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Abstract

Background: Aedes spp. are responsible for the transmission of many arboviruses, which contribute to rising human
morbidity and mortality worldwide. The Aedes aegypti mosquito is a main vector for chikungunya, dengue and yel-
low fever infections, whose incidence have been increasing and distribution expanding. This vector has also driven
the emergence of the Zika virus (ZIKV), first reported in Africa which spread rapidly to Asia and more recently across
the Americas. During the outbreak in the Americas, Cape Verde became the first African country declaring a Zika
epidemic, with confirmed cases of microcephaly. Here we investigate the prevalence of ZIKV and dengue (DENV)
infected Ae. aegypti mosquitoes in the weeks following the outbreak in Cape Verde, and the presence of insecticide
resistance in the circulating vector population. Genetic diversity in the mosquito population was also analysed.

Methods: From August to October 2016, 816 Ae. aegypti mosquitoes were collected in several locations across Praia,
Cape Verde, the major hot spot of reported ZIKV cases in the country. All mosquitoes were screened by reverse tran-
scription PCR for ZIKV and DENV, and a subset (n = 220) were screened for knockdown insecticide resistance associ-
ated mutations in the voltage gated sodium channel (VGSC) gene by capillary sequencing. The mitochondrial NADH
dehydrogenase subunit 4 (nad4) gene was sequenced in 100 mosquitoes. These data were compared to 977 global
sequences in a haplotype network and a phylogenetic tree analysis.

Results: Two Ae. aegypti mosquitoes were ZIKV positive (0.25%). There were no SNP mutations found in the VGSC
gene associated with insecticide resistance. Analysis of the nad4 gene revealed 11 haplotypes in the Cape Verdean
samples, with 5 being singletons. Seven haplotypes were exclusive to Cape Verde. Several of the remaining haplo-
types were frequent in the global dataset, being present in several countries (including Cape Verde) across five differ-
ent continents. The most common haplotype in Cape Verde (50.6 %) was also found in Africa and South America.

Conclusions: There was low-level Zika virus circulation in mosquitoes from Praia shortly after the outbreak. The Ae.
aegypti population did not appear to have the kdr mutations associated with pyrethroid resistance. Furthermore,
-
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haplotype and phylogenetic analyses revealed that Cape Verde Ae. aegypti mosquitoes are most closely related to

those from other countries in Africa and South America.
Keywords: Aedes aegypti, Zika, Cape Verde, kdr, nad4

Background

In recent decades, there has been a rise in the emergence
and re-emergence of epidemic arboviral diseases, includ-
ing those caused by yellow fever (YFV), dengue (DENV),
chikungunya (CHIKV) and Zika (ZIKV) viruses [1-3].
More than 2.5 billion people in over 100 countries are at
risk of contracting dengue [4], and the Asian strain of the
ZIKV has spread throughout the Americas [5-7]. CHIKV
has also reached the Americas and has undergone recent
rapid spread [8, 9]. Outbreaks of yellow fever in unvac-
cinated individuals have been reported in the Ameri-
cas and in Africa and there is a risk it is imported into
Asia [10]. The Aedes aegypti mosquito is the main vec-
tor responsible for the transmission of DENV, CHIKYV,
YFV and ZIKV worldwide due to its highly anthropo-
philic behaviour and close proximity with the human
environment [11]. This mosquito species thrives in both
fresh and stagnated water, in vessels ranging from bar-
rels to bottle caps, and it colonises human residencies.
An anthropophilic preference to feeding on human blood
and a tendency to feed multiple times during an egg-lay-
ing cycle, imparts this particular vector with a remark-
able efficiency in pathogen transmission [12-14]. Aedes
aegypti mosquitoes are currently found in 188 countries
and territories, putting an estimated 3 billion people at
risk of the aforementioned and future-emerging arboviral
diseases [15].

