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Abstract 

The evolution of automixis – i.e., meiotic parthenogenesis – requires several features, including ploidy restora-
tion after meiosis and maintenance of fertility. Characterizing the relative contribution of novel versus pre-existing 
genes and the similarities in their expression and sequence evolution is fundamental to understand the evolution of 
reproductive novelties. Here we identify gonads-biased genes in two Bacillus automictic stick-insects and compare 
their expression profile and sequence evolution with a bisexual congeneric species. The two parthenogens restore 
ploidy through different cytological mechanisms: in Bacillus atticus, nuclei derived from the first meiotic division fuse 
to restore a diploid egg nucleus, while in Bacillus rossius, diploidization occurs in some cells of the haploid blastula 
through anaphase restitution. Parthenogens’ gonads transcriptional program is found to be largely assembled from 
genes that were already present before the establishment of automixis. The three species transcriptional profiles 
largely reflect their phyletic relationships, yet we identify a shared core of genes with gonad-biased patterns of expres-
sion in parthenogens which are either male gonads-biased in the sexual species or are not differentially expressed 
there. At the sequence level, just a handful of gonads-biased genes were inferred to have undergone instances of 
positive selection exclusively in the parthenogen species. This work is the first to explore the molecular underpinnings 
of automixis in a comparative framework: it delineates how reproductive novelties can be sustained by genes whose 
origin precedes the establishment of the novelty itself and shows that different meiotic mechanisms of reproduction 
can be associated with a shared molecular ground plan.
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Background
Parthenogenesis provides several advantages, includ-
ing the transmission of beneficial allele combinations to 
future generations, improved colonization ability and 
reproductive success under environmental conditions 
with scarce mating opportunities [1, 2]. Despite being 

often associated with loss of heterozygosity due to the 
lack of outcrossing [3, 4], its importance as an adaptive 
trait is highlighted by the many independent times it has 
evolved across the tree of life [5]. In parthenogenetically 
reproducing females, ploidy maintenance can take place 
either through apomixis - with a mitotic process retain-
ing the ploidy – or through automixis – in which meio-
sis is maintained, but a different set of mechanisms allow 
ploidy restoration [6]. The latter process can be achieved 
either by pre-meiotic extra-doubling of chromosome sets 
or by the fusion of meiotic products, which can happen 
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through central fusion – i.e., restitutional meiosis at ana-
phase I or the fusion of its products – or through termi-
nal fusion – i.e., restitutional meiosis at anaphase II or 
the fusion of its products [7]. Independently from the 
mechanism through which egg ploidy is either retained 
or restored, the establishment of parthenogenesis incurs 
additional and shared barriers, such as the activation of 
the oocyte without sperm fertilization [8]. Several clues 
to the causes and consequences of parthenogenesis in 
animals are available [9–14], but few studies leverage a 
solid knowledge on the modifications of the meiotic pro-
cesses [15]. Investigations on well characterized autom-
ictic species have mainly focused on the consequences of 
this reproductive strategy [16–18] while an understand-
ing of its molecular underpinnings is restricted to few 
taxa [19, 20].

Parthenogenesis is a well-known phenomenon in 
stick- and leaf-insects of the order Phasmida and it has 
been extensively characterized in the Mediterranean 
Bacillus stick insect species complex (Fig. 1) [21]; the lat-
ter started its diversification over 20 million years ago 
(Fig.  2a) [21, 22]. In this work we analyzed three Bacil-
lus species of non-hybrid origin: Bacillus rossius, Bacillus 
grandii and Bacillus atticus. Bacillus rossius is a faculta-
tive parthenogenetic taxon with at least eight subspe-
cies in the Mediterranean area: two South European 
subspecies, B. rossius rossius and B. rossius redtenbach-
eri, consist of both parthenogenetic and bisexual popu-
lations, while the North African and Spanish lineages 
comprise only bisexual populations. Bacillus grandii is a 

