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ABSTRACT Bifenthrin, a pyrethroid insecticide already used in agriculture was evaluated in lab-
oratory conditions against susceptible and pyrethroid resistant mosquitoes, as a potential insecticide
for treatment of mosquito nets. Two laboratory strains of Anopheles gambiae s.s. Giles, the major
malaria vector in Africa, and two of Culex quinquefasciatus Say, a major pest mosquito in urban areas,
were used. Compared with other pyrethroids such as permethrin and deltamethrin, the intrinsic
toxicity of bifenthrin, measured by topical application with susceptible strains, was intermediate. By
forced tarsal contact on Þlter papers (cylinder tests) or on netting materials (cone tests), bifenthrin
was found slightly more effective against A. gambiae than against C. quinquefasciatus, in terms of
mortality and knock-down effect. With free ßying mosquitoes (tunnel tests), bifenthrin was very
efÞcient in killing mosquitoes and inhibiting blood feeding. Against the two pyrethroid resistant
strains, bifenthrin was relatively efÞcient against A. gambiae but the impact of resistance was greater
with C. quinquefasciatus. In tunnel tests, blood feeding remained almost entirely inhibited with the
two species despite resistance. The high mortality of susceptible mosquitoes and excellent blood
feeding inhibition of susceptible and resistant strainsmakes bifenthrin a good candidate for treatment
of netting materials, particularly in areas whereC. quinquefasciatus, the main nuisance in urban areas,
is resistant to pyrethroids. The slower knock-down and lower irritant effect alsomakes this insecticide
especially attractive when a mass killing effect on mosquito populations is expected.
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INSECTICIDE TREATED NETS using pyrethroid insecticides
are effective in reducingmalariamorbidity andoverall
child mortality in a variety of epidemiological condi-
tions (Lengeler 1998). They are now widely used in
many tropical countries, particularly in Asia, and have
become more popular on the African continent, the
area most severely affected by malaria (Lines 1996).
To date, six pyrethroid insecticides (alpha-cyper-
methrin, cyßuthrin, deltamethrin, etofenprox, lamb-
da-cyhalothrin, and permethrin) have been recom-
mendedby theWorldHealthOrganization (WHO) in
the framework of the WHO Pesticide Evaluation
Scheme (WHOPES) for the treatment of mosquito
nets (Zaim et al. 2000). For most of these products,

WHO speciÞcations have been developed for quality
control and international trade.
Bifenthrin, a non-alpha cyano pyrethroid insecti-

cide, is usedworld wide against a range of agricultural
pests. It has moderate acute toxicity, as do most of the
other pyrethroids recommended for public health.
Etofenprox (a non-ester pyrethroid) is classiÞed as
unlikely to present acute hazard in normal use.
Bifenthrin is classiÞed by WHO as moderately haz-
ardous (WHO 1998a). TheWHO/FAO JointMeeting
on Pesticide Residues has allocated an “acceptable
daily intake” for humans of 0Ð0.02mg/kg bodyweight
on the basis of the “no observed adverse effect level”
of 1.5 mg/kg body weight/d from a 1-yr study in dogs
using a 100-fold safety factor (FAO 1992). Bifenthrin
has a very low vapor pressure (1.81 10Ð7 mmHg), a
low water solubility (�1 �g/liter), and good stability
tohydrolysis andphotolysis (2yrat 50�Cundernatural
daylight). It is non-irritant to skin, virtually non-irri-
tating to eyes on rabbits and presents no skin sensi-
tization on guinea pigs (Tomlin 2000).
Because of these attributes, bifenthrin is potentially

agoodcandidate insecticide for treatmentofmosquito
nets. Preliminary testing had been made under labo-
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Agropolis, BP 5045, 34032 Montpellier Cedex 1, France.
3 Communicable Diseases Control, Prevention and Eradication,

World Health Organization, CH-1211 Geneva 27, Switzerland.