Cape Verde is an archipelago in West Africa compris-
ing of ten volcanic islands located 550 km west from
Senegal. Aedes aegypti mosquitoes were first detected
in 1931 on the island of Sdo Vicente and subsequently
spread to the other islands [16, 17]. There are no records
of other species of Aedes vector, such as Aedes albopic-
tus in the region, nevertheless the presence of the non-
vector species such as Aedes caspius has been recorded
[17]. Mitochondrial DNA sequencing analysis of Ae.
aegypti mosquitoes from Africa indicated a possible
West African origin of the Cape Verdean population
[18]. With heavy human and goods trans-Atlantic traffic
coming in and out of Sdo Vicente, particularly during the
16th to 17th centuries, it is possible that the Ae. aegypti
population from Cape Verde was imported from regions
of the West African coast and also contributed to the
New World population. Mitochondrial DNA sequenc-
ing analysis among mosquito populations from differ-
ent geographical locations is a well-described method of

determining mosquito ancestry, as well as for the analysis
of genetic diversity [19-21]. With the increase in inter-
national travel, there is a latent threat that new strains of
arboviruses or new vectors are introduced worldwide,
and it is important to study the population genetic diver-
sity of Ae. aegypti. Cape Verde continues to be a strate-
gic trans-Atlantic route linking particularly West Africa
countries with Europe and the Americas [22].

The first arboviral outbreak in Cape Verde occurred in
2009, most likely originating from neighbouring coun-
tries in West Africa [23]. This outbreak resulted in 21,137
reported DENV suspected cases and four registered
deaths. Eight out of the nine inhabited islands in the
archipelago were affected, with Santiago Island, where
the city capital of Praia is located, reporting the great-
est number of cases [21]. Aedes aegypti was identified
as the vector, where DENV-3 and DENV-4 virus strains
were detected in mosquitoes from Cape Verde and
Senegal [23, 24]. A second arboviral outbreak in Cape
Verde, caused by ZIKV, occurred from October 2015 to
July 2016, shortly following its establishment in Brazil,
where the first congenital ZIKV microcephaly cases were
reported. The Cape Verdean Ministry of Health officially
declared the Zika virus epidemic on 2 November 2015,
becoming the first African country to register an epi-
demic for this virus. There were 7589 suspected cases
of ZIKV infection and 18 microcephaly cases officially
recorded in Cape Verde, making it the first African coun-
try to report ZIKV-associated microcephaly cases [25]. It
is possible that the outbreak was caused by importation
of strains circulating in the Americas, given the compa-
rable clinical consequences, timing and traveling from
those regions [25].

Following the DENV and ZIKV outbreaks in Cape
Verde, vector control measures were reinforced which
included public education efforts and use of the insec-
ticides temephos (organophosphate) and deltamethrin
(pyrethroid), targeting larva and adult mosquitoes,
respectively, as well as adulterated diesel and the mos-
quito fish Gambusia sp. for larval control [26].

Pyrethroids, the primary choice of control against
adult Ae. aegypti, target the voltage gated sodium chan-
nel (VGSC) [27]. Knockdown resistance (kdr) occurs
when an amino acid substitution on the VGSC gene
reduces the binding affinity of the pyrethroids. The evo-
lutionary selection of mutations in the VGSC gene that
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confer pyrethroid resistance have been described [27].
F1534C is the most common kdr mutation, detected in
Asia, Africa and the Americas [28]. Several other muta-
tions have been reported, including the V1016G muta-
tion found in Asia [29], and V1016I particularly detected
in Latin America and Africa [30]. Co-mutation confers
higher levels of resistance, such as the triple mutations
of F1534C/V1016I/ S989P that confer extreme resist-
ance, as detected in Myanmar [31]. These mutations have
not been detected in Ae. aegypti collected in Cape Verde
between 2007 and 2014 [18, 32, 33]. However, insecticide
susceptibility assays have revealed resistance to dichlo-
rodiphenyltrichloroethane (DDT), the carbamate pro-
poxur, pyrethroids (deltamethrin, cypermethrin) and to
the organophosphate temephos [32, 33].

