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Abstract: Recently, astroviruses (AstVs) have been associated with neurological symptoms in pigs, cattle,
sheep, minks, muskoxes, alpacas, and humans. To investigate genotypes of porcine astrovirus (PAstV) and
neuroinvasive (Ni) PAstV in South Korea, five domestic pigs with neurological symptoms from three farms
were tested using reverse transcriptase PCR, histopathology, and in situ hybridization (ISH). All five genotypes
of PAstV were detected in brain tissues and coinfection of PAstV with multiple genotypes was observed. To
the best of our knowledge, this is the first study to report pig infection by Ni-PAstV with multiple genotypes
in South Korea.
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1. Introduction

Astroviruses (AstVs) are non-enveloped (~28-30 nm in diameter), single-stranded, positive-
sense RNA (6.2-7.8 kb) viruses belonging to family Astroviridae [1]. This family includes two genera,
Mamastrovirus and Awvastrovirus. The genus Mamstrovirus infecting mammalian hosts includes 19
genotype species according to the 2010 classification of the International Committee on Taxonomy of
Viruses (ICTV). The genus Avastrovirus infects avian hosts. It has three genotype species. Fourteen
newly identified AstV strains have since been proposed as genotype species of Mamastrovirus [2].
However, most newly discovered strains remain unclassified, including porcine astroviruses
(PAstVs) [3].

PAstVs belong to the genus Mamastrovirus [1]. They are enteric pathogens [4]. PAstVs are
divided into five distinct genotypes (PAstV 1-5) based on the open reading frame 2 (ORF2) region,
which encodes the capsid protein [4-6]. AstVs belonging to Mamastrovirus are known to be
gastroenteric viruses that cause diarrhea. However, since 2010, novel astroviral pathogens that infect
the central nervous system (CNS) have been reported in humans and several animal species (mink,
cattle, pigs, sheep, muskox, and alpaca) [7]. Recently, some evidence supports the association of
PAstV with cases of extraintestinal infections, including the CNS of pigs [8-12]. In 2017, neuroinvasive
PAstV (Ni-PAstV) 3 was detected in the CNS of pigs with encephalomyelitis in Hungary and the
USA. Infected pigs exhibited clinical signs of astasia and knuckling, with a fatality rate of 75-100%
[13] and encephalomyelitis [13,14].

In South Korea, the prevalence of PAstV in domestic pigs was reported to be 20.1% and 9.2% in
wild boars [15,16]. PAstV 4 was dominant (94.6%) in swine, with a few PAstV 2 present (5.4%) [15-
17]. However, previous studies in Korea have only analyzed fecal samples without considering
disease symptoms. In this study, the presence of Ni-PAstV in South Korea was investigated using
samples collected from domestic pigs showing neurological symptoms.
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2. Materials and Methods

2.1. Sample collection, RNA extraction, and cDNA synthesis

Carcasses from five pigs with neurological symptoms from three farms were submitted to
Jeonbuk National University Veterinary Diagnostic Center from August to September 2020 (case no.
KOR/0983/2020, KOR/1096/2020, KOR/1295/2020, KOR/1006-1/2020 and KOR/1006-2/2020). Brain and
intestinal tissue samples were collected from each pig. KOR/0983/2020, KOR/1096/2020 and the
KOR/1295/2020 pigs were from farms in Jeongeup, Jeollabuk-do, Korea. KOR/1006-1/2020 and
KOR/1006-2/2020 pigs were from a farm located in Hamyang, Gyeongsangnam-do, Korea. These
tissues were stored at 80°C until further use.

For RNA extraction, tissue samples were washed twice with 5 mL of phosphate-buffered saline
and homogenized in 1 mL of phosphate-buffered saline using TissueLyser Il (Qiagen, Germany).
Homogenized samples were then centrifuged at 13,000 rpm for 10 min. Total RNA was extracted
from 200 pL of supernatant using a WizPrep™ Viral DNA/RNA Mini Kit (V2) (Wizbiosolutions,
Seongnam, South Korea) according to the manufacturer’s instructions. Then 50 uL of cDNA was
synthesized using a cDNA synthesis kit (Wizbiosolutions, South Korea) following the manufacturer’s
instructions (42°C for 1 hr and 70°C for 10 min).

