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Significance

Influenza A viruses cause 
significant morbidity and 
mortality in humans and swine, 
yet we have limited 
understanding of how influenza 
A viruses evolve within pigs in 
Southeast Asia. Here, we 
analyzed influenza A virus 
genomic data collected from pigs 
in Cambodia, combined with a 
global dataset, and show the 
prolonged cryptic circulation of 
diverse swIAV lineages in 
Southeast Asia, including some 
that resulted from reverse 
zoonotic transmission to pigs 
that occurred up to 20 B.P. We 
uncover the breadth of H1 and 
H3 diversity present in 
Cambodian swine, identifying the 
complex genomic reassortment 
processes and spatial movement 
of viruses across geographical 
borders that drive the emergence 
of new reassortant viruses, 
posing an undetermined risk to 
both humans and pigs.
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Swine are a primary source for the emergence of pandemic influenza A viruses. The 
intensification of swine production, along with global trade, has amplified the trans-
mission and zoonotic risk of swine influenza A virus (swIAV). Effective surveillance 
is essential to uncover emerging virus strains; however gaps remain in our under-
standing of the swIAV genomic landscape in Southeast Asia. More than 4,000 nasal 
swabs were collected from pigs in Cambodia, yielding 72 IAV- positive samples by 
RT- qPCR and 45 genomic sequences. We unmasked the cocirculation of multiple 
lineages of genetically diverse swIAV of pandemic concern. Genomic analyses revealed 
a novel European avian- like H1N2 swIAV reassortant variant with North American 
triple reassortant internal genes, that emerged approximately seven years before its 
first detection in pigs in 2021. Using phylogeographic reconstruction, we identified 
south central China as the dominant source of swine viruses disseminated to other 
regions in China and Southeast Asia. We also identified nine distinct swIAV lineages 
in Cambodia, which diverged from their closest ancestors between two and 15 B.P., 
indicating significant undetected diversity in the region, including reverse zoonoses 
of human H1N1/2009 pandemic and H3N2 viruses. A similar period of cryptic 
circulation of swIAVs occurred in the decades before the H1N1/2009 pandemic. The 
hidden diversity of swIAV observed here further emphasizes the complex underlying 
evolutionary processes present in this region, reinforcing the importance of genomic 
surveillance at the human–swine interface for early warning of disease emergence to 
avoid future pandemics.

pandemic | zoonotic | European avian- like virus | evolution

Global swine populations play an integral role in the emergence of zoonotic influenza and 
pandemic viruses by providing a suitable environment for reassortment and human adap-
tation of avian and mammalian influenza viruses (1–3). As pork production has dramat-
ically increased over the past 50 y (SI Appendix, Fig. S1), international trade and movement 
have further amplified the zoonotic risks at the human–pig interface (4–6). In 2020, 
Southeast Asian countries had estimated annual swine production of 1.9 million head in 
Cambodia, 4.3 million in Laos, 7.5 million in Thailand, and 22 million in Vietnam  
(6, 7). The impact of intensified commercial swine production for the emergence and 
spread of swine influenza A virus (swIAV) is still unknown, particularly in Southeast Asia 
where epidemiological and genetic data on swIAV are sparse.

Establishing the exact origin of the human H1N1/2009 pandemic (H1N1/pdm09) 
virus was prevented by the lack of available sequence data from swine (1, 2, 8, 9). Dated 
phylogenies showed that the swIAV ancestors of the H1N1/pdm09 virus were unsam-
pled for at least 10 y (8). It was not until 2016 that reassortants of European avian- like 
(EA) and North American swine viruses found in Mexican swine were identified as 
H1N1/pdm09 precursors (10). Analysis of swIAV viruses collected in Hong Kong from 
1998 to 2010 showed that virus population dynamics were dominated by repeated 
intercontinental movement and reassortment of swIAVs that produced diverse virus 
populations (3). Population- based simulation of virus movements conducted in 2015 
suggested that swIAV diversity from large pig populations in China and the United 
States, which are the source of most swIAV genomes, did not represent global diversity 
and that surveillance efforts should be extended to other regions (11). These studies 
demonstrate the central role of global swine movements in facilitating the mixing of 
independently evolving swIAV populations that leads to reassortment and the generation 
of novel swIAV strains.

The H1N1/pdm09 has become a critical contributor of genetic segments for generating 
novel swIAV variant strains in recent years. Large- scale swIAV surveillance across 17 
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European countries by Henritzi et al. (12) uncovered at least 31 
new genotypes generated through substantial gene reassortment 
with H1N1/pdm09, and showed that European avian- like (EA) 
H1N1 reassortant viruses were prevalent in swine populations 
since 2015. The same study showed that human sera expressed 
varying levels of cross- reactivity toward H1N1/pdm09 but reacted 
poorly with EA H1N1 swine viruses, suggesting a lack of preex-
isting immunity against EA H1N1 viruses in humans. More recent 
extensive surveillance by Sun et al. (13) found an IAV prevalence 
of 0.45% (136/29,918) in pig slaughterhouses in China between 
2011 and 2018, with the majority (122/136) belonging to EA 
H1N1 virus. Their study revealed the circulation of 6 novel EA 
H1N1 reassortant viruses in pigs, designated as genotype G1–G6 
viruses, which carry segments from the H1N1/pdm09 and 
triple- reassortant internal gene (TRIG) viruses. Since 2016, the 
G4 EA H1N1 virus has been found in many provinces of China 
and has become predominant in swine populations. Experimentally, 
the G4 EA H1N1 virus replicates efficiently in human airway 
epithelial cells and is highly infective and transmissible among 
ferrets, and demonstrates low antigenic cross- reactivity with cir-
culating human H1N1/pdm09 viruses, highlighting their pan-
demic threat (13).

In addition to distinct swIAVs lineages discovered in Europe 
and China, multiple lineages of swIAV circulate in pigs across 
Southeast Asia (14–20). In Thailand, the H1N1/pdm09 virus was 
the prevailing subtype detected in swine from 2011 to 2014 (16), 
cocirculating with classical swine (CS) H1, EA H1N1, and H3N2 
lineages (15). Multiple H1 and H3 genotypes have been generated 
in swine from Thailand through frequent reassortment between 
these lineages (14, 15). Surveillance studies from Vietnam between 
2010 and 2013 detected H1N1, H1N2, and H3N2 subtype IAV 
in swine (17–19). While in Myanmar, H1N1/pdm09, H1N2, 
and multiple H3 lineages have been detected from 2017 to 2019 
(20).

