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Abstract

Bats play a significant role in maintaining their ecosystems through pollination, dispersal of seeds, and control of insect
populations, but they are also known to host many microorganisms and have been described as natural reservoirs for viruses
with zoonotic potential. The diversity of viruses in these animals remains largely unknown, however, because studies are
limited by species, location, virus target, or sample type. Therefore, the aim of this study was to detect fragments of viral
genomes in bat samples. We performed high-throughput sequencing analysis and specific PCR and RT-PCR on pools of anal
and oropharyngeal swabs from Artibeus lituratus and Sturnira lilium collected in southern Brazil. As a result, a member of
the family Adenoviridae related to human adenovirus C was detected in anal swabs from S. lilium. In addition, we detected a
papillomavirus in an anal swab from A. lituratus. Our analyses also allowed the detection of adenoviruses and parvoviruses
in oropharyngeal swabs collected from A. lituratus. These results increase our knowledge about viral diversity and illustrate

the importance of conducting virus surveillance in bats.

Introduction

Bats (order Chiroptera) are the only mammals with mor-
phological and physiological adaptations that allow them to
fly. Bats represent one fifth of the world’s mammal species.
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They are widely distributed throughout the world and play a
significant role in maintaining their ecosystems. Due to their
dietary diversity, they are involved in pollination, dispersal
of seeds, and control of insect populations. Therefore, they
help in the restoration of deforested areas, reproduction of
plants and predation of insect pests that harm humans, ani-
mals and plants [1].

Bats also have distinctive characteristics that make them
reservoirs of various pathogens, especially viruses. They live
in large colonies, sometimes with multispecies association,
and their long lifespan, possibly associated with specific
characteristics of their immune system, favors the main-
tenance of viral infections. Migration of members of the
same species favors dispersal of viruses to different regions.
Increased contact with humans, directly or indirectly through
saliva, urine or feces, due to habitat sharing increases the
risk of virus transmission to humans. Thus, bats play an
important role in the maintenance, dispersion, and trans-
mission of viruses that have an impact on public health [2].

A large number of viruses, including important zoonotic
viruses such as severe acute respiratory syndrome (SARS)-
like coronaviruses [3, 4], filoviruses [5], hantaviruses [6],
and henipaviruses [7, 8] have already been found in bats.
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However, most viruses found in bats have no confirmed
zoonotic potential, such as adenoviruses, papillomaviruses
and parvoviruses [9]. Adenoviruses, double-stranded DNA
(dsDNA) viruses, were detected in bats for the first time in
2006, and since then, adenovirus DNA has been detected
in members of different bat species [10]. Currently, seven
bat adenoviruses (BtAdVs) have had their genomes nearly
fully sequenced: bat mastadenovirus A from Myotis rick-
etti [11], bat mastadenovirus B from Pipistrellus pipistrel-
lus [12], bat mastadenovirus C from Rhinolophus sinicus
[13], bat mastadenovirus D from Miniopterus schreibersi
[14], bat mastadenovirus E from M. schreibersi [14], bat
mastadenovirus F from Rousettus leschenaultii [14], and
bat mastadenovirus G from Corynorhinus rafinesquii [10].
In addition, Ogawa et al. discovered a potential new spe-
cies, called “bat mastadenovirus H”, in Eidolon helvum
[15]. The different BtAdV genome sequences show a high
degree of variation.

In Brazil, BtAdV has been detected in Desmodus rotun-
dus, the most common vampire bat in Brazil [16]. Papillo-
maviruses (PVs), which are also dsDNA viruses, have also
been reported in diverse bats species [17-19], but so far,
they have not been reported in bats in Brazil. Parvoviruses, a
family of single-stranded DNA (ssDNA) viruses that exhib-
its the highest mutation rate among DNA viruses [9] have
been reported worldwide, including in Brazil [20] and have
been shown to be related to human-infecting parvoviruses
[21-23].

Recently, high-throughput sequencing has been increas-
ingly used for the identification of viruses, because this
approach allows the diversity of the whole virus population
(virome) present in a biological sample to be examined [24].
For example, in 2013, viruses of the families Adenoviridae,
Herpesviridae, Papillomaviridae, Parvoviridae, Picorna-
viridae, Polyomaviridae, Poxviridae, and Retroviridae were
found in African bats using this approach [25]. In 2016,
Male et al. described three new cycloviruses, 14 gemycircu-
larviruses and 17 unclassified viruses in Pteropus tonganus
feces [26].

