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Ahstract

Pyrethroids are commonly used as mosquito adultl-
cides and evolution of resistance to these campounds
Is a major threat to public health,"Knockdown resistance’
to pyrethrolds (kdr) Is frequently caused by nonsynan-
ymous mutations |n the voltage-gated sodium channel
transmembrane protein (para) that reduce pyrethrold
binding. Early detection of kdr Is critical to the
development of resistance management strategles in
mosquitoes including Aedes aegypl, the most prevalent
vector of dengue and yellow fever viruses. Brengues
et al. described seven novel mutations in hydrophobic
segment 6 of domain Il of para in Ae. sagypll Assays
on larvae from strains bearing these mutations indicated
reduced nerve sensitivity to permethrin inhibition. Two
of these occurred in codons Iso1011 and Val1016 in
exons 20 and 21 respectively. A transition in the third
position of Ise1011 enceded a Met1011 replacement
and a transversion in the second position of Vali016
encoded a Gly1016 replacement. We have screened
this same region in 1318 mosguitoes In 32 additional
strains; 30 from throughout Latin America. While the
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Giy1016 allele was never detected (n Latin America, we
found two new mutations In these same codons. A
transition in the first position of codon 1011 encodes o
Val replacement while a transition In the first position
of codon 1016 encoedes an lso replacement. We devel-
oped PCH assays lor these four mutations that can
be read either on an agarose gel or as a melting curve.
Selection experiments, one with deltamethrin on a field
strain from Santiago de Cuba and another with per-
methrin on a strain from Isla Mujeres; Mexico rapidly
increased the frequency of the Isa1016 allele. Bioassays
of F, offspring arising from permethrin susceptible
Vall016 homozygous parents and permethrin resistam
Is01016 homozygous parents show that [so1016 seg-
regates as a recessive allele in conferring kdr. Analysis
of segregation between alleles at the 1011 and 1016
codons in the F, showed a high rate of recombination
even though the two codons are only separated by a
~250 bp Intron. The tools and information presented
provide a means for early detection and characterization
of kdr that is critical to the developmenl of strategles
for resistance management,

Kevwords: pyrethroids, knockdown resistance, Aedes
aegypll, para, mutation detection,

Intreduction

Synthetic: pyrethroids such as permethrn, deltamethrin,
resmethrin and sumithrin are commaonly agplied mesguito
adulticides. In addifion, bednats, curtains and other house-
hold items treated with pyrethraids for perscnal protection
are seeing increased use (Zaim ef al. 2000, With the
deployment of pyrethroid-treatad materials for dengue vectar
confral likely to becoms more widespraad in tha fulure
{Kroager el al.. 2006), the accurrenca of rasistanca may
become cgmman in many populations worlgwida, and
manitaring will be crucial 1o ensuring vecter control.
Melabolic resistance and target site insensitivity are
bath major farms of pyrethroid rasistance {Soderlund &
Blopmguist, 1990; Sodarlund, 1897, Soderlund & Knipple,
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1928}, 'Knockdown resistance” (kdr) s a generic lorm
applied 1o insects 1hal fail 1o lose coordinated activity
immediataly folivwing pyrethroid exposure. Typically kdr is
unaffected by synergisis that inhibit estarases and
monooxypenases. Instead Kdr arises through nonsynony-
meus mutations In the veltage-gated sodium channe!
transmembrane gene (paralysis locus in Drosophila mela-
nogaster) \hat reduce pyrethroid binding 1o the sodium
channal passing through the nerve cell membrane.
Kdr usually imils the affectiveness of pyrethroids 1o varying
degroes depend|ing on whether the insechicide containg a
descyana-3-phenoxybenzy| alcehol (type | pyrethroid) or
an a-cyano-3-phenoxybenzyl alcohol (type 11). Thus detection
ol kdr in the lleld has severe consequences or sustained
use ol pyrethrolds in mosguito control, The early detection
and characterization of kdr s critical 1o the developmenl
ol sirategles lor reslstance managemeanl

The mosquite. Aedes asgypit s the main veclor of the
four serolypes of dengue virus (DENV1—4) (Monath, 1994,
Gubler, 2002a). There are 50-100 million DENY infections
each year and while mos! of these are mild of asymplomatic.
tha numbers of sevare infections with shock ana haemor-
rhagng have been increasing and 20% of these cases are
fatal (Pan American Health Organization, 1984, Gubler,
2002k}, Brengues etal (2003) examined DOT and pyre-
throwd resistance in Ae..aegypfiirom 13 localities and lound
avidence lar DDT ang pyrethrod resistancs in strains from
Samarang in Ceniral Java, Belem in Brazl and Long Hoa
in Yieinam, They obtained sequences of the gene region
thal encodes hydrophobic segment & of domain Il of the
voltage-gated sodivm channel gena from 10 mosquitoes in
all 13 strains. They analysed exons 19-21 that encode
aming acid residues 9081036, Exon 19 contains the
aming acids assocated with ‘super kdr' resistance includ-
ing methicning at position 818, laucine at 825, threoning at
920-and leucing al 932 (Sederlund & Knipgle, 2003). Exon
20 contains the leucine to phenylalaning subshitution at
1014 thal confers nerve insensitivity to pyrethroids in a
wide range of insect species Including Anppheles gambize
(Sadeslund & Kalpple, 2003).

Brengues et al. (2003) discovered seven novel mutations
In Ag. seqypli relative to An gambiae. The Belem sirain
had a valing at position 923 (exon 19) while three
Ag, gegyoti strains and An. gamibiae had a glycing at the
same sile (herealler referred 10 as Valg23). All Ae. asgypll
strans containgd an isoleucing al position 952 (exon 201
and a lysine al positon 981 [exon 20}, whereas An
gambiae contained a valing and histiding, respectively, at
{ha same siles. The Long Hoa sitrain contained a tryptephan
at position 882 {sxon 20) while the other three Ae. aegypli
strains and An. gambiae had a leucing at the same site
{Trp282), The leucine te phenylalanine substitution a1 1014
was absent In all Ag, aegyal strains. However, the Belem
strain had a methigning at pasiton 1011 {exen 20) while

