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Infectious hematopoietic necrosis virus (IHNV) and viral hemorrhagic septicemia virus (VHSYV) are two
salmonid rhabdoviruses replicating at low temperatures (14 to 20°C). Both viruses belong to the Novirhab-
dovirus genus, but they are only distantly related and do not cross antigenically. By using a recently developed
reverse-genetic system based on IHNV (S. Biacchesi et al., J. Virol. 74:11247-11253, 2000), we investigated the
ability to exchange IHNV glycoprotein G with that of VHSV. Thus, the IHNV genome was modified so that the
VHSYV G gene replaced the complete IHNV G gene. A recombinant virus expressing VHSV G instead of IHNV
G, rIHNV-Gvhsv, was generated and was shown to replicate as well as the wild-type rIHNV in cell culture. This
study was extended by exchanging IHNV G with that of a fish vesiculovirus able to replicate at high temper-
atures (up to 28°C), the spring viremia of carp virus (SVCV). rIHNV-Gsvcev was successfully recovered;
however, its growth was restricted to 14 to 20°C. These results show the nonspecific sequence requirement for
the insertion of heterologous glycoproteins into IHNV virions and also demonstrate that an IHNV protein other
than the G protein is responsible for the low-temperature restriction on growth. To determine to what extent
the matrix (M) protein interacts with G, a series of chimeric pIHNV constructs in which all or part of the M
gene was replaced with the VHSV counterpart was engineered and used to recover the respective recombinant
viruses. Despite the very low percentage (38%) of amino acid identity between the IHNV and VHSV matrix
proteins, viable chimeric IHNVs, harboring either the matrix protein or both the glycoprotein and the matrix
protein from VHSYV, were recovered and propagated. Altogether, these data show the extreme flexibility of
IHNYV to accommodate heterologous structural proteins.

Infectious hematopoietic necrosis virus (IHNV) and viral
hemorrhagic septicemia virus (VHSV) are two rhabdoviruses
mainly, but not exclusively, infecting trout. Like those of mam-
malian rhabdoviruses such as rabies virus (RV) and vesicular
stomatitis virus (VSV), the IHNV and VHSV negative-strand
RNA genomes encode five structural proteins: nucleoprotein
(N), polymerase-associated phosphoprotein (P), matrix pro-
tein (M), glycoprotein (G), and RNA-dependent RNA poly-
merase (L). In contrast to those of mammalian rhabdoviruses,
the IHNV and VHSV genomes contain an additional cistron,
localized between the G and L genes, which encodes a small
nonstructural protein of unknown function, NV (2, 21). Due to
the presence of the NV gene, IHNV and VHSV have been
classified as novirhabdoviruses. Mammalian rhabdoviruses are
generally separated into two major genera, Lyssavirus (proto-
type, RV) and Vesiculovirus (prototype, VSV), based mainly on
the migration pattern of the viral proteins in polyacrylamide
gels. Although they are only distantly related and antigenically
distinct, IHNV and VHSV have both been considered more
related to Lyssavirus than to Vesiculovirus, in contrast to other
fish rhabdoviruses such as spring viremia of carp virus (SVCV)
(6, 31). Rhabdoviruses are enveloped viruses which possess a
unique external glycoprotein G inserted into the viral mem-
brane. This N-glycosylated class I transmembrane protein,
which forms trimeric peplomers on the virion surface (13),
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exhibits several remarkable features common to all the rhab-
doviruses: (i) G is the only protein responsible for the synthesis
of neutralizing antibodies in infected animals (7, 23, 24), (ii)
targeted mutations on G allow attenuation of virulence (4, 12,
19), (iii) G is the viral protein responsible for attachment to the
cell membrane receptors (3), and (iv) G possesses a very short
cytoplasmic tail which probably interacts with other internal
proteins such as N and/or M. The putative interaction between
G and other viral components is not yet very clear and has
recently been studied by manipulating the genomes of nega-
tive-stranded RNA viruses by means of cloned DNA and re-
covering infectious viral particles (8, 32). Thus, by using a
reverse-genetic approach based on VSV, it has been shown
that any heterologous glycoprotein can be inserted into VSV,
with no specific glycoprotein cytoplasmic tail sequence conser-
vation (33, 34), in contrast to RV, in which, with one exception
(29), insertion of glycoproteins requires conservation of the
RV glycoprotein cytoplasmic tail sequence (26-28). The dif-
ference observed between RV and VSV is intriguing and could
be related to the relationships between the G and M proteins
or the G and N proteins. For VSV, it is now well established
that a cytoplasmic tail domain (at least 9 amino acids), but one
with no specific amino acid sequence, is necessary to efficiently
promote viral budding. Thus, it has been hypothesized that no
specific interactions between G and N or the M matrix exist but
that there is a spatial topology arrangement in which the G
cytoplasmic tail fits into the groove or pocket formed by M
and/or N (33). In contrast, Mebatsion et al. have shown that
the M protein of RV interacts with G and is probably respon-
sible for recruiting the G protein into the virus, necessitating
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FIG. 1. Construction of the pIHNV-Gvhsv and pIHNV-Gsvev plasmids. pIHNV fragment 2 cloned into the pBluescript plasmid (5) was
engineered by site-directed mutagenesis to introduce Spel and Smal restriction enzyme sites (stepl). The mutated fragment 2 was digested with
Spel/Smal to remove the IHNV G gene so that it could be replaced by the VHSV or SVCV G gene (step 2). Finally, the pIHNV-Gvhsv and
pIHNV-Gsvev plasmid constructs were generated by insertion into the pIHNV backbone of an Eagl/Agel fragment containing the VHSV or SVCV

G gene, respectively.

the conservation of specific amino acids in the G cytoplasmic
tail (30).

