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Abstract
In 2017, a clinical disease outbreak resulted in substantial mortality of adults and larvae of cultured Chinese rice-field eels 
(Monopterus albus) on a farm in Hubei, Central China. A rhabdovirus was isolated from moribund specimens, and typical 
clinical symptoms associated with an outbreak included an enlarged and swollen head. This differed from previous observa-
tions. Histological changes included necrosis and cavities of various sizes within the brain and kidney. Homogenized tissues 
of diseased Chinese rice-field eels were screened for viral isolation using six different fish cell lines. A rhabdovirus was 
isolated following observation of cytopathic effect (CPE) in a gibel carp brain (GiCB) cell line and confirmed by RT-PCR. 
Electron microscopy showed large numbers of rhabdovirus-shaped particles in the cytoplasm of the brain cells of the diseased 
Chinese rice-field eels and in the infected GiCB cell line. This virus has been named “Chinese rice-field eel rhabdovirus” 
(CrERV), and the complete nucleotide sequence of CrERV was cloned. This rhabdovirus is composed of 11,545 nucleo-
tides with the following genomic organization: 3′-N-P-M-G-L-5′. The genes are separated by conserved gene junctions, and 
phylogenetic analysis of the L sequence revealed that CrERV forms a separate branch with Siniperca chuatsi rhabdovirus 
(SCRV) and hybrid snakehead rhabdovirus C1207 (HSHRV-C1207). This is the first report of the complete sequence of 
CrERV from the Chinese rice-field eel in China.

Introduction

The Chinese rice-field eel, Monopterus albus (family, Syn-
branchidae; order, Synbranchiformes), is a major economic 
freshwater species in China and other Asian countries [1]. 
It can breathe air and crawl over land [2]. The Chinese rice-
field eel has recently become a target species for aquaculture 
in China due to its rapid growth and adaptability to cage-
culture conditions [3].

Previous studies on Chinese rice-field eels have focused 
on sex reversal characteristics [4], artificial rearing tech-
niques for larvae [5], and dietary nutritional requirements 
[6]. However, production of larvae and adults remains un-
industrialized, and artificial rearing of Chinese rice-field 
eels has been impacted by mortality events due to unknown 
causes [7]. Nutrition, breeding density, and water quality 
contribute to the low survival rates of the Chinese rice-field 
eel larvae [7, 8]. Moreover, previous studies have shown 
that parasitic, bacterial, and viral infections can cause seri-
ous losses in adult eels under intensive culture conditions 
[9–11]. In China, specific diseases that affect both Chinese 
rice-field eel larvae and adults are yet to be reported.

In the summer of 2017, a farm that produces Chinese 
rice-field eels in Hubei, Central China, reported a massive 
mortality (90–100%) event that resulted in significant eco-
nomic losses. Despite dietary changes and administration 
of various treatments, the mortality rate remained high. 
Examination of Chinese rice-field eels showed limited evi-
dence of parasitic or bacterial disease, and therefore samples 
of moribund eels were screened for viral isolation. It was 
determined that a rhabdovirus was the causative agent of the 
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clinical disease outbreaks following isolation in cell culture, 
electron microscopy, PCR, and genomic characterization. To 
analyze the molecular characteristics of the Chinese rice-
field eel rhabdovirus (CrERV), whole-genome analysis was 
completed, and sequences were compared to those of other 
known rhabdoviruses. This study identifies a new rhabdovi-
rus and provides a foundation for further studies on the pre-
vention and treatment of this new viral disease.

Materials and methods

Specimen collection

Diseased Chinese rice-field eels (body length: 4 ± 0.5 cm 
[larvae], 35 ± 1.0 cm [adults]; weight: 0.3 ± 0.05 g [larvae], 
67.5 ± 2.0 g [adults]) with a swollen head syndrome were 
collected from a Chinese rice-field eel cage-culture farm 
located in Qianjiang, Hubei Province, China. The diseased 
specimens (approximately 40) were transferred to the labora-
tory for pathogen diagnosis. For the infection experiment, 
60 healthy Chinese rice-field eels (length, 13–15 cm), which 
were confirmed to be free of CrERV by RT-PCR, were ran-
domly divided into experimental and control groups (30 eels 
in each group). The eels were acclimated in tanks (4.5 × 
103 l) with flow-through aerated water (municipal water) at 
25 °C, and water quality was monitored daily. Eels were fed 
regularly with a commercial diet (extruded feed, Tongle, 
China) for 2 weeks prior to the infection experiment.

