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Viral load of various tissues of rainbow trout
challenged with viral haemorrhagic septicaemia
virus at various stages of disease
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ABSTRACT: Market-sized rainbow trout Oncorhynchus mykiss were challenged by waterborne
exposure to viral haemorrhagic septicaemia virus (VHSV isolate of genogroup Ia). Fish were sampled
at 4 stages of infection (before onset of clinical signs, clinically affected fish, mortalities and survivors)
and the viral load determined in (1) internal organs, (2) muscle tissue and (3) brain and gill tissue.
Virus levels were determined by virus titration and real-time RT-PCR. VHSV was detected by either
method in the majority of fish before onset of clinical signs and in the survivor group as well as in all
fish in the clinically affected fish and mortality groups. Mean virus amounts per mg of tissue deter-
mined by virus titration (TCIDj,) or real-time RT-PCR (copy number) were >10% in preclinical fish,
>10%% in clinically affected fish, >10° in mortalities and >10!? in survivors. Virus levels tended to be
highest in the internal organs of subclinical and clinically affected fish and in brain and gill tissue of
survivors. The results demonstrate that significant levels of VHSV can be found in tissues of rainbow
trout that may be marketed for human consumption, which may have relevance for the biosecurity of
VHS-free areas.
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INTRODUCTION

Viral haemorrhagic septicaemia (VHS) is a rhabdo-
virus disease that causes significant losses in farmed
rainbow trout Oncorhynchus mykiss around Europe
(Olesen 1998) and more recently has led to disease in a
wide range of wild freshwater finfish species in the
Great Lakes basin of North America (Elsayed et al.
2006, Groocock et al. 2007, Lumsden et al. 2007). VHS
virus (VHSV) has also been isolated from several
marine species, in which it is only occasionally associ-
ated with disease (Skall et al. 2004, 2005).

Four genogroups (I to IV) of VHSV have been
described, and genogroups I and IV are further divided
into subgroups. Genogroup Ia is the subgroup most
frequently associated with outbreaks of the disease in
cultured rainbow trout, but strains from other geno-
groups have occasionally been isolated from outbreaks

*Email: birgit.oidtmann@cefas.co.uk

in rainbow trout farms (Einer-Jensen et al. 2004, Snow
et al. 2004, Raja-Halli et al. 2006). Recently, genogroup
IVb has been identified in a range of freshwater fish
species in the Great Lakes region of North America
(Elsayed et al. 2006, Groocock et al. 2007, Lumsden et
al. 2007). Finding that another genogroup has affected
freshwater species is very important because this could
present a substantial threat for aquaculture of fresh-
water fish species.

In 2006, a VHS outbreak occurred for the first time in
a farmed rainbow trout population in England, UK
(Stone et al. 2008). In a phylogenetic analysis, the iso-
lated virus clustered with isolates of genogroup Ia,
suggesting that the virus was most probably derived
from a freshwater salmonid species. An epidemiologi-
cal investigation into the source of the outbreak was
undertaken, but no pathway of introduction was con-
clusively demonstrated.
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Conditions can be imposed on movements of live fish
into areas free from diseases listed in European legis-
lation on animal health requirements for aquaculture
animals and their products (Council Directive 91/67/
EEC and 2006/88), or named by the World Organisa-
tion for Animal Health (OIE 2008). However, condi-
tions may not be applied if the fish are imported for
human consumption and have been slaughtered and
eviscerated before dispatch (Council Directive 91/67/
EEC and 2006/88; OIE 2008).

One route considered during the investigation of the
2006 VHS outbreak in England was the release of in-
fected material from a smokery/processing site up-
stream from the affected site. This potential route
prompted further investigations to assess the risks asso-
ciated with import of products from VHSV infected fish.
A paucity of data on viral load in tissues imported for
human consumption was found. The purpose of our
study was to investigate (1) virus levels that might be
found in rainbow trout tissues imported for human con-
sumption (e.g. muscle and head tissue) and (2) virus
levels in fish tissues at various stages of infection.

To check reliability, some samples were analysed
both by real-time RT-PCR and virus titration; however,
for reasons of costs and practical (logistic) limitations in
parallel processing of multiple samples by virus titra-
tion, the remainder were analysed by real-time RT-
PCR only.

The results can be used to inform assessments of the
risk of introduction of VHSV through the import of
rainbow trout products for human consumption into
disease-free zones or countries.

MATERIALS AND METHODS

Virus and titration. The VHSV isolate J167 1.1
(genogroup Ia), first found in rainbow trout in the UK
by Stone et al. (2008), was thawed from storage at
—80°C and then grown and titrated in bluegill Lepomis
macrochirus fibroblast cells (BF-2, ATCC CCL 91)
(Wolf et al. 1966) in 96-well microtitre plates (Falcon).
The 50 % tissue culture infectious dose (TCID;5y; Kdarber
1931) was determined by end-point dilution assays.
Serial logy dilutions (inoculation volume: 180 pl; dilu-
tions from 107! to 107%; 6 replicates for each dilution)
were inoculated onto the cells, which were then incu-
bated at 15°C for 7 d and scored for cytopathic effect
(CPE; Parry & Dixon 1997).

