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Introduction: Recent surge of Anopheles resistance to major classes of World Health
Organization (WHO)-approved insecticides globally necessitates the need for information
about local malaria vector populations. It is believed that insecticide efficacy loss may lead
to operational failure of control interventions and an increase in malaria infection
transmission. We investigated the susceptibility levels of malaria vectors to all classes of
WHO-approved vector control insecticides and described the dynamics of malaria
transmission in a peri-urban setting.

Methods: Fit 3–5-day-old adults that emerged from Anopheles larvae collected from
several different sites in the study area were subjected to the WHO bioassay for detecting
insecticide resistance. The knockdown resistance gene (kdr) mutations within the vector
populations were detected using PCR. Entomological inoculation rates were determined using
the human landing catch technique and Plasmodium falciparum circumsporozoite ELISA.

Results: The malaria vectors from the study area were resistant to all classes of
insecticides tested. Out of the 284 Anopheles complex specimen assayed for the
resistance study, 265 (93.30%) were identified as Anopheles gambiae s.s. The kdr
gene was detected in 90% of the Anopheles gambiae s.s. assayed. In an area where
Anopheles coluzzii resistance to insecticides had never been reported, the kdr gene was
detected in 78% of the Anopheles coluzzii sampled. The entomological inoculation rate (EIR)
for the dry season was 1.44 ib/m/n, whereas the EIR for the rainy season was 2.69 ib/m/n.

Conclusions: This study provides information on the high parasite inoculation rate and
insecticide resistance of malaria vectors in a peri-urban community, which is critical in the
development of an insecticide resistance management program for the community.

Keywords: insecticide resistance, vector, malaria, sporozoite rate, EIR, transmission intensity, Anopheles
gambiae (s.l.)
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BACKGROUND

The sub-Saharan African continent has seen a 22% reduction in
malaria incidence between 2010 and 2018 (1). Malaria incidence
reduction gains have been attributed to the scaled-up provision
of vector control interventions (2). However, recent malaria data
provided by the World Health Organization (WHO) show that
targets for reductions in the death and disease caused by malaria
may have stalled due to the rapid emergence of malaria vector
control insecticide resistance (3). Two main mechanisms
associated with malaria vector control insecticide resistance are
metabolic detoxification of insecticides and insecticide target site
insensitivity (4). Target site insensitivity is caused by gene
mutation of target proteins that interact with vector control
insecticides. The commonest target site insensitive mechanisms
are the acetylcholinesterase G119S mutation and the voltage-
gated sodium channel L1014F mutation that causes resistance to
pyrethroids (5). Insecticides produced from the carbamate and
organophosphate organochemical class act irreversibly by
inactivating the essential enzyme acetylcholinesterase, which is
utilized for nerve function in mosquitoes (6). The insecticidal
effect of pyrethroids and organochlorines is due to the insecticide
chemical binding to the sodium ion channel of the vector. These
chemicals act on the gating properties of the vector and keep it
open (7). Knockdown resistance (kdr) occurs when the amino
acid sequences in voltage-gated sodium channels of the vector
get mutated, resulting in the reduction of channel sensitivity to
pyrethroid and organochlorine insecticides.

The pyrethroid insecticide class, because of its effectiveness
and low toxicity to man, is the most commonly used insecticide
class in several vector control programs. It has seen an increase in
vector resistance from 71% in the year 2010 to 81% by the end of
the year 2016 (3). Between 2010 and 2016, organochlorine
insecticide resistance was confirmed in 80% of the WHO
member countries (3). More than 50% of the WHO member
countries reported insecticide resistance to the carbamate and
organophosphate insecticide classes (3). The spread of insecticide
resistance is worsened by the use of the same organochemicals in
controlling malaria vectors and agricultural pests (8–10). As a
result, there is an increased selection pressure on malaria vector
populations that do not possess the knockdown resistance
(kdr) gene.

