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The infectious salmon anemia virus (ISAV), an orthomyxovirus, is the major cause of outbreaks of high
mortality rates in salmon in Chile. It has been proposed that the virulence of ISAV isolates lies mainly in
hemagglutinin-esterase and fusion glycoproteins. However, based on current information, the contribution of
other viral genes cannot be ruled out. To study this, we isolated and determined the complete coding sequence
of two high-prevalence Chilean isolates associated with outbreaks of high mortality rates: ISAV752_09 and
ISAV901_09. These isolates were compared to 15 Norwegian isolates that exhibit differences in their virulence.
For this purpose, we performed bioinformatic analyses of (i) functional domains, (ii) specific mutations, (iii)
Bayesian phylogenetics, and (iv) structural comparisons between ISAV and influenza virus glycoproteins by
using molecular modeling. Phylogenetic analysis shows two genogroups for each protein, one of them contain-
ing the Chilean isolates. The gene sequence of the polymerase complex and nucleoprotein indicated that they
are closely related to homologues from highly pathogenic Norwegian viruses. Notably, seven of the eight
mutations that are present only in the Chilean isolates are on the polymerase complex and nucleoprotein.
Structural modeling of hemagglutinin-esterase shows patches of variable residues on its surface. Fusion
protein modeling shows that insertions are flexible regions that could affect proteolytic processing, increasing
either the accessibility or the number of recognition sites for specific proteases. We found antigenic drift
processes related to insertion into the isolated segment 5 of the ISAV752_09. Our results confirm the European
origin of Chilean isolates to be the result of reassortments from Norwegian ancestors.

The infectious salmon anemia virus (ISAV) is a pathogen
that principally affects Atlantic salmon, causing multisystemic
disorders. It has been associated with high mortality in the
aquaculture industry since 1984 (38). The cumulative mortality
associated with each outbreak of ISAV in Norway and other
countries is very high, reaching 100% in some cases (8, 25, 38,
45, 66). ISAV is a member of the Orthomyxoviridae family, and
is the only member of the Isavirus genus (41, 52). ISAV shows
a pleomorphic structure, with spiky projections composed of
hemagglutinin-esterase protein. It interacts with the sialic acid
receptor (28) and the fusion protein that induces the fusion
between viral and endosomal membranes (4). Similar to influ-
enza A and B viruses, ISAV displays eight segments of nega-
tive single-stranded RNA (10); it has been suggested that
ISAV uses its own polymerase to copy and transcribe its ge-
nome. The function of most proteins encoded by the segments
of ISAV has been assigned according to their similarities to the
proteins encoded by the influenza A virus. Thus, polymerase,
which in influenza A virus synthesizes both mRNA and vRNA,
is constituted by three putative proteins coded by segment 1

(polymerase basic 2, PB2 [72]), segment 2 (polymerase basic 1,
PB1 [41]), and segment 4 (polymerase acid, PA [3, 64, 72]).
Segment 3 codes for nucleoprotein, NP, which participates in
vRNA transport to the nucleus (3).

In the influenza A virus, hemagglutinin (HA) protein is
coded by segment 4 and is responsible for sialic acid recogni-
tion (28), erythrocyte agglutination (20), and fusion between
the viral membrane and the endosome (4). Unlike influenza A
viruses, where hemagglutinin and fusion activity are present in
the same polypeptide chain, fusion and hemagglutinin activity
in ISAV correspond to two independent proteins coded by
segments 5 and 6, respectively, making ISAV the first member
of the Orthomyxoviridae family having these activities in differ-
ent proteins (4). Furthermore, for ISAV, hemagglutinin pro-
tein displays a receptor-destroying activity in the same protein,
like influenza C virus; hence, it is called hemagglutinin-ester-
ase (HE) (40). The fusion protein in ISAV is synthesized as a
precursor protein designated as F0. For fusion between viral
and cellular membranes, F0 must be cleaved by cellular pro-
teases to generate F1 and F2, which are held together by
disulfur bridges. Fusion activity is significantly improved by HA
(4). Segment 7 codes for two nonstructural proteins. The NS1
protein is coded by open reading frame 1 (ORF1) and exhibits
interferon antagonist activity (24). As with influenza A virus,
NS2 is a splicing product of the same transcript, which may
correspond to a nuclear export protein since it contains nuclear
export signals. A third protein was detected in TO cells in-
fected with the Canadian RPC/NB 980-049-1 isolate that can
be recognized by antibodies against NS1. Furthermore, the
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analysis of North American isolates seems to suggest the the-
oretical existence of this third protein, while the European
isolates are predicted to generate a truncated protein (39, 48).

It has been suggested that segment 8 codes for two proteins
from a bicistronic mRNA. The first ORF codes for the matrix
protein, which is the major structural protein of the virion (5,
24, 77), and the second ORF codes for an M2 protein that
displays two nuclear localization signals. M2 is able to bind
RNA and displays anti-interferon activity (24).

Through the sequence comparison of segments 2 and 8,
ISAV isolates were classified into two genotypes: European
and North American. Both genotypes probably diverged in the
year 1900, coinciding with the beginning of European salmon
exports to America (6, 31, 42). With the appearance of more
isolates, it was established that strains from Norway, Scotland,
the Faroe Islands, and Nova Scotia belong to the European
genotype. On the other hand, Canadian and North American
isolates are considered North American genotypes (13, 36, 63).
Based on the similarity to segments 2 and 8 of Canadian virus
isolates in 2001, Chilean ISAV isolated from infected Coho
salmon was initially classified as the North American genotype
(34, 56). However, comparisons made in 2009 of 51 sequences
of segment 5 and 78 sequences of segment 6 from Chilean
isolates, obtained from Atlantic salmon since 2007, showed
that Chilean isolates have a Norwegian origin. Evidence strongly
suggests that ISAV was introduced in Chile as an avirulent
strain that mutated into a virulent strain (35).

