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We describe the metagenomics-derived feline enteric virome in the faeces of 25 cats from a

single shelter in California. More than 90 % of the recognizable viral reads were related to

mammalian viruses and the rest to bacterial viruses. Eight viral families were detected:

Astroviridae, Coronaviridae, Parvoviridae, Circoviridae, Herpesviridae, Anelloviridae, Caliciviridae

and Picobirnaviridae. Six previously known viruses were also identified: feline coronavirus type 1,

felid herpes 1, feline calicivirus, feline norovirus, feline panleukopenia virus and picobirnavirus.

Novel species of astroviruses and bocaviruses, and the first genome of a cyclovirus in a feline

were characterized. The RNA-dependent RNA polymerase region from four highly divergent

partial viral genomes in the order Picornavirales were sequenced. The detection of such a diverse

collection of viruses shed within a single shelter suggested that such animals experience robust

viral exposures. This study increases our understanding of the viral diversity in cats, facilitating

future evaluation of their pathogenic and zoonotic potentials.

INTRODUCTION

Zoonotic diseases have been emerging worldwide, with
increasing frequency (Jones et al., 2008). Cats share
habitats with humans, domesticated animals and wildlife,
and can transmit several viruses which are capable of
infecting humans, including rabies virus (Gunn-Moore &
Reed, 2011), pandemic H1N1 influenza virus (Sponseller
et al., 2010) and cowpox virus (Schulze et al., 2007). Some
viruses that infect domestic cats are genetically close to
viruses from humans, such as feline astrovirus strain 1637F
(Lau et al., 2013) and Felis domesticus papillomavirus type
1 (Tachezy et al., 2002). A feline rotavirus strain cat2 was
shown recently to originate from multiple reassortment
events involving canine, feline, human and bovine
rotaviruses (Tsugawa & Hoshino, 2008).

Cats in rescue shelters are temporarily kept awaiting rescue
by a legal owner or a new guardian. In most shelters, there is
high animal density, a continuous turnover of animals, and
mixing and relocation of animals. This causes a high level of

stress in sheltered animals, so that circulating pathogens
have the opportunity to thrive in immunocompromised
host where opportunities for treatment are often limited.
Stress also contributes to higher levels of viral shedding
(Pesavento & Murphy, 2014; Pusterla et al., 2009),
increasing exposure to other cats in the shelter.

In this study, next-generation sequencing was used to
develop a more comprehensive view of the viruses shed in
the faeces of sheltered cats. We describe complete or partial
viral genomes, including those of astroviruses, bocaviruses,
cycloviruses and other viral species. This study increases the
number of known feline viruses, and provides candidate
genomes for future studies of their transmission, epidemi-
ology and association with diseases.

RESULTS

Virome of cat faeces

An Illumina MiSeq library was constructed using random
reverse transcription (RT)-PCR with viral nucleic acids
enriched from 25 faecal samples from cats in a shelter that
generated 15 852 036 sequence reads (see Methods). Sequence
reads were de novo assembled, and contigs and singletons

The GenBank/EMBL/DDBJ accession numbers for the viral genomes
are KM017736–KM017745; the accession number for the raw
sequence reads from the metagenomic library is SRP044714.

Supplementary material is available with the online version of this paper.
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were compared to GenBank’s viral database using BLASTX with
an E value cut-off 1025. A total of 319 526 sequence reads
showed detectable similarity to viral sequences, of which
91.32 % matched eukaryotic viral sequences and the others
matched bacteriophage sequences. The majority of bacterio-
phage sequences in cat faeces belonged to the dsDNA order
Caudovirales and to the ssDNA family Microviridae, which
was similar to previous studies on the faeces of horses,
humans, California sea lions, pine martens and European
badgers (Breitbart et al., 2003; Cann et al., 2005; Li et al.,
2011a; van den Brand et al., 2012). As the 25 faecal specimens
were analysed in six pools of four to five specimens, the
viruses identified are reported per pool rather than for
individual specimens (Fig. 1). The most highly represented
mammalian viruses were, in order of sequence read
abundance, mamastroviruses (63.7 % of all viral reads) from
the family Astroviridae, coronaviruses (8.05 % of all viral
reads) from the family Coronaviridae and bocaviruses (2.6 %
of all viral reads) from the family Parvoviridae. We detected
known viruses (with very high sequence similarities to
genomes in GenBank) belonging to six viral families known
to infect mammals (Astroviridae, Coronaviridae, Parvoviridae,
Herpesviridae, Caliciviridae and Picobirnaviridae). Viruses
with lower levels of similarity to known genomes belonged
to four viral families (Astroviridae, Parvoviridae, Circoviridae
and Anelloviridae). These more divergent genomes were
further characterized.

