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ABSTRACT
Background. Ongoing outbreaks of H5N1 highly pathogenic avian influenza (HPAI)
viruses and the emergence of the genetic-related hemagglutinin (HA) gene of reassor-
tant H5Nx viruses currently circulating in wild birds and poultries pose a great global
public health concern. In this study, we comprehensively analyzed the genetic evolution
of Thai H5N1 HA and neuraminidase (NA) genes between 2003 and 2010. The H5N1
Thailand virus clade 2.3.4 was also genetically compared to the currently circulating
clade 2.3.4.4 of H5Nx viruses.
Methods. Full-length nucleotide sequences of 178 HA and 143 NA genes of H5N1
viruses circulating between 2003 and 2010 were phylogenetically analyzed using
maximum likelihood (ML) phylogenetic construction. Bayesian phylogenetic trees
were reconstructed using BEAST analysis with a Bayesian Markov chain Monte Carlo
(MCMC) approach. The maximum clade credibility (MCC) tree was determined, and
the time of the most recent common ancestor (tMRCA) was estimated. The H5N1 HA
nucleotide sequences of clade 2.3.4 Thailand viruses were phylogenetically analyzed
using ML phylogenetic tree construction and analyzed for nucleotide similarities with
various subtypes of reassortant H5Nx HA clade 2.3.4.4.
Results. ML phylogenetic analysis revealed two distinct HA clades, clade 1 and clade
2.3.4, and two distinct NA groups within the correspondingH5 clade 1 viruses. Bayesian
phylogenetic reconstruction for molecular clock suggested that the Thai H5N1 HA and
NAemerged in 2001.87 (95%HPD: 2001.34-2002.49) and 2002.38 (95%HPD: 2001.99-
2002.82), respectively, suggesting that the virus existed before it was first reported in
2004. The Thai H5N1 HA clade 2.3.4 was grouped into corresponding clades 2.3.4,
2.3.4.1, 2.3.4.2, and 2.3.4.3, and shared nucleotide similarities to reassortant H5Nx
clade 2.3.4.4 ranged from 92.4-96.8%. Phylogenetic analysis revealed monophyletic
H5Nx clade 2.3.4.4 evolved from H5N1 clade 2.3.4.
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Conclusion. H5N1 viruses existed, and were presumably introduced and circulated in
avian species in Thailand, before they were officially reported in 2004.HA andNA genes
continuously evolved during circulation between 2004 and 2010. This study provides
a better understanding of genetic evolution with respect to molecular epidemiology.
Monitoring and surveillance of emerging variants/reassortants should be continued.

Subjects Bioinformatics, Evolutionary Studies, Microbiology, Molecular Biology, Virology
Keywords H5N1 highly pathogenic avian influenza (HPAI) virus, Hemagglutinin,
Neuraminidase, Genetic evolution, Reassortant H5Nx viruses

INTRODUCTION
Influenza A viruses are classified into 18 hemagglutinin (HA) (H1-H18) and 11
neuraminidase (NA) (N1-N11) subtypes. Subtypes H1-H16 and N1-N9 can be isolated
from aquatic birds, while H17N10 and H18N11 were discovered in bats using nucleotide
sequence analysis (Webster et al., 1992; Dugan et al., 2008; Forrest & Webster, 2010; Tong
et al., 2012; Tong et al., 2013; Long et al., 2019). Several subtypes of avian influenza A
viruses, i.e., H5N1, H5N6, H5N8, H7N7, H7N9, and H9N2, have been reported to cross
the species barrier and infect humans (Wong & Yuen, 2006; Peiris, de Jong & Guan, 2007;
Forrest & Webster, 2010; Gao et al., 2013; Mok et al., 2015). Among these avian influenza
subtypes, H5N1 highly pathogenic avian influenza (HPAI) virus is the most virulent,
causing the highest percent case fatality (53%) in humans (World Health Organization ,
2022). The recent emergence of evolutionary-related H5 HA of reassortant H5Nx subtypes
in combination with different NA subtypes has been globally detected in wild birds and
poultries (Li et al., 2017; Antigua et al., 2019; Nuñez & Ross, 2019; Liang et al., 2021; Li, Su
& Smith, 2021; Gu et al., 2022).

