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Sexual conflict can arise because males and females, while sharing
most of their genome, can have different phenotypic optima. Sexually
dimorphic gene expression may help reduce conflict, but the expression
of many genes may remain sub-optimal owing to unresolved tensions
between the sexes. Asexual lineages lack such conflict, making them
relevant models for understanding the extent to which sexual conflict
influences gene expression. We investigate the evolution of sexual conflict
subsequent to sex loss by contrasting the gene expression patterns of
sexual and asexual lineages in the pea aphid Acyrthosiphon pisum. Although
asexual lineages of this aphid produce a small number of males in
autumn, their mating opportunities are limited because of geographic
isolation between sexual and asexual lineages. Therefore, gene expression
in parthenogenetic females of asexual lineages is no longer constrained
by that of other morphs. We found that the expression of genes in
males from asexual lineages tended towards the parthenogenetic female
optimum, in agreement with theoretical predictions. Surprisingly, males
and parthenogenetic females of asexual lineages overexpressed genes
normally found in the ovaries and testes of sexual morphs. These changes
in gene expression in asexual lineages may arise from the relaxation of
selection or the dysregulation of gene networks otherwise used in sexual
lineages.

1. Introduction
Males and females share most of their genome, but the sexes may have
different fitness optima for many phenotypic traits. This can lead to inter-
locus sexual conflict if different genes are involved depending on sex. If
the genetic architecture of traits is shared between the sexes, this creates
intra-locus sexual conflict, where a trait is prevented from evolving towards
its fitness optimum in males, females or both [1,2]. The evolution of sexu-
ally dimorphic gene expression may help to reduce conflict, although the
expression of many genes may still be sub-optimal owing to remaining
genetic and functional constraints [3–5]. As a result, genes with a current
sexually dimorphic expression should reflect different stages of resolved or
partially unresolved sexual conflicts [6]. The extent to which these conflicts
are resolved in natural populations remains difficult to assess because of the
small effects of the presumably numerous sexually antagonistic loci distrib-
uted throughout the genome [6–8].

One way of addressing this question is to study the evolution of the
transcriptome in sexual species when selective pressures are artificially
altered. Enforcing monogamy in polygamous species is expected to reduce
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sexual selection on males and thus relax sexually antagonistic selection [9]. Evolution under monogamy would thus lead
to a change in sex-biased gene expression in both sexes towards the female optimum, resulting in increased expression
of female-biased genes and decreased expression of male-biased genes. Three studies that experimentally evolved different
polygamous Drosophila species under monogamy for more than 100 generations had mixed results. An initial study in D.
melanogaster showed a pattern of feminization of the male and female transcriptomes [10], but these results were not confirmed
in a second study [11]. In a third study on D. pseudoobscura, shifts in the expression of sex-biased genes were mainly tissue-
and condition-dependent and, contrary to predictions, transcriptomes tended to be masculinized [12]. Major limitations of these
studies are that evolutionary time elapsed since the change in mating system is short and that enforcing monogamy does not
completely remove selection on males because their genes are still passed on to the next generation.

Species that have lost sex are of particular interest because conflict between sexes no longer applies. The comparison of the
transcriptomes of asexual and closely related sexual species provides a good opportunity to study gene expression evolution
after the suppression of any form of sexual antagonism following sex loss. Any asexual lineage that invests more in female
functions compared to sexual species–at the expense of males that are absent and thus do not constrain gene expression in
females–should be favoured by selection. Thus, we expect higher expression of female-biased genes and reduced expression of
male-biased genes in asexual as compared to sexual species [13,14].

Parker et al. [13] compared expression of sex-biased genes in five pairs of sexual and closely related asexual species of
Timema stick insects. Contrary to theoretical predictions, they found evidence for an overall masculinization of sex-biased gene
expression in asexual females and hypothesized that this is owing to shifts in female trait optima levels following the loss of sex.
Indeed, for cases where an obligate sexual species loses sexual reproduction, not only does the intensity of conflict change, but
so does the optimal expression of the new asexual morph, which can differ from that of sexual females. For instance, the newly
evolved asexual morph no longer needs to attract and mate with males, and has no more contact with seminal fluids, which
could lead to a significant shift in phenotypic optima. Huylmans et al. [14] also compared gene expression patterns in sexual and
asexual species of the brine shrimp Artemia. They did not show particular shifts and explained their results by the fast turnover
of sex-biased genes, which had high rates of expression divergence even within sexual Artemia species.

A point not addressed in the previous studies [13,14] is that, in addition to the suppression of sexual conflict, asexuality
is associated with a lack of genome recombination. This may affect the evolution of gene expression in several ways. The
absence of recombination impedes the efficacy of selection to act upon asexual genomes and prevents the purging of deleterious
mutations [15]. Hence, gene expression is likely to evolve towards optimal levels at a slower rate in asexual lineages. Lack
of recombination also leads to independent evolution of asexual lineages that should enhance expression divergence among
asexual lineages in the long term. Thus, global gene expression should be more divergent and variable between asexual lineages
than between sexual lineages, especially if asexual lineages have diverged long time ago.

