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Abstract: Heart and skeletal muscle inflammation (HSMI) caused by Piscine orthoreovirus (PRV)
was first described in farmed Atlantic salmon in Chile in 2011. However, as PRV induces long-lasting
infections, it is not known when Chilean farmed salmon may have started to show PRV positivity.
This study aimed to evaluate the presence/absence of PRV-1 in formalin-fixed, paraffin-embedded
Atlantic salmon heart tissues (FFPE) cultured in Chile during 1992 and 1999. The most frequent
histopathological findings in the 42 FFPE blocks were mild focal cardiomyocyte degeneration (57.1%)
and a mild focal mononuclear inflammatory infiltrate (21.4%) in the ventricular stratum spongiosum
of the heart. One of the 42 heart samples analyzed by RT-qPCR was positive for PRV-1 (2.4%). All
samples were negative for other viral and bacterial pathogens that can induce similar histological
changes in the heart. Taken together, our results show that PRV-1 has been present in Chile—as a
low-virulence genogroup—since at least 1994, 17 years before the first HSMI outbreak in 2011. Finally,
archaeovirology can be a valid alternative to contribute to the understanding of the epidemiology of
diseases in aquaculture.
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Key Contribution: The study represents a valuable contribution to understanding the historical
distributions of PRV and its epidemiology, transmission, and evolution in salmon aquaculture in
Chile. Archaeovirology is a valid alternative to contribute to the epidemiological knowledge of
diseases in aquaculture.

1. Introduction

Heart and skeletal muscle inflammation (HSMI) was described in 1999 in Atlantic
salmon (Salmo salar) farmed in Norway [1], but was not associated with Piscine orthore-
ovirus (PRV) until 2010 [2]. PRV is a non-enveloped virus with a segmented, double
-stranded RNA genome, which belongs to the genus Orthoreovirus, subfamily Spinare-
ovirinae within the Reoviridae family. Three PRV-subtypes have been described: PRV-1 is
associated with HSMI in Atlantic salmon, Salmo salar [2] and lowered hematocrit in chinook
salmon, Oncorhynchus tshawytscha [3] and coho salmon, Oncorhynchus kisutch [4]; PRV-2 is
associated with erythrocytic inclusion body syndrome (EIBS) in coho salmon [5]; and PRV-3
is associated with HSMI-like disease with anemia in rainbow trout, Oncorhynchus mykiss [6]
and brown trout, Salmo trutta [7].

Phylogeny and sequence analyses for segments S1 and M2 from fish in the presence
or absence of HSMI grouped the viral sequences into two monophylogenetic clusters, one
associated with HSMI (PRV-1b) and the other with low-virulent PRV-1 isolates (PRV-1a) [8];
although Wessel et al. [9] suggest that PRV-1 virulence is related to the combined association
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and possible gene linkage of genomic segments S1, M2, L1, and L2 and S4 and their
encoded proteins.

HSMI caused by PRV was first described in farmed Atlantic salmon in Chile in
2011 [10]. Subsequently, the first report of HSMI-like lesions with the presence of PRV
in coho salmon was published in 2016 [4]. Initially, high PRV prevalence was recorded
in fish and at net-pens level, but without showing heart lesions [10]. Over the years,
HSMI outbreaks with moderate to severe heart lesions associated with higher PRV loads
began to be observed at seawater farms, as well as PRV presence and heart injuries in
freshwater-farmed fish [4]. While HSMI/PRV-attributed mortality in Atlantic salmon
farmed in Chile was only 0.7% of the total mortality in 2021, this value was 11 times higher
in coho salmon (7.7%) [11]. A wide distribution of PRV infection has been described in wild
and farmed salmonid species [8], which modulates an immune response that promotes
lifelong viral persistence [12]. This study aimed to evaluate the presence of PRV in formalin-
fixed, paraffin-embedded Atlantic salmon heart tissues (FFPE) farmed in Chile during
1992 and 1999.