In Ghana, the dominant species responsible for the
transmission of the disease are Anopheles gambiae s.s, Anopheles
coluzzii, Anopheles funestus, and Anopheles arabiensis (8). The key
feature that makes these species efficient malaria vectors are their
resting behavior and blood source preference. These behavioral
differences affect the vectorial capacity, suitability, and
effectiveness of vector control interventions. To effectively
control these vectors and ultimately reduce disease transmission
Abbreviations: AM, ante meridiem; DDT, dichlorodiphenyltrichloroethane;
DNA, deoxyribonucleic acid; EIR, entomological inoculation rate; ELISA,
enzyme-linked immunosorbent assay; GMT, Greenwich Meridian Time; HLC,
human landing catch; IRS, indoor residual spray; ITN, insecticide treated net;
KDR, knockdown resistance; MBR, man biting rate; PfCSP, Plasmodium
falciparum circumsporozoite protein; PM, post meridiem; SDG, sustainable
development goal; SPR, sporozoite rate; WHO, World Health Organization.
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rates, the establishment of an efficient vector species and behavior
database is imperative (6, 11). This will ensure that information on
the distribution of vectors, trends in insecticide susceptibility, and
transmission rates are factored in national malaria control
program decision-making processes. Although several works on
vector resistance have been undertaken in Ghana [e.g., (6, 12, 13),
just to name a few], the need to describe vector abundance and
vector distribution and monitor the changing trends of resistance
is still very important. All of these studies were conducted in urban
settings with Anopheles speciation in some areas. However, all-
inclusive data of vector abundance, speciation, local malaria
transmission dynamics, phenotypic and genotypic resistance to
insecticides in peri-urban areas are yet to be documented in the
Ashanti region of Ghana. We therefore investigated the
susceptibility of malaria vectors to all classes of WHO-approved
vector control insecticides and those expressed by entomological
inoculation rates (EIR), the transmission rates of malaria in a peri-
urban setting in the Ashanti region of Ghana.
METHODS

Study Site
The Ashanti region, located in the south of Ghana, is known for
its natural resources and agricultural activities. The region is
divided into 43 administrative districts, out of which 18 are
municipalities. The area for this study was Apromase which is
located within the Ejisu-Juaben municipality of the region
(Figure 1). Apromase is a peri-urban community where
extensive irrigated vegetable farming is done and is also close
(11 km) to the Kumasi metropolis, the regional capital that has a
high demand for agricultural products. Apromase is located in
the transitional forest zone with a minimum mean temperature
of 22.4°C and a maximum mean temperature of 31.2°C. The
rainy season starts in April and ends in October where it
coincides with the start of the dry season which ends in
March. The mean annual rainfall of the area is 121.3 mm (15).

The human landing catch (HLC) and larval collections were
performed at different sites with some sites overlapping each
other. The larval collection sites were selected along the transect
of road puddles and water bodies, whereas the HLC were sited
closer to houses. This notwithstanding, the distances between
HLC sites and larval collections did not exceed 1 km. The sites
were thus selected to ensure that houses were within the flight
range of emerging mosquitoes. Thus, we can expect that the adult
mosquitoes collected are a reflection of larval collection sites. The
larval collection sites were a minimum of 100 m apart, and the
HLC sites are a minimum of 200 m apart. Larval breeding sites 1
and 12 were 1.47 km apart. HLC site 1 and HLC site 4 are 410 m
apart (Figure 1).

Collection of Adult Mosquitoes
The human landing catch (HLC) technique was used to collect
adult mosquitoes from four randomly selected houses in the
study area. Two trained consenting volunteer adults (one seated
indoor and the other outdoor) collected the mosquitoes and were
each given a prophylactic dose of doxycycline 100®. The study
September 2021 | Volume 2 | Article 739771
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data were collected for four consecutive nights in December 2018
for the dry season and in April 2019 for the rainy season. Indoor
and outdoor mosquito col lect ions were performed
simultaneously from 06:00 p.m. to 06:00 a.m. each night (16).

Captured mosquitoes were placed carefully in labeled paper
cups with net coverings. A wet cotton wad was placed over the
tops of the cups to maintain the mosquitoes at an appropriate
humidity during transportation to the insectary of the Department
of Clinical Microbiology at the Kwame Nkrumah University of
Science and Technology (KNUST) in Kumasi, Ghana. The
mosquitoes were morphologically identified, dissected, and
preserved dry on silica gels in 1.5-ml Eppendorf tubes.

The HLC and larval collections were performed at different
sites as indicated on the Google Earth map with some overlaps.
The larval collection sites were along the transect of road puddles
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and water bodies. However, HLC essentially has to be close to
human dwellings, but the distance between HLC and larval
collections did not exceed 1 km. Thus, we can expect emerging
mosquitoes to fly to where humans sleep for which the HLC
must be representative. The larval collection sites are a minimum
100 m apart, and the HLC sites are a minimum 200 m apart.
Larval breeding site 1 and breeding site 12 are 1.47 km apart.
HLC site 1 and HLC site 4 are 410 m apart.

