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Abstract

Termites, together with cockroaches, belong to the Blattodea. They possess an XX/XY sex determination system which has
evolved from an XX/X0 system present in other Blattodean species, such as cockroaches and wood roaches. Little is currently
known about the sex chromosomes of termites, their gene content, or their evolution. We here investigate the X chromo-
some of multiple termite species and compare them with the X chromosome of cockroaches using genomic and transcrip-
tomic data. We find that the X chromosome of the termite Macrotermes natalensis is large and differentiated showing hall
marks of sex chromosome evolution such as dosage compensation, while this does not seem to be the case in the other two
termite species investigated here where sex chromosomes may be evolutionary younger. Furthermore, the X chromosome in
M. natalensis is different from the X chromosome found in the cockroach Blattella germanica indicating that sex chromosome
turn-over events may have happened during termite evolution.
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Significance

While we know that cockroaches possess an ancient X chromosome but no Y chromosome, their close relatives, the
termites, have both an X and a Y chromosome whose origin is still unclear. We here compare the genomes of cock-
roaches to termites and find that the X chromosome of one termite species is evolutionary old and different from
that found in cockroaches, while the other termites do not show clearly differentiated sex chromosomes. This indicates
that sex chromosome turn-over has happened in termites and potentially more than once.

Introduction purposes (Roisin 1994), and are diploid like females (Korb

The mode of sex determination is one key difference be-
tween termites and the well-studied other big group of so-
cial insects, namely Hymenoptera to which ants and bees
belong. In the termites, males are usually present in all
castes (Noirot 1955), do not solely serve reproductive

and Hartfelder 2008; Harrison et al. 2018). Sex determin-
ation has been shown to be based on a male-
heterogametic XX/XY system which could be documented
for a wide number of termite species (Vincke and Tilquin
1978; Bergamaschi et al. 2007; Jankasek et al. 2021).
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Phylogenetically, termites (Isoptera) form a monophyletic
group nested in the paraphyletic cockroaches (Blattaria) to-
gether forming the order Blattodea (Lo et al. 2000; Inward
et al. 2007; Harrison et al. 2018). Cockroaches differ from
termites in their sex determination system and have been
shown to possess an XX/X0 system where the male pos-
sesses only one X chromosome but no Y chromosome
(White 1951; Cochran and Ross 1967). This leads to the
question how the XY system in termites has evolved. As
the XX/X0 system could be demonstrated for multiple cock-
roach species (summarized in Jankasek et al. 2021), it is
unlikely that the Y chromosome was lost in all these spe-
cies independently. The wood roaches of the genus
Cryptocercus are the sister group to the termites. Their
sex determination system has also been described as
an XX/X0 system as demonstrated by karyotyping data
(Kambhampati et al. 1996; Lo et al. 2006; Nalepa et al.
2017). Hence, it can be assumed that the Y chromosome
appeared after Isoptera split from Cryptocercoidae (star
in Fig. 1a). In consequence, XX/X0 was probably the ancestral
state and an event during the evolution of the termites must
have led to the emergence of the Y chromosome approxi-
mately 150 million years ago (Lo et al. 2000; Bourguignon
et al. 2014; Bucek et al. 2019).

Sex chromosomes are thought to evolve from a regular
pair of autosomes via the acquisition of a sex determining
region (which could be a master sex determining gene).
Subsequently, sexually antagonistic genes can become
linked to the sex determining region and inversions can
lead to recombination suppression between the newly
emerged X and Y chromosome. This can progressively
affect the whole length of the chromosome (reviewed
in Bachtrog et al. 2014; Vicoso 2019). This loss of recom-
bination means that the Y chromosome (or W in an
ZZ/7\N system) cannot recombine anymore and mutation
accumulation leads to more and more nonfunctional
genes. In turn, degeneration of the Y chromosome means
that many X-linked genes differ in gene dose between
the sexes: two functional copies from two X chromosomes
in females but only one copy from the single X chromosome
in males. This can select for dosage compensation me-
chanisms that buffer these differences (Vicoso 2019).
Dosage compensation can be achieved in different
ways, either affecting the whole X chromosome (or 2)
or on a gene-by-gene basis. While the latter has been
found in only a few groups such as platypus or birds, in
insects many groups show chromosome-wide mechan-
isms (reviewed in Mank 2013; Zhu et al. 2024). These
chromosome-wide mechanisms can again vary in how
the modulation of gene expression is achieved epigeneti-
cally and whether males up-regulate their single X chromo-
some 2-fold as in Drosophila or females down-regulate
one or two copies of their X chromosome. In arthropods,
dosage compensation seems to be wide-spread and even

present in ZZ/ZW systems (Huylmans et al. 2017, 2019)
and rather young sex chromosomes (e.g. in different
Drosophila species Lott et al. 2014; Nozawa et al. 2014)
but has not yet been studied in all parts of the phylogeny
(such as Isoptera; current evidence for different groups re-
viewed in Kalita and Valsecchi 2024). Gene expression dif-
ference between the sexes can thus give clues about
differentiated parts of sex chromosomes, dosage compen-
sation mechanisms, and also the level of sexual antagon-
ism for which sex chromosomes are believed to be hot
spots (reviewed in Ellegren and Parsch 2007; Parsch and
Ellegren 2013). Hence, studying genomic and transcrip-
tomic differences between the sexes within a species can
lead to many insights into their evolutionary history as
well their development and reproductive biology.

Most of the data on sex determination systems in
Blattodea are based on karyotyping or cytogenetic analyses
that yield information about DNA content differences,
chromosome morphology, and numbers differing between
the sexes (reviewed and summarized in the Blattodea kar-
yotype database, Jankasek et al. 202 1), but to date, little in-
formation on the genomic level such as gene content,
genetic differentiation, or gene expression is available for
this group. So far, only in cockroaches have some studies
looked at the X chromosome from a genomic perspective
(e.g. Meisel et al. 2019; Lasne et al. 2023). However, data
were (and often still is) limited for these species making
conclusive inferences about processes such as dosage com-
pensation in the German cockroach Blattella germanica
complicated (Meisel et al. 2019). In termites, amongst the
six published genomes, females were chosen for sequen-
cing in three cases (Reticulitermes speratus Shigenobu
et al. 2022, Reticulitermes lucifugus Martelossi et al.
2023, and M. natalensis Poulsen et al. 2014). Genomes
for Cryptotermes secundus (Harrison et al. 2018),
Zootermopsis nevadensis (Terrapon et al. 2014), and
Coptotermes formosanus (ltakura et al. 2020), on the other
hand, were based on genomic DNA extracted from many
pooled individuals including males. Hence, we expect
Y-derived scaffolds to only be present in these three gen-
ome assemblies. While some studies on gene expression
differences between males and females exist (Terrapon
etal. 2014, Shigenobu et al. 2022), current genome studies
have paid little attention to the sex chromosomes. Thus,
many interesting questions about their evolution remain
unanswered.

