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Abstract: Astroviruses, isolated from numerous avian and mammalian species including humans,
are commonly associated with enteritis and encephalitis. Two astroviruses have previously
been identified in cats, and while definitive evidence is lacking, an association with enteritis is
suggested. Using metagenomic next-generation sequencing of viral nucleic acids from faecal samples,
we identified two novel feline astroviruses termed Feline astrovirus 3 and 4. These viruses were
isolated from healthy shelter-housed kittens (Feline astrovirus 3; 6448 bp) and from a kitten with
diarrhoea that was co-infected with Feline parvovirus (Feline astrovirus 4, 6549 bp). Both novel
astroviruses shared a genome arrangement of three open reading frames (ORFs) comparable to that
of other astroviruses. Phylogenetic analysis of the concatenated ORFs, ORFla, ORF1b and capsid
protein revealed that both viruses were phylogenetically distinct from other feline astroviruses,
although their precise evolutionary history could not be accurately determined due to a lack of
resolution at key nodes. Large-scale molecular surveillance studies of healthy and diseased cats
are needed to determine the pathogenicity of feline astroviruses as single virus infections or in
co-infections with other enteric viruses.

Keywords: feline astrovirus; diarrhoea; mamastrovirus; capsid; domestic cats; evolution

1. Introduction

Astroviridae is a family of small (~6-7 kb), non-enveloped single-stranded RNA viruses that
include two genera—Awvastrovirus and Mamastrovirus. Species in the Avastrovirus genus infect avian
hosts while those in the Mamastrovirus genus infect mammals including humans. As of 2019,
the International Committee on Taxonomy of Viruses (ICTV) recognises 22 astrovirus species based
on the capsid gene, three of which belong to Avastrovirus and the remainder to Mamastrovirus
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(https://talk.ictvonline.org/taxonomy/). Since then, an additional 33 and 7 candidate species have been
discovered for the Mamastrovirus and Avastrovirus genera, respectively [1]. The astrovirus genome
comprises three open reading frames (ORFs): ORFla and ORF1b encode the non-structural proteins
involved in viral replication, including the RNA-dependent RNA polymerase (RdRp), while ORF2
encodes the capsid precursor [2].

Human astroviruses are associated with acute gastroenteritis in all age groups, although they
have also been reported in immunosuppressed children with encephalitis [3-5]. Astroviruses
are also associated with enteritis in turkeys [6], hepatitis in ducks [7,8], nephritis in chickens [9],
and encephalomyelitis in cattle [10] and mink [11,12]. Feline astrovirus (FAstV) was first discovered
using electron microscopy in a kitten with diarrhoea in 1981 [13]. Since then, FAstVs have been
detected in both clinically healthy cats and cats with diarrhoea in multiple countries using electron
microscopy, viral culture and/or molecular methods [14-20]. Genome sequencing has revealed at least
two groups of genetically distinct FAstVs. The species Mamastrovirus 2 includes Feline astrovirus 2 and
is related to classic human astroviruses (Mamastrovirus 1). In contrast, strain FAstV D1 clusters with
fox, California sea lion, and mink astroviruses [14,16], suggesting that cats may harbour a variety of
astrovirus strains that have not been studied in terms of their pathobiological properties.

Herein, we used metagenomic next-generation sequencing (mNGS) of viral nucleic acids isolated
from faecal samples to identify two novel FAstVs, one detected in three clinically healthy kittens and
another isolated from a kitten with diarrhoea that was co-infected with Feline parvovirus (FPV), a virus
in the species Carnivore protoparvovirus 1.

2. Materials and Methods

2.1. Ethics

The collection of faecal samples from cats in this study was approved by the University of Sydney
Animal Ethics Committee (AEC approval number N00/7-2013/3/6029).

2.2. Sample Collection

Faeces were collected from an unvaccinated 8-week-old male shelter-housed kitten with diarrhoea
(cat #159) during an outbreak of feline panleukopenia (FPL) at a shelter in Sydney, New South Wales,
Australia [21]. The kitten tested positive for FPV on a faecal antigen test and FPV infection was
confirmed on Sanger sequencing of the FPV VP2 gene [21]. Faecal samples were also collected from
three clinically healthy domestic shorthair (DSH) kittens aged 3 to 5 months (cat #AWL4, #AWL6 and
#AWLS) from a second shelter in Sydney, New South Wales, Australia. All faecal samples were stored
at —80 °C until processing.

