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Abstract

Anopheles coluzzii is a major malaria vector throughout its distribution in west-central Africa. Here we present a whole-

genome resequencing study of 77 specimens from eight localities, that covers a large part of this species’ range, including three

islands in the Gulf of Guinea: Bioko, São Tomé and Pŕıncipe. Population genomic analyses encompassed structure of mainland

populations, of island populations and connectivity between island and mainland populations. Three genetic clusters were

found among mainland populations and genetic distances among all populations fit an isolation-by-distance model. Genomic

analyses were applied to estimating the demographic history and ancestry (cross-coalescence) for each island. Taken together

with the unique biogeography and history of human occupation for each island they present a coherent explanation underlying

contemporary levels of genetic isolation between mainland and island populations and among island populations. We discuss

the relation of our findings to the suitability of São Tomé and Pŕıncipe islands as candidate sites for potential field trials of

genetic-based malaria control strategies.

Keywords
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INTRODUCTION

From Darwin’s early work to the present, oceanic islands have served as model systems for the development
of evolutionary theory. Attributes such as small size, distinct boundaries and simplified biotas together with
relative youth and geographical isolation make islands a centerpiece of scientific interest (Losos & Ricklefs,
2009). Island remoteness is an obvious barrier for migration and one of the key factors in the theory of
island biogeography, which relates island size and distance from mainland with number of species (MacAr-
thur & Wilson, 1967). Migration between related populations allows the exchange of heritable information
and enhances genetic diversity, which is generally lower in island populations compared to mainland ones
(Frankham, 1997).

From an applied perspective, geographically isolated sites are being considered for initial field trials of new
genetic technologies applied to mosquito populations with the goal of malaria elimination. Confined field
trials facilitate assessment of risk and effectiveness of genetically engineered mosquitoes (GEM) without the
confounding influences of migration (A. A. James, 2005; S. James et al., 2018; Scott, Takken, Knols, & Boëte,
2002). Malaria is a life-threatening parasitic disease, that in 2018 resulted in an estimated 405,000 deaths
of which 94% occurred in Africa (WHO, 2019). Anopheline mosquitoes are responsible for transmitting
malaria parasites to humans. In Africa,Anopheles gambiae and A. coluzzii are among the principal vector
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species (Coetzee et al., 2013; Sinka et al., 2012; Wiebe et al., 2017). Malaria elimination strategies and
interventions greatly rely on vector control methods (WHO, 2017). However, modelling studies have shown
that conventional vector control is insufficient for endemic malaria elimination (Griffin et al., 2010; Walker,
Griffin, Ferguson, & Ghani, 2016), which reinforces the conclusion that new methods, which may include
GEM, are urgently needed (Gantz et al., 2015; Hammond et al., 2016; Kyrou et al., 2018; Macias et al.,
2020).

A thorough study of islands off the coast of Africa with the aim of identifying candidate sites for initial
field trials of GEM has identified São Tomé and Pŕıncipe (STP) as strong candidates (Vector Genetics
Lab., 2018). This archipelago consists of two small oceanic islands in the Gulf of Guinea (West Africa),
about 250 and 225 km, respectively, off the coast of Gabon. Anopheles coluzzii is thought to be the only
malaria vector present on these islands (Moreno et al., 2007; Pinto et al., 2000). Previous studies have shown
genetic isolation between A. coluzzii populations from São Tomé and Pŕıncipe islands, as well as between
the island and mainland (Marshall et al., 2008; Moreno et al., 2007; Pinto et al., 2000; Salgueiro, Moreno,
Simard, O’Brochta, & Pinto, 2013) reinforcing the choice of STP as a suitable location for initial release of
GEM. STP has recently reached the pre-elimination malaria level, due to the success of a combination of
interventions, including indoor residual spraying, insecticide treated nets and artemisinin-based combination
therapy (Chen et al., 2019; P. Lee, Liu, Rampao, Rosário, & Shaio, 2010; Teklehaimanot, Teklehaimanot,
Kiszewski, Rampao, & Sachs, 2009). Sustainability of these malaria vector control methods are challenged
by limited financial support and decreased mosquito susceptibility to insecticides (Chen et al., 2019).

