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Abstract

A newly isolated rhabdovirus-like agent, named SHRV-In, obtained from snakehead fish
in India was further characterized in this study. The virus demonstrated growth in various
cell lines including those derived from snakehead and seabass species. It exhibited sensi-
tivity to acidic conditions (pH 3.0) and exposure to 56 °C. Five structural proteins of 20 to
68 kDa were found in the purified virus. Experimental infection trials conducted on catfish
(Pangasius pangasius) resulted in mortality 72 h post-infection, whereas no mortality was
observed in rohu (Labeo rohita) and common carp (Cyprinus carpio) fingerlings. Molecu-
lar characterization of the virus involved sequencing of the N, P, M, and G gene fragments
after PCR amplification using specific primers. Sequence analysis of all four viral genes
showed high similarity with the previously isolated snakehead rhabdovirus (SHRV) from
Thailand. Phylogenetic analysis and gene sequence alignment placed the SHRV-In isolate
within the Novirhabdovirus group, which includes viruses like VHSV (viral hemorrhagic
septicemia virus), IHNV (infectious hematopoietic necrosis virus), and SHRV. However,
our repeated trials failed to amplify the NV gene in this isolate SHRV-In.
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Introduction

Rhabdoviruses, which infect a vast assortment of host species within mammals, birds, rep-
tiles, amphibians, fish, crustaceans, and insects, are classified within the family Rhabdovir-
idae. This family falls under the order Mononegavirales, comprising three subfamilies, 46
genera, and a total of 318 species (Walker et al. 2022). The Rhabdoviridae family encom-
passes RNA genomes that are single-stranded and negative-sense, typically spanning 10 to
16 kb in length. Virions typically exhibit an enveloped morphology, commonly appearing
as bullet-shaped or bacilliform, although filamentous non-enveloped forms have also been
documented. These genomes typically comprise single RNA molecules with termini that
are partially complementary, although variations exist. While most rhabdoviruses possess
five genes encoding structural proteins (N, P, M, G, and L), some may feature additional
genes or alternative open reading frames (ORFs) within the structural protein genes, ena-
bling the encoding of supplementary proteins (Dietzgen et al. 2017).

The species that infect fish comes under the genera Perhabdovirus, Siniperhavirus,
Scophrhavirus, and Sprivivirus are assigned to the subfamily Alpharhabdovirinae (Walker
et al. 2022). Genus Novirhabdovirus under the subfamily Gammarhabdovirinae includes
the classical rhabdoviruses that infect fish such as viral hemorrhagic septicemia virus
(VHSV) and infectious hematopoietic necrosis virus (IHNV). Novirhabdoviruses induce
severe hemorrhagic disease in fish and are distinguished phylogenetically from other gen-
era by the presence of an extra gene, NV, located between G and L genes (Kurath and
Leong 1985; Schuetze et al. 1996; Kurath et al. 1997).

The rhabdoviruses such as viral hemorrhagic septicemia virus (VHSV), infectious
hematopoietic necrosis virus (IHNV), spring viremia of carp virus (SVCV), and which
affect commercially important farming fishes such as carps, salmon, and trout are listed
under OIE (WOAH) as notifiable diseases. All three diseases affect coldwater species,
occurring optimally within a temperature range of 15-25 °C, and are characterized by
severe hemorrhagic septicemia (Dietzgen et al. 2017). However, temperature range for
SVCV is 4+31 °C, with optimum replication at 20+22 °C, while IHNV, HIRRYV, and
VHSYV all have colder temperature ranges of 4420 °C, with replication optima of approxi-
mately 10+ 15 °C (Wolf 1988). Since the first identification of a fish rhabdovirus in 1938
from European rainbow trout (Oncorhynchus mykiss) by Schaperclaus, subsequent efforts
have led to the isolation, cultivation in cell cultures, and genomic sequencing of several fish
rhabdoviruses. These viruses tend to replicate extensively in organs like the kidney, spleen,
and brain, with lesser replication occurring in the liver, heart, and gills (Lovy et al. 2012).

The rhabdovirus originating from snakehead fish was initially documented in the early
1980s, having been identified in diseased snakeheads from Thailand, Myanmar, and the
Philippines (John and George 2012). Subsequently, it was also associated with cases of epi-
zootic ulcerative syndrome (EUS) (Frerichs et al. 1986; Ahne et al. 1988; John and George
2012). The full genome sequence of one such snakehead rhabdovirus (SHRV) from South-
east Asia is now accessible (AF147498) (Kasornchandra et al. 1992). Additionally, a rhab-
dovirus, belonging to the genus Vesiculovirus (SHVV), was identified in hybrid snakehead
fish in China (Zeng et al. 2014). Notably, unlike other fish rhabdoviruses, these isolates
from snakehead fish exhibit optimal multiplication at a temperature of 27 °C. As of now,
there is only one documented instance of a rhabdovirus detection and isolation from snake-
head fish in India (John et al. 2021), which is further characterized in the present study.
The virulence of the isolated virus strain was also evaluated through experimental infection
studies conducted on significant tropical cultivable fish species.
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Materials and methods
Virus and cell lines

