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Abstract

Background

Indoor residual spraying (IRS) using a capsule suspension formulation of the organophos-
phate insecticide, pirimiphos-methyl, has provided substantial malaria control in many com-
munities in Africa. However, only one brand of this product has been recommended by the
World Health Organisation for IRS. To help increase the diversity of the portfolio of IRS
insecticides and offer suitable options to procurers and malaria vector control programmes,
additional product brands of this highly effective and long-lasting insecticide formulation for
IRS will be needed.

Methods

We evaluated the efficacy of Pirikool® 300CS, a new capsule suspension formulation of piri-
miphos-methyl developed by Tianjin Yorkool, International Trading, Co., Ltd in standard
WHO laboratory bicassays and experimental hut studies. The efficacy of the insecticide
applied at 1000mg/m? was assessed in laboratory bioassays for 6 months on cement, ply-
wood and mud block substrates and for 12 months in cement and mud-walled experimental
huts against wild free-flying pyrethroid-resistant Anopheles gambiae sensu lato in Cove,
Benin. Actellic® 300CS, a WHO-recommended capsule suspension formulation of pirimi-
phos-methyl was also tested. WHO cylinder tests were performed to determine the fre-
quency of insecticide resistance in the wild vector population during the hut trial.

Results

The vector population at the hut station was resistant to pyrethroids but susceptible to pirimi-
phos-methyl. Overall mortality rates of wild free-flying pyrethroid-resistant An. gambiae (s.l.)
entering Pirikool®300CS treated experimental huts during the 12-month trial were 86.7% in
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cement-walled huts and 88% in mud-walled huts. Mortality of susceptible An. gambiae
(Kisumu) and pyrethroid-resistant An. gambiae s.l. (Cové) mosquitoes in monthly wall cone
bioassays on Pirikool® 300CS treated hut walls remained over 80% for 10—12 months. The
laboratory bioassays corroborated the hut findings with Pirikool® 300CS on mud and wood
block substrates but not on cement block substrates.

Conclusion

Indoor residual spraying with Pirikool® 300CS induced high and prolonged mortality of wild
pyrethroid-resistant malaria vectors for 10—12 months. Addition of Pirikool®300CS to the
current portfolio of IRS insecticides will provide an extra choice of microencapsulated pirimi-
phos-methyl for IRS.

Introduction

Indoor residual spraying (IRS) is one of the principal methods used to control malaria on a
large scale [1, 2]. Due to its ability to rapidly reduce vector populations and transmission, IRS
has contributed significantly to the remarkable reductions in malaria burden observed in
endemic countries [3]. Its efficacy depends largely on the characteristics of local vector popula-
tions, their continued susceptibility to the insecticides used, and its residual lifespan on treated
home wall substrates.

Insecticides from four major classes of compounds are available for IRS against malaria vec-
tors: pyrethroids, carbamates, organophosphates and more recently neonicotinoids [1]. The
organochlorine DDT, though not prequalified, can be used for IRS only if no other equally
effective and efficient alternative is available. A recent study on the trends of insecticides used
for IRS demonstrated a remarkable shift from DDT and pyrethroids after 2010 to carbamates
and organophosphates [4]. A wettable powder formulation of the carbamate bendiocarb and
an emulsifiable concentrate formulation of the organophosphate pirimiphos-methyl were ini-
tially used by many IRS programmes [4, 5]. Though these formulations showed high toxicity
against malaria vectors, their efficacy was short-lived (2-4 months) requiring multiple rounds
of logistically challenging IRS campaigns to achieve effective malaria control in holo-endemic
areas in Africa [6, 7]. This necessitated the development of longer-lasting formulations of these
insecticides for use in areas with long transmission seasons [5]. A new microencapsulated for-
mulation of pirimiphos-methyl (Actellic® 300CS) which demonstrated vastly improved resid-
ual duration up to 12 months after application in experimental hut trials in Benin and
Tanzania [8, 9] was eventually recommended by WHO [10]. Largescale application of this for-
mulation for IRS in sub-Saharan Africa [5] provided substantial control of mosquito vectors
and malaria in many settings [11-18].