In this context, aphids, which evolved partial asexuality long ago and have secondarily lost the sexual phase multiple times,
are of particular interest. The common sexual ancestor of aphids acquired the ability to alternate between parthenogenetic and
sexual reproduction ca 250 Myr ago [16,17]. This alternation of many asexual (apomictic parthenogenesis) generations and one
sexual generation a year is called cyclical parthenogenesis (CP) and involves three distinct reproductive morphs: viviparous
parthenogenetic females, which are present for the main part of the aphid life cycle (ca 10–15 generations per year), males
and oviparous sexual females, both of which are produced once a year. Importantly, parthenogenetic females are exclusively
viviparous, never mate, have no sexual interaction with males and never produce eggs. In contrast, the sexual female morph
(generated only under specific photoperiodic conditions in autumn) reproduces exclusively sexually and produces only eggs.
As a result, the two female morphs are phenotypically distinct and cannot switch from sexual to parthenogenetic reproduction
and vice versa. In aphids, sex is determined chromosomally by an XX/X0 system, with X0 males produced by the random
elimination of an X chromosome from the germ line [18] and XX sexual and parthenogenetic females that are genetically
identical to their parthenogenetic mother. The single X in males is dosage compensated at the whole-body scale, but more
surprisingly also within the adult gonads [19,20], perhaps because spermatogenesis is already complete at the adult stage
[21]. Interestingly, previous work has shown that sexual conflicts may be of importance in CP aphids [20]. Mathematical
modelling showed that the conditions of invasion of sexually antagonistic non-synonymous mutations favourable to males
are less restrictive on the X than on autosomes (and vice versa for male deleterious alleles), making the X chromosome more
favourable for males [20]. If the evolution of sex-biased expression can alleviate sexual conflict, the X should be enriched in
male-biased genes and this is indeed what is observed [19,20]. The agreement between theoretical predictions and empirical
data suggests that sexual conflict is an important player in genome evolution and gene expression in aphids.

Remarkably, some CP aphid lineages have secondarily lost the ability to reproduce sexually, becoming obligate parthenogens
(OP). OP lineages produce only parthenogenetic females and sometimes males, but no sexual females. Since the egg resulting
from sexual reproduction is the sole cold-resistant stage in aphids, only CP lineages can survive in cold-winter regions [22,23].
Contrastingly, OP lineages cannot produce eggs (owing to the absence of sexual females); they are thus frost sensitive and are
found in mild-winter regions where their ability to maintain parthenogenetic development in winter gives them a demographic
advantage over CP lineages [22]. This geographic separation of CP and OP lineages owing to climate has been shown for
several aphid species [24–26]. As a result, OP males have low opportunity to find mating partners (i.e. sexual females from
CP lineages) and to pass on their genes to the next generation. These OP males are supposed to be under relaxed selection,
and some of their traits do indeed show evidence of a slight decay compared with CP males [26]. Based on this knowledge,
we hypothesized that in OP lineages, only one morph (the parthenogenetic female) is under strong selection; hence, conflicts
between morphs are relaxed. This may affect the evolution of their transcriptome—in particular, morph-biased genes that may
have been involved in an intra-locus conflict that no longer exists in OP lineages. As gene expression in OP parthenogenetic
females is no longer constrained by expression in other morphs, we suppose that OP lineages that overexpress parthenogenetic
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female-biased genes would be favoured by selection. Since the maintenance of differential gene expression between sexes
when intra-locus conflict has disappeared might no longer benefit OP lineages, we also expect selection to favour OP lineages
whose male gene expression evolves towards parthenogenetic female optimum. Importantly, the parthenogenetic female morph
already exists in CP populations and is the main morph, so that we do not expect changes in OP parthenogenetic female fitness
optima. Aphids thus contrast with other asexual systems (as Timema or Artemia [13,14]) in which sexual females turn to asexual
females following sex loss (hence with possible new fitness optima).

To investigate how loss of sex alters gene expression patterns, we performed whole-body transcriptome sequencing (RNA-
seq) on parthenogenetic females and males in four OP lineages and on parthenogenetic females, males and sexual females in
four CP lineages of the pea aphid Acyrthosiphon pisum. First, we aimed to evaluate whether the lack of recombination in OP
lineages increases gene expression differentiation between OP lineages since genomes of asexual species are expected to evolve
independently without mixing since sex loss. For this purpose, we examined the genetic relationships between OP and CP
lineages and tested whether gene expression was more divergent between OP lineages than between CP lineages. Second, to
test the hypothesis that the suppression of sexual conflict in OP lineages could result in a change in gene expression patterns,
we first identified morph-biased genes using independent RNA-seq data and then tested for differences in gene expression
between CP and OP parthenogenetic females and CP and OP males for different categories of genes. To better understand the
observed changes in gene expression between OP and CP parthenogenetic females or males, we subdivided these morph-biased
genes according to their chromosomal location (X vs autosomes), the degree of expression bias and the tissue in which they
were most expressed.

2. Material and methods
(a) Biological samples
Eight genetically distinct lineages of Acyrthosiphon pisum were selected from a large panel of lineages used in another study
[26] that were collected from clover fields in France and screened for their ability to produce sexual morphs. Four of them,
characterized as OP lineages, were collected in the west of France and the four others collected in the east were characterized
as CP lineages. These eight lineages were selected from those that produced enough males to provide the necessary biological
material, while being distributed throughout the phylogenetic tree in [26].