Fish. Market-sized rainbow trout (average weight,
283 g) were obtained from a rainbow trout farm in
England that had been inspected twice a year for
several years by the competent authority before the
fish were purchased and no occurrence of VHSV was
found before or after the fish were obtained. During

the 2 wk acclimation period at 10°C, 10 randomly
selected trout were tested for the virus on BF-2 cells
and Chinook salmon Oncorhynchus tshawytscha
embryo cells (CHSE-214, ATCC CRL 1681) (Lannan et
al. 1984) with samples of the brain, head kidney,
spleen, liver and gills.

Challenge experiments. Expt 1: Defermination of
virus concentration to be used in the main challenge
of market-size rainbow trout: Three groups of 30 mar-
ket-sized rainbow trout in 300 1 tanks were exposed to
virus concentrations of 102, 10% and 10* TCIDs, ml™! in
an immersion challenge at 10 + 0.5°C. The water flow
through the tanks was suspended for the 4 h of expo-
sure. The fish were monitored twice daily for the next
6 wk. Mortalities were removed at each check and
samples of internal organs taken. A negative control
group (n = 30), mock challenged with cell culture
maintenance medium, was kept under similar condi-
tions. Presence or absence of VHSV in samples of
internal organs (consisting of equal parts of kidney,
spleen and liver) from mortalities and control fish was
measured by RT-PCR.

Expt 2: Challenge trials to generate fish at various
stages of infection (main challenge): One hundred fish
divided into 3 groups of 33 or 34 each were placed into
three 300 1 tanks and exposed to a high challenge dose
of 5.7 x 10° TCIDs, ml"' VHSV for 4 h. Another 2
groups of 100 fish each were placed into two 900 1
tanks and exposed to a low dose of 5 x 10* TCIDs, ml™*
VHSYV for 4 h. A control group of 30 fish was mock
challenged with cell maintenance medium in a 300 1
tank. Water temperature was held at 10 + 0.5°C
throughout the challenge. The fish were monitored
twice daily for the next 6 wk and some were removed
from tanks throughout the 6 wk at different stages of
disease and classified as follows:

(1) After the first onset of mortalities in each tank,
clinically healthy fish were sampled from the same
tank and classed as ‘preclinical’, meaning they were
potentially infected and in the incubation phase of
infection.

(2) When showing clear signs of disease fish were
classed as ‘clinical’.

(3) Mortalities collected within 12 h of their death
were classed as ‘'mortalities’.

(4) After mortalities had ceased remaining fish were
classed as 'survivors'.

Tissue groups were sampled as follows:

(1) equal weights of liver, spleen and head kidney
tissue for a total of 1 g;

(2) approximately 0.3 g of brain tissue and approxi-
mately 0.7 g gill lamellae without cartilage for a total of
lg;

(3) muscle tissue sampled below the dorsal fin and
above the lateral line for a total of 1 g.



Oidtmann et al.: Viral haemorrhagic septicaemia in rainbow trout 95

Dissection instruments were wiped clean between
sampling of the various tissues from a single fish and a
new set of sterilised instruments were used for each
fish. The amount of virus in the samples was deter-
mined by both real-time RT-PCR and virus titration for
5 fish from each clinical stage and only by real-time
RT-PCR for a further 25 fish per clinical stage.

Tissue homogenisation. For Expt 1, 1 g of tissue from
each tissue group was suspended in 9 ml of transport
medium (Glasgow modification of minimal essential
medium [GMEM] supplemented with 10% newborn
calf serum, 2 mM L-glutamine and 1% antibiotic +
antimycotic solution; all from Sigma) for 24 h at 4°C.
The tissue was then homogenised with pestle, mortar
and sterile sand and centrifuged at 2700 x g for 15 min
at 4°C. For Expt 2, tissues from the 20 fish (5 fish x
4 clinical stages) that were analysed by both real-time
RT-PCR and virus titration were homogenised as
described for Expt 1. From the remaining 100 fish
(25 per clinical stage), 0.2 g of each tissue type was
taken from each fish and stored in RNA-later™ at 4°C.
Tissues were later homogenised in a homogenizer
(Fast Prep FP120/ Bio 101) in tubes containing 800 ul of
transport medium at speed 4 for two 20 s bursts.

RNA extraction. For Expt 1 100 pl was extracted in
1 ml of Trizol reagent (Invitrogen) from each homo-
genate following the manufacturer's guidelines and
suspended in 50 pl of molecular grade water. For
Expt 2 RNA extraction was performed as in Expt 1 for
fish analysed by both methods. For fish analysed by
real-time RT-PCR only, 50 pl of homogenate was
added to 1 ml of Trizol reagent and the purified RNA
was suspended in 50 pl of molecular grade water.

Reverse transcription. For Expt 1, reverse transcrip-
tion (RT) was performed at 37°C for 1 hin a 20 pl volume
solution comprising 1x Moloney murine leukemia virus
reverse ftranscriptase (M-MLV-RT) reaction buffer
(50 mM Tris [pH 8.3], 75 mM KC1, 10 mM DTT, 3 mM
MgCl,) containing 5.0 mM dNTP mix, 100 pmol of VHSV
degenerate primer R1 (5'-CTT CTT TGG AGG GCA
AAC NAT H-3') (Stone et al. 1997, Dixon et al. 2003),
200 units M-MLV-RT (Promega), 40 units of Rnasin® and
5 pl of the total RNA extracted above.