Parasitology and bacteriology

The exterior mucus, skin, and whole body of the diseased 
eels (approximately 10) were sampled for parasites and 
screened using an optical microscope (DM2500; Leica, Ger-
many). For bacterial identification, the brain, liver, spleen, 
and kidney tissues of the eels with the typical swollen head 
syndrome were aseptically collected and plated on appropri-
ate bacterial agar medium (Brain Heart Infusion Broth,BHI), 
and PCR was performed using the primers for 16S rRNA as 
described previously [12].

Histopathological analysis

The brain, liver, spleen, spinal cord, and kidney tissues of 
the diseased eels were collected and fixed in 4% paraform-
aldehyde, dehydrated, and embedded in paraffin. Sections 
from paraffin blocks were cut at 5-µm, and slides were 
stained with hematoxylin and eosin using standard proce-
dures. Slides were examined for histopathological changes 
using a light microscope (DM2500; Leica, Germany).

Cell culture and virus isolation

For virus isolation, six fish cell lines were used, namely, epi-
thelioma papilloma cyprinid (EPC), grass carp ovary (GCO), 
channel catfish kidney (CCK), rainbow trout gonadal (RTG-
2), grass carp kidney (CIK) and gibel carp brain (GiCB) cell 
lines. The cells were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) with 10% fetal bovine serum at 20 °C 
(RTG-2), 25 °C (EPC, GCO, GiCB, and CCK), or 28 °C 
(CIK). The tissue samples were homogenized in Dulbec-
co’s phosphate-buffered saline (DPBS), frozen and thawed 
three times at -80 °C, and then clarified by centrifugation 
at 4000 × g for 20 min (Sigma-3K15, USA) at 4 °C. The 
supernatant was filtered (0.22-µm filter; Nalgene, USA) and 
inoculated onto confluent monolayers of the six cell lines at 
1:10, 1:100, and 1:1000 dilutions in 24-well tissue culture 
plates. The same volume of DMEM was used for the nega-
tive mock-infected control, and DMEM was added to each 
of the six cell lines. The inoculated cells were incubated 
at 20 °C (RTG-2), 25 °C (EPC, GCO, GiCB, and CCK), 
or 28 °C (CIK) and checked daily using a microscope. For 
cells that showed a cytopathic effect (CPE), supernatant was 
collected and RNA was extracted for detection of CrERV by 
RT-PCR. If CPE was not observed, the cultures were used 
for further passages; when three blind passages showed no 
CPE, the samples were considered negative for the virus.

Electron microscopy

Brain, liver, spleen, and kidney tissues from the diseased 
Chinese rice-field eels and infected cells were fixed over-
night in 2.5% glutaraldehyde as described previously [12]. 
Samples were then post-fixed in 1% osmium tetroxide for 
1.5 h, washed with PBS, dehydrated in graded ethanol, 
and embedded in epoxy resin (Epon 812, USA). Ultra-
thin sections were prepared using a microtome (Leica UC, 
Germany), stained with 2% uranyl acetate and lead citrate, 
and examined using a transmission electron microscope 
(Hitachi-7650, Japan).

Full‑length viral genome sequencing

RNA was extracted from purified virus in TRIzol Rea-
gent (Invitrogen) according to the manufacturer’s protocol. 
Reverse transcription was performed using an ImProm-IITM 
Reverse Transcription System (TaKaRa, Japan). A PCR 
primer pair (CrERV-F/R) was designed based on previously 
published nucleoprotein gene sequences specific to viruses 
in the genus Perhabdovirus (Table 1), and RT-PCR was per-
formed using a PCR amplification kit (TaKaRa, Japan). The 
cDNA samples were used in the subsequent PCR (35 cycles 
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of 95 °C for 5 min, 94 °C for 1 min, 58 °C for 1 min, and 
72 °C for 1 min, followed by extension at 72 °C for 10 min). 
A 833-bp PCR product was amplified.

