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Abstract

Background: Malaria is the leading cause of global paediatric mortality in children below 5 years of age. The number
of fatalities has reduced significantly due to an expansion of control interventions but the development of new
technologies remains necessary in order to achieve elimination. Recent attention has been focused on the release

of genetically modified (GM) mosquitoes into natural vector populations as a mechanism of interrupting parasite
transmission but despite successful in vivo laboratory studies, a detailed population genetic assessment, which must
first precede any proposed field trial, has yet to be undertaken systematically. Here, the genetic structure of Anopheles
gambiae populations in north-western Lake Victoria is explored to assess their suitability as candidates for a pilot field
study release of GM mosquitoes.

Methods: 478 Anopheles gambiae mosquitoes were collected from six locations and a subset (N =96) was selected
for restriction site-associated DNA sequencing (RADseq). The resulting single nucleotide polymorphism (SNP) marker
set was analysed for effective size (N,), connectivity and population structure (PCA, Fy).

Results: 5175 high-quality genome-wide SNPs were identified. A principal components analysis (PCA) of the col-
linear genomic regions illustrated that individuals clustered in concordance with geographic origin with some overlap
between sites. Genetic differentiation between populations was varied with inter-island comparisons having the
highest values (median Fc; 0.0480-0.0846). N, estimates were generally small (124.2-1920.3).

Conclusions: A reduced-representation SNP marker set for genome-wide An. gambiae genetic analysis in the north-
western Lake Victoria basin is reported. Island populations demonstrated low to moderate genetic differentiation and
greater structure suggesting some limitation to migration. Smaller estimates of N, indicate that an introduced effec-
tor transgene will be more susceptible to genetic drift but to ensure that it is driven to fixation a robust gene drive
mechanism will likely be needed. These findings, together with their favourable location and suitability for frequent
monitoring, indicate that the Ssese Islands contain several candidate field locations, which merit further evaluation as
potential GM mosquito pilot release sites.
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Background

The World Health Organization (WHO) estimated that
216 million cases of malaria occurred globally in 2016
resulting in approximately 445,000 deaths [1]. Although
existing malaria control interventions have reduced mor-
tality figures significantly in the last decade, the develop-
ment of innovative mosquito vector [2] and Plasmodium
parasite control technologies [3, 4] will be required to
reduce incidence rates below the threshold that sustains
transmission if the ultimate goal is malaria elimination,
a target difficult or impossible to achieve by traditional
control tools in regions with intense malaria transmission
[2, 5].

Although challenging, and technically complex to
construct, genetically modified (GM) mosquitoes as an
alternative vector control tool have increasingly gained
attention over recent years in parallel with the genome
sequencing advancement of the major Anopheles vectors
[6-8].

The principal goal of creating GM Anopheles mosqui-
toes is to decrease their vectorial capacity to transmit
Plasmodium parasites, either through population sup-
pression or replacement [9], by rendering them refractory
to infection [10, 11] and examples of successful genetic
constructs and drive systems have been demonstrated
[12-14]. If transgenic Anopheles vector populations are
to be established as part of a malaria control intervention
then these achievements must be successfully translated
from bench to field. The first step in realising this strategy
is to obtain a detailed understanding of the genetic struc-
ture of the natural populations into which the transgenic
construct and gene drive system will be introduced as
identifying levels of gene flow (genetic exchange) and the
effective population size (N,) will be critical to predicting
the dispersal and maintenance of a transgene.

In sub-Saharan Africa, Anopheles gambiae is an impor-
tant mosquito vector of the Plasmodium malaria parasite
species, which infect humans. Its population structure
across the African continent has been extensively stud-
ied and was unexpectedly shallow [15-18]. Comparison
of allozymes (mean F¢ 0.036) and microsatellites (mean
Fgr 0.016) revealed extensive inter-population gene flow
over a 6000 km distance [15] that contrasted sharply with
those across the Kenyan Rift Valley Complex (KRVC)
(mean microsatellite Fgr 0.104: mean mitochondrial
DNA Fgp 0.176), a much shorter distance of 700 km,
which was attributed to the KRVC acting as a physi-
cal barrier to gene flow [17, 18]. Oceanic island studies
of An. gambiae population structure have also demon-
strated varying degrees of differentiation that range from
considerable genetic exchange in the Bijagoés archipelago
of Guinea-Bissau (Fgr 0-0.019) to restricted gene flow
between the Comoros Islands (Fgp 0.093-0.126) [19].
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Despite the desirable genetic characteristics observed in
An. gambiae populations of the Comoros, they are not
well suited to the frequent monitoring that transgenic
field studies require being nearly 1000 km offshore. A
comparably appropriate alternative would be a lacustrine
setting with multiple islands in a malarious region: Lake
Victoria.

