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Abstract

Abstract

Fasciola hepatica (F. hepatica) is a parasite more commonly known as liver fluke. Since
colonisation in Australia, F. hepatica has been a problem in South-Eastern Australia (New
South Wales, Victoria and Tasmania). The South-Eastern region of Australia has a
temperate climate and ample water for the primary, intermediate host in Australia
Austropeplea tomentosa (A. tomentosa). Control of F. hepatica in these regions relies
heavily on the use of preventative flukicides, particularly triclabendazole, to treat the
definitive hosts and reduce egg contamination. Diagnostic tools including liver fluke faecal
egg counts (LFEC), serum ELISA (sELISA), bulk tank milk ELISA (BTM ELISA), and
coproantigen ELISA (cELISA) play a crucial role in better informing F. hepatica control
strategies on-farm. However, there has been no recent investigation of the prevalence of
F hepatica in Victorian dairy cattle, the incidence of triclabendazole resistance in cattle or

the management practices used by farmers to control liver fluke.

This thesis's focus was to: (1) apply several of these diagnostic tools to determine the
prevalence of F. hepatica in irrigated dairy regions of Victoria; (2) assess the variation in
coproantigen and egg shedding within a day (morning and afternoon milking) and
between days for five days to determine the impact on the sensitivity of the tests and
correlation with total fluke count; (3) determine what farm management practices dairy
farmers use to control F. hepatica and identify what information needs to be

communicated to farmers.

We found that F. hepatica was endemic in several Victorian dairy regions (mean
prevalence 39%), with the highest prevalence (75-80%) observed in the Macalister
Irrigation District. The state-wide estimated annual economic loss in milk production was
SAUD 129 million. Triclabendazole-resistant F. hepatica was identified on three dairy

farms.

During the morning and afternoon milkings, we observed a 2.6-8.8 fold range in
coproantigen OD values and 5-16 fold range in liver fluke egg counts over the five days
the animals were sampled; correlations for both tests with total fluke counts ranged from
R= 0.58-0.78 and differences were observed between morning and afternoon samples.
Sampling in the morning yielded higher positive correlations between the cELISA and LFEC

tests and total fluke counts, suggesting that faecal sampling for liver fluke testing should

Xi



Abstract

be collected in the morning. Our findings suggest that the cELISA and the LFEC
(FlukeFinder kit®) are robust tests that can accurately detect cattle with burdens >10

flukes under Australian farm management practices.

The survey results identified four knowledge gaps where communication needs to be
enhanced: diagnostic testing to inform flukicide use, rotation of flukicide actives, flukicide

administration, and increased testing of replacement animals.

These studies have identified regions in Victoria at higher risk of F. hepatica, validated the
coproantigen ELISA for fluke diagnosis in cattle and identified management options that
can be utilised on-farm to mitigate production losses resulting from infection with F.
hepatica. The research has improved our understanding of where F. hepatica is in Victoria,
identified regions at higher risk and identified several management options that can be
utilised on-farm to mitigated associated productions losses resulting from infection of

dairy cattle with F. hepatica.
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Chapter 1 - Literature Review

The lifecycle, ecology and distribution of Fasciola hepatica in Australian cattle
1.1 Introduction

1.1.1 Fasciola hepatica and Fasciola gigantica

Infection with either Fasciola gigantica (F. gigantica) or Fasciola hepatica (F. hepatica)
causes fasciolosis. F. gigantica is found in the tropics, whereas F. hepatica is found in
temperate and sub-tropical regions (Mas-Coma et al., 2009). These two parasites have
been found to co-exist in Vietnam, Japan and Korea, producing hybrids (Cwiklinski et al.,
2016). F. hepatica is the most widely distributed vector born parasite in the world,
infecting a wide range of unrelated hosts shown in Table 4 (Mas-Coma, 2005). The
widespread distribution of F. hepatica is primarily due to its capacity to infect local
Lymnaeidae snails (Correa et al., 2010). Globally more than 30 Lymnaeidae have been
described as vectors for the parasites and are found on every continent except Antarctica
(Correa et al., 2010). The global distribution of F. hepatica, the lack of host specificity and
its ability to infect local Lymnaeidae makes the parasite a significant threat to livestock

productivity and public health.

1.1.2 Global problems with fasciolosis

The global cost of fasciolosis has been estimated to be over $3 billion US per annum, and
an estimated 17 million people and 300 million cattle are infected with F. hepatica (Spithill
et al., 1999; Copeman and Copland, 2008; Cwiklinski et al., 2016). Compounding these
problems are reports of triclabendazole (TCBZ) resistant F. hepatica in sheep, cattle and,
most alarmingly, in humans, reviewed in Kelley et al. (2016) (Chapter 2). TCBZ is the
preferred drug for the treatment of F. hepatica because it targets both the immature and
mature stages of the parasite and has a high safety margin. Modelling by Haydock et al.
(2016) in New Zealand (NZ) suggests that climate change is likely to expand the
distribution of F. hepatica and increase the severity of the disease. Given that there is only
a finite number of alternative drug classes at present, the loss of triclabendazole could

compromise the future control of the parasite in livestock and humans.

1.1.3 F. hepatica in Australia

In Australia, F. hepatica has been a problem since the early settlement of the country,

with outbreaks of fasciolosis occurring in New South Wales (NSW), Victoria (VIC) and

1



Chapter 1: Literature Review

Tasmania (TAS) soon after the regions were first stocked (Seddon, 1950). The severity of
the outbreaks led to the 1869 Royal Commission into Fluke, declaring that the parasite
was a significant threat to the country’s national wealth and prosperity (Penny, 1869). In
the preceding year's severe losses continued in Victoria, and one property lost 25,000
sheep in a single year (Seddon, 1950). More recent work in Australia has estimated that
F. hepatica costs the sheep industry $25 M per year and the Victorian dairy industry $129
M per year (Lane et al., 2015; Kelley et al., 2020). However, little research has investigated

the distribution of F. hepatica in Australia.

1.1.4 PhD thesis context

This literature review explores the ecology and lifecycle of F. hepatica in Australia to
inform control strategies, identify gaps in our knowledge and direct future research in

Australia.

1.2 The life cycle of F. hepatica

F. hepatica is heteroxenous, relying on an intermediate snail from the family Lymnaeidae
as a vector to transmit the infection to the definitive host. The life cycle of F. hepatica is

shown in Figure 1.1.
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Figure 1.1. The F. hepatica life cycle in cattle sourced from Love et al. (2017)

1.2.1 Eggs

Adult F. hepatica residing within the definitive host bile ducts shed eggs that pass into the
digestive system and are excreted from the host in faecal matter ((a) in Figure 1.1). The
eggs remain viable in the faecal pat while it is moist, but once it dries out, death occurs
rapidly (Andrews et al., 1999). Egg development occurs once the egg is liberated from the
faecal matter via rainfall, irrigation, livestock or farm machinery as it has an inhibitory
effect on the egg development (Boray, 1969; Andrews et al., 1999). Embryonation of the
egg requires the presence of water and warm temperatures (Table 1). Egg development
takes a few weeks at 23°Cto 26°C, whereas development takes months if the temperature
is below 15°C and days if the temperature is greater than 26°C (Boray, 1969; Andrews et
al., 1999).
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Table 1.1. Climatic tolerances of F. hepatica

Temperature Humidity Duration of Survival Reference
Embryonation <5°C 2-2.5 years
23-26°C 21 days (Boray, 1969; Andrews et al., 1999)
30°C 8 days ! ! v
>37°C No development, dead within 24 days
Miracidium lifespan 6°C 36hrs
10°C 24hrs (Boray, 1969)
25°C 6hrs
Duration of MC? -2°C 92 days
infectivity
10°C 130 days )
25°C 36 days, 50% survived 60 days (Boray and Enigk, 1964; Boray, 1969)
30°C 14 days, 20% survived 36 days
35°C Died after 14 days
MC? survival humidity 10°C 75%-80% 31 days
1o°¢ 90% 122 days (Boray and Enigk, 1964)
20°C 75%-80% 3 days ’
20°C 90% 14 days, none after 27 days
MC? survival on pasture 10°C 76% 70 days during winter
20°C 67% 7 days during summer (Ono et al., 1954; Boray and Enigk, 1964; Meek and Morris,
25°C 42 days 1979a)
25-32°C Died in 10 days

aMC — metacercariae
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1.2.2 Miracidia

Sunlight or cold water triggers the release of miracidia from F. hepatica eggs ((b) in
Figure 1.1) (Jepps, 1933; Andrews et al., 1999). After hatching, the miracidia only have a
few hours to find an intermediate snail host (see Table 1). Miracidia move at a rate of 4-
12 sec/cm and can travel a distance of 50m to find a snail (Boray, 1969; Andrews et al.,
1999). Miracidia seek out and infect snails, relying on chance or a positive chemotactic
reaction which occurs when a snail is within 15 cm of the miracidia (Neuhaus, 1953). The
miracidia attack the snail's foot and mantel, which causes swelling and irritation (Boray,
1964a). Snails have varying degrees of susceptibility to F. hepatica infection shown in

Table 2 and will often aggregate in the most susceptible snail (Anderson, 1978).

1.2.3 Intermediate hosts in Australia

The main intermediate host in Australia is the native snail Austropeplea tomentosa (A.
tomentosa), which was formally known as Lymnaea tomentosa (shown as (c) in
Figure 1.1). A. tomentosa is found in Australia and NZ; however, research by Puslednik et
al. (2009) found that the snails had distinctly different lineages suggesting that the snails
are different species. In addition, Puslednik et al. (2009) found evidence to suggest that A.
tomentosa in Australia is three distinct species of snail. The snails have been regrouped
and renamed by Ponder (2016a, 2016b, 2016c). The snails are now tentatively known as:
Austropeplea brazier (A. brazier) found in NSW, Australian Capital Territory (ACT),
Queensland (QLD) and VIC; Austropeplea papyracea (A. papyracea) found only in South
Australia (SA); and Austropeplea huonensis (A. huonensis) found only in TAS (Puslednik et
al., 2009; Ponder, 20164, b, c). As much of the intermediate host research in Australia has
focused on A. brazier, further research needs to assess the role A. papyracea and A.
huonensis play in the epidemiology of F. hepatica in SA and TAS. For the remainder of the
literature review, A. tomentosa will continue to be used to describe the main intermediate
host snail in Australia, as all research to this point has considered it to be one snail. There
are two other secondary intermediate hosts in Australia: Pseudosuccinea columella (P.
columella) and Radix viridis (P. columella) that were both introduced to Australia in the

1970s and play a lesser role in the transmission of F. hepatica.
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Table 1.2. Intermediate snail hosts in Australia susceptibility to F. hepatica infection and metacercariae production

No. of snails No. of snails R G Average development
Species Source Country infected with Age of snail which produced 5 time of F. hepatica in Reference
miracidia cercariae MC* produced snails
A. tomentosa NSW P AUS¢ 1250 40% 470 59 days (Boray, 1978)
P. columella NSW P AUS® 1150 1% 412 114 days (Boray, 1978)
P. columella NSW b AUS¢ 400 Young (2-4mm) 40% 151 70 days (Boray, 1985)
P. columella NSW ° AUS® 25 Adult (12-18mm) 0% 0 Unk® (Boray, 1985)
P. columella Unkd NZ® 1000 18% 790 Unk® (Boray, 1978)
P. columella Unkd USAf 21 6-11.5mm 38% 278 73 days (Krull, 1941)
R. viridis QLbs AUS® 200 21% 155 59 days (Boray, 1978)
R. viridis Highlands PNG' 125 36% 449 Unk® (Boray, 1978)
R. viridis Kathmandu NE! 100 27% 214 Unk® (Boray, 1978)

a MC — metacercariae

b NSW — New South Wales

¢ AUS - Australia
d Unk — Unknown

e NZ - New Zealand

f USA — United States of America

g QLD — Queensland
h NE — Nepal

i PNG — Papua New Guinea

j NE — Nepal
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Figure 1.1. Occurrence records from 1864 to 2015 of A. tomentosa, P. columella and R. viridis in Australia.
Data sourced from the Atlas of Living Australia (2020), see Appendix 1 for a complete list of contributing

organisations.

1.2.3.1 Austropeplea tomentosa

A. tomentosa is distributed widely across Australia (Figure 1.2). The snail has a high
susceptibility to miracidia and is the most efficient intermediate host in Australia at
producing metacercaria (see Table 2). A. tomentosa has a high reproductive capacity, and
one individual snail can produce 1265 eggs in 30 days (Boray, 1969). However, copulating
does not occur below 16°C or above 30°C (see Table 3). Copulation ceases in large snail
colonies and when there is a lack of aeration leading to stagnating water (Boray, 1964b).
Copulation is triggered by a reduction in colony size and sudden physical changes in the
environment, including increasing temperatures, rainfall and flooding. These
environmental changes significantly reduce the size of A. tomentosa colony and trigger
high copulation rates so that A. tomentosa can colonise new habitats (Boray, 1964b).
Boray (1964a) and Lynch (1965) observed that A. tomentosa could expand rapidly after
floods and colonise new areas leading to outbreaks of fasciolosis in livestock. Copulation
does not occur during winter; it commences in spring and, depending on environmental
factors, copulation can continue through summer till autumn (Boray, 1964b). The high
reproductive capacity of A. tomentosa, its ability to rapidly colonise new habitats and

migrate large distances make it an ideal host for F. hepatica in Australia.
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Table 1.3. Climatic and environmental tolerances of A. tomentosa

Temperature Days viable Hatching Other Reference
A. tomentosa 2-5°C 1095 (Boray, 1964a)
26°C Optimum temp? (Boray, 1964a)
>35°C 42 (Boray, 1964a)
pH 54t07.3 (Boray, 1964a)
Salinity ppm 25-160 ppm (Boray, 1964a)
Silicia suspension <2-5 ppm (Boray, 1964a)
Copulation <16°C No egg laying (Boray, 1964b)
>30°C No egg laying (Boray, 1964b)
Egg hatch <2°C 60 days (Boray, 1969)
<5°C 56-60 days (Boray, 1963)
25-26°C 5-8 days (Boray, 1963)
30-31°C 9-10 days (Boray, 1963)
Infected A. tomentosa < 10°C (Little development) 3 years (Boray, 1969)

(Sporocysts, rediae &
cercariae)

a Temp — Temperature
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1.2.3.2 Pseudosuccinea columella

P. columella is native to North America but was discovered in Australian metropolitan
creeks in Brisbane, Melbourne, Sydney and Perth in the late 1970s (Ponder, 1975; Boray,
1978). The current distribution of P. columella in Australia is shown in Figure 1 2. In NZ,
the introduction of P. columella led to a rapid expansion of F. hepatica (Harris and
Charleston, 1980). However, the NZ strain of P. columella was found to grow larger,
produce more metacercariae and had a lower mortality rate during F. hepatica infection
than the Australian strain shown in Table 2. Based on these observations, Boray (1978)
concluded that P. columella would have a negligible impact on the epidemiology F.
hepatica in Australia unless adaption occurred. Still, by 1985 P. columella had expanded
into grazing regions in NSW and was acting as the intermediate host for F. hepatica (Boray
et al., 1985). Ponder (1975) and Boray (1978) identified the most significant areas of risk
if P. columella adapted and became an intermediate host for F. hepatica were in irrigated
regions, warmer areas like QLD and in locations where A. tomentosa was not present
(Western Australia (WA)) and Northern Territory (NT) because the snail has a higher
temperature tolerance. Follow-up work was conducted in QLD by Baldock and Arthur
(1985) and then by Molloy and Anderson (2006), who found that P. columella had not
expanded the distribution of F. hepatica, but no investigations have been conducted in

irrigation regions, in the NT or in WA where the snail is now present (Figure 1 2).

1.2.3.3 Radix viridis

R. viridis is an exotic snail from the Pacific region (Papua New Guinea, Philippines, China,
and Japan) that was discovered in Brisbane creeks in 1974 (Boray, 1978). R. viridis is now
found in QLD, NSW and WA (Figure 1 2). R. viridis has a low susceptibility to F. hepatica
but can still produce a high number of infective metacercariae (Table 2). There has been
no investigation into the role R. viridis plays in the epidemiology F. hepatica in Australia,
other than it can transmit F. hepatica under laboratory conditions and produce viable

metacercariae (Boray, 1978). Further research needs to be undertaken.
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1.2.4 Sporocyst, redia and cercariae

There are three developmental stages within the intermediate host: sporocyst, redia and
cercaria (see (c) and (d) in Figure 1 1). If miracidia successfully infect an intermediate host
snail, it takes between 59-114 days for cercariae to be shed from the snail (Table 2).
However, rediae that contain hundreds of cercariae cause considerable damage to snail
tissues and organs, often killing the snail before shedding occurs (see Table 2). Shedding
of cercariae occurs intermittently over many weeks and only ceases when the snail dies
(Krull, 1941; Hodasi, 1972). Shedding of cercariae can be triggered by environmental
stimuli, including changes in water temperature, rainfall, flushing of water through a snail
habitat or water returning to dry habitats (Boray et al., 1969; Boray, 1969). These stimuli
can trigger the mass release of cercariae into the environment, resulting in outbreaks of
acute and sub-acute fasciolosis in grazing livestock (see section 3.1). Cercariae typically
encyst on pasture, soil and in 2.2-10% of cases, the water surface within 2 hours of being
shed from the snail (Krull, 1941; Boray, 1969; Andrews et al., 1999). During the
encystment process, the cercaria sheds its epithelium, forms an outer layer and, finally,

separates from its tail, forming a metacercaria (see (e) in Figure 1 1).

1.2.5 Metacercariae

In Australia, the highest output of metacercariae occurs during late spring, summer and
autumn, with little to no metacercariae released during late winter and early spring as the
F. hepatica lifecycle slows due to cold temperatures (Table 3) (Meek and Morris, 1979b).
Metacercariae are made up of four layers; layers one and two form the outer cyst, and
layers three and four form the inner cyst (Dixon, 1965). All layers play a role in protecting
against desiccation, mechanical injury, toxic substances, bacteria and fungi (Dixon, 1965).
Ninety-nine per cent of metacercariae are found at the water level and are more likely to
be found on the underside of vegetation, which protects against direct sunlight and heat,
prolonging the viability of the cyst (Hodasi, 1972). As the pasture grows, it increases the
likelihood of ingestion by a definitive host (see (f) in Figure 1 1). Depending on the
temperature and humidity, metacercariae can remain infective on pasture from a
minimum of 10 days at higher temperatures but up to a year at low temperatures
(Table 1). Not all ingested metacercariae will become adult F. hepatica: in artificial
infections, between 14 to 46% of metacercaria reach sexual maturity within cattle (Ross

et al., 1966).
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1.2.6 Host

2.6.1 Newly excysted juvenile

The metacercaria's outer layers protect against enzymic action in the digestive system of
the host till the metacercariae reach the site of excystment in the duodenum, where
activation occurs, and the newly excysted juvenile (NEJ) emerges from the ventral plug
(Dixon, 1965). Within the first two hours of ingestion, the NEJ emerges and begins to
penetrate the duodenum wall by boring through the tissue. The NEJs migrate to the
peritoneal cavity, where they feed on any available tissue and then randomly make their
way to the liver. NEJs are sometimes found in other organs (lungs, spleen, pancreas) and
occasionally prenatally infect calves (Boray, 1969; Rees et al., 1975). In cattle, NEJs reach
the liver two to seven days post-infection (Pl), the NEJs then penetrate the liver capsule

and become immature F. hepatica (Doy et al., 1984; Andrews et al., 1999).

1.2.6.2 Immature F. hepatica

Immature F. hepatica migrate or traverse the liver for five to six weeks feeding on tissue,
causing haemorrhagic tracts and fibrosis to form (Dawes, 1963; Boray, 1969). In light
infections, the damage is isolated to the left lobe of the liver. In heavier infections, the
damage will be found in other lobes, and the liver may also be enlarged, pale, deformed
and hard due to the fibrosis (Boray, 1969). Definitive hosts have varying levels of
resistance to F. hepatica, defined by Boray (1969) as early, delayed, and low resistance
(Table 4). Cattle have delayed resistance to F. hepatica which is due to acquired resistance
after exposure to the parasite and pathological changes to the liver parenchyma and bile
ducts which act as mechanical barriers that prevent the maturation of F. hepatica (Boray,
1969; Sanchez-Andrade et al., 2002). It takes approximately seven weeks for immature F.
hepatica to reach the bile ducts in cattle, where they reach sexual maturity and begin to

release eggs (Andrews et al., 1999).

1.2.6.3 Mature F. hepatica and egg release

The mature F. hepatica resides and reproduces within the bile ducts causing fibrosis,
anaemia and thickened bile duct walls (Boray, 1969). A systematic review by Machicado
et al. (2016) was unable to determine whether liver fibrosis was caused by F. hepatica or
the host immune response; however, the study did conclude that the intensity of F.

hepatica infection played a role in the development of fibrosis in the liver. F. hepatica can
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reproduce via self-fertilisation, but the parasite mainly reproduces via cross-fertilisation
(Andrews et al., 1999; Beesley et al., 2017). Eggs produced by mature F. hepatica move
into the bile ducts, pass into the gall bladder and then into the duodenum and, finally, are
excreted from the host in faecal matter. Research has shown that egg output and the
viability of the eggs vary widely between infected hosts (Table 4). Happich and Boray
(1969a) found that an individual F. hepatica residing within the liver of a sheep had a
consistent daily egg output between 21,000 and 24,000 eggs, whereas several studies
have observed a variable release of eggs in cattle peaking 18-19 weeks after infection and
then declining (Dorsman, 1956, 1960; Boray, 1969; Brockwell et al., 2013). The role each
host plays in the lifecycle and the epidemiology of F. hepatica will depend on the grazing
behaviour of the host, the habitat in which they exist, the F. hepatica burden, egg output
and the viability of eggs (Ménard et al., 2000).
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Table 1.4. Definitive and reservoir hosts of F. hepatica in Australia

. Definitive
Resistance or
Host Species toF. . TFC Reference
o reservoir
host
Bennett's wallaby Macropus rufogriseus* Early Definitive 80 (Boray, 1969; Obendorf, 1983)
Brushtail possum Trichosurus vulpecula*® Low Reservoir  1-9 (Boray, 1969; Spratt and Presidente, 1981; Whittington, 1982)
Bush rat Rattus fuscipes* Low Reservoir  6-10 (Boray, 1969; Spratt and Presidente, 1981)
Emus Dromaius novaehollandiae * Unk Unk 1 (Vaughan et al., 1997)
Grey kangaroo Macropus giganteus* Delayed Definitive  1-95  (Boray, 1969; Spratt and Presidente, 1981; Obendorf, 1983)
Red-bellied pademelon Thylogale billardierii* Unk Definitive  Unk  (Boray, 1969; Obendorf, 1983)
Red-neck wallaby Macropus rufogriseus banksianus* Early Definitive  1-95  (Boray, 1969; Spratt and Presidente, 1981)
Wallaby Wallabia bicolor* Early Definitive  1-5 (Boray, 1969; Spratt and Presidente, 1981)
Wombat Vombatus ursinus* Early Reservoir  1-5 (Boray, 1969; Spratt and Presidente, 1981; Obendorf, 1983)
Cow Bos taurus Delayed Definitive (Boray, 1969)
Donkeys Eguus asinus Delayed Unk (Boray, 1969; Pandey, 1983)
European rabbit Oryctolagus cuniculus Low Reservoir (Boray, 1969; Ménard et al., 2000)
Fallow deer Darna dama Delayed Reservoir (Boray, 1969; Jenkins et al., 2020)
Goats Capra hircus Low Unk (Boray, 1969; Chartier and Reche, 1992)
Hares Lepus europeanus Low Reservoir (Boray, 1969; Walker et al., 2011)
Horse Eguus caballus Delayed Unk (Boray, 1969)
Pigs Sus spp. Early Unk (Boray, 1969; Valero et al., 2001)
Roe Deer's Capreolus capreolus Delayed Reservoir (Boray, 1969; Mezo et al., 2008)
Sheep Ovis aries Low Definitive (Brydone, 1960; Boray, 1969)
Water buffalo Bubalus bubalis Delayed Unk (Boray, 1969; Cringoli et al., 2009)
Wild boars Sus scrofa Delayed Unk (Mezo et al., 2008)

a TFC — Total number of flukes within the liver of the host

b * — Animal native to Australian

¢ Unk — Unknown
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1.2.6.4 Definitive and reservoir hosts

F. hepatica infects a wide range of unrelated hosts (Table 4.) Hosts can be categorised as
either a reservoir (an accidental host) for F. hepatica or a definitive host that actively
contributes to pasture contamination and transmission of the parasite. Hares and rabbits
are considered reservoir hosts as the F. hepatica eggs they shed have low viability and
cannot infect intermediate host snails (Boray, 1969; Ménard et al., 2000; Walker et al.,
2011). In contrast, kangaroos, pademelons and wallabies are definitive hosts in Australia
because they release many viable F. hepatica eggs that contaminate pasture grazed by
other definitive hosts (Boray, 1969; Spratt and Presidente, 1981; Obendorf, 1983). A study
conducted in Tasmania identified kangaroos as the source of F. hepatica infection in cattle
(Obendorf, 1983). Other native Australian animals, like the brushtail possum, are highly
susceptible to F. hepatica and produce large numbers of viable eggs but are considered to
be a reservoir for F. hepatica as they do not share the same habitats as the intermediate
host snail or other definitive hosts (Boray, 1969; Spratt and Presidente, 1981). Research
into the role introduced animals such as deer, horses, goats, and pigs play in the
transmission of F. hepatica in Australia is lacking, but Jenkins et al. (2020) recently found
that 35.5% of deer in alpine regions of NSW were infected with F. hepatica. Further work
needs to be undertaken in Australia to understand better the role that native species and

introduced animals play in the epidemiology of F. hepatica.

1.3 Production losses

Each year livestock producers in Australia spend $10 million (equivalent to AUD 16.6
million in 2018) on flukicides to mitigate production losses caused by F. hepatica (Love et
al.,, 2017). The production losses due to fasciolosis depend on whether the disease is
acute, sub-acute, clinical, or sub-clinical, the burden within the animal and the prevalence

within the herd.

1.3.1 Acute and sub-acute disease

In livestock, acute conditions occur when large numbers of metacercariae (>2,000 in
sheep) are ingested during a small window of time (Boray, 1969). In acute cases, death
occurs from two weeks Pl when NEJs penetrate the liver capsule, whereas sub-acute death
occurs from eight weeks Pl when immature F. hepatica begin to migrate to the bile ducts

(Table 5). The penetrating NEJs destroy the liver tissue, cause anaemia and blood loss,
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resulting in liver failure and death (Gordon, 1955). Acute fasciolosis has a sudden onset
but is a rare occurrence in cattle, usually only occurring in young animals, or animals with
other diseases, poor nutritional status, or forced to graze A. tomentosa habitat during dry
conditions (Gordon, 1955; Boray, 1969). Acute and sub-acute fasciolosis result in
significant production losses and high mortality rates but can be mitigated by avoiding the
grazing of high-risk pasture and using an effective immature flukicide (i.e. TCBZ) (see

Chapter 2).

1.3.2 Clinical and sub-clinical disease

Production losses in cattle with a clinical or sub-clinical F. hepatica infection are often
missed because clinical signs are not always obvious (Table 5). Clinical conditions occur
when cattle ingest more than >200 metacercariae; signs will present 12 weeks Pl and may
include pale mucous membranes (anaemia), bottle jaw, weight loss and reduced
production (Boray, 1969; Vercruysse and Claerebout, 2001). The most significant infection
in cattle is sub-clinical (<200 metacercariae) as there are no signs of infection, often
delaying the detection and treatment of F. hepatica (McCann et al., 2010). The lack of
intervention leads to heavily contaminated pastures, increased liver condemnations and
decreases in milk production, weight gain and fertility (reviewed by Schweizer et al.,2005)
(Boray, 1969). Routine monitoring of F. hepatica should occur in cattle at the herd-level
and in vulnerable individuals to reduce the production impacts of fasciolosis and inform

flukicide use on-farm (Kuerpick et al., 2013).

1.3.3 F. hepatica burden

Production losses resulting from F. hepatica infection are heavily influenced by the burden
of F. hepatica residing within the liver. Research by Cawdery et al. (1977) and Dargie
(1987) found that 54 and 30 flukes indicated the threshold for definitive loss in the cattle,
respectively. However, more recent work by Charlier et al. (2008) found evidence to
suggest that as few as ten flukes in dairy cattle could decrease production. More work is
needed to establish the burden that represents the true threshold for production loss in

cattle.
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Table 1.5. Life cycle of F. hepatica in cattle, the presentation of fasciolosis and diagnostics test detection limits

Week 1hr 2 hr 2-7days 2|3 | 4 5 6 |7 8 References
MCe . (Boray, 1969; Love
b b
Stage S NEJ NEJ Immature F. hepatica etal,, 2017)
Location in 'Small. Perito Pen'etrate . Mlgra'tlon (Boray, 1969; Love
intesti neal liver Left lobe of the liver to bile
host . etal, 2017)
ne cavity capsule ducts

Large numbers of NEJs penetrate the liver, destroying liver tissue causing profound anaemia, blood loss,
haemorrhaging and ultimately liver failure. Signs are not always recognisable but can include jaundice and
abdominal pain.

(Boray, 1969; Love
etal., 2017)

Late immature F. hepatica 8-10 weeks Pl damage liver tissue by burrowing,
causing haemorrhaging, anaemia, liver damage and death. Signs include
jaundice, ill-thrift and anaemia.

(Boray, 1969; Love

Sub-acut
ub-acute et al., 2017)

Chronic -
clinical

(Boray, 1969; Love
etal., 2017)

Chronic -
sub-clinical

(Boray, 1969; Love
etal, 2017)
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1.3.4 Herd-level thresholds for production loss

The most frequently used threshold to identify herds incurring production losses is when
the herd-level prevalence of F. hepatica exceeds 25%. The 25% threshold was first
described by Horchner et al. (1970), cited in Cawdery et al. (1977), who found a 20-25%
prevalence of fasciolosis in a herd indicated reduced weight gain and milk production in
cattle. The threshold has been more recently validated by Charlier et al. (2007) and Howell
et al. (2015), who both found that when exposure to F. hepatica (as determined by bulk
milk tank (BTM) ELISA) exceeded 25%, there was a decrease in annual milk yield by 3%,
and 15%, respectively. In addition, the 25% threshold has also been applied to diagnostic
outcomes from liver fluke faecal egg count (LFEC) (Malone and Craig, 1990; Kelley et al.,
2020) and the coproantigen ELISA (cELISA) (Elliott et al., 2015; Kelley et al., 2020) to
identify herds that are incurring production losses. The 25% threshold is a quick and
straightforward way to identify herds incurring production losses in large-scale studies,
identify higher risk regions and is an efficient method of directing resources to the most
F. hepatica affected regions.

1.4 F. hepatica diagnostics

There is no gold standard field diagnostic test for F. hepatica in cattle. The most commonly
used diagnostic tests are LFEC, serum ELISA (sELISA), BTM ELISA and cELISA. In cattle, F.
hepatica often only infects a few susceptible individuals with less resistance to infection,
which hampers the detection of the parasite in large herds (Vercruysse and Claerebout,
2001; Daniel et al., 2012). Detection of these highly infected individuals is key, as these
individuals contribute the most to pasture contamination (Malone and Craig, 1990). Each
diagnostic test has its advantages and disadvantages that influence the sensitivity,
specificity and application on-farm, discussed below. The sensitivity reflects the likelihood
of an F. hepatica infected cow testing positive, whereas the specificity is the probability

of an F. hepatica negative cow testing negative.

1.4.1 LFEC

Historically field diagnosis of F. hepatica relied on LFEC, which is a labour-intensive but
straightforward technique that does not require chemicals or specialised laboratory
equipment. The sensitivity of LFEC depends on the technique and the volume of faecal

matter used (Table 6). In cattle, Happich and Boray (1969b) and Kajugu et al. (2015) found

18



Chapter 1: Literature Review

that sedimentation is superior to sedimentation-flotation. The sedimentation-flotation
technique's sensitivity and specificity using 10g of faeces from naturally infected cattle
was 64% and 93% (Charlier et al., 2008). In contrast, the sedimentation technique's
sensitivity and specificity were 69%-89.6% and 97.7%-98.3% using 10 g faeces collected
from naturally infected cattle (Rapsch et al., 2006). The sensitivity of the LFEC can be
increased by repeat sampling or by increasing the volume of faecal matter used
(Conceicdo et al., 2002; Rapsch et al., 2006). However, some studies have observed that
increases in faecal volume decreased the sensitivity and specificity of the LFEC, as the
higher volume of debris in the sample increased the difficultly in identify F. hepatica eggs
(Conceigao et al., 2002; Charlier et al., 2008; Daniel et al., 2012). The technician's
experience counting the F. hepatica eggs and the ability to distinguish between F. hepatica
and paramphistome eggs also influences the sensitivity and specificity of the LFEC

(Charlier et al., 2008).

The accuracy of the LFEC is also influenced by the burden of F. hepatica within the host,
egg shedding by adult F. hepatica and the host’s faecal matter output. Cattle with burdens
of less than ten flukes are challenging to detect as the low egg counts (1-4 eggs) are diluted
in the faeces and can be easily missed (Martinez-Sernandez et al., 2016). Similarly, in
heavily infected cattle, reduced egg shedding may occur as damage and crowding in the
liver may obstruct egg release from the animal (Happich and Boray, 1969b). Malone and
Craig (1990) determined that the cut-off for cattle production loss is 5 ep2g using LFEC, as
counts in cattle seldom exceed 20 ep2g. Any count exceeding 40 ep2g in cattle is
considered clinical and indicates a severe level of infection (Malone and Craig, 1990;
Smeal, 1995; Vercruysse and Claerebout, 2001). Many studies have tried to interpret how
LFEC relates to the F. hepatica burden in the host, but only two studies have found a
correlation between the two variables. In cattle, Brockwell et al. (2013) observed a
correlation R 0.84, and in sheep, George et al. (2017) observed a correlation R? 0.571.
Several studies have found that LFEC does not consistently increase with F. hepatica
burden, and the test can only detect sexually mature F. hepatica 7 to 8 weeks Pl (Table 5)
(Dorsman, 1956; Boray, 1969; Happich and Boray, 1969a; Malone and Craig, 1990;
Brockwell et al., 2013). In addition, Brockwell et al. (2013) observed a 2-4 fold variation in
LFEC when cattle were sample consecutively, suggesting considerable variability in cattle's

daily egg output.
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Hagens and Over (1966) determined that the highest egg output in cattle occurred
between 12:00 pm to 12:00 am, whereas the highest volume of faecal matter output was
between 12:00 am to 12:00 pm. Further work by Dorsman (1956) and Dorsman (1960)
observed the same pattern of F. hepatica egg release, which increased during the
morning, peaking at 1:30 pm and then declining throughout the afternoon. Based on these
observations, Dorsman (1956) proposed that faecal sample collection should occur at 1:30
pm, assuming that the highest egg output most accurately reflected the true burden
within the animal. Sample collection also needs to consider the season as Mazeri et al.
(2016) found that the sensitivity was highest in summer (81%), whereas samples collected
in autumn were the least accurate due to the presence of immature F. hepatica (58%)
(Table 6). The LFEC is routinely used for testing cattle and sheep for drug-resistant F.
hepatica, specifically TCBZ resistance, which has been reviewed in Kelley et al. (2016)
(Chapter 2). Recognising the LFEC test's limitations, several immunological diagnostic tests

have been developed for detecting F. hepatica in cattle.
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Table 1.6. Sensitivity and specificity LFEC in cattle

LFEC technique Faecal volume Source of samples SE %? SP %" Reference
Sedimentation-Flotation 4g Abattoir 43 100 (Charlier et al., 2008)
Sedimentation-Flotation 10g Abattoir 64 93 (Charlier et al., 2008)
Sedimentation 5g Abattoir 67 100 (Anderson et al., 1999)
Sedimentation 5g P/N Herd ¢ 100 97.5 (Ibarra et al., 1998)
Sedimentation 5g Abattoir — Autumn 58 99 (Mazeri et al., 2016)
Sedimentation 5g Abattoir — Summer 81 99 (Mazeri et al., 2016)
Sedimentation 5g Abattoir — Winter 77 99 (Mazeri et al., 2016)
Sedimentation 10g Spiked — <15 eggs added 33 N/A (Conceicdo et al., 2002)
Sedimentation 10g Spiked — 120-1000 eggs 100 N/A (Conceicdo et al., 2002)
Sedimentation 10g Spiked — 20-80 egg 100 N/A (Conceicdo et al., 2002)
Sedimentation 10g Abattoir x 1 serial samples 69 98.3 (Rapsch et al., 2006)
Sedimentation 10g Abattoir x 2 serial samples 86.1 97.7 (Rapsch et al., 2006)
Sedimentation 10g Abattoir x 3 serial samples 89.6 97.8 (Rapsch et al., 2006)
Sedimentation 30g Spiked 83.3 N/A (Conceigao et al., 2002

a SE — sensitivity

b SP — specificity

¢ P/N —F. hepatica positive and negative herds or animals were compared

d N/A - Specificity was not determined
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1.4.2 Serum ELISA

One such technique is the sELISA which utilises excretory-secretory (ES) antigens from
adult F. hepatica to detect anti-F. hepatica antibodies within serum samples. In-house ES
SELISA tests are frequently used, but the methodology varies between laboratories
making comparisons of diagnostic outputs challenging (Table 7). The sensitivity of the ES
ELISA varies from 72%-100%, and specificity varies from 70%-98.8% (Ibarra et al., 1998;
Anderson et al., 1999; Cornelissen et al., 1999; Sanchez-Andrade et al., 2002; Salimi-
Bejestani et al., 2005a; Charlier et al., 2008; Mazeri et al., 2016). The sensitivity range
reflects the differences in the cattle used, trial design, and variation in ES sELISA method
used in each study. Whereas the specificity of the ES ELISA varies because of cross-
reactivity with Paramphistomum spp. (rumen fluke) and Dictyocaulus spp. (lungworm)
(Ibarra et al., 1998; Cornelissen et al., 1999). As cattle are commonly infected with all three
parasites, it limits the test’s on-farm application. The assay's advantage is that the ES ELISA
can detect F. hepatica infection from two weeks Pl (Cornelissen et al., 1999; Salimi-
Bejestani et al., 2005a; Salimi-Bejestani et al., 2008). Charlier et al. (2008) observed a weak
(R 0.3) correlation between F. hepatica burden and sELISA values, whereas Brockwell et
al. (2013) observed a correlation of R>0.85. The most widely used commercial sELISA is by
Institut Pourquier (Montpellier, France), which has a sensitivity ranging from 88%-98.2%
and specificity ranging from 84%-100%, and there is no evidence that it cross-reacts with
other parasites (Reichel, 2002; Molloy et al., 2005; Rapsch et al., 2006; Charlier et al.,
2008). The Institut Pourquier sELISA can detect F. hepatica from two weeks in cattle, but
there is no correlation with the burden of adult F. hepatica in the liver (Reichel, 2002;
Charlier et al., 2008). Several other sELISA have been developed to test cattle for F.

hepatica, and the assays are listed and described in Table 7.

The major drawback of the sELISA is that anti-Fasciola antibodies can persist for up to 6
months after effective treatment of F. hepatica with a flukicide (lIbarra et al., 1998;
Cornelissen et al., 1999; Castro et al., 2000; Brockwell et al., 2013). In naturally infected
cattle, a positive result could be a current or historical infection. Seasonal changes affect
the sELISA sensitivity and specificity. In winter, it is 94% and 89%, whereas, in summer, it
decreases to 72% and 87%, respectively (Charlier et al., 2008; Mazeri et al., 2016). Timing
of blood collection must consider herd treatment history and the season. Blood collection

is a time-consuming and invasive practice, requiring trained staff to collect samples from
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several individuals within the herd. Given that the sELISA and the BTM ELISA have a
correlation coefficient of R 0.83 (P<0.001) and Bloemhoff et al. (2015) found that both
ELISAs accurately identified F. hepatica negative farms, the BTM ELISA could be used

instead (Salimi-Bejestani et al., 2005b; Salimi-Bejestani et al., 2007).
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Table 1.7. Sensitivity and specificity sELISA in cattle.

SELISA technique Source of samples SE%® SP%" Cut-off Reference

Antigen of Fasciola (DIG ELISA) P/N Herd® 98 80 Diameter > 7mm (Ibarra et al., 1998)
Cathepsin-L ELISA Natural 90 75 OD>0.25¢ (Cornelissen et al., 2001)
Cathepsin-L ELISA Artificial 99 99 OD>0.25¢ (Cornelissen et al., 2001)
Cathepsin-L ELISA Artificial and Natural 100 95 oD >0.39¢ (Cornelissen et al., 1999)

ES (DOT-ELISA) P/N Herd® 93 95 Visible blue spot (Ibarra et al., 1998)

ES ELISA (in-house) P/N Herd ¢ 97 99 OD>0.5¢ (Ibarra et al., 1998)

ES ELISA (in-house) Artificial and Natural 100 83 OD>0.95¢ (Cornelissen et al., 1999)

ES ELISA (in-house) P/N Herd ¢ and Artificial 98 96 PP>15¢ (Salimi-Bejestani et al., 2005a)
ES ELISA (in-house) Abattoir 86 70 oD >0.36¢ (Anderson et al., 1999)

ES ELISA (in-house) Natural 92 86 OD >0.396¢ (Sdnchez-Andrade et al., 2002)
ES ELISA (in-house) Abattoir — Autumn 80 76 PP>10¢ (Mazeri et al., 2016)

ES ELISA (in-house) Abattoir — Summer 72 87 PP>10¢ (Mazeri et al., 2016)

ES ELISA (in-house) Abattoir — Winter 94 89 PP>10¢ (Mazeri et al., 2016)

ES ELISA (in-house) I1gG Abattoir 87 90 ODR >0.09f (Charlier et al., 2008)

In-house 1gG ELISA Natural 94 100 0D >0.304¢ (Sadnchez-Andrade et al., 2002)
Institut Pourquier Abattoir 88 84 S/P >30%8 (Charlier et al., 2008)

Institut Pourquier Abattoir 92 94 S/P>30%8 (Rapsch et al., 2006)

Institut Pourquier Natural and Artificial Infection 98 100 S/P >54-77% & (Reichel, 2002)

Institut Pourquier P/N Herd ¢ 98 98 S/P >30%8 (Molloy et al., 2005)

Synthetic Peptide 7 ELISA Artificial and Natural 99 100 OD>0.25¢ (Cornelissen et al., 1999)

a SE — sensitivity

b SP — specificity

¢ P/N — F. hepatica positive and negative herds or animals were compared

d OD - Optical density cut-offs utilised in each study to distinguish between positive and negative cattle

e PP — Percent positivity

f ODR — Optical density ratio calculated by the optical density of the sample minus the negative control divided by positive control minus the negative control

g S/P ratio — S is the OD of the sample divided by the P, which is the OD of the positive control run on each plate
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1.4.3 Milk ELISA

The use of an ELISA to detect anti-F. hepatica antibodies in BTM samples were first
described by Salimi-Bejestani et al. (2005a). The BTM ELISA has been used in several
studies to determine herd-level exposure to F. hepatica, production losses caused by F.
hepatica and identify at-risk regions (Pritchard et al., 2005; Salimi-Bejestani et al., 2005b;
Charlier et al., 2007; Bennema et al., 2009; McCann et al., 2010; Kuerpick et al., 2013;
Selemetas et al., 2014; Bloemhoff et al., 2015; Howell et al., 2015; Novobilsky et al., 2015).
The BTM ELISA has been optimised to identify herds with a herd-level exposure greater
than 25%, which is the threshold for production loss in cattle (Horchner et al., 1970;
Salimi-Bejestani et al., 2005b). The test sensitivity and specificity vary between the
methods used (Table 8). The highest values were obtained by using the Institut Pourquier
(Montpellier, France) BTM ELISA, followed by Euroclone (Pero, Italy) BTM ELISA, in-house
ES BTM ELISA and, finally, an in-house Cathepsin-L BTM ELISA (Molloy et al., 2005; Salimi-
Bejestani et al., 2005b; Charlier et al., 2007; Bennema et al., 2009; Duscher et al., 2011;
Kuerpick et al., 2013; Selemetas et al., 2014). Like the sELISA, the BTM ELISA cannot
differentiate between current and historic infection and anti-F. hepatica antibodies
persist for months after effective treatment with a flukicide (lbarra et al., 1998;
Cornelissen et al., 1999; Castro et al., 2000; Brockwell et al., 2013). The BTM ELISA is also
influenced by the stage of F. hepatica infection in individuals within a herd, individual milk
yield, and individuals' seropositivity (Duscher et al., 2011; Selemetas et al., 2014). Earlier
work by Reichel et al. (2005) calculated that an in-herd prevalence of 60% was needed to
obtain a positive BTM ELISA result; however, more recent work by Duscher et al. (2011)
established that the minimum in-herd prevalence was 20%. The BTM ELISA accurately
detects herds that are incurring production losses but provides little insight into infected

individuals.
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Table 1.8. Sensitivity and specificity BTM ELISA in cattle.