To help increase the availability of vector control products for use in endemic countries, a
larger market with a wider variety of product formulations and brands needs to be available to
procurers. The Vector Control Product Assessment Team of the WHO Pre-Qualification Unit
(PQT/VCP) was recently established to increase access to safe, high-quality, effective vector
control products through evaluations, inspections, and guidance [19]. While there are 19 pyre-
throid insecticide products available for IRS on the PQT/VCP list of pre-qualified vector con-
trol products, only one product brand of the long-lasting microencapsulated formulation of
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pirimiphos-methyl for IRS is on the list to date [20]. Given the utility of this insecticide for
IRS, new effective product options need to be developed to provide additional choices for IRS.
In the present study, we evaluated the efficacy of Pirikool® 300CS, a new microencapsu-
lated formulation of pirimiphos-methyl developed by Tianjin Yorkool, International Trading,
Co., Ltd in standard WHO phase I laboratory bioassays and phase 2 experimental hut studies
[21]. The insecticide was tested for its efficacy and residual activity on various local wall sub-
strates (cement, mud and wood) against laboratory maintained susceptible and resistant
strains of An. gambiae s.l. and in an experimental hut trial against wild free-flying pyrethroid-
resistant An. gambiae s.l. in southern Benin, West Africa. Actellic® 300CS,a WHO/PQ-listed
micro-encapsulated organophosphate IRS insecticide, was also tested for comparison.

Methods
Phase I laboratory evaluation

Preparation and treatment of block substrates. Three major types of substrates used in
housing construction in Benin (cement, mud and wood) were formed into circular blocks
(9cm diameter and 5 cm thickness) and used for the laboratory bioassays. Cement blocks con-
sisted of a mixture of commercial cement (Larfage, Benin) and sand at a 1:1 ratio while mud
blocks were made by mixing mud paste with 10% cement in line with local practices. These
blocks were preserved at 27+2°C and 80+10% RH for 30 days before insecticide application.
Wooden blocks were simply cut out of locally available wooden planks. The substrates were
treated using a potter tower sprayer to achieve a homogeneous and accurate deposit of the tar-
get concentration of active ingredients per unit area. To improve the quality of the treatment
applications, each block was weighed before and after treatment to assess the quantity of insec-
ticide solution applied; only blocks that received a volume within 20% range of the target were
used for bioassays. All treated blocks were stored, unsealed at 30+2°C, 80+10% RH in between
bioassays. Four replicate blocks of each substrate type were prepared for each of the following
insecticides:

1. Pirikool®) 300 CS (Tianjin Yorkool International Trading, Co., Ltd) a capsule suspension
formulation of pirimiphos-methyl containing 300mg of active ingredient per litre and
applied at 1000 mg/m>.

2. Actellic® 300 CS (Syngenta Crop Protection AG), a WHO/PQ listed capsule suspension
formulation of pirimiphos-methyl also containing 300mg of active ingredient per litre and
applied at 1000 mg/m”.

3. K-Othrin WG25 (Bayer CropScience), a WHO/PQ listed wettable granule formulation of
deltamethrin for IRS applied at 25 mg/m”.

Four untreated blocks of each substrate type were also prepared and tested as controls
alongside the treated blocks.

Residual efficacy on treated block substrates. The residual efficacy of the insecticides
applied on the treated block substrates were assessed in monthly cone bioassays following
WHO guidelines [20]. Two-Five (2-5) days old unfed laboratory-maintained mosquitoes of
the susceptible Anopheles gambiae Kisumu strain (~80 mosquitoes per substrate per treat-
ment) and the pyrethroid-resistant Anopheles gambiae s.1. Cové strain (~40 mosquitoes per
substrate per treatment) were exposed for 30 min in replicates of 10 mosquitoes per block.
Four blocks were tested per treatment and control. The laboratory cone bioassays were con-
ducted one week after treatment and subsequently at monthly intervals for up to 6 months.
Mortality was recorded 24 hours post-exposure.
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Table 1. Experimental hut treatments.

