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INTRODUCTION

Cyprinid herpesvirus 3 (CyHV-3) is the aetiologi-
cal agent of koi herpes virus disease (KHVD) in
common carp Cyprinus carpio L. and koi (Bretziner
et al. 1999, Walster 1999, Hedrick et al. 2000, Perel-
berg et al. 2003, Ilouze et al. 2006, Boutier et al.
2015). The disease is notifiable to the World Organi-
sation for Animal Health (OIE 2015a) and reportable

to the Canadian Food Inspection Agency (CFIA
2016). Currently, there are no CyHV-3 tests whose
analytical and diagnostic performance characteris-
tics are validated to internationally recognized stan-
dards set forth by the OIE (OIE 2015b). This study
was designed to address this need. The goal was to
provide scientific information on CyHV-3 diagnostic
test performance that could be used by stakeholders
in support of the World Trade Organization Agree-
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ABSTRACT: Cyprinid herpesvirus 3 (CyHV-3) is the aetiological agent of koi herpesvirus disease
in koi and common carp. The disease is notifiable to the World Organisation for Animal Health.
Three tests — quantitative polymerase chain reaction (qPCR), conventional PCR (cPCR) and virus
isolation by cell culture (VI) — were validated to assess their fitness as diagnostic tools for detec-
tion of CyHV-3. Test performance metrics of diagnostic accuracy were sensitivity (DSe) and speci-
ficity (DSp). Repeatability and reproducibility were measured to assess diagnostic precision. Esti-
mates of test accuracy, in the absence of a gold standard reference test, were generated using
latent class models. Test samples originated from wild common carp naturally exposed to CyHV-
3 or domesticated koi either virus free or experimentally infected with the virus. Three laborato-
ries in Canada participated in the precision study. Moderate to high repeatability (81 to 99%) and
reproducibility (72 to 97%) were observed for the qPCR and cPCR tests. The lack of agreement
observed between some of the PCR test pair results was attributed to cross-contamination of sam-
ples with CyHV-3 nucleic acid. Accuracy estimates for the PCR tests were 99% for DSe and 93%
for DSp. Poor precision was observed for the VI test (4 to 95%). Accuracy estimates for VI/qPCR
were 90% for DSe and 88% for DSp. Collectively, the results show that the CyHV-3 qPCR test is
a suitable tool for surveillance, presumptive diagnosis and certification of individuals or popula-
tions as CyHV-3 free.
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ment on the Application of Sanitary and Phytosani-
tary Measures.

An effective CyHV-3 diagnostic assay should
detect the virus in diseased fish as well as in asymp-
tomatic carriers of the virus with latent or persistent
infections. Three diagnostic assays were evaluated
for their performance characteristics in this study: a
modified conventional polymerase chain reaction
(cPCR) assay targeting the CyHV-3 thymidine kinase
gene (cTK; Bercovier et al. 2005), a modified quanti-
tative PCR (qPCR) assay targeting CyHV-3 open rea -
ding frame 89 (ORF89) (qORF89; Gilad et al. 2004)
and virus isolation by culture on common carp brain
(CCB) cells (VI; Neukirch et al. 1999). The unmodi-
fied cTK and qORF89 tests have been evaluated in
inter-laboratory ring studies (Way 2008) and intra-
laboratory comparisons (Bergmann et al. 2010, Mon-
aghan et al. 2015a). The qPCR test displayed high
analytical specificity (ASp), detecting all known
CyHV-3 isolates but not related virus species such as
CyHV-1 or CyHV-2 (Gilad et al. 2004, Bergmann et
al. 2010). It is currently the most commonly used
diag nostic test for CyHV-3 and may prove to be suit-
able for use in surveillance programs to declare
healthy populations of susceptible fish free of the
virus (OIE 2015c). The cTK test is one of the PCR
assays recommended by the OIE for detection of
CyHV-3 (OIE 2015c). In contrast, virus isolation by
cell culture is not considered by the OIE and others to
be a reliable option for detection of CyHV-3 (Haenen
et al. 2004, OIE 2015c).

CyHV-3 is a member of the genus Cyprinivirus
within the Alloherpesviridae family and Herpesvi-
rales order (Waltzek et al. 2005, 2009, Davison et al.
2009, Davison 2010). Phylogenetic analysis suggests
the existence of 2 CyHV-3 lineages designated as
Asian and European (Bigarré et al. 2009, Kurita et al.
2009, Avarre et al. 2011). Virus isolates from both lin-
eages display a complex lifecycle which may con-
tribute to the difficulty in detecting the virus. CyHV-
3 is epitheliotropic (Hanson et al. 2011) and gains
entry into carp via the skin covering the fins and
body (Costes et al. 2009, Raj et al. 2011, Fournier et
al. 2012, Ronsmans et al. 2014), the digestive tract
through infection of the periodontal pharyngeal
mucosa (Fournier et al. 2012) or the gills (Miyazaki et
al. 2008, Monaghan et al. 2015b). The virus then
moves rapidly to internal tissues including the liver,
kidney, gut, spleen and brain (Gilad et al. 2004). A
latent infection can eventually be established in host
peripheral white blood cells, specifically the IgM+ B
cells (Eide et al. 2011, Reed et al. 2014, Prescott et al.
2016). Adult fish that survive infection can serve as

asymptomatic carriers of the virus, shedding virus
particles through horizontal transmission in their
urine and faeces (Dishon et al. 2005) as well as via
their skin and gill mucus (Perelberg et al. 2003). The
virus may cycle in a temperature-dependent manner
between latent and acute infection stages in conva-
lescent fish (Gilad et al. 2003, St-Hilaire et al. 2005,
Uchii et al. 2009, 2011, 2014, Eide et al. 2011, Sunarto
et al. 2014).

We hypothesized that 1 or more of the tests
described in this study could provide the analytical
and diagnostic performance suitable for use in
national aquatic animal health programs as diagnos-
tic assays for detection of CyHV-3. This validation
study was multi-phasic, beginning with an assess-
ment of each test’s analytical characteristics includ-
ing their ASp, analytical sensitivity (ASe) and re -
peatability. Estimates of each test’s precision (i.e.
repeatability and reproducibility) and accuracy (i.e.
diagnostic sensitivity [DSe] and diagnostic specificity
[DSp]) were generated in subsequent phases. The
results are reported according to the Standards for
Reporting of Animal Diagnostic Accuracy (STRA -
DAS)-aquatic (Gardner et al. 2016).

MATERIALS AND METHODS

Diagnostic test optimization

Viruses and viral nucleic acid

The name, origin and source of the viruses used in
this study are provided in Table 1. CyHV-3 was cul-
tured on CCB cells (Neukirch et al. 1999) at 20°C.
Spring viremia of carp virus (SVCV) and pike fry
rhabdovirus (PFRV) were cultured using epithelioma
papulosum cyprini cells at 20°C (Fijan et al. 1983,
Winton et al. 2010). Cell culture medium was mini-
mal essential medium with Hanks’ salts (MEM-H)
supplemented with 2 to 10% fetal bovine serum,
2 mM L-glutamine and, after virus infection, anti -
biotic/antimycotic (Life Technologies). Cells were
inoculated with virus at a multiplicity of infection of
0.001 to 0.0001 and harvested after development of
complete cytopathic effect (CPE). Virus-infected
whole cell lysates were stored at −80°C. Virus titers
were determined using the endpoint dilution method
of Spearman (1908) and Karber (1931) and expressed
as 50% tissue culture infective dose (TCID50).

Infected whole cell lysates were used to prepare
CyHV-3 U-NY1999 DNA positive reference material
for the analytical and diagnostic validation studies.
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Infected whole cell lysates were initially clarified by
centrifugation (4500 × g, 20 min, 4°C). The pellet was
discarded, and the supernatant was centrifuged
(10 000 × g, 18 h, 4°C). The resulting pellet was
homogenized in lysis buffer (10 mM Tris-HCl [pH 8],
1 mM pH 8.0 EDTA buffer; with 0.1% [w/v] sodium
dodecylsulfate) with a glass Dounce tissue grinder
and treated with RNaseA (16 µg ml−1, 37°C, 30 min)
followed by Proteinase K (80 µg ml−1, 56°C, 3 h; Life
Technologies). An equal volume of phenol, chloro-
form and isoamyl alcohol (25:24:1 ratio, respectively;
Sigma-Aldrich) was added, and the solution was
mixed (30 min, 22°C). Following centrifugation
(10 000 × g, 20 min, 22°C), the aqueous phase of the
solution was collected and mixed with an equal part
isopropyl alcohol. After another centrifugation step
(10 000 × g, 30 min, 4°C), the pellet, consisting of
semi-purified CyHV-3 U-NY1999 DNA, was washed
with 70% ethanol, centrifuged (10 000 × g, 10 min,
4°C), air dried and resuspended in TE buffer (Life
Technologies). The CyHV-3 U-NY1999 positive ref-
erence DNA was quantified using the Nanodrop
8000 (Nanodrop Technologies) and then stored at
−80°C.

Infected whole cell lysates were also used to pre-
pare SVCV and PFRV RNA for synthesis of cDNA for
use in the analytical validation studies. After clari -
fication (2500 × g, 10 min, 4°C), the infected whole
cell lysate supernatant was centrifuged (21 100 × g,
90 min, 4°C), and viral RNA was extracted using the
QiaAmp Viral RNA Extraction Kit (Qiagen). The
semi-purified SVCV and PFRV RNA was quantified
and then stored at −80°C. Synthesis of cDNA was
performed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Each reac-
tion consisted of 20 µl containing 1× reverse tran-
scriptase buffer, 4 mM dNTP mix, 1× random hexa-
mer primers, 50 U Multi Scribe Reverse Transcriptase
(Applied Biosystems) and 20 ng RNA. The test was
run using the Applied Biosystem Veriti 96-well ther-
mocycler. The thermocycling profile was 1 cycle of
10 min at 25°C and 1 cycle of 120 min at 37°C fol-
lowed by 1 cycle of 5 s at 85°C.

