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Abstract

After the loss of a trait, theory predicts that the molecular machinery underlying its phenotypic expression should decay. Yet,
empirical evidence is contrasting. Here, we test the hypotheses that (i) the molecular ground plan of a lost trait could persist
due to pleiotropic effects on other traits and (ii) that gene co-expression network architecture could constrain individual gene
expression. Our testing ground has been the Bacillus stick insect species complex, which contains close relatives that are either
bisexual or parthenogenetic. After the identification of genes expressed in male reproductive tissues in a bisexual species, we
investigated their gene co-expression network structure in two parthenogenetic species. We found that gene co-expression
within the male gonads was partially preserved in parthenogens. Furthermore, parthenogens did not show relaxed selection
on genes upregulated in male gonads in the bisexual species. As these genes were mostly expressed in female gonads, this
preservation could be driven by pleiotropic interactions and an ongoing role in female reproduction. Connectivity within the
network also played a key role, with highly connected—and more pleiotropic—genes within male gonad also having
a gonad-biased expression in parthenogens. Our findings provide novel insight into the mechanisms which could underlie
the production of rare males in parthenogenetic lineages; more generally, they provide an example of the cryptic persistence
of a lost trait molecular architecture, driven by gene pleiotropy on other traits and within their co-expression network.
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Significance

Loss of traits commonly occurs in diverse lineages of organisms. Here we investigate what happens to genes and regu-
latory networks associated with these traits, using parthenogenetic insect species as a model. We investigated the fate
of genes and gene regulatory networks associated with male gonads in a bisexual species in closely related partheno-
gens. Rather than showing signs of disuse and decay, they have been partially preserved in parthenogens. More highly
pleiotropic genes in male gonads were more likely to have a gonad-biased expression profile in parthenogens. These
results highlight the role of pleiotropy in the cryptic persistence of a trait molecular ground plan, despite its phenotypical
absence.
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Introduction

Trait loss is a common phenomenon across the tree of life. It
is predicted to have evolutionary consequences for the
genes involved in the trait expression, either via drift or se-
lection (Hall and Colegrave 2008). The decay of trait-
specific genes after trait loss can be due to several causes,
including mutations in coding sequences (Kraaijeveld
et al. 2016) or in regulatory regions (Sackton et al. 2019),
changes in expression patterns (Zhang and Reed 2016),
or complete gene losses (Suen et al. 2011). Nonetheless,
empirical evidence of decay following trait loss is often lack-
ing. For example, parasitic wasps which have lost lipogen-
esis do not show sequence degradation of related genes
(Lammers et al. 2019). Likewise, genes underlying photo-
synthesis are inferred to be under a strong purifying selec-
tion in a parasitic plant (McNeal et al. 2007). The expression
of functional opsins has been observed in cave crustacean
with reduced or absent eyes (Stern and Crandall 2018).
Although these contrasting results make it difficult to gen-
eralize about the impact of trait loss on its genomic blue-
print, these observations on maintenance and decay are
not necessarily conflicting. The outcome of trait loss is
most likely due to a combination of multiple phenomena,
most notably the strength of selection on loss and the
time passed since the onset of this selective pressure
(Lahti et al. 2009). Furthermore, an overlooked phenom-
enon which could also underlie different trajectories of trait
preservation or decay consists of the pleiotropic effects that
the genes underlying the lost trait may have on other unre-
lated traits. So, traits whose genes are involved in multiple
biological processes are less likely to degenerate after the
selective constraints on a specific trait are removed (Smith
et al. 2015). As pleiotropy is known to affect genes expres-
sion (Papakostas et al. 2014; Morandin et al. 2017) and
genes underlying complex traits have variable levels of plei-
otropy (Visscher and Yang 2016), it is possible to hypothe-
size that the expression preservation of genes underlying a
certain trait after its loss could be explained by their con-
nectivity in their co-expression network topology. In fact,
highly interconnected genes are more pleiotropic and
more likely to be essential than others (Jeong et al. 2001;
MacNeil and Walhout 2011).