A rhabdovirus-like agent (SNLKD1116, SHRV-In) isolated from the infected snakehead
(John et al. 2021) was characterized in the present study. The virus was isolated from
infected snakeheads that were suffering from mortalities in the extensive type aqua-
culture tanks in South Tamil Nadu, India. Clinically, the fish showed surface ulcera-
tions and had hemorrhagic areas in the flank and snout. Internally the fish showed sero-
sanguinous fluid in the peritoneal cavity (John et al. 2021). Blotched snakehead virus
(BSNV) (John and Richards 1999) and similar damsel virus (Sivasankar et al. 2017)
were used for comparative biophysical studies. The virus isolates were propagated in
SSN1 cell lines (Frerichs et al. 1991) and SNKD2a cells (John and George 2006) at
27 °C, and infectivity values were calculated. An L15 medium supplemented with a
1 x antibiotic antimycotic solution and 10% fetal bovine serum (Gibco, USA) was used
for culturing the cells. Virus propagation was achieved by infecting cultures reaching
75-80% confluence, with extensive cytopathic effect (CPE) observed after 3 days of
incubation. Upon reaching 85-90% CPE, the culture was harvested and centrifuged at
3000 g for 15 min at 4 °C. The viral titer (TCID50 ml~!) of the clarified supernatant was
determined using an endpoint dilution assay in 96-well plates and calculated using the
method outlined by Spearman and Kérber (1931).

Biophysical and biochemical characterization

The heat stability and resilience to pH (3, 7, and 11) treatment of SNLKD1116 were
investigated following the method outlined in a previous study (George et al. 2015).
Chloroform sensitivity of the viral isolate was assessed according to the protocol pro-
vided by Feldman and Wang (1961). The nature and type of nucleic acid of the iso-
late were analyzed utilizing 5-iodo-2-deoxyuridine (IUDR) and staining with acridine
orange, following the procedure detailed by Rovozzo and Burke (1973). Transmission
electron micrographs of the virus were also carried out as reported in our previous study
(John et al. 2021).

Purification of virus

Ultracentrifugation was employed to concentrate the rhabdovirus-like agent. Initially,
the virus was inoculated into a 175-cm? flask having a confluent monolayer of SSN1
cells After observing the extensive cytopathic effect (CPE) 3 days post-inoculation, the
virus was purified as described earlier (George et al. 2015) with the following varia-
tions. The initial clarification was done at 3000 g for 15 min, and the pelleting of the
virus by ultracentrifugation was done at 138,000 g for 1 h at 4 “C. The pooled virus pel-
let was layered on to a 20% sucrose cushion for purification and spun again at 138,000 g
for 1 h at 4 “C. Purified virus was stored in TNE buffer at —80 °C until used.
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Analysis of structural proteins

The purified rhabdovirus-like agent’s structural proteins were anlayzed using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) employing a vertical
gel electrophoresis unit (GeNei TM, India), following previously established protocols
(George et al. 2015).

Primer designing and sequencing of PCR products

Primer3 plus software was used for designing primers using the snakehead rhabdovirus
(SHRV) genome (GenBank Accession No. AF147498) as template. The primer sequences
along with their expected fragment sizes are provided in Table 1. Sequencing of the result-
ing PCR products were done through outsourcing to MWG, Eurofins Genomics India Pvt
Ltd, Bangalore, India.

RNA extraction and cDNA synthesis

Total RNA was isolated from each flask of SSN1 cells inoculated with the virus, as well
as from the corresponding control flask, separately. The cells were harvested by aspiration,
followed by clarification through centrifugation at 2000 g for 5 min. The harvested cells
were lysed with 1 ml of Trizol reagent and then incubated at room temperature for 5 min.
Subsequently, the mixture was vigorously shaken by hand for 15 s after adding 0.2 ml of
chloroform. After further incubation for 2-3 min at room temperature, the lysate was clari-
fied by centrifugation at 12,000 g for 15 min at 4 °C. The aqueous supernatant was col-
lected and combined with 0.5 ml of isopropyl alcohol. Following centrifugation at 12,000 g
for 10 min, the supernatant was discarded, and the RNA pellet was washed twice with
75% ethanol by centrifugation at 7500 g for 5 min at 4 °C. The ethanol supernatant was
removed, and the RNA pellets were briefly air-dried before being dissolved in RNase-free
water. The RNA solution was then incubated at 55-60 °C for 10 min and stored at —70 °C.

