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Abstract

Constant assessment of insecticide resistance levels is mandatory to implement ade-

quate malaria control tools, but little information is available on the annual dynamics of

resistance. We, therefore, monitored variations in resistance in Anopheles gambiae

s.l. over four seasons during 2 years in two localities of Yaoundé: urban Etoa-Meki and

peri-urban Nkolondom. Mosquitoes were collected seasonally at larval stage and reared

to adults for insecticide susceptibility tests and molecular analysis of resistance mecha-

nisms. Anopheles coluzzii was found in Etoa-Meki and An. gambiae in Nkolondom. Low

mortalities to pyrethroids were observed (permethrin <10%, deltamethrin <21%), and

resistance extended to 5� and 10� diagnostic doses, revealing a marked increase com-

pared to previous studies. A seasonal variation in resistance was observed with the

highest levels within dry seasons in Etoa-Meki and rainy seasons in Nkolondom. The

1014F kdr allele shows a high frequency (0.9), associated with overexpression of meta-

bolic genes (Cyp6M2, Cyp6P4, Cyp9K1, Cyp6Z1, and Cyp6Z2) varying significantly sea-

sonally. This study reveals an escalation in resistance to pyrethroids in Yaoundé’s malaria

vectors with seasonal variations. An adequate choice of the implementation period of

punctual vector control actions according to the resistance profile will help to potentiate

the desired effect and thus improve its efficiency.
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BACKGROUND

Despite significant progress made in the past decade in reducing the

malaria burden, this disease remains a huge challenge for sub-Saharan

African countries including Cameroon in Central Africa. Prevention

strategies for malaria rely mainly on insecticide-based control inter-

ventions including long-lasting insecticidal nets (LLINs) and Indoor

Residual Spraying (IRS). However, the effectiveness of these tools is

threatened by the increasing reports of resistance to main insecticides

(WHO, 2019). In Cameroon, resistance is increasingly reported nation-

wide in several vectors notably in the main vectors Anopheles gambiae

s.l Giles, 1902 (Antonio-Nkondjio et al., 2019; Nwane et al., 2013) and

Anopheles funestus Giles, 1900 (Tchouakui et al., 2019; Wondji

et al., 2011). Furthermore, there are increasing reports of loss of
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efficacy of LLINs which remain the only mass intervention in the

country (Etang et al., 2016, Menze et al., 2020), highlighting the need

to continuously monitor the dynamics and evolution of resistance

while continuing to assess its impact on vector control.

Resistance to two of the main insecticides used for LLINs (the

pyrethroids permethrin and deltamethrin) has increased in the main

vector An. gambiae s.l. (Menze et al., 2018) in Cameroon since first

detected (Etang et al., 2006) although its annual dynamics and evolu-

tion in field populations remain less studied particularly in metropoli-

tan areas such as Yaoundé, the capital city of Cameroon, where

several factors can drive resistance (Tene et al., 2012). Previous stud-

ies highlighted a clear contrast in the vector’s resistance profile

between various environmental settings of Yaoundé classified as pol-

luted, unpolluted and cultivated, pointing out a significant variation in

the dynamics and evolution of resistance in the city with an implica-

tion of pollution in the selection of resistance (Tene et al., 2013). As

some of those elements such as xenobiotics and agricultural pesticide

concentration in breeding sites are dependent on rainfall levels, this

could possibly result in a variation of the related insecticide resistance

profile according to season.

Two mechanisms are mainly implicated in resistance to pyrethroids:

target-site and metabolic resistance. Target-site mutations in the

voltage-gated sodium channel (VGSC), referred to as knock-down resis-

tance (kdr), impact response to pyrethroids and DDT. Two amino acid

modifications at locus 1014; L1014F and L1014S were first identified

in West and East Africa respectively (Martinez-Torres et al., 1998;

Ranson et al., 2000) but are now widely distributed. In Cameroon, they

have both been detected in the main malaria vector An. gambiae

s.l. (Nwane et al., 2013; Tene et al., 2013) and their frequencies have

significantly increased, from 0% in 2000 to 21.0% for the L1014S and

98.0% for the L1014F variant in 2017 (Antonio-Nkondjio et al., 2019).

This is noted as a result of selection pressure from vector control insec-

ticidal activities such as high distribution of LLINs in addition to the use

of pesticides in agriculture, mainly in market gardening where accumu-

lated water in furrows serves as larvae breeding sites (Antonio-

Nkondjio et al., 2011). A third substitution, the N1575Y, has been

found in West and Central Africa and shown to increase resistance in

association with L1014F (Jones, Liyanapathirana, et al., 2012) and

recent studies detected and confirmed the link between new mutations

in the VGSC gene and resistance phenotype in several African vectors

populations (Clarkson et al., 2021, Williams et al., 2021).

The second important resistance mechanism is the increased

detoxification enzyme activities in mosquitoes with over-expression

of some specific genes able to metabolize insecticides. Three gene

families are involved in this process: esterases, glutathione S-transfer-

ases, and P450 monooxygenases (Lui, 2015) and their over-expression

has been associated with resistance to pyrethroids, especially P450s

in An. gambiae s.l. (Fagbohun et al., 2019). The use of some synergists

that are able to inhibit the activity of specific metabolic enzyme fami-

lies helps to evaluate their involvement in observed resistance

(B-Bernard & Philogène, 1993).

