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Abstract 

Background: Long-lasting insecticide-treated nets (LLINs) are one of the main methods used for controlling malaria 
transmission in Mozambique. The proliferation of several types of LLINs and the re-emergence of insecticide resist-
ance in the local vector populations poses challenges to the local malaria control programme on selecting suitable 
insecticide-based vector control products. Therefore, this study evaluated the insecticide susceptibility and bio-effi-
cacy of selected new LLINs against wild populations of Anopheles funestus sensu lato and A. gambiae s.l. from Northern 
and Central Mozambique. The study also investigated whether the insecticide contents on the LINNs fabrics were 
within the WHOPES recommended target range.

Methods: The susceptibility of 2–5 day old wild female A. funestus and A. gambiae sensu stricto against the major 
classes of insecticides used for vector control, viz: deltamethrin (0.05 %), permethrin (0.75 %), propoxur (0.1 %), 
bendiocarb (0.1 %) and DDT (4 %), was determined using WHO cylinder susceptibility tests. WHO cone bioassays 
were conducted to determine the bio-efficacy of both pyrethroid–only LLINs (Olyset®, Permanet 2.0®, NetProtect® 
and Interceptor®) and, Permanet 3.0® a combination LLIN against A. funestus s.s, from Balama, Mocuba and Milange 
districts, respectively. The bio-efficacy of LLINs against the insectary-susceptible A. arabiensis (Durban strain) was 
assessed, as well. Untreated bed net swatches were used as negative controls. Chemical analyses, by high perfor-
mance liquid chromatography, were undertaken to assess whether the insecticide contents on the LLINs fabrics 
fell within recommended target dose ranges. The frequency of kdr gene mutations was determined from a random 
sample of A. gambiae s.s. from both WHO susceptibility and cone bioassay experiments.

Results: Anopheles funestus from Balama district showed resistance to deltamethrin and possible resistance to 
permethrin, propoxur and bendiocarb, whilst A. gambiae from Mocuba district was susceptible to deltamethrin, 
bendiocarb and propoxur. There were no kdr mutants found in the sample of 256 A. gambiae tested. Overall, 186 LLIN 
swatches were tested. Mosquitoes exposed to Olyset® had the lowest knockdown (±standard error) and mortality
rate (±standard error) in all studied sites regardless of vectors species tested. Permanet 3.0 showed the highest bio-
efficacy independent of vector species tested and level of insecticide resistance detected. All types of LLINs effectively 
killed susceptible A. arabiensis Durban strain. The insecticide content of Olyset® and Permanet 2.0® was higher than 
the target dose but NetProtect® had a lower insecticide content than the target dose.
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Background
Long-lasting insecticide-treated bed nets (LLINs), often in 
association with indoor residual spraying (IRS), have for 
decades contributed to the reduction of malaria burden in 
sub-Saharan Africa [1, 2]. Notwithstanding recent reduc-
tions in morbidity and mortality, due to these interven-
tions the disease remains a major problem of public health 
in Mozambique. The disease is responsible for nearly 45 % 
of the all cases observed among hospital outpatients and 
approximately 56 % of internments in paediatric wards [3]. 
Despite a decline the rate of mortality of malaria remains 
high, accounting for approximately 26  % of all hospital 
deaths [4]. LLINs continue to be the key measure for vec-
tor control in rural settings throughout the country and, 
since the introduction of mass distribution campaigns 
in 2000, it has been estimated that more than 7.6 mil-
lion LLINs have been distributed, both by the Ministry of 
Health and partners [4]. Recently, a proliferation of several 
brands of LLINs in both rural and city markets has been 
observed. These largely derive from donations from public, 
private and civil organisations. Despite being beneficial to 
the population in needing of protection, an uncontrolled 
variety of nets might inadvertently, contribute to the devel-
opment and spread of new foci of pyrethroid resistant 
strains of the local vector populations. Evaluation of LLINs 
against local vectors in laboratory and field studies should 
be performed before mass distribution of any LLIN. More-
over, studies have reported that the chemical contents of 
some brands of LLIN occasionally differ significantly from 
the recommended target doses [5]. These findings, empha-
size the necessity for scrutiny and careful selection of 
insecticidal-based control measures since the exposure of 
local vectors to either sub-lethal or higher doses than that 
recommended for public health pesticides might poten-
tially exacerbate the problem of insecticide resistance, as 
shown elsewhere [6, 7].

Anopheles funestus, A. gambiae sensu stricto (s.s.) and 
A. arabiensis are the most important malaria vectors
found in Mozambique [8–11], whilst A. merus has been
reported as playing secondary role on malaria transmis-
sion along the coastal regions [12].

High levels of phenotypic and metabolic resistance 
against the pyrethroids, deltamethrin, permethrin and 

alpha-cypermethrin and the carbamates propoxur and 
bendiocarb, have been reported in A. funestus from 
southern Mozambique [13]. However, the mosquito 
remained fully susceptible to DDT and malathion [14]. 
Resistance to lambda-cyhalothrin, permethrin and ben-
diocarb was reported among A. funestus from Zambézia 
Province, in the Central region [15], whereas low levels of 
pyrethroid and malathion resistance was detected in the 
provinces located in South (Maputo, Gaza and Inham-
bane) and Centre (Zambezia and Manica) of the country 
[16]. Published data on the status of insecticide suscep-
tibility in the vector populations from Northern regions 
remain limited, notwithstanding, in 2006, Casimiro and 
colleagues [16] have reported full susceptibility to pyre-
throids, carbamates and DDT in the population of A. 
funestus from Pemba city, Cabo Delgado Province; in 
A. gambiae s.s. and A. arabiensis from Namialo district
and Nampula city, respectively, both at Nampula Prov-
ince. This distribution of the patterns of malaria vec-
tor resistance against the major classes of insecticides,
suggests that site-based evidence must be obtained to
improve the sustainability of vector control programmes,
as recommended in the WHO’s Global Plans for Insec-
ticide Resistance Management and Vector Control [17].
Therefore, laboratory study was conducted to evalu-
ate the response of malaria vectors from Central and
Northern Mozambique to selected types of WHOPES-
recommended LLINs. The current status of vector sus-
ceptibility to selected insecticides from all major classes
of insecticides, currently used for vector control, was also
assessed, as well as, the concentration of insecticide on
LLINs fabrics. The results are discussed with respect to
current malaria control policies in Mozambique.

Methods
Description of study sites
The study was undertaken during the dry season, from 
June to August 2012, in Cabo Delgado (northern region) 
and Zambezia provinces (central region of Mozambique). 
In Cabo Delgado province larvae survey were undertaken 
in Balama district (13°20.914′S, 38°34.183′E), located in 
the southern part of the province, whilst in Zambezia 
larvae were collected in Mocuba (16°51.00′S, 36°59.00′E) 

Conclusion: The study shows evidence of considerable heterogeneity in both insecticide susceptibility and the 
level of bio-efficacy of commonly available types of LLINs against wild A. funestus and A. gambiae from Balama, 
Mocuba and Milange districts, located in north and centre of Mozambique. The findings suggest that vector control 
approaches combining different types of insecticides might help to tackle the apparent problem of pyrethroid resist-
ance in the vector populations from these three sites. Results from bioassays on laboratory-susceptible A. arabiensis 
strongly suggest that LLINs can offer some protection against susceptible malaria vectors.

Keywords: LLINs, Bio-efficacy, Anopheles funestus, A. gambiae, Insecticide resistance, Insecticide content
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and Milange districts (16°5.810′S, 35°46.325′E) both 
located in the central and northeast part of Zambézia 
province, respectively. The three districts are among 
those having the highest malaria prevalence (≥40  %) in
the country [18] with a low level of interventions [19]. 
Balama district is located at an altitude ranging from 200 
to 570  m above the sea level. The climate is semi-arid 
with a rainy season from December to March. The mean 
annual precipitation ranges from 800 to 1200 mm, occa-
sionally reaching a maximum of 1500  mm in those vil-
lages closest to the coast. The monthly air temperatures 
fluctuate from 20 to 25 °C. The Ruassa river is one of the 
most important sources of surface water in the district. 
The district hydrography has been dominated by under-
ground rivers, which sometimes give rise to dispersed 
water bodies (locally known as Ndabo) due to either 
manmade excavations or through cracks that reach the 
surface.

Mocuba district is located at an altitude varying from 
200 to 400  m above sea level. The wet season is from 
November to February, whilst the dry season ranges from 
March to October, between which some irregular rain-
falls also occur. The mean annual rainfalls varies from 
850 to 1300 mm and the mean monthly air temperature 
varies from 20 to 27  °C. Licungo and Lugela rivers are 
the most important sources of permanent water in the 
district.

Milange district is located at the northeast region of 
Zambézia province at an altitude varying from 200 to 
1000  m above sea level. The district is boarded to the 
southeast by Mocuba district. The annual precipitation 
ranges from 800 to 1400  mm. The rainy season occurs 
between November and May and the mean monthly air 
temperature fluctuates from 24 to 26 °C.

In all three districts, during the wet season, the mean 
relative humidity varies from 60 to 80 %.

The people residing in the study sites are mainly sub-
sistence farmers who grow crops such as rice, maize, 
beans, and manioc and cotton on the banks of small 
streams or rivers. Most houses are built of bamboo rein-
forced with mud and covered by either thatched roofs or 
corrugated zinc sheets. Anopheles funestus is the most 
common malaria vector in Balama and Milange district 
whilst A. gambiae sensu lato (s.l.) is the most common in 
Mocuba district. Other Anopheles and culicinae species, 
such as A. tenebrosus, A. pharoensis, Mansonia spp. and 
Culex spp. occur also.

Mosquito collection
Mosquito larvae were collected in both known and 
potential breeding sites located along the main rivers 
and water collections usually found in the three districts. 
Larvae were collected using pipettes, dippers and bowls, 

depending on whether the breeding site was small or 
large one [20].

In Balama district larvae were collected in four breed-
ing sites; two situated in Kwekwe village (breeding site 1: 
13°45.567′S; 38°24.767′E and breeding site 2: 13°57.139′S; 
38°23.314′E) and the other two in Mavala (13°11.776′S; 
38°18.345′E) and Impiri (13°19.861′S; 38°15.684′E) vil-
lages. In Mocuba district larvae were collected in Mocuba 
city (16°50.997′S; 36°59.000′E), whilst in Milange dis-
trict collections were carried out in Majaua (16°16.919′S; 
35°26.998′E) and Molumbo (15°47.301′S; 35°59.741′E) vil-
lages (Fig. 1).

Larvae collected in Balama district were brought to 
the insectary located in Pemba city, the capital of Cabo 
Delgado province, whilst those collected in Mocuba and 
Milange districts were brought to the insectary located in 
the Quelimane city, capital of Zambezia province. Lar-
vae were transferred into bowls and held in the insectary 
at room temperature and humidity of 25.1 ±  2  °C and
80 ± 5.4 %, respectively, until eclosion to adult mosqui-
toes. Newly emerged adult females were sorted and iden-
tified morphologically according to available taxonomic 
keys [21]. Anopheles funestus and A. gambiae s.l. were 
kept in separate cages. Morphological identification was 
posteriorly confirmed by PCR analysis, for members of A. 
funestus group [22] and the A. gambiae complex [23].

Insecticide susceptibility tests
WHO susceptibility tests [24] were conducted to deter-
mine the susceptibility of collected vectors against per-
methrin (0.75  %), deltamethrin (0.05  %), bendiocarb 
(0.1  %), propoxur (0.1  %) and DDT (4  %). Only insecti-
cides used to treat LLINs, as well as, those insecticides 
that have already been used or are currently being used 
for IRS. Twenty-five sugar-fed, 2–5  years old, females 
were transferred into testing cylinders containing papers 
impregnated with insecticide. The knockdown rate of 
mosquito exposed to the insecticides was recorded each 
10 min, over 1 h exposure-period. At least four replicates 
were obtained for each type of insecticide tested, giving 
a minimum of 100 mosquitoes per insecticide. Concur-
rently, 50 mosquitoes (25 per cylinder) were exposed to 
papers impregnated with mineral oil to act as negative 
controls. Mosquitoes were later transferred into recov-
ery cups and provided with cotton wool soaked in 10 % 
glucose solution and the final mortality was recorded 
24  h later. If the mortality rate in the control cups was 
between 5 and 20 %, the final mortality rate was adjusted 
according to Abbott’s formula. When the mortality rate 
in the controls was >20 %, the test was discarded. Vectors 
were considered as being susceptible to a given insec-
ticide if mortality rate was ≥98  %, resistant if mortality
<80  % or possibly resistant if mortality was between 80 
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and 98 %. Mosquitoes from this test were later stored in 
tubes continuing silica gel and, a random sample of 194 
(94 A. funestus and 100 A. gambiae s.l) mosquitoes was 
taken for molecular identification of vector complexes 
members [23]. Those specimens identified as either A. 
gambiae or A. arabiensis were later screened for the pres-
ence of target-site resistance kdr (East and West) muta-
tions by allele-specific polymerase chain reaction, as 
suggested by Martin-Torre et  al. [25] and Ranson et  al. 
[26]. These mutations have often been found associated 
with pyrethroid/DDT cross-resistance in populations of 

A. gambiae s.s., A. arabiensis and other vectors [27] but
not reported in members of the A. funestus group [28].

Extraction and preparation of LLINs sub‑samples
The main goal was to determine the bio-efficacy and 
insecticide content of LLINs available in Mozambique. 
Five types of rectangular LLINs were investigated 
namely: pyrethroid-only Olyset® (polyethylene fabric 
incorporated with 20  g/kg of permethrin), Permanet 
2.0® (polyester fabric coated with 55 mg/m2 of deltame-
thrin), NetProtect® (polyethylene incorporated with 

Fig. 1 Map of Mozambique showing the geographical location of the sites where Anopheles funestus (Balama and Mocuba district) and Anopheles 
gambiae (Milange district) larvae were collected. In Balama district, larvae were collected in Malava, Impiri and Kwekwe villages; in Milange district 
larvae were collected in Majaua and Molumbo villages and in Mocuba district larvae were collected in Mocuba town
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1.8 g/kg of deltamethrin), Interceptor® (polyester coated 
with 200  mg/m2 of alpha-cypermethrin) and combi-
nation LLINs Permanet 3.0®. Permanet 3.0® is made 
mainly of polyethylene fabric incorporated with 2.1  g/
kg ± 25 % of deltamethrin alone (on the upper sides) and
4  g/kg ±  25  % of deltamethrin combined with 25  g/kg
of a synergist piperonil butoxide (PBO) on the roof and 
coated with 2.8 g/kg ± 25 % of deltamethrin on the lower
sides, also called borders. The lower sides are reinforced 
with polyester fabric [29, 30]. The PBO acts by enhanced 
the penetration rate of the insecticide deltamethrin 
through the insect cuticle inhibiting, thereby, the insects 
defence mechanisms, particularly the effect of enzymes 
P450 monooxygenases [31]. Olyset® and Permanet 2.0® 
are usually distributed as part of either mass or antena-
tal distribution campaigns whilst NetProtect® and Inter-
ceptor® are available for purchase at some local markets. 
Therefore, Olyset® and Permanet 2.0® were obtained 
through public and private partners of the Mozambique 
Ministry of Health, currently supporting the National 
Malaria Control Programme (NMCP) whereas, NetPro-
tect® and Interceptor® were obtained by convenience 
and availability from the local markets. The hygiene con-
ditions in the particular place of selling, as well as, the 
storage conditions of the LLINs was carefully inspected 
before proceeding with the purchasing of the nets. The 
combination LLINs PermaNet 3.0® were kindly donated 
by Vestegaard Frandsen Ltd. All LLINs were carefully 
inspected to verify the physical integrity of the packet, 
manufacturing date and batch number.

Three samples of each LLIN were obtained. For each 
pyrethroid-only LLIN, (viz: Olyset®, Permanet 2.0®, Net-
Protect® and Interceptor®), three 30 ×  30  cm swatches
from each long side and from the roof of the net were 
taken, making a total of 9 (3 ×  3 LLINs) swatches per
type of LLINs, whilst for the combination LLIN (Per-
maNet 3.0®), two swatches from the long lower sides 
(borders), two from the long upper sides and one from 
the roof were taken, giving a total of 15 (5 ×  3 LLINs)
samples. Individual samples were wrapped in aluminium 
foil and placed inside plastic labelled zip lock bags to pre-
vent possible cross-contamination between sub-samples.

WHO cone bioassay
WHO Cone bioassays were conducted with 2–5 day old 
sugar-fed females following standard WHO procedures 
[32]. Four cones, each containing five mosquitoes, were 
put in contact to 30 ×  30  cm swatches taken from the
sides and roof of pyrethroid-only LLINs (Olyset®, Per-
manet 2.0®, NetProtect® and Interceptor®) and combina-
tion LLIN (PermaNet 3.0®). Mosquitoes were exposed for 
3  min after which were transferred into recovery paper 
cups and provided with cotton wool soaked in a solution 

of 10  % glucose. Each swatch was tested twice, giving a 
total of 40 mosquitoes tested per swatch, i.e., 20 mosqui-
toes per 2 replicates. Mosquito knockdown rate (KD) was 
recorded every 30 min during a 1-h post-exposure period 
(KD 60) and the final mortality rate (MT) was determined 
24  h post-exposure. The mortality rate was corrected 
using Abbott’s formula when mortality in the control was 
5–20 %. Otherwise, if mortality rate in the control tube 
was >20 %, the bioassay round was discarded and a new 
test was conducted. A total of 360 mosquitoes (40 mos-
quitoes × 3 swatches × 3 LLINs samples) were used to
test each type of pyrethroid-only LLIN whilst, 600 (40 
mosquitoes × 5 swatches × 3 LLINs samples) were used
to test Permanet 3.0®. A random sample of 477 (321 A. 
funestus and 156 A. gambiae s.l.) mosquitoes from this 
assay was used for molecular identification of vector 
complexes members and determination of kdr (West-
East) resistance allele mutations, as above indicated [25]. 
Cone bioassays were also conducted against a suscepti-
ble colony of A. arabiensis (Durban strain) maintained 
at the entomology laboratory of the National Institute of 
Health (INS) in Maputo city. These tests were conducted 
at a room temperature and relative humidity of 25 ± 2 °C
and 80 ± 5 %, respectively. The susceptibility status of the
colony against the classes of insecticides commonly used 
for vector control has been assessed every 6  months. 
Sub-samples from an untreated bed-net were used con-
currently as negative controls of the bioassays.