Table 1 Primers and PCR conditions used for amplification of different gene fragments of the rhabdovirus-
like agent (based on GenBank Acc. No. AF147498)

Name Gene Sequence Product size Annealing conditions
MRGRH24FW Ngene TTACCAATGCCCTCTATGCTTT 1226 57 °C/45 s
MRGRH24RE Ngene TTTGTGGTCTTGTTGGATTCAG

MRGRH27FW Pgene  GGAGAAGGGGAAAGGGAAAGG 692 55°C/45 s
MRGRH27RE Pgene  AGTGTGAGATGTAGGGGGGG

MRGRH26FW Mgene CTGAATCCAACAAGACCACAAA 1424 57 °C/45 s
MRGRH26RE Mgene GCTGGGGGTTGTGTATATGG

MRGRH29FW Ggene CCCATATACACAACCCCCAGC 1057 57.5°C/45 s
MRGRH29RE Ggene ATCCTTCCCCCCCCCTACTCA

RHABDONVFW1 NV gene AAAGAACCGTCCAAGCACAC 218 57°Cl45 s
RHABDONVRE1 NV gene CGATTTGTGTGCCTCATTTG

RHABDONVFW2 NV gene CCCAGGAACAGAAGAACGAA 248 57°C/45 s

RHABDONVRE2 NV gene  TCCCCCTTCTGAGAGGATCT

@ Springer



Aquaculture International

For cDNA synthesis, RNA samples were subjected to reverse transcription using a
cDNA synthesis kit (Thermo Fisher, UK) and random primers according to the manufac-
turer’s instructions. Specifically, 10 ul of extracted RNA was mixed with 10 pl of cDNA
synthesis mixture containing 2 pl of reverse gene-specific primer, 2 ul of 10 X RT buffer,
0.8 ul of 25 x ANTP, 1 pl of MultiScribe Reverse Transcriptase, 1 pl of RNase inhibitor,
and 3.2 pl of nuclease-free water. The reaction mixture was then incubated at 25 °C for
10 min, followed by 37 °C for 160 min, and finally 85 °C for 5 min. The resulting cDNA
was subsequently utilized for PCR analysis to further characterize the gene of interest.

PCR amplification

PCR was performed using aliquots of cDNA templates prepared from concentrated virus
stock of the rhabdovirus-like agent—infected SSN1 cells, with cDNA extracted from unin-
fected SSN1 cells serving as a control. The PCR reaction mixture, totaling 25 ul, com-
prised 2 ul of DNA template, 2 pl each of forward and reverse primers, 12.5 ul of master
mix (Smart prime — 2 X PCR master mix), and 6.5 pl of deionized water. Amplification
products were visualized in 1.2% agarose gels (SeaKem LE Agarose, Lonza, USA) along-
side 100-bp DNA ladder H3 RTU (GeneDireX, Inc.) molecular markers, post-staining with
ethidium bromide. A gel documentation system (BioRad XR + Imaging System, USA) was
used to record the images. RNA from uninfected cell cultures and experimental control fish
were utilized as negative controls.

Pathogenicity studies

In the present study, the pathogenicity of the rhabdovirus isolated from snakehead fish was
assessed through experimental infection studies involving cultured carps, including rohu,
common carp, and catfish. This investigation aimed to evaluate the virus’s ability to induce
mortality in these fish species, building upon previous findings by John et al. (2021), which
demonstrated the virus’s pathogenic potential using cell culture—grown virus.

Experimental fish

Experimental fish fingerlings of rohu (Labeo rohita), common carp (Cyprinus carpio), and
catfish (Pangasius pangasius) were sourced from an adjacent national fish seed farm. The
carps were housed in 100-1-capacity glass aquarium tanks, containing 40 | of fresh water,
and were acclimatized for a period of 7 days until any non-specific mortalities subsided.
Throughout the acclimatization period, the water temperature was maintained at 30+ 1 °C,
and the pH was kept at 8.2+0.2. Commercial pelleted feed was given twice daily to the
fish, and continuous aeration was provided in the tanks. Daily maintenance included
siphoning out waste material, along with exchanging of 10-20% of the water volume.

Catfish fingerlings used in the pathogenicity study underwent similar maintenance
protocols. They were housed in a closed recirculatory system with a water temperature
of 32+ 1 °C and a pH of 8.0+0.2. The system included carbon filters for acclimatization
and did not require additional aeration. The catfish were fed with commercial pelleted feed
once daily, and daily maintenance involved siphoning out waste material and exchanging
10% of the water volume.
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Experimental infection

In the infection study, 120 fish were allocated to each group: rohu, common carp, and
catfish. At the initiation of the infection study, 30 fish were randomly sampled from each
group, and their average sizes were recorded. The average lengths of rohu, common carp,
and catfish were measured at 7.7+0.2 cm, 7.37+0.5 cm, and 5.97+0.2 cm, respectively.
Before the experiment, three fish each of rohu, common carp, and catfish were randomly
selected, and the tissues such as the kidney and spleen were pooled separately for the three
species of fish and tested for the presence of rhabdovirus (SHRV-In) by the RT PCR and
cell culture isolation method. All the three species of fish were found to be negative for the
viral infection.

