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Parasitic diseases are major constraints in fish mariculture. The anthelmintic praziquantel (PZQ) can effectively
treat a range of flatworm parasites in a variety of fish species and has potential for broader application than its
current use in the global aquaculture industry. In this review we report on PZQ’s current use in the aquaculture
industry and discuss its efficacy against various flatworm parasites of fish. Routes of PZQ administration are

evaluated, along with issues related to palatability, pharmacokinetics and toxicity in fish, while PZQ’s effects on
non-target species, environmental impacts, and the development of drug-resistance are discussed.

1. Introduction

Praziquantel (PZQ) is a broad-spectrum pyrazino-isoquinoline
anthelmintic that is effective against all forms of schistosomiasis in
humans (Andrews et al., 1983). However, while highly effective at
killing adult schistosomes, immature schistosomes show reduced
sensitivity to PZQ (Xiao et al., 1985) and the treatment does not prevent
reinfection (Chandiwana et al., 1991; Webster et al., 2013). PZQ has
broad application and since it became available has been integral to
control approaches at both the individual and community level against
numerous platyhelminth infections (Wegner, 1984; WHO et al., 2009;
Chai, 2013); in many cases being relied upon almost exclusively, for
example in the treatment of many foodborne trematode infections
(reviewed by Keiser and Utzinger, 2004). Along with an integral role in
treating human flatworm infections, it is used extensively in veterinary
practice (Andrews et al., 1983; Dayan, 2003; Doenhoff et al., 2009; Scala
et al., 2016). However, PZQ is not effective against all platyhelminths,
for example it is ineffective in treating Fasciola infections (Patrick and
Isaac-Renton, 1992; Chai, 2013).

PZQ’s effects on parasites can be dramatic and almost instantaneous;
however, PZQ’s mechanism of action is not completely understood. It
has been proposed that PZQ binds to voltage-gated calcium channels
altering membrane permeability to calcium, causing an influx of calcium
and disrupting calcium homeostasis. In recent years there has been in-
terest in transient receptor potential (TRP) channels as PZQ targets (Bais
and Greenberg, 2018) and a schistosome TRP (Sm.TRPMpzq) activated
by PZQ and with properties consistent with known PZQ effects on
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schistosomes has been identified (Park et al., 2019, 2021; Park and
Marchant, 2020). Other proposed mechanisms of action include inter-
ference with adenosine uptake, or the possibility of multiple targets
(current knowledge on mode-of-action is reviewed in Thomas and
Timson, 2018, 2020). The broad-spectrum anthelmintic activity of PZQ
appears to be based on several effects, which are dependent on the type
of parasite, its location in the host, and the host’s immune system, with
more than one effect possibly in action against any one parasite popu-
lation (Harnett, 1988).

PZQ has a wide margin of safety, and is generally considered safe in
animals, with very low toxicity, and no genotoxic risks identified in
yeast, bacterial, drosophila, and mammalian studies (Bartsch et al.,
1978; Frohberg, 1984; Kramers et al., 1991). PZQ is widely used as a safe
and effective dip or bath treatment for the removal of a range of parasitic
flatworms from ornamental fish, elasmobranchs (sharks, rays), teleosts
and turtles in residential aquaria, zoos, marinas and research labora-
tories (Moser et al., 1986; Thoney and Hargis, 1991; Adnyana et al.,
1997; Stetter et al., 1999; Chisholm and Whittington, 2002; Vaughan
and Chisholm, 2010; Hadfield and Clayton, 2011; Smith et al., 2017).
Along with widespread use in human medicine, veterinary practice, and
aquaria, PZQ has application in aquaculture. Here, we review PZQ use in
aquaculture, including the advantages and potential issues associated
with its applications for different parasites and hosts and in different
farming environments.
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2. Current use of PZQ in aquaculture

Worldwide food fish consumption continues to increase, with
aquaculture predicted to account for 54% of total fish production and
60% of fish for human consumption by 2030 (Kobayashi et al., 2015;
FAO, 2020). However, diseases are one of the main constraints on
aquaculture, with a range of pathogenic organisms, including parasites,
able to detrimentally impact fish health (Lafferty et al., 2015). Fish are
common definitive and intermediate hosts for a variety of platyhelminth
parasites (for reviews of fish parasites see Woo and Buchmann, 2012 and
Ogawa, 2015) and several factors in aquaculture systems can exacerbate
the consequences of parasite infections that would otherwise have
minimal impacts on the health of wild fish populations (Lafferty et al.,
2015).

PZQ has been an obvious control measure for platyhelminth para-
sites in the aquaculture industry. However, PZQ for the treatment of fish
for human consumption is only registered for use in a number of juris-
dictions worldwide, for only certain parasites under specific conditions.
In Japan, PZQ is the active ingredient of Hadaclean (Bayer Ltd.), Ben-
esaru (ASKA Animal Health Co., Ltd.), and Praziguard flavour for fish
(Riken Vets Pharma Inc.), and there are clear guidelines on how it can be
used. In 2000 the first of these products was approved by the Japanese
government for the treatment of skin fluke Benedenia seriolae in perci-
form fish by oral administration and to treat sea-caged Japanese
amberjack Seriola quinqueradiata; however, fish farmers have tended to
prefer hydrogen peroxide bath treatment over PZQ because of its
palatability problem. Since 2015, these products have been approved for
use in Japan to treat the blood fluke Cardicola opisthorchis infecting
cultured Pacific bluefin tuna Thunnus orientalis and are commonly used
by tuna farmers as the only available treatment measure. Several other
Asian countries including Vietnam, Thailand, Malaysia, and the
Philippines allow PZQ use in fish for food consumption (ASEAN, 2013).

Another example of PZQ use in aquaculture occurs in Norway, where
it is used as an oral treatment for tapeworms in Salmonidae, such as
rainbow trout Oncorhynchus mykiss and Atlantic salmon Salmo salar
(Lunestad et al., 2015). However, PZQ is not listed for use in fish for
human consumption by all governments and its use in aquaculture is
typically ‘off-label” under special veterinary justification. For example,
in Australia at the time of writing there are currently four valid permits
granted by the Australian Pesticides and Veterinary Medicines Authority
(APVMA) that allow use of PZQ in aquaculture—for the treatment of
blood flukes in Southern bluefin tuna Thunnus maccoyii and other
Thunninae, and for the treatment of B. seriolae and gill fluke Zeuxapta
seriolae in yellowtail kingfish Seriola lalandi (APVMA, 2018, 2020a,
2020b, 2020c).

Within this restricted regulatory environment, PZQ is used in the
treatment of various fish parasites and is an essential anthelmintic with a
distinct and valuable role to play in aquaculture (Ogawa, 2015; Bader
et al., 2019). However, the efficacy of PZQ treatment varies depending
on a range of factors, including the parasite, host, delivery route
(including palatability in oral delivery), and environmental conditions,
and evaluation of efficacy should be performed in the host-parasite
target system (Bader et al., 2019). Additionally, maximum residue
limits, withdrawal periods, and safety in the target fish species needs to
be considered when making evidence-based treatment decisions.

3. Delivery

When deciding on the most appropriate mode of PZQ delivery,
parasite, host, and environment need to be considered. The scale of
treatment should be considered—many studies are undertaken in
experimental settings, and certain methods are more practical, due to
convenience and cost, when treating larger fish populations as
encountered in industry.
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3.1. Oral delivery and palatability issues

Oral administration, with PZQ mixed in feed can be the most
convenient and cost-effective form of delivery, especially when treating
large populations of fish or in net pen culture. It is commonly used in
aquaculture, including for the treatment of Cardicola spp. infections of
Thunnus spp. in Japan and Australia (Ishimaru et al., 2013; Power et al.,
2019; APVMA, 2018, 2020c).

A major drawback of oral delivery is that it relies on the fish still
eating despite the infection and that uniform delivery can be hard to
achieve, leading to inadequate and/or inconsistent dosing among the
population. Parasitised animals may have decreased appetites
(Sitja-Bobadilla et al., 2006), feeding hierarchies may exist (McCarthy
et al., 1992), or the feed may be unappealing (Yamamoto et al., 2011).
PZQ has a bitter taste, with low palatability, and there have been several
reports of problems pertaining to feed rejection, vomiting and reduced
feed intake in several fish species (Sitja-Bobadilla et al., 2006; Williams
et al., 2007; Yamamoto et al., 2011; Forwood et al., 2013a, 2016b;
Partridge et al., 2014). This can be a significant issue, Yamamoto et al.
(2011) reported up to a 95% reduction in feed intake in chub mackerel
Scomber japonicus when PZQ was added to feed pellets at a PZQ dose of
150 mg/kg (dietary inclusion level of 0.5%; S.Shirakashi unpublished),
and low palatability of medicated feed has resulted in variations in ef-
ficacy and occasions where high treatment doses are ineffective at
removing parasites from various fish species (Hirazawa et al., 2004;
Sitja-Bobadilla et al., 2006; Williams et al., 2007, 2009).

The issue of palatability is linked to dietary inclusion levels; palat-
ability issues can become more of a problem when PZQ is at higher
concentrations. Lower concentrations of PZQ in feed have been tried;
however, using lower concentrations is not always possible (Partridge
et al., 2014). Similarly, no palatability issues were noted for Pacific
bluefin tuna when 15 mg/kg BW PZQ was coated on semi-defrosted sand
lance (Shirakashi et al., 2012a). Dietary inclusion level of PZQ was
approximately 0.05% (S. Shirakashi, unpublished). When the dose
required to effectively treat a parasite is relatively low, relatively low
dietary inclusion levels can be used to deliver an effective dose,
bypassing any palatability issues. However, when a higher effective dose
is required (e.g. the treatment of B. seriolae in Seriola spp.; Table 3) it
becomes more difficult to lower the dietary inclusion level and still
deliver an effective dose.

