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Abstract

Porcine sapelovirus (PSV), an emerging picornavirus, is increasingly recognized for its wide
distribution and impact on swine health. While often subclinical, PSV can cause multisystemic
disease and is frequently detected in co-infections with other porcine pathogens. However, the
emergence and evolutionary dynamics of PSV in China are still not well characterized. This review
consolidates recent progress on the origin and genetic evolution of PSV, with emphasis on genomic
surveillance and recombination events. Studies reveal extensive genetic diversity and continuous
adaptive evolution, driven largely by frequent recombination across the genome, with the 2A gene
region identified as a key hotspot. This synthesis provides a timely theoretical foundation for
understanding PSV evolution and informs future surveillance strategies. We emphasize the necessity
of sustained genomic monitoring and call for focused research on the pathogenicity of circulating
recombinants and their roles in co-infections, which is essential for developing effective
countermeasures.
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1. Introduction

The family Picornaviridae comprises a diverse group of small, non-enveloped, positive-sense
single-stranded RNA viruses, many of which are significant pathogens in humans and animals.
Historically, the classification of picornaviruses has undergone substantial revisions based on
advancements in molecular biology. Before the establishment of the genus Sapelovirus, its members
were often misclassified due to limited genomic information. For instance, viruses now known as
sapeloviruses were initially grouped with enteroviruses or teschoviruses, primarily based on their
clinical manifestations and host species. This historical context is crucial for understanding the
taxonomic journey of the porcine sapelovirus (PSV). PSV belongs to the genus Sapelovirus within the
family Picornaviridae [1]. Initially classified as a group II porcine enterovirus (PEV), PSV was later
differentiated through virus neutralization assays, which divided PEVs into 15 serotypes spanning
three groups (I, 1, and III), based on cytopathic effects (CPE) in porcine kidney cells, physicochemical
traits, and host range [2,3]. PSV was first designated as PEV serotype 8 (PEV-8) under CPE type II
and subsequently reassigned to the genus Enterovirus as PEV-A [3,4]. Distinct genomic features—
including a type IV internal ribosomal entry site (IRES), a leader protein (L protein), and a conserved
2A protein—revealed significant divergence of PEV-8 from other enteroviruses [5]. Consequently, it
was reclassified into the newly established genus Sapelovirus within the family Picornaviridae [6,7].
This genus currently comprises three members originating from simian, avian, and porcine hosts [7].
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Avian and porcine sapeloviruses each comprise a single serotype, while simian sapelovirus
encompasses three [8-10].

PSV infections in pigs can produce diverse clinical manifestations, including encephalomyelitis,
diarrhea, pneumonia, respiratory distress, and reproductive failure, though asymptomatic infections
are common [11-13]. In sows, infection may result in fetal death, stillbirth, mummification, or
congenital malformations [14]. PSV primarily colonizes porcine intestinal epithelial cells, and even
after clinical recovery, infected pigs may continue to shed the virus, serving as persistent reservoirs
that maintain high prevalence in herds. Co-infections are frequent, particularly with porcine
epidemic diarrhea virus (PEDV), porcine teschovirus (PTV), and porcine deltacoronavirus (PDCoV),
often leading to increased pathogenicity due to synergistic interactions [15-17]. Although PSV is
frequently subclinical [18], its potential risks demand careful attention.

Accordingly, this review not only summarizes recent findings on PSV origin, epidemiology,
genetic evolution, recombination dynamics, and selective pressures in China, but also, for the first
time, systematically integrates nationwide surveillance data to reveal a continuous upward trend in
PSV prevalence and a shift in its epidemiological patterns. Furthermore, our analysis identifies the
2A gene region as a recombination hotspot and demonstrates the dominance of complex
recombination events in driving PSV evolution in China. These integrated insights provide a novel,
comprehensive framework for understanding PSV dynamics and inform future surveillance
strategies.

