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Abstract

Background: Aedes aegypti, the ‘yellow fever mosquito’, is the primary vector to humans of dengue and yellow fever
flaviviruses (DENV, YFV), and is a known vector of the chikungunya alphavirus (CV). Because vaccines are not yet available
for DENV or CV or are inadequately distributed in developing countries (YFV), management of Ae. aegypti remains the
primary option to prevent and control outbreaks of the diseases caused by these arboviruses. Permethrin is one of the most
widely used active ingredients in insecticides for suppression of adult Ae. aegypti. In 2007, we documented a replacement
mutation in codon 1,016 of the voltage-gated sodium channel gene (para) of Ae. aegypti that encodes an isoleucine rather
than a valine and confers resistance to permethrin. Ile1,016 segregates as a recessive allele conferring knockdown resistance
to homozygous mosquitoes at 5–10 mg of permethrin in bottle bioassays.

Methods and Findings: A total of 81 field collections containing 3,951 Ae. aegypti were made throughout México from 1996
to 2009. These mosquitoes were analyzed for the frequency of the Ile1,016 mutation using a melting-curve PCR assay.
Dramatic increases in frequencies of Ile1,016 were recorded from the late 1990’s to 2006–2009 in several states including
Nuevo León in the north, Veracruz on the central Atlantic coast, and Yucatán, Quintana Roo and Chiapas in the south. From
1996 to 2000, the overall frequency of Ile1,016 was 0.04% (95% confidence interval (CI95) = 0.12%; n = 1,359 mosquitoes
examined). The earliest detection of Ile1,016 was in Nuevo Laredo on the U.S. border in 1997. By 2003–2004 the overall
frequency of Ile1,016 had increased ,100-fold to 2.7% (60.80% CI95; n = 808). When checked again in 2006, the frequency
had increased slightly to 3.9% (61.15% CI95; n = 473). This was followed in 2007–2009 by a sudden jump in Ile1,016
frequency to 33.2% (61.99% CI95; n = 1,074 mosquitoes). There was spatial heterogeneity in Ile1,016 frequencies among
2007–2008 collections, which ranged from 45.7% (62.00% CI95) in the state of Veracruz to 51.2% (64.36% CI95) in the
Yucatán peninsula and 14.5% (62.23% CI95) in and around Tapachula in the state of Chiapas. Spatial heterogeneity was also
evident at smaller geographic scales. For example within the city of Chetumal, Quintana Roo, Ile1,016 frequencies varied
from 38.3%–88.3%. A linear regression analysis based on seven collections from 2007 revealed that the frequency of Ile1,016
homozygotes accurately predicted knockdown rate for mosquitoes exposed to permethrin in a bioassay (R2 = 0.98).

Conclusions: We have recorded a dramatic increase in the frequency of the Ile1,016 mutation in the voltage-gated sodium
channel gene of Ae. aegypti in México from 1996 to 2009. This may be related to heavy use of permethrin-based insecticides
in mosquito control programs. Spatial heterogeneity in Ile1,016 frequencies in 2007 and 2008 collections may reflect
differences in selection pressure or in the initial frequency of Ile1,016. The rapid recent increase in Ile1,016 is predicted by a
simple model of positive directional selection on a recessive allele. Unfortunately this model also predicts rapid fixation of
Ile1,016 unless there is negative fitness associated with Ile1,016 in the absence of permethrin. If so, then spatial refugia of
susceptible Ae. aegypti or rotational schedules of different classes of adulticides could be established to slow or prevent
fixation of Ile1,016.
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Introduction

Aedes aegypti, the ‘yellow fever mosquito’, is the primary vector to

humans of dengue and yellow fever flaviviruses (DENV, YFV) [1–

3]. Vaccines are not yet available against DENV [4] and, despite

the presence of a safe and effective YFV vaccine [5–7], the World

Health Organization estimates there are 200,000 cases and 30,000

deaths attributable to yellow fever each year [8]. The principal

means to reduce transmission of these arboviruses has therefore

been through control or eradication of Ae. aegypti [9]. Historic

eradication campaigns that combined source reduction to remove

larval development sites with use of dichloro-diphenyl-trichloro-

ethane (DDT) to kill adults were successful in eliminating the

mosquito and its associated arboviruses, especially in the

Americas, but these programs were not sustained and Ae. aegypti

and DENV re-emerged in force [10,11]. In recent decades,

pyrethroid insecticides have played a major global role in the

control of Ae. aegypti adults, often in combination with the

organophosphate insecticide temephos to control immatures.

However, the evolution of resistance to these and other insecticides

in Ae. aegypti may compromise the effectiveness of control programs

[12–14].

Since 1950, operational vector control programs in México

have used a series of insecticides to control mosquito vectors and

reduce arbovirus and malaria transmission (Official Regulations of

México, NOM-032-SSA) [12]. The organochlorine insecticide

DDT was used extensively for indoor house spraying from 1950–

1960 and was still used in some locations until 1998. Organo-

phosphate insecticides with malathion as the active ingredient

were later used for ultra-low volume (ULV) space spraying of wide

areas from 1981 to 1999. In 2000, vector control programs in

México then switched to permethrin-based insecticides for adult

control. This has provided prolonged and intense selection

pressure for resistance evolution in Ae. aegypti. Indeed, pyrethroid

insecticides with active ingredients such as permethrin, deltame-

thrin, resmethrin and sumithrin are now commonly applied across

the world to kill adult mosquitoes and reduce the burden of

mosquito-borne diseases. The future global use of bednets,

curtains and other household items treated with pyrethroids for

personal protection will likely increase dramatically [15–18]. This

underscores the critical need to monitor and manage resistance to

pyrethroid insecticides to maintain their use for vector control.

Pyrethroids act by structure-related interactions with specific

regions of voltage-dependent sodium channels that prolong the

opening of these channels, and produce instant paralysis [19].

Nervous system stimulation proceeds from excitation to convul-

sions and tetanic paralysis. Metabolic resistance and target site

insensitivity are both major forms of pyrethroid resistance [19,20].

‘Knockdown resistance’ (kdr) is a generic term applied to insects

that fail to lose coordinated activity immediately following

pyrethroid exposure. Typically kdr is unaffected by synergists that

inhibit esterases and monooxygenases. Instead kdr arises through

nonsynonymous mutations in the voltage-gated sodium channel

transmembrane gene (orthologue of the paralysis locus in Drosophila

melanogaster) [21] that reduce pyrethroid binding. Kdr usually limits

the effectiveness of pyrethroids to varying degrees depending on

whether the insecticide contains a descyano-3-phenoxybenzyl

alcohol (type I pyrethroid) or an a-cyano-3-phenoxybenzyl alcohol

(type II). Thus detection of kdr in the field may have severe

consequences for sustained use of pyrethroids in mosquito control.