With ongoing issues surrounding the deployment
of certain Flavivirus vaccines and ineffective antiviral
treatment [34], the prevention and control of ZIKV and
DENV diseases rely on ongoing surveillance of arbo-
viruses in mosquito vectors and vector control. While
insecticides are still the primary measure used for vec-
tor control, it is crucial to identify acquired insecticide
resistance at an early stage for control efforts to remain
effective. Here we aimed to perform the surveillance in
Ae. aegypti mosquitoes collected in Praia, Cape Verde,
just after the ZIKV outbreak in 2015, investigating the
presence of ZIKV and DENV infections and screen-
ing for kdr mutations. In addition, we also assessed the
local genetic diversity, phylogeny and ancestry of the Ae.
aegypti mosquito population by analysing mitochondrial
sequences of the nad4 gene and comparing them with a
global dataset.

Methods

Field-collected mosquitoes

A total of 816 Ae. aegypti adult mosquitoes were col-
lected across 27 locations in the capital city of Praia
located in Santiago Island, Cape Verde, for seven weeks
from 17 August to 5 October 2016 (Fig. 1). The locations
were centered in two areas: Tira Chapeu (7=309 mos-
quitoes, within 500 m of GPS coordinates 14° 55.207" N,
23° 32.323" W) and Plateau (n =445 mosquitoes, within
500 m of GPS coordinates 14° 55.371’ N, 23° 30.334" W/).
These two locations are approximately 2.5 km apart.
For 62 mosquitoes we could not assign location. Ten
BG-Sentinel-2 traps with lure odour bait were placed
once a week for 24 h at the selected locations. The col-
lected samples were taken to the University of Jean Pia-
get laboratory for identification to the species level, and
determination of sex and gonadotropic status, using a
stereomicroscope and the taxonomic key of mosquitoes
in Cabo Verde [16]. After each specimen was identified,
all the Ae. aegypti mosquitoes collected were individually
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immersed in 300 pl of RNAlater Stabilization Solution
(Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) and stored at —20 °C until they were transported
to the London School of Hygiene and Tropical Medicine.

Extraction of DNA and RNA and virus detection

Individual mosquitoes in 1.5 ml microcentrifuge tubes
were centrifuged for 2 min at 1300x rpm and superna-
tant was removed. Samples were then washed two times
with 1 ml phosphate saline buffer (PBS) and resuspended
in 300 ml of RLT buffer containing B-mercaptoethanol
(10 pl/ml). Cells were disrupted using Tissue Ruptor
II (Qiagen, Hilden, Germany) at speed 3 for 60 s. DNA
and RNA of each single mosquito were extracted using
Qiagen AllPrep DNA/RNA 96 Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s protocol. The quan-
tity of DNA in each sample was measured using the Qubit
2.0 fluorimeter HS DNA Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The DNA quantity for each sample
was variable with < 1 ug obtained per sample. cDNA was
synthesized and amplified from RNA using QuantiNova
Probe RT-PCR Kit (Qiagen) following the manufacturer’s
protocol. Individual mosquitoes were screened using
primers and probes to detect the presence of DENV
(DENV1-3 and DENV-4) and ZIKV (NS5) (Additional
file 1: Table S1). Primers/probes for ZIKV were modified
from Grubaugh et al. [7] to take into account the genetic
diversity in Asian and American ZIKV samples using
data from the NCBI. Each probe contained a fluorescent
reporter dye 6-carboxyfluorescein (FAM) at the 5-end
and the Black Hole Quencher 1 at the 3’-end.

Mosquito kdr and nad4 sequencing

The primers used to amplify exons 21 and 31 of the
VGSC gene, which encode for domain II subunit 5 and
domain III subunit 6, respectively [31], as well as the
mitochondrial nad4 gene [35] are described in Addi-
tional file 1: Table S2. Polymerase chain reaction (PCR)
was carried out in a total volume of 25 pl using standard
protocols with 1x reaction buffer, 200 uyM dNTP, 0.5 uM
forward primer, 0.5 puM reverse primer, 0.02 U/ul DNA
polymerase, 17.5 pl water and 1.5 ul DNA sample (1-5
ng). The PCR thermocycler profile consisted of: 1 cycle
at 98 °C for 30 s, 30 cycles at 98 °C for 10°s, 56 °C (VGSC
gene) or 59 °C (nad4 gene) for 30 s, 72 °C for 30 s and a
final cycle at 72 °C for 2 min. PCR products (10 pul each)
were detected by 1% agarose gel electrophoresis in TAE
buffer, stained using GelRed (Cambridge Bioscience,
Cambridge, UK). The samples were sequenced by capil-
lary sequencing. The resulting DNA sequences have been
submitted to GenBank under the accession numbers
MT721877-MT721961.
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Fig. 1 Map showing mosquitoes sampling sites in Praia city, Santiago Island. Sample sites are indicated by black points. Sampling sites with ZIKV
positive mosquitoes are indicated in red. Heat map indicates the number of ZIKV suspected infections in a given area
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Mosquito haplotype and phylogenetic analysis

