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Results

Anopheles gambiae sl. from Sedje-Dénou rice field population was
resistant to bendiocarb (0.1%) with a mortality rate of 72.2% whereas
Anopheles gambiae sl. populations from Zinvié-Dokomey (rice field), Zé-
Tozounmeé (pineapple field), and Adjagbo (peri-urban area) were
suspected to be resistant with mortality rates of 90%, 93.5%, 95.4%
respectively. However, all of them were susceptible to
organophosphates (malathion and pirimiphos-methyl) with a
mortality rate of 100%. PCR assay revealed that 100% of the
mosquitoes tested were Anopheles coluzzii. The frequencies of Ace-1R
mutation in all Anopheles coluzzii populations tested were low (3-27%).

Conclusions

Organophosphates (malathion and pirimiphos-methyl) have
maintained their efficacy against Anopheles coluzzii populations from
Sedje-Dénou (rice field), Zé Tozounme (pineapple field), Zinvié
Dokomey (rice field), or Adjagbo (peri-urban area). The good efficacy
of these organophosphates against Anopheles coluzzii populations
from the southern part of Benin are observed in the current study.
The use of pirimiphos-methyl for IRS in this part of the country would
be a successful alternative for malaria control in this area.

Plain Language Summary

To better manage the spread of high pyrethroid resistance in malaria-
carrying mosquitoes, we need to find effective solutions. To do this,
we need to understand how these mosquitoes react to different
insecticides. We collected Anopheles larvae and pupae from different
breeding sites and tested them using WHO susceptibility tests. We
used malathion, pirimiphos-methyl, and bendiocarb to see how the
mosquitoes reacted. We found that Anopheles gambiae sl. mosquitoes
from different areas had different levels of resistance to bendiocarb.
From one of the site, mosquitoes were found resistant, with a
mortality rate of 72.2%, while populations from other areas had
mortality rates of 90%, 93.5%, and 95.4%, respectively. However, all
populations were susceptible to malathion and pirimiphos-methyl. We
also used PCR assays to identify the species and mutations present.
We found that all of the mosquitoes tested were Anopheles coluzzii,
and that the mutations present were rare. Our study found that
malathion and pirimiphos-methyl are effective against Anopheles
coluzzii populations in different areas. We suggest using pirimiphos-
methyl as a successful alternative for malaria control in this part of the
country.

Keywords
Anopheles coluzzii, insecticides resistance, bendiocarb, malathion,
pirimiphos-methyl, rice field, pineapple field, Benin
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13783)) Amendments from Version 1

Plain language summary
A sentence was reformulated.
From “We found that all of the mosquitoes ...... were low".

Methods

“Commune” was replaced by “Municipality” throughout the
revised manuscript.

Figure 1

The quality of pictures of Figurel has been improved.

Dot colour significance was indicated in the Figure 1 legend.

More details have been given to explain how anopheline were
fed.

The morphological identification performed is now indicated
including the references of the identification keys used.

The additional references were included about resistance gene
genotyping.

“prior to” was replaced by “before”

A sentence was added to the “Insecticide bioassay and mosquito
conservation” paragraph to explain how mosquitoes for
molecular analysis were stored.

The “data analysis” section was reformulated to explain how
allelic frequency was calculated and compared between the
different surveyed localities.

Results
Some sentences have been corrected:

“knock down” was replaced by “know-down” throughout the
revised manuscript.

“s.l.” was replaced by “sl.” throughout the revised manuscript.
“s.s." was replaced by “ss. " throughout the revised manuscript.
The “molecular species” paragraph was reformulated.

The “resistance genes” paragraph was reformulated.
throughout the revised manuscript.

Any further responses from the reviewers can be found at
the end of the article

Background

Malaria persists as a major public health problem in
sub-Saharan Africa'. Benin, like most countries in sub-Saharan
regions still faces a substantial burden of malaria. Indeed,
malaria persists as the primary reason for hospital visits and
admissions. While the prevalence of malaria is 15% in the
general population, this rate is even higher among children
under five years of age (37.2%)*. Effective vector control stands
as a crucial aspect in combating this disease. Presently, the
primary tools for vector control predominantly consist of
long-lasting insecticidal nets (LLINs) and indoor residual spray-
ing (IRS). Unfortunately, malaria vectors have developed
resistance to the different classes of insecticides used in vec-
tor control. According to the malaria report in 2022, among
the 88 countries affected by malaria and reporting data from
2010 to 2020, 78 have identified resistance in at least one
malaria-carrying insect to at least one class of insecticide at
specific collection sites'. Specifically, 29 countries have noted
resistance to pyrethroids, organochlorines, carbamates, and

Wellcome Open Research 2024, 9:424 Last updated: 26 NOV 2024

organophosphates across various locations, while 19 have
confirmed resistance to all four classes at least once in a local
vector at a specific site'. Pyrethroids are currently the only
insecticides used to impregnate bed nets. It is clear that,
because resistance to these compounds is widespread in
Africa®™® interest in using IRS (Indoor Residual Spraying)
to control malaria vectors is increasing. This IRS strategy is
mainly based on using organophosphates and carbamates,
either alone or in combination with pyrethroid-impregnated
bed nets’. Agriculture has always been designated as the
main factors causing insecticide resistance in malaria vec-
tor and crop type was among the first factors recognized as
modifying the relationship between agricultural insecticide
use and insecticide resistance in malaria vectors®.

