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Abstract 

Swine influenza A viruses (swIAVs) are a major cause of respiratory disease in pigs worldwide, presenting significant economic and 
health risks. These viruses can reassort, creating new strains with varying pathogenicity and cross-species transmissibility. This study 
aimed to monitor the genetic and antigenic evolution of swIAV in France from 2019 to 2022. Molecular subtyping revealed a marked 
increase in H1avN2 cases from 2020 onwards, altering the previously stable subtypes’ distribution. Whole-genome sequencing and phy-
logenetic analyses of H1av (1C) strains identified 10 circulating genotypes, including 5 new genotypes. The most predominant genotype 
from 2020 onwards, denominated H1avN2#E, was characterized by an HA-1C.2.4, an N2-Gent/84, and internal protein-encoding genes 
belonging to a newly defined subclade within the Eurasian avian–like (EA) lineage termed EA-DK. H1avN2#E emerged in Brittany, the 
country’s most pig-dense region, and rapidly became the most frequently detected swIAV genotype across France. This drastic change 
in the swIAV lineage proportions at a national scale was unprecedented, making H1avN2#E a unique case for understanding swIAV 
evolution and spreading patterns. Phylogenetic analyses suggested an introduction of the H1avN2#E genotype from a restricted source, 
likely originating from Denmark. It spread rapidly with low genetic diversity at the start of the epizootic in 2020, showing increasing 
diversification in 2021 and 2022 as the inferred population size grew and stabilized, and exhibited reassortments with other enzootic 
genotypes. Amino acid sequence alignments of H1avN2#E antigenic sites revealed major mutations and deletions compared to commer-
cial vaccine 1C strain (HA-1C.2.2) and previously predominant H1avN1 strains (HA-1C.2.1). Antigenic cartography confirmed significant 
antigenic distances between H1avN2#E and other 1C strains, suggesting that the new genotype has escaped the pre-existing immu-
nity of the swine population. Epidemiologically, the H1avN2#E virus exhibited epizootic hallmarks with more severe clinical outcomes 
compared to H1avN1 viruses. These factors likely contributed to the spread of H1avN2#E within the pig population. The rapid rise of 
H1avN2#E highlighted the dynamic nature of swIAV genetic and antigenic diversity, underscoring the importance of tailored surveil-
lance programs to support risk assessment during potential new outbreaks. It also demonstrates the need to strengthen biosecurity 
measures when introducing pigs into a herd, including swIAV positivity assessment followed by quarantine, and restrict the trade of 
swIAV-excreting live swine between European countries.
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Introduction
Swine influenza A virus (swIAV) infections are common in pig 
herds worldwide and typically cause an acute respiratory syn-
drome characterized by coughing, sneezing, nasal discharge, fever, 
and apathy lasting 5–7 days (Janke 2013, Vincent et al. 2014, Ma 
2020). The disease can persist within a farm, contributing to 

the porcine respiratory disease complex and causing significant

animal health issues and economic losses. SwIAV are of a One 

Health concern (Short et al. 2015) considering their zoonotic 

potential due to their ability to bind to α(2,6)-linked sialic acids 

(SAs) — the major influenza A virus (IAV) receptors in humans 

— and the weak immune cross-protection of the human popu-
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lation against swIAV (Henritzi et al. 2020, Vandoorn et al. 2020). 
SwIAV also represents a risk for some avian species, especially 
turkeys, quails, and pheasants that also carry α(2,6)-linked SA, in 
addition to α(2,3)-linked SAs that are the receptors preferentially 
targeted by avian IAV (Choi et al. 2004, Massin et al. 2010, Starick 
et al. 2011, Bonfante et al. 2016). Pigs are susceptible to human 
and avian IAVs (Shinde et al. 2009, Zhang et al. 2020). As IAVs 
have a segmented RNA genome that allows genomic reassortment 
between strains when a host cell is coinfected, pigs have a capac-
ity to generate reassortant IAVs, leading them to be described 
as “mixing vessel” hosts (Koçer et al. 2013, Nelson and Worobey 
2018). Reassortment may occur between different swIAV strains 
cocirculating in pig populations, sometimes incorporating one or 
more alternate genes from human or avian IAVs. New reassortant 

viruses with genomic segments derived from multiple parental 
lineages may exhibit increased pathogenicity in pigs and/or intra- 

or interspecies transmission capacity (Koçer et al. 2013).
IAVs classify into subtypes based on antigenic differences in 

their two major surface glycoproteins, the hemagglutinin (HA) and 
the neuraminidase (NA). Three main subtypes, i.e. H1N1, H1N2, 

and H3N2, circulate in pigs, within which several lineages and 

whole-genome constellations are distinguished by geographical 

regions according to the history of their emergence (Vincent et al. 
2014, Anderson et al. 2016). In 2016, a phylogeny-based global 
nomenclature classified the H1 viruses into three main clades 

(Anderson et al. 2016): Clade 1A grouping swIAVs with H1 from 

the so-called “classical swine lineage,” including the 2009 pan-
demic H1 virus; Clade 1B grouping viruses with an H1 from human 

seasonal lineages (H1hu); and Clade 1C grouping viruses with HA 

from the “Eurasian avian–like” (EA) lineage (H1av). In Europe, three 
main lineages were described as enzootic in the European pig pop-
ulation in the early 2000: the “avian-like swine H1N1” (H1avN1; 
HA-1C, N1) lineage, the “human-like reassortant swine H3N2” 
(H3N2; H3-1970.1, N2-Gent/84) lineage, and the “human-like reas-
sortant swine H1N2” (H1huN2; HA-1B.1, N2-Scotland/94) lineage, 
all with internal protein-encoding genes (IGs, which encompass 
PB2, PB1, PA, NP, M, and NS) from the EA lineage. However, over 
the last 20 years, some major changes in the genetic diversity of 
European swIAVs have been reported: the emergence in 2003 in 
Denmark of an H1avN2 reassortant, with Gent-like N2 and EA 
internal genes (H1avN2), which has replaced the H1huN2 lineage 
in this country (Trebbien et al. 2013) and progressively spread in 
Germany (Zell et al. 2020), Spain (Portugal et al. 2021, Encinas 
et al. 2022), Italy (Chiapponi et al. 2021), and Bulgaria (Richard and 
Byrne 2024); the gradual decrease in the frequency of H3N2 virus 
in several countries (Simon et al. 2014, Henritzi et al. 2020; Portu-
gal et al. 2021); the introduction of the 2009 pandemic H1N1 virus 
which has become the “pandemic-like swine H1N1” (H1N1pdm; 
HA-1A.3.3.2, N1pdm) lineage, the fourth enzootic virus at the Euro-
pean level; and the emergence of numerous reassortant viruses 
containing one or more gene(s) from the H1N1pdm, which were 
sporadically detected or have been established locally, such as 
H1pdmN2 viruses in UK, Germany, Spain, Italy, and Belgium (Parys 
et al., 2023, Simon et al. 2014, Anderson et al. 2016, Chiapponi et al. 
2021, Encinas et al. 2022).

In a previous study which characterized swIAV genetic diver-
sity in France from 2000 to 2018, we also showed an increase in 
the number of genotypes identified over time, despite very few 
H3N2 virus detections (Chastagner et al. 2020). However, the most 
dominant viruses characterized annually from 2010 to 2018 were 
H1avN1 (min. 40%, max. 78%) and H1huN2 (min. 13%, max. 37%) 
lineages, both with EA internal segments, followed by H1N1pdm 

(min. 1%, max. 12%) (Chastagner et al. 2020). An H1huN2 anti-
genic variant (H1huN2Δ146–147), which emerged in 2012 after having 
fixed mutations in epitopes and deletions in the receptor-binding 
site (RBS) on the HA gene, was detected increasingly until 2014 
before being less prevalent among H1huN2 in following years. Until 
2018, reassortant viruses remained sporadic but not rare. For 
instance, local H1avN1 and H1huN2 viruses reassorted into H1huN1 
and H1avN2 (Chastagner et al. 2020), as well as H1avN1 which reas-
sorted with H1N1pdm, giving reassortants with various EA and/or 
pdm internal genes constellations (Henritzi et al. 2020). Contrary 
to other European countries, only two incursions of the Danish 
H1avN2 virus with EA internal genes were reported in France in 
2015, whereas another H1avN2 of Denmark origin with H1N1pdm 
internal genes was identified once in late 2018 (Chastagner et al. 
2020).