A homology model of the housefly para protein was developed

[22] to predict the location of binding sites for the pyrethroid,

fenvalerate and for DDT. The model addressed the state-

dependent affinity of pyrethroid insecticides, their mechanism of

action and the role of mutations in the channel that are known to

confer insecticide resistance. Specifically, the sodium channel was

modeled in an open conformation with the insecticide binding site

located in the hydrophobic cavity delimited by the domain II

subunit 4 (IIS4) - IIS5 linker and the IIS5 and IIS6 helices. Five

novel mutations in IIS6, one in IIS5 and one in the P loop were

described in the para orthologue in Ae. aegypti [23]. Assays on larvae

from strains bearing these mutations indicated reduced nerve

sensitivity to permethrin inhibition. Two of these mutations

occurred in codons Ile1,011 and Val1,016 in exons 20 and 21,

respectively. A transition in the third position of Ile1,011 encoded

a Met1,011 replacement and a transversion in the second position

of Val1,016 encoded a Gly1,016 replacement. This same region of

IIS6 was later screened in 1,318 mosquitoes in 32 additional

strains; 30 from throughout Latin America [24]. The Gly1,016

allele was never detected in Latin America and instead we found

two new mutations in these same codons. A transition in the first

position of codon 1,011 encodes a valine replacement while a

transition in the first position of codon 1,016 encoded an

isoleucine replacement. We developed melting curve PCR assays

for these four mutations. Selection experiments, one with

deltamethrin on a field strain from Santiago de Cuba and another

with permethrin on a strain from Isla Mujeres, México rapidly

increased the frequency of the Ile1,016 allele [25]. In bioassays of

F3 offspring arising from crosses of permethrin susceptible

Val1,016 homozygous parents and permethrin resistant Ile1,016

homozygous parents, Ile1,016 segregated as a recessive allele

conferring knockdown resistance to homozygous mosquitoes at 5–

10 mg permethrin in bottle bioassays, 4.3–14.0% resistance in

heterozygous mosquitoes [24]. All Val1,016 homozygous mosqui-

toes died.

Herein we report on an analysis of the frequency of the Ile1,016

mutation in 3,808 Ae. aegypti from 78 collections made from 1996–

2008 throughout México. The overall frequency was 0.04% from

1996–2001, had climbed to 2.7% by 2003–2004, and increased

only slightly to 3.6% by 2006. Then, as would be expected with a

recessive allele, Ile1,016 frequency rapidly increased to 33% in

2007–2009. We also document a great deal of spatial heteroge-

Author Summary

Pyrethroid insecticides prolong the opening of voltage-
dependent sodium channels in insect nerves to produce
instant paralysis and ‘‘knock-down.’’ Many insects have
evolved knock-down resistance through nonsynonymous
mutations that reduce pyrethroid binding in the channels.
In 2006 we discovered one such mutation in the arbovirus
mosquito vector Aedes aegypti, called Ile1,016, that confers
very high knockdown resistance to the pyrethroid
insecticide permethrin in mosquitoes homozygous for this
mutation. We examined collections of Ae. aegypti from
México during 1996–2009 and found that the overall
Ile1,016 frequency increased from ,0.1% in 1996–2000, to
2%–5% in 2003–2006, to 38.3%–88.3% in 2007–2009
depending upon collection location. We also demonstrate
a strong linear relationship between the frequency of
Ile1,016 homozygotes and knockdown rate in bioassays
and speculate that widespread use of permethrin-based
insecticides in México may be impacting the frequency of
Ile1,016. Such a rapid increase is predicted by a simple
model of positive directional selection acting on a
recessive allele. Unfortunately this model also predicts
rapid fixation of Ile1,016 unless there is a negative fitness
associated with Ile1,016 in the absence of permethrin and
if insecticidal pressure can be reduced.
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neity in Ile1,016 frequency during 2007–2009. A linear regression

analysis based on seven collections from 2007 revealed that the

frequency of Ile1,016 homozygotes accurately predicted knock-

down rate for mosquitoes exposed to permethrin in a bioassay

(R2 = 0.98). These results have led us to speculate that widespread

use of permethrin-based insecticides in México from 2000–2008

may have resulted in rapidly increasing frequencies of the Ile1,016

mutation in Ae. aegypti. Potential implications and solutions for

operational vector control are discussed.

Materials and Methods

Aedes aegypti collections and extraction of DNA
Table 1 lists the cities and years of collection for Aedes aegypti,

and city locations are mapped in Figure 1. Single collections were

made in those cities marked by * in Figure 1. Superscripts next to

the year of the collection in Table 1 indicate in which of three

prior studies [26–28] samples were collected. Collections from

2006–2009 have not been included in any prior studies. At each

collection site, we collected immatures from at least 30 different

containers in each of three different areas located at least 100 m

apart. This included water storage containers and discarded trash

containers such as plastic pails, tires, and cans. Larvae were

returned to the laboratory where they were reared to adults and

then identified to species [29]. All mosquitoes were stored at

280uC prior to examination for presence of Ile1,016. DNA was

obtained from individual adults by salt extraction [30], suspended

in 300 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA pH 8.0),

and stored at 280uC.

Genotype determinations
Genotypes at the Ilel,016 locus were detected using allele

specific PCR. Genotypes were determined in a single-tube

reaction using two different ‘‘allele-specific’’ primers, each of

which contained a 39 nucleotide corresponding to one of the two

alleles and a reverse primer that amplified both alleles. Allele

specific primers were manufactured (Operon Inc., Huntsville, AL)

with 59 tails [31,32] (shown in brackets below) that were designed

to allow discrimination between SNP alleles based on size or

melting temperature. The Valine allele specific primer was

Val1,016 (59-[GCGGGCAGGGCGGCGGGGGCGGGGCC]A-

CAAATTGTTTCCCACCCGCA CCGG-39) and the isoleucine

allele specific primer was Ile1,016 (59-[GCGGGC]ACAAAT-

TGTT TCCCACCCGCACTGA-39). Brackets indicate the por-

tion of the primer added for melting curve PCR. The reverse

primer was Ile1,016r 59-GGATGAACCSAAATTGGACAAA-

AGC-39 [24]. An intentional transversion mismatch was intro-

duced three bases in from the 39 end of allele specific primers to

improve specificity and each allele specific primer differed by a

transition at this site [33]. Melting curve PCR was performed as

previously described [34].

Statistical analysis of haplotype and allele frequencies
Ile1,016 frequencies (p̂p) were calculated in each collection as

twice the number of Ile1,016 homozygotes plus the number of

Ile1,016 heterozygotes and then divided by twice the number of

mosquitoes analyzed. Wright’s inbreeding coefficient FIS [35] was

estimated as

FIS~1{ Hobs=Hexp

� �
ð1Þ

Where Hobs is the observed number of heterozygotes and

Hexp~2np̂p 1{p̂pð Þ is the expected number of heterozygotes where

n is the sample size and assuming Hardy-Weinberg proportions.