To study whether IHNV is indeed more related to RV than
to VSV regarding the requirement of the conservation of the G
cytoplasmic tail domain for the insertion of foreign glycopro-
teins, we exchanged the IHNV G glycoprotein with that of
VHSYV by a recently described reverse-genetic approach (5). A
recombinant virus, rIHNV-Gvhsv, was produced and was
shown to grow in cell culture as well as wild-type IHNV or
VHSV. This result demonstrated that cytoplasmic domain con-
servation is not required for efficient replacement of the IHNV
glycoprotein by a heterologous glycoprotein. This observation
was furthermore extended by the generation of rIHNV-Gsvcy,
in which the glycoprotein from a fish vesiculovirus was inserted
into IHNV particles. The putative interaction between the
glycoprotein and the matrix protein was thus investigated by
replacement of the matrix gene in the IHNV genome with that
of VHSV. In this study we show that viable recombinant chi-
meric IHNVs were produced when the M- and/or G-encoding
gene was replaced by that of VHSV.

MATERIALS AND METHODS

Viruses and cell cultures. IHNV 32/87, VHSV 07/71, and SVCV “Fijan”
strains were propagated in monolayer cultures of EPC cells either at 14°C
(IHNV and VHSV) or at 20°C (SVCV) as previously described (10). Recombi-
nant vaccinia virus expressing T7 RNA polymerase, vIF7-3 (11), was kindly
provided by B. Moss.

Construction of pTHNV-Gvhsv and pIHNV-Gsvev. A full-length cDNA clone,
pIHNV (Fig. 1), assembled from four overlapping cDNA fragments (numbered
1 to 4) and covering the complete IHNV genome (5), was used to engineer new
pIHNV-derived constructs. Thus, Eagl/PstI fragment 2 (pIHN2), containing the
G and NV genes and the beginning of the L gene, was used to introduce, by a
two-step site directed mutagenesis assay using the QuickChange Kit (Strat-
agene), two unique Spel and Smal restriction enzyme sites at the start codon and
near the end of the G gene, respectively. In the first step, a Spel restriction
enzyme site was created by using primers G-Spel-S and G-Spel-A (Table 1),
leading to pIHN2-Spel. In the second step, a Smal restriction enzyme site was
created in pIHN2-Spel by using primers G-Smal-S and G-Smal-A, leading to
pIHN2-Spel/Smal. The VHSV or SVCV G gene was recovered by reverse
transcription-PCR (RT-PCR) from the VHSV or SVCV RNA genome by using
the specific primers G-Spel-vhsv and G-Smal-vhsv or G-Nhel-svev and G-Smal-
svev, (the Nhel restriction enzyme site is compatible with Spel). Then the IHNV
G gene was deleted from pIHN2-Spel/Smal by Spel-Smal digestion and replaced
with the VHSV or SVCV G gene. Finally, an Eagl-Agel fragment was removed
from the full-length pIHNV construct by restriction enzyme digestion and re-
placed by the modified Eagl-Agel counterpart from pIHN2-Gvhsv or pIHN2-
Gsvev, leading to pIHNV-Gvhsv or pIHNV-Gsvcv, respectively.

DNA transfection and recovery of recombinant IHNV. Transfection experi-
ments were carried out as described previously (5). Approximately 4 X 10° EPC
cells were grown in 6-well plates and infected with the recombinant vaccinia virus
VTF7-3 expressing T7 RNA polymerase at a multiplicity of infection of 5 (11).
After 1 h of adsorption at 37°C, cells were washed twice and transfected with a
plasmid mixture containing 0.25 g of pT7-N, 0.2 pg of pT7-P, 0.2 pg of pT7-L,
and 0.12 pg of pT7-NV and with 1 g of each of the different full-length cDNA
constructs, by using the Lipofectamine reagent (Gibco-BRL) according to the
supplier’s instructions. The cells were incubated for 7 h at 37°C before being
shifted to 14°C and incubated for 6 days. Then the cells were suspended by
scratching with a rubber policeman and were subjected to two cycles of freeze-
thawing. Supernatant PO was clarified by centrifugation at 10,000 X g in a
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TABLE 1. Primers used in this study
Primer Sequence” Restriction site