2. Origin and Evolution of PSV

The emergence of PSV dates back to the 1960s, when it was first identified in the United Kingdom
[19]. Since then, reports of PSV infections in both domestic and wild pigs have appeared from
multiple countries, including Spain [20,21], Hungary [22,23], the Czech Republic [24], Brazil [15,25],
South Korea [26,27], India [28], and the United States [29]. In China, PSV was first isolated from
porcine intestinal samples in 2009 [30]. However, this marked the first formal identification, not
necessarily the point of entry. The high genetic diversity observed among Chinese PSV isolates, with
sequence homology ranging from 72.4% to 99.4% [30], strongly suggests a long and cryptic circulation
history within the country. It is more plausible that PSV was not recently introduced, but rather
remained undetected for a considerable period. This lack of prior detection is likely attributable to its
predominantly subclinical nature, as evidenced by its higher prevalence in healthy pigs compared to
those with clinical symptoms. Therefore, the increased reporting of PSV in recent years is more
reflective of enhanced surveillance and diagnostic capabilities rather than a true emergence of a new
pathogen in China. This conclusion is consistent with frequent detection of PSV in healthy pigs,
emphasizing its potential for subclinical transmission. Since its initial identification, PSV has been
increasingly reported across multiple provinces and regions of China, indicating broad and rising
prevalence [17,31-33].

PSV was initially classified as PEV-8. To explore its origin and evolutionary trajectory, we
constructed a temporal evolutionary tree of PEV genotypic subtypes using the maximum likelihood
method in MEGA X, with 1000 bootstrap replicates [34]. Divergence times were estimated for all
nodes using the RelTime with Dated Tips (RTDT) method [35]. The dataset included 54 viral strains
(nine PEVs, two marmot sapeloviruses, one avian sapelovirus, and 42 PSVs) identified from 1958 to
2025. Phylogenetic inference indicated that PEV-1 emerged earliest (around 1958), followed
sequentially by other genotypes: PEV-2 (1960) > PEV-11 (1963) > PEV-3 (1965) > PEV-7 and PEV-4
(1967) > PEV-6 (1976) > PEV-5 and PEV-12 (1994) (Figure 1). Within the genus Sapelovirus, the
sapelovirus lineage (formerly PEV-8) appeared around 1968, whereas avian and marmot
sapeloviruses emerged later, in 1985 and 2002, respectively. PSV diverged in 1985, with PSV-1 arising
before PSV-2. Among PSV-1 strains, the earliest sequenced isolate in our dataset was a German isolate
(AY392556) from 1997. This was followed by a Chinese isolate (KF631220, as referenced in the
phylogenetic analysis of Lan et al., 2011) sampled in 2003. It is crucial to distinguish between the time
of the first *viral isolation and characterization* in China (2009) and the time of the earliest *sample
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collection” for a strain that was later sequenced and deposited in GenBank (2003). The latter provides
molecular evidence suggesting that PSV was likely circulating in China prior to its formal discovery
in 2009, consistent with the high genetic diversity observed in the initial study. Other PSV-1 strains
isolated from Japan, South Korea, and the United States were in 2005. By contrast, PSV-2 was first
reported in Hungary in 2013 [36], with no subsequent detections, suggesting that PSV-1 remains the
globally dominant subtype.
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Figure 1. Temporal origin and evolutionary analysis of PSV. A time-scaled phylogenetic tree was reconstructed
using MEGA X software (RelTime with Dated Tips method) based on the full-length genome sequences of 54
viruses, including 42 porcine sapeloviruses, nine porcine enteroviruses (PEV), two marmot sapeloviruses, and
one avian sapelovirus. The PEV-1 strain (AB038528, red) was used as the outgroup. The sampling year of each
sequence was applied as a calibration constraint. The estimated divergence time for each major branch is

indicated.

