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Abstract

Outdoor residual spraying is proposed for the control of exophilic mosquitoes. However,

the residual effect of insecticide mists applied to outdoor resting habitats of mosquitoes

is not well characterized. The objective of this study was to assess the longevity of the

residual insecticidal effect of three pyrethroid formulations applied to outdoor vegetation

against the Southeast Asian malaria vector Anopheles dirus. Lambda-cyhalothrin cap-

sule suspension, deltamethrin emulsifiable concentrate and bifenthrin wettable powder

were sprayed on dense bamboo bushes on the Thailand-Myanmar border during the

dry season 2018. The duration and magnitude of the residual insecticidal effect were

assessed weekly with a standard cone assay, using freshly collected insecticide-treated

bamboo leaves and a laboratory-adapted colony of Anopheles dirus sensu stricto sus-

ceptible to pyrethroids. The experiment was repeated during the rainy season to assess

the persistence of the lambda-cyhalothrin formulation after natural rains and artificial

washings. During the dry season (cumulative rainfall = 28 mm in 111 days), mortality

and knockdown (KD) rates were >80% for 60 days with bifenthrin and 90 days with

lambda-cyhalothrin and deltamethrin. The 50% knockdown time (TKD50) was <15 min

with lambda-cyhalothrin and deltamethrin, and <30 min with bifenthrin. During the rainy

season (cumulative rainfall = 465 mm in 51 days), mortality and KD rates were >80% for

42 days and TKD50 was <15 min with lambda-cyhalothrin. Additional artificial washing

of the testing material with 10L of tap water before performing the cone tests had no sig-

nificant effect on the residual insecticidal effect of this formulation. Long-lasting residual

insecticidal effect can be obtained when spraying pyrethroid insecticides on the outdoor

resting habitats of malaria vectors.
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Introduction

The two broadly scalable interventions recommended by World Health Organization (WHO)

for malaria vector-control are mass distribution of long-lasting insecticide-impregnated bed

nets (LLINs) and, where appropriate, indoor residual spraying (IRS) [1]. LLINs protect against

mosquitoes seeking for human blood, indoors and at a time when people are sleeping under a

bed net. Indoor residual spraying is effective against mosquitoes resting indoors, before or

after the blood meal. However, these stereotypical trophic behaviors apply only to a minority

of the dominant malaria vectors worldwide [2, 3]. In some endemic areas, LLINs and IRS have

only a marginal impact on malaria [4, 5].

To avoid severe desiccation and heat stress during daytime, mosquitoes seek for resting

habitats that provide a fresh and humid microclimate [6]. Daytime resting habitats have been

identified both indoors (e.g. roof, wall, ceilings of houses and animal barns) and outdoors (e.g.

tree holes, rodent holes, dense bushes, wells) [7]. Most mosquito species rest exclusively out-

side in natural settings, and only a relatively few species rest inside man-made shelters [7, 8].

Therefore, outdoor residual spraying has been proposed for the control of exophilic mosqui-

toes, including relevant malaria vectors [9–11].

Several published studies reported the duration and magnitude of the residual insecticidal

effect of insecticide mists applied to outdoor vegetation (Table 1). After the studies on dichlor-

odiphenyltrichloroethane (DDT) in the 1940s, the main insecticide classes used for public

health purposes were tested including pyrethroids (e.g. permethrin, deltamethrin, bifenthrin

and lambda-cyhalothrin), organophosphate (e.g. malathion), carbamate (e.g. bendiocarb) and

insect growth inhibitors (e.g. pyriproxyfen) [10–12]. Residual insecticidal effect lasting for 1 to

98 days was reported but the results are difficult to interpret because the assays were not stan-

dardized, and insecticide susceptibility of the mosquitoes used in the assay was not reported.

The standard 3-minute exposure cone assay recommended by WHO for the evaluation insecti-

cides used for IRS and treatment of mosquito bed-nets was used only in one study [11]. Most

studies used a 24-hour exposure time, leading to an overestimation of the insecticidal effect

[13]. Only two studies were conducted with malaria vectors [9, 10].

The objective of this study was to assess the longevity of the residual insecticidal effect of

three different pyrethroid formulations applied to outdoor vegetation, using a standard cone

assay and a pyrethroid-susceptible laboratory-adapted colony of Anopheles dirus, a highly exo-

philic dominant malaria vector in mainland Southeast Asia.

