10
11
12

13

14

15

16

17

18
19

Masculinization of the Xchromosome in aphiddoma
and gonads

Jaquiéry’3, Simon {C', Robin &2, Richard & Peccoud?)Boulain ¥, Legeai ¥, Tanguy 5

PrunierLeterme N, Le Trionnaire &

1INRAE, UMR349, Institute of Genetics, Environmeartd Plant Protection, Le Rheu,

France
2University of Rennes, Inria, CNRS, IR{$8080 Rennes, France

3Laboratoire Ecologie et Biologie des Interactions, Equipe Ecologie Evolution Symbiose,
Unité Mixte de Recherche 7267 Centre National de la Rech&cieatifique, Université de
Poitiers, 86073 Poitiers CEDEX 9, France

4Department of Ecology and Evolution, University of Lausanne, 1015, Lausanne, Switzerland

*Correspondencedulie Jaquiényulie.Jaquiery@inrae.fr

Keywords:Sexbiased gene expression, sexual conflict, sexual antagonism, dimorphism, sex

chromosome, duplication



20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Summary

Males andemales share essentially the same genome but differ in their optimal values for
many phenotypic traits, which can result in irHaus conflict between the sexe&phids
display XXX0sexchromosomesand combine unusual X chromosome inheritance with
cyclical parthenogenesiFheoretical and empirical works supptite hypothesighat the

large excess of malaiased genesbserved on thephid X chromosome&ompared to
autosomesghas evolved in response s@xual conflictsby restricting the product of a
sexually antagonistic allele to the sex it benefits. However, whethehmasculinization of
the Xaffectsall tissuesds expectedif it evolved in response tgexual conflicts) areflects
tissuespecificitiegwhich would contradict the sexual conflict hypothesis) remains an open
guestion.To address jtwe measured gene expressiortlmee different somatic and
gonadictissues of males, sexual females and parthenogenetic fenohl® pea aphidWe
observal a masculinization of the i each of thestudiedtissues, with male-biased genes
being2.5 to 3.5more frequent on the X than expected/e also tested the hypothesis that
gene duplicatiorcanfacilitate the attenuation of conflicts by allowirggene copieso neo-

or subfunctionalizeandreach sexspecific optimaAspredicted X-linked copiesf
duplicatedgenes having their other cogson autosome were more frequently male-biased
(40.5% of the geneghan duplicatedautosomal gene§s.6%) or Xinked singlecopygenes
(32.5%). Tese resulthighlighta peculiar pattern of expression oflikked genes in aphids

at the tissue level and provide further support for daased expression as a mechanism to

attenuate intralocus sexual conflicts.
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Introduction

Sexual dimorphism, the difference between madesl females at any phenotypic trait such

as behavior, morphology, physiology or life histasywidespreadThesedifferences are

pervasive among eukaryotes, from plants to nematodes, insects, birds and mammals, to
name a few (Cox and Calsbeek 2009; &l and Carroll 2009). Regardlesgadmount,

sexual dimorphisnengagesnales and females in a constant taggwar because their

reproductive interests (such as optimal mating rate, number of partners, parental
AYy@SaidyYSyidXxo yS@S NdiveibvasEngri differenkef i gaintasd@ y a G A (
progeny (Bonduriansky and Chenoweth 2009).

Differences in optimal trait values between sexes may generate-iotras sexual
conflicts.Typically a new allelic variant could be beneficial to a female buttéeieus to a
maleor vice versaSuch a sexually antagonistic (SA) allele is predicted to increase in
frequency as long as the cost/benefit balance is positive. This increase leads-talied
gender load in the population, due to the transmission oa8éles to both sons and
daughters (Chippindale et al. 2001; Rice and Chippindale 2002; Bonduriansky and
Chenoweth 2009).

Several mechanisms may alleviate gender load (Bonduriansky and Chenoweth 2009).
One is the evolution of seiased or sexspecific gne expression through a modifier of
expression (Rice 1984). Once a SA allele is frequent enough, the reduction of its expression
in the sex where it is deleterious may allow this variant to further increase in frequency and
to possibly reach fixation (Ricl984; Ellegren and Parsch 2007; Bonduriansky and
Chenoweth 2009). This implies that the reduction of expression of the SA allele is beneficial
to individuals of this sex. For genes that must be expressed at a certain level, a gene
duplication event coul@llow bringing a new gene copy to sudy necfunctionalize toward
the sexspecific optimumBonduriansky and Chenoweth 2009; Connallon and Clark 2011;
Gallach and Betran 2011). Interestingly, these two processes (the duplication and the
change in expressn) could occur simultaneously, when the duplicated copy inserts in a
region of the genome that already shows specific expression pattern Aethur et al.

2014).
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The invasion of the population by a SA allele and the attenuatiagentier load
through duplication and/or evolution of selliased gene expressionay take placeat
differenttimescalesIndeed, the increase in frequency of a SA allele caasbapid & afew
generations, depending otsieffect on fithess (e.gDeanet al. 2012 for an experimental
demonstration).The attenuation of the conflict by expression change or gene duplication
may takemuchlonger as it relies on rare random events, themselves depending on effective
population size and mutation rate (Rice #9&tewart et al. 2010; Connallon and Clark 2011,
Collet et al. 2016).

Importantly, the conditions for invasion by a SA allele differ between autosomes and
sex chromosomes (Rice 1984; Fry 2010). In XX/XY systems, any SA allele that benefits males
can invae the Y without conflict assuming complete linkage between the SDR (sex
determining region) and the SA locus. The picture for the X is more complex (Vicoso and
Charlesworth 2006)-linkedrecessive alleleare exposedo selection irmales while the
female-biased transmission of the X ¢lromosomesre transmitted twice more often by
females than by males) gives more importance to selection episodes occurring in females.
As a result, the X should accumulate recessive +#bafeeficial alleles and dominafémale
beneficial ones. Similar processes are expected to occur in ZZ/ZW systems (e.g., birds,

f SLIAR2LIGSNI yaxoo

Aphids constitute an interesting model to study the evolution of SA alleles as they
show an XX/X0 sedetermining system combined with cycligarthenogenesisthe
alternation between several parthenogenetic generations in spring and summer and a single
sexual generation in autumn. As a result, three distinct reproductive morphs occur in
aphids: males, sexual females and parthenogenetic (asgfamhbles Sexual females are
genetically identical to their parthenogenetic mother, while male production involves the
random elimination of one of the &Vilsonet al. 1997). Furthermore, during
spermatogenesis only sperm cells carrying an X chromosevelap (Blackman 1987), so
that the fusion of a sperm cell (AX) and an ovum @Wysproduces a diploid individual at

the X and autosomesvhichdevelops into a parthenogenetic female.