PSV thus exhibits a long evolutionary history, characterized by cross-regional transmission and
substantial potential for latent infection. Temporal phylogenetic analysis positions PSV as a relatively
late-diverging but rapidly evolving lineage within the genus Sapelovirus. Although Chinese PSV
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strains were detected later than European ones, retrospective epidemiological evidence supports
earlier cryptic circulation in China, underscoring the importance of historical sample analysis for viral
traceback. The global predominance of PSV-1, contrasted with the limited distribution of PSV-2, may
reflect differences in biological fitness and transmissibility. Future studies should integrate
spatiotemporal evolutionary analysis with host adaptation experiments to clarify PSV transmission
routes and evolutionary drivers, thereby supporting evidence-based prevention and control
strategies.

3. Current Epidemiological Status of PSV in China

Available surveillance data indicate that PSV is widely distributed across China, with detection
reported in regions including Shanghai, Jiangsu, Zhejiang, Fujian, Hunan, Henan, Sichuan, Ningxia,
Jilin, and Inner Mongolia [31,32,37-39]. However, significant differences exist in surveillance
intensity and detection rates among provinces. The highest positivity rate has been documented in
Ningxia (61.25%), followed by Hunan (42.21%-50%), Heilongjiang (44%), and Inner Mongolia (40%)
(Figure 2A). Other regions showed considerable variability: 22.83%-55.96% in Henan, 12.5%-29.9%
in Sichuan, 5.55%-22.3% in Anhui, 10.47%-34.1% in Shanghai, and 8.75%-20% in Jiangsu. Limited
data from Zhejiang and Jiangxi revealed detection rates of 7.95% and 11.22%, respectively. Although
no systematic epidemiological reports are available for Gansu, PSV sequences from this province
have been deposited in GenBank, suggesting local circulation [40].
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Figure 2. Epidemiological survey of Porcine Sapelovirus (PSV) in China. (A) The geographic distribution of PSV
infection rates among Chinese provinces. (B) The trend of PSV prevalence analyzed across different sampling
years. (C) PSV infection rates stratified by the age groups of the pigs. (D) A comparison of PSV prevalence
between herds with healthy pigs and those presenting diarrhea.

Over time, PSV prevalence in Chinese herds has steadily increased, from 17.4% (2009-2012) to
22.59% (2013-2016), 25.66% (2017-2020), and 27.69% (2021-2025) (Figure 2B). By production stage,
weaned piglets showed the highest infection rate (43.35%), followed by fattening pigs (27.04%) and
sows (25.00%), with suckling piglets showing the lowest rate (20.14%) (Figure 2C). PSV has also been
frequently detected in apparently healthy pigs. In 2014, prevalence among healthy pigs (48.1%) was
nearly three times higher than in diarrheic pigs (17.2%), with a ratio of ~2.8:1. By 2019, this ratio had
reversed to 1:1.7, indicating a shift in epidemiological patterns (Figure 2D). This trend mirrors the

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202605.1950.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2026

d0i:10.20944/preprints202605.1950.v1

5 of 12

overall rise in PSV prevalence and may signal increased viral adaptation and evolving pathogenicity
[17].

In summary, PSV prevalence in China shows clear spatiotemporal heterogeneity and a
continuous upward trend. Weaned piglets represent the highest-risk group, while the rising carrier
rate in healthy pigs—together with the shifting ratio between healthy and diseased animals—
illustrates the evolving epidemiology of PSV. These findings emphasize the importance of region-
specific strategies and targeted interventions at critical production stages. Future priorities include
expanded surveillance, standardized diagnostics, and investigation into the factors driving PSV
progression from subclinical to clinical infection.

4. Coinfection of PSV and Other Diarrhea Pathogens in China

Systematic studies on mixed infections involving PSV are still limited, with most data reported
sporadically. For example, Jiang et al. documented PSV/PEDV and PSV/PoSaV co-infection rates in
Zhejiang Province of 7.7% and 2.2%, respectively [41], while PSV/PDCoV co-infection in Henan was
reported at 13.8% [42].

