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Investigation of deltamethrin resistance

in salmon lice (Lepeophtheirus salmonis)
provides no evidence for roles of mutations
in voltage-gated sodium channels
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Armin Sturm?

Abstract

BACKGROUND: The pyrethroid deltamethrin is used to treat infestations of farmed salmon by parasitic salmon lice, Lepeophtheirus
salmonis (Krgyer). However, the efficacy of deltamethrin for salmon delousing is threatened by resistance development. In terres-
trial arthropods, knockdown resistance (kdr) mutations of the voltage-gated sodium channel (Na,), the molecular target for pyre-
throids, can cause deltamethrin resistance. A putative kdr mutation of an L. salmonis sodium channel homologue (LsNa, 1.3 1936V)
has been identified previously. At the same time, deltamethrin resistance of L. salmonis has been shown to be inherited maternally
and to be associated with mitochondrial DNA (mtDNA) mutations. This study assessed potential roles of the above putative kdr
mutation as a determinant of deltamethrin resistance in laboratory strains and field populations of L. salmonis.

RESULTS: The deltamethrin-resistant L. salmonis strain loA-02 expresses the LsNa, 1.3 1936V mutation but was susceptible to the
non-ester pyrethroid etofenprox, a compound against which pyrethroid-resistant arthropods are usually cross-resistant if resis-
tance is caused by Na, mutations. In a family derived from a cross between an IoA-02 male and a drug-susceptible female lack-
ing the kdr mutation, deltamethrin resistance was not associated with the genotype at the LsNa, 1.3 locus (P > 0.05). Similarly,
in Scottish field populations of L. salmonis, LsNa, 1.3 1936V showed no association with deltamethrin resistance. By contrast,
genotypes at the mtDNA loci A14013G and A9030G were significantly associated with deltamethrin resistance (P < 0.001).

CONCLUSION: In the studied L. salmonis isolates, deltamethrin resistance was unrelated to the LsNa, 1.3 1936V mutation, but
showed close association with mtDNA mutations.

Supporting information may be found in the online version of this article.
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production sites, sea lice are controlled by integrated pest man-
agement strategies combining non-medicinal approaches, such
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as mechanical and thermal delousing, physical barriers,® and bio-
logical control through co-culture with cleaner fish,” and medicinal
approaches employing a limited range of licensed veterinary med-
icines® Pharmaceuticals used for salmon delousing agents are
administered as medicated feeds or topical bath treatments. Oral
treatments include the macrocyclic lactone emamectin benzoate
and different benzoylureas, while bath treatments include the
organophosphate azamethiphos, the disinfectant hydrogen perox-
ide and the pyrethroids cypermethrin and deltamethrin.” However,
in L. salmonis populations of the North Atlantic, loss of efficacy has
been reported for most available salmon delousing agents.®™"'

Pyrethroids, which are synthetic analogues of the botanical
pyrethrins,'? are widely used to control insects that are phytopha-
gous, parasitic, or represent vectors for human disease.'® In 2014,
pyrethroids accounted for 17% of global insecticide use."® In arthro-
pods, the toxic action of pyrethroids is based on their blocking of
the voltage-gated sodium channel (Na,), which plays an essential
role in the initiation and propagation of nerve impulses.'® In terres-
trial arthropods, two main mechanisms of deltamethrin resistance
are known: knockdown (kdr) resistance by target-site mutations in
Nay,'>'® and increased detoxification by enhanced expression of
metabolic enzymes, such as carboxylesterases, cytochrome P450s
(CYP), or glutathione S-transferases (GSTs).!”

In L. salmonis, resistance to the pyrethroid deltamethrin is
widespread,'” but its molecular mechanisms remain to be
resolved. Recently, two types of genetic determinants for pyre-
throid resistance in L. salmonis have been suggested. On the
one hand, the characterisation of three Na, homologues in
L. salmonis, (LsNa,1.1, LsNa, 1.2 and LsNa, 1.3), led to the identifica-
tion of a putative kdr mutation in LsNa,1.3,'"® which causes an
amino acid change (1936V) in the predicted pyrethroid binding
site of the channel and is homologous to a previously described
kdr mutation in pyrethroid-resistant isolates of the phytophagous
moth Helicoverpa zea (Boddie).”>?° On the other hand, crossing
experiments in which deltamethrin-resistant L. salmonis were
interbred with drug-susceptible parasites of the opposite sex to
generate multigenerational families revealed a predominantly
maternal inheritance of deltamethrin resistance.?’ In particular,
all second filial generation (F2) parasites of families derived from
crosses between resistant females and susceptible males were
resistant, whereas < 20% resistant F2 parasites were observed in
the inverse crosses derived from susceptible females and resistant
\males, suggesting a role of mitochondrial genes as determinants
of deltamethrin resistance.?' Deltamethrin resistance in indepen-
dent isolates obtained from different Scottish regions was associ-
ated with virtually identical mitochondrial (mtDNA) haplotypes,
which contained the mitochondrial SNP A14017G located within
the cytochrome B (CytB) gene and SNP A9030G located in cyto-
chrome c oxidase subunit | (COX1) gene.?"*? These findings sug-
gested that the mode of action of deltamethrin in L. salmonis
might involve mitochondrial targets. In support of this hypothesis,
deltamethrin has been shown to affect mitochondrial functions
such as ATP production®' and induced apoptosis in skeletal muscle
tissues, which have a high mitochondria content>® However,
efforts to disentangle the role of nuclear and mitochondrial muta-
tions in pyrethroid resistance are complicated by the fact that
deltamethrin-resistant L. salmonis investigated in previous studies
displayed both the putative kdr mutation LsNa,1.3 1936V and
mtDNA mutations.'®?'

The aim of this study was to assess potential roles of the LsNa,1.3
1936V mutation as a determinant of deltamethrin resistance in
L. salmonis. First, L. salmonis strains differing in deltamethrin

resistance and expression of the LsNa,1.3 1936V mutation were
investigated regarding their susceptibility to a non-ester pyre-
throid, that is a type of compound towards which pyrethroid-
resistant parasites can be expected to be cross-resistant if the resis-
tance mechanism is based on kdr-type mutations. Second, selected
archived samples of the above previously published crossing
experiment, for which deltamethrin bioassay data were available,
were studied. F2 parasites of a family derived from a
deltamethrin-resistant male and a drug-susceptible female
L. salmonis were genotyped to assess the potential association of
the LsNav1.3 1936V mutation with resistance in the absence of
interference by potential resistance-associated mtDNA haplotypes.
Finally, L. salmonis were collected from a range of Scottish farm
sites. Parasites rated as deltamethrin resistant or susceptible in bio-
assays were subjected to genotyping at the above loci to obtain
insights into marker association with deltamethrin resistance in
field populations.

2 MATERIALS AND METHODS

2.1 Ethics statement

All research projects involving the University of Stirling (UoS) are
subject to a thorough Ethical Review Process prior to any work
being approved. This research was assessed by the UoS Animal
Welfare Ethical Review Body (AWERB) and passed the ethical
review process. Laboratory infections of Atlantic salmon with
L. salmonis were performed under a valid UK Home Office licence
and at low parasite densities unlikely to compromise fish welfare.

