
RESEARCH ARTICLE Open Access

Unravelling population structure
heterogeneity within the genome of the
malaria vector Anopheles gambiae
Melina Campos1, Luisa D. P. Rona1,2,3, Katie Willis1, George K. Christophides1† and Robert M. MacCallum1*†

Abstract

Background: Whole genome re-sequencing provides powerful data for population genomic studies, allowing
robust inferences of population structure, gene flow and evolutionary history. For the major malaria vector in Africa,
Anopheles gambiae, other genetic aspects such as selection and adaptation are also important. In the present study,
we explore population genetic variation from genome-wide sequencing of 765 An. gambiae and An. coluzzii
specimens collected from across Africa. We used t-SNE, a recently popularized dimensionality reduction method, to
create a 2D-map of An. gambiae and An. coluzzii genes that reflect their population structure similarities.

Results: The map allows intuitive navigation among genes distributed throughout the so-called “mainland” and
numerous surrounding “island-like” gene clusters. These gene clusters of various sizes correspond predominantly to
low recombination genomic regions such as inversions and centromeres, and also to recent selective sweeps.
Because this mosquito species complex has been studied extensively, we were able to support our interpretations
with previously published findings. Several novel observations and hypotheses are also made, including selective
sweeps and a multi-locus selection event in Guinea-Bissau, a known intense hybridization zone between An.
gambiae and An. coluzzii.

Conclusions: Our results present a rich dataset that could be utilized in functional investigations aiming to shed
light onto An. gambiae s.l genome evolution and eventual speciation. In addition, the methodology presented here
can be used to further characterize other species not so well studied as An. gambiae, shortening the time required
to progress from field sampling to the identification of genes and genomic regions under unique evolutionary
processes.
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Background
An. gambiae was originally described as a single mos-
quito taxon in 1902 by Giles, but was later identified as
a complex composed of at least eight morphologically
indistinguishable yet molecularly divergent sibling

species, collectively referred to as An. gambiae s.l. [1–4].
Polytene chromosomes studies revealed an abundance of
paracentric inversion polymorphisms, of which a few
fixed inversions distinguish six of these species [5, 6]. A
recently separated species of the complex, An. gambiae
s.s and An. coluzzii (formerly S and M molecular forms,
respectively), share inversion karyotypes and were ori-
ginally distinguished by species-specific Single Nucleo-
tide Polymorphisms (SNPs) in a ribosomal locus [7].
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Several studies have focused on understanding the ori-
gin and evolution of inversions as well as their associ-
ation with speciation and local adaptation [8–10]. Most
notably, the frequencies of the largest and most geo-
graphically distributed inversions in the second chromo-
some of An. gambiae (2La and 2Rb) have been shown to
correlate with an African aridity cline [5, 11, 12]. Causal
validation of this correlation was performed by pheno-
typic experiments with characterized laboratory colonies
[13, 14] and controlled karyotype crosses [8].
Population genomic studies were accelerated after the

publication of the first complete genome sequence of an
An. gambiae colony containing both the M and S mo-
lecular forms [15]. Using genome re-sequencing or SNP
microarrays, genomic regions and loci were identified
that have diverged between An. gambiae s.s. and An.
coluzzii [16–19], or between populations with differing
insecticide resistance phenotypes [20, 21]. The latest
most ambitious population study was the re-sequencing
of nearly 1000 genomes of An. gambiae s.s. and An.
coluzzii, which revealed high levels of genetic diversity in
natural populations and provided a platform to explore
further genetic factors in this important malaria vector
(the An. gambiae 1000 Genomes Consortium, Ag1000G
henceforth). The study surveyed genomic population
structure heterogeneity by analysing 100 kbp windows
and identified four types of evolutionary dynamics,
whereby population structure is governed by species,
geography, 2La inversion genotype or 2Rb inversion
genotype [22].
Here, we perform an analysis of local population struc-

ture at a finer-grained genomic resolution. We describe a
new method to visualize and expedite the analysis of data
from genome re-sequencing projects that sample hun-
dreds to thousands of individuals from diverse collection
sites. This method uses the t-Distributed Stochastic
Neighbor Embedding (t-SNE [23]) visualization algorithm
to reduce the high-dimensional inter-individual genetic
distance information extracted from the Ag1000G project
into a 2D map-like representation, such that one can
visualize clusters of genes that may have been subject to
the same or similar evolutionary forces. We show that
many regions of the gene map are strongly linked to gen-
omic location, particularly influenced by speciation islands
[17], chromosomal inversions and biological function.
Genes within recent selective sweeps are clearly demar-
cated on the gene map. Unlike existing methods for quan-
tifying selection, this approach does not require a fully
assembled reference genome. Our study complements
previous approaches for genome-wide visualization of ex-
pression data [24] and provides a new way to explore
population genomics data, which can be easily applicable
to any organism and accelerate the discovery of novel gen-
omic features shaping the species.