There have been two previous An. gambiae population
genetic studies in Lake Victoria. Chen et al. [20] devel-
oped six microsatellites from five island and six mainland
populations in Western Kenya and showed that there was
a low but statistically significant genetic structure (mean
F¢r 0.0010-0.019, p<0.001), which also supported a sig-
nificant correlation between geographic distance and
genetic differentiation (Mantel: p <0.001). Kayondo et al.
[21] examined genetic structure in An. gambiae popula-
tions in the Ssese Islands, the focus of the present study,
using microsatellite markers with temporal sampling that
also demonstrated low but statistically significant genetic
differentiation (mean Fgr 0.014-0.105, p<0.05). In con-
trast with Chen et al. [20]; however, that study found no
support for the isolation-by-distance model (Mantel:
p=0.787) and concluded that the Ssese populations var-
ied as a result of: (i) restricted gene flow (due to separa-
tion from the mainland by water); (ii) small N,, and (iii)
temporal instability, which, combined, had provided
these mosquitoes with the opportunity to differentiate
genetically.

This study aimed to follow up that of Kayondo et al.
[21] by determining the current genetic structure in the
same An. gambiae populations using recent advances
in next-generation sequencing technologies. Single
nucleotide polymorphism (SNP) markers were selected
to capture high-density sequence variation due to their:
abundance in the An. gambiae genome [22], lower muta-
tion and genotyping error rates, adaptability to high-
throughput assays, and utility in creating an informative
marker panel applicable to future discovery and research
enquiries. Restriction site-associated DNA sequencing
(RADseq) [23, 24] was applied as the most economical
high-resolution approach to generate a genome-wide
SNP marker set for this important malaria vector in the
Lake Victoria region.

Methods

Study area

The study area is located in the Ssese Islands, an archi-
pelago in the north-western division of Lake Victoria,
southern Uganda (Fig. 1). Each of the 84 islands varies
in size i.e. the largest, Bugala, is 105 km? while some are
merely islets of rock, creating a total land coverage area
of 454.8 km?. The islands share a general topographical
characteristic in that they rise as gentle slopes from lake
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Fig. 1 Study site locations in north-western Lake Victoria and southern Uganda peninsular. Inset top left: Uganda is highlighted in black to illustrate
its location within continental Africa. Inset bottom left: Key lists entomological sampling site locations corresponding to numbered black crosses in

level (1220 m above sea level (ASL)) to central flat-topped
ridges at a maximum elevation of 1260 m ASL (Kalangala
Town, Bugala) [25, 26]. The climate is equatorial. There
are two wet seasons: a main one from March—May, and
a lesser one in November—December, but rainfall occurs
monthly (mean 140 mm), which is reflected by the high-
est recorded annual precipitation rates (2000 mm-+)
in Uganda [25-27]. Annual temperatures range from
18.3 °C (February) to 27.2 °C (August) with relative
humidity being lowest in February (68%) and highest in
November (>94%) during the warmer rainy season.

The Ssese Islands fall under the administrative jurisdic-
tion of the Kalangala District (Kalangala) local govern-
ment. The most recent census [28] lists the population
as 54,293—a 56% increase from the previous official fig-
ure of 34,800 (2002), which is most likely attributable to
the palm oil production and tourism industries that have
recently been established on Bugala. Populations tend to
be clustered in small communities along the shoreline
since fishing is the major economic activity. Kalangala has
some of the highest malaria incidence rates in Uganda
with 208 cases per 1000 population having laboratory
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confirmed, and/or clinically diagnosed malaria infections
[29]. In the most vulnerable group—infants under the
age of 5 years—annual prevalence (44%) also indicates
one of the highest national transmission rates [30], which
is most likely a reflection on the lack of vector control
activities in the region. There has never been an organ-
ized IRS campaign as part of a government-supported
malaria control effort, and the first distribution of LLINs
(to pregnant women, and children less than 5 years of
age) did not take place until 2009/2010 [31]. A dedicated
National Universal Coverage campaign has since distrib-
uted nearly 50 million LLINs nationwide with Kalangala
receiving their allocation in November 2017 [31]. Prior to
the mass net distributions, 61% of households in Kalan-
gala were recorded as owning at least one LLIN but usage
by all groups was approximately half (household popula-
tion: 44%, pregnant women: 56%, and children less than
5 years of age: 50%) [30].

