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Ranaviruses (family Iridoviridae, genus Ranavirus) are large, double-stranded DNA (dsDNA) viruses whose
replication is restricted to ectothermic vertebrates. Many highly pathogenic members of the genus Ranavirus
encode a homologue of the eukaryotic translation initiation factor 2o (elF2a). Data in a heterologous vaccinia
virus system suggest that the Ambystoma tigrinum virus (ATV) elF2a homologue (vVIF2aH; open reading frame
[ORF] 57R) is involved in evading the host innate immune response by degrading the interferon-inducible,
dsRNA-activated protein kinase, PKR. To test this hypothesis directly, the ATV vIF2aH gene (ORF 57R) was
deleted by homologous recombination, and a selectable marker was inserted in its place. The ATVAS57R virus
has a small plaque phenotype and is 8-fold more sensitive to interferon than wild-type ATV (WtATV). Infection
of fish cells with the ATVAS57R virus leads to eI[F2« phosphorylation, in contrast to infection with wtATV, which
actively inhibits eIF2a phosphorylation. The inability of ATVAS7R to prevent phosphorylation of eIF2«
correlates with degradation of fish PKZ, an interferon-inducible enzyme that is closely related to mammalian
PKR. In addition, salamanders infected with ATVA57R displayed an increased time to death compared to that
of wtATV-infected salamanders. Therefore, in a biologically relevant system, the ATV vIF2aH gene acts as an

innate immune evasion factor, thereby enhancing virus pathogenesis.

Ranaviruses (family Iridoviridae, genus Ranavirus) are large,
double-stranded DNA (dsDNA) viruses that can infect a wide
variety of ectothermic vertebrates, including amphibians, rep-
tiles, and fish (13, 70). However, the ecological and economical
impacts of ranavirus infections are currently unknown, even
though ranavirus infections of lower vertebrates have in-
creased over the past few decades (13, 70). In addition, the
mechanisms that enable ranaviruses to infect such a diverse
group of hosts and cause, in some cases, high rates of morbidity
and mortality have not been fully uncovered. While there are
major epidemics associated with ranavirus infections in threat-
ened amphibian species, commercially valuable fish, and rep-
tiles (1-3, 8, 15, 17-19, 22, 23, 26, 28, 31, 33, 34, 40, 42-45, 52,
63, 64, 73, 75), ranaviruses are also thought to spread with fish,
amphibians, and reptiles that are moved globally for bait and
food and as pets (11, 15, 29, 49, 60). Because of the economical
and ecological impact that these viruses have on ectothermic
vertebrates, it is essential to begin to uncover the determinants
of ranavirus host range and pathogenesis.

Genomic sequencing of Ambystoma tigrinum virus (ATV),
originally isolated from tiger salamanders (Ambystoma tigri-
num stebbinsi) in southern Arizona (28), revealed a number of
genes that may enhance viral pathogenesis based on homology
to other known proteins in the database (30). One gene in
particular, the ATV homologue of the eukaryotic translation
initiation factor 2a (VIF2aH; ATV open reading frame [ORF]
57R), has been suggested to be important for ranavirus patho-
genesis (40). In addition, we have recently shown using a het-
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erologous vaccinia virus (VACV) system that the ATV
vIF2aH may play an important role in evading the host innate
immune response (L. Tripuraneni, J. K. Jankovich, M. C.
Heck, J. O. Langland, and B. L. Jacobs, unpublished data). By
replacing the VACYV innate immune evasion gene, E3L (9, 10,
16, 36, 37, 55, 61, 62), with the ATV vIF2aH gene, there is a
rapid degradation of cellular PKR, an important cellular anti-
viral molecule that upon activation phosphorylates the eukary-
otic translation initiation factor eIF2« (38, 59), thereby inhib-
iting protein synthesis. Therefore, we hypothesized that in a
more relevant system (i.e., ATV-salamander model system),
the ATV vIF2aH gene may influence viral pathogenesis by
evading the host innate immune response (i.e., degrading cel-
lular PKR). Using methods similar to those described for gen-
erating a recombinant Bohle iridovirus (47), we have gener-
ated a knockout recombinant ATV by deleting the ATV ORF
57R and then characterized this recombinant virus in cells in
culture and in a salamander model. This research offers insight
into a ranavirus immune evasion pathway and suggests that
there is a yet-uncharacterized innate immune response in sal-
amanders, the natural host of ATV.