Several methods to increase feeding rates have been reported.
Lowering the PZQ dose (allowing for lower dietary inclusion levels) and
extending feed times has been trialled with some success in Seriola spp.
and spotted halibut Verasper variegatus (Hirazawa et al., 2004; Williams
et al., 2007; Partridge et al., 2014), as has withholding feed for a period
before treatment (Pool et al., 1984; Forwood et al., 2016b); however,
denying food is less than ideal when trying to achieve maximum growth
of fish (Yamamoto et al., 2011).

PZQ form and dietary application method can affect palatability
(Partridge et al., 2014). As a result, different methods of including PZQ
in feed have been trialled. These include using moist pellets, various
methods of incorporating PZQ into feed pellets (mixing with powder,
soaking, microencapsulation, use of nanoparticles), coating feed with
stimulants or scents (commercial attractants, fish oil, krill extracts,
sugar, or fresh garlic), or using coating or binding agents (carbox-
ymethyl cellulose sodium salt, agar, gelatine) (Williams et al., 2007;
Yamamoto et al., 2011; Blumenthal, 2014; Partridge et al., 2014, 2019;
Forwood et al., 2016b; Pilmer, 2016). These techniques have had limited
success. Delivery of only the (R) enantiomer failed to significantly in-
crease palatability of PZQ (Partridge et al., 2017). Recently in Japan, a
flavoured PZQ drug for aquaculture, Praziguard flavour for fish (Riken
Vets Pharma Inc.) which claims to increase the palatability by 40 times,
has been commercialized, but the detail of the product is unknown
(Patent application 2020-179,894).

Several feeding techniques have been reported to overcome the
palatability problem in some fish species. Mixing PZQ with carbon
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powder and delivering in pellet form has been developed and used for
treating skin flukes in Seriola spp. (Goto, 2019). When treating chub
mackerel at PZQ dose of 150 mg/kg BW, which is equivalent to dietary
inclusion of approximately 0.5% (S. Shirakashi unpublished), the
palatability issue was overcome to a degree by administering PZQ with
semi-defrosted frozen krill, after fish rejected PZQ-coated commercial
pellets (Yamamoto et al., 2011). Similarly, no palatability issues were
noted for Pacific bluefin tuna when 15 mg/kg BW PZQ was coated on
semi-defrosted sand lance (Shirakashi et al., 2012a). Dietary inclusion
level of PZQ was approximately 0.05% (S. Shirakashi, unpublished).
Alternatively, to treat blood flukes in ranched Southern bluefin tuna in
Australia, freshly caught sardines are injected with PZQ and then fed to
fish, giving good results (Benetti et al., 2016; APVMA, 2020a). However,
the lower effective PZQ dose required for the treatment of blood fluke
infection and option to use a lower dietary inclusion level means
palatability is less of an issue in tuna aquaculture.

Intubation, or oral gavage, can be used to deliver consistent amounts
of PZQ to fish and has been successfully applied in certain situations
(Pool et al., 1984; Kim et al., 1998; Williams et al., 2007; Forwood et al.,
2016b). However, it is only a research tool; it is time-consuming, labour
intensive and handling can stress fish, so is not a practical delivery
method on a commercial scale.

3.2. Injection

PZQ injection into treated fish is the most direct method of delivery
and ensures the correct dose. However, like delivery by intubation, it is
labour intensive and stressful to fish, which explains why little research
has been undertaken examining this form of PZQ administration. Its use
is most practical when small numbers of easy-to-handle fish are to be
treated, indicating possible utility for treating valuable broodstock, but
not for wider commercial application. To date it has been utilised in
experimental settings to successfully treat tissue-dwelling digeneans,
Posthodiplostomum minimum and Clinostomum. marginatum metacercaria
in bluegills and catfish, respectively (Lorio, 1989; Bader et al., 2018).
However, intramuscular injection of PZQ at 20 mg/kg body weight (BW)
was ineffective in treating Nanophyetus salmincola metacercaria in
salmon (Foreyt and Gorham, 1988). Oral administration was ineffective
against this parasite, and treatment failure may reflect the refractory
nature of the metacercaria stage to PZQ treatment rather than a lack of
drug absorption following injection administration (Foreyt and Gorham,
1988).

3.3. Bath and dip treatments

Bath or dip treatments allow for the uniform treatment of fish. Dips
are generally undertaken at high concentrations for short durations,
while baths are generally undertaken at lower concentrations and
typically last from a few hours to several days. PZQ has low solubility in
water and it is often dissolved in an organic solvent such as polyethylene
glycol, ethanol, DMSO, isopropy! alcohol or glycerol prior to subsequent
dilution and use (Schmahl and Taraschewski, 1987; Mitchell, 1995;
Sharp et al., 2004; Buchmann et al., 2011). PZQ bath and dip treatments
have been used to successfully treat a range of platyhelminth parasites,
with effective doses starting from as low as 0.25 mg/L and duration
typically ranging from 4 min to 2 days (Székely and Molnar, 1991;
Mitchell, 1995; Kim and Cho, 2000; Sharp et al., 2004; Hoai and Van,
2014). See Tables 1-3 for specific treatment details. Bath treatments at
2.5 mg/L for 30-60 min to remove skin and gill flukes from S. lalandi
provide an example of their use in a commercial setting (APVMA,
2020b). However, some bath treatments can require large amounts of
PZQ for the required effect, and may be prohibitively expensive or
impractical when needing to treat large volumes, for example in
sea-cage operations. Additionally, bath treatments in sea-cages can be
logistically difficult, and can be labour-intensive, weather dependent
and stressful on fish. Furthermore, the release of large volumes of water
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containing PZQ can have negative environmental impacts and implica-
tions for resistance development (Crane et al., 2008).

Bath treatments of ectoparasitic monogeneans allows for treatment
of the parasites even if they detach from the host, an advantage over oral
administration. Bath treatments can be effective against endoparasites
(see Tables 1-3). However, bath treatments may not be as effective when
hypersecretion of mucus occurs (Forwood et al., 2013b; Reed et al.,
2019), such as in response to gill monogenean infections (Thoney and
Hargis, 1991; Noga, 2010).

Stocking density is extremely important when administering bath
treatments, with instances of decreased PZQ efficacy against flatworms
reported at higher stocking densities (Mitchell, 2004; Mitchell and
Darwish, 2009). Treatment duration is important, and extending the
duration of bath treatments allows for significantly lower PZQ concen-
trations to be used, while retaining or improving treatment efficacy.
(Schmahl and Taraschewski, 1987; Székely and Molnar, 1991; Mitchell,
1995, 2004; Mitchell and Darwish, 2009). For example, Mitchell and
Darwish (2009) showed that doubling the bath duration time for grass
carp from 12 h to 24 h but dropping the PZQ concentration 12 x (9 mg/L
to 0.75 mg/L) resulted in significantly better treatment efficacy against
the Asian tapeworm Bothriocephalus acheilognathi.

4. Efficacy

Platyhelminths are traditionally divided into four group-
s—turbellarians, cestodes, digeneans and monogeneans—and except for
turbellarians are entirely parasitic, with fish or other aquatic animals as
hosts (Ruppert et al., 1994). Each group has distinct features, such as
their respective life cycles, the fish species they infect, and their mor-
phologies, which can influence the impacts they have on aquaculture
and the efficacy of PZQ treatments (Bader et al., 2019). As such, while
reviewing the situations where PZQ has been shown to be effective
against platyhelminths in fish and its use in the aquaculture industry, the
next sections will be discussed through the prism of these parasitic
subgroupings.

4.1. Cestodes

Cestodes, known as tapeworms, are endoparasites. Due to their
complex life cycle, cestodes are not common parasites in most aqua-
culture systems. The adult parasite typically resides in the digestive
tract, and adult cestode infections in fish are usually asymptomatic,
although several species can cause weight loss or morbidity if severe
infections occur. Metacestodes (larval stage of cestode) present in fish
muscle reduce the quality and market value of the fish; additionally,
some species can cause zoonosis, for example, Diphyllobothrium sp.
(Levsen et al., 2008; Lima dos Santos and Howgate, 2011).

Evaluating the effectiveness of PZQ in the treatment of cestodes in
fish has focused on treating the adult stage of B. acheilognathi (see
Table 1). Bath treatments with PZQ have been shown to be effective
against B. acheilognathi in grass carp Ctenopharyngodon idella, as well as
red shiners Cyprinella lutrensis and bonytail Gila elegans (Mitchell, 2004;
Ward, 2007; Kline et al., 2009; Mitchell and Darwish, 2009; Iles et al.,
2012). Doses as low as 0.25 mg/L for 24 h can completely eradicate the
parasite from grass carp (Mitchell, 2004). Oral administration of PZQ
through feed (105 mg/kg BW over 3 days) or intubation (35 mg/kg BW)
is effective at removing this parasite (Pool et al., 1984).