2. Materials and Methodology
2.1. Fish and Tissue Samples

Heart samples from Atlantic salmon and coho salmon were collected from different
salmon farms in the Los Lagos region of Chile between 1992 and 1999. Samples were
fixed in 10% formalin and subsequently processed for standard histopathological diagnosis
in the laboratory of the Instituto de Patologia Animal, Facultad de Ciencias Veterinarias,
Universidad Austral de Chile, Valdivia, Chile. The samples were preserved as FFPE blocks
as part of the pathological material collection for about 30 years until the time of this study.
Forty-two (42) FFPE blocks of cardiac tissue were used for this study.

2.2. Histopathological and Immunohistochemical (IHC) Examination

Sections measuring 3 pm thick were cut from each FFPE block, stained with hema-
toxylin and eosin (H&E), and analyzed by light microscopy (Leica DM-2000, Hamburg,
Germany). For this study, a cardiac histoscore (hsCRC) was used to semiquantify the sever-
ity of tissue changes according to the criteria described in Table 1. An hsCRC < 0.9 accounts
for mild cardiac lesions; hsCRC higher than 0.9, but lower than 1.8, show moderate injuries;
and hsCRC > 1.8 indicates severe tissue damage. To confirm the presence or absence of
PRV-antigens in cardiac tissue, an immunohistochemical (IHC) protocol was followed
using an in-house developed polyclonal antibody against PRV o1 protein based on the
previously described sequences [13,14]. Atlantic salmon heart samples obtained from an
HSMI outbreak in the field with histopathological lesions and confirmed as PRV-positive by
RT-qPCR and IHC, were used as positive controls. Conversely, heart samples from healthy
fish that were verified as negative for PRV by RT-qPCR were used as negative controls.

2.3. RNA Extraction

Each FFPE tissue block was sectioned into four or five 10 pm scrolls (total ~40 pm per block).
This volume was divided into two equivalent parts to be analyzed independently by one-
step and two-step PCR. RNA was extracted from tissues using the commercial PureLink™
FFPE RNA Isolation Kit, catalog number K156002 (ThermoFisher Scientific, Carlsbad, CA,
USA) based on the manufacturer’s protocol. Tissues were removed from the scrolls, placed
in a fusion buffer, centrifuged at 12,000 g for 15 s, and incubated at 72 °C for 10 min. Then,
20 pL of proteinase K were added and incubated at 60 °C for 1 h, following centrifugation
at 12,000 g for 1 min, and the lysate was placed into a new 1.7 mL microfuge tube. Next,
400 puL of Binding Buffer (L3) and 800 pL of absolute ethanol were mixed, and 700 pL of
the resulting solution were transferred to a spin column. The solution was centrifuged
at 800 g for 1 min at room temperature, discarding the flow-through. The remainder of
the mixture (sample) was added to the column, centrifuged at 800 g for 1 min at room
temperature, and the flow-through was discarded. A measured volume of 500 uL of Wash
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Buffer (W5) prepared with 100% ethanol were added, centrifuged at 12,000 g for 1 min,
and the flow-through was discarded. Then, 500 pL of Wash Buffer (W5) were added again,
centrifuged at 12,000 g for 1 min, and the flow-through was removed. The column was
transferred to a new 1.7 mL microfuge tube, 50 pL of RN Ase-free water previously heated
to 65 °C was added and centrifuged at 12,000 g for 1 min at room temperature.

Table 1. Histopathological criteria and semi-quantitative weighting were used to define hsCRC in
the heart. Abbreviations: NHC: no histological changes; NIC: no inflammation changes; TS: tissue
surface; FCD: focal cell degeneration; DCD: diffuse cell degeneration; MiMI: mild mononuclear
infiltrate; MoMI: moderate mononuclear infiltrate; SMI: severe mononuclear infiltrate. Interpretation:
hsCRC < 0.9 means a mild cardiac damage; hsCRC > 0.9 but <1.8, means a moderate damage; and
hsCRC > 1.8 means a severe damage.