The first emergence of H5N1 viruses causing human infections occurred in Hong Kong
in 1997 and resulted in 18 cases and six deaths (33% case fatality) (Gutiérrez et al., 2009).
The virus re-emerged in 2003, and it has been uncontrollable until the present. Between
January 2003 and June 2022, there have been 864 human cases including 456 fatalities
globally (53% case fatality) (World Health Organization , 2022). The latest case of H5N1
infection was reported in the United States in April 2022 (Centers for Disease Control
and Prevention , 2022; World Health Organization , 2022). Moreover, H5Nx reassortants
with different NA subtypes, particularly H5N6 and H5N8, emerged in China during the
successful control ofH5N1 virus in poultry (Li, Su & Smith, 2021), and subsequently caused
global outbreaks, mainly in Asia, Europe, and North America (Li et al., 2017; Antigua et al.,
2019; Nuñez & Ross, 2019; Liang et al., 2021; Li, Su & Smith, 2021; Gu et al., 2022). A total
of 78 laboratory-confirmed H5N6 human cases, 32 of which with fatal outcomes (41%
case fatality), were reported in China from 2015–2022 and Laos in 2021 (World Health
Organization , 2022), while seven positive cases of H5N8 virus infection were reported in
Russia in 2021 (World Health Organization , 2021a). Thailand first reported an H5N1 avian
influenza outbreak in poultry and humans in January 2004 (Puthavathana et al., 2005). The
last human case was reported in 2006, while the last poultry outbreak was reported in 2008
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(Uchida et al., 2008; Chaichoune et al., 2009). Nevertheless, three new genomic sequences
of H5N1 isolates were deposited in the GenBank database in 2010. There has been a total
of 25 human cases with 17 deaths (68% case fatality). To date, no H5Nx human infections
have been detected in Thailand, although one isolate of the H5N8 virus was found in
chicken in 2008 (World Health Organization, 2014).

A putative ancestor of H5N1 viruses re-emerged in 2003 is A/goose/Guandong/1/96
(H5N1) (Gs/GD/1/96) (WHO/OIE/FAO H5N1 Evolution Working Group , 2008; Harfoot
& Webby, 2017). All the viral genomic segments are of avian origin (World Health
Organization Global Influenza Program Surveillance Network, 2005) and naturally acquired
through genetic reassortment. The HA and NA genes were derived from the Gs/GD/1/96-
like lineage; while six internal genes originated from various avian influenza virus subtypes,
serving as the basis for the assignment to different genotypes based on the gene-constellation
analysis of each genomic segment using phylogenetic analysis (neighbor-joining bootstrap
support >70% or Bayesian posterior probability >95%) (Guan et al., 2002; Gutiérrez et al.,
2009; Li et al., 2004). By 2001, six genotypes (A, B, C, D, E and X0) had been identified, and
an additional nine new genotypes (G, V,W, X1, X2, X3, Y, Z and Z+) were detected between
2002 and 2004. Genotype Z has become the dominant H5N1 virus in southern China and
has been responsible for subsequent outbreaks in Asia (Gutiérrez et al., 2009). Continuous
H5N1 virus outbreaks and the emergence of reassortant H5Nx viruses over the past decade
have resulted in the evolution and genetic diversity of H5 HA. The WHO/OIE/FAO H5N1
Evolution Working Group identified and updated the nomenclature for genetic clades
(clades 0-9) based on HA nucleotide sequences (WHO/OIE/FAO H5N1 Evolution Working
Group , 2008; World Health Organization/World Organisation for Animal Health/Food and
Agriculture Organization, WHO/OIE/FAO)H5N1 Evolution Working Group(2014 Smith
et al., 2015). With the rapid evolution of H5 HA, new clades have emerged in several
countries, e.g., clades 2.1.3.2a-c in Indonesia, Vietnam, and Cambodia (Le & Nguyen,
2014; Lee et al., 2015; Smith et al., 2015; Suttie et al., 2019). Furthermore, the widespread
emergence of H5 HA clade 2.3.4.4 of Nx reassortants (including H5N1, H5N2, H5N3,
H5N5, H5N6, and H5N8) has been documented in Asia, Europe, and North America (Li et
al., 2017; Antigua et al., 2019; Liang et al., 2021; Li, Su & Smith, 2021; Gu et al., 2022). The
currently circulating H5 clade 2.3.4.4 was further classified into clades 2.3.4.4a-h after a
proposed update to the unified nomenclature for HPAI H5 viruses byWHO (World Health
Organization , 2021b). H5N1 genotypes Z and V, and HA genetic clades 1 and 2.3.4 were
identified in Thailand between 2003 and 2010 (Chutinimitkul et al., 2007; Chaichoune et
al., 2009; Amonsin et al., 2010), and since then they have not been detected till present.

