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ARTICLE INFO ABSTRACT

Keywords: Late in 2017, field samples of the Australian sheep blowfly, Lucilia cuprina, were submitted by sheep producers
Flystrike from three states of Australia (South Australia, Victoria and New South Wales). Some were collected by sub-
Dic}’Claﬂﬂ mitters concerned about shortened periods of flystrike protection from dicyclanil based products. Neonate larval
Resistance . offspring from the NSW field samples survived and successfully completed their life cycles following exposure to
lé;‘:s;?ziz ?temon dicyclanil and cyromazine at susceptible discriminating concentrations in vitro. The in vivo study reported here

used dicyclanil resistant neonate larvae to assess the flystrike protection provided by a cyromazine jetting fluid
and a number of dicyclanil based spray-on products, when applied to sheep six weeks after shearing.

The two dicyclanil resistant blowfly strains used in this study showed in vitro resistance ratios, at the LC50, of
approximately 13- and 25-fold relative to a dicyclanil and cyromazine susceptible strain. Compared to the levels
of resistance that L. cuprina has developed to other insecticides these are relatively low, however, three dicyclanil
based spray—on products (active ingredient 12.5 g/L, 50 g/L and 65 g/L) had protection periods reduced by 73%,
78% and 69% respectively when compared to the maximum protection periods claimed by the manufacturer. A
50% and a 33% reduction in protection period was also observed to a cyromazine and an ivermectin based
jetting fluid respectively. In contrast, protection periods were attained or exceeded regardless of the treatment
used against field derived dicyclanil susceptible neonate larvae.

For the first time we confirm that dicyclanil resistance enables the completion of the L. cuprina life cycle
following flystrike initiation on dicyclanil or cyromazine treated sheep when insecticide levels are considered
high and protective. This study also provides in vivo information on the effect of dicyclanil resistance on the
protection provided by a product with an active ingredient belonging to an unrelated insecticide group.
Dicyclanil resistance is of major concern to the Australian sheep industry.

1. Introduction

Flystrike, or cutaneous myiasis, is an economically important dis-
ease of sheep. It has been estimated to cost the Australian sheep in-
dustry $173 million dollars per annum when treatment, prevention and
production losses were considered (Lane et al., 2015). To prevent fly-
strike, Australian sheep producers have relied largely upon the long
periods of protection provided by the insecticides dicyclanil and cyro-
mazine. These insecticides have a similar chemical structure, have been
used for 21 years (Bowen et al., 1999) and 41 years (Hart et al., 1979)
respectively and are seen as critical to current on-farm management
practices by many sheep producers. Cross-resistance between cyroma-
zine and dicyclanil was reported in the sheep blowfly and Drosophila
melanogaster following mutagenesis and in vitro assessment (Magoc

et al., 2005). It was also confirmed in vitro in a naturally occurring
Australian population of Lucilia cuprina in 2011 (Levot, 2012). A sub-
sequent survey established that 62% of submitted blowfly populations
(n = 58) had what was described as “low level” resistance to cyroma-
zine (Levot, 2014). Of those resistant to cyromazine, only 22% (n = 8)
also displayed “low level” cross-resistance to dicyclanil. Low level re-
sistance was defined in vitro as a strain which survived the cyromazine
susceptible discriminating concentration (SDC) but not eight-fold the
SDC. Survival of eight-fold the cyromazine SDC was considered by
Levot et al. (2014) as the worst-case scenario following intense selec-
tion pressure unless a second resistance mechanism evolved to dicy-
clanil. At that time, an in vivo study by Levot et al. (2014), using a strain
with eight-fold resistance to cyromazine and three-fold to dicyclanil,
established that the periods of protection provided by both cyromazine
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and dicyclanil based products were reduced. In this study, larvae were
classified as alive or dead at 24, 48- and 72-h post implant. In com-
parison, Baker et al. (2014) stated the protection periods were un-
affected by the previously described cyromazine resistance (Levot,
2012) if applied according to the manufacturer's instructions. The cy-
romazine resistant strain used in this in vivo study was assessed as
having 4% cyromazine resistant individuals and was not pressured
during the study period. To assess the protection period, Baker et al.
(2014) used a modified implant technique and adopted a scoring
system for long-term larval viability based on subjective assessment at
24, 48- and 72-h post implant.

