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Introduction
The paradox of sex is one of the most debated topics in 
evolutionary biology. Sexual reproduction originated in 
the ancestors of eukaryotes and is the predominant mode 
of reproduction in this branch of life. Sex offers various 
long-term advantages, including an efficient way to purge 
deleterious mutations and combine beneficial mutations 
in the same genome, as well as to generate the genotypic 
diversity that fuels adaptation. However—all else being 
equal—asexual mutants are expected to invade because 
they transmit their genetic material twice as efficiently 
as sexually reproducing individuals. Though asexuality 
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Abstract
Background Transitions from sexual to asexual reproduction are common in eukaryotes, but the underlying 
mechanisms remain poorly known. The pea aphid—Acyrthosiphon pisum—exhibits reproductive polymorphism, 
with cyclical parthenogenetic and obligate parthenogenetic lineages, offering an opportunity to decipher the 
genetic basis of sex loss. Previous work on this species identified a single 840 kb region controlling reproductive 
polymorphism and carrying 32 genes. With the aim of identifying the gene(s) responsible for sex loss and the 
resulting consequences on the genetic programs controlling sexual or asexual embryogenesis, we compared the 
transcriptomic response to photoperiod shortening—the main sex-inducing cue—of a sexual and an obligate 
asexual lineage of the pea aphid, focusing on heads (where the photoperiodic cue is detected) and embryos (the final 
target of the cue).

Results Our analyses revealed that four genes (one expressed in the head, and three in the embryos) of the region 
responded differently to photoperiod in the two lineages. We also found that the downstream genetic programs 
expressed during embryonic development of a future sexual female encompass ∼1600 genes, among which miRNAs, 
piRNAs and histone modification pathways are overrepresented. These genes mainly co-localize in two genomic 
regions enriched in transposable elements (TEs).

Conclusions Our results suggest that the causal polymorphism(s) in the 840 kb region somehow impair downstream 
epigenetic and post-transcriptional regulations in obligate asexual lineages, thereby sustaining asexual reproduction.
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has evolved in most animal taxa [1, 2], asexual animals 
remain relatively scarce, contradicting predictions of 
their short-term advantage.

A key point to better understand the paradox of sex (i.e. 
the short term advantage of asexuality) is to identify the 
mechanism and genetic bases of sex loss. Sex may be lost 
through different ways—including interspecific hybrid-
ization, microorganism infection, spontaneous mutation 
or spread of asexuality genetic factors [3, 4]. However, lit-
tle is known about the mechanisms underlying the shifts 
towards asexuality, partly because standard crossing 
techniques cannot be used to map the loci responsible 
for asexual propagation. Partial loss of sexual reproduc-
tion in certain species represents a possibility to study the 
genetic bases of sex loss, since gene recombination may 
occur in such populations. Crosses performed between 
sexual and asexual populations allowed investigating the 
genetic mechanisms essential for the transitions to obli-
gate asexuality in aphids [5, 6], hymenopterans [7–10], 
rotifers [11] and cladocerans [12–14], and involve one 
or few loci only. The precise genetic bases of the shift 
from sexuality to asexuality remains nevertheless to be 
deciphered, except for the Cape honeybee(Apis mellifera 
capiensis), where queens (and workers under particu-
lar conditions) produce haploid males by arrhenotokous 
parthenogenesis, but coexist with workers that can pro-
duce diploid eggs by thelytokous parthenogenesis [10]. A 
gene coding for an ecdysone-triggering receptor contains 
a single non-synonymous SNP, and this variant may alter 
the development of queen-like traits [59]. Daphnia pulex 
is another case study: this crustacean is able to alternate 
between parthenogenetic and sexual generations that 
produce diapausing eggs. In some populations, parthe-
nogenetic lineages are able to produce diapausing-eggs as 
well. This loss of sex is associated with at least 4 genomic 
regions including almost two entire chromosomes and 
parts of two others that correspond to haplotypes origi-
nating from a sister species [12–14]. Unfortunately, iden-
tifying the causal genes or mutations is challenging due 
to the large size of these regions [13].

Aphids are another relevant system for investigat-
ing the genetic determinants of sex loss. The ancestral 
mode of reproduction in this group is cyclical parthe-
nogenesis (abbreviated CP hereafter), which consists in 
the alternation of several parthenogenetic generations 
in spring and summer and one sexual generation in 
autumn [15]. The photoperiod shortening in autumn is 
the main cue that triggers the production of specialized 
sexual morphs (sexual females and males). After mat-
ing, sexual females lay cold-resistant eggs that diapause 
over winter. In spring, parthenogenetic females hatch 
from these eggs, starting new genetically different lin-
eages [16]. As a result, in CP aphids, three morphologi-
cally different forms are found: males, sexual females and 

parthenogenetic females. While males are determined by 
ploidy level at the sex chromosome (they are haploid for 
the X chromosome and diploid for autosomes), sexual 
and parthenogenetic females share the same chromo-
some set (they are diploid for all chromosomes). How-
ever, the two types of females differ significantly by their 
phenotypes and their reproductive systems [17, 18]: sex-
ual females have spermatheca, thicker hind legs, scent 
plaques for pheromone emission, gametes are produced 
by meiosis, mating is required to fertilize the eggs, and 
these females are oviparous. Contrastingly, parthenoge-
netic females have sharper hind legs, never mate and thus 
produce offspring by apomictic parthenogenesis, and are 
viviparous.

Interestingly, lineages that have lost the ability to pro-
duce sexual female forms in response to photoperiod 
shortening—and therefore reproduce only by vivipa-
rous parthenogenesis throughout the year—are found in 
nearly half of aphid species [16, 19]. The inability of these 
obligatory parthenogenetic lineages (abbreviated OP 
hereafter) to produce sexual females is genetically deter-
mined (e.g. [5, 6]). In the pea aphid Acyrthosiphon pisum, 
QTL mapping and genome-scans of CP and OP popu-
lations showed that a single genomic region on the X 
chromosome controls this trait [6, 20]. This 840-kb can-
didate region, which carries 32 predicted genes, contains 
∼2000 SNPs or short INDELs—either in coding or inter-
genic regions—that are nearly fixed for alternative alleles 
between CP and OP populations. As a result, identifying 
the gene(s) responsible for the loss of sex in OP remains 
challenging because any of the ∼2000 SNPs/INDELs 
could potentially be causal. OP lineages could be unable 
to produce sexual females because of a non-synonymous 
polymorphism in the coding sequence of a gene which 
would modify the corresponding protein structure and 
function. The defective protein could thus disrupt the 
molecular cascade that normally leads to the production 
of sexual females. Eleven of the 32 genes from the candi-
date region show such non-synonymous changes. Alter-
natively, SNPs/INDELs in the regulatory sequence of 
one of the 32 genes could affect the binding of regulatory 
elements, and thus impair or enhance in OP lineages the 
expression of that gene necessary to induce the produc-
tion of sexual females. Fine-scale transcriptomic analyses 
of OP and CP lineages under sex-inducing conditions 
could help narrowing down the list of the best candidate 
genes responsible for reproductive polymorphism.

