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Background: Africa is still home to the highest number of malaria cases and
deaths. To reduce the burden of malaria in Africa, different classes of insecticides
have been used since the eradication era. However, the effectiveness of
insecticides is reduced periodically. This study aimed to assess the
susceptibility status of major African malaria vectors to different insecticides
commonly used for public health.

Methods: To conduct this review, we used open-access global databases, i.e.,
PubMed, Google Scholar, Scopus, Web of Sciences, and Pro-Quest, to extract
relevant articles published between January 2002 and 28 December 2023.
Primary articles were searched using keywords such as “insecticide
susceptibility status”’, ‘insecticide resistance”,” malaria vectors”, “Africa”, and
"Anopheles”. Articles published in English that met the inclusion criteria were
included in this review. Data were extracted from the included article texts,
tables, figures, and supplementary information. The validity of all included articles
was checked before inclusion by critical evaluation using standardized methods.
Finally, the results of the original articles are presented in tables, graphs,
and maps.

Results: In total, 61 relevant articles were retrieved and extracted from 1,794
accessed articles. Of these, most articles documented resistance in Anopheles
gambiae s.l. and An. funestus to organochlorines, i.e., DDT (4%); cyclodins, i.e.,
dieldrin (4%); pyrethroids, including lambda-cyhalothrin (0.05%), cyfluthrin
(0.15%), permethrin (0.75%), and deltamethrin (0.05%); and carbamate, i.e.,
propoxur (0.1%), across Africa. These mosquito species have also developed
knockdown resistance to different insecticide classes (pyrethroids and
organochlorines) in Africa. However, the resistance of these malaria vectors
varied in different areas of the continent and in different localities within the same
country. The highest levels of insecticide resistance in Anopheles mosquitoes
across Africa were recorded between 2011 and 2015. However, currently,
mosquito populations are susceptible to candidate insecticides such as
chlothianidin (neoncotinoid), chlorfenapyr (pyrole), and brofanilide (meta-
diamide), which are newly introduced insecticides for vector
control interventions.
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Conclusion: This review revealed that the major African malaria vectors have
developed resistance to most insecticides used for public health. However, they
were susceptible to a few existing insecticides (pirimiphos-methyl) and new
candidate insecticides such as clothianidin, chlorfenapyr, and brofanilide. This
warrants the development and implementation of insecticide resistance
monitoring and management strategies for malaria control and elimination
programs in malaria endemic countries of Africa to extend the effective
lifespan of insecticides to which populations of the major African malaria
vectors are susceptible and to reduce the resistance frequency. We also
recommend the use of integrated vector management to complement the
chemical insecticide vector control interventions in the containment of major

African malaria vectors.
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1 Introduction

Malaria is a major public health concern across the world. The
disease is most common in tropical and subtropical regions of the
world. Tt is caused by the genus Plasmodium, which is a single-celled
protozoan parasite. Currently, five Plasmodium species infect
humans worldwide: Plasmodium falciparum, P. vivax, P. ovalae, P.
malariae, and P. knowlesi. The latter, a parasite of Macacus monkeys,
can infect humans (Kolawole et al., 2022; Slater et al., 2022).

The World Malaria Report 2023 states that there were an
estimated 249 million cases and 608,000 deaths in 2022 globally. Of
these, 94% of the malaria cases and 96% of the deaths occurred in
African regions, with children under the age of five accounting for
80% of the deaths. Plasmodium falciparum was the deadliest and
most frequent malaria parasite in Africa (USAID, 2022; WHO, 2021).

Malaria is mainly transmitted by the bite of an infected female
Anopheles mosquito. There are over 500 species of Anopheles
mosquitoes, and approximately 100 of them can transmit malaria.
Likewise, 30-40 species of Anopheles mosquitoes have been found
to usually carry Plasmodium parasites. Among these, Anopheles
gambiae s, Anopheles funestus, Anopheles darlingi, Anopheles
dirus, Anopheles minimus, and Anopheles punctulatus are the
primary vectors of malaria globally (Sinka, 2013; van de Straat
etal, 2021). An. gambiae s.1. and the An. funestus group are the two
main complexes that mostly transmit malaria in Africa. Although
An. gambiae s.l. consists of at least seven morphologically
indistinguishable species, An. gambiae sensu stricto (s.s), An.
coluzzii, and An. arabiensis, all members of this complex, are the

Abbreviations: ITNs, insecticide-treated bed nets; IRS, indoor residual spray;
IVM, integrated vector management; KDT, knockdown time; WHO, World
Health Organization.
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primary known malaria vectors in Africa alongside An. funestus
(Sinka et al., 2012, 2010, 2020). However, an invasive malaria
vector, An. stephensi, has been recently reported in different
African countries (Sinka et al., 2020).

Efforts to reduce malaria transmission have evolved in response
to changes in vector behavior and species composition. Historically,
various metals such as arsenic, copper, lead, phosphorus, mercury,
fluorine, boron, sulfur, and others, and plant-based pesticides such as
pyrethrum sprays, have been employed for vector control (Carter,
1952; Roark, 1938). In the 19th century, several traditional
insecticides, including Paris green, phenol and cresol, naphthalene,
Bordeaux combination, rosin fish oil soap, calcium arsenate, nicotine,
and sulfate, were introduced and effectively targeted both adult
mosquitoes and larvae (Quilty and Cattle, 2011; Zacharia, 2011). In
malaria-endemic areas, these insecticides were often supplemented
with environmental management strategies (Raghavendra et al., 2011;
Utzinger et al., 2001).

During World War II, the emergence of typhoid fever and
malaria pandemics led to the large-scale deployment of dichloro-
diphenyl-trichloroethane (DDT)-based vector control (Berry-Caban,
2011; EPA, US, 1975). However, over time, resistance to DDT and the
emergence of new pest populations necessitated the introduction of
alternative insecticides, such as pyrethroids, carbamates, and
organophosphates (Ibrahim et al., 1998; Ongono et al., 2020).

