First whole genome characterization of porcine
astrovirus detected in swine faeces in Italy
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Summary

Porcine astroviruses (PoAstV) are found in the gastrointestinal tract of healthy and diseased
pigs worldwide. However, their role in causing enteric disease in pigs and other animals
has not been elucidated. In the present report, we describe for the first time in Italy, the
identification and genetic characterization, through whole genome sequencing, of a PoAstV2
in pigs in Northeast Italy in 2015. This instance is the first detection of PoAstV2 in pigs in
Italy. The phylogenetic analysis of the complete ORF2 segment highlights the high similarity
of this virus to those circulating that same year in Japan. There are very few full astrovirus
genomes available, and the present data represent an important contribution towards a
better understanding of the characteristics and evolution of these viruses.

Parole chiave
Astrovirus suino,
Metagenomica,
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Prima caratterizzazione dell’intero genoma di porcine astrovirus
individuato nelle feci di un suino in Italia

Riassunto

Gli astrovirus sono virus identificati nel tratto gastrointestinale dei suini con e senza
manifestazioni cliniche. La loro presenza nella popolazione suina e segnalata a livello
globale. Il loro ruolo come agenti causali di patologia gastroenterica e tuttora poco
chiaro. Nel presente lavoro si descrive, per la prima volta in Italia, I'identificazione e la
caratterizzazione genetica, attraverso sequenziamento dellintero genoma, di un Porcine
Astrovirus tipo 2 (PoAstV2) in Veneto nel 2015. L'analisi filogenetica del’'ORF2 evidenzia una
alta similarita del virus con altri PoAstV circolanti lo stesso anno in Giappone. Poche sono le
sequenze complete di astrovirus, e il presente dato rappresenta un importante contributo
verso una migliore comprensione delle caratteristiche dei PoAstV.

Introduction

Astroviruses (AstVs) are emerging viruses in
the family Astroviridae that infect a wide range
of mammalian and avian species. They are
non-enveloped viruses with a radius of 28-30
nm and a single-stranded positive sense RNA
genome (Cortez et al. 2017, Boujon et al. 2017). The

genomes of AstVs range in size from 6.4 to 7.7 kb,
are polyadenylated at their 3'end and contain three
ORFs, namely, ORF1a, ORF1b and ORF2 (Cortez
et al. 2017, Boujon et al. 2017). ORF1a encodes
the nonstructural polyprotein 1a, whilst the entire
ORF1 sequence encodes both a protease and an
RNA-dependent RNA polymerase, with a ribosomal
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frame shift at the ORF1a/1b (ORF1ab) junction
(De Benedictis et al. 2011). ORF2 encodes the viral
capsid structural polyprotein required for virion
formation (De Benedictis et al. 2011).

Based on the host, two genera have been identified:
Mamastrovirus and Avastrovirus (Boujon et al. 2017).
Thirty-three species of Mamastrovirus and 7 species
of Avastrovirus have been identified based on the
geneticdifferencesin the complete ORF2aminoacid
sequence (Guiz et al. 2013). Astroviruses have been
detected in the intestines and faeces of animals and
are responsible for gastrointestinal disorders mainly
in young individuals (Cortez et al. 2017, Boujon et al.
2017, De Benedictis et al. 2011). However, astrovirus
infections have been described in diseased animals
with extra-intestinal manifestations, including
respiratory and neurological signs (Cortez et al.
2017, Boujon et al. 2017, De Benedictis et al. 2011).
Additionally, astroviruses have been detected in
clinically healthy mammalian and avian hosts,
suggesting that infections in the absence of
clinical signs are likely (Cortez et al. 2017, De
Benedictis et al. 2011).

Porcine astroviruses (PoAstVs) belong to the
Mamastrovirus  genus and are distributed
worldwide. Five genotypes of PoAstVs have been
identified (Xiao et al. 2013); these genotypes belong
to seven Mamastrovirus clades recognized by the
International Committee on Taxonomy of Viruses
(ICTV), namely, clades 3, 22, 24, 26, 27, 31 and 32
(Boujon et al. 2017). This classification possibly
reflects the different origins of PoAstVs along with
interspecies  transmission and recombination
events, some of which presumably occurred with
human strains (Cortez et al. 2017).

