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Summary

Gill disorders have emerged as one of the most important health issues in the farming of
Atlantic salmon (Salmo salar) in Ireland in recent years. The aetiology of these conditions is
frequently multifactorial. Environmental challenges such as harmful algal blooms and zooplankton
swarms can be involved, in addition to a range of infectious agents. The importance of some of
these agents in terms of fish health remains to be elucidated. One such agent is the causal organism
of epitheliocystis. Epitheliocystis is an infectious condition that affects the gills and, less commonly,
the skin of fish. It has been reported from more than 50 freshwater and marine species. It is
characterised by intracellular cysts packed full of bacteria. Most of these bacteria to date have been
identified as different members of the Order Chlamydiales. The different bacteria responsible for
causing epitheliocystis in Atlantic salmon in ireland were investigated using a combination of
molecular techniques, histopathology and fluorescence in situ hybridization. The epidemiology of
the condition and the pathology associated with different agents of epitheliocystis was described. A
novel gill histopathological scoring system was developed during the study to enable pathology to

be graded and compared over time and between cases.

Using 16s rRNA sequence data, the causative agent of epitheliocystis in freshwater Atlantic
salmon was identified as ‘Candidatus Clavochlamydia salmonicola’. Prevalence of infection in four
sites ranged from 75-100% and infection intensity was highly variable. No significant pathology was
associated with infections. As a diagnostic tool molecular methods proved marginally more sensitive
than histopathology. The fate of ‘Candidatus Clavochlamydia salmonicola’ in Atlantic salmon post-
seawater transfer was investigated by means of a 12-week marine longitudinal study. Both RT PCR
and histopathology indicate that the organism disappears from the gills 4-6 weeks post-transfer. No

evidence for a role of these Chlamydiae as agents of disease was observed.

Until very recently, no non-chlamydial species have been positively associated with epitheliocyst
infections in fish. Investigations to identify the causal agent of epitheliocystis in the gills of diseased
Atlantic salmon in a seawater farm on the west coast of Norway revealed a novel bacterium was
responsible for at least some of the intracellular cysts. “Candidatus Branchiomonas cysticola” is the
name currently proposed for this bacterium. A real-time PCR for this novel bacterium was developed
during this study and samples from a number of farms in Norway and Ireland were investigated for

the presence and levels of “Ca. B. cysticola”. A significant association with it and the levels of cysts




observed on histopathology was uncovered. In many cases highly significant pathology was also
associated with the cysts. Fluorescence in situ hybridization (FISH) using multiple probe
hybridizations at different taxonomic levels provided further convincing evidence that “Ca. B.
cysticola” was the main agent of epitheliocystis in many of the cases examined from both Norway

and Ireland.

Both the transmission and mode of infection of the agents of epitheliocystis remain
undetermined. Culture of intracellular bacteria such as chlamydiae is usually performed using
appropriate cell lines or axenic amoebael culture. Despite numerous attempts no successful culture
has been documented with any of the agents of epitheliocystis. Despite this, a challenge model was
developed during this study. Transmission of infection was attempted by direct inoculation of the
gills of challenge fish with gill material from infected fish. Even though the challenge was
unsuccessful, the results may indicate that “Ca. C. salmonicola” requires an intermediate host to

facilitate transmission. Further research will be required to elucidate this.

The work presented in this thesis has provided some novel findings on the epidemiology and
pathology of epitheliocystis infections. Collectively these results significantly advance our knowledge
of both the role of epitheliocystis in gill disease, and what areas of research should be prioritized to

further our understanding of gill disorders in Atlantic salmon in the future.
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1 Introduction and Literature Review

1.1 Introduction

Although the rate of growth of the aquaculture industry has slowed in the last few years it
remains the fastest growing food-producing animal sector and is now estimated to supply
approximately half of the total world fish food supply. Globally aquaculture is a massive industry and
provides income and subsistence for many, in addition to a good quality supply of protein for billions
of consumers worldwide (FAO, 2010). The total marine aquaculture production in 2009 has been
estimated at approximately 20 million tonnes (if China is excluded this figure is reduced to 8 million

tonnes).

Atlantic salmon (Salmo salar L.) is an important aquaculture species, particularly in the
developed world. Sea cage culture of Atlantic salmon first began in the 1960s in Norway where early
success prompted its spread to Scotland, Ireland, the Faroe Islands, Canada, the USA, Chile and
Australia (Tasmania). Minor production also occurs in New Zealand, France and Spain. Farming of
marine Atlantic salmon is a growing industry, and annual production is now approaching 2 million
tonnes. Farmed Atlantic salmon currently constitute greater than 50 percent of the total global

salmon market (FAO, 2010).

As the salmon farming industry has expanded, it has encountered several challenges. Disease
currently provides a substantial cost to the industry in terms of treatments, mortality and loss of
production. In addition to this, as individual farms have increased in size, disease problems have
been compounded. There are a number of economically important diseases of Atlantic salmon of
current concern, including sea-lice infestation, and infections with viruses such as salmonid alpha
virus and infectious pancreatic necrosis virus (FAO, 2010). Depending on the year and environmental

conditions, gill disease can also be a significant source of losses (Rodger, 2007).

The impact of gill disease in marine-farmed Atlantic salmon, Salmo salar L., has increased in
Europe in the last decade, with Ireland, Norway and Scotland all reporting substantial losses
(National Veterinary Institute, 2009; Rodger, 2007; David Cockerill, personal communication). In

Ireland alone, it was the leading cause of mortality in farmed Atlantic salmon from 2003 — 2006
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(Rodger, 2007), in addition to substantial production losses associated with sub-clinical disease.

There are numerous aetiological agents considered to be involved in or responsible for gill
disease, and there are a range of clinical and pathological presentations (National Veterinary
Institute, 2009; Rodger, 2007; Nowak and LaPatra, 2006; Roberts and Rodger, 2001). Gill disease has
been responsible for large scale mass mortalities as well as poor growth and performance in farmed
salmon and has been a serious financial burden for some sectors of the industry. The aetiology of
these conditions is often multifactorial. Environmental challenges such as harmful algal blooms and
zooplankton swarms can be involved, in addition to a range of infectious agents (Rodger, 2007). The

importance of many of these agents in terms of fish health remains to be elucidated.

