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ABSTRACT

Canine astrovirus RNA was detected in the stools of 17/63 (26.9%) samples, using either a broadly reactive
consensus RT-PCR for astroviruses or random RT-PCR coupled with massive deep sequencing. The com-
plete or nearly complete genome sequence of five canine astroviruses was reconstructed that allowed
mapping the genome organization and to investigate the genetic diversity of these viruses. The genome
was about 6.6 kb in length and contained three open reading frames (ORFs) flanked by a 5" UTR, and a 3’
UTR plus a poly-A tail. ORFla and ORF1b overlapped by 43 nucleotides while the ORF2 overlapped by 8
nucleotides with the 3’ end of ORF1b. Upon genome comparison, four strains (HUN/2012/2, HUN/2012/6,
HUN/2012/115, and HUN/2012/135) were more related genetically to each other and to UK canine astro-
viruses (88-96% nt identity), whilst strain HUN/2012/126 was more divergent (75-76% nt identity). In the
ORF1b and ORF2, strains HUN/2012/2, HUN/2012/6, and HUN/2012/135 were related genetically to other
canine astroviruses identified formerly in Europe and China, whereas strain HUN/2012/126 was related
genetically to a divergent canine astrovirus strain, ITA/2010/Zoid. For one canine astrovirus, HUN/2012/8,
only a 3.2 kb portion of the genome, at the 3’ end, could be determined. Interestingly, this strain possessed
unique genetic signatures (including a longer ORF1b/ORF2 overlap and a longer 3'UTR) and it was diver-
gent in both ORF1b and ORF2 from all other canine astroviruses, with the highest nucleotide sequence
identity (68% and 63%, respectively) to a mink astrovirus, thus suggesting a possible event of interspecies
transmission. The genetic heterogeneity of canine astroviruses may pose a challenge for the diagnostics
and for future prophylaxis strategies.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

with gastroenteritis in many animal species and humans, and they
are also associated with extra-intestinal diseases, such as nephri-

Astroviruses (AstV), family Astroviridae, are non-enveloped
viruses with a diameter of 28-30 nm and with a typical star-like
shape. The genome is a single strand of positive sense, RNA of 6.4-
7.3Kkb in size, containing three overlapping ORFs (ORF1a, ORF1b
and ORF2) with a 3’ poly(A) tail (Mendez and Arias, 2007). ORFla
encodes a serine 3C type of viral protease. ORF1b is separated from
ORF1a by a heptameric frame shift signal (AAAAAAC) and encodes
the viral RNA polymerase. ORF2 encodes an 87-kDa polypeptide,
which functions as the capsid precursor. AstV infection is associated
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tis in chickens, hepatitis in ducks and shaking syndrome in minks
(Imada et al., 2000; Fu et al., 2009; Blomstrém et al., 2010). The
evolution of AstVs is driven by mechanisms of genetic drift, recom-
bination and, possibly, inter-species transmission (Finkbeiner et al.,
2008; De Benedictis et al., 2011; Martella et al., 2014).

So far, AstVs are classified into two distinct genera, Mamas-
trovirus (MAstV) and Avastrovirus (AvAstV) with 19 MAstV
(mammalian) species and 3 AvAstV (avian) species listed officially
by the International Committee on Taxonomy of Viruses (ICTV)
(Boschetal., 2010). However, taking advantage of broad-range PCR
primers for AstVs and metagenomic protocols, several novel AstVs
have been identified in a number of mammalian and avian species
(Chu et al., 2008; Finkbeiner et al., 2008; Bosch et al., 2010; De
Benedictis et al., 2011). Using the classification criteria adopted
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in the 9th ICTV report that is based on genetic analysis of the
full-length ORF2, an additional 14 MAstV and 4 AvAstV candidate
species have been defined recently (Schultz-Cherry, 2013).

AstV-like particles have been detected only occasionally in dogs
by EM, either alone or in co-infection with other enteric viruses
(Williams, 1980; Marshall et al., 1984; Vieler and Herbst, 1995;
Toffan et al., 2009). More recently, AstVs have been identified
in dogs with enteric signs and characterized molecularly, sug-
gesting that the detected viruses may represent a distinct AstV
species (Toffan et al., 2009). Also, a canine AstV, strain ITA/08/Bari,
was successfully adapted to replicate in vitro on MDCK cells, and
AstV-specific antibodies were detected in convalescent canine sera
(Martella et al., 2011a,b, 2012). The prevalence of AstV infection
seems higher in dogs with enteric disease than in asymptomatic
animals (Martella et al., 2011a,b; Zhu et al., 2011; Caddy and
Goodfellow, 2015; Takano et al., 2015). Also, monitoring of nat-
ural infection by AstV in dogs has revealed that the acute phase
of gastroenteritis overlaps with peaks of viral shedding (Martella
et al., 2012). At present, limited and partial information on canine
AstV genomes is available in GenBank. This limited amount of
information seems to suggest that canine AstVs are genetically het-
erogeneous (Martella et al., 2011a,b; Caddy and Goodfellow, 2015),
thus posing a challenge for the diagnostic and for the understanding
of the genetic and biological properties of these viruses in dogs.

