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Abstract
Knowledge of vector species composition and monitoring their change over time is critical to evaluate malaria transmission and
assess control interventions. This is especially important in countries such as Botswana, where malaria transmission is subjected
to fluctuations due to climate variability. Another important aspect that impacts vector populations is the insecticide resistance. In
order to assess species composition and the presence of mutations associated with insecticide resistance, Anopheles specimens
from larval samplings and indoor pyrethrum spray sheet collections were analysed. A total of 349 Anopheles were screened by
morphology and PCR as belonging to the An. gambiae complex and An. funestus group. Specimens were subsequently analysed
for human blood meal and Plasmodium index. Finally, knock-down resistance polymorphisms were assessed. Anopheles
arabiensis accounted for the majority of specimens collected through larval (96.7%) and pyrethrum spray sheet collection
(87.4%) across all sampling sites, and this species was the only one found positive for human blood and for P. falciparum.
Other Anopheles species were collected in small numbers by pyrethrum spray catches, namely An. quadriannulatus, An.
longipalpis type C and An. parensis. The authors speculate on changing climate patterns and their possible impact on species
composition. The kdr assay revealed that Anopheles mosquitoes were homozygous wild type for both L1014F (kdr-w) and
L1014S (kdr-e) mutations. These results highlight the unique vectorial role of An. arabiensis in Botswana and indicated that even
with prolonged use of pyrethroids and DDT, the mosquito population has not developed kdr mutations, despite some in vivo
evidence of insecticide resistance.

Keywords Anopheles arabiensis . Botswana . Insecticide resistance .Kdr . Malaria

Introduction

Malaria continues to be a significant cause of morbidity and
mortality in the developing world with Africa being the most
affected. In Botswana, malaria foci are localised in five northern
and eastern districts (Okavango, Ngami, Chobe, Boteti and
Tutume) (Chihanga et al. 2016). However, there have been recent
sporadic outbreaks in areas that were not usually prone tomalaria
(Botswana Ministry of Health and Wellness 2017, 2018a). Over
the years, Botswana has implemented numerous vector control
programmes, which have made extraordinary contributions to
the decline in malaria incidence in the country and allowed it to
enter the elimination phase (Chihanga et al. 2016). As efforts
continue towards malaria elimination, monitoring Anopheles
species distribution and density over time, assessing their vecto-
rial capacity and surveying insecticide resistance will be a basic
requirement to guide malaria vector control programmes.
Previous studies indicate that the main malaria vector in
Botswana is An. arabiensis (Chirebvu et al. 2014, 2016;
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Chirebvu andChimbari 2015, 2016; Tawe et al. 2017). However,
several additional species of theAn. gambiae complex and of the
An. funestus group have been found, namely An.
quadriannulatus, An. longipalpis type C, An. parensis and An.
leesoni (Tawe et al. 2017). In addition, other secondary vector
and non-vector species have been identified: An. argentolobatus,
An. caliginosus, An. coustani, An. cydippis, An. demeilloni, An.
distinctus, An. funestus s.s., An. listeri, An. maculipalpis, An.
marshallii, An. pharoensis, An. pretoriensis, An. rhodesiensis,
An. rivulorum, An. rufipes, An. seretsei, An. squamosus, An.
tchekedii, An. tenebrosus, An. vaneedeni, An. walravensi, An.
wellcomei ugandae, An. ziemanni (Chirebvu et al. 2016;
Pachka et al. 2016; Kyalo et al. 2017; Cornel et al. 2018).
There are currently 28 species of Anopheles known to inhabit
Botswana. However, Plasmodium parasites have only been
found in An. arabiensis, (Tawe et al. 2017) thereby confirming
its malaria vectorial role in Botswana. Notably, An. arabiensis is
an endo- and exophilic (with both indoors and outdoors resting
behaviour), zoophilic and anthropophilic (feeding both on ani-
mals and humans) mosquito and is therefore less affected by
indoor spraying campaigns than other members of the An.
gambiae complex. This is an important point, sincemalaria elim-
ination in Botswana is primarily focused on indoor vector control
strategies. No operational research has been performed, until
now, to assess the biting and resting behaviour of the local An.
arabiensis populations.