Ventricle
Atrium
Epicardium Stratum Compactum Stratum Sponsiosum Epicardium
Hist
1stoscore Mononuclear Mononuclear Mononuclear Mononuclear Mononuclear
Cell 1 Cell Cell .
Degeneration Cells Cells Degeneration Cells Cells Degeneration Cells Thrombosis
Infiltrate Infiltrate Infiltrate Infiltrate Infiltrate
0 NHC NIC NIC NIC NHC NIC NHC NHC NHC
FCD (<10%  MiMI (<10% MiMI (<10% MiMI FCD (<10% MiMI (<10%  FCD (<10% . )
1 TS) T9) TS) (<10% TS) TS) T9) TS) <10%TS <10%TS
FCD MoMI FCD
MoMI MoMI FCD (10-50% MoMI
2 (10-50% =90 =0 (10-50% =0 (10-50% 10-50% TS 10-50% TS
TS) (10-50% TS) (10-50% TS) S) TS) (10-50% TS) TS)
DCD (>50% SMI (>10% SMI (>10% SMI (>10% DCD (>50% SMI (>10% DCD (>50% ) )
3 ) TS) TS) TS) S) TS) TS) >50% TS >50% TS
Relative 5 5 18.3 13.3 13.3 13.3 13.3 16.5 2
weighting

2.4. One-Step RI-qPCR

The presence or absence of PRV-1, PRV-2, PRV-3, infectious salmon Anemia virus (ISAV),
and Piscirickettsia salmonis was determined by qPCR, as previously described [2,5,6,15,16], using
the Brilliant III Ultrafast RT-qPCR Master Mix kit (Agilent Technologies, Santa Clara, CA, USA)
in a QuantStudio 3™ Real-Time PCR system (Applied Biosystems, Life Technologies,
Carlsbad, CA, USA). The RT-qPCR conditions for the detection of each pathogen consisted
in adding a master mix of 7.5 uL buffer, 0.15 uL 100 mM DTT, 0.225 uL diluted ROX
solution, 300 nM each primer, and 400 nM probe to 2 uL total RNA. Tubes were incubated
for 10 min at 50 °C to perform reverse transcription, followed by a denaturation step of
3 min at 95 °C and 40 cycles of 3-s s at 95degC and 10 s at 60 °C. All qJPCR assays were
performed in duplicate. A positive control (RNA or DNA specific to the tested pathogen), a
negative control without RNA or DNA, and negative extraction control were also included
in every run. All qPCR runs for the pathogens tested were accompanied by the expression
of the Atlantic salmon reference gene as an endogenous extraction control (EFla). Cycling
threshold (Ct) values were recorded up to a maximum of 40 Ct. A Ct below the cut-off
point was considered positive, and negative (NoCt) otherwise. The cut-off points for PRV-1,
-2, and -3, ISAV, and EL1a assays were 35.00, and for P. salmonis was 33.01. Allele-specific
RT-gPCR to identify and segregate PRV-1a and -1b samples was carried out according to
the protocol described by Siah et al. [17].

