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Abstract
Background

Eurasian avian-like (EA) H1N1 swine influenza viruses pose a zoonotic threat, yet their genomic evolution
and dissemination across Eurasia remain incompletely understood. This study investigated genotype
diversity, temporal persistence, and geographic spread, and assessed the association between live-
swine trade and viral migration to inform surveillance.

Methods

We analysed 1,703 publicly available EA H1N1 genomes sampled from 19 countries between 2009 and
2025. Lineage assignments across all eight gene segments were used to identify genotypes and
describe their temporal and geographic distributions. Time-scaled Bayesian phylogenetics and discrete
phylogeography were used to reconstruct evolutionary relationships and migration patterns. Generalized
linear modelling assessed migration predictors, including directed live-swine trade and sampling
intensity. The mixed effects model of evolution was used to detect episodic diversifying selection in
hemagglutinin, followed by structural mapping of candidate residues.

Results

We identified 19 genotypes. The wholly EA-derived genotype G1 accounted for 57.0% of genomes and
was detected across nearly the entire study period. Many reassortant genotypes carrying
A(H1N1)pdm09- or triple-reassortant-derived segments were detected over short intervals, although
several showed prolonged persistence. Genotype composition differed geographically, with reassortant
genotypes enriched in Asia and predominantly EA-derived constellations more common in Europe.
Phylogeographic reconstruction indicated asymmetric dissemination within and between Europe and
Asia, with Western Europe occupying a central position in the inferred migration network. Directed live-
swine trade received the strongest support among migration predictors after accounting for sampling
intensity. Sixteen candidate hemagglutinin codons showed evidence of episodic diversifying selection.
Most candidate HA1 residues mapped to exposed regions of the globular head near antigenic regions.

Conclusions

EA H1N1 evolution across Eurasia was characterized by a persistent EA genomic background, regional
genotype diversification through reassortment, and spread associated with live-swine trade. These
findings support integrating genomic surveillance with animal movement data to guide surveillance
along trade networks and improve the detection and assessment of emerging variants of zoonotic
concern.

Background
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Influenza A viruses (IAVs) are segmented, negative-sense RNA viruses that infect diverse avian and
mammalian hosts, including humans [1, 2]. Reassortment during coinfection can lead to the generation
of viruses that have altered antigenic and biological properties and contribute to the emergence of
pandemics [3–5]. Pigs are susceptible to avian, swine, and human IAVs, which can lead to opportunities
for coinfection and reassortment, as well as facilitate the emergence and transmission of viruses that
have zoonotic or pandemic potential [6, 7]. The emergence of a virus from swine caused the 2009 H1N1
pandemic, which has demonstrated the consequences of this risk and reinforces the need for
continuous surveillance of swine influenza viruses (SIVs) [8, 9].

Long-term persistence, geographic expansion, and ongoing reassortment make the Eurasian avian-like
H1N1 lineage a priority for surveillance [10–12]. EA H1N1 viruses were first recognized in European pigs
in 1979 following an transmission event from avians to swine [13]. Subsequent reassortment among
viruses originating from avians, humans, and swine have contributed to the genetic diversification of
European swine influenza viruses [14, 15]. EA H1N1 viruses have spread to Asia and are now
predominant in Chinese pigs [10, 16, 17]. After 2009, the acquisition of A(H1N1)pdm09-derived and
triple-reassortant-derived internal genes generated diverse EA H1N1 reassortants in China, including
genotype 4 viruses with mammalian-adaptation and zoonotic-risk features [18, 19].

In Europe, EA H1 viruses continue to be prevalent and diversify through reassortment and adaptive
evolution [12, 20, 21]. Human EA H1N1 infections have been reported in the Netherlands, and
reassortant H1 viruses have recently emerged in Danish pigs, which are drawing more attention to the
zoonotic relevance of this lineage [22–24]. Nevertheless, the global evolutionary dynamics and
dissemination pathways of EA H1N1 viruses have not been completely resolved.

Studies have mainly focused on national or continental populations or have examined global swine IAV
spread without specifically resolving the EA lineage [25–28]. Therefore, is not yet clear how reassortant
genotypes emerge and persist across regions and whether viral exchange is continuing to occur
between Europe and Asia. Questions also remain in regard to which ecological and anthropogenic
factors shape interregional dissemination and how the HA gene is evolving within swine reservoirs.
Addressing these questions requires geographically representative genomic datasets and phylodynamic
approaches that integrate temporal, spatial, and ecological information [29, 30].

