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Infectious salmon anemia (ISA) is a serious disease of marine-farmed Atlantic salmon (Salmo salar) caused by ISA virus (ISAV),
belonging to the genus Isavirus, family Orthomyxoviridae. There is an urgent need to understand the virulence factors and
pathogenic mechanisms of ISAV and to develop new vaccine approaches. Using a recombinant molecular biology approach, we
report the development of a plasmid-based reverse genetic system for ISAV, which includes the use of a novel fish promoter, the
Atlantic salmon internal transcribed spacer region 1 (ITS-1). Salmon cells cotransfected with pSS-URG-based vectors expressing
the eight viral RNA segments and four cytomegalovirus (CMV)-based vectors that express the four proteins of the ISAV ribonu-
cleoprotein complex allowed the generation of infectious recombinant ISAV (rISAV). We generated three recombinant viruses,
wild-type rISAV®*'-? and rISAVrS*N""HFR containing a Notl restriction site and rISAVS¥FSFPHPR harhoring the open reading
frame of enhanced green fluorescent protein (EGFP), both within the highly polymorphic region (HPR) of segment 6. All rescued
viruses showed replication activity and cytopathic effect in Atlantic salmon kidney-infected cells. The fluorescent recombinant
viruses also showed a characteristic cytopathic effect in salmon cells, and the viruses replicated to a titer of 6.5 X 10> PFU/ml,
similar to that of the wild-type virus. This novel reverse genetics system offers a powerful tool to study the molecular biology of
ISAV and to develop a new generation of ISAV vaccines to prevent and mitigate ISAV infection, which has had a profound effect

on the salmon industry.

nfectious salmon anemia (ISA) is a disease that principally af-

fects Atlantic salmon (Salmo salar), which has caused enormous
losses to salmon farming worldwide (1, 2). ISA was first reported
in 1984 in Norway (3) and subsequently was identified in Canada
(4), Scotland (5), the United States (6), the Faroe Islands (Den-
mark) (6), and Chile (7). The etiological agent of this disease is the
infectious salmon anemia virus (ISAV), a pleomorphic enveloped
virus with a diameter of 45 to 140 nm, which belongs to the family
Orthomyxoviridae (8). Its genome has 8 negative-polarity single-
stranded RNA (ssRNA) segments that encode 10 proteins. Se-
quence similarity analyses of the genomes of different ISAV iso-
lates show significant variation in the coding regions. In contrast,
the untranslated regions (UTR) at both ends of each segment are
highly conserved (9-11), as has been described for other ortho-
myxoviruses as well (e.g., influenza A and B viruses) (12).

There is little knowledge at present about the functions of the
ISAV proteins. Bioinformatic analyses of the sequences predict
that segments 1, 2, and 4 encode the subunits of the RNA-depen-
dent RNA polymerase (RdRp), analogous to PB2, PB1, and PA,
respectively, of the influenza A virus. Segment 3 encodes the nu-
cleoprotein (NP), which has been reported to have the capacity to
bind ssRNA (13). For influenza virus, it has been shown that these
four proteins are associated with the eight segments of the viral
RNA to form ribonucleoprotein complexes (RNPCs) (14). These
eight RNPCs are the smallest infectious units required to initiate
viral replication (14). Segment 5 encodes the fusion protein (F),
which has been shown to be present on the surface of the viral
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membrane and allows the fusion of the membrane of the viral
particle with the cellular endosome in the first stages of infection,
resulting in the release of the RNPCs to the cytoplasm (15). Seg-
ment 6 encodes the hemagglutinin-esterase (HE) protein, which is
also present on the viral surface and whose function is to bind
sialic acid residues of the cellular receptor (16). The HE protein
also presents receptor-destroying enzyme activity that favors the
release of new viral particles that emerge from the cellular mem-
brane (17). In contrast to what is observed in the hemagglutinin of
the influenza A virus, in which the stalk region is highly conserved,
ithas been reported that the ISAV HE protein has a highly variable
region toward the carboxyl terminus near the transmembrane re-
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gion, called the highly polymorphic region (HPR) based on its
high degree of polymorphism (18). The HPR encodes 35 amino
acids, and approximately 30 variants have been reported in Eu-
rope, North America, and Chile (19-21). It has been postulated
that this is due to a deletion phenomenon based on an ancestral
strain with alonger HPR, named HPRO (22). The first HPRO strain
that did not present clinical signs of ISA was identified in Scotland
in wild salmon and was catalogued as avirulent (23). In contrast,
strains that have deletions in this region are capable of producing
clinical signs associated with a virulent phenotype of ISAV. Seg-
ment 7 encodes nonstructural proteins analogous to NS1 and NS2
of the influenza A virus (24). Finally, segment 8 encodes a tran-
script that contains two overlapping open reading frames (ORFs).
ORF1 encodes the matrix protein (M), while ORF2 encodes the
M2 protein, which has been shown to be involved in modulating
the response of type I interferon (IFN) together with the NS1
protein (25).

The detailed study of the influenza virus has been possible
thanks to the development of reverse genetic systems, which allow
the manipulation of the viral genome. This has allowed us to de-
termine virulence markers and pathogenic determinants of differ-
ent viral strains, as well as to study the functions of viral proteins in
detail (26). The most commonly used reverse genetic system for
the influenza virus is based on cloned DNA plasmids that permit
transcription of the 8 genomic RNAs under the command of the
RNA polymerase I and the expression of the proteins that consti-
tute the viral RNA polymerase and NP under the command of
RNA polymerase II (27-29). Until now, there have been no re-
ports of a successful reverse genetic system for ISAV. An impor-
tant obstacle in generating such a system has been the lack of an
efficient promoter for RNA polymerase I, which, until now, had
not been described for the Atlantic salmon. As the promoters for
RNA polymerase I are strictly species specific, they do not have a
clear genetic structure and are found in the intergenic spacer (IGS)
region of ribosomal RNAs (30). Identifying the sequences corre-
sponding to the promoter for polymerase I and its enhancers is
difficult, considering that the IGS region in the Salmo genus varies
between 15 and 23 kb in length (31), highlighting the need for
developing plasmid technologies that can be used routinely in fish
cells.

There is an urgent need to understand the virulence factors and
pathogenic mechanisms of ISAV. Thus, we sought to develop and
implement a plasmid-based reverse genetic system to generate
recombinant ISAV (rISAV) as a tool to study the molecular biol-
ogy of this virus. Due to the need of a salmon species-specific
promoter with the characteristics of RNA polymerase I, we evalu-
ated the use of internal transcribed spacer region 1 (ITS-1) of 571
bp from Salmo salar, which has recently been described to contain
transcription promoter and regulator motifs in flatworms (32).
Here, we report the generation of the first reverse genetic system
for ISAV based on plasmids containing the salmon ITS-1 region as
a novel promoter element. This promoter proved to be key for
establishing a rescue system that allowed the modification of
the HPR of the HE protein (segment 6), which led to the gen-
eration an enhanced green fluorescent protein (EGFP)-labeled
rISAV.

MATERIALS AND METHODS

Cell lines. Atlantic salmon kidney (ASK) cells (CRL-2747; ATCC) were
cultured in Leibovitz medium (L-15; HyClone) supplemented with 50

February 2015 Volume 81 Number 4

Applied and Environmental Microbiology

Development of Reverse Genetic System for ISA Virus

pg/ml gentamicin, 10% fetal bovine serum (FBS; Corning Cellgro, Medi-
atech), 6 mM r-glutamine (Corning Cellgro, Mediatech), and 40 uM
B-mercaptoethanol (Gibco, Life Technologies). The RTG-2 cells (ECACC
90102529), from rainbow trout gonad tissue, were cultured in minimal
essential medium (MEM; HyClone) supplemented with 50 pg/ml genta-
micin, 10% FBS, 10 mM L-glutamine, 1% nonessential amino acids (Hy-
Clone), and 10 mM HEPES (HyClone). The CSE-119 cells, from Coho
salmon embryo (ECACC 95122019), were cultured in MEM supple-
mented with 50 pg/ml gentamicin, 10% FBS, 2 mM L-glutamine, and 1%
nonessential amino acids. Cell lines were grown at 16°C, unless other-
wise stated, without CO,, with the exception of CSE-119, which re-
quired 5% CO,.