Sequences were trimmed and edited using Geneious
(version 11.0) [36]. BLASTn was used to confirm the tax-
onomic identification. Our nad4 sequences were added
to a dataset of available Ae. aegypti nad4 sequences
(n=1101) downloaded from GenBank. Sequences with
> 25% missing data and mislabelled as other Aedes spe-
cies were excluded. The sequences were aligned using
MAFFT (v7.450). The multiple sequence alignment
(MSA) was visualized and trimmed using AliView (v1.23).
The trees in Additional file 2: Figure S1 and Additional
file 3: Figure S2 were inferred using IQTREE (v1.6.12)
with automatic selection of the best-fit. For sequences
which had collection date information available, TempEst
(v1.5.1) [37] was used to investigate the temporal signal
and “clocklikeness’ of our molecular phylogeny. To inves-
tigate the genetic diversity of the Ae. aegypti mosquitoes,
a haplotype network was constructed using the R-pack-
age PEGAS [38]. Here, nad4 sequences from Cape Verde
[present study: Tira Chapeu (n=23), Plateau (n=62);
other study collected during 2007 and 2010 in City of
Praia (n=7) [18] and other countries [NCBI GenBank,
total (n=977); Asia (n=607), South America (n=296);
North America (n=17); Africa (n=56); and Europe
(n=1)] were analysed. Sequences with > 25% miss-
ing sequence data were omitted. A neighbour-joining

clustering method was chosen to infer the phylogeny
[39]. The evolutionary distances were computed using
the number of differences method. Branch lengths were
inferred using the same units as those of the evolutionary
distances. MEGA X (v10.1.6) [40] and FigTree (v1.4.2)
software tools were used to manipulate the resulting tree.
Haplotype diversity (%), nucleotide diversity (i) and the
neutral mutation Tajima’s D were calculated using the
R-package PEGAS.

Results

Prevalence of arbovirus infections

All mosquito samples were DENV negative and two mos-
quitoes were positive for ZIKV infection (0.25%). The
two ZIKV positive Ae. aegypti mosquitoes were collected
from different locations at different times: (i) 24 August
2016 at Plateau (14° 55.229’ N, 23° 30.500" W); and (ii) 5
October 2016 at Tira Chapéu (14° 54.327" N, 23° 31.285’
W) (Fig. 1).

Knockdown resistance (kdr) mutations

Two hundred out of 816 Ae. aeygpti mosquitoes were
selected randomly and screened for kdr mutations in
exon 21 to check for the V1016G/I and S989P muta-
tions and were also screened for exon 31, to investigate



Campos et al. Parasites Vectors (2020) 13:481

the presence of the F1534C mutation. Sequences were
edited, trimmed and poor-quality sequences were
excluded from the dataset, resulting in a total of 124
sequences from exon 21 and 133 sequences from exon
31. Nucleotide sequences were compared with 200 or
245 other sequences available in GenBank for exons 21
and 31, respectively. The V1016G/I, S989P and F1534C
mutations associated with insecticide resistance were not
observed. Furthermore, no other single nucleotide poly-
morphisms (SNP) were detected.

