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The structure of sodium channels and gene mutations associated with knockdown

resistance in insects
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Abstract: Knockdown resistance Ckdr> is used to describe resistance to DDT and pyrethroid insecticides that result from
reduced sensitivity of the nervous system in insects and other arthropods. The voltage-sensitive sodium channels are
important action targets of DDT and pyrethroids. Pyrethroids are known to exert their insecticidal effects by altering the
function of these channels. and the point mutations of their genes are the primary cause for producing &dr resistance. kdr
resistance has been the subject of sustained research interest for more than 40 years, but the past decade has witnessed
gignificant advances in the identification of the mechanisms underlying £dr resistance at the molecular level. This paper
mainly reviews new advances on molecular biology of kdr resistance obtained since 1996, with emphasis on the structure
of voltage-sensitive sodium channel subunit gene mutations associated with kdr resistance among 14 species of pest
arthropods and their amino acid sequence polymorphisms. These results can provide new insight into the mechanisms by
which pyrethroids modify the function of voltage sodium channels.
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Fig. 1 Structural model of the sodium channel (Hille and Catterall, 19990
A, ZE: R Na® BIEMRIMER, BPR 3 A R EHS W BED R, W FHE(TTOMEH 5 (SO 4 5 6, ZEF (B b LURdE
FAFNIKRR cAMP BTREERALARGZ (Y. A B MMM IR A, ER o PR 4 DB BREETS 0— B EE T La AR
B. Na" IBIE AV p WERIBEITEEY. HEMBFFILMALRER. BEMERUEHS . 3 N BET MG ENEERLE
FRWT: + + FoR S B A B R IE AT RY BB AR B 8s O Rors! TIX RFREE SR ERNRE N BT QRS RIERLh S
HURE: @ADER B CHIBILATEAL.
C. Na* BIEI SRR i T Nat BEAXANFREORERE. SOTERT BRO—AFEENE. S1M808HEHaRE
TRAE 54 R ERIEEN, M5 R M B0, e SEBIE A MRS 8932 PR A A0 T et Al S5 ] B £ 740 111 R0 1Y 89040 AR PO 37 ) P 4T 22 A
PR TLATA AR Py O R IS R . EFFACRAR R T B R B RE R, A X ARE R AT A5 B KE.
A Left: A topological model of the rat brain Na* chamnel fllustrating the probable transmembrane arientation of the three subunits, the binding sites for
tetrodotoxin CTTXD and scorpion toxin (S¢TX)» oligosaccharide chains Cwavy lines) and cAMP-dependent phosphorylation sites (PJ). Right: An enface view
of the protein from the extracellular side illustrating the formation of a transmembrane ion pore in the midst of a square array of four transmembrane domains of
the & subunit.
B. A transmembrane folding model of the o and {3 subunits of the Na* channel. The amino acid sequence is illustrated as a narrow lines with each segment
approximately proportional to its length in the molecule. Transmembrane o-helices are illustrated as cylinders. The positions of amine acids required for specific
functions of Na® channels are indicated: + + » positively charged voltage sensars in the S4 transmembrane segments: (s residues required for high-affinity
binding of TTX with their charge characteristics indicated by —» + or open field; B residues required for fast inactivation; B, sites for phosphorylation by
protein kinase C.
C. Sequential gating of the Na* channel. A reaction pathway from closed to open Na* channels is depicted. Each square represents one homologous domain
of the o subunit. Each domain undergoes a conformational change initiated by a voltage-driven movement of its 34 segment. leading eventually to an open
channel . Inactivation of the channel occurs from the final closed state and the open state by folding of the inracellular loop connecting domains || and ¥ into
the imracellular mouth of the transmembrane pore.
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Table 1 Sodium channel amino acid sequence polymorphisms associated with knockdown resistance and

their positions in transmembrane sequences (S1 — 86 of different domains ( I - V)