Parthenogenetic taxa can produce offspring without
male contribution; some of these lineages only produce fe-
male individuals, thus completely lacking—or having just
accidental emergence—of males (Scali 2013). This provides
an excellent framework to unravel the consequences of
trait loss. With males’ loss it can be expected that the mo-
lecular architecture of male reproduction would degrade,
and eventually be lost; yet, the rate of degradation and/or
loss can be expected to depend on a plethora of phenom-
ena, including the time since the shift in reproductive strat-
egy, the level of pleiotropy of the underlying genes, and the

rate of cryptic sex (van der Kooi and Schwander 2014). Our
testing ground has been the Bacillus stick insect species
complex, which includes Bacillus grandii marettimi, a bisex-
ual subspecies, and two thelytokous taxa: the obligate
parthenogen Bacillus atticus and the facultative partheno-
gen Bacillus rossius, which includes both bisexual and par-
thenogenetic populations (Scali et al. 2003). This species
complex diversified over 20 million years ago, and earlier re-
search highlighted two cytological mechanisms of ploidy
restoration in parthenogenetic taxa: in B. atticus, the diploid
egg is obtained through meiosis with central fusion by ana-
phase | restitution, while in B. rossius, the embryo starts de-
veloping from an haploid egg and then diploidizes after a
short while (Scali et al. 2003). In a previous gene expression
analysis on gonadal tissues in these three taxa (Forni et al.
2022a), genes with gonads-biased expression in partheno-
gens were also found to have a biased expression in male
and female gonads of the bisexual species.

Here, we inferred the gene co-expression network of
male gonads in the bisexual species Bacillus grandii; subse-
guently, we assessed the preservation and/or decay of
expression coordination and sequence identity of the genes
composing it in the two parthenogens B. atticus and
B. rossius. We specifically tested the hypothesis that the ex-
pression coordination and sequence identity of genes cor-
related with male reproduction could be preserved due to
its genes having pleiotropic effects in females (Schwander
et al. 2013; van der Kooi and Schwander 2014).
Furthermore, we predicted different extents of gene tran-
scriptional preservation in parthenogens depending on
their connectivity in the co-expression network, as a meas-
ure of pleiotropy.

Results

Characteristics of Gene Co-expression Network in the
Bisexual Species B. grandii

A weighted gene co-expression network was inferred for
the bisexual species B. grandii, using the expression data
of 2,842 single-copy genes shared among the three
Bacillus species and the outgroup Phyllium philppinicum.
Seven co-expression modules were identified (indicated
with capital letters from A to G in Fig. 1): three of them—
D, F, and G—presented a significant, positive correlation
to male gonad, and two (C and E) presented a significant
and positive correlation to female gonads (Fig. 1A). Each
module included between 105 and 909 genes; 2.7% of
genes (n=75) were left unassigned and they represent
3% of genes upregulated in male gonads (21 out of 702;
P<0.01 and LogFC > 1). Co-expression modules corre-
lated with male and female gonads are enriched for several
functions associated with transcription and meiosis, such as
gene silencing, cell cycle and proliferation, morphogenesis,
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Fic. 1.—Expression preservation of male gonads-correlated genes in parthenogens. A) Co-expression modules correlation to male and female gonads in
the bisexual species Bacillus grandli. Each column corresponds to a module, while the upper and the lower rows correspond to male and female gonad trait
correlation, respectively. Tiles color intensity is proportional to module—trait correlations (***P < 0.001; **P < 0.01; *P < 0.05; ns > 0.05). Module names and
the number of genes composing them (in parentheses) are reported at the bottom of the figure. B) Preservation of gonad-correlated modules expression
coordination in the two parthenogens Bacillus atticus and Bacillus rossius gonad. Numbers in the tiles and tiles color represent Zy mmary preservation: the higher
the metric, the more preserved the module. Zy,mmary < 2 Was considered as no evidence for module preservation, 2 < Zgymmary < 10 as weak to moderate

evidence, and Zymmary > 10 as strong evidence.

and chromosome organization (supplementary table ST,
Supplementary Material online).

