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Abstract
Porcine sapovirus (SaV) was first identified by electron microscopy in the United 
States in 1980 and has since been reported from both asymptomatic and diarrhoeic 
pigs usually in mixed infection with other enteric pathogens. SaV as the sole aetio-
logical agent of diarrhoea in naturally infected pigs has not previously been reported 
in the United States. Here, we used four independent lines of evidence including 
metagenomics analysis, real-time RT-PCR (rRT-PCR), histopathology, and in situ hy-
bridization to confirm porcine SaV genogroup III (GIII) as the sole cause of enteritis 
and diarrhoea in pigs. A highly sensitive and specific rRT-PCR was established to 
detect porcine SaV GIII. Examination of 184 faecal samples from an outbreak of diar-
rhoea on a pig farm showed that pigs with clinical diarrhoea had significantly lower 
Ct values (15.9 ± 0.59) compared to clinically unaffected pigs (35.8 ± 0.71). Further 
survey of 336 faecal samples from different states in the United States demon-
strated that samples from pigs with clinical diarrhoea had a comparable positive rate 
(45.3%) with those from asymptomatic pigs (43.1%). However, the SaV-positive pigs 
with clinical diarrhoea had significantly higher viral loads (Ct = 26.0 ± 0.5) than the 
SAV-positive but clinically healthy pigs (Ct = 33.2 ± 0.9). Phylogenetic analysis of 20 
field SaVs revealed that all belonged to SaV GIII and recombination analysis indicated 
that intragenogroup recombination had occurred within the field isolates of SaV GIII. 
These results suggest that porcine SaV GIII plays an important aetiologic role in swine 
enteritis and diarrhoea and rRT-PCR is a reliable method to detect porcine SaV. Our 
findings provide significant insights to better understand the epidemiology and path-
ogenicity of porcine SaV infection.
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1  | INTRODUC TION

Sapovirus (SaV) is a member of the genus Sapovirus within the 
family Caliciviridae. It is a positive sense, single-stranded RNA 
virus with a genome of approximately 7.1–7.7 kb in length and a 
poly A tail at the 3′ end (Alhatlani et al., 2015; Oka et al., 2016). 
The SaV genome contains two open reading frames (ORFs). The 
ORF1 encodes a large polyprotein and the major capsid protein 
VP1 and the ORF2 encodes the minor structural protein VP2 (Oka 
et al., 2016). The ORF1-encoded polyprotein undergoes protease 
processing to produce non-structural (NS) proteins including NS1, 
NS2, NS3 (putative NTPase), NS4, NS5 (VPg) and NS6-NS7 (pro-
tease and RNA dependent RNA polymerase, RdRp, respectively) 
(Oka et al., 2015).

Sapoviruses are classified into different genogroups based on 
the VP1 sequences (Farkas et  al.,  2004; Scheuer et  al.,  2013). A 
pairwise identity cut-off value of VP1 amino acid sequence (<57%) 
was used to define a different SaV genogroup (Oka et  al.,  2016; 
Yinda et al., 2017), and we followed the proposal described by Oka 
et al. (2016). At present, SaVs are classified into 19 genogroups and 
at least 52 genotypes based on complete VP1 sequences using a 
pairwise distance cut-off value of ≤0.488 to distinguish different 
genogroups and ≤0.169 to distinguish different genotypes (Nagai 
et al., 2020; Oka et al., 2015). Among them, 17 genogroups (GII, GIII 
and GV–GXIX) have been identified in animals and four (GI, GII, GIV 
and GV) in humans (Scheuer et al., 2013) with genogroups II (GII) and 
V (GV) detected in both animals and humans (Oka et al., 2015). Thus 
far, at least eight genogroups (GIII, GV, GVI, GVII, GVIII, GIX, GX, 
and GXI) of SaVs have been associated with pigs (Nagai et al., 2020; 
Oka et  al.,  2016; Scheuer et  al.,  2013). Our recent genomic char-
acterization study reveals that highly divergent porcine SaV strains 
co-circulate in the field in the United States (Wang et al., 2020). In 
addition to nucleotide mutations, genome insertions and deletions, 
and recombination events might contribute to virus evolution (Wang 
et al., 2020).