In this study, we comprehensively analyzed the genetic evolution of Thai H5N1 HA
and NA between 2003 and 2010. The H5N1 Thailand virus clade 2.3.4 was also genetically
compared to the currently circulating clade 2.3.4.4 of H5Nx viruses.

MATERIAL AND METHODS
H5N1 HA and NA genomic sequences and data sets
HA and NA nucleotide sequences from 333 H5N1 viruses reported in Thailand
between 2003 and 2010 were retrieved from the Influenza Virus Resource (National
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Center for Biotechnology Information, U.S. National Library of Medicine) (https:
//www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database). Among
them, full-length nucleotide sequences of 178 HA and 143 NA were retrieved and
phylogenetically analyzed (Tables S1 and S2).

Phylogenetic analysis of HA and NA
Full-length of 178 HA and 143 NA nucleotide sequences were aligned using Muscle in
AliView v1.26 (https://ormbunkar.se/aliview/) (Larsson, 2014) with the reference sequences
corresponding to clades 0, 1, 2.1.1, 2.1.2, 2.1.3, 2.2, 2.2.1, 2.2.2, 2.3.1, 2.3.2, 2.3.3, 2.3.4,
3, 4, 5, 6, 7, 8, and 9 reported from World Health Organization/World Organisation for
Animal Health/Food and Agriculture Organization (WHO/OIE/FAO) H5N1 Evolution
Working Group (WHO/OIE/FAO H5N1 Evolution Working Group , 2008; World Health
Organization , 2014; Smith et al., 2015). For genetic clade classification, a maximum
likelihood (ML) phylogenetic tree was constructed using IQ-TREE with 1,000 ultrafast
bootstrap replicates with substitution model of TIM+F+G4 and GTR+F+G4 which were
the best-fit models for HA and NA alignment, respectively (Trifinopoulos et al., 2016). The
percentages of bootstrapping with≥80 in which the associated taxa clustered together were
shown on the nodes. The datasets of viruses analyzed in the study are shown in Tables S1
and S2.

To determine divergence time and ancestral origin, datasets including ancestor strain
Gs/GD/1/96 (GenBank accession number: AF148678) and H5N1 viruses reported in
Thailand and neighboring countries (Vietnam, Cambodia, China, Hong Kong, Laos,
and Malaysia) during 2002 and 2014 were prepared (Data S1). The time-scaled tree
was reconstructed using BEAST package v1.10.4 with a Bayesian Markov chain Monte
Carlo (MCMC) approach under GTR substitution model, strict clock, and exponential
growth tree prior (Suchard et al., 2018). The triplicate runs of MCMC lengths of 30,000,000
generations with sampling every 3,000 generations were performed and the individually
obtained effective sample sizes over 200 traced in Tracer v1.7.1 were combined in
LogCombiner v1.10.4 provided in the BEAST package. The maximum clade credibility
(MCC) tree was determined using TreeAnnotator v1.10.4 and visualized in Figtree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree). The time of the most recent common ancestor
(tMRCA) and its 95% highest probability density (95% HPD) were expressed as a year.