Influenza A viruses exhibit broad host tropism outside of the 
natural reservoir of wild waterfowl and can infect a wide range of 
species, including humans, swine, and domesticated fowl such as 
chicken, that have frequent human contact in live- bird markets 
throughout Asia (21). There have been multiple documented cases 
of zoonotic (8, 22–25) and reverse- zoonotic (26–30) transmission 
and establishment of IAV in multiple hosts. Cambodian 

smallholders often keep swine alongside chicken and ducks (31), 
creating an environment favorable to cross- species transmission 
(32, 33). However, there are very few swIAV sequences available 
from Cambodia and the rest of Southeast Asia, and the lack of 
systematic surveillance infrastructure has created gaps in our abil-
ity to identify emerging pathogens in pigs and their potential for 
zoonotic spillover (7).

In this study, we collected over 4,000 nasal swabs from pigs in 
Cambodia to reveal the prolonged undetected circulation and 
establishment of diverse swIAV lineages in Cambodia, including 
human H1N1/pdm09 and H3N2 viruses introduced to swine 
through reverse- zoonosis. We uncovered an EA H1N2 reassortant 
genotype generated through the intercontinental movement of 
different viral lineages, and phylogeographic reconstruction 
demonstrated that China is the leading source contributing to 
dissemination of EA swine viruses in Asia. Our results unmask an 
increasingly complex genomic landscape of swIAV in Southeast 
Asia that is shaped by repeated introduction and reassortment of 
virus lineages, a process that is known to heighten pandemic risk.

Results

Detection and Characterization of Swine Influenza A Viruses 
in Slaughterhouse Pigs. From March 2020 to July 2022, swine 
influenza surveillance was conducted in 18 pig slaughterhouses 
in Cambodia. We collected a total of 4,089 nasal swabs from 
individual pigs from different districts in four neighboring 
provinces (Kampong Speu, Kandal, Phnom Penh, and Takeo) 
(Fig.  1). Of these, 72 sampled pigs (1.8%) were positive for 
influenza A virus by RT- qPCR (Table 1), in range with similar 
studies that sampled from slaughterhouses that had IAV detection 
rates of 1.3 to 1.5% in pigs (13, 34–36). Kandal province exhibited 
a higher positivity rate of IAV by RT- qPCR (4.5%) compared to 
the three other provinces (0.2 to 1.8%).

We obtained and analyzed complete or partial swine influenza 
genomes from 45 nasal swab samples (SI Appendix, Table S1). 
Both H1 and H3 HA subtypes as well as N1 and N2 NA subtypes 
were identified during the sampling period, in combination with 
10 HA and 9 NA individual coinfections (Fig. 2A). H1N1 subtype 
was predominant, being present in 37 (82.2%) of 45 sequenced 
pig samples (Fig. 2A). To trace the evolutionary origin of 
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Fig. 1. Geographical area of swine influenza surveillance study conducted in Cambodia, 2020 to 2022. Striped lines indicate the location by district (D1 to D9) 
of sampled pig slaughterhouses in Kampong Speu, Kandal, Phnom Penh, and Takeo provinces.
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individual gene segments of swIAV from Cambodia, maximum 
likelihood phylogenies were reconstructed for each gene segment: 
H1- HA (n = 1,009), N1- NA (n = 986), H3- HA (n = 766), 
N2- NA (n = 773), PB2 (n = 924), PB1 (n = 923), PA (n = 915), 
NP (n = 927), MP (n = 927) and NS (n = 927).

Phylogenetic inference indicated that diverse lineages of H1 
were in circulation within Cambodia. The majority of the new H1 
and N1 sequences were derivatives of the human H1N1/pdm09 
lineage (Fig. 2 B and C). Genomic analysis revealed a unique reas-
sortant European avian- like (EA) H1N2 swine influenza subtype 
in four samples. This H1N2 subtype possessed an EA H1- HA gene 
(shown by green boxes/branches in Figs. 2 A and B and 3A), while 
the acquisition of the N2 gene was from swine- like N2- 2002 
(denoted by yellow boxes in Fig. 2A) but nested within human 
seasonal N2. Classical swine (CS) H1N1 viruses were detected in 
seven swine samples, all with HA genes belonging to the CS H1 
alpha lineage (orange boxes in Fig. 2A). Notably, these CS H1N1 
viruses possessed the EA swine N1 gene (green boxes/branches in 
Fig. 2 A and C). In one sample (A/swine/Cambodia/PFC3/2020) 
the HA of CS H1 and H1N1/pdm09 were both detected.

We detected H3 influenza subtypes in 10 (22.2%) of 45 
sequenced pig samples from Cambodia. Eight swine samples were 
codetected with H1N1/pdm09 and H3- HA viruses (shown by 
blue–pink gradient boxes in Fig. 2A). Six of these samples con-
tained both an N2- NA gene and the N1 gene of H1N1/pdm09 
virus (Fig. 2A). Another two samples (A/swine/Cambodia/
PFC26/2020 and A/swine/Cambodia/PFC38/2021) showed evi-
dence of H1N1/pdm09 and coinfection with H3N2 NA genes, 
but an H3 sequence was not obtained. These H1N1/pdm09 
viruses were present in slaughterhouse pigs in all four provinces 
and H3N2 viruses were present in three provinces, in contrast to 
CS H1N1 and EA H1N2 subtypes, which were mostly observed 
in Kandal and Takeo. As such, we found nine distinct swIAV HA 
and NA lineages are currently cocirculating in pig populations 
within Cambodia, facilitating the mixing of diverse genetic line-
ages through gene reassortment.

