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Abstract

Porcine reproductive and respiratory syndrome virus 2 (PRRSV-2) lineage 1 (L1) has become the dominant epidemic lineage worldwide, posing a serious
threat to the swine industry. However, the fine-scale evolutionary history, spatiotemporal transmission dynamics, and molecular drivers of L1 in China remain
poorly understood. In this study, 32,215 global PRRSV-2 ORF5 sequences including 1,213 ORF5 sequences from Chinese L1 strains were systemically
analyzed. Phylogenetic analysis revealed a unipolar dominance of the L1C sublineage (NADC30-like strains), accounting for 86.12% of Chinese L1 strains
and forming a well-supported monophyletic clade. Transmission network analysis identified Henan Province as the primary hub for cross-regional spread of
L1C, with Shandong Province as the secondary hub and Fujian, Guangdong and Sichuan Provinces serving as tertiary transmission nodes. Positive selection
analysis of ORF5 revealed that L1C accumulated a broader set of positively selected sites, highly enriched in B-cell epitopes and glycosylation sites,
indicating a strong selective advantage in immune evasion. Furthermore, whole-genome recombination analysis of L1 identified major recombination
hotspots concentrated in certain viral non-structural protein genes (nsp2, nsp9) and structural protein genes (ORF5, ORF6). Together, these findings
demonstrate that the unipolar dominance of L1C in China is sustained by a synergistic cycle of transmission, antigenic evolution, and recombination,
providing an important basis for precision molecular surveillance and region-specific control of PRRSV-2.

Background

Porcine Reproductive and Respiratory Syndrome (PRRS) is one of the most significant viral diseases affecting the global swine industry. The causative
pathogen, PRRSV, can cause severe reproductive disorders in sows and respiratory diseases in pigs of all ages, leading to substantial economic losses [1].
PRRSV is an enveloped, positive-sense, single-stranded RNA virus belonging to the Arteriviridae family. Its genome is approximately 15 kilobases in length
and is characterized by marked genetic diversity and high mutation potential [2]. PRRSV is primarily divided into two species: PRRSV-1 (European genotype,
prototype strain Lelystad virus) [3], first detected in Europe in 1991; and PRRSV-2 (North American genotype, prototype strain VR-2332) [4], first identified in
North America in 1992. Since its initial emergence in the United States in the late 1980s [5] and its first reported outbreak in China in 1995 [6], PRRSV-2 has
become the dominant circulating genotype in Chinese swine herds.

The rapid development of China's swine industry and its intensive farming practices have created a complex environment conducive to the transmission and
evolution of PRRSV. The progression of PRRS in China has involved several critical phases: the emergence of highly pathogenic PRRSV (HP-PRRSV) in 2006
triggered a severe nationwide epidemic [7, 8]; around 2013, NADC30-like strains were introduced into China and rapidly became dominant [9]; and since 2017,
the emergence and spread of NADC34-like strains have raised renewed concerns [10, 11]. These events highlight the ongoing dynamic process of continuous
evolution and variation of PRRSV-2 within China.

Phylogenetic analysis based on the open reading frame 5 (ORF5) gene sequence, which encodes the major envelope glycoprotein GP5, is a widely used
method for investigating the genetic diversity and lineage classification of PRRSV-2 [5]. Globally, PRRSV-2 strains are classified into multiple lineages
(lineages 1-9, with recent proposals for lineages 10 and 11) [12, 13]. Notably, lineage 1 (L1) has emerged as the dominant epidemic lineage both globally
and in China, and is further subdivided into multiple sublineages or evolutionary clusters (e.g., L1A-L1J), reflecting a complex genetic background and
spatiotemporal distribution pattern [13]. In particular, the L1C sublineage has become one of the predominant circulating branches in China today [14].
However, despite global classification studies, there remains a lack of systematic and in-depth analysis of the fine-scale evolutionary history, transmission
dynamics, recombination characteristics, and underlying driving factors of this key lineage, L1, within China.

This study aims to conduct a comprehensive phylogeographic and evolutionary dynamics analysis of a large collection of publicly available PRRSV-2 ORF5
sequences (totaling over 32,215 entries) spanning the period from 1990 to 2025, with a primary focus on the epidemic status of the L1 lineage in China. The
research objectives include: 1) constructing an up-to-date phylogenetic tree of PRRSV-2 L1 lineage to clarify the spatiotemporal distribution and dominant
populations of L1 and its sublineages within China; 2) uncovering the complex transmission pathways and key hubs of L1 strains circulating in China; 3)
conducting in-depth analysis of the recombination frequency, hotspot regions and their correlations with geographical areas and time periods among L1
strains; and 4) evaluating positive selection pressure on key antigenic sites to explore their potential association with immune pressure. The findings of this
research will provide critical insights into the molecular evolutionary patterns of the PRRSV-2 L1 lineage in China and offer direct scientific support for
outbreak tracing, risk early warning, and the optimization of prevention and control strategies.