For the diseased eels, PCR was performed using nine 
groups of primers (CrERV-F1/R1–CrERV-F9/R9; Table 1) 
designed to obtain the sequences of CrERV using an over-
lap method [13]. The 5′ and 3′ regions of the rhabdovirus 
in the diseased Chinese rice-field eels were identified by 
performing rapid amplification of cDNA ends (RACE) PCR 
using a Clontech SMART cDNA synthesis kit (TaKaRa, 
Japan). To extend the 5′ region of the cDNA sequence, 5′ 
RACE was performed using a gene-specific primer (CrERV-
rR1–rR2; Table 1). 3′ RACE was performed using an oligo 
(dT) adaptor primer with a TaKaRa RNA PCR Kit (TaKaRa, 
Japan) (CrERV-rF1–rF2; Table 1). The PCR product was 
checked using agarose gel electrophoresis, and the target 

DNA fragment was purified using a Wizard® SV Gel and 
PCR Clean-up System (Promega, USA). The purified PCR 
products were ligated into the pMD 19-T vector (TaKaRa, 
Japan) at 4 °C overnight for cloning and sequencing. Virus 
was detected using RT-PCR and RACE with the primers 
listed in Table 1.

Phylogenetic analysis

Multiple rhabdovirus sequences were obtained from the 
GenBank database and compared to the sequences obtained 
in this study. The CrERV sequence was analyzed using the 
DNASTAR software package (Lasergene). Multiple align-
ments of the amino acid sequences were performed using 
Clustal W, and sequence identities were calculated using 
GeneDoc. A phylogenetic tree was constructed by the 

Table 1   Primers used in this study

Primer name Sequence (5′→3′)
Primer position in CrERV 

(bp)
Purpose

CrERV-rF1 CCAACAACAGGATCACGAGGGCCT 11020-11047

RACE-PCR to amplify the 3' and 

5'terminal

CrERV-rF2 GGGGTTGACCTCTTGCCCAATTTTA 11126-11153

CrERV-rR1 CGATCTTCTGGCTTTGACTCTGGGG 735-763

CrERV-rR2 GAGGAGAGAGAGGCTGCGTGGAC 183-210

CrERV-F1 GACATTGTGGTCCGCTATCTCTA 304-326

Overlap RT-PCR to amplify the 

genome of CrERV

CrERV-R1 CCATTCTCCTCAGTCCTTCCTTC 1302-1324

CrERV-F2 GCTGAAGTGGAGAGGATGATGAAA 871-895

CrERV-R2 AGGTGCTTGATACGGCTTAATAGC 2567-2591

CrERV-F3 GAAAACTCCCAGCCGAAAATTGA 2330-2352

CrERV-R3 CTGTCGCAGCGAGATGTCTCAAT 3630-3652

CrERV-F4 CACAATCTACAAATGACCGACACC 3183-3207

CrERV-R4 AAATCCACTCACTCCAGTTCCTACC 4818-4842

CrERV-F5 TTCAATGGGAATCGGATGGACAAT 4606-4630

CrERV-R5 GTGTGTTCAGAGACATGCTGGTAG 6399-6423

CrERV-F6 ACCTATCACAAGAGCACCCAGAAG 6105-6129

CrERV-R6 TGTGTTGTTGTAGACCACCTTCC 7860-7882

CrERV-F7 TCAGTCTCAACAAATGCTCTAACC 7574-7598

CrERV-R7 CTCTTGATTCCAGGACTACCTCTTC 9026-9050

CrERV-F8 ACCTTTAGGGATATAGGGACCGA 8873-8895

CrERV-R8 TTTGGATTTCTTCGTTTCCCAGTGC 10602-10628

CrERV-F9 CTTCAGAAACAGTCAAGCAGCGG 9963-9985

CrERV-R9 CATGGGACGAGAAAAACAAACAC 11529-11552

CrERV-F GTGGCAGCAATTGACATGTTCT 688-709 RT-PCR to detect the N gene of 

CrERVCrERV-R CATATCCCATCACCTTATTGACCCT 1496-1520



108	 W. Liu et al.

1 3

neighbor-joining method and evaluated using the Poisson 
correction model with 1000 bootstrap replicates in MEGA 
5.0.

Infection experiment

To link viral isolation to disease causation, eels were chal-
lenged with live CrERV grown in GiCB cell cultures; 100 μl 
of live CrERV in supernatant was injected intraperitoneally 
into the eels (1.0 × 106 TCID50 ml−1 per eel). The control 
group was mock infected using DPBS (Sigma, USA). Clini-
cal signs of infection and mortality were monitored over a 
period of 14 days post-challenge. Moribund or dead fish in 
the experimental group and healthy fish in the control group 
were randomly sampled (20% of daily mortality was sam-
pled and tested) and tested for the presence of the rhabdovi-
rus by RT-PCR, and re-isolation of the virus via cell culture 
was attempted to confirm the cause of death.

