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Abstract. In response to rising insecticide resistance among malaria vector species, countries are implementing 
long-lasting insecticide treated nets (LLINs) coformulated with piperonyl butoxide (PBO), which can restore susceptibility 
to pyrethroid-based nets. In mid-2021, Kenya National Malaria Program rolled out PBO-LLINs in Bungoma County. We 
evaluated the susceptibility of wild-collected vectors to new versus used PBO-LLINs using the WHO cone bioassays. 
Results were confirmed with the WHO susceptibility assay. A total of 2,020 female Anopheles were tested, of which 
1,480 were wild-collected and 540 were a Kilifi-susceptible strain. Mortality after exposure to new PBO-LLINs was only 
68% in the wild-collected mosquitoes and as low as 34% when mosquitoes were exposed to used, 24-month old PBO- 
LLINs. Anopheles arabiensis was the main vector species that survived exposure. Susceptibility tests confirmed very low 
mortality after exposure to permethrin with or without PBO. Reduced sensitivity can be attributed partly to the aging of 
the net but also to very high levels of resistance in the local vector population.

INTRODUCTION

The introduction of long-lasting insecticide treated bed 
nets (LLINs) has been hailed for lowering malaria transmis
sion in endemic areas by killing foraging mosquitoes as they 
come in contact with the net.1,2 However, concerns about 
net efficacy in the face of increasing resistance to pyre
throids, the primary class of insecticides used in LLINs, have 
been raised.3–5 Next-generation LLINs are formulated with 
multiple compounds to improve efficacy and reduce the 
spread of insecticide resistance. One such product is the 
coformulation of LLINs with piperonyl butoxide (PBO) which 
acts as a synergist and restores sensitivity of resistant 
insects to pyrethroids.6,7 PBO nets are particularly effective 
in areas where mosquitoes have developed resistance 
to standard pyrethroid insecticides8 demonstrating higher 
mortality rates in resistant mosquito populations6,9 in com
parison with standard pyrethroid-only nets. Various field 
trials in Africa, including Kenya, Uganda and Tanzania, have 
demonstrated that PBO-LLINs significantly reduce malaria 
incidence compared with standard LLINs.9–12 Although PBO- 
LLINs are effective for restoring the efficacy of pyrethroid- 
based nets in field trials,8 the effectiveness and duration of 
protection under programmatic settings has not been estab
lished.13 In mid-2021, the Kenya National Malaria Program 
rolled out PBO-LLINs in two counties, including Bungoma 
County, to combat rising malaria cases likely attributable in 
part to vector sensitivity to pyrethroid-based nets. We evalu
ated the efficacy of the OlysetTM Plus PBO-LLINs against 
wild-collected malaria vectors across four villages in Bungoma 
County, 2 years after distribution.

MATERIALS AND METHODS

The study was carried out in Bungoma county,14 where 
malaria transmission is moderate15 and perennial. Olyset 

Plus nets (Sumitomo Chemical, New York, NY) containing 
permethrin (20 g/kg) and PBO (10 g/kg) were distributed to 
all households in July–August 2021. PBO-LLINs (Olyset Plus, 
permethrin 20 g/kg, and PBO 10 g/kg) used in households for 
24 months were randomly selected from 11 households in four 
villages. Untreated nets (100% Polyester, fine mesh and white 
in color) were used as negative control. New, unused PBO- 
LLIN (Olyset Plus) was used as a positive control. One new 
deltamethrin-based and a used permethrin-based conventional 
(without PBO) LLIN were also tested.

Wild Anopheles were collected as larvae from aquatic 
habitats across the same villages between June 2023 and 
February 2024. Larvae/pupae were reared using standard 
techniques until they emerged. Mosquitoes were maintained 
under standard conditions of temperatures of 27 6 2�C and 
75% 6 10% relative humidity, with a 12-hour day/night 
cycle. Non–blood-fed, 2–5-day old female Anopheles were 
used for all assays. A fully susceptible, laboratory-reared An. 
gambiae s.s. strain (“Kilifi strain”) was used as a reference.16

The nets were tested following the WHO cone bioassay 
protocol,17 where a 30-cm 3 30-cm piece was cut from two 
sides of the net and tested by exposing five female Anophe
les in a standard cone in four replicates for 3 minutes, after 
which they were transferred into paper cups.

