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Abstract

The magnitude and functional patterns of intraspecific transcriptional variation in the anophelines, including those of sex-biased

genes underlying sex-specific traits relevant for malaria transmission, remain understudied. As a result, how changes in expression

levels drive adaptation in these species is poorly understood. We sequenced the female, male, and larval transcriptomes of three

populations of Anopheles arabiensis from Burkina Faso. One-third of the genes were differentially expressed between populations,

often involving insecticide resistance-related genes in a sample type-specific manner, and with the females showing the largest

number of differentially expressed genes. At the genomic level, the X chromosome appears depleted of differentially expressed

genes compared with the autosomes, chromosomes harboring inversionsdo notexhibit evidence for enrichmentof suchgenes, and

genes that are top contributors to functional enrichment patterns of population differentiation tend to be clustered in the genome.

Further, the magnitude of variation for the sex expression ratio across populations did not substantially differ between male- and

female-biased genes, except for some populations in which male-limited expressed genes showed more variation than their female

counterparts. In fact, female-biased genes exhibited a larger level of interpopulation variation than male-biased genes, both when

assayed in males and females. Beyond uncovering the extensive adaptive potential of transcriptional variation in An. Arabiensis, our

findings suggest that the evolutionary rate of changes in expression levels on the X chromosome exceeds that on the autosomes,

while pointing to female-biased genes as the most variable component of the An. Arabiensis transcriptome.

Key words: transcriptome variation, functional diversification, sex-biased gene expression, faster-X effect, Anopheles

arabiensis.

Introduction

In Africa, three members of the species complex Anopheles

gambiae sensu lato (s.l.), An. gambiae s.s., Anopheles coluzzii,

and Anopheles arabiensis, are considered major vectors of

transmission of the malaria parasite Plasmodium (White et

al. 2011; Barron et al. 2019). As disease vectors, these species

impose a substantial burden on human health with �215

million cases and �384,000 casualties just in 2019 (WHO

2020). Malaria transmission is shaped by multiple genetic

and ecological factors, including the immune response of

these vectors against the Plasmodium parasite, which in

turn affects vector reproduction and longevity (Mitchell et

al. 2015); standing genetic variation in insecticide resistance

(Main et al. 2016; Lucas et al. 2019) and differential survival
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during the larval and adult stages (Roux and Robert 2019);

and access to feeding resources (Barredo and DeGennaro

2020).

Organismal traits relevant for understanding malaria trans-

mission in the anophelines, such as reproduction and longev-

ity, are interrelated through a partially shared genetic basis

(Lawniczak et al. 2007; Rono et al. 2010; Mitchell and

Catteruccia 2017). Large titers of the hormone 20-hydroxec-

dysone (20E) generated by the male accessory glands are

transferred to the female during mating, inducing oogenesis,

egg-laying, and preventing further mating (Baldini et al. 2013;

Gabrieli et al. 2014). This monandrous behavior enhances fe-

male longevity (Dao et al. 2010), favoring indirectly the com-

pletion of the Plasmodium sporogony, that is, the parasite

multiplication within the mosquito. This lipid-transporter me-

diated male-enhanced oogenesis reduces the mosquito im-

mune response against Plasmodium, further facilitating its

development in the female (Rono et al. 2010). Equally impor-

tant, in the anthropophilic anopheline species, blood-feeding

triggers two temporally and physiologically tied process: oo-

genesis and Plasmodium sporogony (Mitchell and Catteruccia

2017). Further, longevity in the anophelines exhibits a com-

plex interplay with insecticide resistance (Rivero et al. 2010),

whereas survival is strongly associated with desiccation resis-

tance (Ayala et al. 2019), in both cases affecting malaria trans-

mission. All these organismal traits are susceptible to both

inter- and intraspecific adaptive evolution as abundant natu-

rally occurring genetic variation exists (Neafsey et al. 2010;

Main et al. 2016; Ayala et al. 2019). Nevertheless, the func-

tional consequences of this intraspecific genetic variation in

relation to organismal traits that impact malaria transmission

remain poorly characterized in the anophelines.

An important aspect of the anopheline biology is its unique

sex-specific component as females are not only mainly

monandrous (Tripet et al. 2003; Yuval 2006), but are also

the only blood-feeding sex (Yuval 2006; Carnevale and

Robert 2009; Barredo and DeGennaro 2020). This could im-

pact the rate of evolution of the above indicated organismal

traits as they could be targeted by sex-specific natural and

sexual selection (Darwin 1871; Ellegren and Parsch 2007).

For example, in An. Arabiensis, all the 20E content generated

by the male accessory glands is transferred to the female

during copulation whereas only half of the total 20E is trans-

ferred by other anophelines males (Mitchell et al. 2015). The

genomic signature of this sex-specific fast evolution has been

explored at the interspecific level, finding that the magnitude

of divergence in expression levels, the rate of evolution of

protein-coding genes, and the rate of gene turnover, are sub-

stantially higher for genes with female-biased expression than

for male- and nonsex-biased genes (Papa et al. 2017). These

patterns are in stark contrast to previous findings in other

Diptera and animal lineages (Grath and Parsch 2016), being

this difference interpreted as the outcome of an enhanced

selection intensity operating on females coupled with amelio-

rated male–male competition at the postcopulatory level as a

result of female monandry. Whether similar patterns are

reproduced at the intraspecific level has not been explored.

Anopheles arabiensis is the most common malaria vector in

the driest parts of Africa (White et al. 2011; Main et al. 2016),

and it is expanding its range due to climate change (Dabire et

al. 2014; Bimbile Somda et al. 2018). In this species, our un-

derstanding of patterns of naturally occurring genetic varia-

tion is primarily confined to SNP and chromosomal inversion

surveys (Fontaine et al. 2015; Main et al. 2016; Ayala et al.

2017), whereas functional genomic information derives pri-

marily from interspecific studies based on a single laboratory

strain from Dongola, Sudan (Neafsey et al. 2015; Papa et al.

2017; Izquierdo et al. 2019). To our knowledge, only one

study has tried to decipher the genome-wide transcriptional

patterns that arises from interpopulation genetic variation

(Simma et al. 2019), and thus far no study has tried to inves-

tigate the functional patterns associated with this genetic var-

iation while taking into account sex-specific aspects of the

anopheline biology. As a result, we lack a basic understanding

about the magnitude of this subset of functional variation

upon which selective mechanisms can operate and how it

might be linked to the evolution of key traits that contribute

to the role of An. Arabiensis as a malaria vector and its ability

to thrive in the most arid areas of Africa.

Using RNA-sequencing, we dissected the patterns of tran-

scriptome variation in females, males, and larvae across three

populations from Burkina Faso exposed to different types of

Significance

Transcriptome evolution in the anophelines has been primarily studied at the interspecific level, paying little attention

to the patterns of interpopulation differentiation. As a result, our understanding about intraspecific variation in ex-

pression levels, particularly at different life stages, in relation to chromosome organization, and in relation to sex-

biased expression, remains limited. We present a portrait of the transcriptome variation in Anopheles arabiensis, an

increasingly concerning malaria vector. Our results uncover the patterns of functional differentiation underlying ex-

pression variation at different life stages, expose a nonrandom distribution of gene expression polymorphism at the

chromosome and fine scales, and reveal substantial differences in the patterns of interpopulation expression poly-

morphism between female- and male-biased genes.
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savanna climate. Notably, in Burkina Faso, one of the coun-