Mitigating the threat of insecticide resistance in African malaria

vector populations requires comprehensive information on the

distribution and strength of resistance, and how it is evolving. Estimat-

ing these trends is complicated by the sparse and heterogeneous dis-

tribution of resistance phenotypes in field populations. Previous

studies in Cameroon have reported the presence of the two main

modes of resistance to pyrethroids in malaria vectors, and a combina-

tion of both is producing high-level resistance (Menze et al., 2016;

Nwane et al., 2013). Characterization of the kdr mutations as well as

the implication of metabolic processes has proven the association of

these mechanisms in the observed and growing level of resistance

(Antonio-Nkondjio et al., 2015; Etang et al., 2007). In the urban area

of Yaoundé, a longitudinal study on the distribution of vectors estab-

lish that there was a strong seasonal variation in anopheles density

(Kamdem et al., 2012) as well as a strong correlation between the

level of urban pollution and the overexpression of metabolic enzymes

involved in insecticide resistance (Tene et al., 2013). As there are sea-

sonal variations in breeding site pollution levels due to water refresh-

ment by rainfall, the profile of resistance might also be impacted.

To optimize upcoming vector control activities by defining the

best period according to the target and objectives, it is crucial to

understand how resistance may fluctuate during the year. This study

aimed to assess the level and the seasonal fluctuations of pyrethroids

resistance in urban and peri-urban areas of Yaoundé, and the involve-

ment of various factors in the observed resistance intensity.

METHODS

In the urban area of Yaoundé, seasonal mosquito collections were car-

ried out for 2 years to assess vector susceptibility to insecticides and

the dynamics of this resistance across the year. Larval collections

were performed using the dipping method, followed by lab rearing,

bioassays, and molecular analysis of F0 adults.

The study was conducted after obtaining ethical approval from

the Cameroon National Ethics Committee under the ethical clearance

No 2019/10/1195/CE/CNERSH/SP and the institutional ethical com-

mittee of the Liverpool School of Tropical Medicine (Research Proto-

col 19-011).

Study area

The study was carried out in the city of Yaoundé which is character-

ized by several hills and lowlands with small watercourses. Two collec-

tion sites were selected: Etoa-Meki (urban) in the core of the city and

Nkolondom (peri-urban) in the outskirts. The urban collection site is

located within the core of the town and was selected based on previ-

ous works which have shown a strong metabolic resistance linked to

urban pollution with an exclusive presence of Anopheles coluzzii

Coetzee & Wilkerson, 2013 (Kamdem et al., 2012). The collection

points are located at Etoa-Meki (3�520 560 0, 11�310 490 0), in the slums,

and around the railway station (Figure 1). The area profile shows small

temporal and semi-temporal breeding sites. These water collections

are replenished mainly by rains so are therefore very rare during dry
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seasons and those that persist show signs of pollution due to water

evaporation and concentration of xenobiotics and organic matter. On

the other hand, the peri-urban site of Nkolondom (3�570 050 0 , 11�290

240 0) is located around 10 km from the urban sites. It was selected to

collect An. gambiae and have previously shown strong resistance to

pyrethroids (Antonio-Nkondjio et al., 2016). In this locality, agriculture

especially market gardening in swampy areas is the main activity for

decades (Figure 1) with aromatic herbs, lettuce, and other vegetables

being the main products. The crops are constantly protected from

plant pests through the intensive use of pesticides by the farmers.

The standing water in the furrows serves as breeding sites for mosqui-

toes, Anopheles and Culex. They are mainly semi-permanent and prob-

ably contain traces of the pesticides used on crops in soil and water as

was found in a study in Burkina (Akogbeto et al., 2006). Here, cultiva-

tion is done throughout the year, but there are some short periods left

for ground regeneration. These periods, just after the harvests, last

from 3 weeks to a month during the long-dry season.

Mosquito collection

The city of Yaoundé is situated within the Congo-Guinean phytogeo-

graphical zone characterized by a typical equatorial climate named

‘type Yaoundéen’ (Suchel, 1972) with four seasons whose lengths vary

slightly from 1 year to another, delimited as follows:

• a long rainy season (LRS) from mid-August to mid-November;

• a long dry season (LDS) from mid-November to mid-March;

• a short rainy season (SRS) from mid-March to mid-June;

• a short dry season (SDS) from mid-June to mid-August.

Collections were performed for 2 years, from March 2019 to

December 2020 and were made over 2 weeks each season, around

season’s medium period to be sure to capture the real seasonal pro-

file. Anopheles larvae were collected in breeding sites, following the

dipping method (Service, 1993), and directly identified morphologi-

cally. The larvae were then brought to CRID’s insectary for rearing to

the adult stage, under controlled standard laboratory conditions

(25 � 2�C, 70%–80% relative humidity). They were kept in breeding

site water in which distilled water was added progressively to avoid

fermentation of organic matter. The F0 adults obtained were provided

with a 10% sugar solution and used for susceptibility tests and molec-

ular analysis.

