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ABSTRACT 

 

 This thesis focused on the detection and identification of Tasmanian Atlantic salmon 

aquareovirus ( TSRV), which i s one  o f t he f ew v iral a gents o f A tlantic s almon e ndemic i n 

Tasmania. Due to the low pathogenicity and ubiquitous nature of TSRV, there has been little 

interest in the significance of this virus. However, more recently, TSRV infections appeared 

to be associated with diseased fish and concerns about the negative impact of infection with 

this vi rus on a quaculture pr oductivity ha ve i ncreased. Industry’s c oncerns r egarding t he 

significance o f T SRV h ave r esurfaced an d r ecent r esearch h as i ndicated t hat u nder cer tain 

conditions T SRV c ould c ause di sease. Thus better m anagement and c ontrol i s b eing 

considered b y i ndustry and r egulators. Validation of  di agnostic m ethods ha s be en a  m ajor 

focus i n t his t hesis. Intra-laboratory a nd  inter-laboratory c omparison of  PCR a nd vi rus 

isolation o n p iscine c ell lin es were carried out  t o de termine t he m ost s ensitive d iagnostic 

method, using t issues o f f armed Atlantic s almon f rom va rious a quaculture s ites a round 

Tasmania. A t otal of  14 4 f ish f rom 9 s ites ( 12-33 f ish pe r s ite) w ere s ampled f rom t wo 

regions ( Tamar R iver & S outh-east T asmania) dur ing l ate s pring t o e arly summer of  2009 

and the data were analysed using different statistical approaches. This study demonstrated the 

qPCR assay to be highly sensitive (95.2%) and highly specific (95.2%) for the detection of  

TSRV. The prevalence of TSRV ranged from 6-22% in both regions. Following this, the use 

of s wabs in p reference to or gans a s the sample co llection m ethod w as ev aluated for 

individual and pooled samples. The use of swabs was shown to be best for field surveillance 

and screening purposes when the only concern with the presence and absence of virus in the 

population.  
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 The i ncidence o f T SRV i nfections w as i nvestigated b y u ndertaking a f ield 

investigation at farm sites l ocated i n S outh-east T asmania. Throughout t his f ield 

investigation, t he i ncidence of  TSRV i nfections was low (6.15%). T he f indings do not  

exclude t he r ole of  T SRV in influencing the ho st’s s usceptibility t o ot her i nfections. Non 

specific gross pa thology a nd hi stopathological c hanges w ere obs erved i n T SRV pos itive 

salmon a nd s imilar obs ervations w ere pr esent i n T SRV ne gative s almon. O n t he ba sis o n 

archival c ases l iver p athology ha s b een i dentified a s t he pr edominant pa thology caused b y 

TSRV. As a  b asis f or a preliminary characterisation s tudy, f ourteen is olates o f T SRV 

originating f rom va rious l ocations i n T asmania, c overing a 20 -year pe riod o btained f rom 

various h ost s pecies, h ost t issues an d i solated o n d ifferent c ell l ines, w ere s elected i n an  

attempt to increase the probability of detecting virus variants. Typical and atypical variants of 

TSRV w ere i dentified b ased on  genotypic a nd phenotypic ch aracterisation o f t he d ifferent 

isolates. E lectron mic roscopic examination d emonstrated t he ex istence o f at l east t hree 

variants b ased on v iral p article s ize. This s tudy r evealed p reliminary e vidence o f v ertical 

transmission of  TSRV f rom brood-stocks to eggs and ho rizontal t ransmission f rom f armed 

salmon to wild fish.  Finally, this characterisation study demonstrated the existence of at least 

one variant TSRV isolate other than the more commonly i solated, typical TSRV in farmed 

Tasmanian Atlantic salmon. The use of different detection/diagnostic methods in this thesis, 

has improved the scope of the detection of TSRV. 
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CHAPTER 1 

Introduction 

 

1.1 Tasmanian Atlantic salmon industry 

1.1.1 Brief History 

 

Salmonid fish, particularly salmon and trout of the genera, Salmo and Oncorhynchus 

are v alued v ery h ighly as table f ish and w hile the or igins of  s almonid aquaculture can be  

traced b ack t o e ighteenth c entury E urope, i t w as not  unt il t he m id-1900s t hat s almonid 

aquaculture of any significance had developed. The modern technique of farming salmon in 

floating s ea-cages th at is s till u sed in  a ll s almon-farming c ountries of t he w orld w as 

developed f irst i n N orway i n t he 1960s . S almonid a quaculture on a c ommercial l evel 

commenced i n t he 1970 s a nd t oday i s a rguably t he m ost s uccessful a quaculture i ndustry 

globally, valued in excess of US$10 billion (FAO Fisheries Technical Paper 2007). 

 

The T asmanian A tlantic s almon in dustry w as f ounded i n t he e arly 1980s us ing 

progeny d erived from A tlantic s almon f armed at G aden, N ew S outh W ales, A ustralia. The 

Gaden stock was originally imported from Phillip River, Nova Scotia, Canada in the 1960s. 

The majority of Tasmania’s Atlantic salmon farms are located in the south east of the state in 

the Huon River, Port Esperance and D’Entrecasteaux Channel, and Tasman Peninsula areas. 

Other farms are located in Macquarie Harbour on the west coast, and there is one farm in the 

Tamar estuary on the north coast (Figure 1.1). The volume of  Tasmanian farmed salmonids 

harvested in 2008-09 was 32,200 tonnes with a value of AU$345 million, accounting for 30% 

of the state’s gross value of primary production (Source: Food and Beverage Industry Score 

Card 2007-08, DPIPWE, J uly 2010) . In t he 200 9/10 pe riod, t he va lue o f f armed s almonids 
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rose to AU$410 million. In the early years of the Tasmanian salmon industry, the majority of 

product w as s old t o J apan f or t he s ushimi m arket (Source: T asmanian Salmonid G rowers 

Association, 2007).  

 

Nowadays, w ith t he c hanging global m arkets, w hile T asmanian pr oduct i s s till 

exported t o Japan, U SA, H ong K ong, S ingapore, T hailand, Indonesia, C hina, T aiwan, 

Vietnam, G uam, M alaysia, t he P hilippines a nd India, th e ma jority o f the s almon is  s old 

domestically (Source: T asmanian S almonid G rowers A ssociation, 2007) . However, t he 

success a chieved in any i ntensive f arming i ndustry of ten br ings ne w and diverse disease 

problems and the Tasmanian Atlantic salmon industry is no exception. Disease management 

and assessment of farmed fish as well as wild stock have been a major concern to commercial 

aquaculturists and fisheries conservationists. 
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Figure 1.1 C ommercial salmon pr oduction a reas i n T asmania: M acquarie H arbour, T amar 
Estuary and South-east region. The majority of production is conducted in the South-east of 
Tasmania. 
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The ab ility to demonstrate the p resence o r absence o f specific pathogens in f ish has 

vital e conomic b enefits a s it c an he lp t o e stablish g ood m anagement pr actices, avoid 

significant e conomic lo sses ( Barlic-Maganja et al., 2002)  and m aintain m arket ac cess. An 

additional benefit would be if the level of the infectious organism could be determined in the 

fish or the environment so that changes in pathogen abundance could be monitored (Overturf 

et al., 2001). Most of the aquatic animal diseases listed by the World Organisation for Animal 

Health (OIE; Office International des Epizooties), including those of salmonids, are caused by 

viruses.  

 

The O IE i s an  intergovernmental or ganization r esponsible f or i mproving a nimal he alth 

worldwide a nd pr omoting t rade i n a nimal pr oducts. The m issions of  O IE i nclude e nsuring 

transparency in  th e global a nimal health situation, c ollecting, analyzing and di sseminating 

veterinary scientific information, encouraging international solidarity in the control of animal 

diseases and safeguarding world trade by publishing health standards for international trade in 

animals and a nimal pr oducts. T he he alth s tandards de veloped b y O IE f or protection f rom 

introduction of aquatic animal disease and pathogens are the Aquatic Animal Health Code and 

Manual of Diagnostic Tests for Aquatic Animals.  

 

The O IE Aquatic Code is a r eference d ocument f or u se b y v eterinary a uthorities, 

import/export services, epidemiologists and all those involved in international trade of aquatic 

animals and their products. Part 1  o f the O IE Aquatic Code contains provisions for aquatic 

animal disease diagnosis, surveillance and notification, on r isk analysis and on the quality of 

competent a uthorities; it provides g eneral r ecommendations on di sease pr evention a nd 

control; it sets out trade measures, import/export procedures and model health certificates and 

provides g uidelines on t he w elfare of  farmed f ish dur ing t ransport. Whereas, t he 
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recommendations i n t he di sease c hapters of  t he Aquatic Code are i ntended t o pr event t he 

pathogen i n que stion be ing i ntroduced i nto t he importing c ountry, t aking i nto a ccount t he 

nature of the traded commodity and the aquatic animal health status of the exporting country. 

Correctly applied, t he r ecommendations pr ovide f or t rade w ith a n opt imal l evel of  a nimal 

health security, incorporating the latest scientific findings and available techniques. 

 

Epizootic H aematopoietic N ecrosis (EHN) is t he onl y s almonid vi ral di sease currently 

listed in the OIE Aquatic Animal Health Code that is present in some parts of Australia and is 

exotic to Tasmania. In fact, since its establishment in the mid-1980s, the salmonid industry in 

Tasmania has not experienced any significant outbreak of viral disease (Crane et al., 2000). 

However, t wo pot entially s ignificant vi ruses, Tasmanian A tlantic s almon r eovirus a nd 

Tasmanian aquabirnavirus, were isolated for the f irst t ime in the 1990s.  B oth these viruses 

have relatively low pathogenicity (Crane and Williams, 2007). The Tasmanian aquabirnavirus 

(TAbV) continues t o be i solated, dur ing t he on -going T asmanian S almonid H ealth 

Surveillance pr ogram, o n a  r egular but  i nfrequent ba sis. T he T asmanian A tlantic s almon 

reovirus ( TSRV) ha s a lso be en i solated on a  r egular ba sis during t he T asmanian Salmonid 

Health S urveillance P rogram ( Kevin E llard p ers co mmunication) an d, i n r ecent years, 

isolations of TSRV appear to be occurring on a more frequent basis and possibly associated 

with co-infections with other pathogens.  
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1.1.2 Disease history of salmonid culture in Tasmania 

 

Active surveillance of all farmed salmonid populations has been undertaken as part of 

the Tasmanian Salmonid Health Surveillance P rogram which has been i n p lace since 1990 . 

The program involves regular farm inspections and collection of samples for histopathology, 

bacteriology and virology. As a p art of the surveillance program, several significant diseases 

of Tasmanian salmon have been described such as Amoebic gill disease (AGD), Tasmanian 

salmonid rickettsiosis (RLO), Yersiniosis, Vibriosis, Tasmanian aquabirnavirus infection and 

Aeromonas septicaemia. 

 

Yersiniosis is a contagious bacterial disease of salmonids, eels, goldfish, sole, sturgeon 

and turbot caused by Yersinia ruckeri, a m ember of the family Enterobacteriaceae. Yersinia 

ruckeri is enzootic to Australia. In Australia, two biotypes of Y. ruckeri are known to occur: 

serotype O1b, biotype 1 and serotype O1, non-O1b, biotype 2. The virulent Hagerman strain, 

the cause of enteric red mouth in rainbow trout is exotic to Australia. Y. ruckeri is found in 

fish populations throughout Europe, North and South America, Australia and New Zealand. 

Infection with Y. ruckeri results in a bacterial septicaemia without specific clinical signs but is 

most commonly detected due to exophthalmos and blood spots in the eye. The severity of the 

disease i s d ependent upon t he bi otype of  t he ba cterium i nvolved. A cute i nfections i n t rout 

with the 'Hagerman’ strain are usually florid but the milder form of the disease occurring in 

Atlantic salmon is termed Yersiniosis. 

 

 In T asmania, in fection w ith Y. ruckeri (Australian is olate serovar O 1b) occurs 

predominantly in Atlantic salmon with very rare isolations from rainbow trout (Oncorhynchus 

mykiss) and brown trout (Salmo trutta) (Carson and Wilson, 2009). In 2005, the occurrence of 
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Yersiniosis r esulted in  c linical e xpression o f th e d isease p ost tr ansfer to  ma rine s ites. T he 

level o f subclinical car riage in Atlantic salmon s tock within hatcheries af fected the l evel o f 

disease expression p ost t ransfer t o m arine s ites an d o ccasionally was t reated with 

chlortetracycline o r tr imethoprim ( Jeremy C arson p ers c ommunication). W hile mo st 

Tasmanian A tlantic s almon have be en va ccinated a gainst Y ersiniosis since 2006 ( using 

Yersinivac-B, developed by DPIPWE, Launceston, Tasmania and manufactured by Intervet), 

significant o utbreaks s till o ccur. Y ersiniosis k illed h alf a  millio n f ish in  ju st o ne h atchery 

during a  6 -month pe riod i n 2007, r esulting i n a s molt s hortfall f or t he e ntire T asmanian 

salmon industry. A poor response to vaccination in juveniles, 1–5 g in weight, has led to the 

investigation of the suitability of the current formalin–killed, whole-cell vaccine Yersinivac-B 

and c urrent research h as hi ghlighted the e fficacy of  double-dip va ccination f or j uveniles 

(Bridle and Nowak, 2010, unpubl ished data) and the potential use of  t rypsin to increase the 

efficacy of Yersinivac-B (Costa et al., 2011). 

 

Vibriosis due  to Vibrio anguillarum (Vibrionaceae) infection is a m ajor cau se o f 

mortality in  f armed ma rine f ish w orldwide (Munday et al., 1992) . Diseases involving 

Vibrionaceae are usually caused b y opp ortunistic i nfections. T he p athogen m ay have a n 

intimate association with the host as part of the normal flora but may exhibit pathogenicity if 

host d efences ar e b reached. T his m ay o ccur ei ther f rom s tress ev ents t hat l ead t o immune 

suppression, ph ysical da mage t o t he i ntegument, or  t he e mergence of  aggressive bi ovars 

within a  popul ation of  aquatic a nimals. S everity of di sease m ay r ange f rom f ulminating 

septicaemias, typical of disease outbreaks, through to chronic infections that affect just a few 

individuals (Carson and Wilson, 2009).  
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The Australian s ituation in relation to vibriosis vaccination of salmonids is probably 

unique as the genetic variation in these populations is restricted due to limited introductions, 

and, t o da te, onl y one s erotype of  Vibrio anguillarum (serovar O 1) has be en isolated f rom 

outbreaks of  c linical vibriosis ( Carson, 1990) . T he f irst T asmanian i solation of  Vibrio 

anguillarum, i n 1985, i nvolved di sease outbreaks t hroughout s almonid marine f arms which 

resulted i n 30%  m ortality (Carson, 1990) . D ue t o t he s everity of  t he out breaks, a  va ccine 

(Anguillvac-C) was developed against vibriosis by DPIPWE (Launceston, Tasmania) which 

is now manufactured by Intervet. Vibriosis-affected fish have been traditionally treated with 

oxytetracycline prior to the development of vaccines for bacterial infections. In the following 

years, D PIPWE ha s be en w orking w ith s almon pr oducers t o a ssess m odifications t o t he 

vaccination strategy (Munday et al., 1992; Whittington et al., 1994; Morrison et al., 2000) in 

an at tempt t o ad dress t he o ccasional d isease o utbreaks d espite vaccination. T he i mpact o f 

vibriosis on s almonid farms has been s ignificantly reduced with the adoption of  a  modified 

vaccination strategy (Jeremy Carson pers communication).  

 

 Aeromonas salmonicida is a s ignificant pathogen of many species o f f reshwater and 

marine f ish a nd ha s be en r eported t o oc cur in m ost c ountries w orldwide. Aeromonas 

salmonicida salmonicida is the causative agent of the disease furunculosis in salmonid fish, a 

septicaemic co ndition t hat v aries i n s everity. In Australia, an  at ypical f orm o f Aeromonas 

salmonicida is the cause of goldfish ulcer disease (GUD), an ulcerative dermatitis prevalent in 

fish in the aquarium trade (Humphrey and Ashburner, 1993). Isolates of atypical Aeromonas 

salmonicida from GUD lesions were shown to be highly pathogenic for Tasmanian Atlantic 

salmon in an experimental infectivity trial (Carson and Handlinger, 1988).  

 



9 

 

 During 1993, a n a typical Aeromonas salmonicida was r ecovered from j uvenile, 

hatchery-reared greenback f lounder, Rhombosolea tapirina, and w ild c aught f ish he ld i n 

shore-based t anks i n T asmania ( Carson, unpubl ished da ta). In a ddition, a  further a typical 

Aeromonas salmonicida (biovar Acheron) was isolated in 2000 from an Atlantic salmon farm 

at M acquarie H arbour, Tasmania ( Jeremy C arson p ers co mmunication). S ince 2000, t he 

incidence of clinical disease outbreaks caused by this pathogen and the negative impact it has 

on salmon production has increased. Oxytetracycline was used to treat the disease while the 

work on vaccine development was carried out by DPIPWE (Launceston, Tasmania). In 2006, 

vaccination of stock was introduced to marine sites with the development of AnguiMonas, a 

bivalent v accine d eveloped ag ainst Aeromonas salmonicida and Vibrio anguillarum. T he 

incidence of Aeromonas salmonocida was reduced significantly following vaccination and it 

has not  be en reported in T asmanian s almon i ndustry s ince 2008 ( Jeremy C arson pe rs 

communication). 

 

Several o ther p athogens h ave b een i solated an d ch aracterized i n t he course o f t he 

Tasmanian surveillance program such as Enterococcus-like bacterium, causing 60% mortality 

in rainbow trout Oncorhynchus mykiss (Carson et al., 1993), Vagococcus salmoninarum from 

salmonids ( Schmidtke a nd C arson, 1994 ), Flavobacterium sp.(Flexibacter psychrophilus) 

from A tlantic s almon w hich c aused 0.01 % mortality/week a nd 80%  m orbidity ( Schmidtke 

and C arson, 1995)  and Lactococcus garvieae from r ainbow t rout ( Schmidtke a nd C arson, 

2003). 
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In 2001 , rickettsia-like or ganism ( RLO) associated w ith Tasmanian salmonid 

rickettsiosis was id entified in  A tlantic s almon f armed in T asmania (Corbeil et al., 2003 ). 

Tasmanian RLO (TRLO) differs at the genetic and antigenic level from exotic Piscirickettsia 

salmonis isolates (Corbeil et al., 2005). The disease has occurred periodically since 2001 and 

occurs in  close association with TSRV infections in Atlantic salmon (Morrison and Carson, 

2011). In 2006, significant and widespread outbreaks occurred during summer (in part due to 

elevated water temperature) in south-eastern Tasmania which resulted in mortalities (26.8%). 

Since th e first o utbreak o f T RLO, th is d isease h as b een tr eated w ith th e a ntibiotic, 

oxytetracycline (OTC). DPIPWE (Launceston) has developed a vaccine, Corrovac for TRLO 

which is currently in the field trial stage (Jeremy Carson pers communication). 

 

Amoebic g ill di sease ( AGD) i s pr obably t he most economically imp ortant d isease 

affecting c ultured A tlantic s almon in  th e s outh east o f T asmania ( Munday et al., 1990 ; 

Nowak, 2001; Parsons et al., 2001). Mortality rates of up to 50% in Atlantic salmon can occur 

if the disease is left untreated (Munday et al., 1990). The predominant aetiological agent has 

been i dentified as  Neoparamoeba perurans (see Young et al., 2007)  w hich c an be  i solated 

from th e gills o f in fected A tlantic s almon. The prevalence o f A GD i s i nfluenced b y 

environmental c onditions, w ith s alinity c onsidered a n i mportant f actor i n t he oc currence o f 

the disease (Nowak, 2001). During salmon grow-out season in Tasmania, AGD was first seen 

during th e f irst s ummer p eriod after tr ansfer o f s molt f rom f reshwater t o s eawater s ites 

(Langdon, 1990; Adams and Nowak, 2003).  
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Since then, research has been conducted to understand the pathogenesis of this disease, 

and t he i nfluence of  fish hus bandry p ractices i n pr ecipitating out breaks, and to  a ssist in  

control through e arly r ecognition and farm m anagement ( Munday et al., 1990;  Clark a nd  

Nowak, 1999; Parsons et al., 2001; Powell et al., 2000; Zilberg and Munday, 2000; Douglas-

Helders et al., 2001;  Nowak, 2001; Zilberg 200 1; Nowak et al., 2002; Powell et al., 2002;  

Clark et al., 2003; Adams et al., 2004; Morrison et al., 2004; Douglas-Helders et al., 2005a; 

Douglas-Helders et al., 2005b;  Gross et al., 20 05; Leef et al., 2005a ; Leef et al., 2005b;  

Bridle et al., 2006; Young et al., 2007; Young et al., 2008a; Young et al., 2008b). 

 

 Currently, A GD i s t reated b y b athing Atlantic s almon i n f reshwater, a  l abour-

intensive, and expensive, treatment which often needs repeating several t imes per grow-out. 

Bathing significantly reduces the number of amoebae on the gills (Parsons et al., 2001; Clark 

et al., 2003) . H owever, t he i nability t o r emove a ll a moebae dur ing treatment and t heir 

presence in the environment, as well as on Atlantic salmon, eventually results in proliferation 

of t he r emaining a moebae o n th e gills le ading to  a  r equirement for f urther tr eatment. 

Freshwater bathing is  not an ideal tr eatment. Apart f rom being costly, f reshwater is  in  lo w 

supply a nd ba thing i s not  w ithout i ts r isks, c ausing s tress t o t he f ish. F or t hese r easons, 

vaccine development is a major research activity. 

 

Tasmanian a quabirnavirus (TAbV) was i solated i n 1998 f rom a n 18-month ol d 

‘pinhead’ A tlantic s almon f rom a  s ea-cage i n Macquarie H arbour, T asmania ( Crane et al., 

2000). It has never been associated with mortalities in freshwater hatcheries. Since then, there 

have been several further isolations from fish in Tasmania, but always restricted to Macquarie 

Harbour, and never from freshwater hatcheries (Crane et al, unpublished data). 
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It h as b een i solated from h ealthy A tlantic s almon Salmo salar, r ainbow t rout 

Oncorhynchus mykiss, greenback flounder Rhombosolea tapirina and red cod (Pseudophycis 

sp) ( Munday a nd O wens, 1998) . Aquabirnavirus is o ne o f th e g enera within th e f amily 

Birnaviridae w hich includes i cosahedral, dou ble-stranded ( ds), bi segmented R NA vi ruses 

with a non-enveloped capsid. The genus includes both virulent and avirulent viruses with the 

term ‘ infectious pancreatic n ecrosis’ ( IPN) v irus b eing r eserved f or t hose i solates t hat are 

pathogenic for species within the Family Salmonidae.  

 

No abnormal clinical signs have been reported in fish infected with TAbV. Pancreatic 

lesions, consistent with IPN virus infection, have been noted in some fish naturally infected 

with TAbV. However, virus was also isolated from some fish that had no histological lesions 

(McColl et al., 2009). In recent years, it has been shown through laboratory investigation of 

submitted tissue samples that low mortalities have been associated with TAbV infections in 

Atlantic salmon (Macquarie Harbour). Research on vaccine development has been initiated at 

DPIPWE (Launceston) but is still at its early stages (Jeremy Carson pers communication).  

 

Thus for th e s ignificant bacterial d iseases afflicting th e T asmanian s almon in dustry, 

stress factors precipitating the diseases have been identified, and until recently, treatment has 

involved t he us e of  a ntibiotics. Currently, m anagement p ractices an d co ntrol s trategies 

include use of vaccines, development of improved vaccines, better management of stress, and 

improved farm husbandry practices. It is well established that environmental factors and farm 

management practices can influence the severity of infections. TSHSP has been involved in 

early disease investigation and agent identification and these efforts have led to development 

of effective control measures with a positive impact of industry productivity and profitability.   



13 

 

To da te, t he emerging vi ruses ( Tasmanian A quabirnavirus and T asmanian 

Aquareovirus) are thought to be of low pathogenicity and have not received much attention, 

similar to the situation with AGD when, in the early days, freshwater bathing appeared to be 

the solution and research on this pathogen was considered a low priority. However currently, 

AGD is  th e mo st s ignificant h ealth is sue f or t he i ndustry with a  m ajor i mpact on i ndustry 

profitability. T hus, r esearch on i nfectious a gents s hould not  w ait f or s ignificant l osses t o 

occur but  r ather c haracterisation of  ne wly e merging a gents s hould be  c onsidered a  pr iority 

particularly a t th e time o f lo cal c limate c hanges. It is  w ell e stablished th at a dverse 

environmental c onditions, w hich m ay be p recipitated b y c limate c hange, c an m odulate 

pathogen popul ations a nd l ead t o t he e mergence of  ne w vi ral va riants ( especially for R NA 

viruses such as Tasmanian Aquareovirus) which could be more problematical. 

 

1.2 Tasmanian Atlantic Salmon Reovirus (TSRV) 

1.2.1 The Reoviridae  

 

 The family Reoviridae includes 12 genera of RNA viruses (Aquareovirus, Coltivirus, 

Cypovirus, Idnoreovirus, Fijivirus, Mycoreovirus, Orbivirus, Orthoreovirus, Oryzavirus, 

Phytoreovirus, Rotavirus, Seadornavirus). These reoviruses (respiratory enteric orphan virus) 

are also known as orphan viruses – viruses that are not normally known to be associated with 

disease in a ny hos t or ganism. A lthough, i nitially, reoviruses c ommonly may h ave b een 

associated with subclinical infections, it is  now known that many are associated with disease 

(Crane and Carlile, 2008). Reoviruses have been isolated from a wide range of hosts including 

plants, vertebrates, insects, and other invertebrates (Urbano and Urbano, 1994). 
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 According t o S tone et al (1997), r eoviruses o f varying pa thogenicity for s almonids 

exist w ithin localised ge ographic ranges. A num ber of  m embers of  t his f amily w hich a re 

highly pa thogenic i nclude, R otavirus A  ( Genus Rotavirus) ( Dennehy, 2000 ), M ammalian 

orthoreovirus (Genus Orthoreovirus) (Lui et al., 2000), Bluetongue virus (Genus Orbivirus) 

(Roy, 1996), Grass carp reovirus (Genus Aquareovirus) (Chen and J iang, 1984) and Piscine 

Reovirus ( Palacios et al., 2010) . Viruses belonging to  the R eoviridae family are n on-

enveloped w ith a multi-segmented, double-stranded R NA ge nome, de monstrate a n 

icosahedral symmetry and have a double capsid layer with 20 peripheral capsomeres (Mertens 

et al., 2005).  

 

 The capsid layer is composed of an outer and inner shell termed the core (Francki et 

al, 1991). The genome of a typical Reovirus is made up of 10-12 segments of double-stranded 

RNA which are grouped into three classes (Nibert, 1998), based on segment size obtained by 

polyacrylamide gel electrophoresis and which are: large (segments 1-3), medium (segments 4-

6), and small (segments 7-12) (Nibert and Schiff, 2001). Each segment encodes 1-3 structural 

or non-structural pr oteins. V irions a re 60 -80 nm i n d iameter and s pherical i n appearance 

(Francki et al, 1991). T he ge nera of  R eoviridae a re di vided i nto t wo s ubsets ba sed on t he 

presence or ab sence of a t urret p rotein on t he i nner c apsid; T SRV be longs t o t he t urreted 

genus Aquareovirus (Figure 1.2).  

. 
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Figure 1.2 N on-enveloped, i cosahedral A quareovirus vi rion w ith a  doubl e c apsid s tructure, 
outer capsid and inner capsid (Viral Zone Databases, Swiss Institute of Bioinformatics, 2010). 
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1.2.2 Aquareovirus 

 

Aquareoviruses were first isolated in the 1970s from North American cyprinids (Jaafar et 

al., 2008; P lumb et al., 1979;  W inton et al., 1 987). Since t hen, aq uareoviruses h ave b een 

isolated from a range of aquatic animals including finfish, crustaceans and molluscs from both 

freshwater and marine environments. The structural and morphological characteristics of the 

aquareovirus vi rion r esemble t hose of  ot her m embers of  t he R eoviridae f amily: t he vi rions 

have a  s pherical, i cosahedral s ymmetry and a  doubl e c apsid l ayer, 80 nm  i n di ameter. T he 

genome of  t his genus consists of  11 doubl e-stranded R NA s egments t hat en code s even 

structural proteins and five non-structural proteins. There are six genogroups (A-F) within the 

Aquareovirus genus, based on a nalyses o f R NA-RNA bl ot h ybridization, R NA 

electrophoresis, antigenic properties, and nucleic acid sequence (Mertens et al., 2005; Mohd 

Jaafar et al., 2008; Lupiani et al., 1995), and according to Rangel (1999), Genogroup A is the 

most heterogenous group.  

 

 Aquareoviruses replicate in cell lines of piscine and mammalian origin (Samal et al., 

1998) and produce cytopathic effects that are characterised by the formation of large syncytia 

(Samal et al., 1990; Winton et al., 1989). Variable cytopathic effects can be observed based 

on t he a quareovirus i solate and t he c ell l ine us ed f or i solation ( Crane and C arlile, 2008)  

(Figure 1.3 and Figure 1.4). Most aquareoviruses replicate at temperatures between 15-20°C; 

others that originate from, warm-water hosts have optimal replication at 25-30°C (Lupiani et 

al., 1995). 
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Figure 1.3 N ormal u ninfected C HSE-214 ( A), EPC ( B), B F-2 ( C), a nd R TG-2 ( D) cel l 
cultures after 3-7 days incubation at 15°C. (Scale bars = 100µm). Courtesy of Nette Williams, 
Australian Animal Health, CSIRO Livestock Industries, Geelong, VIC, Australia. 
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Figure 1.4  Aquareovirus-infected cel l cultures and i ncubated at 1 5°C: ( A) Atlantic s almon 
reovirus-infected C HSE-214 c ultures a t 4 dpi , ( B) A tlantic s almon r eovirus-infected E PC 
cultures a t 5 dpi , ( C) A tlantic s almon r eovirus-infected R TG-2 cultures a t 6 dpi  a nd ( D) 
Learmonth reovirus-infected BF-2 cultures at 10 dpi. (Scale bars = 100µm). Courtesy of Nette 
Williams, Australian Animal Health, CSIRO Livestock Industries, Geelong, VIC, Australia.
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Aquareoviruses ha ve be en i solated f rom bot h healthy an d d iseased co ld-water an d 

warm-water f ish s pecies ( Rangel et al., 1999) . H owever, s everal s almonid a quareoviruses, 

including t he Tasmanian A tlantic S almon R eovirus ( TSRV), ha ve b een i solated from 

apparently h ealthy f ish ( Essbauer and A hne, 200 1). Although, in itially, these v iruses were 

thought to be associated with subclinical infections only, it is now known that some can cause 

significant c linical s igns an d ev en s evere d isease (Fang et al., 1989) . The p resence o f 

aquareoviruses i s l ikely t o be  under-reported due t o t he f act t hat most i solations of  

aquareoviruses occurred incidentally during surveillance activities for other, more significant 

pathogens. It i s dur ing s uch surveillance activities t hat numerous aquareoviruses have be en 

isolated from apparently healthy aquatic animals (Crane and Carlile, 2008).   

 

The pathological characteristics shown by f ish infected with aquareoviruses are non-

specific and include: haemorrhages of internal organs, and pale liver and kidney (Plumb et al., 

1979; Meyers, 1980; Subramanian et al., 1997; Cusack et al., 2001; Attoui et al., 2002; Seng 

et al., 2002) . Likewise, e xternal signs e xhibited b y f ish in di sease out breaks are al so n on-

specific and include abdominal distension, lethargy, skin discolouration, haemorrhages of the 

skin, loss of equilibrium, inappetence, anorexia and abnormal swimming behaviour (Seng et 

al., 2002; Isshiki et al., 2003). Wolf (1988) categorized aquareovirus infections into varying 

degrees o f pathogenicity which a re d ependent on not  onl y t he vi rulence of  t he s pecific 

reovirus but also on va rious environmental and host factors. Under non-stressful conditions, 

the fish’s immune response is able to control infection with an aquareovirus such that disease 

is averted.  
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However, i ncrease i n s tress due  t o, f or e xample, poor  w ater qu ality, h igh s tocking 

density an d/or i ncreased am bient t emperature, which can  s everely co mpromise t he f ish’s 

ability to  mo unt an effective i mmune r esponse, can p recipitate d isease i n r eovirus-infected 

fish (Plumb et al., 1979; Rivas et al., 1996; McEntire et al., 2003; Kongtrop et al., 2004), as 

in fish infected with other viruses (Amend, 1970; Hetrick et al., 1979; Arkoosh et al., 1998; 

Inendino et al., 2005; Arkush et al., 2006). Viral infections in ectothermic vertebrates can be 

greatly i nfluenced b y t emperature ( Ahne et al., 2002) . W ater t emperature i s know n t o 

influence the onset and severity of  fish virus infections directly by altering virus replication 

and indirectly by augmenting the efficacy of the host immune response (Alcorn et al., 2002; 

Bly and Clem, 1992). The influence of water temperature on outbreaks caused by fish viruses 

in other species is well established and include IHNV in rainbow trout Oncorhynchus mykiss 

(Hetrick et al., 1979), RSIVD in rock bream Oplegnathus fasciatus (Jun et al., 2009), SVC in 

common carp Cyprinus carpio and VHSV in Pacific sardine Sardinops sagax (Arkush et al., 

2006). Furthermore, poor water quality and over-crowding were demonstrated to influence the 

survival a nd c ondition of j uvenile l argemouth bass Micropterus salmoides infected w ith 

largemouth bass virus (LMBV) (Inendino et al., 2005). 

 

Other known aquareoviruses have been found to be highly pathogenic, including those 

isolated from grass carp (Jiang and Ahne, 1989), turbot (Lupiani et al., 1989), threadfin (Seng 

et al., 2002), golden shiner (Plumb et al., 1979), chum salmon (Winton et al., 1981), channel 

catfish (Amend et al., 1984) and bluegills (Meyers, 1980). Chum salmon Reovirus (CSRV) 

was isolated from farmed salmonids (in Japan) involved in a disease outbreak associated with 

low mo rtality r ates (Winton et al., 1981) . S imilarly, chronic l ow m ortality r ates ( 5%) o f 

farmed c hannel c atfish i n C alifornia w ere f ound t o be  due  t o r eovirus ( CCRV) i nfection 

(Amend et al., 1984). Bluegill hepatic necrosis virus (13p₂ reovirus) induced 44% mortality in 
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experimentally i nfected bluegill, Lepomis macrochirus (Meyers, 1980). Similarly, M eyers 

(1983) r eported s ubclinical di sease i n a dults ( 56%) a nd j uveniles ( 65%) of  r ainbow t rout 

experimentally infected with 13p₂V reovirus (American oyster reovirus).  

 

 Turbot aquareovirus (TRV) was isolated in northwest Spain from turbot Scophthalmus 

maximus suffering a mixed bacterial and viral infection (Lupiani et al., 1989), causing low but 

economically s erious m ortalities in  a  f ew tu rbot f arms. Since t hen, t he vi rus ha s be en 

repeatedly isolated f rom the s ame and ot her f ish f arms. T hese l ater i solations were 

consistently made in fish after stress and/or concomitant with bacterial infections (Rivas et al., 

1996). Golden S hiner R eovirus (GSRV) w as i solated f rom m oribund ba it f ish during c ool 

seasons, a ssociated w ith lo sses o f b ait f ish in  USA (Plumb et al., 19 79). Mortality r ates 

associated with GSRV infections are normally around 5% but, acute epizootics with mortality 

rates o f 5 0-75% h ave b een r eported for out breaks i nvolving ove r-crowded c onditions a nd 

elevated ambient temperatures (Plumb et al., 1979).  

 

 GSRV is nearly identical to a Chinese isolate of GCRV (96-99% amino acid identity) 

(Attoui et al., 2002a); a significant pathogen of farmed grass carp,  Ctenopharyngodon idellus 

and f athead m innows, Pimephales promelas and ha s a lso be en i solated f rom w ild ‘ creek 

chub’, Semotilus atromaculatus in t he U SA ( Goodwin et al., 2006) . R eovirus ha d c aused 

haemorrhagic d isease i n g rass ca rp, Ctenopharyngodon idellus which r esulted i n 80% of  

farmed mortality in fingerlings and yearlings during periods of  high water temperature (Jiang 

and A hne, 1989) . Grass c arp r eovirus ( GCRV) produced m ortality i n t he bl ack c arp 

Mylopharygodon piceus, ch ebacheck Pseudorasbora parva (Li et al., 1 997), a nd t he r are 

minnow Gobiocypris rarus (Wang et al., 1994) .  It can replicate s ubclinically i n t he s ilver 

carp Hypophthalmicthys molitrix and the Chinese minnow Hemiculter bleekeri in China (Ding 
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et al., 1991;  J une et al., 1997) . In N orth A merica, GCRV h as b een i solated f rom both 

moribund and healthy grass carp and golden shiner  Notemigonus crysoleucas (Hedrick et al., 

1989; McEntire et al., 2003).  

 

 The out breaks of  di sease i n bot h s pecies cultured i n t he U nited S tates ha ve be en 

associated with the same virus (GCRV), and GSRV is considered a variant of GCRV having 

96-100% similarity of genome sequences and 90-93% of amino acid identity (McEntire et al., 

2003).  In addition, it has been concluded from these studies that GSRV and GCRV are more 

likely to produce disease in additional North American hosts when environmental conditions 

are poor (Goodwin et al., 2006). Threadfin reovirus (TFRV) caused a mass mortality (100%) 

of cultured threadfin fingerlings in an aquaculture farm in Singapore and 62.5% of mortality 

in ex perimental infections (Seng et al., 2002 ). Experimental i nfection of s ea b ass ( Lates 

calcarifer) w ith T FRV resulted i n s evere m ortality (~ 65% ). Guppy r eovirus ( GPV) w as 

isolated f rom a  m oribund guppy i n t he year 200 1 f rom a  f ish f arm i n Singapore. It c aused 

severe mo rtalities in  in fected guppies a nd is  a major th reat to  th e lo cal o rnamental f ish 

farming i ndustry (Choo et al., 2001) . V accine d evelopment i s be ing und ertaken due t o t he 

devastating losses caused by TFRV and GPV in the fish farming industry of Singapore (Sim 

et al., 2004; Seng et al., 2005a; 2005b).  

 

 Piscine R eovirus ( PRV) h as b een as sociated w ith h eart an d s keletal m uscle 

inflammation (HSMI), a  f requently fatal d isease o f farmed Atlantic salmon which was f irst 

recognized i n one  f arm i n N orway ( Kongtrop et al., 2004) . D isease out breaks w ere m ost 

common during spring and early summer (related to high water temperature). In Norway, this 

disease resulted in high morbidity and varied mortalities up t o 20% (Kongtrop et al., 2004). 

Husbandry-related s tress i ncreased t he m ortality rate and p rolonged t he h ealing p rocess 
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during out breaks ( Kongtrop et al., 2004) . It h as now  be en reported t o cause 5 % of  f arm 

mortalities a nd out breaks i n 417 f arms i n N orway a nd U nited Kingdom ( Gustavo et al., 

2010). In general, l osses a ttributed t o a quareoviruses a re c ommonly a ssociated w ith s ub-

optimal e nvironmental c onditions t hat s uppress t he hos t’s i mmune r esponse, or  due  t o c o-

infections with other pa thogens. This s cenario h as been l ikened to t he v iral equivalent of  a  

“ticking time bomb’’ (Seng et al., 2004). 
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1.2.3 TSRV  

 

Tasmanian Atlantic salmon reovirus (TSRV) was the first reported identification of an 

aquareovirus i n A ustralia and the or iginal detection w as b ased o n unexplained c ytopathic 

effect (C PE) i n C HSE-214 c ells. The de monstration of  11 s egments of ds RNA b y gel 

electrophoresis an d u ltrastructural ch aracteristics b y el ectron m icroscopic ex amination 

suggested that the CPE was caused by an aquareovirus (Gemma Carlile pers communication). 

Tasmanian Atlantic s almon r eovirus ( TSRV) i s en demic w ithin T asmania an d h as b een 

isolated from Atlantic salmon (Salmo salar) on a regular basis since 1989/90 when it was first 

detected (Crane et al., 2000). TSRV belongs to the species group AQRV-A as i t shares the 

closest homology to Chum salmon Reovirus (CSRV) (Gemma Carlile pers communication). 

 

 TSRV h as b een recorded i n t hree l ocations i n Tasmania: T amar R iver, M acquarie 

Harbour a nd S outh-east T asmania (Gemma C arlile p ers c ommunication). Based o n a  

retrospective epidemiological investigation of TSRV emergence using data collected from the 

Tasmanian Salmonid Health Surveillance Program (TSHSP) between 1990 and 2005, highest 

prevalence of TSRV was observed in farms from South-east Tasmania (Gemma Carlile pers 

communication). TSRV is considered to be of  low pathogenicity s ince natural infections do 

not seem to be associated with clinical disease or mortality.  

 

Following its first isolation in the early 1990s, a preliminary infectivity trial indicated 

that TSRV wa s n on-pathogenic t o a pproximately 1-year-old Atlantic s almon unde r 

experimental conditions (Humphrey et al., unpublished). This first experimental study showed 

viral replication and persistence of TSRV in Atlantic salmon in the absence of clinical disease 

or s evere p athological c hanges (Humphrey et al., unpubl ished). Interestingly, a s ubsequent 
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experimental infection of TSRV in  Atlantic salmon fry (less than 6 m onths old) resulted in 

relatively hi gh mortality rates (Crane et al., unpubl ished), t hus, de monstrating t hat T SRV 

could be highly pathogenic under certain conditions.   

 

Gross and behavioural signs such as distended abdomen, lethargy, loss of equilibrium 

and, at time s, inappetence w ere o bserved dur ing t he t rial (Gemma C arlile p ers 

communication). Nevertheless, characteristic histopathology of TSRV infection was mild-to-

severe, mu ltifocal, a cute h epatic n ecrosis, mild -to-severe, m ultifocal n ecrosis o f t he r enal 

haematopoietic tissue, and moderate-to-severe, multifocal acute pancreatic necrosis with foci 

of l iquefactive fat necrosis also observed in the most severe examples (Gemma Carlile pers 

communication). Factors t hat m ay i nfluence t he incidence o f T SRV infections include f ish 

species, fish a ge, s alinity, geographical lo cation an d t emperature (Gemma C arlile p ers 

communication). Based on a retrospective epidemiological study using data collected between 

1980 and 2005, the prevalence of TSRV in Tasmanian population was shown to be influenced 

by seasonal, spatial and temporal factors (Gemma Carlile pers communication). The highest 

prevalence of TSRV was found in Atlantic salmon from South-east Tasmania during summer, 

in tw o-year-old f ish, a nd a n i ncrease i n pr evalence as s ampling l ocation moved f rom 

freshwater locations downstream towards the sea. Experimental infections of Atlantic salmon 

with TSRV have suggested that pathogenicity is influenced by water temperature, the higher 

the water temperature, the higher the mortality rate (Gemma Carlile pers communication).  

 

Reports of  dua l i nfections i nvolving R eovirus i n di sease out breaks w ith m ixed 

aetiology h ave b een reported for s triped bass (Morone saxatilis) (Baya et al., 1989) , t urbot 

(Scophthalmus maximus) (Lupiani et al., 1989), s triped snakehead (Channa striata) (John et 

al., 2001), halibut (Hippoglossus hippoglossus) (Cusack et al., 2001) and cyprinid (Hoole et 
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al., 2001). Interestingly, Neoparamoeba perurans, aetiological agent of Amoebic Gill Disease 

(AGD) (Munday et al., 1990; N owak, 2001) a nd Tasmanian Rickettsia-like or ganisms 

(TRLO) which cau ses Tasmanian s almonid r ickettsiosis (Corbeil et al., 2003)  have b een 

frequently isolated from cultured Atlantic salmon in the same geographical range, South-east 

of Tasmania (Gemma Carlile pers communication). 

 

   Due t o t he f act t hat A GD a nd T RLO i nfections c ause s ignificant l osses t o t he 

Tasmanian Atlantic salmon industry; the Tasmanian Salmonid Growers Association (TSGA) 

has i nvested a  s ignificant l evel of  funding into vaccine d evelopment for both di seases. The 

occurrence of TSRV was found to be more prevalent in the same geographical regions as N. 

perurans and TRLO (Gemma Carlile pers communication). TSRV has been associated with 

TRLO infections in Tasmanian farmed Atlantic salmon. Atlantic salmon samples which were 

investigated for infection with Rickettsia-like organism were found to contain TSRV and i t 

was suggested that TSRV infection may predispose salmon to infection with TRLO (Ellard 

pers. communication).  Dual infection studies between AGD and TSRV failed to demonstrate 

that e xposure t o T SRV was a  pr edisposing f actor f or A GD (Gemma C arlile p ers 

communication). Tasmanian aquareovirus appears to have a significant effect on the health of 

Atlantic salmon, and the possibility of clinical disease being induced in juvenile fish, in fish 

subjected to stress factors such as high stocking density or elevated water temperatures, or in 

association with bacterial infection should be considered (Humphrey et al., unpublished).   

 

1.2.4 Detection method for TSRV 

 

 The i solation of  T SRV i n t he l ate 1980s /early 1990s  w as one  of  t he s everal 

considerations t hat pr ompted t he T asmanian s almon i ndustry i nto c ooperation w ith S tate 
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authorities to  e stablish a  f ormal a nd s ystematic T asmanian s almonid health s urveillance 

program which has been in place for the best part of 20 years. Fish (mostly farmed Atlantic 

salmon a nd r ainbow t rout) ha ve be en t ested a t the A ustralian A nimal H ealth Laboratory 

(AAHL), Geelong (by virus isolation in cultures of fish cell lines as part of a salmonid health 

surveillance p rogram co ordinated b y D PIPWE, T asmania) for t he pr esence of  pathogenic 

viruses. Over this time period, TSRV has been detected in approximately 20% of the Atlantic 

salmon s ubmissions a nd i n < 1% of  t he r ainbow trout s ubmissions (Gemma C arlile p ers 

communication).  

 

 Currently, virus is olation in  c ultures o f p iscine c ell lin es is  considered th e ‘ gold 

standard’ for detection of TSRV infections (Gemma Carlile pers communication), similar to 

methods for other f infish vi ruses (OIE, 2011) . Generally, t he di agnosis of  TSRV infections 

relies o n v irus is olation in  c ell c ulture f ollowed b y identification o f th e v irus u sing either 

immunocytochemistry or PCR (Gemma Carlile pers communication). Immunocytochemistry 

serves as  a co nfirmatory t est for t he presence of TSRV in c ell c ultures e xhibiting t ypical 

cytopathic effect (CPE) (Figure 1.2). CHSE-214 (chinook salmon, Oncorhynchus tshawytscha 

embryo, A TCC c atalogue N o. CRL 1681 ) and E PC cell lin es (epithelioma papulosum 

cyprinid, derived from fathead minnow Pimephales promelas) are the fish cell lines used in 

virus i solation of  T SRV a nd a re know n t o s upport i ts’ r eplication ( Mark C rane a nd J ohn 

Young, pers communication). 

 

 CHSE-214 is the most sensitive cell line for the isolation of IPN-like virus (Crane et 

al., 2000)  and i t has been proven to be  very e ffective in the detection and propagation of  a 

range of salmonid fish viruses and is widely used in research of viral diseases of fish (Lannan 

et al., 1984) . Likewise, t he t emperature growth r ange, high replication r ate and hi gh virus 
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susceptibility make EPC a highly suitable cell line for propagation of some pathogenic viruses 

of Salmonidae (Fijan et al., 1983). Used together, these cell l ines have a wide range of f ish 

virus s usceptibility which i ncludes T SRV, IHNV, I PNV, VHS V, I SAV, OMV and C SRV 

(Lupiani et al., 1995; Crane and Williams, 2007). 

 

 Currently, v irus is olation o n f ish cell lin es is  internationally r ecognised as  the m ost 

appropriate technique for the detection of important viruses of salmonid species, and its use is 

of fundamental importance to the control of disease spread, health surveillance programs and 

in disease diagnosis (OIE, 2011). It is also recognised that virus isolation on cell lines requires 

the presence of replicating viruses, and involves costly cell culture and maintenance facilities, 

incubation time lag to initial observation of  CPE (up to 21 days), requires skilled personnel 

(OIE, 2011) for the interpretation of cytopathic effects and additional tests for confirmation of 

CPE us ing either immunocytochemistry or P CR (M errill, 2002). However, i n r ecent years, 

PCR ( polymerase ch ain r eaction) t echniques s uch as  conventional R T-PCR (reverse-

transcriptase polymerase chain reaction) and qPCR (real-time quantitative polymerase chain 

reaction) a re be coming t he s tandard di agnostic t echnique for de tection a nd identification of  

those viruses that are not culturable, for example, WSSV and YHV o f prawns (OIE Manual 

2011). In a ddition, t hese m olecular t ests, du e t o their i mproving s ensitivity, s pecificity a nd 

relative lo w-cost, a re be coming popul ar e ven f or t he de tection a nd i dentification of vi ruses 

that can be cultured. 