In insects, different to other groups such as mammals or
birds, it has been shown that sex determination systems can
be very variable and frequently turn over (Wilkins 1995;
Pomiankowski et al. 2004; Vicoso 2019). The mechanisms
through which this occurs are manifold and are often
hard to observe in action (reviewed in e.g. Furman et al.
2020). Despite this apparent variability in some groups of
insects, it could recently be shown that an ancestral X
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Fig. 1. Sex chromosome evolution in Blattodea. a) Phylogenetic tree showing relationships between selected wood roach, cockroach, and termite species.
Note that while the tree includes wood roaches (represented by Crypotocercus punctulatus) to illustrate their relationship with the other species, due to data
availability only cockroach and termite species were included in the analysis (species names in bold). Paraphyletic roaches are represented in green, social ter-
mites in blue. The star marks the assumed transition between XX/X0 sex determination in roaches and XX/XY in termites. b) Genomic coverage per scaffold
plotted as male-to-female ratio for the cockroach Blattella germanica and the three termite species Macrotermes natalensis, Cryptotermes secundus, and
Reticulitermes flavipes. Distributions were centered with the autosomal peak (blue vertical line on the right) at one and the cut-off for the X chromosome
identification is shown (pink vertical line on the left).

chromosome that predates the origin of insects is still pre- appeared that presumably did not exist in the ancestor
served in many species, including cockroaches (Lasne with cockroaches and wood roaches. For the transition of
et al. 2023). In termites, the Y chromosome suddenly an XX/X0 system to an XX/XY system, multiple different
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scenarios are possible (analogous to the 7Z/Z0 to 72/7W
transition in Lepidoptera Fraisse et al. 2017): there could
have been (i) a complete turn-over of sex chromosomes
at the base of Isoptera making a pair of formerly autosomal
chromosomes the new X and Y chromosomes, (i) chromo-
somal fusion of the ancestral X chromosome to an auto-
some making the homologous chromosome a neo-Y
chromosome, or (iii) recruitment of an extra-genomic elem-
ent such as a B chromosome.

These three different scenarios lead to different predic-
tions regarding the conservation of X-linked sequences
from cockroaches to termites. Under scenario (i), we expect
cockroach X-linked genes to be autosomal in termites and
vice versa. Under scenario (ii), we expect X-linked genes to
still be X-linked in termites but we expect to find additional
genes to be X-linked in termites that were previously auto-
somal in cockroaches, preferentially coming from a single
cockroach chromosome. Finally, under scenario (jii), we ex-
pect the X chromosomes of cockroaches and termites to be
largely conserved in size and gene content.

We investigate here these possible scenarios for the origin
of the Y chromosome using the X chromosome of termites
as currently no chromosome-level genome assemblies of
termites are available and current genomes often lack
Y-chromosomal sequences. For this, we use a coverage ap-
proach where we sequenced DNA from males and females
of three different termite species in order to identify the X
chromosome and compare them to the cockroaches. We
also assess gene expression in both sexes to study dosage
compensation of the X chromosomes. We find that only
one termite species clearly shows a differentiated large
X chromosome that, however, is different from the X
chromosome of the German cockroach indicating that turn-
over of sex chromosomes happened in termites.

Results

Differentiated X Chromosome in One Termite Species

In diploid species with sex chromosomes, the heterogam-
etic sex has only one of the shared sex chromosomes,
namely one X chromosome in an XX/XY or XX/X0 system.
Differentiation of sex chromosomes, including degener-
ation of the Y chromosome, reduces the number of reads
for X-chromosomal scaffolds in the heterogametic sex.
This allows for classification of sex scaffolds using coverage
analysis. As genomes were mostly sequenced from females
and Y chromosomes are often difficult to assemble espe-
cially with short reads, we have little to no sequence infor-
mation for the Y chromosome. Our approach thus targeted
the X chromosome to make inferences about its conserva-
tion across Blattodea. To identify the X chromosome in a
unifying manner across Blattodea, three species of termites
and three species of cockroaches were chosen for which

genomes are currently available and which span the phyl-
ogeny of termites (Fig. 1a). Wood roaches of the genus
Cryptocercus would have furthermore been interesting to
include but as currently no genome was available, they
are not included in this analysis.

Autosomal and X-chromosomal origin was investigated
using male-to-female coverage ratios of either published
genomic data (for the cockroaches) or re-sequencing of
males and females (for the termites). In each male-to-female
coverage plot, the highest peak, centered at a coverage ra-
tio of one, indicates equal coverage between males and fe-
males, as expected for autosomal regions (Fig. 1b). The
second highest peak, expected at coverage ratios less
than one, corresponds to the X-chromosomal peak. These
plots show that the male-over-female distributions are
bimodal in the termite M. natalensis as well as in the
German cockroach B. germanica, allowing for identification
of X-linked scaffolds (Fig. 1b). If the sexes are plotted
separately, this is clearly due to the presence of a secondary
X-chromosomal peak in males but not females (supplementary
figure STA and B, Supplementary Material online). In contrast,
the genomic coverage of both other termite species,
Reticulitermes flavipes and C. secundus, shows only one
peak (Fig. 1b). In these species, both the male as well
as the female coverage are unimodal with only an auto-
somal but no X-chromosomal peak clearly distinguishable
(supplementary figure S1C and D, Supplementary Material
online). There is a small secondary peak in the male coverage
of C. secundus but as there is also a stronger tail to the left of
the autosomal distribution in the female (supplementary
figure S1D, Supplementary Material online), this does not
lead to a clearly distinct peak in the male-to-female coverage
plot (Fig. 1b) and may simply be noise.

We also tried to identify X-linked scaffolds in two other
species of cockroaches, namely in P. americana and
D. punctata. However, as cockroaches have large genomes
and the currently available data are still scarce, the coverage
of these genomes proved too shallow for meaningful infer-
ences. We nevertheless proceeded with these species as
currently no better data are available but results are dis-
cussed in the light of these shortcomings. In P. americana,
the only available dataset contained data of pooled males
and females, while in D. punctata, only male data were
available. In theory, a secondary peak indicating X-linked
scaffolds could have been identified also in these datasets
but with a mean coverage of 3.6 and 2.3 for P. americana
and D. punctata respectively, possible identification of
X-chromosomal scaffolds in both species was too limited
(supplementary figure S1E and F, Supplementary Material
online). In D. punctata, the male coverage indicates that a
secondary peak may be present but putative X-linked scaf-
folds (due to mixed sexes expected at 0.75 relative to the
autosomal peak) were too close to zero to distinguish
them from the noise caused by the many genomic positions
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with no or extremely low coverage (supplementary figure
STF, Supplementary Material online).