Tissue samples, virus free or infected with CyHV-3
U-NY1999 or MB2010, were used as the source of
DNA for the cPCR and qPCR tests evaluated in the
 diagnostic validation study. The samples were pro-
cessed using the DNeasy Blood & Tissue Kit (Qia-
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Virus                                                                    Geographic origin                     Year                      Reference

Alloherpesviridae                                                                                                                                
Cyprinid herpesvirus 1 (CyHV-1)                     Niigata, Japan                           1981                      Sano et al. (1985)
Cyprinid herpesvirus 2 (CyHV-2)                     Japan                                     1992−1993                 Jung & Miyazaki (1995)
Cyprinid herpesvirus 3 (CyHV-3)                                                                                                       
J-Ibaraki2007                                                    Ibaraki, Japan                            2007                      R. P. Hedrick (pers. comm.)
J-Tottori2007                                                     Tottori, Japan                             2007                      R. P. Hedrick (pers. comm.)
I-1999                                                                 Israel                                           1999                      R. P. Hedrick (pers. comm.)
U-NY1999                                                          NY, USA                                     1999                      R. P. Hedrick (pers. comm.)
U-CA2001                                                          CA, USA                                     2001                      R. P. Hedrick (pers. comm.)
U-CA2002                                                          CA, USA                                     2002                      R. P. Hedrick (pers. comm.)
U-MI2011                                                          MI, USA                                      2011                      M. Faisal (pers. comm.)
MB2008                                                             MB, Canada                               2008                      Garver et al. (2010)
MB2010                                                             MB, Canada                               2010                      This study

Salmon herpesvirus 2 (SalHV-2)                       Niigata, Japan                           1981                      Sano et al. (1983)
Sturgeon herpesvirus 1 (AciHV-1)                    CA, USA                                     1991                      Hedrick et al. (1991)
Sturgeon herpesvirus 2 (AciHV-2)                                                                                                      
                                                                             ID, USA                                      2001                      Kurobe et al. (2008)
                                                                             Canada                                       1999                      Kurobe et al. (2008)
Ictalurid herpesvirus (IctHV-1)                          USA                                            1968                      Fijan et al. (1970)

Rhabdoviridae                                                                                                                                      
Spring viremia of carp virus (SVCV)                                                                                                  
D148                                                                   UK                                               2001                      Miller et al. (2007)
RHV                                                                   Ukraine                                       1989                      Stone et al. (2003)
P4-7                                                                    Russia                                         1983                      Stone et al. (2003)
M2-78                                                                Moldova                                     1983                      Stone et al. (2003)

Pike fry rhabdovirus (PFRV)                                                                                                                
II                                                                         Germany                                    1982                      Stone et al. (2003)
IV                                                                       UK                                               1995                      Stone et al. (2003)

Table 1. Virus isolates used in the present study
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gen). Tissue samples (<100 mg) were homogenized
in lysis buffer (Buffer ATL; Qiagen) using a 5 mm
stainless steel bead and a TissueLyser (2 min, 25 Hz;
Qiagen). Proteinase K digestion (3 h at 56°C) was
 followed by DNA extraction. Tissue sample DNA
was eluted in 200 µl elution buffer (Qiagen) and
then quantified using a Nanodrop 1000 or 8000 (Nan-
odrop Technologies) or Multiskan (Thermo Scien-
tific) spectrophotometer. The DNA samples were
stored at −80°C.

Infected whole cell lysates were used to prepare
CyHV-3 U-NY1999 or MB2010 DNA for qORF89
analysis of accuracy study virus isolation samples
displaying suspect CPE in CCB monolayers. Super-
natant (1 ml) from inoculated CCB cells in 24-well tis-
sue culture plates was centrifuged (21 100 × g, 18 h,
4°C), the pellet was resuspended in 200 µl phos-
phate-buffered saline and DNA was extracted from
the suspension using the DNeasy Blood & Tissue
Kit (Qiagen). Infected whole cell lysate DNA was
eluted in 200 µl elution buffer (Qiagen) and then
quantified using the Nanodrop 8000 (Nanodrop
Technologies) spectrophotometer. The DNA samples
were stored at −80°C.

Plasmids

Plasmid DNA encoding CyHV-3 MB2008 DNA
sequences was engineered for use as positive control
material for the PCR tests in the validation study. The
pORF89 plasmid contains the full-length sequence of
ORF89 (1458 bp), and the pTK plasmid contains DNA
encoding the thymidine kinase gene (TK, 651 bp)
from CyHV-3 MB2008. PCR primers were designed
based on sequences from CyHV-3 U-NY1999 (acces-
sion number DQ657948) or CyHV-3 I-1999 (accession
number AJ535112). The MB2008 isolate sequences
were amplified by cPCR using pairwise primer com-
binations of KHV orf89full-F (5’-ATG GCC TCC ACT
TCA ACC GCT GTG-3’) and KHV orf89full-R (5’-
TTA AGC GAG CAG TCC CCT CGG G-3’) or KHV
TK-FullF (5’-ATG GCT ATG CTG GAA CTG GTG
ATC GG-3’) and KHV TK-FullR (5’-TCA CAG GAT
AGA TAT GTT ACA AGA ACG AGG TGG AG-3’).
Each 25 µl reaction contained 1× PCR buffer (Ap -
plied Biosystems), 1.5 or 3.0 mM MgCl2, 200 µM
dNTPs, 1.25 or 2.5 U AmpliTaq Gold DNA poly-
merase (Applied Biosystems), 400 nM of each primer
and between 100 and 500 ng of DNA isolated in 2008
from Lake Manitoba carp infected with CyHV-3
MB2008. Thermocycling parameters were as follows:
95°C for 5 min; 35 cycles of 95°C for 30 s, 67 or 68°C

for 30 s and 72°C for 1 or 2 min; followed by a post-
cycle extension at 72°C for 8 min. Amplicons gener-
ated from the cPCR were analyzed for purity and size
by electrophoresis in 1% agarose gels, purified with
the QIAquick Gel Extraction Kit (Qiagen), TA cloned
into vector pGEM-T Easy (Promega) and then trans-
formed into Escherichia coli DH5alpha competent
cells (Invitrogen) according to manufacturers’ in -
struc tions. Plasmid DNA was purified with a QIA -
prep Spin Miniprep Kit (Qiagen) as described by the
manufacturer and screened for inserts by cPCR using
the relevant primer pairs. Both strands of DNA from
at least 3 positive clones per amplicon were se -
quenced by the dideoxynucleotide chain termination
method using an automated sequencer (Sanger et al.
1977). Two additional primers were used for se -
quence analysis of ORF89 amplicons: KHV orf89 Mid
For (5’-GTG GTA GTG GTA GCG AC-3’) and KHV
orf89 Mid Rev (5’-GAG CTC ATG GCG ATC ACC-3’).
Analyses of the DNA sequences were performed
using BioEdit v7.0.9.0 software (Hall 1999). Plasmid
DNA was linearized with the Nde I restriction en -
zyme (New England Biolabs), analyzed for complete
digestion by electrophoresis in 1% agarose gels and
purified with the QIAquick Gel Extraction Kit (Qia-
gen). The linearized DNA was used as positive con-
trol material for the qORF89 and cTK tests. The
pORF89 construct is 4498 bp in length corresponding
to an estimated 2.92 × 106 g mol−1. The copy number
per µg DNA was calculated as 2.06 × 1011. The pTK
construct is 3668 bp in length corresponding to 2.38 ×
106 g mole−1. The copy number per µg DNA was cal-
culated as 2.53 × 1011.

Optimization of qORF89 and cTK

The analytical performance of both PCR tests was
optimized. Variables assessed included primer and
probe quantity as well as Mg2+, dNTPs, polymerase,
target DNA and thermocycling conditions. Target
DNA from 3 different sources was also evaluated:
CyHV-3 infected carp tissue, CyHV-3 infected whole
cell lysate and plasmid encoding CyHV-3 DNA
(pORF89 or pTK).

qPCR test parameters were selected for their ability
to amplify plasmid DNA from 105.7 to 100.7 copies per
reaction with equimolar concentrations of primers, in
increments of 100 nM, from 300 to 700 nM. In all
cases, the hydrolysis probe concentration was 80 nM.
Primer concentrations for qORF89 giving the lowest
quantification cycle (Cq) value were selected for
 further analysis. Equimolar probe concentrations, in
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increments of at least 10 nM from 80 to 150 nM, were
tested, and those giving the highest final fluores-
cence value in the baseline-corrected, ROX-normal-
ized view (i.e. dRn) were selected for further analysis.
The effect of adding a 30 s 72°C elongation step into
each cycle was also assessed.

The cTK test was optimized with the 3 different
CyHV-3 DNA templates, primer concentrations from
100 to 1500 nM, 1 to 3 mM MgCl2, 1 to 2.5 U Taq, 35
or 40 cycles, 52 or 55°C annealing temperature and
30 or 60 s annealing time. Primer concentrations
and cycling conditions were selected from those
tests giving the highest relative fluorescence of tar-
get product in the absence of non-specific amplifi-
cation products.

The effect of the quantity of DNA template on
qORF89 and cTK was examined with 500, 1000,
1500, 2000 and 3000 ng of kidney tissue. The effect of
digesting the tissue with Proteinase K for 3 or 18 h
prior to DNA extraction was also evaluated for each
test.

