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ABSTRACT. Here, we performed next-generation sequencing (NGS) on six large flying foxes
(Pteropus vampyrus) collected in Indonesia. Seventy-five virus species in the liver tissue of each

J. Vet. Med. Sci. specimen were listed. Viral homologous sequences in the bat genome were identified from the
83(7): 10681074, 2021 listed viruses. This finding provides collateral evidence of viral endogenization into the host
genome. We found that two of the six specimens bore partial sequences that were homologous
to the plant pathogens Geminiviridae and Luteoviridae. These sequences were absent in the P.
vampyrus chromosomal sequences. Hence, plant viral homologous sequences were localized to
the hepatocytes as extrachromosomal DNA fragments. Therefore, this suggests that the bat is a
potential carrier or vector of plant viruses. The present investigation on wild animals offered novel
perspectives on viral invasion, variation, and host interaction.
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Bats are major natural viral reservoirs and may cause zoonoses [6, 14, 33]. They move over a wide range, harbor numerous live
viruses, and directly or indirectly transmit them to other animals and humans [2, 24]. As their biology and ecology are complex, it
is difficult to estimate the risk that they could initiate viral epidemics or pandemics [7].

The large flying fox Pteropus vampyrus belongs to the family Pteropodidae. This megabat is distributed in Southeast Asia
including Indonesia [22]. Fruit bat habitats vary among human societies. Humans may enter into contact with bats by consuming
bushmeats. Moreover, sick or injured bats may fall from trees in residential areas [1, 17]. Large flying foxes are natural viral
hosts. They can harbor Hendra and Nipah viruses [25-27]. These viruses should be transmitted from bats to humans either directly
or via intermediate hosts such as domestic pigs and horses, long-tailed macaques (Macaca fascicularis), crested serpent eagles
(Spilornis cheela), and wild boars (Sus scrofa) [13]. To predict future spillover events from wildlife, it is necessary to characterize
the viral species borne by natural hosts and monitor host distribution and behavior. These investigations and analyses are feasible
for domestic animals. However, artificial control of wild animals is difficult [15]. Our joint research team consisted of Indonesian
and Japanese scientists who studied the risk and control of infectious viral diseases transmitted by flying foxes in Indonesia. Our
previous ecological studies investigated the behavioral traits of flying foxes and bat-human interactions in Indonesia [4, 16, 17].
We isolated Pteropine orthoreovirus from an Indonesian population of P. vampyrus. This pathogen belongs to the Reoviridae and
causes respiratory symptoms in humans [30]. Nevertheless, rapid, exhaustive screening methods are required to estimate the risks
of pathogenesis in wild host animals.

The analysis of viral sequences in organisms helps disclose the current viral infection status and transmission risks as well as
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prior viral invasions as endogenous viral elements. Several virus-derived sequences integrated in the genome are called retroviral
elements [12, 20]. Certain genes that govern the evolutionary acquisition of novel traits might have been derived from viral
endogenizations in ancestral species [3, 23]. An earlier report demonstrated that viral sequence endogenization into the host
genome could occur in extant species such as bats and may include non-retroviral RNA viruses [18, 21]. Thus, investigation of
viral homologous sequences in host cells is invaluable for research into infectious diseases, evolutionary modification of the host
genome, and virus-host interactions.

In the present study, we estimate conserved viral sequences based on next-generation sequencing (NGS) and in silico analysis.
We identify the viral homologous sequences in Indonesian P. vampyrus and indicate the differences among sequences within each
specimen.

MATERIALS AND METHODS

Animal experiment

All applicable international, national, and/or institutional guidelines for animal care and use were followed. Flying foxes were
captured with permission of the Director-General of the Conservation of Natural Resources and Ecosystems of the Indonesian
Ministry of Forestry (No. SK.211/KSDAE/SET/KSA.2/7/2016). Permission to collect 100 individuals annually was also
specified in the aforementioned document. Permission to trap flying foxes with nets was authorized by the Regional Office of the
Environment and Forestry in Garut (No. BA.09/BBKSDA.JABAR-5.1/Res Wil XVIII/2016; September 2016). A wild animal
transportation permit was authorized by the Regional Office of the Environment and Forestry in Ciamis (SI.953/BBKSDA-
JABAR.5/2016; September 2016). Sample collection was conducted with permission of the Animal Ethics Committee of Bogor
Agricultural University, Bogor, West Java, Indonesia.