The most variable genomic elements of ISAV are located in
segments that code for surface glycoproteins HE and F. The
segment that encodes for HE has a mutation rate of 1.13 �
10�3 nucleotides (nt) per site per year and is the major deter-
minant of variability. The variability of HE is located mainly in
two regions, one localized in the N-terminal end, in the extra-
cellular region of the protein. This region allows for classifying
European isolates into three groups: group 1 contains only a
few Norwegian isolates; group 2 contains isolates from Nor-
way, one from the Faroe Islands and one from Scotland; and
group 3 contains Scottish and Norwegian isolates (56).

The second region located in the C-terminal end of HE, in
the extracellular portion of the protein, close to a transmem-
brane domain (62), is considered the major determinant of
variability. This region is highly variable among genotypes, so
it was therefore defined as a highly polymorphic region (HPR)
(13). Although it has been proposed that an HPR is the result
of recombination (13), the most plausible mechanism is that
each HPR comes from partial deletions of precursor HPR0
(12). This is supported by the fact that HPR0 contains every
HPR sequences described until now, with HPR0 being the
longest sequence. In addition, HPR0 has been reported in
healthy fish, suggesting that it is a nonvirulent precursor that
could generate the virulent strains described for ISAV (11, 12,
50, 56) through multiple deletions of its sequence. Nearly 30
different HPRs have been identified. It has been suggested that
the diversity of HPR sequences provides antigenic variability
(56). HPR was proposed as a virulence marker, with the most
virulent strains containing HPR4 (36, 37, 50, 51), but some
authors do not agree with that conclusion (65). Although every
HPR in Chile has been identified, the most abundant is the
genotype 7b, which originates from Norway (35).

The other surface protein, the fusion protein, is also used to

determine genetic variation in ISAV. The segment 5 sequence
has a mutation rate of 0.67 � 10�3 nt per site per year (37),
lower than that of HE. Close to the cleavage site, several
isolates display an insertion of 8 to 11 amino acids (IN). To
date, four insertions called IN1, IN2, IN3, and IN4 have been
described. At the genomic level, IN1 is identical to the se-
quence of segment 3 from positions 1100 to 1123; IN2 is iden-
tical to the sequence from segment 5 located between nt 123 to
155, IN3 is identical to nt 93 to 122 of segment 5, and IN4 is
identical to nt 399 to 429 of segment 2. This supports the
notion of recombination between ISAV segments (14) as a
source of variability. Notably, in an analysis of 51 Chilean
isolates, 43 showed 11 amino acid insertions identical to IN4.
This insertion has only been found in Chilean isolates (35).
Recently, the IN region has been associated with virulence
(25).

Little is known about the function of the proteins of ISAV;
most of the conclusions are based on their homology with their
putative counterparts in influenza viruses. We describe here
the sequencing of the coding region and the genetic charac-
terization of ISAV752_09 and ISAV901_09, which are the
most common Chilean ISAV isolates. ISAV752_09 displays
HPR 7b genotype and ISAV901_09 displays HPR 1c genotype.
These viruses, which display different HPR and IN sequences,
were analyzed for the presence of conserved domains, pre-
dicted structural domains, folding homologues, and phyloge-
netic relationships compared to sequences of coding regions of
the European isolates.

MATERIALS AND METHODS

Bioinformatic analysis. Homologues of proteins coded by ISAV genomes
were analyzed at three levels: sequence, structure, and folding. Homologous
sequences were identified by using BLAST (2) against a nonredundant database
of sequence protein deposited in a gene bank. Structural homologues were
identified through BLAST against the PDB database. Folding homologues
were identified by using PHYRE (http://www.sbg.bio.ic.ac.uk/phyre/) (32) and
ROBETTA (http://robetta.bakerlab.org/) servers (9). A cutoff of 60% certainty
was used with PHYRE as a limit of folding homology. This means that at least
60% of amino acids are able to fold into this structure. ROBETTA server was
used to perform a folding homology search with BLAST, PSIBLAST,
HHSEARCH, and PFAM. An E-value cutoff of 0.001 was used for BLAST,
PSIBLAST, and PFAM, and a cutoff probe of 85 was used for HHSEARCH.
Homology modeling was performed by using Modeler 9v6 Linux 386 (18). Struc-
tural homologues were identified by using BLAST against the PDB databank or
folding recognition servers. A total of 50 models were generated, and one of
them was chosen according to their lowest value of the objective function. The
quality of the models was evaluated using PROSA 3.0 (76) (https://prosa
.services.came.sbg.ac.at/prosa.php). Structures were visualized with the VMD
software (30). Global multialignment was performed with CLUSTAL W (75),
using the BLUSOM 62 or BLUSOM 45 matrix. Local multi-alignments were
performed by using DIALIGN2 (http://bibiserv.techfak.uni-bielefeld.de/dialign/)
(53). RPS-BLAST (46) was used to analyze the conserved domains, with the
lowest E-value as a cutoff (0.001). PHYRE server was used to predict secondary
protein structures.

Cloning and sequencing genomes from ISAV752_09 and ISAV901_09 isolates.
Viral RNAs were isolated from kidneys of Salmo salar infected with ISAV, and
the isolates were named ISAV752_09 and ISAV901_09 (gifts from the GAM
Laboratory S.A). Total RNA was extracted by using a total RNA I kit (E.Z.N.A.;
Omega Bio-Tek). Reverse transcription-PCR (RT-PCR) for each ISAV segment
was carried out separately using the One-Step RT-PCR system with platinum
Taq DNA polymerase (Superscript III; Invitrogen), according to the manufac-
turer’s conditions. The following thermal program was used: 30 min at 50°C and
2 min at 94°C, followed by 39 cycles of 15 s at 94°C, 30 s at 55°C, and 30 s at 68°C,
with a final extension of 5 min at 68°C. The primers used in each RT-PCR are
listed in Table 1.

PCR products for each segment were cut from 1% agarose gel, and cDNA was
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purified by using the E.Z.N.A. (Omega Bio-Tek) gel extraction kit. Purified
cDNA was cloned in pGEMT Easy (Promega) according to the manufactur-
er’s instructions and a previously described method (69). The identity of each
cloned segment was further confirmed by DNA sequencing of both strands
(Macrogen).

