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Abstract During a survey of apparently healthy baitfish

from the state of Minnesota, a novel piscine-myocarditis-

like virus (PMCLV) was detected in golden shiners

(Notemigonus crysoleucas). The nearly complete genome

sequence is 5819 nt long, including a partial 5’ untrans-

lated region (UTR) of 100 nt. The sequence is divided into

three ORFs: the complete ORF1 and ORF2, encoding

proteins of 818 and 831 amino acids, respectively, and a

partial ORF3 encoding 248 amino acids of the corre-

sponding protein. This novel virus sequence was most

closely related to piscine myocarditis virus (PMCV), with a

49.0 % and 58.2 % amino acid identity in the ORF1

(YP005481249)- and ORF2 (YP004581250)-encoded pro-

teins, respectively. Six of 56 retail outlets (e.g., bait shops)

were positive during the 2014–2015 survey, indicating a

10.7 % prevalence of the novel virus in this population of

golden shiners. Currently, there is no disease that is known

to be associated with this virus.

Introduction

Baitfish farming is a large aquaculture industry in the

United States, with 257 baitfish farms producing farm-gate

value of $38 million in 2005 and retail sales 10-15 times

greater [17]. The baitfish industry in the USA distributes

more than 10 billion fish per year across the country. These

fish are distributed through wholesale and retail networks

to recreational anglers who take the live baitfish to rivers

and lakes, where they may be consumed by predators or

released into the wild [6]. In addition, large quantities of

baitfish are sold as forage for the production of predatory

species such as walleye and muskellunge. The golden

shiner (Notemigonus crysoleucas) is one of the most

important baitfish in the USA, with 76 farms producing

$17.1 million worth of these fish in 2005 [17]. The majority

of these golden shiners routinely undergo regulatory

inspection for important viral diseases, such as viral hem-

orrhagic septicemia virus. However, the health status of

fish at retail remains largely unknown. To identify potential

pathogens that are being transported via the baitfish trade, a

survey of golden shiners at retail outlets (e.g., bait shops) in

Minnesota was performed. A metagenomics approach was

used for the detection of all possible viruses associated

with these apparently healthy golden shiners. We detected

a previously uncharacterized novel piscine-myocarditis-

like virus in golden shiners, which is the subject of this

study.

Piscine myocarditis virus (PMCV) is a non-enveloped

icosahedral double-stranded RNA virus belonging to the

family Totiviridae. Its 50-nm virion is slightly larger than

that of other members of family Totiviridae [7], which has

five recognized genera, Totivirus, Victorivirus, Leishma-

niavirus, Giardiavirus, and Trichomonasvirus. The mem-

bers of Totivirus and Victorivirus infect yeast and fungi,

while members of Giardiavirus and Leishmaniavirus infect

parasitic protozoa [18]. Two unassigned members of the

family Totiviridae are infectious myonecrosis virus

(IMNV) and PMCV. These two unassigned viruses cluster

with members of the genus Giardiavirus, but it is not clear

if they should be regarded as forming a new genus within

the family Totiviridae or a new species within the genus
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Giardiavirus. Other unclassified viruses in the family To-

tiviridae include Armigeres subalbatus totivirus (AsTV) of

mosquitoes (Armigeres subalbatus), Drosophila totivirus

(DTV) of fruit flies (Drosophila melanogaster), Omono

River virus (OMRV) of Culex mosquitoes and Tianjin

totivirus (ToV-TJ) of bats (Myotis ricktti) [8, 10, 20, 21]. A

new genus named Artivirus has been proposed to include

three arthropod-infecting totiviruses (AsTV, DTV and

IMNV) [21].

PMCV is the causative agent of cardiomyopathy syn-

drome (CMS), which causes inflammatory heart disease,

primarily in farmed and wild Atlantic salmon (Salmo salar

L.) [5, 7, 16, 19]. The disease was first detected in Norway

in 1985 and later was diagnosed in farmed Atlantic salmon

in the Faeroe Islands in Scotland and in British Columbia,

Canada [1, 2, 12, 13]. Recently, PMCV was detected in

Atlantic argentine (Argentina silus, Ascanius) in Norway

[3, 7].