The null hypothesis FIS = 0 was tested using the formula [36]:

x2
½1d:f :�

~n(Hexp{Hobs)=(p̂p2z(1{p̂p)2z(p̂p2z(1{p̂p)2)2{2(p̂p3z(1{p̂p)3))
ð2Þ

The 95% confidence interval (CI95) around p̂p was calculated as

the Wald interval:

p̂p+za=2

ffiffiffiffiffiffiffiffiffiffiffiffi
p̂p(1{

p
p̂p)=n ð3Þ

which was then adjusted by adding half of the squared Z-critical

value (1.96) to the numerator and the entire squared critical value

to the denominator before computing the interval [37]. Fisher’s

model of natural selection [38] was used to estimate the expected

trajectories for the Ile1,016 allele for a single population in which:

ptz1

~pt(ptwIle=Ilez 1{ptð ÞwIle=Val)=(pt
2wIle=Ilez2pt 1{ptð ÞwIle=Valz 1{ptð Þ2wVal=Val)

ð4Þ

where: p = Ile1,016 frequency in generation t. Following permeth-

rin exposure wIle/Ile is the relative survival of Ile1,016 homozy-

gotes, wIle/Val is the relative survival of Ile1,016 heterozygotes and

wVal/Val is the relative survival of Val1,016 homozygotes.

Insecticidal bioassay
Knockdown rates were determined by releasing 40 adults, 3–4

days of age, into 250 mL Wheaton bottles in which the inside walls

were coated with either 5.0 or 10.0 mg of permethrin (technical

grade; Chem Services, West Chester, PA) [39]. Following a 1-hr

exposure period, the number of inactive mosquitoes were

recorded.

Results

Spatial and temporal trends in Ile1,016 frequency
Table 1 lists the location, collection years, sample sizes and

numbers of mosquitoes of each genotype, the frequency of

Ile1,016 at each site, the 95% confidence interval around that

frequency and the FIS estimate and its significance. If FIS was

significantly .0 then an excess of homozygotes was present while

if FIS was significantly ,0 then an excess of heterozygotes was

present. FIS was significantly greater or less than zero in 6 of the 40

collections in which Ile1,016 was present. FIS values.0 were

recorded in three cases because of unexpected Ile1,016 homozy-

gotes (Tantoyuca and Poza Rica 2004) or a general deficiency of

heterozygotes (Escuintla 2008). In three cases, FIS values,0

occurred because of an excess of heterozygotes (Huixtla and

Coatzacoalcos 2008; Mérida – Cholul 2009).

The map-based representation in Figure 2 shows frequencies of

Ile1,016 by year of collection for all sites where the allele appeared

at least once. Ile1,016 first appeared amongst our collections in

Nuevo Laredo on the U.S. border in 1997 (Table 1, Figure 2).

Overall frequency of Ile1,016 was very low, 0.04%, from 1996–

2000 (CI95 = 0.12%; n = 1,359 mosquitoes examined). This

included mosquitoes collected throughout México. No mosquitoes

were collected in 2001–2002. In 2003–2004, collections were

made exclusively in the state of Veracruz which is located along

the central Atlantic coast of México. In 2003, Ile1,016 appeared in

four collections with an overall frequency of 3.49% (1.18% CI95;

n = 487 mosquitoes). Notably, the Ile1,016 frequency in one site,

Pánuco, reached 20.0% in 2003 (0.12% CI95). In 2004, Ile1,016

Rapid Increase in a Permethrin Resistance Allele
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Table 1. Locations, collection years, sample sizes and numbers of mosquitoes of each genotype.

State Year Sample Size AA AG GG Frequency Ile1,016 Wald 95% CI FIS

City

Texas (U.S.A.)

Houston 1998a 47 0 0 47 0.000 (0.00–0.03) -

Tamaulipas

Nuevo Laredo 1997a 50 0 1 49 0.010 (0.00–0.06) 20.010

Miguel Alemán 1998a 47 0 0 47 0.000 (0.00–0.03) -

Nuevo León

Monterrey 1996a 47 0 0 47 0.000 (0.00–0.03) -

Monterrey 2008 44 8 28 8 0.500 (0.40–0.60) 20.273

Veracruz

Pánuco 2003c 50 1 18 31 0.200 (0.13–0.29) 20.125

Tantoyuca 2003c 50 0 0 50 0.000 (0.00–0.06) -

2004c 33 2 0 31 0.060 (0.02–0.15) 1.000***

2008 50 6 26 18 0.380 (0.29–0.48) 20.104

Poza Rica 2003c 46 0 0 46 0.000 (0.00–0.03) -

2004c 50 1 1 48 0.030 (0.01–0.09) 0.656***

2008 50 26 18 6 0.700 (0.60–0.78) 0.143

Martı́nez de la Torre 2003c 50 0 0 50 0.000 (0.00–0.06) -

2008 50 6 31 13 0.430 (0.34–0.53) 20.265

Zempoala 2003c 47 0 0 47 0.000 (0.00–0.03) -

2004c 47 0 0 47 0.000 (0.00–0.03) -

Veracruz 2008 50 19 23 8 0.610 (0.51–0.70) 0.033

Alvarado 2003c 50 0 7 43 0.070 (0.03–0.14) 20.075

2004c 47 0 0 47 0.000 (0.00–0.03) -

Acayucan 2003c 47 0 0 47 0.000 (0.00–0.03) -

2004c 47 0 0 47 0.000 (0.00–0.03) -

Cosoleacaque 2003c 50 0 2 48 0.020 (0.01–0.07) 20.020

2008 50 6 23 21 0.350 (0.26–0.45) 20.011

Minatitlán 2003c 50 0 5 45 0.050 (0.02–0.11) 20.053

2004c 47 0 0 47 0.000 (0.00–0.03) -

Coatzacoalcos 2003c 47 0 0 47 0.000 (0.00–0.03) -

2004c 50 0 2 48 0.020 (0.01–0.07) 20.020

2008 50 0 27 23 0.270 (0.19–0.36) 20.370**

Moloacán 1999a 47 0 0 47 0.000 (0.00–0.03) -

Tabasco

Villahermosa 1998a 47 0 0 47 0.000 (0.00–0.03) -

1999a 47 0 0 47 0.000 (0.00–0.03) -

Campeche

Ciudad del Carmen 1998a 47 0 0 47 0.000 (0.00–0.03) -

Campeche 1998a 47 0 0 47 0.000 (0.00–0.03) -

Yucatán

Mérida 1999a 47 0 0 47 0.000 (0.00–0.03) -

Mérida - Center 1999a 47 0 0 47 0.000 (0.00–0.03) -

Mérida - East 1999a 47 0 0 47 0.000 (0.00–0.03) -

Mérida - North 1999a 47 0 0 47 0.000 (0.00–0.03) -

Mérida - South 1999a 37 0 0 37 0.000 (0.00–0.04) -

Mérida - West 1999a 47 0 0 47 0.000 (0.00–0.03) -

Mérida - North 2007 50 14 26 10 0.540 (0.44–0.63) 20.047

Mérida - South 2007 50 12 29 9 0.530 (0.43–0.62) 20.164

Mérida - Dzununcan 2009 47 5 13 29 0.240 (0.17–0.34) 0.252

Mérida - San Jose’ Tzal 2009 48 9 21 18 0.410 (0.31–0.51) 0.093

Mérida – Cholul 2009 48 1 35 12 0.390 (0.29–0.49) 20.539***

Rapid Increase in a Permethrin Resistance Allele
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State Year Sample Size AA AG GG Frequency Ile1,016 Wald 95% CI FIS

