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Co-amplification explains linkage disequilibrium of two mosquito esterase
genes in insecticide-resistant Culex quinquefasciatus
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The mosquito Culex quinquefasciatus (Say) is a vector of human
disease and a world-wide biting nuisance. Organophosphorus
insecticides (OPs) have been widely used to control C. quingue-
fasciatus populations and this has led to the emergence of OP-
resistance. Predominantly, resistance is caused by increased
production of two non-specific carboxylesterases, Esta2! and
Est42'. Increased abundance of these esterases is associated with
the amplification of their respective genes. The estx2’ and estf2?
genes were cloned and sequenced from OP-resistant Sri Lankan
C. quinquefasciatus; the two adjacent genes are in a head to head
configuration, within a single amplification unit (amplicon). The
homology between the two genes suggests that they arose from
an ancient duplication event. The two genes have different
numbers of exons (esfo2 has seven and esz32"has four) ; however,
the intron/exon boundaries in est2” are all conserved in esta2’.
The two genes are co-amplified in three other mosquito strains
with the elevated Estx2'/Estf2' phenotype. Their complete

linkage disequilibrium is explained by the location of the two
genes involved in resistance within a single amplicon. In
insecticide-susceptible C. quinquefasciatus, the non-amplified esta
and estf gene loci are also found in a similar head to head
configuration, but the size of the intergenic non-coding region is
approx. 1 kb less than in the amplicon. The smaller intergenic
spacer is also found in a strain with amplified estf1’, which
suggests that extensive laboratory selection for this amplified
esterase has not eliminated the non-amplified genes. The inter-
genic spacer regions have been subcloned and sequenced. They
contain numerous possible TATA boxes, promoters and a
number of possible regulatory elements with high homology to
the consensus sequence of the Barbie box. These latter putative
regulatory elements are more numerous in the larger intergenic
spacer, which differs from the non-amplified spacer by two large
(> 420 bp) and one small (5 bp) insertions.

INTRODUCTION

The development of insecticide-resistance has caused problems
in control of agricultural, medical and veterinary insect pests. In
a wide range of species, the elevation of esterase activity is the
major mechanism of organophosphorus insecticide (OP) re-
sistance [1-8]. The molecular basis of this resistance mechanism
has only been extensively studied in two species. In the mosquito
Culex quinquefasciatus and the aphid Myzus persicae, amplifica-
tion of one or more esterase genes underlies the increase in
esterase activity [3,9,10]. The esterases involved in both species
are all serine or B esterases according to the classification of
Aldridge [11]. Members of this family of enzymes have been
characterized from a large number of mammals and insects and
they are able to hydrolyse carboxylester, amide and thioester
bonds in a variety of compounds.

A revised classification for the esterases involved in OP-
resistance in C. quinquefasciatus has recently been put forward
[9]. In accordance with this classification, the most common
elevated esterase pattern found in OP-resistant C. quinque-
fasciatus populations is the co-elevation of Esta2 and Estf2
esterases [12—-15]. The elevated Estz2' and Estf2' esterases are
generally acknowledged to be in complete linkage disequilibrium
in mosquito populations, although there have been at least two
calculations of linkage distances on the basis of rare recom-
bination events [16,17].

Increased expression of Esta and Estf esterases involved in
OP-resistance is associated with gene amplification [9,10,18,19].
Amplification of a single esterase, coded for by the eszf1* gene,
was first shown in the Californian TEM-R strain of mosquito
[18]. Immunological and molecular studies have since suggested
that the eszf17, estf1? and estf2' genes were originally alleles of
the same locus [10,20,21]. More recently, cloning of the estx2?
cDNA has enabled comparison of the coding regions of the esta
and estf esterase genes [9]. The high homology (47 9%, similarity)
between the assumed amino acid sequences of the two esterases
suggests that the two genes arose from an ancient duplication
event.

We now report the gene sequences of the esra2’ and estf2’
genes and the genomic organization of the two esterase loci in
both insecticide-resistant and -susceptible mosquito strains from
various continents.

EXPERIMENTAL
Mosquito strains

Details of the PelRR and PelSS mosquito strains are as reported
previously [9,10]. The Tanzanian strains of C. quinquefasciatus
were collected from Dar es Salaam (DAR91) and Tanga
(TANGA). The DAROII1 strain originated from a resistant field
population which had been selected with chlorpyrifos for almost

Abbreviation used: OP, organophosphorus insecticide.
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ACTGATAAAATAGTGTATTTAACCTAACACAATCTCAACAGGATAATTTTAAAACTGTCLUCC TCAAAACAGCTCATCGTTCACGTACATTGCGTCCCACATGTCCAATCGGTCCGCATCCGGATAATCAACGAACGCCAC 140

F L E DNV Y M A DWMODTILIRDADU®PY DV F AV
L B2 exon 4
CCCGTCGTTGGCAATGTTCAGACACTTGAACGTGGGCTTCGTCTGCGCGTTCGGCTCGAACACCACACCGCTCTTCGCCGTCATGCCACAGTTTGGATCCCCGTTGATGACGAACGCGGTGAACACATCGACCAGCGTTT 280
G DNATIT NULTC KTF TP K TOQANZPETFV VG S K ATMGT CNZ®PDGNTITVFATFV DV L TaQQ
B2 exon 4
GCAGACCGCGGTACTCGAACGTTTCCTTGCCGGGGACCTGCTGGGTGAAGT TGGAAAACAGATAGGACAGCTCGTCGGCATGGGCCGTGCCGCGCAGCTTCGGGTCGATCATCATGATGCGGTAGTGGTTGTAGAACTCC 420
L G R Y ETF TEJKG®PVOQOQTTFNSTFILYSLEDAHATSGRTILZEKW®PDIMMIRYHNYFE
B2 exon 4
GAATCCAGACAGATCCGGTACACGAAGGTGCGGGCGCGCGATCGAGCGGCTCGGGCGAGGATGGTGCGGTGCAGGCCGTGCCAGAAGACCCGGTCGGACATCATCTGGAATTTTTGTGGAGGGAGTAATATGTTGATGTG 560
S DL CI1 RYVFTRARSUR RAARALTILITRHLTGHWFVRDSMNM
B2 exon 4 !
GTTATTGAGGTTTGAATGGAACTTACATGAACGTATCCCAGGTTGTTCTCCATCGAAGGACTGCTATCGGGGTAGTAACGTTGCTTCAGTTTGGCAGCAAACTCGATTCGTTTTTCCATGCTGATCTTCAAGTTTGGAGG 700
H VY G L NMNEMS P S S D P Y Y K K A A F E I R K EMS I K L N P P