Population genetics and phylogenetic analysis of the nad4
gene

The alignment of 85 high quality mitochondrial nad4
gene sequences (291 bp length) from Cape Verde sourced
Ae. aegypti mosquitoes revealed the presence of 20 SNPs
and 11 haplotypes (5 singletons, i.e. haplotypes found
in only one sample each; Table 1). A combined analy-
sis of the Cape Verdean and other countries sequences
(n=977) revealed a total of 182 haplotypes, of which 144
were singletons, with a nucleotide diversity (i) of 0.0048
and a haplotype diversity (/) of 0.71, similar to previous
reports in Cape Verde (r=0.002 and /#=0.609) [41]. The
Tajima’s D value was negative (-1.91), but not statistically
significant (P-value =0.056).

African samples (n=56) had the highest number of
singletons (55.8% of the haplotypes) and the most fre-
quent haplotype (XI, 20.9%) was also present in the
other global populations (Fig. 2, Table 1). Asia (n=607)
had the lowest frequency of singletons (3.5%) and two
main haplotypes. The most frequent haplotype in Asia
(XLVI, 42.5%) was also the most frequent in South
America (XLVI, =296, 24.0%) and was present in
Africa (XLVI, 4.7%) (Fig. 2, Table 1). The most frequent
haplotype in Cape Verde (IX, 50.6%) was also found in
Africa and South America (Fig. 2, Table 2). Haplotype
XI, present in all populations and the most frequent
in Africa, was the second most common (17.3%) in
Cape Verde, followed by haplotype VIII (14.8%), which
is unique to the country. Other nad4 sequences from
Cape Verde mosquitoes (n=7) collected during 2007
and 2010 [41] were also included in the analysis and
show that these samples share 5 haplotypes with our
Cape Verdean samples. The three most frequent hap-
lotypes are the same for both collections and 6 haplo-
types were unique from Cape Verde (Table 2).

A median-joining network, excluding singletons and
low frequent haplotypes (< 1%), shows a core haplotype
(XI) that includes samples from across all continents
and connects with clusters from predominantly Asia and
South America (Additional file 4: Figure S3). Using the
same dataset, but including all sequences, we constructed
a phylogenetic tree (total branch length of 325.06; Fig. 3),
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which showed that Cape Verde Ae. aegypti samples are
more related to samples from Africa and South America.
Across our 85 Cape Verdean sequences (and 7 previously
published), we observed 5 distinct clusters (denoted I to
V) with high inter-cluster diversity. Cluster I included 2
Cape Verdean samples and consisted primarily of South
American isolates paired with a single Asian isolate.
Cluster II included 22 Cape Verdean samples, includ-
ing 1 pre-existing local isolate and all grouping with
sequences from the Americas. Cluster III contained 47%
of the Cape Verdean sequences and also included 2 pre-
viously described local sequences, 2 other African iso-
lates and 15 South American, all of which shared 97%
identity. Cluster IV included 18 Cape Verdean samples,
including 2 other publicly available samples. This cluster
resided within a predominantly African clade with 75%
of the isolates originating from that continent. Cluster
V contained 7 Cape Verdean isolates, all of which orig-
inate from our study. The rest of the clade consisted of
Asian (n=7), African (n=3) and South American (n=7)
samples. There was strong clustering of our dataset with
the other Cape Verdean previously published sequences,
with several having 100% identity. Clusters II and V did
not contain any samples from Cape Verde previously
reported and therefore are novel undescribed Cape Ver-
dean sequences. No correlation was observed between
the Cape Verdean haplotype frequency and sampling site
(Additional file 2: Figure S1).

Table 1 Mitochondrial nad4 global haplotype frequency in
Aedes aegypti mosquitoes including the top five most frequent
haplotypes per region

Haplotype/ Haplotype frequency (%)
Region
Africa Cape North South Asia

Verde America America

(2016)®
Xl 209 173 17.6 1.0 03
vV 7.0 8.6 0.0 9.8 12
XXII 7.0 0.0 59 0.0 0.0
XLVI 4.7 0.0 0.0 240 42.5
IX 47 50.6 0.0 7.1 0.0
XXIX 0.0 0.0 17.6 57 0.0
XXXIX 0.0 0.0 59 4.7 02
XXXIV 0.0 0.0 59 0.7 269
VI 0.0 1.2 17.6 0.0 0.0
XLVII 0.0 0.0 0.0 0.0 124
Xl 0.0 0.0 0.0 0.0 43