paraphyletic taxon which includes three obligate bisexual 
subspecies – B. grandii grandii, B. grandii benazzii and 
B. grandii maretimi – distributed in the Sicilian area. 
Finally, B. atticus is an obligate parthenogenon, whose 
all-female populations are distributed from Central to 
Eastern Mediterranean coasts, and it is the sister taxon 
of the bisexual B. grandii grandii. Earlier research pro-
vided evidence that the egg of B. rossius in parthenoge-
netic populations undergoes a canonical meiosis, but 
during the embryonic development some cells of the 
haploid blastula achieve diploidization via anaphase res-
titution (Fig. 1c); if fertilized, parthenogenetic B. rossius 
females may therefore reproduce bisexually giving rise to 
fertile offspring of both sexes [23]. In the obligate parthe-
nogenon B. atticus, after a regular first meiotic division, 
nuclei at prophase II fuse in a diploid egg nucleus; this 
is followed by a second division leading to a degenerat-
ing polocyte and a quickly dividing, unreduced nucleus 
originating the parthenogenetic embryo (Fig.  1b) [24]. 
Although extant B. atticus populations are made by only 
females across the entire geographical range, studies on 
hybrid taxa suggested that males should have been pre-
sent at least until 1 million years ago [22]. It is to be noted 
that the B. rossius automictic mechanism leads to a com-
pletely homozygous offspring, while the B. atticus one 
allows a certain degree of heterozygosity depending on 
chiasma position and chromosome segregation.

A key aspect to understand the mechanisms underlying 
evolutionary innovations is the relative contribution of novel 
genes versus pre-existing ones [25–27]. Both mechanisms 

Fig. 1 Overview of the oogenesis processes in a the bisexual Bacillus grandii maretimi (blue) and in the two parthenogens, b Bacillus atticus (yellow) 
and c Bacillus rossius rossius (red)
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can concur at the same time, leading to the evolution of nov-
elties [28–30]. Nonetheless, the process through which novel 
traits are established can have different signatures, with some 
apparently linked to the appearance of novel genes [31, 32] 
and others more strongly associated with genes whose ori-
gin precedes the establishment of the novelty [33, 34]. In the 
latter case, the novelty can be associated to modifications of 
cis-regulatory elements affecting patterns of gene expression 
[35] and/or of protein coding sequence portions of genes [36, 
37]. In this context, the degree of similarity shared by the 
molecular ground plan of analogous phenotypical endpoints 
is a key aspect [38, 39]. While the establishment of some 
traits seems to have happened through similar trajectories 
[40–42], in other cases evidence of such similar trajectories 
is lacking – implying that analogous outcomes are achieved 
through different paths [43, 44].

Here, we leveraged new transcriptomics resources 
of parthenogenetic B. rossius and B. atticus, and of the 
bisexual congeneric B. grandii to carry out compara-
tive analyses of gene expression and molecular evolu-
tion, trying to elucidate: (1) the relative contribution to 
the evolution of automixis of pre-existing genes versus 
the emergence of novel ones, (2) the degree of similar-
ity among parthenogen’s gonads transcriptional pro-
grams and (3) the genes which underwent instances 
of positive selection exclusively in parthenogens. Our 
analyses represent the first attempt to explore the tran-
scriptional scheme associated with different automictic 
mechanisms, and the results from this work establish 
the Bacillus species complex as a new testing system to 
explore causes and consequences of these reproductive 
mechanisms.

Fig. 2 Phylogenetic relationships of Bacillus taxa and phylostratigraphy of gonads-biased genes. a Schematic drawing of the species tree obtained 
from Mantovani et al. (2001), with indication of the reproductive strategy for each taxon. Underlined species are those considered in the present 
study. b Phylostratigraphy of gonads upregulated genes; numbers on the right represent the number of transcripts present in each subset / 
assembly
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Methods
Study design, RNA extraction and sequencing
Bacillus grandii maretimi (Marettimo Island, Sicily), B. 
atticus (Necropoli di Camarina, Sicily) and B. rossius ros-
sius (Massa San Nicola, Sicily) specimens were collected 
in the field and lab-reared at 23 °C, feeding them with 
lentisk and bramble. Samples for the present analyses 
were isolated after 6 years of lab rearing. Bacillus gran-
dii maretimi males were sacrificed 1 day after their final 
moult and females from all the three species within 24 h 
from their first egg laying, to ensure individuals were 
reproductively active and that reproductive structures 
were completely developed. Females of the bisexual taxon 
B. grandii maretimi were virgin. For female gonads, ovi-
duct and accessory glands were removed and the tissue 
consisted of ovarioles containing a mixture of oocytes 
at different stages; for male gonads male testicle pairs 
were collected. Six biological replicates were collected, 
which consisted of (a) three legs from each individual 
for non-reproductive tissue (one foreleg, one mid-leg 
and one hind-leg) and (b) ovaries in females and testes 
in males for reproductive tissue; the same individual was 
used for leg and reproductive tract samples. Tissues were 
conserved in Trizol (Life Technologies) and RNA was 
extracted following the manufacturer’s protocol. RNA 
quantity and quality were measured using NanoDrop 
(Thermo Scientific) and Bioanalyzer (Agilent). Library 
preparation and paired-end sequencing (101 bp, NovaSeq 
6000) were performed by Macrogen, Korea.