For Expt 2, RT was performed as for Expt 1 except
0.5 pg random hexadeoxynucleotides were substituted
for the VHSV degenerate primer R1, and only 4 pl of
the total RNA extracted was used. Solutions of cDNA
were prepared as standards for the real-time PCR by
combining 4 pl of RNA extract from control fish with
1 pl from the RNA dilution series established from viral
RNA. For the RT reaction, 500 ng random hexadeoxy-
nucleotides and 20 U of Rnasin® were used.

Traditional PCR. A traditional PCR assay was used
in Expt 1 in which a 468 bp segment corresponding to
nucleotides 340 to 807 of the glycoprotein (G) gene

was amplified with degenerate VHSV primers F3
(6'-GAT CAG GTC CCC CAR RTC NGT-3') and R1.
This was followed by a semi-nested PCR assay with
primers F1 (5'-CAG TCC CCA GGG ATG ATG NCC-
3') and R1 (Stone et al. 1997, Dixon et al. 2003). Both
PCR reactions were performed in a 50 pl reaction vol-
ume containing 1x GoTaq® flexi buffer, 2.5 mM MgCl,
solution, 5.0 mM dNTPs mix, 100 pmol of each primer,
2.5 units of GoTaq polymerase (Promega), 2.5 pl RT
product and 2.5 pl of the PCR reaction from the first-
round PCR. The reaction mix was overlaid with min-
eral oil and subjected to 35 temperature cycles of 1 min
at 95°C, 1 min at 55°C and 1 min at 72°C, followed by
a final extension step of 10 min at 72°C in a thermo-
cycler (model DNA Engine 2 Tetrad, MJ Research).
Amplified products were electrophoresed in a 2%
(w/v) agarose/TAE (40 mM Tris-acetate, pH 7.2, 1 mM
EDTA) gel containing 1.0 pg ml™! ethidium bromide at
120 V for 30 min and viewed under UV light.

Quantification of virus. 50% tissue culture infec-
tious dose (TCIDj): Tissue samples (1 g of each tissue
group) were homogenised in 9 ml of transport medium
and the homogenate centrifuged at 2700 x g for 15 min
at 4°C. A 20 pl volume of the supernatant was mixed
with 180 pl of GMEM (supplemented with 10% fetal
calf serum, 2 mM L-glutamine and 1% antibiotic +
antimycotic solution; all from Sigma) and titrations
were done as described in 'Virus and tritration’. Taking
all dilution steps into account, the amount of tissue rep-
resented by the first 180 pl inoculation volume was
determined to be 1.8 mg.

Virus and RNA purification for real-time RT-PCR
standard curve: Tissue culture flasks (15 x 75 cm?) con-
taining a monolayer of BF-2 cells were inoculated with
VHSV J167. When full cytopathic effect (CPE) was
reached, virus was harvested and purified as previ-
ously described (Hill et al. 1975) except that TNE
buffer (10 mM Tris, 0.1 M NaCl, 1 mM EDTA, pH 7.2)
was used. The band containing the virus was removed
from the gradient, diluted in TNE and centrifuged at
35000 x gfor 1 h, and the virus pellet was resuspended
in 200 pl TNE. Viral RNA was extracted from 100 pl of
the purified virus preparation using the RNA tissue
mini kit (Qiagen) and dissolved in 50 pl of RNase/
DNase free water. The RNA concentration was deter-
mined with 2 pl of the RNA suspension in a spectro-
photometer (model ND-1000, NanoDrop). A prepared
RNA stock solution contained a calculated concentra-
tion of 1 x 10® copies VHSV nl"!l. RNA was extracted
from 50 pl samples of 1:10 w/v tissue homogenates of
control fish, dissolved in 30 pl of RNase/ DNase free
water and then pooled. A volume of 30 pl of the control
fish RNA was spiked with 10 pl of serially diluted viral
RNA (2 x 10° to 6.25 x 10%) and 4 pl of the combined
RNA was then used in a 20 pl RT-PCR reaction to give
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final virus copies of 2 x 105 1 x 10%, 5 x 10%, 2.5 x 104,
1.25 x 10* and 6.25 x 10° per reaction.

Real-time RT-PCR assay (Expt 2): Before the real-
time PCR, the reverse transcription reactions were
heated to 70°C for 10 min. The 20 pl PCR reaction con-
sisted of 2 pl reverse transcription reaction mix, along
with 10 pl of TagMan® universal PCR master mix (No
AmpErase® UNG, Applied Biosystems part number
4324018) and 300 nM forward primer VHSV-N-FOR
(5'-GAC TCA ACG GGA CAG GAA TGA-3'), 300 nM
reverse primer VHSV-N-REV (5'-GGG CAA TGC
CCA AGT TGT T-3') and 100 nM probe VHSV-
N-PROBE (6'-TGG GTT GTT CAC CCA GGC CGC-3)
(Chico et al. 2006). Molecular-grade water was added
to make up the total reaction volume of 20 pl. Reactions
were run in an Applied Biosystems Step One™ Real-
time PCR system. The same volume (2 pl) of cDNA
standards and sample cDNA was subjected to the real-
time PCR reaction. Each sample cDNA and cDNA
standard solution was run in triplicate. Each tray also
contained PCR negative controls, RNA extraction neg-
ative controls and positive controls of the RT. For
absolute quantitation, VHSV copy numbers in the
samples were calculated from the sample threshold
cycle number (Cy) and the standard curve regression
equation.

