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Abstract

Here, we investigated the fecal, oral, blood, and skin virome of 10 laboratory rabbits using a viral metagenomic method.
In the oral samples, we detected a novel polyomavirus (RabPyV), and phylogenetic analysis based on the large T antigen,
VP1 and VP2 regions indicated that the novel strain might have undergone a recombination event. Recombination analysis
based on related genomes confirmed that RabPyV is a multiple recombinant between rodent-like and avian-like polyomavi-
ruses. In fecal samples, three partial or complete genome sequences of viruses belonging to the families Picobirnaviridae,
Parvoviridae, Microviridae and Coronaviridae were characterized, and phylogenetic trees were constructed based on the
predicted amino acid sequences of viral proteins. This study increases the amount of genetic information on viruses present

in laboratory rabbits.

Introduction

The term “laboratory animals” generally refers to animals
that are used in scientific experiments and have been domes-
ticated for a long time and bred to meet certain scientific
requirements [1]. They are often descendants of wild ani-
mals that have been artificially raised in groups and have
developed susceptibility to different pathogens, so they
can be responsible for outbreaks and epidemics of dis-
eases [2]. Rabbits were one of the earliest animals used
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for experiments, playing a unique role in medical science
research [3].

Viruses are an important cause of disease in laboratory
animal [4]. Some viruses cause fatal disease or affect the
animals in a way that can affect the outcome of an experi-
ment. An even more serious issue is that some viruses have
an extensive host range and can potentially cause disease
in both humans and animals [5]. Examples include highly
pathogenic influenza viruses [6], epidemic haemorrhagic
fever viruses [7, 8], and rotaviruses [9].

In order to identify viruses that are carried by laboratory
rabbits, we collected samples from rabbits at the Animal
Center of Jiangsu University, China, and a viral metagen-
omic method was used to detect viral nucleic acid in the
feces, mouth, blood and skin of these animals. Complete
genome sequences were determined for some of these
viruses, including members of the families Polyomaviridae,
Picobirnaviridae, Parvoviridae, and Microviridae.

Materials and methods

Samples

Forty samples, including fecal (n = 10), oral (n = 10), blood
(n = 10) and skin (n = 10) samples were collected in Octo-

ber 2018 using cotton swabs from 10 laboratory rabbits
bred at the Animal Center of Jiangsu University and stored
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at -80 °C. Each swab was placed in a 1.5-mL centrifuge
tube with 500 pL of PBS and vortexed for 5 min at room
temperature. The sample was then centrifuged for 5 min
at 14,000 x g), and the supernatant was collected. The 40
sample supernatants were combined into eight pools each
composed of five samples of the same type, and there were
two pools for each sample type. Sample collection and all
experiments in the present study were performed with Ethi-
cal Approval given by the Ethics Committee of Jiangsu Uni-
versity (reference number UJS2018029).

Viral metagenomic analysis

Each supernatant pool (500 pL) was filtered through a 0.45-
pm filter (Millipore) to remove eukaryotic- and bacterial-
cell-sized particles. The filtrates enriched in viral particles
were treated at 37 °C with a mixture of DNases (Turbo
DNase from Ambion, Baseline-ZERO from Epicentre, and
benzonase from Novagen) and RNase (Fermentas) to digest
unprotected nucleic acid. The fecal samples were treated
for 90 min, while other samples were treated for 60 min
[10-12]. The remaining total nucleic acid was then isolated
using a QIAamp Viral RNA Mini Kit (QIAGEN) according
to the manufacturer’s protocol. For DNA library construc-
tion, dsDNA was synthesized from different viral templates.
For dsRNA viruses, we used a reverse transcription kit
(SuperScript III Reverse Transcriptase) to reverse transcribe
RNA into cDNA, after which the product was denatured at
95 °C for 2 min and quickly placed on ice for at least 2 min.
The DNA polymerase I large (Klenow) fragment was then
added to synthesize the second strand of cDNA (dsDNA).
For ssDNA viruses, ssDNA was converted to dsDNA using
the Klenow reaction. The resulting dsSDNA products were
used to construct eight libraries, using a Nextera XT DNA
Sample Preparation Kit (Illumina), and sequencing was
carried out using an Illumina MiSeq platform with 250-bp
paired ends with dual barcoding for each pool [13].

Bioinformatics analysis

Paired-end reads of 250 bp generated by MiSeq sequenc-
ing were debarcoded using vendor software from Illumina.
An in-house analysis pipeline running on a 32-node Linux
cluster was used to process the data. Clonal reads were
removed, and low-sequencing-quality tails were trimmed
using Phred, with a quality of score ten as the threshold.
Adaptors were trimmed using the default parameters in Vec-
Screen, which uses NCBI BLASTn with specialized param-
eters designed for adapter removal. The cleaned reads from
Illumina sequencing were assembled de novo within each
barcode group using the Ensemble assembler to combine
them into longer contigs. The Ensemble strategy integrates
the sequential use of multifarious de Bruijn graph (DBG)
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and overlap-layout-consensus (OLC) assemblers by using
a novel partitioned sub-assembly approach, integrating
results from multiple assemblers, including SOAPDenovo2,
ABySS, MetaVelvet, and Cap3 (source code available at
https://github.com/xutaodeng/Ensemble Assembler). The
assembled contigs, along with singlets, were compared to
an in-house viral proteome database using BLASTx with an
E-value cutoff of <107 [14, 15].

PCR screening and genome sequencing

In order to assess the prevalence of the novel polyomavi-
rus and bocavirus among laboratory rabbits, nested PCR
was performed. The PCR conditions were as follows: 95 °C
for 5 min, 31 cycles of 95 °C for 30 s, 50 °C (for the first
round) or 55 °C (for the second round) for 30 s, and 72 °C
for 40 s, a final extension at 72 °C for 5 min, and the enzyme
used in the reaction system was the premixed enzyme rTaq
(TaKaRa). The samples used in PCR screening included
the 40 samples originally collected for library construction
and another 84 samples including oral (n = 28), blood (n
= 28), and fecal (n = 28) samples collected from 28 rab-
bits in the experimental animal center in May 2019. Primers
used for PCR screening were designed based on the virus
contigs assembled from the sequence reads in the libraries.
Because bocaviruses showed a very high prevalence rate in
these samples, another set of primers were also designed to
confirm the positive results. The primer sequences for each
virus are shown in Table 1.

