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Abstract

Ephemeroviruses, belonging to the genus Ephemerovirus within the family Rhabdoviridae of the
Mononegavirales, are non-segmented, negative-strand RNA viruses that infect artiodactyls and blood-
sucking arthropods. Although recent advances in sequencing technology have facilitated the
identification of novel ephemeroviruses, thereby expanding our understanding of this viral genus,
their diversity remains elusive, as evidenced by phylogenetic gaps between currently known
ephemeroviruses. In this study, we analyzed publicly available RNA-seq data and identified a novel
ephemerovirus, tentatively named Punjab virus (PBV), in a water buffalo (Bubalus bubalis [Linnacus,
1758]). We obtained two separate PBV contigs from the RNA-seq data; the first contig covers the N,
P, and M genes, while the second contig covers the G, a, P, v, and L. genes. Together, these PBV
contigs represent 99% of the estimated complete viral genome. Mapping analysis revealed a typical
transcriptional gradient pattern commonly observed in mononegaviruses, suggesting that the water
buffalo is the authentic host for PBV. Sequence comparisons with its closest relatives indicate that the
newly identified virus meets the ICTV species demarcation criteria for sequence divergence. Thus,

this study contributes to a deeper understanding of the diversity of ephemeroviruses.

Keywords

Bubalus bubalis, ephemerovirus, water buffalo



31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

58

Introduction

The diversity of viruses remains largely unknown, with the viruses we know today representing only a
small portion of the entire virosphere [10]. Understanding the diversity of viruses is important from
various perspectives, such as the control of infectious diseases, the elucidation of viral evolution, and
the development of virotherapy. Identification of novel viruses can help with pandemic preparedness,
as emerging infectious diseases can be caused by previously unidentified viruses [17]. Additionally,
many phylogenetic gaps are present between known viruses [26], which suggests the existence of
undiscovered viruses filling the gaps. Furthermore, viruses can be utilized for various treatments and
vaccines. Consequently, understanding the diversity of viruses is crucial from a variety of
perspectives.

Ephemeroviruses, members of the genus Ephemerovirus within the family Rhabdoviridae of
the order Mononegavirales, possess single-stranded negative-strand RNA as their genomes [30].
These genomes encode structural proteins N, P, M, G, and L, as well as several nonstructural proteins
that are encoded between the G and L genes. The genes encoding structural proteins are conserved
among all the known ephemeroviruses, whereas the genes encoding nonstructural proteins may vary
among the viruses.

Ephemeroviruses have been detected in artiodactyls and blood-sucking arthropods [30, 31].
Bovine ephemeral fever virus (BEFV), which is the type virus of the genus Ephemerovirus, is an
arbovirus proven to cause a disease called BEF in certain ruminants, such as cattle [31]. Animals
affected by BEF exhibit symptoms like acute fever, arthralgia, and dropping milk production, which
result in economic loss. On the other hand, the pathogenicity of other ephemeroviruses remains
unclear, although some ephemeroviruses have been reported in animals showing symptoms [3].

A diverse range of ephemeroviruses have been detected through various methods to date, and
recent advancements in metagenomic analyses have expedited these discoveries. However, there still
remain large phylogenetic gaps among ephemeroviruses [30], suggesting the presence of
undiscovered ephemeroviruses that fill the gaps. Therefore, further exploration of ephemeroviruses is
crucial for a more comprehensive understanding of the diversity and potential pathogenicity of

ephemeroviruses.
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In this study, we investigated the diversity of ephemeroviruses by analyzing publicly available
RNA-seq data. We identified novel ephemerovirus sequences, tentatively named Punjab virus (PBV),
in RNA-seq data obtained from a water buffalo (Bubalus bubalis [Linnacus, 1758]). Our detailed
sequence analysis revealed that the viral genome sequence is divided into two contigs, estimated to
cover approximately 99% of the complete genome. Phylogenetic analysis showed that this novel
ephemerovirus forms a cluster with Kokolu virus, Puchong virus, and Hayes Yard virus. Moreover,
PBV meets the ICTV species demarcation criteria for sequence divergence, suggesting that this virus

can be classified as a new species within the genus Ephemerovirus.

Material Method

Detection of ephemerovirus-like contigs

RNA-seq data (accession number SRR8476835) were downloaded from the NCBI SRA [24], which
were preprocessed by fastp 0.23.2 [6] using the "-1 35 -x -y" options. The preprocessed reads were
then assembled by Trinity 2.14.0 [12], SKESA 2.5.1 [27], SPAdes v3.15.5 [23], or metaSPAde
v3.15.5 [22] using the default setting. Contigs obtained by Trinity that were 100 nucleotides or more
were extracted using SeqKit 2.3.0 [25], and then clustered using CD-HIT v4.8.1 [9] with a threshold
of 0.98. The clustered contigs were used for a two-step sequence similarity search as follows.