Hut Number
1

® N |V W N

Treatments
Control (Untreated hut)
Actellic® 300CS
Actellic® 300CS
Actellic® 300CS
Actellic® 300CS
Pirikool® 300CS
Pirikool® 300CS
Pirikool® 300CS
Pirikool®) 300CS

https://doi.org/10.1371/journal.pone.0267229.t001

Experimental hut trial

Study site and experimental huts. The experimental hut study was performed at a Phase
IT experimental hut station in Cové, southern Benin (7°14'N 2°18’E) belonging to the CREC/
LSHTM collaborative research programme. The field site is in an irrigated valley producing
rice almost year-round which provides suitable breeding habitats for mosquitoes. The rainy
season extends from March to October and the dry season from November to February.
Anopheles coluzzii and An. gambiae sensu stricto (s.s.) occur in sympatry, with the latter pres-
ent at lower densities and predominantly in the dry season. The vector population is suscepti-
ble to organophosphates and carbamates but exhibits intense resistance to pyrethroids
(200-fold). Molecular genotyping and microarray studies have demonstrated a high frequency
of the knockdown resistance L1014F allele (>90%) and overexpression of CYP6P3, an enzyme
associated with pyrethroid detoxification [22]. The trial was carried out over 12 months
between September 2019 and September 2020 in 9 experimental huts of West African design.
The experimental huts are built on cement plinths surrounded by water-filled moats to prevent
entry of scavenging ants and have veranda traps to capture exiting mosquitoes. The walls are
made of brick plastered with either cement or mud on the inside, with a corrugated iron roof.
The hut ceilings were covered with palm thatch. Each hut had window slits (1-cm gap) on each
wall through which mosquitoes entered.

Susceptibility tests. To determine the frequency of insecticide resistance in the wild vec-
tor population during the hut trial, WHO cylinder bioassays were performed with 2-5-day old
adult F1 female mosquitoes emerging from larvae collected from breeding sites close to the
experimental huts. Approximately 100 female mosquitoes per insecticide were exposed for 1 h
in batches of 25 to alpha-cypermethrin 0.05%, permethrin 0.75%, deltamethrin 0.05% and piri-
miphos-methyl 0.25% treated filter papers. Knockdown was recorded after 1 h and mortality
after a 24 h holding period.

Experimental hut treatments. The performance of Pirikool® 300CS was compared to
the reference Actellic®300CS in the experimental hut trial. To prevent any contamination
from previous trials, hut walls were refurbished by replastering with cement or mud and
allowed to cure for 1 month prior to the evaluation. Two replicate huts were prepared per insec-
ticide treatment. A total of nine treatments were evaluated in the experimental huts (Table 1).

The walls and ceiling of each experimental hut was sprayed using a calibrated Hudson
Xpert@® compression sprayer equipped with an 8002 flat-fan nozzle. Prior to spraying, hut
walls were measured, and spray swaths were pre-marked using chalk to improve the accuracy
of spraying. Each swath was sprayed from the top to the bottom using the predetermined lance
speed. Prior to spraying, the required quantity of Pirikool®300CS and Actellic®300CS was
calculated and weighed. The Insecticide solutions were prepared by mixing with the required

Wall Substrates Replicate Number IRS application dose (mg/m?)
Cement 1 N/A
Cement 1 1000
Cement 2 1000
Mud 1 1000
Mud 2 1000
Cement 1 1000
Cement 2 1000
Mud 1 1000
Mud 2 1000
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volumes of water. After spraying each hut, the insecticide solution left in the spray tank was
measured to determine the volume sprayed. Spray volumes were within 30% of the target.

Assessing the quality of spray applications?. Before spraying, 5 filter papers (WHAT-
MAN No.1) measuring 5cm x 5cm were fixed at 5 positions on the hut walls (1 per wall and
one on the ceiling) to be sprayed. After spraying, they were left to dry for 1 hour and then
wrapped in aluminium foil and stored at 4°C (+/-2°¢) after which they were shipped within 2
weeks after IRS application to the International Institute of Biotechnology and Toxicology
(IIBAT), India for chemical analysis.