tries most affected by malaria burden and deaths (WHO

2020), insecticide resistance in An. Arabiensis has been in-

creasingly documented (Jones et al. 2012a). This resistance

can arise in different ways (Ranson et al. 2002; Feyereisen et

al. 2015), in some cases in association with gene expression

changes, typically in the form of overexpression of detoxifying

enzyme-encoding genes leading to metabolic resistance

(Ibrahim et al. 2016), and expression changes in genes rele-

vant for cuticle composition leading to penetration resistance

(Jones et al. 2013). Here, we aimed at 1) determining the

magnitude and patterns of interpopulation variation in tran-

script abundance for An. Arabiensis in Western Africa; 2)

uncovering the functional attributes of differentially expressed

genes most strongly impacted by population differentiation,

particularly in relation to metabolic and penetrance insecticide

resistance; 3) testing for the existence of hot spots of tran-

scriptional differentiation in the An. Arabiensis genome, for

example, in regards to inversion polymorphism, which could

favor the accumulation of transcriptional differences in par-

ticular chromosomes or genomic regions (Marques-Bonet et

al. 2004); and 4) characterizing how genes with different sex

biases might differ in their level of expression polymorphism

such that we can determine the extent to which interspecific

patterns of divergence (Papa et al. 2017) are reproduced at

the intraspecific level and explore how gene expression vari-

ation is impacted by sex in the anophelines. Through this

population framework, we have generated a comprehensive

portrait of the patterns of interpopulation functional variation

in An. Arabiensis, which should accelerate our understanding

about the potential for adaptation and fast evolution in

this vector species (Powell 2018; Lai et al. 2019), while pro-

viding a more nuanced picture of anopheline transcriptome

evolution.

Results

Field Work and Colony Construction

We collected gravid females from rural areas of Nanoro,

Bobo, and Kodeni not overly exposed to insecticides. These

three sites are located across two different ecological and

climate zones of Burkina Faso (West Africa; fig. 1; Materials

and Methods). Subsequently, we constructed colonies by first

molecularly excluding the presence of A. coluzzi and An. gam-

biae (supplementary fig. S1, Supplementary Material online),

and then by enriching through particular mating schemes for

the presence of the most frequent chromosomal inversions

according to cytological squashes, that is, the 2Rb in all the

colonies and the 2Ra and 3Ra in Kodeni and Nanoro, respec-

tively (supplementary fig. S2 and table S1, Supplementary

Material online; Materials and Methods). This approach

resulted in three stable colonies, one per collection site, virtu-

ally fixed for particular combinations of chromosomal

inversions (supplementary table S1, Supplementary Material

online). Hereafter, we will refer to these colonies as

populations.

Sequencing Results

To ameliorate any unintended effect from long-term labora-

tory adaptation (Bonizzoni et al. 2012), RNA-seq data were

generated shortly after colony construction. We sequenced in

triplicates the transcriptome of L4 larvae, naı̈ve males, and

virgin nonblood-fed females. In the case of the larvae, their

sex was unknown, nevertheless, the probability of including

skewed biological replicates due to sex bias was low and

therefore the impact in downstream analysis negligible (sup-

plementary note S1, Supplementary Material online). In the

case of adult individuals, the choice of using only virgins

was to minimize allometric differences between the sexes

(Baker and Russell 2011; Jiang et al. 2015). Approximately

523 million sequencing reads (58.26 10.58; mean 6 SD

per sample type and population) were used in subsequent

downstream analyses. From those, 88% 6 15.6% per sample

type and population mapped to the genome assembly of

An. Arabiensis. Mapping efficiency did not differ by collection

site (Wilcoxon rank-sum test, P¼ 0.701), and was strongly

correlated between pairs of biological replicates for the

sample type and collection site (Pearson’s r¼ 0.929–0.997).

Upon discarding any batch effect (supplementary fig. S3,

Supplementary Material online), multidimensional scaling

analysis additionally showed a perfect clustering of the bio-

logical replicates per population for each of the sequenced

sample types, confirming the reliability and reproducibility of

the sequencing results (supplementary fig. S4, Supplementary

Material online).

Interpopulation Transcriptional Variation

The total number of genes with nonzero read counts in

at least one sample was 13,657 (99.8%). However, a gene

was considered to be expressed only if there was evidence

of expression (�1 cpm) in �2 biological replicates of at

least one of the particular sample type by population combi-

nations, that is, a biological group, surveyed. Under these

criteria, 12,575 genes (91.9% of all the genes surveyed)

were considered in further analyses (supplementary table

S2, Supplementary Material online). First, we performed three

pairwise population contrasts per sample type (supplementary

table S3, Supplementary Material online). At a 1% false

discovery rate (FDR), fold-change (FC) �2, a minimum of

1,150 (9.1%) and a maximum of 2,304 (18.3%) genes

showed differential expression in larvae and females, respec-

tively. In total, across sample types, 4,035 genes were differ-

entially expressed between populations, that is, 32.1% of

all annotated genes, of which, 76.2% showed sample type-

specific expression (supplementary fig. S5 and table S4,

Supplementary Material online).
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We next examined the commonalities and differences in

expression differentiation across population contrasts, which

were reproducible at different minimum expression thresh-

olds (fig. 2A; supplementary figs. S6 and S7, Supplementary

Material online). Females exhibit the largest magnitude of

interpopulation differentiation, which is clearly linked to the

Kodeni population. This population shows the largest number

of differentially expressed genes (1,813) in relation to Bobo.

The differentiation of the Kodeni female transcriptome from

those from Bobo and Nanoro involves 1,063 common genes,

which represent more than 50% of the subtotal in each pair-

wise contrast (58.6% and 68.3% for the Kodeni–Bobo con-

trast and the Kodeni–Nanoro contrasts, respectively; fig. 2B).

For the male and larval transcriptomes, the contrasts involving

Nanoro entail the most differentially expressed genes.

According to these levels of expression polymorphism, for

males and larvae but not for females, the mode of interpo-

pulation differentiation in mRNA abundance seems to mirror

more closely the ecotype zone to which the collection site

belongs (fig. 2C). Lastly, we examined whether there was

any global bias in the directionality of the differential expres-

sion, that is, toward over- or underexpression, across popula-

tion contrasts and sample types. We found evidence of such

bias at Padj< 0.01 in six out of the nine contrasts (supplemen-

tary fig. S7, Supplementary Material online), although no con-

sistency in the directionality of the trend was found for the

same population contrast across sample types. In sum, we

documented an overall lack of consistency in magnitude,

mode, and directionality in the patterns of differentiation in

mRNA abundance across sample types and population

contrasts.

Nonuniform Interpopulation Functional Diversification
across Sample Types

To understand the patterns of functional differentiation asso-

ciated with changes in gene expression across populations

and sample types, we tested for enrichment in Gene

Ontology (GO) terms and pathways among the differentially

expressed genes in each population contrast (supplementary

table S6 and note S2, Supplementary Material online). For

females, the populations from Bobo and Kodeni showed

the largest level of differentiation across functional rubrics

(supplementary table S7, Supplementary Material online). In

contrast, for males, Nanoro exhibited the most pronounced

pattern of functional differentiation, both in relation to

Kodeni and Bobo. For larvae, no consistent pattern of func-

tional differentiation emerged across population contrasts.

Overall, we found very limited overlap in trends of functional

differentiation both among sample types within the same

population and among populations for the same sample

type (fig. 3A). These patterns were essentially reproduced

when performing a complementary analysis focused on genes

found overexpressed in one population in relation to the other

two (supplementary table S5, Supplementary Material online),

and when considering only the 161 genes that contribute to

the statistical enrichment across multiple functional terms,

COTE D'IVOIRE

MALI

GHANA TOGO BENIN

Scale: 0 100 km50

Ouagadougou

Sahelian zone

Sudano-Sahelian zone

Sudano-Guinean zone

Collection site

Nanoro

Kodeni

Bobo Diosulasso (IRSS)

Capital

FIG. 1.—Collection sites of gravid females An. Arabiensis in Burkina Faso. Nanoro is located in the Sudano-Sahelian zone, which extends throughout

much of the central part of the country. In this zone, vegetation is constituted of an arid savannah and the climate is characterized by a short rainy season

from July to September. Bobo Dioulasso, or Bobo, and Kodeni are situated in the Sudano-Guinean zone at the Southwest of the country. In this zone, the

type of vegetation is humid savannah, and the rainy season extends from June to October.
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hereafter top contributors (fig. 3B; supplementary table S8

and note S3, Supplementary Material online; Materials and

Methods).

