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Understanding how phenotypic differences between males and females arise from the sex-biased expression of nearly iden-
tical genomes can reveal important insights into the biology and evolution of a species. Among Anopheles mosquito species,
these phenotypic differences include vectorial capacity, as it is only females that blood feed and thus transmit human ma-
laria. Here, we use RNA-seq data from multiple tissues of four vector species spanning the Anopheles phylogeny to explore
the genomic and evolutionary properties of sex-biased genes. We find that, in these mosquitoes, in contrast to what has been
found in many other organisms, female-biased genes are more rapidly evolving in sequence, expression, and genic turnover
than male-biased genes. Our results suggest that this atypical pattern may be due to the combination of sex-specific life his-
tory challenges encountered by females, such as blood feeding. Furthermore, female propensity to mate only once in nature
in male swarms likely diminishes sexual selection of post-reproductive traits related to sperm competition among males. We
also develop a comparative framework to systematically explore tissue- and sex-specific splicing to document its conserva-
tion throughout the genus and identify a set of candidate genes for future functional analyses of sex-specific isoform usage.
Finally, our data reveal that the deficit of male-biased genes on the X Chromosomes in Anopheles is a conserved feature in this
genus and can be directly attributed to chromosome-wide transcriptional regulation that de-masculinizes the X in male re-

productive tissues.
[Supplemental material is available for this article.]

One of the most extreme examples of phenotypic variation be-
tween individuals of the same species is the difference between
the sexes. However, apart from sex-limited Y and W Chromosomes
that are typically gene poor and small, males and females share
a common genome. Sexual dimorphism is therefore largely
achieved through sex-biased expression or splicing of this shared
genome throughout development (Connallon and Knowles
2005; Ellegren and Parsch 2007). Genome sharing, however, im-
poses evolutionary constraints on chromosomal and genic con-
tent, because these must respond to different regimes of natural
and sexual selection in each sex. Mutations that lead to changes
in gene expression or coding sequence can even result in conflict-
ing fitness effects—beneficial in one sex but detrimental in the
other—a process called sexual antagonism (Rice 1996, 1998; Chip-
pindale et al. 2001; Chapman et al. 2003).

A common pattern that has emerged from comparative geno-
mic studies of sex-biased genes across metazoans is that male-bi-
ased genes are typically more rapidly evolving than female-
biased genes: they display higher birth and death rates (turnover),
higher rates of expression divergence and sex-bias switching, and a
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lower conservation of protein sequences (Torgerson et al. 2002;
Reinke et al. 2004; Zhang et al. 2004, 2007; Cutter and Ward
2005; Good and Nachman 2005; Khaitovich et al. 2005; Assis
et al. 2012; Harrison et al. 2015; Wang et al. 2015). However,
among these studied model organisms, the majority of phenotypic
variation between the sexes is centered on the act of mating, rather
than substantial divergence in other life history traits. In this re-
gard, mosquito species may provide interesting insights for the
study of sexual dimorphism within a more diverse context, as
adult mosquitoes exhibit a rich repertoire of unique sex-specific
biology related to host-seeking, blood-meal ingestion, and en-
counters with parasites and pathogens, since it is only females
that feed on blood to enable egg production. In previous work,
we have cataloged sex-biased gene expression of Anopheles gambiae
in both adult and immature stages (Magnusson et al. 2011) and in
dissected tissues using microarray platforms (Baker et al. 2011).
However, the extent and conservation of sex-biased gene expres-
sion in other Anopheles species is unknown, thus limiting the com-
parative analysis to species outside of the Anopheles genus. The
recent completion of the genome sequencing of 16 additional
Anopheles species (Neafsey et al. 2014) provides an opportunity
to study the evolutionary consequences of sex-biased gene
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expression in much greater detail. Here, we leverage these newly
assembled resources and generated complementary transcriptome
data based on RNA-seq from four mosquito species spanning the
genus, An. gambiae, An. arabiensis, An. minimus, and An. albimanus.
These mosquito species span the entire phylogeny and are all prin-
cipal malaria vectors in the territories where they are endemic. We
use these data to explore genome-wide evolutionary rates of sex-bi-
ased genes in carcass and reproductive tissues separately and to
determine whether their abundance and evolutionary properties
reflect phenotypic and functional differences between the sexes.

Results

Cataloging sex-biased gene expression

Total mRNA was obtained from dissected reproductive or carcass
tissues of male and female adults from four malaria vectors and
differential expression analysis was performed using DESeq2 to
identify sex-biased genes (see Supplemental Material for details;
Supplemental Figs. S1, S2). Sex-biased genes were subdivided
into one of three categories based on the magnitude of sex-biased
expression: sex-specific, strong sex-bias (with a fold change [FC]
>5) and weak sex-bias (2 >FC < 5) (Supplemental Table S1).

