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Pyrethroid resistance in a major African malaria
vector Anopheles arabiensis from Mamfene,
northern KwaZulu-Natal, South Africa

J.C. Mouatcho®’, G. Munhenga®*, K. Hargreaves®, B.D. Brooke™*, M. Coetzee**' and L.L. Koekemoer**"

A population of Anopheles arabiensis, a major malaria vector in
South Africa, was collected during 2005 from inside sprayed
houses in Mamfene, northern KwaZulu-Natal, South Africa, using
window exit traps. None of these specimens (n = 300 females) was
found to be infected with Plasmodium falciparum. Insecticide sus-
ceptibility assays on 2-3 day old F, progeny using WHO susceptibil-
ity kits revealed 100% susceptibility to bendiocarb, resistance to
deltamethrin (95.91%) was suspected, while resistance to perme-
thrin (78.05%) was confirmed. The knockdown resistant (kdr) geno-
type was not found in the surviving mosquitoes. Biochemical
analysis using enzyme assays showed elevated levels of mono-
oxygenase that correlated with the permethrin bioassay data. While
elevated levels of non-specific esterase were found in some fami-
lies (11/12for a- and 6/12 for S-esterases), the data did not show any
correlation with the permethrin bioassay. Analysis of permethrin
and bendiocarb tolerant lines, selected in the laboratory to charac-
terise biochemical resistance profiles, showed increased levels of
non-specific esterase and monooxygenase activity in the case of
the permethrin-selected cohorts, and elevated glutathione S-trans-
ferases and general esterases in that of the bendiocarb-selected
line. Synergist assays, using piperonyl butoxide, confirmed the
involvement of monooxygenase and glutathione S-transferase in
pyrethroid and bendiocarb resistance. This study underlines the
importance of routine surveillance for insecticide susceptibility in
wild anopheline populations.

Key words: Anopheles arabiensis, pyrethroid resistance, meta-
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Introduction

Malaria vector control in southern Africa relies mainly on
indoor residual house spraying (IRS) with insecticides. Synthetic
pyrethroids and DDT (dichloro-diphenyl-trichloroethane) are
used in IRS applications, while permethrin-treated bed-nets are
used for personal protection in some households. DDT was
introduced for malaria control in 1946 in South Africa and
remained in use until 1996 when the choice of insecticide was
changed to the pyrethroid deltamethrin.! Following a major
upsurge of malaria cases in 1999/2000 and the detection of
pyrethroid resistance in the major malaria vector Anopheles
funestus,” DDT was re-introduced in 2001 and a marked reduc-
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tion in malaria morbidity and mortality was recorded.’*
Deltamethrin is currently used in modern-style houses with
painted walls while DDT is used in traditional houses.

Anopheles arabiensis is a major malaria vector in southern
Africa, second only to Anopheles funestus. Historically, it has been
considered to be susceptible to all insecticides.” Standard bio-
assay susceptibility studies in three provinces of South Africa
(KwaZulu-Natal (KZN), Limpopo and Mpumalanga) in 1996
showed full susceptibility to DDT, deltamethrin and fenitro-
thion in all provinces, while resistance to propoxur was reported
in Limpopo province.® Biochemical analyses on these samples
provided little information on the mechanism causing the
propoxur resistance. The first record of DDT resistance in
An. arabiensis from South Africa was reported in 2003 in KZN.?
Bioassay data from this study also showed reduced susceptibil-
ity to deltamethrin. Biochemical analyses on these samples
showed increased levels of non-specific esterases (EST) and
glutathione S-transferases (GST), enzymes that are commonly
involved in metabolic resistance. However, there was a lack of
correlation between elevated enzyme levels and the bioassay
data.

This study presents the first report of permethrin resistance in
An. arabiensis in South Africa.

Materials and methods

Field material

Mosquitoes were collected from Mamfene, northern KwaZulu-
Natal (KZN), South Africa (27°23'S, 32°12'E) between February
and September 2005, using window exit traps in permethrin-
sprayed houses.” Mosquitoes identified morphologically as
members of the An. gambiae complex® were transported to the
Vector Control Reference Unit (VCRU), National Institute
for Communicable Diseases, Johannesburg, South Africa, for
further investigation. Live females were induced to lay eggs
under standard insectary conditions (25°C, 75-80% relative
humidity and 12 h light:dark with dusk/dawn transition light-
ing) and each egg batch was treated separately as a ‘family’
cohort.