Given the ever-increasing genetic and antigenic diversity of 
swIAV, it is essential to continue to monitor their evolution in order 
to be able to conduct risk assessments of influenza infections 
in pigs, from both an animal health and public health perspec-
tive. In this study, we characterized the swIAVs detected in France 
through passive surveillance from 2019 to 2022 with a particu-
lar focus on viruses carrying an HA of the 1C clade. An epizootic 
took place in 2020 due to an H1avN2 genotype that has drasti-
cally changed the frequencies of the swIAV subtypes previously 
established in France for years. This genotype resembled the Dan-
ish H1avN2 strains previously identified sporadically in 2015. On 
the basis of genetic and antigenic data, we have reconstructed 
the evolutionary history of this newly dominant H1avN2 virus and 
evaluated the determinants that would have helped its rapid and 
widespread dissemination in the pig population in France.

Material and methods
Samples, swine influenza A virus detection, and 
hemagglutinin/neuraminidase molecular 
subtyping
Nasal swabs (MW950Sent2mL Virocult®, Kitvia, Labarthe-Inard, 
France) were collected from January 2019 to December 2022 from 
pigs with acute respiratory disease in France thanks to the pas-
sive surveillance program implemented by Résavip (https://www.
plateforme-esa.fr/fr/virus-influenza-porcins) (Hervé et al. 2019), 
diagnostic offers made by Ceva Santé Animale (Libourne, France) 
or requested by veterinarians, or epidemiological investigations 
conducted by the French Agency for Food, Environmental and 
Occupational Health & Safety (ANSES, Ploufragan, France). The 
Résavip network alone covered 207 different farms in 2019, 272 
in 2020, 238 in 2021, and 200 in 2022, spanning 9 out of the 13 
administrative regions of metropolitan France. In parallel with 
the sampling, the veterinarians collected outbreak-related infor-
mation about the sampling date, the herd type, the vaccination 
program, the age and/or physiological stage of the sampled ani-
mals, the influenza-like illness intensity, and the epidemiological 
pattern of the outbreak.

Nasal swab supernatants were first screened in local veterinary 
laboratories for the presence of swIAV genome using M-gene real-
time quantitive polymerase chain reaction (RT-qPCR) from two 
commercial kits validated by the French National veterinary Ref-
erence Laboratory (NRL) for Swine Influenza (ANSES, Ploufragan, 
France) (Pol et al. 2011). Then, swIAVs were subtyped by the NRL or 
LABOCEA22 (Ploufragan, France) using RT-qPCR assays specific to 
HA and NA genes of swIAV lineages known to circulate in France 
in 2018 (H1av, H1hu, H1pdm, H3, N1, N1pdm, and N2), as previously 
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described (Bonin et al. 2018). A new RT-qPCR assay was developed 
to specifically target HA-1C.2.4 of H1avN2#E strains (see at the end 
of the Material and methods section for the RT-qPCR assay and 
see the Results section for the genotype description).

Swine influenza A virus sequencing
Viral RNA was extracted using the NucleoSpin® RNA Kit 
(Macherey-Nagel, Düren, Germany) directly from nasal swab 
supernatants or after virus propagation on Madin–Darby Canine 
Kidney (MDCK) cells according to standard procedures (Chastag-
ner et al. 2020). All genomic segments of swIAV were amplified 
simultaneously before sequencing with the SuperScript III one-
step RT-PCR system (Thermo Fisher Scientific, Waltham, MA, 
USA) using the universal IAV primers (Zhou et al. 2009). The 
nucleotide sequences were obtained by next-generation sequenc-
ing (NGS) on Thermo Fisher Scientific’s Ion Proton instrument 
(Thermo Fisher, Carlsbad, CA, USA). The reads were cleaned using 
Trimmomatic v0.36, assembled into contigs using Spades, which 
were subsequently compared to an IAV database obtained from 
the National Center for Biotechnology Information (NCBI) using 
megablast to find reference sequences for each segment, on which 
the sequenced reads were mapped using BWA v0.7.15-r1140. The 
resulting BAM files were used to call consensus sequences using 
Influenza Sequences Toolbox v0.5 callConsensus tool (Richard 
2024), which is notably based on seqkit (Shen et al. 2016) and sam-
tools consensus (Danecek et al. 2021) with the following param-
eters “-t :hiseq –het-scale 0.42 –low-MQ 9 –scale-MQ 1.15.” The 
NGS raw data obtained in this study have been made available in 
NCBI Bioproject PRJNA623701. Only consensus sequences of the 
complete genome were deposited in Genbank, and identification 
numbers are reported in Supplementary Table S1. If the consensus 
sequence did not cover the entire coding sequence, the segment 
was considered as partially sequenced and the strain genome as 
incomplete. Sequences from incomplete genomes were used for 
genotyping when they presented enough informative loci and are 
available upon request.

Swine influenza A virus genotyping
In addition to molecular subtyping, the genetic lineage of each 
genomic segment was determined by using a Basic Local Align-
ment Search Tool (BLAST) strategy implemented in the Influenza 
Sequences Toolbox v0.5 genotypeFasta tool (Richard 2024). This 
tool used BLAST to compare the obtained strain sequences to 
an in-house hand-curated database that is continuously incre-
mented with data from swIAV strains identified in France since 
2000, which is available upon specific request. For each gene, the 
best BLAST hit genotyping result was compared to the following 
seven best hits to verify the best-hit genotype consistency. The 
full-genome genotype and final FASTA files were then called for 
each strain using the Influenza Sequences Toolbox v0.5 annotate-
Fasta tool, based on an in-house curated genotypes database and 
samples metadata database. The attributed HA genotypes were 
further confirmed by using the Bacterial and Viral Bioinformatics 
Resource Center webserver HA subspecies classification tool using 
the Orthomyxoviridae—Swine Influenza H1 global classification 
(https://www.bv-brc.org/app/SubspeciesClassification). The con-
sistency of the attributed genotypes was assessed for all segments 
using maximum-likelihood phylogenies (see below).

Maximum-likelihood phylogenetic analyses
All publicly available swIAV sequences were collected from 
the Global Initiative on Sharing All Influenza Data and NCBI 

databases, and name duplicates were removed. All sequences 
were genotyped using the aforementioned genotyping pipeline, 
and only the strains displaying an HA from the 1C clade were 
kept for further analyses. Alignments and phylogenies were per-
formed to determine the European strains that were closely 
related to the strains collected from France since 1990 by removing 
the poor-quality sequences (displaying consecutive stretches of 
>10 N) and using MAFFT (Katoh and Standley 2013), IQ-Tree (Minh 
et al. 2020), and FigTree (https://github.com/rambaut/figtree/
releases). European strains located in the phylogeny in branches 
that displayed French strains were kept for further analyses. A 
detailed phylogeny (Supplementary Fig. S1) computed using IQ-
Tree2 with the options “-bb 1000 -alrt 1000 -m GTR + F + I + G4” 
displays all available European HA-1C sequences as of Septem-
ber 2023 with colors corresponding to the ones that were kept 
or removed for further analyses. Phylogenies were performed 
using Nextstrain CLI v8.0.1 with default parameters by combin-
ing the filtered publicly available 1C European strains, the publicly 
available French 1C strains, as well as all 1C 2019-2022 French 
strains, for which a metadata table was built to store the fol-
lowing information: strains collection date, full-genome geno-
type, per gene clade, country, and location in France. In more 
detail, the sequences were filtered compared to the sequence 
metadata table using augur filter. Sequences were then aligned 
using augur align, and poor-quality sequences were then man-
ually inspected and removed. Maximum-likelihood divergence 
trees were built using augur tree, based on IQ-Tree ultrafast 
bootstraps, with the following parameters “–override-default-args 
–substitution-model GTR+G4+F+I –tree-builder-args =“-bb 1000 -
nt 8 -redo”.” The substitution model was determined as being 
adapted to the analyzed datasets by using the IQ-Tree Mod-
elFinder. Time-based phylogenies were subsequently built using 
augur refine, based on the metadata table and resulting diver-
gence trees with the “–timetree –date-confidence –max-iter 30” 
option, based on the TreeTime algorithm (Sagulenko et al. 2018). 
The joint N1 N2 phylogenies root node date has been manu-
ally edited to reach the oldest N1 or N2 common ancestor (CA) 
date for visualization purposes of time-resolved trees. The result-
ing phylogenies and associated metadata were finally stored in a 
json file using augur export v2. The resulting auspice Nextstrain 
instances were then made available online: https://nextstrain.org/
community/gtrichard/swIAV-H1av-France-2019-2022. The final 
phylogeny plots were made by extracting vector graphics from 
the Nextstrain instances and by further modifying them using
Inkscape.

