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Abstract
Surveillance studies of influenza A virus of swine (IAV-S) have accumulated information regarding IAVs-S circulating in 
Thailand, but how IAVs-S evolve within a farm remains unclear. In the present study, we isolated 82 A(H1N1)pdm09 and 
87 H3N2 viruses from four farms from 2011 through 2017. We then phylogenetically and antigenically analyzed the isolates 
to elucidate their evolution within each farm. Phylogenetic analysis demonstrated multiple introductions of A(H1N1)pdm09 
viruses that resembled epidemic A(H1N1)pdm09 strains in humans in Thailand, and they reassorted with H3N2 viruses as 
well as other A(H1N1)pdm09 viruses. Antigenic analysis revealed that the viruses had acquired antigenic diversity either 
by accumulating substitutions in the hemagglutinin protein or through the introduction of IAV-S strains with different anti-
genicity. Our results, obtained through continuous longitudinal surveillance, revealed that IAV-S can be maintained on a pig 
farm over several years through the generation of antigenic diversity due to the accumulation of mutations, introduction of 
new strains, and reassortment events.

Introduction

Swine influenza is one of the most prevalent diseases in the 
global swine population. This disease is caused by influenza 
A virus of swine (IAV-S), which induces fever, dullness, 
loss of appetite, and respiratory symptoms. Typically, IAV-S 
causes only mild symptoms and low mortality rates, but co-
infection of IAV-S and other pathogens results in a higher 

mortality rate and impairs average daily weight gain, result-
ing in tremendous economic losses to pig farmers worldwide 
[1–3]. Prior to 2009, IAV-S subtypes (H1N1, H1N2, and 
H3N2) predominated in swine throughout the world [4, 5]. 
Classical swine H1N1 IAV-S has been endemic in North 
America since the 1970s, whereas avian-like H1N1 IAV-S 
has maintained a stable presence since 1979 [6, 7]. In 1998, 
a triple-reassortant virus emerged through reassortment with 
a human seasonal virus, a classical swine IAV-S, and an 
avian influenza virus [8]. In April 2009, an IAV contain-
ing a combination of segments from both the triple-reas-
sortant virus described above and a European swine lineage 
spread rapidly to cause a worldwide pandemic in humans 
[9, 10]. After the 2009 pandemic, pandemic A(H1N1)2009 
[A(H1N1)pdm09] viruses were introduced into swine popu-
lations and reassorted with endemic IAVs-S, resulting in 
genetic diversity among IAV-S strains [11–17]. IAV-S typi-
cally circulates subclinically among pig populations [18] and 
is occasionally transmitted to turkeys in a subclinical form, 
causing economic losses in poultry production also [19, 
20]. Therefore, IAV-S surveillance activities are urgently 
needed—not only to minimize economic loss to the livestock 
industry but also to monitor the emergence of novel IAV-S 
strains with pandemic potential [21, 22].
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Since the 1970s, the pig industry in Thailand has 
expanded rapidly to become a major livestock industry in 
the country; about 1,000,000 tons of pork were produced 
annually during the last decade [23]. In Thailand, IAV-S 
strains of the H1N1 and H3N2 subtypes were first isolated 
during the 1970s [24, 25]. After that, our studies and those 
of others revealed that IAV-S strains of the H1N1, H1N2, 
and H3N2 subtypes have circulated in Thailand [18, 26–29]. 
Since the 2009 pandemic, A(H1N1)pdm09 viruses have 
become dominant, replacing classical swine H1N1 viruses, 
and the internal genes of H3N2 IAV-S have been replaced 
by those of A(H1N1)pdm09 viruses [29–32]. These viruses 
were generated through coinfection of pigs followed by reas-
sortment, as reported previously [33]. Several longitudinal 
surveillance studies have revealed the dynamics of IAV-S 
from introduction to extinction on swine farms [17, 34, 35]. 
However, how IAV-S might evolve to be retained within the 
pig population on a farm remains unclear.

In this study, we monitored five pig farms in Thailand 
from 2011 through 2017 to learn how IAV-S evolved within 
these populations. At the target farms, we collected nasal 
swabs from clinically healthy weaning pigs and sows for 
virus isolation followed by genetic and antigenic analysis. 
These analyses improve our understanding of how IAV-S 
strains evolve genetically and antigenically to be maintained 
longitudinally in a pig-farm setting.

Materials and methods

Sample collection

Using the same techniques that we used previously to isolate 
IAV-S from clinically healthy piglets (age, 3 to 10 weeks), 
which yielded an isolation rate of 4.2% in our previous study 
[18], we collected nasal swabs from clinically healthy wean-
ing pigs and sows to investigate the dynamics of IAV-S on 
five pig farms (Table S1). Farms B and C are in Chonburi 
province, and farms D, O, and P are in Chachoengsao prov-
ince; each of the farms had a different owner. Farms B and 
C adjoined each other, separated by a fence. Beginning in 
2011, nasal swabs were collected 12 times (February and 
July 2011; July 2012; May, August, and November 2013; 
March 2014; July 2015; February and July 2016; and Febru-
ary and July 2017) at farms B and C; nine times (February, 
July, and October 2011; July 2012; February, August, and 
November 2013; March 2014; and July 2015) at farm D; 
five times (July 2015, February and July 2016, and February 
and July 2017) at farm O; and four times (February and July 
2016 and February and July 2017) at farm P (Table S2). The 
number of swabs collected from weaning piglets and sows 
enabled the detection of at least one IAV-S–infected pig with 

a probability of 0.95 if the prevalence rate was higher than 
15% in each population [36].

Nasal swabs were promptly placed in minimum essen-
tial medium containing penicillin (1000 units/ml), strepto-
mycin (1000 μg/ml), amphotericin B (25 μg/ml), HEPES 
(0.01 M), and 0.5% bovine serum albumin and were kept on 
ice packs until transported to the National Institute of Ani-
mal Health in Thailand. There, the swabs were removed, and 
the medium was aliquoted; several aliquots of each sample 
were stored at −80 °C as stocks. The remaining samples 
were stored at 4 °C until used for virus detection within 24 
hours and for virus isolation within 48 hours, as described 
later.

Virus detection

RNA was extracted from swab samples using RNeasy Mini 
Kits (QIAGEN, Hilden, Germany) as described previ-
ously [18, 30]. The extracted RNA was reverse transcribed 
to cDNA using Superscript III (Invitrogen, Carlsbad, CA, 
USA) and universal primers for influenza A virus [37]. 
cDNA was used as the template for real-time PCR analy-
sis using SYBR Premix Ex Taq (Takara Bio, Shiga, Japan) 
with primers specific for the matrix protein (MP) gene as 
described previously [38].

Virus isolation

For virus isolation, medium from nasal swab samples that 
were positive according to real-time PCR analysis were fil-
tered (pore size, 0.45 μm; Millipore, Danvers, MA, USA) 
and inoculated into the allantoic cavities of 10-day-old 
embryonated chicken eggs and cultures of Madin–Darby 
canine kidney cells in minimum essential medium contain-
ing penicillin (100 units/ml), streptomycin (100 μg/ml), 
amphotericin B (2.5 μg/ml), gentamicin (25 μg/ml), 3× 
Minimum Essential Medium Vitamin Solution (Invitrogen), 
1× GlutaMAX (Invitrogen), 0.4% bovine serum albumin, 
and 0.5 to 3.0 μg of trypsin per ml. After 4 days of incuba-
tion at 37 °C in the presence of 5% CO2, the supernatants of 
these cell cultures were used in HA assays [39] with guinea 
pig erythrocytes.

