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Abstract

Background: The sheep blowfly, Lucila cuprina, is a myiasis-causing parasite responsible for significant production losses and
welfare issues for the Australian sheep industry. Control relies largely on the use of insecticides. The pyrimidine compound,
dicyclanil, is the predominant control chemical, although other insecticides also are used, including imidacloprid, ivermectin,
cyromazine and spinosad. We investigated in vitro resistance patterns and mechanisms in field-collected blowfly strains.

Results: The Walgett 2019 strain showed significant levels of resistance to both dicyclanil and imidacloprid, with resistance fac-
tors at the IC;5, of 26- and 17-fold, respectively, in in vitro bioassays. Co-treatment with the cytochrome P450 inhibitor, amino-
benzotriazole, resulted in significant levels of synergism for dicyclanil and imidacloprid (synergism ratios of 7.2- and 6.1-fold,
respectively), implicating cytochrome P450 in resistance to both insecticides. Cyp12d1 transcription levels were increased up to
40-fold throughout the larval life stages in the resistant strain compared to a reference susceptible strain, whereas transcription
levels of some other cyp genes (6g1, 4d1, 28d1) did not differ between the strains. Similar resistance levels also were observed in
flies collected from the same property in two subsequent years.

Conclusion: This study indicates that in vitro resistance to both dicyclanil and imidacloprid in this field-collected blowfly strain is
likely mediated by cytochrome P450, with Cyp12d1 implicated as the enzyme responsible; however, it remains possible that
another P450 also may be involved. A common resistance mechanism for the two drugs has important implications for drug
rotation strategies designed to prolong the useful life of flystrike control chemicals.

© 2022 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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prophylactically, with their use continuing only as dressing treat-
ments for existing strikes. Low-level resistance to the benzoyl phe-
nyl urea compound, diflubenzuron, emerged in the field soon
after its introduction for flystrike control in the early 1990s. Within

1 INTRODUCTION

The sheep blowfly, Lucilia cuprina, is the primary cause of flystrike
on sheep in Australia. Flystrike is a serious financial and animal
welfare issue for the Australian sheep industry, costing up to AU

$175 million per annum due to production losses (i.e. reduced
wool growth and bodyweight gain, and animal death) and costs
associated with treatment and prevention.' Flystrike control relies
largely on the use of insecticides.? These chemicals are generally
applied as prophylactic treatments given in advance of fly waves,
although some also are used as dressing treatments on existing
strikes. The insecticides currently used for flystrike control belong
to various chemical classes: pyrimidine (dicyclanil), triazine (cyro-
mazine), macrocyclic lactone (ivermectin), neonicotinoid (imida-
cloprid), synthetic pyrethroid (alpha-cypermethrin), spinosyn
(spinosad) and organophosphates (diazinon, chlorfenvinphos).
Dicyclanil dominates the market for flystrike control chemicals,
as it provides a much longer period of protection than the other
chemical groups (up to 29 weeks for the highest concentration
dicyclanil product compared to up to10-14 weeks).

The sheep blowfly has shown an ability to develop resistance to
some insecticides.*> Resistance to the organophosphate class
resulted in inadequate protection against flystrike when applied

several more years, a high level of resistance had emerged and
became widespread in field strains,® leading to the withdrawal
of claims for flystrike control for compounds in this chemical class
in the mid-2000s. Levot’ first reported resistance to cyromazine in
in vitro assays, with a low level of resistance to dicyclanil also
detected. By 2014, this low level of in vitro resistance to cyroma-
zine was described as being ‘quite common’2 Sales et al.” recently
described a number of strains of blowfly collected from regions
within the state of New South Wales (NSW) that showed survivors
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when cultured on food sources containing a ‘susceptible discrim-
inating concentration’ of dicyclanil. This study also reported on an
in vivo larval implant trial using a blowfly strain showing high
levels of in vitro resistance that showed significantly reduced fly-
strike protection periods following administration of dicyclanil-
and cyromazine-based products.’

Given the dominant position of dicyclanil for flystrike control,
resistance to this compound would have a significant impact on
the sheep industry.” The ongoing usefulness of the alternative
chemicals available presently for flystrike control will depend to
some extent on whether cross-resistance between dicyclanil and
the alternative compounds is present in field blowfly populations.
As the structures of dicyclanil and cyromazine are very similar, it is
not surprising that cross-resistance between these two chemicals
has been reported previously,”'® however no other cross-resis-
tances have been reported for the sheep blowfly among the other
chemicals currently used for flystrike control. The present study
therefore aimed to investigate resistance patterns in blowflies
recovered from the field in NSW by Elanco Animal Health as part
of their on-farm product support and pharmacovigilance pro-
cesses. We also aimed to measure the effect of metabolic enzyme
inhibitors on the toxicity of insecticides to blowfly larvae with a
view to revealing resistance mechanisms and assessing the
potential for the use of synergists to restore sensitivity to insecti-
cides in resistant blowflies. As these synergism experiments
revealed a likely involvement of cytochrome P450 enzymes in
the observed resistances, we measured expression patterns over
the blowfly life cycle for two P450 genes implicated in metabolism
of dicyclanil and imidacloprid in other insects: cyp6g! and
cyp12d1.""7"® In addition, expression levels of two P450 genes
from families associated with detoxification of xenobiotics, includ-
ing some insecticides, but with no known action on dicyclanil or
imidacloprid (cyp28d1, cyp4d1) also were measured as probable
negative controls.'*'*

2 MATERIALS AND METHODS

2.1 Insects

The field-collected blowfly strains used in this study were main-
tained in culture at the Elanco Animal Health facility at Kemps
Creek, NSW. At various times, pupae were sent by courier to the
CSIRO laboratory in Brisbane, QLD. The pupae were used to estab-
lish cages of adult flies in order to supply larvae for subsequent
insecticide bioassay experiments. The number of generations that
the flies had been maintained in culture before their use in assays
was defined using a ‘G' number. Adult flies were maintained at
28 °C and 80% relative humidity with a photoperiod of 16 h:8 h,
light:dark, and fed a diet of sugar and water. Protein meals (ovine
liver) were provided on Day (D)4 and D7 after adult eclosion in
order to stimulate gonad maturation for subsequent egg-laying.

2.1.1 Laboratory susceptible (LS)

The laboratory reference drug-susceptible strain, derived from
collections made in the Australian Capital Territory (Canberra,
Australia) over 45 years ago. This strain has been maintained in
a laboratory since that time (in Canberra for 30 years, and then
at CSIRO in Brisbane for the last 15 years), with no history of expo-
sure to insecticides.