After finding a novel polyomavirus sequence in an oral
swab, inverse PCR was used to obtain its complete genome
sequence. The inverse primers were designed based on a
381-base contig and a 1917-base contig assembled from the
polyomaviral reads from the library. The inverse PCR prim-
ers used for bridging two gaps in the complete polyomavirus
genome sequence are shown in Table 2. For all of the PCR
steps, negative controls were included, and positive PCR
bands were sequenced by the Sanger method. Representative
images of a gel with DNA bands can be seen in Supplemen-
tary Material 2.

Phylogenetic analysis

Phylogenetic analysis was performed based on predicted
amino acid sequences of viral proteins and included the
closest viral relatives identified using a BLASTp search of
the GenBank database, as well as representative members
of related viral species or genera. Sequence alignment was
performed using CLUSTAL X (version 2.1) with the default
settings. Phylogenetic trees were generated using Bayesian
inference (BI) in MrBayes3.2 [16]. Settings were according
to the specific sequence until the average standard deviation
of split frequencies was less than 0.01. A standard deviation
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Tabl‘f" ! Prlme.rs used in Virus Primer ID Application Primer sequence (5’-3")

specific screening PCR for

polyomaviruses and bocavirus Polyomavirus polyowF First round GCACTGCATTTTGAGCTGCT

in fecal, oral, blood, and skin polyowR Second round TTTCAGAAGCAGCAGCCACT

samples from laboratory rabbits polyonF TGCTCGCACTCTGCTTATCA
polyonR GCTATAGCAGGAACCGCTCC

Bocavirus bocawF1 First round ACTACTGCGACGTGCTCAAA

bocawR1 Second round GCCGTGTTGTGCAAAGATGT
bocanF1 First round CTCCGACTGAAGCCTACTGG
bocanR1 Second round CGTAGGTGAGCCAGTGGTTT
bocawF2 AATCCCATGGCAAGGCATCA
bocawR2 TGGCACGAGCGGATTAAAGT
bocanF2 GCAAAATGCGCGTCAAACTG
bocanR2 CTGTGGATTCTCCTGTGCGT

Table2 Inverse primers used to generate the complete genome
sequence of the novel polyomavirus

Primer ID Application Primer sequence (5°-3")

LTVP2WF  Gapl: Firstround A*T*TCAGGTGTCACTTGT

LTVP2WR  Second round GTTCT

LTVP2NF G*C*CAGTCTACTGCTTGC

LTVP2NR TGGCA
CCAAATTACTGTGTAGGCGT
TACAATGCTCACATGCTGCT

LTVPIWF  Gap2: Firstround A*T*TTTGAGCACCTAGAA

LTVPIWR  Second round GCTGT

LTVPINF G*C*GGGGAAACATGTCAC

LTVPINR CTCCA
ATGGCTGGAGTTGCTTGGTT
TTGGAGTTGGAGTGTTGTGT

*: Phosphorothioation

below 0.05 was considered adequate for specific well-sup-
ported parts of the tree. Putative ORFs in the viral genome
were predicted using Geneious10.0. For polyomavirus, puta-
tive exons and introns were predicted using the NetGene?2
Server at http://www.cbs.dtu.dk/services/NetGene2/.

Results
Overview of the virome

The 40 laboratory rabbit samples of the eight libraries gen-
erated a total of 1,305,544 unique sequence reads (Supple-
mentary Table S1), and the distribution of reads attributed
to bacteria, fungi, viruses, etc. is shown in Fig. S1. Sequence
reads were assembled de novo within each barcode group
and compared to the GenBank non-redundant protein data-
base using BLASTX. Analysis of the distribution of mam-
malian virus reads detected in each pool showed that 2,452
reads showed sequence similarity to bocaviruses (family
Parvoviridae) accounting for a major part of total puta-
tive mammalian virus reads. As shown in Table S1, other

mammalian virus sequences in order of sequence read abun-
dance included coronaviruses (1,276 reads), polyomaviruses
(259 reads), and picobirnaviruses (239 reads). In addition
to mammalian viruses, bacterial viruses showing sequence
similarity to members of the family Microviridae (3,890
reads) were also detected. The polyomavirus and picobir-
navirus sequences showing low-level similarity to genome
sequences available in the GenBank database were then
further characterized. The bocavirus from the rabbit fecal
library is described in detail because it showed a degree
of high sequence identity (>95%) to a bocavirus strain iso-
lated from wolves. Coronaviruses detected in the rabbit fecal
libraries showed a high similarity to a known rabbit coro-
navirus strain, HKU14, belonging to the genus Betacoro-
navirus, with 99% identity, so we also analyzed the rabbit
coronavirus based on these virus reads.

A novel polyomavirus in oral samples

Polyomaviruses are small, unenveloped, double-stranded cir-
cular DNA viruses that are widespread in nature and have
been identified in birds, cattle, rabbits, rodents, bats, and
humans [17]. They can infect numerous mammals with sup-
pressed immune functions, causing sarcoma or cancer in
multiple sites or organs in some hosts, but are not pathogenic
to hosts with normal immune function, and they can also
cause long-term persistent subclinical infections in immu-
nocompetent hosts [18, 19]. The first human polyomaviruses
were isolated in 1971 from immunocompromised patients
[20]. The International Committee on Taxonomy of Viruses
(ICTV) officially lists 102 species of polyomaviruses and
divides the family into four genera, including Alpha-, Beta-,
Gamma- and Deltapolyomavirus [21]. The genomes of poly-
omaviruses are roughly 5 kb in size and are known to code
for five to nine proteins [22]. Transcription from one side of
the viral origin of DNA replication (ori) results in mRNAs
encoding the early proteins and non-structural proteins [23],
which can participate in the regulation of the cell cycle and
induce cellular transformation or tumor formation in some
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cases and are therefore referred to as tumor (T) antigens.
From the opposite side of the ori, three structural proteins,
including VP1, VP2, and VP3 are encoded by a late region.
The human viruses, including JC polyomavirus and BK pol-
yomavirus can also encode a multifunctional nonstructural
protein in the 5’ region of the late mRNAs, which is called
agnoprotein [24].