To produce sexual morphs, the eight lineages were reared under sex-inducing conditions [27]. Briefly, one 1-day-old larva
was placed on a Vicia faba plant stored at 18°C with a 16 : 8 light : dark (L:D) photoperiod regime for 1 week. Then, the
1-week-old individual was moved to sex-inducing short-day conditions (12 : 12 L:D regime at 18°C). Six days later, four
1-day-old larvae (i.e. the second generation) were placed on a new plant and maintained under short-day conditions. Once
adults, the four individuals produced sexual morphs (males and oviparous sexual females in CP lineages, males only in OP
lineages). These four individuals were transferred to a new plant every day in order to avoid crowding and to precisely record
the age of the future sexuals. The plants hosting the future sexuals were immediately returned to a 16 : 8 L:D photoperiod. We
isolated sexual females from males prior to sexual maturation (at the fourth larval stage) to ensure that sexual morphs were
virgin. We collected adult individuals 2 to 3 days after imaginal moulting. Parthenogenetic females were obtained by rearing
the eight lineages under a 16 : 8 L:D photoperiod regime at 18°C. One 1-day-old larva of each lineage was deposited on a V.
faba plant. Once adult, females start to lay offspring. We waited for six offspring to be laid, which takes 1 day, and the female
was then removed from the plant. These individuals were collected 2–3 days after their imaginal moult. All individuals were
flash-frozen in liquid nitrogen and stored at −80°C. We pooled 6–10 males per replicate, three sexual females per replicate and
two parthenogenetic females per replicate. Two biological replicates per morph and lineage were generated. We recognize that
the use of different photoperiodic regimes–necessary to obtain the different morphs–could affect gene expression, but this effect
was minimized by reducing the time spent in 12 : 12 L:D as much as possible.

(b) RNA sequencing
We performed a total of 40 RNA extractions (4 CP lineages × 3 morphs × 2 replicates and 4 OP lineages × 2 morphs × 2 replicates)
using the SV Total RNA Isolation System (Promega) following manufacturer’s instructions. The quality of the RNA samples
was checked on Bioanalyzer (Agilent) and quantified on Nanodrop (Thermo Scientific). Libraries were prepared from 500 ng of
total RNA using the Illumina® Stranded mRNA Prep Ligation library preparation kit, which allows to perform a strand-specific
sequencing. This protocol includes a first step of polyA selection using magnetic beads. After RNA fragmentation, cDNA
synthesis was performed and resulting fragments were used for dA-tailing followed by ligation of RNA Index Anchors. PCR
amplification with indexed primers (IDT for Illumina RNA UD Indexes) was finally achieved, to generate the final cDNA
libraries. Library quantification and quality assessment were performed using Qubit fluorometric assay (Invitrogen) with
dsDNA HS (High Sensitivity) Assay Kit and LabChip GX Touch using a High Sensitivity DNA chip (Perkin Elmer). Libraries
were then equimolarly pooled and quantified by qPCR using the KAPA library quantification kit (Roche). Sequencing was
carried out on the NovaSeq 6000 instrument from Illumina using paired-end 2 × 100 bp, to obtain around 40 million raw
paired-end reads per sample (electronic supplementary material, table S1).

Processing of the RNA-seq data was carried out using the nf-core RNA-seq pipeline v.3.4 (https://nf-co.re/rnaseq/3.4). This
pipeline was based on Nextflow v.21.04.0, using the default settings and adding the option --remove_ribo_rna. Reads were
mapped to the reference genome Acyrthosiphon pisum JIC1 v.1.0 [28] available in AphidBase [29] with STAR v.2.6.1d [30].
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Transcript quantification was performed with featureCounts v.1.6.0 [31] according to the A. pisum JIC1 v.1.0 gene annotation
with default settings except -C -p -s 2 M --fraction. We then used the R package edgeR v.3.38.4 [32] to normalize the libraries
(trimmed mean of M values (TMM) method, p = 0.75) and calculate count per million (CPM) on R v.4.3.1 [33]. Only genes with
normalized CPM > 1 in at least eight libraries (out of the 40 libraries), i.e. 14 319 genes, were retained in the analyses. The CPM
per gene of the two replicates of the same condition was averaged unless otherwise stated.

(c) Genetic relationships between OP and CP lineages
To gain insight into the genetic relationships between the eight pea aphid lineages, we built a tree using single nucleotide
polymorphism (SNP) variants retrieved from the transcriptomic data. SNP variants with a genotype quality above 20 were
identified and further filtered for minimum depth of 80 in each library with bcftools and vcftools [34]. We then built a
neighbour-joining tree using Nei distances [35] calculated from 11 449 high-quality SNPs using the nei.dist function from poppr
R package [36]. A total of 1000 bootstraps were performed using the aboot function from the same package. One parthenogenetic
female library per lineage was used to build the tree (electronic supplementary material S1A). A principal component analysis
(PCA) was also carried out on these eight lineages with the dudi.pca function from the ade4 R package [37].

(d) Comparison of the divergence in gene expression between CP and OP lineages
The possible effect of the lack of genome recombination on gene expression evolution was tested by comparing transcriptomic
distances in CP and in OP lineages. Transcriptomic Euclidean distances between samples were estimated using the dist R
function after a normalization step by gene on CPM. We first tested for a correlation between the Nei genetic distance and
the male (or female) transcriptomic distance matrices using Mantel tests implemented in the R package vegan [38]. We then
measured the average distance between a focal lineage and the three other lineages with the same reproductive mode and tested
whether distances differed between reproductive modes using two-sided Mann-Whitney tests. Such tests were performed on
genetic distances, transcriptomic distances (measured per sex) and transcriptomic distances corrected for genetic distances (i.e.
the ratio of transcriptomic to genetic distances).