2.2 Lepeophtheirus salmonis strains and husbandry
Laboratory L. salmonis strains used in this study have been
described in detail elsewhere.?*?* Strain loA-00, which was taken
into culture in 2003, is susceptible to all current salmon-delousing
agents. Strain 10A-02 was established in 2011 and is resistant to
deltamethrin. Deltamethrin median effective concentrations
(ECsp) of both strains have been determined previously (loA-00:
028 pg L', 95% confidence limits 0.23-0.36 pg L™"; loA-02:
40.1 pg L', 22.1-1589 pg L")

Lepeophtheirus salmonis strains were maintained under standar-
dised conditions at the Marine Environmental Research Labora-
tory of the University of Stirling (Machrihanish, UK), as described
in detail elsewhere.?* In brief, L. salmonis were kept on Atlantic
salmon (Salmo salar, L.) held in circular tanks provided with a con-
tinuous supply of seawater and a photoperiod corresponding to
natural day length. To propagate L. salmonis lines, egg strings
obtained from gravid females were hatched and incubated to
the infective copepodid stage, which was used to infect naive
Atlantic salmon. Infection trials were set up to produce preadult
Il and adult parasites for bioassays and molecular analyses. Host
fish were killed using a UK Home Office approved Schedule
1 method prior to the removal of salmon lice from fish.

2.3 Lepeophtheirus salmonis crosses

This study included molecular analyses of archived L. salmonis sib-
lings of one family from a previously published crossing experi-
ment (Fig. S1), with the detailed procedures of performing the
cross having been reported elsewhere.?! In brief, the family was
established at the PO level by crossing a deltamethrin-resistant
male (IoA-02 strain) and a deltamethrin-susceptible female (loA-
00 strain). The offspring of this cross was obtained and grown
out to appropriate life stages, allowing the setting up of three
breeding sibling pairs of F1 parasites in new tanks and production
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of another generation (F2), which was allowed to develop to the
male adult/female preadult Il stages. F2 parasites were then sub-
jected to bioassays to determine the deltamethrin susceptibility
phenotype of each individual (see below).

2.4 Lepeophtheirus salmonis field populations

Bioassays and molecular analyses were carried out with L. salmonis
obtained from Scottish aquaculture sites (Table S1). Lice were col-
lected during weekly lice counts and routine veterinary procedures,
placed in plastic bags containing cool (12 °C) aerated seawater and
shipped to the laboratory for bioassay (see below). Samples were
transported in insulated boxes equipped with cold packs and
arrived within 6 h of initial collection.

2.5 Lepeophtheirus salmonis bioassays

Bioassays were performed to assess the susceptibility of salmon
lice to deltamethrin and the non-ester pyrethroid etofenprox. Del-
tamethrin and etofenprox (Pestanal” analytical standard grade)
were purchased from Sigma-Aldrich (Gillingham, UK). A subset
of deltamethrin bioassays was performed using AlphaMax”
(PHARMAQ, 10 mg deltamethrin mL™"). L. salmonis adult males
and preadult Il females used in bioassays were collected from host
fish, transported to the laboratory as described above, and main-
tained overnight in aerated seawater at 12 °C. To set-up bioas-
says, individual parasites displaying normal attachment and
swimming behaviour were randomly allocated to 300 mL crystal-
lising dishes containing 100 mL of filtered (55 pm) seawater, with
each dish receiving five preadult Il females and five adult males
(selected to provide similar sizes). All bioassay incubations took
place in a temperature-controlled chamber set to 12 °C. Chemical
exposures were initiated by adding 50 pL of a 2000 final concen-
tration solution of the relevant compound to glass crystallising
dishes containing 100 mL seawater and parasites. To prepare
the 2000x final concentration solutions, etofenprox was solubi-
lised in ethanol, whereas deltamethrin was dissolved in PEGsqg
polyethylene glycol (M,, = 300; PEGsq) or acetone. The final sol-
vent concentration was 0.05% (v/v) in all tests.

Bioassays performed in this study had either a standard or a
single-dose design.?®?” In standard bioassays, salmon lice were
exposed to different concentrations of the tested compound (del-
tamethrin: four to six concentrations in the range of 0.1 and
20 pg L™'; etofenprox: 0.05, 0.1, 0.22, 0.46, 1, 2.15, 462 pg L™").
The design further comprised a solvent control. Duplicate test
dishes were included for each chemical and control treatment.
Single-dose bioassays, which allow determination of the suscepti-
bility phenotype of individual parasites (see below), were con-
ducted in an analogous fashion, except that deltamethrin was
provided at one diagnostic concentration (2 pg L™"). In deltame-
thrin bioassays, salmon lice were exposed to the compound for
30 min and then allowed to recover in clean seawater for 24 h
prior to behavioural responses being examined and rated. In bio-
assays with etofenprox, chemical exposure was for 24 h, directly
followed by examination and rating of test animals. After

completion of the bioassays, lice were stored in absolute ethanol
at —20 °C pending DNA extraction and genetic analyses.

Rating criteria based on observed behavioural responses have
been described in detail elsewhere.? Parasites rated as ‘live’ or ‘weak’
were considered unaffected, whereas ‘moribund’ and ‘dead’ para-
sites were considered affected. Bioassays were considered invalid if
the number of affected lice in solvent controls exceeded 10%. In stan-
dard bioassays, the susceptibility of the tested population was char-
acterised by probit analysis (see below), whereas in single-dose
bioassays involving exposure to 2 pg L' deltamethrin, parasites
were classified as deltamethrin resistant if they were rated unaffected
and susceptible if rated affected at the completion of bioassays.

2.6 DNA extraction

Genomic DNA was extracted from individual ethanol-conserved
salmon louse specimens using a high-throughput protocol.?® A
small piece (~2 mm) of the cephalothorax was cut off and trans-
ferred into a 0.2-mL tube containing 100 pL alkaline lysis buffer
(25 mM NaOH, 0.2 mM EDTA, pH 12.0). Samples were heated to
95 °C for 30 min and subsequently cooled to 4 °C for 5 min using
a polymerase chain reaction (PCR) thermocycler. Then, 100 pL
40 mM Tris—HCL (pH 5.0) was added, and samples vortexed briefly
before being centrifuged at 4000 g for 1 min. Crude DNA extracts
were stored at —20 °C pending use in genotyping analyses.

2.7 Genotyping of single nucleotide polymorphism
(SNP) alleles
PCR-based genotyping assays employing universal fluorescence
energy transfer (FRET) probes (KASP™ 4.0, LGC Genomics, Ted-
dington, UK) were designed to detect LsNa, 1.3 SNP A3041G, cor-
responding to 1936V in Musca domestica L. Vsscl (GenBank
accession number: AAB47604),'® and L. salmonis mtDNA SNPs
A14013G (CytB, cds) and A9030G (COX1, cds),>' with oligonucleo-
tide primers shown in Table S2. Each sample was genotyped in
duplicate 10-pL reactions containing 1 puL DNA extract, 0.14 pL
KASP™ Assay Mix and 5 pL 2x KASP™ Master Mix. Each assay run
also included no-template controls, in which extraction buffer
replaced the DNA sample. Reactions were set up in 96-well plates
and subjected to the following thermocycling programme: activa-
tion (94 °C for 15 min), then 10 touch-down cycles [denaturation
at 94 °Cfor 20 s, annealing at 65-57 °C (dropping 0.8 °C per cycle)
for 60 s], followed by 35 cycles of 94 °C for 20 s and 57 °C for 60 s.
L. salmonis genotypes were assigned after reading the fluores-
cence emission of the allele-specific FAM and HEX fluorophores
for each sample using endpoint genotyping software and the
Quantica PCR thermal cycler (Bibby Scientific, Stone, UK).
Afterwards, the classification success for deltamethrin sensitiv-
ity (%) was determined for the mtDNA markers A14013G and
A9030G, and the Na, marker A3041G. The classification success
of each SNP marker was calculated based on the SNP genotype
determined by PCR-based genotyping assays compared with
the resistance phenotype interfered from single-dose bioassays
involving exposure to 2 pg L™ deltamethrin. The classification
success comprises of both the compliance of the wild-type

NWT genotype XProportion susceptible (within WT) + Ny genotype XProportion resistant (within Mu)

Classification success (%) =100x (

nwt genotype +Nmu genotype )
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(WT) SNP genotype with deltamethrin susceptibility, and the
mutant (Mu) SNP genotype with deltamethrin resistance.