Genomic sequencing and phylogenetic analysis

Each gene segment of isolated viruses was sequenced using 
Sanger or next-generation sequencing. Sanger sequencing 
was performed as described in previous reports [24, 29]; 
information regarding the PCR primers will be provided 
on request. The complete genome sequences of viruses iso-
lated after July 2016 were obtained through next-generation 
sequencing (Miseq, Illumina, San Diego, CA, USA). cDNA 
libraries for next-generation sequencing were prepared using 
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an NEBNext Ultra RNA Library Prep Kit for Illumina 
(New England Biolabs, Ipswich, MA, USA) and sequenced 
using a Miseq Reagent Kit version 2 (Illumina). Consensus 
sequences were generated using FLUGAS software (ver-
sion 1.0.0, World Fusion, Tokyo, Japan). The nucleotide 
sequences and isolation information for the viruses analyzed 
have been deposited in the GISAID EpiFlu database (http://
www.gisai​d.org); isolate ID numbers are listed in Table S3.

For phylogenetic analysis, we downloaded complete 
sequences of each genome (basic polymerase [PB] 2, 46,130 
nucleotides (nt); PB1, 34,052 nt; acidic polymerase [PA], 
48,692 nt; H1 HA, 35,983 nt; H3 HA, 32,481 nt; nucleo-
protein [NP], 46,441 nt; N1 neuraminidase [NA], 34,502 nt; 
N2 NA, 34,264 nt; MP, 61,853 nt; and nonstructural protein 
[NS], 48,857 nt) from the GISAID databases (http://platf​
orm.gisai​d.org/epi3/front​end) in January 2017. Sequences 
of the isolates obtained during this study and all downloaded 
sequences were aligned using BioEdit [40] and MAFFT 
[41]. After alignment, sequences with ambiguous nucleo-
tide bases were removed; the remaining sequences were used 
for phylogenetic analysis in MEGA-CC with 100 bootstrap 
replicates, using the maximum-likelihood method with the 
general time-reversible model [42].

In addition, we constructed maximum clade credibility 
(MCC) trees to calculate molecular estimates of substitu-
tion rates and divergence times for the viruses. MCC trees 
were constructed using the Bayesian Evolutionary Analysis 
by Sampling Tree (BEAST) method [43]. Alignments of 
each gene were formatted using the Bayesian Evolutionary 
Analysis Utility at the default settings, except for clock rate; 
the initial clock rate was set as 1.0 × 10−5 to fit the substitu-
tion rate of influenza viruses for constructing trees. Calcu-
lation was set as 1 × 108 to 1 × 109 steps in length, where 
the number of steps was that needed to obtain an effective 
sample size of more than 200. Substitution rates and Ka/Ks 
ratios of genes were calculated as described earlier and were 
expressed using the Tracer function of BEAST [44].

Antigenic analysis

Hemagglutination inhibition (HI) tests were performed 
using 0.5% (vol/vol) guinea pig erythrocytes according to 
the standard method [39]. Post-infection ferret sera against 
the human H3N2 viruses A/Wuhan/359/95 (Wuh95), A/
Sydney/5/97 (Syd97), A/Panama/2007/99 (Pan99), A/
Wyoming/3/2003 (Wyo03), A/New York/55/2004 (NY04), 
A/Hiroshima/52/2005 (Hir05), and A/Uruguay/716/2007 
(Uru07); hyperimmune chicken sera against the swine 
H3N2 viruses A/swine/Chachoengsao/2003 (Cha03) and 
A/swine/Saraburi/107725-28/2008 (Sar08); and hyper-
immune chicken sera against the H1N1 viruses A/swine/
Narita/aq21/2011 (Nar11) and California/04/2009 (Cal09) 
were used for antigenic analysis. Swine sera collected at 

farm C during May and December 2014 and July 2015 were 
used in HI tests against viruses isolated in this study. To 
remove nonspecific inhibitors of hemagglutination, all sera 
and antisera were treated with receptor-destroying enzyme 
from Vibrio cholerae (Denka Seiken, Tokyo, Japan) accord-
ing to the manufacturer’s protocol. Subsequently, each mix-
ture was adsorbed to packed guinea pig erythrocytes for 60 
min at room temperature.

Results

Sample collection and virus isolation

In total, the 3790 swabs collected from the five farms in 
this study yielded 169 IAV-S isolates comprising 82 H1N1 
isolates and 87 H3N2 isolates during the monitoring period 
(2011 through 2017). No influenza virus isolates were 
obtained from farm P, giving an overall IAV-S isolation rate 
of 4.5% (Tables 2 and S4).

From farm B in Chonburi province, we isolated 36 H1N1 
and 34 H3N2 viruses (isolation rate, 6.7%). Two H3N2 (H3_
ChoB11.2) viruses were isolated in February 2011, and two 
H1N1 viruses (H1_ChoB12.7) were isolated in July 2012. 
After the first isolation of these two subtypes, we isolated 
H1N1 viruses in May 2013 (H1_ChoB13.5), July 2015, July 
2016, and February 2017; H3N2 viruses were isolated in 
May 2013, August 2013, and March 2014 (Tables 2 and S4).

From farm C in Chonburi province, we isolated two 
H1N1 and three H3N2 viruses (isolation rate, 0.5%). No 
virus was isolated until July 2015, when samples yielded 
two H3N2 (H3_Cho15.7) isolates. After July 2015, two 
H1N1 (H1_ChoC16.2) and one H3N2 (H3_ChoC17.2) 
viruses were isolated in February 2016 and February 2017, 
respectively.

From farm D in Chachoengsao province, we isolated 45 
H1N1 and five H3N2 viruses (isolation rate, 6.4%). These 
viruses comprised H1N1 viruses isolated in February 2011, 
October 2011, July 2012, February 2013, August 2013, 
November 2013, and March 2014 and H3N2 viruses iso-
lated in July 2012, February 2013, and July 2015 (Tables 2 
and S4).

From farm O in Chachoengsao province, where we 
started monitoring in July 2015, we isolated 44 H3N2 
viruses (isolation rate, 10.9%). We isolated 18 H3N2 viruses 
(H3_ChaO16.7) in July 2015, followed by another 26 H3N2 
viruses (H3_ChaO17.7) in July 2017.

Genetic evolution of IAVs on the tested pig farms

To investigate the genetic evolution of the IAV-S iso-
lates obtained in the current study, we determined the 
entire genome sequence of each isolate and performed 

http://www.gisaid.org
http://www.gisaid.org
http://platform.gisaid.org/epi3/frontend
http://platform.gisaid.org/epi3/frontend
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phylogenetic analysis of each segment. The HA gene of the 
Thai H1N1 viruses isolated in this study originated from 
A(H1N1)pdm09 viruses, classified as 1A classical swine lin-
eage 3.3.2 [45], and these formed three distinct clusters with 
bootstrap values of more than 60%, designated respectively 
as 3.3.2a, 3.3.2b, and 3.3.2c in the current study (Fig. S1).

