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ABSTRACT

Infectious salmon anemia (ISA) is a severe disease that affects farmed Atlantic salmon (Salmo salar), causing outbreaks in sea-
water in most salmon-producing countries worldwide, with particular aggressiveness in southern Chile. The etiological agent of
this disease is a virus belonging to the Orthomyxoviridae family, named infectious salmon anemia virus (ISAV). Although it has
been suggested that this virus can be vertically transmitted, even in freshwater, there is a lack of compelling experimental evi-
dence to confirm this. Here we demonstrate significant putative viral loads in the ovarian fluid as well as in the eggs of two brood
stock female adult specimens that harbored the virus systemically but without clinical signs. The target virus corresponded to a
highly polymorphic region 3 (HPR-3) variant, which is known to be virulent in seawater and responsible for recent and past out-

breaks of this disease in Chile. Additionally, the virus recovered from the fluid as well as from the interior of the eggs was fully
infective to a susceptible fish cell line. To our knowledge, this is the first robust evidence demonstrating mother-to-offspring
vertical transmission of the infective virus on the one hand and the asymptomatic transmission of a virulent form of the virus in

freshwater fish on the other hand.

IMPORTANCE

The robustness of the data presented here will contribute to a better understanding of the biology of the virus but most impor-
tantly will constitute a key management tool in the control of an aggressive agent constantly threatening the sustainability of the

global salmon industry.

nfectious salmon anemia (ISA) is the most destructive and chal-

lenging viral disease of farmed Atlantic salmon (1, 2). Although
this disease has been observed in most salmon-producing coun-
tries that report to the International Veterinary Sanitary Authority
(3, 4), the aggressiveness displayed in the extremely cold seawater
of southern Chile, with cumulative mortality rates sometimes ex-
ceeding 90%, is an Achilles’ heel for a blooming and promising
industry (5-7). The disease was first described in Norway in 1984
(8), and devastating outbreaks have also been reported in other
locations since the late 1990s, such as the Faroe Islands (9, 10),
Scotland (11), the United States (12), and several locations in Can-
ada (13, 14). The sole etiological agent of the disease has been
identified as a novel RNA virus of the Orthomyxoviridae family
(infectious salmon anemia virus [ISAV]) and classified as the only
member of a new genus, Isavirus (2). Since the only known hosts
and reservoirs for the virus are salmonid fish from the North At-
lantic and North Pacific areas and because of the fact that ISAV
populations consist of a mixture of avirulent and virulent strains,
the epidemiology of ISA is still in its infancy, and substantial re-
search is essential to better understand the biology of the virus
and, as a result, to develop proper strategies for its control and
ideally to prevent new epizootic outbursts.

One key issue that needs prompt and clear elucidation is
whether, in addition to horizontal transmission, the virus is also
transmitted vertically. Indeed, the readiness of horizontal trans-
mission has been clearly demonstrated in tanks and net pens and
in cohabitation experiments, suggesting that it constitutes the ma-
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jor pathway for the spread of this disease (15). The possibility of
vertical transmission as an alternative remains highly controver-
sial. On the one hand, the absence of the vertical route has been
reported for quantitative real-time PCR (qRT-PCR)-positive
brood fish (16), while on the other hand, positive detection in
fertilized eggs from clinically ill brood fish, also via RT-PCR, in-
dicated only that viral sequences were detectable, but the infective
potential of a putative viral particle was not demonstrated (17).
Additionally, a large real-time PCR-based screening of smolt pro-
duction sites in Norway was positive for the virus, suggesting that
most marine production sites might be carriers, with the virus
circulating during the production cycle, based on which some sort
of vertical transmission cannot be ruled out (18). Considering that
all salmonid specimens in the Southern Hemisphere were intro-
duced primarily from Europe (19), natural hosts for ISAV did not
exist in Chile, and since the Chilean ISAV has been assigned to the
EU genotype (6), the most likely explanation is that the virus ar-
rived via the importation of embryos (20). Although this interpre-
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tation supports the possibility of vertical transmission, since it is
not clear how the eggs were originally harvested, horizontal trans-
mission cannot be excluded.

