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ABSTRACT

The intensification of freshwater aquaculture worldwide has facilitated the
propagation of the parasitic ciliate protozoan Ichthyophthirius multifiliis Fouquet,
1876 commonly known as “fish white spot” or “Ich”. Ichthyophthirius multifiliis
infections lead to high mortalities, generating significant economic losses in most
cultured freshwater fish species worldwide. Until recently, malachite green was
the chemical treatment traditionally used to control I multifiliis infections. Its
reclassification as carcinogenic to humans and its subsequent ban for use in food
fish has left the industry without any suitable treatments. Currently, in-bath
formaldehyde and sodium chloride treatments are the most common option used
in farm systems to control I. multifliis infections. Given their low efficacy, however,
they are not considered as sustainable long-term options. There is, therefore, an
urgent necessity to find efficacious alternatives for controlling I multifliis
infections. The general aim of this research project was to improve the
management of I. multifiliis infections in order to develop more comprehensive,
environmentally friendly and sustainable therapeutic strategies for use in
freshwater food fish aquaculture.

The present PhD-thesis present first a literature review chapter providing
an overview and critical assessment of chemotherapeutants and physical
interventions tested within the last 30 years against I. multifiliis infections. The
experimental worked consisted of a number of in vitro and in vivo trials were
conducted using experimental scale flow-through, static tank systems and
commercial scale raceways within a rainbow trout hatchery, in addition to
molecular work on different isolates of the parasite. The results of this research

are organised into three experimental chapters which describe the testing of
IV
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chemical and non-chemical treatments against I. multifiliis infections and work
undertaken to determine the most suitable molecular markers to identify L
multifiliis isolates.

In the first experimental chapters, the possibility of efficiently controlling 1.
multifliis infections through the administration of novel environmentally-friendly
chemical treatments (e.g. bronopol and peracetic acid-based products) was
investigated. The results clearly showed that bronopol and peractic acid-based
products have a strong biocidal/cytotoxic effect against all free-living stages of L
multifiliis (e.g. tomonts, cysts and theronts). The administration of high
concentrations of bronopol (e.g. 20, 50 and 100 mg L-1) over short periods of
exposure (e.g. 30 min) significantly reduced the survival of tomonts, cysts and
theronts and delayed the development of I. multifiliis tomonts and cysts. Prolonged
low concentrations of bronopol (eg. 1 mg L-1) greatly reduced the survival of
infective theronts, although such treatment did not affect the ability of surviving
theronts to subsequently infect a host. When tested in vivo, the continuous
prolonged exposure (e.g. 27 days) of low concentrations of bronopol (e.g. 2 and 5
mg L-1) had an impact on the population dynamics of I multifiliis, this being
demonstrated by a significant reduction in the number of trophonts developing
within the fish. Low concentrations of bronopol (e.g. 2 mg L-1) administrated as a
preventive treatment prior to infection also proved to be very successful at
reducing the colonisation success of I. multifiliis. Peracetic acid administrated at
low concentrations (e.g. 8, 12 and 15 mg L-1) over a short window of exposure (e.g.
1 h) displayed a strong biocidal effect against all the free-living stages of I
multifiliis (e.g. tomonts, cysts and theronts). The bronopol and peracetic acid-based
products tested here both appear to be capable of disrupting the development of
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the cyst stage of I multifiliis which is seldom reported for chemotherapeutants
currently used against this parasite. These results suggest that bronopol and
peracetic acid-based products have a place in the arsenal of treatment options for
controlling I. multifiliis infections in commercial aquaculture systems.

The use of a mechanical device or a biological control agent to remove the
cyst stage of I. multifiliis and the impact of such control on the population dynamics
and the levels of infection of fish were also investigated. The results revealed that
tomonts preferentially settle and encyst on the base of culture systems and on
biofilm-covered substrates. The survival of the tomont stage is greatly affected by
the composition of the substrate upon which it settles and is significantly lower on
polypropylene-based plastic. The lining of raceways in a commercial rainbow trout
hatchery with a low-adhesion polymer created a smooth surface facilitating the
dislodgement and elimination of the cyst stage of I. multifilis by natural flushing or
brushing. The physical removal of the cyst stage alone, through the use of a
mechanical device or substrate detrivorous/algae feeder as a biological control
agent, significantly reduced the propagation of I multifiliis to a low level of
infection without the need to deploy an additional chemical treatment. These
studies demonstrate that the cyst is a key stage in the dynamics of I multifiliis
infection and its removal from the fish culture systems could constitute an
effective and simple mean of managing I. multifiliis infections.

The third experimental chapter explores the utilisation of molecular marker
to characterise different isolates of I multifiliis. The results highlight the
unsuitability of the rDNA region (ITS-1 and ITS-2) and the strong potential of the
mtDNA (COI) as molecular markers to discriminate isolates of I multifiliis from

distant geographical locations. It is suggested that genetic “barcoding” using
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mtDNA is the most effective method to identify I. multifiliis isolates. Importantly,
genetic “barcoding” could allow associating I. multifiliis strains or geographical
isolates with particular properties as regards their ecophysiology, pathogenicity
and sensitivity to treatment, in order to improve the management of I. multifiliis
infections according to the specific genetic isolate encountered.

This research project demonstrates the efficacy of a range of new
approaches against the propagation of I multifiliis. Together, our findings
contribute towards the development of a more effective and integrated system for
managing [ multifliis infections in farm systems. The utilisation of physical
methods and of environmentally friendly chemotherapeutants holds great
potential for the control of I. multifiliis infections in organic fish production and in

a broader context to any freshwater food fish farms affected by I. multifiliis.
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Sara Picon Camacho Chapter 1, General Introduction

The following introduction starts with an overview of the state of world
aquaculture highlighting the importance of freshwater fish farming. It continues by
focusing on the situation in the United Kingdom (U.K.) where the aquaculture
production is clearly dominated by two single species: Atlantic salmon, Salmo salar
L., and rainbow trout, Oncorhynchus mykiss Walbaum. Finally, this introduction
provides an overview of the current knowledge on the ciliate protozoan
Ichthyophthirius multifiliis Fouquet, 1876, commonly known as the freshwater
“white spot” or “Ich”. The worldwide distribution of this parasitic disease is
described and its significance within the U.K. rainbow trout industry is underlined
before addressing the taxonomy, life-cycle and control methods for I multifiliis
infections within the food-fish aquaculture industry.

The expansion of freshwater aquaculture worldwide and the intensification
of the production systems have facilitated the propagation of I. multifiliis infections
which generate significant economic losses every year in most cultured fish
species worldwide. Traditionally, malachite green was the universal chemical
treatment used to control I. multifiliis infections in both ornamental and fish-food
aquaculture. However, the reclassification of malachite green as carcinogenic to
humans and its subsequent ban throughout the European Union and USA for use in
fish produced for human consumption has left the fish-food industry without an
effective treatment (Matthews, 2005; Dickerson, 2006; Noga, 2010). There is
therefore an urgent necessity to find efficacious alternatives to malachite green for
controlling I. multifliis infections in farmed fish.

The present PhD thesis explores a range of new treatments and practical
management strategies to assist freshwater farm managers in the control of L

multifiliis infections. It is anticipated that the present results will find application in
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commercial freshwater rainbow trout and salmon facilities in the U.K. but also in
the broader sense, to any freshwater farmed food-fish species susceptible to L
multifiliis. In addition, part of this thesis investigates the identification of new
molecular markers to identify possible intra-specific variation in I multifiliis
populations and the possible implications of intra-specific variation in the

management of I. multifiliis infections.

1. World finfish aquaculture production

The aquaculture sector has shown a strong and steady annual growth rate of 6.5%
between 2002 and 2007 which contrasts with the volume of captured fish
production that remained stable over this period (FAO, 2009a). The global
aquaculture production of fish, crustaceans and molluscs reached 50.3 million
tonnes in 2007 for a value of USD 87 million and contributed by 36% in volume
and 49% in value to the worldwide fishery production (FAO, 2009a). The
aquaculture production was largely dominated by freshwater fish (26.8 million
tonnes) followed by diadromous fish (3.3 million tonnes) accounting for 83.8%
and 10.4% respectively of the global aquaculture fish production. Amongst the first
30 aquatic species (fish, crustaceans and molluscs) produced, a total of 7 cyprinids
were found and the group of species accounted overall for 38% in volume of the
global aquaculture production. Besides cyprinids, the main single fish species
produced were Nile tilapia, Oreochromis niloticus (2.1 million tonnes, rank 9) and

Atlantic salmon, Salmo salar (1.4 million tonnes; rank 11)(Figure1).
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Figure 1. Total world aquaculture production and major freshwater finfish species
production from 1998-2006. Production is expressed as thousands of tonnes. Data

obtained from FAO (2009a).
Despite the strong growth of the global aquaculture sector within the last
few decades, it is estimated that the global aquaculture volume must increase by
40 million tonnes by 2030 in order to meet the projected increase in demand for

fish protein, as estimated from the current trend in the world human population
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(FAO, 2009b). As highlighted in the FAO report (2009b), the global increase in the
demand for fish protein is likely to be further accentuated by a number of factors.
First, there is a current trend towards a reduction in the price of the major
aquaculture species (cyprinids, tilapia, salmon and shrimp) due to more efficient
production systems and the higher volume produced. In addition, there is an
increasing awareness of the health benefits of eating fish containing high levels of
unsaturated fatty-acid (omega-3 and omega-6) and essential fatty acids (EFA).
Accordingly in some inland areas such as Eastern Europe where poultry, pig and
beef are still the major sources of protein, it is forecasted that the proportion of
fish in the diets will increase. Finally, in developing countries where the
production of terrestrial farmed meat can be naturally restricted or comparatively
expensive such as in West African coastal countries, fish can provide up to 50% of
the protein intake. However, the limited availability of infrastructures
compromises the inland transportation of freshly captured fish. Freshwater
aquaculture is therefore increasingly regarded and often promoted as a highly
beneficial activity in developing countries worldwide, providing sustainable
development and local wealth, protein sources and health promoting nutrients

(FAO, 2009b).