Determination of Parasite Infection Rate
Sandwich ELISA was conducted on the head and thorax of
randomly selected wild-caught Anopheles vectors. The presence
of Plasmodium falciparum circumsporozoite protein (PfCSP) in
the Anopheles vectors was done following the protocol of Wirtz
et al. (17).
A

B

FIGURE 1 | (A) A map of the Ejisu-Juaben Municipality showing Apromase. Source: Ejisu-Juaben Municipal Assembly (14). (B) Anopheles larvae and adult vector
collection sites.
September 2021 | Volume 2 | Article 739771
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Mosquito Larval Collection for Insecticide
Susceptibility Bioassay
Anopheles mosquito larvae were collected from breeding sites
identified during larval habitat surveys in the community.

They were then transported to the insectary of the
Department of Clinical Microbiology at KNUST in Kumasi,
Ghana, where they were raised to adulthood.

The collection bowls were kept at temperatures of 25 ± 2°C.
Pupated larvae were then collected into plastic cups using
Pasteur pipettes and placed in mosquito cages for the
emergence of their adult forms which were fed with 10%
sucrose solution.

Insecticide Susceptibility Testing Using
WHO Bioassay Tubes
Eight (8) WHO-approved insecticide-impregnated papers from
four organochemical classes approved for public health use were
procured from the Universiti Sains Malaysia, Penang. These were
pyrethroids (0.05% deltamethrin, 0.15% cyfluthrin),
organophosphates (5.0% malathion, 0.25% pirimiphos-methyl),
carbamates (0.1% propoxur, 0.1% bendiocarb), and
organochlorines (4.0% dieldrin, 4.0% DDT). Using the WHO
insecticide bioassay protocol (18), 3–5-day-old non-blood-fed
female Anopheles mosquitoes were used for the bioassay with
eight replicates consisting of 20 mosquitoes per tube and a
control with paper impregnated with mineral oil. At the end of
the 60-min exposure period, the Anopheles mosquitoes were
transferred into holding tubes, and a wad of cotton soaked with
10% sucrose solution was placed on top of it for mortality rates to
be checked after 24 h. After the 24-h post-exposure period, each
exposure tube was examined for dead or alive mosquitoes.
Corresponding values for each tube were scored using the
WHO insecticide monitoring bioassay guideline (18).

Extraction of Genomic DNA and
Identification of Anopheles gambiae
Complex Sibling Species
Using the Chelex protocol of Musapa et al. (19), DNA was
extracted from dead and alive Anopheles mosquitoes from the
WHO resistance bioassay. Restriction fragment length
polymorphism polymerase chain reaction (PCR-RFLP) as
described by Fanello et al. (20) was used to characterize the
Anopheles gambiae complex.

Detection of Knockdown Resistance (kdr)
Gene in the Anopheles gambiae Complex
As described by Martinez-Torres et al. (21), primers AgD1 (ATA
GAT TCC CCG ACC ATG) and AgD3 (AAT TTG CAT TAC
TTA CGA CA) were used to detect the 195-bp fragment of the
resistant allele whereas AgD2 (AGA CAA GGA TGA TGA
ACC) and AgD4 (CTG TAG TGA TAG GAA ATT TA) were
used to detect the 137-bp fragment of the susceptible allele. As a
control measure, a common 293-bp fragment was amplified with
primers AgD1 and AgD2. The polymerase chain reaction (PCR)
was carried out using a PTC 100™ thermal cycler (MJ Research
Inc., Watertown, MA, USA) with an initial step of 3 min at 94°C
Frontiers in Tropical Diseases | www.frontiersin.org 4
followed by 40 cycles, each consisting of 30 s denaturation at
94°C, 30 s annealing at 53°C (for resistant allele and control
fragment detection) or 48°C (susceptible allele detection), and 30
s extension at 72°C; the final cycle products were extended for 5
min at 72°C. Fragments were run through an ethidium bromide
2% agarose gel.

Data Analysis
Data were entered into Microsoft Excel 2016. Graphs and tables
were drawn using Microsoft Excel 2016. Sporozoite rates were
calculated as the proportion of dissected mosquitoes, which were
ELISA positive for PfCSP. The entomological inoculation rates
were calculated as the product of the human biting rate and the
sporozoite rate.