In this study, the complete or nearly complete genome sequence
of five canine AstVs and the partial genome sequence of one canine
AstV were determined and analysed, providing information on the
genome organization and genetic diversity of these viruses.

2. Materials and methods
2.1. Samples

During 2012 samples were collected from diarrheic and non-
diarrheic dogs from a Hungarian shelter. There was no age
restriction. A total of 63 samples obtained from 50 animals were
tested for AstV by using a pan-astrovirus specific primer set (Chu
et al., 2008) as described elsewhere (Mihalov-Kovacs et al., 2014)
and 37 (from 33 dogs) were randomly selected for viral metage-
nomics.

Fecal samples were diluted 1: 10 in PBS (phosphate buffered
saline) and homogenized. The homogenates were centrifuged at
10000g for 5min and the supernatant was collected for extrac-
tion of viral RNA (Zymo DirectZol viral RNA extraction kit, Zymo
Research).

2.2. Semiconductor sequencing

Templates for deep sequencing were prepared as described pre-
viously (Mihalov-Kovacs et al., 2015). In brief, viral RNA samples
were denatured at 97 °C for 5min in the presence of 10 wM ran-
dom hexamer tailed by a common PCR primer sequence (Djikeng
et al., 2008). Reverse transcription was performed with 1U AMV
reverse transcriptase (Promega, Madison, WI, USA), 400 .M dNTP
mixture, and 1x AMV RT buffer at 42 °C for 45 min following a 5 min
incubation at room temperature. Then, 5 uL cDNA was added to
45 L PCR mixture to obtain a final volume of 50 p.L and a concen-
tration of 500 wM for the PCR primer, 200 .M for dNTP mixture,
1.5 mM for MgCl2, 1 x Taq DNA polymerase buffer,and 0.5 U for Taq
DNA polymerase (Thermo Scientific, Vilnius, Lithuania). The reac-
tion conditions consisted of an initial denaturation step at 95 °C for
3 min, followed by 40 cycles of amplification (95 °C for 30s, 48°C
for 30s, 72°C for 2 min) and terminated at 72 °C for 8 min.

We subjected 0.1 g of random PCR product to enzymatic frag-
mentation and adaptor ligation (NEBNext Fast DNA Fragmentation

& Library Prep Set for lon Torrent kit, New England Biolabs, Ipswich,
MA, USA). The barcoded adaptors were retrieved from the lon
Xpress Barcode Adapters (Life Technologies, Carlsbad, CA, USA).
The resulting cDNA libraries were measured on an Qubit 2.0 device
using the Qubit dsDNA BR Assay kit (Invitrogen, Eugene, OR, USA).
The emulsion PCR that produced clonally amplified libraries was
carried out according to the manufacturer’s protocol using the lon
PGM Template kit on an OneTouch v2 instrument. Enrichment of
the templated beads (on an Ion One Touch ES machine) and further
steps of presequencing setup were performed according to the Page
3 0f 11 200-bp protocol of the manufacturer. The sequencing proto-
col recommended for lon PGM Sequencing Kit on an 316 chip was
strictly followed.

2.3. 5 rapid amplification of cDNA ends (5' RACE)

To determine the actual 5’ end genomic sequence of two AstV
strains, a 5 RACE protocol was used, following the manufac-
turer’s instructions (Invitrogen Ltd). The amplicons were visualized
on 1.5% agarose gel, and cleaned up with Qiagen Qiaquick Gel
Extraction Kit, according to the manufacturer’s instructions. The
amplicons were cloned using TOPO XL PCR Cloning (Invitrogen Ltd)
and the clones were subjected to sequencing in both directions
using Big Dye v3.1 chemistry on a 3730xI instrument from Applied
Biosystems (Foster, CA). For sequencing accuracy, a minimum of
three independent clones for each fragment type were selected for
sequencing in both directions using the universal M13F/R primers.

2.4. 3 rapid amplification of cDNA ends (3' RACE)

The First Strand III kit (Invitrogen Ltd) was used to generate
cDNA from the poly-A tailed RNA target, as described previously
(Martella et al., 2011a,b). Forward primers were designed about
1 kb upstream of the 3’ terminus of the genome of the various AstV
strains and used with a reverse poly-T oligonucleotide with a 5'-
anchored tail. The 3’ RACE products were sequenced on lon Torrent
PGM.

