Int. . Biol. Sci. 2012, 8 1291

£ IVYSPRING _ - ,
WS INTERNATONAL PUBLISHER International Journal of Biological Sciences
2012; 8(10):1291-1309. doi: 10.7150/1jbs.4966

Research Paper

Multiple Sodium Channel Varianis in the Mosquito (ulex quinquefasciatus

Lin He'2* Ting Li'*, Lee Zhang3, Nannan Liu'*

1. Department of Entomology and Plant Pathology, Auburn University, Auburn AL 36849, USA;
2. Current address: College of Plant Protection, Southwest University, Chongqing, China;
3. Genomics Laboratory, Auburn University, Auburn, AL 36849, USA.

* These authors contributed equally to this work.

>4 Corresponding author: Dr. Nannan Liu, Department of Entomology & Plant Pathology, 301 Funchess Hall, Auburn University, Auburn,
AL 36849-5413, USA. Phone: (334) 844-2661, Fax: (334) 844-5005 E-mail: liunann@auburn.edu.

© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http:/ /creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2012.07.31; Accepted: 2012.09.27; Published: 2012.10.25

Abstract

Voltage-gated sodium channels are the target sites of both DDT and pyrethroid insecticides.
The importance of alternative splicing as a key mechanism governing the structural and
functional diversity of sodium channels and the resulting development of insecticide and ac-
aricide resistance is widely recognized, as shown by the extensive research on characterizing
alternative splicing and variants of sodium channels in medically and agriculturally important
insect species. Here we present the first comparative study of multiple variants of the sodium
channel transcripts in the mosquito Culex quinquefasciatus. The variants were classified into
two categories, CxNa-L and CxNa-S based on their distinguishing sequence sizes of ~6.5 kb
and ~4.0 kb, respectively, and generated via major extensive alternative splicing with minor
small deletions/ insertions in susceptible S-Lab, low resistant HAMCq®’, and highly resistant
HAmCq®® Culex strains. Four alternative Cx-Na-L splice variants were identified, including
three full length variants with three optional exons (2, 5, and 21i) and one with in-frame-stop
codons. Large, multi-exon-alternative splices were identified in the CxNa-S category. All
CxNa-S splicing variants in the S-Lab and HAMCq® strains contained in-frame stop codons,
suggesting that any resulting proteins would be truncated. The ~1000 to ~3000-fold lower
expression of these splice variants with stop codons compared with the CxNa-L splicing
variants may support the lower importance of these variants in S-Lab and HAmCq®°. Inter-
estingly, two alternative splicing variants of CxNa-S in HAmCq®® included entire ORFs but
lacked exons 5 tol8 and these two variants had much higher expression levels in HAmCq®®
than in S-Lab and HAmCq®. These results provide a functional basis for further characterizing
how alternative splicing of a voltage-gated sodium channel contributes to diversity in neuronal
signaling in mosquitoes in response to pyrethroids, and possibly indicates the role of these
variants in the development of pyrethroid resistance.

Key words: Sodium channel, transcript variants, alternative splicing, insecticide resistance, Culex
quinquefasciatus.

INTRODUCTION

The insects’ voltage-gated sodium channels are  throids and DDT deliver their toxic, insecticidal ef-
the targets for insecticides, such as DDT and pyre- fects primarily by binding to the sodium channel, thus
throids [1-4], which are responsible for the rising  altering its gating properties and keeping the sodium
phase of action potentials in the membranes of neu-  channel open for unusual long time, thereby causing a
rons and most electrically excitable cells [5]. Pyre-  prolonged flow of sodium current that initiates repet-
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itive discharges and prevents the repolarization phase
of action potentials [5-7]. The common feature found
in sodium channels is that relatively small changes,
such as point mutations or substitutions [3, 8-14],
short sequence insertions or deletions, or alternative
splicing [15-23] in the structure of these channels sig-
nificantly affect their behavior and are sufficient to
change neuronal firing, resulting in different pheno-
types. Modifications of the insect sodium channel
structure can cause insensitivity of the channels to
DDT and pyrethroids via a reduction in or an elimi-
nation of the binding affinity of the insecticides to
proteins [6-7], and hence result in the development of
insecticide resistance.

In mammalian systems, molecular characteriza-
tion of voltage-gated sodium channel genes has re-
vealed the existence of multiple genes [5, 24-26]: ten
paralogous voltage-gated sodium channel genes have
been identified in humans [25]; 8 in zebra fish [27];
and 6 in electric fish [28]. Several invertebrate species
have also been found to include multiple sodium
channel genes in their genome; for example, 4 sodium
channel genes have been characterized in Hirudo me-

dicinalis (leech) [29] and 2 in Halocynthia roretzi (as-
cidia) [30-31]. Compared to the fairly well defined
multiple vertebrate sodium channel genes, it appears
that a single sodium channel gene that has been well
characterized in many insect species, homologous to
para (currently DmNay) of Drosophila melanogaster
[32-33] encodes the equivalent of the a-subunit of the
mammalian sodium channels. While mammals rely
on the selective expression of at least ten different
sodium channel genes in various tissues to achieve
sodium channel diversity [25], insects may produce a
range of diverse sodium channels with different
functional and pharmacological properties from a
single sodium channel by extensive alternative splic-
ing [16-23, 34].

Because of the importance of alternative splicing
as a key mechanism for generating structural and
functional diversity in sodium channels [19], follow-
ing the first discovery of the existence of alternative
splicing of the para sodium channel gene from Dro-
sophila melanogaster [32], alternative splicing events
were subsequently characterized in many medically
or agricultural important insect and arachnid pest
species [17, 19-23, 34-36]. As yet, however, there have
been no reports of alternative splicing in Culex quin-
quefasciatus, an important mosquito vector of human
pathogens such as St. Louis encephalitis virus (SLEV),
West Nile virus (WNV), and the parasitic Wuchereria
bancrofti nematode in many urban settings throughout
the tropical and temperate regions of the world
[37-39]. Here we present the first comparative study

of full length sequences of the para-orthologue so-
dium channel transcripts from the Culex quinquefasci-
atus mosquito and examine multiple variants ob-
tained through the mechanism of alternative splicing.

MATERIALS AND METHODS

Mosquito strains

Three strains of mosquito Cx. quinquefasciatus
were studied. S-Lab is an insecticide susceptible strain
provided by Dr. Laura Harrington (Cornell Univer-
sity). HAMCq® is a low insecticide resistant strain
with a 10-fold level of resistance to permethrin com-
pared with the laboratory susceptible S-Lab strain
[40]. It was originally collected from Huntsville, Ala-
bama, in 2002 and established in our laboratory
without further exposure to insecticides [41]. The
HAmMCq®® strain is the 8t generation of perme-
thrin-selected HAMCq® offspring and has a
2,700-fold level of resistance [40]. All mosquitoes were
reared at 25+2°C under a photoperiod of 12:12 (L:D) h.

Amplification of the full length of sodium
channel transcripts in Cx. quinquefasciatus

For each of the three mosquito populations, total
RNA was extracted from the 4t instar larvae, and
different tissues (head + thorax, and abdomen) from
2-3 day-old adult females before blood feeding using
the acidic guanidine thiocyanate-phenol-chloroform
method [42]. Messenger RNAs (mRNAs) were iso-
lated using Oligotex-dT suspension (QIAGEN). The
full length cDNA of the Cx. quinquefasciatus sodium
channel gene was subsequently isolated from each of
the mosquitoes populations by RT-PCR using the
Expand Long Range, dNTPack kit (Roche) with a
specific primer pair, KDR S16
(TGTTGGCCATATAGACAATGACCGA) /KDR
AS09 (GCTTCTGAATCTGAATCAGAGGGAG),
synthesized based on the respective 5" and 3’ end se-
quences of the putative sodium channel cDNAs [43],
accession numbers: JN695777, JN695778, and
JN695779]. The PCR reaction was conducted follow-
ing a PCR cycle of 92°C for 2 min, 10 cycles of 92°C for
10's, 55°C for 15 s, and 68°C for 6 min, and 35 cycles of
92°C for 10 s, 55°C for 15 s, and 68°C for 8 min, with a
final extension of 68°C for 10 min. All PCR products
were cloned into PCR™ 2.1 Original TA cloning vec-
tor (Invitrogen) and sequenced. Cloning and sequence
analyses of sodium channel cDNA fragments were
repeated at least two times for each mosquito strain
with different preparations of RNAs and mRNAs. The
inserts of Culex sodium channel clones were se-
quenced and analyzed.
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Quantitative real-time PCR (qRT-PCR)

The total RNA (0.5 pg/sample) from each mos-
quito sample was reverse-transcribed using Super-
Script 1I reverse transcriptase (Stratagene) in a total
volume of 20 pl. The quantity of cDNAs was meas-
ured using a spectrophotometer prior to qRT-PCR,
which was performed with the SYBR Green master
mix Kit and ABI 7500 Real Time PCR system (Applied
Biosystems). Each qRT-PCR reaction (25 pl final
volume) contained 1x SYBR Green master mix, 1 pl of
c¢DNA, and a sodium channel transcript specific pri-
mer pair designed according to each of the sodium
transcript or allele sequences (Table 1 shows the ac-
cession number for each of the sodium channel tran-
scripts or alleles) at a final concentration of 3-5 pM.
All samples, including the A ‘no-template’ negative
control, were performed in triplicate. The reaction
cycle consisted of a melting step of 50°C for 2 min then
95°C for 10 min, followed by 40 cycles of 95°C for 15
sec and 60°C for 1 min. Specificity of the PCR reac-
tions was assessed via a melting curve analysis for

each PCR reaction using Dissociation Curves software
[44]. Relative expression levels for the sodium channel
transcripts were calculated by the 2-2ACT method using
SDS RQ software [45]. The 18S ribosome RNA, an
endogenous control, was used to normalize the ex-
pression of targets [46-49]. Preliminary qRT-PCR ex-
periments with a primer pair (Table 1) designed ac-
cording to the sequences of the 18S ribosome RNA
had revealed that the expression of this gene re-
mained constant among all 3 mosquito strains, so the
18S ribosome RNA was used for internal normaliza-
tion in the qRT-PCR assays. Each experiment was
repeated three to four times with different prepara-
tions of RNA samples. The statistical significance of
the gene expressions was calculated using a Student's
t-test for all 2-sample comparisons and a one-way
analysis of variance (ANOVA) for multiple sample
comparisons (SAS v9.1 software); a value of P<0.05
was considered statistically significant. Significant
overexpression was determined using a cut-off value
of a 22-fold change in expression [50].

Table 1. Oligonucleotide primers used in qRT-PCR reactions for amplifying sodium channel variants.