Transcriptome assembly, orthology inference 
and phylostratigraphy
All available reads for each species were pooled and 
used for de novo assembly using Trinity [45] (Grabherr 
et al., 2011) with default parameters. We used TransDe-
coder (v5.5.0) on the raw assemblies to detect coding 
regions and UTRs in assembled transcripts, also inte-
grating homology information inferred using blastp [46] 
against the SwissProt protein database and HMMER 
[47] against Pfam domain database (both downloaded in 
November 2021). When multiple ORFs were predicted 
for a transcript, we chose the single best one. To filter 
out of our assemblies all the transcripts which could be 
of contaminant origin, we carried out a blastp search of 
each species’ proteome against the database using an 
e-value cut-off of 1e-3 and subsequently assigned each 
hit to a specific lineage using TaxonKit [48]. We retained 
only those transcripts which had all of the 20 best hits as 
Metazoans and at least half of them as Panarthropoda. 
We excluded all of the transcripts which did not have 
any hit over the e-value cut-off. To provide a comparative 
framework across species, we carried out an inference to 
identify homologous gene clusters – including ortholog 

and paralog – using Orthofinder2 [49]. We included the 
translated proteomes of the three Bacillus species along 
with that of Phyllium philippinicum (TSA accession: 
GCPM00000000) [50] as an outgroup; the latter was cho-
sen since it was found in a sister relationship with B. ros-
sius rossius in a recent phylogenomic publication, where 
the divergence between the two clades was estimated to 
have happened around 50 mya [51]. A species tree was 
inferred according to the STAG method [52].

Subsequently, we leveraged the orthology inference to 
estimate the evolutionary age of genes using phylostratig-
raphy [53]; if a species shared a homolog with any of the 
other species, we assumed that the last common ancestor 
of the two already possessed a copy of this gene. Using a 
custom script, we defined for each species: (1) species-
specific genes, as those which were found in orthogroups 
consisting of sequences only of the species considered 
(also known as Taxon Restricted Genes or orphan genes); 
(2) genes shared among Bacillus, as those which were 
found in orthogroups with at least one CDS of another 
Bacillus species, but lacking any Phyllium sequence; (3) 
genes shared with the outgroup, as those which were 
found in orthogroups with a Phyllium sequence. For each 
species, we tested whether the proportion of species-spe-
cific genes with gonads-biased pattern of expression was 
smaller than for the whole transcriptome, using a two-
proportions z-test in R [54].

Cross‑species gene expression analyses
Reads from each sample and biological replicate were 
mapped on the relative species reference transcriptome 
using Bowtie2 [55] with default parameters and RSEM 
was used for transcript quantification [56]. Transcripts 
Per Million (TPM) expression values were cross-sam-
ple normalized using the trimmed mean of M-values 
(TMM) normalization method [57] for visualization and 
PCA analyses. The latter were carried out separately on 
gonad and leg samples, also considering either all genes 
or only those with a tissue-biased profile of expression. 
Using the gene level raw counts obtained from RSEM 
we ran the differential gene expression analyses between 
reproductive (gonads) and non-reproductive (legs) tis-
sues – separately for each species and sex – using Deseq2 
with Benjamini and Hochberg’s method for multiple tests 
correction [58]. Subsequently, we gathered the FDR and 
LogFC values for each transcript based on the orthol-
ogy inference results, using a custom script. Gonads-
biased genes were defined: 1) in parthenogens as those 
that showed an FDR < 0.05 and a LogFC > 1 between 
reproductive and non-reproductive tissues, 2) in B. gran-
dii maretimi as those that showed an FDR < 0.05 and a 
LogFC > 1 between reproductive and non-reproductive 
tissues, in both sexes. For B. grandii maretimi we also 
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defined male gonads-biased and female gonads-biased 
genes as those which had an FDR < 0.05 and a LogFC > 1 
in one sex and were either not differentially expressed or 
downregulated in the other sex. Shifts in expression pat-
terns between the two parthenogens and the sexual spe-
cies were visualized using Sankey plots implemented in 
ggplot2 [59].