Talde 1, Muiatans ineodans "0 and 1016 ol para 'n Aedas aegyph
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thrae Ae aegypir strains and An. gambiae conlained a
isglgucing at the same sita (Met1011), Furtharmore, the
Thaland strain had a glycine at pasition 1016 {axon 21)
whila three Ae. aegyplistrains and Ar. gamibas encoded a
valine at the same site (Gly1016). Direct neurophysioleg
cal assays on ndpadual larvae from straing with thase
mutations demonstrated reduced nerve sensitivity o
parmathrin or lambda ayhalathrin mhibition when
compared to the suscegtitle strains

In an initil sequencing scraen lor INEse Nensynanymaus
mutations n axons 20 and 21 0 87 mosquitcas from 30
Ae. asgypli strams tram throughout Latin America, wa
discoverad two new mutabions in codons 1011 and 1016.
An A/G transition in the first posiion of 1011 encodes a
vahne replacamant (Vali011) and an A'G transificn in the
tirst positton of 1016 encodes a solaucing replacament
{lso1016). The ralancnships of all six alleles al codons
1011 and 1076 of the veltage-gated sodium channel
ransmembrana protem (para) in Aa; aegyod are listed in
Tablg 1. Herein, wa repart on the development of & FCR
assay for each of these six alleles, the results of which can
be read eithar on an agarose gel aras a mealting curve an
areal-time PCH maching, In these 30 strains from through-
out Latin America and in the Rockefeller and New Crleans
susceplible strains wa estimated the freguencias of
fsot0t1, Mett011, Van o011, Valt 016, 1so1016 and Gly1016:
inadditian, we show in two selection experiments, ona with
deltamethrin on a lield strain fram Santiagn de Cuba
(Rodriguez ef al, 2005) and anather with permethrin an
a stran from Ista Mujeres, Mexico that there 15 a ragid
increase in the frequency of the |so1018 alisle bul
degreases in the frequancies of Met1011 and Val1011
afigles, A FL intercross was made between the standard
susceptible Mew Orleans strain and a F; Isla Mujares
sirain that had been selected lor permethrin resisl-
ance. Bigassays of the F, generation indicate that Iso1018
acts as a recessive allele in confarring kdr. Analysis of
segregation between allelas at the 1011 and 1018 codons
in the 7, offspring also suggesied a high rate ot recom-
bination even though the twa codons are anly separatad
by a ~270 bp intran, Finally, a phyloganetic analysis was
parformed on the intron spanning exans 20 and 21 in 87
mosquitoss to assess the avolulionary history ol these
lour allelas
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Table 2, Seguenoss of olgonuceotdes ysed inthis study tor allele specfie POA and amalficatan ol the intron sparming nxons 20 and 21 The sequenees of
Iher short and Iong 1ails are provided 1os the Lt sequonce sy, Thie T alide-specSe tucootds i@ shaded in arey anc the mismatz: a=d he <hird nualeotde
Ircym L3 gnd is undeslined

Primuar lor alll-speciiic POEA Pradact 5izn (0p)
Wrllin
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Figure 1. Exon 20, intron (lowsrcase etiers) and thtoorgot sl coosasant o T oeans :EnTnca.g‘iILC':T.ﬁ.ﬂ.m?rT?'l'_rT"t'ng_l _.'ii.:l
&xnn 24 from the Asces asgyon voltsge-qated sadium VI, SITTE sassasmssnsanssnnunnnnnnd -
chanrel gang, This tenscripl is'2 p:_énd;jc-'n‘f [ X5 - S ——— #epzzzzzzzzzmzzssss==zzss==Fa, 016GF
WEcToRBaze Transoopl A0 AAELOOENS and Spoesrs L £ K F ¢ 5 & 5 L § & P T A K 2T N BT

i1 suparsans®, 166 frem nuelretides 18 B35-163 225, T TR TCCAA T TORA T SR O ST TR TR T AT TRAT OSSR ACA R ANA I AAT AR GRS
Exion 20 toresponds bo ruclectdes 115 258-115 425 Eesss=ssss=sms=ss=ae=sWl 2dis
whlle e%on 2% corEsponds fn nuclectides 115 650~ FegagItaARceshastan 3T KiEE

Tnrt ? c i A B ‘& F %N .a - & R BB MW OM LI EE BRI KW R
" 15 BEY The locatons of the oligorscootdes fisted IR T T AR T AT AT T ITC CoAMTEAT AR TO SRR N St b it
inTabde 3 zppear In boxes, Codors 101% and 1016 ¥ p W R R OEL 89T h E T 37
appearin bold letes TR AT T AR AR A T T AN AR T AR T T C G T G TGRS COt A
Results and 21 and the intarvening intron, Mealting curve profites are
shown for gach genatype at each locus in Fig, 2. Figura 24
Alighe-specific PCA displays the melting curves for the Iso1011Val single

Table 2 lists all okgonucleatides used in this study and the nuclectide palymorphism (SNP). A single peak at 80°C
predicted lengths of the PCR products. Figure 1 shows the indicates an lso1011/1s0101 1 homaozygole, whila bwo peaks
lacations of (hese ollgonucleotides with respect to exons 20 at 80 “C and 85 =C indicate aVal101 1/1s0101 1 helerozygote.
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Flgure 2. Mulling curs pattems loe genatypes a1 tha four Sing'e nucsotios polymorphizm (SKP) ool [A) 15010718 SN This malting ourss patiens fo as
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Figure 2B displays the melting curvas for the Isg1011Val
SNP and melting curves for all three genotypes are shown
A Meti071/MetiG71 homozygote has a single peak at
72 *Cwhile a Met101 171501011 heterozygols has peaks at
77 and B2*C and the lso7011/1s01017 homozygole dis-
plays a single peak at 82 *C. Figure 2C displays the melting
curves for the Iso1016Val SNP and the meiting curves
correspond 1o 1501016501016 (single peak at 72°C).
lso1016:/NVal1016 (peaks at 79 and 85 °C) and Vali01e
VallD1B (single peak ail B5“C). Figure 20 displays the
melting curves for the [s61018Gly SNP. Meiting curves are
shown for a ValtD18/Mal1016 homozygote (single peak al
79 °C) ang a Val1016/Gly 1016 heterozygete (double peaks
at 72 and 84 *CiAll three genotype profiles are gniy shown
{or Met1011 and lso1016 SNP low because we did not find
homozygoles tor the less commen alieles at fhe other twa
loci among the 1318 mosquitoes analysed. The Gly1016
allele was obtained from a laboratory strain from Thailamd
becauss this substitution was never delecled in any of
tha Latin American collections or in the New QOrleans or

Rockefeller laboratory slrains, The accuracy of the melting
curve profiles was assessed by comparing tham with the
sequences of the ariginal 87 mosguitoes from which
wa also collected infran sequence data: Thera weari no:
diszgreements between the sequences and the melting
curve proliles.