Several other adult cestodes have been cleared from fish using PZQ
as bath or oral treatments, including Senga sp., Atractolytocestus hur-
onensis, Khawia sinensis and Bothriocephalus scorpii (Sanmartin Duran
et al., 1989; Lewbart and Gratzek, 1990; El-Banna et al., 2008; Sudova
et al., 2010). Taken together, these results indicate PZQ is highly effi-
cacious against adult cestodes. However, there is uncertainty regarding
the efficacy of PZQ against other cestode life stages. A 10-day bath of
PZQ did not kill procercoids of Nybelinia sp. in the marine copepod
Tigriopus californicus (Moser et al., 1986). Additionally, eggs of
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Table 1
Use of PZQ in aquaculture against cestodes. B — bath, O — oral, I - intubation, Inj - injection. EXP — experiment, COM — commercial.
Parasite Fish species Delivery Dose (mg kg~ for oral, Efficacy dpt — days EXP or COM Reference
injection or intubation; mg L™! post treatment
for bath)
Atractolytocestus Oreochromis niloticus 0; in feed (in ration) for 1 d 40 100% EXP: 50 L tank El-Banna et al.
huronensis 60 prevalence reduced (2008)
to 10%
Atractolytocestus Cyprinus carpio O; I (in heat-treated amyloid 50 100% 4 dpt EXP: 250 L tank Sudova et al.
huronensis vehicle), single dose (2010)
Bothriocephalus Ctenopharyngodon O: I (saline solution), single 35 100%, 7 dpt EXP: 50 L tank Pool et al. (1984)
acheilognathi idella dose
O; in feed (coated pellet), 2 105 over 3d 100%, 6 dpt EXP: 1600 L
min feed every 30 min for 3 tank
d
Bothriocephalus Ctenopharyngodon B, 24 h. Fish stocking 0.25 100%, O dpt EXP: 10 L tank Mitchell (2004)
acheilognathi idella density at 6 g/L.
B, 12 h. Fish stocking 2.8 100%, 4 dpt
density at 69 g/L.
B, 24 h. Fish stocking 0.7 100%, 4 dpt
density at 69 g/L.
Bothriocephalus Gila elegans B,24h 1.5 100%, 1 dpt EXP: 454 L tank ~ Ward (2007)
acheilognathi
Bothriocephalus Ctenopharyngodon B, 6 h. Fish stocking density 12 Prevalence reduced EXP: 22 L tank Mitchell and
acheilognathi idella at 60 g/L to 10%, 3 dpt Darwish (2009)
B, 12 h. Fish stocking 9 66.7% prevalence
density at 60 g/L reduction, 3 dpt
B, 2 x 12 h, 3 d apart. Fish 1.5 96.7% prevalence
stocking density at 60 g/L reduction, 3 dpt
B, 24 h. Fish stocking 0.75 100%, 3 dpt
density at 60 g/L
B, 24 h. Fish stocking 0.75 Prevalence reduced
density at 120 g/L to 15%, 3 dpt
Bothriocephalus Cyprinella lutrensis B,24h 6 100% EXP: 1892 L Kline et al. (2009)
acheilognathi pool
Bothriocephalus Cyprinella lutrensis B, 2 x , 19 d apart 2.5 100%, 2.5 mpt EXP: 1098 L Iles et al. (2012)
acheilognathi mesocosm
Bothriocephalus Scophthalmus 0; 1, 3 doses over 3 d 5/d 100%, 12 dpt EXP: 1200 L Sanmartin Durdn
scorpii maximus seawater tank et al. (1989)
Khawia sinensis Cyprinus carpio 0O; I (in heat-treated amyloid 50 100%, 6 dpt EXP: 250 L tank Sudova et al.
vehicle), single dose (2010)
Senga sp. Channa micropletes B,3h 1 100% EXP Lewbart and

Gratzek (1990)

B. acheilognathi remained viable after treatments that killed the adult
tapeworm (Kline et al., 2009).

PZQ shows efficacy against Eubothrium crassum in rainbow trout
(Mitchell, 1993) and the FAO recommend using PZQ and fenbendazole
as treatments for infection by Eubothrium sp. in salmon (Jones, 2004).
Eubothrium spp. have been recognised as a problem in salmon farming in
Norway for decades (Bristow and Berland, 1991a, 1991b; Mitchell,
1993; Saksvik et al., 2001a, 2001b; Noga, 2010), and PZQ is used widely
in Norwegian fish farming; however, there is only limited information
on its application (NIPH, 2016). The recommended dose is 5 mg/kg BW
for 2 days orally in feed (FHF, 2006; Lunestad et al., 2015). The low dose
rate, and implied low dietary inclusion level, indicates palatability
should not be an issue when treating this parasite. There have been
reports of reduced efficacy of PZQ treatment when treating salmon for
Eubothrium infections in Norway, indicating the development of resis-
tance (FHF, 2006, 2008).

4.2. Digeneans

Digeneans, known as flukes, have a complex and diverse, indirect life
cycle, and most are endoparasites. Digeneans are common in wild fish,
where infections are usually asymptomatic, while unless the interme-
diate host—commonly aquatic snails, although sometimes fish—is pre-
sent, they are uncommon in cultured fish (Noga, 2010). Adult parasites
in fish are usually found in the intestine, though some, such as Apor-
ocotylids (blood flukes) reside in the cardiovascular system. With the
exception of Cardicola (see below), infections do not generally cause
significant problems unless they occur in large numbers. Metacercaria
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(larval stage) in the flesh or skin can reduce the market value of fish,
while in some cases can negatively impact fish health and lead to eco-
nomic losses (Noga, 2010; Ogawa, 2015). Where mammals are defini-
tive hosts, consumption of metacercaria in uncooked fish can result in
food-borne zoonosis in humans (reviewed in Keiser and Utzinger, 2004).

Infections with Cardicola are a primary health concern in ranched
Southern bluefin tuna (Nowak, 2004; Neumann et al., 2018) and farmed
Pacific bluefin tuna (Shirakashi et al., 2012b), and can inflict significant
losses on tuna aquaculture (the effects of Cardicola spp. on tuna aqua-
culture are discussed further in Balli et al., 2016). Juvenile Pacific
bluefin tuna up to one year old are most threatened by Cardicola spp. and
blood fluke-associated mortality can be greater than 50% (Shirakashi
etal., 2012a; Ishimaru et al., 2013). Oral administration of PZQ has been
shown to be very effective in treating infections in tuna with up to 100%
clearance reported following oral dosing from as low as 7.5 mg/kg BW
for 3 days (Hardy-Smith et al., 2012; Shirakashi et al., 2012a; Ishimaru
et al., 2013). This low PZQ dose means that there are no palatability
issues. PZQ shows efficacy in vitro for cercariae and even sporocysts of
Cardicola orientalis (Shirakashi unpublished data). However, reinfection
can occur, so if tuna remain exposed to the parasites infective stage
retreatment is required; Pacific bluefin tuna may need to be treated 3-5
times within the first half year in cages. Additionally, while very effec-
tive against adult flukes, PZQ is not efficacious against eggs or miracidia,
with eggs in gills remaining viable following treatment (Shirakashi
et al., 2012a).

While intubation with PZQ was used in initial experiments with
Southern bluefin tuna (Hardy-Smith et al., 2012) this is not practical for
use on an industrial scale and treatment with medicated feed is used. In
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Table 2
Use of PZQ in aquaculture against digeneans. B — bath, O — oral, I - intubation, Inj - injection. EXP — experiment, COM — commercial.
Parasite Fish species Delivery Dose (mg kg~ for oral, Efficacy dpt—days = EXP or COM Reference
injection or intubation; post treatment
mg L~ for bath)
Cardicola forsteri Thunnus maccoyii O;Ifor1d, 27 d post-transfer 75 95%, 24 dpt COM: ranching Hardy-Smith
to ranching pontoon 150 91%, 24 dpt pontoon et al. (2012)
Cardicola forsteri, Thunnus maccoyii O; injected in baitfish for 2 d, 30/d Not applicable COM APVMA (2018)
Cardicola orientalis 4-5 w post-transfer
Cardicola forsteri Thunnus maccoyii O, treated week 2 of ranching ~ 15/d 75-94% at 12 wpt ~ COM: ranching Power et al.
O, treated week 6 of ranching 94-~100% at 12 pontoon (2019)
wpt
Cardicola spp. (and Thunnus maccoyii (and O; injected in baitfish for 2 d, 15-30/d Not applicable COM APVMA (2020c)
other Aporocotylidae) other Thunninae) 3-8 w post-transfer
Cardicola opisthorchis, Thunnus orientalis 0; in feed (semi-defrosted 15/d 100%, 11 dpt EXP: 6 x 6 m net Shirakashi et al.
Cardicola orientalis Japanese sand lance) for 3 d cage (2012a)
Cardicola opisthorchis Thunnus orientalis O: in feed (semi-defrosted 7.5/d 100% EXP:6 x 6 x 4m Ishimaru et al.
Pacific sand lance) for 3 d sea cage (2013)
Clinostomum Morone chrysops x B,4h 4 77.1%, 7 dpt EXP: 80 L tank Mitchell (1995)
complanatum M. saxatili B,8h 8 93.9%, 7 dpt
B,24h 0.25 100%, 7 dpt EXP: 50r 80 L
tank
Clinostomum Carassius auratus 0; in feed for 3 d 138/d 100% EXP: 40 L tank Arakawa et al.
complanatum (2021)
Clinostomum marginatum  Ictalurus punctatus B,24h 0.65 + 15 mg/kg of fish 81%, 5.5 mpt EXP: 3.35 x Lorio (1989)
0.76 x 0.52 m
concrete vat
Inj; into muscle tissue below 25 72%, 5.5 mpt EXP: 17 m® pool
the posterior edge of the
dorsal fin, single dose
Clinostomum marginatum  Ictalurus punctatus B,2h 2 100%, 21 dpt EXP: 25 L tank Plumb and
Rogers (1990)
Diplostomum spathaceum  Salmo gairdneri O; in feed (dry pellets) for7d  330/d 66.8-92.2%, 140 EXP:1x1m Bylund and
dpt tank Sumari (1981)
O; in feed (dry pellets) every 4 330/d 92.0-97.6%, 180
d for 1 month dpt
Diplostomum spathaceum  Ictalurus punctatus B,2h 2 93%, 21 dpt EXP: 25 L tank Plumb and
Rogers (1990)
Diplostomum spathaceum  Ctenopharyngodon idella O; in feed (mixed in pellets) 330 100% EXP: 50 L tank Székely and
for1d Molnér (1991)
B, 20 min 50 94.4%, 10 dpt
B,1h 10 92.2%, 10 dpt
B,90 h 1 100%, 0 dpt
Diplostomum spathaceum  Hypophthalmichthys B, 20 min 50 96.8%, 10 dpt EXP: 50 L tank Székely and
molitrix B,1h 10 93.4%, 10 dpt Molnar (1991)
B,90 h 1 99.8%, 0 dpt
Diplostomum spathaceum  Barbus B,4d 10 100% EXP: 20 L tank Zuskova et al.
(2018)
Galactosomum sp. Seriola quinqueradiata 0; in feed (coated on feed 50/d not stated COM: 9 x 9 x Ido et al. (2019)
pellets) for 3 d 10.5 m net pen
Nanophyetus salmincola Oncorhynchus Inj; intramuscular, single dose 20 ineffective EXP:1 x 8 x 0.3  Foreyt and
tshawytscha O; force fed (capsule/ 100 ineffective m tank Gorham (1988)
solution) for 1 d
Posthodiplostomum Lepomis macrochirus Inj; in epaxial muscle lateral 5 ~100%, 14 dpt EXP: tank Bader et al.
minimum to the dorsal fin, single dose (2018)

Australia, PZQ is injected into freshly caught sardines Sardinops sagax
and fed to ranched Southern bluefin tuna at 15-30 mg/kg BW for 2 days
(Ellis and Kiessling, 2016; APVMA, 2018, 2020c). In Japan, where the
use of PZQ against C. opisthorchis was approved in 2015, the effective
dose is listed as 15 mg/kg BW for 3 days, and is delivered in feed mixed
in defrosted bait fish and dry pellets (Shirakashi et al., 2012a; Ishimaru
et al., 2013).