The genome of PMCV is 6688 nucleotides in length and

contains three open reading frames (ORF1, ORF2 and

ORF3) [7]. Open reading frame 1 encodes a putative capsid

protein of 861 amino acids, while ORF2 encodes an RNA-

dependent RNA polymerase (RdRp) and is the only region

of the genome identifiable by BLASTx. The putative ORF3

(302 aa) has not been described previously in any member

of the family Totiviridae, and the precise role of the

encoded product is unknown [15, 19]. In this study, we

describe a novel PMCV-like virus in golden shiner, named

GS-PMCLV (golden shiner piscine-myocarditis-like virus)

from Minnesota, USA.

Materials and methods

Source of samples

Thirty golden shiners were collected, using a dipnet, from

56 retail outlets in Minnesota from May to October 2014

(n = 25) and December 2014 to February 2015 (n = 31).

All collected fish were delivered live on the same day to

the University of Minnesota Veterinary Diagnostic Labo-

ratory (UMVDL). Upon arrival, fish were euthanized with

an overdose of MS-222 (Argent Chemical Laboratories,

WA, USA), and a gross examination and necropsy were

performed.

Virus isolation

The entire viscera of 30 fish were pooled in groups of five,

resulting in six pooled samples per location. Virus isolation

was performed according to the US Fish and Wildlife

Service and American Fisheries Society – Fish Health

Section Blue Book as described previously [9, 11]. Briefly,

a 10 % homogenate of the entire viscera was prepared in

Hanks’ balanced salt solution followed by centrifugation at

2500 9 g for 15 min at 4 �C. The supernatant was inocu-

lated onto epithelioma papulosum cyprini (EPC), fathead

minnow (FHM), and chinook salmon embryo (CHSE) cell

lines at 15 and 22 �C. If no cytopathic effects (CPE) were

observed after 14 days of incubation, the cell cultures were

passaged on fresh cells and observed for an additional 14

days.

Illumina sequencing

The clarified supernatant of processed tissue pools from 25

retail outlets collected during May – October 2014 were

combined into one pool per location for next-generation

sequencing (NGS) as described previously [9]. Briefly,

good-quality total viral RNA free from ribosomal RNA and

DNA was extracted using TRIzol LS Reagent (Invitrogen,

NY, USA), followed by RNA purification using a QIAamp

Viral RNA Mini Kit (QIAGEN, Valencia, CA). Extracted

RNA was submitted to the University of Minnesota Geno-

mic Center (UMGC) for Illumina Miseq analysis. The

library was prepared using TruSeq RNA v2 followed by

sequencing on a 300 PE run on the MiSeq. The obtained

sequence reads were analyzed using CLC Genomics

Workbench 7.5 (http://www.clcbio.com). After trimming

adaptor sequences and sequence quality testing, contigs

were prepared by de novo assembly. Extracted contigs were

analyzed using BLASTx at NCBI (http://blast.ncbi.nlm.nih.

gov/Blast.cgi). The ORFs were predicted using the ORF

Finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).

Sequence analysis and phylogeny

Based on the study sequence, sets of overlapping primers

were designed for confirmation of the Illumina sequence.

Amplified PCR products were purified and sequenced in

both directions using the same forward and reverse pri-

mers. The nucleotide sequences generated in this study

were aligned and compared with previously reported

sequences of PMCV and other members of the family

Totiviridae available in the GenBank database. Sequences

were aligned using ClustalW in MEGA 6.06 software [14].

