Additional File 2: Cross-resistance to pyrethroids within wild populations of Aedes vectors
Introduction
If structural diversity within the pyrethroids is also associated with divergence in resistance within
the Aedes vectors of arboviruses, this would lend weight to the findings for malaria vectors
presented in the main manuscript. Like the Anopheles vectors, target-site mutations and metabolic
resistance are thought to be the main resistance mechanisms in Aedes mosquitoes [1-4]. At least ten
mutations in the Aedes aegypti Vgsc gene have been identified and the most widespread mutation,
1534C, confers cross-resistance to permethrin and deltamethrin when in combination with other
mutations and is also associated with DDT resistance [5, 6]. More recently, the V1016G mutation has
been found in Ae. albopictus in Viet Nam and Italy, and both this allele and the F1534C and F1534S
alleles are associated with resistance to permethrin, etofenprox and deltamethrin [7]. Overexpression of cytochrome P450s has also been implicated in pyrethroid resistance within Aedes
mosquitoes and there is evidence that metabolic resistance can confer cross-resistance to multiple
pyrethroids. For example, over-expression of CYP9J28 is associated with metabolic resistance to
both permethrin and deltamethrin in Ae. aegypti [8] and when six P450 genes from Ae. aegypti were
expressed in Escherichia coli, four metabolised both permethrin and deltamethrin [9]. A study of
target site- and P450-mediated resistance in Ae. aegypti strains found variation in resistance to
seven pyrethroids and hypothesised that some patterns of resistance could be linked to structural
differences, but also noted that general conclusions are challenging to make without a greater
number of compounds with a single modification to compare [3]. No studies of structure activity
relationships using a wide range of pyrethroids and P450s from Aedes mosquitoes have been
conducted to-date, but data on resistance in wild populations are available [1]. A wider range of
pyrethroids are more typically tested by studies of resistance in Aedes vectors, compared to
Anopheles vectors, although these studies are also more varied in terms of diagnostic dose, bioassay
method and life cycle stage, making comparisons across studies difficult. Here we selected studies
that used a common experimental design and investigated correlations in resistance to pairs of
pyrethroids mirroring part of the work on Anopheles vectors presented in the main manuscript.
Methods
We identified all instances within a public insecticide resistance database [36] where an Aedes field
sample had been subdivided among tests for different pyrethroids. We then identified the most
commonly used bioassay type across the new pyrethroid dataset, which was the WHO adult
susceptibility test as described for malaria vectors, and the most commonly used diagnostic dose for
each compound (Table S2). Any results that did not use these doses or this bioassay type were
removed. Paired results were then extracted, and the mean values for the Pearson’s correlation
coefficient were calculated for each pyrethroid pair using 1,000 bootstaps in SPSS Statistics v25.
Table S5. Diagnostic doses and data volumes for each pyrethroid.
Pyrethroid
Most common dose
Number of data points
α-cypermethrin
0.05
4
cyfluthrin
0.15
100
deltamethrin
0.05
177
etofenprox
0.5
32
λ-cyhalothrin
0.05
90
permethrin
0.75
168
The number of data points available for each pyrethroid from an Ae. aegypti sample that was used to test at
least one other pyrethroid, using standard WHO susceptibility tests and standard diagnostic doses, is given.

Results
Resistance to cyfluthrin, deltamethrin, λ-cyhalothrin and permethrin was significantly correlated,
whereas there were no significant correlations between these four pyrethroids and etofenprox

(Table S3). The pyrethroid α-cypermethrin was rarely tested at the same time as other pyrethroids
using a standard diagnostic dose and standard adult susceptibility tests so no analyses involving this
compound could be conducted. There were insufficient data and insufficient variation (mortality was
typically equal to or close to 100%) for Ae. albopictus to repeat the analysis for this species.
Table S6. Correlations in resistance to different pyrethroids in Ae. aegypti samples
N
R
deltamethrin vs cyfluthrin
72
0.850*
deltamethrin vs λ-cyhalothrin
67
0.684*
permethrin vs λ-cyhalothrin
56
0.644*
permethrin vs cyfluthrin
79
0.573*
deltamethrin vs permethrin
136
0.557*
λ-cyhalothrin vs cyfluthrin
25
0.553*
deltamethrin vs etofenprox
29
0.264
λ-cyhalothrin vs etofenprox
21
0.256
permethrin vs etofenprox
31
0.139
cyfluthrin vs etofenprox
22
0.045
Results are ranked with the most closely correlated pair at the top. Significant results (at the 0.05 level with a
Holm-Bonferroni correction) are denoted by *.

