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Abstract

The status of resistance was investigated in Anopheles gambiae sensu lato and An. funestus (Diptera:
Culicidae) mosquitoes from western Kenya to four classes of insecticides approved by World Health
Organization for indoor residual spraying. The prevalence of the knockdown-resistance (kdr) mutation
associated with resistance to pyrethroids and DDT was determined in An. gambiae s.l.. Standard World
Health Organization diagnostic bioassay kits for DDT (an organochlorine), fenitrothion (an
organophosphate), bendiocarb (a carbamate), and the pyrethoirds, lambdacyhalothrin and permethrin,
were used. Knockdown every 10 min and mortality 24 h after exposure were noted. Controls not treated
with insecticides and with the susceptible An. gambiae KISUMU strain were included in the bioassays.
The presence of the kdr gene was determined using a standard diagnostic polymerase chain reaction
assay. Over 98% mortality was observed for tests with all insecticides for both An. gambiae s.1. and An.
funestus. Knockdown rates were not significantly different between An. gambiae s.1. and the KISUMU
strain control. 50% and 95% knockdown times were either slightly lower than those for the KISUMU
strain or higher by factors of less than 1.6. The mean frequency of the East African kdr mutation was
24.7% in An. gambiae sensu strictu. Based on conventional criteria where susceptibility is defined by
mortality rates >98% 24 h after exposure, no evidence for resistance was found, implying that vector
control measures employing any of the insecticides tested would be unhampered by resistance. The
observed frequencies of the kdr mutation do not appear to compromise the effectiveness of the
insecticides. The need for continuous monitoring of the status of insecticide resistance and of the
impact of any observed resistance on the efficacy of vector control programs employing insecticides is
apparent.
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Introduction

Anopheles gambiae sensu stricto, An. arabiensis
and An. funestus are the most important vectors
of malaria in sub-Saharan African. Vector control
strategies such as the use of insecticides both for
indoor residual spraying and for the treatment of
bed nets have been shown to have significant
impact on the transmission of the malaria
(Hawley et al. 2003; Mabaso et al. 2004). There
is, however, an accumulation of evidence of
resistance by the malaria vectors to commonly
used insecticides (WHO 1992). Among the
different mechanisms of insecticide resistance,
the knockdown resistance (kdr) mechanism,
which results from mutations in the voltage-gated
sodium channel (the target-site for DDT and
pyrethroids), and metabolic resistance, which
occurs when levels of insecticide-detoxifying
enzymes are elevated or their activity modified,
are the most important (Brogdon and McAllister
1998). In Kenya, the first reported case of
resistance was in the context of insecticide-treated
net use in Western Kenya where reduced
knockdown rates were seen (Vulule et al. 1994).
Stump et al. (2004) also found significant
differences in kdr gene frequency between the
large-scale insecticide treated net trial Asembo
area and other areas in Western Kenya. More
recently, studies in Central Kenya found no
evidence for insecticide resistance in An.
arabiensis (Kamau et al. 2006). Reports of
insecticide resistance are more abundant in West
Africa where different levels of resistance have
been found even within short distances and
during different seasons (Diabate et al. 2002,
2004; Awolola et al. 2003; Yawson et al. 2004).
Other insecticide resistance studies involving An.
albimanus suggest that levels of resistance can
increase significantly within short periods of time,
such as within six months, and that the dominant
resistance mechanism may be highly localized
(Brogdon et al. 1988a, 1988b).

The current study is the first report of the status
of phenotypic resistance to insecticides in An.
funestus in Kenya and in An. gambiae outside the
area of intensive insecticide treated net use.
Although the aforementioned studies indicate that
resistance levels are generally low, sustained use
of insecticides may result in increased resistance
that would threaten the sustainability of this
vector control strategy. Thus, continued
monitoring of resistance is necessary. The status
of resistance in An. funestus and An. gambiae s.l.
to insecticides was determined in each of the four
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classes of insecticides that have been approved for
indoor residual spraying by WHO, namely DDT
(an organochlorine), fenitrothion (an
organophosphate), bendiocarb (a carbamate), the
pyrethroids, lambdacyhalothrin and permethrin,
as well as the frequency of the kdr gene in An.
gambiae s.l.