In this study, we detected a novel rabbit polyomavirus
(named RabPyV) in the oral swab sample pool (rabbito-
ral01). In this library, two different contigs, 381 bp 1917
bp, respectively, corresponding to the large T antigen and
ORF3 of the polyomavirus were generated. PCR screening
with primers designed based on the large T antigen gene was
performed on 124 samples, including the 40 samples used to
make the libraries and 84 additional samples. PCR screening
results indicated that 55 of the 124 (44.4%) samples were
positive for the rabbit polyomavirus, including 20 oral swab
samples, eight skin samples, 16 blood samples, and 13 fecal
samples, which also indicated that 71.1% (27/38) of the rab-
bits were positive. The complete circular genome sequence
of this novel polyomavirus was determined using an inverse
PCR method.
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Fig.1 Genome organization of the rabbit polyomavirus and phylo-
genetic analysis of the novel polyomavirus identified in oral samples
from laboratory rabbits. (A) Genomic organization of the rabbit pol-
yomavirus. (B) Phylogenetic tree based on the amino acid sequence
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The complete genome of the novel rabbit polyomavirus
consisted of 5162 bp with an overall GC content of 37%,
encoding five major proteins including an early region cod-
ing for the small T antigen (STAg) and the large T anti-
gen (LTAg) on one strand and a late region coding for the
VP1, VP2, VP3 proteins on the opposite strand, while the
agnoprotein gene was not found [25]. A regulatory region
between the beginning of the early region and the late region
contained elements for viral DNA replication and one
copy of the consensus T-antigen-binding pentanucleotide
GAGGC, and two copies of the reverse complement GCCTC
were present in the noncoding regulatory region [26]. An
AT-rich non-coding region was also found between the ends
of these two regions. The genome organization of this rab-
bit polyomavirus is shown in Fig. 1A. The size and position
of the predicted open reading frames (ORF) of RabPyV is
shown in Table S2. A more detailed analysis of the amino
acid sequences of the proteins encoded by RabPyV revealed
conserved sequences in functionally important regions.
These proteins contained typical elements that are neces-
sary for the life cycle of polyomaviruses [17]. The small
T antigen shares an amino-terminal region with the large

) MWPyV_JQ898291
P STLPyV_NC_020106
00 HPyV6_NC_014406
HPyV7_NC_014407
Giant_panda

OraPyV_Sum_FN356901
PtrovPyV4_JX159981
PtrovPyV3_JX159980
BatPyV3a /0958688

HaPV JIX036360
MPyV_AF442959
atPyV5b_AB972940
PyV5h_AB972944
BatPyV5a_AB972045
= ApanPyV1_JX159987
TSPyV_GU989205

CalbPyV1_JX159988
_Wm_ SquleV AM748741

100 WUPyV_ AXU41952
) Human_ACB12022
Porcine_YP_009553224
100 Rabbit__PyV
100

0.3

CPyV_DQ192570
Moo 1% GHPV_AY140894

I [ — PPyV_DQ192571

CPyV_DQ192570

GHPV_AY140894

P
uil

wﬁéauﬁ?‘;w JX159988

PyV5h_AB972940
V5b_AB972944
V5a_AB972945

Glant anda
aPV_JX036360

@aP V_Sum_FN356901

rovPyV4_JX159981
rovPy 3 JX159980
ardlodermaPyV JX520659

Aganvw JX1
wagz 10856301
TLPYV_NC_020106
of BankPyV ALJ83720
1 = ggy:og V_YP_009174985
al 1
100 Porcine YP 009553222
I_EL_WR Ve N 014406
PyV7_NC_014407
0.4

of the LTAg protein. (C) Phylogenetic tree based on the amino acid
sequence of VP1. (D) Phylogenetic analysis was performed based on
the amino acid sequence of VP2. The polyomavirus identified in this
study is labeled in red
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T antigen because these proteins initiate at the same ATG
codon [26, 27]. Features such as conserved region 1 (crl)
and the conserved HPDKGG box are present in the antigens.
The amino-terminal domain plays a necessary role in viral
replication and transformation.

To determine the genetic relationship between the Rab-
PyV and other related polyomaviruses, phylogenetic analysis
was performed using the LTAg, VP2 and VP1 amino acid
sequences of RabPyV, representative polyomaviruses of dif-
ferent genera, and viruses identified by a BLASTp search of
the GenBank database to be related to RabPyV. Phylogenetic
analysis based on LTAg amino acid sequences indicated that
RabPyV is highly divergent from other polyomaviruses, and
it clustered with three strains in the genus Gammapolyoma-
virus that had been isolated from Corvus monedula (CPyV,
GenBank no. DQ192570), goose (GHPV, GenBank no.
AY140984), and Eurasian bullfinch (PPyV, GenBank no.
DQ192571) (Fig. 1B). Analysis of the amino acid sequences
of VP1 and VP2 indicated that RabPyV clustered closely
with the members of genus Betapolyomavirus (Fig. 1C and
D), which included bank vole polyomavirus (BankPyV) and
common vole polyomavirus (CommonPyV). The amino acid
sequences of VP1 and VP2 shared the highest identity (70%
and 60%, respectively) with those of CommonPyV (Gen-
Bank no. NC_028119). Trees based on different regions
of the genome of RabPyV showed discordant results, sug-
gesting that this novel rabbit polyomavirus had undergone
genetic recombination. To determine whether RabPyV is
a recombinant, the complete genome sequences of CPyV
(DQ192570), GHPV (AY140984), PPyV (DQ192571),
CommonPyV (NC_028119), and BankPyV (KR612372)
were aligned with that of RabPyV using CLUSTAL X, and
recombination analysis was performed using the Recombi-
nation Detection Program 4.0 (RDP 4.0), which includes
seven different methods: RDP, GENECONYV, BootScan,

1 500 1,000 1,500 2,000 2,500 3,000

MaxChi, Chimaera, SiSCan and 3Seq [28]. The results of a
manual bootscan analysis suggested that RabPyV resulted
from a recombinant event occurring between the major par-
ent NC_028119 and the minor parent DQ192570, with a
high degree of confidence (P = 3.662 x 107°). The begin-
ning breakpoint was at base 2596, and the ending breakpoint
was at base 2781 in the alignment (Fig. 2).