2.1.2 Walgett 2019
Collected in November 2019 on a property in north-west NSW. On
28 November 2019, Elanco were notified of a breakdown in

protection from flystrike in sheep that had been treated with CLiK
Extra™ (65 gL' dicyclanil). Approximately 6000 mixed-age
merino ewes had been treated with CLiK Extra on 7 September,
before lambing. Joining had been delayed as a result of dry sea-
sonal conditions. Flystrike was evident in 20-30% of the sheep
in some mobs following lambing, with the majority of strikes
10-20 cm in size and predominantly on the tail and rump area.
Wool samples analyzed for dicyclanil levels indicated that the
majority of sheep had levels of the compound that should have
prevented flystrike. However, a small number of samples did
show levels that were quite low, indicative of variable application
on at least some sheep within the flock. Third-stage larvae were
collected from active strikes and submitted to the laboratory for
resistance testing.

CLIK™ (50 g L™ dicyclanil) had been used regularly on this prop-
erty, usually once per year. The product was typically applied after
crutching in June/July, before lambing, but was delayed as a result
of seasonal conditions in 2019. Vetrazin™ (cyromazine) had been
used before the availability of CLiK.

2.1.3  Walgett 2020

Collected from the same property in 2020. Some mobs of sheep
on this property were treated again with CLiK Extra between late
June and the middle of July 2020, as per product label, ahead of
the 2020/2021 fly season. On 6 November 2020, Elanco were noti-
fied of a breakdown in protection from flystrike in these mobs;
3-4% of sheep were struck, predominantly on the body. Third-
stage larvae again were collected from active strikes and submit-
ted to the laboratory for resistance testing.

2.1.4 Walgett 2021

Collected from the same property in 2021. CLiK Extra was applied
to the sheep on the property between 14 June and 12 July 2020,
with dose volumes and application method as per product label.
Elanco was subsequently notified of a low level (0.4%) of
breakdown in protection from breech flystrike on 15 October.
Third-stage larvae were again collected from active strikes and
submitted to the laboratory for resistance testing.

2.2 Chemicals

Dicyclanil, imidacloprid, spinosad, ivermectin, piperonyl butoxide
(PBO), tranylcypromine, MGK264, aminobenzotriazole, ketocona-
zole, diethyl maleate and SKF525 A (proadifen) were purchased
from Sigma-Aldrich (St Louis, MO 63103, USA). Cyromazine was
purchased from Chem Service (West Chester, PA 19381, USA). Tri-
chlorophenylpropynyl ether (TCPPE) was supplied by Elanco Ani-
mal Health (Greenfield, IN 46140, USA). All chemicals were
prepared at 10 mg mL™" in ethanol and stored at —20 °C. Various
dilutions subsequently were prepared by serial dilution in
ethanol.

2.3 Bioassays

The effects of insecticides and insecticide/synergist combinations
on the growth of blowfly larvae were assessed using a bioassay
system in which larvae developed from the 1st instar to the pupal
stage on cotton wool impregnated with the compound of interest
at various concentrations (modified from Kotze et al).'® Sheep
liver was placed into cages of gravid flies for a period of 2 h
(10:00 h until 12:00 h) to stimulate oviposition. In order to mini-
mize the risk of bacterial contamination of subsequent bioassays,
egg clumps were collected from the liver and then dispersed
using a detergent solution and surface-sterilized in a mild bleach
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solution. Egg clumps were mixed gently in a 1% (v/v) solution of
Tween 80 for 10 min, collected onto a tea strainer, washed with
water, and then mixed for 10 min in 42 mg L™" sodium hypochlo-
rite. The eggs then were collected onto a 100-pm filter, washed
with water, and dispensed onto a disc of filter paper (Whatman
grade 1) that previously had been soaked in a larval nutrient
medium consisting of sheep serum (Life Technologies/Thermo
Fisher Scientific, Adelaide, SA, Aukland 1061, NZ), containing
80 g L' yeast extract (Millipore, Macquarie Park, NSW, 64271
Darmstadt, Germany), 35 mm KH,PO, 250 UmL™" penicillin,
250 pg mL™"  streptomycin and 1.25 pg mL™' amphotericin
B. The filter paper was placed in the dark at room temperature.

On the same day as the flies were stimulated to oviposit, 4 mL
amounts of insecticide or insecticide/synergist combination solu-
tions were dispensed into 70-mL plastic pots containing a filter
paper disc and 0.2 g shredded cotton wool. Control containers
were prepared by the addition of 4 mL ethanol alone to the cotton
wool. The solvent was allowed to evaporate in a fume cabinet
overnight.

At 10:00 the next morning (DO), 3 mL larval nutrient medium
(described above) was added to the cotton wool in each bioassay
pot, and mixed into the wool using a pipette tip until no free liquid
remained visible. The newly-hatched larvae on the filter disc pre-
pared the previous day were transferred into a dish containing
PBS, and groups of 60 larvae were collected using a pipette and
dispensed into each bioassay pot. The assay pots were placed at
28 °C. After 24 h (D1) 1 mL nutrient medium was added to each
pot, followed by 2 mL on each of D2 and D3. Late on D4, the con-
tainers were placed into larger pots with a layer of sand at the
base to serve as a medium for pupation, and returned to the incu-
bator. Pupae were recovered from the sand using a sieve on D9
and counted. The effect of the insecticides or insecticide/synergist
combinations on larval development was described by calculat-
ing the pupation rate relative to control assays. For assays with
insecticides alone, the number of pupae in insecticide treatment
assays was expressed as a percentage of the mean number of
pupae in assays prepared using ethanol alone. For assays examin-
ing insecticide/synergist combinations, the number of pupae in
assays with both chemicals was expressed as a percentage of
the mean number of pupae in assays with synergist alone.

Each insecticide was examined at five to eight (depending on
the slope of the dose response) 1.41-fold serially diluted

concentrations. For assays with Walgett 2019 G9-10, G18-21
and G27-29, three separate experiments were performed for each
insecticide or insecticide/synergist combination, using larvae
from across the specified generations. For assays with Walgett
2020 G3 and Walgett 2021 G3, three assays were conducted at
each drug concentration within the single generation.

The pupation rate dose-response data were analyzed with
Prism® software (GraphPad, San Diego, CA, USA) using nonlinear
regression, with the ‘variable slope’ option selected, in order to
calculate the inhibitory concentration (IC) values (with 95% confi-
dence intervals) representing the concentration of inhibitor
required to reduce the pupation rate by 50% (ICso) or 95% (ICgs)
compared to control treatments.