WT, wild-type; Mu, mutant; Proportion susceptible (within WT),
number of phenotypic-susceptible individuals with WT genotype
divided by total number of individuals with WT genotype; Propor-
tion resistant (within Mu), number of phenotypic-resistant individ-
uals with Mu genotype divided by total number of individuals
with MU genotype.

For the mtDNA markers, individuals were either WT (allele A) or
Mu (allele G), with WT animals predicted to be susceptible and Mu
lice resistant. For the Na, marker A3041G, individuals were homo-
zygous WT (A/A), homozygous Mu (G/G), or heterozygous (A/G).
The classification success of this marker was calculated in two
ways, assuming either recessive inheritance of resistance related
to the Na, mutation, or an incomplete recessive mode of inheri-
tance.?® Assuming recessive inheritance, phenotypic resistance
was predicted for Mu homozygous individuals, whereas homozy-
gous WT and heterozygous lice were predicted to be susceptible.
For the alternative case of incomplete recessive inheritance, it was
assumed that the mutation's effects are sufficient to result in both
Mu homozygous and heterozygous individuals heterozygote to
remain unaffected by the diagnostic deltamethrin concentration
employed in the bioassay, with these animals being predicted to
be resistant and homozygous WT animals to be susceptible.

2.8 Data analyses and statistical tests

The concentration-response relationship for compounds tested
in L. salmonis bioassays was assessed by Probit analysis using
the statistical program R Core Team (Vienna, Austria, version
3.6.0, package drc), assuming a log-normal distribution of drug
susceptibility. Based on the fitted models, EC5, and 95% confi-
dence limits were derived and effects of sex and strain on drug
susceptibility tested. Genotype and allele frequencies for SNPs
A3041G (LsNa,1.3), A9030G (COX1) and A14013G (CytB) were

compared between resistant and susceptible individuals of the
same population using Fisher's exact probability test, as imple-
mented in the program Genepop version 4.2 (Michel Raymond
and Francois Rousset, Laboratiore de Genetique et Environment,
Montpellier, France). The significance level was set at P < 0.05.

3 RESULTS

3.1 Susceptibility of L. salmonis strains to etofenprox
Lepeophtheirus salmonis strains studied in this report have been
characterised previously. Strain 10A-00 is drug-susceptible,
whereas strain 10A-02 is 143-fold resistant to deltamethrin®' and
further shows hyposensitivity to emamectin benzoate and aza-
methiphos.>*3® Strain 10A-02 shows a high allele frequency of
the putative kdr mutation LsNa,1.3 A3041G, whereas all tested
individuals of the l0A-00 strain show the wild-type allele at this
locus (Table 1). loA-00 and loA-02 showed similar susceptibility
to the non-ester pyrethroid etofenprox (Table 2).

3.2 Association of L. salmonis SNP alleles with
deltamethrin resistance in a crossing experiment

A crossing experiment between the deltamethrin-resistant
L. salmonis strain loA-02 and the drug-susceptible strain 10A-00
has been reported previously.?' In a family derived from an loA-
00 female and an loA-02 male, 20% of F2 parasites were resistant
(Fig. $1).2" In the current study, an available archived F2 specimen
of the experiment, as well as parental strain L. salmonis, were
genotyped at the SNP loci LsNa,1.3 A3041G and mtDNA
A14013G (CytB) and A9030G (COX1) (Table 1). Confirming earlier
reports,?' allele frequencies at both loci differed significantly
(P < 0.001) between the two parental strains, with l0A-02 show-
ing fixation for the mtDNA mutations. As expected, F2 parasites
showed the same mtDNA genotypes as their loA-00 grandmother,
while at the LsNa,1.3 SNP A3041G locus, all conceivable geno-
types were observed in F2 animals. Genotype and allele

Table 1.
salmonis laboratory strains and their F2 progenies

Genetic association of nuclear and mitochondrial single nucleotide polymorphisms (SNPs) with deltamethrin resistance in Lepeophtheirus

Laboratory strains

F2 generation derived from cross

l0A-00 loA-02 10A-02 male X IoA-00 female
Susceptible® Resistant? Susceptible® Resistant®
n 14 16 55 13
LsNa,1.3 A3041G
Genotype frequencies A/A 1.0 0 0.40 0.23
A/G 0 0.06 0.56 0.69
G/G 0 0.94 0.04 0.08
Allele frequency G 0 0.97 0.32 0.42
Genotypic/allelic differentiation P-value Fisher's exact test <0.001/<0.001 0.27/0.36
Mitochondrial SNPs A14013G (CytB) or A9030G (COX1)
Allele frequencies A 1.0 0 1.0 1.0
G 0 1.0 0 0

Male salmon lice from laboratory strain loA-02 and female lice from strain loA-00 were crossed to produce families spanning one parental and two
filial generations (F1, F2) (Fig. S1). Deltamethrin-susceptible and -resistant individuals from strains loA-00 and loA-02, and F2 progenies were sub-
jected to allele-specific PCR genotyping at nuclear SNP A3041G (voltage-gated sodium channel homologue LsNa,1.3) and mitochondrial SNPs
A14013G (cytochrome B; CytB) and A9030G (cytochrome c oxidase subunit I; COX1).

@ Deltamethrin susceptibility of parasites is assumed to correspond to the drug susceptibility of their strains of origin, with loA-02 individuals being
considered resistant and l0A-00 individuals being considered susceptible.
b Deltamethrin susceptibility of F2 progenies was determined in single-dose bioassays, involving exposure (30 min) to 2 pg L™ deltamethrin, fol-
lowed by recovery in seawater (24 h) and subsequent rating as susceptible (affected) or resistant (unaffected).
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Table 2. Susceptibility of laboratory Lepeophtheirus salmonis strains
to etofenprox

ECso (g L™") and 95% confidence limits

L. salmonis strain Female Male

I0A-00 0.42 (0.29-0.54)“¢ 0.32 (0.23’)—0.40)d'e
loA-02 0.55 (0.38-0.72)¢ 0.26 (0.1 9—0.32)d
Resistance ratio® 1.31 0.81

Bioassays involved 24 h exposure of salmon lice of the deltamethrin-
susceptible laboratory strain 10A-00 and the deltamethrin-resistant
strain loA-02 to etofenprox, followed by rating of lice as normal or
affected. Medium effective concentrations (ECso) were derived by
probit analyses. Gender and strain differences in drug susceptibility
were assessed by comparing probit models of dose-response rela-
tionships. Values followed by different letters for each pesticide are
significantly different (P < 0.05).