In the present study, we analyzed two brood stock adult female
specimens from a freshwater farm which systemically harbored
HPR-3, a virulent variant of ISAV, but in the absence of any clin-
ical signs. The ovarian fluid and the eggs of the two specimens
were screened, confirming the presence of low threshold cycle
(Cy) values for viral RNA via quantitative RT-PCR (qRT-PCR).
Viral particles recovered from both sources were demonstrated to
infect a sensitive fish cell line. The target virus was the HPR-3
variant, which is known to be highly virulent in seawater and is
responsible for recent and past outbreaks of this disease in Chile
(21). To our knowledge, this is the first robust evidence that dem-
onstrates mother-to-offspring vertical transmission of the infec-
tive virus on the one hand and the asymptomatic transmission of
a virulent form of the virus in freshwater fish on the other hand.

MATERIALS AND METHODS

Samples and processing. Ovarian fluid and eggs were obtained from two
asymptomatic Atlantic salmon (Salmo salar) female brood fish individu-
ally identified as ISAV positive by standardized qRT-PCR procedures us-
ing pooled organs (gills, heart, and kidney) in two independent laborato-
ries, both of which are officially recognized by SERNAPESCA, the official
Chilean state agency responsible for health management in the salmon
production industry. The assayed specimens were reared in a freshwater
farm in the Region de los Lagos, Chile.

RNA characterization in ovarian fluid. Fifty milliliters of ovarian
fluid recovered from each female was clarified by low-speed centrifuga-
tion (3,200 X gfor 15 min), and 250 pl of the clarified supernatant and the
resulting pellet were resuspended in an equivalent volume of 1X phos-
phate-buffered saline (PBS). RNA was then extracted by using the TRIzol
LS procedure as specified by the manufacturer (TRIzol LS reagent; Invit-
rogen USA). The resulting RNA was recovered in a final volume of 30 wl of
nuclease-free deionized water. Triplicates of 5 pl each were used to con-
firm ISAV by standard qRT-PCR procedures (19, 22).

Virus recovery. Fifteen milliliters of ovarian fluid was clarified by
centrifugation (3,200 X g for 15 min), and the supernatant was further
centrifuged for 1 h at 18,000 X g. The pelleted virus was resuspended in
100 pl of serum-free L-15 tissue culture medium. Individual eggs were
washed three times with L-15 medium and thoroughly homogenized in
the presence of glass pearls (Glassperlen 0.10 to 0.11 mm; B. Braun Mel-
sungen Apparatebau, Germany). The homogenate was clarified and pro-
cessed as described above. A supernatant aliquot from infected SHK-1
cells was used as a positive control.

Ultrastructural analysis of ovarian fluid. Fifteen milliliters of ovarian
fluid was clarified by centrifugation (3,200 X g for 15 min), and the su-
pernatant was further centrifuged for 30 min at 18,000 X g. The pellet was
fixed in 2.5% glutaraldehyde (0.1 M cacodylate buffer, pH 7.2, for 48 h at
room temperature), postfixed with aqueous 1% osmium tetroxide for 2 h,
extensively rinsed with double-distilled water (ddH,0), and stained with
aqueous 1% uranyl acetate for a further 2 h. Dehydration was obtained by
consecutive exposure to 50%, 70%, 2 X 95%, and 3X 100% acetone solu-
tions for 30 min each. Following this, preinclusion with Epon-acetone
(1:1) was performed overnight in order to incorporate pure Epon polym-
erized at 60°C for 24 h. Thin sections (60 to 70 nm) were obtained with a
Sorvall ultramicrotome (MT-5000), layered over copper grills, stained
with 4% uranyl acetate in methanol for 2 min and lead citrate (23) for 5
min, and observed under a Philips Tecnai electron microscope at a range
of 12 to 80 kV.

RNA characterization of eggs. One hundred sixty eggs from each
female were thoroughly washed three times with PBS followed by a further
three washes with PBS containing 0.05% NP-40 detergent to release po-
tential viral particles attached to the surface of the eggs. Half of the eggs
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were ground and homogenized by using a MagNALyser instrument
(Roche, USA) in the presence of TRIzol LS, and total RNA was further
purified by means of an RNeasy Minikit (Qiagen, MD, USA). The remain-
ing half of the eggs were individually placed into a 96-well enzyme-linked
immunosorbent assay (ELISA) plate, each one was carefully punctured
with a tuberculin needle, and the egg interior was recovered. As a first
approach, these were pooled and similarly extracted with TRIzol LS.

