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Abstract

Background

Where resources are available, non-pyrethroid IRS can be deployed to complement stan-

dard pyrethroid LLINs with the aim of achieving improved vector control and managing

insecticide resistance. The impact of the combination may however depend on the type of

IRS insecticide deployed. Studies comparing combinations of pyrethroid LLINs with different

types of non-pyrethroid IRS products will be necessary for decision making.

Methods

The efficacy of combining a standard pyrethroid LLIN (DuraNet®) with IRS insecticides from

three chemical classes (bendiocarb, chlorfenapyr and pirimiphos-methyl CS) was evaluated

in an experimental hut trial against wild pyrethroid-resistant Anopheles gambiae s.l. in Cové,

Benin. The combinations were also compared to each intervention alone. WHO cylinder and

CDC bottle bioassays were performed to assess susceptibility of the local An. gambiae s.l.

vector population at the Cové hut site to insecticides used in the combinations.

Results

Susceptibility bioassays revealed that the vector population at Cové, was resistant to pyre-

throids (<20% mortality) but susceptible to carbamates, chlorfenapyr and organophos-

phates (�98% mortality). Mortality of wild free-flying pyrethroid resistant An. gambiae s.l.

entering the hut with the untreated net control (4%) did not differ significantly from DuraNet®
alone (8%, p = 0.169). Pirimiphos-methyl CS IRS induced the highest mortality both on its

own (85%) and in combination with DuraNet® (81%). Mortality with the DuraNet® + chlorfe-

napyr IRS combination was significantly higher than each intervention alone (46% vs. 33%

and 8%, p<0.05) demonstrating an additive effect. The DuraNet® + bendiocarb IRS combi-

nation induced significantly lower mortality compared to the other combinations (32%,

p<0.05). Blood-feeding inhibition was very low with the IRS treatments alone (3–5%) but
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increased significantly when they were combined with DuraNet® (61% - 71%, p<0.05).

Blood-feeding rates in the combinations were similar to the net alone. Adding bendiocarb

IRS to DuraNet® induced significantly lower levels of mosquito feeding compared to adding

chlorfenapyr IRS (28% vs. 37%, p = 0.015).

Conclusions

Adding non-pyrethroid IRS to standard pyrethroid-only LLINs against a pyrethroid-resistant

vector population which is susceptible to the IRS insecticide, can provide higher levels of vector

mosquito control compared to the pyrethroid net alone or IRS alone. Adding pirimiphos-methyl

CS IRS may provide substantial improvements in vector control while adding chlorfenapyr IRS

can demonstrate an additive effect relative to both interventions alone. Adding bendiocarb IRS

may show limited enhancements in vector control owing to its short residual effect.

Background

Insecticide-treated nets (ITNs) and indoor residual spraying (IRS) are core interventions for

preventing and controlling malaria [1]. Both methods have independently proven to be highly

effective in reducing the burden of disease in diverse epidemiological settings. The substantial

reductions in malaria morbidity and mortality observed in endemic countries over the last two

decades, has been attributed to a significant increase in the roll out of ITNs and IRS during

this period [2]. Where resources are available, both interventions have been deployed together

in the same geographical location, with the primary aim of reducing the disease burden to a

greater extent than could be achieved with either method alone [3,4].

The benefits of combining these interventions is, however, contentious. Some community-

randomised controlled trials (RCTs) have compared epidemiological outcomes in communi-

ties receiving pyrethroid long-lasting insecticidal nets (LLINs) plus IRS versus LLINs alone,

yielding conflicting results. Whilst trials in Tanzania [5] and Sudan [6] associated combined

use of LLINs and IRS with significant reductions in malaria infection prevalence, similar stud-

ies in Benin [7], Eritrea [8], Ethiopia [9] and The Gambia [10] reported no such effect. Based

on a Cochrane review demonstrating the inconsistencies in epidemiological evidence [4], the

World Health Organisation (WHO) has recently issued a provisional recommendation against

combining LLINs and IRS as a means of reducing malaria-associated morbidity and mortality

[1]. National Malaria Control Programmes are encouraged to prioritise delivering either ITNs

or IRS at high coverage and to a high standard, rather than introducing the second interven-

tion as a means to compensate for deficiencies in the implementation of the first. However,

this should not be interpreted to mean that the combined IRS and ITN approach is redundant

in all settings. Considering the recent stall in progress against malaria [11] and increasing prev-

alence of pyrethroid resistance in malaria vector populations across Africa [12], combining

interventions may be vital for high transmission settings and insecticide resistance manage-

ment. Vector control programmes are expected to be guided by local evidence to decide when,

where and how to combine IRS with ITNs for different epidemiological settings [1].