Malaria control strategies in Africa have primarily targeted
mosquito vectors, complemented by chemoprevention, early
diagnosis, and effective treatment (Mbabazi et al, 2021; Moyes
et al,, 2020). Other measures, such as environmental management,
insect repellents, protective barriers like clothing, screens and
curtains, and biological control strategies, have also been utilized.
However, the most widely implemented interventions remain
insecticide-treated nets (ITNs) and indoor residual spraying (IRS)
(Moyes et al., 2020; Ranson and Lissenden, 2016). For many
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decades, the World Health Organization (WHO) recommended
four classes of insecticides, namely, organochlorines,
organophosphates, pyrethroids, and carbamates, for malaria
vector control. More recently, in response to escalating insecticide
resistance, the WHO has endorsed the use of neonicotinoids, a class
of neuro-active (nicotine-like) insecticides, to enhance vector
control effectiveness (WHO, 2023b).

IRS is predominantly employed in malaria-prone regions to
prevent outbreaks, while ITNs are widely used in areas with
sustained malaria transmission. The application of DDT in IRS
campaigns significantly contributed to malaria reduction in many
African countries (Baleta, 2009; Mabaso et al., 2004). However,
resistance to DDT was first documented in 1957 (Brown, 1958;
Zahar, 1984), prompting the adoption of alternative insecticides,
such as malathion, in resistant regions from 1986 onward
(Kinfe et al., 2021). Additionally, deltamethrin and permethrin-
treated bed nets were introduced and distributed to malaria-prone
countries on the continent (Carnevale et al., 1991), followed by the
deployment of other insecticides, including fenitrothion, bendiocarb,
lambda-cyhalothrin, and propoxur, between 1992 and 2015
(Yewhalaw et al., 2017).

Despite these efforts, the growing prevalence of insecticide
resistance remains one of the most significant challenges to
malaria vector control in Africa. In response, next-generation
ITNs (such as PBO nets and dual nets) and novel IRS insecticide
formulations (including SumiShield 50WG, Actellic 300CS, and
Vectron T500) have been introduced to combat pyrethroid-
resistant mosquito populations (Accrombessi et al.,, 2023; Mosha
et al., 2022; Snetselaar et al., 2021; WHO, 2023a; Accrombessi et al.,
2023). However, the long-term efficacy and sustainability of these
interventions require continuous assessment.

Although ITNs and IRS remain the cornerstones of malaria
prevention, the increasing resistance of malaria vectors to
insecticides poses a serious challenge to malaria control efforts in
Africa. To effectively address this issue, ongoing surveillance and
monitoring of insecticide resistance patterns across different
malaria-endemic regions are essential. Since susceptibility levels
vary by country depending on insecticide use, this study aimed to
provide a comprehensive analysis of pooled data from multiple
African nations to assess the current susceptibility of major malaria
vectors to public health insecticides.

2 Materials and methods

To perform this review, relevant published articles and reports
on the susceptibility of malaria vectors to various insecticides were
used. This systemic review and meta-analysis was carried out
according to the requirements of the Preferred Reporting Items
for Systematic Review and Meta-analysis (PRISMA) guidelines
(Supplementary Table 1) (Juache-Villagrana et al,, 2022). The
inclusion and exclusion criteria were established based on the
relevance and alignment of the primary articles with the current
study’s objectives.
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2.1 Literature search

To search relevant articles for this study, we used global electronic
databases: PubMed, Google Scholar, Scopus, Web of Science, and
Pro-Quest. During the search, we applied filters to restrict the
publication years from 1 January 2002 to 28 December 2023 and
confined the results to articles published in English. The search
keywords for the literature review included both MeSH terms and
test words combined using Boolean operators such as “OR” and
“AND.” The keywords used were “Susceptibility status,” “Malaria

»

vector,” “Insecticide resistance,” “Africa,” and “Anopheles mosquito.”
The searched articles and syntax using these keywords in each

electronic database are summarized in Supplementary Table 2.

2.2 Eligibility criteria

Inclusion criteria: This study included preliminary experiments
involving the susceptibility testing of malaria vectors to several
insecticides done according to the WHO protocol (Corbel et al.,
2023; WHO, 2022b). All studies and publications written
exclusively in English were included. These primary articles
provided the results of susceptibility tests, including knockdown
rates every 15 minutes after exposure and after 60 minutes of
exposure. Additionally, the inclusion criteria included data on the
50% and/or 95% knockdown times. Mortality rates recorded after
24 hours of exposure and those after 48 and 72 hours were part of
the inclusion criteria for studies focusing on the insecticides
broflanilide, clothianidin, and chlorfenapyr.

Exclusion criteria: Original publications with inadequate data,
not written in English, and with no full text available; abstracts from
scientific conferences; research conducted outside of Africa; and
research with a mosquito mortality rate greater than 5% compared
to the control group were excluded from this evaluation.

2.3 Quality assessment

The quality of primary studies was assessed using the Joanna
Briggs Institute (JBI) critical appraisal checklist (Zeng et al., 2015)
with a slight modification to the mosquito susceptibility test based
on WHO protocol. The quality assessment tools consisted of six
criteria designed to evaluate the quality of the primary studies
considered for inclusion in our review. These criteria focused on
aspects such as the number of Anopheles mosquitoes tested and
replicates, methods for identifying outcomes, study setting,
response outcomes, and statistical analysis. Studies with a quality
score above 50% were included, while those scoring 50% or below
were excluded (Supplementary File 3). The authors (AM and GA)
did the quality evaluation independently, and when various
assumptions were presented, other co-authors actively
contributed. To ensure the high quality of the primary data, we
included articles that used a susceptibility test based on WHO-
impregnated papers, and susceptible Kisumu (control) strains
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showed a 100% mortality rate (Williams et al., 2019). This suggests
that the articles included were high quality. Additionally, we also
used some studies that did not use susceptible Kisumu strains but
used a mortality rate in the control test of less than 5%.