2.3. Viral Nucleic Acid and Total RNA Isolation and Sequencing

Viral nucleic acids were isolated from the faecal samples of all cats using a previously published
protocol for viral particle enrichment [22] with minor modifications [23]. The QIAamp Viral RNA Mini
Kit (Qiagen, Hilden, Germany) was used to extract viral nucleic acids that were treated with DNase
(Invitrogen, Thermo Fisher Scientific) to remove viral genomic DNA. The resulting viral genomic RNA
was randomly amplified using the Whole Transcriptome Amplification Kit (WTA2) (Sigma-Aldrich,
St. Louis, MO, USA) and 22 PCR cycles [22,23] to convert RNA to cDNA then purified using the
GenElute PCR Clean-up Kit (Sigma-Aldrich, St. Louis, MO, USA). cDNA quantity was evaluated
using the Qubit 2.0 fluorometer. The Nextera XT DNA Library Preparation Kit (Illumina, San Diego,
CA, USA) was used to produce the sequencing libraries that were then sequenced on the NovaSeq6000
(IIIumina, San Diego, CA, USA) platform (150 bp paired end) at the Australian Genome Research
Facility (AGRF) (Melbourne, Australia). Insufficient viral genomic RNA was extracted from the faecal
sample from cat #159 using the viral particle enrichment protocol such that a cDNA library could not be
synthesized for sequencing. Therefore, in this case, total RNA was isolated from this sample using the


https://talk.ictvonline.org/taxonomy/

Viruses 2020, 12, 1301 30f10

RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following manufacturer instructions. Prior to total
RNA isolation, the faecal sample was suspended in 600 uL lysis buffer and homogenized at 5 ms™! for
1.5 min using the Omni Bead Ruptor (Omni international, Kennesaw, GA, USA) [23]. Total RNA quality
and quantity were assessed using a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). The Zymo-Seq
RiboFree Total RNA Library Kit (Zymo Research, Irvine, CA, USA) was used for rRNA depletion and
library preparation and sequencing was performed on the NovaSeq6000 (Illumina, San Diego, CA,
USA) platform (150 bp paired end) at the AGRF (Melbourne, Australia).

2.4. Genome Assembly and Read Mapping

Raw reads were mapped to the cat genome (Felis catus 9.0 assembly, GenBank Assembly ID
GCA_000181335.4) with BWA version 0.7.17 [24] and reads with over 95% mapping coverage were
removed. The ribosomal RNA (rRNA) reads were filtered with SortMeRNA [25]. Raw reads
were further processed for quality control using the following procedures [26,27]: (available at
https://github.com/TingtZHENG/metagenomics/blob/master/scripts/fqc.pl): (i) removal of Illumina
primers/adaptors/linker sequences; (ii) removal of paired ends reads with 25 bp consecutively exact
match from both ends to avoid PCR duplicates; and (iii) removal of terminal regions with continuous
Phred based quality <20. After pre-processing of raw data, IDBA-UD version 1.1.2 [28] was used for de
novo assembly of the cDNA libraries from cats #AWL4, #AWL6 and #AWLS. To confirm the IDBA-UD
assembly accuracy de novo, assembly of the cDNA libraries was also performed using Trinity version
2.8.5[29]. For cat #159, Trinity [29] was used for the de novo assembly of the total RNA sequencing
reads. Diamond version 0.9.32 was used to compare the resulting contigs to the NCBI non-redundant
protein database. Viral read counts for cDNA libraries after quality control filtering and IDBA-UD
assembly for cats #AWL4, #AWL6, and #AWL8 were confirmed using BWA [24]. BWA was also used
to determine the viral read count for the meta-transcriptomic library after quality control filtering
and Trinity assembly for cat #159 [24]. Astrovirus genomes were annotated and ORFs were predicted
using Geneious version 2019.2.1. Transmembrane domains were predicted using TMHMM version 2.0
(http://www.cbs.dtu.dk/servicess TMHMM]/) and the NCBI Conserved Domain Database (CDD) was
used to predict astrovirus genome motifs and domains. All astrovirus genomes described here have
been deposited on GenBank under the accession numbers MW037839-41.

2.5. Evolutionary Analysis

Phylogenetic analysis of Mamastrovirus genomes was performed on the individual amino acid
sequence alignments of the ORFla, ORF1b, and capsid genes, as well as on a concatenated alignment
of all three ORFs. For each gene, between 39 and 48 reference sequences of mamastroviruses were
included to represent the background diversity of these viruses in mammals (reference sequences were
downloaded from GenBank, excluding accession numbers MN977118-9). Sequence alignments were
performed in Geneious using MAFFT version 7 and the E-INS-i algorithm [30], and GBlocks was used
to remove ambiguously aligned regions and gaps [31,32]. This resulted in final amino acid alignments
of 816, 230, 373, and 215 residues for the concatenated ORFs, ORFla, ORF1b, and capsid genes,
respectively. The PhyML program was used to estimate the maximum likelihood phylogenetic trees
assuming the Le and Gascuel 2008 (LG) and gamma distribution (I') model of amino acid substitution,
subtree pruning and regrafting (SPR) branch swapping, and bootstrap re-sampling (1000 replicates) to
assess nodal support [33-35].