Hut trial procedure. Nine consenting adult human volunteers slept in the huts from
20:00 to 05:00 each night of the study to attract mosquitoes into the hut and were rotated
between huts on successive nights to adjust for any variation in individual attractiveness
to mosquitoes using a Latin Square Design. In the morning of each day of the trial, mos-
quitoes were collected from the room and veranda trap of each hut and placed in corre-
spondingly labelled plastic cups using a torch and aspirator. All mosquitoes (live and
dead) found in the veranda trap were collected while only dead mosquitoes were col-
lected from inside the room of the experimental hut. Live mosquitoes in the room were
allowed until the evening to interact with the treatment and leave the room into the
veranda trap. All mosquitoes remaining in the room and veranda were collected in the
evening before the sleepers entering the huts. The mosquitoes were transferred to the lab-
oratory for morphological identification and scoring of blood-feeding and mortality.
Live mosquitoes were held in cups with 10% glucose solution to assess delayed mortality
24 hours post-exposure.

Outcome measures of experimental hut trial. The following outcome measures were
used to assess the efficacy of the treatments in the experimental huts:

o Exiting rates—the proportion of mosquitoes found in the exit traps compared with the total
number found in the hut and traps.

« Blood feeding rate-the proportion of blood-fed mosquitoes collected in the experimental
hut.

« Mortality-the proportion of mosquitoes found dead in the hut after 24 hours.

Monthly residual bioassays on treated hut walls. To assess the residual efficacy of the
insecticides on different experimental hut wall substrates (mud and cement), monthly cone
bioassays were performed using pyrethroid-resistant (Cove) and insecticide-susceptible
(Kisumu) strains of An. gambiae s.l. In each hut, a total of 5 cones were fixed to each treated
surface (1 per wall + 1 on the ceiling). Fifty (50) unfed mosquitoes (2-5 days old) mosquitoes
of each strain were exposed for 30 minutes to each hut treatment in batches of 10 mosquitoes
per cone according to WHO IRS guidelines [17]. Knockdown was recorded after 60 minutes
and mortality after a 24-hour holding period.

Ethical considerations

Ethical approval for the study was obtained from the Ethics Review Committee of the Ministry
of Health Benin (CNERS No. 39). All human volunteer sleepers gave written informed consent
prior to their participation; where necessary, the consent form and information sheet were
explained in their local language. They were offered a free course of chemoprophylaxis prior to
their participation in the study. A stand-by nurse was available for the duration of the trial to
assess any cases of fever or adverse reactions to test items and any confirmed cases of malaria
were treated free of charge at a local health facility.
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Statistical analysis

Each proportional experimental hut trial outcome (blood-feeding, exophily and mortality) was
analysed using logistic regression analysis on Stata version 15.1 with adjustments for repeated
measures and random effects of sleepers and huts replicates.

Results
Laboratory cone bioassay results

The monthly cone bioassay results are presented in Figs 1-3 for mortality rates for both sus-
ceptible An gambiae Kisumu and pyrethroid-resistant Cove mosquitoes exposed to the mud,
cement and wood block substrates respectively.

Mud substrates. Mortality rates with both Pirikool®300CS and Actellic®300CS on mud
substrates were >80% for all 6 months post-treatment with both susceptible Kisumu and pyre-
throid-resistant Cove strains (Fig 1). The performance of Pirikool®300CS was therefore com-
parable to Actellic®300CS on mud substrates with both strains. Mortality with deltamethrin
was very high with the pyrethroid susceptible Kisumu strain for the first 2 months but
remained <10% with pyrethroid-resistant Cove throughout the study.

Cement substrates. Mortality rates with Pirikool® 300CS on cement substrates were
lower than what was observed with Actellic® 300CS, especially for the susceptible Kisumu
strain (Fig 2). Actellic® 300CS killed >80% of susceptible Kisumu for 6 months (Fig 2).
With the pyrethroid-resistant, Cove strain mortality with both products was very variable.
With the susceptible Kisumu strain, Actellic® 300CS outperformed Pirikool® 300CS but
did not differ too much in performance against the pyrethroid-resistant Cove strain. The