2.4 Data extraction

After analyzing the complete text of relevant published papers
and obtaining reports on the insecticidal susceptibility of malaria
vectors, data were extracted from original study texts, tables, figures,
and additional files. An Excel spreadsheet was used to extract and
record the results of tests conducted based on the WHO
susceptibility test protocol, the type and discrimination dose of
insecticide tested, the 50% and 95% knockdown time and/or
knockdown results from 15 to 60 minutes exposure, and the 24-
hour post-exposure mortality in Anopheles mosquitoes
(Supplementary Table 4). The frequencies and percentages were
then computed and presented.

2.5 Data analysis

Malaria vector susceptibility to several insecticides has been
classified using WHO criteria (WHO, 2022a). The overall mortality
rates range from 98%-100%, showing susceptibility, while the drug
resistance suspects range from 90%-98%, and less than 90% indicates
resistance. The knockdown times (KDT50 and KDT95) were
calculated using Excel. After organizing data on the time spent on
Anopheles mosquito knockdown and mortality from published sources
in Excel and the Statistical Package for the Social Sciences (SPSS)
version 25.0, the data were presented in tables, graphs, and maps.

2.5.1 Calculating the means for knockdown time
and mortality

To generate the means for knockdown time and mortality of
Anopheles mosquitoes throughout the continent, we utilized the
mean values of each article’s finding of the knockdown rate and
mortality of An. gambiae s.l. or An. funestus for each insecticide,
using the following formula:

M, = [(m; +m, + m3 +...m,) /K] (1)

where M = mean of dead An. gambiae s.l. or An. funestus pooled
data, m = mean of dead An. gambiae s.l. or An. funestus for a single
insecticide reported in each article, n = number of insecticides
tested, and k = the number of Anopheles mosquitoes tested in
each study.

To determine the total number of mosquitoes killed by each
insecticide based on the outcomes of each primary data, we used the
following formula:

Yt=[(y1 +y2+73 - +¥0)/K] (2)

where Y = mean number of An. gambiae s.l. or An. funestus
knockdown to each insecticide at a given time interval, t = specific
time of An. gambiae s.1. or An. funestus knockdown recorded at 15-
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minute intervals up to 1 hour; and y = quantity of a specific
insecticide tested. The numbers 1, 2,3...n represent the number
of original articles extracted and k = the number of Anopheles
mosquitoes tested in each study.

Similarly, to calculate the 50% and 90% knockdown time of an
insecticide to An. gambiae s.l. or An. funestus, we used the
following formula:

T= S + % + x5 ... X,) /N] (3)

where T = mean of time in which an insecticide knockdown of
50% or 90% of An. gambiae sl. or An. funestus, x=50% or 90%
knockdown of An. gambiae s.]. or An. funestus for each insecticide
in the primary studies, and 1, 2, 3,...n = the time an insecticide
efficacy test takes for 50% or 90% knockdown in the original studies,
and N = the total number of original efficacy tests of an insecticide.
Moreover, to calculate the 95% confidence interval of 50% and
90% knockdown time of an insecticide efficacy test, we used the
following formula:
95% CI T = T + /28 (4)
Vn
where T = 95% confidence interval of 50% and 90%
knockdown time, T = mean knockdown time of insecticide in
original studies, Z = level of the confidence interval, S = variance
0f 50% and 90% knockdown time, and n = total number of original
studies with an efficacy test of certain insecticides.

3 Results

3.1 Selection and characterization of
included studies

A total of 1,794 articles were automatically retrieved from the
online databases. Due to duplication, 396 of these studies were
excluded. The remaining 1,398 publications were retrieved and 461
publications were excluded because their titles and abstracts did not
fulfill the inclusion criteria. The remaining 937 papers qualified for
full-text review. Of these, 876 papers were excluded due to specified
exclusion criteria, such as studies conducted outside of Africa,
articles without comprehensive data, research with unclear
methodology, and research studies focusing solely on species
composition. Finally, only 61 full-text publications were eligible
for inclusion in the final quantitative meta-analysis (Figure 1).

3.2 Abundance and composition of
Anopheles species

In different African countries, 162,760 adult female Anopheles
mosquitoes from two major Anopheles mosquito species were tested
for susceptibility to several insecticides. From the publications
suitable for this evaluation, we found 88.02% (143,268/162,760) of
An. gambiae s.l. and the remaining 19,492 An. funestus mosquitoes
were tested for different insecticides (Supplementary Table 4). To

frontiersin.org


https://doi.org/10.3389/fmala.2025.1478249
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org

Minwuyelet et al.

=

Total searched
articl

10.3389/fmala.2025.1478249

os (1794)

s |

Article
Identification

S —

Articles removed due
to duplication=396

i

Records screened Articles= 1398

Atrticle
Slection

Articles excluded due
to irrelevant titles and
abstracts=461

Articles removd due to quality
assesment tools=844 and

studies outside of Africa=32

FIGURE 1

g Full-text articles assessed for eligibility=937
2
20
m
= wn
g2
"g ] Final Articles in review =61
© g
g <
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conduct the test, larvae were collected from the field and reared to
adults and 3-5-day-old non-blood-sucking adult females were used
for the insecticide susceptibility tests.

3.3 Susceptibility of African malaria vectors
to insecticides

A total of 15 different insecticide susceptibility tests were conducted
on An. gambiae (sl) and the An. funestus group collected in different
African countries: DDT 4%, dieldrin 4%, deltamethrin 0.05%, cyfluthrin
0.15%, lambda-cyhalothrin 0.05%, permethrin 0.75%, bendiocarb 0.1%,
propoxur 0.1%, fenitrothion 1.0%, malathion 5%, pirimiphos methyl
0.25%, clothianidin (sumishield), alphacypermethrin 0.05%,
chlorfenapyr and brofanilide. The total number of Anopheles
mosquitoes knocked down was recorded after 15, 30, 45, and 60
minutes of exposure to organophosphate and pyrethroid. In addition,
after 24 hours of exposure, 50% knockdown time (KDT), 95% KDT, and
mortality of Anopheles mosquitoes were reported. In addition, the
mortality rate of Anopheles mosquitoes after 48 and 72 hours of
clothianidin, brofanilide 6 pg/mL, and chlorfenapyr 100 pg/mL was
also recorded. The knockdown and mortality of Anopheles mosquitoes
due to different insecticides in different African countries after 60 minutes
and 24 hours of exposure is summarized in Figure 2; Supplementary
Tables 5, 6, based on Equations 1 and 2.