Here we extend earlier studies describing genetic isolation between island and mainland A. coluzzii popula-
tions by applying analyses of 77 individual mosquito genomes. We present genome resequencing data from
three island populations: São Tomé, Pŕıncipe and Bioko (Equatorial Guinea); and continental populations
from five African countries (Angola, Benin, Gabon, Mali and Cameroon). This sampling scheme covers the
majority of A. coluzzii predicted distribution (Lehmann & Diabate, 2008). This is the first study using
whole-genome sequencing to assess connectivity of conspecific populations on islands in the Gulf of Guinea
with populations on the mainland. Results of this mosquito population genomics study are discussed in
relation to the evolution of divergence among island and mainland populations. In addition, we consider our
results as they relate to current and future vector control methods on the islands.

MATERIAL & METHODS

Population sampling

We used individual A. coluzzii specimens (N =77) archived at the Vector Genetics Laboratory, UC Davis,
and at the Instituto de Higiene e Medicina Tropical (IHMT), Universidade Nova de Lisboa, Portugal for this
study (Figure 1; Table S1). This set of specimens included samples from eight localities: three islands in the
Gulf of Guinea (N = 3 from Bioko, N = 14 from São Tomé andN = 17 from Pŕıncipe), four Gulf of Guinea
coastal mainland sites (N = 8 from Angola, N =11 from Benin, N =9 from Cameroon, and N =5 from
Gabon) and one inland site (MaliN =10). Species diagnostic was performed using species-specific markers
included in the DIS assay as described in Y. Lee, Weakley, Nieman, Malvick, and Lanzaro (2015).

Whole genome sequencing

DNA from individual mosquitoes was extracted using a Qiagen Biosprint following our established protocol
(Nieman, Yamasaki, Collier, & Lee, 2015). DNA yield was measured using a dsDNA high sensitivity assay
kit on a Qubit instrument (Thermo Fisher Scientific, Waltham, MA, USA). The KAPA HyperPlus Kit
(Roche Sequencing Solutions, Indianapolis, Indiana, USA) was used for individual genomic DNA libraries
using 10 ng DNA as input, as described in Yamasaki et al. (2016). Size selection of the libraries and clean-
up was performed using AMPure SPRI beads (Beckman Coulter Life Sciences, Indianapolis, Indiana, USA).
Individual library concentrations were measured using Qubit and then pooled in equal amounts for sequencing
using an Illumina HiSeq 4000 instrument at the UC Davis DNA Technologies Core facility.

Data processing, mapping and variant calling
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After filtering and trimming demultiplexed raw reads using Trimmomatic v0.36 (Bolger, Lohse, & Usadel,
2014), reads were mapped to the reference AgamP4 (Holt et al., 2002; Sharakhova et al., 2007) using BWA-
MEM v0.7.15 (Li, 2013) with default settings. Duplicate reads were removed using Sambamba markdup
(Tarasov, Vilella, Cuppen, Nijman, & Prins, 2015). Freebayes v1.2.0 (Garrison & Marth, 2012) was used for
variant calling, with standard filters and the “-no-population-priors”, “theta = 0.01”, and “max-comple-gap
= 0” options. Variants were normalized with vt normalize v0.5 (Tan, Abecasis, & Kang, 2015) and those
without support from both overlapping forward and reverse reads were removed using vcffilter v1.0.0rc2
(https://github.com/vcflib/vcflib). Only biallelic SNPs with minimum depth of 8 and maximum of 2% of
missing data were used for further analysis.

Mitochondria

Mitogenome variant calling were generated assuming single ploidy using Freebayes v1.2.0. Singletons and
SNPs in an AT-rich region were removed from further analysis due to low coverage (Hanemaaijer et al.,
2018). A neighbor-joining tree was constructed with Nei’s distance matrix and 1,000 bootstrap replicates
using the R package ape 5.4 (Paradis & Schliep, 2019).