Some of the earliest reports of insecticide resistance in Africa
observed that agricultural insecticide use might have contrib-
uted to the selective pressure on anopheline mosquitoes®''.
Moreover, Nwane et al.'” found that mosquitoes from agricul-
tural area with a higher proportion of organophosphate and
pyrethroid use had higher levels of resistance to those agents
than mosquitoes from this kind of area. In Benin, Yadouléton
et al.” and Talom et al.'® found vector population resist-
ance levels that correlated directly with reported insecticide
use in different pest management strategies. In Benin, the
National Malaria Control Program has implemented indoor
residual spray using bendiocarb since 2011 and some studies
have already reported resistance to this insecticide in malaria
vectors'. In addition, Anopheles gambiae sensitivity to orga-
nophosphates, like fenitrothion, has shown a decline'*. Notably
resistance to pirimiphos-methyl has not been reported to date,
despite its application in Atacora, a northern part of Benin,
for IRS between 2013 and 2016, however, it’ is important
to recognize that resistance remains a dynamic issue. There
is a continuous risk of its emergence, as highlighted by find-
ings from authors in various other countries'®'". It is important
to manage the evolution of resistance to carbamates and
organophosphates in malaria vectors and identify the factors
such as crop type driven rapidly by this resistance for
sustainable efficacy of malaria control tools. This work aimed
to evaluate the insecticide susceptibility profile of malaria
vectors from rice- and pineapple-growing environments under
high agricultural insecticide pressure and to determine the
mechanisms involved.

Methods

The study was carried out in four localities (Adjagbo, Ze
Tozounme, Zinvié Dokodji and Sedje-Dénou) across two
municipalities in southern Benin (Abomey-Calavi and Z¢)
between June and August 2020 (Figure 1). These two munici-
palities were selected due to the intensive or low agricultural
activities conducted by these localities.

Abomey-Calavi is located in the Atlantic department of the
Republic of Benin, situated between 6°22° and 6°30° north
latitude and 2°15° and 2°22’ east longitude. Geographically, it
borders the municipality of Ze¢ to the north, the Atlantic Ocean
to the south, and is bounded by the municipalities of Cotonou
and So-Ava to the east, while to the west, it shares boundaries
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Figure 1. Map of the sampling sites. The map was constructed for this publication in QGIS 3.26 (https://www.norbit.de/~jef/QGIS-
0SGeo4W-3.26.3-1.msi?US) using country and regional boundaries from IGN (https://www.geobenin.bj/carto/www/index.php).

with the municipalities of Ouidah and Tori-Bossito. Its sub-
equatorial climate is characterized by four seasons: a major
rainy season (April to July); a small rainy season (September
to November); a major dry season (December to March); and
a small dry season (August to September). The geomorphol-
ogy of the Abomey-Calavi municipality reveals a relatively
flat relief. The primary features of this relief include: a
plain consisting of a sandy strip with both recent and ancient
coastal ridges; a plateau of clay soil separated from the plain
by the Djonou lagoon and Lake Nokoué; depressions and
marshlands in areas situated along the banks of the lake

and lagoon. In this municipality, the rice production is located
at Zinvié with intensive use of agrochemicals meanwhile there
is no agrochemical use at Adjagbo which is a peri-urban site'®.

The municipality of Ze is situated in the Atlantic department
and is situated between the parallels 6°32° and 6°87° north
latitude, and between 2°13 and 2°26 east longitude. It is
bordered to the north by the municipalities of Zogbodomey and
Toffo, to the south by the municipalities of Abomey-Calavi and
Tori-Bossito, to the east by the municipalities of Adjohoun
and Bonou, and to the west by the municipality of Allada.
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The climate is subequatorial, marked by more or less high
rainfall levels, a relatively low annual thermal amplitude (less
than 5°C) and by the succession of four seasons distinct: a long
rainy season from April to July; a short rainy season from
September to November, a large dry season from December
to March and a small dry season in the month of August.
The hydrographic network is not dense and is very localized.
Only the northern zone of the municipality is irrigated by the
tributaries of the Ouémé River called S6. Several shal-
lows dot the territory of the municipality. The main eco-
nomic activities are agriculture, fishing, product processing
agriculture, livestock, commerce, crafts and tourism. In this
municipality, the rice production is located at Sedje-Dénou
with intensive use of agrochemicals meanwhile there is less
use of agrochemicals at Ze-Tozounme which is a pineapple
production site'®.