The agents that cause epitheliocystis are an example of this. Epitheliocystis is an infectious
condition that affects the gills and, less commonly, the skin of fish. It has been reported from more
than 50 freshwater and marine species (Nowak and LaPatra, 2006). It is characterised by
intracellular cysts packed full of bacteria in the gills and less frequently the skin epithelia. Until
recently, the bacteria responsible have been identified exclusively as different members of the

Order Chlamydiales.

Most of the work on epitheliocystis has so far been limited to case studies and ultrastructural
descriptions of the aetiological agent. Information regarding the epidemiology and pathogenicity of
these organisms has not really progressed since the early investigations. Significant advances have,
however, been achieved in the development of molecular tools to identify the species of bacteria
involved (Draghi et al., 2010, Polkinghorne et al., 2010; Karlsen et al., 2008; Meijer et al., 2006;
Draghi et al., 2004). There is a substantial gap in knowledge regarding epitheliocystis and its impact
on fish health, particularly in salmonids. In particular, its interactions, synergistic or otherwise, with
other known gill pathogens of salmonids and also adverse environmental factors, has not been

explored.

In the last number of years epitheliocystis has become a focus for attention in farmed Atlantic
salmon in Ireland, Scotland and Norway, where it has been associated with numerous cases of gill-
related mortality and disease. Substantial mortalities and loss of production in Norway have been
attributed to proliferative gill inflammation (PGl), a gill disease of complex aetiology in which

epitheliocystis is thought to play a part (Kvellestad et al., 2005). Although PGI has not officially been
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diagnosed outside Norway, disease syndromes with a similar clinical picture have been observed in
clinical cases in both Ireland and Scotland (Hamish Rodger, pers. comm., Dave Cockeril, pers.

comm.).

The aims of the present study were to further our understanding of gill disease in farmed
Atlantic salmon in general, with a focus on the role of epitheliocystis. We sought to explore the
epidemiology and pathogenicity of epitheliocystis infections through longitudinal studies on
selected sites and reactive sampling during outbreaks. The identity of the different causative agents
of epitheliocystis in both freshwater and marine salmon in Ireland was established through
molecular methods and fluorescence in situ hybridization. Gross and histopathology of
epitheliocystis infections and interactions with other gill pathogens and environmental phenomena
were investigated and described. A novel gill histopathological scoring system was devised enabling
assessment of the severity of any gill pathology observed and to allow comparisons between cases.
Finally attempts were made to create a viable challenge model to demonstrate infection dynamics

of the freshwater agent of epitheliocystis, ‘Candidatus Clavochlamydia salmonicola’.
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1.2 Literature Review

There are a range of different microbes associated with the gills in Atlantic salmon including a
variety of parasites, viruses and bacteria. While the importance of many of these is clear in terms of
disease, the significance of certain agents remains obscure. There are also several non-infectious
causes of gill disease for farmed salmonids. These can be grouped into harmful algae, such as
Karenia mikimotoi, harmful zooplankton, such as Pelagia noctiluca, other environmental challenges,
such as pollutants, as well as nutritional and genetic or congenital causes. The interactions between
infectious and non-infectious agents of gill disease have rarely been comprehensively explored, and
the significance of many species of zooplankton in particular requires elucidation. This
comprehensive review summarises much of the currently available published literature on both
infectious and non-infectious causes of gill disease, in addition to the response of the gill to injury,

assessment of gill histopathology and a focus on the disease condition epitheliocystis.

The salmonid gill - structure, function and response to injury

The salmonid gill is a complex vascular structure that functions primarily as a gas exchange
organ, but also has important osmoregulatory and excretory functions. Salmonids have four pairs of
gills or holobranchs, which are made up of filaments. The surface area of these lamellae is further
increased by multiple secondary lamellae, situated at right angles to the primary lamellae. This
creates a massive total surface area where the fish is in intimate contact with the environment. The
squamous epithelium layer on the lamellae is one cell thick, providing a very thin cellular barrier
between the blood and the external fluids. The cores of the lamellae are well vascularised and the
position of the secondary lamellae allow for extremely efficient gas exchange via a counter-current

flow system (Figure 1) (Perry and Laurent, 1993).
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Figure 1. lllustration of the counter current flow system in a fish for oxygen uptake. a) Water flows into
the buccal cavity and is pumped across the gills by the action of the operculae. b) Close up of the primary
lamellae indicating the direction of water flow and the oxygenation of the lacunar capillaries (picture adapted

from http://www.betavak.nl/biologie/kieuw.htm).

Other important functional cells that are present in the epithelium include structural pillar cells,
mucous-producing goblet cells which produce the thin surface mucus layer of the gills and chloride
cells which are involved in osmoregulation. The gills do not solely function as a gas exchange organ
but are also the principle excretory organs in fish, where most of the nitrogenous waste is
eliminated. They are also responsible for regulation of acid-base balance and body fluid pH. Finally,
the gills serve to counter the effects of the osmotic and ionic gradients that provide an ongoing
challenge to the fish in the aquatic environment (Perry and Laurent, 1993; Roberts and Rodger,
2001).

The mucus layer produced by the goblet cells on the surface of the lamellae is extremely
important in terms of the first line of defence of the gills. It protects the epithelium from toxins,
pollutants and other noxious substances and also provides a physical and chemical barrier to the
entry of pathogens. The mucus serves to trap pathogens and with a high rate of turnover removes
them from the gill surface. In addition to this, the mucin that makes up the layer contains many anti-
microbial peptides, lysozymes, lectins and proteases (Ellis, 2001). Innate immune mechanisms are

thought to be more important in the gills than any specific responses (Ellis, 2001).
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The responses of the gill to injury are remarkably conserved, regardless of the initial insult.
Epithelial hyperplasia, lamellar fusion and the presence of necrotic or degenerating cells are three
commonly observed histopathological changes, regardless of the insult (Roberts and Rodger, 2001).
Even though host cell proliferation in the form of epithelial hyperplasia may be induced by and even
benefit intracellular pathogens, it has been suggested that this is actually a protective response,
being a means of reducing the surface area of the gills available for pathogen colonization and/or
toxic substances (Speare and Ferguson, 2006). Unfortunately the reaction is often excessive and
results in severe compromise to the physiological functions of the fish. Hyperplastic and fused gill
filaments have a greatly reduced surface area for gas exchange, excretion and osmoregulation.
Another common response of the gills to injury is an increase in mucus production, and a change in
the quality of the mucus in terms of an increase in viscosity. While having clear protective benefits,
excessive mucus production can also result in impeding gill function, by effectively increasing the

distance between the gill vasculature and the environment.

One of the most outstanding characteristics of gill epithelia is its ability to heal after a gill
disease event. Complete reversal of the pathological changes can occur in time, as long as the host
is not overly compromised systemically and the environmental conditions are optimal. This healing

occurs remarkably without any scarring or fibrosis (Ferguson, 2006).

Assessment and description of gill health and disease

From a clinical perspective, gill disease can be described through a combination of behaviour,
clinical signs and gross- and histopathology. Fish may display increased respiratory rate, flaring of
operculae, swimming at an elevated position in the water column or gathering near a water inflow
(where the water flow rate is highest), coughing, increased mucus production on the gills, bleeding
in the anesthetic bin while being examined, a reduction in feeding or finally, an increase in mortality,
all of which may indicate the presence of gill disease (Rodger, 2007). However, histopathology is
generally the most definitive means of diagnosis, as in many cases clinical and gross pathological
signs can be obscure and significant lesions may only be visible on microscopy. Scoring systems are
frequently employed in both veterinary and human histopathology to grade the severity of disease

(Brink et al.,, 2010; Westin et al., 1999). Few such systems have been employed in fish to date, the

16



exception being studies on gonadal alterations post exposure to endocrine disrupting chemicals in
species such as the fathead minnow (Pimephales promelas), Japanese medaka (Oryzias latipes) and
the zebrafish (Danio rerio) (Johnson et al., 2009). Bernet et al. (1999) described some useful
histopathological alterations in the gills as part of a multi-organ scoring protocol for aquatic
pollution, however some of the criteria are quite complex, and geared towards the effects of toxins
on gill epithelia.

In general, the use of scoring and grading in histopathology aims to facilitate treatment
decisions and non-biased comparisons of results from different studies. Optimization of
reproducibility and reliability between observations is crucial for a system to be useful. The basic
parameters should be easy to identify and selected as criteria that are usually affected in response
to an insult. The response of gill epithelia to injury is relatively conserved which favors the use of
such a system. As mentioned above, epithelial hyperplasia, lamellar fusion and the presence of
necrotic or degenerating cells are the three most commonly observed histopathological changes in
the gills (Roberts and Rodger, 2001). To be useful, a scoring system must find the appropriate
balance between complexity and practicality. A suitable gill scoring system in picine histopathology
could provide a valuable tool for the clinician in aiding the farmer to make management decisions
about his fish, such as those related to treatments, feeding or oxygenation strategies. It could also
be applied in clinical research or field trials involving studies on gill health and pathology, to further

our understanding of disease in these tissues.

Non-infectious causes of Gill Disease

Harmful algae

Reports of algal blooms affecting finfish or salmonid culture are numerous. Algal blooms can be
termed ‘harmful’ when these occurrences impact on human public health, wildlife and fisheries or
aquaculture. Approximately 4,000 marine microalgae have been described to date. Of these
between 60 and 80 species are identified as being toxic and 200 species as potential causes of
harmful algal blooms (HABs) (Sournia, 1995; Smayda, 1997). Some of the main species which have

been associated with pathology and mortality in fish are listed in Table 1.
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Table 1. Examples of marine phytoplankton species associated with fish mortalities (modified from Rodger et

al.,, 2011).
Phytoplankton species Finfish affected Country/Region Details
Karenia mikimotoi Gadus morhua, S. salar Ireland Cod hatchery juveniles killed,
500 mortalities of farmed
salmon
S. salar Scotland Gill damage in farmed salmon
S. salar, O. mykiss Norway 2.6 to 100% mortalities farmed
fish
Karenia brevisulcata Sardinops sagax New Zealand 0.5 tonne pilchards killed
Cochlodinium polykrikoides Various farmed species Korea, Japan, China
Philippines Wild reef fish
Gonyaulax excavata S. salar Faroe Islands

Karlodinium micrum

Gymnodinium sp

Chaetoceros wighami

Chaetoceros convolutus

Ceratium furca

Ceratium furca

Ceratium fusus

Mugil cephalus, Sciaenops

ocellatus

Morone saxatilis x chrysops

Liza macrolepis,

Acanthropagrus cuvieri

S. salar

Oncorhynchus kisutch

S. aurata, Liza klunzingeri

S. salar

Various species

South Carolina

Chesapeake Bay

Arabian Gulf

Scotland

British Columbia

Arabian Gulf

Scotland (Skye)

Japan

Retention pond fish kill

15 000 2-2.75kg fish in one day

Farmed and wild fish

550000 fish died or were

culled, 44 tonnes mortality

60 000 40g fish within one

week,

Fish kill of wild mullet & farmed

bream

2.69T of 4kg fish died (670 fish)

Farmed fish
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Skeletonema sp. S. salar British Columbia Farmed fish (4% mortality,
approx. 16,000 fish, mixed
bloom)

Chrysochromulina polylepis S. salar Scandinavia Farmed and wild fish

Heterosigma akashiwo Oncorhynchus tshawytscha New Zealand, Japan Farmed fish

Alexandrium tamarense S. salar Nova Scotia Farmed fish

Pseudonitschia sp. S. salar British Columbia Farmed fish

Algal blooms are naturally occurring phenomena, however, in recent decades there are
suggestions that there has been an increase in the frequency and intensity of these blooms (Daranas

et al., 2001, Anderson, 2009). Hallegraef (1995) proposed four main explanations for this:

1) Eutrophication of coastal waters due to anthropogenic activities possibly in combination

with unusual meteorological conditions

2) Increased practice of aquaculture in coastal waters

3) Increased awareness amongst scientists of toxic planktonic species

4) Movement of resting forms of toxic planktonic species between regions, for example, in

ballast waters of boats (Bolch and Salas, 2007; Edwards et al., 2001).

Although questions remain with regard to the suggestions that harmful algal blooms are
increasing in frequency and geographic extent, there is currently much interest in such blooms in
the scientific community, the general public and governments (Granéli and Turner, 2006).

The financial cost of algal blooms is a significant concern to the aquaculture industry. Taylor
(1993) reported blooms of Chaetoceros sp., Heterosigma sp. and another undescribed chloromonad
that cost the salmonid farming industry in British Columbia approximately $14 million between 1988
and 1993. In Korea, approximately $1.31 million per year was estimated as the financial impact
incurred by HABs to aquaculture (Kim, 2006). Imail (2005) reported that the average economic loss
due to HABs is over $10 million a year in Japan.

The clinical signs in farmed salmonids associated with HABs include fish swimming in an
elevated position in the water column, lethargy, gasping at the surface, increased respiratory rate

and mortalities. There may be excessive mucus production on the gills or gills may have small areas
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of thickening which appear as pale areas or spots (Rodger, 2007). Small blood spots or petechiae are
seen with some irritant phytoplankton, however, in some cases with toxic algae the gills may show
no gross abnormalities. Bleeding, from the gills during examination under anaesthesia may also
present as a sign. Sometimes there are associated mortalities in wild fish stocks and invertebrate
benthic species associated with harmful blooms (Silke et al., 2005, Mitchell and Rodger, 2007). Algal
blooms can cause the affected waters to become intensely discoloured and while they have been
frequently associated with ‘red tides’ the discolouration can in fact vary from red to white or from

golden brown to emerald green (Zingone and Enevoldsen, 2000).

Histopathological observations of gill lesions caused by HAB events include acute necrosis,
sloughing of epithelial cells, severe oedematous separation of the epithelium from the lamellar
branchiai vessels, necrosis of epithelial celis (Jones et al, 1982; Fernéndez-Tejedor et al., 2004;
Mitchell and Rodger, 2007), swelling and pyknosis of primary lamellar epithelium and congestion of
branchial vessels (Roberts et al., 1983). In addition to the gill pathologies there may also be liver and

gastrointestinal histopathologies observed (Mitchell and Rodger, 2007).

Black et al., (1991) surmised that there are four main mechanisms by which fish mortalities can
be caused by harmful algal blooms: (i) physical damage, (ii) asphyxiation due to oxygen depletion,
(iii) gas-bubble trauma due to oxygen super-saturation caused by algal photosynthesis, and (iv)

ichthyotoxin damage.

{i) Physical damage caused by HABs

Several species of marine diatom have been implicated in mortalities of farmed salmonids.
These species include Chaetoceros sp. (Albright et al,, 1993; Yang and Albright, 1992), Skeletonema
sp., Thalassiosira sp., Thalassionema sp., Coscinodiscus and Pseudonitzschia (Kent et al., 1995;
National Veterinary Institute 2009). Phytoplankton such as Chaetoceros sp. possess harmful setae
with spicules (Albright et al, 1993) which can cause abrasion of the epithelial surfaces. This
irritation causes overproduction of mucus by the goblet cells. Physical damage to the epithelium
then predisposes the fish to secondary infection with bacteria as demonstrated by Albright et al.,

(1993), and potentially other pathogens such as protist parasites and amoebae.

(i) Asphyxiation by HABs
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Despite the fact that Kareina mikimotoi produces ichthyotoxins during blooms (Satake et al.,
2002, Satake et al., 2005) mortalities due to this planktonic species are suggested to be due in part
to decreased levels of oxygen saturation resulting from the decomposition of the algae in the later
stages of the bloom (Silke et al., 2004). In addition to this, oxygen conditions are further reduced by
the respiration of the algae themselves and also of the bacteria involved during the bloom
breakdown. Consequently oxygen shortages primarily occur overnight although overcast weather in

daylight may incur similar effects (Bruno and Poppe, 1996).

Mechanical clogging of the gill lamellae may occur. Jones and Rhodes (1994) reported that the
deaths of numerous pilchards (Sardinops sagax) was attributed to both this and reduced dissolved
oxygen levels during a bloom of the green microalgae, Tetraselmus sp. in a small lagoon in New

Zealand.

(iii) Gas-bubble trauma

Super-saturation is a phenomenon that is occasionally associated with algal blooms. In extreme
cases dissolved oxygen levels can reach a few hundred percent and potentially cause gas bubble
disease (Roberts, 2001; Speare, 1998). The main gill pathologies include oedema of the lamellae and
subsequent degeneration of the overlying epithelium. Super-saturation is more likely to occur in
freshwater, however, reports of extreme oxygen levels have been also recorded in marine fish.
Renfro (1963) indicated that an excess of oxygen was associated with fish mortalities at Galveston

Bay, Texas, with oxygen levels recorded in the region of 250-327%.
(iv) Icthyotoxins produced by HABs

There are a variety of phytoplankton species that are of concern as toxin producers. Karenia
species, previously known as Gyrodinium has been associated with fish kills for many years. Roberts
and Powell (1983) demonstrated that K. mikimotoi (Gyrodinium aureolum) did not cause mechanical
occlusion of the gills but did induce severe histopathological damage, including necrotic
degeneration and disintegration of lamellar epithelia. Two cytotoxic polyethers, Gymnocin A
(Satake et al., 2002) and Gymnocin B (Satake et al., 2005), have been isolated from K. mikimoto, and
these may explain the mechanism by which this dinoflagellate damages fish species (Mitchell and

Rodger, 2007).
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Mitigation and control strategies for HABs in aquaculture were reviewed extensively by Kim
(2006). These include precautionary measures such as monitoring for algae using turbidity and
satellite imagery with actions such as early harvesting, reducing feed to fish, and use of clay, water
pumps or aerators to disperse or remove the bloom. Other indirect controls such as reducing
nutrient inputs and modifying water circulation have also been applied (Kim, 2006). More dramatic
measures that potentially could be applied include moving pens to alternative unaffected area,
enclosing the nets pens with tarpaulin or applying a top-net and sinking the pens to beneath the
bloom (Kim, 2006). Direct actions on the bloom by physical (removal with skimmer or screen filter),
biological (using algicidal microorganisms) or chemical means (clays and long chain polymers or
surfactants such as sophorolipid) may also be used (Kim, 2006). The resources and logistics of
applying some of the above listed methods mean they are currently impractical and in reality,
cessation of feeding and supplementary oxygenation are the only two mitigation strategies that are

applied with regularity across the finfish aquaculture industry.

Harmful zooplankton

Gelatinous zooplankton or jellyfish swarms are a significant cause of production loss to the
aquaculture industry. Jellyfish-mediated damage to salmon and other species in aquaculture is is
considered by some workers to be increasing in frequency (Graham, 2001; Purcell et al., 2007;
Rodger et al., 2011). The increase of reports in the literature on harmful zcoplankton blooms may be
related to increased scientific awareness and interest, but concerns are mounting that the marine
ecosystem food chain is rapidly changing with a trend towards dominance of jellyfish (Hay and

Murray, 2008; Lynam et al., 2006).

A number of jellyfish species have been implicated in fish kills over the years including the
hydromedusae Phialella quadrata (Bruno and Ellis, 1985) and Solmaris corona (Hay and Murray,
2008), the siphonophores Muggiaea atlantica (Hellberg et al., 2003) and Apolemia uvaria (Bamstedt
et al, 1998) and the scyphomedusae Cyanea capillata (Bruno and Poppe, 1996) and Pelagia
noctiluca (Doyle et al., 2008). Hay and Murray (2008) reported that, in Scotland between the period
of 1999 and 2005, approximately 60% of 4.7 million fish mortalities (9,500 tonnes) were caused by

jellyfish or harmful zooplankton. The authors also observed that in Skye and the Outer Hebrides in
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2002 fish losses caused by a combination of zoo- and phytoplankton accounted for greater than 10%
of mortalities in numbers and approximately 17% of the biomass lost. In Ireland, Rodger (2007)
observed that first sea year salmon in farms are especially vulnerable to gill pathology and gave an
estimate of approximately 12% for annual mortalities due to gill disease one of the implicated
aetiologies being harmful zooplankton. Species implicated in causing damage to salmonids are listed

in Table 2.
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Table 2. Examples of gelatinous zooplankton associated with mortalities in farmed salmonids.

Zooplankton Spp. Salmonid Species Affected Location Details
Aurelia aurita (Scyphozoan) S.salar Norway Farmed salmon

Shetland Farmed salmon

Ireland Farmed salmon
Pelagia noctiluca S. salar Northern Ireland Approx. 250 000 fish killed
(Scyphozoan)

Ireland, Scotland Farmed salmon

France Significant mortalities in

farmed fish

Muggiaea atlantica S. salar West coast of Norway >100 000 farmed salmon, 2000
(Siphonphore) siphonophores/ms

Scotland Mortalities in farmed fish
Phialella quadrata S. salar Shetland 1500 fish mortality
(Leptomedusa)

Norway
Cyanea capillata (Scyphozoan)  S. salar Scotland, Ireland Farmed salmon (90,000

mortalities in Ireland in 2004)

Solmaris corona S. salar Scotland Farmed salmon (650,000
(Narcomedusa) mortalities in 2 days in 2002)
Apolemia uvaria S. salar Sweden, Norway Farmed salmon
(Siphonophore)
Bolinopsis infundibulum S. salar Norway Farmed salmon
(Ctenophore)
Vellella vellella (Athecata) S. salar Ireland Skin and gill pathology

observed

Clinical signs caused by harmful jellyfish swarms include lethargy, fish swimming close to the
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surface and respiratory distress. The fish may exhibit unusual behaviours such as bursts of jumping
and head shaking (Rodger, 2007). Cessation of feeding may also occur (Bruno and Ellis, 1985).
There may be increased numbers of moribund fish and/or mortalities. On examination of the gill
filaments excess mucus, mottling and discolouration of the gill filaments and localised, focal erosion
of the gills, gill rakers and or operculum may be observed, in addition to skin, mouth and eye
damage (Rodger, 2007). The most significant pathology in affected fish has been observed in the
gills, mediated by the toxic effects of jellyfish venom through nematocyst discharge (Helmholz et al.,
2010; Rodger et al.,, 2011). Focal necrosis of the gills, with haemorrhage, epithelial sloughing,
discharge of eosinophilic granular cells and oedema have all been associated with exposure of fish
to harmful gelatinous zooplankton (Roberts and Rodger, 2001). In some cases, the physical
presence of high numbers of gelatinous zooplankton may result in physical clogging of gills and lack
of availability of oxygen. This has been recorded with some species which do not have nematocysts,

such as Bolinopsis infundibulum (Bamstdet et al., 1998).

Besides the obvious direct loss of mortalities in aquaculture, the implications of zooplankton
swarms are far reaching. A considerable cost is incurred during retrieval and disposal of these dead
fish. Zooplankton swarms increase stress in affected fish populations and the incidence of disease
and possible secondary bacterial (Tenacibaculum sp.) infections (Ferguson et al.,, 2010). Reduced
growth during and/or after exposure to swarms is possible. Costly mitigation actions may also be
required. Loss of production potential may occur if emergency slaughtering is deemed necessary.
Insurance premiums may increase following claims for damage due to plankton blooms and as there
may be a preset limit for claims many smaller losses due to zooplankton go unreported (Rodger et

al,, 2011).

Limited strategies for the treatment or control of zooplankton swarms exist. The presence of
early warning systems for blooms may help aquaculture producers to make decisions such as
whether to feed fish. Reduction or stopping feeding has been suggested as a potentially helpful
strategy (Hay and Murray, 2008). Oxygenation and recirculation of deep ‘bloom free’ water around
caged fish has also been suggested (Hay and Murray, 2008). As with the HABs, movement of cages
away from the swarm area could be considered if feasible. Prophylactic antibiotic cover for possible
secondary infections may also be beneficial. Employment of protective nets, booms or bubble

curtains may be considered worthwhile at high risk sites (Rodger, 2007). Bubble curtain trials in a
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salmon farm in Co. Donegal, Ireland where monitoring of zooplankton was undertaken, revealed
that a significantly greater density (20%) of plankton was recorded on the outside of the curtain as
compared with the inside (Ratcliff, 2004). However, the energy costs of operating the bubble curtain

were very high, both in terms of diesel and fouling (Ratcliff, 2004).

Other environmental aetiologies of gill disease

Medicines and remedies

Several different bath treatments used in the control of infectious diseases in aquaculture have
been associated with damage to the gills of the fish treated, for example, formalin (Speare et al.,
1997), hydrogen peroxide (Kiemer and Black, 1997) and chloramine-T (Sanchez et al., 1997, Powell
etal., 1998).

Formalin treatments, often used to treat fungal or parasite infestations, may cause a slight dose-
related increase in lamellar fusion in Atlantic salmon and to a greater extent in rainbow trout
(Speare et al., 1997). They found that while both species showed an increase in mucus production
there was no evidence of oedema or necrosis. Hydrogen peroxide (H,0,) is frequently used as a
bath treatment for external parasites of salmon, such as sea lice, Lepeophthirius salmonis and
Caligus elongatus. Kiemar and Black (1997) showed that there is a very narrow margin between the
effective treatment range and concentrations which will induce gill damage and possibly death.
Increasing temperatures reduce this error margin further. The authors observed that the gill
histopathology was multifocal, with areas of severe damage adjacent to healthy tissue. Secondary
lamellae and the outer surfaces of gill arches were most severely affected. Pathology included
hypertrophy, clubbing of secondary lamellae, mucous cell hyperplasia, hyperaemia, irregular surface
of epithelial cells, haemorrhage, necrosis, fusion and lifting of the epithelial surface. The severity of
pathology was consistent with length of exposure time and concentration of H,0,. As a result it is
generally accepted that hydrogen peroxide use is safest when water temperatures are lower than

132C.
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Chloramine-T (N-sodium-Nchloro-para-toluenesulphonamide) is commonly used
prophylactically and as a treatment against bacterial gill disease and ectoparasitic disease in
salmonid hatcheries in freshwater. It has also been investigated as a treatment for amoebic gill
disease in marine salmonids (Harris et al., 2004). Several studies have been performed to determine
the effects of this potentially toxic chemical on the gills of salmonids (Sanchez et al., 1997, Sanchez
et al., 1998), the results of which did not demonstrate any conclusive detrimental effects. However
chloramine-T has been shown to have acute (within twelve hours) respiratory and acid-base
disturbances in fish (Powell et al., 1998). Sensitivity to the agent is also reported to be species
dependant, with freshwater Atlantic salmon and rainbow trout (Oncorhynchus mykiss, Walbaum)
having greater susceptibility than channel catfish (Ictalurus punctatus) (Powell and Harris, 2004).
Chloramine-T has also been shown to be more toxic to Atlantic salmon in seawater than in
freshwater and in extreme cases can cause acute disruption to osmoregulation (Powell and Harris,

2004).

Finally, all bath treatments regardless of the theraputant have the potential to cause serious gill
damage in Atlantic salmon. Use of sea-lice products such as pyrethroids or organophosphates has
occasionally been associated with an increase in gill pathology and mortality in treated fish (Hamish
Rodger, personal communication). This is partly related to inappropriate bath treatment strategies
such as a failure to provide sufficient oxygenation during treatments or inadequate mixing of the

product in the bath, which can result in highly toxic “hot-spots” of the treatment product.

Eutrophication and polilution

Coastal eutrophication can result in an increase in phyto-plankton leading to phyto- and
zooplankton blooms (Glibert et al., 2002; Anderson et al., 2008; Richardson et al., 2009). Factors
involved in this enrichment of nutrients include sewage, agriculture runoff and discharge as well as
industrial effluent and discharge. In addition to their role in plankton enrichment, these factors also
play a direct role in gill disease and mortalities in farmed finfish species (Liber et al., 2005;
Ogundiran et al., 2009). In particular, damage to gill filaments and the chloride cells on the filaments
decreases the ability of the fish to carry out efficient respiration. This is important both in adult

marine stage salmon and in smolts adapting to the marine environment (Clarke 1992; Lappivaara et
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al.;:1995).

Hydrogen sulphide (H,S) may be produced naturally and under normal conditions in coastal
waters but can also result from self-pollution under farm pens. Chronic exposure causes clubbing
and thickening of the gill lamellae and increased numbers of mucous cells may be observed. Acute
exposure cases show major irreversible damage to the gill tissues. Extensive fusion of secondary
lamellae, thickening of the primary lamellae, haemorrhages and separation of the epithelium from

the underlying branchial vessels have all been reported (Kiemar et al., 1995).

The majority of references regarding toxicity of metals and pollutants to salmonid and non-
salmonid fish and including gill pathologies relate to freshwater although Kroglund et al. (2007)
assessed the effects of acidification and aluminium (Al) on survival of post-smolt Atlantic salmon in
Norway. Exposures were of varying intensities and duration. It was found that the capacity for
Atlantic salmon smolts to osmoregulate is extremely sensitive to Al concentration and that return

rates of Al-exposed fish were reduced by between 20 and 50% when compared with control fish.

Nutritional aetiologies for gill disease

Nutritional deficiencies such as vitamin C, vitamin K, biotin and pantothenic acid can
occasionally lead to gill pathology in farmed fish (Waagbg, 2008). Histopathology associated with
such nutritional changes includes lamellar degeneration or fusion. Numerous studies have
documented the gill pathology characteristic of pantothenic acid (PA) deficiency, and epithelial
hyperplasia of gill lamellae has been shown to be characteristic (Wood and Yasutake, 1957; Poston

and Page, 1982; Karges and Woodward, 1984).

Genetic and congenital causes for gill disease

Gill filament deformity syndrome (GFDS) is an unusual condition of diploid and triploid
Tasmanian Atlantic salmon. The absence of the primary gill filaments is characteristic of the

syndrome. The deformity is an autosomal condition (non-sex-linked genotype) and results in a
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markedly reduced gill surface area for gas exchange and acid-base balance in triploid fish when

compared to their diploid counterparts (Sadler et al., 2001).

Shortening of the opercular cover of gills is a deformity that is occasionally observed in Atlantic
salmon. It may be uni- or bilateral and it results in the exposure of the gill filaments to the external
environment and potential damage. This frequently results in the shortening and thickening of the
gill filaments. On histological analysis such gills frequently display epithelial hyperplasia and lamellar
fusion and are vulnerable to secondary bacterial and parasitic infections. In addition, fish with such a
defect are unable to pump water across the gill effectively and are obliged to swim continuously in
order to maintain a continuous flow of water past the gills (Branson and Turnbull, 2008). The
aetiology of this condition now appears, in many cases, to be related to elevated egg incubation

temperature (>8°C) (Baeverfjord et al., 1997; @rnsrud et al., 2004).

Infectious causes of Gill Disease

Table 3 provides a summary of the main infectious pathogens of the gills of Atlantic salmon.

Each group is explored in detail in the next section.
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Table 3. The main salmonid pathogens associated with gill disease (modified from Mitchell and Rodger, 2011).

Group Pathogen Salmonid species Geographical location Associated
affected pathology/syndrome
Virus Atlantic salmon AS Norway PGI?
paramyxovirus (ASPV)
Virus Salmon gill poxvirus AS Norway PGI?
(SGPV)
Parasite Neoparamoeba perurans AS, RT, CO, CS Australia, Ireland, Norway, = Amoebic gill disease
Scotland, USA, New
Zealand, Spain, Chile
Parasite Loma salmonae CS, CO, RT* Canada, Scotland Microsporidean gill disease
Parasite Ichthyobodo sp. AS, RT Global Marine Costiasis
Parasite Trichodina sp. All salmonids Global Trichodinosis
Parasite Desmozoon lepeophtherii AS, RT Global PGI
Parasite Salmincola salmonea AS Global Mild gill inflammation
Parasite Gyrodactyloides AS Global Obstructive gill damage
bychowskii
Bacteria Tenacibaculum maritimum  AS, RT, CS Global Tenacibaculosis
Bacteria ‘Candidatus Piscichlamydia  AS, AC Ireland, Norway, N. PGl, Epitheliocystis
salmonis” America, Tasmania
Bacteria ‘Candidatus AS Ireland, Norway PGlI, Epitheliocystis
Branchiomonas cysticola’
Bacteria ‘Candidatus AS, BT Ireland, Norway Epitheliocystis

Clavochlamydia

salmonicola’

AS - Atlantic salmon, RT — rainbow trout, CS — chinook salmon, BT — brown trout, CO — coho salmon, AC - Arctic char, PGl —

proliferative gill inflammation, * freshwater only
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Viruses

In spite of the fact the gills are the most likely port of entry for many viruses affecting Atlantic
salmon, such as Infectious salmon anemia virus ISAv (Totland et al.,,1996), reports of viruses acting
as actual gill pathogens in this species are infrequent. Only two viruses to date have being
associated with gill disease; Atlantic salmon paramyxovirus (ASPV) and salmonid gill pox virus
(SGPV). In both cases the mechanism by which they negatively affect the host and their contribution
to gill pathology, if any, is unclear. Atlantic salmon paramyxovirus (ASPV) was first isolated in 1995
from farmed Atlantic salmon in Norway which were suffering from proliferative gill inflammation
(PGI) (Kvellestad et al., 2003). To investigate the significance of ASPV an experimental challenge with
a virus isolate was performed, but did not result in any mortality or pathology. Nevertheless, a
synergistic role for this virus in combination with other gill pathogens was suggested (Fridell et al.,
2004). Immunofluorescent staining and immunohistochemistry were employed by another study
attempting to uncover the aetiological significance of ASPV. The virus was found associated with
diseased tissue on three different farms where fish were affected with PGI (Kvellestad et al., 2005a;
2005b) suggesting it potentially may have a role to play in multifactorial disease. Through molecular
studies the virus was assigned to the genus Respirovirus within the family Paramyxovirus (Falk, et
al., 2008). Paramyxoviruses have been associated with respiratory diseases in mammals and birds
and primary replication occurs mainly in the respiratory tract (Murphy et al,, 1999). A common
finding in pneumonia in terrestrial animals is that a virus or viruses are involved as trigger pathogens
which then allow secondary bacterial infections to become established (Radostits, et al., 1999).
Although the biological model of virus-bacterial interaction for respiratory disease has been strongly
documented in land animals, the role, if any for ASPV or other viruses in diseases of fish is not clear.

Furthermore, ASPV is not consistently detected in cases of PGl in Norway (Steinum et al., 2010).

In the spring of 2006, salmonid gill poxvirus (SGPV), a DNA virus was first observed by electron
microscopy (Nylund, et al., 2008). Immature virions were described as being 350nm in diameter and
intracellular mature virions are about 300nm long. Gill epithelial cells infected with the pox virus
exhibited extreme hypertrophy and degeneration of the nucleus. The virus was isolated from the
gills of Atlantic salmon suffering from a proliferative gill disease which resulted in 20% mortality at a
freshwater facility in northern Norway. Later in 2006, the virus was also isolated from Atlantic
salmon at two marine sites in western Norway where mortalities close to 80% were recorded. In
both these marine sites concurrent infections of the gills with the bacterium ‘Candidatus
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Piscichlamydia salmonis’ and the amoeba Neoparamoeba perurans may have contributed to the
high mortalities. As with ASPV, the significance of this virus for salmonids as a gill pathogen remains

to be determined and again, multifactorial interactions may be a prerequisite for disease.

With advances in molecular and other techniques in recent years, it is becoming easier to detect
micro-pathogens such as viruses. The role these have played to date in gill disease may have been
underestimated. The first report to describe epitheliocystis, which is a condition of the gills
characterised by intracellular cysts full of bacteria, in a bluegill (Lepomis macrochirus) includes an
electron micrograph of affected gill tissue in which a virus was also observed. This virus had
similarities to a paramyxovirus (Hoffman, et al., 1969) perhaps providing the first support that the

interaction of viruses with other infectious agents may be an important.

Parasites

A range of different parasites can be present on the gills of marine Atlantic salmon and can be
problematic especially if present in high numbers. Parasitic infestation can also become more

significant in gills that are compromised by adverse environmental conditions or concurrent disease.

Amoebic Gill Disease

Probably the most significant disease caused by gill parasites in terms of economic impacts in
aquaculture is amoebic gill disease (AGD). AGD has been recognised as the most significant problem
of marine farmed salmonids for many years in Tasmania (Munday et al., 1990), with significant
outbreaks occasionally reported in other salmon farming countries. Outbreaks have been reported
in Atlantic salmon in Ireland (Rodger and McArdle, 1996), France (personal communication, Fredrick
Esnault), Scotland (personal communication, Peter Southgate) Chile, Spain (Rodger and McArdle,
1996), New Zealand (Munday et al., 2001) and most recently in Norway (Steinum et al., 2008). The
first outbreak in North America was in marine coho salmon (Oncorhynchus kisutch, Walbaum) where
it resulted in significant losses (Kent et al., 1988b). AGD is also reported to affect several other fish

species cultured in the marine environment, including other salmonids, turbot (Scophthalmus
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maximus, L.), European seabass (Dicentrarchus labrax, L.) and sharpsnout seabream (Diplodus

puntazzo, Cetto) (Munday et al., 2001).

Atlantic salmon appear to be the most susceptible salmonid species affected by AGD. Outbreaks
in Pacific salmon have generally been minor and sporadic suggesting they may have inherent
resistance to disease (Findlay et al., 1995). AGD has been recorded in chinook salmon
(Oncorhynchus tshawytscha, Walbaum) farmed in New Zealand but is insignificant in terms of

mortalities and rarely warrants treatment (personal communication, Chris Kennedy).

For many years Neoparamoeba pemaquidensis, a free living amoeboid protist found in the
marine environment was originally assumed to be the primary agent of AGD, however, in 2007,
Young, et al. identified the true agent of AGD as a new species of amoebae, now known as
Neoparamoeba perurans. Retrospective testing of material from outbreaks from different countries
indicates this is and has been the predominant aetiological agent of AGD all along. The study
confirmed that it has been the predominant agent of epizootics of AGD in Tasmania as well as cases

in Ireland, North America, Scotland, New Zealand and Northwest Spain.

AGD has been an ongoing problem for Tasmanian aquaculture since its inception in 1984, with
the first reports of it as a serious disease by Munday (1986). Amoebae can be found on salmon gills
at temperatures of around 10°C, yet clinical disease is usually seen between 12 - 20°C and salinities
approaching 35%.. Amoebae have also been detected on a range of native marine fish. Marine-
farmed fish are worst affected during their first year at sea and mortality levels can vary depending
on a number of host and environmental factors. In serious outbreaks up to 50% mortality can occur

without treatment.

AGD accounts for 10 to 20% of production costs in Tasmania (Munday et al., 2001). The disease
is of lesser significance in other countries but occasionally can cause substantial morbidity or
mortality, especially when associated with pre-existing disease or unusual environmental conditions.
In 1995 (Rodger and McArdle, 1996) and again in 2011 (personal communication, Hamish Rodger),
AGD epizootics occurred in Ireland. In the 1995 epizootic, abnormally high sea temperatures due to
a very hot summer and higher than normal salinities due to lack of rainfall were considered to be
significant factors (Rodger and McArdle, 1996; Palmer et al., 1997). The first and only reports of AGD

in Norway were in seawater farmed Atlantic salmon in autumn 2006, at four locations on the
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western coast (Steinum et al,, 2008). The mortality attributed to infection ranged from 12 - 82%.
Proliferative gill inflammation (PGI) was also present and in one of the four farms may have
contributed to the unusually high mortality (82%) in this site. Mortality on the other three sites
ranged from 12 to 20%. Higher than average water temperatures (+3.5 above normal) were again
assumed to be responsible for precipitating the outbreaks. However, the Irish epizootic in the
summer of 2011 painted a different picture. Sea temperatures were lower than average and salinity
within the normal range. These conflicting findings suggest there may be other more important
unidentified environmental elements involved in precipitating significant episodes of AGD. Douglas-
Helders et al., (2001; 2004) suggested that other stressors and environmental factors may be more
important risk factors than temperature. While investigating temperature as a risk factor for AGD,
the authors observed clinical disease at temperatures below 10°C. Salinity has been regarded as an
important environmental factors affecting AGD and protracted infections in salmonids have

frequently been associated with high salinities (Clark and Nowak, 1999, Munday et al., 2001).

The potential of amoebae to survive and even multiply on the gills of dead fish was uncovered
by Douglas-Helders et al. (2000). A steady increase in amoebal numbers on the gills of dead fish was
observed to at least 30 hours post mortem. This finding clearly illustrates the importance of early
and efficient mortality removal from net-pens to reduce pathogen exposure and challenge to

cohabiting fish.

Clinical signs attributed to AGD include anorexia, respiratory distress, flared operculae and
lethargy (Munday et al., 2001). Several studies have described the pathology attributed to AGD with
similar findings. Clinical examination of the fish frequently reveals multifocal patches or spots of
white to grey swollen gill tissue with excess mucus surrounding the gill arches (Munday et al., 1990).
On histological examination hyperplasia and complete fusion of the secondary lamellae can be
observed alongside fusion of the primary lamellae. The formation of small interlamellar vesicles or
lacunae, subsequent to the fusion of the secondary lamellae in which amoebae were present may
also be present (Munday et al., 1990). High numbers of amoebae are usually observed on histology
intimately attached to the eroded lamellar edges. AGD is usually diagnosed by microscopy of fresh
gill mounts or histopathology. In Tasmania where AGD is endemic, presumptive diagnosis is often

made by observations of gross gill pathology as described above.

Despite the fact that the gross- and histopathology of AGD has been comprehensively described,
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the pathogenesis of the disease is still poorly understood (Munday et al, 2001). Whether a
precipitating environmental event or pre-existing gill pathology is necessary to enable colonization
of the gills by N. perurans is ambiguous. Recent studies by Adams et al., (2009) suggested that
mechanical injury to gills does not increase the risk of attachment and/or colonization of the gill

epithelium in salmon during experimental infection with N. perurans.

The current recommended treatment for AGD is a 2-3 hour freshwater bath (Parsons et al.,
2001, Clarke et al., 2003). Use of hydrogen peroxide has produced equivocal results (Powell and
Clarke, 2004). Chloramine T (a disinfectant compound) in seawater has shown to be a promising
alternative to freshwater bathing (Harris et al., 2004; Harris et al., 2005). A number of different in-
feed supplements such as bithionol, an antiprotozoal agent, have been assessed as treatments for
AGD (Florent et al., 2007; Florent et al., 2009). Although bithionol showed promising effects,
licensing of such a compound for fish entering the food chain is likely to prove difficult. This is also
the case with other amoebicidal agents which have shown to have some effect in vitro such as

nifurpirinol, mefloquine, pyrimethamine and nitrothiazole (Howard and Carson, 1995).

Some studies have linked AGD with the presence of different bacteria on the gills. Embar-
Gopinath et al,, (2005a) looked at the relationship between salmonid gill bacteria and AGD. They
found that the most severe cases of AGD occurred in fish that had high levels of co-infecting
Winogradskyella sp.. In contrast, a cytopathological study by Roubal et al, (1989), found no
evidence of large bacterial loads on the gills, nor did they find any preexisting gill pathology or
epithelial proliferation prior to the colonization with N. perurans implying that it may be a primary

pathogen.

There are other conflicting reports regarding the necessity for a predisposing factor for
colonization of the gills by amoebae. During a 2-year intensive study on AGD in Ireland Berming<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>