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ABSTRACT: Forty-two infectious hematopoietic necrosis virus (IHNV) isolates from Alaska were ana-
lyzed using the ribonuclease protection assay (RPA) and nucleotide sequencing. RPA analyses, utiliz-
ing 4 probes, N5, N3 (N gene), GF (G gene), and NV {NV gene), determined that the haplotypes of all
3 genes demonstrated a consistent spatial pattern. Virus isolates belonging to the most common haplo-
type groups were distributed throughout Alaska, whereas isolates in small haplotype groups were
obtained from only 1 site (hatchery, lake, etc.). The temporal pattern of the GF haplotypes suggested a
‘genetic acclimation’ of the G gene, possibly due to positive selection on the glycoprotein. A pairwise
comparison of the sequence data determined that the maximum nucleotide diversity of the isolates was
2.75% (10 mismatches) for the NV gene, and 1.99% (6 mismatches) for a 301 base pair region of the
G gene, indicating that the genetic diversity of IHNV within Alaska is notably lower than in the more
southern portions of the JHNV North American range. Phylogenetic analysis of representative Alaskan
sequences and sequences of 12 previously characterized 1HNV strains from Washington, Oregon,
Idaho, California (USA) and British Columbia (Canada) distinguished the isolates into clusters that
correlated with geographic origin and indicated that the Alaskan and British Columbia isolates may
have a common viral ancestral lineage. Comparisons of multiple isolates from the same site provided
epidemiological insights into viral transmission patterns and indicated that viral evolution, viral intro-
duction, and genetic stasis were the mechanisms involved with IHN virus population dynamics in
Alaska. The examples of genetic stasis and the overall low sequence heterogeneity of the Alaskan iso-
lates suggested that they are evolutionarily constrained. This study establishes a baseline of genetic
fingerprint patterns and sequence groups representing the genetic diversity of Alaskan IHNV isolates.
This information could be used to determine the source of an [HN outbreak and to facilitate decisions
in fisheries management of Alaskan salmonid stocks.
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INTRODUCTION

In Alaska, infectious hematopoietic necrosis virus
(IHNV) is enzootic among essentially all anadromous
stocks of sockeye salmon Oncorhynchus nerka and
some kokanee stocks. Occasional detections and out-
breaks of the virus have occurred in wild and cultured
chum O. keta and chinook O. tshawytscha salmon
(Follett et al. 1987). A single isolation of IHNV was de-
tected in a coho salmon O. kisutch taken from waters
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also containing spawning sockeye salmon (T.R.M.
pers. comm.). Many isolations of IHNV have been
obtained from various stocks of sockeye salmon and
substantial fluctuations in prevalence and the virus
titers for particular stocks have been observed (Meyers
et al. 1990). However, little genetic information is
known about these viral isolates.

Modern tools of molecular epidemiology can distin-
guish virus strains on a genetic basis. This information
can identify links between multiple infections, aid in
determining the modes of viral strain transmission, and
provide estimates of the rate of virus evolution through
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space, time, and within a host species. The 2 tech-
niques used in this study to genetically characterize
the THNV genes were ribonuclease protection assay
(RPA) and nucleotide sequencing. RPA produces a
'genetic fingerprint’ of each region of the genome
studied. The advantage of RPA is its ability to rapidly
analyze large regions of the genome of many isolates.
A limitation of the RPA is that not all nucleotide differ-
ences between isolates are detected (Meyers et al.
1985, Winter et al. 1985). Sequencing deciphers the
primary nucleotide structure of the genome; however,
this finer resolution limits the amount analyzed and thus
only selected regions of the genome are sequenced.
The IHNV genome consists of a linear molecule of
negative sense, non-segmented, single-stranded RNA
encoding 6 genes that code for 5 structural proteins
and 1 nonvirion protein (Kurath & Leong 1985, Kurath
et al. 1985). The 3 genes analyzed in this study include
the nucleoprotein (N}, glycoprotein (G), and nonvirion
(NV) protein genes, which comprise 30% of the ge-
nome. The nucleocapsid protein, which encapsidates
the genome, may be involved in modulating the
immune response (Oberg et al. 1991) and regulating
transcription (Banerjee & Barik 1992). The glycopro-
tein initiates infection by binding to and inducing
fusion into the fish host cell, and is the primary antigen
to elicit a humoral immune response in the host (Rose
& Schubert 1987, Engelking & Leong 1989). The NV
gene is the taxonomic hallmark for placing IHNV into
the newly established Novirhabdovirus genus of the
family rhabdoviridae (Walker et al. in press). It codes
for a nonvirion protein of small size (111 amino acids)
with an unknown function (Kurath & Leong 1985).
Forty-two IHNV isolates were genetically character-
ized in this study. These isolates were sampled from
23 sites in Alaska over a 19 yr period and came from
various watersheds, from both hatchery and wild fish,
from different salmonid age classes, and from various
salmonid species (Table 1 and Fig. 1). The complete N,
G, and NV genes were analyzed by RPA, and a vari-
able region of the G gene and the entire NV gene were
sequenced to determine the genetic diversity among
these isolates. The possible epidemiological relation-
ships among the isolates were explored on a spatial

and/cr temperal scale.