Insecticide-based vector control interventions, such as long-
lasting insecticide-treated nets (LLINs), indoor residual spraying
(IRS) and the recent introduction of winter bio-larviciding at a
few selected sites, are used in Botswana against Anophelesmos-
quitoes to curb malaria transmission (Thomson et al. 2005;
Chihanga et al. 2016; Mpofu et al. 2016). The use of
pyrethroid-treated mosquito nets has been one of the cheapest
and most effective interventions against malaria, and this tech-
nique has been regarded as comparatively harmless because of
the relatively low toxicity to mammals and shorter persistence in
the environment (Zaim et al. 2000). Additionally, Botswana uti-
lises IRSwith annual applications of DDTor lambda-cyhalothrin
in the endemic districts (Chihanga et al. 2016). Even though the
malaria situation is less worrying in southern Africa than else-
where, the upsurge of insecticide resistance in different parts of
the continent has threatened the sustainability of long-term effec-
tiveness of vector control measures. Indeed, as far as we know,
south-western Africa (Botswana and Namibia) remains the only
region where pyrethroid-resistant Anopheles populations have
not yet been reported in peer-reviewed journals (Riveron et al.
2018). However, according to the local Ministry of Health and
Wellness in Botswana, pyrethroid resistance has been detected in
all malaria endemic districts from2016while DDTresistance has
only been reported in Bobirwa district in 2018 (Botswana
Ministry of Health and Wellness 2018b). Nevertheless, the un-
derlying resistance mechanisms were not characterised
(Botswana Ministry of Health and Wellness 2018b).

Additionally, there is no available published data on molecular
markers linked to insecticide resistance from Botswana.

Pyrethroids and DDT act on voltage-gated sodium chan-
nels (VGSC) in the nerve cell membranes of insects by alter-
ing the gating kinetics, resulting in the prolonged opening of
individual channels, paralysis and eventual death of the insect
(Davies et al. 2007; Field et al. 2017). An important resistance
mechanism against pyrethroids and DDT, known as knock-
down resistance (kdr), has been linked to a single mutation in
the VGSC gene in several insect species (Soderlund and
Knipple 2003). Two main kdr mutations have been found in
the African An. gambiae complex. In West Africa, kdr-w is
due to a mutation resulting in a leucine to phenylalanine sub-
stitution in the S6 segment of domain II of the VGSC
(L1014F) (Martinez-Torres et al. 1998). A second kdr muta-
tion, kdr-e, which causes a change from leucine to serine at the
same amino acid position (L1014S), was found in East Africa
(Ranson et al. 2000). In Botswana, there is still no substantial
information about insecticide resistance. Therefore, early de-
tection and characterisation of kdr statusmay be critical for the
development of strategies for effective vector management
and the protection of the public’s health.

This study was designed to fill knowledge gaps in
Anopheles species composition and explore their kdr status
in Botswana.

Materials and methods

Mosquito collection

Larval collected (LC) and indoor pyrethrum spray sheet (PSS)
collected adult anopheline mosquitoes preserved on silica gel
were obtained from the National Malaria Programme,
Ministry of Health and Wellness, Botswana. These mosqui-
toes were collected from four districts being Ngami (Shorobe,
Mababe and Khwai villages), Okavango (Seronga village),
Boteti (Motopi village) and Ghanzi (Grootlagte village) be-
tween February and March 2016 at the peak of the malaria
transmission season (Fig. 1). The PSS collection was per-
formed in the early morning for 2–3 days in each site, and
40 houses per site were sampled. The activities were per-
formed among the established network of sentinel sites locat-
ed in endemic and non-endemic districts (Chihanga et al.
2016).

Genomic DNA extraction and mosquito identification

Adult female specimens were first identified morphologically
(Gillies and Coetzee 1987) before confirmatory molecular
identification of specimens belonging to sibling species (An.
gambiae complex and An. funestus group). DNA from body
portions head/thorax and abdomen of each mosquito was
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extracted separately. DNA from the abdomen was extracted
using DNAZol® while DNA from the head/thorax was ex-
tracted using Biomerieux NucliSENS® easyMAG® accord-
ing to manufacturer’s instructions. The protocol of Scott et al.
(1993) was applied for the species identification of An.
gambiae s.l. specimens and the protocol of Koekemoer et al.
(2002) for species identification of those belonging to the An.
funestus group. Finally, to further identify the presence of An.
longipalpis type C among the An. funestus samples, the pro-
tocol of Choi et al. (2010) was adopted.

Blood meal analysis and Plasmodium sporozoite
positivity

A test described by Tawe et al. (2017) was applied for the
detection of human β-globin DNA specific sequence in total
DNA extracted from the mosquito abdomen. DNA extracts
(head/thorax) were tested for the presence of P. falciparum
using the molecular detection for pfmdr1 parasite gene
through a nested PCR approach (Djimdé et al. 2001) with
HB3 and DD2 P. falciparum as positive strains. Nested PCR
was also performed using specific primers for P. vivax, as

previously described by Snounou et al. (1993), since
P. vivax is also circulating in some areas of Botswana
(Motshoge et al. 2016). DNA of P. vivax (ATCC® 30138™)
was run as positive control. PCR products were visualised on
2% agarose gels.