The best substitution model for analysis of protein

sequences by the maximum-likelihood method was selec-

ted based on the lowest BIC (Bayesian information crite-

rion) score in MEGA 6.05. The amino acid substitution

model LG?G (gamma distribution with 5 rate categories)

was used for ORF1 and ORF2 to generate phylogenetic

trees with 1000 bootstrap replicates. Geneious Pro software

was used for sequence comparison and calculation of

pairwise identity of nucleotide (nt) and amino acid (aa)

sequences [4].
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Reverse transcription polymerase chain reaction

(RT-PCR)

Based on the study sequence, a primer set was designed

targeting the RdRp gene for standardization of an RT-PCR

assay to screen all locations (one pooled sample per loca-

tion, n = 56) in the survey. The primers UM-GS-

PMCLV_RdRp_F (5’-TATTGAGCGGGTGGAGATTC-

3’) and UM-GS-PMCLV_RdRp_R (5’-TAGGCGGATG-

TACCCACTTC-3’) were designed targeting nt 3701-3720

and 4602-4622 of the RdRp gene, generating an amplified

product of 921 bp. A OneStep RT-PCR Kit (QIAGEN,

Valencia, CA) was used for the PCR reaction, and a 25-lL
reaction mix was prepared according to the instructions

provided with the kit. The amplified PCR products were

analyzed in an ethidium-bromide-stained 1.2 % agarose

gel. A single band of the expected product size confirmed

the presence of target virus. Amplified products were

purified using a QIAGEN PCR purification kit and then

submitted to the UMGC for Sanger sequencing using the

forward and reverse primers that were used for RT-PCR.

These forward and reverse sequences were aligned using

Sequencher 5.1 software (http://www.genecodes.com),

followed by BLAST analysis (http://www.ncbi.nlm.nih.

gov).

Results

Gross examination and virus isolation

No clinical abnormalities or notable lesions were observed

in the golden shiners collected from 56 retail outlets as part

of the survey. No CPE associated with the novel GS-

PMCLV was observed after two passages on EPC, FHM,

or CHSE cells at 15 or 22 �C.

Sequence analysis and phylogeny

In three out of 25 samples, de novo assembly resulted in

sequence contigs belonging to a novel virus resembling

members of the family Totiviridae. Sequence quality was

confirmed by Sanger sequencing, which gave 100 % nt

sequence identity to the Illumina sequence from nt 1-5819.

The sequences were most closely related to the previously

reported PMCV (accession no. HQ339954; protein acces-

sion nos. YP004581249 [ORF1], YP004581250 [ORF2],

and YP004581251 [ORF3]) isolated from Atlantic salmon.

The nearly complete genome sequence of the novel virus is

5819 nt long, which is 869 nt shorter than the reference

PMCV genome sequence (6688 nt). The 5’ untranslated

regions (UTRs) in the novel sequence is 100 nt long,

smaller than the 444-nt 5’ UTR of the PMCV reference

(Table 1). This indicates that the novel sequence likely has

an incomplete 5’ UTR. The sequence, named GS-PMCLV/

USA/MN/2014, has been submitted to GenBank with

accession number KT725636.

The novel sequence is divided into three ORFs (ORF1,

ORF2 and ORF3) (Fig. 1). ORF1 encodes a putative

structural protein of 818 aa from nt positions 101 to 2557

(2457 nt) with a start codon at nt 101-103 and a stop codon

at nt 2555-2557. The predicted product of ORF1 is 43 aa

shorter than the 861-aa ORF1 product of the PMCV ref-

erence genome sequence. The ORF1-encoded protein has a

predicted molecular mass of 88.2 kDa, which is smaller

than the 91.8-kDa protein of the reference strain, but the pI

value of 6.85 is higher than 5 that of the reference strain

(pI = 5.4). The GC content of 51.6 % is also less than that

of the reference strain (56.2 %). Similar to reference strain,

the sequence from this study does not have a 2A-like motif

or a dsRNA-binding motif, which are characteristics fea-

tures of IMNV.