Insecticide susceptibility tests

Insecticide susceptibility tests were done on F0 females obtained from

reared field-collected larvae and morphologically identified as mem-

bers of An. gambiae complex (Gillies & de Meillon, 1968). This allowed

us to be sure of mosquito ages (3 to 5 days) and physiological status

(non-blood-fed). The exposure to insecticides follows the WHO tubes

test protocol: 60 min exposure to insecticides and 24 h observation

for 20 to 25 mosquitoes per test tube, with at least 4 tubes for the

tested insecticide and 2 tubes as controls (WHO, 2016). The Ngousso

lab susceptible strain was primarily used as a test control to confirm

the quality of impregnated papers. Those insecticide-impregnated

papers were obtained from the WHO collaboration centre at the Vec-

tor Control Research Unit, University Sains, Malaysia. The insecticides

included DDT 4%, type I pyrethroid, permethrin 0.75%, and type II

pyrethroid deltamethrin 0.05%. An evaluation of the resistance inten-

sity for pyrethroids was also done using 5� and 10� the discriminat-

ing concentration for permethrin (3.5% and 7.5%) and deltamethrin

(0.25% and 0.5%) impregnated papers. WHO criteria were used to

evaluate the resistance and susceptibility status of the tested mos-

quito population (WHO, 2016). Control mosquitoes were exposed to

non-impregnated papers and when their mortality was above 5%,

Abbott’s formula was used to correct the results (Abbott, 1987). The

mortality rates were monitored 24 h post-exposure to insecticide and

resistance status was defined following WHO guidelines on insecti-

cide susceptibility.

Synergist assays

To assess the contribution of metabolic enzymes in the resistance

profile, especially cytochrome P450s, synergist assays were per-

formed with Piperonyl Butoxide (PBO), an inhibitor of oxidases

F I GU R E 1 Study sites localization in Yaoundé (Cameroon): The urban collection areas Etoa-Meki is in the core of the city and colonized by
Anopheles coluzzii (□) while Nkolondom is in the peri-urban area, about 10 km away, exclusively colonized by Anopheles gambiae (□). The map of
Yaoundé was extracted from Landsat8 2010, the green representing vegetation and the reddish the structures.
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including P450s. For these tests, four replicates of 20–25 adult mos-

quitoes (3 to 5 days old) were pre-exposed to PBO impregnated

papers (4%) for 60 min and then immediately exposed to permethrin

(0.75%) or deltamethrin (0.05%) for 60 min again. In addition, control

assays using only the synergist impregnated papers for 60 min were

also performed and mortality was recorded 24 h later. The mortality

rate obtained was compared to those of insecticide tests without

synergist’s exposure to evaluate the level of susceptibility restora-

tion and thus the implication of P450s in resistance to the tested

insecticide.

Cone tests

To evaluate the efficacy of bed-nets, cone bioassays were performed

using two LLINs (Olyset® Net (containing 2% permethrin) and

OlysetPlus® Net (containing 2% permethrin plus 1% PBO) from

Sumitomo Chemical Co., obtained from the National Malaria Control

Program in 2019 from a batch of nets for the mass distribution cam-

paign. Following the WHO procedure, five unfed female mosquitoes

aged 2–5 days were introduced into each cone placed on the LLIN for

3 min. After exposure, mosquitoes were immediately transferred to

paper cups and supplied with 10% sucrose. Mosquitoes that were

knocked down were recorded after 60 min and mortality was

recorded 24 h after exposure. Two replicates were exposed to an

untreated net as control.

Molecular analysis

Molecular identification was done as these subspecies belonging to the

An. gambiae s.l. complex are not morphologically distinguishable. The

aim is to check whether the geographical distribution of species is still

following the same pattern as described by previous studies. Genomic

DNA used for this identification of An. gambiae complex members

was extracted from adult mosquitoes following the Livak technique

(Livak, 1984). For each seasonal collection, a sub-sample of 30 F0

adults mosquitoes randomly selected from larvae reared per collection

site was used to perform the short interspersed elements PCR (SINE)

that differentiate members of the An. gambiae s.l. complex

(Santolamazza et al., 2008). This identification was made before the

insecticide tests. In addition, a supplementary verification was done

later, on a smaller set of samples (5–10) of female mosquitoes used

for insecticide tests.

Genotyping of KDR mutations (L1014F, L1014S, and N1575Y) was

done following TaqMan assays as previously described (Bass

et al., 2007; Jones, Liyanapathirana, et al., 2012). Thus, 90 samples of

An. coluzzii and 100 An. gambiae randomly selected in unexposed F0

were used to assess the presence of these KDR mutations. TaqMan

reactions were undertaken using the Agilent MX3005P machine. Each

reaction was conducted in a 10 μl final volume with 1xSensiMix

(Bioline), 800 nM of each primer, and 200 nM of each probe. The

primers used are listed in Table 1.

Gene expression level was assessed for the two vector species col-

lected during the main dry and rainy seasons. Six of the most reported

detoxification genes listed by Mavridis (Mavridis et al., 2019) were

selected for this study (Table 1). Using three biological replicates of

10 F0 females alive after exposure to permethrin and 3 batches of

10 susceptible females as control, total RNA was extracted followed

by cDNA synthesis using Superscript III (Invitrogen®) based on manu-

facturer instructions. The qRT-PCR reactions were performed as pre-

viously described by Riveron (Riveron et al., 2013). Fold change and

expression of each gene in resistant and control samples were com-

puted for each species according to the 2-ΔΔCT method

(Schmittgen & Livak, 2008) using housekeeping genes for standardiza-

tion: ribosomal protein S7 (RPS7; VectoBase ID: AGAP010592) and

Elongation factor (VectoBase ID: AGAP005128). The primers used,

previously by Mavridis et al. (2019), are presented in Table 1.