2.5. Sequence and phylogenetic analysis

Sequence data generated by the Ion Torrent PGM were trimmed
and analysed by the CLC Bio software (www.clcbio.com). The
same software package was utilized to map sequence reads to
reference eucaryotic viral sequences retrieved from GenBank.
Sequence editing, annotation and analysis were carried out using
Geneious software v9.1.4 (Biomatters LTD, New Zealand). Open
reading frames (ORF) were predicted with the ORF finder. Mul-
tiple alignments were prepared and manually adjusted, whereas
phylogenetic analysis was performed by using the MEGAG6 soft-
ware (Tamura et al., 2013) with a neighbor-joining method, Jukes
Cantor genetic distance model and bootstrapping over 1000 repli-
cates. Mean amino acid genetic distances were computed using
the p-distance method of MEGAG. The protein sequence analysis
and classification were prepared with the aid of EMBL-EBI website
(http://www.ebi.ac.uk/interpro/). Transmembrane domains were
determined using Phobius web server (Kdll et al., 2007). Nuclear
localization signals (NLS) were predicted by http://www.moseslab.
csb.utoronto.ca/NLStradamus/.

2.6. GenBank accession numbers

AstV genomic sequences were deposited in the Gen-
Bank with the following accession numbers: HUN/2012/2,
KX599349; HUN/2012/6, KX599350; HUN/2012/115, KX599351;
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Fig. 1. Distribution of eukaryotic viral sequences in 26 fecal specimens collected from sheltered dogs. The numbers of virus-specific reads are indicated above the columns.

HUN/2012/126,  KX599352;
HUN/2012/8, KX599354.

HUN/2012/135,  KX599353;

3. Results
3.1. Detection of AstV sequences in the canine fecal virome

During 2012, 63 stool specimens were screened for AstVs
using broad-range AstV-specific primer set. Of these, seven tested
positive; 4 out of 25 diarrheic animals (16%) and 3 out of 38
non-diarrheic animals (8%). The difference between groups was
not statistically significant (chi-square value, 1.003; p=0.316). A
subset (n=37) of samples was selected from 33 animals for viral
metagenomics to detect virus diversity in canine fecal specimens.
Among these 37 samples 26 specimens contained eukaryotic ori-
gin viral sequences (Fig. 1). By viral metagenomics (Table 1), AstV
RNA was initially identified in 11 out of 37 fecal specimens (29.7%).
However, the proportion of AstV specific reads ranged from 1 out
of 18711 (<0.1%) to 1627 out of 1635 (99.5%) eukaryotic viral
sequence reads, respectively, and five samples that had very low
AstV sequence read numbers (range, 1-4) were not considered
for further processing. Other enteric viruses detected in the stools
included parvovirus (in 20 samples), coronavirus (in 14 samples),
rotavirus (in 11 samples), picornavirus (in 7 samples), gyrovirus
(in 1 sample), adenovirus (in 1 sample) and calicivirus (in 1 sam-
ple). Overall, by either the pan-astrovirus RT-PCR or by the viral
metagenomic screening, we identified AstV RNA in 17/63 (26.9%)
samples. Interestingly, some samples negative in RT-PCR gener-
ated AstV-specific reads by deep sequencing, whilst, in turn, some
samples containing AstV-specific reads tested negative by the pan-
astrovirus RT-PCR, indicating a weak correlation between the two
methodologies (Table 1).

3.2. General features of the canine AstV genomes

For further analysis the complete, coding complete and par-
tial genome sequence was determined for four, one and one AstV
strains, respectively. In general, the length of the coding sequences
ranged between 6441 and 6474 nucleotide (nt), with a GC con-
tent of 45.19-45.48%. The total genome length, considering the
5" and 3’ UTRs, ranged between 6535 and 6587 nt. The 5 UTR
was sequenced completely for strains HUN/2012/2, HUN/2012/115,
HUN/2012/126 and HUN/2012/135, and ranged between 42 and 60
nt in length. The 3’ UTR was sequenced completely for all the six
strains and ranged between 49 and 100 nt in length.

The genome of strain HUN/2012/115 was 6569 nt long, exclud-
ing the polyA-tail. The 5’ UTR and 3’ UTR were, respectively, 45 nt
and 83 nt long. The genome of strain HUN/2012/135 was 6587 nt
long and it was organized similarly to strain HUN/2012/115, even

if the 3’ UTR was 2 nt longer. The genome of strain HUN/2012/2
was 6576 nt long and it differed for the longer 5’ UTR region (60 nt)
from the other canine AstVs. Despite several attempts, for strain
HUN/2012/6, it was not possible to generate the actual 5 UTR
sequence. The genome of this strain was organized in an identi-
cal manner to the canine AstV strain GBR/2014/Gillingham. The
genome length of the AstV strain HUN/2012/126 was 6535 nt long,
excluding the polyA-tail. The 5’ UTR was 42 nt in length, with
an additional in-frame ATG codon located 18 nt upstream (bases
25-27) of the ATG codon of ORF1. The 3’ UTR was 49 nt long. Only
the partial genome (3187 nt in length) of strain HUN/2012/8 was
determined. The virus possessed an early stop codon in the ORF2,
resulting in a longer (100 nt) 3’ UTR (Table 2).

The coding sequences showed the typical organization of
AstV genome. There were three overlapping ORFs, coding the
non-structural and structural proteins. The predicted genome orga-
nization of the viruses is shown in Fig. 2 and summarized in Table 2.