Anopheles gambiae sensu lato (s.l.) mosquitoes were
sampled from seven sites: (1) Kansambwe, Nsadzi (NZ);
(2) Lutoboka, Bugala (BL); (3) Kafuna, Sserinya (SYK); (4)
Bbosa, Sserinya (SYB), and (5) Nakibanga, Bukasa (BK)
from the islands, and (6) Lunnyo, Entebbe (EB), and (7)
Naama, Wamala (WL) from the mainland, reflecting the
microsatellite populations analysed by Kayondo et al.
[21]. The villages in the Ssese Islands are inhabited by
human populations that vary in size from hundreds (i.e.
Kafuna, Bbosa) to thousands (i.e. Kansambwe, Lutoboka)
of individuals. In addition to the continuous fishing traf-
fic that is typically seen at the boat-landing sites, there
is notable marine transportation between the mainland
and Lutoboka (BL) via an official ferry route and, also the
smaller water-taxi type services that frequently traverse
the lake i.e. Entebbe—Kansambwe (NZ). Entebbe sits on a
southern peninsular extending into Lake Victoria. It dif-
fers from the other sampling sites in that it is highly pop-
ulated (2014 census: 69,430) [28] and urbanised. Naama,
located by the shores of the inland Lake Wamala (64 km
north-west of Entebbe), is an agricultural village of simi-
lar size to Kafuna and Bbosa (Sserinya). The geographic
distances between all of the sampling sites are; however,
outside of the known flight range of An. gambiae s.1. [32],
meaning that migration between populations under the
mosquitoes’ own power, whilst possible if wind-assisted,
is unlikely. Details of longitude, latitude and geographic
distances between entomological sampling sites are listed
in Additional file 1.

Entomological sampling

Collections were made at random intervals between
July and October 2012. Indoor-resting (IR) adult
females were collected from houses or common build-
ings within a 3 km radius of the boat-landing site for
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each island and the Entebbe locations. Sampling at
Wamala was conducted with the same criteria but used
Naama village as a centre point. Buildings were con-
structed from a combination of mud or wooden walls
and thatched or corrugated sheet metal roofs. IR adult
females were captured between 06:00 and 10:00 a.m.
via battery-powered mechanical aspirators. If insuffi-
cient IR adult females were collected then aquatic larval
samples were sourced from 5 to 10 surrounding breed-
ing sites (type varied by location but generally small
pools, puddles or abandoned boats), taken back to the
laboratory and reared into adults in the water that they
were collected in. This water was supplemented with
mice feed pellets as required.

Species identification and preservation

Anopheles gambiae s.1. mosquitoes were morphologically
identified from other anopheline species based on the
identification keys of Gillies and de Meillon [33]. Female
specimens were individually preserved in 80% ethanol
prior to transportation to the University of Notre Dame
(USA). Molecular identification of An. gambiae and
Anopheles arabiensis—the other important malaria vec-
tor in the An. gambiae s.1. complex—was determined by
Scott et al. [34] using legs and/or wings. Only specimens
identified as An. gambiae were processed further.