100 = — —
80 --------------------- -H=t} - -~ e | | R L T T T ==~ - B
@1 week
60 @1 Month
@2 Months
@3 Months
@4 Months
05 Months
40 06 Months
20
. L o
Control Pirikool 1000 Actellic 1000 Deltamethrin 25 Control Pirikool 1000 Actellic 1000 Deltamethrin 25
Susceptible Kisumu Pyrethroid-resistant Cove

Fig 1. % Mortality (24h) of susceptible An gambiae Kisumu and pyrethroid-resistant An gambiae s.1. Cove strains in monthly laboratory cone bioassays on Mud block
substrates. ~40 mosquitoes of each strain were tested on each treatment per time point.

https://doi.org/10.1371/journal.pone.0267229.g001
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Fig 2. % Mortality (24h) of susceptible An gambiae Kisumu and pyrethroid-resistant An gambiae s.1. Cove strains in monthly laboratory cone bioassays on Cement
block substrates. ~40 mosquitoes of each strain were tested on each treatment per time point.

https://doi.org/10.1371/journal.pone.0267229.9002

performance of Pirikool® 300CS on cement blocks was lower than what was observed with
mud blocks probably due to a difference in surface texture. Mortality with deltamethrin was
>80% for only 1 month with the susceptible Kisumu strain and <20% with the Cove strain
throughout the study.

Plywood substrates. Mortality rates with Pirikool® 300CS on plywood substrates were
generally similar to what was observed with Actellic® 300CS (Fig 3). Both products killed
>80% of susceptible Kisumu for all 6 months of the study. There was a slight decrease in mor-
tality with Pirikool® 300CS against the pyrethroid-resistant Cove strain at 4 months, but this
quickly picked up and remained >80% for the rest of the study. Mortality with deltamethrin
was very high with the pyrethroid susceptible Kisumu strain for the first 5 months but
remained <30% with pyrethroid-resistant Cove throughout the study.

Experimental hut results

WHO resistance bioassays. Mortality in WHO susceptibility cylinder bioassays was
<10% for alpha-cypermethrin, permethrin and deltamethrin thus confirming the high lev-
els of pyrethroid resistance in the Cové vector population. Mortality with pirimiphos-
methyl 0.25% treated papers was 100%, demonstrating susceptibility to organophosphates
(Table 2).

Mosquito entry and exiting rates. The experimental hut results are summarised in
Table 3. A total of 28, 635 wild female An. gambiae s.1. were collected in the experimental huts
during the trial at Cové. A significantly higher number of mosquitoes entered the control hut
compared to the treated huts (Table 3). The proportion exiting the control hut was 40.6%.
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Fig 3. % Mortality (24h) of susceptible An gambiae Kisumu and pyrethroid-resistant An gambiae s.1. Cove strains in monthly laboratory cone bioassays on Plywood
block substrates. ~40 mosquitoes of each strain were tested on each treatment per time point.

https://doi.org/10.1371/journal.pone.0267229.9003

With all hut wall substrates, exiting rates with Actellic® 300CS (56.2%-75.9%) and the Piri-
kool®) 300CS (51.6%-58%) were significantly higher than the control hut (40.6%, P<0.05).
More detailed results from the hut trial are provided in S1 Table.

Blood feeding rates. As expected of IRS treatments, blood-feeding rates were generally
very high across all treatments (ranging between 96 and 98%) and did not show any difference
relative to the control (98%) (Table 3). No significant difference in blood-feeding rates was
also detected between treated huts for any of the wall substrates.

Mortality rates over 12 months. The overall mortality rates recorded after 24 hours over
the 12-month trial and pooled for each treatment are presented in Fig 4. Mortality of wild
pyrethroid-resistant An. gambiae s.1. in the control untreated hut was 0.9%. Mortality was
86.7-88% with Pirikool®300CS treated huts and 66.5%-70% with Actellic® 300CS. For each
insecticide type, no difference in mortality was observed between the substrate types for each
insecticide (p>0.05).

Table 2. Mortality of wild pyrethroid-resistant Anopheles gambiae s.1. from Cové in WHO susceptibility cylinder
bioassays. ~100 mosquitoes were exposed to each insecticide in batches of 25 per cylinder.