Mosquito larvae collection and rearing

Anopheline larvae were collected from June to August 2019
during rice transplanting inside Sédje-Dénou rice fields using
standard dippers and containers. The collected larvae were
sorted, kept in labelled bowls, and transported to the insec-
tary of the International Institute of Tropical Agriculture
(IITA) for rearing. Anopheline larvae were fed daily with
powdered Tetramin® baby fish food (Charterhouse Aquat-
ics, London, UK) until their progression to the adult mos-
quito stage. Emerging adults from the field-collected
larvae, which were placed in cages, were fed on 10% sugar
solution and kept at 27 + 2 °C and relative humidity of
70 = 10%. Morphologically identified using the identification
keys of Gillies and De Meillon"” and Gillies and Coetzee”,
3 to 5-day-old adult females were used for susceptibility testing
to various insecticides and molecular analysis.

Mosquito genomic DNA extraction and species
identification

Genomic DNA of tested mosquitoes was extracted according
to the method previously described by Livak®'. In brief, whole
mosquitoes were ground individually in 100 uL of preheated
Livak buffer in 1.5 ml Eppendorf tube and incubated at 65°C
for 30 min. A total of 14 uL of K-acetate (8M) were added and
the resulting mixture was incubated on ice for 30 min before
being centrifuged for 20 min at 12,000 rpm. The supernatant
was pipetted into a new 1.5 mL Eppendorf tube to which 200 uL
of ethanol (100%) was added; the mixture was centrifuged
for 15 min at 12,000 rpm to precipitate the DNA. The superna-
tant was discarded subsequently and the DNA pellet formed
at the bottom of tubes was purified with 100 pL ice-cold etha-
nol (70%). The DNA pellet was dried on the bench for 1 hour.
The extracted DNA was reconstituted in 50 ul. DNase-free
water (Sigma-Aldrich, United Kingdom). DNA concentration
and purity of the samples were read using the nanodrop
(Thermo scientific, CA, USA) before storage at -20°C.

Identification of Anopheles gambiae sl. subspecies

The different species of Anopheles gambiae sl. (Anopheles
gambiae ss. and Anopheles coluzzii) were determined using
SINE-PCR*. The following primers were used: Forward
primer 5’-TCGCCTTAGACCTTGCGTTA-3" and the reverse
primer 5’-CGCTTCAAGAATTCGAGATAC-3’. The PCR took
place in a thermocycler (Gradient Thermal cycler; Gene
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Pro Scientific Instruments Co., Ltd Hangzhou, P.R. China)
according to the following program: 94°C for Smin, 94°C
for 25 s, and 54°C for 30 s; 72°C for 1 min repeated 35 times;
and a final step at 72°C for 10 min to terminate the reaction.
The agarose gel was prepared at 1.5% in TAE (Tris/acetate/
EDTA) containing Midori green. The PCR product was loaded
on gel and allowed to migrate under a voltage of 100 V for
45 min. The result was visualized with a UV illuminator
(Thermo scientific, CA, USA). Expected bands by species
was 479 bp for Anopheles gambiae coluzzii and 249 bp for
Anopheles gambiae.

Insecticide bioassay and mosquito conservation
The susceptibility of mosquitoes was assessed through the
WHO cylinder test and the mosquitoes used for the test were
Anopheles gambiae sl. wild strain species. The susceptibility test
performed according to the WHO protocol* involved exposure
of 3-5-days old nonblood-fed female adults to a diagnostic dos-
age of the following insecticides: bendiocarb (0.1%), malathion
(5%), and pirimiphos-methyl (0.25 %). Anopheles gambiae
Kisumu strain was used as the reference susceptible strain and
was tested simultaneously with field mosquitoes. For each
insecticide test, at least 100 mosquitoes were used. All mos-
quitoes including dead and survivors after bioassay, were
stored on silica gel in 1.5 ml tubes at -20°C, for later DNA
analysis.