2.4 Gene transcription
Blowflies were collected at various stages through the life cycle in
order to examine transcription patterns of selected P450 genes
(cyp6g1, cyp12d1, cyp28d1, cyp4d1). Gravid female flies from the
LS and Walgett 2019 G22 strains were stimulated to lay eggs as
described above. Samples of eggs (=120 mg) were collected into
2-mL screw top vials containing a mixture of 0.1, 1.0 and 2 mm zir-
conia/silica beads (Biospec Products, Bartlesville, OK, USA), snap-
frozen immediately in liquid nitrogen, and stored at —80 °C.
Remaining eggs were collected and treated with Tween 80 and
sodium hypochlorite and placed into 70-mL bioassay pots as
described above for control (no drug) bioassays. Larvae were sam-
pled after 24, 48, 72 and 96 h, with varying numbers taken at each
time point as the larvae increased in size: %50 mg at 24 h, 20 lar-
vae at 48 h, ten larvae at 72 h, and five larvae at 96 h. Pupae were
collected after a further 6 days (five per sample), and adult female
and male flies were collected after a further 7 days (five per sam-
ple). At each time point, the samples were added to 2-mL vials
containing beads, and snap-frozen as described above for eggs.
Four replicate samples were taken for each life stage at each time
point. An examination of the posterior spiracle openings
(as described by O'Flynn and Moorhouse)'” in larvae sampled at
each time point showed that the larvae were 1st instar at the
24 h time point, 2nd instar at 48 h, and 3rd instar at 72 and 96 h.
We also examined the effect of exposure to dicyclanil on the
transcription of each of the target genes in Walgett 2019 G26 lar-
vae. Newly-hatched larvae were placed into bioassay pots con-
taining 0 (control), 0.5 or 2 pg dicyclanil. Larvae were collected

Table 1. ICs5o and ICgs values and resistance factors for the LS and Walgett 2019 G9-10 strains
Blowfly strain
LS Walgett

ICso 1Cos ICso Resistance ICos Resistance
Insecticide  (ug/assay)  95% CI'  (ug/assay)  95%CI"  (ug/assay)  95% CI' factort  (ug/assay)  95% CI' factor®
Dicyclanil 0.081 0.076-0.088 0.12 0.10-0.14 2.08 1.73-2.49 26 6.35 3.77-10.7 53
Imidacloprid 0.84 0.77-0.92 1.65 1.27-2.15 14.0 12.1-16.3 17 252 16.6-38.5 15
Cyromazine 19 1.3-29 222 0.69-7.20 9.4 84-104 49 18.9 14.2-25.1 8.5
Ivermectin 0.012 0.009-0.017 0.033 0.015-0.076 0.032 0.028-0.037 26 0.080  0.053-0.119 —
Spinosad 0.22 0.17-0.29 0.59 0.28-1.24 0.48 0.42-0.55 2.1 0.91 0.63-1.34 —
T 95% Cl = 95% confidence interval.
* Resistance factor = ICs (or ICos) resistant strain/ICso (or ICss) susceptible strain; Resistance factors only shown if the ICsq or ICy5 values of the suscep-
tible and resistant strains were significantly different, as judged by nonoverlap of 95% Cl.
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and frozen at 24 h and 48 h as described above. Four replicate
samples were taken at each concentration for each time point.
Preliminary dose-response data indicated that the pupation rate
would be unaffected by 0.5 pg and reduced to ~60% by 2 pg
dicyclanil.

RNA was extracted using an RNeasy kit (Qiagen, Clayton, VIC
40724 Hilden, Germany), as per the manufacturer's instructions,
with initial homogenization by shaking on a Powerlyzer 24 (Mo
Bio Laboratories Inc./Qiagen, Carlsbad, CA 92010, US,A). Following
extraction, the samples were quantified using a Nanodrop and

treated with TurboDnase (Ambion/Thermo Fisher Scientific, SC
29842, USA) to remove any genomic DNA. RNA quality was
assessed using an Agilent Bioanalyser. cDNA synthesis was per-
formed on extracted RNA using SuperScript lll Reverse Transcrip-
tase (Life Technologies/Thermo Fisher Scientific), according to
the manufacturer's instructions.

Quantitative PCR primers were designed for each of the blowfly
genes using Prmer 3 software (Supporting Information,
Table $1)."®'° Three housekeeper genes (78S, 285 and RPLPO)
were used as reference genes for data normalization.® A ViiA7
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Figure 1. Dose responses of LS and Walgett 2019 G9-10 larvae to dicyclanil (A), imidacloprid (B), cyromazine (C), ivermectin (D) and spinosad (E). Each
data point represents mean =+ SE, n = 3 separate experiments, each with single assays at each insecticide concentration.
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Table 2. Synergism of insecticides by piperonyl butoxide (PBO) against Walgett 2019 G9-10 and LS larvae

Insecticide alone or plus PBO

Insecticide alone

Insecticide plus PBO at 250 pg/assay

Insecticide plus PBO at 500 pg/assay

Insecticide Strain ICso (ug/assay)  RF' ICso* (ug/assay) RFT SR’ ICso™ T (ng/assay) RF' SR’
Dicyclanil Walgett 2.08 26 1.28% 16 1.6 0.83* 10 25

LS 0.081 — 0.088 — — nt nt nt
Imidacloprid ~ Walgett 14.0 17 5.0% 5.9 2.8 4.0* 47 3.5

LS 0.84 — 0.40* — 2.1 nt nt nt
Cyromazine Walgett 9.35 49 9.32 49 — 5.53* 29 1.7
Ivermectin Walgett 0.032 2.6 0.025 2.0 — 0.013* — 25
Spinosad Walgett 0.48 2.1 0.31* — 1.5 0.26* — 1.8

in the absence of PBO, are shown in Table 1.

as judged by nonoverlap of 95% confidence intervals.

T RF, resistance factor = ICs, resistant strain (with or without PBO)/ICs, susceptible strain in absence of PBO; RF values only shown if the difference
between the two ICso values was significant, as judged by nonoverlap of 95% Cl. ICs, values for LS with cyromazine, ivermectin and spinosad,

** symbol denotes that the ICso value in the presence of PBO was significantly different to the ICs, for that strain treated with insecticide alone,
® SR = Synergism ratio = ICs, in absence of PBO / ICs in presence of PBO in the same isolate; SR values only shown if the difference between the two

ICs values was significant, as judged by nonoverlap of 95% confidence intervals.
T nt = not tested (synergism effects assessed only at 250 pg/assay PBO for LS).

thermocycler (Applied Biosystems/Thermo Fisher Scientific, Fos-
ter City, CA 94404, USA) was used for quantitative polymerase
chain reaction (qPCR) reactions using the Sensifast™ SYBR® Lo-
Rox gPCR system (Meridian Bioscience, Cincinatti, OH 45244,
USA), with the following PCR cycling conditions: 95 °C for 2 min,
followed by 40 cycles at 95 °C for 5 s, 60 °C for 30 s. PCRs were
run in quadruplicate. Reaction efficiencies were determined by
performing PCRs with seven 5-fold serial c¢cDNA dilutions
(Table S1). Melting curve analysis of each primer pair identified
the gqPCR products to be homogenous. The identity of the cyp
gPCR products was confirmed by cloning of amplicons into
PgemT Easy cells (Promega, Madison, WI 53711, USA), isolation
of plasmids, and sequencing using M13 forward and reverse
primers (Australian Genome Research Facility, Brisbane, QLD
4072, Australia). BLast searches confirmed that the gPCR products
were the correct target cyp gene.