Healizing that real-time PCR machines are nol abways
avallable, we aiso fractionated the PGR products on 4,0%
Tris-Borate EDTA (TBE) agarose gels by elsctropharasis
for 80 min at 80 V alongside a 26 bp DNA ladder. Figura 3
shows thal the different tail lengths added to the allels-
specific primers for the purpose of preducing different meit-
ing curves could also be detected via agarose gel elactro-
pharesis. These rasults have been confirmed for the other
thres loci and among numeErcus mosquitoss.

Allefe and genalypa frequencias

Table 3 lists the names of the Ag. asglpl strains andlysed,
the names, collection lacations, country and coordinates af
the collecton sites (or, in the case of the Cuban strains, the

2007 The Authors
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Flgure 3, Agaroso gol elnaliopheses s of o106 and VaDi8 PTR
et in A% GienePure HIRe agarose gel, Genolype o0 016001016
appenr o lanes 1 and 2 genotyoe Vsl 1076 Ieo 1078 e § g 4
WAl 0T &R0 16 genolypses arg i anoe 5 and 0 DNA @ madkes

U by DNA ladder) mre smown o lanos M

puldications describing the collecticn stes). Also listed are
tha numbers ol mosguiloes analysed in each strain,

The four insecticide selecled strains frem Cuba (F., and
Fi. deltamathrin, F,, propoxur and F, temephas) all
criginated from the Santingo de Cuba collection originatly
described by Rodriguez et al, (18953), Aedes aegypli wera
also coliecied from Isla Mujeres, an tourist resorl island
just northeast of Cancun, Mesico where lemephos and
pyrethroids are regularly used for larval and adull control,
raspeciively (Flores ef at. 2008). F; adults arose frem five
generations of permethrin selection.

Mumbers of genotypes at each of the three loci in all 32
strains are listed in Table 4, Frequencies of the lz01016,
Meat1011 and val1011 alleles were estimated along with the
05% confidence intervals around those estimates. Wright's
Fio was eslimated as a way of testing fer Hardy-Wainberg
equiliorium among genotypes where: F; = 1 — (helerozyootes
observedhelerozygotes expected). If an sxcess of hatero-
zygotes are observed then Fo < Oand it an excess of hamo-
zygotes are observed then Fis > 0. A ¥° goodness-of-fit test
was used o lest the null hypothesis that Fz = 0. Note that
Fs=0atthe 1016 locus in all but one case (lso1016 in 7y,
propoxur) and in all analyses of VMal1011. However, with
Kat1011, genotype Trequencies were not in eguilibnum in 12
straing. Note that there was no consistent pattern in Fg. In six
slraing Fg < 0 [excess of heterozygotes) in all sigmificant lesls
but Fis = 0 {eucess of homezyaotes) in the other six strains.

At codon 1016 in fielg collections that had not been
subjec! 1o laboratory selection, Iso1016 ranged m frequency

2 2007 The Authors
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fraem 0.00 in four collactions from Tapachula, Meaxico and in
tive collections from Venezuela o a Irequency of 0293 in
Cludad Habara, Al locus 1011 In lield collections withoo
laharatory selection, Valt011 ranged In freguancy from
0.00 in tour collactions fram Tapachula, Meaxico, two colles-
tions in Cuba and one collection from Vanezuala to 0,188
in Huehuetan, Mexico. Al the same codon, Met1011 was
palymarphic in all strains, ranging in freguaency rom 0,193
from Huixlla, Mexico to 0,583 in Ciudad Habana

The F_,and F,, deltamethrin, F,, propoxur and F, lemephios
strains arose through selagtion with the corresponding
insacticide from the Sanliago de Cuba coltaction, The |5k
Muaras stean gave nsea thraugh permathnn selaction to the
F, generation, The frequencies of the Met1011, Val1011
and 1501016 in these strans belore and alter inseoticide
selection ara isted in Tanle 4 and shown in Fig 4. Tha
frequency of lso1016 ingreasad signiicantly from 2.033 in
the original Santago de Cuba collaction o G567 (Fisher's
axact 1est, P=66x10"" in the F,, generalion and 1o
0.883 [P = 2.20 = 10" following nne additional generation
of deflamathnn selection. Similarly, the frequency of [501018
increased from 0.259 to fixaton following five ganerations
ol selection in the Isla Mugras strain with parmothrin
(P =220=10"". In contrast, 1501016 docroased insignil
icantly from 0.033 o 0.8 (P = 1.000) in the temaphos
selected inebut increased 1o 0.400 {F = .78 x 107 inthe
propaxur selected line.

An ppposite responsa Lo selaction was notad in lha
frequency of Met1011. This aliale decreased fram 0.517 in
the original Santiage da Cuba collection to 0.533 and 0.283
in the F., and F, genarations raspeclively following
deltamethrin selection (Fisher's exact tost, P = 1.000,
0.015 respectivaly). Meat1011 also decreased from 0.31 7in
the Isla Mujeres strain to 0,125 aftar five generations of
parmathrin selection (P=0.0224). The frequency of
Met101 1 increased slightly from 0,517 10 0.621 [P=0.3517)
in the témephos sslected ling but Increased to 0.950
(P =503 % 107 in the propoxur salected line. Mane of the
changes in the frequency of Vah 011 was significant,

A total of 420 F, offspring were generated in a cross
between a lsla Mujeres P. female (lso1011/Mat1011,
is01016/15010716) and a susceptible Mew Crleans strain
male {lsat011/I5a101 1, Val1016/Val1016}). F; oftspring
were exposad to 1.7 ug of parmethrin in & bottle bicassay
{Brogdon & McAllister, 1998). After 1 h, aduits ware scared
as alva (flying or walking). The rermainder wers piaced ina
cage and returned to the inseclary. Alter 4 h these adults
weare scored as active or dead. DNA was collected fram all
adults and tested for eodon 1016 genotypes, Figure 5
shows that all Iso1018/1s01016 surviveds, while anly 9.4%
of Vall016/1s01016 and none of the ValoteMalig
survived. Aftar 4 h 57.5% of Vall018/1s501016 ware active
while only 15% of the ValiD1&8Mal 1016 were aclive. A3 x 3
contingency ¥~ analysis was highly sigrificant (Fisher's