@ Resistance ratio of etofenprox: ECsq l0A-02/ECs 10A-00.

Table 3. Susceptibility of Lepeophtheirus salmonis from different
Scottish aquaculture production sites to deltamethrin

Scottish county ~ Year  ECso (ug L™")? and 95% confidence limits

Sutherland 17 2017 1.60 (0.91-2.29)

Argyll 18 2018 >2.0°

Argyll 19 2019 8.00 (5.74-10.23)
Sutherland 19 2019 2.49 (1.63-3.36)
Inverness 19 2019 54 (4.1-7.2)

Bioassays involved exposure (30 min) to deltamethrin, followed by
recovery in seawater (24 h) and rating of lice as normal or affected.
Median effective concentrations (ECso) were derived by probit
analyses.

@ Raw data used to determine median effective concentrations (ECsg)
are provided in Table S1.

b Single-dose bioassay: 94.4% (N = 54) remained unaffected after
exposure to 2 pg L™ deltamethrin.

frequencies of LsNa,1.3 SNP A3041G did not differ between
deltamethrin-resistant and deltamethrin-susceptible F2 individ-
uals (P > 0.05).

3.3 Deltamethrin resistance in field populations of

L. salmonis

The deltamethrin susceptibility of L. salmonis populations was
determined for Scottish field sites sampled between 2017 and
2019. Deltamethrin ECsq values ranged from 1.6 to 8.0 pug L™,
demonstrating reduced susceptibility for all tested populations
(Table 3). The deltamethrin susceptibility of salmon lice from three
Scottish field sites was further characterised individually as
susceptible or resistant, based on their behavioural response at
2 pg L™ deltamethrin. When deltamethrin resistance was
assessed based on parasite responses at a diagnostic deltame-
thrin concentration (2 pgL™"), 67% to 94% of parasites were
found to be deltamethrin resistant (Tables 4 and 5).

3.4 Association of nuclear and mtDNA SNP alleles with
deltamethrin resistance in field populations

Genotype and allele frequencies of the LsNa, 1.3 SNP A3041G did
not differ (P> 0.05) between deltamethrin-resistant and
-susceptible salmon lice from field populations (Table 4). Na,
target-site resistance has been shown to be inherited either as a
recessive or incomplete recessive trait>'>> depending on the
investigated species and laboratory strain. Accordingly, the classi-
fication success of Na, marker A3041G was calculated for both
modes of inheritance. However, regardless of the calculation
approach, the SNP genotype did not comply with phenotypic
resistance in bioassays. By contrast, allele frequencies of both
mtDNA SNPs A14013G (CytB) and A9030G (COXT1) differed signif-
icantly (P < 0.001) between all tested deltamethrin-resistant and
-susceptible lice from Scottish field sites (Table 5). Genotypic clas-
sification of deltamethrin resistance based on mtDNA markers
A14013G and A9030G showed a 79% compliance with pheno-
typic classification based on bioassays.

(DM) resistance in Lepeophtheirus salmonis

Genotype

o frequencies
Origin of L. DM -_____ G

Table 4. Genetic association of single nucleotide polymorphisms A3041G in voltage-gated sodium channel homologue LsNa, 1.3 with deltamethrin

Genotypic/allelic

CS (%) for recessive
inheritance of

P-value® CS (%) for incomplete

recessive inheritance of

salmonis resistance® n A/A A/G  G/G Allele differentiation resistance trait® resistance trait®
Argyll 18 S 3 033 033 033 0.50 0.65/0.67 13 63
R 51 035 055 0.1 0.37
Argyll 19 S 7 043 057 0.00 0.29 0.78/1.0 39 46
R 21° 052 029 0.19 0.33
Sutherland S 10 070 030 O 0.15 0.70/0.74 33 50
19 R 20 060 040 O 0.20
Total S 20 055 040 005 0.25 0.45/0.35 25 55
R 92 045 046 0.10 0.31

Salmon lice from Scottish aquaculture sites were classified as deltamethrin-susceptible (S) or resistant (R) based on bioassays. Susceptible and resis-
tant individuals were subjected to allele-specific PCR genotyping at SNP A3041G. CS, classification success of A3041G for deltamethrin sensitivity.
2 Susceptibility to deltamethrin was determined in single-dose bioassays, involving exposure (30 min) to 2 pg L™' deltamethrin, followed by recovery
in seawater (24 h) and subsequent rating as susceptible (affected) or resistant (unaffected).

P 21 of 37 deltamethrin-resistant individuals were subjected to allele specific PCR genotyping at SNP A3041G.

¢ Reflecting recessive inheritance, phenotypic resistance was predicted by mutant homozygous (G/G) individuals. Reflecting incomplete recessive
inheritance, phenotypic resistance was predicted by both mutant homozygous (G/G) and heterozygous (A/G) individuals.
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Table 5. Genetic association of mitochondrial single nucleotide polymorphisms A14013G (cytochrome B; CytB) and A9030G (cytochrome c oxidase
subunit I; COX1) with deltamethrin (DM) resistance in Lepeophtheirus salmonis

Allele frequencies

Origin of L. salmonis DM resistance® n A G P-value® Allelic differentiation CS (%) of 14013G or 3090G
Argyll 18 S 3 0.33 0.67 0.17 85
R 51 0.12 0.88
Argyll 19 S 7 0.43 0.57 0.05 75
R 21° 0.14 0.86
Sutherland 19 S 10 0.70 0.30 0.002 73
R 20 0.25 0.75
Total S 20 0.55 045 <0.001 79
R 92 0.15 0.85

Salmon lice from Scottish aquaculture sites were classified as deltamethrin-susceptible (S) or resistant (R) based on bioassays. Susceptible and resis-
tant lice were subjected to allele specific PCR genotyping at SNPs A14013G and A9030G. CS: Classification success of A14013G or A9030G for DM
sensitivity.

2 Susceptibility to deltamethrin was determined in single-dose bioassays, involving exposure (30 min) to 2 ug L™ deltamethrin, followed by recovery

in seawater (24 h) and subsequent rating as susceptible (affected) or resistant (unaffected).
b 21 of 37 deltamethrin-resistant individuals were subjected to allele specific PCR genotyping at SNPs A14013G and A9030G.

4 DISCUSSION

The voltage-gated sodium channel, Na,, is considered the main
target site for the toxicity of pyrethroids in arthropods, and resis-
tance to insecticides of this class can be based on specific muta-
tions of Na, called kdr mutations. Three homologues of Na,,
called LsNa,1.1-1.3, have been identified in L. salmonis in an ear-
lier study, and a putative kdr mutation in LsNa, 1.3 (1936V; number-
ing according to M. domestica Vssc1) has been suggested as a
potential genetic determinant of pyrethroid resistance in this spe-
cies.'® However, resistance of L. salmonis to the pyrethroid delta-
methrin has previously been shown to be inherited maternally
and to be associated with mitochondrial mutations, arguing
against a primary role of Na, in the resistance mechanism.?'*
The current study investigated whether LsNa, 1.31936V is involved
in deltamethrin resistance in L. salmonis, using pharmacological
and genetic approaches to differentiate its effects from those of
mitochondrial mutations. Taken together, the results obtained
do not provide evidence for major roles of LsNa, 1.3 1936V in del-
tamethrin resistance of L. salmonis.