PoAstV was first detected in the faeces of diarrheal
pigs in 1980 using electron microscopy (Bridger
1980, Shirai et al. 1985). PoAstV1 was the first lineage
to be characterized, and it has been identified in US
(Xiao et al. 2013), Canada (Luo et al. 2011), the Czech
Republic (Indik et al. 2006) and Colombia (Ulloa and
Gutierrez 2010). The other genotypes have been
identified in the USA, Canada, China, and Hungary
at varying frequencies and have been detected in
healthy and diseased animals (Laurin et al. 2011,
Shan etal. 2012, Reuter etal. 2011, Reuter et al. 2012,
Lan et al. 2011, Shan et al. 2011, Chen et al. 2018,
Karlsson et al. 2016, Zhang et al. 2014). Intriguingly,
PoAstV has also been shown to be associated with
respiratory disease (Padmanabhan and Hause 2016),
and it was detected in the brains of piglets suffering
from congenital tremors (Blomstrom et al. 2014).
Pigs infected with PoAstV may or may not present
clinical signs. Therefore, the economic impact of
swine astrovirus infections is poorly understood.

Here, we applied a metagenomics approach to
sequence and analyse the whole genome of PoAstV
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from faeces collected from piglets suffering from
acute gastroenteritis in Italy. The paucity of whole
genome data renders the full characterization
and comparison with extant strains difficult and,
importantly, limits the analysis studies upon the
origin and evolution of these viruses.

Materials and methods

Sample collection

In November 2015, an outbreak of acute
gastroenteritis was observed on a pig farm located
in the Province of Treviso in the Veneto region of
Northeastern Italy. This was an open cycle farm
with approximately 460 sows and 5,000 piglets.
Eighty percent of the piglets presented diarrhoea
during the early post-weaning phase along with a
reduction in food intake; morbidity was high, but
mortality was low (approximately 10%). Faecal
samples were collected from three diseased
piglets by a field veterinarian as part of the routine
veterinary care animals; in addition, one succumbed
piglet was submitted for necropsy. The faeces
and the piglet were submitted to the diagnostic
laboratory at Istituto Zooprofilattico Sperimentale
delle Venezie (IZSVe). Microscopic test for parasites
was conducted on the intestinal tract, bacteriology
tests were performed on the faeces, intestine and
liver and virological tests on faeces.

Virus detection

As first screening method, all faecal samples,
including one from the dead piglet, were analysed
by negative staining electron microscopy (EM)
for detection of virus particles. Briefly, faeces were
10-fold diluted in phosphate buffered saline (PBS),
repeatedly frozen and thawed and clarified by a
two-step centrifugation (2,500 x g) at 4 °C for 30 min
and 7,000 x g at 4 °C for 30 min. An aliquot of 85
pL of the supernatant was ultracentrifuged for 15
min in a Beckman Airfuge, using an A-100 rotor, at
20 psi (125,000 x g). The grids were stained using a
2% sodium phosphotungstate solution in distilled
water (pH 6.8) for at least 3 min. The dried grids were
observed using a TEM Philips operating at 80 kV, at
a magnification of 19,000-45,000. Morphometric
measurements were performed on astrovirus-like
positive samples. A minimum of 20 viral particles
were measured at a magnification of 36,000 and
statistically analysed with Soft-imaging software
analySIS 2.1 (GmbH_ 1996). Presence of Porcine
Epidemic Diarrhea Virus (PEDV) was excluded by real
time RT-PCR (IDEXX RealPCR PEDV/PDCoV Multiplex
RNA Test). In addition a pan-Mamastrovirus RT-PCR
analysis was performed. One gram of faeces was
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diluted 1:5 (w/v) in 4 ml of phosphate-buffered saline
solution (PBS). Each sample was mixed by vortexing
and centrifuged at 14,000 x g for 5 minutes. The
obtained supernatant was used for RNA extraction.
The QlAamp Viral RNA Mini Kit (Qiagen, Hilden,
Germany) was used according to the manufacturer’s
instructions, and the RNA was stored at < -70 °C until
use.The SuperScript lll One-Step RT-PCR System with
Platinum Taq (Invitrogen, 12574-026) was used for
the pan-Mamastrovirus RT-PCR analysis. The primer
set (MamAstroF: 5° GGMATGTGGGTNAARCCTG 3/
MamAstroR: 5" TWTGGAGGGGMGGACCAAA 3') was
designed to amplify ORF2, generating a 355 bp
amplicon. The PCR conditions were as follows:
55 °C for 30 minutes (min); 94 °C for 2 min, followed
by 35 cycles at 94 °C for 30 seconds (sec), 55 °C for
30 sec, and 68 °C for 20 sec; and a final elongation
step at 68 °C for 5 min.