When specific GO terms and pathways were considered,

several related to protein metabolism stood out as being

enriched across two or more population contrasts both

in males and larvae (supplementary figs. S8 and S9,

Supplementary Material online). Also in males, enrichment

for pathways and GO terms related to multiple detoxifica-

tion processes underlying metabolic and penetration resis-

tance was very common across population contrasts. For

example, we found multiple genes encoding cytochrome

P450s such as AARA015789 (CYP6P4), which has been

shown to underlie An. Arabiensis resistance against several

pyrethroids in Central Africa (Ibrahim et al. 2016), and glu-

tathione S-transferases, such as AARA015764 (Gstd3),

which has been shown to underlie resistance of An.

Arabiensis to DDT in Burkina Faso (Jones et al. 2012b).

We also detected genes encoding proteins relevant for

cuticle composition such as AARA003376. This gene is in-

volved in the detoxification of bisphenol, a compound

known for interfering in the tanning and sclerotization re-

action in mosquito (Sacher 1971), and also in that of repel-

lents such as nicotine and limonene (Huong et al. 2019).

Although not part of enriched functional terms, we also

found genes recently proposed to be candidates of insec-

ticide resistance in An. gambiae such as AARA016114 (hex-

amerin) and AARA002269 (a-crystallin; Ingham et al.

2018). Notably as well, 31.4% (126/401) of the differen-

tially expressed genes at 1% FDR and FC> 2 between

Ethiopian resistant populations of An. Arabiensis and other

populations not resistant to DDT and the pyrethroid delta-

methrin were also found to be polymorphic in expression

across Burkina Faso populations (Simma et al. 2019). In

good agreement with the general patterns described

above, most of these differentially expressed genes were

not consistent across sample types (supplementary fig.

S10, Supplementary Material online).
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FIG. 2.—Magnitude and patterns of interpopulation differentiation of the transcriptome of An. Arabiensis across sample types. (A) Number of differ-

entially expressed genes at a 1% FDR and fold-change�2 for females, males, and larvae. The total number of unique differentially expressed genes across

contrasts for each sample type is indicated in parenthesis. (B) Venn diagrams showing the degree of overlap among genes differentially expressed across the

three contrasts performed for each sample type. (C) Hierarchical clustering of differentially expressed genes for different sample types. The genes included

correspond to those in the union set of the Venn diagrams in (B). B, Bobo; K, Kodeni; and N, Nanoro. Unlike Nanoro, Bobo, and Kodeni are associated with

the same ecotype zone.
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FIG. 3.—Commonalities in functional enrichment patterns across different functional rubrics are limited among sample types. (A) Degree of overlap

among sets of differentially expressed genes in at least one population contrast at a 1% FDR across the three types of samples assayed for GO terms and

pathways. GO term and pathway enrichment was assessed using g:Profiler (Raudvere et al. 2019) and VectorBase (Giraldo-Calderon et al. 2015), respec-

tively. (B) Degree of overlap among sets of differentially expressed genes tagged as top contributors to patterns of functional enrichment for GO terms

(without distinguishing among Biological Process, Molecular Function, and Cellular Component) and pathways.
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FIG. 4.—Differentially expressed genes are nonrandomly distributed across the An. Arabiensis chromosomal element. (A) Per sample type. (B) Main

contributors to functional enrichment patterns. Top, different chromosomes, with L and R denoting the left and right arms of the metacentric chromosomes

2 and 3, respectively. Only genes with FC�2 in expression at a 1% FDR in at least one of the population contrasts performed are considered. Each of these

genes is indicated with a vertical solid line. Significant enrichment (") or depletion (#) at 1% FDR-corrected P-value (*) or at 5% FDR-corrected P-value (•) is

shown.
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Transcriptional Variation across the Genome

For each sample type, we sought to establish whether genes

polymorphic in expression were randomly distributed across

the five chromosomal elements of An. Arabiensis the X chro-

mosome, and the left and right arms of the autosomes 2 and

3 (2L and 2R; 3L and 3R; fig. 4A). We found a significant

deficit of differentially expressed genes on the X chromosome

across sample types, being more robust in larvae as such def-

icit was reproduced across all population contrasts (supple-

mentary table S9, Supplementary Material online); for

females, two population contrasts, and for males, one popu-

lation contrast showed this reduction. Additionally, in the case

of females, we also detected an enrichment for differentially

expressed genes on chromosome 3R (supplementary table S9,

Supplementary Material online).

Alternative chromosomal arrangements generated by

inversions are known to facilitate functional divergence

(Marques-Bonet et al. 2004). The populations of An.

Arabiensis analyzed carry the inversions 2Ra and 3Ra (supple-

mentary table S1, Supplementary Material online), allowing

us to investigate any possible transcriptional effect of such

inversions. Although we could not test precisely whether ex-

pression polymorphism is associated with the indicated inver-

sions, as their breakpoints have not been mapped

molecularly, none of our analyses identified the chromosomes

carrying the indicated inversions as a preferential source of

interpopulation polymorphism in gene expression. This result

differs markedly from what has been reported in other

Diptera (Fuller et al. 2016; Lavington and Kern 2017). Our

results provide strong evidence for a chromosome effect on

the genome-wide expression polymorphism documented

here, but not one mediated by chromosome inversions.

Expression polymorphism can also be nonrandomly distrib-

uted at a finer scale, and not only at the chromosome-wide

level. We tested this possibility across scaffolds, adjusting for

their size in number of included genes. Only for females, in

the case of the contrast between Kodeni and Nanoro, is there

evidence of enrichment in the 1,254 kb long scaffold

KB704718, which is located on the chromosome 2L. Out of

the 57 expressed genes harbored by this scaffold, 16 (30.4%)

are differentially expressed in the indicated contrast, although

there is no consistency in the population directionality of the

expression changes. Therefore, we discarded the possibility of

local chromatin-level regulatory differentiation in the genomic

region represented by the scaffold KB7047818.

Subsequently, we examined how the 165 top contributor

genes were organized in the genome (fig. 4B). Of them, 154

genes were mapped to chromosomes, showing a small but

significant underrepresentation on the X and 3R (two-sided

Fisher’s exact test, FDR-corrected; X, Padj¼ 0.0132; 3R, Padj¼
0.0175) and a larger deficit on the 3L (two-sided Fisher’s exact

test, FDR-corrected, Padj¼ 9.53� 10�5). Notably, 60 of these

top contributors (i.e., 36.4%) form part of 22 clusters, defined

as groups of at least two differentially expressed genes lo-

cated less than 10 kb away (supplementary table S8,

Supplementary Material online). Collectively, these findings

support the conclusion that polymorphic genes underlying

multiple functionally enriched trends of population differenti-

ation are not randomly distributed across the An. Arabiensis

genome, but rather they tend to form clusters.