Identification of resistance genes

The real-time PCR was used to investigate the presence of insec-
ticide resistance genes including kdr-East, West** N1575Y%
and Ace-1’°. The reaction was carried out in an Agilent
Stratagene MX3000 qPCR thermocycler (Agilent Technologies,
Santa Clara, CA, USA). For kdr genotyping, Forward
and Reverse primers [Forward (5’-CATTTTTCTTGGCCACT-
GTAGTGAT-3’), and Reverse (5’- CGATCTTGGTCCAT-
GTTAATTTGCA-3’)] and minor groove binding (MGB)
probes (Applied Biosystems) were used. The probe WT
(5’- CTTACGACTAAATTTC-3’) was labelled with HEX
at the 5” end for the detection of the wild type allele, while the
probe kdr-W (5’- ACGACAAAATTTC-3’) were labelled
with  FAM for detection of the kdr-L1014F allele. For
G119S genotyping, a universal primer GI119-Reverse (5°-
CGGTGGTCGTACACGTCCAGGGT-3’) that anneals to both
resistant and susceptible allele as well as the primer G119S-
Forward (5’-GCGGGCAGGGCGGCGGGGGCGGGGCCCT-
GTGGATCTTCGGCGGCG-3’) that specifically anneals to
the susceptible allele and primer G119R-Forward (5’-GCG-
GGCCTGTGGATCTTCGGCGGCA-3’) that anneals specifically
to the resistant allele was used. Briefly, each reaction was
conducted in a total volume of 10 pl that comprised of 5 ul
Sensimix (Meridian BioScience), 0.125 pl of 40x Probe Mix
coupled to allelic-specific primers, 3.875 ul of dH20, and 1 pl
of genomic DNA. Thermocycling conditions were set at an
initial 95°C for 10 min, followed by 40 cycles each of 95°C
for 10 sec, and 60°C for 45 sec.. Genotypes were scored from
dual-color scatter plots produced by the device after the
reaction.

Data analysis
The mortality of the different tests achieved was interpreted
according to the criteria proposed by WHO” as follows:
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mortality between 98% and 100% indicates that the vectors are
susceptible, mortality between 90% and 97% indicates the
suspected resistance in the vector population which must be
confirmed, and mortality less than 90% indicates that mosquito
population is resistant.

The resistance ratio (RR) of vectors to the various insecti-
cides was determined from reports of the knock-down time of
50% of the population (KDT50) of wild mosquitoes and those
of the susceptible Anopheles gambiae ss. Kisumu strain and
the knock-down time of 95% of the population (KDT95) of
wild mosquitoes and those of the susceptible Anopheles
gambiae ss. Kisumu strain. This ratio expresses the level of
resistance of the field strain compared with the susceptible
Anopheles gambiae Kisumu strain based on the knock-down
effect. The time at which 50% of the test population were
knocked down (KDT50) or 95% of the test population were
knocked down (KDT95) was determined using R software”’, via
log-probit analysis. Values of resistance ratio (RR) greater than
5 are an indication of resistance and values less than or equal
to 5 are considered as susceptible®.

Allelic frequencies of the Kdr resistance genes were calcu-
lated in dead and alive mosquitoes using the following for-
mula: F(R)=(nRS+2(nRR))/2N, where n = total number of
mosquitoes carrying a given genotype, RR = total number

Wellcome Open Research 2024, 9:424 Last updated: 26 NOV 2024

of homozygote resistant, RS = total number of heterozygote
resistant, and N = total number of mosquitoes investigated®.
The frequencies of resistance associated mutations between
the different sites were compared using Medcalc (https://www.
medcalc.org).

Results

Molecular species

Overall, 800 specimens of Anopheles gambiae sl. derived
from sample bioassays including dead and survivors were
randomly selected for species identification by SINE-PCR.
In the all-study sites, all mosquito specimens analyzed were
Anopheles coluzzii.

Resistance ratio and knock down

The 50% knockdown times (KDT50) were determined
against three insecticides. In all study sites (except Adjagbo),
the fastest knockdown time (KDT50) was recorded in
malathion followed by pirimiphos-methyl and bendiocarb.
The fastest knockdown mosquito (KDT50 = 20.615) was
recorded in Ze-Tozounme with malathion, whereas the slowest
(KDT50 = 42.329) was recorded in Seéde-Dénou with
Bendiocarb (Table 1).

Concerning the 95% knockdown times (KDT95) in all study
sites, the fastest knockdown time (KDT95) was recorded

Table 1. Resistance ratio (RR50) of mosquito populations (Anopheles gambiae sl.) to
bendiocarb, malathion, and pirimiphos-methyl. CI50: confidence interval at 50%; KdT50:
knockdown time of 50% of the population; KdT50 of the wild strain divided by KdT50 of the
Kisumu reference strain; RR50: resistance ratio at 50%.

