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Infectious hematopoietic necrosis virus (IHNV) infection in tissue culture cells has previously been shown
to result in the shutdown of host protein synthesis, cell rounding, and cell death. We report here an investi-
gation of the cytopathogenicity of the viral phosphoprotein (P or M1), matrix (M or M2), and nonvirion (NV)
proteins in cultured fish cells. The expression of M alone potently inhibited reporter gene expression from a
viral and an interferon (IFN)-inducible promoter, whereas P and NV did not produce a similar effect. Northern
blot analysis further revealed a reduction in the steady-state level of reporter mRNA when the M gene was
cotransfected into cells; conversely, M mRNA was not drastically reduced in the same cells. By immunofluo-
rescence confocal microscopy, fragmented nuclei were found in some cells expressing M protein but not in cells
expressing P, NV, or b-galactosidase protein. Electron microscopy revealed the morphological changes asso-
ciated with apoptosis in the M-transfected cells. Furthermore, IHNV infection was shown to produce DNA
“laddering” in cultured cells. Taken together, these data suggested at least two functions for M protein in an
IHNV infection: down regulation of host transcription and the induction of programmed cell death. In the
course of these experiments, we also discovered that NV expression was associated with cell rounding, the first
biological effect on cells to be attributed to the NV gene.

The rhabdovirus matrix (M) protein has many different func-
tions in virus replication, the most obvious one being the ini-
tiation of virion assembly by forming a bridge between the host
plasma membrane and the ribonucleocapsid core (6, 12, 13).
For vesicular stomatitis virus (VSV), the M protein has been
shown to be solely responsible for the cytopathic effect typically
seen as rounding of polygonal cells in culture (11). VSV M
protein is also a potent inhibitor of host-directed transcription
in mammalian cells when expressed in the absence of other
viral components (1, 8, 9, 17, 31, 35). It was first shown by
double transient-transfection experiments that VSV M protein
could inhibit the transcription of a cotransfected plasmid, pS-
VCAT (simian virus 40 early-promoter-controlled chloram-
phenicol acetyltransferase [CAT]), while it stimulated the
translation of the CAT mRNA (8, 9). The combined effect was
a greater-than-20-fold inhibition of the reporter CAT activity
in the M- and CAT-cotransfected cells (9). VSV M protein also
inhibited other viral as well as cellular promoters including the
human beta interferon (IFN-b) promoter (17, 35). Most re-
cently, Ahmed and Lyles (1) have shown that VSV M protein
is capable of suppressing the transcription directed by each of
the three RNA polymerases (RNAP): RNAPI, RNAPII, and
RNAPIII. We sought to determine whether the M proteins of
a rhabdovirus from an entirely different genus could function
in the same manner.

We examined the effect of M protein expression on fish cells
for a fish rhabdovirus, infectious hematopoietic necrosis virus
(IHNV). This virus is a member of the new genus Novirhab-
dovirus of the family Rhabdoviridae (35a) and is characterized
by a sixth gene, encoding a nonvirion protein, located between
the glycoprotein and polymerase genes (5, 28, 37). The six
genes of IHNV are mapped on the genome in the following
order: 39-N-P(M1)-M(M2)-G-NV-L-59, where N is the nucleo-
capsid protein, P or M1 is the phosphoprotein, M or M2 is the
matrix protein, G is the glycoprotein, NV is the nonvirion
protein, and L is the polymerase protein (27). The virus kills
young salmonid fish (2), and most survivors become carriers
(14, 25). In tissue culture cells, IHNV infection causes the
shutdown of host protein synthesis (23, 30) and cytopathology
characterized by cell rounding and cell death. Persistent infec-
tion has also been established in fish cells infected with IHNV
(15). Thus, the virus produces a cytolytic response in fish cells
much like that observed for VSV in mammalian cells.

We report here a study on the role of the IHNV P, M, and
NV proteins in viral cytopathogenesis. Using double transient
transfections, we demonstrate that expression of the M gene
can inhibit reporter gene expression from the human cytomeg-
alovirus (CMV) immediate-early promoter (IEP) and from the
cellular IFN- and double-stranded RNA-inducible 561 gene
promoter (4). Northern blot analysis demonstrated a reduction
in the level of reporter mRNA in the transfected cells. Further
studies of M in transfected cells by immunofluorescence con-
focal microscopy and electron microscopy revealed the nuclear
fragmentation characteristic of apoptosis. Therefore, it ap-
pears that M acts in IHNV infection by shutting down host
transcription and triggering programmed cell death. In the
course of these studies, we also found that NV expression was
associated with cell rounding, a cytopathic characteristic found
in IHNV-infected cells in culture. This observation is the first
biological phenomenon attributed to the NV gene.
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[This article reports a portion of the work encompassed by a
thesis submitted to Department of Microbiology, Oregon State
University, in partial fulfillment of the requirements for the
Ph.D. degree for P. P. Chiou.

Plasmids pP(1), pP(2), and pM(1) were constructed by
Patty A. Ormonde as part of her work toward a Master’s
degree at Oregon State University (34).]