R 0 K L
B2 exon 3
AACATTTCCCAGGAACAGATGAGGATGGGACAGTAGTTCCGGTTGCAACTTGATCTTTTGCAGCAGCAGCAGTCCTTCCTCAGAAGTTCCTCCGATCATGATATCTATCTTGTCACCCCAAGCAGTTCGAGCCATCTCAA 840

V NG L F L HPHSLULE®POQQLZ K I K 0ULlLULJLULGETEST®GSGI M T DI KDGWATRAMNEF
B2 exon 3

ACGGTTCCTTCGGAATCATGCACTGTTCCGTCAGGTACGGTTCAACGGTAGGTCCAAACGGAGTAAAGATATCGTCCTGCATGTCCTGGTCAGTCAGAAGCTTCTCCTGGTTAGCAACAATGTCCTCCGGTTTGGCAGCT 980

P E K P I MW CWOQTETULYUPEV ITPGFO®PTTF I DDOQOMWMDO® Q@DTULLIKETU QN AV I DEPK AA
B2 exon 3

TTCAAGAATCTCAACGCACCGGACTCACCACCCTGTCCATCCCAACCGATGGCCTTCGCCAACTTCTCAACCCAGTTGCGTTGCCTGGTCAACGACCAACTGTTATACGTACTCCCAGACATTACGATAGCCCGCTGAAA 1120

K L F RLAGS SETGS GO QGTDWSG I AKALIKTEV WNR RO OQRTILSWSNYTSG6SHMV I AROQF
B2 exon 3

CAAGTCCTTGGAAGCATCCGAGATCAGATGATACTGCACCGAAGCGGCACCTGCGCTATGACCGACCAGGGTCACGCGCTTCGGGTCCCCTCCAAAGGCGGCAATGTTCTCCAGAACCCACCGAATGGCCAAGTTCTGAT 1260

L DK S ADS 1 L HYQV S AAGASUHSGV L TVRIKU®PUDTGS GTFAATINETLV WR 1T ALNZ OGTD
B2 exon 3

CTTTGAGTCCGGCATTACCGGGTACGCCATCCTGCTCCGATTGACAACACAGGAATCCCAACGCCCCAATGCGGTAGTTGAACGACACCAAAACGATATCCTTCTGAACCAAGAAATCCGGACCGTACAGTTCGGTTLCG 1400

K L G ANGPV GDOESOQTCTCLTFSGLAGI R YNTFSV LV IDZEKSZ OQVLFOD®PSGYILETS®G
B2 exon 3

CTGGTTCCTTCCGTGAAGCCACCGCCGTAAATGTACAGCATCACCGGAAGCGGCTTTGAAGGGTTGATCTGGAGAAATTACCACATAAAAACATATGATTTTTTAATTTTAAAATCCAACTCACCTCTTTCGCAAACACG 1540
s T 6 E T F GGG Y [ Y LMV P L P K S P NI E K A F V
B2 exon 3 1 L— B2 exon 2
TTGATCTTCAGACTGTCCTCGCAGCCGACGATCTTCTGGAGGCGCCGATCGAAGTGATAGCAGGGTTCGCATTGCTGCGAGCAGTCCAACGTTTCGGTCCAGTTTTGCGGTGGAACTGGTGCCTGGAATGTTTGAATCTT 1680

N I K L $DETCGV I K QLR RDTFHYCPETCOQOQSTCHDLTETWNSO GQP®PV P A
B2 exon 2 1

AGTTTTTTTTTTAATTTCCAGTGCGTTCATGGTTTATTTTGCGTTGAAGTCTCCGGGAAATACAGTGCTGGCCAAAATATTTGACACAGTTAGGTGTAATATTTCAATGTTTCCTTTTTTGAATAATTTATTCGCAAAAT 1820
CTCTAAGGATCTATGGAAAAGTTTTAGTTTTCGAGTCTGATTATTTTTAAACATTTTCAAAATGTCAAAACTATATAATTTTACTGAAAATATATGTAAAATTAAATGTTATTTCGTAGCCATTTGAAGTGTTATTGAAT 1960
GAAAATGATAGGATTGCTTAAATATTTTAATTTCTTTTACACAAATTGAATTATTTAATAAAGTAAATATTTCTGTAGGGCTTTAGAAAAGCAGCCTAATGTTTCAATAACTTCTACTTGCTCTGACTTCATTATCAATT 2100
GTACAACAAACAATTTTGGATTAAGTTTATGATCTTATCATTTATCAAAATGGATGTGACAGTCATTGTCTAATTTATTTTTGCCTTTGTCACTCTTCAATTCAATTCCAGCCTAGACCATGACTGGTTTGTACGTGTCC 2240
AAGCACAAAATATTTATTACAGTTTTTTTTTAACAAATATGTCATGTCATTGAGGTGAAGTATCAACTCGCGGAGGTCACACTCTTAGATACAGCGCTAATCAGCAGCACTCGGTGCTCTTTATTTGAACAAATGCACTT 2380
GCACATCCATAAAATTGTGAACAGCACTTAAAAACAATTTTTCCCTTTCTCACCTTAAACCGCAGCTCCCCTTCTGGTGCCCGGGCGTACGGAATTCCCTGGAAGCTGACGTACTCCTGTCCCAGCAGAGACACGCTCCE 2520