The HA genes belonging to 3.3.2a consisted of the 
H1N1 viruses from farms B and C from 2012 through 2017 
(Fig. 1a). Those genes originated from A(H1N1)pdm09 
viruses isolated from humans and swine in Asia (including 
Thailand) in 2009, and shared a putative common ances-
tor with A/swine/Saraburi/NIAH116627-24/2009 and A/

3.3.2-a

2010 2011 2012 2013 2014 2015 2016 2017 

A/swine/Chonburi/NIAH113219-082/2017 

A/swine/Chonburi/NIAH109558-063/2015 

A/swine/Chonburi/NIAH113219-053/2017 

A/swine/Chonburi/NIAH109558-088/2015 

A/Taiwan/2253/2009 

A/swine/Chonburi/NIAH113219-086/2017 

A/swine/Chonburi/NIAH109558-089/2015 

A/Thailand/THB0420/2009 

A/swine/Chonburi/NIAH109558-074/2015 

A/Thailand/CU-H572/2009 

A/swine/Chonburi/NIAH113219-055/2017 
A/swine/Chonburi/NIAH113219-052/2017 

A/swine/Chonburi/NIAH108758-048/2013 

A/Laos/JP1252/2009 

A/swine/Chonburi/NIAH109558-076/2015 

A/swine/Chonburi/NIAH109558-087/2015 

A/Taiwan/2203/2009 

A/swine/Chonburi/NIAH113219-089/2017 

A/swine/Chonburi/NIAH102890-51/2016 

A/Thailand/PY08063/2009 

A/swine/Chonburi/NIAH109558-070/2015 

A/swine/Chonburi/NIAH108758-047/2013 

A/Cambodia/001/2009 

A/swine/Chonburi/NIAH102889-063/2016 

A/swine/Chonburi/NIAH113219-056/2017 

A/Taiwan/2202/2009 

A/swine/Chonburi/NIAH113219-057/2017 

A/Hong_Kong/H090-779-V21/2009 

A/Mongolia/JP5756/2009 

A/swine/Chonburi/NIAH109558-097/2015 

A/swine/Chonburi/NIAH109558-065/2015 

A/swine/Chonburi/NIAH113219-051/2017 

A/swine/Chonburi/NIAH109558-057/2015 

A/Frankfurt/INS301/2009 

A/swine/Chonburi/NIAH113219-090/2017 

A/Thailand/PMKD0030/2009 

A/Kobe/91821/2009 

A/swine/Chonburi/NIAH109558-075/2015 

A/Thailand/MR08208/2009 

A/swine/Chonburi/NIAH113219-088/2017 

A/swine/Chonburi/NIAH109558-080/2015 

A/swine/Chonburi/NIAH109558-072/2015 
A/swine/Chonburi/NIAH109558-068/2015 

A/swine/Chonburi/NIAH110873-036/2012 

A/swine/Chonburi/NIAH109558-078/2015 

A/Thailand/SS08207/2009 

A/swine/Chonburi/NIAH110873-033/2012 

A/swine/Thailand/CU-S3073N/2011 
A/swine/Saraburi/NIAH116627-24/2009 

A/swine/Chonburi/NIAH113219-060/2017 

A

Fig. 1   Detail trees derived from an H1 HA maximum clade credibil-
ity (MCC) phylogenetic tree based on the genes of viruses isolated 
in this study and downloaded from the GISAID databases. Genetic 
groups 3.3.2a, 3.3.2b, and 3.3.2c are shown in lines colored with 

light red (a), pink (b), and blue (c), respectively, in each panel. Strain 
names of isolates from farms B, C, and D are shown in red, orange, 
and blue, respectively. The gray box in each tree indicates the diver-
gence time estimated using BEAST
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Thailand/SS08208/2009 (Fig. 1A). 3.3.2a genes were esti-
mated to diverge as a phylogenetic group on 17 January 2010 
(95% highest posterior density value [HPDV], 20 October 
2009 to 22 April 2010; black arrow, Fig. 1a).

Clusters 3.3.2b and -c of the H1 HA genes consisted of 
the viruses obtained in 2011 and 2012 and in 2013 and 2014, 
respectively, from farm D (Fig. 1b and c). The HA genes 
of 3.3.2b originated from A(H1N1)pdm09 viruses isolated 
from humans and swine in Asia in 2009, and a group of Thai 
IAV-S isolates including A/swine/Thailand/CU-RA9/2009 
formed an out-group of this cluster. The HA genes of 3.3.2b 
were estimated to diverge from human isolates on 25 July 
2009 (95% HPDV, 12 July 2009 to 25 July 2009; black 
arrow in Fig. 1b). In contrast, genes of 3.3.2c originated 
from human viruses in 2010 to 2011, and a putative ancestral 
strain of 3.3.2c was estimated to diverge from those viruses 

on 25 January 2011 (95% HPDV, 18 October 2010 to 4 April 
2011; black arrow, Fig. 1c).

The H3N2 viruses isolated in this study had the HA 
genes of the human-like IAV-S strains circulating among 
swine populations in Thailand (Fig.  S2). They were 
divided into two distinguishable clades with bootstrap val-
ues of 98%, designated as human-like a and human-like b. 
The human-like a clade consisted of the viruses isolated 
from farms B and D, and the human-like b viruses were 
those from farms C and O (Fig. 2). Both human-like a and 
human-like b originated from a seasonal influenza virus 
during 1996-1998, and they diverged as human-like a and 
human-like b in the late 1990s (95% HPDV, 1 January 
1997 to 4 February 2001; black arrow, Fig. 2). No previous 
Thai IAV-S isolate belonging to the human-like a cluster 
has been recognized, whereas IAV-S isolates belonging 

3.3.2-b

2010 2011 2012

A/swine/Chachoengsao/NIAH107037-23/2011

A/Thailand/THB0408/2009

A/Aichi/538/2009

A/swine/Thailand/CU-RA29/2009

A/swine/Chachoengsao/NIAH107037-24/2011

A/Singapore/ON0801/2009

A/swine/Chachoengsao/NIAH107037-28/2011

A/Thailand/IY07083/2009
A/Laos/JP1383/2009

A/Finland/601/2009

A/Laos/JP1388/2009

A/Thailand/CU-H9/2009

A/swine/Chachoengsao/NIAH107037-22/2011

A/Singapore/GP674/2009

A/Thailand/THB0441/2009

A/Singapore/ON804/2009

A/Thailand/SN08270/2009

A/Thailand/THB0389/2009

A/swine/Thailand/CU-RA4/2009

A/NIIGATA/805/2009

A/TOCHIGI/154/2009

A/swine/Chachoengsao/NIAH107037-29/2011

A/swine/Thailand/NS393/2009

A/swine/Thailand/CU-RA9/2009

A/Laos/JP1251/2009

A/Moscow/CRIE-Th/2009

A/swine/Chachoengsao/NIAH113476-053/2011

A/Thailand/PY08016/2009

A/Thailand/THB0405/2009

A/Laos/JP1294/2009

A/Wakayama/57/2009

A/swine/Chachoengsao/NIAH110029-051/2012

A/Thailand/SP08279/2009
A/Laos/JP1155/2009

A/Cambodia/T217/2009

A/Thailand/THB0421/2009

A/Thailand/SS08193/2009

A/Thailand/THB0411/2009

A/Laos/JP1157/2009

B

Fig. 1   (continued)
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to the human-like b cluster in this study were related to 
Thai H3N2 IAV-S isolates from 2005 to 2014, and they 
diverged around 2011 (95% HPDV, 8 November 2010 to 
21 November 2011; red arrow, Fig. 2) from the human-like 
b Thai IAV-S strains.

The N2 genes of H3N2 viruses isolated from four of the 
five farms in this study originated from a seasonal influ-
enza virus in the mid-1990s (Fig. S3A), and their patterns 
of divergence were similar to that of human-like a H3 
genes, as described earlier (Fig. S3b). Both surface genes 
were retained within Thai pig populations for approxi-
mately 20 years after the introduction of the human virus, 

suggesting these genes gradually evolved to be endemic in 
pig populations.