Chemical analysis for insecticide contents
Additional samples of netting from the sides of pyre-
throid-only LLINs and Permanet 3.0® were collected for 
chemical analysis to determine if the insecticide content 
of the fabric was within the recommended target range. 
The insecticide content was determined through High 
Performance Liquid Chromatography (HPLC) using 
protocols developed by the Collaborative International 
Pesticides Analytical Council (CIPA) [33, 34]. Thus, del-
tamethrin was extracted in a mixture of iso-octane and 
1,4-dioxane solution and the concentration was deter-
mined by normal-phase HPLC using dipropyl phthalate 
as internal standard and detection at 236  nm, whilst, 
alpha-cypermethrin was extracted with n-hexane and 
1, 4-dioxane (95:5 v/v), shaken, sonicated and later fil-
tered on a 0.45  mm Teflon membrane. Permethrin and 
piperonil-butoxide (PBO) were both extracted in the 
presence of hot xylene followed by drying, reconstitution 
and filtrations process before the final concentration was 
determined by HPLC. Insecticide concentration (IC) was 
calculated using the formula (An/As) ×  Cs ×  (Vn/ms),
where An is the area of the insecticide peak in net sam-
ple, As is average area of the insecticide peak in the work-
ing standards (from a single point calibration prepared at 
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the target concentration), Cs is average concentration of 
the working standards (mg/ml), Vn is volume of sample 
solution (100 ml) and ms is mass of net sample [35].

Statistical data analysis
The significance of the differences between knockdown 
(KD 60) and mortality rates of mosquitoes exposed 
to different types of LLIN were analysed by General-
ized Linear Mixed Models (GLIMM) using binomial 
error distribution and logit link function [36]. Initially, 
GLIMM tests were applied using lme4 v. 1.1–7 pack-
age [37], the type of LLIN was considered as fixed fac-
tor, whilst the sides and roof of it was considered as a 
random factor nested within each bed net type, so as 
to account for any possible non-constant variability 
of knockdown and mortality rates between the side of 
LLINs and any possible correlations between repeated 
measures taken from the same swatch. Subsequently, 
the fitted models for each study site and species tested 
were used to determine the significance of difference of 
KD 60 and mortality rate between the types of LLINs 
using the package multcomp v. 1.3–7 [38]. The Tukey 
HSD test was applied to assess the significance of the 
differences. The p-values estimated by the Tukey HSD 
test was adjusted to account for multiplicity and cor-
relation between statistics using the Westfall truncated 
closed test procedure, implemented also with multcomp 
v. 1.3–7 [39]. Probit regression analysis was applied
to mortality rates from the susceptibility tests to esti-
mate the median exposure time necessary to kill 50  %
(KDT50) and 95  % (KDT95) of the vector populations
when exposed to each class of insecticides tested, using
the package drc [38]. All statistical analysis were per-
formed using R v. 3.1.2 [40].

Ethical considerations
The study received ethical approval by the National 
Committee of Bioethics of the Mozambique Ministry of 
Health, under the registration number 06/CNBS/12.

Results
Vector populations
1680 A. funestus from Balama and 1670 Mocuba districts 
and 1720 A. gambiae s.l. from Milange district were used 
to perform cone bioassays. 10 data points of Permanet 
3.0 from Milange district were missing. Additionally, 500 
A. funestus and 400 A. gambiae were used to undertake
the susceptibility tests against Propoxur, Deltamethrin,
Permethrin, Bendiocarb and DDT.

All 415 members of the A. funestus group analysed by 
PCR were A. funestus s.s and all 256 A. gambiae s.l. were 
A. gambiae s.s, S form. Therefore we presume that these
were the only two vector species in the study.

Insecticide susceptibility
The knockdown rates of A. funestus s.s. and A. gambiae 
s.s. (henceforth A. funestus and A. gambiae) exposed to
five selected insecticides are showed in Fig. 2a, b, respec-
tively. The probability of an insect being knocked down
during the first 30 min of exposure varied from 0 to 46 %
(in A. funestus) and 0 to 50 % (in A. gambiae), suggesting
that a high frequency of resistant strains in the two vector
populations. These results were later corroborated by the
estimates of the median time (in minutes) required to kill
50 % [KDT50 (±95 % CI)] and 95 % [KDT95 (±95 % CI)] of
the vectors populations when exposed to the same insec-
ticides (Tables  1, 2). There was no expressive difference 
between these estimates for either species. The smallest 
KDT50 estimate for A. funestus was observed when mos-
quitoes were exposed to propoxur [29.37 (27.17–31.58)], 
whilst the smallest KDT95 was observed against ben-
diocarb [58.84 (53.18–64.50)]. The shortest KDT50 and 
KDT95, in A. gambiae was observed with deltamethrin 
[31.61 (29.81–33.41)], bendiocarb [33.28 (31.55–35.01)] 
and propuxor [34.9 (33.24–36.61)] whilst, the shortest 
KDT95 estimate was 62.29 (56.32–68.26) obtained against 
bendiocarb and propoxur, respectively.

In Balama district, the mortality rates of A. funestus 
recorded 24  h post-exposure, suggest that it might be 
resistance to virtually all four types of insecticides tested 
(Table  1). In Mocuba, on the other hand, results sug-
gested that A. gambiae might be resistant to permethrin, 
propoxur and DDT and, susceptible to deltamethrin and 
bendiocarb (Table 2). However, molecular analysis failed 
to reveal the presence of kdr gene mutant alleles in ran-
dom sample of 250 specimens of A. gambiae tested. Sus-
ceptibility tests were not performed on mosquitoes from 
Milange district due to the low number of mosquitoes 
collected.

Bio‑efficacy of LLINs against wild‑caught vector 
populations
135 LLINs swatches were obtained, 90 from pyrethroid-
only LLINs and 45 from combination Permanet 3.0®. 84 
swatches were tested against A. funestus from Balama 
(42/135) and Mocuba (42/135) districts and 51/135 
against A. gambiae from Milange district, respectively 
the knockdown (KD 60) and mortality rates of the two 
species exposed to the five types of LLINs are depicted 
on Table 3 and Fig. 3. There was a significant difference 
in both knockdown (F = 151.52, P < 0.0001) and mortal-
ity rates (F = 181.74, P < 0.0001) of mosquitoes exposed
to LLINs. In addition, there was also a significant cor-
relation between the knockdown rate and mortality rate 
(R2 =  0.857, P  <  0.0001), when the data were stratified
by species and study sites, indicating that previous expo-
sure of mosquitoes to insecticides on bed nets explained 
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Fig. 2 Response curves showing the probability of knockdown of Anopheles funestus a from Balama distric and Anopheles gambiae s.s b from 
Mocuba district exposed to selected types of insecticides over 60 min exposure-time
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85.7  % of the total variation of mortality rates recorded 
24 h post-exposure. Therefore, further statistical analyses 
were mainly focused on mortality rates as an indicator of 
bio-efficacy.

In general, the pyrethroid-only Olyset® (perme-
thrin incorporated) showed the lowest bio-efficacy 
(mean ± standard error) against A. funestus from Balama
(20.9 ±  2.34) and Mocuba (38.07 ±  3.07) and A. gam-
biae from Milange (40.77 ± 2.82) when compared to the

same vectors exposed to other types of LLINs (Table 3). 
The highest bio-efficacy was observed with deltame-
thrin coated (Permanet 2.0®), deltamethrin incorporated 
(NetProtect®) and deltametrin incorporated/coated plus 
piperonyl-butoxide (PBO) incorporated Permanet 3.0® 
(Table  3). The LLIN Interceptor® (alpha-cypermetrin 
coated) was only tested against A. gambiae from Milange 
district. The mortality rate (±standard error) of A. gam-
biae exposed to Interceptor® was 77.84 ± 2.16. This was

Table 1 Mortality rate of  Anopheles funestus from  Balama district exposed to  four types of  insecticides and, the esti-
mated median time (in minutes) required to kill 50 % (KDT50 ± 95 % CI) and 95 % (KDT95 ± 95 % CI) of the vector popula-
tion when exposed to the same insecticides

Insecticide Mosquito  
tested

KDT50 (± 95 % CI) KDT95 (± 95 % CI) Mortality rate

Deltamethrin (0.05 %) 100 52.81 (47.11–58.51) 203.07 (127.33–278.81) 85

Permethrin (0.75 %) 100 31.33 (29.28–33.38) 77.08 (65.88–88.29) 97

Bendiocarb (0.1 %) 100 32.42 (30.78–34.06) 58.84 (53.18–64.50) 92

Propoxur (0.1 %) 100 29.37 (27.17–31.58) 85.92 (70.97–100.88) 94

Table 2 Mortality rate of  Anopheles gambiae from  Mocuba district exposed to  five types of  insecticides and, the esti-
mated median time (in minutes) required to kill 50 % (KDT50 ± 95 % CI) and 95 % (KDT95 ± 95 % CI) of the vector popula-
tion when exposed to the same insecticides

Insecticide Mosquito  
tested

KDT50 (95 % CI) KDT95 (95 % CI) Mortality rate

Deltamethrin (0.05 %) 125 31.61 (29.81–33.41) 75.24 (65.82–84.65) 99.2

Permethrin (0.75 %) 100 32.26 (30.25–34.27) 75.11 (64.80–85.42) 97

Bendiocarb (0.1 %) 100 33.28 (31.55–35.01) 62.29 (56.32–68.26) 99

Propoxur (0.1 %) 100 34.9 (33.24–36.61) 62.29 (56.33–68.26) 98

DDT (4 %) 100 42.6 (40.51–44.69) 81.59 (71.40–91.77) 97

Table 3 Knockdown (KD 60 ± standard error) and mortality (±standard error) rates of A. funestus (Balama and Mocuba
district) and  A. gambiae from  Milange district tested against  five brands of  Long-lasting insecticide-treated bed nets 
(LLINs)

(–) Not tested

Highlighted cell indicates where significant difference between knockdown and mortality rate was found at 5 % significance level

LLINs Mosquito tested 
per site

Bio‑efficacy indexes Study districts

Balama (A. funestus) Mocuba (A. funestus) Milange (A. gambiae)

Olyset 360 KD 60 (±se) 35.55 (±3.15) 49.14 (±2.47) 57.5 (±2.71)

Mortality rate (±se) 20.9 (±2.34) 38.07 (±3.07) 40.77 (±2.82)

Permanet 2.0 360 KD 60 (±se) 69.72 (±3.40) 78.61 (±2.18) 91.25 (±1.30)

Mortality rate (±se) 60.48 (±3.64) 81.94 (±2.32) 89.65 (±1.65)

Permanet 3.0 600 KD 60 (±se) 93.33 (±1.12) 85.16 (±1.43) 99.64 (±0.36)

Mortality rate (±se) 85.5 (±2.09) 90.16 (±1.27) 98.92 (±0.61)

NetProtect 360 KD 60 (±se) 61.38 (±2.79) 62.22 (±2.52) 83.88 (±1.61)

Mortality rate (±se) 23.95 (±2.34) 63.61 (±2.95) 78.87 (±3.56)

Interceptor 360 KD 60 (±se) – – 80.83 (±1.87)

Mortality rate (±se) – – 77.84 (±2.16)

9
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Fig. 3 Comparison of mortality rates of Anopheles gambiae s.s (Milange distric) and Anopheles funestus (Mocuba and Balama district) mosquito 
females exposed to different brands of LLINs. Letters above each bar display the significance of the difference of Mortality rates between pairs of 
bed nets, obtained by TukeyHSD at 5 % significance level. Mortality rates followed by the same letter are not statistically significant. The letters were 
sorted starting from lower (a) to higher (d) significant Mortality rate. P-values were adjusted using Westfall procedure (see Additional file 1 for further 
details)
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similar to that obtained with Netprotect® (78.87 ± 3.56;
P = 0.839). The mortality of A. funestus from Balama dis-
trict exposed to Netprotect® (23.95 ± 2.34) and Olyset®
(20.9 ±  2.34; P =  0.129) did not differ significantly (see
Fig. 3; Additional file 1, for further details).

Results of mortality rates of mosquitoes exposed to Per-
manet 3.0® were stratified by site of the bed-net, namely, 
lower side (border), upper side and roof (Fig. 4). The mor-
tality rate of A. funestus from Balama district exposed to 
roof sub-samples was significantly higher than of those 
exposed to samples from lower sides [Estimated differ-
ence ± standard error (se) = 18.54 ± 5.47; P = 0.003] and
upper sides [Estimated difference ±  se =  17.71 ±  5.46;
P = 0.003]. A similar result was obtained with A. funestus
from Mocuba district, i.e. estimated difference (±se) roof
vs. lower side (11.88 ± 3.31; P = 0.0013); roof vs. upper
side (10.63 ± 3.31; P = 0.0017). There was no significant
difference of mortality rates of A. gambiae from Milange 
district, exposed to swatches from either sides of Per-
manet 3.0® (Fig. 4; Table 4; Additional file 2).

Bio‑efficacy against colony susceptible vectors
A total of 51 swatches (36 from pyrethroid-only LLINs 
and 15 from combination Permanet 3.0®) were tested 
against the colony of susceptible A. arabiensis (Dur-
ban strain). The knockdown and mortality rates from 
this bioassay indicate that all type of LLINs performed 
well against this mosquito (Table  5). The mortality 
rate (±standard error) varied from 90.36  ±  1.34  % to
100 ± 0.00 % when mosquitoes were exposed to Olyset®,
Permanet 2.0® and Permanet 3.0®, respectively. Compar-
isons between the mortality rates of wild-caught A. funes-
tus and A. gambiae (see Table  4) and the A. arabiensis 
colony (Table 5) indicated that the mortality rate of the A. 
arabiensis exposed to both Olyset® and NetProtect® was 
two to four times higher than the rates obtained with A. 
funestus from Balama and Mocuba district and A. gam-
biae from Milange district (see Additional file  3). There 
was no expressive difference of the ratios between the 
mortality rates of susceptible and wild-caught mosqui-
toes exposed to Permanet 2.0®, Permanet 3.0® and Inter-
ceptor® (Additional file 3).

Insecticide contents on the LLINs
Fifty-one swatches were assessed for insecticide con-
centration, 36 from pyrethroid-only LLINs and 15 from 
combination Permanet 3.0®. The results indicated that, 
the insecticide concentration on the swatches from sides 
(1.0 g/kg) and roof (1.0 g/kg) of NetProtect® were below 
the target dose range (1.8 g/kg) whereas, the sides (23.2 g/
kg) and roof (23.6 g/kg) of Olyset® and roof (73.2 mg/m2) 
of Permanet 2.0® had insecticide content above those 
specified by manufacturers (Table 6).

Discussion
Vector susceptibility to insecticides
The results from WHO susceptibility tests indicate that 
the A. funestus population from Balama district, Cabo 
Delgado Province, has possibly became resistant to all the 
four types of insecticides tested two of which were pyre-
throids and two carbamates viz: deltamethrin (0.05  %), 
permethrin (0.75  %), bendiocarb (0.1  %) and propoxur 
(0.1  %), respectively. Resistance against the two pyre-
throids may be due the over expression of the enzymes 
P450 mono-oxigenases [41], whilst resistance to carba-
mates may be to an elevated production of acetylcho-
linesterase [27]. Prior to undertaking this study, there 
was no previous report about the susceptibility status of 
malaria vectors from Balama district. However, results 
from this study contrast with that obtained in 2006 by 
Casimiro et  al. [16] in Pemba city, located at approxi-
mately 250 km from Balama district, which reported full 
susceptibility (100 % of mortality) of A. funestus to lamb-
dacyalothrin (0.05  %), deltamethrin (0.05  %), propoxur 
(0.1  %), malathion (5  %) and DDT (4  %). The authors 
also detected an elevated expression of glutathione-S-
transferase (GST) in the wild population of A. funestus 
compared to laboratory-resistant Aedes aegypti strains. 
As such, the resistance to DDT found in Balama district 
may probably be related to elevated expression of GST 
associated with resistance to DDT in several insect pop-
ulations, including malaria vectors [27]. Recently, it has 
been demonstrated that a single mutation (GSTe2) in the 
sequence of the gene that encodes for GST in A. funestus 
from Benin, can confer resistance to both DDT and pyre-
throids [42]. Previous studies from Southern Mozam-
bique have also reported a high level of pyrethroid 
resistance in A. funestus [13] consistently associated with 
a high expression of cytochrome P450 mono-oxygenases 
[43, 44]. Unfortunately, in Mocuba city, the number of A. 
funestus collected was not enough to perform suscepti-
bility tests, other than those used for the cone bioassay. 
Meanwhile, approximately 500 larvae of A. gambiae were 
collect. Adults derived from these larvae were used to 
perform the susceptibility tests (Fig. 2b; Table 2). Results 
indicate that A. gambiae from Mocuba city remains 
susceptible to bendiocarb (0.1  %), propoxur (0.1  %) and 
deltamethrin (0.05 %) but is possibly resistant to perme-
thrin (0.75  %) and DDT (4  %). These findings contrast 
with those from Abilio and colleagues [15], who, in 2011, 
reported full susceptibility of A. gambiae s.l. to pyre-
throids and DDT.