For the infection protocol, two groups of 30 fish each were injected intraperitoneally
in duplicate with 50 pl of the rhabdovirus-like agent (SNLKD1116) neat virus suspension
per fish. Additionally, two control groups of 30 fish each were injected intraperitoneally in
duplicate with 50 pl of SSN1 cell culture supernatant, following the same procedure as the
virus isolates. Fish were then monitored daily for any behavioral changes or clinical signs.
Sampling was conducted at intervals of 3, 7, 14, 21, and 28 days post-infection, with three
fish sampled from each tank. These samples were assayed for the presence or absence of
the rhabdovirus through tissue PCR using diagnostic primers and virus reisolation studies
conducted in SSN1 cell lines. In the catfish experimental infection study, moribund or dead
fish were collected for sampling. Cumulative survival rates were observed over a 10-day
period. Survival analysis was performed using Kaplan-Meier survival curve analysis, as
described by Goel et al. (2010).

Results
Biophysical and biochemical characteristics

The optimal temperature range for viral replication was identified to be between 24 and
30 °C. Notably, the extent of cytopathic effect (CPE) in the culture was markedly higher

Fig. 1 Cytopathic effect observed in SSN1 cell lines. A Uninfected control SSN1 cells, B snakehead rhab-
dovirus—infected SSN1 cells
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Fig.2 Biophysical and biochemical properties of the virus (TCID50-107-/ml) when subjected to different
physical and chemical conditions

(A)

Fig.3 SSNI cells infected with snakehead rhabdovirus and stained with acridine orange. A Uninfected con-
trol SSN1 cells, B SSN1 cells infected with rhabdovirus. Red-colored extrachromosomal intracytoplasmic
inclusion bodies are indicated by arrows

at 27 °C (Fig. 1), which correlated with a higher viral titer observed in SSN1 cells (7.5
TCID50 ml_l), as illustrated in Fig. 1. Similar observations were made in snakehead
kidney cells. At temperatures of 21 °C and 35 °C, viral replication was observed to be
slower, and CPE was less extensive compared to 27 °C. The replication of the virus was
found to be unaffected by treatment with 5-iodo-2-deoxyuridine (IUDR), as confirmed
through the analysis of the known RNA virus, BSNV (blotched snakehead virus), which
exhibited no loss of infectivity (Fig. 2). However, treatment with IUDR resulted in
reduced infectivity of the known DNA virus SRDV. Acridine orange—stained SSN1 cells
infected with the rhabdovirus-like agent displayed fluorescent red cytoplasmic inclusion
bodies, indicating viral replication. Conversely, no such structures were observed in
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control uninfected SSN1 cells (Fig. 3). Treatment with organic solvents typically dimin-
ishes the infectivity of enveloped viruses by disrupting or fragmenting the viral mem-
brane. Indeed, enveloped viruses tend to lose their infectivity upon exposure to organic
solvents. Conspicuously, a complete loss of infectivity was observed when the viral sus-
pension was treated with chloroform, suggesting the presence of essential lipids in the
viral envelope (Fig. 2). Heat sensitivity assays conducted on SHRV-In titrated in SSN1
cells revealed that the 30-min exposure to 56 °C obliterated virus infectivity. Further-
more, stability testing at acidic (pH 3.0) and alkaline (pH 11.0) pH levels indicated that
infectivity was lost under acidic conditions at pH 3.0. However, at pH 11.0, the titer
remained at 5.5, indicating a twofold loss of infectivity. Notably, at pH 7, the infectivity
remained stable at 7.3 TCID50/ml, indicating no loss of infectivity (Fig. 2). Transmis-
sion electron micrographs have shown that the virus particles were bullet-shaped with
an average size of 164 nm length and 50 nm width (n=4) (Fig. 4).

Analysis of structural proteins

The viral proteins from the purified virus preparation were analyzed using 12% SDS-
PAGE. The analysis revealed five distinct bands, with their molecular masses ranging from
20 to 69 kDa (Fig. 5). The molecular masses of these five proteins were estimated to be
69, 57, 42, 28, and 20 kDa, respectively. A comparison with the structural proteins N, P,
M, G, and L proteins of VHSV (viral hemorrhagic septicemia virus), IHNV (infectious
hematopoietic necrosis virus), SHRV (snakehead rhabdovirus), and SVCV (spring viremia
of carp virus), along with their corresponding deduced molecular weights from the nucleo-
tide sequences, is given in Table 2.

Pathogenicity studies
Experimental infection of catfish juveniles

In the experiment involving catfish fingerlings, similar to the previous experiments, a
cell culture supernatant containing the rhabdovirus-like agent was used for infection.