Theoreti@al models(Jaquiéry et al. 2013)redictthat the peculiainheritance of the

X in aphids, the alternation between sexual and asexual reproduction, and the presence of
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three different morphs (sexual females, parthenogenetic females and males) have a major
influence on the genomic location of SA allelic variamtgarticular,conditions for the

invasion of variants that are beneficial to males and deleterious to parthenogenetic females
are predicted to beess restrictive for the X than for autosomes. By contrast, the conditions
for the invasion of variants thatre detrimental to males and beneficial parthenogenetic
females are more restrictive for the X. These models thus predict the X to be optimized for
male functionsGenomicanalyseon the pea aphidcyrthosiphon pisurehowed that the X
chromosome had &rge excess of genes preferentially expressed in malesnfiade-biased
genes) compared to autosomes, and a deficit of parthenogenetic femated genes,
NBadzZ GAy3a Ay | aYl & Odz(Jagiary dt al. A3 lis pattern i K A &
matchedpredictions made under the hypothesis that evolution of-béased gene

expression reducesexual conflicts by decreasing the expression of a sexually antagonistic
allele to the sex it benefits (Rice 1984). Interestingly, masculinization oftilas Klsdeen
observed in another aphid speci@dyzus persicadhat diverged from the pea aphid

lineage 40MYA (nillion years agd(Mathers et al. 2019), but not in psyllids (Li et al. 2620)

an obligatory group ofexualspecies clodg relatedto aphids. Thesstudies provide further
support that the masculinization of the X evolved in response to4lattas sexual conflicts
resulting fromthe peculiar life cycle (cyclical parthenogenesis) and X inheritance in aphids.
However,asprevious studie®n aphidsanalyzed wholéody transcriptomes (Jaquiéry et al.
2013; Jaquiéry et al. 2018; Mathers et al. 2019; Li et al. 2020), it remains unclear whether
the observed masculinization of the X systematically occurs within each type of tissue or is
driven by some sgific tissue with unusual expression patterRer example, aeta-

analysis of gene expressionbmosophilarevealed thatthe X is enriched imale-biased
genesexpressedn the brain, while for all other tissues there is eithergignificant excess

or a paucity of maléiased genes on this chromosome (Huylmans et al. 20i<sue

specific patters maythusoriginate from the interplay between sespecific regulation of
geneexpression (including sexual antagonjsiforce presumably acting in all tisss), and
dosage compensation, which could be strongathmbrain (Nozawa et al. 2013, Vensko and

Stone 2015).

Here, we predicted that mhtra-locus sexual conflict is a strong driver of the

masculinization of the aphid X chromosomesculinization would occur in all tissues. To

OK N
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verify this prediction, we measured gene expression in diffetissties from males, sexual
females and parthenogenetic females, including gonadic and somatic tidsledeund a
masculinization of the X inaeh type of tissue. Moreovewe confirmedthat the Xlinked
copy of a duplicated genavinganother copy on autosomes more likely to show a male
biased expressiothan its autosomalcopy or an X-linked singlecopy gene This result
suggestshat duplicationsfacilitate sub or neofunctionalization toward the segpecific

optimum.

Results

Gene expressidrvels

Gene expression levels in three different tissues (headsaledgonads) of the three
morphs (males, sexual femalasd parthenogeneic females) were measured from RiS&q
counts on individuals produced by the same pea aphid clonal ling€aggplementary table
S1) Overall, 14,605 genes out thie 20,639 predicted genes were expressed (> 1 count per
million reads [CPM] in at least two samples) in the 18 samples (3 mardlissuesx 2
replicates). We assigned 18,719 (90.7%) of the 20p888ictedgenes as autosomal or X
linked, based on scaffolssignments from Jaquiéry et al. (20IB)egenes that werenot
assigned9.3%) were located on scaffolds or part of scadtét were not clearly assigned
to X or autosomes in Jadguy et al. (2018) anthey were thus not considered in the
subsequent aalysesOnly 51% (3044961) of the XMinked genes were found to be
expressedagainst 85%10,89012,758) of the autosomal genefiglure 1A) The genes
identified as not expressed in the 18 samples also generally showedlow expression
supportin whole-body RNAseq of males and females (Jaguét al 2013), especially for-X
linked genes (see supplementasxkt Sl for detailg. On average, more genes were
expressed ithe samples from the differennaletissuesthan in female samples, especially
for Xlinked genes (hromosome: mdian number of expressed genes in males 2Q20

median in females = 1425, twsidedMann-Whitneytest, p = 0.0009autosomes: mdian in
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males = 961, median in females = &%), two-sidedMann-Whitneytest, p = 0.067 figure
1B).

In the heatmapbased on gene expression levélgure 1C, supplementarfigure S1)
samples grouped systematically by replicate of the same condition, and then by tissue for
leg and head samples. Within each of these tisstesfour female samples were always
more similar to each other than to the male samples. Gonad samples were the most
heterogeneous ones, samples from testes (MG) being highly different from all other

samples, and samples from parthenogenetic and sexuaale gonads grouping together.
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Figure 1.Gene expression in thE8 different RNAseq samples. A) Number of genes considered as
expressed (CPM>1 in at least two samples) and not expressed on the X and on the autosomes. B)
Number ofexpressedyenes per saple (expressed at more than 1 CPM) fdinked and autosomal
genes(significamce ofdifferences between the X and autosomegasestimatedwith two-sided

MannWhitneytests). C) Heatmap of log(CPM+1). Samples group by tissue for head (H) and leg (L)
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samples, with the parthenogenetic (P) and sexual female (F) samples being always more similar
compared to the male samples (M). Expression patterns of male gonad samples (MG) arstthe mo
divergent. MG: male gonad, MH: male head, ML: male leg, FG: sexual fpmatf FH: sexual

female head, FL: sexual female leg, PG: parthenogenetic female gonad, PH: parthenogenetic female

head, PL: parthenogenetic female leg.

The X chromosome is enriched in Makesed genes at the tissdevel

To test whether some masculinization of the X was observed at the tissak we first
categorized genesccording taheir relative expression patterns in the different conditions.
We defined a gene as "biased" towant,preferentially expressed im,set of samples

(which can be a particular tissue from a particular morph, all the tissues from a particular
morph or a particular tissue in all morphs) when at |le&3% of all reads mapping to this
gene were observed in this set of samples (see methddste that increasing this

threshold to 80% or 90% or decreasing it to 60% or 50% did not qualitatively change the
results (Supplementary FiguB®). Testes showed the highest number of biased genes, with
1170 genegreferred to as MG+ genebping preferetially expressed in this tissue. Then
came sexual female ovaries, with 375 FG+ genes, and male heads, with 203 MH+ genes
(figure 2). Tissubiased genes (i.e., genes expressed mainly in a tsfsalé morphs) were
common. Heads showed the highest numbétissuebiased genes (1169 H+ genes),
followed by legs (607 L+ genes) and gonads (511 G+ genes). Contrastinglybraseph

genes (i.e., genes expressed mainly in a morph in all tissues) were much less frequent for
females (only 58 F+ and 130 P+ genkaphtfor males (596 M+ genes) (figure 2). When
considering all genes preferentially expressed in a given morph, without considering tissues
(e.g, by summingMG+, MH+, ML+ and M+ genes for males), a total of 2001, 501 and 299

genes were biased toward malesxual females and parthenogenetic females, respectively.