Positive selection inference
We screened the 2840 protein-coding genes inferred as 
one-to-one orthologs across the four taxa  for signatures 
of positive selection on the branches leading to B. atticus 
and B. rossius rossius. Initially we aligned all orthogroups 
as amino acids using two local alignment algorithms 
– l-INS-i and g-INS-i – implemented in MAFFT [60]. 
The amino acid alignments were then retro translated 
to nucleotides using pal2nal [61], and Gblocks was used 
to exclude spurious signals coming from misalignments 
[62]. We then inferred instances of positive selection 
using the branch-site model implemented in codeml [63]; 
all codeml analyses were carried out using BASE [64]. 
Separate analyses were performed using each terminal 
branch of our phylogeny as the foreground. We inferred 
two models, (a) one which had model = 2 and NSsites = 2 
with ω2 fixed at one and (b) the same model, with ω2 free 
to vary. All codeml analyses were carried out using the 
fixed species tree and with branch lengths inferred using 
RAxML with a codon-aware partitioning scheme and a 
GTR model [65].

To assess whether the model including positive selec-
tion was a better fit than the one which did not con-
sider it, we compared the likelihoods of the two models 
using a Likelihood Ratio Test (LRT) with one degree of 
freedom; the resulting p values were corrected for mul-
tiple tests using Benjamini and Hochberg’s method and 
genes were considered as candidates for positive selec-
tion when FDR < 0.05. Analyses were repeated for the two 
datasets aligned with l-INS-i and g-INS-i strategies: only 
the genes with a consistent signal of positive selection 
– independently from the alignment methods – were 
considered for subsequent analysis. To gain further lines 
of evidence for a possible role of these genes in the par-
thenogenetic reproductive process, we only considered 
genes which had an average TMM-normalized TPM > 10 
in gonads. We extracted per-gene and per-branch num-
ber of sites which were found to be under positive selec-
tion by Bayes Empirical Bayes test (p < 0.95) and retrieved 
(1) genes undergoing species-specific positive selection 
(i.e., which had at least one site under positive selection 
in a single parthenogen terminal branch and none in the 
other species) and/or (2) genes undergoing parallel posi-
tive selection (i.e., which had at least one site under posi-
tive selection in both parthenogen terminal branch and 

none in the other species). To further confirm that our 
results were not driven by the alignment strategy, the 
candidate genes undergoing parallel positive selection 
were aligned using the homology extension approach 
implemented in PSI-Coffee [66]. Codeml analyses were 
repeated as before and additionally we cross-checked the 
results obtained by codeml using the aBSREL (adaptive 
Branch-Site Random Effects Likelihood) approach [67] 
implemented in HyPHY [68].

Gene overlaps and GO enrichment
Fisher’s exact test implemented in the R package Gene-
Overlap [69] was used to determine p and odds ratio 
between the gene groups having parthenogens’ species-
specific or shared/parallel transcriptional patterns and 
sequence modification, in comparison to a genomic 
background which consisted of all the orthogroups which 
shared at least two Bacillus species (n = 15,972). Func-
tional annotation of genes was carried out separately for 
each species through blastp searches against the Uniref 
database (e-value <1e–3), combined with HMMER 
searches against the Pfam database; subsequently we gen-
erated GO-terms using Argot 2.5 with a TotalScore > 200 
[70]. Subsequently we gathered all GO-terms associated 
with each orthogroup across the three Bacillus taxa, col-
lapsing multiple entries of the same term. Enrichment 
analyses were performed with the TopGO package in 
Bioconductor, using Fisher’s exact test and both elim and 
weight algorithms – which considered GO hierarchy – 
and a node size of 2 [71]. GO-terms were considered sig-
nificantly enriched when elim p < 0.05; genes associated 
with enriched terms of interest were retrieved and fur-
ther characterized using BLASTP and HMMER online 
implementations [46, 72].