0022-2585/02/0526Ð0533$02.00/0 � 2002 Entomological Society of America



ratory and Þeld conditions, particularly against sus-
ceptible and/or pyrethroid resistant strains of Anoph-
eles gambiae s.s. Giles, the major malaria vector in
Africa, and Culex quinquefasciatus Say, a major pest
mosquito in urban areas (De Andrade 1990, Finot et
al. 1997,Leeet al. 1997,Ali et al. 1999,Curtis et al. 1999,
Guillet et al. 2001). The development of pyrethroid
resistance inmajor vectormosquitoes is a very serious
concern since insecticide-treated net programs have
so far relied entirely on pyrethroids. Resistance is
already present in several parts of the world (Malcom
1988, Chandre et al. 1999, Hargreaves et al. 2000).
Although all pyrethroids act on the same target site by
modifying the gating kinetics of voltage-sensitive so-
dium channel (Lund and Narahashi 1983), their im-
pact on mosquitoes varies from product to product.
Differences in irritantcy, excito-repellency, and
knock-down properties may have a signiÞcant impact
on the overall efÞcacy of an insecticide (Roberts et al.
2000). In addition, this impactmight differ, depending
on how insecticides are used e.g., for indoor residual
spraying, for treatment of mosquito nets, or for space
spraying.
As a new insecticide, bifenthrin has been fully eval-

uated in the laboratory in the framework of the
WHOPES phase I (WHO 1996); and part of those
results are presented and discussed in this article.

Materials and Methods

Insecticide. Tests were made with technical grade
and formulatedproduct,dependingon the typeof test.
The technical compound used in this study was 91.5%
pure and contained at least 97% of the cis-isomer. The
formulation tested was a Micro-Emulsion containing
0.3% (AI) (Bistar 3 ME, Philadelphia, PA). For tests
made with the active ingredient, a comparison was
made with permethrin 25 cis/75 trans and/or delta-
methrin using the results obtained and validated in a
previous study with the same standard procedure
(Finot et al. 1997, Duchon et al. 1998).

Biological Material. Two laboratory strains of A.
gambiae and twoofC. quinquefasciatuswereused.The
susceptible strains of A. gambiae (Kisumu) originated
in Kenya, and C. quinquefasciatus (S-Lab) originated
in California (Georghiou et al. 1966). They have been
colonized for many years and are free of any detect-
able insecticide resistance mechanism. The resistant
strainofA.gambiae(VKPR) thatoriginated inBurkina
Faso was already strongly resistant to permethrin
when collected in the Þeld and has subsequently been
maintained under constant permethrin selection at
each generation (Darriet et al. 1997). The resistant
strain of C. quinquefasciatus was collected in Côte
dÕIvoire (BKPER)andhas alsobeenmaintainedunder
continuous selection with permethrin (Chandre et al.
1997). Both strains were homozygous for the knock-
down resistance (kdr) gene (Martinez-Torres et al.
1998, 1999) with a resistance factor (by topical appli-
cation) of �40-fold (Chandre et al. 2000). The C.
quinquefasciatus resistant strain also involves mono-
oxygenases. The resistant and susceptible strains were

evaluated every 3 mo for resistance status and the
R-genotype.

Substrates andTreatment.Tarsal contact testswere
made using either Þlter papers treated with technical
grade compound or netting material treated with for-
mulated product, as recommended by WHO (1996).
Filter papers were treated according to a WHO pro-
tocol using acetone solutions of insecticide and sili-
coneoil as the carrier (WHO1998).The impregnation
was done by dripping onto the paper 2ml of technical
grade dissolved in acetone and silicone oil. The paper
was then dried for 24 h. The netting material used in
this study was a warp knitted multiÞlament polyester
100 denier, mesh 156 (SiamDutch, Bangkok, Thai-
land). Pieces of netting (25 by 25 cm) were treated at
the recommended dosage for operational use (25mg/
m2) and other samples at one-fourth the recom-
mendeddosage (6.25mg/m2)byusing the formulated
product dilutedwith de-ionizedwater. For treatment,
pieces were folded into three equal parts in one di-
rection then the same in the other direction thus
creating six layers and then put into a disposable petri
dish. A volume of formulation suspension correspond-
ing to speciÞc absorbency of the net was prepared
immediately before treatment and was pipetted
evenly onto the surface. The pieces of net were then
carefully squeezered with Þngers (wearing plastic
gloves) to ensure a regular distribution of the solution
and ensuring that no solution was left over. Once
impregnated, nets were kept to dry in the petri dish.
Tests were systematically made from 5 to 10 d after
treatment to avoid testing deposits of markedly dif-
ferent ageswhichmight have haddifferent impacts on
mosquito behavior and affected the results.