Data analysis

Following the WHO guidelines on insecticide susceptibility, mosquito

populations were considered susceptible if mortality was ≥98% and

resistant if mortality was less than 90%. Mortality rates ranging

between 90% and 97% indicate a potential resistance needing to be

confirmed by additional tests (WHO, 2016). A chi-square test was

used to compare mortality data for insecticides and synergists, in addi-

tion to Fisher’s exact test. The Pearson test helps to evaluate the cor-

relation of susceptibility profiles between seasons. Data from the

two-year collections were computed by seasons as no significant dif-

ference was found between years. Microsoft Excel software was used

to enter data and analyses were done with the R software version

4.0.2 (R_Core_Team, 2012).

RESULTS

Vector species composition

More than 6000 adult female Anopheles mosquitoes were obtained

after larval rearing from the two sites and were morphologically iden-

tified as belonging to the An. gambiae complex. We used around

30 randomly selected adults per collection period for each of the two

collection points for molecular identification. As result, we identified

exclusively An. coluzzii in the urban area (Etoa-Meki) on the 228 results

for 240 samples tested, and An. gambiae in the rural market gardening

area (Nkolondom) on 220 tested samples.

Resistance profile of malaria vectors

The phenotypic resistance to insecticides was done using WHO test

tubes. Insecticide susceptibility tests were carried out on a total of

5209 samples (excluding the controls) for insecticides and in associa-

tion with synergist (1952 for Nkolondom and 3257 for Etoa-Meki).
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The bioassays results expressed as annual averages of the observed

mortality rates for the whole collection period are presented in

Figure 2.

The profile of An. coluzzii showed resistance to all tested insecti-

cides. Resistance to DDT was high, with 9.21% (�2.92) mortality

recorded (Table 2). Deltamethrin and permethrin also showed low mor-

tality, 20.4% (�4.01) and 8.87% (�2.82) respectively. An increase in

mortality with PBO-permethrin was observed, with 36.4% (�2.89) of

mortality, that is a recovery of 23%. Resistance escalation tested for 5�
and 10� permethrin-impregnated papers showed a resistance of urban

An. coluzzii to both, with 68.0% (�4.44) mortality to 5� and 87.5%

(�2.27) to 10� indicating a high resistance level (Figure 2). Resistance

escalation was not tested for deltamethrin in An. coluzzii due to an

insufficient number of samples not allowing us to obtain valid results.

For the peri-urban strain An. gambiae, full resistance to DDT with no

single mortality (0%) was obtained on the 112 tested samples. For pyre-

throids, this population was also resistant with low mortality observed:

14.7% (�4.08) for deltamethrin and 9.69% (�2.11) for permethrin. The

implication of metabolic enzymes in this resistance to pyrethroids was

confirmed by mortality rising to 79.4% (�1.94) for PBO-deltamethrin

and 46.9% (�9.13) for PBO-permethrin, showing partial recovery of

susceptibility of 64% and 37% respectively. Given these results, we ran a

test with 5� and 10� concentrated permethrin and deltamethrin and

obtained high levels of resistance with 75% (�3.49) mortalities for 5�
and 96.3% (�2.49) for 10� permethrin, 29.9% (�6.83) for 5� and

78.5% (�9.79) for 10� deltamethrin (Figure 2).

Bed nets efficacy evaluation

Low mortality rates were recorded against Olyset® Net compared to the

PBO-based OlysetPlus® Net (Figure 3). The mortality rates with Olyset®

Net were 10.85% (�1.52) and 13.68% (�3.78) for An. gambiae and An.

coluzzii, respectively. For the net containing PBO as a synergist

(OlysetPlus®), the recorded mortalities were 93.33% (�4.08) and 96.28%

(�1.52) respectively, above the threshold of suspected resistance.

KDR mutations frequencies

The L1014F mutation was found at a very high frequency in tested

field populations with allelic frequencies of 0.90 for An. coluzzii and

T AB L E 1 Primers used to evaluate metabolic and target site resistances in Yaoundé’s malaria vectors

Gene group Gene name Primer name Primer sequences (50 to 30) Efficiency (%)