The switch from parthenogenesis to sexual reproduc-
tion in response to photoperiod in CP lineages has been 
extensively studied in the pea aphid (see reviews by [21, 
22]), and this knowledge can be harnessed to conduct 
transcriptomic analyses of OP/CP lineages in the right 
tissue at the right time. Previous studies demonstrated 
that the photoperiodic cue is perceived in heads [23, 24] 
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and then transduced to the embryos presumably via the 
neuro-endocrine and hormonal system [25, 26]. More 
targeted analyses revealed the differential expression 
upon photoperiod shortening of photoreceptors [27, 28], 
circadian clock [29], melatonin [30, 31] and insulin [32] 
genes. These data suggest a role for these pathways in 
the early steps of the photoperiodic cue perception and 
transduction. In embryos, the cue promotes the sexual 
developmental fate, both in soma and germline tissues. 
The minimum duration of exposure to the decreasing 
photoperiod necessary to induce the production of sex-
ual females is also known (at least 8 short days, [33]), as is 
the last embryonic stage at which the transition between 
a diploid (in parthenogenetic embryos) and a haploid 
germline (in sexual embryos) is still flexible (embryonic 
stage 17 following [34] description, [35]).

Here, our first objective was to identify the causal 
gene(s) that prevent(s) OP lineages from producing 
sexual females under sex-inducing cues. The second 
objective was to characterize the downstream genetic 
programs involved in the establishment of two discrete 
phenotypes (sexual vs. parthenogenetic females). To 
reach these objectives, we performed RNA sequencing in 
a CP and an OP lineage submitted to sex-inducing (short 
day) or parthenogenesis-maintaining (long day) cues. We 
focused on heads and embryos because these are the tis-
sues where the main steps leading to reproductive mode 
switch occur. This data—combined with genomic com-
parison between CP and OP lineages [20]—should allow 
us to shortlist the causal gene candidates and investigate 
the consequences of causal mutations on the genetic pro-
grams controlling embryonic development.

Materials and methods
Biological material
Two lineages of the pea aphid, Acyrthosiphon pisum, were 
used: the CP lineage X6_22 and the OP lineage X6_2 [6]. 
These lineages are F2 originated from a cross between 
clone LSR1 (which has a CP phenotype and is homozy-
gous for the cp. allele at the locus responsible for repro-
ductive mode variation) and clone L21V1 (which has 
an OP phenotype and an op/op genotype at the locus). 
Therefore X6_22 (op//op) and X6_2 (Cp//op) lineages 
are genetically closely related which reduces genetic vari-
ability outside the causal locus. In addition, these two 
lineages bear the typical haplotype sequences associated 
with either OP or CP phenotypes. Aphids were main-
tained at low density as clonal colonies on Vicia faba 
plants under long days photoperiod (16  h of light and 
8  h of darkness) at 18  °C. Biological material for RNA-
seq experiments was prepared for the CP and the OP 
lineage under two photoperiodic regimes: long days (LD, 
16 h of light and 8 h of night) and short days (SD, 12 h of 
light and 12 h of night), both at 18 °C. LD conditions are 

useful to reveal possible transcriptomic variation caused 
by genetic differences between the CP and the OP lineage 
in the parthenogenetic phase. SD conditions are neces-
sary to induce the production of sexual morphs in the CP 
lineage and reveal the altered molecular steps in the OP 
lineage. In total, the overall design (Fig. 1) included four 
conditions: CP_LD, CP_SD, OP_LD and OP_SD. Due to 
telescoping of generations associated with viviparity and 
parthenogenesis, three generations are embedded (the 
mother, its embryos, and early embryos within the germ-
lines of embryos) and the induction of sexual forms in a 
CP lineage takes place across them [26]. For each of the 
two genotypes, the experiment started with third instar 
larvae (L3) individuals (Generation G0). At day 0, 270 L3 
aphids were split into two groups: 135 (5 per plant) were 
maintained under LD conditions while 135 were trans-
ferred to SD conditions. They reached adulthood within 
6 days and started to produce offspring at day 8. These 
G0 adults were then placed at day 9 onto new plants (3 
per plant) for a restricted time-window of 10 h to obtain 
500 L1 larvae (Generation G1) that were nearly the same 
age at a low density of 10 individuals per plant to avoid 
winged offspring production that could be induced by 
crowding. These large numbers ensured getting enough 
synchronized individuals at each stage of collection (see 
below). For the CP genotype, G1 individuals under LD 
are parthenogenetic and produce only parthenogenetic 
females in their offspring (the Generation G2) while 
under SD conditions they produce sexual females and 
males. For the OP genotype, G1 individuals placed under 
LD produce only parthenogenetic females in their off-
spring (G2) which is also the case also under SD, along-
side with a few males. G1 individuals were then collected 
(at the middle of the photophase: after 8 h of light under 
LD and 6 h of light in SD) at 5 time points: L2 stage (11 
days after the beginning of the experiment), L3 stage (13 
days), L4 stage (15 days), L4 + 24  h stage (16 days) and 
L4 + 48 h (17 days). L2, L3 and L4 stages were selected to 
collect head samples. Under this experimental design, the 
transcriptomic modifications associated with the trans-
duction of the photoperiodic cue necessary to induce 
the switch in a CP lineage occur within this window [26]. 
Conversely, L4 + 24 h and L4 + 48 h stages were selected 
to collect embryos samples. At these time points the 4 to 
6 most advanced embryos within each individual are at 
developmental stages 17 and 18 (following morphologi-
cal criteria from [34]) respectively, and at these times the 
reproductive fate (asexual or sexual) of the embryos is 
irreversibly determined [35]. At each time point, aphids 
were observed under a binocular every 6  h during a 
24  h-time window to determine the timing of molting 
from one stage to another and isolate batches of aphids 
of the same age, which was necessary to obtain synchro-
nized individuals and minimize transcriptomic noise 
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Fig. 1 (See legend on next page.)
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caused by developmental speed differences between indi-
viduals or lineages. For head samples, respectively 15, 13 
and 10 individuals per sample were collected at L2, L3 
and L4 stages and directly flash-frozen in liquid nitrogen. 
The heads of these individuals were then separated from 
the rest of the body with a scalpel under liquid nitrogen. 
Samples were stored at -80  °C before RNA extractions. 
These were named h2 (L2 head), h3 (L3 head) and h4 (L4 
head). For heads, 36 samples were thus collected: two 
lineages (CP and OP) under two photoperiod conditions 
(LD and SD) at three stages of development (L2, L3 and 
L4) and in triplicates (independent biological replicates). 
For embryos samples, L4 + 24  h and L4 + 48  h individu-
als were dissected in phosphate-buffered saline to iso-
late the four most advanced embryos (stages 17 and 18 
respectively). For each sample, 15 individuals were dis-
sected to obtain 60 embryos that were flash-frozen and 
kept at -80 °C before RNA extractions. These are named 
e17 (embryos stage 17) and e18 (embryos stage 18). For 
embryos, 24 samples were thus collected: two lineages 
(CP and OP) under two photoperiod conditions (LD and 
SD) at two stages of development (stage 17 and 18) and in 
triplicates. To confirm that the short day (SD) treatment 
induced sex, the offspring (G2) of five adult individuals 
(G1) from the CP and the OP lineage (Table S1) pro-
duced under SD were analysed over weeklong intervals. 
The CP lineage started to produce only sexual females 
(18.4 on average) followed by males (23.4) and eventually 
a few parthenogenetic females (2.4). Conversely, the OP 
lineage first produced only parthenogenetic females (41.8 
on average), followed by a few males (2.4) and eventually 
parthenogenetic females. These data also confirmed that 
the oldest embryos collected at L4 + 24  h and L4 + 48  h 
time points are sexual in the CP and parthenogenetic in 
the OP.