MATERIALS AND METHODS

Cells and virus. Fathead minnow (FHM; ATCC CCL-42) cells were main-
tained in minimal essential medium (MEM) with Hank’s salts (Gibco) supple-
mented with 5% fetal bovine serum (FBS) (HyClone) and 0.1 mM nonessential
amino acids and vitamins (Invitrogen). Epithelioma papulosum cyprini (20) and
bluegill fry (BF2; ATCC CCL-91) cells were maintained in MEM supplemented
with 10% FBS and 0.1 mM nonessential amino acids and vitamins (Invitrogen).
All cells were incubated at 20 to 22°C in the presence of 5% CO,. The viruses
used in this study are the Ambystoma tigrinum virus (wild-type ATV [wWtATV]),
isolated from tiger salamanders in 1996 (28), and the recombinant virus made in
this study. The ATV deletion mutant lacking the vIF2aH gene (ORF 57R) was
designated ATVAS57R.
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Recombinant ATV DNA construct and PCRs. The PCR construct used in the
in vivo recombination (IVR) reaction mixture contains a 200-bp region upstream
of the ATV immediate early 18K gene (pICP18) that promotes the expression of
the G418 (neomycin) resistance gene (G418"). This cassette is flanked by 1.2 kbp
of sequence homologous to the 5" (left) and 3’ (right) regions surrounding the
ATV vIF2aH gene. The homologous flanking arms recombine with the viral
DNA, generating the recombinant virus (Fig. 1A). The following primers were
used to amplify the above-mentioned regions of the ATV genome and the G418
resistance gene: vVIF2-Left-forward (5" ATTTACCCAAAAATTGCGTTTC 3),
VIF2-Left-reverse (5" ATTTCCATATAACAGACAGTAG 3'), vIF2-Right-for-
ward (5" TGAAAAAAGCTCTATCGAGCAG 3'), vIF2-Right-reverse (5’ TCT
CTCACGTTGAGGATAAAG 3'), G418"-forward (5" ATGAGGATCGTTTC
GCATGATTG 3'), G418%-reverse (5 TCAGAAGAACTCGTCAAG 3'),
pICP18-forward (5" AACTAGGTCCGCCGATGAGC 3'), pICP-18-reverse (5
GCTCATCGGCGGACCTAGTT 3’). Once individual PCR products were ob-
tained using the forward-reverse primer sets, overlapping PCR products were
then generated. The overlapping IVR PCR product was generated by first com-
bining the pICP-18 PCR product with the G418" PCR product and adding
primers pICP-18-forward and G418"-reverse to generate a 1.1-kb PCR product.
This PCR product was then mixed with the 1.2-kb vIF2-left and vIF2-right PCR
products and the PCR primers vIF2-Left-reverse, pICP18-forward, G418"-re-
verse, and vIF2-Right-reverse were added. This generated a 3.5-kb PCR product
cassette (pICP18-G418"), and this product was blunt-end cloned into a pUC19-
based plasmid (Invitrogen) that was renamed pJJ57. This plasmid was then used
as a template to PCR amplify large quantities of PCR product used in the IVR
reactions (see below) as well as for diagnostic PCRs. The generation of a
recombinant ATV was confirmed by PCR amplification of the 57R locus using
flanking primers 57R-forward (5" GAGGTATATTTTTGCAAGG 3') and 57R-
reverse (5" TCTCAAACCTTTCCAATCG 3'). For amplification of 0.5 kb of the
major capsid protein (MCP), MCP4 and MCP5 primers (5" GACTTGGCCAC
TTATGAC 3’ and 5 GTCTCTGGAGAAGAAGAA 3', respectively) devel-
oped by Mao et al. (41) were used. All PCRs described above were performed
using the following PCR conditions: 50-ul reaction mixtures containing 100 ng
template DNA, 0.3 pM each primer, 0.2 mM deoxynucleoside triphosphate
(dNTP) (total concentration of all four nucleotides), 1 unit of Tag polymerase in
1X buffer B (Promega), and 1.5 mM MgCl,. Amplification cycles were initiated
with a single cycle of 94°C for 5 min, followed by 30 cycles of 94°C (30 s), 54°C
(60 s), and 72°C (60 s) and a final cycle of 72°C for 5 min. PCR products were
visualized by electrophoresis on 0.8% agarose gels stained with 0.5 pg/ml
ethidium bromide. All PCR products were isolated using the Wizard SV gel and
PCR cleanup system according to the manufacturer’s instructions (Promega).

ATV in vivo recombination. The following protocol was adapted from Pallister
et al. (47) and used successfully to knock out the ATV vIF2aH gene. Homolo-
gous recombination between PCR DNA and ATV DNA will result in a recom-
binant ATV in which the vIF2aH gene (ORF 57R) has been replaced by the
G418" gene (Fig. 1A). Lightly confluent monolayers of BF2 cells grown in 35-mm
dishes were infected with wtATV at a multiplicity of infection (MOI) of 10, and
the virus was allowed to adsorb for 1 h at room temperature. While viral
attachment was proceeding, 500 ng of ATV recombination PCR DNA was added
to FuGene6 transfection reagent (Roche Diagnostics) according to the manu-
facturer’s instructions. The solutions (i.e., DNA and the FuGENES transfection
reagent mix) were incubated for 25 min at room temperature. At that time,
DNA-FuGENEG6 complexes were added to the infected cells and incubated at 20
to 22°C for 48 to 72 h. The cultures were then harvested and frozen at —80°C,
and the virus was subsequently released by three cycles of freeze-thaw. The IVR
was passaged up to four times in FHM cells in the presence of 1 mg/ml G418.
Moreover, virus was plaque purified three times in the presence of G418 and
then twice in the absence of G418. To confirm generation of a knockout virus,
PCR and sequencing of the ATV ORF 57R region were performed (see above).
In addition, Western blot analysis was performed to ensure that the G418
resistance gene was synthesized (see below).