Any reduction in the protection period provided by flystrike pro-
phylactic treatments is of major economic and animal welfare concern
to the Australian sheep industry. Therefore, interested producers col-
lected larvae from struck sheep and submitted them to our laboratory
for testing. We found concurrent resistance to cyromazine and dicy-
clanil in all populations (n = 10) submitted by NSW sheep producers
from late spring 2017 to autumn 2018. The aim of the present study
was to determine in vivo the current levels of protection provided by
both dicyclanil and cyromazine based products on sheep when chal-
lenged with these recently collected dicyclanil resistant strains from
NSW.

2. Material and methods
2.1. Lucilia cuprina strains

L. cuprina larvae that were collected from sheep by producers across
three states in Australia, during the late spring (2017) through to au-
tumn (2018) fly season, were established in culture. The submissions
received from South Australia and Victoria were from properties which
indicated that only cyromazine based products were routinely used.
Conversely, the NSW submitters specified the current exclusive use of
dicyclanil based products but did state they had used cyromazine prior
to the release of dicyclanil to prevent flystrike.

A proportion of the first instar larvae obtained from the 2nd gen-
eration of each strain were exposed in-vitro to technical grade dicyclanil
and cyromazine at susceptible discriminating concentrations (SDC)
(Yen et al., 1996) to determine their resistance status. A pooled dicy-
clanil susceptible strain (DSus) was formed from those submissions
which failed to survive the SDCs of both dicyclanil and cyromazine. It
consisted of four strains, submitted from SA and Victoria, and was
cultured without insecticides. The two dicyclanil resistant strains
(DRes) consisted of nine strains submitted from NSW. Three strains had
a mean survival of 48% at the SDC and survivors at four times the
dicyclanil SDC (DRes4).The remaining six strains had survivors at eight
times the dicyclanil SDC (DRes8) and a mean survival of 62.3% at the
SDC, of which one strain had 90.2% survival. Once formed, these two
DRes composite field strains were cultured on food sources containing 4
times and 8 times the dicyclanil SDC, respectively. DRes4 and DRes8
were selected in this way for three generations prior to commencement
and throughout the implant challenge, a total of ten generations.
However, the strains were not selected for one generation prior to each
implant occasion. The concentration of dicyclanil used to select these
two strains remained constant over time, aiming to eliminate dicyclanil
susceptible types rather than applying increasing selection pressure to
increase resistance levels (Hughes and Shanahan, 1978., Levot, et al.,
2014). The neonate larvae from DRes4 and DRes8 were combined in a
50:50 ratio for implantation.

2.2. Animals

In August 2018, a flock of Merino yearlings, which had been crut-
ched and drenched in January 2018, was inspected and 72 wethers
selected for this trial. The selected sheep were weighed (mean body
weight 39.25 = 1.7kg), their ear tag numbers recorded and were
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returned to pasture as a discreet research flock. These sheep had never
been treated with an insecticide and were assumed to be im-
munologically naive to flystrike based on their animal husbandry and
rainfall records which indicated that only 41.4% of the mean annual
rainfall had been received in the previous 12 months (Australian
Government: Bureau of Meteorology; http://www.bom.gov.au/
climate).

The 72 ear tag numbers were placed in order according to weight
and randomly assigned to one of six groups using an on-line random
number generator (Random Integer Generator; https://www.random.
org/integers/). The sheep then received an additional coloured tag
which identified them to their designated treatment group.

Following treatment, six weeks after shearing, the sheep were
maintained in their treatment groups and housed in outside runs. These
runs were small rectangular paddocks which each contained a three-
sided skillion shed, feed troughs and water troughs. Each run was se-
parated by a three-vehicle wide laneway at the front and back and a 1 m
wide laneway at each side to exclude contact between treatment
groups. The sheep were moved to a shed as discreet groups to avoid
rain. They were fed daily on a custom sheep pellet ration with added
lucerne throughout the study (Vella Stock Feeds, Plumpton, NSW).