Results

Genetic diversity and dominant lineage distribution of PRRSV-2

Phylogenetic analysis based on 32,215 global PRRSV-2 ORF5 sequences revealed that the strains could be clearly classified into 11 major genetic lineages
(lineage 1-8, lineage 9A, 9B, and 9C) (Fig. 1A). Among these, lineage 1 (L1) was the dominant epidemic lineage both globally and in China, accounting for
50.09% (11,780/32,215) of all sequences. Its circulation spanned from 1991 to 2025, with a geographical distribution covering multiple regions including
North America, Asia, and Europe. Detailed information on the other lineages is provided in Tables S1 and S2. Further high-resolution phylogenetic analysis of
the L1 lineage showed that it could be subdivided into 10 stable sublineages (L1A-L1J) (Fig. 1B). Detailed characteristics of each sublineage are presented in
Table S3. The classification of lineages and sublineages in this study followed the methods established by Shi [12], Zeller [15] and Wannarat [13],
respectively.

Among the L1 strains circulating in China (Tables S3), the L1C sublineage (represented by NADC30-like strains) predominated, with a total of 1,247
sequences detected (accounting for 86.12% of Chinese L1 strains). These strains were mainly distributed in major swine-producing provinces such as
Henan, Hubei, and Shandong of China. The L1A (represented by NADC34-like strains) and L1B sublineages were represented by 191 and 10 sequences,
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respectively. In contrast, the L1D-L1J sublineages were relatively rare within China. This distribution pattern is consistent with the findings reported by Tian
et al[16]. The phylogenetic topology showed that the L1C strains prevalent in China formed a distinct, highly supported (bootstrap value > 90%) monophyletic
clade, suggesting that this sublineage may have been introduced into China through one or more independent cross-regional transmission events, followed
by local adaptation and subsequent expansion to become the dominant population.

PRRSV-2 L1 prevalence timeframe and regional statistics

To elucidate the temporal evolutionary patterns of PRRSV-2 L1 sublineages L1A, L1B, and L1C, we performed a Sankey diagram-based visualization of the
annual distribution of L1A, L1B, and L1C sublineages from 1996 to 2025 (Fig. 2).

At the global level, the L1 lineage exhibited distinct region-specific evolutionary patterns. The United States, as the region with the highest diversity of the L1
sublineages, sustains high prevalence of all three sublineages-L1A, L1B, and L1C. In contrast, Asia shows a pattern of dominance by a single sublineage, with
both China and South Korea being overwhelmingly dominated by the L1C sublineage, reflecting consistent regional epidemiological characteristics (Fig. 2).

Temporally, the global PRRSV L1 sublineages displayed clear succession trends. The L1B sublineage maintained a consistently high proportion from
approximately 2006 to 2015, representing the dominant circulating sublineage during this period. The L1A sublineage, by contrast, persisted at moderate
levels from 2001 to the present without reaching dominance. The L1C sublineage began to increase in prevalence around 2006 and rose to dominance after
approximately 2011, thereafter becoming the predominant circulating sublineage in key regions including the United States, China, and South Korea (Fig. 2).

Temporal dynamics of PRRSV-2 L1 China and the United States

To explore the epidemic and evolutionary patterns of the PRRSV-2 L1 lineage across different geographical regions, we compared the annual proportional
distribution of L1A, L1B, and L1C sublineages between China and the United States. The results revealed distinct evolutionary trajectories of the sublineages
in the two countries, each displaying unique spatiotemporal dynamics.