Topical Applications. The efÞcacy of an insecticide
on a net depends on a number of factors, including the
intrinsic toxicity of the insecticide. For adult mosqui-
toes, activity can be determined by topical application
of the insecticide to the adult female mosquito by
dropping 0.1�l of insecticide solution in acetone,with
amicro-capillary, onto theupper part of thepronotum
of each mosquito that was brießy anesthetized with
CO2 and maintained on a cold plate (WHO 1996).
Dosages were expressed in nanograms of active in-
gredient per mg of mosquito body weight. A total of
50 individuals (nonblood fed females, 2Ð5 d old) was
used at each concentration, with at least Þve concen-
trations tested. After treatment, the females were
maintained at 27 � 2�C and 80 � 10% RH in plastic
cups with honey solution provided. Mortality was as-
sessed after 24 h in comparisonwith a control batch of
mosquitoes treated with acetone alone. Three repli-
cates with insects from different rearing batches were
made on different occasions and the results were
pooled. The data were subjected to a computerized
log-probit analysis (Raymondetal. 1997) todetermine
the lethal dosage 50 and 95%(LD50 andLD95) aswell
as their 95% conÞdence intervals.

Tarsal Contact with Treated Filter Papers. The ef-
Þcacy of an insecticide on a net also depends upon the
behavior of the target when exposed to treated sur-
faces. This is of particular relevance for insecticides
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such as pyrethroids and DDTwith irritant and excito-
repellent properties. Knock-down and irritant effects
resulting from tarsal contact with treated Þlter paper
weremeasured usingWHO susceptibility testing tube
for adult mosquitoes (WHO 1998b). Filter paper tests
were conducted with a graduated series of dosages
using technical grade compounds. Concentrations
were expressed in wt:wt percentage of active ingre-
dient in silicone oil. Batches of 25 nonblood fed fe-
males, aged 2Ð5 d, were introduced into holding tubes
and maintained for 1 h (adaptation time) at 27 � 2�C
and 80� 10%RH. Theywere then transferred into the
exposure tube, placed vertically for 1 hunder subdued
light. Since pyrethroids are fast acting insecticides,
knocked down mosquitoes at the bottom of the tubes
were recorded at regular intervals between 10 and
60min.The timeafterwhich50 and95%ofmosquitoes
are knock down (KD, respectively, KDT50 and
KDT95), 95% CL was then determined using log-
probit analysis. Mortality was recorded 24 h after ex-
posure. Each concentration was tested four times and
each testwas repeated four timeswith different insect
batches to take into account inter-batch variability.
The minimum concentration that produced 100%
mortality with susceptible reference strains was de-
termined. The diagnostic concentration, i.e., double
the minimum concentration giving 100% mortality
with susceptible strain, was also established.

Tarsal Contact with Treated Netting Material.
Knock-down and irritant effects resulting from tarsal
contact with netting material were measured using
WHO cone tests for adult mosquitoes (WHO 1998b).
The tests were conducted using the standard WHO
plastic cones and a 3-min exposure time. During
exposure, the cones were closed with a polyethylene
plug so that mosquitoes would not remain on either
the cone wall or the plug. Five nonblood fed females
2Ð5 d old were introduced into cones at a time. Four
cones were applied at the same time onto the net
sample and tests were made at 25 � 2�C under sub-
dued light. After exposure, females were grouped
into batches of 10 or 20 in 150-ml plastic cups and
maintained at 27 � 2�C and 80 � 10% RH with
honey solution provided. For each sample tested,
50 mosquitoes (10 cones) were used. Knock-down
rateswere recorded after exposure at Þxed intervals of
time (every 2Ð10 min, depending on knock-down
rates) up to 60 min after exposure. KDT50 and KDT95
with 95% CL were calculated using log-probit anal-
ysis. Percentage mortalities were recorded after 24 h
and compared by a chi-square test. The Fisher exact
test was computed when an expected value was �5.
When testing pyrethroids with adult mosquitoes,
surviving individuals are commonly found with sev-
eral legs missing, sometimes up to Þve. They are alive
and able to ßy but in the Þeld, they would not be able
to survive. To take this phenomenon into account,
mortality was recorded in two ways: counting either
dead mosquitoes only (real mortality) or including
surviving mosquitoes with three legs or fewer (func-
tional mortality). Taking into account “functional”
mortality gives additional information and a better