(e) Change in morph-biased and unbiased gene expression between OP and CP lineages
To investigate how gene expression may change between OP and CP lineages, we first computed—for each gene—the average
CPM over the four parthenogenetic females from OP lineages (replicates from the same lineage were already averaged) and
over the four parthenogenetic females from CP lineages. The log2 of the OP to CP ratio of these values (adding 0.05 to the
denominator and numerator to avoid division by zero) was then calculated. Genes for which the ratio is greater than zero are
expressed more by OP than by CP parthenogenetic females and vice versa. The same approach was applied to males. We then
separated these genes into different expression classes (which were defined using independent RNA-seq data from an A. pisum
outgroup from the alfalfa host race [19,20]—see the next paragraph), first according to their morph-biased expression status
(in males, parthenogenetic females and sexual females in the alfalfa outgroup) and the degree of bias, then as a function of
their tissue-biased expression status (in head, gonads and legs) and finally by their chromosomal localization (X vs autosomes).
For each of these classes of genes, we tested for a deviation of the OP-to-CP log2 ratio from zero to determine whether some
specific gene classes showed change in expression between OP and CP lineages. For this, we used a Wilcoxon signed-rank test
with continuity correction implemented in the wilcox.test R function. The rationale behind these analyses was to evidence some
general but probably weak trends on some gene categories (e.g. sex-biased genes) that would probably be difficult to detect at
the level of individual genes.

To identify morph-biased and morph-limited gene classes for the above analyses without relying on our main focal RNA-seq
data from the clover host race (which could lead to spurious conclusions if the same dataset is used as explanatory and response
variable), we used published RNA-seq data of an A. pisum outgroup from the alfalfa host race [20]. The dataset consisted
of whole-body RNA-seq data with two replicates for each of the three morphs (male, sexual female and parthenogenetic
female). Sexual individuals were virgin. RNA-seq data were processed with the same parameters as above and only genes
with CPM > 1 in at least two libraries (out of the six libraries) were retained. Genes showing a morph-biased or morph-limited
expression were identified the following way: differential expression analysis among the three morphs was conducted using
edgeR v.4.2.1 [32], applying genewise exact tests for differences in means between two groups (assuming a negative binomial
distribution of counts). P-values were adjusted for multiple comparisons using the Benjamini–Hochberg method [39]. Three
pairwise comparisons were made for each gene: male vs parthenogenetic female, sexual female vs parthenogenetic female and
sexual female vs male. Genes consistently overexpressed by one morph in both of the comparisons with the two other morphs
(with adjusted p-values < 0.05 and absolute log2 fold-change > 1) were classified as morph-biased (either male-biased, sexual
female-biased or parthenogenetic female-biased) and as morph-limited if the absolute log2 fold-change was > 2. Genes that
were neither morph-biased nor morph-limited were defined as unbiased. Second, to further refine these categories of gene
expression with tissue bias information, we used another RNA-seq dataset of the same A. pisum alfalfa outgroup in which three
tissues (head, legs and gonads) were investigated in the three morphs [19]. Sexual individuals were also virgin. Genes with
normalized CPM > 1 in at least two libraries (out of the 18 libraries) were retained in the analyses. We then identified genes
predominantly expressed in a single tissue (head, legs or gonads) of a single morph (male, sexual female or parthenogenetic
female) by performing genewise exact tests with edgeR, as above. Genes consistently overexpressed in one tissue in both
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comparisons with the other two tissues from the same morph (with adjusted p-values < 0.05 and absolute log2 fold-change > 1)
were classified as tissue-biased (i.e. head-, gonad- or leg-biased) in that morph. X-linked and autosomal genes were identified
based on the chromosome-scale genome assembly of A. pisum (JIC1 [28]). Finally, we also wanted to check that the results were
robust regardless of how the differentially expressed (DE) genes were determined. Instead of using RNAseq data from the
alfalfa outgroup, we used the RNAseq data from one of the CP clover lineage to categorize genes as DE (using same methods
as described above). To avoid circularity (resulting from including the same data as explanatory and response variables), we
recalculated the OP-to-CP ratio but without the focal CP clover lineage (i.e. using only the three other CP lineages and the four
OP lineages) and plotted it for the different gene expression classes. We repeated this operation three times, using a different
focal CP clover lineage. These results are presented in electronic supplementary material S2. Reassuringly, most morph-biased
genes identified using the A. pisum alfalfa outgroup were also morph-biased in CP lineages in the clover host race (electronic
supplementary material S3).

Further analyses were conducted. First, to investigate how the OP and CP samples grouped, we performed PCAs on the
40 RNAseq libraries (considering all genes or separating them by expression class as defined with the alfalfa outgroup). Then,
without focusing on specific gene categories, we identified DE genes between OP and CP lineages separately for males and
parthenogenetic females with GlmmTMB [40] and performed GO enrichment tests. We also tested the hypothesis that the
transcriptomes of parthenogenetic females and males of the same lineage should be more correlated in OP lineages (because
selection is expected to act only on parthenogenetic females) than in CP lineages (where selection could act in different
directions on parthenogenetic females and males). Finally, we verified that dosage compensation (already demonstrated in CP
lineages [19,20]) operates similarly in OP lineages. As all these analyses presented limited additional findings, the correspond-
ing methods and results are provided solely as supplementary material (electronic supplementary materials S4 and S5, suppl.
text S1, tables S2 and S3).