Larger X Chromosome in Cockroach than in Termite

Depending on their male-to-female coverage, scaffolds
were classified as autosomal (A), X-chromosomal (X), or un-
classified (“NA"), (supplementary table S1, Supplementary
Material online). In the German cockroach B. germanica,
one-third of all scaffolds were classified as X-chromosomal,
corresponding to 245 mega base pairs (Mbp), approximately
12% of the whole-genome size (supplementary table S2,
Supplementary Material online). In P. americana, approxi-
mately one-fourth of the scaffolds from the genome assem-
bly (namely 13 scaffolds) could be identified as X-linked.
However, these only sum up to around 4 Mbp or 0.13%
of this large genome. The situation is similar in D. punctata,
where 8% of the scaffolds corresponding to 0.85% of the
genome could be identified as X-linked in our analysis. In
M. natalensis, the only termite species where we could iden-
tify a clearly differentiated X chromosome, over one-fourth
of all scaffolds were classified as X-chromosomal, corre-
sponding to 82 Mbp or almost 7% of the whole genome.
In C. secundus and R. flavipes, only 2.6% and 0.3% were
classified as X-linked, respectively, analogous to the failure
to detect a secondary peak indicating X-linkage (Fig. 1b).
Notably, in the more fragmented genomes of M. natalensis
and C. secundus, many small scaffolds could not be classi-
fied but as these do not make up a large proportion of
the genome, this is not expected to impact X chromosome
size estimations strongly (supplementary tables S1 and S2,
Supplementary Material online). Overall, as in the coverage
analysis, only in the German cockroach B. germanica
and the termite species M. natalensis could a large part of
the genome be identified as X-linked. Here, the cockroach
X chromosome is larger in absolute size but as cockroach
genomes are larger than those of termites (2 to 3 giga
base pairs [Gbp] vs. 0.5 to 1Gbp), this is expected.
Nevertheless, the B. germanica X chromosome is also al-
most twice as large as the termite one relative to the gen-
ome size (12% vs. 7% in M. natalensis).

For many of the species, the number of X-linked scaf-
folds relative to the total number of scaffolds in the genome
assemblies and the absolute length of X-linked scaffolds is
high indicating a higher degree of fragmentation in the
genome assemblies for the X chromosome than for the
autosomes.

Sex Chromosome Turn-over within Blattodea

After classifying the scaffolds according to their X or auto-
somal linkage, we addressed the genes present on these
scaffolds to test our three different hypotheses for the evo-
lution of the XX/XY system in termites from the XX/X0 sys-
tem in cockroaches. As expected based on the previous

Table 1 Total number of X-linked and autosomal genes in termite and
cockroach species

Species X-linked Autosomal
B. germanica 1,710 27,869
P. americana 34 27,013
D. punctata 180 28,234
C. secundus 224 17,998
R. speratus 35 15,556
M. natalensis 1,267 15,042

Table 2 Numbers of X-linked and autosomal genes shared between the
termite M. natalensis and the cockroach B. germanica

B. germanica

X-linked Autosomal
M. natalensis X-linked 4 287
Autosomal 367 7,179

analysis, we found a large number of X-linked genes only
in two species, namely M. natalensis and B. germanica,
with over 1,000 genes in each of these and only 24 to
224 X-linked genes in the other species (Table 1).

We thus concentrated in our comparison on the termite
M. natalensis and the German cockroach B. germanica
which are the two species where coverage analysis revealed
a clear secondary peak for X-linked scaffolds (Fig. 1b), indi-
cating that the X chromosomes of both species is rather
large and differentiated. We identified orthologues be-
tween the species and found only four genes to be
X-chromosomal in both species while almost all of
X-chromosomal genes in each species (287 in M. natalensis
and 367 in B. germanica) are autosomal in the other species
(Table 2). This overlap is smaller than expected (FET,
P =0.003). Interestingly, of the four conserved X-linked
genes (supplementary table S3, Supplementary Material
online), two are located on the same scaffold in B. germa-
nica but on different scaffolds in M. natalensis. Both of
these genes were classified as X-linked also with the more
conservative parameters, further increasing reliability (over-
lap also smaller than expected by chance, FET, P =0.026).
This comparative analysis shows that the majority of genes
which are X-linked in one species is autosomal in the other
and vice versa, indicating sex chromosome turn-over within
Blattodea (Table 2).

Each of these genes with concurrent X linkage in a ter-
mite and a cockroach were blasted against the NCBI
NonRedundant (nr) database to identify possible sequence
similarities with other species. Results show that one gene
pair (Mnat_17008 and Bger_01236) has no homology
to known genes in the NCBI nr database, while the
B. germanica gene on the same scaffold (Bger_01233) is
homologous to genes from the yellow gene family and
shares sequence similarity with another termite species,
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Zootermopsis nevadensis. Another gene pair (Mnat_18012
and Bger_09153) shows homology to chromosomal re-
gions of various beetles. Lastly, genes Mnat_15962 and
Bger_27411 are similar to genes annotated as snakeskin in
the termite species C. secundus as well as GrpE protein-like,
brachyurin, and a serine-endopeptidase in Z. nevadesis. For
two of these X-linked gene pairs, GO terms could be anno-
tated and they are mostly associated with functions related
to protein metabolism such as folding, dimerization, bind-
ing, trafficking, and proteolysis (supplementary table 54,
Supplementary Material online).

To test whether there could be at least a small conserved
X-linked region that is present across termite species, we as-
sessed the overlap between genes identified as X-linked in
M. natalensis, where we can identify the secondary peak
in the coverage distribution, and the other two species
C. secundus and R. flavipes, where we cannot. Despite the
low numbers of X-linked genes, statistical analysis using
Fisher's Exact Test and Pearson’s Chi-squared Test revealed
a significant positive association in the overlap of X-linked
genes between R. flavipes and C. secundus with M. natalensis
(P=0.008 and P=0.011, respectively; supplementary
tables S5 and S6, Supplementary Material online). These re-
sults indicate that the number of X-linked genes overlapping
between these species is higher than expected by chance,
suggesting that at least a small part of the X chromosome
may be conserved within the group of termites. As with
four and three genes, however, this is not (at least in terms
of protein-coding genes) larger than what we find conserved
between the termite and the cockroach.

Fast Turn-over of Sex-biased Genes Across Blattodea

To further assess sex differences and characterize the X
chromosome in more detail, gene expression between
the sexes was analyzed and compared across species. In or-
der to compare sex-biased gene expression in the solitary
cockroaches and the social termites, only male and female
termites of the reproductive caste, where sexual dimorph-
ism is most pronounced, were used in this study. Of note,
for the termite species, R. speratus, there is currently no
DNAseq data available, therefore, reads of the closely re-
lated sister species, R. flavipes, were used for mapping to
the R. speratus reference genome.