Picobirnaviruses in the fecal samples

Picobirnaviruses are small, nonenveloped viruses with a seg-
mented genome of double-stranded RNA [29]. They have
been detected in the feces of many different hosts, including
humans, rabbits, dogs, pigs, rats, and birds [30]. Picobirnavi-
ruses can infect hosts and cause diarrhea, and they are con-
sidered to be opportunistic gastrointestinal pathogens associ-
ated with clinical disease in humans [31, 32]. The genome of
picobirnavirus consists of two segments. The large segment
is about 2.2-2.7 kb long and encodes the capsid gene, while
the small one, which encodes the viral RNA-dependent RNA
polymerase (RdRp), is about 1.2-1.9 kb long [33, 34].

We found a rabbit picobirnavirus (RPBV) in one of the
fecal pools (rabbitfeces07). The RPBV sequence reads could
be assembled into two long contigs, one of which was 1297
bp long, encoding a portion of the capsid protein, and the
other one was 1305 bp long, encoding most of the RdRp
protein. Because the amino acid sequence of the capsid pro-
tein was so divergent that a reliable phylogenetic tree could
not be established, we used only the amino acid sequence
of RdRp to perform phylogenetic analysis. Based on the
RdRp of the novel RPBYV, the best matches from a BLASTp
search, and some available related strains from the GenBank
database, a phylogenetic tree was constructed. The results
indicated that this RPBV clustered with an unclassified pico-
birnavirus detected in feces of Portuguese wolves (GenBank
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no. KT934307), with which it shared 70% sequence identity
(Fig. 3).

A bocavirus in the fecal samples

Bocaviruses are small, non-enveloped, linear single-stranded
DNA viruses belonging to the family Parvoviridae [35].
Bocaviruses have been identified in humans and many mam-
mals, including cats, dogs, and pigs [36]. These viruses usu-
ally infect the respiratory tract and intestines, causing diar-
rhea [37-39].

In this study, sequences showing similarity to bocaviruses
were identified in all fecal and blood pools. PCR screen-
ing was then conducted with all 124 samples, showing
that 59.7% of them (74/124) were positive for this bocavi-
rus, including 26 oral swab samples, 10 skin samples, 15
blood samples, and 23 fecal samples, and all of the ani-
mals were positive. A complete genome sequence of this
bocavirus, named “rabbit bocavirus” (RBoV), was generated
by assembly of all 367 bocaviral reads in one fecal library
(rabbitfeces07), which contained three complete ORFs after
sequence assembly.

The complete genome was 5287 bp in length, with 161
bp in the 5 UTR and 186 bp in the 3° UTR (Fig. 4A). Phy-
logenetic analysis was performed based on the amino acid
sequences of NS1 and VP1 respectively, and in both cases,
RBoV clustered closely with a bocavirus strain isolated from
Iberian wolves (GenBank no. NC_040533), with which it
shared 99% and 81% amino acid sequence identity, respec-
tively (Fig. 4B, Fig. 4C).

Fig.3 Phylogenetic analysis of
the picobirnavirus identified in
the fecal samples of laboratory
rabbits based on partial amino
acid sequences of the RdRp
protein. The picobirnavirus
identified in this study is labeled
in red

Microviruses in the fecal samples

In one fecal library (rabbitfeces07), a large number of
sequence reads showed similarity to sequences from viruses
belonging in the family Microviridae based on a BLASTx
search. Because viruses of the family Microviridae have
never been described in rabbit feces before, the genome of
this virus was also analyzed in detail. Assembly of these
mycoviral sequence reads generated a nearly complete
genome sequence 6352 bp in length that contained all of
the major ORFs found in typical microviral genomes.

To assess the relationship of the rabbit microvirus to other
microviruses, the major capsid protein (VP1) sequences
were used for phylogenetic analysis. Reference amino acid
sequences from members of the family Microviridae were
obtained from the GenBank database, and the best matches
from a BLASTp search were included. From this analysis,
we found that the rabbit microvirus clustered with an unclas-
sified microvirus isolate from mouse tissue (GenBank no.
MH649088), with 56% amino acid sequence identity in the
VP1 protein (Fig. 5).

Coronaviruses in the fecal samples

Coronaviruses (CoVs) are enveloped, positive-sense single-
stranded RNA viruses belonging to the family Coronaviri-
dae with the genome ranging from 26 to 32 kilobases in
size, including a 5’ cap and 3’ poly(A) tail. The untranslated
regions (UTRs) at the 5’ and 3’ ends usually contain struc-
tural elements and are related to replication and/or transla-
tion. The replicase gene, which occupies the 5’ two thirds of
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Fig.4 Genomic organization of the rabbit bocavirus (RBoV) and
phylogenetic analysis of the bocavirus identified in laboratory rabbits.
(A) Genomic organization of RBoV (distance in nt). (B) Phylogenetic

1Q291309_Porcine_Bocavirus_2
F16417_Porcine_bocavirus
F54188_Porcine_bocavirus

_EKCMM Porcine_Bocavirus_3
100 M14363_Bovine_parvovirus

100 DQ000496_HBov_1
IM145750_Gorillas_Bocavirus
1 EU918736_Human_Bocavirus_3
FJ170278_Human_Bocavirus_2
J973561_Human_Bocavirus_4

HQ223038_Porcine_Bocavirus_SX
mYP_009551 695_Lupine_bocavirus
rabbit_bocavirus
AOX47679_Rhinolophus_sinicus_b
line_Bocavirus_FBD2
18§2692587_Feline_Bocavirus_HK87
585_Feline_Bocavirus_HK79
1Feline_Bocavirus_FBD1
KF792837_Feline_Bocavirus_POR1
AF495467_Canine_minute_virus
og\420361_California_sea_lion_b
JUN420366_California_sea_lion_b

692591_Canine_Bocavirus_HK83
KC339250_Bat_Bocavirus_XM30

0.2

tree based on the amino acid sequence of NS1. (C) Phylogenetic tree
based on the amino acid sequence of VP1. The bocavirus identified in
this study is labeled in red
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the CoV genome encodes the non-structural proteins, and
the remaining one third encodes four major structural pro-
teins, including the spike (S), membrane (M), envelope (E)
and nucleocapsid (N) proteins [28, 40]. CoVs are classified
into four genera: Alphacoronavirus, Betacoronavirus, Gam-
macoronavirus, and Deltacoronavirus. They can infect many
species of animals and humans, causing respiratory, enteric,
and nervous system diseases [41].