estimate of the overall killing effect of a pyrethroid
insecticide.

Irritability Tests. Nonblood fed 2-to 5-d-old
females were introduced individually into plastic
cones Þtted to treated Þlter paper or to treated netting
material. After an adaptation time of exactly 60 s, the
time elapsed between the Þrst landing and the next
take off of the mosquito was recorded as the “time for
Þrst take off” (Mouchet and Cavalié 1961). Mosqui-
toes that did not take off at least once during a period
of 256 s were discarded. For each test, 50 mosquitoes
were tested individually. A simple program using the
internal clock of a laptop computer has been devel-
oped to run this test and to analyze the results. Mos-
quitoes are groupedby classes of Þrst take off time and
cumulative frequencies are used to calculate the time
for 50 and 95% of the mosquitoes to take off (FT50
and FT95). Fairly constant subdued lighting and air
temperature (25� 2�C) have to bemaintained during
the test. The number of take offs has also been pro-
posed in thepast as ameasure of irritability but it is not
a reliable indicator, especially for very fast acting in-
secticides (Mouchet and Cavalié 1961; Hodjati and
Curtis 1999; Chandre et al. 2000). Tests in the current
study were made using susceptible and resistant mos-
quito strains at a dosage that killed 100%of susceptible
A. gambiae on Þlter paper (0.125%, see Table 2) or
netting samples treated at 25 and 6.25 mg/m2 with
bifenthrin ME.

Tunnel Tests. Tarsal contact tests do not provide a
measure of the overall insecticide efÞcacy under Þeld
conditions because of the forced contact which does
not allow avoidance behavior of adult mosquitoes in
response to the repellent and irritant effects of pyre-
throids. To better simulate Þeld conditions, another
device has been developed, the tunnel test. This de-
vice has given results that were quite comparable to
those obtained in the Þeld in experimental huts
(Chandre et al. 2000). This was particularly so for
mortality and feeding inhibition, which are closely
related insecticide properties and the behavioral re-
sponse of mosquitoes. The basic equipment consisted
of a square section glass tunnel (25 by 25 cm), 75 cm
long similar to that used earlier by Elissa and Curtis
(1995) and described in detail by Chandre et al.
(2000). One-third of way along the tunnel, a dispos-
able cardboard frame was placed with the treated
netting sample.Thesurfaceofnettingaccessible to the
mosquitoeswas 400 cm2 (20 by 20 cm)with nine holes
(1 cm diameter) precisely positioned. Inside the
shorter section of the tunnel, a bait (guinea pig for A.
gambiae or quail for C. quinquefasciatus) was placed,
unable to move but available to be bitten by the
mosquitoes. At each end of the tunnel, a 30-cm square
cage was Þtted, covered with polyester netting. In the
cage placed at the end of the longer section of the
tunnel, �100 unfed, 5- to 8-d-old females were intro-
duced at 1800 hours. Females were free to ßy in the
tunnel but they must contact the treated netting and
locate a hole before reaching the bait. After taking a
blood meal, females usually ßy to the cage at the end
of the same section of the tunnel and rest. The fol-
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lowingmorning, at 0900 hours, females were removed
and counted separately from each section of the tun-
nel and the immediate mortality was recorded. Live
females were put in plastic cups with honey solution
and delayedmortality was recorded after 24 h. During
exposure, cages weremaintained in an environmental
chamber at 27� 2�Cand 80� 10%RHunder subdued
light.
Five tunnels were used simultaneously in the same