Sequences and GenBank access number. The genomic sequences of ISA
viruses chosen for the present study came from isolates with a completely se-
quenced coding region, which includes the sequences of 15 previously reported
Norwegian viruses, plus the complete sequences of two Chilean ISA viruses
presented in this study. The GenBank access numbers of the sequences used in
the present study are GU830895 to GU830902 for the ISAV752_09 isolate and
GU830903 to GU830910 for the ISAV901_09 isolate. The other sequences used
here correspond to those previously reported by Markussen et al. (47)
(GenBank accession numbers DQ785175 to DQ785285) and the sequences of
the SK77-06 isolate (GenBank access numbers EU118815 to EU118822). The
sequences used in the present study are summarized in text SA1 in the supple-
mental material.

Bayesian analysis. In order to conserve the proper reading frame, each gene
sequence was converted into amino acids by using the AlignmentHelper 1.0
program (49). A copy of the original nucleotide sequence was kept. Then each
gene was aligned separately using MUSCLE (17), with default parameter set-
tings. The aligned amino acid sequences were back translated into their original
nucleotide sequence by using AlignmentHelper. Model selection for each gene
was determined by using the Akaike information criterion (1), as implemented in
jModelTest (26, 59). The best-fit models for most of the partitions corresponded
to general time reversible (GTR) � G. Phylogenies were estimated using Bayes-
ian Inference as implemented in BEAST 1.5.3 (16), with a relaxed uncorrelated
lognormal molecular clock (15). Bayesian posterior probabilities were deter-
mined by running 200 million generations with a discarded burn-in of 10%, and
the trees were sampled every 20,000 generations. Tracer 1.5 (61) was used to
check for convergence and mixing. Branch support values are reported as pos-
terior probabilities.

RESULTS

Phylogeny relationship. To determine the relation of seg-
ments of Chilean ISAV752_09 and ISAV901_09 isolates with
15 Norwegian isolates, a phylogenetic analysis was conducted
using the Bayesian method. Global inspection of dendrograms
shows that in all segments there are two main genogroups with
a posterior probability (PP) of 1. The Chilean isolates in each
tree belong to the same genogroup (Fig. 1). Among the Nor-
wegian ISA virus, isolates ISAV1_96, ISAV5_96, ISAV8_97,
ISAV11_93, and SK77_06 are associated with Chilean isolates.
Within the corresponding genogroup, analysis of segments 1
and 2 shows that Chilean isolates share the same branch as
ISAV1_96, with a low PP value (0.38 and 0.46, respectively).
However, the interior nodes have a statistically significant PP
value (0.87 for segment 1 and 1.0 for segment 2), showing that
the Chilean isolates and ISAV1_96 belong to the same clade.

Segments 3, 5, and 6 are associated with ISAV8_97, with a PP
value of 1.0, 0.99, and 1.0, respectively, whereas segments 4 and
7 are in close association with SK77_06 and ISAV5_96, respec-
tively, with a PP value of 0.4 and 0.89. In the case of segment
4, the main node of its clade has a PP of 1, indicating that both
isolates are also in close association with ISAV11_93.

Unlike the other segments, sequences of segment 8 of each
isolate present low variations with respect to the consensus
sequence. Chilean isolate ISAV752_09 has two mutations, and
ISAV901_09 has just one, but these isolates do not share any
mutations (Fig. SA3 in the supplemental material). Neverthe-
less, the two Chilean isolates are arranged in the same geno-
group, which displays low values of PP in the internodes
(�0.35) due to the high identity among the sequences included
in this analysis. The exception is the internode that groups
ISAV752_09 and ISAV5_96 with a PP value of 0.77. This is
because of ISAV752_09 sharing one mutation with ISAV5_96.
On the other hand, the similarity between sequences of seg-
ment 8 from ISAV901_09 and ISAV77_06 allows placing them
together in the same clade, even when they have a low PP value
of 0.21 (Fig. 1).

The phylogenetic analysis using the MrBayes and Beast pro-
grams with the available sequences of the coding regions of all
segments 8 present in the Gene Bank database did not improve
the resolution of trees, resulting in low PP values, including
ISAV901_09. Nevertheless, there was a clear difference be-
tween European and Canadian isolates, which are separated
into two clades (data not shown). Given the failure to iden-
tify the particular ISA virus isolate containing a segment 8
closely related to the Chilean isolate ISAV901_09, BLAST
and FASTA searches were performed to determine the seg-
ment with high identity. The results showed that segment 8 of
ISAV901_09 is almost identical to VIR22, VIR25, ISAV11,
ISAV9, with the same score. On the other hand, the other
genogroup displays higher PP values, and includes ISAV2_89,
ISAV3_89, ISAV6_96, and VIR28_94 isolated.

Comparisons of amino acid differences between Chilean
strains and European isolates. Alignment of the deduced
amino acid sequences of the Chilean ISAV isolates with those
of Norwegian isolates shows that each Chilean strain has 22
substitutions. For ISAV752_09, eight are nonconservative substi-
tutions located in proteins PB1, PB2, NP, fusion, and HE, and 14
are conservative substitutions found in proteins PB2, PA, fusion,
HE, NS1, NS2, and M1 (Table 2). For ISAV901_09, 14 are

TABLE 1. Primers used to amplify the coding region of Chilean isolates ISAV752_09 and ISAV901_09

Segment
Primer sequence (5�–3�)a

Forward Reverse

1 CACCATGGACTTTATATCAGAAAACAC TTAAACACCATATTCATCCATCAGGT
2 CACCATGGAAACTCTAGTAGGTGGG TCAAACATGTTTTTCTTCTTAATCA
3 CACCATGGCCGATAAAGGTATG TCAAATGTCAGTGTCTTCCTCCT
4 CACCATGGATAACCTCCGTGAA TTATTGGGTACTGACTGCAATTTTC

CATGCCATGGATAACCTCCGTGAATGCATAAACC* CCGCTCGAGTCATTGGGTACTGACTGCAATTTTC*
5 CACCATGGCTTTTCTAACAATTT TTATCTTCTAATGCATCCCCACAG
6 TTAAGCAACAGACAGGCTCGATG CACCATGGCACGATTCATAATTT
7 CACCATGGATTTCACCAAAGTGTA TTAATTCTCATTACAAATGTATTTTTCAAC
8 CACCATGAACGAATCACAATGGA TTATTGTACAGAGTCTTCCAATTGGTC

CATGCCATGGACGAATCACAATGGATAC* CCGCTCGAGTTATTGTACAGAGTCTTCCAATTG*

a *, Primers specific for ISAV901_09.
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nonconservative substitutions located on PB1, NP, PA, fusion,
HE, and M2. There are eight conservative substitutions dis-
tributed in PB2, PA, fusion, NS1, and NS2 proteins.