A nucleotide sequence alignment containing 39 Mamastrovirus reference sequences and the FAstVs
identified here was created using MAFFT. The RDP, GENECOV, and Bootscan programs within the
RDP4 package [36] were then used to scan this alignment for potential recombination events involving
FAstV3 and FAstV4. The genomic locations of any putative recombination breakpoints were then
determined using Simplot, with new (amino acid) phylogenetic trees then inferred at either side of
these recombination breakpoints using the phylogenetic procedure described above.
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3. Results

3.1. Genome Features of Novel FAstV's

Using mNGS, we identified two novel FAstVs of lengths 6448 bp (excluding the 10 bp polyA tail)
and 6549 bp (in which no polyA tail was observed). The first FAstV (6448 bp), tentatively named Feline
astrovirus 3 (FAstV3), was detected in three healthy cats, including whole genomes in two (#AWL4
and #AWL6) and contigs of lengths 493 bp (ORF1a) and 517 bp (ORF2) and 100% identity in the third
(#AWLS). Both assemblers showed comparable results, although because Trinity added a small section
of sequence to the 3’ end of FAstV3 after the polyA tail we choose the IDBA-UD assembly in this case.
The second novel FAstV (6549 bp), tentatively named Feline astrovirus 4 (FAstV4), was sequenced from
the sick cat (#159). The three ORFs were predicted for both FAstVs, and a polyA tail was only observed
in FAstV3 (Figure 1). The GC content for FAstV3 was 50% and 45.3% for FAstV4. The ribosomal
frameshift AAAAAAC motif was present in the ORFla and ORF1b overlap in both genomes (Figure 1).
TMHMM was used to predict five transmembrane domains in FAstV3 at amino acid positions 161-183,
237-256, 276-298, 302-324 and 331-353, and five in FAstV4 at positions 156-173, 243-265, 285-307,
317-335 and 342-364 in ORFla (Figure 1). The trypsin-like peptidase domain in ORFla, RdRp in
ORF1b, and the capsid protein precursor in ORF2 were identified (Figure 1).

1 1,000 2,000 3,000 4,000 5,000 6,000 7,000

ORF2 Polya

FAstV3 ORF1a

ORF1b

FAstV4 ORF1a ORF1b

ORF2
D

mTransmembrane domains BRNA-dependent RNA polymerase  mTrypsin-like peptidase domain
Ribsomal frameshift motif =~ mCapsid protein precursor

Figure 1. An overview of the genome structures of FAstV3 and FAstV4. ORFs are represented in
grey, transmembrane domains in orange, trypsin-like peptidase domain in purple, RdRp in green,
and capsid protein precursor in blue. The yellow triangle represents the ribosomal frameshift motif.
ORF1la, ORF1b, and ORF2 are 832, 519 and 786 amino acids for FAstV3 and 848, 506 and 789 amino
acids for FAstV4, respectively.

3.2. Abundance, Sequence Comparison and Other Viruses

The assembled FAstV3 and FAstV4 genomes were used to map sequence reads from the four
filtered sequencing libraries to determine read abundance (Table 1). BlastX revealed 61% amino acid
sequence similarity to Mamastrovirus 10 (GenBank accession number NC_004579) in the capsid gene for
FAstV3 and 68% amino acid similarity to Canine astrovirus (GenBank accession number KX599354) in
the capsid gene for FAstV4. FAstV3 and FAstV4 displayed 67% amino acid similarity to each other in
the capsid gene. A complete Mamastrovirus 2 genome (6796 bp excluding polyA tail, accession number
MWO037841) was detected in two cDNA libraries from cats #AWL4 and #AWLG6 (Table 1) and shared
92% nucleotide similarity to other Mamastrovirus 2 sequences and 97% (ORFla and ORFlab) and 94%
(capsid gene) amino acid similarity to Mamastrovirus 2 and Feline astrovirus 2, respectively.
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Table 1. Summary of library and virus read counts, transcripts per million counts for each virus, and the
assembler used.

Libra Library Read
. Accession . Ty Count after  Virus/Contig  Transcripts
Virus Assembler Virus Was . 11:
Number o Processing  Read Count  per Million
Identified .
(Paired End)
AWL4 7,030,294 62,663 1623
astf;l/lir;lel " MW037839  IDBA-UD AWL6 10,116,484 24§é9205 3;3
AWLS 10,578,534 979 O
Feline MWO037840  Trinity 159 77,205,956 32,003 16
astrovirus 4
1636 70
i 7 294
I;&Z%E‘SS/Z%EUS MWo037841 IDBA-UD AWM 030,29 1897 114
AWL6 10,116,484 4098 53

Feline coronavirus reads were detected in all four filtered sequencing libraries, with one complete
genome observed in the total RNA library from cat #159 (29432 bp) and contigs ranging in length
from 6167 bp to 457 bp in library #AWLS. Additionally, a Feline picornavirus genome (7466 bp) was
detected in the #AWLS library.