MATERIALS AND METHODS

Virus isolates. Forty-two Alaska isolates of IHNV
were obtained as frozen aliquots of cell culture super-
natant. Each virus sample was filtered through a
0.45 micron filter and a 100 ul portion was inoculated
onto a confluent monolayer of epithelioma papulosum
cyprini (EPC) cells (Fijan et al. 1983) in minimum

essential medium supplemented with 10% fetal calf
serum (MEM-10). Infected cultures were incubated at
15°C until the monolayer started to slough off, typically
6 or 7 d post-inoculation. Infected cells and media for
each virus isolate were centrifuged and 1.0 ml aliquots
of supernatant were frozen at —-70°C. These served as
the virus stock used in the study. The reference virus
strain, RB1, isolated in 1975 from steelhead Oncor-
hynchus mykiss at the Round Butte Hatchery on the
Deschutes River, Oregon (Hsu et al. 1986}, was cul-
tured under the same conditions. The RB1 virus was
used to generate the RPA probes and served as posi-
tive control RNA (Kurath et al. 1995).

RNA extraction. Forty-two Alaskan ITHNV isolates
were individually inoculated onto confluent EPC
monolayers in 25 cm? flasks containing MEM-10 media
and incubated at 15°C. During early signs of CPE,
typically 48 to 72 h post-inoculation, total RNA from
infected cells was harvested using a guanidium thio-
cyanate denaturing solution followed by phenol/
chloroform extraction and isopropanol precipitations
(Gilman 1994). RNA aliquots of 10 pl for each viral iso-
late were stored at —-70°C. Each viral RNA preparation
was quantified by optical density at 260 nm on a spec-
trophotometer. Quantity and quality of the viral RNA
were also assessed by electrophoresis on a denaturing
formaldehyde agarose gel (Sambrook 1989). The RNA
extraction was repeated 2 times for each virus isolate
to obtain sufficient quantities of target viral RNA and
to verify the reproducibility of the RPA using different
RNA preparations of the same isolate.

RPA. The general RPA protocol and reagents used in
this assay are described in Winter et al. (1985). An out-
line of the procedure and modifications from the Win-
ter methods are listed below. Four anti-sense 32P-UTP
radiolabeled RNA probes, designated N5, N3, GF, and
NV, were used to analyze 3 entire genes of the IHNV
genome including the complete open reading frames
and flanking untranslated regions (Fig. 2). Two over-
lapping N gene probes were used to assess the com-
plete N gene, since a full-length N gene probe created
illegible RPA banding patterns (G.K., EJ.E. & D. An-
derson unpubl.). Cloning, transcription, and the RPA
assay protocols were previously described by Kurath et
al. (1995) for analysis of the NV gene of IHNV and the
same procedures were used for N and G gene analysis.
Controls for each set of assays included: an RB1 posi-
tive control, an RNA transcript (N5, N3, GF, or NV)
positive control, and 2 negative controls. The RB1 pos-
itive control reaction contained RNA extracted from
cell cultures infected with the RB1 reference strain.
The RNA transcript positive controls were unlabeled
plus sense RNA transcribed from the same plasmids
used to make the probes. One negative control (NR)
consisted of a reaction in which no target RNA was
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Fig. 1. Twenty-three IHNV isolation sites are plotted from their latitudinal and longitudinal coordinates. Circles depict 13 sites
with only 1 isolate analyzed each. Plus signs indicate 10 sites with multiple isolates analyzed. The inset graph displays the year
distribution of the virus isolates

added and the other negative control (Pr) contained
probe with no target RNA and no RNases in the diges-
tion step. The molecular weight marker consisted of
thirteen 32P-UTP radiolabeled RNA transcripts rang-
ing in size from 26 to 1929 nucleotides (G.K. unpubl.).
Each of the 42 viral isolate RNAs were analyzed by
RPA a2 minimum of 3 times with each probe (N5, N3,
GF, and NV). The banding patterns of all the isolates
were compared and those isolates with identical cleav-
age patterns were defined as sharing one haplotype for
a specific probe. A haplotype was defined as a specific
banding pattern of cleavage fragments. A haplotype
group was defined as a set of virus isolates that shared
an identical haplotype. Isolates with different banding
patterns, those with at least a single band difference,
were considered to be distinct haplotypes. A haplotype
was denoted by a single capital letter.

IHNV-RB1 type strain

migs M
CN TPIM| G N L]
N5 GF NV

L__N3 !
RPA Probes

Fig. 2. Diagrammatic IHNV genomic RNA displaying the
2 regions sequenced {above) and the 4 RPA probes used
to analyze the N, G, and NV genes (below). The midG re-
gion corresponds to 301 base pairs, from nucleotide 688 to
989 of the G gene. The full-length NV gene consisting of
364 base pairs was sequenced. The N5, N3, GF and NV anti-
sense probes were complementary to nucleotides 0-768,
379-1289, 0-1610, and 0-370 on their respective gene
mRNA. Nucleotide sequences of each of the genes (N, G, NV)
are available under GenBank accession numbers U50402,
U50401, and U47846 respectively
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Nucleotide sequence analysis. A 301 bp region, from
nucleotide 688 to 989, on the IHNV G gene and the
full-length NV gene (364 nucleotides) were sequenced
for each of the 42 virus isolates (Fig. 2). The midG gene
region was selected for sequencing since it contains a
putative antigenic determinant and is a region of high
sequence diversity (Nichol et al. 1995, Huang et al.
1996). The template for reverse transcription poly-
merase chain reaction (RT-PCR) was a 1:20 dilution of
cell culture supernatant for each isolate. The RT-PCR
used specific sense primers 5 AGAGATCCCTACAC-
CAGAGAC 3" and 5" AGCATCAAATCCGTACCC 3,
and antisense primers 5’ GGTGGTGTTGTTTCCGT-
GCAA 3 and 5 TTCTCTGTGAGTCGCGC 3' for the
midG region and NV gene, respectively. Second
round primers for the nested PCR used sense primers
5' TCACCCTGCCAGACTCATTGG 3’ and 5 TCCC-
TCCCCACCAGACA 3, and antisense primers 5" ATA-
GATGGAGCCTTTGTGCAT 3' and 5' CGCTTGAGT-
TTTTTTGCAC 3' for the midG region and NV gene,
respectively. The reaction conditions for the RT- and
nested PCR were as described by
Huang et al. (1996). The final product
of the nested PCR was sequenced with
a fluorescent dye terminator cycle
sequencing kit (Applied Biosystems)
using the second round PCR primers
as sequencing primers and following