After several BLAST searches (data not shown), ISAV752_09
presented three new nonconservative substitutions (Table 2,
underlined data), P229S in PB2 protein, F332Y in PB1 protein,
and T67I in NP protein, which have not been previously re-
ported. ISAV901_09 presented six new nonconservative muta-

tions: T67I, S105A, and S558A in NP protein; T204I and
A328T in PA protein; and R116W in M2 protein. Of the new
substitutions, only one, at position 67 of the nucleoprotein, is
shared by both strains (Table 2, underlined data).

Comparison between the proteins encoded by the isolated
Chilean ISAV with other orthomyxoviruses. In order to look
for identity relationships in ISAV proteins, they were com-
pared to other orthomyxoviruses (Table 3). In general, ISAV

FIG. 1. Phylogenetic trees of eight segments of the ISA viruses generated by the Bayesian method. The analysis was performed with the coding
region for every segment for the 17 viruses used in the present study. The insertion of 33 and 30 nt in segment 5 of isolates ISAV752_09 and
ISAV3_89, respectively, was eliminated for the analysis, as was the HPR region from segment 6. Node consistence was determined by the PP value.
Its values are indicated in the nodes of the tree. Chilean isolates are shown in boldface type.
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proteins show very low identity with proteins from influenza A,
B, and C and Thogoto viruses. With PB2, PB1, and PA pro-
teins of ISAV, there was more identity with proteins from
influenza virus B, rising to 12, 19, and 18%, respectively,
whereas the lowest identity was between nonstructural proteins
(NS1 and NS2) and matrix proteins, 8 and 10%, respectively.
Analysis of conserved domains using RPSBLAST shows that
only PB1 and HE from ISAV have conserved domains
(pfam00602 and pfam06215, respectively), which include only
members from ISAV proteins. Folding recognition software
PHYRE shows that the PB2, PA, and NP proteins have a
folding homologue with the bacteriophage N4 virion RNA
polymerase (PDB ID 2PO4). In addition, the nucleoprotein of
ISAV also shares folding with the nucleoprotein from influ-
enza A virus (PDB ID 2IQH). The fusion protein has a folding
homologue with the fusion domain from influenza A virus
hemagglutinin (PDB ID 1HA0), and hemagglutinin esterase
from ISAV has as a folding homologue the hyluranidase from
Streptococcus pyogenes (PDB ID 2YX2) and hemagglutinin
esterase fusion (HAF) protein from influenza C virus (PDB ID

1FLC). The ROBETTA server also identifies the nucleopro-
tein from influenza A virus and hemagglutinin esterase of the
HAF protein from influenza C virus as nucleoprotein folding
homologues.

Homologues of surface protein in ISAV. Using PHYRE, we
showed that the fusion protein from ISAV can adopt folding
similar to that of the hemagglutinin of influenza A virus, with
a degree of certainty of 70% (Table 3). A previous report on
the sequence of Canadian viruses suggested that the fusion
protein of ISAV is a glycoprotein with two putative sites for O
glycosylation, one putative site for N-glycosylation, a coiled-
coil region, and two putative sites for proteolytic processing by
a trypsinlike enzyme (4). In order to determine whether these
sites are conserved, we performed a multialignment between
every ISAV fusion protein reported in the GenBank database
(data not shown). The alignment shows that putative O-glyco-
sylation and N-glycosylation sites (4) are highly conserved; i.e.,
the T64 O-glycosylation site is 100% conserved. In the case of
the T52 O-glycosylation site, even a highly conserved mutation
T52M was detected in sequences AAX46235 and AAX46236.

TABLE 2. Comparison of amino acid differences between Chilean strains and other European isolates

Isolate
Comparison of amino acid differencesa

PB2 PB1 NP PA Fusion HE NS1 NS2 Matrix M2

ISAV752_09/others V/M 146 F/Y 332 T/I 67 L/I 292b T/A 58c I/L 20 E/D 170h R/K 64i IPS A/V 19J

A/V 185 E/D 471b A/T 71 L/I 29f K/R 218
P/S 229 R/K 531 G/N 252d N/S 154g

N/S 263c S/P 156
Q/L 277e V/I 158

ISAV901_09/others T/S 85 R/H 707a T/I 67 T/I 204 T/A 58c N/S 154g E/D 170h R/K 64i IPS R/W 116
S/A 105 L/I 292b A/T 71 S/P 156
S/A 558 A/T 328 G/N 252d D/N 164

E/D 471b N/S 263c G/D 247
R/K 531 A/K 338

a Each value is indicated as first the amino acid difference and then the position number is given. Boldface, nonconservative amino acid substitution; IPS, identical
protein sequences. Underlining indicates a novel mutation described for ISAV. Superscript letters: a, amino acid difference also found in virulent isolate ISAV1; b,
amino acid difference also found in virulent isolates ISAV1, ISAV4, ISAV5, and low-virulence or avirulent isolates ISAV10, ISAV11, and SK779; c, amino acid
difference also found in low-virulence or avirulent isolates ISAV8, ISAV10, ISAV11, and SK779; d, amino acid difference also found in low-virulence or avirulent
isolates ISAV8 and SK779; e, amino acid difference also found in virulent isolate ISAV4 and avirulent isolate SK779/06; f, amino acid difference also found in virulent
isolate ISAV8; g, amino acid difference also found in avirulent isolate SK779; h, amino acid difference also found in virulent isolates ISAV5, ISAV6, and ISAV7; i,
amino acid difference also found in virulent isolates ISAV1, ISAV3, ISAV4, ISAV5, and low-virulence isolates ISAV8, ISAV10, and ISAV11; j, amino acid difference
also found in virulent isolate ISAV5.

