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Abstract— A DNA vaccine (pVHSIivb-G) containing the glycoprotein (G) gene of the
North American viral hemorrhagic septicemia virus (VHSV) genotype IVb (VHSV-IVb)
was developed to evaluate the immune response of Muskellunge Esox masquinongy
following vaccination and its efficacy in protecting fish against VHSV-IVb challenge.
Seven weeks (539 degree days) following vaccination with 10 pg of either pVHSivb-G or
a control plasmid (mock vaccine), Muskellunge were challenged by immersion with 10°
plaque-forming units (pfu/ml) of VHSV-IVb. Vaccinated fish had a relative percent
survival (RPS) of 45% and significantly lower mean viral titers in tissues (4.2x102 pfu/g)
compared to mock vaccinated fish (3.3x10° pfu/g). Neutralizing antibodies were
detected 28 days (308 degree days) post-challenge (11 weeks post-vaccination [PV]) in
100% of pVHSIivb-G vaccinated Muskellunge compared to only 11.8% of mock
vaccinated Muskellunge, suggesting robust induction of a secondary, adaptive immune
response. In addition, pVHSivb-G vaccinated Rainbow Trout Oncorhynchus mykiss
challenged seven days (100 degree days) PV with the heterologous novirhabdovirus,
infectious hematopoietic necrosis virus (IHNV), experienced a RPS of 76%, compared
to a RPS of 38% for control fish, suggesting induction of an early and transient non-
specific anti-viral immune response. This study provides an important starting point for
VHSV-IVb vaccine development and useful information about the anti-viral immune

response elicited by DNA vaccination in a non-domesticated fish species.
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The Great Lakes viral hemorrhagic septicemia virus (genotype IV, sublineage b)
(VHSV-IVDb) is a reportable fish virus that has emerged in the Great Lakes region of
North America within the past decade and caused large-scale mortality events of wild
fish (reviewed in Kim and Faisal 2011a, 2011b). A number of controlled laboratory
experiments confirmed the pathogenicity of this sublineage in a broad range of
freshwater fish (Al-Hussinee 2010; Kim and Faisal 2010a; Goodwin and Merry 2011).
The virus was especially pathogenic to Muskellunge Esox masquinongy (Kim and
Faisal 2010b), a large, ecologically and recreationally important piscivore in freshwater
systems. Great Lakes Muskellunge fisheries are generally managed through a
combination of habitat protection and enhancement, fishing regulations, and stocking
of hatchery-reared fingerlings. Concerns regarding effects of VHSV-IVb on wild fish
populations as well as the potential introduction into federal and/or state/provincial fish
hatcheries in the region prompted interest in the development of a vaccine for

conferring protection to hatchery-reared fish prior to stocking.

VHSV is a member of the genus Novirhabdovirus (family Rhabdoviridae) along with
several other fish pathogenic viruses including infectious hematopoietic necrosis virus
(IHNV), Hirame rhabdovirus, and Snakehead rhabdovirus (Dietzgen et al. 2012). In
novirhabdoviruses, the surface glycoprotein (G) is one of six proteins encoded by the
single-stranded RNA genome (Dietzgen et al. 2012). Surface G proteins of VHSV
and IHNV initiate host cell infection, induce production of neutralizing antibodies
(Engelking and Leong 1989; Lorenzen et al. 1990; Bearzotti et al. 1995; Coll 1995)
and cell-mediated immunity (Utke et al. 2008). DNA vaccines encoding the
glycoprotein of VHSV (genotype |) and IHNV have been found to be efficacious in
conferring protection to salmonids following virus challenge (Lorenzen et al. 1988;
Anderson et al. 1996; Traxler et al. 1999; Corbeil et al. 2000; Lorenzen et al. 2000;
Lorenzen et al. 2002; Lorenzen and LaPatra 2005; Kurath et al. 2007). The DNA
vaccine construct, initially developed for IHNV (Anderson et al. 1996), and the
European VHSV genotype | (Lorenzen et al. 1988; Heppell et al. 1998), consists of
glycoprotein gene inserted downstream of the cytomegalovirus (CMV) promoter in the