probes, N5, N3, GF and NV, respectively. The repre-
sentative haplotype banding patterns of the GF probe
are displayed in Fig. 3. The N5, N3, and NV haplotype
patterns are not shown. Haplotype banding patterns
for each probe were reproducible for repeated RPA
reactions of the same isolate. The sizes of the haplo-
type groups, defined as the number of isolates repre-
sented by a specific haplotype, varied with the dif-
ferent probes (Table 2). In light of these results, we
defined the following size classes: large haplotypes
represented 11 or more isolates, intermediate haplo-
types represented 4 to 6 isolates, small haplotypes
represented 2 to 3 isolates, and unique haplotypes
were patterns of single isolates that were not identical
to any other isolates for a particular probe. Using these
definitions, the N5 probe discerned 1 large haplotype,
4 small haplotypes, and 17 unique haplotypes. The N3
probe discerned 1 large, 1 intermediate, 1 small, and
12 unique haplotypes. Interestingly, the GF probe did
not identify any large haplotypes, but there were 3
intermediate, 6 small, and 12 unique haplotypes with

Table 2. Haplotype group size distribution with each of the 4 RPA probes. Num-
ber of isolates represented by each haplotype is listed in parentheses. Unique
haplotypes only represented 1 isolate each and the total number of unique hap-
lotypes for each RPA probe are listed in parentheses at the end of the row. Lower
table summarizes the number of isolates (by percentages) in each group size

classification for each RPA probe

the magufacturer’s protocols. The raw Probe Total no. of Large Intermediate Small Unique
nucleotide sequence data was edited haplotypes/probe  (11-24) (4-6) (2-4) (1)
using ABI Prism Sequence Analysis . —
2.1.1 software. Sequence files were NS 22 E (16) None I\I(II (3) A BDF
. . 2y G H1LJK,
further edited, aligned, and analyzed C(2 L OPQR,
by MacVector 6.0 and AssemblyLIGN V(2) S, T, U({17 total)
1.0.9 applications (Oxford Molecular N3 15 A (24) E (4) D(2) B, CFG,
Group). For the phylogenetic analyses, H LJ KL,
input files were configured in SeqPup M. N, O (12 total)
0.6f and phylogenies determined using GF 21 None é (g) 11-:1 (% g g (If \]31 a
. . () ( , G, L, M,
Phyl?p 3.572 (‘Felsens‘tem 1993). In 0 (5) 1(2) RS T (12 total)
Phylip, each input file was boot- N (2)
strapped 1000 times and analyzed by P (2)
both DNA parsimony and neighbor- H(2)
joining programs. Bootstrap values NV 10 C (16) None E (3) B,I (2total)
exceeding 70% were considered to F g %
indicate significant relatedness (Hillis G (2
& Bull 1993, Salminen et al. 1997). H (2}
J(2)
Total 68 = 4 4 17 43
RESULTS
Probe used
Group size N5 N3 GF NV
RPA haplotypes : _—
Large (o) 38 57 0 64
The RPA analyses of all 42 isolates | gretmediae (%) B9 20 @
resulted in 22, 15, 21, and 10 haplo- Unique (%) 41 29 29 5
types being discerned using the 4
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Fig. 3. RPA cleavage fragment patterns of the 21 GF haplotypes representing the Alaska IHNV isolates analyzed. Listed at the top
of each lane is the GF haplotype letter or the RPA control reactions (RB, GF NR, and Pr). RB (total RNA extracted from cells
infected with the RB1 [Round Butte] strain of IHNV), and GF (G gene mRNA transcript) both are perfectly complimentary with
the probe and formed a stable heteroduplex resulting in 1 band near the top of the gel for each control. The negative control,
NR, with no target resulted in the entire probe being degraded by the RNase enzymes and therefore no bands appeared. For the
Pr negative control there was no addition of target RNA or RNase enzymes to the reaction, which leaves the probe entirely intact.
MW: molecular weight markers. Numbers listed to the left of the bands in the first lane indicate the size of the RNA MW markers
in nucleotides

this probe. The NV probe identified 2 large, 6 small,
and only 2 unique haplotypes.

The haplotype identified for each isolate with each of
the 4 probes is shown on Table 1. In many cases the
isolates that grouped together with 1 probe were not
exactly the same as the groupings determined with
other probes, indicating that additional information
was obtained from the different regions of the viral
genome assessed by the different probes.