Test methods and outcome measures

qPCR assay

The qORF89 qPCR assay was originally described
by Gilad et al. (2004). The reaction conditions were
modified to increase its analytical performance. The
primers were forward primer orf89-QF (5’-GAC GCC
GGA GAC CTT GTG-3’), reverse primer orf89-QR
(5’-CGG GTT CTT ATT TTT GTC CTT GTT-3’)
(Sigma Aldrich; Gilad et al. 2004) and assay probe
orf89-QProbe (5’-6FAM-CTT CCT CTG CTC GGC
GAG CAC G-TAMRA-3’) (Life Technologies; Gilad
et al. 2004). Each test consisted of 25 µl containing
400 nM orf89-QF, 400 nM orf89-QR, 100 nM orf89-
QProbe, 1× TaqMan Universal PCR Master Mix
(Applied Biosystems) and 1500 ng genomic DNA.
The test was run using the Stratagene Mx3000/5P
system in a 96-well format. The thermocycling profile
was 1 cycle of 2 min at 50°C and 1 cycle of 10 min at
95°C followed by 40 cycles of 15 s at 95°C and 60 s at
60°C. Fluorescence was measured at the end of each
amplification cycle. Tests were run with 3 replicates
of each sample. Data were analyzed using MxPro
software (Stratagene) with the adaptive baseline and
amplification-based threshold algorithm enhance-
ments. The threshold was adjusted manually such
that it was above the background and in the linear
phase of the amplification plot. The copy number of
pORF89 was calibrated using the standard curve

method provided in this software. The PCR cycles
used for quantification are referred to as the quantifi-
cation cycle or Cq (Bustin et al. 2009). Samples were
considered positive if the Cq value was <40 and neg-
ative if the Cq value was ≥40. Results were analyzed
as binary data as well as continuous data. For the lat-
ter, the Cq values were configured as the average of
the 3 replicates. In those cases where 1 or 2 of the 3
replicates had a value of >40 Cq, the Cq value for
that replicate was set at 40.

cPCR assay

The cPCR cTK assay was originally described by
Bercovier et al. (2005). The reaction parameters are
those described by the OIE (2015b). The primers for
the cTK test were forward primer TK-EPF (5’-GGG
TTA CCT GTA CGA G-3’) and reverse primer TK-
EPR (5’-CAC CCA GTA GAT TAT GC-3’) (Sigma-
Aldrich; Bercovier et al. 2005). The cTK test consisted
of 25 µl containing 100 nM TK-EPF, 100 nM TK-EPR,
2.5 mM MgCl2, 250 µM dNTPs, 1.25 U AmpliTaq
Gold (Applied Biosystems) and 500 ng genomic
DNA. It was performed using an Applied Biosystems
Veriti thermocycler. The thermocycling profile was
1 cycle of 5 min at 94°C; 40 cycles of 60 s at 95°C, 60 s
at 55°C and 60 s at 72°C; followed by 1 cycle of
10 min at 72°C. Amplicons were separated by elec-
trophoresis on 1 to 2% agarose gels (Life Tech -
nologies) or E-gels (Thermofisher) containing 1×
 fluorescent nucleic acid stain GelRed (Biotium) or
SYBR® Safe (Thermofisher), respectively. Data were
recorded using a digital imaging system (e.g. Kodak
Gel Logic 200). The expected amplicon was 409 bp in
length. The samples were run singly and reported to
be positive or negative based on the respective pres-
ence or absence of this fragment in the agarose gel
following electrophoresis.

The sample set for each test run of qORF89 and
cTK included control samples of a known composi-
tion. The qORF89 control material consisted of a
buffer blank (N1), 50 mg kidney tissue + 25 ng DNA
isolated from CyHV-3 U-NY1999 infected cell mono-
layers (P1), pORF89 diluted from 103.7 to 5 copies per
reaction (P3) and water (N3). The cTK positive con-
trol material consisted of kidney tissue + 50 ng DNA
isolated from CyHV-3 U-NY1999 infected cell mono-
layers (P1) and 104.7 copies of pTK per reaction (P3).
The N1 and P1 samples were included at the nucleic
acid extraction step and carried through the final
PCR step, whereas N3 and P3 were added at the PCR
step of the qORF89 and cTK tests. The positive con-
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trol samples confirmed that the test was performing
as expected, whereas the negative control samples
were essential for detecting contamination or non-
specific amplification in the reaction. If unexpected
results were obtained with the control samples (i.e.
no amplification detected with the positive control
sample or amplification detected with the negative
control sample), then the results for that sample
batch were considered invalid.

Virus isolation

For the precision study, CyHV-3 isolation was
done by culture on CCB cells. This test is referred to
as VI to differentiate it from the VI/qPCR test (see
next paragraph). A pool of frozen kidney, spleen
and gill tissues was homogenized in MEM-H2 con-
taining antibiotics and 0.02 M HEPES. This was
either clarified (2500 × g, 15 min, 4°C) and diluted
to 2% or used to make a 2% solution that was then
filtered (0.45 µm). These samples were held at 4°C
for less than 48 h prior to testing with duplicate
samples of 100 µl. Fresh monolayers of CCB cells in
24-well plates were inoculated with the diluted tis-
sue homogenate, incubated at 20°C for 30 to 60 min,
overlayed with 1 ml per well MEM-H2 containing
antibiotics and 0.02 M HEPES and then incubated
at 20°C for 21 d. Cell monolayers were examined
within 48 h of inoculation and then observed twice
weekly for virus-induced CPE. One laboratory per-
formed a blind passage with the pooled supernatant
collected from the first cell culture passage on CCB
cell monolayers. For the precision study, the pres-
ence or absence of CPE was reported for each repli-
cate (i.e. VI). If CPE was observed in 1 or both of the
replicates, then the sample was considered positive.
If CPE was observed in neither replicate, the sample
was reported as negative. Each sample set included
a positive control sample consisting of cell culture
supernatant from CyHV-3 U-1999 infected whole
cell lysates as well as a negative control sample
such as sterile MEM-H2. These samples were used
to verify the validity of the unknown sample test
results.

For the accuracy study, CyHV-3 isolation was con-
ducted as described directly above except that the
qORF89 qPCR test was used to confirm the CPE
result for samples displaying suspect CPE. This form
of the test is referred to as VI/qPCR. Results were
reported as described above based on the CPE
observed or the qORF89 result if the qPCR test was
used to confirm suspect CPE.

Analytical validation

Analytical sensitivity, specificity and repeatability

The ASe of qORF89 and cTK was evaluated using
standard curves generated with (1) plasmid DNA
(pORF89 or pTK), (2) DNA extracted from CyHV-3
infected whole cell lysates or (3) DNA extracted from
tissue + exogenous DNA from CyHV-3 U-NY1999
infected whole cell lysates. Comparison of the qPCR
reaction efficiencies was used to determine whether
plasmid DNA could be used as a proxy for absolute
quantification of CyHV-3 in infected tissue. Standard
curves were constructed from 2- or 10-fold serial
dilutions, and each dilution was assayed by qPCR in
triplicate or in replicates of 6. The qPCR assay was
performed using the reaction conditions described in
‘Test methods; qPCR assay’. The 50 and 100% limit
of detection (LOD) for the assay was expressed as
copies of plasmid DNA and was derived from the
measured concentrations of the last dilution with at
least 50% or with 100% detection, respectively.

The ASp of qORF89 and cTK was tested for exclu-
sivity with nucleic acid isolated from tissue or cells in-
fected with viruses listed in Table 1. Inclusivity of
these assays was established using DNA from in-
fected tissue or lysates of cells infected with CyHV-3
isolates listed in Table 1. Tests were performed using
3 replicates per sample and the reaction conditions
outlined in ‘Materials and methods: Test methods and
outcome measures’. The level of agreement between
the observed and expected results was calculated us-
ing 2-way tables and expressed as inclusivity or ex-
clusivity (i.e. degree to which the assay detects all in-
tended viruses and does not detect other viruses,
respectively). The 95% confidence intervals for these
estimates were also calculated for each assay.

The analytical repeatability of qORF89 was tested
with pORF89 serially diluted 10-fold, from 108.7 to
101.7, and then 2- to 5-fold, from 25 to 0.5 copies per
reaction. The intra- and inter-assay repeatability was
determined by analyzing each dilution in replicates
of 6 in 5 independent runs. The repeatability of the
assay was also evaluated with positive control sam-
ples P1 and P3. Samples from 2 batches of P1 and P3
were assessed in 54 independent runs performed by
5 analysts over a 4 yr period. The qORF89 test was
performed using the reaction conditions outlined in
‘Materials and methods: Test methods and outcome
measures’. The results were evaluated in a scatter
plot of the mean Cq of the replicates plotted against
the standard deviation. A linear regression was used
to determine whether the inter-run or inter-batch
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variability was statistically significant (i.e. p < 0.05).
The coefficient of variation (CV) was calculated as
SD/mean × 100 using the continuous outcome data
(i.e. Cq values). All statistical analyses were per-
formed in Stata/IC (v12.1).

Diagnostic validation

All items from the STRADAS-aquatic checklist
(Gardner et al. 2016) applied to this study except for
STRADAS items 7, 17, 19, 20 and 23

Participating laboratories

Three laboratories participated in the precision
study (Fig. 1). All are located in Canada and are
members of the country’s National Aquatic Animal
Health Program (NAAHP). Two of the laboratories
are located at the Freshwater Institute (FWI, Win-
nipeg, MB), and the third is located at the Pacific Bio-
logical Station (PBS, Nanaimo, BC). They are re ferred
to as follows: laboratory A: FWI-Aquatic Animal
Health Laboratory (AAHL) (research); laboratory B:
FWI-AAHL (diagnostic); laboratory C: PBS-AAHL.
At the time of the study, laboratories B and C were
working towards ISO/IEC 17025 accreditation and
have now achieved that status. Laboratory A is a re-
search laboratory. Each laboratory performed all 3
diagnostic tests. Seven analysts were involved, and

all had extensive experience in their respective tests.
Two analysts in laboratory C participate in annual in-
ter-laboratory comparison studies run by the Euro-
pean Union Reference Laboratory for Fish Diseases.
For our validation study, analysts (n = 4) performing
the qPCR test were required to pass a qORF89 profi-
ciency panel prior to starting the validation samples.
These panels were shipped by courier on dry ice for
overnight delivery to laboratory C or transferred into
an ultra-cold freezer operated by laboratory A or B. A
statement of shipment condition accompanied the
courier package, with a request to confirm the pres-
ence of dry ice upon receipt. Instructions on how to
conduct the qPCR test (as well as the cPCR and VI
tests) were sent to all participants. Each panel con-
sisted of 5 blinded, randomly selected samples con-
taining naïve kidney tissue or kidney tissue + 1 or
50 ng DNA isolated from CyHV-3 U-NY1999 infected
whole cell lysates and contained at least 1 strong pos-
itive, 1 weak positive and a negative sample. The
qPCR test was run with 3 replicates of each sample.
Panel results were evaluated using qualitative (i.e.
positive, negative) and quantitative (i.e. Cq values)
data. The latter were assessed relative to a consensus
value. Results were rejected if the Cq value reported
was greater than 2 standard deviations above the ex-
pected value for positive samples or if a Cq value was
reported for a negative sample. The assigned value
was the average Cq of the participants’ results for a
sample, and the standard deviation was based on the
Cq values reported by participants for that sample.
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Fig. 1. Diagnostic validation study plan. Number of fish, tissue samples, laboratories and cyprinid herpesvirus 3 (CyHV-3)
diagnostic tests used in the precision and accuracy studies. qORF89: quantitative PCR (qPCR) assay targeting CyHV-3 open
reading frame 89; cTK: CyHV-3 thymidine kinase conventional PCR assay; VI: virus isolation; VI/qPCR: VI followed by 

qORF89 testing of cell culture supernatant
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Fish populations

The diagnostic validation study was conducted
using a negative reference population, a low-preva-
lence CyHV-3 MB2010 positive reference population
and a high-prevalence CyHV-3 U-NY1999 positive
experimental population.