The L1 lineage in China exhibits a distinct phased succession pattern from 2013 onward, L1C expanded rapidly and remained dominant until the present day
(Fig. 3A). L1A, first detected in China in 2017[11], was in a phase of rapid expansion in 2020, but showed a declining trend by 2023, while L1B remained at
low prevalence (< 5%) throughout (Fig. 3A). Further analysis of the spatial distribution of L1 sublineages across Chinese provinces (2020-2025), showed that
L1C predominates in major pig-producing regions including Henan (HEN), Heilongjiang (HLJ), and Hebei (HEB) (Fig. 3B). The proportion of L1A is relatively
low across the country, but it is relatively high in provinces such as Heilongjiang (HLJ), This is similar to the result of Jian[17]. Notably, Taiwan province
exclusively harbors L1A strains, with no evidence of L1B or L1C circulation (Fig. 3B). The L1 lineage in the United States exhibits a more complex, alternating
dominance pattern (Fig. 3C). The L1A sublineage held a relatively high proportion from 2002 to 2005, but was subsequently replaced by the L1B sublineage,
which dominated from 2006 to 2013. Between 2010 and 2014, the L1C sublineage gradually supplanted L1B. From 2014 to 2019, the L1A sublineage
experienced another large-scale epidemic wave (Fig. 3C).

Unlike the single dominant sublineage pattern observed in China, the three L1 sublineages (L1A, L1B, and L1C) in the United States have been engaged in
continuous cyclical competition. There is significant spatiotemporal heterogeneity in the composition of the L1 lineage between the two countries. China is
characterized by a unipolar dominance of the L1C sublineage, while the United States exhibits a co-circulation equilibrium of multiple sublineages. This
difference likely reflects the disparities in swine production systems, immunological backgrounds, and historical patterns of viral introduction between the
two nations. Notably, the rapid rise of the L1C sublineage in China (2013) occurred about three years later than its large-scale outbreak in the United States
(2010), and the rapid expansion of the L1A sublineage in China (2020) lagged approximately six years behind its large-scale epidemic wave in the United
States (2014), indicating the possible introduction events of specific strains. In comparison, the more dynamic turnover of dominant sublineages in the
United States may reflect more complex animal movement patterns and a longer history of virus-host co-evolution.

The transmission routes of PRRSV-L1 in China

Phylogenetic and spatiotemporal analyses showed that the L1A sublineage was first detected in Taiwan in 2004, forming an independent evolutionary branch
genetically distinct from mainland strains, with no evidence of cross-strait transmission (Fig. 4A, Supp Video 1). In mainland China, the transmission network
indicated that this sublineage first emerged in Liaoning in 2017, consistent with reports by Zhang[11], subsequently establishing stable regional transmission
chains among Liaoning, Jilin, and Heilongjiang, before further disseminating to Hebei, Shandong, Beijing, and other provinces. The overall pattern was
characterized by radial expansion from Northeast China toward North and East China (Fig. 4A, Supp Video 1). Ancestral state reconstruction suggested that
the common ancestor of Taiwanese L1A strains clustered with the U.S. strain PRRSV-2/IP50/USA/2018, whereas the common ancestor of mainland L1A
strains clustered with U.S. strains PRRSV-2/USA/AP1977/2014,13217,13113 and 13103.

The spatiotemporal transmission network showed that the L1B sublineage exhibited a relatively sparse structure in mainland China, displaying a scattered
distribution pattern with limited transmission scale and pronounced regional circulation (Fig. 4B). Li et al. [18] first reported the detection of an L1B strain
(HLJDZD55) in Heilongjiang in 2023. In contrast, the present study traced its earliest occurrence to Shandong in 2015, suggesting an earlier introduction than
previously recognized. Transmission pathway analysis indicated that its spread was largely confined to northern and northeastern regions, with relatively
short transmission distances. Most transmission events occurred between neighboring provinces, implying that its dissemination likely depended primarily
on regional swine movement. The temporal window of transmission spanned from 2015 to 2023 (Fig. 4B). Common ancestor analysis showed that mainland
L1B strains clustered with U.S. strains Minnesota11A, CB1035, and LS367.

Page 3/13



The L1C sublineage exhibited the most complex nationwide transmission network (Fig. 4C, Supp Video 2). This study traced its earliest occurrence in
mainland China to Guangxi Zhuang Autonomous Region in 2006, approximately six years earlier than the previously reported date of 2012 [9]. The sublineage
was subsequently detected in Hubei Province in 2011 and Henan Province in 2012. However, large-scale epidemics did not begin until after 2013, suggesting
a prolonged latent adaptation period. The period from 2013 to 2024 represented a phase of rapid expansion, during which a nationwide transmission network
was established, covering major swine-producing regions in Northeast, North, Central, and East China. Transmission pathway analysis identified Henan
Province as the core transmission hub and Shandong Province as the secondary hub, with Fujian, Guangdong, and Sichuan Provinces serving as tertiary
transmission nodes (Fig. 4C, Supp Video 2). The transmission pattern featured both multi-center radiation and long-distance dissemination. Common
ancestor analysis indicated that mainland L1C strains clustered with U.S. strains PRRSV2/USA/LS1658/2014, NP337/2012, LS880/2008, and NP307/2010.