Genomic DNA extraction

Genomic DNA was extracted from individual mosqui-
toes using a laboratory stock solution of 2% cetyltrime-
thyl ammonium bromide (CTAB). Each specimen was
placed in an Eppendorf tube containing 200 pl of CTAB
and electrically homogenized with a sterile conical Tef-
lon pestle. RNA was removed from the homogenate by
adding 20 pl RNAse A (10 mg/ml) (laboratory stock)
and leaving it to incubate at room temperature (RT) for
5 min. Proteins were removed with the addition of 20 pl
of Proteinase K (20 mg/ml) (Qiagen GmbH, Germany).
The solution was briefly vortexed (1-2 s) on a low set-
ting (3—-4) to encourage maximum digestion and incu-
bated at 56 °C for 1 h. Exoskeleton and other cellular
detritus were pelleted by RT centrifugation at 14,000 rpm
for 5 min. The supernatant was transferred to a Phase
Lock Gel tube (5 Prime GmbH, Germany) with 250 pl of
UltraPure"™ Phenol:Chloroform:Isoamyl alcohol (25:24:1,
v/v) (Invitrogen Corporation, Canada) for extraction via
the standard Phenol:Choloroform method [35]. Sam-
ples were quantified with the QuantiFluor dsDNA Sys-
tem (Promega Corporation, USA) to ensure accuracy. 16
samples of the highest concentration from each of the six
locations were selected for analysis.
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RAD library construction and sequencing

RADseq libraries were prepared as per Parchman et al.
[36], which was modified to incorporate paired-end
(PE) chemistry. All samples were digested with EcoRI
and Msel restriction enzymes (NEB, Inc.) and incubated
at 37 °C for 2 h, then 65 °C for 20 min with the heated
thermal cycler lid (Eppendorf AG) at 105 °C followed by
a 4 °C hold without the lid. The digested DNA fragments
were then ligated to the EcoRI and Msel adapters with T4
DNA Ligase (NEB, Inc.).

The EcoRI adapter sequences consisted of Illumina
adapters and primer sequences, a unique 8—10 nucleo-
tide (nt) barcode created by a Python script [37] that
permits identification of the origin of each sequencing
read, a protector base to prevent further restriction site
cutting, and additional bases to match the sticky ends
of the cut sites: (EcoRI adapter sequences: 5-CTCTTT
CCCTACACGACGCTCTTCCGATCT +8-10 nt bar-
code+C-3' and 3-TGTGAGAAAGGGATGTGCTGC
GAGAAGGCTAGA +8-10 nt barcode+ G-5'). The
Msel adapter sequences were modified from the origi-
nal protocol to facilitate PE sequencing strategy and also
consisted of Illumina adapters and primer sequences, a
protector base, and additional sticky end-matching bases:
(JT-Msell: 5-GCAGAAGACGGCATACGAGATCGT
GATGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC-3’ and JT-Msel2: 5'-TAGATCGGAAGAGCACAC
GTCTGAACTCCAGTCACATCACGATCTCGTATG
CCGTCTTCTGCTTG-3'). The DNA plate was then
incubated in a thermal cycler at 16 °C for 2 h with the
heated lid at 20 °C followed by a 4 °C hold without the lid.

Adapter-ligated fragments were amplified using Illu-
mina PCR primers, which were designed to amplify only
those DNA sequences with the EcoRI- and Msel-ligated
adapters. Modifying the Msel adapter to facilitate PE
sequencing necessitated modification of the reverse Illu-
mina PCR primer, accordingly: (Illpcrl: 5-AATGATACG
GCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCT-3/; JT-llpcr2: 5-CAAGCA
GAAGACGGCATACGAGATCGTGATGTGACTG-3').
This step was performed running two separate 20 pl
PCR amplification reactions for each adapter-ligated
DNA sequence to ameliorate stochastic differences in
the resulting reaction products. Both PCR plates were
incubated in a thermal cycler using the following profile:
98 °C for 30 s; 30 cycles of 98 °C for 20 s; 60 °C for 30 s;
72 °C for 40 s, and a final extension at 72 °C for 10 min
with the heated lid at 105 °C followed by a 4 °C hold with-
out the heated lid.

Reaction products were pooled and purified with
Agencourt AMPure XP (Beckman Coulter, Inc.) mag-
netic beads and size-selected using the automated Blue-
Pippin (Sage Science, Inc.) system, which recovered
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eluted DNA fractions between 400 and 500 base pairs
(bp). Sequencing was accomplished in a single lane run
on an Illumina HiSeq 2000 (v.1.5) machine at the Univer-
sity of California-Davis, Sacramento, USA via the Beijing
Genomics Institute.