Jourral compilatien © 2007 The Royal Entomological Society. 16, Y85-798
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Table 3. Names of i Aodies trag)gatistrairs analysed. The oty, contiy and comrdinates of the calectinn & bes arm |i3tad jar aach atain lang vl the nombers
ol mosgudnes annlysed Fortho Cubar shains, the pubfcations descriterg e cofecton sites are previded n lou of coordinates

Lalitudg o publshad

Strain narmi Lacataon Couridry desctigtior ol lncatian Lt Sampln sizn
Aockatalls Puerie Sico USA Rodrgoar &8 4l 2006 a0
Now Cirlpons New (irleans LS8 Flares ¢ ol 2006 ]
PEHI Funrin Chispas Iaxco 147142 241 By a5
GHID Cludnd Hidalgs e ca 140799 -0 gan 4
Hiar Hi Flard [ E—— 142611 33361 A48
[N B ljimpan hisricn 156811 033069 A8
HUET Hushiniah Mmoo 150155 02 2860 A8
HLIX Huixl i Meeicn 15,1378 03 ce08 A48
BAAE S Mazatan Wi 14 HETH B 4406 A
ROTE Mozozintla Maco 15 3548 020451 a8
EBI Esquintin Ibisncn 15 3268 02087 an
PAAEA Miapislepne Moo 154064 SR OGP an
I Ik Mijores Kaco a1004S a3 7318 14
I F, Tui Wuijoros B[H
Stnhigo e Citba Sontinge de Cutn Lutza Rodnguoz of af, 2600 a
F o Dol sty Suntinge te Cubn G Rodrguez ot ., 2004 a
F i3 Daltarmelon Santinge de Cutn Cuba Rodfraguas af af, 2005 an
Py Proprct Santiage oe Cubn Cubi Aissat of ol 2000 A
Iy T Snntinge oo Cubn Cuba Rodrguars of o), 2003 an
Diuand Habany Cluchad dé Iy Hpbang Carbsa Fusfrgueis aif b, 2000 an
Migaragus Manmgun Nizarngua i 7 [y
Coats Rlen GuanbEmhiee Costn Rca Rogrguos af o', 2000 HH
Prannmn Mg Abnjo Panamp ? 7 i
Ciiimana Suein Wi el 104002 B4 1825 Sa
Lmielonn Anzontogu VAt uaa 8903 ~H4 B7EH A
Barguisimule Laia Wistuer 10 arar fiF 4010 ab
JETRTER AN Porluguens Vorezuiia 95781 53 2523 65
Gaj Seca Zuha Vonazapla .t Bt 1.0023 al
Lo Fria Tahira Verazoma #1974 -T2 2380 54
Lo Tequeh Miranda Maneroals 0TI -85 A065 Ak
G Bl Balivai Veneepels B 0808 59,5565 55
San Furrando Anure Vana el T RL22 -:-!.’_5:_!,53 84
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Figure 4, Tre frequencas ol e Mat1Q) 1, Vallg!
and 31016 afelas n ihe origicel Banbago de Cuba
arad 140y Mupsrus collsstiorns and e sl s soltogd

EN07 The duthors

2 2007 The Aoyal Enlomological Society, 16. 785798



Detechion of kdr mutalions in Aades degyph

¥

Takile 4. Froguescies of Eat015, Merv01? and Vall 011wl and gimotypes amang 32 strans of dedes aagyat. Alse providad arn B sampl sizes, 95%

pontidence ramvals (G aresnd alles freqoansy sstmatos ond i £, neach sran

lan 150 R

Stinln A hG aa Tatat Fragumnicy Bty G Fi
Foidwalaliy el 2 7 e Q034 b1z LT
Mo Cvkeang n '] b a0 2.000 - -
Pusilo Chiapas 0 [v] ad A Q000 - -
Giudagd Hidnlgo 0 18 20 45 a.ivn pory 0214
R Flendo 0 4 ad a7 0,63 0.oog 11 ke
P fijimpon ] ] 48 &8 G000 = =
Hughuntar ] | a7 45 0010 0.4 i
Huxlia 0 o a7 aF 0030 -

Wazatun o ] H L] Q.0q4 nfid [URREH|
Moz inta H ] 48 B a.600 - -
Eizantiila M T ki 46 A076 RN ] (AT
Magnntepoe ] <] 4l L) 40400 - -

Ieslin M errnts (EWA} "} 15 4 o 0255 ANEHH 11
IR Ty, Pratmistbiain an 4] ] o 000 - 1.00d
Santinpo die Sutah M 2 28 X 0033 note ooy
[, duliamethies [t} 15 < i a5a7 o0z .

IF, dusltametbr 28 5 1 0 0883 0.0:1 71
Iy aripas 2 20 A 0 0,400 ooz (iR TH
Iy tormiphis o 1 27 8 0078 0009 a1
Clodnd Habann 3 1 15 2 a2l 0o ]
Migaraiyan 1 4 5 X Q180 003 ]
Lot Fien o 5 24 2 0.086 0019 -(1.0g4
Pariarmin 2 T 20 ] 0.7 10 0036 Odla
SIS o 1] 58 -] 0000 - -
Anzoategl 1] 14 36 50 014n nota (TR
Laru i 1 44 5 Q.08 1 D0 AR
Portugueasa +] ] 55 55 0.000 - -

