nochorism, hermaphrodite, sex chromosome evolution.
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Significance

The evolution of separate sexes from a hermaphroditic ancestor can evolve either gradually, via small changes in sex-
specific gene expression, or rapidly, via sterility mutations in either sex role, leading to the evolution of sex chromosomes.
However, this has never been observed in real time. We therefore carried out sex-limited experimental evolution in a
hermaphroditic worm to study these early stages in the evolution of separate sexes. After 20 generations of evolution
toward females or males, we found that worms from the female-limited selection lines have diverged the most in gene
expression. The response was mainly by downregulating genes associated with male function, suggesting that sex-
specific gene expression can evolve rapidly in transitions from hermaphroditism to separate sexes.

Introduction

The evolution of separate sexes from a hermaphrodite an-
cestor either results gradually by decreasing investment in
one sex function or rapidly by the evolution of sex chromo-
somes via sterility mutations (Bachtrog et al. 2014). Sex
chromosomes generally arise from a pair of autosomes,
which acquire a major sex-determining gene (or genes) by
mutation (most commonly the duplication of a down-
stream gonadal factor undergoing transcriptional rewiring
[Rafati et al. 2020]). During the transition from hermaphro-
dite to separate-sexed populations, at least 2 mutations are
believed to be needed; one that causes sterility in the fe-
male function (resulting in the production of males) and
one that causes sterility in the male function (resulting in
the production of females). These mutations may occur in
the same or separate genes. It is unlikely that both muta-
tions arise simultaneously, so populations transitioning to
separate sexes are expected to go through an intermediate
step of androdioecy (males and hermaphrodites) or
gynodioecy (females and hermaphrodites), of which gyno-
dioecy is more common (Beukeboom and Perrin 2014). A
frequent type of sex-determining mutation is recessive
male sterility, which drives the evolution of an XY system
if followed by fixation of a dominant female sterility muta-
tion. Conversely, if the initial male sterility mutation is dom-
inant, then a ZW system can evolve, by the acquisition of a
recessive female sterility mutation. Once this has happened,
beneficial sex-specific genes become linked to the sex-
determining region on the Y or W. Recombination is then
suppressed to avoid breaking up favorable gene combina-
tions, and heteromorphic sex chromosomes eventually
evolve (Beukeboom and Perrin 2014).

Sex chromosomes play animportant role in the evolution of
sexual dimorphism and facilitate sex-limited or sex-biased
gene expression (Grath and Parsch 2016). The degree of sex
bias in expression depends on the developmental stage and
condition of the organism and often varies across tissues
(Grath and Parsch 2016). Unsurprisingly, sex bias in expression
is usually strongest in the sexually dimorphic gonads of sexu-
ally mature and well-conditioned male and female adults
(Grath and Parsch 2016). It is well established that sexual
selection shapes the rapid evolution of sex-biased genes and

male-biased genes in particular (Parsch and Ellegren 2013;
Veltsos et al. 2017), although genetic drift can also play a
role, especially in small populations (Prentout et al. 2023).
However, much of what we know of early sex chromosome
evolution and the subsequent evolution of sex-biased gene
expression in animals is through mathematical models or com-
parative studies of sex chromosome systems that can be hun-
dreds of thousands to millions of years old (Charlesworth
2019).

The evolution of sexual dimorphism can be investigated in a
manipulative way using experimental evolution to observe
changes in real time. For example, a number of previous ex-
perimental evolution studies have aimed to modify the
strength of sexual selection. These studies have been per-
formed in both gonochorists and hermaphrodites, in order
to study the genomic and phenotypic response to the altered
selection pressure (Hollis et al. 2014; Innocenti et al. 2014;
Janicke et al. 2016; Veltsos et al. 2017; Bonel et al. 2018;
Wiberg et al. 2021). In one such study in Drosophila melano-
gaster, sexual selection was relaxed in lines with monogamous
mating, and gene expression was then compared with control
polygamous lines (Hollis et al. 2014). The monogamous lines
had the increased expression of female-biased genes and de-
creased expression of male-biased genes compared control
lines in both sexes, suggesting that sexual selection shapes
the expression of sex-biased genes. Another similar study ex-
amined the expression profile of female flies only, finding simi-
lar changes in gene expression in monogamous females
compared with the control lines, which occurred mostly in
the ovary (Innocenti et al. 2014). In contrast, data from
D. pseudoobscura showed masculinization of the transcrip-
tome under monogamous conditions, although the effect
was dependent on tissue, sex, and courtship status (Veltsos
et al. 2017). Using a different experimental system, Joag et al.
(2016) selected males of the bulb mite (Rhizoglyphus robini)
for 1 of the 2 alternative male morphs in this species (armored
fighter males and feminized scrambler males) per selection
regime found expression differences in females. These studies
demonstrate that altered sex-specific selection pressures have
the potential to shape sex differences in expression.

Experimental evolution through sex-specific selection has
also been performed in hermaphrodites (Janicke et al.
2016; Bonel et al. 2018). Female-specific selection (via
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enforced monogamy) in the hermaphroditic snail Physa acuta
seems to have resulted in the accumulation of deleterious
mutations affecting fitness in the male role as well as juvenile
fitness (Bonel et al. 2018). Conversely, male-specific selection
(via increased mating group size while equalizing female fit-
ness) did not result in differences compared with the control
group (Bonel et al. 2018). These results suggest that sexual
selection is important in eliminating deleterious alleles
through selection on male fitness, even in hermaphroditic
species. While enforced monogamy in Macrostomum ligna-
no did not lead to heritable changes in sex allocation mea-
sured as testes area against the total area of both gonads,
changes in the male copulatory organ (stylet) and sperm
morphology were observed (Janicke et al. 2016). These stud-
ies show that experimentally manipulating the strength of
sexual-specific and sex-specific selection (in particular, relax-
ing selection on male fitness) can shed light on the evolution-
ary dynamics of sex-biased genes (or sex function—biased
genes in hermaphrodites).