SELISA technique Source of samples SE % ? SP %" Cut-off Reference

Euroclone P/N Herds © 89 89 >15% (Duscher et al., 2011)
In-house antibody detection ELISA Natural 60 90 >15% PP (Selemetas et al., 2014)
In-house ES ELISA Natural 96 80 >27 % of PC* (Salimi-Bejestani et al., 2005b)
In-house ES ELISA Natural 96 80 ODR >0.8f (Bennema et al., 2009)
In-house ES ELISA Natural 96 80 ukn® (Charlier et al., 2007)

In-house ES ELISA Natural 96 80 ODR>0.8f (Kuerpick et al., 2013)

Institut Pourquier P/N Herds© 95 95 >30% (Duscher et al., 2011)

Institut Pourquier P/N Herds © 98 99 >30% (Molloy et al., 2005)

a SE — sensitivity

b SP — specificity

¢ P/N —F. hepatica positive and negative herds or animals were compared
d PP — per cent positivity

e PC — per cent positive value

f ODR — Optical density ratio calculated by the optical density of the sample minus the negative control divided by positive control minus the negative control

g Unk — The cut-off to distinguish between herds with a prevalence > 25% is unknown
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1.4.4 cELISA

The cELISA by Bio-X Diagnostics Belgium has been used in several studies to detect
coproantigen (cathepsins) in faecal samples collected from infected cattle and sheep
(Mezo et al., 2004; Brockwell et al., 2013; Brockwell et al., 2014; Elliott et al., 2015;
Martinez-Sernandez et al., 2016; Kelley et al., 2020). The cELISA can detect immature F.
hepatica from 6 weeks Pl, can detect low burdens (<10) in cattle, is semi-quantitative, can
be used on an individual or pooled samples and can be used to test for drug resistance
(Brockwell et al., 2013). However, consecutive daily testing by Brockwell et al. (2013)
revealed a 2-6 fold variation in the coproantigen level in cattle. Recognising the effect of
variable coproantigen release on the sensitivity of the cELISA, Martinez-Sernandez et al.
(2016) modified the method and incorporated a commercial streptavidin-polymerised
horseradish peroxidase conjugate. The modified method improved the detection limit
from 0.6 ng/mL to 0.15 ng/mL and enabled the detection of single F. hepatica in cattle,
but resulted in a 6-12 fold increase in the variation (Mezo et al., 2004; Brockwell et al.,
2013; Martinez-Sernandez et al.,, 2016). The modified method also reduced the
correlation between the coproantigen level and F. hepatica burden from R? 0.87
(Brockwell et al., 2013) and R 0.6 (Charlier et al., 2008) to R 0.2998 in cattle (Martinez-
Sernandez et al., 2016).

The other drawback of the cELISA is that four studies have found that the manufacturer
cut-off is too high, resulting in a high incidence of false negatives in low burden cattle (<
10) (Charlier et al., 2008; Brockwell et al., 2013; Palmer et al., 2014; George et al., 2017).
Consequently, several studies have used different cut-offs to improve the sensitivity and
specificity of the cELISA, making it difficult to compare the findings (Table 9). In some
instances, cut-offs established for cattle have been applied to sheep, even though Palmer
et al. (2014) found that the cut-off must be specific to the host. The sensitivity of the
CELISA ranges from 77%-100%, and Martinez-Sernandez et al. (2016) observed some
seasonal variation when utilising the Palmer et al. (2014) cut-off (Table 9). The specificity
of the cELISA is 99% in all but one study, in which Charlier et al. (2008) found the specificity
to be 93% (Table 9). This finding is likely a result of the cut-off used, as several studies
have found no cross-reactivity between the cELISA and nematodes (Trichuris spp.,
Nematodirus spp., Haemonchus spp., Ostertagia, Teladorsagia spp., Trichostrongylus

spp., Oesophagostomum spp., and Dictyocaulus spp.), cestodes (Moniezia spp. and
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Echinococcus spp.), trematodes (P. cervi, C. daubneyi and Dicrocoelium spp.) and coccidia

(Mezo et al., 2004; Brockwell et al., 2013; Kajugu et al., 2015; Mazeri et al., 2016). Even
with the drawbacks, the cELISA is a highly sensitive and specific diagnostic tool that can
detect low burden infection in cattle, immature F. hepatica, and it can be used to test for
TCBZ resistance as coproantigens do not persist after treatment (reviewed by Kelley et al.,

2016; Chapter 2).
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Table 1.9. Sensitivity and specificity faecal BIO K 201 (Bio-X Diagnostics, Belgium) cELISA in cattle.

Diagnostic test Source of samples SE%* SP%P Cut-off Reference

BIO K 201 cELISA P/N Herd © 87 99 Kit cut-off * 0.67 (Palmer et al., 2014)

BIO K 201 cELISA Abattoir 94 93 0.0300D¢ (Charlier et al., 2008)

BIO K 201 cELISA Abattoir 96 0.084 0D¢ (Martinez-Sernandez et al., 2016)
BIO K 201 cELISA Abattoir 100 0.1140D¢ (Mezo et al., 2004)

BIO K 201 cELISA Abattoir 77 99 >7% of kit PC* (Mazeri et al., 2016)

BIO K 201 cELISA Abattoir - Autumn 87 99 Kit cut-off * 0.67 (Mazeri et al., 2016)

BIO K 201 cELISA Abattoir - Summer 80 99 Kit cut-off * 0.67 (Mazeri et al., 2016)

BIO K 201 cELISA Abattoir - Winter 85 99 Kit cut-off * 0.67 (Mazeri et al., 2016)

a SE — sensitivity

b SP — specificity

c P/N —F. hepatica positive and negative herds or animals were compared

d OD — Optical density cut-offs utilised in each study to distinguish between positive and negative cattle

e PC — Manufacture cut-off supplied with cELISA kit, approximately 7% of kit positive control
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1.5 Spatial distribution of F. hepatica in Australia

In Australia, F. hepatica is found in all states and territories except for WA and the NT
(Seddon, 1950; Palmer et al., 2014). The following section describes the environmental
and farm management factors that influence the distribution of F. hepatica and the main

intermediate host, A. tomentosa, in Australia.

1.5.1 F. hepatica prevalence studies in Australia

In Australia, seven F. hepatica prevalence studies have been conducted in NSW and
Victoria (VIC), five in Queensland (QLD), two in Tasmania (TAS) and one in SA (Table 10).
Thirteen of the 22 studies were conducted before 1990 and mainly used abattoir
inspection data with a sensitivity 63.2%-68%, i.e. missing approximately 29% of infected
livers (Rapsch et al., 2006; Charlier et al., 2008; Mazeri et al., 2016). The lack of current
data is detrimental to the management and ongoing monitoring of the distribution of F.
hepatica in Australia. Based on the literature, the estimated prevalence of F. hepatica in
cattle ranges from <6% to 88% in NSW, 0%-23% in QLD, 41-80% TAS, 20%-98% in VIC and
12% in SA (Table 10). Further research is needed in TAS and SA because few studies have
been conducted, and in the NT and WA, where introduced snails P. columella and R. viridis
could now act as intermediate hosts for F. hepatica (Figure 1 2). The size of Australia is a
limiting factor in accurately assessing the prevalence of F. hepatica, and presently abattoir
studies are underutilised in identifying where F. hepatica is a problem. However, a new
method developed by Innocent et al. (2017) in the United Kingdom (UK) could overcome
this hurdle. The method utilises abattoir data, animal movement and climatic data to
identify regions with a high F. hepatica prevalence, allowing targeted follow-up
investigations with more sensitive diagnostic tools (Innocent et al., 2017). This approach
could generate the evidence base to improve our understanding of the epidemiology of

F. hepatica in Australia.
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Table 1.10. Prevalence of Fasciola hepatica in Australian cattle from 1928-2014

State Year Livestock Test Prevalence No. of Herds?® No. of Animals? Reference
New South Wales 1960 Cattle ABI® 50% 46,771 (Brydon et al., 1960)
Dairy ABI® 88% 46,771 (Brydon et al., 1960)
1960 Cattle ABI® 16% 5,000 (Brydon, 1960)
1961 Cattle LFEC 40% 9 315 (Pearson and Boray, 1961)
1968 Cattle ABI® <6%-66% 57,700 (NSW Dept Ag Survey cited in Smeal, 1995)
1977 Cattle ABI® 44% 1,555,513 (NSW Dept Ag Survey cited in Watt, 1979)
1998 Cattle LFEC 39% 259 (Hort, 1998)
2004 Cattle Unk*© 44% Unk®© (Virbac, 2016)
Queensland 1963 Dairy LFEC 23% 21 303 (Dixon, 1963)
1980 Cattle® ABI® 0.4% 5,647 (Roberts, 1982)
Cattle® ABI® 5% 621 (Roberts, 1982)
1981 Beef ABI® 1% 22,916 (Baldock and Arthur, 1985)
1997 Dairy BTM ELISA 8% 523 (Molloy and Anderson, 2006)
Beef SELISA 1% 142 5,103 (Molloy and Anderson, 2006)
2004 Cattle Unk®© 17% Unk® (Virbac, 2016)
South Australia 2004 Cattle Unk ¢ 12% Unk¢ (Virbac, 2016)
Tasmania 1983 Cattle Unk*© 80% Unk¢ (Obendorf, 1983)
2004 Cattle Unk® 41% Unk® (Virbac, 2016)
Victoria 1928 Cattle ABI® 29% 4,922 (Kellaway et al., 1929; p.24. in Seddon, 1950)
1947 Cows ABI® 29% 153 (Tinney, 1948; p., 25. in Seddon 1950)
Heifers ABI® 20% 179 (Tinney, 1948; p., 25. in Seddon 1950)
Bulls ABI® 50% 354 (Tinney, 1948; p., 25. in Seddon 1950)
1977 Cattle ABI® 41% 39,499 (Watt, 1979)
1980 Dairy ABI® 98% 36 87 (McCausland et al., 1980)
2004 Cattle Unk ¢ 70% Unk* (Virbac, 2016)
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State Year Livestock Test Prevalence No. of Herds® No. of Animals® Reference
2013 Dairy cELISA 81% 15 450 (Elliott et al., 2015)
2014 Dairy cELISA and LFEC 39% 81 1669 (Kelley et al., 2020)

a No. — Total number of herds or animals sampled to determine the prevalence of F. hepatica

b ABI — Abattoir inspection of cattle livers assessing condemnations and scarring caused by F. hepatica infection
¢ Unk — The test used to determine the F. hepatica prevalence and/or the number of cattle tested is unknown

d Grain-fed cattle

e Grass-fed cattle
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1.5.2 Environmental factors

1.5.2.1 Temperature and rainfall

Two key epidemiological factors influence the life cycle of F. hepatica: rainfall (water)
which initiates the life cycle, and temperature, which regulates the progress of F. hepatica
development in snails (Section 2.1, 2.3, 2.4 and 2.5). Rainfall provides the moisture
needed for embryonation of F. hepatica eggs, creates the habitat for A. tomentosa and
aids in the dispersal of F. hepatica eggs, miracidia, cercariae and metacercariae. However,
the life cycle of F. hepatica only proceeds when there are favourable temperatures,
typically between 10°C and 25°C (Table 1 and 3). It is generally assumed in Australia that
the highest metacercarial challenge occurs in spring and autumn. Research has found that
increased moisture due to high monthly rainfall coupled with decreasing
evapotranspiration has led to increased transmission of F. hepatica to livestock (Meek and
Morris, 1979b; Selemetas et al., 2014). In Australia, regions at greatest risk have annual
rainfall greater than 600mm or greater than 430mm if supplemented by irrigation;
however, it is unclear how summer irrigation changes the metacercarial challenge (Boray,
1969). Irrigated shires in VIC were found to have a much higher incidence of fasciolosis
(Figure 1 3) (Watt, 1979; Durr et al., 2005). Further analysis utilising current F. hepatica
data is needed to assess how temperature, rainfall and irrigation have affected the
distribution of F. hepatica and the seasonality of metacercarial challenge in VIC since the

last study conducted by Watt (1979).
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Figure 1.3. Scatter plot of mean annual rainfall per local government area (LGA) against the proportion of

livers infected with fasciolosis from those areas. Non-irrigated LGA (¢); irrigated LGA (o). Sourced from Durr

et al. (2005).
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Irrigation is used in every state and territory in Australia. According to the ABS (2019), the
largest user of irrigation is NSW, followed by VIC, QLD, SA, TAS, WA, NT and finally, the
ACT (Table 11). All studies investigating the impact of irrigation on the epidemiology of F.
hepatica, except for Boray et al. (1969), have been conducted in VIC (Meek and Morris,
1979b; Watt, 1979; McCausland et al., 1980; Durr et al., 2005; Elliott et al., 2015; Kelley et
al., 2020). Given the high proportion of irrigated areas grazed by livestock in the NT, TAS,
SA and NSW and the presence of suitable intermediate hosts shown in Figure 1 2, further
research is needed in these states and territories (Table 11). Recently, a study found
evidence to suggest that there has been a reduction in the prevalence of F. hepatica in
the Goulburn-Murray irrigation region in VIC since irrigation upgrades occurred in the
region (Kelley et al., 2020). However, it is not clear whether this is because of irrigation
upgrades or that salinity is now present in the irrigation regions, shown in Figure 1 4. A.
tomentosa tolerance for salt is between 25-160 ppm and the salinity in the Goulburn-
Murray area often exceeds this range (Boray, 1964a; Hart et al., 2020). Given that irrigated
farms have a higher incidence of F. hepatica, shown in Figure 13 and that 59% of
Australian dairy farms are irrigated, further investigation is warranted to confirm this

observation (Boray et al., 1969; Watson and Watson, 2015).

Border check irrigation is used on 50% of irrigated dairy farms (Watson and Watson,
2015). Border check irrigation temporarily submerges pasture, fills low lying spots with
water (i.e. drains, cow tracks, holes) and often waterlogs the soil. Higher levels of F.
hepatica exposure in livestock typically occur on high clay content soils that are more
prone to waterlogging and poor drainage, as well as on alluvium soils that are associated
with rivers and irrigation (Malone et al., 1992; Charlier et al., 2011; Selemetas et al., 2014;
Selemetas et al., 2015). Waterlogged soils increase the duration in which snails can expand
into new habitats, and high soil moisture increases the longevity of miracidia and
metacercariae (Malone et al., 1984). On non-irrigated farms, typically 1-2% of A.
tomentosa populations are infected with F. hepatica, whereas on irrigated farms, the
proportion of infected snails can be as high as 43% (Table 12) (Boray et al., 1969). Boray
et al. (1969) found that increases in snail infection above 2% led to outbreaks of fasciolosis
in sheep. Monitoring the number of infected A. tomentosa using new tools like gPCR and
eDNA could prove to be useful in forecasting high-risk periods for grazing livestock on

irrigated farms (Rathinasamy et al., 2018).
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Table 1.11. Irrigation use in each State and Territory in Australia. Data sourced from ABS (2019).

Total irrigated area

Irrigated area grazed by livestock (%

(ha)? ha)?
New South Wales 784,805 18%
Victoria 629,131 52%
Queensland 533,338 4%
South Australia 147,144 21%
Tasmania 100,105 57%
Western Australia 77,485 11%
Northern Territory 26,092 77%
Australian Capital Territory 74 N/A®

a ha - hectares

b N/A - No irrigated land in the ACT is grazed by livestock.

Salinity
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Figure 1.4. The hydrology of Australia, including human-made water bodies, irrigation infrastructure and

areas of salinity. Data sourced from ABARES (2018a, 2018b), Crossman and Li (2015a, 2015b) and the Murray-

Darling Basin Authority (2016).
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Table 1.12. Preferred by A. tomentosa habitats in Australian

Waterbody type Permanent vs. Total no. snails? No..mfected % infected Reference
Temporary snails

Creek pb 29 6 27 (Bradley, 1926; Boray, 1969; Pullan et
al., 1972)

Creek pb 21 0 0 (Bradley, 1926)

Creek pb 100 4 4 (Bradley, 1926)

Backwaters pb 3 0 0 (Bradley, 1926; Boray, 1969; Pullan et
al., 1972)

Stream pb 1 0 0 (Bradley, 1926)

Stream feed by a spring pb 22 8 36 (Bradley, 1926)

Spring pb 10 0 0 (Bradley, 1926)

Spring pb 60 1 2 (Bradley, 1926; Boray, 1969)

Spring (fenced) pb 136 28 21 (Bradley, 1926)

Spring (Hill seepage) pb 368 17 5 (Bradley, 1926; Pullan et al., 1972)

. . . (Bradley, 1926; Seddon, 1950; Pullan
Szrlnign(Hlll seepage) with pb 218 11 5 et al., 1972; Harris and Charleston,
pugging 1977)

b (Bradley, 1926; Seddon, 1950; Pullan
Bog P >6 2 4 etal., 1972)
Bog pb 104 4 4 (Bradley, 1926)
Bog (fenced) pb 32 3 9 (Bradley, 1926)
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Permanent vs.

No. infected

Waterbody type Total no. snails?® . % infected Reference
Temporary snails

. . b (Bradley, 1926; Harris and
Bog with pugging P 31 5 16 Charleston, 1977)
Pond pb 5 1 20 (Bradley, 1926)
Trough next to spring pb 321 49 15 (Bradley, 1926; Pullan et al., 1972)
Irrigation Te 500-2000 Unk ¢ (6I\-/Elgax 43) (Boray et al., 1969; Pullan, 1972)
Surface collection of water TC 66 11 17 (Bradley, 1926)

a No. — Total number of snails collected from each waterbody

b P — Permanent water bodies that act as a refuge for snails during adverse climatic conditions

¢ T—Temporary waterbody are created by rainfall, flood and irrigation, which allowing the snail to colonise new areas

d Unk — The total number of infected snails is unknown

e The average proportion of infected snails over the three year sampling period was 6.8. The highest proportion of snails over the three years was 43% which occurred in spring 1965
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1.5.2.3 A. tomentosa habitat

A. tomentosa is a semi-aquatic snail found in various waterbodies in Australia (Table 12).
A. tomentosa prefers waterbodies with slow-moving water, sparse vegetation, a muddy
alluvial bottom, flat banks and uninterrupted sunlight (Boray, 1964a; Pullan et al., 1972).
The population size of A. tomentosa within these habitats is limited by water availability
and quality. The following factors can result in a reduction or elimination of A. tomentosa
from the habitat: prolonged dry periods, a pH outside of 5.4-7.3, a salinity outside of 25-
160ppm and if the water becomes nutrient deficient, stagnant, or turbid (Table 3) (Boray,
1964a; Lynch, 1965). Young A. tomentosa can survive the absence of water during
prolonged dry periods by burrowing into mud and aestivating (Boray, 1969). Any
environmental stimulus that alters the habitat where the snail is aestivating plays a crucial
role in triggering the migration of snails to new waterbodies and the mass release of
cercariae from snails (Boray, 1969). Environmental stimuli include sudden temperature
changes, the return of water flow and the influx of water (i.e. rainfall, irrigation, or flood)

into dry habitats.

Bradley (1926) surveyed 25 unique A. tomentosa habitats in NSW to determine the role
different waterbodies play in the population dynamics of A. tomentosa and the
transmission of F. hepatica to livestock (Table 12). Bradley (1926) classified the
waterbodies as either permanent or temporary. Permanent water bodies include lakes,
rivers, creeks, springs, swamps, bogs and on-farm dams fed by any previously listed
sources (Smeal, 1995). Permanent water bodies act as a refuge to snails during adverse
weather conditions (i.e. summer and drought), allowing snails to survive and proliferate
when favourable conditions return (Boray, 1969). Environmental stimuli trigger snails to
rapidly spread from the permanent habitats either by suspending their foot to the surface
of the water or actively moving against the flow of water (100m in 2 weeks) to repopulate

temporary waterbodies (Boray, 1964b; Boray, 1969).

Temporary water bodies include drains, leakages, outlets, irrigated channels, seepages
and any surface collection of water created by rainfall, irrigation or flood (Boray, 1964a;
Boray et al., 1969; Smeal, 1995). The water action that creates the temporary waterbodies
also spreads faecal matter into low lying areas, increasing the likelihood of F. hepatica egg

embryonation and infection of A. tomentosa (section 2.1 and 2.3.1). Temporary water
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bodies pose a significant risk to grazing livestock as they are often unable to be fenced,

and the A. tomentosa have moderate to high rates of F. hepatica infection (Table 9).

1.5.2.3 Waterbodies risk to livestock

In Australia, 60% of dairy farms have naturally occurring waterways on their property
(Watson and Watson, 2015). Several studies have observed higher incidences of F.
hepatica in cattle when waterbodies are present on farms or when the farms are prone
to flooding (Alves et al., 2011; Kuerpick et al., 2013; Olsen et al., 2015). Similarly, higher
incidences of F. hepatica in livestock have been observed on farms in the UK that have
conserved native habitats as they had the unintended consequence of increasing snail
habitat (Pritchard et al., 2005). In Australia, 4% of dairying land is conserved, but 15% of
farmers intend to conserve more by planting trees (Watson and Watson, 2015). Pullan et
al. (1972) found that a high abundance of aquatic vegetation and shade eliminated A.
tomentosa from waterbodies. This finding should be explored to determine if
conservation efforts by farmers in Australia will positively or negatively impact the
abundance of A. tomentosa in waterbodies. Care will be needed during implementation

to avoid the unintended consequences that arose in the UK.

1.5.3 Farm management

1.5.3.1 Dairy farms in Victoria Australia

In Australia, dairy cattle predominantly graze outside year-round. Victoria has the largest
number of registered dairy farms, 3,516 of the 5,213 farms registered in Australia in
2018/2019 (Dairy Australia, 2019). There are three distinct dairy regions in Victoria;
Western Victoria 1,171 farms, Gippsland 1,201 farms and Murray 1144 farms (Dairy
Australia, 2019). There are slight regional differences in dairy production. The Western
Victoria region relies on seasonal rainfall, Gippsland uses a combination of rainfall and
irrigation, whereas the Murray relies on irrigation (Figure 1 4). The most commonly used
irrigation systems on dairy farms are discussed in section 1.5.2.1. Each dairy region can
support large dairy farms, large herd sizes, and high stocking rates, which increases the
milk yield and, therefore, the profit. In 2018/2019, Victoria produced 5,574,000ML of milk,
63% of the total national milk volume (Dairy Australia, 2019). Moran et al. (2000)
identified that the key driver of profit on dairy farms in Victoria is increasing the
consumption of pasture per cow to increase milk yield per grazed hectare. Intensive
grazing strategies are used across all regions to ensure high pasture consumption, and in
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the last 15 years, some regions in Victoria now graze more than two cows per hectare
(Watson and Watson, 2015). However, due to declining herd fertility over the last 20
years, dairy farmers have shifted away from seasonal calving in spring when there is high
pasture availability to split calving in Autumn and Spring (Ooi et al., 2021). The advantage
of the split calving system is that it provides additional opportunities for cows to conceive,
but it is more reliant on supplementary feed (i.e. grains, concentrates, silage, hay) to
combat low pasture availability, which can be costly (Ooi et al., 2021). The shift towards
split calving and the greater use of supplementary feed could change the key drivers of

dairy farm profitability in Victoria and potentially expose farms to more price volatility.

1.5.3.1 Pasture management

Dairy farms in Victoria are closed systems that have a limited number of paddocks for
grazing. As a result, pasture management is highly ritualised with young stock (calves and
heifers), dry cows, cropping, dry-land and the dispersal of effluent typically allocated to a
few paddocks that are repeatedly used. Bullen et al. (2016) found that the limited pasture
management options and the Victorian bovine Johne’s disease Calf Accreditation Program
(JDCAP) increased the frequency of anthelmintic treatments and accelerated the
development of resistance in nematodes. No studies have been conducted in Australia
assessing the impact of the JDCAP on the incidence of F. hepatica in calves and heifers and
the development of F. hepatica drug resistance. Compounding calf, heifer and dry cow
management is that these animals are typically grazed on more marginal pastures that
have a lower pasture quality and are less maintained. In Denmark, these practices
increased the likelihood of F. hepatica infection by four-fold (Takeuchi-Storm et al., 2017;
Takeuchi-Storm et al., 2018). In contradiction to these findings, lower levels of infected
snails were found in heifer and dry cow paddocks when compared to paddocks grazed by
lactating animals (Schweizer et al., 2007). The implication of these findings needs to be
explored to understand better the temporal patterns of F. hepatica transmission on dairy

farms in Australia.

Research conducted by Olsen et al. (2015) found that the presence of dry-land and
cropped-land negatively impacted F. hepatica incidence in cattle, which is in agreement
with Schweizer et al. (2007), who found lower levels of infected snails on hay paddocks.
On average, 43ha of land on dairy farms in Australia is cropped; however, the area of

cropped-land is significantly less in Western VIC (15ha), Gippsland (VIC) (8ha), and TAS
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(5ha) (Watson and Watson, 2015). Further research is needed in these regions to
determine if they have a higher incidence of F. hepatica. A potentially compounding factor
is the application of effluent (liquid manure) to cropped or grazed land. In Australia, it is
common practice to apply diluted effluent to pasture to maximise nutrient retention for
pasture growth and soil health. Effluent is applied to 21% of grazed land (approximately
34 hectares) on dairy farms using irrigation infrastructure, potentially contaminating the
irrigation channels and drains with F. hepatica eggs (Watson and Watson, 2015). Research
suggests that there is only a remote chance of transmission to cattle via effluent
application so long as the effluent is heat-treated, aerated or in anaerobic conditions for
at least 42 days (reviewed in John et al., 2019). However, these farms typically capture
irrigation/effluent tailwater that has washed down paddocks and re-apply the water to
improve on-farm water use efficiency (Birchall et al., 2008). Given that the irrigation
tailwater recycling systems contain water, effluent and the remnants of fresh manure
from paddocks, research needs to assess whether there is increased transmission of F.

hepatica to livestock on pastures that are watered with tailwater.

Reactive pasture management in response to adverse weather sometimes increases the
risk of F. hepatica transmission to cattle. During dry or drought conditions in Australia,
pasture is only found in low lying areas and at the edges of waterbodies, forcing cattle to
graze high-risk pasture resulting in outbreaks of fasciolosis (Osborne, 1958). In contrast,
reactive management in wet conditions (i.e. heavy rainfall, flood) tries to avoid damage
to pasture, particularly pugging, by putting animals on well-drained paddocks, previously
damaged paddocks, or feed-pads. Pugging is a form of soil compaction caused by cattle
hooves churning up the pasture and the soil profile. Pugging exacerbates waterlogging,
resulting in water pooling within pastures due to poor drainage. Harris and Charleston
(1977) in NZ found that pugged land was three times more likely to contain P. columella
and six times more likely to contain A. tomentosa. Given that pugging occurs on 35% of
dairy farms nationally, with a higher proportion of pugging occurring in Gippsland (VIC)
(47%) and TAS (58%), farms should be encouraged to install and use feed-pads in order to
avoid snail population increases within the pasture (Watson and Watson, 2015). No
further research has been undertaken to determine whether the snail population

increases due to pugging resulted in increased transmission of F. hepatica to cattle.
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1.5.3.2 Herd management

Several studies in Europe have investigated the influence of herd management practices
on the transmission of F. hepatica to livestock. The research identified several key
variables that affect the transmission of F. hepatica, but it is difficult to assess whether
these findings are relevant in Australia (Bennema et al., 2011; Charlier et al., 2011;
Kuerpick et al., 2013; Novobilsky et al., 2015; Olsen et al., 2015). There are substantial
differences in-herd management practices between Europe and Australia, as cattle are
not housed, they graze outside permanently, and herds and farms are substantially larger.
It is likely that higher stocking rates, the proportion of grazed pasture in an animals diet
and whether cattle were purchased from an infected farm are still relevant and increases
the risk of transmission of F. hepatica (Bennema et al.,, 2011; Kuerpick et al., 2013;
Novobilsky et al., 2015; Olsen et al., 2015). In contrast, the length of the grazing period
and month of turn out probably do not apply in Australia (Bennema et al., 2011; Kuerpick
et al., 2013; Novobilsky et al., 2015; Olsen et al., 2015). Research focusing on Australian
herd management and F. hepatica transmission is needed to identify Australia's relevant
risk factors. Any research undertaken must consider that several native and introduced
animals often graze pasture intended for livestock found by Alves et al. (2011) to increase
F. hepatica transmission risk. Little research has investigated the role native animals play
in the F. hepatica transmission in Australia, but animals have been found to harbour

considerable F. hepatica burdens (Section 2.6.4) (Table 4).

1.5.4 Climate change

In 2015, the Meat and Livestock industry in Australia listed F. hepatica as a priority
endemic disease. It warned producers that the distribution of F. hepatica might increase
due to climate change (Lane et al., 2015). The critical area of concern was the introduced
exotic snails P. columella and R. viridis, which have a higher tolerance to warmer
conditions and could lead to an expansion of F. hepatica in endemic regions, as well as
into WA, which is currently F. hepatica free (Sections 2.3.2 and 2.3.3) (Figure 1 2).
Modelling the impact of climate change on the distribution of P. columella and R. viridis
in Australia may prove to be difficult as no F. hepatica model has yet accounted for the
availability of the intermediate host (Haydock et al., 2016). Recently, Haydock et al. (2016)
in NZ used a growing degree-day model validated against historical F. hepatica prevalence

data to predict the future risk of F. hepatica infection in NZ. The predictions indicated
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nationwide increases in F. hepatica infection risk; in some regions, the increases were as
high as 186% and 184%, whereas, in other regions, there was little change (Haydock et al.,
2016). It is evident that climate change will have a significant impact in NZ, and modelling
should be undertaken in Australia to assess the impact of climate change on the incidence

and distribution of F. hepatica.

1.6 Scope of the thesis

The literature review identified several areas where our understanding of F. hepatica in
the Australian context is lacking and needs further investigation. The main objectives of

this thesis are:

1. Chapter 1 found that little is known about the current prevalence of F. hepatica in
Australia, and the last study conducted in Victoria was by Watt (1979) in the late
1970s. The aim of Chapter 3 is to determine the spatial distribution of F. hepatica
on dairy farms in Victoria and identify regions where F. hepatica is endemic. The
methodology described in Elliott et al. (2015) was used to determine the
prevalence of F. hepatica within Victorian dairy regions. The research findings will
identify endemic regions in Victoria, enabling the dairy industry to direct resources
and prioritise extension with farmers in these regions.

2. Chapter 1 and Chapter 2 identified growing reports of TCBZ-resistant F. hepatica
on cattle farms in Australia and globally. In Victoria, two dairy farms were found
to have TCBZ-resistant F. hepatica, which is of great concern as TCBZ is the only
drug registered for use in dairy cattle that kills immature F. hepatica (Brockwell et
al., 2014; Elliott et al., 2015). The aim of Chapter 3 was to assess whether F.
hepatica has developed resistance to TCBZ on dairy farms in other regions of
Victoria. The TCBZ resistance testing method described in Brockwell et al. (2014)
was used to test cattle and assess the efficacy of TCBZ on-farm. The research
findings will raise awareness in the dairy industry about the need for regular TCBZ
resistance testing and the use of non-chemical means of control in addition to
chemical treatments.

3. Research published in Australia by Brockwell et al. (2013) found that when testing
cattle daily using the cELISA, there was a 2-6 fold fluctuation in OD and that similar
fluctuations were observed using LFEC (2-4 fold). The variability in the diagnostic

results raised concerns about how the tests could be practically used on-farm to
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inform treatment decisions. Chapter 4 assessed the sensitivity of the cELISA and
the FlukeFinder® kit (LFEC) at AM and PM milking in naturally infected dairy cattle
over five consecutive days. The faecal samples collected at AM and PM milking
over the five-day period were tested using the methodology described in Kelley et
al. (2020). The research outcomes should provide insight into how the industry can
utilise the diagnostic tools on dairy farms in Victoria to inform F. hepatica control
strategies.

4. Chapter 2 discussed how non-chemical and chemical control strategies could be
used to create an integrated parasite management plan to control F. hepatica on
individual farms. However, little is known in Australia about how dairy farmers
currently control F. hepatica. The aim of Chapter 5 is to determine the F. hepatica
control methods currently used on dairy properties by surveying producers across
Victoria's dairy regions. The survey will provide insight into how farmers currently
control F. hepatica and identify control strategies that could be improved to
manage F. hepatica better on farms. The industry will be able to use this
information to create extension programs that focus on improving farmers

understanding of F. hepatica control options.

The overall intention of the thesis was to provide the dairy industry, government,
veterinarians, and producers with the evidence they will need to develop effective F.
hepatica control strategies specific to the dairy industry and enable the delivery of tailored

extension programs for dairy producers in Victoria.
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1.8 Appendix

Appendix 1. The A. tomentosa, P. columella and R. viridis record data was sourced from the following organisations

Name Citation No. of
records
Atlas of Life in the Coastal Wilderness Records provided by Atlas of Life in the Coastal Wilderness accessed through ALA website 1
Australian Museum Records provided by Australian Museum accessed through ALA website 1738
M ing W A lia's Biodi ity D f Envi i RL:
Australian River Assessment System apping Western Australia's Biodiversity Department of Environment and Conservation U 505
http://naturemapdecwagovau/
Carnarvon Basin (Aquatic Projects) - Mapping Western Australia's Biodiversity Department of Environment and Conservation URL: 3
Invertebrates http://naturemapdecwagovau/
Citizen Science - ALA Website Records provided by Citizen Science - ALA Website, accessed through ALA website 1
Global Biodiversity Records provided by the Global Biodiversity Information Facility accessed through ALA website 35
Healthy Waterways Records provided by Healthy Waterways Waterwatch Program accessed through ALA website 16
iNaturalist iNaturalistorg: iNaturalist Research-grade Observations doi:1015468/ab3s5x 1
Accessed via http://wwwgbiforg/dataset/50c9509d-22c7-4a22-a47d-8c48425ef4a7 on 2017-03-16
Individual Sightings Records provided by Individual Sightings accessed through ALA website 1
MDFRC Macroinvertebrate Survey Murray-Darling Freshwater Research Centre 93
"I\'/(Iel::i‘::x and Art Gallery of the Northern Records provided by Museum and Art Gallery of the NT accessed through ALA website 15
Museums Victoria Records provided by Museums Victoria accessed through ALA website 294
NatureMap Records provided by NatureMap accessed through ALA website 213
0ZCAM Records provided by Online Zoological Collections of Australian Museums accessed through ALA 2755

website
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Name Citation Ir\le(::::is
Queen Victoria Museum and Art Gallery  Records provided by the Queen Victoria Museum and Art Gallery accessed through ALA website 65
Queensland Museum Records provided by Queensland Museum accessed through ALA website 42
Questagame Records provided by Questagame accessed through ALA website 2

SA Museum Records provided by the SA Museum accessed through ALA website 2
Sustainable Rivers Audit Murray-Darling Basin Authority 406
Tasmanian Museum and Art Gallery Records provided by Tasmanian Museum and Art Gallery accessed through ALA website 31
Tasmanian Natural Values Atlas State of Tasmania Natural Values Atlas (wwwnaturalvaluesatlastasgovau) 4
Western Australian Museum Records provided by WA Museum accessed through ALA website 68
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Chapter 2 - Literature review

Current Threat of Triclabendazole Resistance in Fasciola hepatica

2.0 Preface

The scope of the thesis is to better understand the epidemiology and management of F. hepatica

on dairy farms in Victorian.

In Chapter 1 | reviewed the literature and reported on our current understanding of the
epidemiology of F. hepatica in Australia. This Chapter describes the ecology, lifecycle, and
distribution of F. hepatica and A. tomentosa in Australia and how the F. hepatica infection is
detected and the impact infection has on cattle production in Australia. This Chapter provided the
epidemiological background for the thesis and identified the gaps in knowledge, some of which

will be addressed in subsequent research in Chapters 3, 4, and 5.

In Chapter 2 | reviewed the literature and captured how F. hepatica historically has been managed
and treated globally. This Chapter has two themes: chemical and non-chemical controls strategies
and their effectiveness at controlling F. hepatica. The focus of chemical control centred around
the use of triclabendazole (TCBZ) and the development of resistance to this chemical. The review
of non-chemical control options identified strategies that could be used to control F. hepatica via
the development and implementation of integrated parasite management (IPM) plans. The IPM
plans take into account the climatic, flukicide, pasture, animal and water management factors that
influence the prevalence of F. hepatica on-farm and identify what control strategies should be

implemented when

To access a higher quality copy of the Chapter, use the DOI link below.
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2.1 Published Article and Contribution

Published article

Kelley, J.M., Elliott, T.P., Beddoe, T., Anderson, G., Skuce, P., Spithill, T.W., 2016. Current threat
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2.2 TCBZ-R Is a Current and Widespread Threat to Livestock Production Systems
2.3 Current Global Status of TCBZ-R
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Current Threat of
Triclabendazole Resistance
N Fasciola hepatica

Jane M. Kelley," Timothy P. Elliott,? Travis Beddoe,
Glenn Anderson,® Philip Skuce,* and Terry W. Spithill"*

Triclabendazole (TCBZ) is the only chemical that kills early immature and aduit
Fasciola hepatica (liver fluke) but widespread resistance to the drug greatly
compromises fluke control in livestock and humans. The mode of action of
TCBZ and mechanism(s) underlying parasite resistance to the drug are not
known. Due to the high prevalence of TCBZ resistance (TCBZ-R), effective
management of drug resistance is now critical for sustainable livestock pro-
duction. Here, we discuss the current status of TCBZ-R in F. hepatica, the global
distribution of resistance observed in livestock, the possible mechanism(s) of
drug action, the proposed mechanisms and genetic basis of resistance, and the
prospects for future control of liver fluke infections using an integrated parasite
management (IPM) approach.

TCBZ-R Is a Current and Widespread Threat to Livestock Production
Systems

Fasciola species (Fasciola hepatica and Fasciola gigantica), also known as liver fiuke parasites,
are distributed worldwide in sheep and cattie and their prevalence (see Glossary) in some
regions is so great that serious clinical disease, termed ‘fasciolosis', occurs [1,2]. Globally,
fasciolosis due to both fluke species is conservatively thought to cause production losses of over
US$3 bilion per annum [3]. The benzimidazole derivative TCBZ, one of the major drugs used to
control fasciolosis (Table 1), was first introduced during the early 1980s as a flukicide to treat
and control acute and chronic fasciolosis in ruminants [4,5]. It had high efficacy (>98%) against
adult flukes and, more importantly, unique efficacy against eardy-immature and immature
flukes. Other single flukicides only target more mature flukes ranging in age from 8 to 14 weeks
(Table 1) [4]. As a result, TCBZ rapidly became the drug of choice for treating fluke infections,
especially in sheep, because it was safe and allowed producers the relative luxury of not having
to test for the stage of fluke present in their ivestock [6, 7). This over-reliance on TCBZ o treat
sheep and, to a lesser extent, cattle, has resulted in selection for flukes resistant to TCBZ [6-8].

The status of TCBZ-R inF. hepatica has been reviewed elsewhere [6-13]. Here, we focus on the
current status of TCBZ-R worldwide, the possible mechanism(s) of action of the drug, the
current knowledge of the genetics of resistance, the prospects for future control of iiver fluke
infections, and the implementation of an IPM plan to manage fasciolosis.

Current Global Status of TCBZ-R

Cases of TCBZ-R in Livestock

Since the first appearance of TCBZ-R in F. hepatica [14], TCBZ-R has compromised fluke
controlin ivestock in 11 countriesor regions (Table 2; Figure 1, Key Figure). Resistance has likely
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Table 1. List of Currently Avalatie TCBZ Products and other Drugs to Control Fasciala hepatica in Cattle and A y Heath
Sheep Worldwide® NEW, Austrella
. — . . — — — - *Virbac (Australia) Py Ltd, Milperra,
FAukicides: Active Method of Admiristraton  Age of F- hepatica Reports of Redistance  Refs NSW, Australia
Compourd(g) Avalabe Kied” On-Fam “Moredun Research Inatitute,
TCBZ and TCBZ-bassd  Ord, pour-on From early immatwre 30 cases Tap2  Pentlands Sclence Park Bush Loan,
combinations Midiothian, UK
Abendzole Ord, ntraruminal From adut 3cases [76.20,91]
Clorsuon Injectable, oral From adutt; fomlate 3 cases 76,01]  ‘Comespandence:
immatue for oral i 1 tapithili@iatrobe.edu.au (T.W. Spithill).
Closartel Pour-on, Ingctable, oral  From lste mmature 1case 75
Nrooyril Injectsbie From adult 1 case ]
yril + From ealy immature  No reports to date
Oxydozankle Ord From adhit No reports to date
*Label claims for efficacy of p g each can vary as a result of dfferences in formulation and
regulatory systems in difierert countries.
“Age of parasites: eady mmature, 1-4 weeks, parendhyma migration stage; lat -8 wesks, prepatent stage in

bile ducts; adut, 12-14 weeks, ble duct stage [18).

appeared due fo a generally poor understanding of liver fluke biology by farmers and con-
founding factors, such as incorrect dosing, inappropriate product choice, and lack of testing for
efficacy [11,12,15]. The high frequency of TCBZ use, effectively TCBZ monotherapy with no
anthelmintic rotation, was a major contributing factor towards the development of TCBZ-R
[14,16]. Since TCBZ is not a persistent chemical, resistance was likely dueto head selectionin
contrast to tail selection observed with roundworms [17].

The main method used to identify TCBZ-R in the fiekd hasbeenthe faecal egg count reduction
test (FECRT), with the recommended post-treatment sample collection time point at 21 days
[18,19]. Other studies using experimental infections have used 14 days for post-treatment
sample collection, which may not allow sufficient time for all eggs from dead parasites to pass
out of the gall bladder and be excreted [20,21]. The use of the FECRT and the new cop-
roantigen ELISA (cELISA) [22], in the form of a coproantigen reduction test (CRT), is now
becoming common research practice [19-21,23], but has yet to be routinely used in the field.
Given that TCBZ kills most stages of a fluke infection in the host animal, a significant reduction
(>95%) in egg count or coproantigen should occur if using an oral TCBZ formulation in a
susceptible fluke population. However, when adult flukicides are tested, the egg counts and
coproantigen levels may not be reduced to zero at the time of retesting (21 days post-treatment),
even in a susceptible population, since young parasites not targeted by the adult flukicide will
subsequently mature and release eggs or coproantigens. Several studies have shown that the
signalin the cELISA is related to fluke numbers and could be used to indicate the relative level of
fluke infection (low, moderate, or high), allowing the targeted treatment of animals, but further
work is required to validate the cELISA under field conditions [2,22,24 25]. The bulk milk tank
ELISA is also used to detect fluke infections; however, this method only detects antibodies to
whole-fluke antigen and, since antibodies can persist following treatment, this ELISA cannot be
used to evaluate drug efficacy against F. hepatica [2,10].