3. Results
(a) Genetic relationships between OP and CP lineages
The neighbour-joining tree built with the 11 449 SNPs from the transcriptomic data revealed that the eight OP and CP lineages
grouped by reproductive mode (electronic supplementary material S1A), with good bootstrap support. The first axis of the
PCA also separated lineages by their mode of reproduction, which explained 18.5% of the variance (electronic supplementary
material S1B). One OP lineage (OP1) was closer to CP lineages both on the tree and on the PCA. Although mean Nei genetic
distances between OP lineages (0.157) were slightly but significantly lower than those measured between CP lineages (0.163, p
= 0.029, Mann-Whitney test, electronic supplementary material, table S4), we did not observe any shallower branching between
OP lineages in the neighbour-joining tree (electronic supplementary material S1A). These results indicate that it is unlikely that
the four OP lineages studied here have a very recent common ancestor.

(b) No difference in expression divergence between OP and between CP lineages
We evaluated the hypothesis that the absence of recombination would result in higher expression divergence within OP
lineages than CP lineages using transcriptomic distances. Parthenogenetic females showed the same average level of divergence
regardless of reproductive mode (OP: 138.5, CP: 140.5, p = 0.88, Mann-Whitney test, electronic supplementary material, table S4)
as males (OP: 137.0, CP: 144.3, p = 0.20, electronic supplementary material, table S4). As Nei genetic distances were significantly
lower within OP lineages compared to CP lineages (see above) and because transcriptomic distances increased significantly
with genetic distances for both parthenogenetic females (Spearman correlation coefficient rs = 0.489, p = 0.009, Mantel test) and
males (rs = 0.479, p = 0.013), transcriptomic distances were corrected for genetic distances. We did not observe differences for
parthenogenetic females (OP: 885.4, CP: 862.7, p = 0.11, Mann-Whitney test) or males (OP: 877.0, CP: 885.9, p = 0.89).

(c) OP parthenogenetic females overexpress sexual female-biased genes
OP parthenogenetic females expressed sexual female-biased genes at a higher level than CP parthenogenetic females (figure
1), with a median OP-to-CP log2-ratio (hereafter referred to as Mdn) of 0.128 (Wilcoxon signed-rank test against 0, p < 10–12).
Remarkably, this pattern was consistent for all OP lineages when pairwise comparisons were made (electronic supplementary
material S6) and was also robust to the way the different gene expression classes were identified (i.e. using the alfalfa outgroup
vs clover; electronic supplementary material S2). In contrast, no substantial shift was observed for the other classes of genes
(i.e. male-biased, parthenogenetic female-biased and unbiased genes), although the effect was significant in each case owing to
large sample size (figures 1 and 2a). The unbiased genes differed from the morph-biased genes by their much lower variance,
indicating higher stability of expression.

To test whether a specific category of genes was responsible for the unexpected increased expression of sexual female-biased
genes in OP parthenogenetic females, we first separated these genes by the degree of their morph bias in the alfalfa outgroup:
both sexual female-biased genes (i.e. F+; Mdn = 0.128, p < 10–13) and sexual female-limited genes (i.e. F++; Mdn = 0.126, p =
0.038) contributed to the high OP-to-CP expression ratio (figure 2b). We then looked for an effect of the chromosome type: both
sexual female-biased genes assigned to autosomes (Mdn = 0.128, p < 10–8) and to the X chromosome (Mdn = 0.124, p < 10–4)
showed a high OP-to-CP expression ratio (figure 2c). Finally, the sub-classification of sexual female-biased genes according to
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their expression in different tissues showed that genes more expressed in sexual female ovaries contributed the most to the
high OP-to-CP expression ratio (Mdn = 0.124, p < 10–6, figure 2d). For comparison, the same type of analyses were performed for
male-biased and parthenogenetic female-biased genes, but no strong trend was found (see electronic supplementary material
S7A–F). Analyses by chromosome type can be found in electronic supplementary materials S8 and S9. In summary, partheno-
genetic females from OP lineages unexpectedly overexpress sexual female-biased genes that are mainly expressed in female
ovaries, and, contrary to expectations, they do not overexpress parthenogenetic female-biased genes.

Figure 1. Gene expression changes between parthenogenetic females from OP and CP lineages of the pea aphid for different categories of genes (in different
colours). The OP-to-CP log2-ratio of gene expression (in CPM) is shown on the x-axis. Colours discriminate between sexual female-biased genes (pink), parthenogenetic
female-biased genes (beige), male-biased genes (blue) and unbiased genes (white). These different gene expression classes were determined using RNAseq data from
an independent dataset (the alfalfa outgroup).

Figure 2. Log2-ratio of OP-to-CP gene expression in parthenogenetic females of the pea aphid for different categories of genes. OP-to-CP expression ratio as a function
of: (a) morph-biased status of genes, (b) degree of morph bias (+: biased only or ++: limited), (c) chromosomal location of genes and (d) morph- and tissue-biased
status of genes. Colours discriminate between sexual female-biased genes (F, in pink), parthenogenetic female-biased genes (P, in beige), male-biased genes (M,
in blue) and unbiased genes (ub, in white). These different gene expression classes were determined using RNAseq data from an independent dataset (the alfalfa
outgroup). The significance level of Wilcoxon signed-rank tests against 0 is indicated by asterisks (*** < 0.001, ** < 0.01, * < 0.05, ns. ≥ 0.05).