Virus isolation was attempted in newborn swine
kidney (NSK) and porcine kidney-15 (PK15) cell lines
using trypsin for three blind passages. Results of
virus isolation were confirmed by the observation of
cytopathic effect (CPE) and by pan-Mamastrovirus
RT-PCR analysis of the cell culture after the third
passage. The faecal samples were stored and
maintained at < 70 °C throughout the period of
the study.

Nucleic acid extraction and library
preparation

Sequencing was conducted for one of the three
faecal samples with a sufficient amount of
DNA target. The faecal sample was thawed and
mixed by vortexing, and approximately 250 mg
of previously defrosted and mixed faeces was
sampled using a sterile spatula in a 0.1 mm glass
bead tube and immediately suspended in 650 pl of
warmed PM1 buffer containing B-mercaptoethanol
following the manufacturer’s instructions for the
PowerMicrobiome RNA Isolation Kit (MoBio -
Qiagen, Carlsbad, CA, USA). The glass bead tube
was quickly vortexed and loaded in a TissueLyser
instrument (Qiagen, Carlsbad, CA, USA) for 2 min
of homogenization at 30 beats/sec. The RNA was
extracted following the manufacturer’s instructions.

The integrity and quantity of the extracted RNA was
checked on a Caliper GX (PerkinElmer, Waltham, MA).
Fifty nanograms of RNA was used as input for library
preparation with the TruSeq Stranded TotalRNA
Sample Prep Kit (Illumina, San Diego, CA) directly
from the'Synthesize First Strand cDNA’ step following
the manufacturer’s instructions. The final library was
quantified using a Qubit 2.0 fluorometer (Invitrogen,
Carlsbad, CA), and the DNA quality was tested with
the Agilent 2100 Bioanalyzer High Sensitivity DNA
assay (Agilent Technologies, Santa Clara, CA).
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The faecal samples were deposited in the 1ZSVe
Biobank (1ZSVe VIR SCT3 LVD 15).

Sequencing and data preprocessing

The cDNA library was processed with the Illumina
cBot for cluster generation on the flow cell following
the manufacturer’s instructions and was sequenced
in paired-end mode on a HiSeq 2500 (lllumina, San
Diego, CA). The CASAVA 1.8.2 version of the Illumina
pipeline was used to convert the sequencing data
from .BCL to FASTQ format.

The lllumina read quality was assessed using FastQC
v0.11.2 [Andrews S. FastQC, A quality control tool
for high throughput sequence data (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc.
2014)]. The raw data were filtered by removing
the following reads: a) reads with more than 10%
undetermined (‘N’) bases, b) reads with more than
100 bases with a Q score below 7, and c) duplicated
paired-end reads. The remaining reads were clipped
from the Illumina TruSeq adapters with Scythe
v0.991 [(https://github.com/vsbuffalo/scythe) and
trimmed with Sickle v1.33 (https://github.com/
najoshi/sickle)]. Reads shorter than 80 bases or reads
that remained unpaired after the previous filtering
were discarded.

The high-quality reads were further filtered to
remove host contamination by alignment with the
Sus scrofa transcriptome (ftp://ftp.ncbi.nlm.nih.gov/
genomes/all/GCF/000/003/025/GCF_000003025.5_
Sscrofa10.2) using BWA v0.7.12-r1039 (Li and Durbin
2010), and the mapped reads were discarded.