Susceptibility tests were carried out on the wild-collected 
Anopheles mosquitoes using the standard WHO tube bioas
say protocol.18 The pyrethroids tested were deltamethrin 
0.05%, permethrin 0.75%, and alphacypermethrin 0.05%. 
Twenty unfed female Anopheles were exposed to each 
insecticide in four replicates by introducing them into tubes 
with test papers. Similarly, four replicates of 20 mosquitoes 
were exposed to PBO 4% papers for 60 minutes before 
pyrethroid exposure to compare the effect of the pyrethroid 
with and without PBO. Mosquitoes were exposed to untreated 
papers in two replicates as a control.

For both assays, we recorded the number of mosquitoes 
knocked down after one hour and killed after 24 hours. Mos
quitoes were maintained on 10% sucrose. For the cone 
assay, surviving and succumbed wild mosquitoes were mor
phologically identified into species.19 Members of the An. 
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gambiae complex were further identified as either An. ara
biensis, An. gambaie s.s., or other by polymerase chain reac
tion (PCR).20

RESULTS

A total of 1,180 female Anopheles were tested using cone 
bioassays; 640 locally caught wild mosquitoes and 540 Kilifi 
strain. In addition, 380 mosquitoes were exposed to an 
untreated net, and 800 were exposed to treated nets (Table 1). 
A total of 15 nets were tested; 11 used PBO-LLINs, 1 new 
unused PBO-LLIN, 1 used 1 new conventional LLIN, and 
1 used an untreated net (negative control).

Mortality after exposure to treated nets was significantly 
lower in the wild-collected versus susceptible vectors. Wild 
mosquitoes exposed to the unused deltamethrin LLIN had a 
knockdown of 45 6 10% (9/20) and mortality of 25 6 10% 
(5/20) in comparison with 100% (20/20) knockdown and 
100% (20/20) mortality for the fully susceptible Kilifi strain. 
The unused PBO-LLIN resulted in 95 6 6% (38/40) knock
down and 68 6 3% (27/40) mortality among the wild mos
quitoes, whereas the knockdown and mortality for the 
susceptible strain was 100% (20/20). As expected, there 
was no knockdown or mortality in the control assays with 
untreated nets (Table 1).

The used conventional LLIN resulted in only 30 6 13% 
(6/20) knockdown and 20 6 14% (4/20) mortality for the wild 
mosquitoes, in comparison with 90 6 6% (18/20) knock
down and 70 6 13% (14/20) mortality in the susceptible 
strain (Table 1). Used PBO-LLINs gave a knockdown of 47 6 3% 
(168/360) and mortality of 34 6 3% (124/360) for the 
wild-collected mosquitoes, in comparison with 86 6 2% 
(259/300) knockdown and 96 6 1% (287/300) mortality in 
the susceptible strain (Table 1).

There was a significant difference in mortality between the 
new and used PBO-LLINs for the wild mosquitoes (P 5 0.004); 
however, there was no statistical difference in mortality of wild- 
collected vectors exposed to used and unused pyrethroid-only 
LLINs (Figure 1). For the susceptible strain, mortality was 
high for both PBO and conventional nets, and there was no 
significant difference in mortality between new and used 
nets of either type.

Morphological identification revealed most of the wild- 
collected Anopheles belonged to the An. gambiae complex 
(77.8%), followed by An. squamosus (16.4%) (Figure 1B). 
Most of the mosquitoes that survived exposure to insecti
cide belonged to the An. gambiae complex (96%). Molecular 
analysis of a subset of the An. gambiae complex (n 5 180 

survived, n 5 180 succumbed) showed An. arabiensis was 
overrepresented in the sample of mosquitoes that survived 
in comparison with those that succumbed (Figure 1C).