Larvae from each family were reared through to adults, and
the wild parental specimens preserved on silica gel for further
analysis using a polymerase chain reaction (PCR)’ and
Plasmodium falciparum sporozoite detection using an enzyme-
linked immunosorbent assay (ELISA)."” Samples of F, progeny
(1-4 days old) from each family were subjected to standard
WHO insecticide susceptibility tests." Additional samples of un-
exposed males and females (1-4 days old) from various families
were frozen at —70°C for biochemical analysis.” The remaining
progeny were used to analyse the pyrethroid-resistant mecha-
nism involved.

Plasmodium falciparum analysis

The heads and thoraces of wild female mosquitoes were sepa-
rated from the rest of the body and tested for the presence of
malaria parasites using ELISA." Negative controls consisted of
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unfed specimens of An. arabiensis, while synthetic peptide stan-
dardised against P. falciparum was included on each plate as a
positive control. Results were analysed using a microtitre plate
reader at a wavelength of 405 nm.

Insecticide susceptibility tests

Susceptibility tests were done using WHO insecticide-impreg-
nated papers and test kits. Three-day-old F, adults (n = 20-25)
were exposed to deltamethrin (0.05%), bendiocarb (0.1%) and
permethrin (0.75%). A laboratory colony of An. arabiensis (KGB),
known to be susceptible to all insecticides, was used as a control
to ensure the reliability of impregnated papers. Negative con-
trols consisted of mosquitoes exposed to untreated papers.
Knockdown was recorded after 1 h and a 10% sucrose solution
was made available to survivors. Final mortality was recorded
24 h post-exposure as defined by WHO criteria for determining
susceptibility/resistance to diagnostic insecticide concentra-
tions."

Knockdown resistance (kdr) mutation

Polymerase chain reaction genotyping to detect the West Afri-
can Leu-Phe kdr allele was performed on samples of An.
arabiensis resistant to permethrin.” Briefly, DNA was extracted
from individual mosquitoes and re-suspended in TE buffer" as
detailed in the PCR conditions previously described.”

Selection for resistance

Permethrin selected line: Anopheles arabiensis progeny not used
for laboratory analysis were pooled and used to colonise a strain
named Kwag. This new colony was allowed to stabilise for a year
before selection experiments were initiated. Newly emerged
male and female adults were separated to ensure that mating
did not take place prior to insecticide exposure. Adults were
placed in cages with a 10% sugar solution. Two-day-old adults
were exposed to 0.75% permethrin for 20 min according to the
standard WHO bioassay procedure." Knockdown after 20 min
and final mortality 24 h post-exposure were recorded. Surviving
males and females were placed into a cage and left for four days
to mate. Females were offered blood meals three times per week.
Eggs from each generation were reared through to adults and
these were subjected to subsequent selection pressure, using
0.75% permethrin, for each generation. Exposure time was
increased to 1 h once survival above 50% was achieved.
Sub-samples from the third, fifth and seventh generations were
stored at—70°C for biochemical analysis. The pyrethroid selected
line was named Kwag-Perm. Observed differences in suscepti-
bility between the baseline and selected generations were
analysed by comparing LT, values calculated from time-
mortality regression analysis.

Carbamate selected line: Samples of wild An. arabiensis were col-
lected from Mamfene during a field study in 2003.> A colony was
established during this time and was named MBN. This strain
had low levels of carbamate resistance and selections against
0.1% bendiocarb were initiated as described above. The selected
line was named MBN-Carb.

Synergist assays

Synergist assays were performed using piperonyl butoxide
(PBO), an inhibitor of monooxygenase, diethyl maleate (DEM),
an inhibitor of GSTs, and triphenyl phosphate (TPP), an inhibi-
tor of esterases, to synergise the bendiocarb and permethrin
resistance phenotypes in laboratory An. arabiensis from KZN.'*"
Three cohorts (groups) of adults (1 = 75) were used from each
resistant strain. One group was exposed to 4% PBO, 8% DEM or
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TPP (1% and 6%) for 1h, and then immediately exposed to either
0.75% permethrin for 1 h or 0.1% bendiocarb for 40 min. Beyond
40 min, selected An. arabiensis were still fully susceptible to 0.1%
bendiocarb. The second cohort/group was exposed to either
permethrin or bendiocarb only, while the third cohort was
exposed to PBO, or DEM or TPP. Following an average of five
replicates, final mortality 24 h post-exposure was compared
between synergised and unsynergised samples using ANOVA.