The Australian Southern bluefin tuna industry has utilised PZQ since
early 2013, and this coincides with lower mortalities, reported at < 1%,
compared to 10-15% in previous years (Dennis et al., 2010; Polinski
et al., 2013; Neumann et al., 2018). While not all pontoons are treated
due to economic considerations (Power et al., 2019), this may have a
beneficial effect, the refugia of untreated flukes maintaining a popula-
tion of susceptible parasites which may slowdown the development of
PZQ resistance (Alsagabi and Lotfy, 2014; Power et al., 2020). Later
treatment during ranching (at 6 weeks as opposed to 2 weeks
post-transfer), has been suggested as an effective method for controlling
adult Cardicola forsteri, allowing for a longer Southern bluefin tuna

91

ranching period (Power et al., 2019).

Other blood fluke infections of farmed fish treated with PZQ include
Paradeontacylix spp. in Seriola spp. and unidentified aporocotylid from
Scomberomorus niphonius (Nagano et al., 2013; Shirakashi and Ogawa,
2016; Shirakashi, pers. comms.).

PZQ is effective at treating juvenile stages of digeneans in fish, with
treatment used to avoid detrimental health impacts, maintain market
value, or to disrupt the parasites life cycle (Bader et al., 2017a). Treat-
ment by oral, bath and injection are effective under different conditions.

PZQ bath treatments have been shown to remove up to 100% of
Clinostomum. spp. in catfish and bass at concentrations starting from
0.25 mg/L (Lorio, 1989; Plumb and Rogers, 1990; Mitchell, 1995), while
oral administration and injection have been shown to significantly
reduce infections in goldfish and catfish, respectively (Lorio, 1989;
Arakawa et al., 2021). PZQ is also very efficacious against Diplostomum
spathaceum, with bath treatments shown to completely clear meta-
cercaria from fish or larval forms from freshwater snails (Moser et al.,
1986; Plumb and Rogers, 1990; Székely and Molnar, 1991; Voutilainen
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Table 3
Use of PZQ in aquaculture against monogeneans. B — bath, O - oral, I - intubation, Inj - injection. EXP — experiment, COM - commercial.
Parasite Fish species Delivery Dose (mg kg~ for Efficacy dpt — EXP or COM Reference
oral, injection or days post
intubation; mg L™ for  treatment
bath)
Anacanthorus penilabiatus Piaractus O;infeed2 x perdfor7d  30/d not effective EXP: 300 L Schalch et al. (2009)
mesopotamicus tank
Anacanthorus penilabiatus Piaractus B, 30 min 500 68.3%, 7 dpt EXP: 500 L Onaka et al. (2003)
mesopotamicus tank
Ancylodiscoides vistulensis Silurus glanis B,5h 10 15% prevalence EXP: 10 L Székely and Molnar
reduction, 3-4 tank (1990)
dpt
Benedenia seriolae Seriola lalandi B, 48 h, 7 w post-catch 2.5 100% EXP: 400 L Sharp et al. (2004)
tank
Benedenia seriolae Seriola lalandi 0; in feed (surface- 75/d 66.4%, 4 dpt EXP: 1.5 m Williams et al. (2007)
coating feed pellets) for 6 sea cage
d
O; Ifor3d 150/d 97.7%
Benedenia seriolae Seriola 0; I, single dose 450 78% EXP: 3.375 Williams (2009)
quinqueradiata m® sea cage
Benedenia seriolae Seriola lalandi O;1for3d 150/d 70% EXP: Williams (2009)
O;Ifor3d 75/d + 200/ 41% seawater
d cimetidine raceway
Benedenia seriolae Seriola O; in feed (pellets) for 3 d, 150/d 100% (large EXP: Hirazawa et al. (2013)
quinqueradiata 15 d after parasite fish), 76.7% 100-1000 L
exposure (small fish) tanks
Benedenia seriolae Seriola dumerili O; in feed (pellets) for 3 d, 150/d 100% (large EXP: Hirazawa et al. (2013)
15 d after parasite fish), 93% 100-1000 L
exposure (small fish) tanks
Benedenia seriolae Seriola lalandi O; in feed (microcapsules 64/d 100% EXP: 5 m® Partridge et al. (2014)
surface-coated) for 7 d tank
Benedenia seriolae Seriola lalandi O: I (moist pellet) for 3 d 165/d 100% EXP: 1000 L Forwood et al. (2016b)
flow tank
O: in feed (moist pellet) 70/d 81.6%, 2 dpt COM: 16 x 7
for 3 d. Fish stocking m sea cage
density of 3 kg/m*
Benedenia seriolae Seriola lalandi B, 30-60 min 2.5 Not applicable COM APVMA (2020b)
Benedenia lutjani, Benedenia rohdei Lutjanus B, 2 x 2 h, within 48 h 20 100% EXP: tank Whittington and Ernst
carponotatus (2002)
Benedeniella posterocolpa Rhinoptera bonasus B, 90 min 20 100%, 2 dpt EXP: 170 L Thoney (1990)
tank
Cleidodiscus sp. Pomoxis B,24h 1.5 incomplete EXP: 20 Bader et al. (2017b)
nigromaculatus removal, >80% gallon tank
Clemacotyle australis Aetobatus narinari O: in feed (inside food 40 no effect EXP:1.5ML Janse and Borgsteede
fish) for 1 d tank (2003)
B, 45 min 25 100%
Dactylogyrus intermedius Carassius auratus B,48h 135 93.3%, 6 dpt EXP: Zhang et al. (2013)
Dactylogyrus extensus Cyprinus carpio B, 180 min 5 100% EXP: 2L tank  Schmahl and Mehlhorn
(1985)
Dactylogyrus vastator Cyprinus carpio B, 90 min 10 "most worms EXP: 2L tank  Schmahl and Mehlhorn
killed" (1985)
B, 180 min 5 100%
Dactylogyrus vastator Carassius auratus B, duration not specified 20 80.3% EXP: 20 L Zhang et al. (2014)
tank
Dactylogyrus sp. Poecilia reticulata B,24h 3 100% EXP: 12 L Fridman et al. (2014)
tank
Dactylogyrus sp. Ctenopharyngodon B,48h 7.5 100% EXP: 1500 L Hoai and Van (2014)
idella tank
Diplectanum oliveri Argyrosomus B,2h 20 100% of adults EXP: 70 L Joubert (2012)
Jjaponicus tank
Gyrodactylus aculeati Gasterosteus B,2h 20 100% EXP: 2 Ltank  Schmahl and
aculeatus B,16 h 10 100% Taraschewski (1987)
Gyrodactylus sp. Oncorhynchus B,3h 10 97.7% EXP: 10 L Santamarina et al.
mykiss tank (1991)
Gyrodactylus salaris Oncorhynchus O; in feed for 10 d 800/d 39% prevalence EXP: 80 L Tojo and Santamarina
mykiss reduction tank (1998)
Gyrodactylus turnbulli Poecilia reticulata B,24h 3 89.1% EXP: 12 L Fridman et al. (2014)
tank
Gyrodactylus turnbulli Poecilia reticulata B,24h 3 78-100% EXP: 200 L Levy et al. (2015)
tank
Haliotrema abaddon Glaucosoma B,24h 2 ~97% EXP: 120 L Stephens et al. (2003)
hebraicum tank
Heteraxine heterocerca Seriola O; intubation (paste) for 50/d 100% EXP: 3.375 Williams (2009)
quinqueradiata 3d m® sea cage
Heterobothrium okamoti Takifugu rubripes O; in feed (feed pellets) 40/d 67.2% EXP: 100 L Hirazawa et al. (2000)
for 20 d tank