Feline astroviruses

The family Astroviridae consists of positive ssRNA viruses
whose genomes range in length from 6.4 to 7.3 kb and contain
three ORFs, designated ORF1a (non-structural proteins),
ORF1b [RNA-dependent RNA polymerase (RdRp)] and ORF2
[capsid (Cap)]. Astroviruses can cause gastroenteritis in
mammalian and avian species, and have been identified in

numerous mammalian species (De Benedictis et al., 2011).
Astroviruses have also been associated recently with enceph-
alitis in a child with agammaglobulinemia (Quan et al., 2010),
with a shaking syndrome in farmed minks (Blomström et al.,
2010) and with neurological disease in cattle (Li et al., 2013).

Astroviruses were present in all faecal sample pools.
Sequence assembly within each pool generated near-
complete genome sequences of three different astrovirus
strains including complete coding sequences of structural
and non-structural proteins, but missing the 59-most
extremity of the genomes. The nearly complete genomes
of the feline astroviruses FastV-D1 (GenBank accession
number KM017741), FastV-D2 (GenBank accession num-
ber KM017742) and FastV-D3 (GenBank accession num-
ber KM017743) were 6598, 6813 and 6748 bases,
respectively [excluding their 39 poly(A) tails acquired by
39 RACE], each encoding three ORFs (Fig. 2a). Despite
overall genomic similarities to other astroviruses described
to date, slight differences were identified in FastV-D1. The
RdRp of astroviruses is typically translated following
ribosome frameshifting at the boundary of the 1a and 1b
ORFs due to a ‘slippery’ AAAAAC sequence resulting in a
readthrough of the 1a step codon. Atypically, the ORF1b
encodes a methionine codon near its N terminus only
found in the genome of one other astrovirus strain
(GenBank accession number KC692365) from a fox
(Bodewes et al., 2013). That methionine codon therefore
has the potential to act as an internal translation initiator
codon, although the usual frameshift mechanism is likely
to be operational.

To determine the divergence in sequence between the feline
astroviruses found here and other astroviruses, amino acid
sequence alignments of Cap and RdRp of the three feline
astroviruses in the present study and 23 representative
astrovirus strains were performed, and neighbour-joining
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Fig. 1. Distribution of sequence reads to different viral families in six cat faecal pools.
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trees generated. Both trees revealed that the three strains of
astrovirus in this study fell into two genetic lineages within
the genus Mamastrovirus. The tree for the Cap region (Fig.
2b) indicated that FastV-D1 was related to the clade
composed of mink astroviruses and a California sea lion
astrovirus, sharing 58 and 56 % amino acid similarity,
respectively, in the Cap region, suggesting that FastV-D1 is
a novel astrovirus species. The tree based on the RdRp
region showed that FAstV-D1 was more closely related to
the fox astrovirus (GenBank accession number KC692365)
(Bodewes et al., 2013) (Fig. 2c), sharing 80 % amino acid
identity. FastV-D2 and FastV-D3 shared .90 % amino
acid sequence similarities with recently characterized feline
astroviruses, Viseu and 1637F, which are the closest
currently known relatives of the classic human astroviruses

(mamastrovirus 1). RT-PCR testing of individual speci-
mens indicated that eight of 25 faecal samples were positive
for the novel FAstV-D1 (32 %).