Mosquito population  Variants Forward Primer Reverse Primer

S-Lab CxNay-Lvl 5 AATCAGCTGTAAAAGTGATGGCGC 3’ 5 AGCTCGTAGTACCCTGAATGTTCT &
CxNay-Lv2 5 CACTGCAAAAGCCCGTAAAGTGAG % 5 ATAGTATACTGGAACGATGATTGCA 3
CxNay-Lv3 5" ACAAGGGCAAGAAGAACAAGCAGC¥ 5 CTTTATACTGGCAGTGTCATCGTC ¥
CxNay-5v1 5 ATCGATATCTGAGAGAACGTAGIT 3 5 TTCATCCTCGTCCTCATCGTCGTA 3’

HAmMCq®0 CxNay-Lv4 5 GGTCGGAAGAAAAAGAAAAGAGA ¥ 5 TATCCTTTCCTTTACTAACTACTA 3’
CxNay-Lv5 5 GCCAAAAAAAGTACTACAACGCAA Y 5 TCCCGTCTGCTTGTAGTGAT 3’
CxNay-Lv6 5 AGCACAACCATCTCAGTTGGATAT ¥ 5 TCGTCGTCGAGTTCTTCGTCAATT 3’
CxNay-5v2 5 CAAAAGTTCGACATGATCATCATG ¥ 5 TGAAGAACGACATCCCGAAGATG 3’
CxNay-5v3 5 TACTACATGGACAGGATATTCAC 3’ 5 CAGGTTTATGAGCGAGAGCATCA %

HAmMCq®8 CxNay-Lv7 5 TCGAGTGTTCAAGCTAGCAAA 3 5 AATGCAGAGCACAAACGTCAG ¥
CxNay-Lv8 5 TTCCAGTATACTATGCTAATITAG ¥ 5 TTGGTGTCGACGTAGGACATGTT ¥
CxNay-Sv4 5 TCCAAGGTGATAGGCAATTCTATT 3 5 TCAATTCCTAGGTCCTCCTTGCT 3
CxNay-5Svb 5 ACTACTACGAATGTCTTAATGTTT ¥ 5 TGTACTAAAATATAAATAGCTACG 3’

respective 5" and 3" end sequences of the putative so-
Results

Generation of sodium channel transcripts in
Cx. quinquefasciatus

To examine the number of transcripts of the pa-
ra-type sodium channel gene in the genome of Culex
mosquitoes, RNAs isolated from S-Lab, HAmCq®0
and HAmCq®® were subjected to PCR amplification
using a primer pair: KDR S16 (TGTTGGCCATA
TAGACAATGACCGA)/KDR AS09 (GCTTCTGAAT
CTGAATCAGAGGGAG), synthesized based on the

dium channel cDNAs (Table 1, 43). Two distinct mo-
lecular sizes of sodium channel cDNAs with ~6.5 and
~4 kb were generated by PCR amplification from each
of the three mosquito strains, namely susceptible
(S-Lab), intermediate (HAmCqSY), and highly re-
sistant (HAmCq®®), when only a single primer pair,
KDR S16/ KDR AS09 was used (Fig. 1). The PCR
products of both the ~6.5 and ~4.0 kb fragments from
each strain were then cloned and sequenced. Se-
quence analysis of insertions of clones (3, 3, and 2
clones for S-lab, HAMCq®Y, and HAmMCqS8, respec-
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tively) with ~6.5 kb and clones (2, 7, and 2 clones for
S-lab, HAmMCq%’, and HAmCqS8, respectively )
with~4.0 kb PCR amplified products from each strain
indicated that all the cDNA clones were indeed the
sodium channel transcripts. Interestingly, nucleotide
sequence analysis of these sodium channel transcripts
revealed the existence of multiple variants in each of
~6.5 and ~4.0 kb PCR amplification products in each
mosquito strains. These variants were then assigned
to two categories, CxNa-L and CxNa-S, based on their
sizes of ~6.5 and ~4.0 kb, respectively.

ladder
S-Lab
HAmCq®’
HAmCq®

=
=
—

8,000 bp —>
5,000 bp —>

2,000 bp —>

Figure 1. Polymerase chain reaction (PCR) amplification of pa-
ra-type sodium channel transcripts from genomic RNAs of Culex
mosquitoes. Sodium channel ¢cDNA transcripts amplified from
RNA:s isolated from S-Lab, HAMCqG® and HAMCq®8 mosquito
strains were subjected to PCR amplification using a primer pair:
KDR S16 (TGTTGGCCATATAGACAATGACCGA)/KDR AS09
(GCTTCTGAATCTGAATCAGAGGGAG), synthesized based on
the respective 5’ and 3’ end sequences of the putative sodium
channel genes [43].

The CxNa-L PCR products included three cDNA
sequences of the sodium channel, CxNa-L.1,
CxNa-Ly2, and CxNa-L,3, in the S-Lab strain, with
molecular sequence sizes of 6246, 6273, and 6234 bps,
respectively (Fig. 2); three sodium channel cDNA se-
quences, CxNa-L4, and CxNa-L,5 and CxNa-L.6, in
the HAmCq®® strain, with 6276, 6285, and 6063 bps,
respectively (Fig. 3); and two cDNA sequences,
CxNa-L,7 and CxNa-Ly8, in the HAmCq®8 strain, with
6267 and 6273 bps, respectively (Fig. 4). In contrast,
the CxNa-S PCR products contained only one cDNA
sequence of the sodium channel in S-Lab, CxNa-S.1,
with a molecular size of 3891 bps (Fig. 2); two cDNA
sequences in HAmCq®?, CxNaS,2 and CxNa-S,3, with
molecular sizes of 3615 and 3417 bps, respectively
(Fig. 3); and two sodium channel cDNA sequences in
HAmMCqg®8, CxNa-S54 and CxNa-S,5, with 4068 and

3987 bps, respectively, (Fig. 4). This discovery pro-
vides strong evidence supporting the existence of
multiple transcripts of the sodium channel gene in the
mosquito Cx. quinquefasciatus, as we previously sug-
gested [51].

Structural analysis of deduced sodium channel
protein sequences within each strain and/or
among different strains of Culex mosquitoes

The putative amino acid sequences for the
CxNa-L and the CxNa-S transcript sequences were
compared for each of the three mosquito strains
studied. In the S-Lab strain, of the three transcripts
identified in the CxNa-L category, two, CxNa-L,1 and
CxNa-Li2 (Accession numbers: JN695777 and
JX424546), consisted of full length sodium channel
sequences encoding the entire ORFs of the sodium
channel proteins with 2082 and 2091 amino acid res-
idues, respectively. These exons were numbered 1
through 33 (Fig. 5), based on the silkworm Bombyx
mori sodium channel BmNav [35] and house fly so-
dium channel sequences [11, 52-53]. However, the
Culex mosquito sodium channel lacked the exon 12
present in both the BmNav and DmNay sodium chan-
nel sequences. CxNa-L,1 and CxNa-L,2 shared very
high sequence similarity (96%), except for a missing
exon 5 as a result of the alternative splicing (Figs. 2
and 5) and several short insertions identified in the
CxNa-L,2 sequence (Figs. 2 and 5). The remaining
transcript, CxNa-L.3, incorporated several in-frame
premature stop codons, with the first occurring at
domain I segment 2 (IS2) (Figs. 2 and 5). Short dele-
tions and insertions were also identified in CxNa-L3
compared with CxNa-L,1 and CxNa-L,2.

Similar length transcripts/variants were identi-
fied in the CxNa-L transcripts of the HAmCq®® mos-
quitoes (Figs. 3 and 5), in which two of the three
transcripts identified, CxNa-L4 and CxNa-L\5 (Ac-
cession numbers: JN695778 and JX424547), were entire
sodium channel ORFs, encoding 2092 and 2095 amino
acid residues, respectively, and sharing 99% sequence
similarity. Comparing the transcript sequences of
CxNa-L4 and CxNa-L,5 revealed that an alternative
splicing exon 2, a short in-frame insertion in exon 12,
and a short in-frame deletion in exon 21ii were pre-
sent in CxNa-L,5 (Figs. 3 and 5). The third CxNa-L
transcript, CxNa-L.6, in the HAmCq®® mosquitoes
was again the exception, incorporating several
in-frame premature stop codons, with the first oc-
curred in the linker between IIS6 and I1IS1, in addition
to short insertions and deletions (Figs. 4 and 5).
CxNa-L.6 also exhibited an alternative splicing of
exon 2 compared to that identified in CxNa-L,5. The
two CxNa-L transcripts, CxNa-L,7 and CxNa-L.8
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(Accession numbers: JN695779 and JX424548), identi-
fied in HAMCqS8 were both full length sodium chan-
nel transcripts encoding entire ORFs of sodium
channels proteins (Figs. 4 and 5). CxNa-L,7 and
CxNa-L,8 shared very high sequence similarity (99%),
except for an alternative splicing of exon 21i present in
CxNa-L\8 (Figs. 4 and 5). The above results indicate
that multiple ~full length transcripts presented in the
mosquitoes, with at least two transcripts in each
mosquito strain, had entire ORFs. The other tran-
scripts found in both S-Lab and HAmCq%® incorpo-
rated in-frame premature stop codons and, as such,
any resulting proteins would be truncated from those
regions onward and thus less likely to be functional
transcripts.

The sequences of the CxNa-S transcripts with the
~4.0 kb sized sodium channels in each of the mosquito
strains were found to be similar to those of the full
length CxNa-L sequences; i.e., one or more transcripts
were present in each of the mosquito strains. The
main difference in the CxNa-S transcripts compared
with those of the full length sequences were the in-
ternal exons missing through the alternative splicing,
along with some minor short deletions or insertions.
In the S-Lab strain, only one transcript was observed,
CxNa-Sy1, containing a single in-frame stop codon at
the IIS6 region in the sequence (Fig. 2). However, the
CxNa-S,1 transcript also lacked exons 2, 5 tol8, 21i,
and 22 as a result of the alternative splicing, and thus
had a short sodium channel sequence. Two tran-
scripts, CxNa-5,2 and CxNa-S,3, were identified in
the HAmCq®0 strain (Fig. 3). Both of these sequences
exhibited alternative splicing of exons, in-frame stop
codons, and short deletions and insertions. The
CxNa-S,2 sequences were found to have alternative
splicing of exons 2, 12-26, whereas the CxNa-5,3 se-
quences lacked exons 2-15, and parts of exons 21 and
22 (Fig. 3) due to the alternative splicing, once again
resulting in a short sodium channel sequence. The
HAmMCq®® strain contained 2 transcripts, CxNa-S.4
and CxNa-S,5, with entire ORFs, encoding 1356 and
1329 amino acid residues (Accession numbers:
JX424549 and JX424550), respectively, and sharing
98% sequence similarity (Fig. 4). Compared with the
PRFs of the CxNa-L transcripts, these two CxNa-S
transcripts lacked exons 5-18 as a result of the exon
alternative splicing (Figs. 4 and 5). Thus, among all
the CxNa-S transcripts identified in the tested mos-
quitoes, only CxNa-S,4 and CxNa-5,5 in the highly
resistant HAmCq®® mosquitoes contained the entire
OREFs of the sodium channels.

Expression analysis of sodium channel tran-
scripts in Culex mosquitoes

The extent of the variation in alternative tran-
script expression was also addressed by determining
the levels of expression of individual sodium channel
transcripts in the 4th instar larvae and different tissues
from the adult mosquitoes in each strain using
qRT-PCR. Characterizing the developmental and re-
gional expression of the sodium channel transcripts in
mosquitoes is critical to our understanding of their
relative biological importance. We therefore deter-
mined the relative expression levels of sodium chan-
nel RNAs for all the transcripts identified in all three
mosquito strains, S-Lab, HAmCq®® and HAmCq%8.
Total RNAs were extracted from whole bodies of 4t
instar larvae, as well as the head+thorax, and abdo-
men tissues of 2-3 day old adults. The expression lev-
els were determined using qRT-PCR and the expres-
sion ratios for the head + thorax and larval samples
were then calculated relative to the quantity of the
transcript expression in the corresponding abdomen
samples for each strain (Fig. 6). The results show that
the sodium channel expression in all three strains
shared a number of common features. The expression
levels were relatively high in the head + thorax tissues
compared to the abdomen tissues; the full length so-
dium channel transcripts of CxNa-L with an ORF of
~6.5 kb had abundant expression compared with
those of CxNa-S ~4.0 kb transcripts, the transcripts
with in-frame-stop codons, and CxNa-L,5 with
in-frame-stop codons (Fig. 6). Comparing the tran-
scripts with the full length ORFs in each of the three
strains, even though the transcripts had undergone
alternative splicing events the expression levels were
similar, suggesting that the variants may have equiv-
alent functional importance in the tissues and the
mosquitoes. Indeed, the transcripts with in-frame stop
codons were detected in both the S-Lab and
HAmMCq® mosquitoes, but at extremely low levels.
The difference in the sodium channel expression be-
tween the CxNa-L and CxNa-S transcripts was par-
ticularly pronounced for S-Lab and HAmCq®’, where
the CxNa-S transcripts were expressed at levels more
than 1000-fold lower than the CxNa-L sodium chan-
nel transcripts (Fig. 6a, b). In contrast, only about a
10-fold difference in expression between the CxNa-L
and CxNa-S transcripts was identified in HAmCq®8
(Fig. 6¢). This feature, plus the markedly higher ex-
pression in HAmCq®8, might reflect their function in
HAmMCqCs.
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CxNa-L,1
CxNa-L.2
CxNa-L.3
CxNa-Si1

CxNa-L,1
CxNa-L.2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S;1

CxNa-L,1
CxNa-L.2
CxNa-L.3
CxNa-Si1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S;1