2. Aquaculture in the United Kingdom

In 2008, the British aquaculture sector generated approximately £600 million
pounds and was largely dominated by finfish, valued at £500 million for a total
volume of 144.000 tonnes. Over 98% of the national finfish aquacultural
production was derived from two species: Atlantic salmon (129,000 tonnes;

89.7%) and rainbow trout (12,000 tonnes; 8.5%) (Reese, 2010) (Figure 2). Other
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finfish species produced from aquaculture in the United Kingdom in 2008 were
cod (1,822 tonnes), brown trout (70.8 tonnes), sea bass (20 tonnes), turbot (19.5

tonnes) and Nile tilapia (15.5 tonnes) (Reese, 2010) (Figure 3).

1.7%

8.5%

M Atlanticsalmon

H Rainbow trout

i Other

Figure 2. Relative contribution of Atlantic salmon, rainbow trout and other
finfish species to the British finfish aquacultural sector in 2008. Production is

expressed as percentage by weight of the total production. Data obtained from

Reese (2010).
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Figure 3. Relative contribution of finfish species other than Atlantic salmon
and rainbow trout to the British finfish aquaculture sector in 2008. Production
is expressed as percentage by weight of the total production. Data obtained

from Reese (2010).
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Within the United Kingdom, Scotland is the largest aquacultural producer
accounting for, in 2008, 80% of the volume (144,079 tonnes) of the national
output, followed by England and Wales (14%, 24,891 tonnes) and Northern
Ireland (6%, 10,872 tonnes) (Reese, 2010). In Scotland, the freshwater production
of Atlantic salmon smolts has been fluctuating over the last ten years (1998-2008)
and showed an historical peak of 47.5 million smolts produced in 2006. In
comparison, the volume of Scottish rainbow trout has been increasing from 4,913
tonnes in 1998 to 7,670 tonnes in 2008 (+ 56.1%) (Marine Scotland, 2009) (Figure
4). In 2008 in Scotland, there were a total of 31 companies and 66 sites registered
for the production of rainbow trout and of 38 companies and 130 sites involved in

the freshwater production of Atlantic salmon (Marine Scotland, 2009).
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Figure 4. Production of Atlantic salmon smolt and rainbow trout in Scotland from
1998 to 2008. Data are expressed in thousands of tonnes in the production of
Atlantic salmon smolts and in tonnes in rainbow trout production (Marine
Scotland, 2009).
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3. Ichthyophthirius multifiliis

The expansion and often intensification of aquaculture worldwide has lead to the
rapid spread of certain diseases by the introduction of new hosts and through the
transportation of live infected fish (Guo & Woo, 2009). Protozoan parasites are
some of the most harmful parasitic diseases infecting freshwater teleosts (Scholz,
1999). Among these, ciliated protozoans cause significant losses in freshwater

aquaculture, the most important species being Chilodonella sp., Trichodina sp. and

. multifiliis (Lom & Dykova, 1992).

3.1. Host and distribution of Ichthyophthirius multifiliis disease
3.1.1. Worldwide distribution
Ichthyophthirius multifiliis, the causative organism of so-called “fish whitespot
disease” has been hypothesised to have originated from carp culture in the Far
East (Dashu & Lieng-Siang, 1960; Hines & Spira, 1974a) and is currently among the
most widespread parasitic diseases in freshwater (Matthews, 2005). This parasite
is associated with high mortalities and important economical losses in a wide
range of cultured species in both the ornamental (Ling et al, 1991) and fish-food
industries (Valtonen & Koskivaara, 1994; Rintamaki-Kinnunen & Valtonen, 1997).
In addition, it has been recorded in the wild causing heavy mortalities in lake and
river fish populations (Wurtsbaugh & Tapia, 1988; Valtonen & Koskivaara, 1994;
Aguilar et al., 2005; Maceda-Veiga et al., 2009).

It is the ability of this ciliate to adapt to different host species and
environments that has facilitated its worldwide spread. Ichthyophthirius multifiliis
is found from sub-Artic to tropical freshwater environments (Dickerson, 1994;

Matthews, 2005; Dickerson, 2006). As reflected by its worldwide distribution, L.
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multifiliis is characterised by very low host specificity and seems able to infect all
freshwater teleost species. Although there can be different levels of resistance
between different host species, no freshwater teleost has, to date, been shown to
have complete resistance to this parasite (Dickerson, 1994; Matthews, 2005;
Dickerson, 2006). In particular, I. multifiliis has been recorded to infect all farmed
freshwater fish species such as carp species (Cyprinus spp.), channel catfish
(Ictalurus punctatus Rafinesque), tilapia species (Oreochromis spp.), European eel
(Anguilla anguilla L.) and various salmonid species (e.g. Atlantic salmon, rainbow
trout and brown trout, Salmo trutta L.) (Paperna, 1991; Valtonen & Koskivaara,
1994; Noble & Summerfelt, 1996; Buchmann & Bresciani, 1997; Rintamaki-
Kinnunen & Valtonen, 1997; Minderle et al., 2004; Matthews, 2005; Dickerson,

2006; El-Sayed, 2006; Jgrgensen et al., 2009).

3.1.2. Importance of I. multifiliis disease in the United Kingdom

Within the United Kingdom, white spot disease has been recorded to infect all
freshwater salmonid species and it has been estimated by the British Trout
Association (BTA) that approximately 60% of rainbow trout farms in the U.K.
suffer I multifiliis infections every year (BTA, personal communication).
Accordingly, the Department of Environment, Food and Rural Affairs (Defra)
recognized the ciliate protozoan I. multifiliis as the most common parasitic disease

in rainbow trout farms (Defra; http://defra.gov.uk; website visited 7th October

2010). Similarly, a survey of forty-four rainbow trout farms across the British Isles
found I multifiliis as the most prevalent parasite with 32% of sites having an
infection followed by Ichthyobodo sp. (11.6%), Gyrodactylus sp. (2.2%),

Diplostomum spathacaeum L. (1.7%) and Chilodonella sp. (1.1%) (Maclntyre,


http://en.wikipedia.org/wiki/Constantine_Samuel_Rafinesque-Schmaltz
http://defra.gov.uk/
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2008).

3.2. Taxonomy

Ichthyophthirius multifiliis is a protozoan belonging to the Phylum Ciliophora
Doflein, 1901 and to the Class Oligohymenophorea. Members of the Phylum
Ciliophora are considered as highly organised protists that are characterised,
amongst other features, by their ciliary organelles, and the possession of one to
several sets of nuclei (dualism: micronucleus and macronucleus) used for
reproduction. Ciliates are capable of asexual (binary division) and/or sexual
reproduction (autogamy or conjugation) (Lom & Dykova, 1992; Dickerson, 2006).
The micronucleus contains a germ line used for sexual exchange of DNA whereas
the macronucleus is used for the production of RNA to support vegetative cell
growth and cell proliferation. For example in Tetrahymena sp., when two mating
cells undergo sexual reproduction, the exchange of haploid micronuclei results in
the development of a new macronucleus for later cell proliferation (Prescott,
1994). Ichthyophthirius multifiliis is characterized by having only two nuclei: the
vegetative macronucleus and the reproductive micronucleus. However in this
species, only asexual reproduction has been documented and the possibility for
sexual reproduction remains unclear (Ewing et al., 1988; Lom & Dykova, 1992; Noe
& Dickerson, 1995; O'Donoghue, 2005).