City

Quintana Roo

Cancún 1999a 94 0 0 94 0.000 (0.00–0.03) -

Chetumal-Center 1999a 94 0 0 94 0.000 (0.00–0.03) -

Chetumal-North 1999a 94 0 0 94 0.000 (0.00–0.03) -

Chetumal-Calderitas 2007 30 6 11 13 0.380 (0.27–0.51) 0.224

Chetumal-Lagunitas 2007 30 24 5 1 0.880 (0.78–0.95) 0.191

Chetumal-Lázaro Cárdenas 2007 30 10 16 4 0.600 (0.47–0.71) 20.111

Chetumal-Antorchistas 2008 30 3 15 12 0.350 (0.24–0.48) 20.099

Chetumal-Solidaridad 2008 30 2 12 16 0.270 (0.17–0.39) 20.023

Chiapas

Ciudad Hidalgo 2006 45 0 16 29 0.180 (0.11–0.27) 20.216

2008 48 2 11 35 0.160 (0.10–0.24) 0.131

Motozintla 2006 48 0 0 48 0.000 (0.00–0.03) -

2008 47 0 2 45 0.020 (0.00–0.08) 20.022

Rio Florido 1998a 94 0 0 94 0.000 (0.00–0.03) -

2006 47 0 4 43 0.040 (0.01–0.11) 20.044

2008 50 1 12 37 0.140 (0.08–0.22) 0.003

Puerto Chiapas 2006 48 0 0 47 0.000 (0.00–0.03) -

2008 40 0 8 32 0.100 (0.05–0.19) 20.111

Mazatán 2006 48 0 9 39 0.090 (0.05–0.17) 20.103

2008 50 2 11 37 0.150 (0.09–0.23) 0.137

Huehuetán 2006 48 0 1 47 0.010 (0.00–0.06) 20.011

2008 50 1 8 41 0.100 (0.05–0.18) 0.111

Huixtla 2006 47 0 0 47 0.000 (0.00–0.03) -

2008 50 3 30 17 0.360 (0.27–0.46) 20.302*

Escuintla 2006 46 0 7 39 0.080 (0.03–0.15) 20.082

2008 45 7 10 28 0.270 (0.19–0.37) 0.432**

Mapastepec 2006 48 0 0 48 0.000 (0.00–0.03) -

2008 50 0 5 45 0.050 (0.02–0.11) 20.053

Pijijiapan 2006 48 0 0 48 0.000 (0.00–0.03) -

2008 50 0 10 40 0.100 (0.05–0.18) 20.111

Oaxaca

Puerto Escondido 1999a 47 0 0 47 0 (0.00–0.03) -

Guerrero

Coyuca de Benitez 1999a 47 0 0 47 0 (0.00–0.03) -

Ixtapa 1999a 47 0 0 47 0 (0.00–0.03) -

Michoacán

Lázaro Cárdenas 1999a 47 0 0 47 0 (0.00–0.03) -

Jalisco

Puerto Vallarta 1999a 50 0 0 50 0 (0.00–0.06) -

Sinaloa

Mazatlán 1999a 47 0 0 47 0 (0.00–0.03) -

Culiacán 1998a 47 0 0 47 0 (0.00–0.03) -

Sonora

Hermosillo 2000b 47 0 0 47 0 (0.00–0.03) -

81 collections 3,951

AA = Ile1,016 homozygotes, AG = Ile1,016/Val1,016 heterozygotes, GG = Val1,016 homozygotes for Aedes aegypti in México from 1996 to 2008. Also listed are the
frequency of Ile1,016 at each site, the 95% confidence interval around that frequency and the FIS estimate and its significance (*P,0.05, **P, 0.01, ***P,0.001).
a[27].
b[26].
c[74].
doi:10.1371/journal.pntd.0000531.t001

Table 1. Cont.
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appeared in only two collections with an overall frequency of

1.40% (0.99% CI95; n = 321 mosquitoes). No mosquitoes were

collected in 2005.

In 2006, ten collections were made in the state of Chiapas in the

far southwest. Ile1,016 appeared in five collections with a cumulative

frequency of 3.91% (1.15% CI95; n = 473). In 2007, five collections

were made in the states of Yucatán and Quintana Roo in the

Yucatán Peninsula of southeastern México and Ile1,016 appeared in

all collections with an overall frequency of 57.6% (4.94% CI95;

n = 190). These collections also revealed that frequencies were not

uniform within cities. For example, the frequency of Ile1,016 for

collections within the city of Chetumal in Quintana Roo State

ranged from 38.3% (11.97% CI95) in the Calderitas neighborhood

to 88.3% (8.50% CI95) in the Lagunitas neighborhood.

In 2008, collections were made at six sites in Veracruz, the same

ten sites in Chiapas as in 2006, two more sites in the city of

Chetumal, and one site in Monterrey in Nuevo León State in

northern México. In Veracruz, the overall frequency of Ile1,016

was 45.7% (3.97% CI95; n = 300) and, as for Chetumal in 2007,

there was a great deal of spatial heterogeneity with site-specific

Ile1,016 frequencies varying between 27.0% (8.62% CI95) in the

city of Coatzacoalcos to 70.0% (8.87% CI95) in the city of Poza

Rica. In Chiapas, the overall frequency of Ile1,016 was 14.5%

(2.23% CI95; n = 480 mosquitoes) with site-specific frequencies

varying between 5.0% (4.80% CI95) in the mountain town of

Mapastepec to 36.0% (9.26% CI95) in the coastal city of Huixtla.

In Chetumal, Ile1,016 varied between 35.0% (11.77% CI95) in

the Antorchistas neighborhood to 26.7% (11.02% CI95) in the

Solidaridad neighborhood. The frequency of Ile1,016 in Mon-

terrey, was 50.0% (10.23% CI95). Only 3 collections were made in

satellite villages surrounding Mérida in 2009. No comparisons

were made of these collections because they are confounded by

year and by their distance from other Mérida collections.

Figure 2 illustrates the general trend in México that the

frequency of Ile1,016 has increased over the last 12 years in the

states of Nuevo León, Veracruz, Yucatán, Quintana Roo and

Chiapas. This is even more evident in Figure 3 in which the

overall frequency of Ile1,016 in each state is plotted by year. It

should be noted that although Figure 3 suggests that the Ile1,016

frequency in Chetumal, Quintana Roo, declined between 2007

and 2008, this could be related to sampling of sites in different

neighborhoods in these years.