Consistent with findings in other species (Torgerson et al.
2002; Reinke et al. 2004; Zhang et al. 2004, 2007; Cutter and
Ward 2005; Good and Nachman 2005; Khaitovich et al. 2005),
we found that the majority of the sex-biased gene repertoire is
derived from expression in the reproductive tissues, but female-bi-
ased genes predominated over male-biased genes (Fig. 1A)—likely
as a result of blood-feeding which, as previously described, leads to
genome-wide increases in gene expression (Marinotti et al. 2005).
There was a higher correlation of levels of gene expression between
the carcasses of the sexes (on average, 0.7 Pearson correlation, P-
value < 2.2 x 107') than between the reproductive tissues of the
sexes (average 0.12 Pearson correlation and P-value < 2.2 x 1071
(Fig. 1B). Similar to other species, genes biased toward the male re-
productive tissues were more likely to display sample-specific ex-
pression compared to genes biased in the other three tissues
(shown for An. gambiae in Fig. 1C and remaining species in
Supplemental Fig. S4) and showed a higher magnitude of sex-
bias (Fig. 1E). To assess the reliability of our DE calls, we retrieved
expression data for An. gambiae from the mosquito atlas
(MozAtlas) study (Baker et al. 2011) and found that our classifica-
tions were consistent with these results (Fig. 1D).

Evolution of sex-biased gene expression

To study the molecular evolution of sex-biased gene expression in
the Anopheles genus, we compiled orthology relationships of all
annotated genes of the four species and calculated expression
and sequence divergence, as well as gene turnover rates separately
for the carcass and the reproductive tissues. We cataloged 7400
one-to-one orthologs across the four species, referred to hereafter
as the four-species orthologs, which most of the below analysis is
focused on (Supplemental Table S2).

Expression divergence

To study how sex-biased gene expression correlated with expres-
sion divergence, we calculated the median standard deviation
(SD) of the sex expression ratio (log;[male/female]) between the
four-species orthologs for each sex-bias classification (including
unbiased), similarly to other studies (e.g., Zhang et al. 2007).

Overall, we found that female-specific genes expressed in the car-
cass exhibited the highest levels of expression divergence of all
sex-bias categories in all species (Fig. 2A). In the reproductive tis-
sues, female-specific, male-specific, and strongly male-biased
genes showed high levels of expression divergence, while all other
classes evolve at similar or lower levels compared to unbiased genes
(Fig. 2A). These patterns were consistent in each of the four species
individually (Supplemental Fig. S5). Using a number of strategies,
we assessed the relationship of gene expression levels to expression
divergence and found no significant influence (see Supplemental
Material; Supplemental Figs. S6, S7). Qualitatively, reversal of
sex-biased expression (e.g., male to female) between species occurs
infrequently (e.g., seven orthologs between An. gambiae to An. ara-
biensis show this behavior) and increases with evolutionary dis-
tance between species in both the carcass and reproductive
tissues (Fig. 2B).

Sequence divergence

Toinvestigate how rates of sequence divergence relate to sex-biased
gene expression, we employed both DNA-level and protein-level
measures of divergence calculated across all orthologs from the en-
tire Anopheles genus (Neafsey et al. 2014). Similar to our findings of
expression divergence, we found that female-specific genes of the
carcass displayed the highest median levels of sequence divergence
among all sex-biased genes (Fig. 3A,B), being significantly higher
than both male-specific genes and unbiased genes (Wilcoxon
rank-sum test P-value < 0.001) in all species. In the reproductive tis-
sues, all three female categories consistently evolved faster than un-
biased genes in all species (Wilcoxon rank-sum test P-value<
0.001), and in the males, only the sex-specific genes displayed
mean dy/ds ratios and evolutionary rates significantly higher
than unbiased genes consistently in all species (Fig. 3A,B). We ruled
out that any of our DE analysis and subsequent filtering steps had
any substantial effect on the observed patterns of sequence diver-
gence (Supplemental Fig. S8) and also tested for an association be-
tween expression and sequence divergence among sex-biased
genes of all species, finding that genes displaying rapid expression
divergence (SD > 1) also show higher dy/ds ratios compared to those
with an SD < 1, as has been observed in mammals (Khaitovich et al.
2005) and Drosophila (Supplemental Fig. S9; Zhang et al. 2007). To
distinguish what evolutionary forces drive the rapid rates of evolu-
tion we observed, we ran branch site models using the codeml pro-
gram of the PAML package (Yang 1997) and found that female-
biased genes are associated with a higher proportion of positively
selected genes compared to male or unbiased genes (Fig. 3C).