Genesis of EA H1N2 Reassortant Virus in Swine. We next unraveled 
the parental origin and gene constellations of the European avian- 
like H1N2 reassortant viruses. Four swine samples collected from 

Table  1. Quantitative reverse transcription PCR (RT- 
qPCR) positivity rate of influenza A viruses from pigs in 
Cambodia, 2020 to 2022

RT- qPCR

Sampling locations
No. of nasal swab 

tested
No. of IAV- positive 

nasal swab (%)
Takeo Province

 District 1 769 17 (2.2)

 District 2 242 0 (0)

 subtotal 1,011 17 (1.7)
Kampong Speu Province

 District 3 870 3 (0.3)

 District 4 382 0 (0)

 subtotal 1,252 3 (0.2)
Phnom Penh Province

 District 5 539 2 (0.4)

 District 6 157 9 (5.7)

 District 7 391 8 (2.1)

 subtotal 1,087 19 (1.8)
Kandal Province

 District 8 258 19 (7.4)

 District 9 481 14 (2.9)

 subtotal 739 33 (4.5)

Total 4,089 72 (1.78)
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Province Strain HA NA PB2 PB1 PA NP M NS
Kampong Speu A/swine/Cambodia/PFC39/2020

Kampong Speu A/swine/Cambodia/PFC41/2020

Kandal A/swine/Cambodia/PFC12/2020

Kandal A/swine/Cambodia/PFC13/2020

Kandal A/swine/Cambodia/PFC15/2020

Kandal A/swine/Cambodia/PFC19/2021

Kandal A/swine/Cambodia/PFC21/2021

Kandal A/swine/Cambodia/PFC57/2021

Kandal A/swine/Cambodia/PFC63/2021

Kandal A/swine/Cambodia/PFC17/2020

Kandal A/swine/Cambodia/PFC65/2022

Kandal A/swine/Cambodia/PFC66/2022

Kandal A/swine/Cambodia/PFC72/2022

Kandal A/swine/Cambodia/PFC20/2021

Kandal A/swine/Cambodia/PFC16/2020

Kandal A/swine/Cambodia/PFC18/2021

Kandal A/swine/Cambodia/PFC22/2021

Kandal A/swine/Cambodia/PFC56/2021

Kandal A/swine/Cambodia/PFC59/2021

Kandal A/swine/Cambodia/PFC60/2021

Kandal A/swine/Cambodia/PFC64/2022

Kandal A/swine/Cambodia/PFC67/2022

Phnom Penh A/swine/Cambodia/PFC23/2020

Phnom Penh A/swine/Cambodia/PFC24/2020

Phnom Penh A/swine/Cambodia/PFC25/2020

Phnom Penh A/swine/Cambodia/PFC27/2020

Phnom Penh A/swine/Cambodia/PFC33/2020

Phnom Penh A/swine/Cambodia/PFC37/2021

Phnom Penh A/swine/Cambodia/PFC26/2020

Phnom Penh A/swine/Cambodia/PFC38/2021

Phnom Penh A/swine/Cambodia/PFC30/2020

Phnom Penh A/swine/Cambodia/PFC32/2020

Phnom Penh A/swine/Cambodia/PFC50/2021

Takeo A/swine/Cambodia/PFC1/2020

Takeo A/swine/Cambodia/PFC2/2020

Takeo A/swine/Cambodia/PFC4/2020

Takeo A/swine/Cambodia/PFC5/2020

Takeo A/swine/Cambodia/PFC6/2020

Takeo A/swine/Cambodia/PFC8/2020

Takeo A/swine/Cambodia/PFC53/2021

Takeo A/swine/Cambodia/PFC54/2021

Takeo A/swine/Cambodia/PFC3/2020

Takeo A/swine/Cambodia/PFC11/2021

Takeo A/swine/Cambodia/PFC9/2020

Takeo A/swine/Cambodia/PFC52/2021

N1-NASwine IAV in Cambodia H1-HAA B C

Fig. 2. Diversity of swIAV strains. (A) Genomic constellations for each gene segment of swIAV strains from sampled pigs in Cambodia. Colored boxes represent the 
major swIAV lineages detected in this study. (B and C) Evolutionary relationships of the H1- HA (B) and N1- NA (C) genes of human and swine influenza viruses inferred 
by maximum likelihood method in RAxML. Human and swine influenza viruses are denoted by pink and white tip circles, respectively. Colored branches represent 
different IAV lineages; red branches and arrows indicate swIAV gene sequences generated from this study. Bootstrap support (≥50) are indicated at major nodes.
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Kandal Province (A/swine/Cambodia/PFC56/2021, A/swine/
Cambodia/PFC59/2021, A/swine/Cambodia/PFC60/2021,  
A/swine/Cambodia/PFC67/2022) were assigned to EA H1N2 

subtype (Figs.  2A and 3A). The N2 of EA H1N2 was most 
closely related to the North American swine N2- 2002 lineage. In 
contrast, the internal genes of EA H1N2 subtype were acquired 

 European avian-like H1N1 swine (H1-HA)

  Classical H1N1 swine (H1-HA)
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A/swine/Cambodia/PFC32/2020_2020/12/27

A/swine/Cambodia/PFC30/2020_2020/08/31

A/swine/Cambodia/PFC18/2021_2021/02/09

A/swine/Cambodia/PFC12/2020_2020/03/18

A/swine/Cambodia/PFC41/2020_2020/08/07

A/swine/Cambodia/PFC15/2020_2020/10/11

A/swine/Cambodia/PFC8/2020_2020/10/03

A/swine/Cambodia/PFC39/2020_2020/08/07

A/swine/Cambodia/PFC21/2021_2021/02/09

A/swine/Cambodia/PFC37/2021_2021/02/22

A/Illinois/6472/2017_2017/12/19

A/swine/Cambodia/PFC5/2020_2020/08/02

A/swine/Cambodia/PFC11/2021_2021/02/02

A/swine/Cambodia/PFC1/2020_2020/06/09

A/swine/Cambodia/PFC4/2020_2020/08/02

A/swine/Cambodia/PFC38/2021_2021/02/22
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Fig. 3. Time- scaled phylogenies of H1- HA genes of human and swine influenza viruses. (A) European avian- like H1N1 swine viruses, represented by green 
branches. (B) Human H1N1/pdm09 viruses, represented by blue branches. (C) Classical H1N1 swine viruses, represented by orange/yellow branches. Red branches 
represent swIAV sequences from this study. Persistent amino acid substitutions are indicated at the nodes. Bayesian PP values (≥0.95) are shown at major nodes.
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from the North American triple- reassortant internal gene (TRIG) 
cassette, except the MP gene that was derived from the H1N1/
pdm09 lineage (Fig. 2A and SI Appendix, Figs. S2–S7). The gene 
constellations are distinct from previously described EA swine 
viruses from Europe and China, which contain mostly H1N1/
pdm09- origin internal genes, indicating that the contemporary 
EA H1N2 reasssortant viruses in Cambodia arose from diverse 
ancestral origins.