Establishing standard curve, assessment of linearity
of the standard curve and calculation of its slope:
Solutions of cDNA generated from spiked tissue con-
taining a calculated RNA copy number of 6.25 x 10° to
2 x 10° were run alongside each set of samples on the
48 well plate. Regression analysis was undertaken for
the C; values and the total virus copy number entered
into the cDNA reaction. The efficiency (E) of the PCR
reactions was calculated by using the formula E =
27S _ 1, with S being the slope of the standard curve.

Calculation of copy numbers present from triplicate
samples: The real-time thermocycler reported the copy
number submitted to a PCR reaction based on the
mean from up to 3 replicate samples for which a C;
value had been determined. If 1 or 2 samples did not
reach the threshold (due to insufficient amount of tem-
plate cDNA in the sample), the copy number reported
is based only on those preparations that did yield a C;
value. This potentially overestimates the copy number
in the sample. In such cases, the mean value from trip-
licate preparations was recalculated with the esti-
mated copy numbers in the preparations that gave
results within the given C; threshold and a value of 0
for the remaining preparations. Copy numbers re-
ported for each sample were adjusted to 1 mg of tissue.
Copy numbers in each reaction were calculated based
on the standards run on the respective 96 well plate.

Statistical analyses. Virus quantities determined by
real-time RT-PCR from the 5 fish sample analysed by

both real-time RT-PCR and virus titration were com-
pared with virus quantities in the 25 fish analysed by
real-time RT-PCR only at each clinical stage using a
2-sample t-test of the means of the log,y values
(excluding negative tests). Virus quantities in samples
analysed by both real-time RT-PCR and virus titration
were compared using paired t-tests. The mean virus
quantities determined by titration or real-time RT-PCR
(log-transformed data) were compared by ANOVA
between the various clinical stages and tissue types.

A regression model was used to compare performance
of the 2 methods (TCIDs, and real-time RT-PCR). Sixty
samples (5 fish from each clinical stage, 4 clinical stages,
3 types of tissue) were analysed by both methods,
but samples for which one or both methods gave a
negative result (no virus detected) were excluded from
the analysis, leaving 44 paired samples in this analysis.
The correlation coefficient was calculated for all 60
samples, and again only for those results where virus
was detected by both methods (n = 44). Statistical analy-
sis and preparation of graphs were performed in the soft-
ware package Stata (StataCorp 2007). Kappa (from the
kappa command in Stata) was calculated to determine
diagnostic test agreement (infected/not infected) be-
tween real-time RT-PCR and virus titration.

RESULTS
Challenge experiments
Expt 1

Over the 6 wk study period, 6 fish died in the group
exposed to 102 TCIDs, ml!, on Days 8 (1 fish), 13
(2 fish), 17 (2 fish) and 20 (1 fish) post challenge (p.c.).
No fish died in the group exposed to 10° TCID;, ml™*
and 3 died in the group exposed to 10* TCIDs, ml™! (5,
13 and 17 d p.c.). VHSV was confirmed in the dead fish
by RT-PCR. Two negative control fish were tested by
RT-PCR and VHSV was not detected. Since the num-
ber of mortalities did not increase with increased viral
challenge dose, and even at the highest challenge dose
only a few mortalities were observed, the dose for the
main challenge experiment was increased. Two chal-
lenge doses (5 x 10* TCIDs, ml™! and 5.7 x 10°> TCIDs,
ml! VHSV) were used to boost the chance that suffi-
cient numbers of fish would be available for each clin-
ical stage of infection.

Expt 2 (main challenge)

Mortalities started to occur 5 and 6 d p.c. in the
groups that received the higher and lower challenge
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doses, respectively. Fish for the preclinical group were
removed on Days 6 and 7 p.c. from tanks that received
the lower challenge dose. Clinically affected fish were
removed between Days 7 and 28 p.c. from both groups
(25 from the lower challenge dose tanks, 5 from the
higher challenge dose tanks). Mortalities used for
analysis were removed between Days 6 and 31 (last
observed mortality in the low dose challenge group;
only fish from the low challenge group were used).
Total mortalities were 46 of the 200 fish exposed to the
low challenge dose and 35 of the 100 fish exposed to
the high challenge dose (Fig. 1). Survivors were re-
moved on the last 2 d of the experiment (Days 41 and
42 p.c.) from the low challenge group. Of the 30 fish in
the survivor group, 17 showed no clinical signs. The
other 13 fish were either darkened or showed some
reddening or haemorrhaging of the skin; 1 fish showed
exophthalmia.

Linearity and amplification efficacy of the
real-time assay

Forty-eight plates, each with 48 wells, were analysed
and triplicate sets of the cDNA standard solutions per
concentration were run on each plate. The regression
line calculated based on all 48 runs was: C; value =
52.9 - 1.33+(log, of predetermined virus copy number
in cDNA).

The 95% confidence interval for the slope was
—-1.368923 to —1.298839. The result was highly signifi-
cant (F; g190 = 5582.7, p < 0.0001, R? = 0.87). Real-time
RT-PCR efficacy was 0.683.