Evidence from RCTs and operational studies suggests that the impact of co-implementing

LLINs and IRS may depend on a number of location-specific factors including: intervention

coverage, transmission intensity, vector behaviour, choice of IRS insecticide and insecticide

resistance [13,14]. The choice of IRS insecticide for a specific geographical setting whether

deployed alone or together with LLINs will be influenced largely by the susceptibility of the tar-

get vector population to the insecticide, its mode of action, chemical properties and residual
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activity on wall substrates. To maximise the impact of the combined intervention approach, it

is important to consider the interactions that may occur between the insecticide in the LLIN

and the chosen IRS insecticide. Where the mode of action of the IRS insecticides is not com-

plementary to the insecticide on the net, the combination might be redundant or result in

lower levels of vector control than what is achievable with either intervention alone. Although

pyrethroids are not recommended for IRS, the redundancy of combining pyrethroid IRS or

wall linings with pyrethroid LLINs has been clearly demonstrated in experimental hut studies

against pyrethroid-resistant malaria vectors in West Africa [15,16].

Insecticides belonging to four classes of compounds have been approved by the WHO for

IRS against malaria vectors; pyrethroids, organophosphates, carbamates and more recently,

the neonicotinoid clothianidin [1,17]. While RCTs are the most robust method for generating

evidence on the impact of combining vector control interventions, they are often time-con-

suming, expensive and unrealistic in some settings. Evidence from experimental hut trials may

provide some insights on what to expect when different types IRS insecticides are deployed to

complement pyrethroid-only nets. In this study, we compared the impact of combining pyre-

throid LLINs with IRS insecticides from three distinct chemical classes in experimental huts

against wild free-flying pyrethroid-resistant malaria vectors in southern Benin.

Methods

Study site and experimental huts

The study was conducted at the CREC/LSHTM experimental hut station located in Covè,

southern Benin (7˚140N2˚180E). The experimental huts are situated in a vast area of rice irriga-

tion, which provide extensive and permanent breeding sites 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 present at lower

densities and predominantly in the dry season [18]. The vector population is susceptible to

organophosphates and carbamates but exhibits intense resistance to pyrethroids (200-fold)

[18]. Molecular genotyping and microarray studies have demonstrated a high frequency of the

knockdown resistance L1014F allele (>90%) and overexpression of the cytochrome P450,

CYP6P3, associated with pyrethroid detoxification [18]. The experimental huts used were of

the West African design [19], made from concrete bricks with a corrugated iron roof and a

ceiling with palm-thatch mats. Interior walls were cement plastered and each hut was con-

structed on a concrete base containing a water-filled moat to preclude predators. Entry of mos-

quitoes occurred via four window slits, 1 cm wide and 30 cm long, positioned on two sides of

the hut. A wooden framed veranda made of polyethylene sheeting and screening mesh pro-

jected from the rear wall of each hut to capture exiting mosquitoes.

Experimental hut treatments

The following treatments were assessed in 9 experimental huts:

1. Control (untreated hut)

2. Control (untreated net)

3. DuraNet1 (Alpha-cypermethrin LLIN, 261 mg/m2, Shobikaa Impex)

4. Bendiocarb IRS applied at 400 mg/m2 (Ficam1WP, Bayer)

5. DuraNet1 + Bendiocarb IRS applied at 400 mg/m2

6. Chlorfenapyr IRS applied at 250 mg/m2 (Sylando1 240SC, BASF)
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7. DuraNet1 + Chlorfenapyr IRS applied at 250 mg/m2

8. Pirimiphos-methyl CS IRS applied at 1000 mg/m2 (Actellic1 300CS, Syngenta)

9. DuraNet1 + Pirimiphos-methyl CS IRS applied at 1000 mg/m2

Interior hut walls were sprayed from top to bottom with IRS insecticide solutions using a

Hudson X-pert1 compression sprayer equipped with a flat-fan nozzle. To improve spraying

accuracy, spray swaths were pre-marked on hut walls and a guidance pole was attached to the

end of the spray lance to maintain a fixed distance to the wall. After spraying each hut, the vol-

ume remaining in the spray tank was measured to assess the overall volume sprayed. All spray

volumes were within 30% of the target. The palm thatch used on the ceiling was sprayed flat

on the ground outside the experimental hut and allowed to dry for 2 hours prior to being fitted

on the ceiling of the hut. Three replicate nets were used per LLIN treatment and these were

rotated every 2 nights within the same hut. To simulate wear and tear from field use, 6 holes

each measuring 16 cm2 were cut into each bed net (one per panel) used in the trial.