RNAs extraction, libraries preparation and RNA sequencing
Total RNAs were extracted using the mirVana™ miRNA 
Isolation Kit (Ambion, Life Technology) following manu-
facturer’s instructions. Total RNAs yields were estimated 
using the Quantus™ Fluorometer (Promega) with the 
QuantiFluor® RNA System (Promega). Total RNAs integ-
rity was checked using the Bioanalyzer Instrument 2100 
(Agilent). Approximately 750 ng of total RNAs for each 
of the 60 samples were sent to the NGS Platform from 

the Institute Curie (Paris, France) for library preparation 
(TruSeq Stranded mRNA Library Preparation kit) and 
100 bp paired-end sequencing (Illumina Novaseq 6000).

Bioinformatics analysis of sequencing data
Sequencing data from the 60 libraries were analysed 
using the Nextflow pipeline (version 20.04.1, [36]) to gen-
erate read counts for all annotated genes. The FastQC 
tool was first used with default parameters to check 
libraries quality (including % of GC contents, read length 
or adapters’ content). Adapters and poor-quality regions 
were removed with TrimGalore tool (default param-
eters). Overall, the 60 libraries contained on average 
21.1 millions of high quality reads (Table S2). Only one 
library displayed a value below 16  million reads (OP_
LD_L3_2, 3.7 million reads). The Hisat2 aligner [37] was 
then used with default parameters to align reads on the 
last version of the genome assembly (RefSeq accession 
GCF_005508785.1) and genome annotation (OGS3.0) of 
the pea aphid [38]. This version of the pea aphid genome 
contains 20,903 predicted genes (18,283 protein-coding 
genes and 1630 long non-coding RNAs). The average 
percentage of unique reads mapping was 84.7% over 
the 60 libraries, and only one displayed a value below 
74.6% (CP_LD_L3_2, 19.9% of unique reads mapping). 
Reads mapping on the genome but unassigned to any 
annotated gene were then used to predict new mRNAs 
and lncRNAs. The StringTie (version 1.3.3; parameters: 
stringtie --merge -p 16 –o stringtie.all.merge.gtf; [39]) 
and FeelNC (version 0.1.1; parameters: FEELnc_filter.pl -i 
-a; FEELnc_codpot.pl -m shuffle -g --spethres 0.93,0.93; 
FEELnc_classifier.pl -i -a; [40]) tools were used for this 
purpose. This analysis allowed predicting 1584 novel 
mRNAs and 2221 novel putative lncRNAs. In the fol-
lowing supplementary tables (see below), these predic-
tions are named “MSTRG.xxx” (x being a number) with 
a distinction between “new mRNA” and “new lncRNA” in 
the adjacent column. These new predictions were imple-
mented to the existing ones to complete the annotation 
of the genome. Reads counting using FeaturesCounts 
(1.6.0; -a -o -g gene_id -t exon -C -p -s 0 -M --fraction) 
was then performed on this extended annotation. Over-
all, 58 out of the 60 libraries displayed between 11.8 and 
29.5 million of assigned reads to genes or lncRNAs, while 
this number was 2.9 and 3.4  million for two remaining 

(See figure on previous page.)
Fig. 1 Experiments performed to collect material for RNA-seq. L3-G0 (Generation 0) aphids from CP and OP lineages maintained as clonal colonies 
under Long Days (LD, 16 h of light and 8 h of night at 18 °C, light square) photoperiod were separated into two batches. The first batch was kept under 
LD while the other one was transferred to Short Days photoperiod (SD, 12 h of light and 12 h of night at 18 °C, dark square) conditions in order to induce 
the reproductive mode switch in the CP lineage and its absence in the OP. When aphids reached VA-G0 stage (Virginoparae Adult—Generation 0), they 
were placed on new plants to produce synchronized L1-G1 (Larval stage 1 – Generation 1) progeny. In the G1, individuals under SD produce by parthe-
nogenesis sexual individuals in their offspring (G2, sexual females, males and parthenogenetic females in the CP, males and parthenogenetic females in 
the OP), while under LD they produce parthenogenetic females only. Aphids were then collected at L2, L3 and L4 stages for heads dissection (h2, h3 and 
h4), while aphids at L4 + 24 h and L4 + 48 h were used for dissection of embryos at stage 17 (e17) and stage 18 (e18) of development respectively. The 
offspring (G2) of five G1 adults was then analysed to confirm the CP and OP phenotypes under LD and SD conditions
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ones (OP_LD_L3_2 and CP_LD_L3_2, respectively). 
We ended up with 23,254 predicted genes (mRNAs and 
lncRNAs) with a minimum of one unique read in at least 
one library. Raw RNA-seq data are available under the 
project’s accession number PRJNA892756 at NCBI.

Statistical analyses
Statistical analysis were performed in R (4.0.2) using the 
AskoR pipeline [41] which uses the EdgeR package (ver-
sion 3.30.3; [36]) for differential expression analysis, the 
coseq package (version 1.12.0; [42]) for clustering analy-
sis of gene expression profiles and the topGO package 
(version 2.42.0; [43]) for Gene Ontology analysis.