TABLE 3. Comparison of proteins encoded by members of the Orthomyxoviridae family, showing the percent identity, the structural
homologue(s), and the folding homologue(s)

Protein Size
(ISAV901_09)

% Identity with homologues in:
Conserved

domain

Folding homologue(s)

Influenza A
virus

Influenza B
virus

Influenza C
virus

Thogoto
virus PHYRE ROBETTA

PB2 722 9 12 9 10 NDb 2PO4 2D59
PB1 708 18 19 18 16 pfam00602 ND ND
PA 616 16 18 17 10 ND 2PO4 ND
NP 616 13 14 12 14 ND 2PO4, 2IQH 2IQH
F 444 NAa NA NA NA ND 1HA0, 2F2F ND
HE 388 NA NA NA NA pfam06215 2YX2, 1FLC 1FLC
NS1 300 10 8 10 NA ND ND ND
NS2 159 12 8 14 NA ND ND ND
Matrix 241 8 10 6 NA ND ND ND
M2 196 9 11 9 NA ND ND ND

a NA, not applicable.
b ND, not determined.
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On the other hand, the putative N-glycosylation site N370
(numbering according to the fusion protein of ISAV752_09) is
100% conserved and N110 shows a N110D mutation in pro-
teins AAX46238 and AAX46239. This high level of conserva-
tion suggests that these sites are indispensable for the function
of fusion protein.

In order to identify functional relationships between the
fusion protein of ISA and influenza viruses, a multialignment
was performed by using CLUSTAL W with Blusom45. To
compensate for the low identity between ISAV fusion and
influenza virus hemagglutinin proteins, this alignment was con-
structed using the most diverse members of pfam00509 (con-
served fusion domain present in influenza A virus HA protein),
ISAV fusion proteins of all previous sequences, plus the fusion
protein representatives of inserts containing IN1 (MR60_01)
and IN2 (MR46_49), and the sequence of HA whose three-
dimensional structure has been solved by X-ray diffraction
(1HA0, Table 3) (Fig. 2). ISAV fusion proteins share an av-
erage of 11% identity with the most diverse members of the
hemagglutinin family. This alignment shows at least three short
motifs conserved between the ISAV fusion protein and influ-
enza virus hemagglutinin proteins. The first (M1) region is
located in the proteolytic processing site of the fusion peptide,
indicating that an arginine is the residue of proteolytic pro-
cessing in these two orthomyxoviruses, as has been reported by
others (25). It is notable that in the influenza virus, arginine is
followed by a glycine residue, but in ISAV arginine is followed
by alanine, with both residues being nonpolar. The second
(M2) region is a transmembrane region close to the catalytic
processing site. This GIGGAWF sequence is totally conserved
in ISAV, while GxxxxWx is conserved in the influenza virus.
The third motif (M3) is located in the predicted coiled-coil
region (4). In ISAV, the M3 motif containing the sequence
AEDVKEKLNGIIDQINKVNLLLEGEIEAVRRIA is com-
pletely conserved, with the IDxIxxK(I/V/L)Nx(I/L/V)(I/V)(D/
E)xxNxxxxx(I/V)(E/D/R/G/Q)xxExx(V/I/L)xxx(I/V/L) pattern
of the function of the amino acid properties conserved in
human influenza A virus, showing that the nature and position
of the amino acid are conserved between the two orthomyxo-

viruses. The amino acids highlighted above are highly con-
served between both orthomyxovirus members (Fig. 2).

The fusion protein of ISAV from different isolates has high
identity along the protein, with one exception: the region close
to the predicted proteolytic processing site (Fig. 3). In some
viral isolates an insertion (IN) has been determined in this
region. Specifically, MR60_01 displays IN1; MR46_99, IN2;
ISAV3_89, IN3 (14); and ISAV752_09, IN4. Of them,
ISAV3_89 is experimentally determined as virulent (47), and
ISAV752_09 has almost 80% prevalence in Chile (HPR 7b)
(35). This insertion is inside the putative protease-processing
site, which could improve the processing of the fusion protein
either by increasing the number of recognition sites for trypsin-
like protease processing or by increasing accessibility for cel-
lular proteases. To explore both possibilities, the putative site
for several proteases was predicted using the “peptide cutter”
server. Interestingly, the variable region of the fusion protein
from ISAV752_09 shows more sites for trypsin, Asp-N endo-
peptidase and N-lysin endopeptidases, and a lower number
of sites for the digestive enzymes pepsin or chymotrypsin.
The variable region of the peptide fusion protein from
ISAV752_09 is unique in showing a cleavage site for the met-
alloprotease Asp-N endopeptidase. In the case of ISAV752_09
and ISAV3_89, the number of sites of cleavage for trypsin
enzyme increases from three to five with respect to the fusion
protein without insertion. On the other hand, the number of
sites of cleavage for pepsin and chemotrypsin enzymes in the
ISAV752_09 (IN4) isolate decreases by two sites and one site,
respectively, compared to the fusion protein of ISAV901_09
without insertion (Fig. 3A).

A three-dimensional model of the ISAV fusion protein was
constructed with a homology model using the fusion domain of
influenza A virus HA protein (PDB ID 1HA0, Fig. 3B) as a
template. Compared to ISAV901_09, which has no insertion,
secondary structure prediction of the insertion region in the
fusion protein shows that this region can adopt a helix struc-
ture in ISAV752_09 (IN4) and ISAVMR60_01 (IN1) in which
the insertions are located in the amino-terminal position of the
putative site of cleavage-arginine. Moreover, this region adopts

FIG. 2. Conserved regions between the fusion protein from influenza and ISA viruses. The figure shows a multialignment between most diverse
members of the pfam00509 family and fusion proteins from ISAV. The shaded background indicates the conserved residues. The horizontal black
bars show the putative proteolytic site (M1), the transmembrane of ISAV fusion protein (M2), and the coiled-coil (M3) regions.
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a random coil structure in ISAV3_89 (IN3) and MR46/99
(IN2) in which the insertions are located on the carboxy-ter-
minal position of arginine. The homology model shows that the
flexibility of this region increases with the size of the insertion
(Fig. 3B and C).