Another approach to understanding the evolution of sex
bias in gene expression due to the evolution of sex chromo-
somes is to carry out sex-limited evolution specifically of sex
chromosomes. An experimental evolution study by Abbott
et al. (2020) showed that if the X chromosome is inherited
only through males in D. melanogaster, then the upregula-
tion of male-benefit and the downregulation of female-
benefit sexually antagonistic genes evolve. The response to
selection involved genes on all chromosomes, many of which
were linked to metabolism. However, relatively little is known
about how genes acquire sex-specific functions on nascent
sex chromosomes since this process is difficult to study in
real time. Even young sex chromosome systems are often sev-
eral million years old (Charlesworth 2019; Rafati et al. 2020;
Edvardsen et al. 2022). We therefore aimed to gain a deeper
insight into the very earliest stages in the evolution of sex-
specific gene expression, using a sex-limited experimental
evolution system in the simultaneously hermaphroditic flat-
worm M. lignano (Nordén et al. 2023). More specifically,
we have previously subjected 4 replicate populations to male-
limited selection, 4 to female-limited selection, and 4 to the
control regime in which fitness continued to be gained
through both the male and female functions. The selection
regimes were achieved using a green fluorescent protein
(GFP)-transformed line (Wudarski et al. 2017) in which this
genetic marker was used as a proxy for a sex-determining
gene to impose sex function-limited evolution. This essential-
ly means that the GFP gene functions as a dominant sterility
mutation in one sex function (either a female sterility muta-
tion in the male-limited selection lines or a male sterility mu-
tation in the female-limited selection lines, but without
actually causing sterility), mimicking the evolution of a sex-
determining locus on an autosome. The male-limited
selection lines thus serve as a model for the evolution of a
male-dominant sex chromosome system (XY), and the

female-limited selection lines serve as a model for the evolu-
tion of a female-dominant sex chromosome system (ZW),
meaning that in each generation the GFP-expressing worms
from those replicates could gain fitness only through their
male or their female sex function, but not both.

A previous study of these lines found evidence of an evo-
lutionary response on the phenotypic level after 14 genera-
tions in the female-selected lines, with increased fitness in
the female sex function and decreased fitness in the male
sex function compared with both the control and male-
limited selection lines (Nordén et al. 2023). There were no dif-
ferences in gonad size between selection regimes, so this
suggests that the fitness differences that were observed
were not related purely to differences in morphology. Here,
we build on these results by investigating the evolutionary re-
sponse to the selection regime on the genomic level, specif-
ically changes in gene expression. We characterized the
whole-organism expression profile after 21 and 22 genera-
tions of selection and compared the observed changes
between the selection regimes, especially in relation to previ-
ously identified sex organ-biased genes (Arbore et al. 2015;
Lengerer et al. 2018; Ramm et al. 2019). We predicted that
the expression of putative female-specific genes (especially
ovary) would increase and expression of putative male-
specific genes (especially testes) would decrease in the
female-selected lines and vice versa in the male-selected lines.
Our results partially support this scenario, and since many of
the genes identified from our study had not previously been
characterized as having sex function—specific expression or
function, we may have uncovered several novel candidates
involved in sex function specialization.

Results

Differentially Expressed Transcripts and Their Gene
Pathways

We were mainly interested in divergence between the female-
selected and male-selected lines, and indeed 395 transcripts
were differentially expressed between these lines (Fig. 1).
However, the largest number of differentially expressed tran-
scripts (1175) was between the female-selected lines and con-
trols (Fig. 1). This was somewhat surprising, since we expected
greatest divergence between the male-selected and female-
selected lines, but the modest number of differentially
expressed transcripts between the male-selected lines and
control lines (318) may suggest that these 2 selection regimes
are not well differentiated, consistent with previous pheno-
typic results (Nordén et al. 2023). Finally, we found that
changes in 234 transcripts were specific to the female-
selected lines and 84 were specific to the male-selected lines
as they differ from each other as well as the controls (Fig. 1).
There was no evidence that changes in gene expression
were observed more often than expected in the GFP scaffold,
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Fic. 1.—Venn diagram for significantly differentially expressed transcripts. The largest number of differentially expressed transcripts was between the
female-selected lines and controls (1,175 in total), where transcripts were mainly downregulated in the female-selected lines relative to the control lines.
The difference between the male-selected and female-selected lines was smaller (395), and transcripts were mainly upregulated in the male-selected lines
relative to the control lines. Finally, the male-selected lines differed from the controls the least (318), and again in this comparison, transcripts are mainly down-
regulated in the male-selected lines relative to the control lines. The barplots are a schematic illustration of the most common direction of change between the
selection regimes based on the pattern of significant differences and do not reflect actual values.

either when comparing among lines (supplementary fig. S6,
Supplementary Material online; paired Wilcoxon signed ranks
test MvsF comparison: V=14,811, P-value=0.9916; FvsC
comparison: V= 16,228, P-value=0.1616; MvsC compari-
son: V=13,299, P-value =0.237) or in comparison with the
rest of the genome (unpaired Wilcoxon rank sum test FvsC:
W = 86,084,530, P-value =0.539; MvsC: W =84,163,464,
P-value =0.9751), nor was there any evidence that the GFP
scaffold was an outlier in terms of its average change in ex-
pression; instead, changes have occurred genome wide.
Almost all transcripts have changed more than 2-fold in ex-
pression, suggesting that these changes are not only biologic-
ally but also statistically significant (Fig. 2). We found several
classes of transcripts that are particularly interesting in the con-
text of the evolution of sexual dimorphism: (i) 3 transcripts
(TRINITY_DN112097_c0_g1_i11, TRINITY_DN114758_c0_
g1_i2, and TRINITY_DN102787_c0_g1_i5), which were sig-
nificantly upregulated in the female-selected lines and signifi-
cantly downregulated in the male-selected lines, with controls
being intermediate and significantly different from both of
them, (ii) 234 transcripts, which were significantly differential-
ly expressed in the female-selected lines but do not differ
between the control and male-selected lines, and (jii) 84 tran-
scripts, which were significantly differentially expressed in the

male-selected lines but do not differ between the control and
female-selected lines (Fig. 1).