6

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20242631

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 F

eb
ru

ar
y 

20
25

 



(d) OP males overexpress parthenogenetic female-biased but also male-biased genes
Our analyses revealed that OP males overexpressed parthenogenetic female-biased genes in comparison with CP males (Mdn =
0.127, p < 10–4, figure 3). Moreover, despite the low median OP-to-CP expression ratio for male-biased genes (Mdn = 0.017, p =
0.0001), we observed a bimodal density distribution of male-biased gene expression, with a secondary peak for expression ratio
around ca 1.3 (figure 3) that corresponded to a subset of male-biased genes overexpressed by OP males. Note that while the shift
in parthenogenetic female-biased genes was also detected when gene expression classes were determined using clover instead
of the alfalfa outgroup, the bimodal distribution was not observed (electronic supplementary material S2). No substantial
shift was observed for sexual female-biased and unbiased genes, although the effect was always significant owing to large
sample size (figures 3 and 4a). The unbiased genes were again distinguished from the morph-biased genes by their much lower
variance.

We next wanted to understand which gene classes contributed to the increased expression of parthenogenetic female-biased
genes and the increased expression of a subset of male-biased genes in OP males. Interestingly, the increased expression
of parthenogenetic female-biased genes by OP males was common to most of the OP–CP pairwise comparisons (electronic
supplementary material S10), demonstrating the consistency of this pattern. Both parthenogenetic female-biased only genes
(P+, Mdn = 0.130, p = 0.0005) and parthenogenetic female-limited genes (P++, Mdn = 0.117, p = 0.017) were significantly more
expressed by OP males (figure 4b). Contrastingly, only autosomal parthenogenetic female-biased genes were more expressed by
OP males (Mdn = 0.139, p < 10–5), with X-linked genes showing no effect (p = 0.81, figure 4c). Finally, the sub-classification of
parthenogenetic female-biased genes did not reveal any different contribution depending on the tissue (figure 4d).

Our analyses also revealed that the secondary peak observed for the class of male-biased genes was mostly owing to
male-limited genes. Indeed, OP males slightly underexpressed male-biased only genes (M+, Mdn = −0.105, p < 10–6) but clearly
overexpressed male-limited genes (M++, Mdn = 0.276, p < 10–15) relative to CP males (figure 4e). Male-biased genes assigned
to the X chromosome were overexpressed by OP males (Mdn = 0.133, p < 10–9) while autosomal male-biased genes were not
(p = 0.67, figure 4f). Among all male-biased genes with tissue bias, those that were testis-biased were more expressed by
OP males than CP males (Mdn = 0.847, p < 10–15, figure 4g). For comparison, the same type of analysis (separating genes by
chromosome, tissue or expression type) was carried out for sexual female-biased genes, but no strong trend was found (see
electronic supplementary material S7G-I). Analyses by chromosome type can be found in electronic supplementary materials
S11–S12.

In summary, OP males overexpressed parthenogenetic female-biased genes, as expected under the relaxation of sexual
conflict following sex loss. Surprisingly, OP males overexpressed genes that are more specifically expressed in the testes (which
additionally tended to be male-limited and more frequent on the X chromosome [19]).

4. Discussion
Here, we investigated how the relaxation of sexual conflict in lineages that have lost sex might affect the evolution of gene
expression at the whole-genome scale, by comparing gene expression patterns in sexual (CP) and asexual (OP) lineages of the
pea aphid. We predicted a shift in gene expression towards the parthenogenetic female optimum in asexual (OP) lineages.
Consistent with this prediction, we found that OP males, but not OP parthenogenetic females, tended to express genes normally
overexpressed in parthenogenetic females at higher levels than CP males. Unexpectedly, OP males also overexpressed testis
genes, and OP parthenogenetic females overexpressed genes that are normally overrepresented in sexual female ovaries. In
addition to reduced sexual conflict, the absence of recombination in OP genomes should result in an independent evolution of
lineages, leading to a greater divergence of expression among OP relative to CP lineages. However, we did not observe such an
effect.

(a) Morph-biased but not unbiased genes are affected by the transition to permanent asexuality
Analyses of the shift in gene expression associated with the transition to permanent asexuality revealed contrasting results
for the different classes of genes (i.e. unbiased and morph-biased). Genes with unbiased expression showed little change in
expression between OP and CP lineages, as indicated by an OP-to-CP expression ratio close to 0 and its low variance. This
class was also underrepresented among the genes identified as DE between OP and CP males (electronic supplemental material,
text 1). The unbiased gene class is likely to contain a high proportion of essential genes or genes with pleiotropic effects that
are therefore under strong stabilizing selection for optimal expression and would be little affected by a change in the selective
regime, i.e. the disappearance of sexual conflict [3,41]. In contrast, several of the classes of genes defined as morph-biased (either
male-, sexual female- or parthenogenetic female-biased) shifted expression between reproductive modes, and some of these
classes were also overrepresented in DE genes (see electronic supplementary material, text 1). Sex-biased genes are known to be
labile in their expression [42]. They are often thought to have functions related to sexual dimorphism and reproduction and may
be involved in past or ongoing intra- or inter-locus sexual conflicts. Therefore, the ongoing arms race between the sexes could
explain the high rate of change in expression or sequence generally observed (e.g. [43,44]). These genes would be anticipated
to be particularly responsive to a change in the selective regime, namely the disappearance of sexual conflict following sex
loss, as we observed here. However, another non-exclusive hypothesis is that sex-biased genes correspond to genes that were
once dispensable (their dispensability allowed them to acquire sex-biased expression), so that their expression (and sequences)
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Figure 3. Gene expression changes between males from OP and CP lineages of the pea aphid for different categories of genes (in different colours, same as figure 1).