Since 2018, our team has conducted continuous surveillance on large-scale pig farms in Shanghai.
Results show that trends in single and mixed PSV infections generally overlapped, with the annual
single infection rate consistently about twice that of mixed infections. From 2018 to 2025, both single
and mixed PSV infection rates increased steadily (Figure 3A). By 2025, the rates approached near
parity, with single infections at 47.17% and mixed infections at 44.34%. Regarding infection patterns,
the distribution was: single infection (25.93%) > double infection (9.51%) > triple infection (5.83%) >
quadruple infection (2.09%) > quintuple infection (0.18%) (Figure 3B). Notably, since 2023, the
prevalence of triple infections has risen sharply, nearly matching that of double infections, reflecting
the growing complexity of PSV co-infection profiles.
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Figure 3. Profile of PSV co-infections in China. (A) Comparison of single and co-infection trends. (B) Annual
analysis of PSV infections. (C) Analysis of PSV co-infection patterns.

The most frequent double infections involved PSV/PAstV (17.33%), PSV/PEDV (9.71%), and
PSV/PKoV (6.29%). The predominant triple combinations were PSV/PAstV/PKoV (18.56%),
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PSV/PEDV/PAstV (8.25%), and PSV/PEDV/PKoV (5.15%) (Figure 3C). These findings suggest that
PSV frequently co-occurs with PEDV, PAstV, and PKoV. Previous studies reported that PKoV and
PEDV co-infections can aggravate clinical symptoms in piglets, indicating potential synergistic effects
among these viruses [43]. Our preliminary clinical observations align with this hypothesis, noting
that cases of PSV and PEDV co-infection often present with more severe and prolonged diarrhea
compared to PEDV mono-infections (unpublished data). However, quantitative data to statistically
validate this correlation are currently lacking. Future controlled studies are urgently needed to
confirm the synergistic pathogenic effect and to elucidate the underlying mechanisms. Thus, co-
infections involving PSV with PEDV, PAstV, and PKoV may represent an important factor
complicating diarrhea control in pigs.

In summary, mixed infections involving PSV —particularly with PEDV, PAstV, and PKoV —are
widespread in Chinese pig herds, and co-infection complexity is increasing [44]. These multi-
pathogen interactions not only complicate clinical diagnosis but may also enhance disease severity
through synergistic effects. Future research should investigate mechanisms of pathogen synergy,
advance multipathogen surveillance systems, and develop vaccines or therapeutics tailored to the
complex diarrhea pathogen landscape.

5. Genetic Recombination in Prevalent PSV Strains in China

To systematically examine recombination patterns in PSV strains and their impact on viral
evolution, we analyzed 74 Chinese isolates using the RDP software package. Results showed that
85.14% of strains displayed recombination events, whereas 14.86% exhibited none (Figure 4A).
Among recombinant strains, 18.92% involved recombination between two parental strains, while
complex events with three or more parental sequences accounted for 66.22% (Figure 4A),
underscoring the high frequency and complexity of recombination among PSV strains in China. In
Hunan Province, for example, only 2 of 29 isolates lacked evidence of recombination; 4 involved two
parental strains, and 23 involved three or more, further emphasizing the prevalence of complex
recombination in PSV dissemination.
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Figure 4. Prediction and Analysis of Recombination Trends in PSV. Full-length genome sequences from 74
Chinese PSV isolates were analyzed for recombination using RDP4 software. Subsequent statistical analysis of
recombination event proportions is shown in (A). Statistically significant recombination breakpoints identified
from these events were compiled and visualized in a scatter plot (top panel, B). Twenty-one high-confidence
recombination events, consistently detected by all seven algorithms (RDP, GENECONYV, BootScan, MaxChi,
Chimaera, SiScan, and 3Seq), were selected for detailed characterization. Their recombination maps are
displayed in the bottom panel, aligned with a PSV genome schematic and the breakpoint scatter plot for

comparative evaluation.