Insecticides by locality

Adjagbo

Kdt,, (CIL,;) Kisimu (min)

Kdt,, (CL,) wild strain(min) RR,,

Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)
Zinvié Dokomey
Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)
Zé Tozounmé

Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)
Sedje-Dénou

Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)

10.955 (10.206 - 11.695)
11.715(10.924 - 12.503)
8.969 (8.009 - 9.863)

10.955 (10.206 - 11.695)
11.715(10.924 - 12.503)
8.969 (8.009 - 9.863)

10.955 (10.206 - 11.695)
11.715(10.924 - 12.503)
8.969 (8.009 - 9.863)

10.955 (10.206 - 11.695)
11.715(10.924 - 12.503)
8.969 (8.009 - 9.863)

28.965 (26.766 - 31.049) 2,644
23.688 (20.125 - 26.922) 2,022
21.940 (20.276 - 24.454) 2,446
31.977(30.785- 33.134) 2,919
22.255(19.810 - 24.577) 1,899
25.933(24.010 - 27.802) 2,891
28.793 (27.095 - 30.444) 2,628
20.615 (18.378 - 22.725) 1,760
22.251(19.610-25.017) 2,481
42.329 (39.822 - 45.205) 3.864
31.692 (20.260 - 48.610) 2.705
34.863(33.725 - 35.973) 3.887
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with malathion followed by pirimiphos-methyl and ben-
diocarb. The fastest knockdown mosquito (KDT95 = 36.692)
was recorded in Z¢ Tozounme with malathion, whereas the
slowest (KDT95 = 106.133) was recorded in Seéde-Dénou
with Bendiocarb as for KDT50 (Table 2). The RR95 varied
among localities. The RR95 of bendiocarb varied between 3.093
and 6.606. The highest RR95 of bendiocarb was recorded at
Sedje-Dénou. Concerning malathion, the RR95 varied between
2.138 and 2.825 with 100% of the mosquitoes of the four
localities being knocked down before the end of the exposure
time. The same trends were observed with pirimiphos-methyl
with 100% of the mosquitoes of the four localities being
knocked down at the end of the exposure time. The RR95
varied between 2.738 and 3.737.

Susceptibility of Anopheles gambiae sl. to
carbamates and organophosphates

The result of the susceptibility assays revealed that the
percentage mortalities of Anopheles mosquito exposed to
organophosphate insecticides (Malathion and Pirimiphos methyl)
were higher than those of carbamate (Bendiocarb) insecticides
(Figure 2). After 24 hours post exposure period, Anopheles
populations from all study sites were fully susceptible (100%
mortality) to Malathion and Pirimiphos methyl. The lowest
mortality rates (Sedje-Dénou 72.2%; Ze¢ Tozounme 93.4%;
Zinvié Dokomey 93.0%; Adjagbo 95.4%) were obtained from
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exposures of mosquito populations to bendiocarb (carbamate)
insecticide (Figure 2).

Resistance genes

The Kdr-East, Kdr-West, N1575Y and Ace- I genes muta-
tion were genotyped. A total of 55 specimens of Anopheles
coluzzii derived from sample bioassays including dead and
survivors were randomly selected for resistance genes muta-
tion genotyping, per locality. Among these resistance genes
mutation, Kdr-West was the most frequently expressed within
the population of vectors with an allelic frequency rang-
ing between 77% (Sedje-Dénou) and 88% (Z¢ Tozounme).
There is no statistical difference in the Kdr-west mutated geno-
type frequencies following the surveyed localities (p>0.05).
Kdr-East mutated genotype was expressed in any Anopheles
coluzzii specimen analyzed apart from the Sédje strain (1%).
N1575Y mutated genotype was faintly expressed in the Anoph-
eles coluzzii specimen analyzed. The allelic frequency ranged
between 5% and 12% with the highest frequency recorded
in the Sedje-Dénou Anopheles coluzzii mosquito population.
There is no statistical difference in the N/575Y mutated geno-
type frequencies following the surveyed localities (p>0.05).
Concerning the Ace-I mutation, the allelic frequency of
the mutant gene ranged between 8% and 27% with the
highest frequency recorded Sedje-Dénou Anopheles coluzzii
mosquito population (Figure 3). The frequency of mutated

Table 2. Resistance ratio (RR95) of mosquito populations (Anopheles gambiae) to
bendiocarb, malathion, and pirimiphos-methyl. CI95: confidence interval at 95%; KdT95:
knock down time of 95% of the population; KdT795 of the wild strain divided by KdT95 of the Kisumu

reference strain; RR95: resistance ratio at 95%.

Insecticides by locality

Adjagho

Kdt,, (CI,;) Kisumu (min) Kdt_ (CI,) wild strain(min) RR,,

Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)
Zinvié Dokomey
Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)
Zé Tozounmeé
Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)
Sedje-Dénou
Bendiocarb (0.01 %)
Malathion (5 %)
Pirimiphos-methyl (0.25 %)

16.066 (14.574 - 18.858)
17.158 (15.844 - 19.236)
16.981 (15.032 - 20.167)

16.066 (14.574 - 18.858)
17.158 (15.844 - 19.236)
16.981 (15.032 - 20.167)

16.066 (14.574 - 18.858)
17.158 (15.844 - 19.236)
16.981 (15.032 - 20.167)

16.066 (14.574 - 18.858)
17.158 (15.844 - 19.236)
16.981 (15.032 - 20.167)