MATERIALS AND METHODS
Cells and viruses. The chinook salmon embryonic cell line (CHSE-214) (20)

and the epithelioma papulosum cyprini cell line (EPC) (18) were grown at 17°C
in minimum essential medium (MEM) (Gibco-BRL) supplemented with 10%
fetal bovine serum (FBS) (Intergen), 100 IU of penicillin per ml, 100 mg of
streptomycin per ml, and 2 mM L-glutamine. The cells were maintained in an
incubator culture chamber (C.B.S. Scientific) perfused with a blood-gas mixture
composed of 9.9% (mol/mol) CO2, 10.2% (mol/mol) O2, and 79.9% (mol/mol)
N2. Two IHNV isolates were used in the DNA fragmentation assay: RB1, a type
1 isolate, taken from an adult steelhead trout (Oncorhynchus mykiss) at the
Round Butte Hatchery in central Oregon in 1975, and RA, a type 2 isolate,
obtained in 1983 from dead rainbow trout fry at the International Aquaculture
Research Center (Rangen Research), Hagerman, Idaho (23).

Plasmid DNA constructs and DNA transfection. The P, M, and NV genes from
the IHNV RB1 isolate (27, 34) were subcloned into the eukaryotic expression
vector pcDNA3 (Invitrogen). The viral genes were placed downstream of the
CMV IEP to generate plasmids pcDNA3-P(1), pcDNA3-P(2), pcDNA3-M(1),
pcDNA3-M(2), pcDNA3-NV(1), and pcDNA3-NV(2). We shortened the
plasmid nomenclature to pP(1), pP(2), pM(1), pM(2), pNV(1), and pNV(2),
respectively. The construction of pP(1), pP(2), and pM(1) was reported pre-
viously (34) and is described briefly here. Plasmids pP(1) and pP(2) contain the
entire P gene in the protein-encoding and noncoding orientations, respectively.
Plasmid pM(1) contains the complete M gene in the protein-encoding orienta-
tion. A fragment containing the entire open reading frame and the 39 nontrans-
lated region of the M gene was generated by PCR from pM(1) and was sub-
cloned in the noncoding orientation into the EcoRI-EcoRV site of pcDNA3 to
generate plasmid pM(2). A fragment containing the complete open reading
frame of the NV gene was generated by PCR from plasmid pNV137 (27) and was
used to generate plasmids pNV(1), containing the PCR-amplified fragment
inserted into the BamHI-EcoRV site of pcDNA3 in the protein-encoding orien-
tation, and pNV(2), containing the amplified fragment inserted into the
HindIII-BamHI site in the noncoding orientation.

Three reporter plasmids were employed in the study, pCMV4EAL (pLuc),
p561-Luc, and pcDNA3-bgal [p(gal)]. pLuc contains the firefly luciferase gene
under control of the CMV IEP in plasmid pCMV4 as described by Anderson et
al. (3). p561-Luc (4) harbors the luciferase gene under control of the IFN- and
double-stranded RNA (dsRNA)-inducible 561 gene promoter, which consists of
nucleotides 2134 to 11 of the 561 gene and the IFN-stimulated response
element within the region (4). This plasmid was kindly provided by G. T. Leo-
nard, Jr. (Case Western Reserve University). The third construct, p(gal), con-
tains the HindIII-BamHI b-galactosidase fragment from pSV-b-Galactosidase
plasmid (Promega) inserted downstream of the CMV IEP at the HindIII-BamHI
site of the pcDNA3 vector.

Unless otherwise stated, transfections of the cells were performed in six-well
plates (Corning). For CHSE-214 cells, monolayers were incubated for 6 h at 17°C
with a solution of 1 ml of Opti-MEM (Gibco-BRL) per ml containing 18 mg of
Lipofectamine (Gibco-BRL) and 2 mg of total DNA. Transfected cells were then
washed twice with Opti-MEM, resupplemented with 2 ml of MEM containing
10% FBS, and maintained in an incubator culture chamber perfused with a
blood-gas mixture. For EPC cells cotransfected with p561-Luc, monolayers were
incubated with 1 ml of Opti-MEM containing 12 mg of Lipofectamine and 2 mg
of total DNA. Transfected cells were incubated for 6 h at 20 to 22°C, washed, and
then incubated with MEM without FBS.

Luciferase assays and b-galactosidase assays. Luciferase assays were per-
formed with the enhanced luciferase detection system as specified by the man-
ufacturer (Analytical Luminescence Laboratory). Luciferase activity was mea-
sured and integrated over a 30-s period in a Beckman LS 8000 liquid scintillation
counter on single-photon mode. The resultant counts per minute (cpm) was
converted into the total cpm by using the dilution factor of each sample.

The b-galactosidase activity was determined in situ as described by Fischer et
al. (19). Briefly, transfected cells were fixed and incubated for 5 h at 37°C in a
solution containing 0.2% X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
side), 10 mM sodium phosphate buffer (pH 7.0), 150 mM NaCl, 1 mM MgCl2, 3.3
mM K4Fe(CN)6 z 3H2O, and 3.3 mM K3Fe(CN)6, and the blue cells were
identified under a light microscope.