Ultrastructural analysis of eggs. Thoroughly washed eggs (see above)
were fixed with 2.5% glutaraldehyde in cacodylate buffer (0.1 M; pH 7.2)
for 24 h at room temperature. At hour 24, the eggs were sliced in half with
a scalpel, and fixation continued for a further 24 h at 4°C, followed by
postfixation in 1% aqueous osmium tetroxide for 2 h. After extensive
washing with deionized water, block staining was performed with 1%
aqueous uranyl acetate for 2 h. Acetone dehydration was obtained by
exposure to increasing concentrations of acetone (50%, 70%, 2X 95%,
and 3X 100%) for 30 min each. Overnight preinclusion with Epon-ace-
tone (1:1) was then performed in order to finally incorporate pure Epon
for polymerization at 60°C for 24 h. Thin sections (60 to 70 nm) were
obtained on a Sorvall RT MT-5000 ultramicrotome, loaded onto copper
grids, stained with 4% uranyl acetate in methanol for 2 min and lead
citrate for 5 min (23), and analyzed under a Philips Tecnai electron mi-
croscope (12 to 80 kV).

Direct negative staining. For negative staining, 15 .l of ASK-1 cells
infected with a standard HPR-3 variant of ISAV and a virus-enriched
fraction of ovarian fluid were independently loaded onto Formvar-coated
carbon grids for 1 min, excess liquid was carefully withdrawn with What-
man no. 1 filter paper, and the cells were stained with 10 pl of 1% aqueous
uranyl acetate followed by a 10-min incubation at 37°C before visualiza-
tion with an electron microscope.

Evaluation of viral infectivity. The SHK-1 Salmo salar macrophage-
like continuous cell line (24) was maintained at 18°C in Leibovitz medium
(L-15; Gibco, Invitrogen, United Kingdom) supplemented with penicillin
(100TU ml™ ), streptomycin (100 gml™"), and 15% fetal calf serum (FCS;
Gibco). Cells were grown at a high cell density and infected with ISAV-
containing clarified ovarian fluid in triplicate. The RNA was extracted 24
h later for evaluation.

Immunofluorescence staining for confocal microscopy. SHK-1 cells
were grown in 24-well tissue culture plates (Orange Scientific) containing
sterile coverslips and infected with the putative virus recovered from the ovar-
ian fluid and eggs of one fish as well as with a standard ISAV as a positive
control. The cultures were incubated at 17°C, and at 24 h postinfection, cells
were fixed with 4% formaldehyde in 0.13 M phosphate buffer at pH 7.4 and at
room temperature for 15 min and washed with PBS. Cells were then perme-
abilized for 1 h at room temperature with 0.1% Triton X-100 in 1 X PBS. The
cells were fixed, and cell sections were blocked with 3% bovine serum albu-
min (BSA) containing 0.5% Tween 20 for 30 min at 37°C (25). A monoclonal
antibody against the ISAV nucleoprotein (clone 2C2/H4; Grupo Bios, Bios-
Chile) diluted 1:500 in 1 X PBS and 3% BSA (26) was incubated overnight at
4°C, detected by using a goat anti-mouse antibody conjugated with Alexa
Fluor 568 (Life Technologies, USA) diluted 1:1,000 in 1X PBS and 3% BSA,
and incubated for 1 h at room temperature. For wheat germ agglutinin
(WGA) depiction, samples were stained with 5 pg/ml Alexa Fluor 488-con-
jugated WGA (Invitrogen, USA) for 1 h at room temperature. Slides were
prepared by using Vectashield mounting medium. Image acquisition was
performed with a Leica TCSSP5 II confocal microscope, and samples were
observed under a 100X lens.