Methods

Study design

The study was conducted in enclosed experimental areas on the Thailand-Myanmar border. A

first experiment was conducted in January 2018 to assess the longevity of the insecticidal effect

of three formulations of pyrethroid insecticides applied to outdoor vegetation during the dry

season. The insecticides were the 2.5% capsule suspension (CS) of lambda-cyhalothrin Karate

Zeon1 2.5 CS (Syngenta, Basel, Switzerland), the 2% concentrated aqueous emulsion (EW) of

deltamethrin Aqua K-Othrine1 EW (Bayer, Leverkusen, Germany) and the 10% wettable

powder (WP) of bifenthrin Bistar1 10 WP (FMC, Philadelphia, USA). Each insecticide was

diluted in tap water at a final handling concentration of 2 g a.i. /L, and sprayed on bamboo

bushes with a mist blower model PM7650H (Makita, Anjo, Japan) at a target concentration of

500 g a.i. /ha. A standard cone assay was used to assess the residual insecticidal effect of insecti-

cide-treated bamboo leaves against a colony of pyrethroid-susceptible laboratory-adapted An.

dirus [25]. Tests were carried out weekly until mortality and KD rates dropped below 80%.
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Table 1. Summary of published studies to characterize the duration and magnitude of the residual insecticidal effect of insecticide mists applied to outdoors

vegetation.

Date Place Biotope Insecticide

(Formulation)a
Handling

concentration in g

a.i. /La

Target

dose in g

a.i. /m2a

Mosquito speciesa,b Exposure

time

Outcome T90c

in

days

T50c

in

days

Ref

1945

(Jul)

Florida, USA Salt marsh DDT (EC) 50 0.93 An.

quadrimaculatus
24 hrs Mortality/KD

rate at the end

of exposure

30 30 [9]

1979

(Jun)

Ontario,

Canada

Lawn permethrin

+ PPB (EC)

5 0.2 Aedes spp. 6 hrs Mortality/KD

rate at the end

of exposure

19 26 [14]

1989

(NR)

Dominican

Republic

Screen cage permethrin (EC) NR 0.012 An. albimanus 24 hrs Mortality/KD

rate at the end

of exposure

>56 >56 [10]

2004

(May)

Florida, USA Screen cage deltamethrin

(SC)

0.55 NR Ae. albopictus, Cx.

quinquefasciatus
24 hrs Mortality/KD

rate at the end

of exposure

>84 >84 [15]

2004

(Jun)

Kentucky,

USA

Suburban

backyards

λ-cyhalothrin

(CS)

0.6 0.016 Ae. albopictus 24 hrs Mortality/KD

rate at the end

of exposure

7 28 [16]

2005

(May)

Florida, USA Screen cage λ-cyhalothrin

(CS)

0.3 NR Ae. albopictus, Cx.

quinquefasciatus
24 hrs Mortality/KD

rate at the end

of exposure

>84 >84 [17]

2006

(Aug)

Florida, USA Screen cage bifenthrin (WP) 0.6 0.025 Ae. albopictus 1 hr Mortality/KD

rate at the end

of exposure

0 7 [13]

2006

(Sep)

Florida, USA Public park bifenthrin (WP) 0.6 0.025 Ae. albopictus, Cx.

quinquefasciatus
24 hrs Mortality/KD

rate at the end

of exposure

21 28 [18]

2007

(Jul)

Florida, USA Suburban

backyards

permethrin (EC) NR 0.016 Cx.

quinquefasciatus
24 hrs Mortality/KD

rate at the end

of exposure

7 14 [19]

2008

(Mar)

California,

USA

Desert bifenthrin (WP) 0.6 0.025 Cx. tarsalis 24 hrs Mortality/KD

rate at the end

of exposure

1 14 [20]

2012

(NR)

Queensland,

Australia

Suburban

backyards

bifenthrin (WP) 1 0.1 Ae. vigilax 30 min Mortality 24

hrs after

exposure

>56 >56 [21]

2012

(Mar)

Queensland,

Australia

Forest λ-cyhalothrin

(CS)