Results & discussion
Dataset
Using data from the Ag1000G Project (phase 1 AR3 data
release; https://www.malariagen.net/projects/ag1000) car-
ried out by the Malaria Genomic Epidemiology Network
(MalariaGEN) [22], SNPs were obtained for each gene.
The dataset contains 765 samples (619 An. gambiae s.s.,
132 An. coluzzii and 14 hybrids) from 8 African countries
comprising Angola, Burkina Faso, Cameroon, Gabon,
Guinea, Guinea-Bissau, Kenya and Uganda. Mosquitoes
were collected between 2009 and 2012, except the Gabon
samples which were collected in 2000. Samples from Bur-
kina Faso were separated between species, An. gambiae s.s
and An. coluzzii. Due to high frequency of hybrids [25,
26], Guinea-Bissau was considered as a single mixed
population of the two sibling species. SNPs in non-coding
regions were removed and SNP numbers were counted
after filtering (S2 Table). Only SNPs within exons were
used in this study to minimize the confounding effects of
nested genes. In total 11,318 genes were included for
downstream analysis corresponding to 90.14% of An. gam-
biae genes in VectorBase [27] gene set Agam4.2 (S2
Table). These genes are distributed throughout all 4
chromosomal arms, i.e. 2R, 2L, 3R, 3L and X chromosome
(S2 Table). No single mosquito or gene had a substantial
(> 4%) amount of missing data (S3 Table).

A gene-resolution map of An. gambiae s.s. and An. coluzzii
populations
Inter-individual genetic distance matrices (765 × 764 /
2 = 292,230 individual pairs) were calculated for each of
the 11,318 genes (methods summarized in Fig. 1). The
distance matrices were linearized and combined for all
genes into one large matrix (11,318 genes × 292,230 indi-
vidual pairs). The t-SNE algorithm was used to flatten
this high-dimensional data into a representation depict-
ing genes in two dimensions. The goal of this dimen-
sionality reduction is to preserve as much of the high
dimensional population structure information in the low
dimensional representation as possible. The graph-based
t-SNE algorithm differs from matrix factorization
methods such as principal components analysis (PCA)
and multidimensional scaling (MDS) in that it is con-
cerned primarily with local relationships between genes
(genes with highly similar population structures) and is
able to flatten complex manifolds to some extent, al-
though global relationships are not usually reliably rep-
resented. Our approach has similarities to the TREESP
ACE algorithm for tree clustering [28]. However, the
dimension-reducing method used by TREESPACE,
MDS, does not scale well to large datasets [29] and over-
emphasises long-range distances as discussed above.
The resulting all-gene t-SNE is shown in Fig. 2, where

genes are colored by chromosome arm and two
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previously described chromosomal inversions: 2La and
2Rb [5, 30]. Approximately 6000 genes from a mix of
chromosomes form a large homogenous central region,
while surrounding clusters of various sizes appear to be
defined by chromosomal arm and inversions, i.e. genes
on the same chromosomal arm or within the same in-
version tend to be co-located on the t-SNE.
Because t-SNE has a random initialization step, each

invocation of the algorithm could produce a different re-
sult. The results of 30 independent replicate t-SNE map-
pings (S1, S2 and S3 Figs; S4 Table; and also
interactively via the web interface at https://vigilab.
shinyapps.io/anopheles/) show that, overall, the dense
central region and the large and smaller peripheral clus-
ters are consistent in terms of gene content, though their
relative positions are more variable. Henceforth in this
article, “consistent clustering” or “consistently clustered”
refers to highly reproducible cluster membership across
the 30 plots. The variability of global cluster arrange-
ment between the repeated t-SNE plots clearly illustrates

the limitations of the method with respect to the accur-
ate reproduction of long-range relationships. Thus, we
warn against trying to interpret the high-level structure
of the plots.
Although the layout of genes on t-SNE is driven by in-

ter-individual genetic distances, it is informative to use
population-based genetic measures such as the fixation
index (FST) as an aid to interpret the map. General FST,
which quantifies the average divergence between all
pairs of populations defined by country and sibling spe-
cies, is high (FST > 0.2) in most of the outer clusters
(Fig. 3a; S5 Table).
There is also a clear global trend for an increased

number of SNPs per gene from the center to the periph-
ery of the map (Fig. 3c). This trend is also seen at a
smaller scale within major peripheral clusters. Thus, a
broad interpretation of the map is that genes with undif-
ferentiated SNPs tend to be located in the center, while
more differentiated genes are found in several distinct,
peripheral clusters (Fig. 3a, b).