Genic turnover

To investigate how patterns of gene gain or loss (turnover) relate to
gene expression biases, we assessed the orthology status of all sex-
biased genes between the four study species. We first examined
species-specific genes, as these likely represent cases of high genic
turnover either through species-specific gains or widespread loss-
es, or very high levels of sequence divergence that preclude ortho-
log identification (Fig. 4A). We also quantified the degrees of
conservation of each category of sex-biased gene expression of
An. gambiae, ranging from species-specific to present in all four
species (Fig. 4B). Comparisons of gene turnover rates for each
sex-bias expression category to unbiased genes or between the sex-
es was consistent with our findings on expression and sequence
divergence: in both tissues, the fraction of species-specific genes
increased with the magnitude of sex-biased gene expression
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Figure 1. Sex-biased gene expression in the Anopheles genus. (A) Total number of sex-biased genes in the four study species for each of three tissue ex-
pression biases: carcass, reproductive tissues, and ubiquitously sex-biased. Female (red hues) and male (blue hues) sex-bias magnitudes are depicted as:
dark, sex specific; medium, strongly sex-biased; light, weakly sex-biased. (B) Average Pearson'’s correlation coefficient of gene expression between sexed
tissues in An. gambiae. (C) Distribution of tau (1) index of tissue specificity in An. gambiae for each sex- and tissue-biased expression classification, where
increasing t values respond to increased sample-specific expression. Genes with very high 1 values (~1) are highly enriched for male reproductive tissue-
biased genes. (D) Comparison of sex-bias gene expression categories, produced by this differential expression pipeline using RNA-seq, with results from a
previous microarray study for An. gambaie, i.e., MozAtlas (Baker et al. 2011), showing strong congruence of gene expression bias in tissue classifications. (E)
Magnitude of gene expression ratios (fold change male/female) for each species. Male-biased genes of the reproductive tissues display the largest mag-
nitude and range of biased expression.
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Expression divergence rates of the four-species orthologs. (A) Median standard deviations of expression ratios (male/female) of carcass and

reproductive tissue male-biased (blue) and female-biased (red) among the four-species orthologs. A Wilcoxon rank-sum test is used to test for significant
differences when comparing sex-bias gene expression categories between the sexes (blue asterisks) or to unbiased genes (gray asterisks) and indicates: (*)
P-value < 0.05, (**) P-value < 0.001. (B) The number of genes that show qualitative sex and/or tissue bias switches compared to their An. gambiae orthologs

increases with evolutionary distance.

(except male-specific in the carcass), and female-biased genes dis-
played higher or similar levels of turnover to male-biased genes in
all species (Fig. 4A). Furthermore, the extent of conservation
throughout the genus in the carcass was lowest for female-specific
genes and in reproductive tissues was similar between males and
females, with decreasing conservation as the magnitude of sex-
bias increases (Fig. 4B). To test whether this result may have
been biased by the inclusion of multigene families, we repeated
this analysis removing all orthogroups in which there were any
multicopy orthologs and found a similar result (Supplemental
Fig. S10).

Rapidly evolving sex-biased genes are confined
to a few biological functions

To understand which aspects of mosquito biology drive the rapid
evolution of female-biased genes, we investigated the putative
functions of the most rapidly evolving and most sex-biased genes
in the carcass tissues of An. gambiae. We chose this species because
of its more comprehensive functional ontologies and the availabil-
ity of sets of manual community annotations (Neafsey et al. 2014).
We found that a limited subset of functional categories describes
the functions of nearly two-thirds of sex-biased genes in the female
carcass (Fig. 5). We observed that a similar pattern holds when se-
lecting the most rapid evolving genes using the SD of expression ra-
tio rather than dy/ds (Supplemental Fig. S11). Function or
expression in female salivary glands was the most overrepresented
annotation, with 34% of rapidly evolving female genes falling in
this group (Fisher’s exact test for overrepresentation P-value <
0.001) (Fig. 5A). A large fraction of these genes is known to facilitate
blood feeding, e.g., apyrase (AGAP011971), g5G6 (AGAP000150),

88G7 (AGAP008216), and the D7 family of genes (AGAP008278,
AGAP008279), because they interfere with host homeostasis, in-
flammation, and immunity (Champagne et al. 1995; Arca et al.
2005, 2014; Calvo et al. 2006; Isawa et al. 2007). Their rapidly di-
verging sequences and previous work showing that some of these
are under strong positive selection (Arca et al. 2014) lends support
to the notion that host immune pressures are a dominant driving
force acting on salivary gland genes essential for blood feeding.
At the same time, the presence of saglin (SG1f:AGAP000610) that
acts as a binding partner for parasitic TRAP protein (Ghosh et al.
2009; Upton et al. 2015) but also five more members of this SG1
family may indicate the impact of pathogen-driven pressures
(Fig. 5B). The second most common functional category was
mosquito immunity (15% of female genes; Fisher’s exact test P-val-
ue < 0.001) (Fig. 5A), and the majority of genes within it have been
shown previously to either respond to or influence infection
levels (Fig. 5B). Among these are a cluster on Chromosome 2L
containing an array of leucine-rich repeat immune proteins
(LRIM 8A:AGAP007454, 8B:AGAP007456, 9:AGAP007453, and
10:AGAP007455) (Waterhouse et al. 2010), of which LRIM9 knock-
down increases parasite load threefold (Vlachou et al. 2005;
Uptonetal. 2015). AGAPO00151 (IRSP5), whose silencing increases
both bacterial and parasite numbers (Dong et al. 2006), and
AGAP000570 (AgSGU), which is one of the most abundant peritro-
phic matrix proteins (Dinglasan et al. 2009) and has important
roles in ookinete attachment of Plasmodium falciparum (Mathias
et al. 2014), were also identified. Of the remaining genes, four are
expressed in the female midgut and are likely involved in blood
meal digestion, two are involved in chemosensation and an ABC
transporter that is involved in insecticide resistance against per-
methrin. The putative functions of all other rapidly evolving genes
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Figure 3. Sequence divergence rates of the four-species orthologs and selection tests. Average DNA sequence (A) and protein sequence (B) divergence