49.692 (43.849 - 60.824) 3.093
44.547 (38.389 - 56.882) 2.596
46.488 (41.915 - 54.542) 2.738
58.373 (49.675 - 73.635) 3.633
45.937 (43.428 - 49.470) 2.677
56.399 (51.084 - 64.692) 3.321
51.383 (46.775 - 58.467) 3.192
36.692 (33.060 - 42.482) 2.138
48.448 (41.636 - 60.437) 2.853
106.133(90.373-133.126) 6.606
48.475 (46.091 - 51.794) 2.825
63.459 (50.639 - 95.960) 3.737
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m 7é Tozounmeé (Pineapple field)
u Zinvié Dokomey (Rice fisld)

Adjagbo (Peri-urban area)

Muortality (%)

Figure 2. Mean percentage mortalities of Anopheles gambiae sl. mosquitoes from the four study sites after 24 hours post
exposure period. Data are shown as mean + standard error of the mean (SEM). Red corresponds to 90% mortality and green line to 98%
mortality.
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Figure 3. Allelic frequencies of Kdr-W, Kdr-E, N1575Y and Ace-1 in Anopheles coluzzii populations.

genotype in the Anopheles coluzzii population of the  Discussion

rice-growing area of Sedje-Dénou (27%; N=55) is statistically This study assessed the susceptibility status of Anopheles
higher than that of the rice-growing regions in Zinvié-Dokomey mosquito populations to organophosphate and carbamate
(10%) (Xx°=5.223; p=0.02), the one of pineapple-growing insecticides across variable agroecosystems in southern Benin.
area in Tozounme (8%; N=55) (X?=5.223; p=0.02), the Similarly, to other reports, Anopheles coluzzii was detected
peri-urban area of Adjagbo (3%; N=55) (x*=6.814; p=0.009). as the main vector for malaria in the investigated study
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sites!. Findings showed that this Anopheles coluzzii popula-

tion is developing an insensitivity to carbamate (bendiocarb)
but remains fully susceptible to organophosphates (malathion
and pirimiphos-methyl). In Benin, multiple resistance to
insecticides mainly pyrethroids and carbamates have been
reported”~* as observed in this study. This raises serious
concerns about the future use of long-lasting insecticidal nets
(LLIN) and indoor residual spraying (IRS) for malaria vector
control. In this context, the research of an alternative
approach based on entomological survey is important.

In the present study, the KDT50 and KDT95 values obtained
with Anopheles gambiae ss. Kisumu susceptible reference
strain was lower than those recorded with the wild populations
of Anopheles coluzzii from Adjagbo (peri-urban area). There-
fore, Anopheles coluzzii from Adjagbo took more time to die
when they were exposed to carbamate (bendiocarb) compared to
Anopheles gambiae ss. Kisumu susceptible strain. The wild
population in Adjagbo were also found to have high levels of
organophosphate (pirimiphos-methyl and malathion). Never-
theless, the RR50 or RR95 didn’t clearly indicate insecticides
resistance in this Anopheles coluzzii population. On the other
hand, the same trends were almost observed with Anopheles
coluzzii populations from the rice and pineapple crop
production except for bendiocarb susceptibility among
Sedje-Dénou Anopheles coluzzii population. The KDT95 values
obtained with the wild populations of Anopheles coluzzii from
Sedje-Dénou rice field was 6 times higher than those recorded
with Anopheles gambiae ss. Kisumu susceptible strain. This
clearly indicates bendiocarb resistance in Anopheles Coluzzii from
Sedje-Dénou. This result was confirmed by the mortalities
recorded 24 hours after the exposure period.

The bioassay results confirmed resistance to bendiocarb in
Anopheles Coluzzii from Sedje-Dénou but a possible resistance
to bendiocarb of each of Adjagbo, Zinvié, and Z¢ Anopheles
coluzzii  populations. By contrast, full susceptibility to
pirimiphos-methyl and malathion was observed in all four
study sites. Both carbamate and organophosphate insecticides
act on the synapse by inhibiting the action of acetylcho-
linesterase enzyme®. Specifically, in Anopheles gambiae sl.
mosquitoes, the acetylcholine-1 R (ace-1 R) gene had been
found to cause cross-resistance between organophosphate
and carbamate insecticides®®. Therefore, the results of car-
bamate resistance and full organophosphate insecticide sus-
ceptibility observed in this study could raise questions since
the general mode of action of carbamate and organophosphate
insecticide classes are similar. Nevertheless, a possible rea-
son for the differential Anopheles gambiae sl. susceptibility to
carbamate and organophosphate observed in this study could
be due to the type of enzymes elevated in the mosquitoes
through metabolic resistance. It was reported that in rice fields
and pineapple fields, herbicides and inorganic fertilizers are
largely used than insecticides”’. But the use of diverse xeno-
biotics such as herbicides and fertilizers in rice or pineapple
production may impact the metabolic system of mosquito
larvae, leading to a wide array of insensitivity to multiple
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insecticides and favoring the development of resistance
across successive generations. Heavy metals have been shown
to have an inducing role on enzymes responsible for insecti-
cide degradation in mosquitoes. It was highlighted that selecting
Anopheles gambiae sl. larvae with a mixture of agrochemicals
increased their resistance to a broad range of insecticides at the
adult stage®!**0,