To better understand the biological relevance of these dif-
ferentially expressed transcripts, we performed gene ontology
(GO) term and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses. Although annotation for this spe-
cies is limited, GO term analysis (supplementary table ST,
Supplementary Material online) suggests that metabolic
changes (e.g. biosynthesis of amino acids and carbon metab-
olism) may potentially have been an important adaptive com-
ponent, and this result seems to be confirmed by the KEGG
pathway analysis (supplementary table S5, Supplementary
Material online).

Sex Function—Specific Organ Expression

We found changes in some of the 3,360 transcripts previous-
ly identified (Ramm et al. 2019) as putatively testis-biased,
and these were upregulated in the male-selected lines and
downregulated in the female-selected lines more often
than expected by chance, although the difference was
only marginally significant (Table 1). There was however a
robust pattern of downregulation of testis-biased transcripts
in the female-selected lines compared with the control
lines (Table 1) Additionally, we checked if there was a
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Fic. 2.—Volcano plots of statistically significantly differentially expressed transcripts between FvsC a), MvsC b), and MvsF ¢). Vertical lines indicate whether
the transcripts are also likely to be biologically significant (i.e. have at least a 2-fold change in expression). The very few transcripts, which are not passing this

threshold, are colored yellow.

correlation between fold changes in this study and those in
Ramm et al. (2019) to see if the changes in our dataset are
consistent with a “plasticity-first” scenario, where genes
that are plastic in expression in the ancestral population
would respond more to the selection regimes. However,
the correlation was not significant (supplementary fig. S3,
Supplementary Material online), not supporting this hypoth-
esis. There was no difference in expression between the se-
lection regimes in the female-specific cement gland and
antrum genes, or male-specific stylet and prostate genes
identified by Lengerer et al. (2018) and Weber et al. (2018)
(all P> 0.05).

A gene known to be sex function-biased that shows a
pattern that is consistent with predictions based on function,
e.g. a testis-biased transcript that is upregulated in MvsF and
MvsC, but downregulated in FvsC, is a perfect candidate for
further exploration. We found one such promising candi-
date gene for female fitness, which corresponds to hypo-
thetical protein BOX15_MIig029807g1 in the genome
assembly published by Wudarski et al. (2017) and annotated
as transmembrane protein 72 (human: TMEM72, e ="5e
—06) and ovary-biased under transcript ID RNA815_9198
in the transcriptome published by Ramm et al. (2019). In

humans, TMEM72 is located on autosome 10 and is kidney
specific, with some expression in the colon and testes as well
(https:/www.ncbi.nlm.nih.gov/gene/643236). Since it is
ovary biased (Ramm et al. 2019) in M. lignano and upregu-
lated in the female-selected worms and downregulated in
the male-selected worms according to our analysis, this indi-
cates a functional divergence of this protein during animal
evolution.

By performing a Principal Component Anlaysis (PCA) on
testes-biased and ovary-biased transcripts, we identified
the main transcripts driving differences between the selection
regimes (supplementary fig. S2, Supplementary Material
online). We observed that Principal Component (PC) 1 for
ovaries and PC2 for testes differentiate to some extent the
selection lines as expected, where the male-selected and
female-selected lines tend to be at the extremes, with control
in the middle. The main transcripts driving the difference
for testes are TRINITY_DN111916_c0_g1_i10.1, TRINITY_
DN92387_c0_g1_i3, and TRINITY_DN87487_c0_g2_i4 and
for ovaries areTRINITY_DN110581_c0_g1_i4.1, TRINITY_
DN118329_c1_g1_i1, and TRINITY_DN97896_c1_g1_i5
(supplementary fig. S2, Supplementary Material online).
However, none of the PCs was found to significantly differ
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Table 1 gonochorism of M. lignano in natural populations, and the
Sex-specific organ expression entire genus seems to be exclusively hermaphroditic, so it
Organ Upregulated® Downregulated®  P-value® is unlikely that there are any preexisting loci in this species,
Male-selected versus female-selected lines which have the potential to act as sex-determining loci.
Testis (3360) 13 4 0.049 Instead, since it is known that M. lignano is highly plastic
Ovary (323) 1 2 N/A in terms of morphological response to mating opportunities
Tail (366) 0 0 N/A (Schérer and Ladurner 2003), it is likely that the response
Gonad (likely 2 1 N/A that we observed is a result of selection on standing genetic
ovary-biased) (127) variation in sex allocation and/or plasticity. Unfortunately,
Female-selected versus control lines the annotation information is limited since M. lignano is
Testis (3360) 9 52 1.803e . .
08 on_Iy distantly related to many standar_d model organisms.
Ovary (323) 2 1 NA This means thlat only 40% of transcripts have a putat|lve
Tail (366) 6 1 0125 function (Wasik et al. 2015) and makes comparison with
Gonad (likely 0 2 N/A other species challenging. Nevertheless, when we looked
ovary-biased) (127) at the expression of genes associated with sex-specific
Male-selected versus control lines organs, then testes-specific transcripts showed more
Testis (3360) 4 16 0.012 divergence than the ovary-specific transcripts (Table 1),
Ovary (323) 1 2 N/A which we discuss in more detail below. Besides selection,
Tail (366) 1 0 N/A of course genetic drift seems to have played a role, since dif-
Gonad (likely 1 0 N/A

ovary-biased) (127)

®Numbers in brackets indicate the total number of transcripts. Transcripts are
upregulated or downregulated in the first selection line compared with the
second (e.g. 13 testes-biased transcripts are upregulated and 4 downregulated
in the male-selected worms compared with the female-selected worms).
bp.values were obtained using binom.test function in R (R Core Team 2020),
where the minimal sample size is 6; thus, comparisons below 6 transcripts are
not applicable for statistical testing and are marked as N/A.

between the selection lines (supplementary tables S3 and S4,
Supplementary Material online).