The WHO criteria for insecticide susceptibility assay were
used to define resistance levels. A population was assumed
resistant when the mortality rate 24 h after exposure to
impregnated insecticide papers was less than 98%. It was
scored as susceptible when the mortality rate was equal to or
greater than 98%. Th formula of Abbot was applied when the
mosquitoes in the control setup experienced mortalities less than
10%. The knockdown resistance gene frequency was calculated
using the Hardy–Weinberg formula. Mortality rates were defined
as very low when the mortality rate was below 50%, low when the
mortality rate was between 50% and 80%, and high when the
mortality rate was above 80%.
RESULTS

Biting Pressure of Malaria Vectors
A total of 1,333 Anopheles gambiae s.l. vectors were collected
during the study period, as shown in Table 1. The indoor biting
rate per night was 78.6 bites per man per night (b/m/n) and 88 b/
m/n for the outdoor biting rate. The human biting rate per night
for the rainy season was 117 b/m/n and 49.6 b/m/n for the dry
season. The overall human biting rate was 83.3 b/m/n.

As shown in Figure 2, Anopheles gambiae s.l. biting
commenced at dusk (06:00 p.m.) and continued till dawn
(06:00 a.m.). Peak biting activity of the vector for both indoor
and outdoor collection was observed between the hours of 01:00
a.m.–02:00 a.m. and 23:00 p.m.–00:00 a.m., respectively.

Sporozoite Infection Rates
Of the 580 Anopheles gambiae mosquitoes assayed for
Plasmodium falciparum circumsporozoite protein (PfCSP), 15
were found to be positive for PfCSP leading to a sporozoite
infectivity rate of 0.026, as shown in Table 2.
TABLE 1 | Total adult Anopheles gambiae s.l. collected at Apromase.

Collection method Season Total

Dry Wet

Indoor HLC 193 436 629
Outdoor HLC 204 500 704
Total 397 936 1333
S
eptember 2021 | Volume 2 | Article 7
HLC, human landing catches.
39771

https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles


Akuamoah-Boateng et al. Malaria Transmission and Insecticide Resistance
The distribution of PfCSP positive of malaria vectors from
Apromase showed that infective bites occurred throughout the
evening reaching peak levels between 22:00 p.m. and 03:00 a.m.
The overall EIR of malaria vector species collected from indoor
and outdoor collections was 2.16 infective bites per man per
night (ib/m/n). The EIR for the dry and rainy seasons was 1.44
ib/m/n and 2.69 ib/m/n. A monthly estimated EIR (estEIR) of
64.8 ib/m/n was observed in the community (Table 3).
Frontiers in Tropical Diseases | www.frontiersin.org 5
Insecticide Susceptibility Assay
All Anopheles gambiae s.l. from Apromase were resistant to all
classes of insecticide tested. The insecticide 0.15% Cyfluthrin
(Pyrethroids) had the least knockdown percentage after 60 min
at 18.75% whereas the insecticide 0.25% pirimiphos-methyl
(organophosphate) had the highest knockdown percentage after
60 min at 46.87%. Overall, less than 50% of the assayed
mosquitoes were knocked down at the 60th-min mark (Figure 3).

Mortality Rates of Female Anopheles
Mosquitoes
The mortality rates of female Anopheles mosquitoes exposed to
the pyrethroid (31%–44%), organochlorine (24%–27%), and
carbamate (25%–54%) organochemical classes were very low
(Table 4). Relatively higher mortalities (56%–61%) were
recorded for the organophosphate insecticide class.

Molecular Characterization of Anopheles
gambiae Complex and Detection of
Knockdown Resistance (kdr) Gene
Of the 1,280 used for the insecticide resistance bioassay, 284 (251
alive, 33 dead) were used for molecular speciation of the
Anopheles gambiae complex and for the detection of the
knockdown resistance (kdr) target-site mutation. Two hundred
and sixty-five (93.3%) were Anopheles gambiae s.s. while the
remainder were Anopheles coluzzii. Overall, 255 (89%) of the
assayed Anopheles gambiae population from Apromase had
the kdr gene. The kdr gene was found in 240 (90.55%) of the
assayed Anopheles gambiae s.s. and 15 (78.94%) of the Anopheles
coluzzii (Table 5).
TABLE 2 | Malaria vector sporozoite rate (SPR) in the Apromase community.