Conventional PCR for detection of knock-down
resistance status

Two separate PCR assays for the detection of kdr-w
(L1014F) and kdr-e (L1014S) were utilised on the
Anopheles mosquito samples according to the protocols
from Martinez-Torres et al. (1998) and Ranson et al.
(2000), respectively. PCR assays were modified and
optimised for template concentration (2 μl in a final vol-
ume of 20 μl reaction), annealing temperature (51 °C),
number of cycles (30), and the MgCl2 concentration
was adjusted to 2 mM. Amplified reaction fragments were
run via ethidium bromide-stained 2.5% agarose gel
electrophoresis and photographed under ultraviolet light
illumination. Sensitive and resistant Anopheles strains
were run together with the field samples for both tests.

Fig. 1 Map showing malaria stratification in Botswana and the sites of mosquitoes’ sampling. Arrows indicate the villages by districts. The map was
kindly provided by the Botswana Ministry of Health and Wellness
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TaqMan real-time PCR for detection of knock-down
resistance

PCR was performed using a Bio-Rad CFX96™Real-Time
system with minor modifications to the Bass et al. (2007)
protocol. Primers kdr-Forward (5′-CATTTTTCTTGGCC
ACTGTAGTGAT-3 ′ ) and kdr-Reverse (5 ′ -CGAT
CTTGGTCCATGTTAATTTGCA-3′) were used for binding
the flanking region of both kdr mutation sites in the sodium
channel gene. The probe WT (5′-CTTACGACTAAATTTC-
3′) was labelled with VIC for the detection of the wild type
allele, and the probes kdr-E (5′-ACGACTGAATTTC-3′) and
kdr-W (5′-ACGACAAAATTTC-3′) were labelled with 6-
FAM for detection of the kdr-e and kdr-w resistant alleles,
respectively. The two standard primers (kdr-Forward and
kdr-Reverse) and the WT probe were used either in one reac-
tion with the kdr-E probe for detecting kdr-e or in another
reaction with the kdr-W probe for detecting kdr-w. The
20-μL PCR reaction contained 1 μL of the genomic DNA
of an individual mosquito, 10 μL of IQ™Supermix (Bio-
Rad), 1.6 μM of each primer and 0.4 μM of each probe.
The PCR cycling conditions were as follows: an initial dena-
turation at 95 °C for 10 min, followed by 40 cycles of 95 °C
for 10 s and 60 °C for 45 s. The increase in VIC and FAM
fluorescence was monitored in real time by detecting fluores-
cence of VIC (530 nm excitation & 55 nm emission) and
FAM (470 nm excitation & 510 nm emission) channels
for each dye, respectively. Positive controls are comprised
of a DNA template from mosquitoes with known West
African (kdr-w) genotype (SENN-DDT, homozygous for
the L1014F mutation) and East African (kdr-e) genotype
(RSP7 homozygous for the L1014S mutation). The other
positive control was DNA template from a homozygous
susceptible colony (KGB). The heterozygous controls
were made up by mixing equal aliquots of susceptible
and resistant DNA templates.

Data analysis

Allelic discrimination scatter plots were adapted using the
Bio-Rad CFX manager 3.1 software. Descriptive statistics re-
lied on the Microsoft Excel, version 3.04.

Results

Species identification

A total of 349 mosquito samples, belonging to the An.
gambiae complex and An. funestus group, were analysed.
Twelve (12) out of 349 mosquitoes were not identified by
either morphological or molecular analysis as a consequence
of poor specimen preservation (identification success rate
96.6%). Two of the sites, the villages of Motopi and
Shorobe, were sampled both by LC and PSS. Overall, 150
specimens were from LC (43.0% of the total collected
Anopheles). Anopheles arabiensis accounted for the majority
of specimens collected through larval collection (96.7%) and
PSS collection (87.4%) on overall sampling sites. Anopheles
longipalpis type C (5.2%) and An. parensis (4.0%), which are
both members of the An. funestus group, were also identified
among the PSS specimens (Table 1).