2.2. PCR screening and Sequencing

For detecting PAstV, partial RNA-dependent RNA polymerase (RdRp) gene of AstV was
amplified using primer sets [18,19] with hemi-nested PCR. For the first-round PCR, AstV Pol F1 (5'-
GARTTYGATTGGRCKCGKTAYGA-3'), AstV Pol F2 (5-GARTTYGATTGGRCKAGGTAYGA-3'),
and AstV Pol R1 (5’-GGYTTKACCCACATNCCRAA-3") were used. For the second-round PCR, AstV
Pol F3 (5'-CGKTAYGATGGKACKATHCC-3’), AstV Pol F4 (5-AGGTAYGATGGKACKATHCC-3'),
and AstV Pol R1 were used. PCR was performed under the following conditions: 94°C for 1 min, 40
cycles of 94°C for 30 sec, 50°C for 30 sec, and 68°C for 30 sec, and a final extension at 68°C for 5 min.
PCR-amplified RdRp gene was cloned using a RBCT&A cloning kit (Real Biotech Corporation,
Bangiao, Taiwan) and sequenced on a 3730x] DNA Analyzer platform (Applied Biosystems, Waltham,
MA, USA). Additionally, multiplex RT-PCR was performed for PAstV typing [20].

To amplify the complete capsid protein encoding ORF2 gene, RNA was extracted using TRIzol
Reagent (Ambion, Austin, TX, USA) with a RNeasy Mini Kit (Qiagen, Hilden, Germany) and cDNA
was amplified using AccuPower RocketScript RT PreMix. ORF2 genes were amplified using AstV
OREF2 F (5'-CTSRATGGGAAACTCCT-3') for forward primer, and the conserved stem-loop II-like
motif (s2m) at the 3' end of PAstVs 1, 3, and 5[4]; AstV s2m R (5’-CCCTCGATCCTACTCGG-3") for
reverse primer, while PAstVs 2 and 4 were amplified using the 3' RACE method. PCR products were
sequenced using barcode-tagged sequencing (Celemics, Seoul, South Korea).

2.3. Sequence analysis

Phylogenetic analyses were performed based on partial RARp nucleotide sequences and capsid
protein amino acid sequences. These sequences were edited using BioEdit v. 7.2.5 [21] and aligned
using Clustal Omega [22]. Phylogenetic trees were constructed using the neighbor-joining method
and the p-distance model with 1000 bootstrap replicates using the MEGA X program [23]. Nucleotide
and amino acid sequence identities were calculated using BioEdit with the sequence identity matrix
method (p-distance).

2.4. Histopathology and in situ hybridization

To prepare formalin-fixed, paraffin-embedded (FFPE) blocks, brain tissues were fixed in 10%
neutral-buffered formaldehyde. FFPE blocks were sectioned to 4 um in thickness and used for
hematoxylin and eosin (H&E) staining and in situ hybridization (ISH). H&E staining was conducted
using a standard protocol [24]. Histopathological examination was conducted at the Veterinary
Diagnostic Center of Jeonbuk National University. For ISH, purified first PCR products of brain
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tissues were labeled using a PCR DIG Probe Synthesis Kit (Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufacturer’s protocol. The second primer set (AstV Pol F3, AstV Pol
F4, and AstV Pol R1) and conditions of the hemi-nested PCR targeting the partial RdRp gene were
used in amplification steps for labeling probes. FFPE tissue slides were used for ISH, which was
performed using a fully automated system (NexES IHC instrument; Ventana Medical Systems, Inc.,
Tucson, AZ, USA) and 3, 3'-diaminobenzidine (DAB) detection system (OptiView DAB IHC
Detection kit, Ventana Medical Systems). They were then counterstained with hematoxylin.