The negative reference population was sourced
from a koi hatchery (BC, Canada) with no previous
history of KHVD. Kidney tissue samples from 22 koi
were tested by qORF89 for the presence of CyHV-3
nucleic acid to confirm freedom of infection by the
virus. Koi were selected from the hatchery, eutha-
nized, placed on ice (not frozen) and shipped by
courier for next-day delivery to the FWI-AAHL in
Winnipeg, MB, Canada. Fish were dissected upon
their arrival. One shipment of 100 koi (40.6 ± 9.41 g)
was received and processed in September 2010. Of
these fish, 80 were selected for inclusion in the accu-
racy study. A second shipment of 20 koi (83.18 ±
19.46 g) was received and processed in October
2010. All 20 fish were included in the precision study.

The positive reference population with a low
prevalence of CyHV-3 MB2010 consisted of 134 wild,
apparently healthy adult carp (5.17 ± 2.34 kg;
70 male, 64 female) collected from 5 sites on Delta
Marsh, Lake Manitoba, in July and August 2010. Fish
were caught using gill nets (1.8 m in height, 95 to
140 m in length) with mesh sizes ranging from 1.5 to
5 inches (~3.8 to ~12.7 cm). The average water tem-
perature over this period of time was 22.2 ± 3.2°C.
Fish were transported by boat from the collection site
to a field laboratory where the necropsy and tissue
sample collection took place immediately. The col-
lection of carp was performed opportunistically, coor-
dinated with existing fishing efforts on Delta Marsh
by Ducks Unlimited Canada. All of the carp (n = 134)
collected during the 7 field trips were included in our
prospective precision (n = 30 fish) and accuracy (n =
104 fish + 30 fish from the precision study) studies.
Lake Manitoba was the site of a KHVD outbreak in
wild carp populations in July and August 2008.

The positive experimental population with a high
prevalence of CyHV-3 was comprised of CyHV-3
U-NY1999 infected koi generated through an in vivo
virus challenge study conducted in November 2010.
The study was executed under FWI Animal Use Pro-
tocol number 2010-069. Naïve koi (n = 333; 23.3 ±
7.8 g) were purchased from a commercial supplier
(BC, Canada) with no previous history of KHVD. Fish
were selected from the hatchery, placed in shipping
containers and transported live overnight by air to
FWI (Winnipeg, MB). Upon arrival at the facility, the

koi were distributed among seven 75.8 and two 37.5 l
glass aquaria using an average stocking density of
12.3 ± 2.4 g l−1. The koi were acclimated over a 5 d pe-
riod by increasing the temperature of de-chlorinated
city water by approximately 2°C d−1 from 14 to 24°C.
Fish were held at 24.0 ± 0.27°C for the duration of the
study. They were fed a dry pellet diet (Hikari) daily at
1% of their body weight. For the challenge, fish were
anesthetized with 100 µg l−1 tricaine methane sulfo -
nate (TMS) prior to handling. Koi (n = 308; 44 per tank)
housed in the larger tanks were intraperitoneally
 injected with 1 × 104.25 TCID50 of CyHV-3 U-NY1999,
whereas fish (n = 24; 10 or 14 per tank) in the
smaller tanks received 100 µl sterile MEM-H2. Dead
or moribund fish were removed twice daily for 10 d af-
ter challenge, euthanized if required, individually
bagged, placed on ice and immediately necropsied
for tissue collection. With the exception of 1 fish that
died on Day 3, mortality in the virus-challenged fish
was first observed 5 or 6 d following challenge. The
moribund koi displayed a variety of clinical signs that
included lethargy, erratic swimming, loss of equilib-
rium, hanging in the water column with the head
down and widespread hemorrhage of the epidermis
and fins. The trial was terminated on Day 10, and the
average cumulative mortality in the groups of CyHV-
3 U-NY1999 challenged fish was 58 ± 0.08%. No mor-
tality was observed in the 2 groups of mock-chal-
lenged fish. At the end of the trial, all remaining fish
were euthanized by an overdose of TMS, individually
bagged, placed on ice and processed immediately for
tissue collection. The precision study included sam-
ples from 50 representative fish randomly selected
from this population, and an additional 50 fish were
similarly selected for the accuracy study.

Tissue sample collection, preservation and 
shipping conditions

Fish were dissected in a dry laboratory setting using
sterile technique. A new set of necropsy tools was
used between fish and between the outside and
inside of each fish to avoid the risk of cross-contami-
nation. Dissection tools (i.e. disposable scalpel, for-
ceps) were not re-used. For the precision study, 18
pieces of kidney (≤25 mg), 6 pieces of gill and 6 pieces
of spleen tissue (≤50 mg) were harvested per fish. For
the accuracy study, 3 pieces of kidney (25 to 50 mg),
1 gill arch and 1 piece of spleen tissue (≤50 mg) were
harvested from each fish. Kidney tissue was collected
and placed in individual microtubes for the qORF89
and cTK test samples, whereas kidney (≤50 mg),
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spleen (≤50 mg) and gill tissue (at least 1 gill arch)
were collected from the same fish and pooled in a
Whirl-Pak bag for the virus isolation samples. Each
sample was individually labeled with a computer-
generated 5-digit random number so that technicians
processing them were blinded to the samples’ CyHV-
3 status. Tissues in the tubes or bags were flash frozen
in a dry ice−ethanol bath and transferred to an ultra-
cold freezer (e.g. −80°C) for interim storage. Bulk
samples of kidney, spleen and gill tissue were col-
lected in the field from each fish and placed in sepa-
rate 50 ml tubes (i.e. 3 tubes per fish). The samples
were immediately flash frozen in a dry ice−ethanol
bath and transported on dry ice prior to storage in an
ultra-cold freezer. A few days before shipment, frozen
pieces of field-collected tissue of approximately 25 mg
(≤25 mg) or 50 mg were transferred into microtubes or
Whirl-Pak bags, respectively, sorted on dry ice into
boxes for each laboratory and then transferred back
into the ultra-cold freezer. At the same time, archived
samples from the other 2 fish populations were re-
trieved from −80°C storage and sorted on dry ice into
the same boxes. Samples (n = 600, duplicate sets of
100 samples for each test) and positive control material
for the precision study were shipped by courier on dry
ice in January 2011 for overnight delivery to labora-
tory C. A statement of shipment condition accompa-
nied the package, with a request to confirm the pres-
ence of dry ice upon receipt. At the same time, the
other 2 laboratories received duplicate sets of samples
(n = 600 per laboratory) which were transferred to ul-
tra-cold freezers. The 3 laboratories completed all the
testing by November 2012, and the results were used
to generate estimates of test repeatability and repro-
ducibility. Laboratory A tested an additional 792 sam-
ples (n = 264 per test) in December 2012 through Jan-
uary 2013, and the results were used to evaluate the
DSe and DSp of the 3 assays.

Statistical methods for diagnostic validation study

Precision estimates

Three laboratories participated in a blinded joint
testing scheme in which sampled fish were subjected
to all 3 imperfect diagnostic tests performed in paral-
lel. The test panels for the repeatability and repro-
ducibility study consisted of duplicate sets of 100 tis-
sue samples (sample sets 1 and 2) collected from the
negative reference population (n = 20 fish), the posi-
tive reference population (n = 30 fish) and the posi-
tive experimental population (n = 50 fish).

Estimates of within-laboratory agreement (repea -
tability) and between-laboratory agreement (repro-
ducibility) for binary outcomes were generated using
the proportion of agreement and Cohen’s kappa (κ),
which estimates agreement beyond chance (Cohen
1960). Kappa values range from −1 to +1, and the
results were interpreted using the classification
scheme of Landis & Koch (1977). Confidence inter-
vals for the κ statistic were calculated by the method
of Reichenheim (2004). Kappa functions as an index
of concordance only if the observed proportion posi-
tive for each test run is similar. The significance of
any differences in the proportion of positive test
results for each pair of test runs was assessed using
McNemar’s test statistic (χ2). This computation was
performed prior to estimating κ since evidence of dis-
agreement between test results (i.e. p-value ≤ 0.05)
suggests that the test pairs cannot possibly agree and
that kappa may not be a useful measurement (Dohoo
et al. 2009).

Precision of the qORF89 test was also evaluated
using its continuous outcome data. Agreement was
assessed using 2 approaches. The first method was
the concordance correlation coefficient (CCC), which
quantified the degree of agreement between 2 Cq
values according to the method of Lin (1989, 2000). In
our study, concordance values were determined for
duplicate sample sets tested by qORF89 within each
laboratory and between the 3 laboratories. Only fish
that had Cq values <40 for both sample pairs were
included in this analysis. Pairwise agreement of the
repeatability data was also evaluated graphically
with concordance plots. Perfect concordance was
represented by a 45° angle straight line through
the origin. A best-fit line representing the pairwise
agree ment between the test results was created by
linear regression analysis. Precision of the data was
represented by how tight the data points were to the
best-fit line, whereas accuracy was assessed by how
far the best-fit line deviated from the 45° line through
the origin of the graph.

The second statistical method for evaluating agree-
ment in Cq values was the Bland and Altman limits of
agreement (Bland & Altman 1986, Barnhart et al.
2007). In our study, the agreement was reported as
the mean difference between duplicate sets of Cq
data within 1 laboratory. Bland−Altman limits of
agreement and plots were used to assess overall
mean differences and the range of test pair differ-
ences, to identify outliers and to reveal relationships
between mean differences and the magnitude of the
Cq values reported in each laboratory (Dohoo et al.
2009).
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Accuracy estimates

The disease status of each sample used in the accu-
racy study was defined using 2 approaches. The first
method established the disease status of fish using
the aforementioned gold standard negative or posi-
tive reference populations. For this approach, the
DSe or proportion of positive fish testing positive and
the DSp or proportion of negative fish testing nega-
tive were calculated using 2 × 2 tables as described
by McClure et al. (2005). The second method in vol -
ved maximum-likelihood (ML) and Bayesian estima-
tion procedures, which were used to fit latent class
models (LCMs) and determine the disease status of
each fish that would most likely yield the observed
test results (Enøe et al. 2000).