(continued on next page)
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Table 3 (continued)
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Parasite Fish species Delivery Dose (mg kg for Efficacy dpt — EXP or COM Reference
oral, injection or days post
intubation; mg L™ for  treatment
bath)
Heterocotyle tokoloshei Dasyatis B,12h 20 incomplete EXP: 4000 L Vaughan and Chisholm
brevicaudata parasite removal  tank (2010)
0O; 1, single dose 150 100%, 10 dpt
Hexabothriidae Aetobatus narinari O: in feed (inside food 40 no effect EXP:1.5ML Janse and Borgsteede
fish) for 1 d tank (2003)
B, 45 min 25 100%
Lepidotrema bidyana Bidyanus O: in feed (surface coated ~ 75/d 79% of adult, EXP: 500 L Forwood et al. (2013a)
feed pellets) for 6 d 64% of juveniles  tank
B,48h 10 99% of adults,
84% of juveniles
Lepidotrema bidyana Bidyanus B, 60 min 40 77% EXP: 50 L Forwood et al. (2013b)
tank
Ligictaluridus floridanus Ictalurus punctatus B,3 x3h,each72hapart 10 96% EXP: 80 L Benavides-Gonzélez
tank et al. (2014)
Merizocotyle icopae Neoheterocotyle ~ Rhinobatos typus B, 2 x 40 h, 48 h apart 5 100% EXP: 50 L Chisholm and
rhinobatidi Neoheterocotyle tank Whittington (2002)
rhynchobatis Troglocephalus
rhinobatidis
Microcotyle sebastis Sebastes schlegeli 0; 1, single dose 200 100% EXP: 50 L Kim et al. (1998)
tank
Microcotyle sebastis Sebastes schlegeli O; in feed (pellets) 200/d ~59% EXP: 2 x 2 x Kim and Cho (2000)
alternate days for 5 d 5 m net pen
B, 4 min 100 ~99.5%
Microcotyle sebastis Sebastes schlegeli 0; I, single dose 200 92.3% EXP: 50 L Kim et al. (2001b)
200 + 200 cimetidine 100% tank
Microcotyle sebastis Sebastes schlegeli 0O; 1, single dose 200 ~98% EXP: 50 L Kim and Kim (2002)
100 + 100 cimetidine ~97% tank
Neobenedenia girellae Verasper variegatus O; in feed (pellet) for11d ~ 40/d 65% EXP: Hirazawa et al. (2004)
100-500 L
tank
Neobenedenia girellae Scomber japonicus O; in feed (semi-defrosted ~ 150/d >81.4% COM: 4 x 4 Yamamoto et al.
frozen krill) for 3 d, m sea cages (2011)
33-35 or 39-41 dpt
Neobenedenia girellae Seriola O; in feed (pellets) for 3 d 150/d 76% (large fish), EXP: Hirazawa et al. (2013)
quinqueradiata 36% (small fish) 100-1000 L
tank
Neobenedenia girellae Seriola dumerili O; in feed (pellets) for 3 d 150/d 25% (large fish), EXP: Hirazawa et al. (2013)
19% (small fish) ~ 100-1000 L
tank
Neodermophthirius harkemai Negaprion O; for 3d 19/d no effect EXP: 25 M L Poynton et al. (1997)
brevirostris Inj, intramuscular, single 7.5 no effect tank
dose
Pseudodactylogyrus anguillae Anguilla B,25h 10 100% EXP: 17 L Buchmann et al. (1990,
tank 1993)
Pseudodactylogyrus anguillae Anguilla B;24h 5 95-100% EXP: 6 L tank  Buchmannetal. (2011)
Sparicotyle chrysophrii Sparus aurata O; in feed (pellets) for6d ~ 200/d Prevalence EXP: 250 L Sitja-Bobadilla et al.
reduced to 40% tanks (2006)
Zeuxapta seriolae Seriola lalandi B; 48 h, 7 w post-catch 2.5 100% EXP: 400 L Sharp et al. (2004)
tank
Zeuxapta seriolae Seriola lalandi 0; in feed (surface-coated 50/d 81.4% EXP: 1.5 m Williams et al. (2007)
feed pellets) for 6 d sea cage
O;I1for6d 50/d 100.0%
Zeuxapta seriolae Seriola lalandi 0; intubation for 3 d 150/d 100% EXP: Williams (2009)
150/d + 200/ 99.8% seawater
d cimetidine raceway
Zeuxapta seriolae Seriola lalandi O; in feed (microcapsules  64/d 100% EXP: 4 m® Partridge et al. (2014)
surface-coated) for 7 d tank
Zeuxapta seriolae Seriola lalandi O I (moist pellet) for 3 d 45/d 100% EXP: 1000 L Forwood et al. (2016b)
flow tank
O; in feed (moist pellet) 70/d 99.4% COM: 16 x 7
for 3 d. Fish stocking m sea cage
density of 3 kg/m®
Zeuxapta seriolae Seriola lalandi O; in feed (moist pellet) 70/d Not applicable COM APVMA (2020a)
for 3d
Zeuxapta seriolae Seriola lalandi B; 30-60 min 2.5 Not Applicable COM APVMA (2020b)
Zeuxapta seriolae Seriola dumerili O; in feed (pellets) for3d 150 80.4% EXP: 3 m3 Rigos et al. (2021)
cage

et al., 2009; Zuskova et al., 2018). Additionally, oral treatments at 330
mg/kg BW of rainbow trout, Oncorhynchus mykiss, grasscarp Cteno-
pharyngodon idella and silver carp Hypophthalmichthys molitrix can result
in 100% clearance after a single dose (Bylund and Sumari, 1981; Székely
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and Molnar, 1991). Further, a degree of prophylactic protection has
been observed following treatment. Similar to other cases of prophylaxis
reported following oral treatments (Hirazawa et al., 2000; Williams
et al, 2007, 2009), this only lasts a few days, reflecting the
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pharmacokinetics of PZQ, where even at high doses PZQ is completely
eliminated from fish within 1 week (Bylund and Sumari, 1981; Kim
et al., 2001a, 2003).

Several other juvenile digeneans have been effectively treated with
PZQ (see Table 2), including P. minimum in bluegills (Bader et al.,
2017a), and Galactosomum sp. in juvenile Japanese amberjacks (Ido
et al., 2019).

4.3. Monogeneans

Monogeneans are generally ectoparasitic. Monopisthocotylean
monogeneans usually feed on superficial layers of the skin and gills,
while polyopisthocotyleans tend to infect the gills and primarily feed on
blood (Noga, 2010; Hoai, 2019). The direct life cycles of monogeneans
enable them to accumulate in aquaculture, where intensive levels of
infections can cause considerable pathogenicity and economic losses
(Reed et al., 2019; Ogawa, 2015).

PZQ has been shown to be highly effective against both monop-
isthocotyleans (e.g. Sharp et al., 2004; Williams et al., 2007; Forwood
et al., 2013a, 2016b; Fridman et al., 2014) and polyopisthocotyleans (e.
g. Kim et al., 1998, 2001b; Hirazawa et al., 2000; Kim and Cho, 2000;
Partridge et al., 2014). However, several factors must be considered to
ensure the most effective treatment, including dose, mode of delivery,
treatment duration, and need for retreatment, with consideration given
to the type of monogenean and its life cycle.

Higher PZQ doses are generally required to remove skin flukes
compared to blood-feeding gill flukes. This reflects the higher levels of
PZQ present in blood and increased PZQ exposure to blood-feeding gill
flukes in contrast to those feeding on mucus and epithelial cells (Tubbs
and Tingle, 2006a; 2006b). Orally delivered PZQ is more effective
against polyopisthocotylean gill fluke Heteraxine heterocerca than
against monopisthocotylean skin fluke B. seriolae (Williams, 2009).
Additionally, PZQ bath treatment has been shown to be more effective
against Dactylogyrus infecting the gills than Gyrodactylus, a skin fluke
(Fridman et al., 2014).

As with most ectoparasites, bath treatments can work well and PZQ
doses starting from 2 to 3 mg/L can be effective (see Table 3). Feed
treatments can be effective; however, for some host-parasite combina-
tions high doses are required, which can be difficult to achieve with oral
applications due to palatability issues (Williams et al., 2007; Forwood
et al., 2016b). Additionally, PZQ treatment does not always kill mono-
geneans and they can detach and survive for short periods and continue
to produce viable eggs (Sharp et al., 2004; Hirazawa et al., 2013). The
efficacy of PZQ against several monogeneans is described in more detail
below.

Gyrodactylus salaris, which infests and lives on the body of Atlantic
salmon and trout has been described as perhaps the most economically
impactful ectoparasitic flatworm of fish (Blaylock and Bullard, 2014).
PZQ bath treatments have generally been effective against several
Gyrodactylus spp. (Schmahl and Taraschewski, 1987; Santamarina et al.,
1991; Fridman et al., 2014; Levy et al., 2015). However, a high dose
(800 mg/kg BW, 4% dietary inclusion level) oral treatment was inef-
fective at clearing G. salaris from rainbow trout, low palatability possibly
affecting consumption (Tojo and Santamarina, 1998). There have been
several reports that juvenile parasites are less susceptible to PZQ treat-
ment (Schmahl and Taraschewski, 1987; Santamarina et al., 1991).

B. seriolae infests the skin (and sometimes the eyes) of Seriola spp.
(Whittington, 2012) and is considered a significant risk to the sustain-
ability and profitability of Seriola spp. culture industries (Ernst et al.,
2002, 2005; Hutson et al., 2007; Hoai, 2019). Bath treatments can be
100% effective at removing B. seriolae from S. lalandi (Sharp et al.,
2004); however, they can be stressful of fish and logistically difficult in
sea-cage aquaculture so in-feed treatments have been pursued. The
recommended treatment regimen for B. seriolae in Japan is oral
administration of 150 mg/kg BW administered daily for three days. This
dose delivered orally (intubation or in-feed) can achieve complete, or
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almost complete, clearance in Seriola spp. (Okabe, 2000; Williams et al.,
2007; Hirazawa et al., 2013; Forwood et al., 2016b), though varying
results have been reported, likely resulting from palatability issues
(Williams et al., 2007, 2009; Forwood et al., 2016b).

B. seriolae eggs are refractory to PZQ (Sharp et al., 2004), while some
oral PZQ treatments of S. lalandi have shown less efficacy against ju-
venile B. seriolae (Williams, 2009; Forwood et al., 2016b). Rather than
representing an innate reduced susceptibility to PZQ, the continued
presence of juvenile flukes likely reflects their location on the host.
Forwood et al. (2016b) noted that juveniles found post-treatment were
predominantly located on the eye of the fish and hypothesised that these
parasites only have limited exposure to PZQ due to the poor vasculature
on the external surface of the eye, and that PZQ treatment is therefore
likely to be ineffective and retreatment must be strategically timed to
target migrating fluke.

Some monogeneans appear innately more susceptible to PZQ. Hir-
azawa et al. (2013) showed that of the two capsalid monop-
isthocotyleans B. seriolae and Neobenedenia girellae, N. girellae is less
susceptible to the effects of PZQ. N. girellae are one of the few mono-
geneans for which complete removal has been difficult to achieve with
PZQ treatment (Yamamoto et al., 2011; Hirazawa et al., 2013). Reduced
susceptibility is observed following oral delivery of PZQ in several fish
species, with limited efficacy (19-86%) treating N. girellae at 150 mg/kg
BW for 3 days reported (Hirazawa et al., 2004, 2013; Yamamoto et al.,
2011). Both immature and mature worms appear equally resistant to
PZQ (Yamamoto et al., 2011) while the viability of Neobenedenia spp.
eggs appears unaffected (Morales-Serna et al., 2018). The efficacy of
PZQ treatment against N. girellae varies depending on the host fish
species; with treatment found to be more effective for S. quinqueradiata
than with S. dumerili (Hirazawa et al., 2013). This highlights the need to
evaluate PZQ efficacy with the target parasite-host combination.