Na, comprises four highly conserved homologous domains (DI-
DIV), each consisting of six transmembrane helices (51-S6) con-
nected by helical linkers (L) Kdr mutations are non-synonymous
point mutations of Na, that diminish its susceptibility to pyre-
throids by altering the channel's gating kinetics and/or reducing
its binding affinity for pyrethroids.>’~*° To date, > 50 kdr muta-
tions/combinations of kdr mutations have been identified, some
of which evolved independently in different arthropod species.*'
Most kdr mutations map to two pyrethroid-binding sites within
Na,, predicted from homology models. One site involves L4-5
and S5 of DIl and S6 of DIII*? and contains the 1936V mutation
investigated in this report, whereas the second site maps to
L4-5 and S5 of DI and S6 of DII** and harbours the first isolated
kdr mutation L1041F (numbering according to M. domestica
Vssc1).** Deltamethrin is well studied regarding its interaction
with Na, in insects, where molecular docking studies predict it
to bind to both pyrethroid-binding sites of the channel.**** Elec-
trophysiological characterisation of mutant Drosophila melanoga-
ster (Meigen) Na, expressed in Xenopus oocytes revealed that the

mutation 1936V reduces the channel's sensitivity to deltame-
thrin.?® Assuming similar effects of this mutation in the context
of LsNa, 1.3, and further assuming that this L. salmonis Na, homo-
logue plays a role as a target-site for deltamethrin toxicity,
L. salmonis expressing 1936V LsNa, 1.3 would be expected to show
a decreased deltamethrin susceptibility compared with parasites
expressing the wild-type channel.

To distinguish potential effects of 1936V LsNa, 1.3 from those of
the mitochondrial haplotype associated with deltamethrin
resistance,>'** parasites from a previously described crossing
experiment were genotyped. In the experiment, families derived
from crosses between females of the deltamethrin-resistant strain
loA-02 and males of the drug-susceptible strain loA-00 produced
F1 and F2 generations in which all parasites were deltamethrin
resistant.?' By contrast, in families derived from crosses of the
inverse orientation (IoA-00 female x loA-02 male) most F2 para-
sites were deltamethrin susceptible, ~ 20% of F2 parasites were
deltamethrin resistant in one of two families of this orientation,
suggesting that nuclear genetic determinants of deltamethrin
resistance had been transmitted by the I0A-02 male. However,
genotyping of available F2 individuals from this family (n = 69)
in the current study revealed no difference in the 1936V LsNa, 1.3
allele or genotype frequencies between deltamethrin-resistant
and drug-susceptible F2 parasites. This finding suggests that the
LsNa,1.3 locus was not a genetic determinant of deltamethrin
resistance in the cross. The reason for the lack of association of
the 1936V LsNa, 1.3 mutation with deltamethrin susceptibility in
the cross is unknown. The residue 11€936 lies in the highly con-
served S5 helix of DII, which forms part of the first proposed pyre-
throid binding site of Na,*’ Three conserved residues of
arthropods Na,, Cys933, 11e936 and Phe1530, show a divergent
substitutions at the homologous positions of the vertebrate Na,
(Ala, Val and lle, respectively), and have been suggested to con-
tribute to the lower affinity of the vertebrate channel to pyre-
throids.*> Moreover, as stated above, effects of the 1936V
mutation on the deltamethrin susceptibility of fruit fly Na, have
been confirmed by electrophysiological characterisation of
recombinant channels expressed in Xenopus oocytes.”® Accord-
ingly, it appears likely that 1936V may also affect deltamethrin in
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the context of LsNa,1.3. However, the cellular localisation and
functional role of LsNa, 1.3 is unknown, and the channel may have
no or only secondary relevance as a molecular target site for acute
toxic effects of deltamethrin in adult and pre-adult L. salmonis.
Deltamethrin toxicity in these parasite states could potentially
be mainly mediated through other molecular targets, such as fur-
ther Na, homologues LsNa, 1.1 and/or LsNa, 1.2, or hypothetical
mitochondrial targets.

Further experiments were conducted with the non-ester pyre-
throid etofenprox, whose chemical structure contains an ether
bridge replacing the central ester group present in conventional
pyrethroids. Etofenprox shares the m-phenoxybenzyl alcohol
moiety with deltamethrin while possessing an acid moiety
resembling that of fenvalerate.** Ligand-docking studies on a
M. domestica Na, model revealed similar binding positions of fen-
valerate, the base molecule for etofenprox, and deltamethrin.2%#
Several kdr mutations have been reported to confer cross-
resistance to etofenprox. For example, in M. domestica, both
L1041F and L1041F/M918T were linked to reduced sensitivity to
etofenprox, fenvalerate and deltamethrin**™*° In the current
study, the deltamethrin-resistant L. salmonis strain 10A-02 did
not differ in susceptibility to etofenprox when compared with a
deltamethrin-susceptible reference strain. This finding supports
the hypothesis that target-site mutations of L. salmonis Na, homo-
logues do not play a major role as determinants of deltamethrin
resistance in L. salmonis.

This study further assessed deltamethrin susceptibility and its
association with candidate genetic markers in five L. salmonis
populations sampled at commercial aquaculture sites on the west
coast of Scotland in 2017 to 2019. Deltamethrin ECsy values
obtained (1.6-8.0 pg L™") were significantly higher than values
reported previously for the deltamethrin-susceptible IoA-00 strain
(0.28 pg L™, 95% confidence limits 0.23-0.36 pg L™"),%' suggest-
ing that deltamethrin resistance is widespread in L. salmonis
populations of the Scottish west coasts, confirming the results of
earlier studies.""?" Parasites (n = 102) for which individual delta-
methrin susceptibility phenotypes were available (resistance cri-
terion: no behavioural signs of toxicity after 30 min of exposure
t0 2.0 pg L™ deltamethrin and 24 h of recovery) were genotyped
for the LsNa,1.3 1936V mutation and two mitochondrial SNPs
allowing detection of the pyrethroid resistance-associated mito-
chondrial haplotype. Deltamethrin-resistant and -susceptible
L. salmonis obtained from field sites did not differ in allele and
genotype frequencies for the LsNa, 1.3 1936V locus, which is in line
with the above results obtained from genotyping of resistant and
susceptible F2 parasites, but contrasts previously published
findings.'®

In contrast to LsNa,1.3 1936V, both mitochondrial markers
A14013G (CytB) and A9030G (COX1) significantly differentiated
deltamethrin-resistant and -susceptible parasites for all aquacul-
ture production sites, except for one population in which very
few susceptible parasites had been obtained, lowering testing
power. These results support the hypothesis that deltamethrin
resistance in Scottish field populations of L. salmonis involved
mitochondrial genetic determinants and can be reliably moni-
tored by mitochondrial SNP markers proposed in earlier stud-
ies.”’ The mtDNA SNPs A14013G and A9030G used in this
study are markers of a previously defined deltamethrin resis-
tance associated mtDNA haplotype involving further 26 SNPs.?'
It has been suggested that the resistance-associated mitochon-
drial haplotype first emerged around 2009, when it was detect-
able in parasites from aquaculture sites in Ireland, the Shetland

isles and Norway."" However, moderate levels of deltamethrin
resistance had already been reported in the early 2000s, with
ECso values of up to 1.03 pg L™ determined for L. salmonis
populations sampled in 2001 to 2003 at Norwegian and Irish
sites.>®

The mechanism underlying the association of mitochondrial
genetic markers with deltamethrin resistance is still unresolved.
It has been suggested that deltamethrin may disrupt mitochon-
drial function, a hypothesis supported by ATP-depleting and
apoptosis-inducing effects of the drug in L. salmonis,>'** but the
molecular target of the proposed mitochondrial effects remains
to be identified. The two mtDNA SNPs investigated in this study
are corresponding to synonymous mutations. To date, an impact
on deltamethrin resistance cannot be ruled out completely. Syn-
onymous mutations may play a role in altering gene functions,
including gene expression,®’ the formation of secondary struc-
tures of proteins,> protein folding and substrate/protein interac-
tion.”> However, most likely, mtDNA SNPs A14013G and A9030G
are only non-causally linked to deltamethrin resistance, due to
the lack of recombination in mtDNA.