3.3. Analysis of ORFla

The complete ORFla was 2670 nt long for all canine AstVs,
except strain HUN/2012/126, and codes for a 889 aa long polypro-
tein. For strain HUN/2012/126, an in-frame start codon is located
18 nt upstream of the ORF1 start codon (the length of the ORF is
2667/2685 depending on the start). A ribosomal frameshift signal,
the heptameric (slippery) AAAAAAC sequence, was recognized at nt
2622-2628 (2619/2637 in HUN/2012/126 depending on the start
used), with the ORF1b initiating after the slippery sequence. The
predicted 95 kDa nsp1la protein, encoded by ORF1a, contained con-
served domains typical for the AstV serine protease between aa 439
and 583 aa. Five transmembrane domains were identified on the
predicted ORF1a protein at residues aa151-168, aa240-266, aa287-
313, aa319-339 and aa351-380. A possible coiled coil structure was
also found at residues aa595-616 and aa635-656 (Fig. 2).

Upon sequence comparison, strains HUN/2012/2, HUN/2012/6,
HUN/2012/115 and HUN/2012/135 displayed 96-99% nt identity to
each otherand 93-98% nt to the canine strains UK/2014/Lincoln and
UK/2014/Gillingham, whilst strain HUN/2012/126 displayed only
74% nt identity to the other canine AstVs. Identity to non-canine
AstVs was markedly lower (33-51% nt) (Table 3).

3.4. Analysis of ORF1b

The complete ORF1b was 1530 nt long in all canine AstVs,
except the partially sequenced strain, HUN/2012/8, where a 770
nt long portion was determined. The ORF1b begins with the last
nucleotide of the slippery heptamer and with a —1 frameshift
with respect to ORF1a. Also, the downstream stem loop structure
was highly conserved among canine AstVs (Caddy and Goodfellow,
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Sample name Date of sampling Age of dog Diarrheic symptoms Screening by AstV reads by
pan-astrovirus metagenomics
PCR

HUN/2012/2 20/01/2012 5 weeks Yes Positive 723
HUN/2012/4 26/01/2012 5 weeks Yes Positive 0
HUN/2012/5 30/01/2012 3 months Yes Positive 0
HUN/2012/6 03/02/2012 8 years No Negative 191
HUN/2012/8 10/02/2012 4 months Yes Positive 0
HUN/2012/22 17/02/2012 3 months No Negative 4
HUN/2012/14 09/03/2012 Pool of 3 adults No Positive 0
HUN/2012/16 09/03/2012 Pool of 2 adults No Positive 0
HUN/2012/114 15/04/2012 6 years No Negative 1
HUN/2012/115 20/04/2012 6 months Yes Negative 1922
HUN/2012/116 20/04/2012 1year Yes Negative 1
HUN/2012/126 27/04/2012 under one year No Negative 1627
HUN/2012/135 09/05/2012 3 weeks No Negative 2398
HUN/2012/175 05/06/2012 6 weeks No Positive 531
HUN/2012/527 23/08/2012 1year Yes Negative 1
HUN/2012/528 07/09/2012 2 year Yes Negative 1

Table 2

Genomic features of canine AstVs.
Name 5'UTR ORFla ORF1b 1a/1b ORF2 1b/2 3'UTR Sequence lenght Accession
HUN/2012/8 - - 7702 - 2328/2469 11/152 100 3187¢ KX599354
HUN/2012/2 60 2670 1530 43 2295/2475 8/188 83 6587 KX599349
HUN/2012/6 192 2670 1530 43 2325/2505 8/188 83 65767 KX599350
HUN/2012/115 45 2670 1530 43 2292/2472 8/188 83 6569 KX599351
HUN/2012/126 24/42b 2667/2685°¢ 1530 43 2298/2478 8/188 49 6535 KX599352
HUN/2012/135 45 2670 1530 43 2292[2472 8/188 85 6571 KX599353
GBR/2014/Gillingham 45 2670 1530 43 2325/2505% 8/188 83 6600 KP404149
GBR/2014/Lincoln 45 2670 1530 43 2295/2475 8/188 81 6572 KP404150
GBR/2014/Huntingdon - - 188° - 2295/2475 - - 2475° KP404151
GBR/2014/Braintree - - 188¢ - 2298/2478 - - 2478° KP404152
ITA/2008/Bari - - 716% - 2325/2505 8/188 87 3120° HM045005
ITA/2010/Zoid - - 5822 - 2298/2478 8/188 77 2949° JN193534
ITA/2005/3 - - 3567 - 2325/2505 8/188 83 27567 FM213330
ITA/2005/6 - - 1877 - 2322/2501 - 83 2584° FM213332
ITA/2005/8 - - 3542 - 2325/2505 8/188 83 27542 FM213331
CHN/2008/SH8 - - 4427 - 2295/2475 8/188 9? 2738° HQ623147
CHN/2008/SH15 - - 442 - 2295/2475 8/188 9? 2738° HQ623148
CHN/2009/SH - - 4452 - 2295/2475 8/188 12¢ 27443 GU376736
CHN/2012 - 11982 1530 49 2295/2475 8/188 392 5011° JQ081297

For the ORF1a and ORF2, the ORF length is calculated considering the presence of an additional start codon. This value is also calculated for the ORF1b/ORF2 overlap.