—
L primer B2 003R ——
K F R L EGEPARATYTPTI G Q
L B2 exon 1
TTTGCCCCGGACCGGACCGTATTTGGTCTGAACGGTTAAGCTTTCCAAACTCATCCTACGTAGATTGGAGTTTTTTTTTGCTTTAATTTTCGCTATCAGCTGGGTGTGACTCTTCGAAGAGTTTTTTTTTTTGCTCAGCT 2660

K 6 R V P G Y K T Q V T L S E L s HM
B2 exon 1 1

TAAATTGACTTGCACAACCAGCTCGGTGCGCTGCTCACTCTGCACTGATGATTTGTAGAGCTGAAAATTGCGATGTTGGTAGTAGTTCGACTTGCCACAAATATAGATTTTTGAGCACAAACTCGATACTCAAATGAAAT 2800
GATTTCTTTAGTTTCGAAAGCTTTAAAATAATCCTCTAAAACCTTGTCCAAAACCTAAAATAAAGATTTTCCGTTTGCTTAATTTTAATGAAAAAATAATGATATCCAAATTTTGCCAAAAACATTTCCCTATGTTACTA 2940
GCTTGAAAGTAGTGGTTTTAAGCCAGCTGTTATTTATAACGTTTATTCAGTATCAGCTAACCGGCGATGGATGTGTGAACGGCTGAGTTGCAAATGTGGCGTAGCAAAATCTCTGCTAAATATATTTAATGTTTTACTAA 3080
GTTGTTATCTGGACATTTAGTTTGGAATAACGTTTTATAAATGGTTCTCAAAAGTGTTATTTGATACTGAGAAAATTTAGTCAGTACCGCTATCTGAGATGAGT TTAAAATTAAAATAAAAAAAAAGGCTGTTAAATTTT 3220
TGGTACATACCAATTTTTTTCACTGAAATTCAGTAAAGTTTTACTAAATTTTCATCTACTGAAATTTCAGTAAACGATTCAGTAATTTAGATTTTACTGAATTCCCAGTTAACTGACATTTGTCACTTTGACAGATATTT 3360
ACTGAAATTTCAGTAAATTGGCTGTTAAAAAAAGCTGAAATTTTAGTAAAAGAAGCGTCATTTTTTTTTGCTGAAAACTTAGTAATTTACTTGTGTCAGTTTGACAGAACAATTGTAGAAGATTCAGCAATTGTTGCTAG 3500
TATTTCAGTTATCAAAATTTGATTTTGCTTGCCATCAAAAATTATTAGTCTTGATGCACATAATGGTCAACCAAACAAAACGTATTTGTTATTGTTTACATTGCGTGCTTTCGTTTTTTGTTCATTCAAGGTCAAACATT 3640
AAAACGCGTTTTTCTCGGAACGTCGAAATGGCGGGTGCGACAAGATAGCACGACGATTCGCGATCAAAAGC TCAAAAATTCCGACAGATGGCGCAAAGCATCGAAGAATGACGATTCAAATTTTTGCTGTTCGGTTACAT 3780
AGGAATGCAAACTTAAAATTGAATTTACAGCTCATAGAACAACTTTTGAGAAAAAATTCAAGTAGTACGATTGTTAACTCTTTGCCCTCTATAAACTAACGCAATAAAAAAAATTGAAAAAAAAAAATTTTTTGAAAAAA 3920
TAATATTGTTTAAAATGATTGAGCATCAAAAGT TAACAAAGCACCAGCTCGAATTTTTGCTCAAAGTTTGTTCTAACGCTGGAATTTAACAAGACAGAATTCGCATACATAACCTCAAAGGGCGGAAATTTCAATCGACA 4060
TTCTTCGCTCTGTTCTGCTACTCAACACTAGGTGTCGCCTGTCGTTTGGCTCTTGAACGGCAATGTCGATTTTATGTTTATTCAAAGTAAAACATCAAAACGCAGATTTCTCGAAACGTCAAAAAGCGACGTAGGGGGAG 4200
AGGGGGTAATATGCACCCCCGGGGCAAAATGCACCCCCTGCTTTTCTCGGTTTTGGAAGAATTTTCCGGGGAAAAAATCATAGAAATTGGAAGCTTAACATTGCTAAACCATGCTAGAAAAATTTGAGCTTCGCAGTATC 4340
AAAACAGCTCAAGTTATTTGCAAAACTTTAAAATGTTGTGTTTTCATCTAATTTTATTGAACTTTCATTTTGGGTTTTGGACAATATAAAAAGCCATTTATTGATATTGTAAGTGTTGAGTTATAAAGTTTTTACCATAA 4480
TCTTCCTTATTCTGTAGATAGATGAGTCCAAAAACATCAAAAAATGCATTTTTAATTAAATTTCCTGCAAAAAAGCGTGGTCGGGGCAGAATGCACCGCTTTGAAGCTCCTTTGTAAAAACAGCGGTGTCATCTAGTGGT 4620
GACTAGTGAAAACTGCTTTTACCCGGTGCATTTTGCCCAATGTTGCGGTGCATTTTGCCCCGTTGTTGTAGTGCATTTTGCCCCAATGTTGCGGTGCATATTGCCCCGCATGGTTGTTTGAAATGAATCAAAAAGGTTTT 4760
TAGAAATTTGATATTTTCGAACAATTTTGAGGTTTTTTAAGACTTTTTTCGCATGGATGACGAAGAATAATAGTTGTTTAGGCTGTAAAAAATGTATAATTGTAAGGCAATTTTTGTTTTCAAATATAGGAAAACTCTAA 4900
AACGCGTTTTGCTCGAAACTTGATTTGGCCTAAAGTTTCCAAATATGGACAGTCAAGCAATCATAAATCCACGACTTTTCAGAGATTTTCACAGATAATCACACCCAACTCGCGCGCGTCACCAGAGCCAAACTCAGTTG 5040
ATACCGCGGTACTGGTATACGTCCAGAGTACAGCACGGGTGATCCATCATTGCGTCGCAAAGATAACAAATAAAAAAAAACGACCTGCTATGATTAGGAGGGGGGCTTCTGGTGTGGGAACACGATGTTATCTATGCACA 5180
ATTGCCATACCACCGTGCCATGAAAAGCCCCCTATCGAAGTCATTCGTGAGCCAACACCTGATTGTTTAACATCTTCGGAACTATGGACGTCGAACACCCGGTTGTGCCGACCCAGTACGGTCCAGTTAGGGGGGTTCGT 5320