In Brazil, adenoviruses, anelloviruses, circoviruses, coro-
naviruses, polyomaviruses, parvoviruses and rhabdoviruses
have already been detected in different bat species [16, 20,
27-30]. However, previous studies were performed using
traditional genome amplification methods. The purpose of
this study was to analyze and identify fragments of viral
genomes present in Artibeus lituratus and Sturnira lilium
through high-throughput sequencing and polymerase chain
reaction (PCR) or reverse-transcription polymerase chain
reaction (RT-PCR).
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Materials and methods
Samples

Anal and oropharyngeal swabs from 69 bats of the species A.
lituratus and 24 of the species S. lilium were collected from
September 2015 to March 2016 near urban centers in south
Brazil. A permanent license to collect biological material
was granted by Chico Mendes Institute for Biodiversity Con-
servation (ICMBio) (number: 17869-3; date of issue, 2012),
and certification was given by the Ethical Committee on the
Use of Animals (CEUA) of the State University of Maringa
(number 1697070515; date of issue, 05/05/2015). To cap-
ture the specimens, five nylon nets (mist-nest) were used as
described by Greenhall and Paradiso [31] and were placed
at least 30 meters apart. The capture effort in the forest seg-
ment was calculated according to Straube and Bianconi [32],
multiplying the area of the nets used (height x length), the
number of nets, and the number of hours of total collec-
tion (collection period X number of days of collection). The
captured animals were hand-held with leather gloves, and
biometric data were collected and in addition to the anal
and oropharyngeal swabs, taxonomic identification was done
according to Vizotto and Taddei [33], Jones and Carter [34],
and Gregorin and Taddei [35]. The swabs were stored in
vials containing 2 mL of minimum essential medium with
200 U of penicillin (Sigma-Aldrich) and 200 pg of strepto-
mycin (Sigma-Aldrich) per mL and refrigerated at 4 °C until
the time of processing. The animals were stored in cotton
bags until data collection and collection of the swabs and
were subsequently released.

Viral enrichment

Samples were processed in pools of 1 mL for each animal.
Twenty mL of sample was vigorously vortexed with glass
beads and then centrifuged at 2500xg for 5 min at 4 °C.
The supernatant was again centrifuged for 14 min at maxi-
mum speed and then filtered through a 0.22-pm syringe fil-
ter (MF-Millipore). The viral particles were harvested and
pelleted on a 25% sucrose cushion by ultracentrifugation at
190,000 g for 4 h at 4 °C. The pellet was resuspended in TE
buffer (10 mM Tris [Invitrogen], pH 7.4; 1 mM EDTA [Inv-
itrogen] pH 8.0) and clarified by emulsifying with 1/1 (v/v)
chloroform and centrifugation. In order to remove nucleic
acids that were not protected by the capsid, the purified sam-
ples were treated with 100 U of DNase I (Roche) and 20 U of
RNase (Invitrogen) at 37 °C for 2 h, similar to other studies
[36]. Viral genomes were extracted with phenol (Invitrogen)
and ethanol precipitated according to Sambrook and Rus-
sel [37]. Random amplifications for DNA were performed
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according to Stang et al. [38] using the primer K-random-s
(GAC CAT CTA GCG ACC TCC ACM NN MNM).

High-throughput sequencing

Seventy ng of random amplification products of each sample
was used for sequencing. These samples were sent to Insti-
tute of Veterinary Research Desidério Finamor (IPVDF),
Fepagro Animal Health, Eldorado do Sul, Brazil, and
sequencing was performed on an Illumina MiSeq platform
using Kit Nextera XT (2x 150 bp).

Bioinformatics

Reads were trimmed using PRINSEQ (prinseq.source-
forge.net), and the quality of the sequences was analyzed
using FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Trimmed reads were assembled de novo
using St. Petersburg genome assembler (SPAdes) 3.10.1
(http://cab.spbu.ru/software/spades/). The resulting contigs
(> 100 bp) were subjected to a blastx search against the viral
protein database, using the software Blas2GO (https://www.
blast2go.com/). Viral contigs were then checked manually
using a blastx search against the National Center for Biotech-
nology Information (NCBI, www.ncbi.nlm.nih.gov) non-
redundant database (nr). Amino acid sequence alignment
was performed using the software MEGA 7 (http://www.
megasoftware.net/), and phylogenetic trees were constructed
with the software MrBayes 3.2.6 (http://mrbayes.sourceforg
e.net/), using evolutionary and substitution models predicted
by ProtTest 3.4.2 (https://github.com/ddarriba/prottest3).
Bacteriophage contigs were not analyzed further.