2 Partial sequence.

b An additonal ATG codon is present 18 nt upstream (bases 25-27) of the ORF1a initiation codon.

¢ Based on the additional ORF1a start codon, the ORF1a-predicted polyprotein could be 6 aa longer; —not available.

5 UTR
(45nt)

ORF1a (2670 nt)

2715

2673

ATG

4195
TAG
ATG 14202

4015

ORF1b (1530 nt)

ORF2 (2472 nt)

6486

3UTR
(83n1)

MCSV...

ORF1a (885 aa)

PRO

HEPTAMERIC SIGNAL
AAAAAAC AND
STEM LOOP

J

VPg

SgRNA PROMOTER

ORF1b (509 aa)
POL
444 aa

TGCGATEGC

RERG...

MNLR...

823 aa
763 aa

MASK...

Q

@)
>52m

ﬂ

SRGHAE

Fig. 2. Schematic representation of the genome of canine AstV strain HUN/2012/115. The upper line represents the complete nt length of the genome from the 5’ untranslated
region (UTR) through the 3’ UTR and the poly-A tail (pA). The relative position of the slippery sequence AAAAAAC and downstream stem loop structure is indicated. Also, the
position of the subgenomic RNA (sgRNA) promoter and of the stem loop-II-like (s2m) structure are indicated. Rectangles represent the three possible open reading frames
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also shown.



Table 3
Sequence comparison among canine AstVs and closely related AstV strains.

Species Dog/HUN/2012/2 Dog/HUN/2012/6 Dog/HUN/2012/8 Dog/HUN/2012/115 Dog/HUN/2012/126 Dog/HUN/2012/135

ORFla ORF1b ORF2 ORFla ORF1b ORF2 ORFla ORF1b ORF2 ORFla ORF1b ORF2 ORFla ORF1b ORF2 ORFla ORF1b ORF2

nt nt daa nt daa nt nt daa nt daa nt nt daa nt da nt nt daa nt da nt nt da nt da nt nt da nt da
Dog/GBR/2014/Lincoln-KP404150 94 99 99 95 99 93 99 99 79 79 - 57 51 35 22 93 98 99 75 77 74 86 838 74 76 94 99 99 91 95
Dog/GBR/2014/Gillingham-KP404149 98 99 99 74 78 97 99 99 95 98 - 57 51 34 23 96 98 99 75 76 74 86 88 74 77 98 99 99 77 79
Dog/UK/2014/Huntingdon-KP404151  — - - 74 77 - - - 78 80 - - - 35 23 - - - 75 80 - - - 79 8 - - - 78 79
Dog/UK/2014/Braintree-KP404152 - - - 79 8 - - - 76 78 - - - 35 23 - - - 73 75 - - - 73 75 - - - 84 88
Dog/ITA/2005/3-  FM213330 - 97 99 74 79 - 97 99 92 97 - 58 51 34 23 - 97 99 75 76 - 85 88 74 77 - 98 99 77 79
Dog/ITA/2005/6-  FM213332 - - - 74 77 - - - 91 9 - - - 34 23 - - - 75 76 - - - 74 76 - - - 76 78
Dog/ITA/2005/8-FM213331 - 97 99 74 78 - 97 99 92 98 - 57 51 34 23 - 9% 99 75 76 - 86 88 74 77 - 97 99 77 79
Dog/ITA/2008/Bari-HM045005 - 9% 99 76 83 - 9% 99 80 83 - 58 51 35 22 - 9% 99 72 74 - 86 87 70 73 - 97 99 77 84
Dog/ITA/2010/Zoid-JN193534 - 86 88 72 76 - 86 88 73 77 - 56 50 35 23 - 85 88 79 79 - 99 99 97 98 - 86 88 74 78
Dog/CHN/2008/SH8-HQ623147 - 97 99 96 98 - 97 99 79 79 - 57 51 35 22 - 97 99 74 76 - 85 88 73 75 - 97 99 91 95
Dog/CHN/2008/SH15-HQ623148 - 97 99 96 99 - 97 99 79 79 - 57 52 35 22 - 97 99 74 76 - 85 88 74 75 - 97 99 91 95
Dog/CHN/2009/SH-GU376736 - 9% 99 96 99 - 96 99 79 79 - 56 53 36 22 - 9% 99 74 77 - 81 84 74 76 - 96 99 91 96
Dog/CHN/2012-JQ081297 - 9% 99 96 99 - 97 99 79 79 - 57 51 36 22 - 97 99 74 77 - 86 88 74 76 - 97 99 91 96
Fe/HK/2012/1637F-KF499111 47 75 78 42 33 47 74 78 42 33 - 57 52 32 20 47 75 78 41 32 46 74 76 40 33 47 75 78 42 33
Mink/SWE/2003-AY179509 33 54 41 35 23 33 54 50 35 24 - 67 69 63 64 33 53 42 35 22 32 54 51 35 22 33 54 41 36 24
CSL/USA/2006/CSL1-FJ890351 - 54 49 35 21 - 54 49 34 21 - 65 67 58 55 - 54 49 33 20 - 53 45 34 21 - 54 49 35 21
Dog/HUN/2012/2 / I/ | | 9 99 99 79 79 - 58 51 35 22 96 98 99 74 76 74 86 88 72 75 97 99 99 92 96
Dog/HUN/2012/6 96 99 99 79 79 | /Y Y B R 57 51 34 23 98 98 99 75 76 74 86 88 74 76 97 99 99 78 78
Dog/HUN/2012/8 - 58 51 35 22 - 57 51 34 23 - /Y Y Y 57 51 34 22 - 56 50 34 23 - 57 51 35 23
Dog/HUN/2012/115 96 98 99 74 76 98 98 99 75 76 - 57 51 34 22 | ;] 74 85 88 79 78 97 98 99 74 77
Dog/HUN/2012/126 74 86 88 72 75 74 86 88 74 76 - 56 50 34 23 74 85 88 79 78 | I 74 86 88 75 77
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Sequence identity among the canine astroviruses analysed in this study and other canine and mammalian astroviruses in the full-length ORF1a, partial ORF1b (RdRp) and full-lenght ORF2 (capsid) regions. The values of RARp
comparison were calculated using a 3’ fragment of 415 nt (138 aa) of the ORF1b.
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2015). ORF1b codes for a 509 aa long non-structural protein, the
RNA-dependent RNA polymerase (RdRp). The RdARp domain was
recognized between aa168-373, with conserved motifs at positions
aa321 (GNPSG), aa364 (YGDD), and aa391 (FGMWVK).