Discussion

Here, we examined the RNA expression profile of a herm-
aphrodite subjected to sex-limited selection for over 20
generations and found > 1,000 differentially expressed tran-
scripts between the selection regimes. Our results show that
the male-selected and female-selected lines have both di-
verged compared with the controls. However, the female-
selected lines seem to have responded the most to selection
(in terms of the number of transcripts with significantly dif-
ferent expression compared with the controls; Fig. 1), which
is in line with results from a previous fitness assay (Nordén
et al. 2023). Many of the transcripts were downregulated
in the MvsC and FvsC comparisons (i.e. downregulated in
M and F relative to C; Fig. 1), and the ones that could be an-
notated were often linked to metabolic pathways
(supplementary tables S5 and table S1, Supplementary
Material online). These changes are unlikely to be driven
by allometric effects of difference in organ size, since there
is no evidence that the lines differ consistently in testes or
ovarysizes(Nordén etal. 2023), and results were qualitative-
ly similar when mean organ sizes per line were included in
the analysis (data not shown). There is no evidence for

ferences in gene expression overall (data not shown) or spe-
cifically of organ-biased transcripts (supplementary fig. S2,
Supplementary Material online) are very different among
the different populations within the selection regime, the re-
sult very similar to observations in in the plant genus Silene
(Prentout et al. 2023).

Differences in Expression Associated With Sex-Specific
Organs

Sex-specific gene expression has been shown to vary widely
between tissue types and is expected to be most different
in the gonads (Grath and Parsch 2016). We (Nordén et al.
2023) and others (Vellnow et al. 2018) have also previously
shown that larger testes result in higher male fitness returns.
Because of this, we expected to see changes in the expression
of putative testes-biased, ovary-biased, gonad-biased, and
tail-biased transcripts reported in Ramm et al. (2019). Our re-
sults show that several of these transcripts do indeed show
differential expression in our study, particularly testes-specific
ones. The fact that testes-biased genes were overrepresented
and show differences between the selection regimes com-
pared with ovaries (Table 1), even when correcting for the
overrepresentation of testes-biased genes compared with
the other organs, is consistent with the fact that sexual selec-
tion usually has a larger impact on male than female repro-
ductive function (Beukeboom and Perrin 2014). In 2 of the
3 possible pairwise comparisons, testes-associated genes
were preferentially upregulated or downregulated in the ex-
pected direction (i.e. upregulated in the male-selected lines
compared with the female-selected lines and downregulated
in the female-selected lines compared with the control lines
[Table 1]). Moreover, these results align with preliminary re-
sults for sex allocation in worms starved for 2 wk. There,
the female-selected lines did not increase testes size when
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provided with a mating partner, which the control and male-
selected lines did (Li et al., unpublished data). In M. lignano,
testes also mature prior to ovaries, which is consistent with
high fitness returns via the male sex function in small
individuals (Vizoso and Scharer 2007). It would therefore be
interesting to study changes in gene expression during devel-
opmentand in response to altered resource availability and/or
social environment in our experimental evolution lines in fu-
ture. We also investigated changes in prostate-specific,
antrum-specific, stylet-specific, and cement gland-specific
transcripts identified by Lengerer et al. (2018) and prostate-
specific transcripts identified by Weber et al. (2018), but
found no evidence of any differences. This may simply be
due to a lack of power since there were many more testes-
biased transcripts compared with the other organs (3,360
vs. <400) or because we used a very conservative approach
for comparisons between transcriptome datasets. However,
there are also plausible biological explanations for these
null results. The lack of an effect in prostate-associated and
stylet-associated transcripts (which are related to male func-
tion) might be explained by relatively weak selection in the
male-selected lines (see next section) or that the stylet is a
fixed morphological structure, and thus, differential gene ex-
pression is expected mainly during the development of the
stylet. It is less clear why there was no evidence of a change
in antrum-associated and cement gland-associated tran-
scripts (which are expected to be related to female function),
since the female-selected lines showed the most evidence of
fitness changes (Nordén et al. 2023) and also had the highest
number of differentially expressed transcripts in the pairwise
comparisons (Fig. 1). However, perhaps the antrum is not an
important organ in which to look for changes in gene expres-
sionin our setup, because its main function is to receive sperm
during mating, and so this organ might rather beimportant to
the outcome of sperm competition (Vizoso et al. 2010). In our
experimental setup, opportunities for sperm competition
and/or cryptic female choice are likely to have been rather
low since individuals were limited to 2 partners (see below).

Potential Confounding factors

There are 3 main potential confounding factors in this experi-
ment, 2 of which are related to the selection protocol. First,
the experimental crossing protocol has likely resulted in lower
levels of sperm competition compared with the ancestral
population. It has been shown that M. lignano can mate
with up to 10 different individuals within a day when kept
in large groups (Janicke and Scharer 2009). However, in
our experimental protocol, selected individuals are only pro-
vided with 2 mating partners. This setup was chosen to min-
imize handling time per individual well and allows larger total
population sizes of selected worms, while still maintaining
minimal levels of sperm competition (Nordén et al. 2023).
Sex allocation is therefore expected to be more female-biased

in our setup compared with the ancestral population, since
when sperm competition is low, it is sufficient to produce
relatively few sperm to still be successful (Brauer et al.
2007). This may explain why the male-selected lines seem
to show a weak response to selection compared with the
female-selected lines (the MvsF comparison had the lowest
amount of uniquely differentially expressed transcripts as
well as the lower expression of testes-biased transcripts com-
pared with the controls; see Fig. 1 and Table 1).

Second, use of the GFP marker as a proxy for a sex-
determining locus may inadvertently select for higher GFP ex-
pression, potentially affecting the expression of loci linked to
the GFP locus that do not have any effect on sex function—
specific fitness. We therefore compared GFP expression be-
tween our selection lines and the ancestral BAS1 stock and
found no significant differences (supplementary fig. 54,
Supplementary Material online). Variation in GFP expression
may also come from variation in copy number, since it is
known that inbred laboratory populations can have a high
frequency of abnormal karyotypes and that the most com-
mon variant is a duplication of the large chromosome, where
the GFP locus is believed to be located (Marie-Orleach et al.
2014). We therefore also investigated variation in karyotype
in the selection lines in order to look for any evidence of a
possible bias between the selection regimes. However, we
did not find statistically significant differences in the occur-
rence of abnormal karyotypes between the selection lines
(supplementary table S2, Supplementary Material online). It
is therefore unlikely that the expression differences we have
detected are a spurious consequence of selection on the
GFP expression.