Before 2011, peer-reviewed reports of TCBZ-R were historically described in livestock on only
six properties in Australia, Scotland, Wales, The Netherands, Spain, and the Repubiic of Ireland
[8,10] (Table 2). Since then, TCBZ-R has been refiably reported in sheep or cattle on a further 24
properties in Northem Ireland, Scotland, Wales, Australia, New Zealand, Peru, and Argentina
(Table 2) [13,19,26-32). Four human cases of TCBZ-R are discussed below. In total, cases of
TCBZ-R have been reported on at least 30 properties (Table 2). Several non-peer-reviewed
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cases of TCBZ treatment failure on-farm (possible TCBZ-R) arenot isted in Table 2. These were
cited in [6,10] as Anon. 1995 (the Sligo isolate); 1998; 2006; 2008; 2009. Mooneyet al. [33] also
cited two anecdotal reports for TCBZ-R in 1995 and 1998. Recent data from Great Britain
revealed TCBZ-R on seven out 25 farms tested using a composite FECRT method [30]. Six of
these famns were in South Wales and one in Scotland. In some cases, resistanceis absolute (i.e.,
no reduction in FEC observed). On certain farms, egg counts increased post-TCBZ treatment,
which is of major concem. In Northern Ireland, a recent FECRT and CRT survey of sheep flocks,
supported by fluke histalogy, found demonstrable TCBZ-R on five out of 13 farms tested, with
absolute resistance on two famns [31]. Interestingly, a subsequent questionnaire study revealed
a change in farmer behaviour over recent years (2005-2011), presumably as a result of
perceived TCBZ-R [34]. For example, there was a significant shift away from the use of TCBZ
over time in favour of closantel, with farmers also tending to treat earier in the year.

Despite being the source of one of the earfiest TCBZresistant fluke isolates (the Siigo isolate)
[11,35,36), there are few reliable published reports of TCBZ-R in the Republic of Ireland. Again,
the general perception is that resistance is widespread. In 2009, Mooney et al. [33)] reported a
lack of efficacy of TCBZ in sheep on ahill farm in the west of Ireland. FECRT were in the region of
49-66% based on arithmetic means and considered to be highly indicative of TCBZ-resistant F.
hepatica in sheep on this famn. Mooney et al. (33 cited two earlier reports of TCBZ-R in Ireland
from 1995 and 1998, but these were anecdotal with no data or evidence of TCBZ-R provided.

In mainland Europe, most reports of TCBZ-R have come from the lower-lying northwestern
countries, such as The Netherlands [16]. There are few, if any, reports of confirmed TCBZ-R from
central or southem Europe. This most likely reflects the general prevalence of fluke and the
perceived need totreat. There is a growing gradient in the prevalence of F. hepatica west-to-east
and south-to-north in Europe, with prevaiiing cimatic and/or underlying geclogical conditions
probably pivotal. Fox et al. [37) predicted that fuke incidence will increase and spread west-to-
east inthe UK over the coming decades, based on modeliing the Ollerenshaw Indices and UK
Climate Projections (UKCP09). Similar trends are predicted to occur across Europe [38). The
implications of this spread of iver fluke is of serious concern in relation to TCBZ-R, since farmers
in fraditionally fluke-free regions will need to treat animals that may have been exposed to TCBZ-
resistant flukes.

Human Cases of TCBZ-Resistant Fluke Infections

TCBZ is also the drug of choice for treating fasciolosis in humans and it is conceivable that
TCBZ-resistant fluke populations, selected in ivestock, could pose a zoonotic risk to human
health, especially in areas such as Peru and Bolivia, where there is a high incidence of human
infections [39]. The first incidence of TCBZ treatment failure in humans was reported in a
livestock farmer in The Netherands, with further recent reports of four cases from Chile, one
case from Turkey, and seven cases from Pemu [40-43]. Clearly, TCBZresistant zoonotic
infections are a serious emerging issue (Figure 1).

Biochemistry of TCBZ Action

Despite years of research, the precise mode of action of TCBZ is still unclear (reviewed in [5-10]).
TCBZ is a benzimidazole (BZ) derivative and all available evidence from gastrointestinal round-
worms indicates that BZ anthelmintics bind to «-and B-tubulins within the cells of the parasite,
causing disruption of vital processes, such as feeding and digestion. Several morphological
studies of the effects of TCBZ and its active metabolites on F. hepatica, have examined the
tegument, vitellaria, and testis of the fluke; all three tissues showed significant signs of
ultrastructural disruption, consistent with inhibition of microtubule-based processes [7]. There
is also a concument loss of tubulin immunostaining in the tegumental syncytium, further
implicating an interaction with tubulin as the primary mode of action of TCBZ [44,45]. That
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Key Figure

Global Distribution of Reports of Triclabendazole Resistance (TCBZ-R) in Livestock and Humans
1995-2015

Australia

“Trends in Parasitology

Figure 1. Grey, 1 reporied case of TCBZ-R; purple, 2-4 repotted yelow, 25 repored of TCBZ-R. Hashed Ines ndicate mported human cases of TCEZ-R.

said, this has not helped inform our understanding of TCBZ-R, because TCBZresistant fukes
do not carry the F200Y/E198A or F167Y mutations in B-tubulin, implicated in BZ resistance in
nematodes [46], suggesting that alterations to B-tubulin are not a key component of TCBZ-R [8].

Recently, TCBZ was reported to inhibit adenylate cyclase activity in yeast and/or inhibit the
association of GTP-Ras with adenylate cyclase [47]. Interestingly, F. hepatica has one of the
most active adenylate cyclase activities in biclogy and this activity is associated with the
membrane fraction of the parasite [48]. One of the first signs of TCBZ-induced damage in F.
hepatica is tegumental blebbing and disruption of the tegumental ultrastructure [10,49,50].
TCBZ was shown to inhibit adenylate cyclase activity, the effects of TCBZ on the metabolism of
the fluke would likely be pleiotropic due to the second messenger function of AMP and its
effects on protein kinases, carbohydrate metabolism, and motility [48]. These results suggest
that an evaluation of the sensitivity of fluke adenylate cyclase to inhibition by TCBZ would be
informative. In addition, an analysis of sequence palymorphisms in adenylate cyclase gene(s)
and/or GTP-Ras gene(s) in resistant and susceptible fluke populations is warranted, to deter-
mine whether there is any selection on those sequences in resistant flukes.

New Approaches to Understanding the Mode of Action of TCBZ

The mulfipiicity of studies reporting different mechanisms of resistance to TCBZ [7,8,10]
suggests that the mode of action of TCBZ and/or the effects on fluke metabalism are compii-
cated, but the advent of new technalogies could allow the target of TCBZ to be unravelled in the
foreseeable future. One approach s affinity purification of the putative protein target, whereby
TCBZis immobilised to a solid support and a protein extract is passed over the column, followed
by elution of any bound target proteins. This has resulted in the identification of protein targets
against several types of drug [51-53). However, these methods seem best suited for situations
where a high-affinity igand binds a relatively abundant target protein.
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2.5 Mechanism(s) of TCBZ-R

2.6 Genetics of TCBZ-Resistant Fluke Populations
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A new approach to understanding the mode of action of small molecules is the application of
metabolomics, a whole-organism assay approach that identifies metabalic perturbations in a
cell upon exposure to drugs. This technique identifies the metabolomic compounds via mass
spectrometry or nuclear magnetic resonance and has been applied to several drug studies
in various parasites [54]. One such study with the protozoan parasite Trypanosoma cruzi and the
drug benznidazole (BZN) revealed that metabaolised BZN generated covalent adducts of redox
active thiols, such as glutathione and cysteine, that were toxicto T. cnuzi [55]. Thisis in contrast
to affinity purification studies that identified the Sec23A orthologue, the bacterial YjeF homo-
logue, and aldo-ketoreductase as proteins that could bind immobilised BZN [53]. Thus, a
combination of approaches may be required to fully characterise on-target and off-target effects
of TCBZ and to clearty define the mechanism(s) of TCBZ action.

Mechanism(s) of TCBZ-R

The actual biochemical mechanism underlying TCBZ-R in F. hepatica is not clear (reviewed in [6—
10]). Evidence for metabolic differences between TCBZ-susceptible and -resistant isolates has
been reported (e.g., sulfoxidation of TCBZ to TCBZ.SO and on to TCBZ.SQ,), suggesting that
altered uptake, effux, and/or metabolism of TCBZ has a more important role in TCBZ-R than
tubulin-based processes. P-glycoprotein (Pgp) activity has also been shown to have an effect
onthe uptake and efficacy of TCBZ invitro using both resistant and susceptible isolates [56-60),
with resistance to TCBZ reversed in the presence of the Pgp inhibitor R(+)-verapamil. A role for
mutations in one Pgp gene in TCBZ-R was proposed but the few mutations that have been
described [61) appear to be more related to variation between strains and isolates of . hepatica
than a true TCBZ-R phenotype, since these mutations were not associated with resistance in
Australian or Scottish TCBZ-resistant isolates [62,63]. A single amino acid substitution in
glutathione S-transferase (GST) has been implicated in a TCBZ-resistant fluke isolate, but this
has not yet been confirmed in any other TCBZ-resistant isolates [64]. An analysis of the total
soluble proteome of TCBZ-resistant and -susceptible flukes was also performed, with and
without exposure to TCBZ-SO, to search for key differences in the protein response to TCBZ
exposure in adult flukes [65]. The majority of differentially expressed proteins identified, such as
molecular chaperones, fatty acid-binding proteins, thioredoxin peraxidase, and GSTs, were
thought to be related to a general stress response. It appears that TCBZ treatment causes the
upregulation of proteins that protect cells from damage, whichis not surprising given that several
drug studies in other systems have shown similar responses (52,66,67).

Genetics of TCBZ-Resistant Fluke Populations

Moalecular studies of well-defined TCBZ-resistant fluke populations, using both nuclear and
mitochondrial DNA {mtDNA), have demonstrated that such populations are genetically diverse
[8,68,69). Infrapopulation diversity (diversity within one animal) was illustrated in a calf and ewe
infected with the laboratory TCBZ-resistant isolates Oberon and Shigo, respectively, with ten
mtDNA haplotypes identified from 18 Oberon flukes analysed [68). A high level of diversity was
also seen in two TCBZ-resistant fluke populations (seven to nine haplotypes in 24-30 flukes) in
Australian cattle [69], suggesting that drug selection pressure does not lead to genetic bot-
tlenecking of TCBZ-resistant fluke populations [69,70]. The genetic analysis of 48 TCBZ-
resistant flukes recovered from cattie and sheep in Austrakia showed that miDNA haplotypes
are shared between the hosts, indicating that there is no host selection being applied to fluke
populations [69], as seen in Northern Ireland [71).

Fallowing a considerable research effort, a draft genome assembly has recently been published
for F. hepatica, revealing that the liver fluke has a large, polymorphic genome and one of the
largest pathogen genomes sequenced to date, at 1.3 Gb [72]. As aresult, F. hepatica is likely to
be genetically predisposed to developing resistance to anthelmintics. Moreover, any resistant
indvidual F. hepatica that is selected in the field will undergo clonal ampiification when parasites
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develop within the snail intermediate host, potentially leading to rapid dissemination of resistant
parasites [10]. Hodgkinson ef al. (8] reported a strategy to use genome-wide single nucleotide
polymorphisms (SNPs) to map TCBZ-R in recombinant F. hepatica progeny derived from
genetic crossing of parental TCBZ-resistant and TCBZ-susceptible clones. Initial results from
this genome-wide approach were reported at the World Association for the Advancement of
Veterinary Parasitology Conference at Liverpool in August 2015 Pooled genotyping and
subsequent analysis of SNP allele frequencies from several replicates of TCBZ-exposed F2
parasites relative to untreated controls identified a number of scaffolds within the draft £
hepatica genome sequence associated with the TCBZ-R phenotype. Early indications suggest
that there is currently no evidence that the obvious candidate TCBZ-R genes bie in the regions of
the genome under selection. The precise loci and, therefore, genes involved are still to be
defined, but the approach being taken is a powerful one and likely to provide novel insights into
the molecular basis of TCBZ-R [8].

Anthelmintic Control of TCBZ-Resistant Flukes: Role for Dual-Active
Flukicide Formulations

The only chemical options for the contral of TCBZ-resistant fluke are, depending on the host
species, treatment with clorsulon, nitroxynil, closantel, albendazole, or oxyclozanide [4,10)
(Table 1). The fact that these chemicals are available to control TCBZ-resistant flukes is of
benefit, but none of these chemicals is administered as a single active dose that is able to kill the
early immature stage of the parasite (i.e., <5 weeks of age). This raises the issue of what to do,
practically, in the face of an acute fluke outbreak, especially in sheep, when the flukes are likely,
or confirmed, to be TCBZ resistant. This scenario was realised recently in Northern Ireland during
the winter of 2012-2013; the advice given by veterinary practitioners and advisors was to use
TCBZ as an emergency treatment, followed up by (but not mixed with) a different flukicide (e.g.,
closantel or nitroxynil to kill any fluke that survived the initial TCBZ treatment” [73]. Closantel is a
viable attemative for TCBZ in sheep, but it is only effective against >8-week-old flukes [74].
However, the first case of flukes resistant to closantel was recently reported in cattlein Sweden
[75] and resistance to albendazole, clorsulon, and nitroxynil has been reported (Table 1). These
results highlight the importance of protecting existing adutt flukicides by effective on-famn fluke
management.

The use of dual-active flukicides has been recommended to controla F. hepaticaisolate thatwas
resistant to albendazole and clorsulon when these drugs were administered individually; this
isolate was susceptible to these drugs when given as a dual-active formulation [76]. When such
formulations have a synergistic effect (i.e., have greater efficacy than the sum of the actives), this
may increase the lifespan of the respective actives. Synergy has been seen with several dual-
active flukicides (e.g., TCBZ+ clorsulon or TCBZ+ luxabendazole) against TCBZ-resistant fluke
in sheep (reviewed in [4,10]).

What Can Be Done to Manage the Impact of TCBZ-R on Livestock
Production?

Vaccines as an Alternative Contral Strategy for Huke Control

An alternative approach to control TCBZ-R would be the development of a livestock vaccine for
F. hepatica, which would reduce fluke burdens irespective of the drug-resistance status of the
fiukes and would not compromise fluke control during lactation. The need for a vaccine is
becoming urgent, particularly to protect sheep from acute fluke infections in Northern Ireland,
Republic of Ireland, northwest Europe, and Australia, as exemplified by the 2012-2013 fluke
season in Northem Ireland [73). This need will be exacerbated by the widespread prevalence of
TCBZ-R (Figure 1). However, no commercial liver fluke vaccine exists, although several experi-
mental vaccines for ivestock are under development [77]. No vaccine has shown reproducibly
high enough efficacy (>60%) in cattle to warrant commercial production, atthough the leucine
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aminopeptidase (LAP) vaccine has shown high efficacy (up to 89%)in sheep [77). It is important
to note that a vaccine with only partial efficacy (50-60%) may still provide economic benefits to
producers experiencing infection with TCBZ-resistant fluke, depending on the intensity of fluke
infection in a herd, since production losses are associated with fluke burden: the threshold for
economic losses in cattle is approximately 30-40 flukes [10,78,79], but may be as low as ten
flukes [24]. Thus, unti a new anthelmintic is developed that kills all developmental stages,
including the early immature fiuke, a vaccine is the only alternative treatment that could provide
ongoing control of fluke infections in livestock in regions where TCBZ-R is endemic.

IPM for Farms

Farms are not closed systems and there are many factors that influence the prevalence of F.
hepatica, such as soil type, imigation, temperature, rainfall, pasture management, and iivestock
management practices [2,73,80,81] (Figure 2). The management practices on farms generally
rely solely upon anthelmintics and appear to have contributed to the development of resistance
[13,82). Management practices must change to preserve the longevity of existing flukicides,
because the likelihood of any new flukicides coming to market in the near future is low [73].

Throughout the year, there are periods in which the risk of fluke infection is higher and these
periods fluctuate depending upon location and prevailing climatic conditions, but do provide a
set of guidelines to determine when treatment may be required [37,38,83,84). I farmers
combine strategic treatments with FECs and the cELISA during high-risk periods, this approach
could be used to determine when to drench, which drench to use, or whether treatment is
required at all, based on the known thresholds for economic loss [2,24,79]. Well-executed
strategic freatments will minimise the need for further treatments throughout the year and,
therefore, help to preserve the efficacy of existing flukicides (73]. Regular drug efficacy testing,
using FECRT and/or CRT, to preserve the efficacy of existing flukicides or TCBZ is essential to
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allow producers to avoid using products with reduced efficacy and prevent economic losses
resulting from unidentified resistance (73]. Movement of livestock can also contribute to the
spread of resistant F. hepatica. All newty purchased livestock or livestock housed over winter (e.
g., in Europe) should be quarantine treated upon arrival and cleaned out with a dual-active
formulation [10,13,73,82]. Aukicides should aways be administered according to the product
specifications and best-practice methods, which include: weighing individual animals or the
heaviest in the herd to determine dose, calibrating drench equipment before use and during
treatments, selecting the most potent formulations of product, and, where possible, regularly
rotating effective products [73].

In addition, we must also look at how pastures, drinking water, and imgation can be better
managed to decrease the likelihood of F. hepatica infection (Figure 2). Pasture management can
allocate low-risk pastures (such as newly sown paddocks, hay, or siage paddocks) to young
animals during the high-risk periods, to limit the chances of parasite transmission [73]. Often
these practices are difficult to implement within an existing system due to the timing of harvest
and high-risk periods. Previous studies suggest that metacercariae in herbage can be infective
for 270-340 days, whereas, in silage, metacercariae will be killed if ensiled for a period of 35-67
days, and well-cured hay with low maisture content poses less risk [85,86). There is limited
recent literature investigating the viability of metacercariae on pasture orinhay or silageand this
requires further investigation. Through major overhauls of irrigation infrastructure, it may be
possible o better target the intermediate host of the iver fluke, the mud snail Galba spp. in
Europe and the UK, or Austropeplea spp. (formery Lymnaea spp.) and Pseudosuccinea spp.,
and, thus, break the life cycle [83]. However, such intervention is costly and, therefore,
unappealing to farmers. Despite this, there have been successes: cementing of ditches near
rice fields was used to assist the elimination of schistosomiasis in Japan in 1950-1970 [87].
Alternative cheaper options, such as fencing off high-risk areas and regular maintenance of
imgation channels and/or drains, will help to reduce the likelihood of liver fluke infection in
livestock [73,83], but are set against a trend towards the introduction of agrienvironment wetland
schemes, at least in Europe, aimed at increasing biodiversity and reducing greenhouse gas
emissions (e.g., [10,88]). The successful implementation of IPM strategies is inherently difficult
because the program will undergo continual change over the first few years while the strategy is
fine-tuned to suit the requirements of farms and the unique local issues affecting each property.
This requires the time, skill, and knowledge of expert extension staff to continually assist the
farmer throughout the transitional period [73).

Concluding Remarks and Future Perspectives

The widespread incidence of TCBZ-R in ivestock is amajor threat to global ivestock production
and producers need alternative treatments, such as new flukicides or vaccines, to control
infections. Some key outstanding questions need to be addressed if we are to fully understand
the basis of TCBZ-R and provide producers with better management options to control
fasciolosis and reduce economic losses (see Outstanding Questions). Affinity purification of
target proteins using TCBZ as ligand, or metabolomic analysis of the parasite response to
TCBZ, may allow the identification of the protein target (s) of TCBZ. The current search for SNPs
associated with TCBZ-R in the fluke genome, using carefully selected parasite lines, will likely
provide new insights into the passible mechanism of TCBZ-R as well as tools to monitor the
appearance of TCBZ-R in herds [8]. The cELISA could be used to estimate the approximate
intensity of fluke infections, allowing targeted treatment of livestock with moderate-high fluke
burdens, especially in cattle [2,22,24 25]. Famers must be more proactive and use an IPM
approach to optimise their practices, monitor flukicide efficacy, and test regulary for iver fluke
prevalence o preserve the longevity of existing flukicides [10,73,82). Given the increasing
awareness of the impact of fasciclosis on production and the prevalence of TCBZ-R [2,73],
we anticipate that future control of fasciolosis will occur in three stages: (i) in the short term, better
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delivery of advice to producers from veterinarians and government or private extension advisors
that will lead to more effective IPMs tailored to address the issue of fasciolosis and TCBZ-R on
each farm and local region; (i) in the medium term, the development of a new drench that has a
similar efficacy spectrum to TCBZ; and (ii) in the longer term, the application of a livestock
vaccine would provide a more sustainable control strategy (77,89]. The workd market for a liver
fluke vaccine is estimated at approximatety US$182m per annum”, suggesting that a major
commercial opportunity exists for this niche vaccine that would likely overcome the futile cyde of
flukicide development and implementation followed by the inevitable selection for drug

resistance.
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2.12 Postscript

Since this Chapter’s publication in 2016, more cases of TCBZ resistance have been reported in
animals (reviewed in Fairweather et al.,2020) and humans (reviewed in Marcos et al.,2021). The
mechanisms of drug resistance are still unclear, but new research suggests there may be a
polygenic basis to resistance (weather et al., 2020). Several advances have been made in on-farm
F. hepatica control strategies as discussed in Coyne et al. (2020), John et al. (2019), Takeuchi-Storm
et al. (2018) and reviewed in Fairweather et al. (2020). However, there are still no clear guidelines
on how to test for TCBZ-resistant F. hepatica, and several other barriers discussed in Castro-
Hermida et al. (2021) have yet to be addressed to improve the effectiveness of pharmacological
treatment options for on-farm control. A complete list of flukicide products registered for

Australian cattle has been provided in supplementary table 5.2.
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Chapter 3 — Determination of the prevalence and intensity of Fasciola
hepatica infection in dairy cattle from six irrigation regions of Victoria,
South-eastern Australia, further identifying significant triclabendazole

resistance on three properties

3.0 Preface

The scope of the thesis is to better understand the epidemiology and management of F. hepatica
on Victorian dairy farms. In Chapters 1 | reviewed the epidemiology of F. hepatica in Australia and
in Chapter 2, the management of F. hepatica globally. | found that in Australia, there was a limited
understanding of the current prevalence of F. hepatica across all States and Territories. In Victoria,
the last state-wide study was conducted in the late 1970s by Watt (1979). The study identified
several endemic regions where F. hepatica was a significant problem but limited to no follow-up
studies were conducted to assess the true extent of the problem. In the Chapter 2 review, | further
identified that one of the endemic regions identified as the Macalister irrigation district in Watt

(1979) study also had a reported case of TCBZ resistance (Brockwell et al., 2014).

The aims of Chapter 3 were to establish the prevalence of F. hepatica in Victoria, determine where
the parasite was endemic and to assess whether there more cases of TCBZ F. hepatica in other

dairy regions of Victoria.

In Chapter 3, | describe the state-wide prevalence study that | undertook in Victoria’s irrigated
dairy regions in 2014 and 2016. In the study, | utilised the coproantigen ELISA (cELISA) and LFEC to
test the dairy cattle in these regions to determine where F. hepatica was endemic in Victoria. The
tests were also used to perform coproantigen reduction tests (CRT) and faecal egg count reduction
tests (FECRT) to screen farms with a high prevalence of F. hepatica for flukes that were resistant

to triclabendazole.

To access a higher quality copy of the Chapter, use the DOI link below.
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3.1 Published article and contribution

Published article

Kelley, J.M., Rathinasamy, V., Elliott, T.P., Rawlin, G., Beddoe, T., Stevenson, M.A., Spithill, TW.,
2020. Determination of the prevalence and intensity of Fasciola hepatica infection in dairy cattle
from six irrigation regions of Victoria, South-eastern Australia, further identifying significant
triclabendazole resistance on three properties. Veterinary Parasitology 277, 109019.
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Rathinasamy. J. Kelley analysed the results with assistance from M. Stevenson and T. Spithill. J.
Kelley wrote the paper with editing from all other authors. Veterinary Parasitology applies the
Creative Commons Attribution-Non Commercial-No Derivatives (CC BY-NC-ND) license to works

they publish. The complete article is available here.

J. Kelley contributed approximately 85% to the production of this research article. She made a
significant input in concept development, experimental design, writing of manuscript and

responses to reviewers’ comments, under the supervision of Professor Terry W Spithill.
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ARTICLEINFO ABSTRACT
Keywords: Fasctolo hepetica (liver fluke) Is a widespread parasite Inf of 1 k in Victorla, South-eastern Australla,
Fascicla hepatica where high rainfall and a mild climate Is ble for the main Intermediate host Austropeplec tomentosa. The
Liver fluke atms of this study were to q fy the p and of F. hepatica In dairy cattle In the riigated datry
Dairy catfie reglons of Victoria and 1f triclabendazol was present in infected herds. Cattle in 83 herds
;fmmm from the following six irrigation reglons were tested for F. hepatice: Macalister Irigation District (MID), Upper
Triclabendazole resistance Murray (UM), Murray Valley (MV), Central Goulbum (CG), Torrambarry (TIA) and Loddon Valley (LV). Twenty
cattle from each herd were tested using the F. hepatica faecal egg count (FEC) as well as the coproantigen ELISA
(cELISA). The mean animal true 1| of F. hep across all reglons was 39 % (95 % credible
interval [Cr]) 279%-51%) by FEC and 39 % (95 % Crl 27%-50%) by cELISA with the highest true prevalence
(75-80 %) found in the MID. Our results show that 46 % of the herds that took part in this study were ltkely to
fluk d prod losses, based on observations that herd pmductmty 1s impatred when the
mmﬂnnherdprevslenceu>£%UnngtheFECanchUSA du tests,
lmuedonShﬂdlmmnl(ZfrommeBSmmemmy'andllepmehﬂdﬂln!d:dmtnkepanmme
prevalence study) and resistance was confirmed ln all 3 beld.s This study has confirmed that F. hepatica 1s
endemic in several dairy regions in Vi d: may be ng to the high pre-
valence in some herds. From our analysis, we estimate that the state-wide economic loss a!ocmed with fas-
clolosts 1s in the order of AUD 129 million (range AUD 38-193 million) per year or about AUD 50,000 (range
AUD 15,000-75,000) per herd per year.
1. Introduction reduce production losses in the approximately 6 million cattle and 40
million sheep that grazed the fluke endemic regions of A lia (Boray
iole hepati 1 lmow-n as liver fluke, is a trematode and Love, 2007). Lost production as a consequence of liver fluke in-
parasite that causes signifi production losses in domestic fection was estimated to cost the Australian sheep industry in the order

ruminants (Charlier et al., 2013). Ruminants with liver fluke experience
reductions in milk volume, milk quality, growth rates, food conversion
efficiency, wool quality and reproductive performance (Schweizer
et al., 2005; Charlier et al., 2013). In 1999 it was estimated that live-
stock producers in Australia spent approximately AUD 10 million
(equivalent to AUD 16.6 million in 2018) on flukicides per year to

* Comresponding author.
E-mefl address: t.spithill@latrobe. edu.au (T.W. Spithill).

https://dol.org/10.1016/).vetpar.2019.109019
Recelved 2 October 2019; Recetved In revised form 19 D ber 2019; A

of AUD 25 million per year in 2015 (Lane et al, 2015) and infected
dairy farms in Gippsland were expected to lose approxi ly AUD
20,700 worth of milk per lactation (Elliott et al., 2015), or about 2.8 %
of a total average annual production per farm of about AUD 715,000.
The three largest dairy areas in Australia are in Victoria: the Northern
area, the Eastern (Gippsland) area and the South West area. These areas

d 20 D ber 2019

0304-4017/ © 2019 Elsevier B.V. All rights reserved.
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3.4 Material and Methods
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account for 66 % of Australia’s total milk production, valued at AUD2.3
billion in 2014 (Agriculture Victoria, 2014).

Within thess areas irrigation iz commonly used to offset water de-
ficiencies and maintain pasture quantity and quality from late spring to
autumn (Mash and Barlow, 2008). The greater Goulburn-Murray irmi-
gation region and the Upper Murray (UM) irrigation region are located
in the North and the Macalister Irrigation District (MID) region is lo-
cated in Gippsland. The greater Goulburn-Murray irrigation region is
made up of six smaller irrigation regions: the Murray Valley (MV),
Central Goulburn (CG), Torrumbarry (TIA), Loddon Valley (LV), Ro-
chester and Shepparton irrigation regions. In 1979 an abattoir survey of
39,499 cattle established that 68 % of livers inspected from the greater
Goulburn-Murray region, 55 % from the MID region and 68 % from the
UM region were infected with F. hepatica, which was considerably
higher than the Victorian average F. hepotica infection prevalence of 41
% estimated by Watt (1979). The distribution and high intensity of
infection was best explained by the use of irrigation in the regions from
which the slaughtered cattle were sourced (Watt, 1979; Durr et al,
2005). Based on these findings, McCausland et al. (1980) investigated a
further 98 cattle from 36 dairy farms in the MID and found that 64 %
were infected with mature F. hepatica with 98 % of livers showing
evidence of bile duct damage due to F. hepatica.

Border-check (flood) irmigation is the most widely used method for
irrigating pastures in South-eastern and Northern Victoria. Using this
technique, water is released from an rrigation channel sutlet to flow
across a paddock. This irrigation method creates ideal micro-habitats
for the main ntermediate host of F. hepatica in Australia, Austropeplea
tomentosa (A. tomentose) and ample water for F. hepatice eggs to hatch.
The ecology of A. tomentose has been reviewed by Boray (1969). Low
lying areas accumulate surface water allowing F. hepatica eggs to be
dispersed from bovine faecal material

Control of F. hepatice in dairy cattle has relied on the uss of fluld-
cides most notably triclabendazole which, since its releass in Australia
in 1983, has been the preferred treatment at dry off because label re-
strictions prevent use during lactation and it is the only registered drug
with the ability to lill both juvenile and adult fluke stages in dairy
cattle (Boray et al., 1983). The first case of triclabendazole resistance in
F. hepatica was identified in sheep grazing in the greater Goulburn-
Murray irrigation region of Victoria and many cases have now been
reported in sheep and cattle globally (Overend and Bowen, 1995; Kelley
et al., 2016}). The first cases of triclabendazole resistance in F. hepotica
infecting cattle in Australia was reported by Brockwell et al. (2014)
wha identified resistance in four beef herds in New South Wales, as well
as one dairy herd in the MID region. An additional case of tricla-
bendazole resistance was identified in another dairy herd in the MID
region by Elliott et al. (2015). In both studies the coproantigen reduc-
tion test (CRT) and liver fluke faecal egg count reduction test (FECRT)
were used to confirm resistance. The two cases of triclabendazole re-
sistance in the MID region led to 15 dairy herds across the Eastern
(Gippsland) area being screened for B hepatice using the coproantigen
ELISA (Elliott et al., 2015). F. hepatica was found in six of the 15 herds
and the herd prevalence of the infected herds ranged from 47 % to 100
% (Elliott et al., 2015).

The cELISA has not been widely nsed for screening large numbers of
cattle for F. hepatice as most studies in dairy herds have used bulk tank
milk ELISA samples which are easy to collect and from which treatment
thresholds have been clearly defined (Charlier et al., 2013). However,
the bulk tank milk ELISA only measures the presence of antibodies to
fluke antigens so this test only confirms prier exposure to F. hepatica as
opposed to the presence of active infection. The bulk tank milk ELISA
threshold for identifying herds with a herd prevalence greater than 25
% was determined by Salimi-Bejestani et al. (2005). An increased pre-
valence abowve this threshold was mubsequently found to be associated
with reduced milk production, reduced milk fat percentages and in-
creases in the inter-calving interval (Charlier et al., 2007); the 25 %
threshold has since been adopted in many studies (McCann et al., 2010;

Veterinary Parasitology 277 (2020) 109019

Bermema et al., 2011; Mezo et al., 2011; Kuerpick et al., 201 3; Howell
et al., 2015; Novohilsky et al., 2015). The 25 % threshold for produe-
tion loss was cbserved in earlier research discussed by Vercruysse and
Claerebout (2001) and has been applied to research utilising the FEC
(Malone and Craig, 1990) and the cELISA (Elliott et al, 2015).
Thresholds to assess individual fluke burdens using the cELISA have not
been investigated in detail even though studies have identified a strong
correlation between coproantigen release and total fluke burden (Mezo
et al., 2004; Charlier et al.,, 200%; Brockwell et al., 20132). The thresh-
olds based on FECs to detect losses due to fluke infections have been
well defined. Egg counts that exceed 5 eggs per 2g (ep2g) result in
limited economic loss and counts that exceed 40 ep2g are associated
with the presence of clinical disemse (Malone and Craig, 1990;
Vercruysse and Claerebout, 2001).

With this background, the aims of this smdy were to: (1) quantify
the prevalence and intensity of F. hepatica in dairy cows in the irrigated
dairy regions of Victoria; and (2} determine if triclabendazole resistance
was present in infected herds.

2. Material and methods

2.1, Study design

This was a cross-sectional study to determine the prevalence of F.
hepetica in Victorian dairy cows. The source population comprised dairy
cows in dairy herds that produced milk for human consumption in
Victoria, South-eastern Australia in 2014 and 2016. The eligible po-
pulation comprised thoss members of the source population located in
each of the six selected irrigation regions from the Northern and Eastern
(Gippsland) areas of Victoria, had more than 20 cattle and where cattle
had not been treated for F. hepetica in the three months prior to sample
collection. The study population comprised those members of the eli-
gible herd population whose managers agreed to take part in the study
when approached by the local veterinarian between March and April.
Dairy herds were recruited from 6 irrigation regions by local veter-
marians as follows: 25 herds in the Central Goulburn (CG), 10 in the
Loddon Walley (LV]), 20 in the MID, 9 in the Murray Valley (MV), 9 in
the Torrumbarry Irrigation Area (TIA) and 10 farms in the Upper
Murray (UM) (Table 1; Fig. 1).

Between May and August each of the study herds were visited by the
participating veterinarian. At each visit faecal samples were collected
rectally from 20 randomly selected cattle in the milking herd. At the
same time the identifier of each cow, the herd identifier and the date on
which the herd was last treated for liver fluke was recorded. Faecal
samples were initially stored at 4°C; 2 faecal aliquots were then
weighed (2g =+ 0.05) and the bulk sample was frozen at —20°C. One
2 g aliquot was stored at 4 °C and analysed using the FlukeFinder®; the
other was stored at —20 °C until the sample could be analysed using the
cELISA.

2.2, F. hepatica faecol egg counts

The FlukePFinder® faecal sedimentation method was used to de-
termine the E. hepatica egg count (Elliott et al., 2015). Each 2 ( + 0.05)
g faecal sample was sieved through a coarse sieve {125nm) and a fine
sieve (30 nm) (Mzalawahe et al., 2015). The faecal matter collected in
the fine sieve was washed into a 50 mL plastic beaker and then poured
mto a 15mL falcon tube. The remaining faecal material on the coarse
sieve was discarded. The water column in the 15 mL faleon tmbe was
filled to 11 mL and allowed to sediment for 2min, then the supernatant
was poured off and water poured in to refill it to 11 mL. This step was
repeated three times and the final pellet was then poured into a small
petri dish. The pellet was stained with 1 drop of 1 % methylene blue
and eggs were counted using a dissecting microscope at 25 X . The
FlukeFinder® was washed between samples and results are reported as
the number of eggs per 2 g of faeces (ep2g).
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Table 1

Veterinary Parasitlogy 277 (2020) 109019

Characteristics of herds studied in irrigation reglons of Victorla, South-eastern Australia, 2014-2016. Average herd size, calving system and drug used for the last

flukicide treatment, stratified by reglon.

Regicn # berds Average Calving system Last flukicide treatment
berd size Split Season Unk Total TCBZ CLOR None Unk Total
Central Goulburn (CG) 25 404 21 1 3 25 4 17 2 2 25
Loddon Valley (LV) 10 S0 9 1 [ 10 6 3 ] 1 10
Macalister (MID) 20 401 7 3 10 20 6 S 1 8 20
Murray Valley (MV) 9 S20 1 1 7 9 [ 3 [ 6 9
Toerumbarry (TIA) 9 73 B o 1 9 1 6 0 2 9
Upper Murray (UM) 10 240 7 3 [ 10 1 7 0 2 10
Total 83 281 53 9 21 83 18 41 3 21 83
Unk: Calving system unsp d; or unk last flukicid

TCBZ: triclabendazole.
CLOR: clorsulon.

2.3. Coproantigen ELISA

The commercial cELISA BIO K 201 /2 was used. The kit batch used
for samples analysed in 2014 was FASA14MO02 and the kit batch used
for samples analysed in 2016 was FASA16107. During this 2-year period
the kit was optimised, increasing the analytical sensitivity from 600 pg/
mL in 2014 to 150 pg/mL in 2016 (Martinez-Sernandez et al., 2016).
We used the modified cELISA protocol discussed in Brockwell et al.
(2013) by storing faecal aliquots at —20°C and extracting samples
overnight at room temperature on a rocking platform. All faecal sam-
ples were analysed in duplicate. Each cELISA plate included a dupli

duplicate was averaged for each cow tested. The OD was then converted
to a percentage of the positive control antigen: for the 2014 batch the
positive control OD was 1.979 and, for the 2016 batch, the OD was
1.815. The negative cut-off was determined to be 1.3 % in Brockwell
et al. (201 4). We opted to use a cut-off of 1.6 % as described in Elliott
et al. (2015) to allow for field variability.

2.4. Triclabendezole resistance

Cattle in two of the study herds (farms 1 and 2) inchided in the

a
of the kit positive and negative control (dilution buffer). The back-
ground optical density (OD) was deducted from the sample OD and the

1 study, as well as one herd that did not take part in the
prevalence study (farm 3), were tested for triclabendazole resistance
using FECRT and a CRT. This study was performed in Winter (June,
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Fig. 1. Map of Victoria showing the location of the 83 daliry herds tested In the six Victorian Irrigation reglons: (1) TIA; (2) LV; (3) MV; (4) OG; (5) UM; and (6) MID.
Each herd location is represented as a ple chart with the size of the pie proportional to the number of cows tested in each herd. The colours within each ple chart
indicate the number of F. hepatica positive (yellow) and F hepatice negative (blue) to the cELISA (FEC data not shown). The grey shading shows the managed
irrigation reglons in Victorla. Farms tested for triclabend are rep by the red stars (For interpretation of the references to colour In this figure
legend, the reader is referred to the web version of this article).
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July, August). The two herds were chosen based on the willingness of
the managers to participate, the herd numbers and that the heifers were
positive for liver fluke. All animals included in the triclabendazole re-
sistance study were heifers between & and 14 months of age with
bodyweights between 142 and 421 kg. Sixty heifers on farms 1 and 2
were pre-screened for liver fluke: the thirty individuals with the highest
FEC were selected and randomly allocated to either the contrel or
treatment group. The single herd located in the MID on farm 3 was
included because there had been a death from severe fasciolosis in that
herd. The heifers in this herd were not pre-screened and a control group
was not included due to animal welfare concerns. On day 0, 13 or 14
heifers were treated with 12 mg/kg triclabendazole (Flukare C™) with
the treatment dose calculated based on the individual weight of heifers
determined using a set of Tru-Test™ livestock scales. The dose of tri-
clabendazole was rounded up to the nearest 1mL and administered
orally using a 60 mL syringe. At the time of treatment, a faecal sample
was collected and the animal’s identification mumber, bodyweight, the
dose of triclabendazole administered, and time and date of adminis-
tration were recorded. The control group (14 heifers) was left untreatad
and faecal samples were collected, as described above. In the herd on
farm 3, faecal samples were collected from 13 randomly selected heifers
and then all heifers in the herd were treated due to concerns for animal
welfare. Twenty-one days post-treatment faecal samples were collected
rectally from the same heifers sampled on day 0.

2.5, Triclabendezole efficecy

The efficacy of triclabendazcle was determined by using a CRT and
FECRT, using either method 1 or 2 as described by Brockwell et al.
(2014}, Method 1 (used on farms 1 and 2) was the RESO technique as
recommended by the World Association of the Advancement of Veter-
inary Parasitology. The RESO technique compares post-treatment ar-
ithmetic means of treated and contrel groups (Coles et al, 1992,
Method 2 (used on farm 3) compares the means of individual animal
pre- and post-treatment counts to derive mdividual FECR reductions.
Efficacy for both tests was calculated using the following formula:

100

Efficacy = [M]

(23]

In Eq. (1) FECn and FECy represents the mean fascal egg count at 21
days post treatment or at the start of treatment, respectively. A caleu-
lated triclabendazole efficacy of < 90 % is considered to reflect drug
resistance in the group analysed (Broclwell et al, 2014; APVMA,
2015). All eELISA kits used for the CRT were from batch FASA15C05
and the OD of the positive control was 1.653.

2.6. Stotistical analyses

We report both the apparent and true prevalence of fasciolosis using
FEC and cELISA diagnostic test methods. Apparent prevalence (4P)
equals the number of test-positive individuals divided by the total
number of individuals tested. The true prevalence (TP} estimates take
into account the imperfect diagnostic ssnsitivity (5e) and specificity
(5p) of each test method using the spproach described by Rogan and
Gladen (1978) and modified for the extreme (i.e. low or high) pre-
valence situation using Bayesian methods as described by Messam et al.
(2008). The Bayesian approach was important in this study because it
allowed us to account for uncertainty in the change in the diagnostic
test sensitivity of the eELISA that oceurred when the kit was optimised
to increase the analytical sensitivity from 0.6 ng/mL n 2014 to 150 pg/
mL in 2016 (Martinez-Sernandez et al., 2016).

A deseription of the Bayesian approach for estimating true pre-
valence is as follows. If * equals the number of cows testing positive
using a diagnostic test of sensitivity Se and specificity Sp and n equals
the number of cows tested, the distribution of the number of test-

Veterinary Parasitology 277 (2020) 109019
positive cows is  x|(TF, Se, 5p) ~ binomial{n, AP)  where
AP=TP % Se+ (1 - TP) % (1 - Sp).

To estimate the true prevalence of fasciolosis beta prior distribu-
tions for 5S¢ and Sp were used. For FEC we assumed the mode of the
diagnostic sensitivity was 0.85 and that we were 95 % confident that
the diagnostic sensitivity was greater than 0.75 (Mazeri et al., 2016).
For the specificity of FEC we assumed the mode of specificity was 0.98
and that we were 95 % confident that diagnostic specificity was greater
than 0.90 (Mazeri et al., 2016). For the 2014 cELISA we assumed that
the mode of the diagnostic sensitivity was 0.94 and that we were 90 %
confident that the diagnostic sensitivity was greater than 0.90 (Charlier
et al., 2008). For the 2016 cELISA we assumed a marginal improvement
in diagnostic sensitivity. Here, the mode of diagnoestic sensitivity was
set to 0.96 and we were 90 % confident that the diagnostic sensitivity
was greater then 0.92 (Martinez-Sernsndez et al., 2016},

The logit of the true prevalence of F. hepatica was modelled as a
function of irrigation region (a categorical variable comprised of six
levels) and a herd-level random effect term to account for clustering of
F. hepatico-positive cows within individual herds, similar to the ap-
proach taken by Dhand et al. (2010). This allowed us to provide an
estimate of the prevalence of F. hepatica in each of the six irrigation
regions, accounting for the confounding effect of herd.

Markov chain Monte Carlo (MCMC) methods were used to derive
posterior estimates of the TP of E. hepatica in the stady population using
JAGS (Plummer, 2003). Using JAGS, the MCMC sampler was run for
100,000 iterations and the first 5000 ‘burn in” samples discarded. The
posterior distribution of TP was obtained by nmning sufficient itera-
tions to ensure that the Monte Carlo standard error of the posterior
means were at least one order of magnitude smaller than their posterior
standard deviation (Wakefield et al., 2000). The point estimate and 95
% credible intervals (Crl) for TP are reported as the median and 0.025
and 0.975 quantiles of the posterior distribution of P.