High-resolution melting analysis. Samples were analyzed as de-
scribed previously by our laboratory (27). Briefly, PCR-amplified samples
and controls were analyzed by using high-resolution melting (HRM)-
PCR carried out with a dilution (1:1,000) of Melt DoctorHRM Master
Mix (Applied Biosystems, USA) and our previously validated primers.
The resulting amplicons were resolved in a 2% agarose gel in 1% Tris-
borate-EDTA (TBE) buffer at 100 V for 30 min and visualized with a
Photocapture system (Bio-Imaging System, Ltd., Israel). Amplification
and melt curve analysis were then performed on an Applied Biosystems
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TABLE 1 qRT-PCR analysis of genomic segment 8 and cellular ELF*

Cyvalue
RNA concn Cellular

Sample (ng/pl) Segment 8  ELF*
Organ pool,? fish 1 ND 15.0 21.6
Organ pool,” fish 2 ND 36.16 21.3
Clarified ovarian fluid, fish 1° 12.3 29.37 31.34
Clarified ovarian fluid, fish 2 70.6 37.87 >38
Pellet ovarian fluid, fish 1 13.4 21.47 ND
Pellet ovarian fluid, fish 2 102.6 31.34 ND
Whole egg, fish 1 9.8 324 26.54
Internal egg fluid, fish 1 2.2 31.55 35.17
Whole egg, fish 2/ 4.5 38.16 29.78
Remaining infective virus® (1 hp.i.)  17.8 28.8 29.1
SHK-1 cells (24 h p.i.) 31.1 23.7 26.97
SHK-1 cells (24 h p.i.) 1.3 25.18 24.3

“ ELF, elongation factor 1 alpha; ND, not done; p.i., postinfection.

b See reference 21.

¢ See reference 22.

“ Data provided by SERNAPESCA Chile, obtained from two independent, officially
recognized diagnostic laboratories.

¢ Source for infection of SHK-1 cells.

Source for infection of SHK-1 cells.

Step One instrument. The HRM curves, the shape of the curve, and the
melting temperature (7,,) differences were internally normalized with
High Resolution Melt v2.0 software.

Denaturant gradient gel electrophoresis (DGGE) analysis. Samples
were analyzed as described previously by our laboratory (28). Briefly,
GC-clamped and validated primers were used to obtain specific ampli-
cons, which were further resolved by their migration on an 8% polyacryl-
amide-30 to 60% denaturant (100% denaturant equal to 7 M urea and
40% deionized formamide) gradient gel in 1 X Tris-acetate EDTA (TAE)
buffer run at 150 V and 56°C for 90 min. The gel was stained with 3X
GelRed (Biotium, Inc., CA, USA) and photographed with the Photo Cap-
ture system. Amplicon bands were recovered and sequenced.

Ethical considerations. Tissue samples from fish were obtained from
the surveillance program for fish disease in Chile. Fish were not killed for
the purpose of this study. All sampling was performed according regula-
tions of SERNAPESCA (Chilean government institution in charge of fish
health) and carried out in strict compliance with the recommendations in
chapter 7.4 of the Aquatic Animal Health Code of the World Organization
for Animal Health (OIE, Paris, France) (3). Every effort was made to
minimize animal suffering in all procedures.

FIG 1 Electron microscopy analysis of ISAV from eggs and ovarian fluid. (A to C) Sectioned eggs; (D) supernatant from an in vitro infection with an ISAV HPR-3
variant; (E and F) ovarian fluid. (A) The arrow shows a membranous connection between a virus particle and the membrane of the egg. (B) Magnification of three
clearly distinctive viral particles inside the egg. (C) General view of numerous viral particles inside the egg. (D) Typical viral structure of an in vitro-grown ISAV.
(E) Pelleted virus from ovarian fluid. (F) Direct staining of 15 pl of ovarian fluid. Scale bars, 200 nm.
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FIG 2 Confocal microscopy analysis of infectious ISAV over SHK-1 tissue culture cells (magnification, X 100). Detection was obtained after staining of fixed cells
with an anti-ISAV NP protein monoclonal antibody and an Alexa Fluor 647-conjugated secondary antibody at 24 h postinfection for infection with an ovarian
fluid-enriched viral fraction (A), infection with an intracellular egg-enriched viral fraction (B), standard ISAV infection (C), and noninfected cells (D). Nuclear
membranes are depicted in green with Alexa Fluor 488-conjugated wheat germ agglutinin (WGA), and reactive ISAV NP is shown in red with Alexa Fluor 568.

Scale bars, 25 pm.