Figure 4. Log2-ratio of OP-to-CP gene expression in males of the pea aphid for different categories of genes. OP-to-CP expression ratio as a function of:
(a) morph-biased status of genes, (b, e) degree of morph-bias (+: biased only or ++: limited), (c, f) chromosomal location of genes, and (d, g) morph- and
tissue-biased. status of genes. Colours distinguish different gene expression categories (same as in figure 2).
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could still evolve rapidly at low fitness cost [41]. In contrast, differences in tissue allometry (which can account for a significant
proportion of the DE genes between the sexes, e.g. [45]) are unlikely to contribute significantly to the observed effects here, as
comparisons (OP-to-CP ratio) were made between the same morphs (OP vs CP parthenogenetic females, OP vs CP males). A
differential adaption to laboratory conditions between OP and CP lineages can also be ruled out (see the arguments developed
in electronic supplementary material, text 2).

(b) OP males overexpress genes normally overexpressed in parthenogenetic females
OP males overexpressed parthenogenetic female-biased genes compared with CP males, as shown by the OP-to-CP gene
expression ratio, a trend observed regardless of the type of expression (biased or limited) and of the way gene expression classes
were determined (using the alfalfa outgroup or a fraction of the clover dataset; see electronic supplementary material S2). This is
consistent with the prediction of a feminization of male transcriptome under asexuality, with optimal fitness for parthenogenetic
females favoured over males, which are no longer under selection. Such feminization of the male transcriptome has also been
observed following relaxation of selective pressure on males, resulting from an artificial transition from polygyny to monogamy
in D. melanogaster [10]. Interestingly, OP pea aphid males also showed a slight decrease in reproductive performance compared
to CP males, suggesting relaxed selection on male traits [26]. These results thus show that the effects of relaxed selection on
OP males (including the ones resulting from relaxed sexual conflict) can be detected across various phenotypic dimensions. In
contrast to our prediction, OP parthenogenetic females did not express parthenogenetic female-biased genes at higher levels
compared to CP parthenogenetic females. A hypothesis for this result could be that parthenogenetic females (whether OP or
CP) are already at (or close to) their expression optima because parthenogenetic females are the most frequent morph in both
OP and CP lineages (representing ca 14 out of the ca 15 annual generations, even in CP lineages). Consequently, our analyses
may not be powerful enough to detect the subtle effect (if any) on parthenogenetic females.

(c) Asexual morphs overexpress genes primarily expressed in the gonads of sexual morphs
Surprisingly, males from OP lineages express testis genes more than CP males, which goes against our expectations (see also
[46]). This pattern (which was nevertheless not observed when clover was used to define gene expression classes; electronic
supplementary material S2) is unexpected because OP males are thought to have evolved in a context of relaxed selection.
Similarly, OP parthenogenetic females unexpectedly overexpressed sexual female-biased genes normally expressed in sexual
female ovaries compared with CP parthenogenetic females. This is surprising because both female morphs have specialized
phenotypes (viviparous reproduction without meiosis vs oviparous reproduction with meiosis and mating), making it difficult
to understand how the specialized genes of one morph could be re-used by the other. Remarkably, this trend of gonadal gene
overexpression by asexual lineages was observed across all lineages, indicating that it is a general pattern.

Most studies (including our own) that have examined how changes in selection regimes during reproduction affect the
expression of sex-specific genes have revealed unexpected results. In asexual Timema species, parthenogenetic females underex-
press sexual female-biased genes but overexpress male-biased genes [13], whereas no change occurs in asexual Artemia [14].
Unexpectedly, enforced monogamy in the polygynous D. pseudoobscura tends to masculinize the female transcriptome [12]. Only
one [10] of the two studies [10,11] on D. melanogaster fits the predictions, with a feminization of male and female transcriptomes
under enforced monogamy. Various hypotheses have been put forward to explain these unexpected patterns. In particular,
in Timema and Artemia, the loss of sex is confounded with the emergence of a new reproductive morph, the parthenogenetic
female morph. The fitness optimum for this newly emerged morph should not necessarily be similar to that of sexual female
(the former no longer needs to mate and is able to produce diploid eggs through modified cellular processes), which could
raise different expectations. Parker et al. [13] therefore argued that the observed masculinization of the transcriptome of asexual
females is not directly owing to the release of sexual conflict in asexual lineages, but rather to a change in the optimal female
phenotype. This hypothesis is further supported by the observation of convergent changes in gene expression across five
independent transitions to asexuality in Timema [47]. However, in the pea aphid, the difference in optima for parthenogenetic
females in OP and CP lineages is unlikely to explain changes in expression because parthenogenetic females are originally part
of the CP life cycle. In contrast, a recurring problem in all studies (including ours) that examine expression changes associated
with sex loss is the confounding effect of geography (or ecological niche). Indeed, asexuals generally differ from their sexual
relatives in this respect (e.g. Timema [48], Artemia [49]; see also [50]). This implies that changes in gene expression can result
not only from the loss of sex but also from local adaptation. On the other hand, geographical isolation is essential for studying
the evolutionary consequences of changes in reproductive strategies because it limits the genetic mixing of populations with
different reproductive strategies (as in aphids). Consequently, these confounding effects are difficult to avoid when studying
wild populations, which nevertheless provide a complementary perspective to experimentally induced changes in mating
systems (usually over a smaller number of generations, e.g. [10–12]). In the specific case of aphids, the genes involved in local
adaptation should be more likely to have a more general functions (e.g. adaptation to thermal stress or pesticides) and we see no
obvious reason why sex-biased and gonadal genes would be primarily affected.