3.4 Knockdown time and mortality
thresholds from pooled data

Knockdown times of 50% and 95% (KDT50 and KDT95) of

Anopheles mosquito populations differed by insecticides. Overall, all
the pooled data demonstrated a shorter knockdown time for
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cyfluthrin, permethrin, and deltamethrin as compared to DDT
(4%) and dieldrin for both An.gambiae s.l. and An.funestus. The
mortality rate of An. gambiae s.l. after 24 hours of exposure to
fenitrothion and cyfluthrin was 97.3% and 83.9%, respectively. The
mortality rate of An. funestus 24 hours post exposure to cyfluthrin
was 99.8% (Figure 2) based on Equation 2.

The KDT50 of cyfluthrin for An. gambiae sl. and An. funestus
was fast (approximately 16.2-21.3 min), and KDT95 for An.
gambiae sl. was faster than for An. funestus. The mean KDT50
for deltamethrin and permethrin ranged from 39.6 to 43.6 minutes
for An. gambiae s.l. and An. funestus, whereas KDT95 was much
longer, and the mortality rate 24 h post-exposure was lower than
90% for An. gambiae sl. and An. funestus. Similarly, the mean
KDT50 for lambda-cyhalothrin was 55.4 minutes for both An.
gambiae s.1. and An. funestus, but the mean KDT95 was longer. The
mortality rate of An. gambiae s.l., 24 hours post-exposure was
between 90% and 98% for all except for lambda-cyhalothrin, which
was less than 90%. Similarly, the mortality rates of An. gambiae s.1.
and An. funestus 24 hours post-exposure to organophosphates was
higher than 90%, as shown in Figure 2, based on Equations 3 and 4
and Supplementary Table 6.

3.5 Insecticide susceptibility status of
malaria vector based on location

The susceptibility status of An. gambiae s.l. and An. funestus to
several insecticides in different localities of Africa is summarized in
Figures 3A, B, 4; Supplementary Tables 7, 8. The mean KDT50 for
populations of An. gambiae sl. against deltamethrin was 44.3
minutes in southern Africa, followed by West Africa (45.2
minutes), Central Africa (46.3 minutes), and East Africa (48.3
minutes). In southern Africa, the mortality rate of An. gambiae
s.l. 24 hours post-exposure to deltamethrin was above 90%. In
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Knockdown and mortality of An. gambae s.l. (A) and An. funestus (B) after exposure to different insecticides, recorded every 15 minutes up to 60
minutes and after 24 hours, respectively. n indicates the number of exposed Anopheles mosquitoes.

contrast, the mean KDT50 of deltamethrin for An. funestus was 49.4
minutes, 53.2 minutes, and 76.2 minutes for populations from West
Africa, East Africa, and Central Africa, respectively. The mean
mortality rates of populations of An. gambiae s.1. and An. funestus
24 hours post-exposure to deltamethrin was considerably lower at
all localities. The mean KDT50 for populations of An. gambiae s.l.
from southern Africa exposed to permethrin was relatively faster
(30.4 minutes), followed by populations from East Africa (45.4
minutes), Central Africa (49.4 minutes), and West Africa (58.5
minutes), whereas the mortality rate of populations of An. gambiae
s.l. 24 hours post-exposure to deltamethrin was less than 90% at all
sites. The mean KDT50 for populations of An. funestus in southern
Africa, East Africa, West Africa, and Central Africa exposed to
permethrin was 30.4 minutes, 38.7 minutes, 48.4 minutes, and 71.9
minutes, respectively. The mean mortality rate of populations of
An. funestus 24 hours post-exposure to permethrin was above 98%
in southern Africa, but lower elsewhere.

The mortality rates of populations of An. gambiae sl. from East
Africa and southern Africa 24 hours post-exposure to propoxur was
98% and 90%, respectively, but lower than 90% for populations from
West Africa. Similarly, the mortality rates of populations of An. gambiae
sl. from East Africa and West Africa 24 hours post-exposure to
propoxur was 98% and 80.4%, respectively. The mean KDT50 for
populations of An. gambiae sl from Central Africa, East Africa, and
West Africa exposed to lambda-cyhalothrin was 36.5 minutes, 42.1
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minutes, and 89.8 minutes, respectively. Similarly, the mean KDT50 for
populations of An. funestus from West Africa, East Africa, southern
Africa, and Central Africa exposed to lambda-cyhalothrin was 28.7
minutes, 32.9 minutes, 37.6 minutes, and 69.4 minutes, respectively. The
mean mortality rate of populations of An. funestus from West Africa,
East Africa, southern Africa, and Central Africa against lambda-
cyhalothrin was 90%, 73.4%, 83.2%, and 35%, respectively.

The mean KDT50 of both An. gambiae sl. and An. funestus
exposed to organochlorines (DDT and dieldrin) was quite high, and
the mortality rate was less than 90% at many sites (West Africa, East
Africa, and Central Africa), with the exception of the mean KDT50 for
DDT against An. gambiae s.l., which was shorter (36 minutes), while
the mortality rate of populations of both species from southern Africa
24 hours post-exposure to DDT was greater than 98%. Moreover, the
mortality rates of populations of An. gambiae sl. and An. funestus 24
hours post-exposure to pirimiphos methyl, fenitrothion, clothianidin,
and chlorfenapyr were greater than 90% in all locations.