Fig. 1 Methodology outline. Schematic figure of the methodology used, from variant call format (VCF) files to 2D-plot of t-SNE. a Genomic Data
Structure (GDS), converted file from VCF, for each gene. Number of variants may vary for a constant number of individuals (N = 765). b Individual
by individual distance matrix calculated for each gene (765 × 765; 292,230 unique distances). c Table containing linearized distance matrix values
for 11,318 genes (11,318 × 292,230 values). d t-SNE 2D-plot using the table with linearized distances for all genes
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X chromosome and speciation islands
In the An. gambiae s.l. complex, a “speciation con-
tinuum” is observed, i.e. species undergo heterogenous
gene flow [31, 32], genomic introgression [25, 33, 34],
and uncertain boundaries [35, 36]. Most of the species
within this complex were first distinguished by inter-
species hybridization resulting in sterile male progeny or

by the presence of fixed chromosomal inversions [2, 4].
Centromeric regions of chromosomes have been demon-
strated to contain high levels of differentiation and often
described as “islands of speciation” [16, 17]. One of
these, a region on the X chromosome, has been espe-
cially associated with the speciation process [36, 37]. Ac-
cording to Fontaine et al. [36], a 15Mb region of the

Fig. 2 Scatter plot of 11,318 genes of Anopheles gambiae s.l. Dimensional reduction by t-SNE using SNP data for 11,318 genes of A. gambiae
s.s.and A. coluzzii. Each dot is a gene, which was colored according to chromosome arm location and/or main known inversion in the A. gambiae
genome. Below is a schematic representation of the A. gambiae genome

Fig. 3 Ranked distribution of FST values and number of SNPs for 11,318 genes of Anopheles gambiae s.l. a General FST values based on mean
overall FST values between all 9 populations; b Species FST values calculated using A. gambiae s.s vs A. coluzzii subsets. c Number of SNPs for
each gene
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chromosome X reveals the ‘true’ species tree between
An. gambiae, An. arabiensis and An. melas, while auto-
somes are misleading due to extensive historical intro-
gression between species. Similarly, Lee et al. [38]
showed that markers on the X chromosome have greater
diagnostic power than those on autosomes for diver-
gence between An. gambiae and An. coluzzii. Later,
Aboagye-Antwi et al. [37] demonstrated that the X
chromosome island only plays a key role in assortative
mating between An. gambiae and An. coluzzii.
Genetic differences between the two sibling species in-

cluded in the dataset analysed here, namely An. gambiae
s.s. and An. coluzzii, contribute to the clustering in the t-
SNE of genes that may be relevant to speciation (“spe-
cies divergence cluster”, Fig. 4). Genes with high Species
FST are located on the right-hand side of the plot (FST >
0.5) and are predominantly located either on the centro-
meric half of the X chromosome or close to the 3R
centromere (Fig. 4a, b), which is consistent with previous
studies that have detected high level of divergence be-
tween An. gambiae s.s. and An. coluzzii on speciation
islands [16, 17, 39, 40]. Additionally, several high Species
FST genes from other autosomal locations are consist-
ently co-clustered with these X and 3R centromeric

genes. If a t-SNE is made with only samples from one
species (An. gambiae s.s.) the co-clustering of these
genes is lost (Fig. 4e).
Thus, the t-SNE provides a visual indication of the gen-

omic extent of “islands of speciation”. Starting with genes
close to known X-linked species-diagnostic markers (e.g.
the intergenic spacer (IGS) of the multicopy ribosomal
DNA [41, 42] and the An. coluzzii-specific SINE (short in-
terspersed element) insertion [43], one can identify auto-
somal genes that are consistently co-clustered with them
(Fig. 4; S6 Table). One such gene, OBP41 (odorant bind-
ing protein 41; AGAP005182; non-centromeric 2L; Species
FST 0.53) is interesting because it is highly expressed in
ovaries 48 h after a blood meal [44, 45]. The protein prod-
uct of this gene may, like other atypical-type ovary-
expressed OBPs, be present in the eggshell and have a role
in sperm chemotaxis [46]. Also, co-clustered with OBP41
and genes of X-linked speciation is AGAP001820 (gen-
omic location: 2Rj inversion; Species FST 0.18). This gene
is a one-to-one ortholog of Drosophila melanogaster Heli-
case 89B (Hel89B) which encodes a DNA-binding protein
that acts as a chromatin regulator. The high level of ex-
pression of AGAP001820 in the testis mirrors the ovarian
expression of OBP41 and is likewise suggestive of a role of

Fig. 4 Sibling species differentiation. a t-SNE plot highlighting genes that show two criteria: Species FST higher than General FST and Species FST values higher
than 0.5 (red). These genes are largely located either on the centromeric half of the X chromosome or close to the 3R centromere. In black, gene Vgsc
(AGAP004707). b Enlargement of the ‘speciation cluster’ showing neighboring genes (AGAP001073, AGAP001082, AGAP001083, AGAP001084) of the main
diagnostic markers of A. gambiae and A. coluzzii: IGS, SINE200 and CYP (in blue). c Schematic representation of gene starting point for every gene selected in a;
shaded area corresponds to previously described islands of speciation. d Table containing the distribution of genes through chromosome arms in the ‘speciation
cluster’. e Scatter plot of the same 11,318 genes of A. gambiae genome using only An. gambiae s.s. samples, showing loss of a defined ‘speciation cluster’
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this gene in speciation [44]. Furthermore, two odorant re-
ceptor genes Or37 (AGAP002126; chromosome 2R; Spe-
cies FST 0.26) and Or60 (AGAP011979; 3L; Species FST
0.53) and TEP3 (thioester-containing protein 3,
AGAP010816; 3L; Species FST 0.28) are consistently co-
clustered. The odorant receptor genes have shown sex-
biased expression in An. gambiae, where Or37 was differ-
entially expressed in male reproductive tissues [47] and
Or60 in females after a blood meal [45]. The immunity
gene, TEP3, has been previously identified as having long-
range LD with speciation island regions and highlighted as
differentiated between A. gambiae and A. coluzzii [48, 49].
Thus, several genes that may have either driven the speci-
ation process, or be directly downstream of it, have been
identified easily using this visual tool.
Recent adaptive introgression on the left arm of