Metagenomic analysis

Taxonomic assignment of the high-quality host-free
reads was carried out using BLASTN 2.6.0+ (Altschul
et al. 1990) for alignment with the integrated NT
database (version 8" February 2017) and Diamond
v0.8.36 (Buchfink et al. 2015) for alignment with the
integrated NR database (version 8" February 2017).
Alignment hits with e-values larger than 1 x 10?3
were discarded; this threshold value was selected
because it was more conservative than the default
threshold (1 x 102) used in MEGAN.

The taxonomic classification of each read was
determined by the lowest common ancestor
(LCA)-based algorithm that was implemented in
MEGAN v6.7.0 (Huson et al. 2016).

De novo assembly

For the reconstruction of the astrovirus consensus
sequence, reads taxonomically classified as
belonging to the family Astroviridae were
selected. These reads were assembled de novo
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using IDBA-UD v1.1.1 (Peng et al. 2012) with the
multi-kmer approach using a minimum value of 24,
a maximum value of 124 and an inner increment of
10. An assembled sequence of a length comparable
to that of the astrovirus genome (6-8 kb) was
selected as the astrovirus consensus sequence.
To assure that the selected sequence was truly
representative of the astrovirus genome present
in the sample, we aligned all reads classified as
belonging to the family Astroviridae against the
astrovirus consensus sequence with BWA. A visual
inspection of the alignment was performed with
tablet v1.14.10.21 (Milne et al. 2010), and the
consensus sequence was manually revised based
on this alignment. We also checked whether all
positions in the astrovirus consensus sequence
were filled with the consensus nucleotide for that
position by calling variants with LoFreq v2.1.2 (Wilm
etal. 2012). According to the recommendations for
LoFreq use, the alignment was first processed with
Picard-tools v2.1.0 (http://picard.sourceforge.net)
and GATK v3.5 (McKenna et al. 2010) [The Genome
Analysis Toolkit: a MapReduce framework for
analysing next-generation DNA sequencing data
(DePristo et al. 2011, Van der Auwera et al. 2013)]
in order to correct potential errors, realign reads
around indels and recalibrate base quality. LoFreq
was then run with fixed alignment with the option
‘call-indels’ to produce a VCF file containing both
SNPs and indels. Variant indels and SNPs with a
frequency lower than 50% were discarded from
the final set. If needed, the remaining variants were
used to change the astrovirus consensus sequence
accordingly.

Phylogenetic analysis

To classify the virus correctly, the ORF2 amino
acid sequence was deduced from the nucleotide
sequence, and phylogenetic analysis was
performed. Sequences representative of each
PoAstV clade were included in the dataset along
with target sequences obtained from a BLASTp
search (Tamura et al. 2013).

Moreover, a phylogenetic analysis of the ORF1ab
and ORF1a amino acid sequences was conducted on
only the PoAstV2 samples to identify the differences
between the phylogenetic tree topologies.

The best substitution models were identified for
each dataset using ModelFinder in MEGA version 6
(Altschulz et al. 1997), and the selected models were
applied in the phylogenetic analyses performed
using the maximum likelihood methodimplemented
in PhyML 3.0 (Guindon et al. 2010). The branch
support of the tree was measured by non-parametric
bootstrap analysis with 100 replicates.

Tassoni et al.

Results

At necropsy the dead piglet showed peritonitis,
oedema of the colon and hyperaemia of the pyloric
region of the stomach, and severe catarrhal enteritis
with foam and loss of tone of the intestinal tract was
observed. The presence of the foam resembled the
typical presentation of enteric disease caused by
astrovirus in turkeys (Toffan et al. 2012). Microscopic
examination of intestinal tract did not show
presence of parasites. Bacteriology test highlighted
the presence of Escherichia coli not belonging to
neither 0138, 0139, 0147, 0149, 08 serogroups nor
0O141K85AB and O141K85AC serotypes in intestine
and faeces. The presence of Salmonella spp. and
Clostridium perfringens was excluded. The EM
examination evidenced only astroviridae virus
particles. All faecal samples tested positive for
Astroviridae by EM and by pan-Mamastrovirus
RT-PCR (Figures 1, 2).

Virus isolation attempts were not successful as CPE
was not observed for any samples and absence of
astrovirus particles was confirmed by EM and RT-PCR.