climatic chamber, one serving as the control. Each net
sample was used no more than twice, within the same
week and then was discarded. Animals used as baits
were selected at random. Reduction in blood feeding
was assessed by comparing the proportion of blood-
fed females, whether they were alive or dead in tun-
nels with treated and control nets. Irritability was
measured as the proportion ofmosquitoes that did not
pass through the netting, by comparing treated and
control tunnels. Overall mortality was measured by
combining both immediate and delayed (24 h) mor-
tality of mosquitoes from the two sections of the tun-
nel. These tests were made with both susceptible and
resistant strains at the target operational concentra-
tion and one-fourth of this concentration. Percent
mortality andblood feeding inhibitionwerecompared
using a chi-square test (or Fisher exact test when
expected valuewas�5). All tunnel tests weremade in
parallel with a control where no insecticide was ap-

plied to thenet andresultswerecorrectedaccordingly
(Abbott 1925).

Results

All computerized log-probit analysis have shownno
signiÞcant heterogeneity in the data (regression lines
well Þtted by a straight lineÑP � 0.05).

Topical Applications. The intrinsic toxicity as mea-
sured by LD50 of bifenthrin for adult A. gambiae and
C. quinquefasciatus were similar (Table 1). A small
difference was observed in LD95 but it was not sig-
niÞcant (overlapping conÞdence intervals). Depend-
ing on the lethal dose parameter and/or mosquito
species considered, bifenthrin was 6Ð14 times more
toxic than permethrin.

Tarsal Contact with Treated Filter Papers. A min-
imum concentration of 0.5% was needed to regularly
obtain 100% mortality with C. quinquefasciatus, but
only 0.125%was needed forA. gambiae (Table 2). The
respective KDT50 and KDT95 observed for the two
species at these two concentrations were similar,
with overlapping conÞdence intervals. Bifenthrin, at
0.125%, theminimum concentration giving 100%mor-
tality with A. gambiae, was Þve times less toxic than
deltamethrin (0.025%)but eight timesmore toxic than
permethrin (1%). The same trend was observed with

Table 1. Toxicity of bifenthrin for susceptible A. gambiae and C. quinquefasciatus adults exposed by topical application (permethrin
data are provided as a basis for comparison)

Insecticide
LD50 (ng/mg mosquito) LD95 (ng/mg mosquito)

Value (N) 95% CI Value (N) 95% CI

A. gambiae

Bifenthrin 0.15 (50) 0.14Ð0.16 0.49 (50) 0.42Ð0.59
Permethrin 1.02 (50) 0.90Ð1.18 4.45 (50) 3.40Ð6.54

C. quinquefasciatus

Bifenthrin 0.16 (50) 0.13Ð0.19 0.64 (50) 0.45Ð0.94
Permethrin 2.21 (50) 2.09Ð2.34 3.63 (50) 3.29Ð4.23

N, number tested.

Table 2. Toxicity of bifenthrin for susceptible A. gambiae and C. quinquefasciatus adults mosquitoes exposed to filter papers
(deltamethrin and permethrin data are provided as a basis for comparison)

Insecticide Concn, % % mortality (N)
KDT50 (min) KDT95 (min)

Value 95% CI Value 95% CI

A. gambiae

Bifenthrin 0.03125 91.0 (400) 71.7 64.4Ð80.1 194.8 144.4Ð267.4
0.0625 99.5 (400) 45.7 42.7Ð48.9 89.0 76.4Ð103.8
0.125 100 (400) 29.1 26.8Ð31.6 55.9 48.2Ð64.8
0.25 100 (400) 22.0 20.1Ð24.1 42.1 35.4Ð50.5

Deltamethrin 0.025 100 (400) 13.3 Ñ 23.5 Ñ
Permethrin 1 100 (400) 11.3 Ñ 17.9 Ñ

C. quinquefasciatus

Bifenthrin 0.125 92.6 (400) 54.6 44.7Ð66.7 159.0 82.2Ð309.1
0.25 99.3 (400) 34.3 31.9Ð36.9 84.2 70.8Ð100.4
0.5 100 (400) 23.8 21.0Ð27.1 42.8 32.9Ð55.8