Purification of ISAV particles. Virus was purified from 40 ml of cul-
ture supernatant from ASK cells on day 14 after infection with the
ISAV901_09 strain. The supernatant was clarified at 1,000 X g at 4°C for
20 min and then was ultracentrifuged at 133,200 X g for 2 h at 4°C. The
viral pellet was resuspended in 100 pl of TNE buffer (10 mM Tris-HCI, 0.1
M NaCl, 1 mM EDTA, pH 7.5) overnight at 4°C. The suspension was
loaded in 4 ml of a sucrose cushion at 20% (wt/vol) in TNE buffer and
ultracentrifuged at 124,200 X g at 4°C for 2 h. Finally, the purified pellet
was resuspended in 50 wl of TNE buffer.

VRNA extraction. Viral RNA (VRNA) was extracted from 50 pl of
purified ISAV901_09 virus using the commercial E.Z.N.A. total RNA
kit IT (Omega, Bio-Tek, Inc.) according to the supplier’s instructions.
The purified RNA then was quantified and stored at —80°C until use.

Bioinformatic analysis and primer design for amplification of the
viral genome of ISAV 901_09. Sequences were selected, including the
noncoding 5" and 3" UTR ends of the eight genomic segments, from
the publications of Fourrier et al., Kulshreshtha et al., and Merour et al.
(10, 33, 34). The sequences were from two Scottish isolates (390/98 and
982/08) (33), a Norwegian isolate (Glesvaer/2/90) (10), two Canadian
isolates (NBISAO1 and RPC NB 98-049) (34), and one Chilean isolate
(ADL-PM 3205 ISAV) (34). Multiple nucleotide (nt) alignments were
made with the ClustalW2 program (http://www.ebi.ac.uk/Tools/msa
/clustalw2/). Based on alignments made with the available sequences, uni-
versal primers were designed to amplify the complete ORF of the 8 viral
segments and part of the 5" and 3" UTRs of any ISAV strain (Table 1 and
Fig. 1). Thus, the full genome of the ISAV901_09 strain, except for the
regions covered by the primers at the end of the 5" and 3’ UTRs, was
amplified and sequenced.

RT-PCR. The ¢cDNA of the eight genomic segments was obtained by
reverse transcription-PCR (RT-PCR) using the SuperScript OneStep RT-
PCR system with platinum Taq DNA polymerase (Invitrogen) by follow-
ing the supplier’s instructions. The F (forward) and corresponding R (re-
verse) primers (10 wM) (Table 1) and 50 ng of viral RNA were used to
amplify the cDNA of each segment. The cycle conditions used were 50°C
for 30 min for the reverse transcription step, followed by 94°C for 2 min,
and then 35 cycles of 94°C for 15 s, an annealing step of 52°C (segments
la/1band 6) or 49°C (segments 2 to 5 and 7 to 8) for 30 s, 68°C for 2.2 min
(segments 1 to 4) or 1.5 min (segments 5 to 8), and a final extension of
68°C for 5 min.

Sequencing. The cDNA of the ISAV genomic segments was cloned in
the pGEM T Easy vector (Promega) according to the supplier’s instruc-
tions. The plasmids obtained were sequenced by standard methods (Mac-
rogen, South Korea) using universal primers for the T7 and SP6 promot-
ers, as well as internal primers for the segments, as described in Cottet et al.
(35). The sequences were edited and analyzed with the BioEdit sequence
alignment editor 7.1.3 program to generate a contig of each genomic
segment of ISAV901_09, which included the universal primer sequences
described above at the 3’ and 5" ends of the UTR. The complete sequences
of the eight segments of ISAV901_09 were obtained (GenBank accession
numbers KM262772, KM262773, KM262774, KM262775, KM262776,
KM262777,KM262778, and KM262779), and the entire viral genome was
synthesized (GenScript Co.). Each segment included the SaplI restriction
enzyme sites at the ends to allow for cloning the viral segment without
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TABLE 1 Primers for amplifying the complete eight segments of ISAV and the PB2, PB1, PA, and NP ORF from ISAV901_09

Primer sequence® (5 to 3")

Segment primer Forward Reverse

la AGCTAAGAATGGACTTTATATCAGAAAACACG AACCTTCGAAGCCAAACAGATAG

1b CAATATCAAGTCCGTTCGACGTGG AGTAAAAAATGGACATTTTATTGATTAAAAGTATCGTC
2 AGCAAAGAACGCTCTTTAATAACC AGTAAAAAATGCTCTTTTACTTATTAAAAAT

3 AGCAAAGATTGCTCAAATCCC AGTTAAAATTGCTCTTTTCTTTATTTG

4 AGCTAAGATTGGCTGTTTCAAGA AGTAAAAATTGGCTTTTTGGAAAA

5 AGTTAAAGATGGCTTTTCTAACAATTTT AGTAAAAATTGGCTATTTATACAATTAATAATG

6 AGCAAAGATGGCACGATTCA AGTAAAAAATGCACTTTTCTGTAAACG

7 AGCTAAGATTCTCCTTCTACAATGGA AGTAAAAATTCTCCTTTTCGTTTTAAA

8 AGCAAAGATTGGCTATCTACCA AGTAAAAAAAGGCTTTTTATCTTTTG

PB2 Ncol- ATGCCATGGACTTTATATCAGAAAACACGATCAGCG XhoI-CCGCTCGAGAACACCATATTCATCCATAGG

PB1 Smal-TCCCCCGGGAAACTCTAGTAGGTG XhoI-CCGCTCGAGAACACGCTTTTTCTTCTTAATCAC
NP Mlul-CGACGCGTCATGGCCGATAAAGGTATGAC Xbal-CGCTCTAGATCAAATGTCAGTGTCTTCCTC

PA Ncol-CATGCCATGGATAACCTCCGTGAATGCATAAACC XhoIl-CCGCTCGAGTTGGGTACTGACTGCAATTTTC

“ The restriction sites are underlined.

incorporating additional sequences and to avoid introducing errorsinthe ~ was named pSS-URG (for plasmid for Salmo salar universal reverse ge-
subsequent cloning into the pSS-URG vector. netics). Figure 2A shows a scheme of all the elements included in the

Universal pSS-URG plasmid-vector design. To obtain a plasmid for  plasmid for the correct transcription of the vVRNA. From left to right, the
the transcription of ISAV vRNA, a cassette was designed to incorporate  following elements are shown: the ITS-1 region of Salmo salar as a pro-
specific elements into the pUC57 plasmid. The newly constructed vector ~ moter (GenBank accession no. AF201312.1) (36), which contains tran-

cDNA(-) of 3'UTR of VRNA ISAV901_09

10 20 30 40
ascalavinlssssleossslonasfosnslesanlosanllonnslssn
segl _3'utr TCGATTCTY
seg2 3'utr TCGITICTTGCGAC AMTTATTGE
seg3 3'utr TCCTTTICTAACGAGTTTAGCETTTITTATTATCTICTTITGCATATICIC
segd 3'utr TCGATTCTAACCGACAAAGTTC
seg5 3'utr TCAATTIC
seg6_3'utr TCGITIC
seg7 3'utr TCGATTCTAAGAGGAAGATETT

seg8 3'utr TCGTTTCTAACCGATAGATEE

cDNA(-) of 5°UTR of vRNA ISAV901_09

10 0 0 “w $0 (1) 7 L) " 100
slsseslosas]osssalesrefoncanlosssfosnclssnsfonvaloscslosanlosssBasauluroshosesivesalennndvoesfovan]

segl 5'utr AGTTACTCACAAARAGTTATARCGACAR CRAR
seg2 5'utr ARARCACACTACCACATATATGOGARAACATAATTATTT
seg3 3'utr TTGACGTGATACACTTAATTGATCARTGAG - ATACAATACTACGTGAR  ATTACTTTGATACTATATTARCC CAAACCCATAATAATAATTTTART
segd 5'utr CAACARCAR ATGA
seg5 5'utr TARCAGAAAGACGACCARIAARGAGACATCTATTGAAT AT ARARCAAACGTTCCTAAAACAT ACATAATCCTGGARRT A ACCT
segé_5'utr AATACTTTCTTTCTGTTGATACAATTITCAATTACTCACA TARGATTACACTAARATTAAAATTTCTACATACAT TTTARTA
seg? 5'utr TCAATCGAR ACR CTAGATTTTTCATIGATTACTGITIT ATACA TARTR
segd 5'utr TARTTAGT AGAGTTATGAGT IAATACAAT ATGATTTARARCCACTACT TAGATTTCTIIAGARCARCIFAGCTARRGAT ACACARCTTACC

e 120 130 140 150 150

o bas eaateile-imsi] wnieifas el v oss Jas v ] endl avece s fisnnel o nte:e [orestsl]

segl 5'utr GAAARCAACACATTCAGAAACTGCTATGARARTITAT  TTATTTTACAGGTARARAATG!
seg2 3'utr GACACACATTATTGCCTTAACTGCTATATARAAATTA TTCATTTTCTCGTARARAATGA
seg3 5'utr TTAACTATGCCATARCTG CTATAR ATGTTTATT TCITTTCTCGTTARAAT TGA
segd 5'utr ACATTTARCA ACACACAAACTGCTATACATARAARG GTTTITIC GGTTARARATGA
seg3 5'utr ATTARATCTTTAGACATAARCTARTACGTARTARTTARCATATTTATCGGTTARRAATGR
segé_5'utr AFACCAACTTCTGCAAGAACTACRRCATGCAARTG T CTTTTCACGTARARAATGR
seg? 5'utr CRACATGTACCACARACTACTATTAIGGATTT TGCTTTTCCTCTTARARATGAR
segd 5'utr CTATARRCCCAACACATGAACTAGTR ATATGITTT CTATTTTTCCCAARRAAATGR