Sex-Biased Gene Expression

We examined the expression ratio between the sexes, that is,

log2(male/female), from a population perspective. We consid-

ered increasing expression differences between the sexes in

our gene categorization: moderate sex bias (2�FC< 4);

strong sex bias (FC� 4); and sex-limited expression (supple-

mentary table S10, Supplementary Material online; Materials

and Methods). We discovered overt interpopulation differen-

ces in the distribution of sex-biased expression (fig. 5A). These

differences are well reflected in the disparity among the over-

all proportion of genes showing sex bias in gene expression

across populations (table 1; three-sample test for equality of

proportions without continuity correction, X2 ¼ 1,303, d.f. ¼
2, Padj¼ 8.8� 10�16), which is also apparent when examined

in a pairwise fashion (supplementary table S11,

Supplementary Material online). Thus, while 41.0% of the

genes showed some degree of significant sex bias in

Kodeni, only 20.4% and 27.8% showed such pattern in

Bobo and Nanoro, respectively. These percentages are similar

to those in another An. Arabiensis strain from Dongola,

Sudan, in which 34.6% (3,911/11,300) of the genes were

also found to be sex-biased in expression (Papa et al. 2017).

In addition, the proportion of female-biased genes was

greater than that of male-biased genes (three-sample test

for equality of proportions without continuity correction, X2

¼ 33.81, d.f. ¼ 2, Padj ¼ 7.36� 10�8), which is significant in

two of the three population contrasts (supplementary table

S11, Supplementary Material online). This overrepresentation

of female-biased genes has also been reported for the

Dongola strain, with 2,025 genes being female-biased and

1,886 genes being male-biased (Papa et al. 2017). Overall,

Eastern and Western African populations of An. Arabiensis

show strong commonalities relative to sex-biased gene

expression.

Given the known plasticity of the transcriptome and sex-

biased expression (Grath and Parsch 2016), we inspected the

degree of consistency of different expression trends across

our populations (fig. 5B; supplementary table S12,

Supplementary Material online). We found that 48.8% of

the expressed genes consistently show no sex bias, whereas

the rest show evidence of significant sex bias in at least one of

the populations. Within this last group of genes, 25.9% are a

female-biased in at least one of the populations and unbiased

in the rest, 23.3% are male-biased in at least one of the

populations and unbiased in the rest, and 2% show a
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mixed bias pattern (i.e., reversal of sex bias across popula-

tions). When requiring consistency in the trend, that is, the

same sex bias pattern across the three populations, the frac-

tion of genes showing such biases was reduced to 8.2% and

4.3%, for female- and male-biased expression, respectively.

This lack of consistency affects even well-known fitness-in-

creasing genes such as AARA017140 or MISO (Mating-in-

duced stimulator of oogenesis; Mitchell et al. 2015), which

is categorized as moderately female-biased in Bobo and

Kodeni but nonsex-biased in Nanoro.

At the interpopulation level, Kodeni showed the most dif-

ferentiated pattern of categorization of sex-biased expression

relative to the other two populations (fig. 5C). This interpo-

pulation lability was further underscored when we parsed our

categorization against that in the Dongola population (Papa

et al. 2017; (supplementary fig. S11, table S13, and note S4,

Male-biased
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25.93%

6142
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F
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M

FIG. 5.—Abundant and inconsistent sex-biased gene expression across populations of An. Arabiensis. (A) The violin plots show the proportion and range

of fold-change values of differentially expressed genes between males and females in the three surveyed populations. (B) For sex-biased gene expression,

female (red) or male (blue) bias might not be found in all three populations (no consistently category). In fact, the percentage of genes showing the same sex

bias across populations (consistently category) is only 12.54% (4.32%þ 8.22%). (C) Sankey charts showing the lability in the sex-biased expression between

populations. The seven delineated categories in table 1 are color-coded. Bobo and Nanoro are more closely related to each other based on the patterns of

sex-biased expression than either of them to Kodeni. See supplementary table S12, Supplementary Material online for the precise number of genes

associated with different pairwise combinations of categories based on the magnitude and type of sex-biased expression between the two populations

involved in each case. F, female-biased; M, male-biased; No DE, no differentially expressed between the sexes, that is, nonsex-biased.

Table 1

Population Patterns of Sex-Biased Gene Expression

Female-Biased* Male-Biased*

Population Nonsex-Biased Moderate Strong Limited Subtotal Moderate Strong Limited Subtotal Sex-Biased

Bobo 10,006 676 262 587 1,525 572 199 273 1,044 2569

Kodeni 7,422 1,465 662 594 2,721 1,403 475 554 2,432 5153

Nanoro 9,073 911 395 690 1,996 935 264 307 1,506 3502

*NOTE.—Fold-change differences: Moderate (2� FC� 4); Strong (FC> 4); Limited (expression evidence in only one sex). See supplementary table S10, Supplementary Material
online.
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Supplementary Material online). Further, this lability in the

categorization of sex-biased genes is even reflected in the

differential enrichment for functional rubrics of the different

sex-biased gene categories across Burkina Faso populations.

Only in the case of genes with sex-limited expression, were

more than 50% of the enriched functional rubrics in each

population shared by at least two of the surveyed populations

(supplementary table S14, Supplementary Material online).

The interspecific comparison of the sex-biased expression

across four Anopheles species, including An. Arabiensis,

revealed that male-biased genes showed a higher magnitude

of sex bias compared with female-biased genes, whereas

female-biased genes exhibited a higher rate of interspecific

differentiation compared with male-biased genes (Papa et al.

2017). We examined the reproducibility of both patterns in

the Burkina Faso populations. In the case of the first pattern,

we found no differences in the magnitude of sex bias be-

tween the male- and female-biased gene categories when a

combination of P< 0.01 and effect size (i.e., log2 FC)�1 was

considered (supplementary fig. S12 and table S15,

Supplementary Material online). Subsequently, we tested for

an increased expression variation of female-biased relative to

male-biased genes. For that, we calculated the standard de-

viation of the log2 sex expression ratio (SD, Materials and

Methods), a common metric (Zhang et al. 2007; Papa et al.

2017). At a Padj < 0.01, and an effect size >0.3 to capture

truly meaningful biological effects (Cohen 1992), only 2 out

of the 12 contrasts showed differences in the SD of the sex

expression between the sexes (Fig. 6; supplementary table

S15, Supplementary Material online). The differences found

were consistent with higher expression variation for male-

biased genes in Bobo and Nanoro, being primarily associated

with the category of sex-limited expression. Repeating the

analysis with only genes showing consistently the same pat-

tern of sex bias across populations did not change the result

(supplementary table S16, Supplementary Material online).

Collectively, these results indicate a lack of reproducibility of

the patterns previously documented at the interspecific level

in our Burkina Faso populations.

We also investigated whether there is a positive association

between the magnitude of sex-biased expression and the de-

gree of variation in mRNA abundance in Burkina Faso popu-

lations. Compared with nonsex-biased genes, we found

evidence for a higher magnitude of variation for both sex-

limited and strongly sex-biased genes, but not for moderately

sex-biased genes (supplementary fig. S13 and table S17,

Supplementary Material online). We saw no obvious differ-

ence between male- and female-biased genes in terms of

magnitude of variation relative to nonsex-biased genes.

Further, in other Diptera, male-biased genes are more poly-

morphic than female- or nonsex-biased genes, and generally,

any given gene category based on its sex bias (i.e., female-,

male-, or nonsex-biased) shows more expression variability

when assayed in males compared with females (Meiklejohn

et al. 2003; Hutter et al. 2008; Muller et al. 2011). Contrary to

this expectation, when examining the degree of interpopula-

tion variation of different sex-biased gene categories within

the same sex, we detected an overall higher level of expres-

sion polymorphism for female- compared with male-biased

genes. This was obvious in males, particularly for strongly sex-

biased genes and most comparisons including the nonsex-bi-

ased category (supplementary table S18, Supplementary

Material online). The same trend was reproduced in females,

but in some cases, the effect size was not as large as in males.