2.3. Treatments

All treatments were applied six weeks after shearing. The groups
were shorn and treated in a staggered fashion to accommodate each
products’ protection period and to allow the groups to be aligned for
simultaneous challenge by both dicyclanil susceptible and resistant
larvae.

Prior to treatment the sheep were reweighed and treated on the
backline and breech according to the manufacturers' instructions for
their individual body weight. The treatment groups were: (a) 12.5g/L
dicyclanil, (CLiIKZiN Spray-On™), nine sheep with an average weight of
45.1 kg; (b) 50 g/1. dicyclanil (CLiK™ Spray-On), fifteen sheep with an
average weight of 48.4 kg; (c) 65 g/L dicyclanil (CLikExtra™ Spray-On)
fifteen sheep with an average weight 44.2kg; (d) 500 g/L cyromazine
(Vetrazin™ Liquid) applied by hand jetting to nine sheep with an
average weight of 47.3 kg (Elanco Australasia Pty Ltd, Ryde, NSW); (e)
16.0 g/L ivermectin (Coopers® Blowfly and Lice Jetting Fluid) applied
by hand jetting to nine sheep with an average weight of 46.8kg
(Coopers Animal Health, Intervet Australia Pty. Ltd, Macquarie Park,
NSW); and (f) untreated controls, fifteen sheep with an average weight
of 45.1 kg. The spray-on treatments were applied using the supplied,
handheld gun, strictly according to the manufacturer's instructions for
dose and spray pattern. Jetting fluids were mixed in a 200L sump ac-
cording to the manufacturers' instructions and applied using a Dutjet
jetting wand (NJ Phillips Pty Ltd, Somersby, NSW) supplied by an
electric pump which delivered 650 kPa. Applications were timed, en-
suring each animal had an average of 3.3 L of jetting fluid delivered to
body and breech. The sheep were then placed into a designated pen
inside a shed for 24-48 h until thoroughly dry before returning to their
runs. The possibility of insecticide transfer between groups was elimi-
nated as groups did not come in direct contact and only specifically
allocated pens and runs were used. The groups were also handled in a
defined order, starting with the untreated controls and ending with the
group treated with the highest concentration of dicyclanil (65 g/L). The
sheep were moved back to their designated pens in the shed to avoid
rainfall and during the implant process.

2.4. Larval implant technique

To ensure neonate larvae were available for implanting the fol-
lowing morning, cages of blowflies were egged over a 2-h period in the
evening and the eggs were kept at approximately 21 °C overnight. The
technique used, known as a larval implant, was modified from those
previously described (McLeod, 1937, Hughes and Shanahan, 1978,
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Holdsworth et al., 2006). Briefly, after parting the wool at an implant
site, the skin was lightly scarified and the area moistened with water. A
moist cotton wool plug, with approximately 200 neonate larvae on its
surface, was placed above the prepared area. The wool was closed over
the implant and held in place by a bulldog clip. Five implant locations
had been identified along the length of the body from the withers to the
rump, one of which was selected randomly prior to each implant oc-
casion. Six sheep from each treatment group received an implant di-
rectly under the treatment area from the DSus strain and another from
the DRes strain on the opposite side of the animals’ midline at the same
implant location. An implant roster governed which six sheep from
each group would be implanted and as the trial progressed the available
implant locations became limited. As a result, the random selection of
the implant location ceased and the location which was available on all
six sheep of the group was utilized at the latter stages of the study. The
sheep implant roster ensured each animal was only implanted on a
maximum of four occasions during the study period.