Polymerase chain reaction (PCR)

Nucleic acids from pooled samples of oral swabs from 24
S. lilium and 58 A. lituratus bats were extracted using an
RTP DNA/RNA Virus Mini Kit (Stratec). The nucleic acids
were then subjected to polymerase chain reaction (PCR) or

reverse transcription polymerase chain reaction (RT-PCR),
depending on the virus being investigated. The amplifica-
tion reactions targeted genomic fragments of members from
the families Rhabdoviridae, Herpesviridae, Adenoviridae
and Paramyxoviridae as described by Carnieli et al. [39],
Razafindratsimandresy et al. [40], Li et al. [11], and Tong
et al. [41], respectively.

Results

All samples tested by PCR and RT-PCR targeting members
of the families Rhabdoviridae, Herpesviridae, Adenoviri-
dae and Paramyxoviridae gave negative results. However,
high-throughput sequencing resulted in 1,345,784 total
reads and 12,073 total contigs after trimming and assembly.
Eleven percent (1,303) yielded matches against viral protein
databases in Blast2go analysis, where 99.6% were bacterio-
phages, 0.15% were adenoviruses, 0.15% were parvoviruses
and 0.1% were papillomaviruses (Table 1). Adenovirus con-
tigs were identified in an A. lituratus oropharyngeal swab
(ALOS) and S. lilium anal swabs (SLAS), while papilloma-
virus and parvoviruses were identified in A. lituratus anal
swabs (ALAS) and ALOS, respectively. Bacteriophages
were detected in all samples, and only viral components
were found in S. lilium oropharyngeal swabs (SLOS). For
further analyses, only adenoviruses, papillomaviruses and
parvoviruses contigs were used.

To confirm the sequences identities, contigs were manu-
ally submitted to NCBI blastx (Table 2). The Artibeus
lituratus adenovirus (AlAdV) genomic fragment is 312
nucleotides (nt) long and displays 71.2% sequence identity
to the DNA terminal protein of Equine adenovirus (Gen-
bank accession number YP_009272543). The Sturnira lilium
adenovirus (SIAdV) fragment is 177 nt long and displays
98% sequence identity to the human adenovirus C L4 encap-
sidation protein (GenBank accession number AFS50339).
Phylogenetic analysis of both fragments indicated that these
viruses belong to the genus Mastadenovirus (Fig. 1 and
Fig. 2).

Table 1 Sequencing results by

Sample  Reads Contigs  Viral contigs ~ Bacte- Parvovirus Adenovirus Papil-
sample riophage contigs contigs lomavirus
contigs contigs
ALAS 152,788 2,839 406 405 - - 1
ALOS 277,710 3,042 387 384 2 1 -
SLAS 539,804 1,998 163 162 - 1 -
SLOS 375,482 4,205 347 347 - - -
TOTAL 1,345,784 12,084 1,303 1,298 2 2 1

ALAS, A. lituratus anal swab; ALOS, A. lituratus oropharyngeal swab; SLAS, S. lilium anal swab; SLOS,

S. lilium oropharyngeal swab
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Table 2 Contigs (> 150 bp) with significant blastx hits to known eukaryotic viruses obtained from the Brazilian bats S. lilium and A. lituratus

Sample Name Length (nt) Protein Best hit GenBank ID Identity e-value
ALSA  Artibeus lituratus papillo- 549 L1 protein Rhinolophus ferrumequi- AHJ81407 68.9% 3e7¥
mavirus num papillomavirus
ALSO  Artibeus lituratus parvovirus 1170 Nonstructural protein 1~ Desmodus rotundus parvo- ~ YP_009328889 70.9% 3e~'7
NS1 virus
Artibeus lituratus parvovirus 858 Capsid protein Desmodus rotundus parvo- ~ YP_009328890 80.0%  3e~'’
capsid virus
Artibeus lituratus adeno- 312 DNA terminal protein Equine adenovirus YP_009272543 71.2% 9¢~
virus
SLSA  Sturnira lilium adenovirus 177 L4 encapsidation protein Human adenovius C AFS50339 98% 3e

ALAS, A. lituratus anal swab; ALOS, A. lituratus oropharyngeal swab; SLAS, S. lilium anal swab

The Artibeus lituratus papillomavirus (AIPV) frag-
ment was 549 nt long and displayed 68.9% identity to the
L1 protein of Rhinolophus ferrumequinum papillomavirus
(RferPV1) (GenBank accession number AHJ81407), which
belongs to the genus Treisdeltapapillomavirus. In an attempt
to determine the genus to which AIPV belongs, we con-
structed a phylogenetic tree including members of the fam-
ily Papillomaviridae (Fig. 3). AIPV and RferPV1I clustered
together, suggesting that they are phylogenetically related;
however, the branch distance between them may indicate
that they do not belong to the same genus. It was thus con-
cluded that AIPV belongs to an undetermined genus in the
family Papillomaviridae.