IMDVEHPVVPTOYGPVRGVR
A2 exon 1

AAGTTGGCCGCAACGGGGGTCGATTACTACAGCTTTCAGCGGATTCCGTACGTGCAGCCTCCTGTTGGAGAGTTGAGATTTAAGGTAGGGATTTTGGGGTATTGATTGTGGAGATCTTTGTAAGGTTGATTTTTCTAGGA 5460

K L A AT GV DY Y S F QR 1 P YV QPP V GEL RFK D
A2 exon 1 | —

S VY EQGL L SV SR R

A———
L primer A2 005R —J
TGCTCAACCGCCGAAACCGTGGACGGAACCGTTGGACTGTACCGTCCAAGGCCCAGGTGGGTATCAATACAGTAAGCTGCTGAACAAAATCATTGGAAGAGAGGACAGCTTGCACATGAATGTGTTTACGAAGAACGTAA 5600

A Q PP K PWTEW®PLODT CTVOQOGPGGY QY S K LLNZKTI 1T G6REDSLHMNVF TKN
S exon 2 |

GTTGAATGGACCTTTGAACTTGTTGGTGTAGCAGTCGTGATTATTGTATGCTCGATTAAAATTGTAGCTCGATAGCAAGCAGTTATTACCTGTGATGTTGTATATCCACGGTGGGGCCTTTATGAGAGGATCTAGTGGAG 5740

L DS K QL LPVMLY Tl HGGAFMRTEGS S G
L A2 exon 3

TGGAGATGTACGGTCCGGACTATCTCATACAGAAGGATGTGGTGTTCGTGTCGTTCAACTACAGAATAGGCGCACTTGGGTATGATATGTGATTCCCTGGTAGACAACCTTGAGCAATATACAAATATCCTTCAGATTCA 5880

V EM Y G P DY L I QK DV VF VS FNYRTIGATLG F
A2 exon 3 i —

Figure 1 For legend see facing page.
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TCTCGTTCGATTCTCCCGAGCTGGGACTACCGGGCAATGCCGGACTAAAGGACCAGAACCTCGCTCTCCGCTGGGTGGTGGACAACGTCGCCAACTTTGGGGGTGACCCGAAGAACATTACGCTGTTTGGAGAGAGTGCC 6020

I S FDSPETLTGTLZPGNAGTLT KT DA QNTLALRMWYVDNVANTFUG® GDT®PIKNTITLTFZGESA
A2 exon 4
GGCGGTTGTTCCGTGCACTACCACATGGTGTCGGACCTTTCGCGGGGATTGTTTCAGCGTGCGATCGTAATGTCCGGCTGTGTGCTGAACAATTGGTCCGTGGTTCCACGAAGAAAGTTTAGCGAACGGCTGGCCAAAGE 6160
G 6 C S V HY HMVYVY SDLSRGLTFUQRATIUVMSSGECVLNNWSVVPRRZKTEFSETRTLATKA
A2 exon 4

TCTCGGATGGAACGGGCAGGGTGGTGAGCGAGCTGCTCTGGAGGTGCTCGTGAAGGCGGATCCGGAGAGTATCGTTCGTGAGCAGGAAGTTTTGTTGAATGAGAATGTAAGAATGATAGCTTGTTAGCTTCAATAGTTGA 6300

LGWNG(]GGERA;’-\LEVLVKADPESIVRE(JEVLLNENI
A2 exon 4

TATCCACTGCATTTAATTTGTAGGAGATCGAAAATCGCATCCTATTTTCGTTTGGACCAGTGATTGAGCCCTACATTACAAAAAAATGCATGATTCCAAAAGATCCTGTAGAGATGTGTCGTGAAGCTTGGAGTAACGAA 6440

E 1 ENR I L F S F G PV I EP Y I T KK CMIPIKODZPVEWMTECREAWSNE
L exon 5

ATCGACATTTTGATCGGCGGAAACTCGGAAGAGGGTCTATTCTGTCTGAACGGGATCAAAGAAAATCCTTCGATCATGAGTAACTTGAAGGACTTTGAGTATCTGGTTCCGCTGGAGCTGGACTTGGTACGCACATCTCA 6580

I o1 L 1 66 NS EEGLF CLNGTIKENSPSTIMSNLTEKTDFEYLVPLETLDLVRTSaQ
A2 exon 5

GAGATGCAAAGAGGTGGGCAAGCAGATGAAAAAGTTCTACTACGGTGAAACGGAACCGTCGTTTGAGAATCGAGAGGGTTACGTTACGGTAAGATGACCATTAAAAATTTCAATATCTATTACAAGCATCGTTCCACACA 6720

RCKE\/GK[]MKKFYYGETEPSFENREGYLTI
A2 exon 5

GCTGATGACCGACAAGCTATTCCTGCACGGACTGCATCGTACGATCCTGTCAAGACTCAACTCGAAGAAACCGTCGAAGACGTTCCTGTACCGGTTCTCGGTAGATTCGGACACCTACAACCACTACCGGATCGTGTTCT 6860

L M T DK LFLUHG GLHRTTIULSRLNSZI KT K®PSKTF LY RTFSUVDSDTYNHYRTIUVF
L A2 exon 6

GCGACAAGAACGTGCGCGGAACTGCCCATGCCGACGATCTGTCGTACATCTTCAAGAACGTGTTCAACGATCCCCCGGCGAAGGATACCTTCGAGCATCGTGCGATGATGAACATGGTGAGAGTGACCCTTTAGATTTCC 7000