Sapoviruses can cause gastroenteritis in humans and animals 
(Oka et al., 2015). Porcine SaV was first identified by electron mi-
croscopy in the United States in 1980 in a mixed infection with other 
viruses (Saif et al., 1980) and since then, SaVs have been reported 
from both diarrhoeic and asymptomatic pigs (das Merces Hernandez 
et al., 2014; Wang et al., 2020; Wang et al., 2006). Experimental infec-
tion of cell culture-adapted SaVs in gnotobiotic piglets successfully 
induced enteritis and diarrhoea (Flynn et al., 1988; Guo et al., 2001). 
However, in the field, SaVs are often identified as a mixed infection 
with other diarrhoeic pathogens (Dufkova et  al.,  2013; Mijovski 
et al., 2010; Scheuer et al., 2013), while SaV as the sole aetiological 

agent of diarrhoea in naturally infected pigs has, until this time, never 
been reported in the United States.

2  | MATERIAL S AND METHODS

2.1 | Clinical samples and history

In February of 2019, the Iowa State University Veterinary Diagnostic 
Laboratory (ISU VDL) received a diagnostic submission from a farm 
experiencing an ongoing problem with piglet diarrhoea in the lacta-
tion phase for more than 2 years (Case #1 in Table 1). The pigs report-
edly exhibited a pasty to occasional semiliquid diarrhoea starting at 
around 10 days of age. The diarrhoea was generally described as self-
limiting, but the pigs would typically lose 1–2 lbs of expected wean-
ing weight. Faecal and intestinal tissue samples were received at the 
ISU VDL as part of this diagnostic submission. Histopathological ex-
amination of intestinal samples from five clinically affected piglets 
revealed that 5/5 small intestines had moderate villous atrophy with 
lymphocytic infiltration in the lamina propria suggestive of an en-
teric viral infection (Figure 1a-d). Porcine epidemic diarrhoea virus 
(PEDV), porcine deltacoronavirus (PDCoV), transmissible gastroen-
teritis virus (TGEV) and rotaviruses (groups/species A-C) were not 
detected in the intestinal contents using real-time RT-PCR (rRT-PCR) 
assays. Additionally, there was no significant growth of common 
bacterial pathogens from the affected small intestines.

As part of a follow-up investigation, a total of 184 faecal swab 
samples were collected from pigs with clinical diarrhoea and healthy 
pigs of varying ages. These swabs included 34 samples from pigs 
between 8 and 12 days of age, 100 samples from two-week-old pigs, 
and 50 samples from pigs between 12 and 16 weeks of age. All sam-
ples were collected from the original submitting farm and were sub-
jected to SaV GIII rRT-PCR.

In addition, 234 faecal samples from swine with diarrhoea and 
102 from clinically healthy pigs that were submitted to the ISU VDL 
for routine diagnostics by unrelated farms from different states 
across the United States were also tested by SaV GIII rRT-PCR.

2.2 | Next generation sequencing

Total nucleic acid of clinical samples was extracted using MagMAX 
Pathogen RNA/DNA Kit with KingFisher™ Flex System (Thermo 
Fisher Scientific) (Zhang et al., 2017). Double stranded cDNA was 
synthesized using NEXTflex™ Rapid RNA-Seq Kit (Bioo Scientific 
Corp). Sequencing library was prepared using Nextera XT DNA 

TA B L E  1   Presence of viral pathogens in faecal samples of two NGS cases

Case No. Sequence ID Age SaV GIII PEDVa  PDCoV TGEV Rota A Rota B Rota C

1 MW316743_NE9550B 2 weeks (+) (−) (−) (−) (−) (−) (−)

2 MW316759_IA0365 8–10 days (+) (−) (−) (−) (−) (−) (−)

aAll viruses other than SaV GIII were tested by real-time PCR; (+), positive; (–), negative, that is Ct ≥ 36.
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library preparation kit (Illumina) with dual indexing. The pooled li-
braries were sequenced on an Illumina MiSeq platform at the next 
generation sequencing (NGS) unit in the ISU VDL, with 500-Cycle 
v2 Reagent Kit (Illumina) to generate 250 base-pair paired-end reads 
by following standard Illumina protocols. Raw reads of each sample 
were demultiplexed automatically on the MiSeq platform with the 
default settings.