Esterase protein. The protein encoded by segment 6 of the
ISAV genome has hemagglutinin and receptor-destroying ac-
tivities. Fold recognition using PHYRE and ROBETTA shows
that HE of ISAV shares folding homology with the hyluroni-
dase (PDB ID 2YX2) and HEF of influenza C virus (PDB ID
1FLC; Table 3). Homology modeling using the receptor and
esterase regions of HEF from influenza C virus as a template
(chain E, PDB ID 1FLC) (67) Fig. 4A) shows that the esterase
from ISAV (Fig. 4B) shares the E1 and E2 regions and par-
tially the E� region with HEF. This domain forms the esterase
enzyme, suggesting a similar catalytic mechanism, in agree-
ment with the conservation of the residues (indicated in Fig.
4A and B, inverted triangles in Fig. 4D) that constitute the
catalytic site in influenza C virus esterase. Multialignment
among proteins encoded by segment 6 from ISAV isolates
shows several changes distributed along the protein. In addi-
tion to the HPR region, the location of variable positions
distributed along the protein in the model shows that most of
these positions are in the region involved in the recognition of
the receptor (solid blue domain in Fig. 4B and asterisk in Fig.
4D) in influenza C virus esterase. A few variable positions are
located in the region corresponding to the esterase activity

(E1, E2, and E�, light and dark solid green in Fig. 4B). Analysis
of the predicted conserved secondary structure (Fig. 4D) and
crystallographic results between the HEF R domain and HE
shows that the conserved beta strand is located in the main
beta sheet, suggesting that these structures are conserved be-
tween both proteins (Fig. 4C). The location of the residues
close to N-acetylglucosamine (NAG, the receptor of HEF)
(dark boxes in Fig. 4D) shows that most of them are conserved
in HE, especially residues located in the E1, E2 and E�
domains, suggesting that the binding mechanisms to sugar
and further enzymatic processes are shared between both
viruses (Fig. 4D).

DISCUSSION

The phylogenetic analysis of the coding region reported here
for Chilean ISAV isolates and their comparison to Norwegian
sequences allows for classifying every segment analyzed into
two genogroups. These results are in agreement with a previ-
ous report, in which just segments 5 and 6 were analyzed, that
also shows two genogroups (35). Thus, our report is an expan-
sion of this observation for every segment of ISAV.

It is noteworthy that Chilean isolates always match in the
same genogroup, indicating a common ancestor. Furthermore,
Chilean isolates matched a subgroup of Norwegian viruses that
includes mainly ISAV1-96, ISAV5-96, ISAV8-97, ISAV11-93,
and SK77-06, a group of viruses with considerable differences

FIG. 3. Homology modeling of fusion proteins of ISAV. (A) Number of sites for several proteases present in IN of fusion proteins.
(B) Superposition of models of the ISAV fusion protein with different insertions, and putative site of the proteolytic processing site (residue R)
(the amino acid residue is shown in a stick representation). The models were generated by homology modeling, using the fusion domain from the
HA protein of influenza A virus as a template. (C) Putative secondary structure of IN. The boxes show the helix structure.
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in their virulence. ISAV1-96 and ISAV 5-96 are highly virulent;
ISAV8 and ISAV11-93 are slightly virulent; and SK77-06 is a
nonculturable virus that has been associated with avirulent
behavior (47). The fact that virulent, slightly virulent, and avir-
ulent viruses are associated with the same genogroup suggests
that virulence may be related to specific changes in the se-
quence, such as point mutation, short sequence inserts, or
deletion, rather than major changes in the sequence.

In this context, it has been widely accepted that there is a
relationship between the HPR type and the level of virulence,
with HPR0 being avirulent. In this respect, ISAV4_90 and
ISAV7_96 share the same HPR4; however, in the dendrogram
of segment 6, the two isolates belong to different genogroups.
This is explained by the excision of the HPR in the analysis and
the presence of 12 mutations between the two sequences. If the
HPR is the only variable involved in virulence, both isolates

FIG. 4. Structural characterization of the HE protein from ISAV by homology modeling. (A) Structure of HEF from influenza C virus (PDB
ID 1FLC); (B) structural model of HE from ISAV. Their characteristic subdomains E1 and E2, R, and E� are indicated in light green, blue, and
dark green, respectively. The catalytic residues of HAF from influenza C virus (S57, D352, and H355) and putative catalytic residues from ISAV
(H264, D261, and S32) are indicated. (C) Structure of the R domain from influenza C virus. The solid colors indicate conserved structural elements
with the predicted secondary structure of HE from ISAV. (D) Alignment between influenza C virus HEF and ISAV HE using secondary structural
prediction (using Phyre). The figure shows the predicted secondary structure (P_SS), experimental secondary structure (SS), the catalytic residues
(residues over the inverted triangle), residues close to (6 A) NAG (residues under the black box), the variable position among HE proteins coming
from ISA virus with its entire genome sequenced (residues over the stars). The helixes are shows in red boxes and �-strands in green arrows. The
conserved changes are indicated with light yellow background and the identical residues with light red background. The secondary element b-strand
(green arrow) and helix (red box) are also indicated.
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should exhibit the same virulence; however, there is a contro-
versy about the virulence of the two isolates. Mjaaland et al. in
2005 (51) showed that the viruses cause different levels of
mortality of Salmo salar, with ISAV4_90 causing seven times as
many deaths as ISAV7_96 and an increased immune response.
In contrast, in 2009 Ritchie et al. (65) reported that two dif-
ferent ISAV isolates with common HPR4 and different farm
virulence showed the same mortality under controlled condi-
tions. The authors explained that these differences may be
caused by changes in temperature, feeding, stress, and hus-
bandry procedures. We hypothesize that HPR is not by itself a
virulence factor.