Analysis of the qPCR data was performed by normalizing target
gene transcription to the three reference genes.?' For the life
stage data, transcription for each target gene in Walgett larvae
was compared separately to the data for LS larvae at the same
time point. For assessing the effects of dicyclanil exposure on
transcription, the data for each target gene in drug-exposed lar-
vae was compared separately to the data for that gene in control
(no drug exposure) larvae. This analysis generated data describing
the normalized expression level for each target gene between
Walgett and LS larvae over time, or between Walgett larvae
exposed or not exposed to dicyclanil. The data were analyzed
using ANOVA following log,o transformation. Significant differ-
ences between transcription levels of the target genes were iden-
tified using Tukey's multiple comparison test at « = 0.05.

3 RESULTS

The average pupation rates for control assays with the LS and Wal-
gett 2019 strains were 88% and 80%, respectively, across the
course of the study. The pupation rates for control assays in the
single experiments conducted with the Walgett 2020 and Walgett
2021 strains were 85% and 88%, respectively.

Walgett 2019 G9-10 larvae showed reduced sensitivity to each
of the insecticides compared to the reference susceptible LS
strain, with resistance factors at the ICso being greatest towards
dicyclanil (26-fold) and imidacloprid (17-fold) (Table 1, Fig. 1).
Resistance factors were <5-fold for cyromazine, ivermectin and
spinosad. Dicyclanil and cyromazine resistance factors based on
ICys values were ~2-fold higher than the resistance factors based
on ICsps (53 versus 26 for dicyclanil, 8.5 versus 4.9 for cyromazine),
reflecting the less steep dose-response curves for both strains
compared to LS [Fig. 1(a), (c)]. For imidacloprid, the separate resis-
tance factors based on ICsq or ICys values were similar (15 ver-
sus 17).

We investigated the effect of PBO on the toxicity of the various
insecticides to Walgett 2019 larvae, and also examined the effect
of the synergist on toxicity of dicyclanil and imidacloprid to LS lar-
vae. Preliminary experiments showed that pupation rates in
Walgett larvae were maintained at over 75% at PBO levels of
250 pg and 500 pg/assay (Fig. S1), and hence these two concen-
trations were used in synergist / insecticide combination experi-
ments to determine if synergism occurred and whether it was
dependent on the PBO concentration. These preliminary experi-
ments also showed that LS larvae were more sensitive than Wal-
gett to the presence of PBO alone (Fig. S1), and hence only the
250 pg/assay level was used in combination assays with this
strain. The presence of PBO at 500 pg/assay resulted in significant
levels of synergism with Walgett larvae for each of the insecticides
tested, with synergism ratios of 3.5 for imidacloprid, and 2.5 for
dicyclanil and ivermectin (Table 2). However, for dicyclanil, imida-
cloprid and cyromazine, this synergism by PBO did not reduce the
sensitivity of the larvae to levels measured in un-synergized LS
strain larvae (Table 2; Fig. 2). Hence, the Walgett larvae retained
significant levels of resistance to these three insecticides in the
presence of PBO at 500 pg/assay (resistance factors of 10-, 4.7-
and 2.9-fold, respectively). On the other hand, Walgett larvae trea-
ted with 500 pg/assay PBO were equally sensitive as un-
synergized LS larvae to ivermectin and spinosad (resistance fac-
tors not significant) (Table 2). A comparison of the datasets for
250 and 500 pg/assay PBO indicated that synergism ratios were

Pest Manag Sci 2022; 78: 4195-4206

© 2022 The Authors.

wileyonlinelibrary.com/journal/ps

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



http://wileyonlinelibrary.com/journal/ps

WWW.50Ci.org

AC Kotze et al.

(A) Dicyclanil
= LS
8 gmo_ ) © Walgett
55" 314 B Walgett plus PBO 250ug
| - " % & \Walgett plus PBO 500ug
= 254

0 ' 1 1 ' 1 'I_\ 1
45 10 05 00 05 1.0

Log drug concentration
(ug/assay)

® Imidacloprid

?

A

Pupation rate
(% of control)

-0.5 0.0 0.5 1.0 1.5 2.0

Log drug concentration
(ug/assay)

(D) lvermectin

100 T . ¥

Pupation rate
(% of control)

-2.5 -2.0 -1.5 -1.0 -0.5

Log drug concentration
(ug/assay)

©) Cyromazine

100

£3

E..‘é. 75

g8

g‘s 50

g%
25
04+——

—E T 2 .
-0.5 0.0 0.5 1.0 1.5 2.0
Log drug concentration

(ug/assay)
(E) Spinosad
100
3 =
s S 7
c €
S8
8% %
gg
25+

-1.0 -0.5 0.0 0.5

Log drug concentration
(ug/assay)

Figure 2. Effect of co-treatment with piperonyl butoxide (PBO) on dose responses of Walgett 2019 G9-10 larvae to dicyclanil (A), imidacloprid (B), cyro-
mazine (C), ivermectin (D) and spinosad (E). Dose responses for LS larvae in the absence of PBO (from Fig. 1) also are shown for comparison. Each data
point represents mean =+ SE, n = 3 separate experiments, each with single assays at each insecticide concentration.

less in each case at the lower PBO concentration, with no syner-
gism observed for cyromazine and ivermectin. PBO did not affect
the toxicity of dicyclanil to LS larvae. On the other hand, the syn-
ergist had a similar effect on toxicity of imidacloprid to LS larvae as
observed for the Walgett strain at this PBO level (SRs of 2.1 and
2.8, respectively).

While performing initial experiments using a wider range of syn-
ergists we noted a change in the response of the Walgett strain to
several of the insecticides compared to the earlier assays. We
investigated this further by measuring sensitivity of Walgett

2019 larvae to dicyclanil and imidacloprid in larvae after three
periods of time in laboratory culture (Table 3). The resistance to
dicyclanil decreased over time in culture from 26-fold to 12-fold.
The resistance to imidacloprid decreased slightly between the
first two time periods, however did not differ between the initial
and final populations tested (17-fold compared to 13-fold).
Assays with a greater range of potential synergists were per-
formed using Walgett 2019 G18-21 larvae. As described previ-
ously for PBO, preliminary experiments determined the
concentration of each synergist that resulted in the pupation rate
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Table 3. Sensitivity of different generations of Walgett 2019 larvae to dicyclanil and imidacloprid

Insecticide Blowfly strain 1Cso (pg/assay) 95% Cl Resistance factor®

Dicyclanil LS 0.081 0.076-0.088 —
Walgett G9-10 2.08 1.73-2.49 26a
Walgett G18-21 1.42 1.10-1.81 18 ab
Walgett G27-29 1.00 0.91-1.10 12b

Imidacloprid LS 0.84 0.77-0.92 —
Walgett G9-10 14.0 12.1-16.3 17 a
Walgett G18-21 9.36 8.48-10.32 11b
Walgett G27-29 1.3 10.2-12.5 13 ab

T G = number of generations in laboratory culture.