G-Spel-S GAGACCCACCAAAACTAGTGACACCACGATCAC Spel
G-Spel-A GTGATCGTGGTGTCACTAGTTTTGGTGGGTCTC Spel
G-Smal-S CCCCATGTATCACCCGGGAAACCGGTCCTAAAGG Smal
G-Smal-A CCTTTAGGACCGGTTTCCCGGGTGATACATGGGG Smal
G-Spel-vhsv GGACTAGTATGGAATGGAACACTTTTTTC Spel
G-Smal-vhsv TCCCCCGGGTCAGACCGTCTGACTTCTGG Smal
G-Nhel-svev CTAGCTAGCATGTCTATCATCAGCTACATCG Nhel
G-Smal-svev TCCCCCGGGTCAAACTAAAGACCGCATTTCG Smal
M-Mlu-ATG-S CAGTTCAAACGAGAACGCGTCTATTTTCAAGAGAGC Miul
M-Mlu-ATG-A GCTCTCTTGAAAATAGACGCGTTCTCGTTTGAACTG Miul
M-Mlu-TAG-S GGGGAAGGAAAAATACGCGTCGACCATGCCGTC Miul
M-Mlu-TAG-A GACGGCATGGTCGACGCGTATTTTTCCTTCCCC Miul
M-vhsv-S CCGACGCGTATGGCTCTGTTCAAAAG Miul
M-vhsv-A CCGACGCGTCTACCAAGGTCGGACAG Miul
M-Eco47-S GGTTACAATACTCAGCGCTGAGGGGGAGATCAAGG Eco47111
M-Eco47-A CCTTGATCTCCCCCTCAGCGCTGAGTATTGTAACC Eco47IIl
M-vhsv-Eco47 GCCAGCGCTCAGGATGGTGGAGACACG Eco47111

“ Restriction enzyme sites are underlined; mutated nucleotides are boldfaced.

microcentrifuge and was used to inoculate fresh EPC cell monolayers in 24-well
plates at 14°C.

Sucrose gradient centrifugation. Supernatants of infected cells (60 ml) were
clarified by low-speed centrifugation and then precipitated overnight at 4°C with
a mixture of polyethylene glycol (PEG)-NaCl (final concentrations, 7% PEG
6000 and 2.3% NaCl). The precipitated virus was recovered by centrifugation at
20,000 rpm in an SW28 rotor for 30 min and was resuspended in 800 wl of TEN
(10 mM Tris [pH 7.4], 50 mM NaCl, 1 mM EDTA). The viral suspension was
layered on a 15-t0-45% sucrose gradient and was centrifuged overnight at 25,000
rpm in an SW41 rotor. The virus-containing fraction was collected and diluted in
TEN, and virus particles were pelleted by centrifugation at 25,000 rpm in an
SW28 rotor for 90 min. The virus pellet was resuspended in 100 pl of TEN and
stored at —70°C until use.

SDS-polyacrylamide gel and Western blot assay. Proteins of aliquots of su-
crose-purified virus (3 pg) were separated on a sodium dodecyl sulfate (SDS)-
10% polyacrylamide gel and either stained with Coomassie blue or electrotrans-
ferred onto a ProBlott membrane (Perkin-Elmer, Applied Biosystems Division)
in 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer containing 10%
methanol. The membrane was blocked overnight in TBSA (3% bovine serum
albumin in Tris-buffered saline) and then incubated with a mixture of anti-THNV
P (generated in our laboratory [unpublished data]) and anti-VHSV G i16 (4)
monoclonal antibodies (MAbs) diluted to 1:500 in TBSA containing 0.05%
Tween 20. The membrane was washed and incubated with an alkaline phos-
phatase-conjugated anti-mouse immunoglobulin (Biosys, Compiégne, France).
Bound antibodies were detected by using the Gibco-BRL nitroblue tetrazolium/
5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) detection kit.

Growth curve. EPC cells grown in 6-well plates were infected at a multiplicity
of infection of 5 PFU of each virus (IHNV 32/87, VHSV 07/71, and rTHNV-
Gvhsv)/cell. After 1 h of adsorption at 14°C, cells were washed to remove
unadsorbed virus. Tris-buffered Glasgow modified Eagle medium (GMEM, pH
7.4) containing 2% fetal bovine serum was added. One hundred microliters of
culture supernatant was removed at each time point (0, 7, 29, 50, 72, and 96 h
postinfection). Infection titers of supernatants were determined on EPC cells by
plaque assay.

Plaque assay. EPC cells grown in 6-well plates were infected either with
approximately 100 PFU (for plaque morphology assay) or with the supernatants
at each time point postinfection (for growth curve) of each virus (IHNV 32/87,
VHSYV 07/71, and rTHNV-Gvhsv). After 1 h of adsorption at 14°C, cells were
overlaid with agarose (0.35% in GMEM-Tris culture medium). Five days postin-
fection, cell monolayers were fixed with 10% formol, the agarose overlay was
removed, and cells were stained with crystal violet.

Immunofluorescence assays. Cells infected with wild-type rTHNV or rTHNV-
Gvhsv (in 6-well plates) were fixed with a mixture of alcohol and acetone (1:1,
vol/vol) at —20°C for 15 min. Intracellular VHSV glycoprotein and THNV pro-
teins were immunodetected by successive incubations with a rabbit IHNV-spe-
cific antiserum (kindly provided by P de Kinkelin, Institut National de la Re-
cherche Agronomique [INRA], Jouy-en-Josas, France) diluted to 1:400 in
phosphate-buffered saline-Tween and with a MAb against VHSV G i16 (4)

diluted to 1:1,000 in phosphate-buffered saline-Tween. After 45 min at room
temperature, cells were washed and incubated with a mixture containing fluo-
rescein-conjugated anti-rabbit (Biosys) and Texas red-conjugated anti-mouse
(Vector) immunoglobulins. Finally, cells were washed and examined for staining
with a UV light microscope (Carl Zeiss, Inc., Thornwood, N.Y.).