Breakpoint analysis revealed a pronounced clustering within the 2A gene region (Figure 4B),
suggesting this region functions as a hotspot for PSV recombination and evolution. To further
characterize recombination, 21 strains confirmed positive by seven detection methods were mapped
for recombination profiles. Results showed that 61.9% of events occurred across the genomic region
spanning the L-VP1 segment to the 5" portion of the 2A gene, with a distinct breakpoint localized in
the 2A region, supporting its role as a recombination hotspot (Figure 4).

This study provides the first systematic evidence of the high frequency of recombination in PSV
strains circulating in China, particularly involving complex multi-parent events, establishing
recombination as a major evolutionary driver. Identification of the 2A gene as a recombination-
functional region offers a promising target for future studies on recombination mechanisms and viral
adaptation. These findings not only enhance our understanding of PSV diversity and evolution but
also provide a theoretical basis and data framework for subsequent experimental studies, including
recombination mechanism dissection, rational vaccine strain design, and precise molecular
surveillance. Future investigations should integrate functional assays to clarify the mechanistic role
of the 2A gene in recombination and its impact on viral phenotype.

6. Genetic and Evolutionary Analysis of Prevalent PSV Strains in China

According to the 10th report of the International Committee on Taxonomy of Viruses (ICTV),
the genus Sapelovirus comprises two recognized species: Sapelovirus A and Sapelovirus B.
Sapelovirus A contains a single serotype, designated as PSV-1 [6]. A novel genotype, PSV-2, was first
identified in Hungary in 2013 through viral metagenomic analysis [23]. Comparative sequencing of
the P1 gene, which encodes major neutralization epitopes, revealed substantial amino acid sequence
divergence (0.215-0.239) between PSV-1 and PSV-2 [36]. Phylogenetic analysis based on the P1 region
is considered a reliable method for picornavirus genotyping [45]. However, no PSV-2 strains have
been isolated to date.

We retrieved 74 available Chinese PSV sequences from GenBank and performed genetic
evolutionary analyses through P1 capsid-coding region homology comparison and phylogenetic
reconstruction. Homology analysis categorized the PSV strains into four similarity ranges: <70% (2.47%
of comparisons), 70-80% (38.37%), 80-90% (54.14%), and >90% (5.01%) (Figure 5A). All Chinese PSV-
1 strains shared more than 70% whole-genome homology, whereas their similarity to representative
PSV-2 strains ranged from 63.84% to 67.18%, confirming a clear genetic distinction between the two
genotypes (Figure 5A).

Phylogenetic reconstruction demonstrated that the 74 Chinese PSV strains, together with isolates
from South Korea, Japan, and the United States, clustered within PSV-1, forming lineages distinct
from marmot sapelovirus and PSV-2. Interestingly, one Hubei strain (MT080999) exhibited closer
phylogenetic affinity to PSV-2 (Figure 5B). To further investigate its relationship, we calculated the
pairwise sequence identities. The complete genome of MT080999 shared 71.5% identity with the PSV-
2 reference strain (e.g., KJ627638) and 73.2% with the PSV-1 reference strain (e.g., AY392556).
Specifically, in the P1 region which determines serotype, MT080999 shared 78.1% identity with the
PSV-2 reference and 75.4% with the PSV-1 reference. While its overall identity to PSV-2 is higher, the
values still fall within the range that separates distinct genotypes. This unique genetic position raises
the possibility that MT080999 could be an inter-genotype recombinant or represent a divergent
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lineage within PSV-1 that has acquired PSV-2-like genomic fragments. Further whole-genome
recombination analysis and serological characterization would be necessary to determine whether it
constitutes a new genotype. Chinese PSV strains did not form geographically distinct clusters. For
instance, strains from Hunan Province appeared across multiple branches, intermixed with isolates
from other regions. Likewise, four Shanghai strains were scattered throughout the PSV-1 clade, rather
than clustering together, indicating extensive recombination among PSV-1 strains circulating in