Our temporal phylogeny of the H1- HA gene showed that three 
out of four EA H1 swine sequences from Cambodia clustered to 
form a monophyletic group [posterior probability (PP) = 1.00, 
denoted by red branches in Fig. 3A], with a mean TMRCA esti-
mated around June 2021 (95% HPD intervals: April 2021 to 
August 2021, Table 2). These three EA H1 sequences were most 
closely related to the EA H1N1 G4 genotype viruses found in 
swine from Liaoning, China between 2014 and 2016. The intro-
duction of G4 H1- HA genes into pigs from Cambodia may have 
occurred between October 2014 and June 2021, up to 7 years 
before its first detection in Cambodia. Comparatively, one EA 
swine sample (A/swine/Cambodia/PFC67/2022) collected in 
2022 appeared to be phylogenetically segregated and it was more 
related to recent viruses from Tianjin and Liaoning in 2018 to 
2020, reflecting a possible independent introduction (Fig. 3A and 
SI Appendix, Fig. S8).

The EA H1- HA viruses have acquired mutations at a mean 
rate of 3.77 × 10−3 substitutions per site per year (s/s/y), which 
was similar to the rates estimated for the H1 of H1N1/pdm09 
and CS viruses (mean rates of 3.90 × 10−3 s/s/y and 3.37 × 10−3 
s/s/y, respectively). Notably, the G4 EA H1- HA lineage acquired 
sequential HA amino acid mutations since 2014. The HA muta-
tion A135S defines the 2021 to 2022 Cambodian and related 
Liaoning EA viruses that circulated in 2014 to 2016 (Fig. 3A). 
Liaoning EA viruses from 2020 displayed extensive HA muta-
tions (K47Q, K66E, T107A, K171R, I370T, R433K, K458R 
and I533V) than earlier strains (Fig. 3A), indicative of EA lineage 
diversification in Asia. In addition, a comparison of Cambodian 

EA H1N2 HA with other distantly related G4 (e.g. A/swine/
Jiangsu/J004/2018) and G5 (e.g. A/Hunan/42443/2015) viruses 
showed they were identical at HA- binding residues (190- Thr 
and 225- Gly) and differed by only a single Ala- 135- Ser (H1 
numbering) mutation at HA antigenic sites (SI Appendix, 
Fig. S9).

The N2 genes of Cambodian EA H1N2 viruses were ulti-
mately derived from an established swine lineage and a distinct 
human seasonal N2 lineage (PP = 1.00, Fig. 4E). Of note, the 
mean TMRCA was estimated around June 2021 (95% HPD 
intervals: March 2021 to August 2021, Table 2), which overlaps 
with the TMRCA of EA H1 gene lineage in pigs from 
Cambodia. These N1 sequences are most closely related to 
ancestral swine H3N2 viruses circulated in 2012–2016 from 
Canada (e.g., A/swine/Manitoba/D0208/2013) and North 
America (e.g., A/swine/Iowa/13E045/2013), but with a com-
bined TMRCA of 2005 (Fig. 4E). Our data suggest that the 
North American swine N2 segment may have been introduced 
into Asia over 15 B.P., highlighting decades of unsampled 
diversity due to a lack of systematic surveillance of swine influ-
enza viruses in Southeast Asia.

Most internal genes (PB2, PB1, PA, NP, MP, and NS) of EA 
H1N2 virus from Cambodia pigs were found to have descended 
from North American TRIG lineage (Fig. 5). Phylogenetic posi-
tions of these internal genes of Cambodian EA viruses were 
either basal or nested within the CS H1N1 viral lineage. Of 
note, the NS gene of Cambodian EA viruses were related to the 
genes of G4 viruses from pigs in China, including recent 
Liaoning strains (e.g., A/swine/Liaoning/HLD1795/2020); 
these viruses collectively clustered within the TRIG lineage. In 
contrast, the MP gene of Cambodian EA viruses were most 
related to swine H1N1 viruses from China and North America, 
and nested within the human H1N1/pdm09 lineage. 
Interestingly, the H1, N1, most TRIG internal genes and MP 
gene of the three Cambodia EA swine exhibited overlapping 
TMRCA dates, estimated around October 2020 to August 2021 

Table 2. Estimated times to most recent common ancestor (TMRCA) of swIAV lineages from pigs in Cambodia
Time to most recent common ancestor  

(swIAV lineages in Cambodia) Time to most recent common ancestor (stem)

Lineage Mean
95% lower 

HPD
95% upper 

HPD Mean
95% lower 

HPD 95% upper HPD
Undetected 

years

H1 CS 27 Jun 2019 06 Nov 2018 18 Jan 2020 21 Jan 2015 06 Mar 2014 09 Dec 2015 4.43

H1 EA 24 Jun 2021 01 Apr 2021 29 Aug 2021 04 Oct 2014 20 Feb 2014 02 Dec 2014 6.72

H1 pdm09 16 Feb 2020 16 Dec 2019 16 Mar 2020 21 Aug 2017 22 May 2017 26 Oct 2017 2.49

H3 seasonal 
group 1

09 Feb 2021 19 Apr 2019 10 Nov 2021 17 Nov 2010 20 Dec 2009 24 Jun 2011 10.23

H3 seasonal 
group 2

01 Jul 2017 17 Mar 2015 23 Apr 2019 25 Jan 2012 25 Mar 2010 26 Apr 2013 5.43

H3 seasonal 
group 3

14 Mar 2015 18 Oct 2012 02 Dec 2017 07 May 2011 26 Apr 2010 25 Jan 2012 3.85

N1 EA swine 06 Nov 2018 09 Dec 2017 03 Aug 2019 12 Dec 2014 08 Oct 2013 05 Dec 2015 3.90