Feline bocavirus

Bocaviruses are small, non-enveloped, ssDNA viruses
belonging to the family Parvoviridae and consist of linear
positive-strand DNA genomes 4–6 kb in length. Boca-
viruses also encode a third ORF of unknown function (NP)
in the middle of their genomes. Recently, bocaviruses have
been identified in humans and numerous mammals, such
as dogs, cattle, pigs, sea lions, and cats (Allander et al.,
2005; Kapoor et al., 2012; Lau et al., 2012; Li, et al., 2011a;
Shan et al., 2011a). Bocaviruses have been associated with
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Fig. 2. (a) Genomic organization of feline astroviruses (FAstV-D1, -D2 and -D3) (distance in nt). (b, c) Neighbour-joining
phylogenetic analysis based on amino acid sequences of Cap (b) and RdRp (c) regions of feline astroviruses. Feline
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Virome of cat faeces

http://vir.sgmjournals.org 2555



diverse symptoms, most notably respiratory problems and
diarrhoea (Jartti et al., 2012; Manteufel & Truyen, 2008).

In the present study, bocaviruses were identified in five of
the six cat faecal pools. Sequence assembly revealed two
near-complete genomes with complete ORFs that we named
feline bocaviruses FeBoV3-FBD1 (GenBank accession num-
ber KM017744) and FeBoV1-FBD2 (GenBank accession
number KM017745) (Fig. 3a). The complete genome of
FBD1 was 5407 bases with 304 bases in the 59 UTR and 136
bases in the 39 UTR. The complete genome of FBD2 was
5466 bases, of which the 59 and 39 UTRs were 309 and 211
bases, respectively. Phylogenetic analysis based on the amino
acid sequences of NS1 and VP1 both indicated that FBD1
and FBD2 clustered with the other four feline bocavirus
strains with complete genomes available in GenBank (Fig.
3b, c). FBD1 shared amino acid sequence identities of 68–
76 % with the other feline bocavirus strains in the NS1 and
VP1 proteins, respectively, suggesting that FBD1 belonged to
a novel species based on the proposed species-defining
criterion of .15 % NS1 divergence to its closest relative
(Cotmore et al., 2014). Phylogenetically, FBD2 belonged to
known feline bocavirus type 1 (carnivore bocaparvovirus 1
species) (Cotmore et al., 2014), clustering closely with three
feline bocaviruses from Hong Kong, sharing .96 %
sequence identities in the NS1 and VP1 proteins. Another
species of cat bocavirus (FBoV2-POR1) was described
recently and is shown in Fig. 3(b, c) as GenBank accession
number KF792837 (Ng et al., 2014). RT-PCR was then used
to test individual specimens for FeBoV3-FBD1. Two of the
25 samples were positive for this bocavirus species (8 %).

Cyclovirus

The family Circoviridae is composed of non-enveloped
viruses containing a circular ssDNA genome. Cycloviruses
belong to the family Circoviridae and have recently been
found in different sample types from different hosts,
including mammals and insects (Dayaram et al., 2013; Ge
et al., 2011; Li et al., 2010a, b; Padilla-Rodriguez et al.,
2013; Phan et al., 2014; Rosario et al., 2011). Cycloviruses
have a slightly smaller genome than that of circoviruses,
encoding a smaller Rep and Cap protein, and with shorter
or no 39 intergenic regions between the stop codons of the
two major ORFs and a longer 59 intergenic region between
the start codons of the two major ORFs. Based on the
phylogenetic analysis, cycloviruses were suggested to be
grouped into a new genus of the family Circoviridae (Li
et al., 2010a).

In this study, cycloviruses were present in only one pool of
cat faecal samples with a total of 283 sequence reads. By
sequence assembly, a complete genome of cyclovirus was
acquired and named CyCVs-FD (GenBank accession
number KM017740). The genome of CyCVs-FD consisted
of 1773 bp and had the typical genome organization with
two main ORFs arranged in opposite directions, encoding
the putative Rep and Cap proteins (Fig. 4a). CyCVs-FD
had a 59 intergenic region of 275 bp and a 39 intergenic
region of 7 bp. A potential stem–loop structure with a
nonanucleotide motif (59-TAGTATTAC-39) was located
between the 59 ends of the two ORFs, which is required to
initiate the replication of the viral genome. Typical of
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Genome structure of feline cyclovirus
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cycloviruses and unlike that of the related circoviruses, the
nonanucleotide motif was not on the Rep-encoding strand
of the genome. The Rep proteins of CyCVs-FD and of
representative strains of circoviruses and cycloviruses were
used for phylogenetic analysis. The resulting tree revealed
that CyCVs-FD formed a deep branch within the cyclovirus
clade (Fig. 4b), suggesting that this virus represents a novel
species. The putative Rep protein of CyCVs-FD was 272 aa
and shared 39–47 % sequence identity with those of
previously reported cycloviruses.