 

 

Since the 1990s, PCR has been used as a detection method for vi ral diseases of  f ish 

and h as b ecome r elatively i nexpensive, s afe an d u ser-friendly ( Table 1.1) . F ollowing t he 

introduction of  m olecular t ests, c omparison of  d iagnostic m ethods pa rticularly of c lassical 
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methods and molecular methods, has been carried out by various investigations to determine 

the m ost a ppropriate di agnostic m ethod f or vi ral di seases i n s almonids ( Table 1.2) . PCR-

based assays offer several advantages over cell culture assays in detecting viral pathogens, as 

a well-designed assay can be rapid, highly sensitive, and specific (Hafliger et al., 1997), and 

less laborious and t ime-consuming (Arakawa et al., 1990). Thus, in an attempt to overcome 

the limitations posed by cell culture, conventional hemi-nested RT-PCR and qPCR diagnostic 

tests were developed for identification of TSRV (Gemma Carlile pers communication). The 

conventional generic RT-PCR d etects a quareoviruses in g eneral including CSRV, GS RV, 

Green River reovirus, Australian redfin Reovirus and TSRV. The conventional hemi-nested 

RT-PCR a nd qR T-PCR p rimers d etect s pecific s equences of A tlantic s almon R eovirus 

(TSRV) only. The development of TSRV-specific PCRs represented a major improvement for 

the detection and identification of TSRV in infected Atlantic salmon and infected cell cultures 

(Gemma Carlile pers communication). 
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      VIRUS FISH SPECIES METHOD OF DETECTION (Diagnostic : Y / Detection : N) LOCATION REFERENCE 

 IHNV Salmon & trout Immunological methods (Y) USA Hsu and Leong 1985 
 IHNV, IPNV, VHSV Oncorhynchus tshawytsha Immunoblot Assay & ELISA (Y) USA McAllister et al.,1986 
 IHNV Oncorhynchus mykiss RT-PCR & nucleic acid probe (Y) USA Arakawa et al., 1990 
   Oncorhynchus nerka       
   Oncorhynchus tshawytsha       
 IHNV, VHSV Oncorhynchus mykiss RT-PCR & Semi nested PCR (Y) Germany Miller et al., 1998 
 IHNV, IPNV Oncorhynchus mykiss RT-PCR (Y) Spain  Alonso et al., 1999 
 IHNV Oncorhynchus mykiss Real Time-PCR & fluorescent tagging (N) USA Overturf et al., 2001 
 IHNV, IPNV Oncorhynchus mykiss RT-PCR & PCR-ELISA (Y) Slovenia Barlic-Maganja et al., 2002 
 IHNV Oncorhynchus mykiss Real Time-PCR (N) USA Dhar et al., 2008 
 IPNV Oncorhynchus kisutch     RT-PCR (N) Chile  Lopez-Lastra et al., 1994 
   Oncorhynchus mykiss       
 IPNV Salmonids Dot Blot Hybridzation (Y) USA Dopazo et al., 1994 
 IPNV Salmonids ELISA & virus isolation (CHSE-214) (N) Scotland Davis et al., 1994 
 IPNV Salmo salar RT-PCR,  virus isolation (BF-2 and CHSE-214 cells) (Y) Norway  Taksdal et al., 2001 
 IPNV Salmo salar DNA-RNA-Hybridization (Y) Norway Rimstad et al., 2002 
 IPNV Rainbow Trout Real time RT-PCR (N) USA Dhar et al., 2007 
   Wild & cultured salmonids       
 IPNV Salmo salar Histology, immunocytochemistry & Real-time PCR (N)  UK Ellis et al., 2010 
 ISAV Salmo trutta RT-PCR (N) Norway Devold et al., 2000 
 ISAV Salmo salar RT-PCR (N) Norway Mikalsen et al., 2001 
 ISAV Salmo salar Nested RT-PCR (N) Norway  Lovdal and Enger 2002 
 ISAV Salmo salar RT-PCR, IFAT, Histopathology & virus isolation (Y) USA Merrill, 2002 
 

      

Table 1.1  Detection m ethods of  vi ruses i n f armed a quatic a nimals in different geographic regions, s howing t he t rend o f classical m ethods 
being replaced by PCR. Diagnostic (Y): methods classified as a diagnostic method for viruses, Detection (N): methods that are not classified as 
diagnostic method but been used for the detection of viruses. 
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VIRUS FISH SPECIES METHOD OF DETECTION (Diagnostic : Y / Detection : N) LOCATION REFERENCE 
 ISAV Salmo salar RT-PCR, IFAT, virus isolation (SHK-1 cells) & light microscopy (Y) UK Snow et al., 2003 
 ISAV Salmo salar Real-time PCR (N) UK Snow et al., 2009 
 ISAV Salmo salar Real-time PCR (Y) UK Starkey et al., 2006 
 ISAV Salmo salar Real-time PCR(Y) Chile Godoy et al., 2010 
 SPDV Salmo salar CHSE-214 (Y) Norway Christie et al., 1998 
 SPDV Salmo salar CHSE-214 & Histopathology (Y) Scotland Rowley et al., 1998 
 CCVD Ictalurus punctatus  ELISA(enzyme-linked immunosorbent assay) (N) USA Crawford et al., 1999 
 CCVD  Ictalurus punctatus  RT-PCR (N) USA Gray et al., 1999 
   Oncorhynchus mykiss RT-PCR (N) France Villoing et al., 2000 
 Birnavirus Salvelinus fontinalis RT-PCR (N) USA Blake et al., 1995 
 Birnavirus Salmo salar CHSE-214,EPC,RTG-2 & PCR (N) Australia Crane et al., 2000 
 Rhabdovirus Marine fishes ELISA(enzyme-linked immunosorbent assay) (Y) Great Britain Dixon et al.,1984 
 Novirhabdovirus Oncorhynchus mykiss Bioluminescent image technique (N) France Harmache et al., 2006 
 Iridovirus (RSIV) Pagrus major RT-PCR(Y) Japan Oshima et al., 1998 
 Iridovirus Pseudosciaena crocea Real Time PCR with molecular beacon (N)  China Wang et al., 2006 
 VHSV Marine fishes RT-PCR (Y) Germany Bruchhof et al., 1995 
 VHSV Marine fishes RT-PCR, virus isolation (EPC, BF-2, CHSE-214, FHM cells) (N) UK Dixon et al., 2003 
 VHSV Oncorhynchus mykiss Nested RT-PCR (Y) Spain L´opez-V´azquez  et al., 2006 
 VHSV & IHNV Salmo trutta  RT-PCR (Y) Germany Knusel et al., 2007 
   Oncorhynchus mykiss       
 VHSV Oncorhynchus mykiss RT-PCR & real-time RT-PCR (Y) UK Matejusova et al., 2008 
 VHSV Clupea harengus Real-time PCR (N) UK Matejusova et al., 2010 
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VIRUS FISH SPECIES 
METHOD OF  DE TECTION (Diagnostic :  Y  /  
Detection : N) LOCATION REFERENCE 

 IHHNV, WSV, SPDV Penaeus sp Real-time PCR (Y) California Dhar et al., 2001 
 WSSV Penaeus monodon Nested RT-PCR (N) India Thakur et al.,2002 
 GAV Penaeus monodon Real-time PCR (Y) Australia De la Vega et al., 2004 
 IMNV Litopenaeus vannamei Real-time PCR (N) Brazil Andrade et al., 2007 
 MBV Penaeid shrimp Real-time PCR (Y) China Yan et al., 2009 
 MBV Seriola dumerili RT-PCR & Nested PCR (Y) Japan Suzuki et al., 1997 
   Seriola quinqueradiata       
   Pagrus major       
   Lateolabrax japonicus       
 GCHV Ctenopharyngodon idellus  RT-PCR (N) China Li et al., 1997 
 NNV Dicentrachus labrax RT-PCR (Y) Italy Valle et al., 2000 
 SDV Salmo salar CHSE-214 cells (N) UK Lopez-Doriga et al., 2001 
 TFRV Eleutheronema tetradactylus BF-2 cells (Y) Singapore Seng et al., 2002 
 KHV Cyprinus carpio  Real-time PCR( N) USA Gilad et al., 2004 
 CGNV Cyprinus carpio  Semi-quantitative PCR & Immunohistochemistry (N) Israel Eli et al., 2004 
 VNN Marine cultured fish RT-PCR & Nested PCR (Y) Japan Gomez et al., 2004 
 CyHV-2 Carassius auratus Real Time-PCR (Y) USA Goodwin et al., 2006 
 SVCV Cyprinus carpio Virus isolation (EPC cells) & RT-PCR (N) Canada Garver et al., 2007 
 LMBV Micropterus salmoides Real-time PCR (N) USA Getchell et al., 2007 
 PHV Sardinops sagax neopilchardus ISH, RT-PCR, Real-time PCR (N) Australia Crockford et al., 2008 
 EEDV Salvelinus namaycush RT-PCR (Y) USA Kurobe et al., 2009 
 IcHV-2 Ameiurus melas Real-time PCR (Y) USA Goodwin et al., 2010 
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      Virus Fish  Method Location Author 

 IHNV Salmon & trout Immunological methods USA Hsu and  Leong, 1985 
 IHNV, IPNV Salmo salar Virus isolation (EPC and BF-2 cell lines),  IFAT, RT-PCR and  ELISA Slovenia Barlic-Maganja et al., 2002 
 IPNV Salmo salar Histology, immunocytochemistry and Real-time PCR UK Ellis et al., 2010 
 Birnavirus Salvelinus fontinalis RT-PCR and virus isolation (CHSE-214) USA Blake et al., 1995 
 ISAV Salmo salar clinical signs of disease, gross pathological and histological observations, USA Opitz et al.,2000 
      IFAT, virus isolation  (SHK-1 and  CHSE-214 cell lines) and RT-PCR     
 ISAV Salmo trutta RT-PCR, virus isolation (ASK cell lines) and  IFAT Norway Devold et al., 2000 
 ISAV Salmo salar RT-PCR, IFAT, Histopathology and virus isolation (SHK-1 and CHSE-214 cell lines) USA Merrill, 2002 
 ISAV Salmo salar RT-PCR, IFAT, virus isolation (SHK-1 cells) and light microscopy UK Snow et al., 2003 
 ISAV Salmo salar Real-time PCR, virus isolation and  IFAT Canada McClure et al., 2005 
 ISAV Oncorhynchus mykiss RT-PCR, virus isolation (SHK-1 cell lines) and IFAT Canada Nerette et al., 2005 
 ISAV Salmo salar Histopathology, Real-time PCR, and virus isolation (ASK cell lines) Norway Abayneh et al.,2010 
 ISAV Salmo salar Real-time PCR, Histopathology and  IHC Chile Godoy et al., 2010 
 SAV Salmo salar Real-time PCR, Histopathology and  serology Norway Jansen et al., 2010 
 

      

Table 1.2 C omparison o f diagnostic methods (classical ve rsus molecular methods) for the detection of  vi ruses in salmonids. Bolded methods a re 
classical methods for each disease outbreak. 
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1.3 Thesis Aims 

 

 The T asmanian A tlantic s almon i ndustry h as r aised que stions a bout the e ffect of  

TSRV on a quaculture p roduction s ince i ts f irst de tection i n t he l ate 1 980s, a nd T SRV’s 

significance remains unclear to the p resent day. Until recently, partly due to the perception 

that T SRV i s non -pathogenic, T SRV h as attracted l ittle a ttention an d t he l evel o f r esearch 

activity on t he characterisation of this virus has been low. Industry’s concerns regarding the 

significance o f T SRV h ave resurfaced m ainly d ue t o i ts as sociation w ith l ow-level 

mortalities, and recent research by Carlile (2011) has indicated that under certain conditions 

TSRV could cause disease. Despite the fact that development of molecular methods for the 

detection a nd i dentification of  T SRV w as c onsidered a  s tep forward ( Gemma C arlile p ers 

communication) validation of such methods has not been carried out yet.  

 

 Validation is imp ortant for d iagnostic te sts b ecause it d etermines th e f itness o f th e 

assays and includes estimates of the analytical and diagnostic performance characteristics of 

the tests. Assay performance is affected by many factors that span from the earliest stages of 

assay de velopment t hrough t he final s tage o f performance assessments t hat i nvolve t he 

application of  t ests t o t argeted popul ation of  a nimals ( OIE, 2011 ). In addition, a n a ssay 

cannot be  considered validated unless the specific set o f essential validation cr iteria/factors 

by OIE ha ve be en f ulfilled, e ither qua ntitatively or qu alitatively. The first f our of  t hese 

factors t hat af fect as say p erformance h ave b een ad dressed d uring t he d evelopment o f the 

diagnostic m ethods b y Carlile ( 2011) which i nclude t he i ntended pur pose of  t he a ssay, 

optimisation, s tandardization a nd r obustness. T he r emaining eight f actors w hich i nclude 

reproducibility, r epeatability, a nalytical s ensitivity a nd s pecificity, th reshold, di agnostic 

sensitivity and diagnostic specificity were evaluated and determined in this thesis.  
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 Thus, validation of diagnostic methods has been a major focus in this thesis prior to 

any s ubsequent s tudies t o as sess s pecific aspects o f T SRV s uch as  epidemiology a nd 

pathogenesis. In or der t o pr ogress further r esearch on t he c haracterisation of  T SRV i n a n 

attempt to  d etermine its  s ignificance f or th e T asmanian s almon a quaculture, th e p rincipal 

aims of this thesis are:   

 

1. To evaluate current diagnostic methods to determine the most sensitive and specific 

method f or t he de tection a nd i dentification of  TSRV i nfections i n f armed A tlantic 

salmon 

2. To evaluate sample collection methods (organs versus swabs) for TSRV detection in 

farmed Atlantic salmon 

3.  To unde rtake a  f ield in vestigation to  d etermine th e in cidence o f T SRV in fections 

with other pathogens 

4. To undertake preliminary characterisation of a limited range of TSRV isolates. 
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CHAPTER 2 

Comparison of two diagnostic methods, PCR and virus isolation on piscine cell lines for 
TSRV detection 
 
2.1 Introduction 

 

 Atlantic salmon reovirus, formally designated as Tasmanian salmon reovirus - TSRV  

(Samal et al., 2005), was f irst isolated in Australia in  1990. Following the in itial isolation, 

TSRV has been isolated regularly during Tasmanian salmonid health surveillance (TSHSP) 

activities coordinated b y the Tasmanian Department o f P rimary Industry, Parks, Water and 

Environment ( DPIPWE). A s with t he di agnostic m ethods for ot her finfish vi ruses, vi rus 

isolation i n c ultures of  piscine c ell l ines i s c onsidered t he ‘ gold s tandard’ f or de tection of  

TSRV i nfections ( Gemma C arlile p ers communication) and h as b een u sed for all v iral 

surveillance activities for the TSHSP to date.  

 

 The m ajor d rawbacks to th e c ell culture assay is th at it is  la borious, r elatively 

expensive and time -consuming; normally, incubation (in l ow t emperature i ncubators) of  

inoculated cell cultures for up t o 3 w eeks, together with at least one passage onto fresh cell 

cultures i s r equired to c onfirm bot h pos itive a nd ne gative results. In a ddition, s ome fish 

samples may be cytotoxic resulting in an appearance of the cell cultures that can be confused 

with v iral cytopathic effect (CPE) (Freshney, 20 00). In c ontrast, viral detection using PCR 

has be en de monstrated t o be  a rapid, s ensitive a nd s pecific m ethod f or d etection and 

identification o f v iruses in  f ish tis sues ( Devold et al., 2000 ). Furthermore, r eal-time P CR 

(qPCR) a ssays h ave a dded a dvantages ove r c onventional P CR: improved s ensitivity and 

specificity (Overturf et al., 2001), high sample throughput (Bustin et al., 2005), simultaneous 

analysis o f s everal ta rgets f acilitated b y mu lti-channel pr ocessing and pr evention of  c ross-
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contamination by post-amplification elimination (Bustin, 2000; 2002 and Bustin et al., 2005). 

While the advantages for using PCR can be clearly demonstrated, it should be noted that PCR 

detects the presence of nucleic acid only; it does not provide information on whether or not 

infectious vi rus i s present i n t he t est s ample which can onl y be  d etermined b y either vi rus 

isolation in cell culture (if available) or bioassay in live fish. 

 

 Carlile (2011) developed conventional RT-PCR tests for the pan-specific detection of 

Aquareovirus and for Atlantic s almon r eovirus (TSRV) s pecifically. T he generic p rimers 

were able to amplify a 314 bp pr oduct using Chum salmon reovirus (CSRV), golden shiner 

reovirus ( GSRV), G reen R iver r eovirus, A ustralian r edfin reovirus a nd TSRV as  t arget 

(Gemma Carlile pers communication). The specific primers were able to amplify a primary 

PCR product of 280bp and hemi-nested primers, a product of 141 bp in length. In addition to 

the conventional hemi-nested RT-PCR, a r eal-time RT-PCR (qPCR) was a lso developed to 

detect TSRV and for use as a diagnostic tool. The development of both conventional and real-

time T SRV-specific PCRs r epresents a  m ajor i mprovement f or t he de tection a nd 

identification of TSRV in infected Atlantic salmon as well as infected cell cultures (Gemma 

Carlile pers communication). Although, improved diagnostic techniques for TSRV detection 

have be en de veloped, t he a nalytical a nd di agnostic s ensitivity a nd s pecificity of  e ach t est 

have not  be en a ssessed. F urthermore, t he m ost effective di agnostic method f or T SRV 

detection has not been determined. 

 

 The pe rformance of  a n ew di agnostic t est i s of ten e valuated b y comparison w ith a  

perfect t est ( gold s tandard). According t o G reiner a nd G ardner ( 2000), the g old s tandard 

refers to the methods or a combination of methods by which one can unequivocally classify 

animals a s pos itive/infected or  ne gative/uninfected f or v alidation of  a di agnostic t est. The 
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ideal gold s tandard would be  a  pe rfect t est t hat produces no m isclassification ( i.e. no false 

positive a nd no false n egative), t hus r eflecting t he t rue s tatus o f di sease and pr ovide a  

reference test of known and high accuracy.  

 

 Sensitivity and specificity of a test can be estimated directly with the availability of a 

gold standard (OIE, 2011). The determination of sensitivity and specificity of new diagnostic 

tests in comparison to a  gold s tandard i s known as the c lassical approach. However, in the 

absence of an appropriate gold standard, a variety of approaches (non-gold standard) can be 

used t o e stimate t he s ensitivity a nd s pecificity of  di agnostic m ethods. T hese a pproaches 

involve t he u se o f s tatistical an alyses s uch as  t he latent-class m odels based on  maximum 

likelihood e stimation pr ocedures (TAGS, P ouillot et al., 2002)  a nd B ayesian inference 

analyses (Frossling et al., 2003). As s tated above, vi rus i solation in cu ltures o f p iscine cel l 

lines is considered the ‘gold standard’ for detection of TSRV infections.  

 

 This study encompasses the detection of TSRV in populations of Atlantic salmon in 

Tasmania. For a number of reasons (e.g. establishment costs) fish virology capability is not  

available at  D PIPWE, T asmania an d f or t he p ast t hree d ecades an  a greement h as b een i n 

place for all virology to be undertaken at AAHL Fish Diseases Laboratory, CSIRO, Geelong, 

Victoria. Thus, all surveillance specimens for virology are submitted to AAHL Fish Diseases 

Laboratory (AFDL) on a routine basis for virus isolation in cultures of piscine cell lines. The 

length of time required to obtain a result using classical virology (virus isolation in cell lines), 

the r elative h igh cost o f th is te sting, th e a vailability o f p otential a lternative te sts ( PCR) a t 

DPIPWE pr ompted t his s tudy t o us e t wo di fferent m ethods, gold standard (classical 

approach) and non-gold standard (TAGS and Bayesian analyses), to assess the accuracy of 

the available diagnostic tests.  
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 This chapter describes t he comparison of  available di agnostic t echniques for TSRV 

detection in farmed populations of Tasmanian Atlantic salmon: virus isolation, conventional 

hemi-nested R T-PCR a nd qP CR. T he m ain a im of  t his c hapter i s t o de termine w hich 

technique would b e th e mo st a ccurate w ith r espect to  s pecificity a nd sensitivity for the 

detection of TSRV infections as part of the TSHSP. To increase the level of confidence in the 

results, and therefore the conclusions, both intra-laboratory and inter-laboratory comparisons 

of PCR (conventional hemi-nested RT-PCR & qPCR) and virus isolation in cell culture using 

two f infish cell lines (CHSE-214 & EPC) were carried out  for t he de tection of  Tasmanian 

Atlantic S almon R eovirus (TSRV) in  tis sues o f f armed A tlantic s almon f rom v arious sites 

around T asmania. T hese s tudies i ncluded co llaboration b etween t he N ational C entre f or 

Marine C onservation an d R esource S ustainability, U niversity of T asmania, A nimal H ealth 

Laboratory (AHL), Mount Pleasant Laboratories (DPIPWE), Launceston, Tasmania and the 

AAHL Fish D iseases Laboratory ( AFDL), lo cated a t C SIRO A ustralian A nimal H ealth 

Laboratory (AAHL), Geelong, Victoria.  
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2.2 Materials and Methods  

2.2.1 Sampling regime 

 

 Sampling w as ca rried o ut f rom 29t h S eptember t o 21st D ecember 200 9.  A tlantic 

salmon were sampled from farm sites located in two regions, the Tamar River and South-east 

Tasmania. Table 2.1 shows the sampling sites (coded), numbers of fish sampled, fish size (for 

all the sampled fish, the mean weight was 1.2 kg and the standard deviation was 0.7 kg), and 

water temperature (taken at 5 metre depth) at the time of sample collection. 

 

Table 2.1 Total number of fish sampled from different sampling sites in Tasmania, fish sizes 
and w ater t emperature during t he s tudy. S ite A : T amar R iver an d S ites B -I: S outh-east 
Tasmania. 
  

Location Fish number    Fish size (kg) 
Water temperature 

(˚C) 
Site A 33 2.3 12 
Site B 12 1.5 12 
Site C 12 0.5 12 
Site D 12 0.75 13 
Site E 15 2 13.5 
Site F 15 1.5 15 
Site G 15 0.2 15 
Site H 15 1.3 14 
Site I 15 0.75 15 
Total 144     

 

The South-east Tasmanian samples were collected as part of the Tasmanian Salmonid Health 

Surveillance P rogram (TSHSP) and the Tamar River samples were co llected independently 

of T SHSP. All samples w ere s ent t o t he A nimal H ealth Laboratory, M ount P leasant 

Laboratories (AHL) for further processing. The samples consisted of liver, spleen and kidney 

from moribund or  f reshly dead (77.1%) and healthy f ish (22.9%). Gross pathological s igns 
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observed in sampled fish included distended abdomen, enlarged/swollen organs (kidney, liver 

and spleen), pale liver and dark hindgut. 

 

   Samples were processed (see section 2.2.3) at AHL, prior to submission of duplicate 

samples to AFDL for inter-laboratory comparison of diagnostic methods of TSRV detection. 

For t he i ntra-laboratory c omparison, s amples were ex amined by vi rus i solation a s pe r 

standard operating procedures of  AFDL (NATA accredited), conventional hemi-nested RT-

PCR and qPCR (both methods developed by Gemma Carlile, pers communication) were done 

at AHL. Tests evaluated by AFDL were virus isolation and qPCR. The comparison between 

conventional hemi-nested RT-PCR and qPCR was undertaken for all the samples in AHL. In 

contrast, A FDL conducted conventional h emi-nested R T-PCR o n s everal s amples w hich 

were found to be negative by its qPCR but positive by qPCR done at AHL.  

 

2.2.2 Cell culture (virus isolation) 

 

               CHSE-214 (chinook salmon, Oncorhynchus tshawytscha embryo, ATCC cat alogue 

No. CRL 1681 ) and E PC ( epithelioma papulosum cyprinid, de rived f rom fathead m innow 

Pimephales promelas and provided to AFDL by CEFAS Weymouth Laboratory UK) (Fijan 

et al., 1983; Winton et al., 2010)  cell lines were provided by AFDL and used as host cells for 

virus isolation at both AHL and AFDL. Stock cultures of CHSE-214 cells were maintained in 

Eagle’s minimal essential medium (EMEM) supplemented with 10 mM HEPES buffer, 10% 

fetal bovi ne s erum (FBS), 2 m M L-glutamine, 100 IU pe nicillin /  mL and 1 00 µ g 

streptomycin  /  mL (Invitrogen, Australia), and incubated at 22°C in an atmosphere o f 5% 

CO2/95% air.  
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  Stock c ultures of  EPC cel ls w ere maintained in L -15 L eibovitz medium 

supplemented with 10% (v/v) FBS, 2 mM L-glutamine, and 100 IU penicillin / mL and 100 

µg streptomycin / m L (Invitrogen, Australia), and incubated at  22˚C in normal atmosphere. 

Both c ell lin es w ere m aintained in  7 5 cm ² plastic c ell c ulture f lasks. After t hey r eached 

greater t han 90%  of  c onfluency, s tock c ell c ultures w ere s ub-cultured as f ollows. T he ol d 

culture medium from the cell cultures was decanted and the cell monolayer was rinsed with 3 

mL P BSA ( sterile p hosphate buf fered s aline, pH  7.4 w ithout C a2+/Mg2+, I nvitrogen, 

Australia).   

 

 PBSA was decanted into a d iscard vessel and 3  mL t rypsin-versene [0.05%, 1X with 

EDTA 4 Na (Ethylenediaminetetraacetic a cid d isodium s alt d ihydrate), Invitrogen, A ustralia] 

was added. The cells were incubated at room temperature until the monolayer detached which 

normally t ook a round 5 -10 minutes. The de tached cells w ere r esuspended in 7 m L growth 

medium (as above, EMEM for CHSE-214 and L-15 for EPC) and the cell suspension was 

transferred to a 1 0 m L s terile cen trifuge tube and cen trifuged at 5°C at 100  x g for 5 m in. 

After centrifugation, the supernatant was decanted carefully into a discard vessel leaving the 

cell pellet in the tube.  

 

 The pellet was resuspended in 9 m L growth medium and the cell density (number of 

cells p er m L) w as estimated u sing a h aemocytometer. T he cells w ere s eeded into f resh 

culture f lasks a t 4.5 million c ells i n 20  m L growth m edium a nd i ncubated a t 22 ˚C 

(atmosphere of 5% CO2/95% air for CHSE-214 and normal atmosphere for EPC). For virus 

isolation, s tandard pr ocedures ( OIE 2010 ) were u sed; 24-well cluster p late mo nolayer 

cultures of  CHSE-214 a nd EPC were prepared a s follows.  S tock cultures of  t he cell l ines 
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were treated with trypsin-versene as above and the required volume of cells was determined 

based on the estimated cell count.  

 

 A t otal vol ume of  40 m L cell s uspension ( cells s uspended i n growth m edium) w as 

required to seed one 24-well p late and the plates were seeded at  a cel l density of 6  million 

CHSE-214 c ells/plate ( 250,000 c ells/1.5 m L/well) or  9 m illion E PC cells/plate ( 375,000 

cells/1.5 m L/well). T he c ell s uspension w as m ixed g ently; 1.5  m L c ell s uspension w as 

dispensed into each well using a sterile pipette and the culture plates were incubated at 22˚C. 

On t he f ollowing d ay a nd pr ior t o s ample i noculation, t he c ultures w ere c hecked by l ight 

microscopy t o ensure th at th e c ultures d emonstrated a  min imum o f 9 0% c onfluency w ith 

mitotic figures (dividing cells) present, there was no microbial contamination and that the cell 

density and cellular morphology was consistent across all culture wells in each plate. 

 

2.2.3 Sample processing 

 

 All tissue samples were processed f or vi rus i solation w ithin 24  hour s of collection. 

The fish samples (pooled organ samples approximately 2.5 g from liver, kidney and spleen) 

were homogenised and resuspended in the transport medium (Hank’s balanced salt solution 

supplemented w ith 10%  F BS, Invitrogen, A ustralia) using i ndividual f rozen, s terile m ortar 

and pestle. The mortars and pestles were autoclaved at 121˚C and then stored frozen at -20˚C, 

24 hours prior to tissue processing. Additional transport medium was added, if necessary, to 

make t he r atio o f t issue w eight ( 0.5 g) t o s upplemented H BBS vol ume (5 m L) 1: 10. The 

homogenised t issues w ere t hen cen trifuged at 2 000-4000 x g for 15 m in at 5˚C to clarify. 

Duplicate a liquots ( 1.5 m L) of t he s upernatants w ere pl aced i nto: 2 m L c ryo-tubes (for 
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submission to AFDL) for inter-laboratory comparison study), for PCR and for virus isolation 

using cell lines.  

 

 For virus isolation at both AHL and AFDL, the homogenized tissue supernatants were 

diluted 1:10 and 1:100 with maintenance medium (growth medium with 2% instead of 10% 

(v/v) F BS, s ee s ection 2.3 .2) and 150 µL of t he diluted pr eparations were i noculated ont o 

duplicate cultures (i.e. 2 wells) of 24-well plate cultures of each cell line (see Figure 2.1 for 

the standard 24-well plate set-up). The inoculated cultures were incubated for 1 hour at 15˚C 

to a llow adsorption of  v irus pa rticles onto t he cell monolayer. A fter adsorption, 1.5 mL o f 

EMEM for CHSE-214 and Leibovitz’s L-15 for EPC cells (both enriched with 2% FBS, 2 

mM L-glutamine, 100 IU penicillin / mL and 100 µg s treptomycin  /  mL), were added per 

well to yield final sample dilutions of 1:100 and 1:1000. Cultures were incubated at 15˚C in 

either nor mal a tmosphere ( EPC c ultures i n L-15) or  a n a tmosphere of  5%  C O2/95% a ir 

(CHSE-214 cultures i n EMEM). On t he f ollowing da y, t he cultures w ere e xamined b y 

inverted light microscopy for any microbial contamination and/or tissue sample cytotoxicity. 

Subsequently, t he c ultures w ere e xamined a t 3, 7 a nd 10 da ys pos t i noculation f or t he 

presence of viral CPE.  

Figure 2.1 Standard 24-well plate set-up 
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 At 7 days post-inoculation, for cultures displaying cytopathic effect (CPE), the tissue 

culture s upernatants w ere pooled from t he r espective 4  i noculated w ells for each  s ample 

producing CPE, filtered through 0.45 µ m membrane f ilters (Sartorius) and 150 µL aliquots 

added onto each of 4 wells of 24 well plate cultures of fresh CHSE-214 and EPC cell lines 

prepared on the previous day as described above. The cultures were observed for a total of 21 

days f or c ompletion o f t he assay. The r esults f or t he vi rus i solation w ere r eported 

independently for inter-laboratory comparison of both cell lines. The sample was considered 

positive if CPE was observed in any of the dupl icate cultures of either one of the cell lines 

(CHSE-214 or EPC) for each laboratory. The virus isolation results were pooled for the inter-

laboratory and intra-laboratory comparison of  diagnostic methods. For both inter-laboratory 

and i ntra-laboratory c omparisons, t he s ample w as c onsidered t o be  ne gative i f none  of  t he 

cultures of the two cell lines showed any cytopathic effect. 

 

2.2.4 Isolation of RNA from tissue samples  

 

 RNA was ex tracted from the homogenized t issue supernatants (samples which were 

processed and placed into 1.5 m L of cryo-tube, see section 2.3.3) using the High Pure Viral 

Kit (Roche, Germany). A total 400 µL binding buffer supplemented with Poly (A) was added 

to 200 µL sample (homogenized tissue supernatants) and transferred into the High Pure Filter 

assembly and centrifuged a t 8,000 x  g for 15s . The f lowthrough l iquid and collection tube 

were removed and a  ne w t ube w as us ed i n e ach of  t he f ollowing s teps. Under t he buf fer 

conditions used in the p rocedure, the v iral RNA binds to  the glass fleece in  the High Pure 

tube, while contaminating substances (salts, proteins and other cellular contaminants) do not.  
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 Inhibitor Removal Buffer (500 µL) was added to the upper reservoir and the tube was 

centrifuged at 8,000 x g for one minute. After the removal of any inhibitors, the sample was 

washed (twice) b y adding 450 µL of W ash b uffer and cen trifuged at 8,000 x  g for o ne 

minute. The addition of the Inhibitor Removal Buffer and brief wash-and-spin steps removed 

those contaminants. The Filter Tube-Collection tube assembly was left in the centrifuge and 

was spun at maximum speed (13 000 x g) for 10s to remove any residual Wash Buffer. The 

remaining, purified RNA was eluted into a final volume of 50 µL with Elution Buffer. The 

purified RNA was used as RNA templates for conventional hemi-nested RT-PCR (see section 

2.2.5.1) and TaqMan real-time RT-PCR assay (qPCR) (see section 2.2.6.1). 

 

2.2.5  Conventional hemi-nested RT-PCR  

2.2.5.1  cDNA synthesis  

 

 cDNA synthesis was carried out using TaqMan Reverse Transcription Reagents with 

MultiscribeTM reverse t ranscriptase ( Applied Biosystems, USA) i n t he f ollowing r eaction 

mixture with a final volume of 10 µL: 2 µL RNA, 1 µL  reverse transcriptase buffer (20 mM 

Tris-HCl, pH 8.4, 50 mM KCl), 2.2 µL magnesium chloride (MgCl2) (25 mM), 2 µL 0.5 mM 

each de oxynucleoside t riphosphate ( dNTP), 0.2 µL (0.4 U  /  µL) R Nase i nhibitor, 0.5 µL 

random he xamer ( primer) m ix, 0.25 µL MultiscribeTM reverse t ranscriptase an d 1.85 µL 

RNase free water. The total RNA was heat-denatured at 95˚C for 40 seconds before addition 

of RT reagents and reverse transcription. The reaction was incubated for 10 minutes at 25˚C 

followed by 30 minutes at 48˚C and a final incubation at 95˚C for 5 minutes to deactivate the 

reverse transcriptase.  
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2.2.5.2 Conventional hemi-nested RT-PCR Assay 

 

 The conventional PCR was carried out  us ing pr imers t hat were designed b y Carlile 

(2011) and based on the sequence alignment of the S10 gene of TSRV (GenBank accession 

No. S 10 E F434979): Forward primer SpT10Fb (position 306-323: 5’ -

TTCCCTCTCTAAGACCC-3’) and reverse p rimer SpT10Ra (position 567 -585: 5’-

GCCACCGGTAATAGTACG-3’) fo r t he p rimary re action fo llowed by fo rward primer 

SpT10FN (position 445 -463: 5’ -AATTGTGATCGCGCTCTC-3’) and reverse p rimer 

SpT10Ra (position 56 7-585: 5’-GCCACCGGTAATAGTACG-3’) in th e h emi-nested 

reaction. A total of 23 µL PCR mixture containing: 9.5 µL 2X HotStar Taq Plus Master Mix 

(QIAGEN), 12.9 µL Rnase-free water, 0.3 µL SpT10Fb and 0.3 µL SpT10Ra were added to 2 

µL prepared cDNA.  

 

 For the primary reaction, the amplification was programmed as followed: 15 minutes 

at 95˚C, followed by 30 cycles of denaturation at 94˚C for 30 seconds, annealing at 50˚C for 

30 seconds and extension a t 72˚C for 40 s econds. A f inal extension of  72˚C for 5  minutes 

terminated the thermal cycling reaction. The hemi-nested reaction was carried out with a total 

of 24 µL PCR mixture containing: 9.5 µL 2X HotStar Taq Plus Master Mix (QIAGEN), 13.9 

µL Rnase-free w ater, 0 .3 µL SpT10FN and 0.3  µL SpT10Ra were ad ded t o 1  µL PCR 

product. T he a mplification w as c onducted with t he f ollowing pr ogramme: 15 m inutes at  

95˚C, followed by 25 cycles of denaturation at 94˚C for 30 seconds, annealing at 51˚C for 30 

seconds, extension at 72˚C for 40 seconds and a final extension of 72˚C for 5 minutes. Both 

reactions w ere carried out u sing a t hermal c ycler MyCycler T hermal C ycler (Bio-Rad 

Laboratories, Australia). The amplified PCR products from both reactions were analysed by 

electrophoresis (30 minutes at 90 V) on  2% (w/v) agarose gel in TAE buffer and stained with 
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gel r ed (Biotium Inc, U SA). A  f luorescent nuc leic a cid gel s tain, gel r ed i s be ing us ed a s 

substitute for the highly toxic ethidium bromide.  

 

2.2.5.3 Development of plasmid internal control 

 

 A p lasmid with t he sequence of  t he P CR a mplification pr oduct i nserted was 

developed a s a n i nternal c ontrol f or t he c onventional hemi-nested RT-PCR. For R NA 

extraction, 200 µL TSRV at a titre of 104.7 TCID50/mL were used with the High Pure Viral 

Kit ( Roche, Germany) and cD NA w as s ynthesized a ccording t o s ection 2.2.5.1. PCR 

amplification w as ca rried o ut as  d escribed i n t he s ection 2.2.5.2 and t he am plified P CR 

product was analysed by gel electrophoresis. The TSRV PCR product was ligated using the 

pGEM®-T Easy Vector Systems (Promega, USA). The pGEM®-T Easy Vector is linearized 

with a  s ingle 3 ´-terminal th ymidine a t b oth ends. The l igation r eactions w ere s et-up as  

follows: 2.5  µL 2X R apid Ligation B uffer, 0.5 µL pGEM®-T E asy V ector, 1.5 µL TSRV 

PCR product and 0.5 µL T4 DNA ligase. 

 

 The reaction mixture using the 2 X Rapid Ligation Buffer was incubated overnight at 

4˚C for maximum number of transformants (product containing both of vector and TSRV) as 

longer in cubation time s will in crease th e n umber o f c olonies a fter tr ansformation. JM109 

high-efficiency competent cells (>1 x 1 08 cfu/ µg DNA) were used for t ransformation. The 

ligation of fragments with a single-base overhang can be inefficient, so it was essential to use 

cells with a transformation efficiency of at least 1 x 108 cfu/ µg DNA to obtain a reasonable 

number of  c olonies. J M109 a re E. coli competent c ells, a n i deal hos t f or many mo lecular 

biology applications and were prepared according to a modified procedure of Hanahan (1985) 

by Promega (USA).  
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 The frozen competent c ells w ere t hawed on i ce f or 10 m inutes a nd t he l igation 

mixture was centrifuged at 100 x  g for one minute. A volume of 5 µL ligation reaction was 

added to 50  µL defrosted competent cells and incubated on i ce for 20 m inutes. Cells were 

then heat-shocked for one minute at 42˚C and placed on ice for another 2 minutes. Then, 950 

µL SOC m edium (super opt imal br oth w ith c atabolite r epression ( SOC) is a  nut rient-rich 

bacterial growth medium used for the growth of E. coli) was added to the l igation reaction 

transformants and incubated for 1 hour at 37˚C (with shaking at 225 rpm). Subsequently, 50 

µL and 100  µL transformant cu lture w ere plated out  on dupl icate LB ag ar p lates ( with 

ampicillin) and i ncubated ove rnight a t 37 ˚C. Luria B ertani (LB) a gar s upplemented w ith 

ampicillin was used for the growth of  E. coli which allows the growth of  transformed cells 

with the plasmid insert. 

 

 Colonies from the LB agar plates were screened for the plasmid insert by PCR using 

the M13F/R primers (kindly supplied by Dr. Richard Morrison, AHL, DPIPWE, Tasmania). 

The pGEM®-T E asy vectors a re h igh-copy-number ve ctors containing T 7 a nd S P6 R NA 

polymerase promoters f lanking a m ultiple c loning region (MCS). T he M13 f orward a nd 

reverse primers anneal to plasmid DNA that flanks the multiple cloning site. Thus, running a 

PCR us ing M 13F/R pr imers on pl asmid ( hosted w ithin t he E. coli) w ould produce a n 

amplicon s ize with a  to tal s ize of 3095 bp ( includes the insert ligated in to p lasmid and the 

DNA between the MCS and M13 annealing sites). Five colonies were selected from 8 plates 

and c onventional P CR was r un us ing t his r eaction m ixture: 1  µL 10x buf fer, 0.3  µL 

magnesium c hloride ( MgCl2), 0.1 µL dNTP ( 100 m M), 0.8 µL M13 f orward pr imer (100 

mM), 0.8 µL M13 reverse primer (100 mM), 0.08 µL Bio Taq and 6.92 µL RNase free water.  
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 The amplification was conducted with the following programme: 2 minutes at 94˚C, 

followed b y 25  cycles of de naturation a t 94 ˚C for 10  s econds, annealing a t 50 ˚C for 1 0 

seconds and extension at 72˚C for 1 minute 40 seconds. The amplified PCR products were 

analysed by gel electrophoresis (30 minutes at 90 V) on 2% (w/v) agarose gel in TAE buffer 

and stained with gel red. Colonies which produced an amplicon with  a band size of 3095 bp 

were inoculated into 4 mL LB broth (contained 50 µL/mL final concentration of Ampicillin) 

and incubated overnight at 37˚C with shaking. The plasmid DNA insert was purified by using 

the Q IAprep S pin M iniprep K it ( QIAGEN). C onventional he mi-nested R T-PCR w as 

conducted on t he pur ified pl asmid i nserts a ccording t o s ection 2.2.5.2 to e nsure t hat t he 

plasmid D NA c ontained t he t arget s equence gene f or T SRV. A  pl asmid D NA c ontrol 

template of 3095 bp w as developed as an internal control for conventional hemi-nested RT-

PCR assay to detect TSRV. 

 

2.2.6 TaqMan Real-time RT-PCR Assay (qPCR) 

2.2.6.1 qPCR Assay 

 

 The primers and probe for the qPCR assay were designed to amplify and detect an 82 

nucleotide sequence of  cDNA c orresponding t o 705 –787 bp of th e v iral g enome w ithin 

segment 10 of  T SRV (GenBank accession N o. S 10 E F434979) (Gemma C arlile p ers 

communication). The sequences for the primers were: Forward primer, TSRV-10F (position 

705-725, 5’ -GATCGAACCCGTCGTGTCTAA-3’), r everse p rimer, T SRV-10R ( position 

769-787, 5’ -CGGTGCTCAGCTTGTCACA-3’). The T SRV pr obe ( position 731 -748, 5’ -

CCC GAG C CA T CT GGG C GC-3’) c ontained a  fluorescent r eporter dye, 6 -carboxy-

fluorescein (FAM), located at the 5' end and the quencher, 6-carboxy-tetramethyl-rhodamine 

(TAMRA), located at the 3' end.  
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 The qPCR assay also i ncluded 18S r ibosomal (rRNA) t o c heck f or s ample-specific 

RT a nd P CR i nhibitors as w ell a s t o correct f or v ariation i n R T ef ficiency an d t emplate 

quantity. The pr imers a nd pr obes for 18S  w ere a s followed: Forward pr imer, 18 F ( 5’-

CGGCTACCACATCCAAGGAA-3’), reverse p rimer, 1 8R (5 ’-

GCTGGAATTACCGCGGCT-3’) a nd pr obe, 18S  P robe (5’-

TGCTGGCACCAGACTTGCCCTC-3’) w hich c ontained a proprietary f luorescent r eporter 

dye, ( VIC) l ocated at  t he 5 ' en d and t he q uencher T AMRA l ocated a t t he 3 ' en d. The 

amplification p rotocol consisted o f a ddition o f RNA to  a  ma ster mix  a s p er th e TaqMan® 

one-step RT-PCR master mix reagents kit (Applied Biosystems, USA).  

 

 The reaction mixture consisted of: 5.75 µL RNase free water, 12.5 µL TaqMan® 2 × 

Universal P CR ma ster mi x n o A mpErase® UNG ( containing A mpliTaq G old® DNA 

polymerase), 0.625 µL 40 × MultiscribeTM and RNase inhibitor mix, 1.25 µL Primer TSRV-

10F (18 μM), 1.25 µL Primer TSRV-10R (18 μM), 1.25 µL TSRV-10 probe (5.0 μM), 0.125 

µL 18S rR NA P rimer F  (1 0 μM), 0.125  µL 18S rR NA P rimer R  (1 0 μM), 0.125 µL 18S 

rRNA VIC labelled Probe and 2 µL of denatured of viral RNA. 

 

  The am plification w as carried o ut i n ABI P RISMTM 7500 Fast R eal-Time System 

(Perkin-Elmer, Applied Biosystems, USA) with a total of 25 µL reaction mixture. The RNA 

was amplified with the following programme: An initial 30 minutes at 48˚C, followed by 10 

minutes at 95˚C, then 45 cycles of 95˚C for 15 seconds and 60˚C for 1 minute. The fixed ∆Rn 

and upper cut-off CT value for TSRV specific products were set at 0.1 and 36.0 respectively 

based on r elative qua ntification w ith 18S  r RNA-specific p roducts f or al l T SRV qPCR 

reactions ( Gemma C arlile p ers communication). T hese v alues w ere es tablished i n 
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experimental i nfections only, t hus t he C T cut-off value f or differentiating ne gative a nd 

positive s amples needed t o be  de termined b ased on natural TSRV in fections in  f armed 

populations o f A tlantic s almon. Therefore, the CT cut-off va lue for qPCR w as d etermined 

based on intra-laboratory comparison with virus isolation which included pooled results from 

both cell lines, CHSE-214 and EPC. Positive CT values obtained for qPCR were compared to 

the r esults f or v irus isolation f rom th e s ame s amples. A C T value was c onsidered t o be  

positive if  virus was isolated f rom the equivalent sample on both cell lines.  A  CT value > 

36.0 w as considered ne gative i f virus was u ndetectable in either on one  or  bot h c ell l ines 

when the equivalent sample inoculated onto both cell lines (to avoid false positives). 

 

2.2.6.2 Absolute quantification of qPCR with synthetic dsRNA 

 

 TSRV s ynthetic ds RNA of  430 bp a mplicon s ize w as ge nerated w ith s equence 

covering t he r egion of  both c onventional h emi-nested R T-PCR a nd qP CR. T he s ynthetic 

dsRNA was developed by Dr. Nick Moody from AAHL Fish Diseases Laboratory (AFDL). 

The sequences for t he p rimers were: Forward p rimer, TSRV SpT10Fb ( 5’-TTC CCT CTC 

TAA GAC CC -3’) and reverse primer, TSRV-10R (5’-CGG TGC TCA GCT TGT CAC A -

3’). A bsolute qu antification of  qP CR w as c arried out  i n A HL us ing t he s ynthetic ds RNA 

provided by AFDL. For RNA extraction, 140 µL synthetic dsRNA with the initial viral copy 

number of standard RNA molecules of 6.2 x 1012 molecules/µL was used.  

 

 The extraction was conducted using the QIAmp® Viral RNA kit (QIAGEN, Germany) 

according t o t he manufacturer’s i nstructions. A t otal of  560  µL prepared B uffer A VL 

containing carrier R NA was a dded i nto 140 µL synthetic dsRNA. T he s ample-buffer w as 

mixed well w ith vor tex mixer for 15s , t o ensure e fficient l ysis and to yield a  homogenous 
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solution. The sample-buffer solution was incubated at room temperature for 10 m in and the 

tube was centrifuged at 8,000 x g for one minute to remove drops from the inside of the lid. A 

total of 560 µL 100% ethanol were added to the sample, mixed with a vortex mixer for 15s 

and t he t ube w as centrifuged at 8,000 x  g for one  minute. T he s olution ( 630 µL) w as 

transferred into QIAmp® Mini column (in a 2 mL collection tube) without wetting the rim.  

 

 The sample was centrifuged at 6000 x g for a minute. The QIAmp® Mini column was 

placed into a  clean 2 m L collection tube and the tube containing the f iltrate was discarded. 

Buffer A W1 ( 500 µL) was a dded t o t he t ube and c entrifuged a t 6000 x g for one  m inute. 

After centrifugation, a new collection tube replaced the initial tube. A total of 500 µL Buffer 

AW2 was added and the tube was centrifuged a t 13 000 x g for 3 m in. The QIAmp® Mini 

column assembly w as p laced i nto a new c ollection t ube a nd w as c entrifuged at m aximum 

speed (16, 837 x  g) for one minute to remove any residual Wash Buffer. The QIAmp® Mini 

column w as pl aced i nto a  c lean 1.5 m L m icrocentrifuge t ube a nd 60  µL Buffer A VE w as 

added. It was incubated at room temperature for a minute and centrifuged at 6000 x g for one 

minute. The synthetic dsRNA was eluted into a final volume of 60 µL Buffer AVE. 

  

 A stock of TSRV was produced by infecting a CHSE-214 cell culture with TSRV and 

then incubating th e in fected cells at 15˚C to a llow vi ral r eplication. W hen 100% C PE had 

developed ( at 9 da ys of pos t-inoculation), t he cel l cu lture s upernatant w as h arvested, 

centrifuged at low speed (100 x g) for 15 min at 4°C to sediment cell debris and aliquots (250 

µL) of the resultant supernatant which contained the replicated virus were stored at -80˚C to 

be used as positive control material for PCR assays. This TSRV stock which had a qPCR CT 

value of 14.0 and a TCID50/mL of 104.7 to 5.0 was used to prepare ten-fold dilution series from 
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10-1 to 10-10 as f ollows: a) 1 0-1 (40 µL undiluted T SRV s tock w as a dded t o 360 µL 

supernatant) b) 10-2 (40 µL  10-1 diluted TSRV stock added to 360 µL supernatant) c) 10-3 (40 

µL 10-2 diluted TSRV stock added to 360 µL supernatant) and so on through to i) 10-10 (40 µL 

10-9 dilution of TSRV stock added to 360 µL supernatant). 

 

  Each dilution was mixed well with a vortex mixer prior to preparing the next dilution. 

For R NA e xtraction, 200  µL each of  t he di lution w as used with th e H igh P ure V iral K it 

(Roche, G ermany) and extraction w as c onducted a ccording t o s ection 2.2.4. A t en-fold 

dilution series of the eluted synthetic dsRNA was prepared in the same manner: a) 10-1 (2 µL 

undiluted synthetic ds RNA was ad ded to 18  µL molecular grade w ater) b)  10 -2 (2 µL 10-1 

diluted synthetic dsRNA added to 18 µL molecular grade water) c) 10-3 (2 µL 10-2 diluted 

synthetic dsRNA added to 18 µL molecular grade water) and so on through to i) 10-10 (2 µL 

diluted synthetic dsRNA added to 18 µL molecular grade water). 

 

 The R NA concentrations f or t he t en-fold di lution s eries of s ynthetic d sRNA a nd 

TSRV pos itive c ontrol were de termined s pectrophotometrically a t 260  nm, a nd t he c opy 

number of  s tandard R NA m olecules was calculated us ing t he f ollowing f ormula: ( X g/µL 

RNA /  [ transcript l ength i n nuc leotides x  340 ]) x  6.022 x 10 23 = Y  m olecules/µL. T his 

formula gives th e molecules per µL (Y), i f t he concentration o f t he RNA (X) i s known in 

relation to  th e tr anscript le ngth in  n ucleotides multiplied b y a f actor derived f rom th e 

molecular mass and the Avogadro constant. The qPCR assay was performed in duplicates for 

both the ten-fold dilution serial of synthetic dsRNA and the TSRV positive control according 

to section 2.2.6.1. The synthetic dsRNA standard curve was generated by plotting C T value 

against th e lo garithm o f th e c alculated in itial c opy n umbers. T he u nknown in itial T SRV 
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positive control copy numbers were then automatically calculated from their CT values, from 

the synthetic dsRNA standard curve. 

 

2.2.6.3  Limit of detection of the PCR tests 

 

 To estimate the analytical sensitivity of TSRV-specific conventional hemi-nested RT-

PCR and qPCR, a limit of detection estimation was carried out before the intra-laboratory and 

inter-laboratory comparison study of diagnostic methods. Each PCR was run with: a) a ten-

fold di lution of  T SRV cell c ulture s upernatant, b)  a  t en-fold di lution of  ne gative t issues 

spiked w ith T SRV c ell c ulture s upernatant, c ) ne gative s amples as e xtracted ne gative 

controls, d) known positive samples from a natural infection as extracted positive control, e) 

PCR water as PCR negative control and f) plasmid as an internal control.  

 

 The stock TSRV (frozen stock used as positive control material for PCR assays with 

TCID50/mL of 104.7 to 5.0) cell-culture supernatant was grown on CHSE-214 until 100% CPE 

and v iral titr ation w as p erformed in  a ccordance w ith th e A ustralian and N ew Zealand 

Standard D iagnostic P rocedure ( ANZSDP) to d etermine th e 50% tis sue c ulture in fective 

dose, TCID50/mL. TCID50/mL is th e quantity of vi rus that w ill p roduce c ytopathic effect 

(CPE) i n 50%  of  t he c ultures i noculated. 96-well m icroplates ( Nunc, R oskilde, D enmark) 

were s eeded w ith C HSE-214 cel ls at a cell density of  250,000 cells/1.5 m L/well in  

appropriate growth medium. Cultures were incubated at 22˚C with 5% CO 2/95% air for 24 

hours, after which they were checked by light microscopy before inoculation to ensure there 

was a  m inimum of  75 %  c onfluency with m itotic f igures pr esent, a nd also c onsistent c ell 

density and morphology in all culture wells.  
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 Aliquots ( 50 µL) of ap propriate m aintenance medium w ere dispensed i nto e ach 

sample well using a multi-stepper pipette (plate columns 1 to 10) and 100 µL dispensed into 

each c ontrol w ell ( columns 11 a nd 12) . A  t en-fold s erial di lution of  vi rus w as pr epared i n 

maintenance m edium a nd t hen 50 µL dispensed i nto e ach w ell of  t he a ppropriate pl ate 

columns. Plates were sealed and placed in plastic containers and cultures incubated at 15˚C 

with 5% CO2/95% air. Cultures were incubated for 10 da ys and examined using a compact 

inverted m icroscope (Olympus C KX31, U nited K ingdom) a t 3, 7 a nd 10 da ys pos t-

inoculation. Culture wells that demonstrated development of viral CPE was scored as positive 

(+), a nd t he f inal t itre e xpressed a s t issue c ulture i nfective dos es, TCID50/mL. T he 

TCID50/mL was calculated according to the method of Reed and Muench (1938). The TSRV 

cell-culture supernatant of TCID50/mL value of 104.7 was used in both ten-fold dilutions.  

 

 A t otal of  200  µL TSRV cell-culture s upernatant w as di luted i n E lution B uffer t o 

produce ten-fold di lutions. T he di luted T SRV was us ed t o s pike ne gative s amples ( pooled 

kidney, l iver a nd s pleen) t aken f rom he althy ( uninfected) A tlantic s almon. T he n egative 

samples were homogenised in cell culture growth medium and centrifuged at 2000-4000 x g 

for 15 m in at 5˚C to clarify. Each 200 µL aliquot of ten-fold dilutions of TSRV and spiked 

negative t issues were removed for vi ral RNA extraction using High Pure Viral Kit (Roche, 

Germany). cDNA was s ynthesised, a nd c onventional he mi-nested R T-PCR was performed 

according to section 2.2.5.1 and 2.2.5.2 of this chapter. qPCR was conducted as per section 

2.3.6.1 in this chapter using the extracted viral RNA. Both PCRs were run separately for ten-

fold dilution of TSRV and spiked negative tissues. 
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2.2.7 Statistical analysis 

 

 To co mpare t he p erformance o f ea ch d iagnostic t est, s tatistical an alyses w ere 

performed us ing a num ber of  different ap proaches including g old-standard ( Classical) an d 

non g old-standard ( Bayesian a nd M aximum L ikelihood) a nalyses f or t ests unde rtaken a t 

AHL. The classical approach involved the comparison of virus isolation (gold standard) with 

the molecular methods. The test evaluation against a gold standard was based on EpiTools - 

epidemiological cal culators d eveloped b y A usVet A nimal H ealth Services 

(http://www.ausvet.com.au). This a nalysis w as used to  e stimate sensitivity, specificity and 

positive and negative likelihood ratios of tests by comparison with a known reference (gold 

standard) test. Results were presented as estimates of sensitivity and specificity with specified 

confidence limits and point estimates of positive and negative likelihood ratios.  