In this study, each implant was assessed at 24, 48 and 72 h except
for those on the untreated control sheep. This group had live larvae
collected from them after 24 h, the site was clipped, and tincture of
iodine applied in line with animal welfare requirements. Based on size,
larvae were removed from sheep of the treated groups after 48- and/or
72-h. Often only a subsample of the living larvae was collected from an
implant site, especially if there were large numbers. Once removed, the
larvae of each strain were placed in individual containers, for that
sheep, which contained vermiculite. These were labelled with the strain
name, treatment group, sheep number, date and hours post-implant and
left to pupate at 27 °C. After the number of pupae and flies which
successfully eclosed were counted and recorded, the implant was de-
clared positive if a single fly, or more, eclosed otherwise it was declared
negative. A positive implant of a strain was considered a protection
failure by the product on that sheep. A protection failure cut-off was set
at three sheep per group for the declaration of a break in the protection
period, which was confirmed by the subsequent implant. Implants
ceased on a treatment group when a break was confirmed or when the
products’ protection period was reached.

The site of each implant was clipped and swabbed with tincture of
iodine, at either 24, 48 and/or 72h post implant, as warranted. This
process successfully killed any remaining larvae and aided the drving
and healing process. In addition, the implant or struck areas were re-
checked prior to the sheep returning to their runs. Throughout the
study sheep were also monitored for naturally occurring flystrikes as
there was flystrike activity amongst other flocks of sheep on the prop-
erty.

The timetable for implant occasions 1 to 10 was designed to ac-
commodate each produets’ registered protection period. Implants were
performed at 2 weekly intervals, except for implant occasions 8-10,
which were carried out at 3 weekly intervals (Table 1).

Table 1
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2.5. Weather conditions

Rainfall, temperature and relative humidity were logged at the ex-
perimental site using an automated ‘Junior’ weather station
(Measurement Engineering Australia, Magill, SA. Australia). Whilst
data were collected automatically at a frequency of every 10 min, the
24hr totals recorded at 9am daily were downloaded manually. Data
were collected from the time of first shearing, at the beginning of
August (August 8, 2018), until the sheep were placed back into their
runs following their final implant at the beginning of April (6.4.2019).
This trial was conducted throughout the main flystrike seasons of spring
through to autumn, with implants commencing at the start of
November (5.11.2018).

During this study 601.6 mm of rain was received, however, sheep
were moved in their groups to the shed to avoid wetting. There were
three rain event exceptions (Fig. 1) when the sheep which were not
involved in implant occasions 3, 6 or 7 were not moved to a shed,
however, they could seek the shelter in their runs. A total of 2.6, 4.2 and
7.8 mm of rain fell on these three occasions respectively. During the
final days of August, the lowest minimum temperature was recorded as
—2.9°C. Overall, January was the warmest month on record, up to that
time, with the highest maximum daily temperature recorded as 41 °C.
The relative humidity ranged from 0.2% to 100%, with an average of
37.8%, over the trial period.

2.6. In-vitro assays

The responses of the DSus, DRes4 and DRes8 strains to dicyclanil
were determined at the commencement of the trial and 241 days later
following the final implant using a previously described bioassay
technique (Levot and Sales, 2004). These dose mortality data were
corrected for control mortality using the Schneider-Orelli's formula
(Piintener, 1981) which is an adaption of Abbotts Correction (Abbott,
1925). Probit analysis (Finney, 1971) was performed using BioStatPro
software (BioSat: AnalystSoft) to calculate the L.C50 and LC95 values
and the associated 95% fiducial limits. The values obtained for DRes4
and DRes8 were compared to that of DSus to estimate resistance ratios.

3. Results
3.1. Lucilia cuprina strains

The LC50 and LCI95 values calculated for the dicyclanil susceptible
and resistant strains increased over the course of the trial (Table 2). The
resistance ratio (RR) calculated at the LC50 relative to the DSus strain,
increased 2.4-fold for DRes4 and 1.8-fold for DRes8. As the LC95 values
of DRes4 and DRes 8 had overlapping 95% fiducial limits there had not
been a significant change in this parameter over the study period. In

The in-vivo challenge timetable developed to accommodate the flystrike prevention label claims of the products assessed in this study.