RdRp sequence from divergent viruses

Sequences encoding the RdRp gene are amongst the most
conserved genes in positive-strand RNA viruses. In the
present study, we found four different sequence contigs
showing low identity on the protein level to RdRp of
RNA viruses. The first contig was 471 bases and the
putative amino acid sequence shared 30 % identity with
the foot-and-mouth disease virus (FMDV), a member of
the family Picornaviridae. Using sequence assembly and
genome walking, a 6218 base sequence of this virus was
acquired, encoding a single 1473 aa polyprotein including
the RdRp region and Cap protein (Rhv-like domains)
(Fig. 5). However, BLASTP with the non-structural and
Rhv-like regions both produced best matches with cricket
paralysis RNA virus instead of with FMDV, with amino
acid sequence identity of 23 %. The second contig was
940 bases encoding a nearly complete RdRp with a closest
match to hepatitis E virus, sharing amino acid sequence
identity of 30 %. The third contig was 1030 bp, also
encoding a nearly complete RdRp region. BLASTP indi-
cated that this amino acid sequence shared the highest
sequence identity (28 %) with calhevirus-1, a genome
found in human faeces but predicted to be of insect host
origin based on nucleotide composition (Kapoor et al.,
2010). The fourth contig was 4554 bp, and contained two
large ORFs encoding non-structural and structural
proteins (Fig. 5). The putative amino acid sequence
encoded a complete RdRp region and showed the highest
sequence identity (41 %) with tetnovirus-2 which was
discovered in human faeces and also predicted based on
nucleotide composition to be of insect host origin
(Kapoor et al., 2010). We provisionally named the four
sequences fesavirus-1, -2, -3 and -4, respectively (feline
stool-associated RNA viruses 1, 2, 3 and 4).

In order to identify sequence relationships of these four
RdRp sequences, phylogenetic analysis based on the most
conserved RdRp region of the picorna-like virus supergroup
was performed by adding to an alignment generated in a
previous report (Koonin et al., 2008). A maximum-likelihood

phylogenetic tree was reconstructed by use of MEGA5.0.
The resulting tree was almost identical to that described
previously (Koonin et al., 2008) (Fig. 6). The four RdRp
sequences in this study fell into four different groups.
Fesavirus-1 (GenBank accession number KM017736) RdRp
grouped with sequences from plant viruses and was most
closely related to apple latent spherical virus and cherry rasp
leaf virus, suggesting that this virus might infect a plant.
Fesavirus-2 sequence (GenBank accession number
KM017737) clustered with those of five viruses from the
Hepeviridae clade. Fesavirus-3 (GenBank accession number
KM017738) and fesavirus-4 sequences (GenBank accession
number KM017739) were related, and closest to those of
calhevirus-1 and tetnovirus, respectively, two viral genome
sequences of uncertain tropism, possibly infecting insects
(Kapoor et al., 2010).

Known mammalian viruses

Table 1 presents the mammalian viruses in the cat faecal
virome that showed high sequence similarity to known
viruses in GenBank. Feline coronaviruses accounted for
~8.05 % of the recognized cat faecal virome, 99 % of which
were in a single pool, likely reflecting a single heavily
shedding cat. Feline coronaviruses cause infections in wild
and domestic felids, and are widespread, with seropositivity
of 20–60 % in domestic cats and up to 90 % in animal
shelters or households with multiple cats. Infected animals
often develop persistent infection and shed the virus over
extended periods of time (Addie et al., 2003). Feline
coronavirus can be separated into type I and type II, and
80–90 % of the naturally occurring infections are caused by
type I (Addie et al., 2003; Kummrow et al., 2005). Sequence
analysis indicated that the coronavirus in the present
study also belonged to type I, and all the sequences reads
shared high sequence similarities with several closely related
feline coronaviruses strains, suggesting a single feline
coronaviruses strain was prevalent in this cat population.
Feline herpesvirus type 1 (FHV-1) is an important
pathogenic agent that causes feline viral rhinotracheitis.
There were 19 sequence reads related to FHV-1 in the cat
faecal virome, all of which were from a single pool sharing
76–79 % protein sequence identity with the FHV-1 pro-
totype strain C-27 (Tai et al., 2010). There were two types of
calicivirus sequences in the cat faecal virome, one type (total
48 reads in two pools) was genetically related to feline
calicivirus and the other type (total 12 reads in a different
pool) was related to feline norovirus, both with high
sequence similarities. Feline calicivirus infection is one of the
most common and widespread viral diseases of cats,
inducing chronic infection of the upper respiratory tract,