2.5. Two-Step RT-qPCR

PRV-1-positive RNA extract was used as a template for cDONA synthesis. Approxi-
mately 1 ug total RNA was reverse transcribed using the PrimeScript™ RT Reagent kit
with gDNA Eraser (Takara Bio Group, San Jose, CA, USA) according to the manufacturer’s
instructions. Specific primers were used for the S1 and M2 segments described by Kibenge
et al. [18], and for the L1 segment described by Palacios et al. [2]. Briefly, the RT conditions
consisted in the addition of a master mix of 2 uL. 5x gDNA Eraser Buffer and 1 uL gDNA
Eraser for each tube containing 1 pg total RNA (10 pL total volume). Tubes were incubated
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for 2 min at 42 °C to erase gDNA. The reverse transcription proceeded immediately on the
same tubes adding a master mix of 4 uL. 5x PrimeScript Buffer, 1uL PrimeScript RT Enzyme
Mix I, and 4-pL-specific primers (total volume 20 uL). Tubes were incubated for 15 min
at two different annealing temperatures (42 °C and 50 °C) followed by a 5-s incubation
at 85 °C. The PCR products were confirmed by electrophoresis in 1% agarose gels and
visualized with ethidium bromide staining. To confirm the results obtained by one-step
RT-qPCR, a qPCR for the L1 segment of PRV-1 was performed using the KAPA Probe Fast
gPCR kit Mastermix (2 x) Universal. Briefly, a master mix consisting in 7.5 uL Buffer, 0.3 uL
50x ROX, 400 nM specific L1 primers, and 200 pL L1 probe was added to 2 puL 1:10 diluted
c¢DNA (total volume 15 pL). The PCR cycling conditions consisted in an incubation of
3 min at 95 °C followed by 40 cycles of 3 s at 95 °C and 20 s at 60 °C. For the PCR stage of
segments S1 and M2, the Platinum™ Hot Start PCR Master Mix (ThermoFisher Scientific,
Carlsbad, CA, USA) (2x) was used. The liquid handling system created a master mix using
25 pL Platinum Hot Start PCR 2X Master Mix, 200 nM of each primer (either for S1 or
M2, respectively), and 5 pL cDNA template to a total volume of 50 pL. The PCR cycling
conditions consisted of an initial denaturation of 2 min at 94 °C followed by 40 cycles of
30sat94°C,30sat50°Cand 1, and at 72 °C.

3. Results and Discussion

Mild cardiomyocyte degeneration (63.3%) and mild focal mononuclear myocarditis in
the ventricular stratum spongiosum (23.8%) (Figure 1) were the most frequent histopatho-
logical diagnoses in the cardiac tissues examined (Supplementary Table S1); these findings
are consistent with those previously described by Kongtrop et al. [1]. No histopathological
changes were recorded in the atrium of the hearts examined. Conversely, the median hsCRC
was 0.13 (range 0-0.47) (Table S1), supporting that all histopathologic lesions observed
were mild (hsCRC < 0.9).

50 ym
50 um B
.

Figure 1. (A) Heart sample (ID #2) RT-qPCR negative for PRV-1 from 1994 with no histopathological
findings (H&E, 40X bar 50 um); and (B) heart sample (ID #40) RT-qPCR positive for PRV-1 from 1994
with histopathological changes characterized by mild focal mononuclear infiltrate (fmi) and mild
focal cardiomyocyte degeneration (fcd) in the ventricular stratum spongiosum. Compared to normal
cardiac tissue, PRV-1 positive fish heart tissue shows increased cardiomyocyte eosinophilia as a sign
of cellular degeneration. (H&E, 40 bar 50 um).

One of the 42 samples (2.4%) of the heart samples examined were positive for PRV-1 by
one-step RT-qPCR (average Ct, 28.08, <35.00) and two-step qPCR (average Ct, 32.15, <35.00)
(Figure 2). Therefore, we confirmed the presence of PRV-1 in independent qPCR reactions
in different parts of the FFPE block and the loss of sensitivity of two-step PCR by about
one order of magnitude (~30-fold). However, this sample was negative by IHC for PRV.



Fishes 2023, 8, 229 50f7

Our experience indicates that to obtain an IHC-PRV-positive result usually requires a viral
load (expressed in Ct) of at least 24. PCR on genetic material extracted from FFPE-blocks
misses at least 4 cycles compared to running PCR on genetic material extracted from frozen
or ethanol-fixed tissue [19]. Hence, we speculate that the relatively low PRV-1 load in the
FFPE blocks used in this study might be the most plausible reason to explain the negative
IHC results. All samples were negative for other viral and bacterial pathogens that can
induce similar histological changes in the heart (Table S1).