RPA spatial trends

Spatial analysis of the RPA haplotype data consisted
of plotting the haplotypes identified with each probe at
the location of isolation. For each virus isolate latitude
and longitude coordinates were plotted on an Alaska
map and on an enlarged section of Cook Inlet, Alaska.
The most significant and consistent trend observed
was that isolates from all large and intermediate-sized
haplotypes identified by the 4 probes were geographi-
cally dispersed throughout Alaska. In general, isolates
from small-sized haplotypes tended to be spatially re-

stricted (i.e. isolates with the identical haplotypes from
a small group were either from the same site or sam-
pled from a nearby location less than 40 km away).
These spatial trends are demonstrated on the Alaska
map for the GF haplotypes (Fig. 4). Maps for the N5,
N3, and NV haplotypes are not shown, but they dis-
played a similar spatial distribution. Out of the 17 small-
sized haplotypes determined from the RPA analyses
with all 4 probes, 13 were spatially restricted and 4
were exceptions to this trend since they were geo-
graphically separated. The exceptions included the N5
haplotype N, GF haplotypes F and U, and the NV hap-
lotype H (Table 1).

RPA temporal trends

Temporal analysis plotted the year of isolation, the
haplotype, and location of each virus simultaneously
on the Alaska and Cook Inlet maps (data not shown).
No consistent overall temporal trend was identified for
the haplotypes generated with the N5, N3, and NV
probes. The GF haplotypes had the strongest temporal
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pattern. In several cases, a GF haplotype was present
for a contiguous interval and then was no longer pre-
sent (Fig. 5). For example, the haplotype group O
occurred during the years from 1977 to 1985, but was
not observed among the 26 isolates collected after
1985, despite sampling at sites that
previously had haplotype O strains.

Fig. 4. Location of RPA GF haplotypes displayed on
an Alaska map and an inset map of Cook Inlet, Alaska.
Legend lists the GF haplotypes and in parentheses the
number of isolates represented by that haplotype. The
@ symbol signifies unique haplotypes represented by
only 1 isolate and large capital letters indicate GF hap-
lotypes of IHNV isolates from the locations indicated
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several sequence differences exist between them
(Fig. 3). The small F haplotype group with 2 isolates
was present in 1986 and 1993. In 1991 the K haplotype
appeared and was present through 1995. The J and K
haplotype banding patterns are quite similar, whereas

77 ‘79 ‘82 ‘84 ‘85 ‘86 ‘87 ‘88 ‘90 ‘g1 ‘92 ‘93 ‘94 ‘95 ‘96
The small P haplotype was present — —_— ]
only In 1982. Further, the O and P gy p—
haplotype patterns were almost iden- [P 2)] -
tical (Fig. 3), indicating they are F(2)

. | .

closely related genetically and that K .
the P haplotype may have evolved Fig. 5. Temporal pattern of RPA GF haplotypes. Hori-  IGIZH

zontal bar scale displays the years (1977-1996) the T

from the O haplotype. The J haplo-
type first appeared in 1984 and lasted
until 1993. The O and J banding pat-
terns share some bands, but clearly
have some unique bands, indicating

Alaska IHNV samples were isolated. Black rectan- [N (2)]
gles each represent a specific GF haplotype with the
number of isolates represented listed in parentheses.
The length of the rectangle reflects the time span
a particular GF haplotype was present in Alaska
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the F pattern is distinctly different (Fig. 3), indicating
the K haplotype may have evolved from the J haplo-
type, and that F haplotype may represent a virus from
an exogenous source. In 1991 and 1992 the H and U
patterns appeared, respectively, with U being present
until the last sample year 1996 and the small H haplo-
type was only seen for 2 yr. In later years (1994-1995),
the small-sized haplotypes N and I were also present.
It should be noted that the absence of a particular hap-
lotype in the 1990s does not seem to be accounted for
by sampling bias, since the majority of the samples
were from the later years (Fig. 1 inset).

RPA composite haplotypes

For each virus isolate, the haplotype designations
identified with each of the 4 RPA probes were listed in
genomic order (N5;N3;GF;NV) to generate a compos-
ite haplotype that combined all of the RPA data. The 42
Alaskan isolates analyzed by RPA had 36 different
composite haplotypes (Table 1). Isolates with identical
composite haplotypes are considered most closely
related at the genetic level within the detection limits
of this assay system (i.e. not all mismatches are de-
tected by the RPA methodology). There were 4 pairs of
isolates each with identical composite haplotypes and
1 set of 3 isolates with identical composite haplotypes.
I[solates with identical composite haplotypes were plot-
ted on Alaska and Cook Inlet maps (Fig. 6). Out of the
5 identical composite haplotype sets, 4 were located
either at the same site or from a site in close proximity.
The only exception to this spatial localization was

Isolate 9 from Tustumena Lake in southcentral Alaska
which had an identical composite haplotype, EAFC,
with an isolate (# 23) from the Aleutian Islands
(Fig. 6*). Sequencing of the midG gene regions re-
vealed that 4 mismatches between these isolates were
not detected by RPA methodology, indicating less
genetic relatedness than was suggested by RPA.

Comparisons of multiple isolates from the same site
provided epidemiological insights. In 1994 at Crooked
Creek Hatchery, the sockeye fry from Bear Creek, a
tributary to Tustumena Lake, had an outbreak of IHNV
(# 26) with a composite haplotype of EDNF. Later that
year, reproductive fluids sampled at Tustumena Lake
from returning adults had IHNV (# 28) with an identi-
cal composite haplotype of EDNF. The fingerling prog-
eny of these adults, reared at Crooked Creek Hatchery
had an outbreak of IHNV (# 27) in the spring of 1996
with a composite of EKUF, which differed in 2 of the 4
gene regions analyzed (N3 and GF). This suggested
that the EDNF strain of IHNV present at 2 different
locations in 1994 was associated with the Tustumena
Lake watershed, since it was isolated in spawning
adults and juveniles from the same stock. The subse-
quent observation of different haplotypes in spawning
adults and their direct descendents documents the
diversity of IHNV at the Crooked Creek Hatchery.