Experimental fish infection and virus recovery. Experimental fish infections
were conducted as follows. Fifty virus-free juvenile rainbow trout (Oncorhynccus
mykiss) were infected by static immersion with rIHNV (final titer, 5 X 10*
PFU/ml) for 3 h at 14°C in an aquarium filled with 3 liters of fresh water. Aquaria
were then filled up to 30 liters with fresh water. Controls were fish mock infected
with cell culture medium under the same conditions. The spleens, kidneys, and
brain of each dead fish were homogenized in a mortar with a pestle and sea sand
in 9 volumes of GMEM containing penicillin (100 IU/ml) and streptomycin (0.1
mg/ml). After centrifugation at 2,000 X g for 15 min at 4°C, the supernatant was
inoculated into EPC cells.

RT-PCR. Aliquots of supernatants from EPC cells infected with homogenized
rIHNV-infected fish or with virus stocks were clarified by low-speed centrifuga-
tion. Viral RNA was then directly extracted by using the QIAamp Viral RNA
purification kit (Qiagen) according to the manufacturer’s recommendations. Part
of the RNA genome was reverse transcribed and amplified by PCR (RT-PCR)
with primers specific for the M and G genes of IHNV or VHSV. RT-PCR
products were analyzed in a 1% agarose gel with or without restriction enzyme
digestion and were also subjected to nucleotide sequencing.

Construction of a pIHNV series containing the chimeric M gene. Fragment 1
(pIHNI1 [Fig. 1]) containing the N, P, and M genes was used as the starting
material for all the constructs. Thus, plHN1 was modified by site-directed mu-
tagenesis (QuickChange Kit; Stratagene) to introduce two Mlul restriction en-
zyme sites at the start (pJHN1-Mlu) and stop (pIHN1-Mlu/Mlu) codons of the M
gene by using, respectively, primer pairs M-Mlu-ATG-S-M-MIu-ATG-A and
M-Mlu-TAG-S-M-Mlu-TAG-A (Table 1). The IHNV M gene was deleted from
pIHN1-Mlu/Mlu by Miul digestion and replaced by the VHSV M gene, which
was recovered by RT-PCR from the VHSV RNA genome by using the specific
primers M-vhs-S and M-vhs-A. The final pIHNV-Mvhsv and pIHNV-M-Gvhsv
constructs (see Fig. 6B) were obtained by replacing the Hpal-Eagl fragment of
pIHNV or pIHNV-Gvhsy, respectively, with the modified Hpal-Eagl counterpart
from pIHN1-Mvhsv. For the chimeric M constructs, plHN1-Mlu was used as a
template to create, by site-directed mutagenesis, a unique Eco4711I site between
nucleotides 88 and 92 of the ITHNV M gene by using the primer pair M-Eco47-
S-M-Eco47-A, leading to the pIHNI1-Mlu/Eco construct. The 5’ end of the
THNV M gene (the first 87 nucleotides) was deleted from pIHN1-Mlu/Eco by
Mlul-Eco47111 digestion and replaced with the first 87 nucleotides of the VHSV
M gene, which were amplified by RT-PCR from the VHSV RNA genome with
the primer pair M-vhsv-S—-M-vhsv-Eco. The final pIHNV-Mvi and pIHNV-Mvi-
Gvhsv constructs (see Fig. 6B) were obtained by replacement of the Hpal-Eagl
fragment of pIHNV or pIHNV-Gvhsy, respectively,with the modified Hpal-Eagl
counterpart from pIHN1-Mvi.

Nucleotide sequencing. All the sequences of the plasmid constructs used in this
study and those of RT-PCR products were checked by nucleotide sequencing
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FIG. 2. Expression of VHSV glycoprotein in rIHNV-Gvhsv-infected cells. EPC cells were infected with wild-type rIHNV or rIHNV-Gvhsv as
indicated on the left. Cells were alcohol-acetone fixed and incubated first with a rabbit anti-IHNV polyclonal antiserum («IHNV) and then with
a mouse anti-VHSV G MADb (aG-VHSV). Expression was revealed with a mixture containing Texas red-conjugated goat anti-mouse immuno-
globulin G (for «G-VHSV) and fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (for «IHNV). Overlapping of double

labeling is shown in the right panels (Cross).

reactions carried out on an ABI 373A DNA automatic sequencer using the
DyeDeoxy Terminator-Prism Kit (Applied Biosystems) and specific primers.