As pointed out before, cockroaches possess larger gen-
omes overall but also a higher number of protein-coding
genes (approx. 27,000 to 30,000 compared to approx.
15,000 to 18,000 in termites). Overall, two cockroaches,
namely B. germanica and D. punctata, displayed a great-
er number of sex-biased genes than termites (absolute
and relative to proteome size), with sex-biased genes
accounting for one-fourth of all genes (25.12% and
25.44%, respectively, Fig. 2a and supplementary table ST,
Supplementary Material online). In the third cockroach

species P. americana, only 1.77% of all genes show
sex-biased expression. However, this is most probably a
technical artifact as the two male samples originate from
different strains and separate studies. These data showed
large variability in gene expression profiles and thus these
few sex-biased genes are probably the most extreme ones
that are also conserved across different strains. This is fur-
ther reflected by the fact that almost all of these 480 genes
(namely 476) show extremely strong sex bias with a more
than 4-fold expression difference between the sexes as
well as a very high number of genes that were classified
as “nonexpressed” in our analysis as fold changes and
P-values could not be calculated in DESeg2 due to strong
dispersion of values (Fig. 2a). To study the gene expression
differences between the sexes in the cockroach P. ameri-
cana, it is thus absolutely essential to generate more gene
expression data with multiple biological replicates for both
sexes and ideally also for multiple strains and tissues.

In the other two cockroaches B. germanica and
D. punctata, 8.80% and 13.17% are female-biased,
respectively, while 16.32% and 12.27% are male-biased,
respectively. Sex-biased genes in the termites R. speratus,
M. natalensis, and C. secundus correspond to only
17.37% (6.15% female-biased and 11.22% male-biased),
12.06% (7.37% female-biased, 4.69% male-biased), and
8.11% (5.57% female-biased, 2.53% male-biased) of
genes, respectively (Fig. 2a and supplementary table S7,
Supplementary Material online). Furthermore, across
Blattodea, there is no clear pattern, like in some other spe-
cies, that male-biased genes are more numerous than
female-biased genes. However, it is important to notice
that for most of these species (except for R. speratus) only
whole-body data are currently available and as tissue sizes
differ between the species, allometric scaling may affect
these numbers. Hence, more detailed studies about the evo-
lution of sex-biased genes would require profiling individual
tissues. In summary, the total number but also the percent-
age of genes with differential expression between the sexes
is higher in cockroaches than in termites (Fig. 2a and
supplementary table S7, Supplementary Material online).

To identify prominent biological function of sex-biased
genes, Gene Ontology (GO) analysis was performed, reveal-
ing between 14 and 43 GO terms enriched in the sex-biased
genes for each species. Enriched GO terms relate to a var-
iety of different function and can be found in
supplementary table S8, Supplementary Material online.
No sex-biased genes and also no functional GO terms
were conserved among all species or within the termites.
However, a total of seven GO terms were conserved among
the cockroaches. These conserved GO terms are all related
to serine-type endopeptidase activities (supplementary
table S9, Supplementary Material online). Interestingly, all
GO terms were female-biased in B. germanica and P. ameri-
cana but male-biased in D. punctata. In summary, these
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Fig. 2. Gene expression differences between the sexes in Blattodea. a) Numbers of genes showing female-biased (pink), male-biased (blue), and unbiased
expression (gray) were determined across termite and cockroach species. Unbiased genes were further divided into clearly unbiased genes which are expressed
(light gray) as well as unbiased genes which are nonexpressed or too variable between replicates to calculate the relevant statistics (dark gray). b) Dosage
compensation in whole-body gene expression data balances X chromosomal expression in male M. natalensis and B. germanica. Normalized
X-chromosomal (X) and autosomal a) gene expression values was plotted as RPKM values for females (pink) and males (blue) of the termite M. natalensis
and the cockroach B. germanica. Statistical analysis was performed using Wilcoxon Rank Sum Test; * P < 0.05; ** P < 0.01, *** P < 0.001.

results indicate no conserved function of sex-biased genes
within Blattodea and overall fast evolution of sex-biased
gene expression.

Enrichment of Sex-biased Genes on the X Chromosome
of M. natalensis and B. germanica

Sex chromosomes are known to accumulate sex-biased
genes which, in the case of male heterogamety, often leads
to feminization of the X chromosome (Parisi et al. 2003;
Ranz et al. 2003) in line with theoretical predictions

(Rice 1984). Furthermore, enrichment of strongly sex-
biased genes on the sex chromosomes can obscure pat-
terns of dosage compensation (Huylmans et al. 2017). To
investigate potential enrichment of sex-biased genes on
the X chromosome, the number of female- and male-
biased genes on autosomes and X chromosomes were
compared with the number of unbiased genes, respective-
ly, using Fisher’s Exact Test. Additionally to using all genes
identified as differentially expressed by adjusted P-value
alone, two different cutoffs (2- and 4-fold difference be-
tween males and females) were used to investigate
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whether the strength of sex bias affects enrichment or de-
pletion of said genes. Below, the cutoff “none” refers to all
sex-biased genes being included into the analysis, inde-
pendently of their fold change between sexes. Notably,
no sex-biased genes were identified in the head of R. sper-
atus which was therefore excluded from further analyses. In
this section, all data referring to R. speratus was obtained
from the thorax and abdomen samples.

As expected, results are clearest in those two species for
which we could identify a significant amount of X-linked
genes, namely M. natalensis and B. germanica.
Interestingly, almost all genes show rather pronounced
sex bias with a fold change difference between males and
females of at least two (supplementary tables S10, S11,
and S12, Supplementary Material online). Smaller differ-
ences between the sexes can be attributable to a lack of
dosage compensation as often seen in gonads (Huylmans
and Parsch 2015; Vicoso and Bachtrog 2015; Gu and
Walters 2017; Huylmans et al. 2017).

In the termite M. natalensis, we find male-biased genes
to be significantly enriched on the X chromosome, inde-
pendent of their strength of sex bias (FET, P < 0.001 in all
comparisons; supplementary figure S4, Supplementary
Material online), while only strongly female-biased genes
are enriched on the X chromosome (P, =0.0046,
Supplementary Material online; nx-linked Genes = 880;
supplementary table S10 and figure S4C, Supplementary
Material online). The other two termite species, R. speratus
and C. secundus generally have very few genes on few scaf-
folds that are presumably X-linked (Table 1) and of those,
only between 7 and 9 are sex-biased (supplementary
table S10, Supplementary Material online) making an infer-
ence difficult. C. secundus shows a slight depletion of
female-biased genes but not for highly female-biased
genes (Pnone =0.03, P, =0.03, P4 =0.73; supplementary
figures S4 and S5, Supplementary Material online).

Quantification of sex-biased genes in the German cock-
roach B. germanica reveals a significant enrichment of
female-biased genes on the X chromosome independent
of their strength of sex bias (Pnone =0.02, P, =0.003,
P4 =0.0005, Supplementary Material Online), suggesting
feminization of the X chromosome. The number of
sex-biased genes on the X chromosome was neither signifi-
cantly enriched nor depleted in the other two cockroaches
(P> 0.05 for all comparisons) but of course numbers of
X-linked genes and thus statistical power was much lower
for these species.