Materials and Methods

Study sites
Mosquito specimens were collected from Ahero
and Rota in Western Kenya. Ahero (0° 10 S, 34°
55 E) is a rice irrigation area where large-scale
rice farming was carried out prior to the 1990s.
Total acreage under rice irrigation was reduced
drastically in the years that followed due to
reduced governmental support for the
management of water distribution and purchase
of produce and has just started increasing with
renewed support. Carbofuran, applied in the seed
furrows, was used to control pests (Wandiga et al.
2003). Rota (0° 08’S, 34° 36'E), is on the shores
of Lake Victoria. Residents are largely fishermen
although subsistence farming is practiced with
very little, or no, use of chemical fertilizers and
pesticides. Various scientists from the Kenya
Medical Research Institute (KEMRI) have
conducted studies in both Ahero and Rota since
the 1930s and the working relations between
KEMRI staff and the local residents are cordial.
Additionally, specimens from Kisii in Western
Kenya (0° 46" S, 34° 56'E), Mwea in Central
Kenya (0° 44’S, 36° 79’E) and Kwale at the
Kenyan Coast (4° 11'S, 39° 26’E), collected
between 2003 —2005, were also analyzed for the
presence the kdr mutation.
Specimen collection, identification and
rearing
An. gambiae s.]. mosquitoes were sampled from
Rota. Two samples were taken, one during the
short rains between 12'-16" September 2005
and the other during the long rains between
h_,gth April 2006. For An. funestus, two drK
season samples were taken from Ahero (7
February 2005 and 14! h_;8th March 2005) and
one during the long rains from 29"-May- 3
June 2005. Additional An. funestus samples were
taken from Rota between 4 —gth July 2005 and
13t h_jeth September 2005 during the long and
short rains, respectively. Adult female mosquitoes
were collected from walls inside human dwellings
by manual aspiration and identified as An.
gambiae s.l. and An. funestus based on
morphological characteristics (Gillies and De
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Meillon 1968). Individual mosquitoes were then
allowed to oviposit and F1 families were raised
separately. Anopheles gambiae s.l. mosquitoes
were further identified to sibling species of the
An. gambiae complex after oviposition using
species-specific  polymerase chain reaction
technique of Scott et al. (1993) following DNA
extraction by the alcohol precipitation method of
Collins et al. (1987). Over 400 gravid or half
gravid An. gambiae s.l. specimens and a similar
number of An. funestus were collected during the
entire sampling period but the number of families
included in the bioassay were much lower (Table
1) because some mosquitoes died before
ovipositing, others failed to oviposit and some
family sizes were very low.

Insecticide susceptibility bioassays

Insecticide susceptibility assays were performed
on adult non-blood fed mosquitoes 1—3 days old
using WHO mosquito diagnostic test kits as
previously described (Kamau et al. 2006). Only
one specimen from each isofemale line was used
in each of the bioassays except where bioassays
were conducted to test for variability in responses
between male and female mosquitoes. For this
test, one male and one female mosquito from a
particular isofemale line were used in the assay.
Susceptibility was tested for DDT, fenitrothion,
bendiocarb, lambdacyhalothrin and permethrin.
Insecticide knockdown effects were recorded
every 10 min and mortality 24 h after exposure
noted. Control tests in which bioassays were
conducted using papers treated only with silicone
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oil were also included. An additional control that
was included in the bioassay was An. gambiae s.l.
in which the An. gambiae KISUMU susceptible
strain provided by Dr. J. Vulule was used.

Knockdown resistance (kdr) gene analysis
The presence of the knockdown resistance (kdr)
was tested using standard diagnostic PCR assays.
Both the L1014S (leucine-serine) kdr allele found
in East Africa (Ranson et al 2000) and the L1014F
(leucine-phenylalanine) kdr allele found in West
Africa (Martinez-Torres 1998) were assayed for
using field-collected specimens. DNA from a
proportion of specimens was also directly
sequenced in a double-blind assay to re-confirm
the presence of the kdr mutation. Sequencing was
performed using the ABI 3700 sequencer
following DNA amplification and purification
using a Qiagen purification kit at CDC, Atlanta
Georgia.