Biochemical analysis

Assays designed to quantify relative levels of monooxygenase,
non-specific esterases and GST activities in individual mosqui-
toes were performed.” In addition, the presence in individual
mosquitoes of an altered acetylcholinesterase associated with
carbamate/organophosphate resistance was assayed." Propoxur
was used as a reference carbamate insecticide for the acetyl-
cholinesterase assay. Mixed samples of female F, progeny from
familial material initially stored at -70°C were assayed
concurrently with female samples taken from the KGB-suscepti-
ble laboratory strain of An. arabiensis. Similar assays were used to
quantify exposure levels/activities in the selected lines com-
pared with their respective baselines (Kwag and MBN). Statisti-
cal analysis was conducted using a two-sample Student’s ¢-test
assuming equal variances.

Results

Field-collected samples

A total of 461 mosquitoes were collected and morphologically
identified as members of the An. gambiae complex.® These were
further identified to species level’ as 425 An. arabiensis, six An.
merus and six An. quadriannulatus. The remaining 24 specimens
could not be identified despite three attempts at amplification.
This may have been the result of poor DNA preservation and
subsequent DNA degradation. Wild-caught females (1 = 300)
were tested for the presence of P, falciparum circumsporozoites.
None were found to be infected.

A minimum of 10 and a maximum of 45 mosquitoes per family
were exposed to each of three insecticides. The mortality rates
were 95.91% and 100% against deltamethrin and bendiocarb,
respectively. Exposure to permethrin, however, showed evi-
dence of resistance in 12/22 families (54%), with an average final
mortality of 78.06% across all families (Table 1). Mortalities of
control samples (KGB) were 100% for all three insecticides. All
specimens from the resistant families genotyped for the kdr allele
showed the susceptible genotype (data not shown).

Average monooxygenase levels in An. arabiensis F, female
progeny were significantly higher in 8/12 permethrin-resistant
families compared with the standard susceptible strain KGB

Table 1. WHO Bioassay data per Anopheles arabiensis family against 0.75%
permethrin. Percentage mortality is calculated as a percentage of the total number
of mosquitoes dead (24 h post-exposure)/total number of mosquitoes tested.

Kwag family Sample or family size Mean % mortality
k8 10 83.0
k22 16 58.5
k36 21 36.0
k38 11 50.0
k41 15 83.0
k45 45 67.4
k49 25 62.0
k50 20 333
k54 14 57.0
k55 15 86.0
k56 14 44.0
k59 30 87.5
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Fig. 1.Enzyme levels in female Anopheles arabiensis F, progeny compared to their
corresponding KGB strains. Results represent the average optical density of
(a) monooxygenase, (b) GST and (c, d) non-specific a- and $-esterases. Bars rep-
resent standard errors.

(P < 0.05) (Fig. 1A). Those families (k8, k22, k36, k38, k49, k50,
k55, k59) with high levels of monooxygenase showed a signifi-
cant correlation with permethrin bioassay mortality data (r >
0.9, P < 0.05). The mean levels of GST activity were not signifi-
cantly higher than those of the control samples (P = 0.14,
Fig. 1B). There was no correlation between the mean levels of
GST activity and the bioassay results (r < 0.5, P > 0.05). The
levels of non-specific esterases using a- and f-naphthyl
acetate as substrates were significantly higher than those of
the control (P < 0.05, Figs 1C and 1D). No correlations were
observed between esterase levels and bioassays across families.
None of the resistant family showed significant (r < 0.5, P > 0.05)
inhibition of acetylcholinesterase when challenged with
propoxur.
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Fig. 2. Time-mortality curve based on a range of 0.1% bendiocarb exposure times
comparing bendiocarb resistance-selected cohorts (F,) against the baseline
colony, MBN.
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Fig. 3. Time-mortality curve based on a range of 0.75% permethrin exposure
times comparing permethrin resistance-selected cohorts (F,) against the baseline
colony, Kwag.

Selection for resistance

The permethrin selection process led to a rapid increase in re-
sistance over successive generations. Mortalities in permethrin-
resistant lines decreased from 70% in F, to 27% in the F, cohort
following an exposure period of 30 min. Susceptibility to
bendiocarb steadily decreased over successive generations, and
mortality ranged from 71% in F, to 32% in the F, cohorts follow-
ing exposure to bendiocarb for 20 min. Exposure of F; cohorts
to the WHO discriminating dose with bendiocarb for 60 min
resulted in 100% mortality, indicating no resistance according to
the WHO definition.