Bayesian phylogenetic analyses
Bayesian Evolutionary Analysis Sampling Trees (BEAST v1.10.4) 
was used to assess the country of origin of various CAs in the HA-
1C.2.1, HA-1C.2.4, N2, and full-genome phylogenies (Suchard et al. 
2018). Uncorrelated relaxed clock models were used to assess the 
trees internal branches rate of evolution using TreeStats v1.10.4. 
BEAST was also used to reconstruct the viral population size of the 
H1avN1#A and H1avN2#E strains collected in France between 2019 
and 2022 (see the Results section for the description of the geno-
types), using the Gaussian Markov Random Field (GMRF) Skyride 
model and computation in Tracer (Minin et al. 2008). Supplemen-
tary Table S2 describes the different BEAST runs, chain length, 
number of trees, models, datasets, and main traces Effective Sam-
ple Size (ESS, i.e. the number of effectively independent draws 
from the posterior distribution that the Markov chain is equivalent 
to) values.

https://www.bv-brc.org/app/SubspeciesClassification
https://github.com/rambaut/figtree/releases
https://github.com/rambaut/figtree/releases
https://nextstrain.org/community/gtrichard/swIAV-H1av-France-2019-2022
https://nextstrain.org/community/gtrichard/swIAV-H1av-France-2019-2022


4 Richard et al.

Swine influenza A virus genotype distribution 
over time and space
The distribution of the genotyped viruses over the regions of 
France from 2019 to 2022 displayed as pie charts over the France 
map was generated using the sf, ggplot2, and dplyr R packages 
as well as the France regions GeoJSON (https://france-geojson.
gregoiredavid.fr/repo/regions.geojson). Time-resolved metadata 
frequency plots representing genotypes proportions over time 
were generated by extracting exact dates of sampling (already 
known or inferred by the phylogeny) from the time-resolved HA 
phylogeny by using a custom jq command-line. The distribution 
of the genotyped viruses over time was then assessed using 2-
month windows from 2019 to 2022 using streamgraph (https://
github.com/hrbrmstr/streamgraph) with monotone interpolation, 
lubridate, and dplyr R packages.

Analysis of predicted amino acid sequences of 
the hemagglutinin- and neuraminidase-encoding 
genes
Predicted amino acid sequences of HA and NA from studied 
strains were obtained using AliView with standard genetic code 
and were aligned to the sequences described in the relevant 
figures, notably in order to compare the residues present on RBS 
and antigenic sites previously described in the literature. Amino 
acid frequencies and chemical properties were then represented 
using the ggseqlogo R package (Wagih and Hancock 2017).

Antigenic characterization
Swine antisera against swIAV strains representative of European 
enzootic lineages were produced in specific
pathogen-free (SPF) pigs at ANSES Ploufragan-Plouzané-Niort 
facilities, as previously described (Chastagner et al. 2018). Four 
reference strains were used: A/swine/Cotes d’Armor/0388/09 
(H1avN1, HA-1C.2.1), A/swine/Cotes d’Armor/00186/10 (H1avN2, 
HA-1C.2.1), A/swine/France/65-150242/2015 (H1avN2, HA-1C.2.4), 
and A/swine/France/35-200154/2020 (H1avN2, HA-1C.2.4). In addi-
tion, an antiserum against vaccine strains was produced by 
collecting blood of a vaccinated SPF sow 1 week after farrow-
ing (Cador et al. 2016). The gilt was primo-vaccinated 6 and 
3 weeks before insemination followed by three boosters 6, 3, 
and 2 weeks before farrowing with 2 ml of intramuscular injec-
tion of the inactivate trivalent vaccine Respiporc® Flu3 (IDT 
BIOLOGIKA GmBH, Dessau-Rosslau, Germany) comprising the fol-
lowing strains: A/swine/Haseluenne/IDT2617/2003 (H1avN1, HA 
clade 1C.2.2, N1-EA, IG-EA), A/swine/Bakum/IDT1769/2003 (H3N2, 
N2-Gent/84, IG-EA), and A/swine/Bakum/1832/2000 (H1huN2, HA-
1B.2.1, N2-Scot/94, IG-EA).

Hemagglutination inhibition (HI) assays were performed 
according to standard procedures (WOAH, 2023). Briefly, four 
hemagglutinating units (HAU) of MDCK-propagated virus were 
incubated with two-fold dilutions (starting at dilution 1:10) of the 
selection of swine antisera and tested against 0.5% chicken red 
blood cells. HI antibody titers were expressed as the reciprocal of 
the highest dilution inhibiting 4 HAU of virus. An antigenic car-
tography was performed using the Racmacs package to visualize 
the antigenic relationships between the swIAV strains isolated in 
France in 2019–2022, as well as to quantify the antigenic distances 
between antigens and sera. Briefly, the HI table was loaded in RStu-
dio and a first map was made using the make.acmap function 
with 1000 optimizations. Unstable antigens according to Racmacs 
were discarded from further analyses, and a new antigenic map 

was built with 1000 optimizations using the dimension annealing 
option. Antigen and sera group information was added using 
the agFill and srFill functions. The bootstrapMap function was 
then used with 1000 repeats using the Bayesian method with-
out reoptimization, from which bootstrapBlobs were computed. 
The final antigenic map and bootstrap variations were then rep-
resented. Distances from antigens to sera were extracted with the 
mapDistances function, while the antigenic distance from anti-
gens to antigens was extracted by using the Euclidian distance 
within the antigenic map space. These distributions of the dis-
tances expressed in Antigenic Units (AU) were then represented 
as boxplots using ggplot2.

Design of H1av#E RT-qPCR assay specific to the 
H1avN2#E genotype
Nucleotide sequence alignments of HA-1C.2 genes from repre-
sentative strains of H1av (HA-1C) lineage revealed that H1avN2#E 
strains (see the Results section for the genotype description) 
from 2020 fixed deletions of three and six nucleotides, giving 
rise to the loss of three amino acids at positions 137, 146, and 
147 after the methionine, respectively, as compared to H1av

sequences from ancestral enzootic Clade 1C.2.1, which made 
them unique compared to other H1av sequences identified in 
France, including those from H1avN2#E strains of 2015 and from 
the H1avN2#F strains (Supplementary Fig. S2, see the Results 
section for the genotype description). A pair of primers and a 
TaqMan probe have thus been designed based on these HA gene 
sequence alignment analyses: Fw tttcccaaagaactcatggc, at posi-
tion 399–418 from the first nucleotide of the HA coding sequence 
MW048844; Rv gaataaggttttcccttgcttg (497–518); and probe FAM-
cgggaacaacagtttcatgctccaa-BHQ1 (431–455).

The RT-qPCR assays were run using the MX3005P instrument 
(Stratagene, Agilent Technologies, La Jolla, CA, USA). Each PCR 
mixture contained 5 μl of RNA extract and 20 μl of master mix com-
posed of 2× GoTaq Probe qPCR Master Mix, 1× GoScript RT Mix for 
one-step RT-qPCR (Promega, Fitchburg, WI, USA) as well as 800 nM 
of each primer and 300 nM of probe. The cycling conditions used 
were 15 min of reverse transcription at 45∘C, 2 min of denaturation 
at 95∘C, and 42 cycles of 15 s at 95∘C and 1 min at 58∘C.

Several panels incorporating virus strains and/or clinical sam-
ples were constituted to evaluate the performance of the devel-
oped RT-qPCR (Supplementary Table S3). Analyses showed 100% 
analytical specificity. Evaluation of analytical sensitivity indicated 
that the assay would be able to detect equivalent to around 35 Cq-
values based on in-house M-gene RT-qPCR. Analyses of viral RNA 
from nasal swab supernatants previously identified by HA/NA 
RT-qPCR and sequencing showed 100% [95% confidence inter-
val (CI): 87.66%–100%] of diagnostic specificity and 96.55% (95% 
CI: 82.24%–99.91%) of diagnostic sensitivity with only one false-
negative sample, probably due to the low amount of genome 
target.

Statistical analyses
Statistical analyses were performed using R 3.4.0. For epidemi-
ological data, the difference in proportion between groups was 
tested using the following method: based on H1avN1 and H1avN2 
positive samples, considering one epidemiological category (for 
instance physiological stage of pigs), H1avN2#E (see the Results 
section for the genotype description)-infected animal numbers 
were compared to H1avN1-infected animal numbers for a given 
epidemiological category (breeding versus the rest) by assem-
bling a 2 × 2 contingency table and by using the epitools R pack-
age riskratio function (Aragon 2020). This returned for each
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Figure 1. Numbers of swIAV strains identified in France from 2019 to 
2022 using PCR subtyping, per year, according to their subtype, and 
comparison to numbers previously reported from 2015 to 2018 
(Chastagner et al. 2020).

comparison the 𝜒2 test P-value as well as the risk ratio estimate 
and 95% CI upper and lower bounds of one epidemiological cat-
egory for H1avN2- versus H1avN1-infected animals. For antigenic 
data comparison, the means of HI antibody titers obtained by 
groups of strains were log2-transformed and compared with a 
Wilcoxon rank-sum test using R 3.4.0 (wilcox.test).