In the first step, a sequence similarity search was conducted against a custom database
containing protein sequences of viruses belonging to the kingdom Orthornavirae by MMseqs2
version c48da9d781b81804727b5cccfed7f97cfec20c9d [28] using the clustered contigs as queries.
From the hit contigs, those with E-values of less than 102° and whose top hits (hit sequence with the
highest score) were viruses were extracted. Among the extracted contigs, only one representative
sequence was used in the subsequent analysis for a group of sequences considered to be isoforms
based on the contig IDs.

The second sequence similarity search was performed against the NCBI nr database [24] by
BLASTx 2.13.0 [4] with the options "-evalue 1e-20 -max_target seqs 10 -word_size 2 -
lcase_masking" using the extracted contigs as queries. The contigs whose BLAST best hits were

viruses were extracted and used in subsequent analyses as virus-like contigs.
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Validation of the virus-like contigs by mapping analysis

To validate the accuracy of virus-like contigs, a mapping analysis was performed. The original RNA-
seq data (accession number SRR8476835) were mapped to the obtained PBV contigs by HISAT2
2.2.1[18], and the read depth at each position was calculated using SAMtools 1.16.1 [7]. The

positions covered by five or more reads were considered as reliable positions.

Annotation of the virus-like contigs

Open reading frames (ORFs) consisting of more than 256 nucleotides (based on the lengths of
ephemeroviral ORFs) were identified in the virus-like contigs using Geneious Prime
(https://www.geneious.com). ORFs that spanned transcription signals (see below) were manually
corrected. BLASTp searches were conducted against the protein sequences of viruses (taxid:10239) in
the NCBI nr database on the BLAST web server using translated sequences of ORFs as queries. The
following options were used: Word size: 3; Expect threshold: 10°.

To identify transcription signals, conserved motifs were searched by MEME 5.5.0 [1] with the
options "-mod oops -maxw 10 -nmotifs 3 -dna" using the sequences of intergenic regions. Each
identified motif sequence with its flanking 4 nucleotides was extracted, which were aligned by
MAFFT v7.490 using the E-INS-i algorithm [15]. Putative transcription signals were determined
based on the alignments.

Signal peptide prediction was performed using the SignalP 6.0 web server [29].

Phylogenetic analyses

Phylogenetic trees were inferred using the putative amino acid sequences of N, G, or L proteins of
PBYV, known members of the genus Ephemerovirus, and three other rhabdoviruses (outgroups) (Table
S1). The sequences were aligned by MAFFT v7.490 using the E-INS-i algorithm, and the
ambiguously aligned regions were trimmed by Trimal v1.4.rev22 with the “-strict” option [5].

Phylogenetic trees were reconstructed by the maximum likelihood method using RAXML Next
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Generation 1.1.0 [20]. LG+I[+G4, WAG+I+G4+FC, and LG+I+G4+FC models, chosen by

ModelTest-NG v0.2.0 [8], were used for the inference of N, G, and L trees, respectively.

Determination of pairwise sequence identities
Amino acid sequences of N, G, or L proteins of PBV and closely related ephemeroviruses (Table S1)
were aligned by MAFFT, and then pairwise sequence identities were determined using Sequence

Demarcation Tool version 1.2 [21].

Mapping analysis to detect Punjab virus infection

To detect PBV infection, a total of 46,244 publicly available RNA-seq data (accession numbers are
available in Supplementary Materials) were downloaded and preprocessed by fastp 0.23.2 with the
options "-x -y -1 35". The preprocessed reads were then mapped to the PBV contigs using HISAT2
2.2.1. The numbers of mapped reads were counted using SAMtools. The mapped reads were also

manually analyzed to check the accuracy of the mapping.