chromosome 2 (2L) was repeatedly detected in natural
populations conferring homogenization of autosomal
genomic islands [31, 33, 50]. For example, under strong
selective pressure by insecticides, An. coluzzii inherited
the entire An. gambiae-associated large centromeric re-
gion of chromosome 2L 2L, where the voltage-gated so-
dium channel (Vgsc, AgamP4 gene ID = AGAP004707)
gene that confers insecticide resistance is found [33, 34].
Homogenization of this genomic region via introgression
therefore explains why centromeric genes from 2L are
not highlighted in Fig. 4a.

Chromosomal inversions
As seen in Fig. 2, genes located within the 2La and 2Rb in-
versions form two well delineated clusters (blue and pur-
ple clusters in Fig. 2, respectively). The distinct population

structures for the genes in these clusters is expected due
to the much-reduced recombination rate within inversions
in heterokaryotypes that reduces gene flow between
homokaryotypes [51]. Chromosomal inversions are the re-
sult of reversed reinsertion of two break points, and like
any other type of mutation, evolve under selection and
random drift [51]. These two inversions in the second
chromosome of An. gambiae have a broad geographic dis-
tribution and their frequency as the degree of aridity in-
creases [5, 11]. Genomic resequencing of An. gambiae
collected along the cline, has shown evidence of local
adaptation i.e. environmental/ecological conditions main-
tain the cline inversion distribution [12, 52].
In the present study, a total of 2615 genes located in

the 2L chromosome arm were included, of which 1087
(41.5%) are within the 22Mb 2La inversion. In the
dataset studied here, 75% of the individuals are homo-
karyotypes, including 43% 2La-standard (+a/+a) and 32%
2La-inverted (a/a). Genes mapped within the 2La inver-
sion formed one large cluster (2La-1) and a small cluster
(2La-2) in the plot (Fig. 5a). The 2La-2 cluster (or in
some cases, just the subset of its 15 most distal genes) is
present in all 30 replicate plots (S1 Fig) and is discussed
in the selective sweeps section.
The other inversion, 2Rb, is approximately 7.7Mb long

and consequently comprises a smaller number of genes
(475 genes), although the gene density here is higher
(2La- 50 genes/Mb; 2Rb- 61 genes/Mb) (Fig. 5b). In the
present study, 62% of the individuals are homokaryo-
types for 2Rb-standard (+b/+b) and 17% homokaryotypes
for 2Rb-inverted (b/b). Together with 2Rb, the other
four common polymorphic inversions on this

Fig. 5 Chromosome 2 and its inversions. a t-SNE plot highlighting genes on the 2L chromosome arm, colors correspond to the genomic regions:
outside inversion i.e. collinear (red), within inversion 2La (blue). Within 2La inversion: 2La-1 showed as a large cluster and 2La-2 as an small isolated
cluster. b t-SNE plot highlighting genes on the 2R chromosome arm-colors correspond to the genomic region: outside inversions i.e. collinear (green),
inversions and inversions overlap (b, c, d, du, j). Black arrows indicate key genes referenced in the text
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chromosome arm (c, d, j, and u, and overlapped du) are
highlighted in Fig. 5b. The clustering of genes in the t-
SNE largely follows the pattern of inversions and their
overlaps. For example, where the 2Ru inversion overlaps
with 2Rd, genes in this region (in blue in Fig. 5b) form a
separate cluster from the non-overlapping 2Rd genes (in
orange). This could be explained in part by the covari-
ance that is relatively tightly linked by virtue of physical
proximity of any two genes.
Not all documented inversions will cause a clear clus-

tering of genes in the t-SNE. Only inversions that are
polymorphic in the samples analysed will have this
effect.

Centromere and telomere proximity
Several well-defined peripheral clusters are formed
from genes not located within inversions and are
worthy of further investigation. We have used the al-
gorithm DBScan to extract clusters for each chromo-
some arm outside of the main inversions (S7 Table).
Two of the largest non-inversion clusters are 2R-vii

and 2L-ii, each containing more than 200 genes that
are located close to the centromere (Fig. 6). Cluster
X-iii (120 genes, Fig. 7c), previously discussed in
terms of sibling species differentiation, is also
centromere-proximal. The distinctness of these clus-
ters may be explained by lower rates of recombin-
ation around centromeres that has been shown in
several animals, plants and fungi [53], since reduced
mixing would make it more likely that two neigh-
bouring genes share the same population structure.
Centromere-proximal genes on chromosome 3 do not

form consistently large peripheral clusters analogous to
clusters 2R-vii and 2L-ii. Cluster 3R-i (180 genes, Fig.
7a) is large and consistent, but is rarely truly peripheral
like 2R-vii and 2L-ii. Centromere-proximal clusters on
3L are small and one (3L-iv) is discussed below in an-
other context. How the centromeres of the two auto-
somes have come to have different population genetic
dynamics remains to be explained, though the presence
of chromosomal inversions in one chromosome but not
the other may be a factor.