levels of the four-species orthologs from each species plotted by the sex-bias expression classification. Wilcoxon rank-sum tests are used to test for signifi-
cant differences when comparing divergence levels between the sexes (blue asterisks) or between sex-biased categories and unbiased genes (gray asterisks)
and indicates: (*) P-value < 0.05, (**) P-value < 0.001. (C) Cross-species average of percentage of genes showing significant positive selection among the
four-species orthologs for each sex-biased classification, in the carcass and in the reproductive tissues.

biased toward females are currently unknown or did not fall within
these community annotated functional categories.

The number of rapidly evolving male-biased genes of the car-
cass without predicted functions was higher compared to females
(28%) (Fig. SA). Functions related to the insect cuticle were over-
represented (11% of male genes; Fisher’s exact test P-value<
0.001), including the entire cluster of CPLCG genes on Chromo-
some 3R, of which CPLCG3 and CPLCG4 mediate through yet un-
known mechanisms insecticide resistance in distinct strains and
species of Anopheles (Vontas et al. 2007; Awolola et al. 2009). Three
additional cuticular proteins, namely CPCFC1 (AGAP007980) and
CPR59 (AGAP006829) and CPR140 (AGAP006868), also showed a
bias toward males (Fig. 5B). No previous report of male-biased ex-
pression for these genes, or any other cuticle protein, exist. We
therefore inspected expression profiles of these genes in published
expression data and found that all are expressed in females but are
down-regulated upon blood feeding, explaining the observed male
bias in our data (data not shown). Of the remaining genes, four in-
cluded candidate immunity genes such as GNBPB4 (AGAP002796)
and CLIPB18 (AGAP009215), and two cytochrome P450s
(CYP6AF1:AGAP011028 and CYP6AF2:AGAP011029), but this cat-
egory was not functionally enriched among the rapidly evolving
highly male-biased genes.

Sex-specific splicing

An exclusive focus on differential expression of genes between
males and females may miss a significant portion of sex-biased
gene usage, as many processes could be regulated at the level of
transcript usage or splicing, a prime example of which is the sex-
determination cascade itself. We therefore expanded the catalog
of sex-biased genes in the four species to include those with sex-
specific isoform usage and characterized the degree of conserva-
tion of splicing patterns between species. Because the annotation
of alternative transcript isoforms in these species is incomplete, we
first established an isoform-specific gene expression data set,
where we predicted novel isoforms of all known genes
(Supplemental Fig. S12). We focused our analysis on orthologs
that possessed at least two transcripts that were differentially
used between the sexes or tissues, so that each isoform was ex-
pressed at least at a twofold higher level in the condition in which
it was predominant. While sex-specific splicing does occur in the
carcass, when considering only genes that show high conservation
in alternative isoform usage across the genus, the list is restricted to
a few genes, including the well-known doublesex master-switch of
the sex determination pathway. We found conserved sex-specific
isoform usage between the reproductive tissues of males and
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females to be at least as common, if not more so, than tissue-spe-
cific splicing between the carcass and the reproductive tract in ei-
ther males or females (Fig. 6A). In An. gambiae, genes that displayed
sex-specific isoform usage in both tissues were enriched for func-
tional annotations including behavior, oocyte and embryo devel-
opment, and the regulation of cellular and organismal anatomy
(Fisher’s exact test P-value < 0.001) (Fig. 6B). Exemplary transcript
structures for genes falling into both classes are shown in Figure
6C, and the complete list of genes with predicted alternative tran-
script usage is listed in Supplemental Table S3. This analysis con-
firms that a considerable amount of sex-specific gene usage in
the mosquito remains entirely unexplored and we provide candi-
date loci for future functional analysis.

Chromosomal distribution of sex-biased genes

Sex-biased genes have been shown in a number of species to be
nonrandomly distributed across chromosomes, and typically, in
species where males are heterogametic (XY), male-biased genes
are underrepresented on the X Chromosome (Parisi et al. 2003;
Wu and Xu 2003; Ellegren and Parsch 2007; Sturgill et al. 2007).
We observed a significant paucity for male RT-biased genes on
the X Chromosome in all species (% test P<0.001) but found no
similar deficit among male-biased genes of the carcass (Fig. 7A).
These results extend our previous findings in An. gambiae
(Magnusson et al. 2012) in two ways. First, they demonstrate
that the underrepresentation of male-biased genes on X Chromo-
somes is a conserved feature in the genus. Second, they show that