Characteristics of positive selection sites in the ORF5 protein and their association with antigenic
epitopes

To explore the functional significance of adaptive evolution in the ORFS5 proteins of the PRRSV-2 L1 lineage and its association with immune pressure, this
study systematically analyzed the spatial distribution relationship between positive selection sites and key functional domains (B-cell epitopes, T-cell
epitopes and glycosylation sites) using the SLAC, MEME, and combined SLAC & MEME models. As illustrated in Fig. 5A, the linear schematic of GP5
highlights the precise locations of glycosylation sites (blue), B-cell epitopes (green), and T-cell epitopes (orange) along the ORF5-encoded proteins, while
Fig. 5B provides detailed sequence-positional information for these regions—including the exact amino acid positions and their immunological annotations
(e.g., dominant neutralizing epitope, predicted MHC-I binder, and key glycan shield).

Through comparative analysis of three major sublineages—L1A (226 sequences), L1B (10 sequences), and L1C (469 sequences)—distinct patterns of
antigen-driven evolution among different sublineages were revealed (Table 1). The analysis revealed that the L1A and L1C sublineages underwent strong
positive selection in the ORF5 protein, whereas the L1B sublineage showed no significant positive selection signal in SLAC analysis, likely due to its limited
sample size (n = 10). Notably, the L1C sublineage exhibited the most extensive positive selection pattern, with significantly more positively selected sites
(MEME: 38 sites; SLAC: 28 sites) than the L1A sublineage (MEME: 19 sites; SLAC: 10 sites). The number of shared positively selected sites in L1C (27 sites)
was 2.7 times that of L1A (10 sites) (Table 1).

Functional domain association analysis revealed significant spatial overlap between positively selected sites and key immune-related regions. In both the
L1A and L1C sublineages, glycosylation sites represented the most prominent overlapping regions. Specifically, sites 32¢, 33¢, 346, 58%, and 59¢ were
identified as positively selected in both sublineages, indicating conserved adaptive evolution at these sites across lineages (Table 1). Notably, the region
encompassing sites 32—34 and 57-59 corresponds to the previously defined hypervariable regions 1 and 2 (HVR1 and HVR2) of the GP5 protein, which are
known hotspots for genetic variation and are critical for modulating virus-host interactions [19]. The mutations observed at these sites, such as the N32D
substitution in the putative HVR1 and the cluster of changes around A57N, N58K, and K59S in HVR2, as reported by[19], may directly influence antigenic
properties and immune evasion. Furthermore, the L1C sublineage exhibited more extensive positive selection signals within B-cell epitopes (five sites: 27B,
29B, 30B, 41B, 189B), far exceeding the number observed in L1A (two sites) (Table 1). Additionally, the only T-cell epitope overlapping site detected in L1C,
120T, suggests that cellular immune pressure may also contribute to the evolution of this dominant sublineage (Table 1). The identification of positively
selected sites within known variable regions (HVR1/HVR2) and key epitopes underscores the multifaceted strategy of PRRSV in adapting to host immune
pressures, combining glycan shield modulation with direct antigenic drift. This integrated finding provides new insights for understanding the immune
evasion mechanisms of PRRSV.

Table 1
Prediction of the positive selection sites for PRRSV L1A, L1B, and L1C
Dataset Numberof Length Number of sites under positive Positively selected sites
sequences (AA) selection
MEME&SLAC
MEME SLAC MEME&SLAC

L1A 226 200 19 10 10 215,1 9‘258’308,326'33G'34G' 58G, 59G
L1B 10 200 4 0 0
L1ic 469 200 38 28 27 2,3,6,11,13,14,15,16,17,19,25,26,278,298 308,326 336,346,356,418 586,596,102,104,1:

1898
Note: In this column, superscript B indicates that the site is located in a B-cell antigenic region; superscript G denotes a potential glycosylation site; and sup
T signifies that the site is situated within a T-cell antigenic region.

Spatiotemporal dynamics and genomic distribution patterns of recombination events

To elucidate the recombination characteristics of PRRSV-2 L1 lineage strains circulating in China, this study systematically analyzed 251 complete genome
sequences of the L1 lineage from China. After quality control screening, 218 sequences with complete year information and 172 sequences with complete
province information were included in the analysis. The results demonstrated that recombination is an important driver of L1 lineage evolution in China, with
its frequency exhibiting significant spatiotemporal heterogeneity and being closely associated with specific regions of the viral genome (Fig. 6).