Sampling

Large flying foxes were collected by net traps around the Leuweung Sancang Conservation Area of West Java, Indonesia in
September and October 2016. The collected specimens were transported to Bogor Agricultural University. Liver tissues were
excised from the specimens under anesthesia with 2 mg kg™! xylazine and 10 mg kg™ ! ketamine. DNA was extracted from the
livers with a DNeasy blood & tissue kit (Qiagen, Valencia, CA, USA). Approximately ~25 mg liver pieces were used for the DNA
extraction according to the kit protocol. Purified DNA solutions were sent to Novogene Co., Ltd. (Beijing, China) for NGS. The
NGS data was deposited to the DNA Data Bank of Japan (DDBJ, ID: DRA011241).

Identification of viral homologous sequences from NGS reads

The NGS reads were homology-searched by BLAST to all viral genome sequences published in NCBI Virus (https://www.ncbi.
nlm.nih.gov/labs/virus/vssi/#/). The e-value threshold was set to <1E-5. The data are presented in Supplementary Data 1-6. Except
for bacterial viruses and phages, the viral species were manually selected and are listed in Supplementary Table 1. Classification,
heritable factor, and major host data were added to the listed viral species as annotations. The viruses were sorted by each property.
The data are graphically shown in Fig. lA—C to clarify the viral trends for each specimen.

Phylogenetic analysis

Orthologous sequences of the U6 spliceosomal small RNA and dnajci4 gene were collected from the NCBI nucleotide (https://
www.ncbi.nlm.nih.gov/nucleotide/). The query sequences used in the phylogenetic analysis are listed in Supplementary Table 2.
Phylogenetic trees were constructed by the neighbor-joining (NJ) method with 1,000 bootstrap replicates in MEGAX (Ver.10.1.8)
software (https://www.megasoftware.net/).

Estimation of endogenization into the bat genome

The top hit query sequences in each viral species were used in a BLAST search to the published P. vampyrus genome contigs. The
sequences estimated as endogenous elements were mapped into the bat genome and compared to those for other animal genomes
based on the published information in NCBI and Ensembl Genome Browser (https://www.ncbi.nlm.nih.gov/; https://asia.ensembl.org/
index.html). A CLC Genomics Workbench (CLC Bio, Aarhus, Denmark) was used to reconstruct P. vampyrus genome contigs with
the NGS reads derived from the specimens. Contigs >1,000 bp were collected as predicted genome sequences. The viral homologous
reads unmapped to both the published genomes and the reconstructed contigs were estimated as extrachromosomal sequences.

RESULTS

Identification of viral homologous sequences in large flying foxes

We collected six large flying foxes (Pteropus vampyrus) in Garut, West Java, Indonesia. Approximately 1.2-2.0 x 108 fragments
of 150-bp DNA reads were obtained from each specimen by NGS. The reads were mapped to the viral genome sequences
published in the NCBI and the hits were listed as viruses indigenous to the Indonesian large flying fox population (Supplementary
Fig. 1, Supplementary Data 1-6). We identified 52—156 (average 74.8) sequences homologous to known eukaryotic viruses from
each specimen (Supplementary Table 1). Sequences homologous to bacterial viruses and phages were excluded because they might
have been derived from parasitic hepatic bacteria rather than the bat cells per se.
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Fig. 1. Distribution of viral sequences in Pteropus vampyrus specimens. A. Graph indicating the distribution of viral species classifications
in each specimen. B. Graph indicating the distribution of heritable factors for the viral species in each specimen. C. Graph indicating the
distribution of the general viral species hosts of in each specimen. D. Filled columns indicate the viral homologous sequences identified in
the specimen. Original data including all candidate virus names are listed in Supplementary Table 1. Five viruses were subjected to analysis
to determine whether they were endogenous viral elements (Figs. 2—4).

Individual variability of viral homologous sequences in Indonesian bats

The listed viral species were sorted by classification, genetic factors, and major host species. IPB_4 and IPB_41 exhibited
similar viral properties. More than half the identified sequences were classified as retroviruses (Fig. 1A). RNA viruses were
comparatively rare (Fig. 1B). The two major viral hosts were mammals and birds (Fig. 1C). IPB_4 and 41 comprised numerous
plant viruses belonging to the Geminiviridae or Luteoviridae. These data indicate that Indonesian P. ampyrus harbored various
viral homologous sequences and the number of viral species differed among individuals. Approximately 13% (21/164) of the
listed viruses were identified in all bats. These sequences are estimated to be endogenous elements common in the host genome
or widespread infectious viruses in the Indonesian population. In contrast, 85% (136/164) of the viruses were found only in single
bats. These sequences might be derived from rare infectious viruses that are not endogenized into the host genome. Hence, we
classified the listed viruses as follows: (1) DNA viruses identified in all specimens, (2) RNA viruses identified in all specimens,
(3) DNA viruses identified in a single specimen, and (4) RNA viruses identified in a single specimen (Fig. 1D). To investigate virus-
host interactions, the listed sequences for the selected viral species were mapped onto the published P. vampyrus genome (NCBI
Pteropus vampyrus Annotation Release 100, GCF_000151845.1).