Implant Weeks Post-Treatment Untreated Controls (Implant
Occasions Number)
Spray-On Formulations Hand Jetted
12.5 g/L Dicyclanil 50 g/L Dicyclanil 65 g/L Dicyclanil 500 g/L Cyromazine 16.0 g/L Ivermectin
1 3 4 7 3 4 1
2 5 6 9 5 6 2
3 7 8 11 7 8 3
4 9 10 13 9 10 4
5 11 12 15 11 12 5
6 13 14 17 13 14 6
7 16 19 15 7
8 19 22 8
9 22 25 9
10 25 28 10
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Fig. 1. The daily rainfall (mm) across the study period in relation to shearing, treatment and implant occasions.

contrast, the 95% fiducial limits did not overlap on the DRes4 and Table 3

DRes8 LC50 values nor the LC50 and LC95 values for the DSus strain. Verification of the cut-off rule of 3 out of 6 sheep of a treatment group with
protection failures against a single strain. This rule was used to define a “break”
in the protection period of each flystrike prevention product.

3.2. Larval implants
Observed number of protection Upper 95% confidence limit.
The veracity of a cut-off, set at three protection failures out of the six failures per strain, per
sheep challenged, to declare a break in protection was tested. The upper treatment group.

95% confidence limit for the expected number of protection failures 1 35

from six sheep, given observed protection failures ranging from 1 to 5, 2 4.4

are shown in Table 3. The 3/6 protection failure cut-off was close to 3 5.1

optimum in that a lower cut-off rule (only 1 or 2 protection failures) g ;'g

offered less convincing evidence that the treatments protection was )

broken against that strain, whereas a higher cut-off rule (4 or more

sheep with a protection failure) would be considered excessive and the DRes strain. The ivermectin jetting product had a break in protec-

unnecessary. tion declared after the 3rd implant occasion, eight weeks post treat-
The low concentration dicyclanil spray-on product (12.5 g/L dicy- ment. A total of 223 flies developed from the DRes larvae removed from

clanil) failed to halt the development of 347 DRes larvae into flies. five of the six sheep implanted (Fig. 2e) which represented a 33% re-

These had been collected from all six of the sheep at implant occasion 1 duction in the protection period. All products met or exceeded the

(Fig. 2a). This was three weeks post treatment and represented a > 73% claimed protection periods against challenge by DSus when the 3/6

reduction in the period of protection. The 50 g/1 dicyclanil group dis- protection failure cut-off rule was applied. However, there were some

played a =78% reduction in protection period, four weeks post-treat- individual sheep protection failures (Fig. 2a—e). The success of the

ment, when 45 flies developed from the DRes larvae collected off three implant challenge technique was demonstrated by all six untreated

of the six sheep at implant occasion 1 (Fig. 2b.) The high concentration control sheep having positive implants to both strains on every implant

dicyclanil based product (65 /L) had 207 DRes flies eclose from larvae occasion. The average number of eclosed flies, per implant occasion,

removed from the six implanted sheep at implant occasion 2 (Fig. 2c). from all six untreated control sheep was 473 for DRes and 435 for the

As this was only nine weeks post-treatment it equated to a 69% re- DSus strain (Fig. 2f). Unlike the DSus strain, implants with the DRes

duction of the protection period. The cyromazine based jetting fluid strain ceased on the untreated control group after implant occasion 4,

provided protection to all six sheep on implant occasions 1 and 2. as breaks in protection had been declared on every treated group.

However, seven weeks post treatment, at implant occasion 3, all six
implanted sheep had protection failures (Fig. 2d), with 337 flies
eclosed. This was a 50% reduction in protection by cyromazine against

Table 2
The in vitro response of dicyclanil susceptible and resistant strains of Lucilia cuprina to dicyclanil prior to commencement and following completion of the study.
Strain Study LC50 (95%FL) Resistance LC95 (95%FL) Resistance
Ratio Ratio
DSus Pre 0.0222° (0.0209-0.0235) - 0.0439° (0.0398-0.0498) -
Post 0.0262° (0.0243-0.0279) - 0.0580° (0.0519-0.0672) -
DRes4 Pre 0.2969° (0.2333-0.3808) 13.4 1.0360 (0.6968-2.3074) 23.6
Post 0.8505¢ (0.7885-0.9194) 325 2.3435 (1.9832-2.9450) 40.4
DRes8 Pre 0.56314 (0.4036-0.7840) 25.4 1.5818 (1.0403-4.7594) 36.0
Post 1.2196* (0.8364-1.6878) 46.5 2.3075 (1.6737-10.3442) 39.8