Figure 1. Locations of collection sites in México at which Ile1,016 frequencies for Aedes aegypti were estimated. Only single collections
were made in those cities followed by *.
doi:10.1371/journal.pntd.0000531.g001
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Ile1,016 frequency and knockdown rates
Linear regression analysis was used to determine how well the

frequency of Ile1,016 homozygotes in a collection of Ae. aegypti

predicts knockdown rate in bioassays. Analyses included F3 adults

from five collections from Chetumal, one collection from Isla

Mujeres (northeast of Cancún) in which Ile1,016 is fixed, and one

collection from Iquitos in Perú where Ile1,016 is absent. The Isla

Mujeres strain arose from five generations of permethrin selection.

We found strong associations between the frequency of Ile1,016

homozygotes and the knockdown rate for exposures of both 5 and

10 mg permethrin per bottle in the bioassay (R2 = 0.98 and 0.88,

respectively; Figure 4). Exclusion of Isla Mujeres and Iquitos

collections reduced the R2 values from 0.98 to 0.97 for the 5 mg

concentration and from 0.88 to 0.76 for the 10 mg concentration.

Expected trajectories for the Ile1,016 allele
Figure 5 shows the expected trajectories for the Ile1,016 allele

for a population with an initial Ile1,016 frequency of 0.04% (as

observed in México during 1996–2000). The first two trajectories

indicate a rapid fixation of Ile1,016 when Val1,016 is partially

dominant (4–14% survival in heterozygous mosquitoes). Rapid

fixation occurs because the initial frequency of matings among

Figure 2. Frequencies of Ile1,016 for Aedes aegypti by time period for sites in México where the allele appeared at least once. Bars
below the abscissa indicate that Ile1,016 wasn’t detected. The numbers in each graph indicate the maximum frequency of Ile1,016 detected.
doi:10.1371/journal.pntd.0000531.g002

Figure 3. Overall frequency of Ile1,016 for Aedes aegypti by year
in the states of Veracruz, Chiapas, Quintana Roo, Nuevo León,
and Yucatán.
doi:10.1371/journal.pntd.0000531.g003
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adults carrying Ile1,016 is expected to be small (0.14% in Fisher’s

model). There is also an extreme selection differential among

mosquitoes because while the frequency of Ile1,016 homozygous

and heterozygous mosquitoes are low (1.3761027 and 7.461024

respectively in Fisher’s model), most of the population is killed off

by the insecticide. Thus, the frequency of Ile1,016 in the next

generation becomes high because only homozygous mosquitoes

and from 4–14% of the heterozygous mosquitoes survived.

Figure 5 also presents a third scenario wherein, following

permethrin exposure, mosquitoes recover over the next few hours

from the knockdown. This was measured by removing mosquitoes

from the bioassay bottle to an insecticide free cage [24,25]. We

observed that all Ile1,016 homozygotes, 58% of heterozygotes and

15% of Val 1,1016 homozygotes recovered. Under this set of

fitness conditions, Ile1,016 goes to fixation more slowly than when

Ile1,016 is almost completely recessive.

Discussion

The primary findings of this study are that: (1) frequencies of

Ile1,016 in collections of the dengue virus vector Ae. aegypti have

increased dramatically in the last decade in several states in

México including Nuevo León to the north, Veracruz on the

central Atlantic Coast and Chiapas, Quintana Roo, and Yucatán

in the south; and (2) there was a strong association between the

frequency of Ile1,016 homozygotes in a collection and knockdown

rate in a bioassay. This complements earlier work [24,25] which

documented that, in bottle bioassays with 5 or 10 mg permethrin,

Ile1,016 segregates as a recessive allele conferring complete

knockdown resistance in homozygous mosquitoes, whereas there

is 86–96% mortality in heterozygous mosquitoes and complete

mortality in Val1,016 homozygous mosquitoes.

The analysis of predicted Ile1,016 frequencies using Fisher’s

model (Figure 5) was included only to illustrate that a simple model

of selection predicts the rapid increases in Ile1,016 frequencies that

we have observed. Fisher’s model assumes a closed population of

infinite size that is uniformly exposed to selection. In reality, we

find extensive gene flow among all collections within 130 km of

one another in northeastern México and within 180 km of one

another in the Yucatán [27]. Susceptibility alleles are therefore

probably continuously reintroduced into treated populations.

Further, permethrin applications are not uniform in and among

cities and towns in México. Thus through long distance transport

of Ae. aegypti during human commerce, local mosquito migration,

and variable levels of permethrin exposure in space and time,

there is ample opportunity for recruitment of Val1,016 homozy-

gotes into a population. Another major caveat to the model used in

Figure 5 is that it assumed that Ile1,016 confers the same marginal

fitness in the absence of permethrin. In fact, we have observed that

it was easy to select Ile1,016 homozygous strains in the laboratory

but very difficult to maintain them due primarily to egg and early

larval instar mortality. It is also interesting that Ile1,016 frequency

declined in the state of Quintana Roo between 2007 and 2008 and

in Ciudad Hidalgo between 2006 and 2008.

These observations are by no means definitive evidence of

reduced fitness of Ile1,016 in permethrin free environments; the

same results could have occurred through genetic drift in the field

or through the concentration of deleterious and lethal recessive

genes in strains during selection for Ile1,016 homozygous strains in

the laboratory. Nevertheless, several studies have documented

negative fitness effects associated with single-point mutations in

para that confer kdr to pyrethroids and DDT. For example,

behavioral studies on peach–potato aphids (Myzus persicae) showed

that a reduced response to alarm pheromone was associated with

both gene amplification and a para target-site mutation [40]. In

Musca domestica, flies with the identical para mutations showed no

positional preference along a temperature gradient while suscep-

tible genotypes exhibited a strong preference for warmer

temperatures [41]. Studies of para in Drosophila melanogaster link

point mutations to behavioral disturbances. For example, the

temperature-sensitive paralysis exhibited by individuals carrying

the point mutation napts (no action potential, temperature

sensitive) resulted from a reduction in the expression of the para

gene [42]. This is consistent with a model in which as temperature

rises, an increasing fraction of the available sodium channels are

required to maintain propagation of action potentials. Fewer

Figure 4. Linear regression analyses of the knockdown rate for
Aedes aegypti in a bioassay as a function of the frequency of
Ile1,016 homozygotes. This included seven mosquito collections and
two concentrations of permethrin (5 and 10 mg per bottle).
doi:10.1371/journal.pntd.0000531.g004

Figure 5. Expected trajectories for the Ile1,016 allele for a
single population with an initial Ile1,016 frequency of 0.04%
using Fisher’s model of natural selection. Three scenarios are
presented. The first two trajectories indicate a rapid fixation of Ile1,016
when Val1,016 is partially dominant (4–14% survival in heterozygous
mosquitoes). The third scenario assumes that mosquitoes recover
following knockdown. Based upon observation in the laboratory, all
Ile1,016 homozygotes recover but 58% of heterozygotes and 15% of Val
1,016 homozygotes recover.
doi:10.1371/journal.pntd.0000531.g005
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channels cannot meet the demands of elevated temperature [43].

The mutation tipE (temperature-induced paralysis locus E) also

disrupts para expression and confers temperature induced paralysis

as a result of a decrease in sodium channel numbers [44,45]. The

sbl (smellblind) mutation, is also an allele of the para gene [46]. This

associates sodium channel mutations with olfactory and chemo-

tactic defects [46–48] and with changes in sexual behavior [48,49].