Ichthyophthirius multifiliis is considered to be a single species but several
studies have suggested the occurrence of different strains. Two main physiological
strains of I multifiliis were proposed and discriminated based on their water
temperature range: a coldwater (7-11°C) and warm water (13-16°C) strain
(Nigrelli et al, 1976). A broader range of abiotic features e.g. including salinity

tolerance, have also been used to discriminate different strains of I multifiliis

10
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(Aihua & Buchmann, 2001). More recently using molecular techniques, the
existence of intra-specific variation using surface antigens has been demonstrated
(Simon & Schmidt, 2007). To date, eleven different isolates or strains of I. multifiliis
belonging to five different types of antigens have been described (Dickerson et al.,
1993; Dickerson & Clark, 1998; Dickerson, 2006). Interestingly, the presence of
genetic variation between strains has been hypothesised to be related to
geographical regions adapted to specific fish hosts and water temperature ranges
(Lom & Dykova, 1992). The importance of these strains is that they exhibit very
diverse levels of infectivity or virulence (Elsayed et al., 2006; Swennes et al., 2007;
Ling et al, 2009) and susceptibility when exposed to chemical treatments (Straus
& Meinelt, 2009; Straus et al, 2009). Straus & Meinelt (2009) demonstrated
differences in toxicity between two isolates of I multifiliis obtained from two
different fish species to peracetic acid treatments, whereas Straus et al. (2009)
observed different responses to copper sulphate treatments by isolates from
distant localities. However, research to identify and characterise strains of L

multifiliis has been scarcely begun.

3.3. Biology and life-cycle of I. multifiliis

Ichthyophthirius multifiliis has a direct life-cycle that comprises four different life
stages (Matthews, 2005) (Figure 5). (1) The parasitic stage or trophont develops
within the epithelium of the fish gills and skin (including fins) on which it feeds. (2)
Each trophont ultimately develops into a single tomont that exits from the host as a
free-swimming organism which then settles on a substrate and encysts. (3) The
cyst produced corresponds to the reproductive stage of the parasite, with each cyst

undergoing binary division (asexual reproduction) and producing up to 3,000
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daughter cells called tomites that quickly differentiate into (4) the free-swimming

infective stage or theronts (Wagner, 1960; Lom & Dykova, 1992; Matthews, 2005).
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Figure 5. Schematic representation of the life-cycle of I. multifiliis Fouquet, 1876.

3.3.1. Trophonts

The prime morphological feature of the parasitic stage is a structure called the
“apical perforatorium” that allows the rapid (less than 5 min) penetration of the
parasite into the epithelium of the host fish (Canella & Rocchi-Canella, 1976; Ewing
et al, 1985; Ewing & Kocan, 1992; Lom & Dykova, 1992). Upon penetration, the
parasite rotates and physically forces its way into the fish thereby creating lesions
and cell debris that are ingested and used as a source of energy (Canella & Rocchi-
Canella, 1976). The duration required for the trophont to conclude feeding and exit
the fish host as a free-swimming tomont has been shown to be affected by a

number of factors including primarily water temperature but also host species and
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host body-region (Dickerson, 2006). In particular, the trophont stage within the
fish epidermis was shown to be inversely correlated to the water temperature,
ranging from twenty days at 7°C to seven days at 20°C (Aihua & Buchmann, 2001).
The importance of this life-stage as a growth or feeding stage is demonstrated by
the fact that the trophont naturally exits its host at a minimum size of 85um
(Ewing et al,, 1986). These large white spots in the epithelium are characteristic,
allowing easy identification for diagnostic purposes (Figure 6). Ultimately, it is the
development and departure of trophonts from the fish host which generate
significant mortalities, creating lesions (Ewing et al., 1985; 1986) leading to
osmoregulatory imbalance and respiratory dysfunctions (Hines & Spira, 1973,
1974 a, b; Tumbol et al., 2001) and to secondary infections by bacteria and fungi

(Antychowicz et al., 1992; Matthews, 2005) .

3.3.2. Tomonts

The free-swimming tomont stage that exits the fish is sourrounded by cilia,
providing its motile capacity, and presents a large, horse-shoe shaped
macronucleus (Ewing & Kocan, 1992). The tomont actively swims (swimming
speed average = 2.212 + 0.342 mm s1; Arafo Puig, 2004) in the water column for a
brief period of time (3 h at 15°C; 1 h at 21-23°C) then settles on the substrate to
encyst (Wagner, 1960; Shinn et al., unpublished). The tomont was suggested to be
capable of developing into the cyst stage on any kind of substrate (Dickerson,
2006). To date, little is known about the tomont settlement behaviour only that

they preferentially encyst on light- couloured substrates (Nickell & Ewing, 1989).
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Figure 6. Hematoxylin and eosin stained histological tissue sections through the fins,

gills and skin of rainbow trout fingerlings infected with Ichthyophthirius multifiliis
Fouquet, 1876. A & B. Fin sections. C & D. Gill sections. E & F. Skin sections. Scale bar

=500 um. Black arrows show the location of the trophont stage.
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3.3.3. Cysts

As the tomont encysts, it produces a sticky mucus coating, apparently released
from the secretory mucocysts present within its cytoplasm (Ewing & Kocan, 1992).
The cyst’s coat consists of two distinct gelatinous layers protecting this life-stage
against the entry of fungi and /or bacteria (Ewing et al., 1983). The cyst divides by
binary palintomic division and produces up to 1,000-3,000 daughter cells called
tomites (Wagner, 1960; Lom & Dykova, 1992). Both the number and size of
tomites produced by a cyst was shown to be proportional to the size of the initial
tomont but also to the ambient water temperature (Canella & Rochhi-Canella,

1976).

3.3.4. Theronts

Tomites that are liberated into the water column quickly differentiate into free-
swimming, infective theronts. The process of differentiation from a tomite to a
theront remains unclear but is characterized by the acquisition of a pyriform to
fusiform shape and the development of buccal apparatus and an “apical
perforatorium” (Dickerson, 2006). The theront must find a host during its
relatively short life-span to survive and complete its life-cycle. The life-span of this
infective stage was shown to last a maximum of 92 h under low water temperature
and to be inversely proportional to the ambient water temperature (Wagner, 1960;
Aihua & Buchmann, 2001). In addition, the infectivity of the theront was shown to
vary over its life-span (Lom & Dykova, 1992). Using a population of theronts
maintained at 23-24°C, these authors calculated that the theront infectivity was
around 34% for the first 12 h following its release from the cyst which then

decreased to 1% after 20 h while the maximum theront life-span recorded in this
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warm water experiment was 30 h. In order to allow the theront to actively find a
fish host, it is surrounded by short length cilia and a single larger caudal cilium that
was suggested to assist in maintaining its direction (McCartney et al., 1985; Kozel,
1986; Matthews, 1996). The theront direction appears to be dictated by a positive
phototaxis, which arguably facilitates the encounter and infection of a fish host
(Whali et al,, 1991). Theronts response to a light stimulus might be facilitated by
the “Organelle of Lieberkiihn”, a photoreceptor found in some ciliates and present
only in the theront stage of I. multifiliis (Ewing & Kocan, 1992; Dickerson, 2006;
Sun et al., 2009). In addition to its positive phototaxis, the theront exhibits a range
of host-finding swimming behaviours which in some cases, is stimulated by
specific chemical host cues (Haas et al., 1999). Theronts have also been shown to
be chemoattracted by sera from a wide range of both freshwater and marine
teleosts species which confirms the low-host specificity of I. multifiliis (Buchmann
& Nielsen, 1999).

The importance of water temperature on the developmental rate of I
multifiliis has been previously documented within all individual life-stages of the
parasite as previously discussed. Accordingly, the time for the parasite to complete
its life-cycle (corresponding to one infection wave) is much faster under high
water temperatures than under lower temperatures (Wagner, 1960; Nigrelli et al.,
1976; Noe & Dickerson, 1995; Dickerson, 2006). This was confirmed in a
preliminary trial as part of the research for this thesis. In the trial, . multifilis from
a single isolate from Scotland survived, multiplied and developed from the tomont
to the theront stage at 4°C in 124 hours (~5 days) and at 24°C in 18 hours (Figure

7).
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Figure 7. Time of development (hrs) from the tomont to the
theront stage in relationship to the water temperature (°C). Data

collected in the current study.

This strong effect of temperature on the population dynamics of I. multifiliis
is responsible for a important seasonal component to this year-round infection
(Marcos-Lopez et al, 2010). The seasonality of infections, related to the increase of
water temperature at the beginning of the spring or early summer on temperate
latitudes, but also the period required for the parasite to complete a full life-cycle
under its local conditions, are therefore key factors on establishing effective

control programs against I. multifiliis (Valtonen & Koskivaara, 1994).

3.4 Current research on key aspects of the biology and life-cycle of L
multifiliis

There are still many aspects of the biology of I multifiliis that are not fully
understood; amongst these are the possibility of sexual reproduction and the role
of recently discovered endosymbiotic bacteria in the cytoplasm.