Expression Preservation of Male Gonads-correlated
Genes in Parthenogens

After having identified gonads-correlated modules in the
bisexual B. grandii, we tested whether network characteris-
tics could be partially preserved in the parthenogens
B. atticus and B. rossius, despite the absence of males.
Following the thresholds proposed by Langfelder et al.
(2011), the gene network inferred in the bisexual species
was found to be preserved in the two parthenogenetic spe-
cies B. atticus and B. rossius (Zsummary Preservation 15.00 for
B. rossius and 14.00 for B. atticus); genes not included in the
co-expression network instead didn’t show any sign of pres-
ervation (Zsymmary Preservation —0.72 for B. rossius and
—0.29 for B. atticus). Female gonads-related modules were
found consistently preserved in parthenogens, while mod-
ules correlated with male gonads exhibit different extents
of preservation: module F is preserved, while module D is
weakly preserved, and module G shows no signs of preserva-
tion, consistently across both parthenogens (Fig. 1B).

Sequence Preservation of Male Gonads-correlated
Genes in Parthenogens

Using dN/dS ratios, we tested whether male gonad-
correlated genes in parthenogens experienced relaxed se-
lection and decay in their sequence identity. No statistical
difference was found in dN/dS distribution across Bacillus
species, for all subset of genes considered (Fig. 2A).
Within each species, both female and male gonads-
correlated genes were found to have consistently under-
gone a weaker selective pressure with respect to
gonads-unrelated genes, while there is no statistical differ-
ence between female and male gonads (Fig. 2B). This im-
plies that no sign of a weakened selection is observed in
male gonad related genes in parthenogens, consistent
with observations on other parthenogenetic arthropods
(Brandt et al. 2017).

Pleiotropy of Male Gonads-correlated Genes on Other
Traits and Within the Co-expression Network

We then focused on the interplay between gene
gonads-biased pattern of expression in parthenogens and
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Fic. 2.—Sequence preservation of male gonad-correlated genes in parthenogens. A) Cross-species comparison of dN/dS ratios for gonads-uncorrelated,
female gonads-correlated, and male gonads-correlated genes. B) Within-species comparison of dN/dS ratios for gonads-uncorrelated, female gonads-
correlated, and male gonads-correlated genes (***P<0.001; **P<0.01; *P<0.05; ns> 0.05). In parthenogens, male gonad-correlated genes do not
show a signature of a more relaxed selection regime compared to female gonad-correlated ones.

pleiotropic interactions on other traits and within their co-
expression network. In the bisexual species B. grandii,
genes found in co-expression modules positively correlated
with female gonads are found to have a gonads-biased ex-
pression in female gonads, including parthenogenetic
ones, but they appear strongly downregulated in male
ones (Fig. 3A). Conversely, most of the genes found in co-
expression modules positively correlated with male gonads
have a gonads-biased expression in both bisexual males
and females, and parthenogenetic females (Fig. 3B). Thus,
the preservation of connectivity and density of most of
the male gonad genes co-expression network in partheno-
gens may be explained by pleiotropic effects in both sexes
of genes underlying male gonads physiological pathways,
as previously hypothesized (Schwander et al. 2013; van
der Kooi and Schwander 2014). Interestingly, a large part
of male gonads-correlated genes has a gonads-biased
profile of expression in parthenogenetic females, and their
connectivity in B. grandii co-expression network was
found to have a significant and positive correlation with
parthenogens LogFC (B. atticus: Spearman correlation:

r =0.34, P<0.001; B. rossius: r=0.31, P<0.001;
Fig. 3B). This suggests that highly connected genes corre-
lated with male gonads are most likely to show a gonads-
biased transcription pattern in parthenogens, while loosely
connected ones lack a gonad-specific expression in
parthenogens.