There were no kdr gene resistant mutants detected in 
a random sample of n = 256 A. gambiae tested, despite
the susceptibility tests suggesting resistance to DDT and 
pyrethroids. The kdr resistance mechanism has been con-
sistently associated with cross-resistance to pyrethroid 
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Fig. 4 Comparison of mortality rates of Anopheles gambiae s.s (Milange distric) and Anopheles. funestus (Mocuba and Balama district) mosquito 
females exposed to sides and roof of Permanet 3.0. Letters above each bar display the significance of the difference of Mortality rates between pairs 
of bed nets, obtained by TukeyHSD at 5 % significance level. Mortality rates followed by the same letter are not statistically significant. The letters 
were sorted starting from lower (a) to higher (d) significant Mortality rate. P-values were adjusted using Westfall procedure (see Additional file 2)

12



Page 12 of 15Abílio et al. Malar J  (2015) 14:352 

and DDT in populations of A. gambiae and A. arabiensis 
[27]. The mechanism is yet to be identified in A. funestus 
[28]. Unfortunately, metabolic resistance assays were not 
carried out in this study. Therefore the insecticide resist-
ance mechanism involved in conferring resistance among 
these insects is not known yet. Riveron et  al. [42] have 
recently reported that a single amino acid change in the 

binding pocket of the glutathione-s-transferase epsilon 2 
(GSTe2) gene confers a high level of DDT resistance and 
also cross-resistance to pyrethroids in A. funestus. The 
expression of GSTe2 mutation has also been widely docu-
mented in A. gambiae [45].

Bio‑efficacy of pyrethroid‑only LLINs
This study is the first to determine the response of 
wild-caught malaria vectors from Central (Mocuba 
and Milange districts) and Northern (Balama district) 
regions of Mozambique to commonly available types of 
LLINs. The results of cone bioassay indicated that the 
bio-efficacy of pyrethroid-only LLINs varied significantly 
depending on the vectors species tested (Fig.  3; Addi-
tional file  1). Overall, Olyset® and NetProtect® showed 
a dramatically lower bio-efficacy, regardless of vector 
species was tested (Table  3). Permanent 2.0® showed a 
higher bio-efficacy against both A. funestus from Balama 
and Mocuba city and against A. gambiae from Milange 
district, compared to either Olyset® or NetProtect®. 

Table 4 Knockdown (±standard error) and mortality (±standard error) rates of A. funestus (Balama and Mocuba district)
and A. gambiae s. from Milange district exposed to different sides of combination LLIN Permanet 3.0

Highlighted cell indicates where significant difference between knockdown and mortality rate of vector was found at 5 % significance level

Permanet 3.0 sides Mosquito tested 
per site

Bio‑efficacy indexes Study sites

Balama (A. funestus) Mocuba (A. funestus) Milange (A. gambiae)

Lower side (border) 240 KD 60 (±se) 90 (±2.06) 84.58 (±1.91) 100 (±0.00)

Mortality rate (±se) 81.46 (±3.69) 87.29 (±2.10) 98.33 (±1.15)

Upper side 240 KD 60 (±se) 93.33 (±1.92) 80 (±2.60) 99 (±1)

Mortality rate (±se) 82.29 (±3.35) 88.54 (±2.13) 99 (±1)

Roof 120 KD 60 (±se) 100 (±0.00) 96.67 (±1.55) 100 (±0.00)

Mortality rate (±se) 100 (±0.00) 99.17 (±0.83) 100 (±0.00)

Table 5 Knockdown (±standard error) and mortality rates
(±standard error) of  insectary-susceptible A. arabiensis 
(Durban strain) exposed to LLINs

Type of LLIN Mosquito  
tested

KD 60 ± se Mortality 
rate ± se

Olyset 360 68.33 ± 2.26 90.36 ± 1.35

Permanet 2.0 360 94.72 ± 1.12 100 ± 0.00

Permanet 3.0 600 98.17 ± 0.58 100 ± 0.00

NetProtect 360 83.89 ± 1.80 99.44 ± 0.39

Interceptor 360 80.56 ± 1.63 98.84 ± 0.57

Table 6 Comparisons between  measured and  target dose of  insecticide contents on  swatches from  sides and  roof 
of LLINs

Net type Active ingredient Net section Target mean  
dose

Target dose  
range

Measured  
mean dose

Measured dose 
within product 
target range?

Interceptor (IT) Alpha-cypermethrin Roof 200 mg/m2 150.0–250.0 204.2 mg/m2 Yes

Alpha-cypermethrin Sides 200 mg/m2 150.0–250.0 204.2 mg/m2 Yes

NetProtect (NP) Deltamethrin Roof 1.8 g/kg 1.35–2.25 1.0 g/kg Under

Deltamethrin Sides 1.8 g/kg 1.35–2.25 1.0 g/kg Under

Olyset (OL) Permethrin Roof 20 g/kg 17.0–23.0 23.2 g/kg Over

Permethrin Sides 20 g/kg 17.0–23.0 23.6 g/kg Over

Permanet 2.0 (PN2) Deltamethrin Roof 55 mg/m2 41.25–68.75 73.2 mg/m2 Over

Deltamethrin Sides 55 mg/m2 41.25–68.75 65.8 mg/m2 Yes

Permanet 3.0 (PN3) Deltamethrin Roof 4 g/kg 3.0–5.0 3.4 g/kg Yes

Deltamethrin Lower side (border) 2.8 g/kg 2.1–3.5 3.0 g/kg Yes

Deltamethrin Upper side 2.8 g/kg 2.1–3.5 3.1 g/kg Yes

PBO Roof 25 g/kg 18.75–31.25 28.8 g/kg Yes
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However, in Balama district Permanet 2.0® had a lower 
bio-efficacy compared to that observed in Mocuba and 
Milange districts (Table  3). The lower performance of 
these two type of pyrethroid-only LLINs, particularly 
against A. funestus from Balama district, may be due to 
the existence of resistant individuals in the local vec-
tor population as demonstrated in the WHO suscepti-
bility tests (Fig.  2a; Tables  1, 2). Olyset® and Permanet 
2.0® have been the two main brands of LLINs usually 
distributed as part of mass and antenatal distribution 
campaigns in Mozambique. Thus, results from Balama 
district strongly suggest that Olyset® and Permanet 2.0® 
may not be effectively killing A. funestus in those regions 
where there are resistant population foci. Studies should 
be extended to other locations of Balama district in order 
to get the current picture on both phenotypic and meta-
bolic insecticide resistance profile in the malaria vectors 
population and, thereby, be able to accurately predict 
the impact any control approach may have on the vec-
tor populations at district level. However, several stud-
ies have shown that LLINs still protect people against 
infectious mosquito bites despite insecticide resistance 
detected in the vector population, since the pyrethroids 
are also, to certain degree, repellent to mosquitoes [46] 
and, as long as the integrity of the fabric remains intact, 
the LLIN is also a physical barrier between sleepers and 
mosquitoes, [47]. In addition, more than 90 % of suscep-
tible A. arabiensis were killed when exposed to LLINs in 
bioassays (Table 5; Additional file 3), suggesting that the 
LLINs can control susceptible mosquitoes. Interestingly, 
the mortality rate of A. gambiae from Milange exposed 
to both Interceptor® and NetProtect® was statistically 
similar (P = 0.839) (see Table 3; Fig. 3; Additional file 1);
this suggest that the two types of LLINs might probably 
perform equally well in the field. Since they have been 
treated with different insecticide formulations then hav-
ing both nets in use may reduce the selective pressures 
that favour the occurrence of resistant strains in the vec-
tor compared to the situation when a single type of insec-
ticide or LLINs is used. Unfortunately, the bio-efficacy of 
Interceptor® against vectors from Balama and Mocuba 
was not assessed. However, the knockdown and mortal-
ity rate of A. funestus from Furvela village, in southern 
Mozambique, exposed to Interceptor® swatches, sug-
gested that the vector population was resistant to the 
insecticide (JD Charlwood et al., unpublished report).

Bio‑efficacy of combination Permanet 3.0®

Permanet 3.0® performed well against the two malaria 
vectors populations, irrespective of the level of resist-
ance to pyrethroids. Anopheles funestus from Balama and 
Mocuba district exposed to swatches from the roof had 
the highest mortality compared to mosquitoes exposed 

to the upper and lower sides of the net whilst the mortal-
ity rates of A. gambiae from Milange district was inde-
pendent of the location tested (Table 4; Fig. 4; Additional 
file 2). The higher mortality rates observed when mosqui-
toes were exposed to roofing swatches of Permanet 3.0® 
was probably due to the presence of the synergist PBO 
and the higher concentration of insecticide on the fabric 
of the roof of the net. In southern Mozambique, Brooke 
and colleagues [13] managed to revert the resistance 
of A. funestus against the lambda-cyalothrin after pre-
exposing the insect to PBO. This prompted the authors 
to suspect that the mean metabolic resistance involved 
at the time (in 2001) was the over expression of enzyme 
mono-oxygenases; later reported in A. funestus from 
Belulane district [43] and recently in A. funestus from 
Chókwè villages [44]. The higher concentration of del-
tamethrin in the roofing fabrics compared to sides of Per-
manet 3.0® may have also caused higher mortality rate 
of mosquitoes exposed to it. However, increased insecti-
cides concentration may be, per se, a counterproductive 
measure, since it can also contribute to rapid selection 
of resistant strains in the population, as discussed in 
[48]. Previous and recent field and laboratory works have 
reported better performance of combinations of “two-in-
one” approaches, i.e. the combination of pyrethroid and 
non-pyrethroid insecticides applied to different parts of 
the bed nets [49]. However, recent reports have dem-
onstrated that the better performance of Permanet 3.0® 
has been only achieved with unwashed bed nets [50, 51]. 
These studies have also noted that the biological activ-
ity of both deltamethrin and PBO tend to reduce signifi-
cantly after a few washes, despite a high concentration of 
the two insecticidal compounds [52], suggesting that fur-
ther investigation on insecticide retention by Permanet 
3.0® fabrics must be done to improve the field perfor-
mance of the net.

Insecticide concentration on bed nets
Chemical analysis of swatches from the sides and roof of 
the nets indicated that the insecticide content from the 
sides and roof of Olyset® and the roof of Permanet 2.0® 
was above the target dose. On the other hand, the insecti-
cide concentration of NetProtect® was below that recom-
mended dosage (Table 6). Intriguingly, Olyset® showed a 
low performed against both vectors species despite high 
level of insecticide found. This implies that different types 
of insecticide resistance mechanisms are involved. Labo-
ratory and field evidence has shown that the insecticide 
concentration on the fabric of a LLIN decays over time, 
for instance after 6 months of intensive usage and washes, 
as recently reported in Permanet 3.0® [51] or due to bad 
storage. However, in the present study new nets were 
tested. The integrity of the packets and the expiration 

Abílio et al. Malar J  (2015) 14:352 

14



Page 14 of 15

Abílio et al. Malar J  (2015) 14:352 

date of each type of LLIN were carefully verified before 
the extraction of the sub-samples. Therefore, the low 
insecticide content observed in NetProtect® swatches 
was caused by unidentified factors. Similar studies have 
reported significant differences of insecticide contents 
between the sides and roof of Permanet 2.0® [5] and Per-
manet 3.0® [53]. These findings have obvious operational 
implications since the concurrent exposure of vectors to 
varying doses of the same insecticides might potentiate 
resistance in the vector [6].

All types of LLINs tested in this study performed 
remarkably very well against the colony of susceptible A. 
arabiensis, maintained at the insectary of the National 
Institute of Health (INS) in Maputo.

Conclusion
Considerable heterogeneity in both, insecticide suscepti-
bility and the level of bio-efficacy of commonly available 
types of LLIN’s was observed among pyrethroid resistant 
populations of wild-caught A. funestus and A. gambiae 
from northern and central Mozambique. The findings 
suggest that vector control approaches by combining 
different types of pyrethroid-based methods, particu-
larly LLINs, might help to tackle the apparent problem 
of pyrethroid resistance in the malaria vectors such as 
these, as it would both increase the killing efficacy against 
the vectors and concurrently reduce the selective pres-
sures favouring the occurrence of resistant strains. The 
on-going management of insecticide resistance in vec-
tor control programmes is, obviously, mandatory for 
an effective malaria control. Results from bioassays 
against susceptible A. arabiensis strongly suggested the 
LLINs tested will still kill susceptible mosquitoes and 
so can help reduce transmission. Similar studies should 
be extended throughout the country in order to fill the 
gaps in the current knowledge concerning the status of 
phenotypic and metabolic resistance of malaria vectors 
populations, as well as, to determine the extent to which 
vectors might respond to insecticide-based vector con-
trol approaches prior to their implementation.

Additional files

Additional file 1: Results of pair-wise comparisons, obtained by Tuk-
eyHSD test, of overall mortality rates of mosquitoes exposed to different 
types of LLINs.

Additional file 2: Results of pair-wise comparisons, obtained by 
TukeyHSD, of mortality rates of mosquitoes exposed to different sides of 
Permanet 3.0.

Additional file 3: Ratio between the mortality rate of insectary-suscep-
tible Anopheles arabiensis (Durban strain) and the mortality rate of wild-
caught Anopheles funestus (from Balama, Mocuba district) and Anopheles 
gambiae s.s. from Milange district. The figure shows that the LLINs can still 
remarkably killing higher number (mortality rate > 90 %) of susceptible 
mosquitoes.
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Abstract 

Background: To increase the effectiveness of insecticide-treated nets (ITN) in areas of high resistance, new long-
lasting insecticidal nets (LLINs) called new-generation nets have been developed. These nets are treated with the 
piperonyl butoxide (PBO) synergist which inhibit the action of detoxification enzymes. The effectiveness of the 
new-generation nets has been proven in some studies, but their specific effect on mosquitoes carrying detoxifica-
tion enzymes and those carrying both detoxification enzymes and the knock-down resistance gene in Benin is not 
well known. Thus, the objective of this study is to evaluate the efficacy of LLINs treated with PBO on multi-resistant 
Anopheles gambiae s.l.

Methods: The study occurred in seven cities in Benin, Abomey, Cotonou, Porto-Novo, Zangnanado, Parakou, Malan-
ville and Tanguiéta, and included ten locations selected on a north–south transect. Mosquito larvae were collected 
from these sites, and adult females from these larvae were exposed to single-pyrethroid-treated nets (LifeNet, Per-
maNet 2.0, Olyset Net) and bi-treated nets (PermaNet 3.0 and Olyset Plus) based on their level of resistance and using 
WHO cone tests following WHO guidelines.

Results: The different LLINs showed 100% mortality of the susceptible laboratory strain Kisumu and the resist-
ant strain Ace-1R Kisumu. However, with the resistant laboratory strain kdr-Kisumu, mortality was low (16–32%) for 
all LLINs except PermaNet 3.0 (82.9%). The mortality of local strains carrying only the kdr mechanism varied from 0 
to 47% for the single-pyrethroid-treated LLINs and 9 to 86% for bi-treated LLINs. With local strains carrying several 
mechanisms of resistance (kdr + detoxification enzymes), the observed mortality with different LLINs was also low
except for PermaNet 3.0, which induced significantly higher mortality, usually greater than 75% (p < 0.001), with multi-
resistant strains. The inhibition of the mortalities induced by the LLINs (11–96%) on multi-resistant field populations 
was similar to the inhibition observed with the laboratory strain carrying only the knock-down resistance mechanism 
(kdr-Kisumu) (p > 0.05).

Conclusion: This study showed that the new-generation LLINs treated with pyrethroids and PBO showed better 
efficacy compared to conventional LLINs. Although the addition of PBO significantly increased the mortality of mos-
quitoes, the significant role of the kdr resistance gene in the low efficacy of LLINs calls for LLIN technology innovation 
that specifically targets this mechanism.
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Background
Malaria is a major public health problem worldwide, 
and particularly so in Benin. It remains a permanent 
threat from its high morbidity (214 million) and mor-
tality (438,000). Africa is the most endemic region 
affected (395,000 deaths per year) [1]. It affects one-
fifth of the world population. However, this proportion 
has decreased significantly by 37% between 2000 and 
2015 due to the effect of malaria prevention and treat-
ment methods, including long-lasting insecticidal nets 
(LLINs), indoor residual spraying of residual insecticides 
(IRS), chemo-prevention for pregnant women and chil-
dren, and therapeutic treatment with artemisinin-based 
combinations.

Among these prevention methods, LLINs have 
emerged in recent years as a privileged tool to prevent 
malaria. The insecticides selected by the World Health 
Organization (WHO) for LLIN treatment are pyre-
throids, which have little toxicity to humans, are effec-
tive at low doses, are fast acting (knock-down effect) 
and, along with repellants, have an irritant effect [2]. The 
Abuja Conference, which brought together all the leaders 
of Africa and other UN representative states, donors and 
NGOs in April 2000, gave impetus to a political commit-
ment to the fight against malaria with the use of insec-
ticide treated nets (ITNs) [3]. Efforts are being made to 
increase accessibility for populations, especially pregnant 
women and children under five, who are vulnerable to 
malaria, a major cause of perinatal mortality, low birth 
weight and maternal anaemia [1].

Several research studies have been conducted and 
have shown the effectiveness of ITNs in the fight against 
malaria in Burkina Faso [4], Cameroon [5], Gambia [6–
9], the Democratic Republic of Congo [10], Kenya [11], 
Ghana [12], Benin [13] and Côte d’Ivoire [14].

However, several studies have shown that Anopheles 
gambiae s.l. has developed strong resistance to pyre-
throids and DDT in Benin, with a very high knock-down 
resistance frequency of approximately 80% in the urban 
areas of Cotonou and in rural areas [15–23].

Despite this resistance developed by An. gambiae s.l. to 
pyrethroids, LLINs remain effective in vector resistance 
areas [24] and provide protection through their mechani-
cal barrier role [25]. However, Asidi et al. [26] showed a 
decrease in their effectiveness in areas of high resistance 
of Anopheles in southern Benin. Major developed resist-
ance mechanisms are the targets of modification (kdr 
resistance and ace-1R) and metabolic resistance (over-
expression of detoxification enzymes, oxidases, esterases, 
GST) [27]. The kdr mutation is associated with pyre-
throid and DDT resistance, and ace-1R is associated with 
organophosphate and carbamate resistance (two classes 
of insecticides which are not used to treat LLINs) [15, 28].