2.3 | Bioinformatics analysis

Raw sequencing reads were pre-processed using Trimmomatic v0.36 
to remove adapters and trim low quality ends (Bolger et al., 2014). 
Raw reads and pre-processed reads were subjected to sequencing 
quality analysis with FastQC (https://www.bioin​forma​tics.babra​
ham.ac.uk/proje​cts/fastq​c/) to ensure the efficiency of cleaning. 
Cleaned reads were fed to a comprehensive reference-assisted virus 
genome assembly pipeline (Chen et al., 2018; Zhang et al., 2017) with 
modifications. The cleaned reads were aligned to host reference ge-
nome using Burrow-Wheeler Alignment (BWA) (Li & Durbin, 2009). 
The non-host reads were classified using Kraken v1.0 (Wood & 
Salzberg,  2014) and the unclassified reads were further classified 

using Kaiju v1.6.2 (Menzel et  al.,  2016). KronaTools-2.7 (Ondov 
et  al.,  2011) was used to generate the interactive html charts for 
hierarchical classification results. Reads of interest were extracted 
and used for assembly by using ABySS v1.3.9 (Simpson et al., 2009). 
The resulting contigs were manually curated to remove contami-
nated contigs and trim chimeric contigs in SeqMan Pro (DNASTAR® 
Lasergene 11 Core Suite) and finally refined to obtain the genome 
sequence.

2.4 | Histopathology and Fluorescent in situ 
hybridization (FISH)

Sections of duodenum, jejunum and ileum were fixed in 10% neu-
tral buffered formalin and processed by standard paraffin embed-
ding technique and then stained with haematoxylin and eosin (HE). 
Histopathological evaluation was performed by diagnostic patholo-
gists at the ISU VDL. Sections from selected paraffin blocks with 
lesions of atrophic enteritis were then used for FISH develop-
ment with an Alexa555-labeled probe Psap5122 (Table  2) and an 
in-house hybridization buffer as previously described (Burrough 
et al., 2013) with slight modification (20 mM of Tris, 0.9 M of NaCl, 

F I G U R E  1   Microscopic lesions and 
fluorescent in situ hybridization (FISH) 
in the small intestine of pigs naturally 
infected with porcine sapovirus GIII. 
(a) There is marked villous atrophy 
and rare fusion. HE. 40×. (b) Mild 
lymphocytic infiltration in the lamina 
propria. HE. 200×. (c) Variable villous 
vascular congestion. HE. 200×. (d) Mildly 
vacuolated villus enterocytes that are 
often detached and exposing the lamina 
propria. HE. 200×. (e) Scattered FISH-
positive villus enterocytes (in the red 
circle) are observed within sections with 
villus attenuation; FISH was performed 
with Alexa555-labelled sapovirus probe; 
observed with CY3 Filter. 200×. (f) No 
fluorescence was observed in the FISH-
positive cells when observed with a FITC 
Filter. 200×

(a) (b)

(c) (d)

(e) (f)

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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0.1% sodium dodecyl sulphate [SDS] buffer, 20% formamide, 10% 
dextran sulphate [pH 7.2]). In situ hybridization was performed using 
an automated system (Discovery Ultra; Roche Diagnostics) with the 
manufacturer's standard protocol and commercial reagents with the 
exception of the hybridization buffer as noted above. Hybridization 
was carried out at 52°C for 12 hr.

2.5 | Development of real-time RT-PCR (rRT-PCR) 
for porcine SaV GIII

An rRT-PCR assay specific for porcine SaV GIII was developed 
with the primers PSapV-F and PSapV-R, and probe PSapV-P 
(Table  2), which were commercially synthesized (Integrated DNA 
Technologies). The real-time RT-PCR was performed in a reaction 
mixture of 25  μl containing 12.5  μl 2× AgPath-ID RT-PCR Buffer 
(Applied Biosystems), 1 μl 25× RT-PCR Enzyme Mix, 1 μl (final con-
centration 0.4  µM) of each of the primers, 0.5  μl (final concentra-
tion 0.2 µM) of probe, 4 μl nuclease-free water and 5 μl extracted 
RNA. The amplification was performed at 48°C for 10 min, 95°C for 
10 min, followed by 40 cycles at 95°C for 15 s, 55°C for 20 s and 
60°C for 45 s. For each amplification plot, a cycle threshold (Ct) value 
was calculated representing the highest cycle number at which the 
reporter signal was above threshold.

The sensitivity of the real-time PCR assay was evaluated by 
using serial 10-fold dilutions of the in vitro transcribed RNA, which 
was produced by Transcript Aid T7 High Yield Transcription Kit 
(Thermo Fisher Scientific, Waltham, MA) with primers Sap-T7-F1 
and Sap5193R (Table 2).