CDKNVRGTAHADDLSYIFKNVFNDPPAKDTFEHRAMMNMI
A2 exon 6

TTCTTTCATATAGAGTAATTTAATTCTTACAGGTCGGCTTATTCTCAACGTTCGCGAGTAACAATGGAAATCCCAACGGAGAGCAGATCAACGAATGGGAATCGATTGCGACGCCGGCGGGACCGTTCAAGTGTCTCAAC 7140

V 6 L F S TTF A S NNUGNUPNGEQI_NEWEST ATPAGZPTFKCLN
L A2 exon 7

ATCAACAACGACGGTTTGCAGTTTATTGAGTATCCGGAGCAGGAACGAATGAAGTTTTGGGATTCACTGTACAGCAAAGATAAGCTTTATTAGGGATCATAAGTGCATTACAAATACAAATTTATTGTAGTTTAAACTGT 7280

[NNDGLOFIEYPE(.\ERMKFWDSL‘fSKDKLYI
A2 exon 7

TCAATTTTGCTGCCTGCAGCCAGGCAGATTTGTTCCGGGGTTGAGGGTGTCACTGAAATAAAAATACACGTTAGATTCAACGCTTATCACCCATGGGATCACTTTTACCAATTGTGTACCAATCATCCGAAAGTCCAGCA 7420
TCCTTGCGAGCAGAGTTCAGCGCGTGTCTCAGCGAAAACAG 7461

I % 5% 2Y¢ % o anoannnnS?olo¥ 0%l E Ry T, WoIED W, 502 0.
Lg‘gg UU——l)L$$L$U’lﬂ£u—>~—LU>LU———OI{’)L-—UVE)-—L m(g o ll)chU—£> L—)U—Lm
T\/ W[\\\Y V M[ /W | T WT\T W
T I A M A A O O N NN 1 | - 1 1

T T T T T T L T T T T T T T
0.5 kb 1.0Kb 1.5Kb 2.0Kb 2.5kb 3.0Kb 3.5Kb U4.0Kb U45Kb 50Kb 55Kb 60Kb 6.5Kb 7.0Kb
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Figure 1 DNA sequence of PelRR esfx2, estf2 and intergenic spacer (top) and restriction map of PelRR estx2/estff2 amplicon (bottom)

Top, the complete DNA sequence of the co-amplified esterase genes, estx2” and esi2’, from a Sri Lankan OP-resistant strain, PeIRR, of the mosquito C. quinquefasciatus is shown. The DNA
originated from a recombinant bacteriophage, ¢RRA2, which was isolated by screening a PelRR genomic library with an estx2" cDNA probe. The two genes lie in a head to head configuration
and the Figure covers 7461 bp of genomic DNA. Fach exon and its predicted amino acid sequence are underlined (note esff2” sequence extends from 2574 to 0066 and is given as the non-
coding strand, but the amino acid translation is from the correct coding orientation). The locations of the primers used to amplify the intergenic spacer are given. Bottom, a linear illustration of
the two co-amplified genes from PelRR with the positions of a number of common restriction enzyme sites marked.

a decade and then with fenitrothion from 1988. The strain, used for the library construction and 10 ug of genomic DNA was
colonized in 1991, was maintained without selection. The partially digested with Sau3Al so the majority of DNA pieces
TANGA strain originated from a chlorpyrifos-resistant field were between 15 and 23kb. In a 10l ligation, 1 pg of
population and was colonized in 1985. The strain has been AGEM-11 arms was ligated to approx. 0.15 ug of partially
maintained with intermittent chlorpyrifos selection pressure. The digested PeIRR genomic DNA. The ligated DNA was packaged

SPerm strain was collected in Jeddah, Saudi Arabia in 1989. using Packagene Extracts (Promega) and approx. 0.5x 10¢
Field selection of this population was with temephos and then a clones were obtained, of which 50000 were screened. The
wide range of pyrethroids. Immediately after colonization it was library was hybridized with a 32P-labelled esta2! cDNA

selected for 20 generations with permethrin and subsequently probe [9] (specific radioactivity > 2 x 10% c.p.m./mg) at 65 °C
selected intermittently with malathion and temephos. All three overnight in hybridization buffer [S x Denhardt’s solution (where
strains have the co-elevation of the Esta2'/Estf2' esterases as 1 x Denhardt’s is 0.029, Ficoll/0.029, polyvinylpyrrolidone/
their only mechanism of OP-resistance. 0.029 BSA), 6 x SSC (where 1 x SSC is 0.15 M NaCl/0.015 M
The TEM-R strain of C. quinquefasciatus from California sodium citrate), 0.19%, (w/v) SDS, 0.1%, (w/v) sodium pyro-
containing the amplified estf1? was kindly supplied by Professor phosphate, 5%, (w/v) poly(ethylene glycol) 8000 and 100 mg/ml
G. Georghiou (U. C. Riverside). boiled sheared herring sperm DNA]. The final washes were at
65°C in 0.1 x SSC and 0.19%, (w/v) SDS for 20 min. A large
number of positive plaques was seen. Four positive plaques were
. . . . purified and the recombinant DNA from each was isolated.
Isolation of recombinant genomic clones possessing both the S . . . 1
1 1 - creening of the library with an est2” probe showed that the
esta2’ and estfi2’ genes from a PelRR genomic library g T . e
majority of esta2’-positive plaques were also positive for estf27,
Genomic DNA was isolated from PelRR fourth-instar larvae as which suggests that the two genes are located close together in
previously described [10]. The AGEM-11 vector (Promega) was the genome.
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Estoa2 MDVEHPVVPTQYGPVRGVRKLAATGVDYYSFQRIPYVQPPVGELEFKLDAQPPKPWTEPLDCTVQGPGGYQYSKLLNKIIGREDSLHMNVFTKN¢LDSKQLL