Interestingly, these different categories of genes differed in their chromosomal
locations (figure 2, Supplementary tat$@. The proportions of Xnked genes among
genes expressed preferentilin testes (MG+), male heads (MH+), male legs (ML+) or
simply in males regardless of tissue (Majied from54% to 73%and significantly
exceeded (twesided binomial testgy < 107 in all casepthe null expectation, which we took

as the proportion o-linked genes among all expressed genes (22%) (if we consider all
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predicted geneg supported by expression data or ng81.8% locate on the X).

Contrastingly, genes that were preferentially expressed in parthenogenetic females were

less likely to locaten the X than expectetwo-sided binomial testgy ranging from 0.04

to 0.023 for PG+, PH+ and Ret significantfor PL+)with proportions of Xlinked genes

ranging from 0% to 13% depending on tissues. The proportiodink&d genes among

sexual fenale-biased genes were intermediate (13% to 32#4dh only those preferentially

expressed irsexual female gonadseingmore frequent on the X (twsided binomial testp

= 10°). Genes that were preferentially expressed in gonads (G+) showed no deviation

the null expectation, as 22% of them located on the X, while genes preferentially expressed

in heads (H+) and in legs (L+) were significantly less frequent on the X (15% to 16%) than

expected (twesided binomial testgp =10 and p =0.000, respectively. Baring the strong

difference betweerthe X and autosomes, the distribution of biased gengsin

chromosomes is rather homogeneous (Supplementary Fi§Qte

We found thatthe breadthof gene expressiommeasured with 61y AY RSE

ranges from oD ¢ indicatingsimilarexpression in all conditiorsto 1 ¢ indicating

expression irone conditiononly) wassignificantlynarrowerfor Xlinked genes than for

ikK2as 2y
1019),

| dz(i 208 2 Y &0BX) MabiVhiingy Utest, U = 2201,000,p <

i KI
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Gene expression patterns

Figure 2 Proportions of Xinked genes among genes preferentially expressed in various morphs

and/or tissues. Blue bars represent mdliased genes; MG+, MH+ and ML+: genes expressed
preferentially in male gonads, heads and legs, respectively. M+: genes predflyeetipressed in

males when pooling all tissues, excluding the genes assigned to the previous categories. Pink bars
represent sexual femalbiased genes, with F standing for females and letters G, H and L having the
samemeaningas in males. Green barsgresent parthenogenetic femaleiased genes (P). Grey

bars represent genes expressed preferentially in one of the tissues (gonads, heads or legs) and not
limited to a particular morph. Black bars represent the frequencylofkéd genes among genes

withuy oA aSR SELINB&AA2Y 0 adzy o AxtlinGtheashtio iBSigsSa SELINS &
6GSELINEDV 2N I ff LIhSHoAzGaeted iR yeprasensdheidpertodad © & 0 @
X-linked gene among expressed gen&se number of genes from dacategory is shown above

bars, as well as the-yalue (twosided binomial tests against the expected frequency on the X
chromosome estimated from expressed genebichcorrespondto the dottedhorizontalblack

ling). *** :p<0.001*:p<0.01*:p<0.05;nspx ndnpd

Expression patterns of singknd two-copy genes

To investigatehe extent to whichgene duplication facilitates the evolution of gene

expression toward the sespecific optimum, we compared the expression of autosomal and

10
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X-linked genes that belong to singleopyand multicopy gene families. Multigenic gene

families were identified by Boulain et al. (2018) from orthoDB on 17 arthropod genomes.

We found that the X chromosome contained more genes that belong to multicopy
families thanautosomes (38% of the genes on the X belong to multicopy families, against
28% for autosomal genes). When restricting our analyses to genes supported by expression
data, 1633 and 7428 sing®py genes locate on the X and on autosomes, respectively. We
also found 210 gene families composed of two expressed genes with one being on the X and
the other on autosomes. On autosomdise percentages of genes with mabeased
expressiongombiningM+, MG+, ML+ and MH+ genes) were very similar between single
and two-copy genesat 6.5% and 6.6% respectively (figureChid lj dzI NI RF 0,dfS4,G =
p=1). On the X chromosome however, the proportion of mai@sed genes was
significantly highefor two-copy genes (40.5%) than for singlepy genes (32.5% (¢
squared test.2 =5, df = 1,p =0.025) these twoproportions being much higher than the
equivalens on autosomesChisquared testssinglecopy genes:?=939.5 df = 1,p <10,
two-O2 LJ8 FS§ABAf¥ 1,p<10%5). Sexual femaleand parthenogenetic female
biased genes accounted only for a few percent of syt two-copy genesThese female
biased geneshowed minor differences in proportion between chromosomes {B@ant for
singlecopy genes onlfor parthenogenetic femal¢.? = 4.9,df = 1,p = 0.027 and forsexual
female[.? = 8.9,df = 1,p = 0.003, figure 3) Theyconstituted similar proportions of the

single and two-copy genes on a given chromosome typepplementary tabl&3.

11
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Figure 3Proportion of genes showing preferential expression in different morphs, according to their
number of copies (single or two copies) and chromosomal location (A: autosomes, X: X
chromosome). Each twoopy gene has one copy on an autosome and the otheherkt Pvalues
(Chisquaredtests) are shown, with font colors corresponding to the tested morph, according to the

color of sectors. The number of genes composing each distribution is indicated on the plots.

Expression levels in morphs and tissues

Themedianexpression levels of-Mked genes in somatic tissues and gonads from male and
sexual female morphs were systematically lower than those of autosomal genes (figure 4,
<10*®in all comparisons, twsidedMann-Whitneytests), irrespective of thdose of X
chromosomes per cell (two for sexual females and one for males). The same patterns were
observed in parthenogenetic femalgs<10°in all comparisons, supplementary figusd).

The mode of Log2 ratio of mate-femaleRPKMusing sexual fenas infigure 4CFl and
parthenogenetic females iSupplementary figur&4 lies close to 0 for both autosomal and
X-linked genes, indicating dosage compensation for-serbiased genes in gonads and
somatic tissues. Yet, we observed an excess of genbdigih Log2 ratio of male to female

expression, especially for the X chromosome in gonads and heads (figure 4CF). This indicates

12
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anoverexpression of some of the genes located on the single X chromasiomege cells,
which exceeds dosage compensation siattern was expected, given that mdleased
genes are significantly more frequent on the X than on autosomes (figuvédn we
removed the genes characterized by a fetthange larger than 2 between males and sexual
femalesin at least one if theissues (i.e. sexbiased genes), wstill found strong evidence

for dosage compensation in the three tissues (Supplementary Figlré/8 also obsera
that dosage compensation ocathroughout the X chromosome for all 3 tissues
(supplementary ifjure S6BF), although the terminal portion of this chromosome apeeiar

to be particularly rich in seiased genesspplementaryfigure SBCEand S3).
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linked andautosomal genes for the different types of libraries (gonads, heads or legs of males and
sexual femalesX-linked genes are significantly less expressed than autosomal genes in all cases
(two-sidedMann-Whitneytests,p < 101°). Logarithm of makto-sexial female ratio o0RPKMs also

shown for the three different tissues.