Specifically, temporal analysis revealed no clear annual pattern in the frequency of recombination events (Fig. 6A). The non-chronological arrangement of the
time axis on the right may be attributed to variations in sampling intensity across different years, or it may reflect the inherent fluctuation of PRRSV
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epidemics. This uneven yet occasionally clustered temporal distribution pattern is likely associated with the complex interplay of factors such as
adjustments in vaccine immunization strategies, and seasonal peaks in swine movement.

Spatial analysis revealed significant geographical heterogeneity in the distribution of recombination signals (Fig. 6B). Recombination hotspots were localized
in non-structural protein-coding regions (nsp4-nsp10) in Gansu (GS), Chongging (CQ), Beijing (BJ), and Shandong (SD) provinces, while in Tianjin (TJ), Hebei
(HEB), and Henan (HEN) provinces, they clustered in structural protein-coding regions (ORF2a—0RF6). While recombination signals were also detected in
Jilin (JL), the limited sample size from this province hinders its reliable classification within this framework. This pattern may reflect differences in viral
population structure and transmission intensity: non-structural regions (nsps) harbor core replication machinery, and their recombination may facilitate rapid
adaptation under high transmission pressure (e.g., in densely farmed areas like SD); structural regions (ORFs 2a-6), involved in immune evasion and host
interaction, may experience more recombination in regions with complex viral diversity (e.g., HEN, a major pig movement hub), potentially driven by immune
selection or co-infection dynamics.

The distribution of recombination breakpoints across the PRRSV-2 genome exhibits marked regional preferences (Fig. 6C and 6D), consistent with previous
large-scale genomic analyses. Notably, recombination hotspots are concentrated in specific regions, including spanning nsp1 to nsp2, nsp3 to nsp4, and
nsp9 within the non-structural protein-coding regions, as reported by Yuan et al. [9, 20]. Our analysis corroborates the prominence of nsp2 and nsp9 as clear
hotspots, aligning with the known high variability of these regions and their critical functional roles in the viral replication complex [5]. Within the structural
protein-coding region, Yuan et al. identified a major hotspot spanning ORF2 to ORF6. While this broad interval includes the ORF2-ORF4 region highlighted by
Cui et al. [21], our fine-scale analysis further pinpoints the ORF5 (GP5) and ORF6 (M) genes as particularly prominent and frequent sites of recombination.

Discussion

This study reveals a distinct epidemic pattern in China, contrasting with the “dynamic equilibrium” of long-term co-circulation among multiple sublineages
(L1A, L1B, and L1C) observed in North America. China exhibits a scenario dominated by a single sublineage L1C, and this marked divergence may stem from
the confluence of virological and husbandry factors. First, specific introduction and establishment events were pivotal. While the NADC30-like strains (L1C)
were first reported in China around 2013 [9], our phylogenetic analysis identified their earliest presence in Guangxi (GX) as early as 2006, with subsequent
detections in Hubei (HB) in 2011. This suggests a period of localized circulation and adaptation prior to widespread emergence. The introduced L1C
sublineage likely possessed a fitness advantage that allowed it to rapidly outcompete local strains, consistent with a founder effect in viral population
expansion. Second, and critically, China's intensive, centralized swine production system, characterized by frequent and large-scale inter-regional animal
movements, created ideal conditions for the rapid nationwide dissemination of this successfully established strain. This high-connectivity network likely
facilitated the sweep of L1C, simultaneously limiting the ecological space available for competing sublineages to persist and spread [14], thereby
establishing and maintaining its unipolar dominance.

The spatiotemporal analyses revealed marked heterogeneity in the transmission hubs of PRRSV-2 L1 sublineages in mainland China, which is consistent with
previous epidemiological studies. For L1A, the early concentration of spread in Northeast China (Heilongjiang, Liaoning, and Jilin) agrees with earlier reports
that NADC34-like PRRSV first emerged in Liaoning in 2017 and was subsequently detected in Heilongjiang and neighboring northeastern provinces [11, 22].
The appearance of Henan in the L1A network more plausibly reflects its role as a national swine-transport transit node than a primary source of L1A
introduction. The distinct evolutionary status of Taiwanese L1A strains is also in line with previous observations. For L1C, the present study defines a hub
structure with Henan as the core and Shandong as the secondary hub. This is consistent with the established view that NADC30-like PRRSV was first
isolated in Henan in 2012 and later disseminated nationwide [23]. The secondary status of Shandong further highlights the contribution of northern swine-
logistics networks to L1C spread. Fujian, Guangdong, and Sichuan act as lower-tier nodes, whereas Heilongjiang’s activity in the L1C network more likely
reflects intensive sampling and northern connectivity than a founding-hub role. Taken together, different L1 sublineages are anchored by different geographic
hubs. Recognizing this heterogeneity avoids treating any single province as a universal “national hub” for PRRSV-2 and provides a finer framework for
understanding how swine-production scale and live-pig movement shape viral dispersal.