House kipping genes Elongation factor EFq_F GGCAAGAGGCATAACGATCAATGCG 95.6

EFq_R GTCCATCTGCGACGCTCCGG

RPS7 RPS7q_F CCACCATCGAACACAAAGTTGA 93.4

RPS7q_R TGCTGCAAACTTCGGCTATTC

Metabolic genes CYP6M2 6M2q_F CTGGCGTTGAATCCAGAGGT 80.7

6M2q_R GATACTTGCGCAGTGATTCATTAAG

CYP6P3 6P3q_F ACAATGTGATTGACGAAACCCT 93

6P3q_R GGATCACATGCTTTGTGCCG

CYP9K1 9K1q_F CCGACACGTGGTGATGGATAC 101.9

9K1q_R CGTCGTCGGTCCAGTCAAC

CYP6P4 6P4q_F CTGGACAACGTTATCAATGAAACC 96.1

6P4q_R GCACGGTGTAATCACGCATC

CYP6Z1 6Z1q_F CCCGCAACTGTATCGGTCTG 98.6

6Z1q_R TTCGGTGCCAGTGTGATTGA

CYP6Z2 6Z2q_F AGGCCACGAAGAACTACGAT 106.1

6Z2q_R ACTTTTGCAGGAGTTGTGGC

Kdr mutations Kdr primers kdr_F CATTTTTCTTGGCCACTGTAGTGAT

kdr_R CGATCTTGGTCCATGTTAATTTGCA

Kdr probes FAM L1014F ACGACAAAATTTC

FAM L1014S ACGACTGAATTTC

HEX susceptible CTTACGACTAAATTTC

1575-F TGGATCGCTAGAAATGTTCATGACA

1575-R CGAGGAATTGCCTTTAGAGGTTTCT

Y1575 30NFQ-TTTTTCATTGCATAATAGTAC

N1575 30NFQ-ATTTTTTTCATTGCATTATAGTAC

SEASONAL VARIATION IN ANOPHELES’ INSECTICIDE RESISTANCE PROFILE 5



0.93 for An. gambiae. Only four susceptible homozygotes (SS) were

found in An. coluzzii and just a single one in An. gambiae on 90 and

73 samples tested respectively (Table 3). No L1014S or N1575Y

mutations were detected in all tested samples despite an increase in

the sample size.

Seasonal permethrin resistance monitoring

Larval collections were performed for 2 years, during the four differ-

ent seasons. Initially, an analysis was done on samples from the same

season but collected in different years in urban areas, to assess the

level of variation between the two annual datasets. The average per-

methrin mortality 1�, 5� and 10� and with PBO was compared

between the two collection years, season by season (Table S1).

A strong correlation was obtained (r: 0.994, p = 0.006) showing that

there is no significant variation from 2019 to 2020. In addition, a more

in-depth analysis was performed for the season presenting a complete

set of data on the two collection years, the SDS. A multivariate

ANOVA analysis shows that the general SDS profile is not signifi-

cantly different between 2019 and 2020 (p = 0.47) nor by insecticide

concentrations per year (p = 0.79), but rather shows a strong similar-

ity (r: 0.994). Following these observations, we decided to mix the

2 years’ results and analyse them as a single data set.

T AB L E 2 Annual means of mortalities of Anopheles gambiae and Anopheles coluzzii populations respectively from Nkolondom and Ngousso
(Yaoundé, Cameroon) to DDT and pyrethroids in from March 2019 to December 2020

Insecticides

An. coluzzii An. gambiae

Nb exp Mortality SD Nb exp Mortality SD

DDT 164 9.21 2.92 112 0.00 0.00

Permethrin 976 8.87 1.10 571 9.07 2.04

Permethrin (05�) 600 68.00 4.44 197 75.02 3.49

Permethrin (10�) 493 87.47 2.27 84 96.33 2.49

PBO + Permethrin 738 36.37 2.90 270 46.99 9.13

Deltamethrin 246 20.41 4.01 252 14.67 4.08

Deltamethrin (05�) 117 29.88 6.83

Deltamethrin (10�) 83 78.50 9.79

PBO + Deltamethrin 102 79.38 1.94

Total 3217 1788

Note: Nb exp, number of mosquitoes exposed to insecticides; SD, standard deviation.

F I GU R E 2 Resistance intensity to permethrin (1�, 5�, and 10�) and deltamethrin (1�, 5�, and 10�) for the two malaria vectors species
collected from March 2019 to December 2020 in Yaoundé: Anopheles gambiae from Nkolondom (peri-urban area) and Anopheles coluzzii from
Ngusso (urban area), with 95% error bars
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The general resistance profile observed in the urban area for An.

coluzzii was analysed seasonally. For each season, permethrin was

used at three concentrations: the recommended dose here named 1�
(0.75%) and two higher concentrations at 5� and 10�. For An.

gambiae unfortunately, some seasons did not provide sufficient data

to perform a statically valid analysis on a full-year period.

For An. coluzzii, the highest resistance to permethrin 1� was

observed within the SDS, with the lowest mortality of only 2.1%

(�0.73) (Figure 4). The lowest resistance was observed during the long

rainy season (LRS) with 18.9% (�1.52) mortality. The observed mor-

talities to the 3 concentrations were significantly different between

the four seasons (F-stat = 33.92, p = 0), presuming a probable impact

of parameters linked to seasons on pyrethroid resistance in this vector

species. Concerning susceptibility to 5� and 10� permethrin, the

highest resistances were observed during SDS with 54.4% (�7.84)

and 81.2% (�3.41) mortalities respectively for 5� and 10� and the

lowest resistance in LDS with the highest mortalities of 91.4% (�3.8)

for 5� and 100% for 10� (Figure 4). During the LRS, 10� mortality

reached 95.9% (�2.28) thus remaining in the resistance interval

defined by WHO (under 98% mortality).