DSe and DSp estimates were generated in the sec-
ond approach without defined reference animals.
Latent class analysis was conducted using binary test
outcomes of laboratory A collected from the qORF89,
cTK and VI/qPCR tests for each of the sampled fish in
the accuracy study. ML and Bayesian estimation pro-
cedures were used to fit the LCMs. ML estimates for
population prevalences and diagnostic test DSe and
DSp were generated using the software program
TAGS (tests in the absence of a gold standard; Pouil-
lot et al. 2002). Having multiple different populations
of animals increased the degrees of freedom (df) of
our model, which allowed for goodness of fit meas-
urement estimates. Test results were collected from

3 assays (qORF89, cTK, VI/qPCR) for each of the
264 fish from 3 different prevalence populations. Two
ML models were run with no prior information added
or with the negative reference population prevalence
set to 0 and the positive experimental reference pop-
ulation prevalence set to 100%. A third model in
which hypothetical changes were made to test
results from 9 fish was used to test the stability of the
accuracy estimates. Goodness of fit p-values less
than 0.05 provided evidence that the fit of the model
was not adequate and suggested that the estimates
from the model were most likely biased (Pouillot et
al. 2002).

Bayesian estimates of test accuracy and preva-
lence were obtained using Markov chain Monte
Carlo (MCMC)-based algorithms and WinBUGS soft -
ware (Spiegelhalter et al. 2003). Preliminary models
were run with uniform or non-informative priors set
for DSe, DSp and population prevalence (Table 2).
They were initially run with all tests independent of
one another. Conditional dependence between each
possible pair of tests (i.e. qORF89− cTK, qORF89−VI/
qPCR, cTK−VI/qPCR) was ex plored by adding co -
variance terms to the model (Table 2; Gardner et al.
2000, Nérette et al. 2008). Additional models were
constructed by restricting the prevalence of the
negative reference population to 0 and the pre -
valence of the positive experimental reference pop-
ulation to 1 by adjusting the prior distributions
(Table 2). Model stability and robustness of the
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Variables Model category, name and composition
Base Two-test dependence Prior Prior preva- Sensitivity 

Bayes-1 Bayes-2 Bayes-2 Bayes-2 Bayes-2 prevalence lence high = 1 analysis
covQP covQVI covPVI covQP Bayes-3 Bayes-3A Bayes-4a

DSe only

No covariance 3 3 3 3

No prior 3 3 3 3 3

DSe covariance QP 3

DSp covariance QP 3 3

DSe covariance QVI 3

DSp covariance QVI 3

DSe covariance PVI 3

DSp covariance PVI 3

Prior prevalence low = 0 3 3

Prior prevalence high = 1 3 3 3

Altered data 3

aRun using data in which hypothetical changes were made to test results from 9 fish

Table 2. Bayesian models used in the accuracy study to generate estimates of diagnostic sensitivity (DSe) and diagnostic speci-
ficity (DSp) for qORF89 (Q), cTK (P) and VI/qPCR (VI) tests. Prior prevalence low = 0 sets the prevalence for the negative ref-
erence population to 0, and prior prevalence high = 1 sets the prevalence for the positive experimental population to 1. cov: 

covariance; other abbreviations as in Fig. 1



Clouthier et al.: Diagnostic validation of CyHV-3 tests

accuracy estimates were evaluated by making hypo-
thetical changes to test results from 9 fish. Models
(n = 7) corresponding to different covariance pat-
terns (with and without conditional dependence)
were then compared using the deviance information
criterion (DIC) (Spiegel halter et al. 2002, Nérette et
al. 2008) and Bayesian good ness of fit p-values
(Nérette et al. 2008). As described by Caraguel et al.
(2012), models with DIC values less than 3 units
from the DIC value for a different model were con-
sidered significantly better in our study. Models
with similar DIC values were discriminated based
on their simplicity such that those with fewer vari-
ables were deemed better models. Bayesian p-val-
ues near the extreme values of 0 and 1 provided
evidence for lack of fit (Gelman et al. 2003). MCMC
analysis was run using a burn-in period of 10 000
iterations for all models to eliminate Markov chains
that were unrepresentative of the equilibrium dis -
tribution. Posterior probability estimates were then
made using the next 50 000 iterations. Convergence
of the Markov chains was evaluated using trace
plots of MCMC iterations, cumulative quantile plots
of the parameters and autocorrelation plots of the
MCMC samples. Point estimates were taken from
the posterior median, and the probability intervals
were from percentiles of the posterior distributions.

RESULTS

Diagnostic test optimization

qPCR reactions containing 100 nM of probe orf89-
QProbe detected CyHV-3 with higher fluorescence
relative to those containing 80 nM, which is the
quantity recommended for the qORF89 test by Gilad
et al. (2004). The optimized parameters for the cTK
test corresponded to those described by the OIE
(2015b). The quantity of template DNA added to
each reaction was 500 ng for the cTK test and
1500 ng for the qORF89 test. Interference in the per-
formance of both tests was observed when the rec-
ommended quantity of DNA was exceeded (data not
shown). The duration of Proteinase K digestion of
kidney tissue (3 to 18 h) did not alter the tests’ analy -
tical performance.

Analytical validation

The qORF89 test for detection of CyHV-3 nucleic
acid was linear across 10 orders of magnitude, with

a strong correlation between cycle number and
quantity of target template (R2 = 0.993; Fig. S1A in
the Supplement at www. int-res. com/ articles/ suppl/
d123 p101 _ supp. pdf). qPCR amplification efficiency
ranged from −3.3 to −3.4 (Fig. S2 in the Supple-
ment). The similarity in amplification efficiency
independent of the template type showed that plas-
mid DNA could be used to define the LOD for
qORF89.

The ASe of qORF89 and cTK was determined using
pORF89 and pTK plasmid DNA. The cTK test LOD
was 500 copies of pTK. The qPCR test was positive,
with 108.7 and 10−0.3 copies of pORF89 or 10 orders
of magnitude (Fig. S1 in the Supplement). The ob -
served ≥50% LOD for qORF89 was 5 copies of
pORF89 (26 of 30 replicates tested positive; 35.71 ±
1.81 Cq). The 100% LOD was observed to be 25
copies of pORF89 (32.68 ± 0.72 Cq).

The ASp of qORF89 and cTK was determined
using the viruses shown in Table 1. The tests per-
formed equally well with respect to exclusivity
(100% [75−100%]) and inclusivity (100% [63−
100%]). In both cases, the test results were positive
for the CyHV-3 isolates and negative for other mem-
bers of the Alloherpesviridae or SVCV which may
coexist with CyHV-3.

Repeatability of the qPCR assay was evaluated
with pORF89 plasmid template DNA ranging from
108.7 to 10−0.3 copies. The average intra-assay CV for
Cq values was 0.71 to 5.04, with the highest CV val-
ues associated with samples having the lowest and
highest plasmid copy number of 5 to 0.5 copies and
108.7 copies, respectively (Fig. 2). The inter-assay CV
for Cq values varied from 0.94 to 3.52. As in the pre-
vious case, the highest CV values were associated
with samples with the lowest and highest plasmid
copy numbers (Fig. 2).

Repeatability of qORF89 was also evaluated with
positive control samples P1 and P3. The average
intra-assay CV for Cq values obtained with P1 was
1.09, whereas the inter-assay CV was 4.38 (Fig. S3 in
the Supplement). The average intra-assay CV for Cq
values of P3 within a run ranged from 0.82 to 2.74
(Fig. S3). The highest CV value was associated with
samples with the lowest plasmid copy number:
5 plasmid copies. The variability in Cq values ob -
tained for P1 was not statistically significant (p < 0.05)
between batches, runs, analysts or laboratories. For
P3, variability was not significant between runs but
was significant at 50 copies between batches
(−6.67 Cq) and at all dilutions between analysts
(−0.36 to −0.28 Cq) and laboratories (−1.11 to
−0.87 Cq).
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qORF89 proficiency testing

Four analysts were selected for their proficiency
with the CyHV-3 qORF89 test. None of the analysts
reported false positive or false negative results. All
the analysts reported outcomes that were lower than
2 standard deviations above the expected value for
the strong (28.72 ± 2[0.95]) and weak (35.05 ± 2[1.11])
positive samples. The same nucleic acid extraction
kit and qPCR platform were used by the laboratories,
while the primers were from 2 different sources.

Diagnostic validation

An overview of the precision and accuracy studies
is provided in Fig. 1. The positive and negative test
results from the precision study are provided in
Fig. S4 in the Supplement and those from the accu-
racy study are provided in Fig. S5 in the Supplement
using the alignment format of Caraguel et al. (2009).
The 3 fish corresponding to the VI samples reported
as contaminated by Laboratory C were removed from
the analyses.

Precision study

The precision study showed evidence of false posi-
tive results with the qORF89 and cTK tests in 2 of the
3 laboratories. Positive PCR test results in laborato-

ries A and C2 (i.e. laboratory C, sample set 2) were
reported for some of the N1 negative control samples
introduced at the nucleic acid extraction step. The
N3 negative control samples for the corresponding
cPCR or qPCR steps were always negative. The N1
false positive results invalidated the results reported
for the study samples processed in parallel with those
negative control samples. Results for valid and in -
valid data sets from all 3 laboratories are presented in
the ‘Results’ body text; only the results from valid
data sets (i.e. those with no evidence of false positive
results) are presented in the corresponding figures
and tables.