A 1986 National Research Council report on strategies and

tactics for pesticide resistance management [50], concluded that

insecticide susceptibility should be viewed as a ‘‘natural resource’’

at risk of depletion if not managed properly. This lead to the

concept of insecticide resistance management (IRM) [51–54]. One

example of the value of implementing IRM schemes for

management of mosquito vectors comes from a large-scale field

demonstration project in southern Mexico that compared

insecticide rotations (carbamates, organophosphates and pyre-

throids) and insecticide mosaics (organophosphates and pyre-

throids) with single use of insecticides (DDT or pyrethroids) for

indoor residual spraying against anopheline malaria vectors [55–

58]. This project demonstrated that use of insecticide rotations and

mosaics, compared to single use of pyrethroids, can reduce

resistance to pyrethroid insecticides in anophelines. If the same

protocol could be implemented in Ae. aegypti then spatial refugia of

susceptible Ae. aegypti or rotational schedules of different classes of

adulticides could be established to slow or prevent fixation of

Ile1,016. However we recognize that this strategy is ethically more

applicable to agricultural pests than to disease vectors because

people living in refugia may be at greater risk for acquiring DENV

infections.

A large literature exists on the repellant properties of

pyrethroids [59–64]. Their repellency led to the invention and

deployment of pyrethroid-treated materials (curtains, screens and

wall hangings) in the household. Female Ae. aegypti are endophagic

and endophilic vector vectors and are almost exclusively

anthropophilic [65]. Pyrethroid-treated materials may repel

infected female Ae. aegypti from households and thus block DENV

transmission in the household both by preventing inhabitants from

becoming infected and from allowing infected inhabitants from

transmitting DENV to Ae. aegypti in the home. Pyrethroid-treated

materials used as curtains dramatically reduced Ae. aegypti

populations and reduced DENV transmission in intervention

versus control homes in Viet Nam [66–68], the Philippines [69],

and Mexico and Venezuela [70]. A critical question is whether the

Ile1,016 mutation reduces sensitivity to the repellant effects of

pyrethroids. Consequently it is unknown as to whether kdr impacts

indoor abundance of dengue virus-infected Ae. aegypti and dengue

incidence. It is also unknown whether pyrethroid-treated materials

will promote evolution of kdr in Ae. aegypti. It is likely that the

current rise in Ile1,016 was driven by space spraying of pyrethroids

to control adults in and around homes and non-target application

of agricultural pyrethroids.

We have presented a retrospective study of the prevalence of the

Ile1,016 mutation in natural populations of Ae. aegypti. It will now

be important to begin prospective studies in México. Intensive

studies of Ile1,016 at single sites may reveal the intensity of

selection at these sites. Identification of cities or sites that are

moving away from use of permethrin-based insecticides may

enable us to explore negative fitness effects associated with the

Ile1,016 mutation. These are not only academic exercises because

as pesticides are applied and the target population becomes

resistant, the susceptibility resource is depleted [71,72]. A key

assumption of IRM is that resistance alleles confer lower fitness in

the absence of insecticides. Thus when a specific insecticide is

discontinued, resistance will decline, and renew susceptibility.

With sufficient time, during which alternative types of insecticides

are used, the original insecticide can once again be applied.

Resistance surveillance is an essential part of IRM schemes that

provide data to inform program planning and pesticide selection,

especially by detecting developing resistance at an early stage so

that alternatives can be implemented.

The results presented here suggest that widespread spatial

spraying of permethrin may be rapidly increasing the frequency of

the Ile1,016 mutation in Ae. aegypti in México. This raises the

question of whether permethrin-based insecticides should be

replaced with other alternatives to maintain and restore suscep-

tibility to pyrethroids. In addition to potentially improving vector

control performance in the short term, this action also could

protect the downstream potential for use of emerging vector

control products impregnated with pyrethroids such as long-lasting

textiles [15,16,73]. We do recognize the difficulties surrounding

operational large-scale changes of insecticide use patterns but hope

that our findings will help to inform the debate regarding the

critical need to monitor and manage insecticide resistance in order

to protect the limited options that are available to combat Ae.

aegypti and reduce dengue.

Author Contributions

Conceived and designed the experiments: AEF KSR JMR HR JH LE

WCB. Performed the experiments: GPG KSR GRS. Analyzed the data:

GPG KSR SLF LE WCB. Contributed reagents/materials/analysis tools:

GPG AEF IFS KSR JGB MCM JMR JGR MDG HR JH. Wrote the

paper: KSR JMR HR LE WCB.

References

1. Gould EA, Solomon T (2008) Pathogenic flaviviruses. Lancet 371: 500–509.

2. Gubler DJ (2004) The changing epidemiology of yellow fever and dengue, 1900

to 2003: full circle? Comp Immuno Micro Inf Dis 27: 319–330.

3. Lourenco-De-Oliveira R (2008) Rio de Janeiro against Aedes aegypti: yellow fever

in 1908 and dengue in 2008. Memorias Do Instituto Oswaldo Cruz 103:

627–628.

4. Swaminathan S, Khanna N (2009) Dengue: Recent Advances in Biology and

Current Status of Translational Research. Curr Mol Med 9: 152–173.

5. Bugher JC, Smith HH (1944) Antigenicity of yellow fever vaccine virus (17D)

following fifty-seven subcultures in homologous immune serum. Am J Hyg 39: 52–57.

6. Dick GWA, Gee FL (1952) Immunity to Yellow Fever 9 Years after Vaccination

with 17d Vaccine. Trans Roy Soc Trop Med Hyg 46: 449–458.

7. Groot H, Ribeiro R (1962) Neutralizing and Haemagglutination-Inhibiting

Antibodies to Yellow Fever 17 Years after Vaccination with 17d Vaccine. Bull

WHO 27: 699–707.

8. Vainio J, Cutts F (1998) Yellow fever WHO/EPI/GEN/. p 11.

9. Gomez-Dantes H, Willoquet JR (2009) Dengue in the Americas: challenges for

prevention and control. Cadernos De Saude Publica 25: 19–31.

10. Ramirez JL, Garver LS, Dimopoulos G (2009) Challenges and Approaches for

Mosquito Targeted Malaria Control. Curr Mol Med 9: 116–130.

11. Soper FL (1963) Elimination of Urban Yellow-Fever in Americas through

Eradication of Aedes aegypti. Am J Pub Health Nat Health 53: 7–16.

12. Flores AE, Grajales JS, Salas IF, Garica GP, Becerra MHL, et al. (2006)

Mechanisms of insecticide resistance in field populations of Aedes aegypti (L.) from

Quintana Roo, Southern Mexico. J Am Mosq Cont Assoc 22: 672–677.

13. Strode C, Wondji CS, David JP, Hawkes NJ, Lumjuan N, et al. (2008) Genomic

analysis of detoxification genes in the mosquito Aedes aegypti. Insect Biochem Mol

Biol 38: 113–123.