2.5. Other laboratory diagnostics

Samples were tested for the presence of nine viral pathogens (Aujeszky’s disease virus (ADV),
classical swine fever virus (CSFV), porcine circovirus type 2 virus (PCV2), porcine epidemic diarrhea
virus (PEDV), porcine reproductive and respiratory syndrome virus (PRRSV), Japanese encephalitis
virus (JEV), swine influenza virus (SIV), tick-borne encephalitis virus (TBEV) and transmissible
gastroenteritis virus (TGEV)) and six bacterial pathogens (Brachyspira hyodysenteriae (swine
dysentery), Escherichia coli (E. coli), Haemophilus parasuis (Glasser’s disease), Lawsonia intracellularis,
Listeria spp., and Salmonella spp.), including those causing neurological diseases, using diagnostic
manuals of the Jeonbuk National University Veterinary Diagnostic Center. Bacterial cultivation was
conducted to identify additional infectious pathogens.

3. Results

3.1. Detection of porcine astorovirus

The 354-392 bp fragments of the partial RARp genes of PAstV were successfully amplified using
a heminested PCR from all ten tissue samples of each pig. Subsequent type-specific RT-PCR analysis
revealed the presence of PAstV genotypes 1, 2, 4, and 5 with multiple genotypes coexisting within a
single pig (Table 1). Cloned partial RdRp sequences from single colony were sequenced and 131
sequences were obtained with all 5 genotypes. Additionally, 15 complete capsid protein encoded
ORF2 gene sequences, ranging from 2231 to 2586 nucleotides of all 5 genotypes, were obtained.

Table 1. Identified PAstV genotypes from PCR results and sequence analysis.

Samples Genotype
No. Location Organ Type- RdRp Capsid
Specific nucleotide protein
PCR amino acid
KOR/0983/2020 ]e.ollabuk—do, Brain 4 5 5
jeongeupt Intestine ND 4 ND
KOR/1006- Gyeongsangnam-do, Brain 2,4,5 1,2,4,5 ND
1/2020 hamyang Intestine 4 4 4
KOR/1006- Gyeongsangnam-do, Brain 4 2,4 1,4,5
2/2020 hamyang Intestine  1,2,4,5 2,4 2,4
KOR/1096/2020 ]e{ollabuk—do, Brain 2,4 4 ND
jeongeupt Intestine 4 4 4
KOR/1295/2020 ]e(.)llabuk-do, Brain 4 2,3,4 3,5
jeongeup Intestine 2,4 2,4 2,4

ND, not detected. 1Pigs were from the same farm.

3.2. Phylogenetic tree analysis

A phylogenetic tree (Figure 1a) was constructed with PAstV genotypes 1-5, Avastroviruses 1-3,
and reported Ni-PAstV and AstV sequences using partial RARp gene sequences. Using phylogenetic
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tree analysis and comparison of nucleotide sequence identity, 98 identical sequences were excluded
and 33 sequences were used for phylogenetic tree analysis. The phylogenetic tree was divided into
seven clades: PAstV genotypes 1, 2, 4, and 5, Melbourne (MLB) human astrovirus, Virginia and
human-mink-ovine-like (VA/HMO) clade with PAstV 3, and Avastrovirus. All PAstV genotypes (1-
5) were detected in brain samples of Korean pigs. Multiple genotype PAstV infection was observed.
Korean PAstVs sequences showed similarities ranging from 76.3% to 99.4% among six sequences in
PAstV 2, from 74.0% to 99.4% among 22 sequences in PAstV 4, and 92.3% between 2 sequences in

PAstV 5. PAstV3 exhibited 67.9%—69.2% sequence identities with Ni-

PAstV3 reported in the USA

(USA/IA/7023/2017) and Hungary (Ni-Brain/HUN) in 2017 based on BLASTn.
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Figure 1. (a) Phylogenetic tree of partial RARp gene sequences of PAstVs. The tree was constructed
using the neighbor-joining and p-distance methods with 1,000 bootstrap replications. Sequences of
Korean pig samples are marked as follows: (¢) KOR/0983/2020, (») KOR/1006-1/2020, (e) KOR/1006-
2/2020, () KOR/1096/2020, and (o) KOR/1295/2020, while Ni-PAstV 3 sequences of USA/IA/7023/2017
and NI-Brain/HUN strains are marked with ([*]). (b) Phylogenetic tree of capsid protein amino acid
sequences of PAstVs. The tree was constructed using the neighbor-joining and p-distance methods
with 1,000 bootstrap replications. Sequences of Korean pig samples are marked as follows: (e)
KOR/0983/2020, (¢) KOR/1006-1/2020, (e) KOR/1006-2/2020, (e) KOR/1096/2020, and (e)
KOR/1295/2020, while Ni-PAstV 3 sequences of USA/IA/7023/2017 and NI-Brain/HUN strains are
marked with ([*]).