@ Samples collected in this study
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Fig. 2 Global map showing the distribution of the Aedes aegypti mitochondrial nad4 haplotypes. The colours represent the different haplotypes
while the size of the pie chart represents the sample size

Table 2 Mitochondrial nad4 haplotype frequency in Aedes aegypti mosquitoes from Cape Verde including all haplotypes identified in
Cape Verde

Haplotype/Region Haplotype frequency (%)

Cape Verde (2016)*  Cape Verde (2007- Africa South America North America Asia
2010)°
IX 50.6 286 4.7 7.1 0.0 0.0
Xl 173 143 209 1.0 176 0.3
VIl 14.8 143 0.0 0.0 0.0 0.0
\ 8.6 0.0 7.0 9.8 0.0 12
| 1.2 0.0 0.0 0.0 0.0 0.0
Il 12 0.0 0.0 0.0 0.0 0.0
Il 12 0.0 0.0 0.0 0.0 0.0
vV 1.2 143 0.0 0.0 0.0 0.0
\ 12 0.0 0.0 0.0 176 0.0
VI 1.2 0.0 0.0 0.0 0.0 0.0
X 12 143 0.0 0.0 0.0 0.0
Xl 0.0 14.3 0.0 0.0 0.0 0.0

2 Samples collected in this study
5 Samples collected in a previous study [18]




Campos et al. Parasites Vectors (2020) 13:481

The phylogenetic tree also showed across all samples
two major distinct clades, indicating the presence of two
separate lineages (Additional file 3: Figure S2) and sup-
porting a previous report [41]. These clades contained
isolates from all continents and showed no specific geo-
spatial signal. Using TempEst software, there was weak
evidence of a temporal signal across the nad4 sequence
dataset (R? value of 0.015), not sufficient for the calibra-
tion of an accurate molecular clock. However, this anal-
ysis would be improved with greater depth of sampling
and availability of date of collection, particularly from
Africa, where the sequences only represented 4.4% of the
total dataset.
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Discussion

The ZIKV outbreak in the Cape Verde archipelago began
around October 2015 and lasted until June 2016 with
cases mainly reported in in Santiago Island, particularly
in Praia, the capital and largest city. We performed an
entomological surveillance study to detect the circula-
tion of arboviruses, as this represents a valuable tool to
assist in the prevention of further outbreaks, especially in
areas with the possible co-circulation of different arbo-
viruses. In our study, we screened 816 Ae. aegypti mos-
quitoes collected in Praia post-outbreak and found a low
number of ZIKV-positive (2 in 816) and no DENV-pos-
itive mosquitoes. Low levels of ZIKV circulating among

Aedes aegypti ND4
291 Positions
1131 Taxa =

[ Asia

M Africa

[] South America
[] North America
M Cape Verde
[]Undefined

Fig. 3 Aedes aegypti phylogenetic tree based on the mitochondrial nad4 gene. A total of 291 positions were used from 1131 sequences. Clustering
was performed using the neighbour joining method. Leaf colour indicates the continental origin. Grey colour indicates undefined geographical
origin. Red markers denote Cape Verdean sequences from Salgueiro et al. [20] (CV1-7). Numerals I-V indicate Cape Verdean clusters




Campos et al. Parasites Vectors (2020) 13:481

mosquito populations post-outbreak have been reported
in other countries. For example, post-outbreak ZIKV
was detected in pools of Ae. aegypti in southern Mex-
ico (15/55 pools of 472 female mosquitoes) and Rio de
Janeiro (3/198 pools of 315 female and 235 male mosqui-
toes) [42, 43]. In Singapore, Ae. aegypti mosquitoes were
caught during an ongoing outbreak and the number of
ZIKV detected in mosquitoes was low (9/1051) [44]. The
low level of ZIKV prevalence in Ae. aegypti may be due to
various factors: the application of strong vector control
during and after the outbreak, the timing of sample col-
lection at the end of the outbreak, differences in vector
competence of the Ae. aegypti from Cape Verde to trans-
mit the ZIKV strain [45], or to a low detection sensitivity
of ZIKV due to degradation of viral RNA.