eukaryotic expression vector pCDNA3.1 (Invitrogen). Administered by intramuscular
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(IM) injection, these DNA vaccines induce protection that is superior to killed and
recombinant subunit vaccines (reviewed in Kurath et al. 2007; Purcell et al. 2012).
Early anti-viral immunity affords cross-protection to other novirhabdoviruses within
days of vaccination, and specific and long-lasting immunity develops later (Lorenzen
et al. 2000; LaPatra et al. 2001; McLauchlan et al. 2003).

The specificity of the adaptive response prompted the development of a DNA vaccine
containing the glycoprotein gene of VHSV-IVb. Studies with VHSV (Lorenzen et al.
1999; Lorenzen et al. 2000; Hart et al. 2012)) have shown sub-optimal protection
when vaccination and challenge types differ. We assessed the new VHSV-IVb
construct’s protective efficacy against VHSV-IVb challenge and ability to elicit
neutralizing antibody production. Additionally, the early non-specific anti-viral

response elicited by vaccination was studied in Rainbow Trout challenged with IHNV.

<A> Materials and Methods

Ethics statement.— Michigan State University (MSU) Institutional Biosafety
Committee approved protocols involving recombinant nucleic acid molecules
according to guidelines required by the National Institute of Health (registration
#3280). Live fish experiments at MSU were designed and carried out with oversight by
MSU’s Institutional Animal Care and Use Committee (AUF # 09/10-140-00 and 02/10-
013-00).

Construction of eukaryotic expression plasmid pVHSIivb-G.— A plasmid encoding the
glycoprotein (G) gene (GenBank # GQ385941) of the VHSV-IVb isolate MIO3 (Elsayed
et al. 2006) was used for vaccine construction. The design of the construct was based
on DNA vaccines against VHSV genotype | (Lorenzen et al. 1988; Heppell et al. 1998)
and IHNV (Anderson et al. 1996). Plasmid construction, replication, and purification
were outsourced as a custom project to Life Technologies (Carlsbad, CA). Briefly, the
full-length open reading frame of the VHSV-IVb (G) gene (1524 bp) was assembled
from synthetic oligonucleotides and/or PCR products. An EcoRI restriction site

sequence followed by a Kozak consensus sequence ending in the initial Met (start)
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codon of the G gene was added to the 5’ end. An Xbal restriction site sequence was
added following the termination codon of VHSV-G. The fragment was cloned into the
eukaryotic expression vector pcDNA_3.1+ (Invitrogen) using EcoRI and Xbal restriction
sites. The resulting plasmid is hereafter referred to as pVHSIivb-G following the naming
scheme of other fish rhabdoviral DNA vaccines. The plasmid was replicated in
Escherichia coli K12 cells and subsequently purified out for use as the vaccine. The
pcDNA 3.1+ vector without the G gene insert was replicated in E. coli cells for use as a
plasmid control or mock vaccine. The pDNA purity and concentration for both plasmid
preparations were determined by UV spectroscopy. DNA sequencing of the plasmid
confirmed the correct sequence and orientation of the insert. The plasmid DNA was
diluted to a concentration of 1 mg/ml in sterile phosphate buffered saline (PBS) and

stored at -80°C until use.