We have analysed 1,703 publicly available EA H1N1 genomes that were collected from 19 European and
Asian countries between 2009 and 2025. We characterized their segment-level lineage composition,
genotype diversity, temporal turnover, and geographic structure. Using a geographically and temporally
balanced subsample, we reconstructed population dynamics and viral dissemination with time-
calibrated Bayesian phylogenetic and discrete phylogeographic methods. A generalized linear model
diffusion analysis was performed to evaluate the associations of viral migration with live-swine trade, pig
population size, geographic distance, climatic and genotype similarity, ground connectivity, and sampling
intensity. Finally, we identified positively selected HA sites and mapped them onto the HA structure.
These analyses provide a transcontinental view of the evolution of EA H1N1 and its dissemination and
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could provide useful information for genomic surveillance, risk assessment, and pandemic
preparedness.

Methods

Data acquisition and preparation
Publicly available influenza A(H1N1) virus genome sequences sampled between 1 January 2009 and 1
August 2026 were retrieved from the NCBI Influenza Virus Resource and the GISAID EpiFlu database.
Records were excluded if they (i) lacked sampling-date or geographic metadata, (ii) were from
laboratory-derived strains, or (iii) were duplicates. Putative recombinant SIV genomes were identified and
removed using RDP4, which incorporates the RDP, GENECONV, BOOTSCAN, MAXCHI, CHIMAERA,
SISCAN, and 3SEQ algorithms [31]. Only genomes containing complete sequences for all eight genomic
segments were included in downstream analyses. In total, the downstream analyses included 1,703 EA
H1N1 genomes that were sampled between 2009 and 2025 from 19 countries.

Maximum likelihood phylogenies and lineage assignment
Using MAFFT v7.149, multiple-sequence alignments were generated independently for each of the eight
IAV genome segments and were manually inspected when necessary [32]. The best-fitting nucleotide-
substitution model was selected with ModelFinder according to the Akaike information criterion [33].
GTR + F+G4 was selected for all eight segments. Maximum-likelihood phylogenies were inferred using
IQ-TREE 2 (Nguyen et al. 2015), and branch support was assessed using the ultrafast bootstrap
approximation with 10,000 replicates [34, 35].

By comparison with curated reference datasets, each genomic segment was assigned to one of five
lineages: EA H1N1, A(H1N1)pdm09, triple-reassortant (TR), human seasonal H1N1, or avian [17, 36].
Genotypes G1-G19 were defined as unique combinations of the eight segment lineages. Phylogenetic
trees were annotated and visualized using the ggtree package in R [37].

Genotype persistence and geographic structure
For each genotype, the observed persistence span was calculated as the last detection year minus the
first detection year plus one, and the number of distinct detection years was recorded. Genotype
abundance was defined as the total number of eligible genomes assigned to each genotype. Genotypes
represented by fewer than five genomes were pooled into an “Other genotypes” category before country-
level genotype proportions and Bray–Curtis dissimilarities were calculated; no genome records were
removed. The resulting country-level profiles were ordinated using classical principal coordinates
analysis.
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Countries were assigned to Europe or Asia according to a predefined regional classification (Russia was
assigned to Europe). Differences in genotype composition between the two regions were assessed using
one-factor PERMANOVA, and homogeneity of multivariate dispersion was evaluated using PERMDISP,
each with 9,999 label permutations [38]. Regional enrichment was tested for genotypes that were
represented by at least five genomes using two-sided Fisher’s exact tests based on 2 × 2 contingency
tables, while all genome records were retained in the regional background. P values were adjusted using
the Benjamini–Hochberg procedure. Log2 odds ratios and approximate 95% confidence intervals were
calculated using the Haldane–Anscombe correction.

Geographically and temporally balanced subsampling
To address preferential and heterogeneous spatial and temporal sampling, eligible HA sequences were
subsampled to improve geographic and temporal representation [39–41]. Eligible sequences were at
least 1,600 nucleotides long, contained no more than 1% ambiguous bases, had valid collection dates,
and included complete country and genotype metadata. Countries were assigned to six predefined
macroregions: Eastern Asia, South-eastern Asia, Northern Europe, Western Europe, Southern Europe, and
Eastern Europe. A weighted greedy set-cover procedure was used to represent each observed
macroregion-year combination, country, and genotype. The coverage weights were 5.0, 3.0, and 1.5 for
macroregion-year combinations, countries, and genotypes, respectively.

Macroregions received approximately equal quotas, and annual quotas were allocated according to the
square root of annual sequence availability. Genotype targets were proportional to eligible genotype
counts raised to the power of 0.75. In each macroregion-year stratum, up to 32 candidates were ranked
according to genotype-target pressure, genotype novelty, and genetic distinctness. Genetic distinctness
was estimated from Jaccard distances between custom alignment-free 9-mer MinHash sketches, which
contained up to 192 hash values [42].