3.3. Phylogenetic and Recombination Analysis

Phylogenetic analysis of the concatenated sequences of all ORFs (Figure 2A) shows that both
FAstV3 and FAstV4 cluster in a broad group of mamastroviruses, including FAstV D1, as well as
astroviruses from humans, mink, and bovines. Although FAstV4 was clearly related to FAstV D1
with 100% bootstrap support in the concatenated ORFs, ORF1a, and ORF1b trees (and relatively close
to FAstV D1 in the capsid gene phylogeny; see below), the precise phylogenetic position of FAstV3
was less certain because of a lack of strong (i.e., >70%) bootstrap support and topological differences
between each gene tree. In particular, in the ORF1b phylogeny (Figure 2C), FAstV3, fell in a divergent
and ambiguous phylogenetic position, and was also relatively divergent in the ORFla tree (Figure 2B).
Also of note was that in the phylogenetic analysis based on the capsid gene (Figure 2D), both FAstV3
and FAstV4 clustered with Canine astrovirus, Mamastrovirus 10 (from mink), Mamastrovirus 11 (from
California sea lion) and FAstV D1, although again without strong bootstrap support.

Because there was some evidence for topological movement in the trees, compatible with the
occurrence of recombination, we performed a more detailed analysis of recombination using RDP4 [36].
While this again revealed that FAstV3 and FAstV4 changed phylogenetic positions across the genome,
phylogenetic trees estimated for sequence regions on either side of the putative recombination
breakpoints were not significantly different (as measured by levels of bootstrap support >70%). Hence,
there is no conclusive evidence for recombination in these data and any change in tree topologies may
simply reflect a lack of phylogenetic resolution. Irrespective of this lack of phylogenetic resolution,
FAstV3 and FAstV4 are clearly distinct from all other feline astroviruses.
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Figure 2. The phylogenetic relationships of the FAstVs described in this study to other Mamastrovirus
species based on (A) concatenated ORFs, (B) ORF1la, (C) ORF1b, and (D) capsid gene sequences. All four
trees are rooted at the midpoint, and bootstrap values are displayed next to the branches. GenBank
accession numbers are listed for reference sequences after the organism name. The novel FAstVs and
Mamastrovirus 2 in this study are marked in red. Accession numbers NC_043099, NC_0431101, NC_034975,
NC_043097, KX599354, and AF056197 are missing from the concatenated ORFs, ORFla, and ORF1b
(A, B and C) trees, and accession numbers KC692365, NC_043098, and NC_043103 are missing from the
concatenated ORFs and ORFla trees due to incomplete or unavailable gene sequences on GenBank.
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4. Discussion

We used mNGS to detect two novel FAstVs in the gastrointestinal tract of kittens. The pathogenic
potential of astroviruses in cats is not yet clearly understood. In humans, astroviruses have been shown
to cause gastroenteritis and are responsible for up to 10% of non-bacterial gastroenteritis cases [3].
Similar to three previous reports, we identified one of the astroviruses (FAstV4) in a sick cat co-infected
with FPV [17,20,37]. Since FPV causes severe gastroenteritis in cats, causality between FAstV infection
and diarrhoea is difficult to ascertain. Previous evidence in support of a pathogenic role for FAstVs
includes the induction of diarrhoea after experimental inoculation of SPF cats, as well as results of
some molecular surveillance studies [37-39]. While one study found no significant difference in the
prevalence of FAstV infection in cats with and without diarrhoea [40], another detected FAstVs in
38/105 (36%) cats with diarrhoea and in only 8/92 (8.7%) cats without diarrhoea [37]. In the latter
study, co-infections of FAstV with FPV and/or Feline Bocavirus (FBoV) were present in 35/105 cats with
diarrhoea (33%), whereas no FAstV co-infections were detected in cats without diarrhoea.

Co-infections of some enteric viruses in humans can increase the severity of clinical signs of acute
gastroenteritis caused by single virus infections [41]. Whether FAstV and FPV or other enteric virus
co-infections could contribute to more severe clinical disease than single virus infections warrants
further investigation using large-scale NGS molecular surveillance studies of cats with and without
enteric disease. All of the cats we investigated were also co-infected with feline coronavirus (FCoV),
an enteric alpha-coronavirus. FCoV is ubiquitous in most multicat environments and was detected
in all of 37 catteries tested in Germany recently [42]. FCoV most commonly exists as an avirulent
pathotype that causes subclinical infection or occasionally mild enteritis but can mutate to acquire
macrophage-tropism and cause the systemic inflammatory disease feline infectious peritonitis.