Repeatability, binary data. Repeatability for the
valid binary outcomes from laboratory B for the
qORF89 and cTK tests and from all 3 laboratories for
the VI test is presented in Fig. 3. The observed pair-
wise agreement of CyHV-3 test results (n = 2 ×
100 per test) within each of the 3 laboratories ranged
from 79 to 95% for qORF89, 86 to 99% for cTK and
64 to 94.85% for the VI test. The range in number of
sample pairs testing positive in a set was 54 to 60 for
qORF89, 50 to 51 for cTK and 0 to 83 for VI. Estimates
of kappa for the same pairwise comparisons were in
the range of substantial to almost perfect agreement
for qORF89 (0.83 to 0.90) and cTK (0.71 to 0.98) with
the exception of 1 qPCR result (0.50) in the moderate
agreement category. The kappa values for the VI test
were in the slight to fair agreement range (0 to 0.25)
(Fig. 3). McNemar’s test was significant (p < 0.05) for
virus isolation from laboratory A.
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Cq ± SDa Coefficient of variation  

Intra-assay Inter-assay 

5 x 10–1 39.02±1.60 4.13 2.00 

1 x 100 38.86±1.83 4.77 2.43 

5 x 100 35.71±1.81 5.04 2.25 

2.5 x 101 32.68±0.72 2.19 0.94 

5 x 101 30.26±0.28 0.91 1.11 

5 x 102 26.84±0.19 0.71 1.69 

5 x 103 23.44±0.28 1.18 1.12 

5 x 104 20.08±0.25 1.23 1.15 

5 x 105 16.70±0.25 1.51 1.42 

5 x 106 13.62±0.32 2.39 1.42 

5 x 107 10.27±0.30 2.91 2.64 

5 x 108 6.86±0.33 4.81 3.52 

Fig. 2. Analytical repeatability of the quantitative PCR assay targeting cyprinid herpesvirus 3 open reading frame 89
(qORF89). Quantification cycle (Cq) values for the FAM-labelled probe were generated with plasmid pORF89 DNA diluted
from 108.7 to 0.5 copies (dRn: Rox-normalized, baseline corrected fluorescence view). Measurements were performed in repli-
cates of 6 in 5 independent runs. Intra- and inter-assay coefficient of variation for Cq values as well as the standard deviation
and mean Cq values for each of 5 runs are presented for each dilution in the table. In the table, Cq is the mean of the mean
Cq per run, SD is the mean of the mean Cq standard deviation per run and intra-assay is the average of the within-assay 

coefficient of variation for all runs
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Repeatability, continuous data. Laboratory re pea -
tability for the CyHV-3 qORF89 Cq test results ex -
pressed as estimates of agreement from CCCs was
0.879 (0.821 to 0.937) for laboratory A, 0.814 (0.722 to
0.905) for laboratory B (Table 3) and 0.814 (0.725 to
0.903) for laboratory C. A representative concor-
dance correlation plot generated using paired test
results from laboratory B is presented in Fig. 4A. The
Bland−Altman average difference in paired Cq val-
ues was 0.887 (−5.156 to 6.930) for laboratory A,
0.126 (−5.874 to 6.126) for laboratory B (Table 3) and
0.461 (−6.505 to 7.426) for laboratory C. The number
of paired test results with Cq values reported by each
laboratory was 54 to 60. A representative Bland and
Altman plot for test pair results reported by labora-
tory B is presented in Fig. 4B.

Reproducibility, binary data. Reproducibility for
the valid binary outcomes from laboratories B and C1
for the qORF89 test, from laboratories A2 and B for
the cTK test and from all 3 laboratories for the VI test
is presented in Table 4. Laboratory reproducibility
estimates expressed as agreement proportions for
CyHV-3 test results (n = 2 × 100 per test) ranged from
79 to 97% for qORF89, 85 to 98% for cTK and 4 to
66% for VI. The range in number of sample pairs
testing positive in a set between laboratories was 53
to 59 for qORF89, 49 to 51 for cTK and 0 to 64 for VI.
Estimates for kappa were in the range of substantial
to almost perfect agreement for qORF89 (0.613 to
0.939) and cTK (0.695 to 0.960) with the exception of
2 qPCR results (0.561 and 0.601) in the moderate
agreement category. The kappa value ranges for the
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Fig. 3. Repeatability of qORF89 and cTK tests in laboratory B and VI test in 3 laboratories (A, B, C). Estimates of within-labo-
ratory agreement for binary outcomes with duplicate samples were generated using the proportion of agreement and Cohen’s
kappa methods. Each bar represents the proportion (%) of samples in agreement (dark grey) or disagreement (light grey).
Cohen’s kappa values appear above each bar, with the 95% confidence intervals in brackets. McNemar’s test was significant
(p ≤  0.05) for pairs of test results denoted with an asterisk (*). The number of paired samples with results corresponding to each 

combination of test results is provided in the table. Abbreviations as in Fig. 1

Diagnostic Test pairs Concordance correlation Bland−Altman limit of Tests positive 
characteristic coefficient (degree of agreement) agreement (average difference) in both sample sets

Repeatability B1, B2 0.814 (0.722, 0.905) 0.126 (−5.874, 6.126) 54
Reproducibility B1, C1 0.882 (0.823, 0.941) 0.749 (−4.496, 5.994) 56

B2, C1 0.723 (0.593, 0.852) 0.683 (−5.822, 7.188) 53

Table 3. Repeatability and reproducibility of the quantitative PCR assay targeting cyprinid herpesvirus 3 open reading frame
89 (qORF89 continuous outcome data). Test pairs indicate laboratory (A, B, C) and sample set (1, 2). Confidence intervals 

(95%) accompany each estimate
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VI test were in the no to slight agreement categories
(−0.074 to 0.129). McNemar’s test revealed disagree-
ment for 24 of 36 (67%) pairwise comparisons includ-
ing 8 of 12 qPCR, 4 of 12 cPCR and all 12 of the VI
paired test results.

Reproducibility, continuous data. Reproducibility for
the valid continuous data from laboratories B and C1
for the qORF89 test is presented in Table 3. Labo -
ratory reproducibility of CyHV-3 qORF89 Cq test
results expressed as estimates of agreement from
CCCs was in the range of 0.764 (0.650 to 0.878) to
0.882 (0.823 to 0.941) for laboratory A−B test pairs,
0.740 (0.622 to 0.857) to 0.912 (0.869 to 0.955) for lab-
oratory A−C test pairs and 0.723 (0.593 to 0.852) to

0.882 (0.823 to 0.941) for laboratory B−C test pairs.
The Bland and Altman average difference in paired
Cq values ranged from −0.200 (−6.306 to 5.907) to
0.803 (−5.347 to 6.953) for laboratory A−B test pairs,
0.485 (−5.074 to 6.044) to 1.830 (−5.153 to 8.812) for
laboratory A−C test pairs and 0.683 (−5.822 to 7.188)
to 1.248 (−4.646 to 7.141) for laboratory B−C test
pairs. The range in number of paired test results with
Cq values reported for 2 laboratories was 53 to 57 for
laboratories A and B, 56 to 59 for laboratories A and
C and 53 to 56 for laboratories B and C.

Accuracy study

Gold standard reference population method. Esti-
mates of DSp and DSe for qORF89, cTK and VI/qPCR
were generated using the binary test results of labo-
ratory A from fish belonging to the gold standard ref-
erence population (n = 80 fish) or the gold standard
positive experimental population (n = 50 fish) of the
accuracy study, respectively. Each fish was tested 3
times. The DSe and DSp of the 2 PCR-based tests
qORF89 and cTK were perfect (i.e. 100%). The accu-
racy estimates for the VI/qPCR test were lower at
89% for the DSe and 92% for the DSp.

Latent class modelling. Latent class analysis was
the second approach used to generate estimates of
DSe and DSp for the 3 diagnostic tests. The data set
for this evaluation consisted of qORF89, cTK and
VI/qPCR results reported by laboratory A, for an
additional 264 fish sampled for the accuracy study. A
summary of the results is presented in Fig. S5 in the
Supplement. ML and Bayesian estimation proce-
dures were used to fit the LCMs.

ML analysis was performed assuming conditional
independence between tests. Each model had 12 df
available to evaluate other parameters. However, all
of the models displayed unsatisfactory goodness of fit
p-values (i.e. 0.002 to 0.02), providing evidence that
they did not fit the data and that the corresponding
estimates of diagnostic accuracy were biased.

Bayesian estimates were generated using models
run with or without prior prevalences and with or
without covariance between tests (Table 2). Con -
ditional dependence between tests was evaluated
since qORF89, cTK and VI/qPCR are nucleic acid
based and measure the same biological trait (i.e. viral
DNA), a factor that may result in a possible violation
of an underlying assumption of the model (i.e. con -
ditional independence of all tests). MCMC con -
vergence diagnostics revealed stable history and
quantile plots as well as short-range autocorrelation
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Fig. 4. Repeatability of quantification cycle (Cq) values for
the quantitative PCR assay targeting cyprinid herpesvirus 3
open reading frame 89 (qORF89) in laboratory B. Pairwise
analysis of average Cq values <40 is presented in (A) the
concordance correlation plot and (B) the Bland and Altman
limits of agreement plot. In (A), the linear regression line of
the test results is shown by the dotted line, whereas the line
of perfect concordance is solid black. In (B), y = 0 is the line
of perfect agreement, the mean difference in Cq values
between duplicate samples in set 1 and 2 is represented by
the dotted line and the grey zone represents the 95% confi-
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plots for all models, suggesting that each attained a
stationary distribution. The model with the best
Bayesian p-value and the lowest DIC accounted for
DSe dependences between the qORF89 and cTK
tests. However, the DIC for this model was not lower
by 3 units from the DIC for the conditionally in -
dependent model in which the negative reference
population prevalence was restrained to 0 and the
positive experimental population prevalence was re -
strained to 1. The aforementioned qORF89/cTK DSe
covariance model provided evidence of minor depend-
ence with a covariance of 0.004 (0, 0.04). Although
the dependence covariance was significant (i.e.
larger than 0), the DIC values for the 2 models were
similar and the conditionally independent model con-
tained fewer variables, making it the model of choice
for this study.

Bayesian posterior distributions of population pre -
valence and test DSe and DSp are summarized in
Table 5 with their median estimates and the corre-
sponding 95% credibility intervals. Point estimates
for each parameter were similar across the condition-
ally independent and dependent models. The proba-
bility intervals overlapped and precluded conclusive
evidence that the estimates were different, but in
general, qORF89 and cTK had higher DSe values (i.e.
97 to 99%) relative to those for VI/ qPCR (i.e. 89 to

90%). The probability of qORF89 and cTK to test
negative was high, ranging from 92 to 93%, whereas
the DSp for the VI/qPCR test was lower at 87 to 88%.
Prevalence estimates for the negative reference pop-
ulation ranged from 0 to 1%, whereas the positive
reference and positive experimental populations had
values ranging from 1 to 2% and 98 to 100%, respec-
tively. The Baye sian p-values for the 7 models were
in the range of 0.1178 to 0.1651, and the DIC values
were between 71.343 and 77.061. Altering the data
from 9 fish produced accuracy estimates with the
Bayes-4 model similar to those obtained with the
other 7 models providing evidence of model stability
and robustness (i.e. Bayes-4 model estimates were
lower by 1 to 2%).