Up to 500 within-stratum swaps were performed to reduce deviation from genotype targets while
preserving coverage and quotas. Exact local duplicates were collapsed, and eligible nonduplicate
sequences were added when necessary. After downsampling, the temporal signal was assessed by
regressing root-to-tip genetic distances from the maximum-likelihood tree against exact sampling dates
using TempEst v1.5.3 [43]. Temporal outliers were excluded, and the resulting dataset of 311 sequences
was used for downstream molecular-clock and phylogeographic analyses.

Bayesian evolutionary analysis and phylodynamics
Time-scaled phylogenies were inferred using BEAST X v10.5.0 [44] under the GTR + F+G4 substitution
model, an uncorrelated relaxed molecular clock with a lognormal distribution [45], and a Gaussian
Markov random field (GMRF) Bayesian Skyride coalescent prior [46]. Markov chain Monte Carlo (MCMC)
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chains were run for 200,000,000 iterations and sampled every 10,000 iterations. Independent runs were
combined using LogCombiner after removal of burn-in.

Convergence was assessed in Tracer v1.7, and effective sample sizes greater than 200 were required for
all relevant parameters [47]. Posterior means, standard deviations, and 95% highest posterior density
(HPD) intervals were summarized. MCC trees were generated from the posterior tree distribution using
TreeAnnotator v1.10.4. Changes in relative genetic diversity through time were reconstructed using a
GMRF Bayesian Skyride model and visualized in Tracer.

Phylogeographic inference
Geographic diffusion was reconstructed using the same sequence dataset (n = 311) and an asymmetric
discrete-trait phylogeographic model with BSSVS [29]. The MCMC settings, run combination, and
convergence assessment were the same as in the procedures described above. The dispersal through
time was visualized using SpreaD3 v0.9.6, which was also used to calculate Bayes factor (BF) support
for individual transitions between geographic states [48]. Transition support was classified as strong
(BF = 3–100), very strong (BF = 100–1,000), or decisive (BF > 1,000). The expected number of transitions
between location states was estimated using Markov-jump counting [49]. The total inbound and
outbound jump counts were summarized for each of the six macrogeographic regions to quantify
asymmetry in viral movement among regions.

Testing predictors of viral migration
An asymmetric discrete-trait phylogeographic diffusion model was parameterized with a generalized
linear model (GLM) in BEAST to evaluate factors associated with EA H1N1 virus migration [30]. The
transition rates among the six geographic regions were modelled as functions of climatic similarity,
geographic distance, pig population size in the origin and destination regions, sampling intensity in the
origin and destination regions, and directed live-swine trade. Geographic distance was calculated as the
mean great-circle distance between all country pairs belonging to each pair of regions. Directed live-
swine trade data for the item “Swine and pigs” were obtained from the FAOSTAT Detailed Trade Matrix
for 2009–2021 (https://www.fao.org/faostat/en/#data/TM).

Annual pig-stock data for 2009–2024 were obtained from FAOSTAT
(https://www.fao.org/faostat/en/#data/QCL), and sampling intensity was represented by regional viral
sequence counts. Climatic similarity was calculated from ERA5 reanalysis data on 2-m air temperature
and total precipitation for 2009–2025. ERA5 data were obtained from the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu). The GLM was used to evaluate period-level associations rather than
year-specific effects. Each predictor was represented by a single fixed 6 by 6 matrix, with rows denoting
the origin region and columns denoting the destination region. Diagonal entries were set to zero.
Positive-valued predictors were log-transformed as log(x + 1) and standardized. Bayesian stochastic
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search variable selection was used to estimate posterior inclusion probabilities and regression
coefficients conditional on predictor inclusion.

Detection of episodic diversifying selection and structural mapping
Codon-based selection analyses of the HA gene were performed using a custom analysis pipeline. The
14-amino-acid signal peptide was identified and removed before numbering. An amino-acid alignment of
the mature HA protein containing 552 aligned sites was used to generate a corresponding codon
alignment by back-translation. The HA1–HA2 cleavage boundary was defined immediately upstream of
the conserved fusion-peptide motif GLFGAIAGFIEGG. According to the H3 numbering scheme used in
this study, HA1 comprised sites 1–330 and HA2 comprised sites 331–552.

