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We collected >40,000 mosquitoes from 5 provinces in
South Africa during 2011-2018 and screened for zoonot-
ic flaviviruses. We detected West Nile virus in mosqui-
toes from conservation and periurban sites and potential
new mosquito vectors; Banzi virus was rare. Our results
suggest flavivirus transmission risks are increasing in
South Africa.

laviviruses have been major emerging zoonotic

pathogens in Africa within the past decade (1). In
South Africa, West Nile virus (WNV) is the main fla-
vivirus detected in animals and humans (2,3). Several
other lesser-known flaviviruses were first described
in South Africa but are understudied and potentially
underreported, including Wesselsbron, Usutu, and
Banzi (BANV) viruses (4). In South Africa, mosquito
surveillance is not routinely performed and studies
on flavivirus ecology are outdated (5). In this study,
we aimed to update flavivirus vector epidemiology
in northeastern provinces of South Africa through a
large-scale ecologic survey.

The Study

We selected 15 sites (4 sentinel sites, 11 ad hoc sites)
across 5 provinces in South Africa for mosquito col-
lection according to recent cases of arboviral disease
in humans and animals (2,3) (Figure 1). We estab-
lished sentinel sites in Boschkop and Kyalami, both
located in the Gauteng province (periurban sites),
and Lapalala and Marakele, both located in the Lim-
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popo province (conservation sites); collections were
performed during 2011-2018 (Table 1). Opportunis-
tic supplementary collections occurred at 10 ad hoc
sites during 2015-2018 spanning 3 additional prov-
inces that included urban, periurban, and conserva-
tion sites. We performed additional ad hoc collec-
tions during March-April 2017 in and around Kruger
National Park (KNP) located within Limpopo and
Mpumalanga provinces (periurban/conservation
sites) (6). The methodologies for mosquito collection,
identification, pooling, processing, flavivirus screen-
ing, and COX1 gene sequencing have been previously
described (7). To focus on months from midsummer
to autumn in South Africa, when availability of mos-
quito breeding sites and vectorial capacity increases
because of warmer and wetter weather conditions (8),
we only screened mosquitoes collected during Janu-
ary-June. To submit sequences to GenBank, we gen-
erated NS5 gene fragments >200 bp by using hemin-
ested PCR with 0.4 pmol/L each of forward primer
(FU1, 5-TACAACATGGGAAAGAGAGAA-3) and
reverse primer (CFD2, 5-GTGTCCCAGCCGGCG-
GTGTCATCAGC-3") and Platinum Taq DNA Poly-
merase (Thermo Fisher Scientific, https://www.
thermofisher.com). For WNYV positive pools, we per-
formed reverse transcription PCR to amplify a 1,525
bp fragment of the WNV envelope protein gene for
phylogenetic analysis (Appendix Table, https://
wwwnc.cdc.gov/EID/article/29/1/22-0036-App1.
pdf). We calculated the mosquito minimum infec-
tion rate (MIR) per site by using a standard formula:
(number of positive pools/total number of individu-
al mosquitoes tested) x 1000.

We collected a total of 66,299 mosquitoes belong-
ing to 11 genera across 5 provinces in South Africa
during 2011-2018 (Table 1, Appendix Figure 1). From
those, we divided 40,731 female mosquitoes into 1,471
pools based on morphology, focusing on only 4 genera
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Figure 1. Sentinel and ad hoc mosquito collection sites across the northeastern region of South Africa in survey of West Nile and Banzi
viruses in mosquitoes, South Africa, 2011-2018. Collection sites were selected according to recent cases of arboviral disease in humans
and animals. Asterisks in the color-coded figure legend indicate sites where flaviviruses were identified in mosquitoes.

(Culex, Mansonia, Anopheles, and Aedes) and screened
for flaviviruses. We detected WNV in 16 (1.09%) and
BANV in 2 (0.14%) pools. We did not detect other zoo-
notic flaviviruses; however, insect-specific flaviviruses
were detected and described elsewhere (7). WNV out-
breaks can be expected once the MIR rises above 1 (9).
We observed the highest MIRs in Kyalami (periurban
site, MIR = 2.53), KNP (periurban/conservation site,
MIR = 1.22), and Lapalala (conservation site, MIR =
1.01) (Table 2). Therefore, we identified those areas as
higher risk sites for WNV outbreaks in humans and an-
imals. These results correlated with areas where Culex
spp. mosquitoes were the most abundant and where
WNV cases were previously reported in humans and
animals in South Africa (3,10).