ORF2 has interesting features that are different from

those of the reference PMCV genome. It encodes an RdRp

similar to those of PMCV and other members of the family

Totiviridae. This protein is 831 aa long, which is 105 aa

longer than that encoded by ORF2 in the reference genome

(726 aa). ORF2 is present in reading frame ?1 at nucleo-

tide position 2305-4800 with an overlap of 252 nt with

ORF1, which is different from the reference PMCV gen-

ome, where ORF2 is present in reading frame ?3 with a

gap of 87 nt between it and the stop codon of ORF1. The

GC content is 40.7 %, compared to 43.56 % for the

Table 1 Comparison of the genome sequence of golden shiner-pis-

cine myocarditis-like virus GS-PMCLV with the reference PMCV

sequence

Genome features GS-PMCLV PMCV AL V-708

Total genome size 5819 nucleotides* 6688 nucleotides

5’ UTR 100 nucleotides* 444 nucleotides

3’ UTR - 241 nucleotides

ORF 1 Size 818 amino acids 861 amino acids

Mass 88.2 kDa 91.8 kDa

pI 6.85 5.4

GC content 51.6 % 56.2 %

ORF2 Size 831 amino acids 726 amino acids

Mass 93.8 kDa 83.1 kDa

pI 9.92 9.42

GC content 40.7 % 43.5 %

ORF3 Size 248* amino acids 302 amino acids

* partial 5’UTR and ORF3
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reference PMCV sequence. Interestingly, the molecular

mass of the ORF2 product (93.84 kDa) is greater than that

of the reference PMCV (83.1 kDa), but their pI values are

similar (9.92 and 9.42, respectively). The slippery hep-

tanucleotide sequence was not observed in the study

sequence, which is a characteristic feature of both the

reference PMCV and IMNV genomes. A ribosomal -1

frameshift effect was observed in the reference PMCV

sequence due to the presence of the slippery heptanu-

cleotide, which leads to formation of a fusion protein.

A gap region (291 nt) is present between the stop codon

of ORF2 and the start codon of ORF3 in the study

sequence, which is 41 nt longer than the gap region in the

reference PMCV sequence (250 nt). The encoded protein

sequence is 248 aa long with no stop codon and hence

appears to be incomplete at the 3’ end. BLASTx analysis of

ORF3 revealed a match with a C-X-C chemokine 3 motif,

which is present at the N-terminal end from aa 17 to 60.

The reference PMCV sequence also has a C-X-C motif at

its N-terminal end, and this sequence showed similarity to

that of chemokine 11.

Phylogenetic analysis

Based on phylogenetic analysis of ORF1, the study

sequence most closely grouped together with PMCV, with

a maximum aa sequence identity of 49.0 % (Fig. 2,

Table 2). Similar to ORF1, the ORF2 of the study sequence

grouped most closely with PMCV, with a maximum aa

sequence identity of 58.5 %. After PMCV, the ORF2 study

sequence had a maximum aa sequence identity of 27.5 %

with Giardia lamblia virus (GLV) (Fig. 3, Table 2). The

ORF3 sequence had minimal sequence similarity to the

C-X-C motif of chemokine 3 and only 16.3-17.2 % aa

sequence identity to reference PMCV sequences.

RT-PCR

The RT-PCR assay designed in this study targeting the

RdRp gene was sensitive and specific for detection of GS-

PMCLV. A single band of 921 bp confirmed the presence

of GS-PMCLV. Three samples that were positive by Illu-

mina sequencing were confirmed using this assay, and an

additional three pooled samples were positive. A total of

six locations out of 56 were positive, resulting in a 10.7 %

prevalence of GS-PMCLV at the surveyed Minnesota bait

shops. The sequences of all RT-PCR-positive samples were

100 % identical with sequences obtained by Illumina

sequencing.

Discussion

Next-generation sequencing is one of the most advanced

techniques for detection and complete genome amplifica-

tion of known and unknown pathogens present in a sample.

We used this technique for the detection of all known and

unknown pathogens circulating in apparently healthy

golden shiners collected from bait shops in Minnesota.

During this screening, we identified a novel PMCV related

to members of the family Totiviridae.

The nearly complete genome of 5819 nt includes a

partial 5’ UTR, the complete ORF1 and ORF2, and a

partial ORF3. The study sequence is 869 nt shorter than the

reference PMCV. This could be because the 5’ and 3’

UTRs and ORF3 are incomplete, which needs to be con-

firmed in the future by complete sequencing of both UTRs.