The internal genes of the viruses isolated in this study 
originated from A(H1N1)pdm09 viruses and were divided 
into groups 3.3.2a, -b, and –c, as they were for the H1 
genes. This pattern typically was seen for the PB1 genes 
(Fig. S4a). 3.3.2a originated from A(H1N1)pdm09 viruses 
isolated from humans and swine in Asia (Fig. S4b). 3.3.2b 
originated from another group of A(H1N1)pdm09 viruses 
isolated from humans and swine in Asia (Fig. S4c). 3.3.2c 
originated from a group of A(H1N1)pdm09 viruses iso-
lated from humans and swine from various areas during 

3.3.2-c

2011 2012 2013 2014

A/swine/Chachoengsao/NIAH103171-100/2014

A/Nizhnii_Novgorod/CRIE-PAV/2011

A/Singapore/GP4217/2010

A/Florida/15/2010

A/swine/Chachoengsao/NIAH103171-090/2014

A/swine/Chachoengsao/NIAH117527-069/2013

A/swine/Chachoengsao/NIAH117527-056/2013

A/La_Reunion/815/2010

A/Bhopal/1544/2010

A/swine/Chachoengsao/NIAH103171-060/2014

A/swine/Chachoengsao/NIAH112882-050/2013

A/Nizhnii_Novgorod/CRIE-BLM/2011

A/swine/Chachoengsao/NIAH103171-088/2014

A/swine/Chachoengsao/NIAH102215-071/2013

A/Johannesburg/119/2010

A/swine/Chachoengsao/NIAH102215-100/2013

A/swine/Chachoengsao/NIAH103171-074/2014

A/swine/Chachoengsao/NIAH103171-061/2014

A/swine/Chachoengsao/NIAH103171-079/2014

A/swine/Chachoengsao/NIAH103171-092/2014

A/New_York/14/2010

A/Madagascar/7473/2010

A/swine/Chachoengsao/NIAH102215-079/2013

A/swine/Chachoengsao/NIAH103171-096/2014

A/Nizhnii_Novgorod/CRIE-LAV/2011

A/swine/Chachoengsao/NIAH117527-055/2013

A/Sydney/DD3-52/2010

A/swine/Chachoengsao/NIAH117527-065/2013

A/India/4947/2011

A/Tula/CRIE-KEE/2011

A/swine/Chachoengsao/NIAH102215-101/2013

A/swine/Chachoengsao/NIAH103171-089/2014

A/swine/Chachoengsao/NIAH103171-099/2014

A/Jabalpur/543/2010

A/Boston/DOA73/2011

A/swine/Chachoengsao/NIAH103171-059/2014

A/swine/Chachoengsao/NIAH112882-052/2013

A/swine/Chachoengsao/NIAH103171-081/2014

A/swine/Chachoengsao/NIAH103171-077/2014
A/swine/Chachoengsao/NIAH103171-076/2014

A/swine/Chachoengsao/NIAH112882-046/2013

A/swine/Chachoengsao/NIAH103171-078/2014

A/swine/Chachoengsao/NIAH103171-084/2014

A/Bangalore/6846-26/2010

A/swine/Chachoengsao/NIAH103171-093/2014

A/swine/Chachoengsao/NIAH103171-080/2014

A/Bangalore/1808-53/2011

A/Nizhnii_Novgorod/CRIE-OAV/2011

A/Sydney/DD3-26/2010

A/Slovenia/234/2011
A/Croatia/18576-1/2010

A/Jabalpur/1413/2010

A/swine/Chachoengsao/NIAH103171-073/2014

A/swine/Chachoengsao/NIAH102215-098/2013
A/swine/Chachoengsao/NIAH102215-099/2013

A/Nizhnii_Novgorod/CRIE-NGV/2010

C

Fig. 1   (continued)
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2010 to 2011 (Fig. S4d). In addition, 3.3.2c formed a fur-
ther outgroup, designed as 3.3.2c′ (Fig. S4e). Like 3.3.2c, 
3.3.2c′ originated from A(H1N1)pdm09 viruses isolated 
from humans in Thailand in 2010 (Fig. S4d, red arrow). 
The MP genes of viruses isolated from farm B in July 2015 
and the NP genes of viruses isolated from farm O were 
classified as 3.3.2c, even though they were not identified 
as an additional subclade (Figures S5, S6a and b). The 
topology of the N1 NA, PB2, and PA genes of the Thai 
IAV-S isolates in this study were similar to those of the 
H1 HA and PB1 genes. However, the sequences of the NP, 
MP, and NS genes of the viruses were so closely related 
between 3.3.2a and -b that they were not phylogenetically 
distinguishable (bootstrap value, <60%), and they were 
therefore designated as 3.3.2ab (Fig. S6a and c).

Because the divergence pattern was similar between 
the H1 HA and PB1 genes, as described, we compared 
their estimated divergence times (Table 1). Whereas the 
time of divergence differed by only 1 month between the 
H1 HA and PB1 genes in 3.3.2a, the dates of divergence 
for 3.3.2b and 3.3.2c of PB1 genes were at least 4 and 
6 months earlier than those of H1 HA genes. However, 
such deviations might reflect differences of the numbers 
of full-length genes registered in the database.

Next, we scrutinized the genetic constellation of the 
viruses on each farm based on the genetic designation we 
described earlier (Table 2). On farm B, except for two 
cases, the constellation of H1N1 viruses remained the 
same throughout the monitoring period—the viruses in the 
constellation carried the HA, NA, PB2, PB1, and PA genes 
of 3.3.2a and the NP, MP, and NS genes of 3.3.2ab until 
July 2017. The two exceptional cases arose in July 2015, 
when the isolates at that time had the PB2 of 3.3.2b or MP 
of 3.3.2c. These data suggest that, before July 2015, new 
viruses carrying the PB2 gene originated from humans in 
2009 and/or the MP gene that originated in 2010 to 2011 
was introduced into farm B, where these viruses reassorted 
with those that had circulated but had not been established 
on the farm. Although the first isolated viruses from farm 
B were H3N2 viruses in February 2011, the constellations 
of the internal genes described earlier were shared by both 
H1N1 and H3N2 viruses, suggesting that H1N1 viruses 
carrying the original gene constellations might have been 
circulating on farm B before February 2011.

On farm C, the gene constellations of the H1N1 viruses, 
H1_ChoC16.2, were the same as for the exceptional H1N1 
viruses isolated on farm B in July 2015, H1_ChoB15.7B. 
Although the origin of the H3 HA genes on farm C differed 
from that of farm B, that of the internal and NA genes of 
the H3N2 viruses, H3_ChoC15.7 and H3_ChoC17.2, were 
the same as that of those isolated on farm B (Table 2). 
H3N2 viruses with the same gene constellations were 

retained on farm C for at least 1.5 years (July 2015 through 
February 2017).

On farm D, H1N1 viruses that had the same gene constel-
lation as H1_ChoD11.2 persisted until July 2012. Then, in 
February 2013, other H1N1 viruses emerged, of which all of 
the gene segments originated from 3.3.2c A(H1N1)pdm09 
viruses, thus indicating another introduction of A(H1N1)
pdm09 viruses into farm D. H3N2 viruses isolated after July 
2012 carried the same internal genes as H1N1 viruses that 
circulated after February 2013. However, the origin of the 
internal genes of H3_ChaD12.7 and H3_ChaD13.2 differed 
from that of H3_ChaD15.7, as illustrated by the PB1 phy-
logeny (Fig. S4d). Like the situation on farm B, although the 
first viruses carrying genes of 3.3.2c on farm D were H3N2 
viruses in July 2012, H1N1 viruses carrying all genes of 
3.3.2c might have been circulating before July 2012, reas-
sorting with the H3N2 strains to yield H3_ChoD12.7.

On farm O, H3N2 viruses with the same gene constel-
lation had persisted for at least one year (July 2016 to July 
2017).