Both Artibeus lituratus parvovirus (AlPrV) fragments
aligned with Desmodus rotundus parvovirus (DrPV-1).
The first fragment, which is 1170 nt long, displays 70.9%
sequence identity to nonstructural protein 1 (NS1) (Gen-
Bank accession number YP_009328889). The second
fragment, which is 858 nt long, displays 80.0% sequence
identity to the capsid protein (GenBank accession num-
ber YP_009328890). Although both AIPrV and DrPrV-1
grouped in the same cluster, the phylogenetic distance
between these sequences may indicate that they belong to
different genera (Fig. 4 and Fig 5).

Discussion

Bats are recognized as potential hosts of many zoonotic
viruses. To assess the viral diversity within two bat spe-
cies in southern Brazil, anal and oropharyngeal swabs
were collected from 69 A. lituratus and 24 S. lilium bats
in Maringa, Parana state, Brazil, and subjected to Illumina
MiSeq sequencing. From the generated contigs, only 11%
matched viral proteins. Of these, about 1% belonged to
eukaryotic viruses from distinct families. The diversity of
viral contigs was lower than previously described in other
bat species [25, 26, 42]. As it is unlikely that viral diversity
differs greatly among different species of bats, we believe

@ Springer

that environmental features, such as different feeding hab-
its, geographical location, and contact with other species of
bats [26, 42—-44], might have contributed to these different
results. In addition, the nucleic acid extraction and enrich-
ment techniques may have also influenced the results.

Adenoviruses genome fragments were detected in both
species in this study: from A. lituratus oropharyngeal swabs
and from S. lilium anal swabs. Although not totally unex-
pected, this is the first study to describe the presence of ade-
novirus DNA in samples from these two species. Although
adenoviruses have already been identified in Brazilian bats
[15], the previous study described a different DNA fragment
from the one found in our study, making any comparison
between them impossible. The Artibeus lituratus adenovi-
rus (AIAdV) fragment displayed 71.2% sequence identity
to the DNA terminal protein of equine adenovirus and was
compared with 32 sequences of different adenovirus species,
including the seven BatAdV species recognized by the ICTV
and the species newly proposed by Ogawa et al. [15]. As
expected, this sample clustered with mastadenovirus-genus
members, which have specificity for mammals. A Mastad-
enovirus specific analysis demonstrated that the BatAdV
samples formed three distinct clusters (Fig. 6), similar to
those obtained by Ogawa et al. when analyzing complete
genome sequences [15]. Interestingly, AIAdV clustered in a
distinct group with primate adenoviruses. Just as the close
relationship between some adenoviruses of canines and bats
indicates the possibility of interspecific transmission [12],
the fact that AIAdV and primate AdVs occupy a monophy-
letic cluster indicates a potential zoonotic risk.

Sturnira lilium adenovirus (SIAdV) showed 98%
sequence identity to the human adenovirus C (HAdV-C) L4
encapsidation protein. Studies have already demonstrated
the presence of HAdV-C in water samples [45, 46], and
therefore this virus might have been a contaminant in the
sample. However, all pools were processed together, and
the biosecurity measures adopted make this hypothesis
unlikely. Another possible explanation for the presence of
HAGJV in bat specimens is accidental ingestion through food
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Fig. 1 Phylogenetic tree of Artibeus lituratus adenovirus. The tree
was constructed based on a partial sequence of the DNA terminal
protein of members of the family Adenoviridae. The A. lituratus

adenovirus detected in this study is represented by #. The tree was
constructed using the maximum-likelihood method with a JTT sub-
stitution matrix as predicted by ProtTest and 1000 bootstrap replicates
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Fig.2 Phylogenetic tree of Sturnia lilium adenovirus. The tree was
constructed based on a partial sequence of the L4 encapsidation pro-
tein of members of the family Adenoviridae. The S. lilium adenovirus

or water, since AdV infections may be caused by water con-
sumption or inhalation of contaminated aerosols [47]. In
addition, the presence of AdV in feces might be related to its
frequent presence in environment [48]. Although adenovi-
ruses infections are usually species specific, recent findings
have suggested that cross-species transmission can occur.
In 2011, Chen et al, described an adenovirus in a titi mon-
key (TMAAdV) which, due to its aggressiveness in this spe-
cies, resulted from a spillover event [49]. Finally, SIAdV
displayed high sequence similarity to human adenovirus C,
indicating that direct or indirect contact between bats and
humans might allow interspecies transmission.
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Bovine atadenovirus D NC 002685 Atadenovirus
Snake atadenovirus A NC 006689

detected in this study is represented by 4. The tree was constructed
using the maximum-likelihood method with a JTT substitution matrix
as predicted by ProtTest and 1000 bootstrap replicates