Similarly, all PAstV genotypes and multiple genotypes in a single Korean pig were identified in
the phylogenetic tree of capsid protein amino acid sequences (Figure 1b). PAstVs 1, 4, and 5 and
PAstVs 3 and 5 were detected in brain samples of KOR/1006-2/2020 and KOR/1295/2020, respectively.
The highest amino acid similarity in each sequence of BLASTp was observed as follows: 80.87%
(OM105035.1; South Africa) in PAstV 1 KOR/1006-2/2020 Brain, 77.63% to 82.67% in PAstV 2
(OP413948.1 China with PAstV 2 KOR/1295/2020 Intestinel and OP413947.1 China with PAstV 2
KOR/1006-2/2020 Intestine), 98.18% (KY933399.1; Uganda) in PAstV 3 KOR/1295/2020 brain, 72.01%
t0 93.68% in PAstV 4 (KX060809.1 China with PAstV4 KOR/1006-2/2020/Brain and OP413951.1 China
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with PAstV 4 KOR/1006-1/2020 Intestine), and 89.20% to 98.91% in PAstV 5 (MW504545.1; USA with
PAstV 5 KOR/1295/2020 Brain and KP747574.1 China with PAstV 5 KOR/0983/2020 Brain2). PAstV 3
KOR/1295/2020 brain sequence showed 58.7%-59.2% and 59.1%—60.4% amino acid identities with Ni-
PAstV 3 reported in the USA and Hungary, respectively.

3.3. Histopathology and in situ hybridization

CNS histopathology revealed meningitis in both the brain and spinal cord (Figure 2).
Perivascular cuffing and neuronal necrosis (in the brain, Purkinje cells) with degeneration and
myelitis were detected. The KOR/1096/2020 cerebrum showed mild meningitis, edema, and
perivascular inflammation. ISH was performed and PAstV-infected Purkinje cells in the cerebellar
cortex were stained dark brown (Figures 2C-2E).

(a) (b)
(c) (d)
(e) () R o
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Figure 2. Tissue sections of brain (a, b) and spinal cord (c, d) stained with hematoxylin and eosin. (a)
Purkinje cell necrosis and degeneration of KOR/0983/2020 cerebellum (Black arrowhead). (b)
Meningitis of KOR/1295/2020 cerebellum. (c) Perivascular cuffing of KOR/0983/2020. (d) Necrosis
with degeneration of neurons and myelitis of KOR/0983/2020. (e-h) Tissue sections of the brain: in
situ hybridization. (e-g) Cytoplasm in the Purkinje cell layer in the cortex of KOR/1295/2020
cerebellum is stained dark brown and marked with black arrowhead. (h) Purkinje cell layer without
ISH probes. Scale bar, 100 pm (e), 50 um (a, b), and 25 pm (c, d, f-h).

3.4. Other laboratory diagnostics

The Veterinary Diagnostic Center of Jeonbuk National University performed PCR for viral and
bacterial pathogens and bacterial cultivation. Lung sample from the KOR/0983/2020 pig was PCR-
positive for PRRSV. Streptococcus suis was isolated from brain tissue. An intestinal sample of the
KOR/1006-1/2020 pig was PCR-positive for E. coli STB. The lung sample of KOR/1295/2020 pig was
PCR-positive for PRRSV. Streptococcus suis and Clostridium perfringens type A were isolated from the
brain and intestine, respectively. KOR/1006-2/2020 and KOR/1096/2020 pigs were negative for tested
other virus and bacterial pathogens by PCR and cultivation.