Ichthyophthirius multifiliis presents the nuclear dualism characteristic of
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other ciliates capable of alternating between sexual and asexual reproduction such
as Tetrahymena sp. (Orias, 1998). This nuclear organization is composed of two
functionally distinct nuclei: a polyploid macronucleous (MAC) containing the
“somatic” genome and the diploid micronucleus (MIC) containing the “germline”
genome that is transcriptionally silent and instrumental for sexual reproduction
(Riley & Katz, 2001; Motl & Chalker, 2009). However, only asexual reproduction by
binary division at the cyst stage has been documented in I. multifiliis (Lom &
Dykova, 1992). The senescence of an 1. multifiliis infection after a maximum of 50
cycles (Houghton & Matthews, 1990) or 2-3 years (Xu & Klesius; 2004) of
laboratory-maintained cultures and the presence of aggregated trophonts within
the fish skin (Matthews, 1996) indicates the possibility of sexual reproduction
(Ewing et al., 1988; Noe & Dickerson, 1995). It has therefore been hypothesised
that theronts could act as mating types and that sexual reproduction could take
place within the fish host, allowing cell rejuvenation.

The presence of Gram-negative endosymbiotic bacteria in the cytoplasm of
all the stages of I multifiliis belonging to the Classes Rickettsiales and
Sphingobacteriales (Sun et al., 2009) and their association with glycogen granules
(Lobo-da-Cunha & Azevedo, 1988) suggest that these bacteria may play an

important role in the life-cycle of I. multifiliis.

3.5. Control methods

The most efficient treatment against I multifiliis to date was the chemical
compound malachite green that effectively treated both the free-swimming stages
(tomonts and theronts) and the feeding/parasitic stage (trophonts) within the fish

epithelia (epidermis and gills) (Leteux & Meyer, 1972; Wahli et al,, 1993; Tieman &
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Goodwin, 2001; Buchman et al.,, 2003). Malachite green was shown to be very
successful as a bath treatment when administrated on its own or in combination
with formaldehyde (Guest, 1983; Wahli et al, 1993). The coloured salt and
carbinolbase form of malachite green incorporated into the feed at 1.2 g kg1 feed
for 10 days also provided in effective in-feed treatment by significantly reducing
the number of trophonts establishing on the fish (Ruider et al.,, 1997).

The application of malachite green remains a common chemotherapy in the
ornamental fish industry however, in fish for human consumption it has been
banned since 1991 by the Food and Drug Administration (FDA) in the US (Chang et
al., 2001) and since 2000 by the European Union (EC directive 90/676/EEC; article
14, regulation 2377 /90/EEC). Since the early 80’s it has been well established that
malachite green could have carcinogenic and mutagenic effect in humans (Meyer &
Jorgenson, 1983; Srivastava et al., 2004). In fish, malachite green accumulates in a
number of tissues such as the liver, kidney, muscle and skin (Poe & Wilson, 1983)
where it persists for long periods of time (minimum withdrawal period: 600
degree days) (Alderman & Clifton-Hadley, 1993). In addition, repeated treatments
with malachite green increase its accumulation in tissues (Alderman, 1985).

In the last ten years, there has been extensive research to find efficacious
replacement therapies to control I. multifiliis infections in farmed fish destined for
the food industry. The different treatment approaches that have been investigated
can be categorized as physical methods, chemical methods and vaccine

development.

3.5.1. Physical methods

High water temperatures above 30°C are lethal to I multifiliis (Lom & Dykova,
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1992; Duarte et al., 1993; Noga, 2010). Increasing the water temperature to 32°C
for a period of 5 days has proven to be effective in eliminating I multifiliis
infections in tropical fish species (Matthews, 2005). In flow through systems, a
flow rate increase (>85 cm min-! with a water turnover rate of >2.1 h-1) was shown
to greatly reduce the severity of I. multifiliis infections, arguably by flushing the
parasite away from the rearing system (Bodensteiner et al, 2000). In the
ornamental fish industry, the transfer of infected fish (every 5-7 days) to infection-
free aquaria was similarly effective as it would break the parasite life-cycle, by
reducing the number of theronts able to infect the fish (Brown & Gratzek, 1980;
Dickerson, 2006; Noga, 2010). This approach combined with a reduction of the
stocking densities of infected fish was applied with a degree of success in an
intensive rainbow trout hatchery (BTA hatchery manager, personal
communication). Finally, brushing the bottom of culture tanks / systems has been
demonstrated to be an efficient method to remove I. multifiliis stages (Noga, 2010)
as this disturbs the cyst stage freeing it from the substrate, compromising the
probability of its survival and its effective multiplication into numerous infective
theronts. Biological controls have been demonstrated to successfully reduce the
number of external parasites in aquaculture. For instance the utilisation of
Labroides sp. in seawater salmon farms to control sea lice (Lepeophtheirus salmonis
Krgyer, 1837 and Caligus elongatus von Nordmann, 1832) infections (Deady et al.,
1995). However to date no biological control agent has been tested to manage L.
multifiliis infections. Finally, the utilisation of UV light (91900 pW s cm-2) in
recirculating systems is able to successfully remove the theront stage from the
water column (Gratzek et al.,, 1983).

The aforementioned methods have limited practical application on large-
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scale farm systems where the number of infected fish can reach thousands,
particularly over the spring-summer periods when infection levels increase. The
intensive production of farmed fish is often concomitant with a limited availability

of water and tank space and reduction of labour intensive management practices.

3.5.2. Chemical treatments

According to Noga (2010), the application of formaldehyde treatments is one of the
most widespread methods to control I multifiliis infections in farm systems.
Formaldehyde treatments are typically applied as short-duration or prolonged
bath treatment at, e.g. 160-250 ppm for 1 hour in flow-through systems and at 15-
25 ppm for a longer period of time in ponds with lower water exchange rates
(Brown & Gratzek, 1980). However, formaldehyde treatments over the summer
period have many side effects such as reducing the oxygen available in the water
(Cross, 1972) as well as compromising fish mucus production (Buchmann et al,
2004). These latter authors demonstrated that rainbow trout exposed to
formaldehyde concentrations of 200-300 ppm for 1 hour, showed a significant
reduction in mucus production, making the fish more susceptible to secondary
infections by fungi and bacteria. Importantly, there are raising concerns regarding
the environmental impacts of discharging the biocide formaldehyde into the
environment, in addition to general safety of the workers handling large volumes
of formaldehyde (Wooster et al., 2005; Pedersen et al, 2009). Formaldehyde was
re-classified by the WHO International Agency for Research on Cancer as
“carcinogenic to humans” in 2004 (WHO IARC, 2006) and it is expected that its
application will not be permitted to treat fish-food in the near future.

Sodium chloride as common salt, is the second most frequently used
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treatment against I multifiliis infections. Some strains of I multifiliis tolerate
concentrations of salt up to 1 g I'1 (Noga, 2010) such that the application of a
minimum of 5 g 1’1 has been proven to reduce theront survival (Aihua & Buchmann,
2001; Shinn, unpublished data). Salt has been demonstrated to be weakly
efficacious as an overall treatment given that multiple or long-term bath
applications are often required (Selosse & Rowland, 1990; Miron et al, 2003;
Lahnsteiner & Weismann, 2007; Balta et al., 2008; Mifsud & Rowland, 2008). In
euryhaline fish species such as eels, channel catfish, tilapia and salmonids, the
application of salt at concentrations of between 7-20 g I-1 has been suggested to be
the most effective (Matthews, 2005). Of note, salt has also been tested as an in-feed
treatment but had no effect on the parasitic load (trophonts counts) establishing in
fish when used at 1.2-6% by weight of the diet for 30 day period (Garcia et al.,
2007).

Even if the in-bath application of salt could help to recover the osmotic
imbalance created by the trophonts exiting the fish, its use is restricted by the
salinity tolerance of the host species. Salt treatments are, however, poorly effective
at the maximum concentrations tolerated by stenohaline freshwater teleost
species (Selosse & Rowland, 1990; Miron et al., 2003; Lahnsteiner & Weismann,
2007; Balta et al., 2008; Mifsud & Rowland, 2008).

Other treatments used to treat the free-swimming stages of 1. multifiliis are,
amongst others: copper sulphate, especially in channel catfish cultured in ponds in
the U.S.A. (Schlenk et al., 1998; Tieman & Goodwin, 2001; Straus, 2008), potassium
permanganate (Straus & Griffin, 2001; Straus & Griffin, 2002; Balta et al., 2008),
chloramine-T (Shinn et al., 2001, 2003a; Rahkonen & Koski, 2002) and sodium

percarbonate (Buchmann et al., 2003; Heinecke & Buchmann, 2009; Bruzio &
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Buchmann, 2010; see Chapter 2).