CxNa-L,1
CxNa-L2
CxNa-L.3
CxNa-S.1

CxNa-Ly1
CxNa-L,2
CxNa-L.3
CxNa-S;1

CxNa-L,1
CxNa-L,2
CxNa-Ly3
CxNa-S;1

CxNa-L,1
CxNa-L2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S;1

CxNa-L,1
CxNa-L.2
CxNa-L.3
CxNa-Si1

CxNa-L,1
CxNa-L,2
CxNa-L.3

MTEDLDS ISEEERSLERPFTRESLLYV IEERTANEQAKORELEKKRAEGETGEGREKKKKEKE
MTEDLDS ISEEERSLEFRPFTRESLLYV IEERTIANEQAKORELEKKRAEGETVPGEKKKKEKE
MIDDLDSISEEERSLEFRPFTRESLLYVIEERIANEQAKQORELEKKRAEGETGEGREKKKKE
MTDDLDRYLRE-RSLEFRPFTRESLLVIEERIANEQAKQRELEKKRAEGE——————=—=———
exon3

ERYDDEDEDEGPQPDSTLEQGVPIPVRMQGSFPPELASTPLEDIDAFYANIK FVVVSEG
IRYDDEDEDEGPQPDSTLEQGYVPIPVRMOGS FPPELASTPLEDIDAFYANTIKTEVVVSKG
IRYDDEDEDEGPQPDSTLEQGYPIPVRMOGSFPPELASTPLEDIDAFYANTIKTEVVVSKG
IRYDDEDEDEGPOQPDSTLEQGVPIPVRMOGSFPPELASTPLEDIDAFYANIKTEVYVVSEG

exon4 181 -
KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLFSFEFIITTILGNCITLMIMPSTPTVEST
EDIFRESATNALYVLDPENPIRRVAIYITLVHPLESFFIITTILGNCILMIMPSTPTVEST
KDIFRESATNASYVLDPFNPIRRVAIYILVHPLEFSFEFIITTILGNCITMIMPSTPTVEST
KDIFREFSATNALYVLDPFNPIREVAIYIIVHPLESFFIITTILGNCILIMITIPSTPTIVEST

X 152 exons 1S3 —
EVIFTGIYTFESAVKVMARGFILOPFTYLRDAWNWLDEVY IALAYVTMGI DLGNLAATLRT
- YVTMGIDLGNLAATLRT

EVIFTGIYTFDQL*SDGARFHITTVYLS *-RCMELVGLRSNSISICNYGYREG*SRCIEN

exoné 184 IS8

FRVLRAPKIVAIVPGCLETIVGAVIESVENLRDVIILTMESLSY FALMGLOIYMGVLTOKC
FRVLRALKTVAIVPCGLETIVGAVIESVKNLRDV I TLTMESLSAFATMGLOIYMGVLTOKC
IOGTTSSONSGHRSRSODHRRECHRVRKESQRCDNENNVEVVGVCENGAADLHGRADAKY

exon7 exon8
TEEFPTDGSWENLTHENWERHHSNDSNWY FSETGDTPLCGNSS GAG&CEEGYVCLQGFGD
IKEFPTDGSWGNLTHENWERHHSHNDSNWY FSETGDTPVCGNSSGAGOCEEGYVCLOGEGD
HQGVPDGRLVGQBP RELGAAPFERFQLVLFRNRGHAPLR-QFVGCWPM*GRICMETREWR

exon9 1P - IS6
NPNYGYTSFDTEFGWAFLSAFRLMTQDYWENLY QLVLRSAGPWHMLEFFIVIIFLGSEYLVN

NPNYGYTSEDTEGWARLSAFRLMTQDYWENLYQLVLRSAGPWHMLEFIVITIFLGSEYLVIN
*SKLEVYKE*YFRMGILICLSSHDPGLLGDLYQLVLRSAGPWHMLFFIVITIFLGSEYLVN

exonlo
LILATVAMSYDELQKRAEEE EAAEEEALREAE EARAARKQAKLEAHAARARAARAANPETAKS
LILATVAMSY DELOQERAREEEAARREATLREAREAAARAKQARLEAHAAAAAARAANPRETAKS
LILATVAMSYDELOQKRAEEEEAAREEALREAREAAAAKQAKTLEAHAARARARANPEIAKS

exonll
PSDEFSCHSCELEFVGQEKGNDDNNEERKMS TRS EGLES%SLSLPGSP FNLERGSRGSHQFTT
PSDESCHSYELEVGQEKGNDDNNKEKMS IRS EGLES&SLSLPGSPFNLRRGS RGSHQEFTI
PSDESCHSYELEVGOERKGNDDNMKEEMS IRSEGLESASLSLPGSPLNLERGSRGSHQET T

exonl12
ENGRGRFVGYPGSDREKFPLYVLSTY LDAQRHLPYADDSNAVTFMS EEN&SRHSS YTSHOSRET

RNGRGREVGVPGSDRKPLVLSTYLDAQEHLPYADDSNAVTPMS EENE%‘;SRHSS YTSHQSRT
RNGRGREVGVEPGSDREPLVLSTYLDAQEHLPYADDSNAVTPMSEENGSRHSSYTSHOSREI

exonl3
SYTSHGDLLGGMTKESRELERSETQRNTNHS IVPPANMAASARSYVTGAGSGAPNMPYVDTNE
SYTSHGDLLGGMTKESRELESRTQRNTDHS TVPPANMAASARASY TGAGSGAFPNMSYVDTNH
SYTSHGDLLGGMTKESRLRSRTQRNTNHS IVPPARTWRPRRRR*RVPARAR-PTCPTSTP

exonld exonl5s
KGQQRD%DQSQDYTDDAGKI FHNDNPEFIEPSQTOQTVYV DMEDVMVILNDITEQAAGRHSREAS

KGOORDFDQSQDY TDHAGT TIKHNDNPFIEPSQTOQTVYV DMEDVMYLNDI IEQAAGRHSRAS
TTRASSATLISPKTTQIMLYVE*NTTTILSSSPLKPKP * A KT*WC*NDTTEQAAGRHSRAS

exonl6 1151
DHGEDDDEDGPTFKHKAAE FEMRMIDIFCVWDCCWVWLEFQEWYVSEIVEDPEVELEITPC
DHGE;)DDEDGPTFKDKAVE FEMEMI DI FCYWDCCWVWLEKFQEWY SFIVEFDPFVELFITLC
DHGEDDDEDGPTEFEDEAVEFGMRMIDIFCVWDCCWVWLKEQEWYVSFIVEDPEVELFITLC

&0
&0
60
48

120
120
120
108

180
180
180
168

240
197
239
169

300
257
295

360
317
359

420
377
419

480
437
479
178

540
522
539

600
594
595

660
654
658

720
714
720

T80
782
T80
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CxNa-S,1

CxNa-L,1
CxNa-L.2
CxNa-L.3
CxNa-Syl

CxNa-L+l
CxNa-L.2
CxNa-L.3
CxNa-S,1

CxNa-L,l1
CxNa-L+2
CxNa-L.3
CxNa-S,1

CxNa-Lyl
CxNa-L.2
CxNa-L.3
CxNa-S,1

CxNa-L.l1
CxNa-L.2
CxNa-L.3
CxNa-S,1

CxNa-L,l1
CxNa-Li2
CxNa-L.3
CxNa-Sql

CxNa-L.1
CxNa-L.2
CxNa-L.3
CxNa-S,1

CxNa-L,l1
CxNa-L.2
CxNa-L.3
CxNa-Sq1

CxNa-L+1
CxNa-L.2
CxNa-L+3
CxNa-3,1

CxNa-L,1
CxNa-L.2
CxNa-L.3
CxNa-Syl

CxNa-L+1
CxNa-L.2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L.2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L.2

1182 exonl?
TVVNTLFMALDHHDOMNEDMER AT RSO PFT AT T AL B A MR L L AE P KW Y FOE SR T EDE
IVVNTLFMALDHHDMNPDMERALKSGNY FETAT FAIEATMKLIAMEPOS DVLCOETVREH
IVVNTLFMALDHHDMNPDMERALKSGNY FFTATFATIEATMKLI AMSPKWY FOEGWN I FDE

I1S3 1S4 exonls IS5
TTVALSLLELGLEGVOGLSVLES FRLERV FRKLAKSWPTLNLLIS IMGRTMGALGNLTEVL
FRFHHRA%LELRVWRAFR&S RLESFRLLERVFKLAKSWPTLNLLIS IMGRTMGALGNLTEVL
ITIVALSLLELGLEGVQGLSYVLRSFRLLRVEFKLAKSWPTLNLLIS IMGRTVGALGNLTEVL

Exonl P

CIIIFIFAVMGMQLFGKNYIBNVDRFPDKDLPRWN?TDFMHSFMIVFRVLCGEWIESMWD
CITIFIFAVMGMOLEGKNY IDNVDRFPDKDLPREWNETDEMHSFMIVERVLCGEWIESMAD
CITTFIFAVMGMOLEGKNY TDNVDREFPDEDLPREWNEFTDFMHSFMIVERV LOCGEW T ESMA D
———————————————————— CORGPLPGOGPATVELHRLHALTHDRVPGAVREVDRIHVGL
1186 .
CMLVGDVSCIPFFLATVVIGNLVYVLNLELALLLSNEGSSSLSAPTADNETNKIAEAENRK L
CMLVGDVSCIPFFLATVYVIGNLVYVLNLELALLLSNEGSSSLSAPTADNETNKIAEAFNRT
CMLVGDVSCIPFFLATVVIGNLVYVLNLELALLCPTVGSSSLSAPTADNETNKIAEAFNRI
HAGGREVLHSLSSGHRSDEKFSRS *PFPSLAFVOILWFLEFVGAHSRORNACODRRGVOPDT

exon2{ exon2li
SRFSNWIKANIAAALKFVKNKLTSQIASVQPP&KGVCPCISAEHGENELELTPDDILADG
SRESNWIKANIAAATKEVENKLTSQIASVOPAGKGVCPCISAEHGENELELTPDDILADG
SRFSNWIKANIAAALKFVKNKLTRQIASVQPAGEQDNHLSWIWKRRAWE;AGINSR*HPG
ALLOLDOGEHRGRAQVEREFKQVNKPDCVEAARR———————— AARHGENELELTFDDILADG
exon2 1ii exon22
LLKKGVKEHNQLEVAIGDGMEFTIHEDLKNKGKKNKQLMNNSKVIGNSISNHQDNKLEHE
LLFEGVEEHNQLEVATGDGMEFTTHGDL ENKGEENFQTLMNNSEY TGHNSTSNHQDNELEHE
RRAAEKGRQGAQPAGGGDRRRDGVYDTRRPQEQGQEEQAADEQFQGDRQFY@BTES*GHV
LLEEGVEEHNQLEVATGDEMEFT THGDLKHK GKENEQTMNNSK—-—-—---—-—-——-———————
exon23
LNHRGMSLQBDDTASIKSYGSHKNRPFKDESHKGSAETLEGEEKRDASKEDLGIDEELDD
LNHRGMSLODDDTAS TKS Y GSHENRPFEDESHEGSAETLEGEERRDASKEDLGIDEELDD
LTGR&MPMAGR*HCQYKVLWQSQEPPLQGRKPQGQCRNAGGRRKARRQQGGPRN*RRTRR
————————— DDDTASTKSYGSHENEPFEDESHEGSAETLEGEERRDASKEDLGIDEDLDD
exon24
FCEGEEGPLDGEMITHAEEDEYV ITEDAPADCEFPDNCYKREFPATLAGDDDAP FWQGWGEN L RTL K
ECEGEEGPLDGEMITHAEEDEVIEDAPADCEPDNCYKREFPALAGDDDAPEFWOGRGNLRLK
RVRG*—GGSSGRGNDHPRGRGRGDRGRAGRLLPG&&QAVPGTGRRRRRAVLAGLGQPAAQ
ECEGEEGPLDGEMI THAREDEVIEDAPADSFPDNCY KRFPALAGDDDAP FWQGWGNLELK
T1IS1 exon2s 11182

TFOLIENEKYFETAVITMILLS SLAL:ALEDVHLPHRPILQDVLY YMDRIFTVIFFLEMLIEK

TFOLIENKYFETAVITMILLSSLALALEDVHLPHRPILODVLY YMDRIFTVIFFLEMLIK

DVPADREQVLE{ZFAVI TMILLSSLALALEDVHLPHRPILODVRPY YMDRTIFTVIFFLEMLTK

TFOLIENKYFETAVITMILLSSLALALEDVHLPHRPILOQDVLY YMDREIFTVIFFLEMLIK
IIIS3 exon26 I11S4

WEKEEFRVYFTNAWCWLDFIIVM%SLINFVASLCGAGGIQAFKTMRTLRALRPLRAMSRM
WLALGFRVY FTNAWCWLDEIIVMVSLINFVASLCGAGSIOAFKTMRTLRALRPLRAMS EM
WLALGERVY FTNAWCWLDE IIVMVSLINFVASLCGAGGIOAFKTMRTLRALRPLRAMSEM
WLALGFRVY FTDAWCWLDFI IVMVSL INFVASLCGAGGTIOAFKTMRTL RALRPT,RAMS RM
— exon2? 1SS