Season No. assayed PfCSP positive SPR

Dry 241 7 0.029
Rainy 339 8 0.023
Total 580 15 0.026
PfCSP, Plasmodium falciparum circumsporozoite protein; SPR, sporozoite rate.
TABLE 3 | Seasonal malaria vector and estimated monthly inoculation
rates in Apromase.

Season MBR (b/m/n) SPR EIR (ib/m/n) EstEIR (ib/m/m)

Dry 49.6 0.029 1.44 43.2
Rainy 117 0.023 2.69 80.7
Total 83.3 0.026 2.16 64.8
MBR, man biting rate; SPR, sporozoite rate; EIR, entomological inoculation rate; estEIR,
estimated entomological inoculation rate; b/m/n, bite/man/night; ib/m/m, infective bite/
man/month.
FIGURE 2 | Hourly human biting pressure of Anopheles gambiae mosquitoes caught at Apromase.
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The kdr genewas found in 249 (99.20%) of the femaleAnopheles
vectors that were alive 24 h after exposure to insecticides (Table 6).

The kdr gene was found in six (18.18%) of the female
Anopheles vectors that were dead 24 h after exposure to
insecticides (Table 7).
DISCUSSION

A better understanding of the composition, host preferences, and
vectorial capacity of disease vectors is essential for the
implementation of integrated vector control interventions. This
study was carried out to investigate the diversity, density, parasite
inoculation rates, and insecticide susceptibility profile of malaria
vectors in Apromase, Ghana.

More than 93% of the malaria vectors collected from the
Apromase community were identified as Anopheles gambiae s.s.,
similar to species ratios reported in previous studies in the
country (6, 22). The high proportion of Anopheles gambiae s.s.
in a community which falls within the rain forest zone of Ghana
Frontiers in Tropical Diseases | www.frontiersin.org 6
was not surprising given previous observations, suggesting that
Anopheles gambiae s.s. is more adapted to breeding in temporary
pools and rain forest areas (8, 23). As envisaged, the Anopheles
coluzzii species which is usually found in paddy fields (24) was
less than 7% as in studies (4, 25).

The biting rate of a vector in a given locality is one of the key
indices that influence disease transmission (26). In a study
conducted in Ghana (13), only Anopheles coluzzii with a high
entomological inoculation rate (EIR) and anthropomorphism
was found to contribute to malaria transmission. The appearance
of Anopheles coluzzii in the metropolis where they were not
previously observed (27) has significant implications for malaria
transmission in the region. This assertion however requires
studies to be done over an extended period on a larger
sampling scale to fully appreciate localized entomological data.
This ultimately should assist in the regional and national
application of stringent malaria control policies, particularly in
the event of high Leu-Phe knockdown resistance gene mutations,
which is the main mechanism of pyrethroid insecticide resistance
in Anopheles coluzzii malaria vectors.
FIGURE 3 | Knockdown rates of Anopheles mosquitoes during the 60-min exposure.
TABLE 4 | Mortality rates of female Anopheles mosquitoes 24 h after exposure to insecticides.

Insecticide Exposed (N) Time (L)/hour Dead (%) Alive (%) Status

Pyrethroids
0.05% deltamethrin 160 1 70 (44) 90 (56) Resistant
0.15% cyfluthrin 160 1 49 (31) 111 (69) Resistant
Organochlorines
4% dieldrin 160 1 43 (27) 117 (73) Resistant
4% DDT 160 1 39 (24) 121 (76) Resistant
Carbamates
0.1% bendiocarb 160 1 40 (25) 120 (75) Resistant
0.1% propoxur 160 1 86 (54) 74 (46) Resistant
Organophosphate
5% malathion 160 1 90 (56) 70 (44) Resistant
0.25% pirimiphos 160 1 97 (61) 63 (39) Resistant
Septemb
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Klinkenberg et al. (28) observed that insecticide resistance
and transmission of malaria was not solely a rural phenomenon
given that levels of disease transmission in urban and peri-urban
areaswith numerous irrigated farmswere similar to rural areas. The
elevated Anopheles population is therefore very much expected in
urban and peri-urban settings, thus buttressing literature (4, 6, 27)
that irrigated farms were the chief culprits in populating urban and
peri-urban settings with resistant vectors. Based on the WHO
criteria for characterizing insecticide resistance, this study found
evidence of insecticide resistance in the vector population in a peri-
urban setting to all the tested insecticides. Bioassay results showed
high levels of resistance of the malaria vector species to various
organochemicals most significantly to the pyrethroid
organochemical which happens to be the most effective class
approved for the production of long-lasting insecticide bed nets.
The Anopheles vector developing genotypic and phenotypic
resistance to organochemicals approved for vector control has
been linked to the scaled-up coverage of ITNs, IRS, and
agricultural practices (8, 9). In Ghana, it is estimated that over
80%ofcash cropandvegetable farmersutilizeorganochemicals that
are reformulated in the production of insecticides for pest control
chemicals (6, 29)primarily due to their effective curative action (30).
During pesticide applications, residues of these organochemicals
seep into surrounding breeding pools, thus constantly exposing the
vector larval stage to the control chemicals. In addition to ITNs,
consumer products such as mosquito insecticide coils, aerosol
sprays, and repellent creams are used in various homes (31). In all
these consumer products, pyrethroid is the commonly used
Frontiers in Tropical Diseases | www.frontiersin.org 7
organochemical. This may be an auxiliary factor to the rapid
buildup of resistance in local vectors.