Southern and Northern blot analysis. CHSE-214 cells (107) were cotrans-
fected with either pM(1)/pLuc plasmid DNAs or pM(2)/pLuc plasmid DNAs at
a 1:1 ratio. At 12 h posttransfection, the cells were washed with phosphate-
buffered saline (PBS) and subjected to DNase I treatment. The cells were
harvested and lysed for 30 min at 4°C in ice-cold lysis buffer (10 mM Tris, 0.5%
Triton X-100 [pH 7.5]) containing proteinase K (0.6 mg/ml). Total DNA was
extracted with phenol-chloroform, digested with SmaI, and electrophoresed on a
1% agarose gel. The separated DNA bands were transferred onto a Nytran
membrane (Schleicher & Schuell), and the luciferase gene was detected by a

luciferase-specific dsDNA probe, which was labeled with [a-32P]dCTP (Amer-
sham) and generated by a random priming reaction using the complete luciferase
gene from pLuc as template.

At 24 and 72 h posttransfection, total RNA was extracted from the above
transfected cells with RNAzol (Tel-Test, Inc.) as recommended by the manu-
facturer. Polyadenylated RNA was separated from total RNA with Oligotex-dT
(Qiagen). The RNA samples were electrophoresed on 1% agarose gels after
denaturation with glyoxal and dimethyl sulfoxide and then transferred to a
Nytran membrane. To detect the M transcripts, a dsDNA probe labeled with
[a-32P]dCTP was generated by a random priming reaction using the full-length
M gene as template. The relative intensity of the specific signal was obtained by
scanning the blot in a PhosphorImager scanner (Molecular Dynamics).

Immunofluorescence and confocal microscopy analysis. CHSE-214 cells were
grown in eight-well chamber slides (Fisher) to 70 to 80% confluency and were
transfected with pP(1), pM(1), pNV(1), or p(gal). At 48 h posttransfection, the
transfected cells were washed twice with PBS and fixed with 3.7% formaldehyde
in PBS for 10 min at room temperature. For permeabilization, the cells were
incubated with 0.5% Triton X-100 in PBS for 5 min at room temperature. A
solution of 1% bovine serum albumin–0.1% Tween 20 in PBS was used as a
blocking agent and incubated with the cells for 30 min at room temperature. At
this point, the blocking agent was used as the diluent for the primary- and
secondary-antibody preparations. The samples were incubated with a 1:200 di-
lution of rabbit anti-P (16), rabbit anti-M (16), or rabbit anti-NV (unpublished
data) serum for 1 h. The cells were washed and subsequently incubated with goat
anti-rabbit immunoglobulin conjugated with Texas Red (10 mg/ml; Molecular
Probes, Inc.) for 1 h. After the washing step, the nucleic acid-staining dye DAPI
(49,6-diamidino-2-phenylindole) at 250 nM was added for 5 min. The cells were
washed and allowed to air dry, and the slides were mounted in Cytoseal (Ste-
phens Scientific). Confocal images were captured using a Leica TCS 4D confocal
microscope and combined using Photoshop software (Adobe, Mountain View,
Calif.).

Electron microscopy. Mock-transfected and pM(1)-transfected cells were col-
lected, washed in PBS, and centrifuged to form a pellet. The pelleted cells were
fixed in a mixture of glutaraldehyde and osmium tetroxide and processed by
standard procedures. Ultrathin sections were stained with uranyl acetate and
lead citrate and examined with a Philips CM12 transmission electron microscope.

DNA fragmentation assay. CHSE-214 cells in a 150 cm2 plate (2 3 107 cells)
were infected with virus at multiplicity of infection (MOI) of 10. The low-
molecular-weight DNA was extracted at 6, 12, and 24 h postinfection as de-
scribed by Takizawa et al. (39). Briefly, the cells were washed twice in PBS,
trypsinized, resuspended in 1.5 ml of PBS, and transferred to a 2-ml microcen-
trifuge tube. The cells were centrifuged for 15 s at 13,000 3 g at 4°C and
resuspended in 2 ml of PBS. These cells were centrifuged once more, and the
pelleted cells were lysed in 800 ml of ice-cold lysis buffer and incubated on ice for
30 min. After centrifugation of the lysates for 10 min at 13,000 3 g at 4°C, the
supernatant fluids were extracted with buffered phenol followed by buffered
phenol-chloroform-isoamyl alcohol. DNA was then precipitated with ethanol
and treated with RNase A to a final concentration of 1.0 mg/ml for 30 min at
37°C. Aliquots of the DNA sample were electrophoresed through a 2% agarose
gel and stained with ethidium bromide.