QGNWLVVNALVQAIPSIFNVLLVCLIFWLIFAMMGVQLFAGKYFK VDTNKTTLSHETIP
QGMRYVVNALVQATPSTENVLLVCL I FWL I FAIMGVQLFAGKY FKCVDTNKTTLSHE TLP
QGMRVVVNALVOAIPSIFNVLLVCLIFWLIFAIMCVOLFAGKY FKCYDTNKTTLSHEIIP
QGMRVVVNALVOAIPSIFNVLLVCLI FWLI FAIMSVOLEFAGKY FKCVDTNETTLSHEIIP

exon28 I11P
DVNACTAENYTWENS PMN FDHVGKAYLCHFSV AT FRGW IO TMNDA L DSRDL GKOPTRETN
DVNACIAENYTWENS PMNEFDHYGKAYLCLEFOVATFKGW IO IMNDAIDSRDIGKOPIRETN
DVNAC TAENYTWENS PMNFDHYGKAYLCY FOVATFKGW IO TMNDAT DSRDIGKQPTRETN
DVNACIAENYTW&TgEMNFDHVGKAYLCLFQVAPFKGWIQIMNDAIDSRDIGKQPIRETN
Exon29

IYMYLYFVEFIIFGSEETLNLEFIGY LI DNEFNEQKKEAGGSLEMFMTE DOKKY YNAMEEMG
IYMYLYFVFFIIFGSFFTLNLFIGY I IDNFNEQKKKAGGST EMFMTE DGKKY ¥ NAMKEMG

840
842
840

900
907
500

960
967
960
209

1020
1027
10Zz0
269

1080
1087
1081
321

1140
1147
1150
364

1200
1207
1215
415

1260
1267
1275
475

1320
1327
1336
535

1380
1387
1396
585

1440
1447
1456
655

1500
1507
1516
715

1560
1567
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CxNa-L,3 IYMYLYFVFFIIFGSFETLNLEIGVIIDNFNEQKKKAGGSLEMEMTEDQKKY YNAMKRMG 1576
CxNa-Sl IYMYLYEVEFIIFGSEFTLNLEFIGVI IDNENEQKKKAGGSLEMFMTEDQKKY Y NAMKKMG 775
exon3i
CxNa-L,1 SKKPLKAIPRPKWRPOATVEE ICTNRRFDMI TN FMGENML TMT LOHYKQTETFSAVLDTY 1620
CxNa-L2 SKKPLKAIPRPKWRPQAIVFEICTNKKFDMI IMLFIGENMLTMTLDHYKQTETFSAVLDY 1627
CxNa-L3 SKKPLKATPRPKWRPQATIVFETCTNKKFDMI IML FIGFNMLTMTLDHYKQTETFSAVLDY 1636
CxNa-S,1 SKKPLEAIPRPKWRPOAIVFEICTNKKFDMISMLEFIGFNMLTKTLDHY KQTETFSAVLDY 835
1VS2 IVS3
CxNa-L,l T TT OISR I PAT RYHY FIEPRNT TS T T e T ST TS TEK Y FVSPTIT, 1680
CxNa-Ly2 TNMIFICTFSSECTMKT FALRYHY FTEPWNT.FDFVVVILS TLGIVLSDLIEKY FVSPTLT, 1687
CxNa-L,3 LNMIFICIFSSECLMKIFALRYHYFIEPGNLEDEVVVILSILGLVLSDLIESTSSRREEV 1697
CxNa-Sl LNMIFICIFSSECLMKIFALRYHY FIEPWNLEDEVVVILSILGLVLSDLIEKYEVSPTLL 895
IVS4 exon3l1 IVSS
CxNa-L,1 RVVRYARKY GRVLRLYVRGARGLRILLFALAMSLPALFNICLLL FLVME L FAL FGMS FEMHY 1740
CxNa-L2 RVVRVAKVGRVLRLVQGPRASGTLLFALAMSLPALFNICLLLFLVMFI FAIFGMSFEMHY 1748
CxNa-Lo3 WCAWPRSVGCCVSSRAPASGRCCT RWPCRCRRCOS TSVCCCSHHCSSSPSSECRSSCTH—— 1756
CxNa-S,1 RVVRVAKVGRVLRLVEGAKGIRTLLFATAMST PAT FNTCT T LFLVMFI FAT FGMS FFMHIV 955
IVP exon32
CxNa-Ll KDKSGLDDVYNFKTFGQSMILLF§MSTSAGWDGVLDGIINEEDCLPPDDDKGYPGNCGSA 1800
CxNa-Ly2 KDKSGLDDVYNFKTFGOSMILLFQMS TSAGWDGVLDGI INEEDCLPPDNDKGY PGNCGSA 1808
CxNa-L,3 RTRAGWITCTTSRRSARA¥SCCFRCORLRGGTVRWMVSSTRRTACRRITTRVIPGTAGSA 1819
CxNa-Sl KDKSGLGDVYNFKTFGOSMI LT FOMS TSAGWDGVT, DGT INEEDCT,PEDNDKGYPGNCGSA 1015
IVS6 exon33
CxNa-L,1 TIGITII LAY LVISEL IV INY TAV I L ENY SO TEDVOEGLTDDDY DMYRETWOQFDEDG 1860
CxNa-Ly2 TIGITYLLAYLVISFLIVINMY TAVITLENY SOATEDVOEGT TDDDY DMY¥ETWOOFDPDG 1868
CxNa-Ly3 SRTCWHIWSSVS*SLSTCTSLSFSRITRRPRRTCRRY *——RTTRSTTCTTRLWOQFDPDG 1877
CxNa-S,1 TIGITYLLAYLVISFLIVINMYIAVILENYSQATEDVQEGLTDDDYDMYCEIWQQFDEDG 1075
CxNa-L,1 TOYTRYDOLSDFLDVLEPPLQ THKPNKY KT TSMDTE TCRGOMMFCV DI LDALTKDFFARK 1920
CxNa-L2 TQYIRYDOLSDLLERAGTACRETNPNKYKIISMDIP ICRGDMMECY DILDALAKDEFARK 1929
CxNa-Ly3 TQYEYYRPAVGLFRRAGTAARSOTERVODHLDGHSDLRR- === ====-= RHDVLRGHSGRA 1930
CxNa-S,1 TOYTIRYDOLS DELDVLEPPLOTHKENKYKT TSMDT P TCRGDMMFCVDITDATTKDFFARK 1135
CxNa-L,1 GNPIEDSAEMGEVQORPDEVGYEPVSSTLWROREEYCARL IQHAYRNFKERGGVGGGGGE 1980
CxNa-Ly2 GNPIEDSAEMGEVQORPDEVGYEPVSSTLWROREEYCARL IQHAYRNFKERGGVGGGEGGE 1989
CxNa-L,3 DEGLLRAEGPPDRGQCRDG*~~GPAAAGRGRLRAVDVVAPTGEGYLRAVDTARVPEL*GT 1969
CxNa-Sl GNPTIEDSAEMGEVQOREDEVGYEPVSSTLWROREEYCART TOHAYRNFKERGGVGGEGGE 1195
CxNa-Ll GGGGGGEGEEGAGDDTDADAC DNEPGI GSPGAY S GGGGS LAGGGSOANLGPPSPKESPDG 2040
CxNa-Ly2 GGGGEGGEGEREGAGDDTDADAC DNEPGT GEPGAVSGGGGS TAGGGFOANT, GAPEPKESPDG 2049
CxNa-L,3 RRCWWRRRRWRWWRREWWRRCRR*¥*HRRRCL * ¥RARDRESRRG---QRRWPQHRGRRLE—— 2044
CxNa-S,1 GGGGGGGGEEGAGDDTDADACDNEPGI GSPGAVSGGGES IAGGGSQOANLGPPSPKESPDG 1255
CxNa-L,1 NNDPQGRQTAVLVESDGEFVTKNGHRYV IHSRSPSITSRSADV* 2032
CxNa-L2 NNDPQGRQTAVLVESDGEFVTKNGHRYV IHSRSPSITSRSADV* 2091
CxNa-L3 —-GSPRAAVTORIARWOSSRSSNGR-———PSREXWICN* 2078
CxNa-S,1 NNDPOGROTAVIVES DGR VTKNGHRVYV THSRSPSTTSRSADVE 1297

Figure 2. Alignment of deduced amino acid transcript sequences of the para-type sodium channel transcripts (Cx-Na) in S-Lab Culex
mosquitoes. Transmembrane segments are indicated on the line over the sequence. Exons are indicated above the sequence with solid
triangle symbols to indicate the boundaries between exons. The differences in the aa sequences are indicated by shading. A stop codon is
marked by an asterisk (¥). — indicates deletions. A indicates insertions with the sequences of Al: P; A2:
VSEITRTTAPTATAAGTAKARKVSA; A3: GAIIVPVYYANL; A4:*[; A5: VSVYYFPT; A6: GPFR; A7: E; A8:*; A9: **SSR**VR; A10: *HCQY;
ALl A12: G; Al3: R; Al4: R; AI5: RRR; Al6: T; Al7: R; Al8: A; Al9: G; A20:#*
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CxNa-L4
CxNa-L,5
CxNa-L,6
CxNa-S,2
(xNa-S,3

CxNa-L,4
CxNa-L,5
CxNa-L,6
(xNa-S,2
CxNa-S.3

CxNa-L,4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S,3

CxNa-L,4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-3,3

CxNa-L4
CxNa-L,5
CxNa-L,6
(xNa-S,2
CxNa-S.3

CxNa-L,4
CxNa-L,5
CxlNa-L,6
CxNa-S,2
CxNa-3,3

CxNa-L,4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S3

CxNa-L,4
CxNa-L,5
CxNa-L,6
(xNa-S,2
CxNa-S,3

CxNa-L4
CxNa-L,S
CxNa-L,6
CxNa-S,2
CxNa-S,3

CxNa-L,4
CxNa-L,5
CxNa-L,6
(xNa-S,2
CxNa-S,3

exonl
MTEDLDSISEEERSTLFRPFTRESLILVIFERTIANEQAKQRELEKKRARGETGFGREEKKERE
MTEDLDSISEEERSLEFRPFTRESLLVIEERIANEQAKORELEKKRARGE-——--—-—-—————
MTEDLDSISEEERSTLFRPFTRESTLILVIFEERTIANEQAKQRELEKKRARGE———-——-——————
MTEDLDS TSEREERSTLFRPEFTRESLLVIEERTANEQAKORELEKKRARGE - ——-———-—————
MTEDLDS ISEEERSLEFRPFTRESLLV IEERTANEQAKQRELEKKRAEGE-—-———=—=————

exon3
ERYDDEDEDEGPRADSTLEQGVPIPVRMQGSFPPELASTPLEDIDAFYSNIQEFVVVSKG
TRYDDEDEDEGPQPDSTLEQGVPTIPVRMOQGSFPPELASTPLEDIDAFYSNIKTEFVVYSKG
IRYDDEDEDEGPOPDSTLEQGVPIPVEMOGSFPPELASTPLEDIDARYSNIKTEVVY SKG
TRYDDEDEDEGPOPDSTLEQGVPIPVEMOGSFPPELASTPLEDIDAFYSNIKTEVVVSES

KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLFSFFIITTILGNCILMIMPSTPTVESE
KDIFRESATNALYVLDPENPIRRVAIYILVHPLESFEIITTIRGNCIIMIMPPTPTVEST
KDIFREFSATNALYVLDPEFNPIRRVAIYILVHPLESFEIITTILGNCIIMIMPSTPTVEST
KDIFREFSATNALYVLDPEFNPIRRVAIYILVHPLESFEIITTILGNCILMIMPSTPTVEST

1S2 exons IS3
EVIFTGIYTFESAVKVMARGFILQPFTYLRDAWNWLDFVVIALAE;TMGIDLGNLAALRT
EVIFTGIYTFESAVKVMARGEFILOP FTYLRDAWNWLDEVV IALAYVITMGIDLGNLAALRT
EVIFTGIYTFESAVKVMARGFILQPFTYLRDAWNWLDEFVV IALAYVTMGIDLGNLAATLRT
EVIFTGIYTFESAVEVMARGEILOQPEFTYLRDAWNWLDEVVIALAYVIMGIDLGNLAALRT