Determination of 2L chromosomal karyotype

Molecular karyotyping of the 2La inversion was con-
ducted as per White et al. [38] with a modified thermal
cycler profile as follows: 94 °C for 2 min; 30 cycles of
94 °C for 30 s; 58 °C for 30 s; 72 °C for 45 s; a final exten-
sion at 72 °C for 5 min, and a 4 °C hold. The resulting
products were analysed on 1.5% agarose gels stained with
SYBR Safe (Life Technologies Corp.).

Bioinformatics processing

After quality checking of the sequence data in FastQC
v.0.10.1 [39], Illumina sequencing adapters were removed
using Trimmomatic v.0.30 [40]. RAD barcodes were
stripped from the reads and replaced by unique identi-
fiers specific to each individual mosquito by a custom
Python script, Trimmer [41]. Sequence reads were then
aligned against the AgamP4 reference genome [42] using
Burrows-Wheeler Alignment (BWA) v.0.6.2 [43] prior to
variant (SNP) calling and annotation with UnifiedGeno-
typer in GenomeAnalysisToolKit (GATK) v.3.3.0 [44].
High quality SNP calls used in downstream analysis were
obtained firstly through the application of the hard-fil-
tering parameters as described in Alternate Protocol 2
of the GATK best practices pipeline [44] followed by a
stricter filtering of the dataset as per Fontaine et al. [45]
using VCFtools v.0.1.15 [46]. A detailed description of
the pipeline, including parameters, can be found in Addi-
tional file 2.

Individuals were pruned from the dataset on the basis
of kinship and/or missing data. Familial relationships
were assessed by pairwise comparison of kinship coef-
ficients estimated using the (--relatedness) [47], and
(--relatedness2) [48] parameters in VCFtools v.0.1.15
[46]. Relationships that identified individuals as full sib-
lings resulted in their removal from the dataset. Missing
genotypes were assessed on an individual basis using the
(--missing-indv) parameter in VCFtools v.0.1.15 [46]. Any
found to have > 80% missing data were also discarded.

Population genetics

Population structure was visualized by two methods: (1)
principal component analysis (PCA) using the software
packages PLINK v.1.9 [49] and R v.3.2.1 [50], and (2)
ancestry fractions computed from maximum-likelihood
estimates using population allele frequencies and geno-
type probabilities as parameters of a statistical model in
the program ADMIXTURE v.1.23 [51]. The number of
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ancestral populations (K) with which to run the model
was chosen by a cross validation (CV) procedure that
identified the lowest error value for which the model had
the best predictive accuracy.

Genetic differentiation between populations was quan-
tified by Wright'’s fixation indices (pairwise F¢p) [52] using
Weir—Cockerham weighted multiallelic estimates [53] in
VCFtools v.0.1.15 [46]. Individuals with>80% missing
data were removed to ensure accuracy since simulations
have shown that restricting loci to those with complete
genotypes results in a near true Fqp distribution [54]. To
test whether variation was attributable to isolation-by-
distance [55], a linear regression model of pairwise popu-
lation differentiations (Fgp/(1 —Fgp)) against logarithmic
transformed geographical distances [56] was created in
R v.3.2.1 [50] using a generalized linear model (GLM)
function. Statistical significance between the spatial and
genetic sets of distances was measured by the Mantel test
with 9999 permutations [57]. Estimates of contemporary
N, were obtained using the linkage disequilibrium (LD)-
based method LDNe [58] of NeEstimator v2.01 [59] with
a minor allele frequency screen of 5%.

Results

Species identification and dataset composition

479 individuals were molecularly identified as An. gam-
biae and one as An. arabiensis (from the Entebbe collec-
tion site). A total of 373,099,980 reads were generated by
the Illumina HiSeq 2000 platform. After demultiplexing
the raw data of sequencing adapters, barcodes, EcoRI
and Msel restriction cut sites and protector bases, a total
of 172 million reads averaging 1.6 million per mosquito
(N=96) were retained for genomic alignment. 103 mil-
lion forward reads (86.2%), approximately 83 bases in
length, successfully mapped to the AgamP4 reference
genome [42], which were then used in downstream
analyses.