Fig.4 Transmission electron
micrograph of the snakehead
rhabdovirus isolate in SSN1
cells. Bullet-shaped virus parti-
cles (average size 164 X 50 nm)
found in the damaged cells (bar
200 nm)
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Fig.5 SDS-PAGE analysis of structural proteins of rhabdovirus-like agent in 12% acrylamide gel stained
with 0.1% Coomassie brilliant blue. Lane 1: Medium range molecular mass markers (GeNei™); Lane 2:
Low-range molecular mass markers (GeNei™); Lane 3: Purified SNLKD1116. Five proteins of 68, 57, 42,
28, and 20 kDa are indicated

Table 2 Deduced molecular weights (kDa) of the proteins inferred from the nucleotide sequences of type
strains (accession numbers in parentheses beside the acronym). A number of amino acids of the proteins are
provided in parentheses (in SHRV-In, the accession numbers are in parentheses)

Proteins VHSV (Y18263) IHNV (L40883) SHRV SVCV (U18101)  SHRV-In
(AF147498)
N 44.29 (404) 43.5% 4221 (391) 42*  43.37 (399) 47 (418) 49.1* 42 (MH742783)
P 24.5(222)24.8% 2593 (230) 26.4* 24.32 (220) 35.62 (309) 28 (MH742784)
M 22.44 (201) 20.6*  21.84 (195) 20.6* 20.56 (189) 25.63(223) 20 (MH742782)
G 56.82 (507) 68.5% 56.76 (508) 67.8*% 58.09 (512) 57.34 (509) 76* 57 (MH742781)
L 224.33 (1984) 156* 225.27 (1986) 156* 225.06 (1983) 238.24 (2095) ND
156%*

*Nishizawa et al. (1991)

Although no clinical signs were observed initially, mortality occurred at 48 and 72 h
post-infection (p.i.), with some fish becoming moribund by day 7 (Fig. 6). Conversely,
no mortality was observed in the control group injected with uninfected cell culture
supernatant. Attempts were made to isolate the virus from pooled homogenates of the
spleen and kidney collected from all catfish fingerlings at the third and seventh day
post-infection. However, tissue extracts from virus-infected fingerlings failed to pro-
duce any cytopathic effect (CPE) in the inoculated cell cultures. Additionally, diagnos-
tic PCR results for virus detection were inconclusive (Fig. 7). Interestingly, all mori-
bund and dead fish samples exhibited a specific shorter band of around 360 bp, which
was not detected in either the reaction control or samples from control fish. Although
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Fig.6 Kaplan-Meier cumulative survival curve of catfish juveniles experimentally challenged with rhab-
dovirus-like agent. The fishes had experienced mortality in 24, 48, and 72 h p.i

Fig.7 PCR products obtained
from rhabdovirus-like agent—
infected catfish tissue samples
analyzed by agarose gel electro-
phoresis. The target region of
the primer is 483 bp (John et al.
2021). The amplified fragment
is about 360 bp. Lane 1: Control
fish sampled at 72 h p.i. Lane
2: Mouribund fish at 36 h p.i.
Lane 3: Moribund fish at 60 h
p-i. Lane 4: Fish sampled from
infected viral tank 1 at 72 h

p.i. Lane 5: Fish sampled from
infected viral tank 2 at 72 h p.i.

Lane 6: Negative control. Lane 7:

Ladder 100 bp

the specific expected band of 483 bp was not detected in the infected samples, the pres-
ence of these bands, along with the observed mortality, suggests the potential involve-
ment of the virus in the mortality of the fishes.
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Experimental infection of rohu

In the experimental setup, a clarified cell culture supernatant from virus-infected cells con-
taining the rhabdovirus-like agent (SNLKD1116) was utilized for the infection of rohu and
common carp fingerlings in two groups, each with duplicates. Intraperitoneal injection of
the undiluted virus preparation could not induce any clinical signs or mortality in the rohu
and common carp fingerlings throughout the 28-day duration of the experiment. Similarly,
in the control group injected with uninfected cell culture supernatant, neither clinical signs
nor mortality were noted in both species. Attempts were made to confirm the presence
of the virus through virus reisolation from pooled homogenates of the spleen and kidney
collected from all rohu and common carp fingerlings at sampling intervals of 3, 7, 14, 21,
and 28 days. However, tissue extracts did not produce any cytopathic effect (CPE) in the
inoculated cell cultures. Additionally, results from diagnostic PCR were consistently nega-
tive until the 28th day of both the experiments indicating the absence of infection in this
species. These findings indicate the refractory nature of rohu and common carp fingerlings
to the virus, as they did not support viral replication or induce clinical disease under the
experimental conditions.

PCR amplification and sequence analysis of structural protein genes

The gene-specific primers for five genes of the virus isolate amplified expected amplicons
for the five genes (Fig. 8). The consensus sequence of the N gene encoding the nucle-
ocapsid protein of 564 bp fragment showed 91% identity. The product of the 311 bp frag-
ment obtained by PCR targeting P gene on analysis showed 85% identity to snakehead