Effective regulation of agro-pesticide use and management of
insecticide resistance will be critical in avoiding, delaying the
development of resistance, or regaining susceptibility in vectors
to improve public health. An expansive integrated vector control
program targeting the different life stages of the malaria vector is
belated and should be executed with knowledge on local
vectorial competence.

Assessment of vectorial competence is usually achieved
through detecting circumsporozoite in the salivary glands of
the vector. Sporozoite infectivity assay results of this study
showed that high Plasmodium falciparum sporozoite rates in
Apromase were similar to other infectivity rates reported across
the subregion (13, 32, 33). Themalaria vector is abundant in urban,
peri-urban, and rural areas ofGhana.Changes in thebehaviorof the
vector and how it affects disease transmission in these settings
particularly peri-urban areas however remain poorly understood.
The hourly biting pattern of the vector in Apromase showed biting
intensifying from 09:00 p.m. to 04:00 a.m. Hourly distribution of
sporozoite-positive bites of Anopheles in the coastal savannah of
Ghana (13) revealed that infectiveAnopheles bites usually occurred
after21:00 andpeakedat 04.00 a.m.Thehourlybitingactivitieswith
peaks after midnight and declining toward dawn are typical for the
malaria vector and have been described extensively in several areas
(13, 34). Anopheles feeding and resting behavior is of great
importance with respect for the effectiveness of vector control
interventions. Malaria vectors collected indoor in this study were
TABLE 5 | The distribution of the knockdown resistance (kdr) gene in female Anopheles mosquitoes assayed.

Vector species Number tested Kdr gene

Present Absent

Anopheles gambiae s.l. 284 255 (89.79%) 29 (10.21%)
Anopheles gambiae s.s. 265 240 (90.57%) 25 (9.43%)
Anopheles gambiae coluzzii 19 15 (78.94%) 4 (21.05%)
September 2021 | Volume 2 | A
Kdr, knockdown resistant gene; s.l., sensu lato; s.s., sensu stricto.
TABLE 6 | The distribution of the knockdown resistance (kdr) gene in alive female Anopheles mosquitoes from susceptibility bioassay.

Vector species Number tested Kdr gene

Present Absent

Anopheles gambiae s.l. 251 249 (99.20%) 2 (0.80%)
Anopheles gambiae s.s. 236 235 (99.57%) 1 (0.43%)
Anopheles gambiae coluzzii 15 14 (93.33%)) 1 (6.67%)
rtic
Kdr, knockdown resistant gene; s.l., sensu lato; s.s., sensu stricto.
TABLE 7 | The distribution of the knockdown resistance (kdr) gene in dead female Anopheles mosquitoes from susceptibility bioassay.

Vector species Number tested Kdr gene

Present Absent

Anopheles gambiae s.l. 33 6 (18.18%) 27 (81.81%)
Anopheles gambiae s.s. 29 5 (17.24%) 24 (82.76%)
Anopheles gambiae coluzzii 4 1 (25%) 3 (75%)
Kdr, knockdown resistant gene; s.l., sensu lato; s.s., sensu stricto.
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marginally below that of the outdoor collection unlike previous
studies (32, 34) that reported strong endophilic behavior of the
Anopheles vector. The vector altering its feeding location is not
unheard of.