2.7, Ethics

The triclabendazole resistance study was approved by La Trobe
University Ethics Committee AEC14-29. The prevalence study was
carried out as an adjunect to a disease investigation program by veter-
inarians of the Department of Jobs, Precincts and Regions, Centre for
AgriBioscience, La Trobe University, Bundoora Victoria 3083,
Anstralia.

3. Results

The 83 herds that took part in this study had an average herd size of
381 cattle and most herds were managed using a split calving system
(Table 1) In total, 1669 cattle were tested and the individual animal
true prevalence of F. hepatice across all herds studied was 39 % (95 %
il 27%-51%) by FEC and 30 % (35 % Crl 27%-50%) by cELISA
(Tables 2 and 2). Based on FEC data, there was a considerable range in
‘both the F. hepatica infection intensity among individual cows (Fiz. 2)
as well as the true within-herd prevalence of F. hepatice across each of
the 83 study herds (Table 2; Fig. 2). Owerall, our results show that 46 %
(38 of 83) of the herds that took part in this sdy exhibited a within-
herd true prevalence of fluke (based on FEC data) > 25 % (Table 2)
which is above the accepted threshold for impaired herd productivity
and economic loss (Wercruysse and Claerebount, 2001; Charlier et al.,
2007).

3.1. Macdlister Frigation District

Dairy cows in the MID region had the highest individual animal true
prevalence of E. hepatice with B0 9% (95 % Crl 64 %88 %) of the 414
cattle testing positive by FEG (Table 2) and 75 % (95 % Cr1 58 %85 %)
testing positive by cELISA (Table 2). At the herd level, 17 of the 20 MID
herds (85 %) had a within-herd true FEC prevalence > 25 %; 15 of the
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Table 2

Veterinary Parasitology 277 (2020) 109019

Prevalence of Fasciolo hepaice in dairy cattle in iroigation regions of Victora, South-eastern Australia, 2014-2016. Number of cows tested, egg counts of tested cows
by faecal egg count eply categories, individual cow faecal egg count apparent prevalence of fasciolosis and individual cow faecal egg count true prevalence of

fasclolosls, stratifled by reglon.

Regica Tested (x) eplg range (n) Prevalence® % herds with > 25 % true prevalence
0 15 640 = 40 Apparent (95 % CI) True (95 % Cr)
Central Goulburn 500 278 77 2 ] 24 (21-28) 21(12.36) 24 %
Loddon, Valley 200 187 [} 4 1 6 (4-11) 5 (0-14) 10%
Miacalister 414 113 126 139 2% 73 (68.77) BO (64-88) B85 %
Murray Valley 180 122 25 = 4 32 (25-40) 24 (19-49) 4%
Terrumbarry 180 160 6 1 a 11 (7-17) 11 (8-17) 1%
Upper Murray 195 83 68 7 7 57 (50-64) 64 (35.85) 90 %
Total 1669 1043 221 262 42 36 (35-40) 29 (27-51) 46%

CI: confidence interval; Crl: Bayesian credible interval.
" Number of F. hepatice-positive cows per 100 cows at risk.

Table 3

Prevalence of Fesciole hepatice in dairy cattle in Irigation reglons Victorla,
South-eastern Australia 2014-2016. Total number of cows tested, number of
tested cows with ¢ELISA less than 1.6 % and greater than or equal to 1.6 M,
individual cow cELISA apparent prevalence of fasclolosls and individual cow
cELISA true prevalence of fasciolosis, stratified by reglon.

Regica Tested (n)  <ELISA Prevalence”
=L6% =L6W Appaent  True
5% CH (95 % C)
Central Goulburn 500 72 128 26 (22-30) 22 (12-35)
Loddon, Valley 200 186 14 7L 3 (0T
Macalister 414 1z 297 72 (67-76) 75 (S.85)
Murray Valley 180 104 76 42 (35-500 41 (30-53)
Terrummbarry 180 159 21 12717 11 (5-17)
Upper Murray 195 & 115 59 (52-66) 62 (40-77)
Total 1669 1018 651 9 (37-41) 29 (27-50)

CI: confidence interval; Crl: Bayesian credible interval.
" Number of F. hepatice-positive cows per 100 cows at risk.

20 MID herds had a within-herd true FEC prevalence > 90 % (Fig. 3).
Twenty-six of the 414 cows tested (6 %; 95 % CI 4 %8 %) were ca-
tegorised as having a clinical level of infection based on their ande
FECs being > 40 ep2g (Table 2; Fig. 2).

3.2. Upper Murray

The second highest individual animal true prevalence of E. hepotica
was in the UM region with 64 % (95 % Crl 35 %85 %) of the 195 catte
testing positive by FEC (Table 2) and 62 % (95 % Cil 40 %77 %)
testing positive by cELISA (Table 3). At the herd level, 9 of the 10 UM
herds tested {20 %) had a within-herd true FEC prevalence = 25 %; 4 of
the 10 UM herds had a within-herd true FEC prevalence = 90 %
(Fig. 2). Of the 195 cattle in the UM region that were tested, 7 (4 % 95
% CI 1 %7 %) were categorised as having a clinical level of F. hepatica
mfection based on their crude FECs being > 40 ep2g (Table 2; Fig. 2.

3.3. Mwray Velley

The largest discrepancy between diagnostic tests m the regional
prevalence of E. hepatice was observed in the MV region. The individual
animal true prevalence was 34 % (95 % Crl 19 %49 9) by FEC and 41
% (95 % Crl 30 %53 %) by cELISA (Table 2; Table 3). At the herd level,
4 of the 9MV herds tested (44 %) had a within-herd true FEC pre-
valence = 259%:; 2 of the 9 herds had a within-herd true FEC prevalence
of = 90 % (Fig. 2). Even though the prevalence of F. hepatice in the MV
region was moderate, 4 of the 180 cattle tested (2 %; 95 % CI 1 %6 %)
had FECs greater than the clinical cut-off of 40 ep2g (Table 2; Fig. 2).

3.4. Central Goulburn

The individual animal true prevalence of F. hepatice in the CG region
was 21 % (95 % Crl 13 %36 %) by FEC and 22 % (95 % Crl 12 %36
%) by cELISA (Table Z; Table 2). At the herd level, the FEC identified &
herds (24 %) and the cELISA identified 7 herds (28 %) that exceeded
the 25 % cut-off for production loss, respectively; 3 of the 25 herds had
a within-herd true FEC prevalence =90 % (Fig. 2). However, the
owverall intensity of infection in the CG region was relatively low with
only two cows (0.4 %; 95 % CI 0 %—1.4 %) exceeding the clinical cut-off
of 40 ep2g (Table 2; Fig. 2).

3.5. Torrumbarry and Loddon Velkey

In the TIA and LV regions the individual animal true prevalence of
F. hepatica by FEC was 11 % (95 % CrT 9 %-17 %) and 5 % (95 % Crl 0
%14 %), respectively (Table 2J, and 11 % (95 % Crl 9 %17 %) and 3
% (95 9 Crl 0 %12 %) by cELISA, respectively (Table 2). At the herd
level, in the TIA region all the positive cattle were isolated to a single
herd where the within-herd true FEC prevalence was > 90 % using both
diagnostic test metheds (Fiz. 3). In the LV region, 1 of 10 herds ex-
hibited a within-herd true FEC prevalence of > 25 % with no herds
showing a within-herd true FEC prevalence > 90 % (Fig. 2). Of the
cows that were tested, only 1.7 % (95 % CI 0.3 %—4.8 %) in the TIA
region and 0.5 9% (95 % CI 0 %-2.8 %) in the LV region had an egg
count > 40 ep2g (Table 2; Fig. 2).

3.6. Triclabendezole resistance

Triclabendazole was the second most popular flukicide treatment
after clorsulon in this group of herds (Takble 1). Two herds in the MID
region and one herd in the UM region were tested for triclabendazole
resistance. The efficacy of triclabendazole was less than 90 9% in all
three herds using both diagnostic test methods: a 2%—69% reduction
using FECRT and a 0%—86% reduction using CRT, confirmed the pre-
sence of triclabendazole resistance in these herds (Table 4; Fig. 1}

4. Discussion
4.1. Regional findings

There were distinct differences in the within-herd true prevalence of
F. hepatica between irrigation regions. The MID region had the highest
mndividual animal true prevalence, with B0 % and 75 % of cows tested
identified as fluke positive by FEC and cELISA, respectively. The true
prevalence estimates for the MID region reported here are in the same
order of magnitude but slightly less than the 81 % apparent prevalence
of F. hepatica reported in a smaller study by Elliott et al. (2015). Two
earlier abattoir studies in the MID region found the prevalence of F.
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Fig. 2. Horzontal box and whisker plot showing the dis-
tribution of individual cow F. hepatica faecal egg counts (log
10 seale), by irrigation reglon. The left and right upper bound
of each box represent the 25th and 75th quantiles of the dis-
tribution of FECs and the horzontal lines extending from the
boxes represent the lower and upper bounds of the 95 %
confidence Interval for the FECs. Superimposed are points
representing the FECs for each cow. The solid wertical line
Indicates the FEC ep2g value (5 ap2g) at which milk produe-
ton is impaired; the dashed vertical dashed line indicates the
FEC ep2g value (40 ep2g) at which clinical signs are apparent.

Fig. 3. Horizontal box and whisker plot showing the dis-
tribution of withinherd true prevalence of F. hepatica (ex-
pressed as the number of fluke-posithre cows per 100 cows at
risk) based on FEC, by irigation reglon. In the above plot the
left and right upper bound of the boxes represent the 25th and
75th quantiles of the distribution of within-herd true pre-
walence of F. hepece, the vertical lines within each box re-
presents the median within-herd true prevalence and the
horizontal lines extending from the boxes represent the lower
and upper bounds of the 95 % confidence interval for within-
herd true prevalence. Supedmposed are polnts represemting
the within-herd true prevalence of F. hepetice for each herd.
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Three farms were tested for F. hepatice triclabendazole resistance using the both the CRT and FECRT. The FEC was determined in 2 g of faeces and the cELISA results
are shown as the percentage of positive control. Triclabendazole resistance is defined as a less than = 90 % reduction in triclabendazole eficacy.

Regica Farm Number of caitie FEC FECRT cELISA CRT
rmmber TCEZ Contral Day 0 Day 21 Day 0 Dy 21

Macalister® 1 12 14 20 16 +47% 19 % 2?W —68%

Upper Murray” 2 1 14 16 5 +60% nW 2% +B5 W

Mincalister” k] 12 HA 97 o5 - nW AW +2%

TCEL triclabendazole.
® Efficary determined using method 1 of Brockwell et al. (2013).

* Efficacy determined using method 2 of Brockwell et al. (2012) as no control group was avatlable: no control group was included in this herd because of suspected

clinieal deaths due to F. hepatica prior to the study commencement.

hepatica to be 64 % (based on recovery of mature flukes; MeCausland
et al, 1920} and 55 % (based on liver condemnation; Watt, 1979).
Prevalence analysis based on the number of liver condemnations alone
is not a conclusive diagnostic for liver fluke infection, with a sensitivity
of enly 63 % (Rapsch et al., 2006). In contrast, recovery of mature adult
flukes is definitive suggesting that the 64 % prevalence observed by
MeCausland et al. (1980) is a true estimate. We conclude that since the
early 1980s there has been an increase in the prevalence F. hepatica in
dairy cattle in the MID region. Most herds in the MID region (85 %) and
UM region (90 %) had within-herd true prevalence estimates exceading
25 0% (Table 2; Fig. 3) with 75 % (MID) and 40 % (UM) of herds
showing a within-herd true prevalence greater than 90 %. These values
far exceed the threshold for economic loss of 25 % prevalence sug-
gesting that production losses are likely to be oceurring in these regions
(Vercruysse and Claerebout, 2001; Schweizer et al, 2005 Charlier
et al., 2013).

In the UM region, Watt (1979 reported that, in 1977, the individual
animal (true) prevalence of F. hepatica was 68 %, slightly higher than
the 64 % and 62 % individual animal true prevalence by FEC and cE-
LISA (respectively) reported in this smdy. The results are similar despite
the fact that the Watt (1979 study relied on abattoir workers scoring
fluke infections based on gross hiver pathology whereas we directly
determined actual infections in each animal.

Ome key difference between the MID and the UM regions is that the
UM region relies on rivers, groundwater and collected surface water for
wrigation, whereas a border-check (flood) irigation system provides
water from the Macalister River (via the Glenmaggie Weir) and from
the Thomson River (via Cowwarr Weir) to approximately 381 dairy
farms in the MID region (SEW, 2019). This could explain the relatively
lowrer prevalence in the UM region, as the MID flood irrigation system
could contribute to the spread of fluke between farms and maintain the
snail habitat for longer periods of time. In addition, a few farms located
in the UM and MID regions are very close to or border national parks
where kangarocos, wallabies, wombats could also be a significant re-
servoir for infection (Spratt and Presidents, 1981).

In Victoria the largest irrigation region is the greater Goulburn-
Murray which is comprised of six rrigation regions providing water to
approximately 1200 dairy farms. Four of these regions were studied
here (MV, OG, TIA, LV). There were notable differences in the E. he-
patice true prevalence estimates across the four irrigation regions: the
MV was the only region in the greater Goulburn-Murray region to have
an individual mean animal true prevalence greater than 25 %. In the
TIA and LV regions the mdividual animal true prevalence by FEC was
11 % and 5 %, respectively (Table 2) and the intensity of infection by
FEC was low, compared to the other study areas (Fig. 2; Tables 2 and 3).
In the TIA region all of the fluke-positive cattle were isolated to a single
herd. One possible explanation for this observation is that there may
have been a breakdown in quarantine practices in this herd. Herd
managers should be encouraged to quarentine new incoming stock and
to test new stock for fluke infection to maintain a negative status,
particularly in low prevalence regions such as the LV, TIA and CG.

In 1979 the prevalence of E hepatice was found to be 68 % in the

greater Goulburn-Murray region (Watt, 1979); however, in this study,
the individual mean animal true prevalence of F. hepatica in this region
was 18 % by PEC and 19 % by cELISA (calculated from the data in
Tables 2 and 3}. In the last 15 years, there have been two significant
changes in the greater Goulburn-Murray region that could have con-
tributed to the marked decrease in F hepetica prevalence: salinity and
rrigation infrastructure upgrades. The intermediate host A. tomentose is
highly sensitive to saline conditions and the infrastructure upgrades
have included lining irrigation charmels with rock or plastic and, in
some casss, water is now piped to farms (GMW. 2015). This could have
had a substantial impact on the snail population and reduced conditions
favourable for F. hepatica transmission.

4.2. Triclabendezole resistance

Flukicides are frequently used by herd managers to control E he-
patice in irrigated farming regions. The most frequently used flukicide
in this study was clorsulon (49 % of users) followed by triclabendazole
(22 % of users) (Table 1). In Australia clorsulon is registered for use in
lactating dairy cattle. When screening herds for inclusion in our study,
herd managers were only asked to report the last flukicide treatment
and the high use of clorsulon could reflect the fact that herd managers
were choosing to treat their stock mid lactation to reduce sub-clinical
production losses caused by F. hepatica. Orally administered tricla-
bendazole has long been used as a dry-off treatment for dairy cattle,
becanse of the milk withholding period. The first case of triclabenda-
zole resistance was reported in 1995 in sheep in the LV region by
Overend and Bowen (1995, and this drug has been widely used to treat
fasciolosis in sheep in Australia, so further selection for drug resistance
in sheep is possible. Our study has identified a further three tricla-
bendazole resistant cattle herds in addition to two other herds in the
UM or MID regions reported by Erockwell et al. (2014) and Elliott et al.
(2015). The additional herd from farm 3 that was included m the tri-
clabendazole resistance study was of particular concern as the calves
had been treated 10 weeks prior to our study with triclabendazole and a
post mortem examination of a calf that died showed evidence of severe
fasciolosis.

4.3, Dicgnostics tools: FEC and cELISA

Accurate diagnostic tests are essential for identifying infected cattle,
informing F. hepatica control strategies and testing for resistance
(Charlier et al., 2012). A large mumber of herds (68-94 %; Table 2) in
the MV, CG, TIA and LV regions were found to be negative by FEC or
cELISA but herd managers on these farms had been treating regularly
for F. hepatica. Testing cows prior to treatment could have saved these
herd managers considerable time, money and labour e.g. the current
cost in Australia for treatment of an average herd of 381 animals with
triclabendazale is in the order of AUD 1900 plus labour costs whereas
the costs of an FEC or cELISA test on 10 animals to confirm herd in-
fection is approximately AUD 250 plus sampling costs. Herds located in
the MV, CG, TIA and LV regions could benefit from a yearly bulk tank

79



Chapter 3: Prevalence

3.7 Conclusion

3.8 Acknowledgments

M. Kelley, o ol

milk ELISA as it would provide timely and sensitive estimates of the
likelihood of fluke exposure given the relatively low true prevalence of
F. hepotica in these regions. If a herd was subsequently found to be
positive on the basis of the bulk tank milk ELISA, the herd manager
could then use FEC or ¢ELISA for continued monitoring. In contrast, in
the higher prevalence regions (such as the MID or UM, the routine use
of the bulk tank milk ELISA could lead to false positives as most herds
used a split-calving system (Table 1). Under split-calving management
systems, cows within a herd are not treated at the same point in time
which means that milk from beth treated and untreated animals con-
tribute to bulk milk samples on a given sampling day; since anti-Fasciola
antibodies can persist in milk for at least 3-6 months post anthelmintic
treatment, there is a risk of false positive bulk tank milk ELISA test
results on milk from treated herds (Charlier et al., 2012; Takenchi-
Storm et al., 2018} This is complicated by the fact that clormlon and
axyclozanide can be administered to lactating dairy cows in Aunstralia.
To obtain the best cutcome to guide decision making, milk samples for
bulk milk tank ELISA testing need to be collected basad on when the
last flukicide treatment occurred.

On some farms, we observed discrepancies in prevalence estimates
based on FEC and cELISA analysis. For example, in the UM region, F.
hepatica prevalence differed according to diagnastic test method on one
farm where the true prevalence was 40 % using FEC and 0 % using the
cELISA. One possible explanation is that this faecal sample was not
stored and transported eorrectly during transit from the farm to the
laboratory. Flanagan et al. (2011) showed that coproantigen stability
was reduced by starage at 26 °C. In general, there is a moderate to good
association between FEC and cELISA OD vahes in catte (r = 0.668;
Brockwell et al., 2013).

4.4. Estimoted economic losses

The high prevalence and relatively high intensity of fluke infections
in certain regions suggests that dairy producers in Victoria are experi-
encing significant production losses since milk production is negatively
impacted by a herd prevalence of = 25 % (Vercruysse and Claerebout,
2001; Charlier et al., 2007). Schweizer et al. {2005) reviewed losses due
to fasciolosis in dairy cattle in Switzerland and identified negative
impacts of infection arising from suppressed milk production, reduced
milk fat content, reduced fertility, reduced weight gain and con-
demnation of livers, in addition to the cost of drenching. Milk pro-
duction losses due to fasciclosis range from 3 % to 15 % and vary with
the intensity of infection and nutritional status of the animal (Boray,
1969; Hope Cawdery, 1984; Schweizer et al., 2005; Charlier et al,
20137

Based on our data, 46 % of the herds tested were likely to have
impaired milk production arising from fasciolosis, due a herd pre-
valence = 25 %. In 2017-2018 total milk production in the 6 regions
studied here was 3898 million litres so 1793 million litres (46 %) were
estimated to be affected by fasciclosis (Dairy Anstralia, 2019). Since
fasciolosis is known to canse milk losses in the range 2-15 % (Schweizer
et al., 2005; Charlier et al., 2013) we estimated mean losses at 10 % as
per Schweizer et al. (2005) (range 3-15 %) to be 179 million litres
{range 53-268 million litres). With a milk price cwrrently at AUD 0.47/
L {Dairy Australia, 2019), total milk losses are about AUD 84 million
(renge AUD 25-126 million) per year. Since milk losses only represent
about 65 % of the total economic loss due to fasciolosis (Schweizer
et al., 2005) the total annual loss is estimated to be AUD 129 million
{range AUD 38-193 million). With 2561 herds in the regions studied,
armual losses per herd are about AUD 50,000 (range AUD
15,000-75,000). These estimates demonstrate the likely positive ben-
efits that would arise from effective liver fluke control on dairy farmsin
the origation regions of Victoria.
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4.5. Punse directions end recommended fluke control strotegies

4.5.1. Triclocbendazols resistonce

Further work nesds to be done to establish the extent of fluke tri-
clabendazole resistance in the Victorian dairy industry, and a robust
simple protocol must be designed for triclabendazole resistance testing,
as uptake of routine testing by herd managers will continue to be
hindered while testing guidelines for cattle remain poorly defined.

4.5.2. Regioncl screening

Previous regional screening of Irigation regions in Victoria has
identified regions where F. hepatica is endemic (Watt, 1977, 1979;
MeCausland et al., 1950) and where drug resistance is a contributing
factor (Brockwell et al., 2014; Elliott et al, 2015). The method of
testing in our study was labour intensive and costly. A state-wide pre-
valence study screening herds using the cELISA or bulk milk tank ELISA
could be a more effective way for identifying additional regions with a
high incidence of fasciolosis. Our data could not be used to ascertain the
factors contributing to the prevalence of liver fluke in each of the study
herds. If a state-wide prevalence study were to be carried out, detailed
information should be collected at the same time about herd manage-
ment practices (e.g. quarantine and snthelmintic treatment of newly
purchased stock) in addition to herd location information. This would
allow herd-level risk factors for fasciolosis to be identified which could
then be used to infarm control strategies. Given new irrigation infra-
structure works are planned for the MID in 2019, there is an opportu-
nity in the future to evaluate whether these upgrades reduce fluke
prevalence in the region. Regional studies often lack fine-scale spatial
detail required by herd managers and their advisors to manage F. he-
patice on-farm. A network of closely monitored farms across the irri-
gation regions in Victoria could provide valuable information about
when herd managers need to test their stock.

4.6. Conclusions

This study has confirmed that F. hepatice is endemic in several dairy
regions in Victoria, in particular in the MID and the UM regions, and
that triclabendazole resistant F. hepatica is present in some herds in
these regions. Our findings indicate that the state-wide ammual eco-
nomic loss associated with fasciolosia is in the order of AUD 129 million
or about AUD 50,000/herd /year.
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Chapter 3: Prevalence

3.10 Postscript

A complete list of flukicide products registered for use in beef and dairy cattle in Australia can be
found in Chapter 5, section 12, supplementary Table 5.2. The Table details the following: product,
company, composition, use, age of fluke killed, host, meat with holding period, use in lactating

cattle and finally, milk withholding period.

82



Chapter 4: Diagnostics

Chapter 4 — Analysis of daily variation in the release of faecal eggs and
coproantigen of Fasciola hepatica in naturally infected dairy cattle and the

impact on diagnostic test sensitivity

4.0 Preface

In Chapter 3, | found that there was a high prevalence of F. hepatica in the Macalister Irrigation
District and the Upper Murray using the coproantigen ELISA (cELISA) and LFEC diagnostic tests. |
subsequently used the same diagnostic tools and found that cattle on three farms located in these
regions were infected with triclabendazole-resistant F. hepatica. In Chapter 1, | reported that the
application of the cELISA and LFEC for assessing the prevalence and drug resistance had been
established in the literature; however, | discovered several papers that suggested that sampling
time during the day may affect the sensitivity of LFEC and cELISA (Dorsman, 1956; Brockwell et al.,
2013). Brockwell et al. (2013) reported a 2-6 fold variation in the cELISA OD values and a 2-4
variation in LFEC over a five-day sampling period. To improve the management and control of F.
hepatica in Victoria, farmers need robust diagnostic tools to make informed decisions about

whether they need to treat their cattle, when to treat and what product to use on their cattle.

The aim of Chapter 4 was to assess the fluctuation in the diagnostic outputs from the cELISA and
LFEC in naturally infected dairy cattle to ascertain whether the tests were robust and could be

used to inform the on-farm management of F. hepatica in Victoria.

In the following Chapter, | describe the application of the cELISA and LFEC to cattle naturally
infected with F. hepatica to assess if sampling time and day to day variation in coproantigen and
egg release affects the sensitivity of the tests and the correlation with total fluke count. Ten cattle
on a dairy farm in the Macalister Irrigation District (MID), which was found to have a high
prevalence of F. hepatica in Chapter 3, were sampled and tested twice daily for five days and then

euthanized to allow correlations between total fluke counts and diagnostic test outputs.

To access a higher quality copy of the Chapter, use the DOI link below.

83



Chapter 4: Diagnostics

4.1 Published Article and Contribution

Publication
This manuscript has been drafted for submission to Veterinary Parasitology, submitted on the
26/02/2021 (Vetpar-D-21-15033) the manuscript was accepted on the 23 June 2021 and a copy

has been included in Chapter 7, section 7.1.

Kelley, J.M., Stevenson, M.A., Rathinasamy, V., Rawlin, G., Beddoe, T., and Spithill, T.W. (2021).
Analysis of daily variation in the release of faecal eggs and coproantigen of Fasciola hepatica in
naturally infected dairy cattle and the impact on diagnostic test sensitivity. Veterinary

Parasitology 298, 109504. https://doi.org/10.1016/j.vetpar.2021.109504

Contribution

This paper was drafted and submitted as an original research article. J. Kelley designed the trial
and recruited veterinarians to collect the samples with assistance from G. Rawlin. J. Kelley
managed and analysed all samples using the LFEC and cELISA with assistance from V. Rathinasamy.
V. Rathinasamy determined the total fluke count. J. Swan and V. Rathinasamy assisted J. Kelley in
the dissection of livers. J. Kelley analysed the results with the assistance from M. Stevenson and

T. Spithill. J. Kelley wrote the paper with editing from all other authors.

J. Kelley contributed to approximately 80% of the production of this research article. She made a
significant input in concept development, experimental design, analysis, and the writing of
manuscript submission to Veterinary Parasitology under the supervision of Professor Terry W

Spithill.
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4.2 Abstract

23 Abstract

24  The liver fluke, Fasciola hepatica (F. hepatica,) is a widespread parasite infection in dairy cattle in Victoria,
25  South-eastern Australia. Robust diagnosis of fluke infection is needed in dairy cattle to identify sub-clinical
26  infections which often go unnoticed, causing significant production losses. We tested the coproantigen ELISA
27  (cELISA) and the FlukeFinder faecal egg count kit® on naturally infected cows in a fluke endemic region of
28  \Victoria. The aim of the study was to investigate the variation in the release of coproantigens and eggs into
23  faeces over a 5-day period, at the morning {(AM) and afternoen (PM) milkings, and to assess the impact of the
30  timing of faecal sample collection on diagnostic test sensitivity. Ten cows were enrolled into the study based
31  on positive F. hepatica faecal egg counts (LFEC), and faecal samples from the ten cows were collected twice
32  daily, at the 7-9 AM and 4-6 PM milking, for five consecutive days. At the conclusion of the sampling period,
33  the cows were euthanised, and F. hepatica burden was determined at necropsy. A moderate negative
34  correlation between cow age and cELISA optical density (OD) was observed using data from all samples (R -
35  0.63; 95% Cl -0.68 to -0.57). Over the 5-day sampling period, we observed within-animal variation between
36 days for both the cELISA OD (2.6- 8.9 fold) and LFEC (5-16 fold), with more variation in values observed in the
37  PM samples for both tests. The correlation with total fluke burden was higher in the AM sampling using both
38  the cELISA and LFEC (R= 0.64 and 0.78, respectively). The sensitivity was 100% for the cELISA using various cut-
33  offs from the literature (0.014 OD, 0.030 OD, and 1.3% or 1.6% of the positive control). The sensitivity of the
40  FlukeFinder kit® (based on 588 faecal samples and not accounting for lack of independence in the data) was
41 88% (95% Cl 85% to 90%). Seventy-one false negatives were recorded from the 588 LFEC tests, all of which
42  were observed in the cows with fluke burdens <14 flukes; 42 of the 71 false negative LFECs occurred in one
43  individual cow, which had the lowest burden of nine flukes. In dairy cows, the cut-off for production losses
44 due to fasciolosis is estimated at > 10 fluke. Both the cELISA and the LFEC identified all cows with burdens
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4.3 Introduction
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equal to or greater than this cut-off. Five of the ten cows also exhibited relatively high paramphistome egg

counts.

1. Introduction

Fasciola hepatica (F. hepatica), more commonly known as liver fluke, has serious production limiting impacts
in dairy cattle affecting milk production, milk quality, weight gain and fertility (Schweizer et al. 2005). Lost milk
production due to fasciolosis in the UK alone is estimated (using 2020 consumer price indices) to be about
USD 529 per cow per year {Howell et al., 2015) or about USD 1005 million per year based on a 2019 national
herd size of 1.9 million cows (Uberoi, 2020). In Australia, in 2020, reduced milk production due to F. hepatica
infection was estimated to cost the Victorian dairy industry USD 101 million per year (Kelley et al., 2020). A
robust quantitative diagnostic test that can identify F. hepatica-infected individuals and herds would allow for
prompt intervention and treatment of cattle with flukicides. Europe has moved towards screening dairy herds
with an ELISA detecting antibodies using bulk tank milk (BTM) samples (BTM ELISA) which are readily available
and easy to collect (Pritchard et al., 2005; Salimi-Bejestani et al., 2005; Charlier et al., 2007; Bennema et al.,
2009; McCann et al., 2010; Kuerpick et al., 2013; Selemetas et al., 2014; Bloemhoff et al., 2015; Howell et al.,
2015; Novobilsky et al., 2015). The BTM sELISA was first described by Salimi-Bejestani et al. (2005): this assay
has a high sensitivity (96%) and moderate specificity (80%) and can accurately identify herds that are incurring
production losses when herd prevalence is more than 25% (Charlier et al., 2007). However, the BTM ELISA has
its drawbacks as anti-Fasciola antibodies in milk can persist for up to six months even after successful
treatment with a flukicide (Salimi-Bejestani et al., 2005). In Australia, most dairy herds use a split calving
system, which means that flukicide treatments occur at different times of the year for individual herds. As a
result, antibodies found in milk could arise from treated and untreated cattle, complicating the interpretation

of a positive BTM ELISA test.
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As a consequence, a different approach has been used to screen dairy cattle in Australia. Brockwell et al.
(2014), Elliott et al. (2015) and Kelley et al. (2020) each used the commercial coproantigen ELISA test to screen
multiple herds for F. hepatica as coproantigen release ceases seven days after effective treatment with a
flukicide (Brockwell et al., 2013). The coproantigen ELISA (cELISA) detects infection in cattle from >6 weeks
post-infection (P1) (Mezo et al., 2004; Brockwell et al., 2013) and has a high sensitivity 77%-100% and specificity
>99%({Mezo et al., 2004; Mazeri et al., 2016). In addition, correlations between F. hepatica burden and OD
were observed in cattle by Charlier et al. (2008) (R = 0.60) and Brockwell et al. (2013) (R? = 0.8718), although
recent work by Martinez-Sernandez et al. (2016) found a somewhat weaker correlation (R? = 0.2998).
However, Brockwell et al. (2013) observed a 2 to 6 fold variation in coproantigen release from cattle over a
five day period. To address the variable release of coproantigens the cELISA kit was modified by Martinez-
Sernandez et al. {2016), increasing the sensitivity from 0.60 ng/mL to 0.15 ng/mL; however, the variability in
the cELISA in daily samples increased by 6 to 12 fold {(Mezo et al., 2004). There is a consensus in the literature
that the cELISA kit-cut-off recommended by the commercial manufacturer is too high to accurately distinguish
between positive and negative cattle. As a result, studies have used various ELISA OD cut-offs for detecting F.
hepatica infections in cattle: 0.114 OD (Mezo et al., 2004}, 0.030 OD (Charlier et al., 2008), 0.014 OD (Brockwell
et al., 2013), kit-cut-off x 0.67 (Palmer et al., 2014), 0.084 OD (Martinez-Sernandez et al., 2016) as well as 1.3%
(Brockwell et al., 2014) or 1.6% (Elliott et al., 2015) of the OD value of the positive control. The lack of
consistency between reports makes it difficult to determine the sensitivity of the cELISA, but several studies
in cattle have reported that the assay can detect as few as 1, 2, and 15 flukes in the liver (Mezo et al., 2004;

Brockwell et al., 2013; Martinez-Sernéndez et al., 2016).

Similar problems occur when using F. hepatica faecal egg counts (LFEC). In cattle with low F. hepatica burdens
(<10 flukes) false negatives frequently occur {Martinez-Sernandez et al., 2016). There are many variations on

the LFEC technique, but sedimentation is the most accurate in cattle (Happich and Boray, 1969; Kajugu et al.,

4
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2015). Two studies reported correlations between LFEC and F. hepatica burden. In cattle, the correlation was
R?=0.836 and in sheep R? =0.571 (Brockwell et al., 2013; George et al., 2017). LFECs are highly specific »97.5%
(97.5-100), and egg shedding does not persist after treatment with a flukicide (Ibarra et al., 1998; Anderson et
al., 1999; Rapsch et al., 2006; Brockwell et al., 2013; Mazeri et al., 2016). However, weekly, daily, and hourly
variation in F. hepatica egg shedding has been observed in several studies (Dorsman, 1956, 1960; Hagens and
Over, 1966; Brockwell et al., 2013). Based on hourly faecal sampling in cattle, Dorsman (1956) proposed that
faecal collection should occur at 1:30 pm when the highest egg release was more likely to represent the burden
of F. hepatica within the liver. Hagens and Over (1966) reached the same conclusion observing the peak
release of eggs between 12:00 pm — 8:00 pm, similarly suggesting that this was the most suitable time for
sampling cattle. However, the sensitivity of the LFEC is affected by the volume of faeces sampled, the faecal
output by the animal, the burden of F. hepatica within the animal, the experience of the technician and the
duration of the F. hepatica infection as the test only detects F. hepatica from > 8 Pl weeks in cattle (Boray,
1969; Conceigdo et al., 2002; Rapsch et al., 2006; Charlier et al., 2008; Brockwell et al., 2013; Martinez-
Sernandez et al., 2016).

Objectives

Previous studies have investigated the level of variability in coproantigen shedding in animals between weeks
and on consecutive days, but not variations within a day. Monitoring of F. hepatica egg shedding variation has
been extensive. However, it has never been determined if peak egg shedding from 12:00 pm - 8:00 pm actually
correlates with F. hepatica burden in the liver and if this is, therefore, a better time to collect faecal samples
from cattle. In this study, recognising the variable release of both coproantigens and eggs, we investigated the
sensitivity of two sample points in the morning (AM) and afternoon (PM) milking, the variation in coproantigen
and LFEC shedding over a consecutive five day period and the correlation of coproantigen levels and LFEC with

F. hepatica burden in ten naturally infected dairy cows.
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2. Methods

2.1 Study design

One pasture-fed, split calving dairy herd in Victoria, Australia identified by Kelley et al. (2020), was purposively
selected for this study based on the herd owner's willingness to participate. Thirty cows were screened using
the FlukeFinder® kit to determine if they were infected with F. hepatica. Ten cows were selected based on
positive LFEC and purchased from the owner. The age of the cows ranged from 2.9 to 11.1 years, and the
predominant breed was Holstein. Following the purchase, the ten selected cows remained on the farm and
were kept separately from the main milking herd but grazed pasture and received grain and concentrate at
milking as for the main milking herd. The study group was milked twice daily after the main herd: a morning
milking (AM) between 7:00 am, and 9:00 am and an afternoon milking (PM) between 4:00 pm and 6:00 pm.
Sample collection over five consecutive days began on the 30" March 2017 and concluded on 03™ April 2017.
At the AM and PM milkings on each of the five sampling days, 50 g faecal samples were collected rectally from
each of the ten study group cows; a new rectal examination sleave was used for each cow. On day six (04th
April 2017), nine of the ten cows were euthanised. One cow #{3491) was unable to be yarded on day six and
was instead euthanised on day 14 (12th April 2017). Cows were euthanised in two groups: group 1 between
10:00 am, and 11:00 am and group 2 between 1:00 pm and 2:00 pm. Livers and gallbladders were removed

within 30 minutes of death, and livers were stored at 4 °C until they could be sectioned.

This study was approved by the La Trobe University Ethics Committee, AEC16-62 and ran in conjunction with
the State Government of Victoria, Department of lobs, Precincts and Regions pathology and quarantine

training program for veterinarians and animal health officers.
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2.2 Faecal sample collection over five days

Faecal samples from each cow at the AM and PM milkings were split into two replicates. Replicate A and B
each weighed approximately 25 g. Faecal matter was mixed thoroughly from each replicate, and thentwo 2 g
samples were weighed for each cow; aliquot 1 for the cELISA and aliquot 2 for the LFEC. cELISA replicates were
stored at 4°C until aliquots were weighed, the aliquots were then frozen at -20 °C, which occurred within 72
hours of collection. LFEC aliquots were weighed and stored at 4 °C until counts were completed. On two
occasions, faecal samples were unable to be collected: cow #3294 on day 4 PM and cow # 844 on day 5 PM.
Faecal samples collected on day 6 (the day of euthanasia) were not included in the analyses presented in this
paper because faecal samples were collected outside of the time window for AM and PM milkings and were

not replicates.

2.3 Total fluke count

The total liver fluke counts (TFC) were completed following the guidelines outlined by Reichel {2002) and
Brockwell et al. {2013). Before removing the liver from the abdominal cavity, the small intestines were tied off
using cable ties approximately 30 cm on either side of the gallbladder, ensuring the gallbladder was left intact.
The livers were removed and stored in individual eskies on ice. The livers were then moved to a 4°C fridge and
remained there until sectioned, which occurred within 72 hours. The livers were then cut into 5 to 10 mm
strips and squeezed to remove F. hepatica from the bile ducts. Once the liver was sectioned, the liver slices
were soaked in PBS (1 x PBS including 16 mM NazHPO., 5 mM NaH:P0..H-0, 120 mM NaCl; pH 7.4) and left at
reom temperature overnight. The following morning individual livers slices were soaked in a tub of warm
water. The PBS and water were sieved, and all containers were inspected for F. hepatica. The TFC was
determined by counting whole intact F. hepatica, plus the highest count for either head or tails from partially

recovered F. hepatica. Animal 4316 liver was pale and deformed with bile duct thickening (fibrosis) (data not
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shown). No noticeable F. hepatica damage was present in the other nine livers. The researcher conducting the

diagnostic testing remained blind to the results of the TFC until the completion of all LFEC and cELISA.

2.4 cELISA

Faecal aliquots were stored at -20 °C until analysis using the cELISA Faecal BIO K 201 kit from Bio X Diagnostics,
Belgium. The method used is described in Kelley et al. (2020), which includes details of modifications based
on Brockwell et al. (2013). The cELISA plates were loaded with samples from one cow per strip {column): two
duplicates of replicate A and B were added. The cELISA plate was also loaded with the following controls:
negative control (dilution buffer), positive control (positive manufacturer control provided with the kit batch,
no dilution), high positive extract from a known infected animal (cELISA OD >1.0) and a low positive extract
from a known infected animal (cELISA OD <0.8) sourced from several artificially infected cattle from a separate
study conducted by our laboratory (data not shown). All values are presented as either OD (450 nm) or a
percentage of the positive control provided with the kit batch. All cELISA plates were from the same batch

FASA16107, and the positive control OD was 1.815.

2.5 F. hepatica and paramphistome faecal egg counts

The FlukeFinder® kit was used to determine the LFEC and paramphistome faecal egg count (PFEC) as high
paramphistome egg counts were observed. Eggs were distinguished based on egg colour when stained with
methylene: F. hepatica eggs appear golden or orange, whereas paramphistome remain colourless (clear). The
sedimentation method was used as described by Kelley et al. (2020). LFEC and PFEC are reported as the
number of eggs per 2 g of faeces (ep2g). Each LFEC sample was counted three times to assess technician
accuracy, given the high numbers of paramphistome eggs present in the samples. PFEC were not recorded for

the following cows: cow #536 (day 4 AM replicate A), cow #836 (day 5 PM replicate A), cow #844 (day 1 PM
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replicate A and day 5 PM), cow #1100 (day 1 AM replicate A and day 5 AM replicate A), cow #3294 (day 4 PM,

replicate A and B) and cow #3491 (day 5 AM replicate B).

2.6 Statistical analyses

Correlations between age, TFC and AM and PM cELISA OD and AM and PM LFECs were quantified using
Spearman's rank correlation (R). Scatterplots were constructed to show cELISA OD estimates for each AM and
PM as a function of sampling day and time. To quantify the difference between cELISA OD estimates for AM
and PM sampling, accounting for lack of independence in the data arising from repeated cELISA OD estimates
from the same cow over the 5-day study period, we used a mixed-effects linear regression model with
sampling time (a categorical variable comprised of two levels: AM and PM) as a fixed effect, sampling day as
a random slope and cow identity as a random intercept term. A similar approach was taken for the LFEC
estimates. Scatterplots were constructed to show LFEC counts for each AM and PM as a function of sampling
day. To quantify the difference between LFEC estimates for AM and PM sampling, a mixed-effects linear
regression model was used with Box-Cox transformed LFECs (Box and Cox 1964) as the outcome variable,
sampling time (AM or PM) as a fixed effect, sampling day as a random slope and cow identity as a random
intercept term. Analyses were carried conducted using the contributed nime package (Pinheiro et al., 2020} in
R (R Core Team 2020). The presence of TFCs provided a rare opportunity to quantify the diagnostic sensitivity
of LFEC for AM and PM samplings. To allow our results to be compared with other similar studies where faecal
samples were collected from individual cows on multiple occasions, the diagnostic sensitivity of the LFEC was
calculated without accounting for the lack of independence in the data. Confidence intervals for diagnostic
sensitivity were calculated using the exact method (Collett 1999). The sensitivity was calculated using the

metheod in Estuningsih et al (2009).
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3. Results

3.1 Summary correlation statistics

All ten cows in this study were F. hepatica positive, with the number of flukes in the liver ranging from 9 to 72
(Table 1). No correlation was observed between age and TFC (R -0.32; 85% Cl -0.86 to -0.41) or between age
and LFEC (Pearson's rho -0.23; 95% CI -0.30 to -0.15). However, a moderate negative correlation between age
and the cELISA OD was observed using data from both AM and PM samples (R -0.63; 95% Cl -0.68 to -0.57)
(Figure 1). At the AM and PM milkings, there was a higher positive correlation between the cELISA and TFC at
the AM milking (R 0.64; 95% Cl 0.54 to 0.73) relative to the PM milking (R 0.58; 95% Cl 0.44 to 0.67) (Figure 2).
A higher positive correlation was also observed between TFC and LFEC at the AM milking ( R 0.78; 95% C1 0.73

to 0.82) relative to the PM milking (R0.66; 95% Cl 0.59 to 0.72) (Figure 3).