FIG 1 Alignment of 3’ and 5’ noncoding region sequences of the 8 genomic segments of the ISAV 901_09 isolate. Multiple alignments of the noncoding
sequences were obtained from the cell-adapted ISAV 901_09 strain.
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FIG 2 Generation of the universal reverse genetics system for ISAV. (A) Schematic of the design of the pSS-URG, pSS-URG/S6-Notl, and pSS-URG/S6-EGFP-
HPR cassettes. The universal vector contains the sequence of the S. salar promoter (SS prom), the hammerhead ribozyme (HH rib), the ribozyme of the hepatitis
8 virus (HDV rib), and the transcription terminator of the rabbit 8-globin (Term). The pSS-URG/S6-Not and pSS-URG/S6-EGFP-HPR plasmids contain the
cDNA of the antisense and inverted sequence of segment 6, which include the 5" and 3’ UTRs and their respective modifications, the NotI restriction site, or the
sequence encoding EGFP. (B) RT-PCR of segment 6-NotI-HPR from salmon ASK cells transfected with the pSS-URG/S6-NotI-HPR plasmid. RT-PCR products
of segment 6 containing the Notl restriction site within the HPR of HE at different times postinfection. The RT-PCR products of salmon eFla were used as

housekeeping genes. ASK cells were transfected using Fugene 6 (Promega) with the pSS-URG/S6-NotI-HPR plasmid.

scription-promoting elements; the sequence of the hammerhead (HH)
ribozyme (37); two Sapl restriction sites; the hepatitis delta ribozyme ()
(38); and the transcription terminator of rabbit beta globin. This design
allows us to insert any ISAV genomic segment without incorporating
additional sequences at either end of the VRNA. We then cloned the cDNA
of each complete ISAV segment in this plasmid using the Sapl enzyme.
The plasmids obtained for each segment were named pSS-URG/1 (PB2),
pSS-URG/2 (PB1), pSS-URG/3 (PA), pSS-URG/4 (NP), pSS-URG/5,
pSS-URG/6, pSS-URG/7, and pSS-URG/8.

pSS-UGR/S6-NotI-HPR and pSS-UGR/S6-EGFP-HPR plasmids.
Constructs containing a Notl sequence tag or EGFP were designed based
on the pSS-URG/6 vector, which has the complete inverted and antisense
genomic sequence (including the 3" and 5" UTRs) of segment 6 of ISAV
901_09. The plasmid pSS-UGR/S6-NotI-HPR, containing exactly nine
nucleotides (in brackets) corresponding to the restriction site for Notl
enzyme added in frame in the HPR (5'-GTAGCA[GCGGCCGCA]A-
CATCT-3' from nt 1015 to 1036) (Fig. 2A), was synthesized as described
before using pUC57 as the background vector. To generate the pSS-URG/
S6-EGFP-HPR plasmid, the sequence that encodes EGFP from the
pEGFP-C1 plasmid (Clontech) was amplified using EGFP primers
flanked by NotI restriction sites and then was introduced in frame into the
Notl site of pSS-UGR/S6-NotI-HPR vector.

Generation of PB2, PB1, PA, and NP protein expression vectors. The
ORFs of segments 1, 2, 3, and 4 of ISA 901_09, which encode PB2, PB1,
NP, and PA, respectively (35), were amplified and cloned in the pGEM T
Easy vector and then were used as templates to perform a high-fidelity
PCR using Pfx platinum (Invitrogen) with specific primers to amplify
each gene (Table 1). The pTriex3 vector (Novagen), which contains a
CMYV promoter, was used to clone the ORFs of PB2 and PA, using the
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Ncol and Xhol restriction sites, and the PB1 ORF was cloned using the
Smal and Xhol restriction sites. The ORF encoding NP was cloned into
the pCI-neo vector (Promega) using the Mlul and Xbal restriction
sites.

Time course analysis of ASK cells transfected with the pSS-URG/S6-
NotI-HPR vector by ex vivo transcription assay. ASK cells were seeded
at a density of 2.5 X 10*/cm? per well in 24-well plates (SPL) in L-15
medium and cultured at 18°C until reaching 80% confluence. The cells
were transfected with the pSS-URG/S6-NotI-HPR vector, using Fu-
gene 6 (Promega), at a ratio of 1:6. The cells were incubated at 16°C for
3 h. The mixture then was removed and the cells were washed twice
with phosphate-buffered saline (PBS), after which the time course of
transcription was analyzed at 0, 3, 6, 9, 12, and 15 h posttransfection
(hpt). At each time point, total RNA was extracted from the wells. The
DNA was eliminated with RQ-DNase treatment (Promega). The RNA
obtained was used to perform an RT-PCR with a primer containing the
NotlI restriction site (Table 2). The RT step was done with 200 U/l of
the Moloney murine leukemia virus reverse transcriptase (MMLV;
New England BioLabs) in a final volume of 25 pl according to the
supplier’s specifications. The cDNA then was used for a PCR using the
Paq5000 DNA polymerase (Agilent Technologies). The PCR was set up
as recommended by the manufacturer, utilizing the S6-NotI F and the
S6-5'UTR R primers at 10 uM and 10 pl of cDNA obtained during the
RT step. The cycle conditions used were 95°C for 2 min; 30 cycles at
95°C for 20 s, 53°C for 20 s, and 72°C for 30 s; and a final extension of
72°C for 5 min. The PCR products were visualized by electrophoresis
in a 2% agarose gel. To demonstrate that RNA inputs had similar
levels, salmon eFla was used as a housekeeping gene (39).
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TABLE 2 Primers for amplifying VRNA of S6-NotI and for detection of
VRNA of S6-EGFP-HPR and absolute quantification of segment 8

Primer Sequence (5’ to 3")

F S6-Notl GTAGCAGCGGCCGCA

R S6-5"UTR AGTAAAAAATGCACTTTTCTGAAACG
F S6 TGAGGGAGGTAGCATTGCAT

R S6 AAGCAACAGACAGGCTCGAT

F EGFP CTGGAAGTTCATCTGCACCAC

R EGFP TGCTCAGGTAGTGGTTGTC

F S8 GAAGAGTCAGGATGCCAAGACG

R S8 GAAGTCGATGAACTGCAGCGA

Modeling the HE protein of ISAV901_09 with GFP inserted within
the HPR region. The HE sequence of ISAV 901_09 was obtained from the
GenBank database (ADF36510.1) and then aligned with the aid of
ClustalW (40) in the context of sequences of the crystal structure of the
glycoprotein hemagglutinin-esterase-fusion (HEF) of influenza virus C
(PDB entry 1FLC) (41). The PSIPRED prediction server for secondary
structures was used to corroborate that the alignment had been done
correctly (http://bioinf.cs.ucl.ac.uk/psipred/) (42). The final model of
the ISAV 901_09 HE proteinwas obtained using the Modeler 9v9 software,
which subsequently was refined and quality tested with the Anolea pro-
gram. Finally, the Discovery Studio 3.5 program was used to construct the
structure of HE-GFP-HPR, using the GFP crystal structure (PDB entry
1KYS). Minimization then was carried out with NAMD and CHARMM
force field methods (43). Final images were obtained with the VMD pro-
gram (44).