As the use of insecticides represents currently the pri-
mary choice for vector control, it is essential to detect
insecticide resistance at an early stage to inform control
programmes of the most effective measures. This should
be done through active surveillance programmes that
monitor insecticide resistance through using bioassays or
by detecting associated mutations. Knockdown resistance
associated with pyrethroid resistance occurs with cer-
tain mutations in the VGSC gene. Several kdr resistance
mutations have been identified, with F1534C being the
most widely reported [30], but others are geographically
distributed, including V1016G mutation in Asia [29],
V10161 in Africa and the Americas, [30, 46], and 11011M
is found in the Americas [31]. Other mutations have been
detected but only a few have been functionally confirmed
to confer resistance, including F1534C, V1016G, 11011M
and also S989P and the recent V410L [28, 47-49]. In
our study, we found that the mosquito samples screened
in Cape Verde did not show any of the previously pub-
lished insecticide resistance mutations such as V1016G/I,
S989P and F1534C. No other non-synonymous muta-
tions were detected in these regions of the gene. Two
other studies conducted in Ae. aegypti from Cape Verde
collected between 2007 and 2014 also did not detect
any of these mutations [18, 32]. A recent investigation
performed in Anopheles arabiensis populations in Praia
city, revealed the presence of the kdr mutation L1014S at
a frequency of 7%, and it was suggested that pyrethroid
resistance may arise, sweep through the mosquito popu-
lation, and affect the process of malaria elimination [50].
Although no kdr mutations have been detected in the Ae.
aegypti population, it is possible that the mosquitoes may
have acquired metabolic resistance, frequently associ-
ated with the overexpression of enzymes responsible for
the insecticide detoxification. The absence of co-relation
between insecticide resistance and kdr allele frequency
has been reported in Anopheles and Aedes mosquitoes
suggesting metabolic mechanisms may also contribute
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to the resistant phenotype [51, 52]. In Cape Verde, bio-
assay results have previously shown that mosquitoes col-
lected in 2009 were resistant to DDT while mosquitoes
collected in 2012 were already resistant to deltamethrin
(pyrethroid), cypermethrin (pyrethroid) and also teme-
phos (organophosphate), but susceptible to malathion
(organophosphate) [32, 33] The use of temephos and del-
tamethrin was reinforced in Cape Verde after the DENV
(2009) and ZIKV (2016) outbreaks. Investigations of the
changes in the frequency of kdr mutations in response to
insecticide treatments have shown annual increases in
mosquito populations across geographical locations. A
study of An. gambiae resistance in Burkina Faso detected
a significant increase in kdr mutation frequency between
2008 and 2010 [53]. Likewise, a survey of Ae. aegypti in
Venezuela during 2008, 2010 and 2012 reported that the
11016 allele frequency increased from 0.01 to 0.37, and
for C1534 from 0.35 up to fixation, both due to selection
effects with deltamethrin [54]. Continuous monitoring
of mosquitos across Cape Verde is important to obtain
a clearer picture of underlying and changing insecticide
resistance profiles in the country, thereby understand the
emergence and spread of resistance, and inform vector
control programmes.