Fig. 6. Maximum-likelihood phylogenetic analysis based on the divergent amino acid sequences of RdRp in the present study
and the members of the picorna-like virus supergroup presented in a previous study (Koonin et al., 2008). The best BLASTP hits
of the RdRp sequences in this study and five RdRp representative sequences from the family Hepeviridae were also included in
the alignment. The six main clades identified and abbreviations of viruses are labelled according to their previous designations
(Koonin et al., 2008). Bootstrap values .50 are indicated on the tree.
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pneumonia and lower urinary tract disease (Stiles, 2014),
whilst feline norovirus has been reported in domestic cats
with gastroenteritis (Pinto et al., 2012). Picobirnaviruses
were detected in three pools of cat faeces. Sequence analysis
revealed that these feline picobirnavirus sequences shared
high identities (.90 %) with the previously reported feline
picobirnavirus (Ng et al., 2014), which also showed a close
relationship with a human picobirnavirus strain 3-GA-91
(Rosen et al., 2000). Lastly, feline panleukopenia virus
belongs to the feline parvovirus subgroup within the genus
Parvovirus, and was originally identified in domestic cats
and later on other large felids, such as tigers, panthers,
cheetahs and lions (Steinel et al., 2001; Truyen & Parrish,
2013). In young wild and domestic carnivores, feline
panleukopenia virus infection usually causes severe gastro-
enteritis, frequently haemorrhagic. In the current study, a
total of 504 feline panleukopenia virus sequence reads were
identified in two sample pools, sharing high sequence
similarities (98–100 %) to several closely related feline
panleukopenia virus strains. The sequence reads of known
viruses reported here are available in the online Supple-
mentary Material.

Insect, plant and fish viruses

About 1.2 % of the cat faecal virome (3786 sequence reads)
was related to plant viruses. DNA viruses were predom-
inant with 73 % of these reads, all of which were from
the family Phycodnaviridae. RNA viruses accounted for the
rest, with the majority related to ssRNA viruses in the
family Tombusviridae (55 %), followed by the families
Alphaflexiviridae and Secoviridae, genus Umbravirus, and
family Rhabdoviridae.

About 0.2 % of the cat faecal virome (602 sequence reads)
was related to insect viruses, 87 % of which belonged to
RNA viruses from the families Nodaviridae and
Dicistroviridae, whilst 13 % were related to the DNA virus
family Ascoviridae. The majority of the insect virus-like
sequences shared protein similarities of ,70 % with
annotated insect viral proteins.

Likely fish viruses (588 sequence reads) accounted for
~0.2 % of the cat faecal virome reads; 87 % belonged to the
family Iridoviridae, and included virus sequences related to
invertebrate iridovirus and frog virus 3 (FV3), sharing
about 60 and 95 % protein sequence identities, respectively.
FV3 is the type species of the genus Ranavirus. In past
decades, FV3 infections have resulted in considerable
morbidity and mortality in wild and cultivated amphibian
species (Williams et al., 2005). The remaining 13 % of reads
were related to viruses from the family Nodaviridae, some
members of which can infect both insects and fishes.

DISCUSSION

Studies characterizing viromes in animal faeces have been
performed for different mammals, starting with humansT
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(Breitbart et al., 2003; Finkbeiner et al., 2008; Kapoor et al.,
2008), horses (Cann et al., 2005), bats (Donaldson et al.,
2010; Li et al., 2010b; Wu et al., 2012), pigs (Sachsenröder
et al., 2014; Shan et al., 2011b; Zhang et al., 2014), rodents
(He et al., 2013; Phan et al., 2011), California sea lions (Li
et al., 2011a), pine martens (van den Brand et al., 2012)
and others. In the present study, we used metagenomics to
describe the composition of the viral community in the
faeces of cats in an animal shelter. The virome showed a
majority of eukaryotic viruses with fewer recognizable
(using BLASTX) prokaryotic viruses. In addition to the
mammalian viruses, the eukaryotic viruses detected also
included possible insect, fish and plant viruses, originating
from the cat diet.