RESULTS

IHNV M inhibits host-directed expression of plasmid-en-
coded target genes. The effect of IHNV M, P, or NV gene
expression on luciferase synthesis by a cotransfected plasmid,
pLuc containing the firefly luciferase gene controlled by the
CMV IEP, was examined in CHSE-214 cells. The experiment
also included as controls three plasmids expressing the viral
gene in antisense orientation, pP(2), pM(2), and pNV(2).
CHSE-214 cells were cotransfected with the viral gene-encod-
ing plasmid and a constant 0.1 mg of pLuc plasmid at DNA
concentration ratios of 0:1, 0.1:1, 1:1, 5:1, 10:1, and 19:1 (Fig.
1). The total amount of plasmid DNA used in each transfec-
tion was kept at 2 mg per ml by the addition of pcDNA3, the
parent plasmid of the viral gene-containing plasmids. At 24 h
posttransfection, as shown in Fig. 1B, expression of M protein
drastically inhibited the luciferase activity in a gene dosage-
dependent manner. P and NV gene expression had no signif-
icant effect on target gene expression (Fig. 1A and C). The
luciferase activity decreased 10-fold when the pM(1) plasmid
was cotransfected at a 1:1 ratio with the pLuc plasmid and
reached maximum inhibition (40-fold) at a ratio of 19:1. Even
at a ratio as low as 0.1:1, there was a fivefold reduction in the
luciferase activity. These results show that M expression alone
inhibits the expression of the plasmid-located reporter gene.

Figure 1D depicts the data from a time course study of
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M-induced inhibition of luciferase gene expression. In the ex-
periment, CHSE-214 cells were cotransfected with pM(1) or
pM(2) and a constant amount of pLuc at a ratio of 1.9:0.1. At
12, 24, 48, and 100 h posttransfection, the transfected cells
were harvested and analyzed for luciferase activity. Inhibition
of luciferase activity was observed as early as 12 h posttrans-
fection, and maximal inhibition was reached at about 48 h
posttransfection, with a 100-fold reduction. In the assay, the
medium was replaced with fresh medium daily to ensure a
consistent supply of nutrients to the cells, and, as shown in Fig.
1D, the inhibition of luciferase activity persisted for at least
100 h.

Southern blot analyses of the transfected cells were per-
formed to determine whether the differences in luciferase ex-
pression might be due to differences in transfection efficiency.
In this experiment, CHSE-214 cells were cotransfected at a 1:1
ratio with either pM(1) plus pLuc or pM(2) plus pLuc. At
12 h posttransfection, the cells were washed with PBS, sub-
jected to DNase I treatment, and then lysed with proteinase K.
Treatment with DNase I eliminated the possibility that the
DNA may have been bound to the plasma membrane of the
cells rather than internalized by the cells. Total DNA was
extracted with phenol-chloroform and digested with SmaI,
which cleaves the pLuc plasmid into two fragments of 1.9 kb
(the luciferase insert) and 4.9 kb (the vector). The DNA sam-
ples were analyzed by Southern hybridization with a 32P-la-
beled dsDNA probe specific for the luciferase gene. Each lane
was loaded with the same amount of DNA. As shown in Fig. 2,
it appears that equal amounts of the 1.9-kb luciferase DNA

were present in the cells cotransfected with pM(1) or pM(2)
(lanes 3 and 4, respectively). The results indicate that the
differences in luciferase activity in the M(1) and M(2) cell
populations were not due to large differences in the transfec-
tion efficiency of the two populations.

Extracellular luciferase activity was also measured to rule
out the possibility that the differences in luciferase activity
between the M(1) and M(2) populations were due to leakage
of intracellular luciferase molecules through any disruption to
the plasma membrane. In this experiment, the culture medium
was not replaced daily, and so the accumulation of luciferase
activity in the medium could be monitored. The culture me-
dium was collected at 24 and 80 h posttransfection and then
centrifuged to remove any cellular debris. As shown in Fig. 3,
at 24 h posttransfection, approximately the same activity level
of luciferase was detected in the culture medium of both the
pM(2)-plus pLuc-cotransfected cells and the pLuc-transfected
cells. The luciferase activity, however, was inhibited (40-fold)
in the medium of the pM(1)-plus pLuc-cotransfected cells.
This result correlated with the luciferase activity measured for
the intracellular luciferase. Even at 80 h posttransfection, the
extracellular luciferase activity of the pM(1)- plus pLuc-co-
transfected cells was consistently lower (30- to 40-fold). This
result demonstrated that the inhibition of luciferase expression
in the pM(1)-transfected cells was not due to leakage of cy-
toplasmic components or detachment of the transfected cells.

The IHNV M-induced inhibitory effect is not gene specific.
We examined the possibility that the M-induced inhibitory
effect could be a gene-specific event. In this experiment, the

FIG. 1. Analysis of the effect of P, M, and NV genes on plasmid-encoded luciferase gene expression. (A to C) Monolayers of CHSE-214 cells were cotransfected
with a viral gene-encoded plasmid and a constant 0.1 mg of pLuc plasmid at ratios of 0:1, 0.1:1, 1:1, 5:1, 10:1, and 19:1, respectively (see Materials and Methods for
procedures). (A) Cells cotransfected with pP(1) or pP(2); (B) cells cotransfected with pM(1) or pM(2); (C) cells cotransfected with pNV(1) or pNV(2). Luciferase
activity was assayed at 24 h posttransfection. The dose of viral gene-encoded plasmid in each transcription is shown on the x axis. (D) Time course of M-induced
inhibition of the luciferase gene expression. CHSE-214 cells were cotransfected with pM(1) or pM(2) and a constant amount of pLuc at a ratio of 1.9:0.1 as described
above. The cells were then lysed and analyzed at 12, 24, 48, and 100 h posttransfection.
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b-galactosidase gene under control of the same CMV pro-
moter was used as a reporter. CHSE-214 cells were cotrans-
fected with pM(1) and p(gal) or with pM(2) and p(gal) at
ratios of 0:1 and 1:1. On day 5 after transfection, the cells were
fixed in glutaraldehyde and incubated with X-Gal. The cells
expressing b-galactosidase were then identified by their blue
color under a light microscope, and the results are shown in
Table 1. In the cells cotransfected with pM(1), there was a

96.5% reduction in the number of cells expressing b-galacto-
sidase, while the reduction in b-galactosidase-expressing cells
in the pM(2)-cotransfected population was far less, at 25%.
These data provide in situ evidence that IHNV M inhibits
reporter gene expression.