Z. seriolae, a polyopisthocotylean, attaches to the gill lamellae and
feeds on the blood of Seriola spp. (Grau et al., 2003; Mansell et al., 2005;
Hutson et al., 2007; Lia et al., 2007; Williams et al., 2007). As both
Z. seriolae and B. seriolae infect Seriola spp., PZQ treatment efficacy of
these parasites is often compared, and several studies have shown
Z. seriolae is cleared more effectively (Williams et al., 2007; Forwood
et al., 2016b). Baths at 2.5 mg/L for 24-h or longer are up to ~100%
effective against Z. seriolae in S. lalandi (Sharp et al., 2004) as is intu-
bation from doses as low as 45 mg/kg BW for 3 days (Williams et al.,
2007, 2009; Forwood et al., 2016b). As Z. seriolae is more susceptible
than some other monogeneans to PZQ, palatability issues associated
with oral delivery are less of a problem, and in-feed delivery of 64-70
mg/kg BW for 3-6 days can achieve >99% clearance (Partridge et al.,
2014; Forwood et al., 2016b). Like several other flatworm parasites,
despite high efficacy against adults, Z. seriolae eggs remain viable after
PZQ treatment (Sharp et al., 2004).

Microcotyle sebastis are polyopisthocotyleans that parasitise the gills
of several fish species, mostly of the genus Sebastes (rockfish). The
parasite has been responsible for high mortality rates among juvenile
fish in the Korean aquaculture industry (Kim et al., 1998). PZQ can
effectively treat M. sebastis infestations in juvenile cultured rockfish
Sebastes schlegeli; but ensuring adequate dosing under conditions seen in
aquaculture is vital, and as with some other parasites, repeated treat-
ments are needed due to reinfection in the field (Kim et al., 1998). A
4-min bath at 100 mg/L is well tolerated by rockfish and very effective,
removing >99% of parasites (Kim and Cho, 2000), while single treat-
ment intubations at 200 mg/kg BW have been able to achieve up to
100% treatment efficacy (Kim et al., 1998, 2001b; Kim and Kim, 2002).
However, a 3 day in-feed treatment at 200 mg/kg BW (2% dietary in-
clusion level) had less than 60% efficacy, and though feed intake issues
were not reported, it is likely that palatability issues led to low dosing in
some fish (Kim and Cho, 2000). One method shown to increase PZQ
treatment efficacy is co-administration with cimetidine (Kim et al.,
2001b; Kim and Kim, 2002). Cimetidine can affect the metabolism and
elimination of PZQ, leading to higher PZQ levels in the blood of



L.J. Norbury et al.

mammals and fish (Jung et al., 1997; Kim and Kim, 2002). This ad-
dresses a potential limitation of PZQ which can sometimes lead to
inadequately sustained PZQ levels.

While total clearance is often observed against adult monogeneans,
several studies have shown juveniles to be less affected (Schmahl and
Taraschewski, 1987; Chisholm and Whittington, 2002; Forwood et al.,
2013a), and eggs of many monogeneans are resistant to the effects of
PZQ (Thoney, 1990; Sharp et al., 2004; Sitja-Bobadilla et al., 2006;
Morales-Serna et al., 2018). This has implications for reinfections,
notably for monogeneans that produce filamentous eggs which entangle
in net cages and cause reinfection (e.g. Capsalidea and Mazocraeidea).
Eggs often entangle in net-cages and present opportunities for subse-
quent infection. Consequently, removal of at least some of the eggs
either through net cleaning or net changes is required to minimise
post-treatment infection while subsequent treatments must be timed to
remove the parasite before they mature (Sharp et al., 2004; Yamamoto
et al., 2011). Along with those monogeneans already mentioned, PZQ
has been shown through bath or oral treatments to effectively treat
several other monogenean parasites (see Table 3).

5. Pharmacokinetics

The use of PZQ in food fish can lead to residues in fish, and public
health authorities require safe drug withdrawal periods. In Australia, the
limit of detection, 0.02 mg/kg, has been set as the maximum residue
limit for PZQ in fish muscle (APVMA, 2019); this coincides with many
jurisdictions which have no set limit, thus requiring PZQ levels to be
below detection limits.

The pharmacokinetics of PZQ are largely similar in fish and mam-
mals, though in fish metabolism may be slower, resulting in parasites
being exposed to active drug for longer (Bjorklund and Bylund, 1987). In
general, and similar to mammals, short blood circulation times in fish
correlate with high metabolic rates (Brill et al., 2008). Japanese
amberjack and rainbow trout have circulation times of 1.3 min and 1.9
min respectively (Brill et al., 2008), in comparison mice have a blood
circulation time of only 15 s (Debbage et al., 1998). This more rapid
circulation combined with the fact PZQ undergoes significant first-pass
metabolism in the liver has been proposed to explain some of the dif-
ference between mammals and fish species (Partridge et al., 2019).

In fish, PZQ is rapidly absorbed with peak levels occurring in blood
from 30 min following administration by intubation, while rapid
metabolism results in elimination occurring within days (Bjorklund and
Bylund, 1987; Tubbs and Tingle, 2006a; Ishimaru et al., 2013; Xie et al.,
2015; Kogiannou and Rigos, 2021; Kogiannou et al., 2021). High doses
of PZQ take longer to be eliminated. Kim et al. (2003) showed that PZQ
was still detected in the skin of rainbow trout for up to 6 days when
intubated with 400 mg/kg BW, but for only 3 days when intubated at
200 mg/kg BW. These results can inform withdrawal periods for this fish
species; however, due to variations between fish species and dosing
regimens, withdrawal times should be determined for each species.

Additionally, variations in the environment impact PZQ metabolism
(Ishimaru et al., 2013; Xie et al., 2015). Following intubation, PZQ is
absorbed more rapidly at higher temperatures by rainbow trout (Bjor-
klund and Bylund, 1987); while salinity can influence PZQ tissue dis-
tribution and concentration in grass carp, with plasma and tissue levels
lower and PZQ more quickly eliminated when in brackish water
compared to fresh water (Xie et al., 2015). Further, fish size may in-
fluence PZQ uptake, with differences in PZQ absorption in the gastro-
intestinal tract between small and large Seriola spp. suggested as an
explanation for observations of reduced PZQ effectiveness among small
fish (Hirazawa et al., 2013).

Bioavailability can be influenced by mode of delivery. A comparison
of oral and intravenous administration of PZQ in S. lalandi showed peak
plasma and skin concentrations were almost twice as high following
intravenous delivery, though half-lives were similar and higher levels of
PZQ were detected in plasma compared to the skin by both delivery
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methods (Tubbs and Tingle, 2006a; 2006b). In bath treatments the main
route of absorption of PZQ is proposed to be through the gills, but a
small amount may be absorbed via the skin (Kim et al., 2001a). A study
in rockfish showed following bath treatment PZQ levels were approxi-
mately 10 times lower in muscle than plasma and were eliminated
quicker (Kim et al., 2001a). Alternatively, following oral administration
(either intubation or feed), PZQ concentrations tend to be at relatively
similar levels in serum and muscles in several species, while higher
levels are observed in the liver and kidneys (Bjorklund and Bylund,
1987; Ishimaru et al., 2013; Xie et al., 2015). Oral co-administration of
PZQ with cimetidine or in nanoparticles has been trialled to increase
PZQ bioavailability. Nanoparticles, despite showing promise in
mammalian studies, did not improve bioavailability in yellowtail king-
fish (Partridge et al., 2019). Alternatively, cimetidine co-administration
led to higher PZQ levels in the blood of rockfish and enhance treatment
efficacy against M. sebastis (Kim et al., 2001b; Kim and Kim, 2002).
although no improvement was observed when treating B. seriolae in
yellowtail kingfish (Williams, 2009).

Ensuring chemical residue levels are below accepted thresholds is
vital to ensuring consumer safety and maintaining consumer confidence
in the industry. A range of factors can influence PZQ pharmacokinetics
in fish; this variability means the fate of PZQ should be contemplated in
regard to each species under relevant conditions. This needs to be
considered both by authorities when stipulating withdrawal periods and
by producers to ensure PZQ levels are below prescribed limits.

6. Development of resistance to PZQ

Development of resistance to effective drug treatments is a major
threat to the future control of parasites. PZQ has been used widely to
treat schistosomiasis and other flatworm infections in humans and other
mammals for over 40 years, and during this time widespread resistance
to PZQ has not emerged. This may be due to potential multiple targets
and receptors for PZQ (Thomas and Timson, 2020).

Schistosomes with reduced sensitivity to PZQ have been generated in
the laboratory (Fallon and Doenhoff, 1994; Coeli et al., 2013), and while
schistosomes tend to exhibit reduced susceptibility rather than outright
resistance to PZQ, there have been several reports in the literature of
reduced efficacy of PZQ treatment of human schistosomiasis in the field
(reviewed in Greenberg and Doenhoff, 2017). Reduced susceptibility to
PZQ has not been limited to schistosomes, with reports of low cure rates
of C. sinensis infections in Vietnam (although a low dose was prescribed)
(Tinga et al., 1999; Chai, 2013), multiple PZQ treatments failing to cure
tapeworm Taenia saginata infections in India (Lateef et al., 2008), and
resistance reported in the zoonotic cestode Dipylidium caninum in dogs
(Jesudoss Chelladurai et al., 2018).

It is widely recognised that the exposure of parasites to subthera-
peutic doses of medicine promotes the development of parasite resis-
tance. This is demonstrated with PZQ, whereby schistosomes with
reduced susceptibility to PZQ were generated in the laboratory by
exposing snails harbouring the parasite to low doses of PZQ (Couto et al.,
2011). Obviously, this is relevant to aquaculture—if fish are not dosed
properly parasites can be exposed to suboptimal doses. Additionally, the
release of PZQ bath treatments or overfeeding in sea-cages, can result in
the spread of PZQ into the environment.