Seasonal implication of P450s metabolic detoxification
genes in resistance

The insecticide tests with pre-exposure to synergist showed dif-

ferent levels of restoration of susceptibility for each season

(Figure 5), significantly different from the permethrin alone tests

(t-test p = 0.03). The mortalities with PBO were 31.8% (�1.74),

24.0% (�1.68), 39.6% (�2.53) and 63.1% (�5.04) for SRS, SDS,

LRS, and LDS, giving a restoration of susceptibility respectively

of 22.1%, 21.9%, 20.7% and 52.3%. The results show a quite

similar restoration for all seasons apart from the LDS showing

more than the double of metabolic genes implication in resis-

tance. To evaluate the level of implication of metabolic genes in

permethrin resistance, we did a ratio between PBO + permethrin

and permethrin1x mortalities. We found that the SDS had the

highest ratio of P450-based metabolic implication in resistance

(11.35) due to the low permethrin mortality (2.11%), followed by

LDS (5.83), SRS (3.27) and LRS (2.09). An analysis of the annual

correlations between permethrin1x mortality and

PBO + permethrin is showing that the correlation is stronger

F I GU R E 3 Mortalities of female Anopheles gambiae and Anopheles coluzzii populations respectively from Nkolondom and Ngousso (Yaoundé,
Cameroon) to WHO cone bioassay with two LLINs (Olyset® and OlysetPlus®) in November 2020 with error bars at 95% confidence interval

T AB L E 3 KDR mutation genotypic frequencies in the two malaria vectors species of Yaoundé Anopheles gambiae and Anopheles coluzzii
populations, respectively, from Nkolondom and Ngousso (Yaoundé, Cameroon) from March to December 2019

Species

An. coluzzii An. gambiae

Mutation Genotype Nb. samples Frequency Nb. samples Frequency

L1014F RR 76 0.84 70 0.96

RS 10 0.11 2 0.03

SS 4 0.04 1 0.01

L1014S RR 0 0 0 0

RS 0 0 0 0

SS 180 1 180 1

N1575Y RR 0 0 0 0

RS 0 0 0 0

SS 178 1 177 1
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when analysing 3 seasons SDS, SRS, and LRS (r: 0.99, p = 0.03)

than when the LDS is included (r: 0.41, p = 0.58). This is linked

to the high resistance restoration by PBO observed during this

season.

Seasonal variation in metabolic genes expression level

The profile of six of the main metabolic genes was assessed during

the main dry and rainy seasons in the two localities.

F I GU R E 4 Plots of seasonal mortalities (%) of Anopheles coluzzii from Ngousso, an urban area of Yaoundé (Cameroon) to three permethrin
concentrations (1�, 5�, and 10�) and the overall view of resistance profiles for a year with SE on means from March 2019 to December 2020.
LDS, long dry season; LRS, the long rainy season; SDS, short dry season; SRS, the short rainy season.

F I GU R E 5 Synergist susceptibility profile of Anopheles gambiae and Anopheles coluzzii populations respectively from Nkolondom and
Ngousso (Yaoundé, Cameroon) after 60 min exposure to permethrin and combined permethrin and PBO from March 2019 to December 2020.
Data shown as mean mortality with �95% confidence interval bars. LDS, long dry season; LRS, the long rainy season; SDS, short dry season; SRS,
the short rainy season.
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In the urban site, a comparison of the differences in the gene

expression fold changes for An. coluzzii between the rainy and dry sea-

sons (Figure 6a) shows three genes overexpressed during the rainy

season and not the dry season (Cyp6M2, Cyp6P4 and Cyp9K1) and

one gene with the opposite profile (Cyp6Z2). A comparison by sea-

sons shows three genes with significant differences in expression:

Cyp6M2, Cyp6Z2 and Cyp9K1.

For the peri-urban area, An. gambiae presented higher levels of

over-expression with all the six tested genes showing significant fold

change at least during one of the two seasons (Figure 6b): During the

rainy season, when farmers are doing high cropping, all the 6 genes

were significantly over-expressed. Within the dry season, Cyp6M2

and Cyp6Z1 were the only significantly over-expressed genes. By

comparing the fold changes between seasons, we observed three

genes with significant variations: Cyp6P4, Cyp6Z2, and Cyp9K1.

Do we have any similarities between both collection areas in

terms of gene expression? A r. comparing the 6 genes expression pro-

files for the two areas reveals a strong similarity within the dry season

(r: 0.83, p = 0.02) but not for rainy seasons (r: 0.59, p = 0.16) thus the

two areas show similar profile during the dry season but differ within

the rainy season.

DISCUSSION

In this study, we investigated the level of resistance to insecticides of

malaria vectors in the urban environment of Yaoundé, the implication of

different resistance mechanisms in the process, the seasonal variations in

resistance, as well as the mechanism involved. A high level of resistance

was observed in the selected areas to all insecticides used, with an impli-

cation of metabolic genes in association with target-site mutations. Pyre-

throid resistance has been widespread in Cameroon for several years

and especially in our study sites (Antonio-Nkondjio et al., 2017).

Vector species composition, correlation with previous
studies

The species collected in both localities follow our predictions on the

spatial distribution of An. gambiae complex members in the urban area

and periphery of Yaoundé. This situation has been observed for nearly

10 years (Aguilar et al., 2010; Antonio-Nkondjio et al., 2016; Tene

et al., 2013) and has not changed up to today. While this could be pre-

dictable in an urban area, it was not the case for the peri-urban site

where the ongoing increase in population and urbanization should

have been accompanied by a progressive introduction of An. coluzzii

in the area, following the patterns of both the species distribution in

the town (Kamdem et al., 2012; Tene et al., 2010). The evolution may

therefore be slower and there are probably other ecological factors

involved that are not well clarified. Also, the continuous presence of

vectors during all seasons stipulates a perennial transmission of

malaria throughout the year.