A maximum-likelihood phylogeny was inferred from the resulting nucleotide alignment using IQ-TREE 2
under the GTR + F+G4 model. The inferred tree and codon alignment were then used as input for the
mixed-effects model of evolution (MEME) in HyPhy to test for site-specific episodic diversifying selection
[50, 51]. MEME allows selective pressures to vary among phylogenetic branches at individual codon
sites. Sites with a nominal likelihood-ratio test P value < 0.05 were considered to show evidence of
episodic positive selection. Site-specific MEME likelihood-ratio test statistics were plotted according to
H3 numbering [52]. Positively selected residues were mapped to the HA crystal structure (PDB ID: 8GV5)
using the corresponding H3-numbered positions and visualized with UCSF ChimeraX [53, 54].

Results

Expansion and lineage cmposition of EA H1N1 vruses
The curated dataset comprised 1,703 EA H1N1 genomes that were sampled between 2009 and 2025
from 19 countries in Europe and Asia. The maximum-likelihood phylogenies of the eight genome
segments showed that EA-derived surface genes were predominant (Fig. 1A and Table S1). All 1,703 HA
sequences belonged to the EA lineage, whereas 1,700 NA sequences (representing 99.8% of the dataset)
were of EA origin. The remaining three genomes carried an A(H1N1)pdm09-derived NA segment
(Fig. 1B).

Nine HA clades were identified. Clades 1C.2.2 and 1C.2.1 were predominant and accounted for 1,041
genomes (61.1%) and 545 genomes (32.0%), respectively. Together, they covered 93.1% of all genomes.
The NA segment was distributed among four EA-derived lineages. EA-AVIAN-4 was the most frequent
lineage and comprised 776 genomes (45.6%), followed by EA-AVIAN-1 with 454 genomes (26.7%), EA-
AVIAN-2 with 445 genomes (26.1%), and EA-AVIAN-3 with 25 genomes (1.5%). HA and NA backgrounds
showed uneven and incomplete associations. The 1C.2.1 HA clade was mainly associated with the EA-
AVIAN-1 and EA-AVIAN-2 NA lineages, and the 1C.2.2 was predominantly associated with EA-AVIAN-4.
These patterns indicate that the major HA and NA backgrounds were frequently linked but were not
invariant throughout the dataset (Fig. 1B and C).

Page 8/31



Genotype diversity, temporal turnover, and persistence
Lineage assignments across all eight segments resolved the 1,703 genomes into 19 genotype
constellations, designated G1–G19 (Fig. 2A). All genotypes retained an EA-derived HA, and all except
G17 retained an EA-derived NA, indicating that reassortment predominantly involved internal gene
segments. G1 was the only entirely EA-derived genotype, whereas the remaining genotypes contained
one to seven non-EA segments. These segments were predominantly derived from the A(H1N1)pdm09
and triple-reassortant lineages, with occasional contributions from human seasonal H1N1 and avian
influenza viruses.

Genotype frequencies were highly uneven. G1 accounted for 970 genomes (57.0%), followed by G6 with
324, G10 with 191, G4 with 115, and G3 with 51. The remaining 14 genotypes accounted for 52 genomes,
and 12 were represented by three or fewer genomes. The four most frequently sampled reassortant
genotypes had distinct internal gene constellations (Fig. 2A). G4 differed from G1 only by an
A(H1N1)pdm09-derived MP segment. G10 retained EA-derived HA, NA, and MP segments, together with
A(H1N1)pdm09-derived PB2, PB1, PA, and NP segments and a triple-reassortant-derived NS segment.
G6 shared this constellation except that its MP segment was also derived from A(H1N1)pdm09. In
contrast, G3 carried A(H1N1)pdm09-derived segments at all six internal gene positions.

The relative abundance of genotypes changed substantially over time (Fig. 2B). Although G1
predominated across the dataset as a whole, its proportion decreased markedly during 2014–2016,
coinciding with increased representation of G10 and G6. G10 was prominent during this interval,
whereas G6 continued to account for a substantial proportion of sampled genomes in subsequent years.
After 2022, the proportion of G1 declined again as G4 increased, with G4 accounting for the largest share
of sampled genomes in 2024. Observed persistence varied substantially among genotypes (Fig. 2C). The
median persistence span was one year, whereas G1 was detected in every study year from 2009 to 2025.
G3, G4, G6, and G10 each had observed persistence spans of at least 10 years. Genotypes represented
by more genomes generally occurred in more sampling years and had longer observed spans. However,
the number of non-EA segments showed no consistent relationship with observed persistence: long
spans occurred in both genotypes with few non-EA segments, such as G4, and those with multiple non-
EA segments, such as G3 and G6.