Sequence comparison in the ORF1b (RdRp) was calculated using
a415nt(138aa)long fragment located at the very 3’ end of the gene.
Upon sequence comparison, strains HUN/2012/2, HUN/2012/6,
HUN/2012/115 and HUN/2012/135 displayed 98-99% nt (99% aa)
identity to each other and 96-99% nt (99% aa) to most canine
strains. Strain HUN/2012/126 displayed the highest identity to
strain ITA/2010/Zoid (99% nt and 99% aa) and 85-86% nt (87-88%
aa) to the other canine AstVs. Strain HUN/2012/8 displayed the
highest identity to a mink AstV (68% nt and 70% aa), whilst iden-
tity to other canine AstVs was lower (56-58% nt and 50-52% aa)
(Table 3).

3.5. Analysis of ORF2

The length of ORF2 is variable among the canine AstV strains.
In all but one strains analysed in this study, the ORF1b and ORF2
overlapped by 8 nt. In strain HUN/2012/8 the overlapping was 11
nt in length. In addition, there was a second in-frame ATG start
codon, located 180 nt upstream of the start codon homologous
to other Mamastrovirus genomes. Only in strain HUN/2012/8, this
additional in-frame start codon was located 141 nt upstream of
the first start codon. During the RNA replication, ORF2 is expressed
from a sgRNA (Walter and Mitchell, 2003; Mendez et al., 2014).
The sgRNA promoter sequence has a highly conserved nucleotide
sequence motif and is present upstream of the ORF2 start codon
(Mendez et al., 2014). The highly conserved nucleotide stretch
upstream of ORF2, ATATGGAGGGGAGGACCAAAAAATTGCGATGGC,
believed to be part of a promoter region for synthesis of
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sgRNA, was completely conserved in the sequence of canine AstV
strains except for the sequence of strain HUN/2012/8, that was
CTTTGGAGGGGAGGACCAAAGCAGCGCTATGGC.

The ORF2 was 2292/2472 nt long for strain HUN/2012/115
and HUN/2012/135, 2295/2475 nt long for strain HUN/2012/2,
2325/2505 nt long for strain HUN/2012/6, 2298/2478 nt for strain
HUN/2012/126 and 2328/2469 nt for HUN/2012/8 (Table 2). The
terminal nt stretch of ORF2 and the adjacent 3'UTR (s2m) is highly
conserved among most AstVs and similarities have been observed
in the sequence and folding of the 3'UTR of viruses from other
viral families, suggesting that it is relevant for AstV genome repli-
cation (Monceyron et al., 1997). The conserved s2m sequence
CCGCGGCCACGCCGAGTAGGAACGAGGGTACAG overlaps the 6 aa C
terminus of the capsid (SRGHAE), that is highly conserved in several
mammalian AstVs, including the canine AstVs (Fig. 2). However,
in strain HUN/2012/8 the highly conserved s2m stretch was found
downstream of the ORF2 termination codon, in the 3'UTR. As a con-
sequence, the 6 aa C terminus of strain HUN/2012/8 was TLSTKH.