Quantification of virus in tissues (minimum and
maximum virus numbers detected, means and medians)

Results from virus titration and real-time RT-PCR
are presented in Table 1 and Fig. 2. VHSV was
detected by both methods in the majority of fish in the
preclinical and survivor groups, and in all fish of the
clinically affected and mortality groups. Virus quanti-
ties often varied substantially between clinical stages
within each tissue type. Of the 60 tissue samples
tested by both methods, 9 samples were negative by
titration and 14 by real time RT-PCR. The highest
virus measurement was 107%° TCIDs, mg™! in internal
organs of a rainbow trout from the preclinical group,
and the same fish had virus titres of 10982 TCIDs,
mg~! in brain/gill tissue and 10°3? TCIDs, mg~! in
muscle tissue, which was exceptionally high for its
group.

The mean amount of VHSV, grouped by method, tis-
sue and clinical stage, varied from 10! (virus titration,

Challenge dose 5 x 10% TCID5, mI™" - group 1
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—

m] preclinical fish sampled for analysis ——— clinical fish sampled for analysis
survivors sampled for analysis total clinical fish removed
mortalities sampled for analysis total fish removed

——— all mortalities

Fig. 1. Oncorhynchus mykiss. Challenge of market-sized rain-

bow trout with 2 different concentrations of VHSV. Cumula-

tive numbers of fish sampled or removed at different stages of

infection are shown. Each graph represents a total of 100 fish.

Data displayed for fish exposed to 5.7 x 10° TCID;, were com-
bined from 3 challenge groups into one graph

muscle tissue, survivor group) to 107?° TCIDs, mg™*
(virus titration, internal organs, preclinical) (Table 1).
Mean values within a clinical stage varied by a factor
ranging from 2 to 50 between tissues and in one case
by a factor of 460 (TCIDs, results from preclinical
group, where values in internal organs were very
high). The spread of virus numbers (minimum, maxi-
mum) within each group was substantial. Fish in the
preclinical group showed the greatest variability. Less
variation was found in clinically affected fish and mor-
talities (Fig. 2).
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Fig. 2. Oncorhynchus mykiss. Virus particle numbers (displayed as log;o) in 1 mg of tissue from rainbow trout challenged with

VHSYV as determined by real-time PCR and tissue culture (TC) titration at various stages of infection. Results of tissues testing

negative are not included. Boxes per tissue type from top to bottom are (dark grey) results from 5 fish tested by TC titration

(TCIDsp); (mid-grey) real-time PCR results from 5 fish tested by both real-time PCR and tissue culture titration (real-time PCR 1);

(light grey) real-time PCR from 30 fish tested by real-time PCR (real-time PCR 2). Line: median; box: 25th—75th percentile;
whiskers: lower/upper adjacent values

Quantities of virus in fish tissues within clinical
stage groups

A box plot of measured TCID;5, and copy numbers in
the various tissues and grouped by clinical stage is
shown in Fig. 2.

Virus numbers determined by titration differed sig-
nificantly between types of tissue within each clinical
stage for the clinically affected group (p = 0.049;
ANOVA of log-transformed TCID;, virus numbers,
excluding negative test results, comparing types of tis-
sue within a selected clinical stage; n = 5 per type of
tissue). In this group, the highest mean and median
values were measured in internal organs and brain/gill
tissue, and levels were similar in both tissues.

Virus numbers determined by real-time RT-PCR dif-
fered significantly between the different types of tis-
sues for the clinically affected group (p = 0.007) and
mortalities (p = 0.005; ANOVA of log-transformed real-
time RT-PCR data, excluding negative test results,

comparing types of tissue within a selected clinical
stage; n = 30 per type of tissue). In both groups, the
highest mean and median virus numbers were found
in internal organs.

In the survivor group, 13 of the 30 trout sampled dis-
played clinical signs. In fish with clinical signs, copy
numbers (determined by real-time RT-PCR) were
approximately 1 order of magnitude higher than in fish
appearing clinically healthy (Table 1B).

Comparison between clinical stage groups

Copy numbers detected by real-time RT-PCR dif-
fered significantly (p < 0.0001) between clinical
stages for all types of tissue (ANOVA of log-trans-
formed real-time RT-PCR data comparing results for
various clinical stages within one type of tissue; n =
30 per clinical stage, excluding negative tests). Clini-
cal stages ordered by the mean and median (the lat-
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ter based only on positive samples) number of copies
detected in each respective tissue type tended to be
ordered as follows: mortalities > clinical > preclinical
and survivors.

TCID;, differed significantly between clinical stages
only for brain/gill tissue (p = 0.01; ANOVA of log-
transformed TCID;, data comparing results for various
clinical stages within one type of tissue; n = 5 per clin-
ical stage, excluding negative tests). Here the mean
titres were ordered as follows: preclinical > mortali-
ties > clinical > survivors.

Comparison of methods

No differences were found at each clinical stage
between RT-PCR measurements of the 5 fish analysed
by both virus titration and real-time RT-PCR, and the
25 fish analysed by real-time RT-PCR only (2-sample
t-tests excluding negative tests, Bonferroni adjustment
for multiple tests). No differences were found between
TCIDso and real-time RT-PCR measurements of sam-
ples analysed by both methods (n = 5 per tissue type
and clinical stage; paired {-tests). Overall distributions
were visually similar (Fig. 2).