Antigenic analysis of the Thai isolates

We performed HI assays to ascertain whether antigenic 
differences were present among the IAVs-S isolated in the 
current study. All viruses isolated in this study reacted with 
hyperimmune chicken sera raised against Cal09, with HI 
titers less than 2-fold lower than that of the homologous 
virus. In contrast, viruses isolated on farms B and D showed 
4-fold differences in reactivity with the other two hyper-
immune chicken sera. Among the A(H1N1)pdm09 viruses 
isolated from pigs on farm B, whose H1 HA genes phy-
logenetically belonged to 3.3.2a, H1_ChoB12.7 showed 
higher reactivity with hyperimmune chicken sera raised 
against Nar11 and H1_ChoC16.2, whereas H1_ChoB17.2 
showed a 4-fold lower titer, suggesting gradual antigenic 
drift among the A(H1N1)pdm09 viruses isolated from farm 
B (Table 3). Among the A(H1N1)pdm09 viruses isolated 
from pigs on farm D, H1_ChaD11.2, H1_ChaD11.10, and 
H1_ChaD12.7, whose H1 HA genes belonged to 3.3.2b, 
reacted with hyperimmune chicken sera raised against H1_
ChoC16.2, with titers of 160 or 320, whereas H1_ChaD13.2, 
H1_ChaD13.8, H1_ChaD13.11, all of which carried H1 HA 
genes of 3.3.2c, reacted with a titer of 640. In addition, the 
latest H1_ChaD14.3 that had H1 HA genes of 3.3.2c showed 
4-fold lower reactivity than H1_ChaD13.2, H1_ChaD13.8, 
and H1_ChaD13.11 viruses.

Antigenic changes were present among H3 isolates 
obtained from the same farm as well as among those 
obtained from different farms. The reactivity of H3_
ChoB11.2 with anti-Sar08 hyperimmune chicken sera was 
clearly distinguishable from those of H3_ChoB13.5, H3_
ChoB13.8, and H3_ChoB14.3. H3_ChoB11.2 reacted with 
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Human-like-a

Human-like-b

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

A/swine/Chonburi/NIAH102952-077/2014

A/swine/Chachoengsao/NIAH102891-101/2016

A/swine/Chachoengsao/NIAH102891-023/2016

A/swine/Chonburi/NIAH102952-067/2014

A/swine/Chonburi/NIAH102952-051/2014

A/swine/Chonburi/NIAH102952-076/2014

A/swine/Chachoengsao/NIAH117865-084/2017

A/swine/Chachoengsao/NIAH110029-090/2012

A/swine/Thailand/CU-P43/2012

A/swine/Chachoengsao/NIAH105583-052-64/2012

A/swine/Chachoengsao/NIAH105583-052-85/2012

A/swine/Chachoengsao/NIAH105583-052-06/2012

A/swine/Chonburi/NIAH113357-085/2013

A/swine/Chonburi/NIAH102952-057/2014

A/swine/Chachoengsao/NIAH102891-090/2016

A/swine/Chachoengsao/NIAH105583-042/2012

A/swine/Chachoengsao/NIAH105583-052-02/2012

A/swine/Chonburi/NIAH102952-060/2014

A/swine/Chachoengsao/NIAH109560-090/2015

A/swine/Chonburi/NIAH102952-062/2014

A/swine/Chonburi/NIAH102952-080/2014

A/swine/Thailand/CU-BN54/2012

A/swine/Chachoengsao/NIAH117865-033/2017

A/swine/Chachoengsao/NIAH117865-085/2017

A/swine/Chachoengsao/NIAH105583-052-42/2012

A/swine/Chonburi/NIAH102952-093/2014

A/swine/Chachoengsao/NIAH117865-075/2017

A/swine/Thailand/CU-BN53/2012

A/swine/Chachoengsao/NIAH117865-083/2017

A/swine/Saraburi/NIAH107725-28/2008

A/swine/Chachoengsao/NIAH117865-037/2017

A/swine/Chachoengsao/NIAH117865-038/2017

A/swine/Chachoengsao/NIAH105583-053/2012

A/swine/Chonburi/NIAH102952-058/2014

A/swine/Chachoengsao/NIAH105583-045/2012
A/swine/Chachoengsao/NIAH105583-058/2012