Blood meal analysis and Plasmodium sporozoite
positivity

The adult mosquitoes collected by PSS tested positive for
human blood but this positivity was observed only in An.
arabiensis across all study villages whereas other species
from the same villages showed no human blood positivity
(Table 2). Overall, a single head/thorax specimen of a
human blood meal negative An. arabiensis mosquito from
indoor collection in Shorobe village (Ngami district) was

Table 1 Anopheles mosquito species collected from four districts

District Village Mode of collection An. arabiensis An. quadriannulatus An. longipalpis An. parensis Unidentified Total

Boteti Motopi LC 73 0 0 0 4 77

PSS 18 1 0 1 3 23

Ghanzi Grootlagte PSS 30 0 0 0 0 30

Okavango Seronga PSS 74 0 0 0 3 77

Ngami Khwai PSS 7 0 0 0 0 7

Mabane PSS 20 0 7 3 0 30

Shorobe LC 72 0 0 0 1 73

PSS 24 0 3 4 1 32

Total (%) 318 (91.1) 1 (0.3) 10 (2.9) 8 (2.3) 12 (3.4) 349 (100)

LC, larval collection; PSS, pyrethrum spray sheet
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positive for P. falciparum. This provides a prevalence of
4.2% in this single village. An infection rate of 0% was
observed for both P. falciparum and P. vivax in the other
study areas.

Kdr status

All Anopheles samples were screened for both L1014F (kdr-
w) and L1014S (kdr-e) mutations with conventional and real-
time PCR. Three hundred and nine (309) LC and PSS
Anopheles mosquitoes yielded results. The kdr mutations,
both L1014F and L1014S, were not detected (Fig. 2), and all
the screened samples were homozygous wild type.

Discussion

Studies on Anopheles species identification and distribu-
tion are of importance in vector control, and such asso-
ciated knowledge dictates appropriate control measures.
Deployment of LLINs and IRS interventions without
detailed understanding of the distribution, species com-
position and behaviour of local vectors complicates im-
pact monitoring (Sinka et al. 2010). Tawe et al. (2017)
emphasised the importance of vector surveillance in
Botswana to understand malaria vectorial systems and
transmission dynamics. The current study provides
follow-up information about the distribution and diver-
sity of Anopheles mosquitoes from six sites in four dis-
tricts of Botswana. Three of these four districts, Ngami,
Okavango and Boteti, are prone to malaria, whereas
Ghanzi district encounters sporadic outbreaks of malaria
(Botswana Ministry of Health and Wellness 2017). In
all the study areas, An. arabiensis, the main known
malaria vector in Botswana, accounted for the highest
frequency (91.1%) among the Anopheles species found.
Tawe et al. (2017) reported the frequency of An.
arabiensis in 2014–2015 transmission season from six
districts (Okavago, Ngami, Boteti, Tutume, Chobe and
Kweneng West) being 58.9%, with presence of members
of the An. funestus group at higher frequencies com-
pared with what was observed in this study. One possi-
ble explanation for this change in species diversity
could be due to the extreme drought experienced by
Botswana in the 2015–2016 summer season that was
driven by a very strong El Niño event (Byakatondaa
et al. 2018; Siderius et al. 2018). It is well established
that An. arabiensis shows considerable ecological and
behavioural plasticity that allows it to survive in the
harsh conditions of some arid areas, while An. funestus
requires more permanent breeding grounds and it is

Table 2 Human blood positivity among Anopheles specimens collected
through pyrethrum spray sheet collection

Village An. arabiensis
n/N (% (95% CI))

An.
quadriannulatus
n/N (% (95% CI))

An.
longipalpis
n/N (%
(95% CI))

An.
parensis n/
N (%
(95% CI))

Motopi 1/18 (5.6
(− 5.0–16.2))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

Grootlagte 7/30 (23.3
(8.2–38.5))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

Seronga 9/74 (12.2
(4.7–19.6))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

Khwai 1/7 (14.3
(− 11.6–40.2))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

Mabane 1/20 (5.0
(− 4.6–14.6))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

Shorobe 4/24 (16.7
(1.8–31.6))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

Total (%) 23/173 (13.3
(8.2–18.4))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

0/0 (0.0
(0.0–0.0))

N, number of specimen with human DNA positive abdomens; CI, confi-
dence interval

Fig. 2 Allelic discrimination
scatter plot analysis for kdr-e and
kdr-w assays. a Scatter plot with
few samples excluded to clearly
show negative and positive
controls for kdr-w. b Scatter plot
with few samples excluded to
clearly show negative and
positive controls for kdr-e
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more susceptible to changes in weather patterns (Kent
et al. 2007). Furthermore, the impact of the El Niño
southern oscillation (ENSO) pattern on the annual ma-
laria incidence in southern Africa has been assessed
(Mabaso et al. 2007). A possible explanation for our
results is that during a very dry summer season, the
Anopheles species diversity in Botswana is likely to
drop, with a higher rate of persistence of An. arabiensis
when compared with other species. This would decrease
species competition and possibly also increase malaria
transmission as reported by WHO in low transmission
areas of southern Africa (WHO 2018). Longer longitu-
dinal observations should be carried out to verify this
working hypothesis.