RESULTS

Recovery of recombinant IHNV expressing the VHSV glyco-
protein. The complete gene encoding the IHNV G glycopro-
tein was removed from the p[HNV construct following the
introduction of two unique restriction enzyme sites at the start
codon and near the end of the gene. As described previously
(5), the pIHNV construct, encoding an antigenomic T7-driven
IHNV RNA, was assembled from four fragments covering the
full-length IHNV genome. Thus, fragment 2 (Fig. 1), which
contains the G and NV genes and the beginning of the L gene,
was used as a template to create, by site-directed mutagenesis,
two new unique Spel and Smal restriction enzyme sites at the
beginning and the end of the G gene, respectively. Then the
IHNV G gene was replaced with the VHSV G gene in the
mutated fragment 2, following excision and insertion using the
Spel and Smal restriction enzyme sites. Finally, an Eagl/Agel
fragment was excised from pIHNV fragment 2 and inserted
back into the pIHNV backbone, leading to the final pIHNV-
Gvhsv plasmid construct. By using the established conditions
(5), pIHNV-Gvhsv was cotransfected with pT7-N, pT7-P, pT7-
NV, and pT7-L into vIF7-3-infected EPC cells and incubated
for 6 days at 14°C. By passage of the supernatant on fresh EPC
cells, a typical virus-induced cytopathic effect was observed.
The recombinant virus, rIHNV-Gvhsv, was amplified by sev-
eral cell passages and used for further studies.

Expression of the VHSV G glycoprotein together with the
IHNV viral proteins in rIHNV-Gvhsv-infected EPC cells was
demonstrated by an indirect immunofluorescence assay using
double labeling against the VHSV G and IHNV proteins (Fig.

2). The presence of VHSV glycoprotein G in the IHNV virions
was investigated following analysis of sucrose gradient-purified
virus. Figure 3A shows the protein patterns of the purified
viruses separated on a Coomassie blue-stained SDS-polyacryl-
amide gel; the migration of G is indistinguishable between
IHNV and VHSV, in contrast to the N and P proteins. A
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FIG. 3. VHSV G is incorporated into IHNV virions. (A) Sucrose
gradient-purified virus proteins were separated on an SDS-10% poly-
acrylamide gel and visualized following Coomassie blue staining.
(B) The gel was electrotransferred onto a polyvinylidene difluoride
membrane and incubated with a mixture of MAbs against VHSV G
and THNV P. Immunodetected viral antigens were visualized with an
alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G.
M, standard molecular weight marker. Viral proteins: L, RNA poly-
merase; G, glycoprotein; N, nucleoprotein; P, phosphoprotein; M,
matrix protein.
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FIG. 4. Growth curves (A) and plaque morphologies (B) of IHNV,
VHSYV, and rIHNV-Gvhsv. (A) EPC cells were infected at a multiplic-
ity of infection of 5 with either VHSV 07/71 (4 ), IHNV 32/87 (m), or
rTHNV-Gvhsv (A). Supernatants (100 pl) were taken at 0, 7, 29, 50, 72,
and 96 h postinfection (h.p.i.) and titered. (B) EPC cells were infected
with 50 PFU of each virus and cultured under an agarose-containing
medium. At 5 days postinfection, cell monolayers were fixed and
stained.

demonstration that VHSV G was incorporated into the IHNV
virions was provided by Western blot analysis (Fig. 3B) using
MADs directed against the IHNV P protein and VHSV glyco-
protein G. As shown in Fig. 3B, rIHNV-Gvhsv was recognized
by both MAbs, whereas IHNV and VHSV were exclusively
recognized by the anti-IHNV P MAD and the anti-VHSV G
MADb, respectively.

The characteristics of rIHNV-Gvhsv in cell culture were
studied in comparison to those of IHNV and VHSV. Thus,
comparison of the growth curves of IHNV, rIHNV-Gvhsv, and
VHSYV when EPC cells were infected at the same multiplicity
of infection of 5 (Fig. 4A) showed that viral production
reached a plateau at 30 h postinfection, with a viral yield of
roughly 4 X 10® PFU/ml for all three viruses. For rIHNV-
Gvhsv, virus production started with a small delay (7 h postin-
fection) compared to IHNV or VHSV. The plaque morphol-
ogies produced by rIHNV-Gvhsv, IHNV, and VHSV were
compared following a plaque assay (Fig. 4B). The plaques
induced by rIHNV-Gvhsv were of a size intermediate between
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the small and large plaques induced by IHNV and VHSV,
respectively.

rIHNV-Gvhsv is pathogenic for rainbow trout. The obser-
vation that rIHNV-Gvhsv replicates well in cell culture
prompted us to ensure that rIHNV-Gvhsv was also capable of
infecting, and replicating in, fish. Thus, juvenile rainbow trouts
were experimentally infected by the bath immersion route (see
Materials and Methods) with 5 X 10* PFU of rIHNV-Gvhsv or
wild type THNV/ml. Deaths occurred, and dead fish were an-
alyzed in more detail. Thus, kidneys, spleens, and brains were
taken separately and homogenized to inoculate EPC cells. A
few days later, a typical virus-induced cytopathic effect ap-
peared. The presence of the respective THNV or rIHNV-
Gvhsv virus in infected cells was confirmed by an indirect
immunofluorescence assay using an anti-IHNV P or anti-
VHSV G MAD, respectively (data not shown). In all cases, with
one exception, the virus was recovered in cell culture from the
kidney and spleen homogenates, indicating that fish died from
the usual virus-induced disease. The only exception was a dead
fish infected with rTTHNV-Gvhsv for which the virus was recov-
ered exclusively from the brain. To examine whether that
rIHNV-Gvhsv had a particular phenotype which could explain
the nervous system tropism, cDNA from the G gene was am-
plified by RT-PCR from total RNA extracted from the infected
brain. The expected 1,600-nucleotide RT-PCR product (data
not shown) was gel purified and subjected to direct nucleotide
sequencing. No mutations were detected in the G gene.