Phylogenetic analysis of the concatenated ORFs, ORFla, ORF1b and capsid gene sequences
revealed that despite some topological uncertainty, both FAstV3 and FAstV4 are clearly distinct from
the established species Mamastrovirus 2 and FAstV2. In some of the gene trees, we observed a broad
grouping of FAstV3, FAstV4, a mink astrovirus associated with diarrhoea in farmed minks (Genbank
accession NC_004579) and another associated with shaking mink syndrome (GenBank accession
GU985458), a FAstV from healthy shelter-housed cats (GenBank accession NC_024701), and in the case
of the capsid tree a canine astrovirus detected in the faeces of a shelter-housed dog with diarrhoea
(GenBank accession KX599354) and a California sea lion astrovirus (GenBank accession NC_043097).
However, while FAstV4 often groups with FAstV D1 (the only exception being the capsid gene tree),
the exact phylogenetic position of FAstV3 is currently unresolved. It is possible that phylogenetic
uncertainty in part reflects the action of recombination that has previously been documented in
mammalian astroviruses [43-46], although we found no firm evidence for this process here.

The genetic diversity of astroviruses poses challenges for their diagnosis. For instance, there are at
least five distinct Mamastrovirus species (1, 6, 8, 9 and the tentative species 20) in the human host and
different assays are required for their molecular diagnosis, although commercial assays are available
only for classical human astroviruses (Mamastrovirus 1) [3,47]. In cats, astroviruses are not included
routinely in the diagnostic algorithms of infectious diseases, thus hindering the collection of useful
information in terms of epidemiological and clinical data.

In sum, these findings support that FAstVs are part of the gastrointestinal virome of domestic cats
and demonstrate the extensive genetic diversity of FAstVs. Whether there are biological differences
among the various FAstV strains should be considered, as astroviruses exhibit considerable biological
plasticity. Accordingly, it is important to determine whether some FAstVs may act as either primary
pathogens or opportunists.

Author Contributions: Conceptualization, V.R.B. and K.V.B.; methodology, VR.B., K.V.B., X.W.,, M.S., and VM.;
laboratory analysis, K.V.B and M.C; software, X.W., K.V.B. and M.S,; formal analysis, K.V.B.,, XW., J.L., VM., VR.B.
and E.C.H.; data curation, K.V.B. and X.W.; writing—original draft preparation, K.V.B. and X.W.; writing—review
and editing, all authors; supervision, V.R.B., E.C.H. and J.A.B.; project administration, V.R.B.; funding acquisition,
V.R.B. All authors have read and agreed to the published version of the manuscript.



Viruses 2020, 12, 1301 8 of 10

Funding: This research was funded by the Morris Animal Foundation (D18FE-001). ECH is funded by an ARC
Australian Laureate Fellowship (FL170100022).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Guix, S.; Bosch, A.; Pint6, R.M. Astrovirus taxonomy. In Astrovirus Research: Essential Ideas, Everyday Impacts,
Future Directions; Schultz-Cherry, S., Ed.; Springer: New York, NY, USA, 2013; pp. 97-118.

De Benedictis, P.; Schultz-Cherry, S.; Burnham, A.; Cattoli, G. Astrovirus infections in humans and
animals—Molecular biology, genetic diversity, and interspecies transmissions. Infection, genetics and
evolution. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2011, 11, 1529-1544. [CrossRef] [PubMed]

Bosch, A.; Pintd, R.M.; Guix, S. Human astroviruses. Clin. Microbiol. Rev. 2014, 27, 1048-1074. [CrossRef]
[PubMed]

Koukou, G.; Niendorf, S.; Hornei, B.; Schlump, ].U.; Jenke, A.C.; Jacobsen, S. Human astrovirus infection
associated with encephalitis in an immunocompetent child: A case report. J. Med. Case Rep. 2019, 13, 341.
[CrossRef] [PubMed]

Quan, P-L.; Wagner, T.A.; Briese, T.; Torgerson, T.R.; Hornig, M.; Tashmukhamedova, A.; Firth, C.; Palacios, G.;
Baisre-De-Leon, A.; Paddock, C.D.; et al. Astrovirus encephalitis in boy with X-linked agammaglobulinemia.
Emerg. Infect. Dis. 2010, 16, 918-925. [CrossRef]

Mor, S.; Abin, M.; Costa, G.; Durrani, A; Jindal, N.; Goyal, S.; Patnayak, D. The role of type-2 turkey
astrovirus in poult enteritis syndrome. Poult. Sci. 2011, 90, 2747-2752. [CrossRef]

Gough, R.E,; Borland, E.D.; Keymer, LE; Stuart, J.C. An outbreak of duck hepatitis type II in commercial
ducks. Avian Pathol. ]. WVPA 1985, 14, 227-236. [CrossRef]

Fu, Y,; Pan, M.; Wang, X.; Xu, Y.; Xie, X.; Knowles, N.J.; Yang, H.; Zhang, D. Complete sequence of a duck
astrovirus associated with fatal hepatitis in ducklings. J. Gen. Virol. 2009, 90, 1104-1108. [CrossRef]

Imada, T.; Yamaguchi, S.; Mase, M.; Tsukamoto, K.; Kubo, M.; Morooka, A. Avian Nephritis Virus (ANV)
as a new member of the family Astroviridae and Construction of infectious ANV cDNA. J. Virol. 2000, 74,
8487-8493. [CrossRef]