Results

Identification of a novel ephemerovirus

In our previous study, we performed a large-scale metaviromic analysis and detected many RNA
viruses from publicly available RNA-seq data [16]. However, detailed analyses were conducted only
for the viral sequences that were close to the full-length genomes. Consequently, many of the detected
partial viral sequences have not yet been analyzed well. Therefore, we reanalyzed the BLAST results
obtained in the previous study and found that one of the RNA-seq data sets (accession number
SRR8476835) obtained from the blood of a water buffalo (B. bubalis) [13] contains ephemerovirus-
like sequences. To confirm this result, we again performed de novo assembly and a two-step sequence
similarity search using the resultant contigs. Consistent with the previous result, we detected two
ephemerovirus-like contigs whose respective BLAST best hits were Hayes Yard virus N protein

(QEA08650.1; 90.3% identity) and Puchong virus L protein (QEA08648.1; 78.4% identity) (Table 1).
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To validate the accuracy of obtained ephemerovirus-like contigs, we mapped the original short
reads to the contigs and measured the read depths. In this study, we defined positions mapped by five
or more reads as “reliable” regions. As a result, we removed some of the extreme terminal sequences
of the obtained contigs, resulting in contigs with lengths of 3007 (Contig 1) and 11819 (Contig 2)
nucleotides. It is important to note that the mapping pattern showed a typical transcription gradient
observed in mononegaviruses, further supporting the assertion that the contigs are derived from an

ephemerovirus (Fig. 1).

Characterization of the ephemerovirus-like contigs
To determine the genomic structure of PBV, we extracted ORFs from the contigs and performed
BLAST)p searches using each of the ORFs as a query. As a result, we identified three and seven ORFs
in Contig 1 and Contig 2, showing sequence similarities to N, P, and M and G, Gns, al, a2, B, vy, L
genes of other ephemeroviruses, respectively (Table S2). Because it was initially unclear whether the
annotated G gene is full length or not due to its location at the end of contig (Fig. 1b), we
characterized the putative G protein in silico. The putative G protein sequence was predicted to
contain a signal peptide at the N-terminus (Fig. S1a). Furthermore, the putative G protein was
alignable with the full-length G proteins of related viruses (Fig. S1b). These results strongly suggest
that the annotated G gene is full-length. On the other hand, the stop codon of L gene was not included
in the contig (Fig. 1b).

We subsequently performed MEME searches to identify putative transcription signal sequences
in the intergenic regions. These searches, in combination with manual curation, identified putative
transcription initiation signals 5’~AACAGG-3" and termination/polyadenylation signals 5°-

ATGAAAAAAA-3’ (Fig. l¢).

Phylogenetic analysis
To understand the evolutionary relationships between PBV and other ephemeroviruses, we conducted
phylogenetic analyses using the amino acid sequences of the N, G, and L proteins (Figs. 2 and S2).

All the trees show that PBV forms a well-supported cluster with Kokolu virus, Puchong virus, and

7
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Hayes Yard virus, and diverged earlier than these three viruses. Additionally, the clade containing

PBYV and the aforementioned three viruses is closely related to the clade containing BEFV.

Amino acid sequence divergence between Punjab virus and the closely related viruses

To investigate the amino acid divergence between PBV and the closely related viruses, we determined
pairwise identities using SDT with the amino acid sequences of N, G, and L proteins from closely
related viruses listed in Table S1. The maximum amino acid identities were 91.2% for the N protein
(Puchong virus), 64.5% for the G protein (Kokolu virus), and 77.8% for the L protein (Berrimah

virus), respectively (Fig. 3).

Mapping analysis to detect infection from other public RNA-seq data

To gain more insight into PBV infection, we searched for PBV-like sequences in public RNA-seq
data by mapping analysis. Given that some ephemeroviruses are known to be arboviruses, we mapped
short reads from publicly available RNA-seq data of ticks (subclass Acari), mosquitos (family
Culicidae), biting midges (family Ceratopogonidae), and bovines (subfamily Bovinae) to PBV
contigs, and then counted the number of mapped reads. We detected a small amount of mapped reads
from three RNA-seq data sets belonging to the same BioProject from which we originally detected the
viral contigs (Table S3). However, we cannot rule out the possibility that these were due to cross-
contamination and/or index hopping, and therefore it is unclear whether these samples really

contained the virus.

Discussion

To date, 13 species of viruses have been identified in the genus Ephemerovirus. However, the
divergence of ephemeroviruses remains unclear, as suggested by the presence of phylogenetic gaps
[30]. In this study, we identified a novel ephemerovirus in publicly available RNA-seq data obtained
from B. bubalis. A series of analyses showed that the identified viral sequences possess a typical
ephemerovirus genome structure and also exhibit a characteristic transcription pattern of

mononegaviruses. Importantly, our analyses demonstrated that the PBV exhibits an amino acid

8
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sequence divergence of 8.8%, 35.5%, and 35.2% from the most closely related viral N, G, and L
proteins, respectively (Fig. 3). This fulfills the current species demarcation criteria of the genus
Ephemerovirus in terms of sequence divergence. Although we were unable to obtain a single contig of
this virus, and the L protein lacks its C-terminal sequence, our data suggest that the PBV can be
classified as a new species within the genus Ephemerovirus.