MalesFemales

Sex-Limited
Strong

Moderate
All

***

Kodeni

Bobo

Nanoro***

FIG. 6.—Magnitude of variation in sex expression ratio of sex-biased

genes. The violin plots show the proportion and range of the variation in

sex expression ratio across the three populations of An. Arabiensis investi-

gated. For each population, all sex-biased genes, or subsets of them based

on the magnitude of the sex bias, are plotted side by side. The magnitude

of variation in sex expression ratio was calculated as the standard deviation

(SD) of log2(male/female) expression. Only in 2 out of 12 contrasts is there

evidence of significantly higher variation between the sexes; in all cases

male-biased genes show significantly higher variation than female-biased

genes with an effect size >0.3 and statistical significance (***) at Padj <

0.001 (supplementary table S15, Supplementary Material online).
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Based on this trend, we predicted that the strongly sex-biased

gene categories should display larger interpopulation variation

when expressed in males compared with when expressed in

females. Upon adjusting for population-level differences, we

found support to our prediction (supplementary fig. S13 and

table S19, Supplementary Material online). Altogether, the

patterns of sex-biased expression described here in An.

Arabiensis share limited similarity with those previously

reported in Drosophila melanogaster (Meiklejohn et al.

2003; Hutter et al. 2008; Muller et al. 2011).

Discussion

Patterns of Interpopulation Variation in Gene Expression

Genome-wide analyses of molecular variation in An.

Arabiensis and other anopheline species have primarily fo-

cused on the sequence evolution of protein-coding genes

(Neafsey et al. 2010; Fontaine et al. 2015; Neafsey et al.

2015). In contrast, equivalent analysis on expression variability

have been scarce (Bonizzoni et al. 2012) and largely limited to

the response to insecticides (Bonizzoni et al. 2015; Ingham et

al. 2018; Simma et al. 2019). As the anophelines are subject

to strong selection pressures including climate change, habitat

disturbance, and human-mediated interventions to control

malaria, transcriptome studies are arguably essential to un-

derstand the adaptive response of these species.

Our portrait of the expression polymorphism in An.

Arabiensis has revealed remarkable levels of mRNA variation

among females, males, and larvae from three populations of

Burkina Faso located within �350 km2, with larvae showing

the lowest level of expression polymorphism. This is largely

expected due to several factors. The first is the enhanced se-

lection intensity that operates on this developmental stage, as

it requires an aquatic environment and is highly susceptible to

predation, which results in higher mortality rates compared

with adulthood (Awono-Ambene and Robert 1999;

Carnevale and Robert 2009). The second factor is the greater

developmental constraints associated with the insect larval

stage, constraints that decrease as development progresses

(Artieri and Singh 2010). And the third is the reduced power

to detect interpopulation expression differences when se-

quencing a mix of male and female larvae as a gene can be

differentially expressed between two populations only in one

sex, or in both sexes but in opposite directions, that is, over-

expressed in one sex and underexpressed in the other.

Notably, we observed discordant patterns of transcriptome

variation among populations across sample types. Using the

fraction of differentially expressed genes between two pop-

ulations as a distance metric, the Nanoro population, which is

the only one of the three located at the Sudano-Sahelian

ecotype zone, shows the most variable transcriptome for

males and larvae, whereas the Kodeni population does so

for the female transcriptome. Particularly noticeable is the

relatively low number of differentially expressed genes be-

tween the females of Bobo and Nanoro, a pattern for which

its biological underpinnings are not apparent at this time and

should be further explored. Overall, these differential patterns

of expression polymorphism could be explained by asymmet-

rical functional constraints and selective pressures among

sample types, which underscores the need of performing ex-

pression analyses with different sample types to obtain a more

accurate view of the genome-wide patterns of population

differentiation in the anophelines.

From a functional perspective, the patterns of transcrip-

tome differentiation, based on the number of GO terms

and pathways that showed significant enrichment among dif-

ferentially expressed genes, only mirror the ecotype location

of the three analyzed populations in the case of the males but

not in the case of females and larvae. This is particularly evi-

dent for the females from Bobo and Kodeni, which exhibit the

most marked patterns of functional differentiation despite

belonging to the same ecotype zone. Overall, the disparate

patterns of functional differentiation shown by different sam-

ple types across populations could be explained by uneven

effects of local variation in abiotic and biotic factors although

experiments directly testing this possibility remain to be done.

We also documented very little overlap among enriched func-

tional terms across sample types, which, to some extent, is

unsurprising given the different ontogenetic constraints and

selection pressures to which larvae, males, and females are

exposed.

Expression Polymorphism Is Abundant among Insecticide
Resistance Genes

We detected that many polymorphic genes are associated

with functional terms relevant for insecticide resistance. For

example, 251 (�2/3) of the differentially expressed genes in

females in response to DDT and the pyrethroid deltamethrin

in Ethiopian populations (Simma et al. 2019) were found poly-

morphic across our Burkina Faso populations in not only

females (126 or 31.4%) but also males (162 or 40.4%) and

larvae (91 or 22.7%). Although tentatively some of these

differentiated genes could be used as markers for tracking

resistance in Western and Eastern African populations of

An. Arabiensis, analyses of the genome-wide transcriptional

response to insecticides are yet to be done in Burkina Faso

populations. Furthermore, we note that among these genes,

we have identified not only those typically known to mediate

metabolic resistance in anopheline species but also others

previously overlooked but recently proposed to contribute

to alternative pathways and biological mechanisms of resis-

tance (Ingham et al. 2018). An overall concerning aspect is the

abundant naturally occurring variation associated with meta-

bolic and penetration resistance across sample types, which

might hinder long-term vector control strategies that rely pri-

marily on insecticide-based interventions.
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The X Chromosome Exhibits Reduced Levels of
Transcriptional Variation Relative to the Autosomes

Genes showing interpopulation expression polymorphism are

nonrandomly distributed between the X chromosome and

the autosomes of An. Arabiensis. The X chromosome

appeared significantly depleted of these genes across all sam-

ple types investigated, particularly in larvae, which should be

studied more precisely in this developmental stage by analyz-

ing each sex separately. This decreased level of expression

polymorphism of X-linked genes is reminiscent of observa-

tions at the intraspecific level in embryos and adult males of

different D. melanogaster inbred strains (Hutter et al. 2008;

Kayserili et al. 2012), potentially reflecting a faster-X effect,

that is, a rate of evolution on the X that exceeds that on the

autosomes. This effect can result from two nonmutually ex-

clusive mechanisms. First, it could result from a more efficient

fixation of beneficial recessive mutations via positive selection

when hemizygous (Charlesworth et al. 1987). Second, it

could reflect a higher fixation of dominant slightly deleterious

mutations through genetic drift due to a reduced effective

population size of the X chromosome relative to the auto-

somes (Charlesworth et al. 1987; Vicoso and Charlesworth

2009)—the X chromosome but not the autosomes is in lower

number in males relative to females, that is, NeX ¼ 3/4NeA.

Upward alterations of the relationship between the Ne of the

X and autosomes due to intense male–male competition as in

D. melanogaster, that is, NeX > 3/4NeA (Laporte and

Charlesworth 2002; Vicoso and Charlesworth 2009), would

not apply to the same extent to An. Arabiensis as females are

essentially monandrous (Tripet et al. 2003; Yuval 2006;

Carnevale and Robert 2009).

A faster-X effect on expression has been often interpreted

as a result of an adaptive scenario driven by X-linked recessive

cis-regulatory mutations (Kayserili et al. 2012; Meisel et al.

2012; Coolon et al. 2015; Llopart 2012, 2018), particularly

in association with male-biased genes. Male-biased, as op-

posed to female-biased genes, are preferentially located on

the autosomes of Drosophila species, are the gene category

showing the largest divergence between species, and, in

some reports, have the highest levels of gene expression poly-

morphism (Meiklejohn et al. 2003; Ranz et al. 2003; Zhang et

al. 2007; Hutter et al. 2008). As reported at the species level in

the anophelines (Baker and Russell 2011; Magnusson et al.