Upon sequence comparison, the Hungarian canine AstVs were
found to differ markedly. Strains HUN/2012/2 and HUN/2012/135
were highly related to each other (92% nt and 96% aa identity) and
to Chinese CAstVs (91-96% nt and 95-99% aa identity) as well as to
the UK strain GBR/2014/Lincoln (91-95% nt and 95-99% aa). Strain
HUN/2012/6 displayed the highest identity (91-95% nt and 96-98%
aa) to three Italian strains (ITA/2005-3, ITA/2005-6, ITA/2005-8)
and to the UK strain GBR/2014/Gillingham. Strain HUN/2012/126
displayed the highest identity (97% nt and 98% aa) to the Italian
strain ITA/2010/Zoid. Strain HUN/2012/115 displayed the highest
identity (79% nt and 79% aa) to the Italian strain ITA/2010/Zoid,
while sequence identity to other canine AstVs ranged from 72 to
75% at the nt level and 75-80% at the aa level. Interestingly, strain
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Fig. 3. Phylogenetic trees based on the full-length ORF1a (3A), ORF1b (3B) and ORF2 (3C) of canine AstVs with a selection of mammalian AstVs. The tree was generated
using the neighbor-joining method, with the Jukes Cantor algorithm of distance correction and bootstrapping over 1000 replicates. The scale bar indicates the number of nt

substitutions per site. Black circles indicate the AstV strains detected in this study.
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Fig. 3. (Continued)

HUN/2012/8 displayed the highest identity (63% nt and 64% aa) to
a mink AstV (Table 3).

3.6. Phylogenetic analysis of canine AstVs

Phylogenetic trees were constructed using the nucleotide align-
ments of ORF1a, ORF1b and ORF2 (Fig. 3). The ORF1a and ORF2
alignments were based on the full-length ORF sequences and also
included a selection of sequences of mammalian AstV strains. The
ORF1b alignment included 415 nt at the 3’ end (138 aa at the C
terminus of the protein).

In all phylogenetic trees, the majority of canine AstVs formed
a distinct monophyletic group. In the ORF1a-based tree (Fig. 3A),
only five canine AstV strains generated in this study and two
AstV strains from UK could be included, as information on the
ORF1a is not available for other canine AstVs. Although mono-
phyletic, the canine AstVs segregated in two distinct branches,
with strain HUN/2012/126 in the basal position. When enlarging
the number of analysed sequences, in the ORF1b (Fig. 3B), this
pattern of segregation was confirmed. Four strains (HUN/2012/2,
HUN/2012/6, HUN/2012/115, and HUN/2012/135) were grouped
with the majority of canine AstVs identified in European and
extra-European countries, whilst strain HUN/2012/126 clustered
with the highly virulent strain ITA/2010/Zoid. Interestingly, strain
HUN/2012/8 was distantly related to all other canine AstVs and
it was grouped with AstVs identified in minks and in Califor-
nian sea lions. The unique evolutionary relationship of this canine
strain was confirmed in the ORF2 (capsid)-based tree (Fig. 3C).
This gene is considered as the fundamental target for classifi-
cation and characterization of AstVs. When observing in detail
the large monophyletic group of canine AstVs which classified
into species 5 (Schultz-Cherry, 2013), it was possible to identify
clearly sub-clustering patterns, with at least 6 sub-clusters. All Chi-

nese strains, the UK strain GBR/2014/Lincoln and the Hungarian
strains HUN/2012/2 and HUN/2012/135 formed a unique group,
with more than 91% nt identity in the full-length ORF2. A sec-
ond group included three Italian strains (ITA/2005-3, ITA/2005-6,
and ITA/2005-8), the UK strain GBR/2014/Gillingham and strain
HUN/2012/6, with more than 91% nt identity to each other.
A third group encompassed the virulent strain ITA/2010/Zoid
and strain HUN/2012/126 (97% nt identity to each other).
Other canine strains (GBR/2014/Braintree, GBR/2014/Huntingdon,
HUN/2012/115) were intermingled between these three main
sequence groups and, as supported by sequence comparison
(Table 3), they clearly appeared as distinct genetic sub-lineages.