Genetic structure of populations

Analysis of population structure was based on chromosome 3 SNPs only. This was done to avoid confounding
signals from polymorphic inversions on chromosomes 2 and X (Sharakhova et al., 2007). Heterochromatic
regions on chromosome 3 were also filtered out (Sharakhova et al., 2007). After this filtering, pruning for
LD and singletons was performed for principal component analysis (PCA) using scikit-allel v1.2.0 (Alistair
& Harding, 2017). Hudson’s estimator (Bhatia, Patterson, Sankararaman, & Price, 2013; Hudson, Slatkin,
& Maddison, 1992) was used for pairwise fixation indices FSTcalculation implemented in scikit-allel v1.2.0.
TheseFST estimates were used for correlation between genetic and geographic distances with a Mantel test
(Mantel, 1967) using the R package ade4 (Dray & Dufour, 2007). Population structure was also explored by
assignment of individual genomes to ancestry components using ADMIXTURE v1.3.0 (Alexander, Novembre,
& Lange, 2009). A total of three replicate samples of 100,000 SNPs from chromosome 3 were submitted for
admixture analysis. For each replicate, five iterations were performed for values of K clusters from 1 to
15. The results were compiled using the online version of CLUMPAK and plotted in R. Best-fitting K was
determined by the lowest cross-validation value based on the 15 ADMIXTURE runs.

Nucleotide diversity (π) and Tajima’s D were calculated in nonoverlapping windows of 10 kb on autosomal
chromosomes using VCFtools (Danecek et al., 2011). VCFtools was also used for the calculation of inbreeding
statistics (FIS ) using the method-of-moments approach. Runs of homozygosity (ROH) were inferred outside
inversions and heterochromatic regions and LD-pruned SNPs set using PLINK v1.9 (Purcell et al., 2007).
The results were grouped by population and significance tests performed between the islands of São Tomé
and Pŕıncipe and the remaining populations under study using a Wilcoxon test for the means in R.

Population sizes and cross-coalescence analysis

Population size estimation and cross-coalescence analysis were performed using the multiple sequentially
Markovian coalescent pipeline MSMC2 v2.0.2 (Schiffels & Durbin, 2014) following the author’s protocol
(https://github.com/stschiff/msmc2). For this analysis, SNPs were phased with SHAPEIT2 v2.9 (Delaneau,
Marchini, Genomes Project, & Genomes Project, 2014) using an A. gambiae recombination map (Anopheles
gambiae 1000 Genomes et al., 2017). Four samples per population (except Bioko; N =3) were randomly
selected and used for population size and two per population for cross-coalescence inter-population, as
described in Schmidt et al., 2019. The results were plotted in R, assuming 10 generations per year and
mutation rate of 2.85 x 10-9 (median between mutation rates in insects as used in Schmidt et al. (2019).

RESULTS

Mosquito sampling and sequencing

We sequenced the genomes of 77 Anopheles coluzzii samples originating from island or mainland populations.

3
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In total 2.3 billion reads were sequenced with a mean genome coverage of 11.3× per sample (Table S1). On
average, 94.6% of reads were mapped to the reference genome AgamP4. We identified 19.9 million high-
quality biallelic single-nucleotide polymorphisms (SNPs) across the genome.

Population structure

We investigated the genetic structure of A. coluzzii from island and mainland populations in West and
Central Africa (Figure 1). Only biallelic SNPs on chromosome 3 were used to avoid confounding factors from
common paracentric inversions on other chromosomes. Both principal component and Bayesian clustering
analyses suggest that populations on São Tomé and Pŕıncipe Islands (STP) are genetically differentiated from
mainland populations (Figure 2a, b). On the other hand, Bioko Island clusters with mainland populations
from Gabon and Cameroon (Figure 2a). With K = 2 (lower cross-validation value for 1 < K < 15, Figure
S1), STP samples form a unique cluster distinct from mainland and Bioko samples which are contained
within two additional groups. When K is set to 5, mainland populations plus Bioko Island are distributed
among three genetic clusters which are differentiated from São Tomé and Pŕıncipe samples (Figure 2).
Among mainland populations, a geographic latitudinal clustering was found i.e. Mali and Benin forming a
north-western group, followed by Cameroon, Gabon and Bioko Island in central Africa, and a third cluster
consisting of the samples from Angola (Figure 2a, b). The same clustering pattern was derived at using
biallelic SNPs on the mitochondrial genome of these samples (Figure S2).