a b & d 9504 Fiducial Limits do not overlap.
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Fig. 2. The number of protection failures, based on adult emergence, following implantation with dicyclanil susceptible and resistant neonate Lucilia cuprina larvae.
Treatments included a) 12.5 g/L dicyelanil, b) 50 g/L dicyclanil and ¢) 65 g/L dicyclanil spray-on products; d) cyromazine and e) ivermectin jetting fluids; and f)
untreated controls. Also listed is the maximum protection period claimed by each product as weeks post-treatment.
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4. Discussion

We report for the first time on reduced protection periods of dicy-
clanil based spray-on products due to dicyclanil resistance in the
Australian sheep blowfly, L. cuprina. Additionally, we found that cy-
romazine, a chemical belonging to the same group, and ivermectin, an
unrelated chemical, provided shorter periods of protection against fly-
strike by dicyclanil resistant larvae when compared to that achieved
against a pooled dicyclanil susceptible field strain.

A survey of Australian L. cuprina populations, conducted between
2012 and 2014, found 14% of submissions were resistant to cyromazine
and dicyclanil, when assessed in vitro (Levot, 2014). As the information
provided by NSW submitters in 2017-2018 specified historical use of
cyromazine and current, exclusive, long-term use of dicyclanil for the
prevention of flystrike it was not unexpected when each of the ten L.
cuprina samples from NSW displayed cyromazine resistance. However,
it was concerning that they also proved to be dicyclanil resistant and
nine of them were able to survive 4 or 8-fold the dicyclanil susceptible
discriminating concentration (SDC). These findings supported the
general concerns expressed by some submitters regarding reduced fly-
strike protection from one or both of these insecticides.

Dicyclanil belongs to the insect growth regulator (IGR) group of
chemicals as does cyromazine. The precise mode of action of dicyclanil
is unknown, however, it is thought to act in a similar manner to cyro-
mazine by interfering with moulting and pupation (Friedel and
McDonell, 1985). In laboratory studies, dicyclanil was found to be ap-
proximately ten times more potent than cyromazine (Graf, 1993),
which was released in Australia to prevent flystrike in 1979 (Hart et al.,
1979). Despite a report in 2001 (Levot, 2001) that several producers
believed that protection periods provided by cyromazine had de-
creased, it took a further 11 years before cyromazine resistance was
confirmed (Levot, 2012). The use of cyromazine for approximately 32
years prior to resistance being described in the field suggests cyroma-
zine resistance in L. cuprina is the result of de novo resistance evolution
(Hawkins et al., 2019).

In 1999, a dicyclanil based spray-on product was released in
Australia which had been demonstrated to prevent flystrike for a period
of at least 20 weeks (Bowen et al., 1999; Hyman et al., 2000). Three
spray-on products of varying concentration are currently available with
protection periods claimed from 11 up to 29 weeks (www.Elanco.com.
au). These long periods of protection have ensured the rapid uptake and
extensive use of dicyclanil based products across Australia to prevent
flystrike.