Discussion

We examined the fate of the male gonads’ gene regulatory
network in parthenogenetic taxa. Our results did not reveal
a consistent decay of its architecture in both transcription
coordination and sequence identity. These findings are co-
herent with trait loss being coupled mainly with transcrip-
tional modifications (Smith et al. 2015; Roscito et al.
2018) and changes affecting a few genes (Zhang and
Reed 2016; Yagound et al. 2020), thus preserving a portion
of the trait blueprint after its phenotypic loss (Smith et al.
2015; Bast et al. 2018; Stern and Crandall 2018;
Lammers et al. 2019). The partial persistence of a lost trait’s
ground plan can have two, non-mutually exclusive
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Fic. 3.—Pleiotropy of male gonads-correlated genes on other traits and within the co-expression network. A) Spearman correlation between gene con-
nectivity in the bisexual Bacillus grandii co-expression network and the LogFC between reproductive and nonreproductive tissues in each Bacillus species and
sex, for genes which were found to be correlated to female gonads in the bisexual Bacillus grandii; female gonad genes are found to be generally downre-
gulated in male gonad. B) Spearman correlations between gene connectivity in the bisexual Bacillus grandii co-expression network and the LogFC between
reproductive and nonreproductive tissues in each Bacillus species and sex, for genes which were found to be correlated to male gonads in the bisexual Bacillus
grandii. Male gonad genes are found to be generally upregulated in female and parthenogens’ gonads; furthermore, genes with higher connectivity are more
likely to be expressed in female and parthenogens’ gonads. Points transparency is based on differential expression FDR.

explanations: (i) decay necessitating extended time periods,
possibly coupled with strong selective pressures, and/or
(i) components of the physiological pathways consisting
of pleiotropic genes, which are under selection for other
traits or for their essentiality.

Our results support a role for gene pleiotropy on other
traits and within the co-expression network in the partial
preservation of male reproduction ground plan in Bacillus
parthenogens. Highly connected genes are more likely to
have pleiotropic effects also for functions that are not related
to the lost trait, with respect to loosely connected ones (Tyler
et al. 2009; Wang et al. 2010), and pleiotropy is also known
to affect genes expression (Papakostas et al. 2014; Morandin
et al. 2017); theoretical and empirical observations also pre-
dict a strong correlation between connectivity and essential-
ity, so that the degradation of genes largely responsible for
maintaining network connectivity could be detrimental or
even lethal (Jeong et al. 2001). Furthermore, our results pro-
vide a possible explanation for cryptic sex and rare males (i.e.
episodic generation of males and bisexual reproduction).
There are an increasing number of instances where signa-
tures of cryptic sex are found in “ancient” parthenogens
(Vakhrusheva et al. 2020; Boyer et al. 2021; Freitas et al.
2023); at the same time, parthenogenetically produced

males have often been observed in many species and have
also been reported for B. atticus (Scali 2013). Our findings
are also in line with the observed masculinization of sex-
biased gene expression following the shift to parthenogen-
esis (Parker et al. 2019) but highlight, instead, the role of
prior constraints (gene pleiotropy and essentiality) alongside
selective forces (Losos 2011).

In Bacillus, untangling the timing of the shift in repro-
ductive strategy and the degree of selection against male
production proves challenging. Without any knowledge
on these aspects, it is difficult to understand if there are
some mechanisms actively preventing decay or if decay
may be simply not yet observable, either because not en-
ough time passed or selection is not strong enough for it
to become tangible. However, a model of consistent decay
would not predict some of our findings, such as the involve-
ment of pleiotropic male gonads genes in the ovaries of
asexual taxa, which would require regulatory reprogram-
ming. Additionally, no significant differences are observed
between the two parthenogens, which likely experience
variable selection pressures against males and/or under-
went shifts in their reproductive strategies at different
times: for example, B. atticus has been inferred to have
shifted to obligate parthenogenesis about 1 million years
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ago while B. rossius shows geographic parthenogenesis
with most populations bisexually reproducing and having
the potential to abruptly switch from bisexuality to par-
thenogenesis and vice versa (Mantovani et al. 2001).
Consequently, we consider the neutral decay hypothesis a
less likely explanation for our data although it cannot be en-
tirely ruled out for certain aspects of our findings, such as
the absence of a more relaxed selection regime of male
gonads-upregulated genes in asexual species compared
to female gonad-correlated ones.

A large body of literature focuses on how traits are es-
tablished (Almudi et al. 2020; Fisher et al. 2020); nonethe-
less unraveling the processes associated with trait cryptic
persistence can also provide a broader insight into the se-
lective forces that underlie trait evolution (Bruce and Patel
2022). The reversal to an ancestral state after trait loss is
considered an unlikely event (e.g. Dollo’s law), as it is ex-
pected to be coupled with the decay of the trait molecular
architecture (Marshall et al. 1994). Yet, numerous examples
of such reversals have been proposed, including oviparity in
lizards (Esquerré et al. 2019), insects wings (Forni et al.
2022b), and sex itself (Domes et al. 2007); the results pre-
sented here suggest a possible mechanism which could
underlie the reversion to a once-lost ancestral state.