Examination of kinship identified a large number of
familial relationships between individuals in the Sser-
inya (SY) and Bugala (BL) populations. Eleven individu-
als from SY and three individuals from BL were excluded
from further analysis on the basis that their full and
half kinship could confound the data at each site and
in comparison with others. Three individuals from the
Bukasa (BK) population with>80% missing genotype
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information were also removed from the dataset (N="79).
Kinship coefficient estimates and percentage missing
data values per individual are listed in Additional file 3.

Chromosomal mapping and distribution of SNPs

After high quality SNP calling, application of hard fil-
ters to, and pruning from, the dataset, a total of 5175
SNPs were identified and mapped to the AgamP4 chro-
mosomes [42] as follows: X (n=347), 2L (n=1078), 2R
(n=1514), 3L (n=936), 3R (n=1204), and mitochon-
drial (n=1). 95 SNPs were unable to be assigned to any
chromosome (UNKN) but were included in a population
genetic analysis when the collinear genome was being
explored. The UNKN SNPs are most likely physically
located in the highly repetitive pericentromeric regions
[60], which are challenging genomic positions to assem-
ble and map.

Population structure

Visualization of population structure by PCA illustrated
how the SNPs genetically clustered within and between
collection sites. Genome-wide analysis (n=5175) showed
individuals clustering into three discrete groups on the
first principal component (PC1) in a non-geograph-
ical configuration (Fig. 2a), which was also observed
in the chromosome 2L (n=1078) PCA (Fig. 2b), a pat-
tern likely driven by polymorphism with respect to the
2La inversion (Additional file 4) [61]. When 2L SNPs
were removed from the data set, or when other chromo-
some arms were analysed individually, genetic structure
showed individuals generally clustering in concordance
with their geographic origin (Fig. 2¢; Additional file 5).
Since the 2La inversion is known to confound popula-
tion genetic structure [8, 61], chromosome 2L SNPs were
removed from the dataset (n=4097).

Population structure was additionally tested by model-
based estimation of ancestry using the software program
ADMIXTURE v.1.23 [51]. CV testing for each chromosome
produced error estimates that indicated the populations
shared only one ancestry except for 2L where K=2 was the
most likely number of fractions (Additional file 6). This was
in line with the expectation that populations would cluster
into their chromosomal inversion arrangements (2L+%/42,
2La/a and 2L+ ?%/a) rather than geographic locations for this
region of the genome (Additional file 4).

(See figure on next page.)

Fig. 2 Principal component analysis (PCA) plots of the Anopheles gambiae genome-wide SNP dataset (N=79). In a—c each dot represents an
individual mosquito that was sequenced by RADseq technology. Entomological sampling sites are color-coded according to the legend as follows:
BK (Bukasa); BL (Bugala); EB (Entebbe); NZ (Nsadzi); SY (Sserinya), and WL (Wamala). The first principal component (PC1) and its percentage variance
are represented by the y-axis and, likewise, the x-axis represents the second principal component (PC2) and its percentage variance. a Plot of 5175
SNPs mapped to the AgamP4 genome [42]. b Plot of 1078 SNPs mapped to chromosome 2L [42]. ¢ Plot of 4097 SNPs mapped to the AgamP4

genome [42] after removal of chromosome 2L SNPs
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Genetic differentiation

Pairwise Fgr comparisons between the populations
were computed for all mapped SNPs according to Weir
and Cockerham [53] weighted estimates. Median val-
ues were used in the analysis since a null distribution
histogram showed that they were not normally distrib-
uted. Moderate amounts of genetic differentiation were
observed between most of the populations (median F¢p
0.0342-0.0903) for the 4097 SNPs across the collinear
genome after removal of the SNPs on chromosome 2L
(Table 1).

Generally, inter-island comparisons generated
the greatest differences between populations with
the strongest signals of genetic differentiation being
observed in the comparisons with Sserinya (median
Fgr>0.08).

Geographical distance between populations is often
the primary force driving genetic differentiation;
therefore, isolation-by-distance as the model explain-
ing the variation between the populations was tested
by simple linear regression of median F¢p/(1-median
Fgr) against a natural logarithm transformation of geo-
graphic distance [56]. The resulting GLM plot showed
no evidence of a correlation between the two variables
(y=0.104975 — 0.012853x; R*=0.05; Mantel: p=0.2)
meaning that geographic distance alone could not
explain the variation observed between the populations
(Additional file 7).