Results
Orthology inference and phylostratigraphy 
of gonads‑biased genes
Definitive assemblies had a comparable number of cod-
ing sequences (CDSs): 13,666 for B. grandii maretimi, 
13,703 for B. atticus and 14,162 for B. rossius rossius. 
The orthology inference yielded 2840 orthogroups con-
sisting of single copy genes shared by all four taxa (i.e., 
including the outgroup) and 5283 single copy genes 
shared among the three Bacillus taxa. Single-copy genes 
which were found across each parthenogen compari-
son with the sexual species were respectively 6329 for 
B. atticus and 6201 for B. rossius rossius. The species 
tree – inferred according to the STAG (Species Tree 
inference from All Genes) algorithm implemented in 
Orthofinder2 – is consistent with previous hypotheses 
on the clade systematic relationships (Supplementary 
Fig. S1; Fig. 2a).
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Phylostratigraphy was used to estimate a measure of 
genes origin of each species, to understand to what extent 
the establishment of parthenogenesis is coupled with the 
evolution of novel genes (Fig. 2b). Our analyses revealed 
that gonads-biased genes were found to be composed 
of a smaller proportion of species-specific genes com-
pared to that which could be observed in the complete 
transcriptome assemblies: this pattern was observed not 
only for B. atticus (gonad-biased: 2.2%; overall: 3.8%) and 
B. rossius rossius (gonad-biased: 3.6%; overall: 5.4%), but 
also for the male and female gonad-biased genes in the 
bisexual species (male gonad-biased: 3.7%; female gonad-
biased: 1.5%; gonad-biased in both sexes: 0.6%; overall 
4.8%). In both parthenogens and the bisexual species the 
proportion of species-specific genes with gonads-biased 
pattern of expression was smaller than the proportion of 
species-specific genes in the whole transcriptome (two-
proportions z-test p < 0.005).

Shared and species‑specific patterns of gonads gene 
expression across automictic species
To investigate similarities in gene expression patterns 
across parthenogen gonads with respect to the bisexual 
species, we leveraged two approaches: (1) a PCA analysis 
on the normalized counts (Fig.  3); (2) cross-species dif-
ferential gene expression analyses (Fig. 4).

PCA analyses performed on all genes shared across 
the three Bacillus species clearly separated B. grandii 
maretimi male gonads from all other gonad samples, 
highlighting a general pattern of gene expression similar-
ities among female gonads with respect to the male ones. 
For female gonads, the pattern found appears coherent 
with the phyletic relationships in the clade, separating 
B. rossius rossius from the more closely related B. gran-
dii maretimi and B. atticus. When the PCA is carried out 
only on genes showing a gonad-biased profile of expres-
sion, the two parthenogenetic samples appear more 

Fig. 3 PCA analysis on the TMM normalized gene expression values for a all genes in gonads samples, b gonads-biased genes in gonads samples, c 
all genes in legs samples, (b) legs-biased genes in legs samples
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similar to each other. Interestingly, when considering the 
gene expression in legs, the PCA pattern does not appear 
to be altered when considering only tissue-biased genes.

Genes with gonads-biased expression in parthenogens 
appeared to be mainly composed of either gonads-biased 
(B. atticus = 293; B. rossius rossius = 311) or female 
gonads-biased (B. atticus = 229; B. rossius rossius = 243) 
in the bisexual  taxon B. grandii maretimi. Nonetheless, 
we also retrieved genes which are either male gonads-
biased (B. atticus = 93; B. rossius rossius = 147) or not 
gonads-biased in the bisexual species (B. atticus = 141; B. 

rossius rossius = 271). Moreover, some gonads-biased (B. 
atticus = 110; B. rossius rossius = 85) and female gonads-
biased (B. atticus = 126; B. rossius rossius = 110) genes 
in the bisexual species were not found to have gonads-
biased patterns of expression in parthenogens (Fig. 4). As 
patterns of gene expression can underlie lineage-specific 
adaptations or be the result of stochastic changes, we 
tested whether the overlap across the two interspecific 
comparisons, B. atticus vs B. grandii maretimi and B. 
rossius rossius vs B. grandii maretimi (Fig. 5), was signifi-
cant. As expected, we retrieved a substantial similarity 