The SVCYV glycoprotein can replace IHNV G. The observa-
tion that VHSV G can be efficiently incorporated into IHNV
virions instead of IHNV G confirmed the previous observa-
tions made with VSV (33, 34), indicating that the conservation
of the G cytoplasmic tail sequence is not critical for the for-
mation of an infectious viral particle containing heterologous
glycoproteins. To extend this observation, a construct in which
the IHNV G gene was removed and replaced by a G gene from
a fish vesiculovirus (SVCV) was engineered (Fig. 1). By co-
transfection into EPC cells of pIHNV-Gsvev together with
expression vectors pT7-N, pT7-P, and pT7-L, a recombinant
virus, IHNV-Gsvcv, was recovered. rIHNV-Gvhsv replicated
well in cell culture and reached a titer of 2 X 107 PFU/ml,
which was approximately 10-fold lower than those obtained
with wild-type IHNV and SVCV (>2 X 10® PFU/ml). Due to
the lack of availability of specific anti-SVCV G antibodies, it
was not possible to directly demonstrate, by a Western blot
assay, the presence of SVCV G on purified rIHNV-Gsvev.
However, comparison of the migration pattern of the viral
proteins of rIHNV-Gsvev on a Coomassie blue-stained poly-
acrylamide gel with those of wild type-IHNV and SVCV (Fig.
5) evidenced the insertion of SVCV G into IHNV virions. In
contrast to IHNV and VHSV, which cannot grow at temper-
atures higher than 20°C, SVCV replicates well up to 28°C.
However, attempts to grow rTHNV-Gsvcev at a temperature
higher than 20°C as for wild-type SVCV failed, suggesting that
IHNYV proteins other than the glycoprotein are responsible for
the “low temperature” growth phenotype of IHNV.

The IHNV matrix protein together with the G glycoprotein
can be replaced by their VHSV counterparts. The possible
interaction between the matrix protein and glycoprotein G in
IHNYV virions was investigated by generation of chimeric vi-
ruses. Alignment of the VHSV and IHNV M amino acid se-
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FIG. 5. SVCV glycoprotein insertion into IHNV virions. Sucrose
gradient purified virus proteins were separated on an SDS-10% poly-
acrylamide gel and visualized following Coomassie blue staining.

quences revealed high conservation of the first 29 amino acids
(Fig. 6A), whereas overall identity was only 38%. Thus, we
hypothesized that this short sequence conservation may repre-
sent the interacting domain between the M and G proteins. To
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TABLE 2. Recovery efficiencies of the various
recombinant IHNVs

. Titer
Virus (PFU/ml)*
TTHNV s 10‘_1
TTHNV-GVRSV ..ottt 10°

rTHNV-Gsvey.
rTHNV-Mvhsv.... .
TTHNV-M-GVRSV....cotiiiiiieiiieiieerieeeeseeeeee e enas 50

“ Measured on the first passage (P1) of the transfection supernatant.

verify this, the pIHNV construct was modified so that the M
gene encodes a chimeric matrix protein in which the first 29
amino acids from IHNV have been replaced by the VHSV
counterpart (Fig. 6B, pIHNV-Mvi). Despite several attempts,
no recombinant virus could be recovered when the pI[HNV-
Mvi construct was cotransfected with the pT7-N, pT7-P, and
pT7-L expression vectors. Similarly, when pIHNV-Mvi was
further modified to replace the IHNV G gene with the VHSV
G gene, yielding pTHNV-Mvi-Gvhsv (Fig. 6B), no virus could
be recovered. However, when the complete ITHNV M gene was
replaced with that of VHSV (pIHNV-Mvhsv), a recombinant
virus, rTHNV-Mvhsv, was generated. The recovery efficiency
for rIHNV-Mvhsv was very low (see below) (Table 2).

When both the complete M and G genes from IHNV were

A 1 MALFKR-KRTILVPPPHLTSNDEDRVST === === === VHSV

M++FKR KRT+L+PPPHL S DE+RV+

1 MSIFKRAKRTVLIPPPHLLSGDEERVTI---=-====—=—- IHNV

pPIHNV-Gvhsv

—(EENENENT -

pIHNV-Mvi

Virus recovery

FIG. 6. Diagram of the chimeric M and/or G pIHNV constructs. (A) Alignment of the first 29 amino acid sequences of IHNV and VHSV. +,
conserved amino acid residues. (B) The complete IHNV M or G gene or parts of these genes (solid) were replaced by the respective VHSV
counterparts (shaded). Recovery (+) or no recovery (—) of recombinant virus is indicated on the right.
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FIG. 7. Successful replacement of both the IHNV M and G genes by their VHSV counterparts. After four passages, viral genomic RNA
extracted from supernatants of cells infected with either wild-type IHNV or rIHNV-M-Gvhsv was amplified by RT-PCR with specific M or G
primers derived from IHNV or VHSV sequences. PCR products were analyzed on a 1% agarose gel with (+) or without (—) restriction enzyme
digestion. A control without reverse transcriptase (—RT) was added to ensure that no contaminating plasmids were present in the rIHNV-M-
Gvhsv-infected cell supernatant. The sizes of the fragments (in nucleotides) are given on the left for the IHNV M and G genes and on the right

for the VHSV M and G genes.

replaced by their VHSV counterparts (pIHNV-M-Gvhsv), a
recombinant virus, -TTHNV-M-Gvhsv, was also successfully re-
covered. The generation of rITHNV-M-Gvhsv was demon-
strated by an RT-PCR assay using the genomic RNA extracted
from the supernatant of rIHNV-M-Gvhsv-infected cells after
four consecutive passages. As shown in Fig. 7, PCR products of
the expected sizes and restriction enzyme digestion patterns
were generated and clearly differentiated the recombinant
rTHNV-M-Gvhsv from the wild-type ITHNV.