il o 1] 57 -2l Q.000 - -
Tt o ] 54 54 0000

Bl 6] ] 50 50 0aag - -
B Q 2 53 55 RG] (FRH T -0.019
Aparn Q 2 53 55 oave s -
Rodalelier 18 B ] 30 633 0.0 ERGTiL:
Hisw D-rlignns 3 20 L] <8 0 42e 1G4 SRR
PortoChianas 15 15 i7 T 479 c.ozt Gt
Ciluesasd Hidalgo " 22 12 45 0 48% 0022 (g2
Ric Forido 7 24 15 T 0413 [ 0¥
Ffijiapan ] a0 14 &7 (i [:h 0020 0aE1 "
Hugshuslan ] " ot Ll B.302 Goa GagE
RV EEY 1 1A b} e Qa3 C.ig ~C.034
Mazatan 3 bt} 28 =8 0280 (R E] —i00Ea
tciozinta i 14 w7 8 C-500 gzl [RRS il
Esgaintia 14 16 18 Hi 0478 g.nzt naast
Mapestepec 2 19 20 2% 0.280 gz’ -f1.148
It Mg (IM) o ig 1 g g7 0,630 Y e
I Fy Permettrin 1 ] 15 24 07235 o0z AR
Santiago de Cuba 0 1 | an [ c.oa3 0255
F,. deltamathrin i3 1o ") % E533 G033 Q330
Fia l_d;-_lta.méjhnr' B 5 19 3 G233 ] A5
F, prtipos oy A 4 ac 880 GOl ~C5E
Fy smephos. H 1 A e CEZ 0053 ~0.025
Crudad Habana s | i3 & I G583 Gl o108
Nigaragua 1 T4 T4 28 C275 s ch] SakeTel}
Cona Rice & 10 10 25 CaEd R ST
Fanama 7 13 8 25 0.482 0035 nava
RN o n 24 =3 o.s2 [ ] =hAaae
Anzoatequi 3 b = E] 0333 .08 -0,435
Lara k| 27 a3 a3 &33arF 008 A3
Poriuguesa 1 10 =3 af 0214 07 =052
Lulia 2 n fa &1 0343 ﬂ.l:l'_ﬂ ~{adiee
Tachisa 13 18 2 43 0512 ':1.!32_3 RL-H
e o & i IF G203 Qo2 -i.254
Bolivar A 21 4 a8 Rt Qe -oaz
Afiure 2 o | 1 54 043 ¥ s

2007 The duthors

Journal compllation = 2007 The Royal Entomological Society, 16, 785798



792 K Saavedra-Rodriguez et al.

Table 4. {Confimueot

et
Sunin ik A3 GG Tatal Fratuandy 95 O i
Fnckplatis 0 & 0 Ja o067 0.0 |
Mives Cirleens Q o i G oagd - -
Pt Chingas 0 2 Lh] a5 0022 0,008 g
Cludag Hedilgn o o 46 L o a0 - -
Rin Flasds ] f 47 47 0040 - -
Bijijrionn 9 1 47 &4 0,016 iads Qe
Hunhuertian ] B n 48 0.1 AR e B
Huixili o 2 13 a8 a.021 3,000 D021
Mz alan o il 47 47 0.0a0 -
Wgteseintin l:l 2 48 44 oozt 0,008 ooz
Erquiriio #] 1 45 &5 0ot .acd a0t
Wpandopess (] ] 4 a8 0000 - -
Ialin Moo (I ] 2 28 32 2033 anlg RRAir s
1K Fy, Pormathiin o ] 3D x 0.000 - -
santlago de G [ 4 24 b oar g IR
FF . doltpmatbeon 0 2 76 2 0.0m0 ~
FF. . dolmethen 0 3 . 1 2 00692 s 155
I* 4 proposu 0 4] 3 53 0.0010 - =
[ Wit ] ? 4 o -] 1,022 141
Coudnrd Haksnn 0 & a5 N 0083 oona (]
Meearagun i ' 23 30 o=y 11 oo nord
Contn Ricn n 5 25 ¥ 0082 .o 10
Frnaimn il 3 27 3 0.050 o4 -1 053
SIS 0 4 53 57 G35 2.008 (ISR I3
Azl ] ] 43 52 Q.87 oo s
Lara 0 2 b 48 el 0:008 =002
Prruguesi ] 2 53 55 G018 u.ans -~
il 0 5 &5 50 0050 2,004 -0.4i60
Ta4 f 2 52 i a0 {06 -0
Mirniia 0 { &5 ] C.000 -
Hulwa ] 3 45 55 o0as [eRNAN] v ]
A i 2 g2 B4 g 0,045 008

14 LVEERE L mcuive adier | houe peimeihian eapisre

i~
I-E e l']:?.".‘.:_:‘.' aclive 4 hoor afer pesmethng sapormre)
E !
E
=04
B
(=N

_ : Figure 5, Survval rales fallow rg 1 R permetnon
03 B acliys 32 hoar ST SXPORN aynaeire fralid Lnesi and alwr 4 1 (dotted line) smong
- 420 Fpaffspang arary norm 4 cross between an |sla
(23240 aetive aller | ot cxposuez) UM 2otz alies | b sxposeay Mufarez P famale ard 2 suscepible New Crieans
LR *

T
Valta b aitse 1 01E
Condom 11006 geamypes

B A T RS

exact test, P=9.14 x 10°%), 1501015 acts
recessive allele in conditioning survival o
exposed o parmealhrin.

This analysis was repgated among 400 of the F,
eiispring for the Mett (011 allele but the 3 = 3 conlingancy
1" analysis was not significant (£ = 0.411), sugqestng that
this allele may not confer permethrin resisiance. This result

a mostly
. aegypl

10T Y TS

sirEin mae. The numbers ot masquitaos it aach
genctype (denoiratart and fumibers of rgsouines
Syl AU alan BpEesr in |:|:'||‘c|-"-||"5;15"5

was nol expactad given that the two codans are only sepa-
rated by a ~270 bp Intron and that no recambinaboen should
have occurred between them in only three genarations.
Furthermore, the genotypes of the F, parents wera
150101 1/Met1011 and |sa1016:/Val1 018 and consequantly
we expactad only three di-locus genolypas in the &, genar-
ation. Instead we detacled nine. A 3= 3 contingency ¥
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analysis was performed on 1011 and 1016 genolypes
and this was alzo nol significani (P = 0.347), suggesting
independen! segregation. Table 5 lists the observed
numbers ofthe 1011 and 1018 di-locus genotypes in the £,
offspring. Expected frequencies were calculated assuming
compiete linkage (r=CcM) or independent segregation
{r=150cM). The optimal fi between observed and
expected numbers was obtained assuming r=17.8cM. In
each of these thres cases a ;{E goodness of fit test was
perormed and in gach case there was a poor fit 1o expecta-
tions, In any case, il is clear that we recovered di-locus
genotypes that should not have been present in the
F.. offspring withoul some amount of recombination.

Evolution of kdr mutations

There were 274 sites In the 88 aligned intron ;'&F‘I{‘ES
tAn, gambiae vsed as an oulgroup). Among Ae. aegyph
sequences, there ware 114 segregaling sites ang 21 of
these sites contained -an insartienidelation, Therg were
31 haplotypes, a nucleotide diversity of = 0.146 and tha
avarage number of nucleolide diterences were k = 35.58.