2012; Jiang et al. 2015; Papa et al. 2017), and here for the

Burkina Faso populations of An. Arabiensis, female-biased

genes are also located in excess on the X chromosome

whereas male-biased genes are preferentially located on the

autosomes (supplementary fig. S15, Supplementary Material

online). However, it is not clear whether male-biased genes

are driving a faster-X effect in An. Arabiensis, as the strongest

evidence for depletion of polymorphic genes is found in lar-

vae—a developmental stage more moderately impacted by

sexual dimorphism—followed by females, with males

showing the weakest evidence for depletion of X-linked poly-

morphic genes. Additionally, some categories of female-, but

not male-biased genes, are in fact the most polymorphic in

expression in An. Arabiensis (supplementary Table S18,

Supplementary Material online). Further, adopting the ratio-

nale that a high correlation between male and female gene

expression reflects strong selective constraints, that is, weak

relaxed selection (Meisel et al. 2012), we found that the X

chromosome only exhibits higher levels of selective constraints

relative to the 3R arm (supplementary figure S16,

Supplementary Material online). Therefore, a faster-X effect

in An. Arabiensis seems, if anything, more influenced by non-

adaptive than adaptive causes, showing substantial general

differences with previous findings in Drosophila.

Genomic Hot Spots of Transcriptome Variation

Inversion polymorphism might favor the accumulation of tran-

scriptional differences in particular chromosomes or genomic

regions (Marques-Bonet et al. 2004). The lack of information

about the location of the breakpoints of the inversions 2Ra

and 3Ra precluded a precise assessment of whether expres-

sion differences were particularly associated with these inver-

sions or whether there was any position effect at their

breakpoints. Nevertheless, we did not find that the chromo-

somes carrying such inversions, the 2R and 3R, were partic-

ularly enriched in differentially expressed genes as it has been

found in other chromosome inversion polymorphism systems

in Drosophila species (Fuller et al. 2016; Lavington and Kern

2017). One possible explanation is that these inversions had

arisen very recently and therefore not enough time has

elapsed as for detecting the expected signature of expression

differentiation between populations in association with such

inversions. Additional work deciphering the evolutionary ori-

gin of these inversions will be necessary to test this possibility.

Further, we found evidence of a nonrandom distribution of

the top contributing genes to functional enrichment patterns

of population differentiation across the genome. This unequal

distribution is not only happening at the whole-chromosome

scale, but more importantly, it is consistent with an incipient

emergence of hot spots of transcriptome differentiation, pos-

sibly denoting effects of population divergence due to genetic

changes affecting cis-regulatory sequences or local chromatin

properties.

The Lability of Sex-Biased Expression Requires a Population
Framework

Our analysis of sex-biased gene expression stresses the need

for adopting a population framework relative to the catego-

rization of genes according to their sex bias trend. We found

that 2,227 (68%) of the female-biased genes and 2,381

(81%) of the male-biased genes in at least one population

showed transitions between nonsex bias and sex bias in gene

expression—or vice versa—across Burkina Faso populations.
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This intraspecific lability of sex-biased expression is even more

evident when we compared our sets of genes consistently

showing male or female bias in relation to a population

from Dongola, Sudan (Papa et al. 2017). We found that

0.63% (2/318) and 14.29% (60/420) of the genes in these

two categories, respectively, which also show sex-biased ex-

pression in the Dongola population, reverse the direction of

their bias between studies. Similarly, when we considered

jointly genes that show consistent and nonconsistent sex

bias, we detected 248 genes exhibiting reversals of the sex

bias across Burkina Faso populations, a number significantly

higher than the only seven equivalent cases documented be-

tween the Dongola population of An. Arabiensis and another

of An. gambiae (two-tailed Fisher’s exact test; P¼ 1.18 �
10�18; Papa et al. 2017). The lability of sex-biased gene ex-

pression featured by the Burkina Faso populations is not sur-

prising as different populations might be exposed not only to

different abiotic factors but also to very different regimes of

sexual selection, which has been proven to be a main factor in

the evolution of sex-biased expression in experimentally

evolved populations of Drosophila species over very short

timespans (Hollis et al. 2014).

Patterns of Sex-Biased Transcriptome Evolution

A previous comparative analysis of four Anopheles species,

including An. Arabiensis, found evidence that female-biased

genes were more rapidly evolving interspecifically than male-

biased genes, in sharp contrast to former findings in other

eukaryotes (Ranz et al. 2003; Khaitovich et al. 2005;

Voolstra et al. 2007). This peculiarity of the anophelines was

interpreted to be the consequence of two factors. First,

females in these species are under strong selection pressures,

as only this sex blood-feeds, which is essential for oogenesis

(Attardo et al. 2003; Mitchell and Catteruccia 2017). Second,

anopheline males would be exposed to decreased postcopu-

latory sexual selection compared with other Diptera, as

females typically mate only once during their lifetime (Tripet

et al. 2003; Yuval 2006; Carnevale and Robert 2009), which is

due to a male-induced mating plug and the subsequent re-

fractory response (Rogers et al. 2009; Mitchell et al. 2015).

Nevertheless, an increased rate of evolution at the interspecific

level could also result from nonadaptive processes. Finding

evidence of genes with female-biased expression being

more influenced by positive selection compared with male-

biased genes will ultimately require determining whether a

significantly higher proportion of between-species divergence

to within-species polymorphism exists that is associated with

female-biased genes (Meiklejohn et al. 2003; Nuzhdin et al.

2004; Harrison et al. 2012; Yeh et al. 2014).

At the intraspecific level in An. Arabiensis, we have found

that overall female-biased genes show similar magnitude of

sex-expression ratio variation to that of male-biased genes,

although male-limited expressed genes in Bobo and Nanoro

showed a significantly higher expression variation than their

female-limited counterparts. This overall lack of differences

between female- and male-biased genes at the intraspecific

level does not refute nor confirm whether intense positive

selection is the primary factor driving the fast evolution of

female-biased genes in anopheline species. Nevertheless, sev-

eral observations are not in line with the factors considered as

evidence for the preferential action of positive selection on the

female transcriptome, which call for additional studies to

more reliably discard relaxed selection as a relevant contribut-

ing factor to the fast evolution of female- relative to male-

biased genes at the interspecific level. First, we have found

unambiguous evidence that female-biased genes are more

variable than male-biased genes at the interpopulation level

when assayed both in males and females, which is compatible

with female-biased genes being subject to less stringent se-

lective constraints. Note that this last observation does not

contradict the notion reported in other Diptera that gene ex-

pression is more variable in males than in females (Meiklejohn

et al. 2003; Muller et al. 2011), due to an increased suscep-

tibility to genetic or environmental modifiers (Jiang et al.

2010). In fact, we do observe a larger magnitude of interpo-

pulation differentiation for the same gene category, regard-

less of its sex bias, when expressed in males compared with in

females.

Additionally, there is evidence for accelerated evolution of

male-related traits at the postcopulatory level, which can have

adaptive potential. In An. Arabiensis, the entire 20E content

generated by the male accessory glands is transferred to the

female during copulation, whereas other anophelines only

transfer half (Mitchell et al. 2015). As this 20E content elicits

vital physiological responses in the females, impacting their

remating ability (Baldini et al. 2013; Gabrieli et al. 2014), and

ultimately their vectorial capacity (Rono et al. 2010), male–

male competition could still take place, however, not by min-

imizing the direct fertilization success of the rival sperm but by

impacting indirectly some sperm traits such as longevity and

motility, or by modulating the reproductive fitness of the fe-

male, in part through its endocrine system (Rogers et al.