Statistical analyses

The WHO (1992) criterion for evaluating
resistance or susceptibility in  mosquito
populations was used in which mortality rates of
less than 80% indicate resistance while those
greater than 98% indicate susceptibility. Mortality
rates between 80—98% suggest the possibility of
resistance that needs to be clarified. Analysis of
variance (ANOVA) was used to compare
knockdown rates between different samples. Fifty
and 95% knockdown times (KDT50 and KDTgs)
were estimated by the log-time probit model using
the LdP Line® software (Ehabsoft).

Table 1. Insecticide resistance bioassays using diagnostic doses of each of the insecticides. The Table shows

KDT50 and KDTg5 values and percentage mortality 24h post-exposure for the An. gambiae s.l. and An. funestus

samples tested.

Insecticide Species Area n KDT50(95%CI) KDT95(95%CI) Mortality % after 24 h

Bendiocarb (0.1)% An. gambiae s.1. Rota 136| 28.20 (17.92 — 37.37) 70.62 (75.37 — 193.79) 100
An. gambiae s.l. | Kisumu Strain | 69 | 21.80 (20.00 — 23.56) 57.10 (50.24 — 67.42) 100
An. funestus Rota 103| 20.69 (16.78 — 24.86) 33.87 (26.53 — 47.86) 100
An. funestus Ahero 110| 18.67(10.82 — 24.45) 34.62 (33.21 — 80.07) 100
Permethrin (0.75%) An. gambiae s.1. Rota 132| 22.88 (20.81 — 24.88) 71.29 (62.03 — 85.32) 100
An. gambiae s.l. | Kisumu Strain | 93 | 28.41(20.84 — 36.30) 62.33 (59.58 — 130.29) 100

An. funestus Rota 110| 23.59 (22.01 — 25.09) 47.51 (43.64 — 52.76) 99.34 (96.70 — 99.88)
An. funestus Ahero 149| 24.21(17.59 — 30.15) 71.8 (62.99 — 126.60) 100

DDT (4%) An. gambiae s.1. Rota 137| 36.46 (28.59 — 47.59) | 115.38 (104.66 — 255.20) 98.33 (94.82 — 99.56)
An. gambiae s.l. | Kisumu Strain | 85| 43.95 (35.07 — 62.57) | 111.39 (102.16 — 333.25) 100
An. funestus Rota 93| 31.31(29.73 — 32.83) 53.97 (50.24 — 59.09) 100
An. funestus Ahero 106| 34.38 (32.11 — 36.62) 80.78 (70.95 — 96.61) 100

Lambdacyhalothrin (0.05%) | An. gambiae s.l. Rota 114| 32.60 (28.26 — 36.53) 94.91 (84.27 — 113.22) 98.70 (95.20 — 99.85)
An. gambiae s.l. | Kisumu Strain [107]| 25.50 (22.25 — 28.45) 57.68 (51.28 —68.94) 100
An. funestus Rota 100| 32.95(24.71 — 39.75) | 138.86 (120.13 — 209.01) 100
An. funestus Ahero 104| 28.62 (24.85 — 32.08) 92.94 (81.49 — 112.47) 100
Fenitrothion (1%) An. gambiae s.1. Rota 120| 54.34 (39.77 — 68.40) | 150.85 (146.28 — 269.50 100
An. gambiae s.l. | Kisumu Strain | 76 | 63.09 (56.18 — 69.66) | 114.19 (105.89 — 136.59) 100
An. funestus Rota 97 | 58.09 (56.24 — 59.76) 88.54 (84.42 — 93.78 100
An. funestus Ahero 102| 57.09 (55.34 — 58.78) 82.65 (78.91 — 87.54) 100

*n represents the total number of mosquito families assayed.
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Results

Insecticide susceptibility in An. gambiae
s.l. mosquitoes

The ratio of An. arabiensis to An. gambiae s.s
among mosquitoes included in the insecticide
resistance bioassays ranged from 1:2.2 — 1:3 for
the different insecticides. To determine whether
responses to exposure to the different insecticides
were affected by sex, separate bioassays were run
for male and female An. gambiae s.l. mosquitoes.
The proportion of mosquitoes knocked down after
insecticide exposure was not significantly
different between the two sexes for all five
insecticides tested (ANOVA, P >o0.100 for all
tests). Subsequent bioassays were run without
separating female and male mosquitoes but
keeping  their  proportions approximately
balanced.