Data filtering and normalization
Count per million (CPM) values were calculated for the 
23,254 predicted genes. Only genes with a CPM value ≥ 1 
in at least one of the 60 samples were considered as 
expressed and conserved for further analyses (Table S3). 
Libraries were then normalized using the TMM method 
implemented in EdgeR and a Pearson correlation test was 
performed on the 60 libraries and visualized with a heat-
map. The two libraries with less than 3 million assigned 
reads each (OP_LD_L3_2 and CP_LD_L3_2) correlated 
well with the other two replicates of the corresponding 
conditions. All 60 libraries were therefore retained for 
subsequent analyses.

Differential expression analysis
We used EdgeR to identify differentially expressed genes 
(DEGs). First, to estimate the effect of the photoperiod 
on gene expression, transcriptomic profiles of each lin-
eage under SD were compared to LD at each develop-
mental stage in heads (e.g. CP_LD_h* vs. CP_SD_h* and 
OP_LD_h* vs. OP_SD_h*) and embryos (e.g. CP_LD_e* 
vs. CP_SD_e* and OP_LD_e* vs. OP_SD_e*). Second, 
to estimate the effect of the lineage on gene expression 
under LD and SD conditions, transcriptomic profiles of 
the CP lineage were compared to the OP lineage under 
each photoperiod condition and at each developmental 
stage in heads (e.g. CP_LD_h* vs. OP_LD_h* and CP_
SD_h* vs. OP_SD_h*) and in embryos (e.g. CP_LD_e* vs. 
OP_LD_e* and CP_SD_e* vs. OP_SD_e*). A minimum 
fold-change of 1.5 and a FDR (adjusted p-value) thresh-
old of 0.05 were applied to identify the DEGs. The output 
of these analyses is shown in Table S4.

Analysis of the expression of the 32 genes from the candidate 
region to identify the gene responsible for sex loss in OP
We extracted normalised expression data as well as the 
information of differential expression between LD and 
SD and CP and OP in heads and embryos for the 32 
genes from the candidate region (see Table S5). Then, 
to identify among them putative master candidate(s) 

acting through differential expression levels, we made 
the assumption that such a causal gene should display a 
different response to photoperiod shortening between 
the CP and the OP lineage. Hence, such a gene must be: 
(1) differentially expressed between LD and SD photope-
riod in the CP lineage in at least one of the time-points 
considered in this study, and (2) differentially expressed 
between the CP and the OP lineage under SD conditions 
at the same time-points.

Clustering and Gene Ontology enrichment analysis of DEGs
In order to identify genes displaying similar patterns of 
expression, a clustering analysis was performed on DEGs 
using a kmeans model and arcsin transformation using 
the coseq R package. The number of identified clusters 
(k) was respectively 7 for heads and 6 for embryos (Table 
S6). Since clusters 5 and 6 from the embryo dataset 
showed exactly the same qualitative patterns of expres-
sion (see Fig.  5), they were grouped together for subse-
quent analyses. Then, a gene ontology (GO) analysis was 
performed to search for an enrichment of GO terms in 
each of the clusters. The GO terms database used (avail-
able at https://bipaa.genouest.org/is/aphidbase/) was 
produced from Blast2GO on the OGS3.0 version of pea 
aphid genome annotation [38]. To determine significantly 
enriched GO terms for each cluster and in each tissue, 
the Weight01 algorithm and the Fisher test (threshold of 
0.05) were applied (Table S7 and S8).

Distribution of expressed and DE genes along chromosomes
The spatial distribution of expressed genes and DEGs 
along the pea aphid genome was examined using the lat-
est chromosome-scale genome assembly (RefSeq acces-
sion GCF_005508785.1, [38]). The density in expressed 
genes and DEGs (each cluster was considered indepen-
dently) was determined along each chromosome by 
1 Mb sliding-windows (Figures S1 and S2). We observed 
that DEGs for some of the clusters were non-randomly 
distributed along chromosomes (see Figure S2, cluster 5 
and 6 from the embryo dataset) and were particularly fre-
quent in two genomic regions. We suspected that these 
two genomic regions corresponded to the ones identi-
fied as enriched in transposable elements (TEs) by Li et 
al., 2019 [38]. In order to confirm these patterns, a new 
TEs annotation was performed (since the TEs annota-
tion by [38] was not accessible at the time we performed 
the analyses). For this purpose, the annotation consen-
sus of TEs in insects was masked with RepeatMasker 
(RepeatMasker -species insects Apisum_v3.fasta -gff 
-pa 12 -nolow). Then, RepeatModeler tool allowed gen-
erating a consensus bank of TEs (BuildDatabase -name 
Apisum Apisum_v3.fasta; RepeatModeler -database 
Apisum -pa 20). Finally, a new TEs annotation file was 
produced (RepeatMasker –lib consensi.fa.classified 

https://bipaa.genouest.org/is/aphidbase/
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Apisum_v3.fasta -gff -pa 12 -nolow). The number of 
TEs was calculated along chromosomes by 1  Mb slid-
ing-windows. To determine whether DEGs-enriched 
and TEs-enriched regions co-localise, we measured the 
Spearman’s correlation between the number of DEGs 
(from clusters 5 and 6 from the embryo dataset) and TEs 
per Mb for each chromosome.

Results
Differential expression patterns
Clustering analyses on mapped reads (Fig. 2A) for the 60 
samples revealed that they grouped by tissue type (heads 
or embryos). Among the 23,254 annotated genes, 12,631 
are expressed in heads and 13,984 in embryos samples. 
Statistical analyses were then carried out to identify 
DEGs between lineages (“lineage effect”) and photope-
riodic regime (“photoperiod effect”) in both tissues and 
at all stages of development (Table S4). When consider-
ing the effect of the lineage only, we observed 1410 and 
1406 DEGs between the CP and the OP lineage under LD 
and SD photoperiod respectively in heads for all stages 
combined, and 4190 and 3306 DEGS under LD and SD 
photoperiod respectively in embryos when both stages 
were combined (Fig.  2B). These numbers include com-
mon DEGs between stages. Regarding the effect of the 
photoperiodic regime only, the analyses revealed 5844 
and 5891 DEGs between LD and SD photoperiod in the 
CP and the OP lineage respectively in heads for all stages 
combined, and 8715 and 7549 DEGS in the CP and the 
OP lineage respectively in embryos for both stages com-
bined (Fig.  2B). These numbers include common DEGs 
between stages. These data suggest an important effect of 
photoperiod shortening on gene expression in both lin-
eages and tissues. Overall, 5737 genes were differentially 
expressed between lineages and/or photoperiod condi-
tions in at least one of the investigated developmental 
stages in heads while this total reached 9897 in embryos. 
Regarding lncRNAs, they accounted in average for 8.1% 
of DEGs.