While PZQ has been used in aquaculture in Japan since 2000 we are
not aware of reports of any reductions in PZQ treatment efficacy against
B. seriolae infections. This may be due, at least in part, to PZQ not being a
common treatment method for skin fluke in Japan. By contrast, in
Norway where PZQ has been used as an in-feed treatment of tapeworm
infections of Atlantic salmon, Eubothrium sp., has developed resistance
to PZQ (FHF, 2006, 2008). Eubothrium spp. cause major losses to Nor-
wegian aquaculture (Saksvik et al., 2001a). No good alternative to PZQ
has been found to date. While fenbendazole, which is now used, is
efficacious against Eubothrium spp., it can have significant negative
side-effects, including decreased appetite during and after treatment and
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increased mortality, and is not recommended for use below 10 °C due to
increased side-effects (FHF, 2006, 2008; O’Brien, 2012). As a result, the
industry is now faced with using a treatment that does not always work
or one that causes serious side-effects and is now required to invest in
finding ways to better deal with the parasite.

Recent developments evaluating PZQ binding to the TRPMpzq of
schistosomes and Fasciola — PZQ susceptible and resistance organisms,
respectively — have identified single amino acid changes that can ablate
or confer responsiveness to PZQ (Park et al., 2021). This hints that PZQ
effectiveness against platyhelminths may be sensitive to a single muta-
tion, highlighting the possible ease with which reduced PZQ efficacy
could evolve.

While not widespread, the limited development of reduced suscep-
tibility to PZQ to date highlights that over-reliance on a single drug can
become problematic. Especially in the case of PZQ, which along with use
in aquaculture is the first-choice treatment for cestodes and trematodes
infections in humans and animals. Those using PZQ need to be aware of
the potential for resistance to develop among parasites, and that moni-
toring should be undertaken, and alternative strategies prepared. One
way suggested to slowdown resistance development is to leave some
parasites untreated, i.e. worms in refugia, which maintains a population
of susceptible parasites (van Wyk, 2001; Hodgkinson et al., 2019). PZQ
use as a component of integrated pest management, that considers
parasite life cycles such as those outlined by Huston et al. (2020), can
ensure maximum treatment efficiency and facilitate long term
effectiveness.

7. Side effects and toxicity of PZQ

Only a limited number of toxicity studies have been undertaken, with
PZQ sensitivity shown to vary between fish species. The 96-h median
lethal concentrations (LC50) for grass carp Ctenopharyngodon idella, ju-
venile North African catfish Clarias gariepinus and golden shiners Note-
migonus crysoleucas ranged from 50 to 61 mg/L (Mitchell and Hobbs,
2007; Nwani et al., 2014), while barbels and goldfish were more sen-
sitive to PZQ, with 96-h LC50 of 28.6 mg/L and 29.2 mg/L, respectively
(Zhang et al., 2014; Zuskova et al., 2018). Some fish species, including
clupeoids, appeared to be more sensitive to PZQ (Thoney and Hargis,
1991; Obiekezie and Okafor, 1995). Argyrosomus japonicus died within
18 h when exposed to PZQ solution at 20 mg/L and showed signs of
stress upon exposure to 2 mg/L (Joubert, 2012). Additionally, some
juvenile fish were more sensitive (Thoney and Hargis, 1991).
C. gariepinus fry had a 24-h LC50 of just 13.4 mg/L and mortalities were
observed by 48 h at PZQ concentrations as low as 3.5 mg/L (Obiekezie
and Okafor, 1995).

Nwani et al. (2014) proposed that PZQ had neurotoxic properties to
explain the range of adverse reactions, including fish mortalities, that
have occurred in some bath studies. Eels can become paralysed within 1
min at PZQ concentrations above 600 mg/L and within 18 min at 120
mg/L, while a range of adverse effects, including impaired swimming,
swimming upside down, loss of equilibrium, respiratory distress, and
bursts of hyperactivity have been reported in a number of fish species
during PZQ bath treatments, although behaviours return to normal upon
removal from treatment (Schmahl and Mehlhorn, 1985; Buchmann,
1987; Székely and Molnar, 1990, 1991; Janse and Borgsteede, 2003;
Onaka et al., 2003; Joubert, 2012; Forwood et al., 2013b).

In general, the effective doses used to treat flatworm infections in fish
are much lower than the levels that cause adverse effects. While some
high concentration doses reported to be effective result in adverse ef-
fects, in many cases it has been shown that treatments for a longer
duration at lower concentration are equally or more effective (Mitchell
and Darwish, 2009). Mitchell and Hobbs (2007) demonstrated that bath
treatments with low concentrations of PZQ can have a large safety
margin (>30-fold).

Further, while no phenotypic changes or mortalities may be observed
at effective treatment concentrations, long term sublethal doses (5.35
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mg/L for 10 days) can elicit changes in catfish that indicate toxicity,
such as micronucleus induction and alterations of haematological and
biochemical parameters (Nwani et al., 2014). Changes in antioxidant
biomarkers in the liver and muscle of barbels at therapeutic doses (10
mg/L) have been reported (Zuskova et al., 2018), as have minor hae-
matological changes in Nile tilapia Oreochromis niloticus exposed to
40-60 mg/kg BW for up to 96 h (El-Banna et al., 2008) and common
carp Cyprinus carpio intubated with 30-50 mg/kg BW (Sudova et al.,
2009).

Oral applications of PZQ have a wide safety margin with few side
effects. Even large oral PZQ doses did not result in toxicity to fish; for
example, no adverse effects were reported in rainbow trout adminis-
tered 500-800 mg/kg BW (Bjorklund and Bylund, 1987; Tojo and San-
tamarina, 1998) or Japanese amberjack up to 450 mg/kg BW (Williams,
2009). Adverse effects have not been reported following injections in
several fish species at therapeutic concentrations from 5 to 25 mg/kg
BW (Foreyt and Gorham, 1988; Lorio, 1989; Poynton et al., 1997; Bader
et al., 2018); however, mortality has been recorded in S. lalandi
post-administration of a 100 mg/kg BW intravenous dose (Tubbs and
Tingle, 2006b). Several fish species, such as Atlantic salmon and
yellowtail kingfish, show no toxic effects when exposed to PZQ levels
several fold higher than the recommended dose (Lunestad et al., 2015;
Forwood et al., 2016a), and no haematological or biochemical indices
indicated stress in S. lalandi intubated with 500 mg/kg BW (Forwood
et al., 2016a).

Following treatment of Schistosomiasis in humans, the severity of
some adverse events correlate with infection intensity and are due to
dying parasites and the body’s response (Polderman et al., 1984; Stelma
et al., 1995). The potential for mortalities in fish linked to PZQ’s action
on internal parasites exists. Mass mortalities in goldfish have been linked
to treatment with PZQ and trichlorfon, with drug treatment proposed to
activate mass C. complanatum metacercaria excystment resulting in le-
thal damage to fish; treatment before metacercariae fully develop has
been proposed to avoid this outcome (Arakawa et al. 2021).

In summary, even though PZQ is relatively safe, toxic levels can be
reached in bath treatments. Additionally, some variation is seen in
sensitivity to PZQ between fish species, so suitable treatment levels must
be carefully ascertained for each species and life stage, while in some
cases the timing of treatment may need to be considered to minimise
detrimental impacts from dying parasites.

8. Persistence in the aquatic environment

It is important to understand how quickly PZQ degrades in the
aquatic environment for several reasons, including treatment efficacy
and to evaluate environmental implications. From a treatment
perspective, when undertaking bath treatments, it is critical that dosing
levels are maintained for the duration of the treatment to ensure effi-
cacy; subtherapeutic levels can result in incomplete parasite removal,
with implications on costs and fish health, and the potential develop-
ment of PZQ resistance by the target parasite. Alternatively, following
use in aquaculture, the release of PZQ into the aquatic environment can
be problematic; leading to the development of resistance, while the
possibility of effects on off-target species in the water column and
sediment can have profound environmental implications.

In recent years there has been an increased focus on pharmaceuticals
in the environment, and concentrations of antibiotics at elevated levels
have been found in the vicinity of aquaculture farms (Cabello, 2006;
Morley, 2009). However, while PZQ has been identified at low levels
(7.8-15 pg/L) in wastewater, linked to its widespread use in human
medicine and agriculture (Perisa and Babic, 2014), little work has been
done examining the persistence and effects of PZQ in the aquatic
environment.

In general, treatments used in aquaculture, such as PZQ, have a high
potential to reach the aquatic environment; although, release depends
on how it is delivered and the aquaculture system in which it is used
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(Crane et al., 2008). As a result of overfeeding or reduced appetite,
medicated feed may not be eaten becoming available to the environ-
ment, and this is considered a major route of environmental contami-
nation with aquaculture medications (Boxall et al., 2008). Alternatively,
in sea-cages exploitative wild fish or crustaceans may take up feed.
Additionally, following treatment PZQ can be excreted by fish (Bjor-
klund and Bylund, 1987), although the relatively efficient metabolism of
PZQ and low activity of its metabolites is expected to limit this type of
exposure. Following bath treatments, residual chemicals are either
released into the surrounding water or diverted to local wastewater
treatment (Grant, 2002). A more thorough review of the release of drugs
used in aquaculture into the environment is given by Boxall et al. (2008)
and Metcalfe et al. (2008).

Several factors, such as pH, oxidation, UV, and temperature can in-
fluence the stability of PZQ in the laboratory (Hashem et al., 2017).
However, how this translates to PZQ degradation in specific aquatic
environments has not been thoroughly studied and there is a lack of
information concerning the fate and stability of PZQ following its use in
aquaculture. PZQ degrades naturally, but variably, in marine aquaria,
with PZQ levels sometimes dropping to below detection limits in as little
as 2 days (Crowder and Charanda, 2004; Thomas et al., 2016). While
this indicates PZQ can degrade in marine ecosystems, quick breakdown
has been proposed to be dependent on the presence of microbial pop-
ulations rather than an inherent instability of PZQ in seawater, as no
drop in PZQ levels was observed after 15 days in a sterile system
(Thomas et al., 2016). It should be noted that marine samples showed
minimal degradation over 81 days when kept refrigerated (Crowder and
Charanda, 2004).