At Gulkana Hatchery, 2 of the 4 isolates analyzed
had identical IHNV composite haplotypes. Sockeye fry
at the hatchery in 1994 had an outbreak of I[HNV with
a composite haplotype of EAIC and a year later return-
ing adults from the middle of the spawning run had the
same composite haplotype (# 16 & 18). In contrast, the
early run of the 1995 Gulkana Hatchery sockeye had a
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Fig. 6. Composite haplotypes of isolates from sel-
ected sites are displayed on an Alaska map and an
inset map of Cook Inlet, Alaska. Location names
are followed by the composite haplotype, the iso-
late number (#) in parentheses and the year of iso-
lation for each isolate located at that site. The s in-
dicates the 2 isolates with identical composite
haplotypes that were not located at the same site
due to an RPA artifact
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composite haplotype of AAKI (Isolate 17), indicating
that a different strain of IHNV had infected this portion
of the returning spawning adults. Further, in 1982 a
virus (# 15) isolated from sockeye in the Gulkana River
had a completely different composite haplotype of
BHQC. This is clear evidence of 3 different virus
strains at a single location over a 13 yr period.

At the Kitoi Bay Hatchery on Kodiak Island, 2 of the
3 isolates analyzed by RPA had the identical composite
haplotype of CAPE. These included ITHNV from a 1982
juvenile chum fry outbreak (# 14) in the Spring and
later that Fall the wild kokanee in the hatchery water
supply that were tested (# 12). A third Kitoi Bay Hatch-
ery virus (# 13) isolated in 1991 from another juvenile
chum outbreak had a distinctly different composite
haplotype (TBBE).

In the Eklutna watershed, 2 of the 4 isolates analyzed
had identical composite haplotypes. In the fall of 1985
at Eklutna Lake, which supplied the water for the
hatchery, wild kokanee had IHNV (# 4) with a com-
posite haplotype of EAOC. Later that year chum adults
returning to the hatchery tested positive for IHNV (# 7)
with the identical composite haplotype. Previously that
year in the spring, the chum fry from the same stock
had an IHN outbreak at the hatchery (# 6) with a com-
posite of OFJC. This suggests that the wild kokanee
upstream were the likely source of the 1985 virus pre-
sent in the Fall hatchery returns, but not for the spring
1985 epizootic. Interestingly, 6 yr earlier a 1979 isola-
tion of a virus (# 19) in a wild sockeye returning to
Nancy Lake, located 40 km away, had the identical
composite haplotype of EAOC as the two 1985 isolates
from Eklutna Hatchery. The fourth isolate from
Eklutna Hatchery was from sockeye fry in 1996 with a
composite of HATH (# 5). Thus, again we identified 3
different virus strains (different in 3 out of the 4 probes}
at a single location, but in this case we also found 3 iso-
lates with identical composite haplotypes from differ-
ent host species in the area over a 6 yr period.

Sequencing of Alaskan isolates

The sequencing of the full-length NV gene (364
bases) and a 301 bp region of the G gene, henceforth
referred to as the midG region, resolved the 42 isolates
into 16 and 15 nucleotide sequence groups, respec-
tively (Table 1). A pairwise comparison of the Alaska
isolates sequence data determined that the maximum
nucleotide diversity of the isolates was 2.75% (10 mis-
matches) for the NV gene, and 1.99% (6 mismatches)
for the midG gene region. The maximum pairwise
amino acid (aa) diversity was 4 aa for the NV protein
and 2 aa for the region analyzed within the glyco-
protein.

By combining the midG and full-length NV
sequences for each of the 42 virus isolates, 26 different
nucleotide sequences were distinguished. Phyloge-
netic analyses of the combined midG/NV nucleotide
sequences discerned only 2 significant evolutionary
relationships using parsimony and distance matrix pro-
grams (trees not shown). The isolates (nos. 39 and 42)
from the Beaver Falls Hatchery were placed consis-
tently on a terminal branch with a bootstrap confi-
dence value of 99%. The 3 isolates (nos. 12, 13, and 14)
from Kitoi Hatchery were grouped together with a
bootstrap value of 90%. All other bootstrap values for
the consensus tree were non-significant, ranging from
1 to 55%. Therefore, no other evolutionary relation-
ships could be determined from the 665 nucleotides
analyzed for each virus isolate from Alaska.