1 2 3 4 5 6 7 8 9 1 2 3

Fig.8 A PCR-amplified gene products of the structural protein genes of the rhabdovirus isolate
(SNLKD1116) analyzed by agarose gel electrophoresis. A Lane 1: MRGRH24 primer targeting 1226 bp
(N). Lane 3: MRGRH26 primer targeting 1424 bp (M). Lane 5: Primers targeting L polymerase block III
sequences 483 bp (John et al. 2021). Lane 7: MRGRH27 primer targeting 692 bp (P). Lanes 2, 4, 6, and 8
are respective negative controls. Lane 9: Molecular weight marker of 100-mb ladder. B Lane 1: Negative
control. Lane 2: MRGRH?29 targeting 1057 bp (G). Lane 3: Similar molecular makers as in A
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rhabdovirus (AF147498). Analysis of the trimmed product sequence targeting the M gene
of 567 bp showed 90% identity to the snakehead rhabdovirus (AF147498). Similarly, the
949 bp fragment of the G gene showed 91% identity. These products were further ana-
lyzed for protein sequence homology with the CLC main work bench and found that there
were many synonymous nucleotide substitutions without any change in the amino acid
sequences in the respective gene fragments. The protein fragment analysis by pairwise
comparison of N, P, M, and G sequences showed that the amino acid identities with the
snakehead rhabdovirus (AF147498) were at higher levels with 95.19%, 90.29%, 92.59%,
and 95.57%, respectively (Fig. 9). The analysis showed that the amino acid identity of
SHRV-In with VHSV and IHNV structural proteins was very low. In addition, the par-
tial genome of 3492 bp created by joining the consecutively overlapping sequences was
found to have about 85.44% identity to SHRV (Accession No.: AF147498). Nonetheless,
our repeated trials with two sets of primers targeting the NV gene fragment did not produce
any amplicon.

Virus phylogeny

Phylogenetic analysis of the sequences of four gene fragments was done using MEGAL11.
The analysis showed the grouping of the current virus isolate SHRV-In with SHRV and
other novirhabdoviruses in all four analyses of N, P, M, and G genes (Fig. 10). The G gene,
while showing 92% identity at the nucleotide level, had 96% identity at the amino acid
level due to synonymous substitution. Similarly, phosphoprotein (P), matrix protein (M),
and nucleoprotein (N) genes had 85, 90, and 91% identity at the nucleotide level, while at

Pairwise comparsion with SHRV (AF147498) Pairwise comparsion with SHRV (In) (MH
N protein (187) series)
AF147498 N protein (187)
VHSV 18263 46.97 MH742783
IHNV 140883 [ 5348 | VHSV 18263
IHNV L40883 | seo1 |
P protein (103)
MH742784 Gy 0 0 0o 00|
VHSV Y18263 "S‘“";Z: =
IHNV 140883 P
M Protein (189)
AF147498
VHSV Y1263 VHSV Y18263
IHNV 140883 IHNV 140883 [ 3518 ]
G protein (316) G protein (316)
AF147458 AF147498

Fig.9 Pairwise comparative analysis of amino acid sequences of four protein fragments (number of amino
acids in brackets) of SHRV (AF147498), VHSV (Y18263), IHNV (L40883), and SHRV-In sequences of
respective proteins. Percentage identity between the four isolates is indicated
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the amino acid level, the identity has increased to 90, 93, and 95%, respectively (Supple-
mentary Figures S1—G gene, S2—P gene, S3—M gene, S4—N gene). A joined sequence
of four genes was compared with the corresponding sequences of 14 other viruses and gen-
erated a single phylogenetic tree (Supplementary Figure S5), which had a similar grouping
of the different virus strains similar to the four protein genes.

The nucleotide sequences obtained in the present study have been deposited in Gen-
Bank, and the corresponding accession numbers are as follows: glycoprotein, MH742781.1;
matrix protein, MH742782.1; nucleoprotein, MH742783.1; phosphoprotein, MH742784.1.

Discussion
Biophysical and biochemical characteristics

The virus grew well in the cell lines from snakehead, both SSN1 and SNKD2a at 27 C.
The virus was also found to grow in sea bass caudal peduncle cells but not in EPC and
clownfish spleen cells at 27 C (John et al. 2021). The rhabdoviruses isolated from ulcer-
ated fishes from Thailand and Burma (UDRV-BP and UDRV-19) similarly grew well in
snakehead fin cell lines but not on EPC (Frerichs et al. 1989; Kasornchandra et al. 1992).
However, the snakehead rhabdovirus (SHRV) isolated from ulcerated snakehead fish
in Thailand, for which the complete genome sequence is available, grew in EPC. SHRV
unlike other fish rhabdoviruses had bacilliform morphology similar to plant rhabdovi-
ruses (Kasornchandra et al. 1992; Dietzgen et al. 2012). Morphology of the present isolate
(SNLKD1116, SHRV-In) and the other two viruses isolated from ulcerated fishes (UDRV-
BP and UDRV-19) differed from SHRV by their bullet-shaped morphology (Frerichs et al.
1986; John et al. 2021).

Retention of infectivity up on treatment with [IUDR and the presence of red cytoplasmic
inclusion bodies in the virus-infected cell line indicate the presence of a single-stranded
RNA virus multiplying in the cytoplasm (Rovozzo and Burke 1973). Complete loss of
infectivity of the virus when treated with chloroform indicated that the virus has an enve-
lope, which was fragmented or removed by the treatment with an organic solvent. These
biochemical characteristics are similar to that of the rhabdoviruses (Dietzgen et al. 2017).