Insecticide Total exposed Total dead % dead
Pirimiphos-methyl 0.25% 100 100 100
Alpha-cypermethrin 0.05% 100 9 9
Permethrin 0.75% 97 8 8.2
Deltamethrin 0.05 98 5 5.1
Control 100 0 0

https://doi.org/10.1371/journal.pone.0267229.1002
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Table 3. Results with wild free-flying pyrethroid-resistant An. gambiae s.1. mosquitoes in experimental huts in Cove, Benin.

Hut treatments Control Actellic Cement Actellic Mud Pirikool Cement Pirikool Mud
Replicate - 1 2 1 2 1 2 1 2
Total females caught 5340 2228 2500 2557 2966 3591 2497 3359 3597
N exiting 2170 1692 1508 1437 1956 1873 1318 1733 2086
% Exiting 40.6 75.9 60.3 56.2 65.9 52.2 52.8 51.6 58.0
N blood-fed 5228 2161 2423 2 486 2 869 3486 2432 3241 3505
% Blood fed 97.9 97.0 96.9 97.2 96.7 97.1 97.4 96.5 97.4
N dead 46 1184 1794 1896 1954 3110 2166 2960 3142
% Mortality 0.9 53.1 71.8 74.1 65.9 86.6 86.7 88.1 87.4
95% Conf Interval (0.6-1.1) (51-55) (70-73) (72-76) (64-68) (85-88) (85-88) (87-89) (86-88)

https://doi.org/10.1371/journal.pone.0267229.t003

Residual efficacy against free flying Anopheles gambiae s.1.

The monthly mortality rates of wild free-flying An gambiae s.1. which entered the experimental
huts over the 12-month trial are presented in Fig 5 for both cement and mud wall huts. Wild
mosquito mortality with Actellic® 300CS was >80% for the first 3-4 months of the trial and
remained >50% for 6 months on both cement and mud-walled huts. Mortality was more per-
sistent with Pirikool® 300CS; mortality was >80% for 6 months on both substrates and
remained >50% for 10 months on cement walls and 11 months on mud walls.

100

8

% Mortality (24h)

S

20

Control Actellic Actellic Pirikool

Cement

Experimental hut treatments

Fig 4. Overall mortality of wild free-flying pyrethroid-resistant Anopheles gambiae s.1 in cement and mud-walled experimental huts in Cove, Benin. Each bar
represents overall % mortality (24h) for each insecticide treatment on each wall substrate over 12 months. Data for replicate huts are pooled together to provide single
estimates at each time point per treatment. Error bars represent 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0267229.9g004
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Fig 5. Monthly mortality rates of wild free-flying pyrethroid-resistant An. gambiae s.1. entering IRS treated cement and mud-walled experimental huts in Cove,
Benin. Each bar represents % mortality (24h) over each successive month of the trial for each treatment. Data for replicate huts are pooled together to provide single
estimates at each time point per treatment. Error bars represent 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0267229.9g005

WHO cone bioassay residual activity on hut walls

The results from cone bioassays performed on the treated experimental hut wall surfaces dur-
ing the trial using susceptible An. gambiae Kisumu strain and pyrethroid-resistant An. gam-
biae s.1. (Cove) are presented in Figs 6 and 7 respectively. Cone bioassay mortality with the
susceptible Kisumu strain on Pirikool® 300CS treated hut walls was >80% for 10 months on
cement walls and 12 months on mud walls (Fig 6). Similar results were obtained with the pyre-
throid-resistant Cove strain (Fig 7). Cone bioassay mortality on Actellic® 300CS treated hut
walls was also prolonged albeit to a lesser extent compared to Pirikool® 300CS; mortality of
the susceptible Kisumu strain was >80% for 6 months on cement walls and 9 months on mud
walls (Fig 6) while mortality with the pyrethroid-resistant strain was >80% mortality for 7
months on both mud and cement wall substrates (Fig 7).

Quality of spray application

The summary results from the chemical analysis of filter papers attached to experimental hut
walls during the spray applications with Pirikool®300CS and Actellic®300CS are presented
in Table 4. The results showed that applications rates were generally within the 50% deviation

limit from the target dose for Pirikool®300CS IRS as recommended by WHO [23] but were
up to 61% to 74% deviation for Actellic® 300CS.