Deltamethrin 0.025 94.8 (400) 29.3 Ñ 95.5 Ñ
Permethrin 1 98.0 (400) 14.2 Ñ 21.8 Ñ

N, number tested.
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C. quinquefasciatus although the differences were
smaller.
At the same concentrations, knock-down time

(both KDT50 and KDT95) with bifenthrin was about
twice as long as with permethrin and deltamethrin
(except with deltamethrin against C. quinquefasciatus
where similar knock-down treatment values were ob-
served). A suitable diagnostic concentration for
bifenthrin would be 0.25% for A. gambiae and 1% for
C. quinquefasciatus.

Tarsal Contact with Treated Netting Material. A
signiÞcant difference in mortality (Table 3) was ob-
served between the susceptible and resistant A. gam-
biae strains, at 25 mg/m2 (P � 0.0001) and, to a lesser
extent, at 6.25 mg/m2 (P � 0.05 when considering
functional mortality). No signiÞcant difference was
noted between the susceptible and resistant C. quin-
quefasciatus, the mortality remaining very low in both
strains (except at 25 mg/m2 where P � 0.01 for func-
tionalmortality). Bifenthrinwas farmore toxic against
susceptible A. gambiae than against susceptible C.
quinquefasciatus, particularly at 25mg/m2 (P � 0.0001
for real and functional mortalities with �2 of 47.7 and
63.9, respectively) and, to a lesser extent, at 6.25
mg/m2 (Fisher test, P � 0.05 for real mortality and
�2�10.44,P�0.005 for functionalmortalities).Knock
down times were also �10Ð15 times shorter with sus-
ceptibleA. gambiae than susceptibleC. quinquefascia-
tus and 30Ð500 times longer in resistant than suscep-

tible A. gambiae. No knock down was observed with
resistant C. quinquefasciatus.

Irritability Tests. At the minimum concentration
giving 100% mortality on Þlter papers (Table 4), time
for the Þrst take off of An gambiae was about three
times longerwithbifenthrin thanwithpermethrin and
deltamethrin. It was also 1.5 times longer for suscep-
tible C. quinquefasciatus than for susceptible A. gam-
biae. Irritability was greatly reduced (15-fold) in re-
sistant A. gambiae and undetectable with resistant C.
quinquefasciatus.
Results obtainedweredifferentwith treatednetting

material (Table 5). C. quinquefasciatus was more sus-
ceptible than A. gambiae to the irritant effect, spend-
ingaround40%as longonnets treatedat25mg/m2and
60% as long at 6.25 mg/m2. As in Þlter paper tests,
irritabilitywasmuch less in resistantA. gambiae andC.
quinquefasciatus.

Tunnel Tests. Bifenthrin ME at both 25 and 6.25
mg/m2 was very effective in killing between 90 and
100% of the susceptible strains of both mosquito spe-
cies (Table 6). However, mortality was signiÞcantly
reduced in resistant A. gambiae and was negligible in
resistant C. quinquefasciatus (P � 0.0001 for both spe-
cies). Interestingly, bifenthrin was highly effective in
reducing blood feeding in susceptible as well as re-
sistantmosquitoes of both species (although theeffect
was signiÞcantly less in the resistant than the suscep-

Table 3. Knock down and mortality of susceptible and resistant A. gambiae and C. quinquefasciatus exposed under standard WHO
cones to netting material treated with bifenthrin ME

Concn
(mg/m2)

Susceptiblity
status

Mortality, % KDT50 (min) KDT95 (min)

Real (N) �2 (P) Functional (N) �2 (P) Value 95% CI Value 95% CI

A. gambiae

25 Suceptible 41.2 (51) 16.1 60.8 (51) 32.99 6.2 5.6Ð6.7 14.0 12.0Ð17.7
Resistant 7.6 (53) (�0.0001) 7.6 (53) (�0.0001) 417.0 Ñ 6,286 Ñ