Generation of rISAV from cloned plasmids. To generate recombi-
nant ISAV (rISAV), ASK cells were seeded at a density of 2.5 X 10*
cells/cm? in 8- or 12-well Nunc plates (Lab-Tek IT chamber slide sys-
tem; Thermo Scientific) and then incubated for 72 h at 18°C. The cells
were transfected as described above. To generate rISAVo1-90 we used
250 ng of each of the expression vectors pTriex-3-PB2, pTriex-3-PB1,
pTriex-3-PA, and pCI-neo-NP and 1 pg of the combined eight
pSS-URG  plasmids (pSS-URG/1 to pSS-URG/8). The rescue of
rISAVSeNOIHPR 9 ([SAVSCEGEP-HPR 1vas done as described above by
replacing pSS-URG/6 with the respective plasmid. The cells then were
incubated with 1 ml of L-15 medium for 7 days at 16°C.

Detection of rISAVS¢Nt"HPR ;3 AGK cells. The supernatant from the
ASK cells transfected with the plasmid mixture containing the pSS-UGR/
S6-NotI-HPR vector were collected at 7 days posttransfection (dpt; pas-
sage 0 [PO] of rISAVSeNOHPR) g after passages 1 and 2. The total RNAs
extracted were used to detect the VRNA of S6-NotI-HPR by RT-PCR as
described above, using the specific primers for segment 6 Notl (Table 2).

Infection of ASK cells with rISAVSSESFPHPR AQK cells were seeded
as described above and grown at 16°C until reaching 90% confluence. The
cells then were washed twice with PBS, and blind infection passages were
made with 100 wl of a 1:10 dilution of supernatant in L-15 medium with-
out FBS but with 50 ug/ml gentamicin, either from PO at 7 days posttrans-
fection or from the different passages of rISAVS¢-EGIP-HPR,

The infected cells were incubated for 4 h at 16°C with the virus inocula
and then washed twice with PBS, and 500 pl of L-15 medium with 10%
FBS and 50 p.g/ml gentamicin was added and then incubated for 7 days at
16°C. This procedure was repeated every 7 days until the fourth passage of
rISAVSOEGFP-HPR “The supernatant from each passage was stored at
—20°C until its subsequent analysis.

Analysis of rISAVSSFGFP-HPR yRNA by RT-PCR and qRT-PCR. To
detect rISAVSOEGFP-HPR “otal RNA was extracted from 350 pl of super-
natant from ASK cells transfected with the 12 plasmids at 7 days posttrans-
fection (PO of rISAVS¢ESFF-HPR) 1 supernatants from the first to fourth
blind passages. The RNA was treated with RNase-free DNase (Promega)
before RT-PCR analysis. The primers F-UTR-S6 (Table 1), F-S6, and R-
EGFP (Table 2) were used for the reverse transcription reaction with the
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MMLV RT enzyme (200 U/pl; Promega) as recommended by the sup-
plier. The GoTaq Green master mix (Promega) and the F-S6 or F-EGFP
and R-S6 or R-EGFP primers were used for the PCR analysis. The cycling
program used for EGFP was 95°C for 2 min; 35 cycles at 95°C for 30 s,
59.1°C for 30 s, and 72°C for 30 s; and a final extension of 72°C for 5 min.
For S6 or S6-EGFP, the annealing was performed at 54°C. In all cases, each
PCR product was reamplified using the same pair of primers and then was
visualized in a 1% agarose gel. Real-time quantitative RT-PCR (qRT-
PCR) was used to determine the vVRNA copies using the absolute quanti-
fication method described by Munir and Kibenge (45), where a standard
curve based on the pSS-URG/S8 plasmid was used. The qRT-PCR analysis
was carried out with an Eco real-time PCR system (Illumina) and the
SensiMix SYBR Hi-ROX kit (Bioline) according to the manufacturer’s
instructions, using the primers F-S8 and R-S8 (Table 2). The cycling con-
ditions used for segment 8 were one cycle of 10 min at 95°C, followed by 40
cycles of 15sat 95°C, 15 sat 60°C, and 15 s at 72°C. After the amplification,
a disassociation cycle was run as 30 s at 95°C, 30 s at 55°C, and 30 s at 95°C.
This procedure was carried out for the 4th passages of the recombinant
virus. The results obtained were analyzed with the EcoStudy software.

Confocal microscopy. At day 7 postinfection, ASK cells infected with
rISAVSOEGFPHPR 41 each passage of the recombinant virus were ana-
lyzed by confocal microscopy using the procedures described by Rivas-
Aravena et al. (46). The fixed cells were observed with an LSM 510 (Zeiss)
confocal microscope with the LSM image browser program to detect
rISAVS6-EGEP-HPR by EGFP fluorescence. In addition, rISAV was detected
by monoclonal anti-HE (BiosChile) as previously described (46).

Titration by plaque assay. ASK cells were seeded at a density of 2.5 X
10* cells/cm® per well in a 12-well plate (SPL) and were incubated at 16°C
until reaching 100% confluence. The wild-type (WT) and recombinant
ISAV strains were titrated by following the procedure described by Cas-
tillo-Cerda et al. (47).

Fluorescence quantification assay for rISAVSSEGFP-HPR AQK cells
were seeded at a density of 2.5 X 10" cells/cm? per well in a 48-well plate
and incubated at 16°C until reaching 100% confluence. The virus pro-
duced during the 4th passage of rISAVS¢FSFP-HPR yraq titrated by making
serial 10-fold dilutions from 10™" to 10~ ° in L-15 medium without FBS.
The culture medium was removed, 400 .l of viral inoculum was added to
each well, and then the wells were incubated for 4 h at 16°C to absorb the
virus to the cells. The inoculum then was removed from the wells, the cells
were washed twice with PBS, and L-15 medium was added. The plates
were incubated for 7 days at 16°C, at which time the supernatants from the
wells were analyzed and the fluorescence was quantified with a Nanoquant
Infinite M200 pro instrument (Tecan, Austria) by excitation at 485 nm
and emission at 535 nm. These supernatants also were used to extract total
RNA and for subsequent qRT-PCR to quantify the VRNA of ISAV seg-
ment 8, as described above.

Time course of infection of ISAV901 09, rISAV’°-% and
rISAVSS/EGFP-HPR ‘5 QK RTG-2, and CSE-119 cells were infected at a mul-
tiplicity of infection (MOI) of 0.01 with the 4th passage of rISAVS¢/EGFP-HPR
or the 4th passages of rISAV®*'-** and wild-type ISAV901_09 as controls. The
time course of infection was performed using samples obtained at 0, 2, 4, and
7 days postinfection (dpi). RNA then was extracted and treated with RNase-
free DNase, followed by gqRT-PCR to quantify the vRNA from segment 8 to
determine the copy numbers from all of the cell culture supernatants (45).

Electron microscopy. ASK cells were seeded as described above and
were grown at 16°C until reaching 90% confluence. The cells were infected
with 400 wl of a 1:10 dilution of the 4th passage of [SAVS¢/EGFP-HER
the 4th passages of rISAV®*'-% and WT ISAV901_09 as controls, 4 days
postinfection. The cells were fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.2, for 6 h at room temperature and washed with
0.1 M sodium cacodylate buffer at pH 7.2 for 18 h at 4°C. Samples were
fixed with 1% aqueous osmium tetroxide for 90 min, and after soaking
with distilled water, they were stained with 1% aqueous uranyl acetate for
60 min. The samples were dehydrated in a battery of acetone with increas-
ing concentrations, 50, 70, 95 (two times), and 100% (three times), for 20
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FIG 3 Rescue of plasmid-based reverse genetics system for ISAV. Shown is the detection of segment 6 with NotI from supernatants of ASK cells cotransfected
with 8 pSS-URG genomic segment (segments 1 to 8) plasmids with (8pSS-URG + 4P) or without (8pSS-URG) four plasmids expressing the proteins of RNPC.
The supernatant from transfected (P0) and infected cells after the first two blind passages with the rISAV were analyzed by RT-PCR 7 days postinoculation. Data
show triplicate transfections (I to III) for each condition. Products were visualized by agarose electrophoresis. St, standard molecular weight marker in bp; control

Cel., cells without transfection and/or infection.

min each time. The samples were embedded in epon resin-acetone at 1:1
overnight and then embedded in pure epon resin that was polymerized at
60°C for 24 h. Fine cuts (60 to 70 nm) were obtained in a Sorval MT-5000
ultramicrotome, arranged on copper grids, and stained with uranyl ace-
tate 4% in methanol for 2 min and lead citrate for 5 min. The samples then
were observed with a Philips Tecnai 12 microscope at 80 kV.