Results

Clinical signs and laboratory examination

Behavioral signs of disease in larval and adult eels included 
gasping at the water surface, abnormal movement and loss 
of equilibrium, aberrant swimming, and anorexia (Fig. 1A). 
Clinical signs included an enlarged/swollen head that 
became more obvious as the disease progressed; hemor-
rhaging was also observed on the skin of the infected adults 
(Fig. 1B, C, and D). No pathogenic bacteria were isolated 
from clinically diseased eel samples, and microscopic exam-
ination of the skin revealed no parasites.

Histopathological analysis

Various degrees of damage and necrosis consistent with 
viral infection were observed in the brain, kidney, and spinal 
cord of the affected eels. No histological abnormalities were 
observed in the corresponding organs from healthy individ-
uals. The brain appeared most severely affected, showing 
several different levels of multifocal necrosis and various-
sized cavities (Fig. 1E and F). The kidney was affected and 
showed severe focal hemorrhaging, and the kidney and spi-
nal cord cells exhibited necrosis along with numerous cells 
with pyknotic and karyolytic nuclei (Fig. 1G and H).

Virus isolation

The tissue homogenate filtrate of the diseased Chinese 
rice-field eels was used for virus isolation from the EPC, 
GCO, CCK, RTG-2, CIK, and GiCB cell lines. The GiCB 
cell line was observed to be the most susceptible after three 

consecutive blind passages. After successive passages on the 
GiCB cell line, CPE became more consistent, and typical 
rhabdovirus CPE occurred as early as 72 h post-inoculation 
(Fig. 2A and B). The original virus showed moderate infec-
tivity in the EPC cell line when compared with the GiCB 
cell line. The samples inoculated onto the GCO, CCK, RTG-
2, and CIK cell lines did not show CPE.

Electron microscopy

Using electron microscopy, a large number of virus particles 
were located in the cytoplasm of brain and kidney cells from 
diseased eels. The characteristic bullet shape was charac-
teristic of rhabdoviruses, and the size was approximately 
60 × 120 nm (Fig. 2C and D). The thin sections confirmed 
the presence of similar viral particles in infected GiCB cells 
(Fig. 2E and F). Other virus-like particles were not observed 
in fish or in any cell lines.

Complete genome sequence

The genome sequence was determined, and a novel rhabdovi-
rus was identified in Chinese rice-field eel larvae and adults. 
This virus has been named “Chinese rice-field eel rhabdovi-
rus” (CrERV) (GenBank accession no: MH319839), and its 
genome is 11,545 bp in length. The basic genome of CrERV 
is composed of (from 3′-5′) a nucleoprotein (N), phospho-
protein (P), matrix protein (M), glycoprotein (G), and large 
major protein (L), similar to other members of the genera 
Perhabdovirus and Sprivivirus [14, 15] (Fig. 3A). The struc-
tural protein genes of CrERV are flanked by conserved regu-
latory gene junction sequences, and a 71-bp 3′ leader RNA 
region and a 61-bp 5′ trailer region are located at the 3′ and 
5′ ends of the genome, respectively (untranslated regions at 
the 3′ and 5′ ends called “leader” and “trailer,” respectively). 
Almost all rhabdoviruses have five genes that encode the 
structural proteins (N, P, M, G, and L) (Fig. 3A).

Genomic structure analysis

The N gene of CrERV extends from nucleotides 72 to 1527, 
with a single ORF of 1290 nucleotides that encodes a protein 
of 429 amino acids. The predicted molecular mass of the N 
protein is 47.7 kDa, and the calculated isoelectric point (pI) 
is 5.37. The N gene contains the highly conserved amino 
acid motif SPYSA, which is present at amino acid position 
289–293. The start codon ATG is located 5 nucleotides 
upstream in CrERV.

The P gene is 971 nucleotides in length. Unlike other 
rhabdoviruses that contain alternate ORFs, such as Siniperca 
chuatsi rhabdovirus (SCRV) and vesicular stomatitis Indiana 
virus (VSIV), the P gene of CrERV has one large ORF (864 
nucleotides) that encodes a protein of 287 amino acids with 
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a calculated molecular mass of 31.6 kDa and a pI of 4.43. 
The P protein has a predicted potential tyrosine phosphoryla-
tion site and five potential serine/threonine phosphorylation 
sites. It also contains a 44-amino-acid proline-rich region 
extending from amino acid 158 to 202.