To increase the effectiveness of ITNs in areas of high 
resistance, new nets treated with a so-called new-gener-
ation of chemicals has been developed. They are treated 
with a synergist called piperonyl butoxide (PBO). For 
some LLINs, the PBO is used on all sides of the net 
(Olyset Plus®). For others, only the upper part of the 
net is processed (PermaNet® 3.0). The principle of an 
ITN synergist is to inhibit the action of detoxification 
enzymes, which will result in increasing the effective-
ness of the insecticide against resistant populations of 
mosquitoes.

Evidence of the efficacy of PermaNet 3.0 has been 
shown in some studies, particularly in Tanzania [29], 
but we do not know its specific action on mosquitoes 
carrying detoxification enzymes and on those carrying 
both detoxification and kdr mechanisms in West Africa, 
particularly in Benin. There have been limited data on 
the bio-efficacy of new-generation LLINs against multi-
resistant mosquitoes in Africa in general and particularly 
in Benin. Thus, the objective of this study is to evalu-
ate the efficacy of long-lasting insecticidal nets (LLINs) 
treated with PBO on multi-resistant An. gambiae s.l. 
populations in Benin. It aims to assess the bio-efficacy 
of LLINs in areas with a high frequency of molecular 
resistance genes (kdr and ace-1R) and over-expression of 
detoxification enzymes (oxidases, esterases, GST). The 
efficacy of the new-generation LLINs against pyrethroid-
resistant Anopheles was also compared to that of conven-
tional LLINs.

Methods
Study design
This study is transversal and compares variability of the 
efficacy of two different types of LLINs against An. gam-
biae s.l. carrying kdr resistance mutations and detoxifica-
tion enzymes in Benin. The two types of LLINs included 
conventional LLINs only treated with pyrethroids (Olyset 
Net, LifeNet, and PermaNet 2.0) and a second type of 
new-generation LLIN treated with pyrethroids and 
piperonyl butoxide (PBO), which inhibits the action of 
enzymes, particularly oxidases.

The study was conducted in Benin, a West African 
country from June 2015 to March 2016. Among the 12 
departments of Benin surveyed, seven were selected in 
this study (Atlantique, Littoral, Oueme, Zou, Borgou, 
Atacora and Alibori). Priority was given to areas where 
higher oxidase activity was observed compared to the 
susceptible strain An. gambiae Kisumu. They were rep-
resented by Abomey, Cotonou, Porto-Novo, Zang-
nanado, Parakou, Malanville and Tanguiéta districts. The 
assessment of oxidase activity was conducted on 50 An. 
gambiae s.l. collected from each district using haem-per-
oxidase assay as described by Brogdon et al. [30].
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The larvae of these mosquito populations were collected 
in different ecological areas (vegetable, urban, rice and 
cotton areas). The study was also conducted on resistant 
laboratory strains (kdr-Kisumu and ace-1R-Kisumu).

Study sites
Malanville
Malanville district is bordered on the north by the Repub-
lic of Niger, on the south by Kandi and Segbana districts, 
on the west by Karimama district and on the east by the 
Republic of Nigeria. It has an area of 3016 km2 and had a 
population of 144,843 inhabitants in 2013 (Fig. 1).

Tanguieta
It is bordered on the north by the Republic of Burkina 
Faso, on the south by Boukoumbe district, on the east by 
Kerou, Kouande and Tounkountouna districts and on the 
west by Materi and Cobly districts. It covers an area of 
5456 km2 and had a population of 77,987 inhabitants in 
2013 (Fig. 1).

Abomey‑Calavi
Abomey-Calavi is bounded on the north by Ze district, 
on the south by the Atlantic Ocean, on the east by Coto-
nou and So-Ava districts, and on the west Ouidah and 
Tori-Bossito districts. It has an area of 539 km2 and had a 
population of 438,564 inhabitants in 2013 (Fig. 1).

Cotonou
Cotonou is bordered on the North by So-Ava district and 
Nokoue lake, on the south by the Atlantic Ocean, on the 
east by Seme-Podji and on the west by Abomey-Calavi 
district. It has an area of 79 km2 and had a population of 
947,917 inhabitants in 2013 (Fig. 1).

Porto‑Novo
Porto-Novo is bounded on the north by Akpro-Missérete 
and Avrankou districts, on the south by Seme-Podji, on 
the west by Aguegues district and on the east by Adjarra 
district. It covers an area of 223,552 km2 and had a popu-
lation of 318,608 inhabitants in 2013 (Fig. 1).

Parakou
It is bordered on the north by N’Dali district and on the 
south, east and west by Tchaourou district; it has an area 
of 441 km2 and had a population of 213,498 inhabitants 
in 2013 (Fig. 1).

Zangnanado
This town is bounded on the north by Dassa-Zoume dis-
trict, on the south by Ouinhi and Zogbodomey districts, 
on the west by Cove, Zakpota and Djidja districts and 
on the east by Ketou and Adja-Ouere. It has an area of 

540  km2 and had a population of 52,387 inhabitants in 
2013 (Fig. 1).

Larvae collection
Bio-efficacy tests were conducted at various selected 
sites. Such tests required mosquitoes of 2–5  days old, 
so the larvae were collected. These collections were 
conducted in the different localities mentioned above. 
Anopheles gambiae s.l. larvae and pupae were collected 
from different locations at each site and carried to the 
insectarium of the Entomological Research Center of 
Cotonou (CREC), where they were reared to adult stage 
at a relative humidity of 70–80% and a temperature of 
25–30 °C. Female adults aged 2–5 days were used for bio-
efficacy tests.

Highlighting resistance mechanisms
Before the bioassays, living and dead mosquito popula-
tions kept after susceptibility testing were analyzed by 
PCR to detect the genotypes of the kdr gene. The detec-
tion of kdr mutation L1014F was performed according to 
the method of Martinez-Torres et al. [31].

For the molecular characterization of insecticide resist-
ance, two molecular markers were used for characteriza-
tion of the resistance genes, kdr and ace-1R.

Similarly, for the biochemical characterization of resist-
ance mechanisms, biochemical assays were performed 
to compare the activity levels of mixed function oxidases 
(MFO), non-specific esterases (NSE) and glutathione 
S-transferases (GST) according to the protocol described
by Hemingway et al. [32] in susceptible Kisumu and field
An. gambiae strains. The mosquitoes used for biochemi-
cal analysis had not been exposed to insecticides before
the biochemical assessment. These enzyme activities
were measured using a sample of 50 mosquitoes per site.

Mosquito nets
Five types of long-lasting insecticidal nets were evalu-
ated in this study. The group of mono-treated LLINs 
included LifeNet (polypropylene LLIN with fiber coated 
with 340 mg/m2 ± 25% deltamethrin), Olyset Net (poly-
ethylene LLIN with permethrin incorporated into the 
fibers at 20 ± 3 g/kg), and PermaNet 2.0 (polyester LLIN
with fiber coated with deltamethrin at 55 mg/m2 ± 25%).
The group of new-generation LLINs included: Olyset 
Plus (same characteristics as Olyset Net but with PBO 
incorporated throughout the LLIN) and PermaNet 3.0 
(polyethylene roof with deltamethrin at 2.8  g/kg ±  25%
and PBO at 4.0  g/kg  ±  25% incorporated into the fib-
ers, and polyester lateral sides with the fibers coated 
with deltamethrin at 2.8 g/kg ± 25%). All these nets were
obtained from local markets. All nets included in the 
study are rectangular and were selected by type.
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Cone test
The cone test is used to assess the effectiveness of an 
insecticide and its persistence on the net. It was con-
ducted following the WHO protocol. This test aims to 
compare the behaviour of mosquitoes while in contact 
with treated mosquito nets without PBO or with PBO.

Cone tests were performed on five types of nets (Olyset 
Plus, Olyset Net, LifeNet, PermaNet 2.0 and PermaNet 
3.0). These tests were carried out using fragments of 
LLINs (30 cm × 30 cm) cut from five (05) positions on 
each net. Two standard cones were fixed with a plastic 
sheet on each of the five (05) screen fragments. For Per-
maNet 3.0 LLIN, an additional two cones were added on 
the PBO-containing roof. Five unfed An. gambiae females 
aged 2–5  days (Kisumu or wild type) were introduced 
into each cone placed on the LLIN for 3 min. After expo-
sure, the mosquitoes were removed from the cones using 
a mouth aspirator and then transferred into paper cups 
and provided 10% sugar solution. Mosquito knock-down 
was recorded every 5 min for 60 min. A negative control 
(untreated net) was included in each series of cone tests. 
After 24  h of observation, mortality post exposure was 
recorded. No correction of mortality with Abbott’s for-
mula was used as mortality in the control was <5%. All 
these operations were carried out at a temperature of 
25 ± 2 °C and a humidity of 70 ± 10%.

Data analysis
According to the WHO, the bio-effectiveness threshold is 
95% knock-down and 80% mortality for laboratory mos-
quitoes; but for resistant field mosquito populations, we 
used a threshold of 70% knock-down and 50% mortal-
ity. Therefore, all nets showing less than 95% knockdown 
for laboratory mosquitoes and 70% for field mosquitoes 
after 60  min, or less than 50% mortality for laboratory 
mosquitoes and 50% for field mosquitoes after 24  h of 
observation, were considered ineffective. These knock-
down thresholds were chosen taking into account the 
kdr resistance level observed in the country in general 
(>50%).

The inhibition of mortality induced by resistance 
mechanisms was estimated using the following equation:

where p1 = proportion of resistant mosquitoes dead and
p2 = proportion of susceptible Kisumu mosquitoes dead.

To determine if there was any significance difference 
between the outcome variables (knock-down, mortality 
and inhibition), Poisson regression (for numeric data) 
and logistic regression (for proportional data) were used. 
The 50 and 95% knock-down times and their confidence 
intervals were obtained after log-probit regression using 
the method described by Finney [33].

Inhibition = 1 − (p1 / p2) × 100

Results
Characteristics of the studied mosquito populations
The majority of female mosquitoes were collected and 
identified morphologically as An. gambiae s.l. The bio-
chemical and molecular analyses indicated that among 
ten sites, five showed significantly higher oxidase activ-
ity than the susceptible strain Kisumu (Table 1). Esterases 
were significantly expressed in the Tanguieta mosquito 
population (Table  1). Over-expression of glutathione-
S-transferase was observed at four sites (Table 1). How-
ever, the allelic frequency of the kdr mutation was high at
almost all sites and ranged from 0.03 to 0.93.

Knock‑down (KD) and mortality of laboratory strains
Figure 2 shows the proportion of laboratory mosquitoes 
(ace-1R-Kisumu, kdr-Kisumu, and susceptible Kisumu) 
knocked down after 60  min for each LLIN. The Olyset 
Plus and PermaNet 3.0 LLINs induced 100% knock-down 
of An. gambiae Kisumu. The knock-down effect was 
96.15% for Olyset, 90.2% for LifeNet and 93.22% for Per-
maNet 2.0.

With the ace-1R-Kisumu strain, which carries the ace-
tylcholinesterase-1 resistance gene, there was a knock-
down effect greater than 95% for all nets, with 98.11% for 
LifeNet, 100% for Olyset, 98.18% for Olyset Plus, 97.96% 
for PermaNet 2.0, and 98.78% for PermaNet 3.0 (Fig. 2).

For the kdr-Kisumu strain (carrying the resistance 
knock-down), the knock-down effects observed were 
89.29% for LifeNet, 63.64 for Olyset Net, 71.43% for 
Olyset Plus, 45.78 for PermaNet 2.0 and 71.05% for Per-
maNet 3.0 (Fig. 2).

Kisumu and ace-1R-Kisumu (Fig.  3). With the kdr-
Kisumu strain, mortality was 16% for Olyset Net, 26% for 
PermaNet 2.0, 28% for LifeNet, and 32.1% for Olyset Plus 
but was more than 82.9% for PermaNet 3.0. Therefore, 
based on the bio-efficacy threshold set by WHO (80%), 
PermaNet 3.0 was effective on all laboratory strains, and 
Olyset Plus was only effective on the susceptible and ace-
R1-Kisumu strains (Fig. 3).

Inhibition of mortality conferred by the kdr resistance gene
Comparing the mortality observed with the suscepti-
ble Kisumu strain with that of the resistant kdr-Kisumu 
strain, the inhibition of mortality induced by the kdr gene 
regarding the effectiveness of LLINs was 84% for Olyset 
Net, 74% for PermaNet 2.0, 72% for LifeNet, 68% for 
Olyset Plus and 17% for PermaNet 3.0.

Knock‑down (Kd) effect and mortality induced 
by mosquito nets on local An. gambiae s.l.
Approximately 2819 local An. gambiae s.l. mosquitoes 
and 889 An. gambiae Kisumu laboratory strain mosqui-
toes were tested on different types of LLINs. Tables 2 and 
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Fig. 1 Map of Benin showing the study locations
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3 show the percentage of local strain mosquitoes knocked 
down after 60 min for LifeNet, Olyset Net, Olyset Plus, 
PermaNet 2.0, and PermaNet 3.0.

Knock‑down (KD) and mortality induced by the LLINs 
on mono‑resistance mosquito strains
Only PermaNet 3.0, Olyset Plus and LifeNet LLINs 
showed a knock-down effect greater than 50% at Agblan-
gandan, Vossa, Zangnanado and Malanville (areas of low 
resistance) (Table  2). These knock-down values varied 
between 51 and 95%. At Abomey, only PermaNet 3.0 and 
Olyset Plus LLINs showed a knock-down effect greater 
than 50%.

PermaNet 3.0 was the only LLIN that showed signifi-
cantly higher mortality of greater than 50% in all localities 
where mosquitoes carried only the kdr gene. The average 
mortality for other types of LLINs tested in these areas 
varied from 5 to 47% (Table 2). These mortality rates var-
ied from 0 to 14% for Olyset, 7 to 27% for LifeNet, from 9 
to 22% for Olyset Plus, from 24 to 47% for PermaNet 2.0 
and from 40 to 86% for PermaNet 3.0.

Inhibition of mortality in mono‑resistant An. gambiae s.l. 
strains
The observed inhibition of mortality induced by kdr 
resistance of local mosquito strains on LLIN effectiveness 
was 100–86% for Olyset, 92–73% for LifeNet, 53–76% for 
PermaNet 2.0, 78–91% for Olyset Plus and 14–60% for 
PermaNet 3.0. These inhibition rates are similar to those 
observed with the kdr-Kisumu strain (p > 0.05).

Knock‑down (KD) and mortality induced by the LLINs 
on multi‑resistant mosquito strains (carrying kdr 
and biochemical resistance mutations)
In areas with multi-resistance, the knock-down effects 
observed were also low (Table 3).

At Akron, the percentage of mosquitoes knocked 
down after 60  min was 31.48% [19.52–45.55] and 
74.55% [60.99–85.33] for Olyset Net and Olyset Plus, 

Table 1 Biochemical and molecular characteristics of the Anopheles gambiae s.l. populations tested

a, b Values with the same superscript do not differ significantly at α = 0.05

Strains of An. gambiae 
s.l.

Average oxidase activ‑
ity (min/mg protein)

Average α esterase 
activity (min/mg 
protein)

Average β esterase 
activity (min/mg 
protein)

Average glutathione‑
S‑transferase activity 
(min/mg protein)

kdr frequency

Kisumu 0.1015a 0.07409a 0.07655a 0.3846a 0a

Agblangandan 0.07966a 0.07883a 0.06117a 0.7319b 0.03a

Abomey-Calavi 0.08454a 0.07149a 0.05929a 0.4295a 0.93b

Akron 0.1604b 0.08589a 0.07897a 2.221b 0.74b

Houeyiho 0.17.39b 0.07694a 0.08774a 0.4042a 0.9b

Vossa 0.07566a 0.06897a 0.06389a 0.7078a 0.84b

Ladji 0.1737b 0.07146a 0.0774a 1.194b 0.92b

Bame 0.1106a 0.0588a 0.06223a 0.2901a 0.78b

Malanville 0.06549a 0.04949a 0.04871a 0.1723a 0.90b

Parakou 0.1536b 0.08124a 0.08871a 0.4698a 0.74b

Tanguieta 0.2267b 0.1585b 0.1442b 1.182b 0.85b
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respectively; 70.49% [57.43–81.84] and 81.71% [71.63–
89.38] for PermaNet 2.0 and PermaNet 3.0, respectively, 
and 30.77% [18.71–45.1] for LifeNet. At Houéyiho, the 
knock-down effect was 23.08% [12.53–36.84] and 49.15% 
[35.89–62.5] for Olyset Net and Olyset Plus, respectively; 
46.3% [32.62–60.39] and 73.5% [61.46–83.97] for Per-
maNet 2.0 and PermaNet 3.0, respectively, and 61.11% 
[46.87–74.08] for LifeNet. It was generally observed that 
knock-down was significantly higher with Olyset Plus 
than with Olyset on multi-resistant Akron and Houéy-
iho strains (p  <  0.05). The same observation was made 
with PermaNet 3.0, whose knock-down was significantly 
higher than that observed with PermaNet 2.0.

The same observations were made at Ladji, Parakou 
and Tanguiéta, where the KD induced by Olyset Plus was 
higher than that of Olyset. Similarly, PermaNet 3.0 (98%) 
was more effective than PermaNet 2.0 (39%) (Table  3). 
However, at Tanguieta, only three LLINs were tested. 
The three types of mosquitoes tested showed a KD effect 
≥75%. Overall, in areas where there was high activity of
oxidase enzymes associated with the kdr gene, only three 
LLINs (LifeNet, Olyset Plus, and PermaNet 3.0) showed 
a KD effect that was generally high. However, the mor-
tality observed in these populations was generally low 
(Table  3). Only the PermaNet 3.0 LLIN induced signifi-
cantly higher mortality (p  <  0.001) that was generally 
greater than 75% (Table 3).

Inhibition of mortality in multi‑resistant strains
The inhibition of the mortality induced by LLINs 
observed with strains carrying several resistance mech-
anisms (compared to the susceptible strain Kisumu) 
ranged from 60 to 96% for Olyset, 53 to 90.2% for 
LifeNet, 45 to 86% for PermaNet 2.0, 59 to 76% for Olyset 
Plus and 11 to 55% for Permanet 3.0. These inhibition 
rates are similar to those observed with the kdr-Kisumu 
strains (p > 0.05).