Only few chemicals are available to disrupt the trophont development, the
main one being toltrazuril. Toltrazuril administered in bath treatments at 10pg ml-
1 for a period of 4 h per day and for 4 consecutive days, significantly reduced the
number of trophonts on infected fish but was not able to kill the theront stage
(Melhorn et al.,, 1988). Quinine administrated as in-feed at 5 g kg feed for 7 to 10
days was also able to reduce the number of trophonts but was unpalatable to the
fish (Schmahl et al., 1996). No other chemical treatments have been identified as
effective against the trophont stage of I. multifiliis. This is most likely due to the fact
that the trophont is physically protected by the overlying layer of epithelium and
fish mucus (Post & Vesley, 1983). Similarly, there is no chemical treatment
described as being able to disrupt the development of the cyst which is protected
from external aggression by an external coating layer (Ewing et al., 1983).

Following the ban of malachite green, no chemical treatments effective
against all stages of I multifiliis (on and off-the fish) have been identified or
licenced. The limited number of alternative chemotherapeutants appears to
remove exclusively and only partially the free-swimming stages (tomonts and
theronts) from the water column with no reported effects on the other life-stages.
Repeated treatments are therefore required, which have an inherent labour cost
and compromise fish homeostasis and growth performance. The chemotherapeutic
strategies presently available are not satisfactory and, in the case of formaldehyde,

not sustainable in the longer-term.

3.5.3. Vaccine development

The main objective of using vaccination as a control method is to induce a specific
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long-term protection against a target disease. A number of vaccines are currently
commercialised against some of the most important bacterial and viral diseases in
farmed fish such as, e.g. vibriosis and furunculosis (Press & Lillehaug, 1995;
Hastein et al., 2005; Sommerset et al, 2005; Bravo & Midtlyng, 2007). However, to
date there is no effective vaccine against any of the most important parasitic
diseases of fish, including I. multifiliis (Sommerset et al., 2005).

It is well known that fish naturally exposed to a certain level of I. multifiliis
infection are able to acquire protective immunity which can last from several
months to a year (Hines & Spira, 1974c; Burkart et al., 1990; Matthews, 1994). This
knowledge has stimulated efforts towards the development of vaccine against L.
multifiliis. Preliminary trials have shown that the duration and the level of
protection of the fish is closely related to the intensity of exposure and to the type
of material used to enhance immunoprotection: i.e. the use of live or dead parasites
(Dickerson, 2006). Although formalin-fixed theronts, cilia of theronts and
sonicated trophonts provided a certain degree of protection, the level of protection
remained low and was significantly inferior than when using live parasites to
immunise the fish (Alishahi & Buchmann, 2006; Xu et al, 2008a; Zhang et al.,
2009). The utilisation of live parasites for vaccination is not economically viable on
a commercial scale due to the impossibility of raising large amounts of parasite in
vitro (fish host are required) and, in fact, is not an option due to the absence of
non-virulent I. multifiliis strains for challenging the fish (Sigh, 2003). In order to
uncover these bottlenecks, the use of the free-living ciliate Tetrahymena sp., which
is typically easily cultured, in its ability to induce immunity against I. multifiliis, has
been explored. Some authors were successful at inducing immunity against L

multifiliis by intraperitoneal injection or by bath vaccination using live cells and
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/or by using cilia harvested from Tetrahymena sp. (Goven et al., 1981; Ling et al,
1993a), others, however, reported low levels of protection using these approaches
(Sigh & Buchmann, 2002). These discrepancies suggest that there might be specific
antibodies or innate factors exclusive to I multifiliis. The identification and
production of protective antigens currently appears as the most feasible and
realistic strategy towards the production of commercial vaccines against L
multifiliis. In that aim, the named i-antigens (immobilisation antigens) of I
multifiliis that are defined as “antigens which are recognised by immobilisation and
agglutination antibodies in vitro assays” (Sigh, 2003) are currently under
investigation. The i-antigens are proteins associated with the cilia membrane with
molecular masses ranging from 40 to 60 KDa in size (Dickerson, 1993). Antigenic
variation occurs in most ciliates, including parasitic species like I. multifiliis and
Plasmodium sp. and also in free-living species such as Tetrahymena sp. and
Paramecium sp. In parasitic ciliates like I multifiliis i-antigens have been
demonstrated to induce the protective immunity in fish (Wang & Dickerson, 2002).
It is also suggested that i-antigens could be involved in signal transduction (Simon
& Schmidt, 2007) allowing, e.g. an invading theront to recognize and prematurely
exit a previously immunised host (Cross & Matthews, 1992). Therefore, cross-
linking i-antigens might trigger a signal on the parasite to exit the host before it is
immobilised by fish antibodies. In this case, i-antigens would act as chemo- or
mechanosensory receptors to detect and escape the immune system of fish (Clark
& Dickerson, 1997). This represents a novel mechanism of immunity where the
parasite is not killed by the antibodies but alternatively is forced to exit the fish
host (Clark & Dickerson, 1997).

Different isolates of I. multifiliis contain i-antigens of different sizes and, to
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date, ten isolates of I. multifiliis have been separated into five serotypes according
to their i-antigen profile (Dickerson & Clark, 1998). Although it is a promising
avenue for the future vaccination against I. multifiliis, the role of i-antigens is still
not fully understood and it seems to be other factors involved in raising protective
immunity against this parasite. This is highlighted by the fact that fish naturally
immunised following a challenge with a live isolate of I multifiliis appeared
protected against all the serotypes while fish vaccinated using a specific purified i-
antigen were immunised only against that particular strain (Dickerson et al., 1993;
Leff et al., 1994; Clark & Dickerson, 1995; Wang et al., 2002).

The development of vaccines against I. multifiliis is presently going towards
the utilisation of DNA vaccines encoding i-antigens (Sigh, 2004; Lorenzen & La
Patra, 2005). However, this management strategy is still at an early experimental
stage and much research remains to be done in order to elucidate the role of i-
antigens and investigate other I. multifiliis factors involved in the host fish immune

response (Matthews, 2005; Dickerson, 2006).

4. Justification and aim of the thesis

Hulme et al. (2002) hypothesized that the annual average air temperature in the
U.K. could increase by up to 0.5-1.5°C by 2020 and by 2-3.5°C by 2080 while
changes in the rainfall profile is likely to lead to wetter winters and drier summers.
Should this occur, this alteration in air temperature will have not only a direct
effect on the physiology and immune system of fish (Bowden et al., 2007) but also
on the propagation of diseases that have a temperature-dependant development
rate such as in I. multifiliis.

Ichthyophthirius multifiliis is able to develop at low temperatures (4°C) but
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rapid outbreaks and high mortalities mainly occur in salmonid farms subjected to
water temperatures over 15°C. Infections of I. multifiliis can occur all-year round
but they have a strong seasonal component (spring-summer period) (Marcos-
Lépez et al, 2010) that could be significantly extended and intensified by an
increase in run-off water temperature.

Following the ban preventing the use of malachite green, no satisfactory
protocols are presently in place for the prevention or effective treatment of L
multifiliis infections in food-fish aquacultural systems. In addition, the most widely
used alternative treatments are formaldehyde-based chemotherapeutants which
are increasingly recognized as potential health and safety hazards for those
handling them, with additional negative impacts on the fish’s homeostatic state
and the environment into which they are discharged. The administration of
formaldehyde does not therefore appear to be a long-term sustainable possibility
for the control I. multifiliis infections. To date, no candidate chemotherapeutants
have been identified as being effective against all the different life-stages of L
multifiliis.

Ideally, effective candidate compounds should easily degrade in the water
and should be applied following well-defined protocols according to their toxicity
on both the host and parasite and to the dynamic of the parasite population. It can
also be hypothesized that treatments maintaining a low level of infection would
permit the acquisition of a degree of immunity against 1. multifiliis, as opposed to
situations where a rapid outbreak of the disease is allowed following infections. A
range of physical treatments have been identified but no strategy that is applicable
for use in commercial-scale, intensive production systems are currently available.

In addition to these, no study that we are aware of, has addressed the potential of

27



Sara Picon Camacho Chapter 1, General Introduction

using biological controls to manage I multifiliis infections in fish production
systems. Such disease management strategies have shown promising results not
only in terrestrial farming systems but also in aquacultural systems such as
reducing salmon lice infections in Atlantic salmon sea cages.

Finally, the presence of different strains of I multifiliis exhibiting diverse
levels of pathogenecity and susceptibility to treatments highlight the need to
identify suitable molecular markers, which might contribute towards the
development of a strain reference bank for I. multifiliis allowing the discrimination
between strains of I. multifiliis and providing a strong analytical tool to support

epidemiological studies.

The specific objectives of the thesis were:

1. To provide a general overview and critical assessment of
chemotherapeutants and physical interventions tested within the last 30
years to highlight the most effective and promising options against L
multifiliis infections (Chapter 2, Paper I).