Materials and Methods

De novo reference transcriptome assemblies and annotation,
differential expression analyses between reproductive and
nonreproductive tissues, and orthology inference were
generated previously (Forni et al. 2022a, 2022b). A weighted
gene co-expression network was inferred for the bisexual
species B. grandii. This approach identifies genes with coordi-
nated expression patterns across samples, using a hierarchical
clustering approach; genes are clustered into modules of
highly interconnected genes which are then correlated with
specific traits (Stuart et al. 2003). Using the gene level abun-
dance estimates of 24 B. grandii samples (six replicates of legs
and gonads tissues, for male and female specimens), a matrix
of TPM expression values was constructed and cross-sample
normalized using the TMM method implemented in edgeR
v3.40.0 (Robinson and Oshlack 2010). The analysis was per-
formed using the R package WGCNA v1.71 (Langfelder and
Horvath 2008). A signed network was inferred based on the
criterion of approximate scale-free topology, using the
blockwiseModules WGCNA function, a soft thresholding
power of 19, and a dendrogram cut height of 0.2, modules
defined to contain at least 30 genes. All genes found in
modules that had a positive significance correlation with
male gonad are subsequently defined as male gonads-
correlated, while all genes inside modules that had a positive
significance with female gonad are defined as female
gonads-correlated; all genes unrelated to male or female go-
nads were considered separately. GO-terms were generated

for each species using Argot 2.5 with a TotalScore > 200
(Lavezzo et al. 2016) and subsequently associated with
each OG, collapsing multiple entries of the same term. Each
module enrichment analyses were performed with the
TopGO v2.32.0 package in Bioconductor, using Fisher exact
test and both elim and weight algorithms—which consider
GO hierarchy (Alexa and Rahnenfuhrer 2019). GO-terms
were considered significantly enriched when elim P < 0.05.

Leveraging six gonads and six legs samples for each spe-
cies, module preservation statistics were inferred in
WGCNA using the modulePreservation function, with
500 permutations and assuming a signed network
(Langfelder et al. 2011). The Zsyymmary Metric has been
used to quantify the preservation of density and connectiv-
ity patterns of the bisexual species modules in the species
which shifted to parthenogenesis.

For each orthogroup, protein sequences were aligned
using MAFFT v7.520 (Katoh and Standley 2013) with default
parameters and retro-translated to a nucleotide alignment
using pal2nal v14.1 (Suyama et al. 2006). For each alignment,
the species tree branch lengths were optimized in a
maximum-likelihood framework, using a codon-aware GTR
+ G model, with RaxML v8.2.12 (Stamatakis 2014). dN/dS ra-
tios were calculated along the branches of the species phyl-
ogeny using codeml v4.10.6 (Yang 2007): a model with one
dN/dS for all branches of the tree and a model with a branch-
specific dN/dS were compared using a Likelihood Ratio Test,
with P-values adjusted for multiple comparisons using
Benjamini-Hochberg's correction in R. dN/dS values for each
terminal branch leading to the three Bacillus taxa were re-
trieved for each orthogroup; dN/dS values associated to dN
> 3 (implying substitutions saturation) and artifactual dN/dS
values of 999 were excluded. Furthermore, dN/dS > 1 were
excluded in order to assess the strength of purifying selection
without considering confounding instances of positive selec-
tion. Statistical comparisons of different dN/dS rations were
carried out using the Wilcoxon nonparametric test.

Using the same parameters used for network construc-
tion, gene connectivity has been inferred for each gene in
the bisexual species gene co-expression network with the
intramodularConnectivity WGCNA function; this metric is in-
tended as a measure of how correlated the expression of a
gene is with others and as a proxy for the extent of a gene’s
pleiotropic interactions. Using R (4.0.2; R Core Team 2017),
Spearman correlations were calculated between gene total
connectivity (kTotal) in the bisexual B. grandii co-expression
network and the LogFC found between reproductive and
nonreproductive tissues of the two Bacillus parthenogens,
male and female gonad-correlated genes.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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