RESULTS

In order to validate the information provided by SERNAP-
ESCA that two asymptomatic female brood fish from a fresh-
water farm tested positive for ISAV with Cvalues indicative of
high and low viral loads, respectively, we decided to further
analyze both fish regarding the viral sequence content in their
ovarian fluid and eggs by means of QRT-PCR. The results are
summarized in Table 1.

Considering that both the ovarian fluid and the eggs tested
positive for ISAV, although with different quantitative results for
each fish (Table 1), we decided to continue working with the fish
that presumptively contained a higher viral load in order to eval-
uate the possibility of detecting the virus intact in one or both
compartments. Thus, samples were prepared for transmission
electron microscopy analysis, and the results are shown in Fig. 1.

Once we visualized putative ISAV in both compartments, we
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decided to examine the infectivity potential of the observed struc-
tures. In order to do so, an aliquot of the clarified ovarian fluid
from fish 1 (Table 1) was used to infect ASK-1 cells to evaluate the
fate of infection 24 h later, timing that we routinely use in the
laboratory to evaluate infectivity from in vivo samples. A parallel
infection with a highly aggressive HPR-3 ISAV variant was used as
a positive control. Potential infection was assessed by confocal
microscopy using a monoclonal antibody elicited against the nu-
cleocapsid protein of ISAV. The results are shown in Fig. 2.

After confirmation that both the ovarian fluid and the eggs were
enriched with ISAV and that the virus recovered from the ovarian
fluid was infective in vitro, we aimed to further characterize the RNA
type of the ISAV variant(s). We decided to use two complementary
and highly sensitive procedures to accurately and thoroughly deter-
mine the potential variability of the highly polymorphic region in
viral (29-31) genomic segment 6, which defines ISAV variants.
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FIG 3 High-resolution melting profiles for ISAV genomic segment 6. Orange, ovarian fluid; green, intraegg fluid; black, reference ISAV HPR-3 variant. The inset

shows the reference HRM standard variants HPR-0 (red) and HPR-7b (blue).

Figure 3 shows the high-resolution melting (HRM) profiles for
targeted amplicons derived from the HPR region of viral genomic
segment 6 obtained from the ovarian fluid RNA as well as that
obtained from the RNA recovered from the interior of the eggs. In
both cases, a perfect match was obtained with the established pro-
files for the ISAV HPR-3 variant.

As a confirmatory experiment, the same amplicons were pro-
cessed for denaturant gradient gel electrophoresis (DGGE). Fig-
ure 4 clearly shows a unique band for both samples which matches
that of the ISAV HPR-3 variant.

DISCUSSION

The biological mechanisms involved in the transmission of infec-
tious salmon anemia virus (ISAV) remain largely unclear. Al-
though horizontal transmission seems to be highly accepted
among the scientific community and a well-understood fact under
experimental conditions, general controversy surrounds the pos-
sibility that vertical transmission may exist under natural condi-
tions. Unfortunately, as of today, robust experimental data are
lacking to confirm and/or rule out this possibility. Nevertheless,
there are a number of distinctive features associated with the bi-
ology of this virus that support its existence. First, subclinical in-
fections with an apparently noninfective variant of the virus
(HPR-0) seem to play an important although puzzling role in the
pathogenesis of the virus worldwide (7, 29, 32); second, all species
of salmonid fish cultivated in Chile were introduced primarily
from northern Europe, thus ruling out a putative local source for
the virus incubated in a local reservoir (29); and third, all eggs
initially imported to Chile came from Norway, where the first
outbreaks and description of the disease were reported (8).

In this study, we report that freshwater-reared Atlantic salmon
(Salmo salar) brood stock fish, two randomly chosen phenotypi-
cally healthy female specimens, turned out to be systemic carriers
of an epizootic virulent strain of infectious salmon anemia virus
(HPR-3). Not only does our analysis of the ovarian fluids as well as
the eggs of both fish demonstrate the presence of the virus in both
compartments, it was also seen that the viruses recovered from
both fractions were highly infective to an established fish cell line