3.6 Trends of susceptibility status of
African malaria vectors to different
insecticides

Although DDT resistance in mosquitoes was first detected
globally in 1957, many insecticides have since been introduced
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FIGURE 3

(A) The susceptibility status of An. gambiae s.l across Africa. (B) The susceptibility status of An.funestus across Africa. (a) Bendiocarb, (b) DDT,

(c) deltamethrin, (d) lambda-cyhalothrin, (e) malathion, (f) permethrin. Lable red denotes that the Anopheles mosquitoes tested in these countries
were developing resistance to the corresponding insecticides. Lable Yellow indicates that the Anopheles mosquitoes tested in these countries were
suspected of resistance to the corresponding insecticides. Lable green indicates that the Anopheles mosquitoes tested in these countries were

susceptible to the corresponding insecticides.

and used for IRS. Insecticide efficacy is constantly studied and
analyzed in malaria endemic areas of the world. However, the
emergence of vector resistance to several insecticides has increased
the monitoring and assessment of the susceptibility status of
malaria vectors since 2002. Based on this, the susceptibility status
of African malaria vectors to different insecticides in Africa has been
evaluated in many African countries using the WHO tube test and
CDC bottle assay. This chapter thus summarizes the susceptibility
status of the major African malaria vectors to different insecticides
in Africa from 2002 to 2023 (Figure 5; Supplementary Table 9).
The mortality rate of populations of An. gambiae sl exposed to
permethrin was greater (>90%) between 2002 and 2005, while the
mortality rate was significantly reduced between 2016 and 2023.
Similarly, the mortality rate of An. funestus exposed to permethrin
was lower than the susceptibility thresholds. Furthermore, the
mortality of An. gambiae sl and An. funestus exposed to lambda-
cyhalothrin and deltamethrin was greater than 90% between 2006
and 2010, but reduced between 2011 and 2015. After 2015, An.
gambiae sl. showed higher susceptibility to fenitrothion and
pyrimiphos-methyl. Similarly, An. funestus was susceptible to
pirimiphos-methyl. Between 2011 and 2015, cross-resistance to
organochlorines and pyrethroids was observed in populations of
An. gambiae s.l and An. funestus. After 2016, both populations of

Frontiers in Malaria

An. gambiae s.l. and An. funestus exhibited cross-resistance to
organophosphate and carbamates. Generally, between 2002 to
2023, populations of An. gambiae sl. and An. funestus showed
reduced mortality to several insecticides (DDT, permethrin,
delthamethrin, lambda-cyhalothrin, propoxur, and others) in
Africa. However, the major African malaria vectors were
susceptible to a few insecticides (pirimiphos methyl, clothianidin,
chlorfenapyr, and brofanilide) with mortality rates greater than 90%.

4 Discussion

The major malaria vectors in Africa primarily belong to the An.
gambiae complex and An. funestus group (Coetzee and Koekemoer,
2013; Sougoufara et al., 2016). These vectors have shown significant
changes in abundance and composition in response to the
widespread use of ITNs and IRS (Sougoufara et al., 2016, 2020).

Recent research has revealed that a significant proportion of
malaria vectors rest on surfaces not typically targeted by IRS, such as
floors, furniture, and other household items. In metal-roofed houses,
up to 60%-66% of An. arabiensis were found resting on these non-
targeted surfaces (Msugupakulya et al., 2020). The effectiveness of
ITNs and IRS is largely dependent on vector ecology and behavior,
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FIGURE 4

Mortality of An. gambiae s.l. and An. funestus after 24 hours of exposure to different insecticides at different locations.

with these interventions primarily targeting indoor-biting mosquitoes
(Huho et al., 2013; Sougoufara et al., 2016). This finding highlights a
potential gap in the effectiveness of current vector control strategies.

Although the use of ITNs and IRS has significantly reduced the
prevalence of malaria in Africa (Moyes et al., 2020), changes in vector
behavior and composition pose new challenges. The emergence of
outdoor-biting mosquito populations and insecticide resistance
threatens the progress made in malaria control (Kafy et al, 2017;
Msugupakulya et al., 2020). Furthermore, the rise of insecticide
resistance among the major African malaria vectors has posed a
growing obstacle to malaria control and elimination efforts (Moyes
et al,, 2020; Sougoufara et al., 2017). To address these issues, there is
an urgent need for additional vector control tools that can target the
full range of malaria vectors.

In this study, 50% KDT in both An. gambiae sl. and An.
funestus to pyrethroids such as cyfluthrin (0.15%) was faster (14.5-
16.5 min) than organochlorines (both DDT 4% and dieldrin 4%
were >60 min). Furthermore, the 90% KDT of An. funestus to
pyrethroids was 32.5 minutes, but this was longer for An. gambiae
s.l. Similar studies have reported that pyrethroids were relatively
more toxic against Anopheles species (Vythilingam et al., 1992).
This may be due to the higher toxicity, selective action, rapid
knockdown effect, and lower environmental persistence of
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pyrethroids compared to organochlorines, particularly against
Anopheles mosquitoes. However, it is crucial to use these
insecticides judiciously and as a part of integrated vector
management (IVM) practices to minimize environmental risks
and delay the development of insecticide resistance.

Furthermore, the organochlorine DDT and dieldrin had 50%
KDT and 90% KDT values above 60 minutes for An. gambiae s.l.
and An. funestus. These insecticides were the most used in malaria
endemic countries, and their use from the 1940s to the present has
resulted in tremendous selective pressure and widespread
2020).
This may be due to the extensive and prolonged use of certain

insecticide resistance (Davidson, 1963; Mekuriaw et al.,

insecticide classes, such as organochlorine and pyrethroids, in both
agriculture and public health, resulting in a decline in insecticide
efficacy (Yadouleton et al., 2009, 2010). This decline in insecticide
efficacy may be attributed to cross-resistance resulting from the
widespread use of organochlorines and pyrethroids in both the
agricultural and public health sectors.

The 50% KDTs of deltamethrin and permethrin against An.
gambiae s.l. were between 38.6 and 43.6 minutes. Furthermore, the
50% KDT of permethrin against An. funestus was comparatively
quicker (42.2 minutes) than DDT (54.2-56.7 minutes). However,
the KDT50 of deltamethrin and lambda-cyhalothrin against An.
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funestus were above 60 minutes. This might be attributed to slowed
vector absorption and behavioral adaptation and the subsequent
suppression of vector cholinesterase (Agossa et al., 2014; Hayes and
Laws, 1991). In contrast, the 90% KDTs of these insecticides was
longer for both An. gambiae s.1. and An. funestus. Similar findings
have been reported in other investigations (Bass et al., 2007;
Martinez-Torres et al., 1998).