Vaccination and viral challenge.— Juvenile Muskellunge obtained from Rathbun
National Fish Hatchery (lowa Department of Natural Resources, Moravia, |1A) were
reared to experimental size at the Michigan State University Research Containment
Facility, East Lansing, MI. Fish were fed live Fathead Minnows Pimephales promelas
that were certified free of VHSV and other reportable viruses. Tanks received single-
pass water and water temperature was maintained at 11 £ 1°C for the duration of the
study. Following a one-week acclimation period, 90 fish (3 tanks of 30 fish each) were
vaccinated with the pVHSivb-G DNA vaccine and 90 fish (3 tanks of 30 fish each)
were vaccinated with the empty plasmid vaccine. Each tank contained an
approximately equal total fish biomass, though fish ranged in weight from 40 to 70 g
(mean = 56 g, SD = 9). For vaccination, fish were first anesthetized by immersion in
water containing 0.1 g/L tricaine methanesulfonate (MS-222) and 0.3 g/L sodium
bicarbonate. Each fish was given a single IM injection of 10 pg of the pVHSIivb-G
vaccine or 10 ug of the empty plasmid in a volume of 50 pl sterile PBS. The vaccine
was administered in the right dorsal epaxial muscle, anterior to the dorsal fin.

Vaccination was considered day 0 of the experiment.

Seven weeks (539 degree days) post vaccination (PV), fish were challenged by
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immersion with 10° pfu/ml VHSV-IVb. The MI03 isolate from Muskellunge (Elsayed et
al. 2006) was used for the challenge. The virus was grown in the epithelioma
papulosum cyprini (EPC) cell line from the Fathead Minnow (ATCC® CRL-2872) and
titer determined by plaque assay (Batts and Winton 1989). Fish from each tank were
challenged for 90 minutes in separate glass aquaria containing 15 L of chilled (11°C),
aerated water to which the virus had been added. The density of fish in each
challenge aquaria was approximately 112 g or 2 fish/L. Following challenge, fish were
returned back to their respective tanks and monitored for 28 days (308 degree days).
Severely moribund fish were euthanized and counted as mortalities. Relative percent
survival (RPS) from vaccination was calculated by as the ratio of the mean cumulative
percent morality (CPM) among the triplicate tanks of the vaccine treatment compared
to that of the mock vaccine treatment RPS = [1-(mean CPM of pVHSivb-G

treatment/mean CPM of mock vaccine treatment)] x 100 (Amend 1981).

Fish that survived to 28 days post-challenge (11 weeks PV) were euthanized with an
overdose of MS-222 (0.25 g /L) buffered with sodium bicarbonate. Blood and tissue
samples (kidney, spleen, heart, liver) were collected from all fish for antibody and
virus testing respectively. Blood samples were kept at 4°C overnight prior to
centrifugation (2500%g, 20 min, 4°C). Sera and tissues were stored at -80°C until

testing.

Vaccination and bleeding of unchallenged fish.—In parallel with the aforementioned
trial, a separate group of 24 Muskellunge (mean weight 75 g) were vaccinated as
previously described, 12 with pVHSivb-G and 12 with empty plasmid. Fish were held in
replicate tanks of 6 fish each and blood samples (0.5 — 0.75 ml/fish) were collected
non-lethally from 10-12 fish per treatment group at time 0 (pre-vaccination) and at 7

and 11 weeks post-vaccination (PV) and tested for neutralizing antibodies.

Determination of neutralizing antibody titers.—Serum samples from vaccinated fish

surviving the virus challenge, and from vaccinated, unchallenged fish were tested for
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VHSV-IVb neutralizing antibodies by 50% plaque neutralization tests on EPC cells as
previously described (Millard and Faisal 2012a, Millard and Faisal 2012b). Two-fold
dilutions of 1:20 to 1:640 were tested. Pooled serum from naive Lake Trout Salvelinus
namaycush was used as a source of complement in the assay. Positive and negative
fish sera controls were included each day the assay was performed. Neutralizing
antibody titers were reported as the reciprocal of the highest serum dilution causing at
least a 50% reduction in the average number of virus plaques compared to negative
control sera. Neutralizing titers 2160 were considered to be positive for antibody
production (Millard and Faisal 2012b).