Nucleotide sequence accession numbers. The sequences of the eight
segments of ISAV901_09 determined in the course of this work were depos-
ited in GenBank under accession numbers KM262772, KM262773,
KM262774, KM262775, KM262776, KM262777, KM262778, and
KM262779.

RESULTS

Viral genome of the ISAV 901_09 cell culture-adapted strain. To
establish an optimal genetic background to develop a reverse ge-
netic system, we sequenced the complete genome of the ISAV
901_09 (HPR 1c) isolate, which has been adapted to cell culture in
ASK cells. We first made sequence alignments of the 5" and 3’
noncoding regions (UTR) of six ISAV isolates, two Scottish
(390/98 and 982/08), one Norwegian (Glesvaer/2/90), two Cana-
dian (NBISAO1 and RPC NB 98-049), and one Chilean (ADL-PM
3205 ISAV), which showed high conservation for all genomic seg-
ments, as shown for segment 6 (see Fig. S1 in the supplemental
material). These alignments allowed us to design universal prim-
ers (Table 1) that were used to amplify the complete genome of the
Chilean ISAV strain 901_09 at passage 30. The length of the se-
quences of the eight viral genomic segments ranged from 2,267 nt
to 906 nt for segments 1 to 8, respectively. The sequences of the 3’
UTRs were found to be from 7 nt in segment 6 to 48 nt in segment
3 (Fig. 1). There were no size differences compared to the previ-
ously described 3" UTRs for the six genomes analyzed, except for
the addition of one nucleotide in the 3" UTR of segment 7 in the
Chilean ISAV 901_09 isolate. The 5" UTR also was highly con-
served. The sequences of ISAV 901_09 UTRs varied from 67 nu-
cleotides in segment 4 to 147 nt in segment 3 (Fig. 1). The align-
ment of the sequenced UTRs indicated that ISAV 901_09 had the
same length as and a high level of similarity to the ISAV Glesvaer/
2/90 strain, with sequence identity between 97% and 98%.
Generation of a universal vector for ISAV reverse genetics.
To generate a vector that expresses the segments of the full-length
viral RNA without additional nucleotides, we took advantage of
synthetic biology and made a novel design that integrated ele-
ments used previously in the reverse genetics systems of RNA
viruses, such as the hammerhead ribozyme and the ribozyme of
the hepatitis delta virus (3), together with genomic elements of the
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Salmo salar species. The designed vector was called pSS-URG and
was used as the backbone to develop a universal reverse genetic
plasmid for ISAV.

The synthesized pSS-URG plasmid was used to subclone the
eight ISAV genomic segments based on synthetic genomes that
contained the Sapl restriction sites (data not shown). To demon-
strate the downstream generation of recombinant viruses, two
genetic elements were inserted in the HPR of segment 6 of the
pSS-URG/6 plasmid. We generated the vector pSS-URG/S6-Notl-
HPR, which includes the NotlI restriction site, and a second ge-
netic variant that included the EGFP sequence that was named
pSS-URG/S6-EGFP-HPR (Fig. 2A).

The ITS-1 region of Salmo salar is a functional promoter in
the pSS-URG vector. In order to determine if the elements in-
cluded in the vector allow for the transcription of viral RNA
in salmon cells and to test the functionality of the ITS-1 region of
Salmo salar as a promoter, we transfected ASK cells with the pSS-
URG/S6-NotI-HPR plasmid in an ex vivo transcription assay. To
determine the transcription activity of the construct, we con-
ducted an RT-PCR to detect VRNA at 0, 3, 6,9, 12, and 15 hpt. The
reverse transcription reaction was conducted with a single primer
complementary to the Notl restriction site, followed by PCR. Sur-
prisingly, the analysis showed a PCR product as early as 3 hpt and
increased transcription activity by 15 hpt (Fig. 2B). The RT-PCR
products of the eFla housekeeping gene show that the RNA input
has a similar level at each time analyzed. This indicated that the
cells transfected with the pSS-URG/S6-NotI-HPR plasmid gener-
ated RNA containing the Notl restriction site, confirming the
ITS-1 region of Salmo salar as a fully functional promoter element
in salmon cells.

Rescuing a fully recombinant ISAV. As has been reported for
influenza virus, the minimal functional unit of the virus is the
ribonucleoprotein complex (RNPC), which contains vVRNA
bound by multiple copies of NP and by the viral polymerase, in-
cluding the PB1, PB2, and PA subunits. With the aim of establish-
ing the RNPC in salmon cells, we cloned the ORFs of segments 1
to 4 of ISAV901_09 into a CMV expression vector (plasmids
pTRiex3-PB2, pTRiex3-PB1, pTRiex3-PA, and pCI-neo-NP). To
generate rISAVS®NUHPR CAGK cells were cotransfected with 12
plasmids, the four expression vectors and eight reverse genetic
pSS-URG plasmids containing the genomic segments 1, 2, 3, 4, 5,
7,and 8 of ISAV901_09, as well as segment 6, containing NotI as a
molecular marker (Seg6-NotI-HPR). To amplify and determine
the presence of recombinant virus, two blind passages were made
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FIG 4 Crystal structure model of HE and HE-GFP chimeric proteins. (A)
Cartoon representation of crystal structure model of the ISAV HE protein
obtained by homology modeling using the HEF protein from influenza C virus
(PDB entry 1FLC). (B) Modeling of the HE protein structure of ISAV901_09
containing EGFP inserted within HPR. Protein structures are modeled embed-
ded in a lipid membrane. The secondary structures represent the 3-sheet (yel-
low), alpha helix (purple), short alpha helix (blue), unstructured chain (gray),
and loop chain (green/cyan).

in ASK cells infected with supernatants obtained from the trans-
fections or the subsequent infections. The presence of VRNA from
segment 6 (Notl/HPR) was detected by RT-PCR, yielding a
product of the expected size (306 bp) in RNA extracted from
the supernatant of the viral passages (Fig. 3), indicating the
presence of infectious virus. Consequently, a fully recombinant
rISAVSe-N-HPR peplication-competent virus was rescued and
detected in the supernatant after multiple passages. This virus
produced cytopathic effect (CPE) during infection in all of the
passages, resembling the plaque morphology, replication activ-
ity, and CPE seen with the WT ISAV901_09.

The HPR region of HE protein allows the introduction of
EGFP. With the objective of determining whether modifications

HPR

333

to the HPR of the ISAV HE protein could alter the correct folding
of its structure, we modeled the complete HE protein associated
with the membrane. Figure 4A shows the monomer we propose of
the complete HE protein embedded in a lipid membrane (of phos-
phatidyl oleoyl phosphatidylcholine [POPC]), which presented a
relaxed structure when reaching its minimum energy using a full-
atom molecular-dynamics simulation. We also modeled the HE
monomer protein incorporating GFP within the HPR (HE-GFP).
Analysis of the minimum of free energy of the model showed that
proteins, the POPC membrane, water, and ions that participate in
interactions achieve stability within 1 ns of molecular dynamics
(MD) simulation. The final energy obtained was approximately
—600,000 kcal/mol. Both models confirmed that the monomers
maintain stable structures throughout the MD analysis (see Fig. S2
in the supplemental material). In both models, the stabilization of
the amino and carboxyl ends of the protein can be observed above
and below the membrane, respectively. The models also show that
the secondary structure that maintains the HE monomer an-
chored to the membrane is an alpha helix from the transmem-
brane domain of the protein. Finally, we observed that the GFP
protein did not modify the correct conformation of the HE pro-
tein when it was incorporated into the HPR, locating itself on one
side of the protein stem in close contact with the upper face of the
bilipid membrane.