IHNV M suppresses the expression of target gene mRNA.
The quantity of luciferase mRNA produced in the presence or
absence of M expression was compared by Northern analysis.
In this assay, CHSE-214 cells were cotransfected with either
pM(1) plus pLuc or pM(2) plus pLuc at a 1:1 ratio, and at
different time points polyadenylated RNA was isolated from
the transfected cells and analyzed in Northern blots probed
with a 32P-labeled DNA probe specific to the luciferase gene.
As shown in Fig. 4, the amount of luciferase mRNA was
reduced in cells cotransfected with pM(1) in comparison to
that in cells cotransfected with pM(2) at 24 h and 72 h post-
transfection. The relative signal intensity of luciferase mRNA

FIG. 2. Southern blot analysis of DNA from transfected cells. CHSE-214
cells (107) were cotransfected with either pM(1) plus pLuc or pM(2) plus pLuc
at a 1:1 ratio. At 24 h posttransfection, the total cell DNA was extracted and
digested with SmaI for Southern blots as described in Materials and Methods.
Lanes: 1, the M fragment from pM(1); 2, a fragment of luciferase gene from the
pCMV-Luc DNA by PCR amplification; 3, DNA from pM(2)-pLuc-cotrans-
fected cells; 4, DNA from pM(1)-pLuc-cotransfected cells. SmaI cleaves the
pLuc plasmid into two fragments of 1.9 kb (the luciferase insert) and 4.9 kb (the
vector). Molecular sizes in base pairs are indicated at the left.

FIG. 3. Analysis of the luciferase activity in the culture medium. CHSE-214
cells were cotransfected with pM(1) or pM(2) and a constant amount of pLuc
at the ratio of 1.9:0. In this assay, the culture medium was collected at 24 and 80 h
posttransfection and then harvested by centrifugation to remove any cellular
debris. The culture medium was not replaced daily, so that the accumulation of
luciferase activity in the medium could be monitored.

FIG. 4. Northern blot analysis of the luciferase and M transcripts. At 24 and
72 h posttransfection, polyadenylated RNA was isolated from the transfected
cells in Fig. 2 and subjected to Northern blot analysis with a 32P-labeled dsDNA
probe specific to the luciferase or M genes. Gels in both panels contain equal
amounts of the same RNA samples.

TABLE 1. Analysis of the inhibitory effect of IHNV M gene on
host-directed expression of reporter b-galactosidasea

Plasmid used for transfection No. of
positive cells Reduction (%)b

p(gal) (1 mg) 5,544
pM(1) 1 p(gal) (1 mg/1 mg) 192 96.5
pM(2) 1 p(gal) (1 mg/1 mg) 4,236 23.6

a On day 5 after transfection, cells were fixed and stained with 0.2% X-Gal as
described in the Materials and Methods. Cells expressing b-galactosidase were
identified by the blue color under a light microscope.

b Reduction is expressed by [(number of b-galactosidase-expressing cells in
cells cotransfected with M-encoded plasmid 2 number of b-galactosidase-ex-
pressing cells in cells transfected with p(gal) alone)/the number of b-galactosi-
dase-expressing cells in cells transfected with p(gal)alone] 3 100.
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was measured in a PhosphorImager scanner and found to be
decreased by 15-fold at 24 h and gone by 72 h in pM(1)- plus
pLuc-cotransfected cells. The relative level of luciferase
mRNA in cells cotransfected with pM(2) was decreased five-
fold from 24 to 72 h posttransfection. Thus, the expression of
the M gene resulted in a reduction in the concentration of
luciferase mRNA.

The quantity of polyadenylated M transcripts from the
pM(1) and pM(2) plasmids was determined with a 32P-la-
beled dsDNA probe capable of distinguishing between the
positive- and negative-sense transcripts of the M gene based on
their different sizes (Fig. 4). A comparison of the relative signal
intensity revealed that the amount of the M(1) polyadenylated
RNA was about twofold higher in the pM(1)-cotransfected
cells than the amount of the M(2) polyadenylated RNA in the
pM(2)-cotransfected cells at 24 and 72 h posttransfection.
Thus, IHNV M did not suppress its own transcription as dras-
tically as it suppressed that of the luciferase gene. Although
there are a number of explanations for these results, such as
differences in hybridization efficiency, differences in the spe-
cific activity of the M(1) and the M(2) probes, or the different
stabilities of the M(1) and M(2) transcripts, the simplest
explanation is that M does not suppress its own transcription.