Fig. 6 Cluster identification in chromosome 2. Automated cluster identification using the DBSCAN algorithm for genes in chromosome 2 outside
the main known inversions. DBSCAN clusters are represented in color. Below each tSNE plot is a schematic representation of the chromosome
and the starting points of each gene in a cluster is represented by a vertical line. Species FST computed between A. gambiae and A. coluzzii (red
line), and general population FST (black line). “C” for centromere and “T” telomere. a Five clusters are found in the 2L chromosome (2L-i – 2L-v). b
Seven clusters are found in the 2R chromosome (2Ri - 2Rvii). NA – gene not assigned to any cluster. Black arrows indicate key genes referenced
in the text
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Genes close to telomeres are not locally constrained in
the t-SNE plot to the degree seen for genes in inversions
and centromeres regions. For example, on chromosome
2, only two small t-SNE clusters are found near the telo-
meres 2R-ii (21 genes, Fig. 6b) and 2L-iv (18 genes, Fig.
6a), and near the telomere of chromosome 3R, cluster
3R-iii is quite large (184 genes, Fig. 7a) though not
clearly separated from the core region of t-SNE.

Selective sweeps
Another genetic factor that strongly influences popula-
tion structure and therefore the layout of genes in the t-
SNE is positive selection. If a single locus is under strong
selection, its genomic neighborhood is also affected due
to linkage disequilibrium (LD), creating a so-called se-
lective sweep. Positive selection is typically identified
through the analysis of haplotype diversity and LD with
reference to a fully assembled genome [54, 55]. In this
study, we note that small, isolated clusters of contiguous
genes in the t-SNE typically contain a gene that has ei-
ther previously been implicated in recent selective
sweeps (often related to insecticide resistance) or is a
likely candidate for such selection. Thus, our t-SNE of
gene-resolution population structure may offer a simple
visual means to identify potential selective sweep genes
in organisms with poorly assembled genomes. Below we
explore in detail individual genes and genomic regions
under selection.
Perhaps the most prominent ‘selective sweep cluster’ is

the ‘GSTE cluster’, 3R-iv (Fig. 7a), containing four

glutathione S-transferase genes: GSTE1 (AGAP009195),
GSTE5 (AGAP009192), GSTE6 (AGAP009191) and
GSTE7 (AGAP009196) that exhibit high population
structure (General FST respectively = 0.27, 0.25, 0.29 and
0.25; S6 Table). This region of strong selection was also
identified in the original analysis of the Ag1000G dataset
[22]. The genes GSTE2 (AGAP009194), GSTE3
(AGAP009197) and GSTE4 (AGAP009193) are also lo-
cated in this genomic region but fall in the center of the
t-SNE due to low numbers of SNPs that pass the quality
criteria. It is thought that GSTE2 may be the actual gene
under selection [56, 57]. Three immune system genes
SRPN6, SRPN16 and CLIPB11 are also consistently
present on this cluster, however it is not clear if these
have evolutionary and functional significance or have
simply piggybacked with the locus under selection. It is
noteworthy that SRPN6 is highly expressed in mosquito
midgut and salivary gland epithelial cells that are in-
vaded by the malaria parasites and is involved in parasite
killing and/or clearance [58, 59]. Therefore, its putative
involvement in this selective sweep notwithstanding, its
location within a strongly selected locus could contrib-
ute to diversifying vectorial capacity between An. gam-
biae populations.
The tandemly duplicated CYP6P gene family has been

previously identified to be under recent selection and
likely involved in insecticide resistance [60–62]. In the t-
SNE, the genes of this family are excluded because they
are located in the intron of another gene, AGAP002859.
However, this gene and 56 neighbouring genes form an

Fig. 7 Cluster identification in chromosomes 3 and X. Automated DBSCAN cluster identification for non-inversion-located genes in chromosomes
3R a, 3L b and X c. See Fig. 6 for details. NA – gene not assigned to any cluster. Black arrows indicate key genes referenced in the text
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isolated cluster (yellow cluster in Fig. 5b). All 57 genes are
located within the 2Rc inversion, though the majority of
the 271 genes within this inversion are dispersed else-
where on the t-SNE (Fig. 5b; web interface). Thus the ‘2Rc
cluster’ in Fig. 5b is not a typical inversion cluster as seen
for 2La or 2Rb on the t-SNE plot (see Fig. 2), for instance,
and may be better characterised as a selective sweep.
Both of the small, isolated, contiguous clusters 2La-2