— 100 DragonflyassociatedmicrophageG
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100 EnterobacteriaphagephiX174_
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0.3

In our study, 1273 reads of coronavirus were detected in
the fecal libraries, and these reads showed high similarity
to rabbit coronavirus HKU14 (GenBank no. IN§74561), a
member of the genus Betacoronavirus, with 99% sequence
identity. Phylogenetic analysis was performed based on
RNA-dependent RNA polymerase (RdRp) and N protein
amino acid sequences. Reference coronaviruses included
the best matches from a BLASTp search as well as selected
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strains belonging to different genera. The phylogenetic
tree based on the N protein indicated that this coronavi-
rus clustered with other rabbit coronavirus strains (Gen-
Bank nos. IN874561, IN874560, IN§74562), with 100%,
99.7% and 99.5% amino acid sequence identity, respectively
(Fig. 6A). The phylogenetic tree based on partial RARp pro-
tein sequences showed that this coronavirus clustered with
other rabbit coronavirus strains (GenBank nos. JN874561,
IN874559, IN874560), with 100%, 99.4% and 99.4% amino
acid sequence identity, respectively (Fig. 6B).

Discussion

The development of viral metagenomics facilitates the iden-
tification of novel viruses in animals and humans, and it
has been used for characterizing viromes in mammals [42].
The viromes of laboratory animals belongs to their genetic
background and can affect experiments using these animals.
However, few studies have investigated viral populations in
laboratory rabbits. In the present study, we used metagenom-
ics to detect viral nucleic acids in the feces, mouth, blood,
and skin of laboratory rabbits from an animal center.
Polyomaviruses can infect numerous mammals with sup-
pressed immune functions and are highly adapted to grow in
a particular species and tissue. Examples include JC poly-
omavirus (JCPyV), which was isolated from the brain of a
patient who died of progressive multifocal leukoencepha-
lopathy (PML) [20, 43], BK polyomavirus (BKPyV), which
was isolated from urine [44], African elephant polyomavirus
1(AelPyV-1)[45] from a fibroma in an African elephant, and
raccoon polyomavirus (RacPyV) [46] from brain tumors in
raccoons. In this study, a novel polyomavirus (RabPyV) was
identified in an oral pool, and its complete genome sequence
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was determined. Based on new criteria for establishment
of new polyomavirus species from the ICTV Polyomavirus
Study Group, RabPyV can be considered a new species of
polyomavirus [21]. Phylogenetic analysis based on different
regions of the RabPyV genome and recombination analysis
of related complete sequences showed that this novel strain
is a recombinant with CommonPyV (NC_028119) as its
major parent and CPyV as its minor parent (DQ192570).
Recombination analysis based on related genomes suggested
that RabPyV is a multiple recombinant between a rodent-
like and avian-like polyomaviruses. Phylogenetic analysis
based on LTAg amino acid sequences showed that RabPyV
clustered with CPyV, GHPV and PPyV, which belong to
the genus Gammapolyomavirus, while phylogenetic analysis
based on VPI and VP2 both showed that RabPyV was clus-
tered closely with members of the genus Betapolyomavirus,
including BankPyV and CommonPyV. CPyV, GHPV and
PPyV are all bird polyomaviruses. In contrast to mammalian
polyomaviruses, the polyomaviruses of birds are the causa-
tive agents of severe diseases with high mortality rates [47].
The recombinant strain RabPyV was obtained from healthy
laboratory rabbits, and it remains to be determined whether
the pathogenicity of this strain is higher than that of other
mammalian polyomaviruses and whether it can cause cross-
species infections between birds and mammals.
Picobirnaviruses have been detected in the feces of
many hosts, including humans, rabbits, dogs, pigs, rats,
and birds, and they may cause diarrhea [31]. A viral
metagenomics study conducted in diarrheic free-ranging
wolves showed for the first time that wolves are a potential
reservoir for picobirnaviruses that might play a role as
enteric pathogens. A phylogenetic analysis revealed that
the RdRp of RPBV is closely related to that of a picobir-
navirus detected in diarrheic feces from Portuguese wolves
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Fig.6 Phylogenetic analysis of the coronavirus identified in laboratory rabbits. (A) Phylogenetic tree based on the amino acid sequence of the N
protein. (B) Phylogenetic tree based on the amino acid sequence of the RdRp protein
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(GenBank no. KT934307). The wolf picobirnavirus strain
was reported to be a possible reassortant [48], and we sus-
pect that the picobirnavirus in the feces of wolves was
not from the wolves themselves but from rabbits. Whether
RPBYV can cause diarrhea needs further investigation.

In this study, bocaviruses were identified in laboratory
rabbits with a very high positive rate at both the level of
samples and of animal cohorts, in which all of the rabbits
appeared normal without clinical symptoms, suggesting
that this bocavirus might belong to the normal virus flora
in laboratory rabbits. Considering the sequence identity
(99% and 81%) between bocavirus in this study and the
closest relative (GenBank no. NC_040533), which was
isolated from the feces of a wolf [49], it seems to be plau-
sible that the bocavirus from the wolf feces might not have
been a wolf virus but instead originated from wild rabbits
eaten by wolves.