Identification of the causal gene(s) from the candidate 
region responsible for sex loss in OP
Among the 32 genes from the candidate region, 17 were 
not expressed, neither in heads nor in embryos in both 
lineages. Among the 15 remaining, 9 were expressed 
in heads and embryos while 6 were expressed only in 
embryos (Fig. 3 and Table S5). Four of the 15 genes met 
the criteria defined earlier if reproductive polymor-
phism is determined by changes in expression levels: DE 
between LD and SD in the CP but also DE between CP 
and OP under SD. First, in heads, the LOC100168655 
gene, coding for a scavenger receptor class B homologue, 
is up-regulated in heads under SD (vs. LD) in the CP but 
also up-regulated in CP vs. OP under SD. In embryos, 3 

genes fulfilled our criteria and shared similar expression 
profiles. LOC100159148, coding for a nuclear pore com-
plex protein, LOC100168027, a homologue of pasha, and 
LOC100165999, a homologue of APC10 were strongly 
up-regulated at stage 17 (and to a lesser extent at stage 
18) when submitted to SD in the CP lineage and were also 
more expressed in the CP compared with the OP under 
SD. Altogether, our data indicated that one gene from the 
region displayed an altered response to photoperiod in 
the OP during the initial steps (i.e. in heads) of the pro-
cess while three other genes show a strong attenuation of 
their expression during the later steps (i.e. in embryos). 
Considering the temporality of our experimental design, 
the transcriptomic response of scavenger receptor class 
B to photoperiod was altered earlier in the process than 
for the three other candidates in the OP, suggesting that 
it could be the causal gene responsible for sex loss in the 
OP lineage.

Genetic programs in heads involved in the establishment 
of two discrete phenotypes
We then analysed all genes with the aim to character-
ize the genetic programs required to produce sexual 
females in response to sex-inducing photoperiod in the 
CP lineage. The clustering analysis performed on the 
5737 DEGs in heads revealed seven clusters (Fig. 4A and 
Table S6). First, two clusters accounted for the majority 
(84.6%) of DEGs in heads (2692 for cluster 1 and 2162 for 
cluster 2). In cluster 1, genes were up-regulated under 
SD conditions in both lineages and at all developmen-
tal stages, while genes from cluster 2 were up-regulated 
under LD conditions. These clusters thus contained 
genes that respond to photoperiod shortening in a simi-
lar way independently from the lineage. Gene Ontology 
analysis revealed that cluster 1 and 2 were enriched in 
numerous Biological Process (BP) terms associated with 
general biological functions (Fig. 4B and Table S7). More 
specific signatures were nevertheless observed such as 
the GO terms G-protein-coupled receptor signalling 
(43 genes, 2.8e-03) and histone lysine methylation (11 
genes, 3.55e-03) in cluster 1, suggesting that integration 
of photoperiodic cue in heads might involve epigenetic 
regulations. Second, clusters 6 and 7, which accounted 
for 10% of DEGs, displayed lineage-specific expres-
sion patterns, irrespective of the stage or photoperiodic 
regime. The 329 genes from cluster 6 were systematically 
up-regulated in the OP while the 245 genes from cluster 
7 were down-regulated. Cluster 6 was not enriched in 
any BP GO term while cluster 7 was enriched in terms 
associated with enzyme activity. Interestingly, cluster 5, 
accounting for 2.1% of DEGs, contained 121 genes that 
were up-regulated under SD at L3 stage in the CP, while 
they were not in the OP at the same stage. Regarding the 
GO terms found enriched within this cluster, a strong 



Page 8 of 17Huguet et al. BMC Genomics          (2024) 25:202 

Fig. 2 Clustering analysis of RNA-seq libraries and summary of global differential expression patterns. (A) A correlation heatmap was generated on the 
60 RNA-seq libraries. High correlation between libraries are figured in white while low correlation across libraries by dark red colour: heads and embryos 
samples display very distinct expression profiles. (B) The number of DEGs between SD and LD photoperiod for each genotype and between the CP and 
the OP genotype within each photoperiod condition was calculated for each of the heads and embryos samples (FDR < 0.05 and Fold-Change > 1.5). The 
number of lncRNAs differentially expressed is indicated between brackets
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Fig. 3 Identification of putative master regulators within the candidate region. To be considered as putative master regulator of reproductive polyphen-
ism, such candidate(s) must display a different response to photoperiod between the CP and the OP genotype. First, these genes must be differentially 
expressed (DE) in the CP when submitted to photoperiod shortening. This information is indicated for each gene and for each time point within the 
squares of the column P (Photoperiod response in the CP). Red and green squares indicate genes up-regulated and down-regulated under SD, respec-
tively. Second, these genes must also be DE between the CP and the OP lineage under SD photoperiod, which is necessary to induce the reproductive 
mode switch in the CP or reveal its inability in the OP. This information is compiled within the squares of the column L (Lineage response under SD). Yellow 
and blue squares indicate genes up-regulated and down-regulated in the CP, respectively. Finally, four genes fulfil these two conditions (black arrows) 
and thus represent strong candidates potentially responsible for reproductive mode variation between CP and OP lineages: LOC100168655 (Scavenger 
receptor class B member 1) in heads and LOC100159148 (Nuclear pore complex protein or Nup62), LOC100168027 (microprocessor complex DGCR8-like or 
pasha4), LOC100165999 (anaphase-promoting complex subunit 10 or APC10) in embryos. Genes that are not expressed or not DE in a particular condition 
are indicated with grey and black squares respectively. Genes are listed in the way they are ordered in the genome
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signature for structural component of cuticle (40 genes, 
p < 1e-30) was found. When looking into more details, 
homologues of Drosophila genes involved in dopamine 
synthesis pathway—such as ddc (LOC100168964), pale 

(LOC100167369) and yellow (Y-y)—were also present 
in this cluster. This different response to photoperiod of 
121 genes between the CP and the OP lineage thus sug-
gests that the causal gene(s) from the candidate region 

Fig. 4 Hierarchical clustering and gene ontology analysis of DEGs in heads. (A) Heatmap of the expression patterns of the 5737 DEGs identified in heads. 
Seven clusters containing genes sharing similar expression profiles were identified. The relative expression of each gene (row) between each time point 
(column) ranges from low (dark blue) to high (yellow). (B) Gene ontology enrichment analysis was performed for each cluster. Statistically enriched GO 
terms for Biological Process are ranked with barplots according to their p-value and the number of genes associated with each term is indicated at the 
end of the barplot. Only enriched GO terms with a p-value < 0.01 are represented in the figure. No significant GO terms enrichment could be observed 
for cluster 6
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has begun to act at L3 stage, activating some genes in 
response to photoperiod shortening in the CP lineage 
with these responses attenuated in the OP. The last two 
clusters (clusters 3 and 4) accounted for only 3.3% of 
DEGs in heads. In cluster 3, 122 genes were up-regulated 
specifically at L4 stage under LD in both lineages. In clus-
ter 4, 67 genes were up-regulated at L4 stage under LD 
only in the OP lineage. These two clusters were enriched 
in BP GO terms associated with general biological pro-
cesses, including oxidation-reduction process. Altogether 
these data suggest that despite the fact that most of the 
genes (84.6%) responded similarly to photoperiod in both 
lineages, causal mutations might alter the expression of 

genes that could play an essential role in the early steps of 
photoperiod cue perception and transduction.