and 3L-iv contain cytochrome P450 genes. Cluster 2La-
2 (Fig. 5a) contains CYP4J5 (AGAP006048), CYP4J10
(AGAP006049) and CYP4J9 (AGAP006047). Weetman
et al. [20] identified SNPs in CYP4J5 and CYP4J10 that
are associated with pyrethroid resistance in Ugandan
isofemale families but only one of the SNPs in the
CYP4J5 gene showed highly reproducible and significant
resistance association in sample sets from both Uganda
and Kenya [20]. Because there was no loss of haplotypic
diversity in the few samples sequenced from Uganda,
they suggested that CYP4J5 has been subject to a soft se-
lective sweep. However, the consistent distinctness of
the 2La-2 cluster in our analysis of 765 samples suggests
a strong selective sweep has indeed occurred. The 3L-iv
cluster (Fig. 7b) is likely the result of selection on
CYP4C28 (AGAP010414) or carboxylesterase COE12O
(AGAP010390). The former gene is overexpressed in
mosquitoes collected from agricultural sites compared to
an insecticide susceptible strain, suggesting involvement
in insecticide resistance [63].
Another small, isolated cluster of 15 genes, containing

the immunity-related gene CLIPB5 (AGAP004148) may
also indicate a recent selective sweep (Fig. 6b). Notably,
this region (2R:50645302–50,862,651) does not contain
any genes typically associated with insecticide resistance
and so CLIPB5 may be the most likely candidate to con-
tain the allele under selection [64].
The best-known gene under strong selective pres-

sure in insects is Vgsc (para gene - AGAP004707).
Two mutations in Vgsc codon 995 of An. gambiae
have conferred knockdown resistance (kdr) to DDT
and pyrethroid insecticides: leucine to phenylalanine
(L995F) [65] and leucine to serine (S995) [66]. The
frequency of L995F kdr mutation is high in West and
Central Africa populations included in the present
study, while L995S is mostly present in Central and
East Africa [22]. This gene is located in the
centromere-proximal region of the left arm of
chromosome 2 and it belongs to cluster 2L-ii in the
t-SNE (Fig. 6a), a cluster much larger (200 genes)
than the selective sweep clusters (20–30 genes) de-
scribed above. Thus, visual interpretation of the t-
SNE would not highlight this locus as a potential se-
lective sweep. The complex multi-locus resistance of
the Vgsc gene, its multiple introgressions between sib-
ling species, and its location close to the centromere

may explain why this gene does not belong to a
small, isolated cluster typical of other recently se-
lected genes.

The Guinea-Bissau cluster
It is also possible for selection to act on two or more un-
linked loci. Clusters 2L-iv (Fig. 6a) and 3L-v (Fig. 7b)
overlap in an area of the t-SNE that we henceforth refer
to as the “Guinea-Bissau cluster” (Fig. 8) since genes
within this cluster exhibit the highest Population FST for
this country (S4 Fig; S8 Table). Guinea Bissau samples
included in present study are from the coastal region,
where introgression from An. coluzzii to An. gambiae
has been persistently reported at high rates (> 20%) [25,
26, 65]. Vicente et al. [67] reported that this massive
introgression, which is limited to the coastal region,
drove species radiation between coastal and inland An.
gambiae populations. The spatiotemporal stability of this
novel hybrid form was related to species and local selec-
tion on chromosomal inversions. Whilst inland An. gam-
biae populations showed a common chromosomal form
(SAVANNA) across West Africa, coastal A. gambiae
presented a localized chromosomal form (BISSAU). The
“Guinea-Bissau cluster” could reveal genes involved in
local adaptation of this hybrid form.
The cluster contains just over 100 genes from both au-

tosomes and three genes from the X chromosome. Several
putative immunity-related genes are present including
CLIPC4 (AGAP000573), CLIPA8 (AGAP010731),
CLIPB14 (AGAP010833), HPX11 (AGAP010899), HPX15
(AGAP013327) and HPX16 (AGAP011216). The heme
peroxidase (HPX) genes are of particular note being lo-
cated so close together in the map despite not being close
genomic neighbours (spanning a region of 300 genes), and
because HPX15 (also known as IMPer) has been impli-
cated in the modulation of midgut immunity and micro-
biota tolerance [68].
Interestingly, two of the four genes in this cluster with

the highest Guinea-Bissau Population FST have published
links to viral infections: AGAP010732 (FST = 0.71) en-
codes a zinc-finger protein which is significantly upregu-
lated upon densovirus infection (Ren et al., 2014); and
AGAP004695 (FST = 0.75), which encodes a subunit of
the ESCRT-I complex that mediates the intracellular
trafficking of membrane proteins, was found to be up-
regulated during O’Nyong Nyong virus (ONNV) infec-
tion [69]. The gene encoding eukaryotic translation
initiation factor 3 subunit B (AGAP012140) is also lo-
cated in this cluster, though with a lower FST of 0.14,
providing further support for a local viral challenge hy-
pothesis given that viruses are dependent on the host’s
translation machinery [70]. However, the innate immun-
ity genes CLIPA8 and CLIPB14 that are also found in
this cluster, are associated with Plasmodium and
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bacterial infections [71, 72], so non-viral immune chal-
lenges may also have influenced the evolution of these
genes in Guinea-Bissau.