The putative M gene contains 946 nucleotides that encode 
a protein of 208 amino acids with a calculated molecular 

mass of 23.4 kDa and a pI of 7.81. A PPPY motif is present 
between amino acid 19 and 22, and the M protein has six 
potential serine/threonine phosphorylation sites.

The G gene consists of 1659 nucleotides and has a 
single ORF of 1527 nucleotides that encodes a protein 
of 508 amino acids with a calculated molecular mass of 
56.3 kDa and a pI of 7.15. The G protein is predicted to 

Fig. 1   Gross pathological signs and histology of Chinese rice-field 
eels naturally infected with the rhabdovirus. (A) External appearance 
of an infected larva showing loss of equilibrium, disorganized swim-
ming, and anorexia. (B, C) Swollen heads of the infected larvae. (D) 
Swollen head and hemorrhaging of the skin of an infected adult. (E, 

F) Widespread multifocal necrosis and various cavities in the infected 
brain (arrows). (G) Kidney section showing focal hemorrhage and 
cellular cavities in the infected eel (arrows). (H) Spinal cord section 
showing widespread multifocal necrosis (arrows)
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contain a signal peptide sequence at amino acids 1–15 and a 
22-amino-acid transmembrane region between amino acids 
454 and 476. Fourteen cysteine residues are present, and 
the characteristics of the first 12 are comparable with those 
in perhabdovirus G proteins. The G protein of CrERV also 
contains three putative N-glycosylation sites at amino acids 
203–206, 387–390, and 426–429.

The L gene is the last and largest transcriptional unit, 
extending from nucleotides 5118 to 11,484. It contains a sin-
gle ORF of 6327 nucleotides flanked by 119 and 13 nucleo-
tides of 5′ and 3′ untranslated regions, respectively, and it 
encodes a putative protein of 2078 amino acids. The calcu-
lated molecular mass is 237.7 kDa, and its pI is 7.92. A pre-
vious study has shown six conserved blocks (blocks I–VI) 
in the L proteins of members of the order Mononegavirales 

by multiple sequence alignment [16]. In our study, these 
conserved blocks were found to be located between amino 
acids 223 and 1701 of the CrERV L protein. Blocks II and 
III are the most conserved and contain five conserved motifs 
(pre-A–D) [16]. The features of each gene of CrERV are 
listed in Table 2.

All of the ORFs of CrERV are separated by gene junc-
tions. The CrERV gene junction contains a transcription 
stop/polyadenylation signal, 3–4 untranscribed spacer 
nucleotides, and a transcription initiation signal (Table 3). 
The transcription initiation signal, AACAG, and termina-
tion/polyadenylation signal, TATG (A)7, of CrERV are 
relatively conserved. Except for the spacer sequence of the 
M–G junction (CTT), all of the untranscribed spacers are 
CTTT. The distances of the N, P, M, G, and L genes from 

Fig. 2   Cytopathic effect caused by the rhabdovirus in the GiCB cell 
line at 3 days post-inoculation (dpi) and transmission electron micros-
copy of the brain of a naturally infected Chinese rice-field eel and 

GiCB cells after infection. (A) Control cell line. (B) Infected cell line. 
(C, D) Virus in the brain and kidney tissues of the infected eels. (E, 
F) Virus located in the GiCB cell line after showing typical CPE
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Fig. 3   Comparison of the genomic structure of the rhabdovirus in the 
Chinese rice-field eel and other animals and plants and analysis of 
gene complementarities in the CrERV genome. (A) A typical member 
of each genus is represented. Each arrow represents the position of a 
long open reading frame (ORF). Lines represent untranslated regions 

(UTRs). Other alternate ORFs occur in some genes; only ORFs 
(≥120 nucleotides) that appear likely to be expressed are shown. (B) 
Complementarities of the 3′ and 5′ ends of the CrERV genome. The 
first 10 nucleotides of the 3′ end are complementary to the 5′-end 
nucleotides of the genomic RNA

Table 2   Genomic characteristics and predicted proteins of CrERV

Genome name Gene Protein

Length
(bp)

GC% 3′NCR
(bp)

5′NCR
(bp)