Genetic programs involved in the establishment of two 
discrete phenotypes in embryos
The clustering analysis performed on the 9897 DEGs in 
embryos identified six clusters (Fig.  5A and Table S6). 
Clusters 1 and 2, accounting for 65% of DEGs (2742 
in cluster 1 and 3698 for cluster 2) contain genes that 
responded to photoperiod shortening in a similar way in 
both lineages. Genes from cluster 1 were up-regulated 
under LD while those from cluster 2 were down-regu-
lated. BP GO terms enriched for those clusters (Fig.  5B 

Fig. 5 Hierarchical clustering and gene ontology analysis of DEGs in embryos. (A) Heatmap of the expression patterns of the 9897 DEGs identified in 
embryos. Six clusters containing genes sharing similar expression profiles were identified. The relative expression of each gene (row) between each time 
point (column) ranges from low (dark blue) to high (yellow). (B) Gene ontology enrichment analysis was performed for each cluster genes sets. Statisti-
cally enriched GO terms for Biological Process are ranked with barplots according to their p-value and the number of genes associated with each term is 
indicated at the end of the barplot. Only the top 15 enriched GO terms (with a p-value < 0.05) for each cluster are represented in the figure
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and Table S8) were associated with general metabolism, 
but also more specific signatures such as histone lysine 
methylation (15 genes, p = 2.30e-04) and histone acety-
lation (17 genes, p = 4.05e-03) in cluster 2. Interestingly, 
clusters 5 and 6—accounting for 16.7% of DEGs (1158 
genes for cluster 5 and 493 for cluster 6)—displayed very 
distinct patterns of expression between the CP and the 
OP lineage. In the CP lineage, the genes were weakly or 
not expressed under LD (in asexual-fated embryos) at 
both stages while they were strongly activated under SD 
(in sexual-fated embryos) at stage 17 and less intensively 
at stage 18. Conversely, in the OP lineage, these genes 
were lowly or not expressed under LD and SD condi-
tions and at both stages. Such specific patterns suggest 
that these 1600 genes could be involved in the differen-
tiation of the sexual fate of embryos in the CP lineage. 
Conversely, their altered expression in the OP would 
maintain the development of parthenogenetic embryos. 
GO enrichment analyses performed on these two com-
bined clusters revealed an enrichment in very specific 
BP GO terms including histone modification (10 genes, 
p = 5.0e-03), histone acetylation (5 genes, p = 1.8e-03), his-
tone lysine methylation (4 genes, p = 7.9e-03) and chro-
mosome condensation (5 genes, p = 6.3e-06). Among 
these genes (Table S9), we found Drosophila homologues 
for histone variants like Histone H3.3 (LOC100167506 
and LOC100570478), enzymes that deposit histone 
marks such as eggless (LOC100165352, LOC103309898, 
LOC103309982 and LOC103311002) and Su(var)3–9 
(LOC100161910) for histone lysine methylation, 
nejire (LOC100570901) or Ing5 (LOC100162215, 
LOC100163066, LOC100166633, LOC107884352) for 
histone lysine acetylation. The BP GO terms Gene silenc-
ing by RNA (16 genes, p = 1.5 e-04) and Gene silencing 
by miRNA (3 genes, p = 3.85e-03) were also enriched 
within these clusters. More precisely, correspond-
ing genes (Table S9) included some key components of 
the miRNA machinery such as pasha (LOC100168027 
and LOC103308416), ago1 (LOC100163421) and dcr-1 
(LOC100159500) but also some major constituents of the 
piRNA machinery, including aubergine (LOC100162949, 
LOC100164403, LOC100169625 and LOC100169625) 
and piwi (LOC100164750 and LOC115034737). The last 
two clusters (18.2% of DEGs) were less obvious to inter-
pret biologically. Cluster 3 contained 1215 genes up-
regulated at stage 18 under LD in the CP and at stage 17 
under LD in the OP, so responsive to LD photoperiod in 
both lineages but at different stages. Cluster 4 contained 
591 genes that were up-regulated at stage 18 under LD 
in both lineages. GO analysis for these clusters indicated 
an enrichment in terms associated with general biologi-
cal processes.

Genetic programs promoting sexual embryogenesis locate 
in TEs-enriched regions
We observed no aggregation along the chromosomes for 
any of the 7 clusters of DEGs identified in heads (Fig-
ure S1). Conversely, in embryos, we found that DEGs 
from clusters 5 and 6 (genes activated only in the CP 
in response to sex-inducing cues) colocalized at two 
chromosome regions: a 50 Mb region at one end of the 
X chromosome (different from the candidate region 
responsible for sex loss) and a 10  Mb region of the A2 
chromosome (Figs. 6 and S2). These two genomic regions 
were also TEs-rich compared with the rest of the genome 
(Fig.  6). Accordingly, we observed a positive correlation 
between the number of TEs and the number of DEGs 
from the clusters 5 and 6 per Mb for each of the con-
cerned chromosome (rhoX = 0.70, p = 10− 15; rhoA2 = 0.32, 
p = 0.0005, Fig. 6). The downstream genes potentially pro-
moting the sexual fate in embryos were thus clustered in 
two TEs-rich genomic regions.

Discussion
In this study, we investigated the molecular mechanisms 
underlying sex loss in aphids. We analysed the transcrip-
tomic response in heads and embryos of a CP and an OP 
lineage of the pea aphid under asexual- and sexual-induc-
ing cues (i.e., exposure to short and long photoperiods). 
We first analysed the expression profiles of the 32 genes 
from an 840  kb region previously identified as respon-
sible for sex loss in OP lineages, with the aim to identify 
candidate causal genes. We then highlighted the tran-
scriptomic consequences of sex loss on the main steps of 
the photoperiodic response and characterized the down-
stream genetic programs involved in the differentiation 
of either parthenogenetic or sexual embryos by compar-
ing OP and CP transcriptomes.