Quantification of VHSV-IVb load in tissues by plaque assay.—A pooled sample of
kidney, spleen, heart and liver tissue collected from each fish (both mortalities and
survivors [28 days post-challenge (PC)], was used for virus titration by plaque assay
(Batts and Winton 1989). Tissues were diluted 1:10 (weight:volume) in minimum
essential medium with Earle’s salts (pH 7.5) supplemented with 10% tryptose
phosphate broth (TPB), 100 IU /ml penicillin, 100 ng /ml streptomycin, 100 ug /ml
gentamicin sulfate, and 2.5 ng /ml amphotericin. Following homogenization in a
stomacher (high speed, 3 min), samples were centrifuged (2,500 x g, 30 min, 4°C),
and tissue supernatant collected. For the plaque assay, each sample and a tenfold
dilution series were inoculated 100 pyL/well onto EPC monolayers grown in flat bottom
24-well plates and incubated for 30 minutes. EPC monolayers had been pretreated
prior to inoculation for 10 min with 200 pL/well of 7% polyethylene glycol (PEG;
20,000 MW in in tissue culture media. Lastly, 1 mL/well methylcellulose overlay
(0.75% in 2X concentrated tissue culture media) was added to restrict the spread of
the virus. Plaque assays were incubated at 15°C for 6 days and then fixed and
stained with 1% crystal violet in 50% formalin. Virus titers were calculated as pfu/g of
tissue. The lower and upper detection thresholds were 100 pfu/g and 3.0x107 pfu/g
tissue, respectively. Virus titers greater than 3.0x10” were treated as 3.0x107 for

calculations.

Cross-protection against IHNV.—To assess the efficacy of the pVHSivb-G DNA
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vaccine in conferring an early anti-viral immune response, a challenge study involving
Rainbow Trout was conducted. Rainbow trout approximately 4 g in weight were
vaccinated with 1 ug of the pVHSIivb-G vaccine, mock vaccine or the Apex ®-IHN
vaccine (Novartis), a commercially available vaccine against IHNV. Another group of
the same size fish were vaccinated with only PBS (negative control). Water
temperature was maintained at approximately 14.5°C during the course of the
experiment. On 7 days PV (100 degree days), duplicate groups of 25 fish each from
each treatment were challenged by immersion with a lethal dose (10° pfu/ml) of IHNV
(strain 220-90; LaPatra et al. 1994). The PBS-injected control group was not
challenged at this time. Mortalities were recorded for a period of 28 days at which
point survivors were euthanized. For comparison, the same challenge trial and 28 day
observation period was repeated with different fish at a later time-point (28 days, 400

degree days PV).

Data analyses.— Survival, prevalence percentages, and virus titers were analyzed as
a completely randomized design with subsampling where tanks were treated as
experimental units (Hinkelmann and Kempthorne 1994). Data were analyzed using the
GLIMMIX procedure in SAS Version 9.4 (SAS Institute, Inc. 2013). Survival rates and
prevalence percentages were analyzed assuming a binomial distribution. Virus titer
levels were analyzed assuming a normal distribution following loge + 1 transformation
of the data. For the cross-protection challenges, differences in survival among the
different treatments were tested using pair-wise comparisons of least-squares means.

For all tests, the type-I error rate was set at 0.05.

<A> Results

<B> Protection and viral titers after VHSV-IVb challenge

Cumulative percent survival (CPS) of pVHSIivb-G vaccinated fish following a 7 week
challenge of VHSV-IVb was 56% (SE = 6.2%) which was significantly greater than that
of mock vaccine (19%, SE =4.6%) (F14=18.25, P =0.0129) (Figure 1). The RPS of
pVHSIvb-G vaccinated Muskellunge was 45%. Mean days until death for pVHSivb-G

vaccinated treatment and mock vaccine treatment were 12.4 (SE = 1.0) and 10.6 (SE =
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0.5) days, respectively.