Gene function enrichment in the t-SNE
A systematic analysis was performed to detect over-
representation of gene functions in sub-regions of the t-
SNE. K-means clustering using the 2D t-SNE coordi-
nates was exhaustively performed for a variety of K
values (see Methods for details) to partition the map into
different subsets. Each gene set was tested for overrepre-
sentation of biological function by means of a Gene
Ontology (GO) term enrichment analysis using annota-
tions from VectorBase [27]. After appropriate multiple
testing corrections, 67 unique GO terms were found to
be significantly enriched in various locations in the t-
SNE (S6 Fig; S9 Table).
Since genomic location is the primary driver of the lo-

cation of a gene in the t-SNE, tandemly duplicated genes
are generally found close together in the plot and their
GO terms are enriched, though only trivially. Therefore,
we were particularly interested in GO terms enriched in
clusters of non-contiguous genes. Broadly speaking, the
center of the plot is characterized by a low number of
SNPs as well as low population structure values, i.e. Gen-
eral and Species FST (Fig. 3), characteristic of conserved/
housekeeping genes. As expected, GO terms related to
basic maintenance of biological functions such as trans-
lation, peptide and amide biosynthesis, ribosome, mito-
chondria are enriched in that area (S6 Fig).

The t-SNE region described above as the “species di-
vergence cluster” contains genes from different chromo-
some arms (Figs. 2; 4d). Interestingly, this area is
enriched for sensory perception and behavior (S6 Fig; S9
Table), functions likely to be involved in the distinct
mating and habitat preferences of An. gambiae and An.
coluzzii. The “Guinea-Bissau cluster”, which, as dis-
cussed above, contains several highly differentiated genes
putatively involved in viral infection, is also significantly
enriched for cholesterol transport and ion binding. All
four cholesterol transport genes are located in a tandem
array within the 2Rc inversion, so the GO enrichment is
not unexpected. However, the majority of the genes
closely neighbouring the tandem array are found in
other distinct clusters in the t-SNE, particularly the main
2Rc cluster. So, the cholesterol transport genes appear to
be in the “Guinea-Bissau cluster” by exception rather
than by default. Cholesterol transport and ion binding
can be linked to viral infections: membrane lipid proper-
ties can affect viral entry and exit and intracellular traf-
ficking, and the expression of ion binding genes was
previously found altered in Aedes aegypti under flaviviral
infection [73].

Conclusion
Population genetic studies generally seek to make infer-
ences about population structure, effective population
size, evolutionary rates and incipient speciation, among
others. Advances in DNA sequencing technologies have
increased the depth and breadth of these studies,

Fig. 8 Guinea Bissau cluster. a t-SNE plot highlighting genes in the “Guinea Bissau cluster”, which are colored according to chromosome arm
location and/or main known inversion in the A. gambiae genome. b Mean Population FST for genes within the cluster
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allowing long-standing biological questions to be ad-
dressed. Nonetheless, few studies explore population
genetic variation from a genome-wide, gene-wise per-
spective. Here, we use t-SNE, a recently popularized di-
mensionality reduction method, to create a 2D-map of
An. gambiae and An. coluzzii genes based on their popu-
lation structure in 765 mosquitoes collected from across
Africa that were previously sequenced and analyzed by
the Ag1000G consortium. Our approach makes no as-
sumptions about the division of individuals into sub-
populations and provides a visualization of intra-
genomic population structure differences that can relate
to any subset of individuals under selection or repro-
ductive isolation. The map allows intuitive navigation
among genes distributed throughout the so-called
“mainland” and numerous surrounding “island-like”
clusters. These gene clusters of various sizes seem to a
large extent to be driven by low recombination genomic
regions such as inversions and proximity to centromeres,
but also by recent selective sweeps. Because this mos-
quito species complex has been studied extensively, we
were able to support our interpretations with previously
published findings. Several novel observations have also
been put forward here.
Looking forward, our methodology provides a power-

ful foundation to analyze and visualize population struc-
ture at gene-resolution in additional species, some of
which are not so well characterized as An. gambiae,
shortening the time required to progress from field sam-
pling to the identification of genes and genomic regions
under unique and biologically relevant evolutionary
pressures. Unlike most population genetic analyses, this
method does not require a fully assembled, “chromo-
some quality” reference genome, which is becoming a
rarity in the current era of rapid sequencing of many
species and individuals. In particular, our method can
have applications in disease vector and pest control
using means of genetic modification and gene drive, as it
can rapidly identify chromosomal inversions and select-
ive sweep regions that are likely to be poor targets for
modification via gene drive technologies due to their
atypical population dynamics. Big data visualisation and
dimensionality-reducing embedding techniques continue
to be developed. Successors to t-SNE, such as UMAP
[74] and variational autoencoder neural networks [75]
may further improve the visualization and interpretation
of intra-genomic population structure heterogeneity.