0.4 NR Ae. aegypti 24 hrs Mortality/KD

rate at the end

of exposure

>98 >98 [22]

2013

(NR)

Catalonia,

Spain

Screen cage deltamethrin

(EC)

0.2 0.010 Ae. albopictus 24 hrs Mortality/KD

rate at the end

of exposure

12 27 [23]

2013

(Oct)

Florida, USA Swamp bifenthrin (WP) 0.6 0.025 Ae. aegypti 24 hrs Mortality/KD

rate at the end

of exposure

7 >28 [24]

2017

(Aug)

New Jersey,

USA

Suburban

backyards

λ-cyhalothrin

(CS)

0.6 NR Ae. albopictus 3 min Mortality 24 h

after exposure

7 28 [11]

Abbreviations: CS, capsule suspension; DDT, dichlorodiphenyltrichloroethane; EC, emulsion concentrate; KD, knockdown; NR, not reported; PPB, piperonyl butoxide;

Ref, references; SC, suspension concentrate; WP, wettable powder.
aIf several experimental conditions were compared in a given study, only the condition leading to the most successful outcome was reported in the table.
bMosquito species used to perform the assay. Laboratory-adapted mosquito colonies were used in all studies except in reference [14] for which tests were performed

with wild caught female imagoes.
cT90 and T50 are the time necessary for the mortality rate to drop below 90% and 50% respectively.

https://doi.org/10.1371/journal.pone.0231251.t001
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A second experiment was conducted in May 2018 (beginning of the rainy season) to

assess the effect of natural rains and artificial washes on the longevity of the insecticidal

effect of the lambda-cyhalothrin formulation. The insecticide was handled at a concentra-

tion of 2 g a.i. /L and sprayed on bamboo bushes with a mist blower model PM7650H at a

target concentration of 500 g a.i. /ha. Residual insecticidal effect was assessed weekly until

mortality and KD rates dropped below 80%. In this experiment, half of the bamboo leaves

were washed thoroughly with 10 L of tap water and allowed to dry for 3 hours before being

tested with the cone assay. Freshly collected leaves were hung on a clothes horse and hosed

down with a watering can for 30 seconds. The other half was tested without being washed.

Experimental areas of the two experiments were spaced 5 kilometers one from another,

and consisted in plots of 500 m2 covered with bamboo bushes separated from each other by

50 meters of wasteland (one plot per experimental condition). The species of bamboo used

in the experiments was Gigantochloa ablociliata. Bamboo was chosen because it is often

associated with Anopheles dirus populations [26]. Leaves were selected at random for all

experiments. Meteorological data were obtained from the Thai Meteorological

Department.

Anopheles dirus colony

The stenogamous colony of Anopheles dirus sensu stricto used in this study originated from

Cambodia. It was established decades ago and has never been selected for insecticide resis-

tance since. The colony identification was confirmed by Sanger sequencing of the cyto-

chrome oxidase I gene (S1 Text and S1 Table; GenBank accession number: MT246865).

Rearing conditions were as follow: imagoes were kept into 30 cm × 30 cm × 30 cm cages at

a density of 1,000 specimen /cage and fed with a cotton pad soaked with a solution of 10%

refined sugar and 0.5% of Multivitamin Syrup1 (Seven Seas, Bangkok, Thailand). Each

cage was covered with a wet towel overlaid with a black plastic sheet. The insectarium was

maintained at 27 ± 2 ˚C and 70–80% relative humidity, and illumination from fluorescent

lighting was provided for 12 hours a day. Five to seven days after the emergence, female

imagoes were fed on heparinized human blood. Gravid females were allowed to lay eggs in

an ovoposition cup (7cm diameter × 4 cm depth) lined with wet filter paper and placed in

the cage for 2 consecutive nights 3 days after the blood meal. Eggs were transferred every

morning into a white plastic tray (25 cm × 36 cm × 6 cm) filled with 1.5L of drinkable

water. Larvae were adjusted at a density not exceeding 100 specimen /tray and fed twice a

day with finely grinded TetraBits Complete1 fish food (Tetra, Blacksburg, USA). Water

was changed every three days until pupation (8–10 days after the eggs hatched). Pupae

were collected in a plastic cup (7 cm diameter × 4 cm depth) filled with 100 mL of drink-

able water at a density of 250 pupae per cup, and put in an empty cage for two days until

emergence.