Generation and rescue of a fluorescent rISAV
facilitate tracing the virus in ex vivo assays, an rISAV containing
the EGFP label was generated in ASK cells by transfection with 12
plasmids, which included the pSS-URG/S6-EGFP-HPR plasmid
(segment 6) that contains EGFP within the HPR of the HE protein
(rISAVSCEGFF-HPRY (Fig 9 A). To confirm the proper transcription
of the full HE-EGFP chimeric gene produced from recombinant
virus, we used RT-PCR to analyze the vVRNA present in cell culture
supernatants (P0) at 7 dpt. Transcription of the full vVRNA was
analyzed by utilizing specific primers (Table 2) directed to the
EGFP gene only, segment 6 only, and the chimeric region contain-
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FIG 5 Transcription of HE-EGFP vRNA from rISAV. RT-PCR of RNA from supernatant of cells cotransfected with 12 plasmids, including the pSS-URG/S6-
EGFP-HPR plasmid, used to generate rISAVS/FSFP-HPR yRNA was amplified utilizing specific primers (Table 2) directed to the EGFP gene only (left), segment
6 only (middle), and the chimeric region containing part of both segment 6 and EGFP (right). Mock corresponds to supernatants from untransfected ASK cells,
ISAV_901_09 corresponds to supernatant obtained from ASK cells infected with the WT ISAV 901 strain, and rISAV3**SFPHPR ¢orresponds to supernatants
obtained from ASK cells infected with rISAVS¢/ECFP-HPR ‘Experiments were performed two times with similar results.
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FIG 6 Expression of EGFP from the rISAVS*EGFPHFR yiryg Confocal microscopy of ASK cells infected with PO supernatant of rISAVS®/EGFP-HPR 5t 7 dayg

postinfection. Mock corresponds to uninfected ASK cells, and rISA

S6/EGFP-HPR
V /.

corresponds to ASK cells infected with PO supernatant. EGFP is shown in green,

and red signals show the nuclei of cells stained with propidium iodine (PI). Scale bar, 50 pm.

ing part of both segment 6 and EGFP (Fig. 5). Products of the
expected sizes were obtained for the HE of the wild-type virus
(~300 bp) and the recombinant virus containing the HE-EGFP
protein (1,000 bp). Amplification of an internal region of the
EGFP gene yielded a product of ~500 bp, which, as expected, was
not present in the genome of the WT virus. A similar result was
obtained for the amplification of the S6-EGFP overlapping region
(~800 bp), which was obtained only for the rISAV®¢FCFP-HPR
transfected cells.

To elucidate whether these strategies resulted in the generation
of rISAV, we cotransfected ASK cells with the eight pSS-URG
genomic plasmids, including the segment 6 pSS-URG/S6-EGFP-
HPR plasmid, but without cotransfecting the four RNPC expres-
sion plasmids, or we cotransfected the four expression plasmids
together with the pSS-URG/S6-EGFP-HPR plasmids but without
the remaining seven pSS-URG genomic plasmids. VRNA from
segment 6 was detected only in the supernatant of transfected ASK
cells, but no vVRNA was detected in the subsequent passages (data
not shown). These results indicate that rISAV is rescued and de-
tected only from supernatant of cells that were cotransfected with
the 12 plasmids, confirming the importance of providing all of the
components of the RNPC to achieve successful gene transcription
to generate viral particles.

Infection capacity and stability of the rISAVS®-FGFP-HPR
EGFP fluorescence was used as a reporter to determine if the su-
pernatant of ASK cells transfected with 12 plasmids effectively
contain the rISAVrS®*FPHPR variant with characteristics of an
infectious agent. ASK cells infected with this supernatant were
analyzed by confocal microscopy at 7 days postinfection to deter-
mine the presence of progeny rISAVS¢FCFP-HPR harticles, EGFP
signal was visualized in infected cells, which corresponded to the
first passage of rISAVS¢ ESFPHFR (Rig ) where the EGFP protein
was distributed mainly in the cytoplasm and toward the plasma
membrane of infected cells.

rISAVSCECGFF-HPR 1yas passaged blindly four times in ASK cells,
with 7-day intervals, to assess its capacity to maintain its infective-
ness and fluorescence. The supernatant from each passage was
subjected to RT-PCR to detect VRNA of HE-EGFP from segment
6. Products of the correct size were obtained for EGFP, segment 6,
and S6-EGFP (Fig. 7), indicating the presence of the intact and
stable chimeric segment 6 containing the EGFP gene in the ana-
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lyzed supernatants of all viral passages. To further confirm that
each of the four passages produced infectious virus with the
fluorescent label, the infected ASK cells were analyzed by con-
focal microscopy. The infected cells analyzed for each passage
had the expected EGFP signal (Fig. 8) after each passage. This
suggests that the region of the HE protein chosen to incorpo-
rate EGFP is not affected and also indicates the correct folding
of both HE and EGFP. The titration of the three initial passages
showed no plaques; in contrast, the fourth blind passage of the
rISAVSC-EGEP-HPR that was titrated by plaque assay had a titer of
6.5 X 10° PFU/ml. This was equivalent to 3.63 X 10° copies/ml
of segment 8 as determined by qRT-PCR. The virus obtained at
this passage showed plaques with sizes similar to those ob-
tained for WT ISAV901_09 (Fig. 9). Overall, this confirmed the
generation of a stable rISAV containing a chimeric HE-GFP
gene capable of infecting, replicating, and propagating after
multiple passages without losing fluorescence activity.

The correlation between viral copies of ISAVr>¢FCFF-HPR g g
measured fluorescence. Given that the rISAVr* PSP HPR vipyg
shows characteristics similar to those of the WT virus in ASK cells,
we determined whether there was a correlation between the viral
load and EGFP fluorescence in the infection supernatant pro-
duced by this rISAV. qRT-PCR analysis of rISAVS®EGFPHPR 4¢
serial dilutions and EGFP quantification established that there is a
direct relationship between the fluorescence detected and viral
titer of the solution. The serially passaged virus was found to have
an intensity of fluorescence of 500 U/ml per titer of 1 X 10° cop-
ies/ml of segment 8 (high-dilution sample) and 2,500 U/ml per
titer of 3.6 X 10° copies/ml (low-dilution sample) (Fig. 10). It is
interesting that fluorescence showed linear behavior, increasing in
each dilution until 2,500 U/ml, with no difference seen between
the two last dilutions. In contrast, the virus titers in the number of
segment 8 copies per ml showed no linear behavior in the dilution
analysis caused by the variability obtained in qRT-PCR analysis.
This indicates that the EGFP signal can be used as a reliable read-
out of infection.

Time course of rISAVS¢FGFPHPR replication in salmon cell
lines. To determine whether the rISAVS* PSP HPR yiryg main-
tains the host infection range of WT ISAV901_09, we studied
its capacity to infect and replicate in cells from other salmon
species (i.e., RTG-2 and CSE-119 cells) and in the permissive
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FIG 7 Rescuing of an EGFP-labeled rISAV. RNA was extracted from the supernatants from the first to fourth passages (P1 to P4) of rISAVS¥/ECFP-HPR brohagated
in ASK cells for 7 days postinfection and analyzed with RT-PCR to detect chimeric vRNA utilizing specific primers (Table 2). vVRNA was amplified for the EGFP
gene only (left), segment 6 only (middle), or the chimeric region containing part of both segment 6 and EGFP (right). Controls include a sample lacking RNA
(H,O) and RNA obtained from mock transfection, which corresponds to untransfected ASK cells. ISAV_901_09 corresponds to ASK cells infected with the WT
ISAV 901 strain, and rISAVS¥/EGFPHPR corresponds to supernatants from ASK cells infected with rISAVS¢/ESFPHPR £ four sequential blind passages. Experi-

ments were performed two times with similar results.

ASK cells. Infection was conducted over 7 days using passage 4
of the rISAVS¢ESFF-HPR yirys and was compared to that using
WT ISAV 901_09 and passage 4 of the rISAV®*'-"’ virus. vVRNA
from segment 8 was quantified at 0, 2, 4, and 7 dpi by qRT-PCR

EGFP PI Merge
MOCK . . .
- . . .
o . . .
o . .
o . . .