Finally, plasticity in sex allocation is likely to be an important
factor when working with M. lignano. Optimal conditions in-
crease sex bias in gonochorists (Wyman et al. 2010), but the
opposite is expected to be true in hermaphrodites, where
low resource availability can reveal tradeoffs between the
sex functions (Scharer et al. 2005). In our experimental proto-
col, individuals were fed ad libitum and kept in a constant
group size as adults, potentially minimizing the effect of any
genes associated with plasticity in sex allocation, in contrast
to a previous transcriptome study, which attempted to identify
sex function—biased genes based on their response to mating
groupsize(Rammetal. 2019). However, it seems that plasticity
in expression has not facilitated the adaptive response ob-
served here, because our transcript fold changes did not correl-
ate with the fold changes of corresponding transcripts from
Ramm et al. (2019; supplementary fig. S3, Supplementary
Material online).

Comparisons With Similar Studies

Other experimental evolution studies have manipulated the
intensity of sexual selection in the laboratory and examined
the response at the genomic level, particularly in Drosophila.
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In general, these experiments support the idea that monog-
amy (i.e. reduced intensity of sexual selection) results in the
evolution of feminized gene expression (Innocenti et al.
2014). Moreover, it has been shown in several species that
monogamy decreases the expression of seminal fluid genesin-
volved in postcopulatory sperm competition, which is very im-
portantin M. lignano (Ramm 2020). This is consistent with our
speculation that the experimental protocol used here seems to
be more powerful to elicit a response on the female side. To
our knowledge, no similar intraspecific genomic studies
have been carried out in hermaphrodites, although there
are a few that have manipulated the intensity of sexual selec-
tion and examined the phenotypic response. In a study of sex-
specific sexual selection in the hermaphroditic snail P. acuta,
there was evidence of an overall decrease in juvenile survival
in the monogamous female-selected lines but not in the pol-
ygamous male-selected lines, suggesting that strong sexual
selection in this species is beneficial through purging of dele-
terious mutations in the male sex function (Bonel et al. 2018).
In another study in M. lignano, it was demonstrated that en-
forced monogamy does not lead to heritable changes in sex
allocation (Janicke et al. 2016). One possible explanation for
this is that sex allocation is highly plastic in response to social
environment in M. lignano, which suggests that the heritabil-
ity of sex allocation may be low. Our results provide an intri-
guing contrast to both these previous studies. Unlike the P.
acuta results (Bonel et al. 2018), we did not find any evidence
of reduced offspring survival in the female-selected lines
(Nordén et al. 2023), while still finding evidence of a putatively
adaptive response to selection via downregulation of testes-
biased genes (albeit marginally when comparing Fand M ines,
but more robustly when comparing F and C lines) more often
than expected by chance in the female-selected lines (Table 1).
Moreover, a recent comparative study in the plant genus
Silene, which has undergone transition to separate sexes,
showed that indeed positive selection strongly drives the
downregulation of male-biased genes in females (Prentout
et al. 2023). This suggests that the response to selection in
our experiment is not simply a result of nonadaptive accumu-
lation of deleterious mutations.

Implications for the Evolution of Separate Sexes

Despite some similarities to studies that have manipulated
the intensity of sexual selection, our main aim with this ex-
periment was to try to gain insights into the early evolution
of sex chromosomes and separate sexes. In nature, the most
common pathway toward the evolution of separate sexes is
the initial accumulation of male deleterious mutations lead-
ing to gynodioecy. Indeed, there are a few studies of
changes in gene expression in recent transitions to separate
sexes in plants (Zemp et al. 2018; Massonnet et al. 2020;
Prentout et al. 2023). Zemp et al. (2018) showed that
most changes occurred in female Silene latifolia, with the

largest changes in male-biased genes, which indicates loss
of male function in evolving females. Some male-biased
genes also decreased in expression in males compared
with sister species (S. vulgaris) hermaphrodites, results very
similar to ours. Interestingly, although our selection protocol
should be most efficient on loci that are physically linked to
the GFP locus, we found evidence of a genome-wide re-
sponse to selection. This is somewhat in contrast to classical
predictions about the evolution of sex chromosomes, where
loci related to sexual specialization are expected to build up
around the sex-determining locus (Massonnet et al. 2020).
However, it is consistent with other experiments that have
selected on a limited part of the genome (Abbott et al.
2020; Manat 2021) and found evidence of genome-wide
changes in expression. This may reflect differences in time
scale, where the response to experimental evolution is likely
to be determined by the available standing genetic variation
(Kawecki et al. 2012), while longer term sexual specialization
during sex chromosome evolution may be driven by de novo
mutations to a greater extent (Massonnet et al. 2020).

Our results are also comparable with a study of male-
limited X chromosome evolution in Drosophila (Abbott
etal. 2020), which found that male-limited selection resulted
in genome-wide masculinization of expression (i.e. upregula-
tion of male-biased genes and downregulation of female-
biased genes), as well as a clear signature of changes in
genes linked to metabolism. These results are qualitatively
similar to ours, where several lines of evidence suggest over-
all feminization of expression in the female-selected lines (i.e.
preferential downregulation of testes-associated genes
[Table 1] and involvement of metabolism-related genes in
the response to selection [supplementary table S5,
Supplementary Material online]). Involvement of metabolic
genes is perhaps not unexpected, as sex differences in me-
tabolism are often substantial and can be linked to sex chro-
mosomes (Link and Reue 2017; Ellison and Bachtrog 2019;
Abbott et al. 2020; Arnqvist et al. 2022). However, an intri-
guing aspect here is the fact that metabolism may be linked
to sex-specific fitness in different ways in hermaphrodites
than in gonochorists. First, while metabolic differences in go-
nochorists are probably mainly related to body size (Buchholz
et al. 2001) and/or various aspects of sexual selection, in her-
maphrodites, sex function—specific selection on metabolism
may act more through the production of gametes (Scharer
etal. 2015). Second, it is known that sex allocation is strongly
influenced by resource availability in this and other hermaph-
roditic species (Vizoso and Scharer 2007), as well as social en-
vironment (Marie-Orleach et al. 2017; Ramm et al. 2019).
Resource availability and mating group size may therefore
have important interactive effects on metabolic activity.
Specifically, previous results in this species suggest increased
investment into the female function (egg production) and
decreased investment into the male function and somatic
maintenance when the pool of potential mating partners is

8 Genome Biol. Evol. 16(1)  https://doi.org/10.1093/gbe/evad235 Advance Access publication 29 December 2023

$20z Aienige4 L0 Uo Jasn jalsieAluN eawn Aq $0SE0S./SEZPRAS/L/9 L /81o1ue/8q6/woo dno olwapede//:sdiy Woll papeojumo(]


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad235#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad235#supplementary-data

Sex-limited experimental evolution drives transcriptomic divergence

GBE

small (Janicke et al. 2013), all of which is likely to impact
selection on metabolic genes. Our results therefore add to
the growing pool of evidence that metabolism is a key trait
in the evolution of sex differences (Arnqvist et al. 2022), in-
cluding during transitions from hermaphroditism to separate
Sexes.