Full Dosage Compensation of the X Chromosomes of
Blattodea

In order to assess whether dosage compensation is present
in Blattodea, we compared the gene expression levels be-
tween the X-linked and the autosomal genes in males

and females of the different species. We performed the
analysis for all species involved (see Methods and Fig. 1a)
but chose to show here the two species which we find
to have differentiated X chromosomes (namely the cock-
roach B. germanica and the termite M. natalensis).
Overall, the analysis revealed no significant differences be-
tween male and female X chromosomes in either species,
suggesting balanced gene expression between sexes
(Fig. 2b and supplementary figure S2A, Supplementary
Material online). This pattern consistently holds up using
the more conservative sex chromosome scaffold classifica-
tion (supplementary figure S3A, Supplementary Material
online).

The comparison of gene expression between the male
autosomes and the male X chromosome revealed no sig-
nificant differences in the termite R. speratus and the cock-
roaches D. punctata, B. germanica, and P. americana
(supplementary figure S2A, Supplementary Material
online). Interestingly, the expression of X-linked genes
was significantly higher than that of autosomal genes in
males of M. natalensis and C. secundus (P=0.008 and
P =0.002, respectively, Fig. 2b and supplementary figure
S2A, Supplementary Material online). This pattern may be
a result of enrichment of male-biased genes on the X
chromosome as has been reported in other species
(Huylmans et al. 2017). To test this potential explanation,
X-chromosomal genes with more than 2-fold expression
in males compared with females were excluded before re-
peating the analysis in M. natalensis. Using this approach,
the patterns largely hold but the difference in X and auto-
somal expression in  males disappears (P=0.6,
supplementary figure S2B, Supplementary Material online).
This suggests that dosage compensation is indeed com-
plete and only the slightly higher expression of the X
chromosome in males than the autosomes can be attribu-
ted to an enrichment of male-biased genes on the X
chromosome of M. natalensis. In C. secundus, no male-
biased genes with more than 2-fold expression difference
were found on the X chromosome (supplementary table
S11, Supplementary Material online). It is therefore possible
that an overshoot in dosage compensation mechanisms
might be responsible for increased male X-chromosomal
gene expression. In summary, the combination of equal
gene expression of the X chromosomes between sexes
and the expression of X-chromosomal genes at the same
or even at a higher level than autosomal genes in males sug-
gests full dosage compensation to have evolved in cock-
roaches as well as termites.

Discussion

We present here the first comparative study using genomic
and transcriptomic data of the sex chromosomes and their
evolution across Blattodea to which termites, together with
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cockroaches, belong. While sex determination is based on a
male-heterogametic system throughout this order, no Y
chromosome is present in the cockroaches, leading to a
XX/X0 system, while termites possess an XX/XY system
(Vincke and Tilquin 1978; Bergamaschi et al. 2007;
Jankasek et al. 2021). Phylogenetically, termites have
evolved from within the paraphyletic cockroaches (Lo
et al. 2000; Inward et al. 2007), leading to the assumption
that the XX/X0 system of cockroaches is the ancestral state
in Blattodea. This is the most parsimonious explanation as
otherwise the Y chromosome would have to be lost in all
branches of cockroaches independently. Indeed, the X
chromosome in the German cockroach B. germanica has
been found to be homologous to the ancestral X that pre-
dates the origin of insects (Lasne et al. 2023). Assuming an
ancestral XX/X0 systems raises the question where the Y
chromosome came from. Three scenarios can explain the
Y chromosome gain: (i) turn-over of sex chromosomes, (ii)
chromosomal fusion of the ancestral X chromosome to
an autosome, resulting in the fused chromosome as a
neo-X chromosome and the homologous unfused chromo-
some as a neo-Y chromosome, and (iii) recruitment of an
extra-genomic element (Fraisse et al. 2017). Each mechan-
ism would result in a different hypothetical outcome re-
garding differentiation, homology, and sex chromosome
size, as discussed above. Based on these hypotheses, we
here provide evidence for scenario (i) suggesting complete
turn-over with a novel pair of differentiated sex chromo-
somes in at least one termite species.

The Termite M. natalensis Possesses Large,
Differentiated Sex Chromosomes

In this study, we studied size, gene content, and gene
expression of the X chromosomes of multiple species of
cockroaches and termites in order to deduce how the
sex chromosomes evolved in Blattodea. We used a
coverage-based approach to test whether differentiated
sex chromosomes are present. Within Blattodea, dual-
peaked distributions, resulting from the presence of only
one X chromosome in males, can only be detected in the
termite M. natalensis and the cockroach B. germanica
(Fig. 1b). These X-linked scaffolds represent a large part
of the genome with the X chromosome being larger in
the cockroach (12% vs. 7% in the termite), indicating
large and differentiated X chromosomes in both of these
species. This result is in line with what has been found in
B. germanica previously (Meisel et al. 2019).

In contrast, no clear secondary peak was detected in the
other two termites C. secundus and R. flavipes (mapped to
the R. speratus genome due to a lack of data on this spe-
cies), indicating that their X chromosomes may not be a
as large and differentiated as in the first two species
(Fig. 1b). It is possible that these sex chromosomes are

evolutionary younger with less degeneration of the Y
chromosome. This would mean that reads from the Y
chromosome can still map to X-linked scaffolds such that
a difference in coverage would not be easily detectable in
our analysis. According to Jankasek et al. (2021), these
two species have not been investigated in depth yet but
due to presence of XX/XY sex determination in closely re-
lated species of the same genus, an XX/XY system can
also be assumed for them (Fontana 1980; Luykx 1990;
Matsuura 2002). Thus, it is also possible that these species
have alternative systems of sex determination not including
differentiated sex chromosomes such as polygenic sex de-
termination. However, in R. speratus, multivariate chains
have been described that usually include the sex chromo-
somes (Matsuura 2002) and the same is true for R. flavipes
(McMahon, personal communications) suggesting that
these species do indeed possess sex chromosomes.

Alternatively, more technical issues may hinder identifi-
cation of a differentiated X chromosome in those two spe-
cies. Our analyses indicate that overall the X chromosomal
scaffolds are more numerous and shorter than for the auto-
somes. This is not surprising as sex chromosomes are often
hard to assemble due to the extensive presence of transpos-
able elements and repeats (Pimpinelli et al. 1995;
Tomaszkiewicz et al. 2017; Carey et al. 2022) and only
now do we start to have full-length sex chromosome as-
semblies for a handful of model organisms (Miga et al.
2020; Xue et al. 2021; Rhie et al. 2023; Makova et al.
2024). Thus, gaps or errors in the current genome assem-
blies may hinder a clear identification of X-linked scaffolds.
In addition, we only included scaffolds of a certain size (7
kbp here, but also tested with lower thresholds such as 2
or 4 kbp) to reduce noise and, especially if the X chromo-
some is very fragmented in the assemblies, some of the sig-
nal may have been lost.