ZE I hdr AL R g By
Domains kdr mutations identified * Species References
Ew |
N iy DS9G Bg Liu e al.» 2000
54~ 55 ER 1253V Dm Lee and Soderlunds 2001
1253N Dm, Pittendrigh et al.» 1997
36 V410M Hy Park et al.: 1997: Lee and Soderlund: 2001
| 86~ Il 814k FA35K Bg Liu et ai., 2000
C785R By Lin et af., 2000
B ||
54~ 55 ER MOIST M Williamson & ol . 1996
M918T H Guerrero et ol ., 1997
MOISY Bt Mearin e al.. 2002
L9251 Bt Marin et af., 2002
85 TO201 Px Schuler et ol ., 1998
9291 Pe Lee et al., 2000
L932F Pe Lee et af.. 2000
56 L1014F Md Ingle et ol .» 1996: Miyazaki & of.» 1996: Williamson et af.. 1996
LI014F Hi Guerrero et af ., 1997
L1014F Px Sehuler et al ., 1998
LI014F Mp Martinez-Torres e al.> 1999a
LI014F Ag Martinez-Torres et af., 1998
LI0I4F Cp Martinez-Torres et af ., 1999b
LI014F Id Lee et al., 1999
LI014F Bg Miyazaki et af.. 1996: Dong. 1997
LI014H Hy Park and Taylar, 1997: Lee and Sederhind, 2001
L1014% Cp Martinez-Tomres et af.. 19902
L10148 Ag Ranson e af., 2000
SRR
S4~ &5 M AT410V Dm Pittendrigh er ol .» 1997
S5~ 86 IR A1494V b Pittendrigh e al.» 1997
56 M15241 Dm, Pittendrigh et al.» 1997
F15381 Bm He et al., 1999
lIs6 ~ IV S1 &% DIS49V Hy: Ha Head @ ol., 1998
E1553G Hys Ha Head et ol .5 1998
C i P1999L By Lin et af.. 2000

* HEMNMEERRERIR Vel IEERDNEEBFI GenBank FFH S : U38R13) Positions numbered according to the amino acid sequence of the
most abundant splice variant of the housefly Vsscl sodium channel protein (GenBank accession number: U38313)

Dm: BREEME Drosophils melanogaster: Md: B8 Musca domestica: Hv: NAF TR Heliothis virescens: Ha: MBI Helicoverpa armigera: Pr: /DIEMR
Phaella sylostella: Mp: $RIT Myzus persicae: Cp: FREEEM Culex pipiens: Ag: N HPIEEL Anopheles gambine: Br: TBENE Blarela germanica: Id:
DEERD Leptinotarsa decemlineatas Hi: TEOUHIE Hematobia imitans: Po: KB\ Pediculus capitis: Bm: B/NFEIR Boophilus microplus: Be: TEETEL

Bemisia tabact .
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Fig. 2 Mutation associated with kdr resistance and their locations in voltage-sensitive sodium channel & subunit
(Suderhind and Knipple: 2003: B0 EESR, 2003)
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KT D4k BRIBt, s6 1 BEAV R Shat Ui iE TR A i
AR, 0L BIRUE I T 2 R S AR SRR R
FEEARE ] 2L IE R H 45 & 1F F Cpositive allosteric
hinding interactions). FH IR LA, 10l B2 45 8 52

i RAL T RESE M T A 2B A T se A0
1186 FrBe Al ) (Lee and Soderlund, 20010, {RIX %
W JOVE AR D 1] 85 BRI 5232 (oo B T 86 Fr
B B SRR CF1S38 D BT 5 A 4L

H AU S 7 R T TR El R B T a0 i 7Y
o WEFE— BRI E S H. EE, Vais
(2000 TR X 1R E AT BE AR BE 6 B 5 26 #0
FRBAG B T AR R A U R, A A BB
H R para/ upE BIBXHBE SRS 2 M AN A
BRUGE BRSNS RES L FUEREZ
Bk RS (7PN 01 i

Tedr TR SRR B985 08 0 WO BRI B B L
MR ER ST T ERML TYE ATTRET
JUA R TR IR 52 20 1) BB S W 7 i (R EF
EB9R, 20030, EARIX LRI R H T E B AN EE 1)
PR A e R0 2 A0 W) B 2 A8 A i, X kA B
RIRFAN, BRFE— 2N RRE NERET >
A5 kdr PUER RPN RE, BT 1R,
Fdr PUERAZARTEE 2345 1E, BT AT [ T AR R X 25
ARl < b RRAES E AT

£ & W ik (References)

Busvine JR» 1951. Mechanism of resistance to insecticide in houseflies.
Nature, 168: 193 — 195,

Dong K, 1997. A single amino acid change in the para sodiwm channel
protein is associated with knockdown-resistance kdr ) 1o pyrethroid
insecticides in the German cockroach. Inseat Biochem. Mol. Biol.,
27: 93-100.