6.25 Suceptible 15.7 (51) 1.8 23.5 (51) 5.28 8.5 7.7Ð9.2 21.2 18.2Ð26.3
Resistant 7.4 (54) (�0.05) 7.4 (54) (�0.05) 125.0 Ñ 676.0 Ñ

C. quinquefasciatus

25 Suceptible 2.0 (51) F 17.6 (51) 7.1 67.0 57.0Ð90.0 214.0 139Ð507
Resistant 2.0 (51) (�0.05) 2.0 (51) (�0.01) (NE) Ñ NE Ñ

6.25 Suceptible 2.0 (50) F 2.0 (50) F 90.0 70.0Ð179 250.0 141Ð1,324
Resistant 0.0 (50) (�0.05) 0.0 (50) (�0.05) (NE) Ñ NE Ñ

N, number tested; F, FisherÕs exact test; NE, no detectable effect.

Table 4. Irritability of susceptible and resistant A. gambiae and C. quinquefasciatus exposed to filter papers treated with bifenthrin
technical grade (deltamathrin and permethrin data are provided as a basis for comparison)

Insecticide Concn, %
Susceptibility

status

FT50 (seconds) FT95 (seconds)

Value (N) 95% CI Value (N) 95% CI

A. gambiae

Bifenthrin 0.125 Suceptible 18.2 (50) 15.5Ð21.5 1,237 (50) Ñ
0.125 Resistant 276.1 (50) 156Ð731 14,853 (50) Ñ

Deltamethrin 0.025 Suceptible 7.1 (50) 5.9Ð8.4 34.0 (50) 25.6Ð49.8
Permethrin 1 Resistant 6.0 (50) 5.3Ð6.9 35.9 (50) 27.7Ð50.3

C. quinquefasciatus

Bifenthrin 0.125 Suceptible 29.4 (50) 25.1Ð34.8 363.5 (50) 262Ð542
0.125 Resistant NE (30) Ñ NE (30) Ñ

N, number tested; NE, no detectable effect.
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tible strain) even at the lowest concentration (79%
with A. gambiae).

Discussion

The intrinsic toxicity of bifenthrin, measured by
topical application, was almost the same inA. gambiae
and C. quinquefasciatus. However, in bioassays with
Þlter papers or netting materials, bifenthrin was sig-
niÞcantly more effective against susceptible A. gam-
biae than against susceptible C. quinquefasciatus in
termsofmortality andknock-downeffect, as observed
with other pyrethroids (unpublished data). Never-
theless, in the case of bifenthrin, the difference be-
tween the two mosquito species was smaller. Com-
pared with permethrin, the higher intrinsic toxicity of
bifenthrin was conÞrmed at the larval stage by Finot
et al. (1997), particularly with C. quinquefasciatus.
Conversely, the same authors show that bifenthrin is
far less toxic than deltamethrin. However, with free
ßying mosquitoes in tunnel test, bifenthrin was very
efÞcient in killing and inhibition of blood feeding at
concentrations as low as 6.25 mg/m2. This emphasizes
that the overall effect of pyrethroids on adult mos-
quitoes is complex, depending upon toxicity, behav-
ioral response, and so on.
The cross-resistance between bifenthrin and per-

methrin in the tested kdr strains is a common feature

among all pyrethroids (Chandre et al. 1999). Resistant
mosquitoes were less irritated by bifenthrin and were
able to stay longer on treated surfaces. Bifenthrin was
still killing kdrA. gambiae since kdr alone induces only
amoderate level of pyrethroid resistance (Chandre et
al. 2000). The same phenomenon was also observed
with pyrethroids such as permethrin, deltamethrin
and lambdacyhalothrin (Darriet et al. 2000; Dossou-
Yovo et al. 2000). In the C. quinquefasciatus strain,
having several resistance mechanisms in addition to
kdr (e.g., mono-oxygenases), resistance impact was
greater, except on blood feeding which was almost
entirely inhibited. The longer stay of resistantC. quin-
quefasciatus on the treated surface and uptake of in-
secticide seems to be enough to alter the feeding
behavior whichmay be less affected thanmortality by
kdr.
In view of the high mortality of susceptible mos-

quitoes and high level of blood feeding inhibition of
susceptible and resistant Anopheles sp. and Culex sp.,
it is concluded that bifenthrin is a good candidate for
treatment of netting materials. The slower knock-
down and lower irritant effect, also makes this insec-
ticide especially attractive in a community with high
insecticide treated net coverage and where a mass-
killing effect on the mosquito population is expected.
C. quinquefasciatusnuisance in urban areas is themain
motivation for most people to use insecticide treated