Observed resistance and intensity at 5� and 10� for
pyrethroids

The bioassays carried on the two targeted populations with diagnostic

doses of DDT, deltamethrin, and permethrin resulted in mortality

rates below 25% after 60 min of insecticide exposure, regardless of

collection season. Furthermore, the results of the bioassays for DDT

are of particular interest, as they show that the populations are

extremely resistant, with no single mortality (0%) in the peri-urban

market-gardening area.

Since 2016, WHO decides to incorporate for certain insecticides

the 5� and 10� doses when discriminant concentrations are not pro-

viding information on the full resistance profile in the field

(WHO, 2016). The current high level of resistance to permethrin and

F I GU R E 6 The normalized values of fold change variation in main metabolic genes expression level between rainy and dry seasons in malaria
vectors populations Anopheles coluzzii (a) and Anopheles gambiae (b) populations respectively from Nkolondom and Ngousso (Yaoundé, Cameroon)
in October 2019. The stars indicate the significance of the expression level of a single gene, or the difference in expression levels between wet
and dry seasons. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; the first level analyses single gene expression significance while the upper
level is comparing difference in expression between two seasons.
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deltamethrin at 5� and 10� is likely to be the result of prolonged

selection pressure resulting in mosquitoes with multiple resistance

mechanisms: target-site resistance and metabolic resistance. In our

vectors, the KDRw mutation is nearly fixed in both populations and is

associated throughout the year with the overexpression of genes

linked to metabolic resistance. This particular profile of multiplicative

resistance could be at the base of the observed resistance intensity

(Yewhalaw et al., 2011). ‘When resistance is confirmed at the 5� and

especially at the 10� concentrations, operational failure is likely’
(WHO, 2016). There is thus a need to move in this area to new insec-

ticides for IRS/LLIN or implement new methods such as larval control

and attractive toxic sugar baits.

Causes of high resistance to pyrethroid

In Nkolondom, the peri-urban area, the use of agricultural pesticides

may have contributed to the increase in pyrethroid resistance. Many

studies, among which some in this particular area, have confirmed

that the use of pesticides in agriculture can lead to the selection of

resistance in breeding sites due to the bio-accumulation of those

pesticides in soils (Diabate et al., 2002; Yadouleton et al., 2009). In

Etoa-Meki, the urban area, the selection of resistance could be a

result of the pollution observed in breeding sites in the collection

area, associated with the domestic use of insecticides and LLINs.

Previous studies comparing this area to others in the same town but

with the lowest breeding sites pollution (Tene et al., 2013) support

this hypothesis, and similar observations on the link between water

pollutants and resistance have been made in other countries

(Awolola et al., 2007; Diabate et al., 2002; Djouaka et al., 2007;

Jones, Toé, et al., 2012; Poupardin et al., 2012). It is nevertheless

necessary to remember that selection of resistance is not occurring

only in larval stages. For adult mosquitoes, the intensive use of

insecticides in LLINs and domestic indoor sprayings is also a factor

of selection as observations have been made on a reduction of sus-

ceptibility of malaria vectors after LLINs implementations (Czeher

et al., 2008). Knowing that in Cameroon the coverage of LLINs was

around 73% of houses with at least one LLIN in 2018 (USAID 2020),

we can assume that the observed high level of resistance should also

be linked to selection pressure from the insecticides used in LLINs.

A selection of metabolic resistant strains, in association with kdr

mutations, could be one of the factors underlying this figure, with

cross-resistance leading to loss of susceptibility to other tested

insecticides (Chandre et al., 1999).

The investigations of kdr mutation frequencies show that the

L1014F mutation is nearly (but not fully) fixed in our field populations,

this being the result of long-term selection pressure by agricultural

pesticides, LLINs insecticides, and domestic insecticides (Yadouleton

et al., 2009; Yahouédo et al., 2016). Also, it has recently been shown

that the substitutions in the amino acid sequence of the voltage gate

sodium channel gene that induce resistance are more complex than

actually described (Clarkson et al., 2021). The involvement of some of

these not yet well-described mutations in target-site resistance

(Williams et al., 2021) could explain the non-fixation of L1014F muta-

tions in our populations since time.

Bed-nets efficacy tests

The World Malaria Report (WHO, 2020) noted that global progress in

the fight against malaria has stalled since 2015 showing an increase in

malaria cases between 2015 and 2019, with a possible explanation

being the widespread pyrethroid resistance in vectors. A test was done

with two formulations of one of the most distributed nets in the coun-

try the Olyset® and his newer version OlysetPlus® containing a syner-

gist (piperonyl butoxide) in addition to permethrin. Despite the high

resistance profile detected in-field populations, the cone tests gave us

satisfying results in the end. If the first version has already lost its effi-

cacy on-field mosquitoes for many years (Pennetier et al., 2013), the

combined version, thanks to the presence of synergist, remains well

efficient with a mortality level above 90% today. This result is surprising

given the presence of many resistance mechanisms in our field

populations and the results of WHO tests but remains good as there is

still a solution against these resistant field strains. Such information in

addition to field condition bed nets efficacy tests in experimental hosts

that shows loss of efficacy of some new nets formulations (PBO base

nets) (Menze et al., 2020) will help the National Malaria Control Pro-

gram in the choice of LLINs to be used in the areas of the country

where resistance have been described while waiting for the new insec-

ticides formulations to be available for mass usage.