Discussion

Because of the peculiar inheritance of the X chromosome in aghuasles transmit

systematically their unique X to all sperm cells leading to the production of feomdye

13



296 progenyc, the presence of three distinct morphs (sexual females, parthenogenetic females
297 and males) and the alternation between sexual and asexual reproduction, a specialization of
298 the X into male functions is expected (Jaquiéry et al. 2013). Indeedklsttaveshown that

299 the conditions for invasion by matgeneficial/parthenogenetic fematdetrimental SA

300 alleles are less restrictive for the X than for autosomes, while the opposite is true for male
301 detrimental/parthenogenetic femaldeneficial allelesSA alleles that are favorable to

302 sexual females should show little bias, the direction of which (i.e., the depletion or

303 enrichment of the X with genes carrying such variants) depending on the selective effect of
304 the allele on males and parthenogenetic fdem(table 1). A key finding of these predictions
305 s that they are not qualitatively affected by allele dominance l&évghe aphid X

306 chromosome is a preferred location for madeneficial alleles for all valueslaf M0 ®@ ¢ KA &
307 contrasts with other X0 andYXspecies, where the X accumulates both receshiv@.%)

308 malebeneficial alleles and dominarttX0.5) femalebeneficial alleles (Vicoso and

309 Charlesworth 2006; Ellegren and Parsch 2007). Consequently, simpler predictions can be
310 made on aphids: the X shoub& enriched with maldeneficial alleles, parthenogenetic

311 femalebeneficial alleles should be more common on autosorbesm@counter selected on

312 the X), and sexudémale beneficial alleles should show no consistent bias (table 1).

14
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Table 1.Preferred tiromosomal location (X chromosomersusautosomes) of different types of
alleles with morpkantagonistic effectss, s ands, stand for the selective coefficient of the new
variant on males, sexual females and parthenogenetic females, respectively). Predictions originate

from analytical and simulation models developed in Jaquiéry et al. (2013).

Fitness effect of a | Preferred chromosomal location in
SA mutation aphids

sm>0,5<0,5<0 | Favored if on the X

Sm> 0,5 >0,5<0 | Favored if on the X

sm< 0,5 <0,5>0 | Disfavored if on the X

sm< 0,5 >0,5>0 | Disfavored if on the X

sm< 0,5 > 0,5< 0 | Slightlydisfavoredif on the X

sm> 0,5 <0,5>0 | Slightlyfavoredif on the X

Although highthroughput approaches have been developediopoint putative SA genes
(Innocenti and Morrow 2010; Lucotte et al. 2016; Ruzicka et al. 2019), idegtthyese

genes and estimating sespecific selection and dominance coefficieats challengingasks
that havebeen achievd in only a handful of studies (Barson et al. 2015; Hetka}. 2015).
However, since the evolution of a lower expression level in the sex that suffers from an
antagonistic allele could helesolvingintra-locus sexual conflicts and allow the SA allele to
reach fixation (Rice 1984; Vicoso and Charlesworth 2BDégren and Parsch 2007), the

chromosomal location of selsiased genes can be used to indirectly test predictions.

Here, we analyzed gene expression in different tissues of distinct morphs in the pea
aphid and found that the chromosomal location of mbtbiased genes followed the
predictions made under SA models from Jaquiéry et al. (201 8)e three tissues
considered, maldiased genes were largely overrepresented on the X, parthenogenetic
female-biased genes were underrepresented, and sexual ferhesed genes showed no
consistent bias. These empirical data thus support the hypothesis that, in aphids, sexual
conflicts would be the key driver of the masculinization of the X and of the specialization of

autosomes for the parthenogenetic phase of fife cycle.
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Genes showing a mald@ased expression were much more frequent on the X
chromosome than expected under a random distribution, irrespective of the tissue
considered. Genes expressed mainly in testes, male heads and male legs were 2.5 to 3.5
times more frequent than expected on the X, so wgemesthat were malebiased in all the
tissues consideredisall the investigated tissues contribute to this patterhese results
extendprevious studieseporting ageneralenrichment inmale-biased gens (measured
from wholebody samples) on thaphid Xchromosome(Jaquiéry et al. 2013; Jaquiéry et al.
2018 Mathers et al. 201P Overallthis and previoustudiesdemonstratestrong and
consistent bias toward the X in aphids for genes expressed predattyna males.
Interestingly, on the X chromosome, the percentage of nimdsed genes was significantly
higher for twacopy genes (40.5%) than for singlepy genes (32.5%), while these
percentagswere similar for autosomal genes (6.5% and 6.6%). Tlessdts match the
predictions thatduplicationsmay facilitate subor neofunctionalization toward sexspecific
optima, and that, for genes located on the X chromosome, the male apérpression

levelsarefavoredrather than thefemale optina.

Conversely, parthenogenetic femddeased genes were significantly less frequent on
the X exceptfor parthenogenetic female legiased PL4 genesdue to lack of power, as
only two such genes were found, bdthicated on autosomesThis matches previous
obsenationson whole body transcriptomes (Jaquiéry et al. 2013; Mathers et al. 2019). This
trend alsoreveals a consistent reduction tife contribution of the X chromosome to
biological functions and processes occurring in parthenogenetic fenaldscoroborates
the observation that the X is depleted from functionally important genes for the
parthenogenetic phase (Li et al. 2020). Interestintlg,chromosomal location afexual
female-biased genes did not significantly depart from random expectatioxse @ for
genes specifically expressed in ovaries. These were significantly more frequent than
expected on the Xalthough their proportion (32%, Figure 2) was much lower than for male
biased genes (54%3%). According to the models (table 1), variant¥-bhked genes that
are beneficial to sexual females should increase in frequencyifdhlyy are also beneficial
to males. This could be the case for genes controlling sexual reproduetated functions
that were not sexspecific (e.g., meiosis). In this case however, we do not expect such genes

to be preferentially expressed in sexual fales. These genes may be less/not expressed in
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adult males because spermatogenesis is often already completed at this stage (Wieczorek et
al. 2019). Alternativelyit is possible thathese gene$iadvariantsthat were beneficial to

both sexeswhichhavesince evolved functions that are more specific to sefemaales.

Among hemipterans, the accumulation of mdliased genes on the X appears to be
specific of aphids. A deficit of malbéased genes on the X was observed in three hemipteran
species (twdheteropteran bugs and a leafhopper) that only reproduce sexually and are very
distantly related to aphids, despite an apparent homologous origin of the X chromosome
(Pal and Vicoso 2015; Mathers et2021). In psyllids, which diverged more recently (~200
250 MYA) from aphids and are characterized by obligate sexual reproduction and X0 sex
determination, no enrichment of malbiased genes on the X chromosome was found (Li et
al. 2020). Hence, the accumulation of malased genes on the X chromosome iniagh
would have started after the divergence between aphids and psyllids. This scenario supports
a role for cyclical parthenogenesis (which appeared M¥@in aphid ancestors, Davis

2012) in the masculinization of the X in aphids.