Plaque size determination. Plaque size phenotypes of both WtATV and
ATVASTR were determined using the ImageQuant 5.2 software (GE Health-
care). FHM cells were infected with wtATV and ATVAS57R. Once plaques were
observed, the plates were stained with a 20% ethanol and 1% crystal violet
solution and photographed, and the images were loaded into the ImageQuant
program. Initially, plaques were indicated as clear loci in a monolayer of blue-
stained cells. To determine plaque sizes, the images were inverted so that each
plaque was dark relative to the monolayer. Ten plaques for each virus were used
to determine plaque size by the relative intensity of the pixels in each plaque.
Using this approach, greater pixel intensity is indicative of a larger plaque size.
The pixel intensities of the 10 plaques were averaged, and the standard error was
determined.
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FIG. 1. Generating a recombinant ATV. (A) ATV recombination
schematic. A PCR product containing the ICP18 promoter sequence
driving G418 (neomycin) resistance (G418") was generated. This cas-
sette was then flanked with 1,200 nucleotides of sequence up- and
downstream of the ATV ORF 57R. This PCR construct was blunt-end
cloned into a pUC19-based plasmid and renamed pJJ57. The plasmid
was used as a template to generate linear PCR products that were
transfected into wtATV-infected cells. Homologous recombination be-
tween the ATV genome and the PCR product deleted ORF 57R and
replaced this ATV gene with the ICP18-G418" cassette. (B) Confir-
mation of recombinant ATV: PCR. To confirm that the ATV ORF
57R was deleted and replaced with the pICP18-G418" cassette, primers
flanking ORF 57R were used to amplify this region of viral DNA (57R;
lanes 5 to 7). pJJ57 is a plasmid containing the recombination PCR
product (see Fig. 1A legend) and is used as a control. Primers specific
for 0.5 kb of the ranavirus major capsid protein PCR were added as
another control (MCP; lanes 1 to 4). (C) Confirmation of recombinant
ATV: Western blot analysis. FHM cells were infected with wtATV or
ATVAS7TR at an MOI of 5 or mock infected with medium alone. After
3 hpi, cells were harvested and proteins were isolated as described in
Materials and Methods. Equal cell volumes of protein were separated
by 12% SDS-PAGE, after which proteins were transferred and probed
using antibodies specific to the G418-phosphotase (G418") protein.
Antibodies binding to the G418" protein were visualized by chemilu-
minescence.
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Interferon-like activity. Interferon (IFN)-like activity was produced in FHM
cells by treating them with dsRNA, as described by others (46, 58). Briefly, 250
g of poly(I:C) was filter sterilized by passing through a 0.2-um filter and mixed
with 350 pl of FHM medium and 10.5 pl (3% final concentration) Fugene6
transfection reagent (Roche Applied Sciences). Control transfections contained
no poly(I:C). This mixture was incubated at room temperature (20 to 22°C) for
20 min before being added to <50% confluent monolayers of FHM cells in a
75-cm? tissue culture flask. The transfection mixture was rocked for 1 h, at which
time 9.5 ml of medium was added. Poly(I:C)-treated and untreated FHM cells
were incubated at room temperature for 24 h. After the incubation period, the
medium was removed, centrifuged at 1,000 X g for 10 min to remove any cellular
debris, and then frozen at —80°C until assayed for activity. IFN-like activity (here
referred to as IFN) was measured by plaque reduction assay. The concentration
of IFN that inhibits 50% of wtATV plaque formation is defined as 1 FHM unit
of IFN. To assay for IFN activity, FHM IFN was 2-fold serially diluted and 1 ml
of each IFN dilution was added to 35-mm dishes containing approximately 50%
confluent monolayers of FHM cells. Mock-transfected cell medium was used as
a control in these experiments. After 16 to 24 h of treatment, the IFN was
removed and FHM cells were infected with ~200 PFU of wtATV or ATVA57R
or mock infected with medium alone. Cells were rocked for 1 h and overlaid with
a 1:1 mixture of 2X MEM with 20% FBS and 1.5% methylcellulose solution.
Cells were incubated at room temperature in 5% CO, for 6 to 8 days, at which
time the medium-methylcellulose mixture was removed by aspiration and cells
were stained with a 20% ethanol and 1% crystal violet solution. Plaques were
counted, and the percent plaque reduction was determined by dividing the
number of plaques for a particular dose of IFN by the number of plaques in the
mock-treated cells. Data are representative of results from multiple independent
experiments.

Single-cycle growth characteristics. FHM cells were seeded in 35-mm dishes
and were pretreated the following day with 1 FHM U/ml of IFN or left untreated.
After a 16- to 24-h incubation period, the cells were infected with wtATV or
ATVAS7TR at an MOI of 5. Infected cells were harvested at 6 and 48 h postin-
fection (hpi). The titer was determined at each time point by using a standard
plaque assay in E. papulosum cyprini cells and crystal violet staining. Virus yield
was calculated by subtracting the final virus titer (i.e., 48 hpi) from the starting
titer (i.e., 6 hpi). Data are the averages of results from multiple independent
experiments. Statistical analysis was performed using the single-factor analysis of
variance (ANOVA) option in SigmaStat (Systat Software, Inc.).

Cell extractions and Western blot analysis. Mock-infected FHM cells or cells
infected with either wtATV or ATVAS57R at an MOI of 5 were collected at
various times postinfection and pelleted by centrifugation at 1,000 X g at 4°C for
10 min. The cells were then lysed using 50 pl of NP-40 lysis buffer (20 mM
HEPES [pH 7.5], 120 mM KClI, 5 mM Mg acetate, 1 mM dithiothreitol [DTT],
10% [vol/vol] glycerol, 0.5% NP-40). Equal cell volumes of cellular extracts were
subjected to SDS-PAGE on 12% polyacrylamide gels for 1 h at 150 V. Proteins
were transferred to nitrocellulose at 100 V for 45 min in 10 mM CAPS, pH 11.0,
with 20% methanol and 14 mM 2-mercaptoethanal (2-ME). The blot was
blocked for 1 h in 1X TBS with milk (20 mM Tris-HCI [pH 7.8], 180 mM NaCl,
3% Carnation nonfat dry milk). The blots were incubated overnight at 4°C with
one of the following primary antibodies at the appropriate dilution: a-G418
phosphatase (Ab-Cam), 1:250 dilution; a-eIF2a-Pi Ser-51 (Cell Signaling),
1:1,000 dilution; a-6XHis tag and a-Myc tag (Rockland), 1:1,000 dilution each.
Primary antibodies were removed, and the blot was washed three times with 1X
TBS containing milk for 0.5 h at room temperature. The blot was then probed
with a 1:15,000 dilution of goat anti-rabbit IgG-peroxidase conjugate antibody
(Sigma) for 1 h at room temperature. These secondary antibodies were then
removed, and the blot was washed three times for 10 min each in 1X TBS with
milk and then washed three times for 5 min each in 1X TBS without milk. The
blot was developed by chemiluminescence. To ensure equal loading of proteins,
extracts were separated by SDS-PAGE and Coomassie stained.

eIF2a phosphorylation assay. FHM cells were seeded so that they were <50%
confluent at the time of treatment. Cell monolayers were pretreated with 1 FHM
U/ml of IFN for 16 to 24 h. Cells were infected with either wtATV or ATVAS7R
at an MOI of 5. Six hours postinfection, cells were harvested as described above,
and phosphorylated eIF2a (Ser 51) was detected by Western blot analysis as
described above.