Factors underlying seasonal dynamic of resistance

The seasonal survey was done on An. coluzzii in the urban area and

reveals an interesting profile in the variation of susceptibility along

the year. The mortality rates show various levels of resistance per sea-

son. Our sample collections were made in two consecutive years. A

comparison of the SDS data from the 2 years showed a strong similar-

ity in the resistance profile over the 2 years. This observation shows

that the variation from 1 year to the next is quite low. However, cau-

tion should be taken when interpreting these results as they only

include data from two consecutive years.

The kdr mutations, showed high frequencies with almost no sea-

sonal variation, in contrast to the expression levels of the metabolic

genes. Previous studies in similar areas have incriminated urban pollu-

tion as the factor stimulating overexpression of metabolic genes

(Poupardin et al., 2012; Tene et al., 2012, 2013) and, knowing that

there is multiplicative resistance in such situations (Taskin et al., 2016),

we expected to have during low rains periods in an urban area the

highest pollution in breeding sites leading to high levels of detoxication

enzymes production and thus the lowest permethrin mortality. Our

results follow this viewpoint for three seasons: LRS, SRS, and SDS with

statistically similar profiles. Among them, the LRS is the one having the

lowest resistance to permethrin for the three concentrations, and the

lowest ratio of PBO susceptibility restoration. Knowing that in this
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season the rainfalls are renewing frequently water in breeding sites, the

level of pollution is low and thus the linked metabolic enzymes expres-

sion also. The resistance profiles of SRS and SDS follow the same pat-

tern, with the SDS having less mortality than the rainy seasons and a

higher restoration ratio. The only season not following the pattern is

LDS. Here, the level of restoration rises to more than the double of the

other seasons. This high implication of metabolic enzymes could be a

result of the high level of pollution caused by water stagnation and

organic matter decomposition in breeding sites followed by a selection

of individuals producing a high level of detoxification enzymes among

which some can metabolize insecticides molecules (Muller et al., 2008;

Poupardin et al., 2012). However, such high overexpression of detoxifi-

cation enzymes to metabolize xenobiotics may have weakened those

mosquitoes and reduced their ability to overcome insecticides. This fit-

ness cost should be an explanation for the mortality observed during

this season. The resistance to 5� and 10� also follow the seasonal pat-

tern, increasing from SDS to LDS.

In addition to the detected target-site mutation, the implication

of metabolic enzymes has been proven firstly by the partial restora-

tion of susceptibility with the synergist piperonyl butoxide (PBO)

and over-expression of some metabolic enzymes. The implication of

P450s in DDT, permethrin, and deltamethrin have been proven

many times, and some specific P450s enzymes have previously been

found over-expressed in these vectors species, mainly cyp6M2,

cyp6P4, cyp9K1, and cyp6P3 (Adolfi et al., 2019; Fagbohun

et al., 2019). This is the first study comparing gene expression pro-

files between dry and rainy seasons. The observed profiles of gene

expressions showed a similarity between the dry season in both

studied areas and a huge difference between the rainy seasons. In

the urban area, over-expression is higher during the dry season, this

may probably be in link with the accumulation of organic matter

decomposition into breeding sites and the concentration of other

xenobiotics after water volume reduction due to evaporation (Jones,

Toé, et al., 2012; Poupardin et al., 2012; Tene et al., 2013). During

the rainy season, constant rains will increase breeding site size and

frequently renew their water, resulting in a lower level of xenobi-

otics concentration. There will then be lower pressure on Anopheles

larvae in breeding sites, resulting in a less stringent selection of indi-

viduals capable of producing high concentrations of detoxification

enzymes.

In the peri-urban area, the rainy season is the period of the rapid

growth of crops. There is then an intensive usage of insecticides to

protect them from pests. This element will then place the maximum

selection pressure rather in the rainy season, contrasting what is

observed in the other site and resulting in the highest enzyme expres-

sions. Within the dry season, after harvesting, the plantations are

abandoned for a period. We then observed a profile similar to that of

the urban area, but with a higher overexpression of detoxification

enzymes probably due to the presence of pesticide residues in the

soil. The presence of these pesticides will lead to a selection at the lar-

val level of individuals with the appropriate genetic background to

resist the insecticides, resulting in the emergence of insecticide-

resistant adults.

CONCLUSION

Resistance to pyrethroids is spreading in Cameroon, due to selection

pressure exerted in others by agricultural pesticides, urban pollution,

and insecticides on urban malaria vectors. The mechanisms involved

are very complex, with resistance mechanisms combining to define

the high level of resistance observed. This resistance shows a tempo-

ral dynamic that seems to be linked to the seasonal variation in the

specific selection pressure exerted on vectors in breeding sites. This

information is crucial for the implementation of vector control pro-

grams, precisely in the choice of techniques to be implemented, the

adequate LLINs to be deployed, the insecticide molecules to be used

at given seasons for the IRS, or other vector control activity to have

the best results possible. A period of lower resistance linked to lower

vector densities will be the best to implement vector control

activities.
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