Li, L.; Diab, S.; McGraw, S.; Barr, B.; Traslavina, R.; Higgins, R.; Talbot, T.; Blanchard, P.; Rimoldi, G.;
Fahsbender, E.; et al. Divergent astrovirus associated with neurologic disease in cattle. Emerg. Infect. Dis.
2013, 19, 1385-1392. [CrossRef]

Blomstrom, A.-L.; Widén, F; Hammer, A.-S; Belak, S.; Berg, M. Detection of a novel astrovirus in brain tissue
of mink suffering from shaking mink syndrome by use of viral metagenomics. J. Clin. Microbiol. 2010, 48,
4392-4396. [CrossRef]

Gavier-Widén, D.; Brgjer, C.; Dietz, H.H.; Englund, L.; Hammer, A.S.; Hedlund, K.-O.; Hard af Segerstad, C.;
Nilsson, K.; Nowotny, N.; Puurula, V,; etal. Investigations into shaking mink syndrome: An encephalomyelitis
of unknown cause in farmed mink (Mustela Vison) kits in Scandinavia. J. Vet. Diagn. Investig. 2004, 16,
305-312.

Hoshino, Y.; Zimmer, ].F.; Moise, N.S.; Scott, EW. Detection of astroviruses in feces of a cat with diarrhea.
Arch. Virol. 1981, 70, 373-376. [CrossRef] [PubMed]

Ng, TEE,; Mesquita, ].R.; Nascimento, M.S.].; Kondov, N.O.; Wong, W.; Reuter, G.; Knowles, N.J.; Vega, E.;
Esona, M.D.; Deng, X.; et al. Feline fecal virome reveals novel and prevalent enteric viruses. Vet. Microbiol.
2014, 171, 102-111. [CrossRef] [PubMed]

Lau, SK.P; Woo, PC.Y;; Yip, C.C.Y,; Bai, R,; Wu, Y,; Tse, H.; Yuen, K.-Y. Complete genome sequence of a
novel feline astrovirus from a domestic cat in Hong Kong. Genome Announc. 2013, 1. [CrossRef] [PubMed]

Zhang, W.; Li, L.; Deng, X.; Kapusinszky, B.; Pesavento, P.A.; Delwart, E. Faecal virome of cats in an animal
shelter. . Gen. Virol. 2014, 95, 2553-2564. [CrossRef]

Moschidou, P.; Martella, V.; Lorusso, E.; Desario, C.; Pinto, P; Losurdo, M.; Catella, C.; Parisi, A.; Banyai, K,;
Buonavoglia, C. Mixed infection by Feline astrovirus and Feline panleukopenia virus in a domestic cat with
gastroenteritis and panleukopenia. J. Vet. Diagn. Investig. 2011, 23, 581-584. [CrossRef]

Marshall, J.A.; Kennett, M.L.; Rodger, S.M.; Studdert, M.J.; Thompson, W.L.; Gust, L.D. Virus and virus-like
particles in the faeces of cats with and without diarrhoea. Aust. Vet. J. 1987, 64, 100-105. [CrossRef]


http://dx.doi.org/10.1016/j.meegid.2011.07.024
http://www.ncbi.nlm.nih.gov/pubmed/21843659
http://dx.doi.org/10.1128/CMR.00013-14
http://www.ncbi.nlm.nih.gov/pubmed/25278582
http://dx.doi.org/10.1186/s13256-019-2302-6
http://www.ncbi.nlm.nih.gov/pubmed/31757225
http://dx.doi.org/10.3201/eid1606.091536
http://dx.doi.org/10.3382/ps.2011-01617
http://dx.doi.org/10.1080/03079458508436224
http://dx.doi.org/10.1099/vir.0.008599-0
http://dx.doi.org/10.1128/JVI.74.18.8487-8493.2000
http://dx.doi.org/10.3201/eid1909.130682
http://dx.doi.org/10.1128/JCM.01040-10
http://dx.doi.org/10.1007/BF01320252
http://www.ncbi.nlm.nih.gov/pubmed/6798953
http://dx.doi.org/10.1016/j.vetmic.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24793097
http://dx.doi.org/10.1128/genomeA.00708-13
http://www.ncbi.nlm.nih.gov/pubmed/24072858
http://dx.doi.org/10.1099/vir.0.069674-0
http://dx.doi.org/10.1177/1040638711404149
http://dx.doi.org/10.1111/j.1751-0813.1987.tb09638.x

Viruses 2020, 12, 1301 90f 10

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lawler, PE.; Cook, K.A.; Williams, H.G.; Archer, L.L.; Schaedel, K.E.; Isaza, N.M.; Wellehan, J.J.EX.
Determination of the diversity of astroviruses in feces from cats in Florida. . Vet. Diagn. Investig. 2018, 30,
275-279. [CrossRef]