Results
Molecular subtyping of swine influenza A 
viruses detected in France in 2019–2022
In 2019, 387 independent respiratory outbreaks were investigated 
in pig herds in France, a number similar to the mean annual num-
ber (405 ± 57) of farms investigated from 2015 to 2018 (Hervé et al. 
2019). By contrast, this number has risen sharply in 2020, as 661 
outbreaks were investigated. The proportions of outbreaks con-
firmed to be swIAV positive by M-gene RT-qPCR in 2019 and 2020 
(47.3% and 52.6%, respectively) were similar to the average annual 
proportion of 48.2 ± 3.7% calculated in 2015–2018 (Hervé et al. 
2019). Among the 531 cases of swIAV-infected herds detected in 
2019–2020, 375 (70.6%) swIAV strains were fully HA/NA subtyped 
by specific RT-qPCRs. In 2019, 120 strains were identified as fol-
lows: 90 H1avN1 (HA-1C, 75%), 13 H1huN2 (HA-1B, 10.8%) including 
1 H1huN2Δ146-147 variant, 8 H1N1pdm (HA-1A, 6.7%), and 9 H1avN2 
(HA-1C, 7.5%), and no H3 viruses were detected (Fig. 1). Compared 
to the distributions reported from 2015 to 2018 (Chastagner et al. 
2020), which showed quite stable numbers and proportions in 
the different H1 lineages over time, the proportion of H1huN2 has 
halved, the H1avN2 proportion tripled, whereas other subtype fre-
quencies remained equivalent. In 2020, 255 virus strains were fully 
subtyped, i.e. twice more than in previous years when 116–150 
strains were identified per year. Intriguingly, the proportions of the 
different subtypes were completely shuffled, with 168 H1avN2 (HA-
1C, 65.9%), 64 H1avN1 (HA-1C, 25.1%), 11 H1huN2 (HA-1B, 4.3%), 9 
H1N1pdm (HA-1A, 3.5%), and 3 H1pdmN2 strains (HA-1A, 1.2%).

In 2021, the swIAV passive surveillance reached 727 respiratory 
outbreaks and 307 (42.2%) positive cases. Among them, 197 swIAV 

strains were subtyped and distributed as follows: 122 H1avN2 (HA-
1C, 61.9%), 53 H1avN1 (HA-1C, 26.9%), 16 H1N1pdm (HA-1A, 8.1%), 
2 H1huN2 (HA-1B, 1%), 2 H1pdmN1 (HA-1A, 1%), 1 H1huN1 (HA-1B, 
0.5%), and 1 H1pdmN2 (HA-1A, 0.5%) (Fig. 1). In 2022, the situation 
was quite similar to 2021 and 2020, with, however, fewer cases 
investigated (548 outbreaks, 45.3% of positive cases). The H1avN2 
remained the most prevalent strain (n = 90, 52.6%, HA-1C), fol-
lowed by 65 H1avN1 (37.8%, HA-1C) and 12 H1N1pdm (7%, HA-1A). 
H1huN2 remained low (n = 2, 1.2%, HA-1B), and two H1pdmN2 (1.2%, 
HA-1A) were detected.

Phylogenies, genotyping, and spatiotemporal 
distribution of 2019–2022 1C swine influenza A 
virus
The diversity and phylogeny of these newly emerging and per-
sisting H1avN2 viruses were then characterized by monitoring 
the evolution of swIAV displaying an HA gene of the 1C clade. 
Swine IAV strains collected from 2019 to 2022 were submitted to 
whole-genome sequencing. After genotyping, 331 swIAV genome 
sequences displayed an HA of the 1C clade and were analyzed 
using maximum-likelihood phylogenies, when sequence quality 
permitted, alongside related European sequences that were pub-
licly available at the time of September 2023 (Fig. 2). For HA, clades 
1C.2.1, 1C.2.2, or 1C.2.4 were detected, and the N1-EA, N2-Gent/84, 
N2-Scotland/94, and human seasonal-N2 clades were detected for 
the NA segment (Fig. 2a). Three clades were distinguished for all 
six IGs: EA, EA-DK, and pdm (Fig. 2b). The EA-DK subclade was 
newly established in this study considering its important evolu-
tionary distance compared to the EA lineage for all IG. The name 
EA-DK was given as sequences from Denmark were predominant 
in the root of this new subclade (Supplementary Fig. S3).

Overall, 10 full-genome genotypes were identified among 1C 
strains collected between 2019 and 2022 in France (Fig. 3a). 
Regarding H1avN1 subtype, four genotypes were distinguished: 
genotype H1avN1#A (HA-1C.2.1, N1-EA, IG-EA) continued to be pre-
dominant in 2019 (Fig. 3a and b) and across the entire country 
(Fig. 3c). Both genotypes H1avN1#B (HA-1C.2.1, N1-EA, and IG-EA-
DK) and H1avN1#D (HA-1C.2.1, N1-EA, and IG-EA with M-EA-DK), 
which had never been detected in France before, were sporadic 
and found only in the western part of France throughout the 
2020–2022 period (Fig. 3b and c). Genotype H1avN1#C (HA-1C.2.2, 
N1-EA, IG-EA) was also sporadically reported at the end of 2019 
in the “Hauts-de-France” region and throughout 2022 in “Hauts-
de-France” and “Auvergne-Rhône-Alpes” regions (Fig. 3b and c).

Within the H1avN2 subtype, six genotypes were identified 
(Fig. 3a). The H1avN2#A (HA-1C.2.1, N2-Scotland/94, and IG-EA) 
used to be sporadically detected almost every year since 2008 
following a reassortment between local enzootic H1avN1#A and 
H1huN2 viruses (Chastagner et al. 2020). However, only five 
H1avN2#A strains were detected in Brittany in 2019 and 2020. The 
vast majority of the sequenced H1avN2 strains belonged to the 
H1avN2#E (HA-1C.2.4, N2-Gent/84, and IG-EA-DK) (Fig. 3a). This 
genotype started to be detected sporadically at the beginning of 
2020 to rapidly become the most detected genotype, especially in 
Brittany, the French region with the highest density of pig farming. 
It was then detected in seven out of the nine monitored adminis-
trative regions of the country and maintained as the most detected 
strain for the rest of the study period, thus replacing H1avN1#A 
as the predominant genotype (Fig. 3b). The other H1avN2 geno-
types were sporadic just like the H1avN2#A. Five strains belonged 
to the H1avN2#F genotype (HA-1C.2.4, N2-Gent/84, and IG-pdm) 
(Fig. 3a) and were reported in Brittany in 2019 and 2020. It was 
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Figure 2. Maximum-likelihood divergence phylogenies of the eight segments of swIAVs collected and sequenced in France from 1992 to 2022 having an 
HA of the 1C (EA) clade and the related publicly available European sequences. (a) Surface protein-encoding genes phylogenies (H1, N1, and N2). (b) IG 
phylogenies (PB2, PB1, PA, NP, M, and NS). Sequences are represented by dots colored according to their individual segment clade: EA in pink, Eurasian 
avian–like Denmark (EA-DK) in purple, Pandemic09 in yellow (pdm). Publicly available European sequences as of September 2023 are displayed as thin 
branches without dots. Interactive versions of the trees can be found at https://nextstrain.org/community/gtrichard/swIAV-H1av-France-2019-2022.

https://nextstrain.org/community/gtrichard/swIAV-H1av-France-2019-2022
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Figure 3. Spatiotemporal distribution of 1C swIAV genotypes identified in France from 2019 to 2022. (a) Details of the gene constellation of the 10 
swIAV HA-1C genotypes. The counts of full-genome sequences collected each year are displayed as a heatmap, for each genotype, on the right side of 
the table. (b) Normalized bimestrial country-wide proportion of the swIAV genotypes. (c) Region-resolved map of France. Each pie chart represents the 
proportions of swIAV genotypes identified in the associated region between 2019 and 2022. The size of the pie chart is proportional to the log2 number 
of sequences collected. Abbreviations: IDF, Ile-de-France; PACA, Provence-Alpes-Côte-d’Azur.
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Figure 4. Time-resolved maximum-likelihood phylogenies of the surface protein-encoding genes (left: HA, right: NA) colored by genotypes as 
presented in Fig. 3. Dots represent swIAV sequences collected in France between 2019 and 2022. Branches without dots represent publicly available 
European 1C swIAV strains as of September 2023, including previous strain sequences collected in France. Central lines connect the HA and NA 
sequences of the same strains. H1avN1 strains with missing internal genes sequences are indicated as “H1avN1#?” Inferred date and CI are displayed 
for the H1avN2#E 2020–2022 clade CA in both HA and NA trees. The probable country of origin of the CA is indicated with the first number 
corresponding to the country.prob calculated by BEAST, and the second number corresponds to the TreeTime migration test value (both phylogenies 
were matching). An interactive version of the tree can be found at https://nextstrain.org/community/gtrichard/swIAV-H1av-France-2019-2022/
HA:community/gtrichard/swIAV-H1av-France-2019-2022/NA?c=genotype&f_country=France.