Although results from this study support the view that mito-
chondrial mutations play a predominant role among genetic fac-
tors causing deltamethrin resistance in L. salmonis, they also
provide evidence for the involvement of further nuclear determi-
nants. Of the parasites analysed, ~ 20% of those from the crossing
experiment and ~ 15% of those originating from field sites were
resistant but lacked the deltamethrin resistance-associated
mtDNA haplotype, suggesting the contribution of nuclear genes
to deltamethrin resistance. In terrestrial arthropods, deltamethrin
resistance can be conferred by target-site mutations of Na,'>'®
and enhanced enzymatic detoxification.” In a previous study,
three Na, homologues were identified in the L. salmonis genome,
and SNPs in conserved regions of these channels determined by
cDNA sequencing of deltamethrin-resistant and -susceptible par-
asites.'® The current study provides an in-depth investigation of
LsNa,1.31936V, a SNPs identified in the previous study, but results
argue against relevance of this mutation for deltamethrin resis-
tance in the studied parasites. In terrestrial arthropods, pyrethroid
resistance based on metabolic detoxification usually involves
enhanced expression of biotransformation enzymes, such as
CYPs, esterases or GSTs.>* For example, pyrethroid resistance in
Anopheles funestus (Giles) did not involve Na, mutations, but
was linked to overexpression of CYPs and GSTs.>>™’ Similarly,
metabolic resistance has been implicated in pyrethroid resistance
in isolates of Aedes albopictus (Skuse),>® Anopheles arabiensis
(Patton)®® and M. domestica.?® Several studies have investigated
the transcriptional responses of caligid sea lice to pyrethroid
exposure, demonstrating effects on transcript expression of
CYPs,3%5" serine proteases®’®? and antioxidant enzymes.®’®3
The CYP gene superfamily has been characterised in L. salmonis
but no constitutive upregulation of transcript expression was
found in comparative studies of deltamethrin-resistant and
-susceptible parasites.® Insect populations in which pyrethroid
resistance is based on CYP overexpression often show cross-
resistance to etofenprox,’*®> whose chemical structure impedes
its metabolic detoxification by esterases and GSTs.°%%” However,
the lack of evidence for a constitutive upregulation of CYP genes
in the 10A-02 strain is in accordance with a lack of cross-resistance
of the deltamethrin-resistant L. salmonis strain loA-02 to
etofenprox.

Further gene families potentially involved in metabolic insecti-
cide resistance remain to be characterised in L. salmonis.
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5 CONCLUSION

In this study, the mutation 1936V of L. salmonis sodium channel
LsNa, 1.3 showed no association with deltamethrin resistance, as
defined based on the results of acute toxicity tests carried out
with adult/pre-adult parasites. However, protective roles of the
mutation cannot be excluded with other exposure scenarios, or
for other life stages. Results of the study further confirm previous
reports of an association of deltamethrin resistance with mtDNA
mutations in L. salmonis.

ACKNOWLEDGEMENTS

This work was supported by a PhD studentship awarded to
Claudia Tschesche by PHARMAQ/Zoetis. This study was further
supported by United Kingdom Biotechnology and Biological Sci-
ences Research Council grant BB/L022923/1 awarded to Armin
Sturm. The authors further gratefully acknowledge funding
received from the MASTS pooling initiative (The Marine Alliance
for Science and Technology for Scotland). MASTS is funded by
the Scottish Funding Council (grant reference HR09011) and con-
tributing institutions. The authors are further thankful to the Scot-
tish Salmon Producer's Organisation for financial support. The
authors are thankful to lain McEwen from Fish Vet Group UK for
valuable help in performing salmon lice bioassays with deltame-
thrin and the provision of sea louse samples. The funders had
no role in study design, data analysis or interpretation of results.

SUPPORTING INFORMATION

Supporting information may be found in the online version of this
article.

REFERENCES

1 Boxaspen K, A review of the biology and genetics of sea lice. ICES J Mar
Sci 63:1304-1316 (2006).

2 Grimnes A and Jakobsen PJ, The physiological effects of salmon lice
infection on post-smolt of Atlantic salmon. J Fish Biol 48:
1179-1194 (1996).

Wootten R, Smith JW and Needham EA, Aspects of the biology of the
parasitic copepods Lepeophtheirus salmonis and Caligus elongatus
on farmed salmonids, and their treatment. Proc R Soc Edinburgh Sect
B Biol Sci 81:185-197 (1982).

4 Brooker AJ, Skern-Mauritzen R and Bron JE, Production, mortality, and
infectivity of planktonic larval sea lice, Lepeophtheirus salmonis
(Kroyer, 1837): current knowledge and implications for epidemio-
logical modelling. ICES J Mar Sci 75:1214-1234 (2018).

Aaen SM, Helgesen KO, Bakke MJ, Kaur K and Horsberg TE, Drug resis-
tance in sea lice: a threat to salmonid aquaculture. Trends Parasitol
31:72-81 (2015).

6 Holan AB, Roth B, Breiland MSW, Kolarevic J, Hansen @J, lversen A et al.,
Best practice for drug-free methods for salmon lice control - Final
report. Nofima Rapp (2017).

Brooker AJ, Papadopoulou A, Gutiérrez C, Rey S, Davie A and Migaud H,
Sustainable production and use of cleaner fish for the biological
control of sea lice: recent advances and current challenges. Vet Rec
183:383 (2018). https://doi.org/10.1136/vr.104966.

Overton K, Dempster T, Oppedal F, Kristiansen TS, Gismervik K and
Stien LH, Salmon lice treatments and salmon mortality in Norwegian
aquaculture: a review. Rev Aquac 11:1398-1417 (2019).

Helgesen KO, Horsberg TE and Tarpai A, The Surveillance Programme for
Resistance to Chemotherapeutants in Salmon Lice (Lepeophtheirus sal-
monis) in Norway 2018. Norwegian Veterinary Institute, Oslo (2019).

10 Fjertoft HB, Besnier F, Stene A, Nilsen F, Bjarn PA, Tveten AK et al., The

Phe362Tyr mutation conveying resistance to organophosphates

w

w

~N

[ee]

O

20

21

22

23

24

25

26

27

28

29

30

31

occurs in high frequencies in salmon lice collected from wild salmon
and trout. Sci Rep 7:1-10 (2017).

Fjertoft HB, Nilsen F, Besnier F, Espedal PG, Stene A, Tveten A-K et al.,
Aquaculture-driven evolution: distribution of pyrethroid resistance
in the salmon louse throughout the North Atlantic in the years
2000-2017. ICES J Mar Sci 77:1806-1815 (2020).