14. Thanispong K, Satfiantriphop S, Chareonviriyaphap T (2008) Insecticide

resistance of Aedes aegypti and Culex quinquefasciatus in Thailand. J Pest Sci 33:

351–356.

15. Kroeger A, Lenhart A, Ochoa M, Villegas E, Levy M, et al. (2006) Effective

control of dengue vectors with curtains and water container covers treated with

insecticide in Mexico and Venezuela: cluster randomised trials. BMJ 332:

1247–1250.

16. Kroeger A, Nathan MB (2006) Dengue: setting the global research agenda.

Lancet 368: 2193–2195.

17. Lenhart AE, McCall PJ, Ochoa M, Sorilla M, Kroeger A (2003) The use of

insecticide-treated curtains and larval growth inhibitors for dengue control in

semiurban Veracruz, Mexico. Trans Roy Soc Trop Med Hyg 97: 628–628.

Rapid Increase in a Permethrin Resistance Allele

www.plosntds.org 9 October 2009 | Volume 3 | Issue 10 | e531



18. Zaim M, Aitio A, Nakashima N (2000) Safety of pyrethroid-treated mosquito

nets. Med Vet Entomol 14: 1–5.
19. Soderlund DM, Bloomquist JR (1989) Neurotoxic Actions of Pyrethroid

Insecticides. Annu Rev Entomol 34: 77–96.

20. Soderlund DM, Knipple DC (2003) The molecular biology of knockdown
resistance to pyrethroid insecticides. Insect Biochem. Mol Biol 33: 563–577.

21. Suzuki DT, Grigliat T, Williams R (1971) Temperature-Sensitive Mutations in
Drosophila-Melanogaster. 7. Mutation (Parats) Causing Reversible Adult

Paralysis. Proc Natl Acad Sci U S A 68: 890–893.

22. O’Reilly AO, Khambay BPS, Williamson MS, Field LM, Wallace BA, et al.
(2006) Modelling insecticide-binding sites in the voltage-gated sodium channel.

Biochem J 396: 255–263.
23. Brengues C, Hawkes NJ, Chandre F, McCarroll L, Duchon S, et al. (2003)

Pyrethroid and DDT cross-resistance in Aedes aegypti is correlated with novel
mutations in the voltage-gated sodium channel gene. Med Vet Entomol 17:

87–94.

24. Saavedra-Rodriguez K, Urdaneta-Marquez L, Rajatileka S, Moulton M,
Flores AE, et al. (2007) A mutation in the voltage-gated sodium channel gene

associated with pyrethroid resistance in Latin American Aedes aegypti. Insect Mol
Biol 16: 785–798.

25. Saavedra-Rodriguez K, Strode C, Suarez AF, Salas IF, Ranson H, et al. (2008)

Quantitative Trait Loci Mapping of Genome Regions Controlling Permethrin
Resistance in the Mosquito Aedes aegypti. Genetics 180: 1137–1152.

26. Bennett KE, Olson KE, Munoz MD, Fernandez-Salas I, Farfan-Ale JA, et al.
(2002) Variation in vector competence for dengue 2 virus among 24 collections

of Aedes aegypti from Mexico and the United States. Am J Trop Med Hyg 67:
85–92.

27. Gorrochotegui-Escalante N, Gomez-Machorro C, Lozano-Fuentes S, Fernandez-

Salas I, Munoz MD, et al. (2002) Breeding structure of Aedes aegypti populations in
Mexico varies by region. Am J Trop Med Hyg 66: 213–222.

28. Lozano-Fuentes S, Gorrochotegui-Escalante N, Bennett KE, Black WC (2005)
Aedes aegypti vector competence and gene flow in the state of Veracruz, Mexico.

Am J Trop Med Hyg 73: 148–148.

29. Darsie RF, Ward RA (2005) Identification and Geographical Distribution of the
Mosquitoes of North America, North of Mexico. Gainesville: University Press of

Florida. 383 p.
30. Black WC, DuTeau NM (1997) RAPD-PCR and SSCP Analysis for insect

population genetic studies. In: Crampton J, Beard CB, Louis C, eds. The
Molecular Biology of Insect Disease Vectors: A Methods Manual. New York:

Chapman and Hall Publishers. pp 361–373.

31. Germer S, Higuchi R (1999) Single-tube genotyping without oligonucleotide
probes. Genome Res 9: 72–78.

32. Wang J, Chuang K, Ahluwalia M, Patel S, Umblas N, et al. (2005) High-
throughput SNP genotyping by single-tube PCR with Tm-shift primers.

Biotechniques 39: 885–893.

33. Okimoto R, Dodgson JB (1996) Improved PCR amplification of multiple specific
alleles (PAMSA) using internally mismatched primers. Biotechniques 21: 20–26.

34. Urdaneta-Marquez L, Bosio C, Herrera F, Rubio-Palis Y, Salasek M, et al.
(2008) Genetic relationships among Aedes aegypti collections in Venezuela as

determined by mitochondrial DNA variation and nuclear single nucleotide
polymorphisms. Am J Trop Med Hyg 78: 479–491.

35. Wright S (1921) Systems of mating. II. The effects of inbreeding on the genetic

composition of a population. Genetics 6: 124–143.
36. Black WC, Krafsur ES (1985) A FORTRAN Program for Analysis of Genotypic

Frequencies and Description of the Breeding Structure of Populations. Theor
Appl Genet 70: 484–490.

37. Agresti A, Coull BA (1998) Approximate is better than ‘‘exact’’ for interval

estimation of binomial proportions. Amer Stat 52: 119–126.
38. Fisher RA (1941) Average excess and average effect of a gene substitution. Ann

Eugenics 11: 53–63.
39. Brogdon WG, McAllister JC (1998) Simplification of adult mosquito bioassays

through use of time-mortality determinations in glass bottles. J Am Mosq Cont

Assoc 14: 159–164.
40. Foster SP, Woodcock CM, Williamson MS, Devonshire AL, Denholm I, et al.

(1999) Reduced alarm response by peach-potato aphids, Myzus persicae

(Hemiptera : Aphididae), with knock-down resistance to insecticides (kdr) may

impose a fitness cost through increased vulnerability to natural enemies. Bull
Entomol Res 89: 133–138.

41. Foster SP, Young S, Williamson MS, Duce I, Denholm I, et al. (2003) Analogous

pleiotropic effects of insecticide resistance genotypes in peach-potato aphids and
houseflies. Heredity 91: 98–106.

42. Kernan MJ, Kuroda MI, Kreber R, Baker BS, Ganetzky B (1991) Napts, a
Mutation Affecting Sodium-Channel Activity in Drosophila, Is an Allele of Mle, a

Regulator of X-Chromosome Transcription. Cell 66: 949–959.