Trial procedure

The trial began three days after IRS application and continued for 4 months, between July and

October 2018 and followed WHO guidelines [19]. Nine (9) consenting human volunteers slept

in experimental huts each trial night to attract mosquitoes. To account for bias due to differen-

tial attractiveness to mosquitoes, volunteers were rotated through experimental huts daily in

accordance with a predetermined Latin square design. To mitigate the effect of hut position on

mosquito entry, bed nets were rotated through experimental huts on a weekly basis. IRS treat-

ments could not be rotated thus remained fixed throughout the trial. At dawn, sleepers col-

lected all mosquitoes from under the net, the sleeping room and the veranda using a torch and

aspirator and placed them in correspondingly labelled plastic cups. Mosquito collections were

subsequently transferred to the laboratory for morphological identification and scoring of

blood-feeding and mortality. To account for the slow-action of chlorfenapyr, delayed mortality

was recorded every 24 h up to 72 h after collection for all treatments. All alive An. gambiae s.l.

were held at 27 ± 2˚ C and 75 ± 10% RH and provided access to 10% (w/v) glucose solution.

Outcome measures

The efficacy of each experimental hut treatment was expressed in terms of the following out-

come measures:

• Exophily–exiting rates due to potential irritant effect of the treatment expressed as the pro-

portion of mosquitoes collected in the veranda

• Deterrence–defined as the percentage reduction in numbers of mosquitoes collected in a

treated hut relative to the untreated control

• Blood-feeding–proportion of blood-fed mosquitoes at the time of collection

• Blood-feeding inhibition–proportional reduction in blood-feeding in the treated hut relative

to the untreated control. Calculated as follows:

BF inhibition %ð Þ ¼
100xðBfu � BftÞ

Bfu

Where Bfu is the proportion of blood-fed mosquitoes in the untreated control and Bft is the

proportion of blood-fed mosquitoes in the treated hut.
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• Personal protection (%)–reduction in the number of blood-fed mosquitoes in the treated

hut relative to the untreated control. Calculated as follows:

Personal protection %ð Þ ¼
100xðBu � BtÞ

Bu

Where Bu is the number of blood-fed mosquitoes in the untreated control and Bt is the

number of blood-fed mosquitoes in the huts with insecticide treatments.

• Mortality–proportion of dead mosquitoes after a 72 h holding period

Mosquito deterrence, blood-feeding inhibition and personal protection were calculated rel-

ative to the untreated net control hut for treatments which involved the LLIN and relative to

the untreated hut control for IRS-only treatments.

Residual activity of IRS treatments

Cone bioassays were performed at monthly intervals after spraying to assess the residual activ-

ity of IRS treatments on hut walls following WHO guidelines [19]. Laboratory-maintained,

susceptible An. gambiae s.s. Kisumu mosquitoes were used for this purpose. In each IRS-

treated hut, 50, 3–5-day old adult female mosquitoes were transferred to five cones attached to

the walls and ceiling in batches of 10. As a control, mosquitoes were introduced into cones

attached to an unsprayed wall. Mosquitoes were exposed to the surfaces for 30 mins before

being transferred to netted cups. Mosquitoes were held at 27 ± 2˚ C and 75 ± 10% RH and pro-

vided access to 10% (w/v) glucose solution. Knockdown was recorded 1 h post-exposure and

delayed mortality every 24 h up to 72 h thereafter.

Susceptibility bioassays

WHO susceptibility cylinder bioassays [20] and CDC bottle bioassays [21] were performed in par-

allel to the experimental hut trial to determine the susceptibility of the vector population at the

Covè experimental hut site to the constituent insecticides in the hut treatments. Adult F1 progeny

of field-collected An. gambiae s.l. were exposed to filter papers treated with discriminating doses

of alpha-cypermethrin (0.05%), permethrin (0.75%), bendiocarb (0.1%) and fenitrothion (1.0%)

in WHO cylinders and CDC bottles impregnated with 100 μg of chlorfenapyr. Comparison was

made with the laboratory-maintained, susceptible An. gambiae s.s. Kisumu colony. For each

insecticide and strain, 100 adult female mosquitoes aged 2–3 days were introduced to four insecti-

cide-treated cylinders/bottles in batches of 25. In the control arms, mosquitoes were exposed to

silicone oil-treated filter papers and acetone-treated bottles. After 1 h exposure, mosquitoes were

transferred to holding tubes and observation cups and provided access to 10% glucose solution

(w/v). Mortality was recorded after 24 h for mosquitoes exposed to permethrin, alpha-cyperme-

thrin, bendiocarb and fenitrothion in WHO cylinder bioassays and every 24 h up to 72 h for mos-

quitoes exposed to chlorfenapyr in CDC bottles. The insecticide treated filter papers used for the

WHO cylinder bioassays were obtained from Universiti Sains Malaysia.

Data analysis

Differences in proportional outcomes (exophily, blood-feeding, mortality) between experi-

mental hut treatments were analysed using a blocked logistic regression model whereas differ-

ences in numerical outcomes (mosquito entry) were assessed using a negative binomial

regression model. In addition to the fixed effect of the treatment, both models were adjusted to

account for variation due to differential attractiveness of the volunteer sleepers and huts.
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Mortality in susceptibility bioassays was interpreted according to WHO criteria. All analyses

were performed in Stata version 15.1.

Ethical considerations

Ethical approval was obtained from the ethics review committees of the London School of

Hygiene & Tropical Medicine (LSHTM) (Reference No. 15265) and the local Ministry of

Health in Benin (Reference No. N˚39/CEIC/CREC). All volunteers provided informed written

consent and were offered a course of chemoprophylaxis (doxycycline) prior to their participa-

tion in the study and up to four weeks following its completion. A nurse was available through-

out the study to assess any cases of fever. In the event a volunteer tested positive for malaria,

they were immediately withdrawn from the trial and administered effective treatment.

Results

Susceptibility bioassay results

Mortality rates of wild An. gambiae s.l. from Covè in WHO susceptibility and CDC bottle bio-

assays are presented in Tables 1 and 2 respectively. Low proportions of adult F1 progeny of

field-collected An. gambiae s.l. were killed following exposure to alpha-cypermethrin (11%)

and permethrin (20%); demonstrating pyrethroid resistance in the vector population. In con-

trast, the vast majority if not all mosquitoes from Covè were killed following exposure to bend-

iocarb (98%), fenitrothion (100%) and chlorfenapyr (100%); demonstrating susceptibility to

carbamates, organophosphates and chlorfenapyr. With the insecticide susceptible An. gambiae
s.s. Kisumu colony, mortality was 100% with all insecticides.

Experimental hut results

Mosquito entry and exiting. A total of 4,698 female An. gambiae s.l. were collected in the

experimental huts over the 4-month trial period (Tables 3 and S1). Due to the inability to

Table 1. WHO susceptibility cylinder bioassay results with Anopheles gambiae sensu lato from Covè.

Treatment Strain N exposed N dead % Mortality 95% CI

Control Kisumu 102 0 0 –

Covè 102 0 0 –

Alpha-cypermethrin (0.05%) Kisumu 102 102 100 –

Covè 102 11 11 5–17

Permethrin (0.75%) Kisumu 104 104 100 –

Covè 105 21 20 12–28

Bendiocarb (0.1%) Kisumu 104 104 100 –

Covè 100 96 98 96–100

Fenitrothion (1%) Kisumu 103 103 100 –

Covè 101 101 100 –

https://doi.org/10.1371/journal.pone.0245804.t001

Table 2. Susceptibility of field-collected Anopheles gambiae sensu lato from Covè to chlorfenapyr in CDC bottle bioassays.

Treatment Strain N exposed N dead % Mortality� 95% CI

Control Kisumu 101 0 0 –

Covè 100 0 0 –

Chlorfenapyr (100 μg) Kisumu 103 103 100 –

Covè 102 102 100 –

https://doi.org/10.1371/journal.pone.0245804.t002
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rotate IRS, it was not possible to distinguish treatment-induced deterrence for the IRS treat-

ments from differential attractiveness due to hut position. The proportion of mosquitoes exit-

ing into the veranda for the untreated hut and untreated net controls were 45% and 39%

respectively. Exiting was significantly higher in all experimental hut treatments relative to both

controls (p<0.01), suggesting the insecticide treatments induced an irritant response which

caused mosquitoes to seek refuge in the veranda. The highest level of mosquito exiting was

achieved with bendiocarb IRS alone (77%). Adding bendiocarb IRS to DuraNet1 also

induced significantly higher levels of mosquito exiting compared to DuraNet1 alone (57%

with DuraNet1 vs. 70% with DuraNet1 + bendiocarb IRS, p = 0.001). This effect was, how-

ever, not observed with chlorfenapyr IRS and pirimiphos-methyl CS IRS; exiting rates were

similar between the combinations with these IRS insecticides and DuraNet1 alone, (59% -

61% vs 57%, p>0.05).