 

 The s ensitivity and s pecificity of virus i solation w as assumed t o be  1 00%. R OC 

(receiver operator characteristic) analyses were performed using Microsoft Med-Calc Version 

11.6.1.0 for the determination of  cut-off C T value of  qPCR assay using virus isolation as a  

gold standard. The second statistical approach was carried out by utilizing a program freely 

accessible v ia w eb i nterface f or t he ev aluation o f t est accu racy known a s T AGS (Test 

evaluation i n t he Absence o f Gold Standard) software (Pouillot et al., 2002)  

(http://www.epi.ucdavis.edu/diagnostic tests).  The algorithm in the TAGS software follows 

the f requentist pa radigm and ut ilizes Newton-Raphson and expectation-maximization (EM) 

algorithms to  generate maximum l ikelihood e stimates o f p opulation prevalence, s ensitivity 

and specificity of a diagnostic test, in the absence of a gold standard.  
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 The TAGS software used maximum likelihood which included best assumption based 

on e xpert opinion of  s ensitivity f or a ll th e te sts: c onventional he mi-nested RT-PCR: 80% , 

virus i solation: 99%  a nd qPCR: 99% . The t hird m eans o f an alysis w as B ayesian an alysis 

which us ed a  G ibbs s ampler, a n i terative M arkov-chain M onte C arlo ( MCMC) t echnique 

which approximates the marginal posterior densities of sensitivity, specificity and prevalence 

in t he ab sence o f a gold s tandard (Frossling et al., 2003). In t he G ibbs s ampling, p rior 

probabilities ( “priors”) of t he pa rameters of  i nterest a re i ncorporated i nto t he s imulation. 

These probabilities are specified as beta distributions described by two variables (α and β) 

presented in the form Beta (α, β) (Gelman, 1995). Priors can be non-informative, a uniform 

distribution of between 0 and 1, or informative, a distribution achieved by using past data, or 

by using expert opinion, or a combination of both.  

 

 In th is s tudy, the G ibbs-sampler s imulations w ere pe rformed f or t wo analyses, one  

using non -informative p riors (u niform distributions s et t o B eta ( 1, 1)  and t he ot her us ing 

informative priors based on e xpert opinion. In using the informative analysis, sensitivity of 

all tests was assumed to be 95% and there was a 95% confidence that the sensitivity would be 

greater t han 90% , a nd s pecificity w as a ssumed to be  99%  with 95%  c onfidence that th e 

specificity would be greater than 95%. Non-informative priors were used for the analysis of 

prevalence of TSRV in this s tudy. Using the no n-informative and informative pr iors, point 

estimates (medians of posterior distributions) and 95% Bayesian credible intervals (2.5% and 

97.5% percentiles of posterior distributions) of sensitivity and specificity for virus isolation, 

conventional hemi-nested RT-PCR and qPCR were calculated.  
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 Point estimates and 95% credible intervals of prevalence of infection for Tamar River 

and South-east Tasmania population were also calculated simultaneously. A burn-in phase of 

5,000 iterations was used and inferences were made based on a subsequent 20,000 iterations. 

Burn-in refers to the standard  practice to discard the initial iterations of iterative simulation 

as they a re too s trongly influenced b y s tarting values and do not  provide good information 

about th e ta rget d istribution ( Gelman a nd S hirley, 2011 ). Data m anagement for B ayesian 

analysis was performed using Microsoft Excel 2003. Beta distributions were calculated using 

online software (http://www.ausvet.com.au/epitools/content.php?=BetaParams1) provided by 

AusVet Animal Health Services (Sergeant 2004).  

 

 The Gibbs sampler was run using WinBUGS software (Imperial College and Medical 

Research Council) (Spiegelhalter et al., 1996) version 2.1. There are three main assumptions 

that m ust no t be  vi olated w hen us ing B ayesian t echniques. T he f irst i s t hat the t arget 

population should at least consist of two populations with different prevalence of diseases. To 

meet this requirement, samples were analysed based on the collections from two areas: Tamar 

River and South-east Tasmania. Based on p revious surveys, there ar e d ifferences i n TSRV 

prevalence between the two areas (Gemma Carlile pers communication). The second assumes 

independence between the diagnostic tests and the third is that the sensitivity and specificity 

of diagnostic tests are assumed to be constant across populations (both characteristics of a test 

should be the same regardless of different prevalence of infection) (Enoe et al., 2000).  

 

 The di agnostic te sts w ere c onsidered t o be  conditionally i ndependent be cause 

different b iological m easures a re evaluated i n each t est. The b est a ssumption a nd pr ior 

probabilities (for both TAGS and Bayesian analyses) for PCRs were based on expert opinion 

from AFDL and AHL, DPIPWE (Mark Crane and Nick Moody, AFDL; Marianne Douglas 
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and T eresa W ilson, A HL, pe rs c ommunication). Virus is olation d etects r eplicating virus 

particles, conventional hemi-nested RT-PCR detects a nucleic acid sequence within segment 

2 of the TSRV genomes while qPCR amplifies a sequence within segment 10 of  the TSRV 

genome. Kappa and corresponding p-values were calculated to compare the performance of 

two tests evaluated using samples from the same population (Tasmanian population) for the 

inter-laboratory study. T his a nalysis w as ba sed on E piTools - epidemiological cal culators 

developed by AusVet Animal Health Services (http://www.ausvet.com.au).  

 

 Kappa is a statistical measure that assesses the reliability of agreement beyond chance 

(Fleiss, 1 981). Kappa value can  r ange f rom -1 t o + 1. The K appa s tatistic is  n ormally 

interpreted as follows: a  va lue of  -1.0-0 represents no a greement, va lues of  0-0.20 indicate 

slight a greement, va lues of  0.21 -0.40 s how f air a greement, va lues of  0.41-0.60 i ndicate 

moderate agreement, values of 0.61-0.80 indicate substantial agreement, values of 0.81-1.00 

indicate almost perfect agreement, and a value of +1 represents perfect agreement.  

 

 Predictive v alues q uantify th e p robability th at a  te st r esult f or a  p articular animal 

correctly identifies the condition of interest. Thus, positive predictive value (PPV) stands for 

the pr oportion of  t est p ositive a nimals w hich r eally h ave t he di sease (true pos itives) and 

negative predictive value (NPV) stands for the proportion of test negative animals which are 

truly n egative ( true n egatives). T he pos itive pr edictive va lue and ne gative pr edictive va lue 

reflects the sensitivity and specificity of a test (Pfeiffer 2002). Thus, predictive values were 

obtained in relation to virus isolation (http:statpages.org).   
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2.3 Results 

2.3.1 Characteristic viral cytopathic effect (CPE) caused by TSRV 

 

 Following i noculation of  t he C HSE-214 cell cu ltures, t he cel l m onolayer s howed 

regions of bullseye-like CPE, characterised by syncytia formation which subsequently lifted 

off t he c ulture pl ate s ubstrate a nd r olled i nto c lumps t hat w ere obs erved f loating i n t he 

supernatant at 10 days of post- infection (Figure 2.2) – typical of TSRV infection (Crane and 

Williams, 2008). Similarly, the EPC cell cultures showed formation of large plaque/syncytia 

as t he i nfection pr ogressed and s yncytia lifted o ff th e c ulture substrate at 11 da ys of  pos t 

infection (Figure 2.3 ). The immu nocytochemical te st undertaken as  a confirmatory t est b y 

AFDL confirmed th at th e c ytopathic e ffect obs erved i n bot h c ell l ines w as due  t o t he 

presence of TSRV. 
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Figure 2.2 Photomicrographs of positive cytopathic effects (CPE) TSRV infection of CHSE-214 cell cultures: (A) Normal uninfected cells, (B) 
CPE at 9 days of post inoculation (dpi), (C) Large syncytial formation at 9 dpi at scale bars = 400 μm, (D) CPE at 10 dpi. (Scale bars = 100 μm). 

A 
 

B 

C D 
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Figure 2.3 Photomicrographs of positive cytopathic effects (CPE) caused by TSRV infection of  EPC cell cultures: (A) Normal uninfected cells, 
(B) Formation of plaque or syncytia at 9 da ys of post inoculation (dpi) (scale bars = 400 μm),), (C) CPE at 10 dpi, (D) Syncytia lifting off the 
culture at 11 dpi. (Scale bars = 100 μm). 

A 
 

B 

C D 
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2.3.2 Inter-laboratory comparison of virus isolation on cell culture 

 

The pr oportion of  pos itive t est r esults f ound us ing CHSE-214 c ell cultures f or bot h 

laboratories was higher than t he pr oportion of  pos itive t est r esults found using EPC cel l 

cultures (Table 2.2).  Both cell lines showed significant Kappa agreement (Kappa agreement 

between CHSE-214 and EPC cell for each lab), AHL (0.698) and AFDL (0.678). The Kappa 

values f or a greement ( agreement b etween p ooled r esults o f cel l l ines) between AHL a nd 

AFDL was 0.9 indicating excellent inter-laboratory agreement.  

 

 
 

    
  

     
         
         
             Positive  Negative   Prev (%) Kappa  

  AHL CHSE-214 22 122 
 

15.2 0.698 
  

 
EPC 16 128 

 
11.1 

   
         
 

CHSE-214 20 124 
 

13.8 0.6779 
  AFDL EPC 11 133 

 
7.6 

     ICC 23 121   15.9   
  

          

2.3.3 Inter-laboratory comparison of qPCR             

 

qPCR demonstrated the highest prevalence of TSRV as shown by analyses undertaken in the 

two laboratories, AHL had higher prevalence (22.2%) than AFDL (12.5%) (Table 2.3). The 

Kappa value calculated for qPCR showed a substantial agreement between both laboratories. 

 

         
       

Table 2.2  Inter-laboratory comparison of  vi rus i solation, C HSE-214 c ell a nd E PC cell 
between AHL (Mt.Pleasant, Tasmania) and AFDL (AAHL, Victoria), prevalence (Prev) 
estimation for each  cell l ine and l evel o f Kappa agreement. Kappa values represent the 
agreement between CHSE-214 cell and EPC cell for each laboratory. 
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            Positive  Negative   Prev (%) Kappa  

 AHL qPCR  32 112 
 

22.2 0.6667 
 AFDL qPCR  18 126   12.5   
 

         

An excellent level of agreement of 0.8235 was demonstrated by the qPCR and virus isolation 

carried out  i n A HL compared t o s ubstantial K appa a greement achieved by A FDL, 0.7686  

(Table 2.4) . These Kappa values represent the agreement between qPCR analysis and virus 

isolation for each laboratories. 

 

 
 

       
        
        
   

  
        Positive  Negative   Prev (%) Kappa  

 AHL qPCR  32 112 
 

22.2 0.8235 
 AFDL qPCR  18 126   12.5 0.7686 
 

         

 

  

 

 

 

 

 

Table 2.3 Inter-laboratory comparison of qPCR between AHL (Mt.Pleasant, Tasmania) and 
AFDL (AAHL, Victoria), prevalence (Prev) es timation for each PCR and level of Kappa 
agreement. Kappa value represents agreement of qPCR analyses between AHL and AFDL. 

Table 2.4 Level of agreement of qPCR with virus isolation (pooled results for both cell lines, 
CHSE-214 a nd E PC f rom e ach l ab), A HL (Mt.Pleasant, T asmania) a nd A FDL ( AAHL, 
Victoria). The K appa v alues r epresent t he a greement b etween q PCR an alysis and v irus 
isolation for each laboratories. 
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2.3.4 Intra-laboratory comparison of diagnostic methods 

 

A total of 24 pos itive results were obtained using virus isolation (on cell cultures of CHSE-

214 a nd E PC cell l ines) w hereas co nventional hemi-nested RT-PCR d etected t he l owest 

number of positive results, 14 (includes two false positive samples which were not positive 

by th e o ther tw o d iagnostic te sts). q PCR de monstrated t he hi ghest pr oportion of  pos itive 

results, 32 of the 144 Atlantic salmon tested. Nine samples were classified positive by all the 

diagnostic tests and qPCR yielded an additional five positives (Table 2.5).  

  

 

 
 

        
        
  

      
   Virus isolation RT-PCR qPCR Pop 1 Pop 2 Total 

  + + + 0 9 9 
  - + + 2 1 3 
  + - + 2 13 15 
  - - + 2 3 5 
  + + - 0 0 0 
  - + - 2 0 2 
  + - - 0 0 0 
  - - - 25 85 110 
  24* 14* 32* 33 111 144 
   

 
 

       
         

 

 

Table 2.5 Intra-laboratory comparison of virus isolation (pooled results for both cell lines, CHSE-
214 a nd E PC), c onventional he mi-nested P CR ( RT-PCR) a nd qPCR at M ount P leasant 
Laboratories, Tasmania. +  = pos itive, - = n egative. Pop.1: T amar R iver  P op.2: S outh-east 
Tasmania.  
 

* Total positive results for each diagnostic test 
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The results fo r conventional he mi-nested R T-PCR s howed a l ower p revalence o f T SRV, 

9.7% than the results of qPCR. Kappa value showed the level of agreement between PCR and 

virus isolation. Conventional hemi-nested RT-PCR had a moderate level of agreement of 0.4 

with vi rus i solation c ompared t o qPCR w hich h ad an  ex cellent l evel o f ag reement (Table 

2.6). Conventional he mi-nested R T-PCR b y A FDL detected 9 out  of  1 4 pos itive qPCR 

samples (Appendix I). 

 
 

        

         

         

         

         

         
  Positive  Negative   

Prev 
(%) Kappa  

   
RT-PCR 14 130 

 
9.7 0.4 

   
qPCR  32 112   22.2 0.8235 

   

          

Predictive values for conventional hemi-nested RT-PCR and qPCR were obtained relative to 

virus isolation (VI) as VI is the current method of choice for detection of TSRV. The positive 

predictive va lue ( PPV) for c onventional h emi-nested RT-PCR was moderate: 0.643 (CI: 

0.409-0.826) (Table 2.7). The positive predictive value (PPV) for qPCR was high: 0.750 (CI: 

0.640-0.750) (Table 2.8). The negative predictive values (NPV) for both tests were high. The 

NPV for conventional hemi-nested RT-PCR was 0.885 (CI: 0.859-0.904) (Table 2.7) and for 

qPCR was 1.000 (CI: 0.976-1.000) (Table 2.8).  

 

 

Table 2.6 Intra-laboratory comparison of  conventional he mi-nested P CR ( RT-PCR) a nd qP CR a t 
Mt.Pleasant Laboratories, Tasmania, p revalence (Prev) es timation for each PCR and level of  Kappa 
agreement with vi rus i solation. Kappa value showed the l evel o f agreement between each PCR and 
virus isolation. 
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      Virus isolation RT-PCR Total 
   + + 9 
   + - 15 
   - + 5 
   - - 115 
   PPV (95% CI ) 0.643 (0.409-0.826) 

    NPV (95% CI ) 0.885 (0.859-0.904)   
    

 

 

     

      

       
 
 
 

     Virus isolation qPCR Total 
   + + 15 
   + - 0 
   - + 17 
   - - 112 
   PPV (95% CI ) 0.750 (0.640-0.750) 

    NPV (95% CI ) 1.000 (0.975-1.000)   
   

       

 

 

 

 

 

 

Table 2.7  Intra-laboratory comparison of  conventional he mi-nested P CR ( RT-PCR) t o vi rus 
isolation w ith p ositive predictive v alue (PPV), ne gative pr edictive va lue ( NPV), a nd 95 % 
confidence intervals (95% CI) of conventional hemi-nested PCR. + = positive, - = negative.  
 

Table 2.8 Intra-laboratory comparison of Real-time PCR (qPCR) to virus isolation with positive 
predictive value (PPV), negative predictive value (NPV), and 95% confidence intervals (95% CI 
of conventional hemi-nested PCR. + = positive, - = negative.  
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2.3.4.1 Limit of detection for the PCR tests 

 

 The analytical sensitivity of the TSRV - specific conventional hemi-nested RT-PCR 

and qPCR assays w ere evaluated b y t esting d ifferent t ypes o f t emplate: TSRV cel l cu lture 

supernatant, negative t issues s piked w ith T SRV c ell c ulture s upernatant, known pos itive 

tissue f rom a  na tural i nfection a nd pl asmid pos itive c ontrol. The diagnostic m ethods were 

able to detect TSRV from a TCID50/mL value of 104.7 down to a dilution of: virus isolation 

(1:1000), conventional hemi-nested RT-PCR: TSRV cell culture supernatant (1:10 000) and 

spiked tissues (1:1000), qPCR: TSRV cell culture supernatant (1:100 000) and spiked tissues 

(1:10 000). The results were consistent with the limit of detection assay conducted by Carlile 

(2011) i n w hich t he d iagnostic m ethods w ere a ble t o de tect T SRV f rom a n or iginal 

concentration of  6.32×104 TCID50/mL, to as low as 1.26×102 TCID50/mL (1:100) for v irus 

isolation, 1:10 000 for conventional hemi-nested RT-PCR and 1:100 000 000 for qPCR.  

 

 

 

 

 

 

 

 

 

 

 



70 

 

2.3.4.2 Determination of cut-off value for Real-time RT-PCR Assay 

 

 Samples with qPCR CT values between 20 a nd 28 (high viral load) showed CPE in 

primary cultures in both cell lines between 4-8 dpi, whereas, samples with CT values between 

29 and 36 (low viral load) showed CPE in primary cultures in both cell lines between 11-21 

dpi. Samples with CT values of 36-45 did not produce CPE in either by one or both cell lines 

(Table 2.9). 

 

        
 

 

     
       
       
       
 

CT value + CT value -     
  

 
Virus isolation + Virus isolation - Cut-off   

  
 

qPCR + qPCR -     
  

 
20.06 

 
CT value < 35.8 Positive result 

  
 

25.06 
 

CT value 35.8 < A < 36.13 Ambiguous values 
  

 
25.28 43.04 CT value > 36.13 Negative result 

  
 

26.56 41.8 
    

 
27.34 40.49 

    
 

28.81 40.18 
    

 
29.09 39.35 

    
 

29.11 38.65 
    

 
29.44 38.13 

    
 

29.59 37.96 
    

 
30.12 37.92 

    
 

32.02 37.39 
    

 
32.87 36.96 

    
 

33.47 36.76 
    

 
34.72 36.67 

    
 

35.33 36.25 
    

 
35.8 36.13     

  
         

Table 2.9  Determination of c ut-off va lue f or q PCR assay based o n i ntra-laboratory 
comparison with virus isolation (v.i) (pooled results for both cell lines, CHSE-214 and EPC). 
+ = positive v.i, positive qPCR, - = negative v.i, positive qPCR.  
 



71 

 

 ROC curve analysis was used to evaluate the discriminatory power of the qPCR assay 

(Figure 2.4). Of the 32 positive samples (based on qPCR result), qPCR assay classified 17 as 

positive relatively to virus isolation, that is, having a CT value < 35.8 (Figure 2.3 A). If the 32 

samples ( based on qP CR r esults) w ere c onsidered a s pos itives, t he c ut off va lue C T value 

would be at 43.04 (Figure 2.3 B). The qPCR assay obtained the highest combined diagnostic 

sensitivity, 100 ( 95% C I: 79.4 t o 100.0)  and specificity, 100 ( 95% C I: 97.1 t o 100.0) , a t a  

cycle t hreshold va lue C T of 35.8. In c ontrast, t he qP CR a ssay obt ained a  l ower s pecificity 

94.92 (95% CI: 89.3 t o 98.1) and similar sensitivity, 100 (95% CI: 86.3 to 100.0) at a cycle 

threshold value CT of 43.04. 

 

 The a rea u nder th e R OC c urve is  a  global summary s tatistic o f th e d iagnostic 

accuracy. Plots for diagnostic tests with perfect discrimination between negative and positive 

samples (i.e. no overlap of values of the 2 groups) pass through the coordinates 0 and 1, and 

represent 100%  s ensitivity a nd s pecificity. In accordance w ith a n arbitrary guideline, one  

could di stinguish be tween non-informative (AUC = 0.5), less accurate (0.5 < AUC ≤ 0.7), 

moderately accurate (0.7 < AUC ≤ 0.9), highly accurate (0.9 < AUC < 1) and perfect tests 

(AUC = 1) (Greiner et al., 2000). The AUC of the qPCR assay was 0.988 at cut-off CT value 

of 43.04 a nd 1.0 at cut-off C T value of  35.8. Hence, this assay can be  considered a highly 

accurate test. 
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Figure 2.4 Receiver operator characteristic (ROC) curves (solid lines). The 95% confidence interval is indicated (fine dotted line). For reference, 
a R OC cu rve for a t est t hat c annot d iscriminate b etween p ositive and negative s amples i s a lso s hown ( thick da shed line). A: C ombined 
diagnostic sensitivity, 100 (95% CI: 86.3 to 100.0) and specificity, 94.92 (95% CI: 89.3 to 98.1), were obtained at a cycle threshold value CT of 
43.04 (see Fig. 2.6) B: The highest combined diagnostic sensitivity, 100 ( 95% CI: 79.4 t o 100.0) and specificity, 100 (95% CI: 97.1 t o 100.0), 
were obtained at a cycle threshold value CT of 35.8 (see Fig. 2.6). 

A B 
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 The i nteractive dot  di agram ( Figure 2.5)  w as u sed t o i llustrate t he be st s eparation 

(minimal false negative and false positive results) between the positive and negative samples 

as de termined b y vi rus i solation. At a  35.8 CT cut-off va lue, shown as a  hor izontal line i n 

Figure 2.5 B , the qPCR assay did not  produce any false positive or  false negative samples. 

However, t he qP CR pr oduced 6 ‘ false pos itive’ i n ne gative s amples a t a  43.04 C T cut-off 

value (Figure 2.5 A). 

 

 A hi gher s pecificity i s generally required f or a confirmatory t est. F igure 2.6 s hows 

results for sensitivity and specificity for the qPCR assay at all possible cut-off values. Hence, 

the cu t-off CT value f or qP CR a ssay was d etermined a t 35.8 du e t o hi gher c ombined 

sensitivity and specificity of qPCR assay and better separation between positive and negative 

samples compared to cut-off CT value of 43.04. CT values lower than 35.8 were considered 

positive; CT
 values greater than 36.13  were considered negative. CT values in the r ange of 

35.8-36.13 are classified as ‘ambiguous’ and the PCR assay for those samples were repeated 

to avoid false positives. 
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Figure 2.5 T he relationship be tween vi rus i solation a nd qP CR a ssay results illustrated b y in teractive d ot d iagrams. A: T his illu strates th e 
separation (with false positives) between the positive and negative groups at a cut-off value of 43.04 the cycle threshold (CT) (horizontal solid 
line) B: T his illu strates th e b est s eparation (minimal f alse n egative and false p ositive r esults) b etween th e p ositive and negative groups a t a  
higher cut-off value of 35.8 for the cycle threshold (CT) (horizontal solid line). For virus isolation: 0 = negative, 1 = positive. 

A B 
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Figure 2 .6 P lot v ersus c riterion graph illu strates th e c hanges in  d iagnostic s ensitivity ( thick s olid lin e) a nd s pecificity (thick d ashed l ine), 
including their 95% confidence intervals (sensitivity: solid fine lines; specificity: dashed fine lines), at different cut-off levels (A: 43.04 and B: 
35.8) for the cycle threshold (CT). 

B A 



76 

 

 

2.3.4.3 Absolute quantification of qPCR with synthetic dsRNA 

          

 Absolute qua ntification of  qP CR w as c arried o ut us ing a  s ynthetic ds RNA ( RNA 

standard) as target to determine the viral copy numbers of TSRV in positive control material. 

The viral copy numbers (molecules/µL) was determined using a standard curve constructed 

from the serial dilution of TSRV positive control material and synthetic dsRNA. Table 2.10 

shows the mean C T value, standard deviation and RNA concentration (ng/µL) of the tenfold 

dilution series of TSRV positive control material and synthetic dsRNA. The dynamic range 

was w ide ( at le ast e ight o rders o f ma gnitude) a nd b oth ma terials h ad a  s imilar s tarting C T 

values, 14.0. A  strong l inear relationship (slope = 3.3) with a correlation coefficient of r2 > 

0.99 was observed for both linear curves (Figure 2.7), generated when C T value was plotted 

against  the logarithm of  the ten-fold dilutions.  

 

 The a mplification e fficiencies ( E) of  T SRV pos itive c ontrol a nd s ynthetic ds RNA 

were calculated a ccording t o t he equation: E=101/m −1, where m  i s t he slope of  t he l inear 

curve and was found to be 98.0% and 98.3% respectively. The standard curve was generated 

for s ynthetic ds RNA a nd CT values were plotted a gainst calculated vi ral c opy numbers 

(molecules/µL), w ith th e in itial viral copy num bers of 1.943  x 10 10 molecules/µL (Figure 

2.8). T he d etection limit o f T SRV p ositive material ( 1.943 x 10 4 molecules/µL) w as 

equivalent to synthetic dsRNA which was detected to 1.943 x 103 molecules/µL.  
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Sample 
Mean CT 

values S.D 
RNA concentration 

(ng/µL ) 
   

TSRV 10e-1 14.35 0.18 302.56 
   TSRV 10e-2 17.9 0.06 24.69 
   TSRV 10e-3 21.6 0.22 2.6 
   TSRV 10e-4 25.02 0.12 ND 
   TSRV 10e-5 28.66 0.18 ND 
   TSRV 10e-6 31.83 0.25 ND 
   TSRV 10e-7 35.13 0.06 ND 
   TSRV 10e-8 37.63 ND ND 
   TSRV 10e-9 ND ND ND 
   TSRV 10e-10 ND ND ND 
   Synthetic 10e-1 14.01 0.41 98.06 
   Synthetic 10e-2 17.68 0.33 8.02 
   Synthetic 10e-3 20.86 0.07 1.78 
   Synthetic 10e-4 24.27 0.40 ND 
   Synthetic 10e-5 28.02 0.46 ND 
   Synthetic 10e-6 31.16 0.08 ND 
   Synthetic 10e-7 34.01 0.19 ND 
   Synthetic 10e-8 35.8 ND ND 
   Synthetic 10e-9 ND ND ND 
   

Synthetic 10e-10 ND ND ND 
   

       

Table 2.10 M ean C T values, s tandard de viation ( S.D) a nd R NA c oncentration of  t en-fold 
dilution of TSRV positive control synthetic dsRNA. TSRV 10e-1 till 1 0e-10: ten-fold dilution 
of T SRV pos itive c ontrol, s ynthetic ds RNA 10 e-1 till 1 0e-10: t en-fold di lution of  s ynthetic 
dsRNA, ND: Non-detectable. 
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Figure 2.7 Relationship between C T values ( qPCR) a nd vi ral c opy numbers ( molecules/µL) obt ained f or ten-fold di lution of  T SRV pos itive 
control (cell-culture supernatant) and s ynthetic d sRNA. Both l inear curves showed good l inear correlation (slope =  3.3)  and high correlation 
coefficient (r2 > 0.99). 
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Figure 2 .8 Standard curve ge nerated f or absolute qua ntification of  T SRV pos itive control ma terial ( cell-culture s upernatant) w ith s ynthetic 
dsRNA. CT values plotted against calculated viral copy numbers (molecules/ul), with the initial copy numbers of 1.943 x 1010 molecules/µL. 
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2.3.5 Estimation of sensitivity and specificity of diagnostic methods 

 

 Three different approaches were used during the study to determine the prevalence of 

TSRV in each population and the sensitivity and specificity of each diagnostic method (Table 

2.11). A nalyses us ing TAGS software es timated a h igher p revalence of  infection t han t he 

Bayesian and C lassical analyses in Population 1 . The prevalence of  TSRV in Population 2 

was n ot s ignificantly d ifferent b etween t he analyses. The v ariation o f p revalence b etween 

both popul ations c ould be due  t o t he di fferent numbers o f s amples co llected f rom e ach 

region, Tamar River (33) and South-east Tasmania (111).  

 

 The T AGS a nalysis also e stimated lo wer s ensitivities o f d iagnostic te sts th an th e 

Bayesian and C lassical analyses ex cept for qPCR which has a  higher s ensitivity of  99.0%. 

The classical and TAGS analyses estimated similar sensitivity for conventional hemi-nested 

RT-PCR. A ll t he a nalyses s howed hi gh s pecificities f or t he di agnostic t ests f or T SRV 

detection in  c ontrast to  s ubstantial d ifferences of s ensitivities. B ayesian a nalysis s howed 

significant ( statistically) d ifferences o f s ensitivity f or c onventional h emi-nested R T-PCR 

between i nformative and non -informative p riors di stribution. The a nalyses es timated 

significantly higher sensitivity and specificity for qPCR in comparison to virus isolation and 

conventional hemi-nested RT-PCR. 
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       Analysis Test Se (%)  Sp(%)  Prev (%)   

 
  

( 95% CI ) ( 95% CI ) ( 95% CI ) 
          Pop.1 Pop.2 

 Classical Approach Virus isolation  100 100 6.1 19.8 
 

  
(85.7-100) (96.9-100) (1.7-19.6) (13.5-28.2) 

 
       
 

Hemi-nested PCR 37.5 95.8 
   

  
(18.8-59.4) (90.5-98.6) 

   
       
 

qPCR 100 93.3 
   

  
(85.7-100) (87.3-97.1) 

   
       TAGS Virus isolation  78.4 99 16.1 22.8 

 
  

(47.8-93.5) (97.5-100) (0.05-0.39) (0.15-0.32) 
 

       
 

Hemi-nested PCR 39 98.2 
   

  
(22.2-58.9) (93.1-99.55) 

   
       
 

qPCR 99 98.7 
   

  
(97.5-100) (27.4-99.0) 

   
       Bayesian  Virus isolation  93.6 99 7.91 21 

 analysis 
 

(88.6-97.33) (97.0-99.8) (0.01-0.19) (0.13-0.29) 
 (Informative) 

      
 

Hemi-nested PCR 78.1 98.9 
   

  
(70.6-84.8) (96.9-99) 

   
       
 

qPCR 95.2 95.2 
   

  
(90.9-98.2) (91.6-97.8) 

   
       Bayesian  Virus isolation  87.4 99.1 6.28 22.1 

 analysis 
 

(62.0-99.6) (96.0-99.0) (0.001-0.23) (0.14-0.30) 
 (Non-Informative) 

      
 

Hemi-nested PCR 5.67 97.9 
   

  
(0.16-18.6) (94.0-99.0) 

   
       
 

qPCR 95.9 92.8 
       (84.6-99.8) (86.3-99.0)     

 

       

Table 2.11  Comparison o f e stimation o f s ensitivity ( Se) a nd s pecificity (Sp) o f v irus is olation, 
conventional he mi-nested P CR and qPCR b y d ifferent s tatistical ap proaches and p revalence 
estimates ( Prev) a nd 95%  c onfidence i ntervals ( 95% C I) of  t wo popul ations f or e ach s tatistical 
approach at Mount Pleasant Laboratories, Tasmania. TAGS: Test evaluation in the Absence of Gold 
Standard (Pouillot et al., 2002).  Pop.1: Tamar River   Pop.2: South-east Tasmania.  
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2.4 Discussion 

 

 While th e u se o f mo lecular te chniques is  b ecoming mo re common and w idespread 

(Overturf et al., 2001; Mackay et al., 2002;  Niesters et al., 2002;  De la Vega et al., 2004;  

Gilad et al., 2004; Munir and Kibenge., 2004; Purcell et al., 2006; OIE Manual, 2011), it is 

generally accepted that, for most viruses that are culturable, virus isolation is considered the 

preferred diagnostic method for detection of viral infections (OIE, 2011). It is for this reason 

that surveillance for TSRV infections in Atlantic salmon populations farmed in Tasmania is 

undertaken b y vi rus i solation ( VI) on f ish c ell lin es ( Kevin E llard p ers c ommunication). 

Recently, how ever, s ome m olecular ( PCR) t ests ha ve be en de veloped f or t he detection of  

TSRV ( Gemma C arlile pers c ommunication) w hich ha s raised t he qu estion w hether t hese 

tests, which are faster, less expensive and possibly more accurate than VI, would be suitable 

for a surveillance program. 

 

 Thus the aim of this study was to determine which technique, classical virus isolation, 

or one  of  t he m ore recently developed conventional he mi-nested RT-PCR a nd qPCR 

techniques w ould be  t he m ost sensitive an d s pecific for di agnosis of  TSRV i nfections i n 

farmed populations of Atlantic salmon in Tasmania. To achieve this aim, two geographically 

separated populations of farmed Atlantic salmon were chosen as the source of samples used 

to evaluate each of the tests. Within these two regions, a total of 144 fish from 9 sites (12-33 

fish per site) were sampled. While this number of samples is relatively low for test evaluation 

(OIE M anual 2011) , t he l ogistics of  s ample c ollection a nd pr ocessing f or t hree di fferent 

diagnostic tests were limiting and it was anticipated that this number would be sufficient for, 

at least, a preliminary analysis with statistical robustness. 
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  In addition t o c omparing each o f t he t hree t echniques w ithin a  s ingle l aboratory 

(intra-laboratory comparison), dupl icate s amples were submitted t o a  s econd l aboratory for 

testing ( inter-laboratory c omparison) t hereby providing a n i ndication of  r eproducibility 

between l aboratories. Newly d eveloped m olecular m ethods s hould be  s tandardised a nd 

validated  i n comparison with the existing conventional methods (OIE, 2011). Validation is 

important f or di agnostic t ests be cause i t de termines t he f itness of  t he assays and i ncludes 

estimates o f the an alytical a nd di agnostic p erformance ch aracteristics of t he tests (OIE, 

2011). Validation o f a  new t est i s a c omplex p rocedure w hich i ncludes t he de velopment, 

evaluation a nd s tandardising of  t he t est m ethod; de termining t he r epeatability; de termining 

diagnostic and specificity and sensitivity; determining reproducibility; and statistical analysis 

of the results (OIE, 2011).  

 

 Diagnostic te sts a pplied to  in dividuals or popul ations a id i n: documenting f reedom 

from disease in a country or region, preventing spread of disease through trade, eradicating an 

infection f rom a  r egion or  c ountry, c onfirming di agnosis of  c linical c ases, e stimating 

infection p revalence to facilitate r isk a nalysis, and c lassifying a nimals f or he rd h ealth or  

immune status post-vaccination (OIE, 2011). The capacity of a positive or negative test result 

to pr edict a ccurately t he i nfection a nd e xposure s tatus of  t he a nimal or  popul ation i s t he 

ultimate c onsideration o f a ssay v alidation (OIE, 2011 ). Thus, di agnostic t ests s hould be  

validated as  t he s ensitivity and specificity estimates assist in  determining the true s tatus o f 

disease an d u pdating cl inical i nferences. Therefore, i nter-laboratory c omparison be tween 

Australian A nimal H ealth Laboratory (AAHL) a nd A nimal H ealth Laboratory, M ount 

Pleasant L aboratories ( DPIPWE) e mphasized t he r obustness ( reproducibility) of  ne wly 

developed c onventional he mi-nested R T-PCR a nd qPCR for t he de tection of  T SRV. A  
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molecular method that is robust and reliable for the detection of viral RNA in field samples is 

beneficial for both laboratories which regularly receive samples of this type.  

 

 The good i nter-laboratory correlation f or vi rus i solation a nd m olecular m ethods f or 

the detection of TSRV proof-read the results obtained for the intra-laboratory comparison of 

diagnostic m ethods. Based o n t he cl assical approach, t he i ntra-laboratory comparison of  

diagnostic methods showed a similar trend to the inter-laboratory study in which qPCR was 

the most sensitive method and correlated well with v irus isolation to  the extent that a ll the 

positive samples by virus isolation were positive by qPCR. Abayneh et al (2010) concluded 

that qPCR was the most sensitive method for the detection of ISAV as it detected the most 

positives and correlated well with virus isolation. Virus isolation is less sensitive than qPCR 

and c onventional he mi-nested P CR was th e le ast s ensitive me thod f or detection of  TSRV 

infections with only 14 positive samples.  

 

 Overall, qPCR assay had a h igh sensitivity and specificity in all the analyses, with a 

sensitivity of 95.2% and a s pecificity of 95.2%. All the diagnostic tests had high specificity 

for t he de tection of  T SRV c ontrary t o significant differences o f estimated sensitivities 

between a ll of  t hem a nd 95%  C I of  t he s ensitivities a re m uch w ider t han t hose of  the 

specificities. This could be due to two reasons, less room for variation is generated while the 

specificity of diagnostic methods is commonly close to 100% and estimated prevalence for 

the two sets of populations are small, thus sensitivity is estimated from a narrow range of the 

data (Abayneh et al., 2010).  
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 The h igh s pecificities o f d iagnostic te sts a re c oncurrently c onsistent with high 

negative pr edictive va lue obt ained r elative t o v irus i solation. V irus is olation is  th e mo st 

specific (99.0%) whereas qPCR is the most sensitive (95.2%) among the diagnostic tests. The 

estimated sensitivity of diagnostic methods varies substantially among the different statistical 

approaches except f or qPCR assay. The cl assical ap proach o ver-estimated b oth te st 

characteristics for vi rus isolation ( gold s tandard) a nd s ensitivity of  qP CR c ompared t o t he 

other s tatistical a nalyses. In a ddition, th is a pproach u nderestimated s pecificities o f 

conventional he mi-nested P CR, qP CR a nd s ensitivity of  t he former t est. T he pr evalence 

estimation a nd 95%  c onfidence i nterval b y c lassical a pproach w as c onsistent w ith the 

Bayesian analysis.  

 

 According to Basanez (2004), evaluation of diagnostic tests in the presence of a gold 

standard does underestimate prevalence, sensitivity and overestimates specificity. It has been 

reported th at th e assessment o f d iagnostic te sts w ith a  gold s tandard underestimated th e 

prevalence o f t he di sease, s ensitivity and s pecificity (Alonzo a nd P epe, 1999; E noe et al., 

2000). T he l imitations p ortrayed b y c lassical a pproach a re t hat no g old s tandard i s 100%  

accurate due to occurrence of measurement errors (Joseph et al., 1995), a  gold standard (in 

this s tudy: c ell culture) is ne arly 100 % s pecific but l ess t han 100%  s ensitive ( Alonzo a nd 

Pepe, 1999) and introduces biases in accuracy estimates of a n ew diagnostic test against the 

use of an imperfect gold standard (Alonzo and Pepe, 1999). 

 

 Bayesian analysis with prior information is more acceptable than the other statistical 

analyses for t he va lidation of  di agnostic te sts. It h as b een d emonstrated th at a  B ayesian 

analysis p erforms b etter th an ma ximum lik elihood-frequentist p aradigm an d classical 

approach i n es timating prevalence o f an  i nfection, s ensitivity an d s pecificity o f d iagnostic 
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tests (Joseph et al., 1995; Enoe et al., 2000; Dunson, 2001; Basanez et al., 2004; Geurden et 

al., 2004) . A ccording to D unson ( 2001), B ayesian m odels c an e asily a ccommodate 

unobserved variables such as an individual’s true disease status in the presence of diagnostic 

errors. It h as been e stablished t hat t his a pproach c an pr oduce i mproved i nference w ith 

substantive pr ior i nformation a nd accountable p osterior pr obabilities of  test c haracteristics 

(Joseph et al., 1995  a nd D unson, 2001) , w hile maximum l ikelihood a pproach of ten gives 

crude estimates an d s tandard e rrors (Basanez et al., 2004) . P rior pr obabilities of  a  t est’s 

sensitivity, s pecificity and p revalence es timate ar e ch osen b ased o n available evidence 

(expert’s opinion & data f rom laboratory t rials) t o obtain subsequent probabilities, and this 

likelihood o f th e d iagnostic te st r esult ( conditional o n la tent d isease s tatus) is  in corporated 

into the analysis (Dunson, 2001). 

 

 The use of maximum likelihood-frequentist approach leads to results that depend on 

the truly unknown parameters (Se, Sp and Prev) which are chosen as known/best assumption 

and c ontains l ess de grees of  f reedom, while Bayesian a pproach t akes i nto a ccount all t he 

unknown pa rameters and i ncludes a ll de grees o f f reedom, t hus m inimising s tandard e rrors 

(Basanez et al., 2004). Classical a pproach, T AGS a nd N on-informative B ayesian analyses 

showed large interval widths of 95% confidence limits for the estimation of all the diagnostic 

tests, resulting in less precise estimations of sensitivity, specificity and prevalence compared 

to the narrower 95% confidence limits obtained by Informative Bayesian analysis.  

 

 These r esults a re c onsistent w ith J oseph et al (1995) w ho de monstrated t hat non -

informative analysis is undesirable as it results in wider interval estimation for all parameters 

and de pending on w hether t he pr evalence i n a  popul ation i s hi gh/low; da ta w ill c ontain 

relatively l ess i nformation on s pecificity a nd s ensitivity. It ha s b een r eported t hat l arge 
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samples are required to achieve valid CIs based on maximum-likelihood approach contrary to 

Bayesian a nalysis ( informative) w hich pr ovides poi nt e stimates a nd i ntervals w ithout t he 

need of a large sample size (Enoe et al., 2000 and Wallace et al., 2008). If the sample size is 

large, B ayesian analysis us ing va gue pr iors could yield r esults th at a re q uite s imilar to  

maximum lik elihood-based i nferences ( Dunson, 2001), a nd pos sibly l arger num bers of  

samples ar e n eeded i n o rder t o o btain eq uivalent es timates o f t est ch aracteristics b etween 

both a nalyses. If onl y either one  of  the s tatistical ap proach (classical, T AGS o r Non-

informative Bayesian analyses) was performed, the es timation of the prevalence, sensitivity 

and s pecificity would b een either und erestimated or  ove restimated. T aking t he a dvantages 

and di sadvantages of  t he statistical approaches into c onsideration, bot h g old s tandard and 

non-gold s tandard approaches s hould b e c onducted t o de termine t he be st e stimate of  

diagnostic tests characteristics. 

 

 Virus isolation is the most specific diagnostic method for the detection of TSRV. The 

intra-laboratory comparison result for vi rus i solation included pooled results us ing two cel l 

lines, CHSE-214 and EPC. A sample was considered to be positive if virus was detected on 

either one or both cell lines; which increased the sensitivity of virus isolation. The lineage of 

the CHSE-214 cell line used in this study was found to be more sensitive in isolating TSRV 

from field samples in both laboratories than the lineage of the EPC cell line used. Following 

infection w ith T SRV, b oth c ell lines s howed f ormation of  l arge s yncytia/plaques w hich 

detached f rom t he s ubstratum as  t he i nfection p rogressed, a c ommon c ytopathic e ffect of  

aquareoviruses in epithelial and f ibroblast-like cell lines (Winton et al., 1987; Samal et al., 

1998; Cusack et al., 2001). It is  interesting to note that Cusack (2001) found that CPE was 

only produced in CHSE-214 cell cultures in  comparison to  EPC cell cultures in a  s tudy of 

aquareovirus i n A tlantic ha libut. Moreover, t he lineage of  CHSE-214 used i n t he pr esent 
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study is the most sensitive cell line for the isolation of IPN-like virus (Crane et al., 2000). In 

considering sensitivity to viral infection, it must be noted that sensitivities of cell lines to the 

various viral pathogens of finfish can vary between laboratories for any number of reasons. 

For example, during the maintenance of stock cell cultures by serial passage, cells are under 

constant s election pr essure i mposed b y the c ulture conditions w hich are potentially hi ghly 

variable (Nicholson, 1985; Freshney, 2000). 

 

  Important factors which can influence the survival of sub-populations of cells within 

a l ineage a re t he t ype and ba tch o f FBS used, t he source of  t he cell culture medium used, 

temperature of  incubation, the method of  sub-culture, the time interval between sub-culture 

and s o on ( Nicholson, 1985;  F reshney, 2000 ). A n i mmunocytochemical test (using a  

polyclonal antiserum raised against TSRV) was conducted by AFDL a s a  confirmatory test 

for t he pr esence o f T SRV i n a ssociation w ith the c ytopathic ef fect exhibited b y t he cell 

cultures incubated with the test samples. A confirmatory test (such as an immunoassay or a 

nucleic acid-based test such as PCR) is required in most cases, since presence of CPE is not 

necessarily virus-specific. Some CPE can be induced by non-specific cytotoxicity of the test 

sample, r ather t han vi ral i nfection, but  can be  confused with vi ral i nfection (Nerette et al., 

2005). Cytotoxicity of samples can be influenced by the diet or environment (e.g. presence of 

toxic a lgae) o f th e f ish from which t he s ample ha s be en s ourced. To a n i nexperienced 

operator microbal contamination can also be confused with viral CPE (Freshney, 2000).  

 

 Substantial a greement as s hown b y K appa achieved b etween C HSE-214 a nd E PC 

cells s hows th at b oth c ell lin es are s uitable f or th e is olation and r eplication of T SRV. An 

excellent i nter-laboratory K appa a greement o f 0.9 c onfirmed the a ccuracy, p recision an d 

sensitivity of virus isolation results in this study. The lineages of the two cell lines originated 
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from t he same s tocks ( the s tocks w ere ki ndly s upplied b y AFDL and c ultured b y S andra 

Zainathan at DPIPWE), which also contributed to the agreement between both laboratories.  

The di fference i n pr evalence of  pos itive s amples i n t he po pulation tested b y t he t wo 

laboratories could be caused by the heterogeneity of the virus distribution in tissue samples. 

The uneven distribution of the virus in the same sample played a minor role as both cell lines 

had excellent inter-laboratory agreement, similar observation been reported in the evaluation 

of diagnostic tests for ISAV in Atlantic salmon (Nerette et al., 2005).  

 

 Thus, parallel use of both cell lines was more sensitive in  detecting TSRV than the 

use of  either CHSE-214 cel ls or EPC cel ls alone. This observation is consistent with Opitz 

(2000) w ho f ound t hat t he pa rallel us e of  S HK-1 c ells a nd C HSE-214 cel ls w as m ore 

sensitive in detecting ISAV in Atlantic salmon than use of either one of the cell lines alone. 

The hi gh s pecificity of  virus i solation i s due  t o t he f act t hat i t d etects v irus cap able o f 

replication, is in fact reliant on t he presence of infectious virus, and that a positive result is 

generally considered to be the verification of the presence of infectious virus (Nerette et al., 

2005); it is highly unlikely that a false positive will occur, particularly when the virus induces 

a characteristic CPE, such as that induced by TSRV, that cannot be confused with some other 

infection. Virus i solation ha s be en f ound t o be  as s ensitive a s RT-PCR f or ISAV i solation 

(Blake et al., 1995;  Mikalsen et al., 2001;  Nerette et al., 2005). Virus isolation on f ish cell 

lines is  th e conventional technique f or t he d etection of  important pa thogens o f s almonids 

species and i s considered t he t est of  c hoice ( the ‘ gold s tandard’) b y OIE. Its us e i s of  

fundamental importance to the control of disease spread, in health surveillance programs for 

virus exclusion, and in disease diagnosis is undeniable (OIE, 2011). 
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 Conventional hemi-nested RT-PCR assay was more specific (98.9%) than qPCR but 

was the least sensitive diagnostic method with a sensitivity of 78.1%. The conventional hemi-

nested RT-PCR assay was developed to be h ighly specific to detect TSRV gene f ragments 

and t his r esult i s c onsistent w ith a ssay s pecificity c onducted b y C arlile ( 2011). TSRV-

specific conventional hemi-nested RT-PCR was evaluated using CSRV, GSRV, Green River 

reovirus, Australian redfin reovirus, IPNV, ISAV, EHNV, IHNV, VHSV, TAB and RSIV as 

target an d t here w as no non -specific a mplification of n ucleic aci d f rom an y o ther 

aquareoviruses o r o ther aquatic v iruses t ested ( Gemma C arlile p ers communication). T he 

evaluation of analytical sensitivity of the diagnostic tests through experimental infections of 

TSRV f ound t hat qPCR is t he m ost s ensitive assay followed b y c onventional he mi-nested 

RT-PCR a nd vi rus i solation w as t he l east s ensitive a ssay (Gemma C arlile p ers 

communication).  

 

 The estimation of sensitivity of the tests in this study (intra-laboratory comparison of 

diagnostic te sts) found t hat t he c onventional he mi-nested R T-PCR w as l ess s ensitive t han 

virus is olation. A nalytical s ensitivity a nd a nalytical s pecificity a re different from th e 

diagnostic sensitivity and specificity (Saah and Hoover, 1997). Analytical sensitivity refers to 

measurement of the lowest level of pathogen that can be detected. Analytical specificity is the 

assay’s ability to correctly identify a specific pathogen in order to minimize the tests cross- 

reactivity with other p athogens (Dohoo et al., 2 003). Therefore, t he i nconsistency between 

analytical estimation of sensitivity, specificity of conventional hemi-nested RT-PCR (Gemma 

Carlile p ers c ommunication) and e stimation o f b oth c haracteristics u sing f ield s amples is  

relevant because it has been reported (Saah and Hoover, 1997) that high analytical sensitivity 

and specificity do not ensure acceptable diagnostic values. 
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 Conventional hemi-nested RT-PCR was the least sensitive method for the detection of 

TSRV. This is in contrast to previous reports for other viruses  showing that the PCR test was 

more s ensitive th an v irus is olation ( Blake et al., 1995;  Miller et al., 19 98; D evold et al., 

2000; O pitz et al., 2000 ; Mikalsen et al., 2001;  B arlic-Maganja et al., 2002; S now et al., 

2003; Mc Clure et al., 2005; Nerette et al., 2005; Lopez-vasquez et al., 2006; Knusel et al., 

2007; Mc Clure et al., 2008). The performance of conventional hemi-nested RT-PCR under 

laboratory t rials for TSRV has always been unreliable: TSRV positive controls/samples are 

only detected in the secondary reaction and weak bands are generally observed in secondary 

reaction. P rimers are a ble t o a mplify P CR pr oduct of  280 bp a nd 140  b p f or pr imary and 

secondary reactions, respectively.  

 

 The obs ervations f rom l aboratory t rials a re consistent w ith t he i ntra-laboratory an d 

inter-laboratory comparison study which involved field samples. The assay detected positive 

samples w ith hi gh vi ral l oad onl y (equivalent t o qP CR C T values of  2 6.0-35.0) a nd P CR 

products f rom hi gh di lution s howed ve ry f aint bands i n s ome c ases. Interpretation of  t he 

results was confirmed with duplicate samples and repetition of the PCR assays. It had been 

suggested the usage of  conventional RT-PCR should be used only for detection of  samples 

with high viral loads such as in cases of overt disease (Rimstad et al., 1999; Andrade et al., 

2007).  T he lower sensitivity of conventional hemi-nested RT-PCR could also be caused by 

low viral titre of TSRV in samples, it has been reported that if fish has a very low viral titre, 

virus w ould not  b e de tectable w ith a vailable t ests, which results in  a lo ss o f s ensitivity 

(McClure et al., 2008).  
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 Conventional hemi-nested RT-PCR had a m oderate agreement of positive predictive 

value and a l arge confidence interval width. The wide interval of  positive predictive value: 

0.643 (0.409-0.826) implies poor precision of conventional hemi-nested RT-PCR. This is due 

to the observation that conventional hemi-nested RT-PCR detected the lowest proportion of 

positive s amples of  T SRV. T he hi gh ne gative predictive value obt ained b y conventional 

hemi-nested RT-PCR is consistent with high numbers of negative conventional hemi-nested 

RT-PCR/negative v irus is olation ( high s pecificity). Predictive v alues d epend on s ensitivity 

and specificity of a test (Thrusfield, 1995); therefore predictive value of conventional hemi-

nested PCR is related to its sensitivity, specificity and prevalence of TSRV. As the positive 

predictive value decreases and negative predictive value increases, the prevalence of infection 

in a  popul ation de creases ( Thrusfield, 2005). T his P CR a ssay showed hi gh ne gative 

predictive values which corresponded to the low prevalence of TSRV previously detected in 

farmed p opulations of  Atlantic s almon, 10 -25% (b ased o n re trospective ep idemiological 

study undertaken by Carlile (2011) and 6-22% (this study). 