High-quality genomes with full chromosome-level as-
semblies for Blattodea will allow further investigation of
the sex chromosomes across many species including the de-
tection of different strata which with the current genome
assemblies is not possible. Nevertheless, our results clearly
indicate variability in terms of size and level of differenti-
ation of the X chromosome within the termites which
makes this group very interesting for further studies into
sex chromosome and genome structure evolution.

Lacking Homology between the Termite and Cockroach
X Chromosomes Suggests Complete Turn-over

Comparative analysis of the gene content of the termite
M. natalensis with the German cockroach B. germanica
demonstrates little homology between their respective
X chromosomes. In fact, almost all X-linked genes of
B. germanica are autosomal in the termite M. natalensis
and vice versa, suggesting complete turn-over of sex
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chromosomes. This supports a scenario where the X
chromosome of cockroaches has reverted back to an
autosome in termites and a new pair of sex chromosomes
has been recruited. Fast and recurrent turn-overs of sex
chromosomes, even in a dense phylogenetic context,
have been described before, for example in Drosophila
(Bachtrog et al. 2014; Vicoso and Bachtrog 2015; Vicoso
2019). It is possible that the special biology of termites
with its recurrent occurrence of bivalent chains that in-
clude the sex chromosomes may facilitate fast karyotypic
evolution (Nalepa et al. 2002; Wang et al. 2019) render-
ing Blattodea an especially interesting group to study sex
chromosome evolution.

Only four genes are found to be X-linked in both species,
two of them on the same scaffold in the cockroach gen-
ome. Itis possible that these genes form part of an ancestral
sex determining region that may still be conserved across
Blattodea. The presence of such a region, at least within ter-
mites, is supported by the fact that the overlap of X-linked
genes in the termite M. natalensis with the other two ter-
mites is larger than expected by chance. As discussed
above, we may have missed the differentiated sex chromo-
somes of these two species in our analysis due to current
data limitations. Alternatively, more sex chromosome
turn-over events may have taken place within termites
potentially as the result of a translocation of the sex-
determining region. Such translocations of existing master
sex-determining genes are, together with the evolution of a
novel master sex determining gene, one of the best docu-
mented causes for sex chromosome turn-over (reviewed
in Furman et al. 2020). The evolution of novel master sex
determining genes that compete with existing ones has
also been found in species such as the house fly, a system
that is believed to be currently in transition (Hamm et al.
2015). Relocation of a sex determining region, on the other
hand, has been found in several other taxa using synteny
approaches and whole-genome alignments (Lubieniecki
et al. 2015; Tennessen et al. 2018; Yang et al. 2021).
More complete and contiguous genomes will make these
kinds of analyses possible and thus help elucidate the way
sex chromosome turn-overs happened in termites.

This study indicates that sex chromosome turn-over
(scenario (i)) has occurred between the XX/X0 system of
cockroaches and the XX/XY system of termites, at least in
the case of M. natalensis while for the other termite species
further data are necessary before a homology of both the X
and the Y chromosome can be assessed. This turn-over
scenario is further supported by the fact that the X chromo-
some is larger in the cockroach than in the termite. In case
of a fusion of the cockroach X to an autosome, we would
have expected cockroach X-linked genes to be largely
X-linked in the termites as well and for the X chromosome
to have increased in size. Of course other events such as
translocations, increase or decrease of repeat content,

etc. also play important roles over these long evolutionary
time scales. However, the fact that the cockroach X
chromosome has been found to be an ancestral X across in-
sects and homology can be detected throughout the whole
class (Meisel etal. 2019; Lasne et al. 2023) shows that these
process may be of minor importance for chromosome-wide
patterns.

X Chromosomes Display Typical Hallmarks of a Sex
Chromosome

Evolution of sex chromosomes is often accompanied by ac-
cumulation of sex-biased and sex-specific genes on the sex
chromosomes (reviewed in Ellegren and Parsch 2007;
Parsch and Ellegren 2013). In male-heterogametic systems,
this often leads to feminization of the X chromosome (Parisi
et al. 2003; Ranz et al. 2003). Termites have an overall sur-
prisingly low number of sex-biased genes, given that we in-
cluded only reproductives and whole-body data that
include the gonads, the main source of gene expression dif-
ferences between the sexes. Most other species such as
Drosophila show a greater proportion of genes with sex-
biased expression (Huylmans and Parsch 2015). The pro-
portions of sex-biased genes in the cockroaches are more
similar to what we find in other insects. As we used publicly
available gene expression data here, we cannot determine
whether individuals used in these different species were ac-
tually reproductively active. Nevertheless, we show that
sex-biased genes are indeed enriched on the X chromo-
somes of the termite M. natalensis that displays differen-
tiated sex chromosomes. This is also true for the
cockroach B. germanica, where the X chromosome shows
pronounced feminization of the X chromosome. This is
consistent with observations in other species with evolu-
tionary old and highly differentiated sex chromosomes. In
the termite M. natalensis, however, both types male- and
female-biased genes are enriched on the X chromosome.
As our data includes gonads, it is possible that a strong sig-
nal in the males comes from this tissue, which often harbors
many very strongly biased genes. More fine-scale analysis
of individual tissue, especially meiotic and somatic tissues
separated, will be necessary to disentangle this, stressing
the need for more and more comparable data on multiple
termite species.

Differentiation of sex chromosomes, characterized by
degeneration of the sex-limited chromosome, leads to
gene dosage imbalance in the heterogametic sex. Thus, dif-
ferentiated sex chromosomes often show by mechanisms
balancing transcription of sex chromosomes that restore
X-linked gene expression (Charlesworth 1978 and re-
viewed in Mank et al. 2011; Mank 2013). In XX/XY or XX/
X0 species with full dosage compensation, the male X
chromosome expression matches the expression of diploid
autosomes, leading to an X-to-autosome (X:A) expression
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ratio of one and equal expression of the X chromosome
in the two sexes. Dosage balance refers to equalized
expression only between the sexes but without an
X-to-autosome ratio of one (Gu and Walters 2017). Our
study shows that the X chromosomes of termites and cock-
roaches seem to be fully dosage compensated with mostly
equal expression levels of the X chromosome and auto-
somes in males and equal expression of X-linked genes be-
tween males and females. In B. germanica, first analyses
had also indicated full X chromosome dosage compen-
sation, but final conclusions were hindered by the fact
that only mixed sex data and different tissue for the
different sexes had been available (Meisel et al. 2019). In
the termites, we observe even a slightly higher expression
of X-linked genes in the males than for autosomal
genes. As this increase is insignificant when excluding
X-chromosomal male-biased genes, it may be caused by
enrichment of male-biased genes on the X chromosome
of M. natalensis. In C. secundus, on the contrary, signifi-
cance is not reduced when excluding said genes and
increased X-chromosomal gene expression may thus be
due to overshooting dosage compensation as seen in
Drosophila where this also varies between tissues
(Huylmans and Parsch 2015), further highlighting the
need to obtain more samples from different tissue and
developmental stages to study gene regulation in ter-
mites in closer detail. Overall, we see presence of dosage
compensation and accumulation of sex-biased genes,
not only on the X chromosome of B. germanica, which
has been confirmed to be evolutionary old (Meisel et al.
2019; Lasne et al. 2023), but also on the X chromosome
of the termite M. natalensis that we newly identified and
described in this study.