Interestingly, no slippery heptanucleotide was identified in

ORF1 of the study sequence, despite being present in

PMCV [7]. In the reference PMCV, ORF1 and ORF2 were

predicted as nonoverlapping ORFs, which is also in con-

trast to the study sequence, in which ORF1 and ORF2 are

predicted to overlap [7]. Phylogenetic analysis of ORF1

and ORF2 aa sequences showed that GS-PMCLV was most

closely related to PMCV [7]. Based on the most conserved

ORF2-encoded RdRp aa sequences, GS-PMCLV had a

maximum identity of 58.2 % to the reference PMCV, fol-

lowed by 27.5 % with GLV. The criteria established by the

International Committee on Taxonomy of Viruses (ICTV)

for species demarcation are not consistent for all genera in

the family Totiviridae. However, the criteria for demarca-

tion of a species within a genus includes less than 50 %

Fig. 1 Genome arrangement of golden shiner-piscine myocarditis-like virus (GS-PMCLV). The shaded are shows the overlapping region of

ORF1 and ORF2. *, partial 5’UTR and ORF3; **, 3’UTR not amplified
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identity at the protein level [18]. If we consider the criteria

for unassigned species in the family Totiviridae, both ref-

erence PMCV and GS-PMCLV should be grouped together

in a novel genus within the family Totiviridae, since they

share more than 50 % aa sequence identity in RdRp and

have less than 50 % identity to the most closely related

GLVs.

To the best of our knowledge, this is the first report of a

totivirus from freshwater fish. In this study, a GS-PMCLV

prevalence of 10.7 % was observed in pooled samples of

golden shiners collected at Minnesota bait shops from May

2014 to February 2015. The prevalence of GS-PMCLV

within golden shiner populations at a single bait shop or

source farm is unknown. Additional surveys of source

populations by the specific and sensitive RT-PCR assay

developed in this study are warranted to estimate the

prevalence of this virus in the golden shiner industry and to

study its molecular epidemiology. Understanding the dis-

tribution and monitoring the health of GS-PMCLV-positive

populations would help to inform management decisions.

Although the PMCV is known to cause high mortality

and morbidity in Atlantic salmon, the golden shiners in this

study infected with GS-PMCLV did not show any indica-

tion of gross pathology. It is possible that GS-PMCLV does

not cause disease in fish and is simply a virus of minimal

concern. It is equally plausible that golden shiners are

asymptomatic carriers of GS-PMCLV and the ultimate

potential of this virus in other species or locations has not

yet been realized. Research on seasonality, host species,

stress, virus strains, and other factors affecting suscepti-

bility and disease-causing potential are worthy of further

investigation.

As molecular diagnostic techniques improve and

deep sequencing becomes more common, we expect

Fig. 2 Phylogenetic tree

constructed based on 800 amino

acids of ORF1 (capsid protein).

The tree was constructed in

MEGA 6.06 by the maximum-

likelihood method, using the

LG?G model and 1000

bootstrap replicates. The study

sequence is highlighted in bold

Table 2 Comparison of GS-PMCLV to related viruses of the family

Totiviridae

Virus Percent amino acid sequence identity

ORF1 ORF2 ORF3

PMCV 48.8-49.0 58.2 16.3-17.2

GLV 7.8 27.5 -

IMNV 8.3 - -

GS-IMNLV 10.7 - -

GS-PMCLV, golden shiner piscine myocarditis like virus; PMCV,

piscine myocarditis virus; GLV, Giardia lamblia virus; IMNV,

infectious myonecrosis virus; GS-IMNLV, golden shiner infectious

myonecrosis-like virus
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similar reports of novel viruses of fish to emerge.

Understanding the epidemiology and potential pathol-

ogy of each is critical for early detection, risk assess-

ment, and informing evidence-based management to

protect the health of wild and farm-raised fish

populations.
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