Identification of candidate genes for sex loss
An altered gene can affect a phenotype in multiple 
ways, notably by either changes in its protein product or 
through changes in the cis-regulation of expression level 
and profile. Hence, the gene responsible for sex loss in 
OP lineages should either: (i) possess non-synonymous 
changes in its coding sequence (but also expressed at 
the right time and in the right tissue) or (ii) possess cis-
regulatory changes that alter expression when submit-
ted to sex-inducing cues. A recent study based on pooled 
sequencing of the genomes of 42 OP lineages and 61 CP 
lineages showed that 11 of the 32 genes from the can-
didate region display non-synonymous polymorphism 
in their coding sequence, with a high degree of asso-
ciation of the different alleles with the phenotypic trait 
[20]. These 11 genes are thus mutated in OP lineages 
and the functionality of the corresponding proteins 
might be altered under sex-inducing cues, making them 
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possible causal gene candidates. Interestingly, 7 of them 
are expressed in neither heads nor embryos in both lin-
eages and are therefore not strong candidates although 
they might be expressed in other tissues/organs or at 
different time points. Four strong candidate genes thus 
remain: Drosophila homologues of the sphingomyelin 
phosphodiesterase and fatty acyl-CoA reductase enzymes, 
a homologue of the GTPAse activator RhoGAP102A and 
a homologue of cbp20, a gene involved in pre-mRNA 
splicing and RNA-mediated gene silencing [44]. The first 
three are expressed in heads and embryos while cbp20 
is expressed only in embryos. In addition to these four 
candidates, we also have to consider genes that could 
act through changes in their expression patterns. Muta-
tions in the regulatory sequences of such genes in the OP 
lineage could indeed affect their expression when sub-
mitted to sex-inducing cues and lead to the OP pheno-
type. Within the 21 remaining non-polymorphic genes 
of the candidate region, 11 are expressed in heads and/
or embryos. Interestingly, four of them show an altered 
response to photoperiod in the OP lineage compared 
with the CP: APC10, a homologue of the Drosophila 

anaphase-promoting complex that controls the G1 phase 
of the cell cycle [45], Nup62, a putative glycoprotein from 
the nuclear pore, pasha4, a homologue of the Drosoph-
ila gene pasha, a key component of miRNAs machinery 
[46] also known to be required for oocyte formation and 
germline cell division [47] and finally a Drosophila homo-
logue of the scavenger receptor class B gene. Interest-
ingly, several Scavenger Receptor Class B genes have been 
shown to be upregulated in Drosophila steroidogenic 
tissues, suggesting a role for these receptors in ecdysone 
signalling [48]. The differential response between OP and 
CP in short days takes place in L3 heads for Scavenger 
receptor class B (also expressed in embryos) and in stage 
17 embryos for the three other genes (which are only 
expressed in embryos).

The timing and location of gene expression can also 
be used as cues to refine the identification of the causal 
gene(s) among the eight remaining candidates (i.e. four 
mutated genes and four with altered expression). Heads 
harbour the early steps of photoperiod cue perception 
and transduction, which then reach the embryos and 
determine their reproductive mode [21]. Thus, the gene 

Fig. 6 Density in TEs and DEGs from embryos clusters 5 and 6 within pea aphid genome. Circos plots represent the four chromosomes (external green, 
yellow, blue and violet arcs), expressed genes (light grey), DEGs from clusters 5 and 6 (black) and TEs (Transposable Elements, red). The black squares 
highlight regions significantly enriched both in TEs and DEGs
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responsible for sex loss in OP could potentially operate 
at any of these steps. However, transcriptome-wide dif-
ferences in the response to sex-inducing cues are already 
perceptible between the CP and the OP at L3 stage in 
heads (see the 121 genes from cluster 5, Fig.  4). This 
is a key point as it suggests that the causal gene is act-
ing at this stage or has already acted. From the tempo-
ral expression, we can therefore posit that, if sex loss is 
due to a protein alteration in the OP, polymorphic genes 
expressed in heads (i.e. a sphingomyelin phosophodies-
terase, a fatty acyl-CoA reductase, and RhoGAP102A) 
are more likely to be causal than the one expressed only 
in embryos (cbp20). Similarly, if sex loss relies on the 
altered expression of the causal gene, this one should 
already show differential expression between the CP and 
the OP in response to sex-inducing cues before or at the 
time when the first genome-wide effects are seen (i.e. 
L3 heads). Scavenger receptor is up-regulated in the CP 
compared with the OP under short photoperiod in heads 
(in L3) but not in embryos. Conversely, the 3 other genes 
are not expressed in heads. Therefore, Scavenger recep-
tor is the strongest candidate within those four genes 
that could control sex loss through changes in expression 
levels. Also, it would be less parsimonious to consider 
that genes expressed only during late embryogenesis 
(i.e. nup62, APC10, pasha4 or cbp20) could be the causal 
genes, because the first effects of the causal mutations on 
the OP transcriptome are observable earlier (in L3 heads). 
In addition, nup62, APC10 or pasha4 show the same dif-
ferential response to photoperiod between lineages as the 
1600 genes (clusters 5 and 6) that could be responsible 
for sexual reproductive fate. They might locate within the 
candidate region just by chance and thus not be causal 
but rather belong to the downstream cascade activated 
by the causal gene. The expression profiles of the genes 
from the candidate region at earlier stages of embryogen-
esis and especially before L2 stage might also be informa-
tive. We also cannot rule out the possibility that causal 
genes display low differences in expression between the 
CP and the OP lineage, or at time points or in organs not 
covered by our experimental design. Finally, the candi-
date region might contain polymorphisms in regulatory 
sequences that control the expression of genes located 
outside the region, which would make the identification 
of causal regulatory polymorphisms responsible for sex 
loss in OPs even more challenging.

Our genomic [20] and transcriptomic (present study) 
analyses allowed us to narrow down the list of causal 
genes candidates to four expressed in heads (three 
with putatively altered protein function and one with 
expression change). Mechanistically, the early steps of 
the reproductive switch occur in heads and rely on the 
perception and integration of the photoperiod short-
ening cue [49]. Interestingly, OP lineages are still able 

to produce males in response to photoperiod shorten-
ing [16], which suggests that they can perceive this cue 
and that meiosis pathway genes are functional. Also, it 
has been suggested that the photoperiodic response in 
aphids might rely on changes in internal hormonal titers. 
Indeed, juvenile hormone concentrations changes seem 
to play a role in sex determination (which is determined 
by the number of X chromosomes copies—males being 
X0 and females XX—thus one of the Xs must be elimi-
nated to produce X0 males), low concentrations being 
linked with male production and higher levels with 
female production [50, 51]. Then, causal mutations would 
somehow impair OP lineages from reaching this titer, 
resulting in failure to produce sexual females while main-
taining male production. Alternatively, sexual female and 
male production mechanisms might be independent.