Following library preparation and Illumina
sequencing, we generated 53,586,949 paired-end
reads (2 x 125 bp), which allowed the recovery of
15,299 high-quality host-free reads truly belonging
to the family Astroviridae (a ratio of 0.15% PoAstV2
DNA to exogenous DNA). No other reads belonging
to other virus families were identified. The PoAstV2
reads represented a 590-fold sequence coverage
of base pairs and a 1165-fold physical coverage of

Figure 1. Electron microscopy picture of astrovirus (larger particles of
18-20 nm) and parvovirus (smaller particles of 27-30 nm) observed
directly in faecal sample of puppy no. 6 (36,000 Kx). The characteristic
‘star-like appearance’ of astrovirus particles is evident compared to
the round shaped morphology of parvovirus. Negative staining was
obtained with 2% sodium phosphotungstate solution.
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Figure 2. Acrilammide gel of the positive sample submitted to
metagenomics analysis.

Whole genome sequence of PoAstV2 in Italy

the PoAstV2 genome, which allowed us to perform
a successful de novo assembly of the detected
astrovirus.

The phylogenetic tree obtained from the deduced
ORF2 amino acid sequence, which includes the five
genotypes of PoAstV, allows the classification of the
virus PoAst/Italy/DIAPD5469-10/2015 as PoAstV2
(Figure 3).

According to a recent classification, two PoAstV2
lineages, namely, lineages 1 and 2, were clearly
delineated, with the tree supported by high
bootstrap values (Ito et al. 2017).

Lineage 1 is characterized by PoAstV2 sequences
originating primarily in Asia, with the exception of
two PoAstV2 sequences originating in Belgium, and
one bovine astrovirus (BoAstV) (Figure 3). Lineage
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Figure 3. Phylogenetic tree based on deduced amino acid sequences of ORF2 of PoAstV, including PoAstV of 5 different genotypes. The tree was
obtained using the maximum likelihood method implemented in PhyML3.0. A non-parametric bootstrap analysis with 100 replicates was conducted
to obtain branch supports. The substitution model used was LG+G-+I+F, and it was selected using MEGA6 model finder.

“PoAstV for which only the ORF2 sequence is available.

Veterinaria Italiana 2019, 55 (3), 221-229. doi: 10.12834/Vetlt.1873.9956.1

225




Whole genome sequence of PoAstV2 in Italy

226

2 is characterized by higher heterogeneity than
lineage 1 in terms of country and species of origin.
Phylogenetic analysis including the sequences
of PoAstVs 1-5, revealed that the Italian PoAstV2
clusters within lineage 1 and shows the highest
similarity (%) with strains from Japan and China
detected in 2015 (Monini et al. 2015). The paucity
of PoAstV sequences from Europe may bias such
findings.

The different topologies observed in the
ORF2, ORFlab and ORFla phylogenetic trees
(Figures 4, 5, 6) confirm the results previously
reported in the literature (Ito et al. 2017). Color
coding allows a simple comparison to be made
between the topology obtained for the ORF2
(Figures 3, 4), ORFlab and ORFl1a phylogenetic
trees (Figures 5, 6). Recombination events in the
evolutionary history of these viruses might explain
the differences observed.

In addition, the ORFlab and ORF1la trees are
characterized by lower branch supports and smaller
distances between taxa in comparison with the
ORF2 tree (Figures 4, 5, 6).

The deduced amino acid sequence of PoAst2/Italy/
DIAPD5469-10/2015 shows higher similarity with
that of Bel12R021/2012 (73.15%) for ORF2 and with
that of Bel15V01/2015 for ORF1ab and ORF1a (96.6%
and 97.82%, respectively).

Tassoni et al.

Discussion

This study reports for the first time the full-length
genome of a PoAstVin Italy belonging to genotype 2.
Only 303 whole-genome sequences of Mammalian
Astrovirus are publicly available, 79 sequences
from swine. In recent years, the number of PoAstV
whole genome sequences has increased; however,
the majority of the available Mammalian astrovirus
whole genome sequences are from humans (90)
(data retrieved from Genbank, 20 February 2019). A
recent study conducted in Japan (Ito et al. 2017) has
contributed in the increase of PoAstV sequences, but
data from Europe are limited. The lack of adequate
of genome-level data for PoAstV hampers the
determination of a correct classification of PoAstV
and limits our ability to monitor the diversity and
evolution of PoAstV.