first detected in November 2018 in Brittany (Chastagner et al. 2020) 
and was suggested to be introduced in toto from abroad, likely 
from Denmark considering the HA/NA and full-genome phyloge-
nies of the newly sequenced H1avN2#F strains (Supplementary Fig. 
S4a, CA origin is 100% Denmark with BEAST and 48.1% Denmark 
with TreeTime for HA and 81% Denmark with BEAST and 96% 
France with TreeTime for NA; Supplementary Fig. S5, CA origin is 
96.7% Denmark with BEAST and 44.2% Denmark with TreeTime). 
Three H1avN2 genotypes were detected for the first time during the 
study period: H1avN2#G (HA-1C.2.1, N2-Gent/84, IG-pdm) which 
corresponded to a single strain detected in March 2020 in the 
“Hauts-de-France” region; H1avN2#H (HA-1C.2.4, N2-Gent/84, and 
IG-EA), which was detected only twice in the “Nouvelle-Aquitaine” 
region in December 2020 and January 2021; and a single strain 
similar to H1avN2#H but with a PB2 from the pdm lineage, detected 
in the same region at the end of 2022 and got designated as 
belonging to the H1avN2#I genotype (Fig. 3).

Origins of the newly detected sporadic swine 
influenza A virus genotypes
Throughout this study, five swIAV genotypes were detected 
for the first time in France and their potential origins were 
checked through maximum-likelihood HA/NA tanglegram (Fig. 4) 
and whole-genome phylogenies as well as BEAST and TreeTime 
migration test. The H1avN1#B and H1avN1#D strains, considering 
that their HA and NA phylogenies were confounded within the 

H1avN1#A phylogenies, were most likely reassortants between this 
genotype and H1avN2#E from which they acquired one or more 
EA-DK IG (Fig. 4). H1avN1#B circulated for ∼2 years and a half 
between 18 July 2020 [(1 July 2020–18 July 2020), inferred time 
to Most Recent Common Ancestor] and 20 December 2022 (last 
detection). It formed a single phylogenetic cluster according to HA 
and NA phylogenies, thus likely corresponding to a single reassort-
ment event (Fig. 4). Meanwhile, the H1avN1#D reassortant seemed 
to have formed at three different occasions independently accord-
ing to both HA and NA phylogenies, with the earliest sequence 
detected in 30 October 2019 and the latest sequence detected in 
18 November 2022.

The H1avN2#G strain displayed an HA from Danish origins 
(99.9% probability from BEAST and 97.3% from TreeTime, Sup-
plementary Fig. S4b) and an NA gene close to both Danish and 
French strains according to BEAST and TreeTime analyses (Sup-
plementary Fig. S4b). Full-genome alignments of H1avN2#F strains 
showed a high probability of origin from Denmark (Supplemen-
tary Fig. S5, 96.7% using BEAST and 44.2% using TreeTime), which 
thus suggested that the H1avN2#G strain was likely an H1avN2#F 
reassortant on the HA gene (HA-1C.2.4 was replaced by HA-1C.2.1) 
introduced in toto from abroad, likely from Denmark.

The H1avN2#H and H1avN2#I strains were not related to 
any already sequenced strain from France but clustered with 
sequences found in Denmark and Italy for both HA and NA (Sup-
plementary Fig. S4c). This suggested an introduction in toto from 

https://nextstrain.org/community/gtrichard/swIAV-H1av-France-2019-2022/HA:community/gtrichard/swIAV-H1av-France-2019-2022/NA?c=genotype%26f_country=France
https://nextstrain.org/community/gtrichard/swIAV-H1av-France-2019-2022/HA:community/gtrichard/swIAV-H1av-France-2019-2022/NA?c=genotype%26f_country=France
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abroad of the H1avN2#H strain. The most recent CA displayed an 
origin from Denmark at 100% for both HA and NA using both 
BEAST and TreeTime. Considering the HA/NA phylogeny, the #I 
genotype was most likely a reassortant of the #H genotype on 
the PB2 segment (EA to pdm). The reassortment might have hap-
pened in France considering how close the two strains are on the 
HA and NA genes as well as considering that they were detected 
sequentially in the same region of the country.

Origins of the newly predominant H1avN2#E 
swine influenza A virus genotype
Genotyping of the 1C viruses revealed that the H1avN2#E geno-
type was solely responsible for the rise of the H1avN2 detections 
during the 2020–2022 period. Such a contrasted and fast switch of 
the mainly detected swIAV genotypes at the scale of France was 
unprecedented. This raised the question of the potential origins of 
these H1avN2#E strains.

The H1avN2#E genotype formed a single phylogenetic cluster, 
whose inferred date of the last CA was estimated to be set between 
October 2019 and January 2020 according to Nextstrain analy-
ses of the HA gene, while the analyses on the NA gene had CI 
spanning over a year between November 2018 and October 2019 
(Fig. 4). Before 2020, only two H1avN2#E isolates were character-
ized in the south-western part of France in 2015 (Chastagner et al. 
2020). The H1avN2#E genotype was thus not detected from 2016 to 
2019, until its identification in Brittany in February 2020. HA/NA 
phylogenies indicated that the H1avN2#E 2020 strains detected in 
France were related to 2017–2018 sequences detected in Europe 
(Fig. 4) and that the most recent CA with European strains had 
an origin from Denmark at ∼100% using BEAST and TreeTime for 
both HA and NA. Full-genome phylogeny of all H1avN2#E strains 
confirmed that the strains detected in France in 2020 were closer 
to strains from Denmark identified from 2015 to 2017 than to 
the French 2015 strains (Fig. 5a). Amino acid conservation anal-
yses confirmed that most IGs of a representative H1avN2#E 2020 
strain were closer to 2015–2017 strains from Denmark than to 
the A/swine/France/65-150242/2015 strain, while HA and NA were 
equally similar (Fig. 5b).

Further analyses of the HA gene phylogeny by measuring the 
branches length (divergence) showed that H1avN2#E HA diversity 
was quite low in 2020 and significantly increased overtime in 2021 
and 2022, while HA divergence within H1avN1#A remained sta-
ble over the same period (Fig. 6a). The evolution of H1avN2#E 
overtime happened at a constant rate of evolution just like the 
H1avN1#A genotype according to BEAST analyses using an uncor-
related relaxed clock model (Fig. 6b), with 3.30e−3 substitutions 
per site per year for H1avN2#E strains and 3.93e−3 for H1avN1#A 
strains. The independent reconstruction of the viral population 
size using BEAST GMRF Skyride models and analyses on the 
2019–2022 H1avN1#A and H1avN2#E sequences confirmed the epi-
zootic phase of the H1avN2#E genotype from the end of 2019 to 
the start of 2020, followed by an enzootic phase. Interestingly, a 
decrease in the H1avN1#A population size seemed concomitant 
with the H1avN2#E epizootic start (Fig. 6c). No seasonality patterns 
were observed.

Taken together, this suggested that H1avN2#E strains were 
introduced in toto from abroad, possibly from Denmark, from a 
limited number of entry points at the end of 2019 considering the 
low diversity of the H1avN2#E in 2020, as well as the single group 
structure of the H1avN2#E 2020 phylogeny. It then continued to 
evolve at a constant rate of evolution.

Antigenic characterization of H1avN2#E strains
In order to better understand how the H1avN2#E strains spread so 
rapidly over the country, their antigenic properties were compared 
to those of long-established H1avN1#A strains, as well as vaccine 
related strains (HA-1C or N2 antigens).