Only 11 of 16 WNV-positive pools had partial NS5
gene sequences of sufficient quality to perform max-
imum-likelihood analysis; we confirmed all 11 pools
were WNV and also confirmed 2 BANV-positive pools
(Figure 2; bootstrap value = 100 for both viruses). We
observed high nucleotide similarity (94.62%-100.00%)
between the identified WNV NS5 gene sequences and
those from previously identified, highly neuroinvasive
strains from South Africa isolated from either equines
or humans. We successfully amplified the 1,525 nt re-
gion of the envelope protein gene for 5 of 16 WNV-
positive pools (Appendix Figure 2).

We performed COX1 gene sequencing for 9 of
16 WNV-positive pools and confirmed morphologic
identification of those mosquitoes as Cx. univittatus
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except for 1 pool collected in KNP that was identi-
fied by sequencing as Cx. perexiguus (Table 2; Ap-
pendix Figure 3), a mosquito species not known to
be present in South Africa (11). This 1 pool might
have contained a mix of both species, but Sanger se-
quencing was unable to distinguish between the 2
species. In addition, the COX1 reference sequences
for Cx. perexiguus mosquitoes obtained from online
databases may not be accurate because this species
has not been identified in South Africa. Recently,
COX1 gene amplification using universal primers
followed by next-generation sequencing was shown
to distinguish between species in mixed pools (12)
and might be useful in future studies to resolve this
ambiguity. Further studies are necessary to clarify
the status of the Cx. perexiguus mosquitoes in South
Africa. Most of the WNV-positive pools consisted
of Cx. univittatus, Cx. pipiens s.l., and Cx. theileri
mosquitoes, which we collected in high abundance.
This result reiterates the importance of these spe-
cies as WNV vectors in South Africa (5). We identi-
fied Cx. simpsoni, Cx. bitaeniorhynchus, An. gambiae
sensu lato, and Cx. poicilipes mosquitoes, none of
which have been previously associated with WNV
in South Africa, as new potential vectors for WNV
by using COX1 gene sequencing (4). Globally,
from this list of species, only Cx. poicilipes mosqui-
toes from Senegal were found to be infected with
WNV (13). Experimental studies have shown that
the Cx. bitaeniorhynchus mosquito is a likely vector
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Table 1. Total number of mosquitoes collected across sentinel and ad hoc sites in survey of West Nile and Banzi viruses in
mosquitoes in South Africa during 2011-2018

No. Mean no.
mosquitoes No. trapping mosquitoes/trappi

Site Site type Province Region type Coordinates collected events ng event

Boschkop Sentinel Gauteng Peri-urban —-25.82786, 4,790 353 12
28.42047

Kyalami Sentinel Gauteng Peri-urban -25.99183, 8,736 338 26
28.02947

Lapalala Sentinel Limpopo Conservation —-23.88458, 16,675 568 29
28.26953

Marakele Sentinel Limpopo Conservation —24.29364, 13,347 487 24
27.50325

Total nos., sentinel sites 43,548 1,746 23

Benoni Ad hoc Gauteng Peri-urban -26.10611, 1,191 31 38
28.36689

Jozini Ad hoc  KwaZulu-Natal Rural -27.41258, 10,954 47 233
32.20647

Kruger National Ad hoc Limpopo, Conservation,  -25.35384, 2,440 30 58

Park Mpumalanga peri-urban 31.79936

Matikwane Ad hoc Mpumalanga Urban —-24.98545, 615 9 68
31.236342

Mnisi Ad hoc Mpumalanga Rural —-24.48206, 5,549 171 32
31.38583

Pretoria north Ad hoc Gauteng Urban —-25.68663, 219 23 12
28.15895

Roodeplaat Ad hoc Gauteng Peri-urban —-25.62075, 298 15 20
28.37136

Shingwedzi Ad hoc Limpopo Conservation -23.10819, 457 13 35
31.43628

Skukuza Ad hoc Mpumalanga Conservation -24.99633, 482 15 32
31.59189

Southern African Ad hoc Mpumalanga Conservation —-24.53886, 56 9 15

Wildlife College 31.33369

Vulpro Ad hoc Northwest Peri-urban -25.7112, 490 12 41
27.95322

Total nos., ad hoc sites 22,751 375 53

for WNV because this species was able to success- because of insufficient material for DNA extraction;
fully transmit WNV (14). We were unable to ge- we identified mosquitoes in those pools by mor-
netically characterize the remaining 7 of 16 pools phologic characteristics.