One common feature of rIHNV-Mvhsv and rIHNV-M-
Gvhsv is their very slow growth compared to that of the other
recombinant viruses (rIHNV, rIHNV-Gvhsv, and rIHNV-
Gsvev), indicating that viral assembly is severely impaired. In-
deed, the very low recovery efficiency for these two viruses
(Table 2) does not fully explain why, after several passages,
cytopathic effect in cells infected with rTHNV-Mvhsv or
rIHNV-M-Gvhsv appears only at 6 days postinfection, whereas
it takes only 2 days for the other recombinant IHNVs.

DISCUSSION

IHNV and VHSYV both belong to the Novirhabdovirus genus,
although they are only distantly related; for example, the
amino acid identity between the two glycoproteins is less than
40%. The migration pattern of the viral polypeptides in SDS-
polyacrylamide gel electrophoresis is roughly similar to that of
RV, the Lyssavirus prototype. Previous studies on RV show
that heterologous glycoproteins can be inserted into viral par-
ticles when the G cytoplasmic tail domain is conserved (26, 27,
28), in contrast to VSV, the Vesiculovirus prototype, for which
the process appears to be sequence independent (33, 34).

These differences between RV and VSV have led to contra-

dictory conclusions for introducing the G protein into the vi-
rus. For RV, it appears that the G cytoplasmic tail contains a
signal sufficient and necessary to direct the efficient incorpo-
ration not only of G (28), but also of chimeric proteins with
foreign transmembrane domains and ectodomains, into the
envelopes of budding virions (26, 27). Moreover, it has been
shown that the M protein, which is located between the ribo-
nucleoprotein (RNP) complex and the membrane, interacts
with the G protein (30). The M protein is thus responsible for
recruiting the G protein into the virion. However, one excep-
tion has been described for RV: the functional replacement of
an RV glycoprotein by a heterologous lyssavirus glycoprotein
from the Eth-16 virus (Mokola virus) (29). Despite the se-
quence heterogeneity between the two cytoplasmic domains,
this heterologous glycoprotein can functionally replace RV G
in this rescue experiment, but approximately 30-fold fewer
infectious particles were generated after expression of the het-
erologous Eth-16 G than after expression of the homologous G
protein. As suggested by Mebatsion et al., a critical motif might
be located in the carboxyl-terminal region of the G tail within
the Lyssavirus genus (26).

In contrast to RV, VSV appears to use a nonspecific way of
incorporating the VSV G protein (33) or heterologous trans-
membrane proteins (18, 20, 34) into the envelope. For exam-
ple, substitution of the CD4 transmembrane and cytoplasmic
domains for those from VSV G did not increase the level of
CD4 incorporation into the VSV particle (34, 35); conversely,
CD4 and CXCR4 proteins were efficiently incorporated into
RV only when the autologous RV G tail was present (27).
Moreover, it has been shown that 9 amino acids of the normal
VSV G tail were sufficient to drive nearly normal budding
efficiency but that the G protein with only 1 cytoplasmic amino
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acid presented only 10% of normal budding (33). However, as
with RV, the human immunodeficiency virus type 1 (HIV-1)
envelope protein was incorporated into VSV virions only when
its cytoplasmic tail was replaced with the VSV G cytoplasmic
tail (17) or deleted except for 3 amino acids (16) These obser-
vations suggest that a negative signal is present within the
membrane-proximal 10 amino acids of the Env tail, sequester-
ing the Env protein at sites distinct from VSV budding sites
(16). These studies all suggest that the VSV G cytoplasmic
domain is important in budding but that specific sequences are
not required in that domain. So, as the direct interaction of
VSV M and VSV G has not yet been unequivocally demon-
strated (25) and if all the M protein is inside the RNP, as
suggested by Barge et al. (1), important differences between
the assembly mechanisms of VSV and RV appear. Since the
localization of the VSV M protein is controversial (for a re-
view, see reference 22), the differences between G protein
incorporation by VSV and RV may be explained by a less
stringent and weaker interaction between M and G in VSV
virions.