2008). In fact, we found significant differences in the magni-

tude of sex bias among genes expressed in the female sper-

mathecae (AARA002778 and AARA017412), whose

orthologs in An. gambiae (an ABC transporter and a peroxi-

dase encoding genes) regulate the lipid reserves for sperm

storage and acquisition of sperm motility, respectively

(Aitken and Baker 2006; Rogers et al. 2008). Our results

add to the increasingly accepted view that the strength of

sexual selection operating on males might be higher than

previously recognized (Cator et al. 2021).

Conclusions

Intraspecific expression surveys in the anophelines are funda-

mental to understand the potential of these species for
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adaptation and trait diversification, which is crucial for vector

control. These studies should interrogate the transcriptome

response to environmental cues such as insecticides and in-

creasing temperatures while considering sex-specific aspects

of the anopheline biology. Equally important, these studies

should also address what genetic changes are responsible

for differential expression. While expression differences be-

tween the sexes primarily reflect their distinct reproductive

systems (Assis et al. 2012; Jiang et al. 2015; Grath and

Parsch 2016; Papa et al. 2017), intraspecific expression differ-

ences for the same sample type under controlled environmen-

tal conditions can result from cis- and trans-regulatory

changes as well as from copy number variation (Itokawa et

al. 2010; Meiklejohn et al. 2014; Faucon et al. 2015; Cardoso-

Moreira et al. 2016). Therefore, genome sequencing of these,

or similar, populations should help gauge the relative impor-

tance of these different types of changes in their contribution

to the transcriptome diversification of An. Arabiensis, and

consequently to the expansion of its geographic range while

transmitting malaria across Africa.

Materials and Methods

Mosquito Collection and Identification

Mosquitoes were collected from July to November 2012. No

specific permissions were required for the locations where the

collection was performed. Blood-fed and unfed resting

females were collected using manual aspirators in human

dwellings. Subsequently, An. gambiae s.l. mosquitoes were

sorted from other species using morphological identification

criteria (Gillies and De Meillon 1968; Gillies and Coetzee

1987). Once in the laboratory, unfed mosquitoes were pro-

vided a blood meal on a rabbit. Field collected or laboratory

blood-fed females were kept in cages for 4 days until they

became gravid and ready to lay eggs. Then, females were

individually placed in plastic cups containing �25 ml of water

for oviposition. Once having laid eggs, they were killed and

genomic DNA extracted from legs, followed by species iden-

tification by PCR (Santolamazza et al. 2008) as the member

species from the An. gambiae s.l. are morphologically indis-

tinguishable. (In Burkina Faso, three members of this complex

are present: An. gambiae, A. coluzzii, and An. arabiensis

[Costantini et al. 2009].) The PCR is based on the amplification

of a �200 nt long Short Interpersed Element (SINE 200) locus

on the X chromosome (locus S200 X 6.1.) using the flanking

primers SINE 200X6.1F (50-TCGCCTTAGACCTTGGGTTA-30)

and SINE 200X6.1R (50-CGCTTC AAGAATTCGAGATAC-30).

The reaction mixture contained 2ml of 10x PCR buffer

(Promega, Madison, WI, USA), 1 mM MgCl2, 0.2 mM of

each dNTP, 0.3mM of each primer (Eurogentec, Angers,

France), 0.35 unit of Taq DNA Polymerase (Promega) and

2ll of template DNA, in a total volume of 20ll.

Amplification runs were performed under the following

conditions: an initial denaturation step at 94 �C for 10 min

followed by 35 cycles of 30 s at 94 �C, 30 s at 54 �C, 60 s at 72
�C, and a final elongation step of 10 min at 72 �C. The am-

plification products were run in 2% agarose gels (supplemen-

tary fig. S1, Supplementary Material online). Progeny of all

mosquitoes molecularly identified as An. Arabiensis were

pooled according to the study sites and reared under com-

mon insectary conditions. Larval offspring were reared at 30
�C and fed with Baby Tetramine fish food. Adults were main-

tained at 28 �C and 80–85% relative humidity with ad libitum

supply of 10% sucrose solution.

Chromosome Karyotyping

Ovaries were extracted from 20 to 22 h post blood-feeding

females under a stereoscope (Leica Microsystem GmbH,

Wetzlar, Germany) and preserved in Carnoy’s fixative solution

(three parts of absolute ethanol and one part of glacial acetic

acid). After one night at room temperature, ovaries were kept

at�20 �C until chromosomal analysis was performed. Ovaries

were first removed from the Carnoy’s fixative solution and

placed in a drop of 50% propionic acid on a microscope slide.

Then, follicles were carefully separated from each other using

fine needles under a stereoscope. After 3–5 min, a cover slip

was placed over the preparation and a gentle pressure applied

by tapping with a pencil to squash the follicles allowing poly-

tene chromosomes to spread out. The slides were examined

under a contrast phase microscope (Motic BA410, Motic

China group co., Ltd., Xiamen China) and chromosome

arrangements identified using a reference of the cytogenetic

map for An. Arabiensis (Coluzzi et al. 2002).

Construction of Isofemale Lines

Naı̈ve males and virgin females were obtained by sexing pu-

pae prior to emergence (Jones 1957), and placing them into

separate cages. Individuals were supplied with 10% sucrose

during the first 2 days to allow complete reproductive matu-

ration. On the third day after emergence, females were

blood-fed and subsequently forced to mate with naı̈ve males

(one male for one female). Four days after insemination,

females were provided a blood meal and subsequently

allowed to lay eggs as described above. Isofemale progenies

were then carefully reared separately until F4–F6.

Construction of Homokaryotypic Colonies

Subsets of mosquitoes were blood-fed and allowed to lay

eggs individually. Once having laid eggs, mosquitoes were

given a second blood meal and their ovaries were extracted

20–22 h later for karyotyping. Specimens carrying the inver-

sion 2Ra, 2Rb, or 3Ra were then identified and progeny of

females sharing identical chromosome arrangement were

pooled together for mating. After mating and blood-feeding,

F1 mosquitoes were placed in individual cups for oviposition,
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reblood-fed, and their ovaries extracted for karyotyping. As

previously, F2 mosquitoes were sorted by their karyotype. The

process was repeated until each inversion was completely

fixed in the colony as tested by further karyotyping. The result-

ing colonies were maintained in the insectary of the Institute

de Recherche en Sciences de la Sant�e (IRSS) at Bobo

Dioulasso, Burkina Faso, under controlled conditions of 28
�C, 80–85% relative humidity and a 12 h/12 h light–dark cycle

without crepuscular transitions. Larvae were fed using

TetraMin baby fish food whereas adults were provided ad

libitum 10% sucrose solution. Females were allowed to

feed on a rabbit for production of eggs, following the ap-

proved UCI IACUC protocol number 2012–3035.

RNA Extraction and Sequencing

Stage 4 larvae and 3- to 5-day-old naı̈ve males and virgin

nonblood-fed females from homokaryotypic colonies were

frozen in TRIzol (Invitrogen) for subsequent total RNA extrac-

tion. Specimens were macerated using motorized pestles and

the resulting total RNA samples were purified with RNeasy

Mini kit (Qiagen). Concentration, quality, and integrity of

the RNA samples were assessed using a Qubit 2.0

Fluorometer, a NanoDrop 8000 Spectrophotometer, and

with the RNA 6000 Pico kit in a BioAnalyzer 2100 (Agilent

Technologies), respectively. Unstranded (female) and

stranded (male and larvae), non-polyA, ribodepleted libraries

were prepared using the TruSeq Total RNA (Illumina) and the

Ribo-Zero (Epicentre) kits. cDNAs were sequenced using 100-

bp paired-end reads on an Illumina HiSeq 2500. Size selection

was performed using 2% agarose gels on the Sage Sciences

Blue Pippin, resulting in a library insert size of �480 nt. Three

biological replicates were sequenced per biological group,

that is, a particular sample type by population combination,

being 27 the total number of libraries (i.e., 3 samples � 3

populations � 3 replicates). The set of nine libraries corre-

sponding to a particular sample type was sequenced jointly

in two lanes.