 

 The q PCR assay exhibited hi gh s ensitivity and specificity using t he d ifferent 

statistical ap proaches. qPCR a ssay d etected t he hi ghest p roportion of  positives i n i nter-

laboratory and i ntra-laboratory c omparison s tudies, pr oduced hi gh pr edictive va lues, a nd 

excellent Kappa agreement with virus isolation. Various authors have applied qPCR tests for 

the detection of fish pathogens due to its high sensitivity, specificity, rapidity, reproducibility 

and high throughput sample processing (Bustin, 2000; 2002; Mackay et al., 2000; Dhar et al., 

2001; Overturf et al., 2001; Gilad et al., 2004 ; De la Vega et al., 2004;  Bustin et al., 2005; 

Plarre et al., 2005; Goodwin et al., 2006; Wang et al., 2006; Andrade et al., 2007;  Getchell 

et al,. 2007; Crockford et al., 2008; Dhar et al., 2008; Matejusova et al., 2008; Snow et al., 

2009; OIE, 2011; Abayneh et al., 2010, Ellis et al., 2010, Goodwin et al., 2010). 
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 This PCR assay also demonstrated high positive and negative predictive values. These 

values w ere co nsistent w ith t he na rrow c onfidence i nterval a nd the h igh proportion of  

positive samples detected by qPCR. High positive predictive value of qPCR demonstrated the 

existence of  g ood c orrelation w ith vi rus i solation a nd t he num ber of  pos itive s amples b y  

qPCR but n egative b y v irus is olation d oes n ot in dicate f alse p ositive r eactions; r ather th e 

likelihood of a better sensitivity of qPCR (Douglas et al., 2001). The high predictive values 

of qPCR confirmed that it is an appropriate diagnostic method for TSRV infections as a t est 

with high sensitivity (positive predictive value) and specificity (negative predictive value) is 

useful whether the prevalence of infection is either high or low (Newbound et al., 1995; Noga 

et al., 1988).  

 

 The specificity of the qPCR assay for detection of TSRV was tested experimentally 

with other aquareoviruses including CSRV, GSRV, Green River reovirus, Australian redfin 

reovirus, and other significant viral pathogens of fish: IPNV, ISAV, EHNV, IHNV, VHSV, 

TAB and RSIV. Only CSRV and TSRV were amplified demonstrating the close relationship 

between t hese t wo vi ruses w hich s hare 91% nuc leotide identity (Gemma C arlile p ers 

communication). It should be noted that CSRV is absent in Atlantic salmon in Australia. 

 

 Excellent Kappa agreement for qPCR at both laboratories showed that it is as accurate 

as vi rus i solation in de tecting T SRV i n f armed popul ations. T here w as substantial in ter-

laboratory correlation (Kappa value) of qPCR between both laboratories which showed that 

the method is reproducible and consistent. The difference of prevalence estimate achieved by 

qPCR between t he t wo laboratories could be  c aused b y t he he terogeneity of  t he vi rus 

distribution in tissue samples (Nerette et al., 2005). The usage of deionised formamide with 



94 

 

extracted viral R NA prior to  a mplification b y AFDL could account for t he d ifferences o f 

prevalence detected by qPCR in both laboratories (Nick Moody pers communication).  

 

 qPCR assays h ave been developed and v alidated b y many investigations t o provide 

quantitative results, to  d istinguish b etween th e h igh v iral lo ads characteristic o f a n a ctive 

infection ( clinical) and l ow v iral lo ads th at ma y b e r elated to  la tent (subclinical) infection 

(Dhar et al., 2001; Overturf et al., 2001; Gilad et al., 2004; De la Vega et al., 2004; Goodwin 

et al., 2006;  A ndrade et al., 2007) . As t he pr evalence of  T SRV i s l ow ( 6-22%) i n t he 

population of  f armed A tlantic s almon a nd a s i t varies a ccordingly t o s patial, s easonal a nd 

temporal factors (Gemma Carlile pers communication), it is vital to consider the varying viral 

loads between samples. Variation of viral loads between samples would provide quantitative 

results r egarding s tatus of  a n i nfection ( clinical/subclinical) a nd a cknowledgement of  s uch 

status is  v ital as TS RV natural in fections ar e n ot as sociated w ith cl inical d isease an d 

mortality.  

 

 Sensitivity of diagnostic methods may vary according to clinical/subclinical status of 

the popul ation be ing t ested, how ever qPCR is m ore l ikely t o de tect pathogens t hat a re 

undetectable b y vi rus isolation p articularly if  a  varying s pectrum o f in fection le vels e xist 

(Branscum et al., 2005). In order to relate the CT cut-off values of qPCR assay to disease, the 

determination of CT cut-off value was based on the comparison of virus isolation and qPCR. 

This comparison is reliable due to the fact that virus isolation detects infectious virus particles 

compared with qPCR which detects a s pecific nucleic acid s equences whether i t i s derived 

from either infectious virus or non-infectious material (Nerette et al., 2005). Although, qPCR 

is known to be more sensitive than virus isolation in detecting carrier f ish (Clementi et al., 

2000; Opitz et al., 2000; Dhar et al., 2001; Mackay et al., 2002; Plarre et al., 2005; Goodwin 



95 

 

et al., 2006), virus isolation is the only practical method available, to detect infectious virus 

particles and to exhibit levels associated with active infection.  

 

 The de termination of  t he CT cut-off va lue o f 35.8 ba sed on i ntra-laboratory 

comparison is consistent with previous work based on experimental infection (estimation of 

analytical s ensitivity a nd s pecificity) o f A tlantic s almon w ith T SRV ( Gemma C arlile p ers 

communication). Initially, th e s election o f a  CT cut-off v alue w as b ased o n an alytical 

evidence which was primarily justified by setting a reliable limit of detection and selection of 

a threshold level directed by the software associated with the thermocycler (Gemma Carlile 

pers communication). These justifications were based on selection of cut-offs for qPCR assay 

at the bench level (analytical approaches),  i llustrated by Caraguel et al  (2011).  F ollowing  

these criteria, Carlile (2011) found that the qPCR was able to detect TSRV from an original 

concentration of  6.32 x  104 TCID50/mL which had an average of 1.94 x  1010 molecules/µL 

down to 1.94 x 103 molecules/µL.  

 

 Similarly, the estimation of limit o f d etection carried out  pr ior t o t his s tudy 

demonstrated that th e q PCR were ab le t o d etect T SRV f rom an  o riginal co ncentration o f  

TCID50/mL value of 104.7 (1.94 x 108 molecules/µL) to 1.94 x 102 molecules/µL. The qPCR 

assay in this study (intra-laboratory comparison) used a maximum of 45 cycles so that a low 

copy number of targets would be amplified and detected. The initial purpose of this test was 

to o ptimize th e e stimation o f prevalence of  T SRV i nfections in f armed A tlantic s almon 

population. Thus, high CT values less than 36.0 were considered positive for inter-laboratory 

and intra-laboratory comparison study of diagnostic method and for the determination of CT 

cut-off value for qPCR assay.  
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  The remainder of positive samples with C T values of 36-38 (low viral loads) which 

were d etected o nly b y qPCR, i ndicated t hat t his a ssay i s c apable of  de tecting s ubclinical 

infections. T he ci rcumstances of qP CR a ssay d etecting T SRV ge nomic DNA ( 36.0-43.04) 

may r esult i n pos itive qPCR r esults w ith c orresponding ne gative vi rus i solation. In t he 

present study, such data were classified as false positives and resulted in an underestimation 

of diagnostic specificity. However, based on the ROC curve analysis, interactive dot diagram 

and pl ot ve rsus c riterion, t he CT cut-off v alue of 35.8, r ather t han 43.0 4, was es tablished 

since a t th is CT value t he q PCR t est showed a  hi gher combined diagnostic s ensitivity a nd 

specificity.  

 

 Phillips et al (2009) determined the median C T value between negative ELISA (gold 

standard) w ith pos itive qPCR as a C T cut-off value f or di agnosis of  gr oup A  R otavirus. 

Phillips et al (2009) concluded that qPCR was able to detect subclinical infections and it was 

more effective to use a real-time platform with a  viral load cut-off equivalent to  traditional 

method. A CT cut-off  value equivalent to viral load  was selected to improve the specificity 

of qP CR in di agnosing r otavirus A  i nfections a ssociated w ith c linical di sease. Taking th is 

into consideration, qPCR can quantify viral RNA load precisely even though it is not directly 

associated with th e n umber o f in fectious v irus p articles ( De la  Vega et al., 2004 ); b y 

determining a CT cut-off  value according to the diagnostic purpose.  

 

 Setting a  hi gher CT cut-off  value w as reported t o i ncrease t he s pecificity o f 

diagnostic t est f or ISAV ( Gustafon et al., 2005) . T he i ncrease i n s pecificity w ill r esult i n 

decrease of sensitivity of the test and the setting of the appropriate cut-off level also depends 

on t he d iagnostic s trategy (Pfeiffer, 2002; C araguel et al., 2011) . According t o O IE 

requirements, t he fitness f or a s pecific p urpose o f an  assay must be  de monstrated f or 
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validation a nd a  t est s hould be  va lidated a ccording t o how  w ell it p erforms f or a  s pecific 

purpose ( Jansen et al., 2010;  Caraguel et al., 2011) . For t he pu rpose of  di agnostic 

confirmation of  s uspect or  c linical cases which i ncludes t he confirmation of  pos itive 

screening t est, t he t est va lidation s hould pr ioritize di agnostic s pecificity (PPV) o ver 

diagnostic sensitivity (Caraguel et al., 2011). 

 

  The main purpose of diagnostic work for TSRV detection is to ensure that every test 

positive is truly infected, thus, a diagnostic test with high specificity and good sensitivity is 

acceptable. Determination of CT  cut-off value at 35.8 is more suitable for this purpose due to 

the above m entioned reasons. A s q PCR f or t he de tection T SRV i s hi ghly s pecific a nd 

sensitive, t he s ensitivity of t he t est would not  b e compromised. Thus, e stablishment of  t he 

cut-off value fo r qPCR through a  parallel comparison will improve the specificity (reduces 

false-positives), and reliability o f th e a ssay thus pr oviding a n accurate d iagnosis. It is  

apparent that in farmed fish, dual analysis could detect emerging epidemics and allows earlier 

implementation o f r emediation me asures ( Nance et al., 2010) . In a n a cute out break o f 

disease/diagnostic w ork, w here it is  mo re imp ortant to  d etect e very s ingle p ositive s ample 

(high P PV va lue), a nd t he m ost s ensitive di agnostic m ethod w ould be  a ppropriate: qPCR. 

Any positive outcomes from qPCR assay should be confirmed with virus isolation as i t the 

most specific diagnostic method for detection of TSRV. 

 

 The vi ral c opy num ber of the TSRV p ositive c ontrol ma terial (cell-culture 

supernatant) was de termined us ing a  s ynthetic dsRNA pr eparation a s a s tandard. In t his 

absolute qua ntification, the qua ntity o f t he unknow n T SRV pos itive c ontrol m aterial w as 

interpolated f rom a  s erial di lution of  t he s ynthetic ds RNA pr eparation w hich ha d t he 

equivalent viral copy n umber of 6.2 x  10 12 molecules/µL. Various a uthors ha ve applied 
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absolute q uantification of qP CR us ing R NA s tandards f or m RNA quantification a nd 

determination of viral loads (Souazé et al., 1996; Freeman et al., 1999; Martell et al., 1999; 

Bustin et al., 2000;  Fronhoffs et al., 2002;  Liu and Saint, 2002;  Pfaffl, 2004;  Ozoemena et 

al., 2004;  Wong et al., 2005 ). Synthetic ds RNA ( RNA s tandard) c an be  de fined a s an i n 

vitro-transcribed synthetic RNA that shares the same primer binding sites as the native RNA 

(Freeman et al., 1999).  

 

 RNA standards are suitable for absolute quantification as a RNA standard can be used 

to demonstrate the variability during the RT step and is  most likely to have the s imilar RT 

and PCR effeciencies (Freeman et al., 1999). The accuracy of the quantification results in this 

study is supported by comparison with the preliminary absolute quantification conducted by 

AFDL ( Nick M oody pe rs c ommunication). T he s tandard c urve c onstructed w ith s ynthetic 

dsRNA c an be  us ed t o de termine t he t arget ( TSRV) qua ntity i n an unknow n s ample 

(surveillance and di agnostic) i n t he f uture. T he degree o f s ensitivity a long w ith th e w ide 

dynamic range added confidence that the TSRV positive material can be used to determine 

the viral copy number (molecules/µL) based on the standard curve. 

 

 The p revalence estimation of  P opulation 1 ( Tamar R iver) was h igher b y T AGS 

software (maximum-likelihood) (16.1%) than Classical (6.1%) and Bayesian analysis (6.28% 

and 7.91% ). Taking this into a ccount, Bayesian analysis provides better e stimates o f 

prevalence th an ma ximum lik elihood and C lassical an alyses, as prevalence o f T SRV 

infection in farmed population of Atlantic salmon in Tamar River is considered to be 6.28% - 

7.91%. The prevalence of Population 2 (South-east Tasmania) was not significantly different 

by all the analyses but was higher (21% - 22.8%) than Population 1. The prevalence of TSRV 

in Tasmanian population has been reported to be influenced by seasonal, spatial and temporal 
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distribution ba sed on a  retrospective epidemiological s tudy b y C arlile ( 2011) unde rtaken 

from 1980 till 2005.  

 

 Based on t hat s tudy, t he pr evalence of  T SRV i n t he t wo di fferent g eographic 

locations, South-east Tasmania and Tamar River was 32.1% and less than 5% respectively. 

TSRV was reported only once in the Tamar River region (2003) within the study as opposed 

to 90 positives in South-east Tasmania. TSRV has been found to be ubiquitous in South-east 

Tasmania. As it is  the most intensively farmed region, this is likely to contribute, in part, to 

the high prevalence of TSRV in this region. Further studies have been suggested by Carlile 

(2011) to be undertaken to demonstrate those parameters that influence the presence of TSRV 

in th is r egion. As t he sampling of  t he c urrent s tudy w as c onducted during l ate s pring 

(September) to early summer (December), the p revalence of TSRV was expected to be 10-

25% based on seasonal factors due to differences in water temperature. 

 

  Prevalence of  TSRV was found to be higher during summer presumably due to the 

increased water temperature than winter (Gemma Carlile pers communication). In this study, 

the water temperature was 15˚C in farms from South-east Tasmania, higher than the Tamar 

River region (12˚C), which may have led to the higher prevalence of TSRV found in South-

east T asmania. These o bservations an d es timated prevalence of T SRV i n bot h r egions a re 

consistent w ith th e r etrospective e pidemiological s tudy b y C arlile ( 2011). It h as al so b een 

reported th at e levated w ater te mperature is  v ery in fluential in  d etermining th e s everity o f 

viral d isease i n co ld-water aq uatic an imals, with h igher te mperatures l eading t o i ncreased 

mortality. Temperature ha s be en doc umented a s a n i mportant e nvironmental va riable 

affecting t he p athogenicity of  s ome fish vi ruses, i ncluding G SRV ( Schwedler a nd P lumb, 

1982), infectious hematopoietic necrosis vi rus ( IHNV) (Amend, 1970; Hetrick et al., 1979)  
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and vi ral he morrhagic s epticaemia vi rus ( VHSV) ( Arkush et al., 2006 ).  Thus i t c an be  

argued that as climate change occurs, any increase in water temperature may be expected to 

exacerbate TSRV infections to levels that may precipitate disease.  

 

 

 In the present study, the true prevalence of TSRV in farmed populations of Atlantic 

salmon c ould be  over-estimated d ue to  in sufficient s ample n umbers w hich w ere limited to  

allow the primary objective of this study which was to validate available diagnostic methods. 

True prevalence is the proportion of a population that is actually infected (Thrusfield, 1995). 

Hence, the overestimation of prevalence could be caused by the fact that the sampling was 

largely based on m oribund and mort fish, and prevalence values can vary depending on t he 

stage of  i nfection. This study has shown that moribund fish were pos itive more of ten t han 

samples from healthy fish. The virus concentration in moribund and freshly dead fish would 

be significantly higher than in healthy fish (Pfeiffer, 2002). Thus, a better estimation of true 

prevalence of TSRV needs to be undertaken utilising random sampling and a larger sample 

size as well as the most accurate diagnostic test. Locksley (2008) emphasized the importance 

of s ample s ize in  d etermining th e p recision o f f inal e stimates o f p revalence and th at th e 

accuracy of case identification and precision estimates are also dependent on the diagnostic 

test characteristics (sensitivity and specificity).  

  

 This s tudy has demonstrated that the most effective and accurate diagnostic method 

for the detection of TSRV in farmed population of Atlantic salmon is the qPCR assay. Both 

cell lines, CHSE-214 and EPC, were suitable for the isolation and replication of TSRV and 

parallel u se of  bot h c ell l ines w as m ore s ensitive t han t he us e of  either one onl y f or vi rus 

isolation. The molecular methods developed for detection of  TSRV which are conventional 
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hemi-nested a nd qP CR w ere v alidated t hrough i nter-laboratory a nd i ntra-laboratory 

comparison a nalyses. C onventional he mi-nested R T-PCR w as not  a n e ffective di agnostic 

method relative to qPCR and the use of conventional hemi-nested RT-PCR for diagnostic and 

surveillance purposes should be limited for the detection of TSRV. In contrast, conventional 

hemi-nested RT-PCR can be used as a confirmatory test to differentiate between genotypes 

for s equencing purposes due  to i ts high specificity. Real-time PCR (qPCR) is  a  consistent, 

robust, hi ghly s ensitive, and hi ghly specific t est, a nd w as f ound t o be as  ac curate as  v irus 

isolation in detecting TSRV. This assay has been adopted as a diagnostic method at Animal 

Health Laboratory, M ount P leasant Laboratories ( DPIPWE), T asmania. Future r esearch on 

TSRV s hould i nvolve: de velopment of  a case de finition o f T SRV a nd a n epidemiological 

investigation using qRT-PCR assay to obtain the true prevalence of TSRV.   
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CHAPTER 3 

Comparative study of  sample collection (organs vs swabs) for TSRV detection in 
farmed Atlantic salmon 

3.1 Introduction 

 

Sample collection is a critical factor in making an accurate diagnosis (Swenson et al., 

2001). If the sample is not collected correctly or if it is handled improperly after collection or 

not dispatched as soon as possible, test results may not accurately reflect the disease status of 

the animal sampled. According to the Manual of Diagnostic Tests for Aquatic Animals (OIE, 

2011), samples of 5 mm3 of liver, kidney and spleen are collected for diagnostic virology and 

are considered sufficient to detect most viruses in diseased fish. Generally, these organs are 

sampled for fish t hat ex ceed 6  cm  i n l ength ( OIE, 2011). T he c hoice of  s ample c ollection 

method f or di agnosis or  s urveillance d epends o n t he s tatus of  a n i nfection and di agnostic 

methods appropriate for detection of the virus. In the case of clinical infection, organs to be 

sampled are anterior kidney, spleen, heart and brain. Samples can be combined in pools of no 

more than ten fish per pool for the detection of subclinical carriers of a virus (OIE, 2011). In 

Australia, fish virus isolation (in cell culture) is available at the Fish Diseases Laboratory at 

the A ustralian A nimal H ealth Laboratory ( AAHL), t he n ational r eference l aboratory for 

animal d iseases, and some state laboratories, which have cel l l ines appropriate for endemic 

viruses. 
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The diagnostic method of choice for the detection of Atlantic salmon reovirus (TSRV) 

is virus isolation using two finfish cell lines (CHSE-214 & EPC). The surveillance activities 

for t he de tection of  T SRV a re c oordinated b y the A nimal H ealth Laboratory ( AHL), 

Department of Primary Industries, Park, Water & Environment (DPIPWE) at Launceston. As 

a part of the Tasmanian Salmonid Health Surveillance Programme (TSHSP), DPIPWE staffs 

collect samples aseptically from fish at various farm sites across the state, and send them to 

AAHL Fish D iseases Laboratory ( AFDL), l ocated a t C SIRO A ustralian A nimal H ealth 

Laboratory (AAHL), Geelong, Victoria for virus isolation. In 2009, qPCR (quantitative one-

step r everse t ranscriptase polymerase ch ain r eaction) for T SRV, b ased on t he m ethod of  

Carlile ( 2011), w as i mplemented a t t he A nimal Health Laboratory, D PIPWE, L aunceston. 

The t est w as i ntroduced f or t he pur pose of  di sease i nvestigation a nd di agnosis t o e nhance 

service capability in Tasmania in support of the TSHSP. Routine samples for the detection of 

TSRV using qPCR included pooled liver, kidney and spleen. The choice of kidney, liver and 

spleen for detection of fish viruses is due to the fact that for systemic infections virus is likely 

either t o b e accu mulated i n or  i nfect t hese or gans (Handlinger, 2008) . S election of  t hese 

organs for the detection of TSRV is supported by experimental work which showed that these 

organs were similarly af fected in f ish following cohabitation with fish infected with TSRV 

(Gemma Carlile pers communication). The infected fish did not show any clinical signs other 

than distended abdomen but demonstrated mild to severe histological changes in kidney, liver 

and spleen (Gemma Carlile pers communication). 
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Samples of organs less than 0.5 c m in any dimension are required to be placed in 5  

mL RNA later™ at the time of collection to stabilise the sample RNA for testing by qPCR 

for TSRV. Preservation of samples for detection of TSRV in RNA later™ is required prior to 

despatch of samples from farm sites because TSRV is a dsRNA virus and therefore is more 

labile than DNA viruses (Lupiani et al., 1995; Nason et al., 2000). The samples are removed 

from RNA later™, cut and homogenized in Extraction Buffer (tissue homogenizer) prior to 

viral RNA extraction and PCR amplification.  

 

Sample collection on-farm a nd s ubsequent processing i n t he l aboratory i s l aborious 

and t ime c onsuming p articularly w hen large n umbers o f s amples are p rocessed f or 

surveillance or disease investigation purposes. There are now known commercial sources of 

swabs which are commonly used for sample collection from a variety of organs, and for the 

subsequent isolation of infectious agents (bacteria, fungi, or viruses). The use of swabs as an 

effective and practicable sample collection method has been reported for veterinary diagnosis 

(Austin and Hayment et al., 1985;  Weiblen et al., 1992;  McCaw et al., 1995; Kamp et al., 

1996; H oie et al., 1997;  C alsamiglia et al., 1999;  Kim et al., 2000;  S wenson et al., 2001;  

Choi et al., 2002; Komar et al., 2002; Rice et al., 2003; Pearce and Bolton, 2005; Young et 

al., 2008b; Goyal et al., 2010). Modern molecular biology methods, such as the detection of 

viruses b y P CR, requires s pecific approaches in t he dow nstream handling of  a sample 

collected b y swab. The goal i s to r ecover as much of the m aterial adhering to the swab as 

possible without further diluting it and without introducing potentially inhibitory substances 

(Biochemica, Roche Applied Science, 2002). 
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The use of swabs compared to organ samples as sample collection method for qPCR 

to de tect T SRV c ould m ake t he pr ocess l ess l aborious, e asier t o pe rform, l ess t ime-

consuming and overall more practical. Thus, this chapter describes the comparison of sample 

collection methods using either organ samples or swabs for the detection of TSRV in farmed 

Atlantic s almon. E valuation of  t hese t wo a pproaches w as c arried out  t o de termine t he 

sensitivity o f t he c ollection m ethods. T he e ffect of  pool ing s amples, collected a s s wabs or  

organ samples, on the detection of TSRV by qPCR was investigated. While the use of swabs 

has been described for collecting samples to detect viruses by PCR for humans and terrestrial 

animals (Mahony a nd C hernesky, 1985;  Ahluwalia et al., 1987;  R oelofsen et al., 1999;  

Boivin et al., 2000; Cloud et al., 2002; Jordens et al., 2002; Farhat et al., 2001; Echevarria et 

al., 2003; Uhl et al., 2003; Warren et al., 2004; Issa et al., 2005), this approach  has not been 

evaluated for the detection of fish viruses by PCR.  

 

3.2 Materials & Methods  

3.2.1 Experiment 1 – comparative study of individual sampling collection (organs vs swabs)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

3.2.1.1 Atlantic salmon  

 

 Stock A tlantic s almon p arr ma intained at th e Animal Health Laboratory, M ount 

Pleasant Laboratories ( DPIPWE) w ere us ed as a s ource of  uni nfected s amples ( previously 

been used as a source for extracted negative controls for PCR). The fish were euthanased by 

placing them in a solution of AQUI-S (0.5 mL/20 L water) (AQUI-S®, New Zealand). The 

entire kidney, l iver and spleen were removed from each fish and placed in a 5 m L tube for 

each fish (TechnoPlas, Australia). The pooled organs from ten fish were kept at -80˚C until 

required. 

 



106 

 

 

3.2.1.2 Preparation of ten-fold dilutions of tissues spiked with TSRV  

 

 The pool ed or gans ( from t en f ish) were hom ogenised us ing a frozen, s terile mo rtar 

and pestle and viral transport medium (Hank’s balanced salt solution supplemented with 10% 

FBS, Invitrogen, Australia). The mortar and pestle were autoclaved at 121˚C for 15 minutes 

and frozen at -20˚C, 24 hours prior to sample processing. The homogenate was resuspended 

in s upplemented H BBS a nd t he ratio o f s ample w eight (2.5 g) t o s upplemented H BBS 

volume (25 mL) was 1:10. The homogenised samples were then centrifuged at 5˚C at 3000 x 

g for 15 m in. The supernatant was harvested and a liquots (360 µL) were placed in 1.5 m L 

Eppendorf t ubes. These w ere s piked w ith cel l cu lture supernatant ha rvested f rom T SRV-

infected CHSE-214 cell cultures demonstrating 100% CPE.  

 

 A stock of TSRV was provided by AAHL Fish Diseases Laboratory (AFDL), initially 

isolated f rom c linically h ealthy A tlantic s almon d uring r outine h ealth s urveillance in 

Australia. The stock of TSRV (AFDL SAN NO: 0802-17-0321 initially expanded on CHSE-

214 and harvested after the first passage) was expanded by infecting CHSE-214 cell cultures 

which were incubated at 15˚C until 100% CPE developed. The cell culture supernatant was 

harvested, centrifuged at low speed (100 x g) to sediment cell debris and aliquots (250 µL) of 

the r esultant s upernatant w ere s tored at  -80˚C to be used as positive control material for 

qPCR assays. This TSRV stock which had a TCID50/mL of 104.7 to 5 .0 was used to prepare a 

ten-fold di lution series from 10-1 to 10 -10 as follows: a ) 10 -1 (40 µ L undi luted TSRV s tock 

was added to 360 µ L supernatant) b) 10-2 (40 µL  10 -1 diluted TSRV stock added to 360 µ L 

supernatant) c ) 10-3 (40 µL 10-2 diluted TSRV stock added to 360 µ L supernatant) and this 

procedure was continued through to i) 10-10 (40 µL 10-9 dilution of TSRV stock added to 360 

µL supernatant).  
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 Each di lution was mixed vigorously with a  vortex mixer prior to preparing the next 

dilution. Each of the tubes making up the ten-fold dilution series of spiked tissue supernatants 

was “ swabbed” us ing s terilized w ooden c otton-tipped swabs ( Livingstone I nternational, 

Australia), as follows. For each di lution, a  swab was immersed in spiked supernatant for a  

few seconds, removed and then shaken vigorously into a corresponding tube containing 3 mL 

of v iral transport medium (VTM) as shown in Figure 3.1. T he wooden handle of  the swab 

was broken off a t the height of  the tube which was then capped ready for s torage. Prior to 

storage, a n aliquot ( 200 µ L) o f e ach of  t he t en-fold di lutions of  spiked or gans a nd s wabs 

(VTM medium) was taken for RNA extraction immediately (t = 0). The swabs in VTM were 

shaken lightly before removing 200 µL from the bottom of the tube for RNA extraction. The 

swabs, still in VTM, were stored at -4˚C and a further sample was taken for RNA extraction 

after 24 hour s ( t =  24h r). This ex periment w as r epeated t hree t imes (using f reshly m ade 

replicates of spiked supernatants) to ensure consistency and repeatability of the results. 

 

3.2.1.3 Isolation of RNA from organ samples 

 

 RNA ex traction w as c arried o ut using t he H igh P ure V iral RNA Kit ( Roche, 

Germany). Poly (A) carrier RNA (2 mg) provided in the buffer kit was dissolved in 0.4 m L 

elution buffer prior to the extraction.  A total 396 µL binding buffer supplemented with 4 µL 

poly ( A) was a dded t o 200 µL sample (homogenized sample supernatants) and t ransferred 

into t he H igh P ure F ilter a ssembly and c entrifuged a t 8,000 x  g for 15s , us ing a  

microcentrifuge.  
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 The flowthrough liquid and collection tube were removed and a new tube was used in 

each of  the following s teps. Under the buffering conditions used in the procedure, the viral 

RNA binds to the glass fleece in the high pure tube, while contaminating substances (salts, 

proteins a nd ot her c ellular c ontaminants) do not  ( Roche A pplied S cience, 2008) . Inhibitor 

Removal Buffer (500 µL) was added to the upper reservoir and the tube was centrifuged at 

8,000 x g for one minute. After the removal of any inhibitors, the sample was washed twice 

by adding 450 µL Wash Buffer and centrifuged at 8,000 x g for one minute. The addition of 

the Inhibitor Removal Buffer and brief wash-and-spin steps removed those contaminants. The 

filter tube-collection tu be a ssembly w as le ft in  the c entrifuge a nd w as spun a t ma ximum 

speed (13, 000 x g) for 10s to remove any residual wash buffer. The remaining, purified RNA 

was eluted into a final volume of 50 µL with Elution Buffer. 
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Legend:  

 

   

 

 

TSRV stock 

40 µL 

Swabbing of 
sample 

10-4 – 10-10  

10-1 10-2 

40 µL 40 µL 

10-3 10-10 

10-1 10-2 10-3 10-10 

360 µL Supernatant (pooled organs) spiked with ten-fold dilution of TSRV  

Storage of swabs in 3 mL VTM  

Figure 3.1. Overview of experimental design of Experiment 1: comparative study of individual sample 
collection method (organs versus swabs). 
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3.2.1.4 TaqMan qPCR assay 

 

 cDNA w as s ynthesised f or qPCR us ing T aqMan® one-step RT-PCR ma ster mix  

reagents ki t ( Applied B iosystems, U SA). T he pr imers a nd pr obe f or t he q PCR as say w ere 

designed t o a mplify a nd de tect a n 82 nuc leotide sequence of  cDNA c orresponding t o 

positions 705–787 of  t he vi ral g enome w ithin s egment 10 of  T SRV ( Gemma Carlile p ers 

communication). T he s equences f or the p rimers w ere: fo rward p rimer (TSRV-10F): 5’-

GATCGAACCCGTCGTGTCTAA-3’ Positions 705 -725, r everse pr imer (TSRV-10R): 5 ’-

CGGTGCTCAGCTTGTCACA-3’ positions 769-787. The TSRV probe (positions 731-748):  

5’-CCC GAG C CA T CT GGG C GC-3’ contained a  f luorescent r eporter d ye, 6 -carboxy-

fluorescein (FAM), located at the 5' end and the quencher, 6-carboxy-tetramethyl-rhodamine 

(TAMRA), located at the 3' end. The primers and probe for 18S control were: forward primer 

(18F): 5’-CGGCTACCACATCCAAGGAA-3’, re verse p rimer ( 18R): 5 ’-

GCTGGAATTACCGCGGCT-3’ a nd pr obe (18S P robe): 5 ’-

TGCTGGCACCAGACTTGCCCTC-3’ which c ontained a  pr oprietary fluorescent r eporter 

dye, (VIC) located at the 5' end and the quencher TAMRA located at the 3' end.  

 

 The reaction mixture (25 µL total volume) consisted of : 5.75 µL RNase f ree water, 

12.5 µL TaqMan® 2 ×  U niversal P CR m aster m ix no A mpErase® UNG ( containing 

AmpliTaq Gold® DNA polymerase), 0.625 µL 40 × MultiscribeTM and RNase inhibitor mix, 

1.25 µL Primer TSRV-10F (18 μM), 1.25 µL Primer TSRV-10R (18 μM), 1.25 µL TSRV-10 

probe (5.0 μM), 0.125 µL 18S rRNA Primer F (10 μM), 0.125 µL 18S rRNA Primer R (10 

μM), 0.125 µL 18S r RNA V IC l abelled P robe a nd 2 µL denatured vi ral R NA. T he 

amplification of samples in duplicates was carried out in an ABI PRISM TM 7500 Fast Real-

Time System (Perkin-Elmer, Applied Biosystems, USA). 
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 The RNA was amplified with the following programme: an initial 30 minutes at 48˚C, 

followed b y 10 m inutes a t 95 ˚C, t hen 40  cycles of  95 ˚C for 15 s econds a nd 60 ˚C for 1  

minute. The cu t-off va lue f or qP CR f or t he de tection of  T SRV w as s et at C T = 35.8  ( see 

section 2.3.4.2 in chapter 2). CT values lower than 35.8 are considered positive and CT
 values 

greater than 36.13 are considered negative. CT values in the range of 35.8-36.13 are classified 

as ‘ambiguous’ and the PCR assay for those samples were repeated to avoid false positives. 

TSRV viral copy numbers and corresponding qPCR CT values generated based on a standard 

curve for absolute quantification of qPCR with synthetic RNA (see section 2.3.4.3 in chapter 

2). The s tandard c urve was generated b y plotting t he CT values against lo garithm o f th e 

calculated initial copy numbers. The unknown initial sample copy numbers for each dilution 

(both c ollection me thods) w ere th en a utomatically calculated f rom th eir CT values, as  

compared to the standard curve.  
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3.2.2 Experiment 2- Comparative study of pooled sample collection (organs vs swabs)       

3.2.2.1 Atlantic salmon 

 

Samples of Atlantic salmon parr organs were obtained and stored as described in 3.2.1.1. 

 

3.2.2.2 Preparation of ten-fold dilution series of pooled tissues spiked with TSRV  

 

 The pooled organs were homogenized using viral transport medium (Hank’s balanced 

salt solution supplemented with 10% FBS, Invitrogen, Australia) in frozen, sterile mortar and 

pestle. The hom ogenate w as r esuspended i n supplemented H BBS a nd the ratio o f s ample 

weight (5.0 g) to supplemented HBBS volume (50 mL) was 1:10. The homogenised tissues 

were t hen c entrifuged at 3000 x  g for 15 m in at 5˚C and t he s upernatants w ere h arvested. 

Aliquots (3.6 mL) of the supernatants were placed in 15 m L sterile centrifuge tubes (Iwaki, 

Crown Scientific, Australia). TSRV cell-culture supernatant, which had a TCID50/mL of 104.7 

to 5.0, was used to prepare ten-fold dilution series from 10-1 to 10-10 as follows: a) 10-1 (40 µL 

undiluted TSRV stock was added to 360 µ L supernatant) b) 10-2 (40 µL  10-1 diluted TSRV 

stock added to 360 µL supernatant) c) 10-3 (40 µL 10-2 diluted TSRV stock added to 360 µL 

supernatant) and so on t hrough to i) 10-10 (40 µL 10-9 dilution of TSRV stock added to 360 

µL s upernatant). Each d ilution w as m ixed w ith a vor tex m ixer pr ior t o pr eparing t he n ext 

dilution. Replicate a liquots (200 µL) o f spiked supernatants o f each of  t he TSRV di lutions 

were placed in Eppendorf tubes (1.5 mL) and used as replicate positive controls. Similarly, 

replicate a liquots of  non -spiked s upernatants o f tissue h omogenates were u sed as  n egative 

controls. 
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3.2.2.3 Experimental design  

 

 Each experimental pool of each sample type (organs versus swabs) consisted of five 

organ samples comprising different combinations of spiked and un-spiked preparations. Six 

organ combinations were prepared: a) C1: all positives b) C2: 4 pos itives and 1 negative c) 

C3: 3 pos itives and 2 ne gatives d ) C4: 2 pos itives and 3 ne gatives e) C5: 1 pos itive and 4 

negatives f) C6: all negatives (Figure 3.2). Each set of organ combinations was spiked with 

one of the dilutions of TSRV as described. 
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Bulk positive tissue homogenate 
for each dilution = 3600 µL 

Bulk negative tissue homogenate 
for each dilution = 3600 µL 

Aliquoted into 15 tubes 
of + & - samples 

Pooled 
swabs 

TSRV spiked organs TSRV un-spiked organs 

Figure 3.2 Experimental designs for Experiment 2: Six organ combinations of positive (spiked) and negative (un-spiked) of 5 samples in a pool for every 
dilution. In total, 6 pools of organ combination for every combination, dilution and sample collection method (organs versus swabs). C1: All positives; 
C2: 4 positives + 1 negative; C3: 3 positives + 2 negatives; C4: 2 positives + 3 negatives; C5: 1 positives + 4 negatives; C6: All negatives. 

C1 

Each sample was 
swabbed according to 
C1-C6 

5 swabs in a pool for 
C1-C6: Pooled swabs 

Each sample was 
pooled according to C1-
C6  

Pooled organs: C1-
C6 

 

 

Viral RNA 
extraction & 

qPCR 

C2 

C3 

C4 

C5 

C6 

Pooled 
organs 
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  3.2.2.4 Sample processing  

 

 The s ample p rocessing f or e ach di lution w ere pr ocessed i ndividually, s tarting f rom 

the lowest dilution, 10-6 and C6. For every combination and dilution, samples were collected 

with a  wooden, c otton-tipped s wab ( Livingstone International, A ustralia). A  swab w as 

immersed in  a spiked tissue hom ogenate for a f ew s econds, removed, pl aced i nto a 

corresponding tube containing 3 mL viral transport medium (VTM) by breaking off the swab 

to t he h eight of  t he t ube. The t ube w as t hen s haken vi gorously and t he f ive s wabs for a 

particular tissue combination were pooled into the same 3 mL tube of VTM. 

 

 After s amples h ad be en c ollected b y s wab, t he organ hom ogenates w ere pool ed t o 

form pools for every dilution and tissue combination. A total of 200 µL were taken from each 

of the pooled organs and swabs (every combination and di lution) for RNA ex traction. Just 

prior to the extraction, the swabs in VTM were shaken lightly again before removing 200 µL 

from the bot tom of  t he t ube f or the extraction. The R NA ex tractions w ere co nducted 

according to section 3.2.1.3. The qPCR assay was performed in duplicate samples according 

to section 3.2.1.4. 

 

 

 

 

 

 

 

 



116 

 

 

3.2.3 Statistical analysis 

 

 Kappa v alues w ere c alculated to a ssess t he a greement be tween t he t wo methods of  

sample collection (organs and swabs). The results for both experiments were pooled for the 

assessment o f Kappa values (Appendix II). This analysis was undertaken us ing EpiTools - 

epidemiological cal culators de veloped b y A us-Vet A nimal H ealth S ervices 

(http://www.ausvet.com.au). Effect o f t he t rials an d s ample co llection m ethods w ere 

determined f or e ach vi ral c opy num bers us ing t wo-way ANOVA a nalysis. Values w ere 

identified as significantly different if p < 0.05. The results of the three trials were pooled for 

each sample collection method if there was no significant effect between the trials.  

 

 Regression an alysis w as u sed t o d etermine i f there w as a s ignificant r elationship 

between viral copy numbers and PCR results. Linearity of the data provides confidence that 

the di lutions ha ve be en pr epared a ccurately and i ndicates t hat t he P CR is w orking 

consistently with minimal variation between replicates. Linearity is accepted if r2 reaches an 

acceptable p value, p < 0.05. One-way ANOVA was performed to analyse mean differences 

between the tissue combinations for both pooled organs and swabs. Values were identified as 

significantly different if p < 0.05. The Tukey HSD post hoc test was applied at a significance 

level of α ≤ 0.05, to determine differences between the explanatory variables. The regression 

analysis and one -way ANOVA were p erformed u sing S PSS® Statistics s oftware, v ersion 

17.0. 
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3.3 Results  

3.3.1 Comparative study of individual sample collection methods (organs versus swabs)  

 

 The s ensitivity of bot h sample c ollection m ethods w as evaluated ba sed on pos itive 

samples obt ained f or t he t en-fold di lution s eries a nd viral c opy num bers. The C T values 

shown i n bol d a re pos itive, de monstrating t hat these s amples c ontain qua ntifiable T SRV 

nucleic a cid. P ooled r esults of  t he 3 t rials a s r eplicates f or e ach vi ral c opy num bers 

demonstrated t hat t he u se of  s wabs a s s ensitive a s s ampling or gans, where the limit o f 

detection was down to 1.94 x 104 molecules/µL with initial viral copy numbers of 1.94 x 107 

molecules/µL (Table 3.1).  

 

 

 

 

            

Trials Dilutions Viral  Mean CT values Mean CT values  Mean CT values  

  
copy numbers  ± SE  ± SE  ± SE 

  
molecules/µL Organs Swabs Swabs 

      t = 0 t = 0 t = 24 hours 
Pooled 
results Initial value 1.94E+07 23.91 ± 2.99 26.61 ± 2.99 25.54 ± 2.91 

(3 trials) 10-1 1.94E+06 27.21 ± 2.80 28.42 ± 3.36 28.46 ± 3.66 

 
10-2 1.94E+05 30.96 ± 3.10 34.7 ± 3.19 33.32 ± 3.59 

 
      10-3 1.94E+04 34.05 ± 3.20 35.99 ± 3.39* 34.04 ± 3.47 

 
10-4 1.94E+03 36.44 ± 3.42 38.98 37.5 ± 3.73* 

 
10-5 1.94E+02 ND ND ND 

            
 

 

 

  

 

Table 3.1  Comparison o f qPCR pooled results (3 t rials) us ing organs and swabs spiked 
with a  te n-fold di lution series of  T SRV. B olded mean CT values (± s tandard e rror) are 
positive samples. t =  0: RNA extraction conducted directly after spiking, t =  24hr: RNA 
extraction conducted after 24 hou rs of  spiking, ND: Non-detectable, SE: s tandard error. 
SE* values represent estimation from two trials only. 
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 The C T values obt ained f or vi ral c opy num bers w ere c onsistent f or t he c ollection 

methods a nd t he de crease i n C T value be tween e ach c opy num bers w as 3 t o 4 C T values 

(Figure 3.4) , w hich i s c lose t o t he t heoretical va lue of  3.322 ( Log210). A  g ood l inear 

relationship and hi gh c orrelation c oefficient, r2 > 0.9 (slope ≈ 3.3) between v iral co py 

numbers and C T value was shown, for all the collection methods. There was no significant 

interaction between the different trials and collection methods (F = 0.130, d.f. = 4, p = 0.970), 

which allowed the results of the three trials to be pooled for each collection method. Based on 

the CT values obtained down to the limit of detection for the collection methods, there was no 

significant differences between the three trials for each sample collection methods, p = 0.520. 

Similarly, no s ignificant m ean di fferences w ere f ound be tween t he sample c ollection 

methods, p = 0.958 (Figure 3.3).  
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Figure 3.3 Relationship between mean CT values (qPCR) and viral copy numbers obtained for the pooled results of the three trials conducted for the comparison 
of individual sample collection methods (organs versus swabs). Each trial was conducted on a different day using independently prepared serial dilutions. No 
significant differences were observed between the three trials for each sample collection methods, p = 0.958 by two-way ANOVA. 
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There was a good linear correlation and significant p values for sampling organs and swabs 

based on the pooled results of the three trials. This indicates minimum variation between the 

replicates in each trial (Figure 3.3 & Table 3.2).  

 

 

 

 

 

 

 The Kappa value (0.8571), t he proportion of  agreement, be tween organs and swabs 

showed a perfect agreement (Table 3.3). This indicates an excellent correlation between both 

collection m ethods f or t he de tection of  T SRV. The organs had a m ean C T of 30.0 c ycles 

compared to a mean of CT of 32.2 cycles by the swabs obtained at time, t = 0.  

    
  

Trials Sample type Equation of slope r2 p value 
Pooled Organs y = 3.19x + 20.94 0.99 <0.001 
results Swabs t = 0 y = 3.23x + 23.247 0.95 0.004 
(3 trials) Swabs t = 24hr y = 2.95x + 22.92 0.97 0.003  
          

Table 3.2  Linear equation, c orrelation c oefficient a nd p values calculated f or 
pooled r esults ( 3 t rials) of c omparative s tudy of i ndividual s ample c ollection 
(organs versus swabs). p value for regression analysis and significant at the 0.05 
level. Bolded values are significant. 
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Organs 

     + - Total 
Swabs + 10 0 10 

  - 2 18 20 
  Total 12 18 30 

                        Kappa value 0.8571 
  

  
       

 The Kappa value (0.5928), for agreement of collection of individual swabs between t 

= 0 a nd t  = 24 hours b ased on pool ed r esults of t hree t rials showed m oderate a greement 

(Table 3.4). The swabs at different time points had similar mean CT values of 32.2 cycles (t = 

0) and 31.1 cycles (t = 24 hours).  

 

 

          

   
Swabs t = 0 

     + - Total 
Swabs t = 24hours + 10 3 13 

  - 3 14 17 
  Total 13 17 30 

 
                      Kappa value 0.5928 

  
  

      

 

 

 

Table 3.3  Kappa value calculated b etween i ndividual s ample co llection m ethods ( organs 
versus swabs) based on pooled results of the three trials at time, t = 0.  
 

Table 3.4 K appa v alue calculated ba sed on pool ed r esults of  the th ree tr ials between 
individual swabs collection at different times, t = 0 and t = 24 hours. 
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3.3.2 Comparative study of pooled sample collection (organs versus swabs)  

 

 Sampling of pooled organs demonstrated a sensitivity of one ten-fold dilution higher 

than sampling of pooled swabs for the detection of TSRV, detecting down to the viral copy 

number of 1.94 x 104 molecules/µL for organs compared to swabs which detected 1.94 x 105 

molecules/µL (Table 3.5). Both pooled sample collection methods were able to detect TSRV 

from C1 ( all pos itives) t o C 5 ( 1 pos itive a nd 4 ne gatives), i ndicating t hat pool ing f our 

negative fish with one positive fish did not affect the sensitivity of the method. Pooled organs 

detected TSRV from C1 to C5 down to the viral copy numbers of 1.94 x 10 5 molecules/µL 

whereas pooled swabs were able to detect TSRV down to 1.94 x 106 molecules/µL. 

 

 Based on the CT values obtained down to the limit of detection for both pooled organs 

and s wabs, t here w as n o s ignificant d ifferences b etween t he d ifferent organ combinations 

(C1-C5), p = 0.881 for organs a nd p = 0.946  for s wabs. Figure 3.4 and 3.5  illustrate th e 

relationship b etween C T value ( qPCR) a nd vi ral c opy num bers generated for each l og10 

dilution of pooled organs and pool ed s wabs for T SRV, r espectively, f or e very t issue 

combination. The CT values for pooled organs dropped as soon as there were only one or two 

positive samples in a  pool (C4-C5) fo r the greater copy numbers (1.94 x  10 7 to 1.94 x  10 5 

molecules/µL). F or t he m ore di luted s amples ( 1.94 x 10 4), a t le ast th ree p ositive s amples 

needed to be in a pool (C3) to detect TSRV (Figure 3.4).  The C T values for pooled swabs 

increased as soon as there were only two positive samples in a pool (C4) for diluted samples 

(1.94 x 105 to 1.94 x 10 4) whereas there were no significant differences for the more potent 

dilutions (1.94 x 107 to 1.94 x 106 molecules/µL, Figure 3.5). 
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Ten-fold Initial viral copy numbers Tissue  CT values CT values 

Dilutions  (molecules/ µL) Combinations 
Pooled 
organs 

Pooled 
swabs 

10-1 1.94E+07 C1 (5+ 0-) 22.9 26.8 

  
C2 (4+ 1-) 24.17 27.45 

       
 

C3 (3+ 2-) 24.75 28.05 

  
C4 (2+ 3-) 24.14 29.04 

  
C5 (1+ 4-) 25.56 30.11 

 
  C6 (0+ 5-) ND ND 

10-2 1.94E+06 C1 (5+ 0-) 27.49 30.97 

  
C2 (4+ 1-) 27.78 29.46 

  
C3 (3+ 2-) 27.78 30.84 

  
C4 (2+ 3-) 28.35 33.62 

  
C5 (1+ 4-) 29.55 32.44 

    C6 (0+ 5-) ND ND 
10-3 1.94E+05 C1 (5+ 0-) 30.44 33.66 

  
C2 (4+ 1-) 30.27 34.11 

  
C3 (3+ 2-) 30.68 33.96 

  
C4 (2+ 3-) 32.13 35.03 

  
C5 (1+ 4-) 32.92 ND 

    C6 (0+ 5-) ND ND 

Table 3.5 Comparison of qPCR results of pooled samples between organs and swabs spiked with 
ten-fold dilutions of TSRV at different tissue combinations. TSRV viral copy numbers generated 
based on absolute qua ntification of  qP CR w ith s ynthetic R NA. Bolded mean CT values ar e 
positive s amples. P ositive tis sues w ere p ooled tis sues s piked w ith te n-fold di lutions of  T SRV. 
Negative tis sues were p ooled tis sues f rom n aive f ish.C1: A ll p ositives; C 2: 4  p ositives +  1  
negative; C 3: 3 pos itives +  2 ne gatives; C 4 :  2  pos itives +  3 ne gatives; C 5: 1 pos itives +  4 
negatives; C6: all negatives. ND: Non-detectable. 
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Ten-fold Initial viral copy numbers Tissue  CT values CT values 

Dilutions  (molecules/ µL) Combinations 
Pooled 
organs 

Pooled 
swabs 

10-4 1.94E+04 C1 (5+ 0-) 34.72 36.69 

  
C2 (4+ 1-) 33.97 36.26 

  
C3 (3+ 2-) 35.59 37.95 

  
C4 (2+ 3-) 37.72 37.13 

  
C5 (1+ 4-) 36.49 37.96 

    C6 (0+ 5-) ND ND 
10-5 1.94E+03 C1 (5+ 0-) 37.36 ND 

  
C2 (4+ 1-) ND ND 

  
C3 (3+ 2-) 36.97 ND 

  
C4 (2+ 3-) 37.62 ND 

  
C5 (1+ 4-) 38.22 ND 

    C6 (0+ 5-) ND ND 
10-6 

 
C1 (5+ 0-) ND ND 

 
1.94E+02 C2 (4+ 1-) ND ND 

  
C3 (3+ 2-) ND ND 

  
C4 (2+ 3-) ND ND 

  
C5 (1+ 4-) ND ND 

    C6 (0+ 5-) ND ND 
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Figure 3.4 Relationship between CT value (qPCR) and viral copy numbers obtained for each log10 dilution of 10-1 to 10-5 TSRV of pooled organs for every tissue 
combinations. (C1/5+: All positives C2/4+: 4 pos itives + 1 ne gative C3/3+: 3 pos itives + 2 ne gatives C4/2+ : 2 pos itives + 3 ne gatives C5/1+: 1 positives + 4 
negatives). No significant differences were observed between the different tissue combinations (C1-C5) for pooled organs (p = 0.881) by one way ANOVA.  
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Figure 3.5 Relationship between C T value ( qPCR) a nd vi ral c opy numbers for e ach l og10 dilution of  10 -1 to 10 -4 TSRV of pool ed s wabs f or every t issue 
combinations. (C1/5+: All positives C2/4+: 4 pos itives + 1 n egative C3/3+: 3 pos itives + 2 n egatives C4/2+: 2 pos itives + 3 ne gatives C5/1+: 1 positives + 4 
negatives). No significant differences were observed between the different tissue combinations (C1-C5) for pooled swabs (p = 0.946) by one way ANOVA. 
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 A significant c orrelation between t he 5 di fferent t issue c ombinations and hi gh 

correlation co efficient, r2 > 0.95 wa s s hown for bot h pooled sample c ollection me thods 

(Table 3.6 ). T hese v alues i ndicated t hat t he va riation a mong t he f ive-fold di lution w as 

minimal for both methods and for all of the tissue combinations except C5 for pooled swabs. 

The insignificant p value obtained for C 5 (1 p ositive a nd 4 ne gatives) in po oled s wabs 

indicates th at pooling four ne gative f ish w ith one  pos itive produces hi gher va riation 

compared to C5 (lower dilution samples) in pooled organs. 

 

 
 

      
       
       
       
       
       
       
Collection method 

Tissue 
combination Linear equation  r2 p value 

 Pooled organs C1 (5+ 0-) y = 3.61x + 19.74 0.99 <0.001 
 

 
C2 (4+ 1-) y = 3.19x + 21.08 0.99 0.003 

 
 

C3 (3+ 2-) y = 3.23x + 21.48 0.99 0.001 
 

 
C4 (2+ 3-) y = 3.63x + 21.09 0.97 0.005 

 
 

C5 (1+ 4-) y = 3.23x + 22.87 0.99 0.001 
 

      Pooled swabs C1 (5+ 0-) y = 3.24x + 23.94 0.99 0.005 
 

 
C2 (4+ 1-) y = 3.11x + 24.05 0.99 0.013 

 
 

C3 (3+ 2-) y = 3.04x + 24.09 0.97 <0.001 
 

 
C4 (2+ 3-) y = 2.57x + 27.28 0.97 0.033 

   C5 (1+ 4-) y = 3.92x + 25.65 0.98 0.147 
 

       

 

 

 

Table 3.6 Linear equation, correlation efficient (r2) and p values calculated for the comparative 
study of  pooled sample collection methods (organs ve rsus swabs) for e ach t issue combination 
(Figure 3.4 and 3.5). (C1: All positives C2: 4 positives + 1 negative C3: 3 positives + 2 negatives 
C4 : 2 pos itives + 3 n egatives C5: 1 pos itives + 4 negatives ). p value = p value for regression 
analysis and significant at the 0.05 level. Bolded values are significant.  
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 The Kappa value (0.7778) for sampling collection methods between pooled organs and 

pooled s wabs ( based on  pool ed r esults – each dilution f or e ach t issue c ombination w as 

considered as a sample) showed a substantial agreement indicating a good correlation (Table 

3.7).  