Genetic comparison between H5N1 clade 2.3.4 and H5Nx clade 2.3.4.4
H5N1 HA nucleotide sequences of identified clade 2.3.4 Thailand viruses were
phylogenetically analyzed using ML phylogenetic tree construction with the reference
strains including H5N1 HA clades 2.3.4, 2.3.4.1, 2.3.4.2, 2.3.4.3 (covering 2005 to 2013)
and various subtypes of reassortant H5Nx HA clades 2.3.4.4 and 2.3.4.4a-h covering
2013 to 2021 (World Health Organization , 2021b), retrieved from GenBank and the
EpiFluTM database of the Global Initiative on Sharing All Influenza Data (GSAID) database
(https://www.gisaid.org/) (Shu & McCauley, 2017) (Data S1). The nucleotide similarity was
analyzed using the Sequence IdentityMatrix application on BioEdit program v7.0.5.2 (Hall,
1999).
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Table 1 Analysis for genetic determinants of HPAI H5N1HA and NA compared to the H5N1 genetic change inventory (Centers for Disease
Control and Prevention, 2012).

Protein Amino acid observed
in Thai HPAI H5N1 isolates

Amino acid mutation
previously reported

Association and function

190E (100%) and 225G (100%) D190E and D225G 190D and 225D - human
receptor preference
190E and 225G - avian receptor
preference

226Q (100%) and 228G (100%) Q226L and G228S 226Q and 228G - receptor
binding site for avian receptors
226L and 228S - receptor binding
site for human receptorsHAa

RE RRRKKR↓GLF (81%)
RE KRRKKR↓GLF (10%)
IE RRRKKR↓GLF (4%)
RE RKRKKR↓GLF (3%)
RE RRRKR↓GLF (1%)
RE RRRKR↓GLF (1%)

RRRKK (329–333) Polybasic amino acid insertion at HA
cleavage site: RRRKK - indicator for
HPAI and systemic infection

20-amino acid deletion
at stalk region (100%)

20-amino acid
deletion at stalk regionc

Contributes to the high pathogenicity of
H5N1 virusesNAb

274H (100%) 274H
274Y

Oseltamivir sensitive
Oseltamivir resistance

Notes.
aAmino acid position on HA based on H3 numbering.
bAmino acid position on NA based on N2 numbering.
cNA of A/goose/Guangdong/1/96 (H5N1) contained CNQSIITYENNTWVNQTYVN at stalk region, but it was not present in NA of HPAI H5N1 Thailand isolates.

RESULTS
Genetic characteristics of Thai H5N1 HA and NA
As of 30 September 2021, Thailand had submitted a total of 333 H5N1 isolates to the
Influenza Virus Resource (NCBI). There was one isolate collected in 2003, 198 isolates in
2004, 81 isolates in 2005, 22 isolates in 2006, 11 isolates in 2007, 17 isolates in 2008, and
three isolates in 2010. The viruses were discovered from several host species i.e., chickens
(n= 162), ducks (n= 37), birds (n= 93), humans (n= 20), tigers (n= 11), leopards
(n= 6), cats and canines (n= 2), the environment, and unknown sources (n= 2). Among
the 333 H5N1 viruses, there were 347 HA nucleotide sequences of which 178 full-length
HA sequences were available. While there were 318 NA nucleotide sequences, only 143
full-length NA sequences were reported in the database. The genetic determinants on
HA and NA were analyzed. All viruses contained multiple basic amino acids (mostly RE
RRRKKR↓GLF [81%]) at the HA cleavage site, and showed α2,3-galactose linked-sialic
acid avian type receptor preference (residues 190E [100%], 225G [100%], 226Q [100%],
and 228G [100%]) (H3 numbering) on HA molecules. In addition, the 20-amino acid
deletion (100%), and oseltamivir susceptible marker (274H, 100%) (N2 numbering) were
present in NA of all viruses (Table 1).

ML phylogenetic analysis of Thai H5N1 HA and NA
We phylogenetically analyzed the full-length 178 HA and 143 NA nucleotide sequences
using ML phylogenetic construction together with the H5 clade reference sequences. The
phylogenetic tree topology of H5 HA revealed two distinct clades (clade 1 and clade 2.3.4).
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A nucleotide similarity of 93.0–96.2% was revealed between two genetic clades, while a
nucleotide similarity of 98.3–99.1% was revealed within intra-clade 1 viruses. Clades 1 and
2.3.4 viruses were clearly separated by 100% bootstrapping support (Fig. 1). In addition,
clade 1 was the major clade containing viruses collected from 2003–2010, mostly during
the early introduction time period 2003–2005, whereas clade 2.3.4 was the minor clade
with only four viruses collected in 2006–2007 from the northeastern part of Thailand.