A/swine/Chachoengsao/NIAH117865-072/2017

A/swine/Chonburi/NIAH102952-092/2014

A/swine/Ratchaburi/NIAH59/2004

A/swine/Chachoengsao/NIAH102891-088/2016

A/swine/Chachoengsao/NIAH105583-052-74/2012

A/swine/Chonburi/NIAH102952-071/2014

A/swine/Chonburi/NIAH102952-074/2014

A/swine/Chonburi/NIAH102952-064/2014

A/swine/Chachoengsao/NIAH102891-100/2016

A/swine/Chonburi/NIAH106952-028/2011

A/swine/Thailand/KU5.1/2004

A/swine/Thailand/PB483/2009

A/swine/Thailand/PB482/2009

A/swine/Chachoengsao/NIAH102891-033/2016

A/swine/Chonburi/NIAH102952-086/2014

A/swine/Chachoengsao/NIAH117865-032/2017

A/swine/Chachoengsao/NIAH117865-043/2017

A/swine/Chachoengsao/NIAH117865-042/2017

A/swine/Chachoengsao/NIAH117865-036/2017

A/swine/Chachoengsao/NIAH117865-066/2017

A/swine/Chonburi/NIAH109559-063/2015

A/swine/Chachoengsao/NIAH117865-090/2017

A/swine/Ratchaburi/NIAH874/2005

A/swine/Chonburi/NIAH109559-038/2015

A/swine/Chachoengsao/NIAH117865-070/2017

A/swine/Chachoengsao/NIAH117865-040/2017

A/swine/Chonburi/NIAH102952-101/2014

A/swine/Chonburi/NIAH102952-100/2014

A/swine/Chonburi/NIAH102952-083/2014

A/swine/Chonburi/NIAH102952-095/2014
A/swine/Chonburi/NIAH102952-063/2014

A/swine/Chachoengsao/NIAH105583-050/2012

A/swine/Chachoengsao/NIAH105583-052-52/2012

A/swine/Chonburi/NIAH108758-059/2013

A/swine/Chachoengsao/NIAH105583-052-11/2012

A/swine/Chachoengsao/NIAH105583-052-62/2012

A/swine/Chonburi/NIAH102952-061/2014

A/swine/Chachoengsao/NIAH102891-075/2016

A/swine/Thailand/CU-P53/2012

A/swine/Chachoengsao/NIAH105583-048/2012

A/swine/Chonburi/NIAH113220-082/2017

A/swine/Chachoengsao/NIAH105583-052-46/2012

A/swine/Chonburi/NIAH102952-094/2014

A/swine/Chachoengsao/NIAH117865-081/2017

A/swine/Chonburi/NIAH102952-059/2014

A/swine/Thailand/PB486/2009

A/swine/Chachoengsao/NIAH102891-057/2016

A/swine/Thailand/CU-S14252N/2014

A/swine/Chachoengsao/NIAH117865-082/2017

A/swine/Chonburi/NIAH102952-099/2014

A/swine/Chonburi/NIAH102952-079/2014

A/swine/Ratchaburi/NIAH9426/2005

A/swine/Chachoengsao/NIAH102891-056/2016

A/swine/Chonburi/NIAH108758-057/2013

A/swine/Chachoengsao/NIAH102891-034/2016

A/swine/Chonburi/NIAH102952-075/2014

A/swine/Chonburi/NIAH108758-041/2013

A/swine/Chachoengsao/NIAH105583-044/2012

A/swine/Chachoengsao/NIAH117865-041/2017

A/swine/Chonburi/NIAH102952-066/2014

A/swine/Chachoengsao/NIAH102215-095/2013

A/swine/Chachoengsao/NIAH105583-052-01/2012

A/swine/Thailand/CU-S14129N/2013

A/swine/Chachoengsao/NIAH117865-069/2017

A/swine/Chachoengsao/NIAH117865-071/2017

A/swine/Chachoengsao/NIAH102891-061/2016

A/swine/Thailand/PB484/2009

A/swine/Chachoengsao/NIAH105583-055/2012

A/swine/Chachoengsao/NIAH117865-045/2017

A/swine/Chachoengsao/NIAH117865-044/2017

A/swine/Chachoengsao/NIAH102891-024/2016

A/swine/Saraburi/NIAH109713-36/2009

A/swine/Chonburi/NIAH102952-078/2014

A/swine/Chachoengsao/NIAH102891-089/2016

A/swine/Chachoengsao/NIAH117865-035/2017

A/swine/Chachoengsao/NIAH102215-094/2013

A/swine/Thailand/PB485/2009

A/swine/Chachoengsao/NIAH117865-068/2017

1998
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anti-Sar08 hyperimmune chicken sera with a titer of 5120, 
which was the same titer obtained with the homologous 
antigen; H3_ChoB13.5, H3_ChoB13.8, and H3_ChoB14.3 
reacted with 32-, 64-, and 64-fold lower titers, respectively. 
Similar but less extensive changes in reactivity were recog-
nized when antiserum against H3_ChoC15.7 was used. The 
titers of both H3_ChaD12.7 and H3_ChaD13.2 against anti-
Sar08 hyperimmune chicken sera were 16 times lower than 
the titer of the homologous antigen, whereas H3_ChaD15.7 
maintained its titer. Similar results were obtained with anti-
H3_ChaD15.7 hyperimmune serum. The H3N2 isolates 
from farms C and O, both belonging to the human-like b 
cluster, showed similar reactivity against the four hyperim-
mune sera used. In addition, the H3N2 IAV-S isolates from 
all four farms showed low reactivity to post-infection ferret 
sera against seasonal human strains from 1995 through 2003 
and did not react at all to those from after 2005 (Table 4).

To ascertain whether the antigenic differences observed 
using hyperimmune chicken and post-infection ferret sera 
could be detected by naturally infected host animals in the 
field, we used sera collected from 20-week-old swine at farm 
C. Specifically, we screened 25 sera obtained from 20-week-
old pigs, which we considered to be unaffected by mater-
nal antibodies, in HI tests. Of these two sera, nos. 1 and 
4, reacted with titers of 160 or more to several H1N1 and 
H3N2 isolates, and both were used for HI tests. For HI tests 
with the H1N1 strains, two sera, nos. 2 and 3, were added, 
because they reacted with the two highest titers, except for 
nos. 1 and 4, to all of the H1N1 strains examined. Sera 5 and 
6 were selected for HI testing with the H3N2 strains for the 
same reason as discussed for the H1 strains. H1_ChoB17.2 
showed a 4-fold lower titer than H1_ChoB12.7 to swine sera 
2 and 4, suggesting that the antigenic drift observed among 
H1N1 isolates on farm B by using hyperimmune sera could 
be recognized by serum antibodies in naturally infected 
pigs. H1_ChoC16.2 reacted similarly to H1_ChoB15.7B 
with the pig sera. A correlation between antigenicity and 
phylogenic grouping was evident among the viruses from 
farm D in regard to sera 1, 3, and 4. H1_ChaD11.2, H1_
ChaD11.10, and H1_ChaD12.7, which belonged to 3.3.2b, 
reacted well with sera 1, 3, and 4, but those belonging to 
3.3.2c—H1_ChaD13.2, H1_ChaD13.8, H1_ChaD13.11, 
and H1_ChaD14.3—were less reactive. Regarding H3 
viruses, H3_ChoB11.2 showed low reactivity to sera 4 and 
5, whereas newer strains showed more than 4-fold higher 

titers. At farm D, H3_ChaD15.7 showed high reactivity to 
serum no. 1, whereas older strains were 8 times less reactive.

It is interesting to note that, regardless of the farm sam-
pled, phylogenetically distinct groups showed remarkably 
different reactivity to swine serum no. 4. Although serum 
no. 4 did not react with the isolates from farms C and O 
that carried human-like b H3 HA genes, it reacted with the 
H3N2 viruses carrying human-like a H3 HA genes isolated 
from the other two farms. Considering that serum no. 4 was 
collected at farm C in July 2015, IAV-S strains that carried 
human-like b H3 HA genes might have emerged because 
of the lack of immunity to them on farm C. Isolates from 
farms C and O reacted similarly with sera 1, 5, and 6. Taken 
together, our analysis of the Thai isolates indicated that both 
hyperimmune antisera and naturally infected swine sera 
revealed antigenic differences not only between phyloge-
netically distinct groups but also within each group (that is, 
antigenic drift).

To examine the correlation between antigenic changes 
and amino acid substitutions in the HA protein, we com-
pared the amino acid substitutions among the H1 (Table S5) 
and H3 (Table S6) isolates. Among the H1N1 viruses, sev-
eral substitutions within predicted antigenic sites deduced 
by previous studies [46–48] occurred between isolates that 
showed different antigenicities in the HI tests (Table S5). 
Among the five amino acid substitutions in the HA protein 
of H1_ChoB17.2 relative to that of H1_ChoB12.7, two 
within predicted antigenic sites possibly contributed to the 
gradual antigenic drift observed in the HI test. Likewise, 
any of the four substitutions within the predicted antigenic 
sites between older strains (H1_ChaD11.2, H1_ChaD11.10, 
and H1_ChaD12.7) and recent strains (H1_ChaD13.2, H1_
ChaD13.8, H1_ChaD13.11, and H1_ChaD14.3) are likely to 
be related to the different reactivities against swine serum 
no. 4. Because the H3N2 isolates demonstrated many substi-
tutions even within the antigenic sites deduced in a previous 
report [49], it was difficult to identify which substitution 
was associated with an antigenic difference. Compared with 
H3_ChoB11.2, the H3N2 isolates from farm B after 2013, 
H3_ChoB13.5, H3_ChoB13.8, and H3_ChoB14.3, which 
showed different reactivity to hyperimmune sera against 
Sar08 and swine sera 4 and 5, shared 14 substitutions within 
the predicted antigenic sites (Table S6). Among the isolates 
from farm D, five substitutions within the predicted antigenic 
sites were present between older strains (H3_ChaD12.7 and 
H3_ChaD13.2) and the most recent (H3_ChaD15.7) that 
showed different reactivities to antisera against Sar08 and 
Whu95 and swine serum no. 1 (Table 5). Compared with 
H3_ChoB11.2 of human-like a, the H3N2 isolates of human-
like b (H3_ChoC15.7, H3_ChoC17.2, H3_ChaO16.7, and 
H3_ChaO17.7) shared more than 18 substitutions within 
predicted antigenic sites.