Genetic programs altered during the photoperiod 
response as a consequence of sex loss
The second objective of this study aimed at analysing the 
consequences of sex loss on the transcriptional response 
to photoperiod shortening in early and late steps of the 
process. We identified clusters of genes displaying an 
altered response to photoperiod in the OP lineage in 
heads and embryos, with remarkable differences between 
those two tissue types. In heads, 121 genes displayed such 
an altered response at L3 stage, including several cuticu-
lar protein genes and core components of the dopamine 
synthesis and signalling pathway (namely ddc and pale). 
Interestingly, one of our previous studies reported the 
differential expression of these genes between the heads 
of long day-reared and short day-reared aphids in a CP 
lineage [26]. We hypothesized that changes in dopamine 
levels within the brain of aphids might either be linked 
to modifications of cuticle structure or contribute to the 
neuro-signalisation of photoperiod shortening. Func-
tional analyses—including CRISPR-Cas9 editing of ddc 
gene—were recently carried out but failed to demon-
strate the role of dopamine in the transduction of the 
photoperiodic cue due to the lethal phenotype of ddc 
knocked out lineages [52]. Our data nevertheless sug-
gest that the up-regulation of cuticular protein and 
dopamine pathway genes (among others) in heads under 
short days is reduced in the heads of the OP lineage. This 
mis-regulation in the OP lineage might thus be a conse-
quence of causal mutation(s). In embryos, we expected to 
observe major transcriptomic differences under SD con-
ditions between lineages. Indeed, under LD photoperiod, 
embryos are determined as parthenogenetic females in 
both lineages while under SD photoperiod, the first ∼20 
CP embryos are future sexual females and correspond-
ing OP embryos are parthenogenetic. Such phenotypic 
differences were supported in our data by the activation 
or overexpression of ∼1600 genes in sexual embryos in 
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the CP, while they were not (or weakly) expressed under 
SD conditions in the OP parthenogenetic embryos. These 
genes thus correspond to the genetic programs required 
for the production of sexual embryos in the CP. Biologi-
cal processes enriched within these genes include miR-
NAs and piRNAs pathways but also epigenetic regulatory 
mechanisms. miRNAs are key post-transcriptional regu-
lators of gene expression although they can act differ-
ently to regulate their target genes between somatic and 
germline cells, as in C. elegans [53]. In our data, canoni-
cal components of miRNA machinery are up-regulated 
in sexual embryos in the CP, including dcr-1, Ago1, and 
two duplicated copies of pasha (pasha2 and pasha4). 
Pasha4—which is located within the candidate region—
had already been found as preferentially expressed in 
SD-reared aphids containing sexual embryos [54]. We 
can hypothesize that the miRNA machinery regulates the 
expression of genes necessary to promote sexual fate in 
embryos. The piRNA machinery is essential to protect 
the genome from transposition in gonadal and germline 
cells [55]. In our study, some of the key genes (especially 
aub and piwi) from this machinery are up-regulated 
in sexual embryos, suggesting that piRNAs are operat-
ing at that stage of development. Overall, the transition 
towards sexual embryogenesis seems to require the dif-
ferential and synchronized expression of hundreds of 
genes. We can hypothesize that genome-wide changes in 
chromatin accessibility are necessary to promote these 
changes, and especially enzymes involved in the deposi-
tion of specific histone marks (e.g. e(y)1, su(var)2–10 or 
smt3) that were found activated in sexual embryos. These 
enzymes might promote changes in the distribution of 
specific histone marks that would shape the expression of 
sexual embryo-specific genes (see below). Our data thus 
reveal that causal mutation(s) in the OP might impair the 
expression of genes involved in the early steps of photo-
period signalling in heads, which would thus prevent the 
activation of the genetic programs necessary to initiate 
sexual embryogenesis.

Chromosomal localization and genomic context of genes 
activated in sexual embryos
Most of the ∼1600 genes that are differentially expressed 
in CP embryos but not in OPs (i.e. genes from clusters 
5 and 6) are localized in a 50 Mb region of the X chro-
mosome and a 10 Mb region of the A2 chromosome. In 
contrast, none of the genes in the other heads or embryos 
gene clusters are concentrated in such way on the chro-
mosomes. This aggregation pattern suggests that many 
of these ∼1600 genes share a common genomic envi-
ronment that could help in their co-regulation during 
the reproductive mode switch. The embryonic plastic 
response to photoperiod shortening in aphids would 
thus rely on the genomic co-localization of genes from 

genetic programs necessary to promote sexual embryo-
genesis. To our knowledge, transcriptomic studies of 
other types of polyphenisms in insects (especially caste 
in bees and ants or phase in locusts) have not reported 
such a chromosome-scale co-localization of phenotype-
specific genes. Mechanistically, the differential expres-
sion of these genes could be controlled by Polycomb and 
CBP complexes that display an antagonistic action, as 
it is the case in many organisms, including Drosophila. 
Polycomb complex allows the deposition of the repres-
sive H3K27me3 mark while the CBP complex allows the 
deposition of the active H3K27ac mark [56]. These spe-
cific marks have already been reported to contribute to 
caste determination in ants [57]. We thus hypothesize 
that in the pea aphid these complexes might regulate the 
coordinated repression or activation of these regions in 
embryos through the deposition of the appropriate his-
tone marks. Interestingly, we found that the two chro-
mosomal regions that carry the majority of these ∼1600 
genes are also enriched in transposable elements. In ani-
mal germlines, TEs are post-transcriptionally silenced 
by piRNAs that also redirect repressive H3K9me3 marks 
to the sites from which they are transcribed [58]. The 
activation of the piRNAs machinery in sexual embryos 
alongside with enzymes that deposit H3K9me3 (includ-
ing Su(var)3–9) suggests that TEs from these regions 
might be tightly controlled. The switch from partheno-
genesis to sexual reproduction would thus rely for a large 
part on the coordinated activation of genes and repres-
sion of TEs from these two regions, through the action 
of histone modifying enzymes and piRNA machinery. 
We can finally hypothesize that the chromosome territo-
ries containing the ∼1600 genes differentially expressed 
between embryos of CP and OP lineages harbour a spe-
cific epigenetic decoration, probably to allow their rec-
ognition and activation upon exposure to short days. 
Causal mutations from the candidate region in the OP 
would then somehow indirectly prevent these changes, 
retaining a silent state for these regions and maintaining 
parthenogenesis.

Conclusion
This study provides new insights into the transcriptomic 
basis of sex loss in aphids. Our transcriptomic data 
combined with previously acquired genomic data first 
allowed us to narrow down the list of genes potentially 
responsible for sex loss to four candidates that might 
affect the early steps of photoperiodic cue transduc-
tion in heads. Functional validation (including targeted 
mutagenesis) of these genes is now required to identify 
the causal gene. At the genome-wide scale, our results 
revealed that the transition from parthenogenesis to sex-
ual reproduction in embryos might rely on the epigenetic 
and post-transcriptional control of restricted genomic 
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regions. Genome-wide survey of specific histone marks, 
small RNA profiling, as well as 3-D chromatin conforma-
tion analysis will certainly help understanding the mech-
anisms underlying reproductive mode plasticity during 
embryogenesis.
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