2. To determine the anti-protozoan efficacy of a bronopol-based compound, in
vitro, on the free-living stages of 1. multifiliis (tomonts, cysts and theronts)
(Chapter 3, Paper II).

3. To evaluate the low-dose, continuous application of a bronopol-based
compound in reducing the colonisation success of I. multifiliis on rainbow
trout fingerlings (Chapter 3, Paper III).

4. To assess the in vitro efficacy of a peracetic acid-based compound on the
viability of the free-living stages of I multifiliis (tomonts, cysts and

theronts) (Chapter 3, Paper IV).
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5. To assess the efficacy of controlling I. multifiliis infections by the removal of
the cyst stage using a novel mechanical device in combination with a low
adhesion polymer tested in a commercial rainbow trout hatchery (Chapter
4, Paper V).

6. To examine the utility of a bottom-algae feeder Glyptoperichthys gibbiceps
Kner, 1854 as a biological control at reducing I. multifiliis infections through
the removal of the cyst stage (Chapter 4, Paper VI).

7. To investigate the use of a ribosomal and a mitochondrial molecular marker

to discriminate different strains of I. multifiliis (Chapter 4, Paper VII).
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Abstract

Infection by the ciliate protozoan Ichthyophthirius multifiliis Fouquet, 1876 causes
significant economic losses in freshwater aquaculture worldwide. Following the
introduction of a ban on the use of malachite green for treating fish to be used for
human consumption, imposed by the European Union and United States, there has
been extensive new research aimed at identifying suitable replacements. Here we
make a critical assessment of the chemotherapeutants and management strategies,
which have been tested or are currently employed and evaluate their possible
application in farm systems. Of the current, most commonly used treatments,
formaldehyde, copper sulphate and potassium permanganate are not sustainable
options. The use of the purportedly, more environmentally friendly compounds
such as humunic acid (10%), potassium ferrate (VI), peracetic acid and bronopol-
based compounds have been recently tested and represent promising alternatives
because of their demonstrable efficacy in vivo and their low toxicity to fish and
humans. Further investigation, however, is required to optimise the most
efficacious treatments to establish precise protocols of administration to minimize
the volume of chemotherapeutant added whilst ensuring their maximum
performance. At the same time, there needs to be a greater emphasis placed on the
utilisation of management strategies and non-chemical interventions focusing on
the removal of free-swimming stages and cysts of 1. multifiliis from farm culture
systems as potential promising environmentally-friendly alternatives in the

control of I. multifiliis infections.

1. Introduction

The freshwater protozoan parasite of fish, Ichthyophthirius multifiliis Fouquet,
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1876, also known as fish whitespot, continues to impact wild and cultured fish
populations worldwide and places an additional economic burden on global
freshwater finfish aquaculture. It has been nearly 30 years since major reviews
were published examining the use of chemotherapeutants for the control of L
multifiliis (Cross, 1972; Hoffman & Meyer, 1974; Herwig, 1979) and since that time,
particularly in view of the EU and United States ban imposed in 2000 and 1991 on
the use of malachite green to treat fish for food production, there has been
extensive research worldwide focusing on the provision of more efficient and
environmentally friendly products and management techniques for controlling 1.
multifiliis infections. This paper seeks to provide an overview and assessment of
those chemotherapeutic and physical interventions, which are currently employed
or have been tested for efficacy since the three earlier reviews were published.

The ciliate protozoan I. multifiliis is one of the most important freshwater
diseases affecting the aquaculture and ornamental fish industries. It has low host
specificity, infecting a wide range of fish species, including commercially important
species such as channel catfish (Ictalurus punctatus Rafinesque, 1818) and rainbow
trout (Oncorhynchus mykiss Walbaum, 1792) (Valtonen & Koskivaara, 1994; Noble
& Summerfelt, 1996; Buchmann & Bresciani, 1997; Rintamiki-Kinnunen &
Valtonen, 1997; Matthews, 2005; Jgrgensen et al., 2009). It has a direct life-cycle,
which is temperature dependant such that the warmer the water temperature the
faster the life-cycle completes. The life-cycle involves four different stages: (1) the
trophont, which resides within the surface epithelium of gills, fins and other body
surfaces; (2) the tomont, a free-swimming stage that exits the fish and settles on
the substrate to become the encysted stage (3), which in turn repeatedly divides by

binary fission to produce tomites which are released to the water column. Tomites
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differentiate into the infective stage (4) the theront, which needs to find a host
within a 92 h window to successfully complete the life-cycle by penetrating the
epidermis and developing into the trophont stage before it dies (Lom & Dykova,
1992; Matthews, 2005).

Currently, the most common form of treatment to control this ciliate in farm
systems is the use of trough-based bath treatments over short exposure times (e.g.
30 min - 4 h) which target the free-swimming stages of the parasite (i.e. tomonts
and theronts). The other two stages, the trophont and the cyst are protected
underneath the host surface epithelium (Post & Vesley, 1983) and the cyst coat
(Ewing et al, 1983) respectively; therefore they are rarely susceptible to
treatments.

Historically, malachite green (MG) was commonly used for the control of L
multifiliis and a range of other fish diseases (Srivastava et al., 2004) due to its
demonstrable efficacy, low cost, ready availability, high stability during storage
and high solubility in water (Schnick, 1988; Henderson et al, 1997). This organic
(triphenylmethane) dye was favoured for the control of I multifiliis infections
because of its high efficacy against both the free-swimming stages (tomonts and
theronts) of the parasite and the feeding parasite stage (trophont) within the fish’s
epithelium (Wahli et al., 1993; Tieman & Goodwin, 2001; Buchman et al., 2003).
However, the ecotoxicological effects of MG and its derivatives (mainly
leucomalachite) are well documented at including details relating to its
cytotoxicity, carcinogenecity, mutagenecity, induction of chromosomal fractures,
teratogenecity and respiratory toxicity (Culp & Beland, 1996; Srivastava et al,
2004). Malachite green and its derivatives, however, are highly persistent in the

environment, bioaccumulating in the ecosystem and fish tissues (Henderson et al,
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1997). Although the use of MG has never been licensed by the US Food and Drug
Administration (FDA), its use in food product was initially permitted under an
'investigational new animal drug' status (Alderman, 1985). This status was
revoked in 1991 and MG was listed as a priority chemical for toxicity and
carcinogenicity testing (Culp & Beland, 1996; Culp, 2004). Similarly in Canada, the
use of MG and the presence of its derivatives in food animals are not permitted and
its continued use was advised against in 1992 when MG was classified as a class 11
health hazard (Canadian Food Inspection Agency 2010). Its use within the
European Union was subsequently banned in 2000 under EC directive
90/676/EEC; article 14, regulation 2377/90/EEC.

As a consequence of the widespread ban and enforced restrictions imposed
on the use of MG and the concern regarding the presence of its derivatives in food-
products (Herberer, 2009), there has been extensive research in the last few
decades focusing on the provision of alternative, effective and environmentally
friendly products and management techniques for controlling I multifiliis
infections. Despite the global effort, no such management strategies have yet
emerged. There is a strong commercial and scientific need for providing a critical
summary of candidates and currently applied chemotherapy but also the potential
of other management strategies against I. multifiliis infections. As such, it has been
nearly 30 years since the use of chemotherapeutants for the control of I. multifiliis
was reviewed in three independent works (Cross, 1972; Hoffman & Meyer, 1974;
Herwig, 1979).

This paper reviews current knowledge on the chemotherapies (compound,
dose, duration and efficacy) and physical interventions employed or tested against

L. multifiliis since the three earlier reviews. The aim of this work is to facilitate
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information recovery from the original research and to assist identifying the most
suitable therapy against I multifiliis while highlighting the most promising

treatments for further research and application in farm systems.