Yi, S.; Niu, J.; Wang, H.; Dong, G.; Guo, Y.; Dong, H.; Wang, K.; Hu, G. Molecular characterization of feline
astrovirus in domestic cats from Northeast China. PLoS ONE 2018, 13, e0205441. [CrossRef]

Van Brussel, K.; Carrai, M.; Lin, C.; Kelman, M.; Setyo, L.; Aberdein, D.; Brailey, J.; Lawler, M.; Maher, S.;
Plaganyi, I; et al. Distinct lineages of Feline Parvovirus associated with Epizootic outbreaks in Australia,
New Zealand and the United Arab Emirates. Viruses 2019, 11, 1155. [CrossRef]

Conceicao-Neto, N.; Zeller, M.; Lefrére, H.; De Bruyn, P; Beller, L.; Deboutte, W.; Yinda, C.K.; Lavigne, R.;
Maes, P.; Van Ranst, M.; et al. Modular approach to customise sample preparation procedures for viral
metagenomics: A reproducible protocol for virome analysis. Sci. Rep. 2015, 5, 16532. [CrossRef] [PubMed]
Chong, R.; Shi, M.; Grueber, C.E.; Holmes, E.C.; Hogg, C.J.; Belov, K.; Barrs, V.R. Fecal viral diversity of captive
and wild Tasmanian Devils characterized using Virion-Enriched metagenomics and metatranscriptomics.
J. Virol. 2019, 93. [CrossRef] [PubMed]

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics
2009, 25, 1754-1760. [CrossRef] [PubMed]

Kopylova, E.; Noé, L.; Touzet, H. SortMeRNA: Fast and accurate filtering of ribosomal RNAs in
metatranscriptomic data. Bioinformatics 2012, 28, 3211-3217. [CrossRef] [PubMed]

Li, J.; Rettedal, E.A.; van der Helm, E.; Ellabaan, M.; Panagiotou, G.; Sommer, M.O.A. Antibiotic treatment
drives the diversification of the human gut resistome. Genom. Proteom. Bioinform. 2019, 17, 39-51. [CrossRef]
[PubMed]

Zheng, T; Li, J.; Ni, Y.,; Kang, K.; Misiakou, M.-A.; Imamovic, L.; Chow, B.K.C.; Rode, A.A.; Bytzer, P;
Sommer, M.; et al. Mining, analyzing, and integrating viral signals from metagenomic data. Microbiome 2019,
7,42. [CrossRef]

Peng, Y.; Leung, H.C.; You, S.M.; Chin, EY. IDBA-UD: A de novo assembler for single-cell and metagenomic
sequencing data with highly uneven depth. Bioinformatics 2012, 28, 1420-1428. [CrossRef]

Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.;
Raychowdhury, R.; Zeng, Q.; et al. Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nat. Biotechnol. 2011, 29, 644—652. [CrossRef]

Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in
performance and usability. Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef]

Castresana, J. Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis.
Mol. Biol. Evol. 2000, 17, 540-552. [CrossRef]

Talavera, G.; Castresana, J. Improvement of phylogenies after removing divergent and ambiguously aligned
blocks from protein sequence alignments. Syst. Biol. 2007, 56, 564-577. [CrossRef] [PubMed]

Le, S.Q.; Gascuel, O. An improved general amino acid replacement matrix. Mol. Biol. Evol. 2008, 25,
1307-1320. [CrossRef] [PubMed]

Hordijk, W.; Gascuel, O. Improving the efficiency of SPR moves in phylogenetic tree search methods based
on maximum likelihood. Bioinformatics 2005, 21, 4338-4347. [CrossRef] [PubMed]

Guindon, S.; Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum
likelihood. Syst. Biol. 2003, 52, 696-704. [CrossRef] [PubMed]

Martin, D.P; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and analysis of recombination
patterns in virus genomes. Virus Evol. 2015, 1. [CrossRef]

Zhang, Q.; Niu, J; Yi, S.; Dong, G.; Yu, D.; Guo, Y.; Huang, H.; Hu, G. Development and application of a
multiplex PCR method for the simultaneous detection and differentiation of feline panleukopenia virus,
feline bocavirus, and feline astrovirus. Arch. Virol. 2019, 164, 2761-2768. [CrossRef]

Harbour, D.A.; Ashley, C.R.; Williams, P.D.; Gruffydd-Jones, T.J. Natural and experimental astrovirus
infection of cats. Vet. Rec. 1987, 120, 555-557. [CrossRef]

Aydin, H.; Timurkan, M.O. A pilot study on feline astrovirus and feline panleukopenia virus in shelter cats
in Erzurum, Turkey. Rev. Méd. Vét. 2018, 169, 52-57.