While the chromosomabkation of the different types of sexiased genes matches
the predicted evolution of gene expression as a mitigatiethanisnof sexual conflicts,
other processes could contribute to the observed patterns. Genes located on different
chromosomes types cddi differ in other characteristics that could result in a A@mdom
genomic distribution of makbiased genes. For example, the X chromosomerogophilas
enriched in young genes (those that are present in only a restricted taxonomic group),
which aremore likely to show sehkiased expression (Palmieri et al. 2014). In our analysis
however, the Xinked copy of a twacopy gene had a much greater probability of being
male-biased (0.405) than its autosomal counterpart (0.066, figure 3), demonstratinghbat
masculinization of the X does not solely reflect differences in gene characteristics.
Moreover, the threeA. pisumautosomes are systematically depletedmale-biased genes
and enrichedn parthenogenetic femakldiased genes (supplementary table, S4
supplementary figure 3. Thisreinforces the specific hemizygosity of the X in males as a
determinant factor for the observed pattern€onsequently, we do not see an alternative
hypothesis to explain the accumulation of mdlsed genes on the X to tlome based on
the resolution of sexual conflicts by an evolution of-specific or sesbiased gene

expression.
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396 The number of morpibiased genes was highest for gonadic tisswéth 1170, 375

397 and 130 genes being specific of gonads of males, sexual feargasthenogenetic

398 females, respectivelylhis observation likely reflects the highly morgecific functions of

399 gonads: the production of sperm in males, of yolky eggs in sexual females and of embryos in
400 viviparous parthenogenetic females (Michalik etz013). In other species, testis also stands
401 out as the tissue showing the most specific gene expression patterns (Meiklejohn and

402 Presgraves 2012; Uhlén et al. 2015). Many genes also showed preferential expression in
403 male headg202) against 23 and 93 for sexual and parthenogenetic female heads,

404  respectively. This could reflect sensorial and/or behavioral differences between males and
405 females: males have to actively search for females and initiate mating, while females spend
406 most oftheir timein feeding. Legs showed a low number of motphsed genes, most of

407  which were overexpressed in sexual females (45 genes, against 32 for males and 2 for

408 parthenogenetic females). This result may reflect the existence of specific organs on sexual
409 female tibias (scent plaques), which are responsible for the secretion and release of sex

410 pheromones (Murano et al. 2018).

411 Interestingly, thestrongenrichment of the X with makiased genes is similar across
412  tissues (ranging from 54% to 73%). This ltegtukingly contrasts witliDrosophila where

413 malebiased genes from different tissues show opposing patterns: {mialsed genes in

414  brains are strongly enriched on the X, while there is either no departure from random

415 expectation or a paucity of maleiased genes on the X for the other tissues (Huylmans and
416 Parsch 2015). These differences wenterpreted asresulingfrom the interplay between

417 dosage compensation (the brain could be more sensible to gene dose, and thus would
418 require a tighter dosage cordl) and sexspecific regulation of gene expression (Huylmans
419 and Parsch 2015). In aphids, the consistent enrichment of the X withireded genes in

420 different tissues suggests that similar evolutionary forces apply in reproductive and somatic
421 tissues. Uder the hypothesis that selsiased expression evolved in response to sexual

422  conflicts, our results suggest that their attenuation ocauaralltissues. Our data also

423 indicatethat sexual conflicts occur in a wide range of tissues and not only in gofrass

424  pattern wasobserved by Innocenti and Morrow (2010), who found that transcripts showing

425 signature of sexual antagonismimosophilavere frequent in soma
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The highexpression of a substantial number cfidkked genes in males despite the
haploid stateof this chromosome in this sex is intriguing. The X chromosome stevesal
specific characteristics, among which a slightly larger amount of-gitramosome
duplicates (449 for 132 Mb) compared to thegast autosomes (413 for 170 M et al.
2019), and an enrichment with muitiopy orthologs (Li et al. 2020). Our analyses confirmed
this trend, as 38% of the genes on the X belongs to multicopy families, against 28% for
autosomal genes. Whether recent (undetected) duplicatiaresmore frequent on the X
and could help to achieve strong expression for some of thek€d genes in males remains
an open question. Howevgeepigenetic mechanisms probably playnare important role.
Indeed, the Xchromasome is hypermethylated in madgphidscompared to autosomes, and
differential gene methylation between males and females positively correlaiid
differential expression, especially for the X chromosome (Mathers et al. 2019). An increased
accessibility of the chromatin of the X in males wk® documented (Richard et al. 2017).

Another interesting feature of the aphid X chromosome is its larger fraction of
unexpressed genes compared to autosomes, amioigrid half of the Xlinked genes based
on our tissuesamplesdata (against 15% of thautosomal genes). This characteristic was
also underlined from whole body transcriptomes (Jaquiéry €2@13 2018 Richard et al.
2017 Li et al. 202PDMathers et al. 2@9). Two factors may contribute to the larggmberof
X-linked genes classified as unexpressetinked genes might show a narrower expression
breadth, being restricted to some (unsampled) morphs, tissues or stages. The exceptionally
KAIK _ @I t dzSlinkERgbidesSridédiifBoideS $ormepportto this hypothesis.
Nevertheless, a large fraction of tidinked3 Sy S & Of unexpresiedl S Kbt o
shows low expression support in whole body librafe=e supplementary text S1)0%are
supportedby 0 reads and 34% by3. reads. It is thusnpbable that both effects (absenad
expression or narrower expression breadth) explain the large fraction of unexpressed X
linked genesRNA sequencing on a larger diversity of tissues (especially in raatesjages
may berequired to resolve this point. Interestingly, Li et al. (2020) found that genes
O2yaARSNBR ¥ Li Ndry) GeskkelyadSadsorthe X chromosomeThe
evolutionary forces that drive these patterns remain to be identified, thel could be