Conclusion

In summary, we found evidence that sex-limited selectionin a
hermaphrodite results in changes in gene expression that
seems likely to be adaptive. Testes-biased genes generally
changed in the expected direction (i.e. upregulated in the
male-selected lines and downregulated in the female-selected
lines), and annotations suggest that metabolic changes may
have been an important adaptive component. These results
are all consistent with previous data from other species.
There was nosignificant change in expression in transcripts as-
sociated with the cement gland, antrum, stylet, or prostate
genes, which may partly be due to changes in the intensity
of sexual selection because of the experimental protocol.
There was no evidence that using the GFP marker as a proxy
for a sex-determining locus resulted in any off-target effects
and no clear evidence that plasticity has played an important
rolein the response to selection, suggesting that the main limi-
tation of the experimental protocol was reduced opportun-
ities for sperm competition. In addition, we have identified
hundreds of candidate sex function—specific transcripts that
would be valuable to study in more detail in the future.

Our results may also have broader implications for transi-
tions from hermaphrodites to separate sexes in nature.
Comparative studies have shown that the most common
pathway toward the evolution of separate sexes is the initial
accumulation of male-deleterious mutations leading to gy-
nodioecy (females and hermaphrodites; Weeks et al.
2006; Beukeboom and Perrin 2014; Zemp et al. 2018;
Massonnet et al. 2020; Prentout et al. 2023). Here, we
show that sexual specialization in expression is likely to be
an important first step after establishment of a sex-
determining locus, consistent with theory and previous
work in plants (Massonnet et al. 2020).

Materials and Methods

Study Species and Experimental Evolution Protocol

M. lignano (Macrostomorpha, Rhabditophora, Platyhelminthes,
and Lophotrochozoa) is a small (ca. 1.5 mm in length and
0.3 mm in width, containing approximately 25,000 cells)
transparent, free-living, regenerating, obligate outcrossing,
and simultaneously hermaphroditic flatworm occurring in
the intertidal fine sand of the Mediterranean Sea (Ladurner
et al. 2005, 2000; Zadesenets et al. 2016). See the
Supplementary Material online for more details about the
structure of the sex organs in this species.

The diploid genome of M. lignano consists of 8 chromo-
somes, 1 pair of which is noticeably larger than the other 3
(Egger and Ishida 2005). However, different karyotypes
(e.g. 2n =9 or 10) have also been found in inbred laboratory
populations (Zadesenets et al. 2016, 2017, 2020). The large
chromosome itself is a fused duplicate of the 3 small chromo-
somes, meaning that the regular karyotype is a cryptic tetra-
ploid and additional copies of this chromosome represent
pentaploid (2n=9) and hexaploid (2n=10) individuals
(Zadesenets et al. 2017). These worms do not show notice-
able abnormalities in the phenotype and are able to sire viable
offspring (Zadesenets et al. 2017). It has a low level of DNA
methylation (Wasik et al. 2015), but many transcripts are
trans-spliced (Wudarskietal. 2017), increasing transcriptome
complexity. The predicted number of genes is 20,000 (Wasik
etal. 2015).

In the laboratory, worms are typically kept in populations
of 100 individuals in glass Petri dishes filled with 32%o f/2 me-
dium (Andersen et al. 2005) and fed ad libitum with the dia-
tom alga Nitzschia curvilineata in a constant environment of
20 °C and 60% humidity on a 14:10 h light:dark cycle
(Ladurner et al. 2005). The generation time in the laboratory
takes several weeks. These worms copulate frequently—sev-
eral times in an hour by performing both sex functions at the
same time and lay 1 to 2 eggs per day (Scharer et al. 2004).

Selection lines were started in May 2014, and results in this
study are from material collected in generations 21 and 22.
Details on the setup and maintenance of the selection lines
can be found elsewhere (Nordén et al. 2023). Briefly, all lines
originate from the same genetic background (crossing of the
transgenic GFP line BAS1 to the wild-type line LS2, to produce
worms heterozygous for the GFP gene, which were then back-
crossed again to the LS2, creating again heterozygous
GFP-positive worms used for the selection and GFP-negative
worms used asa “source” population, which provided mating
partners for GFP-positive individuals; supplementary fig. S7,
Supplementary Material online). Each of the selection regimes
(male-limited, female-limited, and control) was replicated 4
times, resulting in 12 populations in total (M1-4, F1-4, and
C1-4, respectively). Replicate numbers indicate day and time
of culturing, not degree of genetic relatedness, which is similar
across all populations.

Each selected generation comes from 48 GFP (+) worms
crossed to twice as many GFP (=) mates from the correspond-
ing source population. One generation of the experimental
evolution protocol takes 5 wk. In the first week, each GFP
(+) worm is crossed with 2 GFP (=) worms from their respect-
ive “source” population in individual well plates (24-well tis-
sue culture plates; for more detail, see Nordén et al. [2023]).
In the second week, worms are moved to new plates for egg
laying. Here, the focal worms are allowed to lay eggs for the
female-selected lines (selecting for fitness of the GFP [+]
worms through the female function, i.e. eggs), while the
GFP (=) mating partners are allowed to lay eggs for the male-
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selected lines (selecting for fitness of the GFP [+] worms
through the male function, i.e. sperm). In the control regime,
half of the worms are treated in the same way as the female-
selected lines and half in the same way as the male-selected
lines. During the third week, parental worms are removed,
and offspring left to hatch and grow. In the fourth week, ju-
veniles (<100) are moved to feeding dishes (glass Petri dishes
with algae and f/2 medium) until it is time to start the next
generation. This setup means that selection should be most
efficient on loci that are located close to the GFP locus.