In conclusion, using metagenomic analysis, our study
provides an overview of the fecal, oral, blood, and skin
virome in laboratory rabbits, which included a polyoma-
virus, a picobirnavirus, a bocavirus, a microvirus and a
coronavirus. These data will provide a genetic basis for
the study of the occurrence, development, and transmis-
sion of these viruses and their association with disease.
Whether these viruses can cause disease in laboratory rab-
bits remains to be studied.

Nucleotide sequence accession numbers

The genome sequences of the viruses described in detail
in this article were deposited in the GenBank database
under the accession numbers MT150088-MT150091 and
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The raw sequence reads from the metagenomic libraries
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Bank database under the accession numbers SRX7845942,
SRX7860111, SRX7860165, SRX7860217, SRX7860248,
SRX7860346, SRX7845943, and SRX7860351.

Acknowledgements This work was supported by the National
Key Research and Development Programs of China (no.
2017YFC1200201), Jiangsu Provincial Key Research and Develop-
ment Projects (no. BE2017693), Huai’an Natural Science Founda-
tion (no. HAB202034), and the Foundation of Jiangsu University
Undergraduate Student Fund (nos. 201910299103Y, 18 AD0124, and
201910299226Y).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval This study did not include experiments with human
participants or animals performed by any of the authors.

References

1. Andersen ML, Winter LMF (2019) Animal models in biologi-
cal and biomedical research—experimental and ethical concerns.
An Acad Bras Cienc 91:¢20170238. https://doi.org/10.1590/0001-
3765201720170238
2. Yang S, Liang M, Wang C et al (2011) Several impor-
tant animal diseases and their prevention and control. Chin
J Comparative Med 21:113-116. https://doi.org/10.3969/j.
issn.1671.7856.2011.10.11.026
3. Dutta S, Sengupta P (2018) Rabbits and men: relating their
ages. J Basic Clin Physiol Pharmacol 29:427-435. https://doi.
org/10.1515/jbepp-2018-0002
4. Ditchfield WJ (1968) Viral diseases of laboratory animals. Can
Med Assoc J 98:903-907
5. Shader RI (2018) Zoonotic viruses: the mysterious leap from ani-
mals to man. Clin Ther 40:1225-1227. https://doi.org/10.1016/j.
clinthera.2018.06.016
6. LiulJ, Xiao H, Lei F, Zhu Q, Qin K, Zhang XW, Zhang XL, Zhao
D, Wang G, Feng Y, MaJ, Liu W, Wang J, Gao GF (2005) Highly
pathogenic H5SN1 influenza virus infection in migratory birds.
Science 309:1206. https://doi.org/10.1126/science.1115273
7. Meyer B, Ly H (2015) Immunosuppression by hemorrhagic
fever-causing viruses. Oncotarget 6:44057-44058. https://doi.
org/10.18632/oncotarget.6509
8. McElhinney L, Fooks AR, Featherstone C, Smith R, Morgan D
(2016) Hantavirus (Seoul virus) in pet rats: a zoonotic viral threat.
Vet Rec 178:171-172. https://doi.org/10.1136/vr.i817
9. Jeong S, Than VT, Lim I, Kim W (2014) Whole-genome analysis
of a rare human Korean G3P rotavirus strain suggests a complex
evolutionary origin potentially involving reassortment events
between feline and bovine rotaviruses. PLoS One 9:€97127. https
://doi.org/10.1371/journal.pone.0097127
10. Zhang W, Li L, Deng X, Kapusinszky B, Pesavento PA, Delwart
E (2014) Faecal virome of cats in an animal shelter. ] Gen Virol
95:2553-2564. https://doi.org/10.1099/vir.0.069674-0
11. Zhang W, Li L, Deng X, Kapusinszky B, Delwart E (2014) What
is for dinner? Viral metagenomics of US store bought beef, pork,
and chicken. Virology 468:303-310. https://doi.org/10.1016/j.
virol.2014.08.025
12. Ling Y, Zhang X, Qi G, Yang S, Jingjiao L, Shen Q, Wang X, Cui
L, Hua X, Deng X, Delwart E, Zhang W (2019) Viral metagen-
omics reveals significant viruses in the genital tract of appar-
ently healthy dairy cows. Arch Virol 164:1059-1067. https://doi.
org/10.1007/s00705-019-04158-4
13. Liu Z, Yang S, Wang Y, Shen Q, Yang Y, Deng X, Zhang W,
Delwart E (2016) Identification of a novel human papilloma-
virus by metagenomic analysis of vaginal swab samples from
pregnant women. Virol J 13:122. https://doi.org/10.1186/s1298
5-016-0583-6
14. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller
W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25:3389-3402. https://doi.org/10.1093/nar/25.17.3389
15. Deng X, Naccache SN, Ng T, Federman S, Li L, Chiu CY, Delwart
EL (2015) An ensemble strategy that significantly improves de
novo assembly of microbial genomes from metagenomic next-
generation sequencing data. Nucleic Acids Res 43:e46. https://
doi.org/10.1093/nar/gkv002
16. Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian infer-
ence of phylogenetic trees. Bioinformatics 17:754-755. https://
doi.org/10.1093/bioinformatics/17.8.754
17. Qi D, Shan T, Liu Z, Deng X, Zhang Z, Bi W, Owens JR, Feng F,
Zheng L, Huang F, Delwart E, Hou R, Zhang W (2017) A novel
polyomavirus from the nasal cavity of a giant panda (Ailuropoda

@ Springer


https://doi.org/10.1590/0001-3765201720170238
https://doi.org/10.1590/0001-3765201720170238
https://doi.org/10.3969/j.issn.1671.7856.2011.10.11.026
https://doi.org/10.3969/j.issn.1671.7856.2011.10.11.026
https://doi.org/10.1515/jbcpp-2018-0002
https://doi.org/10.1515/jbcpp-2018-0002
https://doi.org/10.1016/j.clinthera.2018.06.016
https://doi.org/10.1016/j.clinthera.2018.06.016
https://doi.org/10.1126/science.1115273
https://doi.org/10.18632/oncotarget.6509
https://doi.org/10.18632/oncotarget.6509
https://doi.org/10.1136/vr.i817
https://doi.org/10.1371/journal.pone.0097127
https://doi.org/10.1371/journal.pone.0097127
https://doi.org/10.1099/vir.0.069674-0
https://doi.org/10.1016/j.virol.2014.08.025
https://doi.org/10.1016/j.virol.2014.08.025
https://doi.org/10.1007/s00705-019-04158-4
https://doi.org/10.1007/s00705-019-04158-4
https://doi.org/10.1186/s12985-016-0583-6
https://doi.org/10.1186/s12985-016-0583-6
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/gkv002
https://doi.org/10.1093/nar/gkv002
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1093/bioinformatics/17.8.754