They have been documented to alter, depending on the
season and location, their feeding behavior (34, 35). In the
Northern parts of Ghana, where there is a distinct difference in
weather conditions as compared to the middle and southern
parts of the country, Koram et al. (36) showed that vectors
readily sought hosts outdoors in when inhabitants dwelled or
slept outside due to the higher temperatures.

This present study did not characterize the distribution of
infectivity with regard to the hour of the night, but the reports of
Tchouassi et al. and Badu et al. (13, 32) indicate that the majority
of the Anopheles gambiae infective bites occur between the hours
of 12:00 a.m. and 04:00 a.m., which coincides with peak biting
densities of the vectors observed in this study. This has an
important epidemiologic consequence as many of the
inhabitants are usually out of bed by dawn. It has been
reported by Tuno et al. (34) that Anopheles frequently sought
their hosts outdoors and that peak time for biting had changed
from midnight to early hours of the night, hence overlapping
with outdoor human activity (37). These changes seemed to have
coincided with the scale-up distribution of ITNs, indicating that
exophilic behaviors may be influenced by insecticides (38).
Comparable studies (13) reported that the biting behavior of
Anopheles had changed to the early hours of the evening (06:00
p.m.–09:00 p.m.) because people in Ghana generally went to
sleep under LLINs after 09:00 p.m. According to Okwa et al. (39),
the sporozoite rate of Anopheles gambiae in the forest zone of
Nigeria was 2.33%. This is comparable to the estimated
sporozoite rate of 2.59% that we obtained. The biting behavior
of the vector in the community therefore necessitates a review
control strategy as some vectors may feed on inhabitants when
they are active and unprotected outdoors (40).

The entomological inoculation rate (EIR) is a favored tool
used for assessing malaria transmission intensity and endemicity
based on the estimated exposure of people to Plasmodium
falciparum-infected vectors. A review of EIR estimates across
the African continent (41) found marked heterogeneity in
malaria risk. The review showed that EIR estimates mostly
from rural areas ranged from 0 to 884 infectious bites per
person annually whereas EIRs from urban settings ranged
from 0 to 43 infectious bites per person annually. This study
shows that malaria transmission is generally high in the forest
zone of Ghana and that inhabitants of Apromase, a peri-urban
community with reduced insecticide efficacy, could be exposed to
788 infective bites in a year. The annual estimated EIR of this
study (788.4), although higher than EIRs reported by Appawu
(42) in the coastal forest zone of Ghana (21.9) and Owusu-Agyei
(43) in the forest savannah transitional zone (269), is comparable
to EIRs reported in Afanamanso (866), a rural farming
community in the forest zone by Abonuusum (44). Ghana is
one of 11 countries described by the WHO as high malaria
burden countries. The country saw an 8% increase in malaria
cases in 2018 compared to 2017 (45). With no or significantly
Frontiers in Tropical Diseases | www.frontiersin.org 8
reduced protection from vector bites due to insecticide
resistance, the rate of disease transmission in the community
and the country at large will continue to climb. It is therefore to
be reasonably feared that the use of insecticides and other vector
control tools may not be effective in preventing malaria
transmission in areas with such high transmission rate.

The WHO insecticide susceptibility bioassays provided
information on a limited scale to infer the presence but not the
intensity of insecticide resistance in the community. A wider
study with a larger sample size focusing on intensity bioassays is
needed to better inform the vector profile in the region.

Limitations of the Study
This study did not include clinical malaria cases or parasite
prevalence in the study community. Parasite prevalence would
have indicated malaria burden in the study area. However, the
study reports man biting rates (host–vector contact), sporozoite
rates (proportion of vector-carrying parasites), and the EIR
which indicates the number of infectious bites an individual
receives in a given period. Beier et al. (46), using data from 31
sites in Africa, observed a linear relationship (r2 = 0.71) between
annual EIRs. 5, 15, and 200 infective bites per year had levels of
P. falciparum prevalence exceeding 40%, 50%, and 80%,
respectively. Thus, EIR is a good indicator of transmission
intensity upon which vector control can be benchmarked.
CONCLUSION

The findings of this study show plasticity in Anopheles gambiae
biting patterns and an increasing vector insecticide resistance in
the Apromase community which is a community with no
resistance management carried out by state agencies responsible
for ensuring compliance and proper use of organochemicals. The
formulation of a robust resistance management program that
incorporates the changing behavior of the vector is therefore
critical as the country presses to eliminate malaria to achieve the
sustainable development goals (SDG) 3 and 8.
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