Prediction of TCID;, data based on real-time
RT-PCR results

The correlation coefficient (r) between logy, virus
titre (TCIDsp) and log;, copy numbers (real-time RT-
PCR) is 0.86 if negative results are included in the

8
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analysis (based on 60 paired values) and 0.91 if nega-
tive results are excluded from the analysis (based on 44
paired values). The R? of the linear regression exclud-
ing 0 values is 0.83; therefore, 83 % of the variance in
the value determined by one method (e.g. the copy
numbers determined by real-time RT-PCR) can be
explained by its relationship with the infectious dose
value determined by the other method (virus titration).
R? of the correlation coefficient including 0 values is
0.73. The titration method does not predict when the
PCR method will record a negative sample.

Fig. 3 shows the fitted regression line between log;,
TCIDs, (as y) and log,, real-time RT-PCR (x), where
y =1.34x-1.36. The SE for the intercept is 0.377.

Diagnostic test agreement and sensitivity

For fish analysed by both methods, virus titration
detected more virus-positive fish compared with real-
time RT-PCR (Table 2A). Test agreement varied de-
pending on clinical stage of infection. 100 % test agree-
ment was found in clinically affected fish and
mortalities (all fish were detected as being infected),
whereas test agreement was moderate in the preclini-
cal group (73.3%, 11/15, kappa 0.44) and the survivor
group (66.7 %, 10/15, kappa 0.32; Table 2B,C).

Virus titration was the more sensitive method in pre-
clinical fish: An additional 4 tissue samples were
detected as being infected, whereas no additional sam-
ples (tissue samples that had not been detected as
being infected by virus titration) were detected by
real-time RT-PCR (Table 2B). In the clinically affected

fish and mortalities, diagnostic test sensitivity
was 100 % for both virus titration and real-time
RT-PCR. In the survivor group, titration found
3 and PCR found 2 tissue samples to be
infected that were not detected by the other
method (Table 2C).

If all the fish in the preclinical group were
assumed to be infected, then the diagnostic
test sensitivity (dts) using internal organs for
both methods is limited and was 73.3% by
real-time RT-PCR (22 out of 30 fish were iden-
tified as infected) and 80 % (4 out of 5 fish were
detected as being infected) by titration.

In the survivor group, all 5 fish tested by titra-
tion were positive for virus in brain/gill tissue,
but only 2 in internal organs (dts using internal

0 .94 2 3 4 5
log1o copy number

Fig. 3. Oncorhynchus mykiss. Log,, real-time PCR results versus log, of
TCIDs, using data from 20 fish (3 tissues per fish) in which both methods
were applied. The fitted curve shows the regression line based on

values > 0

6.3

organs = 40%). PCR on the same 5 fish de-
tected virus only in brain/gill tissue of 4 fish (dts
= 80 %), in muscle tissue of 3 fish (dts = 60 %)
and in internal organs of 1 fish (dts = 20 %).
Another 25 fish from the survivor group
were tested by real-time RT-PCR only. The
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Table 2. Oncorhynchus mykiss. Test agreement between tis-

sue culture and real-time PCR analysing tissues (internal

organs, brain/gill tissue, muscle tissue) from rainbow trout

challenged with VHSV. Results from rainbow trout (A) sam-

pled during all stages of infection (preclinical, clinical signs,

mortalities and survivors), (B) sampled during the preclinical
stage and (C) sampled from survivors

Tissue culture result Total
Negative Positive
(A) All stages of infection
PCR result: Negative 7 7 14
Positive 2 44 46
Total 9 51 60
(B) Preclinical
PCR result: Negative 3 4 7
Positive 0 8 8
Total 3 12 15
(C) Survivors
PCR result: Negative 4 3 7
Positive 2 6 8
Total 6 9 15

number of fish within this group that were truly
infected is unknown. Therefore, the diagnostic test
sensitivity cannot reliably be determined. If all were
assumed to be infected, then the diagnostic test sensi-
tivity varied with the tissue, ranging from 40 % (12 out
of 30 internal organs samples) through 60 % (18 out of
30 muscle samples) to 73.3% (22 out of 30 brain/gill
samples).

DISCUSSION
Challenge dose

Expt 1 aimed to establish a suitable virus concentra-
tion to challenge market-sized rainbow trout with
VHSYV, generating mortalities and survivors. Published
information on virus challenge doses using rainbow
trout is mainly on fry or fingerlings. Only 1 study
reported experimental infection of market-sized fish
(Neukirch 1992) and showed that the final mortality
was related to virulence of the virus and water temper-
ature. Hence, we needed to determine experimental
conditions for our virus isolate.

We have shown that a relatively high challenge dose
was required under the experimental conditions to
produce a mix of all clinical stages (subclinical, clini-
cally affected fish and mortalities) in a population of
market-sized rainbow trout. These results indicated
virus concentrations that might be present in water if a
similar presentation of the disease in terms of mortality
rates and prevalence of clinically affected fish were
found in a farmed population.