 

 

 

 

          

   
Organs 

     + - Total 

Swabs + 14 0 14 

  - 4 18 22 

  Total 18 18 36 

                                 Kappa value 0.8571 

      

 

 

 

 

 

 

 

 

 

 

 

Table 3.7  Kappa co efficient o f a greement b etween p ooled s ample co llection m ethods 
(organs versus swabs), based on pooled results – each dilution for each tissue combination 
was considered as a sample. 
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3.4 Discussion 

 

 The de tection of  T SRV i n i ndividual s amples w as a s s ensitive w hen organs w ere 

sampled c ompared t o s wabs. The d etection o f TSRV in  in dividual s amples h as a  limit o f 

detection of  1.94 x  10 4 molecules/µL ( viral R NA c opy num ber). The ex periment f or 

comparing s wabs w ith or gans w as de signed t o r eplicate e xisting m ethods f or s ample 

collection of TSRV but required known concentration of the virus. After collecting a sample 

by swab, the swab was placed in 3 mL of VTM, diluting the sample 15-fold compared to the 

organ sample. However, the dilution effect from using a swab for sample collection did not 

affect the sensitivity of swabs and yielded similar results (1.94 x 105 molecules/µL) as when 

samples were collected directly from organs.  

 

 The evaluation of  Kappa coefficient showed a perfect agreement between sampling 

organs a nd s wabs i ndicating t hat t he using swabs w ere as  good as  sampling organs i n 

detecting TSRV positive fish. While the C T was higher for swab samples, there was a good 

correlation w ith or gan s amples, t o t he e xtent t hat onl y t wo a dditional positives s amples 

(which were a t lower d ilution) detected with organ samples, were not detectable by swabs. 

Based o n th e s ensitivity e stimates f or R T-PCR, blood s wabs w ere as  s ensitive as  s erum 

(88%) for Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) in swine (Rovira 

et al., 2007). Although, blood swab samples contained smaller amount of PRRSV than serum 

at each collection time , blood swabs p erformed similarly to  s erum. In a nother s tudy, nasal 

swabs showed good to excellent Kappa coefficient agreement compared to lung t issues for 

the de tection of  s wine i nfluenza vi rus ( SIV) which cau ses p orcine r espiratory d isease 

complex (PRDC) in swine (Swenson et al., 2001).  
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Oral an d cloacal s wabs h ave b een p roven as  e ffective s ample co llection m ethods 

compared to brain tissues for the detection of West Nile virus (WNV) in dead birds (Komar 

et al., 2002 ). T he c oncentrations of  W NV i nfectious pa rticles i n Corvus brachyrhynchos, 

Corvus ossifragus, and Cyanocitta cristata were detected equivalently (5.7 – 8.2 x 105 PFU) 

by the three different sample collection methods (Komar et al., 2002). These findings are in 

agreement with t he de tection of  TSRV b y s wabs i n t his s tudy. It been r eported t hat swabs 

performed as well as the gold standard method of sample collection in these studies; intestine 

(Fox et al., 2000), tissue biopsy (Pelizzer et al., 2001), nasopharyngeal aspirate (Heikkinen et 

al., 2002) and Virocult® swab (Valette et al., 2010). 

 

A preliminary s tudy was conducted b y Douglas, Wilson & Zainathan (unpublished, 

see Appendix III) to evaluate the performance of swabs to collect field samples for TSRV. 

Parallel samples were collected using swabs and organ samples from farm sites in the south 

east of Tasmania. For the study, samples were collected from Atlantic salmon and a total of 

73 and 154 samples were tested independently by qPCR and conventional hemi-nested RT-

PCR, r espectively. Swabs pe rformed b etter t han organ s amples in t hese s tudies and bot h 

collection m ethods de monstrated a m oderate K appa a greement (Douglas, W ilson &  

Zainathan, unpubl ished, A ppendix III). Swabs d etected additional 7 pos itives s amples b y 

qPCR and 27 positive samples by conventional hemi-nested RT-PCR. This preliminary field 

study was conducted ba sed on a  l arger s ample s ize (73 and 154 samples) compared to t he 

experimental trials conducted in this chapter (30 for individual and 36 f or pooled collection 

method). Small sample sizes have been reported to pose challenges to any statistical analyses 

and result in decreased predictive values compared to larger sample sizes (Enoe et al., 2000 

and Wallace et al., 2008).  
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Among the advantages of using swabs for sample collection is the swiftness and ease 

of application which makes this method adaptable to field sampling, suitable for large sample 

sizes ( Smalley a nd Campanella, 2006;  H yatt et al., 2007;  L e V in et al., 2011 ), low c ost 

(Wuthiekanun et al., 20 01) a nd p reservation of  s ample i ntegrity ( Hyatt et al., 2007) . In 

addition, s wabs ha ve b een de scribed t o pr ovide t he b est D NA r ecovery while e nsuring 

minimal risk of contamination and ease of use within the laboratory (Hyatt et al., 2007). The 

storage of  a  s wab i n a  t ube pr ovides a  ph ysically compact a nd e nclosed de vice, w hich i s 

resistant to breakage or damage, especially during transportation from farm sites (Johnson et 

al., 1984). 

 

There was no significant difference in the mean CT values obtained at t = 0 and t = 24, 

when s amples were held between 2 -8˚C. Samples for surveillance and di agnostic work a re 

collected from farm sites located in the south-east, northern and western regions of Tasmania 

and sent to the Animal Health Laboratory of DPIPWE laboratory for testing within 24 hours. 

Therefore, t he t ime p oints at  t  = 0  an d t  = 2 4 h ours w ere s elected b ecause t he s amples 

typically are received by the laboratory within 24 hours of collection. This was important to 

determine since TSRV, an Aquareovirus, is a double-stranded RNA virus and labile (Lupiani 

et al., 1995; Nason et al., 2000). The outer capsid layer of Aquareoviruses’ virions has been 

reported t o be  l abile and pr one t o de gradation ( Lupiani et al., 1995;  N ason et al., 2000) . 

Samples c ollected i n t he f ield a re ke pt c ool b y packing t hem i n a n i nsulated box  w ith i ce 

bricks be fore be ing de spatched. T he d ecay r ate of  vi ral i nfectivity, a nd he nce i ntegrity i s 

influenced by temperature (Johnson, 1990); therefore keeping samples cool once collected is 

important in maintaining integrity of the virus, consistent with OIE (2011) recommendations. 

Experimentally, samples were held between 2-8˚C and it is not known if field samples could 

be kept within this temperature range using an insulated container with ice bricks, particularly 
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in s ummer t ime. M oderate l evel o f agreement was o btained b etween t  = 0  an d t  = 2 4 

suggesting that t he swabs can be  s tored in VTM for 24 hour s and s till yield s imilar qPCR 

results.  

 

 The stability of TSRV for 24 hours is assumed to be at least partly due to the storage 

of s wabs i n V TM. V TM, ba sed on Hank’s b alanced buffered salt s olution (HBBS) 

supplemented with 10% FBS, is the recommended medium for the preservation and transport 

of v iral s amples f rom t he f ield to  la boratory (Crane a nd W illiams, 2008). The ap parent 

stability of TSRV in VTM is likely to be due to the Hank’s balanced salt solution because of 

its ability to  s tabilise o smotic p ressures, i mportant t o m aintaining vi rus i ntegrity (Johnson, 

1990). Protein, supplied by the FBS, is also important for virus stability (Johnson, 1990). In a 

study o f t ransport m edium t o r ecover hum an r espiratory vi ruses, i t w as found t hat 90%  of  

viruses could be recovered where the transport medium was based on HBBS (Huntoon et al., 

1981).  

 

 Vigorous shaking in VTM appeared to be a reproducible process for releasing TSRV 

from swabs given consistent C T values at both t  =  0 a nd t  = 24. In this s tudy with TSRV, 

once t he s ample was collected b y s wab, i t w as shaken vi gorously i n VTM t o i ncrease t he 

likelihood of virus release from the sample and reduce the effects of entrapment in the swab. 

Bacteria collected using swabs in transport medium have been shown to be viable for at least 

48 hour s f rom t he t ime of  s ampling, c onfirming t he a dequacy o f s wabs a s a n e ffective 

collection method (Mahony and Chernesky, 1985; Farhat et al., 2001). Reduced recovery of 

samples f rom s wabs i n t ransport m edium h as be en attributed t o organism e ntrapment, 

particularly where the number o f t rapped organisms was too low to be adequately released 

once the swab was applied to the surface of the bacteriological culture medium (Collee et al., 
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1974; Sng et al., 1982). Based on research carried out to study the recovery of bacteria from 

swabs, a gitation of  a  l oaded s wab i n s terile br oth r eleased l arger num bers of  or ganisms 

compared to a p assive process where swabs were not agitated (Collee et al., 1974). Overall, 

these findings provided confidence that VTM preserves the integrity of TSRV held at 4˚C for 

24 hours and that swabs can be used as a convenient sampling method.  

 

Pooled sample collection (organs versus swabs) 

 

 This study indicated that pooling four negative samples with one positive sample did 

not a ffect t he l imit of  detection of  t he c ollection m ethods f or di lutions c ontaining hi gh 

concentrations of  T SRV ( CT values <  32.0 c ontaining 1.94 x  10 5 molecules/µl v iral c opy 

numbers). However, pools of five organ samples or five swabs at lower dilutions had higher 

CT values (> 35.8) for the tissue combinations than higher dilutions. This is because pooling 

of i ndividual f ish reduces the l ikelihood of  de tecting vi rus a t l ow pr evalence/viral l oad 

(Cowling et al., 1999; Wuthiekanun et al., 2001; Grmek-Kosnik et al., 2005; Gomes-Keller 

et al., 2006). In a study of salmonid alphavirus (SAV), an ssRNA virus, samples which had 

an i ndividual C T value greater t han 35 ( low vi ral l oads) ha d a  vi ral l oad t hat f ailed t o be  

detected b y qPCR w hen an alysed in pool s f or S AV ( Jansen et al., 2010 ). T his s hows t hat 

pooling reduced the l ikelihood of  detection of  SAV, which is in agreement with this s tudy. 

Pooling of  s pecimens (pooled s wabs) d ecreased the s ensitivity o f M RSA (methicillin-

resistant Staphylococcus aureus) detection compared with processing each swab separately, 

particularly i n s wabs w ith a  l ow num ber of  c olony-forming u nits (Grmek-Kosnik et al., 

2005). In another study, the use of pooling of buccal swabs for the detection of FeLV (Feline 

leukimeia v irus), a n s sRNA vi rus, de monstrated a  l imitation of  t he m ethod due  t o l oss of  

sensitivity because of the dilution effect in samples (Gomes-Keller et al., 2006). 
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According t o t he M anual of  D iagnostic T ests for A quatic Animals ( OIE, 2011) , 

samples can be pooled for no more than 10 fish per pool for detecting subclinical carriers of 

virus. W hen di sease i s r are ( prevalence <  10 %), pool ed t esting of fers a  c ost-effective 

alternative to  te sting s amples f rom in dividual f ish, if  th e g oal o f a s tudy is  to  e stimate 

incidental p revalence (Cowling et al., 1999). The favourable method to estimate individual 

level of prevalence from pooled samples depends on many factors including the proportion of 

positive pool s i n t he s ample, pool  s ize, num ber of  pool s t ested, pr evalence of t he d isease, 

clinical s tatus of  t he di sease, pur pose of  t he s tudy, s ensitivity and s pecificity of  di agnostic 

methods (Cowling et al., 1999; Rovira et al., 2007; OIE, 2011).  

 

Pooling r educes m aterial a nd l abour c osts dur ing s ample c ollection a nd pr ocessing 

(Thoesen, 1994; Kapala et al., 2000; Morre et al., 2001; Mumford et al., 2005; Gomes-Keller 

et al., 2006;  Mertz et al., 2007), resulting in an increase in effective sample s ize (Thoesen, 

1994) a nd a r eduction o f w orkload b y a llowing the t esting o f a  l arger n umber o f s amples 

(Rovira et al., 2007;  E ngelsma et al., 2009) . P ooling of  s amples can b e s uccessful i f t he 

diagnostic test has a high analytical sensitivity (Rovira et al., 2007). Although, they were not 

compared directly, the individual and pooled collection methods demonstrated similar limits 

of detection, 1.94 x 104 molecules/µL (viral RNA copy number) for organ samples and 1.94 x 

105 molecules/µL for s wabs. A  pool ing s trategy would be  a dequate f or t he c ollection of  

samples f or T SRV f or t hese reasons: t he qP CR us ed f or t he de tection of T SRV i s hi ghly 

sensitive and specific (see Chapter 2 of  this thesis); the prevalence of  TSRV in Tasmanian 

population of  A tlantic s almon i s l ess t han 10%  ( Gemma C arlile p ers c ommunication; see 

Chapter 2 of  this thesis); and the decrease in sensitivity can be compensated by an increased 

potential to use and accommodate a larger number of samples. 
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 The a dvantages of  us ing s wabs a s a  pr eferred s ample c ollection m ethod f or t he 

detection of  T SRV c ompared t o o rgan s amples are evident f rom t hese experimental t rials. 

Swabs ap pear w ell s uited as  t he s ample co llection m ethod f or s urveillance an d s creening 

where the purpose of testing is to establish presence or absence of TSRV in a population. The 

use of  organ s amples as t he sample c ollection m ethod w ould be  m ore s uitable f or t he 

determination o f f reedom f rom d isease, because i t i s cr itical to detect every s ingle positive 

sample. F urther s tudies should be done  to v alidate th e u se o f s wabs in  field tr ials u sing a 

larger number of samples and to evaluate different types of swab material that could be used 

for viral sample collection. The studies described in this chapter have led to the development 

of a  r igorous a nd de fined s ample c ollection m ethod f or T SRV. F ollowing t hese studies 

described swabs h ave b een ad opted as  the diagnostic s ample c ollection me thod for t he 

detection of  T SRV b y t he F ish H ealth U nit, A nimal H ealth Laboratory, D PIPWE, 

Launceston, Tasmania. 
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CHAPTER 4 

Field investigation on incidence of TSRV infections with other pathogens 

4.1 Introduction 

 

Reovirus i nfections h ave be en r eported i n di sease out breaks with m ixed a etiology 

(Baya et al., 1989; Lupiani et al., 1989; John et al., 2001; Cusack et al., 2001; Hoole et al., 

2001). This does not only demonstrate the uncertainty about the virulence and pathogenesis 

of a quareoviruses in t hese co -infections, but  also about t he pot ential r ole of  aquareovirus 

infections in ot her di sease out breaks. Isolation of  aquareovirus often oc curs dur ing 

investigations t hat de monstrate c onditions w ith a m ixed or  unknow n a etiology, i nvolving 

either other viruses or a bacterial infection. In mixed infections with bacteria, treatment of the 

bacterial in fection w ith antibiotics doe s not  a lways r esolve t he c ondition, suggesting t hat 

reovirus may play some role in the disease (Lupiani et al., 1989; Crane and Carlile, 2008). An 

infection with a virus may adversely affect the resistance of a host to other infectious agents 

by influencing the host’s immune response to other pathogens (Phuoc et al., 2009).  

 

The Tasmanian A tlantic s almon i ndustry has for m any years ex perienced s everal 

diseases as sociated w ith d ifferent p athogens s uch as  Tasmanian A tlantic s almon R eovirus 

(TSRV), T asmanian A quabirnavirus ( TAB), T asmanian R ickettsia-like or ganism ( TRLO), 

Yersinia ruckeri, Vibrio sp., Aeromonas salmonicida and Neoparamoeba perurans. The co-

occurrence of diseases in the production of salmonids is likely to be a result of a combination 

of factors which could include environmental changes, weakening of the immune system of 

the hos t, t hus, i ncreasing t he s usceptibility o f t he hos t t o c o-infections w ith di fferent 

pathogens in the environment (Nylund et al., 2011). The occurrence of TSRV, predominantly 

in South-east Tasmania, has raised qu estions concerning the potential role o f TSRV in  the 
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outbreaks of  t wo di fferent c ommercially i mportant di seases f ound onl y i n S outh-east 

Tasmania, Amoebic gill disease (AGD) and Rickettsiosis. 

 

AGD is an  ec onomically important d isease (Munday et al., 1990;  N owak, 2001; 

Parsons et al., 2001) caused by  Neoparamoeba perurans (see Young et al., 2007) which can 

be isolated from the gills of infected Atlantic salmon. Mortality rates of up to 50% in Atlantic 

salmon can occur if the disease is left untreated (Munday et al., 1990). The prevalence of N. 

perurans is influenced by environmental conditions such as seasonal water temperature and 

salinity; both considered to be  important f actors in t he o ccurrence o f the d isease (Nowak, 

2001). Rickettsiosis (caused by TRLO infections) has occurred periodically s ince 2001 a nd 

occurs i n close association w ith T SRV i nfections i n A tlantic s almon ( Morrison, 2011) . In 

2006, s ignificant a nd w idespread disease occurred dur ing s ummer i n S outh-east T asmania 

which r esulted i n significant mortalities ( Morrison, 2011) . S ince t he f irst out break of  

rickettsiosis, t his di sease ha s be en t reated w ith o xytetracycline ( OTC). DPIPWE 

(Launceston) has developed an experimental vaccine, Corrovac for TRLO infections, which 

is c urrently unde rgoing field t rials ( Jeremy C arson, D PIPWE pe rs c ommunication). It h as 

been i mplied t hat A tlantic s almon a re e xposed s imultaneously t o T SRV, N. perurans and 

TRLO when i ntroduced a s s molts i nto t he m arine environment (Mark C rane p ers 

communication). Co-infections with these pa thogens either naturally or b y experimentation 

has not been investigated systematically. 
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Experimental infections of Atlantic salmon with TSRV suggested that TSRV was of 

low pathogenicity (Humphrey et al., 1993;  Crane et al., 1993), a f inding confirmed b y the 

frequent isolation o f T SRV fro m farmed fish i n t he ab sence o f clinical s igns o f d isease. 

Moreover, e xperimental TSRV infections tr ials demonstrated i nconsistent results. An ear ly 

infection tr ial us ing 11 -month-old A tlantic s almon, infected by i ntraperitoneal i noculation 

(IP), showed viral r eplication and p ersistence in  Atlantic s almon in  th e absence o f clinical 

disease or severe pathological changes (Humphrey et al., 1993). Histological examination of 

tissues sampled from experimental fish showed moderate focal mononuclear cell infiltrations 

of t he l iver a nd va scular c ongestion i n onl y a few of  t he i nfected f ish a nd no hi stological 

changes w ere o bserved i n t he r emaining infected salmon (Humphrey et al., 1993 ). No 

mortalities w ere r ecorded a mong i noculated fish f or t he e xperimental dur ation of  29 da ys 

(Humphrey et al., 1993 ). However, 5- and 8 -month-old Atlantic s almon inoculated w ith a 

similar titr e ( TCID50/µL: 1 03.3) of TSRV showed ne crotic a nd d egenerative l esions i n t he 

liver, pancreas, spleen, kidney and gastrointestinal tract at 9 days post-inoculation (Crane et 

al., 1993). Atlantic salmon held at two temperatures, 8-10°C and 18-22°C, were infected via 

intraperitoneal (IP) inoculation. No mortalities were recorded for Atlantic salmon held at 8-

10°C w ith ve ry f ew r ecorded i n t he 18 -22°C group, s uggesting t hat A tlantic s almon a t 5 

months of age had a low susceptibility to TSRV (Crane et al., 1993). Further TSRV infection 

trials showed that the histological changes included mild-to-severe, multifocal, acute hepatic 

necrosis, mild-to-severe, multifocal necrosis of the renal haematopoietic tissue and moderate-

to-severe and multifocal acute pancreatic necrosis with foci of liquefactive fat necrosis in the 

most severe cases (Gemma Carlile pers communication). There is a need for further research 

on the gross pathology and histological changes associated with TSRV infections in farmed 

Atlantic salmon. 
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This c hapter f ocused o n c o-infections of  N. perurans, T RLO a nd T SRV a nd t he 

hypothesis that a primary infection with TSRV would increase the susceptibility of infected 

fish to infections with other agents. This was investigated through a field study and analyses 

of a rchival da ta. C omparison be tween gross pa thology and hi stological changes a ssociated 

with infection of TSRV was described.  
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4.2 Materials & Methods  

4.2.1 Study site and sampling  

 

 Atlantic s almon w ere s ampled f rom f arm s ites lo cated in  South-east T asmania 

between 19th January and 2nd March 2011. A total of 195 fish were collected from 3-5 cages 

from two or three sites during each sampling. Each time, at least 45 salmon were sampled; 

these included live, apparently healthy fish (used as controls), moribund fish and freshly dead 

fish. T he l argest proportion of  f reshly d ead s almon w ere c ollected on  2nd M arch s ince 

moribund fish were unavailable, whereas the smallest proportion of dead fish was collected 

on 16th February. Some of the salmon (fish numbered from 151 to 189) on 2nd M arch 2011 

by in tra-peritoneal i njection w ith t he bi valent va ccine A nguinmonas against V ibriosis a nd 

Aeromonas s epticaemia, as  t hese s almon w ere i nitially d estined f or Macquarie H arbour 

which, i n c ontrast t o S outh-east T asmania, r equires ( by le gislative r egulations) th e f ish to 

receive t his vaccine (Macquarie H arbour i s known t o be a r isk f actor f or t hese i nfections). 

Table 4.1 shows the sampling dates, numbers of fish sampled according to the status of fish, 

fish s ize, num ber of  c ages pe r s ite, num ber of s ites a nd Figure 4.1  shows t he water 

temperature ( taken a t 5  metres depth) a t the time of sample collection. For a ll the sampled 

fish, the mean weight was1.59 kg  (standard error 1.11 kg) and the mean length was 44.85 cm 

(standard error 8.17 cm). 
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Table 4.1 T otal number of fish sampled according to fish status, number of sites, number of cages per sites on e ach sampling dates from farm 

sites  in South-east Tasmania,  fish sizes and water temperature during the study. NA: Not available. 

 

Sampling Number of  Number of 
 Fish mean weight (kg) 

& 
Fish mean length 

(cm) &  Water Fish Fish 
 dates (2011) sites cages  standard error standard error  temperature (°C)  status  number 
19th January 3 3 2.10 ( 1.43) 41.9 (7.20) 15.5 Control 11 

      
Moribund 20 

            Dead 19 
1st February 2 4 1.62 (1.26) 47.6 (8.33) 15.6 Control 11 

      
Moribund 18 

            Dead 21 
16th February 2 5 1.65 (0.66) 48.3 (7.16) 16.5 Control 21 

      
Moribund 17 

            Dead 7 
2nd March 2 3 0.99 (1.10) 41.6 (10.0) 16.7 Control 15 

      
Moribund NA 

      
Dead 35 

            Total  195 
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Figure 4 .1 W ater te mperature ta ken a t 5 m d epth a t th e s tudy area d uring s ampling time  
between 19th January ad 2nd March 2011.  
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To examine the nature of infection with TSRV in Atlantic salmon, gross signs were 

observed and samples for histology, microbiology and molecular diagnostics were collected. 

The fish were euthanized using a solution of AQUI-S (0.5 mL/20 L water) (AQUI-S®, New 

Zealand). The weight an d l ength were m easured, and g ross signs a nd clinical h istory were 

recorded. Presence of other pathogens was investigated. For each fish, the kidney sample was 

collected using a sterile loop, a thin smear was prepared on slides for all the samples and air-

dried for Gram staining. Another kidney sample collected using a loop was streaked out on 

sheep’s Blood Agar (blood agar base no. 2, O xoid, Adelaide, enriched with 7% defibrinated 

sheep’s blood) and TCBS Agar (thiosulphate c itrate bi le sucrose agar, Oxoid) and the agar 

plates w ere ke pt on i ce. Thiosulphate-citrate-bile s alts-sucrose a gar (T CBS) i s a  t ype o f 

selective a gar medium that is  u sed to  is olate Vibrio spp. Blood A gar i s a  ba cterial growth 

medium that can distinguish normal from pathogenic bacteria based on the effect of bacterial 

haemolytic exotoxins on red blood cells (Pfeffer and Oliver, 2003).  

 

Samples for TSRV isolation were obtained from kidney, liver and spleen. The organs 

were swabbed with sterile wooden cotton-tipped swabs (Livingstone International, Australia) 

for a  f ew s econds a nd t hen t he s wabs w ere s haken vi gorously i nto a  corresponding t ube 

containing 3 mL viral transport medium (VTM). The wooden handle of the swab was broken 

off a t t he h eight of  t he t ube which was t hen capped r eady for t ransport. For th e testing o f 

Tasmanian Rickettsia-like o rganism ( TRLO), po oled s amples of  ki dney, l iver a nd s pleen 

were excised aseptically and placed in a s terile container. The samples for TRLO and TSRV 

were kept on ice and packed securely in an insulated box with ice bricks. 
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For th e te sting o f N. perurans, s amples w ere c ollected f rom A tlantic s almon g ills 

using s wabs a nd s tored i n R NA laterTM. U pon pr ocessing, t he s wabs w ere r emoved f rom 

RNA laterTM and pl aced di rectly i n T issue and Cell Lysis S olution ( Epicentre, W isconsin, 

USA). The DNA e xtraction an d q PCR as say w ere p erformed as r eported b y Bridle et al. 

(2010). For hi stological examination, s amples of  g ills ( arch 2 a nd 4) , ki dney, l iver, spleen, 

skin and muscle through the lateral line, gut, pyloric caeca, heart and brain were fixed in 10% 

Neutral Buffered F ormalin ( NBF). E ach t ime, 90 % t o 1 00% c ontrol fish a nd 30%  t o 94 % 

moribund fish, out of the total proportion of fish collected in this investigation were subjected 

to histological examination. None of the dead fish were sampled for histology (due to tissue 

autolysis compromising tissue integrity). The samples for N. perurans (swabs) were sent to 

National C entre for M arine C onservation and R esource S ustainability, University of  

Tasmania for fu rther p rocessing. A ll the o ther samples w ere t aken to t he A nimal H ealth 

Laboratory, M ount P leasant Laboratories ( AHL) f or receipt i n 24 hours a nd further 

processing.  

 

4.2.2 Histology 

 

 The fixed samples were transferred to 70% ethanol (EtOH) and a mid-sagittal section 

of each  sample was then cu t, t rimmed into hi stology cassettes and processed us ing a  Leica 

tissue pr ocessor (Leica M icrosystems, A ustralia). Once p rocessed, t he cas settes w ere 

transferred to the embedding console and the samples were embedded in paraffin wax (Leica 

Microsystems, A ustralia). Sections of  5 µm t hickness w ere cut f rom e ach bl ock us ing a  

microtome (Microm, Cambridge Scientific, USA) and the prepared s lides were dried in the 

60˚C hot a ir ove n f or at l east 15 m inutes. O nce dr ied, t he s ections w ere s tained with 

haematoxylin and eosin and viewed using a Nikon Optiphot (Optotek, USA) microscope. The 
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sections were photographed with a Leica DC300f camera (Wetzlar, Germany) mounted on a  

light mic roscope (Olympus B H2, H amburg, G ermany) and i mages w ere modified using 

Image Manager Version 1.20 software (Leica IM50).  

 

4.2.3 Microbiological examination  

 

 Smears w ere s tained b y m odified H ucker’s m ethod ( Hendrickson &  K renz, 1991)  

using dilute carbol fuchsin as the counterstain (Preston & Morrell, 1962). The tissue smears 

were heat-fixed b y passing the smear f ace up for 2 -3 minutes through a Bunsen f lame and 

then c ooled on t he be nch f or 2  m inutes p rior t o t he s taining pr ocedure. The c ulture p lates 

were incubated at  25°C for 48 hou rs. Growth on  culture plates was assessed for purity and 

colonies were subcultured to appropriate media for subsequent identification. Cultures were 

assessed by Gram stain to determine cell morphology, cell arrangements and Gram reaction. 

For G ram ne gative r ods, ox idase r eaction w as de termined b y K ovács’ m ethod ( Cowan, 

1974). Gram ne gative rods t hat were oxidase negative were presumptively allocated to  the 

Enterobacteriaceae and identification undertaken using the MicroSys E24 phenotyping panel 

(DPIPWE, Launceston).  

 

 Phenotypic pr ofiles w ere a ssessed b y pr obabilistic i dentification s oftware, P IBWin 

(Bryant, 2004)  a nd data m atrix d escribed b y Farmer ( 1995). Isolates id entified a s Yersinia 

ruckeri were as sessed against t he cr iteria described b y C arson a nd Wilson ( 2009) to 

determine s erotype and bi otype. Gram ne gative r ods t hat w ere o xidase p ositive w ere 

presumptively allocated to  th e Vibrionaceae and i dentified us ing t he M icroSys V 36 

phenotyping panel (DPIPWE, Launceston). Phenotypic profiles were assessed using PIBWin 
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and t he V ibEx7 da ta m atrix (Carson et al 2008). A n i dentification w as a ccepted when t he 

Willcox probability value P ≥ 0.99 and the modal likelihood score was ≥ 0.001. 

 

 The isolates t hat w ere n ot r epresented i n t he d ata m atrix w ere reported as a Vibrio 

species, not  i dentified. T hey had ch aracteristics co nforming t o those that de fine t he 

Vibrionaceae family: G ram n egative r ods, ox idase pos itive, g lucose fermentative a nd 

sensitive to the pteridine compound 0/129 a t 150  µg. Identification of isolates as Nocardia 

species was made on t he basis of Gram reaction, cell morphology and arrangement, colony 

morphology and acid-fastness by the modified Ziehl-Neelsen stain method. Identification to 

species level for Nocardia sp. was not undertaken. 

 

4.2.4 TaqMan qPCR assay for TSRV  

4.2.4.1 RNA extraction  

 

RNA ex traction w as ca rried o ut using t he MagMAX-96 V iral R NA Isolation K it 

(Applied Biosystems, USA) a nd pr ocessed us ing t he MagMAX™ Express 96 m agnetic 

particle p rocessor (Applied B iosystems, U SA). The s wabs i n V TM w ere s haken l ightly 

before removing 70 µL from the bottom of the tube for RNA extraction. The Lysis/Binding 

solution was prepared by adding 1.1 µL carrier RNA in 75 µL Lysis/Binding buffer; 75 µL 

100% i sopropanol w as a dded t o t his m ixture ( carrier R NA and Lysis/Binding buf fer) a nd 

mixed thoroughly. Each extraction reaction for a sample required 20 µL RNA Binding Bead 

Mix. RNA Binding Bead Mix consisted of RNA binding beads and Lysis/Binding Enhancer. 

The RNA binding beads were mixed well with a vortex mixer at a moderate speed to form a 

uniform suspension. A total of 10 µL RNA binding beads (10 mg/mL) were added to 10 µL 

Lysis/Binding Enhancer, mixed with a vortex mixer and kept on ice until needed.  



147 

 

The MagMAX™ processing p lates w ere p repared acco rding t o t he m anufacturer’s 

instructions (Appendix IV). Deep-well p lates were u sed for al l t he p rocessing s teps except 

elution (the last stage) when an elution plate with l id was used. The processing plates were 

loaded i nto a ppropriate l oading s tations i n t he m agnetic particle p rocessor (MagMAX™ 

Express 96) and the extraction was carried for 30 minutes. The elution plate was sealed with 

plate-sealing tape and stored at -20˚C till PCR amplification. 

 

4.2.4.2 qPCR assay 

 

The qRT-PCR detection for TSRV was conducted using the specific primer and probe 

set de veloped b y C arlile ( 2011). The p rimers and pr obe for t he q RT-PCR as say were 

designed to amplify and detect an 82 nuc leotide sequence of  cDNA corresponding to 705–

787 bp of the viral genome within segment 10 of TSRV. The sequences for the primers were: 

Forward p rimer, T SRV-10F (position 705 -725, 5’ -GATCGAACCCGTCGTGTCTAA-3’), 

reverse p rimer, T SRV-10R ( position 769 -787, 5 ’-CGGTGCTCAGCTTGTCACA-3’). T he 

TSRV pr obe ( position 731-748, 5’ -CCC G AG CCA  T CT G GG CG C-3’) c ontained a 

fluorescent r eporter d ye, 6 -carboxy-fluorescein ( FAM), l ocated a t t he 5'  e nd a nd t he 

quencher, 6-carboxy-tetramethyl-rhodamine (TAMRA), located at the 3' end.  

 

The qR T-PCR a ssay a lso i ncluded 18S  r ibosomal ( rRNA) primers a nd pr obe s et to 

check f or s ample-specific R T a nd P CR i nhibitors a s w ell a s t o c orrect f or va riation i n R T 

efficiency and template quantity. The primers and probe for 18S were as followed: Forward 

primer, 18F  (5’-CGGCTACCACATCCAAGGAA-3’), r everse primer, 18R  ( 5’-

GCTGGAATTACCGCGGCT-3’) a nd pr obe, 18S  P robe (5’-

TGCTGGCACCAGACTTGCCCTC-3’) w hich c ontained a  pr oprietary f luorescent r eporter 
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dye, ( VIC) l ocated a t t he 5 ' e nd and t he qu encher T AMRA l ocated a t t he 3' e nd. T he 

amplification pr otocol c onsisted of  a ddition of  RNA t o a  m aster m ix a s pe r t he T aqMan® 

one-step RT-PCR master mix reagents kit (Applied Biosystems, USA).  

 

 The reaction mixture consisted of: 5.75 µL RNase free water, 12.5 µL TaqMan® 2 × 

Universal P CR ma ster mi x n o A mpErase® UNG ( containing A mpliTaq G old® DNA 

polymerase), 0.625 µL 40 × MultiscribeTM and RNase inhibitor mix, 1.25 µL Primer TSRV-

10F (18 μM), 1.25 µL Primer TSRV-10R (18 μM), 1.25 µL TSRV-10 probe (5.0 μM), 0.125 

µL 18S rRNA Primer F (10 μM), 0.125 µL 18S rRNA Primer R (10 μM), 0.125 µL 18S 

rRNA V IC l abelled P robe and 2 µL viral RNA. The amplification w as carried out in  ABI 

PRISMTM 7500 F ast R eal-Time S ystem (Perkin-Elmer, A pplied B iosystems, U SA) w ith a  

total of 25 µL reaction mixture. The RNA was amplified with the following programme: an 

initial 30 minutes at 48˚C, followed by 10 minutes at 95˚C, then 45 cycles of 95˚C for 15 

seconds and 60˚C for 1 minute. The cut-off value for qRT-PCR for the detection of  TSRV 

was s et at  C T = 35.8 ( see s ection 2.3.4.1 i n c hapter 2) , he nce, CT values <  35.8 were 

considered positive, CT  values between 35.8-36.13 were ambigious values and CT  values > 

36.13 were considered negative. 
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4.2.5 TaqMan qPCR assay for RLO 

4.2.5.1 DNA extraction  

 

DNA w as ex tracted f rom A tlantic s almon l iver, ki dney and s pleen us ing t he 

MagMax-96 DNA m ulti-sample k it (Applied B iosystems, U SA) a nd pr ocessed us ing t he 

MagMAX™ Express 96 magnetic particle processor (Applied Biosystems, USA). A total of 

92 µL PK buf fer a nd 8 µL 100 m g/mL P roteinase K  w ere a dded t o a  s terile 1.5 m L 

microcentrifuge t ube. E ach or gan (approximately 20 m g) w as ex cised using sterile s calpel 

and f orceps and p laced i n t he p repared s terile m icrocentrifuge t ube. The s amples w ere 

incubated at 55˚C overnight for complete lysis.  

 

 Once the samples were lysed, DNA binding bead mix was prepared for each sample; 

8 µL DNA binding beads (10 mg/mL) were added to 12 µL nuclease-free water. A total of 

200 µL Lysis Buffer and 100 µL of the sample were added to each well of the sample plate; 

prior t o adding 150 µL 100% i sopropanol. The plate was sealed and shaken for 3 m inutes 

(600 rev/min) on a  plate shaker. The MagMAX™ processing plates were prepared according 

to t he m anufacturer’s i nstructions ( Appendix). D eep-well p lates w ere u sed f or al l t he 

processing steps except elution (the last stage) when elution plates with lids were used. The 

processing p lates w ere loaded i nto a ppropriate l oading s tations i n the m agnetic particle 

processor (MagMAX™ Express 96 ) and extraction was carried for 30 m inutes. The e lution 

plate was sealed with plate-sealing tape and stored at -4˚C until PCR amplification. 
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4.2.5.2 qPCR assay 

 

 The TRLO primers and pr obe were b ased o n t he 2 3S r DNA gene, a r elatively 

conserved genomic region of TRLO (Corbeil et al., 2003). Primer and probe sequences were 

as followed: Forward primer, F-760 ( 5’-TCT GGG AAG TGT GGC GAT AGA-3’), reverse 

primer, R 836 (5’-TCC CGA C CT A CT C TT G TT TC A TC -3’) a nd p robe, PS23S (FAM-

TGA T AG C CC C GT AC A C GA AAC  G GC ATA-TAMRA). The p rimers a nd p robe for 

18S were as followed: Forward primer, 18SF (5’-CGG CTA CCA CAT CCA AGG AA-3’), 

reverse primer, 18SR (5’-GCT GGA ATT ACC GCG GCT-3’) and probe, 18S Probe (VIC- 

5’- TGC TGG CAC CAG ACT TGC CCT C -3’- TAMRA).  

 

 The reaction mixture consisted of: 5.37 µL RNase free water, 10.0 µL TaqMan® 2 × 

Universal Fast Master Mix, 0.75 µL Primer F-760 (24 μM), 0.75 µL Primer R836 (24 μM), 

0.75 µL probe (6.66 μM), 0.1 µL 18SF (12.5 μM), 0.1 µL 18SR (0.1 μM), 0.18 µL 18S Probe 

(3.5 μM) and 2 µL bacterial  DNA. The amplification was carried out in ABI PRISMTM 7500 

Fast R eal-Time S ystem (Perkin-Elmer, A pplied B iosystems, U SA) w ith a  to tal o f 2 0 µL 

reaction m ixture. T he DNA w as amplified w ith th e f ollowing p rogramme: a n in itial 2  

minutes at 50˚C, followed by 10 minutes at 95˚C, then 40 cycles of 95˚C for 15 seconds and 

60˚C for 1 minute.  The positive CT cut-off value is < 35.8, CT  values between 35.8-37.0 are 

ambigious and CT  values > 37.0 are considered negative. A positive test result indicates that 

DNA f rom Piscirickettsia sp. is pr esent i n t he submitted s amples. T he P CR pr imers a re 

directed a t t he 23S  rDNA region and a re specific for both Piscirickettsia salmonis and the 

Tasmanian Rickettsia-like organism. It should be noted however that P. salmonis is an exotic 

pathogen and has to-date not been detected in Australia. Tasmanian Rickettsia-like organism 

differs at the genetic and antigenic level from P. salmonis (Corbeil and Crane, 2009). 
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4.2.6 Statistical analysis for field sampling 

 

 The effects of time of sampling and fish status on the prevalence of TSRV and TRLO 

were determined using two-way ANOVA analyses. These results were presented as mean CT 

value ± standard error based on pooled data. Two way ANOVA analyses were conducted to 

test the effect of sampling time and fish status on the size, length and condition factor of the 

fish. T he r esults w ere pr esented a s m ean w eight/length/condition f actor ± standard e rror. 

ANOVA analyses were performed using SPSS® statistic software version 19.0. Values were 

identified as significantly different if p < 0.05. The Tukey HSD post hoc test was applied at a 

significance l evel o f α ≤ 0.05, t o de termine di fferences b etween t he explanatory v ariables. 

Statistical analyses were not performed for Yersinia ruckeri and Nocardia sp. due to their low 

prevalence. Goodness of  fit Chi-square tests (χ2) were conducted to determine difference in 

frequencies o f p resence/absence of N. perurans and Vibrio sp. a ccording t o s ampling t ime 

and fish status. Chi-square Test of Independence was conducted to determine the hypothesis 

whether T SRV pr edisposes f ish t o ot her i nfections. Chi-square T est o f Independence and 

Goodness of fit Chi-square tests (χ2) were performed using SPSS® statistic software version 

19.0 and values were identified as significantly different if p < 0.05. 
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4.2.7 Archival cases 

 

 Data from archival cases of diagnostic submissions were analysed to describe the co-

occurrence of T SRV a nd T RLO based on r esults of  a vailable di agnostic m ethods ( virus 

isolation, conventional he mi-nested R T-PCR, and qP CR) and hi stopathogical ch anges 

coinciding with T SRV in fections in  f armed T asmanian A tlantic s almon. T hese d ata w ere 

obtained from submissions of d iagnostic c ases f rom th e F ish H ealth U nit, A nimal H ealth 

Laboratory, DPIPWE, Launceston, Tasmania. Data collation was difficult as the data set was 

incomplete a nd it w as important to id entify all available d ata t hat co uld b e an alysed. The 

purpose of diagnostic submission for the detection of TSRV and TRLO was found variable 

throughout the years (Table 4.2). Most of the diagnostic samples were a part of the salmonid 

health surveillance program which was initiated by DPIPWE three decades ago.  

  

 Diagnostic submissions were a lso initiated b y incidences o f sudden death of fi sh or 

low mortalities associated with high water temperature, overcrowding, acclimatization after 

transfer from freshwater to seawater and post-transfer mortalities. These diagnostic samples 

were s ubmitted t o i nvestigate w hether p resence/absence o f p athogens ( TRLO/TSRV) 

coincided with any stress factors. Data analysed to describe the co-occurrence of TSRV and 

TRLO were ba sed on t otal c ases o f di agnostic s ubmissions for pa thogens, t otal cas es o f 

presence for both pathogens, total cases of presence for individual pathogen (TSRV or TRLO 

alone) and t otal c ases o f p resence o f T SRV i n the ab sence o f T RLO. The t otal c ases o f 

presence for both pathogens and presence of TSRV in the absence of TRLO were analysed 

from the same cases. The sample of origin for both pathogens were analysed further whether 

the oc currences of  pos itives w ere e ither f rom the s ame s ample or  popul ation us ing t he 

following formula: (total c ases f rom  th e s ame s ample/total c ases o f presence for b oth 
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pathogens) x  100% and  ( total cases from  t he s ame population/total cases of  pr esence for 

both pathogens) x 100%. 

 

 
 

 

          
Year Diagnostic submission Purpose of diagnostic submission  

 
(Total cases) 

   TSRV TRLO     
2001 14 11 

 
Salmonid surveillance (first outbreak of TRLO in 2001) 

2002 6 8 
 

Salmonid surveillance 
2003 9 5 

 
Salmonid surveillance and  stress factor was high temperature (17°C) 

2004 3 5 
 

Salmonid surveillance 
2005 None None 

 
None 

2006 3 11 
 

Salmonid surveillance (TRLO testing) 
2007 10 10 

 
Salmonid surveillance 

2008 11 8 
 

Salmonid surveillance 
2009 23 12 

 
Salmonid surveillance and stress factors  

    
were associated with high temperature, acclimization and transport 

2010 22 20 
 

Sudden death, low mortality due to stress factors: high temperature  

    
(16°C-21°C) and overcrowding 

2011 7 6   Salmonid surveillance 
 

 

 

 

 

 

 

 

 

 

 

Table 4.2 The purpose of submission of diagnostic cases for the detection of TSRV and TRLO between 
2001 and June 2011. None = no submission of diagnostic cases. 
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4.3 Results  

4.3.1 Effect of sampling time and fish status on prevalence of pathogens and size, length    
          and condition factor of fish 
 

 

 A to tal o f 189 ( 96.9%) out of  t he 195 fish sampled showed pr esence o f pa thogens 

including TSRV, Yersinia ruckeri, Vibrio sp., TRLO (Tasmanian Rickettsia-like organism), 

Nocardia sp. and N. perurans or a combination of these pathogens. Significant differences (p 

< 0.001) were observed in size of the sampled fish (both length and weight) between different 

sampling dates (Figure 4.2- 4.3). No significant differences were observed for the condition 

factor ba sed on t he s ampling t ime a nd fish s tatus (Figure 4.4 ). T able 4.3 i llustrates t he 

presence of  di fferent p athogens f ound i n A tlantic s almon dur ing t his i nvestigation. N. 

perurans (causative a gent of  A GD) w as t he m ost pr evalent pa thogen followed b y T RLO, 

other bacterial infections and TSRV. Only one fish (number 174, dead) which was positive 

for T SRV ha d co-infection w ith T RLO and N. perurans on th e la st d ay of s ampling, 2 nd 

March. Thus, this co-infection was present in 0.5% of all sampled f ish. Similarly, only one 

fish (number 34, dead) which was positive for TSRV had co-infection with Yersinia ruckeri. 

All th e s almon which were pos itive f or T SRV ( 6.15% of all s ampled s almon) h ad co-

infection w ith N. perurans. N one of  t he s ampled f ish ha d c o-infections with all th e 

pathogens. Four (2.0%) of the positive samples for TSRV, including three freshly dead and a 

moribund were infected by Vibrio sp.  
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Figure 4.2  Mean (± S E) w eight of  fish ( g) a ccording t o s ampling t ime a nd f ish s tatus. 
Different lower case letters denote significant differences at p < 0.05. SE: standard error. Fish 
status: 1: Control, 2: Moribund and 3: Dead. 
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Figure 4.3  Mean ( ± S E) l ength of  fish ( cm) a ccording t o s ampling t ime a nd f ish s tatus. 
Different lower case letters denote significant differences at p < 0.05. SE: standard error. Fish 
status: 1: Control, 2: Moribund and 3: Dead. 
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Figure 4.4  Mean ( ± S E) c ondition f actor ( K) a ccording t o s ampling t ime a nd f ish s tatus. 
Different lower case letters denote significant differences at p < 0.05. SE: standard error. Fish 
status: 1: Control, 2: Moribund and 3: Dead. 
 

 

 



158 

 

Table 4.3 Co-infections with different pathogens found in Atlantic salmon. Positive CT values obtained for the detection of TSRV and TRLO by 
qPCR, positive results for the detection of N. perurans by qPCR and bacterial infections by Gram staining and cultures. Bold letters show fish 
co-infected with TSRV and other pathogens. 

Fish 
number Fish status 

TSRV (qPCR-  
CT values) TRLO (qPCR-CT values) 

N. perurans 
(qPCR) Other pathogens 

12 Dead Negative Negative Positive Yersinia ruckeri 
13 Dead Negative Negative Positive Yersinia ruckeri 
14 Dead Negative Negative Positive Yersinia ruckeri 
15 Dead Negative Negative Positive Yersinia ruckeri 
34 Moribund 31.931 Negative Positive Negative 
38 Dead 34.14 Negative Positive Negative 
44 Dead 29.83 Negative Positive Yersinia ruckeri 
68 Moribund 35.807 Negative Positive Negative 
83 Dead 33.227 Negative Positive Negative 
85 Dead Negative 19.72 Positive Negative 
86 Dead Negative 31.00 Positive Negative 
87 Dead 35.08 Negative Positive Vibrio tasmaniensis 
90 Dead 30.68 Negative Positive Negative 
91 Dead 32.26 Negative Positive Vibrio sp 
92 Dead 29.75 Negative Positive Vibrio sp 

122 Control 35.04 Negative Positive Vibrio splendidus 
123 Control Negative Negative Positive Vibrio sp 
129 Dead Negative 32.84 Positive mixed growth inc Vibrio sp 
130 Dead Negative Negative Positive Vibrio splendidus, V. tasmaniensis, Vibrio spp. 
132 Dead Negative 33.38 Positive Nocardia sp. 
133 Dead Negative 22.34 Positive Negative 
135 Control Negative 30.54 Positive Negative 
137 Control Negative 34.31 Positive Negative 
138 Control Negative Negative Positive Vibrio sp. 
141 Control Negative 31.88 Positive Negative 
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Fish 
number Fish status 

TSRV (qPCR- 
CT  values) 

TRLO (qPCR-CT 
values) 

N. perurans 
(qPCR) Other pathogens 

142 Control Negative 36.53 Positive Negative 
145 Control Negative 35.00 Positive Negative 
155 Control Negative 34.72 Positive Negative 
160 Control Negative 32.62 Positive Negative 
164 Control Negative 35.43 Positive Negative 
165 Control Negative 28.56 Positive Negative 
166 Dead Negative 26.41 Positive Negative 
167 Dead Negative 26.21 Positive Vibrio sp. 
168 Dead Negative 19.40 Positive Vibrio sp. 
169 Dead Negative 31.55 Positive Negative 
171 Dead Negative 28.16 Positive Negative 
172 Dead Negative 22.16 Positive Negative 
173 Dead Negative 34.66 Positive Negative 
174 Dead 35.12 22.74 Positive Negative 
175 Dead Negative 27.80 Positive Negative 
176 Dead Negative 14.61 Positive Negative 
177 Dead Negative 25.51 Positive Vibrio sp. 
178 Dead Negative 21.44 Positive Vibrio sp. 
180 Dead Negative 18.84 Positive Negative 
181 Dead Negative 17.60 Positive Negative 
182 Dead Negative 21.59 Positive Negative 
183 Dead Negative 22.04 Positive Negative 
184 Dead 34.27 Negative Positive Negative 
185 Dead Negative 30.33 Positive Vibrio sp. 
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Fish number Fish status 

TSRV (qPCR- 
CT values) TRLO (qPCR-CT values) 

N. perurans 
(qPCR) Other pathogens 

186 Dead Negative 18.27 Positive Negative 
187 Dead Negative 18.65 Positive Negative 
188 Dead Negative 21.76 Positive Negative 
189 Dead Negative 33.87 Positive Negative 
190 Dead Negative 28.18 Positive Negative 
191 Dead Negative 32.41 Positive Negative 
192 Dead Negative Negative Positive Vibrio sp. 
194 Dead Negative 28.84 Positive Negative 
195 Dead Negative 23.61 Positive Negative 
196 Dead Negative 23.10 Positive Negative 
197 Dead Negative 23.03 Positive Negative 
198 Dead Negative 35.62 Positive Vibrio sp. phenon 45 
199 Dead Negative 27.38 Positive Negative 
200 Dead Negative Negative Positive Vibrio sp. 

Total positives 12 44 190 22 
Total samples 195 195 194 195 
Total prevalence 
(%)    6.15 22.00 97.9 11.28 
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 Total prevalence o f pa thogens was i nfluenced b y the di fferent proportion of  f ish of  

different s tatus, w ith m ore de ad s almon ( n=82) s ampled t han controls or m oribund f ish. 

There w ere di fferences i n t he pr oportion o f di fferent s tatus s almon at e ach s ampling t ime, 

making comparisons between the sampling times difficult. Comparison of total positives for 

the different pathogens showed higher prevalence in freshly dead salmon than in live controls 

or moribund for each sampling t ime (Table 4.4) . TRLO was found in l ive controls on 19 th 

January only, whereas Yersinia ruckeri and Nocardia sp. were found only in freshly dead fish 

on 19th January and 16th February, respectively. Moribund salmon and freshly dead fish were 

positive f or T SRV m ore of ten than the c ontrol fish. Comparison of  t otal pos itives f or 

pathogens ba sed on the sampling date s howed h ighest prevalence o f p athogens at  t he l ast 

time of sampling, 2nd March 2011, most likely due to the highest proportion of dead salmon 

(n=35 out of 50) on that day (Table 4.4). 
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Table 4.4 Total p ositives for T SRV ( Tasmanian S almon R eovirus), T RLO (Tasmanian 
Rickettsia-like or ganism), N. perurans, Vibrio sp., Yersinia ruckeri and Nocardia sp.  
according to  th e s ampling time  and f ish s tatus. R esults presented as  p revalence. Prev: 
Prevalence.  

  

 

 

 

 

 

 

 

                
Sampling  Fish  

  
Prev (%) 

   
time status TSRV TRLO N.perurans 

Vibrio 
sp. Y.ruckeri 

Nocardia 
sp. 