Fig. 2   Detail trees derived from an H3 HA MCC phylogenetic tree 
based on genes of viruses isolated in this study and downloaded from 
the GISAID databases. The genetic group human-like a is shown in 
lines colored with green, and human-like b is in yellow. Strain names 
isolated from farms B, C, D, and O are shown in red, orange, blue, 
and purple, respectively. Gray boxes indicate the divergence time esti-
mated using BEAST

◂
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To assess whether the HA protein of the H1 isolates from 
farm B had undergone selection pressure for evading host 
immune surveillance, we compared the ratio of nonsyn-
onymous to synonymous nucleotide substitution rates (Ka/
Ks ratios) [50] of their HA genes. Because internal genes 
appear to be less vulnerable to such selection pressure than 
surface genes, we calculated the Ka/Ks ratios of their PB1 

genes for comparison (Table 5). The Ka/Ks ratios of the H1 
HA genes were significantly higher than those of their PB1 
genes (t-test, P < 0.01). In addition, the substitution rates 
within these viruses were significantly higher for the HA 
genes (4.9 × 10−3 substitutions/genome/year; 95% HPDV, 
3.5 × 10−3 to 6.3 × 10−3) than for the PB1 genes (2.6 × 10−3 
substitutions/genome/year; 95% HPDV, 1.8 × 10−3 to 

Table 1   Estimated divergence 
time of the HA and PB1 genes 
in each genetic group

a Highest posterior density value

Gene group H1 HA PB1

Branch node 95% HPDVa Branch node 95% HPDV

3.3.2a 17 Jan 2010 20 Oct 2009 - 22 Apr 2010 19 Feb 2010 19 Oct 2009 - 19 Jun 2010
3.3.2b 25 Jul 2009 12 Jul 2009 - 25 Jul 2009 29 Mar 2009 5 Nov 2008 - 19 Jul 2009
3.3.2c 25 Jan 2011 18 Oct 2010 - 4 Apr 2011 2 July 2010 4 Apr 2010 - 31 August 2010

Table 2   Gene constellations of influenza A viruses of swine isolated in this study

Farm Subtype Number of isolated 
virusesa Sampling date Gene constellationb

HA NA PB2 PB1 PA NP M NS

B

H3_ChoB11.2 H3N2 2 2011/2/7 Hl-a Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChoB12.7 H1N1 2 2012/7/19 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H3_ChoB13.5 H3N2 2 2013/5/27 Hl-a Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChoB13.5 H1N1 3 2013/5/27 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H3_ChoB13.8 H3N2 1 2013/8/19 Hl-a Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H3_ChoB14.3 H3N2 29 2014/3/13 Hl-a Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChoB15.7A H1N1 3 2015/7/1 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2c 3.3.2ab

H1_ChoB15.7B H1N1 12 2015/7/1 3.3.2a 3.3.2a 3.3.2b 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChoB16.7 H1N1 1 2016/7/27 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChoB17.2 H1N1 15 2017/2/9 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

C

H3_ChoC15.7 H3N2 2 2015/7/1 Hl-b Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChoC16.2 H1N1 2 2016/2/24 3.3.2a 3.3.2a 3.3.2b 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

H3_ChoC17.2 H3N2 1 2017/2/8 Hl-b Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2ab 3.3.2ab 3.3.2ab

D

H1_ChaD11.2 H1N1 6 2011/2/3 3.3.2b 3.3.2b 3.3.2b 3.3.2b 3.3.2b 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChaD11.10 H1N1 1 2011/10/19 3.3.2b 3.3.2b 3.3.2b 3.3.2b 3.3.2b 3.3.2ab 3.3.2ab 3.3.2ab

H1_ChaD12.7 H1N1 1 2012/7/10 3.3.2b 3.3.2b 3.3.2b 3.3.2b 3.3.2b 3.3.2ab 3.3.2ab 3.3.2ab

H3_ChaD12.7 H3N2 2 2012/7/10 Hl-a Hl-a 3.3.2c’ 3.3.2c’ 3.3.2c’ 3.3.2c’ 3.3.2c’ 3.3.2c’

H1_ChaD13.2 H1N1 8 2013/2/6 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c

H3_ChaD13.2 H3N2 2 2013/2/6 Hl-a Hl-a 3.3.2c’ 3.3.2c’ 3.3.2c’ 3.3.2c’ 3.3.2c’ 3.3.2c’

H1_ChaD13.8 H1N1 3 2013/8/7 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c

H1_ChaD13.11 H1N1 4 2013/11/20 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c

H1_ChaD14.3 H1N1 22 2014/3/17 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c

H3_ChaD15.7 H3N2 1 2015/7/2 Hl-a Hl-a 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c 3.3.2c

O
H3_ChaD16.7 H3N2 18 2016/7/15 Hl-b Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2c 3.3.2ab 3.3.2ab

H3_ChaD17.7 H3N2 26 2017/7/5 Hl-b Hl-a 3.3.2a 3.3.2a 3.3.2a 3.3.2c 3.3.2ab 3.3.2ab

a All IAVs-S isolated in this study are listed in Table S4
b Genetic groups are colored as follows: 3.3.2a; red, 3.3.2b; pink, 3.3.2c; blue, 3.3.2ab; bright purple, Hl-a; green, Hl-b; yellow. Differences 
in nomenclature between this paper and a previous report [29] are as follows: 3.3.2b (this study), Pdm-2 (PB2); 3.3.2c, Pdm-1 (PB1 and NS); 
3.3.2b, Pdm-3 (PA); 3.3.2ab, Pdm-2 (NP); 3.3.2c, Pdm-3b (MP). Viruses labeled as “Hl” and “3.3.2” originated from human-like H3N2 IAVs-S 
and H1N1pdm09 viruses, respectively
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3.4 × 10−3; P < 0.01). We similarly calculated the Ka/Ks 
ratios and mutation rates of the H3N2 viruses from farm 
D because they also had evolved as a single lineage with 
antigenic change (Table 5). The Ka/Ks ratios and substitu-
tion rates of their H3 HA genes were significantly higher 
than those of their own PB1 genes (P = 0.03 and P < 0.01, 
respectively). These results suggest that selection pressure, 
possibly due to immune pressure, in the pig population may 
have driven the antigenic drift of the HA genes of these 
viruses within the same farm.

Discussion

To investigate the evolution of IAV-S within a farm, we 
conducted a longitudinal study at five pig farms in Thai-
land, which yielded 169 IAV-S isolates consisting of H1N1 
and H3N2 viruses. Our phylogenetic and antigenic analy-
ses demonstrated the dynamics of various IAV-S strains 
due to accumulation of mutations, multiple introductions 
of viruses, and reassortment events in the pig farm setting. 
Through surveillance at these farms, we confirmed the pres-
ence of antigenic drift over several years due to the accu-
mulation of amino acid substitutions in the HA protein, and 
we documented multiple introductions of viruses followed 
by reassortment events that generated the observed genetic 

and antigenic diversity. Both events could contribute to the 
maintenance of IAV-S on a pig farm and to the generation 
of new viruses.

Regarding the dynamics of a particular subtype of IAV-S 
on a farm, we observed in this study that IAVs-S with similar 
antigenicity persisted on a farm for approximately 1 year and 
then became undetectable, followed by an approximately 
1-year interlude and then resurgence of a virus with the same 
subtype but different antigenicity. Antigenic alteration at the 
time of resurgence was caused by either antigenic drift or 
the introduction of a virus belonging to another subline-
age (Tables 2, 3, 4). Sun et al. demonstrated that IAV-S 
expanded easily and rapidly on a farm, thus raising the herd 
immunity level against the IAV-S within 100 days after the 
first infection sufficiently high to prevent virus shedding 
during a second infection [51]. Given the similar dynam-
ics that occurred within the swine population on farm B, 
rapid expansion of viruses likewise could have elevated herd 
antibody titers, thus restricting the prevalence of a circulat-
ing virus to below the detection limit. This high immune 
pressure might have led to the antigenic drift in the H1N1 
viruses from farm B such that, for example, H1_ChoB12.7 
accumulated substitutions for 3  years and resurged as 
H1_ChoB15.7A/B, followed by H1_ChoB16.7 and H1_
ChoB17.2. Over 4 years, these viruses gradually became 
less reactive to naturally infected pig sera, as typically seen 

Table 3   Hemagglutination 
inhibition (HI) titers against the 
H1 viruses

a Homologous HI titers are underlined
b Timepoints for collection of swine sera are as follows; no.1, May 2014; nos. 2 and 3, December 2014; no. 
4, July 2015