With reference to data available on PoAstV in Italy,
one study investigated the prevalence of PoAstV in
Italianswine herds(Moninietal.2015).Faecal samples
were collected from 2012 to 2014 in the northern,
central and southern regions of Italy. Nineteen
PoAstVs were detected and all were classified by
using the ORF1b-ORF2 sequence as PoAstV4 (Monini
et al. 2015). In this study, no significant association
was identified between astrovirus infection and the
presence of diarrhoea (Monini et al. 2015). Outside
Italy, PoAstV2 was detected in healthy pigs in Croatia
in 2013 (Brnic et al. 2013), with a high prevalence

LC047788.1 ¢

LCo47787.1

Figure 4. Detail of ORF2 phylogenetic tree showing PoAstV2 only. This
figure is an enlargement of the data illustrated in Figure 1, focusing on
PoAstV2. Each colour identifies further genetic groups within PoAstv2.
Only bootstrap values > 60 are shown. Lineage 1 samples are coloured
in green while lineage 2 are in light blue. Whole genome was not
available for sequences marked by an asterisk.

“PoAstV for which only the ORF2 sequence is available.

Figure 5. Phylogenetic tree of the deduced amino acid sequences of
ORF1ab of PoAstV/2 only. The tree was obtained using ML method

(LG + G) implemented in PhyML3.0, performing a 100 replicates non
parametric bootstrap analysis for the branch supports. Only bootstrap
values > 60 are shown in the figure. Lineage 1 viruses are coloured in
green while lineage 2 are in light blue.
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Figure 6. Phylogenetic tree of the deduced amino acid sequences

of ORF1a of PoAstV2 only. The tree was obtained using ML method

(LG + G) implemented in PhyML3.0, performing a 100 replicates non
parametric bootstrap analysis for the branch supports. Only bootstrap
values above 60 are shown in the figure. Lineage 1 samples are
coloured in green while lineage 2 are in light blue.

compared to that of other PoAstV lineages (Brnic
etal. 2014), and in clinically healthy pigs in the Czech
Republic between 2010 and 2011 (Dufkova et al.
2013). Outside Europe, PoAstV2 has been detected
in healthy young piglets in China and Japan (Ito
etal. 2017, Li et al. 2015, Cai et al. 2016), in the USA
(Xiao et al. 2013) and for the first time in East Africa
by Amimo and colleagues (Amimo et al. 2014).
Unfortunately, isolation attempts in continuous cell
lines failed, confirming the difficulties to replicate
astroviruses in vitro, as already reported in the
literature (De Benedictis et al. 2011).

Regarding the role of PoAstV in multifactorial enteric
disorders of pigs only scarce information data is
available.

Better surveillance and diagnosis in the field
regarding the involvement of PoAstV during enteric
disorders in pigs may shed light on its prevalence
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and role. PoAstV is not considered taken into
consideration in differential diagnosis with other
pathogens responsible for gastroenteric disorders
in pigs; accordingly, its prevalence might be
underestimated and other genotypes are probably
circulating in Italy and Europe. The absence of a
cell culture systems and animal models hinder the
opportunity to further characterize and study the
pathogenic role of PoAstV (Cortez et al. 2017). In fact,
it remains difficult to associate PoAstV infections to
disease. In this context, the piece of information
provided in this study, represent an achievement
in this field. This complete PoAstV sequence can
facilitate porcine astrovirus diagnostics and further
molecular epidemiology analysis of PoAstV in Italy.

Notwithstanding the potential for interspecies
transmission of astroviruses, resources are still
lacking for improve knowledge upon animal
astrovirus infections.

In addition, further efforts are warranted in order
to understand the evolution of astroviruses, with
emphasis on their ability to recombine and to cross
the species barrier.

Accession number(s)

The raw MiSeq data were submitted to the NCBI
Sequence Read Archive (SRA; http://www.ncbi.
nlm.nih.gov/Traces/sra/) under accession number
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were submitted to GenBank under the accession
number MG930777.
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