Position of ORF (nt) ORF
length (bp)

Coding potential Length
(bp)

MW
(kDa)

Isoelectric 
point (pI)

3’ leader 71 26.76 —— —— —— —— —— —— —— ——
N 1456 46.70 28 138 100-1389 1290 N 429 47.7 5.37
P 971 46.65 10 97 1542-2450 864 P 287 31.6 4.43
M 946 44.40 28 280 2535-3161 627 M 208 23.4 7.81
G 1659 44.12 13 119 3469-4995 1527 G 508 56.3 7.15
L 6366 42.38 10 119 5129-11365 6237 L 2078 237.7 7.92
5’ trailer 61 40.98 —— —— —— —— —— —— —— ——
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the translation start codons and transcription initiation sig-
nals are 23, 5, 23, 7, and 5 nucleotides, respectively, and 
the distances from the transcription stop/polyadenylation 
and translation stop codons are 127, 86, 101, 108, and 108 
nucleotides, respectively. The 3′- and 5′- terminal sequences 
of CrERV exhibit complementarities located at the first 10 
nucleotides (Fig. 3B).

Phylogenetic analysis and classification

To determine the phylogenetic position of CrERV in the 
family Rhabdoviridae, a phylogenetic tree based on the L 
gene sequences of multiple rhabdoviruses from 18 genera 
was constructed (Fig. 4). Viruses belonging to all known 
species of fish rhabdoviruses clustered in three branches 
corresponding to the genera Novirhabdovirus, Perhabdovi-
rus, and Sprivivirus. CrERV was most closely related to the 
newly isolated strains SCRV and hybrid snakehead rhab-
dovirus C1207 (HSHRV-C1207), which tended to cluster 
with members of the genus Perhabdovirus and differ greatly 
from the other rhabdovirus lineages. This suggests that 
CrERV may belong to the genus Perhabdovirus.

RT‑PCR detection of rhabdovirus

RT-PCR amplification was performed using RNA extracted 
from three naturally infected Chinese rice-field eels, three 
artificially infected Chinese rice-field eels, and three pas-
sages of the virus isolated from GiCB cell lines. The tissues 
of the diseased eels and GiCB cell lines showing typical 
CPE post-inoculation yielded rhabdovirus-specific PCR 
products of approximately 833 bp (Fig. 5A).

Infection experiment

In the experimental group, mortality was observed on day 
5 post-challenge, and it was characterized by a decrease in 
appetite and typical swelling of the head. Internally, pete-
chial hemorrhaging was detected in the kidney. No mortality 

or clinical signs were observed in the control group. In con-
trast, the cumulative mortality reached 80% in the experi-
mental group (Fig. 5B). Electron microscopy results dem-
onstrated the presence of the virus, and the size and shape 
of the viral particles were similar to those observed in the 
naturally infected fish. The PCR results confirmed that the 
dead eels in the experimental group were positive for the 
rhabdovirus (data not shown).

Discussion

The family Rhabdoviridae is composed of 18 genera and 135 
species of viruses with negative-sense RNA [17, 18]. Rhab-
dovirus virions are 100–430 nm in length and 45–100 nm in 
diameter, and the genomes are usually single-stranded RNA 
with partially complementary termini [19]. Almost all rhab-
dovirus genomes have five genes that encode the N, P, M, 
G, and L structural proteins [20]; however, numerous rhab-
dovirus genomes have additional genes in alternate ORFs or 
genes within the structural protein genes that encode other 
proteins (http://www.ictvo​nline​.org/virus​Taxon​omy.asp). 
The family is ecologically diverse, with members that infect 
plants or animals (including mammals, birds, reptiles, and 
fish) [21]. Members of the genera Novirhabdovirus, Perhab-
dovirus, and Sprivivirus infect a wide range of fish species 
[22], and rhabdoviruses have been isolated from marine and 
freshwater fish species, such as rainbow trout [23], mandarin 
fish [13], eel [24], cyprinids [25], and snakehead [26, 27]. 
The distribution and movement of cultured fish can result 
in the spread of such viruses to other fish species in China 
and elsewhere. In this study, we isolated and identified a 
novel rhabdovirus from a Chinese rice-field eel collected 
in Hubei Province, China. Epidemiological investigations 
showed that this rhabdovirus causes a disease that generally 
occurs between March and May at a water temperature of 
15–22 °C. When the water temperature is higher than 25 °C, 
mortality in eels is negligible (data not shown). Tempera-
ture-related mortality has also been associated with other 