Of fish that survived virus challenge, fish that had been vaccinated against VHSV-IVDb,
had significantly lower infection prevalence (4%, SE = 3.0%) compared to the mock
vaccine (82%, SE = 10.0%) (F14=20.73, P = 0.0104) (Table 1). Mean viral tissue titers
for surviving, vaccinated fish was 4.9x102 pfu /g (SE = 4.6x10? pfu/g) versus 3.1x10°
pfu /g (SE = 5.3x10° pfu/g) for mock vaccinated individuals. The differences in viral
tissue titer was statistically significant after log+1 transformation (F1.4 = 25.87, P =
0.0070). Of the mortalities, VHSV-IVb was detected in most fish regardless of treatment
group (pVHSIivb-G vaccinated=95%; mock vaccinated=100%). Titers greater than 3.0 x
107 pfu /g, the maximum detection limit of the assay, were detected in 82% of dead fish
(90 of 110 total combined mortalities).

<B>Primary and secondary adaptive immune response to vaccination

By 7 weeks PV, which corresponded to the timing of virus challenge in the parallel
study, one of 12 pVHSIivb-G vaccinated fish was seropositive (Table 2). By 11 weeks
PV, however, neutralizing antibodies were produced by 60% (6 of 10) of pVHSivb-
vaccinated fish. Neutralizing antibodies were detected in 100% of pVHSIivb-G
vaccinated survivors but only 12% of mock vaccinated survivors 28 days post virus
challenge (Figure 2). Titers of mock vaccinated survivors ranged from 0 to 320, with the
majority (59%: 10 of 17 fish) having titers less than 20. Titers of pVHSivb-G vaccinated
surviving fish were greater; over half (55.6%) of seropositive fish had neutralizing titers

greater than 640.

<B>Early protection provided against IHNV

Compared to mock vaccinated fish, pVHSIivb-G and Apex-IHN vaccinated Rainbow
Trout had significantly greater survival when challenged 7 days PV (pVHSIivb-G: t =
3.72,df =3, P =0.0337; Apex-IHN: t = 4.74, df = 3, P = 0.0178) (Table 3). Differences
in survival between pVHSIivb-G and Apex-IHN vaccinated fish were not significant
(t=1.54, df=3, P=0.2222). The relative percent survival of pVHSVivb-G vaccinated fish

was 61.3% compared to 80.6% for Apex-IHN vaccine fish. Following challenge at 28
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days PV, survival of fish vaccinated against the homologous virus was 92% compared
to 47% and 42% for pVHSVivb-G and mock vaccinated fish, respectively. Survival of
fish vaccinated against the homologous virus was significantly greater than both
pVHSVivb-G (t = 4.65, df = 3, P = 0.0188) and mock vaccinated fish (t =4.32, df =3, P
=0.0228). Differences in survival between pVHSVivb-G and mock vaccinated fish
were not statistically significant (t = 0.51, df = 3, P = 0.6445).The RPS of pVHSVivb-G
vaccinated fish was <0%, compared to fish vaccinated against the homologous virus
(85%). Only a few mortalities (< 4% CPM) occurred in unchallenged, PBS-injected fish

during either trial (results not shown).

<A> Discussion

DNA vaccines against novirhabdoviruses in salmonids are among the most efficacious
developed to date (Lorenzen and LaPatra 2005; Kurath et al. 2007). In this study, we
developed a similar DNA vaccine construct, but inserted the G gene of the North
American genotype IV (Great Lakes sublineage IVb) of VHSV. Results of challenge
trials in both Muskellunge and Rainbow Trout suggest successful uptake and/or
transfection of host cells with the pVHSivb-G DNA plasmid and subsequent expression
of the VHSV-IVb G protein. The level of protection (RPS 45%) achieved in
Muskellunge against VHSV-IVb immersion challenge at 7 weeks was significant, albeit
moderate, compared to VHSV (Lorenzen et al. 1998; Heppell et al. 1998; Lorenzen et
al. 2000) and IHNV (Corbeil et al. 2000) DNA vaccination studies in salmonids. A
similar level of protection was achieved in Pacific Herring Clupea pallasii following
VHSV-la vaccination and challenge with the North American VHSV IVa (Hart et al.
2012). The less than optimal protection could be due to innate differences in immune
responses against DNA vaccination in non-salmonid fish species. Stress might also
have a more immunosuppressive effect on species such as Muskellunge that are less
adapted to culture compared to salmonids. By 7 weeks PV, corresponding to the timing
of viral challenge, neutralizing antibodies were only beginning to be developed to
VHSV-IVb in vaccinated, unchallenged fish. It is possible that a greater level of
protection may have been observed had Muskellunge had a longer period of time to