The high frequencies of An. arabiensis in this study
implicate this species as the main malaria vector in
Botswana. Human DNA was detected in An. arabiensis
from all the study villages indicating that the fraction of
mosquitoes collected indoor readily feed on human blood,
while no human DNA was detected in other collected
Anopheles species, despite we should remind their very
low number. Furthermore, P. falciparum DNA was detect-
ed in a single specimen of An. arabiensis from Shorobe
that was negative for human DNA. This indicates that the
parasite had progressed to the salivary glands of the mos-
quito for development into infective sporozoites.
Plasmodium vivax DNA was not detected among any of
the Anopheles mosquitoes.

This study was limited because it does not establish if An.
arabiensis fed on humans outdoors or indoors. This is espe-
cially important because An. arabiensis populations exhibit
both exophilic and endophilic behaviours and various degrees
of anthropophily depending on the prevailing ecological con-
ditions (Costantini et al. 1999; Kent et al. 2007).
Understanding vector biology is very important when consid-
ering the effectiveness of vector control measures for blocking
transmission (Tawe et al. 2017). Despite limited malaria vec-
tor research, Botswana has made extraordinary progress in the
fight against malaria and now envisions malaria elimination
by 2020, together with eight other countries under the
Elimination 8 committee.

Botswana mainly depends on the use of LLINs and IRS for
vector control. However, emerging resistance to pyrethroids
(the only class of insecticides used in insecticide-treated nets)
and DDT has the potential to render LLINs and IRS interven-
tions ineffective. This study provides information on the status
of kdr in Botswana in An. arabiensis, a target site resistance
mechanism that has been associated to resistance to both py-
rethroids and DDT. All specimens screened were found to be
homozygous wild type, indicating that the mosquitoes do not
have either the kdr-w or kdr-e.

Though, our study was limited by the lack of phenotypic
data showing absence/presence of insecticide resistance. In

addition, the sampling strategy of PSS may impact on our
results. Moreover, kdr is not the only mechanism conferring
resistance. In fact, there are several other insecticide resistance
mechanisms such as metabolic resistance, behavioural and
cuticular resistance that can be also explored. Our results high-
light the absence of kdr-resistant alleles in the An. arabiensis
population of Botswana but they do not conflict with the pos-
sibility of in vivo resistance to insecticides. During 2016–
2018, the National Malaria Programme in Botswana has car-
ried out the phenotypic resistance assay for the local popula-
tion of An. arabiensis using the WHO guidelines, but did not
characterise the underlying resistance mechanisms (Botswana
Ministry of Health and Wellness 2018b). In summary, resis-
tance to pyrethroid (lambda-cyhalothrin) was identified for
An. arabiensis in 5 monitored sentinel sites. There are also
indications of possible resistance to DDT in 4 sentinel sites.
On the other hand, susceptibility to bendiocarb was confirmed
in one site. In line with our results, in the two other southern
African countries where pyrethroid resistance has been detect-
ed in An. arabiensis (Zimbabwe and South Africa), no kdr
mutations were seen (Munhenga et al. 2008; Nardini et al.
2013). It is likely that southern African An. arabiensis are
not prone to having mutations arise in the sodium channel
gene and indicate marginal incongruence when compared
with other members of the An. gambiae complex and to pop-
ulations occurring elsewhere in Africa.

Malaria control interventions in Botswana target indoor
feeding and resting malaria vectors, but it is also important
to evaluate other possible measures targeting outdoor resting
vectors, when accounting for the presence of An. arabiensis
(Tawe et al. 2017). Even though LLINs and IRS are highly
effective, they are generally insufficient to stop malaria trans-
mission in many settings because of operational constraints,
possible resistance to available insecticides and mosquitoes
that behaviourally avoid contact with these interventions
(Killeen et al. 2017). Bio-larviciding using Bacillus
thuringiensis var. israelensis as an additional vector control
measure targeting larvae, has been evaluated in Bobirwa dis-
trict, Botswana (Mpofu et al. 2016). This resulted in reduced
larval density and ultimately reduced the density of adult mos-
quitoes. Therefore, further strengthening of vector control in-
terventions through integrated vector management (IVM) is
relevant in Botswana. Further efforts are required to go from
low transmission situations to sustained local and country-
wide malaria elimination (Beier et al. 2008).
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