3.2 cELISA controls and sensitivity

Three true positive controls (the kit positive control, a high positive faecal extract control and a low positive
faecal extract control) and one negative control were included on all cELISA plates (Table 2). The high and low
control extracts were sourced from local artificially infected cattle with a known TFC. The sensitivity of the
cELISA was calculated using all the published cut-offs based on 0D, batch % positive, kit % positive, and high
extract % positive (Table 3). The highest sensitivity (100%) was obtained using a number of cut-offs and
positive controls (Table 3). Of the 392 samples tested using the cELISA, all samples were positive using a cut-
off of 0.014 (Brockwell et al., 2013), 0.030 OD (Charlier et al., 2008), 1.3% (Brockwell et al., 2014) and 1.6%
(Elliott et al., 2015): lower sensitivity was observed when the kit-cut-off of >8% was used or using the >5.4%

cut-off of Palmer et al. (2014)(Table 3).
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217 3.3 cELISA OD variability at AM and PM sampling over five days

218  The kinetics of the cELISA OD values over the 5-day sampling period for each cow is shown in Figure 4.
219 Afterncon cELISA OD values were, on average, 0.21 (95% Cl 0.04 to 0.12) OD units less than AM cELISA OD
220  values. There was a 2.6 to 8.9-fold variation in the OD values for the cELISA over the five days, with the greatest
221  variation observed in cows #412, #650, #844 and #3294 (Table 4). In general, there was more variation in the

222 PM samples (Figure 5). The sensitivity of the cELISA was higher using the AM samples (Table 3).

223 3.4 LFFC counts and sensitivity

224 In the case of LFEC, 588 samples were counted, and all ten cows were found to be positive for F. hepatica,
225  with the LFEC ranging from 0 to 32 ep2g (Figures 3 and 6). On 189 occasions, the LFEC exceeded the 5 ep2g
226  cut-off for production loss in cattle described in Malone and Craig (1990) and Vercruysse and Claerebout
227  (2001). The sensitivity of the FlukeFinder® Kit (based on 588 faecal samples and not accounting for lack of
228  independence in the data) was 88% (95% Cl 85% to 90%) with a total of 71 false negative results recorded: 13
229  for cow #412; 11 for cow #536; 42 for cow #650 which had the lowest F. hepatica burden {n=9); and five for
230  cow #3294. Thirty of the false negative samples occurred at the AM sampling, and 41 false negatives occurred

231 at the PM sampling.

232 3.5 LFEC output variability at AM and PM sampling over five days

233 There was a 5 to 16-fold variation in LFECs over the 5-day sampling period with the greatest variation in cows
234 #836, #1100, #2300, #3491 and #4316 (Table 4; Figure 7). Afternoon LFEC estimates were, on average, 0.81
235  (95% Cl10.62 to 1.01) eggs less than AM LFEC estimates. In general, there was more variation in the PM samples

236  (Figure 7).
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Figure 4.1. Scatterplot showing the cELISA OD as a function of cow age for AM and PM sampling events.
Superimposed is a line of best fit to the data.
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Figure 4.2. Scatterplot showing the cELISA OD as a function of total liver fluke count for AM and PM sampling
events. Superimposed on each plot is a line of best fit to the data.
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Figure 4.4. Scatterplots showing cELISA OD as a function of sampling event over 5 consecutive days for each
of the ten cows included in this study. Superimposed on each plot are the cELISA OD values predicted using
the mixed-effects linear regression model described in the text. Samples could not be collected from cow

#3294 at the PM milking on day 4.
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Figure 4.5. Box and whisker plots showing the distribution of: (a) cELISA OD estimates at AM and PM
sampling events for each of the ten cows included in this study; and (b) the percentage of the batch positive
control for the same samplings. In plot (a) the four horizontal dashed lines represent the cut-off ODs
described in: (i) Brockwell et al. (2013), 0.014, grey; (ii) Charlier et al. (2008), 0.030, gold; (iii) Martinez-
Sernandez et al. (2016), 0.084, blue; and (iv) Mezo et al. (2004), 0.114, pink. In plot (b) the four horizontal
dashed lines represent the cut-off % positive values described in: (i) Brockwell et al. (2014), 1.3%, black; (ii)
Elliott et al. (2015,) 1.6%, green; (iii) Palmer et al. (2014), 5.36%, red; (iv) the recommended kit cut-off of
8%, purple.
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Figure 4.6. Scatterplots showing LFEC (ep2g) as a function of sampling event for each of the ten cows
included in this study. Superimposed on each plot are the LFEC estimates predicted using the mixed-effects
linear regression model described in the text. Samples could not be collected from cow #3294 at the PM

milking on day 4.
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Figure 4.7. Box and whisker plots showing the distribution of LFEC (ep2g) at AM and PM sampling events
for each of the ten cows included in this study. The horizontal dashed line shows the 5 ep2g cut-off for
production loss in cattle described by Malone and Craig (1990) and Vercruysse and Claerebout (2001).
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Figure 4.8. Box and whisker plots showing the distribution of PFEC (ep2g) on the log scale for each of the
ten cows included in this study. The horizontal dashed line shows the 10 ep2g cut-off indicating that there
are approximately 143 to 145 adult paramphistomes in the rumen (Willmott and Pester, 1952).
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3.6 PFEC

In total, 190 PFECs were performed, and all ten cows were found to be positive for paramphistomes (Figure
8). The PFEC ranged from O to 664 ep2g with the highest counts in cow #836. Cow #4316 was positive on only
one occasion of the 20 samples counted. Cows #1100, #3294, and #3491 each recorded false negatives. Adult
paramphistomes were collected from cows #844 and #836. DNA from four paramphistomes were sequenced
by the Moredun Research Institute, and each was found to be Calicophoron calicophorum. At every collection
point, cows #412, #650, #836, and #844 exceeded the 10 ep2g cut-off described in Willmott and Pester (1952),

which represents a paramphistome burden of >140 (Figure 8).

4. Discussion

In this study, we investigated the sensitivity of two fluke diagnostic tests (cELISA and LFEC) in naturally infected
dairy cows using faecal samples collected at the morning {AM) and afternoon (PM) milking in order to
determine the daily variation in coproantigen and egg shedding over five consecutive days, to assess the
correlation between coproantigen and LFEC levels with F. hepatica burden and determine the impact of this

variation on test sensitivity.

4.1 Animal age vs TFC, cELISA OD and LFEC

The TFC is commonly used to determine the true liver fluke burden in animals and validate diagnostic tests
with a sensitivity of 99% and specificity of 98% (Mazeri et al., 2016). We used the TFC in this study since it is
the most reliable method for assessing the sensitivity and on-farm application of the cELISA and the
FlukeFinder® kit under Australian farm management practices. Ten naturally infected cows were euthanised,
and the fluke counts ranged from 9 to 72 flukes which allowed for an assessment of the tests in cows showing

low to moderate infection levels. No correlation was observed between animal age and TFC (R =-0.32) and
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animal age and LFEC (R = -0.23) (data not shown). This is consistent with Clery et al (1996) work, who found
no evidence of resistance to infection in cattle with increasing age, whilst Gonzalez-Lanza et al. (1989) found
that the rate of F. hepatica egg release and parasite prevalence generally increased with animal age. The
reason for the differences is likely due to the study design, Gonzalez-Lanza et al. (1989) tested 1301 animals
compared to the ten cows in this study. A moderate negative correlation (R = -0.63) was observed between
animal age and cELISA OD (Figure 1). This is consistent with findings reported by Takeuchi-Storm et al. (2018),
who found on all but one farm that the cELISA OD, serum ELISA OD and LFEC peaked in cows at 2 to 4 years of

age and declined as cows aged.

4.2 cELISA OD daily variation and sensitivity

Fluctuations in the cELISA OD estimates were observed in F. hepatica infections in sheep by Mezo et al. (2004)
and Valero et al. (2009) and in cattle by Brockwell et al. (2013). As a result, the commercial cELISA kit was
modified by increasing the analytical sensitivity from 0.6 ng/mL to 0.15 ng/mL (Mezo et al., 2004; Martinez-
Sernandez et al., 2016). However, changing the detection limit of the cELISA kit increased the OD variability in
cattle from a factor of 2 to 6 (Brockwell et al., 2013) to 6 to 12 (Martinez-Sernandez et al., 2016). We observed
a 2.6 to 8.9 fold variation in cELISA values in the ten cows in this study, with the greatest variation seen in the
PM samples (Table 4; Figure 2). Mazeri et al. (2016), using the modified cut-off described in Palmer et al.
(2014), found seasonal differences in the sensitivity of the cELISA: summer 80%, winter 85% and autumn 87%.
In Australia, Spring and Autumn are considered the highest risk periods for acquiring new F. hepatica
infections, whereas cool temperatures in winter and hot temperatures in summer reduce the release of
infective metacercariae. Given that the cows used in this study were naturally infected and sampling took

place in autumn, some of the variability we observed could be explained by the presence of immature F.
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hepatica in the cows. In sheep, a marked increase in coproantigen release occurred as F. hepatica reach

patency (Valero et al., 2009).

We established the sensitivity of the cELISA assay to be 100% using several published cut-offs of 1.3%
(Brockwell et al., 2014), 1.6% (Elliott et al., 2015), 0.014 OD (Brockwell et al., 2013) and 0.030 OD (Charlier et
al., 2008). Our findings are consistent with four other studies that found the manufacturer's cut-off for the
cELISA (8% of the positive control) is too high, resulting in a high incidence of false negatives in low burden
cattle (< 10 flukes) (Charlier et al., 2008; Novobilsky et al., 2012; Brockwell et al., 2013; Palmer et al., 2014).
False positives have also been observed in sheep after treatment with a flukicide {George et al., 2017). The
impact of applying all published cut-offs on the sensitivity of cELISA using our dataset can be seen in Table 3,
where sensitivity varies from 75-100%. The specificity of the cELISA was not determined in this study as it has
been found to be >99% (Mezo et al., 2004; Kajugu et al., 2015). Moreover, it has been established by Brockwell
et al. (2013), Kajugu et al. {2015) and Mazeri et al. (2016) that the cELISA does not cross-react with

paramphistomes which were present in the ten cows tested (Figure 8).

4.3 cELISA OD daily variation and correlation with TFC

In this study, we assessed the variation in cELISA OD within a day and over five consecutive days. The variation
was found to be higher at the PM sampling time than AM sampling, but the cause of the OD variation is not
clear. However, it is likely to be a result of a combination of biological processes and cELISA plate variability,
given the variability in OD values observed with the positive controls between the plates obtained from a
single commercial batch (Table 2). Brockwell et al. (2013) suggested that some of the biological causes were
the intermittent release of coproantigens by F. hepatica, pathological changes to the bile ducts gall bladder
that may impact egg release and liver well as variation in faecal consistency. Kajugu et al. (2015) also suggested

that expulsion of coproantigens from the fluke gut is likely to be episodic, impacting the level of coproantigen
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in faeces over time. Factors affecting within plate variability are a pipetting, washing, and mixing of the faecal
aliquot, whereas the between plate variability was managed by the addition of positive controls and known
positive extracts to all plates and statistically by calculating the % of positive control OD based on the batch
value (Table 3). The observed correlation between the cELISA OD and TFC was R = 0.64 at the AM sampling
and R = 0.58 at the PM sampling. These correlations are similar to thoese reported by Charlier et al. {2008) in
cattle (R = 0.6) but lower than that reported by Brockwell et al. (2013)(R? = 0.8368). More recently, Martinez-
Sernandez et al. (2016) observed the correlation to be R = 0.2998, which is less than our findings, but that

correlation was only calculated in cattle that had less than ten adult F. hepatica.

4.4 cELISA detection limit

Before modifying the cELISA (BIO X kit), the original kit could detect burdens in cattle with more than two
flukes and 2/7 cattle that had one fluke (Mezo et al., 2004). In this study, the new version of the cELISA
detected the lowest TFC of nine flukes (cow #650) at every sampling point. All samples collected for cows #
412 (14 fluke), # 536 (11 fluke), # 844 (12 fluke) and # 3294 (10 fluke) were also positive at every sampling
point. Given that the lowest reported cut-off for production loss in dairy cattle is ten flukes, the data indicates
that the cELISA kit can consistently identify individual cattle as fluke positive before preduction losses occur
(Charlier et al., 2008). The aim of the Martinez-Sernandez et al. (2016) study was to reduce false negatives by
increasing the assay's sensitivity. Given that the old version of the kit was already capable of detecting 1-2
fluke, which is less than the production cut-off of ten F. hepatica, the reports of false negatives in the literature

were likely a result of the cut-off used, not the detection limit of the cELISA kit.

In the pursuit of trying to improve the sensitivity of the assay, we have lost sight of the value of the cELISA,
which is to detect low (€10) and moderate to high (211) fluke burdens in animals as well as detecting F.

hepatica that survives flukicide treatment (Kelley et al., 2016). The most critical outcome for practically

15

104



Chapter 4: Diagnostics

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

managing F. hepatica in cattle is identifying whether the herd is incurring production losses, determining
whether the F. hepatica present are drug resistant, and managing the herd to reduce the level of pasture

contamination. The cELISA appears to be a robust tool to help achieve these outcomes.

4.5 LFEC sensitivity

The first published use of the FlukeFinder® sedimentation method was in Malone and Craig (1990); however,
the kit's sensitivity has never been reported. We have determined that the sensitivity of the FlukeFinder® in
cattle to be 88% (95% Cl 85% to 90%) with 71 of 588 LFEC samples false negatives, all of which were observed
in the cows with the lowest fluke counts. Our sample collection took place in autumn, which has been found
to decrease the sensitivity of the LFEC due to the fact that cattle were infected with pre-patent F. hepatica
that had not reached sexual maturity (Mazeri et al., 2016). The presence of immature F. hepatica could have
contributed to elevating the coproantigen level without increasing the LFEC (Mezo et al., 2004). Due to time
constraints, the size of F. hepatica recovered was not measured, but smaller fluke (<12 mm) consistent with

the size of immature fluke were observed in some cows.

4.6 LFEC daily variation

The over-dispersion of F. hepatica in cattle and the considerable variation in egg shedding with fluke burden
intensity increases the variability in F. hepatica egg numbers in faecal matter. The host immune response could
also affect egg shedding, but limited research has investigated this effect. Vaccination of cattle and sheep with
fluke antigens has been shown to reduce the egg counts, egg viability and egg maturation in some studies but
the basis for the vaccine-induced effect is not clear (Wijffels et al., 1994; Dalton et al., 1996). Happich and
Boray (1969) established that the faecal sedimentation technique is the most suitable for quantitative
diagnosis in cattle, particularly in low burden infections (<10 flukes). Previous work by Brockwell et al. (2013)

observed a 2 to 4 fold variation in egg output over a five day sampling peried in cattle which is not consistent
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with our findings of a 5 to 16 fold variation. A relatively low egg output was observed for cow #4316 (Figure 3;
Figure 6) even though it had the highest burden of F. hepatica (n = 72) (Table 1). Happich and Boray (1963)
found a negative association between the number of F. hepatica in the liver and egg shedding capacity
suggesting that a crowding effect could occur in cattle. The variation in egg output in cow #4316 may have
been due to crowding effects and mechanical barriers in the liver caused by scarring and fibrosis that were
observed when dissecting that liver (data not shown) which may have hampered egg release. The fibrosis was
only present in animal #4316, likely due to heavy infections with immature F. hepatica. The burrowing of
immature F. hepatica had caused haemorrhagic tracts and fibrosis to form as well as causing the liver to be

enlarged, pale and hard in animal #4316 (Boray, 1969).

4.7 LFEC daily variation and TFC

Three previous studies have observed daily fluke egg shedding trends in cattle. All studies concluded that the
highest egg output occurs between 12:00 pm to 12:00 am (Dorsman, 1956, 1960; Hagens and Over, 1966).
Based on these observations, Dorsman (1956) and Hagens and Over (1966) proposed that faecal sample
collection should take place in the afternoon, assuming that the highest egg output reflects the fluke burden
within the animal. Our findings show that sampling at AM has a greater correlation of LFEC with fluke burden
(Figure 3), where the observed correlation between LFEC and TFC was R = 0.78 (AM) and R = 0.66 (PM). This
finding is not consistent with correlations of R? = 0.84 reported by Brockwell et al. (2013) in cattle. The
differences in the correlation observed may be due to differences in the study designs. Brockwell et al. {2013)
used naive artificially infected cattle of the same age, whereas our cows were naturally infected and of various
ages. Our study's findings are more consistent with work in sheep by George et al. (2017), who observed a

correlation of R? = 0.571 between LFEC and TFC.
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4.8 Paramphistomes

In this study, every cow was positive for paramphistomes. In Figure 8, four cows (#412, #650, #836 and #844)
exceeded the 10-13ep2g ep2g, indicating that there are approximately 143 to 145 adult paramphistomes in
the rumen (Willmott and Pester, 1952). The burden within the four highly infected cows was likely more than
>140 adult paramphistomes as the average PFEC was 28, 36.2, 68.3 and 350 ep2g. Work by Sargison et al.
(2016) in the United Kingdom established that the burdens of more than 1000 adult paramphistomes had no
impact on production in beef cattle. Little work has been undertaken in dairy production systems globally.
Paramphistomes were collected from cows # 836 and 844: the Moredun Research Institute sequenced
genomic DNA (ITS-2 region) from four paramphistomes, and each sample was found to be C. calicophorum
(Gordon et al., 2013). A high incidence of paramphistomes has been observed in two studies in Australia. Co-
infections with paramphistomes were common in Kelley et al. {2020) (data not shown), and Molloy et al.
(2005) determined that the prevalence of paramphistomes in cattle in South-Eastern Queensland was 46.2%.
In recent years Europe has seen a dramatic increase in paramphistome prevalence in cattle and now considers
it an emerging disease (Morley, 2018; Sargison et al., 2019). Paramphistomes have previously been considered
a relatively benign parasite in Australia, but given the high counts observed in this study and previous studies

indicating a high incidence, further work is needed in Australia to assess their impact on production.

4.9 Conclusion

In conclusion, the cELISA and the LFEC (FlukeFinder kit®) were found to be robust diagnostic tools in naturally
infected dairy cows. Variation in the daily cELISA and LFEC were observed within cows over the 5-day faecal
sampling period. The cELISA returned no false negatives. The cELISA and the LFEC showed a higher correlation
to TFC when samples were collected at the AM milking. False negatives were observed using the FlukeFinder

kit®, with 42/71 false negatives observed in cow #650, which had the lowest F. hepatica burden (n =9). Both
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tests accurately detected cows with burdens >10 fluke, which is the production cut-off in cattle. In addition to
these findings, each of the study group cows was infected with C. calicophorum, with PFEC counts ranging
from 1 to 664 ep2g. Counts this high have not been reported previously in Australia and warrant further
investigation to determine the effect of high-intensity infections of C. calicophorum on productivity in dairy

cattle.
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Table 1. Cows used in the study, including identification number, total fluke count and age.

Animal ID 412 536 650 836 244 1100 2300 3294 3491 4316

Age 111 46 86 60 57 3.0 10.0 8.1 3.1 29
TFC 14 11 9 54 12 27 56 10 37 72
TFC: total fluke count
Table 2. The controls added to the cELISA plates.
Control Replicates Range OD AvgOD Lower Cl (95%) Upper Cl (95%)
Negative control (dilution buffer) 10 0.00-0.00 0.00 0.00 0.00
Kit positive control (Kit +ve) 10 1.34-1.83 1.56 1.45 1.67
High positive extract (High +ve) 10 1.49-2.04 1.80 1.67 1.92
Low positive extract (Low +ve) 10 1.22-1.67 141 1.32 1.50
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518  Table 3. Variation in cELISA and LFEC values in individual cows sampled over 5 consecutive days.

Cut-off SE-AM SE-PM SETotal CI95% Reference
Batch +ve OD >1.3% 100%  100%  100% 100%, 100% Brockwell et al., 2014
Batch +ve OD >1.6% 100%  100%  100% 100%, 100%  Elliott et al., 2015
Batch +ve OD >5.4% 100% 100%  100% 100%, 100% Palmer et al., 2014
Batch +ve OD >8.0% 96% 91% 93% 88%, 93% Kit Cut-Off
High +ve Ext. OD >1.3% 100%  100%  100% 100%, 100% Brockwell et al., 2014
High +ve Ext. OD >1.6% 100%  100%  100% 100%, 100%  Elliott et al., 2015
High +ve Ext. OD >5.4% 95% 92% 93% 88%, 93% Palmer et al., 2014
High +ve Ext. OD >8.0% 85% 75% 80% 66%, 80% Kit Cut-Off
Kit +ve OD >1.3% 100%  100%  100% 100%, 100% Brockwell et al., 2014
Kit +ve OD >1.6% 100%  100%  100% 100%, 100% Elliott et al., 2015
Kit +ve OD >5.4% 98% 95% 97% 94%, 97% Palmer et al., 2014
Kit +ve OD >8.0% 89% 76% 83% 69%, 83% Kit Cut-Off
oD >0.014 100%  100% 100% 100%, 100%  Brockwell et al., 2013
oD >0.030 100% 100%  100% 100%, 100%  Charlier et al., 2008
oD >0.114  98% 97% 97% 86%, 97% Mezo e al., 2004
oD =0.084 98% 97% 97% 95%, 97% Martinez-Sernandez et al., 2016

519  The various % cut offs were calculated using the OD values and converting the OD values to a percentage of

520  the Batch +ve control, the High +ve extract control or the Kit +ve control (Table 2).
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521

522

Table 4. Variation in cELISA OD and LFEC values in individual cows sampled over 5 consecutive days.

Fold Fold
cELISA OD cELISA OD LFEC LFEC

change change
Cow # min max min max
1100 0.58 1.80 31 1 11 11
2300 0.28 0.91 3.2 2 32 16
3294 0.07 0.62 8.9 0 5 5
3491 0.37 1.18 3.2 2 27 13.5
412 0.09 0.68 7.9 0 5 5
4316 0.60 1.69 2.8 1 12 12
536 0.39 1.61 11 0 7 7
650 0.07 0.36 5.0 0 1 1
836 0.50 131 2.6 2 29 145
844 0.07 0.42 5.6 1 10 10
Avg 0.3027 1.058 3.5 0.9 13.9 9.5
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Figure captions

Figure 1. Scatterplot showing the cELISA OD as a function of cow age for AM and PM sampling events.

Superimposed is a line of best fit to the data.

Figure 2. Scatterplot showing the cELISA OD as a function of total liver fluke count for AM and PM sampling

events. Superimposed on each plot is a line of best fit to the data.

Figure 3. Scatterplot showing LFEC (ep2g) as a function of total liver fluke count for AM and PM sampling

events. Superimposed on each plot is a line of best fit to the data.

Figure 4. Scatterplots showing cELISA OD as a function of sampling event over five consecutive days for each
of the ten cows included in this study. Superimposed on each plot are the cELISA OD values predicted using
the mixed-effects linear regression model described in the text. Samples could not be collected from cow

#3294 at the PM milking on day 4.

Figure 5. Box and whisker plots showing the distribution of (a) cELISA OD estimates at AM and PM sampling
events for each of the ten cows included in this study, and (b) the percentage of the batch positive control for
the same samplings. In plot (a) the four horizontal dashed lines represent the cut-off ODs described in: (i)
Brockwell et al. (2013), 0.014, grey; (ii) Charlier et al. {2008), 0.030, gold; (iii) Martinez-Serndndez et al. (2016),
0.084, blue; and (iv) Mezo et al. (2004), 0.114, pink. In plot (b) the four horizontal dashed lines represent the
cut-off % positive values described in: (i) Brockwell et al. (2014), 1.3%, black; (ii) Elliott et al. (2015,) 1.6%,

green; (iii) Palmer et al. (2014}, 5.36%, red; (iv) the recommended kit-cut-off of 8%, purple.

Figure 6. Scatterplots showing LFEC (ep2g) as a function of sampling event for each of the ten cows included

in this study. Superimposed on each plot, are the LFEC estimates predicted using the mixed-effects linear

29

117



Chapter 4: Diagnostics

564

565

266

567

568

569

570

571

572

regression model described in the text. Samples could not be collected from cow #3294 at the PM milking on

day 4.

Figure 7. Box and whisker plots show the distribution of LFEC {ep2g) at AM and PM sampling events for each
of the ten cows included in this study. The horizontal dashed line shows the 5 ep2g cut-off for production loss

in cattle described by Malone and Craig (1990) and Vercruysse and Claerebout (2001).

Figure 8. Box and whisker plots show the distribution of PFEC (ep2g) on the log scale for each of the ten cows
included in this study. The horizontal dashed line shows the 10 ep2g cut-off, indicating approximately 143 to

145 adult paramphistomes in the rumen (Willmott and Pester, 1952).
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Chapter 5 - Fasciola hepatica control practices on a sample of dairy

farmers in Victoria, Australia

5.0 Preface

Results from my research in Chapter 3 and published studies described in Chapter 2 have
determined a significant increase in TCBZ-resistant F. hepatica in Australia, particularly in the MID
in Victoria. The discovery of drug resistance in the MID could significantly impact the dairy
industry, as 25% of Australia’s milk is produced in this region. In Chapter 4, | determined that the
coproantigen ELISA (cELISA) and LFEC are robust tests for detecting cattle with burdens >10 flukes.
This is important as a burden as low as ten flukes have been previously established in the literature
to be the cut-off for production loss in dairy cattle (Charlier et.al., 2008). These diagnostic tools
can be used to inform and assess the effectiveness of the IPM strategies discussed in Chapter 2. A
crucial step in better managing F. hepatica in endemic regions, on dairy farms with a high
prevalence, and those that have TCBZ resistance like those identified in Chapter 3 is understanding
how farmers are currently controlling F. hepatica. In Victoria, very little is known about how dairy
farmers control F. hepatica on their farms which prevents the development of comprehensive IPM

plans.

The aim of Chapter 5 was to establish how Victorian dairy farmers are currently controlling F.
hepatica on their farms to enable the development of IPM plans for individual farms and endemic

regions.

To better help dairy farmers control liver fluke infection, | set out to determine the current liver
fluke control practices used by dairy farmers across irrigated regions in Victoria. A survey was used
to assessed how F. hepatica is currently controlled, how diagnostic tests are used, how flukicides
are used and whether farmers used IPM. All dairy farmers who participated in the studies in
Chapter 3 received a copy of the survey, and the survey was also made available online to other

interested parties. Here | report the outcomes of this survey.

To access a higher quality copy of the Chapter, use the DOI link below.
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5.1 Published article and contribution

Publication

This manuscript has been drafted for Frontiers in Veterinary Science and it was submitted on the
18 of February 2021 (Manuscript ID: 669117), the manuscript was accepted on the 28 April 2021

and a copy has been included in Chapter 7, section 7.2.

Kelley, J.M., Rawlin, G., Beddoe, T., Stevenson, M., and Spithill, T.W. (2021). Fasciola hepatica
Control Practices on a Sample of Dairy Farms in Victoria, Australia. Frontiers in veterinary science

8, 540.https://doi.org/10.3389/fvets.2021.669117

Contribution

This paper was drafted and submitted as an original research article. J. Kelley designed the survey
and questions with assistance from T. Elliott and M. Stevenson. J. Kelley distributed and promoted
the survey. J. Kelley managed and analysed all the data generated from the survey. J. Kelley
analysed the results with assistance from M. Stevenson and T. Spithill. J. Kelley wrote the paper

with editing from all other authors.

J. Kelley contributed to approximately 90% of the production of this research article. She made a
significant input in concept development, experimental design, analysis, and the writing of
manuscript submission to Frontiers in Veterinary Science, under the supervision of Professor Terry

W Spithill.
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Abstract

In Australia, little is known about strategies used by farmers to control Fasciola hepatica (F. hepatica)
infection in dairy cattle. Triclabendazole-resistant F. hepatica have recently been found on several dairy
and beef properties in Australia. It is difficult to draw conclusions about how widespread resistance is in
Australian dairy cattle because we have little information about flukicide usage, drug resistance testing and
alternative flukicide usage on-farm. This study's objective was to determine how dairy farmers are currently
controlling F. hepatica and identify knowledge gaps where F. hepatica control strategies need to be
communicated to farmers to improve management. The survey was distributed online or by hardcopy, and
36 dairy farmers completed the survey. There were 34 questions that included closed, open-ended, multi-
check box, demographic and text questions. Descriptive statistics were used to quantify each response. The
survey results showed high use of clorsulon, limited rotation of flukicides and limited use of diagnostic tests
to inform treatment options and timing. There was poor adherence to best management practice in
determining the dose of flukicides administered to cattle, with farmers often relying on estimating body
weights or average body weights, suggesting that underdosing of animals is likely to be prevalent. Most
respondents in this study did not isolate, and quarantine treat newly returned or purchased animals before
joining them with the main herd. The research identified four knowledge gaps where communication needs
to be enhanced to improve control of F. hepatica: diagnostic testing to inform flukicide use, rotation of

flukicide actives, flukicide administration and increased testing of replacement animals.

1. Introduction

Fasciola hepatica (F. hepatica) has been a problem in Australia since colonisation (Penny, 1869). Early
outbreaks of fasciolosis had high mortality rates, and animals within irrigation regions were at higher risk
(Watt, 1979; McCausland et al., 1980). In dairy cattle, F. hepatica infection reduces weight gain, milk
production and conception rates (reviewed in Schweizer et al. (2005)). Naive young cattle [calves and
heifers) are more vulnerable to fasciolosis than adult stock, as they have no previous exposure to F.
hepatica and therefore have no acquired immunity. Oakley et al. (1979) found that F. hepatica infection in
heifers limited growth rate, impaired feed conversion, delayed puberty, lowered conception rates and
reduced calf weight. The observed effects were more pronounced in animals that had a lower plane of

nutrition.

In Victoria, replacement animals (<12 months) are isolated from adult stock in order to comply with the
bovine Johne's disease program (Dairy Australia, 2015). The program prevents contact between adult stock

and replacements, leading to replacements being consecutively reared on the same paddocks. These
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paddocks tend to be more marginal and have a lower quality pasture base than grazed land provided to
the milking herd. In Australia, dairy cattle predominately graze outside year-round. The key driver of the
profit in pasture-based dairy farming in Australia is to increase milk produced per grazed hectare by growing
more pasture of a higher quality and increasing consumption (Moran et al., 2000). Watson and Watson
(2015) found that the stocking rate of dairy farms across Australia has increased over the last 15 years and

has reached more than two cows per hectare in some regions.

These intensive grazing strategies used on dairy farms in Australia increase pasture consumption per
hectare but also increase pasture contamination with faecal matter (Lean et al., 2008). It is a growing
concern that the dairy industry's intensification is increasing the development of parasite drug resistance
and subclinical production losses (Lean et al., 2008). Over the last 15 years, the average stocking density on
dairy farms has increased from 1.51 to 1.72/ha (Watson and Watson, 2015). However, the stocking rate in
high intensity irrigated pasture regions of Victoria is above the national average at 1.84/ha in the Loddon
valley, Torrumbarry, Central Goulburn and Murray Valley and 2.34/ha in the Macalister Irrigation District
(MID). Triclabendazole {TCBZ) resistance has been confirmed on several dairy farms in these irrigated
regions in Victoria (Brockwell et al., 2014; Elliott et al., 2015; Kelley et al., 2020). Until the early 1980's fluke
control relied on fencing off the intermediate host habitat, draining wet areas and using flukicides of low
efficacy. After the release of TCBZ, extensive work was done to communicate F. hepatica control strategies
to farmers. Hort (1998) found that 51% of sheep farmers adhered to these best practice guidelines
published by the Departments of Agriculture in New South Wales and Victoria as described in Boray et al.
(1999). The program recommended treating in Autumn (April/May) and Spring (August/September) every
year, with an additional Summer (January) treatment for young animals and adults if they were located in
high-risk regions. Since 1998, there has been no tracking of the program's adherence or effectiveness. There
has also been no monitoring of how other flukicides have been used, how diagnostic tools have been
incorporated into F. hepatica control strategies by dairy farmers in Australia and whether there has been

an increase in the uptake of integrated parasite management strategies (IPM).

In Europe, a small number of parasite management surveys identified several knowledge gaps where F.
hepatica control could be optimised on dairy farms (Bloemhoff et al., 2014; Selemetas et al., 2015; Easton
et al., 2018). Bloemhoff et al. (2014) found that 3% of dairy farmers treating for F. hepatica used a product
unsuitable for purpose, and grazing management options were not effectively utilised on-farm. Selemetas
et al. (2015) found that pasture and grazing management options had to be carefully communicated to
avoid dairy farmers assuming they had a low risk of F. hepatica because they have good drainage. In

addition, Easton et al. (2018) found there was limited use of diagnostics to inform on-farm decision making,

3
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5.4 Material and Methods
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and anthelmintic purchasing behaviour was driven by factors relating to convenience. The only F. hepatica
survey conducted in Australia was in sheep flocks and beef herds; however, only the sheep data were
published (Hort, 1998). Hort (1998) identified two knowledge gaps in how Australian sheep farmers were
managing F. hepatica. Firstly, a high proportion of farmers were unaware that their flock was infected with
F. hepatica because of a lack of routine diagnostic testing. The second gap was that 10% of sheep farmers
used products that had no efficacy against F. hepatica.

The complexity of the F. hepatica life cycle increases the difficulty in communicating how to use flukicides,
diagnostic tools and management practices to control F. hepatica on-farm. It is a major hurdle in working
with farmers as they need to control both the parasitic stage in cattle and snails as well as the free-living
stage in waterways and on pasture, which is only possible if knowledge gaps are identified and addressed.
The aim of this study was to determine the F. hepatica control strategies used in Victorian irrigated dairy
regions. We investigated how dairy farmers control F. hepatica, looked for knowledge gaps in current F.
hepatica control strategies, and identified what information needs to be communicated to farmers to

improve F. hepatica management and reduce production losses in dairy cattle.
2. Methods

2.1 Ethical statement

All procedures and documentation used in this study were approved by the La Trobe University Science,
Health and Engineering (SHE) College Human Ethics Sub-Committee (CHESC) under negligible risk project
517-068, which was in accordance with the ethical standards outlined by the National Statement on Ethical
Conduct in Human Research (2007) and the Australian Code for the Responsible Conduct of Research
(2007).

2.2. Survey distribution and questions

The survey was piloted in 2013 to 19 dairy farmers in the MID. After minor amendments, the survey was
distributed to Victorian dairy farmers via hard copy and online (SurveyMonkey®) from 01 June 2017 to 30
December 2017 (Supplementary Table 1). The survey consisted of 34 guestions split into five sections:
section 1 location and research awareness; section 2 drainage and irrigation; section 3 stock details and
diagnostics; section 4 flukicides; and section 5 drenching practices. The questionnaire was made up of 16
closed questions, eight multiple-choice, seven open-ended questions, two text questions and one
demographic question. No individual identifying data was collected, and survey respondents were not

required to complete all questions.
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5.5 Results
116 2.3 Survey respondents
117  Those who responded to the survey were volunteers recruited both in-person and online. The survey was
118  advertised on the project website (www.flukecontrol.com), on dairy social media platforms and in-person
118 at dairy-specific events in Victoria. Respondents completed the survey during their own time. The survey
120  allowed respondents to skip questions and provide as much or as little information as they wanted to
121  provide. In total, 67 surveys were received, and 36 respondents were included in the analysis. The authors
122 note that recruitment took place during the 'Victorian dairy crisis', which saw large numbers of dairy
123 farmers leave the industry, sell-off stock, cut back on expenses and significantly lowered the confidence in
124  the industry (Economics Reference Committee, 2017; Dairy Australia, 2018; 2021).
125 2.4 Analysis
126  Online surveys were downloaded into a proprietary spreadsheet package (Microsoft Excel, Microsoft
127  Corporation, Redmond, USA), and hardcopy results were transcribed directly into the same spreadsheet.
128 Results for the closed and multiple-choice questions are presented as frequencies and percentages (%) of
129  the total number of survey respondents. Questions that received no responses have been included in the
130 analysis. Given the relatively small number of survey respondents, dependent variables could not be
131  grouped by independent variable categories such as irrigation region, calving-type and herd-size. Graphics
132  were produced using Prism (GraphPad Prism version 7.03 for Windows, GraphPad Software, San Diego,
133 California USA, www.graphpad.com)). Maps were developed using the Geographic Information System
134  Quantum GIS [QGIS Geographic Information System; QGIS Association. http://www.ggis.org) using data
135  obtained from the State of Victoria (2021) and State of Victoria (2018).
136 3. Results
137  Of the 67 survey responses, 31 submitted online were excluded because they were incomplete (i.e. no
138  answers were provided to any of the survey questions). In total, 36 surveys from Victorian dairy farmers
139 were analysed (Table 1). A response rate could not be determined as the survey was distributed online via
140  email, social media and e-newsletters, as well as hardcopies being handed out at industry events.
141 3.1 Descriptive statistics of respondents and their dairy business
142  Seventy-two per cent of the survey respondents were male, with the majority aged between 45 and 54
143 years (Table 1). The highest number of surveys were received from the central Goulburn Irrigation District
144 (n = 14), followed by the MID (n = 7). All other irrigation dairy regions were represented by at least one
145  respondent in this study (Figure 1). The average area of all dairy farms was 427 ha, milking an average of
146 457 cows and rearing an average of 138 heifers and 130 calves with a total stocking density of 1.7/ha (Table
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2). Of the 36 farms, 75% were split calving, 22% seasonal calving and 3% (1 respondent) year-round calving
(Table 3). Ninety-two per cent of farms had an irrigated pasture base, and only one farm in the study was
identified as organic (Table 3). The most frequently used method of irrigation was flood. Flood was used
solely on 56% of farms and in combination with other types of irrigation methods on 35% of farms (Table
3). The second most common method of irrigation was centre pivot, followed by laterals, sprays, lineal

move, and one farm solely used a travelling gun (3% one respondent]) (Table 3).

3.2 Dairy farm management

All but two survey respondents identified that their farms had problems with waterlogging (Table 4). The
highest proportion (53%) reported that between 1 to 19% of their farmland had problems with
waterlogging, and 78% stated that stock had access to these areas (Table 4). In addition, 61% of
respondents reported that stock had access to irrigation channels on their farms. Eighty-six per cent of
respondents (31/36) regularly conducted irrigation channel maintenance, often using a combination of
methods to improve water use efficiency. The most common methods were sprayed for weeds, fixed
leaking delvers and excavated irrigated channels (Table 4). Two respondents included other maintenance

practices: one grazed channels with stock, and the other replaced channels with pipes (Table 4).

3.3 F. hepatica diagnostic testing

The bulk tank milk ELISA (BTM ELISA) (Salimi-Bejestani et al., 2005) was used to detect F. hepatica on 33%
of farms and liver fluke faecal egg counts [LFEC) on 28% of farms (Figure 2a). No other F. hepatica diagnostic
tests were used (Figure 2a). The highest frequency of testing occurred in adult milkers (Figure 2b). Forty-
two per cent of respondents tested once per year, 6% tested twice per year, and one respondent tested
three times per year (Figure 2b). For heifers and calves, only two farms tested these stock categories (Figure
2b). Nineteen per cent of respondents reported that they had tested for F. hepatica drug resistance, of
which two stated to have worked with the lead author (Figure 2a).

3.4 Flukicide use

In 2015 - 2016, 72% of respondents treated their stock for F. hepatica (Table 5). TCBZ and clorsulon (CLOR)
were widely used across stock categories. The highest frequency of treatments occurred in milkers,
followed by calves and heifers, which received the least F. hepatico treatments per year (Figure 3). CLOR
was most frequently used by respondents to treat F. hepatica, followed by TCBZ (Figure 3). Only one
respondent used oxyclozanide (OXY) to treat all livestock categories (Figure 3). TCBZ and CLOR were used
once or twice per year, but some opted for a higher treatment frequency in younger stock (Figure 3). The

highest treatment frequency for CLOR was three times per year, whereas the highest frequency for TCBZ
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was six (Figure 3). For the preceding five years, flukicide use showed that CLOR was still the preferred
product for treating F. hepatica in dairy cattle (Figure 4a). Several respondents used multiple flukicides to
treat F. hepatica (Figure 4b), but 41% solely relied on one flukicide chemical class for the five-year period.
Of the respondents who reported they had either used an external calf rearer or purchased stock, only 3%

{1 respondent) and 8% of respondents quarantine treated newly returned or purchased animals (Figure 5).

3.5 Flukicide administration

Survey respondents used a variety of methods to determine when to treat their animals for F. hepatica.
The most frequent approach was to treat at dry-off (31%) (Figure 6a). Other methods involved using various
options: at dry-off and during lactation (11%) and at dry-off and based on animals' appearance (11%). Only
two respondents used diagnostics to inform treatment administration; one respondent solely relied on
diagnostics, whereas the other used it in combination with other methods (Figure 6a). Treatment based on

the animal's appearance was often used to determine when to treat (Figure 6a).

When purchasing a flukicide, respondents relied more heavily on a single method of selection (59%), which
was often based on advice from a veterinarian (25%), previous use (14%), or a recommendation from a
reseller (14%), friend or neighbour (3% one respondent) or farm advisor (3% one respondent) (Figure 6b).
Twenty-five per cent of respondents who used multiple methods to determine what flukicide to purchase

often included price, previous use and veterinarian advice as key criteria (Figure 6b).

Seventy-two per cent of respondents expressed an interest in receiving more information about F. hepatica
drenching practices (Table 5). Sixty-nine per cent of respondents used a single method to determine the
flukicide dose to be administered to their cattle (Figure 6c). A gquarter of survey respondents weighed the
heaviest to determine the dose for the mob, 19% used the average group body weight, 17% estimated the
individual weight of animals, 6% weighed each animal, and 3% (1 respondent) estimated the weight of the
heaviest animal (Figure 6c). Nineteen per cent of respondents used a combination of methods to determine
the dose; one weighed the heaviest and used a weigh tape (Figure 6¢). One respondent who reported other
methods in Figure 6a and c was an organic farmer who did not utilise flukicides. Instead, they incorporated
copper 3-4 times a year into the animal's diet; the dose used was determined by a nutritionist (data not

shown).
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Figure 5.1. A survey of Fasciola hepatica control practices on dairy farms in Victoria, Australia. Map of
Victoria showing the number of survey respondents by postcode area. Blue represents one respondent;
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Figure 5.6. The proportion of respondents using various methods to treat animals with flukicides. (A)
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determine the dose of flukicide to administer to their animals.
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Discussion

4.1 Survey response

The aim of this study was to document current fluke management practices, fluke diagnostic test use and
flukicide use on irrigated dairy farms in Victoria. Recruitment of survey respondents during the 2017 dairy
crisis was difficult. The Commonwealth of Australia’s Senate Economics Reference Committee (2017) noted
that during this time, the Australian dairy industry was facing an unprecedented crisis affecting the
livelihoods of 40% of the 6,000 dairy farmers in Australia. The response rate could not be determined as
the survey was distributed on multiple online platforms, and hard copies were handed out at industry
events. We note that three surveys were returned with a note stating the respondents had left the dairy
industry. The reduced participation numbers reflect the reduced confidence in the Australian dairy industry
future, which has been in decline since 2016 (75% to 45%), and the intention of 24% of dairy farmers to
leave the industry within five years (Schirmer et al., 2014; Dairy Australia, 2018). At the end of the
2015/2016 financial year, there were 4141 dairy farms in Victoria; it has since decreased to 3516 farms in
2018/2019 (Dairy Australia, 2021).

4.2 Dairy farms and survey respondents

Coverage error was present in this survey, reflected by limited geographical coverage, underrepresentation
of farms in Victoria and overrepresentation of farms and herds of larger size (Figure 1, Table 1). The
Department of Agriculture and Water Resources (2017) found that the average Victorian dairy farm was
252 ha, milked 345 cows and had a stocking density of 2.1 cows/ha. The overestimation of these variables
may also be a result of the phrasing of the survey question, which asked for total farm area, not total usable
or grazed area, which would have reduced the farms' size and increased the stocking density. Ninety-seven
per cent of farms had an irrigated pasture base (Table 3). The predominate method of water application
was using the border-check irrigation method (known commonly as flood) irrigation which is consistent
with Watson and Watson (2015) and Khan et al. (2010}, who found that 50% to 60% of Victorian dairy
farmers solely used flood irrigation (Table 3). The descriptive statistics obtained from the 36 respondents
were consistent with work published by Schirmer et al. (2015), who found the highest proportion of dairy
farmers were aged between 45-54 years, and the majority of respondents were male (>60%) (Table 1).