FIG 8 Confocal microscopy of ASK cells infected with rISAVS®/FSGFP-HPR 4 fier
sequential passages. Detection of EGFP at day 7 postinfection of ASK cells with
supernatant from passages 1 to 4. Mock corresponds to uninfected ASK cells.
Cells infected with the rISAVS*/ECFP-HPR quring each passage are shown in
green by EGFP fluorescence. Red signal shows the nuclei of cells stained with
propidium iodine (PI). Scale bar, 100 pm.
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in supernatants from infected cells. As expected, none of the
three viruses grew in RTG-2 or CSE-119 cells (Fig. 11A and B).
However, the time course of replication in ASK cells showed
that initially the WT ISAV 901_09 virus replicated faster than
the rISAVr®! and rISAV®¢FSFPHPR yiryses. The number of
copies of the recombinant viruses increased by 2 dpi, reaching
~1x10° copies/ml, similar to the values for the WT virus. The
number of copies did not increase from days 2 to 4 postinfec-
tion, but by 7 dpi the number of copies had increased by at least
10-fold, indicating that in this interval at least one replicative
cycle had occurred (Fig. 11C). Thus, although the recombinant

Mock

ISAV901_09

rISAV S6/EGFP-HPR

FIG 9 Plaque phenotype of rISAVS¥FSFPHPR Titration by plaque assay for
rISAVSC/EGEPHPR ¢ hassage 4 compared to titration of WT ISA 901_09. Infec-
tion was performed in ASK cells for 10 days. Plaques were visualized by crystal
violet staining.
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FIG 10 Relationship between fluorescence intensity and viral load of rISAVS*FSFPHPR The virus produced during the 4th passage of rISAVSSFGFPHPR aq
titrated by making serial 10-fold dilutions, from 10" to 10™¢, that were inoculated onto ASK cells. Cultures were incubated for 7 days postinfection, at which
time VRNA was quantified by QRT-PCR of segment 8. The fluorescent intensity of EGFP in the supernatant was quantified by excitation at 485 nm and emission
at 535 nm. Error bars correspond to the standard deviations from six samples per time point.

viruses showed slightly slower replication kinetics, these results  infection range, at least in the ex vivo assays. It is worth noting
suggest that introducing EGFP within the HPR of the HE pro-  that the virus titration by plaque assays from supernatants de-
tein does not drastically alter the replicative capacity of picted in Fig. 11C showed that the level of recombinant virus
rISAVSCEGFP-HPR i ASK cells, nor does it broaden the host had increased at 7 dpi to reach 1 X10° PFU/ml (Fig. 11D).
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FIG 11 Time course analysis of salmon cell infection by rISAV. vVRNA from segment 8 was quantified by qRT-PCR to determine the copy number from cell
culture supernatants at the indicated time points postinfection with WT ISAV901_09, rISAV**'-%°, or rISAVS*/EGFP-HPR RTG_2 (A), CSE-119 (B), and ASK (C)
cells were inoculated at an MOI of 0.01, as determined by the 50% tissue culture infectious dose. Each time point represents the averages from six replicates per
time point for each virus. (D) Plaque assay results to determine the viral titer in PFU/ml from ASK cell culture supernatants shown in panel C at the indicated time
points postinfection. Each time point represents the averages from two replicates per time point for each virus. Error bars represent the standard deviations.
Statistical analysis was performed with nonparametric one-way analysis of variance (Kruskal-Wallis) and Dunn’s multiple-comparison test. o, ISAV901_09
versus rISAV??!; B, ISAV901_09 versus rISAVS®/ECFP-HPR, o, F IS AVOT yersys rISAVSC/EGIP-HPR
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FIG 12 Electron microscopy analysis of recombinant ISAV from sectioned infected ASK cells. Shown are cytoplasmic membrane with budding ISAV particles
obtained from infection with WT ISAV 901_09 (A), rISAVS¢-EGFPHPR (B) "and rISAV?*'-*? (C). (D) Endosome section showing rISAV?*'-% particles inside
endosomes with some of the viral particles, which are undergoing the initial steps of membrane fusion. Scale bars, 200 nm.

Electron microscopy of recombinant ISAV. In order to deter-
mine if the molecular detection of vVRNA and the results of fluo-
rescence analysis are related to the formation of virus particles
generated by our reverse genetic system, ASK cells infected with
WT ISAV 901 09 and both recombinant rISAVSC-ECFP-HPR 414
rISAV®?'-% in passage 4 were visualized by transmission electron
microscopy. Figure 12 shows the budding of spherical particles in
the cytoplasmic membrane, with diameters of ~100 nm. The vi-
rus-like particles observed suggest the successful formation of
competent virions.

DISCUSSION

Despite the severe economic losses caused by ISAV in Chile and in
other salmon-farming countries (1), few studies have been con-
ducted at the molecular biology level to gain a deep understanding
of the virus-host interactions. Here, we report the development of
a successful reverse genetic system for manipulating and generat-
ing rISAV from plasmid DNA. This new technology offers an im-
portant tool for understanding virulence factors and for the de-
velopment of novel treatment and vaccine strategies against ISAV
(48).

The fundamental requirement for developing a reverse genetic
system for a virus with an RNA genome is the need for providing
the entire replication machinery responsible for viral transcrip-
tion and replication (26). However, unlike the viruses with a pos-
itive-sense ssRNA genome, where the genome often acts as the
mRNA, viruses with a negative-sense ssRNA genome require ad-
ditional considerations in the design of a rescue system. Drawing
on the experience of the influenza virus field, in this study we
sought to generate a plasmid-based reverse genetic system de-
signed to deliver into cells the eight viral genomic segments to-
gether with the four RNPC proteins (49). One limitation in the
development of our system was the lack of complete genome se-
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quences publicly available for Chilean ISAV strains. In this study,
we report and use the genome of an ISAV with the HPR1c¢ geno-
type (ISAV 901_09), an isolate from the 2008 outbreak in Chile
(35), which is adapted to cell culture.

Additionally, another consideration was to find elements of the
proximal promoter for RNA polymerase I (Pol I) of Salmo salar.
However, the full length of the IGS region is between 15 and 23 kb
in the Salmo genus (31), making it extremely difficult to distin-
guish an appropriate promoter in this region, which has a high
level of complexity and does not present sequence conservation
among individuals of different species (30). Thus, its use in plas-
mid-based vectors is virtually impossible. Due to the need for
using an RNA Pol I-like promoter of discrete size and the feasibil-
ity of including it in a plasmid-based construction, we focused our
attention on a recently described region in the ribosomal DNA of
Salmo salar, the ITS-1. Bioinformatic evidence using the flatworm
ITS-1 region showed that it could contain transcription promoter
elements with characteristics of functional ancestral sequences
(32). We inferred that ITS-1 could have the same function in fish
cells; therefore, we used this element as a promoter in our plasmid
system. In addition, to prevent the generation of vVRNA con-
taining additional nucleotides at its ends that could affect the
correct interaction between the vRNA ends and the viral poly-
merase, in the plasmid the cDNA template was flanked by the
sequences of the hammerhead ribozyme in the 5’ end and the
ribozyme of the hepatitis & virus in the 3’ end (Fig. 2). Of
interest, the simultaneous use of both ribozymes was reported
recently in a replicon system in the salmon alphavirus (50).
Finally, the terminator sequence of rabbit B-globin was added
to the design of the cassette to ensure the correct completion of
transcription (51). With the strategic incorporation of these
elements in the plasmid system, the ASK cells did not require
any in trans element to generate recombinant ISAV.
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Because the universal vector designed included a promoter
that was not previously described, it was necessary to determine
that the pSS-URG/S6-NotI-HPR plasmid was functional and fully
capable of expressing VRNA. The time course of transcription in
ASK cells detected the vVRNA as early as 3 hpt (Fig. 2B). RT-PCR
analysis directed to the HH ribozyme and hepatitis 8 ribozyme
sequences did not result in an amplification product (data not
shown), indicating that the RNA product was immediately auto-
cleaved after transcription. Analysis using a unique primer in the
RT step that recognized the NotlI restriction sequence showed that
the designed plasmid was functional and generated modified RNA
without the need for using a restriction enzyme digestion, as was
originally shown for influenza virus (52). Therefore, in this plas-
mid system the VRNA synthesized under the command of the
ITS-1 region of Salmo salar generated a faithful copy of the cDNA
cloned in the pSS-URG plasmid in ex vivo assays (Fig. 2B); thus,
ITS-1 showed promoter activity similar to that of an RNA Pol I
promoter (53). This successful demonstration that the ITS-1 re-
gion of vertebrates like Salmo salar has functional active promoter
elements (data not shown) provides an important biotechnolog-
ical advance to use such elements for molecular biology studies,
opening a range of uses for these promoters (30). In addition,
ITS-1 should be given particular attention, since it can be further
exploited to develop reverse genetic systems for other RNA viruses
of diverse fish species.

Since the WT ISAV901_09 strain yielded high titers in cell cul-
ture in a short time period (47), we inferred that rescue attempts
using this genotype as a background would have a higher proba-
bility of generating replication-competent progeny viruses with
greater efficiency in ASK cells. Thus, we generated a set of plas-
mids containing the 8 antisense genomic segments of the WT
ISAV901_09 strain. In addition, we generated vectors to ex-
press the viral polymerase and the NP proteins of ISAV. As
previously shown for influenza virus, we cotransfected 12 plas-
mids to provide all of the necessary genetic elements and pro-
teins to form the eight RNPCs to initiate viral transcription and
replication (26, 29).