Table 2. Detection of flaviviruses and their associated potential mosquito vectors in survey of West Nile and Banzi viruses in
mosquitoes, South Africa, 2011-2018*

Site Virus Positive pool ID No. mosquitoest Morphologic IDf Molecular ID§ MIR
Boschkop WNV GAU11MP26 2 Culex pipiens sensu lato Not done 0.72
WNV GAU17MP72 33 Cx. univittatus Cx. univittatus
Kruger National ~ WNV KNP17MP714 4 Cx. simpsoni Cx. simpsoni 1.23
Park WNV KNP17MP718 36 Cx. univittatus Cx perexiguus
WNV KNP17MP720 1 Cx. bitaeniorhynchus Cx. bitaeniorhynchus
Kyalami WNV KYA11MP11 14 Cx. univittatus Not done 2.53
WNV KYA11MP13 10 Cx. pipiens s.I. Not done
WNV KYA14MP133 10 Cx. univittatus Cx. univittatus
WNV KYA14MP134 19 Cx. univittatus Cx. univittatus
WNV KYA14MP115 5 Cx. theileri Cx. theileri
Lapalala WNV LAP13LP71 44 Anopheles spp. Not done 1.01
WNV LAP13LP28 50 Anopheles spp. Not done
WNV LAP13LP22 50 Aedes spp. Not done
WNV LAP14MP394 2 Cx. univittatus Cx. univittatus
Marakele WNV MAR13MP77 50 Cx. poicilipes Not done 0.33
WNV MAR15MP18 1 An. gambiae s.1. An. gambiae s.1.
Lapalala BANV LAP13MP25 49 Cx. spp. Cx. rubinotus 0.83
BANV LAP13MP26 50 Cx. spp. Cx. annulioris

*BANV, Banzi virus; ID, identification; MIR, minimum infection rate; WNV, West Nile virus.
TNumber of mosquitoes in each positive pool.

ISpecies of mosquito identified by morphologic characteristics.

§Species of mosquito identified by sequencing the COX1 gene.
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KC496015.1 West Nile virus strain 578/10
KM203860.1 West Nile virus strain Cz 13-104
HQ537483.1 West Nile virus isolate Nea Santa-Greece-2010
KY594040.1 West Nile virus isolate 341/2010
MF984344.1 West Nile virus strain goshawk/Austria/20150me
KF179640.1 West Nile virus strain Austria/2008
DQ116961.1 West Nile virus isolate goshawk-Hungary/04
KT207792.1 West Nile virus isolate 1270/14
MH244513.1 West Nile virus strain 200.B/2013/Secovce/SVK
88 | MH924836.1 West Nile virus isolate ED-1-33/18-UM
MN794937.1 West Nile virus strain BNI-2635

MH021189.1 West Nile virus isolate WNV/Belgium/2017/Antwerpen
- A LAP13MP22
EF429197.1 West Nile virus SPU116/89
- A MAP15MP18
- AY532665.1 West Nile virus strain B956
r LC318700.1 West Nile virus strain: Zmq16m11 .
KYA14MP134 Lineage 2
LAP13MP394
KYA14MP133
[EF429198.1 West Nile virus SA93/01

EF429199.1 West Nile virus SA381/00
KY523178.1 West Nile virus isolate UG2274/Uganda/2009
KYA11MP11
KYA11MP13
78 GAU11MP26
JN393308.1 West Nile virus strain HS101/08
[[iM147824.1 West Nile virus from Democratic Republic of the Congo

89

EF429200.1 West Nile virus H442
KJ934710.1 West Nile virus strain Hyalomma/Romania/2013
— AY688948.1 West Nile virus strain Sarafend
KNP17MP714
99 KNP17MP720
KNP17MP718 S
AY765264.1 West Nile virus strain Rabensburg isolate 97-103 ] Li neage 3

99 - JX041632.1 West Nile virus strain 192266 ] :
KU978770.1 West Nile virus isolate India 804994 Li neage 5
991 AY277251.1 West Nile virus isolate LEIV-Krnd88-190 :| Li neage 4