32007 The Authors
Journal compdation S 2007 The Royval Entfomotogical Socety

However, [his diversity was not uniformly distributed
throughout the intren. The first 100 nucleatides are rela-
lively conserved a3 are the last 75 (Figs 6 and 7). The
minimum number of recombination events was M, = 33,
indicating abundant recombinatian ameng segregating
sitas within the intron. However, there was also a large
amount of linkage diseguilibrium among segregaling
sites. Of 5356 pairwise comparisans amang Segregating
sitas, 2409 (45%) were significant by Fisher's exacl tes
and 1803 (34%:) were significant whan using,Elunf,ermni
corrections.

Linkage disequilibrium was not unliurrrrlg..- distrivuted
amang all segregating sites. Figure 8 shows the disaqul
[iprium batween all segregating sites and alleles at codon
1011 positions 1 and 3, and codan 1016 at all three positions,
Allzles al codon 1011 positions 1 and 3 wera in 3|gn|!ii:an1
disequilibrium with four of 103 sites and the magnitude of
the disaquilibrium was low, In cantras), positicns 1 and 3 al
codon 1018 were in significant disequilibrium with 59
and 36 of the 103 sites while pesition 2 was in significant
diseguilibrium with three ol 103 sites.

16, 785758
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Figure 8 is the maximum parsimony phylogeny of tha
infron: spanning axons 20-and 21 astimated among B8
masguitoes with dilfaren genolypes in gxons 1011 and
1016, Bootstrap analysis indicated the presence of threa
clades with suppert = B0%. These were arbitrarily labelled
cladas 1-3. The frequencies of 1s01011, Met1011,
Val1o11, valndme, lso1016 and Gly1016 [frem Thailand
ally] weare (hen compared amang the three clades. The fre-
guancy of 1501011 wera distriouied independently among
tha three clades (Fishet's exact lesl, P= (0L1654), as was
Valgi1 (P = 0.0874)and Mat1011 (P = 0.7465). However,
thare was a vary evident excess of Val1016 alleles in clade
1{P=338x 1I'.‘r"‘}. an excess ol Isg1016 alleles in clade 2
{P=7.38%107""), but Gly1016 was distributed independ-
ently among the three clades (P = 0.4629)

Discussion

We screened segment B of domain Il of para in 1318
Ag. asgyptiin 32 strains from throughout Latin Amarica for
the six alleles (Table 1) incodons 1011 and 1096 m exons
20 and 21, respectively. Brengues et 8l (2003) described
fwo additional alleles. The Belem strain had a Valg23 gllels
buf this was located in axon 12 and was not screened in the
present study, The Long Hoa strain contzined a Trp2a2
allele that was not lound in any of our initial seguencing
sereen of 87 individuals. We also never detected the
Gly1016 allels and we found no additional reglacement
substitutions in segment & of domain || of para.

Selection experimants; one with deltamethrin on a tield
slrain fram Santiage de Cuba and ancther wilh permethrin
on a strain from lsla Mujeres, Mexico rapidly mereased the
frequency of the Iso1016 allele but did not change or
decragsa the fraquencies of exon 1011 alleles. Bipassays
of F, offspring arsing from permethrin susceplibie Val1016
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© s o tundon 61 R distangy U0 nucloghcos; b kvaud pairs ol sadregal rg
A7 b it Brgl ana I-d codarim in axar 107 1ard irefirst, second ana third
codions in fwoe 100G

homozygous parents and permathrin resistant 1501018
homaozygous parents showed that 1301016 segregates as g
recassive allele in conferring Hdr.

We alzo observed that bath the Met1011 and Iso 018
alleles increéased o 0.250 and G400 in the propoxur
selected line. As there is na evidence that kdr confers
carparnate resistance, the most parsimonious axplanation
is that Met1011 and 1501016 are linked RT.'nﬁi condificning
propaxur resistance and that propoxur sklection leads fo
a rapid increase in these and the linkad kdr atlsles.

Brengues efal (20033 found pyrethroid resistance in
Ae. gegygt strains fram Serrarang 0 Central Java, Belarm in
Brazil and Long Hoa in Viginam, The highest level of resistance
(296-fold at the Lethal Concentration (LY., ooourrad in
the Semarang strain. Signiticantly, this was the strain in
which they alsc tound the Gly1016 allels, suggesting that
substitutiens in this codon may confer kdr. As in our study,
they aiso found a number of individuals with the MetT011
mutatan bul this did not appear o be associatad with ela
vated pyrathroid or DOT resistance.

The resuits of this intal survey are disturbing if 1501016
does in fact confer kdr. 1510716 was fourd In fregueancias

22007 The Authors
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ranging lrom 0.010-0.293 in 15 of the 25 unsolecied field
colleclions (Table 4). Many of the reporis of pyrathroid
resistance predate the use of pyrethroids for Ae. aegyoli
contral in the held (Rongsriyam & Buswvine, 1975). This
obsarvation, and the fact that cross resistance to DDT
axistad in the pyrethroid resistant strains of Brengues el al.
[2003), sugpests thal the widespread levels ol lso 1016
dalecled in our survey may be a resull of earlior of current
uses of DOT,

Resulls of bolh thea linkage disequilibrium and phyloge-
netic analyses (Flgs B and 2} sugges! linkage disequilib-
Hum between segrepaling sequances and \he Isg1016
llete, Very e disaquilibrium has been delected in (he
lew oihar Ag asgyotl genas thal have been analysed,
Linkage disequilibrum analyses were completed among
57 sagregaling snes in the Abundant Trypsingens among
1661 lemale Aa. aggypti from throughoul Maxico (Gor-
rochotegul-Escalante af &, unpubd, data), Infour different
peographical regions ol Mexico, the majarity of segregating
silas ware In linkage equilibrium ovar a distance ol only
77T nuclentides, The rate of recombinations/genaration
{r (Hudson et &, 1987)) was estimatoad as BB « 107" This
same pallarn was observad \n tha Early Trypsin and
r was estimated as 5.2 x 107" racombinationsigenaration
[Gorrocholegui-Escalante ef al, 2005). Black et af, (2007)
estimated 1hat in the Abundant Trypsin geng there are
~3B0-3640 recombination evenis/genaration, whereas
in Early Trypsin there are <2080 recombination events:
paneration. Thus, in Ag. aegyol populations, recombina-
lionsigenaration is sufficiently large to maintain most
segregating sites in inkage equitibrium, The minimum
number ol recombination evems in the intron (A, = 33) is
also relatively large and suggests abundan) recembination
amaong segregating siles.