Conclusion

We here provide evidence for sex chromosome turn-over,
accompanied by pronounced differentiation, between
cockroaches and at least one termite species, namely
M. natalensis. The overall pattern suggests a scenario of
complete sex chromosome turn-over, where the XX/XY sys-
tem of termites evolved from an XX/X0 system still present
in cockroaches and wood roaches. We hypothesize that the
ancestral X chromosome has reverted back to an autosome
in termites and a new pair of autosomes has formed the X
and Y chromosomes. As expected under this scenario,
hardly any conservation of X-linked genes is observed in
the comparison of termites to cockroaches. The X chromo-
some in this termite species displays typical hallmarks of
evolutionarily old sex chromosomes. As such, the X
chromosome is enriched for sex-biased genes and complete
dosage compensation is observed, as is also the case in the
German cockroach B. germanica. While conservation of
some genes on sex-linked scaffolds within termites

suggests that at least a part of the novel X chromosome,
potentially the sex determining region, is shared between
these species, this needs further confirmation using im-
proved and more contiguous genome assemblies.

Materials and Methods

Sequencing

Reproductive individuals from lab colonies of three termite
species, R. flavipes, Macrotermes natalensis, and C. secun-
dus, were supplied and sexed externally by our collabora-
tors Dino McMahon, Mireille Vasseur-Cognet, and Judith
Korb, respectively. Subsequently, DNA of a single male
and a single female for each termite species was extracted
with the Qiagen DNeasy Blood & Tissue kit. Library prepar-
ation and paired-end 125 base-pair (bp) whole-genome
DNA-sequencing was performed on an lllumina HiSeqV4
at Vienna Biocenter Next Generation Sequencing Core
Facility. All raw DNAseq data are publicly available in the
NCBI Short Read Archive (SRA) under the BioProject
PRINA1153745.

Sex Scaffold Classification

DNA reads were mapped to their respective references gen-
omes using Bowtie2 (version 2.3.5.1; Langmead and
Salzberg 2012). The cockroach reference genomes are
available at NCBI under GCA_003018175.1 (version 1) for
B. germanica (Harrison et al. 2018), GCA_025594305.2
(ASM2559430v2; version 2) for P. americana (Wang et al.
2023), and GCA_030220185.1 (version 1) for D. punctata
(Fouks et al. 2023). The reference genome of the termite
C. secundus is available at NCBI under GCF_002891405.2
(version 2) (Harrison et al. 2018), and that for M. natalensis
can be downloaded from GigaScienceDB under https:/doi.
org/10.5524/100055 (Poulsen et al. 2014). Since no refer-
ence genome is currently available for R. flavipes, genomic
reads were mapped to the assembled genome of its close
relative R. speratus (version 1; Shigenobu et al. 2022) as
this gave better mapping results than attempting de novo
genome assembly based on the short reads alone. From
the resultant SAM files, the uniquely mapped reads were fil-
tered using the Samtools tags (XS: i) (Li et al. 2009). Male and
female coverage was estimated using SoapCoverage (ver-
sion 2.7.9; http:/soap.genomics.org.cn/soapaligner.html).
Coverage was summed up for all reads per scaffold to com-
pare the coverage between males and females. Using R, the
scaffolds were first filtered based on a minimum length of 7
kilobasepairs (kb), followed by median normalization to ac-
count for differences in the overall coverage of both sexes.
This was followed by classifying scaffolds as either
X-chromosomal (X) or autosomal (A), by calculating
male-to-female (M:F) coverage and plotting coverage dens-
ity histograms for visualization. Scaffolds that had zero
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coverage in at least one sex were classified as unknown
genomic location ('NA’). The cutoff value on which scaf-
fold classification was based was calculated based on the
male-to-female ratio at the autosomal peak, which, due
to differences in male and female coverage, was not al-
ways located directly at one. Distributions were thus
shifted so that the autosomal peak was centered at one
(Fig. 1b). All scaffolds with a M:F coverage <0.75 were de-
fined as X-chromosomal while all scaffolds above this cut-
off were defined as autosomal. In a more conservative
approach, scaffolds with a M:F coverage <0.6 were classi-
fied as X-chromosomal while the cutoff for the autosomal
scaffold classification was maintained. In this more conser-
vative approach, scaffolds that fell in between the two
thresholds were classified as unknown (denoted as ‘NA’).
The total size of the classified scaffolds was defined as
the sum of all sex scaffold sizes and determined using a
custom R script. As results did not qualitatively differ be-
tween the thresholds, we present here the former of the
two while results for the more conservative approach can
be found in the Supplementary Material online.

Gene Expression Analysis

To assess gene expression differences between males and
females, RNA-sequencing (RNA-seq) data of the separate
sexes were used. Raw RNA-seq data of single male and
female reproductives were downloaded from the NCBI
Sequence Read Archive (SRA) for three cockroach species
(B. germanica, P. americana, and D. punctata) and
three termite species (R. speratus, C. secundus, and
M. natalensis). For B. germanica, data stems from the
three different projects BioProjects PRINA780882,
PRINA389591, and PRINA382128. Furthermore, the
two male RNA-seq samples for P. americana came
from different studies, BioProjects PRINA779823 and
PRINA864072, as no replicates were available in any single
study. For each of the remaining species, data were ob-
tained from individual studies and is available under
BioProjects PRINA577484, PRIDB5589, PRINA382129,
and PRINA382034, respectively. For all species, except
R. speratus, whole-body datasets were used. As whole-
body data were not available for R. speratus, two other
composite tissue datasets were used: heads and thorax
plus abdomen. For D. punctata and C. secundus, equal da-
tasets were available per sex (three and four, respectively).
For all other species, varying numbers of male and
female replicates were available which are listed in
the Supplementary Material online along with number
of between and within colony replicates (supplementary
table S13, Supplementary Material online). Coding se-
guences for the annotated genomes as well as protein se-
guences were downloaded for each species (see genome
sources above).

Read Quality Control and Trimming

RNA-seq libraries composed of paired-end reads were qual-
ity checked using FASTQC (version 0.11.5; Wingett and
Andrews 2018) and subsequently trimmed using
Trimmomatic (version 0.36; Bolger et al. 2014), retaining
only pairs of forward and reverse reads with a minimum
of 36 bp after trimming. Furthermore, quality filtering of
reads was performed using Trimmomatic sliding window
which trims reads at the 5" and 3’ ends, eliminating bases
with a Phred score of <15. For the short single-end reads
of R. speratus and D. punctata, a sliding window function
was used to remove fragments of four bases that had an
average Phred score <15, retaining only reads of 60bp or
longer. Lastly, mapping was performed using NextGenMap
(version 0.5.5; Sedlazeck et al. 2013) which aligned
RNA-seq libraries to the coding-sequences of the respective
genomes using default parameters.