HA and NA antigenic sites as well as HA RBS of the 
H1avN2#E collected in France from 2020 to 2022 (n = 177, 
called H1avN2#E ≥ 2020) were aligned (Fig. 7a) with (i) H1avN2#E 
strains found in Denmark and France up to 2017 (n = 6, called 
H1avN2#E ≤ 2017, Fig. 5 star-annotated sequences); (ii) the HA-
1C.2.2 and N2 sequences of strains included in the Respiporc®

Flu3 vaccine (Ceva Santé Animale, France), the only commercial 
vaccine currently available in Europe with a 1C antigen; and (iii) 
with H1avN1#A strains collected during the study period (n = 84). 
This analysis first revealed a low diversity of the antigenic sites 
and RBS among the H1avN2#E ≥ 2020 (Fig. 7a, first row), as only 
two positions (HA 239 E or K, NA 334 N or K) displayed more than 
one amino acid with the alternative forms represented over 10% 
among the 177 analyzed sequences. While this suggested stable 
antigenic properties of the H1avN2#E strains collected over the 
study period, the E239K mutation was found more prominently 
in 2021–22 than in 2020 (21/25 sequences, 𝜒2 P = 1.4e−3), highlight-
ing the HA-1C.2.4 diversification overtime at the antigenic level. By 
contrast, compared to the other analyzed sequences (Fig. 7a, first 
row compared to others), the H1avN2#E ≥ 2020 strains displayed 
many amino acid mutations involving chemical properties change 
in the HA and NA antigenic sites as well as RBS (Fig. 7a, orange 
arrow-annotated positions). This included a deletion at Position 
146 in the RBS and the overlapping Sa HA antigenic site, thus form-
ing a 146–147 double deletion compared to the H1avN1#A strains 
and 1C.2.2 vaccine strain. Taken together, these mutations would 
predict differences in antigenic properties of the H1avN2#E strains 
compared to the 1C vaccine strain as well as to the previously 
predominant H1avN1#A strains.

Antigenic distances between H1avN2#E strains, H1avN1 strains, 
and vaccine antigens were measured in HI tests using two 
anti-HA-1C.2.1 hyperimmune sera (HIS), one anti-2015 HA-1C.2.4 
serum, one anti-2020 HA-1C.2.4 serum, and one post-vaccination 
serum (PVS) containing anti-HA-1C.2.2 antibodies (Table 1, Sup-
plementary Fig. 6). The H1avN2#E 2020 reference antigen and 
H1avN2#E strains collected in 2020–2022 reacted properly with the 
anti-2020 HA-1C.2.4 serum (HI titers of 1280 and 584 on aver-
age, respectively), while the reaction was much lower with the 
anti-2015 HA-1C.2.4 serum (HI titers of 160 and 107 on aver-
age, respectively) and little to no cross-reaction was detected 
with the anti-HA-1C.2.1 H1avN1 serum (HI titers of 20 and 41 
on average, respectively) and with the PVS (HI titers of 10 and 
20 on average, respectively). The HA-1C.2.1 reference antigens 
as well as the HA-1C.2.1 and HA-1C.2.2 strains detected in the 
study period (H1avN1#A and #C, respectively) did not cross-react 
with the anti-2020 HA-1C.2.4 serum and only slightly with the 
anti-2015 HA-1C.2.4 serum, while they reacted well with the PVS 
(Table 1). The differences in HI test results evidenced between 
H1avN1 and H1avN2#E strains were significant for all antisera 
(Supplementary Fig. S6), which highlighted the inability of anti-
HA-1C.2.1 sera and PVS to recognize H1avN2#E ≥ 2020 strains
antigens.

An antigenic cartography was built using HI titers of HA-
1C.2.4, 1C.2.1, and 1C.2.2 strains against anti-2015 HA-1C.2.4, anti-
2020 HA-1C.2.4, anti-HA-1C.2.1 sera, and the PVS (Fig. 7b). HA-
1C.2.4 antigens displayed consistent antigenic distances between 
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Figure 5. Probable origins of the H1avN2#E viruses detected in France from 2020 to 2022. (a) Left: H1avN2#E viruses branch of the full-genome 
maximum-likelihood divergence tree of the 1C swIAV strains in France and Europe. Right: name of the publicly available European sequences, as of 
July 2024, that are the most closely related to the H1avN2#E viruses detected in France. The probable country of origin of the sequences CAs is 
indicated, the first number corresponds to the country.prob calculated by BEAST, and the second number corresponds to the TreeTime mugration test 
value (both phylogenies were matching). The A/swine/France/35-200 052/2020 corresponds to the H1avN2#E detected in France that is the closest to 
pre-2020 sequences. Sequences annotated by stars represent the H1avN2#E publicly available sequences closest to the H1avN2#E collected in France 
during the 2020–2022 period. (b) Amino acid identity comparison of the sequences of nine proteins of the A/swine/France/35-200 052/2020 strain and 
the closest pre-2020 European H1avN2#E strains.

each other, with a median of 1.28, but a median antigenic 
distance of 4.27 and 4.78 units when compared to HA-1C.2.1 
and HA-1C.2.2 antigens, respectively (Supplementary Fig. S7). 
These differences were found significant (Wilcoxon rank-sum 
test P-value < 1.13e−10). The same was observed when measuring 
antigen-to-serum distances (Fig. 7c): HA-1C.2.4 strains displayed 
significant antigen–serum distances over 4 (Wilcoxon rank-sum 
test P-values < 1.8e−4) for both anti-HA-1C.2.1 serum (9.80-fold 

cross-reactivity loss, Table 1) and PVS (4.45-fold cross-reactivity 
loss, Table 1) when compared to HA-1C.2.1 and HA-1C.2.2 strains, 
which displayed nonsignificant median distances below 2 AU 
(Wilcoxon rank-sum test P-values > .17) (Fig. 7c). Taken together, 
the newly predominant H1avN2#E strains displayed significant 
(Barr et al. 2014, Lewis et al. 2016, Centers for Disease Con-
trol and Prevention 2022) antigenic distances with HA-1C.2.1 and 
HA-1C.2.2 strains, as well as with the PVS.
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Figure 6. Evolution patterns of the newly spreading H1avN2#E (purple) viruses compared to the long-established H1avN1#A (pink) viruses in France 
across the 2019–2022 period. (a) Distribution of the HA divergence phylogeny leaves length for H1avN1#A and H1avN2#E viruses collected between 2020 
and 2022 in France, displayed as superposed boxplots and density plots. Wilcoxon rank-sum test P-values compare the distributions between the virus 
genotypes. (b) Distribution of the rates of evolution of the HA gene per year assessed through BEAST using the uncorrelated relaxed clock model on 
the internal branches of 10 000 trees. (c) Independent viral population size reconstructions, expressed in log10, assessed by BEAST GMRF Skyride 
analysis based on the HA diversity across 10 000 trees.

Epidemiology of the H1avN2#E outbreaks
Owing to the detection rate of swIAV strains belonging to the 
emerging H1avN2#E genotype in 2020, we aimed to rapidly dis-
criminate them within H1av (Clade 1C.2) strains following the 
initial HA/NA molecular subtyping step. Thus, we developed a 
Taqman RT-qPCR assay targeting a specific region of the HA-
1C.2.4 segment of the H1avN2#E strains, an assay which displayed 
100% analytical and diagnostic specificity and 96.55% diagnostic 
sensitivity (see Material and methods section).

This new HA-1C.2.4-gene RT-qPCR led to the identification of 
352 cases of infection by an H1avN2#E virus from 2020 to 2022. 
Epidemiological data collected at the time of pig sampling in those 
affected herds were compared to those collected in the 272 herds 
that were found infected by H1avN1 strains (HA-1C.2.1) during 2 
periods of time, i.e. 2019–2020 and 2021–2022. When comparing 
the outbreaks caused by H1avN2#E and H1avN1 viruses, no differ-
ence was found concerning their repartition within the different 
types of farms (Table 2). During the early period of the epizootic 
(2019–2020), H1avN2#E cases were more often associated with 
sporadic acute infection [“classical form,” Relative Risk (RR)= 1.93 
(1.53–2.43), 77.4% versus 45.7%, 𝜒2 P = 3.5e−8] and clinical signs 
more severe than the norm [RR = 1.50 (1.15–1.95), 50% versus 
30.9%, 𝜒2 P = 1.6e−3] compared to H1avN1 cases which displayed 
recurrent infection patterns with moderate clinical signs (Table 2). 
No differences between both groups were significant when com-
paring the form and the clinical intensity of the outbreaks that 
occurred in 2021–22. H1avN2#E infections were reported in pigs 

of all physiological stages just like H1avN1 viruses. However, dur-
ing the early period of epizootic, the proportion of piglets infected 
before 10 weeks of age was weaker in H1avN2#E than in H1avN1 
outbreaks [RR = 0.66 (0.51–0.85), 𝜒2 P = 7.4e−4], while the propor-
tions of growing pigs (≥10 weeks) were similar in both groups. The 
proportion of breeding animals infected by H1avN2#E was higher 
than those infected by H1avN1 [RR = 2.99 (1.58–5.64), 24.3% versus 
5.5%, 𝜒2 P = 7.2e−6]. A total of 75.4% of H1avN2#E-infected gilts 
and sows were hosted in farms that applied mass or batch-to-
batch vaccination programs with the Respiporc® Flu3 trivalent 
vaccine. When only considering infected breeders, more H1avN2#E 
outbreaks were reported in vaccinated farms than H1avN1 in 
2021–22 [RR = 3.53 (1.63–7.69), 𝜒2 P = 6.7e−4]. However, no signif-
icant differences were found in the distribution of outbreaks in 
vaccinated farms based on the detection of infected animals of all 
physiological stages. 