FJ159129.1 West Nile virus isolate 101 5-06-Uu
99 - UN887352.1 West Nile virus isolate NSW2011
9 AY274504.1 Kunjin virus clone FLSDX
_E AF260968.1 West Nile virus strain Eg101 .
79| '~ AY603654.1 West Nile virus strain EthAn4766 Lineage 1
~| 1 JF415927.1 West Nile virus isolate M20141
99‘{{

99

95

AY646354.1 West Nile virus from USA
AF196835.2 West Nile virus strain NY99-flamingo382-99
DQ066423.1 West Nile virus strain 385-99
AF315119.1 Japanese encephalitis virus strain SA14-14-2
MHB829612.1 Spondweni virus isolate AR3061
MF510857.1 Zika virus isolate /DakAr41667
KR052012.1 Dengue virus strain Hb33/CHN/2014
NC 034018.1 Yaounde virus strain Dak Ar Y276
DQ837642.1 Sepik virus strain MK7148
991 NC 043110.1 Banzi virus strain SAH 336
L| LAP13MP25
99 LAP13MP26
499|—_EU707555.1 Wesselsbron virus strain SAH177
JN226796.1 Wesselsbron virus from South Africa
AY632545.2 Bagaza virus strain DakAr B209
X03700.1 Yellow fever virus 17D vaccine strain
L06436.1 Powassan virus strain LB 0.20

Figure 2. Phylogenetic analysis of flaviviruses using NS5 gene sequences in survey of West Nile and Banzi viruses in mosquitoes, South
Africa, 2011-2018. Maximum likelihood analysis was used to identify flaviviruses found in mosquitoes after partial sequencing of the
flavivirus NS5 gene region (226 nt, Kimura 2-parameter model plus gamma distribution plus proportion of invariable sites). Sequence data
were edited by using CLC Main Workbench version 8.0.1 (QIAGEN, https://www.qgiagen.com). Reference genomes were downloaded
from GenBank. Multiple sequence alignments were created by using MAFFT (http://mafft.cbrc.jp/alignment/server/index.html) with default
parameters. Phylogenetic analysis was performed by using MEGA X software (MEGA, https://www.megasoftware.net) with bootstrap
support for network groupings calculated from 1,000 replicates. Bootstrap values (>70%) are displayed on branches. GenBank accession
numbers for newly sequenced virus strains: OL411950 (KYA11MP13 isolate), OL411951 (GAU11MP26 isolate), OL411952 (KYA14MP133
isolate), OL411953 (KYA14MP134 isolate), OL411954 (LAP14MP394 isolate), OL411955 (MAR15MP18 isolate), OL411956 (LAP13MP22
isolate), OL411957 (KNP17MP714 isolate), OL411958 (KNP17MP720 isolate), OL411959 (KNP17MP718 isolate), OL411960 (KYA11MP11
isolate), OL411961 (LAP13MP25 isolate), and OL411962 (LAP13MP26 isolate). Solid black triangles are new viral sequences that were
detected in mosquitoes in this study. Scale bar indicates nucleotide substitutions per site.
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Detection of BANV in mosquito pools in South
Africa has not been described since the late 1970s (15),
and a lack of surveillance raises the question regard-
ing the true incidence of this virus. Only the Cx. ru-
binotus mosquito is recognized as a vector for BANV
(15). Despite unclear morphologic identification, we
identified Cx. rubinotus and Cx. annulioris mosquitoes
in the 2 BANV-positive pools through COX1 gene se-
quencing (Table 2; Appendix Figure 3), which should
be investigated further to confirm vector status.

Conclusions

The first limitation of our study is that we did not
separate voucher specimens for mosquito species
from the pools before homogenization. A voucher
specimen is a mosquito species that is preserved and
serves as a reference used to document identity. Sec-
ond, identifications of mosquito species not previ-
ously associated with WNYV infection are preliminary
findings, and further investigation of vector compe-
tency is required.

Mosquito surveillance is not routinely performed
for arboviruses in South Africa, and most studies were
performed 40 years ago (5). In this study, 5 provinces
were targeted for mosquito surveillance over a 7-year
period. These investigations revealed a wide range of
new potential vectors that require further investiga-
tion. Both WNV and BANV were identified in mos-
quitoes in periurban and conservation areas at the
animal/human interface in South Africa, suggesting
increasing circulation potential for those viruses be-
tween humans, wildlife, domestic animals, and avian
species that are common in those areas.
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