Cho, Y.-Y,; Lim, S.-I; Kim, YK; Song, J.-Y.; Lee, J.-B.; An, D.-]. Molecular characterisation and phylogenetic
analysis of feline astrovirus in Korean cats. J. Feline Med. Surg. 2013, 16, 679-683. [CrossRef]


http://dx.doi.org/10.1177/1040638717747322
http://dx.doi.org/10.1371/journal.pone.0205441
http://dx.doi.org/10.3390/v11121155
http://dx.doi.org/10.1038/srep16532
http://www.ncbi.nlm.nih.gov/pubmed/26559140
http://dx.doi.org/10.1128/JVI.00205-19
http://www.ncbi.nlm.nih.gov/pubmed/30867308
http://dx.doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://dx.doi.org/10.1093/bioinformatics/bts611
http://www.ncbi.nlm.nih.gov/pubmed/23071270
http://dx.doi.org/10.1016/j.gpb.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31026582
http://dx.doi.org/10.1186/s40168-019-0657-y
http://dx.doi.org/10.1093/bioinformatics/bts174
http://dx.doi.org/10.1038/nbt.1883
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026334
http://dx.doi.org/10.1080/10635150701472164
http://www.ncbi.nlm.nih.gov/pubmed/17654362
http://dx.doi.org/10.1093/molbev/msn067
http://www.ncbi.nlm.nih.gov/pubmed/18367465
http://dx.doi.org/10.1093/bioinformatics/bti713
http://www.ncbi.nlm.nih.gov/pubmed/16234323
http://dx.doi.org/10.1080/10635150390235520
http://www.ncbi.nlm.nih.gov/pubmed/14530136
http://dx.doi.org/10.1093/ve/vev003
http://dx.doi.org/10.1007/s00705-019-04394-8
http://dx.doi.org/10.1136/vr.120.23.555
http://dx.doi.org/10.1177/1098612X13511812

Viruses 2020, 12, 1301 10 of 10

41.

42.

43.

44.

45.

46.

47.

Menon, VK.; George, S.; Sarkar, R.; Giri, S.; Samuel, P; Vivek, R.; Saravanabavan, A.; Liakath, FEB.; Ramani, S.;
Tturriza-Gomara, M.; et al. Norovirus Gastroenteritis in a Birth Cohort in Southern India. PLoS ONE 2016,
11, e0157007. [CrossRef]

Klein-Richers, U.; Hartmann, K., Hofmann-Lehmann, R.; Unterer, S.; Bergmann, M.; Rieger, A,;
Leutenegger, C.M.; Pantchev, N.; Balzer, J.; Felten, S. Prevalence of Feline Coronavirus shedding in
German catteries and associated risk factors. Viruses 2020, 12, 1000. [CrossRef] [PubMed]

Walter, J.E.; Briggs, J.; Guerrero, M.L.; Matson, D.O.; Pickering, L K.; Ruiz-Palacios, G.; Berke, T.; Mitchell, D.K.
Molecular characterization of a novel recombinant strain of human astrovirus associated with gastroenteritis
in children. Arch. Virol. 2001, 146, 2357-2367. [CrossRef] [PubMed]

Wolfaardt, M.; Kiulia, N.M.; Mwenda, ].M.; Taylor, M.B. Evidence of a recombinant wild-type human
astrovirus strain from a Kenyan child with Gastroenteritis. J. Clin. Microbiol. 2011, 49, 728-731. [CrossRef]
Rivera, R.; Nollens, H.H.; Venn-Watson, S.; Gulland, EM.; Wellehan, J.E, Jr. Characterization of
phylogenetically diverse astroviruses of marine mammals. J. Gen. Virol. 2010, 91, 166-173. [CrossRef]
[PubMed]

Ito, M.; Kuroda, M.; Masuda, T.; Akagami, M.; Haga, K.; Tsuchiaka, S.; Kishimoto, M.; Naoi, Y.; Sano, K;
Omatsu, T.; et al. Whole genome analysis of porcine astroviruses detected in Japanese pigs reveals genetic
diversity and possible intra-genotypic recombination. Infect. Genet. Evol. 2017, 50, 38—48. [CrossRef]
[PubMed]

Pérot, P; Lecuit, M.; Eloit, M. Astrovirus diagnostics. Viruses 2017, 9, 10.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0157007
http://dx.doi.org/10.3390/v12091000
http://www.ncbi.nlm.nih.gov/pubmed/32911718
http://dx.doi.org/10.1007/s007050170008
http://www.ncbi.nlm.nih.gov/pubmed/11811685
http://dx.doi.org/10.1128/JCM.01093-10
http://dx.doi.org/10.1099/vir.0.015222-0
http://www.ncbi.nlm.nih.gov/pubmed/19759240
http://dx.doi.org/10.1016/j.meegid.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28189887
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics 
	Sample Collection 
	Viral Nucleic Acid and Total RNA Isolation and Sequencing 
	Genome Assembly and Read Mapping 
	Evolutionary Analysis 

	Results 
	Genome Features of Novel FAstVs 
	Abundance, Sequence Comparison and Other Viruses 
	Phylogenetic and Recombination Analysis 

	Discussion 
	References