19th Jan Control (n=11) 0.0 9.1 90.9 0.0 0.0 0.0 

 
Moribund (n=20) 5.0 0.0 100.0 0.0 0.0 0.0 

 
Dead (n=19) 10.5 0.0 100.0 0.0 26.3 0.0 

        1st Feb Control (n=11) 0.0 0.0 100.0 0.0 0.0 0.0 

 
Moribund (n=18) 5.6 0.0 94.4 0.0 0.0 0.0 

 
Dead (n=21) 23.8 9.5 100.0 14.2 0.0 0.0 

        16th Feb Control (n=21) 4.8 23.8 90.5 3.0 0.0 0.0 

 
Moribund  (n=17) 0.0 0.0 88.2 0.0 0.0 0.0 

 
Dead (n=7) 0.0 42.8 100.0 28.6 0.0 14.7 

        2nd Mar  Control (n=15) 0.0 26.6 100.0 0.0 0.0 0.0 

 
Moribund (n=0) NA NA NA NA NA NA 

 
Dead (n=35) 6.3 82.8 100.0 3.0 0.0 0.0 

                
Total  Control (n=58) 1.72 15.52 96.4 (n=57) 5.17 0 0 
prevalence Moribund (n=55) 3.63 0 94.5 0 0 0 
  Dead (n=82) 10.97 42.68 100.00 15.85 6.09 1.21 
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 Fish status (live controls, moribund and freshly dead) had a significant effect on t he 

prevalence o f T RLO ( ANOVA, p < 0.001) . However, t here w as no s ignificant e ffect for 

TSRV (Table 4.5 and Figure 4.5). The presence of N. perurans (χ2 = 6.889, df  2, p = 0.032) 

and Vibrio sp. (χ2 = 6.250, df 1, p = 0.012) depended on fish status, with more positives found 

in dead salmon than in  live controls or moribund fish (Figure 4.6). 

 

Table 4.5  qPCR r esults of  TSRV (Tasmanian Salmon R eovirus) a nd T RLO ( Tasmanian 
Rickettsia-like o rganism) in  A tlantic s almon s hown a s mean C T value ±  S E  f or each  f ish 
status (pooled da ta). p values w ere c alculated u sing o ne w ay A NOVA t o d etermine m ean 
differences of  the prevalence of the pathogens according to fish status. p value significant at 
the 0.05 level. SE: standard error.  
 

      

Fish status  Mean CT value ± SE 
 

  TSRV  TRLO  

Control  
35.04 ± 0.00 33.50 ± 0.80 

Moribund 
33.85 ± 1.95 ND 

Dead 
32.64 ± 0.82 25.44 ± 0.96 

p value (ANOVA) 0.579 < 0.001 
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Figure 4 .5  qPCR r esults of TSRV (Tasmanian S almon R eovirus) a nd TRLO ( Tasmanian 
Rickettsia-like o rganism) in  A tlantic s almon s hown a s me an C T value ±  S E f or each  f ish 
status (pooled da ta). p values w ere cal culated u sing o ne w ay A NOVA t o d etermine 
differences in the prevalence of the pathogens according to fish status. Different lower case 
letters denote significant differences at p < 0.05. SE: standard error.  
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Figure 4.6 The number of positive fish (frequencies) for N. perurans and Vibrio sp. according 
to fish status (pooled data).  
   

 

 Table 4.6 illustrates the occurrence of the pathogens, starting with the most prevalent 

N. perurans (98.00%) a nd Yersinia ruckeri (10.00%) on 19t h J anuary, f ollowed b y T SRV 

(12.00%) and AGD (100.00%) on 1s t  February, single occurrence of Nocardia sp. on 16t h 

February a nd oc currence of  T RLO ( 66.00%) a nd Vibrio sp. ( 16.00%) on 2nd M arch. N. 

perurans demonstrated t he h ighest p revalence t hroughout t he s ampling. The p revalence o f 

TSRV and N. perurans was consistent with the proportion of dead salmon collected at each 

sampling time, where the prevalence of  both pathogens increased on 1s t February, dropped 

on the 16th February and peaked on the last day of sampling, 2nd March. The prevalence of 

TRLO and Vibrio sp. increased gradually and reached highest prevalence at the last sampling 

time.
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Table 4.6 C omparison o f t otal pos itives of  TSRV (Tasmanian Salmon Reovirus), TRLO ( Tasmanian R ickettsia-like o rganism), N. perurans, 
Vibrio sp., Yersinia ruckeri and Nocardia sp. a ccording t o the sampling t ime. B olded p revalence i ndicates t he h ighest p revalence f or ea ch 
pathogen according to time of sampling. Results were presented as prevalences.  
 

 

 

 

 
 

              

Sampling time(2011) Prevalence (%) 
    

  TSRV TRLO N. perurans Vibrio sp. Yersinia ruckeri Nocardia sp. 

19th January (n=50) 6.00 2.00 98.00 0.00 10.00 0.00 

1st February (n=50) 12.00 4.00 100.00 (n=49) 6.00 0.00 0.00 

16th February (n=45) 2.22 17.77 91.11 11.11 0.00 2.22 

2nd March (n=50) 4.00 66.00 100.00 16.00 0.00 0.00 
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 The s ampling time  d id not h ave an y s ignificant ef fect on t he pr evalence of   T SRV 

(ANOVA, p = 0.486 ) and T RLO (ANOVA, p = 0.714,  F igure 4.7 ). T he p resence o f 

N.perurans (χ2 = 1.116, df 3, p = 0.773) and Vibrio sp. (χ2 = 2.375, df  2, p = 0.305) was not 

dependent on t he sampling t ime (Figure 4.6). The Chi-square test of  independence showed 

that there was no significant difference between positive and negative fish infected by TSRV 

and to tal f ish s ampled in  th is f ield in vestigation (χ2 = 0.380,  df  1,  p = 0 .537). T his r esult 

indicated that TSRV does not predispose fish to other infections. 

 

 

 
Figure 4.7  Comparison of t otal pos itives of  T SRV ( Tasmanian S almon R eovirus), T RLO 
(Tasmanian Rickettsia-like organism), N. perurans, Vibrio sp., Yersinia ruckeri and Nocardia 
sp. a ccording t o s ampling t ime. P rev: P revalence, Y. ruckeri: Yersinia ruckeri.
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4.3.2 Gross pathology 

 

 The following gross signs were observed in some of the sampled fish; enlarged spleen 

and l iver, pale l iver, l iver a bscess, gr anular s pleen, dark hi ndgut, ha emorrhages of  i nternal 

organs, multifocal lesions in pyloric caecal, congestion and adhesions of internal organs and 

ascites ( Table 4.7 ). A  t otal of  101 s almon ( 51.7%) s howed gross clinical s igns dur ing 

sampling a nd onl y 47.5 % w ere a ssociated with t he pr esence of  pa thogens. A  t otal of  94 

salmon ( 48.3%) di d not  s how a ny gross c linical s igns a nd 96.8%  o f t hose s almon w ere 

positive f or a t l east on e pa thogen. S ome of  t he s almon s ampled f rom one c age on 19 th 

January had gross AGD lesions and mucus on gills. A total of 25.0% TSRV positives showed 

gross signs such as pale liver and haemorrhaging of  internal organs and muscle. A total of  

75.0% TSRV positive salmon did not show any gross signs and only 14.3% TSRV negative 

salmon showed gross signs. Figure 4.8 shows some of the apparent gross signs observed in 

most o f th e s ampled f ish. Internals a dhesions w ere obs erved i n s ome of  t he s almon w hich 

were vaccinated  by  intra-peritoneal injection. 
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Figure 4.8 Apparent gross pathological signs present in some sampled fish: (A) liver abscess, 
(B) skin erosion, (C) pale liver, (D) enlarged liver (E) extensive haemorrhage and congestion 
of internal organs and (F) internal adhesions in intra-peritoneally vaccinated fish. 
 

A B 

C D 

E F 
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Sampling 
time Fish status Gross pathology Pathogens 
19th Jan Dead Petechiae in the ventral side, pelvic, skin and eyes, enlarged liver and spleen Y. ruckeri 

 
Dead 

Haemorrhages in pelvic and pectoral fins and belly, liver abscess, opaque swim 
bladder  and adherence to peritoneum Y. ruckeri 

    
 

Dead Haemorrhagic in eyes, pelvic fins and ventral side Y. ruckeri 

 
Dead Haemorrhagic on ventral side and caudal fin Y. ruckeri 

  
Haemorrhagic ventral area, lateral/pectoral muscle petechiae  TSRV 

 
Dead Multifocal white round lesions in pyloric caecal TSRV 

1st Feb Moribund Pale liver TSRV 

 
Dead AGD lesions N. perurans  

 
Dead Petechiae in internal organs TRLO 

 
Dead Damaged skin Vibrio sp. 

 
Dead Damaged skin, skin erosions Vibrio sp. 

  
   16th Feb  Dead Extensive skin erosion TRLO, Vibrio sp. 

 
Dead Skin erosion  Vibrio sp. 

 
Dead Extensive haemorrhagic and congestion of internal organs TRLO, Nocardia sp. 

  Dead Blood spots in eyes TRLO 

Table 4.7 Description of apparent gross pathological signs present in sampled fish based on date of sampling, fish status and association 
of gross pathological signs with the presence of pathogens. 
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Sampling time Fish status Gross pathology Pathogens 
16th Feb Control Ascites TRLO 

 
Control Very large quantity of ascites and water belly Vibrio sp. 

  Control Ascites TRLO 
2nd March Control Internal adhesions (due to intra-peritoneal vaccination) TRLO 

 
Control Internal adhesions (due to  intra-peritoneal vaccination) TRLO 

 
Dead Internal adhesions (due to  intra-peritoneal vaccination) TRLO 

 
Dead Internal haemorrhaging TRLO, Vibrio sp. 

 
Dead Internal haemorrhaging TRLO, Vibrio sp. 

 
Dead Red vent TRLO 

 
Dead Ascites TRLO 

 
Dead Red eyes TSRV, TRLO 

 
Dead Red eyes, ascites TRLO 

 
Dead  Tail lesion TRLO, Vibrio sp. 

 
Dead Skin abrasion  TRLO, Vibrio sp. 

 
Dead Red neck TRLO 

 
Dead Internal adhesions TRLO 

 
Dead Internal adhesions TSRV 

 
Dead Red popped eyes TRLO, Vibrio sp.,  

 
Dead Skin abrasion TRLO 

 
Dead Mouth erosion TRLO  

 
Dead Fin erosion TRLO 

 
Dead Internal adhesions (due to  intra-peritoneal vaccination) TRLO 

 
Dead Internal adhesions (due to  intra-peritoneal vaccination) TRLO 

  Dead Skin erosion Vibrio sp. 
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4.3.3 Microbiology 

 

 Microbiological screening for the presence of pathogenic bacteria in Atlantic salmon 

showed m ultiple i nfections of  t he a ffected f ish (Table 4.8) . A  t otal of  22 s almon (11.3%) 

were infected with Yersinia ruckeri (2.5 %, fish number 12 t o 15), Nocardia sp. (0.5%, fish 

number 132) , Vibrio sp. (6.1%), Vibrio tasmaniensis (1.0%), Vibrio splendidus (1.0%) or 

Vibrio sp. phenon 45 (0.5%). 
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Fish number Gram staining Quantity Cultures Quantity 

12 Gram negative rods + Yersinia ruckeri  ++ 
13 Gram negative rods + Yersinia ruckeri  + 
14 No bacteria detected - Yersinia ruckeri  ++ 
15 Gram negative rods ++ Yersinia ruckeri  +++ 
44 Gram negative rods + Yersinia ruckeri  ++ 
87 No bacteria detected - Vibrio tasmaniensis + 
91 No bacteria detected - Vibrio sp. + 
92 No bacteria detected - Vibrio sp. + 

122 No bacteria detected - Vibrio splendidus I + 
123 No bacteria detected - Vibrio sp. + 
129 Gram negative rods + Mixed growth inc Vibrio sp. ++ 

130 No bacteria detected - 
Mixed growth inc Vibrio sp., Vibrio splendidus I, Vibrio 

tasmaniensis +++ 
132 No bacteria detected - Nocardia sp. ++ 
138 No bacteria detected - Vibrio sp. + 
167 No bacteria detected - Vibrio sp. +++ 
168 No bacteria detected - Vibrio sp. + 
177 No bacteria detected - Vibrio sp. ++ 
178 No bacteria detected - Vibrio sp. ++ 
185 No bacteria detected - Vibrio sp. ++ 
192 No bacteria detected - Vibrio sp. ++ 
198 No bacteria detected - Vibrio sp. phenon 45 +++ 
200 No bacteria detected - Vibrio sp. +++ 

Table 4.8  Results of positive Gram-staining and quantity of bacterial colonies cultured on SBA (Sheep Blood Agar) and TCBS agar  
from sampled salmon. Quantity: ± = occasional, + = small, ++ = moderate and +++ = large.  
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4.3.4 Histopathology 

 

 Histological examination of the sampled fish revealed predominant pathology in gills, 

liver, kidney, spleen and heart. Table 4.9 summarises histopathological changes according to 

the date of  sampling, f ish s tatus and association with the presence of  pa thogens. A to tal of 

22.1% of the 81 s almon sampled for histology showed histopathological changes associated 

with t he pr esence of  p athogens. O ut o f t he proportion of  salmon which de monstrated 

histological ch anges as sociated w ith t he p resence o f p athogens, 20.6% were s ampled f rom 

control, 1.2% from dead and 9.0% from moribund.  The moderate-to-severe granulomatous 

peritonitis present in some of the fish sampled on 2nd March was probably caused by post-

vaccination r esponses. Random f oci of  oe dematous s eparation of  c ardiomyofibres were 

observed predominantly in the outer layer of myocardium of the heart. There were moderate 

to high numbers of mixed lymphoid and white blood cell aggregates along the pericardium, 

inner l ayer a nd out er compact l ayer of  m yocardium a nd i nflammation of  pe ricardium 

suggestive of pericarditis.  

 

 Histopathological changes observed in TSRV positive salmon (detected as positive by 

qPCR) included mild  in flammation in  liv er (8.3% out of  T SRV pos itive s almon, n =  1 ) 

(Figure 4.9). However, similar observations were found in 2.2% TSRV-negative salmon (out 

of t otal ne gative s almon f or T SRV detected b y qPCR) which i ncluded hi stopathological 

changes s uch as c ongested ki dney and s pleen. Thus, t hese results i ndicated t hat c hanges 

found in TSRV infected salmon (n = one salmon) were not associated with TSRV infection 

and the changes observed could be caused by any other diseases or factors. Histopathological 

changes in TRLO infected fish were found to be more severe and included; severe lesions in 

liver, kidney and spleen (Figure 4.10 -4.11), granulomatous peritonitis and congested internal 
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organs. Diffuse mild congestion and mild to moderate extensive fibrosis were observed in the 

spleen. There was moderate to severe loss of cells cuffing the ellipsoid and increased fibrous 

stroma proliferation with some granulomatous peritoneal tags. The most common pathology 

found in the kidney of positive TRLO fish included; severe congestion, occasional oedema, 

and m oderate de pletion of  haematopoietic tissues w ith f ew f oci o f f lattened tu bular 

epithelium and dilated tubules. 
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    Sampling time Fish status Histopathology Pathogens 
19th Jan Control Congested lamellae, multifocal lamellar hyperplasia   N. perurans 

  
and clubbing of secondary lamellar tips and vascular damage of the gills (gill pathology)  

 
 

Control Gill pathology, liver pathology, congested kidney and spleen TRLO, N. perurans 

 
Control Gill pathology N. perurans 

 
Moribund Gill pathology N. perurans 

 
Moribund Gill pathology N. perurans 

 
Moribund Gill pathology N. perurans 

  Moribund Gill pathology N. perurans 
1st Feb Moribund Mild inflammation in  liver, kidney and spleen, gill pathology TSRV,  N. perurans 

Table 4.9 Description of histopathological changes found in sampled fish according to sampling time, fish status and presence of pathogens. 
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Sampling time 

Fish 
status Histopathology Pathogens 

16th Feb Control Mild multifocal patch fusion of gills N. perurans 

 
Control Diffuse mild spleen congestion TRLO 

 
Control Diffuse mild spleen congestion and mild to moderate extensive fibrosis  Vibrio sp. 

 
Control Diffuse mild spleen congestion and mild to moderate extensive fibrosis  TRLO 

 
Control Diffuse mild spleen congestion and mild to moderate extensive fibrosis  TRLO 

  Control Clear and cloudy intracytoplasmic liver vacuoles TRLO 
2nd March Control Gill pathology N. perurans 

 
Control Gill pathology N. perurans 

  
  

 
 

Control Liver pathology, random foci of oedematous separation of cardiomyofibres (heart), TRLO 

  
congested kidney and spleen. 

 
 

Dead Liver pathology, random foci of oedematous separation of cardiomyofibres (heart), TRLO 

  
congested kidney, moderate depletion of  haematopoietic tissues   

     hepatitis, severe kidney and spleen lesion.   
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Figure 4.9  Liver of  a TSRV negative and TSRV positive f ish. (A) Normal uninfected liver 
from TSRV ne gative f ish, (B) Mild i nflammation a round blood v essels observed in TSRV 
positive fish (arrow).   

A 

B 
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Figure 4.10 Marked depletion of ellipsoids and marked fibroplasias (arrow head) in TRLO 
positive spleen. 
 

 
 

Figure 4.11 Severe depletion of haematopoietic tissues and dilated tubules in TRLO positive 
kidney(arrowheads).
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4.3.5  Comparison of TSRV infection and pathology 

 

 Relationship be tween T SRV CT values (qPCR) a nd pa thology w as investigated 

(Table 4.10) .  The C T cut-off v alue e stablished f or t he c ollection m ethod of  organs ( see 

section 2.3.4.1 i n c hapter 2 ) was t he s ame for t he s wabs. Thus, C T values ≤ 35.8 w ere 

considered pos itive compared t o CT values greater than 36.13  w hich w ere considered 

negative. CT values between 35.8 and 36.13 were classified as ambiguous and the PCR assay 

for those samples were repeated to avoid false positives. Hence, the CT values obtained for 

qPCR were compared to t he r esults f or hi stopathology f rom t he s ame samples. Histology 

samples were not collected for the 11 samples which were detected by qPCR as positives due 

to t he l ack of  apparent gross and c linical s igns dur ing the sampling p rocess, and hi stology 

samples w ere n ot co llected f rom dead f ish. The hi stopathological changes i n t hese s almon 

could not  be  observed and they tested positive for TSRV by q PCR demonstrating the high 

sensitivity o f qP CR a s a  de tection m ethod. A s ample obt ained f rom only one s almon w as 

marginally pos itive f or T SRV b y qP CR a nd this f ish w as a lso s ampled f or hi stology 

examination. D ue t o t hese c ircumstances, pos itive qP CR r esults c ould not  be  c ompared 

directly with hi stological c hanges obs erved i n T SRV pos itive s almon. There w as n o 

histopathology evident i n t he s almon t hat w ere ne gative b y qP CR e xcept s ample 16. A s 

similar gross pathology and histological changes were observed in a positive TSRV and other 

negative s almon, t hese  results i ndicated that t he ch anges w ere n ot as sociated w ith T SRV 

infection.  
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Fish number 
Fish 
status 

TSRV(CT 
values) Gross Pathology Histopathology 

92 Dead 29.75 Skin erosions NA 
44 Dead 29.83 No obvious gross signs NA 
90 Dead 30.68 Damaged skin NA 

34 Moribund 31.93 
Haemorrhagic ventral area, petechiae 
lateral/pectoral muscle NA 

91 Dead 32.26 Damaged skin NA 
83 Dead 33.23 No obvious gross signs NA 
38 Dead 34.14 Multifocal white round lesions in pyloric caecae NA 

184 Dead 34.27 Adhesions of internal organs NA 
122 Control 35.04 No obvious gross signs NA 
87 Dead 35.08 Damaged skin NA 

174 Dead 35.12 Red eyes NA 

68 Moribund 35.8 Pale liver 
Vacuolated liver and mild multifocal liver 
inflammation, normal kidney and spleen 

    
  

73 Control 36.02 No obvious gross signs Normal liver, kidney and spleen  

8 Control 36.52 Enlarged spleen 
Multifocal lymphoid infiltrates around blood 
vessels 

154 Control 36.52 No obvious gross signs Congested liver and spleen 
55 Moribund 37.16 Pale liver Normal liver, kidney and spleen 
79 Control 37.31 No obvious gross signs Normal liver, kidney and spleen  

158 Control 37.97 No obvious gross signs Congested liver, kidney and spleen 
143 Control 38.33 No obvious gross signs Mild congestion of spleen 
105 Moribund 38.81 Skin lesion Normal liver, kidney and spleen  
152 Control 39.04 Pale liver Congested liver and spleen 
16 Moribund 39.10 Granular spleen Congested kidney and spleen 

Table 4.10 Relationship between TSRV CT values (qPCR) and pathology obtained from field samples using swabs as collection method. Bolded 
values: CT values ≤ 35.8 are considered positive. NA: samples were unavailable for histology. 
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4.3.6 Archival cases 

4.3.6.1 Co-occurrence of TSRV and TRLO 

 

 Table 4.11  illustrates the co -occurrence o f b oth p athogens ba sed on archival c ases 

from diagnostic s ubmissions between 2000 and June 2011. T he t otal number of  cases o f 

diagnostic submissions represents the total positive cases of TRLO and TSRV. The estimated 

overall apparent prevalence of  TSRV and TRLO are considered to be  21%-22.8% (Carlile, 

2011) and 20.3%-23.5% ba sed on a rchival c ases. The oc currence of  T SRV i nfection 

correlated well with the occurrence of TRLO; both pathogens were found in at least one case 

per year except in 2005. The occurrence o f a s ingle case o f ei ther TSRV or TRLO i s only 

30% compared to total cases per year. In 2005, no samples were submitted for diagnosis of 

TSRV and TRLO. Most commonly TSRV and TRLO were detected from the same sample 

(50-100%) and i n few cases, both pa thogens were i solated from t he same popul ation of  

Atlantic salmon.  
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Year 
Total 
cases 

Total 
cases 

Total 
cases Total cases Both present Origin of presence Origin of presence TSRV present 

 
TSRV TSRV  TRLO TRLO (positives)/  Same sample Same population TRLO absent/ 

    alone   alone Total cases     Total cases  
2000 6 6 0 0 None 0.00% 0.00% None 
2001 14 9 11 6 3/5 66.70% 33.30% 2/5 
2002 6 1 8 3 1/5 100.00% 0.00% 4/5 
2003 9 4 5 0 2/5 100.00% 0.00% 4/5 
2004 3 1 5 3 1/2 100.00% 0.00% 1/2 
2005 None None None None None None None 0 
2006 3 0 11 8 3/3 66.70% 33.30% 0/3 
2007 10 5 10 5 1/5 100.00% 0.00% 4/5 
2008 11 6 8 3 2/5 50.00% 50.00% 3/5 
2009 23 12 12 1 3/11 60.00% 40.00% 8/11 
2010 22 2 20 0 17/20 70.60% 29.40% 3/20 
2011 7 4 6 3 1/3 100.00% 0.00% 2/3 

Table 4.11  C o-occurences of TSRV a nd T RLO ba sed on s ubmission o f di agnostic cases be tween 2000  a nd J une 201 1, t otal c ases of  
positives for TSRV and TRLO b ased on results of available di agnostic methods (virus i solation, conventional hemi-nested R T-PCR and 
qPCR), total cases of p resence for both pathogens (same cases), total cases of  presence for individual pathogen (TSRV or TRLO alone), 
origin of presence (occurence of positives either from the same sample or population) and total cases (same cases) of presence of TSRV in 
the absence of TRLO. None = no submission of diagnostic cases. 
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4.3.6.2 Archival results of histopathology of TSRV infections 

 

 The m ajor ch anges i n t he ar chival cas es o f T SRV p ositive f ish w ere co ngestion o f 

internal organs, liver pathology, pericarditis and epicarditis (Table 4.12). The initial few years 

(1994-1997) o f hi stological e xamination of  s amples di d not  i ndicate a ny s ignificant 

pathology associated with TSRV infections. Among the earliest s igns of  pathology in 1998 

included the vacuolation and congestion of liver; a review of histopathology against virology 

results confirmed an association of lymphoid infiltrates in liver with reovirus infections. This 

histology report in 1998 was based on histological samples submitted for TSRV infections in 

Atlantic salmon, prior to  any occurrence of TRLO infections. The most severe hi stological 

changes were found in fish in the year 2001 (due to the outbreak of TRLO) and in 2010 (most 

likely d ue to  r elatively high w ater t emperature). T he h ighest n umbers o f d iagnostic cases 

were investigated for the occurrence of TSRV in 2010 due to the high water temperature and 

TRLO outbreaks.  
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Year  Method Histological changes  associated with TSRV infections in Atlantic salmon 
1994 Virus isolation No significant pathology 
1995 None No submission of diagnostic cases for TSRV  
1996 None No submission of diagnostic cases for TSRV  
1997 Virus isolation No significant pathology 
1998 Virus isolation Focal congestion in liver, mild necrotic liver (2 pool of samples/6 fish) 
1998 Virus isolation Occasional mononuclear foci in liver/pancreas, vacuolation in liver, 

  
review of histopathology against virology results confirms an  

  
association of lymphoid infiltrates in liver, pancreas with reovirus  

  
infections (mild lesions) (1 pool of samples/8 fish) 

1998 Virus isolation Lymphoid foci in liver (1 pool of samples/8 fish) 
1998 Virus isolation Liver nodules, occasional mononuclear foci in liver (1 pool of samples/10 fish) 
1998 Virus isolation Vacuolated and congested liver (1 pool of samples/5 fish) 
1998 Virus isolation Liver congestion (1 pool of samples/5 fish) 
1998 Virus isolation Small mononuclear foci liver, vacuolated liver (1 pool of samples/5 fish) 
1998 Virus isolation Focal renal fibriosis, liver monofoci, small mononuclear foci liver (1 pool of samples/5 fish) 
1998 Virus isolation Liver congestion (1 pool of samples/5 fish) 
1999 Virus isolation Vacuolated liver, chronic inflammatory foci (1 pool of sample/10 fish) 
1999 Virus isolation Vacuolation in liver, large single vacuoles, multifocal necrosis (1 pool of sample/11 fish) 
2000 Virus isolation No significant pathology 
2000 Virus isolation Mild focal liver damage (1 pool of sample/10 fish) 
2000 Virus isolation Rare liver reactive nodule (1 pool of sample/6 fish) 
2001 Virus isolation Liver changes (2 pools of samples/5 fish) 
2001 Virus isolation Liver necrosis (1 pool of sample/11 fish) 
2001 Virus isolation No significant pathology 

Table 4.12 Histological changes associated with TSRV infections in Atlantic salmon based on submission of diagnostic case between 1994 and 
June 2011. The total number of fish which showed the following histological changes in each submission are shown in brackets and the numbers 
vary according to the diagnostic methods used for TSRV detection. Each entry illustrates a single submission which demonstrated histological 
changes in TSRV infected samples in each year. 
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Year  Method Histological changes associated with TSRV infections in Atlantic salmon  
2001 Electron microscopy No significant pathology 
2001 Virus isolation Liver lesions (concurrent with TRLO outbreak) (5 pools of samples/5 fish) 
2002 Virus isolation Liver congestion and focal liver necrosis (1 pool of samples/5 fish) 
2002 Virus isolation No significant pathology 
2003 Virus isolation Congestion of internal organs (1 pool of samples/5 fish) 
2003 Virus isolation No significant pathology 
2003 Virus isolation Liver lesions and focal necrosis, pericarditis (3 samples) 
2003 Virus isolation Liver periportal fibriosis (2 pools of samples/10 fish) 
2004 Virus isolation No significant pathology 
2005 None No submission of diagnostic cases for TSRV  
2006 None No submission of diagnostic cases for TSRV  
2007 Virus isolation No significant pathology 
2008 Nested PCR No significant pathology 
2008 Nested PCR Mild hepatocellular liver necrosis(2 samples)  
2008 Virus isolation Splenic and hepatic congestion and mild necrosis (2 pools of samples/10 fish) 
2008 Virus isolation Splenic congestion (2 pools of samples/10 fish) 
2008 Virus isolation Liver congestion (1 pool of samples/5 fish) 
2009 Nested PCR No significant pathology 
2010 Nested PCR Rare hepatocellular liver necrosis, pericarditis (3 samples) 
2010 Nested PCR No significant pathology 
2010 Nested PCR Mild hepatocellular necrosis, congestion of intestine, pericarditis (4 samples) 
2010 Nested PCR Moderate multifocal midzonal necrosis of hepatocytes (1 sample) 
2010 qPCR Congestion of spleen, epicarditis (6 samples) 
2010 qPCR Hepatocellular necrosis  (2 samples) 
2010 qPCR Mild liver congestion & liver necrosis (2 samples) 
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4.4 Discussion  

 

 This study is the first attempt to gain a more complete picture of the pathogens that 

are involved in disease outbreaks during production of Atlantic salmon in Tasmania with a  

main focus on TSRV, TRLO and N. perurans. These pathogens were selected due to their co-

occurrence i n the s ame g eographical l ocation, South-east T asmania. In th is f ield 

investigation, the co -occurrence o f p athogens was de pendent on t he different f ish s tatus 

where more pos itives were found in f reshly de ad salmon than in control or  moribund f ish. 

Neither obvious clinical signs nor histological changes were observed in most of the collected 

salmon. The co -occurrence of  T SRV a nd T RLO i n t he s ame s ample a nd popul ation w as 

defined based on this field investigation and archival data. 

 

  Gross signs and pathology typical of TSRV infections were non-specific and observed 

in both infected and uninfected salmon. The gross signs observed in TSRV infected salmon 

during this field investigation were; congestion and enlargement of internal organs, pale liver 

and petechial hemorrhages on the body surfaces which were consistent with changes reported 

from other species of fish from which aquareoviruses have been isolated. The only pathology 

coinciding w ith T SRV infection i n Atlantic s almon in th is f ield in vestigation w as m ild 

multifocal necrosis and inflammation of liver. The absence of pathology observed in kidney 

and spleen of the salmon sampled in this investigation contradicted the reported changes with 

other reovirus infections. Non-specific clinical signs including skin discoloration, abdominal 

distension, ha emorrhages in t he s kin, l iver, s pleen, ki dney, m usculature a nd i ntestine, a nd 

pale l iver or  ki dney were r eported f rom a quareoviruses i nfections, i ncluding bot h na tural 

disease outbreaks and experimental infections (Plumb et al., 1979; Meyers, 1980; Jiang and 
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Ahne, 1989; Lupiani et al., 1989; Chew-Lim et al., 1992; Subramanian et al., 1997; Cusack 

et al., 2001; Attoui et al., 2002; Seng et al., 2002).  

  

 Vascular congestion of  t he di stal i ntestinal mucosa, s plenic h ypertrophy a nd 

congestion were obs erved in 25 -33% o f Atlantic s almon sampled b etween 5 -16 d ays pos t 

inoculation in initial e xperimental in fection tr ial w ith TSRV (Humphrey et al., 1993 ). 

However, distended abdomen w as t he o nly gross s ign present in subsequent ex perimental 

infections o f Atlantic s almon w ith T SRV (Gemma C arlile p ers c ommunication). It is  

noteworthy that several other aquareoviruses isolated from apparently healthy finfish with no 

gross external s igns h ave be en s hown t o cause l ow-level pathology i n e xperimental 

infections.  

 

 Based on a rchival c ases, t he m ost a pparent hi stopathology coinciding with T SRV 

infections was congestion of internal organs, liver pathology, pericarditis and epicarditis, and 

these obs ervations were c onsistent w ith t he de scriptions of  pa thological c hanges f or ot her 

aquareoviruses. Some of the sampled fish which were positive for TSRV infection (detected 

by q PCR) did not  de monstrate any h istological ch anges. The d iscrepancies b etween 

pathology associated with TSRV infection and infection with other aquareoviruses could be 

due t o t he l ow num ber of  T SRV pos itive s almon s ampled f or hi stology w hich could 

potentially introduce a bias in this study, and the low pathogenicity of TSRV; concurrent with 

low CT values (29.75-35.80) detected in all the positives.  

 

 Unlike T SRV, other reported a quareoviruses w ere i solated f rom di sease out breaks 

and e xperimental in fections t hat cau sed at  l east 4 0%-65% o f mortality (Meyers, 1980; 

Meyers, 1983; I sshiki et al., 2003) . When aquareoviruses were isolated f rom d isease 
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outbreaks pathological c hanges were associated with th e liv er, shown b y the formation of  

hepatic l esions w ith va rying de gree o f s everity and s yncytical g iant c ell f ormations of  

hepatocytes. Diffuse multifocal hepatitis with large syncytial cells, coagulation of necrosis of 

hepatocytes, fibrous connective tissue, scattered lymphocytes and bile duct hyperplasia were 

observed i n bl uegill ( Lepomis macrochirus) f ingerlings a nd r ainbow t rout experimentally 

infected with 13p2 virus (American O yster Reovirus) (Meyers, 1980; M eyers, 1983). 

Similarly, focal h epatic n ecrosis w as al so t he main p athology d escribed i n ex perimental 

infection of chum salmon with CSRV (Winton et al., 1989a). Histopathological lesions due to 

aquareovirus infections have been reported in kidney, intestine, eye and brain (Cusack et al., 

2001; I sshiki et al., 200 3). Severe mu ltifocal h epatocellular n ecrosis an d acu te n ecrosis o f 

proximal r enal tu bules w ere c onsistently f ound i n Atlantic h alibut ( Hippoglossus 

hippoglossus) experimentally infected w ith ha libut reovirus, i solated f rom a l arge-scale 

mortality event (Cusack et al., 2001). Isshiki et al (2003) also reported pathological changes 

in other organs including the intestine, eye and brain displayed by marbled sole (Pleuronectes 

yokohamae) with a reovirus infection. 

 

  Based on archival cases, severe pathological changes have been observed in fish with 

TSRV i nfection c oncurrent with TRLO in fections or high w ater t emperature ( 17-21°C). 

However, i t i s p ossible t hat t hese s evere p athological ch anges i n s amples co -infected b y 

TSRV and TRLO could be due to TRLO infection alone. This hypothesis could not be tested 

in this investigation because only one fish was positive for both TSRV and TRLO. This fish 

did not show any significant gross signs and was not sampled for histology. There is a need 

for further investigation to determine the specific histopathological changes caused by TSRV 

alone and TSRV-TRLO co-infection. Due to the low incidence of  natural TSRV infections 

observed during the course of this study this aspect could not be investigated. 
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 Based on this field investigation, TSRV does not predispose fish to other infections. 

Co-infection of TSRV with N. perurans was higher than with the other pathogens, consistent 

with high prevalence of N. perurans in this field investigation. N. perurans has been reported 

to be ubiquitous in the water column around Atlantic salmon cages in South-east Tasmania 

(Bridle et al., 2010; Douglas-Helders et al., 2003). The detection of N. perurans in this study 

was based on the presence/absence of N. perurans genomic DNA, detected by qPCR assay. 

The obtained prevalence was not based on development of AGD lesions, but on the presence 

of N. perurans as only a few of the samples were subjected to histopathological examination. 

The salmon which were negative for TSRV were positive for N. perurans.  Thus, there is no 

evidence of  di rect interaction between both pathogens. A preliminary s tudy o f a controlled 

dual i nfection w ith T SRV a nd N. perurans in A tlantic s almon s molt was also unable t o 

demonstrate a clear i nteraction be tween bot h pa thogens (Gemma C arlile p ers 

communication).  

 

 Moribund and freshly dead fish were positive for TSRV more often than healthy fish. 

As prevalence of a virus in a population varies according to the stage of infection, the virus 

concentration i n m oribund a nd f reshly d ead f ish w ould be  significantly higher t han in t he 

healthy fish (Pfeiffer, 2002). However, this does not seem to be case with the occurrence of 

other pathogens, positives for TRLO and other bacterial infections were found more often in 

live and dead salmon than in the moribund fish. This is in contrast to reports of experimental 

co-infections of marine birnavirus (MABV-F) and bacteria (Vibrio harveyi and Edwarsiella 

tarda) in olive flounder, Paralichthys olivaceus (Oh et al., 2006). The virus and bacteria were 

re-isolated from all dead and moribund fish and not from live control fish. It has been shown 

that a moebae num bers i ncrease on  t he gills o f dead fish up t o a t l east 30 h pos t-mortem, 
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consistent w ith t he hi gher num bers of  N. perurans found i n d ead s amples i n t his s tudy 

(Douglas-Helders et al., 2000). 

 

 The p redominant b acterial i nfections i n f armed A tlantic s almon w ere caused b y 

Vibrio sp. although a few of the salmon were positive for Yersinia ruckeri. The co-occurrence 

of T SRV a nd bot h of  t hese pa thogens was not  s ignificant du e t o t he l ow num ber of  co-

infections observed i n t his s tudy, and co-infections of  t his t ype ha ve not be en r eported 

previously as a  s ignificant t hreat t o s almonid pr oduction i n T asmania. Yersinia ruckeri is 

enzootic t o A ustralia a nd Y ersiniosis i n f ish is a  s ignificant b acterial s epticaemia in  

freshwater (Carson and Wilson, 2009). This organism appears to have a  wide geographical 

distribution and it is found in many countries that farm salmonids under intensive conditions. 

Fish mo st a t r isk a re th ose subject t o s tress c aused b y poor  m anagement or  e nvironmental 

changes s uch as  el evated w ater t emperature an d p oor w ater q uality (Carson an d W ilson, 

2009). The co-infection of TSRV and Yersinia ruckeri most likely represented the infection 

of a  f ew i ndividual f ish. As Yersinia ruckeri is a f reshwater s pecies, t he presence of  t his 

pathogen in salmon in marine environment is most likely due to survivors of Yersinia ruckeri 

infection from the hatchery. Asymptomatic carriage of Yersinia ruckeri is known to occur in 

Atlantic salmon and the isolation of Yersinia ruckeri in this study could have been from sub-

clinical carriers (Carson and Wilson, 2009). 

 

 Vibrio spp. are ubi quitous i n t he e nvironment a nd c an be  pr esent with t he hos t’s 

normal flora. Vibriosis may occur when the host’s immune system i s compromised (Crane 

and Williams, 2009) from stress events, physical damage to the integument, or the emergence 

of aggressive biovars within a population of fish. In this investigation, Vibrio sp. was mostly 

found in freshly dead fish, concurrent with TRLO infection.  The isolation of Vibrio sp. with 



192 

 

aquareovirus ha s be en reported i n a  l arge-scale mo rtality o f l arval a nd ju venile h alibut 

Hippoglossus hippoglossus which occurred at a s emi-commercial h alibut f arm in  Atlantic 

Canada ( Cusack et al., 2001) . A n i ncrease i n t he m ortality levels d espite the u se o f an  

antibiotic t o r educe t he c oncurrent ba cterial i nfection s upported t he h ypothesis t hat t he 

primary pathogen was of viral origin. The culture of Vibrio sp. was sensitive to the antibiotic 

and i t seems that the antibiotic was effective in controlling Vibrio sp. infections (Cusack et 

al., 2001). The co-occurrence of Vibrio sp. with viral infection in penaeid shrimp (Penaeus 

monodon) has been r eported previously ( Saulnier et al., 2000 ). Most o utbreaks o f s hrimp 

vibriosis occur in combination with physical stress or following primary infection with other 

pathogens (Sung et al., 2001). Co-infections of viruses and Vibrio spp. seem to increase the 

mortality/infection l evel d ue to  the oppo rtunistic na ture of  Vibrio sp. a nd i ncreased 

susceptibility o f the host t o ba cterial i nfection ( Johansen a nd S ommer, 2001; Phuoc et al., 

2009).  

 

 The co-occurrence of TSRV with TRLO was unexpectedly low (one sample) but both 

pathogens were isolated from the same s ite throughout the sampling. Archival data showed 

that high mortalities in Atlantic salmon were recorded due to either TRLO infection alone or 

TRLO-TSRV co-infection and t hat TSRV a lone di d not cause a ny m ortality events. To 

investigate whether TSRV causes immuno-suppression leading to increased susceptibility to 

infections b y T RLO, immune r esponses i n Atlantic s almon s hould be  m easured i n 

experimental in fections. Co-occurrence o f v iral an d bacterial p athogens i n f ish h as been 

reported t o increase m ortality. In a ddition, immuno-suppression c aused b y a  pr imary 

infection is hypothesized to be the cause of multiple bacterial infections (Baya et al., 1990; 

Hament et al., 1999;  C usack et al., 2001;  Johansen a nd S ommer, 2001; S t-Hilaire et al., 

2001; Mohan et al., 2002; Romero and J imenez, 2002;  Pakingking et al., 2003;2004;2005;  
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Selvin and Lipton, 2003; Oh et al., 2006; Overturf and LaPatra, 2006; Samuelsen et al., 2006; 

Rosado et al., 2007;  Phuoc et al., 2009;  Xu et al., 2009;  Lovoll et al., 2010; Mitchell and 

Rodger, 2011 ; Nylund et al., 2011 ). Experimental co -infections of  O live f lounder, 

Paralichthys olivaceus with marine bi rnavirus (MABV-F) and bacteria (Vibrio harveyi and 

Edwardsiella tarda) in dicated th at th e ma ss mo rtality w as d ue to  th e bacterial in fection 

(Pakingking et al., 2003). Higher mortalities were hypothesized to occur due to co-infection 

of MABV-F and bacteria although MABV-F alone did not cause direct mortality (Pakingking 

et al., 2003).  

 

 In this study, the mortality of Japanese flounder, Paralichthys olivaceus, increased to 

84% and 76% by secondary infection with Streptococcus iniae or Edwardsiella tarda at 1 -

week pos t-MABV in fection, w hile th e mo rtality rates of t he f ish, w hich had b acterial 

infection alone, was 52% and 44%. The mechanisms behind the viral-bacterial interactions in 

this particular study were unknown. It was suggested that viral infections are accompanied by 

general immu no-suppression t hat m ay a ffect t he pha gocytic a ctivity o f f ish l eukocytes 

(Pakingking et al., 2003). Active r eplication of  t he vi rus could have r esulted i n a  t ransient 

immuno-suppression that reduced the bactericidal activity of flounder phagocytes that led to 

mortality b y th e s ubsequent b acterial in fection (Pakingking et al., 2003) . A n IPNV c arrier 

condition with low virus titres in Atlantic salmon did not affect their general health or lower 

their s usceptibility to  diseases (Johansen a nd S ommer, 2001) . However, an increased 

mortality was observed at higher IPNV titres inducing acute IPN which was accompanied by 

a severe secondary infection by Vibrio salmonicida (Johansen and Sommer, 2001).   

 

 The interactions between viral and bacterial infections in a host are complex and the 

defence mechanisms in a fish are different towards viral or bacterial infections (Johansen and 
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Sommer, 2001) . Bacterial in vasion which e licits a r espiratory bur st r esponse i n f ish 

phagocytes and the decreased oxygen-production in acute IPNV affected fish were taken into 

account f or t he i ncreased m ortality due  t o t he c o-infections. These f indings a re c onsistent 

with higher mortalities coinciding with co-infection of  TSRV and TRLO based on archival 

data examined during the present study. However, further research needs to be undertaken to 

demonstrate w hether T SRV i nfections i n s almon c ause i mmune-suppression a nd l ead t o 

secondary i nfection b y TRLO or  ot her b acteria. To d ate, natural in fection w ith T SRV is  

characterised b y l ow p athogenicity and s ubclinical c arriage i n A tlantic salmon. H owever, 

experimental i nfections ha ve s hown that T SRV c ould c ause mo rtality u nder c ertain 

environmental conditions (Gemma Carlile pers communication). Thus, current findings have 

raised more questions on the effect of possible acute TSRV infection and in combination with 

other pathogens. 

 

 One s ignificant obs ervation i s t he c o-occurrence of  T SRV w ith ot her pa thogens 

reported in this investigation and potential involvement of  other factors. There is a  definite 

paucity of knowledge on synergisms between these pathogens and the potential interactions 

between t hese agents an d v ariations i n en vironmental f actors. This i s p articularly r elevant 

with the increased water temperature associated with cl imate change. Based on the archival 

data, prevalence of  TSRV was influenced by high water temperature during the summer o f 

2009-2010. In Tasmania, Atlantic salmon is normally farmed at high temperatures (summer 

water t emperatures c an exceed 1 9°C) r elative t o nor thern he misphere p roduction s ites. As 

with other viral infections of temperate aquaculture fish species, temperature has been shown 

to ha ve a  s ubstantial e ffect on t he pa thogenicity of T SRV, t hat i s, t he hi gher t he w ater 

temperature, th e h igher th e mo rtality (Gemma C arlile p ers c ommunication). Similarly, 

clinical disease and mortality due to AGD are most commonly reported as temperature rises 
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beyond 16°C, and temperature has been recognized as one of the major risk factors for AGD 

outbreaks (Munday et al., 2001; Douglas et al., 2001; Mitchell and Rodger, 2011). As alluded 

to, t emperature ha s be en doc umented a s a n i mportant e nvironmental va riable a ffecting t he 

pathogenicity of  s ome f ish a nd s hellfish vi ruses, i ncluding g olden s hiner r eovirus ( GSRV) 

(Schwedler a nd P lumb, 1982) , g rass c arp r eovirus ( GCRV) ( Jiang a nd A hne, 1989) , 

infectious hematopoietic necrosis virus (IHNV) (Amend, 1970; Hetrick et al., 1979), CV-TS-

1, bi rnavirus ( Chou et al., 1994) , g olden i de r eovirus ( GIRV) ( Neukirch, 2000) , m arine 

aquabirnavirus (MABV) (Pakingking et al., 2003) and red sea bream idirovirus (RSIV) (Jun 

et al., 2009). 

 

 

 In conclusion, it is  likely that the co-occurrence o f infections with TSRV and other 

pathogens in Tasmanian farmed Atlantic salmon is influenced by elevated water temperature. 

The significance of these infections is likely to increase with prevalence of other pathogens, 

adverse ch anges t o en vironmental f actors and t he vi rulence o f T SRV. Non s pecific gross 

pathology and histopathology were observed in TSRV positive salmon, however, they were 

also present i n some TSRV negative salmon. Pathology a ssociated with T SRV infection is  

still inconclusive due to the low number of TSRV positive samples observed in this study in 

general, and low number of positives sampled for histology. On the basis of archival samples, 

liver lesions have been i dentified a s t he pr edominant pa thology caused b y T SRV i n 

Tasmanian Atlantic salmon. It is also apparent that the presence of TRLO is concurrent with 

TSRV infections and associated with higher water temperatures during summer.  
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CHAPTER 5 

Preliminary characterisation of Tasmanian Aquareovirus isolates 

 

5.1 Introduction 

 

 Members of  t he genus Aquareovirus possess a n 11 -segmented ds RNA ge nome, 

similar to that of the members of the genera Mycoreovirus and Rotavirus, within the family 

Reoviridae. The cl assification o f t he aquatic reoviruses i nto a s eparate genus h as been 

justified b ased o n cr iteria s uch as  h ost r ange, R NA s equence and s erological d ifferences 

(Fauquet et al., 2005). Currently, aquareovirus isolates are classified into six genogroups (A-

F). T his classification is b ased o n r eciprocal RNA-RNA bl ot hy bridization, R NA 

electrophoresis, a ntigenic pr operties a nd nuc leotide s equence analysis. The r ecent u se o f 

nucleotide s equence an alysis h as h elped t o r efine cl assification o f aq uareoviruses, a s 

inadequacies of  t raditional m ethods ha ve ha mpered i t. F or example, ba sed on R NA-RNA 

hybridization, i t had been suggested that GCRV may represent a seventh species group (G) 

(Subramanian et al., 1997; Rangel et al., 1999) but subsequent nucleotide sequence analysis 

has indicated that it should be placed within genogroup C, as being synonymous with golden 

shiner reovirus (GSRV) (Attoui et al., 2002; McEntire et al., 2003) . The sequence data for 

many of the aquareoviruses are s till inadequate, thus, limiting the phylogenetic analysis for 

each s pecies group. It had b een s uggested t hat further r esearch i s ne eded t o c larify t he 

phylogenetic r elationship w ithin the genus Aquareovirus and to  assist in  a  b etter 

understanding of the role each segment plays in viral pathogenesis (Seng et al., 2005; Crane 

and Carlile, 2008). 
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 Segments 2  (S2) and 10 (S10) o f TSRV genome were ch aracterised previously and 

the gene sequences deposited in the GenBank [database under accession numbers EF434978 

and E F434979, respectively (Gemma C arlile p ers c ommunication)]. Sequence an d 

phylogenetic s tudies of  two g ene s egments a nd t heir de duced pr oteins a llowed de finitive 

classification of the virus, some speculation on i ts origin, and the development of diagnostic 

tools. Sequence an d phylogenetic an alysis confirmed t he assignment o f T SRV t o s pecies 

group AQRV-A as described by Lupiani et al (1995) (Gemma Carlile pers communication). 

Phylogenetic a nalysis f or S 2 a nd S 10 ha s s hown hi gh s equence i dentity between t he t wo 

aquareoviruses, 95% and 94%, respectively, indicating that TSRV is closely related to CSRV. 

Initially, a lack of available sequence information and access to other aquareoviruses limited 

further comparison of TSRV with other related isolates. 

 For the diagnosis of TSRV infections, immunocytochemistry serves as a confirmatory 

test for the presence of TSRV in cell cultures exhibiting typical cytopathic effect (CPE).  A 

positive reaction for the presence of TSRV by immunocytochemistry using rabbit anti-TSRV 

polyclonal antibody, i s i ndicated b y t he pr esence of  g rainy, f ocal a nd b rick-red s taining in  

infected cells. T hroughout t he years, i mmunocytochemistry reactions f or t he de tection of  

TSRV i n i nfected cel ls d emonstrated d ifferent staining intensity o f p laques; w ith s ome 

demonstrating i ntense s taining and ot hers with plaques w ithout s taining ( John Y oung pe rs 

communication). The phenotypic di fferences observed between TSRV samples by isolation 

on different cell lines and immunocytochemistry raised questions regarding the existence of 

variants a mong T SRV isolates f rom di fferent geographical l ocations i n T asmania, hos t 

species, host tissues. Since its first isolation in 1990s, TSRV has been isolated from different 

regions of Tasmania, Tamar River estuary in the north, Huon River estuary in the south-east, 

and Macquarie Harbour.   



198 
 

 Studies ha ve s hown s equence di vergence a mong i solates of  Aquareovirus from 

different geographical l ocation ( Goodwin et al., 2006;  L upiani et al., 1993;  S amal et al., 

1991; R angel et al., 1 999; M cEntire et al., 2003;  A ttoui et al., 200 2).  RNA v iruses 

(including aquareovirus) have been shown to exhibit relatively high mutation rates and RNA 

virus popul ations a re extremely h eterogenous which a llow for great a daptability a nd r apid 

evolution of  R NA g enomes (Steinhauer and H olland, 1987 ). A num ber of  m edically 

important vi ruses i ncluding H IV, h epatitis C  virus a nd i nfluenza, ha ve R NA ge nomes, 

replicate with extremely high mutation rates and exhibit significant genetic diversity (Lauring 

and Andino, 2010) . The instability and high mutation rate of  the RNA genome in r eovirus 

were reported by Fields and Joklik (1969). RNA viruses demonstrate high mutation rates and 

self-copying e rror due  t o t he l ack of  pr oofreading m echanisms dur ing vi ral r eplication 

(Steinhauer an d H olland, 1987;  S anjuan, 2008) . This g enetic d iversity allows a  v iral 

population to rapidly adapt to dynamic environments and evolve resistance to vaccines and 

antiviral drugs (Lauring and Andino, 2010). Quasispecies theory was initially formulated to 

understand and describe the evolutionary dynamics of RNA viruses (Eigen, 1971). According 

to L auring a nd A ndino ( 2010), a  qua sispecies i s a  c loud of  d iverse va riants t hat a re 

genetically l inked t hrough m utation, i nteract cooperatively on a  f unctional l evel, a nd 

collectively contribute to  the characteristics of the population. As TSRV is a  dsRNA virus, 

there was a possibility that TSRV isolates could represent a quasispecies similar to any other 

RNA v iruses; adapt t o their e nvironment, replicate w ith high mutation r ate and e xhibit 

genetic diversity. To further investigate these hypotheses, this chapter describes preliminary 

characterisation of specific viral isolates of TSRV that were selected based on genotypic and 

phenotypic characteristics. 