2. Assessment of currently applied chemotherapies
A large number of compounds have been tested for efficacy against I. multifiliis
although relatively few of them have been widely deployed to provide effective
control under field conditions. Appendix 1 provides a detailed list of 109
compounds used to control I. multifiliis under laboratory or field conditions from
1980 onwards. Of those used under field conditions, the most commonly used
treatments are: chloramine-T, copper sulphate, formaldehyde, metronidazole,
potassium permanganate and toltrazuril (Dickerson, 2006; Noga, 2010). Whilst
malachite green was the most extensively employed treatment prior to 2000
eliminating the tomont, theront and trophont stages, its use has been largely
discontinued for food fish, particularly in the EU and the United States.
Formaldehyde has been proven to be very effective at eliminating the free-
living stages of the parasite (i.e. tomonts, cysts and theronts) (Wahli et al,, 1993;
Shinn et al, 2005; Lahnsteiner & Weismann, 2007; Heinecke & Buchmann, 2009),
however, when used for in vivo baths, fish survival is compromised (Wahli et al,
1993; Tieman Goodwin, 2001). Currently, formaldehyde is one of the most
commonly used treatments to control I multifiliis infections in aquaculture
systems (Noga, 2010). However, efficiency is achieved only at high concentrations
which are repeatedly applied (i.e. 100 mg L-1 for 30 min to 1 h over 10 consecutive
days in salmonid farms) such that, in flow-through systems with rapid water turn-

over as used for e.g. in the intensive production of salmonid, high volumes are
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required. In addition, the use of formaldehyde has many reported side effects such
as reducing the oxygen available in the water by 1 ppm for each 5 ppm of
formaldehyde that is used (Cross, 1972; Pillay & Kutty, 2005). This can be
particularly problematic in summer when increasing water temperatures
accelerates the completion of the life-cycle of I. multifiliis which is also concomitant
with a reduction in the oxygen holding capacity of the water. Importantly,
formaldehyde has been shown to affect the production of mucus in fish (Buchmann
et al, 2004). These latter authors demonstrated that 0. mykiss exposed to
formaldehyde at concentrations of 200-300 ppm for 1 h had a reduced mucus
production and were more susceptible to secondary infections by fungi and
bacteria. Accordingly when applied in vivo in the form of baths, fish survival can be
compromised (e.g. toxicity observed in 0. mykiss exposed to two treatments of 25
and 100 mg L1 of formaldehyde for 1 h on days 9 and 12 post-infection) (Wahli et
al, 1993). Importantly, the effect of water quality parameters on the toxicity of
formaldehyde to fish and to I. multifiliis remains poorly characterized (Meinelt et
al, 2005). Although formaldehyde is an approved aquacultural therapeutic within
the EU (Schlotfeld, 1993; 1998), in 2004 it was reclassified by the WHO
International Agency for Research on Cancer as “carcinogenic to humans” (WHO
IARC, 2006). Even though it is quickly metabolised by aquatic organisms and holds
a low potential for bioaccumulation (Hohreiter & Rigg, 2001; Duffort et al, 2005),
it can be envisaged that formaldehyde might be banned due to the hazard it poses
to workers handling large volumes of the chemical (Wooster et al., 2005). Given
the high volumes of formaldehyde required in a typical farm treatment and the
potential toxic risks to both fish stock and the farm workers handling it, the future

of formaldehyde as a long-term acceptable and sustainable chemotherapy regime
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looks unlikely.

Sodium chloride (salt) is the second most commonly product used for the
treatment of I. multifiliis infections. The application of a minimum of 2.5 g L-1 has
been proven to reduce the theront and tomont survival (Aihua & Buchmann, 2001;
Shinn et al, 2005; Lahnsteiner & Weismann, 2007). The bath application of salt
could help to recover the osmotic imbalance and loss of salts created by mature
trophonts exiting the fish, however, multiple, daily treatments are required for the
control of I. multifiliis. A treatment regime of 1-5 g L-1 salt applied continuously for
a minimum period of 7 to 32 days was able to reduce the number of trophonts
establishing on fish (Selosse & Rowland, 1990; Miron et al, 2003; Lahnsteiner &
Weismann, 2007; Balta et al, 2008; Mifsud & Rowland, 2008). Higher
concentrations of salt (e.g. 15-20 g L-1) over short periods of exposure (e.g. 20 - 60
min) were not able to reduce the level of infection (Lahnsteiner & Weismann, 2007;
Balta et al, 2008). The incorporation of salt in to fish feed has also been explored
with contradictory results. Rahkonen & Koski (2002) reported a reduction in
infection levels when salt was incorporated at a level of 0.3-1.0% and fed for 3 to
11 days. Garcia et al. (2007), however, did not observe any significant reduction in
parasite burdens when fish were fed a diet containing 1.2-6.0% salt for a period of
30 days. The use of salt does not appear to represent an economically viable and
safe treatment option for infected stenohaline freshwater fish species such as
common carp (Noga, 2010). The use of this compound has been suggested to have
greater potential in euryhaline fish species such as eels and tilapia raised in open,
artificial systems with the application of salt at concentrations of 7-20 g L1
(Matthews, 2005).

Copper sulphate has been shown to be effective at eliminating I. multifiliis in
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a range of fish species when used at low concentrations (Ling et al., 1993b; Schlenk
et al, 1998; Goodwin & Straus, 2006; Straus, 2008; Rowland et al, 2009). However,
long periods of exposure can lead to toxicity, gill damage and growth suppression
(Cardeilhac & Whitaker, 1988; Moore, 2005; Rabago-Castro et al, 2006). Copper
has a very low therapeutic index (Boyd, 2005) and its toxicity to both fish host and
. multifiliis is known to vary widely with water chemistry parameters, particularly
water alkalinity and hardness (Deilhac & Whitaker, 1988; Strauss, 2008; Strauss et
al, 2009). Copper sulphate is a recognized algaecide and is known to be toxic to a
wide range of invertebrate organisms including rotifers, cladocerans and copepods
(Boyd, 1990). When added to pond systems, there is a risk of phytoplankton
mortality which consequentially might result in lower oxygen levels at night which
in turn compromises the trophic chain on which the fish stock might rely (Noga,
2010). It is vital therefore that its use on small sub-sample of the fish stock in the
local water is determined before it is applied on a large scale basis. Particular care
should be taken when using this compound in green water pond systems. Future
research should be aimed at identifying the range of water quality parameters and
concentrations within which this compound is effective against I multifiliis
infections and can be safely administered without a risk to fish.

Potassium permanganate (KMnO4) is also commonly used against L
multifiliis, mainly in farm pond systems (Brown & Gratzek, 1980; Noga, 2010). Low
concentrations (e.g. 0.8-1.0 mg L-1) over short periods of exposure (30 min to 4 h)
were able to eliminate the theront stage in the water column (Straus & Griffin,
2001). When tested in vivo, low concentrations (e.g. 0.25- 2 mg L-1) require longer
periods of exposure (continuously from 6 to 20 days) to significantly decrease the

number of trophonts per fish (Straus & Griffin, 2001; Tieman & Goodwin, 2001;
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Straus & Griffin, 2002). The application of higher concentrations (e.g. 10-20 mg L-1)
for 30 min was found to be toxic to treated fish (Balta et al, 2008). Potassium
permanganate oxidizes organic matter, reducing dissolved oxygen levels, its effects
are notable when used particulary in ponds. This compound has a low therapeutic
index and can be very toxic when used in waters of a high pH when it can
precipitate on gills leading to high mortalities (Tucker, 1987; Dolezelova et al,
2009; Noga, 2010). Potassium permanganate treatments against 1. multifiliis show
very low efficacy at concentrations that are not toxic to fish and therefore large
quantities of compound and continuous application are often required to manage
infections.

Chloramine-T is an organic chlorine compound, specifically a sodium salt
that when mixed with water is a very strong disinfectant (Treves-Brown, 2000;
Noga, 2010). When used to treat I. multifiliis stages, chloramine-T has been found
to be very effective in vitro for the treatment of both the tomont and theront stages
(Shinn et al, 2001). In vivo, however, chloramine-T was effective only when
administered at high concentrations (e.g. 100 mg L-! for 30 min daily for 10 days)
(Shinn et al,, 2001; Tieman & Goodwin, 2001; Rahkonen & Koski, 2002; Shinn et al,
2003a; Rintamaki-Kinnunen et al, 2005a; Balta et al, 2008). The administration of
high doses of chloramine-T can inflict damage to the gill epithelia and has been
reported to affect the development of the swim bladder in young fry (Sanabria et
al, 2009). The average lethal time (LT50) for a dose of 50 mg L-1 chloramine-T was
determined to be 166.8 min (Powell & Harris, 2004). Although these latter authors
suggested that the toxicity of chloramine-T to freshwater Atlantic salmon, Salmo
salar L., was as sensitive as 0. mykiss, and more sensitive than I punctatus, the

latter showed histopathological changes when exposed to a daily 3 h 80 mg L-!
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static immersion bath (Gaikowski et al, 2009). Future work, therefore, should
explore the efficacy of using daily 30 min baths of chloramine-T ranging between
30 to 80 mg L1 over a period of 10 consecutive days (or the full duration of the
parasite life-cycle as dictated by the local water temperature).

Hydrogen peroxide is a powerful oxidiser which has been used under field
conditions to control I multifiliis. High doses, however, can cause gill damage
leading to fish mortality (especially at high temperatures) (Schmidt et al, 2006;
Noga, 2010). Its use in vitro tests against free-living stages of I. multifiliis, however,
were disappointing (Lahnsteiner & Weismann, 2007; Shinn et al, 2005), with a
100 mg L1 treatment for 1 h effecting only a 15% mortality of theronts (Shinn et
al, unpublished). It is not surprising, therefore, that a 20 day regime of 25 mg L-1
hydrogen peroxide failed to bring about a reduction in the number of trophonts on
stock which consequentially resulted in high mortalities (Tieman & Goodwin,
2001).