Analysis of three transfection replicates and the two subse-
quent blind passages indicated that only one of the three replicates
generated a stable recombinant virus (Fig. 3), most likely due to
the low rate of transfection of ASK cells. An additional explanation
for this could be the genetic instability of the recombinant virus
after subsequent passages. Nevertheless, we could detect the
vRNA containing the NotI site in subsequent passages of one res-
cue transfection attempt, suggesting a low rescue efficiency. To
discard the possibility that this RNA was being expressed by car-
ryover pSS-URG/S6-NotI-HPR plasmid and not from viral parti-
cles, we decided to incorporate the more robust marker, EGFP.
Having the EGFP reporter protein expressed and packaged in the
viral particle facilitates the detection of recombinant virus to track
infections in real time. Thus, this allows the study of the distinct
stages of the replication cycle, including following the infection
of the virus in cell culture and complete organisms (54), as has
been shown for recombinant influenza viruses labeled with
GFP (54, 55).

Segment 6, encoding HE protein, is one of the major and most
antigenic proteins of the virus (56), and it retains functionality
despite a high variation in the length of its stalk due to the exis-
tence of a highly polymorphic region. The HPR can contain nat-
ural deletions, which have been related to the acquisition of an in
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vivo virulent phenotype, possibly derived from an ancestral avir-
ulent strain, HPRO (20). Additionally, it has been shown previ-
ously through the expression of recombinant proteins that
variations in these zones do not affect the function of HE (17).
Consequently, we proposed that the HPR has the necessary plas-
ticity to make modifications that will not be detrimental to the
viability of the virus and its infection and replication capacity, and
that its modification has a low probability of altering the function
and structure of this protein. Indeed, modeling the monomer of
the HE protein embedded in a lipidic bilayer allowed us to deter-
mine that the HPR would be a loop without defined secondary
structure (Fig. 4). Based on its sequence plasticity, we hypothe-
sized that the HPR could support the insertion of a larger struc-
ture, like that of EGFP. The modeling of the chimeric HE-GFP
protein showed a structure as stable as that of the wild-type HE
monomer (Fig. 4; also see Fig. S2 in the supplemental material),
suggesting that this region can be modified without greatly alter-
ing the main structure and function of the protein and its associ-
ation with the viral membrane. Thus, we took advantage of the
Notl restriction site and cloned the EGFP coding sequence within
the HPR of segment 6 of ISAV. Our approach allowed us to detect
the rISAV genome containing the EGFP gene in the supernatant
of transfected cells (Fig. 5). We could not detect the rISAV genome
in the supernatants of the cells in which the four vectors express-
ing the proteins of the RNPC were excluded from the transfection
mix. These results strongly suggest that the putative functions
proposed for the proteins encoded by segments 1, 2, and 4 are the
subunits of the viral polymerase (57). Moreover, detection of
EGFP vRNA within segment 6 in cell supernatant (Fig. 5) also
suggested that this VRNA could be packaged in the viral particle, as
was later confirmed by electron microscopy analysis of the prog-
eny recombinant virus (Fig. 12).

To provide additional proof that we had obtained an infectious
rISAV labeled with EGFP, we analyzed infected cells by confocal
microscopy. EGFP signal (Fig. 6) was detected in cells infected
with the EGFP rISAV present in cell supernatants, suggesting that
the recombinant VRNA detected forms part of a viral particle.
Moreover, this suggests that it possesses functional HE-EGFP, ca-
pable of interacting with the cell receptor and infecting ASK cells,
as well as showing the characteristic cytopathic effect (e.g., foci of
fused cells) seen with the WT ISAV (56, 58). Thanks to the B barrel
structure of GFP and its fluorescent capacity, this protein has been
fused to other viral proteins without interfering in its correct fold-
ing and consequently permitting the formation of native viral cap-
sids. An example of this was reported earlier for the hepatitis B
virus, where the fusion of GFP with HBcAg does not interfere
with the formation of virus-like particles (59). Our data
showed that the EGFP rISAV generated is stable after four suc-
cessive passages in cell culture without losing its modification
(Fig. 7). Florescent microcopy of cells infected at each passage
indicated an efficient infection, as revealed by an increase in the
EGFP signal (Fig. 8), confirming that for at least the first four
passages, the rISAVS®/ESFPHPR v 5 remained stable and infec-
tious. It is noteworthy that the distribution of EGFP from rl-
SAVSS/EGFP-HPR 15 calized mainly in the form of vesicles at the
perinuclear region toward the plasma membrane and widely
distributed in the cytoplasm (Fig. 8), which mimics the pattern
of localization of the WT HE during viral infection in cell cul-
ture (56, 58). Furthermore, colocalization of the HE protein
with EGFP signal (see Fig. S4 in the supplemental material) also
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demonstrated that the chimeric protein remained functional as
part of the viral particle. Altogether, these findings indicate that
the region of the HE protein chosen to incorporate EGFP has
the plasticity to incorporate exogenous domains without alter-
ing the correct protein folding and consequently the function-
ality of the HE protein in this recombinant virus. These results
also suggest that our plasmid system can be used to introduce
additional peptides or proteins, which can be a valuable ap-
proach in the development of multiepitope vaccines, as has
been described for an adenoviral vector that was used to create
a chimeric protein expressing the mammalian reovirus o1 pro-
tein at the end of the fiber protein domain (60).

rISAVSS/EGEPHER 5 infectious and mirrors the capacity of the
WT ISAV901_09 strain to produce cytopathic effects in ASK cells.
The fourth passage of the recombinant virus was capable of gen-
erating plaques and grew to a titer of 6.5 X 10> PFU/ml (Fig. 9),
similar to the titers typically obtained for WT ISAV901_09 (47).
Of note, qRT-PCR indicated a titer of 3.63 X 10° copies of seg-
ment 8/ml, which suggests that not all of the replicative viral par-
ticles generated in the cell become infectious viruses, a phenome-
non described previously for the WT ISAV (47). Nonetheless,
analysis of a known concentration of rISAVS/EGFPHPR ectablished
that there is a close relationship between the quantity of viral ge-
nomes and the quantified fluorescent units (Fig. 10). Therefore,
direct quantitation of the EGFP signal provides a valuable tool to
study inhibitors of entry and replication kinetics, as has been pre-
viously reported for influenza virus using viruses that express GFP
to assess antiviral efficacy (61, 62).

Given the characteristics of the ISAV with the HPRO genotype,
which contains a full-length HPR region, it is catalogued as avir-
ulent and incapable of replicating in other commonly used cell
cultures (48). For instance, it has been shown that ISAV 901_09
virus can infect SHK-1 and ASK cells (47, 63). However, other
ISAV strains with different HPR lengths can be isolated from di-
verse cell lines (4, 8, 63—65). Thus, we reasoned that the incorpo-
ration of a large sequence within the HPR of segment 6 affects its
infection capacity in cell culture; therefore, it was important to
assess the capacity of the rISAVS* PSP HPR virys to replicate in
different cell lines. Time-course analyses of infection in CSE-119
(Pacific salmon) and RTG-2 (rainbow trout) cells showed no rep-
lication of any of the viruses studied (e.g., WT ISAV 901_09,
rISAV?P1-99 ) or rISAVSYECEP-HPR) "1n contrast, the three viruses
infected ASK cells and had equivalent replication kinetics and viral
titers after 7 days (Fig. 11C). rISAVrS®FFPHPR replicated to levels
comparable to those of the WT ISAV 901_09 virus, as assessed by
plaque assay during 7 dpi (Fig. 11D). Overall, these findings sug-
gest that a modification of the HE genome within the HPR is not
detrimental to the replicative capacity of the recombinant viruses,
which retain the infection capacity of the WT virus, at least in ex
vivo conditions.

In summary, we developed a novel reverse genetics system
based on a functional plasmid containing a novel promoter de-
rived from ITS-1 that is capable of expressing intact genomic
VvRNA, allowing the full rescue of infectious rISAV. This novel
platform also allowed us to modify the genome of the virus, taking
advantage of the plasticity of the HPR region of the HE protein to
generate a stable infectious virus expressing EGFP with character-
istics resembling those of the WT virus. This is a major advance in
the field and has enormous potential for studying molecular pro-
cesses and functions, host-virus interactions, and still-unknown
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virulence factors that are critical to better understanding the mo-
lecular biology of ISAV and to develop new antiviral therapies and
more effective vaccines, which is of paramount importance for
salmon-producing countries.
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