The IN region of segment 5 has been associated with viru-
lence in ISAV752_09, which displays an IN4, showing more
prevalence than ISAV901_09, which has no insertion. This is
very noteworthy, because the fifth segments of these viruses
have almost identical sequences, differing just in this insertion
by one nucleotide that generates one amino acid substitution.
Furthermore, their HPR differs only in two nucleotides. This
implies that the differences between the two isolates are mainly
located on the sequence of segment 5 because of the IN4
insertion. This argues for discarding the HPR region as the
only virulence marker, supporting the idea that virulence is the
consequence of multiple factors rather than a specific change
in only one segment.

In agreement with IN4 being a virulence factor is the fact
that IN4 of ISAV752_09 is a unique insertion with a site for
cleavage for the metalloprotease Asp-N endopeptidase (Fig.
3A), originally described in Pseudomonas fragi, but also de-
tected in the skin mucosa of salmonids (21, 68), suggesting that
it could increase the activation of ISAV752_09 in comparison
to ISAV901_09. In addition, IN4 shows an increase from three
to five sites for the trypsin enzyme compared to isolated
ISAV901_09 without insertion. This increase in processing
sites is also seen in IN3 from ISAV3-89, which is a highly
virulent isolate (47). It suggests that additional proteolytic pro-
cessing sites in IN4 or IN3 favor viral infection, probably by
increasing the fusion of membranes in early stages of the viral
cycle. Indeed, it has been reported that the increased num-
ber of sites for proteolytic processing in the fusion protein is
a virulence factor in influenza A (29, 33, 57, 58). Interest-
ingly, the number of cleavage sites for pepsin and chemot-
rypsin is lower in the ISAV752_09 and ISAV3_89 isolates,
perhaps favoring a specific activation of the virus on endo-
somes or an alternative route of activation of membrane
fusion. There are precedents that support this idea: in the
case of influenza A virus it has been shown that low patho-
genic avian influenza (LPAI) virus shifts to highly patho-
genic avian influenza (HPAI) virus by insertion on the re-
gion of cleavage sites of a multibasic cleavage site (MBCS)
present on the H5 genotype of HPAI virus. The insertion of
an MBCS into HA0 of the LPAI virus, which displays an
H6N1 genotype, yields H6N1MBCS. The increase in the num-
ber of cleavage sites for proteases other than trypsin increases
the amount of tissue susceptible to infection, enhancing the
virus titer similar to H5N1 titer grown in MDCK cells, indi-
cating that MBCS insertion increases the virulence of the virus.
Moreover, chicken infected with the H6N1 influenza virus do
not present clinical symptoms, but the pathogenesis increases
in H6N1MBCS virus due to the presence of the insertion, re-

sulting in a shift from an LPAI to an HPAI phenotype. From
all the virus samples that we studied in the case of segment 5,
only 1 of the 50 Chilean ISA isolates does not contain IN4 in
the fusion protein. Indeed, Kibenge et al. (35) reported that
80% of Chilean isolates contain IN4. This is in agreement with
the proposal that part of the pathogenicity of the virus is given
by the cleavage sites in the fusion protein.

However, there are more factors affecting the pathogenicity
because the introduction of LPAI MBCS in H0 is not achieved
a phenotype of the same magnitude as HPAI, so that the
pathogenicity is the result of a multifactorial process, like a
polymerase single amino acid mutations (23).

Alignment analysis of ISAV F protein suggests that N-gly-
cosylation sites are indispensable to function as fusion pro-
teins. It has been shown that in other myxoviruses, N glycosyl-
ation of the F domain in Sendai and influenza C viruses is
important for protein fusion activity. The absence of N glyco-
sylation decreases the transport from the endoplasmic reticu-
lum to the cytoplasmic membrane and alters protein trimer-
ization (70, 71, 74). A glycosylated form of fusion protein has
been reported (50 kDa) (4, 19) with an approximate mass
difference of 2 kDa compared to its immature isoform. This
difference is equivalent to that observed in HE from influenza
A viruses (7).

HE, the other glycoprotein of ISAV, was analyzed by folding
homology compared to HEF of influenza C virus. It is note-
worthy that several mutations among different ISAV isolates
are located in the putative receptor domain (Fig. 4). This
can imply that each mutation can confer a diverse capacity
to recognize the receptor or provide an antigenic variation
to evade the immune system. This is partially supported by the
fact that these mutations are clustered. In contrast, the ester-
ase activity domain shows lower sequence variation, indicating
lower selection pressure. This may serve to conserve catalytic
activity, with as few changes as possible. In addition, the struc-
tural analysis of esterase based on the homology model shows
that the putative catalytic residues H264, D261 and S32 of HE
are not only conserved in HEF (influenza C virus), as has been
reported elsewhere (67), but they also display a spatial distri-
bution that agrees with catalytic activity, sustaining their par-
ticipation in this process. HEF residues arranged to bind to
sialic acid NAG (dark boxes in Fig. 4D), are conserved in
ISAV HE. This suggests that there is a conserved mechanism
of recognition of target cells and is consistent with the fact that
esterase activity of HE cleaves neuroaminic acid. Furthermore,
after this paper was submitted, a report was published online in
which a structural analysis of HE of ISAV was performed using
GeneSilico and BioInfo metaserver (54). The research in this
report used ISAV HE modeling with HE from porcine toro-
virus as a template and revealed a structure similar to the HEF
protein of influenza C virus. Briefly, in agreement with our
results, these researchers have demonstrated a highly con-
served esterase motif and less conserved receptor domain.