Antigen Farm HI titer with antiseraa

Hyperimmune chicken sera Sera from 20-week-old swine
at farm Cb

Cal09 Nar11 H1_ChoC16.2 no. 1 no. 2 no. 3 no. 4

Nar09 2560 1280 640 320 160 320 80
Cal09 2560 1280 640 160 160 640 160
Nar11 2560 1280 320 160 160 640 160
H1_ChoB12.7 B 2560 1280 640 160 320 640 160
H1_ChoB13.5 1280 640 640 320 320 320 160
H1_ChoB15.7A 2560 640 640 160 160 320 80
H1_ChoB15.7B 2560 640 320 320 160 320 80
H1_ChoB16.7 2560 1280 320 160 160 320 80
H1_ChoB17.2 1280 320 160 80 80 160 40
H1_ChoC16.2 C 2560 640 640 320 160 320 80
H1_ChaD11.2 D 2560 640 160 160 80 320 80
H1_ChaD11.10 1280 640 320 160 160 320 160
H1_ChaD12.7 2560 640 160 80 40 160 40
H1_ChaD13.2 1280 160 640 20 80 80 <20
H1_ChaD13.8 1280 160 640 20 80 80 20
H1_ChaD13.11 1280 640 640 40 80 80 <20
H1_ChaD14.3 1280 320 160 40 80 40 <20
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with serum no. 4, suggesting that IAV-S evolves to evade 
immune pressure in a farm setting. It is unclear whether such 
antigenic drift under immune pressure actually occurred at 
the farm level in this study, although previous reports have 
demonstrated using experimentally infected animals that 
antigenic drift can occur under immune pressure in a pig 
[52, 53]. Other researchers have demonstrated that selection 
pressure is more intense on the HA1 gene than on internal 
genes and have hypothesized that IAVs behave as though 
they are trying to outrun their immune pursuers [54]. Ram-
baut et al. demonstrated that the antigenic drift of human 
IAVs due to such selection pressure is a global event, and 
thus new variants are spread [55]. In the current study, we 
learned that, in a farm setting, non-synonymous substitu-
tions with higher substitution rates in the HA gene than in 
the PB1 gene resulted in the emergence of a drifted virus 
that differed from the strain that had circulated previously 
in the pig population. However, it remains to be determined 
whether the drift was a consequence of escape from herd 
immunity against the strain that had previously been circu-
lating on the farm.

In addition, introductions of viruses of the same subtype 
but with different antigenicity were another key for evading 
immune pressure, as seen in the H3N2 viruses on farm B 
and H1N1 viruses on farm D. Through a 1-year longitudi-
nal study of farrow-to-wean farms, Diaz et al. documented 
multiple introductions of H1N1, H1N2, and H3N2 IAV-S 
on individual farms, with some IAV-S strains retained and 
others replaced by phylogenetically distinct groups on indi-
vidual farms [17]. Our current 5-year longitudinal study 
demonstrated that such introduced viruses can establish 
themselves on a farm only when the new IAV-S differs in 
antigenicity from the pre-existing IAV-S strains on that farm.

The isolation from four Thai pig farms of A(H1N1)
pdm09 viruses and of H3N2 viruses whose internal genes 
were replaced by those of A(H1N1)pdm09 viruses demon-
strates interspecies transmission from humans to swine and 

subsequent reassortment in pigs, as reported previously [30, 
33, 56, 57]. The three epidemic peaks of A(H1N1)pdm09 
virus in the human population in Thailand—August 2009, 
February 2010, and September 2010—were followed by 
another peak in 2014, and few cases of A(H1N1)pdm09 
infection in humans were recorded between 2011 and 2013 
[58, 59]. Our genetic analysis of IAV-S isolates of A(H1N1)
pdm09 origin revealed a close genetic relationship between 
the IAV-S strains from the pig farms and human epidemic 
strains (Fig. 1a-c). 3.3.2a and 3.3.2b of H1 HA genes were 
estimated to diverge in October 2009 and July 2009, respec-
tively, suggesting that they were introduced into pig farms 
around the first epidemic peak in the human population in 
Thailand. Likewise, 3.3.2c of H1 HA genes was estimated 
to diverge in September 2010, coinciding with the third epi-
demic peak in the human population. This finding suggests 
that the magnitude of an epidemic in the human population 
might promote interspecies transmission of IAVs to the pig 
population. Studying the timing of influenza outbreaks in 
human and pig populations is important for revealing the 
mechanisms underlying the introduction of a human epi-
demic influenza virus into pig farms.

During our active surveillance, we detected IAV-S on 
multiple occasions on farms B, C, D, and O, whereas we 
detected no IAV-S during any of the four sampling events 
on farm P. A previous report showed that farms with more 
than 1000 pigs are at increased risk for IAV-S positivity 
[60]. In that regard, each of the five farms in our study had 
more than 1000 pigs, thus ruling out the possibility that the 
different isolation rates were due to differences in the num-
ber of pigs on the surveyed farms. In addition, the farms 
we tested maintained similar animal husbandry practices, 
mandating workers to wear dedicated clothes and boots and 
to shower before and after handling pigs (Table S1). The 
only husbandry practice that differed between farm P and the 
other four farms that might have resulted in their differing 
hygiene status was that workers on farm P wore masks when 

Table 5   Ka/Ks ratio and 
substitution rates of H1N1 and 
H3N2 viruses used in this study

a Nonsynonymous substitutions per non-synonymous site / synonymous substitutions per synonymous site
b Highest posterior density value
c Student’s t-test

Virus Subtype Segment Ka/Ksa Substitution rate

Ratio Pc Rate 95% HPDVb P

H1_ChoB12.7
H1_ChoB13.5
H1_ChoB15.7A
H1_ChoB15.7B
H1_ChoB16.7
H1_ChoB17.2

H1N1 HA 0.64 < 0.01 4.9 × 10−3 3.5 × 10−3-6.3 × 10−3 < 0.01
PB1 0.57 2.6 × 10−3 1.8 × 10−3-3.4 × 10−3

H3_Cha12.7
H3_Cha13.2
H3_ChaD15.7

H3N2 HA 0.72 0.03 5.5 × 10−3 3.5 × 10−3-7.7 × 10−3 < 0.01
PB1 0.65 3.2 × 10−3 1.7 × 10−3-4.6 × 10−3
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handling pigs. Wearing masks might reduce the pigs’ expo-
sure to aerosolized infectious influenza virus from humans, 
thus decreasing the risk of transmission of human seasonal 
influenza virus on the farm. However, the small sample size 
precludes the demonstration of a significant correlation 
between the presence of IAV-S and the wearing of masks 
by workers. Further investigation of the ability of masks to 
prevent human-to-pig transmission is needed.

In summary, we used continuous longitudinal surveillance 
to show how IAV-S generated genetic and antigenic diversity 
over several years in a pig farm setting; antigenic drift due 
to the accumulation of substitutions in antigenic sites in the 
HA gene contributed to the evolution of IAVs-S. In addition, 
the introduction of viruses with different antigenicity was 
confirmed. At the farm level, both of these events appeared 
to be important for the evasion of host immunity and subse-
quent circulation and resurgence of IAV-S. One remarkable 
feature of our study is that it indicates that both multiple 
introductions of IAV-S and accumulation of substitutions 
in the HA proteins had occurred, resulting in the antigenic 
evolution and long-term circulation of IAV-S within a farm. 
Although we found evidence of multiple introductions into 
and resurgence of viruses on the pig farms we monitored, 
additional clues regarding how such introductions occurred 
would help to prevent similar introductions and to control 
IAV infections in pigs.
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