Based on time mortality curves (Figs 2and 3), there were signif-
icant differences (P < 0.05) in the susceptibility levels between
the selected and non-selected cohorts. The predicted exposure
time causing 50% mortality (LT, increased from 20 min to
58 min for the permethrin-selected cohorts, while the LT, for the
carbamate-selected line increased from 16 to 30 min.

Synergist assays

Table 2 details the synergist results on carbamate- and
pyrethroid-selected lines. The differences in mortality 24 h post-
exposure between synergised and unsynergised samples were
statistically significant for both the bendiocarb-selected cohorts
(P < 0.05 using 8% DEM) and the permethrin-selected cohorts
(P < 0.05 using 4% PBO). There were no significant differ-
ences between synergised and unsynergised samples for both



130

Table 2. Comparisons of synergised (PBO, DEM and TPP) and unsynergised
mean percentage mortalities 24 h post-exposure for samples of Anopheles
arabiensis (MBN-Carb (A) and (Kwag-Perm (B)) selected for resistance to 0.1%
bendiocarb and 0.75% permethrin, respectively.

(A) n % Mortality *+ s.d.
Treatment (24 h post-exposure)
4% PBO + 0.1% bendiocarb 149 78.1+£5.7
0.1% bendiocarb only 138 74.1+3.1
4% PBO only 150 0.0

4% DEM + 0.1% bendiocarb 169 99.4+1
0.1% bendiocarb only 79 726+28
8% DEM only 88 0.0

1% TPP + 0.1% bendiocarb 110 76.8+1.9
0.1% bendiocarb only 110 76.0+ 2.7
1% TPP only 150 0.00

6% TPP + 0.1% bendiocarb 138 75.8+2.3
0.1% bendiocarb only 138 740+ 1.9
6% TPP only 150 0.00

(B) n % Mortality + s.d
Treatment (24 h post-exposure)
4% PBO+0.75% permethrin 149 98.3+23
0.75% permethrin only 148 41.8+ 3.4
4% PBO only 150 0.00

8% DEM + 0.75% permethrin 200 439+9.2
0.75% permethrin only 200 41.7 + 13.6
8% DEM only 150 0.0

1% TPP + 0.75% permethrin 113 43.6+2.1
0.75% permethrin only 121 40.0+2.0
1% TPP only 150 0.00

6% TPP + 0.75% permethrin 145 40.0+2.0
0.1% bendiocarb only 154 423+29
6% TPP only 150 0.00

selected lines using 1% TPP (P > 0.05 for Kwag-Perm and
P > 0.05 for MBN-Carb) and 6% TPP (P > 0.05 for Kwag-Perm
and P > 0.05 for MBN-Carb).

Biochemical analysis

Table 3 summarises the results of biochemical assays on the
carbamate-selected line (MBN-Carb); there was no significant
increase in monooxygenase levels. Levels of non-specific ester-
ases using a- and f-naphthyl acetate as substrates showed a
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highly significant difference between the selected and non-
selected cohorts (P < 0.05 assuming unequal variance). The
mean level of GST activity was significantly elevated in the
selected cohort (P < 0.05). Altered acetylcholinesterase assays
gave no suggestion of reduced propoxur inhibition in the F
generation, with a mean inhibition of 88% compared to the base-
line samples which showed mean inhibition of 92% (P > 0.05).

Table 4 shows metabolic enzyme levels of Kwag baseline
samples compared to a sample of the F, generation of the
permethrin-selected strain. A significantly higher level of
monooxygenase was detected in the selected (F,) strain com-
pared with the non-selected parent colony (F,) (P < 0.05). Levels
of non-specific esterases using both - and f-naphthyl-acetate as
substrates showed significant differences between the selected
and non-selected cohorts (P < 0.05). Mean GST activity showed
no statistically-significant differences in expression between the
baseline cohorts and those selected for permethrin resistance
(P > 0.05). Inhibition of acetylcholinesterase when challenged
with propoxur was not significantly different between the
selected and non-selected strains (P > 0.05).

Discussion

The mosquito collections conducted for this study during 2005
revealed an abundance of An. arabiensis in Mamfene, KwaZulu-
Natal. Although specimens were collected inside exit window
traps, none of the An. arabiensis specimens was infected with
P. falciparum. This was not surprising as malaria transmission in
the area was very low during this period (Feb-May, average
130 cases per month, Aug-Sept, average 50 cases). The low index
of malaria transmission was attributed to decreased sporozoite
prevalence as a result of indoor residual spraying and drug
interventions.’