linked to sexual antagonism or to the particular epigenetic state of the X.
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Previous studiesuggestediosage compensation in the pea aplaidthe green
peach aphidfrom wholebody transcriptomes (Jaquiéry et al. 2013; Pal and Vicoso 2015;
Richardet al. 2017 Li et al. 2020Mathers et al. 209). Here, weshowdosage compensation
in all investigated tissues)cluding testisWhile singlecell transcriptomics will bessential
to demonstrateor refute that Xlinked genes are dosage compensatedanaus cell types
during spermatogenesis, dosage compensation in testis would be another peculiarity of
aphids(but see Witt et al2021, Mahadevaraju et al. 2021)ndeed, sex chromosomes of
other dosagecompensated specieseemgenerally not compensated in the gonads of the
heterogameticsex in diptera an¢epidopterg at the scale oéntire orgars (Vimso and
Bachtrog 2015; Gu et al. 2017; Gu and Walters 2(H@)vever singlecell RNAseq analysis
of Drosophilaestishasevidencel dosage compensation pre-meioticand somatidestis
cells(Witt et al.2021, Mahadevaraju et al. 2021In other groups (mammals, birds,
nematods, fungi)sexlinked genes are silenced by meiotic sex chromosoraetivation
MSC(Shiuet al. 2001; Bean et al. 2004; Turner 2007; Schoenmakers et al. 2009; but see
Guioli et al. 2012; Daish et al. 2Q;1&nd recent stugssuggest thatMSClould also occur
in DrosophilaMahadevaraju et al. 202Witt et al. 2021).Different hypotheses ha been
proposed to explain the silencing of sixked genes during gametogenesis. M&gLildbe a
consequence of the mechanisms that protect against unwanted recombination between X
and Y and allow DNA repairita absencdLu et al. 2015 MSCmay al® hasevolvedas a
meanto protect unsynapsed chromosomes frahe invasion otransposors (Huynh et al
2005)or segregation distorterthat would bias sexatio (Meiklejohn and Tao 2010j.
protection from segregation distorteiis an importandriver of sexlinked gene silencing
this could explainvhy the expression of-knked genes in aphid testis has not been
repressed during evolution and thus can be subject to dosage compensiatiaphids,
segregation distortioms already maximal (all spermlisethat do not carry an X degenerate
and those that ardunctional carry the single identicalciromosom@, so o X-linkedallele
canfurther increase its transmission durisgermatogenesigience there is no possibility
for Xlinkeddistortersto evolve such thatmechanismgo protect fromdistorters(i.e., sex
linked gene silencinghayhave beerlost.

In conclusion, we document an atypical genemiée pattern ofgeneexpression in

aphids, with a high degree of masculinization of the X chromosome in both somatic and
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487 gonadic tissueOur studyreinforces the hypothesithat this masculinization evolved in

488 response to sexual conflicts raised by the accumulation of #ibaheficial alleles on the X

489  (Jaquiéry et al. 2013). To further suppthis hypothesis, masculinization of the X should be

490 assessed in distantly related aphid lineages (which diverged up to 200 MYA, Davis 2012) and
491 2 G KSNJ ALISOASa i & I|f&cgcefadddinheritancé (e.4Skdndgyloides

492 nematods, Nemetschke et al. 2010; Streit 20EMally understanding the functional

493  epigenetic or postranscriptional mechanisms responsible for gBased gene expression in

494  aphids would help to understaniiow such a strong chromosomal specializatiogene

495 expression has been achieved.

496

497 Methods

498 Sexand tissuebiased gene expressiamalysis

499 Gene expression levels in three different tissues (head, legs, gonads) of three reproductive
500 morphs (male, sexuatiale, parthenogenetic female) were measured from F¢4

501 collected on a single pea aphid genotype (clone LSR1, from aliB& 2010 Aphids were

502 reared on broad beakicia fabaat less than five individuals per plant to prevent the

503 production of winged morphs. Parthenogenesis was maintained underte@blight

504 regime and a temperature of 18°C. The production of sexual individuals was initiated by
505 transferring larvadat stage3)to a 12hour light regime at the same temperature of 18°C.

506 Two generations later, sexual females and males were observed. A total of 100 adult

507 parthenogenetic females (produced under-ti6ur light regime), 100 adult sexual females
508 and 100 adult males we immediately frozen into liquid nitrogen. Heads and legs were

509 scalpelcut. Twenty additional individuals per morph were also dissected in a saline solution
510 with fine forceps to collect gonads. Gonads included testes and accessory glands in males
511 and ovaioles in sexual females. Embryafsstage>10 (according to Miura et al. 2003) were
512 removed from parthenogenetic female ovarioles (which already contain asexually

513 developing embryos) to avoid the contribution of developing and late embryos to RNA

514 production. All collected tissues westoredin RNA later (Qiagen) immediately after

515 collection and pooled in batches before RNA extraction (with two replicates by sex and
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tissue). Hence, a total of 18 RNA extractions (3 morpBisissuesx 2 biological replicatg)

were performed using the SV Total RNA Isolation System (Promega) according to

YIydzFF OGdzNBNRE AY&EGNHOGA2YEd wb! ljdzk €t Ade &t

guantified on Nanodrop (Thermo Scientific). The 18 RNA samples were subsequently sent to
the GetPlage platfornfToulouse, France) fdibrary preparation (TruSeq StrandedRNA
Library Preparation kit) ant’i50 bp RNA pairednd sequencing (lllumina HiSeq3000).

After filtering for rRNA, reads from each library were mapped to the V2 assembly of
the pea aphid genome (Acyr 2.0, Genbank accession GCA_000142985.2) using STAR version
2.5.2a (Dobin et al. 2013) with default parameters, except: outFilterMultimapNmax = 5,
outFilterMismatchNmax = 3, alignintronMin = 10, alignintronMax = 50000 and
alignMatesGpMax = 50000. Then, we counted reads mapped on exons of each predicted
gene (NCBI Annotation release 1D: 102) useajufeCounts version 1.548 (Liao et al.
2014) with default parameters except gene-C-p -M --fraction. The numbers of mapped
reads ger library ranged from 19.8 to 28.6 million (mean 24.3 million, supplementary table

S1).

We used the R package DESeq (Anders and Huber 2010) to normalize the libraries
(upperquartile method with p = 0.75) and calculate CPM. Only genes with CPM>1 istat lea
two libraries (out of 18) were considered as expressed and retained in the analyses, unless
mentioned otherwise. To identify genes predominantly expressed in a specific tissue or a
morph, we imposed that a minimal percentage (70%) of the reads mappiagjiven gene
was sequenced from that specific tissue/morph. Doing so avoided the reliance/aings
from differential expression analyses (which in turn depend on the absolute expression level
of a gene). This 70% threshold allowed ideitifygenes sbwing considerable bias in
expression toward a tissue/morph, and to retrieve a large number of genes for more
powerful analyses. So, when >70% of the reads mapping to a gene were from a given tissue
from a given morph, the gene was classified as predontipaxpressed in that tissue (e.g.

PL+ for those predominantly expressed in legs of parthenogenetic females; etc). When >70%
of the reads were from a given morph (but not restricted to a single tissue), the gene was
classified as morphpecific (M+, F+ d?+, for males, sexual femal®r parthenogenetic

females, respectively). Similarly, genes mainly expressed (>70% of reads) in a tissue (but not

restricted to a single morph) were classified as tisspecific (G+, H+ or L+, for gonads,
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heads or legs, respectively). Expressed genes were thus classified into 16 mutually exclusive
classes: MH+, ML+, MG+, FH+, FL+, FG+, PH+, PL+, PG+, M+, F+, P+, H+, L+, G+ or unbiased.
Additional analyses with threshold values of5®0®4 80%and 90%o identify a gene as
predominantly expressed in a set of samphesre alsoconductedto verify the robustness

of our results to this parameter.