intron 1 intron 2

100

Estf2 *SL*SLT*Q*K******K*SVSLL*QE*V***G***ARA*E***R**TAPV**QN***T***SQ*CEPC*HFDRR*Q**V*C****KI***A*ETINPSKP* 100
intron 1 intron 2
intron 3
PVMLYIHGGAFMRGSSGVEMYGPDYLIQKDVVFVSFNYRIGALG&FISFDSPELGLPGNAGLKDQNLALRWVVDNVANFGGDPKNITLFGESAGGCSVHYH 200
******Y**G*TE*T**T*L****F*v***IiL*********** *LCCQ*EQD*V************I***LE*I*A******RV**V*H***AA**Q** 200
intron 4
MVSDLSRGLFQRAIVMSGCVLNNWSVVPRRKFSERLAKALGWNGQGGERAALEVLVKADPESIVREQEVLLNE¢NEIENRILFSFGPVIEPYITKKCMIPK 300
LI**A*KD**********STY*S**LTRQ*NW*K****I**D*****SG**RF*KA*K**D**AN**K**TD QDMQDD*E‘TP***TV***L*BQ***** 300
intron 5
DPVEMCREAWSNEIDILIGGNSEEGLFCLNGIKENPSIMSNLKDFEYLVPLELDLVRTSQRCKEVGKQMKKFYYGETEPSFENREGYLTlLMTDKLFLHGL 400
E*F**AXTH**GDK* * % M* % #T % % % * LL¥QK* * LO* ELL*HPHL*~—~* GNVPPN*KISMEKRT * FARKL*QR* * PDSS* *M* *NL* *VHTM*S*RV*W**+ 398
intron 3
intron 6

HRTILSRLNSKKPSKTFLYRFSVDSDTYNHYRIVFCDKNVRGTAHADDLSYIFKNVFNDPPAKDTFEHRAMMNM¢VGLFSTFASNNGNPNGEQINEWESIA 500
Kk kA AKX AARSRAR* *V**JCL**EF**kk kA MMI *PKL* **k ** ¥k Erk * [ * S PTOOV*G*E** *Y*GLQTI, *DV*TA*VI*-*D**CGMTAKSGVVF 49¢€
TPAGP----FKCLNINNDGLQFIEYPEQERMKFWDSLYSKDKLY 540
E*NAQTKPT*** ** * Ak k% yp*yD* *DAD*LDM* *AM*VN*E*F 540
47/48 93/94 144/145 274/275 389/390 474/475 540

51 exon1 exon 2 exon 3 exon 4 exon 5 exon 6 exon 7 3’ Esto2

5] exon 1 exon 2 exon 3 exon 4 3’ Estp2
47/48 93/94 387/388 540

100 amino acids

A
A 4

300 base pairs

Figure 2 Alignment of predicted estx2 and estf;2 amino acid sequences of PelRR

Top, an alignment of the assumed amino acid sequences of the amplified Este:2" and Est2" esterases from a Sri Lankan OP-resistant strain of the mosquito C. quinquefasciatus is shown. There
is 47% similarity between the two sequences. The positions of the introns from the corresponding genes are shown in order to demonstrate further similarities between the genes. Introns 1 and
2 are at the same positions in both the estx2” and es{32” genes. Exon 3 of the esiB2” gene is split into exons 3-5 in the estx2” gene and exon 4 corresponds to exons 6—7. Bottom, a schematic
representation of the alignment shown above demonstrating the similarity between the exons from the two esterase genes in relation to their size and corresponding amino acid positions in the

expressed esterases

The DNA from each positive bacteriophage clone was doubly
digested with Sacl (present in the multiple cloning site of the
bacteriophage arms) and BamHI (present in the esta2? cDNA
[9]). The fragments were separated on an 0.8 9, agarose gel,
transferred to nylon membranes (Amersham) and hybridized
with two *?P-labelled esta2? cDNA probes as above. One probe
was specific to the 5" of the esta2? cDNA BamHI site and the
other was 3’ to this site. Recombinant bacteriophage, pRRA2,
contained a 6 kb Sacl-BamHI fragment, to which the 5" esta2?
cDNA probe hybridized, and a 4 kb Sacl-BamHI fragment, to
which the 3 esta2cDNA probe hybridized. These two fragments
were subcloned into the Sacl and BamHI sites of pBluescript 11
SK(+) (Stratagene) and named pSA2 (containing the 5" end of
the gene) and p3A2 (containing the 3’ end). With the use of both
internal oligonucleotide primers and further subcloning,
both p3A2 and pSA2 were sequenced using Sequenase version 2.0
(Amersham). Both strands of DNA were sequenced.

Isolation of estx and estf intergenic sequence from insecticide-
resistant and -susceptible mosquitoes

Two oligonucleotide primers were designed and used to amplify
by PCR a DNA fragment containing the 5" ends of the esta2?and
estp21 genes and the intergenic region. The two 18-mers used
were B2-003R (5-CTTAAACCGCAGCTCCCC-3’, comple-
mentary to the 5 end of the eszf2' gene) and A2-005R (5'-

CAACAGGAGGCTGCACGT-3", complementary to the 5" end
of the esta2’ gene). The product was amplified from pRRA2
(positive control) and from genomic DNA from numerous
mosquito strains. The 50 xl PCR mixture contained 50 ng of
genomic DNA (500 pg in the case of $RRA?2), 50 ng of each
primer, 0.5 mM dNTPs, 2 mM MgCl,, 2.5 units each of Tagq
DNA polymerase (Promega) and 7aq antibody (Clontech),
buffered in Tag DNA polymerase buffer [SO mM KCI, 10 mM
Tris/HCI (pH 9.0 at 25 °C), 0.19, Triton X-100]. The reaction
mixture was heated in an Omn-E DNA Thermal Cycler (Hybaid)
to 94 °C for 3 min. The mixture was removed and 2.5 units of
Tag extender (Stratagene) was added to the mixture which was
then heated to 94 °C for a further 2 min. Thirty cycles of
amplification of 52 °C for 90 s, 72 °C for 3 min and 94 °C for 30 s
per cycle were carried out. The PCR products were separated on
a 19, agarose gel, and the major DNA product of the amplifica-
tion and PelRR genomic DNA was subcloned into pBluescript 1T
SK(+) (Stratagene) which had been restricted with EcoRV and
subsequently T-tailed [22]. The insert of the recombinant plasmid
was sequenced as above and compared with the sequence
obtained from pSA2.