Usually, rmutations in the exons encoding residues $54—
1084 of para occur singly in species. Il is interesting o
consider the cutcome of cumulative mutations at both 1011
and 1016, Double mutations in the first and third pesitions
would vield 2 GTG in codon 1011 that encodes a valine but
In 1016 double mutations would produce a AGA mutation
ancoding an arginine. Iso1011, Met1011 and Val1011 alisles
ocour together In the Anzoategui, Apure, Bolivar and Lara
Venezuelan cellections. in the Esguintla collection in
Tapachula:Mexico, and In the Ciudad Habana, Cosia Rica,
Micaraguaand Panama colleclions (Table 4), but we did not
lind any rmosguitoes with double mutations in codon 1011,
Atthis time we have no-evidence that Val1018, lso1016 and
Gly1016 oceur sympatrically,

The observation of more than three 10711 and 10186
di-iocus genolypes among the 400 F, ofispring was not
axpacted given thal the two codons are only separaled
by & =270 bp intron. It s templing to suggest thal region
represents a recombination holspot in the Ae sagyvol
ganome. However, this hypoathesis i probabiy oo simple

given thal no eslimates ef r gave a satisfactory Nl o he
observed numbers of di-locus genotypes.

Despite evidence of recombination in anly three ganeara-
tians and the genaral pradiction of linkage equillbribm Tram
sludies of other genas in Ae. aggypt), 15010145 alleles
occurred in disequilibrium with a large numbear of segragating
sites in the infron and a large excess of 1sa1016 alleles
waare found to be associated with clade 2 in the phylogenetic
analysis. Neither patterm was faund with any of the three codon
1011 alleles. This pattern is consistent with a hypathesis
that a genatic sweop of the 1501018 allala and groxmats intron
seqquences has oceurred thraugh DOT and subsaguontly
pyrethrold selection. Furthermore, the genetic swaep was
recént enough thal there has baan Insufticient time far
racombination to disrupl the disequilibrium batween the
ls01016 allale and proximate intran segquences.

We developed PCR assays lor these six allales thal
could be read eithar an an agarase gel or as a maling
curve, The allele-specilic PCR system prasantad hara has
praven o be a rapid and relativaly iInexpensive maans lr
survaying genatypas al segregaling sites In A aagyot
ligld collections. The cost per genotype determination
using melling curve analysis on a real Ume machine
(Fig. 2) 15 80.73 and the cost whan using standard PCR
conditions and agarose gel electrophoresis (Fig.3) s
S0.35, Approximately $0.15 of this cost is assaociated wilh
the use of low melting lempearature agarose (GenaePurs
HiRes, ISC, BioExprass, Kaysville, UT of Meataphor,
BioWhinakar Molecular Appleatians, Rockland, ME).

Ultimataly, validatian ol lsot1016 as a markear lar ke in
Latin American Ae.aegppll will reguirg 18sting lor [ne
association betwean (501016 and pyrethroid susceptibility
in fiald-collectad material, In addition, 1501016 has na
bean ested 1o confirm reduced sedium channel sensitivily
to pyrethraids in vive or in an in vitra axpression system.
Further functional validation is required before il can ba
used as a maolecular toal for monitering pyrethrod resistancs.
Thamafore, it remains a putative kdr mutation, Becausa
ls01016 acts as 3 recessive allele in conditierning survival
and the frequency of [so1016 homozygales is low in unse-
lected lines, this. efiort rmay require applying pyrethrod
selection for several generations to generate lsoiD18
homozygotes prior fo testing the association betwesn
Isp1016 and resistance. Alternatively, there was.a ~42%
difterence in survival rate 4 h afier permmth;r'nn EooELrD
(Fig. 5} petwsen Vall01&1s01016 heterozygotes and
Val1016:/Val1016 homozygates. This suggests that survival
tests 4 h foliowing exposure may ba a more sansitive test
of whather 1501018 confers kdr. The teols and infarmation
presentad here should provide & means for early detaction
and charactenzation of kdr that 1s affordable and practical
lor many laboralories in devaloping countries. This intermation
will be critical in the development at informaban and
strategins for resistance managament,
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Experimental procedures

Mosguity straing and DNA solation

Table 3 lists the names of the Ae aogpoh strains analysed, tho
namag, collection lncations, courry and coardinates of th coflocton
sifes dor, In tho case of the Cuban strains, the publications describing
tha callaclian siiee), Also listed ara the numbars of mosguittes
annlysad in each sin

The lowr Ingesiiclde selected strains from Cuba (F; and £,
deltamothein, Fo, propoeir and Fy temephos) all ofginated from
th Bantiage dis Cuba collection originally described by Rodrigues
af i (18499, Seloction conditions for F; and F., deltamathrin aro
described In Aodrigune @ ol {2005, Selection conditions for F,
temephos dre diserbod In (Rodrigues el 4, 20021 and solection
ol Fy, propoxur appoears in Bissol of af (2006)

Addis apgypl wars coliectod fram (st Mujores, on slamd jus!
rrthaam of Cancun, Moexico (Flotes of al, 2006}, This i o touris
rasni pnd both femephos and pyrotheelds are wegulady used for
larval and aduly contral, respoctively. Aler ostablishmen of an F,
fropuliticr in the aberatory, F. adulls wore expoand 10 1.2 ug of
parmathrinin a bottle bonssay |Brogdon & MoAilinter, 1968). Aftor
a1 hoexposune, mosquilass werd reiumed 10 8 cage. Adter 4 h,
1A% ef Inactive mosquitops survivied, wers blood fed and lald F,
oot Adult Fyowera again exposed 16 1,2 ng of parmethein jor 1 b
and returnad 1o & gage. Alter 4 h, 50% of the mosquioes had
aurvivisd, et were blood fed and lald F, egos This was repeated
ani maose lime and 98% of F, adults sureleed,

Tha F, generation ol 1 1sla Mujeres strain was croseed with tha
slancdard suscopiibile Mew Orieans sirain for guantitniig irai ipous
milgping (K, Sasvadra-Rodriguez, unpul data), The F, generation
wis Ihen exposedto 1.2 g of permathrin in the battle bloassay for
1 P Active adulis wera scored as alive. The remainder of adults
warz chackad attor 4 b and scored 35 aclive of dead, Orly data on
the seprenalion of alsles at the para lecus are provided hare.