Type 1: DNA viruses identified in all specimens

Bracoviruses belong to the Polydnaviridae and generally infect insects. The viral homologous sequences identified in the bat
specimens were mapped onto a U6 spliceosomal small RNA in the P. vampyrus genome. Except for the stem loop motif, the U6
sequences are highly conserved among animals (Fig. 2A). A phylogenetic tree plotted using the U6 from various species and the
conserved Bracovirus sequence estimated that the viral sequences diverged from other animals at the common ancestor stage (Fig. 2B).
We also found homology between a portion of the Pandoravirus dulcis genome and H2B clustered which is the P. vampyrus histone
4 gene (Supplementary Fig. 2). The sequence identity was lower than that between Bracovirus and U6 spliceosomal small RNAs.

Type 2: RNA viruses identified in all specimens

Bovine viral diarrhea virus (BVDV) belongs to the Flaviviridae and generally infects domestic animals. They were detected as
DNA sequences and the viral genomic RNA was probably reverse-transcribed in the bat cells or later endogenized into the host
genome. A sequence homologous to BVDV was mapped to the exon of the dnajci4 cochaperone gene in the P. vampyrus genome.
The 161-bp sequence is highly conserved between BVDV and vertebrates (Fig. 3A). The homologous sequence was a single
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Fig. 2. Comparison of Bracovirus and U6 spliceosomal small RNAs. A. Sequence comparison of Bracovirus and U6 spliceosomal
small RNAs from Pteropus vampyrus and other animals. Gray boxes indicate sequences identical to Bracovirus. Lined squares
indicate functional motif forming spliceosome complex. B. Phylogenetic tree indicating the relationship between Bracovirus and U6
spliceosomal small RNA sequences in animal genomes. The viral sequence was predicted to be distant from other animal sequences.

dnajc14 exon in numerous vertebrates except cartilaginous fish. However, the 161-bp sequence was conserved in the elephant shark
Callorhinchus milii. Nevertheless, it was probably not spliced as a single exon (Fig. 3B). Thus, the BVDV homologous sequences
in dnajc14 were estimated to be ancestral vertebrate traits. In contrast, a phylogenetic tree plotted by using the 161-bp of dnajc14
and the conserved BVDYV sequence predicted that the viral sequence had the strongest homology to the bovine sequence (Fig. 3C).

Type 3: DNA viruses identified in a single specimen

Tomato yellow leaf curl virus (TYLCV) belongs to the Geminiviridae and generally infects plants. The two 150-bp read
sequences completely matched the viral sequences in the IPB_4 bat specimen (Fig. 4A, see also Supplementary Fig. 3). The
sequences were unmapped both in the published P. vampyrus genome and in the reconstructed contigs (>1,000 bp) from the NGS
reads of the IPB_4 specimen. Thus, the sequences homologous to TYLCV are extrachromosomal DNAs that are not endogenized
into the host genome.

Type 4: RNA viruses identified in a single specimen

Beet mild yellowing virus (BMYV) belongs to the Luteoviridae and generally infects plants. A 473-bp DNA contig homologous
to the viral genome was reconstructed using six read sequences from the IPB_41 specimen (Fig. 4B, see also Supplementary Fig.
4). They were detected as DNA sequences and it was predicted that the viral genomic RNA was reverse-transcribed in the bat cells
or later endogenized into the host genome. However, the read sequences were unmapped both in the published P. vampyrus genome
and the reconstructed contigs (>1,000-bp) from the NGS reads of the IPB_41 specimen. Hence, the sequences homologous to
BMYYV are extrachromosomal DNAs that are not endogenized into the host genome. The contig region overlapped with the open
reading frames (ORF) of the viral, coat, and hypothetical proteins.

DISCUSSION

A previous study estimated that the P. vampyrus genome size is ~2.32Gb [28]. Thus, the NGS reads obtained in this study (1.2—
2.0 x 108 150-bp fragments) covered the P. vampyrus genome 7.7—10 folds. The DNA reads of the wild bat specimens included
various viral homologous sequences. Certain viruses were listed in all specimens and mapped onto the published P. vampyrus
genome. These sequences were regarded as endogenous viral elements. Their integration in the host genome and the evolutionary
virus-host relationships were validated from phylogenetic analyses.