Methods
Data preparation
All data were obtained from the Anopheles gambiae
1000 Genomes Project phase 1 (Ag1000G; https://www.
malariagen.net/projects/ag1000). Mosquitoes were col-
lected from natural populations at 15 locations in 8

African countries (S1 Table). Following alignment to the
AgamP3 reference genome, variant calling was discov-
ered and provided as per gene in Variant Call Format
(VCF) files. For details, see Ag1000G [22].
In total, 11,318 VCF files for the gene files in chromo-

some arms 2R, 2L, 3R, 3L and X were analyzed (S2
Table). Exon-only SNPs were extracted using VCFtools
[76] and missing data frequencies were verified and
summarising individual-wise and SNP-wise for each
gene. Each gene file was converted in Genomic Data
Structure (GDS) using SNPRelate [77] package in R
whereby each individual mosquito’s genotype at each
SNP locus is summarised as a single integer to allow fur-
ther analysis.

Gene-wise population structure
Pairwise FST between the 9 defined populations was aver-
aged (hereby referred to as General FST) using hierfstat
[78] package. This reflects the overall genetic population
structure with respect to geography. Inter-group FST was
also calculated using other available sample classifications,
such as: species (Species FST between An. coluzzii and An.
gambiae s.s), 2La and 2Rb karyotypes, and continental re-
gion (West, Central and East Africa) (S4 and S5 Figs; S5
Table). In addition, each population had per-gene FST cal-
culated against all other populations combined, to indicate
genes with unique evolutionary pressures for a particular
geographic location. Intrapopulation genetic diversity was
calculated using the same R package and available
metadata.

High-dimensionality reduction
The goal of dimensionality reduction is to preserve as
much information of the high-dimensional data set in
the low-dimensional representation. T-Distributed Sto-
chastic Neighbor Embedding (t-SNE) was used to reduce
n-dimensional information to two dimensions, where n
is the linearized distance matrix per gene i.e. 292,230 di-
mensions. This technique is a non-linear algorithm,
which preserves local structures while attempting to
maintain global relationships.
Firstly, inter-mosquito distance matrices (765 × 765)

were calculated for each gene using their vectors of GDS
numbers by the Manhattan method using the dist pack-
age in R (Fig. 1). Then, linearized per-gene distance
matrices were concatenated together. This large matrix
(> 3 billion elements) was handled in R by using the big-
memory v.4 package. Initially, a PCA was performed with
bigpca v.1 and the first 50 principal components were
then used as input for the t-SNE runs in Rtsne [79]. Each
point in the t-SNE plot then represents one gene and
genes close together in the plot indicate population
structure similarity. The parameters for t-SNE were
theta 0, perplexity 500, number of iterations 5000. The
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perplexity parameter controls the size (in number of
genes) of the local neighbourhood in high-dimensional
space that the algorithm considers. Low perplexities can
artificially strand data points in clusters that should
really be connected. Some alternative parameter settings
for perplexity are presented in Figure S7 and the web
interface, where it can be seen that the overall arrange-
ment and grouping of genes is not fundamentally
changed.
DBScan is a density-based spatial algorithm used to

find clusters of genes in the t-SNE [80] in R. This
method requires choosing the maximum distance be-
tween data points (eps = 0.6) and minimum number to
form a cluster (minPts = 15).

Inter-t-SNE consistency
To verify the consistency of the t-SNE dimensionality re-
duction, which has a random initiation step, 30 inde-
pendently seeded runs were performed. Two gene-wise
metrics were calculated to summarise the variability of
gene-gene spatial relationships within the 2D t-SNE
mapping. The first measure, mean_variance is more glo-
bally motivated: first the variance of the distance be-
tween gene i and j over the 30 maps is calculated, then
mean_variance for gene i is simply the mean of these
variances for the distances from gene i to all genes j ≠ i.
The second measure encapsulates local neighbour rela-
tionships: number_unique_nearest_N_neighbours is the
total number of different genes seen as nearest N neigh-
bours to gene i across the 30 maps. Its minimum is N,
indicating that a gene always has the same N nearest
neighbours regardless of the t-SNE initialization step,
and its hypothetical maximum is 30N indicating no
consistency of local neighbourhood at all. Both measures
(with the latter using N = 5,20,50) are presented in the
interactive web interface, available at https://vigilab.
shinyapps.io/anopheles/.

Gene function over-representation analysis
The genes in the t-SNE were partitioned using K-means
clustering on the 2D plot coordinates at different levels of
granularity. Partitions were made with K = 2 to K = 30
and then in increments of 5 up to 100 (i.e. 35, 45, 50…).
In total, 1409 gene sets were produced. Gene Ontology
(GO) over-representation analysis using the topGO R
package v.2.24.0 was performed on each cluster using a
weighted Fisher’s Exact Test where the null hypothesis
states that genes with a particular GO term are randomly
distributed between the k-means clusters. The weighting
procedure takes into account the hierarchical relationships
between GO terms and, in effect, obviates the need for
multiple testing correction with respect to the many GO
terms analysed. An additional Bonferroni-like correction

for the multiple K-means clusters tested was applied,
resulting in a final p-value threshold of 10− 5.
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median values of t-SNE coordinates distances between each gene and all
other genes. Genes with low values reflect higher consistency of global
arrangement in the t-SNE plot. S4 Fig. Ranked distribution of individual
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clusters within which a GO term was found enriched. The three GO cat-
egories: biological process, molecular function and cellular component,
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