The specificity of SaV GIII rRT-PCR was evaluated using oligo 
DNA fragments with length between 107 and 117 nt designed for 
SaV GV, GVI, GVII, GVIII, GIX, GX and GXI according to their corre-
sponding sequences at the same region that SaV GIII rRT-PCR tar-
geted (Table 2). All oligo DNAs were synthesized in the DNA Facility 
at Iowa State University. In addition, the specificity was evaluated 
with other viral pathogens related to swine diarrhoea including virus 
isolates of PEDV, TGEV, PDCoV and rotavirus A, and faecal samples 
positive for rotavirus B and C, and bacterial pathogens Salmonella 
spp. and E. coli.

2.6 | Sequence comparison and analysis

Sequence comparison was performed with MegAlign (DNASTAR® 
Lasergene 11 Core Suite). Sequences representative of different 
SaV genogroups were obtained from GenBank and aligned with 
the 20 SaV genome sequences in the present study. Phylogenetic 
trees were constructed using the neighbour-joining method in 
MEGA 7.0 (Kumar et  al.,  2016) with p-distance as the substitu-
tion model. Bootstrap analysis was carried out with 1,000 repli-
cates. Recombination analysis was performed in the region from 
ORF1 55 nt to ORF2 522 nt using SimPlot software v. 3.5.1 (Lole 
et al., 1999).

3  | RESULTS

3.1 | Next-generation sequencing

Next-generation sequencing and bioinformatics analysis were per-
formed on the faecal and tissue samples from the outbreak farm 
(case 1 in Table 1). The hierarchical classification results were shown 
as an html pie-chart by Kraken and Krona Tools. Surprisingly, the 
classification results showed that 100% of the viral reads belong to 
SaV. The complete genome sequence of porcine SaV was then as-
sembled and designated as NE9550B. No other viral pathogens were 
identified in the classification; these results were consistent with the 
real-time PCR results in which all other common viruses related to 
porcine enteric disease were negative (Table 1). NGS analysis also 
identified SaV as the sole viral pathogen from faecal samples of 8 to 
10-day-old diarrhoeic piglets (case # 2) (Table 1).

3.2 | Histopathology and fluorescent in situ 
hybridization (FISH)

Histopathological examination revealed lesions consistent with viral 
infection in the small intestine. Specifically, there was moderate seg-
mental villous blunting, atrophy and contraction (Figure  1a,b) with 
marked, locally extensive villous vascular congestion (Figure 1c). Low 
to moderate numbers of lymphocytes, macrophages and fewer neu-
trophils were observed in the lamina propria (Figure 1b,c) and multi-
focal crypts contained low to moderate numbers of neutrophils and 
cellular debris. Apical enterocytes over affected villi ranged from vac-
uolated to flattened or attenuated (Figure 1c) and some villi lacked api-
cal enterocytes with exposed lamina propria (Figure 1d). In the colon, 
multifocal glands contained low to moderate numbers of neutrophils 
admixed with cellular debris and low numbers of lymphocytes and 
macrophages were identified in the lamina propria (data not shown).

For slides with histopathological lesions that also originated from 
SaV rRT-PCR positive intestine tissue samples, additional sections 
of small intestine were further subjected to FISH. Fluorescently-
labelled enterocytes were identified along the attenuated villi indi-
cating that the lesion was caused by SaV infection (Figure 1e,f).

3.3 | Development of real-time RT-PCR (rRT-PCR)

Standard curves were established using the 10-fold serially diluted 
RNA control in vitro transcribed from a DNA fragment amplified by 
SaV GIII primers Sap-T7-F1 and Sap5193R (Table  2). The concen-
tration (ng/μl) of the RNA control was determined by a NanoDrop 
(Thermo Fisher Scientific), and the copy numbers were calculated 
with the mass and molecular weight using an online calculator (http://
www.scien​cepri​mer.com/copy-numbe​r-calcu​lator​-for-realt​ime-pcr). 
RNA control was then serially diluted from 2.4 × 101 to 2.4 × 109 
copies per reaction (in 5 μl) and amplified in triplicate. The threshold 
cycle (Ct) values were plotted against the copy numbers. The SaV GIII 

http://www.scienceprimer.com/copy-number-calculator-for-realtime-pcr
http://www.scienceprimer.com/copy-number-calculator-for-realtime-pcr
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rRT-PCR was able to detect the RNA control over a linear range. The 
standard curve obtained showed a slope of −3.80, an intercept of 
43.33, and a regression coefficient (R2) of 0.9,998. The detection limit 
of the assay using RNA control as template was five copy numbers 
per reaction. No PCR amplification signals were detected in the SaV 
GV, GVI, GVII, GVIII, GIX, GX and GXI oligos, PEDV, TGEV, PDCoV 
and rotavirus A isolates, rotavirus B and C faecal samples, or the 
Salmonella spp. and E. coli cultures by the SaV GIII rRT-PCR (Ct ≥ 40).