Potential residue formation of PZQ in marine sediments has been
studied. Delivery of PZQ as medicated feed in sea-cages is expected to
result in the presence of PZQ in sediment (Hormazabal and Yndestad,
1995). Lunestad et al. (2015) reported only limited degradation of PZQ
in seabed sediment over a month; a 50% reduction in PZQ levels in the
top layer of sediment (<2 cm) and no reduction in a lower layer (5-7
cm). This persistence of PZQ in sediment would result in extended
exposure to bottom-dwelling organisms. However, PZQ was below the
detection limit (<0.01 mg/kg dry weight) in sediment taken from
directly below sea-cages during and after PZQ treatments at an aqua-
culture site (Ido et al., 2019). Here, PZQ levels were monitored in a field
setting during oral treatment of S. quinqueradiata at 50 mg/kg BW/day.
PZQ was detected in surface water at low levels during treatment in the
net pen (3 pg/L) and up to 30 m away (0.13 pg/L), but by 3 days
post-treatment PZQ levels in the net pen had reduced significantly (0.08
pg/L) and were below detection levels (<0.1 pg/L) in surrounding water
(Ido et al., 2019). Combined with no PZQ detected in sediments, the
results suggested rapid dispersion and a lack of accumulation of PZQ in
this setting.

In some scenarios, residual PZQ can be sent to waste treatment,
however this method may not always eliminate PZQ prior to release into
the environment (Perisa and Babic¢, 2014; Marsik et al., 2017) and
several methods for PZQ removal from waste water and the aquatic
environment have been suggested, including phytoremediation (Marsik
etal., 2017) and photodegradation (Havlikova et al., 2016; Cizmic et al.,
2017). However, as relatively little work has been undertaken on
monitoring PZQ release and its effects on the environment, it is not
known if such treatments are necessary. Further studies on preferred
disposal methods of PZQ-contaminated water, monitoring at aquacul-
ture sites and evaluation of possible environmental risks are needed to
better inform decisions in this area.

9. Effects on non-target species

Despite expected release of PZQ into the surrounding environment
following its use in aquaculture, there are relatively few published re-
ports on the ecotoxicological impacts of PZQ use. Levels of PZQ released
following aquaculture may generally be expected to be relatively low
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and therefore it may be assumed that risks from acute toxicity in non-
target species is low; however, the unintended outcomes caused by ef-
fects on non-target species should not be underestimated.

While there have been limited reports of resistance to PZQ devel-
oping, arguably the greatest risk posed by PZQ in the environment is the
development of resistance. Subtherapeutic doses of drug have been
shown to induce reduced susceptibility in Schistosoma hosted by snails.
This risk extends to other platyhelminths, whether those targeted for
treatment in aquaculture, or those in the surrounding environment that
may be inadvertently exposed to residual PZQ.

The effects of PZQ on non-targeted platyhelminths in the aquatic
environment is an obvious concern. PZQ is highly effective at killing
both free-living and parasitic flatworms. PZQ has been shown to rid
flatworms from coral aquaculture (Barton et al., 2021), while doses as
low as 0.07 mg/L are effective at killing trematodes infecting some snails
(Moser et al., 1986). Killing or exerting selective pressure on parasitic
platyhelminths can have effects on host-parasite interactions. Parasitic
platyhelminths can be common natural stressors of freshwater and
marine organisms and can have significant effects on host physiology
and population structure (reviewed in Morley, 2009). Additionally,
turbellarians are free-living non-parasitic flatworms, some of which play
an important role in watercourse ecosystems and are often very
important as bio-indicators that influence food webs (Martens and
Schockaert, 1986; Kolasa, 2000; Manenti and Bianchi, 2014).

Platyhelminths, along with a variety of other organisms are present
in seabed sediments. This is an environment where PZQ has been shown
to accumulate, resulting in the potential for extended exposure to
bottom-dwelling organisms (Lunestad et al., 2015). Bottom-dwelling
organisms are important in organic decomposition and sediment
leaching, and toxic effects on these organisms can detrimentally affect
these processes.

The consequences of PZQ in the environment does not just stem from
killing flatworms. Planarians are capable of regenerating bodies when
heads or tails are amputated. PZQ can disrupt this regeneration; when
the planarian Dugesia japonica is exposed to PZQ, worms regenerate with
two heads, with duplicated and integrated central nervous systems and
organs (Nogi et al., 2009).

In addition to effects on flatworms, there is some evidence that PZQ
is effective at treating some protozoan parasite infections, including
Giardia sp., Epistylis sp., Trichodina sp., and Entamoeba histolytica (Flisser
et al., 1995; Mohammad, 1998; Hoai and Van, 2014). This opens the
possibility that PZQ may be capable of killing or detrimentally effecting
protozoans that maintain the ecology of aquatic environments through
their importance to food webs and nutrient recycling (Vickerman,
1992).

The effects of PZQ on certain molluscs, arthropods and plants has
been reported. The infection intensity of parasitic Crustacea Lernaea sp.
on common carp is reduced at PZQ concentrations greater than 2.5 mg/L
after exposure for 48 h (Hoai and Van, 2014), while some estuarine snail
species infected with trematodes have been reported to die after 10 days
exposure to 0.89 mg/L (Moser et al., 1986). Alternatively, PZQ is well
tolerated by the snail Cornu aspersum upon exposure to 1.8 mg per snail
(equivalent to approximately 210 mg/kg/BW) to treat Brachylaima
metacercariae (Gallego and Gracenea, 2015) and Lunestad et al. (2015)
reported no toxic effects against a variety of marine bottom-dwelling
organisms such as mussels, snails, crustaceans or polychaetes. Addi-
tionally, PZQ shows very low toxicity against the dung beetle Aphodius
constans, with an LC50 > 1000 mg/kg, although larvae may change
colour following exposure at high concentrations (Hempel et al., 2006).
Alternatively, and of environmental significance, PZQ has lethal effects
on the common earthworm Lumbricus terrestris, at levels (<11.5 mg/kg)
that may be expected to be encountered in pastures grazed by treated
animals (Goodenough et al., 2019). This is a vital keystone species
involved in maintaining functional soil ecosystems.

PZQ’s effects on plants vary. PZQ induced responses associated with
stress and detrimentally affected growth of Thale cress Arabidopsis
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thaliana at 1.5 mg/L (Landa et al., 2018). However, the common reed
Pragmites australis exhibited no signs of stress when exposed to up to 200
mg/L of PZQ and was able to metabolise PZQ and remove it from water,
suggesting a possible role in phytoremediation (Marsik et al., 2017).

While PZQ is considered specific against platyhelminths, a fact
reinforced by the generally wide margin of safety observed when used as
an anthelmintic treatment in fish and mammals, as outlined here several
reports have detailed adverse effects from PZQ against organisms that
are not platyhelminths. This has implications when assessing the envi-
ronmental impact of PZQ. It also highlights the need for more extensive
study to ascertain the true extent of the specificity and impact of PZQ on
aquatic and terrestrial organisms.

10. Conclusions

PZQ has efficacy against a broad range of flatworm parasites and is
used by the aquaculture industry to treat several parasites in different
fish species. PZQ’s high efficacy against several parasites of considerable
importance, combined with its low toxicity and rapid metabolism and
elimination from fish, presents it as a therapeutic that should continue to
enjoy wide utility in aquaculture in coming years. While regulated for
treatment of fish for human consumption with clear guidelines on use
and withdrawal periods in several jurisdictions, PZQ enjoys a somewhat
restricted regulatory environment and is used off-label under veterinary
justification in certain parts of the world.

Variation exists regarding the efficacy of PZQ treatments. Certain
parasites are more innately susceptible to PZQ, while mode of delivery
and fish species also influencing treatment efficacy. To ensure PZQ can
be optimally utilised by the aquaculture industry, further work is
required to refine administration and dosage against a wider range of
parasites, with specific emphasis on target host-parasite systems and
safety in target fish species. To ensure PZQ remains a sustainable,
effective control option, administration should ideally be informed by a
knowledge of the target-parasites lifecycle and should be used in
conjunction with other parasite management strategies to avoid devel-
opment of parasite resistance to PZQ.

The current issues with palatability in feed are an obstacle that needs
to be overcome before PZQ can be further embraced by the aquaculture
industry. High PZQ treatment doses necessitating high dietary inclusion
levels currently limit oral PZQ administration for treatment of certain
parasites. As in feed delivery can be the most convenient form of
administration in commercial aquaculture this represents an obvious
problem. Bath treatments can represent a viable alternative; however,
logistical complexity, costs and stress on fish can limit their utility in
commercial settings. Feeding techniques, different formulations to mask
taste, and methods to increase bioavailability have been trialled with
only limited success and further work is needed to overcome this issue.

As with any medication used by the aquaculture industry, PZQ needs
to be used in a prudent and responsible manner to minimise potential
negative impacts. While often considered highly specific to flatworms
PZQ can produce adverse impacts in other organisms and non-target
species. The high probability of release of PZQ into the aquatic envi-
ronment following use in aquaculture systems means monitoring for
environmental impacts or resistance development is vital. Resistance to
PZQ among Eubothrium sp. already impacts salmon farming in Norway,
while the discovery that even a single mutation to TRP (the possible site
of PZQ action in parasites) ablates responsiveness highlights the ease
with resistance development may be possible. Further work needs to be
done to better understand and address the environmental concerns and
the ecological impacts of PZQ.

While PZQ is undoubtably an important component in some current
aquaculture systems, and has potential to continue to be used by the
aquaculture industry to treat a range of fish parasites, further work is
required to ensure PZQ’s potential is fully realised and it can remain a
viable treatment option in the future.
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