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1 | INTRODUCTION

Piscine myocarditis virus (PMCV) is the causal agent of cardiomyopa-
thy syndrome (CMS), a disease affecting the heart of Atlantic salmon
(Haugland et al., 2011). The disease has been found in Norwegian
Atlantic salmon since 1988 (Amin & Trasti, 1988) and is primarily af-
fecting adult Atlantic salmon 14-18 months after sea transfer and
close to harvest, although recently outbreaks in young post-smolts
have been reported (Svendsen et al., 2019; Wiik-Nielsen, Alarcon,
Jensen, Haugland, & Mikalsen, 2016).

PMCV has been detected at a high prevalence in broodfish in
freshwater, including high levels of virus-specific RNA, but with
varying presence of CMS disease (Bang Jensen, Nylund, Svendsen,
Ski, & Takle, 2019; Wiik-Nielsen, Ski, Aunsmo, & Lovoll, 2012) (per-
sonal observation/communication Per Helge Bergtun, Mowi and
Even Thoen, PatoGen AS).

Horizontal transmission of virus and subsequent disease has
been shown both in field studies and experimentally (Bang Jensen,
Brun, Fineid, Larssen, & Kristoffersen, 2013; Fritsvold et al., 2009;
Haugland et al., 2011). Two previous studies have also shown indica-
tions of vertical transmission of PMCV-specific RNA from broodfish
to progeny, but the prevalence of positive individuals is low and CMS
or other signs of disease have not been found in these individuals
(Bang Jensen et al., 2019; Wiik-Nielsen, Ski, et al., 2012). Also, the
virus has only been detected as virus-specific RNA using real-time

PCR and at present there are no proofs that such detection of
PMCV-specific RNA in progeny from PMCV-positive broodfish rep-
resents viable infectious virus particles causing CMS.

To add more results to the discussion on possible vertical trans-
mission of PMCV in A. salmon and its relevance for causing CMS in
later stages of the production cycle, we have performed two exten-
sive studies where eggs from PMCV-positive females were fertilized
with milt from PMCV-positive males. Fertilized eggs were split into
two identical batches and shipped to one research facility in Norway
and one in Canada for hatching and longitudinal screening. All life
stages were screened using real-time PCR specific for PMCV to ver-
ify the presence of PMCV.

1.1 | Broodfish and fertilization of eggs

Broodfish from two commercial sites (A and B) were used for this
study. Two groups of fertilized eggs were produced at Broodfish
site A (groups Al and A2), and group A2 was further split into two
subgroups (A2a and A2b) according to conditions used for disinfec-
tion after fertilization. One group was produced at Broodfish site B
(group B1). Both the female and male broodfish had been screened
for PMCV-specific RNA in heart and in ovarian fluid and milt, respec-
tively, prior to fertilization of eggs. Autopsy was performed by fish
health personnel on the broodfish without resulting observations
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of clinical signs of CMS. An overview of broodfish, PMCV-specific
RNA levels and fertilization groups is given in Table 1. Before fer-
tilization, the eggs were rinsed four times with saline water (10.5-
11.5%o). After fertilization, the eggs were rinsed with saline water,
disinfected by incubation for 10 min in Buffodine according to the
manufacturer's protocol and then rinsed in freshwater.

The fertilized eggs from all four groups were disinfected again,
before shipping in identical replicates on wet ice by air transport to
two aquaculture research facilities. At arrival at each of the two fa-
cilities, the eggs were disinfected after internal protocols and regu-

lations for receiving external eggs (Table 2).

1.2 | Hatching and on-growing

The replicates of hatching and on-growing were performed under
controlled clean environments in approved research facilities in
Norway and Canada according to respective national legislations,
and the trials were evaluated by ethical committee and approved
according to fish welfare.

Replicate 1 was conducted at Havbruksstasjonen (Tromsg,
Norway). Replicate 2 was conducted at Centre for Aquaculture
Technologies (Prince Edwards Island, Canada). Hatching and
start-feeding were performed according to normal procedures. The
fingerlings were kept in flow-through systems with routine oxygen
monitoring and were fed a standard commercial feed. The tempera-
ture was kept at 6-10 and 8.5-12°C, respectively, for the replicates
1 and 2 until termination of the trial.