N1 pdm09 25 Jan 2020 30 Oct 2019 16 Mar 2020 21 Nov 2017 30 Jul 2017 27 Feb 2018 2.18

N2 seasonal 
(EA H1)*

24 Jun 2021 25 Mar 2021 07 Aug 2021 28 Nov 2005 21 May 2004 26 May 2007 15.57

N2 seasonal 
(CS H1)

09 Aug 2012 13 Jun 2010 10 Aug 2014 10 Jan 2008 17 Mar 2006 08 Jul 2009 4.58

N2 seasonal 
(human H3)

16 Dec 2021 03 Aug 2021 06 Mar 2022 06 May 2008 07 Aug 2006 06 Nov 2009 13.61

*The corresponding HA of the N2 seasonal genes are indicated in Fig. 4E. Abbreviations: CS, classical swine; EA, European avian- like swine; HPD, highest posterior density; pdm09, human 
H1N1/2009 pandemic.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301926120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301926120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301926120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301926120#supplementary-materials
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(SI Appendix, Fig. S10). However, the associated PB2 showed 
an earlier TMRCA date in late 2017, indicative of independent 
introduction of the gene segment.

Reverse Zoonosis of H1N1/pdm09- Like Virus in Pigs from 
Cambodia. Most of the H1 and N1 sequences from pigs in 
Cambodia belonged to human H1N1/pdm09 lineage, forming 
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Fig. 4. Phylogenies of H3- HA and N2- NA gene segments. (A and B) Evolutionary relationships of the H3- HA (A) and N2- NA (B) genes of influenza viruses inferred 
by maximum likelihood method in RAxML. Human and swine influenza viruses are denoted by pink and white tip circles, respectively. Colored branches represent 
different IAV lineages. Bootstrap support (≥50) are indicated at major nodes. (C and D) Time- scaled phylogenies of H3- HA genes. (E) Seasonal H3 avian- like H1N1 
swine viruses. Red branches and arrows represent swIAV sequences generated from this study. Bayesian PP values (≥0.95) are shown at major nodes. *The 
corresponding HA gene of A/swine/Cambodia/PFC26/2020 is H1N1/pdm09, whereas that of A/swine/Cambodia/PFC32/2020 contained both H1N1/pdm09 and H3.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301926120#supplementary-materials
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a distinct monophyletic sublineage (PP = 1.00, H1 and N1 in 
Fig.  3B and SI  Appendix, Fig.  S11A, respectively) that nested 
within the H1N1/pdm09 HA and NA lineages. The H1 and N1 
gene segments had an estimated mean TMRCAs of approximately 
February 2020 and January 2020, respectively (both PP=1.00, 
denoted by red branches in Fig. 3B, SI Appendix, Fig. S11A, and 
Table 2). In the HA phylogeny, the most closely related strains 
are human H1N1/pdm09 viruses from Thailand collected in 
November 2017, and dating suggests that human- to- swine 
transmission occurred as early as August 2017, followed by enzootic 
spread of a genetically distinct H1N1/pdm09 sublineage among 
pigs in Cambodia. During this period, the swine H1N1/pdm09 
viruses in Cambodia acquired six H1- HA amino acid substitutions 
(K120E, N162S, M227I, T232I, K308E and N451S) (Fig. 3B) 
and eight N1- NA substitutions (T9A, N50S, Q78K, P126H, 
I163V, T332I, I374V and V394I) (SI  Appendix, Fig.  S11A). 

These HA and NA mutations may be due to adaptation to pigs 
following reverse zoonosis; however, it is not known if they may 
have arisen through virus circulation in Cambodian pigs or spread 
from other countries. The remaining internal genes (PB2, PB1, 
PA, NP, MP, and NS) were predominantly derived from human 
H1N1/pdm09 viruses (SI Appendix, Figs. S12–S17), except for 
A/swine/Cambodia/PFC32/2020 where the MP gene was from 
an EA H1N1 virus.

Cocirculation of Multiple Classical Swine H1N1 and H3N2 Lineages 
in Pig Populations. Two enzootic swIAV viruses, CS H1 and H3N2, 
were also detected in pigs sampled from Kandal, Phnom Penh, 
and Takeo provinces. The CS H1 subtype was detected in 7 swine 
samples, all HA sequences grouped into a monophyletic clade, which 
nested within the classical swine H1 alpha 1A.1.2 lineage (PP =1 .00, 
Fig. 3C). The accompanying N1 gene is derived from EA viruses and 
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the internal genes are from H1N1/pdm09 virus. The mean TMRCA 
of the Cambodian CS H1 sequences was estimated around June 
2019 (Fig. 3C and Table 2) and they grouped with CS H1 viruses 
from Thailand detected from 2009 to 2018. The introduction of 
the CS H1 gene from Thailand to Cambodia likely occurred as 
early as January 2015. The EA N1 sequences of these samples (with 
an additional NA gene from A/swine/Cambodia/PFC52/2021) 
were most closely related to Thailand swine 2017 viruses and had a 
TMRCA of November 2018 (PP = 1.00, SI Appendix, Fig. S11B and 
Table 2), suggesting independent introduction into Cambodia than 
the slightly older CS H1 gene. These CS/EA H1N1 reassortants have 
also acquired amino acid mutations near the HA receptor- binding 
sites (K130R, Y230H and Y261H) and in the NA protein (I53M, 
V62L and Q308H). The multiple origins of gene segments in these 
viruses highlights the frequent reassortment between diverse virus 
lineages that occurs in the region.