According to WHO (2012), though the ace-1R gene has the
same high likelihood of modulating for resistance to both
carbamates and organophosphates, the presence of elevated
monooxygenases is more important in conferring resistance
to carbamates than esterases while the presence of elevated
esterases are more important in conferring resistance to
organophosphates than monooxygenases. Therefore, the pos-
sibility of the presence of elevated monooxygenases rather than
elevated esterases could be a possible reason responsible for
the carbamate resistance and organophosphate susceptibility
observed in Anopheles gambiae sl. mosquito populations
tested in this study. Further biochemical studies on the enzymes
elevated in the resistant Anopheles mosquito populations
from these study sites are required to confirm this possibility.
Similar results of carbamate resistance and full susceptibility of
Anopheles gambiae sl. to organophosphate observed in this
study have been reported by Aikpon et al.,'*; Kpanou et al.,,
Sagbohan et al.,”, Zoungbédji et al.,, Bouraima et al.’' in
Benin, in Togo*, Burkina Faso* and Nigeria**. This suscepti-
bility to organophosphates could also be explained by the low
frequency of Ace-1 resistant allele among the investigated
Anopheles coluzzii populations.

In the current study, all Anopheles coluzzii specimens issued
from WHO bioassays, were either homozygous susceptible
or heterozygous individuals for Ace-/ mutation. There were
no homozygous resistant individuals. These results might be
related to the high fitness cost of the Ace-/ mutation, resulting
in the death of the homozygous resistant mosquitoes™.
In Anopheles gambiae sl. populations, the Ace-I mutation has
been associated with a high fitness cost as the frequency of
the Ace-I mutation in mosquito populations declines rapidly
after a few generations in the absence of selection pressure
from organophosphates or carbamates insecticides®.

Apart from Ace-1 mutation, the KdrWest allele (1014F) was
found in very high frequencies across the different studied popu-
lations, whereas the Kdr East mutation (1014S) and NI1575Y
mutation was found in very low frequencies. These findings
were in accordance with previous reports suggesting the high
distribution of the L1014F allele across the country”*-**+!#,

Conclusion

Organophosphates  (malathion and pirimiphos-methyl) have
maintained their efficacy against Anopheles coluzzii popula-
tions from Sedje-Dénou (rice field), Z¢ Tozounme (pineapple
field), Zinvié Dokomey (rice field) or Adjagbo (peri-urban
area). The good efficacy of these organophosphates against
Anopheles coluzzii populations from the southern part of
Benin is clearly observed in the current study. The use of
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pirimiphos-methyl for IRS in this part of the country would be
a successful alternative for malaria control in this area.
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programs. These findings support the strategic rotation or integration of these insecticides to
manage resistance and enhance malaria control efficacy.

Please ensure minor corrections, including the correct notation for An. gambiae s.l. and s.s., where
only the species name (An. gambiae) should be italicized, and the abbreviations "s.l." and "s.s."
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Explain how mosquitoes for molecular analysis were stored/preserved.
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1) We agree with the Reviewer's comments about “the correct notation for An. gambaie sl.
And ss.”. We have considered this in the revised manuscript.

2) The reviewer asked us to explain how mosquitoes for molecular analysis were
stored/preserved. More details have been given in the revised manuscript to explain what.
Please, refer to the Methods section in the revised manuscript.
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This article looks at populations of Anopheles gambiae s.I. from areas of differing agrochemical
use in southern Benin (rice growing areas, pineapple growing area, peri-urban area). Bednets,
impregnated with pyrethroids, have been in use and mosquitoes in the area are resistant to
pyrethroids. Therefore, it is important to determine the susceptibility status of the the vector
population/s to other insecticide classes which could be used for indoor residual spraying.

Anopheline larvae were collected from two districts in southern Benin and within those districts
from an area with greater agrochemical use and one from an area with less agrochemical use.
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Standard WHO tube bioassays against 1 carbamate (bendiocarb 0.1%) insecticide and 2
organophosphate (malathion 5% and pirimiphos methyl 0.25%) insecticides at diagnostic
concentrations were conducted. Knockdown 50 and 95% times were also determined and
compared to a susceptible reference strain to determine the resistance ratio of each population to
the different insecticides. The frequencies of insecticide resistance associated mutations: kdr (east
and west); N1575Y, and Ace-1R, were determined.