For NA-based ML phylogenetic tree topology, H5N1 NA corresponding to H5 clade 1
virus was classified into two distinct major groups (groups 1 and 2). Most H5N1 viruses
contained NA genes genetically related to viruses from Vietnam and Cambodia, except
one isolate of clade 2.3.4 (A/duck/NongKhai/KU-50/2007, EU221251) which was closely
related to viruses corresponding to clade 2.3.4 identified in China (Fig. 2). The nucleotide
sequence similarity among NA ranged from 96.9–100%.

Divergence time estimation by Bayesian phylogenetic analysis
Datasets of HA and NA H5N1 clade 1 and clade 2.3.4 Thailand viruses, H5N1 viruses from
neighboring countries, and the Gs/GD/1/96 (H5N1) ancestor strain, were retrieved for
Bayesian phylogenetic analysis. An MCC reconstructed tree based on H5N1 HA clade 1
viruses revealed that the rooted tMRCA was 1990.35 (95% HPD: 1987.91–1992.77) with
posterior probability (PP) = 1. Subsequently, the H5N1 clade 1 descendant viruses of
Gs/GD/1/96 in the neighboring regions such as Hong Kong between 2002 and 2006 had an
estimated tMRCA of 1999.07 (95% HPD: 1998.02–2000.18) with PP = 1. The H5N1 clade
1 Thailand viruses clustered together with H5N1 clade 1 viruses from Vietnam, Cambodia,
Laos, and Malaysia circulating in 2003–2005. Those viruses formed the monophyletic
clade with a PP of 1 by the tMRCA, which was 2000.95 (95% HPD: 2000.41–2001.57).
The introduction time of most H5N1 viruses circulating in Thailand from 2003 to 2010
was estimated to be 2001.87 (95% HPD: 2001.34–2002.49). However, the PP support was
poor, possibly due to the low number of sampled viruses (Fig. 3). Additionally, the MCC
reconstructed tree based on HA revealed that the tMRCA of H5N1 clade 2.3.4 viruses was
2003.87 (95% HPD: 2003.54–2004.05) with PP = 1. The viruses were detected earlier in
China and Hong Kong in 2005. The H5N1 clade 2.3.4 Thailand viruses isolated in 2007
were phylogenetically related to viruses from Laos and Vietnam isolated in 2006-2007,
showing the monophyletic clade. These viruses shared a tMRCA of 2005.83 (95% HPD:
2005.08–2005.58) with PP = 1 (Fig. 4).

The MCC reconstructed tree based on NA of H5N1 clade 1 viruses revealed that rooted
tMRCA was 1992.95 (95% HPD: 1990.98–1995.32) with PP = 1. The NA of Gs/GD/1/96
virus introduced into neighboring regions, (particularly Hunan, Yunnan, and Hong
Kong) was around 1998.99 (HPD: 1997.83–2000.33) with PP = 1. H5N1 clade 1 viruses
emerged later in Southeast Asia, indicated by the estimated tMRCA of 2001.28 (95% HPD:
2000.63–2001.97). In addition, the earliest of H5N1 Thailand viruses was isolated from
openbill stork in 2003 in the central part of Thailand, and then rapidly spread as shown
in the short branch. As shown in the phylogenetic tree, the tMRCA of H5N1 NA Thailand
viruses corresponding to H5 clade 1 was 2002.38 (95% HPD: 2001.99–2002.82) with PP
= 1, together with the related strains from nearby countries including Cambodia, Laos,
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EF112282-A_open-billedstork_NakhonSawan_BBD3309M_2005