Historically, body strike was considered the most concerning form
of flystrike for producers as management practices such as crutching,
ringing and surgical procedures like mulesing and pizzle dropping were
seen as capable of minimising other types of strikes (Wardhaugh et al.,
2001). The move away from mulesing and the selection of more fly-
strike resistant sheep have shifted emphasis onto breech strike. The
breech is particularly problematic and highly variable because of
soiling from urine and faeces which ensure attractive oviposition sites
and warrants the application of additional insecticide. The variability of
the breech was demonstrated by a study comparing mulesed sheep with
unmulesed sheep treated with dicyclanil (50 g/L) (Larsen et al., 2012).
Only 10-12 weeks protection was obtained against naturally occurring
breech strike compared to the 18-24 weeks expected. This lead Larsen
et al. (2012) to speculate that protection claims were determined on
mulesed not unmulesed sheep. As dicyclanil based products can be
applied to any length wool another variable to consider is wool length.
An earlier study (James et al., 2009) considered wool length on the
breech and found 30-20% of breech implants were positive on sheep 12
weeks post treatment with dicyclanil (50 g/L) unless applied 6 weeks
off shears. In the study reported here, assessment on the body rather
than the variable breech area and treatment 6 weeks off shears were
specifically selected to provide optimal opportunity for flystrike treat-
ment activity. This also allowed comparison of the effect of dicyclanil
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resistance on protection periods with studies conducted on cyromazine
resistance where body strike was also studied (Baker et al., 2014) and
implants were placed within the treated area (Levot et al., 2014).
Several other study parameters were modified. Firstly, Levot, et al.
(2014) questioned the translocation of cyromazine to skin level when
sheep were treated in 7 months wool. The use of cyromazine jetting
fluid, rather than the spray-on product, on sheep 6 weeks off shears
ensured cyromazine was delivered to skin level in this study. Secondly,
we ensured chemical wash out did not occur by housing animals during
precipitation and grazing outside for the remainder of the trial. There
were three exceptions to this when the sheep which were not being
implanted did not get moved into a shed. On the first occasion a total of
2.6 mm of rain fell over 2 days during implant occasion 3. Rain could
have fallen on the sheep in their runs if they did not seek shelter. Cy-
romazine is water soluble and is known to move down the wool staple
after small volumes of rain (Hart et al., 1982). This may account for the
slight increase in cyromazine efficacy we observed at implant occasion
4. To a lesser extent, an increase in efficacy was also observed in the
ivermectin jetted group despite the product claiming to be unaffected
by moderate rainfall (www.coopersanimalhealth.com.au). In contrast
we did not observe any rain associated effects on the dicyclanil spray-on
treated groups in line with product claims of Rain Lock™ or Fleece-
Bind™ technology (www.elanco.com.au).

Dicyclanil is not water soluble and the flystrike products are “suspo-
emulsions” of dicyclanil dissolved in lipid, non-polar dispersing agents
and a dye. Once applied, the dicyclanil dissolves into the lanolin and
suint, spreading from the tip of the fleece to skin level while also
moving around the animal to include the belly wool (Hosking et al.,
2001) and onto new wool growth (Elanco, 2019). This movement of
dicyclanil has been called “rapid diffusion” by one manufacturer
(www.jurox.com.au) and was supported by James et al. (2009) who
found dicyclanil transferred from treated breeches to untreated bree-
ches when sheep were run as a single flock. In addition, residue studies
in merinos treated 6 weeks off shears with approximately twice the dose
rate (100 mg/kg of bodyweight) found dicyclanil and its metabolite in
muscle, liver, kidney and renal fat when tested 11 days after treatment
(European Agency for the Evaluation of Medicinal Products. Veterinary
Medicines and Information Technology, 2000). Most importantly, in the
current study the criteria for treatment failure was the development of
larvae removed from the sheep through to flies. rather than subjective
assessment of larval survival on the sheep. This provided definitive
information regarding the viability of the exposed larvae and the pro-
duct's protective period.

This study included a positive treatment control group, an iver-
mectin based jetting fluid, which belongs to the macrocyclic lactone
(ML) chemical group. The mode of action of ivermectin is very different
to that of cyromazine and dicyclanil as it causes paralysis of the insect.
This occurs when ivermectin binds to the ligand gated chloride chan-
nels which produces ion influx and results in inhibition of nerve im-
pulses (Laing et al., 2017). Ivermectin based flystrike products claim to
prevent existing flystrike for up to twelve weeks but only under low to
moderate fly pressure (www.coopersanimalhealth.com.au). In this
study, 12 weeks protection was achieved by the ivermectin product
against the dicyclanil susceptible strain (DSus), while only eight weeks
protection was attained against the dicyclanil resistant strain (DRes).
Increased tolerance, or cross resistance, to cyromazine and/or dicy-
clanil has been previously reported in strains resistant to other in-
secticides. When high level resistance developed in L. cuprina to the IGR
diflubenzuron (Sales et al., 2001), cross resistance was reported to di-
cyclanil, cyromazine and ivermectin (Levot and Sales, 2004, Batterham
et al.,, 2006). Further studies of these organophosphate and di-
flubenzuron resistant strains also demonstrated reduced efficacy of re-
gistered flystrike dressings containing either ivermectin or spinosad
(Levot and Sales, 2008).