The reassortment schematic placed these genotype constellations in the context of their detection
chronology (Fig. 3). G2, G3, and G4 were detected early in the study period, followed by additional
constellations during 2013–2021. The depicted constellations illustrated contributions from
A(H1N1)pdm09 and triple-reassortant lineages throughout the timeline. Less frequently observed
lineage contributions included a human seasonal H1N1-derived NP segment in G16 and an avian-derived
MP segment in G19. These dates represent detection in the sampled dataset rather than the timing of
the underlying reassortment events.
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Human infection records included both the entirely EA-derived G1 genotype and the reassortant
genotypes G10, G6, and G4 (Fig. 3; Table S2). G1 was identified in human cases in Germany, China, the
Netherlands, and Italy during 2010–2020. Human infections involving G10 were recorded in China in
2015, while G6 was identified in China in 2016 and 2021. G4 was subsequently identified in a human
infection in the Netherlands in 2023.

Geographic structuring of genotype diversity
Genotype composition varied geographically among the sampled countries. G1 was predominant in
most sampled European countries, while a more heterogeneous composition occurred in China, with
substantial contributions from G1, G6, G10, and other genotypes (Fig. 4A). Principal coordinates analysis
was performed based on Bray–Curtis dissimilarities of country-level genotype compositions. The results
largely distinguished European and Asian countries along PCoA1. PCoA1 and PCoA2 explained 37.4%
and 21.6% of the total variation, respectively. PERMANOVA supported a significant regional effect on
genotype composition (pseudo-F value = 5.14, R² = 0.23, and P = 0.002). PERMDISP did not indicate
evidence of unequal within-region dispersion (F = 2.12 and P = 0.266), indicating that the observed
regional contrast was consistent with differences in genotype composition rather than dispersion alone
(Fig. 4B).

Regional enrichment analysis identified contrasting genotype distributions between Europe and Asia.
After Benjamini–Hochberg correction, G1, G4, and G13 were enriched in Europe, while G2, G6, and G10
were enriched in Asia. All Asia-enriched genotypes contained internal segments that were derived from
the A(H1N1)pdm09 or triple-reassortant lineages. The Europe-enriched group was more heterogeneous,
including the completely EA-derived G1, the largely EA G4, and the more extensively reassorted G13.
Therefore, reassortant constellations were more consistently represented among the Asia-enriched
genotypes, whereas the Europe-enriched pattern was driven mainly by G1 and G4 (Fig. 4C).

Temporal signal and population dynamics
The subsampled panel of 311 HA sequences showed a strong temporal signal. Root-to-tip regression
yielded a correlation coefficient of 0.90, an R2 value of 0.81, and a slope of 3.50 × 10 − 3 substitutions
per site per year, which support the use of time-calibrated Bayesian phylogenetic models (Fig. 5A).
Relative genetic diversity showed several temporal phases (Fig. 5B). The posterior median declined from
2009 to an initial trough around 2013, increased to a peak between 2016 and 2017, and then decreased
to a second trough in 2020. The diversity remained relatively stable during 2021 and 2022 before
declining again from 2023 onward. The lowest estimated diversity occurred in 2025, although the 95%
HPD intervals widened substantially in the most recent years.

Reduced sampling intensity during the late study period may have contributed to the greater uncertainty
of these recent estimates. The maximum clade credibility tree showed that reassortant segment
constellations were distributed throughout the phylogeny rather than confined to separate clades
(Fig. 5C). This distribution was consistent with recurrent reassortment occurring on a predominantly EA-
derived HA background.
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Spatial dissemination and predictors of viral migration
Discrete phylogeographic reconstruction identified a strongly asymmetric migration network across the
six macroregions (Fig. 6A and B). Western Europe was connected to Southern, Northern, and Eastern
Europe through transitions with decisive support, with Bayes factors greater than 1,000 and posterior
probabilities of 1.0. The route from Western Europe to Southern Europe also had the highest estimated
transition rate of 3.54. Additional support was observed for Eastern Asia to South-eastern Asia, Northern
Europe to Southern Europe, Northern Europe to South-eastern Asia, and Western Europe to Eastern Asia,
with Bayes factors of 522, 181, 79, and 4.5, respectively. These routes included supported connections
between Europe and Asia, which is consistent with intercontinental viral exchange during the study
period.

Markov jump counts further showed that Western Europe was the principal net exporter, with
approximately 47 outbound and one inbound jump, whereas Southern Europe mainly acted as a sink,
with approximately 27 inbound and one outbound jump. Among the evaluated predictors, live-swine
trade showed decisive support for an association with viral transition rates (Fig. 6C). Its posterior
inclusion probability was 1.0, and its conditional coefficient was positive, with an estimate of 1.86 and a
95% HPD interval of 1.29 to 2.55. Origin sampling intensity and origin pig population received limited
support, whereas geographic distance had a negative but weakly supported coefficient. Climatic
similarity, destination pig population, and destination sampling intensity received minimal support, with
E(δ) values no greater than 0.02. The strong association with live-swine trade persisted after sampling
intensity was included for both origin and destination regions.