the underrepresentation detected previously using whole-body
data is derived from differences in the abundance of sex-biased
genes in the reproductive tissues, confirming previous data from
the Baker and Russell (2011) study. While the X Chromosomes
did show a higher than expected number of female-biased genes
in some cases (Fig. 7A), this apparent “feminization” was not as sig-
nificant and not consistently found in all four species (x> test P-val-
ue<0.05). In the Drosophila male germline, the deficit of male-
biased genes on the X Chromosome has been attributed to chro-
mosome-wide transcriptional regulation(s) in the male germline,
namely lack of dosage compensation and transcriptional suppres-
sion of the X—in a process similar to meiotic sex chromosome in-
activation (MSCI), except that the suppression appears to be
initiated in premeiotic cells (Meiklejohn et al. 2011; Meiklejohn
and Presgraves 2012). In combination, these processes result in a
significant reduction in gene expression along the entire X Chro-
mosome in the male germline, observed as a paucity of male-bi-
ased genes on the X Chromosome, when expression is compared
to females or other tissues. It has been argued that the use of the
term “evolutionary X de-masculinization” may thus be misleading
to describe the forces acting on gene expression in the male testis,
because it implies that selective forces, such as sexual antagonism,
drive genes beneficial for males off the X (Meiklejohn et al. 2011;
Meiklejohn and Presgraves 2012). This argument is supported by
findings that testis-specific genes are, in fact, not underrepresented
on the X of Drosophila (Meiklejohn and Presgraves 2012). Instead,
testis-specific genes have recruited strong cis-regulatory elements
to overcome the transcriptional silencing (Landeen et al. 2016).
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divergence.

To confirm previous findings in An. gambiae of the lack of dos-
age compensation in the male germline and to test this at the genus
level, we explored the evidence for chromosome-wide transcrip-
tional regulation. Similarly to previous data from Baker and Russell
(2011), we found that the median expression of all genes on the X
Chromosomes is, on average, 0.3-fold lower in males compared to
females in the reproductive tissues in all four species (Fig. 7B). We
calculated the autosome to X Chromosome (A:X) ratio of median
gene expression and found that in all species the A:X ratio ranged
between 1.61 and 1.92 in the male reproductive tissues (Table 1).
In comparison, median expression of X genes in the carcass tissues
and autosomal genes in both tissues were not significantly different
between the two sexes (Fig. 7B). Together, these results confirmed
the signal previously detected in An. gambiae and suggest that with-
in the male reproductive tissues of Anopheles, likely the testis, X
Chromosomes undergo chromosome-wide transcriptional regula-
tion, similarly to Drosophila (Landeen et al. 2016). We tested
whether such X-specific regulation can explain the underrepresen-
tation of male-biased genes on the X Chromosomes of Anopheles
species by simulating the absence of X-regulation in the male repro-
ductive tissues, following the rationale and methods previously
used to explore this question using the MozAtlas data in the Meikle-
john and Presgraves (2012) study. To do this, we first normalized
the raw read counts of male X Chromosome genes with the respec-
tive A:X expression ratio to pseudocorrect for X transcriptional reg-
ulation. Using our data, we found that the ratios of observed/

expected genes no longer support the underrepresentation of
male-biased genes on the X Chromosomes in the male reproduc-
tive tissues of these species (Fig. 7C). We also assessed the chromo-
somal distribution of genes specifically expressed in the male
reproductive tissues: We calculated the index of tissue specificity
(7) for each gene and selected genes with a tindex >0.95 as being
specific to a tissue. Unlike previous work (Meiklejohn and Pre-
sgraves 2012), when we tested for evidence of X de-masculinization
for RT-specific genes using the restricted range of 1 >0.95, we found
no significant paucity on the X compared to autosomes (3> test P=
0.26). By comparing our DE and tissue specificity calls with those
from the MozAtlas study (Supplemental Material; Supplemental
Table S4; Supplemental Fig. S14), we concluded that our signal of
no significant paucity of X-linked male RT-specific genes is in
part due to a higher dynamic range afforded by RNA-seq resulting
in a lowering of false positive male-RT calls and improved genome
assemblies. We conclude therefore that the paucity of male-biased
genes on the X Chromosome in reproductive tissues results directly
from X Chromosome transcriptional regulation and its effect on
DE analyses, and is not likely a result of selective forces such as sex-
ual antagonism.

Discussion

Studies in many different organisms investigating the relationship
between expression patterns and rates of molecular evolution have
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consistently found evidence for complex selective pressures acting
differentially on male- and female-biased genes. Typically, genes
biased toward males evolve more rapidly than female-biased

genes, with those expressed during spermatogenesis showing the
fastest rates of evolution in the genome. Amazingly, this pattern
is observed in different taxa ranging from primates (Khaitovich

Genome Research 1543

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on April 6, 2022 - Published by Cold Spring Harbor Laboratory Press

Papa et al.
A Carcass Reproductive Tissues
g
i 1 1= = <2 e, e o — - s
2
g [ Femate-tiased
L-n. 0.5 05 . Male-biased
= s P i
:
F-]
=]
0 0
ga ar mi al aa ar mi al
Autosomes X-chromosome
B
20 20
|
1
10 10
g
w
0 [
. Female expression
. Male expression
g8 ar mi al g8 ar mi al g8 ar i al ga ar mi al
Autosomes X-chromosome Autosomes X-chromosome
c Pseudo-normalized
Reproductive Tissues
[ Femate-biased
B Male-biased
ga ar mi al ga ar mi al