All mosquitoes were knocked down after exposure
with insecticides for all insecticides except DDT.
However, knockdown rates with DDT were not
significantly different between the samples taken
in 2005 and those taken in 2006 (ANOVA, F =
0.281, df = 1,8, P = 0.610) with the mean
percentage of mosquitoes knocked down after
exposure being 93.4 (95% CI 87.9—96.9).
Mortality rates 24 h after exposure were 100%
with permethrin, bendiocarb and fenitrothion but
were slightly reduced with lambdacyhalothrin and
DDT (Table 1). Mortality 24 h after exposure was
100% for the An. gambiae susceptible Kisumu
Strain control for all the insecticides tested. Fifty
and 95% knockdown times (KDT50 and KDTgs)
for the field samples compared well with those of
the Kisumu strain control and differed by factors
of between 0.6 and 1.6 (Table 1), suggesting that
the test specimens are best categorized as
susceptible.

Insecticide susceptibility in An. funestus
mosquitoes
All An. funestus mosquitoes were knocked down

ISSN: 1536-2442

after exposure with bendiocarb and fenitrothion
but not with permethrin, DDT and
lambdacyhalothrin. Differences in knockdown
rates with these three insecticides were however
not significantly different between the various
samples taken (ANOVA, P >0.100 for all tests).

Knockdown rates at the end of exposure were
however much reduced for exposure to
lambdacyhalothrin for mosquitoes collected in
Ahero (86.5%, 95% CI 78.4—92.4%) and Rota
(89.0%, 95% CI 81.2—94.4%) and also for
exposure to permethrin and DDT in Ahero which
were 86.6% (95% CI 80.0—91.6%) and 84.0%
(95% CI 75.6—90.4%), respectively. Fifty and 95%
knockdown times (KDTso and KDTgs) are
provided in Table 1. Mortality 24 h after exposure
was 100% for all insecticides tested for the Rota
collections and for all the Ahero collection except
with permethrin (mean mortality 99.0%, 95% CI
95.0—99.9%).

Within-family variation in resistance was tested
using a total of 158 An. funestus mosquitoes
belonging to 8 isofemale lines (mean family size
19.75 + 1.82, range 12—25). Mortality 24 h after
exposure with permethrin was 100% for all the
families, with mean knockdown rate at the end of
the exposure with the insecticide standing at
98.7% (95% CI 95.5 — 99.1%)

Prevalence of the knockdown resistance
(kdr) gene in An. gambiae s.l. mosquitoes
A total of 27 specimens (10 homozygous for the
L1014S mutation, 7 homozygous for the wild type
susceptible allele and 10 heterozygotes) as scored
by the PCR assay were sequenced. The sequence
data matched the PCR data perfectly,
re-confirming the reliability of results obtained by
the allele-specific PCR. Table 2 summarizes the
results of the leucine-serine (East African) kdr
mutation among the An. gambiae s.1. populations
studied.

Table 2. The distribution of Leucine-Serine (East African) kdr mutation among An. gambiae s.1. populations from

Kenya.
Study site Species n* SS SR RR %kdr
Rota (Western Kenya) An. gambiae 114 70 30 14 25.44
An. arabiensis 85 84 0 1 1.18
Kisii (Western Kenya) An. gambiae 40 24 16 [} 20
An. arabiensis 9 8 1 ) 5.55
Kwale (Coastal Kenya) An. gambiae 71 71 o 0 0
An. arabiensis 4 4 o) () (o)
Ahero (Western Kenya) An. arabiensis 110 109 1 [ 0.45
Mwea (Central Kenya) An arabiensis 105 105 0 0 0

n* is the total number of mosquito specimens assayed
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The leucine-phenylalanine (West African)
mutation was absent in all 674 alleles that were
sampled (Rota, n = 238; Kisii, n = 80; Kwale =
100; Mwea = 154; Ahero = 102).