Susceptibility assay

A standard susceptibility assay was used to determine the susceptibility of the mosquito

colony to pyrethroid insecticides [27]. Female imagoes aged 3–5 day-old were exposed

for 60 minutes to filter papers impregnated with 18 mg of deltamethrin /m2, 275 mg of

permethrin /m2 or 18 mg of lambda-cyhalothrin /m2 into standard plastic cylinders (25

mosquitoes per tube). The number of mosquitoes knocked down was recorded every 5

minutes for 60 minutes. Mosquitoes were then transferred into standard holding tubes

and provided with a 10% sugar solution. Mortality was recorded 24 hours after exposure to

the insecticide. Mosquitoes exposed for 1 hour to a paper impregnated with the carrier
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(Dow 556 mixed with acetone) were used as a control. There were four insecticide-exposed

replicates and two control replicates for each experimental condition.

Cone assay

Freshly collected insecticide-treated bamboo leaves were laid on a panel of acrylic tilted at

45˚ and covered with ten standard plastic cones (10 replicates). Five female imagoes aged

3–5 day-old were introduced into each cone. After 3 minutes of exposure to the testing mate-

rial, mosquitoes were transferred into 150-mL plastic cups (5 mosquitoes per cup) and pro-

vided with a 10% sugar solution. The number of mosquitoes knocked down was recorded

every 5 minutes for 60 minutes. Mortality was recorded 24 hours after insecticide exposure.

Bamboo leaves collected in a bush 50 meters outside of the area treated with the insecticide

were used as a control for each experiment. Tests were conducted to verify that the mortality

in the treated bushes was nil the day before the intervention. Cone assays and susceptibility

assays were performed at 25 ± 2 ˚C with a relative humidity of 70–80%. All insecticide testing

materials used in this study were provided by the Vector Control Research Unit (VCRU),

Universiti Sains Malaysia.

Data analysis

Knockdown (KD) rate was defined as the number of mosquitoes knocked down divided by

the number of exposed mosquitoes. Knockdown time 50% (KDT50) was defined as the time

after which 50% of the mosquitoes were knocked down. Mortality rate was defined as the

number of mosquitoes dead at the end of the 24-hour observation time divided by the num-

ber of exposed mosquitoes. KDT50s and corresponding 95% confidence intervals (CIs)

were estimated by fitting n-parameters logistic models to the KD kinetics with the nplr
package version 0.1.7 of the R software [28] Exact binomial CIs were estimated for propor-

tions (KD and mortality rates) with epitools package version 0.5–10 of the R software [29].

The mortality in the control was used to adjust the mortality in the insecticide treated group

with Abbott’s formula [30].

Results

Susceptibility phenotype of the Anopheles dirus colony to deltamethrin,

permethrin and lambda-cyhalothrin

The An. dirus colony used in this study was susceptible to deltamethrin, permethrin and

lambda-cyhalothrin (Fig 1). KD and mortality rates in the susceptibility assay were 100%

with the three insecticides. The KDT50 was 18.9, 19.6 and 20.6 min with permethrin, delta-

methrin and lambda-cyhalothrin respectively. There was no mortality in the control

batches.

Longevity of the residual insecticidal effect of three pyrethroid

formulations during the dry season

Long-lasting residual effects were obtained with all insecticide formulations during the dry season.

The mortality and KD rates of lambda-cyhalothrin and deltamethrin were>80% for 98 days. The

duration of the residual effect was shorter with bifenthrin, although mortality and KD rates were

>80% for 49 days. Lambda-cyhalothrin gave the shortest KTD50s followed by deltamethrin and

bifenthrin: 13/16, 9/16 and 1/16 data points with KDT50<15 min respectively (Fig 2). Mortality

in the controls was always less than 6%. The mean temperature was 27˚C (range = 13–40˚C) and

the daily amplitude was 15˚C in average. The mean relative humidity was 62% (range = 18–98%)
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and the daily amplitude was 47% in average. There were 9/111 rainy days during the follow-up

and the cumulative rainfall was 28 mm (range of positive daily rainfall = 0.1–15 mm) (Fig 3).