A high diversity of A/H3N2 subtype virus was found in 10 swine 
samples in Cambodia, with three distinct groups of H3N2 viruses 
circulating that all clustered with swine H3N2 viruses that were ulti-
mately derived from human seasonal H3N2 (Fig. 4 A and B). 
Interestingly, H3N2 virus was codetected with H1N1/pdm09 HA 
genes in eight samples. Group 1 H3 contained two samples (A/swine/
Cambodia/PFC64/2022 and A/swine/Cambodia/PFC67/2022), 
with the mean TMRCA estimated in February 2021 (Table 2). Both 
viruses were closely related to other swine H3 2011 to 2013 viruses 
from southern China (Guangdong and Guangxi) and southern 
Vietnam (Fig. 4C). Group 2 and 3 H3 each contained four viruses 
with estimated mean TMRCAs of July 2017 and March 2015, 
respectively (Fig. 4D and Table 2). Both groups were independently 
derived from Thailand swine viruses detected in swine since 2004. 
Prior to detection in swine, this H3N2 lineage was detected in 
humans as early as 1996, indicating there were multiple 
reverse- zoonoses of human H3N2 to swine that occurred between 
1996 to 2004. The currently circulating swine N2 sequences from 
Cambodia also originated from human seasonal H3N2 viruses 
(Fig. 4E). Eight Cambodian swine N2 sequences formed a clade with 
an estimated TMRCA in August 2012 (Table 2) and are related to 
Thailand swIAVs from 2009 to 2014 (Fig. 4E). These N2 sequences 
may have been introduced from Thailand as early as January 2008.

Spatiotemporal Diffusion Patterns of EA Swine Viruses. 
To determine the migration processes of EA swine H1- HA 
viruses, we reconstructed ancestral geographical locations and 
inferred diffusion patterns between locations using a discrete 
phylogeographic model. Phylogeographic reconstruction based 
on 1,073 sequences revealed that EA swine viruses circulated for 
decades among pigs in Europe until the early 2000s when we 
observed sporadic introductions into south central China and 
Southeast Asia (Fig. 6 A and B). Since 2010, south central China 
became the dominant source for EA swine virus transmission, 
displaying strong diffusion links from south central China to east 
China, with strong migration support (BF > 10,000, SI Appendix, 
Table S2). Significant migration pathways with higher diffusion 
rates (2.11 to 3.83, SI  Appendix, Table  S3) were also present 
from east China to other parts of China, including north China, 
northeast China, south central China (Fig. 6B). After 2016, there 
was an increased circulation of EA swine viruses between different 
regions of China, leading to a marked expansion of EA swine 
lineage diversity. During this period, strong migration links were 
also evident from south central China to northeast China, and 
from northeast China to Southeast Asia (SI Appendix, Table S2), 
including Cambodia.

It is of note that there is an uneven sampling across geographical 
regions due to the limited number of all publicly available EA H1 

sequences from 2005 to 2022 (n = 1,584 in total) (SI Appendix, 
Fig. S18). An abundance of EA H1 sequences can be found in 
Europe, although fewer exist from Southeast Asia and regions of 
China like west China. This could possibly be due to a scarcity or 
absence of active surveillance for swine viruses in these areas per 
se. To better understand the effect of sampling bias, we downsam-
pled the large dataset to a smaller subset (n = 534) to achieve a 
relatively even sampling among locations (SI Appendix, Fig. S19) 
and compared the two sets of sequences. Our phylogeographic 
reconstructions indicate that the smaller subset inferred 15 
strongly supported dispersal pathways, whereas the larger dataset 
yielded 16 significant pathways. Both datasets displayed relatively 
similar dispersal patterns, for instance, strongly supported diffu-
sion pathways were inferred from east China to north China, 
northeast China, south central China and west China, and from 
south central China to east China and northeast China 
(SI Appendix, Fig. S19). In addition, the two datasets consistently 
showed that the highest migration rate was inferred from east 
China to south central China, at 3.83 and 3.43, respectively 
(SI Appendix, Table S4). The impact of sampling bias can inevita-
bly lead to some level of discrepancies in the reconstruction of 
spatial patterns, for instance, the large dataset displayed strong 
diffusion links from south central China to west China, with a 
moderately higher diffusion rate (0.68), in contrast to the absence 
of statistical support from south central China to west China and 
a lower diffusion rate (0.21) as inferred by the smaller subset of 
sequences.

We further explore the potential factors driving the spread of EA 
H1 viruses, six predictors that related to pigs were selected, including 
the number of pigs, pig production, and pork consumption. We 
employed a linear regression method using a generalized least squares 
model (GLS) and a Bayesian inference using a generalized linear 
model (GLM) to evaluate the association between predictors and 
diffusion rates. The GLS model suggests pork production at origin 
was positively correlated (P- value < 0.1) to the spatial spread of EA 
H1N1 swIAV (SI Appendix, Fig. S20). In contrast, the consumption 
of pork in both origin and destination regions was negatively corre-
lated with virus spread. These results were corroborated with the 
GLM model, inferring that pork production at origin was strongly 
related to viral migration (PP > 0.9, SI Appendix, Fig. S20). 
Phylogeographic inference is a powerful tool to assess potential fac-
tors that drive virus spread; however, inference with predictors is 
sensitive to the availability and reliability of predictor data, and there-
fore should be interpreted with caution.

Discussion

Influenza A viruses are an integral part of a complex ecosystem 
that results in viral emergence and zoonotic diseases. Pigs are nat-
ural drivers for the emergence of novel influenza virus strains that 
cross species boundaries by means of shuffling gene segments 
between avian, swine, and human hosts. While much is known 
about the genomic diversity of swIAVs in Europe and North 
America (12), the evolutionary dynamics of swIAV populations 
in Southeast Asia remains largely unknown.

Despite the difficulties posed by COVID- 19, we conducted an 
extensive longitudinal study of influenza surveillance in pigs from 
slaughterhouses across four major provinces in Cambodia—span-
ning March 2020 through July 2022. Our study provides a 
detailed picture of virus circulation and dynamics in this region; 
showing diverse groups of swIAV viruses in pig populations and 
tracing the evolutionary footprints of their ancestral origins.