IHNV M inhibits the expression of a target gene controlled
by a cellular IFN/dsRNA-inducible promoter. The effect of
IHNV M on the expression from a cellular promoter was
examined with a reporter gene under control of an IFN- and
dsRNA-inducible 561 gene promoter. The 561 gene in human
cells is strongly induced by type I IFNs (IFN-a and IFN-b) and
by dsRNA or virus infection that produces dsRNA (41), and it
is significantly induced by poly(I-C) dsRNA in some fish cell
lines (Marc Johnson, Oregon State University, personal com-
munication). The 561 gene promoter contains a single ISRE,
which is a crucial cis-acting element for both IFN and dsRNA
signaling (4). Although the 561 gene can be induced by both
IFN and dsRNA, the induction by poly(I-C) in mammalian
cells does not rely on the intermediate synthesis of IFN and
seems to be mediated by a different pathway from the conven-
tional IFN signaling pathway, i.e., the JAK-STAT pathway (4).

In this assay, a carp cell line, EPC, was cotransfected with
pM(1) and p561-Luc or with pM(2) and p561-Luc at ratios of
1:1, 0.1:1, and 0:1 (Fig. 5). At 12 h posttransfection, the trans-
fected cells were treated with medium without serum

(MEM-0) or 100 mg of poly(I-C) dsRNA per ml in MEM-0.
After exposure to poly I:C for 12 h, the cells were harvested
and analyzed for luciferase activity. As shown in Fig. 5, the
expression of M abolished the poly(I-C)-induced luciferase
activity in a dosage-dependent fashion similar to that observed
in Fig. 1B. The luciferase activity decreased fivefold when the
M(1) plasmid was cotransfected at a 0.1:1 ratio with the p561-
Luc plasmid and decreased 15-fold at a 1:1 ratio. In fact, the
luciferase activity of pM(1)-cotransfected cells was abolished
almost completely at a 1:1 ratio, as shown in Fig. 5. The result
demonstrated that the IHNV M-induced inhibition of host
directed gene expression is not a host-specific event and that
gene expression from both a viral and a cellular promoter can
be inhibited by M.

Transfection of IHNV M gene and IHNV infection causes
morphological changes of apoptosis. The presence of M pro-
tein in the transfected cells and its cytopathic effect were fur-
ther examined by immunofluorescence confocal microscopy.
CHSE-214 cells transfected with pP(1), pM(1), or pNV(1)
were fixed and incubated with antiserum specific to P, M, or
NV protein, respectively. Cells transfected with p(gal) were
included as a control. A UV-excited blue-emitting fluorophore,
DAPI, was used to fluorescently label the nuclei of these trans-
fected cells. Confocal microscopy was conducted by capturing
single optical sections through the nucleus of the cell. In
IHNV-infected cells, M and NV proteins were expressed in
both the nucleus and cytoplasm while the presence of P protein
was confined to the cytoplasm (unpublished data). As shown in
Fig. 6, P protein was expressed in the cytoplasm and NV
protein was found in both the nucleus and the cytoplasm of
transfected cells. Interestingly, NV protein was frequently
identified in cells exhibiting cell rounding, a typical cytopathic
effect caused by IHNV infection. M protein was detected in
both the nucleus and the cytoplasm of transfected and IHNV-
infected cells. Fragmented nuclei were found in approximately
10% of the cells expressing M protein (Fig. 6E). The nuclear
fragmentation was observed only in the pM(1)-transfected
cells, an observation made consistently in three separate sets of
experiments.

Fragmented nuclei are characteristic of cells undergoing
programmed cell death (apoptosis). Other morphological fea-
tures of apoptotic cells include cell shrinkage, plasma mem-
brane blebbing, nuclear condensation and fragmentation, and,
ultimately, the appearance of apoptotic bodies. Figure 7B
shows the ultrastructure of a pM(1)-transfected CHSE-214
cell, revealing more morphological changes typical of apopto-
sis. In this cell, the nucleus is divided into three fragments
(indicated by arrows) and cell shrinkage is apparent from the
increased ratio of nucleus to cytoplasm. A mild degree of
chromatin DNA condensation was also observed in one frag-
ment. This observation provided another illustration of the
nuclear fragmentation associated with M protein expression.
Further studies that employ immunogold labeling of cells
transfected with the M gene are needed to confirm the rela-
tionship between M protein expression and nuclear fragmen-
tation in the electron micrographs.