358 labeling of proteins. FHM cells were seeded so that they were <50%
confluent at the time of treatment. Cell monolayers were pretreated with 1 FHM
U/ml of IFN for 16 to 24 h. Cells were infected with either wtATV or ATVAS7R
at an MOI of 5. Cells were labeled with 50 pCi/ml of [**S]methionine-cysteine
protein label mix (Perkin-Elmer) at 12 hpi. Thirty minutes prior to labeling, cells
were washed twice with phosphate-buffered saline (PBS) and incubated with
Dulbecco’s modified Eagle’s medium (DMEM) without L-glutamine, L-methio-
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nine, and L-cysteine (Cellgro). Starvation medium was removed, and labeling
medium containing 50 nCi/ml of [**SJmethionine-cystein was added for 30 min.
Cytosolic extracts (36) were prepared, and de novo protein synthesis of equal cell
volumes was analyzed via autoradiography.

PKZ assay. FHM cells were seeded at ~30% confluence in 35-mm dishes. The
following day, cells were transfected with 500 ng of pcDNA3.1:PKZ or
pcDNA3.1::PKZ-K199R plasmids (57) that had been incubated with Fugene6
according to the manufacturer’s instructions. These plasmids contain the se-
quence for PKZ and a catalytically inactive mutant of PKZ and PKZ-K199R,
respectively, that is expressed in transfected cells. Both PKZ and PKZ-K199R
have C-terminal 6XHis and c-Myc tags so that expressed proteins can be visu-
alized by Western blot analysis. One day posttransfection, cell monolayers were
infected with either wtATV or ATVAS7R at an MOI of 5. Cell extracts were
prepared at 8 hpi, and PKZ was visualized by Western blot analysis as described
above. PKZ and PKZ-K199R proteins observed in the Western blots were
quantified using the ImageQuant 5.2 software (GE Healthcare). The relative
intensity of each PKZ protein from ATV- and ATVAS57R-infected cells was
normalized to PKZ levels of mock-infected cells. Data presented are the aver-
ages and standard errors of results from multiple independent experiments.

Pathogenesis in the salamander model. Laboratory-reared tiger salamanders
(Ambystoma tigrinum) were mock infected or infected with 10* PFU of wtATV
or ATVAS57R by bath immersion (n = 20 salamanders per treatment). The titer
of virus used in these experiments is a log higher than the 50% lethal dose of
wtATV (J. K. Jancovich, unpublished observations). Animals were housed in
individual 56-0z Ziplock containers at 17°C with a 12-h light/dark cycle and were
fed meal worms two times per week. Salamanders were monitored for signs of
disease (28) and mortality. Sick salamanders were euthanized by an overdose of
MS-222 (Argent Laboratories) according to IACUC protocols established at
Arizona State University (1049R). Data are presented as the percent survival
(number of dead salamanders/total number of salamanders per treatment) over
a 50-day period. The average time to death was determined by adding the total
number of days each animal survived for each treatment and dividing that
number by the number of animals in each treatment.

RESULTS

Generation of a recombinant ATV. To test the hypothesis
that the ATV vIF2aH gene plays a role in host immune eva-
sion, a mutant of ATV, deleted of the vIF2aH gene (ORF
57R), was generated by homologous recombination between
viral DNA and PCR product (Fig. 1A). This virus, ATVAS7R,
was isolated by blind passage and plaque purification in the
presence of 1 mg/ml G418. As wtATV does not replicate in the
presence of this concentration of G418 (data not shown), re-
combinant ATV expressing the G418 resistance gene was able
to be isolated from a mixture of wild-type and recombinant
viruses. Since a PCR product was used for the in vitro recom-
bination, the most likely G418" virus is the result of a double-
recombination event deleting the ATV vIF2aH gene and in-
serting the G418 resistance gene in its place (Fig. 1A).

The deletion of the ATV vIF2aH gene and the insertion of
the pICP18-G418" cassette were confirmed by PCR and se-
quencing as well as by Western blot analysis for G418" gene
expression. Using primers that flanked the ATV ORF 57R, a
0.8-kb PCR product, indicative of the presence of the ATV
57R ORF (i.e., the ATV vIF2aH gene), is observed using
wtATV DNA as a template (Fig. 1B, lane 5). However, with
ATVASTR, a 1.2-kb PCR product is present, indicating the
insertion of the pICP18-G418" cassette and the deletion of
ATV ORF 57R (Fig. 1B, lane 6). As a control for this PCR, the
pJJ57 template generated a 1.2-kb PCR product identical to
the PCR product observed for the recombinant ATV (Fig. 1B,
lane 7). Sequencing of these PCR products confirmed the
replacement of the ATV vIF2aH gene with the pICP18-g418"
cassette (data not shown). We used PCR to the viral major
capsid protein as a control PCR (Fig. 1B, lanes 2 to 4). Both



5064 JANCOVICH AND JACOBS

wtATV ATVA57R

7,840 pixels
(+/- 360, standard error)

2,590 pixels
(+/- 200, standard error)

FIG. 2. Plaque size phenotype. FHM cells were infected with
wtATV and ATVAS57R until plaques were observed. Plaques were
visualized by staining with a 20% ethanol and 1% crystal violet solu-
tion, and plaque sizes were determined using the ImageQuant 5.2
software (GE Healthcare). Ten plaques for each virus were used to
determine plaque size by the relative intensity of the pixels in each
plaque. The pixel intensities were averaged, and the standard errors
were determined.