Fig. 4 Gene expression patterns of parthenogens gonads compared to the bisexual species ones: a comparison between the automictic Bacillus 
rossius rossius and the bisexual Bacillus grandii maretimi, b comparison between the automictic Bacillus atticus and the bisexual Bacillus grandii 
maretimi. Numbers in parentheses are the genes with gonads-biased or non-biased expression regulation, respectively
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for genes which showed gonads-biased (p = 0; odds 
ratio = 505.9) and those not showing gonads-biased 
(p = 0; odds ratio = 50.5) expression profiles in the 
bisexual and parthenogenetic species (Supplementary 
Fig. S2). Genes showing a female gonads-biased pattern 
of expression in the sexual species and in parthenogens 
largely overlapped across parthenogens (p = 4e–281; 
odds ratio = 548.7); interestingly, similarity was also 
found in parthenogens’ gonads-biased genes which are 
male gonads-biased in the bisexual species (p = 2e–50; 
odds ratio = 89.6). Genes which showed a gonads-biased 
expression in parthenogens but were not gonads-biased 
in bisexual species showed a significant overlap between 
the two parthenogens (p = 6e–47; odds ratio = 33.5), as 
did those which exhibited a gonads-biased expression 
pattern in gonads of either bisexual females or across 
both sexes and were not gonads-biased in partheno-
gens (respectively, p = 3.6e–55; odds ratio = 146.5 and 
p = 1.3e–83; odds ratio = 189.3).

Guided by the previously obtained knowledge on the 
different mechanisms of automixis, we used the results 
of the GO-terms enrichment to explore their possi-
ble physiological functions. In parthenogens, many 
gonads-biased genes, which are male gonads-biased 
in the bisexual species, appeared to be related to cen-
trosome formation and males’ reproductive mecha-
nisms (Supplementary Table  S1): these include the 
homologs of centrosomal protein of 152 kDa (CEP152 
in OG0009808 [73]) and centromere protein J (CENPJ/
CPAP in OG0007643 [74]). We also retrieved a 
homolog to trimethyllysine dioxygenase (TMLHE in 
OG0008327), which encodes an enzyme of the car-
nitine biosynthesis pathway, related to sperm count 

and motility in mammals [75, 76]. Genes showing a 
gonads-biased expression in parthenogens, but which 
were not gonads-biased in the sexual species (Supple-
mentary Table  S2) included a homolog to spermidine 
synthase (SRM in OG0002943); spermidine is a poly-
amine, a class of molecules which are essential to male 
and female reproductive processes, embryo develop-
ment, mating and fertilization efficiency [77, 78]. Genes 
which are not gonads-biased in parthenogens but are 
either gonads-biased or female gonads-biased in the 
bisexual species (Supplementary Tables  S3 and S4) 
included genes related to glycans potentially involved 
in oogenesis and egg coating, such as a homolog to 
mannosyl-oligosaccharide 1,2-alpha-mannosidase and 
galactose-1-phosphate uridylyltransferase (found in 
MAN1A1 in OG0006579 and GALT in OG0004972 
[79–82]). A gene homolog to mitotic checkpoint protein 
(BUB3, found in OG0005535) was also found among 
them: its product regulates chromosome segregation 
during oocyte meiosis, with the dual function of spin-
dle-assembly checkpoint signalling and establishment 
of correct kinetochore-microtubule attachments [83]. 
Only in B. atticus we retrieved a gonads-biased gene 
showing a substantial homology with Anoctamin 6 
(TMEM16F in OG0002369), a phospholipid scramblase 
which is involved in endocytosis and which mediates 
cell-cell fusion in the human trophoblast [84, 85].

Parallel and species‑specific sequence modifications 
across automictic species
Using our species phylogeny, we explored instances of 
positive selection within a protein using branch-site 
codon models. Our screen identified 207 and 166 genes, 