From a molecular evolutionary perspective, positive selection analysis provides a key explanation for the immune evasion mechanisms underlying the
dominance of the L1C sublineage. This study found that positively selected sites in the ORF5 proteins of the L1C lineage are significantly enriched in known
B-cell epitopes and glycosylation sites [24]. Particularly noteworthy, site 308 and key glycosylation sites 34°132C133% and 59 are under strong selection in
both the L1A and L1C lineages, indicating their pivotal functional and adaptive roles. Adaptive mutations at these sites may aid viral immune escape through
two complementary mechanisms: first, direct variation in B-cell epitope regions can alter antigenicity, thereby diminishing the efficacy of pre-existing host
immunity [25]; second, variation in glycosylation sites may reshape the surface “glycan shield”, physically masking underlying antigenic epitopes and
interfering with antibody recognition and binding [26]. These findings align with studies by Ostrowski [25] and Das [26], collectively indicating that vaccine-
induced immune pressure is a significant selective force driving the adaptive evolution of circulating strains. The more extensive and intense adaptive
variations accumulated by the L1C lineage at these key immune-related sites likely conferred stronger survival advantages. Consequently, these persistently
positively selected “hotspot” sites, especially those relatively unique to the L1C lineage (e.g., 35%12751418112070118981295, etc.), should be regarded as core
targets for future vaccine strain selection and molecular surveillance of epidemic strains.

Within the dominant L1C sublineage in China, previous studies based on complete genome analyses have identified recombination hotspots concentrated in
the hypervariable nsp2 region and the antigenic ORF5 gene [5]. The frequent recombination within ORF5, which encodes the major neutralizing antibody
target, is of high concern due to its potential for "modular exchange" of antigenic epitopes, posing a continuous threat to vaccine efficacy. Spatially,
recombination events reported in the literature exhibit significant geographical aggregation, overlapping with key transmission network hubs such as Henan
(HEN) and Shandong (SD). This spatial congruence strongly implicates frequent animal movement in these areas as a primary facilitator of viral co-
circulation, thereby creating an ideal environment for recombination. Major livestock transportation hubs (e.g., Beijing (BJ), Tianjin (TJ), Chongging (CQ)
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further amplified this signal, underscoring their role as critical “blending centers” despite lower local sequencing depth. Collectively, these findings support a
“transmission-mixing-recombination-dissemination” cycle as a core mechanism sustaining the rapid evolution and strain turnover of PRRSV-2 in China's
intensive farming system. Therefore, future control strategies should be dual-focused: (1) enhanced surveillance targeting both identified genomic hotspots
(nsp2, ORF5) and key geographical hotspots/provinces; and (2) implementation of stringent biosecurity and movement restrictions at major hubs to
physically limit viral mixing and interrupt this evolutionary cycle.

Conclusion

This study delineates the driving forces behind the epidemic of PRRSV-2 lineage 1 in China. The currently dominant L1C sublineage spread nationwide via a
transmission network centered on Henan (HEN) Province. Its rapid adaptation is driven by two key molecular mechanisms: frequent recombination in
replication-related (nsp2) and key antigenic (ORF5) genes, and strong positive selection on neutralizing epitopes and glycosylation sites of the GP5 protein.
These findings reveal a synergistic “transmission-recombination-antigenic evolution” cycle for PRRSV-2 within China's intensive swine industry, providing a
direct scientific basis for targeted surveillance of key genomic regions (e.g., ORF5, nsp2) and control measures in hotspot provinces.

Methods
Data collection and preprocessing

This study retrieved 32,215 global PRRSV ORF5 gene sequences from the NCBI database. To supplement sequence metadata such as sampling location and
collection date, an automated Python script was developed. The script utilizes the European Bioinformatics Institute (EBI) ENA portal API to perform multi-
threaded concurrent requests, extracting the country and collection date for each sequence. The retrieved data were parsed and stored in a structured format
for subsequent phylogeographic analysis. Sequence filtering criteria were as follows: (1) sequences lacking collection dates or geographical information
were removed (isolates from China were required to include at least provincial-level information); (2) unverified sequences, and laboratory-passaged strains
were excluded; and (3) sequences containing ambiguous or missing residues were discarded.