wtATV and ATVAS7R generated a 0.5-kb band indicative of
the presence of the MCP in these viruses (Fig. 1B, lanes 2 and
3). However, as expected, when a plasmid was used as a tem-
plate in this reaction (i.e., pJJ57), no PCR product was ob-
served (Fig. 1B, lane 4). Further confirmation of the genera-
tion of a recombinant ATV was obtained by Western blot
analysis. Mock-infected cells and cells infected with wtATV did
not produce a G418" protein product, as detected by Western
blot analysis by using an antibody specific to the G418 phos-
phatase protein (Fig. 1C, lanes 1 and 2, respectively). In con-
trast, a band indicative of a G418" gene product was observed
in cells infected with the recombinant ATVAS7R virus (Fig.
1C, lane 3). These data confirm that a recombinant ATV
lacking ORF 57R was obtained in pure culture.

Virus plaque phenotype. Plaque size phenotypes of both
wtATV and ATVA57R were then determined (Fig. 2). Using
pixel density (i.e., intensity) as a measure of plaque size, we
determined the average number of pixels for 10 independent
plaques for each virus. Wild-type ATV has an average pixel
intensity of 7,840 pixels (£360, standard error), while the av-
erage size of an ATVAS7R plaque is 2,590 pixels (£200, stan-
dard error). Therefore, wtATV has a plaque phenotype that is
about 3-fold larger than that of ATVAS57R.

Interferon sensitivity of ATV. Interferon (IFN) sensitivity of
both wtATV and ATVAS7R was then investigated. IFN-like
activity was generated using spent culture medium (SCM)
from poly(I:C)-treated and untreated FHM cells. ATVAS7R
was sensitive to a 1:32 dilution of FHM SCM, with no plaques
observed at this dilution of IFN (Fig. 3A). In contrast, wtATV
was 8-fold less sensitive to IFN treatment, with no plaques
observed at a 1:4 dilution of the SCM (data not shown). The
data show that a 50% plaque reduction of wWtATV was ob-
served at approximately a 1:64 dilution of IFN, while a 50%
reduction of ATVAS57R plaques required between a 1:256 to
1:128 dilution of IFN-containing medium (Fig. 3A and B).
Untreated FHM cell SCM had no effect on the reduction of
plaques for either wtATV or ATVAS7R (data not shown).
Therefore, the 1:64 dilution of FHM SCM is defined as 1 U of
FHM IFN. These data suggest that wtATV is sensitive to
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FIG. 3. Interferon sensitivity. IFN expression was induced in FHM
cells using dsRNA according to the protocol outlined in the Materials
and Methods. FHM cells in 35-mm dishes were treated with 2-fold
dilutions of spent culture medium (SCM) containing FHM IFN for 16
to 24 h. At that time, ~200 PFU of either wtATV or ATVA57R was
used to infect the treated cells. (A) Cells were stained with a 20%
ethanol, 1% crystal violet solution to visualize plaques 7 days postin-
fection. Numbers above each image indicate the dilution of IFN in the
form of spent culture medium (SCM). (B) Graphical representation of
IFN sensitivity. Data for each individual experiment were normalized
to the number of plaques observed in mock-treated cells. The percent-
age of plaque reduction was determined by dividing the number of
plaques observed at each SCM dilution (i.e., volume of SCM in each
culture) by the number of plaques observed in mock-infected cultures.
Data presented are the averages and standard errors of results from
multiple independent experiments.

effects of IFN, but upon deletion of the ATV elF2a homo-
logue IFN sensitivity increases 8-fold.

Virus replication kinetics. Single-cycle replication charac-
teristics were then determined. FHM cells were treated with or
without SCM containing 1 FHM unit of IFN for 16 to 24 h and
then infected with either wtATV or ATVAS7R at an MOI of 5.
Cells were harvested, and titers were determined at 6 and 48
hpi. The virus yield was determined as the amount of virus
amplified above the background level (i.e., titer at 48 hpi —
titer at 6 hpi). Wild-type ATV replicated to similar viral titers
in the presence and absence of IFN (average titers of 2.6 X 107
and 3.3 X 107 PFU/ml, respectively) (Fig. 4). The ATVA5S7R
virus titers in the absence of IFN treatment (average titer of
5.1 X 10° PFU/ml) are about one-half of a log lower than that
of wtATV. However, there was a statistically significant differ-
ence between ATVAS7R replication and wtATV replication (P
value of <0.05) (Fig. 4). In addition, when FHM cells were
pretreated with IFN and then infected with ATVAS7R, a sta-
tistically significant reduction in virus yield is observed com-
pared to non-IFN-treated ATVAS57R-infected cells (average
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FIG. 4. Single-cycle growth characteristics. FHM cells were either
pretreated with 1 FHM unit of IFN or left untreated for 16 to 24 h. At
that time, the cells were infected with either wtATV or ATVA57R at
an MOI of 0.01. Cells and virus were harvested at 6 and 48 hpi, and
virus titer was determined by plaque assay. Data are presented as total
virus yield (PFU ml ™! virus titer at 48 hpi minus PFU ml ™' virus titer
at 6 hpi). Data are averages of results from two independent experi-
ments. Error bars represent standard errors. Statistical analysis was
performed using the Student ¢ test option in SigmaStat (Systat Soft-
ware, Inc.). Statistically significant differences between treatments are
indicated: *, comparing wtATV —IFN to ATVA5S7R —IFN (P value of
<0.050); **, comparing ATVA5S7R —IFN and ATVA57R +IFN (P
value of <0.001).
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titer of 3 X 10° PFU/ml) (P value of <0.001) (Fig. 4). These
data suggest that under a single round of replication, the ATV
vIF2aH gene is able to overcome the antiviral effects of IFN.
Upon the deletion of this gene, the virus does not replicate
above background levels nor overcome the effects of IFN treat-
ment.