HA evolution, episodic diversifying selection, and
structural mapping
Temporal annotation of the HA maximum-likelihood phylogeny showed recurrent amino acid changes at
a restricted set of positions between 2009 and 2025 (Fig. 7A). Based on H3 numbering, substitutions at
positions 51, 72, 86, 144, 158, 225, 510, 531, and 536 occurred on multiple branches. Several positions
showed multiple alternative substitutions, including I51S and I51T, S86P and P86S, A144V and A144T,
G158E and G158A, and E225G, E225D, and E225N. MEME analysis identified 16 codons that met the
nominal threshold for episodic diversifying selection defined as P < 0.05 (Fig. 7B). There were 12
selected sites located in HA1 (positions 6, 41, 51, 72, 86, 144, 158, 190, 225, 255, 322, and 323). Four
additional sites were located in HA2 (positions 180, 188, 201, and 206).

The strongest signal occurred at HA1 site 6 with an LRT statistic of 32.80 and P = 3.1 × 10 − 8. This was
followed by HA2 site 201 (LRT statistic of 16.53, HA2 site 206, with an LRT statistic of 14.53) and HA1
site 322 (LRT statistic of 13.69). Selected HA1 residues at positions 144, 158, 190, and 225 mapped to or
near annotated antigenic regions surrounding the receptor-binding pocket. Structural mapping onto the
HA trimer structure represented by PDB 8GV5 showed that selected HA1 residues clustered on the
exposed surface of the globular head in both front and rear views. The four selected HA2 sites localized

Page 11/31



to the stalk region. Overall, the selected sites were concentrated in the exposed HA1 head, and additional
sites were distributed in the HA2 stalk (Fig. 7C and D).

Discussion
Understanding how swine influenza viruses persist and disseminate between connected swine-
production systems is important for effective control and risk assessment. EA H1N1 viruses are
established in pig populations across Europe and Asia, undergo recurrent reassortment with other swine
influenza lineages, and have been associated with human infections reported in multiple countries [10–
12, 16, 24, 55, 56]. Recent genomic epidemiological work has also provided evidence of human exposure
and zoonotic potential in China [17]. International live-swine trade connects production systems and may
facilitate viral movement across regions [28]. These features place EA H1N1 at the intersection of viral
evolution, animal movement, and zoonotic risk.

Genotype G1, comprising exclusively EA-derived segments, was the most abundant genotype and was
detected throughout the study period. Reassortant genotypes G3, G4, G6, and G10 also had prolonged
detection spans of approximately 10–16 years. In contrast, the median persistence span across all
genotypes was one year, and many low-frequency genotypes were detected only once or within short
intervals. These findings suggest that some reassortant constellations persisted while other genotypes
continued to turn over. Human infections involving viruses assigned here to G1, including cases in Hebei,
China, in 2012 and the Netherlands in 2019, show that entirely EA-derived viruses also pose a zoonotic
risk [22, 55].

Experimental characterization of viruses previously designated G4 EA H1N1, corresponding to G6 in our
classification based on segment lineage assignments, demonstrated human-type receptor binding,
replication in human airway epithelial cells, and aerosol transmission in ferrets. Serological studies also
provided evidence of exposure among swine workers [19]. Human infections have been reported with
viruses classified in our study as G10 in Hunan in 2015 and G6 in Fujian in 2016 and Shandong in 2021
[57–59]. These reports show that several reassortant genotypes detected over extended periods were
also associated with sporadic human infections, underscoring the need for continued surveillance in
pigs and humans. In our dataset, genotypes enriched in Asia were mainly reassortants, whereas those
enriched in Europe included both entirely EA-derived and reassortant viruses. This regional variation may
reflect differences in the influenza lineages circulating in pigs and their opportunities for reassortment,
shaped by pig production systems and animal movement [11, 20, 25].

Phylogeographic reconstruction identified Western Europe as the predominant net exporter in the
sampled network, suggesting that it played a central role in inferred EA H1N1 dissemination during the
study period. Well-supported transitions between Europe and Asia indicate sustained intercontinental
connectivity rather than isolated regional circulation. The directionality of these transitions is consistent
with evidence that animal movement contributes to the global circulation of SIVs [25]. Therefore,
Western Europe may represent an important regional hub for monitoring introductions, onward
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dissemination, and the circulation of reassortant genotypes. The inferred transitions describe relative
patterns of regional connectivity, and the biological and commercial networks underlying these
movements may include shared breeding systems, production links, and trade routes.