1S4 exoné 1SS
FRVLRALKTVAIVPGLKTIVGAVIESVKNLRDVIILTMESLSYVEFALMGLOQIYMGVLTQKC
FRVLRALKTVAIVPGLKTIVGAVIESVEKNLRDVIILTMFSLSVFALMGLOIYMGVLTQKC
FRVLEALKTVAIVPGLKTIVGAVIESVENLRDVI ILTMESLSVEALMGLO IYMGVLTQKC
FRVLRALKTVAIVPGLKTIVGAVIESVENLRDVITILTMESLSVEFALMGLO I YMGVLTQKC

exon?7 exon§
IKEFPTDGSWGNLTHENWERHHSNS%NWYFSETGDTPLCGNSSGAGBCEEGYVCLQGFGD
TKEFPTDGSWENLTHENWEFHHSNDSNWY FSETGDTPLCGNSS GAGQUERGYVCLOGRGD
IKEFPTDGSWGHNLTHENWERHHSNDSNWY FSETGDTPLCGNSS CAGQUCEEGYVCLOGEGD
TEKEFPTDGSWGENLTHENWEEHHSNDSNWY FSETGDTPLCGNSSGAGOQCEEGYVCLOGRGED

exon9
NPDYGYTSEFDTEGWAFLSAFRIMTOQODYWENLYQLVILRSAGPWHMLEFIVITFLGSEYLWVN
NPNYGYTSFDTFGWAFLSAFRIMTODYWENLY QLVLRSAGFWHMLFFIVITFLGSFYLVN
NPNYGYTSFDTFGWAFLSAFRIMTQDYWENLYQLVLRSAGPWHMLEFFIVITIFLGSFYTLVN
NPNYGYTSEDTEFGWAFLSAFRLMTQDYWENLYQLVLRSAGPWHMLEFIVITFLGSEYLVN

exonl0 exonll

LILAIVAMSYDELQKRAEEEEAAEEEALREAEEAAAAKQAKLEAHAAAAAAAANPEIAKS
LITAIVAMSYDELOKRAEEEFEAAEEGALREAEEAAAAKQARLEAHAAAAARAAANPE TAKS
LILAIVAMSYDELOKRAEEEFAAREEALREAEEAAAAKQAKLEAHAAAAARAAANPE ITAKS
LILAIVAMSYDELOQKKAEEEEAAEEEALREAREAAAAKQAKLEAHAAAAARAANPETRAKS

PSDFSCHSYELFVGQEKGNDDNNSEKMSIRSEGLEé%SLSLPGSPSNLRRGSRGSHQFTI
PSDESCHSYELEVGQEKGNDDNNEERMS IRSEGLESASLSLPGSPENLRRGSRGSHQET L
PSDFSCHSYELEFVGQEKGNDDNNKERKMS IRSEGLESASLSLFGSPENLRRGSRGSHQ FTT
PSDEFSCHSYELEVGQEKGNDDNNKEKMSIRSEGLESVSEITRTTAPTATAAGTARKARKYS

exonl2
) J
ENGRGREVGVPGSDREPLVLSTYLDAQFHLPYADDSNAVIPMSEENGAT IVPVY YANLGS
RNGRGRFVGEVPGSDRKPLVLSTYLDAQFHLPYADDSNAVTPMSEENGAT TVPVYYANLGS
ENGRGREVGVPGSDREPLVLSTYLDAQFHLPYADDSNAVIPMSEENGAT IVPVYYANLGS

exonl3

&0
49
49
49
49

120
109
108
109

180
169
169
169

240
229
229
229

300
285
288
289

360
345
349
349

420
405
4089
409

480
469
468
469

540
554
554
529

600
614
6l4
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CxNa-L 4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-$,3

CxNa-L,4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-$,3

CxNa-L 4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S,3

CxNa-L, 4
CxNa-L,5
CxNa-1,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L.6
CxNa-3,2
CxNa-S,3

CxNa-L 4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S.,3

CxNa-L,4
CxNa-L,5
CxNa-L,6
CxNa-$,2
CxNa-$,3

CxNa-L 4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-$,3

CxNa-,4
CxNa..5
CxNa-L.6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L,6
CxNa-5,2
CxNa-S,3

RHSSYTSHOSRISYTSHGDLLGGMTKESRLRSRTORNTNHS IVPPANMAASAASVT GAGS
RHSSYTSHOSRISYTSHGDLLGGMTEESRLRSRTQRNTNHS IVPPANMAASAASYVTGAGS
RHSSYTSHOSRISYASHGDLLGGMTEESRLRSRTQRNTNHS IVPPANVAASAASYVTGAGS

exonl4
\J
GAPNMSYVDTNHKGQQRDFDQSQDYTDDAGKIKHNDNPFIEPSQTQTVVDMK%VMVLNDI
GAPNMSYVDTNHKGOORDFDOSODY TDDAGKIKHNDNPEFIEPSQTQTVVDMEDVIMVLINDT
GAPNMSYVDTNHKGOORDFDOSODY TDDAGKIKHNDNPEFIEPSQTQTVVDMEDVIMVLINDT

exonls exonlé
IEQAAGRHSRASDHGVSVYYFPf%DDDEDGPTFKDKAVEFGMRMIDIFCVWDCCWVWLKF
ITEQAAGRHSRASDHGVSVYYFPTEDDDEDGP TFRDKAVEFGMEMT GT FCYVWDCCWYWLKE
TEPAAGRHSRASDHGY SVYYFPTEDDDEDGPTFKDKAVEFGMREMI DT FCYVWDCCWYIWLEKE
——————————————————————— RTTTRTVRRSRTRRSSSGCG*STSSACGTAAGCGSKS
1181 v 1IS2
QEWGSEFIVEDPEVELFITLCIVYVNTLEMAL DHHDMNPDMERALKSGNY FETATEFATEATM
QEWVSFIVFDPFVELFITLCIVYVNTLEMATLDHHDMNPDMERAT KSGNY FRTATFATEATM
QEWVSFIVFDPFVELFTITLCTIVYVNTLLMATLDHHDMNPDMERATKSGNY FRTATFATEATM

SSRSGCPLSCSTRSSSCSSRSASWSTRCSWRSTTTT* TRTWSGRSRAVTTSSRRRSRGOR

exon1? 1153 1154

ELIAMSPEWYFQEGWNIFDE I IVALSLLELGLEGYVOQGLSVLRSFRLLEVEKLAKSWPTLIN
ELIAMSPEWYFQEGWNIFDE I IVALSLLELGLEGYVOQGLSVLRSFRLLEVEKLAKSWPTLIN
ELIAMSPEWYFQEGWNIFDE I IVALSLLELGLEGYVOQGLSVLRSFRLLEVEKLAKSWPTLIN
R¥S*SR*¥APSGTSREVGTIEFSISSSWPEFRCSSSVARAFRDCQYYVHSVCEFECSS*QSRSPR
exonl§ 1IS5 v
LLISTMGRTVGALGNLTEVLCITIFIFAVMGMOLEGENY TDNYDREFPDKDLPRWNETDEM
LPISTMGRTVGALGNLTSVLCITIFIFAVMGMOLEGENY TDNYDREFPDKDLPRWNETDEM
LLISTMGRTMGALGNLTEVLCITIFIFAVMGMOLEGGNY IDNYDREFPDKDLPRWNEADEM
*FTYSFPSWAERWARYVI*RICSALSSSSLP*WGCSCSARTTSTTWTASRTRTCHGGTLVT
I1P Pxonl IISG
HSFMIVERVILCGEWIESMWDCMLYGDVSCIPFFLATVVIGNEVVLNLEFLATLLLSNEGSSS
HSFMIVERVILCGEWIESMWDCMLYGDVSCIPFFLATVVIGNEVVLNLEFLATLPLSIFGSSS
HSFMIVERVILCGEWIESMWDCMLYGDVSCIPFFLATVV IGNYVVLNLEFLATLLLSNEGSSS
SCTHS*SCSGCCAASGSNPCGTACWWATCPAFRSSWPEP X * *ET*SFLTES*¥PCFCPTPRY
exon2(
LSAPTADNETNKIAEAFNRISRFSNWIKANIAAALKFVKNKLTSQIASVQPAEHGENERE
LSAPTADNETNETAEAFNRISEESNWIKANTAAALKEVENKLTSQTASVOPAD-——————
LSAPTADNETNKIAEAFNRDIALLOLDOG-EHRGRAQVREKOQVNKPDCVRAARR* —————
CRRPOPTTKRTRSPRRSTGYRASPTGSRRTSRPRSSS*KTS*QARLRPCSP-———————-
exon21ii v exon22
LTPDDILADGLLEKGVEEHNQLEVAT GDEMEFTTHGDL KNKGKENEQTLMNNSKVIGNST S
-——-DILADGLLKEGYKEHNQLEVATGDGMEFTTHGDLENKGKENKQTMNNSKVIGNSTS
AAQPSQLDMERRQRGMSMYICRAW*K*AGINSR*HPGRBE%GRQGAQPAGGGDRRRDGVY

--PDDILADGLLEKEGVEEHNQLEVATGDGME FT THGDPEKNKGKENKQLMNNSK=——=———
v exon23
NHODNEKLEHELNHEGMSLODDDTASTKSYGSHENREPFKDESHEGSAETLEGEEKRDASKE
NHODNELEHELNHEGMSLODDDTASTKSYGSHENREPFKDESHEGSAETLEGEEKRDASKE
DTREQEQGQEEQAADEQFQGR*YHAYKVLWQSQESPLQGRKPQGQCRNAGGRRKARRQQG
——————————————————— DDDTASTKSYGSHENRPFRDESHEGSAETLEGEERRDASKE
exon24

660
674
674

720
734
734

780
794
794

86

840

854

854

146

900

914

914

206

960

974

974

266

1020

1034

1034

326

1080

1087

1088

377

1140

1143

1150

128

1200

1203

1212

469
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CxNa-L.4 DLGIDE'ELDDECEGEEGPLDGEMI THAFEDEVIEDAPADCFPDNCYKRFPALAGDDDAPE 1260

CxNa-L.5 DLGIDEELDDECEGEEGPLDGEMI THAEEDEVIEDAPADCFPDNCY KRFPALAGDDDAPE 1263

CxNa-L.6 GPRN*RRTRRRVRG* GGSAGRGNDHPRGRGRSDRGRTGRLLPGOLLOAVPGAGRRRRRAY 1273

CxlNa-5,2  ———— =

CxNa-5,3 DLGIDEELDDECEGEEGPLDGEMI THAEEDEV IEDAPADCFPDNCYKRFPALAGDDDAPE 529
IIISI - exon2s IIISZ

CxNa-L.4 WQGWGNLRLETFQLIENKYFETAVITMILLSSLALALEDYVHLPHRPILOQDVLYYMDRIFT 1320

CxNa-L,5 WOGWGNLRLKTFQLIENKYFETAVITMILLSSLALALEDVHLPHRPILODYVLYYMDRIET 1323
CxNa-L.6 LAGLGQPAAQDVEADREQVL RDGRHHDDPAEEI‘P GPRGCAPATPTNPAGRPVLHGQD-IHG 1333