The mortality of An. gambiae s.1. was higher than 90% after 24
hours of exposure to pirimiphos-methyl (0.25%) and/or
fenitrothion (1.0%). This is supported by the study conducted by
Aikpon et al. (2013). The early striking action of organophosphate is
slow; the later paralytic and lethal effects are potent.

Likewise, the mortality rate of An. gambiae s.l. for bendiocarb,
propoxur, and clothianidin 50 pug/mL 24-hour exposure was higher
than 90%. Other studies in the Democratic Republic of the Congo
and India suggest that clothianidin 50 pg/mL was a better option for
IRS choice for vector control of insecticide-resistant mosquitoes
(Ngwej et al., 2019; Sreehari et al., 2018). However, even though
there were indications of resistance of An. gambiae s.l. to
bendiocarb and propoxur in some African countries, while other
countries still use it for IRS (Aikpon et al., 2013). The big studies of
residual efficacy assessment reports in favor of this finding (Dengela
et al., 2018; Osman et al., 2019).

10.3389/fmala.2025.1478249

Similarly, even though the 50% and 90% KDTs of lambda-
cyhalothrin for An. funestus were above 60 minutes, this insecticide
and pirimiphos-methyl demonstrated higher mortality (over 90%)
24 hours post-exposure. Other insecticides, including DDT,
dieldrin, deltamethrin, permethrin, lambda-cyhalothrin, and
malathion, demonstrated less than 80% mortality 24 hours post-
exposure for An. gambiae s.l. Another study conducted in Rwanda
indicated that insecticide resistance to pyrethroids (lambda-
cyhalothrin, deltamethrin, and permethrin) and organochlorine
(DDT and dieldrin) was gradually increasing (Hakizimana et al.,
2016). Similarly, previous studies in Africa revealed that, except
for alpha-cypermethrin, none of the insecticides satisfy the
minimal range of residual effectiveness specified by the WHO
(Dengela et al., 2018; Moyes et al., 2020). This may be due to
target site insensitivity.

4.1 Distribution of insecticide resistance in
An. gambiae s.l. and An. funestus across
Africa

In this review, insecticide susceptibility testing of African
malaria vectors has revealed concerning trends in resistance
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Trends of susceptibility status of An. gambiae s.l. (A) and An. Funestus (B) for various insecticides in Africa from 2002 to 2021.
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development across the continent. Insecticide resistance in An.
gambiae s.l. and An. funestus, the major malaria vectors in Africa,
is widespread and poses a significant threat to malaria control
efforts. Studies across sub-Saharan Africa have reported resistance
to multiple insecticide classes, including pyrethroids, carbamates,
organochlorines, and organophosphates (Ondeto et al., 2017). In
Tanzania, An. funestus showed high levels of resistance to
pyrethroids and DDT, with a sporozoite rate of 3.4% (Matowo
et al,, 2021). Similarly, in Uganda, An. gambiae s.1. exhibited high
resistance to DDT (85.4% survival) and significant resistance to
permethrin (38.5% survival) (Ramphul et al., 2009).

Interestingly, the distribution of insecticide resistance is not
uniform across Africa. In Kenya, resistance to pyrethroids has been
detected in An. gambiae s.s., An. arabiensis, and An. funestus s.s.,
while resistance to carbamates was limited to An. gambiae s.s. and
An. Arabiensi (Ondeto et al., 2017). The intensity of resistance also
varies geographically, with some areas showing alarming increases
in pyrethroid and DDT resistance from 2005 to 2017, where mean
mortality following insecticide exposure declined from almost 100%
to less than 30% in some regions (Hancock et al., 2020).

In summary, the distribution of insecticide resistance in An.
gambiae s.l. and An. funestus across Africa is complex and dynamic.
The prevalence and intensity of resistance vary by species,
insecticide class, and geographical location. This heterogeneity
underscores the need for continuous monitoring and region-
specific resistance management strategies to maintain the
effectiveness of vector control interventions.

4.2 Insecticide resistance in An. gambiae
s.l. and An. funestus in West Africa

An. gambiae s.l. have developed resistance to organochlorines,
carbamates, and pyrethroids in West Africa. Only the
organophosphate (pyrimiphos-methyl) and the carbamate
(bendiocarb) showed mortality rates above 90% after 24 hours of
exposure for An. gambiae s.]. Studies have reported high levels of
resistance to multiple insecticide classes in both species across the
region (Matowo et al., 2021; Mugenzi et al., 2022). In Ghana, An.
funestus s.s. and An. gambiae s.1. populations showed resistance to
pyrethroids, organochlorines, and carbamates, with high-intensity
resistance to pyrethroids observed in both species (Mugenzi et al.,
2022). Similarly, in the Democratic Republic of Congo, both An.
gambiae and An. funestus exhibited high and multiple resistance to
major public health insecticide classes (Riveron et al., 2018).

The mechanisms of resistance differ between the two species. In
An. gambiae sl., both metabolic and target site insensitivity
mechanisms drive resistance, while only metabolic mechanisms
have been observed in An. funestus (Riveron et al., 2018). The kdr
mutations (L1014S and L1014F) associated with pyrethroid and
DDT resistance are frequently detected in An. gambiae s.s. and An.
arabiensis populations (Ondeto et al., 2017). In contrast, An.
funestus relies more heavily on metabolic resistance mechanisms,
with overexpression of cytochrome P450 genes such as CYP6P9a
and CYP6P9b playing a significant role (Odero et al., 2024).
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An. gambiae s.l. was completely susceptible to fenitrothion 24
hours post-exposure and brofanilide 6 pug/mL and chlorfenapyr 100
pg/mL 48 and 72 hours post-exposure. Similarly, a study conducted
by Tungu et al. (2022) and Accrombessi et al. (2023) in Benin about
large-scale (Phase IIT) evaluation of brofanilide 50pg/mL for IRS use
and efficacy of pyriproxyfen-pyrethroid and chlorfenapyr-
pyrethroid Long lasting insecticidal bed nets (LLINs) supported
this finding (Accrombessi et al., 2023; Tungu et al,, 2022). In
contrast, findings from West Africa revealed resistance of An.
gambiae sl. to different classes of insecticides (Cisse et al., 2015;
Namountougou et al., 2019; Zoure et al., 2021). The resistance of
An. gambiae sl. in this region to pyrethroids and organochlorines
was caused by target site insensitivity such as single sodium channel
mutations and metabolic resistance. Decreased sensitivity to
organophosphates and carbamates caused by mutations in
acetylcholinesterase was also reported by Zoure et al. (2021).