Knock‑down time of LLINs on local An. gambiae s.l. strains
The average time estimated for knock-down of 50% of 
resistant local An. gambiae s.l. populations was signifi-
cantly shorter with PermaNet 3.0 (12  min) (p  <  0.001), 
followed by Olyset Plus and LifeNet (33  min). How-
ever, the time required for 95% of mosquitoes to be 
knocked down was high for all LLINs. Generally, there 
was a slower effect with LLINs treated with permethrin 
(Table 4).

Discussion
This study is one of the first conducted in Benin to com-
pare the response of local malaria vectors in Benin to 
several LLINs recommended by the WHO. It helps to 
observe the variation in mortality of vectors submitted 
to different types of LLINs. This mortality was generally 
low, especially with LLINs only treated with pyrethroids. 

Table 2 Distribution of the knock-down rate observed in localities where there was only one resistance mechanism (kdr)

N number, KD knock-down, min minutes, CI confidence interval, h hours

Strains LLINs N mosquito tested KD after 60 min 95% CI Mortality after 24 h (%)

Malanville LifeNet 55 72.27 [59.03–83.86] 27.27

Olyset Net 53 30.19 [18.34–44.34] 05.56

Olyset Plus 51 54.9 [40.34–68.87] 21.56

PermaNet 2.0 59 28.81 [17.76–42.08] 47.46

PermaNet 3.0 84 95.24 [88.25–98.69] 61.90

Abomey-Calavi LifeNet 53 9.43 [3.13–20.66] 7.54

Olyset Net 54 11.11 [4.18–22.63] 5.56

Olyset Plus 55 29.09 [17.62–49.90] 20

PermaNet 2.0 52 70.49 [57.43–81.84] 26.92

PermaNet 3.0 72 81.94 [71.1–90.02] 86.11

Zagnanado (Bamè) LifeNet 58 68.97 [55.45–80.46] 10.34

Olyset Net 54 23.08 [12.53–36.84] 00

Olyset Plus 55 33.96 [21.51–46.27] 09.43

PermaNet 2.0 53 52.83 [38.63–66.7] 03.77

PermaNet 3.0 75 63.93 [57.61–79.47] 62.67

Vossa LifeNet 54 62.96 [48.74–75.71] 20.37

Olyset Net 57 21.05 [11.37–33.89] 14.03

Olyset Plus 53 41.51 [28.13–55.87] 15.05

PermaNet 2.0 51 52.94 [38.45–67.07] 23.52

PermaNet 3.0 73 79.45 [68.38–88.02] 39.75
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Cone tests showed that LLINs treated with piperonyl 
butoxide and pyrethroids (especially PermaNet 3.0) have 
optimum efficacy on all strains of An. gambiae s.l. (mono 
and multi-resistant).

Several studies have shown a decrease in the bio-effi-
cacy of LLINs against local pyrethroid-resistant vectors 
[34, 35]. The effectiveness of LLINs treated only with del-
tamethrin (PermaNet 2.0 and LifeNet) was found to be 
significantly lower compared to that of nets treated with 
deltamethrin and PBO. The same observation was made 
with the LLINs treated with permethrin only (Olyset Net) 
and those treated with permethrin and PBO. However, 
the effectiveness of LLINs treated with permethrin was 
generally lower than that of LLINs treated with deltame-
thrin, with lower mortality and a very slow knock-down 

Table 3 Distribution of  the knock-down rate observed in  localities where  there were several resistance mechanisms 
(kdr + metabolic resistance)

N number, KD knock-down, min minutes, CI confidence interval, h hours

Strains LLINs N mosquito tested KD after 60 min 95% CI Mortality (%)

Agblangandan LifeNet 53 50.94 [36.83–64.96] 15.09

Olyset Net 54 20.75 [10.84–34.11] 07.4

Olyset Plus 55 50.91 [37.07–64.65] 34.72

PermaNet 2.0 47 36.17 [22.67–51.58] 17.02

PermaNet 3.0 66 60.61 [47.80–72.42] 65.15

Ladji LifeNet 57 85.96 [74.2–93.74] 47.36

Olyset Net 57 50.88 [37.28–64.37] 40.35

Olyset Plus 56 42.86 [29.71–56.78] 41.07

PermaNet 2.0 50 66 [51.23–78.79] 14

PermaNet 3.0 69 88.41 [78.42–94.86] 44.93

Akron LifeNet 52 30.77 [18.71–45.1] 15.38

Olyset Net 54 31.48 [19.52–45.55] 5.56

Olyset Plus 55 74.55 [60.99–85.33] 25.45

PermaNet 2.0 61 70.49 [57.43–81.84] 54.09

PermaNet 3.0 82 81.71 [71.63–89.38] 89.02

Parakou LifeNet 51 43.14 [29.34–57.75] 09.80

Olyset Net 52 26.92 [15.56–4 1.02] 07.69

Olyset Plus 50 66 [51.23–78.79] 28

Permanet 2.0 56 39.29 [26.49–53.25] 37.50

Permanet 3.0 88 98.86 [93.83–99.97] 82.95

Houeyiho LifeNet 54 61.11 [46.87–74.08] 14.81

Olyset Net 52 23.08 [12.53–36.84] 3.84

Olyset Plus 59 49.15 [35.89–62.5] 23.72

Permanet 2.0 54 46.3 [32.62–60.39] 22.22

Permanet 3.0 65 73.85 [61.46–83.97] 61.54

Tanguieta LifeNet – – – –

Olyset Net – – – –

Olyset Plus 51 74.51 [60.36–85.67] 56.86

PermaNet 2.0 62 75.81 [63.25–85.78] 32.26

PermaNet 3.0 86 100 [88.78–100] 78.82

Table 4 Probable time for  50 and  95% knock-down 
of Anopheles gambiae s.l. per LLIN

%KDT knock down time, IC 95% confidence interval at 95%, min minutes, CI 
confidence interval

LLINs 50% KDT 
(min)

95% CI 95% KDT 
(min)

95% CI

LifeNet 33.12 [32.5–33.91] 425.13 [385.6–
468.69]

Olyset Net 98.74 [90.4–
107.85]

10,257.58 [7090.39–
14,839.5]

Olyset Plus 33.44 [32.56–
34.34]

674.68 [595.91–
763.86]

PermaNet 
2.0

42.3 [41.26–
43.37]

468.28 [424.57–
516.49]

PermaNet3.0 12.61 [12.30–
12.93]

137.99 [131.6–
144.69]
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time (KDT 50 and 95%) compared to other LLINs. In a 
recent study conducted in Benin [36], Olyset Plus, treated 
with permethrin + PBO, demonstrated a higher efficacy 
than Olyset Net against wild multi-resistant An. gambiae 
s.l. in experimental huts, as observed in WHO cone tests
used in the present study. In south-western Ethiopia [35]
and in Uganda [34], a reduced efficacy of mono-treated
LLINs was also observed against wild resistant An. gam-
biae s.l. in comparison with Permanet 3.0 treated with 
deltamethrin  +  PBO. The results are similar to those 
observed in this study. However, these studies did not 
include Olyset Plus, the second type of new-generation 
LLINs treated with permethrin + PBO.

The reduced efficacy of LLINs treated with permethrin 
would be related to the strong resistance of the local vec-
tors to permethrin due to the resistance selection pres-
sures generated by the use of the same class of insecticide 
for malaria vector control in public health and for pest 
control in agriculture [16, 17, 23, 37, 38].

The comparison of LLIN bio-efficacy performed in this 
study provides the necessary information for the selec-
tion of appropriate LLINs for mass distribution. The opti-
mal and constant efficacy of PermaNet 3.0 LLINs on all 
vector populations shows that this combination of del-
tamethrin and PBO on LLINs is a most successful strat-
egy against pyrethroid resistance in Benin. Variations in 
the mortality of vectors also showed that certain types 
of LLINs are more appropriate than others for distribu-
tion in specific regions. This is related to the fact that 
the effectiveness of an LLIN depends on the characteris-
tics of the mosquito population tested and the chemical 
structure of the molecule (insecticide) used.

The mosquito populations assessed in the present study 
were characterized by a high frequency of the kdr gene. 
This high frequency was probably due to the massive use 
of pyrethroids in agriculture and public health. In some 
areas, such as Tanguieta, Parakou, Houeyiho, Akron, 
and Ladji, farmers and gardeners use huge amounts of 
insecticides to reduce pests in their crops, which explains 
the presence and strong expression of several resistance 
mechanisms in the mosquito populations [39, 40]. Over-
production of resistance enzymes in these areas would be 
linked to pressure on mosquito larvae from insecticides 
used by farmers to protect vegetable crops [41–43]. This 
expression of the kdr resistance gene induced a 17–84% 
reduction in LLIN efficacy against laboratory strains. 
These frequencies are similar to those observed in natu-
ral populations of An. gambiae s.l. This observation 
shows that the kdr gene is the main mechanism involved 
in the reduction of the effectiveness of LLINs. Although 
detoxification enzymes contribute to resistance, their 
impact is successfully inhibited by the presence of PBO 
on new-generation LLINs and the remaining part is more 

likely related to the presence of kdr gene in the mosquito 
populations. This also suggests that the search for new 
molecules or combinations of molecules that target the 
kdr resistance mechanism should be promoted.

The WHO recommends preventive measures against 
vector resistance to insecticides [44]. The results of this 
study therefore constitute important evidence that can 
guide decision making in the selection and distribution of 
high efficacy LLINs in specific regions of Benin. The use 
of LLINs that showed high bio-efficacy against the local 
vector populations should be encouraged to contribute 
substantively to reducing the transmission of malaria in 
Benin.

This study also suggests the need to develop a routine 
for monitoring the bio-efficacy of LLINs against local 
malaria vectors for the replacement of ineffective LLINs. 
However, community studies would be needed to evalu-
ate the epidemiological impact of these LLINs to confirm 
whether or not the low efficacy observed is followed by a 
loss of the epidemiological impact of these nets.

Although the important results of this study, it had 
certain limitations. Strong evaluation would have been 
possible if tunnel tests were conducted on LLINs that 
did not meet the criteria of 80% mortality with resist-
ant mosquito strains. In addition, a chemical analysis of 
the LLINs prior to the start of the study would also have 
improved the quality of the results. However, all the 
LLINs demonstrated a good performance with suscepti-
ble laboratory stain Kisumu (mortality > 80%), as recom-
mended by WHO [45], and the focus of this study was 
to demonstrate the important role of resistance mecha-
nisms on LLINs efficacy.

Conclusion
This study showed variable effectiveness of LLINs on An. 
gambiae s.l. populations from different localities surveyed 
from north to south in Benin. The new-generation LLINs 
with pyrethroids and PBO (PermaNet 3.0 and Olyset Plus) 
showed higher efficacy than conventional LLINs (Per-
maNet 2.0, LifeNet and Olyset net). However, the strong 
resistance of local vectors to permethrin suggests that the 
combination of deltamethrin + PBO is the most appropri-
ate strategy against local vectors in Benin. Although the 
addition of PBO (targeting many biochemical mechanisms 
of resistance) significantly increased the mortality of mos-
quitoes, the significantly high role of the kdr resistance 
gene in the low efficacy of LLINs calls for LLIN technology 
innovation that specifically targets this mechanism.
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Abstract

Background: There are major concerns over sustaining the efficacy of current malaria vector control interventions
given the rapid spread of resistance, particularly to pyrethroids. This study assessed the bioefficacy of five WHO-
recommended long-lasting insecticidal nets (LLINs) against pyrethroid-resistant Anopheles gambiae field populations
from Uganda.

Methods: Adult An. gambiae from Lira, Tororo, Wakiso and Kanungu districts were exposed to permethrin (0.75%)
or deltamethrin (0.05%) in standard WHO susceptibility tests. Cone bioassays were used to measure the bioefficacy
of four mono-treated LLINs (Olyset®, Interceptor®, Netprotect® and PermaNet® 2.0) and one combination LLIN
(PermaNet® 3.0) against the four mosquito populations. Wireball assays were similarly conducted to determine
knockdown rates. Species composition and kdr mutation frequency were determined for a sample of mosquitoes
from each population. Chemical assays confirmed that test nets fell within target dose ranges.

Results: Anopheles gambiae s.s. predominated at all four sites (86 - 99% of Anopheles spp.) with moderate kdr
L1014S allelic frequency (0.34 – 0.37). Confirmed or possible resistance to both permethrin and deltamethrin was
identified for all four test populations. Reduced susceptibility to standard LLINs was observed for all four
populations, with mortality rates as low as 45.8% even though the nets were unused. The combination LLIN
PermaNet®3.0 showed the highest overall bioefficacy against all four An. gambiae s.l. populations (98.5 - 100%
mortality). Wireball assays provided a more sensitive indicator of comparative bioefficacy, and PermaNet 3.0 was
again associated with the highest bioefficacy against all four populations (76.5 – 91.7% mortality after 30 mins).

Conclusions: The bioefficacy of mono-treated LLINs against pyrethroid-resistant field populations of An. gambiae
varied by LLIN type and mosquito population, indicating that certain LLINs may be more suitable than others at
particular sites. In contrast, the combination LLIN PermaNet 3.0 performed optimally against the four An. gambiae
populations tested. The observed reduced susceptibility of malaria vectors to mono-treated LLINs is of particular
concern, especially considering all nets were unused. With ongoing scale-up of insecticidal tools in the advent of
increasing resistance, it is essential that those interventions with proven enhanced efficacy are given preference
particularly in areas with high resistance.
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Background
Malaria remains a major public health problem, causing
an estimated 225 million disease cases and 781,000
deaths per year, especially among children aged less than
five years [1]. The disease is transmitted by anopheline
mosquitoes and vector control is one of the most im-
portant means of malaria prevention. There is evidence
that the use of insecticide-treated nets (ITNs) on a large
scale decreases malaria related morbidity and mortality
[2,3] and for this reason, the use of ITNs has been con-
sidered an important tool in the Roll Back Malaria
(RBM) strategy.
Unlike conventional ITNs which lose effective insecti-

cide after one or two washes and maintain bioefficacy
for a maximum of 6–12 months, long-lasting insecticidal
nets (LLINs) in which insecticide is either incorporated
into the fibre during extrusion or coated on the fibre fol-
lowing extrusion, retain effectiveness against susceptible
Anopheles spp. vectors for up to 20 standard WHO la-
boratory washes and 3 years of recommended usage
under field conditions [4]. All LLINs are currently
treated with pyrethroids due to their relative safety for
humans at low dosage, repellent properties, rapid knock-
down rates and killing effects [5]. However, pyrethroid
resistance in mosquito vectors as reported in many Afri-
can countries [6] could limit the efficacy of LLINs as
shown by findings of decreased efficacy of LLINs in
Benin, Mali and Zanzibar [7-9].
Insecticide resistance is mediated either by mutations

in the target site of the insecticide or its active metabo-
lites (target site resistance), through enzymatic modifica-
tion of insecticides to produce non-toxic metabolites
(metabolic detoxification), via behaviour resistance or
through reduced penetration of the insecticide into the
vector species [10]. Several factors can select for resist-
ance in mosquito vector species, such as overuse of in-
secticide, whether in ITNs, indoor residual spraying
(IRS) or through agricultural applications which account
for huge insecticide inputs of almost all available classes
of insecticides [11,12]. In Uganda, there is widespread
insecticide resistance in the main malaria vector species,
An. gambiae s.s, An. arabiensis and An. funestus [13-18].
This resistance is due to both target site (kdr) and meta-
bolic mechanisms and there is cross-resistance between
DDT and pyrethroids. There are currently no reports of
organophosphate resistance but resistance to carbamates
including propoxur has been reported [13-18].
The current strategy of the National Malaria Control

Programme (NMCP) in Uganda is based on effective
case management and vector control using LLINs and
IRS. Insecticide resistance monitoring is therefore essen-
tial to guide implementation of more effective and sus-
tainable vector control. There have been limited data on
comparative efficacy of World Health Organization

(WHO)-recommended LLINs against field-derived pop-
ulations of Anopheles spp. from different transmission
zones within single countries. Rather, efficacy has largely
been measured in specific areas via experimental huts
with only one or two nets assessed in relation to con-
trols. In Uganda, one study showed progressive reduc-
tions over a 10 year period in susceptibility of An.
funestus from the western region to nets treated with
three different insecticides. However, non-standard bio-
assay techniques were used and mosquitoes from five
parishes were pooled for assessments [15]. In the ab-
sence of experimental huts and in order to assess sus-
ceptibility to LLINs of multiple local malaria vector
species, the Uganda NMCP initiated the present study
using WHO-recommended LLINs against local Anoph-
eles gambiae populations. Outcomes are expected to be
applied in evidence-based decision making on the most
appropriate LLINs for application in malaria prevention
and control in specific regions of the country.

Methods
Mosquito collections
Collections were conducted in April and October 2011
in the districts of Lira, Tororo, Wakiso and Kanungu lo-
cated in Northern, Eastern, Central and Western regions
of Uganda, respectively (Figure 1). In these four districts,

Figure 1 Map of Uganda showing the origin of the four An.
gambiae s.l. populations used in WHO susceptibility tests,
species and resistance mechanisms investigations and
LLIN bioassays.

Okia et al. Parasites & Vectors 2013, 6:130 Page 2 of 10
http://www.parasitesandvectors.com/content/6/1/130

29



Laboratory studies with wild mosquitoes

malaria transmission levels range from very high (Lira,
Tororo) to medium-high (Wakiso) to low (Kanungu)
(Additional file 1). Previous studies identified the pres-
ence of kdr mutations in An. gambiae s.l. from Tororo
district in the eastern part of the country, Apac district
in northern Uganda near the current study district of
Lira, in the central part of the country and in Kyenjojo
and Kanungu in the western part of the country, with
kdr frequencies ranging from 25% to 30% in these dis-
tricts [14,16-19]. Metabolic resistance mechanisms have
also been implicated in populations from Tororo with a
significant increase in esterase activity detected [17].
Female Anopheles spp. adult mosquitoes were col-

lected via standard resting catches from houses and lar-
vae were collected from breeding sites within the study
districts, and all were transported to the Vector Control
Division (VCD) insectary in Kampala. Blood-fed and
gravid females were allowed to oviposit, eggs were
hatched and larvae were pooled for each collection dis-
trict. Field-collected larvae were also pooled by collec-
tion district. All preimaginal stages were reared to adults
under conditions of ambient temperature and humidity
with 12:12 hours of light: dark cycle. Unfed adult fe-
males at 2 – 5 days post-emergence were identified mor-
phologically as previously described [20] at the Centre
for Research on Infectious Diseases Laboratory, College
of Health Science Makerere University, Kampala. Only
An. gambiae s.l. mosquitoes were used in WHO suscep-
tibility tests and cone bioassays.