Fig. 5 Venn-diagram representation of gonads genes expression patterns in comparison to the bisexual species. Overlaps represent parthenogens’ 
genes with a shared pattern in the two parthenogens, for which Fisher’s exact test has been used to determine p and odds ratio in comparison to 
the genomic background (n = 15,972)
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respectively, in B. rossius rossius and B. atticus, which 
have at least one site under positive selection (p < 0.95 
in the Bayes Empirical Bayes test) across the replicate 
analyses carried out using different local alignment strat-
egies (g-INS-i and l-INS-i). To explore the degree of 
parallel sequence modifications affecting the same gene 
across the two automictic species we used stringent cri-
teria: (1) we considered the impact of the alignment 
strategy on our results, and we filtered out possible mis-
aligned regions; (2) we cross-checked with two different 
approaches (aBSREL and codeml); (3) we focused on sig-
nals shared exclusively among the parthenogenetic spe-
cies and (4) we considered gonads’ gene expression. Six 
genes were found to have at least one site under positive 
selection in both parthenogens and not in the bisexual 
species within the codeml analyses, but one was not 
found to have undergone positive selection when cross-
checked with aBSREL (Fig.  6; Supplementary Table  S5). 
The overlap of genes undergoing instances of parallel 
positive selection across the two parthenogens was not 
significant (p = 0.65; odds ratio = 2.4).

As for modification of gene expression patterns, we lev-
eraged the GO enrichment analyses to characterize genes 
inferred to have undergone species-specific sequence 
modifications (Supplementary Table S6). In B. atticus we 
retrieved genes homologous to exocyst complex compo-
nent 5 and vacuolar protein sorting 39, whose products 
are known to mediate vesicle trafficking and cytokine-
sis (respectively: EXOC5 in OG0002865 and VPS39 in 
OG0005132 [86, 87]. In B. rossius rossius we found two 
genes involved in spindle orientation: dynactin subunit 
one plays a role in metaphase spindle orientation and 

is required for microtubule anchoring at the mother 
centriole (DCTN1 in OG0003368 [88, 89]); lethal(2) 
giant larvae protein is involved in oocyte axis specifica-
tion and in the regulation of mitotic spindle orientation 
through microtubule cytoskeleton organization (l(2) gl in 
G0005517 [90–93]). Among the five genes which under-
went parallel sequence modifications, the products of 
pleiotropic regulator 1, protein E3 ubiquitin-protein ligase 
NEDD4 and OTU deubiquitinase 6B homologs (PLRG1 
in OG0006021; NEDD4 in OG0005237; OTUD6B in 
OG0004336) are all regulators involved in cell prolifera-
tion and differentiation in embryonic and reproductive 
tissues [94–97]. One homolog to histidine protein meth-
yltransferase 1 (METTL18 in OG0004353) has been 
identified in silico as a maternal factor potentially inter-
acting with sperm factors [98]. Mitochondrial amidoxime 
reducing component 1 (MTARC1 in OG0003097) gene 
encodes a signal-anchored protein of the outer mito-
chondrial membrane in humans [99].

Discussion
The phylostratigraphic analyses showed that most of 
the genes with gonads-biased expression in partheno-
gens originated before the establishment of the novel 
reproductive strategy (Fig.  2b), consistent with patterns 
observed for other traits whose appearance is not clearly 
coupled with the de novo origination of genes [33, 34]. 
Since we relied on gene expression data, our analyses 
may have not included genes whose expression level is 
too low to be assembled; nonetheless, this potential bias 
is expected to similarly impact reproductive and non-
reproductive tissues.

Fig. 6 Parallel instances of positive selection: a on the left, number of sites inferred to have undergone positive selection (BEB > 95) in the two 
parthenogens; on the right, TMM-normalized expression values for the same genes. Genes with < 10 TPMs in parthenogen gonads were not 
considered. On the y axis, the orthogroups in which the genes are found, and the putative homologs (in bold) are given. b Venn-diagrams 
representation of the shared changes across the two parthenogens, for which Fisher’s exact test has been used to determine p and odds ratio in 
comparison to the genomic background (n = 15,972)
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As reversions from parthenogenesis to sexuality have 
been proposed [100], it is not possible to make solid 
assumptions on the reproductive strategy of the common 
ancestor of the species considered. Therefore, whether 
parthenogenetic or bisexual, the observed gene expres-
sion similarities (Figs. 3 and 4) between the two parthe-
nogens can be explained either as parallel changes from 
an ancestral state, which happened independently in the 
two lineages, or as the outcome of specific changes in the 
bisexual species only, coupled with the maintenance of 
the ancestral state in the two parthenogens. While it is 
tempting to interpret the observed pattern as similarly 
constrained or due to parallel evolutionary process asso-
ciated with the establishment of automixis (Fig.  5), we 
cannot exclude a possible contribution of stochastic drift 
to the observed parthenogens’ gonads transcriptional 
patterns. It has been suggested, in fact, that changes in 
gonads gene expression can occur between congeneric 
species pairs in a short time, even without any change in 
the reproductive mode (between ~ 8% and ~ 15%) [101, 
102]. While we had support for similarity at the tran-
scriptional level, only five out of the thousands of genes 
showing gonads-biased expression analysed were found 
to have undergone parallel, positive selection in both par-
thenogens (Fig. 6), which contrasts with instances where 
evolutionary novelties were clearly associated with posi-
tive selection and convergent substitutions [40, 42, 103].