CXNA-S,2  mmmmmmm
CxNa-8,3 WOGWGNLRLKTFOLIENKY FETAVITMILLSSLALALEDVHLPHRPILODVLY YMDRIFT 589
1183 . exon26 11184
CxNa-L,4 VIFFLEMLIKWLALGERVYFTDANCWLDELLVMVS LINFVASLCGAGGIQAFKTMRTLEA 1380
CxNa-L,5 VIFFLEMLIKWLALGFRVYFTNAWCWLDFIIVMVSLINFVASLCGAGGIQAFKTMRTLRA 1376
CxNa-L,6 DLFFRDVDOVVGAR-LPGVLYERLVLARFHHCDGVLNOLRGFTLWS GWYSSIONYANS*G 1392
CxNE-8,2 o
CxNa-S,3 VIFFLEMLIKWLALGFRVYF TNAWCWLDF I TVMLSLINFAIWVGAAD- IPAFRSMRTLRA 649
exon2? IIISS
CxNa-L 4 LTS I CMRYVVNALVOATPS T FN VLV CT TEWL L EALNGY OLEAGKY FKEVDTN 1440
CxNa-L,5 LEPLRAMSRMOGMRYVVNALVOATPSTFNVLLVCLIFWLI FATMGVQLFAGKY FKCVDTN 1436
CxNa-L,6 TASATCHVPYASYEGCRQCIGTGY TVHLORVIGVEFDLLVDFRHHGRPAVCREKVLOVRRHE 1451
CxNa-8,2  ————mmmm e VVVNALVOAIPSIFNVLLVCLIFWLIFAIMGVQLFAGKYFKCYDTN 576
CxNa-8,3 LRPLRACLSLGGHESCROCIGTGYTVHLORVIGVFDLLYDFRHHGRPAVCRKVLOVRRHE 700
exon28 1P
CxNa-L4 KATLSHEI I PDVNAC IAENY TWENS PMNFDHY GKAYLCLFOVAT FKGWIQ IMNDAIDSRD 1500
CxNa-L,5 KTTLSHE I I PDVNAC IAENY TWENS PMNEFDHV GKAYLCLEQVAT FKGWIQIMNDAIDSRD 1496
CxNa-L,6 ODDTVARDHEGRERVHRGELHLGELPDEL ¥PRCEGLEVEVEG--—-GHVOGMDEDRERED 1511
CxNa-S,2 KTTLSHEI IPDVNACIAENY TWENS PMNFDHY GKAYLCLEFQVATFKGWIQIMNDAIDSRD 636
CxNa-8,3 ODDTVARDHPGRERVHRGELHLGELPDEL * PRGEGL PV EVP GGHVQGMDPDHERRDRLAG 765
v 111S6 Exon29
CxNa-L,4 IGKOPIRETNIYMYLYFVEFIIFGS FETLNLE LGV IIDNFNEQKKRAGGSLEMEMTEDOK 1560
CxNa-L,5 IGKQPIRETNIYMYLYFVFFIIFGSFFTLELFIGVIIDNFNEQKKKAGGSLEMFMTEGOK 1556
CxNa-L,6 RLARHWKAARHPRNOHLHVLVLCYLHHLRIVLHAEPLHRCHY *OL *--—-RTEEEGWGIARD 1557
CxNa-8,2 IGKOPIRETNIYMYLYFVFFIIFGSFFTLNLFIGYIIDNFNEQKKKAGGSLEMFMTEDOK 696
CxNa-8,3 HRKAAHPRNQHLHVIVLCVLHHLRIVLHAEPLHRCHY *QL*RTEEEGWGIARDVYDGGLK 825
exon30 IV§1
CxNa-L,4 KY YNAMKKMGSKKPLKATPRPKWRPQA TV FE TOTNRKFDMI ML F L GENMLIMITDHYKO 1620
CxNa-L,5 XY YNAMKKMGSKKPLKAT PREKRRPOATVFETCTNKKEDMI IMLEFT GENMLTMTLDEYKG 1616
CxNa-L,6 VYDGGPKKVLORNEEDGLEEATEGHSAAQVATTS NSV RNLHKQKVRHDHHVVHRLQHEVDD 1624
CxNa-5,2 KYYNAMKKMGSKKPLKAIPRPKWRPOAIVFEICTNKSST*SSCCSSASTC*R¥RWITTSR 756
CxNa-8,3 KVLORNEEDGLEEATEGHSAAQVAT TSNS VRNLHKOKV RHDHHVVERLOHVDDDAGSLOA 830
Vvs2 IVS3
CxNa-L,4 TRTFSATI DY NI FICT PSS RCT MR T FAT RYHYFTESWT FOEV Y T 1T T VIS TIT 1660
CxNa-L,5 TETFSAVLDYLNMIFICIFSSECLMKIFALRYHYFIEPWNLFDFVVVILSILGLVLRDLI 1676
CxNa-L,6 G---AGSLOAVGHVORGAGLPEHDLHLYLO* ——-RVSDEDLRAALPLLYRTVEPVRFRRR 1684
CxNa-S,2 RKRSARCWTT*T*SSSVSSVASY** RSSRCATTTLSNRGTCS ISSSSSCPEWAWCHATS 816
CxNa-8,3 DGNVQRGAGLPEHDLHLYLQ#*RVSDEDLRAALPLLY RTVEPVRFRRRHPVHFGPGAERPD 04 G
exon31 IVS4 TIVSS
CxNa-L,4 EKYFVSPTLLRVVRVAKVGRVLRLVKGAKGI RTLLFALAMSLPALFNICLLLELVME LFA 1740
CxNa-L,5 EKYFVSPTLLRVVRVAKVGRVLRLVKGAKGIRTLLFALAMSLPALFNICLLLFLVMFIFA 1735
CxNa-L,6 HPVHFGPGAERPDR-———— EVLRLADAAPLARGOGRSGAR S ROGROGHPDVAVCAGHVAR 1738
CxNa-8,2 KSTSSRRRCSVHCAWPRSYCGCCVSSRAPRASGRCCLRWPCRCRRCSTSVCCCSWACPSSE 876
CxNa-S,3 RKVLRLADAAPCGARGOGRSGARSROGROGHP DVAVCAGHYARGAVOHLSARVPGDVHLE 1009
—— IvVP exon32

CxNa-L 4 TFGMS FEMHVKDKSGL DDV YNFKTFGOSMILLFQMS TS AGWDGY LDGI INEEDCLPPDND 1800
CxNa-L,5 T FCMS FEMHMKDKSCL DGV YNFKT FOOSMILLFOMST S ACWDGVLDG T INEEDCLEPDND 1795
CxNa-L,6 GAVQHLSAAVPGDVHLRHLWDVVLHAR- - ———— EGQERAGRRVQLQDVRPEHDPAVSDVN 1794
CxNa-5,2 SSGCRSSCT*RTRAGHTTCTTSRRSARA*SCCFRCORLRGGTVCWMVSSTRRTACRRITT 936
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CxNa-3,3 HLENVVLHAREGOERAGRRVQLODVRPEHDPAVSDVNVCGVGRCAGWYHQRGGLPAAGYR 10659
IVS6 exond3

CxNa-L.4 KGYPGNCGSATIGITYLLAYIWVISFLIVINMY IAVILENYSQ’%TEDVQEGLMDDDYDMYY 1860
CxNa-L.5 KGYPGNCGSATIGITYLLAYLVISFLIVINMY ITAVILENY SQATEDVQEGLTDDDYDMYY 1855
CxNa-L.6 VCWVGRCAGWYHORGGTLLAAG K - —————————————————— ROGLPRELRVGDDRHHVPA 1848
CxNa-S,2 RVTRGTAGRRRSASRTCWRIWSSVS*STSTCTSTSFSRITRRPRRTCRREV*RTTTTTCTT =296

CxNa-3,3 QGLPRELRVGDDRHHAPAGISGHOFPDRYOHVHRCHSRELLAGHGGRAGGSDGRRLRHVL 1129
CxNa-L.4 EIWQQFDPDGTQYIRYDQLSDFLDVLEPPLOQIHKPNKYKIISMDIPICRGDMMECYDILD 1920
CxNa-L,5 EIWQQFDPDGTQYIRYDQLSDFLDVLEPPLQIHKPNKYKI ISMDIPICRGDMMECVDILD 1915
CxNa-L.6 GISGHOQFPDRYOHVHRCHPRELTAGHGGRAGGSDGRRLRHVLRDLAAVRESGRYAVHPVRP 188%
CxNa-S,2 RSGSSSIRTVRSTSGTITSCRTFWTCRNRRCREFTNRTSTRSSRWTFRSVAAT*CSAWTEWT 1056
CxNa-S,3 RDLAAVRSGRYAVHPVRPAVGLFGRAGTAAADSOTEQVODHLDGHSDLSRRHDVLRGHSG 1182
CxNa-L.4 ALTKDEFFARKGNP TEDSAEMGEVQQRPDEVGYEPVSSTLWROREEYCARLTIQHAYRNEKE 1280
CxNa-L,5 ALTKDEFARKGNP TEDSAEMGEVQQRPDEVGYEPVSSTLWRQREEYCARLTOQHAYRNEKE 1975
CxNa-L,6 AVG--LFGRAGTAAADS-QTEQVODHLD-————————————————————————— GHSDLSR 1921
CxNa-S,2 R*RRTSSRGRSTRSRTVPRWVRSSSGRTRSVTSRFRRRCGANGRSTARG*YSTRTGTLRN 1116
CxNa-3,3 RADEGLLRAFGOPDRGQCRDG*GPAAAGRGRLRAGEFVDVVAPTGGVLRAVDTARVPEL*G 1249
CxNa-L.4 RGGVGGEGEEGEEEGEEEEEEGEEGEGAGDDTDADACDNEPGIGSPGAV SGGGEGS TAGGGSQANLG 2040
CxNa-L,5 RGGVGEGGEEGEEEGEEEEEEEEGECGAGDDTDADACDNEPGIGSPGAY SGGDSS TAGGGSQANLG 2035
CxNa-L.6 FHDVLRGHSGRADEGLLRAEGO———PDRGQCRDGY————— GPAAAGRGRLRAGEVDVVAP 1973
CxNa-S,2 FEAVIVAARAVEVVEEEVVAKVPEMTPTPMPVITSPGSGVPARSAAVAAASPARAPRIT*A 1176
CxNa-3,3 TRRCWWRRRRWRWWRRRWWRRECRR¥HRRRCL**RARDRESRRGORRWROHRRRRLPG*PR 1309
CxNa-L,4 PPSPKESPDGNNDPQGRQTAVLVESDGEVIKNGHRYVY IHSRSPSITSRSADV * 2092
CxNa-L,5 PPSPKESPDGNNDPQGRQTAVLVESDGEVIKNGHRYVY IHSRSPSITSRSADV * 2095
CxNa-L.6 TGGVLRAVDTTRVPEL * ————-GTRRCWWRRRWRRRWRWWRRCRR*HRERCT, * * 2021
CxNa-S,2 RLTQRIVRWQ* *SSRSSNGRPSRE*¥WICN * 1205
CxNa-3,3 ARVTQRIARWQ**SSRSSNGRPSRK*¥WICH* 1339