Virus concentrations

Our main objective was to investigate virus levels
that may be found in rainbow trout imported for
human consumption (e.g. in whole eviscerated fish)
and measure virus levels in tissues at various stages of
infection. Fish were preferentially sampled from the
tank that received the lower challenge dose, since this
was considered to better imitate conditions on a farm
than was the higher challenge dose. However, for
practical reasons (number of fish available per chal-
lenge dose and number of fish that could be sampled
on a single day) this was not always possible. Virus
concentrations varied widely in tissues of subclinically
infected fish, but less widely in tissues of clinically
infected fish and mortalities. Significant virus levels
could be found before onset of clinical signs. Muscle
tissue carried a lower virus concentration per mil-
ligram of tissue than did brain/gill tissue or internal
organs at each stage of infection except in the survivor
group, for which virus concentration in muscle tissue
was similar to that in internal organs. This may have
implications when infected stocks are culled and pro-
cessed for human consumption. Viral load in brain/gill
and muscle tissues of fish in the preclinical group
reached extremely high values (brain/gill tissue: up to
6.65 x 10° TCIDs, and 4.5 x 10° copies mg~* ; muscle tis-
sue: up to 2.10 x 10° TCIDs, and 1.21 x 10° copies
mg!). The survivor group contained both clinically
affected and healthy appearing fish. Virus levels were
higher by a factor of about 1 order of magnitude
amongst the survivors displaying clinical signs. We
have also shown that the viral load in individual fish
that survived exposure to VHSV can be extremely
high in brain/gill tissue (5.5 x 10® TCIDs, mg™?).

Few other studies have investigated virus levels in
tissues of VHSYV infected fish, and most used internal
organs and a variety of fish species (rainbow trout,
Pacific herring Clupea harengus pallasi, Pacific sar-
dine Sardinops sagax, hake Merluccius productus and
pollock Theragra chalcogramma) (Jorgensen 1970,
Meyers et al. 1994, 1999, Kocan et al. 1997, 2001,
Arkush et al. 2006). Only one previous study reported
virus levels in muscle tissue. Wolf et al. (1968) investi-
gated virus levels in VHSV infected rainbow trout and
reported virus concentrations of 10%° to 10%*> TCIDs,
g ! in muscle tissue sampled from 5 fish that had been
stored whole at —20°C for 8 mo before testing. No other
studies have provided virus levels in brain or gills.

Most studies included periods of transport and stor-
age, and sometimes freezing and thawing, before pro-
cessing samples to determine viral titres. Both storage
and freezing appear to reduce the detectable virus lev-
els. Arkush et al. (2006) reported that transport of fish
for a few hours (<8 h on ice) followed by a freeze—thaw
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cycle reduced the virus levels by 3 orders of magnitude.
Jorgensen (1970) reported that viral titres declined by
1 order of magnitude when stored for 44 h at 4°C.
When the effects of storage and freezing used in other
studies are taken into account, results reported in this
study on virus titres in internal organs are similar to re-
sults reported previously.

No data were found on the loss of infectivity in tissues
imported for human consumption, such as muscle tis-
sue. All experimental studies on loss of titre over time or
after freezing used internal organs. Studies are there-
fore required that provide information on the virus lev-
els of tissues imported for human consumption.

A relatively high challenge dose was required to
produce the mix of clinical stages required for this
study. It would be likely on a farm to find low virus
concentrations in the water at the onset of an epidemic,
which could rise to possibly very high levels as preva-
lence of infection within the affected population in-
creased. Therefore, the viral load in tissues of preclini-
cal fish in a farm setting may be lower than reported
here. This possibility will need to be explored in fur-
ther studies. The virus levels reported for clinically
healthy survivors are, however, likely to represent val-
ues that may be found in farmed fish, since the effect of
the artificial challenge would be expected to have
worn off by the time of sampling.

Comparison of detection methods

The large number of samples necessitated a cheaper
and less time-intensive method for determining virus
quantities than virus titration; real-time RT-PCR was
identified as an alternative. It was therefore important to
assess how well measurements made by real-time RT-
PCR corresponded to quantities reported by virus titra-
tion, since the latter is considered the ‘gold standard’ for
estimating the quantity of viable virus. We found good
agreement between the 2 methods, particularly at virus
titres around 10* TCIDs, mg~! tissue. Below that value,
virus titration returned slightly lower readings than
those obtained by real-time RT-PCR, and above it they
were slightly higher. The differences were, however, not
substantial and we reported the original real-time data
alongside TCIDs, values rather than applying any ad-
justment. There was no indication that PCR measure-
ments overestimated the number of virus copies due to
the presence of viral mRNA expressed in host tissue.

Test performance

Although our study was not set up to compare diag-
nostic test performances, this was worth exploring. Nei-

ther method is currently the recommended method to
detect VHSYV for statutory purposes. However, real-time
RT-PCR has recently been recommended to be applied
in settings where VHSV is considered endemic and may
be more sensitive than cell culture (Hope et al. 2010).

Diagnostic test sensitivity is the ability of a diagnos-
tic test to correctly identify an organism as being
infected if it is actually infected. It is expressed as the
number of organisms detected as being infected
divided by the number of those that are truly infected.
In our study the diagnostic test sensitivity was com-
pared over the tissues and stages of infection. Regard-
less of the test method, the use of internal organs
resulted in a high diagnostic test sensitivity (dts) in fish
during incubation, moribund fish and mortalities.
However, in survivors, internal organs provided the
lowest chance of detecting the virus, while using both
muscle tissue and brain/gill tissue resulted in a higher
dts. Current EU legislation (EU commission decision
2001/183) and international guidelines (OIE 2009)
require that spleen, anterior kidney and either heart or
encephalon are sampled for virus detection. Further
studies would be useful to explore whether the high
test sensitivity observed in our study for the limited
number (n = 5) of brain/gill samples tested by virus
titration from the survivor group can be confirmed.
Given that gill tissue is far more convenient to sample
compared with brain, it would also be useful to further
investigate the virus levels present in gill tissue alone.