Our study highlights that circulating swIAV lineages in Southeast 
Asia acquired reassorted gene segments from diverse geographical 
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origins, facilitated by intercontinental and intracontinental spread 
of previously segregated swIAV lineages, the same process that led 
to the emergence of the H1N1/pdm09 virus in Mexico (10). This 
process also gave rise to the novel EA H1N2 subtype virus that 
likely emerged in late 2014, approximately 7 y before its first detec-
tion in Cambodia in 2021. This novel EA H1N2 virus has a unique 
gene constellation comprised of a swine- origin EA G4- like H1- HA, 
an N2- HA originating from human viruses and internal genes from 
TRIG viruses. In contrast, the ancestral EA G4 H1N1 virus that 
emerged from pigs in Henan, China in 2011 (13), contained EA 
virus H1 and N1 genes, human H1N1/pdm09- derived internal 
genes and a TRIG- derived NS gene, and has since spread to other 
parts of China including Jilin, Liaoning and Tianjin (37). EA G4 
H1N1 viruses bind preferentially to alpha 2,6- linked sialic acid 
receptors, they replicate efficiently in human airway epithelial cells 
and are highly transmissible among ferrets, and they demonstrate 
low serological cross- reactivity with human H1N1/pdm09 viruses, 
all of which highlights their zoonotic potential (12, 13). While the 
molecular characterization of EA H1N2 viruses shows identical 
HA receptor–binding residues and suggests a similar antigenic 
profile to EA G4 H1N1 viruses, virus isolation restrictions in the 
present study have limited our ability to characterize these viruses. 
Further studies are needed to understand the zoonotic potential 
and pandemic threat of the EA G4- like H1N2 viruses, including 

determining serological cross- reactivity with human viruses and 
assessing replicative fitness and transmissibility in animal models.

Our study emphasizes the importance of early identification of 
novel swIAV lineages and highlights concerns surrounding inter-
regional spread of swIAVs as a key driver in the emergence of new 
virus lineages, particularly in Southeast Asia where surveillance is 
sporadic. We also found multiple instances of CS H1 coupled 
with EA N1. Ancestral sequences to this viral lineage are primarily 
present in swine populations from Asia (China and Thailand) and 
North America, providing more evidence of global intermixing 
of previously distinct virus populations. Given the lack of system-
atic pig surveillance, it is likely that this classical swine virus had 
circulated undetected in Cambodia since its introduction in 2017.

Pig value chains play a critical role in maintaining swine- to- swine 
virus transmission, regional and global migration, and the reas-
sortment events that result from these activities. These prompt 
the establishment of diverse swIAV lineages among pig popula-
tions, including human influenza viruses that pose a constant 
threat for the reintroduction of antigenically and genetically dis-
tinct swIAVs being transmitted into humans (11, 12, 38, 39). We 
found that H1N1/pdm09 virus is circulating enzootically in 
Cambodian swine herds. Since the H1N1/2009 pandemic, mul-
tiple H1N1/pdm09 virus spillovers back to pigs have occurred, 
seeding novel H1N1 reassortant viruses across the world (40–42). 
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Fig.  6. Discrete phylogeographic reconstruction of EA- like swine H1 diffusion dynamics. (A) Time- scaled maximum clade credibility tree of the Bayesian 
phylogeographic inference. Branch color corresponds to different geographic locations. The insert displays the circular migration plot based on log Bayes factor 
support between pairwise locations (see SI Appendix, Table S2 for support values). Abbreviations: EC, east China; EU, Europe; NC, north China; NEC, northeast 
China; SEA, Southeast Asia; SCC, south central China; WC, west China. Bayesian PP values (≥0.95) are shown at major nodes only. (B) Spatial migration pathways 
of EA swine viruses through time.
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We also detected multiple reverse zoonotic H3 lineages in 
Cambodian pigs that had circulated undetected for about 10 y. 
Follow- up experiments are needed to determine if the Cambodian 
H3 clades are antigenically distinct. The independent evolutionary 
trajectories of these viruses in pigs are recognized as a future pan-
demic threat (43). Evidence of little to no antigenic cross- reactivity 
to currently circulating human influenza A viruses would indicate 
the potential for reintroduction of these viruses to susceptible 
human populations.

Pork is a major component of nutrition in many parts of Asia. 
The rapid growth in meat consumption is driven by increasing 
incomes, population sizes, and rapid urbanisation in developing 
countries (44). However, a number of pig diseases such as influenza, 
porcine reproductive and respiratory syndrome and African swine 
fever viruses have caused significant economic loss in swine indus-
tries (45). As swine- rearing operations in most countries continue 
to expand and intensify, routine and sustained surveillance in pigs 
is indispensable in identifying new viruses so that their zoonotic 
risk can be assessed. The current methods of disease surveillance are 
not fit for this purpose, primarily because sampling individual ani-
mals is expensive and time consuming. As most of the funding for 
this work in Southeast Asia comes from research grants, the efforts 
are also sporadic, which is reflected in the sparse swIAV genomic 
data available from the region. It is therefore critical that more 
efficient and continuous surveillance methods such as metagenomic 
surveillance (46) of air and wastewater samples in farms and slaugh-
terhouses are integrated with automated analytical tools to rapidly 
provide information on changes in the spatiotemporal occurrence 
of a broad range of human and animal pathogens. Such a system 
would serve to improve animal health through selection of effica-
cious vaccines, and aid in human health by monitoring viruses with 
the potential for zoonotic transmission.

Materials and Methods

Ethics Statement. This study was approved by the ethics committees at LSHTM’s 
Institutional Review Board (approval number 16635) and Animal Welfare and 
Ethical Research Board (ref 2019- 12), the National Ethics Committee for Health 
Research in Cambodia (ref 105), and the Human Research Protection Office 
(HRPO, ref A- 21055) and Animal Care and Use Review Office of the USAMRDC 
Office of Research Protections.

Sample Collection and Sequencing. From March 2020 to July 2022, we col-
lected 4,089 nasal swab samples from pigs in 18 slaughterhouses located in 
four neighboring provinces (Kampong Speu, Kandal, Phnom Penh, and Takeo) 
of Cambodia (Fig. 2 and SI Appendix, Fig. S21). Viral RNA was extracted from 
samples using the QIAmp Viral RNA Mini Kit (Qiagen) and real- time RT- PCR was 
performed to detect the presence of influenza A virus (M gene) using AgPath- ID™ 
One- Step RT- PCR Kit (Thermo Fisher Scientific). Positive influenza samples were 
then selected for whole- genome sequencing using next generation sequencing 
(NGS) methods following previously published protocols (47). Amplified cDNA 
was quantified using the Qubit dsDNA HS Assay kits (Thermo Fisher Scientific) 
and subsequently diluted to 1 ng/µL. Libraries were prepared using the Nextera 
XT DNA library preparation kits (Illumina) and pooled. The pooled libraries were 
sequenced using an Illumina MiSeq sequencing platform at the Duke- NUS 
Genome Biology Facility, generating 250- bp paired- end reads. The NGS reads 
were checked with FastQC (48) in Unipro UGENE v40.1 (49) and were processed 
by trimming adaptors via Trimmomatic v0.39 (50). For each sample, reads were 
de novo assembled using SPAdes v3.15.3 (51), and individual gene segment 
was determined by BLASTn v2.2.18 (52). Reads were subsequently mapped to 
most similar segments using the map to reference tool in UGENE v40.1, and 
consensus sequences were extracted.