Mosquitoes from all areas tested were found to be susceptible to organophosphates however
possible resistance or resistance to the carbamate, bendiocarb was detected and was highest in
mosquitoes collected from one of the rice growing areas.

Kdr-w was detected at high frequencies, kdr-e was detected at a frequency of only 1% in
specimens from Sedje-Denou, N1575Y was detected at low frequency and Ace-1R was detected as
well and at a higher frequency in the mosquitoes particularly from one of the rice growing areas
than in mosquitoes from the other sites.

The information presented is valuable. Consider the following for improvements:
In plain language summary-

It is stated that mutations present were rare- this was not true for all mutations and can be written
better to more accurately reflect the frequency of mutations

In the methods-
> In describing the study sires communes and municipalities seem to be used
interchangeably which can get confusing.

o The quality of Figure 1 should be improved as it is pixelated and difficult to read

» The reason for using red and green dots to portray the different sites is not coming across.
From reading about the study sites it appears that the green sites are located where there is
likely to be less agrochemical use than in those sites portrayed as red dots. Please indicate
dot colour significance in a key or in the figure legend

during larval rearing to adulthood what food was given to the larvae to complete
development (include this). if not fed and they survived off what was already in the water
they were collected in then state that

o Include determination of KD50 and 95 in the methods as well as information of the
calculations of the respective resistance ratios- it is referred to in data analysis but can go
under (or before/after) bioassay section

> Itis not clear how morphological identification was performed- include the method and the
morphological key/s used (and reference the key/s).

o The methods presented for the detection of resistance associated mutations were not
sufficient for all the mutations which were screened for. Include appropriate references for
the detection of each mutation.
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For data analysis section - is there a statistical difference in the frequency of resistance
associated mutations between the different sites- this would be valuable to include
especially for the Ace-1R mutation

> Include information on controls for the various tests/ assays

In the results:

it is stated that 800 Anopheles gambiae s.l. specimens were molecularly characterised- how many
successfully amplified? Include whether any specimens did not amplify as well. This can be given
as a percentage of the total screened for species identification

Include sample sizes for each test/ analysis performed, in all figures and graphs or alternatively
clearly stated in the methods

For the resistance mutations it is not clear if mosquitoes were assayed for the mutations after
exposure to insecticides and therefore would be possible to determine any association between
resistance mutation (genotype) and survival or death following exposure (phenotype) or if it was a
sample not exposed to insecticides which were screened for mutations. Please indicate

In tables 1 and 2 highlight which RR show resistance by using different font for those RR
comparison/s

Improve the quality of figure 2. It is pixelated. Include the results from unexposed control
mosquitoes in the graph or in text

How many mosquitoes were used from each site to determine mutation/ allelic frequency? include
in graph

Discussion and conclusions-
It is mentioned in the discussion that multiple insecticide resistance was observed in this study-
this is not true as only resistance to bendiocarb was detected

A suggestion is to emphasize the requirement for susceptibility testing of the vector population
targeted for IRS in order to determine or select the most appropriate insecticide option for use in
a vector control/ IRS programme instead of highlighting organophosphates as alternative
insecticide class for IRS

Elevated mono-oxygenases vs esterases is discussed consider this in terms of pyrethroid
resistance in the area/ population as well

Include discussion on the higher frequency of Ace-1R detected in samples from one of the rice
growing areas. Were differences between the 2 rice growing areas observed that could possibly
account for the higher frequency in one rice area than the other (overall rice growing areas had
higher Ace-1R frequencies)

Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
Partly

Are sufficient details of methods and analysis provided to allow replication by others?
No

If applicable, is the statistical analysis and its interpretation appropriate?
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Partly

Are all the source data underlying the results available to ensure full reproducibility?
No source data required

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: malaria vector control, malaria vector surveillance, vector behaviour,
Anopheles

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Camille DOSSOU

In plain language summary A sentence was reformulated.
From “We found that all of the mosquitoes ...... were low".

In the methods
“Commune” was replaced by “Municipality” throughout the revised manuscript.

Figure 1
The quality of Figure 1 has been improved.
Dot color significance was indicated in the Figure 1 legend the revised manuscript.

More details have been given to explain how anopheline was fed in the revised manuscript.

The morphological identification performed is now indicated including the references of the
identification keys used in the revised manuscript.

The additional references were included about resistance gene genotyping in the revised
manuscript. The “data analysis” section was reformulated to explain how allelic frequency
was calculated and compared between the different surveyed localities in the revised
manuscript.

In the results
The “molecular species” paragraph was reformulated to give more precisions. The
“resistance genes” paragraph was reformulated to give more details.

Competing Interests: No competing interests were disclosed.

Page 18 of 18