Metronidazole has been shown to be very successful at reducing the
number of trophonts on infected fish when incorporated into the fish feed diet
(Tojo-Rodriguez & Santamarina-Fernandez, 2001; Toksen & Nemli, 2010). This
compound, however, is listed as “possibly carcinogenic to humans” by the WHO
and is currently banned by the EU and USA for use in animal feed and in USA
specifically for animals destined for human consumption. In ornamental fish
however, its incorporation in feed has been shown to be effective. Its future use as
a potential treatment is no longer considered.

The triazinetrione derivative coccidiostat Toltrazuril has been shown to be
effective against the tomont stage in in vitro trials (Schmahl et al, 1989; Tojo-

Rodriguez et al, 1994). However, when administrated in vivo it is either ineffective
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(Schmahl et al, 1989; Tojo-Rodriguez et al,, 1994) or toxic to the fish (From et al,

1992).

3. The potential of alternative chemical compounds

Despite recent extensive research to explore the utility of alternative
environmentally friendly chemical compounds, only few new compounds have
been shown to display some efficacy at reducing I. multifiliis infections in vivo (see
Appendix 1). Of the compounds administrated as in-bath treatments that have
been identified, acetic acid (4%), bronopol, peracetic acid-based products,
combinations of peracetic acid and formaldehyde, huminic acid (10%) and
potassium ferrate (IV) displayed a good level of efficacy when tested in vivo. Of
these, acetic acid (4%) is widely used in Turkey to control protozoan infections
(Kayis et al., 2009). When tested in vivo against I. multifiliis, a single short dip bath
of 10 ml L-! for 3 min was able to reduce the trophont burden on treated fish (Balta
etal, 2008).

Bronopol, a chemical compound already licensed for use as an aquacultural
chemotherapeutant, applied at low concentrations (e.g. 2 and 5 mg L-1) over a long
period of exposure (e.g. 27 days) has been demonstrated to be highly effective
against the free-swimming stages of I. multifiliis, as well as reducing the number of
trophonts subsequently establishing in successive waves of infection (Shinn et al,
2010; Picon-Camacho et al, 2010a). Bronopol does not accumulate in fish tissues
or in the environment; a withdrawal period after its administration, therefore, is
not required (Novartis, 2002). It presents no serious toxicological hazard to
humans (Bryce et al, 1978) or to fish (Pottinger & Day, 1999), and, it degrades

very quickly, especially when exposed to high intensity UV light (Noga, 2010).
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Bronopol-based product shows strong potential to manage I. multifiliis infections
on farm systems. However timing of deployment according the parasite population
dynamic and optimal treatment concentration remain to be optimised for this
product to constitute an economically viable solution in commercial scale
aquaculture.

Formulations of peracetic acid (PAA), hydrogen peroxide and acetic acid
have proven able to kill the tomont stage after within 48 h of exposure at
concentration of 0.8 - 0.9 mg L-1. Importantly, cysts recently attached to the
substrate were also killed following a 12 h exposure to 1 - 3 mg LI to PAA
solutions (Meinelt et al, 2009). When used in vivo, formulations containing a high
proportion of PAA were also able to reduce the number of trophonts on infected
fish (Rintamaki-Kinnunen et al, 2005a; Sudova et al., 2010). Adding peroctanoic
acid to a PAA formulation, further improved the anti-protozoal activity of the
solution (Bruzio & Buchmann, 2010), such that cyst stages were killed after 60 min
exposure (Picon-Camacho et al, 2010b). PAA’s stability, however, has been shown
to be closely linked to a range of water quality parameters (ie. temperature,
organic matter content and pH) (Pedersen et al, 2009). In addition, the
degradation of PAA over time must be assessed and taken into account to establish
the most effective treatment regime to use on site. The efficacy of PAA, notably
against the cyst and trophont stages, however, highlights the potential of this
compound as a treatment against L. multifiliis.

Low concentrations of huminic acid (10%) (100-150 pl L-1) were found to
disrupt the development of tomonts, however, when the same concentrations were
used in vivo, the results were inconsistent and appeared to be dependent on water

temperature and the treatment regime used (Lahnsteiner & Weismann, 2007).
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Ling et al. (2010) demonstrated that 4.8 mg L-! potassium ferrate (VI)
administrated for 2 h was very effective in vitro, in killing theronts. When the same
dose was used as an in vivo continuous bath treatment for 3 days, it resulted in an
80% redution in the number of trophonts on the treated fish. An increase in
concentration to 19.2 mg L1 applied for 3 days managed to completely eradicate
the infection from the fish stock suggesting that potassium ferrate (VI) is very
successful at disrupting trophont development. Potassium ferrate (VI) is an
environmentally friendly, strong oxidising agent (Ma & Liu, 2002), that is less toxic
to fish and humans than closely related potassium salts such as potassium
permanganate (Ling et al, 2010). The effectiveness and degradation rate of
potassium ferrate (VI) in the aquatic environment, however, is strongly linked to
pH and water temperature (Johnson & Sharma, 1999) and these must be
considered when establishing a treatment regime based on its use.

Of the bath chemicals that have investigated in recent years, potassium
ferrate (VI) and the peracetic acid and bronopol-based compounds all possess
potential as promising alternatives to current chemotherapies for the control of L.
multifiliis infections.

Of the in-feed treatments described in Appendix 1, the compounds with the
highest apparent efficacy in vivo in controlling I multifiliis infections are
amprolium hydrochloride, vitamin C, quinine, SalarBec, salinomycim sodium and
secnidazole.

Shinn et al (2003b) found that two anti-coccidiostats, amprolium
hydrochloride and salinomycim sodium, when incorporated into a commercial feed
were able to significantly reduce the number of trophonts establishing on fish. In

vitro trials with amprolium hydrochloride were disappointing (Farley & Heckmann,
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1980; Tojo-Rodriguez et al,, 1994; Shinn et al,. 2001) but treatment with 100 mg L-1
for an hour compromised the survival of the cyst stage ultimately killing 85-90% of
the cysts (Shinn et al, 2001). Incorporation of 1g per kilo of feed given over 8 days
post-infection did not manage to reduce the trophont burden on fish (Tojo-
Rodriguez et al, 1994). However, a dose 63 ppm amprolium hydrochloride given
10 days prior the infection reduced the number of trophonts subsequently
establishing on fish by up to 78% when compared to the control group (Shinn et al,
2003b). Salinomycin sodium has only been tested in vivo with promising results
(Shinn et al, 2003b). Infected fish fed a diet containing 47-63 ppm salinomycim
sodium for a period of 10 days were found to have a significant reduction (80-93%)
in the number of trophonts on them at the end of the trial when compared to the
control groups (Shinn et al, 2003b). The same authors also tested SalarBec, a blend
of Vitamin C, E and B (Miles et al, 2001). When medicated feed containing 0.32%
SalarBec was fed to fish for a period of 10 days prior to infection with I multifiliis, a
65% reduction in the number of trophonts surviving on challenged fish was found
(Shinn et al,, 2005).

Vitamin C on its own or in combination with Vitamin E has also been tested
with success in vivo (Wahli et al, 1985; Wahli et al, 1995, Walhi et al, 1998).
Quinine when incorporated into feed at a rate of 5 g per kg feed and given over a
period of 7 to 10 days effected the complete elimination of I multifiliis on
medicated fish (Schmahl et al, 1996). Medicated fish using vitamin C and quinine,
however, showed some growth suppression as a result of decreased food intake.

Finally, secnidazole is a an antibiotic which has been shown to reduce I
multifilis infections when incorporated into feed and presented at 24-36 mg kg -1

body weight! (Toksen & Nemli, 2010) or 40 g per kg of feed for ten days (Tojo-
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Rodriguez & Santamarina-Fernandez, 2001). While secnidazole appeared to be
effective, the cost of using it on a large commercial scale would be prohibitive
(Noga, 2010).

Although the utilisation of medicated feed appears to be an efficient,
targeted strategy for reducing trophont burdens, there are a number of
disadvantages which centre on the unavailability of commercially prepared
medicated feed, unpalatability issues and the general inappetance displayed by
heavily infected fish. Further research, therefore, is required to optimise the
presentation and appetance of each medicated feed, to establish how each is

metabolised and the clearance rate of each anti-I. multifiliis compound.

4. The emergence of natural extracts

Some new and alternative treatments include the utilisation of plant
extracts such as those from garlic, Allium sativum L., which showed promising
results when tested in vitro (Buchmann et al., 2003). However, when incorporated
in-feed and tested in vivo this extract did not manage to significantly reduce
infection levels when compared to the control groups (Shinn et al, unpublished).
Other natural products such as those from papaya Carica papaya L. and the velvet
bean Mucuna pruriens L. were successful when tested in vitro and in vivo against
tomonts and trophonts (Ekamen et al, 2004). The use of probiotics (eg.
Aeromonas sobria) has proven to be