Discussion
The surveillance of swIAVs organized in France since the 2009 pan-
demic and the in-depth characterization of the strains, notably 
thanks to the Résavip surveillance network, allowed us to reg-
ularly monitor their genetic and antigenic evolution. Subtyping, 
sequencing, and phylogenetics and the compilation of related 
epidemiological data helped answering questions concerning the 
etiology of cases of acute respiratory syndromes and have led to 
the development of new diagnostic tools to adapt to swIAV genetic 
diversification. From 2019 to 2022, when compared to the previous 
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Figure 7. Antigenic properties of the H1avN2#E viruses detected in France between 2020 and 2022. (a) Amino acid motifs of the HA/NA antigenic sites 
and HA RBSs. Frequency of amino acids found for each position was calculated across the 177 HA or NA H1avN2#E sequences (top line), the 6 HA or NA 
H1avN2#E sequences detected in France and Denmark before 2020 (second line, stars annotated sequences in Fig. 5), for the HA of the 1C.2.2 antigen 
contained in the Respiporc® Flu3 vaccine (third line), or for the H1avN1#A HA-1C.2.1 sequences collected in France between 2019 and 2022 (fourth 
line). Mutations between the top line and the other lines leading to changes in chemical properties are highlighted by an orange background and 
arrow. (b). Antigenic map based on HI test results presented in Table 1 and Supplementary Fig. S6. Virus strains detected in France from 2019 to 2022 
are displayed as circles: HA-1C.2.1 (H1avN1#A) in pink, HA-1C.2.2 (H1avN1#C) in orange, and HA-1C.2.4 (H1avN2#E) in purple. Five sera are displayed as 
squares: anti-HA-1C.2.4 toward 2015 and 2020 viruses in purple, anti-HA-1C.2.1 toward 2009 (H1avN1 in pink) and 2010 (H1avN2 in pale pink) viruses, 
and one PVS (Respiporc® Flu3 trivalent commercial vaccine) in orange. Vertical and horizontal axes are expressed in AU (Racmacs after 1000 
optimizations). Variations across 1000 bootstraps are displayed as shadowed area around each dot. (c) Antigenic distance distributions between strains 
and antisera of each HA clade, measured from the antigenic map and displayed as boxplots with the median as a bold line. Wilcoxon rank-sum test 
P-values are represented above the compared distributions. Antigen to antigen distances distributions are represented in Supplementary Fig. S7
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Table 1. Cross-HI data obtained for H1avN1 and H1avN2#E viruses against HIS and post-vaccination serum (PVS) produced in SPF pigs.

 HI titers to HIS produced against selected isolates
PVS produced 
against

H1avN1 H1avN2 H1avN2 H1avN2 ®Respiporc Flu3

CA/0388/2009 CA/0186/2010 65-150242/2015 35-200154/2020
H1avN1, H1huN2, 
H3N2 antigens

Subtype HA clade swIAV strains Anti-HA-1C.2.1 Anti-HA-1C.2.1
Anti-2015 HA-
1C.2.4

Anti-2020 HA-
1C.2.4 Anti-HA-1C.2.2

H1avN1 1C.2.1 A/Sw/France/29-
200272-01/2020

12801280128012801280128012801280128012801280128012801280128012801280 640 160 10 160

H1avN2 1C.2.1 A/Sw/Cotes 
d’Armor/0186/2010

640 640640640640640640640640640640640640640640640640640 40 80 160

H1avN2 1C.2.4 A/Sw/France/65-
150242/2015

80 10 12801280128012801280128012801280128012801280128012801280128012801280 10 20

H1avN2 1C.2.4 A/Sw/France/35-
200154/2020

20 10 160 12801280128012801280128012801280128012801280128012801280128012801280 10

H1avN1 (1C.2.1 or 1C.2.2) strains from 2019 to 2022 402 (40–1280) 
(n = 67)

168 (<10–640) 
(n = 67)

46 (<10–320) 
(n = 67)

16 (<10–40) 
(n = 29)

89 (20–320) 
(n = 44)

H1avN2#E (1C.2.4) strains from 2020 to 2022 41* (<10–160) 
(n = 94)

13* (10–40) 
(n = 94)

107* (20–320) 
(n = 94)

584* (80–1280) 
(n = 38)

20* (10–80) 
(n = 94)

H1avN1/H1avN2#E 9.8 12.92 0.43 0.03 4.45
H1avN2#E/H1avN1 0.1 0.08 2.33 36.5 0.23

The table reports the HI titers for reference antigens (homologous HI titers are underlined). Then, the geometric mean HI of each group of tested strains is 
indicated in bold, significant difference (T-test P-value < .05) between the two groups is pointed by an asterisk, the range of HI antibody titers obtained within each 
group is reported in square brackets, and the number of tested strains in brackets. The last two lines indicate the cross-reactivity fold-change for each serum by 
calculating the ratio between the HI titer geometric means of H1avN2#E and H1avN1 strains.
*Wilcoxon rank-sum test P-value < .05 for comparison between log2 HI titer distribution of H1avN2#E and H1avN1 (1C.2.1 or 1C.2.2) strains. The distribution plots 
and exact P-values are displayed in Supplementary Fig. S6.

2000–18 period (Chastagner et al. 2020), new H1avN2 genotypes, i.e. 
H1avN2#G, #H, and #I and the reassortants H1avN1#B and #D, have 
been characterized while remaining sporadic. More importantly, a 
new predominant H1avN2 genotype was identified, the H1avN2#E, 
which was detected only sporadically in 2015 in the south-west of 
France but reappeared in the north-west in February 2020.

In 2020, the number of swIAV herd infection cases detected 
through passive surveillance has doubled compared to previous 
years, coinciding with the emergence of H1avN2#E viruses which 
widely spread in the country. The H1avN2#E took over the previ-
ously predominant H1avN1#A according to our surveillance data 
and our Bayesian viral population size reconstruction analyses. 
Indeed, the H1avN2#E likely got introduced at the end of 2019 
in France with a rapid increase in the population size (epizootic 
phase) followed by a maintenance phase (enzootic phase), which 
coincided with a decrease in H1avN1#A population size. H1avN2#E 
quickly became the most frequently detected genotype, espe-
cially in Brittany, which accounted for 56.3% of the French pig 
population in 2020 in only 5% of the country’s territory (IFIP—
Institut du Porc 2023). The H1avN2#E genotype was not related 
to viruses that were previously circulating in France and was 
found to be more similar to the enzootic Danish H1avN2 viruses 
(Trebbien et al. 2013). The H1avN2#E genotype exhibits an HA 
gene classified by OFFLU within HA-Clade 1C.2.4 among the 1C 
EA lineage (https://www.offlu.org/wp-content/uploads/2021/03/
OFFLU-VCM-SWINE-FINAL3_to_be_Uploaded.pdf), a clade shared 
by other H1N2 viruses found in Denmark, Spain, Italy, and Bul-
garia (Richard and Byrne 2024). Meticulous phylogenic analyses 
revealed that H1avN2#E IGs could be classified as a new EA sub-
clade that we named EA-DK considering the prevalence of Danish 
strains at the root of this clade. Most gene phylogeny for the 
H1avN2#E genotype detected in France displayed a long branch, 
corresponding to unsampled diversity. This could not be solved 
by asking for unreleased sequences to European swIAV surveil-
lance laboratories. However, three H1avN2 strains from Denmark 

were closer to the H1avN2#E strains when considering the entire 
IAV genome. Meanwhile, these Danish HA sequences shared a 
94.3% identity with the earliest detected H1avN2#E strain in 2020 
in France, which was on par with the 94.8% HA identity of the 
2015 H1avN2#E strains detected in south-western France. These 
analyses combined with the identified epizootic pattern in the 
population size reconstruction led to hypothesize an introduction 
in toto from Denmark between November 2018 and January 2020, 
but considering the sparseness of the swIAV sampling in Europe, 
the virus could have transited to France from another European 
country. It is, however, important to note that France imported 
live pigs for rearing/breeding mainly from Denmark from 2019 to 
2021 (Supplementary Figure S8).