The remaingsr of mesquito strains analysed aose from F| egas
lald oy pduils that had been raised from field -callectied laras. DNA
was isplated from individual mosquitoes by sal extraction (Black &
ChuTesu, 1997) and suspended in 500 1l TE butler {10 mM Tris-HGY,
1 mM EDTA pH.B.D), The DMNA was divided Inlo 5-100 yl aliguots
and stored at =70 G,

Afigig-speciis POR

NPz were detected using allele-specitic PCR. Optimal PCR pimes
wire identified using Primer Premier? soitware (Premiar Biosalt
Interrational, Palo Alle, GAL Allele-specific primers were degigned
first Tha 3" end of ar initiat 25-nuclectide (nt) ohgomucheotide
was placed an the SNP inthe antizense strard and the pimer was
then gxamined for stable |AG < 8.0 kcal'mol) sef-annealing or
sacondary siructures [ either structure appeared on the 5° and,
we fnmmed the sequence down o= 18 M in an aflempt o
remove the probiom nucleolides, Dikerwise, we repeated the
process but with tha 3' end of the 25 | oligonuclentide located on
lhe serse strand, Withshe four mutations in this sludy, we were fos-
tunate in being able o idamily aflele-spacific primers withou? stable
sell-annealing or secondary structures i at least ona direction
Onee primers were identified we intentionally replaced tha third
nuciealide fram the 3" end wilh a mismatch. This slep was origi-
nally recommended by Okimoto & Dodpsan, (1996 and groaty
improved the specilicly o the assay, I & purine naturally oocurred at

E20ET Tha Authors
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this sitewe replaced it with-a pyrimidine and vice varsa, In adedition,
we used difarant mismatched purines or pyrimidines in the twa
allele-apocific primers (gaa Table 2). Max! we wsed Primsr Promiads
software to idantity a reverse primar 1o the allale-specilic primea .
Critatia wore set 10 idantity revarse primars “hat wauld amplify a
prodiuct = 90 bp as recommended by Wang ad 4l (2805), The rinvorse
primut was alsa examined for stable salf-annaaling ar secandary
structures both with el and with the allale-speciba prirmers,

Ganalypes werd detorminod in a aingld-tube PCR dsing e lwo
ditfaren) “aileio-spoailic’ primars and the reversa grirmer, Allalo-
spectic primaers wore manufactunae (Opearen Ing, Hurtsawllo, AL
LISA] with the 5" tails ariginally desorbed by Garmar & Higuchi {19595
and Wang af al (2005) 1a diseriminate amongst the ampliication
products sithar based on size or malting temperaturas, Thosd wore
15-GOGEGCAGGGELAGOGGEGGLEEGGH0 [rulliter: s
primer 1}-3' or 5-GCAGAC [allele-apecitic primar 21-3'),

PCH was porformed (noa 25 jl valuma in S6-woll Hard Shigl ™
Pl wath whito walls (Bio-Aad Labaratodos, Horcuks, G, LS
Ench roaction contamed 12,5 ul af 2«10 ™ SYBRE Groon Suparmix
[Bio-Fad Laboratariea) [linal cancentrations = S0 mM KOG 20 mid
Tris-HC!, pH B4, 0.2 mM of aach dNTP 86249 unis [ Tagis DMA
polymaniae, 3 mid MgCL, 1= SYBR Groon |, 10 e duarsscaing,
25 pm of enck primar, =100 ng of tamgplate DNAand sterilo
fhared daH,O woler addad 1o make a final 25 ul velurme, PER
wills ware cowired with Flat Cap Ships (Bio-Rad Labororios)
and placed inte the Optlcon 2 OMNA Engine (M) Besaarch,
Waltham MA, USA) Thaemal eyaling condiians wera: (195 "G for
12 min {first denatura); (2) 95 “C lor 205 (denatura in cyelal: (3)
60 °C for 1 min (anneal); (4] 72 00 for 30 & (extennion) (59 ayeil
lo step (21 39 times; [B) 72 “C tor & min (linal axtension), and (7
ramp from 65 "C 10 95 “C al a rate of 002 “Gra (malting cupwa),

For agarese gel electrophoresis detactlon, & 4.0% Jwiv
GenaPure HiRes agarose (ISC BloExpress, Raysvile, LT, LSA)
gel was poured with 1= Triz-Borate-EOTA (B9 mibd Tris-borsiz
and 2mM EDTA, pH 8.3 DNA fragmants wers fracionaled by
algctrophoresis for 30 min at 80 V alongsida. a 25 bp DNA acdar
{Tracklt, Invitrogen, Carlsbad, GA, USA)

Evoiution of kdr muiahans

We amplified and directly sequenced the intron spanning exons 20
and 21 fo examine the evelution of the ‘ourpara mutations. Primars
kedr221 and kdi2ir (Table 2, Fig. 1) wera usad o ampiity the 3° e
af exon 20, the endirg infron and the 5%and of gxan 21, Sequerdes
weng chtained from 87 mesguilass chassn tased upon theirgen-
ofypes in sdons 1011 and 1076, Sequences ware aligned using
CommalW (Thompsor eral 1994}, Trace files contained dauble
peaks when moesguitogs wera helemzygous for length polymor:
phisms:in the intron, In these mosquitoes haplolyoe sequences
were ascertaned by cloning and sequencing PCR produsts.

Tra numbers of segregaling sites, Insertarvdalations. hapkiypas. a
nucteotids diversity (7, Mel & Miller, 1990, the average nurmber of
reclegtide differences (k. Tajima. 1993 the minimum rumbr of
recombination evants (A., Hudsen & Kaplan, 19858) and linkage
dispguiiibium coaflicients (Hill & Robertson, 1968) wera astimatacd
usirg DsSP 4 00,9 (Rozas efal, 2003). DyaSFP doss not analyse
afigned positions containing inseions/daletions,

Phviogeratic meonstruction was carried aut usicg maximim
parsimeny analysis in Faue 4.0 [Swobord, 1993) in which insertiors
deletions ware freated as a lifth charactar and-a boolstrap amalvsis
with 1000 roplications was performed o test support foe tho
darived phylogony.
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