We have also performed haplotype and phylogenetic
analysis using sequence data of the mitochondrial nad4
gene from Africa, America and Asia. The analysis indi-
cated that the Cape Verdean Ae. aegypti are related to
those from other countries in Africa and South Amer-
ica, corroborating with historical facts. The origin of
the populations of Ae. aegypti mosquitoes using mito-
chondrial genes has been previously investigated. Pop-
ulation genetic analyses conducted with samples from
Brazil using the nad4 gene among 163 mosquitoes iden-
tified two clades sharing haplotypes with populations
from West Africa and Asia, and similar results were
obtained with the mitochondrial cytochrome ¢ oxidase
subunit 1 (cox1) gene [21]. Similar work based on nine
microsatellite loci and both nad4 and cox1 sequences
carried out in Bolivia also revealed the existence of two
clades, one related with West Africa [55]. Phylogenetic
analyses using 34 nad4 unique haplotypes from Afri-
can Ae. aegypti mosquitoes and global sequences also
revealed 2 clades, with the global haplotypes occurring
in both clades [41]. In our results, using a larger dataset
of global samples, we also observed two distinct clades
contain isolates from all continents, with the Cape Ver-
dean samples located within either clade. A previous
study analysing the genetic diversity of samples col-
lected from Cape Verde suggested a West African ori-
gin of local mosquitoes [18]. Several of the haplotypes
detected in our sample collection were also present in
the previously reported Cape Verdean samples. In total,
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6 haplotypes were unique to the Cape Verdean mosqui-
toes while the other haplotypes were present particu-
larly in African and American populations. Historically,
Ae. aegypti was first detected in 1931 on the island of
Sdo Vicente, probably with origin from close African
countries. The establishment of trade routes between
Europe, Africa and the New World in the 15th century
led to the dissemination of Ae. aegypti [11, 18]. Follow-
ing its introduction into the Americas from West Africa
via slave trade ships between 15th and 18th centuries,
Ae. aegypti mosquitoes disseminated westwards to the
Asia-Pacific region in the late 19th century. Since then,
population growth, urbanization and climate change
has allowed Ae. aegypti to thrive, with suitable foci in
188 countries/territories [1, 15].

History has shown that the opening of travel and trade
routes between countries has been accompanied by the
spread of mosquitoes and arboviruses, even more so now
with the expansion of global air travel. Cape Verde has
a strategic location in the middle of the Atlantic, with
established air and sea lines and hence heavy traffic com-
ing in and out of the country’s four international airports
and four international ports. The economy of Cape Verde
relies heavily on tourism and in the importation of goods
due to the lack of natural resources. The constant flow of
human and trade traffic, alongside with an established Ae.
aegypti population, means that Cape Verde will always be
at risk of arboviral importation. Molecular and epide-
miological results indicate that DENV was imported to
Cape Verde from Senegal [23] and ZIKV from Brazil [25,
33]. There is a great risk that other vector borne diseases,
such as CHIKV and West Nile virus, could be imported
into Cape Verde, hence control measures, including
strengthening mosquito surveillance, are essential.

Conclusions

Our results showed that the populations of Ae. aegypti
collected in Praia at the end of the ZIKV outbreak dis-
played a low rate of ZIKV infection. In addition, kdr
mutations associated with insecticide resistance were
not detected. Haplotype and phylogeny analysis revealed
unique haplotypes in the Cape Verdean Ae. aegypti and
also indicated that these mosquitoes are related to popu-
lations found in Africa and South America. Since Cape
Verde has a strategic location with a constant move-
ment of human and trade traffic, studies on vector and
pathogen screening, including early detection of insecti-
cide resistance and screening for arboviruses, should be
ongoing to support vector control measures and rapid
response to future outbreaks in the country.
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Additional file 1: Table S1. Primers and probes used to detect Zika (ZIKV)
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VGSC primers for PCR assays.

Additional file 2: Figure S1. Phylogenetic tree inferred using only
sequences collected in Cape Verde. The maximum-likelihood phylogeny
was inferred using IQTREE with automatic selection of the best-fit model.

Additional file 3: Figure S2. Phylogenetic tree using unique haplotypes
per country (n=262). Colouration of leaves indicates isolate continental
origin. Taxa included in Moore et al.[44] are annotated in blue (clade 1)
and red (clade 2). Novel Cape Verdean Sequences presented in this study
are indicated (*) alongside pre-existing publicly available isolates (). The
maximum-likelihood tree was inferred using IQTREE with automatic selec-
tion of the best-fit model.

Additional file 4: Figure S3. Haplotype Network based on Aedes aegypti
mitochondrial ND4 sequences. The number of circles represents the
number of haplotypes found in Cape Verde. The colours represent the
countries in the dataset. The size of the circles does not represent the sam-
ple size as 62% of the data are from Asia. The haplotypes are connected

by a straight line if they differ by a single mutational step. Singletons and
haplotypes with low frequency were not included.
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