AB450563-A_duck-Angthong_NIAH8246_2004

MG668907-A_Thailand_NBL1_2006

AB450562-A_chicken_Suphanburi_NIAH7618_2004

JQ794462-A_chicken_Thailand_TS03_2006

EU616867-A_quail_Thailand_CU-332_2006

AB450553-A_duck_PhangNga_NIAH181_2004

FJ265574-A_chicken_Thailand_Kamphaengphet_NIAH6-3-0008_2005

FJ265567-A_sparrow_Thailand_Phitsanulok-01_2004

#9-HM172095.1-A_chicken-Anhui_39_2004

FJ265571-A_chicken_Thailand_Phitsanulok_NIAH6-3-0012_2005

DQ990003-A_open-billedstork_NakhonSawan_BBA3011M_2005

EF206699-A_open-billedStork_Thailand_VSMU-15-ATG_2005

AB450579-A_open-billstork_Thailand_VSMU-29-NSN_2005

#1_1_2-JX021303.1-A_duck_Vietnam_ST0970_2009

AY972541-A_tiger_Thailand_CU-T6_2004

FJ265576-A_chicken_Thailand_Kamphaengphet_NIAH6-3-0010_2005

DQ999887-A_chicken_Thailand_PC-170_2006

AY646175-A_leopard_Suphanburi_Thailand_Leo-1_2004

FJ265577-A_chicken_Thailand_Sukhothai_NIAH6-3-0013_2005

EF107522-A_Thailand_1_KAN-1A__2004

#8-AY651349.1-A_Ck_HK_YU22_2002

AB450569-A_open-billstork_Thailand_VSMU-2-NSN_2004

CY111598-A_Thailand_1_KAN-1__2004

AY834279-A_Tiger_Thailand_VSMU-1-SPB_2004

#7_1-HM172113.1-A_chicken_Shanxi_10_2006

EF541408-A_Thailand_16_2004

AB450565-A_chicken_Suphanburi_NIAH108192_2005

FJ265566-A_pigeon_Thailand_Uttaradit-01_2004

AY972539-A_tiger_Thailand_CU-T4_2004

EF178506-A_treesparrow_Thailand_VSMU-16-RBR_2005

#1_1_2-JN588804.1-A_Cambodia_U0417030_2010

AB450577-A_open-billstork_Thailand_VSMU-15-ATG_2005

EU919136-A_chicken_Mukdahan_NIAH403901_2007

#0-AF148678.1-A_goose_Guangdong_1_96

FJ868014-A_chicken_Thailand_ST-351_2008

#4-DQ997405.1-A_goose_Fujian_bb_2003

EF112283-A_open-billedstork_NakhonSawan_BBD3509M_2005

EF112274-A_open-billedstork_NakhonSawan_BBD1421J_2005

DQ360835.1-A_Thailand_676_2005

DQ083551-A_chicken_Bangkok_Thailand_CU-3_2004

AB450573-A_pigeon_Thailand_VSMU-11-KRI_2005

AB450576-A_treesparrow_Thailand_VSMU-14-KRI_2005

HM627937-A_open-billedstork_Thailand_VSMU-8-BKK_2004

AY555153-A_Thailand_2_SP-33__2004

EF206698-A_pigeon_Thailand_VSMU-25-BKK_2005

#2_2-EF205155.1-A_chicken_Omsk_14_05

EF593102-A_chicken_Thailand_vsmu-3-BKK_2004