Papillomaviruses (PVs) were detected only in A. litura-
tus anal swabs. The sequence fragment that was obtained
was 183 amino acids (aa) long and displayed 68.9% iden-
tity to the Rhinolophus ferrumequinum papillomavirus
(RferPV1) L1 protein, which was first described in Spain
by Garcia-Pérez et al. [17]. This is the first detection of a
papillomavirus in A. lituratus and the first PV described
in Brazilian bats. Phylogenetic analysis showed that Arti-
beus lituratus papillomavirus (AIPV) and RferPV1 (which
belongs to the genus Treisdeltapapillomavirus) clustered
independently. Nevertheless, due to the fragment sizes,
it was not possible to assign AIPV to a genus. In bats,
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distribution as predicted by ProtTest. The number of generations was
1,000,000, and two chains were used
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Fig.5 Phylogenetic tree of Artibeus lituratus parvovirus. The tree
was constructed based on a partial sequence of the capsid protein of
members of the subfamily Parvovirinae. The A. lituratus parvovirus
detected in this study is represented by 4. Aedes aegypti parvovirus
and Aedes albopictus parvovirus, subfamily Densovirinae, were used

PVs have already been detected in oropharyngeal and anal
swabs in distinct species [17, 43, 50, 51]. Although most
mammalian PV infections are asymptomatic, some reports
have associated the presence of these viruses with dif-
ferent types of human cancer. However, papillomavirus-
infection-associated cancers have also been described in
bats [52]. Although transmission between species rarely
occurs, the high genomic diversity of these viruses, asso-
ciated with ecological characteristics of bats, can inten-
sify their spread and increase the chances of interspecies
transmission.

Two DNA fragments derived from parvoviruses (PrVs)
were detected in A. lituratus oropharyngeal swabs. The first
one aligns with nonstructural protein 1 (NS1), and the sec-
ond one corresponds to the capsid protein; both are related
to Desmodus rotundus parvovirus (DrPV-1), which was
detected previously in Brazil [19]. The Artibeus lituratus
parvovirus (AIPrV) NS1 fragment is 390 aa long and dis-
plays 70.9% sequence identity to the DrPV-1 NS1 protein,
while the AIPrV capsid fragment is 286 aa long and dis-
plays 80.0% identity to the DrPV-1 capsid protein. Although
Artibeus jamaicensis bat parvovirus 1 (Aj-BtPV-1) has been
identified previously in a sample collected from A. litura-
tus, phylogenetic analysis of both fragments showed that
AlPrV and DrPV-1 are in the same cluster [53]. The cluster
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{08

Desmodus_rotundus_panvovirus

as outgroups. The phylogenetic tree was constructed using Bayesian
inference with an LG substitution matrix, gamma distribution, and
empirical amino acid frequency as predicted by ProtTest. The number
of generations was 1,000,000, and two chains were used

distances between these two viruses and between them and
other members suggest that AIPrV belongs to a new genus
in the subfamily Parvovirinae. Although it was not the first
PrV detected in A. lituratus, AIPrV differs significantly from
Aj-BtPV-1.

Different metagenomic studies have already identified
adenoviruses, papillomaviruses, and parvoviruses in a
number of bat species [25, 42, 43, 51, 54]. However, dif-
ferences in sample collection, sample types, viral nucleic
acid isolation methodologies, nucleic acid amplification and/
or high-throughput sequencing platforms may account for
the diverse results found in different studies, preventing a
direct comparison between studies. This work highlights the
importance of investigating viruses in bats and indicates that
high-throughput sequencing can be more suitable than PCR
or RT-PCR to explore the viral diversity in bats. The suc-
cessful detection of adenovirus by high-throughput sequenc-
ing but not by PCR may have been due to concentration of
the virus in sample pools in the random-enrichment process,
whereas without pooling of samples, the viral load might
have been below the PCR detection limit.

The results provide information about the diversity
of viruses carried by bats; however, the number of spe-
cies analyzed and the geographical regions targeted were
limited. Such studies should be continued to gain further
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Fig.6 Phylogenetic tree of members of the genus Mastadenovirus.
The tree was constructed based on a partial sequence of the DNA
terminal protein of members of the family Adenoviridae. The A. litu-
ratus adenovirus detected in this study is represented by 4. The tree

knowledge about the viral diversity in bats and to identify
infectious agents that might cause zoonotic infections,
thereby facilitating decision-making concerning the strat-
egies that should be adopted to combat emerging viruses.
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