The physiological significance of some of the genes 
identified by our analyses can be associated with the res-
toration of ploidy without the male genetic contribution, 
such as for the homologs to mitotic checkpoint protein, 
centromere protein J and centrosomal protein of 152 kDa 
[104–107]. These genes could underlie a partially shared 
background for Bacillus in different automictic mecha-
nisms and could represent either a novelty or an ancestral 
pre-adaptation for centrosomes assembly from maternal 
components without any paternal contribution [108]. 
Further species-specific features could then be associ-
ated with the different mechanisms through which ploidy 
is restored in the two species. Homologs to exocyst com-
plex component 5, vacuolar protein sorting 39 and Anoc-
tamin 6 were found to have undergone species-specific 
modifications in B. atticus: they are known to mediate 
vesicle trafficking/membrane fusion and could under-
lie the fusion of the nuclei produced by the first meiotic 
division [84, 86, 87, 95]. Furthermore, genes which could 
be involved in the anaphase restitution responsible for 
B. rossius rossius blastula diploidization are the dynactin 
subunit one and lethal(2) giant larvae homologs, which 
are involved in spindle orientation and oocyte axis speci-
fication; their modification could alter karyokinesis and 
cytokinesis in the blastula, impeding the separation of 
chromatids and resulting in restitution nuclei. Other 

than ploidy, an additional obstacle to the establishment 
of reproduction in the absence of males is represented 
by the maintenance of a high rate of oviposition in the 
absence of mating. The latter represents a strong physi-
ological constraint, as highlighted by instances where 
males are maintained without any other clear genetic 
purpose [109]. Some of the genes which share an expres-
sion pattern exclusive to parthenogen gonads are associ-
ated with the production of molecules – such as carnitine 
or spermidine – which are present in male seminal flu-
ids and have a role in fertilization or even act as phero-
mones in some animals [78, 110]. Regarding this aspect, 
an interesting gene which is inferred to have undergone 
parallel positive selection in the parthenogens is the 
homolog to histidine methyltransferase; this was found 
associated with developmental competence in oocytes 
and it has been identified in silico as a maternal factor 
potentially interacting with the sperm factor Hdac11 and 
thus with a potential role in processes downstream from 
the sperm-egg fusion [98, 111]. Nonetheless, not all par-
thenogen’s similarities are expected to concur with the 
establishment of automixis; many could also result from 
the removal of selective pressures on mating-associated 
mechanisms and their subsequent decay [12, 16, 112]. 
Interestingly, parthenogens lack the gonads-biased pat-
tern of expression in genes related to the production of 
glycans involved in oogenesis and egg coating, possibly 
because the absence of sperm-egg interaction makes 
their maintenance unnecessary.

It is to be noted, though, that even if presently sug-
gested functions proposed for these genes may hint to 
their involvement in the processes discussed, experimen-
tal and functional studies are needed to verify and con-
firm their actual role.

Conclusions
Our analyses did not retrieve many genes with similar 
functions, but this is coherent with the observed asso-
ciation of reproductive strategies with few – or even 
single – genes, and further suggested that the switch 
towards a novel reproduction strategy can largely 
depend on changes in the expression of pre-existing 
genes [19, 20, 113–115]. The genes here reported have 
known functions in model species which may under-
lie the evolution of automixis in Bacillus; yet the 
phenotypic effects of their sequence and expression 
modification is unknown in the context of the species 
considered. At this stage, complementary functional 
studies are needed to confirm their possible role in 
automixis and a larger species sampling is necessary to 
disentangle stochastic changes from those generated 
by selective forces. Nonetheless, different novel and 
analogous automictic mechanisms are associated with a 
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largely shared ground plan made by genes whose origin 
predates the shift in reproductive strategy.
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