43. Feng GP, Deak P, Kasbekar DP, Gil DW, Hall LM (1995) Cytogenetic and
Molecular Localization of Tipe - a Gene Affecting Sodium-Channels in

Drosophila-Melanogaster. Genetics 139: 1679–1688.
44. Lilly M, Kreber R, Ganetzky B, Carlson JR (1994) Evidence That the Drosophila

Olfactory Mutant Smellblind Defines a Novel Class of Sodium-Channel
Mutation. Genetics 136: 1087–1096.

45. Warmke JW, Reenan R, Wang P, Qian S, Arena JP, et al. (1997) Functional

Expression of Drosophila para Sodium Channels: Modulation by the Membrane
Protein TipE and Toxin Pharmacology. J Gen Physiol 110: 119–133.

46. Lilly M, Riesgoescovar J, Carlson J (1994) Developmental Analysis of the

Smellblind Mutants - Evidence for the Role of Sodium-Channels in Drosophila

Development. Dev Biol 162: 1–8.

47. Lilly M, Carlson J (1990) Smellblind - a Gene Required for Drosophila Olfaction.

Genetics 124: 293–302.
48. Tompkins L, Gross AC, Hall JC, Gailey DA, Siegel RW (1982) The Role of

Female Movement in the Sexual-Behavior of Drosophila-Melanogaster. Behav
Genetics 12: 295–307.

49. Tompkins L, Hall JC (1983) Identification of Brain Sites Controlling Female

Receptivity in Mosaics of Drosophila-Melanogaster. Genetics 103: 179–195.
50. National Research Council (1986) Pesticide resistance: Strategies and tactics for

management. Washington (D. C.) The National Academy.
51. Brogdon WG, McAllister JC (1998a) Insecticide resistance and vector control.

Emerg Inf Dis 4: 605–613.
52. Casida JE, Quistad GB (1998) Golden age of insecticide research: Past, present,

or future? Ann Rev Entomol 43: 1–16.

53. Coleman M, Hemingway J (2007) Insecticide resistance monitoring and
evaluation in disease transmitting mosquitoes. J Pest Sci 32: 69–76.

54. Curtis CF, Miller JE, Hodjati MH, Kolaczinski JH, Kasumba I (1998) Can
anything be done to maintain the effectiveness of pyrethroid-impregnated

bednets against malaria vectors? Philos Trans Roy Soc Lond B-Biol Sci 353:

1769–1775.
55. Hemingway J, Penilla RP, Rodriguez AD, James BM, Edge W, et al. (1997)

Resistance management strategies in malaria vector mosquito control. A large-
scale field trial in southern Mexico. Pest Sci 51: 375–382.

56. Penilla RP, Rodriguez AD, Hemingway J, Torres JL, Arredondo-Jimenez JI,
et al. (1998) Resistance management strategies in malaria vector mosquito

control. Baseline data for a large-scale field trial against Anopheles albimanus in

Mexico. Med Vet Entomol 12: 217–233.
57. Penilla RP, Rodriguez AD, Hemingway J, Torres JL, Solis F, et al. (2006)

Changes in glutathione S-transferase activity in DDT resistant natural Mexican
populations of Anopheles albimanus under different insecticide resistance manage-

ment strategies. Pest Biochem Physio 86: 63–71.

58. Penilla RP, Rodriguez AD, Hemingway J, Trejo A, Lopez AD, et al. (2007)
Cytochrome P450-based resistance mechanism and pyrethroid resistance in the

field Anopheles albimanus resistance management trial. Pest Biochem Physio 89:
111–117.

59. Achee NL, Sardelis MR, Dusfour I, Chauhan KR, Grieco JP (2009)
Characterization of Spatial Repellent, Contact Irritant, and Toxicant Chemical

Actions of Standard Vector Control Compounds. J Am Mosq Cont Assoc 25:

156–167.
60. Deparis X, Frere B, Lamizana M, N’Guessan R, Leroux F, et al. (2004) Efficacy

of permethrin-treated uniforms in combination with DEET topical repellent for
protection of French military troops in Cote d’Ivoire. J Med Entomol 41:

914–921.

61. Curtis CF, Mnzava AEP (2000) Comparison of house spraying and insecticide-
treated nets for malaria control. Bull WHO 78: 1389–1400.

62. Ansari MA, Razdan RK (2000) Relative efficacy of insecticide treated mosquito
nets (Diptera : Culicidae) under field conditions. J Med Entomol 37: 201–204.

63. Brown M, Hebert AA (1997) Insect repellents: An overview. J Amer Acad
Dermatol 36: 243–249.

64. Sholdt LL, Schreck CE, Qureshi A, Mammino S, Aziz A, et al. (1988) Field

Bioassays of Permethrin-Treated Uniforms and a New Extended Duration
Repellent against Mosquitos in Pakistan. J Am Mosq Cont Assoc 4: 233–236.

65. Scott TW, Chow E, Strickman D, Kittayapong P, Wirtz RA, et al. (1993) Blood-
feeding patterns of Aedes aegypti (Diptera: Culicidae) collected in a rural Thai

village. J Med Entomol 30: 922–927.

66. Igarashi A (1997) Impact of dengue virus infection and its control. FEMS
Immunol Med Micro 18: 291–300.

67. Nam VS, Nguyen HT, Tien TV, Niem TS, Hoa NT, et al. (1993) Permethrin-
treated bamboo curtains for dengue vector control - field trial, Viet Nam.

Dengue Newsletter 18: 23–28.

68. Nguyen HT, Tien TV, Tien NC, Ninh TU, Hoa NT (1996) The effect of Olyset
net screen to control the vector of dengue fever in Viet Nam. Dengue Bull 20:

87–92.
69. Madarieta SK, Salarda A, Benabaye MRS, Bacus MB, Tagle JR (1999) Use of

permethrin-treated curtains for control of Aedes aegypti in the Philippines. Dengue
Bull 23: 51–54.

70. Kroeger A, Lenhart A, Ochoa M, Villegas E, Levy M, et al. (2006) Effective

control of dengue vectors with curtains and water container covers treated with
insecticide in Mexico and Venezuela: Cluster randomised trials. BMJ 332:

1247–1252.
71. Brattsten LB, Holyoke CW, Leeper JR, Raffa KF (1986) Insecticide Resistance -

Challenge to Pest-Management and Basic Research. Science 231: 1255–1260.

72. Curtis CF (1985) Theoretical-Models of the Use of Insecticide Mixtures for the
Management of Resistance. Bull Entomol Res 75: 259–265.

73. Kroeger A, Nathan MB, Hombach J, Dayal-Drager R, Weber MW (2006)
Dengue research and training supported through the World Health Organiza-

tion. Ann Trop Med Parasitol 100: 97–101.
74. Lozano-Fuentes S, Fernandez-Salas I, Munoz ML, Garcia-Rejon J, Olson KE,

et al. (2009) The Neovolcanic Axis is a Barrier to Gene Flow among Aedes aegypti

Populations in Mexico That Differ In Vector Competence for Dengue 2 Virus.
PLoS Negl Trop Dis 3: e468.

Rapid Increase in a Permethrin Resistance Allele

www.plosntds.org 10 October 2009 | Volume 3 | Issue 10 | e531