Figure 3. Alignment of deduced amino acid transcript sequences of the para-type sodium channel reanscripts (Cx-Na) in HAmCqG° Culex
mosquitoes. Transmembrane segments are indicated on the line over the sequence. Exons are indicated above the sequence with solid
triangle symbols to indicate the bounderies between exons. The differences in the aa sequences are indicated by shading. A stop codon is
marked by an asterisk (¥). — indicates deletions. A indicates insertions with the sequences of Al: VSEITRTTAPTATAAGTAKARKVSA; A2:
AA; A3: R; A4: *F; A5: L; A6: G.
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exonl exon2
CxNa-L,7 MTEDLDSISEEERSLFRPFTRESLLVIEERIANEQAKQRELEKKRAEGé&GFGRKKKKKE 50
CxNa-L,8 MTDDLDSISEEERSLFRPFTRESLLAIEERIANEQAKQRELEKKRAEGETGFGRKKKKKE 60
CxNa-3.4 MTIDDLDSISEEERSLFRPFARESLIVIEERIANEQAKQRELEKKERAEGETGFGREKKKKE &0
CxNa-3,5 MTEDLDSISEEERSLFRPFTRESLLVIEERTIANEQAKQRELEKKRAEGETGFGREERKKKE &0
exon3
CxNa-L,7 ERYDDEDEDEGPQPDSTLEQGVPIPVRMQGSFPPELASTPLEDIDAFYSNIK%FVVVSKG 120
CxNa-L,8 IRYDDEDEDEGPOQPDSTLEQGVPIPVRMOGS FPPELASTPLEDIDAFYSNIKTEVVVSKG 120
CxNa-S.4 IRYDDEDEDEGPQPDSTLEQGVPIPVRMOGSFPPELASTPHEDIDAFYSNIKTFVYVVYSKG 120
CxNa-5,5 IRYDDEDEDEGPQPDSTLEQGVP IPVRMOGSFPPELASTPLEDIDAFYSNIKTFVVVSKG 120
exond IS1
CxNa-L,7 KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLFSFFIITTILGNCILMIMPSTPTVESE 180
CxNa-L.8 KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLEFSFFIITTILGNCILMIMPSTPTIVEST 180
CxNa-S.4 EDIFRFSATHNALYVLDPFNPIRRVAIYILVHPLESFFIITTILGNCILMIMPSTPTVEST 180
CxNa-3,5 EDIFRFSATHNALYVLDPFNPIRRVAIYILVHPLESFFIITTILGNCILMIMPSTPTVEST 180
IS2 exons IS3
CxNa-L,7 EVIFTIGIYTFESAVEVMARGFILQPFTYLRDAWNWLDEVVIALAYVTMGIDLGNLAALRT 240
CxNa-L.8 EVIFIGIYTFESAVEVMARGFILQPFTYLRDAWNWLDEVVIALAYVTMGIDLGNLAALRT 240
CxNa-S.4 e 151
CxNa-3,5 B m 181
exoné S84 ISS
CxNa-L,7 FRVLRALKTIVAIVPGLKT IVGAVTESVENLRDVI ILTMFSLSVEFALMGLOIYMGVLTQKC 300
CxNa-L,8 FRVLRALKTIVATVPGLKT IVGAVIESVENLRDVI ILTMFSLSVEFALMGLOIYMGVLTQKC 300
CxNa-34  —————— =
CxNa-3,5 -
exon? v exon8
CxNa-L,7 IKEFPTDGSWGNLTHENWERHHSHNDSNWYFSETGDTPLCGNSSGAGOCEEGYVCLOGEGD 360
CxNa-L,8 IKEFPTDGSWGNLTHENWERHHSNDSNWYFSETGDTPLCGNSSGAGQCEEGYVCLQGEGD 360
CxNE-S 4 m o oo oo
CxNa-5,5 -
exon9 P ) 1S6
CxNa-L,7 NPNYGYTSFDTFGWAFLSAFRLMTQDYWENLYQﬁVLRSAGPWHMLFFIVIIFSGSFYLVD 420
CxNa-L.8 NPNYGYTSFDTFGWAFLSAFRLMTQDYWENLYQLVLRSAGPWHMLVFIVIIFLGSFYLVN 420
CxNa-54 @ —-————— =
CXNE-S,5 e
exonl0 exonll
CxNa-L,7 LILAIVAMSYDELQKRAEEEEAAEEEALP&PEEAAAAKQARLEAHAAAAAAAANPEIAKS 480
CxNa-L.8 LILAIVAMSYDELOKRAEEEEAAEREALREAEEAAAAKQAELEAHAAAAARAANPETAKN 480
CxNa-3,4 W —————— =
CxNa-3,5 ===
CxNa-L,7 PSDEFSCHSYELEVGQEKGNDDNNKEFMS IRSEGLESVSEITRTTAPTATAAGTAKARKYS 540
CxNa-L.8 PSDEFSCHSYELEVGQEKGNDDNNKEFMS IRSEGLESVSEITRTTAPTATAAGTAKARKYS 540
CxNa-S4  --—-———————
CxNE-8,5 m o e oo o
exonl2

CxNa-L,7 AﬁSLSLPGSPFNLRRGSRGSHQFTIRNGRGRFVGVPGSDRKPLVLSTYLDAQEHLPYADD 600
CxNa-L.,8 ARSLSLPGSPFNLRRGSRGSHOFTIRNGRGREVGVPGSDRKPLVLSTYLDAQEHLPYADD 600
CxNa-34  —————— =
CxNa-3,5  --—-———"""-"""""""—

v
CxNa-L,7 SNAVTIPMSEENGSRHSSYTSHOSRISYTSHGDLLGGMTKESRLRSRTORNTNHSIVEPPAN 660

CxNa-L,8 SNAVTPMSEENESRHSSYTSHQSRISYTSHGDLLGGMTKESRLRSRTQRNTNHSIVPPAN 672

CxNA-Sd  mmm o

CxNA-S,5  m oo oo
exonl3 exonld

CxNa-L,7 MAASAASVTGAGSGAPNMSYVDTNHKGQQRS%DQSQDYTDDAGKIKHNDNPFIEPSQTQT 720

CxNa-L.8 MAASAASVTGAGSGAPNMS YV DTNHKGQOQRDFDOSQDYTDDAGKIKHNDNPFIERPSQTQT 732

A
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CxNa-S,5

CxNa-L.,7
CxNa-L,8
CxNa-S4
CxNa-S,5

CxNa-L,7
CxNa-L,8
CxNa-S,4
CxNa-S,5

CxNa-L,7
CxNa-L.8§
CxNa-S.4
CxNa-3,5

CxNa-L,7
CxNa-L,.8
CxNa-S 4
CxNa-S,5

CxNa-L,7
CxNa-L.8
CxNa-S4
CxNa-S,5

CxNa-L,7
CxNa-L,8
CxNa-S4
CxNa-S,5

CxNa-L,7
CxNa-L,8
CxNa-S4
CxNa-S,5

CxNa-L,7
CxNa-L,8
CxNa-S,4
CxNa-8,5

CxNa-L,7
CxNa-L,8
CxNa-S 4
CxNa-S,5

CxNa-L,7
CxNa-L,8
CxNa-S 4
CxNa-S,5

CxNa-L,7
CxNa-L,8
CxNa-S 4
CxNa-S,5

CxNa-L,7
CxNa-L,8

exonls exonlé
VVDMKBVMVLNDIIEQAAGRHSRASDHGVSVYYFPTEDDDEDGPTLKDKAVEFGMRMIDI
VVDMEDVMY ILNDT TEQAAGRHSRASDHGYSVYY FEPTEDDDEDGPTEKDKAYVE FGMEMTI DT

FCVWDCCWVWLKFQEWVSFIVFDPEVELFITLCIVVNTLEMALDHHEDMNPDMERATLKSGI

FCVWDCCWVWLKFQEWVSFIVFDPEVELFITLCIVVNTLEMALDHHEMNPDMERATKSGN

1182 exonl? 1IS3 sS4

X
YFETATFATIEATMKL IAMSPKWY FOQEGWNIFDF I IVALSLLELGLEGVQGLSVLRSFRLL
YFFTATFATEATMKL IAMSPEWY FOEGWNIFDFI IVALSLLELGLEGVOGLSVLRSEFRLL

exonl§ IISS v
EVFKLAKSWPTLNLLISTMGRTMGALGNLTFVLCTTTEFT FAVMEMOLEGENY TDNVDREEFP

RVFKLAKSWPTLNLLISITMGRTVGALGNLTFYVLCIITFIFAVMGMOLFGKNYTDNYVDREP

————————————————————————————————————————————————————— QRGPLFPG

————————————————————————————————————————————————————— QRGPLPG
exonl? 1P 1186

DKDLPRWNFTDFMHS FMIVFRVLC GEWI ESMWDCMLVGDVSCIPFFLATVV I GNEVVLNL
DEDLPRWNFTDFMHS FMIVFRVLCGEWIESMWDCMLVGDVSCTFFFLATVV TGNEFVVTLNT
QGPATVELHRILHALTHDEVEGAVRERVDRTHVGLHAGGRRY LTHSVILLGHRSDREFCESYTL
QGPATYVNPRLIHALTHDRVPGAVRRY - TESMWDCMLYGDVSCTPFRFLATVYV T GNEVYVLNL
exon20
FLALTLLSNFGSSSLSARTADNETNRK TARAFNRISREFSNW I KANTAAAT KFVENELTSQOTA
FLALLLSNFGSSSLSASTADNETHNK TARAFNRTSRESNW I KAN TAAAT KFVENKLTSOTA
FLATLTLLSNFGSSSLSAPTAGHNETNK TARAFNRISRESNWIT KANTAAAT KFVENKLTSQTA
FLATLLLSNFGSSSLSAPTADNETNK TAERAFNRISRESNWIT KANTAAAT KFVENKLTSQTA
v exon21i exon2lii Y
SVQPAGKGVCPCISAEHGENELELTPDDILADGLLKKGYVKEHNQLEVATIGDGME FTIHGD
SVQPA-—————————— EHGENELELTPDDILADGLLKKGVEEHNQLEVATIGDGMEETIHGD
SVQPA%?GVCPCISAEHGENELELTPDDILADGLLKKGVKEHNQLEVAIGDGMEFTIHGD
SVQPA&%GVCPCISAEHGENELELTPDDILADGLLKKGVKEHNQLEVAIGDGMEFTIHGD
exon22 exon23
LENKGERNKQLMNNSKDDDTAS TKSYGSHKNREPFEDESHEKGSAETLEGEEKEDASEREDL G
LENEKGERNEKQLMNNSKDDDTAS TKSYGSHEKNRPEFKDESHEKGSAETLEGEEKRDASKEDL G
LKNKGKKNKQLMNNSQPDDTASIKSYGSHKNRPFKDESHKGSAETLEGEEKRGASKEDLG
LENKGEENEQLMNNSKEDDDTAS TRSY GSHENRPEFKDESHEGSAETLEGEERRDASKE DL G

exon24
IDEELDDECEGEEGPLDGEMIIHAEEDEVIEDAPADCFPDNCYKRFPALAGDDDAPFWQG

IDEELDDECEGEEGPLDGEMI THAEEDEYVIEDAPADCEFPDNCY KREPALAGDDDAPEWO G
IDEELDDECEGEEGPLDGEMITHAEEDEY IEDAPADCEFPDNCY KREPALAGDDDAP FWQG

IDEELDDECEGEEGPLDGEMI THAREDEV IEDAPADC FPDNCY KRFPATLAGDDDAP FWQ G
1181 - exon2s I11S2

WGNLRLKTFQLIENKYFETAVITMILLSSLALALEDVHLPHRPILQDVLYYMDRIFTVIF
WGNLRLKTFQLIENKYFETAYVITMILLSSLALALEDVHLPHRPILOQDVLYYMDRIFTVIE
WENLRLKTEQLIENKY FETAVITMILLSSLALALEDYVHLPHRPILQDVLY YMDRIFTVIE

WESLRLETLOLIENKY FETAVITMILLSSTALALEDVHLPHRPTITLODYVLY YMDRIFTVIFE
IIIS:; exon26 [11S4

FLEMLIEWLALGFRYVYFTNAWCWLDF T IVMV SLINFVASLCGAGGTIQAFKTMRETLRALREPR
FLEMLIKWLALGFRYYFTNAWCWLDF T IVIMV SLINFVASLCGAGGTIQAFKTMRTLRALRP
FILEMLTKWLALGFRYVY FTNAWCWLDFITVMVSLINFVASTLCGAGGTQAFKTMRTLRATLRP
FLEMLTKWLALGFRVY FTNAWCWLDFITVMVSLINFVASTLCGAGGTQAFKTMRTLRATLRP
exon27 TTISS

LRAMSEMOGMEVVVNATLVOATPSTFNVLLVCLIFWLT FATMGVOLFAGK Y FECVDTNETT
LRAMSEMOGMEVVVNATLVOQATPSTFNVLLVCLIEFWLT FATMGVOQLFAGK Y FECVDTNETT