Effects of natural rains and artificial washes on the persistence of the

lambda-cyhalothrin formulation

During the rainy season, the mortality and KD rates with lambda-cyhalothrin were >80% for

42 days, and the KDT50 ranged between 5 and 15 minutes. Similar results were obtained

when the testing material was washed with 10L of tap water before performing the cone assay,

although mortality dropped to 72% at day 36 (Fig 4). Mortality in the controls was always less

than 4%. The mean temperature was 26˚C (range = 22–38˚C) and the daily amplitude was 8˚C

in average. The mean relative humidity was 83% (range = 43–98%) and the daily amplitude

was 27% in average. There was 41/51 rainy days during the follow-up and the cumulative rain-

fall was 463 mm (range of positive daily rainfall = 0.1–34 mm) (Fig 3). Unlike in the dry season

experiment, KD and mortality and rates declined sharply from 100% at day 42 to 10% at day

49 without apparent association with daily rainfalls.

Fig 1. Phenotypic response of the An. dirus sensu stricto colony to pyrethroid exposure determined with a standard susceptibility assay. (a) KD

rate at the end of the 60-minute exposure to insecticides and the mortality rate determined 24 hours after exposure to insecticides. (b) KD kinetic

determined during the 1-hour insecticide exposure time. Mosquitoes were exposed to filter papers impregnated with 18 mg of deltamethrin /m2, 275

mg of permethrin /m2 or 18 mg of lambda-cyhalothrin /m2. The mosquito strain was considered susceptible to the insecticide tested if the mortality

was� 98% and resistant if the mortality was<90%. Suspected resistance was defined by an intermediate mortality rate. KDT50s and corresponding

95% CIs were estimated by fitting n-parameters logistic models to KD kinetics. Error bars indicate exact binomial 95% CIs. Abbreviations: CI,

confidence interval; KD, knockdown; KDT50, 50% knockdown time; R, confirmed resistance; SR, suspected resistance.

https://doi.org/10.1371/journal.pone.0231251.g001
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Discussion

We assessed the duration and magnitude of the residual insecticidal effect of three different

pyrethroid formulations sprayed at a target dose of 500 g a.i. /ha on outdoor vegetation during

the dry season, and additional data were presented for one of the formulation during the rainy

season. High mortality and rapid KD were observed with a colony of pyrethroid-susceptible

laboratory-adapted An. dirus sensu stricto exposed for 3 minutes to insecticide-treated bamboo

leaves, up to 14 weeks after the spraying during the dry season and to 6 weeks during the rainy

season. This study confirms that residual insecticidal effect compatible with malaria vector-

control operation can be obtained when applying an insecticide mist to outdoor vegetation,

and that a lethal concentration of the active ingredient can persist for several weeks despite

monsoon rains with the lambda-cyhalothrin formulation.

Our results were similar to that reported during the evaluation of LLINs impregnated with

55 mg of deltamethrin /m2 (KD rate at 60 min = 100%, mortality = 100% and KDT50 < 10

min) [31]. It was not possible to do a simple comparison between our results and that of the

published literature because the assays used to assess the residual insecticidal effect were not

standardized until recently. However, the insecticidal effects lasted longer in this study than

Fig 2. Duration and magnitude of the insecticidal effect of the three pyrethroid formulations applied to outdoor vegetation during the dry

season. (A) Lambda-cyhalothrin CS. (B) Deltamethrin EW. (C) Bifenthrin WP. All insecticides were handled at a concentration of 2 g/L and sprayed a

target concentration of 500 g of a.i. /ha on bamboo bushes in January 2018. Residual insecticidal effect was assessed with a standard cone assay using

freshly collected insecticide-bamboo leaves and a laboratory-adapted colony of An. dirus sensu stricto susceptible to pyrethroid insecticides. Mortality

and KD rates are shown on the left panels. KD kinetic is shown on the right panels. Error bars indicate exact binomial 95% CIs. Abbreviations: CS,

capsule suspension; EW, concentrated aqueous emulsion; KD, knockdown, WP, wettable powder.

https://doi.org/10.1371/journal.pone.0231251.g002
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those reported in the Table 1, given that longer exposures to insecticide-treated materials used

in previous studies overestimated assay outputs [13]. This difference is probably explained

by the methodology used to spray insecticide mists (equipment, and handling and target con-

centrations of the active ingredients). Interestingly, the drop of KD and mortality rates was

sharper during the rainy season than during the dry season experiment, and was not explained

by rainfalls. This observation suggests that other factors may play a crucial role in the decay of

insecticide concentration on plant surfaces, although the challenge in applying the insecticide

mist homogeneously should also be considered.