To assess the genetic relationships between the
Alaskan THNV isolates and those from elsewhere in
the geographic range of the virus, a more extensive
phylogenetic analysis was performed including com-
parable midG/NV sequences of 10 previously charac-
terized IHNV strains from Washington, Oregon, Idaho,
and California (Nichol et al. 1995). The analysis also
included 2 British Columbia IHNV sequences that
were the most common in British Columbia and a rep-
resentative isolate from seapen reared Atlantic sal-
mon Salmo salar near Vancouver Island (E. D. Ander-
son, G. Trayler & G.K. unpubl.). A phylogenetic tree
including 4 Alaskan isolates selected to represent the
phylogenetic positions of all the Alaskan sequences is
shown in Fig. 7. The WRAC strain from Idaho was des-
ignated as the outgroup in this unrooted tree because
it had the highest number of nucleotide differences
from the Alaskan sequences. A tree of identical topog-
raphy was also obtained using the California SRCV
isolate as the outgroup (data not shown). The 10 IHNV
strains selected from the study by Nichol et al. (1995)
showed the same relationships at the terminal nodes of
the tree as reported previously. All of the Alaskan
IHNV sequences grouped with isolates from British
Columbia, Washington, and Oregon with a bootstrap
confidence value of 66 %. This grouping was distinct
from the Idaho and California isolates that branched
off with a bootstrap value of 87 %. Within the large
grouping that included the Alaskan isolates there were
3 clusters supported by significant bootstrap values.
The majority of the Alaskan isolates including the 3
isolates from Canadian stocks were represented by the
2 sequences Common 4 and Common 6, and formed a
cluster with the seapen isolate from British Columbia
(Fig. 7, Cluster 2). Two Alaskan isolates from the
Beaver Falls Hatchery that fell outside this subgroup
were most closely related to the sequence representing
the majority of British Columbia IHNV isolates (Fig. 7,
Cluster 3). The other Alaskan sequence, representing
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Fig. 7. Phylogenetic tree derived by maximum parsimony analysis of
665 nucleotides representing the midG/NV genes of 16 [HNV iso-
lates. Common 4 and Common 6 sequences were selected as the
most representative of 19 out of 26 mid-G/NV sequences found
among the Alaskan isolates. The consensus tree was unrooted with
the WRAC isolate designated as the outgroup. Bootstrap confidence
values were calculated using 1000 resampled data sets and are listed
at the branch nodes as percentages. Values above 70% are consid-
ered significant. A tree with identical topography was generated by
neighbor-joining analysis for confirmation (not shown). Isolates are
listed by name, abbreviated name of state or province isolation
occurred in, and in parentheses the year or years of isolation. The

Alaskan isolates are listed in bold

Kitoi Bay Hatchery isolates from Kodiak Island, was
placed near the mid-Columbia River isolates from
Washington and Oregon, but had a low bootstrap
value (42 %).

DISCUSSION

Using the RPA methodology, we analyzed 3 full-
length genes of 42 IHNV isolates from Alaska. Based
on the RPA results, the trends in haplotype frequency
and variability of the different gene regions could be
assessed. The 3' region of the N gene (bases 379 to
1289) was more conserved than the 5’ end of the N
gene (bases 1 to 768). This trend was demonstrated by
the N3 gene probe delineating 15 haplotypes com-
pared to the 22 NS haplotypes. Further, the majority of
the isolates (57 %) belonged to the single N3 haplotype
A and there were fewer unique N3 haplotypes (29%)
determined than for the N5 probe (40 %), which sug-

gested that the 5" end of the gene was more vari-
able. Kissi et al. (1995) sequenced the full length
N gene of 69 rabies virus isolates and determined
that the most variable region, approximately 400
bases, was also located in the amino terminus of
the N gene. Among the Alaskan isolates, the G
gene revealed no large-sized haplotype groups,
but this may be due to the full-length GF probe
being longer (~1600 bp) than the other probes. A
longer probe will contain more detectable mis-
matches and therefore may delineate more hap-
lotypes. The NV gene had 2 large haplotypes,
representing 53 % of the isolates, out of the total
10 haplotype groups determined, and there were
very few unique haplotypes (5 %). This indicated
that though the NV gene has some genetic diver-
sity, certain haplotypes dominated over time. In
future studies analyzing the genetic heterogene-
ity of IHNV genes it will be interesting to see if
the conservation of the NV gene and the 3’ end of
the N gene continues to persist.

Linkages between virus genetic variability and
associated parameters have been previously
demonstrated with RNA viruses and can aid in
deciphering viral transmission patterns (Kew &
Nathanson 1995). For the Alaskan isolates, there
was no apparent correlation between haplotype
and host species, life history, or stock origin (wild
or hatchery). However, all 3 genes of Alaskan
[HNV isolates analyzed by RPA demonstrated a
consistent geographic distribution. Virus isolates
belonging to the large and intermediate-sized
haplotypes groups were distributed throughout
Alaska, whereas isolates in small haplotype
groupings were generally obtained from 1 site
(hatchery, lake, etc.) or from a nearby location. In our
study, no spatial relationships were found between
regions or bodies of water (i.e. Southeast Alaska or
Cook Inlet) and the large haplotype groups.