Autosomes X-chromosome

Figure 7. Chromosomal distribution of sex-biased genes. (A) Proportions of observed/expected numbers of male-biased (blue) and female-biased (red)
genes in the carcass and reproductive tissues located on autosomes or the X Chromosomes of each species. The horizontal dashed line indicates an equal
number of observed and expected genes, and ratios greater or lower than this indicate an enrichment or depletion, respectively. Asterisks indicate: (*) P-
value <0.05, (**) P-value <0.001, x~ test comparing ratios between the X Chromosome and the autosomes. (B) Violin plots of expression levels (in log,.
FPKM) of all genes in the female (red) or male (blue) carcass and reproductive tissues for autosomes and X Chromosomes. (C) Pseudonormalization of X
Chromosome male expression in the reproductive tissues using the A:X ratio eliminates the de-masculinization effect.

et al. 2005) to worms (Cutter and Ward 2005), i.e., even in species
in which the two sexes coexist within a single individual.

Our findings suggest that Anopheles mosquitoes do not follow
this common pattern. In all four sequenced species, genes belong-
ing to the category of female-CA specific consistently display the
highest overall levels of DNA- and protein sequence divergence,
positive selection, expression divergence, and genic turnover. By
exploring the putative functions of these genes using manual an-
notations and expression data, we propose that this pattern is driv-
en by the strong selective forces acting on female-specific
phenotypic characters that facilitate blood-feeding and thus un-

derlie vectorial capacity, as nearly two-thirds of female genes
that are rapidly evolving in An. gambiae have predicted functions
involving host seeking, blood feeding, digestion, and mounting
an immune response to control pathogens. Genes with functions
in the female salivary glands, whose products are either injected
into the host or are located at the interface with the ingested blood
meal within salivary gland tissues, are significantly overrepresent-
ed among rapidly evolving female genes (Fig. 5). This finding rein-
forces the notion that both host pressures and mosquito-pathogen
interactions are principal forces acting on the evolution of mosqui-
to genomes (Arca et al. 2014; Neafsey et al. 2014). Our data also
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Table 1. Gene counts, expression data, and autosome:X Chromosome ratio in the four species for carcass and reproductive tissues

Number of genes

Female Male

X median Autosome AA:XX X median Autosome AA:X
X Autosomes FPKM median FPKM ratio P-value FPKM median FPKM  ratio P-value

Carcass

An. gambiae 1097 11,923 53.7 45.7 0.85 0.0021 55.9 48.6 0.87 0.003

An. arabiensis 1278 12,399 49.6 41.9 0.84  0.0003 50.1 42.7 0.85 0.001

An. minimus 1217 11,561 59.9 58.5 0.97 0.3091 66.5 66.6 1.00 0.523

An. albimanus 1024 7776 90.1 69.0 0.76  3.415x1077 97.2 83.3 0.86 0.002
Reproductive tissues

An. gambiae 1097 11,923 49.6 50.3 1.01 0.581 34.8 56.2 1.61 <22x107'¢

An. arabiensis 1278 12,399 29.0 31.3 1.07 0.275 23.6 45.4 . 3.89x107'4

An. minimus 1217 11,561 43.9 49.7 1.13  0.852 38.6 72.6 1.88 <2.2x107'¢

An. Albimanus 1024 7776 41.9 34.5 0.82 0.178 49.5 85.9 1.73  3.89x107™

Indicated P-values were calculated using the Wilcoxon rank-sum test.

highlight that male biology is not under similar selection pressures
as those of females, but the less-well-studied biology of the male
somatic tissues makes it harder to establish a link between rapidly
evolving male genes in the carcass and their role in male-specific
processes or behaviors—for example, their aggregation and mating
in swarms.

Intriguingly, we found that genes biased toward male RT rela-
tive to female RT did not display overall faster rates of evolution, as
has been observed so consistently in other species. However,
because the total number of male RT-specific genes is much higher,
median levels of evolutionary divergence may underestimate the
signatures of selection. Generally, increased evolutionary rates
among male-biased reproductive genes are explained by selection
arising from male-male competition (Zhang and Parsch 200S5;
Proschel et al. 2006; Butler et al. 2007) and/or reduced pleiotropy
of genes expressed in male reproductive tissues (Tripet et al. 2003;
Zhang et al. 2007; Pondeville et al. 2008; Meiklejohn and
Presgraves 2012). Our analysis on tissue specificity in Anopheles
shows that male RT-biased genes display the highest overall tissue
specificity of all sex- and tissue-bias categories (Fig. 1C; Supplemen-
tal Fig. S4), so increased pleiotropy of male RT genes in these mos-
quitoes is unlikely to explain this result. More likely, the fact that
Anopheles females typically mate once during their lifetime under
natural conditions (Tripet et al. 2003) results in the absence of selec-
tion on sperm competition that typically drives increased rates of
evolution in male RT genes in polygamous species. Males of several
Anopheles species, including An. gambiae and An. arabiensis, pro-
duce a mating plug that is deposited in the female reproductive
tract during mating, enhancing sperm storage (Rogers et al. 2009)
and modifying female physiology (Pondeville et al. 2008; Baldini
etal. 2013) such that females are no longer receptive to further mat-
ings. It will be interesting to compare rates of evolution of male-
and female-biased genes in other mosquito species where females
are polyandrous (Boyer et al. 2012) or other insect taxa where
both sexes blood-feed (Yuval 2006). Our results do not necessarily
imply a relaxation of purifying selection acting on male RT-specific
genes, as these still have to perform important functions and we
cannot preclude the possibility that future improvements in ge-
nome annotations of the Anopheles genus may lead to the discovery
of currently unknown male RT-specific genes not included in this
work that may balance the evidence of selection back toward
male reproduction.