The present study describes the recovery of a recombinant
virus, TIHNV-Gvhsv, in which the IHNV G gene has been
replaced with that of VHSV, another antigenically distinct
novirhabdovirus. The data presented here demonstrate that
rTHNV-Gvhsv buds efficiently and incorporates the VHSV G
glycoprotein. rIHNV-Gvhsv, which grows as well as wild-type
IHNV and VHSV in cell culture (reaching a titer of 4 X 10°
PFU/ml), is also pathogenic in fish; it was shown to grow even
better than the wild-type recombinant IHNV in cell culture
and was even more virulent in vivo (data not shown). The
plaques induced by rIHNV-Gvhsv are intermediate in size
between the small and large plaques induced by IHNV and
VHSYV, respectively. The recovery of rIHNV-Gvhsv demon-
strates that for IHNV there is no cytoplasmic domain conser-
vation requirement for replacement of the IHNV glycoprotein.

The absence of any requirement of the autologous IHNV G
tail can be explained by the conservation of a critical motif in
the G tail within the same genus, as suggested by Mebatsion et
al. (29) for the functional replacement of RV G by that of the
Mokola virus. A similar result was observed for the parainflu-
enza viruses. The hemagglutinin-neuraminidase (HN) and fu-
sion (F) glycoprotein genes of parainfluenza virus type 3
(PIV3) can be efficiently replaced with their counterparts from
PIV1, which also belongs to the Respirovirus genus (36). In
contrast, when the PIV2 HN and F proteins were used to
replace those of PIV3, a viable recombinant virus was recov-
ered only when the PIV3 cytoplasmic domains were retained
(37). Thus, exchange of full-length glycoprotein open reading
frames was not achieved between different genera, i.e., be-
tween Respirovirus (PIV3) and Rubulavirus (PIV2). To study
whether THNV exhibits similar behavior, we have replaced
THNV G with that of SVCV, which belongs to the Vesiculovirus
genus. A recombinant virus, rIHNV-Gsvcv, was recovered,
demonstrating that a glycoprotein originating from another
viral genus can be efficiently incorporated into IHNV virions.
rTHNV-Gsvcev grows fairly well in cell culture. In addition, we
demonstrate that IHNV proteins other than the glycoprotein
are responsible for the temperature growth restriction. Indeed,
in contrast to IHNV, which cannot grow at a temperature
above 20°C, SVCV replicates well up to 28°C; however,
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rTHNV-Gsvev does not replicate at temperatures higher than
20°C.

Thus, these data show that the IHNV glycoprotein can be
efficiently replaced with that of either of two unrelated fish
rhabdoviruses, VHSV (Novirhabdovirus) and SVCV (Vesiculo-
virus). The observation that this process does not require spe-
cific ITHNV G-derived sequences fits well with the results from
previous studies on VSV (18, 20, 34) but is not in good accor-
dance with the results obtained with RV (26, 27), although
IHNYV is more related to lyssaviruses such as RV than to
vesiculoviruses such as VSV.

The possible interaction between the matrix M protein and
glycoprotein G, which has been demonstrated clearly for RV
(30) but not unequivocally for VSV (25), was investigated for
IHNYV by the generation of chimeric viruses. Alignment of the
VHSV and THNV M amino acid sequences revealed high con-
servation of the first 29 amino acids (Fig. 6A). It has previously
been shown that the N-terminal region of VSV M contains one
of the two membrane-binding sites (38), and for VSV and RV,
a highly conserved PPxY motif is present in this region. That
motif, which interacts with WW domains of specific cellular
proteins (14), can substitute for the L domain of the Rous
sarcoma virus (RSV) Gag protein to promote the release of
chimeric particles (9) and plays an important role in the release
of VSV particles from the cell surface (15). While the M
proteins of many rhabdoviruses maintain the PPxY motif at
their amino termini, it should be noted that the M proteins
from IHNV and VHSV possess a PPxH motif for which inter-
action with either WW domains or a WW-like domain has not
yet been demonstrated. For all these reasons (high conserva-
tion and membrane location), it could be hypothesized that
this short sequence may represent the interacting domain be-
tween the M and G proteins. Thus, to study this, the sequence
encoding the first 29 amino acids from the IHNV M protein
was replaced with the VHSV counterpart in the full-length
IHNV pIHNV constructs. However, no chimeric M recombi-
nant virus could be recovered when the construct was trans-
fected into the cells. Thus, despite the high amino acid con-
servation in the N-terminal region between IHNV and VHSV,
replacement of the first 29 amino acids of IHNV M with those
of VHSV probably induces a misfolding of the IHNV M pro-
tein, preventing the M-G interaction. In contrast, when the
complete IHNV M gene was replaced by the VHSV counter-
part, a recombinant virus, fIHNV-Mvhsv, was generated, dem-
onstrating that the VHSV matrix protein can functionally re-
place the IHNV matrix protein. Furthermore, when both M
and G full-length open reading frames from IHNV were re-
placed with those of VHSV, a recombinant virus, TIHNV-M-
Gvhsv, was successfully recovered. Therefore, VHSV glycop-
rotein G can accommodate its own and heterologous matrix M
proteins as well for efficient budding of the chimeric recombi-
nant IHNV. The same observation is true for IHNV. The
recovery of rTHNV-M-Gvhsv and rIHNV-Mvhsv reinforces the
hypothesis of a misfolding of the chimeric VHSV/IHNV M
protein, which could explain the lack of recovery of recombi-
nant IHNV particles.

Taken together, these data show the extreme flexibility of
ITHNV with regard to the functional replacement of two major
structural proteins, M and G, with those of a distantly related
fish rhabdovirus.
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