Karyotyping

To see if our experimental populations harbor abnormal kar-
yotypes and if whether they were evenly distributed among
the selection regimes, we determined the karyotypes of 8
worms per population (32 per selection regime). The single-
worm karyotyping was carried out by an air-drying technique
as previously described (Zadesenets et al. 2016). For each
worm specimen, we checked at least 10 complete meta-
phases to detect its chromosome number. For all specimens,
we found no cases of mosaicism, i.e. all analyzed metaphases
in one worm consisted of the same chromosome number.
Microimages of chromosome spreads were captured and ana-
lyzed using a CCD camera installed on an Axioplan 2 imaging
microscope equipped with filtercube #49 (ZEISS, Germany)
and using the ISIS4 software package (MetaSystems GmbH,
Germany) at the Inter-institutional Shared Center for
Microscopic Analysis of Biological Objects (Institute of
Cytology and Genetics SB RAS, Novosibirsk, Russian
Federation). We tested for a nonrandom distribution of abnor-
mal karyotypes using a binomial generalized linear model,
with counts of normal and abnormal karyotypes as the de-
pendent variable, and replicate population and selection re-
gime as the independent variables. Note that since we only
have one set of counts per combination of population and se-
lection regime, it is not possible to test for an interaction be-
tween them. This analysis was included to check that our
selection procedure has not inadvertently resulted in high
frequencies of abnormal karyotypes in any selection regime
or replicate population. Results are presented in the
Supplementary Material online (Karyotypes; supplementary
fig. S3, Supplementary Material online).

RNA Extraction and Sequencing

In both generations 21 and 22, we collected and pooled 40 in-
dividuals per replicate from among the worms that had not
been randomly selected for producing the next generation
(except for replicate F3 in generation 21, when only 35 indivi-
duals were available), resulting in 24 samples in total.
Additionally, we collected 3 samples, each of 40 individuals,
from the BAST population to serve as a reference transcrip-
tome for the “ancestral” gene expression and thus enable
us to test if there was any change in GFP expression in the

female-selected, male-selected, and control lines compared
with the ancestor. All samples were homogenized with a pip-
ette in buffer RLT, before being stored at —80 °C for approxi-
mately a month. RNA was extracted from each sample using
the RNA puirification protocol for animal tissues with RNeasy
Mini Kit spin column technology (Qiagen, Hilden, Germany)
and DNase | treatment prior to elution in nuclease-free water.
RNA quality and quantity was assessed with an Agilent 2100
BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA).
Interestingly, M. lignano 28S rRNA seems to contain an en-
dogenous “hidden break,” as observed in most insects
(Winnebeck et al. 2010), thus upon standard denaturation,
the hydrogen bonds are disrupted. This results in the release
of 2 similar-sized fragments that both migrate together with
18S rRNA, creating one rRNA peak, which makes it impossible
to acquire a RNA integrity number value. The resulting rRNA
profile should therefore not be interpreted as degraded. As
an alternative, the denaturation step can be excluded, result-
ing in dual peaks (supplementary fig. S1, Supplementary
Material online). At this stage, 3 samples were excluded due
to low RNA concentration (F1 in generation 21, and C1 and
M3 in generation 22). After quality control, the remaining
samples were sent for cluster generation and 125 cycles
paired-end sequencing with the HiSeq2500 system and v4
sequencing chemistry (lllumina Inc., San Diego, CA, USA) at
Science for Life Laboratory (SciLifeLab, SNP&SEQ
Technology Platform, Uppsala, Sweden).

Bioinformatics and Statistics

The quality and properties of raw sequencing data were ex-
amined using the nf-core/rnaseq pipeline (rnaseg-1.3,
Nextflow version 19.07.0; Ewels et al. 2019). The genome
features table from the Wudarski et al. (2017) version of
the whole genome assembly Mlig_3_7 was converted to
GTF format using Cufflinks version 2.2.1 (Trapnell et al.
2010) and used to run the pipeline. This initial analysis re-
vealed that, though the data quality was in general good, a
large proportion of the sequence reads mapped to multiple
locations (only about 40% of the reads mapped uniquely to
one locus). This result is most likely explained by redundancy
within the genome assembly due to a recent whole genome
duplication event in this species (forming the large chromo-
some), as well as differences in the chromosome numbers be-
tween lines (the DV1 line used for the genome assembly
Mlig_3_7 has an extra copy of the large chromosome). To
overcome this limitation and increase the number of reads
available for downstream analysis, a transcriptome-based ap-
proach was used to generate a line-specific reference. First,
reads were trimmed, and remaining adaptors were removed
using Trimmomatic (version 0.36; Bolger et al. 2014). A de
novo transcriptome assembly using the 3 ancestral GFP line
samples was then constructed using Trinity version 2.4.0
(Grabherr et al. 2011). This resulted in a 531-Mb
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transcriptome assembly containing 889,873 transcripts,
which is considerably higher than the number of predicted
genes for this species. Isoforms, noncoding RNA, lowly ex-
pressed genes, heterozygosity within the sequenced popula-
tion, and sequencing errors likely account for the large
number of transcripts in the transcriptome assembly
(Babarinde and Hutchins 2022). For the purpose of this study
however, the number of transcripts should not play a major
role since lowly expressed transcripts and transcripts with
few/no reads that map will not be carried forward in the dif-
ferential expression analysis. Bowtie2 (version 2.3.4.3) was
used to map the raw reads back to the assembly, yielding a
mapping rate of ~83%. A BUSCO (version 2.0.1; Seppey
et al. 2019) search of the metazoan_odb9 dataset returned
85.1% complete genes, 16.5% single genes, and 68.8% du-
plicated genes. Mapping the data to the M. lignano genome
assembly rather than the de novo transcriptome resulted in
similar numbers of DE transcripts (data not shown), which
suggests that the choice of reference does not have a large
impact on the downstream results.