* Resistance factor = ICs,, resistant strain/ICs susceptible strain; within an insecticide, resistance factors followed by the same letter are not signifi-

cantly different, as judged by nonoverlap of 95% confidence intervals for the Walgett ICs, values from which the resistance factor values were derived.

being maintained at >75% (Fig. S2). Each synergist then was
tested in combination with dicyclanil and imidacloprid. As initial
results showed a high level of synergism with aminobenzotria-
zole, this synergist also was examined in combination with dicy-
clanil and imidacloprid against LS larvae. Aminobenzotriazole was
the most effective of the synergists tested, with synergism ratios of
7.2 and 6.1 for dicyclanil and imidacloprid, respectively (Table 4;
Fig. 3). Resistance factors decreased from 18-fold to 2.6-fold for dicy-
clanil, and from 11-fold to 1.8-fold for imidacloprid after co-treatment
with aminobenzotriazole. Aminobenzotriazole did not affect the sen-
sitivity of LS larvae to dicyclanil, whereas the sensitivity to

imidacloprid was increased 2-fold. MGK264, ketoconazole and trany-
cypromine resulted in significant levels of synergism for dicyclanil;
however, the magnitude of these effects (synergism ratio values)
was much less than for aminobenzotriazole. MGK264 showed a low
level of synergism with imidacloprid. The glutathione transferase
inhibitor, diethyl maleate, did not show any synergism with dicyclanil
or imidacloprid.

Sensitivity to dicyclanil and imidacloprid was measured in larvae
collected from the Walgett property over different seasons
(Table 5). The comparison involved strains that had been main-
tained in culture for different lengths of time (number of

Table 4. Effect of various synergists on dicyclanil and imidacloprid ICs, values and resistance factors with LS and Walgett 2019 G18-21 larvae
ICs0 Resistance Synergism
Insecticide Blowfly strain Synergist (ng/assay) 95% Cl factor t ratio ¥
Dicyclanil LS None 0.081 0.076-0.088
ABT (aminobenzotriazole) 0.086 0.081-0.091 — —
Walgett None 1.42 1.10-1.81 18
ABT (aminobenzotriazole) 0.20 0.18-0.23 2.6 7.2
MGK264 0.82 0.69-0.98 10 1.7
Ketoconazole 0.82 0.74-0.91 10 1.7
SKF525A (proadifen) 1.60 1.26-2.02 20 —
Tranylcypromine 0.85 0.72-1.02 10 1.7
TCPPE (trichlorophenyl propynyl ether) 1.00 0.78-1.26 12 —
DEM (diethylmaleate) 1.19 1.02-1.38 15 —
Imidacloprid LS None 0.84 0.77-0.92
ABT (aminobenzotriazole) 042 0.39-0.46 0.5 2
Walgett None 9.36 8.48-10.32 1
ABT (aminobenzotriazole) 1.53 1.35-1.73 1.8 6.1
MGK264 4.35 3.26-5.81 5.2 22
Ketoconazole 7.80 6.71-9.07 9.3 —
SKF525A (proadifen) 7.82 6.86-8.90 9.3 —
Tranylcypromine 8.80 7.03-11.00 10 —
TCPPE (trichlorophenyl propynyl ether) 9.19 8.22-10.38 1 —
DEM (diethylmaleate) 10.35 8.81-12.17 12 —
" Resistance factor = IC5o Walgett strain in the presence or absence of synergists / ICso LS strain in the absence of synergists; Resistance
factor values only shown if the difference between the two ICsy values was significant, as judged by nonoverlap of 95% confidence
intervals.
* Synergism ratio = ICsq in absence of a synergist / ICs, in presence of a synergist in the same isolate; Synergism ratio values only shown if the differ-
ence between the two ICs, values was significant, as judged by nonoverlap of 95% confidence intervals.
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Figure 3. Effect of co-treatment with aminobenzotriazole (ABT) on dose responses of LS (solid lines) and Walgett 2019 G18-21 (dashed lines) larvae to

dicyclanil (A) and imidacloprid (B). Each data point represents mean + SE, n = 3 separate experiments, each with single assays at each insecticide
concentration.

generations) before the assays being performed. Walgett 2020 An examination of transcription patterns for the four cyp genes
(G3) and 2021 larvae (G3) showed a slightly lower level of resis-  across life stages for Walgett 2019 G22 and LS larvae showed that
tance towards dicyclanil compared to Walgett 2019 (G9-10) (14-  cyp12d1 was the only gene that differed between the two strains
15-fold versus 26-fold). Resistance to imidacloprid decreased  at any of the time points examined (Fig. 4). Transcription of
slightly in Walgett 2020, however, did not differ between the Wal-  cyp12d1 did not differ between eggs of the two strains, however
gett 2019 and Walgett 2021 collections. it was elevated between 20- and 45-fold in larvae at the 24-96 h

Table 5. Sensitivity to dicyclanil and imidacloprid in Walgett larvae collected from the field over three seasons

Insecticide Year collected” 1Csp (pg/assay) 95% Cl RF*
Dicyclanil 2019 2.08 1.73-2.49 26 a
2020 1.21 1.13-1.29 15b
2021 1.10 1.01-1.20 14 b
Imidacloprid 2019 14.0 12.1-16.3 17 a
2020 7.63 7.00-8.33 9b
2021 11.9 10.7-13.2 14 a

42019 collection was assayed at G9-10; 2020 and 2021 collections were assayed at G3.
P Resistance factor = ICs, Walgett strain/ICs, LS strain; within an insecticide, resistance factors followed by the same letter are not significantly differ-
ent, as judged by nonoverlap of 95% confidence intervals for the Walgett ICso values from which the resistance factor values were derived.
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Figure 4. Transcription levels of four cyp genes in Walgett 2019 G22 compared to LS in eggs, larvae, pupae and adult flies: (A) cyp12d1, (B) cyp6g]1,
(C) cyp4d1 and (D) cyp28d1. Each data point represents mean + SE, n = 4 separate RNA preparations at each life stage, each assayed in quadruplicate
gPCRs. * denotes that transcription level in Walgett was significantly different to equivalent life stage in LS (P < 0.05); dotted line shown at relative tran-

scription level of 1 (i.e. equivalent transcription in Walgett and LS).

time points. There was no difference in transcription levels in
pupae, while 27- and 12-fold increased levels of transcription
were observed in Walgett male and female flies, respectively,
compared to LS adult flies.

Exposure of Walgett 2019 G26 larvae to dicyclanil for 24 or 48 h
did not result in any significant changes in transcription levels for
the four cyp genes (Fig. S3).