Comparisons between chromosome types

The chromosomal location (X vs autosomes) of each gene was that of Jaq@kr2e18)
Thisrepresented the only assignments available at the start of the analyses. Since then,
chromosomelevel genome assemblies have been produced for the pea aphid (Li et al. 2019;
Mathers et al2021). We found that our assignments to chromosa@mneere consistent for

97% to 98% of the genes located on the four mega scaffolds corresponding to the four pea
aphid chromosomes, depending on the assembly. We therefore considered our initial
assignment reliable. Furthermore, tmeimber of NCBI predictegenes that we assigned to
chromosome (18719) was larger than for the Li et al. (2019) assembly (1F3i6)e

genome assembly from Mathers et &021), DNAwasobtained froma lineagesampled on
Lathyrus a host plant genuthat harbors a cryptispecies of the pea aphid complex

(Peccoud et al. 2009; 201that is quitedivergent from the LSR1 clomes used(J. Peccoud,
personal communication)Significant deviation from a random chromosomal distribution

for each class of genes with a spedxpression pattern was tested with twsded

binomial tests, the expected proportion was computed as the proportion of expressed
genes on the X. To compare expression patterns betwieenhreeautosomes

(supplementary table S4upplementary figure 3, we used the assembly from Li et al.
(2019).Expression breadtfor Xlinked and autosomn f ISy Sa ¢l a SadAYl GSR
2005) on log+1 transformed data.

Investigation of gene families

To identify singlecopy and multicopy genes A pisungenome, we used orthologs identified
among 17 arthropod genomes by Boulain et al. (2018). Briefly, the longest protein isoform
from each arthropod species was used to run OrthoDB_soft_1.6 (Kriventseva, et al. 2015) and

the levels of orthology were assigihdy referring to the species phylogeny established in
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576 Boulain et al. (2018). The groups of orthologs generated by OrthoDB were then used to
577 identify A. pisunmunique (singlecopy) or duplicated (multicopy) genes. To control for possible
578 differences in geneontent between the X and autosomeshich could account for different

579 expression patterns between chromosomes, searched for gene families composed of two
580 genesone being on the X and the othen autosomesTostatistically comparérequenaes

581 of thevariousclasses of expression between the X and autosomal capilesufficient power

582 given the limited sample sizgn=210pairs of genek the gene classes with malsiased

583 expression (i.eM+, MG+, ML+ and MH+ genes) wgreuped into a singleategory of male

584 biased genesWe proceeded similarly for sexual femdlesed genes and parthenogenetic
585 femalebiased genesWe also created a new class encompassing all genes that were not
586 morphbiased (i.e G+, H+, L+ and unbiased gend)r each aggregategene class,we

587 compared its frequency among chromosomes for single and duplicated copies and then

588 among single and duplicated copies within chromosoncesgquared tests

589 Dosage compensation

590 To investigate dosage compensation, RPKM (reads per kilobase per million mapped reads)
591 were calculated with EdgeR (Robinson et al. 2010), and only genes with RPKM > 1 in at least
592  two of the 18 libraries were kept. After ldgansformation of RPKM, differees in

593 expression levels between chromosomes were examined withsidedMann-Whitney

594 testsfor each sex and each tissue. Thre logarithmof the male to female (sexual or

595 parthenogenetic) ratio oRPKM wre estimated for X and autosomes for each tes#s the

596 uneven frequency of biased genes between chromosoooetdinterfere withdosage

597 compensation patterns, the same analyses waeeformedby eliminating genes that

598 showed a fold change in expression greater than 2 between males and femalesastat |

599 one tissue
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Supplementary material

Supplementary table SIT'he differentRNA sequencinigporaries used in the present study.

Sample name Morph Tissue| Total Mio reads| % mapped readg Library 1D

MG1 Male Gonad 24.7 91.1 SANZ03450%6
MG2 Male Gonad 24.2 89.7 SAMNZ0345087
MH1 Male Head 25.9 83.9 SAVINZ0345688
MH2 Male Head 24.5 84.1 SAVINZ03450%0
ML1 Male Leg 27.3 89.4 SAVIN20345950
ML2 Male Leg 25.0 89.7 SAMNZ0345901
FG1 Sexuafemale Gonad 28.7 95.5 22&%7022,85‘;892
FG2 Sexualfemale | Gonad 29.4 96.0 SAMNZ0345003
FH1 Sexual female Head 17.2 90.1 22&%%385‘;894
EH2 Sexual female Head 21.0 88.1 Eim’}ﬁﬁi&
FL1 Sexual female Leg 25.9 90.0 SAMNZ034506
FL2 Sexual female Leg 27.1 89.5 gim%ﬁss?w
PG1 Parthenogenetic femald¢ Gonad 259 93.9 22&%7022,85‘;898
PG2 Parthenogenetic femald¢ Gonad 26.0 93.9 22&%@2@385‘5899
PH1 Parthenogenetic femal¢ Head 30.4 85.6 22;’2’323;6535

PH2 Parthenogenetic femal¢ Head 29.2 89.1 2§i§’$§3§§§’5
PL1 Parthenogenetic femald¢ Leg 24.5 91.9 22;’2’323;6535
PL2 Parthenogenetic femald¢ Leg 24.7 91.9 2§i§’$§§§§§5
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Supplementary tables2.Chromosomalocation (Xvsautosome) of the genes that show different patterns of expression.

Number of Number of Pgrcentage of Percentage of | Percentage of all| fold-

Pattern of expression Abbreviation genes on the X genes on X-Ilnked 9enes | expressed X expressed change

chromosome autosome in each linked genes | autosomal genes| (X/A)

s category

Unbiased genes - 1320 7526 15 43.4 69.1 0.6
Head specific genes H+ 176 993 15 5.8 9.1 0.6
Leg specific genes L+ 98 509 16 3.2 4.7 0.7
Gonadspecific genes G+ 113 398 22 3.7 3.7 1.0
Male head specific genes MH+ 148 55 73 4.9 0.51 9.6
Male leg specific genes ML+ 20 12 63 0.66 0.11 6.0
Male gonad specific genes MG+ 637 533 54 20.9 4.9 4.3
Male specific genes M+ 355 241 60 11.7 2.2 5.3
Sexuafemale head specific genes FH+ 3 20 13 0.10 0.18 0.5
Sexual female leg specific genes FL+ 11 34 24 0.36 0.31 1.2
Sexual female gonad specific genes FG+ 119 256 32 3.9 2.4 1.7
Sexual female specific genes F+ 50 14 0.26 0.46 0.6
Parthenogenetic femaldead specific genes PH+ 8 66 11 0.26 0.61 0.4
Parthenogenetic female leg specific genes PL+ 2 0 0.00 0.02 0.0
Parthenogenetic femal n ifi
g(‘jntese cgenetic female gonad specii PG+ 11 82 12 0.36 0.75 0.5
Parthenogenetic female specific genes P+ 17 113 15 0.56 1.04 0.54
Total (all expressed genes) - 3044 10890 0.22 100 100 na

The foldchange (rightmost column) is the ratio of th& éolumn over the 7 column.
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Supplementary table S3Number of genes showing a given pattern of gene expression and their relative frequency, according to their

chromosomal location and number of copies (for each-tepy-gene, one copy is on the X and the other on an autosome).