It was possible that M induction of apoptosis was a conse-
quence of M overexpression rather than a typical consequence
of IHNV infection. The effect of IHNV infection on the chro-
mosomal DNA of CHSE-214 cells was evaluated in DNA-
laddering gels. One hallmark of apoptosis is the activation of a
calcium-dependent endonuclease that fragments chromosomal
DNA into oligomeric multimers of 180 to 200 bp. In this assay,
CHSE-214 cells were mock infected or infected with an IHNV
RB1 or RA isolate at a MOI of 10. Cells were harvested, and
the low-molecular-weight DNA was isolated at 6, 12, and 24 h

FIG. 5. Analysis of the effect of IHNV M on the expression of luciferase
under the control of the IFN- and dsRNA-inducible 561 gene promoter. EPC
cells were cotransfected with pM(1) p561-Luc or pM(2) plus p561-Luc at ratios
of 0:1, 0.1:1 and 1:1. Transfected cells were mock induced or induced with poly
I:C (100 mg/ml) at 12 h posttransfection. Luciferase activity was analyzed at 12 h
after poly(I-C) induction.
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postinfection and then analyzed by electrophoresis on a 2%
agarose gel. As shown in Fig. 8, at 24 h postinfection, DNA
from both RB1- and RA-infected CHSE-214 cells exhibited
the apoptotic pattern of DNA laddering (lanes 6 and 7). This
laddering was absent in DNA from mock-infected cells at 24 h
(lane 3) and DNA from RB1-infected cells at 6 and 12 h
postinfection (lanes 4 and 5). The result demonstrated that
nuclear fragmentation can be triggered by IHNV infection and
suggested that expression of M protein during IHNV infection
may initiate programmed cell death in infected cells.

DISCUSSION
Down regulation of protein synthesis is one effect of IHNV

infection on the host cell. In this report, we show that the
expression of IHNV M protein alone may be responsible for
this shutdown. M expression results in the inhibition of plasmid
DNA-directed transcription, leading to the inhibition of plas-
mid-directed protein synthesis. Our hypothesis is that the same
mechanism is involved in the shutdown of host cell protein
synthesis. Prior studies on the VSV M protein have shown that
this protein is a potent inhibitor of host-directed transcription
(1, 8, 9, 17, 31, 34). Our results with IHNV extend these
observations and indicate that inhibition of host transcription
is a common function of the matrix proteins of the Rhabdoviri-
dae family.

Multiple mechanisms may contribute to the shutdown of
host protein synthesis by rhabdovirus matrix proteins. It has
been demonstrated recently that VSV M protein inhibits the
transport of certain species of DNAs and proteins from the
cytoplasm to the nucleus by interfering with the Ran-depen-
dent nuclear transport system (22). VSV M also potently sup-
presses the transcription directed by the host RNA poly-
merases RNAPI, RNAPII, and RNAPIII (1). Furthermore,
VSV infection leads to the inhibition of host RNAPII-depen-
dent transcription as a result of inactivation of transcription
factor IID, while the purified recombinant TATA-binding pro-
tein is able to reconstitute the transcription activity (46). IHNV
M did not seem to suppress its own transcription as drastically
as it suppressed that of the reporter gene driven by the same
promoter, CMV IEP. Thus, the regulatory element(s) distin-
guishing IHNV-encoded genes from “other” genes in the tran-
scriptional process may be present in the 59 or 39 noncoding
region of the M gene. Such promoter-dependent inhibition has
also been found in the VSV M-induced inhibition of transcrip-
tion by RNAPIII.

Experiments showing that the VSV M protein suppresses
gene expression from the human IFN-b promoter supports the
theory that M protein plays a central role in regulating the host
response to viral infection by down regulating IFN production
(17). Ferran and Lucas-Lenard showed that the M gene from

FIG. 6. Immunofluorescence analysis of the cellular localization of transgenic proteins. In panels D, E, and F, CHSE-214 cells were transfected with pP(1), pM(1)
and pNV(1), respectively. Cells transfected with p(gal) (A to C) were included as control. At 48 h posttransfection, cells were fixed, labeled with antiserum specific
to P (A and D), M (B and E), or NV (C and F), incubated with goat anti-rabbit immunoglobulin G conjugated to Texas Red (10 mg/ml), and counterstained with 250
nM DAPI. Confocal images were captured using a Leica TCS4 confocal microscope. Magnification: 3400 (A and D) and 31,000 (to show more details in the M- and
NV-transfected cells) (B, C, E, and F). All positive transfected cells in panels D to F are indicated by arrowheads. The inset in panel F was taken from a different field
under the microscope due to the low frequency of NV-transfected cells.
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a VSV-Indiana mutant, which had been characterized as a
good inducer of IFN, was defective in inhibiting transcription
from the IFN-b promoter whereas wild-type VSV-Indiana M
protein induced IFN poorly and potently suppressed expres-
sion from the IFN-b promoter. These results are very different
from those of Marcus et al. (33), who reported that the pre-
dicted M-protein amino acid sequence of a wild-type VSV-
Indiana field isolate that strongly induced IFN in chicken em-
bryo cells was identical to the M sequence of both a poorly
inducing wild-type field isolate and a noninducing wild-type
laboratory strain. For IHNV, the M gene alone suppresses
transcription from the IFN-inducible promoter for the mam-
malian 561 gene. Since this promoter contains only one ISRE
and no other binding site for known transcriptional factors, the
suppression presumably involves this ISRE site. The inhibition
of p561-Luc by the IHNV M in fish cells provides further
evidence that EPC cells contain the same or similar signal
transduction systems for IFN induction as do mammalian cells.
The trout IFN regulatory factor 1, STAT1, STAT3, STAT4,
and STAT5 (Marc Johnson, personal communication), and the
trout IFN-responsive genes, RbTMx1, RbTMx2, and RbTMx3
(42–44), are all highly conserved genes. Thus, the suppression
of a mammalian IFN-inducible promoter in fish cells was not
surprising.