To assess resistance, 840 female wild Anopheles were 
tested in susceptibility bioassays; 240 were exposed to 
untreated papers and 560 to pyrethroid-treated papers. After 
24 hours, mortality in wild-collected Anopheles due to deltame
thrin was 25 6 2% (20/80), alphacypermethrin at 26 6 12% 
(21/80), and permethrin at 18 6 4% (14/80) (Figure 2). When 
pyrethroids were tested after exposure to PBO, mortality by 
deltamethrin plus PBO was 91 6 4% (73/80), alphacyper
methrin plus PBO at 95 6 2% (76/80), and permethrin plus 
PBO at 46 6 8% (37/80). Mortality was 0% (0/80) for the 
untreated control.

DISCUSSION

Several studies have reported malaria vector resistance 
against pyrethroid insecticides used in LLINs. This resis
tance has been implicated in the reduced efficacy of the 
LLINs in controlling malaria transmission. Adding the syner
gist PBO to pyrethroid-based LLINs can restore susceptibil
ity of resistant vectors. This study compared the survival 
of wild-collected vectors and fully susceptible laboratory 
strains to new and used LLINs with or without PBO. Insecti
cide resistance in across the major malaria vectors in west
ern Kenya has been a growing concern, threatening the 
efficacy of vector control strategies such as the use of LLINs 
and IRS. Studies indicate that the resistance intensity is sig
nificant22–24 and is strongly thought to be due to varying 
agrochemical use in various agricultural ecosystems.25 An. 
gambiae complex, the major malaria vector in Bungoma, 
Kenya, has been reported to show high levels of resistance 
toward pyrethroids via the knockdown resistance (kdr) 
mechanism,21 and this could possibly explain why even the 
addition of PBO in the LLINs could not restore full suscepti
bility in these vectors.

The PBO-LLINs collected across four villages resulted in 
very low mortality in the wild Anopheles mosquitoes after 
two years of use. This could be due in part to the fact that 
the PBO degrades more quickly than the pyrethroid with 
which it synergizes; similar observations have been reported 
in other studies,13,21 including a study in Tanzania that 
reported very low levels of PBO in Olyset Plus nets after 
24 months of usage.9 However, susceptibility to new PBO- 
LLIN among wild vectors was less than 70%, suggesting 
that high levels of resistance plus PBO degradation are both 
contributing to low effectiveness of the nets.

TABLE 1 
Knockdown and mortality in Anopheles mosquitoes by PBO and conventional nets

Net Type Nets (n) Mosquitos (N)

Susceptible Wild

Exposed, n (%) Knocked Down, n (% 6 SE) Killed, n (% 6 SE) Exposed, n (%) Knocked Down, n (% 6 SE) Killed, n (% 6 SE)

Untreated 1 380 180 (47) 0 (0 6 0) 0 (0 6 0) 200 (53) 0 (0 6 0) 0 (0 6 0)
Pyrethroid only

New 1 40 20 (50) 20 (100 6 0) 20 (100 6 0) 20 (50) 9 (45 6 10) 5 (25 6 10)
Used 1 40 20 (50) 18 (90 6 6) 14 (70 6 13) 20 (50) 6 (30 6 13) 4 (20 6 14)

Pyrethroid plus PBO†

New 1 60 20 (33) 20 (100 6 0) 20 (100 6 0) 40 (66) 38 (95 6 6) 27 (68 6 3)
Used 11 660 300 (45) 259 (86 6 2) 287 (96 6 1) 360 (55) 168 (47 6 3) 124 (34 6 3)

PBO 5 piperonyl butoxide; SE 5 standard error.
† Olyset plus–permethrin (20 g/kg) and PBO (10 g/kg).
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Susceptibility tests also showed that all the four pyre
throids tested resulted in very low mortalities in the local 
vectors, below the WHO threshold for high pyrethroid 
resistance. Mortality was only partially restored with PBO 
exposure. This finding was particularly striking in the per
methrin plus PBO combination, where mortality was ,50% 

of the exposed mosquitoes, suggesting very limited utility of 
permethrin with or without PBO in this region. These observa
tions are consistent with other studies in Bungoma22 and cor
roborate the observed low mortalities in the net assays.