RESULTS

The screening of the C. quinquefasciatus PeIRR genomic library
with an esta2! cDNA probe resulted in a large number of
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Barbie box consensus ATCAAAAGCTGGAGG
Upstream of o2
3703-3717 11/15 ATCAAAAGCTcaAaa Pel RR only
3945-3959 9/15 ATCAAAAGtTaacaa  Pel RR only
Low homology region 9/15 tTgAAAAGtTGaAat Pel SS only
2813-2827 8/15 tTCgAgAGCTttAca Pel SS
9/15  tTCgAAAGCTttAaa Pel RR
3127-3141 9/15  ¢TCAAAAGtTttAtt Pel SS
8/15 cTCAAAAGtgttAtt Pel RR
3388-3401 9/15  AaaAAAA-CTGaAat  Pel SS
-3402 10/15 AaaAAAAGCTGaAat Pel RR
Upstream of g2
3830-3816 9/15  cTCAAAAGtTGttct Pel RR only
4248-4233 10/15 gagAAAAGCaGGgGG Pel RR only

Figure 3 Barbie box homologous sequences

Barbie box consensus sequence and sequences sharing > 60% homology with this 15 bp
sequence in the intergenic spacer between the esterases in PelRR and PelSS are shown. Note
that for es2’, the Barbie-box-like sequences given are the complements of those seen in
Figure 1 (top) at the indicated locations.

positive plaques reflecting the amplified nature of this gene [9].
Restriction enzyme fragments from a recombinant bacteriophage
¢#RRA2, containing the esta2’ gene were subcloned and sub-
sequently sequenced. The esta2! gene contained within two
plasmids, pSA2 and p3A2, was compared with the sequence of
the esta2? cDNA [9]. This demonstrated the presence of seven
exons within the esta2? gene. The six introns were short [ranging
from 52 bp (intron 5) to 71 bp (intron 2)] and all started with
-GT- and ended with -AG-.

Screening of the genomic clones positive for esta2? with a
probe specific for est32? showed that the vast majority of them
were positive for both esterase genes, suggesting that these genes
were less than 15 kb apart. Further sequencing of the pSA2
plasmid revealed the presence of es?/2* genomic sequence, based
on the eszfi2? cDNA sequence [10], within 3 kb of the esta2?
sequence. The two genes were located in a head to head
configuration. The full eszf2* gene sequence was compared with
that of esz#17[23]; both have four exons and three introns which
are similar in size and location.

Figure 1 shows the 7461 bp of DNA sequence from p5A2 and
p3A2 which encompasses the esta2? and estf2? genes and the
intergenic region between them. Identical intron/exon bound-
aries were found in the two genes. In addition, in esta2?! the
equivalent of est32” exon 3 has been divided into exons 3-5 and
the equivalent of eszf2exon 4 into exons 6—7 (Figure 2). Despite
the common intron/exon boundaries, the homologies between
equivalent esta2’ and estf2' introns are no greater than the
homologies between the introns within the genes (~ 309,
similarity), an ancient duplication and subsequent divergence of
the two genes.

To confirm that the co-amplification of esta2? and estf2?
reflected the situation in the genome and was not the product of
a recombination event between bacteriophage during construc-
tion of the genomic library, PCR was carried out on DNA from
a number of Culex strains. The primers used amplified a DNA
fragment from ¢RRA2 of the expected size (approx. 3 kb) and
also amplified the same fragment size from the original genomic
DNA of the PelRR strain. An identical size PCR product was
also produced from the TANGA, DAR91 and SPerm strains.
Initial experiments suggest that this 3 kb band may be diagnostic
of co-amplified esta2?/est527, as in the susceptible PelSS strain a
smaller 2 kb band occurred. Subsequent analysis of four strains

1 2689bp
relRR
peiss I N | A,
<t t 1=
B2 o2
175 1125 1553 1619 2131 2265
(2749) (3699) (4127) (4193) (4705) (4839)
Figure 4 Intergenic spacers of PelSS and PelRR

A schematic representation is shown of the alignment of the intergenic spacers between the
esterases in the PelRR and PelSS strains of the mosquito C. quinquefasciatus showing the
positions of the insertions and deletions that have occurred between the amplified and non-
amplified genes. Numbering (bp) runs from 1 at the start of the esif2” sequence to 2689 at
the start of the estx2” sequence in PelRR [for ease of reference, relative positions within the
7461 bp genomic sequence of Figure 1 (top) are given in parentheses below]. The intergenic
spacer in the PelRR amplicon contains two major insertions and a 5 bp insertion at positions
175-180 (2749-2753) compared with the non-amplified PelSS intergenic spacer. Insertions in
PelRR from 175 to 179, 1125 to 1553 and 1619 to 2131 show 91—96% homology for the
remaining sequence, with the exception of 2131—2265, where homology decreases to 28 %.

of Culex from different continents without the amplified
esta2l/estp2’, including the TEM-R strain which has ampli-
fied estp1’, also gave a 2 kb product.

The DNA sequence of the products from the PeIRR and PelSS
genomic amplifications were subcloned and sequenced. The
PelRR sequence was identical with the sequence obtained from
the corresponding section of DNA from $RRA2. As the two
esterases are in a head to head configuration, the intergenic
region should contain the promoters and possible cis-acting
regulatory elements for these genes. The intergenic region con-
tained numerous possible TATA boxes. A number of putative
promoter elements with high homology (8-11 nucleotides of 15)
to the Barbie box are found within the intergenic spacer of both
strains. Upstream of esta2?, three Barbie-box-like elements are
located in homologous positions within both PelRR and PelSS,
although in two of these sequences there are point alterations
within the core AAAG motif likely to abrogate recognition in
PelSS, whilst the corresponding PelRR sequences retain the
complete core motif. In addition, there is a single Barbie-box-like
sequence unique to PelSS, and two such elements unique to
PelRR. Upstream of estf2? there are two Barbie-box-like
sequences, both seen only in PelRR (Figure 3).