Transcriptome Analyses

Quality control and processing of RNA-seq outputs were per-

formed using the pipeline HTStream (https://github.com/

s4hts/HTStream; last accessed August 1, 2020), including re-

moval of known Anopheles rRNA-related sequences as pre-

sent in NCBI, PCR duplicates, adapter sequences, reads

shorter than 50 nt, and filtered for low-quality bases using a

sliding window approach that required a window size of 10 nt

and a minimum quality Qscore of 20. Reads were mapped

using the splice-aware STAR Aligner v2.7.3a (Dobin et al.

2013) to the AaraD1 (release 47; April 2020) genome assem-

bly, which was softmasked using RepeatMasker, Dust, and

TRF. The AaraD1.11 gene annotation was used. Both anno-

tation and genome assembly were downloaded from

VectorBase (as of July 31, 2020). Scaffold location at the

chromosomal level was taken as reported (Waterhouse et

al. 2020). SAM alignment files were sorted and converted

into BAM files using SAMtools v1.10 (Li et al. 2009) and sub-

sequently into count matrices based on the gene annotation

used.

Differential expression analysis was performed on those

genes deemed as expressed, which implied the detection of

at least 1 count per million (cpm) in at least two of the three

biological replicates of at least one biological group. Firstly,

read counts across sample types for the genes deemed as

expressed were scaled using TMM normalization (Robinson

and Oshlack 2010) and log2 transformed. Secondly, precision

weights were estimated using the voom method (Law et al.

2014) and provided as input for linear models. For each sam-

ple type, three linear models were considered corresponding

to the three pairwise comparisons between populations.

Mathematically, each model was of the form yij¼aþ biþ�ij
where, yij denoted the normalized and log2 transformed

gene expression in the jth replicate from the ith population,

a denoted the baseline expression, bi denoted the average

increase (or decrease) in expression with respect to baseline in

replicates from the ith population, and �ij� N(0, r2) denoted

an independent and identically distributed error term with

mean 0 and variance r2. The above model was implemented

in limma (Ritchie et al. 2015) to test the null hypothesis that

b1¼b2, that is, for a given sample type, the average expres-

sion of a gene was the same in the two populations labeled 1

and 2. We rejected the null hypothesis and considered a gene

to be differentially expressed if the FDR (Benjamini and

Hochberg 1995) adjusted P-value was < 0.01 and FC� 2,

that is, more strict criteria than those conventionally used to

ensure that the same genes will be identified as differentially

expressed even in the case that the number of biological

replicates per biological group was increased. Lastly, to deter-

mine whether the differentially expressed genes in a given

contrast, that is, between two populations of the same sam-

ple type were preferentially over- or underexpressed, a

goodness-of-fit test was performed under the null hypothesis

that p1¼ p2, where p1 and p2 denote the proportion of

differentially expressed genes that are over- and underex-

pressed, respectively. We rejected the null hypothesis if the

FDR-adjusted P-value < 0.01.

Functional Enrichment Analysis

Lists of differentially expressed genes were used to identify

enriched pathways using VectorBase’s Metabolic Pathway

Enrichment tool (Giraldo-Calderon et al. 2015), and enriched

categories of GO terms using g:Profiler (Raudvere et al. 2019),

in both cases as of October 2020. For any relevant set of

genes, a particular pathway was considered to be enriched

for differentially expressed genes if the FDR adjusted P-value

was < 0.01. In the case of the GO terms, the g:SCS multiple

test correction was applied also at a P-value< 0.01. This more
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conservative correction does not assume independence

among the multiple tests that have to be done as it considers

the dependencies of GO terms within the GO term hierarchy.

For the identification of top contributor genes in terms of

biological relevance, that is, those genes that contribute to the

statistical enrichment across multiple functional terms, we de-

termined whether the joint probability of the gene being dif-

ferentially expressed and an associated pathway (or GO term)

being enriched was greater than or equal to an arbitrary

threshold value Qthresh. For a given sample type, the joint

probability was defined as Q(g, w) ¼ P(g)�P(wjg). Here, g

and w denote a differentially expressed gene and an enriched

pathway, respectively. Because there are only three pairwise

comparisons of interest, P(g) ¼ N/3, where 0�N� 3 and

P(wjg) ¼ M/N, where 0�M�N. We set Qthresh to 0.33 or

0.66 depending on whether the gene was differentially

expressed in only one of the pairwise comparisons or more.

If a gene is differentially expressed in only one comparison,

then the maximum permissible value for Q(g, w)¼ 1 3�1 1¼
0.33. In contrast, if a gene is differentially expressed in �2

comparisons, then Q(g, w) ¼ 0.66, which ensures that the

pathway is enriched in more than 50% of such cases. For

each gene examined, we counted X, that is, the number of

pathways (or GO terms) where Q(g, w) � Qthresh and if

XY>0.25, where Y denotes the total number of enriched

pathways (or GO terms), then the gene was deemed a top

contributor gene. The threshold of 0.25 was selected based

on the empirical observation that, for most pairwise compar-

isons, it resulted in a small number of genes (<30) being

included in the list of top contributors, thereby facilitating

the downstream examination of their properties.

Sex-Biased Expression Analysis

Population-specific linear models, similar to those described

above, were developed to identify differentially expressed

genes (FC � 2 and FDR-adjusted P-value < 0.01) between

males and females. The differentially expressed genes were

divided into six groups based on the type (overexpressed in

male or female) and magnitude of sex bias. Unlike genes

showing sex-limited expression, those preferentially expressed

in one of the sexes were further subdivided according to the

fold-change (2� FC <4, moderate sex bias; and FC �4,

strong sex bias). A FC of 4 was selected based on the

empirical observation that, in each of the three populations,

the third quartile of fold-changes was �4 implying that only

25% of the genes had fold-change exceeding this threshold.

Subsequently, a Wilcoxon rank-sum test was performed to

determine whether male- and female-biased genes showed

differences in expression variability. First, the six groups were

mapped to three categories: exclusive (expressed only in male

or female); nonexclusive with strong bias (overexpressed in

male or female with FC�4); and nonexclusive with moderate

bias (overexpressed in male or female and 2� FC <4).

Second, for each differentially expressed gene, the standard

deviation for the expression ratio between the sexes, that is,

the standard deviation for log2(male/female), was estimated

using the empirical Bayes method in limma. Third, for each of

the three categories, a two-sided Wilcoxon rank-sum test was

performed to test the null hypothesis (H0) that the standard

deviation was the same in male- and female-biased genes.

Fourth, the U-statistic for Wilcoxon rank-sum test was con-

verted into rank-biserial correlation (Kerby 2014) to estimate

the “effect size” or f-s where f and s denote the probability of

a male- or female-biased gene, respectively, having a higher

standard deviation. Lastly, for a given category, we rejected

H0 if the FDR-adjusted P-value (Wilcoxon rank-sum test)

<0.01 and effect size �0.3. For the effect size, the cutoff

value used was in accordance with reported guidelines

(Cohen 1992) for considering an effect size to be biologically

meaningful rather than just statistically significant, as the lat-

ter can simply result from an increase in the power of the test

associated with a large sample size. It should be noted that

the use of the effect size for Wilcoxon rank-sum test is equiv-

alent to the use of a FC in gene expression analysis in addition

to the P-value for identifying genes with nontrivial changes.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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