2856

Y. Xiao et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

melanoleuca). Virol J 14:207. https://doi.org/10.1186/s1298
5-017-0867-5

. Abend JR, Jiang M, Imperiale MJ (2009) BK virus and human

cancer: innocent until proven guilty. Semin Cancer Biol 19:252—
260. https://doi.org/10.1016/j.semcancer.2009.02.004

Sriaroon C, Greene JN, Vincent AL, Tucci VT, Kharfan-Dabaja
MA, Sandin R (2018) BK virus: microbiology, epidemiology,
pathogenesis, clinical manifestations and treatment. Asian Biomed
4:3-18. https://doi.org/10.2478/abm-2010-0002

Moens U, Johannessen M (2008) Human polyomaviruses and can-
cer: expanding repertoire. J Dtsch Dermatol Ges 6:704—708. https
://doi.org/10.1111/j.1610-0387.2008.06810.x
Calvignac-Spencer S, Feltkamp MC, Daugherty MD, Moens U,
Ramgqvist T, Johne R, Ehlers B (2016) A taxonomy update for the
family Polyomaviridae. Arch Virol 161:1739-1750. https://doi.
org/10.1007/s00705-016-2794-y

Bollag B, Chuke WF, Frisque RJ (1989) Hybrid genomes of the
polyomaviruses JC virus, BK virus, and simian virus 40: identifi-
cation of sequences important for efficient transformation. J Virol
63:863-872

Li H, Bhattacharyya S, Prives C (1997) Cyclin-dependent kinase
regulation of the replication functions of polyomavirus large T
antigen. J Virol 71:6479-6485

Jiang M, Abend JR, Johnson SF, Imperiale MJ (2009) The role of
polyomaviruses in human disease. Virology 384:266-273. https
://doi.org/10.1016/j.virol.2008.09.027

Yamaguchi N (1992) Genome organization of polyomaviruses.
Tanpakushitsu Kakusan Koso 37:2361-2365

Pipas JM (1992) Common and unique features of T antigens
encoded by the polyomavirus group. J Virol 66:3979-3985
Huang H, Reis R, Yonekawa Y, Lopes JM, Kleihues P, Ohgaki H
(1999) Identification in human brain tumors of DNA sequences
specific for SV40 large T antigen. Brain Pathol 9:33-42. https://
doi.org/10.1111/j.1750-3639.1999.tb00207.x

Wang Y, Cui X, Chen X, Yang S, Ling Y, Song Q, Zhu S, Sun
L,LiC, Li Y, Deng X, Delwart E, Zhang W (2020) A recom-
binant infectious bronchitis virus from a chicken with a spike
gene closely related to that of a turkey coronavirus. Arch Virol
165:703-707. https://doi.org/10.1007/s00705-019-04488-3
Taniguchi K, Wakuda M (2005) Picobirnavirus. Uirusu 55:297—
302. https://doi.org/10.2222/jsv.55.297

Masachessi G, Martinez LC, Giordano MO, Barril PA, Isa BM,
Ferreyra L, Villareal D, Carello M, Asis C, Nates SV (2007) Pico-
birnavirus (PBV) natural hosts in captivity and virus excretion
pattern in infected animals. Arch Virol 152:989-998. https://doi.
org/10.1007/s00705-006-0900-2

Sun G, Zang Q, Gu Y, Niu G, Ding C, Zhang P (2016) Viral
metagenomics analysis of picobirnavirus-positive feces from chil-
dren with sporadic diarrhea in China. Arch Virol 161:971-975.
https://doi.org/10.1007/s00705-015-2726-2

Mondal A, Chakravarti S, Majee SB, Bannalikar AS (2013) Detec-
tion of picobirnavirus and rotavirus in diarrhoeic faecal samples
of cattle and buftalo calves in Mumbai metropolis, Western India.
Vet Ital 49:357-360. https://doi.org/10.12834/Vetlt.1109.10
Woo PC, Lau SK, Bai R, Teng JL, Lee P, Martelli P, Hui SW,
Yuen KY (2012) Complete genome sequence of a novel picobir-
navirus, otarine picobirnavirus, discovered in California sea lions.
J Virol 86:6377-6378. https://doi.org/10.1128/jvi.00686-12
Ganesh B, Banyai K, Martella V, Jakab F, Masachessi G, Kob-
ayashi N (2012) Picobirnavirus infections: viral persistence
and zoonotic potential. Rev Med Virol 22:245-256. https://doi.
org/10.1002/rmv.1707

Sun Y, Chen AY, Cheng F, Guan W, Johnson FB, Qiu J (2009)
Molecular characterization of infectious clones of the minute

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

virus of canines reveals unique features of bocaviruses. J Virol
83:3956-3967. https://doi.org/10.1128/jvi.02569-08

Manteufel J, Truyen U (2008) Animal bocaviruses: a brief review.
Intervirology 51:328-334. https://doi.org/10.1159/000173734
Kapoor A, Mehta N, Dubovi EJ, Simmonds P, Govindasamy L,
Medina JL, Street C, Shields S, Lipkin WI (2012) Characteriza-
tion of novel canine bocaviruses and their association with res-
piratory disease. J Gen Virol 93:341-346. https://doi.org/10.1099/
vir.0.036624-0

Chow BD, Ou Z, Esper FP (2010) Newly recognized bocaviruses
(HBoV, HBoV?2) in children and adults with gastrointestinal ill-
ness in the United States. J Clin Virol 47:143—-147. https://doi.
org/10.1016/j.jcv.2009.11.030