 

 



199 
 

5.2 Materials and Methods  

5.2.1 Selection of isolates for characterization of TSRV 

  

 As a b asis f or t his ch aracterisation s tudy, 1 4 i solates, originating f rom va rious 

locations in Tasmania, covering a 20-year period obtained from various host species and host 

tissues, and i solated o n d ifferent cel l l ines, w ere s elected i n an  at tempt t o i ncrease t he 

probability of  d etecting virus va riants ( Table 5. 1). T SRV i solates w ere obt ained f rom an 

archive collection, m aintained a t A AHL, of  laboratory s ubmissions from the T asmanian 

Salmonid Health Surveillance Program (TSHSP) carried out  between 1990 and 2010. T hey 

were generally t aken from f reshly de ad or  moribund f ish. W ith t he exception of  isolate 10 

and i solate 11 ( which was de rived from A tlantic s almon br ood-stock), a ll is olates w ere 

obtained f rom j uvenile f infish. Isolate 10 w as obtained f rom j ack m ackerel ( Trachurus 

declivis) s ampled a t the time  o f a wild f ish mortality (of unknown c ause) found in s almon 

cages. As part of the TSHSP, all samples were processed for virus isolation on fish cell lines. 

Cultures t hat de veloped vi ral-like cytopathic effect ( CPE) w ere f urther p rocessed f or 

confirmation of  vi ral i dentification. In t he e arly da ys of  t he T SHSP, confirmation w as b y 

electron microscopy and later by immunocytochemistry using virus-specific antibodies. More 

recently, and currently, confirmation of  pr esence of  vi rus i s unde rtaken using PCR ( Mark 

Crane pers communication). Thus, for the early isolates, confirmation of TSRV infection of 

cell c ultures th at demonstrated a quareovirus-like C PE w as d etermined b y 

immunocytochemistry using an aquareovirus-specific polyclonal rabbit antiserum developed 

at AAHL.  From 2008, the PCR tests, developed by Carlile (2011), have been used at AAHL 

for confirmation of TSRV identification of viruses isolated in cell culture. 
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Table 5.1 Fourteen viral isolates isolated for the detection of TSRV in Tasmania during a 20-year period between 1990 and 2010. The isolates 
originating from various locations obtained from various host species, tissues, year classes and isolated on different cell lines. SE Tas: South-east 
Tasmania, RLO: Rickettsia-like organism. 
 

    
Viral isolate Sample No Host Species  Year Class Year Isolated Cell line Tissue Location  

90-0388 1 Atlantic salmon 1989 1990 CHSE-214 Kidney, liver & spleen SE Tas 
91-0130 2 Atlantic salmon 1988 1991 BF-2 Kidney, liver & spleen SE Tas 
91-0280 3 Atlantic salmon 1986 1991 BF-2 Ovarian fluid SE Tas 
97-0786 4 Atlantic salmon 1995 1997 CHSE-214 Kidney, liver & spleen  SE Tas 
98-0885 5 Atlantic salmon 1996 1998 EPC Kidney, liver & spleen SE Tas 
99-1980 6 Atlantic salmon 1997 1999 EPC Kidney, liver & spleen SE Tas 
00-0357 7 Atlantic salmon 1997 2000 CHSE-214 Kidney, liver & spleen SE Tas 
01-1575 8 Atlantic salmon 1999 2001 EPC Kidney, spleen & brain SE Tas 
03-1746 9 Atlantic salmon 2001 2003 CHSE-214 submitted for RLO testing SE Tas 
06-0412 10 Jack Mackerel Wild fish 2006 EPC Liver , pyloric caeca & heart SE Tas 
07-1692 11 Atlantic salmon Broodstock 2007 EPC Ovarian fluid North Tas 
08-0321 12 Atlantic salmon 2007 2008 CHSE-214 Kidney, liver, spleen & heart SE Tas 
08-0823 13 Atlantic salmon 2006 2008 EPC Kidney, liver & spleen North Tas 
10-0356 14 Atlantic salmon 2009 2010 CHSE-214 Kidney, liver, spleen, brain and heart SE Tas 
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5.2.1.1 Sample preparation  

 

 Each of the selected isolates of aquareovirus (see Table 5.1) were recovered from 

frozen s torage a nd expanded i n c ultures of t he CHSE-214 (chinook s almon, 

Oncorhynchus tshawytscha embryo, ATCC catalogue No. CRL 1681) cell line. The cell 

cultures w ere established i n 25 c m2 tissue cu lture flasks ( Nunc, R oskilde, D enmark) 

using Eagle’s min imal e ssential me dium ( EMEM) s upplemented w ith 1 0 mM  H EPES 

buffer, 10% (v/v) fetal bovine serum (FBS), 2 m M L-glutamine, 100 IU penicillin / mL 

and 100 µ g streptomycin / mL  ( Invitrogen, A ustralia) as th e g rowth me dium and the 

cultures w ere incubated at  2 2°C in a n a tmosphere of  5%  C O2/95% a ir until 90% 

confluency was a ttained ( usually w ithin 2 da ys of  s eeding t he c ultures). Immediately 

prior to virus infection the medium was changed to “maintenance medium”, which had 

the same ingredients as  growth medium except that i t contained onl y 2 % FBS (use o f 

reduced serum concentration assists in reducing the rate of cellular replication, allowing 

sufficient time for viral replication prior to any culture over-growth).  

  

 The cell cultures (one for each viral isolate) were inoculated with 200 µL of the 

thawed viral stock and then incubated at 15°C (this lower temperature is permissive for 

viral replication and also reduces the rate of cellular replication) in an atmosphere of 5% 

CO2/95% air until 100% CPE was observed. The supernatants were decanted into 10 mL 

centrifuge tubes and cl arified by c entrifugation at 100 x  g at 4 °C for 20 minutes.  For 

each isolate, an aliquot (140 µL) of the supernatant was taken for nucleic acid extraction 

(see 5.2.1.4) and the remainder of each supernatant was loaded into Beckman ultra-clear 
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SW41 centrifuge tubes and ultracentrifuged using a SW41 rotor at 100,000 x g at 5°C for 

1.5 hours. After ultracentrifugation, the supernatants were decanted and as much fluid as 

possible w as r emoved by i nverting t he t ube o n t issue pa per. T he pe llets c ontaining 

replicated vi rus were r esuspended in t he remaining supernatant (approximately 30  µL). 

For each isolate, the 30 µL of resuspended viral pellet was mixed well with NuPAGE® LDS  

sample buffer (Invitrogen, Australia), boiled for 5 minutes and stored at -20°C until further 

use.  NuPAGE® LDS Sample Buffer contains lithium dodecyl sulphate at a pH of 8.4, which 

allows for maximal activity of the reducing agent. 

 

5.2.1.2 Polyacrylamide gel electrophoresis (PAGE) 

 

 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 

10% (w/v) a crylamide gels was c arried out  a ccording t o t he m ethod de scribed b y 

Laemmli (1970). Following electrophoresis, gels were stained using 1% (w/v) Coomassie 

brilliant blue R-250 and destained using 40% methanol with 7% acetic acid solution to 

visualize the polypeptide bands. 

 

5.2.1.3 Western blotting 

 

 Western b lotting w as pe rformed as de scribed by T owbin e t a l. ( 1979). The 

isolates (resuspended viral pellet with LDS sample buffer) were thawed, heated at 99°C 

and micro-centrifuged. The isolates were resolved on gradient NuPAGE® Novex® 4-12% 

Bis-Tris G els (1 .0-mm th ick, 12 -well wi th Nu PAGE® MOPS S DS Running B uffer) at 

200V for 52 m inutes. NuPAGE® MOPS (3-(N-morpholino) propanesulfonic acid) SDS 
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(sodium dodecyl sulphate) Running Buffer is used for separating medium to large sized 

proteins.  

 

 Following e lectrophoresis, t he viral proteins were t ransferred to 0.45 µ m 

nitrocellulose membrane (Hybond C) at 100 V for 1 hour  using the Mini Trans-Blot cell 

(BioRad) with Towbin transfer buffer. For immune-detection, the membrane was blocked 

in 5% (v/v) skim milk (SM) in 0.01 M Tris-HCl pH 7.4, 0.15 M  NaCl for 30 minutes at 

room t emperature. T he membrane w as t hen w ashed onc e w ith T ris-saline ( pH 7.4) , 

before incubation with rabbit anti-TSRV (diluted 1:200) serum in SM solution at room 

temperature on a  s low-speed, f lat-bed or bital s haker f or 1 hour . T he m embranes w ere 

washed twice with 0.01 M Tris-HCl pH 7.4, 0.1 5 M NaCl, 0.05% (v/v) Tween 20  and 

once w ith 0.01 M  T ris-HCl pH  7.4, 0.15  M  N aCl f or 5  m ins. T he membranes w ere 

incubated at  r oom t emperature with freshly p repared goat–anti-rabbit IgG ( whole 

molecule) conjugated with horseradish peroxidase (HRPO) (Sigma) (diluted 1:1000 with 

SM solution) using the same incubation conditions used for the primary antibody step.  

 

 The m embranes w ere washed a gain as  d escribed p reviously an d colour w as 

developed using 4-chloro-1-naphthol as substrate with incubation at room temperature for 

15 to 30 m in to obt ain optimal s taining with a  minimum of  background. The substrate 

was prepared b y di ssolving 60  mg 4 -chloro-1-naphthol i n 20  mL methanol on i ce; ju st 

before us e this was m ixed w ith 100 m L in 0.01  M  T ris-HCl pH  7.4, 0.15 M  N aCl t o 

which 60 µ L of 3 0% (v /v) H 2O2 had be en pr eviously added. Images of  W estern bl ots 

were digitised w ith a Nikon C ool P ix P 2. A pproximate mo lecular weights o f v iral 
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proteins w ere de termined b y c omparison w ith molecular w eight s tandards (See Blue® 

Plus2 P re-Stained S tandard, Invitrogen, A ustralia) us ing LaserSoft® SilverFast® SE 

software included in the Epson Perfection 2450 Photo scanner.  

 

5.2.1.4 qPCR 

 

RNA extraction was carried out on the 140 µL aliquots obtained previously (See 

5.2.1.1) us ing the Q IAmp® Viral R NA k it ( QIAGEN, G ermany) according to  th e 

manufacturer’s i nstructions. A to tal 560 µL of pr epared Buffer A VL containing c arrier 

RNA was added to 140 µ L of each sample. The sample-buffer was mixed well using a 

vortex mixer for 15s , to ensure efficient l ysis and to yield a  homogenous solution. The 

sample-buffer solution was incubated at room temperature for 10 min and the tube was 

centrifuged at 6000 x g for one minute to precipitate any fluid from the inside of the lid. 

A total 560 µL 100% ethanol were added to the sample, mixed with a vortex mixer for 

15s and the tube was centrifuged at 6000 x g for one minute. The solution (630 µL) was 

transferred to a QIAmp® Mini column ( in a 2  mL collection tube) without wetting the 

rim. It was centrifuged at 6000 x g for one minute. The QIAmp® Mini column was placed 

into a cl ean 2  m L collection t ube a nd t he t ube c ontaining t he f iltrate w as d iscarded. 

Buffer AW1 (500 µL) was added to the tube and centrifuged at 6000 x g for one minute. 

After centrifugation, a new collection tube was used for a second run. A total of 500 µ L 

Buffer AW2 was added and the tube was centrifuged at 13000 x g for 3  min. Then the 

QIAmp® Mini c olumn assembly w as p laced i nto a n ew co llection t ube an d w as 

centrifuged at maximum speed for a minute to remove any residual Wash Buffer.  
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The QIAmp® Mini column was placed into a clean 1.5 m L microcentrifuge tube 

and 60 µL Buffer AVE was added. It was incubated at room temperature for one minute 

and centrifuged at 6000 x g for one minute. The sample was eluted into a final volume of 

60 µL AVE b uffer. The qP CR de tection f or T SRV w as c onducted us ing t he s pecific 

primers and pr obe de veloped b y C arlile ( 2011). T he pr imers a nd pr obe f or t he qP CR 

assay w ere d esigned t o am plify an d d etect an 8 2 n ucleotide s equence o f cDNA 

corresponding t o 705 –787 bp of  t he vi ral genome w ithin s egment 10 of T SRV. T he 

sequences f or t he p rimers and pr obe were as follows: F orward p rimer (T SRV-10F; 

position 705 -725): 5’ -GATCGAACCCGTCGTGTCTAA-3’, R everse p rimer (T SRV-

10R; position 769-787): 5’-CGGTGCTCAGCTTGTCACA-3’, Probe (position 731-748): 

5’-CCC GAG CCA TCT GGG CGC-3’. The probe contained a fluorescent reporter dye, 

6-carboxy-fluorescein (FAM), l ocated a t t he 5 ' end a nd t he qu encher and 6 -carboxy-

tetramethyl-rhodamine (TAMRA) located at the 3' end.  

 

The amplification protocol consisted of  addition of RNA to a master mix as per 

the TaqMan® one-step RT-PCR master mix reagents kit (Applied Biosystems, USA). The 

reaction mixture (25 µL) consisted of: 6.125 µL RNase free water, 12.5 µL TaqMan® 2 × 

Universal P CR ma ster mix  n o A mpErase® UNG ( containing A mpliTaq G old® DNA 

polymerase), 0.625 µL 40 ×  M ultiscribeTM and R Nase i nhibitor m ix, 1 .25 µL Primer 

TSRV-10F (18 μM), 1.25 µL Primer TSRV-10R (18 μM), 1.25 µL TSRV-10 probe (5.0 

μM) and 2 µL viral RNA. The amplification was carried out in an ABI PRISMTM 7500 

Fast R eal-Time S ystem ( Perkin-Elmer, A pplied B iosystems, U SA). The R NA wa s 

amplified using the following programme: an initial 30 minutes at 48°C, followed by 10 
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minutes at 95°C, then 45 cycles of 95°C for 15 seconds and 60°C for one minute.  The 

cut-off CT value for detection of TSRV was set at 35.8 ( see Chapter 2.3.4.1), hence, C T 

values < 35.8 a re considered positive, CT values between 35.8 and 36.13 a re ambiguous 

values (i.e. to o c lose to  c all e ither p ositive o r negative) and C T values >  36.13 are 

considered negative. 

 

5.2.1.5 Conventional hemi-nested RT-PCR 

 

 RNA ex traction w as ca rried o ut acco rding t o the m anual i nstructions f or t he 

QIAamp® Viral RNA Mini Kit (Qiagen, Germany). The conventional hemi-nested RT-

PCR w as c arried out  u sing pr imers the design of w hich w as based o n t he s equence 

alignment o f t he S10 gene of  TSRV and developed by Carlile (2011): Forward primer 

SpT10Fb (position 306 -323: 5’ -TTCCCTCTCTAAGACCC-3’) and reverse p rimer 

SpT10Ra ( position 567 -585: 5’-GCCACCGGTAATAGTACG-3’) for p rimary r eaction 

followed b y forward primer SpT10FN ( position 445 -463: 5’ -

AATTGTGATCGCGCTCTC-3’) a nd reverse p rimer SpT10Ra (position 567 -585: 5’- 

GCCACCGGTAATAGTACG-3’) i n t he he mi-nested r eaction. The a mplification w as 

carried out  us ing the SuperScript® III O ne-Step R T-PCR System w ith P latinum® Taq 

(Invitrogen, Australia). A total of 23 µL PCR mixture containing: 12.5 µL 2X Reaction 

Mix (QIAGEN), 9.0 µL Rnase-free water, 1 µL SuperScript III/ Platinum Taq Mix, 0.25 

µL SpT10Fb and 0.25 µL SpT10Ra was added to 2 µL prepared RNA. 
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 For th e p rimary r eaction, th e a mplification w as programmed a s f ollowed: 15 

minutes at 95°C, followed by 30 cycles of denaturation at 94°C for 30 seconds, annealing 

at 50°C for 30 seconds and extension at 72°C for 40 seconds. A final extension of 72°C 

for 5  min utes te rminated th e th ermal c ycling r eaction. The h emi-nested reaction w as 

carried out with a total of 23 µL PCR mixture containing: 12.5 µL 2X HotStar Taq Plus 

Master Mix (QIAGEN), 9.5 µL Rnase-free water, 0.5 µL SpT10FN and 0.5 µL SpT10Ra 

were added to 2 µL PCR product. The amplification was conducted using the following 

programme: 15 minutes at 95°C, followed b y 25  c ycles of  denaturation a t 94°C for 30 

seconds, annealing at 51°C for 30 seconds, extension at 72°C for 40 seconds and a final 

extension of  72°C for 5 minutes. Both reactions were carried out  using a MasterCycler 

(Eppendorf, Australia) thermal cycler. The amplified PCR products from both reactions 

were analysed by electrophoresis (50 minutes at 90 V) on 1.5% (w/v) agarose gel in TAE 

buffer and stained with SYBR Safe DNA Gel Stain (Invitrogen, Australia). 

 

5.2.1.6 DNA sequencing 

 

 To pr oduce t emplates f or D NA s equencing, a mplicons w ere e xcised f rom t he 

agarose gels and purified using a QIAquick® Gel Extraction kit (QIAGEN) according to 

the m anufacturer’s pr otocols. P urified P CR pr oducts w ere t hen s equenced us ing Big 

Dye® Terminator S equencing ki ts ( Applied B iosystems, US A) according t o t he 

manufacturer’s instructions. An ABI PRISM® 377 DNA Sequencer (Applied Biosystems, 

USA) was u sed t o o btain s equence. Chromatograms w ere an alysed u sing C hromas 
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Version 2.01 ( Technelysium) a nd a ligned u sing C lustalW ( Larkin et al., 2007) w ith 

Geneious ProTM software. 

 

5.2.2 Characterisation of representative isolates of TSRV 

Details on the isolate and origin (sources of viral isolates) 

 

 Based on the preliminary study (section 5.2.1) conducted to select the isolates for 

the ch aracterisation o f T SRV, in itial r esults u sing W estern bl ot a nd PCR a nalyses 

indicated that there was variation between TSRV isolates. Therefore a sub-set of isolates 

of particular interest (Isolate 6: 99-1980; 7: 00-0357; 10: 06-0412; 11: 07-1692; 13: 08-

0823) were regrown in CHSE-214 cell cultures according to section 5.2.1.1.  Isolates 6, 7 

and 10 a ppeared t o be  r epresentative of  “ typical” T SRV w hereas i solates 11 a nd 13 

demonstrated “atypical” characteristics based on the p reliminary results. Thus, Western 

blot, P CR a nd s equencing analyses w ere co nducted o n t hese i solates o f i nterest t o 

confirm previous results. 

 

5.2.2.1 Western blot 

 

The Western blot analysis was conducted according to section 5.2.1.3. 
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5.2.2.2 qPCR 

 

The RNA extractions and qPCR assay (duplicate samples) were conducted according to 

section 5.2.1.4. 

 

5.2.2.3 Conventional generic RT-PCR 

 

RNA extraction was carried out according to the instruction manual for QIAamp® 

Viral RNA Mini Kit (Qiagen, Germany). The generic aquareovirus PCR was carried out 

using degenerate primers (GARV-F and GARV-R) the design of which was based on the 

sequence al ignment o f the S2 gene of GCHV (AF284502), GCRV (AF260512), CSRV 

(AF418295), and GSRV (AF403399) as developed by Carlile (2011). The primers design 

was based on t he conserved r egions l ocated within t he pol ymerase gene, a mplifying a  

PCR product of  314bp. The sequences for the primers were: Forward primer, GARV-F 

(position 1788-1812: 5’ -TAAAGCTTGCGACGCCTCCATCAC-3’) an d reverse primer 

GARV-R (position 2082-2102: 5’-TGCTCGGTGGAGGTGACAGT-3’). The 

amplification w as c arried out  us ing S uperScript® III O ne-Step R T-PCR S ystem w ith 

Platinum® Taq (Invitrogen, Australia). A total of 23 µL PCR mixture containing: 12.5 µL 

2X Reaction Mix (QIAGEN), 9.0 µL Rnase-free water, 1 µL SuperScript III/ P latinum 

Taq Mix, 0.25 µL GARV-F and 0.25 µL GARV-R was added to 2 µL prepared RNA.  

 

The amplification was programmed as followed: 30 minutes at 55°C, 2 minutes at 

94°C, followed by 40  cycles of  denaturation at 95˚C for 30 s econds, annealing at 50˚C 
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for 30 s econds and e xtension a t 68 °C for 4 5 seconds. A  f inal e xtension of  68 °C for 7  

minutes terminated the thermal cycling reaction. The amplified PCR products from the 

reaction were analysed by electrophoresis (50 minutes at 90 V) on 1.5% (w/v) agarose gel 

in TAE buffer and stained with SYBR Safe DNA Gel Stain (Invitrogen, Australia). 

 

5.2.2.4 Segment 10 TSRV T10 conventional RT-PCR 

 

RNA extraction was carried out according to the instruction manual for QIAamp® 

Viral R NA M ini K it ( Qiagen, G ermany). This c onventional R T-PCR was car ried o ut 

using primers the design of which was based on segment 10 of TSRV, T10Fc and T10Rc 

- amplifying a  P CR pr oduct of  263bp. T he s equences f or t he pr imers were: Forward 

primer, T 10Fc (position 669-690: 5’ -TAAAGCTTGCGACGCCTCCATCAC-3’) a nd 

reverse pr imer T 10Rc ( position 912-931: 5’-TGCTCGGTGGAGGTGACAGT-3’). The 

amplification w as c arried out  us ing S uperScript® III O ne-Step R T-PCR S ystem w ith 

Platinum® Taq (Invitrogen, Australia). A total of 23 µL PCR mixture containing: 12.5 µL 

2X Reaction Mix (QIAGEN), 9.0 µL Rnase-free water, 1  µL SuperScript III/ P latinum 

Taq M ix, 0.25 µL T10Fc and 0.25 µL T10Rc was a dded t o 2  µL prepared R NA. T he 

amplification w as p rogrammed a s f ollowed: 3 0 min utes a t 5 5°C, 2 min utes a t 9 4°C, 

followed by 40 c ycles of denaturation at 95°C for 30 s econds, annealing at 50°C for 30 

seconds and extension at 68°C for 45 s econds. A final extension of 68°C for 7 m inutes 

terminated the thermal cycling reaction. The amplified PCR products from the reaction 

were analysed by electrophoresis (50 minutes at 90 V) on 1.5% (w/v) agarose gel in TAE 

buffer and stained with SYBR Safe DNA Gel Stain (Invitrogen, Australia). 



211 
 

5.2.2.4.1 DNA Sequencing 

 

The DNA sequencing was conducted according to section 5.2.1.6. 

 

5.2.2.5 Electron microscopy 

 

 Duplicate cu ltures o f C HSE-214 cells, g rown i n 25cm2 cell cu lture flasks, were 

infected with typical isolate 10 a nd atypical isolates (isolate 11 a nd 13) of TSRV. After 

development o f C PE af fecting 50 - 100% of  the c ell mo nolayer, th e tissue c ulture 

supernatant (TCSN) and cel ls were harvested. The cells were pelleted by centrifugation 

for 5 m in a t 840  x  g. T he s upernatant w as r etained f or n egative co ntrast el ectron 

microscopy (NCEM) and t he c ells w ere us ed f or u ltrathin s ection p reparation. 

Preparation of  t he s pecimens f or electron m icroscopic examination w as undertaken b y 

staff of the Australian Microscopy & Microanalysis Research Facility, AAHL. The cells 

were fixed in 2.5% (v/v) glutaraldehyde in 0.1 M  cacodylate buffer for 40 min at room 

temperature, washed in PBS (3 x 20 min), post-fixed in 1% (w/v) osmium tetroxides for 1 

hour and washed in reverse osmosis (RO) water (4 x 5 min). 

 

 The s pecimens w ere d ehydrated i n a g raded ethanol s eries an d i nfiltrated w ith 

50% Spurr’s resin in 100% ethanol for 30 min followed by 100% Spurr’s resin for 1 hour. 

The s ample w as p laced in a r esin cap sule ( Better E quipment f or E lectron M icroscopy, 

Inc.) and embedded with resin at 65°C overnight. The resin block was cut into ultra-thin 

sections u sing a Leica/Reichart U ltracut E  m icrotome ( Leica), t ransferred t o pl astic-
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filmed grids and stained with 0.5% uranyl acetate and 0.25% lead citrate for 7 and 3 min, 

respectively. For NCEM, the TCSN was transferred to sterile tubes and centrifuged at 53 

000 x g for 30 min. The supernatant was harvested and centrifuged at 230 000 x  g for 1 

hour. T he vi rus pe llet was r esuspended i n P BSA a nd a dsorbed t o a  grid f or 5 m in 

followed by staining with 2% 12-tungstophosphoric acid (PTA) in RO water for 3 min. 

Stained g rids f rom bot h N CEM a nd ul tra-thin s ections w ere e xamined by  t ransmission 

electron microscopy (TEM) using a Philips electron microscope model CM120 at 75 kV. 

 

5.2.2.6 Immunocytochemistry (ICC) 

 

 Immunocytochemical t esting f or c onfirmation of t he p resence o f TSRV w as 

undertaken us ing a s tandard t est de veloped at AFDL. C ultures of  C HSE-214 c ell l ine 

were established in 24-well culture plates and infected with either a typical isolate (isolate 

10) or an atypical isolate (isolate 11) of TSRV. Once TSRV-like CPE was observed the 

cultures w ere f ixed i n p reparation f or i mmunocytochemistry (ICC). Cell cu ltures w ere 

fixed by adding 20% formalin in PBS so that the final formalin concentration when added 

to the cultures was 4%. Thus for 24-well plate cultures, 500 μL of 20% formalin in PBS 

was added to each well. The plate cultures were incubated at room temperature for 1 hour 

and t hen f ixative w as r emoved a nd t he fixed c ultures r insed 3 t imes with P BSA a nd 

stored (with PBSA covering the fixed monolayers) at 4°C until used. 

 

 For ICC s taining, t he P BSA was r emoved f rom t he s tored f ixed cel l cultures 

which w ere t hen rinsed ( 2X) w ith 0.05%  ( v/v/ P BSA) Tween s olution ( PBST). T he 
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primary positive ( rabbit a nti-TSRV a ntiserum) a nd ne gative ( normal r abbit a ntiserum) 

antibodies were diluted to 1/5000 in 1% (w/v PBSA) skimmed milk solution (PBSA-SM) 

and, for each diluted antibody, were added to a set of duplicate wells of the fixed TSRV-

infected and non-infected (control) cell cultures.  

 

 These w ere i ncubated a t 37°C f or 1 hour  on a  pl ate s haker a t 100 -200 rpm. 

Following i ncubation, t he primary antibody s olutions w ere r emoved a nd t he c ultures 

rinsed ( 3X) w ith P BST. T he s econdary a ntibody (biotinylated donke y anti-rabbit I gG 

antiserum) was diluted (1/500) in PBSA-SM (0.1%) solution and 200 µL were added to 

all w ells. T hese w ere i ncubated at  37°C for 1 h our on a  pl ate s haker at 100 -200 rpm. 

Following incubation, the secondary antibody was removed f rom the wells which were 

rinsed (3X) with PBST. Streptavidin-peroxidase conjugate was di luted (1/500) in 0.1%  

SM solution and 200 µL added to each well. These were incubated at 37°C for 1 hour (in 

a hum idified c hamber) on a  pl ate s haker a t 10 0-200 rpm. F ollowing i ncubation, t he 

conjugate was removed from the wells which were rinsed (3X) with PBST. One tablet of 

3-amino-9-ethyl-carbazole ( AEC) s ubstrate w as d issolved i n 2.5 mL of d imethyl 

formamide to make the stock solution which was then diluted in 47.5 mL acetate buffer 

(pH 5.0). Just before use, 25 µL 30% hydrogen peroxide was added to the AEC solution 

which w as t hen ad ded t o each  w ell. T hese w ere i ncubated at  room t emperature f or 2 0 

minutes. Following incubation, the substrate solution was removed and the wells rinsed 

(2X) with deionised water to stop the reaction. The monolayers were counterstained with 

Mayer's haematoxylin for one minute and rinsed with deionised water. Scott’s tap water 

(50 µL) was added to each of the wells which were then rinsed with deionised water and 
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allowed t o a ir dr y. The in terpretation of t he re sults w ere b ased o n t hese cr iteria: a ) 

positive r eaction: granular-like, f ocal, b rick-red staining o f cells i ndicates p resence o f 

virus and b) negative reaction: no red staining apparent - all cells should be stained pale 

blue due to counter staining. 

 

5.3 Results 

5.3.1 Selection of isolates for characterisation of TSRV: Preliminary results  

5.3.1.1 SDS Polyacrylamide gel electrophoresis of viral polypeptides  

 

 Analysis of the protein profiles showed consistent bands for most of the samples. 

Figure 5.1 ( a and b)  demonstrates electrophoretic profiles of polypeptides derived f rom 

cell cultures infected with TSRV samples (sample 1-14). It was possible to identify some 

of the viral proteins in TSRV isolates compared to the three negative controls (uninfected 

CHSE-214, E PC &  B F-2 cel l cu ltures). S DS-PAGE of  t he vi rion pr oteins r evealed 

putative viral polypeptides at approximately 130, 127, 116.3, 29, 14,  13.9 and 6.5 kDa in 

size; observed in TSRV samples only. 
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Figure 5.1a  Electrophoretic pr ofile of  pol ypeptides de rived f rom c ell c ultures i nfected 
with TSRV samples. Analysis of  put ative vi rion pol ypeptides on a  4 -12% g radient 
NuPAGE® Bis-TRIS gel. The gel was s tained with 1% Coomassie Brilliant Blue. Lane 
M: Mark 12TM unstained standard (Invitrogen) as molecular marker, Lane 1-9: samples1-
9 (see table 5.1).  
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Figure 5.1b  Electrophoretic pr ofile o f pol ypeptides de rived f rom cell c ultures i nfected 
with  T SRV samples. Analysis o f putative virion pol ypeptides on a 4-12% g radient 
NuPAGE® Bis-TRIS gel. The gel was s tained with 1% Coomassie Brilliant Blue. Lane 
M: Mark 12TM unstained standard (Invitrogen) as molecular marker, Lane 1-5: Samples 
10-14 and cell lines (CHSE-214, EPC & BF-2) as negative controls. 
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5.3.1.2 Western blotting 

 

 Western bl ot a nalysis s howed t he pr esence of  t hree m ajor pr otein ba nds i n T SRV, 

with apparent molecular weights of approximately 130, 57 and 35 kDa that were identified by 

the r abbit a nti-TSRV pol yclonal a ntibody ( Figure 5.2 -5.4). The t hree m ajor g roups of 

aquareoviral pr oteins can be  c lassified a s l arge, m edium a nd s mall pol ypeptides. T he 

presence of these bands were visualised in all of the isolates except isolate 6. Isolates 11 and 

13 s howed a typical pr otein ba nds c ompared w ith t he ot her i solates, w here bot h of  t hese 

isolates showed the presence of bands at the following estimated molecular weights, 55 kDa 

and 32 kD a i.e. lower molecular weights than for the typical aquareovirus isolates. Of these 

bands, the 57 kDa band was present at highest intensity. Isolate 6 did not react with the rabbit 

anti-TSRV pol yclonal a ntibody i n a ll of  t he a nalyses. In a ddition s ome va gue ba nds w ere 

visualised for isolate 1 and 4 with an estimated molecular weight of 60 kDa (Figure 5.4). The 

cell lines (uninfected CHSE-214, EPC & BF-2 cell cultures) which were included as negative 

controls did not demonstrate any detectable protein bands. 
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Figure 5.2 Western blot analysis of TSRV using rabbit antiserum against TSRV. Lane M: See Blue® Prestained Protein standard marker 
(Invitrogen), Lane 4-9: samples 14, 13, 12, 11, 10, 7 and Lane 1-3: cell lines as negative controls: BF-2, EPC and CHSE-214.  
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Figure 5.3 Western blot analysis of TSRV using rabbit antiserum against TSRV. Lane M: See Blue® Prestained Protein standard marker 
(Invitrogen) and isolates 1-9.  
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Figure 5.4: Western blot analysis of TSRV using rabbit antiserum against TSRV. M: See Blue® Prestained Protein standard marker (Invitrogen), 
Isolates 1-12 and 14. All the isolates had similar polypeptide profiles except a) isolate 6 which was negative (no staining) and b) A: isolate 11 
which demonstrated a different polypeptide profile. 
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5.3.1.3 qPCR   

  

 The qP CR a nalyses d emonstrated t hat all but  t wo ( 11 a nd 13)  o f t he i solates w ere 

positive for TSRV (Table 5.2). qPCR was conducted on all the isolates in duplicate and was 

repeated twice to confirm the negative results for isolates 11 and 13. Isolate 6 had a relatively 

high CT value (approximately 26.34) which correlated with the negative reaction on Western 

blotting. The viral copy number for each isolate preparation (Table 5.2) was estimated using a 

standard cu rve generated b y p erforming q PCR w ith a  ten-fold di lution s eries of  T SRV 

synthetic ds RNA as t arget ( Table 5.3;  Figure 5.5). CT values w ere p lotted ag ainst the 

calculated viral copy numbers with the initial copy number of 6.02 x  1010 molecules/µl. For 

each of the isolates, the relative viral concentration derived from the calculated copy number 

(molecules/µl) w as c onsistent w ith th e in tensity of t he viral pr otein bands on W estern 

blotting. 
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Isolates Mean CT values S.D 

Mean CT 
values S.D Viral copy numbers 

   First run   Second run   (molecules/µl) 
 1 17.17 0.06 17.77 0.01 6.02E+08 
 2 22.63 0.09 23.34 0.10 6.02E+06 
 3 21.72 0.18 21.72 0.18 6.02E+07 
 4 19.63 0.01 20.53 0.03 6.02E+07 
 5 18.95 0.05 19.72 0.01 6.02E+07 
 6 25.32 0.29 26.36 0.02 6.02E+05 
 7 15.45 0.02 16.35 0.08 6.02E+08 
 8 21.56 0.01 22.23 0.06 6.02E+07 
 9 20.37 0.65 21.44 0.01 6.02E+07 
 10 18.64 0.05 19.26 0.01 6.02E+07 
 11 ND ND ND ND ND 
 12 15.42 0.08 16.24 0.02 6.02E+08 
 13 ND ND ND ND ND 
 14 15.96 0.01 16.65 0.06 6.02E+08 
 

        
 
 

 
 

    
     
     
           

  
Synthetic dsRNA 

Mean CT 
values 

Viral copy 
numbers 

      (molecules/µl) 
  Synthetic 10e-1 7.58 6.02E+10 
  Synthetic 10e-2 11.36 6.02E+09 
  Synthetic 10e-3 14.81 6.02E+08 
  Synthetic 10e-4 18.53 6.02E+07 
  Synthetic 10e-5 22.59 6.02E+06 
  Synthetic 10e-6 25.97 6.02E+05 
  Synthetic 10e-7 29.68 6.02E+04 
  Synthetic 10e-8 32.96 6.02E+03 
  Synthetic 10e-9 35.57 6.02E+02 
  Synthetic 10e-10 ND 6.00E+01 
  

     

Table 5.2 M ean CT values, s tandard deviation (S.D) and viral copy numbers (molecules/µl) o f 
TSRV isolates generated based on qPCR results which was conducted (twice) on all the isolates 
in dupl icates. T he viral c opy numbers ( molecules/µl) w ere de rived f rom t he i nclusion of  
synthetic dsRNA as a positive control. ND: Non-detectable. 
 

Table 5.3 Mean CT values, standard deviation (S.D) and viral copy numbers (molecules/µl) of ten-
fold di lution of  s ynthetic ds RNA. S ynthetic ds RNA 10e -1 till 1 0e-10: t en-fold di lution of  
synthetic dsRNA, ND: Non-detectable. 
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Figure 5.5 Standard curve generated for synthetic dsRNA TSRV to determine the TCID50 (viral copy numbers) of isolates. CT values plotted 
against calculated viral copy numbers (molecules/µl), with the initial copy numbers of 6.02 x 1010 molecules/µl. 
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5.3.1.4 Conventional hemi-nested RT-PCR  

 

 The conventional hemi-nested RT-PCR analysis produced amplicons of the expected 

size f or bot h pr imary (280 bp)  a nd s econdary r eactions ( 140 bp)  ( Figure 5.6) . Bands w ere 

visualised for all but  two (11 and 13)  of  the isolates. Isolate 6 s howed v isible bands in the 

secondary reaction only, consistent with the relatively high CT value obtained for this isolate 

by qPCR (Table 5.2). 

 

 

 

 

 

 

 

 

Figure 5.6 C onventional he mi-nested R T-PCR r esults f or T SRV i solates. M : 100bp  D NA 
ladder as a molecular weight marker, Lane 1-12: Isolate 1-12, Lane 13 & 14: Isolate 13, Lane 
15: Isolate 14, Lane 16: CHSE-214 cel ls as  negative control, Lane 17: Water as a n egative 
control for primary reaction and Lane 18: Water as a negative control for secondary reaction. 
 

TSRV RT-PCR (bp) 
 M      1      2       3      4     5      6      7      8       9    10    11    12    13    14    15   16    17     M 

TSRV nested PCR (bp) 
 M      1      2      3      4      5       6      7      8      9     10   11     12    13   14    15    16    17    18    M 
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 Table 5.4 summarises the preliminary results for the characterisation of TSRV isolates 

based on the comparison of virus isolation, qPCR, western blot and conventional hemi-nested 

RT-PCR an alyses. T he development of  c ytopathic e ffect in  c ell c ultures f or each  i solate 

correlated well with C T values obtained by qPCR analysis and results by conventional hemi-

nested RT-PCR. Cytopathic effects of more than 80% (at the time of harvest) resulted in low 

CT values (= high viral copy number) and positive results in both reactions by conventional 

hemi-nested RT-PCR. Isolate 6 produced a negative reaction on western blotting and positive 

bands only in the secondary reaction on conventional hemi-nested RT-PCR which correlates 

with the low viral copy number (CT value of 26.36). Despite the fact that isolate 11 and 13 

produced 60%  a nd 80 % v iral c ytopathic ef fect on cel l cu ltures, r espectively, these i solates 

showed an atypical reaction o n W estern bl otting and w ere non -detectable b y q PCR and 

conventional hemi-nested RT-PCR. 
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Cell lines harvested 

    
Isolate # Cell line (Days of post-inoculation) CPE 

qPCR CT 
values Western blot RT-PCR 

1 CHSE-214 7dpi 80% 17.77 Positive Positive (both reactions) 
2 BF-2 12dpi marginal 23.34 Positive Positive (both reactions) 
3 BF-2 12dpi 60% 21.72 Positive Positive (both reactions) 
4 CHSE-214 7dpi 100% 20.53 Positive Positive (both reactions) 
5 EPC 11dpi 100% 19.72 Positive Positive (both reactions) 

6 EPC 11dpi 60% 26.36 Negative 
Positive (2nd reaction 
only) 

7 CHSE-214 13dpi 100% 16.35 Positive Positive (both reactions) 
8 EPC 11dpi 80% 22.23 Positive Positive (both reactions) 
9 CHSE-214 16dpi 100% 21.44 Positive Positive (both reactions) 
10 EPC 11dpi 80% 19.26 Positive Positive (both reactions) 
11 EPC 11dpi 60% ND Atypical Negative 
12 CHSE-214 13dpi 100% 16.24 Positive Positive (both reactions) 
13 EPC 12dpi 80% ND Atypical Negative 
14 CHSE-214 13dpi 100% 16.65 Positive Positive (both reactions) 

       

  

 

Table 5.4 S ummary o f pr eliminary r esults f or t he c haracterisation of  T SRV i solates a nd t he d escription of  vi rus i solation, qP CR, 
western bl ot a nd c onventional he mi-nested R T-PCR an alyses o n all t he i solates. Bolded i solates r epresent t he at ypical i solates i n 
western blot and qPCR analysis. CPE: cytopathic effect on cell lines, dpi: days of post inoculation, RT-PCR: conventional hemi-nested 
RT-PCR.  
 



227 
 

5.3.1.5 Sequencing analysis 

 

  Sequences covering t he 2 45 bp r egion of  s egment 10 of  T SRV for the p rimary 

reaction were determined for all but two (11 and 13) of the isolates (Figure 5.7). Thus, only 

amplicons f rom i solate 1 t o 10, 12 a nd 14  were ex cised f or s equencing and ph ylogenetic 

analysis to verify any variation between the isolates. No variation was observed between the 

nucleotide sequences of the isolates. For the hemi-nested reaction, sequences covering 104 bp 

region of segment 10 of  TSRV were determined for isolate 2, 6, 8  and 9. The alignment of  

these nucleotide sequences of the amplified PCR products confirmed that isolates were from 

the same lineage without any variations.  
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Figure 5.7 Comparison of nucleotide sequence based on the alignment of Segment 10 of  TSRV, SpT10Fb and SpT10Ra (primary reaction) for 
all the isolates (TSRV-01 to TSRV-11) except isolate 11 and 13. TSRV-12 to TSRV-15 represents the comparison of nucleotide sequence based 
on t he a lignment of  S egment 10 of  T SRV f or the h emi-nested r eaction, S pT10FN and SpT10Ra. N o variation w as obs erved be tween t he 
nucleotide sequences of the isolates. TSRV-01_ consensus to TSRV-05_ consensus: Isolate 1 to 5, TSRV-06_consensus to TSRV-09_consensus: 
Isolate 7 to 10, TSRV-10_consensus: Isolate 12, TSRV-11_consensus: Isolate 14 and TSRV-12_consensus to TSRV-15_consensus: Isolate 2, 6, 
8, & 9 (hemi-nested reaction). 
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5.3.2 Representative isolates of typical and atypical TSRV 

 

 Based o n t he p reliminary analysis, representative i solates o f “ typical” (isolates 6 , 7  

and 10) and “atypical” (isolates 11 and 13) TSRV were selected for further analysis. These 

were regrown in CHSE-214 cell cultures, harvested and processed for Western blotting and 

PCR a s de scribed i n m ethods s ection. W estern bl otting an d P CR w as repeated u sing t he 

original p reparations as  w ell as  t he n ewly p rocessed p reparations t o co nfirm p reliminary 

results. 

 

5.3.2.1 Western blotting 

 

 Although t here w as s ome va riation be tween t he i solates, W estern bl ot a nalysis 

showed the presence of similar major protein bands in TSRV, approximately 130, 57 a nd 35 

kDa, i dentified b y t he r abbit a nti-TSRV polyclonal a ntibody ( Figure 5.8 ). T he t hree m ajor 

groups of viral protein can be classified as large, medium and small. The presence of these 

bands were visualised in all of the isolates except the original preparations of isolates 6 and 

11. Isolates 11 a nd 13 s howed typical protein profile s imilar to the other i solates. Of these 

bands, the 57 kD a band was present at highest intensity. An additional band was present for 

the newly prepared isolates (7, 10, 11 and 13) which had an estimated molecular weight of 60 

kDa. 
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Figure 5.8  Western bl ot a nalysis of  T SRV us ing r abbit a ntiserum a gainst T SRV. M : S ee 
Blue® Prestained Protein standard marker (Invitrogen); Isolates 6, 7, 10,  11 a nd 13. Bolded 
isolates a re n ewly r egrown is olates d erived f rom in itial is olates u sed for p reliminary s tudy 
(see s ection 5.3.1 ). T he r est o f t he i solates ( not bol ded) were t he initial is olates u sed for 
preliminary study. 

 

191kDa 
 
97kDa 
 
 
64kDa 
 
51kDa 
 
39kDa 
 
 
28kDa 

19kDa 
14kDa 

 130kDa → 

57kDa → 

 35kDa → 

  CHSE   13      13     11       11      10       10         7          7       6        6       M 

60kDa → 
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5.3.2.2 qPCR 

 

 The qPCR analyses demonstrated that all but two (11 and 13) of the isolates were 

positive for TSRV (Table 5.5), confirming the previous (preliminary) results. The original 

preparation of isolate 6 showed a high CT value relative to the newly grown isolate 6. 

 

 

 

 

 
 

    
     
     
     
           

  Isolates Mean CT values S.D 
  6 27.14 0.07 
  6 21.39 0.04 
  7 16.97 0.02 
  7 17.34 0.10 
  10 20.25 0.00 
  10 18.47 0.02 
  11 ND ND 
  11 ND ND 
  13 ND ND 
  13 ND ND 
  

     

Table 5.5 Mean CT value and standard deviation (S.D) generated based on qPCR results; 
which was conducted (twice) on all the TSRV isolates in duplicates. Bolded isolates are 
regrown is olates d erived f rom in itial is olates u sed for p reliminary s tudy (see s ection 
5.3.1). The remaining isolates (not bolded) were the initial isolates used for preliminary 
study. ND: Non-detectable. 
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5.3.2.3 GARV Generic RT-PCR (Aquareovirus) 

 

 The conventional generic RT-PCR analysis produced amplicons of the expected size 

(340bp) and bands were visualised for all but two (11 and 13) of the isolates (Figure 5.9). In 

addition, it is noteworthy that the newly grown isolate 6 showed visible bands in contrast to 

the original preparation of isolate 6 used in the preliminary study. The new isolates were re-

analysed using different volumes of template (2µL, 4 µL and 8 µL) for reconfirmation of the 

results (Figure 5.10). Bands were visible for isolate 6, 7 and 10 at template volumes of 4 and 

8 µ L. However, i solate 11 a nd 13  di d not  pr oduce any a mplicons d espite i ncreasing t he 

volume of template for PCR. 

 

 

 

Figure 5.9 Conventional GARV generic RT-PCR results for TSRV isolates. M: 100bp DNA 
ladder as a molecular weight marker, 6, 7, 10, 11 & 13: TSRV isolates and NTC: No template 
control. Bolded isolates are regrown isolates derived from initial isolates (not bolded)  used 
for preliminary study (see section 5.3.1).  

  M       6      7     10    11    13       6      7     10     11    13              NTC                 M 
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Figure 5.10  Conventional G ARV ge neric R T-PCR re sults fo r T SRV re grown i solates. M: 
100bp DNA ladder as a molecular weight marker, Row 1: Isolate 6, 7,  10, 11 & 13 (2µL of 
template), Row  1 (bolded isolates): 4µL of template, Row 2: 8µL of template and  NTC: No 
template control. 

 M         6          7        10       11        13     NTC       6         7        10        11      13       NTC 

      M         6          7        10       11       13      NTC        
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5.3.2.4 Segment 10 TSRV T10 conventional RT-PCR 

 

 The T10 RT-PCR produced amplicons of the expected size of 263 bp f or isolate 6, 7  

and 10 in duplicate (Figure 5.11). Isolate 11 produced an amplicon of approximately 125 bp  

in size. Isolate 13 showed two faint bands with estimated sizes of approximately 263 bp and 

125 bp. 

 

 

Figure 5.11 C onventional R T-PCR r esults f or s egment 10 of  T SRV r egrown i solates M: 
100bp D NA l adder a s a m olecular w eight m arker, 6, 7, 10, 11  &  13:  T SRV is olates in  
duplicates and NTC: No template control. 
 

 

               M        6         7        10       11      13     NTC       6         7       10       11       13     NTC                M 
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5.3.2.5 Sequence and phylogenetic analysis 

 

  Sequences covering the 263 bp r egion of segment 10 of  TSRV were determined for 

all the isolates. However, isolate 11 and 13 p roduced bands of  di fferent molecular weights 

compared t o i solate 6,  7  a nd 10.  Thus, onl y amplicons f rom i solate 10 (as an  ex ample o f 

typical TSRV isolate) and isolate 11 (as an example of atypical TSRV isolate) were excised 

for s equencing a nd phylogenetic an alysis t o v erify an y variation between th e tw o is olates. 

Alignment of  nuc leotide s equences of  t he a mplified P CR pr oducts c onfirmed that bot h 

isolates w ere f rom t he s ame l ineage with minor va riations a mong t he t ypical a nd a typical 

isolates. A s s hown i n F igure 5.12 , a typical i solate 11 showed va riation i n s equences of  at 

least 30 nucleotides compared to the typical isolate 10. 

 

 BLASTN s earch (Altschul et al., 1997)  of  125 b p s equence of  t ypical and a typical 

TSRV were compared with complete sequence of segment 10 (TSRV), EF434979, and other 

representative isolates from GenBank accession (Table 5.6). EF434979 is a direct deposit of 

Segment 10 of TSRV by Carlile (2011). Comparison of TSRV typical isolate revealed 100% 

nucleotide sequence i dentity to EF434979 a nd s hared 85 -98% t o t he ot her r epresentative 

isolates. BLASTN s earch of  t he T SRV t ypical i solate a lso s howed hi gh s equence i dentity 

with the major outer capsid protein (VP7) of ASV (Canadian isolate, 2009) and SBRV. 

 

 In contrast, the atypical TSRV isolate only shared 96% nucleotide sequence identity 

to complete sequence of segment 10 of TSRV. Atypical TSRV isolate shared 96% nucleotide 

sequence identity to CSRV and 87% nucleotide sequence identity to the other representative 

isolates. This analysis showed that typical isolate 10 was more closely related to EF434979 
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and t he ot her representative is olates th an a typical is olate 1 1 with th e exception of  turbot 

reovirus. Both analyses demonstrated that isolate 11 is a variant TSRV.  
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Figure 5.12 Comparison of nucleotide sequence based on the alignment of Segment 10 of TSRV, T10Fc and T10Rc for isolate 10 (06-00412) 
and isolate 11 (07-01692). Variation between the nucleotide sequences of the isolates are indicated with shading. 
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Table 5.6 Percent nucleotide sequence identities of the “typical” TSRV isolate 10, “atypical” TSRV isolate 11 and representative isolates from 
GenBank accession. Comparison of TSRV isolates were based on the 125 bp sequence using the T10Fc/T10Rc primer set. EF434979 is a direct 
deposit of Segment 10 of TSRV by Carlile (2011).  
 

GenBank 
accession Description of sequences producing significant alignments:  Isolate 10  Isolate 11 

    
Typical 
TSRV  

Atypical 
TSRV 

EF434979.1 Tasmanian Atlantic salmon reovirus TSRV segment 10, complete sequence 100% 96% 
AF418303.1 Chum salmon reovirus CSV segment 10, complete sequence 98% 95% 
AY236219.2 Threadfin reovirus TFRV segment 10, complete sequence 88% 87% 
FJ652576.1 Atlantic salmon reovirus ASV Canada - 2009, outer capsid protein (VP7) gene, complete sequence 92% 87% 
AF450322.1 Striped bass reovirus SBV segment 10, outer capsid protein (VP7) gene, complete sequence 92% 87% 
U83396.1 Striped bass reovirus SBV major outer capsid glycoprotein (VP7) mRNA, complete sequence 92% 87% 
HM989939.1 Scophthalmus maximus, turbot reovirus TRV segment S10, complete sequence 85% 87% 
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5.3.2.6 Immunocytochemistry 

 

 Both t ypical a nd a typical i solates de monstrated pos itive r eaction b y 

immunocytochemistry using rabbit anti-TSRV polyclonal antibody, displaying grainy, focal 

and br ick-red s taining in  in fected cells in dicating th e p resence o f T SRV. 

Immunocytochemical staining of typical isolate 10 de monstrated intense staining of plaques 

(Figure 5.13) with most, if not all, plaques exhibiting a strong reaction. In contrast, cultures 

infected with atypical isolate 11 demonstrated less intense staining as well as plaques without 

staining (Figure 5.14 A and B), which correlates with the Western blot results. 

 

 

Figure 5.13  Immunocytochemical s taining of  “ typical” is olate 1 0 o f T SRV f rom A tlantic 
salmon. A  pos itive r eaction w as obs erved a s grainy, f ocal, br ick-red s taining in  c ytopathic 
effects produced in cell cultures (arrow).  
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Figure 5.14 A & B Immunocytochemical staining of “atypical” isolate 11 of TSRV from 
Atlantic salmon. A positive reaction was observed as grainy, focal, brick-red staining in 
cytopathic effects produced in cell cultures (arrow).

A 

B 
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5.3.2.7 Electron microscopy 

 

 The negatively stained virions and ultrathin sections of typical isolate 10 and atypical 

isolate 11 de monstrated that they belonged to the family Reoviridae (Table 5.7 a nd 5.8).  In 

negatively s tained p reparations, s pherical p articles, ap proximately 50 - 70 nm  i n di ameter, 

with a double capsid shell were observed (Figure 5.15-5.16). A prominent white ring between 

the outer capsid and inner core was evident in negatively stained electron micrographs of the 

isolates. Two populations of TSRV were observed in tissue culture supernatant of ‘atypical’ 

isolate 11 w hich di ffered i n s ize ( Figure 5.16) . Whereas, no vi rus w as observed i n t issue 

culture s upernatant of  ‘ atypical’ i solate 13 s ubmitted f or ne gative c ontrast e lectron 

microscopic examination (NCEM) (Table 5.7). The ultrathin sections of ‘atypical’ isolate 11 

demonstrated a  s ingle a rray o f v irus particle, put ative of  f amily R eoviridae ( Table 5.8 a nd 

Figure 5.17). Ultrathin sections of ‘atypical’ isolate 13 showed some ultra-structural changes, 

which i ndicated early s tages o f v iral m orphogenesis, but  t he i dentification of  t he i solate is  

still indeterminate (Table 5.8). 