The maximum genetic diversity among the Alaskan
isolates from both the midG region and NV gene
sequences was low (1.99 and 2.75 % respectively). This
is in contrast to the maximum diversity (5.6 and 4.4 %)
determined from nucleotide sequences of the midG
and NV genes of 12 diverse IHNV isolates sampled
from Washington, Oregon, Idaho, and California within
the Columbia and Sacramento River basins (Nichol et
al. 1995). Similarly, Oshima et al. (1995) determined
by T1 ribonuclease fingerprint patterns that 26 IHNV
genomes sampled from fish in the western USA had
less than 5% genetic variability. Thus, the Alaskan
IHNV isolates appeared to be less diverse at the gen-
etic level than the isolates characterized by Nichol et
al. (1995) or Oshima et al. (1995) despite the much
larger number of Alaskan isolates from different stocks
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and a greater number of watersheds that were ana-
lyzed. Phylogenetic analysis of the full length G and
NV genes of the 12 isolates analyzed by Nichol et al.
(1995) indicated that genetic relatedness correlated
with geographic location and not with host species or
time of isolation. In that study, the distance between
the mouths of the Columbia and Sacramento Rivers is
approximately 1010 km with a 9° latitude difference,
while our study included isolates from a coastal range
of approximately 2150 km, but with the majority of the
isolates within a 5° latitude range. In our analysis, phy-
logenetic insights into the evolutionary history of the
42 Alaskan sequences were limited, since only 2 termi-
nal clades were significant in the consensus tree. How-
ever, our broader analysis of 4 representative Alaskan
sequences with the majority of the isolates analyzed
by Nichol et al. (1995) and representative sequences
present in British Columbia, Canada (Anderson et al.
unpubl.) generated a consensus tree with several sig-
nificant bootstrap values indicating valid evolutionary
relationships (Fig. 7). It was interesting to note that the
Alaskan isolates from Beaver Falls hatchery, located
at the southern-most end of the Alaska panhandle,
grouped with the most common BC sequence and that
the most prevalent Alaskan sequences clustered with
the BC seapen isolates. These results indicate an over-
all genetic continuity between Alaskan and BC [HNV
isolates and that both these subgroups may have been
derived from a common ancestral viral lineage.

Our study documents that the genetic diversity of
IHNV within Alaska is notably lower than IHNV in the
more southern portions of its North American range.
There are many possible hypotheses for this observa-
tion. The low diversity may be related to fish culture
practices in Alaska. Alaska's aquaculture program is
relatively young and it adheres to stringent culture
techniques to control IHNV. The state government has
strict guidelines on the transfer of fish stocks within the
state, very few stocks have been imported into the
state, and there has been a regulatory ban on fish
importation for over 20 yr. Further, healthy wild sal-
mon stocks still exist in Alaska. This decreases the
need for hatcheries that can create a conducive envi-
ronment (crowding, lower water quality, etc.) for virus
outbreaks to occur. Less intense aquacultural activity
in Alaska may contribute to the low genetic hetero-
geneity demonstrated by Alaskan IHNV isolates. In
contrast, when isolates from the Columbia and Sacra-
mento River basins, watersheds with a higher number
of salmonid enhancement programs and mixed stock
fish transfers, were examined, the level of genetic
diversity increased and genetic relatedness correlated
with geographic origin (Nichol et al. 1995).

In addition, the physical oceanographic features of
the Gulf of Alaska (i.e. a small gyre associated with

higher zooplankton productivity} and the Bering Sea
(i.e. a large continental shelf) could provide environ-
ments for intermingling of different Alaskan salmonid
stocks that may lead to a genetic homogenization of
IHNV within Alaska. The greater depth and larger
gyre in the Pacific ocean between the Columbia and
Sacramento rivers may be conducive to a more open
ocean migration of these stocks, possibly resulting in
less interaction between salmonid stocks and their
associated virus strains. In association with the oceano-
graphic features, the migration patterns of a salmonid
species/stock during their marine residency would
likewise be a factor if any ocean encounter were to
occur. The possible marine reservoir or much debated
carrier-state of THNV could also play a role in the
transmission of different virus strains to salmonids in
saltwater (Traxler et al. 1997, Kent et al. 1998, Meyers
1998).

Another consideration is that the majority of IHNV
detected in Alaska is from sockeye salmon, whereas
in the more Southern portion of the viral range IHNV
is isolated primarily from steelhead, rainbow trout,
and chinook. Therefore the low genetic diversity
observed in Alaskan IHNV may be due, at least in
part, to host specific factors involved with replication
and adaptation to sockeye. Further, it should be noted
that the Alaskan IHNV isolates were primarily from
coastal salmonid stocks, which could lead to higher
straying and thus prevent reproductive isolation of the
virus within a stock (Pascual & Quinn 1993). In con-
trast, the Sacramento River salmonid stock travel
approximately 500 river km back to their natal
streams and the non-anadromous farmed rainbow
trout from the Snake River are approximately 1500
river km upstream from the mouth of the Columbia
River. These factors could cause reproductive isola-
tion of the host stocks and may contribute to the
higher genetic diversity seen between the IHNV iso-
lates studied from these regions (Nichol et al. 1995, R.
Troyer & G.K. unpubl.). This suggests that when try-
ing to determine if correlations exist between the geo-
graphic origin and sequence diversity of IHNV iso-
lates, the spatial scale that is being examined can
affect the level of phylogenetic resolution. Phyloge-
netic analysis of the hypervariable region of the
phosphoprotein for New Jersey vesicular stomatitis
virus (VSV-NJ) isolates sampled from distant areas
(North and South America) grouped the isolates into
different geographic lineages (Rodriguez et al. 1996).
However, when VSV-NJ isolates from within a
smaller area (Costa Rica) were analyzed, distinct
genetic lineages were correlated with ecological
zones (moist highlands or dry lowlands) and not the
isolates’ geographic proximity to one another (Rodri-
guez et al. 1996). It may be relevant in future studies
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that examine IHNV genetic diversity to compare the
resultant heterogeneity with the ecological zones (e.qg.
spawning grounds) inhabited by their salmonid host
when analyzing isolates from a smaller spatial scale
(e.g. watershed).