3.4 | rRT-PCR examination of porcine SaV in 
clinical and non-clinical pigs from the outbreak farm

The intestine and faecal samples of the original case from the outbreak 
farm were analysed using the SaV rRT-PCR assay. High amount of SaV 
was detected in both intestine and faecal samples, with Ct values of 
18.6 in the tissue sample and 15.4 in the faecal sample, respectively.

A follow-up investigation was performed with samples from the 
outbreak farm. In total, 34 faecal samples from pigs 8 to 12 days old 
with clinical signs were examined and 85.5% of samples were found 
positive with an average Ct value of 21.5 ± 3.38 (Figure 2). Another 
100 faecal swab samples from two-week-old pigs with and without 
clinical signs were compared. The 50 samples from pigs with clinical 
signs had significantly lower Ct values (15.9 ± 0.59) compared to the 
50 samples from non-clinical pigs (35.8 ± 0.71) (p <.01). All faecal 
samples from pigs 12 to 16  weeks old without clinical signs were 
negative with Ct values of equal to or higher than 40 (Figure 2).

3.5 | Determine the incidence of porcine SaV in 
swine herds of the United States

Totally, 234 faecal samples from pigs with diarrhoea from differ-
ent states across the United States (U.S.) were examined using SaV 

rRT-PCR. Among them, 106 samples (45.3%) were positive with Ct 
values of 26.0 ± 0.5; in contrast, 128 samples were negative with 
Ct values equal to or higher than 40. In addition, 102 faecal sam-
ples from clinically healthy pigs from different states across the 
United States were also examined with SaV rRT-PCR. Among them, 
44 samples (43.1%) were positive by SaV rRT-PCR with Ct values of 
33.2 ± 0.9, which were significantly higher than those from pigs with 
diarrhoea (26.0 ± 0.5). The remaining 58 samples were negative by 
SaV rRT-PCR.

3.6 | Sequence comparison, phylogenetic 
analysis and recombination analysis

Next-generation sequencing analysis was performed with the fae-
cal samples submitted to ISU VDL and totally 20 genome sequences 
from field porcine SaVs were assembled. The neighbour-joining (NJ) 
phylogenetic tree based on genome sequences showed that all 20 
SaVs were clustered with GIII reference isolate sequences (Figure 3). 
The genome sequences of the six GIII SaVs that were from the out-
break farm showed 99.8% to 100% nucleotide (nt) identity, indicat-
ing that SaV was genetically relatively stable at farm level during the 
relatively short observation period whereas showed only 82.0%–
98.0% nt identities to all other 14 GIII SaVs (Table S1).

SimPlot analysis was performed with SaV strains MW316746_
IN17168-3A_2020, MW316747_IL16624_2020 and MW316757_
IA4517-2_2019, in the region between ORF1 55 nt and ORF2 522 
nt, to determine recombination events within the genogroup GIII 
(Figure 4). The strain IN17168-3A showed higher nt identity (89.8%) 
to the IL16624 strain in the NS-VP1 coding region (ORF1 55-5235nt), 
but much lower nt identity (74.8%) to IA4517-2. While in the VP2 
coding region (ORF2 61-522nt), strain IN17168-3A showed higher nt 
identity (89.2%) to the IA4517-2 strain, but lower nt identity (82.0%) 
to IL16624. These results suggested that the strain IN17168-3A 
could be a recombinant, which may have arisen from cells/hosts co-
infected with SaVs similar to the IL16624 and AI4417-2 isolates.