Abdel-Moneim AS, Kamel MM, Hassan NM (2017) Evolution-
ary and genetic analysis of human bocavirus genotype-1 strains
reveals an evidence of intragenomic recombination. ] Med Micro-
biol 66:245-254. https://doi.org/10.1099/jmm.0.000432

Fehr AR, Perlman S (2015) Coronaviruses: an overview of their
replication and pathogenesis. Methods Mol Biol 1282:1-23. https
://doi.org/10.1007/978-1-4939-2438-7_1

Cui J, Li F, Shi ZL (2019) Origin and evolution of pathogenic
coronaviruses. Nat Rev Microbiol 17:181-192. https://doi.
org/10.1038/s41579-018-0118-9

Schoenfeld T, Liles M, Wommack KE, Polson SW, Godiska R,
Mead D (2010) Functional viral metagenomics and the next gen-
eration of molecular tools. Trends Microbiol 18:20-29. https://
doi.org/10.1016/j.tim.2009.10.001

Hirsch HH, Kardas P, Kranz D, Leboeuf C (2013) The human JC
polyomavirus (JCPyV): virological background and clinical impli-
cations. Apmis 121:685-727. https://doi.org/10.1111/apm.12128
Pietrobon S, Bononi I, Mazzoni E, Lotito F, Manfrini M, Puozzo
A, Destro F, Guerra G, Nocini PF, Martini F, Tognon MG (2017)
Specific IgG antibodies react to mimotopes of BK polyomavirus,
a small DNA tumor virus, in healthy adult sera. Front Immunol
8:236. https://doi.org/10.3389/fimmu.2017.00236

Stevens H, Bertelsen MF, Sijmons S, Van Ranst M, Maes P (2013)
Characterization of a novel polyomavirus isolated from a fibroma
on the trunk of an African elephant (Loxodonta africana). PLoS
One 8:¢77884. https://doi.org/10.1371/journal.pone.0077884
Dela Cruz FN Jr, Giannitti F, Li L, Woods LW, Del Valle L,
Delwart E, Pesavento PA (2013) Novel polyomavirus associ-
ated with brain tumors in free-ranging raccoons, western United
States. Emerg Infect Dis 19:77-84. https://doi.org/10.3201/eid19
01.121078

Johne R, Wittig W, Fernandez-de-Luco D, Hofle U, Miil-
ler H (2006) Characterization of two novel polyomaviruses of
birds by using multiply primed rolling-circle amplification of
their genomes. J Virol 80:3523-3531. https://doi.org/10.1128/
jvi.80.7.3523-3531.2006

Conceicao-Neto N, Mesquita JR, Zeller M, Yinda CK, Alvares F,
Roque S, Petrucci-Fonseca F, Godinho R, Heylen E, Van Ranst
M, Matthijnssens J (2016) Reassortment among picobirnavi-
ruses found in wolves. Arch Virol 161:2859-2862. https://doi.
org/10.1007/s00705-016-2987-4

Pires Ana Elisabete AIR, Carla Borges et al (2017) New insights
into the genetic composition and phylogenetic relationship of
wolves and dogs in the Iberian Peninsula. Ecol Evol 7:4404-4418.
https://doi.org/10.1002/ece3.2949

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1186/s12985-017-0867-5
https://doi.org/10.1186/s12985-017-0867-5
https://doi.org/10.1016/j.semcancer.2009.02.004
https://doi.org/10.2478/abm-2010-0002
https://doi.org/10.1111/j.1610-0387.2008.06810.x
https://doi.org/10.1111/j.1610-0387.2008.06810.x
https://doi.org/10.1007/s00705-016-2794-y
https://doi.org/10.1007/s00705-016-2794-y
https://doi.org/10.1016/j.virol.2008.09.027
https://doi.org/10.1016/j.virol.2008.09.027
https://doi.org/10.1111/j.1750-3639.1999.tb00207.x
https://doi.org/10.1111/j.1750-3639.1999.tb00207.x
https://doi.org/10.1007/s00705-019-04488-3
https://doi.org/10.2222/jsv.55.297
https://doi.org/10.1007/s00705-006-0900-2
https://doi.org/10.1007/s00705-006-0900-2
https://doi.org/10.1007/s00705-015-2726-2
https://doi.org/10.12834/VetIt.1109.10
https://doi.org/10.1128/jvi.00686-12
https://doi.org/10.1002/rmv.1707
https://doi.org/10.1002/rmv.1707
https://doi.org/10.1128/jvi.02569-08
https://doi.org/10.1159/000173734
https://doi.org/10.1099/vir.0.036624-0
https://doi.org/10.1099/vir.0.036624-0
https://doi.org/10.1016/j.jcv.2009.11.030
https://doi.org/10.1016/j.jcv.2009.11.030
https://doi.org/10.1099/jmm.0.000432
https://doi.org/10.1007/978-1-4939-2438-7_1
https://doi.org/10.1007/978-1-4939-2438-7_1
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1016/j.tim.2009.10.001
https://doi.org/10.1016/j.tim.2009.10.001
https://doi.org/10.1111/apm.12128
https://doi.org/10.3389/fimmu.2017.00236
https://doi.org/10.1371/journal.pone.0077884
https://doi.org/10.3201/eid1901.121078
https://doi.org/10.3201/eid1901.121078
https://doi.org/10.1128/jvi.80.7.3523-3531.2006
https://doi.org/10.1128/jvi.80.7.3523-3531.2006
https://doi.org/10.1007/s00705-016-2987-4
https://doi.org/10.1007/s00705-016-2987-4
https://doi.org/10.1002/ece3.2949

	Fecal, oral, blood and skin virome of laboratory rabbits
	Abstract
	Introduction
	Materials and methods
	Samples
	Viral metagenomic analysis
	Bioinformatics analysis
	PCR screening and genome sequencing
	Phylogenetic analysis

	Results
	Overview of the virome
	A novel polyomavirus in oral samples
	Picobirnaviruses in the fecal samples
	A bocavirus in the fecal samples
	Microviruses in the fecal samples
	Coronaviruses in the fecal samples

	Discussion
	Nucleotide sequence accession numbers

	Acknowledgements 
	References