SHRV-In lost the infectivity within 30 min if exposure to 56 “C. The virus lost infectiv-
ity at pH 3.0, but at pH 11.0, the infectivity was reduced by 2 logs while no loss of infec-
tivity was noticed at pH 7.0 in the cell culture medium without FBS. Similar observations
have been reported in ulcerated snakehead virus (UDRV), where infectivity was found to
be poorly retained at pH 9 and deteriorated rapidly at pH 3 and pH 11 (Frerichs 1989).

Analysis of structural proteins

SHRYV had five virion proteins with estimated molecular weights of > 150, 68, 42, 26.5,
and 20 kDa, respectively (Kasornchandra et al. 1992). Analysis of structural proteins of
tropical and temperate rhabdoviruses showed two different patterns forming two groups,
group I with SHRV, VHSV, IHNV, and HRV showing five proteins of > 150 (L), 60-72
(G), 40.5-42 (N), 26.5-30 (P), and 20-22.5 (M) kDa bands and group II with pike fry
rhabdovirus (PFRV), ulcerative disease rhabdoviruses (UDRV-BP and UDRV-19), and
spring viremia of carp virus (SVCV) having four protein bands of > 150, 71-85, 43-53,
and 22-24 kDa molecular weight, respectively (Nishizawa et al. 1991; Kasornchandra et al.
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1992). The separation of the structural proteins of SHRV-In though did not show > 150 kDa
protein band, probably due to a smaller number of copies per virion (Thomas et al. 1985)
and higher concentration of SDS PAGE, other protein bands 57, 42, 28, and 20 kDa com-
pared favorably with M, P, N, and G proteins of the group I rhabdoviruses.

Experimental infection studies

The experimental infection in rohu and common carp was negative, and no clinical signs or
mortality was observed. However, catfish injected with the virus suffered mortality indicat-
ing the possible role of the virus in causing infection and death. The virus SHRV-In was
highly pathogenic to the fingerlings of its natural hosts, snakehead fish, causing mortality 5
days post-infection (John et al. 2021). But other tropical rhabdovirus isolates did not cause
any infection or mortality in earlier studies (Frerichs et al. 1993; Lio-Po et al. 2000). Tem-
perate Novirhabdovirus species IHNV and VHSV on the other hand are highly pathogenic
to a number of fishes (Hoffmann et al. 2005). Although rhabdoviruses are highly diverse
and have a wide-ranging host spectrum, tropical novirhabdoviruses have a limited host
range as indicated in the present study and the earlier works. Whether temperature has any
specific role in the infectivity potential of the fish rhabdoviruses of the Novirhabdovirus
genus would require further investigation.

Sequence analysis of structural protein genes

The rhabdovirus genome comprises at least five ORFs in the order 3'-N-P-M-G-L-5'
(Kuzmin et al. 2009; Dietzgen et al. 2012). All the above proteins could be detected in the
current virus isolate. The presence of the L gene with 91.36% homogeneity with snake-
head rhabdovirus (SHRV) for a 428 bp fragment of block III of L polymerase was earlier
detected in this isolate (John et al. 2021). All amplified sequences of the gene fragments
except that of the phosphoprotein (P) were without any nucleotide gaps in comparison
with the snakehead rhabdovirus genome, which belongs to the Novirhabdovirus genus,
indicating the high genomic similarity of the isolate, SNLKD1116. However, the lack of
amplification of the NV gene distinguishes this isolate from SHRV (AF147498). The NV
gene is an independent transcribing ORF situated between the G and L genes. It encodes a
small non-virion protein of approximately 12—-14 kDa, which is expressed in infected cells
but remains undetectable in purified virions (Kurath and Leong 1985). The NV gene has
been reported to be highly preserved among the Novirhabdovirus genus although there is
less conservation among the sequences of different viruses (Kurath et al. 1997). The NV
protein plays a significant role in inhibiting apoptosis and suppressing the host immune
response (Ammayappan and Vakharia 2011; Kim and Kim 2013; Biacchesi et al. 2017).
Reverse genetics studies involving NV gene deletion mutants indicated that the NV gene is
required only in efficient replication but not for its viability (Biacchesi et al. 2000; Johnson
et al. 2000). According to Alonso et al. (2004), while the virus may tolerate a complete
deletion of the NV gene, the deletions in the G/NV junction could affect the abundance of
both upstream and downstream mRNAs, which might result in the production of defective
viruses. The NV gene shares a high degree of similarity between IHNV and HIRRV but
differs widely from VHSYV, and it has not been detected in SVCV, which is a Vesiculovi-
rus that primarily infects carps (Kurath et al. 1997). The inability to amplify the NV gene
with two sets of primers designed based on the snakehead rhabdovirus genome AF147498
indicates the possible extensive nucleotide differences in the rhabdovirus isolate and would
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Fig.10 The phylogenetic relation-
ship was inferred using the Maxi-
mum Likelihood method and the
JTT matrix-based model. The
bootstrap test with 1000 replicates
was employed to assess the robust-
ness of the inferred tree, with
the percentage of trees in which
associated taxa clustered together
shown next to the branches. Ini-
tial tree(s) for the heuristic search
were obtained automatically by
applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise
distances estimated using the JTT
model, followed by selecting the
topology with the superior log like-
lihood value. The tree is drawn to
scale, with branch lengths meas-
ured in the number of substitutions
per site. The analysis involved 15
nucleotide sequences for all the
four proteins N, P, M, and G corre-
sponding to the genomic regions of
the viral agent in the present study
(SN Rhabdo), snakehead rhabdovi-
rus (SHRV, AF147498), viral hem-
orrhagic septicemia virus (VHSV,
Y18263), infectious hematopoietic
necrosis virus (IHNV, L40883),
hirame  rhabdovirus  (HIRRYV,
AF104985), spring viremia of carp
virus (SVCV, U18101), perch rhab-
dovirus (PRYV, JX679246), Arbore-
tum virus isolate Lo-121 (ABTV,
KC994644), eel virus European
X (EVEX, FEN557213), rabies lys-
savirus (RVPV, JX276550), Chan-
dipura virus (CHPV, GU212856),
vesicular stomatitis New Jersey
virus (VSVNIJ, AY74804), Sonchus
yellow net virus (SYNV, M87829),
apple rootstock virus A (ApRVA,
MH778545), and potato yellow
dwarf virus (PYDV, KY564176).
The evolutionary analyses were
conducted in MEGA11
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require further studies. It could also be possible that the G-L intergenic region that accom-
modates the NV OREF is susceptible to a high degree of variations due to its non-structural
ORF characteristics, which have only a low level of evolutionary constraint (Johnson et al.
2000; Alonso et al. 2004), could make SHRV-In grossly different from SHRV at least in
this region of the genome.