6016 jviasm.org

CONTROLS

SAMPLES
HPR-0 HPR-7B HPR-3

FIG 4 Denaturant gradient gel electrophoresis characterization of the HPR
region of ISAV genomic segment 6. (A) Ovarian fluid; (B) intraegg fluid; (C)
tissue culture-grown HPR-3 variant. The control panel shows profiles for the
highly infective HPR-7b variant, the avirulent HPR-0 variant, and the virulent
HPR-3 variant.
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ATCACAGATGTAAAAATCAGGGTAGACGCAATCCCACCTCAGCTGAACCAAACATTCA

TTTCTATGGGTGTAGCAGGTTTTGGGATTG
Amino acid Sequence:

ITDVKIRVDAIPPQLNQTFISMGVAGFGI

960 980 1000 1020
\ \ | |

1040 1060 1080 2000 2020
\ | | | |

EU118820ISGHPRO
Translation+1

190

MREVALHKEMISKLQRNITDVKIRVDAIPPQLNQTFNTNQVEQPATSVLSNIFISMGVAGFGI

JN711068IS6GHPR3
Translation+1

MREVALHKEMISKLQRNITDVEKIRVDAIPPQLNQT

139
FISMGVAGFGI

FIG 5 Sequencing and alignment of the HPR-3 variant sequence. The length of the sequenced amplicon is 137 bp and matches the available GenBank sequence
reported under accession number JN711068, which lies between bp 994 and 1080, corresponding to HPR-3.

(Fig. 2), which is suggestive of functional vertical transmission, a
cryptic fear shared by most scientists and producers. Interest-
ingly enough, virus recovered from eggs of fish 2, whose organs
displayed a high C; value, which is indicative of a low viral load
(Table 1), was demonstrated to be highly infective, as unequiv-
ocally shown in Fig. 2B. Moreover, the comparatively higher
NP protein labeling observed in the cytoplasm of infected cells
might even be suggestive of a higher degree of aggressiveness of
the egg-recovered virus. We have also demonstrated that the
viral variant encountered in these two compartments perfectly
matches the one detected in the initial analysis of the pooled
organs. Sequences of all samples indicate that the variant re-
covered is HPR-3 (Fig. 5), and since we have grown and cloned
this variant virus, we used the corresponding amplicon as a
marker in the DGGE analysis (Fig. 4).

Nevertheless, there is an intrinsic puzzling contradiction with
these results. The sole variant detected in these two fully asymp-
tomatic members of a brood stock corresponded to the HPR-3
type, which is known to be an unquestionably epizootic ISAV
variant in vivo and which is also highly aggressive when passaged
in vitro. We do not have a solid explanation for this interesting
fact, and it therefore requires further analysis. Nonetheless, a se-
lected number of observations gathered from the reference litera-
ture on the behavior of the virus offer alternatives that may help to
elucidate this dilemma. First, the targeted brood fish from this
study came from a freshwater unit, an environment in which ISAV
has been extensively detected both in natural environments as well
as under confined rearing conditions and without clinical expres-
sion. This may suggest that ISAV, independent of its potential
aggressiveness, persists in a carrier stage under freshwater condi-
tions. Second, most diagnostic procedures for ISAV rely on PCR
alternatives concentrating primarily on the amplification of a con-
served sequence of genomic segment 8 (19) or, alternatively, on
the selective amplification of the HPR region of the genomic seg-
ment which defines infective variants (6). However, ISAV is a
regular orthomyxovirus with 8 subgenomic segments, prone to
reassortment and recombinatorial events of more than one vari-
ant in the same organism. This alternative has not been covered by
our analysis, and it cannot be ruled out, as it might occur and may
attenuate viral expression under different environmental condi-
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tions. Last but not least, the putative avirulent HPR-0 variant,
which represents the “complete” virus with an intact HPR region
in segment 6, has been proposed to be the master virus from which
all virulent variants are derived by specific deletions in the HPR
region (30). HPR-0 is the most prevalent and an almost common-
place ISAV form in all farms worldwide, particularly after viral
outbreaks. It is our impression that it represents a clever strategy
for viral self-regulation, and the coexistence of more than one viral
variant in the same fish, organ, or cell might contribute to defining
the eventual infectivity. In conclusion, for the first time, unequiv-
ocal vertical transmission is demonstrated for ISAV in vivo, and
this is suggestive of a persistent stage of the virus in fish main-
tained under freshwater conditions.
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