To annotate the transcriptome, we performed a BLASTX
(version 2.6.0+; Altschul et al. 1990) search against
Swiss-Prot (accessed on May 27, 2019) using an e-value
cutoff of 1e—10. Only hits that were at least 25% identical
over a minimum alignment length of 100 were retained.
InterProScan (version 5.30-69.0; Jones et al. 2014) was
used to classify transcripts into protein families. This search
included the Pfam, ProDom, and SuperFamily member da-
tabases. GO terms and InterPro entry information were
included in these results. To obtain Entrez gene ids for
downstream analyses in EdgeR, a BLASTX search against
the mouse Ensembl proteins (release 38) was done using
an e-value cutoff of 1e—10. The corresponding Entrez
gene ids were retrieved using the mygene python package
(version 3.1.0; https:/pypi.org/project/mygene/).

To quantify transcript expression, Salmon (version 0.9.1)
was used in quasi-mapping mode with 100 bootstrap repli-
cates (Patro et al. 2017). A kmer length of 31 was used for
indexing. Sample C3 in generation 22 was excluded from
the differential expression analysis because of quality issues.
Differentially expressed transcripts between selection re-
gimes (male-limited, female-limited, and control) were iden-
tified with EdgeR (version 3.24.3; Robinson et al. 2010).
Transcripts that had fewer than 0.5 counts-per-million in
3 or more samples were excluded from the analysis.
Transcripts with an absolute log2-transformed fold change
>1 and adjusted P-value < 0.05 (after Benjamini-Hochberg
false discovery rate [FDR] correction) were considered sig-
nificantly differentially expressed between the selection re-
gimes. We also analyzed expression data using relative
allocation to testes and ovaries as a covariate to control for
any selection regime differences in total amount of testis/
ovary tissue, but this produced qualitatively similar results
in the downstream analyses, so these results are not

reported. This result is not unexpected, since the lines do
not differ significantly in mean testis and ovary size mea-
sured under standardized conditions (Nordén et al. 2023;
Li et al., unpublished data). Volcano plots using EdgeR out-
put tables were also created with ggplot2 (Wickham 2016)
and library (ggrepel). Due to its role as an analog of a sex-
determining locus, one of the predictions that can be
made from models of sex chromosome evolution is that dif-
ferentiation among selection lines should be found prefer-
entially in loci located near the GFP locus. We therefore
tested for differentiation among selection lines for all tran-
scripts located on the GFP scaffold using paired Wilcoxon
signed ranks tests. We also tested whether the mean change
in expression in M and F lines compared with C lines was
higher on the GFP scaffold than for the rest of the genome
using unpaired rank sum Wilcoxon tests (including all tran-
scripts and not only the significant ones). Finally, we checked
whether the GFP scaffold was an outlier compared with the
rest of the genome by examining its place in the distribution
of average change in expression per scaffold (i.e. whether it
fell outside the 2.5 and 97.5 percentiles of the distribution).
Note that the GFP scaffold comprises only a small part of the
large chromosome, but since we do not know where other
scaffolds are located, we cannot check for linkage effects on
the scaffolds next to the GFP scaffold.

GO and KEGG pathway analyses were conducted using the
goana function in the EdgeR package. The results of the GO
term enrichment and KEGG pathway analyses were adjusted
for multiple testing using FDR correction, and terms with an
adjusted P-value < 0.05 were considered statistically signifi-
cant. Additionally, we looked at the standardized fold change
in previously identified sex organ-biased transcripts (cement
glands, antrum, prostate, and stylet [Lengerer et al. 2018],
as well as for prostate in Weber et al. [2018] and ovary, testes,
gonad [most likely ovary biased], and tail [Ramm et al. 2019])
in each selection regime as blastn queries (version 2.6.0+) to
search in our transcriptome assembly. Note that all of the tran-
scriptsin Ramm et al. (2019) were originally identified as ovary,
testes, and tail specific in Arbore et al. (2015). We elected to
compare our data primarily with results from Ramm et al.
(2019) since this study examined how expression changed ac-
cording to social group size, and we felt that such socially sen-
sitive genes could be considered more robust organ-specific
candidates and likely to be implicated in sex-specific functions.
Sequences that were at least 95% identical over a minimum of
500 bases were considered matches. Transcripts with organ
biased expression profiles linked to the ovaries, cement
glands, and antrum were considered female-function biased,
and transcripts linked to the testes, prostate, and stylet were
considered male-function biased. We also analyzed the tran-
scripts expressed in both gonads (however they are more likely
ovary biased) and tail gene groups, since many genes in these
regions are known to have sex-related functions (Arbore et al.
2015; Ramm et al. 2019). However, as we used stringent
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criteria and did not include transcripts that were shorter than
500 bases, for example, and the mapping was not always one
to one, that complicates comparisons between the different
studies. Exact binomial tests were performed to test for over-
representation of specific categories of transcripts (e.g. testis
biased, ovary biased) among the transcripts that had signifi-
cantly different expression between the selection regimes or
our and Ramm et al. (2019) studies. We checked whether
there was in situ hybridization data available for any of these
transcripts but only found one gonad-specific transcript
TRINITY_DN115795_c0_g1_i10 (RNA815_1618.1), which is
downregulated in FvsC and upregulated in MvsF and has in
situ hybridization data from Arbore et al. (2015), showing
expression in ovaries. To test the correlation of fold changes
between our dataset and Ramm et al. (2019) transcripts
from Table 1, we used Pearson correlation (library(stringi)).
Moreover, PCA analyses were carried out on all sex-biased
transcripts identified by Ramm et al. (2019) using the prcomp
function and then visualized with ggplot2 (Wickham 2016) in
R to test for an axis of overall feminization/masculinization,
which could separate the selection regimes to some extent,
and see which transcripts might be driving that separation.
PC statistical significance was tested by creating a linear mixed
model (library(ImerTest)) dependent on selection regime and
controlled for population with significance testing using ano-
va() and Tukey test (library(multcomp)). Graphs and statistics
were obtained using R version 3.6.3 (R Core Team 2020).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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