In addition to this newly predominant H1avN2#E virus, four 
sporadic H1avN2 genotypes were detected during the study period. 
Three of them seemed to have been introduced in toto from for-
eign countries just like the H1avN2#E, i.e. H1avN2#F, H1avN2#G, 
and H1avN2#H. The introduction of these genotypes from abroad 
underscores the importance of testing animals for swIAV positiv-
ity before exportation to another country, as well as quarantining 
them in designated areas with appropriate biosecurity measures 
when entering intensive confined farms, regardless of their ori-
gin. Such adequate biosecurity measures should be adopted and 
applied at the European level to control swIAV spreading as effi-
ciently as possible. Moreover, the circulation of additional viral 
genotypes in herds increases the risks of simultaneous infections 
by different IAVs, which can themselves lead to the emergence 
of new reassortant viruses (Chastagner et al. 2019). This threat 
was here illustrated by the detection of three new reassortant 
genotypes, i.e. H1avN1#B, H1avN1#D, and H1avN2#I, which likely 
formed on the territory from genotypes introduced from abroad. 
The impact of such reassortants on the evolution of swIAV strains 
in France cannot be predicted and this poses new challenges and 
threats considering their zoonotic potential and ability to infect 
other animal species.

https://www.offlu.org/wp-content/uploads/2021/03/OFFLU-VCM-SWINE-FINAL3_to_be_Uploaded.pdf
https://www.offlu.org/wp-content/uploads/2021/03/OFFLU-VCM-SWINE-FINAL3_to_be_Uploaded.pdf
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Table 2. Distribution of swIAV-positive cases belonging either to 
H1avN2#E (HA-1C.2.4) or to H1avN1 (HA-1C.2.1) subtype according 
to epidemiological data recorded in infected farms. *: Results of 𝜒2

test P-value: <0.05.

 2019–2020  2021–2022

H1avN1 H1avN2 H1avN1 H1avN2

Type of production farm
Farrowing-
to/post-weaning 
(N, NPS)

7 13 9 24

Postweaning (PS) 1 1 0 1
Farrowing-to-
finishing (NE)

104 113 87 135

Postweaning-
finishing (PSE)

31 17 17 29

Finishing (E) 8 7 2 7
Epidemiological pattern of infectiona

Classical form 64 113* 71 112
Recurrent form 76 33 38 69

 P = 3.5e−8, RR = 1.93 (1.53–2.43)
Severity of 
clinical signsb

Moderate 94 63 63 108
High 42 63* 25 36

 P = 1.6e−3, RR = 1.50 (1.15–1.95)
Physiological 
stage of pigs
Piglets 
(<10 weeks)

96 67* 61 108

 P = 7.4e−4, RR = 0.66 (0.51–0.85)
Growing 
(≥10 weeks)

41 42 35 54

Breeding 8 35* 17 30
 P = 7.2e−6, RR = 2.99 (1.58–5.64)

Vaccination 
programc

All physiological 
stages of infected 
animals
Not vaccinated 
farm

70 61 62 88

Vaccinated farm 76 85 48 107
Only considering 
infected breeders
Not vaccinated 
farm

2 11 11 4

Vaccinated farm 6 23 6 23*
P = 6.7e−4, RR = 3.54 
(1.63–7.69)

aThe “Classical” form is defined by a sporadic acute infection, and the 
“Recurrent” form is related to an endemic pattern of infection at the herd 
level, affecting each successive batch of pigs at a given physiological stage 
(Chastagner et al. 2020).
bThe “Moderate” intensity of the disease is defined by clinical signs lasting no 
more than 2–3 days at the individual level and without mortality, while the 
“High” intensity form lasts longer than usual and/or can be associated with 
some mortality.
cVaccination against swine influenza was only applied in breeding animals.

Since the emergence of the H1huN2 virus in 1994, which con-
tributed to the disappearance of the H3N2 virus in north-western 
France (Gourreau et al. 1994, Brown et al. 1998, Simon et al. 
2014), the H1avN2#E virus is the first to drastically disrupt the 
relative proportions of swIAV lineages that circulated in France 
for 30 years. Such a diversity switch in the swIAV population at 
a national scale was unprecedented, and the collected sequenc-
ing data constitute a unique opportunity to follow the evolution 

of a newly spreading swIAV. Interestingly, H1avN2#E displayed low 
diversity at the start of the epizootic in 2020 on their HA gene, sug-
gesting a restricted source of introduction in France, and as time 
passed, their diversity increased. The emergence of such a virus 
remains unknown and only future sequence analyses will allow us 
to understand this virus evolution pattern. Comparatively, in 2009, 
despite the pressure of the H1N1pdm virus causing a pandemic 
in humans and a panzootic disease in pigs worldwide, French pig 
farms were weakly affected. The H1N1pdm virus failed to prevail 
against the enzootic H1avN1 and H1huN2 viruses in north-western 
regions where they were well established (Chastagner et al. 2018). 
This context arose the question of the factors allowing a new 
swIAV genotype to emerge, become epizootic, and later, enzootic.

Several biotic and abiotic factors drive the becoming of an 
airborne virus, like influenza, to become epizootic after its emer-
gence: (i) the density of sensitive host, i.e. the proportion of host 
population without pre-existing immunity (Rose and Madec 2002, 
te Beest et al. 2013) and (ii) the fitness/virulence of the virus which 
defines its ability to infect the host cells or prevail in the case of 
viral competition (Schrauwen and Fouchier 2014).

Concerning the proportion of a host population without pre-
existing immunity, we showed in the present study that H1avN2#E 
strains were significantly distant antigenically (above 4 AU) from 
HA-1C.2.1 strains, as well as from PVS Respiporc® Flu3 antigens. 
These results are consistent with those we reported in a previous 
study, where H1avN2#E was efficiently neutralized by homologous 
antiserum, but not by anti-HA-1C.2.1 serum or PVS (Deblanc et al. 
2024). In this previous study, we also reported that Respiporc®

Flu3 vaccinated piglets were not fully protected from H1avN2#E 
infection, whereas they were against H1avN1#A under our experi-
mental conditions (Deblanc et al. 2024). Contrastingly, H1N1pdm 
strains were shown to cross-react with anti-HA-1C.2.1 sera, and 
the antigenic distance between antigens was in that case below 
3 (Lewis et al. 2016, Chepkwony et al. 2021). Overall, this sug-
gested that H1avN2#E viruses likely escaped the swine popula-
tion’s pre-existing immunity, either to the previously predominant 
H1avN1#A swIAV or to the Respiporc® Flu3 vaccine and related 
strains, thus contributing to the rapid spread of the H1avN2#E virus 
over the country, unlike H1N1pdm virus in 2009. The introduction 
of the H1avN2#E virus in a high-density pig farming region such as 
Brittany also most likely contributed to the successful H1avN2#E 
spread. This raises apprehension considering the intensification of 
the pig farming, with a stable decrease in the number of holdings, 
but an increase in or stabilization of the number of pigs since 2010 
(IFIP—Institut du Porc 2023).

Concerning the virus fitness and ability to infect new hosts, 
this is often associated with the induced symptoms and viral 
shedding. The beginning of the H1avN2#E epizootic was associ-
ated with a higher proportion of high-severity clinical signs in 
HA-1C.2.4 swIAV-infected animals compared to H1avN1-infected 
animals. This is in accordance with our experimental results as we 
also showed that H1avN2#E-infected animals displayed stronger 
and prolonged clinical signs compared to H1avN1-infected ones 
(Deblanc et al. 2024). The H1avN2#E strains thus appeared to 
be more virulent than H1avN1 strains, at least before significant 
genetic evolution, which most likely contributed to their rapid 
spread and to the increase in the total number of swIAV outbreaks 
investigated in 2020 through the passive surveillance programs. 
Interestingly, the virulence of the H1avN2#E outbreaks during the 
2021–22 period was not significantly different from that of the 
H1avN1 outbreaks. This suggests that a certain level of popula-
tion immunity may have developed during the H1avN2#E enzootic 
period.
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To conclude, H1avN2#E was detected as the new predominant 
swIAV genotype in France, and while some elements concern-
ing their antigenic and virulence properties were studied, their 
airborne transmissibility and resistance in the environment to 
temperature or pH remain to be characterized and compared 
to the previously predominant H1avN1 viruses (Sooryanarain 
and Elankumaran 2015). The pathway of introduction H1avN2#E 
swIAVs to France from abroad as well as the spreading dynamics 
in France also remains to be elucidated. Phylogeographic analyses 
at the scale of France, and eventually Europe, linking precise 
geographic and sequence data of swIAV samples with animal 
movements and epidemiological data would help to character-
ize swIAV transmission pathways. Moreover, H1avN2#E spread in 
France raises the question of potential spillovers of the genotype 
to other countries importing live pigs from France. To prevent 
new epizootics and the establishment of new enzootic viruses, it 
is crucial to prevent the introduction of new swIAV genotypes in 
herds by strengthening quarantine measures and encouraging the 
monitoring of swIAV infections in live swine traded, especially for 
breeding, both between and within European countries, as is done 
for other diseases (The European Commission 2019), even though 
swine influenza is not a regulated disease.
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