The molecular weights of the four proteins N, P, M, and G of SHRV-In compare favora-
bly with the molecular weights of other fish novirhabdoviruses. Through sequence com-
parison with other rhabdoviruses, we were able to confirm the high degree of homology
and resemblance of the protein sequences with members of the Novirhabdovirus genus.
Notably, the nucleoprotein and glycoprotein genes showed the highest sequence homology,
approximately 95%, while the matrix protein and phosphoprotein genes displayed homolo-
gies of 92.6% and 90.3%, respectively, with their counterparts in SHRV. In contrast, the
identity with VHSV and IHNV was substantially lower, ranging from 24.8 to 54% for the
above mentioned four proteins.

Phylogenetic analysis of SHRV-In

The polymerase (L) gene fragment of 428 base pairs of the block III region exhibited a
nucleotide identity of 91.36% with SHRV. However, this resulted in only a single amino
acid change within the 142 amino acid sequence, with a high identity of 99.3%. This
change was attributed to synonymous substitution of nucleotides (John et al. 2021). Rhab-
doviruses experience strong selective pressure to minimize changes in the amino acid
sequences, particularly within the polymerase gene, which is crucial for maintaining the
functionality of the polymerase, which plays a pivotal role in initiating virus replication
(Holmes et al. 2002; Bourhy et al. 2005). However, large-scale variations and high plastic-
ity in the other proteins of the rhabdoviruses are reported for different species, and this has
formed the basis of the diversity and complexity of their genomes and consequent eco-
logically manifold host range from mammals to several vertebrate species, arthropods, and
plants (Dietzgen et al. 2017). The present isolate from snakehead fish isolated in India had
close phylogenetic homology with the snakehead rhabdovirus (SHRV; AF147498) isolated
from Thailand (Kasornchandra et al. 1992). Despite its close similarity with the SHRYV,
SHRV-In failed to amplify the NV gene with the primer sequences developed from the
SHRV genome. Being geographically very distant and the snakehead fish being a freshwa-
ter inhabitant and practically impossible transmission through marine waters, it has to be
seen whether the NV gene is absent in this isolate or exists with wide variation from the
SHRYV counterpart. With the NV gene being proved to be not essential in virus replication
(Alonso et al. 2004), there could be a possibility that negligible selective pressure would
exist for the sequence fidelity of this region of the genome. SVCV-infecting carps on the
other hand do not carry the NV gene though this virus does not fall under the Novirhab-
dovirus genus (Kurath et al. 1997). Future studies would however be required to delineate
this point. Current evidence places this isolate as an unclassified member of the Novirhab-
dovirus genus. Distinct clustering could be identified in the phylogenetic tree of the four
gene fragments analyzed for different rhabdoviruses that were included in the present
analysis. In all the analyses, the present isolate SHRV-In was clustered strongly with other
novirhabdoviruses such as SHRV, VHSV, and IHNV. These results suggest that SHRV-In
could be placed in the Novirhabdovirus genus in the family Rhabdoviridae.
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