4.3 Integrated parasite management
Non-chemical control options play a crucial role in reducing the reliance on flukicides to treat F. hepatica.
IPM strategies focus on reducing F. hepatica egg contamination of pasture, restricting host access to

intermediate host habitat and limiting host exposure to infective stages of F. hepatica. In this study, 42% of
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respondents identified that more than >20% of their properties had waterlogging problems (Table 4). Host
proximity to waterlogged areas, irrigation channels, and naturally occurring water bodies increase the risk
of exposure and infection with F. hepatica (Overend and Bowen, 1995; Alves et al., 2011; Kuerpick et al.,
2013; Olsen et al., 2015). Researchers in New Zealand also identified that pugging caused by waterlogged
soils increased the intermediate host population (Austropeplea tomentosa and Pseudosuccinea columella)
within the pasture (Harris and Charleston, 1977). Given that in this study, stock on 78% of farms and 61%
of farms had access to waterlogged areas and irrigation channels, respectively, the risk of contamination
and exposure to either F. hepatica or the intermediate host is potentially high (Table 4). Fencing could play
a key role in reducing stock access to these high-risk areas, but Watson and Watson (2015) found that

fencing is typically planned over a long period and is dependent on-farm finances.

4.4. F. hepatica diagnostics

Our survey results suggest that we should be advocating for greater use of diagnostic tests as only 33% of
farms used BTM ELISA and 28% of farms used LFEC to inform decision making (Figure 2a). The frequency of
testing was highest in adult stock, whereas only two farms tested young animals (Figure 2b). Given that
young animals are generally reared on more marginal paddocks, they are more vulnerable to F. hepatica,
and infection can have flow-on effects that impact future animal fertility, suggesting that increased testing
should occur in these animals (Ozakley et al., 1979; Takeuchi-Storm et al., 2017; Takeuchi-Storm et al., 2018).
Work by Mezo et al. (2008) in Spain found that only 15% of dairy farmers tested their cattle before flukicide
administration, and most were unaware of the herd's F. hepatica status. Farmers instead relied on blanket
preventative flukicide treatments. Kelley et al. (2020) identified the same trend in Victorian dairy farms as
several farmers were routinely treating their cattle with flukicides even though the animals were not
infected with F. hepatica. In the United Kingdom, Easton et al. (2018) found that the lowest use of diagnostic
and resistance tests to inform decision making was in the dairy industry. In this study, 19% of respondents
reported that they had tested for F. hepatica drug resistance (Figure 2a). Given that we did not ask the
farmers to explain their method for testing for resistance, it is difficult to ascertain if they followed best

practice guidelines or used appropriate tests to confirm resistance.

4.5 Flukicide use

The survey findings suggest that the use of TCBZ and frequency of flukicide treatments in dairy cattle has
decreased from the recommendations laid out by Boray et al. {1999). CLOR was more widely used in all
stock categories compared with TCBZ, and only one participant used OXY (Figure 3, 4a and b). The most
common approach was to treat all stock categories annually except for TCBZ in heifers, which were treated

twice per year (Figure 3). Forty-one per cent of respondents relied on single actives (CLOR or TCBZ) and, in
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some cases, at a high frequency (Figure 3 and 4b). Given that dairy farmers in Australia are limited to using
only TCBZ, CLOR and OXY to treat F. hepatica, this raises concerns about the increased selection pressures
on these chemicals (Supplementary Table 2){Hume, 2018). A large proportion of respondents relied on
CLOR, which is only sold in combination with ivermectin (Figure 3) (Hume, 2018). Bullen (2016) found that
on 15 of 20 dairy farms tested in the MID in Victoria, at least one nematode species was resistant to
doramectin. Globally, there have been three reports of CLOR resistant F. hepatica (Kelley et al., 2016). It is
challenging to assess flukicide efficacy if the product is only effective against adult F. hepatica (Elliott et al.,
2015). However, given the high use of CLOR in Australia, a methodology for testing efficacy needs to be
developed. The study found that only a small number of respondents were using OXY, which could be
incorporated into flukicide rotations, particularly in areas where TCBZ resistance has been identified in
Victoria (Brockwell et al., 2014; Elliott et al., 2015; Kelley et al., 2020). The United Kingdom and Ireland have
successfully communicated that TCBZ resistance is a growing problem, leading to increased OXY use in dairy
cattle (Bloemhoff et al., 2014; Selemetas et al., 2015). Another important component of IPM is to limit the
introduction and spread of resistant parasites by quarantining newly purchased animals or animals
returning to the farm. Most respondents in this study did not isolate and treat animals before joining them
with the main herd; this breakdown in quarantine was also observed by Mezo et al. (2008} on dairy farms

in Spain (Figure 5).

4.6 Flukicide administration

Boray et al. (1999) recommended treating based on the season, which only two respondents in this study
used as a factor in their decision making. Instead, most respondents were treated at dry-off (Figure 6a).
This is consistent with research in Ireland and the United Kingdom where Selemetas et al. (2015) found that
96% of farmers treated at dry-off and Bloemhoff et al. (2014) found that after the tightening of anthelmintic
regulations, the proportion treating at dry-off increased from 59% to 81%. In most cases, it is more
convenient to treat at dry-off as milk withholds restrict the use of flukicides in lactating cattle. In Australia,
however, there are two registered products that can be used during lactation, allowing farmers greater
freedom in when they treat. All products registered in Australia have been listed in supplementary table 2.
Only two respondents in this study used diagnostics to inform treatment timing (Figure 6a). When
purchasing a flukicide, respondents relied heavily on a single selection method (59%), of which 45%
selected based on advice and 14% on previous use (Figure 6b). Cornelius et al. (2015) found that whomever
sheep farmers sort advice from significantly influenced what other control methods were used on-farm.
Farmers that relied on professionals (e.g. private veterinarians, government veterinarians or private

consultants) were more likely to use diagnostics to inform decision making, test for resistance, drench less
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and be aware of IPM. Given that veterinarians and advisors were used by many dairy farmers in selecting
flukicides, one avenue for improving F. hepatica management would be to educate those professionals who
work with dairy farmers (Figure 6b). This approach could then be extended to include rural resellers. Easton
et al. (2016) in the United Kingdom surveyed prescribers of anthelmintics and identified several knowledge
gaps, which were then addressed to improve advice given to farmers at the point of purchase. Another
important IPM strategy is to avoid the underdosing of cattle which limits the selection pressure for
resistance. Besier and Hopkins (1989) established that sheep farmers were poor estimators of live weight,
leading to 85% of farmers underdosing their sheep for nematode control. Eighty-six per cent of cattle
farmers also underestimated live weight but by a greater margin than in sheep, 47% compared to 18%
underestimation (Besier and Hopkins, 1989; Machila et al., 2008). In this study, 50% of survey respondents
estimated weight and used average weights to determine flukicide doses (Figure 6c¢). Underdosing is likely
to be prevalent within the dairy industry, given that only 40% were weighing the heaviest animal, weighed
each animal or used weigh tapes to determine dose volume (Figure 6¢). Further work would be needed to

be to confirm the impact of estimating weights on the dose administered to cattle.

Conclusion

Seventy-two per cent (26 farmers) of respondents who completed the survey wanted more information on
F. hepatica control strategies. The evidence generated from this survey has identified several areas where
F. hepatica management in Victoria could be optimised and has identified what IPM strategies need to be
communicated to dairy farmers. Our key findings are: (1) that diagnostic tests are underutilised to inform
flukicide timing and management of F. hepatica in replacement animals; (2) flukicide doses were not
accurately determined, and underdosing is likely to be prevalent within the dairy industry; (3) there was an
over-reliance on single flukicide actives, and OXY was rarely used to treat F. hepatica; and (4) non-chemical
approaches were not effectively utilised and animals had considerable access to high-risk F. hepatica areas
on-farms. Coyne et al. (2020) identified that the three biggest barriers to change on sheep farms with
confirmed TCBZ resistance were overcoming habitual practices, economic feasibility and the increased
complexity in implementing IPM strategies. The best way forward for the dairy industry in Victoria would
be, firstly, to do a more extensive (regionally representative) survey to establish regional differences in the
management of F. hepatica to generate the evidence base for a tailored extension and control program.
Secondly, we recommend that an economic study be performed on the financial returns of implementing
an IPM strategy on dairy farms in Victoria (Torres-Acosta et al., 2012). These steps will generate the
evidence base needed to encourage dairy farmers to overcome the barriers to change and implement IPM

strategies on their farms.
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Figure captions

Figure 1. A survey of Fasciolo hepatica control practices on dairy farms in Victoria, Australia. Map of Victoria showing
the number of survey respondents by postcode area. Blue represents one respondent; purple: 2 respondents; pink:

3 respondents; orange: 5 respondents. Grey hashed lines represent irrigation regions within Victoria.

Figure 2. (A) The proportion of respondents using different types of F. hepatica diagnostic testing on-farm. (B) The

proportion of respondents using a various frequency of diagnostic testing per year for each animal category.

Figure 3. The proportion of respondents using various number of annual treatments with three different flukicides

in each stock category (2015/2016 financial year).

Figure 4. [(A) The proportion of respondents using three different flukicides owver the five years preceding the

2015/2016 financial year. (B) Proportion of respondents using single or multiple flukicides over the same time period.

Figure 5. The proportion of respondents that applied quarantine treatments to calves reared or purchased externally.

Figure 6. The proportion of respondents using various methods to treat animals with flukicides. (A) Method used to
decide timing of treatment. (B) Method used to select a flukicide. (C) Method used to determine the dose of flukicide

to administer to their animals.
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5.11 Tables
485 Table 1. A survey of Fasciola hepatica control practices on dairy farms in Victoria, Australia. Demographic details of
486 survey respondents.
Question Number of respondents (%)
Irrigation region:
Central Goulburn (CG) 14 (39)
Macalister Irrigation District (MID) 7 (19)
Murray Valley (MV) 4(11)
Upper Murray (UM) 4 (11}
Torrumbarry (TIA) 31(8)
South Gippsland 2 (6)
Loddon Valley [LV) 1(3)
Western Victoria 1(3)
Age (years):
18 to 24 o (o)
25 to 34 7(19)
35 to 44 9(25)
45 to 54 12 (33)
55 to 64 3(8)
65 to 74 3(8)
»75 2 (6)
Education:
Secondary 8(22)
TAFE or Trade qualification 4 (11)
Associate degree or diploma 10 (28)
Bachelor's degree 10 (28)
Postgraduate or masters 3(8)
No response 1(3)
Gender:
Male 26(72)
Female 10 (28)
487
488
489 Table 2. A survey of Faosciolo hepatica control practices on dairy farms in Victoria, Australia. Descriptive statistics of
490 farm area and stock numbers on each of the farms managed by survey respondents.
Question n Mean (5D} Median Qi, a3 Min, max
Farm area (ha) 36 427 (512) 250 150,521 40, 2400
No. adults 36 457 (356) 335 249 663 40, 2000
No. heifers > 12 months 36 138 (120) 120 65,180 6, 700
Mo. calves < 12 months 36 130 (102) a3 64,203 0, 500
491
4932
493
494
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496

497

498
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500
501

502

503

Table 3. A survey of Fasciola hepatica control practices on dairy farms in Victoria, Australia. Types of farms, details
of irrigation methods and details of calving systems on each of the farms managed by survey respondents.

Question Number of respondents (%)
Organic dairy system:
Yes 1(3)
No 35 (97)
Farm type:
Irrigated pasture base 33 (92)
Dry-land pasture base 1(3)
Mo response 2 (B)
Irrigation:
Flood 20 (586)
Travelling gun 1(3)
Flood and centre pivot 4 (11)
Flood and lineal move 1(3)
Flood and laterals 2 |6)
Flood and spray 2 (8)
Flood, centre pivot and linear move 2 (B)
Flood, centre pivot and laterals 1(3)
None 1(3)
No response 2 |6)
Calving system:
Year-round 1(3)
Split calving 27 (75)
Seasonal calving 8(22)

irrigation maintenance on each of the farms managed by survey respondents.

Table 4. A survey of Fasciola hepatica control practices on dairy farms in Victoria, Australia. Percentage of farm
waterlogged at any time during the year, whether or not cattle have access to waterlogged areas and details of

Question Number of respondents (%)
Percentage of farm waterlogged:
0 2 (8)
1to19 19 (53)
20 to 39 3(8)
40 to 59 6(17)
60 to 79 2 (8)
80 to 99 4(11)
100 o(0)
Cattle access to waterlogged areas:
Yes 28 (78)
No 5 (14)
No response 3 (B)
Irrigation maintenance:
Excavate 1(3)
Spray weeds 3 (B)
Spray weeds and excavate 3 (B)
Graze with stock and excavate channels 1(3)
Spray weeds and fixing leaking delvers 11 (31)
Spray weeds, fixing leaking delvers and excavate channels 11(31)
Spray weeds, replace delvers with pipes and fix leaking delvers 1(3)
No response 4(11)
None 1(3)
Access to irrigation channels?
Yes 22 (61)
No 11 (31)
Mo response 3(8)
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504
505
506

507

Table 5. A survey of Fasciolo hepatica control practices on dairy farms in Victoria, Australia. Whether or not fluke
treatment was carried out in 2015-2016, and whether or not respondents would be interested in receiving more

information about fluke.

Question Number of respondents (%)
Treated for fluke in 2015 — 20167

Yes 26 (72)

No 10 (28)
More information about fluke?

Yes 26 (72)

No g (25)

No response 1(3)

17
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5.12 Supplementary

Supplementary 5.1.The F. hepatica control survey that was disseminated to dairy farmers in Victorian
irrigations dairy regions.

SECTION 1: LOCATION AND RESEARCH AWARENESS
Q1 Please state your Victorian postcode below.

Q2 Please select the category that includes your age.
18to 24

25to 34

35to 44

45to 54

55to 64

b5to 74

15>

Prefer not to state

OoooooOooOooOoao

Q3 Please select your highest level of education.

Secondary

TAFE or Trade qualification
Associate degree or diploma
Bachelor degree

Post graduate or masters

i o o Y

Prefer not to state
Other (please
specify)
Q4 Please select your gender.

O Male

O Female

O

O Prefer not to state

Q5 Did you treat for liver fluke in 20167
O Yes
O No

Have you previously worked with Jane Kelley from La Trobe University on
the liver fluke study?

O Yes

O No
Would you like to receive more information about liver fluke drenching
practices?

O Yes

O No

Q6

Q7

Page 2 of 7
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SECTION 2: DRAINAGE AND IRRIGATION

Qs

What is the total approximate area (ha) of your farm?

Q9

Total farm area: ha
What percentage of your farm do you estimate can suffer from
waterlogging?

100% The entire farm can suffer from waterlogging
80% to 99%

60% to 79%

40% to 59%

20% to 39%

1% to 19%

0% Mo waterlogging occurs on any part of the farm

OO0ooOoooo

Do cattle on your farm have access to these waterlogged areas?

O Yes
O No
Please state the approximate irrigated area (ha) for each irrigation type.

None Please proceed to section Q14 by turning the page.
Flood irrigation ha
Travelling gun ha
Centre pivot ha
Lineal move ha

Other (please

specify) ha
Please select what maintenance you carry out on your irrigation channels,
delvers and drains.

O None

O Fixing leaking delvers

O Excavating channels

O Spraying weeds

O Other (please specify)
Do cattle on your farm have access to irrigation channels, delvers and
drains?

O Yes
O No

Page 3of 7
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SECTION 3: STOCK DETAILS AND DIAGNOSTICS

Q14 For each age group please state the number of stock.
Milkers
Heifers >12 months
Calves <12 months
Q15 Please select your calving system.
O Year-round
O Split calving
O Seasonal calving
O Other (please specify)
Q16 Have you ever used an external heifer rearer?
O Yes
O No
Q17 Did you purchase any stock in 2016?
O Yes
O No
Q18 In 2016, did you use the milk test (ELISA) to determine whether your
milkers were infected with liver fluke?
O Yes
O No
Q19 In 2016, did you use faecal egg counts (FECs) to determine whether your
stock were infected with liver fluke?
O Yes
O No
In 2016, did you use any other test to determine whether your stock were
Q20 el
infected with liver fluke?
O Yes
O No
If yes, please specify below:
Q21 For each age group please state how many times your stock were tested for

liver fluke in 2016.

Milkers
Heifer > 12 months
Calves < 12 months

Page4of 7

147



Chapter 5: Survey

SECTION 4: FLUKICIDES

For each age group please state how many times you used Triclabendazole

9 (Example: Fasinex™, Flukare™) to treat for liver fluke in 2016.
Milkers
Heifer > 12 months
Calves < 12 months
Q23 Have you used any Triclabendazole (Example: Fasinex™, Flukare™) product
in the past 5 years (2010 to 2015)?
O Yes
O No
For each age group please state how many times you used Clorsulon
Q24 (Example: lvomec plus™, Virbamec Plus™, Bomectin F™) to treat for liver
fluke in 2016.
Milkers
Heifer > 12 months
Calves < 12 months
Q25 Have you used any Clorsulon (Example: lvomec plus™, Virbamec Plus™,
Bomectin F™) product in the past 5 years (2010 to 2015)?
O Yes
O No
Q26 For each age group please state how many times you used Oxyclozanide
(Example: Nilzan LV™) to treat for liver fluke in 2016.
Milkers
Heifer > 12 months
Calves < 12 months
Q27 Have you used any Oxyclozanide (Example: Nilzan LV™) product in the past
5 years (2010-2015)?
O Yes
O No
Q28 Did you use any other product in 2016 to treat for liver fluke? Please

provide details below.

Page 5 of 7
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SECTION 5: DRENCHING PRACTICES
Q29 When do you drench for liver fluke? Select all that apply.

O
O
O
O
O

O

At dry-off

During lactation

Only when recommended by a farm advisor or veterinarian

Based on the appearance of animal or mob i.e. bottle jaw, ill thrift
Based on diagnostic tests

Other (please specify)

Q30 How do you determine what drench to buy? Select all that apply.

Q31

O
O
O
O
O
O

O

Recommended by veterinarian
Recommended by reseller
Recommended by farm advisor
Recommended by friend or neighbour
Price

Previous use of drench

Other (please specify)

How do you determine the volume of drench to administer to your cattle?
Select all that apply.

Q32

O
O
O
O
O

Estimate weight of individuals and dose accordingly

Weigh individual animals and dose accordingly

Dose to average weight of group

Weigh heaviest and dose all others according to this animal
Other (please specify)

Do you quarantine drench? i.e. do you isolate newly purchased cattle or
cattle from another property and treat them for liver fluke prior to joining
them with the main herd?

Q33

O
O

Yes
No

Have you ever tested for liver fluke drug resistance on your dairy farm?

O
O

Yes
No

Page 6 of 7
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Q34 If you have any additional information you feel is relevant to your property’s liver
fluke control program, please list below.

Thank you for taking the time to answer all the questions, your input is greatly
appreciated. Your answers will help us to develop liver fluke management
guidelines for dairy farms in Victoria.

PLEASE RETURN THE SURVEY IN THE PRE-ADDRESSED REPLY PAID
ENVELOPE TO JANE KELLEY AT LA TROBE UNIVERSITY

Page 7of 7
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Supplementary 5.2. All registered flukicide products for the treatment of F. hepatica in dairy cattle in Australia (sourced from Hume, 2018).

Usein
Product Company Composition Use Age of fluke killed Host Meat WHP lactating Milk WHP
cattle
Do not use less than 21 days
before calving. Milk from
Not treated cows must not be
B A li Tricl | Dai
Exifluke 240 aver Australia riclabendazole Oral All stages airy & 14 days during used for human consumption
Ltd 240 g/L Beef . . .
lactation  or supplied for processing for
96 hours (eight milking's)
after calving.
Do not use in lactating cows
Fasimec Cattle Elanco Triclabendazole Dairy & Not or within 28 days of calving
Australasia Pty 120 g/L, ivermectin Oral All stages v 21 days during where milk or milk products
Oral Beef .
Ltd 2g/L lactation may be used for human
consumption.
Do not use in lactating cows
Elanco Triclabendazole Dairy, Not where milk and milk
Fasinex 240 Australasia Pty Oral All stages Beef & 21 days during products from treated cows
240 g/L )
Ltd Sheep lactation may be used for human
consumption.
Do not use in animals which
. are producing milk or milk
. Dairy,
Triclabendazole Beef Not products for human
Flukare C Plus  Virbac Australia 120 g/L, selenium ’ . consumption. Do not use less
. . Oral All stages Sheep 21 days during .
Selenium Pty Ltd (as sodium . than 21 days before calving,
& lactation . e
selenate) 1 g/L Goats lambing or kidding in cows,

ewes or does where milk or
milk products from treated
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Usein
Product Company Composition Use Age of fluke killed Host Meat WHP lactating Milk WHP
cattle
animals may be used for
human consumption.
Do not use in cows or sheep
which are producing milk or
Triclabendazole milk products for human
120 g/L, Dair Not consumption. Do not use less
Flukazole C Virbac Australia oxfendazole 45.3 L . than 21 days before calving
. . Oral All stages Beef & 21 days during . .
plus Selenium Pty Ltd g/L, selenium (as . in cows or lambing in ewes
. Sheep lactation . .
sodium selenate) 1 where milk and milk
g/L products from treated
animals may be used for
human consumption.
Do not use in dairy cattle
. Heifers (gxcept replacement d.alry
Boehringer . heifers) that are producing or
. . . Ivermectin 10 . only .

Genesis Ultra  Ingelheim Animal . . Dairy & may in the future produce
S . mg/mL, clorsulon Injection Adult Liver Fluke Only 28 days before . .
Injection Health Australia Beef . milk for human consumption

100 mg/mL first . )
Pty. Ltd. . or processing. Do not use in
mating . .
replacement dairy heifers
after the first mating.
Can be
Baymec Gold  Baymec Gold Ivermectin 10 g/L, A . Dairy & used
L 2
Injection Injection clorsulon 100 g/L Injection - Adult Liver Fluke Only Beef 42 days during No WHP
lactation
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Usein
Product Company Composition Use Age of fluke killed Host Meat WHP lactating Milk WHP
cattle
Ivomec Plus Boehringer . Can be
Antiparasitic Ingelheim Animal Ivermectin 10 Dairy & used
. p. 8 . mg/mL, clorsulon Injection  Adult Liver Fluke Only y 28 days . No WHP
Injection for Health Australia 100 mg/mL Beef during
Cattle Pty. Ltd. & lacation
Lievamlsgle 64 g/L . Can be
Coopers Animal (= levamisole Dairy, used
Nilzan LV P hydrochloride 75 Oral Adult Liver Fluke Only Beef & 14 days . No WHP
Health . during
g/L), oxyclozanide Sheep lactation
150 g/L
Noromectin NORBROOK Ivermectin 10 Can be
. LABORATORIES L . Dairy & used
Plus Injection AUSTRALIA PTY mg/mL, clorsulon Injection  Adult Liver Fluke Only Beef 28 days during No WHP
for Cattle 100 mg/mL .
LTD lactation
Can be
Virbamec Plus . . . .
Injection for virbac Australia Ivermectin 10 g/L, Injection  Adult Liver Fluke Only Dairy & 28 days usc?d No WHP
Cattle Pty Ltd clorsulon 100 g/L Beef during
lactation
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Chapter 6 — General discussion

6.1 Scope of the thesis

Since the release of triclabendazole (TCBZ) in Australia in the early 1980s (Boray et al., 1983), there
have been relatively few reports on F. hepatica in Australian cattle. It was evident in Brockwell et
al. (2014) and Elliott et al. (2015) that there has been limited on-farm monitoring of F. hepatica as
both studies established that F. hepatica was resistant to TCBZ on several farms, and there was a
high prevalence of F. hepatica in the Gippsland region of Victoria. These reports suggested that
more needed to be done to establish where F. hepatica is endemic in cattle, to evaluate how
diagnostic testing can be applied on-farm to inform control and to determine what strategies
should be incorporated into an IPM plan that can be implemented on-farm to reduce the reliance

on chemical control options and production losses due to fasciolosis.

Chapters 3, 4 and 5 have been presented as research papers. A summary of each Chapter is below,

with a discussion of the findings and the gaps identified by the research.

Chapter 1 summarises the ecology, distribution and life cycle of F. hepatica in Australia. It
also identifies research gaps within the literature that need to be investigated to improve

the control of F. hepatica in Australia.

Chapter 2 gives a global overview of the use of TCBZ for treating F. hepatica in ruminants
and summarises all reported cases of drug resistance in F. hepatica to 2016. The Chapter
further discusses the long-term implications of drug resistance for the control of F.

hepatica.

Chapter 3 establishes the prevalence of F. hepatica in Victorian irrigated dairy regions
which was the first state-wide prevalence study since Watt (1979). The results indicate
that F. hepatica is endemic in the Macalister (MID), the Upper Murray (UM) and Murray
Valley (MV) irrigation districts and identifies three more cases of TCBZ-resistant F.

hepatica on dairy farms in two of the endemic regions.

Chapter 4 demonstrates that both the coproantigen ELISA (cELISA) and LFEC are robust
tools capable of detecting burdens >10 flukes in naturally infected cattle. It also
establishes that LFEC is more accurate when faecal samples are collected at the morning
(AM) milking. These findings provide insight into how the cELISA and LFEC can be best

utilised on dairy farms to inform IPM strategies into the future.

Chapter 5 provides insights into how dairy farmers in Victoria currently control F. hepatica

on their farms. The Chapter also identifies several issues that should be addressed to
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improve current F. hepatica control methods. The key findings include; 1) stock on 78% of

farms had access to waterlogged areas or irrigation channels; 2) only 33% of farmers used
BTM ELISA, and 28% of farmers used LFEC to inform F. hepatica decision making; 3) 41%
of farmers relied on single actives (CLOR and TCBZ) in some cases at a high frequency; 50%

of farmers estimated and used average weights to determine flukicide dose.

6.2 Chapter 3 — Determination of the prevalence and intensity of Fasciola hepatica
infection in dairy cattle from six irrigation regions of Victoria, South-eastern Australia,

further identifying significant triclabendazole resistance on three properties

In Chapter 3, a major prevalence study was conducted across irrigated dairy regions in Victoria
involving 1669 cattle in 83 herds. The previous state-wide prevalence study was conducted by
Watt (1979) using abattoir inspection data which is a less sensitive method and is known to miss
about 30% of F. hepatica infected livers (Charlier et al., 2008); the sensitivity of the technique is
between 63.2 and 68% (Rapsch et al., 2006; Mazeri et al., 2016). Our study used the methodology
described in Elliott et al. (2015) and tested dairy cattle across the state using the cELISA and LFEC.
The cELISA and LFEC diagnostic tests were highly sensitive methods for detecting F. hepatica in

naturally infected dairy cattle, as discussed further in Chapter 4.

We found that F. hepatica was endemic in the MID, the UM and the MV in the Goulburn-Murray
(GM) irrigation district. Since Watt (1979), the prevalence of F. hepatica has increased in the MID
(from 51% to 72-73%), decreased in the GM irrigation districts (from 68% to 16-19%) and remained
unchanged in the UM at 64%. The prevalence in these regions exceeded the 25% herd prevalence,
which is the cut-off for economic loss for F. hepatica in cattle, as discussed in Vercruysse and
Claerebout (2001). The MID had the highest within-herd prevalence, with 15 of the 20 farms
tested in the region having a prevalence >90%, which is consistent with a smaller study conducted
by Elliott et al. (2015). In contrast, in the UM, only four of the ten farms and, in the MV, only two
of the nine farms had a within-herd prevalence of>90%. The higher incidence of F. hepatica in the
MID could be linked to stocking density which has been shown to increase pasture contamination
with faeces and pugging, which creates ideal microhabitats within the pasture for Austropeplea
tomentosa (A. tomentosa) (Harris and Charleston, 1977; Lean et al., 2008). In the MID, the stocking
density is 2.34 cows/ha, and pugging is a problem on 47% of farms, whereas the stocking density
is 1.84 cows/ha and pugging is a problem on only 25% of farms in the UM and MV (Watson and
Watson, 2015).

The lower prevalence in the UM and GM is also likely related to irrigation practices in these
regions. As discussed in Chapter 1, flood irrigation creates the ideal conditions for transmission of

F. hepatica to cattle and the proliferation of A. tomentosa. In Chapter 5, it was established that
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97% of dairy farmers who participated in the survey had an irrigated pasture base and more than
56% used flood irrigation on their farms. Farmers in the UM rely on rivers, groundwater and
collected surface water for irrigation, whereas farms in the MID and MV rely on irrigation schemes
to deliver water to their farms. The reduced prevalence in the UM could be because farms are not
connected via irrigation infrastructure, and there are no channels for stock to access. However,
the reduced prevalence of F. hepatica in the GM is not consistent with work published by Durr et
al. (2005) and Boray et al. (1969). Both studies identified that irrigated regions and farms had a
higher incidence of F. hepatica than non-irrigated farms. The reason for the lower prevalence of
F. hepatica in the GM could not be determined in Chapter 3. However, we hypothesised it was
linked to the irrigation infrastructure upgrades and salinity in the district. In the GM irrigation
district, dirt irrigation channels have been replaced by pipes, or channels have been lined with
shale. A similar strategy was used to eradicate schistosomiasis in Japan (Tanaka and Tsuji, 1997).
Salinity has also been a problem for many years in the GM and often exceeds the level tolerated
by A. tomentosa (Boray, 1964; Hart et al., 2020). Follow-up research would need to be conducted
to test these hypotheses. Given that new irrigation infrastructure works are planned for the MID,
there is an opportunity to evaluate whether similar upgrades will change the epidemiology of F.

hepatica in the MID (McCormack et al., 2020).

Several on-farm management practices were also identified in Chapter 3 that could be changed to
improve the control of F. hepatica, reduce the prevalence of the parasite and save farmers money.
Several farms in the GM irrigation district were administering preventative flukicides to their
herds, but the herds were found to be ‘fluke free’. Findings from Chapter 5 found that only 2/36
farmers were using diagnostic tests to inform flukicide selection and timing. Farmers should be
encouraged to use diagnostic tests to inform their decision making and only treat when cattle are
positive for F. hepatica. Strategic flukicide drenching has been shown to reduce the frequency of
treatments on-farm, as well as reduce the fluke burden within cattle and the infection level within

intermediate host snails (Parr and Gray, 2000; Mezo et al., 2008).

Routine testing of stock will also help in the early detection of TCBZ resistance. In Chapter 3, a
further three cases of TCBZ resistance were identified in replacement animals. On one farm in the
MID, acute fasciolosis combined with undiagnosed TCBZ resistance caused the deaths of four
young animals. Replacement cattle should be routinely tested with diagnostic tools like the cELISA
and LFEC to assess whether treatment is needed and determine if there is reduced efficacy of TCBZ
by retesting the treated cattle three weeks post administration of the drench. The lack of routine
testing in cattle likely contributed to delayed detection of TCBZ resistance in F. hepatica. It took
from the study published by Overend and Bowen (1995) to Brockwell et al. (2014) to confirm TCBZ

resistance in cattle in Australia. In Chapters 3 and 5, it was noted that there had been a trend away
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from using TCBZ in dairy cattle. Most farmers were using clorsulon (CLOR). Given the high
frequency and prolonged use of CLOR discussed in Chapter 5, a methodology for testing for
resistance in flukicides that only target the adult stage needs to be developed (Elliott et al., 2015).
In 2016, only three CLOR resistance cases were reported globally, as reviewed in Chapter 2. Given

the change in CLOR use in Australia, this may increase over the next decade.

Quarantining animals will be essential in preventing the introduction of new F. hepatica infections
and drug-resistant strains to farms. Quarantine practices are used to limit the introduction of
parasites and resistant strains to farms by; testing animals before joining with the main herd, if
the animals are found to be positive they should be treated with dual actives, kept on dirty
paddocks and tested three weeks after treatment administration to assess if they are still infected
F. hepatica (Kelley et al. 2016). In Chapter 5, it was identified that only 22% of farmers quarantined
newly purchased or returned animals. This was evident in Chapter 3, as one farm in the
Torrumbarry Irrigation District was found to have a within-herd prevalence of 100%, in contrast
to all other farms and animals in the region that we studied tested negative for F. hepatica. The
most likely explanation for this finding is a breakdown in quarantine practices on that farm. In
Chapter 3, prevalence data could not be combined with cattle movement data. Future prevalence
studies in Australia should link findings with the National Livestock Identification System and
Property Identification Codes to assess livestock movement's impact on F. hepatica prevalence on
individual farms. This method was used by Innocent et al. (2017) in the UK to strategically direct
resources into regions/farms that were identified as having a higher incidence of F. hepatica and

generated the evidence base to inform regional control options.

The key to long-term control of F. hepatica in Victoria is determining where F. hepatica is endemic
and how widespread fluke drug resistance is in cattle. Our results in Chapter 3 confirm a high
prevalence in MID, UM and MV irrigation districts that TCBZ was present on three additional farms
and that reduced production due to infection with F. hepatica cost farmers approximately $50,000
per farm in lost milk production (Kelley et al. 2020). However, opportunities to mitigate such losses
were also identified. Strategies included: using diagnostic tools to determine whether it is
necessary to treat, testing the efficacy of flukicides after treatment, and using quarantine practices
to prevent the introduction of parasites and resistant fluke strains. These strategies can be

combined to develop an IPM plan which then can be implemented on-farm.
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6.3 Chapter 4 — Analysis of daily variation in the release of faecal eggs and
coproantigen of Fasciola hepatica in naturally infected dairy cattle and the impact on

diagnostic test sensitivity

Chapter 4 established how to use the cELISA and LFEC on-farm to inform strategic flukicide
drenching and IPM strategies. Previously the cELISA and LFEC have been successfully used in cattle
to assess whether F. hepatica was resistant to TCBZ and closantel, monitoring infections over
consecutive months, and to determine the prevalence of F. hepatica in dairy regions in Victoria
(Brockwell et al., 2014; Elliott et al., 2015; Kajugu et al., 2015; Novobilsky and Hoglund, 2015;
George et al., 2019; Kelley et al., 2020). However, it has not been established whether the
diagnostic sensitivity was affected by sample collection timing during the day, although some
studies have shown that these tests are quantitative and can reflect the burden within the liver
(Mezo et al., 2004; Charlier et al., 2008; Brockwell et al., 2013). In Chapter 4, we established that
both the cELISA and LFEC are robust and sensitive tools that can accurately identify cattle with
burdens exceeding 10 F. hepatica, which is the cut-off for production loss in naturally infected
dairy cattle in Belgium; the optimal cut-off in Australia has yet to be determined (Charlier et al.,
2008). The following section discusses Chapter 4 and how the findings can inform strategic

flukicide treatments and IPM strategies.

The lack of routine testing was identified in Chapters 3 and 5 to be a problem. Farmers should
strategically treat based on diagnostic outcomes, as the cost for testing ten cattle with the LFEC
or cELISA is about AUD 250 compared to the AUD 1900 for drenching with flukicide plus labour
costs (G Rawlin 2019, personal communications, 3 September). Strategic treatments informed by
diagnostic tests reduce the number of flukicide treatments and limit the influence of convenience
in the decision making process (Parr and Gray, 2000; Mezo et al., 2008; Easton et al., 2018). As
discussed in Chapter 4, we established that the cELISA using the cut-offs described in Brockwell et
al. (2013), Brockwell et al. (2014), Elliott et al. (2015) and Charlier et al. (2008) had a 100%
sensitivity. The cELISA accurately detected all positive cattle at every sampling point, even in the
lowest burden animal (infected with nine flukes). In contrast, using the commercial kit cut-off or
the cut-offs described in Mezo et al. (2004), Palmer et al. (2014) and Martinez-Sernandez et al.
(2016) resulted in decreased sensitivity and false negatives. Sampling in the AM was found to have
the highest correlation to fluke burden (R = 0.64) than R = 0.58 when sampling in the PM. The
variation in the release of coproantigens was highest at the PM sampling time but did not greatly

affect the overall correlation to the burden in the liver (R = 0.64 AM, R = 0.58 PM).

With the LFEC, sampling in the AM was also found to have the highest correlation to burden R =

0.78 than R = 0.66 when sampling in the PM. Chapter 4 determined that the sensitivity of the
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FlukeFinder kit® was 88% which is the first time the sensitivity has been reported for this
sedimentation technique first described in Malone and Craig (1990). All 71 false negatives were in
animals with burdens <14 F. hepatica. However, 42 of the false negatives were from animal 650,
which had the lowest burden (nine flukes), less than the production cut-off of 10 described in
Charlier et al. (2008). Based on the findings in Chapter 4, we would advise sampling in the AM if
using the LFEC or the cELISA and that both methods are semi-quantitative for estimating the fluke
burden. The season in which sampling occurs should also be considered, as work published in
Mazeri et al. (2016) found evidence to suggest that the sensitivity of the cELISA and the LFEC are
affected by the season. The lowest sensitivity was observed in autumn for the LFEC because of the
presence of immature F. hepatica, whereas the sensitivity was lowest in summer for the cELISA.
However, the cELISA cut-off used in Mazeri et al. (2016) was the Palmer et al. (2014) cut-off, which
we established to be one of the least sensitive methods. Further research would need to be done

to assess if the sensitivity of the cELISA is affected by season when using a more accurate cut-off.

All ten animals tested in Chapter 4 were positive for paramphistomes. Previous work found that
the cELISA does not cross-react with paramphistomes and the LFEC has a high specificity (Mezo et
al., 2004; Rapsch et al., 2006; Kajugu et al., 2015; Mazeri et al., 2016). The paramphistome egg
counts indicated that some cattle had burdens >140 adults in the rumen (Willmott and Pester,
1952). A high proportion of cattle were also observed to be-coinfected with rumen fluke in
Chapter 3 (data not shown). Paramphistomes were thought to be relatively benign in Australia,
but burdens this high have never previously been reported. Given the high counts and estimated
burdens, research needs to confirm the impact of paramphistomes on the health of dairy cattle
and production. The only chemical with efficacy against paramphistomes is oxyclozanide (OXY)
which only kills the adult parasites (Rolfe and Boray, 1987). Suppose if paramphistomes are found
to have an impact on the health and production of cattle. In that case, there is only one product
registered with the Australian Pesticides and Veterinary Medicines Authority (APVMA) that
contains OXY, but it no longer lists paramphistomes on the label (APVMA, 2021) (Supplementary
5.2). The use of OXY must be carefully managed as it reduces milk production for two days, causes
scouring, and extreme care must be taken if treating ill, pregnant, or stressed animals as the
product has a low safety margin (APVMA, 2021). OXY is also one of three products registered for
the treatment of F. hepatica in dairy cattle. However, the side effects likely limit its appeal to dairy

farmers even though it can be used during lactation (Supplementary 5.2).

We established in Chapter 4 that the cELISA and LFEC can detect burdens >10 flukes, and that the
tests have a high sensitivity and specificity. Our data also suggest that sampling in the AM should
become standard industry practice when using the cELISA or LFEC for fluke diagnosis. Therefore,

both the cELISA and LFEC can be used to determine when to drench to avoid production losses
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and limit pasture contamination. The LFEC can also be used to monitor the paramphistome burden

within infected cattle.

6.4 Chapter 5 - Fasciola hepatica control practices on a sample of dairy farmers in

Victoria, Australia

In Chapter 5, we established the practices used by 36 dairy farmers from across the major irrigated
dairy regions in Victoria to determine what chemical and non-chemical approaches they used to
control F. hepatica. This study was the first F. hepatica management survey conducted with dairy
farmers in Australia. Here we discuss how F. hepatica is controlled on dairy farms in Victoria and
assess how IPM could improve the control of F. hepatica and reduce production losses. The work

in Chapter 5 established that there were four areas where F. hepatica control could be improved.

1) Pasture management

A key strategy in IPM is minimising the risk to cattle by preventing access to high-risk areas (i.e.
irrigation channels, drains) or using grazing management to move stock to lower risk paddocks
(i.e. cropped-land, paddocks with no waterbodies) during high-risk periods. In Chapter 5, we
established that cattle on 61% of farms had access to waterlogged areas and irrigation channels
which is consistent with work by Watson and Watson (2015), who found that only 35% of dairy
farmers in Australia had completely fenced off water bodies to prevent cattle access. Osborne
(1962) found that preventing access to water bodies reduced the burden of F. hepatica in sheep
to 1 to 2 flukes if combined with improved drainage and pasture improvement. On some
properties, it may not be possible to fence all water bodies if they are widespread or the size of
the property is too large for it to be a financially viable strategy. In these situations, it is likely that
only small discrete areas could be fenced. Advances in diagnostic testing soon may enable farmers
to assess the infection risk of their pasture and water bodies, allowing the farmer to prioritise the
highest risk areas for fencing or costly mechanical interventions like improving the drainage
(Rathinasamy et al., 2021). Preventing cattle access to the higher risk areas or waterbodies could
also be achieved through pasture rotation by strategically controlling when grazing occurs.
Schweizer et al. (2007) found that if farms had many paddocks that could be rotated, pasture
management was a cost-effective way of reducing the risk of F. hepatica transmission and the
faecal contamination of snail habitats. When pasture rotation options were limited during high-
risk periods, providing supplementary feed was beneficial in sheep (Osborne, 1962). In places like
the MID and UM, where F. hepatica is endemic and resistant to TCBZ, there are high stocking rates,
and the soil is prone to pugging, suggesting that feed-pads could be used during high-risk periods.
Feed-pads are currently installed on 33% of Australian dairy farms and could minimise the risk to

cattle and avoid the creation of snail habitats in the pasture during wet weather (Watson and
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Watson, 2015). Similarly, some high-risk management strategies need to be stopped, including

grazing irrigation channels and not quarantining incoming animals.

2) Diagnostic tests

In discussions with farmers in Chapter 3, the lead author noted that farmers did not perceive stock
movement between properties owned by other family members, leased blocks or calves being
reared off the farm as needing quarantining when returning to the main farm. Any stock
movement without quarantining could introduce parasites or drug resistance to the main farm.
Only 22% of farmers surveyed reportedly quarantined their animals. Diagnostics play a key role in
informing when treatment should occur and what product should be used. However, only 36% of
farmers conducted routine testing for F. hepatica in adult cows, and only two farmers tested their
replacement animals. The bulk tank milk ELISA (BTM ELISA) (Salimi-Bejestani et al., 2005) was
more widely used in Chapter 5 than LFECs, 33% and 28%, respectively. The under-utilisation of
diagnostic tests was discussed in Chapter 3. A higher frequency of diagnostic testing in all stock
categories would improve the management of F. hepatica, minimise the use of flukicides and
prevent the long-term impact F. hepatica has on the fertility of replacement animals (Oakley et

al., 1979; Parr and Gray, 2000; Mezo et al., 2008).

3) Flukicides in Australia

Flukicides were used by 72% of respondents in the 2015/2016 financial year, and the most widely
used flukicide was CLOR which is consistent with findings in Chapter 3. A large proportion of these
farmers solely relied on CLOR, which could be a problem for future control of F. hepatica. The
overreliance and repeated use of a single active over time may prove to be a strong selector for
the development of resistance (Kelley et al. 2016). A method for testing the efficacy of CLOR has
been described by Elliott et al. (2015); however, the method has not been assessed and findings
published. Based on the findings of this thesis, it is clear that a method needs to be developed and
assessed, so the efficacy of CLOR can be monitored on dairy farms in Victoria. Dairy farmers are
limited to only three flukicides to treat their cattle (Supplementary 5.2). With growing reports of
TCBZ resistance on dairy farms in Victoria, the only product that has not been widely used is OXY,
which only one farmer used in Chapter 5. (Brockwell et al., 2014, Elliott et al., 2015; Kelley et al.,
2020). Dairy farmers should be encouraged to incorporate OXY into their flukicide rotation, which

will also benefit the animals that are co-infected with paramphistomes, as discussed in Chapter 4.

4) Administration of flukicides

In addition, in Chapter 5, it was determined that underdosing of cattle was likely prevalent within
the dairy industry, but further research is needed to confirm the incidence. Fifty per cent of the

respondents estimated or used average weights to determine the flukicide dose to administer to
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their stock. In a study by Machila et al. (2008), farmers were found to underestimate cattle’s
weight by, on average, 40%. Another contributing factor to the underdosing is drenching
equipment, which needs to be calibrated at the start of drenching and during treatment
administration to ensure the correct dose is administered. Questions about whether farmers
calibrated their equipment were not investigated in the current survey but should be considered

when implementing IPM strategies on-farm.