X, single copy A, single opy X, two copies A, two copies
Pattern of relative relative . .
. # of genes # of genes # of genes relative frequency # of genes | relative frequency
expressiorf frequency frequency
M+ 151 0.088 111 0.014 25 0.119 1 0.005
MG+ 41 1 4 .047 4 2 1 .062
G 3 557 0.199 0.325 36 502 0.0 0.065 9 85 0.233 0.405 3 14 0.06 0.067
MH+ 57 0.033 20 0.003 11 0.052 0 0.000
ML+ 8 0.005 7 0.001 0 0.000 0 0.000
F+ 4 0.002 31 0.004 0 0.000 0 0.000
FG+ 53 0.031 137 0.018 12 0.057 2 0.010
65 0.038 189 0.025 13 0.062 5 0.024
FH+ 1 0.001 9 0.001 0 0.000 0 0.000
FL+ 7 0.004 12 0.002 1 0.005 3 0.014
P+ 7 0.004 69 0.009 2 0.010 0 0.000
PG+ 9 0.005 61 0.008 0 0.000 0 0.000
2 .012 1 .02 .014
PH+ 4 0 0.002 0.0 23 o3 0.003 0.020 1 3 0.005 0.0 0 0 0.000 0
PL+ 0 0.000 0 0.000 0 0.000 0 0.000
G+ 48 0.028 275 0.036 17 0.081 15 0.071
H+ 102 . 4 . 1 . 4 .01
0 1072 0.060 0.625 648 6824 0.085 0.889 109 0.005 0.519 191 0.019 0.91
L+ 65 0.038 316 0.041 4 0.019 2 0.010
unbiased 857 0.500 558 0.728 87 0.414 17 0.810

*See the methods section for a definition of the abbreviations. These different classes of genes were aggregated by swrpall(tenes

that show some bias in one of the three morphs, or that show no morph biasg@nelspond to the data plotted on Figure 3.
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Supplementary table S4Chromosomalocation of genes that show different patterns of expression on the four chromosomes from the

genome assembly of Li et al. (2019).

Number of genes on:

Percentage of each category of gene on:

Foldchange between the X and each

Pattern of autosome:
cxpression | (X | Auosomer, | BUIeSameZ[ AOSOER | e S o] Aesg i Attesen® | xmutosome [ utosome | XAuosome
3 Scaffold_20849 7 6 3 9 7 o 1 2 3

Unbiased genes 1248 3662 2525 1095 44.9 69.1 68.5 70.7 0.7 0.7 0.6
H+ 156 498 344 114 5.62 9.39 9.33 7.35 0.6 0.6 0.8

L+ 86 275 159 62 3.10 5.19 4.31 4.00 0.6 0.7 0.8

G+ 108 194 137 53 3.89 3.66 3.71 3.42 1.1 1.0 1.1

MH+ 131 28 25 5 4.72 0.53 0.68 0.32 8.9 7.0 14.6
ML+ 14 4 2 5 0.50 0.08 0.05 0.32 6.7 9.3 1.6
MG+ 558 274 188 72 20.10 5.17 5.10 4.65 3.9 3.9 4.3

M+ 309 93 115 35 11.13 1.75 3.12 2.26 6.3 3.6 4.9

FH+ 2 8 9 3 0.07 0.15 0.24 0.19 0.5 0.3 0.4

FL+ 13 13 13 4 0.47 0.25 0.35 0.26 1.9 1.3 1.8

FG+ 111 112 63 53 4.00 2.11 1.71 3.42 1.9 2.3 1.2

F+ 7 24 14 6 0.25 0.45 0.38 0.39 0.6 0.7 0.7

PH+ 8 26 30 8 0.29 0.49 0.81 0.52 0.6 0.4 0.6

PL+ 0 2 0 0 0.00 0.04 0.00 0.00 na 0.0 na

PG+ 9 35 29 13 0.32 0.66 0.79 0.84 0.5 0.4 0.4

P+ 16 54 36 22 0.58 1.02 0.98 1.42 0.6 0.6 0.4
expr-lt—eztsaeiéagglenes 2776 5302 3689 1550 100 100 100 100 na na na
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Supplementary figure SIMultidimensional scaling (MDS, LimR&ackage) of distances between

gene expression profiles of the 18 samplefng theplotMDS function with defaulsettings(top =

500, gene.selectiora LIF ANBA&ASE Ay LX 20a5{ FdzyOlAz2yod abDY
leg, FG: sexual female gondtH: sexual female head, FL: sexual female leg, PG: parthenogenetic
female gonad, PH: parthenogenetic female head, PL: parthenogenetic female leg. The first
dimension separates male gonads from all other samples, the second one separates mainly the
femaleand parthenogenetic female gonads from legs and head samples, while the third one

discriminates among head and leg samples.
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Supplementary figure SZProportions of Minked genes among genes preferentially expressed in

various morphs and/or tissuassing different thresholds to define a gene as specific of a class of

samples. Blue bars represent mdliased genes; MG+, MH+ and ML+: genes expressed

preferentially in male gonads, heads and legs, respectively. M+: genes preferentially expressed in
maleswhen pooling all tissues, excluding the genes assigned to the previous categories. Pink bars
represent sexual femalbiased genes, with F standing for females and letters G, H and L having the

same meaning as in males. Green bars represent parthenogdeetale biased genes (P). Grey

bars represent genes expressed preferentially in one of the tissues (gonads, heads or legs) and not

limited to a particular morph. Black bars represent the frequency-lofkéd genes among genes

GAUK dzyoAl ASREIBELINSYSM2 SEANBBE ASR gAGK /ta B ™M A
£t LINBRAOGSR 3SySa O04LINBR{EVD ¢KS KaAnkSklbere/ (it R2
among expressed genes. The number of genes from each category is shown aboveweligsas

the p-value (twosided binomial tests against the expected frequency on the X chromosome

estimated from expressed genes, which corresponds to the dotted horizontal black linep.<**:

0.001; **:p<0.01; *:p<0.05;nsp>x ndnp >
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Supplementary figure & Distribution of the different types of sebiased genes along the genome. Each gene with a biased expression is represented by a
semitransparent grayish bar, so that when many of such genes lay in the same genomic areaioth@ppgars darker (e.g. the X chromosome harbors

many malebiased genes). For each morph, the upper part of the graphic gedifidypes of genes overexpressed in that morph (i.e. M+, MG+, MH+, ML+
for males) to get a global view. Just below, we thervslite chromosomal position of these genes separately for each of the different classe shidisek

genes. The chromosomal distribution of expressed genes is also pregbatesith a lighter gray scaldue to the large number of gengs
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Supplementary figureés4 Logarithm of gene expression (RPKIYin males ancpbarthenogenetic
females for Minked and autosomal genes in gonads (pa®ednd B, head D, B and legsG, H. X%
linked genes are significantly lesgpressed than autosomal genes in all casge-6ided Mann
Whitneytests,p <10%°). Logarithm of male to parthenogenetic female ratidRiFKMs also shown

for the three tissues (panels Fandl).
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