Anopheles arabiensis showed reduced susceptibility to delta-
methrin based on the WHO' recommendation which states
thata 98-100% mortality rate is indicative of susceptibility, one of
80-98% requires further investigation, and one of <80%
confirms resistance. While these results were similar to those
obtained in the same area in 2003,> the new results showed
resistance to permethrin at levels varying between 33-83%.
Pyrethroid toxicity is highly dependent on stereochemical struc-
ture.” Permethrin and deltamethrin are Class I and Class II
pyrethroid insecticides, respectively, which could explain the
variation observed in susceptibility.

Increased levels of monooxygenase were correlated with resis-

Table 3. Comparison of non-specific a- and -esterases, monooxygenase and GST levels/activities, as well as acetylcholinesterase inhibition by
propoxur, from the Anopheles arabiensis MBN baseline (F,) and the MBN-Carb selected strain (F,). P-values indicate significance in difference
between non-selected and selected samples by enzyme system following two-sample t-tests.

Generation a-esterases p-esterases Monooxygenase GST Acetylcholinesterase
Mean OD value + s.d.  Mean OD value £ s.d.  Mean OD value + s.d. ~ Mean OD value * s.d. Mean % inhibition + s.d.

F, 0.198 + 0.017 0.100 + 0.006 2.204 + 0.207 1.808 + 0.019 92+6

F, 0.201 £ 0.028 0.015 £ 0.002 2.086 £ 0.127 2.034 £ 0.033 88 +5.2

P-value 0.01 0.000 0.098 0.0000 0.321

Table 4. Comparison of non-specific a- and -esterases, monooxygenase and GST levels/activities, as well as acetylcholinesterase inhibition by
propoxur, from the Anopheles arabiensis Kwag baseline strain (F,) and permethrin-selected Kwag-Perm (F,). P-values indicate significance in differ-
ence between non-selected and selected samples by enzyme system following two-sample t-tests.

Generation a-esterases p-esterases Monooxygenase GST Acetylcholinesterase
Mean OD value + s.d.  Mean OD value £ s.d. Mean OD value + s.d. ~ Mean OD value + s.d. Mean % inhibition * s.d.

F, 0.105 + 0.014 0.063 + 0.003 0.718 + 0.044 1.446 + 0.042 97+25

F, 0.163 = 0.027 0.072 = 0.004 0.812 + 0.081 1.452 + 0.041 92+52

P-value 0.000 0.000 0.006 0.714 0.821
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tance to permethrin across families reared from wild-caught
material. The selected line showed a rapid increase in survival
from the F to the F, generation, illustrating the potential rate of
rapid resistance development in the wild parent population.
Currently, field populations may not be under stringent
pyrethroid-selection pressure, which may explain the lag in the
development of resistance in these circumstances. The Kwag-
Perm colony also showed elevated monooxygenase levels con-
firmed by synergist assays using PBO, a synergist that specifi-
cally inhibits monooxygenase activity. These data strongly
suggest that pyrethroid resistance in An. arabiensis from South
Africa is mediated by monooxygenase detoxification, because
synergism with PBO was complete.

Synergism with DEM and TPE, agents that specifically inhibit
GST and esterase activity respectively, had no effect on the
pyrethroid-resistance phenotype, suggesting that GSTs and
the elevated esterases observed played no role in pyrethroid
resistance.

Although no carbamate resistance was observed in the field
populations, the bendiocarb-selected line provided insight into
the possibility of An. arabiensis developing bendiocarb resistance
with the extensive use of this insecticide. Selection for carbamate
resistance was unsuccessful, indicating that this population did
not possess carbamate-resistance genes. The MBN-Carb strain
showed significant increases in GST and non-specific esterases,
and the involvement of GST in bendiocarb tolerance was sup-
ported by synergist studies using DEM. Although there was an
up-regulation of non-specific esterases, their involvement in
tolerance was discounted using TPL an inhibitor of general
esterases.

The data presented in this paper were collected during the
2005 malaria season. An additional survey was carried outin the
same area at the beginning of 2008 to ascertain if pyrethroid
resistance was still present; the results showed 84% mortality
with permethrin. This resistance, however, had still not resulted
inanincrease in malaria cases in the area (Department of Health,
unpubl. data). This study underlines the importance of routine
surveillance of insecticide susceptibility in wild anopheline
populations. Insecticide resistance can develop rapidly, but is
not necessarily associated with control programme failure
and an increase in malaria transmission. Understanding these
mechanisms allows for better resistance management by vector
control managers.
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