Combining non-chemical and chemical approaches to control F. hepatica will prolong the life of
existing flukicides and minimise their use. The cELISA and LFEC should be routinely used to
determine when to treat. Non-chemical approaches, including fencing, pasture rotation and feed-
pads, should limit the exposure of cows to metacercariae and the faecal contamination of snail
habitats. Work needs to be done to encourage farmers to implement IPM strategies to minimise
the milk production losses estimated to be AUD 50,000 per farm per year (Kelley et al., 2020). An
approach could be to assess the effectiveness of these IPM strategies on a representative dairy
farm in each dairy region in Victoria so case study materials can be produced that will allow other

farmers in the region to replicate the IPM plan on their farms.

6.6 Conclusion

In conclusion, the average state-wide prevalence of F. hepatica in dairy cattle was 39% by cELISA
and LFEC and cost the Victorian dairy industry an estimated AUD 129 million per year in lost milk
production or about 6% of total production in Victoria (Kelley et al., 2020). F. hepatica was shown
to be endemic in the MID, UM and MV, with 21/39 farms in these regions having a within herd-
level prevalence of > 90%. In addition, two more cases of TCBZ resistance were identified in the
MID and one more case in the UM. In total, five dairy farms in Victoria have now been confirmed
to have TCBZ-resistant fluke infections and all five farms are located in either the MID or UM

(Brockwell et al., 2014; Elliott et al., 2015; Kelley et al., 2020).

There are only three registered chemical classes available to treat F. hepatica dairy cattle in
Australia (Supplementary 5.2). CLOR was widely used in Chapter 3 and Chapter 5 by farmers to
control F. hepatica, in contrast, only one farmer used OXY. Therefore farmers should be
encouraged to include OXY in their flukicide rotations or in combination with other products to
preserve the longevity of TCBZ and CLOR. Currently, there is no field methodology to test for
resistance to a flukicide product that targets only the adult F. hepatica. One needs to be

developed, so CLOR'’s efficacy can be monitored on dairy farms in Victoria.

The Republic of Ireland (ROI) recently established maximum residue limits in milk for many
chemoprophylactic drugs (Bloemhoff et al., 2014). As a consequence, the use of several flukicides

was restricted in the dairy industry. Bloemhoff et al. (2014) found that licensing restrictions had
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wide-reaching impacts on flukicide use on dairy farms. If additional regulatory restrictions were
imposed on the use of flukicides in Australia by the APVMA, it could significantly impact dairy
production and severely handicap dairy farmers’ ability to control F. hepatica in Victoria.
Regulatory changes would have a more acute impact in the F. hepatica endemic regions identified
in Chapter 3. In contrast, it would have little impact on F. hepatica control in the GM irrigation
district. The GM irrigation district’s findings provide a unique opportunity to investigate the impact
of irrigation infrastructure upgrades on the epidemiology of F. hepatica. Such research could also
shed light on how the planned irrigation upgrades in MID could affect the prevalence of F. hepatica

in the region (McCormack et al., 2020).

Chapter 4 established that both the cELISA and LFEC were robust tools that can be used on farms
to inform decision making when it comes to determining when to treat, what to treat with and if
F. hepatica is TCBZ-resistant. The BTM ELISA and the LFEC were underutilised on-farm, and there
was no use of the cELISA. Chapter 5 found that only 2/36 farmers used tests to inform when they
treated their animals. Encouraging farmers to base their management decisions on diagnostic
tests has been achieved in the dairy industry in relation to soil tests and fertiliser application
(Watson and Watson, 2015). This strategy used by Dairy Australia to encourage increased use of
soil tests could be adapted to parasite testing. However, a long-term strategic approach would be
needed to ensure a change in the industry and increase the on-farm use of diagnostic tests.
Forecasting ‘high-risk F. hepatica periods’ could simplify the process and identify approximately
when farmers should test their herds. Given that OXY and CLOR can be used during lactation in

Australia, strategic treatments are possible for the milking herd.

Chapter 5 also identified opportunities where new control practices could be implemented to
minimise the impact of F. hepatica on the dairy industry in Victoria. These IPM strategies can be
used in conjunction with chemical controls to maximise the longevity of the existing flukicides
shown in supplementary 5.2. The results from the thesis suggest the following advice: dairy

farmers should be encouraged to:

e Fence off high-risk areas and limit faecal contamination of A. tomentosa habitat.

e Manage pastures to allocate lower risk paddocks to more vulnerable animals and use feed-
pads to avoid creating A. tomentosa habitats within the pasture during wet weather.

e Routinely test cattle with the BTM ELISA in the GM irrigation district and the LFEC and cELISA
in endemic regions listed in Chapter 3.

e (Quarantine test and treat all animals moving on and off farms to avoid the introduction of F.

hepatica and resistance.
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e Improve the accuracy of flukicide dose administration by weighing animals and calibrating

drench equipment.

Implementing all these IPM strategies will not be easy and, in some cases, expensive. Given F.
hepatica is estimated to cost farmers approximately AUD 50,000 per farm in lost milk production,
a small economic study that assesses both the financial benefits and the effectiveness of
implementing IPM strategies could be the easiest way to communicate and encourage change in
the dairy industry (Kelley et al. 2020; Torres-Acosta et al., 2012). Due to the comparatively small
size of the Australian dairy market and the complexity and expense of registering new flukicides
or vaccines with the AVPMA,; it is unlikely that a new product will be developed and released for
use in the Australian dairy industry in the near future. Consequently, practical strategies need to
be combined into an IPM plan and then implemented on-farm to preserve the efficacy of currently
registered flukicides for future use in the dairy industry. With similar problems arising in dairy
industries globally, the issues, research gaps and findings from the thesis are relevant beyond
Australia and can be used to identify F. hepatica research priorities and inform F. hepatica control

on dairy farms globally.
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ARTICLE INFO ABSTRACT

Keywards: The liver fluke, Fascicla hepatica (F. hepativa) iz a wid d ite infection in dairy cartle in Victoria, South-
Fasciola hepatica castern Auatralia. Robust diagnosis of fluke infection is needed in dairy catile to identify sub-clinical infectiona
cELISA which often go unnoticed, causing significant production losses. We tested the coproantigen ELISA (cELISA) and

Pecal egg counts
Dingnostic test sensitivity
Daily fecal antigen releass

the PlukeFinder faecal 2gg count kit# on naturally infected cows in a fluke endemic region of Victoria. The aim of
the aiudy was o investigate the variation in the selease of coproantigens and egga into farces over 1 5-day pesiod,
at the morning (AM) and aftermoon (PM) milkings, and to ases the impact of the tming of faecal sample

llection on di ic teat itivity. Ten cows were enrolled into the study based on positive F. hepatica fascal
egg counts (LPEC) and faecal samples from the ten cown were collected twice daily, at the 7-9 AM and 4-6 PM
milking, for five ive daye. At the conclusion of the sampling period, the caws were euthanized and
F. hepatica burden determined at necropay. A moderate ive correlation b cow age and cELISA optical
density (OD) was observed using data from all samples (R -0.63; 95 % CI -0.68 to -0.57). Over the 5-day sampling
period, ure obaerved within-animal variation between day for bath the cELISA OD (2.6-8.9 fold) 2nd LFEC (5-16
fold), with more variation in values obhserved in the PM samples for both tests. The correlation with total fluke
burden waz higher in the AM sampling using both the ¢ELISA and LFEC (R 0.64 and 0.78, respectively). The
sengitivity waa 100 % for the cELISA using various cut offs from the literature (0,074 OD, 0.030 0D, and 1.3 % ar
1.6 % of the positive contral). The sensitivity of the FlukeFinder kit® [based on 588 faecal samples and not
accounting for lack of independence in the data) was BE % (95 % CI 85 %~90 %). Seventy one faloe negativen
were recorded from the 588 LFEC teats all of which were oboerved in the cown with fluke burdens <14 flukes; 42
of the 71 false negative LPECs occurred in one individual cow which had the lowest burden of nine flukes. In
dairy cown, the cut-off for production lomes due to fasciclosis is estimated at> 10 fluke. Both the cELISA and the
LFEC identified all cown that had burdens squal to or greater than thiz cut-off. Five of the ten cows also exhibited
relatively high paramphistome egg counts.

1. Introduction In Australia in 2020, reduced milk ion due to F. h ica infec-
tion was estimated to cest the Victorian dairy industry USD 101 million

Fasciola hepatica (F. hepatica), more commonly known as liver fluke, per year (Kelley et al, 2020). A robust guantitative diagnostic test that
has zerious production-limiting impacts in dairy cattle, affecting milk can identify F. hepafica-infected individualz and herds would allow for
production, milk quality, weight gain and fertility (Schweizer et al, prompt intervention and treatment of cattle with appropriate flukicides.
2005). In the UK the economie cost of reduced production due to fluke Europe ha: moved towards screening dairy herds with an ELISA
infections iz estimated at £300 million per year {Willi t al., 2014). detecting antibodies in bulk tank milk {(ETM) samples which are readily
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available and easy to collect (Pritchard et al, 2005; Salimi-Bejestani
et al., 2005; Charlier et al., 2007; Bennema et al., 200%; McCann et al.,
2010; Kuerpick et al., 2013; Selemetas et al., 2014; Bloemhoff et al,
2015; Howell et al , 2015; Novobilsky et al., 2015). The bulk tank milk
sELISA (BTM =ELISA) was first described by Salimi-Bejestani et al.
(2005): thiz aszay haz a high senzitivity (96 %), and moderate specificity
(80 %) and can accurately identify herds that are incurring production
lozzez when herd prevalence iz in ex of 25 % (Charlier et al , 2007).
However, the BTM ELISA has its drawbacks as anti-Fasciola antibodies in
milk can persizt for up to zix months even after suceessful treatment with
a flukicide (Salimi-Bejestani et a 005). In Australia, most dairy herds
use a split calving zystem, which means that flukicide treatments ocenr
at different times of the year for individual herds. Az a result, antibodies
found in milk could arize from treated and untreated cattle which
complicates the interpretation of a positive BTM ELISA test.

Az a conzequence, a different approach has been uzed to screen dairy
cattle in Australia. Brockwell et al. (2014), Elliott et al. (2015) and
Felley et al. {2020) each used the commercial coproantigen ELISA (BIO
K 201 kit, Bio X Diagnostics) test to screen multiple herds for F. hepatica
az coproantigen release ceases 7 days after effective treatment with a
flukiride {Brockwell et al, 2013). The coproantigen ELISA (cELISA)
detects infection in cattle from =6 weeks post-infection (PI) and has a
high sensitivity 77 %100 % and specificity >99 % (Mezo et al., 2004;
Brockwell et al., 2013; Mazeri et al, 2016). In addition, comrelations
between F. hepatica burden and OD were obzerved in cattle by Charlier
et al. (2008) (R 0.60) and Brockwell et al. (2013) CR: 0.8718) although
recent work by Martinez-Serndndez et al. (2016) found a somewhat
weaker correlation CRz 0.2998). However, Broclkwell et al. (2013)
observed a 2-6 fold variation in coproantigen release from cartle over a
5 day period. To address the variable release of coproantigens the cEL-
154 kit was modified by Martinez-Sernandez et al. (2016) increasing the
sensitivity from 0.60 ng/mL to 0.15 ng/mL; however, the variability in
the cELISA in daily zamplez increazed by 6-12 fold (Mezo et al | 2004).
There iz a consensus in the literature that the cELISA kit-rut off rec-

d by the ial manu. iz too high to accurately
distinguish between positive and negative cattle. Az a result, studies
have used various ELISA OD cut-offz for detecting F. hepatica infections
in cattle: 0.114 OD (Mezo et al., 2004) 0.030 OD (Charlier er al., 2005),
0.014 OD (Brockwell et al., 2013), kit cut off x 0.67 (Palmer et al,,
2014), 0.084 OD (Martinez-Sernindez et al., 2016) as well as 1.3 &
[Brock letal, 2014) or 1.6 % (Elliott et al., 2015) of the OD value of
the positive control. The lack of consiztency between reports makes it
difficult to determine the sensitivity of the cELISA, but several smudies in
cattle have reported that the assay can detect az few az 1, 2, and 15
Hfukes in the liver (Mezo et al, 2004; Brockwell et al,, 2013; Marti-
nez-Sernandez et al., 2016).

Similar problems occur when using F. hepatica faecal egg counts
(LFEC). In cattle with low F. hepatica burdens (<10 flukes) false nega-
tives frequently occur (Martinez-Sernandez et al, 2016). There are
many variations on the LFEC technique, but sedimentation haz been
found to be the most accurate in eattle (Happich and Boray, 1969;
Fajugu et al, 2015} Two studies reported correlations between LFEC
and F. hmnicuhurden.hcaﬂle,themndzﬁnmmRzﬂ.BSﬁ and in
sheep R? 0571 (Brockwell et al., 20 13; George et al, 2017). LFECs are
highly specific =975 % (97.5-100%) and egg shedding does not persist
after treatment with an effective flukicide ([barra et al., 1998; Anderszon
et al,, 1999; Rapsch et al., 2006; Brockwell et al., 2013; Mazeri et al.,
2016). Howewer, weekly, daily and hourly variation in F. hepatica egg
shedding has been observed in several studies in cattle (Dorsman, 1956,
1960; Hagens and Over, 1966; Brockwell et al., 2013). Based on hourly
faeral sampling in cattle, Dorzman (1956) propozed that faecal collee-
tion should oceur at 1:30 p.m. when the highest egg release waz more
likely to represent the burden of F. hepatica within the liver. Hagens and
Over [1966) reached the zame conclusion observing the peak release of
eggs between 12:00 p.m.~8:00 p.m., similarly suggesting that thiz wasz
the most zuitable time for sampling cattle. However, the sensitivity of
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the LFEC iz affected by the volume of faeces sampled, the faecal output
by the animal, the burden of F. hepatica within the animal, the experi-
ence of the technirian and the duration of the F. hepatica infection as the
tezt only detectz F. hepatice from > & PI weeks in cattle (Boray, 1969;
Conceigio et al., 2002; Rapsch et al, 2006; Charlier et al, 2008;
Brockwell et al, 2013; Martinez-Sernandez et al., 2016).

1.1. Objectives

Previous studies have investigated the level of variability in cop-
roantigen shedding in animals between weeks and on consecutive days,
but not variations within a day. Monitoring of F. hepatica egg shedding
variation has been extensive. However, it haz never been determined if
peak egg shedding from 12:00 p.m. - 8:00 p.m. actually correlates with
F. hepatica burden in the liver and is therefore a better time to collect
faecal samples from cattle. In thiz study, recognizing the variable releaze
of both coproantigens and eggs, we investigated the senzitivity of two
sample points in the morning (AM) and afternoon (PM) milking, the
wvariation in eoproantigen and LFEC shedding over a consecutive five-
day period and the correlation of coproantigen levels and LFEC with
F. hepatica burden in ten naturally infected dairy cows.

2. Methods

21. Study design

One pasmurefed, split calving dairy herd in Victoria, Aunstralia
identified by Eelley et al. (2020) was purposively selected for this study
bazed on the herd owner's willingness to participate. Thirty cows were
screened using the FlukeFinder® kit to determine if they were infected
with F. hepatica. Ten cows were selected based on positive LFEC and
purchaszed from the owner. The age of the cows ranged from 2.9 to 11.1
years and the pr breed waz Holstein. Following purchasze, the
ten selected cows remained on the farm and were kept separately from
the main milking herd but grazed pasture and received grain and
concentrate at milking as for the main milking herd. The study group
was milked twice daily after the main herd: a moming milking (AM)
between 7:00 am. and 9:00 am. and an afternoon milking (PM) be-
tween 4:00 pm. and 6:00 p.m.. Sample collection over 5 consecutive
dayz began on the 30 March 2017 and concluded on 03 April 2017. At
the AM and PM milkingz on each of the five zampling dayz 50 g faecal
samples were collected rectally from each of the ten study group cows; a
new rectal examination sleeve waz usad for each cow. On day zix (04
April 2017) nine of the ten eows were euthanised. One eow (#3491 ) was
unable to be yarded on day six and was instead euthanized on day 14 (12
April 2017). Cows were euthanized in two groups: group 1 between
10:00 a.m. and 11:00 a.m. and group 2 between 1:00 p.m. and 2:00 pm.
Livers and gall bladders were removed within 30 min of death and livers
were stored at 4 *C until they could be sectioned.

Thiz study was approved by the La Trobe University Ethicz Com-
‘mittee, AEC16-62 and ran in conjunction with the State Government of
Victoria, Department of Jobs, Precincez and Regions pathology and
guarantine training program for weterinarians and animal health
officers.

2.2 Faecal sample collection over 5 days

Faecal zamples from each cow at the AM and PM milkings were split
into two replicates. Replicate A and B each weighed approximately 25 g.
Faecal matter was mixed thoroughly from each replicate and then two 2
g zamples were weighed for each cow; aliquot 1 for the ¢ELISA, and
aliquot 2 for the LFEC. ¢ELISA replicates were stored at 4 *C until ali-
gquots were weighed, the aliquotz were then frozen at —20 G within 72 h
of collection. LFEC aliquots were weighed and stored at 4 *C until counts
were completed. On two occasions, fascal samples were unable to be
collected: cow #3204 on day 4 PM and cow # 844 on day 5 PM. Faecal
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samplez collected on day & (the day of euthanasia) were not included in
the analyzer prezented in thiz paper because faecal zamplez were
collected outside of the time window for AM and PM milkings and were
not replicates.

2.2 Toral fluke count

The total liver fluke counts (TFC) were completed following the
guidelinez outlined by Reichel (2002) and Brockwell et al. (2013).
Before removing the liver from the abdominal cavity, the zmall in-
vestines were tied off using cable tiez approximately 30 em either side of
the gallbladder, enzuring the gallbladder waz left intact. The livers were
removed and stored in individual ice boxes on ice. The livers were then
moved to a 4 °C fridge and remained there until zectioned which
occurred within 72 h. The livers were then cut into 510 mm strips and
squeezed to remove F. hepatica from the bile ducts. Once the liver wasz
sectioned, the slicez of liver were zoaked in PBS (1 = PBS including 16
mM NagHPOy, 5 mM NaH;P0O 4 H20, 120 mM NaCl; pH 7.4) and left at
room temperature overnight. The following moming individual livers
slices were zoaked in a tub of warm water. The PBS and water were
sieved, and all containers were inspected for F. hepatica. The TFC wasz
determined by counting whaole intact F. hepatica, plus the highest count
for either head or tailz from partially recovered F. hepatica. No notice-
able scarring waz present in nine of the ten livers. Animal 4316 had
severe scarring, bile duet thickening and a pale appearance (data not
shown). The researcher conducting the diagnostic testing remained
blind to the results of the TFC until completion of all LFEC and cELISA.

2.4, ¢ELISA

Faecal aliquots were stored at — 20 *C until analysis using the cELISA
Faecal BIO K 201 kit from Bio X Diagnostics, Belgium. The methed used
iz described in Felley et al. (2020) which includes details of modifica-
tions bazed on Brockwell et al. (2013). The cELISA plates were loaded
with samples from one cow per strip (column): two duplicates of repli-
cate A and B were added. The cELISA plate was also loaded with the
following antigen controls: negative control (dilution buffer); kit posi-
tive control (Kit + ve) (the positive control reference antigen provided
by the manufacturer with the kit batch, no dilution); a pooled high
positive antigen extract (High + ve) sourced from a pool of faeces from
known infected animalz with a cELISA OD > 1.0; and a pooled low
positive antigen extract (Low + ve) zourced from a pool of faeces from
known infected animals with a ¢ELISA OD < 0.8. Theze High + ve and
Low + ve extracts were sourced from several artificially infected cautle
from a separate study conducted by our laboratory (data not shown). ALl
wvaluez are prezented as either raw OD (450 nm) or the raw OD expressed
az a percentage of the 0D observed with various positive control anf-
gens: the Kit + ve eontrol, the High + ve control, or the Batch positive
eontrol (Batch + ve). The Batch + ve control is the OD provided with
each kit batch by the manufacturer. All cELISA plates were from the
same batch FASA16107 and the Batch pozitive control OD value wasz
1.815.

2.5, F. hepatica and paramphistomne foecal egg counts

The FlukeFinder@ kit was used to determine the LFEC and para-
mphiztome faecal egg count (PFEC) as high paramphistome egg counts
were observed. The sedimentation method was used az described by
Felley et al. (2020). LFEC and PFEC are reported az the number of eggs
per 2 g of fasces (ep2 g). Each LFEG sample was counted three times to
assess technician accuracy given the high numbers of paramphistome
eggs present in the samples. PFEC were not recorded for the following
cows: cow #5036 (day 4 AM replicate A), cow #8306 (day 5 PM replicate
A), cow #844 (day 1 PM replicate A and day 5 PM), cow #1100 (day 1
AM replicate A and day 5 AM replicate A), cow #3294 (day 4 PM,
replicate A and B) and cow #3491 (day 5 AM replicate B).
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2.6. Seatistical analyses

Correlations between age, TFC and AM and PM cELISA OD and AM
and PM LFEC: were quantified wsing Spearman’z rank correlation (R).
Seatterplots were constructed to show cELISA OD estimares for each AM
and PM az a function of sampling day and time. To quantify the differ-
ence between cELISA OD estimates for AM and PM zampling, accounting
for lack of independence in the data arizing from repeated cELISA OD
estimates from the same cow over the 5 day study period, we uzed a
‘mixed-effects linear regrezsion model with sampling time (a categorical
variable comprized of two levelz: AM and PM) az a fixed effect, zampling
day az a random slope and cow identity as a random intercept term. A
similar approach was taken for the LFEC estimates. Scatterplots were
constructed to show LFEC counts for each AM and PM as a function of
sampling day. To quantify the difference between LFEC estimates for AM
and PM sampling, a mixed-effectz linear regression model waz used with
Box-Cox transformed LFECs (Box and Cox, 1964) as the outcome vari-
able, sampling time (AM or PM) as a fixed effect, sampling day as a
random slope and cow identity az a random intercept term. Analyzes
were conducted uzing the contributed nlme package (Bates et al, 2015;
Pinheiro et al., 2020) in R (R Core Team, 2020). The presence of TPCz
provided a rare opportunity to quantify the diagnostic sensitivity of
LFEC for AM and PM samplings. To allow our results to be compared
with other, similar studies where faecal zamplez were collected from
individual cows on multiple occasions, diagnostie sensitivity of the LFEC
‘was caleulated without accounting for lack of independence in the data.
Confidence intervals for diagnostic sensitivity were calculated using the
exact method (Collett, 1999). The rensitivity waz calculated using the
method in Ezuningsih et al. (2009

3. Resules
3.1. Summary correlation statictics

All ten eows in this study were F. hepatica positive with the number of
flukes in the liver ranging from 9 to 72 (Table 1. No comelation was
observed between age and TFC (R —0.32; 95 % CI —0.86 to —0.41) or
‘betwesn age and LFEC (R —0.23; 95 % CI —0.30 to —0.15). However, a
moderate negative correlation between age and the cELISA OD was
observed using data from both AM and PM samples (R —0.63; 95 % CI
—0.68 to —0.57) (Fig. 1). At the AM and PM milkings there was a higher
positive correlation between the cELISA and TFC at the AM milking (R
0.64; 95 % CI 0.54-0.73) relative to the PM milking (R 0.58; 95 % CI
0.44-0.67) (Fig. 2). A higher positive correlation was alzo observed
‘between TFC and LFEG at the AM milking (R 0.78; 95 % CI 0.73-0.82)
relative to the PM milking (R 0.66; 95 % CI 0.59-0.72) (Fig. 3).

3.2, ¢ELISA controls and sensitivity

Three true pogitive controls (the kit positive control, a high pozitive
faecal extract control and a low pozitive faecal extract control) and one
negative control were included on all ¢BLISA plates (Table 2). The high
and low control extracts were sourced from local artificially infected
cattle with a known TFG. The sensitivity of the cELISA was calculated
uzing all the published cut offz based on the raw OD alone. In addition,
the raw OD was converted to a percentage of the OD obzerved with the
cELISA batch positive control (Batch + we), the OD observed with the
pooled high extract positive antigen control (High + we) and the OD
observed with the positive antigen control supplied with the kit (Fit+ ve
control) (Table 3). The highest sensitivity (100 %) was obtained using a
number of cut offs and pozitive controls (Table 3). Of the 392 samples
tested using the cELISA all samples were positive using an OD eut-off of
0.014 OD (Brockwell et al., 2013), 0.030 OD (Charlier et al., 2008) or a
% cutoff of 1.3 %6 (Brockwell eral., 2014) and 1.6 % (Elliott etal , 2015)
lower senzitivity was obzerved when the kit cut off of >8 % was uzed or
uging the >5.4 % cut-off of Palmer et al. (2014) (Table 3).
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Table 1
Cown used in the study, induding identification number, total fluke count and age
Animal 1 dj2 536 GEO BIG A 1100 300 3204 34%] axi6
Age 111 a6 B 6.0 57 30 10.0 &1 al 29
TRC" 14 11 9 5 12 27 56 L} ar 7
* TFC: total fluke count.
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Fig. 1. Gcatterplot showing the cELISA OD as a function of cow age for AM and PM sampling events. Guperimpoged iz a line of best fit to the data.
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Fig- 2. Geatterplot showing the cELIEA OD as a function of total liver fluke count for AM and PM sampling events. Superimposed on each plot ia a line of best fit to

the data.
3.3. cELISA OD varighility at AM and PM sampling over & days

The kineties of the ¢ELISA OD values over the 5-day sampling period
for each cow are shown in Fig. 4. PM cELISA OD values were, on
average, 0.21 (95 % CI 0.04-0.12) OD units lesz than AM cELISA OD
values. There waz a 2.6-0.9 fold variation in the OD values for the
cELISA over the 5 days with the greatest variation observed in cow
#412, #650, #5844 and #3294 (Table 4). In general, there was more
wariation in the PM samples (Fig. 5). Sensitivity of the cELISA was higher
uzing the AM samplez (Table 3).

3.4. LFEGC counts and sensifivity

In the case of LFEG, 588 samples were counted and all ten cows were
found to be positive at necropsy for F. hepatica with the LFEC ranging
from 0 te 32 ep2 g (Figs. 3 and 6). On 189 oceasions the LFEC exceeded
the 5 ep2 g cut-off for production loss in cattle dezcribed in Malone and
Craig (19200 and Vercruysse and Claerebout (2001). The sengitivity of
the LFEC (based on 588 faecal samples and not accounting for lack of
independence in the data) was 88 % (95 % CI 85 %00 %) with a total of
71 false negative results recorded: 13 for cow #412; 11 for cow #536; 42
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Table 2
The range of cBLISA OD values obtsined over geveral asays using one negative
contral and zeveral positive control antigens added to the cELIEA plates.

Contrel Replicates  Range OD  Ave  Lower Gl Upper I
ob {95 ) (95 %)
Hegative contral 10 WO0-0.00 Q00 Q.00 .00
(dilution
buffer)’
Eit positive 10 1LE-183 156 145 167
cantral (Kit +
ve)”
High pasitive 10 149=204 180 167 192
extract (High +
wel’
Low positive 10 122=167 141 132 1.50
extract (Low +
vel”

All OD values are presented as OD (450 nm).

* Megative control: dilution buffer only.

* Kit+ ve control: the positive control antigen provided by the manufactures
with the kit batch, no dilution.

* High + ve control: the pooled high p antigen extract
pool of faeces from known infected animals with a cELISA OD = 1.0.

4 Low + ve control: the pooled low positive antigen extract sourced from a
pool of fasces from known infected animals with 2 cELISA OD <« 0.6,

ed from a

for cow #0650 which had the lowest F. hepatica burden (n = 97; and five
for cow #3294, Thirty of the falze negative samples occurred at the AM
sampling and 41 false negatives occurred at the PM sampling.

3.5, LFEC output variability at AM and PM sampling over & days

There was a 5-16 fold variation in LFECs over the 5-day sampling
period with the greatest variation in cows #836, #1100, #2300, #3491
and #4316 (Table 4; Fig. 7). PM LFEC estimates were, on average, 0.81
(95 % CI 0.62-1.01) ep2g less than AM LFEC estimates. In general, there
‘was more variation in the PM zamples (Fig. 7).

3.6. PFEC
In total, 190 PFECs were performed and all ten cows were found to be

positive for paramphistomes (Fig. 2). The PFEC ranged from 0 to 664
ep2g with the highest counts in cow #836. Cow #4316 was positive on

d on each plot iz a line of bast fit to

only one occazion of the 20 ramplez counted. Cows #1100, #3204, and
#3491 each recorded false negatives. Adult paramphistomes were
collected from cows #8544 and #836. DNA from four paramphistomes
‘were sequenced by the Moredun Research Inztitute and each were found
to be Calicophoron calicophorum. At every collection peint cows 412,
#6650, #836, and #B44 exceeded the 10 ep2g cut-off described in
Willmart and Pester (1952) which represents a paramphistome burden
of >140 adults (Fig. 2).

4. Discusslon

In this study, we investigated the sensitvity of two fluke diagnostic
tests (cELISA and LFEC) in naturally infected dairy cows using faecal
samples collected at the AM and PM milking in order to determine the
daily variation in coproantigen and egg shedding ower 5 consecutive
days, to assess the cormelation between copreantigen and LFEC levels
with F. hepatica burden and determine the impact of thiz variation on
test sensitivity.

4.1. Animgl age vz TFC, ¢ELISA OD and LFEC

The TFC iz commonly used for determining the true liver fluke
burden in animals and validating diagnostic tests with a sensitivity of 99
% and specificity of 98 % (Mazeri et al., 2016). We uzed the TFC in thiz
smudy since it is the most reliable method for assessing the sensitivity and
on-farm application of the ¢ELISA and the FlukeFinder® kit under
Australian farm management practices. The lack of a correlation of an-
imal age with the TFC and LFEC in thiz siudy iz in contradiction to
research published by Gonzalez-Lanza et al. (1989) who found that the
rate of F. hepatica egg release and parasite prevalence generally
increased with animal age. The reaszon for the differences is likely a
result of the study design, Gonzalez-Lanza et al. (1929) tested 1301
animals compared to the ten cows in thiz study. A moderate negative
correlation (R -0.63) was observed between animal age and ¢ELISA OD
(Fig. 1). Thiz iz consistent with findings reported by Takeuchi-Storm
e al. (2018) who found on all but one farm that the ¢ELISA OD, serum
ELISA OD and LFEC peaked in cows at 2-4 years of age and declined
from that point az cows got older.

4.2. ¢ELISA OD daily variation and sensitivity

Fluctuations in the cELISA OD estimates were observed in F. hepatica
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Table 3

Variation in the sensitivity of the cELIGA vabues at AM and PM samplings in ten individual cows saxmpled over five consecutive days. The sensitivity of the cELISA waa
determined for all published cELISA cut-offs using both the raw OD cut offa and % of positive control cut offs, 2o referenced below. The sensitivity data are grouped
together as follows: Rav OD: the SE calculated using the raw OD values of the animals; % Batch + ve OD: the SE calculated using the raw OD converted to 2 percentage
of the 0D ohserved with the cELISA Batch positive antigen control; % High + ve OD: the 5E calculated using the raw OD conversed to 2 percentage of the OD obaerved
with the High extract pouitive antigen control; % Kit + we OD: the S calculated using the raw OD coaverted to a percentage of the OB obacrved with the Kit positive
antigen control.

Diarbay Cut-off SE%-AM SE-PM Y 5B Total® [=R= 2 Reference

Raw O w0014 100 100 100 100, 100 Brockwell et al. (3013)
Baw OO 0,030 100 100 100 100, 100 Charlier et al (2008)
Raw OO =0.114 98 a7 a7 BS, 97 Mero et al. (2004)
Baw OLr = 0.084 o8 g 97 o, 97 Martinez-Sernander et al (2016)
4 Batch + ve OD° >1.3% 100 100 100 100, 100 Brockwell et al. (2014)
% Batch + ve OD° =16 % o0 100 100 100, 100 Elliott et al. (2018)

% Batch + we 007 >5.4 b 100 100 100 100, 100 Palmer «t al. (2014)

% Batch + ve OD° =B.0 % 96 o1 93 B4, 93 Eir Cut-OfF

4 High + ve O0° =1.3% 100 100 100 100, 100 Brockwell et al. (3074)
% High + we OD0° =1.6% 100 100 100 100, 100 Elliot et al. [2015)

% High + we OD° >5.4 % 95 a2 53 B4, 93 Palmer et al {2014)

% High + we OD° =B.0 % BE 75 an &6, BO i Cut-OfF

W Kt + ve OD* =13 % o0 100 100 100, 100 Brockwell et al. (2014)
W Kt + ve OD* =16 % o0 100 100 100, 100 Elliott et al. (2018)
%Kit + ve ODF =54 % o 95 a7 o, o7 Palmer et al (2014)

4 it + we ODF =B.0 % B9 Té a3 69, B3 Eir Cut-OfF

" BE: % senaitivity.

" Batch + ve: the Batch + ve control iz the positive control OD value provided with each kit batch by the manufacturer and the Barch positive control OD value wan
1.B15.

¢ High + ve: a pooled high positive antigen extract sourced from a pool of farces from known infected animals with a <ELISA 0D > 1.0.

4 Kit+ ve: the positive control reference antigen provided by the manufacturer with the kit batch.

| X1100 X2300 X3294 X3401 X412

Time

X4316 X536 X80 X836 | X844 ==
pm

cELISA OD

. f ¥
i fr— L kR
012345012345012345012345012345
Sample day

Fig. 4. Scatterplots showing cELIEA OD as a function of sampling event over 5 consecutive days for each of the 10 cows included in this sendy. Guperimposed on each
plot are the cELISA OD values predicted wsing the mixed-effects linear regzeasion model described in the text. Samples could not be collected from cow #3294 a the
PM milking on day 4.

infections in sheep by Mezo et al. (2004) and Valero et al. (2009) and in ‘were seasonal differences in the sensitivity of the cELISA: summer 80 %,
cattle by Brockwell et al. (2013). Az a result, the commercial cELISA kit ‘winter 85 % and autumn 87 %. Given the cows used in thiz study were
was modified by increasing the analytical sensitivity from 0.6 ng/mL to naturally infected and zampling took place in antumn, some of the
015 ng/ml (Mezo et al, 2004; Martinez-Sernandez et al, 2016). variability we observed could be explained by the presence of immature
However, changing the detection limit of the cELISA kit increased the F. hepatica in the cows. In sheep, a marked increase in coproantigen
OD variability in cattle from a factor of 2-6 (Broclkwell et al., 2013) to release occurred as F. hepatica reached patency (Valero et al, 2009].

6-12 (Martinez-Serndndez et al., 2016). We observed a 2.6-8.9 fold We established the sensitivity of the cELISA assay to be 100 % using
wariation in cELISA values in the ten cows in this study with the greatest several published eut offs of 1.3 % (Brockwell etal , 2014), 1.6 % (Elliott
variation geen in the PM samples (Table 4; Fig. 2). Mazeri et al. (2016), et al,, 2015), 0.014 OD (Brockwell et al., 2013) and 0.030 OD (Charlier
uzing the modified cut-off dezeribed in Palmer et al. (2014), found there et al., 2008) Our Andingz are consiztent with four other studies that
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Table 4
Variation in cELISA OD and LFEC values in the ten individual cows sampled over
the five consecutive daya.

<BLISA O Faold change LFEC ep2g Fald change
Comw # min max min max
1o 0.58 140 1 1 i 1
2300 028 0.51 332 2 az i6
3204 0.07 0.62 85 o 5 B
3491 0.37 11e 32 2 27 135
aizx 0.05 0.68 78 o 5 &
a3i6 0.60 1.69 b33 1 1z i2
536 0.39 151 a1 o 7 7
E50 0.07 0.36 50 i} 1 1
836 0.50 131 26 2 29 145
844 0.07 042 56 1 10 10
Awg 0.2027 1088 35 0.9 139 a5

found the manufacturer’s cut-off for the ¢ELISA (8 0% of the positive
control) iz too high, rezulting in a high incidence of falze negatives in low
burden cattle (< 10 fukes) (Charlier et al, 2008; Novobilsky et al.,
2012; Brockwell et al., 2013; Palmer &t al., 2014). False positivez have
alzo been obzerved in sheep after treatment with a flukicide (George
et al, 2017). The impact of applying all published cut-offs on the
sensitivity of cELISA using our dataset can be seen in Table 3 where
senszitivity varies from 75 to 100 %. The specificity of the cELISA wasz not
determined in thiz study as it haz been found to be =99 % (Mezo et al |
2004; Eajugu et al, 2015). Moreover, it has been established by
Brockwell et al. (2013), Kajugu et al. (2015) and Mazeri et al. (2016)
that the cELISA does not cross-react with paramphistomes which were
prezent in the ten cows tested (Fig. S)

4.3, ¢ELISA OD daily variotion and correlation with TFC

The cause of the higher variation in ¢ELISA OD at the PM zampling
time relative to the AM zampling dme iz not clear. However, it iz likely to
be a result of a combination of biological proceszes az well az cELISA
plate variability, given the variability in OD values observed with the
positive controls between the plates obtained from a single commercial
batch (Table 2). Brockwell et al. (2013) suggested that some of the
biological causes were the intermittent releaze of coproantigenz by
F. hepatica, pathological changes to the bile ducts or gall bladder that
may impact egyg releaze and liver as well az variation in faecal consiz-
tency. Fajugu et al. (2015} also suggested that expulzion of cop-
roantigens from the fluke gut iz likely to be epizodic which would impact
the level of coproantigen in fasces over time. The observed correlations
between the cELISA OD and TFC at the AM and PM samplings are similar
to those reported by Cha etal (2008) in caitle (R 0.6) but lower than
that reported by Brockwell et al. (2013) ['Ilz 0.8368). More recently,
Martinez-Serndndez et al. (2016) observed the correlation to be R
0.2998 which iz less than our findings but that correlation was only
calculated in cattle that had less than ten adult F. hepatica.

4.4 cELISA detection limit

Before the modification of the cELISA (BIO X kit), the original kit
could detect burdens in cattle with more than two flukes, and 2,/7 cattle
that had one fluke (Mezo et al, 2004). In this study, the new version of
the cELISA detected the lowest TFC of nine fluke (cow #650) at every
sampling point. All zamples collected for cows # 412 (14 fluke), # 536
(11 fluke), # 844 (12 fluke) and # 3294 (10 fluke) were alzo positive at
every sampling point. Given the lowest reported cut-off for production
loss in dairy cattle iz 10 flukes, the data indicate that the cELISA kit is
able to consistently identify individual cattle az fluke pozitive before
production losses oceur (Charlier et al,, 2008). The aim of the Marri-
nez-Sernandez et al. (2016) study was to reduce false negatives by
increasing the aszay's zensitivity. Given that the old verzion of the kit
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‘was already capable of detecting 1-2 fluke, which iz less than the pro-
duction cut-off of ten F. hepatica, the reports of false negatives in the
literature were likely a rezult of the cut-off uzed not the detection limit of
the cELISA kit

The value of the ¢ELISA iz the ability to detect low (<10} and
moderate to high (=11} fuke burdens in animals as well as detecting
F. hepatica that survive flukicide treatment (Felley et al, 2016). The
‘most critical outcome for practically managing F. hepatica in cattle iz
identifying whether the herd iz incurring produetion losses, to determine
‘whether the F. hepatica prezent are drug resistant as well as managing
the herd to reduce the level of pasture contamination. The cELISA ap-
pears to be a robust tool to help achieve these outcomes.

4.5. LFEC sensitivity

The sensitivity of the LFEC was 58 % but it should be noted that our
sample collection took place in aotumn which haz been found to
decrease the sensitivity of the LFEC due to the fact that cartle were
infected with pre-patent F. hepatica that had not reached zexual maturity
(Mazeri et al | 2016). The prezence of immature F. hepatica could have
coniributed to elevating the coproantigen level without increazing the
LFEC (Mezo et al,, 2004). Due to time constraints, the size of F. hepatica
recovered were not measured, but smaller fluke (<12 mm) consistent
‘with the size of immature fluke were observed in zome cows. Future
studies should investigate whether increazing the volume of faecez from
2 g affects the sensitivity of the FlukeFinder® sedimentation method.
Conceicio et al. (2002) and Rapsch et al. (20046) both established that
the sensitivity of the LFEC can be inecreased by repeat sampling or by
increasing the volume of faecal matter used. Conversely, due to the
higher amount of debriz in the sample, some studies have aobzerved that
an increased sample volume decreased the sensitivity and specificity of
the LFEC becausze of the increased difficulty in identifying F. heparica
egge (Conceigdo et al, 2002; Charlier st al_, 2008; Daniel et al , 2012).

4.6. LFEC daily varigtion

Happich and Boray (1969) establizshed that the faecal sedimentation
techmique iz the most zuitable for quantitative diagnosiz in ecattle,
particularly in low burden infections (<10 flukes). Previous work by
Brockwellet al. (2013) obzerved a 2-4 fold variation in egg output over
a 5 day zampling period in cartle which iz not consistent with our
findingzs of a 5-16 fold wariation. A relatively low egg output waz
observed for cow #4316 (Fig. 3; Fig. 6) even though it had the highest
burden of F. hepatica (m = 72) (Table 1). Happich and Boray (1969)
found that there iz a negative association between the number of
F. hepatica in the liver and egg-shedding capacity suggesting that a
crowding effect could occur in cattle. The variation in egg output in cow
#4316 may have been due to crowding effects az well as mechanical
barriers in the liver cauzed by scarring and Abrosiz that were ocbaerved
when dizzecting that liver (data not shown), which may have hampered
egyg releaze. The over-dizperzion of F. hepatica in cattle and the conzid-
erable variation in egg shedding with fluke burden intensity can also
increase the variability in F. hepatica egg numbers in faecal matter. In
addition, the host immune rezsponse could also affect egg zhedding but
there has been limited rezearch to i i this effect. V. tion of
cartle and sheep with fluke antigens has been shown to reduce the egg
counts, egg viability and egg maturation in zome studies but the bazsiz for
the vaccine-induced effect iz not clear (Wiitfels et al, 2014; Dalton et al.,
1996).

4.7. LFEG daily variation and TFC

Our findings show that sampling at AM haz a greater correlation of
LFEC with fluke burden (Fig. 3) where the observed correlation between
LFEC and TFG was R 0.78 (AM) and R 0.66 (PM). Thiz finding iz not
consistent with correlations of RY 0.84 reported by Brockwell et al.
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Fig. 5. Box and whisker plots showing the distribution of: (2) cELISA OD

at AM and PM

&34

events for each of the ten cows included in thiz stwdy; and

(L) the percentage of the batch positive control for the same samplings. In plot (a) the four horizontal dashed lines represent the cut-off ODa described in: (i)
Braockvrell et al. (2013), 0,014, grey; (i) Charlier 2t al. (2008), 0.030, gold; (&ii) Martinez-Semandez et al. (2016), 0,084, blue; and (iv) Mezo ez al. (2004), 0.114,

pink In plot (b} the four horizontal daghed lines represent the cut-off % positive values described in: (i) Brockwell et 2l (2014), 1.3 %, black; (i) E]
1.6 %, green; (iii) Palmer et al (2014), 5.36 %, red; {iv) the recommended kit cut-off of 8 %, purple (For & i

legend, the reader io referred to the web version of thiz article).