4 DISCUSSION

The present study has described insecticide resistance in a field-
derived strain of the sheep blowfly and used synergists and gene
expression measurements to investigate the resistance
mechanism(s). The Walgett 2019 strain showed reduced sensitivity
to each of the five insecticides tested in the in vitro assays, with the
levels of resistance towards dicyclanil and imidacloprid being of the
greatest magnitudes (26- and 17-fold, respectively, at the 1Cso)
whereas those towards cyromazine, ivermectin and spinosad were

of only low magnitude (<5-fold). Co-treatment with aminobenzotria-
zole resulted in significant synergism with both dicyclanil and imida-
cloprid, implicating cytochrome P450 in resistance to both
compounds. The cyp12d1 gene was expressed at significantly higher
levels in Walgett larvae compared to the susceptible LS larvae
throughout the larval life stages, suggesting a role for the CYP12d1
enzyme in the observed resistances. Cytochrome P450 enzymes pre-
viously have been implicated in resistances to diflubenzuron, delta-
methrin and butacarb in laboratory-pressured and field-collected
strains of the sheep blowfly.*

Blowfly control chemicals are most commonly used as prophy-
lactic treatments applied to sheep in advance of expected fly
waves. They are described on product labels as being able to pro-
tect sheep from flystrike for periods up to specified maximum
lengths of time. These protection periods range from 4-6 weeks
for spinosad, up to 10-14 weeks for cyromazine, imidacloprid,
ivermectin and cypermethrin, and low-concentration dicyclanil
products, and up to 29 weeks for a high concentration dicyclanil
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product. The impact of resistance in the sheep blowfly on the per-
formance of insecticides in the field is measured in terms of its
impact on these protection periods. The question therefore arises
as to what impact the observed in vitro resistances shown by the
Walgett strain might have on product protection periods of dicy-
clanil and imidacloprid products in the field. Sales et al.’ recently
measured protection periods for dicyclanil-, cyromazine- and
ivermectin-based products against artificial infections on sheep
(larval implants) with resistant blowfly strains. The larvae used for
these implant trials showed in vitro resistance factors of 32.5-fold
and 46.5 fold, which are only marginally higher (1.25-1.79-fold) than
the 26-fold resistance shown by Walgett G9-10 in the present study.
Given the very significant reductions in protection periods reported
by Sales et al> (for example, a high-concentration dicyclanil product
gave a protection period of <9 weeks compared to the maximum
label guideline of up to 29 weeks), it is likely that the Walgett strain
also would show reduced protection periods in vivo, although this
remains to be tested. A reduced protection period is in accord with
the field observations made on the property in November/December
2019 (as described in section 2.1), however it has not been confirmed
in a controlled in vivo trial. It is not possible to determine the impact
of the in vitro imidacloprid resistance level observed in the present
study on the performance of this chemical in the field as there have
been no in vitro / in vivo performance comparisons reported for imi-
dacloprid with blowfly stains showing resistance in in vitro assays. It
will be important to determine the impact of in vitro imidacloprid
resistance reported in the present study on protection periods for
products based on this chemical.

The resistance to dicyclanil and imidacloprid in Walgett 2019
flies appeared to be quite stable in the absence of insecticide
exposure. Maintenance in laboratory culture over a period of
approximately 20 generations (from G9-10 until G27-29) in the
absence of any exposure to insecticide did not result in any
decrease in resistance to imidacloprid, while resistance to dicycla-
nil decreased only two-fold. Insecticide resistance often is unsta-
ble in insect cultures maintained in the absence of insecticide
exposure owing to fitness costs associated with the resistance
mechanism,**?” and influenced by the homozygosity of the pop-
ulation.?® The observed stability may be a consequence of the
Walgett 2019 strain representing an inbred population originat-
ing from homozygous resistant survivors of the insecticide treat-
ment in the field (absence of susceptible alleles), rather than
representing any lack of fitness costs associated with resistance.
Importantly, the resistance stability in the present study is an
observation based on maintenance of blowflies under laboratory
conditions only. Further experimentation will be required to
determine the implications of this observed resistance stability
on the resistance patterns shown by field populations of the
blowfly.

The ability of P450 inhibitors to synergize different insecticides
can vary considerably due, at least partly, to differences in the
interactions of the inhibitors with different P450 enzymes.'>?°
Hence, the effects of a number of different inhibitors on toxicity
of dicyclanil and imidacloprid to blowfly larvae were examined
in the present study. Aminobenzotriazole was the most effective
synergist tested, and was able to reduce the resistances towards
both dicyclanil and imidacloprid to very low levels (2.6- and
1.8-fold, respectively), with synergism ratios of 7.2- and 6.1-fold
for the two drugs, respectively. Aminobenzotriazole is a pan-spe-
cific, mechanism-based inhibitor of cytochrome P450 from ani-
mals, insects, plants and micro-organisms, inhibiting a broad
range of cytochrome P450 isoforms.® Interestingly, while the

compound significantly reduced the dicyclanil resistance shown
by Walgett larvae, it had no effect on the sensitivity of LS larvae
to this compound, suggesting that this susceptible reference
strain has a negligible ability to metabolize the insecticide. On
the other, although aminobenzotriazole showed a similar syner-
gistic effect with imidacloprid and Walgett larvae as that observed
with dicyclanil (synergism ratios of 6.1 and 7.2, respectively), it
also showed some synergism with the former insecticide and LS
larvae (synergism ratio of 2), suggesting that some level of
P450-mediated metabolism of imidacloprid occurs in the suscep-
tible reference LS strain. Importantly though, the level of syner-
gism of imidacloprid in Walgett was significantly higher than
observed with LS (synergism ratios of 6.1 versus 2, respectively),
indicating an increased level of metabolism of the drug in the for-
mer strain. The ability of LS larvae to metabolize imidacloprid
compared to the negligible metabolism of dicyclanil has potential
implications for the development of resistance. A pre-drug-
exposure ability to metabolize a chemical may more readily facil-
itate subsequent increases in activity under insecticide selection
pressure compared to the response to selection pressure by a
chemical towards which an organism shows a negligible level of
metabolism before the initial drug-exposure.

Piperonyl butoxide had some effect on the sensitivity of Walgett
larvae to both dicyclanil and imidacloprid, however the synergism
ratios were less than for aminobenzotriazole. The larvae treated
with piperonyl butoxide and either dicyclanil or imidacloprid
retained significant levels of resistance to both insecticides
(10-fold and 4.7-fold, respectively). Interestingly, as observed with
aminobenzotriazole, piperonyl butoxide synergized imidacloprid,
but not dicyclanil, with LS larvae, again suggesting an ability of the
susceptible larvae to metabolize the former compound only.
Although piperonyl butoxide is commonly used as a synergist in
commercial insecticide formulations,' the levels required to
synergize dicyclanil and imidacloprid in the present study (6000-
and 600-fold higher than the ICsq values against the LS strain),
and the significant levels of resistance retained in co-treated Wal-
gett larvae, argue against the commercial use of the compound to
restore sensitivity to dicyclanil and imidacloprid in blowflies.