1.3 | Sampling and preservation

Before shipment to the research facilities, 60 eggs were sampled
from groups A1, A2a and A2b and 62 eggs from group B1 and sub-
sequently subjected to RNA extraction and real-time PCR (Table 2).
Similarly, 60 eggs were sampled from all groups after disinfection
at arrival at facility 1. The eggs were sampled individually without
preservation and shipped at 6°C for real-time PCR analysis.

From both facilities, samples from 30 to 60 individuals were col-
lected at first feeders and at 2, 5, 10, 45 and 80 grams (Table 2).

Tissue samples were taken as V-sections including heart and head

kidney from the smallest life stages and subsequently from heart
only. At sampling from 10-g fish at facility 1, head kidney was also
included. All samples were preserved in RNAlater™ (Ambion Inc.) and
stored at 6°C for 24 hr, with subsequent transfer to -20°C.

1.4 | RNA extraction and real-time PCR

PatoGen AS (Norway) performed RNA extraction and real-time PCR
analysis for PMCV RNA in all samples. The real-time PCR assay tar-
geting PMCV is validated to 1ISO17025 standards by PatoGen AS.
Samples were defined as positive when having a PMCV C, lower
than 37.0. Elongation factor 1a served as an internal reference gene
(Lovoll, Austbo, Jorgensen, Rimstad, & Frost, 2011).

2 | RESULTS AND CONCLUSIONS

PMCV-specific RNA was detected in only one of a total of 482 ferti-
lized eggs, at a C, of 24.0. Also, no PMCV-specific RNA was detected
in heart in any of the six life stages of offspring, tested between
first feeders and 80 g smolt in a total of 2,417 individuals (Table 2).
Since previous studies have indicated that PMCV might be present
in high concentrations in kidney in early infection phases (Garseth,
Fritsvold, Svendsen, Bang Jensen, & Mikalsen, 2018; Timmerhaus
et al., 2011), we included PMCV RNA screening on kidney samples
in addition to heart from all 10-g fish at facility 1. All kidney samples
tested were found to be PMCV negative.

The positive egg was detected as one of 62 eggs examined in
group B1 originating from parents with low PMCV RNA levels in
male (negative milt/C, 36.0 heart) combined with high levels in fe-
male (C, 26.9 ovarian fluid/25.0 heart), giving a prevalence of 1.6%.
Such a low level and negative results for the other three life stages
make it difficult to conclude statistically that real-time PCR positivity
(in one egg) is linked to (relatively) high levels of viral genome in the
female parent. The sampling was performed after two disinfection
rounds of the eggs before shipment to the research facilities. As for
all batches, batch B1 was subsequently sent as in parallel to two fa-
cilities for hatching and on-growth. On arrival at facility 1, after a
round of disinfection, 60 eggs from this batch were tested again and

were all negative. After hatching, 30-60 samples from each facility

TABLE 1 Overview of groups of fertilized eggs and levels of PMCV-specific RNA in parental origin

PMCV RNA levels (C, values)

Male Female Disinfection procedure
At arrival in
Broodfish site Group Milt Heart Ovarian fluid Heart After fertilization Before shipment research facility
A Al Negative 22.8 35.8 32.0 Yes Yes Yes
A2a Negative 33.7 32.5 33.7 No Yes Yes
A2b Negative 33.7 32.5 33.7 Yes Yes Yes
B B1 Negative 36.0 26.9 25.0 Yes Yes Yes
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TABLE 2 Overview of handling and testing of eggs, fry and parr
in facility 1 and number of samples with PMCV RNA-positive result.
Similar handling and testing are valid for facility 2 with exceptions
as commented, and all PCR test showed PMCV RNA-negative
results

PMCV RNA-positive individuals

Handling and testing Al A2a A2b B1

Rinsing of eggs
Fertilization

Disinfection after
fertilization

Disinfection before
shipment

PCR test eggs before 0/60 0/60 0/60 1/62
shipment

Shipment to aquaculture research facility

Disinfection at arrival

PCR test eggs after arrival 0/60 0/60 0/60 0/60
disinfection?

Hatching

PCR test first feeders® 0/60 0/60 0/60 0/60
PCRtest 2 g 0/60 0/60 0/60 0/60
PCRtest 5 g” 0/60 0/60 0/60 0/60
PCR test 10 g° 0/60 0/60 0/60 0/59
PCR test 45 g° 0/60 0/60 0/60 0/60
PCR test 80 g¢ 0/60 0/60 0/60 0/60

“Not tested at facility 2.