4. Discussion

In summary, five PAstV-positive pigs with neurological symptoms were identified in this study.
Type specific RT-PCR detected PAstV genotypes 1, 2, 4, and 5. Four pigs were positive for two or
more PAstV genotypes. Phylogenetic analysis of the RARp gene nucleotide sequences and ORF2 gene
amino acid sequences revealed that all PAstV genotypes 1-5 were present in brain samples.
Histopathological examination revealed meningitis, perivascular cuffing, Purkinje cell necrosis, and
CNS degeneration. In addition, ISH results revealed that PAstV infected neurons in brain tissues.

Genotypes of each sample were not identical in three experimental results (Table 1). However,
coinfection of multiple genotypes was detected. When the amplified RdRp gene was directly
sequenced using the Sanger sequencing method, the analysis was unsuccessful except for two
samples. The possibility of co-infection was confirmed through type-specific PCR results.
Subsequently, TA cloning with RARp gene was performed. Analysis of single colonies revealed the
presence of various types of PAstVs. Due to high genetic diversity of PAstV, some type-specific
primers might have not functioned properly. Additionally, in the case of RdRp gene sequencing, the
limited number of sequencing attempts during colony sequence might have resulted in an incomplete
collection of all sequences in amplicon. For the ORF2 gene sequence, PAstVs 1, 3, and 5 were
sequenced using the s2m motif at the 3' end, while PAstVd 2 and 4 were amplified using the 3' RACE
method, suggesting that results were obtained primarily from intestine samples that presumed to
have relatively high viral concentrations.

In molecular analysis, obtained sequences showed high genetic diversity. In the partial RdRp
gene, sequences showed a minimum nucleotide sequence identity of 74.0% within a single genotype.
PAstV3 exhibited 67.9%—-69.2% identities with Ni-PAstV3 reported in the USA and Hungary in 2017
based on BLASTn. The minimum amino acid sequences similarities of PAstVs 1, 2, 3, 4, and 5 among
the highest amino acid similarity in BLASTp of each sequence were 80.87%, 77.63%, 98.18%, 72.01%
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and 89.20%, respectively. PAstV 3 KOR/1295/2020 brain sequence showed 58.7%-59.2% and 59.1%-—
60.4% amino acid identity with Ni-PAstV 3 reported in the USA and Hungary, respectively. These
low sequence similarities could be interpreted as occurrence of various mutation events. However,
the lack of analysis regarding the origin, routes of introduction into the country, and timing of
introduction raises the possibility of an inaccurate interpretation. Additionally, limited research on
PAstV with scarcity of sequence comparison groups might have contributed to these findings.
Further detailed analysis should be conducted through subsequent studies employing methods such
as evolutionary or recombination analysis.

The ISH examining the presence of PAstV RNA in neurons by hybridization of PAstV RNA and
synthesized probes revealed PAstV infection in the CNS. However, there is a limitation in
determining the genotype of infected PAstV confirmed through ISH due to its probe.

5. Conclusions

Recent studies have reported Ni-PAstV 3 causing encephalomyelitis in several pigs [25]. In this
study, all PAstV genotypes 1-5 were detected in brain samples. Coexistence of multiple genotypes
was found. These results suggest the possibility of infection by multiple PAstV genotypes in the CNS.
Additional analysis of full gene sequence and type-specific ISH and/or in vivo experimental infection
may help us further elucidate the pan-infection of PAstVs in the CNS.
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Appendix A
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Figure Al. 13-24: PAstV 2, 25-36; PAstV 3, 37-48; PAstV 4, 49-60; PAstV 5. Lanes 1=KOR/0983/2020
brainl, 2=KOR/0983/2020 intestinel, 3= KOR/0983/2020 brain2, 4= KOR/0983/2020 intestine2,
5=KOR/1006-1/2020 brain, 6=KOR/1006-1/2020 intestine, 7=KOR/1006-2/2020 brain, 8=KOR/1006-
2/2020 intestine, 9=KOR/1096/2020 brain, 10=KOR/1096/2020 intestine, 11=KOR/1295/2020 brain,
12=KOR/1295/2020 intestine; same combination with each genotype. Lanes M=marker, N=negative

control.
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