Phylogenetic analysis

The filtered ORF5 sequences were manually trimmed to remove non-coding regions outside the ORF5 encoding gene using the Geneious Alignment plug-in
within Geneious Prime software (v2022.1). Multiple sequence alignment was performed with MAFFT, followed by trimming of low-confidence regions using
the TrimAL algorithm (v1.4). A maximum likelihood (ML) phylogenetic tree was constructed with IQ-TREE (v2.1.2), and node support was assessed with
1,000 bootstrap replicates. To optimize the visualization of genetic diversity, a stratified subsampling strategy was applied to simplify the original
phylogenetic tree. Analyses were performed in R (v4.1.3) using packages including ape, ggtree, and dplyr were used to perform logarithmic scaling of sample
sizes, thereby balancing the representation of dominant and rare lineages.

Construction of Sankey diagrams

To visualize the spatiotemporal flow patterns of L1 sublineages, a Sankey diagram was generated using the online tool SankeyMATIC
(https://sankeymatic.com/). The input data were preprocessed by categorizing sequences based on their collection year and sublineage assignment (as
determined in the phylogenetic analysis above).

Identification of Chinese L1 strains from the phylogenetic tree

A custom Python script was developed to automatically extract and compile the identifiers of all PRRSV-2 strains belonging to lineage 1 (L1) and originating
from China. The script parsed the Newick-format file of the global maximum likelihood phylogenetic tree. It traversed the tree, identified leaf nodes (individual
strain sequences), and filtered them based on two criteria: 1) the sequence name or associated metadata (extracted from the sequence label, typically in the
format Accession|Country|Date) indicated the country of origin as "China"; and 2) the sequence was located within the L1 clade as defined by the global
phylogenetic analysis (Section 2.2). The final output was a list of all Chinese L1 strain accession numbers, which served as the core dataset for all
subsequent China-focused spatiotemporal and evolutionary analyses.

Geographic distribution and statistical analysis

The geographic distribution of PRRSV-2 L1 strains across China was analyzed and visualized using a custom Python program. The analysis was based on
the list of Chinese L1 strains identified in Section 2.4 and their associated provincial data. The program utilized libraries including cartopy, matplotlib, pandas,
and shapely to create high-quality thematic maps. Provincial boundaries of China were loaded as shapefiles. The geographic coordinates (longitude, latitude)
of the centroid of each province, where L1 strains detected, were mapped. To analyze the annual distribution differences of sublineages (L1A-L1C) between
China and the United States, statistical analyses were conducted in Excel. The annual proportion of sequences belonging to each sublineage was calculated
for comparison.

Transmission route inference
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Bayesian phylogenetic and phylogeographic analyses were performed separately for the PRRSV-2 L1A and L1C sublineages, which had sufficient sequence
coverage. The ORF5 alignment was analyzed as a single nucleotide partition under the GTR + I" substitution model with four discrete gamma rate categories
(GTR + G); base frequencies were set to "Estimated". An uncorrelated lognormal relaxed clock model was used to accommodate branch rate variation, and
the tree prior was set to the Bayesian Skyline coalescent model. For discrete phylogeographic inference, the sampling province of each sequence was
treated as a discrete trait and analyzed using a continuous-time Markov chain (CTMC) model; non-zero transition rates between locations were assigned a
Uniform[0.0, oo] prior.

MCMC chains were run for 10 million generations, sampling every 10,000 generations. The initial 50% (5 million generations) was discarded as burn-in after
inspecting trace plots and effective sample size (ESS) values in Tracer v1.7.2; ESS values for all parameters exceeded 200. Maximum clade credibility (MCC)
trees were generated for each sublineage using TreeAnnotator with the same 50% burn-in. The resulting annotated MCC trees were then used as input for
SpreaD3 v0.9.6 to visualize the inferred spatiotemporal diffusion. Finally, the inferred transmission network was rendered onto a geographic basemap of
China using code written in VS Code and launched via the Live Server plugin, with province nodes marked as circular symbols and transmission directions
indicated by directed arrows.

For the L1B sublineage, Bayesian phylogeographic analysis was not performed because of the limited number of available sequences. Instead, its
transmission route was manually reconstructed based on the phylogenetic tree topology and sampling years.