Two cytochrome P450 genes, cyp6g1 and cypi12d1, have been
implicated in resistances to imidacloprid and dicyclanil in Drosophila
melanogaster."'~*3>73% The present study found that cyp12d1 was
expressed at significantly higher levels in the resistant Walgett strain
compared to the susceptible reference strain throughout the larval
life stages. In contrast, expression of cyp6g1 did not differ between
the two strains. This result, alongside the significant impact of amino-
benzotriazole on the levels of resistance to both dicyclanil and imida-
cloprid, suggests that the CYP12d1 enzyme plays a significant role in
the observed resistances. However, it remains uncertain whether
increased cyp12d1 expression confers resistance to both drugs, or
another P450 is involved in resistance to the second drug. That is, it
remains uncertain if the two resistances represent cross-resistance
due to a single common cytochrome P450, or independent resis-
tances due to separate P450 enzymes. Drosophila melanogaster is
known to possess >80 functional P450 genes,*® and it is likely that
this gene family also is extensive in the sheep blowfly. Many different
P450 genes have been implicated in insecticide resistances.”® Hence,
a comprehensive study of P450 genes in sheep blowfly strains show-
ing resistances to dicyclanil and imidacloprid is required in order to
fully describe the role of this enzyme system in resistance to these
two compounds.

Having demonstrated increased expression of cyp12d1 in Wal-
gett compared to LS larvae, we also were interested in whether

wileyonlinelibrary.com/journal/ps

© 2022 The Authors.

Pest Manag Sci 2022; 78: 4195-4206

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


http://wileyonlinelibrary.com/journal/ps

Insecticide resistance in the sheep blowfly

@)
SClL

where science
meets business

WWW.S0Ci.org

exposure to the drug itself may lead to induction of expression
levels. Many cytochrome P450 genes are induced by foreign che-
micals, including insecticides.'® However, exposure of Walgett lar-
vae to dicyclanil at a level just below that which impacted on
pupation, as well as a level that reduced pupation to ~60% of con-
trols, did not result in the induction of any of the genes examined
in the present study. The role of cytochrome P450 in resistance to
dicyclanil in Walgett strain therefore appears to involve increased
constitutive expression rather than induction in response to insec-
ticide exposure, although it remains possible that P450 genes
other than those examined here show a transcription response
to dicyclanil exposure. Willoughby et al.*® found that exposure
of D. melanogaster larvae to a highly lethal concentration of dicy-
clanil for a short period did not result in any induction of the P450,
glutathione transferase and esterase genes examined, including
cyp6g1 and cyp12d1.

Dicyclanil was released for flystrike control on sheep in 1998. Imida-
cloprid was released for flystrike much more recently, in 2017, how-
ever it was released for lice control on sheep in 2009. Hence,
blowfly populations in the field could have been exposed to this
chemical on sheep treated for lice over the last 13 years. Therefore,
two possible explanations emerge for the in vitro resistance shown
by Walgett larvae to imidacloprid despite it being used for flystrike
control for a relatively short time: first, as a result of selection pressure
from exposure to the chemical through lice treatments since 2009,
and/or secondly, as a result of selection pressure on a common cyto-
chrome P450-mediated resistance mechanism through many years
of exposure to dicyclanil. Further work will be required to clarify these
resistance-origin issues.

In conclusion, the present study adds to the earlier reports of
Levot” and Sales et al.” in highlighting the emerging issue of resis-
tance to the currently-used insecticides in the sheep blowfly. This
issue is particularly significant for dicyclanil given its dominance in
the flystrike chemical control market.® While the likely impact of
the in vitro imidacloprid resistance observed in the present study
on protection periods for flystrike products is unknown, a compar-
ison of our data with those of Sales et al.” indicates that the pro-
tection period for dicyclanil would likely be significantly reduced
for the Walgett strain. Given the current reliance of the sheep
industry on insecticidal control of flystrike, there is clearly a need
to manage the use of insecticides such that the rate at which resis-
tance develops to the currently-available chemicals is minimized.
Determining whether the P450-mediated resistance to both dicy-
clanil and imidacloprid demonstrated in the present study repre-
sents cross-resistance due to common P450 enzymes(s) will be
important for designing drug rotation strategies to minimize the
rate at which resistance develops. As described by Kotze and
James,” a component of this capacity to manage resistance will
be increased surveillance, thereby allowing chemical-use deci-
sions to be based on knowledge of what resistances exist in local-
ized blowfly populations in order to prevent further selection
pressure on specific chemicals once resistance is detected. The
present study highlights the possibility of utilizing molecular diag-
nostics for dicyclanil and imidacloprid resistance based on the
observed increase in transcription of the cyp12d7 gene in the Wal-
gett strain.

ACKNOWLEDGEMENTS
Funding for this work was provided by Elanco Australasia and
CSIRO.

CONFLICT OF INTEREST

Several authors (SG and NR) are paid employees of Elanco Austral-
asia Pty Limited, who provided funding for this study. All authors
declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

SUPPORTING INFORMATION

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

REFERENCES

1 Lane J, Jubb T, Shephard R, Webb-Ware J and Fordyce G, Priority list of
endemic diseases for the red meat industries. Project Report
BAHE0010 Meat & Livestock Australia Limited, Sydney, 282 pp.
(2015).

2 Kotze AC and James PJ, Control of sheep flystrike: what's been tried in
the past and where to from here. Aust Vet J 100:1-19 (2022).

3 Colvin AF, Reeve |, Peachey B and Walkden-Brown SW, Benchmarking
Australian sheep parasite control practices: a national online survey.
Animal Prod Sci 61:237-245 (2020).

4 Levot GW, Resistance and the control of sheep ectoparasites. Int J Para-
sitol 25:1355-1362 (1995).

5 Sales N, Suann M and Koeford K, Dicyclanil resistance in the Australian
sheep blowfly, Lucilia cuprina, substantially reduces flystrike protec-
tion by dicyclanil and cyromazine based products. Int J Parasitol
Drugs Drug Resist 14:118-125 (2020).

6 Levot GW and Sales N, New high level resistance to diflubenzuron
detected in the Australian sheep blowfly, Lucilia cuprina
(Wiedemann) (Diptera: Calliphoridae). Gen Appl Entomol 31:43-45
(2002).

7 Levot GW, Cyromazine resistance detected in Australian sheep blowfly.
Aust Vet J 90:433-437 (2012).

8 Sandeman RM, Levot GW, Heath AC, James PJ, Greeff JC, Scott MJ et al.,
Control of the sheep blowfly in Australia and New Zealand—are we
there yet? Int J Parasitol 44:879-891 (2014).

9 Magoc L, Yen JL, Hill-Williams A, McKenzie JA, Batterham P and
Daborn PJ, Cross-resistance to dicyclanil in cyromazine-resistant
mutants of Drosophila melanogaster and Lucilia cuprina. Pestic Bio-
chem Physiol 81:129-135 (2005).

10 Levot GW, Response to laboratory selection with cyromazine and sus-
ceptibility to alternative insecticides in sheep blowfly larvae from
the New South Wales Monaro. Aust Vet J 91:61-64 (2013).