Table 5. Irritability of susceptible and resistant A. gambiae and C. quinquefasciatus exposed to netting material treated with bifenthrin
ME

Concn (mg/m2)
Suceptibility

status

FT50 (seconds) FT95 (seconds)

Value (N) 95% CI Value (N) 95% CI

A. gambiae

25 Susceptible 26.7 (51) 21.8Ð32.7 211.0 (51) 147Ð345
Resistant 66.0 (50) 44.0Ð112 9,409.0 (50) Ñ

6.25 Susceptible 36.0 (50) 29.0Ð45.0 320.0 (50) 209Ð595
Resistant 124.0 (50) 85.0Ð214 3,664.0 (50) Ñ

C. quinquefasciatus

25 Susceptible 10.9 (50) 8.9Ð13.2 65.3 (50) 47.5Ð102
Resistant 172 (50) 105Ð359 12,136 (50) Ñ

6.25 Susceptible 23.1 (50) 18.9Ð28.3 177.4 (50) 124.0Ð286
Resistant 3,148 (31) Ñ NE (31) Ñ

N, number tested; NE, no detectable effect.

Table 6. Efficacy in tunnels (mortality and blood feeding reduction) of netting material treated with bifenthrin ME against susceptible
and resistant A. gambiae and C. quinquefasciatus

Concn
(mg/m2)

Susceptibility
status

% mortality
(N)

�2 (P)
% blood feeding
inhibition (N)

�2 or F
(P)

A. gambiae

25 Susceptible 100 (94) 92.2 97.0 (94) 5.7
Resistant 33.5 (87) (�0.0001) 87.2 (87) (�0.05)

6.25 Susceptible 98.5 (84) 54.3 96.7 (84) 12.2
Resistant 48.3 (84) (�0.0001) 78.7 (84) (�0.0005)

C. quinquefasciatus

25 Susceptible 90.7 (97) 145.9 100 (97) F
Resistant 4.1 (97) (�0.0001) 93.2 (97) (P � 0.05)

6.25 Susceptible 99.0 (96) 189.0 100 (96) F
Resistant 0.0 (97) (�0.0001) 94.4 (97) (0.059)

N, number tested; F, FisherÕs exact test.
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nets and visible impact of the insecticide on C. quin-
quefasciatus, potentially obtained with bifenthrin, is
likely to improve acceptability of treated nets and
compliance.
Bifenthrin also has additional potential advantages

compared with other pyrethroids. Lower skin irrita-
tion when compared with most alpha-cyano pyre-
throids and better chemical stability. The latter pa-
rameter is of particular relevance when considering
the development of “long lasting insecticide-treated
mosquito nets.”
If the conclusions of this study are conÞrmed under

Þeld conditions, bifenthrin could have comparative
advantages over several other pyrethroids. Prelimi-
nary studies in experimental huts, at the same con-
centration (50 mg/m2), has shown bifenthrin to be as
effective asdeltamethrin inkilling resistantA. gambiae
(81.4 versus 85.5% mortality) but signiÞcantly more
effective in killing multi-resistant C. quinquefasciatus
(53 versus 31%). Bifenthrin may also be promising for
combined treatment of nets using a pyrethroid and a
nonpyrethroid insecticides applied to different parts
for the net (Guillet et al. 2001).
Comparative laboratory testing and evaluation of

bifenthrin with other WHO recommended insecti-
cides for treatment of mosquito nets as well as com-
parative Þeld studies are, therefore, recommended.
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