Evolutionary Analysis. All available global H1N1 IAV genomes (as of 08 
September 2022) collected from human and swine hosts were downloaded from 
NCBI GenBank and the Global Initiative on Sharing All Influenza Data (GISAID) 

(53) databases during 1957 to 2022 (n > 15,000). The datasets were subsam-
pled to 1,008 sequences for H1 and 766 sequences for H3 using SMOT (54). 
Maximum likelihood (ML) phylogenies for H1, H3, N1, N2, and six internal genes 
(PB2, PB1, PA, NP, MP, and NS) were individually reconstructed using RAxML- NG 
v1.1.0 (55) with the following number of sequences H1- HA (n = 1,009), N1- NA 
(n = 986), H3- HA (n = 766), N2- NA (n = 773), PB2 (n = 924), PB1 (n = 923), PA 
(n = 915), NP (n = 927), MP (n = 927) and NS (n = 927). Branch support was 
assessed using 1,000 bootstrap replicates and bootstrap values greater than 50% 
are shown at major nodes. Classification designations for H1 sequences were 
assigned using the Swine H1 Clade Classification tool provided by Influenza 
Research Database (56). H3 classifications were assigned based on phylogenetic 
inference (57, 58). Lineages for internal genes were assigned using the OctoFLU 
pipeline (59) supplemented with A/swine/Arnsberg/1/1979 to indicate the EA- like 
lineage (60). Comparisons of nucleotide and amino acid sequences were aligned 
and visualized using Geneious PRIME 2022.1.1 (Biomatters Ltd., New Zealand).

To estimate the date of introduction for each genomic segment into 
Cambodian pigs, we utilized the ML phylogenies reconstructed above to extract 
the Cambodian swine viruses and representative viruses that pertain to the 
corresponding lineages. Bayesian time- scaled trees were inferred for the HA and 
NA genes using BEAST v1.10.4 (61) with BEAGLE library v3.1.0 (62). Posterior 
trees were sampled using an uncorrelated relaxed clock with lognormal distribu-
tion (63), under a generalized time- reversible substitution model (64) with four 
rate categories of gamma- distributed site heterogeneity (65), and a Gaussian 
Markov random field tree prior with time- aware smoothing (66). Two runs of 
Markov chain Monte Carlo sampling were performed, each with 100 million 
iterations and sampled every 10,000 trees. Convergence metrics were checked 
using Tracer v1.7.2 (67). Time- scaled maximum clade credibility (MCC) trees 
were summarized after the removal of 10% burn- in using TreeAnnotator v1.10.4 
(61). The resulting MCC trees were visualized using FigTree v.1.4.2. Amino acid 
substitutions of the HA and NA were mapped using treesub (https://github.
com/tamuri/treesub).

Phylogeographic Analysis. To examine the spatial patterns of EA- swine H1 
viruses, we reconstructed the spatiotemporal pathways between locations using 
discrete phylogeographic analyses in BEAST v.10.4. All available H1 sequences 
of European avian- like swine viruses were downloaded from NCBI and GISAID 
databases from 2005 to 2022 (accessed 20 December 2022), and seven discrete 
geographical regions were coded (Europe, east China, north China, northeast 
China, south central China, west China, and Southeast Asia). The HA dataset 
was subsampled using SMOT (54), and the final dataset consisted of 1,073 
taxa. Asymmetric diffusion rates between discrete locations were inferred using 
Bayesian Stochastic Search Variable Selection (68), strict molecular clock model, 
the HKY85 nucleotide substitution model with four rate categories of gamma- 
distributed site heterogeneity, and a coalescent exponential growth tree prior. 
At least four independent runs of 100 million generations were performed and 
sampled every 10,000 generations. The runs were combined after removal of 
burn- in, with effective sample size of >200. Nonzero diffusion rates were cal-
culated from the resulting log files. Bayes factor (BF) values were determined 
by SpreaD3 (69), and the circular migration diagram was plotted in R using the 
circlize package (70). BF ≥ 1,000 indicates decisive support, 100 ≤ BF < 1,000 
as very strong support, 10 ≤ BF < 100 as strong support, and 3 ≤ BF < 100 as 
supported (SI Appendix, Table S2). To understand the effect of sampling bias, we 
subsampled the larger dataset to obtain a more even sampling of sequences 
among locations (n = 534). Phylogeographic analyses were performed using the 
same criteria as stated above, and asymmetric diffusion rates between discrete 
locations were estimated.

We further evaluated the effect of potential predictors for the spatial migra-
tion of EA H1 swine (SI  Appendix, Table  S5). Six predictors were selected: 
number of pigs at destination, number of pigs at origin, pork production at 
destination, pork production at origin, pork consumption at destination, and 
pork consumption at origin. The pig data were obtained from a published study 
(71) and online resources from Ministry of Agriculture and Rural Affairs of the 
People’s Republic of China (72) and Our World in Data (73). We employed a 
GLS model using the nlme v3.1 package in R and applied a linear function 
between migration rates and six potential predictors. A P- value <0.1 indi-
cates statistical significance for predictor support. We used the same dataset  
(n = 1,073 taxa) to test the predictors, and the GLS results were plotted in R. In 
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addition, we also used a Bayesian GLM to assess the potential predictors while 
simultaneously estimating the spatiotemporal patterns of virus diffusion (74). 
The predictors were incorporated in BEAST and run using the same parameters 
as stated above, using 100 million generations. The plots were generated using 
in- house scripts in R.

Data, Materials, and Software Availability. Genome sequences data have been 
deposited in GenBank [OQ459860 to OQ460225 (SI Appendix, Table S6)] (75).
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