Dong K» Scott JG» 1994, Linkage of kdr-type resistance and the para-
homologous sodiwm channel gene in German cockroaches ( Biauella
germanicn ). Insect Biochem . Mol . Biol .+ 24: 647 — 654.

Guerrero FD: Jamroz RC: Kammlah D: Kunz SE; 1997. Toxicological and
molecular characterization of pyrethroid-resistant houseflies, Hoematobia
irritans:  identification of kdr and super-kdr point mmations. Insect
Biochem . Mol. Biol., 27: 745 -755.

Hall IM. Kasbekar DP. 1989. Drosophila sodium channel mmrations affect
pyrethroid sensitivity. In: Narahashi T: chambers JE eds. Insecticide
Action: From Molecular to Organism. New York: Plenum Press. 99 -
114.

He H. Chen AC, Davey RB. Ivie GW: George JE, 1999. ldentification of a
point mutation in the para-type sodium channel gene from a pyrethroid-
resistant cattle tick. Biochem. Biophys. Res. Commun . 261: 558 —
561.

Head DJs McCaffery ARs Callaghan A, 1998. Novel mutations in the para-
homologous sodium channel gene associated with phenotypic expression
of nerve insensitivity resistance to pyrethroid in Heliothine Lepidoptera.
Insect Mol. Biol., 7: 191 -196.

Hille B» Catterall WA, 1999, Flectrical exatability and ion channels. In:



836 B R Adcta Entomologica Sinica 47 %

Siegel 1 et al. eds. Basic Neurochemistry: Moleculars Cellular and
Medical Aspects ( 6th  ed.).  Philadelphia:
Publishers. 119 —138.

Ingles P> Adams PM. Knipple DC» Soderlund DM, 1996. Characterization

Lippincott- Raven

of voltage-sensitive sodium channel gene coding sequences from
insecticide-susceptible and knockdown-resistant housefly strains. Insect
Biochem. Mol. Biol., 26: 319-326.

Lee SH: Dunn JB, Clark JM- Soderlund DM 1999. Molecular analysis of
kdr-like resistance in a permethrin-resistant strain of Colorado potato
beetle. Pestic. Blochem. Physiol., 63: 63 -75.

Lee SH. Soderlund DM. 2001. The V4I0M mutation associated with
pyrethroid resistance in  Heliothis wirescens teduces the pyrethroid
sensitivity of housefly sodium channels expressed in Xenopus oscytes.
Insect Biochem . Mal. Biol.» 31: 19-29.

Lee SH: Yoon KS: Williamson M3s Goodson 3]s Takano-Lee M, FEdman
JD; Devonshire AL, Clark JM, 2000. Molecular analysis of kdr-like
resistance in permethrin-resistant strains of head lice, Pediculus capitis .
Pestic. Biochem. Physiol ., 66: 130 - 143.

Lin 2, Valles SM» Dong K. 2000. Novel point mmtations in the German
cockroach para sodium channel gene are associated with knockdown
mesistance ( kdr ) 1o pyrethroid insecticide. fnsect Biochem. Mol.
Biol s 30: 991 -997.

Martinez Torres D»  Chandre F, Williamson M3, Darriet F, Bergé JB.
Devonshire AL, Guillet Py Pasteur N> Pauron D, 1998. Molecular
characterization of pyrethroid knockdown resistance (kdr ) in the major
malaria vectar Anopheles gambice s.5. Insect Mol. Biel., 7: 179 -
184.

Martinez Torres D Foster SP» Field LM, Devonshire AL, Willamson MS»
1999a. A sodium channel point mutation is associated with resistance to
DDT and pyrethroid insecticides in the peach-potato aphids Myzus
persicae(Sulzer ) Hemiptera: Aphididas). Fuseer Mol. Biol.» 8: 339
- 346.

Martinez Torres D»  Chevillon €, Bnm-Barale A. Bergé JB: Pasteur N
Pauron D, 1999b. Voliage-dependent Na* channels in pyrethroid-
tesistant Culex pipiens (L.) mosquitoes. Pesiic. Sei., 55: 1012 -
1 020.

Miyazaki M, Ohyama K, Dumlap DY, Matsurmra F, 1996, Cloning and
sequencing of the para-type sodium channel gene from susceptible Adr-
Tesistant German cockroaches ( Blattella germanica ) and  housefly
( Musca domestica ). Mol . Gen. Genet., 252: 61 - 68.