Amplification Plot

0.235378 sl

Cycle

Ampliification Plot
10

<
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0.0001

0.00001

0.000001

Cycle

Figure 2. Linear (A), and logarithmic (B) curve representations of the two-step amplification qPCR
assay for the L1 gene of PRV-1 detected in a FFPE block containing heart tissue from an Atlantic
salmon specimen farmed in Chile in 1994. (C) Plate array view showing a negative result for S1 and
positive for L1 (Ct 32.03 at 42 °C and Ct 32.26 at 50 °C) and positive control (Ct 29.22 at 42 °C) of
PRV-1. The amplification results for L1 of PRV-1 were confirmed using one-step qPCR (mean Ct
28.08). The curve in red and green in A and B represent the samples positive for the L1 segment of
PRV-1; while the PRV-1 positive control curves are shown in orange and turquoise. The light blue
line represents the cycle threshold.

Furthermore, it was impossible to obtain the S1 sequences of PRV-1 using the positive
sample to perform a phylogenetic analysis (Figure 2). The size of the L1 segment amplified
by qPCR primers and probes is small (79 bp) [2], but the fragments to amplify the S1 and
M2 segments with sequencing primers are as large as 1081 and 2179 bp, respectively [18].
This situation, added with the fact that the genetic material available in the sample was
probably fragmented, degraded (average Ct 33.22 for reference gene EL1a, but <35.00)
and/or chemically modified after being stored for 3 decades before this analysis, could
explain not achieving large amplicons in S1 and M2, and obtaining a much smaller amplicon
in L1. RT-qPCR-PRV-1 positive sample was negative for the PRV-1b genotype, associated
with HSMI according to Dhamotharan et al. [8], thus the sequence would most likely
correspond to the low virulence PRV-1a genotype.

Taken together, our results would indicate that PRV-1 may have been present in
farmed Atlantic salmon in Chile since at least 1994, some 17 years before the first outbreak
of HSMI [10]. Similarly, a PRV-1 strain from Norway sampled in 1988, a decade before the
emergence of HSMI in 1999, along with the low virulent HSMI cluster [8]. PRV-1 genotype
causing HSMI in farmed Atlantic salmon has a recent common ancestor, and evolved prior
to the rapid expansion of HSMI disease outbreaks in Norwegian Atlantic salmon farms,
which spread from a specific zone of outbreaks to all aquaculture related areas within a
few years after 1999, probably determined by differences in host, virus, environment, or a
combination of these factors [8]; this epidemiological situation seems to correlate with the
experience in Chilean salmon farming.

Chilean PRV isolates probably diverged from Norwegian isolates between 2007 and
2009 [18], ending up as pathogenic isolates causing the HSMI outbreaks recorded in
2011 [10]. Subsequently, Chilean PRV-1 isolates have shown high percentages of iden-
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tity with Norwegian PRV-1 and, given that Atlantic salmon is not an endemic species
in Chile, it is now not only reasonable to suggest that PRV-1 was introduced into Chile
through the movement of salmon embryos [18], but that it would have occurred before
1994. FFPE tissues are a precious resource from a pathogen diagnosis perspective; therefore,
archaeovirology can be a valid alternative to contribute to the epidemiological knowledge
of diseases in aquaculture.

4. Conclusions

The results of our study demonstrated the presence of PRV-1 in FFPE heart samples
with mild cardiomyocyte degeneration and mild focal mononuclear myocarditis in the
ventricular stratum spongiosum of Atlantic salmon farmed in Chile in 1994. Consequently,
our results help to better understand the biological interaction of PRV and host, and to
highlight the historical epidemiology of PRV /HSMI in Chile.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/fishes8050229 /51, Table S1: Results of hsCRC, IHC PRV, and
RT-gPCR for PRV-1, PRV-2, PRV-3, ISAV, and P. salmonis in each FFPE sample analyzed (individual fish).
Negative (—).
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