Table 3   Analysis of the gene junctions in the CrERV genome

Note: Seven identified gene junctions of CrERV in the negative sense of the genomic RNA are shown. 3′/N, junction of 3′ leader and nucleocap-
sid gene; N/P, junction of nucleocapsid and phosphoprotein gene; P/M, junction of phosphoprotein and matrix gene; M/G, junction of matrix 
and glycoprotein gene; G/L, junction of glycoprotein and polymerase gene; L/5′-, junction of polymerase gene and 5′ trailer

Gene junc-
tion name

Gene end Gene junc-
tion No.

Intergenetic Gene start 
junction No.

Gene start junction sequence Conserved terminal nucleotide
sequences

3’/N —— 71 —— 23 ACA​TCA​TAT​CTG​AAC​CTC​CAAGA​ 5’-UUGUC….AUAC(U)7-3’
N/P TGA​ 127 CTTT​ 5 AGATC​ 5’-UUGUC….AUAC(U)7-3’
P/M TAA​ 86 CTTT​ 23 ATA​TCA​TAG​AAT​ATC​CAC​GAAAG​ 5’-UUGUC….AUAC(U)7-3’
M/G TAA​ 101 CTT​ 7 TTT​CAT​C 5’-UUGUC….AUAC(U)7-3’
G/L TAA​ 108 CTTT​ 5 TGATC​ 5’-UUGUC….AUAC(U)7-3’
L/5’ TAA​ 108 —— —— —— 5’-UUGUC….AUAC(U)7-3’

http://www.ictvonline.org/virusTaxonomy.asp
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rhabdoviruses. For example, the severity of disease due to 
rhabdovirus infection in the rainbow trout has been found 
to be temperature dependent, which suggests a critical role 
of water temperature for rhabdovirus infection in fish [28].

In our study, clinical signs, gross pathology, and histopa-
thology of the diseased Chinese rice-field eels were compa-
rable to those observed in a range of other fish species [29]. 

Externally, the main feature of the diseased fish was a swol-
len head. In moribund Chinese rice-field eels, this clinical 
sign was obvious, and electron microscopy revealed large 
rhabdovirus particles dispersed primarily in the cytoplasm 
of brain cells. Further examination showed that bacterial 
pathogens or parasites were not the cause of disease or head 
swelling. Based on clinical signs, lesions, and laboratory 

Fig. 4   Phylogenetic analysis of the rhabdoviruses based on the L protein
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tests, we confirmed that CrERV was the causative agent of 
the disease at the Chinese rice-field eel farm in Qianjiang, 
Hubei Province, China.

In previous studies, many cell lines have been used to 
isolate rhabdoviruses; however, only a few are ideal for iso-
lation and propagation of rhabdoviruses, such as fathead 
minnow, EPC, Chinese perch brain, and grass carp fin cell 
lines [29, 30]. In this study, GiCB was the most susceptible 
cell line and produced typical CPE as early as 3 days post-
inoculation. Electron microscopy revealed the typical bullet-
shaped morphology of rhabdoviruses, with virions ranging 
from 100 to 150 nm in length and 45 to 70 nm in diameter. 
The virus morphology and size were consistent with those 
of rhabdoviruses from other fish species [29, 30]. Moreover, 
the N gene of the rhabdovirus was detected beyond the sixth 
passage in the infected GiCB cell line.

To the best of our knowledge, this is the first report of a 
new rhabdovirus isolated from infected Chinese rice-field 
eels in China based on whole-genome sequencing. Previ-
ously, only the N, P, and G gene sequences of rhabdoviruses 
from Chinese rice-field eels were reported, and analysis of 
the N, P, and G gene sequences revealed a close relationship 
to members of the genus Vesiculovirus [11], which differs 