4  | DISCUSSION

Porcine SaV is widely detected in pig herds throughout the world ( 
Liu et al., 2012; Reuter et al., 2010; Scheuer et al., 2013). Although 
experimental inoculation of isolated SaVs into gnotobiotic pigs suc-
cessfully induced enteritis (Flynn et al., 1988; Guo et al., 2001), por-
cine SaV is usually detected in faeces from asymptomatic pigs (Collins 
et al., 2009) or diarrhoeic piglets with mixed infections with other 
viral or bacterial enteric pathogens (Dufkova et al., 2013; Mijovski 
et al., 2010; Scheuer et al., 2013). In this study, a metagenomics anal-
ysis detected a porcine SaV of genogroup III in faecal and intestine 
samples of piglets with diarrhoea. PEDV, PDCoV, TGEV or rotavirus 
were not detected using rRT-PCR assays and additionally, there was 
no significant bacterial pathogens isolated from the intestine. The 
newly developed rRT-PCR revealed large amounts of porcine SaV 

F I G U R E  2   Sapovirus GIII rRT-PCR results from the outbreak farm 
for the 34 pigs of 8–12 days old with clinical signs, 50 pigs of 2-week-
old with clinical signs, 50 pigs of 2-week-old without clinical signs, and 
50 pigs between 12 and 16 weeks of age without clinical signs. The 
line indicates the average Ct value, and the scattered plots indicate the 
individual values
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RNA in the small intestine and the FISH assay conducted on tissue 
with microscopic lesions consistent with a viral enteritis further con-
firmed that GIII SaV was the cause of the observed clinical scenario. 
To the best of our knowledge, this is the first confirmation that SaV 
as a sole aetiological agent of enteritis and diarrhoea in naturally in-
fected piglets in the United States has not been observed before.

In this study, a significantly sensitive (5 copy numbers per re-
action) and highly specific rRT-PCR was successfully developed to 
detect porcine GIII SaV, the most prevalent genogroup in swine 
worldwide. Examination of 184 faecal samples from pigs from the 
outbreak farm showed that those pigs with clinical diarrhoea had 
significantly lower Ct values (15.9 ± 0.59) than those from clinically 
healthy pigs (35.8  ±  0.71) with about 220 (106-fold) difference in 
quantity. We further investigated the prevalence of SaV in faecal 
samples of 234 pigs with diarrhoea and 102 clinically healthy pigs 
from different states across the United States. Our results showed 

that pigs with clinical diarrhoea had a comparable positive rate 
(45.3%) with non-clinical pigs (43.1%), which is consistent with pre-
vious reports (Collins et al., 2009; Dufkova et al., 2013). However, 
the SaV-positive pigs with clinical diarrhoea had significantly higher 
virus loads (Ct = 26.0 ± 0.5) compared to rRT-PCR positive but clin-
ically healthy pigs (Ct =33.2  ±  0.9, with 27  =  128-fold difference 
in quantity). Most porcine SaVs have so far been reported from 
asymptomatic pigs and several studies reported no significant dif-
ferences in the positive rates of porcine SaV between clinical and 
non-clinical pigs (Barry et al., 2008; Collins et al., 2009; das Merces 
Hernandez et al., 2014; Dufkova et al., 2013; Mijovski et al., 2010; 
Reuter et al., 2010). Further, it has been suggested that testing for 
the presence of SaV may not provide significant diagnostic value 
(Salamunova et al., 2018). Our results suggest that rRT-PCR is a re-
liable method to detect porcine SaV and that porcine GIII SaV likely 
plays an important role in suckling pig enteritis. This PCR provides 

F I G U R E  3   Phylogenetic analysis 
based on SaV genome sequences. The 
phylogenetic tree was constructed by 
the neighbour-joining (NJ) method. 
Significant bootstrap values are 
indicated as a percentage for 1000 
replicates; bootstraps higher than 50 are 
displayed along the relative branches. 
, the SaVs from the outbreak farm; 
, the recombinant SaV strain;  and 
, potential parent strains involved in 
recombination; , other strains obtained 
in this study
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an additional diagnostic tool that can be used in cases of suckling pig 
diarrhoea, particularly in those cases where other common agents 
are not detected. The FISH probe developed herein is another highly 
specific tool that can be used for direct detection of porcine SaV 
within intestinal lesions. It should be noted that other genogroups 
of SaVs could not be excluded in the samples in our study since only 
porcine GIII SaV was screened.