The association of the IHNV M protein and nuclear frag-
mentation was consistently observed in this study despite the
low frequency of cells expressing the transfected viral protein.
Low transfection frequencies with plasmid DNA have always
been a problem with the study of gene expression in fish cells.
We routinely observe transfection frequencies ranging from
0.5 to 2% with an occasional transfection rate of 10% in
CHSE-214 and EPC cells. In contrast, the transfection fre-
quency in RTG-2 cells (rainbow trout gonad cells) is virtually
negligible. This makes the characterization of cellular changes
induced by single genes in fish cells difficult. Nevertheless, our
observations were confirmed in repeated experiments involv-
ing the scanning of dozens of microscopic fields. Nuclear frag-
mentation was observed only in M-transfected cells, and cell

rounding was observed only in NV-transfected cells. These
observations were consistently made in at least three different
experiments for each transfected gene.

Other markers for apoptosis, e.g., lamin A cleavage (38) and
poly(ADP-ribose) polymerase-cleaving activity (29), were not
examined in this study for several reasons. There are no avail-
able monoclonal antibody reagents for trout poly(ADP-ribose)
polymerase, and a typical interleukin-1 cleavage enzyme does
not appear to cleave trout interleukin-1b in the same position
as in mammalian pro-interleukin-1b (47). Characterization of
the reagents necessary to carry out these assays in fish cells
would, in itself, be useful and should provide sufficient infor-
mation for a separate paper. Because we were unable to carry
out the lamin A cleavage and PARP assays, this report only
demonstrates that the IHNV M protein induces the “morpho-
logical changes consistent with apoptosis” in cultured fish cells.

Cell death in rhabdovirus infections had long been consid-
ered a consequence of necrosis until recent reports showed
that apoptotic cell death occurred in VSV-infected HeLa cells
(26), in rabies virus-infected mouse thymocytes (32) and brains
(24), and in EPC cells infected by the fish-pathogenic rhab-
dovirus spring viremia of carp virus (7). In this report, we have
also demonstrated that IHNV infection can trigger apoptotic
cell death as evidenced by the oligonucleosomal DNA frag-
mentation. Taking these results together, apoptosis is very
probably a common outcome of rhabdovirus infection. There is
mounting evidence that the induction of apoptosis contributes
directly to the pathogenesis of a number of viruses. There is,
for example, in vitro and in vivo evidence that strongly sup-
ports an important pathogenic role of apoptosis in producing
the neurological disease in rabies (24). Although we have in-
vestigated evidence for IHNV-induced apoptosis only in cul-
tured cells, it is possible that the programmed cell death plays
a significant role in IHNV infection in fish. It would be inter-
esting in future studies to determine what types of tissues are
killed by IHNV-induced apoptosis in infected fish.

An interesting but unexpected finding in the study was the
observation that overexpression of NV resulted in cell round-
ing. Cells transiently transfected with a plasmid expressing the
NV gene, pNV(1), were found to undergo cell rounding. This
is the first biological function we have been able to assign to
NV. Cell rounding is a common and obvious cytopathic effect
observed in rhabdovirus-infected cells. This rounding has been
assigned to the VSV M protein, which causes dissociation of
the cytoskeleton (11). We have not observed cell rounding in
cells transfected with the IHNV M gene. Further studies of the
NV function should include verification of the interaction be-
tween NV protein and the cytoskeleton in IHNV-infected or
NV gene-transfected cells.

In summary, this report provides evidence that the inhibition
of host-directed transcription may be a common function for
the matrix proteins of the Rhabdoviridae family. We have also
shown that overexpression of the IHNV M gene leads to ap-
optosis in tissue culture cells, a finding that adds IHNV to the
list of DNA and RNA viruses with genes that induce apoptosis
(for reviews, see references 21 and 40). For example, the ad-
enovirus type 12 E1A protein blocks transcription of major
histocompatibility complex class I (43) and induces apoptosis
in infected cells (36, 45). A relationship between IHNV M
inhibition of transcription and M-induced apoptosis has not
been determined in this study. However, mutation analysis of
the VSV M protein has shown that inhibition of host-directed
gene expression is genetically separable from its function in
virus assembly (10) but is correlated with the virus-induced cell
rounding (30). Mutational analysis of the IHNV M will be the
subject of another report.

FIG. 8. DNA fragmentation analysis of IHNV-infected CHSE-214 cells.
CHSE-214 cells (2 3 107) were infected with virus at MOI of 10, and the
low-molecular-weight DNA was obtained at 6, 12, and 24 h postinfection. DNA
was treated with RNase A and then electrophoresed through 2% agarose. Lanes:
1, molecular size marker, 123-bp DNA ladder (Gibco BRL); 2, 1-kb DNA ladder
(Gibco BRL); 3, DNA isolated from mock-infected cells at 24 h postinfection; 4,
IHNV RB1-infected cells, 6 h; 5, IHNV RB1-infected cells, 12 h; 6, IHNV
RB1-infected cells, 24 h; 7, IHNV RA-infected cells, 24 h.
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