Our study challenged fish with a relatively high virus
dose to induce infection. This does not imitate a real
farm situation, where a low level of virus may be intro-
duced and prevalence of infection would be expected
to be very low during incubation. Current guidelines
(OIE 2009) and EU legislation allow for samples from
up to 10 fish to be pooled. A reduction of virus titres
between sampling of tissues in the field and processing
for cell culture inoculation at the laboratory may also
lead to a drop in viable virus levels below the limit of
detection. If the samples are pooled (infected and unin-
fected fish), there could be a risk that virus levels may
drop below the level of detection.

The observed higher test sensitivity of virus titration
compared to real-time RT-PCR, especially in the pre-
clinical group, could be due to the larger amount of tis-
sue used in virus titration compared with real-time RT-
PCR. The virus titres per millgram tissue in those cases
where titration was positive and real-time RT-PCR was
negative were very low (30 to 300 infectious doses
mg! tissue). The amount of tissue actually used per tis-
sue type and fish on a 96 well plate in virus titration
was determined to be 12 mg. The amount of tissue
analysed by real-time RT-PCR was only 0.08 mg, or
150 times less, which may explain the differences in
test performance.
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Cell culture methods, following the recommended
procedures as advised in EU commission decision
2001/183, may use higher total amounts of tissue inocu-
lated onto cell cultures compared with titration. Whereas
12 mg of tissue were effectively inoculated using titra-
tion, the total amount of tissue inoculated using the statu-
tory cell culture method is in the order of 27 to 54 mg
(following Cefas Standard Operating Procedures). In ad-
dition, subcultivation is required if no cytopathic effect
was observed after a defined time period, further in-
creasing the chance of detection. Therefore, assuming a
given concentration of virus in a sample, the statutory
method is more likely to detect the virus compared with
virus titration. To what extent this higher sensitivity may
be diluted by pooling samples would depend on the
number of samples combined in a pool.

Several factors may influence the performance of a
real-time PCR assay, from the handling and storage of
the samples to primer and probe design. However, this
study indicates that other factors such as total amount
of tissue used for an analysis should to be taken into
account when interpreting test results. Our results ini-
tially appear to conflict with reports by Hope et al.
(2010), who reported a higher test sensitivity for real-
time PCR compared with cell culture. This is probably
explained by Hope et al.'s (2010) use of tissues that
were frozen before submitting them to cell culture.
Based on data from previous studies, freezing is likely
to lead to a drop in virus titres of 3 orders of magnitude.

We recommend more studies to investigate virus lev-
els in tissues of fish after they have been slaughtered. It
would also be useful to establish whether results of virus
titration and real-time RT-PCR agree as well when sam-
ples are taken from fish that have been frozen or stored
as they do from fresh samples. The study by Hope et al.
(2010) would suggest that this may be unlikely.

Manufacturers advise setting up standards by estab-
lishing a dilution series from a cDNA stock solution.
Previous studies that followed this method (Chico et al.
2006) found a good RT-PCR efficiency. However, we
felt that following this method ignores potential losses
in the efficacy of transcription that may occur in the
presence of high amounts of host tissue RNA. cDNAs
generated from fish samples spiked with a calculated
RNA copy number of 10° to 10? were initially used to
set up a standard curve for this study. However, if RNA
copy numbers of above 5.0 x 10° and below 1.5 x 10°
are used, repeatability was poor (the triplicate runs
provided increasingly varying C; values). Therefore,
we used a doubling dilution series from 2.0 x 10° to
6.25 x 10 copies as recommended by the manufac-
turer, which then produced a standard curve with de-
sired characteristics. In future studies it will be impor-
tant to compare the efficacy of the real-time RT-PCR
by means of a dilution series established from spiked

host RNA extract as described here versus a dilution
series generated from pure pathogen RNA or cDNA.
This will help to establish which material is the most
appropriate in the preparation of a standard curve when
real-time assays are used for quantitative analysis.

In this exploratory study, we pooled brain and gill
tissues to limit the number of samples processed.
Given that we found that pools of these tissues contain
relevant virus quantities, further studies are recom-
mended to analyse viral load in these tissues sepa-
rately. To complete the information on viral load in fish
commodities imported for human consumption, it
would also be important to determine viral load in skin
and mucus, especially since these are usually disposed
of as waste. To assess the infectivity of tissues infected
with VHSYV, it is also necessary to know the minimal
infectious dose of VHSV for susceptible species, but
there are currently no published values.

CONCLUSIONS

We found substantial virus concentrations in tissues
of rainbow trout that showed no clinical signs of VHS.
This was especially the case in the preclinical group.
Virus concentrations were not only high in internal
organs, but also in brain/gill tissue and muscle tissue,
suggesting that eviscerated fish may not necessarily
represent a safe commodity.

In countries where fish farmers are not compensated
for compulsory fish culls, emergency slaughter may be
allowed to limit the financial impact on the fish farming
business. Whilst diseased fish are unlikely to enter the
food chain, infected fish (preclinical or survivors) from
VHSV endemic regions can be slaughtered and pro-
cessed for human consumption. Under EU legislation
there are currently no restrictions on the import of such
fish into areas free from the disease if eviscerated, and
they therefore represent a route of VHSV introduction.
Further investigations are required to assess the
amounts of virus that may be released from such a con-
signment, exposure pathways and the potential to
infect farmed or wild fish.
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