11 Daborn P, Boundy S, Yen J, Pittendrigh B and ffrench-Constant R, DDT
resistance in Drosophila correlates with Cyp6g1 over-expression and
confers cross-resistance to the neonicotinoid imidacloprid. Mol
Genet Genomics 266:556-563 (2001).

12 Daborn PJ, Lumb C, Boey A and Wong W, ffrench-constant RH and
Batterham P, evaluating the insecticide resistance potential of eight
Drosophila melanogaster cytochrome P450 genes by transgenic
over-expression. Insect Biochem Mol Biol 37:512-519 (2007).

13 Joussen N, Heckel DG, Haas M, Schuphan | and Schmidt B, Metabolism
of imidacloprid and DDT by P450 CYP6G1 expressed in cell cultures
of Nicotiana tabacum suggests detoxification of these insecticides in
Cyp6g1-overexpressing strains of Drosophila melanogaster, leading
to resistance. Pest Manag Sci 64:65-73 (2008).

14 Danielson PB, MacIntyre RJ and Fogleman JC, Molecular cloning of a
family of xenobiotic-inducible drosophilid cytochrome p450s: evi-
dence for involvement in host-plant allelochemical resistance. Proc
Natl Acad Sci U S A 94:10797-10802 (1997).

15 Feyereisen R, Insect CYP genes and P450 enzymes, in Insect Molecular
Biology and Biochemistry, ed. by Gilbert LI. Academic Press, San
Diego, USA, pp. 236-316 (2012).

16 Kotze AC, Hines BM, Bagnall NH, Anstead CA, Gupta P, Reid RC et al.,
Histone deacetylase enzymes as drug targets for the control of the
sheep blowfly, Lucilia cuprina. Int J Parasitol Drugs Drug Resist 5:
201-208 (2015).

Pest Manag Sci 2022; 78: 4195-4206

© 2022 The Authors.

wileyonlinelibrary.com/journal/ps

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



http://wileyonlinelibrary.com/journal/ps

®)
SCl

where science
meets business

WWW.50Ci.org

AC Kotze et al.

17

18

19

20

21

22

23

24

25

26

O'Flynn MA and Moorhouse DE, Identification of early immature stages
of common Queensland carrion flies. J Aust Ent Soc 19:53-61 (1980).

Koressaar T and Remm M, Enhancements and modifications of primer
design program Primer3. Bioinformatics 23:1289-1291 (2007).

Untergasser A, Cutcutache |, Koressaar T, Ye J, Faircloth BC, Remm M
et al., Primer3—new capabilities and interfaces. Nucleic Acids Res
40:2115 (2012).

Bagnall NH and Kotze AC, Evaluation of reference genes for real-time
PCR quantification of gene expression in the Australian sheep blow-
fly, Lucilia cuprina. Med Vet Entomol 24:176-181 (2010).

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A
et al., Accurate normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome
Biol 3:7 (2002).

Kotze AC, Cytochrome P450 monooxygenases in larvae of insecticide-
susceptible and -resistant strains of the Australian sheep blowfly,
Lucilia cuprina. Pestic Biochem Physiol 46:65-72 (1993).

Kotze AC and Sales N, 1994. Cross resistance spectra and effects of
synergists in insecticide-resistant strains of Lucilia cuprilla
(Wiedemann) (Diptera: Calliphoridae). Bull Entomol Res 84:355-
360 (1994).

Kotze AC, Sales N and Barchia IM, Diflubenzuron tolerance associated with
monooxygenase activity in field strain larvae of the Australian sheep
blowfly (Diptera: Calliphoridae). J Econ Entomol 90:15-20 (1997).

Osman AA, Watson TF and Sivasupramaniam S, Reversion of permeth-
rin resistance in field strains and selection for Azinphosmethyl and
permethrin resistance in pink bollworm (Lepidoptera: Gelechiidae).
J Econ Entomol 84:353-357 (1991).

Ferguson JS, Development and stability of insecticide resistance in the
Leafminer Liriomyza trifolii (Diptera: Agromyzidae) to Cyromazine,
Abamectin, and Spinosad. J Econ Entomol 97:112-119 (2004).

27

28

29

30

31

32

33

34

35

36

Kliot A and Ghanim K, Fitness costs associated with insecticide resis-
tance. Pest Manag Sci 68:1431-1437 (2012).

Raymond M, Poulin E, Boiroux V, DuPont E and Pasteur N, Stability of
insecticide resistance due to amplification of esterase genes in Culex
pipiens. Heredity 70:301-307 (1993).

Feyereisen R, Insect P450 inhibitors and insecticides: challenges and
opportunities. Pest Manag Sci 71:793-800 (2015).

de Montellano PRO, 1-Aminobenzotriazole: a mechanism-based cyto-
chrome P450 inhibitor and probe of cytochrome P450 biology.
Med Chem (Los Angeles) 08:38 (2018).

Jones DG, Piperonyl Butoxide, 1st edn. Academic Press, San Diego, USA,
p. 323 (1998).

Daborn PJ, Yen JL, Bogwitz MR, Le Goff G, Feil E, Jeffers S et al., A single
P450 allele associated with insecticide resistance in drosophila. Sci-
ence 297:2253-2256 (2002).

Le Goff G, Boundy S, Daborn PJ, Yen JL, Sofer L, Lind R et al., Microarray
analysis of cytochrome P450 mediated insecticide resistance in dro-
sophila. Insect Biochem Mol Biol 33:701-708 (2003).

Cheesman MJ, Traylor MJ, Hilton ME, Richards KE, Taylor MC, Daborn PJ
et al, Soluble and membrane-bound Drosophila melanogaster
CYP6G1 expressed in Escherichia coli: purification, activity, and bind-
ing properties toward multiple pesticides. Insect Biochem Mol Biol
43:455-465 (2013).

Tijet N, Helvig C and Feyereisen R, The cytochrome P450 gene super-
family in Drosophila melanogaster: annotation, intron-exon organi-
zation and phylogeny. Gene 262:189-198 (2001).

Willoughby L, Chung H, Lumb C, Robin C, Batterham P and Daborn PJ,
A comparison of Drosophila melanogaster detoxification gene induc-
tion responses for six insecticides, caffeine and phenobarbital. Insect
Biochem Mol Biol 36:934-942 (2006).

wileyonlinelibrary.com/journal/ps

© 2022 The Authors.

Pest Manag Sci 2022; 78: 4195-4206

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


http://wileyonlinelibrary.com/journal/ps

	Resistance to dicyclanil and imidacloprid in the sheep blowfly, Lucilia cuprina, in Australia
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Insects
	2.1.1  Laboratory susceptible (LS)
	2.1.2  Walgett 2019
	2.1.3  Walgett 2020
	2.1.4  Walgett 2021

	2.2  Chemicals
	2.3  Bioassays
	2.4  Gene transcription

	3  RESULTS
	4  DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