Insecticide susceptibility and molecular testing
Standard WHO susceptibility tests were conducted to
determine mortality rates (MT) following one hour of
exposure to papers treated with either permethrin
(0.75%) or deltamethrin (0.05%). Concurrent negative
controls were run using untreated papers. Test popula-
tions were classified as susceptible (≥98% MT), possibly
resistant (80-97%) or confirmed resistant (<80% MT)
[21]. Mosquitoes used in controls were stored in contact
with silica gel desiccant. A random sample of 100 mos-
quitoes from each site was used in species identification
by restriction fragment length polymerase chain reaction
[22] and determination of kdr mutation frequency by
allele-specific polymerase chain reaction [23,24]. All
PCR runs for kdr analyses included controls of wild type
homozygote, heterozygote and kdr homozygote mosqui-
toes for both L1014S and L1014F.

LLIN samples
All LLINs as well as the untreated control nets were
obtained from the local market. All had an unknown
storage history but were within the specified pro-
duct shelf-life. LLINs included in the study were: Olyset®
Net (polyethylene with permethrin incorporated at 20 g/

kg ± 3 g/kg), Interceptor® (polyester coated with
alphacypermethrin at 200 mg/m2 ± 25%), NetProtect®
(polyethylene with deltamethrin incorporated at 1.8 g/
kg ± 25%), PermaNet® 2.0 (polyester coated with
deltamethrin at 55 mg/m2 ± 25%) and PermaNet® 3.0
(polyethylene roof with deltamethrin incorporated at 2.8
g/kg ± 25% and piperonyl butoxide (PBO) incorporated at
4.0 g/kg ± 25% in the roof and sides coated with
deltamethrin at 2.8 g/kg ± 25%). PBO is a synergist that in-
creases the rate of penetration of insecticide into the in-
sect [25] and inhibits the metabolic enzymes the mosquito
uses to sequester or break-down the insecticide [26].
All LLINs were rectangular with sub-samples of 30 ×

30 cm taken from the roof section (2 per net) and side
sections (1 each from the upper and lower part of the
two long sides of each net) to give a total of 6 sub-
samples for each net for use in bioassays. Four nets of
each type were used for a total of 24 sub-samples of each
net type assessed via cone bioassays. Identical sub-
sampling was performed in adjacent areas for reference
samples used in chemical assays. All samples were rolled
up and placed individually in a labelled clean aluminium
foil prior to assays.

LLIN chemical analyses
Assays were conducted via high performance liquid
chromatography (HPLC) to confirm whether chemical
concentrations were within product specifications for
each individual LLIN. Analyses were conducted at an
ISO IEC 17025-accredited laboratory. Deltamethrin was
assessed by normal-phase HPLC according to CIP333/
LN. Alpha-cypermethrin was extracted with n-hexane
and 1, 4-dioxane (95:5 v/v) with the mixture then shaken
and sonicated and filtered on a 0.45 mm teflon mem-
brane, whereas for permethrin and PBO, hot xylene ex-
traction was followed by drying, reconstitution and
filtration after which both were assessed via HPLC.

LLIN bioassays
Standard WHO cone bioassays [4] were used to deter-
mine bioefficacy of LLINs against field-derived popula-
tions as well as against a susceptible laboratory-reared
Anopheles gambiae s.s. strain (Kisumu). The Kisumu col-
ony was established at the Vector Control Division
(VCD) of the Ministry of Health in Kampala in 2011,
with full susceptibility (100% mortality) to permethrin
(0.75%) and deltamethrin (0.05%) confirmed via standard
WHO susceptibility tests prior to assays. At the VCD in-
sectary, five non-blood fed 2-to 5-day old Anopheles fe-
males were exposed to each sub-sample for 3 minutes,
removed and kept in holding containers with access to
sugar solution. Knockdown (KD) was recorded at 60 mi-
nutes post-exposure and mortality (MT) was recorded
after 24 hours. Two cone tests were conducted per sub-

Okia et al. Parasites & Vectors 2013, 6:130 Page 3 of 10
http://www.parasitesandvectors.com/content/6/1/130

30



Laboratory studies with wild mosquitoes

sample and per mosquito population including for the
laboratory susceptible population such that 240 mos-
quito of each of the five populations were tested for each
net type. Mosquitoes exposed to untreated nets were
used as controls with all concurrent results discarded if
MT was ≥20% and Abbott’s adjustment applied if MT
was >5% for the controls.
Wireball assays were used to measure knockdown fol-

lowing 30 and 60 mins of continuous exposure to an
LLIN in a wireball. This approach was included as it is
of use where mortality rates may be lower and hence
longer exposure times are required, or where high repel-
lency of the insecticide may compel mosquitoes to rest
on the cone interior rather than on the LLIN. Net sub-
samples were wrapped around a wire frame of three
intersecting circles of 15 cm in diameter with the netting
secured around the frame in such a way that a “sleeve”
was left through which 11 mosquitoes were introduced.
Numbers of mosquitoes knocked down after 30 mins
(KD30) and 60 mins (KD60) were recorded. Mosquitoes
were then transferred to holding cups for 24-hour post-
exposure readings. For each individual sub-sample, four
wire-ball tests were conducted such that 44 mosquitoes
were tested per sub-sample. With 3 sub-samples of each
individual net and 3 nets of each type, a total of 396
mosquitoes were tested for each net type. Controls were
run concurrently with interpretation as for cone
bioassays.

Data analyses
For cone bioassays, KD and MT were compared for in-
dividual samples via regression analyses. Data, aggre-
gated for mosquito population, net type and net section,
were assessed via ANOVA with Duncan’s multiple com-
parison procedure. Data were then combined for net
sections and assays were repeated. Wireball assay data
for KD30 and KD60 were similarly analyzed.

Results
Population characterisation and insecticide susceptibility
For the population analyses, the majority of collected fe-
males were morphologically identified as An. gambiae
s.l. (391/400) with a small proportion identified as An.
funestus s.l. (9/400). Molecular analyses indicated that at
all four sites, An. gambiae s.s. predominated (Table 1).

The kdr mutation L1014S was detected in 257 of the
363 An. gambiae s.s. successfully tested, with overall
29.2% homozygous wild type (SS), 70.5% heterozygous
(RS) and one single homozygous resistant (RR) mosquito
detected from Kanungu. The kdr allelic frequency was
moderate at all sites, and varied from 0.34 at Lira to 0.37
at Wakiso. Genotype frequencies for all populations did
not adhere to Hardy-Weinberg expectations. All An.
arabiensis tested (14) were wild type. No L1014F muta-
tions were observed in any species.
Only An. gambiae s.l. were used in further assays.

WHO susceptibility tests confirmed resistance to both
permethrin and deltamethrin for the populations from
Lira and Tororo (Table 2). There was confirmed resist-
ance to permethrin and possible resistance to
deltamethrin for the population from Kanungu, and pos-
sible resistance to both pyrethroids for the population
from Wakiso. At all the four sites, higher resistance to
permethrin was identified than to deltamethrin at the
standard tested dosages. The Kisumu laboratory strain
of An. gambiae s.s. was 100% susceptible to both
pyrethroids.

LLINs and bioassays
All LLIN sub-samples had optimal bioefficacy (100% KD
and 100% MT), against the susceptible An. gambiae s.s.
(Kisumu), strain in cone bioassays, with the exception of
Interceptor (78.8% and 80.0% KD for upper and lower
sides respectively, and 97.5% MT for upper side) and
Olyset (92.5% KD for upper side). For wireball assays
with the susceptible strain, KD30 ranged between 84.8
and 93.3% with 100% MT at 24 hours post-exposure for
all LLINs. Chemical analyses confirmed that all LLINs
exceeded the specified lower cut-off level for insecticide
(or synergist) concentration though there were two in-
stances where LLIN sub-samples slightly exceeded the
upper limits i.e., roof of PermaNet 2.0 and sides of Inter-
ceptor (Table 3).
An overall association was identified between KD and

MT for cone bioassays on individual sub-samples
(n = 720; R2 = 0.8903; P <0.0001), while associations on
aggregated data showed correlation between KD and
MT for Interceptor against all four mosquito popula-
tions, Olyset for 3 populations, and for the remaining
LLINs two populations only (P < 0.05 for all specified).

Table 1 Species composition of Anopheles spp. and kdr mutation frequency in An. gambiae s.s.from the four study sites

Study
site

Species An. gambiae s.s.kdrmutation

Identified (no.) An. funestus (%) An. arabiensis (%) An. gambiae s.s. (%) Genotyped (no.) L1014S frequency (%)

Kanungu 98 2.0 0.0 98.0 94 36.7

Lira 100 0.0 1.0 99.0 97 33.5

Tororo 99 1.0 13.1 85.9 79 35.4

Wakiso 100 6.0 0.0 94.0 93 36.6
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Comparisons of the bioefficacy of net sections (roof,
upper sides, lower sides) indicated no difference among
net types with the exception of Olyset against both the
Kanungu and Tororo strains for both KD and MT
(P < 0.05). Thus, there was no significant difference ob-
served in the deltamethrin plus PBO roof and the
deltamethrin-only sides of PermaNet 3.0, presumably be-
cause bioefficacy of the three sections was high against
all four populations (≥87.9% KD and ≥ 97.5% MT). As
such, data were aggregated by net type for subsequent
analyses with data presented for MT.
Reduced susceptibility to LLINs was observed for all

four field populations of An. gambiae. Bioefficacy varied
between LLINs in cone bioassays with each of the four
populations for both KD (P < 0.001 for all) and MT (P <
0.001 for all). Mean MT differed by 46.7% (range: 53.3-
100%) for the Kanungu population, 54.2% (range: 45.8-
100%) for the Lira population, 35.0% (range: 63.5-98.5%)
for the Tororo population and 40.0% (range: 60.0-100)
for the Wakiso population (Figure 2). PermaNet 3.0
exhibited the highest bioefficacy against all the four pop-
ulations (98.5 – 100%). When data were analyzed via
multiple comparison methods, PermaNet 3.0 performed
significantly better than the mono-treated LLINs at Lira
and Wakiso, and equal best with NetProtect at Kanungu
and Olyset at Tororo. Each of the mono-treated LLINs

also varied in bioefficacy for the four different popula-
tions for both KD (P < 0.001) and MT (P < 0.001). For
PermaNet 3.0, there was no identifiable difference in
bioefficacy against the four populations for either KD
(P = 0.1011) or MT (P = 0.0890), presumably because
bioefficacy was high against all populations. Conversely,
there was also no significant difference in bioefficacy of
the untreated net between populations since KD and
MT were minimal for all.
Wireball assays also indicated differences in LLIN

bioefficacy between net types for each of the four field
populations, with PermaNet 3.0 resulting in the highest
KD30 against all populations (76.5 – 91.7%) (Table 4).
Bioefficacy also varied against the susceptible An.
gambiae s.s. (Kisumu) strain (P < 0.001) and was highest
for PermaNet 3.0 followed by PermaNet 2.0 and then
the other LLINs, indicating that KD30 from wireball as-
says may be a more sensitive indicator of bioefficacy
than KD and MT from cone bioassays. Bioefficacy of
specific net types also varied against the different
populations for the mono-treated LLINs (P < 0.001) and
in contrast to the cone bioassay data, also varied ac-
ross populations for PermaNet 3.0 (P = 0.0063) with the
lowest KD30 (76.5%) observed against the Kanungu
population. There was a significant overall association
between KD30 and KD60 (n = 348; R2 = 0.8844;

Table 2 Susceptibility to permethrin and deltamethrin of An. gambiae adult female mosquitoes collected from four
sites in Uganda and the laboratory An. gambiae s.s. (Kisumu) strain determined via standard WHO susceptibility tests

Permethrin (0.75%) Deltamethrin (0.05%)

Mosquito
population

Number
exposed

24 h mortality
(%)

Susceptibility
status

Number
exposed

24 h mortality
(%)

Susceptibility
status^

Kanungu 100 68 Confirmed resistant 100 97 Possibly resistant

Lira 100 60 Confirmed resistant 100 71 Confirmed resistant

Tororo 100 53 Confirmed resistant 100 66 Confirmed resistant

Wakiso 100 90 Possibly resistant 100 94 Possibly resistant

Kisumu 100 100 Susceptible 100 100 Susceptible

^ Susceptible (≥98%), possibly resistant (80–97), confirmed resistant (<80%).

Table 3 Target concentration and range and mean insecticidal or synergist concentration measured via high
performance liquid chromatography for roof and side sub-samples of five different LLIN types used in bioefficacy
evaluations

Target concentration Mean measured concentration

Net type Chemical Units Mean Range Roof Sides

PermaNet 3.0 Deltamethrin g/kg 2.8 (sides) 2.1 - 3.5 - 3.1

g/kg 4 (roof) 3.0 - 5.0 3.9 -

Piperonyl butoxide g/kg 25 (roof) 18.8 - 31.3 18.7 -

PermaNet 2.0 Deltamethrin mg/m2 55 41.3 - 68.8 69.4 65.6

NetProtect Deltamethrin g/kg 1.8 1.4 - 2.3 1.6 1.6

Interceptor Alpha-cypermethrin mg/m2 200 150.0 - 250.0 171.0 251.0

Olyset Permethrin g/kg 20 17.0 - 23.0 21.0 21.6
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P <0.0001), and bioefficacy of the net sections differed
only for PermaNet 3.0 against the Kanungu population
(P = 0.0160) and Olyset against the Lira population
(P = 0.0240).
There was some concurrence between cone bioassays

and wireball assays, especially for PermaNet 3.0, which
exhibited high bioefficacy in both assay types (Figure 3).
Considering both assay types, PermaNet 3.0 per-
formed best or equal best against all four populations.
NetProtect also performed well in cone bioassays against

the Kanungu population and in wireball assays against
the Lira population. Olyset performed well in cone bio-
assays against the Tororo population and three mono-
treated LLINs also performed well in wireball assays
against this population, indicating that the Tororo popu-
lation was overall the most susceptible to LLINs. In gen-
eral, cone bioassays indicated that LLINs had the lowest
efficacy against the Lira and Wakiso populations (72.3
and 74.2% MT, respectively), but wireball assays indi-
cated the lowest efficacy against the Kanungu population
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Figure 2 Bioefficacy (mean % 24-hour mortality) in cone bioassays of WHO-recommended LLINs against field-derived An. gambiae
populations from four sites in Uganda. Vertical lines indicate standard error (n = 24). The same letter and shading within graphs indicates no
significant difference (via Duncan’s multiple comparison procedure at P < 0.05).

Table 4 Bioefficacy in wireball assays (mean % 30-minute knockdown) of WHO-recommended LLINs against field-
derived An. gambiae populations from four sites in Uganda and a susceptible laboratory An. gambiae s.s. strain
(Kisumu)

Net type P-
valueMosquito population Olyset Interceptor NetProtect PermaNet 2.0 PermaNet 3.0 Untreated control

Kanungu 42.4C 45.5C 47.7C 63.6B 76.5A 0.0D <0.0001

Lira 67.4C 76.5B,C 83.3A,B 70.5C 86.4A 0.0D <0.0001

Tororo 76.5A,B 76.5A,B 83.3A 70.5B 86.4A nt 0.0241

Wakiso 75.8B 41.7D 65.9C 81.8B 91.7A 0.0E <0.0001

Kisumu 84.9B 86.4B 84.9B 90.2A,B 93.3A 0.0C <0.0001

Same letter in rows indicates no significant difference (via Duncan’s multiple comparison procedure at P < 0.05).
nt: not tested due to limited numbers of mosquitoes available.
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(55.2% KD30). Bioefficacy was highest against the Tororo
population for both bioassays.

Discussion
This is the first study to compare the response of field
populations of malaria vectors from multiple sites in
Uganda to WHOPES-recommended LLINs. Wide varia-
tions were observed in susceptibility to the different net
types even within specific mosquito populations, with re-
duced susceptibility to pyrethroid-only LLINs observed
for all four populations. Cone bioassays indicated that for
two populations, a single mono-treated LLIN performed
well (i.e., NetProtect at Kanungu and Olyset at Tororo),
while optimal efficacy of the combination LLIN PermaNet
3.0 was observed for all four populations. Bioefficacy of
LLINs differed by almost 50% against some populations
(e.g. Kanungu had 53.3% MT with Interceptor and 100%
MT with PermaNet 3.0 in cone bioassays).
Yewhalaw and colleagues [27] similarly observed re-

duction in the bioefficacy of standard LLINs against
four pyrethroid-resistant An. arabiensis populations
from the Jimma region of Ethiopia. In contrast to re-
sults herein, the PBO plus deltamethrin roof had
higher bioefficacy than the pyrethroid-only sides of
PermaNet 3.0. While the Ethiopia data provide evi-
dence to indicate that PBO was effectively restoring
susceptibility of the An. arabiensis populations to
deltamethrin, this could not be demonstrated in the
current investigation since bioefficacy of the
deltamethrin-only sides of PermaNet 3.0 was optimal
against the Uganda An. gambiae populations. Studies
comparing the bioefficacy of PermaNet 3.0 versus
deltamethrin- or permethrin-only LLINs in experimen-
tal huts have been conducted in numerous countries

with results indicating that comparative bioefficacy will
largely depend on the levels and types of resistance
mechanisms present in the local vector species [28-32].
Data from some of these studies were applied in a
malaria transmission model to compare PermaNet 3.0
to the deltamethrin-only PermaNet 2.0 under condi-
tions of high net coverage (80%), with outputs indicat-
ing that PermaNet 3.0 (new and washed 20 times) had
consistently higher impact on entomological inocula-
tions rates across four sites with pyrethroid resistant
Anopheles spp. [33].
Observed variation in susceptibility of Anopheles pop-

ulations to pyrethroid-only LLINs indicates that particu-
lar LLINs may be more suitable for deployment in
specific regions. This is due to anticipated differences in
bioefficacy depending on characteristics of individual
mosquito populations. This is currently seldom a consid-
eration in selection of LLINs for wide-scale deployment,
which is usually guided by availability, price and other
factors such as user acceptability of the polymer type
(e.g. polyester versus polyethylene). Reliance on pheno-
typic susceptibility status to select nets by active ingredi-
ent is also not appropriate since results from WHO
susceptibility tests cannot be extrapolated to expected
results from LLIN bioassays. In this study, susceptibility
to the permethrin LLINs was highest for the population
found to be least susceptible to permethrin (Tororo).
Comparative bioefficacy evaluations using local vector
populations such as presented in this study provide valu-
able data to inform selection of appropriate interven-
tions. The consistently optimal bioefficacy of PermaNet
3.0 indicates that this combination LLIN represents a
viable option for areas with pyrethroid-resistant Anoph-
eles spp.
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The current study provides compelling further evi-
dence of increasing pyrethroid resistance in Uganda,
which is consistent with observations from other studies
[13-19]. The kdr mutation (L1014S) was detected at a
moderate frequency (34–37%) in An. gambiae s.s. across
all four sites. Although metabolic resistance assays were
not conducted, it is likely that these kdr mutations may
in part be contributing to the observed reductions in ef-
ficacy of the standard LLINs. In another study in se-
lected areas in Uganda with resistant vector populations,
kdr frequency was found to be notably higher in P. fal-
ciparum-infected mosquitoes, which contributed to 70%
of the malaria transmission during the dry season [18].
Although fitness cost was not assessed, this potential for
higher infectivity may have enormous implications for
malaria transmission and might jeopardize current re-
sistance management strategies. It also indicates that
such resistance may be affecting the bioefficacy of
insecticide-based vector control interventions, such as
LLINs. This requires confirmation, using standard WHO
approaches such as Phase II experimental hut trials or
robust longitudinal and multi-site village trials since the
observations in this study were based only on cone and
wireball bioassays conducted under laboratory condi-
tions. However, the low KD and MT rates observed give
some indication that there may be reductions in the abil-
ity of mono-treated LLINs to kill mosquitoes under field
conditions [34], and that their continued use may have
limited impact on malaria prevention and control in
Uganda. Reductions in efficacy of insecticidal interven-
tions ,due to resistance, has been noted elsewhere, such
as in South Africa, Benin, Mali and Equatorial Guinea
[7,8,35,36]. Accordingly, further investigations in Uganda
are warranted.
The reduced susceptibility to permethrin and

deltamethrin observed for the four field populations of
An. gambiae s.l. was similarly noted in assessments
conducted between 2004 to 2006 and in 2009 and 2011
in Central and Eastern Uganda, with kdr identified as
the main resistance mechanism and metabolic resistance
also implicated for Tororo district [18]. In the current
study, resistance was higher in Tororo, Kanungu and
Lira than in Wakiso districts perhaps due to the histor-
ical widespread use of insecticides such as organochlo-
rines and pyrethroids in the cotton growing districts of
Tororo and Lira and in the tea cultivation fields of
Kanungu. Resistance may also have arisen from selective
pressure exerted due to the rapid scale-up of malaria in-
terventions, such as LLINs and IRS. The fact that the
kdr mutational assortments in the four tested popula-
tions did not meet Hardy-Weinberg expectations is a
further indication that the populations are likely cur-
rently undergoing selective pressure. Interestingly, the
frequency of L1014S in the An. gambiae s.s. from Tororo

in this study (35%), was significantly lower than that
reported in 2008 (86%), but was more similar to earlier
reports from 2006 (47%) and 2002 (29%) [16,18]. While
rapid geographical spread of insecticide resistance alleles
has been noted from ongoing longitudinal studies [37],
evidence of such rapid reversion to wild type is limited
and thus this warrants further investigation. The pres-
ence of multiple resistance mechanisms in malaria vec-
tor species in Tororo may have severe implications for
control efforts and further testing for metabolic resist-
ance mechanisms in Uganda should be prioritized.
The WHO recommends that action against insecticide

resistance should be immediate and pre-emptive, not re-
sponsive [37]. Data as presented here provides evidence
for guiding decisions on the selection of LLINs with the
highest efficacy for use in specific regions of Uganda.
Evidence-based decision making was successfully applied
by the Uganda National Malaria Control Programme in
2009 when there was a switch from the use of pyre-
throids to carbamates for IRS, following results from re-
sistance studies indicating reduced susceptibility to
pyrethoids in major malaria vectors (Additional files 2
and 3) in Northern Uganda. More comprehensive stud-
ies will be needed to ascertain the bioefficacy of LLINs
in Uganda, although the WHO cautions against awaiting
indisputable proof of control failures before taking ac-
tion against insecticide resistance [37]. With the new
global initiative of the Roll Back Malaria (RBM) partner-
ship to scale up for impact (SUFI), PermaNet 3.0 may be
the most appropriate LLINs to use for malaria preven-
tion particularly in the Northern and Central regions of
Uganda where pyrethroid-resistance is already high and
there is proof of increased bioefficacy relative to stand-
ard LLINs. Despite concerted efforts by the Ministry of
Health to control malaria in Lira and neighbouring dis-
tricts in the Northern region, malaria has remained a
challenge. A survey conducted in the adjacent district of
Apac in 2001–2002 found perennial holoendemic mal-
aria with parasite prevalence rates of 70-90% in children
less than 10 years of age [38]. In the subsequent 2009
survey conducted in Apac district, age sero-prevalence
curves gave no indication of recent changes in malaria
transmission intensity in the area [39]. This calls for ur-
gent scale up of malaria prevention interventions with
proven bioefficacy to rapidly achieve high coverage and
resulting individual and community protection from
malaria.
Current WHO guidelines recommend combining

ITNs and IRS in various transmission settings, especially
in areas with holoendemic and epidemic malaria [40].
LLINs and IRS could be used together in the same
households in Northern and Eastern regions to suppress
malaria transmission. However, if LLINs are to be com-
bined with IRS for malaria prevention and control, the
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selection of appropriate LLIN types and IRS chemicals
should be done with caution to avoid further exacerbat-
ing existing resistance. Products with the highest proven
bioefficacy against local vector populations should be se-
lected and IRS chemicals should differ from pyrethroids
in their mode of action. In the absence of novel classes
of insecticides, organophosphate- or carbamate-based
IRS could be used where both LLIN and IRS are applied
to form part of an insecticide resistance management
strategy [41]. Encouragingly, recent insecticide suscepti-
bility evaluations in Uganda found high susceptibility to
carbamates and organophosphates in malaria vector
populations (Additional file 2). A parasitemia survey in
children conducted in late 2010 in three contiguous dis-
tricts of Northern Uganda found that parasitemia levels
were lower in two districts that had been sprayed with
carbamates ( 37.0% and 16.7% positive smears) com-
pared to a non-sprayed district ( 49.8% positive smears)
[42]. There is a need for routine resistance surveillance
and ongoing LLIN and IRS bioefficacy assessments
against local vector populations so that products with
significantly reduced efficacy relative to other available
options can be replaced accordingly.

Conclusions
Pyrethroid resistance in malaria vectors in Uganda is
high and is likely to limit the impact of LLINs. Evalu-
ation of the efficacy of various LLINs against An.
gambiae populations from different malaria transmission
zones has provided valuable information on wide varia-
tions depending on the population and LLIN being
tested. Such information can be used to make rational
decisions for selecting LLINs with the highest antici-
pated bioefficacy without waiting for indisputable proof
of control failures from more comprehensive studies.
Monitoring the efficacy of LLINs should be undertaken
regularly in order to guide policy on selection and distri-
bution of LLINs.
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Abstract

Background: The emergence and spread of insecticide resistance in the major African malaria vectors Anopheles
gambiae s.s. and Anopheles arabiensis may compromise control initiatives based on insecticide-treated nets (ITNs) or
indoor residual spraying (IRS), and thus threaten the global malaria elimination strategy.

Methods: We investigated pyrethroid resistance in four populations of An. arabiensis from south-western Ethiopia
and then assessed the bio-efficacy of six World Health Organization recommended long lasting insecticidal nets
(LLINs) using these populations.

Results: For all four populations of An. arabiensis, bottle bioassays indicated low to moderate susceptibility to
deltamethrin (mortality at 30 minutes ranged between 43 and 80%) and permethrin (mortality ranged between 16
and 76%). Pre-exposure to the synergist piperonylbutoxide (PBO) significantly increased the susceptibility of all four
populations to both deltamethrin (mortality increased between 15.3 and 56.8%) and permethrin (mortality
increased between 11.6 and 58.1%), indicating the possible involvement of metabolic resistance in addition to the
previously identified kdr mutations. There was reduced susceptibility of all four An. arabiensis populations to the five
standard LLINs tested (maximum mortality 81.1%; minimum mortality 13.9%). Bio-efficacy against the four
populations varied by net type, with the largest margin of difference observed with the Jimma population (67.2%
difference). Moreover, there were differences in the bio-efficacy of each individual standard LLIN against the four
mosquito populations; for example there was a difference of 40% in mortality of Yorkool against two populations.
Results from standard LLINs indicated reduced susceptibility to new, unused nets that was likely due to observed
pyrethroid resistance. The roof of the combination LLIN performed optimally (100% mortality) against all the four
populations of An. arabiensis, indicating that observed reductions in susceptibility could be ameliorated with the
combination of PBO with deltamethrin, as used in PermaNetW 3.0.

Conclusion: Our results suggest that bio-efficacy evaluations using local mosquito populations should be
conducted where possible to make evidence-based decisions on the most suitable control products, and that those
combining multiple chemicals such as PBO and deltamethrin should be considered for maintaining a high level of
efficacy in vector control programmes.
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Background
Insecticide-treated nets (ITNs) lead to a reduction of
human-vector contact by providing a physical barrier and
through insecticidal and/or repellent effects. Wide-scale
deployment of ITNs protects users as well as non-users
through personal and community level protection gained
with high coverage rates [1,2]. In this way, ITNs have been
shown to reduce the burden of malaria in pregnant women
and young children [3] and reduce the incidence of uncom-
plicated malarial episodes by around 40% in areas of both
stable and unstable malaria relative to untreated nets [4].
Long-lasting insecticidal nets (LLINs) pre-treated with insec-
ticides designed to last the life span of the mosquito net
were developed to avoid the need for retreatment every
6 months [5]. To be classified as an LLIN, nets must retain
their effective biological activity without re-treatment for at
least 20 WHO standard washes under laboratory conditions
and three years of recommended use under field conditions
[6]. Two techniques have been developed to maintain bio-
logical activity: incorporating the insecticide into the textile
polymer through extrusion (as with polyethylene and poly-
propylene), and mixing the insecticide with a wash-resistant
resin that is bound around the fibers of the polymer (polyes-
ter). Pyrethroids are the only class of insecticide currently
recommended to treat mosquito nets. Twelve net types are
currently recommended by the WHO Pesticide Evaluation
Scheme (WHOPES), and use permethrin, deltamethrin or
alpha-cypermethrin, with one combination net using delta-
methrin combined with the synergist piperonylbutoxide
(PBO) in the roof of the product. However, there are in-
creasing reports of malaria vectors that have developed re-
sistance to the pyrethroids commonly used in LLINs and
pyrethroid resistance is now firmly established throughout
Africa [7-9]. This resistance to pyrethroids may compromise
malaria control as LLINs may lose efficacy, although at
present there are no studies linking insecticide resistance to
LLIN control failure.
In Ethiopia, ITN use started in 1997 and scaling up

commenced in 2005 with the aim of obtaining a high
coverage towards effective malaria control. The National
Malaria Control Programme (NMCM) distributed 36 mil-
lion LLINs between 2005 and 2010, targeting 52 million
people at risk [10]. Indoor residual spraying has also been
conducted using deltamethrin, malathion and bendiocarb.
An. arabiensis Patton is the primary malaria vector spe-

cies in the south-west of the country, and is the only
vector species of the An. gambiae complex present in the
study area. Previous studies within the area indicated that
populations of An. arabiensis were resistant to DDT, per-
methrin, deltamethrin, malathion [11,12] and lambdacyha-
lothrin (D. Yewhalaw et al., unpublished). The West
African kdr mutation (L1014F) was the underlying resist-
ance mechanism observed in these mosquito populations
with an allelic frequency of over 98% [11,12]. However, the

relationship between kdr frequency and phenotypic resist-
ance remains poorly defined; for instance, rapid increases
in kdr frequency in An. gambiae s.s. from western Kenya
were not linked to concurrent increases in phenotypic
resistance [13]. Moreover, despite kdr reaching fixation,
LLINs appeared to remain effective. Thus, observed resist-
ance in An. arabiensis in the study area may not be solely
attributable to target-site resistance, though investigations
of other mechanisms have been lacking due to limited cap-
acity to conduct biochemical assays on fresh field-collected
specimens, which is required for detection of upregulated
esterases, oxidases or GSTs. Furthermore, little is known
about the implications of any observed resistance on the
anticipated bio-efficacy of insecticidal interventions such as
LLINs.
Therefore, this study was conducted to: 1) monitor in-

secticide resistance and assess the presence of resistance
mechanisms other than kdr in these mosquito popula-
tions and 2) determine the bio-efficacy of six WHOPES-
recommended LLINs against pyrethroid resistant popula-
tions of An. arabiensis from south-western Ethiopia.

Methods
Study area and period
Mosquitoes were collected from villages located in Jimma,
TiroAfeta, OmoNada and Kerssa districts (weredas) in
south-western Ethiopia, from November 2011 to January
2012. TiroAfeta, Omo Nada and Kerssa districts are located
approximately 255 to 297 km southwest of the capital Addis
Ababa, whereas Jimma is located 335 km southwest of the
capital. The study area lies between latitudes 7°42’50”N
and 07°53’50”N and between longitudes 037°11’22”E and
037°20’36”E, at an altitude of 1,672–1,864 m above sea
level. The area has a sub-humid, warm to hot climate,
receives between 1,300 and 1,800 mm of rain annually and
has a mean annual temperature of 19°C. The rainfall pat-
tern of the area is similar to other parts of Ethiopia, with
the long rainy season starting in June and extending up to
September while the short rainy season begins in March
and extends to April/May. The main socio-economic activ-
ities of the local communities in the 3 districts (TiroAfeta,
Omo Nada and Kerssa) are mixed farming involving the
cultivation of staple crops (maize, teff and sorghum), and
cattle and small stock-raising.
Previous assessments showed that An. arabiensis was the

predominant species present in the area, and popula-
tions from all four sites exhibited high resistance to DDT
(0–2.7% mortality) in WHO susceptibility tests [11]. Resist-
ance to pyrethroids was also noted for all populations, with
mortalities of 10.0, 4.5, 37.3 and 42.7% after exposure to
permethrin and 55.5, 56.9, 53.6 and 78.6% after exposure to
deltamethrin for An. arabiensis populations from Jimma,
Omo Nada, Kerssa and TiroAfeta, respectively. Resistance
to malathion (60.0–81.8% mortality) but susceptibility to
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propoxur (99.1–100% mortality) was also noted. Very high
(95–100%) allelic frequencies of kdr-L1014F mutation were
found in all four populations but the ace-1R mutation was
not detected [11].

Mosquito collections
Adult female mosquitoes were collected from inside houses
and cow sheds by two teams of two people from 5:00 h to
7:30 h using a torch and aspirator in each of the study dis-
tricts. Adults were transported to the Vector Biology
Laboratory, Asendabo for direct use in CDC bottle assays.
Mosquito larvae were collected from different breeding

habitats in the four districts, transported to the Vector
Biology Laboratory, Asendabo and were reared to adult
stage feeding on dog biscuits and baker’s yeast for use in
WHO cone bioassays. All adult mosquitoes were identified
morphologically using standard taxonomic keys [14].

CDC bottle assays
CDC bottle assays were carried out on populations of An.
arabiensis from the four study districts in order to monitor
susceptibility to permethrin and deltamethrin. The bottle
assay was conducted following standard procedures
[15,16]. Reagent bottles (Wheaton bottles, 250 ml) were
coated with 1 ml of either permethrin (21.5 μg/bottle) or
deltamethrin (12.5 μg/bottle), which were diluted with
factory-grade acetone. Assays with both insecticides were
also run following a pre-exposure step in which mosqui-
toes were exposed to the synergist piperonylbutoxide
(PBO, 400 μg/bottle) for one hour before undergoing the
standard bottle assays. Each bottle was rolled and inverted
in such a way that all interior surfaces were exposed to the
solution as the acetone was allowed to evaporate. The bot-
tles and caps were inverted on paper over night in a dark
cabinet. Approximately 10–15 field collected adult mosqui-
toes were introduced into each bottle by mechanical aspir-
ation at time= 0 and mortality was recorded at 15 minutes
intervals up to 120 minutes. Mortality was recorded for
mosquitoes that could not rest the right way up or fly
when the test bottles were slowly rotated. After 120 min-
utes, mosquitoes were transferred to recovery cups and
observed 24 hour later. Mortality after 30 minutes (the re-
sistance threshold for deltamethrin and permethrin in our
test conditions) and 24 hour recovery were recorded. Each
test had 4 replicates with approximately equal numbers of
mosquitoes that were introduced into control bottles coated
with acetone only; assays were run simultaneously. For the
pre-exposure step, an equal number of mosquitoes were
concurrently exposed in a bottle coated with acetone only.

LLIN sample preparation and chemical assays
Three rectangular nets of 6 net types plus untreated nets to
be used as a negative control were purchased from the local
market in Uganda due to availability. The production date

and batch number of all nets were recorded. For standard
LLINs (OlysetW, NetprotectW, InterceptorW, YorkoolW and
PermaNetW 2.0), three sub-samples per net were taken and
prepared for cone tests by cutting 30 cm x 30 cm pieces:
one from the roof and two others with one from each long
side of the net. For the combination net PermaNetW 3.0,
five sub-samples were prepared for cone tests: one piece
from the roof, two samples from the upper half of each
long side, and two samples from the lower half of each long
side of the net. This was done to verify if there were any dif-
ferences in bio-efficacy between the lower border region of
the sides of the net and the upper region of the sides of the
net. Three or five sub-samples were similarly taken adjacent
to cone test sub-samples to be used as reference samples in
chemical assays. Each sub-sample was rolled up in new alu-
minium foil, labelled (by net type, net number and sample
area) and kept individually in a refrigerator prior to assays.
Reference samples were tested for chemical content at an
ISO IEC 17025-accredited laboratory to confirm that all
nets were within product target doses. For deltamethrin,
normal-phase high performance liquid chromatography
(HPLC) was conducted as per standard protocols (CIP 333/
LN (M)). For alpha-cypermethrin, extraction was con-
ducted with n-hexane and 1,4-dioxane (95:5 v/v) with the
mixture then shaken and sonicated and filtered on a
0.45 mm teflon membrane, whereas for permethrin hot xy-
lene extraction was followed by drying, reconstitution and
filtration, with both then assessed via HPLC. The precision
as measured by the Relative Standard Deviation was 0.79%
and 1.79%, respectively and the recovery was 101 and
102%, respectively.

WHO cone bioassays
For each individual sub-sample prepared for cone tests
from both standard LLINs and the combination LLIN, four
cone tests were conducted at a time following standard
WHO procedure [6] using mosquitoes from each collec-
tion district. Five non-blood fed two to three day old adult
female An. arabiensis were introduced into each cone and
exposed to each bed net sample for 3 minutes before being
transferred to paper cups and held with access to 10%
sugar solution. Knockdown (KD) was recorded at 1, 3, 5,
10, 15, 30, 45 and 60 minutes and mortality (MT) was
recorded 24 hours post-exposure. A total of 180 mosqui-
toes were tested for each net type (20 mosquitoes x 3 sub-
samples x 3 nets) for standard LLINs while 300 mosquitoes
were tested for the combination net (20 mosquitoes x 5
sub-samples x 3 nets) for each of the four mosquito popu-
lations. Replicates of cone assays with sub-samples taken
from untreated nets were also conducted concurrently as a
negative control. Mortality was corrected using Abbott’s
formula when mortality in the control exceeded 5% [17].
Bioassays were carried out at 27±2°C and 80±4% relative
humidity.
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Data analysis
Data were analysed using SAS software package. Association
between % knockdown and % mortality by site, type of net
and net section were assessed vialine arregression. Differ-
ences in mean % mortality for the sections of specific net
types were assessed via Student’s t-test for standard LLINs
and via ANOVA for the combination net. Variations in
mean % mortality between the 5 net types, and for each net
type between the 4 mosquito populations, were assessed via
ANOVA with Duncan’s method applied to identify group-
ings. The alpha value was set at 0.05 with P<0.05 consid-
ered significant in the analysis.

Results
Bottle bioassays
Results of the susceptibility status of populations of An.
arabiensis from the 4 collection sites as determined in
CDC bottle bioassays are presented in Figure 1. At the
30 minute diagnostic period, all four populations showed
low to moderate susceptibility to deltamethrin (mortality
ranged between 43% and 80%) and permethrin (mortality
ranged between 16% and 76%). Susceptibility to deltame-
thrin was highest for the Jimma and Omo Nada popula-
tions (79.7 and 76.5% mortality, respectively), though
susceptibility to permethrin was highest for the Omo Nada
population only (75.9% mortality) with mortality % ≤ 60%
for all other situations. The synergist PBO reduced the ex-
pression of deltamethrin and permethrin resistance in the

four populations of An. arabiensis. Following pre-exposure
for 1 hour to PBO, the susceptibility of mosquito popula-
tions increased at all four sites to both deltamethrin (mor-
tality increased from 18.0 to 56.8%, to range from 91.8 to
100%) and permethrin (mortality increased from 11.6 to
58.1% to range from 73.9 to 100%). The increase in mortal-
ity following exposure to PBO was greatest at Jimma and
TiroAfeta for deltamethrin and at Kerssa and TiroAfeta for
permethrin, however for the Jimma population there was
not such a marked increase in susceptibility to permethrin
following pre-exposure to PBO with mortality remaining
relatively low (73.9%).

Cone bioassays
Overall, there was a significant relationship between %
knockdown and % mortality (R2=0.53, n=959, p <0.001),
noting that one data point (single sample of PermaNetW 2.0
side) was missing from the bio-efficacy data set. When data
were stratified by site and net type, there was a significant
association between mean % knockdown and % mortality
for PermaNetW 3.0, InterceptorW and OlysetW against all
mosquito populations (p <0.05) (Figure 2). For PermaNetW

2.0, NetprotectW and YorkoolW, there was an association
between mean % knockdown and % mortality for two
populations only, although there was no consistency in
populations where an association was found. Based on
observed associations, further assessments of bio-efficacy
focused on mortality data.

Figure 1 Susceptibility of populations of An. arabiensis adult female mosquitoes collected from four sites in Ethiopia to permethrin alone
(black filled circle), permethrin following 60 mins pre-exposure to PBO (black unfilled circle), deltamethrin alone (grey filled square), and
deltamethrin following 60 mins pre-exposure to PBO (grey unfilled square) in bottle bioassays. Average of all controls is also indicated (x).
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When mean % mortality was compared between the dif-
ferent net sections for each net type for each study site,
there were significant differences observed in the bio-
efficacy of net sections for PermaNetW 3.0 against all four
populations (p < 0.05 for all), for OlysetW against the
Jimma population (p= 0.012) and for YorkoolW against the
Omo Nada population (p< 0.05). However, for PermaNetW

3.0 there was a clear grouping of lower and upper side
data (mortality of 59.2 and 66.7%, respectively), with roof
data significantly higher (100%). Based on observed asso-
ciations, data for sections of the specific net types were
grouped together except for PermaNetW3.0 for which the
roof and side panels were assessed separately.
Although there was an association between mean %

knockdown and % mortality for 16 of the 40 other net
types–net section–collection site groupings, there was no
observable pattern. There was a particularly large disparity
in the mean % knockdown and mortality data for YorkoolW

roof sections against the Omo Nada An. arabiensis
population.
Table 1 shows the bio-efficacy of the six LLINs tested

against the four An. arabiensis populations. Bio-efficacy
against each population varied significantly between net
types: Jimma (F=39.24, n=240, p<0.001); Omo Nada
(F=21.24, n=239, p<0.001), Kerssa (F=34.21, n=240,
p<0.001); TiroAfeta (F=28.73, n=240, p<0.001). The
greatest variation in bio-efficacy was observed for the Jimma
population (PermaNetW 3.0 roof: 100%, YorkoolW: 13,9%),

with the least variation observed against the TiroAfeta popu-
lation (PermaNetW 3.0 roof: 100%, YorkoolW: 40.0%).
The bio-efficacy of the roof section of PermaNetW 3.0 was

consistently high against all mosquito populations (all
100%). Apart from this, the bio-efficacy of each specific net
type varied significantly between mosquito populations: Per-
maNetW 3.0 sides (F=22.78, n=192, p<0.001); PermaNetW

2.0 (F=11.11, n=143, p<0.001); NetprotectW (F=16.83,
n=144, p<0.001); YorkoolW (F=18.70, n=144, p<0.001);
InterceptorW (F=17.37, n=144, p<0.001); OlysetW

(F=4.34, n=144, p<0.0058). This indicates that with the
exception of the combination roof of PermaNetW 3.0, the
standard LLINs performed differently against the different
An. arabiensis populations.
Target insecticide and/or synergist concentrations for all

LLINs fell within manufacturer specifications (Table 2).

Discussion
Bottle bioassays revealed that populations of An. arabiensis
from all four localities in south-western Ethiopia had low to
moderate susceptibility to both permethrin and deltamethrin
for the diagnostic dose and time used. Although no historical
data for the same populations or reference data from a sus-
ceptible An. arabiensis strain were available, previous WHO
susceptibility tests also indicated reduced susceptibility of
mosquito populations from the same study area to these
insecticides [11,12]. Moreover, the susceptibility of mosquito
populations to both permethrin and deltamethrin increased

Figure 2 Bio-efficacy of roof (black rectangles) and side (grey rectangles) samples of six long-lasting insecticidal net types against
An. arabiensis adult female mosquitoes collected from four sites in Ethiopia following 3-minutes exposure in standard WHO cone bioassays.
Bars show mean percentage mortality± standard error, asterisks indicate significant difference detected between roof and sides (P<0.05).
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significantly when synergized by PBO, suggesting the pres-
ence of metabolic-based resistance mechanisms. Since PBO
inhibits two major metabolic systems (P450s and non-
specific esterases) that are otherwise responsible for degrad-
ing or sequestering the insecticide [18] and also enhances cu-
ticular penetration thereby increasing the rate of uptake into
the mosquito [19], it is difficult to know which mechanisms
are operating without conducting a battery of other tests
such as esterase-only synergist biochemical assays or genetic
analyses. This was beyond the scope of this initial evaluation
but further investigations of resistance mechanisms are
clearly warranted to better define and quantify resistance
mechanisms present in the test populations and verify the
preliminary evidence of metabolic-based mechanisms as
indicated by bottle bioassays.
Low knockdown and mortality of the four An. arabiensis

populations following exposure to standard LLINs may be
explained by either limited bioavailability of active ingredient
on the LLIN surface or by physiological resistance of mos-
quitoes to the insecticide. Chemical assays indicated that
pyrethroid content was satisfactory for all LLIN types, and
as nets were new and had not been washed it was assumed

that surface chemical content was satisfactory. It was most
likely that reductions in efficacy were due to previously-
identified kdr mutations and/or suspected metabolic re-
sistance mechanisms. This was supported by the observed
bio-efficacy of the roof of PermaNet 3.0, since the deltame-
thrin and PBO combination clearly restored optimal bio-
efficacy against all four populations. While loss in efficacy of
pyrethroid ITNs has been associated with high kdr muta-
tion frequency in An. gambiaes.s. in Burkina Faso [20], in
Western Kenya a high kdr frequency was not associated
with a reduction in ITN efficacy [13]. General consensus
among experts is that metabolic resistance is considered
more of a threat than kdr, with major loss of efficacy of
permethrin-treated nets in experimental huts associated
with oxidase-based metabolic resistance in An. gambiae in
Cameroon [21] and An. arabiensis in Cameroon [20]. Co-
occurrence of kdr and P450- based resistance has been
reported in mosquito populations from several countries
[22,23], leading to extremely high levels of pyrethroid resist-
ance [24,25] and extreme reduction in LLIN efficacy against
An. gambiae in Akron, Benin [20]. The likely co-existence of
multiple resistance mechanisms in An. arabiensis from the

Table 1 Bio-efficacy (in mean percentage mortality) of samples of six long-lasting insecticidal net types against An.
arabiensis adult female mosquitoes collected from four sites in Ethiopia following 3-minutes exposure in standard
WHO cone bioassays

Net type/section

Collection site PermaNetW 3.0 PermaNetW 2.0 NetProtectW YorkoolW InterceptorW OlysetW F statistic;
P-valueRoof Side

Jimma 100a 62.92c 55.00c 81.11b 13.89e 61.11c 27.78d 39.24;
<0.0001*

Omo Nada 100a 40.42c,d 47.43c 75.00b 53.89c 27.78d 42.22c 21.24;
<0.0001*

Kerssa 100a 45.83c 77.78b 68.33b 24.44d 31.67d 23.89d 34.21;
<0.0001*

TiroAfeta 100a 84.17b 64.44c 45.56d 40.00d 62.22c 32.78d 28.73;
<0.0001*

*Differences in mean % MT between net types at a specific collection site were significant (p < 0.05; ANOVA and Duncan’s test); Means within a row followed by
the same letter (s) are not significantly different from each other (p≥ 0.05).

Table 2 Mean (± standard error) insecticidal or synergist concentration and % as proportion of target concentration
for roof and side samples from six different LLINs types as determined via high performance liquid chromatography

Target dose Roof Side

Net type Chemical Mean Range Mean Mean

PermaNetW 3.0 Deltamethrin 2.8 g/kg (sides) 2.1–3.5 n/a 2.4 ± 0.1

4 g/kg (roof) 3.0–5.0 3.8 ± 0.1 n/a

Piperonylbutoxide 25 g/kg (roof) 18.75–31.25 24.3 ± 1.0 n/a

PermaNetW2.0 Deltamethrin 55 mg/m2 41.25–68.75 60.8 ± 1.0 62.5 ± 4.1

NetProtectW Deltamethrin 1.8 g/kg 1.35–2.25 1.9 ± 0.0 1.9 ± 0.0

YorkoolW Deltamethrin 55 mg/m2 41.25–68.75 56.2 ± 8.3 59.9 ± 9.4

InteceptorW Alpha-cypermethrin 200 mg/m2 150.0–250.0 223.6 ± 20.8 196.0 ± 33.7

OlysetW Permethrin 20 g/kg 17.0–23.0 22.4 ± 0.1 22.2 ± 0.1
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four areas in Ethiopia and the observed significant reductions
in their susceptibility to LLINs in cone bioassays raises major
concerns for the performance of pyrethroid interventions in
Ethiopia.
In Ethiopia, DDT has been extensively used in indoor re-

sidual spraying (IRS) in alternation with malathion for over
five decades. ITN use started in 1997 with significant scale
up since 2005 (mainly LLINs) with the aim of obtaining a
high coverage towards upgraded malaria control. In addition,
pyrethroids (deltamethrin) were used in indoor residual
spraying in 2009 [26]. The prolonged use of DDT and mala-
thion, the high coverage of LLINs and the recent use of pyre-
throids for indoor residual spraying are likely to have
enhanced the selection pressure for insecticide resistance in
the An. arabiensis populations in Ethiopia. The increasing
trend in use of pyrethroid for indoor residual spraying may
not be consistent with the need to preserve the effectiveness
of LLINs [26]. Trape et al. [27] also reported that LLINs may
result in mosquito resistance to insecticides and that the in-
crease in pyrethroid resistance of An. gambiae likely caused
the rebound of malaria morbidity in Senegal. In 2011,
Ethiopia switched from pyrethroids (deltamethrin) to carba-
mates (bendiocarb) for IRS because of resistance reported to
other classes of insecticides [28]. The carbamate class is the
only class of insecticides to which these mosquito popula-
tions are susceptible in Ethiopia. Unfortunately, evidence of
resistance to carbamates (bendiocarb) has also emerged in
Afro-tropical malaria vectors from elsewhere [29-33].
If resistance and control failure is shown to both pyre-

throids and DDT, programs will need to consider carba-
mates and organophosphates [34]. High levels of control
have been achieved with certain carbamates and this in-
secticide class has been evaluated for potential use on ITNs
[35]. However, safety remains a concern with carbamates,
and formulations with low toxicity or methods of delivery
that limit human contact may be potential options alone or
in combination with pyrethroid-treated nets [36]. Combin-
ing two classes of insecticides on nets may also present a
method for managing resistance, by exposing mosquitoes
to two insecticides with different modes of action [37,38].
However, since there are currently no non-pyrethroid
LLINs available combining these insecticides with a syner-
gist such as PBO offers a viable and readily-available alter-
native to standard LLINs for areas with pyrethroid-resistant
Anopheles populations.
While cone bioassays on new nets are by no means a de-

finitive indication of anticipated net performance under
field conditions, these assays can provide valuable compara-
tive information across numerous sites, where experimental
huts are not available. Non-uniformity of nets such as
PermaNetW 3.0 complicate evaluations where net sections
are assessed separately; since anophelines most frequently
make contact with the roof of bed nets (37, P. McCall per-
sonal communication), emphasis would be well placed on

outcomes from roof sections. Further studies are warranted
to investigate the impact of observed resistance on LLIN
bio-efficacy, and also to better define the relationship be-
tween results from cone bioassays, experimental hut trials
and real-life use. In Mali, An. gambiaes.l. populations from
two sites showed no apparent differences in susceptibility
to alpha-cypermethrin nets when tested in laboratory cone
bioassays yet one population showed reduced susceptibility
to the same nets in experimental hut trials [39].
This study was the first attempt to establish the compara-

tive bio-efficacy data of six types of WHO-recommended
LLINs against pyrethroid resistant populations of An.
arabiensis from Ethiopia. Although comparisons to a sus-
ceptible strain were not incorporated due to logistical lim-
itations, the low bio-efficacy of new LLINs against these
populations suggests that the standard LLINs tested would
have sub-optimal efficacy under field conditions. We also
report for the first time the likely existence of metabolic re-
sistance in addition to kdr mutations in Ethiopia. The
underlying mechanisms involved in metabolic resistance
should be further assessed using esterase and glutathione-
S-transferase synergists as well as at the genetic level using
the microarray technique. LLINs should be assessed at add-
itional sites across the country to compare bio-efficacy
against populations with different resistance levels or
mechanisms, and attempts need to be made to relate results
to observed phenotypic resistance and observed or reported
LLIN failure.

Conclusion
Relatively low knockdown and mortality rates were
observed for four pyrethroid resistant populations of An.
arabiensis from south-western Ethiopia following expos-
ure to new, unused WHO-recommended standard LLINs.
Conversely, optimal bio-efficacy was observed for the del-
tamethrin +PBO roof of PermaNetW 3.0 against all four
populations. Although the approach used cone bioassays
with new nets only, it provided compelling information
suggesting that pyrethroid resistance may be a cause for
concern for sustained efficacy of pyrethroid-based inter-
ventions in Ethiopia. It also indicates the utility of con-
ducting comparative bio-efficacy studies using local
mosquito populations, and underscores the urgent need
to establish an insecticide resistance management (IRM)
strategy for Ethiopia.
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