Table 1 Genetic differentiation between populations
as measured by median Weir-Cockerham weighted Fg;
estimates

Population Wamala® Bukasa Bugala Sserinya Nsadzi
Entebbe® 0.0342 0.0503 0.0457 0.0100 0.0444
Wamala® - 0.0446 0.0412 0.0903 0.0389
Bukasa - - 0.0532 0.0800 0.0520
Bugala - - - 0.0826 0.0480
Sserinya - - - - 0.0846

@ Denotes mainland population
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Effective population size

Estimations of N, were obtained using the LDNe method
[58] in NeEstimator v.2.01 [59] on the basis of superior
performance compared to other single-sample estima-
tors [59, 62, 63]. Generally, smaller estimates of N, were
observed for all populations (Table 2) compared to those
recorded for other continental populations of An. gam-
biae i.e. 6689 (Kenya) [64], 13,200 (Equatorial Guinea)
[65], 2 million (East Africa) [61].

The largest estimates were seen in Bugala (1098.3) and
Wamala (1920.3), which were substantially higher than
the other populations. The infinity estimates recorded
for the Sserinya populations were derived from negative
points, which implied that variation was due to sam-
pling error alone and not genetic drift (allelic frequency
changes due to random sampling). This was unsurpris-
ing given the high levels of kinship observed in both
populations as a result of the unrepresentative entomo-
logical sampling that necessitated the removal of eleven
individuals from the dataset. The coefficient of variation
is a measurement of genetic drift specific to the LDNe
method of NeEstimator v2.01 [59] and is calculated as
the inverse of N,. The lower estimates of 0.001 observed
for Bugala and Wamala indicated that these populations
would be more resistant to the effects of genetic drift
compared to the higher coefficients of variation recorded
for Bukasa (0.005), Entebbe (0.005) and Nsadzi (0.008),
which implied vulnerability to allelic dropout or fixation.

Discussion

There are limited malaria vector species in the Ssese
Islands

The majority of the dataset comprised of An. gam-
biae mosquitoes. Only 1 of 480 female anophelines was
molecularly identified as Anopheles arabiensis, and this
was from the mainland (Entebbe) population. Kayondo
et al. [21] reported approximately 20% of the second year
Bukasa collection (N=47) as An. arabiensis, which was
attributed to asynchronous entomological sampling.
This observation highlights the importance of systematic

Table 2 Estimates of effective population size (N,) using a minor allele frequency screen of 5%

Population Bukasa Bugala Entebbe® Nsadzi Sserinya Wamala?

No. individuals 13 13 16 16 5 16

% polymorphism 77 83 84 86 64 87

Harmonic mean sample size 8.0 94 13.8 14.6 47 15.0

Overall r? 0.17 0.14 0.09 0.09 037 0.08
Estimated N, 2117 1098.3 2135 124.2 00 1920.3

95% Cls (parametric) 180.6-255.4 637.6-3913.7 195.8-234.6 1184-130.7 (o] 1124.2-6523.8
Coefficient of variation 0.005 0.001 0.005 0.008 00 0.001

@ Denotes mainland population
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population sampling to establish changes in (a) species
composition, (b) vector abundance, and (c) seasonal-
ity, which are some of the factors that can influence the
genetic structure, and effective size of a population.

The 2La inversion confounds population genetic structure
Previous studies have demonstrated a strong association
between the frequency of the 2La inversion and arid-
ity, which shifts seasonally and geographically accord-
ing to climate [66, 67], but there are no prior published
data about its distribution in the Ssese Islands. Principal
components analysis illustrated that the 2La inversion
confounded population genetic structure (Fig. 2a, b), thus
chromosome 2L SNPs were removed from the dataset to
disclose the underlying population structure of the col-
linear genome (Fig. 2¢).