In addition to sex-biased gene expression, differential isoform
usage between sexes, resulting from alternative splicing or alterna-

tive transcription start sites, can also account for sexual dimor-
phism. This area remains understudied due to the difficulty of
extracting isoform-level data from whole-genome expression
data. In mosquitoes, only two genes, doublesex and fruitless, initial-
ly characterized in Drosophila, are known to behave in this manner
(Scali et al. 2005), but no systematic analysis has been performed to
date. Making use of novel tools for isoform-level differential ex-
pression analysis and combining it within a comparative analysis
across four malaria mosquito species, we have cataloged conserved
genes that display sex-specific isoform usage in the carcass and the
reproductive tissues. These candidate genes form the basis for fu-
ture functional investigations into processes such as sex determi-
nation or behavior, for example, by the depletion of sex-specific
transcripts or exons using CRISPR/Cas9.

Finally, we have also used our expression data to re-examine
evidence of the nonrandom chromosomal distribution of sex-bi-
ased genes in Anopheles mosquitoes and to begin to characterize
its underlying causes. We and others have previously shown, using
whole-body expression data from adults and larvae, that the X
Chromosome of An. gambiae has a significant paucity of male-bi-
ased genes and that transgenes that are normally expressed
strongly in the male testis are transcriptionally suppressed in
sperm when the transgenic construct is located on the X
Chromosome, in a process resembling MSCI (Baker and Russell
2011; Baker et al. 2011; Magnusson et al. 2012). The results from
the present study reveal that the paucity of male RT-biased genes
on the X Chromosome is a conserved feature in the genus and
that this deficit is based on differences in chromosome-wide tran-
scriptional regulation of the X. In the carcass, the difference in
ploidy of the X between males and females, or the X and auto-
somes in males, does not translate into chromosome-wide gene ex-
pression differences, suggesting that these tissues are actively
dosage-compensated—probably through X Chromosome hyper-
transcription in males as in Drosophila. Conversely, in the male re-
productive tissues, we find that gene expression from the X
Chromosome is, on average, 0.3-fold lower in males compared to
females and, on average, 1.8-fold lower compared to gene expres-
sion from the autosomes for all four species (Fig. 7B; Table 1).
We have shown here that the X Chromosome transcriptional reg-
ulation in the male reproductive tissues is directly responsible for
the deficit of male-biased genes in the male reproductive tissues
and is not merely a contributing factor favoring X-to-autosome re-
tro-movement of male genes leading to the evolutionarily de-mas-
culinization of the X. We show this by computationally simulating
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the absence of the observed X Chromosome transcriptional regu-
lation, which results in eliminating the underrepresentation of
male-biased genes on the X. Furthermore, when analyzing the
chromosomal distribution of tissue-specific genes, which are not
similarly sensitive to DE-biases that assume equal ploidy or chro-
mosomal transcriptional regulation between conditions, we find
no support that male reproductive tissue specific-genes are under-
represented on the X Chromosome, again similarly to Drosophila
(Meiklejohn et al. 2011) but distinct from the MozAtlas-based
metaanalysis of Meiklejohn and Presgraves (2012). Taken together,
these results indicate that the X Chromosomes of Anopheles mos-
quitoes are, in effect, “transcriptionally de-masculinized” in the
male germline by chromosome-wide transcriptional regulation
that leads to reduction of X Chromosome gene expression. In
the absence of mutant strains or markers for the chromatin-mod-
ifications that govern the levels of X transcription in the male
germline, it is currently difficult to quantify the individual contri-
butions of the lack of X-dosage compensation or X-suppression
(via processes like MSCI), especially since these have similar out-
comes. Dissecting further the mechanisms and functions of X-spe-
cific transcriptional regulation will likely reveal important insights
into the evolution of sex chromosomes, including addressing
whether similar transcriptional regulation occurs on the Y
Chromosomes, whose content and evolutionary history we have
recently described (Hall et al. 2016).