The residual effect of lambda-cyhalothrin CS and deltamethrin EW formulations lasted

longer and was stronger than that of the bifenthrin WP formulation. This difference may be

explained by a shorter persistence of the WP formulation on treated surfaces when compared

to more engineered CS and EW formulations, or by a lower intrinsic activity of bifenthrin

when compared to deltamethrin and lambda-cyhalothrin [32]. Moreover, cone assay outputs

reflect complex interactions between the active ingredient and the mosquitoes including KD,

Fig 3. Cumulative rainfall recorded during the study. (A) Dry season. (B) Rainy season.

https://doi.org/10.1371/journal.pone.0231251.g003
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mortality and irritancy. Hougard et al. described in details the effects of seven pyrethroids on

mosquitoes under laboratory conditions [33]. Exposing susceptible An. gambiae to operational

doses of lambda-cyhalothrin, deltamethrin and bifenthrin (20–25 mg/m2) in the standard

cone assay resulted in a strong and rapid KD effect (KD rate at 60 min = 100% and KDT50

between 8–12 min). Although fully susceptible mosquitoes were exposed, mortality rate ranged

from 42% with lambda-cyhalothrin to 100% with deltamethrin. This result was explained by

the interaction between irritant and lethal effects (irritancy preventing the contact between

mosquitoes and the insecticide and therefore decreasing the mortality rate). Bifenthrin has

lower irritant properties than other pyrethroids, which may favor the lethal effect rather than

deterrence during operational deployments of vector-control interventions. In contrast,

lambda-cyhalothrin is irritant to both pyrethroid susceptible and resistant Anopheles
mosquitoes.

There were some limitations to the study. We did not assess the persistence of the deltame-

thrin and bifenthrin formulations during the rainy season and the residual insecticidal effect

of insecticide mists on pyrethroid-resistant mosquitoes. Resistance to deltamethrin and per-

methrin in malaria vector populations collected in the Thailand-Myanmar border area has

been reported [34] and the impact of pyrethroid resistances on the outcome of outdoor resid-

ual spraying remains to be determined. In addition, we did not assess the toxicity of insecticide

mists and their residues against the environment and non-target organisms. Future research

may aim at testing different insecticides, doses, materials, organisms (including pyrethroid

resistant and wild malaria mosquitoes, as well as non-target organisms) and environmental

conditions. Moreover, a better understanding of the rate and mechanisms of insecticide degra-

dation on plant surfaces would provide a rational for optimizing insecticide formulation and

increase the longevity of the residual effect. Finally, operational deployment of outdoor resid-

ual spraying will need further assessment of its impact on the entomological indices, diseases

epidemiology and toxicity to environment.

Fig 4. Duration and magnitude of the insecticidal effect of the lambda-cyhalothrin CS formulation applied to outdoor vegetation during the

rainy season without additional artificial washing of the testing material (a) and with washing with 10 L of tap water before performing the cone

assays (b). Insecticide was handled at a concentration of 2 g a.i. /L and sprayed a target concentration of 500 g of a.i. /ha on bamboo bushes in May 2018

(beginning of the rainy season). Residual insecticidal effect was assessed with a standard cone assay using freshly collected insecticide-bamboo leaves

and a laboratory-adapted colony of An. dirus sensu stricto susceptible to pyrethroid insecticides. Mortality and KD rates are shown on the left panels.

KD kinetic is shown on the right panels. Error bars indicate exact binomial 95% CIs. Abbreviations: CS, capsule suspension; KD, knockdown.

https://doi.org/10.1371/journal.pone.0231251.g004
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Conclusions

Long-lasting residual insecticidal effect can be achieved when spraying pyrethroid insecticides

on outdoor resting habitats of anopheline mosquitoes. Outdoor residual spraying may there-

fore be used for the control of exophilic malaria vectors.
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