DISCUSSION

The results indicated that the qORF89 and cTK
tests but not the VI test are fit for the intended pur-
poses of surveillance, presumptive diagnosis and cer-
tifying the CyHV-3 status of individual common carp
and koi and populations of these fish. Reproducibility
estimates for the VI assay showed unacceptable
agreement (Caraguel et al. 2009) for all of its paired
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Test pairs 2 × 2 contingency table McNemar’s Agreement Cohen’s kappa
(test 1, test 2) (+,+) (+,−) (−,+) (−,−) chi-squared p-value (%)

qORF89
Lab B1, Lab C1 56 2 1 41 1.000 97.00 0.939 (0.870 to 1.000)
Lab B2, Lab C1 53 2 4 41 0.688 94.00 0.878 (0.784 to 0.973)

cTK
Lab A2, Lab B1 49 8 1 42 0.039* 91.00 0.820 (0.709 to 0.931)
Lab A2, Lab B2 49 8 2 41 0.109 90.00 0.799 (0.682 to 0.917)

VI
LabA1, Lab B1 50 34 6 10 <0.0001* 60.00 0.129 (−0.030 to 0.288)
Lab A1, Lab B2 54 30 12 4 0.008* 58.00 −0.074 (−0.238 to 0.090)
Lab A1, Lab C1 0 84 0 16 <0.0001* 16.00 0.000
Lab A1, Lab C2 3 78 2 14 <0.0001* 17.53 0.030 (−0.089 to 0.029)
Lab A2, Lab B1 55 41 1 3 <0.0001* 58.00 0.056 (−0.035 to 0.147)
Lab A2, Lab B2 64 32 2 2 <0.0001* 66.00 0.036 (−0.077 to 0.150)
Lab A2, Lab C1 0 96 0 4 <0.0001* 4.00 0.000
Lab A2, Lab C2 5 89 0 3 <0.0001* 8.25 0.004 (−0.001 to 0.008)
Lab B1, Lab C1 0 56 0 44 <0.0001* 44.00 0.000
Lab B1, Lab C2 4 50 1 42 <0.0001* 47.42 0.046 (−0.030 to 0.121)
Lab B2, Lab C1 0 66 0 34 <0.0001* 34.00 0.000
Lab B2, Lab C2 4 60 1 32 <0.0001* 37.11 0.023 (−0.036 to 0.081)

Table 4. Reproducibility of qORF89, cTK and VI (binary outcome data). Test pairs indicate laboratory (A, B, C) and sample set
(1, 2). Symbols in parentheses describe the test results presented for test 1 and test 2, respectively. Estimates of between-lab
agreement for binary outcomes with duplicate samples were generated using the proportion of agreement and Cohen’s kappa
methods. Confidence intervals (95%) accompany each kappa estimate. McNemar’s test was significant for pairs of test results 

denoted with an asterisk (*). Abbreviations as in Fig. 1
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inter-laboratory test results. The poor precision of VI
may be attributed to differences in cell line stability
and variation in their susceptibility to CyHV-3 infec-
tion. In laboratories A and B, the CCB cell line exhib-
ited a pseudo-cytopathic effect which became evi-
dent in the negative control cell monolayers towards
the end of the test period. Consequently, these labo-
ratories reported more false positive test results than
laboratory C. Laboratory C reported a higher propor-
tion of false negative results, which was attributed to
the low susceptibility of the laboratory’s CCB cell line
to CyHV-3. The inconsistent performance of the CCB
as well as the koi fin cell lines has also been reported
by others (Haenen et al. 2004, OIE 2015c). If it is nec-
essary to use these cell lines within a diagnostic work-
flow, then a validated test should be used to confirm
that CPE is due to CyHV-3.

The analytical performance estimates for the
qORF89 test were close to their theoretical limits for
sensitivity, specificity and repeatability. The qORF89
test was linear over 10 orders of magnitude with ASe
estimates of 25 plasmid copies (100% LOD) and 5
plasmid copies (>50% LOD). The cTK test was
100 times less sensitive than the qPCR assay, reflect-
ing the technological differences (Ratcliff et al. 2007)
between the 2 types of tests. Further improvements
in qPCR-based tests for detection of CyHV-3 might
be obtained by targeting higher copy number DNA
or by targeting differentially expressed viral mRNA
such as ORF6 mRNA, which is synthesized in IgM+ B
cells during CyHV-3 latent infections (Reed et al.
2014). This approach may increase the probability of
detecting CyHV-3 nucleic acid in asymptomatic,
apparently healthy fish with latent infections of the
virus. The trade-off would be virus lifecycle-depen-
dent variations in the test’s analytical performance.
Alternatively, different tissue types could be targeted
for sampling depending on the population of fish to

be tested. The possible neurotropic or leucotropic
nature of CyHV-3 in the latent phase of its lifecycle
suggests that blood or brain tissue may be better can-
didates than the kidney tissue used in this study for
detection of CyHV-3 in apparently healthy fish. In
the event that non-lethal sampling is a requisite, as in
the case of high-value koi, then mucus or skin tissue
should be explored as possible alternatives to kidney
tissue in populations experiencing a suspected KHVD
outbreak.

The ASp of the 2 PCR tests was inclusive of desig-
nated European and Asian lineages of CyHV-3 and
exclusive of sympatric aquatic viruses. This means
that the qORF89 and cTK tests were 100% inclusive,
detecting all of the CyHV-3 isolates included in the
study, and 100% exclusive, since they did not detect
other members of the Cyprinivirus genus or Alloher-
pesviridae family or co-localizing viruses. In this con-
text, it is still possible that a false negative test result
could arise from a loss of target specificity via a muta-
tion event. However, the qORF89 and cTK tests tar-
get highly conserved regions of the CyHV-3 genome
evidenced by 100% identity of the nucleic acid
sequences found in the National Center for Bio -
technology Information database corresponding to
the primer/ probe binding sites. Genetic changes
in CyHV-3 PCR target sequences have been noted
by Bergmann et al. (2010), who reported that the
cTK assay was unable to detect newly adapted
CyHV-3 variants. However, nucleic acid sequences
from these CyHV-3 isolates have not yet been re -
ported. The TK gene, a common diagnostic target,
encodes a protein that in other herpesviruses has
been shown to be involved in virulence and may play
a role in reactivation of latent herpesvirus infections
(Lycke 1990, Tenser 1991). Frameshift mutations
caused by insertions or deletions within long homo -
polymer nucleotide stretches in the TK gene occur
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Parameter qORF89 cTK VI/qPCR

Diagnostic sensitivity 0.99 (0.93, 1.0) 0.99 (0.93, 1.0) 0.90 (0.80, 0.96)
Diagnostic specificity 0.93 (0.90, 0.96) 0.93 (0.90, 0.96) 0.88 (0.83, 0.92)
Bayesian p-value 0.1477
Deviance information criterion 71.435

Negative reference Positive reference Positive experimental 
population population with a low prevalence reference population 

with a high prevalence
Prevalence 0 0.02 (0, 0.05) 1

Table 5. Diagnostic sensitivity and specificity of the qORF89, cTK and VI/qPCR tests and CyHV-3 prevalence for the 3 fish
populations. Median posterior estimates (95% confidence interval) from a conditionally independent Bayesian model run with 

prior distributions for negative and positive reference populations set at 0 and 1, respectively. Abbreviations as in Fig. 1
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in drug-resistant herpesviruses (Kit et al. 1987, Sasa -
deusz et al. 1997, Yamada et al. 2005). The function
of the ORF89 protein remains unknown, making it
impossible to predict what, if any, genetic changes
may occur in the region targeted by the primers. The
risk of false negative results due to loss of specificity
can be addressed through recursive evaluation of the
tests’ ASp. The likelihood of detecting changes in
ASp is increased using 2 tests like qORF89 and cTK
which target distinct genes.

The qORF89 test performed consistently within a
laboratory, and proficiency testing showed that it was
transferable to the 3 laboratories participating in the
diagnostic precision study. These laboratories could
detect CyHV-3 in experimentally exposed koi dis-
playing clinical signs of infection within 3 d following
virus challenge with isolate U-NY1999. The virus
load (106.81 ± 107.07 equivalent plasmid copies per µg
DNA) and the wide range of virus quantities (range
101.95 to 107.87 equivalent plasmid copies per µg DNA)
found in the experimentally infected koi were similar
to values reported for CyHV-3 in wild carp undergo-
ing an outbreak of KHVD (Garver et al. 2010). In the
absence of available samples from a natural KHVD
outbreak, tissues from the experimentally infected
koi served as suitable proxies for a natural acute
infection. However, the laboratories were able to
detect CyHV-3 MB2010 in apparently healthy and
asymptomatic wild carp collected in 2010 from Delta
Marsh on Lake Manitoba. In this case, CyHV-3
MB2010 nucleic acid was present at a low prevalence
(1 to 2%) and low virus load (≤5 plasmid copies),
 suggesting some fish were latently infected with
CyHV-3.

The diagnostic performance characteristics of the
qORF89 and cTK tests were affected by their analy -
tical performance. The lower ASe of cTK relative to
qORF89 likely explained the lower number of posi-
tive cTK test pair results in the precision study. Simi-
lar differences in the relative ASe of the 2 assays
have been reported by others (Bergmann et al. 2010,
Monaghan et al. 2015a). Thus, during routine sur-
veillance when the pathogen load of apparently
healthy individuals is likely to be low, the more ana-
lytically sensitive qORF89 test would be the pre-
ferred screening test. The cTK test is recommended
as the second assay conducted sequentially to the
qORF89 test. When the pathogen load in samples is
low, the cTK test may or may not be able confirm a
positive test result obtained with the qORF89 test. In
our study, this grey zone was represented by the
virus load of less than 50 equivalent plasmid copies
per µg DNA (mean Cq ≥ 31.15 ± 1.14; Fig. 5). Increas-

ing the number of replicates of the cTK assay or low-
ering the Cq threshold value selected for a sample to
be considered positive may increase the probability
of confirming the initial positive qORF89 result. The
trade-off associated with lowering the Cq cutoff
below 40 would be a potential reduction in the DSe of
qORF89. An alternative approach would be to use a
second qPCR test targeting a nucleic acid sequence
other than ORF89.