Methods

RNA-seq and differential expression analysis

Total mRNA was extracted from sexed samples of An. gambiae, An.
arabiensis, An. minimus, and An. albimanus. Individuals were dis-
sected to obtain the reproductive tissues, which consisted of ova-
ries and common oviduct for females and testis and accessory
glands for males (see Supplementary Material for further details;
Supplemental Fig. S1C). Sex-biased differential expression analysis
was performed using the DESeq2 (Love et al. 2014) with a FDR<
0.05 after mapping reads to the genomes using TopHat2 (Kim
et al. 2013) and quantifying the expression using HTSeq (Anders
et al. 2014). Results were then filtered using a custom pipeline
(see Supplemental Material; Supplemental Fig. S2). Genes that
did not pass our selection criteria because of discordancy between
our filtering were individually analyzed (see Supplemental
Material; Supplemental Fig. S3) and shown to evolve similarly to
unbiased genes and were thus excluded from the analysis.

Evolution of sex-biased genes

We retrieved OrthoDB-delineated (Kriventseva et al. 2015) orthol-
ogy relationships of all genes between the four species (Neafsey
et al. 2014) and calculated expression, sequence, and gene turn-
over rates of sex-biased and unbiased genes of all species.
Expression divergence was estimated by computing the median
standard deviation of the log, FC between the four-species ortho-
logs for each sex-bias category. Sequence divergence levels were
calculated both at the DNA level (dn/ds) and the protein level (evo-
lutionary rate) (Waterhouse et al. 2011; Kriventseva et al. 2015) for
each species and each sex-bias category. We used the Wilcoxon test
to compare divergence estimates between unbiased and sex-bias
categories or between identical sex-biased categories in the two
sexes. Average turnover rates were estimated for each species and
for each sex-bias expression category by calculating the fraction
of species-specific genes from the total number of genes per catego-
ry. Genic turnover rates were also calculated by dividing the num-

ber of genes in each sex-bias category displaying distinct
conservation levels in the genus (e.g., species-specific or present
in all species) by the total number genes in that category. To infer
events of positive selection and distinguish it from relaxed selec-
tive constraint, we used the codeml program of the PAML package
(Yang 1997) and ran a branch site models test (see Supplemental
Material for additional information).

Functional analysis

Gene Ontology (GO) (Ashburner et al. 2000; Blake et al. 2015) and
InterPro (Mitchell et al. 2015) terms were retrieved from
Vectorbase (Giraldo-Calderén et al. 2015) for each species. We ex-
panded these ontology data sets using Blast2GO (Conesa et al.
2005) using the nonredundant NCBI protein database. For the
functional analysis of An. gambiae sex-biased genes, we also incor-
porated manual functional annotations provided generously from
the community as well as gene expression data sets in the female
salivary gland and male accessory gland.

Chromosomal distribution and expression of sex-biased genes

Gene-to-chromosome assignments are currently only available for
An. gambiae. To identify the chromosomal origin of scaffolds in the
other species, scaffolds were assigned to a chromosomal arm if
more than half of the genes on a scaffold had orthologs in An. gam-
biae, and of these, if two thirds had hits to the same chromosomal
arm of An. gambiae. We tested this approach using whole-genome
sequencing (WGS) from male and female pools of An. arabiensis
NCBI SRP044010 to predict X-linked scaffolds as the ones showing
the ratio of females mapping reads over males for each higher than
1.48 (see Supplemental Material for more details; Supplemental
Fig. S13). We divided the number of observed sex-biased genes
for each chromosome by the number of expected sex-biased genes
by random distribution in the genome. A % test was performed to
determine whether the ratio of observed over expected numbers of
male- and female-biased genes was significantly different between
the autosomes and the X Chromosome for the carcass and repro-
ductive tissues for each sex. To understand if the apparent de-mas-
culinization of the X Chromosome was due to a lack of dosage
compensation in the male reproductive tissues, we “pseudonor-
malized” the numbers of mapping raw read counts for X-linked
genes in the male reproductive tissues of each species by multiply-
ing them by the A:X ratio from each species. This modeled dosage
compensation, showed no evidence of an underrepresentation of
observed male-biased genes/expected on the X Chromosomes of
each species.

Analysis of sex-specific isoform usage

RNA-seq reads were aligned separately to the aforementioned
downloaded genomes using HISAT (Kim et al. 2015). We then
used Stringtie (Pertea et al. 2015) to predict novel isoforms of
known genes separately for each of the four species across the sam-
ples. For each species, predicted isoforms for all genes were merged
into a combined gene set using Cuffmerge (Trapnell et al. 2010).
Expression of all isoforms was then quantified using Stringtie.
We used the Ballgown (Frazee et al. 2015) suite to determine signif-
icantly different isoform expression using a cutoff P-value <0.05
and a mean expression>1 FPKM across the samples in a way
that each gene was required to have, at a minimum, one male-
and one female-biased isoform with a log, fold change > 1 between
the two sexes.
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Data access

All newly generated sequence data from this study have been sub-
mitted to the NCBI Sequence Read Archive (SRA; http://www.ncbi.
nlm.nih.gov/sra) under accession number SRP0O83856.
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