Mean FST between STP populations and mainland populations was significantly higher than FSTamong
mainland populations only (Figure 2c, d). Pŕıncipe island presented the highest FST values (Figure 2c).
Mantel tests for geographic distances and FSTwere uncorrelated if all population comparisons were included
(p= .81; Figure S3) but significantly correlated when STP were excluded (p = .005; Figure S3).

Population diversity

Mean nucleotide diversity (π) was measured over the whole genome ofA. coluzzii. Specimens from STP
populations carried significantly less diversity compared with mainland populations (Figure 3a). Tajima’s
D statistic for A. coluzzii sequence from STP was D > 0, indicating a scarcity of rare alleles consistent
with population bottleneck at the initial introduction of this species into the islands (founder event) and
continued maintenance of small population size relative to populations on the mainland. STP populations
also showed longer runs of homozygosity (FROH ; Fig. 3c) and higher inbreeding statistics (FIS ; Fig. 3d).
These results are consistent with the hypothesis of reduced genetic diversity in island populations due to
inbreeding and smaller population sizes. Bioko island was grouped with mainland populations, consistent
with it’s geological history and suggesting continued contact with mainland populations.

Population demographic history and cross-coalescence

A reconstruction of the demographic history of A. coluzzii was created using Multiple sequentially Marko-
vian coalescence (MSMC) analysis applied to our genome sequence data. Prior to about 900,000 years ago
effective population size of a putative ancestral population was relatively large (Ne˜107) and stable (Fig.
4A). From that point forward there appear numerous splits from a central Africa group (Bioko, Cameroon,
Gabon, São Tomé and Pŕıncipe) with different population groups following distinct demographic trajectories.
The first of these splits appears to have occurred at roughly the same time (˜1M years ago) forming western
populations (Mali and Benin) and a distinct population in Angola. Inland western populations experienced
initial size expansion subsequentially stabilizing and remaining relatively large. The Angola population fol-
lowed a declining trajectory stabilizing at an intermediate level about 50,000 years ago. Populations of A.
coluzzii became established in São Tomé and Pŕıncipe around ˜90,000 years ago experiencing a dramatic
population bottleneck in the process of colonizing the islands (founder effect). A second split at roughly the
same time distinguished Cameroon from Bioko and Gabon. While Bioko and Gabon population sizes con-
tinually decreased until the most recent reliable estimation (˜30,000 years ago; gray bar Fig 4a), Cameroon
increased reaching similar levels to west Africa.

Shared history of populations was estimated for pairs using cross-coalescence. A higher relative cross-
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coalescence (RCC), indicates less time to the last common ancestor shared by the two populations in a
specific comparison (Figure 4b). Heuristically, RCC < 0.5 (mid-point) denotes an isolation between po-
pulations. All populations shared common ancestors in the deep past, reflecting high connectivity. About
˜200,000 years ago, RCC between west African populations (Mali and Benin) and all other populations star-
ted decreasing considerably, reaching the mid-point or below (RCC < 0.4 for Angola comparisons) (Figure
4b). RCC between São Tomé and Pŕıncipe populations and Angola and central Africa populations declines
over time. The islands became isolated about ˜90,000 years ago (RCC < 0.3) (Figure 4c-top). However, high
RCC was found between São Tomé and Pŕıncipe, comparable with the pair Mali and Benin, suggesting some
degree of historical gene flow (Figure 4b-bottom).

DISCUSSION

Dispersal of malaria vector species has been extensively explored because it directly affects disease trans-
mission, the spread of insecticide resistance and strategies for controlling mosquitoes (Clarkson et al., 2018;
Huestis et al., 2019). Mosquito dispersal can be measured by conventional mark–recapture experiments for
short range (Service, 1997; Touré et al., 1998), directly by air-borne insect sampling for long distances (Hues-
tis et al., 2019) or through estimation of gene flow between populations applied at various scales. Here we
describe important aspects of A. coluzzii dispersal and historical phylogeography using a population geno-
mics approach. This is the first whole-genome resequencing study covering a large part of this species’ range
focusing on island as well as mainland populations (Calzetta et al., 2008; della Torre, Tu, & Petrarca, 2005).