PPCR test on 30 individuals from facility 2.
‘Included kidney samples in addition to heart.
4PCR test on 30-60 individuals from facility 2.

were tested at six life stages up to 80 g, in total 628 individuals, all
negative. On this basis, we conclude that PMCV was not transmit-
ted vertically from parents to post-hatch offspring under these con-
trolled study conditions.

The lack of detection of PMCV-specific RNA in our study is con-
trary to findings in the two previous similar studies (Bang Jensen
et al., 2019; Wiik-Nielsen, Ski, et al., 2012). One major difference
between the present study and the two previously published is
the use of disinfection protocol. We used three rounds of disin-
fection including several steps of rinsing, and the fertilized eggs
were tested after the second and third rounds of disinfection. Wiik-
Nielsen et al. screened eggs before any disinfection with resulting
PMCV RNA detection prevalence of 10%. Eggs were disinfected
only once before hatching, and prevalence of PMCV-specific RNA
on newly hatched fry was 25%, but no PMCV-specific RNA was de-
tected at first feeding (Wiik-Nielsen, Ski, et al., 2012). Bang Jensen
and co-workers also included one round of disinfection of eggs and
screened for PMCV RNA before and after disinfection. This showed
a clear reducing effect of disinfection on the prevalence of eggs
with detectable PMCV RNA, including 8 of 14 egg batches where

the disinfection procedure completely removed the virus. The
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batches with highest prevalence after disinfection were used for
hatching and resulted in detected PMCV RNA at a low prevalence
up to 70 g presmolt. The differences in disinfection regime and
prevalence of detected PMCV-specific RNA in eggs and offspring in
these three studies show that repeated rounds of disinfection can
reduce PMCV-specific RNA contamination of fertilized eggs and
offspring to zero. This is supported by the mentioned specific study
of effect of disinfection on the prevalence of PMCV RNA on eggs
from Bang Jensen and co-workers (Bang Jensen et al., 2019). Use
of systematic measures to avoid spread of infectious agents and
disinfection of eggs after fertilization particularly comply with cur-
rent Norwegian regulations (Lovdata, 2019). The general practice in
the egg production industry is disinfection after fertilization, before
transfer to and at arrival to the hatchery, although disinfection at
arrival might vary between producers. Rinsing of eggs four times in
saline water before fertilization is not, as far as we know, common
practice in the industry, although it is used by Mowi Norway as a
part of the standard protocol. The effect of rinsing and disinfection
procedures resulting in reduction of detectable PMCV RNA also in-
dicates that eggs found to be positive for PMCV are contaminated
by the virus on the outside of the egg and the virus is not in the
internal parts of the egg or intracellular.

The C, values of all positive samples from offspring in all studies
show almost undetectable levels of PMCV-specific RNA, as the C, val-
ues are above repeatable C, values with the exception of one 15 g fry
in the Bang Jensen et al. study showing at C, of 33.9. Also, the stud-
ies indicate that the prevalence in offspring with detection of PMCV
RNA is decreasing through the progressive life stages and eventually
seems to disappear. It also has to be noted that real-time PCR analy-
ses only detect a very limited region of a pathogens full genome and
the detection could be remnants of non-viable degraded virus par-
ticles or particles with defect genomes. A study including infection
of either naive salmon or cells in culture is needed to document and
conclude on the infectivity and virulence of viral particles related to
the PMCV-specific RNA detected in the eggs/offspring in the stud-
ies. Studies on vertical transmission should also include sequencing
of PCR products from parents and eggs/offspring followed by phy-
logenetic analyses/sequence alignments. Identical sequences would
aid in interpretation of source. That said, previous and ongoing stud-
ies have shown that PMCV exists as quasispecies in infected salmon
populations and even in single individuals, and minute nucleotide po-
sition differences in the genome have also been found. This, in turn,
reduces the value of phylogenetic analyses in terms of back-tracking
the source of infection in offspring (Wiik-Nielsen, Alarcon, Fineid,
Rode, & Haugland, 2012, pers. obs. Aase B. Mikalsen).

In summary, we find that an extended disinfection regime is
important for reduction of PMCV RNA contamination on eggs and
subsequent transfer to offspring. It also points towards vertical
transmission not being an important route for virus spread. This is
supported by the fact that PMCV has not been introduced to Chile
despite large-scale import of eggs from Norway, as shown by PMCV
screening of Atlantic salmon with no positive samples since it started
in 2013 (Lara, 2014).
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