Soderlund DM, Molecular mechanisms of pyrethroid insecticide neuro-
toxicity: recent advances. Arch Toxicol 86:165-181 (2012).

Zhang W, Global pesticide use: profile, trend, cost/benefit and more.
Proc Int Acad Ecol Environ Sci 8:1-27 (2018).

Lowenstein O, A method of physiological assay of pyrethrum extracts.
Nature 150:760-762 (1942).

Knipple DC, Doyle KE, Marsella-Herrick PA and Soderlund DM, Tight
genetic linkage between the kdr insecticide resistance trait and a
voltage-sensitive sodium channel gene in the house fly. Proc Nat/
Acad Sci U S A 91:2483-2487 (1994).

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

Ranson H, Claudianos C, Ortelli F, Abgrall C, Hemingway J,
Sharakhova MV et al., Evolution of supergene families associated
with insecticide resistance. Science 298:179-181 (2002).

Carmona-Antofianzas G, Helgesen KO, Humble JL, Tschesche C,
Bakke MJ, Gamble L et al., Mutations in voltage-gated sodium chan-
nels from pyrethroid resistant salmon lice (Lepeophtheirus salmonis).
Pest Manag Sci 75:527-536 (2018).

Hopkins BW and Pietrantonio PV, The Helicoverpa zea (Boddie)
(Lepidoptera: Noctuidae) voltage-gated sodium channel and muta-
tions associated with pyrethroid resistance in field-collected adult
males. Insect Biochem Mol Biol 40:385-393 (2010).

Usherwood PNR, Davies TGE, Mellor IR, O'Reilly AO, Peng F, Vais H et al.,
Mutations in DIIS5 and the DIIS4-S5 linker of Drosophila melanoga-
ster sodium channel define binding domains for pyrethroids and
DDT. FEBS Lett 581:5485-5492 (2007).

Carmona-Antofanzas G, Bekaert M, Humble JL, Boyd S, Roy W,
Bassett DI et al., Maternal inheritance of deltamethrin resistance in
the salmon louse Lepeophtheirus salmonis (Krgyer) is associated with
unique mtDNA haplotypes. PLoS One 12:e0180625 (2017).

Bakke MJ, Agusti C, Bruusgaard JC, Sundaram AYM and Horsberg TE,
Deltamethrin resistance in the salmon louse, Lepeophtheirus salmo-
nis (Krayer): maternal inheritance and reduced apoptosis. Sci Rep 8:
8450 (2018).

Heumann J, Carmichael S, Bron JE, Tildesley A and Sturm A, Molecular
cloning and characterisation of a novel P-glycoprotein in the salmon
louse Lepeophtheirus salmonis. Comp Biochem Physiol C Toxicol Phar-
macol 155:198-205 (2012).

Carmona-Antofianzas G, Humble JL, Carmichael SN, Heumann J,
Christie HRLL, Green DM et al., Time-to-response toxicity analysis
as a method for drug susceptibility assessment in salmon lice. Aqua-
culture 464:570-575 (2016).

Sevatdal S and Horsberg TE, Determination of reduced sensitivity in
sea lice (Lepeophtheirus salmonis Krayer) against the pyrethroid del-
tamethrin using bioassays and probit modelling. Aquaculture 218:
21-31 (2003).

Helgesen KO and Horsberg TE, Single-dose field bioassay for sensitivity
testing in sea lice, Lepeophtheirus salmonis: development of a rapid
diagnostic tool. J Fish Dis 36:261-272 (2013).

Montero-Pau J, Gémez A and Muiioz J, Application of an inexpensive
and high-throughput genomic DNA extraction method for the
molecular ecology of zooplanktonic diapausing eggs. Limnol Ocea-
nogr Methods 6:218-222 (2008).

Stone BF, A formula for determining degree of dominance in cases of
monofactorial inheritance of resistance to chemicals. Bull World
Health Organ 38:325-326 (1968).

Humble JL, Carmona-Antofanzas G, McNair CM, Nelson DR, Bassett DI,
Egholm | et al., Genome-wide survey of cytochrome P450 genes in
the salmon louse Lepeophtheirus salmonis (Kreyer, 1837). Parasites
Vectors 12:563 (2019).

Farnham AW, Genetics of resistance of houseflies (Musca domestica
L.) to pyrethroids. I. Knock-down resistance. Pest Sci 8:631-636
(1977).

Sun H, Tong KP, Kasai S and Scott JG, Overcoming super-knock down
resistance (super-kdr) mediated resistance: multi-halogenated ben-

Pest Manag Sci 2021; 77: 1052-1060

© 2020 The Authors.

wileyonlinelibrary.com/journal/ps

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



https://doi.org/10.1136/vr.104966
http://wileyonlinelibrary.com/journal/ps

WWW.S0Ci.org

C Tschesche et al.

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

zyl pyrethroids are more toxic to super-kdr than kdr house flies.
Insect Mol Biol 25:126-137 (2016).

Chang C, Huang X-Y, Chang P-C, Wu H-H and Dai S-M, Inheritance and stabil-
ity of sodium channel mutations associated with permethrin knockdown
resistance in Aedes aegypti. Pest Biochem Physiol 104:136-142 (2012).

Brito LP, Linss JGB, Lima-Camara TN, Belinato TA, Peixoto AA, Lima JBP
et al., Assessing the effects of Aedes aegypti kdr mutations on pyre-
throid resistance and its fitness cost. PLoS One 8:e60878 (2013).

Martinez-Torres D, Chandre F, Williamson MS, Darriet F, Bergé JB,
Devonshire AL et al., Molecular characterization of pyrethroid knock-
down resistance (kdr) in the major malaria vector Anopheles gam-
biae s.s. Insect Mol Biol 7:179-184 (1998).

Nilsen F and Espedal PG, Method for detection of pyrethroid resistance
in crustaceans and oligonucleotide sequences useful in detection of
pyrethroid resistance. Can Pat Appl CA 2920588:A1 (2015).

Catterall WA, Cellular and molecular biology of voltage-gated sodium
channels. Physiol Rev 72:15-48 (1992).

Vais H, Atkinson S, Eldursi N, Devonshire AL, Williamson MS and
Usherwood PNR, A single amino acid change makes a rat neuronal
sodium channel highly sensitive to pyrethroid insecticides. FEBS Lett
470:135-138 (2000).

Oliveira EE, Du Y, Nomura Y and Dong K, A residue in the transmem-
brane segment 6 of domain | in insect and mammalian sodium
channels regulate differential sensitivities to pyrethroid insecticides.
Neurotoxicology 38:42-50 (2013).

Tan J, Liu Z, Wang R, Huang ZY, Chen AC, Gurevitz M et al., Identifica-
tion of amino acid residues in the insect sodium channel critical
for pyrethroid binding. Mol Pharmacol 67:513-522 (2005).

Vais H, Atkinson S, Pluteanu F, Goodson SJ, Devonshire AL,
Williamson MS et al., Mutations of the para sodium channel of Dro-
sophila melanogaster identify putative binding sites for pyrethroids.
Mol Pharmacol 64:914-922 (2003).

Dong K, Du Y, Rinkevich F, Nomura Y, Xu P, Wang L et al., Molecular
biology of insect sodium channels and pyrethroid resistance. Insect
Biochem Mol Biol 50:1-17 (2014).