Blood-feeding and personal protection. Blood-feeding and personal protection results of

wild, pyrethroid-resistant An. gambiae s.l. in the experimental huts are presented in Table 4.

Blood-feeding rates with the untreated hut and untreated net controls were 95% and 55%

respectively. DuraNet1 induced significantly lower blood-feeding rates than the control

untreated net (33% with DuraNet1 vs. 55% with untreated net, p<0.001). Meanwhile, blood-

feeding was high across all IRS treatments (91–92%) thus providing very limited blood-feeding

inhibition (3% - 5%) compared to the untreated hut control (Table 4). All three combinations

provided significantly higher levels of blood-feeding inhibition relative to the IRS treatments

Table 3. Overall entry and exiting of wild, pyrethroid-resistant Anopheles gambiae sensu lato entering experimental huts in Covè, southern Benin.

Treatment Total females caught Average catch per night % Deterrence Total exiting % Exophily� 95% CI

Untreated hut (control) 711 7 – 322 45a 42–49

Untreated net (control) 420 4 41 165 39a 35–44

DuraNet 619 6 13 350 57b 53–61

Bendiocarb IRS 508 5 29 389 77c 73–80

DuraNet + Bendiocarb IRS 537 6 25 373 70cd 66–73

Chlorfenapyr IRS 478 5 33 297 62bd 58–67

DuraNet + Chlorfenapyr IRS 411 4 42 241 59b 54–63

Pirimiphos-methyl CS IRS 528 6 26 356 67d 63–71

DuraNet + Pirimiphos-methyl CS IRS 486 5 32 298 61bd 57–66

�Values in the same column sharing a superscript letter do not differ significantly (p>0.05).

https://doi.org/10.1371/journal.pone.0245804.t003

Table 4. Blood-feeding results of wild, pyrethroid-resistant Anopheles gambiae sensu lato entering experimental huts in Covè, southern Benin.

Treatment Total blood-fed % Blood-fed� 95% CI % Blood-feeding inhibition % Personal protection

Untreated hut (control) 675 95a 93–97 – –

Untreated net (control) 231 55b 50–60 42 66

DuraNet 202 33cd 29–36 66 70

Bendiocarb IRS 460 91e 88–93 5 32

DuraNet + Bendiocarb IRS 150 28c 24–32 71 78

Chlorfenapyr IRS 440 92ae 90–94 3 35

DuraNet + Chlorfenapyr IRS 153 37d 33–42 61 77

Pirimiphos-methyl CS IRS 488 92ae 90–95 3 28

DuraNet + Pirimiphos-methyl CS IRS 160 33cd 29–37 65 76

�Values in the same column sharing a superscript letter do not differ significantly (P>0.05).

https://doi.org/10.1371/journal.pone.0245804.t004
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alone (60% - 71% vs. 3% - 5%, p<0.001). Between the combinations, DuraNet1 + bendiocarb

IRS induced the lowest blood-feeding rate (28%) and offered personal protection of 78% while

DuraNet1 + chlorfenapyr IRS induced a higher blood-feeding rate (37%, p = 0.015) though

providing about the same levels of personal protection (77%).

Mortality rates in experimental huts. Overall mortality rates of wild, pyrethroid-resistant

An. gambiae s.l. in the untreated hut and untreated net controls were 2% and 4% respectively

(Table 5). Mortality with DuraNet1 was low and did not differ significantly from the

untreated net control (8% vs. 4%, p = 0.169). The IRS treatments alone and the combinations

induced significantly higher mortality than DuraNet1 and the untreated controls (p< 0.001);

adding any IRS treatment onto DuraNet1 therefore always significantly improved vector

mortality compared to DuraNet1 alone. Between the IRS only treatments, the highest mortal-

ity was achieved with pirimiphos-methyl CS (85%, p< 0.001) while chlorfenapyr and bendio-

carb induced fairly similar mortality rates (34% and 28%, p = 0.09). Combining DuraNet1

with bendiocarb and pirimiphos-methyl CS IRS treatments did not improve mortality com-

pared to the corresponding IRS alone (bendiocarb: 28% vs. 32%, p = 0.265 and pirimiphos-

methyl CS: 85% vs. 81%, p = 0.129) (Table 5). With chlorfenapyr IRS, mortality was signifi-

cantly higher in the combination compared to chlorfenapyr IRS alone over the 4-month trial

(34% vs. 46%, p< 0.001) (Fig 3). Between the combinations, the highest mortality was

achieved with DuraNet1 + pirimiphos-methyl CS IRS (81%). Mortality was significantly

higher with the DuraNet1 + chlorfenapyr IRS combination compared to DuraNet1 + bend-

iocarb IRS (46% vs. 32%, p< 0.001) (Table 5).

Initial monthly wild mosquito mortality with pirimiphos-methyl CS IRS and chlorfenapyr

IRS was steady and did not decline substantially over the course of the 4 months trial both

when applied alone and in combination with DuraNet1 (Figs 1 and 2). By contrast, wild mos-

quito mortality with bendiocarb IRS declined sharply from ~55% to about 28–32% by the last

month of the trial both when applied alone and in combination with DuraNet1 (Fig 3).

Wall cone bioassay results. Mortality rates of the laboratory maintained, insecticide-sus-

ceptible An. gambiae s.s. Kisumu colony following exposure to IRS-treated walls in monthly,

30 mins wall cone bioassays are presented in Fig 4 with more details in supporting information

(S2 Table). On pirimiphos-methyl CS-treated surfaces, cone bioassay mortality was very high

(> 85%) throughout all 4 months of the trial. As observed with wild free-flying mosquitoes, a

progressive decline in cone bioassay mortality with increasing months elapsed from spraying

was observed with bendiocarb, beginning at 63% in month 1 and decreasing to 19% by month

4. Cone bioassay mortality with chlorfenapyr IRS was consistently low throughout the trial,

Table 5. Overall mortality results of wild, pyrethroid-resistant Anopheles gambiae sensu lato entering experimen-

tal huts in Covè, southern Benin.

Treatment Total dead % Mortality� 95% CI

Untreated hut (control) 12 2a 1–3

Untreated net (control) 17 4ab 2–6

DuraNet 47 8b 6–10

Bendiocarb IRS 144 28c 24–32

DuraNet + Bendiocarb IRS 170 32c 28–36

Chlorfenapyr IRS 162 34c 30–38

DuraNet + Chlorfenapyr IRS 190 46d 41–51

Pirimiphos-methyl CS IRS 448 85e 82–88

DuraNet + Pirimiphos-methyl CS IRS 391 81e 77–84

�Values in the same column sharing a superscript letter do not differ significantly (P>0.05).

https://doi.org/10.1371/journal.pone.0245804.t005
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ranging from 11–31%. Cone bioassay mortality on untreated control walls did not exceed 10%

in any month of the trial (Fig 4).

Discussion

The ultimate purpose of combining IRS with LLINs is to achieve greater levels of vector con-

trol through the differential effects of the interventions and modes of action of the insecticides

involved than what is achievable with a single intervention on its own. Transmission dynamics

models have suggested that the levels of vector mosquito mortality and blood-feeding inhibi-

tion observed in an experimental hut setting could be predictive of the capacity of an indoor

vector control intervention or a combination of these to control vector populations, reduce

vector biting and improve public health impact when deployed on a large scale [22,23]. In this

study, we demonstrate that where vectors are resistant to pyrethroids but susceptible to a given

non-pyrethroid IRS insecticide, it should be possible to achieve substantially improved vector

control by adding the non-pyrethroid IRS to a standard pyrethroid-only LLIN to boost

Fig 1. Monthly mortality rates of wild, free-flying pyrethroid-resistant Anopheles gambiae sensu lato entering

experimental huts with pirimiphos-methyl CS IRS applied alone and in combination with DuraNet1 in Covè,

southern Benin. Mortality was cumulated over successive months. Error bars represent 95% CI.

https://doi.org/10.1371/journal.pone.0245804.g001

Fig 2. Monthly mortality rates of wild, free-flying pyrethroid-resistant Anopheles gambiae sensu lato entering

experimental huts with chlorfenapyr IRS applied alone and in combination with DuraNet1 in Covè, southern

Benin. Mortality was cumulated over successive months. Error bars represent 95% CI.

https://doi.org/10.1371/journal.pone.0245804.g002
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mortality rates through the IRS intervention, while benefiting from the blood-feeding inhibi-

tion provided by the LLIN.