Sex-biased Genes

To identify genes that are differentially expressed between
the sexes of reproductives of each species, the
Bioconductor package DESeqg2 (version 1.10.1; Love et al.
2014), asimplemented in R, was used. The R. speratus ana-
lysis differs slightly from the other species as no whole body
data were available. Instead, different tissue datasets,
namely heads and thorax combined with abdomen were
available and used here. As, especially for sex-biased genes
in adult reproductives, we expect the major difference to be
in the gonads, we present here the data for the combined
thorax and abdomen samples. Nevertheless, all analyses
have also been performed using heads.

Raw read counts obtained from the NextGenMap map-
pings (version 0.5.5; Sedlazeck et al. 2013) were used as the
input and multiple testing correction was performed with
the Benjamin—Hochberg correction as built into DESeq?2.
Genes with a significant adjusted P-value <0.05 between
the sexes were considered sex-biased. All genes which did
not meet this criterion were considered unbiased. Gene ex-
pression levels were measured as reads per kilobase of tran-
script per million mapped reads (RPKM) and unbiased
genes with an average RPKM value <0.5 were classified
as being nonexpressed. Furthermore, genes where the
fold change or adjusted P-value could not be calculated
due to strong differences between replicates, were also
considered as nonexpressed.

GO Enrichment Analysis

The amino acid sequences download with the genomes for
each species were used to annotate proteins via
InterProScan (version 5.65 to 97.0; Jones et al. 2014). Of
note, only the Pfam A database was used in InterProScan
to transfer GO terms as Pfam domains based on
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experimental validation were considered the most reliable.
All other parameters were left as default. The Bioconductor
package topGO (version 2.54.0; Alexa and Rahnenfthrer
2023) was used to assess over-represented GO terms
among differentially expressed genes, taking the three indi-
vidual GO categories (molecular function, cellular compo-
nent and biological process) into account separately. In
each species, GO terms of the annotated and expressed
genes of that species were used as the GO universe to
test against the GO terms present in our subset (i.e. the sex-
biased genes). Significant enrichment or depletion of terms
was assessed in R with Fisher's Exact Test using the
Benjamini-Hochberg correction for multiple testing at a sig-
nificance cutoff of an adjusted P-value <0.05.

Dosage Compensation Analysis

For dosage compensation analysis, gene expression levels
were compared between the sexes and genomic locations
(X-linked vs. autosomal). As multiple isoforms were in-
cluded in C. secundus, the mean expression of all isoforms
was calculated per sex and used as gene expression value of
downstream analysis. Quantile normalization was per-
formed for each individual using the normalize.quantiles
function of the R Bioconductor preprocessCore package
(version 1.66.0; Bolstad 2024). Chromosomal assignment
was performed using the results of the coverage-based
analysis. Only genes with a mean RPKM >1 in both sexes
were kept for the downstream analysis. Replicates were
averaged, followed by a second round of quantile normal-
ization. Using these RPKM values, gene expression was
compared between (i) male and female autosomes, (ii)
male and female X chromosomes, and (iii) male autosomes
and the male X chromosome using pairwise Wilcoxon
Rank Sum Test with Benjamini-Hochberg correction for
multiple testing. Due to increased X-chromosomal gene
expression in male individuals of C. secundus and
M. natalensis, the analysis was repeated following exclu-
sion of X-chromosomal genes with more than 2-fold ex-
pression in males compared with females.

Sex-biased Gene Enrichment Analysis

Quantile normalization was performed and isoforms sum-
marized as described above. All genes with a mean RPKM
>1 in at least one sex were included in the downstream
analysis. Unbiased genes were defined as all genes with
an adjusted P-value >0.05 and sex bias was assigned for
genes showing significantly different gene expression be-
tween sexes. The sex bias was assigned either solely based
on significance (henceforth referred to as no cutoff, la-
belled as “none”) or each gene's fold change between
sexes was additionally considered for assignment.
Two-fold change cutoff values (fold change >2 and >4)
were considered. To test for enrichment or depletion of

sex-biased genes, the number of female-biased genes
and male-biased genes on autosomes and the X chromo-
some was compared with the number of unbiased genes,
respectively, using Fisher’s Exact Test (P-value <0.05). The
expected number of biased and unbiased genes on each
chromosome type (autosomes and X chromosome) was ex-
tracted from each Fisher's matrix and the ratio of
observed-to-expected number of sex-biased genes was
plotted for male- and female-biased genes on each
chromosome type using the ggplot2 package (version
3.5.1; Wickham 2016).

Across-species Comparison

OrthoFinder (version 2.5.4; Emms and Kelly 2015) was used
to filter for the longest isoform before determining
orthogroups between all species (B. germanica, P. ameri-
cana, D. punctata, C. secundus, M. natalensis, and R. sper-
atus) by comparison of protein sequences. The OrthoFinder
output was filtered for one-to-one (1:1) orthologues be-
tween all species and by each pairwise comparison.
Furthermore, for pairwise comparison, 1:1 orthologues
were also identified via Bidirectional Best Hit BLAST
(Camacho et al. 2009) to gain more statistical power by in-
dividual comparisons. The overlap between sex-biased
genes in the multispecies and pairwise comparison
was visualized using the webtool Venny (version 2.0.2;
Oliveros 2007) and the ggvenn package (version 0.1.10)
in ggplot2 (version 3.5.1; Wickham 2016) in R, respective-
ly. Statistical significance of gene set overlaps was tested
using the Super Exact (package SuperExactTest, version
1.1.0; Mauger-Birocheau 2022) and Fisher's Exact Test
for the multi-species and pairwise comparisons,
respectively.

To assess if X-linked and autosomal genes were con-
served between species, gene classifications determined
from the coverage analysis were combined with the results
of differential expression analysis and orthogroup predica-
tion data using dplyr (version 1.0.10; Wickham et al. 2023)
and ggplot2 (version 3.5.1; Wickham 2016) packages in
R. The total number of genes that were X-linked or auto-
somal was determined in both species, followed by identi-
fication of genes which were autosomal in one species but
X-linked in another and vice versa. Statistical testing was
conducted to evaluate the association between these oc-
currences, using Fisher’s Exact Test. The number of genes
overlapping between species as expected by chance was
determined via Pearson’s Chi-squared Test. The analysis
was repeated using the conservative sex scaffold classifica-
tion. Lastly, for M. natalensis and B. germanica where a
large number of X-linked genes where identified, the con-
current X-linked genes between these two species were
blasted using the NCBI nr database (O'Leary et al. 2016)
to identify possible sequence similarities with other species.
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