Dicyclanil resistance was identified in L. cuprina populations which
were cyromazine resistant whilst cyromazine resistance occurred
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independently (Levot, 2014). This suggests dicyclanil resistance re-
quires the standing genetic variation provided by cyromazine re-
sistance. Cyromazine resistance was shown by bioassay to be in-
completely dominant in the sheep blowfly (Levot, 2012) as was the
dicyclanil resistance reported here (Sales and Suann unpublished data).
As a result, the window of selection is narrower than if either of the
resistances were completely dominant (South et al., 2019). However, as
the insecticide degrades, the proportion of the population surviving
within this selection window at any given time will be greater as it will
also include heterozygotes.

It may be speculated that the shorter protection period (11 weeks)
provided by the lower dose dicyclanil flystrike product could have ex-
pedited the development of dicyclanil resistance in L. cuprina. This
product could degrade to selective concentrations on sheep while there
is still flystrike activity if the product is not used strategically prior to
shearing, crutching or the onset of weather conditions unsuitable for
flystrike, such as cold winters or hot dry summers. The manufacturers’
instructions stipulate its use for short term protection of sheep intended
for slaughter, lambs following marking or for protection late in the fly
season (www.elanco.com.au). However, the opportunity for selection
would be increased if these instructions were not adhered to, if treated
sheep were not shorn before the dicyclanil decayed to selective levels
and blowfly pressure was present, a lower dose than stipulated was
applied, or if resistance was already present. Conversely, it could be
argued that the 29-weeks protection provided by the high dose (65 g/L)
dicyclanil product would reduce selection pressure if the dicyclanil le-
vels remain high and only decrease to selecting concentrations when
flystrike pressure was very low or not present at all. This may not be the
case if it is applied at the beginning of spring in areas where favourable
weather conditions for L. cuprina extend from the beginning of spring
through to the end of autumn, a total of 39 weeks, or if resistance is
already present.

Dicyclanil resistance will have far reaching effects on the manage-
ment of sheep by Australian producers across the production year.
Producers may no longer be able to solely rely on a single treatment with
dicyclanil (up to 29 weeks protection) or cyromazine (up to 14 weeks
protection) based products to protect sheep across an entire fly season.
Sheep producers are encouraged to investigate other non-chemical op-
tions which includes mulesing, breeding sheep that are less prone to
flystrike and identifying the highest risk periods for flystrike. By using
strategic timing of drenching, crutching and shearing, minimum wool
and/or a clean breech can be achieved going into high risk flystrike
periods. In areas with only low levels and frequencies of dicyclanil re-
sistance, producers may still have the opportunity to decrease selection
pressure and possibly prolong the effective life of these insecticides.
Therefore, implementation of an integrated resistance management plan,
based on rotation of the insecticide group used for the prevention of
flystrike is recommended. To be widely adopted any resistance man-
agement plan must be cost effective, adaptable across the climatic con-
ditions of the sheep producing areas of Australia and be flexible around
the activities of mixed agricultural enterprises such as cropping.

There are other insecticides registered for flystrike prevention in
Australia such as spinosad, imidacloprid and ivermectin. Products
based on these actives provide much shorter periods of protection and
can be used effectively, for example, in the latter stages of the fly season
or prior to crutching or shearing. However, the impact of dicyclanil
resistance on the efficacy of these alternative insecticides warrants
further attention.

With increasing animal welfare concerns (RSPCA Research Report,
2019) and the possible loss of these extensive periods of protection,
there is little human or economic tolerance for flystrike amongst Aus-
tralian flocks. Therefore, it is imperative that the information (Horton
and Hogan, 2010) and Flyboss decision-making tools (FlyBoss Tools;
http://www.flyboss.com.au) which are available on flystrike and in-
secticide resistance management are utilized by Australian sheep pro-
ducers.
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