Discussion

To help increase the diversity of the portfolio of IRS insecticides and offer suitable options to
malaria vector control programmes, new insecticides and new formulations of existing
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Kisumu. Fifty (50) unfed 2-5 days old mosquitoes were tested in each hut per time point. Mortality in the control hut was <5% throughout.

https:/doi.org/10.1371/journal.pone.0267229.g006

insecticides need to be developed [24]. This study demonstrated the efficacy of Pirikool ®
300CS, a new capsule suspension formulation of pirimiphos-methyl (an organophosphate
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Fig 7. Residual efficacy of IRS treatments on cement-walled and mud-walled experimental huts: Cone bioassay mortality with pyrethroid-resistant An. gambiae s.1.
Cove. Fifty (50) unfed 2-5 days old mosquitoes were tested in each hut per time point. Mortality in the control hut was <5% throughout.

https://doi.org/10.1371/journal.pone.0267229.g007
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Table 4. Results from chemical analysis of filter papers from experimental huts treated with Pirikool ® 300CS and Actellic® 300CS.

Hut treatments Actellic Cement Actellic Mud Pirikool Cement Pirikool Mud
Replicate 1 2 1 2 1 2 1 2
Target dose (mg/mz) 1000 1000 1000 1000 1000 1000 1000 1000
Filter paper (mg/mz) 262 303 349 391 550 663 645 500
Deviation from target dose -74 -69 -65 -61 -45 -34 -36 -49

https://doi.org/10.1371/journal.pone.0267229.t004

insecticide), for indoor residual spraying against malaria vector mosquitoes, in both laboratory
and experimental hut studies. Applied in experimental huts with walls lined with local cement
and mud substrates, Pirikool® 300CS showed a remarkable performance killing >85% of
wild free-flying pyrethroid-resistant Anopheles gambiae s.l. that entered the experimental huts
over 12 months.

Indoor residual spraying though an effective malaria control intervention, is logistically
challenging as its implementation is labour intensive and requires political will and commu-
nity engagement. As a result, longer-lasting IRS insecticide formulations which show pro-
longed activity necessitating only one campaign round to provide continuous control of
pyrethroid-resistant malaria vectors in areas with extended malaria transmission, are in high
demand. In a recent public consultation for preferred product characteristics for IRS products,
WHO expressed the need for new IRS products with a residual efficacy on local wall substrates
of at least 3 months and a preference for products lasting up to 12 months or more [25]. Resid-
ual efficacy of an IRS insecticide formulation is indicated by the number of months for which
mortality in cone bioassays performed on treated local block substrates or home walls, remains
over 80% [21]. Pirikool® 300CS demonstrated high and prolonged efficacy in both laboratory
and experimental hut studies. In laboratory bioassays, the insecticide was efficacious through-
out the 6-month study on mud and wood block substrates but lasted only 2-3 months on
cement block substrates. Nevertheless, in the experimental hut trial, Pirikool® 300CS applied
on both mud and cement walls induced high and prolonged vector mosquito mortality against
wild free-flying pyrethroid-resistant malaria vectors and lasted for 10-12 months in monthly
cone bioassays performed on treated hut walls. This will suggest a lack of correlation between
the efficacy of Pirikool® 300CS on cement substrates in laboratory bioassays compared to
experimental hut studies demonstrating longer residual efficacy with the latter compared to
the former. This lack of correlation between laboratory cone bioassays and experimental hut
in situ wall cone bioassays on cement substrates was also observed in studies involving another
IRS insecticide under development [26]. Although the cement block substrates and cement
wall plaster of the experimental huts were prepared using the same cement-sand ratio, there
may be some differences in porosity or texture which could have contributed to the differences
in residual efficacy of Pirikool®) 300CS in both studies. Apart from the nature of the substrate,
the durability of the bioefficacy of insecticides against malaria vectors on sprayable surfaces
may also depend on environmental conditions [27, 28]. Reduced susceptibility of Anopheles
vectors to organophosphates has been reported in WHO cylinder bioassays conducted at
lower exposure temperatures (<26C) [27]. While temperature and humidity are held constant
in laboratory bioassays, experimental hut conditions depend on the local natural environment
which could vary considerably throughout the study. Differences in daily room temperature
between the huts and laboratory assays may therefore have contributed to the difference in
residual efficacy of Pirikool® 300CS on cement substrates in both studies. Nevertheless, com-
pared to laboratory bioassays, experimental hut trials simulate household settings and thus
provide a more realistic evaluation of the efficacy of an indoor intervention against wild vector
mosquitoes. Transmission dynamics mathematical models have also indicated their potential
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to predict vector control product performance against clinical malaria when applied in com-
munities [29]. Considering the investments that go into the development of new vector control
products, it is advisable to consider experimental hut trials in addition to laboratory bioassays
when investigating their efficacy for product registration. As shown in this study, limiting effi-
cacy studies for product registration to laboratory bioassays could provide misguided informa-
tion about the duration of the residual efficacy of new IRS products.