Astroviruses were detected in all of the sample pools
analysed and made up the highest number of viral reads
detected. Astroviruses can cause diarrhoeal and occasionally
extra-intestinal disease in various species (De Benedictis
et al., 2011). The main mode of astrovirus transmission is
faecal–oral. Such transmission may be particularly effective
within a crowded animal shelter environment. Phylogenetic
analysis indicated the presence of three different astrovirus
strains. Although two of the three astrovirus strains clustered
with previously identified feline astroviruses, the third
belonged to a novel species clustering with astroviruses
from other carnivores. Not all astroviruses infecting a given
animal host species phylogenetically cluster together, leading
to the conclusion that astrovirus cross-species transmission
occurs frequently (De Benedictis et al., 2011; Finkbeiner et
al., 2009; Kapoor et al., 2009). Our detection of a feline
astrovirus highly divergent from the other (closely related)
feline astroviruses further supports this conclusion.

Although human bocaviruses have been discovered in
respiratory and faecal samples of children worldwide, their
ability to cause enteric disease is still under debate because
of their frequent detection in healthy children and co-
detection with other pathogens (Allander et al., 2005; Hao
et al., 2013; Söderlund-Venermo et al., 2009). Bocaviruses
have been identified in both healthy and diseased animals,
including dogs, cattle, pigs, sea lions and cats (Allander
et al., 2005; Kapoor et al., 2012; Lau et al., 2012; Li et al.,
2011a; Shan et al., 2011a). Feline bocavirus was first
discovered in stray cats in Hong Kong where it was
detected in multiple tissues (Lau et al., 2012). In the
current study, two different bocavirus strains were
prevalent in the cat population analysed, one of them
sharing .96 % sequence identity with the feline bocavirus
from Hong Kong. The other feline bocavirus may represent
a novel species due to an NS1 divergence of .15 % to
the next closest species. Phylogenetic trees based on NS1
and VP1 protein sequences available from GenBank and
this study therefore indicate that together with the POR1
strain (Ng et al., 2014) that there are currently three known
species of feline bocavirus.

Diverse cycloviruses have been found in both mammals
and insects (Dayaram et al., 2013; Ge et al., 2011; Li et al.,

2010a, 2011b; Padilla-Rodriguez et al., 2013; Phan et al.,
2014; Rosario et al., 2011). The detection of cyclovirus
DNA in different human samples, including faeces (Li et al.,
2010a), nasopharyngeal aspirates (Phan et al., 2014) and
cerebrospinal fluid (Smits et al., 2013; Tan et al., 2013), and
in the muscle tissues of farm animals (Li et al., 2011b),
suggests that cycloviruses may infect mammals. In the
present study, a novel species of cyclovirus was detected
in cat faeces. Phylogenetic analysis based on the protein
sequence of Rep revealed that this feline cyclovirus fell
between the circoviruses and cylcoviruses, whilst its genomic
features were more akin to cycloviruses. Whether this
cyclovirus replicates in feline cells and is associated with cat
disease will require further studies.

In conclusion, our study provides an overview of the feline
faecal virome which we expect to further expand as more
animals from different geographical regions are sampled.
Cats from Portugal were shown recently to shed a novel
picornavirus not detected in these Californian cats (Ng
et al., 2014). Whether these viruses are commensals or can
on occasion or in concert cause disease in susceptible cats
will require further studies, including in situ hybridization
of tissues showing pathologies and case-control studies of
specific feline diseases.

METHODS

Samples and viral metagenomics. Twenty-five faecal specimens

were collected from clinically normal cats in a shelter in Davis,

California, in October 2013 and stored at 280 uC. These cats had

been in the shelter between a few days and 2 weeks. They were kept in

separate cages in a single large room, where the cages were stacked

three high and 10 across. The cats were fed the same food, which

changed depending on the donations received. Stool samples were

resuspended in 10 vols PBS and vortexed vigorously for 5 min.