Protein synthesis and eIF2a phosphorylation. To explore a
potential mechanism of action of this IFN sensitivity, a molec-
ular study of total protein synthesis and cellular eIF2a phos-
phorylation was initiated. FHM cells were pretreated with or
without 1 FHM unit of IFN for 16 to 24 h and then infected
with either wtATV or ATVAS7R at an MOI of 5. At 12 hpi,
cells were lysed with NP-40 and proteins were isolated for
Western blot analysis or labeled with 50 wCi/ml of
[>’S]methionine-cysteine, and total protein synthesis was ob-
served by autoradiography after SDS-PAGE. Cellular protein
synthesis was inhibited and virus-specific protein synthesis was
observed in untreated and IFN-treated FHM cells infected
with wtATV by 12 hpi compared to those of mock-infected
cells (Fig. 5A, lanes 1, 2, 3, and 4). In contrast, some cellular
protein synthesis was present (open arrows) in addition to
virus-specific protein synthesis (closed arrows) in cells infected
with ATVAS7R at 12 hpi without IFN (Fig. 5A, lane 5). IFN
treatment slowed down virus-specific protein synthesis in FHM
cells infected with ATVAS7R (Fig. 5A, lane 6). However, vi-
rus-specific proteins are present. Therefore, while the deletion
of the ATV vIF2aH gene delayed the onset of viral protein
synthesis in IFN-treated FHM cells, there is still a partial
inhibition of host protein synthesis and induction of virus-
specific protein synthesis.

We then asked if the inhibition of cellular protein synthesis
correlated with cellular elF2a phosphorylation. Wild-type
ATYV was able to inhibit cellular eIF2a phosphorylation in the
presence and absence of IFN treatment (Fig. 5B, lanes 3 and
4). In contrast, in FHM cells infected with the ATVAS57R virus,
elF2a phosphorylation was observed without IFN treatment,
and levels of eIF2a were increased in IFN-treated cells (Fig.
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FIG. 5. Protein synthesis and elF2a activation. FHM cells were
pretreated with or without 1 FHM U/ml of interferon for 16 to 24 h.
Cells were then mock infected or infected with wtATV or ATVAS7R
at an MOI of 5. (A) Cells were labeled with [**S]methionine-cysteine
at 12 hpi. Extracts were prepared, and de novo protein synthesis of
equal cell volumes was analyzed via autoradiography. Closed arrows
indicate virus-specific proteins, while open arrows indicate cellular-
specific proteins. (B) Cytoplasmic extracts were prepared at 12 hpi,
and equal cell volumes of protein were separated by SDS-PAGE.
Western blot analysis was conducted using anti-eIF2-a (pS®') (Cell
Signaling). Proteins were visualized by chemiluminescence.
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wtATV A57R
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5B, lanes 5 and 6). eIlF2a phosphorylation was observed in
mock-infected cells regardless of IFN treatment in this exper-
iment (Fig. 5B, lanes 1 and 2). However, this phenomenon was
not observed in all experiments. In other experiments, mock-
infected cells did not lead to eIF2a phosphorylation (data not
shown). In addition, eIF2a phosphorylation was never ob-
served at high levels after a wtATV infection (Fig. 5B, lane 3),
and elF2a phosphorylation was always observed upon an
ATVAS7R infection (Fig. 5B, lane 5). These data suggest that
the ATV vIF2aH gene product inhibits cellular eIF2a phos-
phorylation, allowing viral protein translation to continue and
inhibiting cellular protein synthesis in a virus-infected cell.
Degradation of PKZ in infected cells. Previous studies using
VACYV suggest that the ATV vIF2aH functions to inhibit cel-
lular eIF2a phosphorylation by degrading PKR (Tripuraneni
et al., unpublished). However, antibodies to a fish PKR homo-
logue were not available at the time of this study. In fish, a
similar PKR-like protein, PKZ, has been indentified, and the
gene encoding this protein contains Z-DNA binding domains
in place of the characteristic dSRNA binding domains found in
the N-terminal region of identified PKRs (5, 56, 57, 65, 74).
Since there are currently no molecular reagents to study PKZ-
like molecules in vivo, a plasmid containing PKZ with C-ter-
minal 6XHis and c-Myc tags was obtained (from A. Rich,
MIT). FHM cells transfected with this PKZ plasmid produced
detectable PKZ protein of expected molecular weight, de-
tected by Western blot analysis, compared to mock-transfected
cells (Fig. 6A, top, lanes 1 and 2). PKZ levels were decreased
in FHM cells after infection with wtATV by 8 hpi (Fig. 6A, top,
lane 4) compared to those in cells after infection with
ATVASTR at the same time point (Fig. 6A, top, lane 6). These
data suggest that vIF2oH plays an important role in downregu-
lating PKZ levels. In addition, downregulation of PKZ re-
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FIG. 6. PKZ regulation by ATV. (A) PKZ assay. FHM cells were
transfected with pcDNA3.1-PKZ, the active form of PKZ, or
pcDNA3.1-PKZ-K199R, the inactive form of PKZ, and the cells were
incubated for 24 h. At that time, cells were either mock infected or
infected with wtATV or ATVAS7R at an MOI of 5. Cells were har-
vested at 8 hpi, and protein extracts were obtained. Western blot
analysis of equal cell volumes was analyzed using primary antibodies
specific to PKZ C-terminal 6XHis and Myc tags (Rockland) or anti-
G418 phosphatase (Abcam) followed by chemiluminescence. (B) PKZ
quantification. PKZ and PKZ-K199R proteins observed in the West-
ern blots were quantified using the ImageQuant 5.2 software (GE
Healthcare). The relative intensity of each PKZ protein from ATV-
and ATVAS57R-infected cells was normalized to PKZ levels of mock-
infected cells. Data presented are the averages and standard errors of
results from two independent experiments. *, nonspecific proteins or
potential degradation products as described by Rothenberg et al. (57).