Several HA1 sites identified in our analysis as candidates for episodic diversifying selection overlap
residues previously implicated in antigenic evolution, receptor binding, or glycan-mediated immune
escape in human and swine H1 viruses, highlighting regions that warrant targeted functional
investigation. Residue 190 lies in the 190-helix and the Sb antigenic region, and the N190D substitution
in Eurasian avian-like H1N1 swine virus has been shown to affect antibody recognition and binding to
human-type receptors [60]. Residue 225 is located near the receptor-binding interface; D225G alters
recognition of α2,3- and α2,6-linked sialic acids in pandemic H1 HAs, whereas D225E has been
associated with adaptation of EA H1N1 virus toward human-type receptor binding [61–64]. Residues 144
and 158 are also situated in antigenically important regions of the globular head. Glycosylation involving
residue 144 can influence antibody recognition, while substitutions around residue 158, including G158E,
G158K, and N159K, have been associated with antibody escape or antigenic variation in human and
European swine H1 viruses [65–69]. Positions 51, 72, and 86 fall within or near Cb-like head epitopes in
refined H1 epitope maps, while positions 6, 41, 255, 322, and 323 represent additional candidates for
investigation [70]. Collectively, the HA1 pattern is consistent with recurrent immune- and receptor-related
pressures shaping EA H1N1 diversification and identifies both previously characterized functional
regions and additional sites for lineage-specific analysis.

Four additional candidate codons were identified in HA2 (180, 188, 201, and 206), indicating that
episodic selection may also involve the stalk or membrane-proximal region of HA. The HA2 stalk is
generally more evolutionarily constrained than the globular head, yet low-pH activation requires
coordinated structural rearrangements throughout the HA2 subunit; variation in this region could
therefore influence fusion activation, trimer stability, or host adaptation [71–73]. At the nominal MEME
threshold of P < 0.05, these sites define a focused set of experimentally testable hypotheses. Reverse-
genetics or pseudotyped-virus experiments combining serological, receptor-binding, fusion-pH, HA-
stability, cleavage, and surface-expression assays will help determine the contributions of these
substitutions to HA antigenicity, receptor usage, protein stability, membrane fusion, and host adaptation.

Conclusions
EA H1N1 viruses maintained an EA-derived genomic background while diversifying through
reassortment, with several reassortant genotypes persisting over extended periods. Genotype
composition differed between Europe and Asia, and Western Europe occupied a central position in the
inferred migration network. Live-swine trade was the strongest supported predictor of viral migration.
Candidate sites of episodic diversifying selection were concentrated in the HA1 globular head,
suggesting a role for surface variation in viral diversification. These findings support integrating genomic
surveillance with live-swine movement data to track emerging reassortants and inform surveillance at
the swine–human interface.
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Figure 1

Phylogenetic classification and clade composition of EA H1N1 viruses sampled across Europe and
Asia.
(A) Maximum-likelihood phylogenies of the eight influenza A virus genome segments, including PB2,
PB1, PA, HA, NP, NA, MP, and NS. Branches are colored according to segment lineage, including Eurasian
avian-like H1N1, A(H1N1)pdm09, triple-reassortant, human seasonal H1N1, and avian lineages. HA
clades and NA clades or lineages are indicated beside the corresponding phylogenies. Scale bars
represent nucleotide substitutions per site.
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(B) Alluvial diagram showing the associations between HA clades and NA clades or lineages among
1,703 genomes. Flow widths are proportional to the numbers of genomes, and labels indicate the
numbers and percentages of genomes assigned to the major clades or lineages.
(C) Concentric donut charts showing the relative proportions of HA clades and NA clades or lineages.
The inner ring represents HA clades and the outer ring represents NA clades or lineages.

Figure 2
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Genotype composition and temporal persistence of EA H1N1 viruses.
(A) Genomic segment constellations of the 19 identified genotypes, designated G1 to G19. Colored tiles
indicate the inferred lineage of each segment, and the numbers in parentheses indicate the numbers of
genomes assigned to each genotype. Annual detection profiles from 2009 to 2025 are shown beside the
segment constellations.
(B) Annual changes in genotype composition from 2009 to 2025. Each stacked bar represents the
proportion of genomes assigned to each genotype in a given year.
(C) Relationship between genotype persistence and genome abundance. The x-axis indicates the
observed persistence span in years, and the y-axis indicates genome count on a logarithmic scale.
Bubble size represents the number of years in which a genotype was detected, and color indicates the
number of genomic segments not assigned to the EA lineage. The vertical dashed line represents the
median persistence span.
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Figure 3

Reassortment history and human spillover events of Eurasian avian-like swine influenza A(H1N1)
viruses.