Overall wild vector mosquito mortality and residual efficacy in the experimental huts
were higher with Pirikool® 300CS compared to Actellic® 300CS. This could be attributed
to a lower application rate of Actellic® 300CS compared to Pirikool® 3000CS on the hut
walls as indicated by the chemical analysis results. It was thus difficult to make a reliable
direct comparison between Actellic® 300CS and Pirikool® 300CS from these results
which may constitute a limitation of the study. Nevertheless, even at a sub-standard applica-
tion rate, Actellic® 300CS killed 66-70% of wild vector mosquitoes entering the experi-
mental huts over 12 months and showed a cone bioassay residual efficacy duration of up to
6-9 months which re-iterates the enhanced performance of micro-encapsulated pirimi-
phos-methyl formulations for IRS. This duration is beyond the expected duration of resid-
ual efficacy recommended for Actellic® 300CS by WHO (4-6 months) [10]. It also exceeds
the duration of residual efficacy of Actellic® 300CS reported in more recent experimental
huts studies conducted against the same vector population [30] where filter paper analysis
showed higher application rates. This will suggest a poor correlation between the efficacy of
the organophosphate IRS insecticide formulation in experimental huts and the application
rates indicated by filter paper analysis results; huts which showed filter paper application
rates as low as 26% to 41% of the target dose in our study, performed within expectations.
Further studies to better understand the relevance of filter paper analysis in experimental
hut trials and community evaluations of IRS products will be useful.

The main purpose of this study was to assess the performance of Pirikool® 300CS to
determine whether the insecticide was efficacious for indoor residual spraying as part of a
dossier preparation for product registration with the WHO PQT/VC. The results showed a
high insecticidal effect against wild pyrethroid-resistant malaria vectors and prolonged
residual efficacy on local wall substrates lasting 10-12 months which exceeds WHO’s mini-
mum expectations of 3 months. The residual effect of Pirikool® 300CS against pyrethroid-
resistant vector mosquitoes determined in this study is much longer than what has been
reported with most pyrethroid and carbamate insecticides available on the WHO PQT/VC
list [31]. The insecticide also showed comparable residual efficacy to other newly developed
clothianidin based IRS insecticides which lasted 10-12 months when applied on mud and
cement wall substrates in similar experimental hut trials and household studies in Benin
[21, 32, 33]. Pirikool® 300CS, therefore, shows the potential to provide significant control
of malaria transmitted by insecticide-resistant vector mosquitoes when deployed for IRS on
alarge scale.

Conclusion

Pirikool® 300CS induced high mortality against wild free-flying pyrethroid-resistant An gam-
biae s.1. (85%) over 12 months in experimental huts in Benin. The insecticide also provided
prolonged residual vector control which lasted for 10-12 months on both mud and cement
experimental hut wall substrates. IRS with Pirikool® 300CS, therefore, has the potential to
provide significant control of malaria transmitted by pyrethroid-resistant malaria vectors. Its
addition to the current portfolio of IRS insecticides will provide an extra choice of microen-
capsulated pirimiphos-methyl for IRS.
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