EF112287-A_open-billedstork_NakhonSawan_BBD4011M_2005

FJ265573-A_chicken_Thailand_Kamphaengphet_NIAH6-3-0006_2005

EF112291-A_open-billedstork_NakhonSawan_BBD3616M_2005

#2_2_2-CY043375.1-A_chicken_Bangladesh_394_2007

EU676307-A_duck_Thailand_ICRC-V629_2008

#1-AF084280.1-A_HongKong_483_97

AY649382-A_chicken_Thailand_CH-2_2004

JQ794478-A_pigeon_Thailand_TS01_2007

AB450550-A_chicken_Kalasin_NIAH316_2004

EF206700-A_greenpeafowl_Thailand_VSMU-3-CBI_2005

AB450571-A_open-billstork_Thailand_VSMU-20-AYA_2004

JN634875-A_chicken_Thailand_KU14_2004

DQ334768-A_quail_Thailand_NakhonPathom_QA-161_2005

#2_5-AB189061.1-A_crow_Osaka_102_2004

#7-DQ343150.1-A_chicken_Hebei_326_2005

AB450567-A_chicken_Kalasin_NIAH3776_2005

MG668931-A_Thailand_NBL1_2006

#2_4-DQ095624.2-A_Chicken_Yunnan_447_05

EF112276-A_open-billedstork_NakhonSawan_BBD1721J_2005

GU186640-A_unknown_Prachinburi_Thailand__6231_2004

EU676325-A_brown-head-gull_Thailand_vsmu-4_2008

EU233416-A_chicken_Thailand_ICRC-V143_2007

HM590797-A_chicken_Thailand_ICRC-7372_2010

DQ989995-A_open-billedstork_NakhonSawan_BBD2616F_2005

EU919140-A_chicken-Angthong_NIAH101204_2007

EF206696-A_gray-crowedcrane_Thailand_VSMU-4-CBI_2005

FJ868033-A_chicken_Uthaithani_NIAH115067_2008

EU497919-A_chicken_Thailand_ICRC-V586_2008

EF541392-A_Prachinburi_6231_2004

AY627885-A_Thailand_5_KK-494__2004

#2_3_4-DQ371928.1-A-Anhui_1_2005

#2_2-DQ659327.1-A_bar_headed_goose_Qinghai_1A_2005

#1-EF456803.1-A_VietNam_HN30408_2005

EF112272-A_open-billedstork_Bangkok_LBD0511F_2004

EU919138-A_chicken_Phichit_NIAH600674_2008

#6-DQ997094.1-A_duck_Hubei_wg_2002

DQ083573-A_whitepeafowl_Bangkok_Thailand_CU-29_2004

FJ265570-A_duck_Uthaithani_NIAH6-3-0008_2005

EU497921-A_chicken_Thailand_ICRC-213_2007

EF112292-A_open-billedstork_NakhonSawan_BBA0627May_2005

#1-AF036356.1-A_HongKong_156_97

DQ236077-A_cat_Thailand_KU-02_2004

AY679514-A_Thailand_LFPN-2004_2004

DQ989961-A_open-billedstork_NakhonSawan_BBD0104F_2004

EU547798-A_chicken_Thailand_ICRC-618_2008

EF541411-A_Thailand_Kan353_2004

EU919139-A_chicken_NakhonSawan_NIAH6006587_2008
EU620652-A_chicken_Thailand_NS-339_2008