from the results presented here. We determined the complete 
genome sequence (11,545 nucleotides) of CrERV, and the 
gene organization of CrERV was found to be similar to that 
of rhabdoviruses in the genus Perhabdovirus. The transcrip-
tion initiation signal, AACAG, and termination/polyadenyla-
tion signal, TATG (A)7, of CrERV are relatively conserved 
and similar to those found in SVCV and SCRV [13, 14]. The 
3′ leader region of CrERV is 71 nucleotides, which is similar 
to that of SCRV but slightly shorter than that of HSHRV-
C1207 (72 nucleotides) and longer than that of SHRV (55 
nucleotides). The leader sequence of CrERV begins with 
ACG and is conserved in all known leader RNA sequences 
of the members of the genera Perhabdovirus, Lyssavirus, 
Ephemerovirus, and Vesiculovirus [27]. The 5′ trailer region 
of CrERV is 61 nucleotides long, which is similar to those 
of SCRV and HSHRV-C1207 but shorter than those of 
some novirhabdoviruses, such as IHNV (102 nucleotides), 
HIRRV (73 nucleotides), and longer than some members of 
the genus Sprivivirus, such as SVCV (19 nucleotides) [31].

The sequences of the N, G, and L proteins of CrERV were 
compared to those of other rhabdoviruses, and they shared 
the greatest similarity with members of the genus Perhab-
dovirus. The highest sequence similarity (94.5% identity) 

Fig. 5   RT-PCR results for 
CrERV in the Chinese rice-field 
eels and the GiCB cell line 
as well as the pathogenicity 
of CrERV to healthy Chinese 
rice-field eels. (A) Lanes 1–3, 
naturally infected group; Lanes 
4–6, artificially infected group; 
Lanes 7–9, GiCB cell infected 
group; Lane 10, positive con-
trol, Lane 11, negative control; 
M, DL1000 DNA marker; (B) 
The rate of mortality of the 
Chinese rice-field eels post-
challenge
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was found with proteins of SCRV, HSHRV, and HSHRV-
C1207 [13, 26, 27]. CrERV is distinct from the members of 
the genus Novirhabdovirus, and it showed the least similar-
ity to SHRV (10.1% sequence identity). Many rhabdoviruses 
have additional proteins. For example, novirhabdoviruses 
express a non-structural protein that is necessary for efficient 
replication and helps to evade the innate antiviral response 
of the finfish host [32]. Vesiculoviruses express two small 
proteins (C and C′) from an alternate ORF in the P gene [33]. 
There are also reports that, in several rhabdoviruses, P has 
a fundamental role in evading the innate antiviral response 
of the host [13, 18]. In our study, the P gene of CrERV was 
found to be 971 nucleotides long and the ORF was 864 
nucleotides long, which is longer than that of SCRV and 
slightly shorter than those of HSHRV-C1207 and EVEX [13, 
24, 27]. However, an alternate ORF was not found in the P 
gene of CrERV, which is inconsistent with what has been 
observed in SCRV, HSHRV-C1207, and EVEX, but similar 
to what has been reported for PRV [15]. These results differ 
from our findings, which may be due to the different host 
species and mechanisms for evading the host innate antiviral 
response.

Previously, rhabdoviruses were distinguished serologi-
cally and according to virion morphology; however, current 
characterization associated with species distinction relies on 
phylogenetic relatedness [18]. In this study, the L gene was 
used to elucidate the evolutionary relationship of CrERV 
within the family Rhabdoviridae due to the presence of 
broadly conserved domains and the rarity of genetic recom-
bination, as well as the fact that the L gene is widely used to 
classify members of many virus species [13]. It was found 
that isolates obtained from the Chinese rice-field eel larvae 
formed a monophyletic lineage with SCRV and HSHRV-
C1207 (bootstrap values, 100%). This lineage was geneti-
cally related (65%) to members of the genus Perhabdovirus, 
suggesting that CrERV, together with SCRV and HSHRV-
C1207, may belong to the genus Perhabdovirus.

In conclusion, we have described the isolation and iden-
tification of CrERV from larval and adult Chinese rice-field 
eels for the first time. This virus is linked to outbreaks on 
farms in China, and it appears that water temperature plays 
a role in the disease severity of disease caused by CrERV. 
The complete genome sequence of CrERV shows that it is 
closely related to known SCRV and HSHRV-C1207 isolates. 
CrERV readily infects GiCB cells and induce obvious CPE. 
Infection trials showed that CrERV is virulent to Chinese 
rice-field eels, and based on the findings presented here we 
recommend that farmers work to improve husbandry by 
treating water sources and disinfecting eggs whenever pos-
sible. Future studies should focus on developing effective 
diagnostic methods and exploring control and prevention 
strategies, such as vaccine development, water treatment 
options, and egg disinfection protocols, to reduce the spread 

of this virus and limit its impact on farmers in China and 
worldwide.
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