The pathogenicity of PBV remains uncertain. The RNA-seq data (SRR8476835), used for this
study was sourced from a blood sample collected from a water buffalo affected by metritis. In the
same BioProject (PRINAS514883), there exists additional RNA-seq data (SRR8476836) obtained from
another individual also affected by metritis. However, only a few viral reads were detected in this
second individual (SRR8476836), creating ambiguity regarding whether the water buffalo was indeed
infected by PBV, especially considering cross-contamination and index hopping [19, 32]. Hayes Yard
virus, one of the closely related ephemeroviruses, was isolated from a bull (Bos indicus [Linnaeus,
1758]) afflicted with a severe ephemeral fever-like illness, but it remains inconclusive whether this
virus was the causative agent [3]. Furthermore, while preparing this manuscript, we noted that another
study identified a novel ephemerovirus, which can be classified into the same species as PBV, in a
febrile cow (Figs. S3) [11]. Further epidemiological studies are essential to improve our
understanding of the pathogenicity of ephemeroviruses, including PBV.

The mapping pattern provides strong evidence that B. bubalis is a legitimate host for PBV. In
viral metagenomic analysis, host identification can sometimes be challenging because samples may
contain nucleic acids from viruses of various environmental and dietary origins. Our mapping analysis
showed the typical transcription gradient from N to L genes observed in mononegaviruses, implying
that PBV was actively transcribing in the samples. Since the RNA was extracted from blood, the
likelihood of contamination is minimal. Moreover, the genetically related viruses were also detected
from bovines [2, 3, 14]. Considering these points, B. bubalis would be an authentic host for PBV. It
should be noted that some ephemeroviruses are known to be arboviruses. As PBV was detected in
blood samples, it is plausible that the virus could be transmitted by arthropod vectors. Further studies

are required to elucidate the transmission route of PBV.
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In this study, we only obtained two separate contigs of the PBV genome, but not a single one.
Besides using Trinity, we performed de novo assembly with several assemblers (SKESA, SPAdes,
metaSPAdes), yet we consistently obtained two separate contigs (data not shown). This is likely
because the mRNA-seq does not adequately cover the intergenic regions (Fig. 1). Unfortunately, only
a few viral reads were detected from RNA-seq data other than the initially detected one (Table S3),
making co-assembly unavailable. Further accumulation of data or in-depth molecular epidemiological
studies are required to determine the complete genome of PBV.

Together, we identified a novel ephemerovirus from public RNA-seq data, thereby contributing
to a deeper understanding of the diversity of ephemeroviruses. However, the virological
characteristics of PBV, such as its pathogenicity and infection route, remain unclear. Further
identification of infected individuals and the accumulation of sequence information would contribute

to the characterization of PBV.
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Figure legends

Figure 1. Genomic organization of Punjab virus. (a) Genomic organization and transcription
profile of Punjab virus. Pink arrow boxes show open reading frames. Short reads from SRR8476835
were mapped to the Punjab virus contigs and visualized. (b) Putative transcription signal sequences of

Punjab virus.

Figure 2. Phylogenetic relationship of Punjab virus and ephemeroviruses. Phylogenetic trees
were reconstructed by the maximum likelihood method using amino acid sequences of N (a) or L (b)
protein of Punjab virus, ephemeroviruses, and outgroup rhabdoviruses. Bootstrap values equal to or
more than 70 are shown on each branch. The scale bar indicates the number of amino acid

substitutions per site.

Figure 3. Sequence divergence of Punjab virus and related ephemeroviruses.

Pairwise amino acid sequence identities of N (a), G (b), or L (¢) proteins between Punjab virus and
related ephemeroviruses were determined using Sequence Demarcation Tool [21]. Punjab virus;
PUCV, Puchong virus; KoV, Kokolu virus; HY'V, Hayes Yard virus; BRMYV, Berrimah virus; BEFV,

Bovine ephemeral fever virus.
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Table 1. The top hits of BLASTX analysis.

BLAST best hit

Query Accession Virus name Protein

Identity (%) Length (aa)

Contig 1 QEA08650.1 Hayes Yard virus N protein
Contig 2 QEA08648.1 Puchong virus L protein

90.3
78.4

432
2098
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Figure 2
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