quires an active form of the molecule. Uninfected FHM cells
transfected with PKZ or with a catalytically inactive form of
PKZ, PKZ-K199R, a mutation that abolishes PKZ activation,
show detectable PKZ by Western blot analysis (Fig. 6A, top,
lanes 2 and 3). In addition, as observed previously (57), the
levels of the inactive form of PKZ (K199R mutation) are
greater than that of wtPKZ in mock-infected cells (Fig. 6A,
top, lane 3). Introducing the plasmid containing PKZ-K199R
followed by infection with either wtATV or ATVAS7R did not
lead to PKZ downregulation (Fig. 6A, top, lanes 5 and 7,
respectively). To ensure equal loading of proteins, we assayed
for G418 phosphatase expression from the plasmid also ex-
pressing PKZ (Fig. 6A, bottom). In addition, equal loading of
proteins was confirmed by Coomassie staining (data not
shown). Quantifying the levels of PKZ in these Western blots
shows a 90% decrease in PKZ levels in wtATV-infected cells
compared to the levels of PKZ in ATVAS7R-infected cells
(Fig. 6B). In contrast, levels of PKZ-K199A increased above
that of mock-infected cells for both wtATV and ATVA57R
infections (Fig. 6B). Therefore, these data suggest that an
active form of PKZ is required for its downregulation in this
ranavirus system.

Pathogenesis in a salamander model. The data obtained so
far suggest that the ATV vIF2aH is nonessential for replica-
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FIG. 7. Pathogenesis in the salamander model. Laboratory-reared
tiger salamanders (4Ambystoma tigrinum) were either mock infected or
infected with 10* PFU of wtATV or ATVAS57R by bath immersion
(n = 20 salamanders per treatment). Animals were fed meal worms
two times per week and monitored for signs of disease and mortality.
The graph shows the percent survival (number of dead salamanders/
total number of salamanders per treatment) over a 50-day period.
Average times to death for wtATV and ATVAS7R are indicated on the
x axis as a black and a gray line, respectively.

tion in cells in culture and that this viral gene inhibits cellular
elF2a phosphorylation by degrading PKZ. Therefore, to de-
termine if the ATV ORF 57R gene is essential for pathogen-
esis in a tiger salamander, animals were infected by bath im-
mersion with either wtATV or ATVAS7R or mock infected
with medium alone. Wild-type ATV killed 100% of the ex-
posed salamanders at a dose of 10* PFU in 14 days (Fig. 7). In
contrast, 50% of the tiger salamanders exposed to the same
dose of ATVAS7R survived until day 14 postinfection, and two
salamanders survived throughout the experiment (Fig. 7). In
addition, the mean time to death of wtATV-infected salaman-
ders was 12.5 days compared to 19.7 days for salamanders
infected with ATVAS7R. Therefore, the ATV ORF 57R gene
product enhances virus pathogenesis in the virus’ natural host,
the tiger salamander (Ambystoma tigrinum).

DISCUSSION

Ranaviruses are important pathogens of lower vertebrates
(11, 13, 70), yet our understanding of how these viruses cause
disease is limited. Ranaviruses cause catastrophic disease in
tiger salamanders throughout North America, frogs in Asia,
and fish and reptiles throughout the world, and they are con-
sidered an emerging infectious disease (11, 13, 15, 70). In
addition, ranaviruses are listed by the World Organization for
Animal Health as a notifiable disease (www.oie.int/eng/en
_index.htm). Therefore, understanding how these important
pathogens cause disease is essential in our understanding of
how to prevent or predict ranavirus infections.

It has been hypothesized that the ranavirus-specific vIF2aH
gene plays a role in viral pathogenesis (40). While this study
suggests a correlation between vIF2oH and pathogenesis, it is
limited by comparing nonisogenic virus strains, one containing
a full-length vIF2aH gene and one containing a truncated
version of this gene. Therefore, comparing the pathogenesis of
homologous viruses that differ only in the presence or absence
of the vIF2aH gene will provide a better understanding of the
role of the vIF2aH gene in pathogenesis and innate immune
evasion.

This is the first published report of a recombinant ranavirus
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to study gene function. While our protocol to generate a re-
combinant ranavirus is similar to that of Pallister et al. (47),
they deleted the Bohle iridovirus vIF2aH and inserted the
globin gene from the cane toad (Bufo marinus). However, the
goal of that study was to generate a potential biological control
agent against the cane toad. In contrast, our focus was on
characterizing the ranavirus vIF2aH after knocking this gene
out of the virus. Therefore, together, these studies open the
possibility to elucidate the function of other ranavirus nones-
sential genes and begin to gain insight into the mechanisms of
ranavirus immune evasion and pathogenesis.

The ATVASTR deletion mutant displayed a small plaque
phenotype but replicated to near wild-type levels in FHM cells.
Therefore, the ATV ORF 57R is nonessential for virus growth
in cells in culture. Cells infected with ATVAS7R consistently
phosphorylated cellular eIF2a and were 8-fold more sensitive
to IFN than those infected with wtATV. The phosphorylation
of cellular eIF2a correlated with the failure to downregulate
PKZ. Testing pathogenesis of wtATV and ATVAS7R viruses
in the virus’ natural host, tiger salamanders (Ambystoma tigri-
num), showed that the deletion mutant, ATVAS7R, is slightly
less pathogenic than wtATV when tiger salamanders were in-
fected by bath immersion. Therefore, this study shows a direct
correlation between pathogenesis and the presence of the
vIF2aH gene and suggests a role for the ATV vIF2aH gene in
evasion of the host’s innate immune response.