Moderate but significant genetic differentiation

is observed in island populations

Genetic differentiation among the Ssese Islands was
moderate in magnitude (median Fg 0.0480-0.0846) but
significantly greater than the very low differentiation
between An. gambiae populations observed across oppo-
site sides of continental Africa (mean Fgp 0.016) [15], and
comparable in magnitude to populations separated by
the KRVC (mean F¢p 0.104), which acts as a physical bar-
rier to gene flow [17]. It would seem reasonable to sug-
gest that water also acts as a physical barrier to gene flow
in locations where it separates populations—just as the
KRVC does further inland—since higher differentiation,
and low amounts of gene flow were identified in oceanic
island studies of An. gambiae in the Comoros (mean Fgr
0.199-0.250) [19], and of An. arabiensis in Madagascar,
Reunion, and Mauritius (mean Fgr 0.169) [68]. Kayondo
et al. [21] reported mean Fg values of 0.014—0.105 in the
same An. gambiae populations sampled here, which are
of a lower magnitude than those in the oceanic island
studies, but not unexpected given the smaller distances
involved that allowed for frequent human-marine trans-
portation routes or even wind-borne dispersal, which
might have passively dispersed mosquitoes. This would
suggest that water is not an absolute physical barrier to
gene flow in this region as supported here by the evi-
dence indicating limited migration between populations
(Table 1; Fig. 2c) and greater genetic structure that is
present in the islands. This was also observed in the
PCA plot (Fig. 2c) where individuals clustered in con-
cordance with their geographic origin. The two main-
land sites, Entebbe and Wamala, also showed signs of
population differentiation (median F¢p 0.0342) (Fig. 2c).
Neither of these locations is separated by water, but the
sampling point in Entebbe, Lunnyo, sits on the edge of
a small harbour, which is separate from the rest of the
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town. There are no other obvious geographical barri-
ers to gene flow between these sites so the explanation
as to why the two mainland An. gambiae populations
appear somewhat differentiated from each other must
be due to other unknown factors of demographic, eco-
logical or anthropogenic origin. A variety of molecular
markers have been used to explore genetic differentia-
tion in continental populations including microsatellites,
mitochondrial DNA, allozymes, and SNPs [61, 69]. That
all of these marker systems identify the same pattern of
low genetic differentiation on the continent suggests that
the heightened differentiation estimated in this study is
not attributable to different marker systems, an assertion
strengthened by the previous Ssese island studies of Kay-
ondo et al. [21] and Lukindu et al. [70] using microsatel-
lites and mtDNA, respectively.

Island populations have small effective sizes

Higher levels of genetic differentiation could also be
explained to some extent by the small estimates of N
that were obtained through the LD method of NeEstima-
tor v.2.01 [59]. N, determines how random genetic drift
affects the stability of allele frequencies in a population,
which are more variable in smaller populations. Kayondo
et al. [21] estimated that the island populations consisted
of smaller demes in the hundreds (397-677) compared
to the mainland populations that were in the thousands
(8810-8935). This was anticipated since An. gambiae
is usually found in close proximity to human habita-
tion [66], and the collection sites in the islands are less
intensely populated than those on the mainland. The esti-
mates in this study are generally smaller but comparable
to those of Kayondo et al. [21] (<397), with the exception
of Bugala, which has increased to 1098. Over the last few
years, the human population size on Bugala has grown
(from 34,800 in 2002 to 54,293 in 2016) as a result of eco-
nomic development [71] and tourism. Human population
growth on the island coupled with increased boat traffic
to/from the mainland may have led to population growth
of An. gambiae.

One of the key components of a population genetic
analysis is the temporal stability of the population. A lim-
itation of this study is that there is only one time point
to estimate N, which can fluctuate in accordance with
climatic changes. Future research should; therefore, focus
on monthly entomological sampling to account for vari-
ances in seasonal mosquito abundance [72, 73].

Conclusions

This is the first genome-wide SNP-based study of An.
gambiae population connectivity, and effective size in
the Lake Victoria region. The island populations are
comprised of a dominant malaria vector species (An.
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gambiae) with low to moderate genetic differentiation,
and greater structure suggesting some limitation to
migration between them. Smaller estimates of effec-
tive population size indicate that an introduced effector
transgene should be susceptible to genetic drift but to
ensure that it is driven to fixation instead of loss the con-
struct would have to be paired with a robust gene drive
mechanism.

Taking these findings into consideration, together with
their favourable location and suitability for frequent
monitoring, the Ssese Islands contain several candidate
field locations, which merit further evaluation in regard
of a potential GM mosquito pilot release.
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