 

Table 5.7 Test result of electron microscopy for negatively-stained (NCEM) ‘typical’ TSRV 
isolate 1 0, ‘ atypical’ TSRV isolate 1 1 an d ‘ atypical’ TSRV isolate 1 3. V irus p ellet o f 
‘atypical’ isolate 11 was resuspended in PBSA and had been frozen before EM examination. 
Tissue culture supernatants were derived from CHSE-214 cells inoculated with isolate 10 and 
13. 
 
Isolates Test result 

Virus pellet 'atypical' TSRV (Isolate 11) Virus belonging to the family Reoviridae observed.  

 
Two populations of particles observed. (Figure 5.16) 

 
 Population one is larger in size than population two.  

  Tissue culture supernatant of 'typical' TSRV Virus belonging to the family Reoviridae observed.  
(Isolate 10) (Figure 5.15) 

  Tissue culture supernatant of 'typical' TSRV No virus observed. 
(Isolate 13)   
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Table 5.8 T est r esult of  examination o f u ltrathin sections o riginating f rom in fected CHSE-
214 cells inoculated with ‘typical’ TSRV isolate 10, ‘atypical’ TSRV isolate 11 and ‘atypical’ 
TSRV isolate 13. 
 

Isolates (cell pellet) Test result (Thin sections - Spurrs) 
‘Typical’ TSRV Virus belonging to the family Reoviridae observed. 

(Isolate 10) 
 

  ‘Atypical’ TSRV A single array of virus particles observed, putative family Reoviridae. 
(Isolate 11) (Figure 5.17) 

  ‘Atypical' TSRV Indeterminate. Some slight ultra structural changes were observed,   
(Isolate 13) which may be the early stages of viral morphogenesis. 

 

 

 Population 1 of  ‘ atypical’ i solate 11 i s l arger in s ize at approximately 74 n m in  

diameter, compared to population 2 ( 53 nm) (Table 5.9 a nd Figure 5.16). Typical isolate 10 

was smaller in size than population 1 ( atypical isolate 11), but larger in size than population 

2, a t approximately, 62  nm ( Table 5.9 and Figure 5.15). The core i nner d iameter f or t he 

isolates varied from 39 to 49 nm. 

 

Table 5.9  Whole out er diameter a nd c ore i nner di ameter f or ‘ typical’ T SRV i solate 10,  
‘atypical’ TSRV isolate 11 and ‘atypical’ TSRV isolate 13 based on examination of ultrathin 
sections or iginating from i nfected CHSE-214 cells. A typical i solate 11 contained t wo 
populations of TSRV based on differences in size. 

      
Isolates Whole outer diameter Core inner diameter 

  
± standard deviation (nm) ± standard deviation (nm) 

Virus pellet 'atypical' TSRV (Isolate 11, Population 1) 74 ± 3.5 (n=24) 49 ± 2.8 (n=24) 

   Virus pellet 'atypical' TSRV (Isolate 11, Population 2) 53 ± 2.8 (n=6) 39 ± 0.9 (n=3) 

   CHSE cells inoculated with 'typical' TSRV (Isolate 10) 62 ± 2.7 (n=12) 44 ± 2.3 (n=12) 
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Figure 5.15 Negative contrast EM. Electron micrograph of negatively-stained TSRV ‘typical’ 
virions (Isolate 1 0), i noculated i n C HSE-214 c ells.  The v irion i s a pproximately 62 nm  i n 
diameter. Bar marker represents 50 nm. Courtesy of Australian Microscopy & Microanalysis 
Research F acility, Australian A nimal H ealth, CSIRO Livestock Industries, G eelong, V IC, 
Australia. 
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Figure 5.16 Negative contrast EM. Electron micrograph of  negatively-stained of the TSRV 
‘atypical’ virions (Isolate 11), inoculated in CHSE-214 cells. The presence of a double capsid 
protein shell can be seen from the image. Isolate 11 demonstrated two populations of TSRV 
based on s ize differences, population 1 (blue arrows) and population 2 (white arrows). The 
virions are approximately 74 nm and 53 nm in diameter, respectively. Bar marker represents 
50 nm . Courtesy o f Australian M icroscopy & M icroanalysis R esearch Facility, Australian 
Animal Health, CSIRO Livestock Industries, Geelong, VIC, Australia. 
 
 

 



246 
 

 

Figure 5.17 E lectron micrograph of a single array of ‘atypical’ TSRV particles inoculated in 
CHSE-214 c ells. Bar m arker represents 200 n m. Courtesy of  Australian M icroscopy & 
Microanalysis R esearch F acility, Australian A nimal H ealth, CSIRO L ivestock I ndustries, 
Geelong, VIC, Australia. 
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5.4 Discussion 

 

 In t his c hapter, t ypical a nd a typical va riants of  T SRV w ere i dentified ba sed on 

genotypic a nd phe notypic c haracterisation of  t he di fferent i solates. Electron m icroscopy 

examination demonstrated the ex istence o f at l east three variants based on s ize of  the vi ral 

particles. Alignment of  nucleotide sequences of  the amplified PCR products confirmed that 

typical and a typical is olates w ere from th e s ame lin eage w ith min or v ariations. A typical 

TSRV isolate shared 96% nucleotide sequence identity to complete sequence of segment 10 

of T SRV, 95% t o CSRV a nd 87%  nuc leotide s equence i dentity t o t he other r epresentative 

isolates. Typical TSRV isolate (100% sequence homology to complete sequence of segment 

10 of  T SRV) or iginated f rom w ild f ish, J ack m ackerel. Interestingly, one of  t he atypical 

isolates was found to be originated from brood-stock and freshwater.  

 

 The d ifferences between t ypical and at ypical TSRV were obs erved i n a ll of  t he 

analyses (Table 5.10 ), g enotypically; GARV G eneric R T-PCR, c onventional he mi-nested 

RT-PCR, qP CR, S egment 10 T SRV T 10 c onventional R T-PCR, s equencing analysis, and 

phenotypically; immunocytochemistry, EM analysis, SDS-PAGE and Western blot analysis. 

Atypical isolates were undetectable by GARV Generic RT-PCR, the primers for which were 

designed based on a conserved region of S2 located within the polymerase gene, which were 

very specific to a small region of  genome in Aquareovirus. The S2 primers were unable to 

detect atypical TSRV due to variation in nucleotide sequences. In this study, PCR tests were 

used t o obt ain a mplicons f or s equence analysis s o t hat t he t ypical a n a typical c ould be  

compared. The a typical isolates were undetectable us ing the conventional hemi-nested RT-

PCR a nd qP CR due  t o t he va riation i n n ucleotide s equences. A typical i solates were 

detectable b y TSRV Segment 10 pr imers FcRcc (263bp) because these p rimers include the
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binding s ites for both qPCR pr imers and conventional hemi-nested RT-PCR. In contrast to 

molecular me thods, a typical is olates w ere d etected b y both Western b lot an alysis an d 

immunocytochemistry. Similarly, i solates o f V NN i n s ea b ass, Dicentrarchus labrax, w ere 

undetectable b y P CR-based di agnostic m ethod b ut de monstrated a positive reaction using 

rabbit polyclonal antibody, raised against purified virus, by immunohistochemistry (Thiery et 

al., 1999). Several epitopes of the nodavirus capsid protein were recognized by the polyclonal 

antibody, whereas primers used for PCR are highly specific for a  small portion of  genome. 

Likewise, s imilar h ypotheses c ould e xplain t he differences b etween t he PCR results an d 

Western blot analysis obtained for atypical isolates of TSRV in this study. 

 

 Phenotypic di fferences w ere obs erved be tween typical an d at ypical i solates b y EM 

analysis, Western blot analysis and immunocytochemistry. EM analysis revealed that typical 

and atypical isolates contained icosahedral, non-enveloped 50-70 nm diameter virus particles. 

The presence of a double capsid layer and a prominent white ring between the outer capsid 

and inner core suggest that the atypical isolate belongs to the family Reoviridae (Francki et 

al., 1991) , s imilar t o t ypical i solate. T hese s tructural obs ervations a re c onsistent w ith 

published molecular characterization of  genus Aquareovirus (Lupiani et al., 1995;  Shaw et 

al., 1996). The aquareovirus virions are spherical in appearance, approximately 60-80 nm in 

diameter, with two icosahedrally distinct shells enclosing an ordered RNA layer (Lupiani et 

al., 1995; Shaw et al., 1996). EM analysis demonstrated that the atypical isolate 11 contained 

two di fferent TSRV populations based on s ize. Further characterization of  the two variants 

needs to be  r esolved by  plaque-purification, t hus, t he nuc leotide s equence of  e ach s ub-

population, origin and pathogenicity are still unknown. 
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Table 5.10  Summary of  ge notypic a nd ph enotypic di fferences be tween t ypical a nd a typical T SRV i solates ba sed on t he di fferent a nalyses 
conducted in this study. EF434979 is a direct deposit of Segment 10 of TSRV by Carlile (2011). NA: Not available. 

          

 
Analyses Typical TSRV                                             Atypical TSRV 

    Isolate 10 Isolate 11 Isolate 13 

Genotypic 
Conventional hemi-nested RT-
PCR Positive: 140 bp Negative Negative 

difference GARV Generic RT-PCR Positive: 340 bp Negative Negative 

 
TSRV T10 conventional RT-PCR Positive: 263 bp Positive: 125 bp Positive: 263 bp & 125 bp 

 
qPCR Positive Negative Negative 

 
Sequencing  100% sequence match  96% sequence match  NA 

    to EF434979 to EF434979   
Phenotypic Virus isolation 80 - 100% CPE 60% CPE 80% CPE 
difference Western blot  Typical viral proteins bands          Atypical proteins bands             Atypical proteins bands 

 
Immunocytochemistry Intense staining  Moderate staining NA 

     
 

Electron microscopy 62 nm Population 1 : 74 nm NA 
  (Whole outer diameter)   Population 2 : 53 nm   
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 SDS-PAGE of  t he vi rion pr oteins r evealed put ative vi ral pol ypeptides a t 

approximately 130, 127, 116.3, 29, 14, 13.9 a nd 6.5 kDa in size; observed in TSRV samples 

only. As pur ification o f t he vi rus i solates was not  c arried out , t he polyacrylamide gel 

electrophoresis showed more t han 11  viral pol ypeptides, t he ot hers be ing de rived f rom 

cellular and culture medium (serum) components. As the focus of this study was to increase 

the p robability of id entifying v ariant is olates, further work o n c haracterisation o f v iral 

proteins was not pursued since this would require plaque-purified virus being obtained which 

was beyond the scope of this thesis. However, it was possible to identify TSRV viral proteins 

based on publ ished l iterature for aquareoviruses (Lupiani et al., 1993; Winton et al., 1987; 

Subramanian et al., 1994; Fauquet et al., 2005; Chen et al., 2011). The electropherotypes of 

19 different aquareoviruses, isolated from all over the world were compared by SDS-PAGE 

(Lupiani et al., 1993). This study revealed distinct variations of electropherotic profiles of the 

isolates i ncluding A SV (Atlantic s almon r eovirus) a nd C SV ( Chum s almon r eovirus). T he 

electrophoretic pr ofiles of TSRV w ere c onsistent w ith t he pub lished pr ofiles of  A SV a nd 

CSV. Twelve proteins, with molecular weight of 130, 127, 126, 97, 73, 71, 46, 39, 35, 29, 28 

and 15 kD a w ere pr esent i n i nfected c ells of  S BRV ( Subramanian et al., 1994) . 

Electrophoresis o f pur ified T FRV r evealed 11 s egments of  ds RNA a nd 5 m ajor s tructural 

polypeptides of approximately 136, 132, 71, 41, and 33 kDa (Seng et al., 2002).  SDS-PAGE 

analysis of  G CRV vi rion pr oteins identified s even s tructural p rotein c omponents w ith 

molecular weight at about 138, 137, 136, 79, 67, 43 and 34 kDa, respectively.  
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 Isolate 11 and 13 showed atypical protein bands in Western blot analysis compared to 

typical isolates which is  in  agreement with reported literature. While SDS-PAGE of TSRV 

virion pr oteins i s of l imited va lue be cause of  t he una vailability o f pur ified vi rus i solates, 

Western bl ot a nalysis pr ovided t he a bility t o l ocalize vi rus-specific p roteins. W estern blot 

analysis o f TSRV i solates demonstrated t hree major pr otein ba nds i n comparison t o five 

major protein bands identified in other aquareoviruses, demonstrating the limited specificity 

of t he a ntiserum us ed and maybe du e t o t he conformational na ture of  e pitopes i n t hese 

proteins (Lupiani et al., 1997;  Kibenge et al., 2 000; Seng et al., 2002) . The ba nds i n t he 

Western bl ot of around 130, 57 a nd 35 kD a a re c onsistent w ith t he s ize of  vi ral pr oteins 

previously reported in TFRV: 132-136, 41 a nd 33 kD a (Seng et al., 2002); GSRV: 130 a nd 

35 kDa (Fauquet et al., 2005); SBRV: 130 and 34 kDa (Subramanian et al., 1994; Fauquet et 

al., 2005). 

 

 Immunocytochemistry test showed intense staining and production of more numerous 

plaques for typical isolates than atypical isolate. Unlike the typical isolate, the atypical isolate 

did not  produce 100% CPE in cell culture. Phenotypic di fferences have been found among 

ISAV strains, a ssRNA virus pathogen in Atlantic salmon (Kibenge et al., 2000) and  IPNV 

strains ( dsRNA vi rus) ( McDonald a nd G ower, 1981;  John a nd R ichards, 1999) . Thirteen 

isolates of ISAV (11 from Canada, one from Norway and one from Scotland) were studied 

for th eir r eplication in  th e C HSE-214 c ell l ine compared with t hat i n t he S HK-1 c ell lin e 

(Kibenge et al., 2000) . T his s tudy i ndicated t hat t here w ere di fferences be tween ISAV 

isolates (genotypically different) with respect to their ability to replicate in CHSE-214 cells, 

similar to CPE differences observed between TSRV typical and atypical isolates. 
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 Phylogenetic analysis showed that the t ypical and at ypical TSRV i solate were f rom 

the same l ineage with minor va riations. H owever, a s t he s equence i dentities of t he t wo 

different popul ations i n a typical i solates ar e still unknow n, i t i s di fficult t o c onclude t he 

origin of  t he i solates. The pr esence o f t hree populations i ndicates t hat bot h t ypical a nd 

atypical isolates may have evolved from a common ancestor a long time ago rather than one 

evolving f rom the other. The i solation of  VHSV, a  RNA vi rus in Oncorhynchus mykiss, at  

new geographical locations and  i n new hosts have been reported to reflect either the spread 

of the virus to ne w e cological ni ches or  t he e xistence of  vi ral popul ations t hat ha ve no t 

previously b een di scovered ( Einer-Jensen et al., 2005) . Likewise, t he d iscovery o f at l east 

three popul ations of  T SRV c ould r eflect t he e xistence of  vi ral populations t hat ha ve not  

previously been di scovered du e t o t he s ensitivity and s pecificity o f t he c urrent de tection 

method. Various au thors h ave reported ex istence o f sequence d ifferences between 

Aquareovirus i solates ( Dopazo et al., 1992;  L upiani et al., 1993;  M cEntire et al., 2003) . 

Similarly, sequence divergence have been demonstrated for other RNA viruses in fish; ISAV 

in Salmo salar (Blake et al., 1999;  C unningham a nd S now, 2000) , IHNV i n s almonids 

(Garver et al., 2003), Aquabirnavirus in wild fish (Romero-Brey et al., 2009), Betanodavirus 

in Australian finfish (Moody et al., 2009) and Aquabirnavirus in Salmo salar (Davies et al., 

2010). 

 

 TSRV typical isolate also showed high sequence identity with the major outer capsid 

protein (VP7) of  ASV ( Canadian isolate, 2009)  and SBRV. High homology be tween these 

isolates most l ikely reflects the homology present among viruses of the same species group 

classification, with TSRV, ASV and SBRV, all belonging to AQRV-A (Attoui et al., 2002; 

Fauquet et al., 2005). 
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 Isolate 11 (atypical) was detected from ovarian fluids of brood-stock population from 

a f reshwater h atchery i n Northern T asmania. Detection o f TSRV in  Atlantic salmon in  the 

hatchery could be considered evidence of vertical transmission. In the past, anecdotal reports 

from T asmanian S almonid H ealth S urveillance P rogramme (TSHSP) suggested t hat T SRV 

infection does not  occur in freshwater f ish. However, a  retrospective epidemiological s tudy 

by C arlile ( 2011) revealed th at T SRV s ubmitted s amples f rom in land hatchery s ites te sted 

positive for TSRV. It was reported that most of the samples were isolated from mature fish of 

brood s tock age t hat h ad b een t ranslocated f rom the marine environment t o t he f reshwater 

hatcheries. The prevalence of TSRV was reported to be 4.6% between 1990 and 2005, where 

isolate 11 was obtained, from the similar freshwater hatchery in Northern Tasmania (Gemma 

Carlile pers communication). Occurrence of TSRV in this hatchery is a separate occurrence 

than the prevalence publ ished in t he retrospective epidemiological study, as  i solate 11 was 

detected in 2007.  

 

 To d ate, v ertical tr ansmission of  T SRV ha s not  be en de monstrated. Detection o f 

AGCRV i n g olden s hiners present in h atchery was co ncluded as  ev idence o f v ertical 

transmission (Goodwin et al., 2010). The author questioned the viability of AGCRV detected 

in the eggs because PCR assays could not distinguish between live and dead virus. However 

this is not the case with isolate 11, because it was positive for TSRV by virus isolation on cell 

lines and immunocytochemistry. Thus, these findings ruled out the possibility of detection of 

dead virus in the submitted TSRV samples. Vertical transmission has been demonstrated for 

the transmission of IPNV (Roberts and Pearson, 2005) and ISAV in Chile (Vike et al., 2009) 

and Norway (Nylund et al., 2007).  
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 Isolation of isolate 11 r aises questions regarding the presence of a freshwater TSRV 

variant which has been proven to be atypical in this study. The origin of the brood-stocks in 

the hatchery is still unknown. It is speculated that the brood-stocks could be transferred from 

the marine cages f rom South-east Tasmania; where the p revalence o f TSRV i s h igher than 

Northern T asmania. Nonetheless, t he ex istence o f a f reshwater T SRV v ariant i s i ndicated, 

similar to the detection of other Aquareoviruses from other freshwater fish species; AGCRV 

in Ctenopharyngodon idella (Goodwin et al., 2010) , GSV i n Notemigonus crysoleucas 

(Plumb et al., 1979) , CCRV  i n Ictalurus punctatus (Amend et al., 1984) , GC RV i n 

Ctenopharyngodon idella (Jiang and Ahne, 198 9), TNRV in Tinca tinca (Ahne and Kolbl, 

1984) and CHRV in Leuciscus cephalus (Ahne and Kolbl, 1984).  

 

 It h as be en further s hown t hat Isolate 13 could be  a nother va riant o f T SRV w ith 

mixed infections of  t ypical a nd atypical is olates. This i solate w as f ound i n s amples f rom 

Northern Tasmania, s imilarly to  is olate 1 1. T he mu ltiple f aint b ands o btained f or TSRV 

Segment 10 primers FcRcc with estimated sizes of approximately 263 bp  and 125 bp , were 

similar t o ba nds obt ained f or bot h t ypical ( Isolate 10)  a nd a typical ( Isolate 11) . However, 

further s equencing analysis c ould not  be  conducted be cause t he amplicons obt ained f or 

isolate 1 3 w ere too weak t o pur ify for f urther s equence analysis. F urther in vestigation is  

required in the future to confirm the phylogeny of this isolate. 

 

 Typical TSRV i solate (100% sequence homology to complete s equence of s egment 

10 of TSRV) originated from wild fish, jack mackerel (Trachurus declivis). This isolate was 

sampled at the time of wild fish mortality (of unknown cause) found in salmon cages. Further 

investigation on t he samples showed cytopathic effect consistent with infection by TSRV in 

EPC c ultures a nd t he pr esence of  T SRV w as c onfirmed b y i mmunocytochemistry. T he 
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samples demonstrated reddening of  the pyloric fat and skin erosion, s imilar to pathological 

signs observed in TSRV infected samples. These findings are existing evidence of potential 

horizontal transmission of TSRV from farmed salmon to wild fish and/or vice-versa, wild to 

farmed salmon. Based on t he retrospective epidemiological investigation using TSHSP data 

collected between 1990 and 2005, TSRV never been detected in any of the 33 s amples (17 

fish s pecies) from w ild-caught f ish (Gemma C arlile p ers c ommunication), how ever, jack 

mackerel has not been sampled for the detection of TSRV till 2006. 

 

 Knowledge of  t he di sease pr evalence i n w ild popul ations i s i mportant w hen 

considering t he r ole w ild popul ations m ay pl ay a s r eservoirs of  di sease agents. E vidence 

exists for the potential transmission of disease from wild to farmed animals in  the cases of 

ISAV a nd VHS, and farmed t o w ild f ish i n t he case o f IPNV (Raynard et al., 2007) . The 

source o f tr ansmission o f TSRV f rom farmed salmon to  jack mackerel is  s till unknown; it 

could be  t ransferred through contact with di scharges o f TSRV from dead or  moribund f ish 

into w aters a round t he farm. There i s i ncreasing evidence t hat IPNV i s t ransferred from 

farmed to wild f ish through contact with discharges and products from IPNV-contaminated 

farms (Sonstegard et al., 1972; Munro et al., 1976; Bucke et al., 1979; Hastein and Lindstad 

1991; McVicar et al., 1993; Mortensen et al., 1993; McAllister and Bebak 1997; Wallace et 

al., 2005b). Moreover, GSRV, a n a quareovirus, c ould be  recovered f rom w ater within 48  

hours from infected golden shiners being exposed to crowding stress, which suggested viral 

shedding by the fish (Schwedler and Plumb 1982). Analysis of the water for the presence of 

TSRV was not conducted in the previous studies (Gemma Carlile pers communication) and 

in this s tudy, but  i t has been demonstrated that horizontal t ransmission of TSRV can occur 

experimentally (Gemma Carlile pers communication). 
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 Several a quareoviruses have be en s hown t o i nfect a  num ber of  w ild f ish, r aising 

questions a bout t he pr imary host a nd w ild r eservoir of  t he vi rus. G CRV ha s b een i solated 

from apparently healthy wild creek chub (Semotilus atromaculatus) (Goodwin et al., 2006). 

Another example of this is virus 13p2, which was originally isolated from healthy American 

oysters (Crassotrea virginica) but later shown experimentally to infect and cause mortality in 

bluegill fry (Lepomis macrochirus) and rainbow trout (Oncorhynchus mykiss) (Meyers, 1979; 

1980; 1983) . Though these di seases are highly virulent and pathogenic compared to TSRV 

infection, understanding the prevalence of virus/disease in wild populations is important for 

disease m anagement. Future t esting of  t he w ild popul ations of  f ish f or T SRV m ay be  

important to better understand their role in the distribution of TSRV. 

 

 Finally, this characterisation study demonstrated the existence of at least one variant 

TSRV is olate o ther th an th e mo re c ommonly is olated t ypical T SRV in  farmed T asmanian 

Atlantic salmon. This study revealed preliminary evidence of vertical transmission of TSRV 

from br ood-stocks t o e ggs and hor izontal t ransmission f rom f armed s almon t o w ild f ish. 

Further r esearch s hould i nclude: bi ological characterisation o f i solate 13, molecular 

characterisation of  t wo populations i n i solate 11 , experimental infections of  T SRV i n w ild 

fish a nd i mprovement o f P CR m ethods t o de tect bot h t ypical a nd a typical T SRV. F urther 

characterisation s tudies w ould add important da ta a bout t he c haracteristics of  t he va riants. 

Knowledge o f th is in formation w ill e nable optimisation of  d iagnostic m ethods a nd 

improvement of management procedures and farm husbandry practices to reduce the impact 

of TSRV infections on salmon farms and the environment. 
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CHAPTER 6 

General Discussion 

 

 This thesis focused on the detection and identification of Tasmanian Atlantic salmon 

aquareovirus ( TSRV), which i s one  o f t he f ew v iral a gents o f A tlantic s almon e ndemic t o 

Tasmania. The results demonstrated genotypic differences between TSRV and other strains 

within the Aquareovirus A species o f t he genus Aquareovirus. F or a quareoviruses, t he 

primary s pecies d emarcation cr iteria ar e R NA cr oss-hybridization, a ntibody-based cr oss-

neutralization, RNA sequence analysis and electropherotypes analysis (Fauquet et al., 2005; 

Attoui et al., 2011). Based on these criteria, there are six distinct species (Aquareovirus A to 

Aquareovirus F) o riginally id entified b y r eciprocal R NA–RNA h ybridization s tudies, but  

which now can also be distinguished by nucleotide sequence analyses (Attoui et al., 2011). 

According to t his species demarcation c riterion in a  genus, vi ruses within di fferent species 

should have low levels of sequence homology among the cognate genome segments based on 

RNA s equence analysis ( Fauquet et al., 2005;  Attoui et al., 2011) . F or e xample, g enome 

segment 10 t hat en codes t he m ajor out er capsid, VP7, will show >45% sequence va riation 

between viruses from two different species. These nucleotide sequence differences should be 

reflected in the amino acid sequence va riation (>64%) of  the VP7 proteins (Fauquet et al., 

2005; Attoui et al., 201 1). A  B LAST s earch of  t he T SRV S 10 s egment s howed s equence 

identity with the major outer capsid (VP7) with CSRV (94%), SBRV (82%) and 20-37% with 

CRV, G SRV a nd G CRV ( Carlile, 2011) . TSRV V P7 pr otein s howed hi gh a mino a cid 

sequence identity to CSRV (94 %), SBRV (82 %) and moderate identity to CSV (37 %), and 

relatively low identity to  VP7 of GS RV (20 %) and GCRV (20 %) (Carlile, 2011). TSRV 

shares 92% nucleotide sequence identity with outer capsid protein (VP7) of ASV (Canadian, 

Genebank a ccession n o: FJ652576.1), and both aquareoviruses i nfect t he s ame s pecies o f 
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host, Salmo salar (Chapter 5) . T SRV s hares close nucleic acid and am ino aci d s equence 

identities with CSRV, ASV and SBRV as these viruses represent different strains, belonging 

to the same species from the same genogroup aquareovirus, AQRV-A (Gemma Carlile pers 

communication), whereas, GCRV and GCRV belong to different species groups, genogroup 

AQRV-C, and CRV belongs to AQRV-B (Fauquet et al., 2005; Attoui et al., 2011). 

 

 The preliminary characterisation study undertaken in Chapter 5 revealed the presence 

of at least three viral variants based on the size of the viral particles. There is a possibility of 

existence of  a nother va riant of  T SRV ( Isolate 13) w ith m ixed i nfections of  t ypical a nd 

atypical isolates. Questions still remain regarding the origin and pathogenicity of the TSRV 

atypical is olates. Molecular ch aracterization o f a quareoviruses ha s be en f ocused m ainly on  

highly virulent isolates such as GCRV (McEntire et al., 2003; Goodwin et al., 2006), GSRV 

(McEntire et al., 2003), AGCRV (Jaafar et al., 2008; Goodwin et al., 2010), TFRV (Seng et 

al., 2005), SBRV and GIRV (Attoui et al., 2002). It is well-established that viral nucleic acid 

sequence h as a n i mportant r ole i n t he de termination of  t he t axonomy of  vi ruses, t heir 

relationships and gene functions (Seng et al., 2005). Due to the highly virulent nature of these 

viruses, a good deal of work has been carried out on pathogenesis (Arun et al., 2009; 2010), 

production of vaccine (Sim et al., 2004; Seng et al., 2005; He et al., 2011a), immunogenicity 

and f unction of  vi rion proteins f or s uch pur poses ( He et al., 2011b; S hao et al., 2011).  

Sequence information from geographically and chronologically diverse isolates may lead to 

further insights into origin of TSRV and the route of spread of the pathogen at regional level. 

Further characterisation of the three variants would assist in understanding the pathogenicity 

of TSRV and may lead to the design and development of vaccines (Sim et al., 2004; Seng et 

al., 2005; He et al., 2011a) should this be a priority for the salmonid industry in Tasmania. 
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 The p athogenicity o f t he t ypical i solates o f T SRV i s know n t o be  l ow unde r t he 

current c onditions a nd f arming pr actices, but  t he pa thogenicity of  t he a typical i solates, 

identified here, remains unknown. The importance of genetically diverse infections with fish 

viruses i n i nfluencing vi ral e volution and vi rulence h as r aised attention; di fferent v ariants 

have be en s hown t o e xhibit di fferent l evels of  virulence a nd pa thogenicity i n t heir hosts 

(Purcell et al., 2009;  S hinmoto et al., 2009;  S now et al., 2010;  Brudeseth et al., 2008).  

Characterization o f IHNV field is olates f rom N orth America h as es tablished t hree m ain 

genogroups ( U, M a nd L) t hat di ffer i n hos t-specific v irulence (Purcell et al., 2009) . The 

study indicated that the low virulent strain (of the M genogroup) entered the host, replicated 

and spread in the host tissues, to a lesser extent than the high virulent strain (U genogroup). 

Although, both s trains induced a host response, the high virulent s train continued to persist 

despite this immune response, whereas the genogroup M strain was cleared below detectable 

levels (Purcell et al., 2009) . In vivo studies of  RSIV (Red s ea br eam i ridovirus) i n Pagrus 

major demonstrated that the isolates exhibited different virulence characteristics (Shinmoto et 

al., 2009) . These results revealed that variant characteristics ex ist in the same phylogenetic 

location in emergent iridoviruses. Strain variation would expand the host range and different 

levels of  protection o ccurred i n t he i mmunization a nd challenge e xperiments (Shinmoto et 

al., 2009). Similarly, atypical TSRV isolates could be either less or more pathogenic than the 

typical i solate. T hus, p athogenesis of  bot h i solates s hould be  i nvestigated t o i ncrease t he 

understanding of the biology of TSRV. 

 

 The possible existence of a freshwater variant of TSRV has raised questions regarding 

the pathogenicity of this isolate in the freshwater hatchery situation. VHSV strains have been 

isolated from several marine species and it is a concern that marine strains of VHSV could be 

a pot ential s ource of  i nfection f or f armed Oncorhynchus mykiss. Two s trains o f VHS V i n 
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Oncorhynchus mykiss including a  m arine i solate a nd a freshwater i solate d emonstrated 

different virulence characteristics (Brudeseth et al., 2008). As the low virulent marine isolate 

was genetically cl osely related to  the h ighly v irulent f reshwater isolate, the possibility of a 

disease outbreak due to the marine isolate was not ruled out (Brudeseth et al., 2008). A recent 

outbreak on a marine farm indicated possible adaptation of the marine isolate of VHSV to a 

new hos t, Oncorhynchus mykiss (Lyngstad et al., 2008) . Immersion challenge tr ials o f th is 

isolate resulted in high mortality rates in the host species and provided the f irst report o f a 

virulent marine isolate (Lyngstad et al., 2008). Due to these reasons, future studies including 

investigations of the infectivity and virulence of the different isolates of TSRV in marine and 

freshwater environments should be pursued.  

 

 The in itial a ims o f th e f ield in vestigation in  Chapter 4  w ere to  d evelop a  case 

definition for infection by TSRV in farmed Atlantic salmon and to determine the incidence of 

TSRV infections with other pathogens. According to OIE (2011), case definition is a set of 

criteria used to distinguish case and non-case animals. A case refers to an individual aquatic 

animal infected by a pathogen (positive for the pathogen), with or without clinical signs (OIE, 

2011). Development of a case definition for TSRV infections was not undertaken due to the 

low pr evalence of  T SRV ( 6.15%) obs erved du ring t his study, m ost l ikely caused b y t he 

relatively lo w w ater te mperature (even in  s ummer) d uring th is s ampling. Due to  limite d 

resources, collection of samples for histology focused on the fish that showed gross signs, in 

order to increase the probability of detecting histological changes caused by TSRV. Apparent 

gross signs and pathology caused by TSRV infection were non-specific and could not be fully 

investigated du e t o t he l ow num ber of  T SRV c onfirmed s amples a nd t he l ow num ber of  

TSRV pos itives s ampled f or hi stology ( Chapter 4) . Neither obvi ous c linical s igns nor  

histological changes were observed in most of the collected field samples, which confounded 
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the e ffort t owards de veloping a  c ase de finition. Therefore, th e f ield in vestigation a imed to  

determine t he i ncidence of  T SRV i nfections with ot her pa thogens a nd f ocused on t he 

hypothesis that a p rimary infection w ith T SRV would in crease th e s usceptibility o f v irus-

infected fish to other infections. 

 

 The gross s igns obs erved i n t his f ield i nvestigation i n s almon infected with T SRV 

were congestion and enlargement of internal organs, pale liver and petechial hemorrhages on 

the body surfaces. The only p athology found in TSRV infected Atlantic s almon were mild 

multifocal n ecrosis and in flammation of l iver. Similar g ross s igns a nd pa thology were 

observed in TSRV negative salmon, demonstrating the non-specific nature of the pathology 

caused b y TSRV infections. Non-specific c linical s igns demonstrated b y fish in fected with 

aquareoviruses ha ve be en r eported b y va rious a uthors ( Plumb et al., 19 79; Meyers, 1980; 

Subramanian et al., 1997; Cusack et al., 2001; Attoui et al., 2002; Seng et al., 2002).  TSRV 

infections are known to be of low pathogenicity with the absence of clinical signs of disease 

(Humphrey et al., 199 3; C rane et al., 1 993; G emma C arlile p ers c ommunication). 

Experimental t rials h ave i ndicated t hat T SRV i nfections can  cau se m ortality and cl inical 

signs of  di sease unde r conditions of  r elatively high t emperature ( 18-22°C) (Crane et al., 

1993; Gemma Carlile pers communication). Based on the archival cases in Chapter 4, TSRV 

infections di d not  s how a ny a pparent or  consistent pa thology although, t he s almon w ere 

positive for the presence of  TSRV by qPCR and virus isolation. Aquareoviruses have been 

reported to be either non-pathogenic, low in pathogenicity or to cause low-level mortalities, 

sub-clinical d isease, o r in itiate a  c arrier s tate, in  b oth n atural a nd e xperimental in fections 

(Winton et al., 1981; Amend et al., 1984; Hsu et al., 1989; Lupiani et al., 1989; Yoshimizu, 

1988; Baya et al., 1990;  Varner and Lewis, 1991; Lupiani et al., 1995;  Mohd Jaafar et al., 

2008; Palacios et al., 2010).  
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 CSRV ( chum s almon r eovirus), a n a quareovirus c losely r elated t o T SRV, based on  

phylogenetic an alysis, show low pa thogenicity t o chum s almon (Winton et al., 1981).  

Experimental infections of rainbow trout and chum, kokanee and chinook salmon with CSRV 

showed f ocal ne crotizing h epatitis i n c hum a nd c hinook s almon ( Winton et al., 1989) . No 

histological l esions w ere de tected i n koka nee s almon a nd r ainbow t rout. H owever, s mall 

necrotic foci in liver of chum salmon were evident from 8 dpi  to 21dpi. By day 21 dpi, the 

liver began to recover and less severe lesions were observed in the liver (Winton et al., 1989). 

The results of th is s tudy indicate that pa thogenicity varies among s trains of aquareoviruses 

(Winton et al., 1989) . In a nother s tudy, an IHNV i solate f rom a  North A merican non -

pathogenic genogroup did not  cause mortality in experimentally-challenged groups (Purcell 

et al., 2009) . The vi rus was unable to persist in vivo and there was no necrosis detected in 

internal organs of the challenged fish. Based on t his study, the lack of mortality and lack of 

detectable v iral p articles, s uggested t hat t he f ish cl eared t he v irus an d r ecovered f rom an y 

pathology early i n t he i nfection ( Purcell et al., 2009) . Similar t o t hese observations, good 

immune response in the fish could be responsible for the lack of pathology observed in TSRV 

infected salmon. However, the pathogenicity of TSRV infection and clearing of the virus in 

immunocompetent fish still need to be investigated. 

 

 TSRV ex ists as  a s ub-clinical i nfection unde r t he c urrent e nvironmental c onditions. 

However, t he pr esence of T SRV i nfections i n Atlantic s almon w ithout a pparent pa thology 

should not be taken lightly, because like any other aquareoviruses, TSRV has been shown to 

cause cl inical disease due to changes in temperature (Crane et al., 1993; Crane and Carlile, 

2008). T he isolation of vi rus from a pparently h ealthy f ish, w ithout any obvious s igns of  

infection should be considered as an indicator of  virus presence (Stone et al., 1997). At the 

same time, it must be emphasized that the presence or detection of any infectious agent does 
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not i mply t he p resence o f d isease (LaPatra et al., 1998). A lthough, the vi rulence o f a  

pathogen ( viral f actor/s) i s a n i mportant c omponent i n t he m anifestation of  di sease, ot her 

variables, environmental factors such as water quality, temperature, and host factors such as 

immune-competence, are important in influencing pathogenicity (Snieszko, 1974).  

 

 Methods f or th e d etection a nd id entification o f T SRV, s pecifically mo lecular te sts 

based on P CR were investigated in this thesis. However, the question s till remains whether 

qPCR as say can j ustifiably replace virus i solation, t he “ gold s tandard” for t he d etection o f 

fish viruses. While virus isolation is considered the “gold standard” for the detection of many 

viral a gents, t he r esources r equired f or t he e stablishment a nd m aintenance of  a n a quatic 

animal virology laboratory are considerable and virus isolation can be labour-intensive, time-

consuming and expensive (Merrill, 2002). With the recent advances in molecular technology, 

alternative ap proaches t o t he d etection an d i dentification o f v iral a gents ar e n ow available 

(OIE, 2011) . M oreover, w hile P CR is c onsidered a  hi ghly s ensitive t echnology i t i s a lso 

highly s pecific (Hafliger et al., 1997) ; PCR t echnology i s ba sed on r ecognition of  s pecific 

nucleotide s equences and t herefore m utation(s) in t he t arget r ecognition s ites o f th e P CR 

primers could lead to a test failure (false negative) with significant consequences. The use of 

virus isolation in this study as a confirmatory test for qPCR results provided confidence with 

respect to the presence and absence of TSRV as detected by qPCR. The isolation of TSRV on 

piscine cel l l ines d emonstrates t he p resence o f r eplicating v irus r ather t han m erely viral 

nucleic acid. While qPCR has been recommended for screening and monitoring of TSRV in 

known pos itive popul ations, vi rus isolation is  s till th e r ecommended d etection me thod in  

health s urveillance p rograms f or vi rus e xclusion, c ontrol of  di sease s pread a nd di sease 

diagnosis (OIE, 2011).  
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 The comparison of  available diagnostic methods for the detection of  TSRV showed 

that q PCR a ssay is th e mo st e ffective and accurate te st d ue to  its  h igh s ensitivity a nd 

specificity. The type of detection method used in specific identification of a disease/pathogen 

depends o n t he cl inical s tatus o f t he d isease (clinical versus subclinical infection) (OIE, 

2011). A s qP CR r elies on t he detection o f s pecific genomic sequences of t he vi ral nucleic 

acid segments and is  c apable o f d etecting s ubclinical T SRV in fections, it is  c urrently th e 

most suitable assay (Dhar et al., 2001; Overturf et al., 2001; Gilad et al., 2004; De la Vega et 

al., 2004; Goodwin et al., 2006; Andrade et al., 2007). A higher CT cut-off value was chosen 

because TSRV i s endemic i n Tasmania and p riority w as given t o choosing a cu t-off va lue 

that d etects ev ery s ingle p ositive an d t o m inimize f alse ne gatives. T hus f or di agnostic 

confirmation of  s uspect or  c linical c ases of  T SRV i nfection, t he t est e valuation pr ioritized 

diagnostic s pecificity o ver d iagnostic s ensitivity (Caraguel et al., 201 1). The use o f a  

quantifiable synthetic dsRNA standard for q PCR a ssay also e nabled s ubsequent s tudies 

(chapter 3 and 5) in this thesis to determine the target (TSRV) quantity in an unknown sample 

(surveillance and diagnostic). 

 

 The us e of  di fferent d iagnostic m ethods t argeting di fferent c omponents of  t he 

pathogen ( e.g. nuc leic acid ve rsus pr otein) p rovides c onfirmatory da ta a nd a  hi gh l evel of  

confidence in the results. The identification of atypical variants of TSRV based on genotypic 

and phe notypic characterisation o f th e d ifferent isolates s tudied i n C hapter 5 r evealed t he 

importance of  availability of di fferent diagnostic methods. The s tudy demonstrated that the 

atypical TSRV isolate was detected by virus isolation and Western blot analyses only; qPCR 

assay w as u nable t o d etect t he p resence o f di fferent s equences ( due t o m utations). T he 

presence of cytopathic effects on piscine cell lines, typical of TSRV infections confirmed that 

the at ypical i solate w as i n f act an  aq uareovirus (confirmed b y electron m icroscopy). 
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Subsequently, conventional P CR an d s equencing analyses i dentified t he o rigin o f at ypical 

isolate to be a variant of TSRV. The use of PCR assays alone could not have determined the 

identification of variants, as mutations at the primer recognition s ites resulted in a negative 

result. This is of particular importance for detection of RNA viruses since mutations appear 

to be common (Fields and Joklik, 1969; Steinhauer and Holland, 1987). Thus t he di fferent 

diagnostic te sts used i n t his s tudy s uch a s vi rus isolation, P CR, Western bl otting, electron 

microscopy, c omplemented e ach ot her a nd p rovided a  c learer i dentification of  t he vi ruses 

involved and demonstrates the importance of using different tests in the diagnostic context. 

 

 Clearly, s ubclinical i nfections, s uch as  m ost cas es o f T SRV i nfection, ar e m ore 

difficult t o de tect a nd may r equire t he us e of  a  va riety of  di agnostic t ests, a s di scussed 

previously. Presumptive diagnosis of a disease indicated by positive PCR test results must be 

confirmed by other indications such as clinical s igns or other laboratory tests such as vi rus 

isolation on c ell c ultures ( OIE, 2011) . A s m entioned e arlier, T SRV i nfections do not  

demonstrate c onsistent clinical s igns and no m ortalities ha ve be en r eported due  t o na tural 

infections. D ue t o t hese r easons, a  c ase de finition f or T SRV i nfections c ould not  be  

developed based on pathology or clinical signs. However, a case definition for infection with 

TSRV could still be determined by qPCR assay followed by confirmation by virus isolation. 

For t hese r easons, vi rus i solation s hould not  be e xcluded a s t he g old s tandard f or t he 

detection of  i nfectious T SRV. For l aboratories t hat r ely on P CR f or front-line di agnosis 

(surveillance and agent identification), it is  important to  have more than one PCR test that 

target different regions of the genome to reduce the incidence of false negative results. The 

evaluation of  qPCR in t his t hesis l ed t o t he routine use of  qPCR as t he diagnostic method 

(instead of virus isolation) for the detection of TSRV in Tasmania. Evaluation of diagnostic 

methods u tilising tw o s eparate laboratories [ Australian A nimal H ealth Laboratory (AAHL) 
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and Animal Health Laboratory, Mount Pleasant Laboratories (DPIPWE)] provided increased 

confidence during the conduct of this research. 

 

Future studies should assess other aspects of TSRV such as molecular characterisation 

and i mprovement o f m olecular di agnostic m ethods. F irstly, f urther characterization of  t he 

two a typical variants needs to be  undertaken. However, pur ified populations of  each of  the 

variants, pr obably b y pl aque-purification, a re r equired a s t he f irst s tep. Then f ull ge nome 

sequencing w ould al low co mparison at  t he n ucleic aci d l evel an d d etermination o f t he 

relationships b etween th e v arious v ariants c irculating in  f armed s almonids in  T asmania. 

Currently, it is not clear whether the variants are closely related to each other (i.e. members 

of a  qua sispecies) or  whether t hey r epresent di stantly related aquareoviruses t hat, f or 

example, w ere i ntroduced i nto t he e nvironment on s eparate o ccasions o r vi a d ifferent hos t 

species. Nevertheless, following this approach, specific PCR tests for each variant should be 

developed with the potential for multiplexing. Characterisation of the plaque-purified viruses 

would pr ovide i mportant i nformation on t he s ignificance o f t hese v ariants t o t he s almonid 

industry in Tasmania. 

 

The e ffect of  T SRV i nfections on t he i mmune r esponse of  A tlantic s almon ha s not  

been s tudied yet.  Thus, e xperimental in fections to  d etermine th e p athogenesis o f T SRV 

variants and the effect on immune response of Atlantic salmon can be carried out according 

to Purcell et al (2009). This study involved the characterization of virus-host dynamics that 

contribute to genogroup specific vi rulence. Gene expression analysis by qPCR was used to 

concurrently assess viral load and host interferon (IFN) in affected fish (Purcell et al., 2009). 

Experimental infections should investigate the co-occurrence of TSRV with other pathogens, 

particularly T SRV-TRLO. F ollowing t his s tudy, immune r esponse o f A tlantic s almon 
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experiencing co -infections of  T SRV w ith ot her pa thogens c ould be  d etermined onc e t he 

effect of TSRV infections on immune response of Atlantic salmon is known.  

 

 In t his t hesis, de tection methods f or T SRV i nfection ha ve b een e valuated a nd t he 

qPCR a ssay has be en pr oven t o be  e ffective, reproducible a nd rapid f or t he de tection of  

TSRV. The development of new sample collection method improves the detection of TSRV 

by qPCR assay. Currently, TSRV infections are still of low-pathogenicity, demonstrate non-

specific p athology and can o ccur i n co -infections w ith o ther p athogens. T he existence o f 

TSRV variants demonstrated t hat TSRV i s l ikely t o occur as  a q uasispecies s imilar to  any 

other RNA viruses. Presence of genetic variants also confounds diagnosis and demonstrates 

the need for research in this area. The use of  di fferent detection/diagnostic methods in this 

thesis, has improved the scope of the detection of TSRV.  
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APPENDICES 

Appendix I 

qPCR & Conventional hemi-nested RT-PCR results – Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

AHL AFDL 

qPCR  qPCR RT-PCR 

CT value CT value   

38.13 Negative Positive 

38.65 Negative Positive 

Negative Negative Positive 

35.8 Negative Positive 

37.92 Negative Positive 

36.67 Negative Positive 

36.96 Negative Positive 

40.49 Negative Positive 

43.04 Negative Positive 
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Appendix II 

qPCR results of 3 trials – Chapter 3 

 

 

 

 

 

            

Trials Dilutions Viral  
 CT 

values 
 CT 

values  CT values 

  
copy numbers Organs Swabs Swabs 

    molecules/µL t = 0 t = 0 t = 24 hours 
   Trial  A  Initial value 1.94E+10 12.81 12.81 12.75 

 
10-1 1.94E+07 24.99 28.1 29.1 

 
10-2 1.94E+06 28.12 27.85 32.33 

 
      10-3 1.94E+05 31.42 34.65 34.94 

 
10-4 1.94E+04 35.47 34.76 34.48 

 
10-5 1.94E+03 36.26 38.98 ND 

 
10-6 1.94E+02 37.88 39.523 ND 

 
10-7 ND ND ND ND 

 
10-8 ND ND ND ND 

 
10-9 ND ND ND ND 

   10-10 ND ND ND ND 

 
Initial value 1.94E+09 18.69 18.69 17.99 

 Trial B 10-1 1.94E+07 23.94 28.86 27.45 

 
10-2 1.94E+06 28.32 30.47 28.82 

 
      10-3 1.94E+05 31.34 33.56 34.23 

 
10-4 1.94E+04 34.52 37.23 37.62 

 
10-5 1.94E+03 36.63 ND 38.39 

 
10-6 1.94E+02 ND ND ND 

 
10-7 ND ND ND ND 

 
10-8 ND ND ND ND 

 
10-9 ND ND ND ND 

   10-10 ND ND ND ND 

Comparison of qPCR results of 3 trials using organs and swabs spiked with a ten-fold 
dilution s eries of  T SRV. B olded C T values a re p ositive s amples. t = 0 : R NA 
extraction conducted directly after spiking, t = 24hr: RNA extraction conducted after 
24 hours of spiking, ND: Non-detectable. 
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Trials Dilutions Viral   CT values  CT values  CT values 

  
copy numbers Organs Swabs Swabs 

    molecules/µL t = 0 t = 0 t = 24 hours 
Trial C Initial value 1.94E+09 16.8 16.8 15.75 

 
10-1 1.94E+07 22.8 22.89 20.08 

 
10-2 1.94E+06 25.2 26.96 24.25 

 
      10-3 1.94E+05 30.12 35.9 30.79 

 
10-4 1.94E+04 32.2 ND 30.04 

 
10-5 1.94E+03 ND ND 36.62 

 
10-6 1.94E+02 ND ND ND 

 
10-7 ND ND ND ND 

 
10-8 ND ND ND ND 

 
10-9 ND ND ND ND 

   10-10 ND ND ND ND 
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B 

A 



297 

 

 

 

 

 

 
Relationship be tween C T values (qPCR) a nd vi ral c opy num bers obt ained f or t he t hree 
replicate trials (A-C) conducted for the comparison of individual sample collection methods 
(organs ve rsus s wabs). Each t rial w as c onducted on a d ifferent d ay using i ndependently 
prepared serial dilutions.  

20

24

28

32

36

40

1.94E+07 1.94E+06 1.94E+05 1.94E+04 1.94E+03

Linear 
(organs)

Linear 
(swabs 
t=0)

Linear 
(swabs 
t=24hr)

CTCT 
value   

Viral copy numbers (molecules/µL)

C 
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Trials Sample type Equation of slope r2 p value 
Trial A Organs y = 2.65x + 23.06 0.97 0.001 

 
Swabs t = 0 y = 2.58x + 24.91 0.95 0.003 

 
Swabs t = 24hr y = 1.88x + 28.03 0.91 0.091 

     Trial B Organs y = 3.16x + 21.48 0.99 <0.001 

 
Swabs t = 0 y = 2.82x + 25.48 0.99 0.014 

 
Swabs t = 24hr y = 3.07x + 24.09 0.97 0.021 

     Trial C Organs y = 3.31x + 19.30 0.98 0.013 

 
Swabs t = 0 y = 6.50x + 15.57 0.98 0.136 

  Swabs t = 24hr y = 3.88x + 16.69 0.96 0.008 

Linear equation, co rrelation co efficient an d p values cal culated f or t he t hree 
trials ( A-C) of  c omparative s tudy o f i ndividual s ample c ollection (organs 
versus swabs). p value for regression analysis and significant at the 0.05 level. 
Bolded values are significant. 
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Appendix III 

Preliminary study of evaluation of the performance of swabs as sample collection method for 
detection of TSRV in field samples (Douglas, Wilson & Zainathan, 2011) – Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Swabs performed better than organ samples in these studies and both collection methods 
demonstrated a moderate Kappa agreement. Swabs detected additional 16 positives samples 
by qPCR and 27 positive samples by conventional hemi-nested RT-PCR.

          

   
Organs 

 
    + - Total 

Swabs + 13 16 29 

  - 5 120 125 

  Total 18 136 154 

 
Kappa value 0.4779 

  

qPCR  

   
          

   
Organs 

 
    + - Total 

Swabs + 32 27 59 

  - 3 11 14 

  Total 35 28 73 

 
                      Kappa value 0.2349 

  Conventional hemi-nested RT-PCR   
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Appendix IV 

MagMAX™ processing plates procedures (MagMAX™ Express 96) – Chapter 4  

Processing plates procedure for RNA extraction (TSRV) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 
Position Reagent Volume Plate to Use 

1 Sample Plate  Deep Well Plate 

2 
Wash Buffer 1 – First Wash 160 ul Deep Well Plate 

Wash Buffer 1 – Second Wash 160 ul Deep Well Plate 

3 Wash Buffer 2 – First Wash 150 ul Deep Well Plate 

4 Wash Buffer 2 – Second Wash 240 ul Deep Well Plate 

5 Elution Elution Buffer 1 50 ul 
Elution plate with lid 

  6 Tip Comb Plate Deep Well Tip Comb in Plate Deep Well Plate 
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Processing plates procedure for DNA extraction (TRLO) 

 

 

Plate 
Position Reagent Volume Plate to Use 

1 Sample Plate  Deep Well Plate 

2 Wash Buffer 1 150 ul Deep Well Plate 

3 Wash Buffer 2 150 ul Standard or DW Plate 

4 Wash Buffer 2 250 ul Deep Well Plate 

5 

Elution 

Elution Buffer 1 50 ul 
Elution plate with lid 

 

Elution Buffer 2 

Add EB2 when prompted by 
instrument 

50 ul 

6 Tip Comb Plate Deep Well Tip Comb in Plate Deep Well Plate 
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