(2013) in cartle. The differences in the correlation observed may be due
to differences in the study designs. Brockwell et al. (2013) uzed naive
artificially infected cattle of the zame age whereaz our cows were
namrally infected and of various ages. Our data also differ from the
findings in three previou:z studies observing daily fluke egg shedding
rends in cattle. These studies concluded that the highest egg output
occurs between 12:00 pam. to 12:00 a.m. (Dorzman, 1956, 1260; Hagens
and Ower, 1966). Based on these observations, Dorsman (1956) and
Hagens and Owver (1966) proposed that faecal sample collection should

tt et al. (2015}
to colour in this figure

of the

take place in the PM, aszuming that the highest egg output reflects the
fluke burden within the animal but the basis for thiz difference with our
findingz iz not clear. Our study’s findi; are more t with work
in sheep by George et al. (2017) who observed a correlation of R 0.571
‘between LFEC and TFC.

4.8, Paramphistomes

In this study, every cow was positive for paramphistomes. In Fig. 2,
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Fig- 7. Box and whisker plots showing the distribution of LFEG {epZg) at AM 2nd PM sampling eventa for each of the ten cows included in this study. The harizontal
dashed line chows the 5 ep2g cut-off for production loss in cattle described by Malone and Craig (1990) and Vercruysee and Claerebour (20010,

four cows (#4132, #650, #5836 and #844) exceeded the 10 ep2g PFEC
cut-off deseribed by Willmott and Pester (1952). A PFEC of 30-40 epbg
(10-13 ep2g) indicates that there are approximately 143-145 adult
paramphistomes in the rumen (Willmott and Pester, 1952). Para-
mphistomes were collected from both cows # 836 and 844: the Moredun
Rezearch Institute sequenced genomic DMA from four paramphiztomes
and each sample was found to be €. colicophorum. A high incidence of
paramphistomes haz been observed in two studiez in Australia.
Co-infections with paramphistomes were common in Kelley et al. (20200
(data not shown) and Molloy et al. (2005) determined that the preva-
lence of paramphistomes in catile in South-eastern Queensland waz 46.2
%. In recent years Burope has zeen a dramatic increase in para-
mphistome prevalence in cattle and now considers it an emerging dis-
eage (Morley, 2018). Paramphiztomes have previouzly been considered

to be a relatively benign parasite in Australia, but given the high counts
observed in thiz study and previous studies indicating a high incidence
further work iz needed in Australia to assess their impact en production.

4.9, Comelusion

In conclusion, the cELISA and the LFEC were found to be robust
diagnostic tools in naturally infected dairy cows. Variation in the daily
cELISA and LFEC were observed within cows over the 5-day faecal
sampling period with both testz showing a higher correlation to TFC
when samples were collected at the AM milking. Both testzs accurately
detected cows with burdens > 10 fluke which is the production cut-off in
cartle. In addition to these findings, each of the study group cows were
infected with C. calicophorum, with some animalz showing PFEC countz
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Fig. 6. Box and whisker plota showing the distribution of PFEG (ep2g) o the log acale for each of the ten cows inchuded in thia study. The horizont] dached line
chown the 10 ep2g cut-off indicating that there are approximately 143 to 145 adule paramphistomes in the rumen (Willmott and Pester, 1952).

higher than that reported pr y in ia, w ting further
investigation to determine the effect of high intensity infectionz of
C. calicophorum on p in dairy cartle.
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gain, milk production, and conception rates [reviewed in (4)]. Naive young cattle
(calves and heifers) are more vulnerable to fasciolosis than adult stock, as they have no
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previous exposure to F. hepatica and, therefore, have no acquired
immunity. Oaldey et al (5) found that F. hepatica infection in
heifers limited growth rate, impaired feed conversion, delayed
puberty, lowered conception rates, and reduced calf weight. The
observed effects were more pronounced in animals that had a
loweer plane of nutrition.

In Victoria, replacement animals (<12 months) are isolated
from adult stock in order to comply with the bovine Johne's
disease program (BJD) (6). The program prevents contact
between adult stock and replacements, leading to replacements
being consecutively reared on the same paddocks. These
paddocks tend to be more marginal and have a lower quality
pasture base than grazed land provided to the milking herd. In
Australia, dairy cattle predominately graze outside year-round.
The key driver of the profit in pasture-based dairy farming
in Australia is to increase milk produced per grazed hectare
by growing more pasture of a higher quality and increasing
consumption (7). Watson and Watson (5) found that the stocking
rate of dairy farms across Australia has increased over the last
15 years and has reached more than two cows per hectare in
S0mE regions.

These intensive grazing strategies used on dairy farms in
Australia increase pasture consumption per hectare but also
increase pasture contamination with fecal matter (9). It is
a growing concern that the dairy industry’s intensification is
increasing the development of parasite drug resistance and
subclinical production losses (9). Ower the last 15 years, average
stocking density on dairy farms has increased from 1.51 to
1.72/ha (&). However, the stocking rate in high-intensity irrigated
pasture regions of Victoria is above the national average at
1.84¢/ha in Loddon Valley, Torrumbarry, Central Goulburn, and
Murray Valley and 2.34/ha in Macalister Irrigation District
(MID). Triclabendazole (TCBZ) resistance has been confirmed
on several dairy farms in these irrigated regions in Victoria
{10-12). Until the early 1980s, fluke control relied on fencing
off the intermediate host habitat, draining wet areas, and using
flukicides of low efficacy. After the release of TCBZ, extensive
work was done to communicate F. hepatica control strategies to
farmers. Hort (13) found that 51% of sheep farmers adhered to
these best practice guidelines published by the Departments of
Agriculture in New South Wales and Victoria as described in
Borayet al. {14). The program recommended treating in autamn
{April/May) and spring (August/September) every year, with an
additional summer (January) treatment for young animals and
adults if they were located in high-risk regions. Since 1998, there
has been no tracking of the program’s adherence or effectiveness.
There are only three chemical classes of flukicides registered for
use in dairy cattle in Australia: TCBZ, clorsulon (CLOR), and
oxyclozanide (OXY). There has also been no monitoring of how
these three flukicides have been used, how diagnostic tools have
been incorporated into F. hepafica control strategies by dairy
farmers in Australia, and whether there has been an increase in
the uptake of integrated parasite management strategies (IPM).

In Europe, a small number of parasite management surveys
identified several knowledge gaps where F. hepatica control could
be optimized on dairy farms (15-17). Bloemhoffet al. (15) found
that 3% of dairy farmers treating for F. hepatica used a product
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unsuitable for the purpose, and grazing management options
were not effectively utilized on-farm. Selemetas et al. (16) found
that pasture and grazing management options had to be carefully
communicated to avoid dairy farmers assuming they had a low
risk of F. hepatica because they have good drainage. In addition,
Easton et al. (17) found that there was limited use of diagnostics
to inform on-farm decision-making and anthelmintic purchasing
behavior was driven by factors relating to convenience. The only
F. hepatica survey conducted in Australia was in sheep flocks and
beef herds; however, only the sheep data were published (13).
Hort (13) identified two knowledge gaps in how Australian sheep
farmers were managing F. hepatica. Firstly, a high proportion
of farmers were unaware that their flock was infected with F.
hepatica because of a lack of routine diagnostic testing. The
second gap was that 10% of sheep farmers used products that had
no efficacy against F. hepatica.

The complexity of the F. hepatica life cycle increases the
difficulty in communicating how to use flukicides, diagnostic
tools, and management practices to control F. hepafica on-
farm. It is a major hurdle in working with farmers as they
need to control both the parasitic stage in cattle and snails
as well as the free-living stage in waterways and on pasture,
which is only possible if knowledge gaps are identified and
addressed. The aim of this study was to determine the F. hepatica
control strategies used in Victorian irrigated dairy regions.
We investigated how dairy farmers control F. hepatica, looked
for knowledge gaps in current F. hepatica control strategies,
and identified what information needs to be communicated
to farmers to improve F. hepafica management and reduce
production losses in dairy cattle.

METHODS

Ethical Statement

All procedures and documentation used in this study were
approved by the La Trobe University Science, Health and
Engineering (SHE) College Human Ethics Sub-Committee
(CHESC) under negligible risk project 517-068, which was in
accordance with the ethical standards outlined by the Mational
Statement on Ethical Conduct in Human Research (2007) and the
Australian Code for the Responsible Conduct of Research (2007).

Survey Distribution and Questions

The survey was piloted in 2013 to 19 dairy farmers in the
MID. After minor amendments, the survey was distributed
to Victorian dairy farmers vig hard copy and online
(SurveyMonkey®) from June 1, 2017, to December 30,
2017 (Supplementary Datasheet 1). The survey consisted of
34 questions split into five sections section 1: location and
research awareness, section 2: drainage and irrigation, section 3:
stock details and diagnostics, section 4: flukicides, and section 5
drenching practices. The questionnaire was made up of 16 closed
questions, eight multiple choice, seven open-ended questions,
two text questions, and one demographic question. No individual
identifying data were collected and survey respondents were not
required to complete all questions.
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TABLE 1 | A survey of Fascicla hepatica control practices on dairy farme in
Wictoria, Australia: demographic details of survey respondents.

Question Mumber of respondents (%)
Irrigation ragion
Cantral Goulbum (CG) 14 (33
Macalister Imigation Digtrict (MID) TG
Murray Valkey (MV) 4111
Uppar Murrsy (UM} 4111)
Temuambarry (T1&) 3
South Gippaknd 218
Loddon Valley L4 103
WWeatamn Victoria 103
Age (years)
18-24 o
2534 749
35-44 Q25
4554 12 (33
5564 38
€574 38
=75 208
Education
Sacondarny &i22)
TAFE or Trade qualificstion 4111)
Agzociate degres or diplkbma 10 128)
Bachslor's degres 10 28)
Postgraduate or mastar's 38
Mi rasporas 113
Gender
Male 2672
Femala 10 (28

Survey Respondents

Those who responded to the survey were volunteers recruited
both in-person and online. The survey was advertised on the
project website (www.flukecontrol.com), on dairy social media
platforms, and in-person at dairy-specific events in Victoria,
Respondents completed the survey during their own time. The
survey allowed respondents to skip questions and provide as
much or as little information as they wanted to provide. In total,
67 surveys were received and 36 respondents were included in the
analysis. The authors note that recruitment took place during the
“Victorian dairy crisis,” which saw large numbers of dairy farmers
leave the industry, sell-off stock, and cut back on expenses and
significantly lowered the confidence in the industry (18-20).

Analysis

Online surveys were downloaded into a proprietary spreadsheet
package (Microsoft Excel, Microsoft Corporation, Redmond,
USA) and hard copy results were transcribed directly into the
same spreadsheet. Results for the closed and multiple choice
questions are presented as frequencies and percentages (%)
of the total number of survey respondents. Questions that
received no responses have been included in the analysis.
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Given the relatively small number of survey respondents,
dependent variables could not be grouped by independent
variable categories such as irrigation region, calving type, and
herd size. Graphics were produced using Prism (GraphPad
Prism version 7.03 for Windows, GraphPad Software, San Diego,
California, USA, www.graphpad.com). Maps were developed
using the Geographic Information System Quantum GIS (QGIS
Geographic Information System; QGIS Association, http:/fwww.
qgis.org) using data obtained from the State of Victoria (21) and
State of Victoria (22).

RESULTS

Of the 67 survey responses, 31 that were submitted online were
excluded because they were incomplete (i.e., no answers were
provided to any of the survey questions). In total, 36 surveys from
Victorian dairy farmers were analyzed (Table 1), representing
about 4.2% of the ~854 irrigated farms that are exposed to
F. hepatica based on the known prevalence of 39% (8, 12).
A response rate could not be determined as the survey was
distributed online via email, social media, and e-newsletters as
well as hard copies being handed out at industry events.

Descriptive Statistics of Respondents and

Their Dairy Business

Seventy-two percent of the survey respondents were male, with
the majority aged between 45 and 54 years (Table 1). The highest
number of surveys was received from the central Goulburn
Irrigation District (1 = 14), followed by the MID (n = 7). All
other irrigation dairy regions were represented by at least one
respondent in this study (Figure 1). The average area of all dairy
farms was 427 ha, milking an average of 457 cows and rearing an
average of 138 heifers and 130 calves with a total stocking density
of 1.7/ha (Table 2). Of the 36 farms, 75% were split calving, 22%
seasonal calving, and 3% year-round calving (Table 3). Ninety-
two percent of farms had an irrigated pasture base and only one
farm in the study was identified as organic (Table 3). The most
frequently used method of irrigation was flood. Flood was used
solely on 56% of the farms and in combination with other types
of irrigation methods on 35% of the farms (Table 3). The second
most common method of irrigation was center pivot, followed
by laterals, sprays, and lineal move and one farm solely used a
traveling gun (3%) (Table 3).

Dairy Farm Management

All but two survey respondents identified that their farms had
problems with waterlogging (Table 4). The highest proportion
(53%) reported that between 1 and 19% of their farmland
had problems with waterlogging and 78% stated that stock
had access to these areas (Table 4). In addition, 61% of the
respondents reported that stock had access to irrigation channels
on their farms. Eighty-six percent of the respondents (31/36)
regularly conducted irrigation channel maintenance, often using
a combination of methods to improve water use efficiency.
The most common methods were spraying for weeds, fixing
leaking delvers, and excavating irrigated channels (Table 4). Two
respondents included other maintenance practices: one grazed
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TABLE 2 | A survey of Fasciola hepatica cortrol practices an dairy farmes in Victoria, Australia: descriptive statistics of farm area and stock numbera on esch of the farma

managed by the survey reapondenta.

Question n Mean (50)
Farm area {ha) & 427 [512)
Mo, of adults 36 457 [356)
Mo, of hefers = 12 morths 36 138 (1204
Mo, of calves - 12 montha 36 130 (102)

channels with stock and the other replaced channels with pipes
(Table 4).

F. hepatica Diagnostic Testing

The bulk tank mill ELISA (BTM ELISA) (23) was used to detect
F. hepatica on 33% of farms and liver fluke fecal egg counts
(LFEC) on 28% of farms (Figure 2A4). No other F. hepatica
diagnostic tests were used (Figure 24). The highest frequency of
testing occurred in adult milkers (Figure 2B). Forty-two percent
of the respondents tested once per year, 6% tested twice per year,
and one respondent tested three times per year (Figure 2B). For
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Median o, a3 Min, max
250 150, 524 40, 2,400
335 240, 883 40, 2,000
120 &5, 180 &, 700
a3 64, 203 0, 500

heifers and calves, only two farms tested these stock categories
(Figure 2B). Nineteen percent of the respondents reported that
they had tested for F. kepatica drug resistance, of which two stated
to have worked with the lead author (Figure 2A).

Flukicide Use

In 2015-2016, 72% of the respondents treated their stock for F.
hepatica (Table 5). TCBZ and CLOR were widely used across
stock categories. The highest frequency of treatments occurred
in milkers, followed by calves and heifers which received the
least F. hepatica treatments per year (Figure 3). CLOR was most
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TABLE 3 | A survey of Fascicla hepatica control practices on dairy farme in
Wictoris, Australia: types of farme, detais of imigation methods, and detais of
caling systams on sach of tha farme managed by the sunvey respondants.

Question Number of respondants (%)
Organic dairy system
“fag 103
No 35 [@7)
Farm typa
Imigated pasturs base 33 [@2)
Dinyland pasturs bass 103
Mo responza 218
Irrigation
Flaod 20 [36)
Traveling gun 1@
Flood and canber pivat 4(11)
Flood and linsal move 103
Flood and |aterals 26
Flocd and aprey 206
Flood, center pivot, and linear mowe 28
Flood, center pivot, and latsrals. 103
Mone 103
Mo rasponza 28
Calving system
“faarround 103
Split caking 27 [78)
Saszcnal caking B2

frequently used by the respondents to treat F. hepatica, followed
by TCBZ (Figure 3). Only one respondent used OXY to treat
all livestock categories (Figure 3). TCBZ and CLOR were used
once or twice per year, but some opted for a higher treatment
frequency in younger stock (Figure 3). The highest treatment
frequency for CLOR was three times per year, whereas the highest
frequency for TCBZ was six (Figure 3). For the preceding 5
years, flukicide use showed that CLOR was still the preferred
product for treating F. hepafica in dairy cattle (Figure 4A4).
Several respondents used multiple flukicides to treat F. hepatica
{Figure 4B}, but 41% solely relied on one flukicide chemical class
for the 5-year period. Of the respondents who reported they had
either used an external calf rearer or purchased stock, only 3 and
8% of the respondents quarantine treated and newly returned or
purchased animals (Figure 5).

Flukicide Administration

Survey respondents used a variety of methods to determine
when to treat their animals for F. hepafica. The most
frequent approach was to treat at dry-off (31%) (Figure 6A).
Other methods involved using various options: at dry-off and
during lactation (11%) and at dry-off and based on animals’
appearance (11%). Only two respondents used diagnostics to
inform treatment administration; one respondent solely relied
on diagnostics, whereas the other used it in combination
with other methods (Figure 6A). Treatment based on the
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TABLE 4 | A survey of Fascicks hapatice control| practices on dairy farms in
Victoria, Austrelia: percantags of farm waterlogged at any time during the year,
whethar or not cattle heve access to waterlogged arsas, and detals of imgation
maintsrancs on each of the farms managed by the survey respondents.

Question Mumbser of
respondents
%]
Percantage of farm waterlogged
o 208
1-18 1053
2030 3|
A0-59 (17
E0-70 208
a0-ag 4011
100 o
Cattle access to waterlogged areas
Yz 28 (78)
MNa 5(14)
Na resporiss 3@
Irrigation maintenance
Excavata 1@
Spray weads 3@
Spray weads and excavate 3@
(Greze with stock and excavate charnaelkz 103
Spray weads and fix leaking delers 11 [3)
Spray weads, fix lzaking debvers, and excavate channsk 11 [31)
Spray weads, replace delvers with pipes, and fix leaking delvera 103
Mo responss 411
Mang 1@
Access to irigation channels?
Yz 22 [B1)
Ma 11 (31)
Na rezponas 3@

animal’s appearance was often used to determine when to treat
(Figure 6A).

When purchasing a flukicide, respondents relied more heavily
on a single method of selection (59%), which was often based
on advice from a veterinarian (25%), previous use (14%), or
a recommendation from a reseller (14%), friend or neighbor
(3%), or farm advisor (3%) (Figure 6B). Twenty-five percent of
the respondents who used multiple methods to determine what
flukicide to purchase often included price, previous use, and
veterinarian advice as key criteria (Figure 6B).

Seventy-two percent of the respondents expressed an interest
in receiving more information about F. hepatica drenching
practices (Table 5). Sixty-nine percent of the respondents used a
single method to determine the flukicide dose to be administered
to their cattle (Figure 6C). A quarter of survey respondents
weighed the heaviest to determine the dose for the mob,
19% used the average group body weight, 17% estimated the
individual weight of animals, 6% weighed each animal, and
3% estimated the weight of the heaviest animal (Figure 6C).
Mineteen percent of the respondents used a combination of
methods to determine the dose; one weighed the heaviest and
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TABLE 5 | A survey of Fasciols hepatica control practices an dairy farme in
Wictoria, Australia: whether or not fluks treatrment wes camied cut in 2015-2016
and whether or not eepondents would be interested in receiving mors information
about fluke,

Cusstion Mumbsar of respondents [%)
Treated for fluke in 2015-20167

ag 2872

Mo 10 (28
More information about fluke?

fas 26 (72)

Mo a(25)

Mo respores 113

used a weigh tape (Figure 6C). One respondent who reported
other methods in Figures 6A,C was an organic farmer who did
not utilize flukicides. Instead, they incorporated copper three
to four times a year into the animal’s diet; the dose used was
determined by a nutritionist (data not shown).

DISCUSSION

Survey Response

The aim of this study was to document current fluke management
practices, fluke diagnostic test use, and flukicide use on irrigated
dairy farms in Victoria. Recruitment of survey respondents
during the 2017 dairy crisis was difficult. The Commonwealth
of Australid’s Senate Economics Reference Committee (18) noted
that during this time, the Australian dairy industry was facing
an unprecedented crisis affecting the livelihoods of 40% of
the 6,000 dairy farmers in Australia. The response rate could
not be determined as the survey was distributed on multiple
online platforms and hard copies were handed out at industry
events. We note that three surveys were returned with a note
stating the respondents had left the dairy industry. The reduced
participation numbers reflect the reduced confidence in the
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Australian dairy industry future, which has been in decline since
2016 (75-45%) and the intention of 24% of dairy farmers to leave
the industry within 5 years (19, 24). At the end of the 2015/2016
financial year, there were 4,141 dairy farms in Victoria; it has since
decreased to 3,516 farms in 2018/2019 (20).

Dairy Farms and Survey Respondentis
Coverage error was present in this survey, reflected by limited
geographical coverage, underrepresentation of farms in Victoria,
and overrepresentation of farms and herds of larger size
(Figure 1, Table 1). The Department of Agriculture and Water
Resources (25) found that the average Victorian dairy farm was
252 ha, milked 345 cows, and had a stocking density of 2.1
cows/ha. The overestimation of these variables may also be a
result of the phrasing of the survey question which asked for
total farm area, not total usable or grazed area, which would
have reduced the farms’ size and increased the stocking density.
Ninety-seven percent of farms had an irrigated pasture base
(Table 3). The predominate method of water application was
using the border-check irrigation method (known commonly as
flood irrigation), which is consistent with Watson and Watson
(8) and Ehan et al. (26) who found 50-60% of Victorian dairy
farmers solely used flood irrigation (Table 3). The descriptive
statistics obtained from the 36 respondents were consistent with
the work published by Schirmer et al. {27) who found the highest
proportion of dairy farmers were aged between 45 and 54 years
and the majority of respondents were male (=60%) (Table 1).

Integrated Parasite Management

MNon-chemical control options play a crucial role in reducing
the reliance on flukicides to treat F. hepatica. [PM strategies
focus on reducing F. hepatica egg contamination of pasture,
restricting host access to intermediate host habitat and limiting
host exposure to infective stages of F. hepatica. In this study,
42% of the respondents identified that more than =20% of their
properties had waterlogging problems (Table 4). Host proximity
to waterlogged areas, irrigation channels, and naturally occurring
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water bodies increases the risk of exposure and infection with
F. hepatica (28-31). Researchers in New Zealand also identified
that pugging caused by waterlogged soils increased intermediate
host population (Austropeplen fomenfosa and Pseudosuccinea
columella) within the pasture (32). Given that in this study,
stock on 78% of farms and 61% of farms had access to
waterlogged areas and irrigation channels, respectively, the risk
of contamination and exposure to either F. hepatica or the
intermediate host is potentially high (Table 4). Fencing could
play a key role in reducing stock access to these high-risk areas,
but Watson and Watson (8) found that fencing is typically
planned over a long period and is dependent on farm finances.

F. hepatica Diagnostics

Our survey results suggest that we should be advocating for
greater use of diagnostic tests as only 33% of farms used BTM
ELISA and 28% of farms used LFEC to inform decision- making
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(Figure 2A). The frequency of testing was the highest in adult
stock, whereas only two farms tested young animals (Figure 2B).
Given that young animals are generally reared on more marginal
paddocks, they are more vulnerable to F. hepatica and infection
can have flow-on effects that impact future animal fertility,
suggesting that increased testing should occurin these animals (5,
33, 34). The work by Mezo et al. (35) in Spain found that only 15%
of dairy farmers tested their cattle before flukicide administration
and most were unaware of the herds F. hepatica status. Farmers
instead relied on blanket preventative flukicide treatments. Kelley
et al. (12) identified the same trend in Victorian dairy farms as
several farmers were routinely treating their cattle with flukicides
even though the animals were not infected with F. hepatica. In
the United Kingdom, Easton et al (17) found that the lowest
use of diagnostic and resistance tests to inform decision-making
was in the dairy industry. In this study, 19% of the respondents
reported that they had tested for F. hepatica drug resistance
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(Figure 2A). Given we did not ask the farmers to explain their
method for testing for resistance, it is difficult to ascertain if
they followed best practice guidelines or used appropriate tests
to confirm resistance.

Flukicide Use

The survey findings suggest that the use of TCBZ and the
frequency of flukicide treatments in dairy cattle have decreased
from the recommendations laid out by Boray et al. (14). CLOR
was more widely used in all stock categories compared with
TCBZ and only one participant used OXY (Figures 3, 4A,B).
The most common approach was to treat all stock categories
annually except for TCBZ in heifers which were treated twice
per year (Figure 3). Forty-one percent of the respondents relied
on single actives (CLOR or TCBZ) and, in some cases, at a
high frequency (Figures3, 4B). Given that dairy farmers in
Australia are limited to using only TCBZ, CLOR, and OXY to
treat F. repatica, this raises concerns about the increased selection
pressures on these chemicals (Supplementary Datasheet 2) (36).
A large proportion of respondents relied on CLOR, which
is only sold in combination with ivermectin (Figure 3) (36).
Bullen (37) found that on 15 of 20 dairy farms tested in the
MID in Victoria, at least one nematode species was resistant to
doramectin. Globally, there have been three reports of CLOR-
resistant F. fepatica (38). It is challenging to assess flukicide
efficacy if the product is only effective against adult F. hepatica
(11). However, given the high use of CLOR in Australia, a
methodology for testing efficacy needs to be developed. The
study found that only a small number of respondents were
using OXY which could be incorporated into flukicide rotations
particularly in areas where TCBZ resistance has been identified
in Victoria (10-12). The United Kingdom and Ireland have
successfully communicated that TCBZ resistance is a growing
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problem, leading to increased OXY use in dairy cattle (15,
16). Another important component of IPM is to limit the
introduction and spread of resistant parasites by quarantining
newly purchased animals or animals returning to the farm.
Most respondents in this study did not isolate and treat animals
before joining them with the main herd; this breakdown in
quarantine was also observed by Mezo etal. (35) on dairy farms in
Spain (Figure 5).

Flukicide Administration

Boray et al. (14) recommended treating based on the season,
which only two respondents in this study used as a factor in
their decision-making. Instead, most of the respondents treated
at dry-off (Figure 6A). This is consistent with research in Ireland
and the United Kingdom where Selemetas et al (16) found
that 96% of farmers treated at dry-off and Bloemhoff et al. (15)
found that after the tightening of anthelmintic regulations, the
proportion treating at dry-off increased from 59 to 81%. Only two
respondents in this study used diagnostics to inform treatment
timing (Figure 6A). When purchasing a flukicide, respondents
relied heavily on a single selection method (59%), of which 45%
selected based on advice and 14% on previous use (Figure 6B).
Cornelius et al. (39) found that whoever sheep farmers sort advice
from significantly influenced what other control methods were
used on-farm. Farmers who relied on professionals (e.g., private
veterinarians, government veterinarians, or private consultants)
were more likely to use diagnostics to inform decision-making,
test for resistance, drench less, and be aware of IPM. Given that
veterinarians and advisors were used by many dairy farmers
in selecting flukicides, one avenue for improving F. hepatica
management would be to educate those professionals who work
with dairy farmers (Figure 6B). This approach could then be
extended to include rural resellers. Easton et al (40) in the
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United Kingdom surveyed prescribers of anthelmintics and
identified several knowledge gaps which were then addressed to
improve advice given to farmers at point of purchase. Another
important IPM strategy is to avoid the underdosing of cattle
which limits the selection pressure for resistance. Besier and
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Hopkins (41) established that sheep farmers were poor estimators
of live weight, leading to 85% of farmers underdosing their
sheep for nematode control. Fighty-six percent of cattle farmers
also underestimated live weight but by a greater margin than
in sheep: 47% compared with 18% underestimation (41, 42).
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In this study, 50% of survey respondents estimated weight and
used average weights to determine flukicide doses (Figure 6C).
Underdosing is likely to be prevalent within the dairy industry,
given that only 40% were weighing the heaviest animal, weighed
each animal, or used weigh tapes to determine dose volume
(Figure 6C).

CONCLUSION

Seventy-two percent of the respondents who completed the
survey wanted more information on F. hepafica control
strategies. The evidence generated from this survey has identified
several areas where F. hepatica management in Victoria could
be optimized and has identified what IPM strategies need
to be communicated to dairy farmers. Our key findings are
as follows: (1) diagnostic tests are underutilized to inform
flukicide timing and management of F. hepatica in replacement
animals, (2) flukicide doses were not accurately determined
and underdosing is likely to be prevalent within the dairy
industry, (3) there was an overreliance on single flukicide
actives and OXY was rarely used to treat F. hepatica, and
(4) non-chemical approaches were not effectively utilized
and animals had considerable access to high-risk F. hepatica
areas on-farms. Coyne et al. (43) identified that the three
biggest barriers to change on sheep farms with confirmed
TCBZ resistance were overcoming habitual practices, economic
feasibility, and the increased complexity in implementing IPM
strategies. The best way forward for the dairy industry in
Victoria would be, firstly, to do a more extensive (regionally
representative) survey to establish regional differences in the
management of F. hepatica to generate the evidence base
for a tailored extension and control program. Secondly, we
recommend that an economic study should be performed on
the financial returns of implementing an IPM strategy on
dairy farms in Victoria (44). These steps will generate the
evidence base needed to encourage dairy farmers to overcome
the barriers to change and implement IPM strategies on
their farms.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

1. Penny . Report of Royal Comumission on Fluke. Launceston Examiner (Tas.:
1842 - 1899) (1369).

2, Watt . An approach to determining the prevalence of liver-fluke in
a large region. Im Procesdings of the 2nd Intermational Symposivm on
Veterinary Epidesiology and Ecowomics 711 May 1979, Canberra, Australia:
Australian Government Publishing Service. Retrieved from An approach to
determining the prevalence of liver fluke in a large region | SciQuest (1979).
p. 152-5.

3, McCansland I, Vandegraaff B, Mugent L. Fasciolissis in dairy cows on
irrigated pasture. Aust Vet J. (1980) 56:324-6. doir 10.1111/.1751-0813.1980,
th5739%

Frontiers in Veterinary Science | wwew frontiersin.ong

Auatralisn Liver Fiuke Control Stretegies

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by La Trobe University Science, Health and
Engineering (SHE) College Human Ethics Sub-Committee
(CHESC). Written informed consent for participation was not
required for this study in accordance with the national legislation
and the institutional requirements,

AUTHOR CONTRIBUTIONS

JE and TS conceptualization and writing — original draft
preparation. JK, MS, and TS: methodology, formal analysis, and
investigation. JK, TS, M5, GR, and TB: writing — review and
editing. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by funds from the Gardiner
Dairy Foundation and Dairy Australia. This funding provided
operational expenditure and salary support for the project
entitled Novel approaches to control the current threat of liver
fluke in Victorian dairy herds. La Trobe University provided
Ph.D). stipend support, in kind support, and supervised the
project. The Victorian Department of Jobs, Precincts and Regions
provided in kind support, and co supervised the project.

ACKNOWLEDGMENTS

We would like to thank the 36 dairy farmers who participated
in the study, Tim Elliott for assistance with the survey, and Will
Hume for his permission to use Supplementary Datasheet 2.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at:  https:iwww.frontiersin.org/articles/10.3389/fvets.
2021.669117/fullésupplementary-material

Supplementary Datasheet 1 | A copy of the hardoopy survey that was
dieseminated to daiy producers in Victoria, Australia.

Supplementary Datashest 2 | Flukicids products mgistersd for uza in cattia in
Australis heve been listed.

4. Schweizer G, Braun U, Deplazes P, Torgerson F. Estimating the financial
losses due to bovine fasciclosis in Switzerland. Vet Record, (2005) 157:188-03,
diod: 10,1136 157.7.158

5. Oakley G, Owen B, Knapp M. Production effects of subdinical liver

fluke infection in growing dairy heifers Vet Record. (1979) 104:503-7.
diodr 10.1136fvr.104.22.503

. Dairy Australis. Dairy farm guidelines for B]D contral. In: Best Practice

Re dations jor M the Risk of BID im Australian Dairy
Herds. (2015). Awailsble online at httpsiiwww.dairyaustralia.com.aw
resource -repository/ 20200709/ dairy- farm - guidelines- for-bjd- control#,
TCTImgz¥ull {accessed February 13, 2021).

7. Moran JB, Drysdale GE, Shambrook DA, Markham NE. A study of the key
prafit drivers in the Victarian dairy industry. In: Stone GM, editor. Proceedings

o™

June 2024 |Volume B | Article 29447

188



Chapter 7: Appendix

Kalley et al.

20

21,

2%

23

af Sth Congress of ihe Asian-A alasian A it
(20000, p. 54-7.

of Animal Prod

. Watson F, Watson D. Sustaimabilily Framework NRM Swrvey. (2015).

Awvailable online at: hittpfiwww.dairgingfortomorrow.com.a wiwp-content/
uploads/Australian- Dairy-Sustainabdl ity-Framework- NEM-Survey-2015.
pif: Dairy Australia (accessed February 14, 2021).

Lean 1, Westwood C. Playford M. Livestock disease threats associated with
intensification of pastoral dairy farming. New Zeahawd Vet J. (2008) 56:261-9.
dok 10108000480 160, 2008 36845

. Brodowell YM, Elliott TR, Anderson GE, Stanton B, Spithill TW, Sangster

NC. Confimnation of Fasciola hepatica resistant to  tridabendazole
in naturally infected Australian beef and dairy cattle. fmt J Parasitol
Drugs Drug  Resist.  (200d) 4d8-54  dok  10.1016/jipddr.2013,
11.005

Elliott TP, Kelley JM, Rawlin G, Spithil TW. High prevalence of
fasciolosis and eveluation of drug efficacy against Fasciola kepatica in
dairy cattle in the Maffra and Bairnsdale districts of Gippsland, Victoria,
Australia. Vet Panasitol. (2015) 209:117-24. doi: 10.101 &fivetpar. 2015,
02014

. Kelley JM, Rathinasamy V, Elliott TF, Rawlin G, Beddoe T, Stevenson

MA, et al Determination of the prevalence and imtensity of Fesciola
kepatica infection in dairy catle from six frrigation regions of Victoria,
South-eastern  Australis, further identifying significant triclabendazole
resistance on three properties. Vet Parasitol.  (2020) 277109019,
doi 10,101 & wetpar. 2019, 108019

. HortC. & survey of Fasciola hepatica infection of sheep and cattle in NSW and

Victoria. Im: Procesdings of the Australian Sheep Veterinary Society Conference:
The Australian Veterimary Association. (1998). p. 61-4.

Boray JC, Hutchinson G, Love S Liver Fluke Disease in Sheep amd Cattle.
NSW Agriculture (1999). Availsble online at hitpdfwww.wormboss.com.
an/fsheep- goats ffiles, /pages,worms flukes/liver-fAuke/Prime_Fact_448_Liver_
fluke_disease_in_sheep_and_cattle.pdf (accessed February. 16, 2021).

. Bloemhoff ¥, Danaher M, Forbes A, Morgan E, Mulcahy G, Power C, et al.

Parasite control practices on pasture-based dairy farms in the Republic
of Ireland. Vet Pamastol (2014) 204:352-63. doi 10.101&fvetpar.2014.
05,029

Selernetas N, Phelan P, O'Kiely P, de Waal T. The effects of farm management
practices on liver fluke prevalence and the current internal parasite control
measures employed on Irish dairy farms. Vet Pamsitol. (2015) 20722840,
doi 10.101 & wetpar. 2014.12.010

. Easton §, Pinchbeck GL, Bartley D, Hodgkinson JE, Matthews JB. A

survey of experiences of UK cattle and sheep farmers with anthelmintic
prescribers; are best practice principles being deployed at farm lewel?
Prevent Vet Med. (2018) 15527-37. dok 10,1016/ prevetmed. 2018,
04,009

Economics Reference Committee, Awstraliat Dairy Industry: Rebuilding Trust
and @ Fair Market for Farmers. (Senate Printing Unit, Parliament House,
Canberras Commomwealth of Australia) (2017). Available online at: https:/
www.aph.gov.aw Parliamen tary_Business/Committees/Senate/ Economics!
Dairyindustry/Report (accessed February 07, 2021).

Dairy Australia. Dairy situation and autlook June 2018, Tn: Natiosal Dairy
Farmer Survey. (2018). Available online at: https:www.dairyaustralia.com.
aufresource-repository/ 202000901 /dairy-australia-sitnation- and- outlook-
june- 20184 YCtedmgzbet (accessed February 07, 2021).

Dairy Australia. Cow o Farms Daia. (2021). Available online at: hitps:/
www.dairyaustralia.corn.awen/industry-statistics/ cow-and -farms- data#.
YCrUf2gzbet (accessed February 16, 2021),

State of Victoria, Postcode Bowndaries. Department of Environment, Land,
‘Water and Planning (2021). Available online at: httpsy/discover.data. vic.gov.
an/dataset/postcode- boundaries- polygon-vicmap-admin (accessed January
02, 2021).

State of Victaria. Irrigatio n District. Department of Envircnment, Land, Water
and Planning (2018). Awailable online at: https:iidiscover.data vic.gov.an/
datasetfirrigation-district (accessed January 30, 2021).
Salimi-Bejestani M, Daniel B, Felstead S, Cripps I, Mahmoody H, Williams D,
Prevalence of Fasciola lepatica in dairy herds in England and Wales measured
with an ELISA applied to bulk-tank milk. Vet Record Englisk Ed. (2005)
156:729-31. doi 10.1 1360 156.23.729

Frontisrs in Veterinary Science | wwawfrontisrsin.ong

Y

25,

28,

20,

30.

3.

34,

35.

36,

37.

39,

Australisn Liver Fuke Conirol Strategies.

Schirmer J, Yahsley B, Peel D, Mylede M, Hanigan I, Brown K. Wellbeing
of Dwairy Farmers: Findings From the 2014 Regional Wellbeing Survey
Farmers and  Agriculture Report. Centre for Research and  Action
in Public Heslthh University of Canberra (2014). Awvailsble online
at hittps: berra.edu. ilth ch-
institute/regional- wellbeing- survey/survey-resultsfreports#2014  (accessed
February 07, 2021).

Department of Agriculture and Water Resources. Answers to questions
on notice. Im Budpet Estimates May 2007, Estimates Committees:
Commonwealth of Australia (2017). Availsble online ab hittps:www.
aph.gov.au/Parlismentary_Business'Senate_estimates/ratctte/estimates’
bud1718/AG/index (accessed February 07, 2021).

Khan 5, Abbas A, Rana T, Carrall . Diairy Witer Use in Australian Diairy
Farmms: Past Trends and Futire Prospects. Melboume, VIC: CSIRO Water for
a Healthy Country Maticnal Research Flagship (2010).

Schirmer [, Mylekk M, Yabsley B. Wellbeing, Comumenity Conmections amd
Resiliemce of Dairy Farmers: Findings From the 2015 Regional Wellbeing
Swrvey, Centre for Research and Action in Public Health: Unbrersity of
Canberra (2015). Available online at: https:fwww.canberra.eduwaw/research/
institutes/health- research-institute/regional- wellbeing-survey/survey-
results/reparts#2014 (accessed Febrary 07, 2021).

Orverend D, Bowen F. Pesistance of Fasciola hepatice to triclabendazale,
Awst Vet [ (1995) TLIF5-6,  doi  10.1111/i1751-0813,1995,th0
EELTS 4

Alves T, Cameiro M, Martins 1, Bernardo C, Donatele D, Pereira Jinior
0, et al. Distribution and factors associated with Fasciola hepatica infection
in cattle in the south of Espirito Santo State, Brazil. | Venomous Anim
Taxius Inchad Trop Dis. (2011) 17:271-6. dob 10.1590/51678-9199201 10003
0000E

Kuerpick B, Conraths FJ, Staubach C, Froehlich A, Schnieder T, Strube C.
Seroprevalence and GIS-supported risk factor analysis of Fasciola hepatica
infections in dairy herds in Germany. Pasasitology. (2013) 140:1051-60.
dioid: 10.1017/30031 182013000395

Olsen A, Frankena K, Toft N, Thamsborg SM, Enemark HL, Halasa T.
Prevalence, risk factors and spatial analysis of liver fluke infections in
Danish cattle herds. Parasites Vectors. (2015) &160. doi: 10.1186/513071-015-
0F73-x

. Harris B, Charleston W. An examination of the marsh microhabitats

of Lymuaea tomentosa and L. columella (Mollusca: Gastropoda) by path
analysis. Mew Zeal | Zool. (1977) 4:395-9. doi: 10.1080/03014223.1977.
9517064

Takeuchi-Storm N, Denwood M, Hansen TVA, Halasa T, Rattenborg E, Boss
I et al. Farm-level risk factors for Fasciola hepatica infection in Danish dairy
cattle a5 evalusted by two diagnostic methods, Pamsites Vectors, (2017) 10,555,
diod: 10,1186/513071-017-2504-y

Takeuchi-Storm M, Denwood M, Petersen HH, Enemars HL, Stensgaard
AS, Sengupta ME, et al Patterns of Fasciola hepatica infection in
Danish dairy catler implications for on-farm control of the parasite
based on different disgnostic methods. Parasites Vectors. (2018) 11:674.
dod: 10.1186/513071-018-3248-2

Meza M, Gongilez-Wadeta M, Castro-Hermida JA, Ubeira FM.
Evaluation of the flukicide treatment pelicy for dairy cattle in Galicia
(MW Spain). Vet Parasitol, (2008) 157:235-43, doi 10.1016/jvetpar. 2008,
07.032

Hume W. A Review of Mawagement Strategies for Costrol of Fasciola
hepatica in Cattle in Sowth Eastern Awstralia. (Honours thesis) La Trobe
University (2018).

Bullen 5. Anthelmintic resistance in gastrointestinal nernatode parasites of
dairy catile in the Macalister Irigation District of Victoria, Aust Vit [L (2018)
94:35-4 1L doi: 10,1111 favj.12407

. Kelley |M, Elliott TP, Beddoe T, Anderson G, Skuce P, Spithill

TW. Current threat of tricabendazole resistance in  Fasciola
hepatica. Tremds Parasitol. (2016) 3245869, doir  10.1016/.pt.2016,
03.002

Cornelius M, Jacobson G, Besier B. Factors likely to influence the adeption of
targeted selective treatment strategies by sheep farmers in Western Australia,
Prevent Vet Med. (2015) 121:325-31, doir 10,1016/ prevetmed 2015,
08.004

June 2024 |Volume 8 | Article 882447

189



Chapter 7: Appendix

Kalley et al.

40

41.

4

LN

Easton 5, Barley D, Hotchkiss E, Hodgkinson JE, Pinchbeck GL.
Matthews JB. Use of a multige choice questionnaire to asess
UK prescribing channels’ knowledge of helminthology and  best

practice sumounding  enthelmintic use in livestock and horses.
Prevent Vet Med. (2016) 128:70-7. dob  10.1016/ prevetmed. 2016,
04.010

Besier B, Hopkins D. Farmers estimations of sheep weights to calculate
drench dose. J Dept Agric Western Aust Ser. (1989) 4:120-1.

Machila M, Fevre EM, Maudlin I, Eider MC. Farmer estimation of live
bodyweight of cattle implications for weterinary dmg dosing in East
Africa, Prevent Vet Med, (2008) 87:304-403, doi: 10.1016/j.prevetmed. 2008,
06.001

Coyne LA, Bellet C, Latham S5M, Williams D. Providing information
about triclabendazole resistance status influences farmers to change liver
fluke control practices. Vet Record. (2020) 187357, dok 1011360
105890

Frontiers in Veterinary Science | www.frontiersin.ong

Australisn Liver Fiuke Conirol Strategies

44. Tomes-Accsta [, Mendoza-de-Gives P, Aguilar-Cabellerc A, Cuéllar-
Ordaz ]. Anthelmintic resistance in sheep farms: update of the
situation in the American continent Vet Porasitol (2012) 18%80-06.
doir 10,101 6/jvetpar. 201 2.03.057

Conflict of Interest: The authors dedare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kelley, Rawlin, Beddoe, Stevenson and Spithil. This is an open-
wccess article distributed wnder the terms of the Creative Commmons Attribution
License (OC BY). The use, distribution or reproduction in other forums is permmitted,
provided tie origingl author (5) and the copyright ownen(s) are credited and that the
original publication in this fowrmal is cited, in accordance with accepted academic
practice. No wse, distribution or reproduction is permitted which does mot comply
witl these terms.

June 2021 |Volume & | Article 82117

190