China.
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Figure 5. Genetic relatedness analysis of epidemic PSV strains in China. (A) Nucleotide identity heatmap. A total
of 74 available Chinese PSV strain sequences and 7 strains from abroad were obtained from the GenBank
database. Sequence alignment and pairwise identity calculations were performed using MegAlign software.
Percent identity is represented by the color gradient shown in the key to the right. (B) Phylogenetic analysis. The
evolutionary tree was reconstructed based on the complete nucleotide sequences using the Neighbor-Joining
method in MEGA X software. The analysis used the Kimura 2-parameter model with 1000 bootstrap replicates.
PSV strains from the same geographic region are indicated by an identical font color, while foreign strains are

marked by distinct background colors.

When compared with global references, several Chinese strains showed close relationships with
international isolates: three South Korean strains clustered with Hunan isolates; one Japanese strain
(LC425416) grouped with a Fujian strain (ON146286); a German strain (AY392556) was most closely
related to a Shanghai strain (OP414065); and one U.S. strain (KX574284) clustered with a Hunan strain
(MF440649) (Figure 5B). These findings indicate that epidemic Chinese PSV strains share
phylogenetic links with international isolates, suggesting either cross-border transmission or
common evolutionary origins, thereby highlighting the global complexity of PSV dynamics.

Overall, systematic phylogenetic analysis of Chinese PSV strains reveals extensive genetic
diversity and strong international connections. Both sequence homology and phylogenetic structure
support the classification of PSV-1 and PSV-2 as distinct subtypes, with PSV-1 being the dominant
lineage in China and exhibiting frequent recombination. These results provide important insights
into PSV transmission and evolutionary history in China and globally, laying a foundation for future
studies on recombination mechanisms, virulence, and cross-border transmission risks.

7. Conclusions and Future Prospects

PSV has emerged as an important enteric pathogen in swine populations worldwide, with its
increasing prevalence posing a growing threat to the swine industry [45-47]. Infection can lead lead
to a range of clinical outcomes, including diarrhea, neurological disorders, respiratory distress, and,
in severe cases, death [48]. Frequent involvement in co-infections further complicates clinical
presentation and diagnosis [16]. Despite its rising importance, critical knowledge gaps persist
regarding PSV’s receptor, entry mechanisms, virus-host interactions, molecular pathogenesis, and
effective control measures.

To address these gaps, this review provides the first comprehensive synthesis of PSV
epidemiology and evolution in China. We analyze its origin, prevalence, co-infection patterns, genetic
diversity, and recombination dynamics. Our analysis yields three key novel findings: (1) a continuous
rise in PSV prevalence from 2009 to 2025, indicating an escalating threat; (2) a shift in detection ratios
between healthy and diarrheic pigs, suggesting an evolution in pathogenicity; and (3) the
identification of the 2A gene as a major recombination hotspot, with complex multi-parental
recombination being the dominant evolutionary force among Chinese strains.

Collectively, these findings fill a critical knowledge gap and establish a new theoretical
framework for understanding PSV’s cross-species transmission and genetic adaptation. On a
practical level, this work provides essential data to support molecular surveillance, recombinant
strain traceability, and the development of targeted vaccines, diagnostics, and control strategies.
Future studies integrating molecular epidemiology, evolutionary analysis, and retrospective data
mining will be crucial to further elucidate PSV dynamics and mitigate its impact on swine health and
productivity.
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Abbreviations

The following abbreviations are used in this manuscript:

PSV Porcine sapelovirus

PEDV Porcine epidemic diarrhea virus
PTV Porcine teschovirus

PDCoV Porcine deltacoronavirus
PAstV Porcine astrovirus

PKoV Porcine kobuvirus

CPE Cytopathic effects
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