4. Discussion

AstVs have been reported repeatedly in dogs across the world,
although the association with the disease, prevalence rates and
information on the genetic diversity are still largely unknown.
In this study, we could neither confirm nor refute an associa-
tion between AstV infection and diarrhea in dogs. Furthermore,
we observed discrepancies between results obtained by the pan-
astrovirus PCR assay and those derived from viral metagenomics.
However, none of these methods were developed for routine diag-
nostic procedures and we do not have information about the actual
sensitivity of these assays. At present it seems more appropriate to
consider these methods, originally developed to detect viral diver-
sity, as independent approaches that help understand the viral
community and diversity in clinical/pathological specimens. Thus,
our prevalence data for AstV must be interpreted with caution, even
if the detection rates of AstVs fell in the ranges reported in the lit-
erature. For example, canine AstV RNA has been detected in 6-27%
of dogs with enteritis and 0-19% of aysmptomatic dogs in stud-
ies in Italy (Martella et al., 2011a,b), China (Zhu et al., 2011), Japan
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(Takano et al.,2015), France (Grellet et al.,2012) and UK (Caddy and
Goodfellow, 2015). Even if those studies differed in the number,
provenience and age of the animals enrolled in the investigations,
in most studies the detection rates were found to differ significantly
between symptomatic and asymptomatic dogs, suggesting a pos-
sible role of AstVs as enteric pathogens of dogs. Also, the onset
and evolution of the clinical signs have been found to correlate
with the patterns of virus shedding and with seroconversion in
two dogs naturally infected by canine AstVs (Martella et al., 2012).
Yet, experimental studies will be needed to demonstrate firmly the
association of canine AstVs with gastroenteritis.

Sequencing of the ORF1a, ORF1b and ORF2 regions revealed sig-
nificant sequence variation in the CAstVs detected in this study. Five
strains were grouped with other canine AstVsidentified worldwide,
but further separated into multiple capsid (ORF2) sub-clusters.
By parallelism with what is observed in human AstVs (MAstV
species 1), that are classified antigenically in 8 serotypes, it is
possible to speculate that the genetic heterogeneity observed in
canine AstVs might account for a significant antigenic diversity
(Caddy and Goodfellow, 2015). Weak antigenic cross-reactivity
has been observed in immune electron microscopy between strain
ITA/2008/Bariand ITA/2010/Zoid virus particles and the sera of con-
valescent dogs (Martella et al., 2012). However, isolation in vitro of
these viruses is fastidious and only one strain, ITA/208/Bari, has
been adapted to grow in vitro thus far (Martella et al., 2011a,b),
thus hampering a precise evaluation of the antigenic relationships
among different canine AstVs.

Interestingly, one Hungarian strain, HUN/2012/126, resem-
bled a highly virulent canine AstV, ITA/2010/Zoid, associated with
enteric disease in an adult and young dog in Italy (Martella et al.,
2012).The question whether some canine AstV strains may differ in
their biological properties in terms of fitness or virulence remains
open.

Even more interestingly, one of the canine AstVs identified
in Hungary, HUN/2012/8, was found to be genetically distantly
related from all other canine AstVs identified worldwide. Although
we were successful to determine only the partial (3.2 kb) 3’end of
the genome, the virus displayed unique genetic signatures, such
as a longer ORF1b/ORF2 overlap (11 nt), and a longer 3'UTR. Also,
this strain markedly varied from all the other canine AstVs in the
highly conserved promoter region for synthesis of subgenomic
RNA, located upstream of the ORF2 (Walter and Mitchell, 2003;
Mendez et al., 2014). Conversely, all other canine AstVs analysed
in this study displayed a conserved genomic architecture, which
was shared with all currently canine AstVs for whom the com-
plete or partial (ORF1b and ORF2) genome sequence is available
(Martella et al., 2011a,b, 2012; Takano et al., 2015). In addition,
upon sequence comparison and phylogenetic analysis, strain
HUN/2012/8 differed markedly from other canine AstVs concern-
ing the partial ORF1b and the full-length ORF2 (Table 3). According
to the 9th ICTV report (http://talk.ictvonline.org/files/ictv_official_
taxonomy_updates_since_the_8th_report/m/vertebrate-official/
4178), for MAstVs the mean aa genetic distances (p-dist) range
from 0.378 to 0.750%, and from 0.006 to 0.312%, respectively,
between and within groups (species). Using our set of ORF2
sequences, the p-dist of strain HUN/2012/8 was calculated to
range between 0.350 and 0.772. Accordingly, this strain appears
distantly related from any other known mammalian AstV and may
represent a novel AstV species.

It remains to be established whether strain HUN/2012/8 is actu-
ally a canine virus, or it is the result of inter-species transmission
from an unidentified animal source. Although AstVs are regarded
as viruses with a robust host-species restriction, several pieces of
evidences in mammals (including humans) indicate that the host
species barrier may be permeable in some occasions, and that het-
erologous viruses may stably adapt to the new host (Finkbeiner
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et al., 2008, 2009; Nagai et al., 2015). Moreover, occasional trans-
mission of AstVs is thought to have occurred between avian and
mammalian species in both directions (Sun et al., 2014; Pankovics
etal., 2015).

In summary, data about canine AstVs is currently scarce.
Nonetheless, the genetic heterogeneity among circulating AstV
strains is evident representing some challenge for laboratory diag-
nosis. This diversity may also be challenging for future prophylaxis
strategies, complicating the design of future vaccines, as it is cur-
rently unknown whether antigenic cross-reaction exists among
and cross-protection is elicited by different canine AstV strains. Fur-
ther efforts are needed to better understand the biology of canine
AstVs and large-scale structured surveillance programs should be
initiated to elucidate the relative veterinary importance of various
canine AstV types.
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