Morin 5, Williamson M3, Goodson 3], Brown JK, Tabashnik BE, Dennehy
T, 2002. Mutations in the Bemisia tabaci para sodium channel gene
associated with resistance to a pyrethroid plus organcphosphate mixture.
Insect Biochem . Mol. Biol., 32: 1781-1791.

Narahashi T» 1989. The role of ion channels in insecticide action. In:
Narahashi T» Chambers JE eds. From Molecular to Organism. New
York and London: Phemum Press. 55— 84.

Park Y» Taylor MFJ, 1997. A novel mutation L1029H in sodium channel
gene hsep associated with pyrethriod resistance for Heliothis wvirescens

(Lepidoptera: Noctuidae). Insect Biochem. Mol. Biel., 27: 9 -13.

Park Y, Taylew MF], Feyereisen R, 1999. Voltage-gated sodium channel
genes hsep and ADSCL of Heligthis virescens F. genomic organization.
Insect Mol. Biel ., 8: 161 —170.

Pitendrigh B, Reenan R, Ffrench-Constant RH. Ganetzky B, 1977. Point
mutations in the Drosophile sodium channel gene para-associated with
resistance o DDT and pyrethroid insecticides. Mol. Gen. Genet.,
256: 602 - 610.

Ranson H. Jensen B: Vulule JM: Wang X, Hemingway J» Collins FH:
2000. Identification of a point ymtation in the voltage-gated sodium
chamel gene of Kenyan Anopheles gambine associated with resistance to
DDT and pyrethroids. frsect Mol. Biol.. 9: 491 — 497,

Sawicki RM> 1978. Unusual response of DDT-resistant houseflies to carbinol
analogues of DDT. Nature, 275: 443 — 444.

Schuler TH> Martinez-Torres D Thompson AJs Denholm I: Devonshire ALs
Duce 1R, Williamson MS, 1998. Toxicological eletrophysiological: and
molecular characterization of knockdown resistance to pyrethroid
insecticides in the diamondback moth, Phuella wylostella (L. ). Pestic
Biochem . Physiol ., 5%9: 169 - 192,

Soderlund DMs Lee SH» 2001. Point mutations in homology domain || modify
the sensitivity of rat Na, 1.8 sodium channels to the pyrethroid
cismethrin. Neuro-Toxicology, 22: 755 - 765.

Soderlund DM. Knipple DC, 2003. The molecular biology of knockdown
resistance to pyrethroid insecticides. Insect Biochem. Mol. Bisl.s 33:
563 — 577.

Tang ZH, 1993. Insect Resistance to Insecticides and its Management.
Beijing: Agriculture Press. 302 - 335.[A¥RE, 1993, BEHMAHAM
KHEE Abm. RolbmifRdt . 302 - 335]

Tang ZH, Bi €» 2003. Molecular Behavior of Insecticide Action. Shanghai:
Fast East Publishers. 327 - 351: 649 - 655. [/&IRLE. 598, 2003.
FRGMEA RS TATH . B EAR AR 327 - 35T 640 -
655]

Taylor MFJ, Hechel DG» Brown TB, Kreitman ME, Black B, 1993.
Linkage of pyrethroid insecticide resistance to a sodium channel locus in
the tobacco budworm. Insect Biochem . Mol. Biol.,» 23: 763 - 775.

Vais J» Williamson M3s Goodson 5J» Devonshire AL, Warmke JW,
Usherwood PNR» Cohen CJ, 2000. Activation of Dresophils sodium
channels promotes modification by deltamethrin: reductions in affinity
caused by knockdown resistance mutations. J. Gen. Physiol., 115:
305 - 318.

Williamson MS, Denholm 1, Bell CA: Devonshire AL, 1993. Knockdown
resistance (kdr) to DT and pyrethroid insecticides maps to a sodium
channel gene locus in the housefly ( Musca domestica ). Mol. Gen.
Genet . » 240: 17 -22.

Williamson M3, Martinez-Tomres Ds Hick CA, Devonshire AL, 1996.
Identification of mutations in the housefly para-type sodium channel
gene associated with knockdown resistance ( kdr ) to pyrethroid
insecticides. Mol. Gen. Gener., 252: 51 -60.

(FERKE: THT)