The increase in mortality when PBO was combined with 
pyrethroids indicates involvement of P450 monooxygenase 
as detoxifying enzymes conferring resistance against the 
pyrethroids. The addition of PBO was able to suppress 
the activity of the detoxifying enzymes and thus increase the 
sensitivity of the vectors toward the pyrethroids. However, in 
the case of permethrin, which demonstrated low mortality in 
wild-collected vectors without (18 6 4%) and with (46 6 8%) 
PBO, the persistent resistance of the wild vectors even when 
PBO was present indicates an additional mechanism of resis
tance other than the P450 monooxygenases.

An. gambiae s.l. was the predominant species collected 
and reared from this region. Molecular analysis showed that 
An. arabiensis was the main species of the complex and 
the largest portion of the population that survived exposure. 
A total of 25% of the An. gambiae s.l. that succumbed 
were neither An. arabiensis nor An. gambiae s.s., and it is 
unknown whether this subset of mosquitoes is contributing 
to human biting and malaria transmission.

The WHO recommends 3 years between net distribution 
campaigns. However, we observed PBO-LLINs have very 
low efficacy against local malaria vector populations after 
only 2 years of use. This low efficacy is attributed to net age 
and to high levels of resistance in the local vector population. 
The level of protection against malaria infection is likely to be 
greatly attenuated and short-lived.

This study had some limitations. First, the main focus of 
the study was to evaluate the efficacy of the used PBO 

FIGURE 1. (A) Anopheles mortality rates for new and used conventional and PBO LLINs across susceptible and wild strains. Points represent 
individual replicates (n 5 5 mosquitoes each) and are jittered for visualization. Box plots show medians and interquartile ranges. (B) Species distri
bution of wild Anopheles mosquitoes tested by cone assay, identified morphologically. Color indicates whether mosquitoes survived versus suc
cumbed. (C) Distribution of members of Anopheles gambiae complex mosquitoes, identified by polymerase chain reaction, in the succumbed and 
survived arms of the cone assay. 

FIGURE 2. Mortality of wild local vectors when exposed in standard 
WHO susceptibility assays to a pyrethroid-impregnated paper or 
exposed to piperonyl butoxide (PBO) followed by a pyrethroid. Con
trol experiments were conducted with plain paper with or without pre
exposure to PBO paper and show that there is no direct mortality 
effect of the PBO. The black squares show mortality after exposure to 
used nets (permethrin-impregnated with and without PBO) in the 
cone assay for comparison. Points represent mean mortality rates 
and error bars show the standard error. 
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LLINs (Olyset Plus) that were currently in use in the commu
nity 2 years after mass distribution. The other test LLIN cate
gories, the pyrethroid-only (both new and used), were just 
for quick comparison purposes only. In this regard we priori
tized using the mosquitoes for testing the PBO-LLINs, and 
thus very few mosquitoes were tested for the new PBO and 
pyrethroid-only LLINs. We strongly believe this does not 
compromise the outcomes on the efficacy of the used PBO- 
LLINs tested. Second, An. funestus mosquitoes were not 
collected for testing, though this vector is present in the 
study area but in lower proportion in comparison with the 
An. gambiae complex. This is because field mosquitoes 
were collected as larvae in the readily available open water 
pools within the villages, whereas An. funestus prefer to 
breed in habitats with lots of vegetation, especially rivers 
and streams where larval collection is in most cases not very 
practical and also does not yield high numbers of larvae 
ideal for bioassays.
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