In this study, An. funestus was also found to be resistant to
organochlorine, carbamate, and pyrethroid. Suspected resistance to
lambda-cyhalothrin has also been recorded. However, An. funestus
was only susceptible to malathion (98.2% mortality) and cyfluthrin
(99.7% mortality). Moreover, a study reported that An. funestus was
susceptible to pyrethroids in West Africa, but other similar studies
revealed resistance of An. funestus to pyrethroids in other regions of
Ghana (Mugenzi et al.,, 2022; Pwalia et al.,, 2019). Studies from
central Cote d’Ivoire documented that Anopheles species were
susceptible to pirimiphos-methyl but resistant to pyrethroids
(Baffour-Awuah et al., 2016). The use of synergists such as
piperonyl butoxide (PBO) and the introduction of new insecticide
classes, such as chlorfenapyr, may help mitigate the impact of
resistance on vector control.

4.3 Insecticide resistance in An. gambiae
s.l. and An. funestus in East Africa

Populations of An. gambiae sl. have developed resistance to
organochlorines, pyrethroids, carbamates, and organophosphates in
East Africa. However, mortality rates for bendiocarb, pirimiphos-
methyl, and propoxur were higher than 90% 24 hours post-exposure.
However, An. gambiae s.1. was shown to have complete susceptibility
to bendiocarb and propoxur 24 hours post-exposure and clothianidin
50pg/mL and chlorfenapyr 100pg/mL 72 hours post-exposure.
Mosha et al. (2022) reported on the effectiveness of chlorfenapyr
100pg/mL against malaria in Tanzania. Another finding in this region
showed the resistance of An. gambiae s.. to several insecticides such
as carbamates, organochlorines, pyrethroids, and, to a lesser extent,
organophosphates (Yewhalaw and Kweka, 2016). Similarly, another
study demonstrated phenotypic resistance and genetic variation
patterns to these insecticides (Hancock et al., 2018). Furthermore, a
study conducted in Uganda indicated that the populations of An.
gambiae s.. from West Africa (L1014F) and East Africa (L1014S) had
kdr mutations, which confer resistance to DDT and pyrethroids.
Additionally, populations of An. gambiae resistant to pyrethroids and
DDT exhibited enhanced esterase activity (Verhaeghen et al., 2006).
These findings help us to better understand resistance patterns across
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Africa, and they can also help us to develop insecticide resistance
monitoring and management strategies.

Populations of An. funestus have also demonstrated resistance to
organochlorines, carbamates, and pyrethroids. However, they were
susceptible to certain organophosphates (fenitrothion and
pirimiphos-methyl) and a carbamate (propoxur). A similar finding
was reported in East Africa (Yewhalaw and Kweka, 2016). The
mechanisms of resistance detected in populations of An. gambiae
sl and An. funestus were knockdown resistance (L1014S, and
L1014F), mixed function oxidases, and cuticular resistance to DDT
and pyrethroids in East Africa (Yewhalaw and Kweka, 2016),
requiring the development of novel control strategies.

4.4 Insecticide resistance in An. gambiae
s.l. and An. funestus in Southern Africa
countries

Populations of An. gambiae s.]. were susceptible to
deltamethrin, DDT, bendiocarb, propoxur, fenitrothion, lambda-
cyhalothrin, malathion, and fenitrothionin this region. In contrast,
An. funestus was completely resistant to carbamates,
organochlorines, and pyrethroids in Southern African regions, but
susceptible to organophosphates (pirimiphos-methyl and
malathion) and permethrin. However, a study in Malawi
documented pyrethroid resistance in populations of An. funestus
and An. arabiensis (Mzilahowa et al., 2016). Another comparable
finding in the region demonstrated that mosquito populations
respond with evolutionary resistance to tremendous selection
pressure, with metabolic resistance having the highest operational
impact in the region (Weedall et al., 2020).

In South Africa and Mozambique, An. funestus populations
have shown evidence of resistance to pyrethroid insecticides, with
elevated levels of mixed function oxidases responsible for
detoxification (Brooke et al., 2001). This mechanism also confers
cross-resistance to carbamate insecticides such as propoxur. In
Malawi, An. funestus populations were found to be fully
susceptible to dieldrin, an organochlorine insecticide (Wondji
et al, 2011). This suggests extensive barriers to gene flow between
populations from different regions.

In summary, insecticide resistance in An. gambiae s.1. and An.
funestus is a growing concern in southern Africa, with pyrethroid
resistance being particularly widespread. The geographical
variations in resistance patterns highlight the need for region-
specific resistance management strategies. Continued monitoring
and research are crucial to inform effective vector control
interventions in these countries.

4.5 Insecticide resistance in An. gambiae
s.l. and An. funestus in Central Africa

An. gambiae s]. was shown to be resistant to carbamates,
organochlorines, and pyrethroids (DDT, deltamethrin,
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bendiocarb, propoxur, permethrin, and lambda-cyhalothrin) in
Central Africa. However, they were fully susceptible to
organophosphates (malathion, fenitrothion, and pirimiphos
methyl) 24 hours post-exposure. Likewise, other studies revealed
that populations of An. gambiae s.l. were resistant to carbamates,
organochlorines, and pyrethroids. Anopheles funestus was only
susceptible to chlorfenapyr 100 ug/mL and bendiocarb. Similarly,
there was 100% mortality observed to organophosphates (Dadzie
et al, 2016; Ole Sangba et al,, 2017). This suggests that resistance in
African malaria vectors may be attributed to cross-resistance due to
target-site insensitivity and metabolic resistance.