Discussion

The status of resistance to DDT, fenitrothion,
bendiocarb, lambdacyhalothrin and permethrin
was investigated in An. gambiae s.]. and An.
funestus mosquitoes from Western Kenya. Based
on the conventional criteria for characterizing
insecticide  resistance/susceptibility, =~ where
susceptibility is defined by mortality rates greater
than 98% 24 h after exposure, no evidence for
resistance was found. In addition, KDT50 and
KDTg5 obtained in the present study are similar to
those observed for An. gambiae s.]. populations
that are categorized as susceptible by different
investigators (Yawson et al. 2004; Kristan et al.
2003; Chandre et al. 1999). Thus our results
imply that the use of any of these insecticides in
vector control programs would be unhampered by
resistance.

However, considerable levels of the kdr gene,
which has been associated with resistance to
pyrethroids and DDT among An. gambiae
mosquitoes were found, indicating developing
resistance. The low levels of the kdr gene in An.
arabiensis that were observed are similar to those
previously observed in other regions including an
area where insecticide treated nets have been
used for a long time in Western Kenya (Stump et
al. 2004) and in West Africa (e.g. Diabate et al.
2002; Kristan et al. 2003; Fanello et al. 2003).
None of the specimens that were assayed for the
leucine - phenylalanine kdr mutation that is
common in West Africa were positive. However,
recent studies in the East African region have
recorded the presence of this mutation in both
An. gambiae and An. arabiensis though at very
low frequencies (Kulkarni et al. 2006;
Verhaeghen et al. 2006). This suggests that the
geographical range of this mutation extends
beyond Western Africa and that both kdr
mutations should be tested in studies of
insecticide resistance. The significant presence of
the kdr mutation in An. gambiae mosquitoes in
the present study may originate either from
selection pressure exerted by insecticide use or
from migration of resistant mosquitoes into the
study areas. The use of insecticides for malaria
control and of pesticides in agriculture is however
generally low in Rota and Kisii. Because the area
associated with a deme in An. gambiae has been
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found to be quite large (e.g. Lehmann et al. 1996;
Kamau et al. 1998; Onyabe and Conn 2001),
migration of resistant mosquitoes from areas
experiencing high selection intensities cannot be
ruled out.

Brogdon and McAllister (1998) have argued that
insecticide resistance should be a concern only if
it compromises the efficacy of intervention
programs employing the particular insecticides. It
is however an open question as to what level of
resistance would compromise vector control
programs. This is because studies conducted in
different areas have yielded somewhat discordant
results. In the study reported here for example,
the presence of relatively high levels of the kdr
gene was apparently not correlated with
phenotypic resistance. These findings are in
concordance with those obtained in West Africa
where various researchers have found insecticides
to be highly effective even in the face of kdr
prevalence of up to 94% among mosquito
populations (e.g. Chandre et al. 2000; Kristan et
al. 2003; Henry et al. 2005). Similarly, studies in
India found indoor spraying with DDT to be
effective against An. culicifacies populations that
revealed only 21.4% mortality in resistance
bioassays with DDT (Sharma et al 2005). On the
other hand, in a recent study in experimental huts
in Benin, N’guessan and others (2007) found
mosquito feeding to be inhibited and mortality to
be only 30% in an An. gambiae population with a
kdr frequency of 83%, providing strong evidence
that resistance may interfere with the
effectiveness of vector control measures. Chandre
et al. (2000) have suggested that the apparently
paradoxical phenomenon whereby insecticide
resistance does not undermine control measures
may be due to reduced irritant effects associated
with resistance that allow resistant mosquitoes to
stay longer on insecticide treated surfaces and
thus acquire lethal doses of the insecticide.

Thus, there is need not only for continuous
monitoring of the status of insecticide resistance
in different settings, but also for the assessment of
the impact of any observed resistance on the
effectiveness of vector control programs. The
results of this study provide baseline information
essential in the monitoring of the development of
insecticide resistance in Kenya. Knowledge of
resistance mechanisms will enable informed
selection of alternative insecticides for vector
control programs in the face of resistance.
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