Supernatant (400 ml) was collected after centrifugation (10 min,

15 000 g), and filtered through a 0.45 mm filter (Millipore) to remove

eukaryotic and bacterial cell-sized particles. The filtrates, enriched in

viral particles, were treated with a mixture of DNases [Turbo DNase

(Ambion), Baseline-ZERO (Epicentre) and benzonase (Novagen)]

and RNase (Fermentas) to digest unprotected nucleic acid at 37 uC
for 90 min (Victoria et al., 2009). Viral nucleic acids protected from

digestion within viral capsids and other small particles were then

extracted using magnetic beads of the MagMAX Viral RNA Isolation

kit (Ambion) according to the manufacturer’s instructions. Six

separate pools of nucleic acids from 25 faecal specimens were

generated randomly, of which five contained four faecal specimens

and the other one contained five faecal specimens. These six viral

nucleic acid pools, containing both DNA and RNA viral sequences,

were then subjected to RT reactions with SuperScript III reverse

transcriptase (Invitrogen) and 100 pmol of a random hexamer

primer, followed by a single round of DNA synthesis using Klenow

fragment polymerase (New England BioLabs). A library was then

constructed using the Nextera XT DNA Sample Preparation kit

(Illumina) and sequenced using the MiSeq Illumina platform with

250 bp paired ends with a distinct molecular tag for each pool.

Bioinformatics analysis. Paired-end reads of 250 bp generated by

MiSeq 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
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low-sequencing-quality tails were trimmed using Phred quality score

10 as the threshold. Adaptors were trimmed using the default

parameters of VecScreen, which is National Center for Biotechnology

Information (NCBI) BLASTN (Altschul et al., 1997) with specialized

parameters designed for adaptor removal. The cleaned reads were de

novo assembled by SOAPdenovo2 version r240 using Kmer size 63

with default settings (Luo et al., 2012). The assembled contigs, along

with singlets, were aligned to an in-house viral proteome database

using BLASTX. The significant hits to virus were then aligned to an in-

house NVNR (non-virus non-redundant) universal proteome data-

base using BLASTX. Hits with a more significant adjusted E value to

NVNR than to virus were removed.

PCR screening. DNA and RNA were also directly extracted from

centrifuged stool supernatant using the magnetic beads of the

MagMAX Viral RNA Isolation kit (Ambion) according to the

manufacturer’s instructions. For FAstV-D1-related sequence screen-

ing, primers FastvL1 (59-GGAGGTGGCTAAGGAGATAGT-39) and

FastvR1 (59-CCTCTCTGAAGACGCCATGACT-39) were used for the

first round of nested PCR, and primers FastvL2 (59-CCCTCGAA-

GCGCTGGCACAA-39) and FastvR2 (59-CACCGAGCCCACCCCAG-

CTA-39) were used for the second round of nested PCR, resulting in

the amplification of a 433 bp fragment of the Cap gene. FeBoV3-

FBD1-related sequences were detected using primers FBD1L1 (59-TG-

ACTCGTCTGTGGCGGGCT-39) and FBD1R1 (59-TCGTTCGTGAG-

ACGCTGCCA-39) for the first round of nested PCR, and primers

FBD1L2 (59-CAAAGGATCGGGAGCGGGCG-39) and FBD1R2 (59-

TGCCCATGGTGTTGTGATTCCTATCCA-39) for the second round

of nested PCR, amplifying a 388 bp fragment of the VP1 gene. PCR

products were Sanger sequence-confirmed.

Phylogenetic analysis. Phylogenetic analyses were performed based

on predicted viral amino acid sequences together with their closest viral

relatives (best BLASTX hits) and representative members of related viral

species or genera. Sequence alignment was performed using CLUSTAL W

(version 2.1) with the default settings (Larkin et al., 2007). Aligned

sequences were trimmed to match the genomic regions of the viral

sequences obtained in the study. A phylogenetic tree with 100 bootstrap

resamples of the alignment datasets was reconstructed using the

neighbour-joining method based on the Jones–Taylor–Thornton

matrix-based model in MEGA5.0 (Tamura et al., 2011). Bootstrap values

(based on 100 replicates) for each node are given. Putative ORFs in the

genome were predicted by NCBI ORF finder.
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