We found that the sequence homologous to Diolcogaster facetosa bracovirus was mapped to the U6 spliceosomal small RNA
coding region which is a component of a small nuclear ribonucleoprotein [31]. The sequence was highly conserved among all
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Fig. 3. Comparison of Bovine viral diarrhea virus (BVDV) and dnajci4. A. Sequence comparison of BVDV and dnajcl4 in Pteropus
vampyrus and other animals. Gray boxes indicate sequences identical to BVDV. B. Illustration indicates vertebrate dnajcl4 structure. In
all species except elephant shark (Callorhinchus milii), the 161-bp conserved sequence was found as a single exon. C. Phylogenetic tree
indicating the relationship between the conserved BVDV sequences and drnajci4 in vertebrate genomes. Viral sequence was predicted to
be the closest to bovine Bos taurus sequence.

specimens. The phylogenetic analysis indicated viral sequence invasion into the genome of a common ancestor of extant animals.
The sequence then acquired the role of a spliceosomal small RNA immediately after it was integrated into the chromosome. The
Bracovirus and endogenous U6 sequences have evolved independently. We found homology between a portion of the Pandoravirus
dulcis genome and the histone H2B gene previously reported. Hence, our methodology was reliable [35]. These sequences

are general transitions of viral endogenizations [9]. For BVDYV, the 161-bp sequences are homologous to the dnajci4 exon in
vertebrate genomes. Previous reports indicated that the DNAJC14 protein is a potent BVDV replication modulator in host cells [19,
34]. However, the evolutionary relationship between the RNA virus and the cochaperone gene is unknown. Our findings suggest
endogenization of the BVDV sequence into the dnajcl4 locus in the common vertebrate ancestor. In contrast, a phylogenetic
analysis indicated that the BVDV sequence is highly conserved in bovine dnajci4. Therefore, the BVDV genome has been
updated via RNA recombination with the host-derived dnajci4 transcript [S]. The approach of the present study could estimate the
evolutionary relationship between the endogenous virus and the host genome.

The sequences that were entirely associated with TYLCV occurred in IPB_4 but were unmapped to both the published P,
vampyrus genome and the contigs re-constructed from the NGS reads. TYLCV is a DNA virus that causes yellow leaf curl disease
in tomato. Its vector is the whitefly Bemisia tabaci [8, 10]. A 473-bp contig homologous to BMYV was obtained from IPB_41.
The RNA virus BMY'V causes cultivated beet plant yield loss [29]. The BMYV homologous sequence was unmapped to the bat
genome contigs. Thus, the plant viruses invaded the bat cells and a portion of the RNA genome was reverse-transcribed in BMY V.
A replication origin of host-derived reverse-transcriptase might be included in the BMYV genome corresponding to the upstream
or 5'-region of the contig. The contigs only partially matched the published BMY'V sequences. Therefore, we did not rule out
the possibility that the sequences were derived from other viruses related to BMYV and belonging to the Luteoviridae. Our data
indicate that certain Indonesian large flying foxes harbored plant viruses. Wild flying foxes can become infected with plant viruses
because the main food sources of these animals are fruits and flower nectar [11]. Nevertheless, our dataset was too small to confirm
that fruit bats are natural plant virus hosts. We only found homologous sequence fragments in the bat tissue and did not validate
viral replication, release, or clinical symptoms in vivo [32]. Natural bats may nonetheless harbor these viruses among the plants in
their habitat.

Here, we identified viral homologous sequences in a wild large flying fox population. The NGS and mapping-based methods
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Fig. 4. Plant virus homologous sequences identified from Pteropus vampyrus. A. Black line indicates whole Tomato yellow leaf curl virus
(TYLCV) genome. Gray boxes under line indicate viral protein coding region. Short lines above viral genome indicate Next generation
sequencing (NGS) reads identified in Institut Pertanian Bogor 4 (IPB_4) specimen. B. Black line indicates whole Beet mild yellowing
virus (BMYV) genome. Gray boxes under line indicate viral protein coding region. Short lines above viral genome indicate overlap
region of the NGS reads identified in IPB_41 specimen.

classified the sequences as endogenous elements or extrachromosomal DNAs. We also found specific viral invasions only in
particular bat specimens. Individual variations in host tissue viral species profiles are difficult to distinguish using laboratory animal
models or only a few wild animal specimens. The present study demonstrated a powerful method for rapidly screening potential
reservoir animals in wild populations and detecting potential human and agricultural crop viral pathogens.
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