mount a protective response prior to exposure.
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Partial protection despite a low seroprevalence of neutralizing antibodies in vaccinated,
unchallenged fish has been reported previously for VHSV DNA vaccination (Lorenzen
et al. 1998; Kim et al. 2000; McLauchlan et al. 2003,). These findings suggest that
other immune mechanisms (i.e. cell-mediated immunity, non-neutralizing antibodies)
play a role in the adaptive VHSV-IVb response, although it is also possible that low
levels of neutralizing antibodies (<160, or even below detection limit of assay) confer
protection to infected individuals. Indeed, sera with low neutralizing titers (20-40), and
even non-neutralizing sera, from IHNV-challenged and DNA- vaccinated fish were still
found to be protective in vivo following passive transfer (LaPatra et al. 1994; Traxler et
al. 1999).

Vaccination primed the adaptive immune respond for a robust secondary response
following challenge as evident from the analysis of sera from survivors sampled 4
weeks PC (or 11 weeks PV). Neutralizing antibodies were produced by 100% of the
pVHSIivb-G vaccinated survivors tested and most sera had high titers that ranged from
320 to 2640. In contrast, low levels of neutralizing antibodies were detected in sera
from only 12% of the plasmid control survivors, and this is consistent with an unprimed
response expected by 4 weeks after VHSV-IVb challenge in this species (Millard and
Faisal 2012a). The seroprevalence of pVHSIivb-G vaccinated survivors was higher also
compared to pVHSIivb-G vaccinated, unchallenged fish at this same time point (11
weeks PV), indicating a secondary immune response to challenge and not just a
primary adaptive response to vaccination. These findings suggest that a booster dose

of vaccine administration may have resulted in better protection.

Vaccination with pVHSivb-G significantly reduced viral prevalence and titers in fish
surviving viral challenge. This is important to consider from a fisheries management
aspect. Infected Muskellunge surviving VHS shed high titers of virus for several
months and may reassume shedding following a stressful circumstance (Kim and
Faisal 2012). Vaccinating fish prior to stocking in the Great Lakes could be done in an
effort to establish herd immunity among wild populations. Furthermore, it could help
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reduce virus transmission by decreasing viral load, and presumably the amount of
shed virus, in fish that do become infected. Neutralizing antibodies likely played a role
in clearing infection in pVHSIivb-G vaccinated survivors. A reduced persistence of virus
in tissues after challenge has been reported in Rainbow Trout (Lorenzen et al. 2000;
Lorenzen et al. 2009) and Pacific Herring (Hart et al. 2012) that had been vaccinated
against VHSV genotype I.

A low dose of the pVHSIivb-G vaccine protected Rainbow Trout against virulent IHN
virus challenge at an early time point (7 days PV) suggesting induction of a robust,
innate immune response by this species. Early phase protection after VHSV DNA
vaccination in salmonids is mediated by non-specific anti-viral immune mechanisms
(e.g. interferon system, Mx protein) that can provide cross-protection against other fish
rhabdoviruses within days PV (Lorenzen et al. 1998; Boudinot et al. 1998; LaPatra et
al. 2001; McLauchlan et al. 2003; Purcell et al. 2012). This early cross-protection does
not seem to occur in all species though based on a recent study in Pacific Herring
(Hart et al. 2012). Cross-protection was lost at the later time-point following the
induction of specific immunity as found in previous studies (Lorenzen et al. 1988;
LaPatra et al. 2001).