The level of improved mortality achieved in the pyrethroid-only LLIN plus non-pyrethroid

IRS combinations relative to the pyrethroid LLIN alone was clearly dependent on the type of

non-pyrethroid IRS insecticide used. The combination with pirimiphos-methyl CS IRS

induced the highest mortality rate (81%) and this can be attributed to the high and prolonged

activity of the pirimiphos-methyl CS IRS formulation on cement walls as demonstrated in this

study and previous studies in Benin [24]. This substantiates findings from community trials

and operational studies demonstrating significant reductions in transmission of malaria by

pyrethroid-resistant vector populations when a single round of pirimiphos-methyl CS IRS was

deployed against a background of moderate to high coverage with standard pyrethroid nets

[25–27]. By contrast the levels of mortality achieved in the combination with bendiocarb IRS

was much lower (32%); attributable to the fast decline in efficacy with the insecticide as

observed monthly in the experimental huts and in cone bioassays. The poor residual effect of

Fig 4. Mortality (72 h) of laboratory maintained, insecticide-susceptible Anopheles gambiae sensu stricto Kisumu

colony exposed to IRS-treated hut walls in monthly, 30 mins wall cone bioassays in experimental huts in Covè,

southern Benin. Error bars represent 95% CI. Approximately fifty (50) 2–3 days old mosquitoes were exposed for 30

mins to each IRS treated hut in batches of 10 per cone and mortality recorded after 72 h.

https://doi.org/10.1371/journal.pone.0245804.g004

Fig 3. Monthly mortality rates of wild, free-flying pyrethroid-resistant Anopheles gambiae sensu lato entering

experimental huts with bendiocarb IRS applied alone and in combination with DuraNet1 in Covè, southern

Benin. Mortality was cumulated over successive months. Error bars represent 95% CI.

https://doi.org/10.1371/journal.pone.0245804.g003
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bendiocarb for IRS is well documented [28–30]. The failure of a combination of bendiocarb

treated walls and pyrethroid nets to provide improved control of clinical malaria compared to

either intervention alone in a previous RCT in Benin [7] was also largely attributed to the

short-lived efficacy of bendiocarb on the treated walls [13,14]. Multiple IRS campaign rounds

may be necessary to achieve sustained levels of improved vector control when bendiocarb IRS

is deployed to complement standard pyrethroid LLINs. Given the significant costs associated

with running IRS campaigns, these findings raise questions over the suitability of currently

available formulations of bendiocarb for IRS and the cost-effectiveness of its combination with

pyrethroid nets. Considering the high initial mortality rates usually achieved with the insecti-

cide, reformulation chemistry may help address the short residual efficacy of bendiocarb and

improve the utility of this insecticide for vector control.

While mortality in the combinations with pirimiphos-methyl CS IRS and bendiocarb IRS

were similar to each IRS alone, the combination with chlorfenapyr IRS induced significantly

higher levels of mortality compared to chlorfenapyr IRS alone. This demonstrates an additive

effect of the chlorfenapyr IRS plus pyrethroid LLINs combination which was not observed

with the other IRS insecticides tested. This trend is consistent with previous experimental hut

studies in Benin [31,32] though the levels of mortality achieved with the combination were

substantially higher (73%–83% vs. 46%). The difference in mortality could be due to changes

in the composition of the vector population and/or increasing pyrethroid resistance levels over

time. Chlorfenapyr is a new repurposed pyrrole insecticide with a unique mode of action that

has shown potential for IRS but often inducing moderate mortality rates when applied alone

in experimental huts against pyrethroid-resistant malaria vectors [29,33]. It acts on the oxida-

tive/metabolic pathway of insects hence its action can be enhanced by physical activity in the

insect [34]. The additive mortality observed in the chlorfenapyr IRS plus pyrethroid net com-

bination may therefore be attributed to the irritant effect of the pyrethroid in the LLIN on

mosquitoes as they alight on the chlorfenapyr-treated wall after failed attempts to feed on the

sleeper under the net. In addition, owing to the non-neurotoxic and non-irritant effect of

chlorfenapyr [35], mosquitoes may have alighted on chlorfenapyr-treated walls for longer,

leading to increased insecticide pick-up, potentially contributing to the additional mortality

observed with this combination. The inability of the WHO 30-min cone bioassays to predict

wild mosquito mortality with chlorfenapyr IRS in experimental huts [29,34] is further demon-

strated in this study; while cone bioassay mortality of the susceptible Kisumu strain was very

low, wild mosquito mortality was higher and consistent throughout the trial confirming previ-

ous findings [29]. Considering the prolonged effect of chlorfenapyr IRS on wild mosquitoes

[29], substantial and sustained improvements in the control of pyrethroid-resistant vector

populations can be expected if the IRS insecticide is deployed to complement pyrethroid

LLINs.