O'Reilly AO, Khambay BPSS, Williamson MS, Field LM, Wallace BA and
Davies TGEE, Modelling insecticide-binding sites in the voltage-
gated sodium channel. Biochem J 396:255-263 (2006).

Du Y, Nomura Y, Satar G, Hu Z, Nauen R, He SY et al., Molecular evi-
dence for dual pyrethroid-receptor sites on a mosquito sodium
channel. Proc Natl Acad Sci US A 110:11785-11790 (2013).

Williamson MS, Martinez-Torres D, Hick CA and Devonshire AL, Identi-
fication of mutations in the housefly para-type sodium channel
gene associated with knockdown resistance (kdr) to pyrethroid
insecticides. Mol Gen Genet 252:51-60 (1996).

Nishimura K, Kobayashi T and Fujita T, Symptomatic and neurophysiolog-
ical activities of new synthetic non-ester pyrethroids, ethofenprox, MTI-
800, and related compounds. Pest Biochem Physiol 25:387-395 (1986).

Farnham AW, Murray AWAA, Sawicki RM, Denholm | and White JC,
Characterization of the structure-activity relationship of kdr and
two variants of super-kdr to pyrethroids in the housefly (Musca
domestica L.). Pest Sci 19:209-220 (1987).

Soderlund DM, Pyrethroids, knockdown resistance and sodium chan-
nels. Pest Manag Sci 64:610-616 (2008).

Beddie DG, Farnham AW and Khambay BPS, The pyrethrins and related
compounds. Part XLI. Structure-activity relationships in non-ester
pyrethroids against resistant strains of housefly (Musca domestica
L.). Pest Sci 48:175-178 (1996).

Pedersen LEK, The potency of cyclopropane pyrethroid ethers against
susceptible and resistant strains of the house fly Musca domestica.
Experientia 42:1057-1058 (1986).

Sevatdal S, Copley L, Wallace C, Jackson D and Horsberg TE, Monitoring
of the sensitivity of sea lice (Lepeophtheirus salmonis) to pyrethroids

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

in Norway, Ireland and Scotland using bioassays and probit model-
ling. Aquaculture 244:19-27 (2005).

Wang D, Johnson AD, Papp AC, Kroetz DL and Sadée W, Multidrug
resistance polypeptide 1 (MDR1, ABCB1) variant 3435C>T affects
mRNA stability. Pharmacogenet Genomics 15:693-704 (2005).

Gupta SK, Majumdar S, Bhattacharya TK and Ghosh TC, Studies on the
relationships between the synonymous codon usage and protein
secondary structural units. Biochem Biophys Res Commun 269:
692-696 (2000).

Kimchi-Sarfaty C, Oh JM, Kim I-W, Sauna Z, Calcagno AM, Ambudkar S
et al,, A “silent” polymorphism in the MDR1 gene changes substrate
specificity. Science 315:525-529 (2007).

Panini M, Manicardi GC, Moores GD and Mazzoni E, An overview of the
main pathways of metabolic resistance in insects. Invertebr SurvJ 13:
326-335 (2016).

Irving H and Wondji CS, Investigating knockdown resistance (kdr)
mechanism against pyrethroids/DDT in the malaria vector Anophe-
les funestus across Africa. BMC Genet 18:1-11 (2017).

Atoyebi SM, Tchigossou GM, Akoton R, Riveron JM, Irving H, Weedall G
et al,, Investigating the molecular basis of multiple insecticide resis-
tance in a major malaria vector Anopheles funestus (sensu stricto)
from Akaka-Remo, Ogun state, Nigeria. Parasites Vectors 13:1-14
(2020).

Morgan JC, Irving H, Okedi LM, Steven A and Wondji CS, Pyrethroid
resistance in an Anopheles funestus population from Uganda. PLoS
One 5:211872 (2010).

Ishak IH, Riveron JM, Ibrahim SS, Stott R, Longbottom J, Irving H et al.,
The cytochrome P450 gene CYP6P12 confers pyrethroid resistance
in kdr-free Malaysian populations of the dengue vector Aedes albo-
pictus. Sci Rep 6:1-13 (2016).

Witzig C, Parry M, Morgan JC, Irving H, Steven A, Cuamba N et al.,
Genetic mapping identifies a major locus spanning P450 clusters
associated with pyrethroid resistance in kdr-free Anopheles arabien-
sis from Chad. Heredity 110:389-397 (2013).

Nicholson RA and Sawicki RM, Genetic and biochemical studies of
resistance to permethrin in a pyrethroid-resistant strain of the
housefly (Musca domestica L.). Pest Sci 13:357-366 (1982).

Poley J, Braden L, Messmer A, Whyte SK, Koop BF and Fast MD, Cyper-
methrin exposure induces metabolic and stress-related gene
expression in copepodid salmon lice (Lepeophtheirus salmonis).
Comp Biochem Physiol D 20:74-84 (2016).

Valenzuela-Miranda D and Gallardo-Escérate C, Caligus rogercresseyi
serine proteases: transcriptomic analysis in response to delousing
drugs treatments. Aquaculture 465:65-77 (2016).

Chavez-Mardones J and Gallardo-Escarate C, Deltamethrin
(AlphaMax™) reveals modulation of genes related to oxidative stress
in the ectoparasite Caligus rogercresseyi: implications on delousing
drug effectiveness. Aquaculture 433:421-429 (2014).

Arouri R, Le Goff G, Hemden H, Navarro-Llopis V, M'saad M, Castafiera P
et al., Resistance to lambda-cyhalothrin in Spanish field populations
of Ceratitis capitata and metabolic resistance mediated by P450 in a
resistant strain. Pest Manag Sci 71:1281-1291 (2015).

Tan J and McCaffery AR, Efficacy of various pyrethroid structures
against a highly metabolically resistant isogenic strain of Helicoverpa
armigera (Lepidoptera: Noctuidae) from China. Pest Manag Sci 63:
960-968 (2007).

Hemingway J, Efficacy of etofenprox against insecticide susceptible
and resistant mosquito strains containing characterized resistance
mechanisms. Med Vet Entomol 9:423-426 (1995).

Karunaratne SHPP, Hawkes NJ, Perera MDB, Ranson H and
Hemingway J, Mutated sodium channel genes and elevated mono-
oxygenases are found in pyrethroid resistant populations of Sri
Lankan malaria vectors. Pest Biochem Physiol 88:108-113 (2007).

wileyonlinelibrary.com/journal/ps

© 2020 The Authors.

Pest Manag Sci 2021; 77: 1052-1060

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/journal/ps

	Investigation of deltamethrin resistance in salmon lice (Lepeophtheirus salmonis) provides no evidence for roles of mutatio...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Ethics statement
	2.2  Lepeophtheirus salmonis strains and husbandry
	2.3  Lepeophtheirus salmonis crosses
	2.4  Lepeophtheirus salmonis field populations
	2.5  Lepeophtheirus salmonis bioassays
	2.6  DNA extraction
	2.7  Genotyping of single nucleotide polymorphism (SNP) alleles
	2.8  Data analyses and statistical tests

	3  RESULTS
	3.1  Susceptibility of L. salmonis strains to etofenprox
	3.2  Association of L. salmonis SNP alleles with deltamethrin resistance in a crossing experiment
	3.3  Deltamethrin resistance in field populations of L. salmonis
	3.4  Association of nuclear and mtDNA SNP alleles with deltamethrin resistance in field populations

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES


