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Abstract

The introduction ofalien fish species and their alien parasites pose one of the most important
threats to freshwater fishes throughout the world. The swagh of Australia has a
depauperate, although highly endemic freshwater fish fauna. Of the 200 native freshwater fish
species in Australia 144 are exclusively confined to freshwater. In the extremensstitthere

are only 11 native freshwater fish species and nine of these are endemic to the region. Six of the
11 freshwater fish species have restricted geographic range®ur are listed as rare or likely

to become extinct. In 2008, studies surveying the parasites of freshwater fishes in the South
West Coast Drainage Division (SWCDD), reported the introduction of the alien parasite,

Lernaea cyprinacednto freshwateriver systems in the region.

Lernaea cyprinaceacommonly known as anchor worm, is a parasitic copepod believed to have
been brought in to Western Australia with the accidental release of its nativeChraisius
auratus(goldfish). It is not native téwustralia and, until recently, had only been reported in fish
in eastern Australia. First reports of this parasite in the seath identified it using
morphological criteria from four native freshwater fish&alaxias occidentalis(western
minnow), Namoperca vittata (western pygmy perch)Bostockia porosa(nightfish) and

Tandanus bostockfreshwater cobbler).

The present study aimed to resolve the morphological uncertainty surrounding the taxonomy of
the parasite using molecular techniques, spetifit®cCR and DNA sequencing, and to review

the host range and geographic distribution of this invasive species within thewsstitbf
Western Australia. A comparison of the infection success and pathogenititgygrinacean

a fish speciedNannopercavittata (pygmy perch), that is endemic to the Southwestern Province

Ichthyological, and that to the natural hd3arassius auratuggoldfish), is detailed.

Lernaea cyprinacein southwestern Australia had been morphologically identified in previous

studies, but had not been identified using molecular tools. Parasite samples examined in this



study typed asernaea cyprinaceat the 28S ribosomal RNA (rRNA) locus. Sequences were
identified using Finch TV Version 1.4(Geospiza Research Team 2MD6) aw checked for

identity using the nucleotide database, Nucleotide BLAS://blast.ncbi.nim.nih.gov).

The parasite appears to have increased its geographic range in the Southwestern Ichthyological
Province; in 2008 it was reported in only one river (the Canning River), whereas in the present
study it was found in another two rivers (the Murray River aathéhtine River)Lernaea
cyprinaceawas also found on two more host species, in addition to the four native hosts
reported previouslyGalaxias occidentaligwestern minnow),Nannoperca vittata(western

pigmy perch)Bostockia porosdnightfish), Tandanushostocki(freshwater cobbler), and now,
Pseudogobius olorurtbluespot goby) andleptatherina wallace{western hardyhead)n the

field, L. cyprinaceawas more prevalent on native freshwater fish species than on the natural

hostC. auratus

The differene in prevalence of. cyprinaceaon native fishes an@. auratusfound in field

studies may be due to differences in exposure to the parasite or to differences in susceptibility to
infection. Laboratory experiments were used to compare the susceptiilifiction of native

N. vittata and C. auratus There was no difference found in the prevalence or intensity of
infection onN. vittataor C. auratus when they were exposed separately. ixeth communities
however, a significantly greater proportion Nf vittatawere infected compared 0. auratus

(0.59 vs. 0.33), and the mean intensity of infection was also greabér vittata than inC.

auratus(3.0 £ 0.3vs. 2.2+ 0.4).

Nannoperca vittataand C. auratusalso exhibited significant differences iheir behavioural
reactions to infectionwith putative defensive behaviours observed much more frequently in
infected C. auratusthan in infectedN. vittata Histologically, C. auratushad a greater

pathological and inflammatory response to infection tdawittata



Due to the extensive and destructive effectS.cduratuson both native fishes and habitat, the

control ofC. auratushas become essential. Removal programs have been underway in Western
Australia since 2005, however, we know very little about the effects of removal programs for
auratuson the ceintroduced parasite. cyprinacealn particular, it has been suggestedtt if

goldfish are a less competent host species than native freshwater fish species, then removal may

actually exacerbate the parasite problem by increasing prevalence of infection on native fishes.

This study provides no evidence that the removabaffgsh will exacerbate the problem bof
cyprinaceain river systems in soutestern Australia. That being said, there is a need to
expand this study to examine the comparative infectivity and pathogenititgybrinaceao
other native fish speciesid, where possible, to monitor parasite infection rates in the field
before and after goldfish control programs to ensure that there are no adverse effects from

goldfish removal.

Vi
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Chapter 1

General Introduction
1.1 Threats to freshwater biodiversity

Freshwater ecosystems are extremely biodiveese examplealthough only 0.01% of the

worl dés total aquatic environments are freshw
species are restricted to these habifatéen, 1982, Nelson, 1994, Paxton and Eschmeyer,

1994) Freshwater fishes are considered to be represented bgrowps, based on presumed

habitats of their ancestral stocks. Thare ~8000 species that are believed to have originated

in fresh water and are referred to as primary freshwater species. The secondary species, include

~1 500 species and are believechave been evolved from marine ances(éiten, 1982)

Freshwater ecosystems are generally more threatened than terrestrial ecodystiyasn et

al., 2006, Okamura and Feist, 201The various threats to freshwater ecosystems can be
grouped into five interacting categories: overexploitation.ewabllution, flow modification,
destruction or degradation of habitat, and invasion by alien species (Figur@lah) and
Flecker, 1993, Naiman et al., 1995, Naiman and Turner, 2000, Jackson et al., 2001, Malmqvist

and Rundle, 2002, Rahel, 2002, Postel and Richter, 2003, Revenga et al., 2005, Dudgeon et al.,

2006)



Species

Invasion
Flow Habitat
Modification Degradation
Over- Water
exploitation Pollution

Figure 1.1. The five major threat categories and their established or potential interactive
impacts on freshwater biodiversity. The arrows represent the degree of interaction
between different threats; red arrows refer to stronger interactions than the blue arrows.
Environmental changes occurring at the global scale, such as nitrogen deposition,
warming, and shifts in precipitation and runoff patterns, are superimposed upon all of
these threat categories (re-drawn from Dudgeon et al. (2006)).

The effects of overexploitation are generally limited to vertebrates, whereas the other four
categories have consequences that affect all freshwater biodiversity, from microbes to
megafaungDudgeon et al., 2006)Pollution is a widgsread problem and continues to be a
major threat despite the considerable progress that has been made in reducing water pollution
from domestic and industrial point sour¢€®lburn et al., 1996Modifications in flow vary in
severity and type, but tend to be more pronounced in areas with highly variable flow regimes
(Dudgeon et al., 2006)There are anumber of interacting factors that contribute to habitat
degradation. These include direct impacts on the aquatic environment or indirect impacts
resulting from changes within the drainage ba@udgeon et al., 2006)The widespread
invasion ad deliberate introduction of alien species contributes to the physical and chemical
impacts of humans on freshwaters, partly because it is easier for alien species to successfully
invade fresh waters that have already been degraded or modified by h(Busams and

Arthington, 2002, Koehn, 2004, Beatty and Morgan, 2013)



Australian freshwater ecosystems, like those in other parts of the world, have suffered extensive
habitat degradation, mostly due to human exploitation, and are now under increasing
anthropogenic pressu(®lorgan et al., 1998, Allen et al., 2002, Pollino et al., 2004th some

classic examples being the salinisation of sautlstern AustraligRashnavadi et al., 2014)
regulation of riverqOlsen and Skitmore, 1991and the invasion of the southern and eastern
provinces by aén species, such as fisiékwe et al., 1997, King et al., 1997, Gill et al., 1999,

Morgan et al., 2004)

1.2 Southwestern Ichthyological Province

The Southwestern Province is one of 10 biogeographical provinces for freshwater fishes in
Australia(Unmack, 2013, Morgan et al., 2014)his Province contains numerous lakes, flats
and short coastal rivers that flow into the Indian Ocean and SouthreFanGsouth of the
Arrowsmith River (near Dongara) to the east of Esperance (Figur€All@), 1989, Jaensch

and Lane, 1993)The southwest region has a Mediterranean climate with warm, dry summers
and cool, vet winters(Allen et al., 2002, Morgan et al., 201¥jith rainfall highly seasonal, and
mainly falling during winter and springCharles et al., 2010)Rivers in the region are
characterised by large seasonal fluctuations in flow rates, with many ceasing to flow in the dry
summerautumn periodAllen, 1989, Jaensch and Lane, 1993yer the past 160 years, since
European settlement, the rivers of the sauéist have changed grea(@lsen and Skitmore,
1991) These changes have been, in part, due to direct changesetoflaat (damming and

water extraction), though they are more often a result from indirect changes in land use through

agriculture, industry, forestry, mining and recrea{iGtsen and Skitmore, 1991)

Wide scale clearing of native vegetation and reduced rainfall has also had a severe intygact on t
aguatic systems of Western Australia, causing secondary salini@dehnavdi et al., 2014)

As a consequence, only ~44% of flow in the largest 30 rivers in the region is noWMiagtr

et al., 2005) In the Southwestern Province, secondary salinisation has also led to a change in
the structure of freshwater fish assemblages, with many estuarine species now found inland and

outside their historic rang®organ et al., 1998, Morgan, 2003, Beatty et al., 2011)
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Figure 1.2. The Southwestern Ichthyological Province in Western Australia and its major
river systems (Allen et al., 2002, Morgan et al., 2011, Morgan et al., 2014)

1.3 Biodiversity of freshwater fi
Southwestern Province

shes in the

Compared to other areas of the world of similar size, Australia has a depauperate, although

highly endemic, freshwater fish fauna. Out of @0 native species found in freshwater

habitats in Australia, 144 are exclusively confined to freshwateraahelst 30 are endemic

(Allen, 1982, Paxton and Eschmeyer, 1994, Allen et al., 2002, Morgan et al., 2011, Unmack,

2013) This high | evel of

endemi sm is

due to Aus

(Unmack, 2001, Allen et al., 2002, Morgan et al., 20Elen though Western Australia shares

a common Gondwanic history with sotgha st e r

n Australi a,

due to its

freshwater fish fauna is surprisingly impoverisi{@dinn and Davies, 1990, Allen et al., 2002,

Morgan et al., 2011, Unmack, 2013) Ot her

factors that

have contri

diminished freshwater fish fauna include lack of extensive river systems, the physical barriers to

aquatic migration created by desert and ocean bodies, and the impacts of weathering and

4



geographical stability on resource availabifiBunn and Davies, 1990, Paxton and Eschmeyer,

1994, Allen et al., 2002, Morgan et al., 140

In the Southwestern Province, isolated from the rest of Australia by extensive arid zones, there
are only 14 native fish species found in #mal freshwaters; 11 of which are primarily
freshwater species and of these nine that are endemic to the region, giving the province the
highest level of endemism in AustraliiMorgan et al., 1998, Unmack, 2013, Morgan et al.,
2014) The nine species that are endemic to the regionTamedanus bostockifreshwater
cobbler); Lepidogalaxias salamandroidesalamanderfish);Galaxias occidentalis(western
minnow); Galaxiella nigrostriata (blackstripe minnow); Galaxiella munda(western mud
minnow); Bostockia porosa (nightfish); Nannoperca vittata (western pygmy perch);
Nannoperca pygmasd(ittle pygmy perch) antNannatherina balstoni B a | s ygmyp@rsh) p
(Allen et al., 2002, Morgan et al., 2011, Morgan et al., 20I4jere are also two other
freshwater fish species that are found in, but are not restricted to, this r&ataxias
maculatus(spotted minnow) andsalaxias trutaceus(trout minnow) (Morgan et al., 1998,
Morgan, 2003, Morgan and Beatty, 2006, Chapman et al., 2606} other native fish species

are commonly found in this region, but are not restricted to freshwater; the estuarine
Leptatherina wallacei(western hardyheadRseudogobius olorunfSwan River goby) and
Afurcagobius suppositysouthwestern goby), and the anadromdimsotria australis(pouched
lamprey) (Morgan et al., 1998, Allen et al., 200”lorgan et al., 2011, Morgan et al., 2014,
Rashnavadi et al., 2014ix of the 11 native species of fish found in the Southwestern Province
have restricted geographic ranges and 4 are listed asrrikely to become extinct (Table 1.1)

(Morgan et al., 1998)



Table 1.1. List of the native freshwater fish species of the Southwestern Ichthyological
Province and their conservation status

Family Scientific Name Common Name  Conservation Endemic to the
Status south-west of
Australia
Galaxiidae Galaxiella Black-stripe Lower Yes
nigrostriata minnow Risk/Near
Threatened®
Galaxias Westernminnow Yes
occidentalis
Galaxias truttaceus  Trout minnow Critically No
Endangered
Endangered?
Galaxias maculatus Common jollytail No
Galaxiella munda Western mud Lower Yes
minnow Risk/Near
Threatened®
Vulnerable©
Lepidogalaxiidae  Lepidogalaxias Salamanderfish Lower Yes
salamandroides Risk/Near
Threateneé
Percichthyidae Bostockia porosa Nightfish Yes
Nannatherina Bal st on 6 Vulnerable® © Yes
balstoni perch G
Nannoperca Little pygmy Endangered Yes
pygmaea perch
Nannoperca vittata Western pygmy Yes
perch
Plotosidae Tandanus bostocki Freshwater Yes
cobbler

a) = International Union of Conservation of Nature and Natural Resources (IUCN); (b) = Environment
Protection and Biodiversity Conservation Act 1999 (EPBC Act 1999); (c) = Wildlife Conservation Act
1950; (d) = dat a-6de fniodi elidiftCondervatip Ay, 1960; EPBC Act,
1999; IUCN, 2011 see update in Morgan et al. 2014; Ogstoal. 2016

1.4 Invasive freshwater fishes

Invasive species are alien (exotic or fr@tive) organisms that have been introduced into an
area outside of their natural range, establishedssslaining populations and spread beyond
their initial point of introduction, with deleterious impacts on the environment, the economy,
and human health (Figure 1.@jolar and Lodge, 2001, Blackburn et al., 201Gallardo et al.

(2016) reviewed published literate on invasive aquatic species throughout the world and
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included a total of 67 invasive species (24 species of fish, 22 species of plants, 11 species of
molluscs and seven species of crustaceans); three of the top ten most invasive species were
fishes:Cyprinus carpio(common carp)Agosia chrysogastdifongfin dace) andncorhynchus

mykiss(rainbow trout).

Survival and

Transport reproduction Dispersal )‘

Alien

Native

Introduced Established Invasive

Alien

Figure 1.3. Schematic diagram of processes involved in species invasions. The light blue
oval shape represents a new area, outside the natural range of the alien species, shown
in red. Arrows indicate movement of alien species through the phases of introduction,
establishment and invasion of the habitat of the native species, shown in blue. Vertical
bars represent barriers to be overcome in each phase (from Lymbery et al., 2014).

Alien fishes were first introduced into Australia through European settlers in the late 1800s
(Allen et al., 2002)In the Southwestern Province of Western Australia, alien fishes have been
cointroduced in three phases. In the first phase, species identified as a potential food or angling
sources wre releasedCoy, 1979, Allen et al., 2002)hese includedsalmo trutta(brown

trout), Maccullochella peellii(Murray cod) Macquaria ambigua(golden perch) Bidyanus
bidyanus(silver perch) Anguilla australis(shortfinned eels) Cyprinus carpiolcommoncarp)

Tinca tinca(tench) Percafluviatilis (redfin perch) anddncorhynchus mykiggainbow trout)

(Coy, 1979)

In the second phase, species were released for aquaculture and as biologicahgentso

(Coy, 1979) Most notably, this included the releaseaambusia holbrookjeastern gambusia),
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in the 1920s, to control mosquito populatigddien et al., 2002) Gambusia holbrookis now
firmly established throughout much ofetlfsouthwest and southern Pilbaf(®lorgan et al.,

2004)

The third phase included ornamental fishes that have escaped or been(§xyfrd®79) This

has been occurring for at least the last four decades and has resulted in a number of self
sustaining populations of small ornamental fish, includ@arassius auratus(goldfish),
Cyprinus carpio(koi carp) Oreochromis mossnbicus(Mozambique mouthbrooder or tilapja)

and more recentlyXiphophorus hellerii (swordtails) Poecilia reticulata (guppies) and
Phalloceros caudimaculatunespot livebearersjAllen et al., 2002, Morgan et al., 2004,

Beatty and Morgan, 2(B).

Although many species oftroduced fish have not been able to adapt to the environment of
southwestern Australia, particularly the seasonal nature of stream (fdien et al., 2002)
other species have been able to establisksasthining populations and spread from their initial
point of introduction (i.e. become invasive). Many factors have ¢ongd to the establishment

of selfsustaining populations of alien fishes, including fish behavidMolony et al., 2004)
suitable water temperaturéRussell et al., 2003, Pusey and Arthington, 208@ijtable habitat

for spawning (Pollino et al., 2004) minimal resource competitio(Russell et al., 2003)
abundant food supplgMorgan et al., 2002, Pusey and Arthington, 2083) changes in river

flow (Polino et al., 2004)

Currently there are around 38 species of-self st ai ni ng alien fishes nat
fresh waterqAllen et al., 2002, Morgan et al., 2004, Lintermans, 2009Xhe Southwestern

Province there are currently 13 ssifstaining, invasive alien fishes (Table 1.2), several of

which are the most widely introduced freshwater fishes globally, includargssius auratus

(goldfish),G. holbrookj O. mykissandS.trutta (Morgan et al., 1998, Allen et al., 2002, Morgan

et al., 2004, Morgan and Beatty, 2007, Morgan et al., 2011, Beatty and Morgan, 2013)



Table 1.2. List of the self-sustaining, invasive fish species of the Southwestern
Ichthyological Province and their geographical origin

Family Scientific Name Common Name Geographical Origin
Cichlidae Geophagus brasiliensis Pearl cichlid South America
Cyprinidae Carassius auratus Goldfish Asia
Cyprinus carpio European carp Europe and Asia
Puntius conchonius Rosy barb Asia
Percidae Perca fluviatilis Redfin perch Europe and Asia
Percichthydae Macquaria ambigua Golden perch Australia (eastern)
Poeciliidae Gambusia holbrooki Mosquitofish North America
Phalloceros caudimaculatu: Leopardfish South America
Xiphophorus hellerii Playfish or Green North and Central America
swordtail
Salmonidae Salmo trutta Brown trout Europe
Oncorhynchus mykiss Rainbow trout North America
Terapontidae Bidyanus bidyanus Silver perch Australia (eastern)

Leiopotherapon unicolor

Spangled perch

Australian (northwestern,

northern, eastern)

Modified from Beatty and Morgan (2013)

1.5 Effects of invasive fish species

Invasive fishes constitute a major threat to aquatic biodiversity throughout the (Rate!,

2002) Introduction of nomative species poses a significant threat to the integrity and
functioning of an ecosystem, and is classified as the second most important causeeof na
biodiversity loss worldwidéWilcove et al., 1998, Grosholz, 2002, Clavero and GéBei@hou,

2005, Molnar et al., 2008)nvasive species can have numerous negative effects on native fishes
through predation, degradation of habitat and water quality, competition for food and other
resources, aggressive interactions such as fin nipping, and introduction ofpatbtigens and
parasitegArthington, 1991, Arthington and McKenzie, 1997, Dove and Ernst, 1998, Morgan et

al., 2004)

There are many examples of the extensive and dramatic effects of introduced alien species on
indigenous species of freshwater fishes within Austr@ambusia holbrookifor example, has

been associated with dagel caudal fins of native fishes, predation on juvenile native fishes



and competition for food, causing growth retardation and suppressed reproductive activity of
native fishegHowe et al., 1997, Gill et al., 1999, Morgan et al., 2004 eastern AustralieC.

carpio is now widespread and has created major concerns eggrds to the effects of the
species on water quality by causing and increasing the frequency of algal fliKiomet al.,

1997) Trout are also known to be associated with the decline of native fishes andiangphi
eastern Australia, and implicated in Western Australia, due to predation and competition for
food and spacé€Crowl et al., 1992, Arthington and McKenzie, 1997, Lowe et al., 2000, Koehn
ard MacKenzie, 2004, Morgan et al., 2004, McDowall, 2006, Tay et al., 2007, Garcia De
Leaniz et al., 2010)Feral populations ofC. auratushave now been reported throughout
Australia(McKay, 1984, Koehn and MacKenzie, Z00and have been shown to be detrimental

to both native freshwater flora and fauivorgan et al., 2004, Morgan and Beatty, 2007)

1.6 Carassius auratus as an invasive species

Carassius auratus s one of the worl dés ol dest dsbmestica
popular pets, and is also one of the most widely introduced freshwater fish species globally
(McKay, 1984, Koehn and MacKenzie, 2008eral populations ofC. auratushave been

reported in almost every state of Australia and throughout mudheotvorld (Fuller et al.,

1999, Gido and Brown, 1999, Skelton, 2Q0aj)ithin Western AustraliaC. auratusappears to

be most successful in modified or degraded waters and is generally restricted to the south
western corner, in close proximity to major populated afglsgan et al., 2004 The species

is a particular problem in the Vasse River system, where removal programs have been in

operation since 200®1organ and Beatty, 2007)

Carassius auratubas the potential to prey on the eggs, larvae and adults of riativepecies
(Morgan and Beatty, 2007 he species also competes with native fishes for food and space
and, as they grow to a much larger size than most native fish species, they are able to avoid
piscivorous predatiofiMorgan and Beatty, 2007)Carassius auratuss a generalist/herbivore

and so it can increase water turbidity and deplete aquatic vegetation through its benthic feeding

habits (Richardson et al., 1995Yhis reduction of vegetation is believeal reduce both the
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habitat and spawning sites for native fisfg®rgan and Beatty, 2007 addition,C. auratus

has been associated with an increase in-taen algal blooms in rivers throughout the world
(Kolmakov and Glagshev, 2003, Morgan and Beatty, 200&pImakov and Gladyshef2003)

found that significant growth dflycrocysitisaeruginosa(cynobacteria) was stimulated when
passed through the intestines of eauratus There was also an increase in growth of other
cynobacteria, such @#nabaena flomquaeandPlanktothrix agardhij compared to the controls.
Carassius auratusas been associated with the introduction of parasites into South Africa and

Australia (Fletcher and Whittington, 1998, Mouton et al., 2001, Hassan, 2008)

1.7 Parasites and invasive species

Parasites may play a key role in mediating the impacts of biological invasions at any of the three
phases of introduction, &blishment or spread?arasites have the ability to directly affect
endemic and exotic species or indirectly interfere with the interactions between exotic and
endemic species, through the processes of parasite losshagill sinking and spillover

(Prenter et al., 2004, Hassan, 2008, Peeler and Feist, 2011)

1.7.1 Parasite loss
Alien species of plants and animals have been reported to host fewer parasites than related

native specieg¢Torchin et al., 2002, Torchin et al., 2003, Lymbery et al., 20A0¢n species
generally originate from a founder population and so they may not carry the complete range of
parasites found in the source locat{@orchin et al., 2002, Torchin et al., 2003here is also

the risk of early extinction for those few psitas that do make it to the new environment due to
inadequate environmental conditions or lack of specific intermediate hosts to complete their life
cycle (Torchin et al., 2002, Torchin et al., 2008wen et al. (2012jound that avian malaria
parasitesFPlasmodiunspp.) that have successfully invaded New Zealand are more prevalent in
their native range than related specie®laismodiunthat have not invaded, afferchin et al.

(2003) reported similar findings across a range of host and parasite taxa. This may argue in
favour of the importance of arrival with the host, as a higher prevalence means a greater
probability of being present in host foundéEsven et al., 2012)but a higher prevalence may

also indicate a greater transmission efficiency and therefogreater ability to persist in the
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new environment. Distinguishing between these two processes is not usually possible because
data on host and parasite founding populations are lacklagLeod et al. (2010used a
host/parasite system for which such data were available (i.e., chewing lice on introduced birds
in New Zealand) and found that failure to persist in the new environment was a much more
important sourcefdoss of parasite species than was failure to arrive with their hosts in the new

environment.

Parasite loss from introduced alien species has the potential to alter the new ecosystem by
promoting demographic success and competitive ability of the alren the native species
(Torchin et al., 2002, Torchin et.a2003, Prenter et al., 2004n Norway, for example, the
monogenean parasi@yrodactylussalaris (gill fluke) switched from its original host (the Baltic

strain of Atlantic salmon) to the Atlantic strain, which has no innate immgPégler and Feist,

2011) Through the movement of fish for stocking and farmiBg,salarisspread to over 40

rivers and caused declines of over 90% in wild populati®ezler and Feist, 2011This
massive decline in salmon was presumably the result of reduced parasite load in the introduced
Baltic strain, facilitating its improved competitive ability and leading to its demographic

dominance over the endemic strélforchin et al., 2003)

1.7.2 Spill-back and dilution

Spill-back occurs when native parasites use alien species as a competent host, causing the
disease to be sustained and magnified, and eventually spilled back to the natyrdiioset

al., 2011, Thrush et al., 2011)n Lake Chichancanab, Mexic@reochromisspp. (African

cichlid fish) were accidentally introducefllowing damage to aquaculture facilities caused by
hurricane Gilbert, resulting in a rapid increase in cichlid abundance. This population increase
caused the dramatic decline of five native species of fish and the extinction of a sixth native fish
species (Strecker, 2006)As cichlids are detritivorplanktivores, the decline of the native fishes

was not caused by predati@oulin et al., 2011)Both native and introduced cichlids act as an
intermediate host for endemic trematodes, which complete their life cycle in piscivorous birds
(Poulin et al., 2011)The larger size, greater abundance and greater use of open water habitats

caused heavy predation of these exotic fishes by the definitive hosts, leading to asethcre
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trematode population and increased prevalence of the parasite in nativéPoodis et al.,

2011)

Dilution occurs when endemic parasites use an alien species as a host, even though it may not
be compatible, causing a reduction in disease risk for the native(Pastin et al., 2011,
Okamura and Feist, 2011n New Zealand, the introduction 8&almo trutta(European brown

trout) created a dilution efée for some native parasites, as it was a less competent host than
native fishes(Dix, 1968, Poulin et al.,, 2011)A negative relationship was found between
intensity of infection and index of local trout abundance in two native fishelsiomorphus
breviceps(upland bully) andGalaxias anomalugroundhead galaxiagKelly et al., 2009) In

other words, trematadinfections in native fishes were less severe in sites where trout species

are abundar(Poulin et al., 2011)

1.7.3 Spillover

If alien hosts introduce new parasites, then these may be transmitted to native hosts, leading to

the emergence of new disease in the natives (known as spillover or pathogen p@larsizak

et al., 2000, Taraschewski, 20p6Jo threaten native hosts @mnew locality, alien parasites

must overcome the same barriers to introduction, establishment and spreadigisdrediens

and, in addition, they must be able to switch from alien to native Hogtibery et al. (2014)
proposed using theternin o gy -i oft r@odawcedd for those parasites
area outside of their natiinvwea drearndg ef owi tthh casne ap air

have been ecmtroduced and then switched to native hosts (Figure 1.4).
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Figure 1.4. Schematic diagram of processes involved in species co-invasion. The light

blue oval shape represents a new area, outside the natural range of the alien host

species, shown in red. The alien host species contains an alien parasite species. Arrows

indicate movement of alien host species through the phases of introduction,

establishment and invasion of the habitat of the native host species, shown in blue. The

term co-introduced is used for those parasites which have entered a new area outside of

their native range with an alien host, and co-invader for those parasites which have been
co-introduced and then switched to native hosts. The alien parasite goes through the

processes of introduction, establishment and spread with its original host and then

switches to a native host species to become a co-invader. Adapted from Lymbery et al.

(2014).

Parasites may occasionally be introduced into a new location without their host(s). For example,
eggs and juveniles of the swimbladder nematadguillicola crassusa parasite oAnguilla
japonica (Japanese eelwere introduced by aquaculture transport vehicles into the United
Kingdom, where they have successfully parasitised nativguilla anguilla (European eels)

(Kirk, 2003) However, most invasive parasites involveimioduction with their alie host
species. A recent literature survey identified 98 examples-ofteaductions of alien hosts and
parasites, globally, across a wide range of {&yanbery et al., 2014)The most common €o
introduced parasites found in published studies were helminthsngnaki almost 49% of the
total), arthropods (17%), and protozoans (14%). Fishes were by far the most common alien

hosts in published studies making up 55% of the total; with 81% of fish hosts being either
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freshwater or diadromous. This may reflect a taxdondsias in studies, but is also likely due to
the propensity for freshwater ecosystems to be particularly affected by invasive(@sineiz

Berthou, 2007, Johnson and Paull, 2011)

(a)

Il Prokaryotes
I Protozoans
[ Helminths
[ Arthropods
I Misc

I Molluscs

I Arthropods

[ Fishes

1 Mammals

I Other vertebrates

Number of species

Direct Indirect

Figure 1.5. (a) Relative proportions of taxa represented in 98 examples of co-introduced
parasites: prokaryotes (viruses and bacteria); protozoans; helminths (platyhelminths,
nematodes and acanthocephalans); arthropods (crustaceans, arachnids); and a
miscellaneous group including fungi, myxozoans, annelids, molluscs and pentasomids.
(b) Relative proportions of alien hosts represented in 98 examples of co-introductions:
molluscs; arthropods; fishes; mammals; and other vertebrates (amphibians, reptiles and
birds). (c) Number of co-introduced parasite species with direct and indirect life cycles
which have switched (black bars) or not switched (white bars) from alien to native host
species (Lymbery et al., 2014).
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It is usually considered that the establishment of parasites in a new environment is much more
likely to occur in those species with simple, direct life cycles (i.e. vertiealsinission or
horizontal transmission without the need for intermediate kDstisson and May, 1986, Bauer,
1991, Torchin and Mitchell, 2004) There have been no empirical tests, however, of this
hypothesis, because of the difficulty in obtaining data on parasite founding populations prior to
establishment. In the 98 examples of parasitentoductons documented blyymbery et al.

(2014) 64% of parasites had a direct life cycle and 36% had an indirect life cycle. This suggests
that parasites with a direct life cycle might establish more readily in a new environment, but it is
not a proper tesdf the hypothesis because no data were available on paragitieociuctions

that failed to establish.

Parasites cintroduced with their hosts may spread geographically in their new range with their
original, introduced host, without switching to natiiosts. In the review blyymbery et al.
(2014) 78% of the 98 examples showed thatirdooduced parasites were recorded in native
hosts (i.e. became dovaders), although this is likely to be an overestimate of the real
incidence of hosswitching,as null studies are less likely to be repolt&dhqvist and Wooster,
1995) For example, cintroductions without hostwitching were found in monogenean
parasites of the invasivdepomis gibbosugpunpkinseed fish) in the Danube River
(Ondrackova et al., 2012)he lungwormRhabdias pseudosphaerocephafaRhinella marina
(cane toads) in AustraligPizzatto et al., 20123nd trematodéiaematoloechus longiplexiis

Lithobates atesbeianugAmerican bullfrogs) on Vancouver Islafidovak and Goater, 2013)

There is no evidence from published studies of an effect of life cycle on host switching. Of the
98 caintroduced parasites documentedlyynbery et al. (201476% of parasites with a direct

life cycle, and 80% of parasites with an indirect life cysecessfully switched to native hosts.
This does not represent a strong test of the influence of life cycle on the propensity of
introduced parasites to switch hosts, as it does not control for phylogeny or many of the other
factors (e.g. host specificitgnd the similarity for host fauna and environmental conditions

between source and recipient localitiBswuer, 1991, Kennedy, 1993yhich can influence the
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propensity for host switching to occur. Nevertheless, it appears that not only are many parasites
with complex, indirect life cycles able to be-iedroduced and establish readily in a new
environment, thewre also no less likely to infect native hosts and beconievegive than are

parasites with direct life cycles.

1.8 Virulence of introduced parasites to native hosts

It has been suggested that parasites that switch from introduced species to nativeclasst spe
will have a greater pathogenic effect in the native hosts, where there is no coevolutionary
history (naive host syndron{®astitsky et al., 2010pr novel weapon hypothegjBassbinder

Orth et al., 2013) Coevolution of parasite and host is often viewed as a contest between host
resistance (ability to prevent infection) or tolerance (ability tdt ldtamage caused by infection

(Best et al.,, 2008, Svensson andbBrg, 201Q) and parasite virulence (parasiteluced
reduction in host fithesgCombes, 200)) The naive host theory states that parasites and hosts
with long coevolutionary history will be eadapted. Thereforewhen an alien parasite is
introduced into a new area and infects a naive host that lacks coevolved resistance or tolerance,
the naive host will suffer serious disega#tison, 1982, Mastitsky et al., 2010, Fasshin@ath

et al., 2013)

The naive host theory appears to be implied in many discussions of the impactswaiding
parasites on native hoddaszak et al., 2000, Britton et alQ®L, Peeler et al., 2011, Peeler and
Feist, 2011, Hatcher et al.,, 2012)here is, however, no evidence to suggest that the
consequences of infection would be more severe in an immunologically naive host species, than
in a host species that has coevolved with the parfisitmbery et al., 2014)Paraites are
expected to be ahead in the coevolutionary race as they generally have larger population sizes
and shorter generation times than their hosts, making them locally adapted (i.e. having a greater
mean fitness in local host populations than in forempst populationgKaltz and Shykoff,

1998) However, the fitness of the parasite can be enhanced by either a decrease or increase in
virulence, depending on the circumstances of transmigslag and Anderson, 1983, Ebert and

Herre, 1996) There is also the potential for an unknown level of virulence if the newshiost
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closely related, phylogenetically, to the coevolved host, as virulence expressed in an unusual

host will not necessarily relate to parasite fitn@dsert, 1995)

Despite limited theretical support for the naive host theorysimeading parasites may exhibit
greater virulence to new, native hosts than to the alien hosts with which they were introduced,
simply by chance. The probability of introduced hosts surviving the translogaticess is

likely to be inversely related to the virulence of any parasites they carry into their new range,
because most introductions involve a few individuals being transported over geographic barriers
or escaping from captivityBlackburn et al., 2011)As a consequence, parasites with lower
virulence in their natural host will be much more likely to beirtmduced(Strauss edl.,

2012) If virulence of the parasite differs between the coevolved alien host and the new, native
host, it is therefore more likely to be in the direction of increased virulence in the new host

(Lymbery et al., 2014)

When a new, virulent parasite is intrabd and spread there can be catastrophic effects on
native host populations. Theoretical and empirical studies have both demonstrated that, through
effects on host mortality and fecundity rates, parasites can provide density dependant regulation
of theirhost populatiofAnderson and May, 1992, McCallum and Dobson, 1995, Hudsaln et

1998) On the I nternational Uni on for Conservatio
species, nfectious disease is the main driver behind the impact of invasion in almost 25% of
cases(Hatcher et al., 2012)In many instances, these diseases are caused-ibyranuced
parasites that have switched from alien to native hosts. For example, crayfish plague, caused by
the fungusAphanomyces astathas caused dramatic population declines in freshwater crayfish
species throughout the wor{#ioldich and Reeve, 1991, Soéderhall and Cerenius, 1999, Evans
and Edgerton, 2002)The parasite is largely asymptomatic in its natural North American
freshwater crayfish hosts, but when spread with these hosts (or with ballast water or fish
vectors) to new localities, has proved to be virulent in many European, Asian amdlifus
crayfish speciegHoldich and Reeve, 1991, Séderhall and Cerenius, 1999, Evans and Edgerton,

2002)
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1.9 Control of invasive species and co-invading
parasites

Invasive species are recognised as a major threat to biodiversity and much effort is extended in
their control(Hauser and McCarthy, 2009, Britton et 2011, Sharp et al., 201Ihe intended
outcome of such control programs is the recovery of native species or ecosystems, but control of
invasive species may have unintended consequenaegrivent this outcome being realised
(Bergstrom et al., 2009, Walsh et al., 201Phe effect of control programs on-gwading
parasites has rarely been considered, but should be included in riskmasgesprior to
management interventions to control invasive species, because both invasive hosts and their co
invading parasites may fundamentally alter ecosystem fun¢Roy and Lawson Handley,

2012, Amundsen et al., 2013)

The relative competencies of native and alien hosts to transmit infections-imfacing
parasites will determine whether the alien acts as a sink, to dilute the effects of the parasite, or a
reservoir, to amplify the effects of the parasite on native hosts. In standard models of
microparasite population dynamics, transmission rate is irlyeedated to virulencéAnderson

and May, 1992)so the expectation would be that if oduced parasites are usually more
virulent in native hosts, then alien hosts will act as reservoirs of infection. This seems to have
occurred, for example, with avian malaria in Hawaii, the squirrel poxvirus in the UK and
crayfish plague throughout Europehere the natural, alien hosts increased transmission to
native hostgDunn et al., 2009, Hatcher et al., 2012he extent to which these cases can be
generalised, however, is unclear. The expected inverse relationship between virulence and
transmission rate arises from a slenmass action model of transmission, where transmission
rate depends on the numbers (or densities) of infected and susceptible hosts, and increasing
virulence removes infected hosts from the populagdnCallum et al., 2001)In reality, the
transmission process is likely to be much more complicated, particularly for parasites with
complex life cycles, and there is limited theoretical or empiricppstt for a general traeleff

between virulence and transmission K@&bert and Bull, 2003)
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Alien hosts, therefore, may not always act as aniplifyeservoirs, even when the parasite is
less virulent in them than in native hosts. This has practical implications for the control of
invasive alien species, when those species are associated withvadiog parasite. If invasive

aliens are more corgtent hosts than native species for dm@ding parasite, then control of

the alien will reduce the infection pressure on native hosts. If, however, invasive aliens are less
competent hosts, then control of the alien may inadvertently amplify infedtioative hosts,

with potentially devastating consequences on the native host population, particularly if other
reservoirs are available. There are, unfortunately, very few empirical data on the relative
competencies of different hosts for the transmissibany multihost parasitefHaydon et al.,

2002) let alone for alien and native hosts in transmittingneading parasites.

1.10Introduced parasites in the Southwestern
Province

There is very little known of the disease status of wild populations of native and exotic fishes in
the Soutwestern Province. A recent study by Lymbery €é2@lL0)was the first comprehensive
survey of paasites of freshwater fishes in the region. Fdoiyr putative species of parasites

were found on native fishes, with most of these appearing to be native parasites that have not
been previously described. This study also identified two introduced paspsities] ernaea

cyprinaceaandLigula intestinalis(Morgan, 2003, Marina et al., 2008, Lymbery et al., 2010)

1.11Lernaea cyprinacea and Lernaeosis

There are currently 113 specie$ cyclopoid copepods classified in the family Lernaeidae
(anchor worms), mostly known from females which are highly modified and parasitic on
freshwater fishes (Ho, 1998)LamproglenaNordmann and_ernaealinnaeus are the two
largest genera and make umajority of the Lernaeidae family, accounting for more thantwo
thirds of the species (81/113). Of these two gerlegmaeais both more diverse and widely

distributed tharhamproglen(Ho, 1998).
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Lernaeosis is a disease of freshwater fishes caused ragitfta copepods of the family
LernaeidadShariff et al., 1986, Lester and Hayward, 2006he most common causative agent

of lernaeosis id.ernaea cyprinacegHoffman, 1970, Ho, 1998, Lester and Hayward, 2006)
Lernaea cyprinace#& not host specific and has a wide host raf®eriff et al., 1986)This

species of parasite has been found in more than 45 species of cyprinids, fishes belonging to
other orders and occasidiyain tadpoles and amphibiar{Sidd and Shields, 1963, Lester and
Hayward, 2006)Its pretrred hosts include the cyprinid spedigscarpio (common carp)C.

auratus (common goldfish) andC. carassius(crucian carp), though the parasite has been
identified in over 100 fish species from 16 different ord@uslow et al., 1979, Kabata, 1979,

Shariff et al., 1986, Lester and Hayward, 2006, Nelson, 2006)

Lernaea cyprinace# not native to Australia but has been recorded in a number of native fish
species in New South Wales and Victoria in eastern Australia, incliviiegullochella peellii
peellii (Murray cod),Maccullochella macquariensi@rout cod),Macquaria ambiguggolden
perch),Macquaria australasicgMacquarie perchBidyanus bidyanuésilver perch),Tandanus
tandanus (freshwater catfish) Galaxias olidus(mountain galaxias)Prototroctes maranae
(Australian grayling) andsadopsis marmoratugiver blackfish)(Ashburner, 1978, Hall, B3,
Bond, 2004) More recently there has been a reportotyprinaceain the Canning River in
Western AustraligMarina et al., 2008)This is the first time that the parasite has been reported
in Western Australia, being found on four natifreshwater speciesGalaxias occidentalis
(western minnow)Nannoperca vittatawestern pygmy perchBostockia porosgnightfish)

andTandanus bostockfreshwater cobbler).

Lernaeacyprinaceawas most likely introduced into Western Australia accidentaliough the
release or escape of infected aquarium fishes into natural watefMasiaa et al., 2008)It is
presumed that theapasite was brought in with cyprinid hosts suctCaauratusandC. carpio
(Marina et al., 2008)Morgan et al(2004)found that many streams, irrigation drains and lakes

in the Perth vicinity contailC. auratusandC. carpio. These species, particular§g, auratus
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are also found in a number of natural waterways between the Moore and ViassedRi the

Swan Coastal PlaifMorgan et al., 2004, Beatty and Morgan, 2013)

1.11.1 Life cycle

The life cycle ofL. cyprinaceais quite complex and has nine main stages, including three free
living naupliar stages, five copepodid stages, and one adult stage (Figuféraléja, 1963)

Each ofthese stages are marked by a mé@habda, 1963, Shields, 1978) is the copepodid

and adit stages that are parasi{iGrabda, 1963)The copepodid larvae are usually localised on

the gills and body surface of the host, where they mature and(@Getbda, 1963, Shields,

1978, Berry et al., 1991, Lester and Hayward, 2006pepodids are also known to feed on the

gill tissue of the fish host¢Goodwin, 1999) Copepodids have low host specificity and a
relatively loose connection with their fish host, meaning that thegldeeto move freely from

host to hos{Grabda, 1963, Shields, 1978oodwin (1999pbserved that the copepodids were
attached to dilfilaments but would occasionally detach and move to new sites. Once the males
and females have mated on the fish host, the males die and the females metamorphose (this is
where the female undergoes significant morphological chan@@sibda, 1963) In the
sedentary phase, marked by the metamorphosed adult female, the female permanently attaches
to the host by inserting its anterior body into the host tissue, becomirep@ producing
organism(Grabda, 1963, Nagasawa et al., 200He eggs hatch into free living napuliar larvae,
which moult into infective copepodids after abémir days and attach to the gill of a fish host.

After a week or so copepodids moult to adults, depending on the temperature, with optimal
development occurring at Z86(C and little development occurring belowi 20(Shields and

Tidd, 1968, Lester and Hayward, 2006)
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Figure 1.6. The life cycle of Lernaea cyprinacea L. on the host Carassius auratus (L.) (re-
drawn from Shields (1978)).

1.11.2 Clinical signs and pathology

The attachment df. cyprinaceacan have a number of serious pathogenic consequences for the
fish host. The pathogenicity df. cyprinaceais determined by the two parasitic stages: the

copepodids and the metamorphosised adult female.

Haemorrhaging has been associated with the at@whof the copepodids to the fish host.
Shields (1978lused the haemorrhaging as a quick visual siginfefction, finding the most
extensive damage around the fin areas. An infection of copepodids on the gill of the fish host
typically causes respiratory distress and sluggishif€adata, 1979) Damage caused by
copepodids is particularly seen around the attachment site on the gillg)dinidesepithelial
hyperplasia, displacement and erosion of lamellae, telangiectasis, and congestion or hemorrhage

in the filament central sinug&Goodwin, 1999) This disruption and necrosis of gill epithelium
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can result in fish deatfKhalifa and Post, 1976t has also been suggested that the copepods of

Lernaeamay open routes for secondary ictfens (Woo and Shariff, 1990).

The adult female stage &f cyprinaceais often found on the tail and body of the fish host
(Shields and Tidd, 1974)The principal pathogenic effects of the disease lernaeosis are
associated with the metamorphosised femal ebs
debris and erythrocytgq¥abata, 1985)This causes chronic exhaustion of the energy reserves

of the host(Kabata, 1985)as well as weight loss, stunted growth and reduced reproductive
performance(Kabata, 1985, Khan et al., 2003)he atachment of adult females is often
accompanied by haemorrhages and muscle ne¢iKisidifa and Post, 1976, Berry et al., 1991,
Lester and Hayward, 20Q6Bond (2004) found that there was also reduced swimming ability

and high mortality rates (usually associated with epithelial destruction and secondary wound
infection). Host fins are damaged or destroyed whikdes are lost resulting in circular ulcers
(Kabata, 1985)The anchor apparatus normally triggers an intensammfiatory response at the
attachment site, which may be encapsulated by a thick fibrotic (Kyalifa and Post, 1976,
Kabata, 1985, Berry et al., 1991, Lester and Hayward, 20Di6ypse fishes that survive
infections are generally left with large scékéarina et al., 2008)The pathological effects of

adult female parasites are often found to be greater on smaller fishes because the attachment
organ penetrates more deeply into the body of the fish causing damageititethal organs

(Khalifa and Post, 1976, Lester andyMard, 2006)

1.11.3 Detection and characterisation
Lernaea cyprinacess primarily a freshwater speciéShields and Sperber, 1974, Kabata,

1979) It is a thermophilic parasite and mgnevalent during the warmer months in temperate
climates, preferring water temperatures betweeB82E (Shields and Tidd, 1968, Bulow et al.,
1979, Lester and Hayward, 2008he species tends to favour environments that provide
suitable conditions for attachment and so are more commonly found in lentic ecosystems and
slow flowing watergHaley and Winn, 1959, Demee, 1967, AHamed and Hermiz, 1973,

Bulow et al., 1979, Medeiros and Maltchik, 1999)
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When referring td_. cyprinacea t he common name O6anchdke wor md ¢
processes (holdfast) which the adult female uses to attach itself to th@bgat 2000) The

arms of the holdfastpemeat e t he host 6s body allowing the p:
the rest of the body floats freely in the wa{@rabda, 1963)This anchorage allows the

copepodto stay firmly attached to the fish body so that it cannot be easily washed away

(Grabda, 1963)The hold is so strong that mechanical removal of the parasite withpforc

results in the death of the copepod as the head remains in the body of {(Nediah2000)

There are a number of morphological features that are used to distingish between species in the
family Lernaeidaeincluding the cephalothorax, metasomal somites, egg sac, antenna, exopods
and endopods of legs, maxilla and maxilliped (Ho, 1998). In particular, the shape of the holdfast
of the metamorphosed female is unique to each species and is a fundamental taxonomic
character to identify.. cyprinaceaFigure 1.7(Harding, 1950, Fryer, 1961)ernaea cyprinacea

is identified by the anchoring apparatus developing from outgrowths posterior to the parasites
head with two pairs of cylindrical structsréarms)(Grabda, 1963)The dorsal pair is larger

than the ventral pair and divides into two branches at its base (T or Y shaped dorsal ramified
pair) (Grabda, 1963, Kabata, 1979, Kabata, 198&like the dorsal pair, the ventral pair is not
ramified but § willowy (Kabata, 1985)Although the female holdfasts are often used in species
identification, there is evidee of morphological plasticity which causes complications with
morphological identificationKabata, 1979, Kabata, 1982, Lester and Hayward, 20063

means that definitive confirmation of species identity will requires molecular characterisation.
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Figure 1.7. Lateral view of an adult metamorphosed female of Lernaea cyprinacea
(Demaree, 1967). List of abbreviations: ab = abdomen; al = anal laminae; ¢ =
cephalothorax; es = egg sac; h = head; pp = pregenital prominence; sl = swimming legs;
tl = total length; tr = trunk
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1.12Thesis aims and objectives

Without knowing the effects dfernaea cyprinacean nativefreshwater fishes we are unable to
gain a full understanding of itbés current i mp ¢
become.The more information we have the greater our ability to help preserve our native

freshwater ecosystems.

The overarching ai of this study was to determine the geographic range, prevalence and
pathogenicity of the introduced paraslternaea cyprinacean native freshwater fishes in
southwestern Australia. More specifically, the study aimed to investigate the following

hypotteses:

1. Using molecular characterisation will confirm the presende of/prinacean Western
Australia.

2. There will be an increase in the geographical distribution and host range of
cyprinaceain the Southwestern Province since it was first recorded.

3. The native freshwater fishiN. vittata, will show greater levels of susceptibility ta
cyprinaceathan its presumed ancestral h@tauratus.

4. There will be physiological and behavioural differences among fish species, which may
contribute to differencesiiinfectivity, when exposed to the parasite.

5. Native freshwater fishes will have a greater level of pathogenicity to the parasite when

compared te&C. auratus.
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Chapter 2
Distribution of Lernaea cyprinacea in south-

western Australia
2.1 Introduction

Alien species are recognised as invasive when they establisfus&lfning populations in a
locality outside of their natural range and spread beyond their point of introd(Miiousek et

al., 1997, Sakai et al., 2001pluman population growth, increasing transport capacity and
economic globalisation have accelerated the rate of introductions of alien specighdbitdhe

world (Vitousek et al., 1997, Sakai et al., 2008lpt only are invasive species now recognised

as a majr cause of biodiversity loss, they have also been associated with changes in ecosystem
functioning, resulting in biotic homogenisation as native species are replaced by widespread
alien speciegPimentel, 2002, Rahel, 2002, Simberloff, 2Q1lkvasive species are able to
affect native species directly (e.g., competition or predation) and indirectly (e.g., alterirag habit

or changing disease dynamics).

Introduced alien hosts often have fewer parasite species and a lower prevalence of parasites than
native hosts, which may provide them with a competitive advantage (enemy release; Mitchell
and Power, 2003, Torchin et al., 2003). Once introduced, panagigtission may occur from

native hosts to alien hosts, leading to either an increase in infection of native species if alien
species amplify transmission (spillback; Daszak et al. 2000, Kelly et al., 2009) or a decrease in
infection of native species iflian species reduce transmission (dilutig®esing et al., 2006,

Poulin et al., 2011). If alien hosts introduce new parasites, then these may be transmitted to
native hosts, leading to the emergence of new disease in the native species (spillover or

pathogen pollution; Daszak a&it, 2000, Taraschewski, 2006).

Co-invading parasites are increasingly being recognised as important causes of disease

emergence, often producing high morbidity and mortality in native i(8stgh and Carpenter,
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2006, Taraschewski, PB, Peeler et al., 2011 reshwater ecosystems are particularly impacted

by invasive species and-oovading parasites.

As mentioned previously, Southwestern Ichthyological Province of Australia has a depauperate,
although highly endemic, freshwater fish fauna, waitie of the 11 species of native freshwater
fish endemic to the regidiiymbery et al., 2010)Since 1970, there has been a 63% increase in
alien fish introductions to the Southwestern Province, with 13 alien fish species having
estaltished selsustaining population8eatty and Morgan, 2013Most alien fish introductions

in the last 10 years have been aquarium spéBiesstty andviorgan, 2013)

Recent studies on the parasites of freshwater fishes insmistern Australia have reported the
first cases oternaea cyprinacean native fishegMarina et al., 2008, Basile, 2011ernaea
cyprinaceais a generalist parasite with a wide host ra(fgjeariff et al., 1986)Although its
preferred hosts include cyprinid species (sas@yprinus carpiolcommon carp) an@arassius
auratus(goldfish)), it has been identified in over 100 fish species from 16 ofBatsw et al.,
1979, Kabata, 1979, Shariff et al., 1986, Lester and Hayward, 2006, Nelson,&tDported
from Africa, Asia, Europe, North Ameidcand AustraligHoffman, 1999, Durham et al., 2002)
Marina et al. (2008)eportedL. cyprinaceaon four native freshwater specieGalaxias
occidentalis(western minnow)Nannoperca vittatgwestern pygmy perchpBostockia porosa
(nightfish) and Tandanus bostockffreshwater cobbler) in the Canning River, which runs

through the Western Australian capital city, Perth.

The conclusions drawn by Marina et @008)about the presence and geographic exteht of
cyprinacea in southwestern Australia were subject to two caveats. First, their species
identification relied on morphological criteria, which may be compromised by the considerable
morphological plasticity of species dfernaea(Kabata, 1979, Lester and Hayward, 2006)
Second, although they examined &shfrom 12 river systems spanning the range of the
Southwestern Provence, they did not sample other rivers in the vicinity of the Perth

metropolitan area. The aim of the current study was to use molecular techniques to confirm the
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species identity of thegpasite and to more precisely map the geographic and host range in

southwestern Australia.

2.2 Methods
2.2.1 Sampling

Fishes were sampled from a number of localities in 22 different river systems in the
Southwestern Ichthyological Province: Moore, Preston, AbBabina, Ludlow, Vasse,
Margaret, Blackwood, Donnelly, Warren, Gardner, Shannon, Deep, Styx, Kent, Denmark, Hay,
King, Kalgan, Canning, Serpentine and Murray River. All rivers were sampled in 2011, except
for the Serpentine River, which was sampled in @41 and 2013, during the months of

summer.

All fish sampled were caught with the approval of the Department of Parks and Wildlife (Permit

number: SF009875)

All rivers were sampled with twaiinged fyke nets (75 x 105 cm mouth opening; 55 x 400 cm
wing; 500 cm long pocket with two funnels; 0.2 cm mesh size), with the nets facing both
upstream and downstream to catch all migrating fishes (Figure 2.1). To ensure the capture of

nocturnal species, the nets were set-rafternoon and retrieved early the nexirming.

Collected fishes were identified to species and measured for total length (TL) on site. All fishes
were then examined fdrernaeaspp. by visually inspecting on their body surface and were
considered positive if the adult female parasite wasadtdiched to the host. Native fishes that
were not found to be infected (lacked the presence of an adult female) were immediately
released, whereas all infected fishes and all alien fishes (infected and uninfected) were
transported to the laboratory in at¥d containers. Fishes were then euthanised with an
overdose of anaesthetic (AgBj 30mL/L) and fixed in 10% buffered formalin. Infection was
confirmed by visual inspection using a dissecting microscope and the numbers of parasites and

location on the hst (fins, head, body or tail) recorded.

30



Figure 2.1. Fyke nets set in the Serpentine River, Rapids Rd, Western Australia

2.2.2  Molecular characterisation
For samples that had been preserved in formalin, a minimumpbio8phatéduffered saline

(PBS) washes were conducted before DNA extraction, using tissue frdf a8ultLernaea
sp. (per sample) with a PowerSoil DNA Isolation Kit (Mo Bio, California, USA), as per the

manufactureroés instructi eGGuntirdgiied was st ored in

2.2.2.1 PCR Using 18S and 28S rDNA Primers

Using nonspecific primers, a standard PCR protocol was used to amplify a product of ~744bp
at both the 18S and 28S rRNA la@ong et al., 2008)The PCR was conducted in a final
volume of 25ul and consisted of a final concentration of 200ng genomic DNA, 0.2uM of the
forward and revese primers 18SF (5AAGGTGTGMCCTATCAACTi 3") and 18SR (b
TTACTTCCTCTAAACGCTQ 3, 28SF (5'ACAACTGTGATGCCCTTAG 3") and 28SR
(BTTGGTCCGTGTTTCAAGACG3")), 50uM of deoxynucleotide triphosphates (dNTPS)
(Fisher Biotec), 1xPCR buffer (with 2 mM Mggl(Fishe Biotec), 2.5U of ExTag DNA
polymerase (Fisher Biotec) and 2ul of template DNA. Utuse PCR water was added to a

final volume of 25ul.PCR conditions consisted of: an initial cycle ®°C for 5 minutes,
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followed by 30 cycles of 94°C for 30 seconds;G4or 30 seconds and 72°C for 1 minute, a

final extension at 72°C for 5 minutes and a hold afCl4

A positive control and negative control were used in each PCR reaction. The positive control
consisted of 2yl of.. cyprinacea and the negative contrabed no template DNA. Final PCR
products were run on a 1%v/) agarose gel (Invitrogen, New Zealand) in a TAE buffer
(containing 40mM TridHCI; 20mM EDTA; pH 7.0) stained with SYBER® safe DNA gel stain
(10,000 concentration in DMSO. Invitrogen Moleculanles®, Eugene, Oregon, USA). A 100

bp molecular weight ladder was used (Axygen, Fisher Biotech, Australia) and DNA was
visualized using UVP duatlensity transillumination (positive samples were identified through

a single band on the gel).

2.2.2.2 Sequencing

Postive amplicons were cut from the gel using disposable scalpel blades and were placed into
1.5ml eppendorf tubes. Samples not sequenced immediately were fro2&hGt Using an

Ultra Clean 15 DNA Purification kit (Geneworks), a high salt solution pravigethe kit was

added to the samples (enough to cover the gel). These samples were then placed on heating
bricks at ~58C until the gel melted. Solutions were resuspended and 5ul of ultrabind,
containing silica to bind the DNA, was added to each of thpkes, which were then mixed by
inverting the tubes several times and left at room temperature for 5 minutes. The samples were
then centrifuged for 5 seconds at 14000xg to pellet the DNA/silica mixture and the supernatant
discarded. Ultrawash (400ul) wadded and each tube, vortexed and centrifuged at 14000xg for

5 seconds and the supernatant was once again discarded. To remove any excess moisture,
samples were vacuudried using a rotorvac for-5Ominutes. Ultrapure water (ZDul) was

added to each sangpto elute the DNA from the silica and incubated dtC56r 5 minutes.

Once again the samples were centrifuged at 14000xg for 1 minute and the supernatant
containing the DNA was transferred into a 0.6ul tUDBA concentration for each sample was

tested sing a NanoDrop.
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PCR products were sequenced using a Big Dye version 3.1 Terminator Cycle Sequencing Kit
(Applied Biosystems). The sequencing reactions contained 3.2 pmol of p2imdr of Bi g Dye
version 3.1 (Applied Biosystems), 1.55¢dl of 5
of template (depending on the DNA concentration) and ultrapure PCR water added to 10pl.

Cycle sequencing was conducted using an initial heatirf@gia@ for 2 minutes and then 25

cycles of 96C for 10 seconds, 5& for 5 seconds, 6C for 4 minutes and a final hold of il2

for 7 minutes.

Cycle sequencing products were placed into 0.6 mL eppendorf tubes and precipitated by adding

1 ¢l of 12(5dinmsM dBEDUTMA s al t ) , 1 ¢l of 3 MM sodium
ethanol. The solution was mixed and left for at least 20 minutes at room temperature to
precipitate the DNA. Samples were then spun at 14000xg for 30 minutes, the supernatant was
discaded, and the pellet rinsed by adding 125 ¢l
spun at 14000xg for 5 minutes. The supernatant was discarded and the samples placed in the

speed vac for-40 minutes. Finally the samples were air dried in the darkSaninutes.

2.2.2.3 Species identification and phylogenetic analysis
Sequences were viewed using Finch TV Version 1.4.0 (Geospiza Research Tea?20@)04

and aligned with reference sequences from GenBank using Clustal W
(http://www.clustalw.genome.jp). Distance, Parsimony and Maximum Liklihood (ML) trees
were constructedsing MEGA version {Tamura et al., 2011Bootstr@ support for branching

was based on 1000 replications and checked for identity using the nucleotide database,

Nucleotide BLAST(http://blast.ncbi.nim.nih.gov).

2.2.3 Data analysis

Parasite data were expressed as prevalences (proportion of infected hostdpmsities of
infection (number of attached parasites per infected host). Ninety five percent confidence
intervals were calculated for prevalences, assuming a binomial distribution, and for mean
intensities, from 2,000 bootstrap replications using thevsoft Quantitative Parasitology 3.0
(Rozsa et al., 2000)Vithin each river, prevalences were compared among fish species using

chi-square tests, and mean intensities were compared among fish species usipgrametric
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KruskallWallis test. For the Serpentine River, where fish were sampled in 2011 and 2013,
prevalences were compared between times for each fish species using a Fisher exact test and
intensities were compared using a fEamametric Wilcoxin signed rank test. The relasiip

between fish length and parasite infection, pooled over rivers, was tested using generalised
linear models, with infection status (present or absent, modelled as a binomial distribution with

a logit link function) and intensity (modelled as a Poisdistribution with a log link function),

as response variables and fish total length nested within species as a predictor variable.
Differences among fish species in site of infection, pooled over rivers, were compared by chi
square tests. All statisticalomparisons were performed using JMP v10 (SAS Institute Inc.,

2009).

2.3 Results

2.3.1 Species identification
Of the 22 sampletaken from fish hosts and tested at the 18S and 28S locus, due to time

constraints and issues with sequencing, only three tested positikerf@ea cyprinaceand

were sequenced at the 28S locus. All parasite isolates had an identical DNA sequence and a
maximum identity match of 99% tcernaea cyprinace#solate LCM 28S ribosomal RNA gene,

partial sequence (GenBank accession number: DQ107548), from an isolate identified in a study
of freshwater parasitic copepods in China (their sequences ranging686rno 696 bp in

length) (Song et al., 2008). Phylogenetic analysis using distgarsjmony and ML methods
produced identical trees (data not shown) and showed that the three sequences from the present
study grouped within the. cyprinaceaclade of availale sequences from GenBank at this locus

(Fig. 2.2).
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Figure 2.2. Phylogenetic tree of L. cyprinacea sequences generated during this study at
the 18S/28S locus inferred using distance analysis. Bootstrap values (>50% for 1,000
replicates are indicated at the nodes.

The three sequences generated as part of the present study have been submitted to GenBank
under the accession number KY346366346868.

2.3.2 Distribution of infection among rivers and fish

species
Fishes infected with attached adult cyprinaceawere found in only three of the 22 rivers

sampled; the Canning River, Serpentine River and Murray River (FigdyeA2total of 3,540

fishes belonging to 17 different species (14 native and 3 alien) wamgled from these rivers.

Two hundred and seventy seven of the fishes sampled (7.8%) were found to be infected (the
adult female of the parasite was visible on the fish host), and of these, 258 (93%) of these were

native fish (six species), while all thraken fish species were also found to have infections.
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Figure 2.3. Sampling sites in the Southwestern Ichthyological Province, Western
Australia. Rivers negative for Lernaea cyprinacea (red dots). Rivers positive for L.
cyprinacea (blue dots). Sites within positive rivers identified as having L. cyprinacea
(green dots).

Infections withadultL. cyprinaceawvere found on six native fish speci®seudogobius olorum
(bluespot goby) Nannoperca vittatgdwestern pygmy perch)Tandanusbostocki(freshwater
cobbler) Bostockia porosénightfish), Leptatherina wallacefwestern hardyhead) aghlaxius
occidentalis (western minnow) Infections were also found on the alidPhalloceros
caudimaculatugleopard fish),Carassius auratuggoldfish) andGambusia holbrook{eastern

mosquitofish) (Figure 2).
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Figure 2.4. Percentage of fishes infected with L. cyprinacea belonging to different
species.

Prevalences and intensities of infection for each fish species found in each river are shown in
Table 2.1. Within each river, there were significant differences among fish species in prevalence
(Canning Riverc% = 106.45, P < 0.0001; Murray Rivefs = 308.76, P < 0.0001; Serpentine
River 2011c% = 106.33, P < 0.0001; Serpentine River 2@13= 154.24, P < 0.0001), but not

in intensity, except for the Serpentine River in 2013 (Canning Ri%er 7.42, P = 0.28;
Murray Riverc? = 0.28, P = 0.59; Serpéné River in 2011c% = 6.45, P = 0.17; Serpentine

River in 2013c% = 18.56, P = 0.002).

For the Serpentine River, where fishes were sampled in 2011 and 2013, there were no consistent
differences in rates of infection over time. Prevalences were significantly greater in 2@.3 for
auratus(Fisher exact test, P < 0.0001) ahdbostocki(P = 002), but significantly greater in

2011 forN. vittata(P = 0.005). Intensities of infection differed significantly only Tomostocki

(z =2.32, P =0.02), with intensity being greater in 2013.
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Table 2.1. Prevalences (proportion of infected fish) and mean intensities of infection of
Lernaea cyprinacea of fish species in the Canning, Murray and Serpentine Rivers. 95%
confidence intervals in parentheses. N = total number of fish sampled.

River Fish Species N Prevalence Intensity
Canning  Native B. porosa 54 0.11 (0.050.23) 2.2 (1.63.0)
(2011) G. occidentalis 116 0.17 (0.110.25) 1.3 (1.21.49)
N. vittata 269 0.07 (0.050.11) 1.2 (1.01.4)
P. olorum 25 0.08 (0.010.26) 1.5 (1.62.0)
Alien C. auratus 33 0.12 (0.040.28) 1
G. holbrooki 367 0.003 (60.02) 1
P. caudimaculatus 507 0.002 (60.01 1
Murray Native G. occidentalis 127 0 0
(2011) L. wallacei 361 0.003 (60.02) 1
N. vittata 211 0 0
P. olorum 297 0 0
T. bostocki 255 0.32 (0.270.39) 1.3(1.21.4)
Alien G. holbrooki 147 0 0
Serpentine Native B. porosa 15 0.33 (0.140.60) 1.6 (1.02.2)
(2011) G. occidentalis 101 0.11 (0.060.19) 1.1 (1.61.3)
N. vittata 20 0.55 (0.320.75) 2.2 (1.43.1)
P. olorum 28 0.14 (0.050.32) 1.2 (1.01.5)
T. bostocki 59 0.51(0.380.64) 1.6 (1.32.0)
Alien C. auratus 56 0 0
G. holbrooki 80 0 0
Serpentine Native B. porosa 4 0.50 (0.160.90) 2.5 (%2.5)
(2013) G. occidentalis 96 0.10 (0.060.18) 1
N. vittata 37 0.16 (0.070.32) 1.8 (:2.7)
P. olorum 7 0.43(0.130.78) 1
T. bostocki 63 0.71 (0.590.82) 2.3(1.92.7)
Alien C. auratus 42 0.26 (0.270.39) 1.3 (1.21.4)
G. holbrooki 167 0.006 (00.04) 1

The risk of infection was significantly influenced by fish size over all specfes (371.37, P <

0.0001), with larger fishes more likely to be infected, but there was no effect of fish size on

intensity of infection ¢% = 4.93, P = 0.76).

2.3.3

Predilection sites for attachment

The relative frequency of attachment sites were compared among thospdcsés where at

least five infected fish were found .(bostocki B. porosa G. occidentalisN. vittataand C.

auratug. Of the 210 parasites found on these fishes, 80.4% were located on the fins, 13.4% on

the body, 1.9% on the tail and 4.3% on the h&ash species had a significant effect on the
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attachment site df. cyprinacea(c’% = 83.36, df = 64, P = 0.05) with predilection for the fins
and the body ifT. bostockiB. porosa G. occidentalisand N. vittatg and for the fins, tail and

body inC. auratus(Figure 25).
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Figure 2.5. Percentage of Lernaea cyprinacea attached at different body sites on (a)
Tandanus bostocki, (b) Bostockia porosa, (c) Galaxias occidentalis, (d) Nannoperca
vittata, (e) Carassius auratus.
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2.4 Discussion

2.4.1 Species identification
DNA sequencing at the 28S rRNA loci confirmed tHat cyprinaceais present in the

Southwestern Ichthyological Province. In previous studies, species identification was based
only on morphology(Marina et al., 2008)The metamorphosed females are known to have
holdfasts unique to their species, and often this is used as a fundamental chardotercsiic
identification of Lernaeaspecies(Harding, 1950, Fryer, 1961However, studies have cast
some doubt on the reliability of the holdfasts in species identificdabata, 1979, Kabata,
1982, Lester and Hayward, 200&)erefore both molecular and morphol@jiclentification is

required in species confirmation.

Although L. cyprinaceawas positively identified, given the limited number of samples
sequenced, we cannot be sure thatyprinaceads the only species dfernaeapresent in south
western AustraliaNevertheless, the limited morphological variation observed among isolates
from this and previous studies in sowthkstern Australia (Marina et al., 2008; Basile, 2001)
suggest that the occurrence of multiple species is unlikely. The three positive ssavapte

collected from the Serpentine and Canning Rivers, all identified. @urautus

Lernaea cyprinaceahas been identified as an invasive species across many continents,
including Africa, Europe, North America and Australidall, 1983, Hoffman, 1970, Kennedy,

1993, Robinson and Avena®dewage, 1996, Durham et al., 2002, Lester and Hayward, 2006,

Marina et al., 2008, Innal and Avendbldewage, 2012, Koyun el., 2015) It has been

suggested that the parasite originated from Asia and then spread to different parts of the world,

from movement of aquarium species, although we do not knowdhiseftain(Robinson and
AvenantOldewage, 1996, Innalnd AvenariOldewage, 2012, Acosta et al., 201@urrently,
Australi ads garabased dnithe esk analysis guideines that were established
undertheWor | d Tr ade Organisationds Sanitary and Ph
a review of Australiabs ornament al fish 1 mport

incite and acceptable level of protecti@hittington and Chong, 2007 herefore, the inability
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to construct meaningful risk analysis for ornamental fish importation leaves Australia at risk of

additional exotic disease incursion.

An attempt to use thede cyprinaceasequences to find a possible origin for its introduction
into Western Australiausing the National Centre for Biotechnology Information (NCBI)
database, was performed by comparing these sequences with knayprinaceasequences

from other regions, but unfortunately the origins of the species could not be determined in this

study.

Information regarding the genomic sequencéearmaea cyprinaces still very limited, with a

study by Pallavi et al. (2015)being the first tocomprehensively examink. cyprinacea
Molecular characterisation of. cyprinaceahas been principally focused on the partial
sequences df8S and 28S rDNASong et al., 2008, StavresBedivan et al., 2014 Due to the
limited number of studies in this area it is difficult to say whether or not molecular
characterisation is, in itself, a reliable tool for species identificatitmwever, the strength and
reliability in species identification comes when both morphology and molecular characterisation

are used together.

2.4.2 Distribution

This study has extended the known geographic range. afyprinaceain southwestern
Australia. The initial study byarina et al. (2008sampled fishes from 11 rivers within the
Souttwestern Province (including the Moore, Canning, Murray, Harvey, Harris, Vasse,
Blackwood, Warren, Kalgan, Goodga and Pallinup Rivers) and found.tt@tprinaceawas
limited to the Canning River. In the present study, the parasite was identified onirishes
Canning River as well as both the Murray River and Serpentine River. This is the firgt time

cyprinaceahas been reported in the Murray River and Serpentine River.

The reason for the introduction bf cyprinaceainto the southwest of Australishas yet to be
established, althougWarina et al. (2008suggested that the initial infection started with the

releae or escape of infected ornamental fishes su€h aaratus In Australia, there are around
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38 species of seHustaining exotic freshwater fishes nationwide, with 16 identified in Western
Australia and at least 13 found in ti@®uthwestern Ichthyologit@rovince, includingC.

auratus (Department of Fisheries, 200 arassius auratufias been found in many streams,
irrigation drains and lakes in the Perth vicinity, as well as a number of natural waterways
between the Moore and Vasse Rivers on the Swan Coasta(taigan et al., 2004)They are
aparticular problem in the Vasse River System where removal programs have been in operation

since 200§Morgan and Beatty, 2007)

As the Canning and Serpentine Rivers are connected by Birriga Drain, infected fishes may have
used this as aorridor to move from one river to the other. The most likely explanation for the
appearance of the parasite in the Murray River is a separate introduction of infected fishes, as a
nunber of alien species have been recorded in the {Mergan et al., 2004)There is also the
possibility that infected fishes may have used the -HFaeley Estuary to move from the
Serpentine River to the Murray River. The parasite was identified on @o#uratusand
Pseudogobius olorurgbluespot goby) in Peel Drain, part of the Serpentine River. Of these two
fishes, P. olorum would be more likely to migrate between rivers using the -Faeley
Estuary. Gobiidae are among some of the most abundant taxa in temperate estuaries and
lagoons,often dominating these spaces numerically, or at least contributing substantially to
estuarine ichthyofaunal assemblag@stter and Hyndes, 1999, Whitfield, 1998JthoughL.
cyprinaceais relatvely saltsensitive (Lester and Hayward, 2006, Idris and Amba, 2011)
studies have showthat the parasite can survive in up te1®ppt of salt for a short period of

time (Idris and Amba, 2011)The PeeHarvey Estuary is generally high in salinity but hasrbee
known to fall as low as 25 pgLukatelich and McComb, 1986§iven the possibility thalt.
cyprinaceacould survive a short exposure tglér levels of salt, it is still possible that infected

P. olorumwould be able to cross the small section of the estuary from the mouth of the

Serpentine River into the Murray River.

Currently, L. cyprinaceahas not been found in any other rivers in the Southwestern

Ichthyological Province. This does not necessarily mean that the parasite is absent from these
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rivers. Most rivers in recent times have been sampled at only a limited number of sites and
fishes hae only been examined for attached adult female parasites, so it is possilile that
cyprinaceais more widespread, but at low prevalence or with a patchy distribution within
infected river systems. Furthermore, the apparent increase in distributiorea(frang one river

to three rivers) since the parasite was first reported in 2008 suggests that further spread is very

likely to occur.

Finding a preference for parasite attachment on the fins is not uncommon and has previously
been observed in other stadi(e.g. Shields and Tidd, 1974, Bulow et al., 1979, Goodwin, 1999,
Marina et al., 2008). It has been suggested that these attachment sites provide greater protection
against being dislodged by curre(it4edeiros and Maltchik, 1999The scales/lack of scales of

a fish may also determine parasite attachr{i2atu et al., 2012)

2.4.3 Host range

Lernaea gprinaceahas a wide host rang&hariff et al., 1986and has been identified in over
100 species of fish from 16 different ordéBulow et al., 1979, Kabata, 1979, Shariff et al.,
1986, Lester and Hayward, 2006, Nelson, 2006}the present study, as wels documenting

an increased geographic rangé_otyprinaceaadditional host species were identifiedrnaea
cyprinaceainfections were found on six native and three alien fish species. These included all
the species previously found to be infectedMigrina et al. (2008)with the addition ofL.
wallacei and P. olorum which are native estuarine species often found in salinised river

systems in Western Australilorgan et al., 2014)

At all the sites in which.. cyprinaceanfestation was found, the parasite was more prevalent in
native freshwater species than irealfishes, including the presumed ancestral Bosturatus

There may be a number of reasons for the differences in prevalence found between native and
alien fishes: intrinsic parasite features, such as a simple life cycle and lespkosicity, could

help facilitate hosswitching; environmental requirements or behaviours could enhance the

frequency of contact between the parasite and native hosts, causing increaqeatdsist
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encounters; and differences in host susceptibility may account foateigedtachment rate of

the parasite to native hosts.

2.4.3.1 Host switching

Hostswitching occurs when an alien fish species is translocated to a new geographical region
carrying with it parasites from the source; here the introduced parasite transfers tdistative
species(Taraschewski, 2006)Hostswitching is more likely to occur with an introduced
parasite that has both a simple, direct life cycle and broad host (Reegler and Feist, 2011,
Poulin et al., 2011, Thrush et al., 201The transmission of the infective stages Lof
cyprinaceaoccurs by envisnmental contact, not via an intermediate host, and the parasitic
copepodid and adult stages are characterised by low host spedifiestier and Hayward,
2006) Therefore,L. cyprinaceasatisfies bdt requirements for a high probability of host
switching (Grabda, 1963, Bulow et al., 1979, Kabata, 1979, Shariff et al., 1986 lsaste
Hayward, 2008) In particular, the copepodid stages have a loose connection with the host,
where they may simply cling to the surface of the host body for a time and then swim away to
seek another hogGrabda, 1963, Shields, 1978Ithough the metamorphosed adult female
anchors more permanently to the host, it has still been isolated from more than 106disk sp
(Lester and Hayward, 20Q6Jhis ease of parasite attachment to a new host species may be due
to the morphological plasticity of the anchoring apparétiesding, 1950, Fryer, 1961, Kabata,

1979)

2.4.3.2 Host-parasite contact
Differences in parasite prevalence between native and alien fish species may be determined by

differences in hogparasite contact frequencies. For example, as most native fishes undertake
regular migration for spawning and feedifigen and Potter, 1990, Pen and Potter, 1991,
Morgan et al., 1998, Beatty and Morgan, 2010, Morgan et al., 281di$) may increase the
chances of encountering cyprinacea The habitat requirements of fishes may also influence
hostparasite contact frequency. In the prestatly, T. bostockithe native freshwater cobbler,

was found to have the highest prevalencé..ofyprinacea This is a benthic species of fish,
preferring lentic and slow flowing watefBen and Potter, 1990, Morgan et al., 1998, Morgan et

al., 2011) As still and slow flowing waters are abiotic factors that help in the development and
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attachment ofL. cyprinacea and the infective copepodid stage is negatively phototactic
(Shields, 1978)the habitat choice af. bostockimay aid in the frequency of parasite encounters
(Demaree, 1967, Bulow et al., 1979 study ofL. cyprinaceaby Marcogliese (1991)found

the parasite to be more prevalent on detritivorous fish species than planktivorous fish species,

presumably because of increased contact rates.

As well as being influenced by fish lifgycle and habitat preference, contact rates may also
reflect host size. A positive relationship between likelihood of infection and fish length within
species was identified, and this relationship may also extend to different sgeuidsnus
bostockiis by far the largest native freshwater fish species in saetern Australia, reaching

a total body length of up to 500m{®organ et al., 1998)Other studie have also examined the
relationship between host size ahdcyprinaceainfections, but have had conflicting results.
Marcogliese (1991jound no correlation between fish host size and infection in a lake in North
Carolina, USA, whereaBe rezBote (2010)dentified a significant relationship betweBarbus
comizosize andL. cyprinaceainfection in the Guadiana Rivén Spain.Pe’rezBote (2000)
found a positive, but not significant, relationship between host size and fish lengBeltios
sclateri, $jualius alburnoidesand Chondrostoma willkommiin the Guadiana RiverSimilar
results were reported bgutiérrezGalindo and Lacashlillan (2005) in a community of
cyprinids from the Llobregat River in northeastern Spaiams (1984noted an increase in
copepod abundance with host sikewever,Amin et al. (1973)found that it was usually the

smaller fishes of the species studied that were more heavily infected.

2.4.3.3 Host susceptibility

Differences in rate of parasite attachment due to host morphology or immune responsiveness
could be a factor in determining the differences in infection levels among fish species and
particularly between native and alien fish species. Although many naggbwater fish
species, such ab. bostockiand G. occidentalis are scaleless, this is unlikely to explain the
higher rates ofL. cyprinaceainfection seen on them than on scaled alien fiskleyer (1966)
suggested that it was scaled, rather than scaleless, teleosts that were more likely to be

susceptible td. cyprinaceanfections. A histopathological study blemaprasanth et al. (2011)
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found that the head &f. cyprinacegpenetrated the host tissue at an angle between overlapping
scales, suggesting the possibility of greater anchoring and protection for the parasiterdheref

it appears more likely that differences in host behaviour, skitheonistry or immunological
mechanisms may explain differences in host susceptibility to parasite attachment. The
physiochemical characteristics of the skin mucus, or other relatedamiems such as a
localised immune response or defensive behavioural reactions, may act as a physical barrier to
copepodids, although not necessarily to the anchoring apparatus of the adult female
(Hemaprasanth et al., 201However, due to the mobility of the copepod{@abda, 1963,
Shields, 1978) they are likely to abandon a less susceptible host species for one that provides

better attachment, given a choice of different fish species as hosts.

2.4.4  Conclusions
Using a combination of molecular work with previous morphological identification (from

Marina et al. (2008) it cannow be definitively reported thdternaea cyprinacedas been
introduced and identified on native freshwater fishes in the swoesh of Australia. This study

also confirms that this parasite appears to have a greater affinity for native freshwater fishes
than its native host. auratus and other exotic fish species. The greater prevalence on native
freshwater fishes may be due to a greater rate of exposure to the parasite and/or to a greater
infectivity of the parasite on these species. Disentangliagetltauses is the topic of the next

chapter.
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Chapter 3
Are native fish at higher risk than alien fish

to alien parasites?
3.1 Introduction

Invasive species are considered the second most important cause of biodiversity loss throughout
the world, posing significant threats to the integrity and functioning of ecosyéiéiicave et

al., 1998, Grosholz, 2002, Clavero and GaBésthou, 2005, Molnar et al., 200&reshwater
ecosystems are particularly threatened by invasive species, as they are likelgessfeilly

invade fresh waters that have already been altered or degraded by humans, as well as contribute
to the physical and chemical impacts of humans on fresh w@enn and Arthington, 2002,

Koehn, 2004)

One of the biggest threats associated with the introduction of an invasive species is the
introduction of ceinvading parasites and pathogens-i@@mders are pardss that have been
co-introduced with an alien species to a new location, outside of their natural range, and spread
to new native hosté.ymbery et al., 2014)Ilt has been suggested that parasites which switch
from introduced host species to native host specids have greater infectivity and
pathogenicity in native hosts, with which they have n@wolutionary history (e.g. naive host
syndrome- (Mastitsky et al., 201Q)novel weapon hypothesigFassbindefOrth et al., 2013)

The naive host theory proposes that parasites and hosts with a {englutionary history will

be coadapted; alien parasites tlae introduced into a new area meet naive hosts that lack co
evolved resistance (the ability to prevent infection) or tolerance (the ability to limit the
detrimental effects of infection), therefore they suffer greater infection rates and more serious
disease(Allison, 1982, Mastitsky etla 2010, Fassbindedrth et al., 2013, Lymbery et al.,

2014)

Lernaea cyprinace# a copepod crustacean parasite known to have serious pathogenic effects

on cultured freshwater fishes. The adults, in particular, cause high rates of mortality in young
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fish because of their relatively large size and mode of attachamehfeeding, and they may
also cause secondary infections by transmitting viruses and badiereaand Shariff, 1990)
Lernaea cyprinace# not host specific and has a wide host range, being identified in over 100
fish speciedrom 16 different order§¢Bulow et al., 1979Kabata, 1979, Shariff et al., 1986,
Lester and Hayward, 2006, Nelson, 2Q0& well as occasionally in amphibiarf¥idd and
Shields, 963, Lester and Hayward, 200®yprinids, such a€arassius auratuggoldfish) and
Cyprinus carpio(koi carp), appear to be the ancestral h@sis, 1998, Barson et al., 2008)
Carassius auratusnd C. carpioare among the most invasive freshwater fishes in the world
(McKay, 1984, Fuller et al.,, 1999, Gido and Brown, 99%kelton, 2001, Koehn and
MacKenzie, 2004)Lernaea cyprinaceappears to have been-icdroduced with cyprinid hosts

in many different countriefHoffman, 1970, Marcogise, 1991, Robinson et al., 1998, Marina

et al., 2008)

Lernaea cyprinaceas not native to Australia, but has been recorded in a numbeatnen
fishes in New South Wales and Victoria in eastern Austi@ighburner, 1978, Hall, 1983,
Callinan, 1988, Rowland and Ingram, 1991, Dove, 2000dB2004) and also in a number of
rivers in Western Australi@Marina et al., 2008)n the field,L. cyprinaceaappears to be more
prevalent on native freshwater fishes than ©n auratus (with which the parasite was
presumably introduced) or other alien fish spe¢Marina et al., 2008also see Chapter 2).
This may be a consequence of greater rates of exposure of native fishes to infective stages of the
parasite and/or greater infectiviof the parasite to native fishes. Although other studies have
also found differences among fish species in the prevalence and intensity of infectiohs with
cyprinacea(Adams, 1984, Marcogliese, 1991, Robinson et al., 1998, Thilakaratne et al., 2003,
Choudhury et al.,, 2004, Gutiérr€alindo and Lacashklillan, 2005, Barson et al., 2008,
Mancini et al., 2008, Kupfberg et al., 2009, Tasawar et al., 2009, Dalu et al., 2012, Stavrescu
Bedivan et al., 2014, Tavargsas et al., 2015)he reason for these diffnces has rarely been
investigated.

The aim of the current study is to compare the infectivity. ayprinaceao a native freshwater

fish speciesNannoperca vittatgwestern pygmy perch) and . auratus under controlled
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laboratory conditions. By hinating variation in exposure rate of the parasite, any differences
among host species in prevalence or intensity of infection should be due to differences in
infectivity. It is hypothesised that, when both fish species are exposed to the phragitata

will be more likely to be infected and to have a greater intensity of infection.

3.2 Methods

3.2.1 Experimental fishes
All fishes were purchased from commercial suppliers who had no history of infectio..with

cyprinacea(i.e. no previous reports of visible signs of infection). Fish (a total of\22Gttata

and 214C. auratu$ were transported to a secure laboratory at the Fish Health Unit, Murdoch
University, and maintained in 1,000 L tanks with a recirculating, aerastdr supply, and
fortnightly 25% water exchanges. Once in the laboratorid allittatawere kept in one tank and

all C. auratuswere together in a second, separate, tank. Ammonia, nitrite and pH levels were
monitored weekly and fishes fed once dailgatiety (Aqua One Goldfish Flakes f6r auratus

and New Life Spectrum Grow faX. vittatg. All fishes were acclimatised and quarantined in

the laboratory for at least seven days before being used in experiments. Fish were also examined
under a dissectiomicroscope to confirm that there was no exposure. toyprinaceaprior to

the commencement of the experiments. Fish were not given any treatment preceding the start of

the experiment.

Prior to use in experiments, fishes (no more than 50 of each sptadsme) were moved to

six 50 L tanks in an air conditioned laboratory and acclimatised gradually to a water
temperature of 24°C, which was maintained for all experiments. The 50 L tanks had a static
water supply, with aeration through a sponge filtat e same feeding and monitoring regime

as in the maintenance tanks (Figure 3.1).
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Figure 3.1. 50L aerated and heated tanks used for infection experiments.

3.2.2 Laboratory culture of Lernaea cyprinacea
To establish the life cycle of thparasite in the laboratory, infected wild fishes were captured in

the field and transported to the laboratory (see Chapter 2), where they were placed into a 500 L
tank with a static water supply and aeration through sponge filters, and a standard fegding a
monitoring regime. Water temperature was maintainedi&,28hich is regarded as optimal for
completion of the parasite life cyc{€hields, 1978)UninfectedC. auratuswere added to the

tank (2030 fish at a time, depending on fish size) to act as a host to maintain the life cycle
(Figure 3.2). Fish that did not become infected or those showing adverse signs of infection (poor
swimming performance, no feeding, abnoriahaviour) were removed from the culture tank

and replaced with new fish.
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Figure 3.2. Establishment of Lernaea cyprinacea on C. auratus, in the laboratory.
Haemorrhaging (arrow). Ulceration and haemorrhaging (rectangles). Adult L. cyprinacea
(circle).

3.2.3 Experimental design

Infection experiments were conducted in 12 identical 50 L aquarium tanks, each aerated through
a sponge air filter and maintained at a constant temperatureiGf Xater quality was
monitored weekly and 25% water exchanges undertaken at least once a fortnight. All fish were
fed once daily to satiety. Prior to the commencement of the experiment, each tank was seeded
with L. cyprinaceaby placing two infectedC. auratus (adult female parasites visible on the

fish), each containing-3 parasites, in each tank for 5 days (this ensured that there would be
enough time for the egg sacs to develop and hatch into the free living infective copepodid stage
(Shields, 1978) Once the tanks had been seeded, no further water exchanges were undertaken

until the experiment ended.

After the seedefish were removed, each tank was stocked willd &xperimental fishes, either
all C. auratus all N. vittatg or an equal mixture of each species. Prior to stocking, fishes were

anaesthetised with AQLB (0.1 mL/L), measured for total length and examiinander a
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