Positive selection detection

The Datamonkey online server (https://datamonkey.org/) was used to separately run the MEME and SLAC algorithms. MEME was employed to detect branch-
specific signals of positive selection, while SLAC was applied to evaluate lineage-wide pervasive selective pressure. Subsequently, sites that showed
statistical significance (p-value < 0.05) in both methods were extracted. The intersection of the results from the two approaches was taken as a set of high-
confidence candidate positively selected sites, thereby cross-validating the findings and ensuring the robustness of the results.

Protein function prediction

To predict the functional domains of the ORF5-encoded protein, a comprehensive analysis was performed using the following bioinformatic tools and
experimental evidence. N-linked glycosylation pattern prediction: Potential N-linked glycosylation sites were predicted using the NetNGlyc 1.0 server with a
threshold of > 0.5. Identification of B-cell antigenic regions: Possible B-cell epitope regions were determined based on experimental data published by Kim
HK and Ostrowski M et al [24, 25]. Identification of T-cell antigenic regions: Potential T-cell epitope regions were identified according to research findings from
Vashisht K et al [27].

Recombination analysis

Recombination events were systematically scanned using RDP4 software (v4.101), which integrates seven detection algorithms including RDP, GENECONV
and BootScan. To enhance the reliability of the findings, only predicted recombination events supported by at least three methods with a statistical
significance threshold of p < 1x10-® were retained. The filtered recombination data were subsequently analyzed using the Pandas library in Python to
characterize recombination breakpoint distributions and to quantify the contribution proportion of each parental strain. For visual representation of the
recombination patterns, the Hiplot platform (https://hiplot.com.cn/) was employed to generate a recombination heatmap, a breakpoint distribution plot, and
a phylogenetic network based on recombination events, thereby illustrating recombination hotspot regions and the genetic exchange features among
parental strains.
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Global phylogenetic classification of PRRSV ORF5 and sublineage division of PRRSV-2 L1 lineage.

(A) Phylogenetic analysis and lineage classification of global PRRSV based on ORF5 sequences, with the L1 lineage shaded in light blue. (B) Phylogenetic
analysis and sublineage classification of global PRRSV-2 lineage 1 (L1) based on ORF5 sequences, with the currently prevalent L1A (orange), L1B (light blue),
and L1C (green) sublineages highlighted. These correspond to the major circulating strains in China.
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Figure 2

Annual distribution and succession Sankey diagram of global PRRSV-2 L1 sublineages A, B and C (2006-2025).

The left axis indicates the sequence collection year; the central axis represents the L1 representative sublineages (L1A, L1B, L1C); and the right axis indicates
the countries or regions where the strains were identified. The detailed regions of China were shown in the most right.
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Figure 3

Temporal dynamics and geographical distribution of PRRSV-2 L1 sublineages (L1A, L1B, L1C) in China and the United States.

(A) Distribution proportions of L1A, L1B, and L1C sublineages across different years in China. (B) This map illustrates the distribution of PRRSV-L1 in each
province of China from 2020 to 2025, while the adjacent bar chart shows the relative proportion of each sub-lineage in each province. (C) Distribution
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proportions of L1A, L1B, and L1C sublineages across different years in the United States. The X-axis represents sampling year, and the Y-axis indicates the
number of strains.
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Figure 4

Phylogenetic tree and inter-provincial transmission network of major PRRSV-2 L1 sublineages in China.

The inter-provincial transmission networks of L1A (A) and L1C (C) were inferred using Bayesian phylogeographic analysis based on phylogenetic, geographic,
and temporal data. The L1B network (B) was manually reconstructed based on phylogenetic tree topology and sampling year, due to the limited number of
available sequences. Arrows indicate the direction of transmission.
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Figure 5

Mapping of glycosylation sites, B-cell epitopes, and predicted T-cell epitopes in the GP5 proteins of PRRSV-2 L1 lineage in China.

(A) Schematic representation of glycosylation sites, B-cell epitopes, and T-cell epitopes in ORF5. (B) Sequence and positional information of glycosylation
sites, B-cell epitopes, and T-cell epitopes. Note: B-cell epitopes were annotated based on reference [24, 25]; T-cell epitopes were predicted according to
reference [27]; N-glycosylation sites were predicted using the NetNGlyc 1.0 server (https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/).
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Figure 6

Spatiotemporal distribution of recombination events in the PRRSV-2 L1 lineages of China.

(A) Annual distribution heatmap of recombination events. (B) Provincial distribution heatmap of recombination events. (C) Annual distribution spectrum of
structural and non-structural proteins in PRRSV. (D) Provincial distribution spectrum of structural and non-structural proteins in PRRSV. Information from year
and province groups with a count of 1 was excluded.
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