The battle between host and pathogen is a constant struggle.
Virus replication depends on the transcription and translation
of viral genes ensuring the production of progeny virus. Cell,
and therefore host, survival requires mechanisms that defend
against foreign attacks, and the innate immune response is the
first line of defense against an invading pathogen (4, 69). Mam-
malian and ectothermic vertebrate innate immune responses
are similar, yet there are still areas, such as the interferon
(IFN)-like responses, that have yet to be fully characterized
from other lower vertebrates (i.e., fish and amphibians) (39).
The data obtained in this study suggest that the salamander
immune system has IFN- and PKR-like molecules and that the
ATV vIF2aH gene acts to overcome these antiviral responses.
IFNs have been isolated and sequenced from a number of fish
species (53), and IFN was identified in Xenopus (50, 51).
However, at this time an IFN-like molecule has not been iden-
tified in salamanders. In addition, a PKR-like enzyme has been
identified and cloned from fish cells (25), zebrafish (57), and
frogs (56), although it appears frogs may have two types of
PKR-like molecules. In frogs, one molecule appears similar to
mammalian PKR, while the other type resembles the fish PKR-
like proteins, also known as PKZ, that contain Z-DNA binding
motifs in place of the dsSRNA binding motifs found in mam-
malian PKR (56, 57). The role of the Z-DNA binding motif of
PKZ has yet to be determined. The dsRNA binding motif of
mammalian PKR recognizes dsRNA initiating PKR activation
(14, 48, 54, 67, 72). If this model holds true for fish and
amphibians, then another pathogen-associated molecular pat-
tern (PAMP), perhaps Z-DNA or RNA, may be the key to the
PKR-PAMP pathway evolution.

Viruses have evolved elaborate mechanisms to inhibit the
PKR response (21, 35). These viral countermeasures have
been shown to block the PKR response at virtually every step
in the pathway, from activation through substrate phosphory-
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lation. For many viruses, including vaccinia virus (VACV),
herpes simplex virus type 1, Epstein-Barr virus, influenza virus,
and hepatitis C virus, multiple mechanisms are encoded to
evade PKR activity (35). For most of these viruses, it is unclear
if these multiple PKR inhibitory mechanisms play redundant
roles or are necessary to regulate PKR activity at different
stages in the virus life cycle.

While many viral inhibitors of the cellular PKR response are
known, at this time there are only two viruses that have been
shown to degrade PKR, Rift Valley fever virus (RVFV) (24,
27) and polioviruses (6, 7). The ranavirus vIF2aH gene is the
first viral gene from a dsDNA virus to regulate PKR/PKZ
protein levels in infected cells. Our data presented here as well
as the data characterizing the ATV vIF2aH gene using a het-
erologous vaccinia virus system (Tripuraneni et al., unpub-
lished) suggest that the ATV vIF2aH gene is required for the
regulation of PKR/PKZ. In addition, the data suggest that an
active form of PKR/PKZ is necessary for the ATV vIF2aH
gene-dependent degradation of this cellular gene. Therefore,
we hypothesize that the ATV vIF2aH gene is necessary for
regulation of this innate immune pathway in virus-infected
cells. However, the precise mechanism of action in regulating
PKR/PKZ levels by this ranavirus protein is still unclear. Fu-
ture work will focus on understanding this mechanism of PKZ
regulation in ATV-infected cells.

It is interesting to note that eIF2a phosphorylation occurs in
mock-infected FHM cells yet cellular protein synthesis contin-
ues. We discovered that FHM cell confluence influenced cel-
lular eIF2a phosphorylation in mock-infected cells (data not
shown). Cells needed to be treated and/or infected at <50%
confluence for consistency in elF2a phosphorylation. In addi-
tion, any manipulation of these cells (e.g., transfection re-
agents) would increase the probability of eIF2«a phosphoryla-
tion in mock-treated cells for some experiments. Therefore, it
is possible that cellular stress influences cellular eIF2a phos-
phorylation in FHM cells (32). However, in every experiment
that FHM cells were infected with wtATV, cellular elF2a
phosphorylation was not observed, and FHM cells infected
with ATVAS7R consistently had cellular eIF2«a phosphoryla-
tion. It has been shown previously that in FV3-infected FHM
cells, eIF2a phosphorylation is observed (12). This phenome-
non may be the result of a truncated FV3 vIF2aH gene, and
therefore the lack of this gene does not enable the virus to
inhibit cellular eIF2a phosphorylation (66). However, even
though FV3 does not inhibit eIF2«a phosphorylation in infected
FHM cells, viral protein synthesis was not adversely affected.
In another study, cellular eIF2a phosphorylation was not ob-
served in baby hamster kidney cells infected with FV3 (71).
These observations suggest that there may be other viral pro-
teins and/or mechanisms that shut off host protein synthesis
and allow viral protein synthesis to continue when cellular
elF2a has been phosphorylated. In addition, these data suggest
that alternative, yet-undescribed translational control mecha-
nisms exist in lower vertebrates. As we begin to understand
these mechanisms, it will advance our knowledge of the evo-
lution of cellular and viral translational control mechanisms.

We hypothesized that the ATV vIF2aH gene is a pathogen-
esis factor that enhances ATV pathogenesis by regulating the
IFN-inducible enzyme PKR. In fact, data suggesting that the
ATV vIF2aH gene degrades PKR using a heterologous system
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(Tripuraneni et al., unpublished) was confirmed in this study
by using a transfection-infection assay for PKZ in a homolo-
gous viral system. The mechanism of degradation in this ho-
mologous system has yet to be determined. Further studies
using this knockout homologous viral system are required be-
fore a clearer picture of ATV innate immune evasion can be
determined.
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