Several hypotheses, whether adaptive or not, can be put forward to explain the overexpression of gonadal genes in OP males
and OP parthenogenetic females. A first non-adaptive hypothesis is that these expression profiles in OP lineages may have been
inherited from a common (and relatively recent) OP ancestor that, by chance, already had a slightly atypical expression profile.
This would explain the consistency of the overexpression of sexual female ovary genes (in parthenogenetic females) and testis
genes (in males) across all four OP lineages. Population history can indeed be a major source of variation in gene expression, as
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shown in asexual and sexual populations of freshwater snails [51]. However, our analyses of the genetic relationships between
the four OP and four CP lineages based on >10 000 SNPs (current study) and a larger panel of 23 OP and 76 CP lineages using
a lower number of markers (15 microsatellite loci [26]) contradict this hypothesis. Although the SNP tree grouped the four OP
lineages with excellent bootstrap support, one OP lineage (OP1) was the closest to the CP lineages. On the 15-microsatellite
tree, the OP1 lineage is closer to CP lineages than to OP lineages, suggesting possible independent transitions to permanent
asexuality. Furthermore, although the genetic distances among the OP lineages are marginally lower than those between the
CP lineages, the values are quite similar, suggesting that the OP lineages have been evolving for a comparable length of time
to the CP lineages. Recent common ancestry is therefore unlikely to explain the peculiar expression of sexual gonad genes in
OP lineages. A second non-adaptive hypothesis for the shift in expression of genes from the sexual gonads could be that the
dosage compensation system has been disrupted in OP lineages. Indeed, dosage compensation would be expected to decay
because the lack of reproductive opportunities for OP males leads to relaxed selection on males. However, we found no major
change in dosage compensation in OP compared to CP lineages, as assessed by comparing the male-to-female expression
ratio for autosomal and X-linked genes between OP and CP lineages (see electronic supplementary material, text 1). A third
hypothesis could be that in OP lineages, the genetic programme that normally controls gonadal genes in CP sexual morphs is
dysregulated. Indeed, the absence of sexual females in OP lineages and the presumed lack of reproductive opportunity for OP
males means that selection is no longer acting on these morphs, and in particular on the genes that are specific to these morphs.
Small changes in one or more upstream regulatory genes may be sufficient to affect a large number of downstream genes.
Evolutionary changes in regulatory regions are frequent [52], with direct evidence found in animals [53], fungi [54] and plants
[55]. Alternatively, sex-biased genes, especially those restricted to gonads, evolve rapidly at the protein level (e.g. [42,56,57]).
Hence, genes initially linked to sexual reproduction owing to their predominant expression in sexual morph gonads within CP
lineages may have evolved functional modifications that confer greater advantages to parthenogenetic females. A detailed study
of these sexual female ovary genes is required to elucidate their precise functions, yet the substantial number of genes with
unknown function in the pea aphid poses a significant challenge.

(d) Non-recombining OP lineages do not show increased divergence in gene expression
The loss of sex causes the genome to stop recombining, allowing OP lineages to evolve independently, which should increase
expression divergence between them. The lack of recombination also reduces the efficiency of selection, resulting in deleterious
mutation accumulation with potential snowballing effects on downstream genes. Few studies have examined the evolution of
gene expression within populations that differ in recombination rate. Theoretical models predict that lack of recombination
would eventually lead to haploidization of expression, with one of the two alleles at a diploid locus contributing the majority
of expression via an enhancer runaway divergence process [58]. However, no prediction was made regarding the expected
expression divergence between asexual lineages. Empirical evidence for gene expression divergence in apomictic (asexual)
plant lineages is provided by [59], but no comparisons were made with sexual counterparts. Ma et al. [60] investigated
the allele-specific expression in non-recombining regions of the sex chromosomes of a fungus and showed evidence for a
relationship between expression divergence between alleles and allele degeneration. To our knowledge, our study is the first to
compare gene expression divergence within different reproductive modes. Contrary to our expectations of increased divergence
between OP lineages, we observed no effect of the reproductive mode on transcriptomic distances, corrected or not for genetic
distances. Mathematical modelling may be necessary to verify the accuracy of our predictions regarding the evolution of gene
expression in the absence of recombination. Purifying selection may also play a role, wherein OP lineages exhibiting lesser
expression divergence experience enhanced fitness, consequently limiting the divergence among OP lineages.

5. Conclusion
Our study highlights the evolutionary implications of the loss of sexual reproduction, which results in the cessation of intra-
locus sexual conflict and recombination. We found substantial changes in the expression of morph-biased genes, but not always
in the expected direction. This suggests that processes other than the reduction of sexual conflict may influence the evolution of
gene expression in asexual lineages. Our results should also be interpreted with some caution owing to the confounding effects
of geography and sex loss inherent to many sexual–asexual complexes. It would also be interesting to investigate whether
an ‘enhancer runaway divergence’ process occurs in OP lineages owing to the accumulation of deleterious mutations and the
lack of recombination, and whether this process contributes to the expression changes. In addition, further investigation at
the DNA sequence level would be valuable, for example, to test whether genes typically restricted to sexual female ovaries
accumulate deleterious mutations in OP lineages owing to the lack of selection, or conversely, exhibit signs of positive selection,
thus unveiling adaptive changes. Finally, more theoretical studies are needed to better capture the importance and role of sexual
conflicts on gene expression evolution from empirical datasets.
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