The left panel illustrates the formation of different viral genotypes through reassortment between
Eurasian avian-like (EA) swine influenza viruses and viruses of other lineages. Viral particles are
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represented by ovals containing eight horizontal bars corresponding to the viral gene segments, from top
to bottom: PB2, PB1, PA, HA, NP, NA, MP, and NS. Segments are color-coded according to their lineage of
origin: EA (green), A(H1N1)pdm09 (red), triple-reassortant (yellow), human seasonal H1N1 (purple), and
avian (blue). Dotted arrows indicate lineage contributions to the resulting reassortant genotypes. The
central timeline indicates the detection years of the depicted reassortant genotypes and human spillover
events. The right panel shows reported swine-to-human spillover events, together with the corresponding
viral genome constellations, genotype designations, and countries of detection. Genotypes G1–G19 are
defined in this study.

Figure 4
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Geographic distribution and regional structuring of genotype diversity.
(A) Geographic distribution of sampled EA H1N1 viruses. Country shading indicates the total number of
sampled genomes, circle size indicates country-specific sample size, and pie charts show genotype
composition by country.
(B) Principal coordinates analysis of country-level genotype-composition dissimilarities based on Bray–
Curtis distances. Points represent countries, colors indicate geographic regions, and point sizes are
proportional to country-specific sample sizes. The first and second coordinates explain 37.4% and 21.6%
of the total variation, respectively. Results of PERMANOVA and PERMDISP are shown.
(C) Regional enrichment of genotypes in Europe and Asia. The y-axis shows the Europe-to-Asia
enrichment score expressed as a log2 odds ratio, and the x-axis indicates the number of countries in
which each genotype was detected. Point size represents genome count. Red and blue points indicate
genotypes significantly enriched in Europe and Asia, respectively, based on Fisher’s exact tests with
Benjamini–Hochberg correction.
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Figure 5

Temporal signal and population dynamics of EA H1N1 viruses.
(A) Root-to-tip regression analysis based on the 311-sequence time-calibrated HA dataset. Root-to-tip
genetic distance is plotted against sampling year. Points are colored by country, and the regression line
and its 95% confidence interval are shown. The correlation coefficient, R² value, regression slope, and
sample size are indicated.
(B) Bayesian reconstruction of relative genetic diversity through time. The black line represents the
posterior median, and the shaded area represents the 95% highest posterior density interval.
(C) Maximum clade credibility tree inferred using BEAST. Tip colors indicate sampling countries, and
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adjacent colored bands indicate the inferred lineages of the PB2, PB1, PA, HA, NP, NA, MP, and NS
segments. The horizontal axis represents calendar time.

Figure 6

Spatial dissemination and predictors of viral migration.
(A) Bayesian discrete phylogeographic reconstruction with Bayesian stochastic search variable selection
among six geographic regions. Arrows indicate supported migration pathways. Line width represents
Bayes factor support, and line color represents the estimated transition rate.
(B) Expected numbers of Markov jumps associated with viral movement into and out of each geographic
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region. Green and orange bars represent inbound and outbound transitions, respectively.
(C) Generalized linear model analysis of predictors associated with viral spatial diffusion. The left panel
shows posterior inclusion probabilities, denoted by E(δ), for climatic similarity, geographic distance, pig
population size, sampling intensity, and live-swine trade. Pig population size and sampling intensity are
shown separately for the origin and destination regions. The right panel shows regression coefficients
conditional on inclusion on the log scale. Points represent posterior estimates, and horizontal bars
represent 95% credible intervals.
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Figure 7

HA evolution, episodic diversifying selection, and structural distribution of selected residues.
(A) Maximum-likelihood phylogeny of HA sequences from EA H1N1 viruses collected between 2009 and
2025. Branches are colored according to sampling period, and recurrent amino acid substitutions are
annotated at their inferred phylogenetic positions.
(B) Site-wise analysis of episodic diversifying selection across the HA gene using MEME. Likelihood-ratio
statistics are plotted by codon position according to H3 numbering. Selected sites are highlighted and
annotated, and the HA1 and HA2 domains are indicated.
(C) Structural mapping of selected HA residues onto the HA trimer structure, based on PDB 8GV5. The
HA1 and HA2 domains are shown in distinct colors, and selected residues are highlighted in magenta.
(D) Rear view of the HA trimer showing the spatial distribution of selected residues within the HA1
domain.
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