Interestingly, RPA analysis of the Alaskan isolates, in
addition to demonstrating some spatial correlations
with haplotypes, also elucidated a possible temporal
pattern with the G gene haplotypes (Fig. 5). The G
gene haplotypes were present for a contiguous interval
and then were absent. This stair-step pattern of ap-
pearance and disappearance of G gene haplotypes
may indicate that the glycoprotein, in response to
selective pressure by the host immune system, needs
to change through time. The rabies, influenza, and
viral hemorrhagic septicemia virus glycoproteins have
also been suggested to be driven by strong positive
selection (Webster et al. 1992, Benmansour et al. 1997,
Kissi et al. 1999). The absence of any dominant G gene
haplotype in our analysis (Table 2) supports the hy-
pothesis that the G gene maintains a higher level of
genetic diversity than other JIHNV genes and this was
also reflected in the evolving haplotype pattern. This
temporal pattern has also been demonstrated in other
virus genetic diversity studies. The unique regions of a
VP1 capsid protein of 23 parvovirus B19 strains were
analyzed by a non-isotopic RNase cleavage assay and
by nucleotide sequencing (Haseyama et al. 1998). The
strains were categorized into 3 types. The presence
and absence of each type was sequential and the
authors suggested a change had occurred from one
type to another. Human respiratory syncytial virus G
gene sequences from isolates sampled worldwide
since 1956, also clustered temporally, but not spatially
(Cane & Pringle 1995). A successful THNV glycopro-
tein, based on a specific genetic type, may be present
for a set period, but as the host defense systems adapt
the viral glycoprotein must also acclimate in order for
the virus to continue to be an effective pathogen.

In addition to spatial and temporal correlations, epi-
demiological insights could be suggested from the
results. Genetic characterization of multiple 1solates
from individual sites can aid in inferring whether
IHNV is evolving over time and/or if exogenous sources

are responsible for the presence of different strains
at these sites. For our study we inferred that viral
introduction from independent sources most likely oc-
curred if 2 isolates from the same site differed in 3 or 4
of the individual haplotype groupings. Alternatively,
we speculated that viral evolution was most likely
occurring if 2 isolates from the same site differed by
only 1 of the individual gene haplotypes (e.g. MEKF
and MELF). There were 10 sites where multiple virus
isolates were analyzed (Table 1). Seven of the sites

(Chenik Lake, Eklutna Lake, Trail Lakes Hatchery,

Kitoi Bay Hatchery, Gulkana River, Crooked Creek
Hatchery, and Beaver Falls Hatchery) had at least 2
isolates that differed in only 1 haplotype, indicating
evolution events. Eight of the sites (Chenik Lake,
Eklutna Lake, Trail Lakes Hatchery, Kitol Bay Hatch-
ery, Gulkana River, Nancy Lake, Auke Lake, and Kla-
wock Hatchery) had isolates that differed in 3 or 4 of
the individual haplotypes, indicating introduction from
independent sources. This suggested that both viral
evolution and viral introductions contribute signifi-
cantly to the heterogeneity of IHNV at various hatch-
eries and watersheds in Alaska. Several sites appear to
have both viral diversification mechanisms (introduc-
tion and evolution) occurring. For example, the 4 virus
isolates from the Trail Lakes Hatchery (nos. 8 to 11)
have composite haplotypes JGSC (1986), EAFC (1993),
MEKEF (1994), and MELF {1994). These indicate 3 inde-
pendent virus sources and 1 evolutionary event within
the 8 yr betwcen 1986 and 1994 (Table 1).

Evidence that genetic stasis of IHNV can also occur
was provided by the identification of isolates with
identical composite haplotypes and midG/NV se-
quences at sites where multiple isolates were ana-
lyzed. Out of 5 identical composite haplotype sets, 4
were located at the same site or in close proximity
(Fig. 6). At Crooked Creek and Gulkana Hatcheries
pairs of isolates sampled from different locations or
years that had identical composite haplotypes and
sequences indicated that virus incidence (i.e. genetic
types) may be ‘watershed-based' in some cases. At
both Kitoi Bay and Eklutna hatcheries identical virus
pairs were found in hatchery fish and from wild fish in
the hatchery water supply, providing evidence for a
transmission link between these 2 host populations.
Further evidence of genetic stasis was the identifica-
tion of a virus identical to the Eklutna strains from
nearby Nancy Lake, but isolated 6 yr earlier. These
examples of stasis and the overall low sequence het-
erogeneity of the Alaskan isolates suggest that they
are evolutionarily constrained.

Since only the midG/NV genes were sequenced and
the phylogenetic analysis of the Alaskan isolates alone
was not informative, it may be valuable to determine if
other regions of the genome are also highly variable.
These regions could be sequenced and used in con-
junction with the whole gene RPA analysis. In the
future, the rapidly developing gene chip technology
could be utilized to perform whole genome analysis
of selected THNV strains to identify highly variable
regions of the genome that may be more informative.
Holmes (1998) suggested that in order to properly
determine the molecular epidemiology of viruses, com-
plete viral genomes needed to be sequenced in order
to delineate appropriate virological markers for true
determination of strain-disease associlations.
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This study establishes a baseline of genetic finger-
print patterns and sequence groups representing the
genetic diversity of Alaskan IHNV isolates. In the
future, this information could be used to facilitate deci-
sions in fisheries management, such as stock transfers
both between and within watersheds and rearing of
certain stocks at hatcheries, in order to avoid transfer-
ring different virus strains. This practice would prevent
the introduction of a new virus strain into an environ-
ment with susceptible resident fish stocks. Isolates
from future JHN outbreaks can be compared against
this genetic database and the potential source of the
virus could be identified.
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