The age susceptibility of pigs to porcine SaV infection was inves-
tigated by different groups (Barry et al., 2008; Martinez et al., 2006; 
Valente et al., 2016). Post-weaning pigs (4–8 weeks of age) have been 
suggested to have a higher positive frequency of SaV (p <.05) than 
grower-to-finish and breeder pigs (Valente et al., 2016) and the low-
est prevalence of porcine GIII SaVs was found in nursing pigs (Q. H. 
Wang et al., 2006). In our study, 85.5% of suckling piglets (8–12 days) 
were detected positive (Ct = 21.5 ± 3.38) with porcine SaV infection, 
a decent percentage (82.0%) of pigs at 2-week-old were still positive 
(Ct = 25.8 ± 1.10), while none of pigs at 12- to 16-week-old were 
rRT-PCR positive. Our results suggest that the suckling and post-
weaning pigs are most susceptible to porcine SaV infection, which is 
consistent with the previous studies.

The genome sequences of 20 SaVs obtained in this study all 
belong to GIII, which is the predominant genogroup of porcine SaV 
worldwide (Keum et  al.,  2009; L'Homme et  al.,  2010; Nakamura 
et  al.,  2010; Wang et  al.,  2006; Yu et  al.,  2008). The genome se-
quences of some GIII strains shared only 85.8% nt identities. Both 

intra- and inter-genogroup recombinant strains have been reported 
for porcine SaV (Kuroda et al., 2017; Li et al., 2017; Wang et al., 2020; 
Wang et al., 2005) as well as human SaV (Dey et al., 2018; Kumthip 
et  al.,  2020; Lasure & Gopalkrishna,  2017; Liu et  al.,  2015; Tohma 
et  al.,  2020). However, most of the recombinant studies were per-
formed with reference strains and few field strains have been inves-
tigated for recombination. In the present study, strain IN17168-3A 
shared a high AA identity (98.7%) with strain IL16624 in the NS-VP1 
region, but a very high amino acid identity (92.8%) with strain IA4517-2 
in the VP2 region. The results suggested that intragenogroup recom-
bination may occur between field GIII strains. To the best of our 
knowledge, this is the first report of intragenogroup recombination 
within GIII SaV among field strains circulating in swine. The NS7-VP1 
junction region appears to be the crossover point of the recombina-
tion event (Figure 4), which was demonstrated as well in other studies 
(Li et al., 2017; Oka et al., 2015; Wang et al., 2005). A conserved 26-nt 
motif in this region (Wang et al., 2005) is considered the transcrip-
tion start signal for subgenomic RNA (Oka et al., 2015). Comparing 
the conserved 26-nt motif (GTGTTCGTGATGGAGGCGCCTGCCCC) 
in IN17168-3A with those in IL16624 and IA4517-2 strains, only one 
nucleotide difference was identified in IA4517-2 strain (G to A at the 
18th nt). NGS analysis also identified coinfections of several (up to 
three) different SaV strains in the same faecal sample (data not shown) 
with coinfections of different strains and/or different genogroups in 
the same pig being a pre-perquisite for viral RNA recombination.

F I G U R E  4   Recombination analysis. SimPlot analysis for the region from ORF1 55 nt to ORF2 522 nt of the nucleotide sequences: 
MW316747_IL16624_2020 (green line), MW316757_IA4517-2_2019 (blue line), and MW316746_IN17168-3A_2020 as the query sequence. 
The red solid lines indicate the breakpoints, 5175 nt (ORF1 5235 nt) and 6768 nt (ORF2 61 nt), in the sequence alignment; the purple dotted 
line indicates the border of NS7 and VP1 (5083 nt in the alignment); the turquoise dotted line indicates the border of ORF1 and ORF2 (6714 
nt for the start coding position of ORF2 in the alignment)
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In summary, using metagenomics analysis, GIII porcine SaV was 
detected from faecal and intestine samples of piglets with enteri-
tis that were negative for PEDV, PDCoV, TGEV, rotavirus or other 
bacterial enteric pathogens. Independent evidence of viral-induced 
microscopic lesions and in situ hybridization confirmed that porcine 
SaV was the cause of the observed clinical scenario, indicating it is 
the sole aetiological agent. A highly sensitive and specific rRT-PCR 
method was established for the detection of porcine GIII SaV. An 
epidemiological survey demonstrated that the clinical pigs had sig-
nificantly higher viral loads of SaV compared with the non-clinical 
pigs. Further recombination analysis indicated that intragenogroup 
recombination occurs within the SaV GIII field isolates. Our findings 
provide significant insights for a better understanding of the epide-
miology and pathogenicity of GIII SaV in swine.
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