Mainland Populations

Anopheles coluzzii samples from mainland populations were consistently divided into three geographical-
ly related genetic clusters: i) Mali and Benin in West Africa; ii) Cameroon and Gabon in Central Africa
and iii) Angola (Figure 2a; Figure 2b). Anopheles coluzziioverlaps with its sister species A. gambiae over
90% of its geographical range, which comprises Central and West Africa (Lehmann & Diabate, 2008). Ho-
wever, in contrast to the shallow population structure found in A. gambiae across the African continent
(Anopheles gambiae 1000 Genomes et al., 2017; Lehmann et al., 2003; Weetman, Wilding, Steen, Pinto, &
Donnelly, 2012), in this study A. coluzzii populations presented positive isolation by distance (Figure S3b),
corroborating previous reports (Clarkson et al., 2020; Pinto et al., 2013). In the Sahel, where there is a pro-
nounced dry season, recent studies have suggested that A. coluzzii persists through dry seasons via dormancy
(aestivation), whereas A. gambiaepopulations experience local extinctions followed by reestablishment via
long-distance migration (Arcaz et al., 2016; Dao et al., 2014; Lehmann et al., 2017). In addition, A. gambiae
has a far broader geographical distribution (across most of sub-Saharan Africa). These observations suggest
that A. gambiae has a greater capacity for dispersal compared with its sister species A. coluzzii .

Based on our analyses of historical population size and cross-coalescence, we hypothesize that, like A. gambiae
(Schmidt et al. 2019) the geographical origin of A. coluzzii was from a west African ancestral population
represented by the current Mali and Benin groups (Figure 4). West African and Cameroonian populations
have no sign of strong historical fluctuations in population size, whereas Gabon and Angola populations each
experienced a decrease in effective population size. Concerning the cross-coalescence analysis, we observed
a split that occurred ˜200,000 years ago separating west African populations (Mali and Benin) firstly from
Angola, then from all others (RCC< .5; Figure 4), consistent with observations ofA. gambiae which were
correlated with the Congo River basin as a geological barrier to dispersal (Schmidt et al., 2019; Voelker et
al., 2013).

Island Populations

Anopheles coluzzii from São Tomé and Pŕıncipe islands presented patterns typical for remote oceanic island
populations i.e. reduced genetic diversity, signs of inbreeding and low population size, whereas Bioko island
population was similar to those on the mainland (Figure 3; Figure 4a). All three are located in the Gulf of
Guinea as part of the chain of volcanoes of the Cameroonian line (Burke, 2001). Bioko is only 32 km off the
coast of Gabon whilst São Tomé and Pŕıncipe are 250 and 225 km from Gabon respectively. Beyond simply
distance from the African mainland, important biogeographic aspects differentiate Bioko from São Tomé and
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Pŕıncipe islands and these are reflected by the biology of the organisms inhabiting these islands.

Bioko is a land-bridge island, lying on the continental shelf in shallow seas only 60m deep (Jones, 1994; Juste
& Ibanez, 1994). Sea levels were historically lowered sufficiently to connect Bioko to the Africa mainland
during the last glaciation (Jones, 1994). In contrast, São Tomé and Pŕıncipe are oceanic islands that have
never been connected with the mainland nor with each other, and are separated by seas over 1,800m deep
(Jones, 1994). Reflecting its continental origin, Bioko’s fauna and flora are relatively species-rich, but with
low levels of species endemism, suggesting its former connection to the mainland and short period of isolation
(Jones, 1994; Juste & Fa, 1994; Juste & Ibanez, 1994). São Tomé and Pŕıncipe islands present an inverted
pattern i.e. high endemism, that includes mosquito’ species (Jones, 1994; Loiseau et al., 2019), and low
species richness. In STP islands only two species of anopheline mosquitoes have been reported, A. coluzzii
andA. coustani (Pinto et al., 2000), whilst on Bioko there are at least five: A. gambiae s.s (hereafter A.
gambiae ),A. coluzzii , A. melas , A. funestus , A. smithii (Molina et al., 1993; Reimer et al., 2005).