IRS is highly effective for malaria vector control when deployed on its own but provides

limited personal protection from mosquito biting and this is evident from the high blood-feed-

ing rates observed with the IRS treatments alone. In the absence of a bed net, mosquitoes will

usually feed on the human occupants in an IRS treated home before resting on the wall where

they pick up the insecticide, consequently, direct blood-feeding inhibition is not expected

when the intervention is applied independently. By contrast, pyrethroid LLINs reduce mos-

quito biting and provide substantial levels of personal protection for the user; an effect which

is attributable to the physical barrier of the net and the excito-repellent effect of the pyrethroid

insecticide. The findings from this study demonstrate that this effect can persist even against a

vector population that has developed intense resistance to pyrethroids as observed in Covè
[18]. By combining the IRS treatments with a pyrethroid LLIN, it was possible to achieve sub-

stantially improved levels of blood-feeding inhibition and personal protection compared to
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the IRS alone. The reduced exposure to infective bites constitutes a crucial advantage of the

combination strategy over IRS alone. The blood-feeding rate in the combination appeared to

depend on the type of IRS insecticide used albeit to a lesser extent than the levels of mortality

achieved; lower blood-feeding rates and thus higher levels of blood-feeding inhibition were

achieved in the combination with bendiocarb IRS compared to the combination with chlorfe-

napyr IRS. This can be due to differences in the mode of action of both IRS insecticides; in

contrast to chlorfenapyr, bendiocarb acts on the insect’s nervous system eliciting an irritant

rapid knockdown effect on mosquitoes [35] and this together with the excito-repellent effect

of the pyrethroid in the standard pyrethroid LLIN could have contributed to the high levels of

early exiting and reduced blood-feeding rates observed when both interventions were com-

bined in a hut.

Overall, the results demonstrate the superiority of the organophosphate, pirimiphos-methyl

CS for IRS on its own and in combination with pyrethroid LLINs over bendiocarb and the pyr-

role, chlorfenapyr. However, this finding may not be generalisable to areas where vectors are

resistant to organophosphates. Indeed, previous experimental hut studies in Cote d’Ivoire

failed to demonstrate improved vector control with the combination compared to the

net alone when standard pyrethroid LLINs were combined with pirimiphos-methyl CS-treated

wall linings against a vector population that was resistant to pyrethroids and organophosphates

[36]. Resistance to organophosphates and carbamates is unfortunately increasing in malaria

vector populations especially in West Africa [37–40]. To mitigate its impact, vector control

programmes are encouraged to rotate between IRS insecticides with different modes of action

[41]. Considering that most IRS campaigns will usually be deployed against a background of

high LLIN coverage, effective IRS rotation plans should prioritise IRS insecticides which in

addition to providing improved and prolonged vector control, can efficiently complement

LLINs. Based on the findings of this study, chlorfenapyr IRS shows some potential to be a use-

ful addition to such IRS rotation plans in pyrethroid-resistant areas with high pyrethroid LLIN

coverage. It will be interesting to investigate the impact of combining pyrethroid LLINs with

other newly approved IRS formulations containing clothianidin [17].

The low mortality rates achieved with the standard pyrethroid net in this study (8%), fur-

ther demonstrates the threat of pyrethroid resistance on the efficacy of standard pyrethroid

nets. Pyrethroid resistance is widespread in malaria vectors across Africa and increasing in

intensity the more they are used [12]. A new generation of LLINs treated with a pyrethroid

and non-pyrethroid insecticide are now in advanced development. Studies have demonstrated

the potential of some of these nets to provide improved control of clinical malaria transmitted

by pyrethroid-resistant malaria vectors compared to standard pyrethroid nets [42–44]. As next

generation nets come into the market, and are rolled out in endemic countries, it will be essen-

tial to explore any possible interactions with the different types of IRS insecticides that could

be deployed together with them in a combined intervention approach.

Conclusions

Adding non-pyrethroid IRS to standard pyrethroid-only nets against a pyrethroid-resistant

vector population which was susceptible to the IRS insecticide, generally provided higher levels

of vector mosquito control compared to the pyrethroid net alone or IRS alone; the IRS inter-

vention was responsible for improved mosquito mortality while the pyrethroid net provided

blood-feeding inhibition. The combination with pirimiphos-methyl CS IRS was the most effi-

cacious. Adding chlorfenapyr IRS to the pyrethroid LLIN demonstrated an additive mortality

effect relative to both interventions alone. The combination with bendiocarb IRS provided the
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lowest levels of mortality owing to its short residual effect but also induced lower levels of mos-

quito feeding compared to combinations with the other IRS insecticides.
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