The PelRR and PelSS intergenic spacers differed by three
insertions in the larger (amplified) spacer (Figure 4). There were
two large insertions of 428 and 512 bp and one small insertion of
Sbp in the PelRR intergenic spacer compared with PelSS.
Homology between the two intergenic spacers outside these
insertions was more than 909, with the exception of a 134 bp
section adjacent to the site of the third insertion which had only
28 9% homology between PelRR and PelSS suggesting that a
section of DNA has been deleted from the PelRR spacer during
the third insertion.

DISCUSSION

The amplified esta2? and estf2? genes associated with OP-
resistance have now been isolated and sequenced from the PeIRR
strain of C. quinquefasciatus. The two genes lie in a head to head
configuration with only 2689 bp separating the ATG start codons
of the two genes. Thus the two amplified esterase genes are
present on the same amplicon. This is the first time that two
functional genes have been shown to be present on the same
amplicon in OP-resistant insects. The presence of both genes on
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the same amplicon explains why these esterases are found in
complete linkage disequilibrium. The earlier reports of linkage
distances between these esterases [16,17] are therefore incorrect.
The small number of insects apparently with only one of these
esterases is likely to have been caused by minor localized changes
in EDTA concentration in a small number of electrophoresis gels
resulting in scoring of spurious nulls for one esterase. Indeed
given the multiple copies of these esterases in the genome and
their co-amplification it would be impossible for recombination
between them to be detected through electrophoretic analysis, as
this would require multiple recombination events between all
copies simultaneously.

The esta2?/estp2" intergenic PCR product from the amplifica-
tion of genomic DNA from the Sri Lankan C. quinquefasciatus
strain, PeIRR, was identical with its counterpart sequenced from
the genomic library. This identity demonstrates that the genomic
clone sequence was real and did not arise from a recombination
event during the construction of the library. This could have
occurred due to the large number of esta2’/est2? amplicons
within the PelRR strain and the similarities between the two
genes. An intergenic product of the same size (~ 3 kb) to that
from PelRR was produced from genomic DNA of three other C.
quinquefasciatus strains with elevated Esta2' and Estf2'. In
contrast, a smaller intergenic product (~ 2 kb) was amplified
from genomic DNA of the susceptible PelSS strain. Thus the
selection of the PelSS strain from the same parental Pel popu-
lation as PelRR, through multiple single family selection for low
esterase activity [24], appears to have removed all copies of the
amplified esterases. It is not possible from the current PCR
results to show whether the non-amplified esterase loci are still
present in the PeIRR population, as the high copy number of the
amplified esterases would have swamped the PCR reaction,
resulting only in a 3 kb product. We have, however, evidence
that an intergenic spacer of < 2 kb is a common feature of the
non-amplified esterase genes, as this occurred in four other
strains of Culex without the amplified Estx2'/Estf2'. These
strains included the Californian TEM-R strain which has the
amplified eszf1' gene. We already know that there is no esta
locus in close association with the amplified esz#/”in TEM-R,
hence the presence of the smaller intergenic spacer suggests that
non-amplified loci for both esta and estf still occur in TEM-R
despite high levels of laboratory insecticide selection pressure
over several decades.

The esto and estf genes both code for proteins of 540 amino
acids, which share 479, similarity. They are found in a linear
array in both their amplified and non-amplified forms and they
have conserved intron/exon boundaries, although three further
introns have either been gained by esta2? or lost by estf2* and
the intronic sequences are highly diverged. This strongly suggests
that the two genes arose through an ancestral gene-duplication
event. This event is likely to have occurred before Culex speciation
since elevated Esta and/or Est/ esterases have been identified in
at least two further Culex species, C. tarsalis and C. trita-
eniorhynchus [19,25,26]. The outcome of this initial duplication
event could have resulted in the genes being located next to each
other. This is seen in Drosophila melanogaster, where an ancestral
duplication of esterase genes which now lie next to each other is
predicted for est6 and estP as well as their homologues in
Drosophila pseudoobscura (est5 and est4) and Drosophila buzzatii
(estJ and estJ) [27,28].

The co-amplified nature of the esta2! and estf2* means that
individual mosquitoes contain equal numbers of copies of both
genes. Under standard laboratory rearing conditions, the
amounts of active esterase produced from the two loci are,
however, different [29]. The possibility exists that the two genes

are differentially regulated. The intergenic region between esto2’
and estf2'should contain the cis-acting promoters and regulatory
elements related to these genes. Many regulatory elements, for
example ARE mediating induction by monofunctional inducers
and Barbie box forming the barbiturate-responsive element,
contain a core AAAG motif [30]. A 15 bp consensus element has
been proposed as the element responsible for barbiturate
inducibility, with most inducible genes from a broad range of
species containing between 8 and 12 of the 15 consensus
nucleotides. A computer-aided search of the intergenic spacers of
PelRR and PelSS revealed a total of six sequences upstream of
esta2” and two upstream of est2. Of these, four are seen only
in PelRR, in the regions of insertion, and one is unique to PelSS,
in the region of low homology. As far as we are aware there are
no reports that barbiturates or any other xenobiotics can regulate
the expression of these or other esterase genes. Treatment
of F344/NCr rats with phenobarbital and a range of struc-
turally diverse compounds including 1,1,1-trichloro-2,2-bis( p-
chlorophenyl)ethane (DDT) results in induction of several
enzymes. For example, the activities of CYP2B1 and epoxide
hydrolase are increased, as is the level of glutathione S-transferase
mRNA [31]. Each of these genes is known to possess a Barbie
box within its promoter. It is feasible therefore that other
xenobiotics such as OPs may also interact with Barbie boxes, and
these interactions would be affected by the number and ar-
rangement of these elements within a promoter. Over and above
the high level of genomic amplification of estx2’ and eszf2' in
PelRR, it is possible that the insertions within the intergenic
spacer contribute to altered regulation of one or both of these
genes via increased Barbie box copy number. There are no other
obvious regulatory features within the two regions of insertion.
Conclusive identification of cis-acting regulators and promoter
sequences awaits further molecular analysis of these esterase
genes.

This work was supported by the Wellcome Trust.
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