Relationship Between Island and Mainland Populations

Regarding connectivity between island and mainland populations, we found strong evidence that A. coluzzii
from STP islands are isolated from mainland populations. While samples from Bioko are closely related to
central African populations from Cameroon and Gabon. These results were supported by population structure
analysis using PCA (Figure 2a), admixture (Figure 2b) and pairwise FST (Figure 2c). Considerably higher
genetic divergence was found between São Tomé or Pŕıncipe island populations and those on the mainland
than among mainland populations (p<0.001; Figure 2d). In addition, divergence was high between the two
islands (FST= 0.11); and admixture analysis (K =5) assigned each island to a distinct genetic cluster (Figure
2b).

The results we report here are consistent with and extend earlier work on the genetic structure of mainland
and island populations of A. coluzzii around the Gulf of Guinea. This earlier work described the genetic
structure of populations using microsatellite markers (Moreno et al., 2007; Pinto et al., 2002), mitochondrial
ND5, rDNA internal transcribed spacer sequences (Marshall et al., 2008) and transposable element (Herves
) insertion site polymorphisms (Salgueiro et al., 2013). Collectively these works revealed genetic isolation
between populations in STP and Gabon and little isolation between populations on Bioko and the mainland.

Our analysis shows clear isolation of STP A. coluzzii populations from those on the African mainland and
suggests that these populations were established about ˜90,000 years ago (RCC < .3). Analysis of populations
on Bioko indicate recent (RCC > .6; ˜30,000 years ago; Figure 4b) and perhaps contemporary gene flow
with those in Cameroon and Gabon. This observation agrees with the geological history of Bioko which
became isolated from the mainland by rising sea levels only ˜11,000 years ago (Jones, 1994). São Tomé
and Pŕıncipe island populations experienced a sharp decrease in size, suggesting that a small portion of the
ancestral population became established there (founder effect), whereas the population size trajectory on
Bioko is similar to the mainland (Figure 4a). Of note, exact time in years could change if the assumptions for
mutation rate and number of generations per year are revised, however relative separation remain relevant.

São Tomé and Pŕıncipe as Sites for Novel GEM Mosquito Field Trials

In this study we used a population genomics analysis to explore the relationship between malaria mosquito
populations on the remote oceanic islands of São Tomé and Pŕıncipe with mainland populations bordering the
Gulf of Guinea in west Africa. Our results are consistent with studies of mosquitoes on other oceanic islands
(Schmidt et al., 2019; Clarkson et al., 2020). Similar work analyzing anopheline mosquitoes on lacustrine
islands in Lake Victoria suggest a much lower degree of genetic isolation (Bergey et al., 2020), which is not
surprising considering their geographic proximity to the mainland.

Population genetic studies are vital for improving the design and organization of vector control strategies,
including field trials of GEM mosquitoes. Genetic control methods offer potential for low-cost, sustainable
malaria elimination in highly endemic areas where conventional methods have shown to be insufficient (Griffin
et al., 2010; Walker et al., 2016). In order to best evaluate the performance of modified mosquitoes, a confined
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field trial site is required, defined by minimal gene flow between neighboring populations. Here we show that
populations of A. coluzzii from the islands of São Tomé and Pŕıncipe are genetically isolated, both from each
other and from nearest mainland populations. Previous studies have reported isolation of these islands using
fewer genetic markers (Pinto et al., 2002; Marshall et al., 2008; Salgueiro et al., 2013). We have expanded this
work by analyzing individual mosquito whole genome sequences from a wide range of A. coluzzii populations
on the mainland for comparison. Future work on populations of malaria vectors in São Tomé and Pŕıncipe
will focus on the relationship among A. coluzzii sub-populations within each island.
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