Rhabdoviral pathogens continue to represent a significant threat to the aquaculture
industry worldwide. DNA vaccines have proven to be a useful tool and are currently
being used on a commercial scale to prevent IHNV outbreaks in cultured Atlantic
Salmon Salmo salar in Canada (Salonius et al. 2007). This study provides an important
starting point for VHSV-IVb vaccine development and provides useful information
about the antiviral immune response to DNA vaccination in a non-domesticated fish

species.
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Table 1. Virus prevalence and tissue titers in Muskellunge following vaccination and

challenge with VHSV-IVb. Fish surviving through 28 days after challenge were

considered survivors. Different letters indicate statistical significance compared to

plasmid controls (P < 0.05).

Prevalence Mean titer SE (pfu/g) Range (pfu/g)

(SE) (pfu/g)
Mortalities
pVHSIivb-G 95% (3.6%) >2.1x 107 >2.1x10° 0->3.0 x 107
plasmid controls 100% >2.7x107 >9.2x10° 4.1 x105->3.0 x 107
Survivors
pVHSIivb-G 4% (2.8%) 4.2 x 102> 2,9 x 102 0-1.1x104
plasmid controls 82% (9.5%)?2 3.3x10° 1.9 x 10° 0-3.0x10°




491 Table 2. Infection prevalence and titers of neutralizing antibodies following DNA

492  vaccination against VHSV-IVb. Blood was drawn non-lethally from 10-12 fish from each
493 treatment group prior to vaccination and at 7 and 11 weeks post-vaccination.

494

Seropositive

Time Neutralizing antibody titer
prevalence
pVHSIvb-G treatment
Pre-vaccination 8% <20 (10/12), 40 (1/12), 160 (1/12)
7 weeks 8% <20 (9/12), 40 (2/12), 320 (1/12)
11 weeks 60% (2:)/1((2);10), 40 (1/10), 80 (1/10), 320 (2/10), =640
Mock vaccinated treatment
Pre-vaccination 0% <20 (10/11), 40 (1/11)
7 weeks 8% <20 (9/12), 40 (1/12), 80 (1/12), 160 (1/12)
11 weeks 10% <20 (8/10), 20 (1/10), 320 (1/10)

495
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Table 3. Mean cumulative percent survival (CPS) of Rainbow Trout (Oncorhynchus
mykiss) challenged by immersion 7 days (100 degree days) and 28 days (400 degree
days) post-vaccination (PV) with 10° pfu/ml IHN virus. Different letters indicate statistical

significance within each challenge compared to plasmid controls (P < 0.05).

7 days PV 28 days PV
Treatment CPS SE RPS CPS SE RPS
plasmid control 38 6.9 0.0 47 71 0.0
Apex®-IHN 882 4.6 80.6 92b 3.9 84.9
pVHSIivb-G 762 6.1 61.3 42 7.1 0.0
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Figure Captions

Figure 1. Development of cumulative percent mortality (CPM) in triplicate tanks of
Muskellunge (Esox masquinongy) vaccinated with pVHSivb-G DNA vaccine
(open squares) or the empty plasmid (i.e., mock vaccine) (closed squares)
and challenged with VHSV-IVb 7 weeks (539 degree days) post-vaccination.
Mean cumulative percent mortality for pVHSivb-G and mock vaccinated fish

was 81.1% and 44.4%, respectively.

Figure 2. A) Percent of fish with neutralizing titers and B) distribution of titers in
vaccinated Muskellunge surviving challenge with VHSV-IVb. Fish were
challenged at week 7 and survivors sampled 28 days post-challenge (11

weeks post-vaccination).
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