T80
792

840
852

900
912

9a0
972
188
188

1020
1032
248
241

1080
1092
308
307

1140
1142
381
380

1200
1202
467
440

1260
1262
527
500

1320
1322
587
560

1380
1382
647
620

1440
1442
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CxNa-S.4 LRAMSRMOGMEVVVNATLVOATPSTFNVLTVCLIFWLT FATMGVQLFAGKY FEKCVDTNETT 707
CxNa-S,5 LRANSRMOGMEVVVNATLVOATPSTFNVLIVCLISWLT FATMGVQLFAGKYFEKCVDTNETT 680
exon28§
CxNa-L,7 LSHEITPDVNACTIAENYTWENSPMNEDHVGKAYLCLEFQVATFKGWIQIMNDAT DSRD&GK 1500
CxNa-L,8 LSHEITIPDVNACTAENY TWENSPMNFDHY GKAYLCLFQVATFRKGWIQTIMNDATDSRDIGK 1502
CxNa-S.4 LSHEITPDVNACTIAENYTWENSEPMNEDHYVGKAYICLEOQVATEFKGWIQIMNDATIDSRDIGK 767
CxNa-S.,5 LSHEITPDVNACTIAENYTWENSEPMNEDHYVGKAYICLEOQVATEFKGWIQIMNDATIDSRDIGK 740
T11S6 Exon29
CxNa-L,7 QPIRETNIYMYLYFVFFIIFGSFFTLNLEIGY I IDNFNEQEKKAGGSTLEMFMTEDQKREYY 1560
CxNa-L,8 EPIRETNIYMYLYFVEFFITIFGSEFFTLNLFIGY I IDNFNEQRKEKAGGSLEMFMTEDQERYY 1562
CxNa-S.4 QPIRETNIYMYLYFVFFITIFGSFFTLNLFIGVI IDNFNEQKRKAGGSLEMEFMTEDQREYY 827
CxNa-3,5 QPIRETNIYMYLYFVFFITFGSFFTLNLFIGVI I DNFNEQKRKAGGSLEMFMTEDQREYY 800
exon3o IVS1
CxNa-L,7 NAMEKEMGSKEPLEAT PRPKY%RPQAIVFEICTNKKFDMI IMLEIGEFNMLTMTILDHYEQTET 1620
CxNa-L,8 NAMKKMGSKKPLKATPRPKRRPOQATVEFETICTNKKFDMTI IMLEFTGFNMLTMTLDHYKQTET 1622
CxNa-S.4 NAMKEMGSKKPLKATPRPKRRPQATVFETCTNKKFDMI IMLE I GEFNML TMTLDHY KQTET 887
CxNa-S.5 NAMKEMGSKKPLKATPRPKRRPQATVFETCTNKKFDMI IMLE I GEFNMLTMTLDHY KQTET 860
V82 T1YS3
CxNa-L,7 FSAVLDYLNMIFICIFSSECIMEKIFATLRYHYFIEPWNLFDFVVVILSTILGLYVLSDLIEKY 1680
CxNa-L,8 FSAVLGYLNMIFICIFSSECTIMEIFATLRYHYFIEPWNLFDFVVVILSILGLVLSDLIEKY 1682
CxNa-3.4 FSAVIDYLNMIFICIFSSECLMRIFALRYHY FIEPWNLFDEVVATILSTITLGLVLSDLIEKY 947
CxNa-S.,5 FSAVIDYILNMIFICIEFSSECLMEIFPALRYHY FIEPWNLEDEVYVVILSITGLVLSDLIEKY 320
exon31 IVS4 IVSS
CxNa-L,7 FVSPTLLRVVRVAKVGRVLRLVKGAKGIRTLLFALAMSLPALFNICLLLFLVMFIFATEFG 1740
CxNa-L,8 FVSPTLLRVVRVAKVGRVLRLVKGAKGIRTLLFALAMSLPALFNICLLLFLVMFIFATFG 1742
CxNa-S.4 FVSPTLLRVVEVAKYVGRVLELVEGAKGIRTLLFALAMSTPALFNICLLLFLVMEFIFATFRG 1007
CxNa-3:5 FVSPTLLRVVREVAKVGRVLELVEGAKGIRTLLFALAMST PATLFNICLLLFLVMEIFATIFG 380
IVP

—— exon32
CxNa-L,7 MSEFEMHVEDKSGLDDVYNEKTEFGOQSMILL FQb STSAGWDGVLDGI INEEDCLPPDNDEGY 1800

CxNa-L.8 MSFFMHVEKDKS GLDDVYNFKTFGOSMILLEOMSTSAGWDGVLDGIINEEDCLPPDNDKGY 1802
CxNa-S.4 MSFFMHVEDKSGLDDVYNFKTFGOSMILLEFOMSTSAGWDGVLDGIINEEDCLPPDNDKGY 1067

CxNa-S,5 MSFFMHVEDKSGLDDY YNFRTFGOSMITLEFQMSTSAGWDGVLDGT INEEDCLEPDNDKGY 1040
exon33

CxNa-L,7 PGNCGSATIGITYLLAYLVISFLIVINMYIAVILENYSQATEDVQEGLTDDDYDMYYEIW 1860
CxNa-L,8 PENCGSATIGITYLLAYIATSEFLIVINMY ITAVITIENYSQATEDVOQEGLTDDDYDMYYETIW 1862
CxNa-S.4 PENCGIATVGITYLLAYLWISFLIVINMY TAVILENYSQATEDVQEGLTDDDYDMYYETW 1127
CxNa-S.,5 PENCGIATIGITYLLAYLWISFLIVINMY TAVILENYSQATEDVQEGLTDDDYDMYYETW 1100
CxNa-L,7 QOFDPDGTOYIRYDQLSDFLDVLEPPLOTIHKPNEYKITSMDI PTCRGDMMFCYDILDALT 1920
CxNa-L,8 QOFDPDGTOYIRYDQLSDFLDVLEPPLOTIHKPNEYK I TSMDI PICRGDMMFCYDILDALT 1922
CxNa-S.4 QOFDPDGTQY IRYDOLSDFLDVLEPPLOTHEPNKYKI ISMDIPTCRGDMMEFCVDTLDALT 1187
CxNa-3:5 QOFDPDGTIQY IRYDOLSGFLDVLEPPLOTHEPNSNKI ISMDIPICRGDMYECVDILDALT 1160
CxNa-L,7 KDFFARKGNPIEDSAEMGEVOORPDEVGYEPVSSTLWRQREEYCARLIQHAYRNEFEKERGG 1980
CxNa-L,8 KDFFARKGNPIEDSAFMGEVOQORPDEVGYEPVSSTLWRQREEVCARLIQHAYRNFKERGE 1982
CxNa-S.4 KDFFARKGHNPIEDSAFMGEVOORPDEVGYEPVSSTLWROREEYCARLTQHAY RNFKERGE 1247
CxNa-S.5 KDFFARKGNPIEDSAFMGEVOORPDEVGYEPVSSTLWROREEYCARLTQHAY RNFKERGE 1220
CxNa-L,7 VEGEEEEGGEGEEEEEEEEEGAGDDTDADACDNEPGIGSPGAVS GGGGSTAGGGSQANLGPES 2040
CxNa-L,8 VEGEEEGGEGEEEEEEEEEGAGDDTDADACDNEPGIGSPGAVS GGGGSTAGGGSQANLGPES 2042
CxNa-S.4 VEEGEGEGEGEEEGEEEEEEEEGAGDDTDADACDNEPGIGSPGAV SGEGEGS IAGGGSQANLGPES 1307
CxNa-S.,5 VEEGEGEGEEEEGEEEEEEEEGAGDDTDADACDNEPGIGSPGAV SGEEGES IAGGGSQANLGPES 12580
CxNa-L,7 PRESPDGNNDPQGROTAVIVESDGEFVTKNGHRVVIHSRSPSITSRSADVY 2089

CxNa-L,8 PKESPDGNNDPQGROTAVIVESDGFVTKNGHRVVIHSRSPSTITSRSADVY 2091

CxNa-S.4 PKESPDGNNDPQGROTAVLVESDGEFVTENGHRVVIHIRSPSITSRSADVY 1356

CxNa-3.5 PKESPDGNNDPQGROTAVLVESDGEFVTENGHRVVIHSRSPSITSRSADVY 1329

Figure 4. Alignment of deduced amino acid transcript sequences of the para-type sodium channel transcripts (Cx-Na) in HAmCqG8 Culex
mosquitoes. Transmembrane segments are indicated on the line over the sequence. Exons are indicated above the sequence with solid
triangle symbols to indicate the bounderies between exons. The differences in the aa sequences are indicated by shading. A stop codon is
marked by an asterisk (*). — indicates deletions. A indicates insertions with the sequences of Al: GAIIVPVYYANL A2: GEQHSHLSWIWSE;
A3: GEQHNHLSWIWSE; A4: VIGNSISNHQDNKLEHELNHRGMSLQ.
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Figure 5. Alternative splicing of Cx-Nav from mosquitoes Culex quinquefasciatus. Boxes represent exons. The junctions of exons are
indicated with straight lines or bridge lines. The schematic of the predicted 6 segments (S| to S6) in each of the 4 domains (I, II, Ill, and 1V)
in the structure of Cx-Nav protein are shown. *The transcript had an entire ORF.

Discussion

Voltage-gated sodium channels are essential for
the action potential generation of the neuron mem-
brane and play a critical role in membrane excitability
[6-7]. Over the last few years, a great deal of evidence
has accumulated that supports the expression of di-
verse distinct sodium channel variants in insects
through extensive alternative splicing of a single gene
[16-23, 34]. The growing interest in alternative splicing
of the sodium channels is propelled by its prominent
contribution as a key mechanism generating the
structural and functional diversity of sodium chan-
nels [15, 19]. Following the first reported cloning, se-
quencing and characterization of multiple variant
transcripts from Drosophila melanogaster [32], the al-

ternative splicing of sodium channels has now been
characterized in many medically or agriculturally
important insect and arachnid pest species, including
Drosophila melanogaster [17, 20], the house fly Musca
domestica [16], German cockroach Blattella germanica
[19], the mosquito Anopheles gambiae [34], diamond-
back moth Plutella xylostella [22], silkworm Bombyx
mori [35], and varroa mite Varroa destructor [36]. The
current study represents the first investigation of the
transcripts of sodium channels in Cx. quinquefasciatus
and has revealed multiple variants of sodium chan-
nels generated from extensive alternative splicing and
small deletions/ insertions, which is consistent with
the results of the previous studies of the sodium
channels of other insect species.
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These multiple variants of para-type sodium
channel transcripts presented in the mosquito Cx.
quinquefasciatus can be classified in terms of two cat-
egories, CxNa-L and CxNa-S, based on their distin-
guishing sizes of ~6.5 kb and ~4.0 kb, which were
present in all three mosquito strains tested - the sus-
ceptible S-Lab strain, the low resistant HAmCq®0
strain, and the highly resistant HAmCq®® strain. The
main difference in the sequences obtained for these
two subcategories is the presence of multiple internal
exons obtained through alternative splicing. In all,
nine alternatively splice variants were identified in
Culex mosquitoes. In the CxNa-L sodium channel
category, four splice variants were identified, of
which three were full length variants with three op-
tional exons (2, 5, and 21i) and one incorporated
in-frame-stop codons. Exon 2 is located in the
N-terminus, which is an optional exon corresponding

to optional exon 2 of the sodium channel in the silk-
worm and optional exon j of the para in Drosophila and
which is also conserved in other insect sodium chan-
nel genes [35]. Exon 5 is located between IS2 and 1S3.
Interestingly, skipping of exon 5 also occurs in the
silkworm [35], German cockroaches [54] and the
mosquito Anopheles gambiae [34], suggesting that exon
2 and exon 5 may be a conserved optional exon in
insects. Exon 21 is located in the intracellular linker
connecting domains II and III of the Culex mosquito
sodium channels. The 5 portion of exon 21, named
21i, is optional in Culex mosquitoes. Exon 21i corre-
sponds to optional exon f in the para gene of Drosoph-
ilar and exon 22i in the silkworm [35]. These variants
with optional exons 2, 5, and/or 21i are all entire
ORFs of sodium channels, which may suggest the
functional importance of these transcripts in mosqui-
toes. It has been reported that, when expressed in
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Xenopus oocytes, the alternative splicing variants
could exhibit different gating properties and generate
sodium channel proteins with differing sensitivities to
pyrethroids [18-19]. Whether these variants identified
in the Culex mosquitoes also have different protein
properties and different responses to pyrethroids re-
mains to be seen.

Investigation of the putative amino acid se-
quences of alternative splicing variants in the CxNa-S
sodium channel category, i.e. the ~4.5 kb transcripts,
revealed that in contrast to the findings of CxNa-L,
the alternative splicing identified in the sodium
channel of Culex mosquitoes has resulted in large size
or multi-exon-splicing. All the CxNa-S splicing vari-
ants in both the susceptible S-Lab and low resistance
parental HAmCq®? strains had in-frame stop codons,
suggesting that these splicing variants and any re-
sulting proteins would be truncated from those re-
gions onward. As it has been reported that a truncated
channel does not produce any sodium current when it
expressed in Xenopus oocytes [19], the transcripts
identified in our study that contain in-frame stop co-
dons may not be functional transcripts. Furthermore,
the ~1000 to ~3000-fold lower expression of the splice
variants with stop codons compared to the CxNa-L
splicing variances may further support the conclusion
that these variances in mosquitoes are relatively un-
important. Nevertheless, two alternative splicing
variants of CxNa-S splicing in HAmCq®® had no
in-frame stop codons but still had ORFs encoding
sodium channel transcripts lacking exons 5 tol8. In
addition, these two variants in HAmCq®® had rela-
tively high expression levels, with only ~10-fold lower
expression levels compared with the CxNa-L variants.
Nevertheless, these variants both lacked IS4 and 11S4
as a result of the alternative splicing. Since the S4
segments act as voltage sensors that initiate volt-
age-dependent activation [34-35], the issue of whether
these two alternative splicing variants identified in
the highly resistant HAmCq®® strain perform some
function in the sodium channels of mosquitoes re-
quires further investigation.
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