Interestingly, of the eight novel substitutions described for
both Chilean isolates, seven correspond to changes located in
the proteins that form the polymerase complex and nucleopro-
tein (3, 41, 64, 72), which may have a major role in the virus
replication machinery. The analysis of all individual amino acid
mutations for 15 Norwegian ISA viruses shows that 6 of 8
correspond to PB2 protein, 12 of 15 correspond to PB1, 8 of 10
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correspond to NP, and 6 of 11 correspond to PA of the virulent
strain. In contrast, only one of three of the individual single
mutations present on the NS2 protein of Norwegian viruses
corresponds to virulent strains (data not show). This finding
indicates that single amino acid changes in polymerase could
be related to increases in virulence and suggests that this
phenomenon occurs in Chilean isolates, increasing their
replicative efficiency by changing these residues to adapt to
host and environment. It is very probable that these changes
accelerate the virus spreading.

This idea is supported by studies in avian influenza viruses,
in which a single mutation on position 627 of PB2 allows the
virus to replicate in mammals with high pathogenicity (27, 73).
In addition, duck influenza virus, containing a single mutation
on position 701 of PB2, infects mice with high lethality (43). In
the case of other polymerase mutations, it has been reported
that seven mutations in polymerase proteins—three in PB2,
two in PB1, one in PA, and NP, respectively—allow the infec-
tion of mammalian species with very high virulence, in which
polymerase activity increases by between 200 and 1,000% (23).
These observations support the concept that mutations of the

polymerase complex are critical for adaptation to the new
environment (i.e., temperature or host) once the virus has been
transmitted to a new host (22, 44). The seven novel single
amino acid mutations displayed by Chilean strains suggest that
these could be an adaptation to a new environment and allow
the wide distribution that both strains have displayed along the
Chilean coast, mainly the ISAV 752_09 isolate, with 80% prev-
alence.

The high value of PP seen in the phylogenetic tree allowed
for the arrangement of each genomic segment of the Chilean
and Norwegian ISA viruses (Fig. 1). This makes it possible to
generate a hypothetical model for the reassortment of genes
(antigenic shift) that could have given rise to the two Chilean
isolates analyzed in the present study (Fig. 5). The hypo-
thetical reassortment indicates that segments 1 to 7 from
isolates ISAV752_09 and ISAV901_09 share a close ancestor
(Fig. 1), allowing us to suggest that this is a Chilean ancestor I
(Fig. 5). In this sense, segments 1 and 2 are strongly related to
segments 1 and 2 of the virulent isolate ISAV1_96. The two
isolates possibly share what we have termed the first European
ancestor. Similarly, segments 3, 5, and 6 of the two Chilean

FIG. 5. Hypothetical model of segment reassortment of Chilean isolates. The Chilean isolates come from at least four European isolates that
give rise to two possible Chilean ancestral originators of ISAV752_09 and ISAV901_09.
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isolates came from the same Chilean ancestor, which would be
related to at least the second European ancestor that gave rise
to the same segments also shared with the European low-
virulent strain ISAV8_97. Furthermore, segments 4 of the
Chilean isolates might come from the first Chilean ancestor.
This first ancestor could be related to a third European ances-
tor that gave rise to segment 4 of the avirulent strain SK77_06.
An analogous situation was observed in segment 7 of the Chil-
ean isolates that might have come from the first Chilean an-
cestor. It comes from a fourth European ancestor that proba-
bly gave rise to segment 7 of the virulent isolate ISAV5_96.
Finally, the phylogenetic analysis of segment 8, with high PP
value support, indicates that it is possible that segment 8 of the
Chilean isolate ISAV752_09 comes from a fourth European
ancestor that might also be related to the virulent European
strain ISAV5_96. However, the common node for segment 8
from isolates ISAV901_09 and SK77_06 has a low PP value,
which is not supported statistically (0.21), which suggests a low
degree of certainty that this segment comes from of a putative
second Chilean ancestor that in turn comes from the third
European ancestor. These results suggest that both sequenced
Chilean isolates possess a common ancestor, although they
have different HPRs in segment 6 and ISAV752_09 has an
insert of 33 nucleotides in segment 5. There is a high degree of
uncertainty in the genealogy of ISAV901_09 segment 8, al-
though a new phylogenetic analysis was performed. The high
identity displayed by segment 8 in every isolate (shown in
BLAST and FASTA) makes it difficult to resolve the relation-
ship between ISAV901_9 segment 8 and the other segments 8
reported in GenBank.

The Chilean isolates come from four European ancestors
(Fig. 5). It is interesting that there are common ancestors for
segments that code for proteins with related functions. Indeed,
segments 1 and 2 from two Chilean isolates that encode the
putative polymerase subunits PB2 and PB1, respectively, and
segments 5 and 6, which encode the superficial HE and fusion
proteins, evolved from a common ancestor. Thus, we can find
clues on the replicative activity-virulent behavior relationships
of these two viruses in farms located in southern Chile.

Reassortment is one of the mechanisms used by members of
the Orthomyxoviridae family to generate new variants of the
virus. However, as can be seen from the example of influenza
virus, there are two important considerations: first, the process
does not involve change in all segments of the viral genome,
indicating that during a particular period of time only one
variant is active, causing outbreaks of disease and using drift to
evade the immune system. At some point, the virus can be
coinfected with a second variant, generating a more pathogenic
virus. Thus, the appearance of a reassortment or interspecies
transfer could produce a pandemic (55, 60). In the case of
Chilean ISAV isolates, their origin is rearranged. Unlike in-
fluenza virus, this derives from perhaps four different viruses,
suggesting that there not numerous variants of the virus circu-
lating among the fish. Although in ISAV in general the emer-
gence of highly pathogenic reassortments is more common
than in influenza virus, it has been shown that nonlethal iso-
lates are in circulation only during the winter, when influenza
A outbreaks occur (60). In contrast, in a given period of time,
ISAV can generate two or more viral variants capable of caus-

ing infections with high mortality, as in the case of the two
Chilean isolates.

To our knowledge, this is the first report of the complete
coding region of Chilean ISAV isolates, with comparisons to
their Norwegian counterparts. Using phylogenetic analysis and
the predicted three-dimensional structure, we have adequately
assessed the evolution of this virus using information contained
in all segments, with a broad consideration of the molecular
epidemiology of ISAV in Chile.
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