The precision study provided evidence of false
positive results with the qORF89 and cTK tests. The
most likely explanation is cross-contamination (Wil-
son 1997). No evidence of this error was present in
the qPCR test results reported by laboratories B and
C1 or the cTK test results from laboratories A2 and
B. Results from these contamination-free sample
sets were considered valid and were used to gener-
ate estimates of repeatability and reproducibility.
The cross-contamination events evident in the pre-
cision study were traced to the nucleic acid extrac-
tion step. Theoretically, the probability of contami-
nation is associated with the prevalence of infection
and the pathogen load in each batch of samples
tested. In our study, the level for both of these vari-
ables was high in tissue samples from the positive
experimental reference population which had an
estimated CyHV-3 U-NY1999 prevalence of 98 to
100% and virus loads of 106.81 ± 107.07 equivalent
plasmid copies per µg DNA. These results illustrate
the risk from increased contamination pressure that
exists for a laboratory even when experienced ana-
lysts are processing tissues from heavily infected
populations.

The source of the contamination was identified by
processing in parallel a combination of highly posi-
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tive and negative samples under variable conditions.
All 3 laboratories were using the spin column-based
DNeasy Blood & Tissue Kit (Qiagen). We found that
separating the columns in the microfuge by 1 or
2 spaces during centrifugation steps reduced the risk
of cross-contamination, whereas 3 spaces eliminated
the risk altogether. We also initiated the practice of
sub-dividing kit reagents in volumes sufficient to
process each batch of samples. Any sub-divided
reagent remaining after a batch extraction was
 discarded to prevent cross-contamination between
batches. These precautions were implemented by
laboratory A for the subsequent accuracy study, and
no further evidence of cross-contamination was ob -
served. Proper technology transfer of the qORF89
and cTK tests to other laboratories must account for
this risk to ensure consistent test performance across
all laboratories.

Control samples were added at each step of the
2-stage process for the qORF89 and cTK tests to
ensure the validity of the results. The positive con-
trols for this test were unlikely to be the source of
cross-contamination observed in the precision study
given that their pathogen loads were at or below the
levels present in the qORF89 proficiency panel sam-
ples. However, the plasmid-based positive control
samples for the qPCR test were not designed to
include an artificial probe-binding site (Snow et al.
2009). The next generation of control material for
the qORF89 test will include this design feature to
facilitate the identification of potential false positive
results.

The precision study should periodically be re -
peated to ensure consistent repeatability and re -
producibility of the qORF89 and cTK tests. We can
make some initial statements regarding the per -
formance consistency of these tests using select data
sets from the precision study. Repeatability of the
qORF89 and cTK tests was high within laboratory B.
These tests were more repeatable than the virus iso-
lation method. The concordance correlation plots for
duplicate sample sets tested within laboratory B pro-
vided further evidence for high repeatability, as the
data points were clustered close to the best-fit line
and little deviation of the best-fit line from the 45°
line was observed. Reproducibility estimates gener-
ated with binary paired test results from the contam-
ination-free sample sets (qORF89: laboratory B1, B2,
C1; cTK: laboratory A2, B1, B2) provided evidence
that the qORF89 and cTK tests performed consis-
tently. Inter-laboratory estimates based on the Cq
values were high, but the values may have been
affected by the consistently lower average Cq values

reported for samples by laboratory C1 relative to
 laboratory B. These results support the recommen -
dation that qORF89 and cTK are fit for use as diag-
nostic assays.

The variability in test operating characteristics
observed in our study was likely multi-factorial. Fac-
tors influencing test precision include its analytical
performance, the targeted population (i.e. virus load
and prevalence), differences in laboratory practices
(technician experience and proficiency, laboratory
training program, equipment, facility design) and
sample preparation (collection method, storage, tis-
sue preparation) (Caraguel et al. 2009, 2012, OIE
2015b). The cross-contamination issue outlined in
the previous paragraphs likely contributed to a sub-
portion of the non-repeatable and unacceptable
agreement results observed for some of the inter-
 laboratory test pairs. The low virus load in tissue
samples from apparently healthy carp from Lake
Manitoba could have been another contributing fac-
tor. If the concentration of target DNA was at the
tests’ LOD, then it would not always be detected, and
test precision estimates would be adversely affected.
A correlate for this was evident in the qORF89 test
pair results for laboratories B and C1, as the non-
repeatable pairs were exclusively from same-fish
samples from the lightly infected carp population.
Low pathogen loads may also confound electropho-
retic gel reading for the cTK test. Gel reading subjec-
tivity has been presented as a possible explanation
for the low precision reported for cPCR tests in other
validation studies (Nérette et al. 2005, Caraguel et al.
2009). Uneven distribution of CyHV-3 MB2010 viri-
ons in the kidney may also have affected test preci-
sion estimates since tissues were not homogenized
prior to sample distribution into tubes for our study.
It was expected that this impact would be more evi-
dent with same-fish samples with a low virus load
(Nérette et al. 2005, Caraguel et al. 2009, 2012). In
our study, the concordance correlation plots for
duplicate sample sets tested by 2 laboratories re -
vealed greater variation in results reported for sam-
ples with low Cq values, suggesting that the preci-
sion of the test was reduced for samples with a high
virus load (data not shown). This finding may indi-
cate unequal distribution of the virus in heavily
infected kidney tissue. The cumulative impact of
these factors may correlate qORF89 and cTK test
 precision performance with virus load in the target
population. Variation of repeatability and repro-
ducibility across virus infection prevalences and
infection stages has been reported by other groups
(Caraguel et al. 2009, 2012). Future modelling of the
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impact of these factors will provide a better under-
standing of the performance of qORF89 and cTK
under different circumstances and would facilitate
interpretation of test results.

In the absence of a perfect reference test, estimates
of DSp and DSe for qORF89, cTK and VI/qPCR were
generated in this study using gold standard negative
and positive reference populations as well as LCMs.
The precision study results provided evidence that
the VI CPE-based results were not reliable, so in
the accuracy study, the CyHV-3 status of samples
displaying suspect CPE was confirmed using the
qORF89 test. The combined results of the 2 tests con-
ducted in series were used as the third test in the
models. The LCMs were run without success using
results from the qORF89 and cTK tests. When all 3
tests were used in parallel, conventional 2-class
LCMs generated estimates but only with the Baye -
sian approach. The ML approach was not successful
likely due to violation of one or more of the assump-
tions (Hui & Walter 1980) associated with these mod-
els. For example, the prevalence of the negative ref-
erence population (i.e. 0 to 1%) was not significantly
different from that of the positive reference popula-
tion with low prevalence (i.e. 1 to 2%), and these 2
populations essentially condensed into 1 population.
This situation violates the assumption that the preva-
lence of the 3 populations differ. The Bayesian test
estimates generated in this study were similar across
the 8 models tested, suggesting that the estimates
were equivalent, stable and robust. Test performance
characteristics from LCM analyses were similar to
those predicted using gold standard reference popu-
lations. The accuracy study provided evidence that
the qORF89 and cTK tests were able to identify
CyHV-3 positive fish even in the population with a
low virus prevalence and low virus load.

LCMs such as those run in this study assume that
the accuracy of diagnostic tests is consistent across
all fish populations (Hui & Walter 1980). In some
cases, the assumption is not valid as shown by
Caraguel et al. (2012), who demonstrated that test
performance may actually differ depending on the
infection status of the host. In our study, estimates of
test performance reflect an average across the 3 pop-
ulations. Additional research would be required to
evaluate the validity of the assumption inherent in
LCMs that qORF89, cTK and VI/qPCR perform con-
sistently across populations of fish in different stages
of infection with CyHV-3. We suspect that the diag-
nostic  operating characteristics of the tests would
change with the health status of the population such
that their DSe and DSp would be high with naïve fish

and with fish during an outbreak and potentially
lower with convalescent fish following an outbreak of
KHVD.

Canada’s NAAHP has selected qPCR as the choice
methodology for testing apparently healthy or clini-
cally diseased populations of fish for the presence of
aquatic pathogens including CyHV-3. The primary
advantages of molecular diagnostic assays over cul-
ture- or antibody detection-based methods is their
relatively higher ASe and ASp as well as their faster
turn-around times and greater ease of automation
(Cobo 2012, Gullett & Nolte 2015). These features are
important especially in cases of rapid onset of mortal-
ity in populations of cultured fish. Rapid detection of
viruses facilitates management decisions and re -
duces the risk of disease transmission to neighboring
tanks, ponds, cages or farm sites. Molecular tech-
niques such as the CyHV-3 qORF89 test detect DNA
from intact virions and nascent genomes as well as
residual nucleic acid fragments. A positive result
therefore does not imply active replication but can
inform stakeholders that an apparently healthy fish
population has been exposed to the virus. Fish that
have been exposed to CyHV-3 can become persist-
ently infected and thus pose a fish health risk, as the
latent virus can be reactivated, propagated and shed
into the water (St-Hilaire et al. 2005). qPCR tests also
provide information such as virus load, which can
be used to predict disease progression, distinguish
symptomatic from asymptomatic in fection and assess
the efficacy of a vaccination or antiviral treatment
program (Gullett & Nolte 2015). Diagnosis of human
herpesviruses such as cyto mega lo virus and Epstein-
Barr virus by qPCR tests includes an estimate of the
viral load to distinguish between asymptomatic
infections and actively replicating virus (Pavši< et al.
2015). Cutoff values to discriminate between colo-
nization (i.e. asymptomatic) and disease causation
(i.e. actively replicating virus) have been established
for these viruses (Kraft et al. 2012, Pavši< et al. 2015).
The challenges associated with the application of
qPCR Cq results to clinical management decisions
are significant (Kraft et al. 2012, Pillet et al. 2014).
The Fisheries and Oceans Canada (DFO) laborato-
ries, which are members of Canada’s National
Aquatic Animal Health Laboratory System, report
qORF89 diagnostic test results as detected (Cq <40),
not detected (no detectable amplification in all
 technical replicates) or inconclusive (amplification is
detected in some but not all technical replicates). In
the latter case, additional diagnostic testing would be
required. The laboratories do not report the Cq
 values.
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