Similarly, An. funestus was resistant to carbamates,
organochlorines, and pyrethroids, with mortality rates ranging
from 35% to 85.7%, except for bendiocarb, which showed 98.1%
mortality in the area. Research conducted in Central Africa
indicated resistance to permethrin, deltamethrin, DDT, lambda-
cyhalothrin, and a malathion (Ole Sangba et al., 2016). Another
study showed that An. funestus was highly resistant to the
pyrethroids deltamethrin and permethrin in Malawi, with
mortality rates of 0%-41% and 0%-44%, respectively, in 2015.
Another study showed that An. funestus populations were
susceptible to the organophosphates malathion and pirimiphos-
methyl (Mzilahowa et al., 2016). Furthermore, in the Central
African Republic, An. funestus showed mortality rates as low as
23%-35% for pyrethroids and DDT. The study also reported that
100% mortality to bendiocarb was observed in An. funestus (Ole
Sangba et al., 2016). Furthermore, 100% susceptibility of An.
funestus to malathion was recorded in Chad (Kerah-Hinzoumbe
et al, 2008). This highlights the importance of continued
monitoring and the potential for insecticide rotation strategies.

4.6 The trend of An. gambiae s.l. and An.
funestus resistance to insecticides in Africa

In general, major African malaria vectors’ mortality rates
declined across the continent. Between 2002 and 2015, malaria
vector control strategies such as IRS and ITNs were significantly
strengthened, but the resistance of the Anopheles vector became
widespread in African countries (Sougoufara et al., 2017). Other
studies found that vector control strategies, including IRS and ITN,
were significantly strengthened between 2000 and 2015, and
consequently, resistance of malaria vectors to major classes of
insecticides increased during this period (Hancock et al., 2020;
Ranson and Lissenden, 2016).

Based on these findings, few insecticides, including pirimiphos-
methyl from the organophosphates group and new candidate
insecticides (clothianidin, chlorfenapyr, and broflanilide/
tenebenal) demonstrated significant mortality rates in malaria
vectors. This aligns with the 2023 WHO recommendations, which
advocate the use of chlorfenapyr and its combination with
pyrethroids for LLINs and broflanilide for IRS (WHO, 2023a).

From 2011 to 2015, significant cross-resistance within and
between organochlorines and pyrethroids was observed in
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populations of both An. gambiae s.l and An. funestus. Other similar
findings were reported from different parts of Africa (Aizoun et al.,
2014; Clarkson et al., 2021; Dabire et al., 2008). This cross-resistance
is largely attributed to several genetic and biochemical mechanisms
such as kdr mutation, which reduced the sensitivity of the
mosquitoes to both organochlorines and pyrethroids. These
mutations alter the target site, making it less likely for the
insecticides to bind effectively. It may also enhance the activity of
detoxifying enzymes such as cytochrome P450 monooxygenases,
esterases, and glutathione S-transferases (GSTs), which can degrade
or sequester insecticides before they reach their target sites. These
enzymes can be upregulated through gene amplification or
increased gene expression. Some detoxification enzymes that
evolved to break down organochlorines may also act on
pyrethroids, contributing to cross-resistance (Brengues et al.,
2003; Moyes et al., 2021; Strode et al., 2014). Similarly, after 2016,
populations of An. gambiae s.l. and An. funestus exhibited notable
cross-resistance between organophosphates and carbamates. This
finding was also supported by different studies conducted in
different parts of Africa (Menze et al., 2016; Mugenzi et al., 2023;
Odero et al,, 2024). This resistance could be primarily due to an
increased level of certain detoxification enzymes and as a result of
the upregulation of genes that allow these mosquitoes to metabolize
these insecticides. This knowledge is pivotal for shaping current
vector control strategies and emphasizes the need for ongoing
surveillance and adaptive insecticide resistance management to
combat malaria effectively.

5 Strengths and limitations of
the study

This study provides a comprehensive overview of the available
evidence on the insecticide susceptibility status of the major
malaria vectors in Africa. By collecting data from multiple
studies conducted across different regions of Africa, this study
provides insights into insecticide susceptibility patterns to create a
good picture of insecticide resistance in the major malaria vectors
in the region beyond individual study sites or populations.
However, the variable quality of the data across studies may
affect the overall reliability of the conclusions. In addition, there
might be limitations in accessing relevant data, especially from
unpublished documents, ongoing research, or studies conducted
in languages other than English, which could impact the
comprehensiveness of the study.

6 Conclusion and recommendations

Currently, An. gambiae s.l. and An. funestus are susceptible to
pirimiphos-methyl, clothianidin, chlorfenapyr, and broflanilide and
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showed high resistance to all four insecticide classes (pyrethroid,
carbamate, organochlorine, and most of the organophosphate
group). From 2011 to 2015, a high frequency of resistance was
documented in the major African malaria vectors. In addition, the
combination of pyrethroids with synergists and chlorfenapyr
improved the efficacy of some of these insecticides. Synergists are
compounds that can enhance the insecticidal activity of insecticides
by inhibiting the enzymes responsible for detoxification of
insecticides in insects. For example, synergists such as piperonyl
butoxide (PBO), S§,S,S-tributylphosphorotrithioate, and
diethyl maleate are strong inhibitors of cytochrome P450
monooxygenases, esterases, and GSTs, respectively.

Moreover, the use of insecticides in agriculture has historically
contributed to cross-resistance in malaria vectors. For example,
pyrethroids were commonly used in agriculture for pest control and
public health due to their effectiveness against agricultural pests and
in mosquito control, respectively. However, overreliance on a single
class of insecticides (pyrethroids) triggered the emergence of
resistance (Demissew et al.,, 2022; Hien et al., 2017). Hence,
malaria-endemic countries should implement and promote IVM,
including biological control methods, and also develop and
implement insecticide resistance management strategies to
mitigate or avert the impact of insecticide resistance in malaria
control and elimination.
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