The caveats about comparing the prevalence of resistance in Anopheles across different pyrethroids
are even more important for studies of Aedes vectors because the diagnostic doses most commonly
used for Aedes testing were taken from the guidance for Anopheles testing and were not calibrated
for these Aedes species. When we compared these mortality values using paired sample t-tests,
mortality was significantly lower following etofenprox exposure compared to deltamethrin,
permethrin, λ-cyhalothrin and cyfluthrin exposure, with differences between the mean mortality
values ranging from 42-67%. These substantial differences may reflect either calibration issues or
genuinely higher resistance prevalence of to etofenprox in Ae. aegypti as predicted by the SAR
studies of anopheline P450s.
Discussion
We have shown that resistance to different pyrethroids in Ae aegypti populations is typically
correlated, but this is not true for etofenprox. This finding is in agreement with those for Anopheles
vectors where resistance to etofenprox was less closely correlated to that for the other pyrethroids
commonly used. In the case of Ae. aegypti populations, there were no significant correlations with
etofenprox resistance at all, although the data volumes for etofenprox resistance in Ae aegypti were
lower than those available for An. gambiae s.l. and a larger study may reveal weak but significant
correlations.
Previous studies have shown that although resistance can vary among pyrethroids, the mechanisms
identified to-date typically confer a degree of resistance to all of the pyrethroids tested. In two lab
strains with i) target site- and P450-mediated resistance and ii) P450-mediated resistance alone,
there was a positive resistance ratio for all seven pyrethroids tested (bioallethrin, permethrin,
cyfluthrin, cypermethrin, fenpropathrin, etofenprox and (1R)-trans-fenfluthrin) whereas both strains
were susceptible to two of the four organophosphates tested [3]. A study of an Ae. aegypti strain
from Puerto Rico with both target site- and P450-mediated resistance found resistance to three
pyrethroids (permethrin, -cypermethrin, etofenprox) as well as to three other compounds that
interact with the sodium channel whereas this strain was susceptible to the pyrrole, chlorfenapyr,
that acts as a mitochondrial electron transport inhibitor [10]. A study of a resistant Ae. aegypti strain
from Madeira found resistance to each of cyfluthrin, permethrin and fenitrothion was associated
with P450-mediated resistance and the same was true for the carbamate, bendiocarb [11].

Our structure activity findings using P450s from Anopheles mosquitoes indicated resistance to
bifenthrin could diverge from that to the other pyrethroids tested. Bifenthrin wasn’t included in the
studies that met the inclusion criteria for our analysis of resistance in Aedes populations, but has
investigated by other studies of resistance in Aedes populations. One study in Mexico tested seven
populations of Aedes aegypti with eight pyrethroids and compared the concentrations required for
50% knockdown (KC50) and mortality (LC50) to the same values obtained using a susceptible strain to
give a resistance ratio (RR) [12]. Across the seven populations, resistance to deltamethrin, lambdacyhalothrin, permethrin and α-cypermethrin were highly correlated (in terms of both RRKC50 and
RRLC50), indicating the existence of strong cross-resistance. However, the resistance values for
bifenthrin were not correlated with any of those for the other four compounds and the study
concluded bifenthrin could be used as an alternative insecticide for Ae. aegypti control in Mexico.
Two independent studies in Thailand tested three Ae. aegypti and three Ae. albopictus populations,
respectively, and calculated the diagnostic doses for each pyrethroid including bifenthrin using a
susceptible strain [13, 14]. In both instances, the population with the highest deltamethrin
resistance also had the highest bifenthrin resistance, so no evidence for divergence in resistance was
observed for these two species in Thailand. Given the known data noise in susceptibility test results,
caution is needed when interpreting the results from a single study at a small number of sites.
Control of diurnally-active, outdoors-biting Aedes vectors is not focused on insecticide-treated bed
nets in the way it is for the control of African malaria vectors, however, pyrethroids including
bioresmethrin, cyfluthrin, cypermethrin, cyphenothrin, D-phenothrin, etofenprox, λ-cyhalothrin,
permethrin and resmethrin are deployed in sprays, ovitraps, and materials such as window curtains
[15, 16]. This means that questions about switching between pyrethroids may still arise. Here we
have shown correlations between resistance in Ae. aegypti populations to cyfluthrin, deltamethrin,
λ-cyhalothrin and permethrin. That is a populations with higher resistance to one of these pyrethroids
is likely to have higher resistance to the others, so it would be inadvisable to switch between them.
Table S7. Comparisons of mean mortality between pairs of pyrethroids.
Pair

N

Pyrethroid

Mean percent
Difference in
mortality (SE)
percent mortality
deltamethrin
90.68 (2.80)
1
29
69.09*
etofenprox
21.59 (4.75)
cyfluthrin
87.78 (3.56)
2
22
66.64*
etofenprox
21.14 (5.32)
λ-cyhalothrin
72.40 (4.52)
3
21
55.59*
etofenprox
16.81 (4.43)
permethrin
63.39 (5.36)
4
31
42.30*
etofenprox
21.09 (4.89)
permethrin
59.01 (3.18)
5
79
30.25*
cyfluthrin
89.27 (1.61)
deltamethrin
88.10 (1.66)
6
136
26.66*
permethrin
61.44 (2.40)
λ-cyhalothrin
66.90 (5.01)
7
25
18.11*
cyfluthrin
85.01 (3.81)
permethrin
70.10 (3.99)
8
56
14.42*
λ-cyhalothrin
84.52 (3.40)
deltamethrin
85.64 (2.66)
9
67
11.49*
λ-cyhalothrin
74.16 (3.55)
deltamethrin
88.43 (1.94)
10
72
0.15n.s.
cyfluthrin
88.58 (1.73)
* denotes a significant difference between the percent mortality values for two pyrethroids at the 0.05 level
with a Holm-Bonferroni correction. Non-significant results are denoted n.s.
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