AB450566-A_quail_NakhonPathom_NIAH7562_2005

FJ265572-A_chicken_Uthaithani_NIAH6-3-0007_2005

EU616851-A_quail_Thailand_CU-330_2006

AB450564-A_chicken-Angthong_NIAH8334_2004

AB450557-A_chicken_Loei_NIAH2373_2004

AB576202-A_pigeon_Thailand_VSMU-7-NPT_2004

CY047457.1-A_chicken_Thailand_CU-354_2008

#1-HM114465.1-A_Vietnam_UT3030_2003

EF112281-A_open-billedstork_NakhonSawan_BBD3209M_2005

EF206697-A_greatbarbet_Thailand_VSMU-2-CBI_2005

#3-AF509016.1-A_Chicken_HongKong_FY77_01

EF112289-A_open-billedstork_NakhonSawan_BBD4411M_2005

DQ083565-A_chicken_SaraburiThailand_CU-17_2004

EU616859-A_quail_Thailand_CU-331_2006

DQ334776-A_chicken_Thailand_Nontaburi_CK-162_2005

DQ999880-A_chicken_Thailand_PC-168_2006

AB450574-A_pigeon_Thailand_VSMU-13-KRI_2005

KJ907478-A_Thailand_NBL1_2006

DQ989979-A_open-billedstork_Suphanburi_TSD0912F_2004

AY577314-A_Thailand_3_SP-83__2004

AY553802-A_littlegrebe_Thailand_Phichit-01_2004

AB450558-A_chicken_Samutprakan_NIAH6604_2004

EF112279-A_open-billedstork_NakhonSawan_BBD2416F_2005

EF112277-A_open-billedstork_NakhonSawan_BBD1821J_2005

EF541410-A_Thailand_SP83_2004

EF112278-A_open-billedstork_NakhonSawan_BBD2316F_2005

JQ794454-A_chicken_Thailand_TS02_2006

EU850416-A_chicken_Thailand_NS-341_2008

KJ907470-A_Thailand_NBL1_2006

EF112271-A_open-billedstork_Bangkok_LBD0111F_2004

GU052433-A_pigeon_Thailand_1B_2004

EF112280-A_open-billedstork_NakhonSawan_BBD3009M_2005

#2_2_1-DQ407519.1-A_turkey_Turkey_1_2005

HM590781-A_environment_Thailand_ICRC-6670_2010

#2_4-DQ366338.1-A_duck_Guangxi_13_2004

DQ076201-A_Ck_Thailand_73_2004

AY646167-A_tiger_Suphanburi_Thailand_Ti-1_2004

DQ999872-A_chicken_Thailand_NP-172_2006

DQ083563-A_crow_Bangkok_Thailand_CU-15_2004

#2_3_1-HM172105.1-A_duck_Hunan_70_2004_H5N1

JQ794470-A_duck_Thailand_TS04_2006

#1_1-CY029527.1-A_duck_Vietnam_1233_2005

EF419243-A_chicken_Nongkhai_NIAH400802_2007

EF178532-A_tiger_Thailand_VSMU-23-CBI_2004

FJ265565-A_quail_Thailand_Phichit-01_2004

DQ083578-A_chicken_Ratchaburi_Thailand_CU-68_2004

AB450555-A_chicken_Nonthaburi_NIAH2879_2004

EU221249-A_duck_Nong-Khai_Thailand_KU-56_2007

#1-EF541403.1-A_VietNam_1203_2004

HM627921-A_open-billedstork_Thailand_VSMU-5-NSN_2004
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Clade 1

Figure 1 Maximum likelihood phylogenetic analysis for H5 HA clade identification among H5N1 iso-
lates reported in Thailand between 2003 and 2010. The percentage of bootstrapping (>80) in which the
associated taxa clustered together is shown on the nodes. Thai H5N1 and reference viruses are shown in
blue and black, respectively. The reference clades are shown with the sharp symbol (#) in the front of each
tip. The ML tree was rooted to A/goose/Guangdong/1/96 (H5N1).
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DQ076202-A_Ck_Thailand_73_2004

AY555152-A_Thailand_2_SP-33__2004

AB450620-A_pigeon_Thailand_VSMU-13-KRI_2005

EF112340-A_open-billedstork_Nakhonsawan_BBD4211M_2005

AB450598-A_chicken_KohnKaen_NIAH330_2004

#1.1-CY029529_A_duck_Vietnam_1233_2005_2005-01-01

EF112328-A_open-billedstork_Nakhonsawan_BBD3209M_2005

AB450605-A_chicken_NakhonSawan_NIAH01502_2004

AB450624-A_treesparrow_Ratchaburi_VSMU-16-RBR_2005

HM627915-A_openbillstork_Thailand_VSMU-4-NSN_2004

#1.1.2-JX826583_A_duck_Vietnam_ST0970_2009_2009-02-18

EF112331-A_open-billedstork_Nakhonsawan_BBA2111M_2005

#2.3.2-HM172210_A_duck_Guangdong_23_2004_2004-01-01

EF112321-A_open-billedstork_Nakhonsawan_BBD1621J_2005

HM590791-A_chicken_Thailand_ICRC-7356_2010

AB450619-A_pigeon_Thailand_VSMU-11-KRI_2005

MG668917-A_Thailand_NBL1_2006

DQ989989-A_open-billedstork_Nakhonsawan_BBD1521J_2005

AB450617-A_open-billstork_Thailand_VSMU-20-AYA_2004

AB450610-A_chicken_Angthong_NIAH8334_2004

AB450606-A_chicken_NakhonSawan_NIAH01503_2004

AB450597-A_chicken_Kalasin_NIAH317_2004

#7-EF587279_A_Beijing_01_2003_2003-01-01

AB450607-A_chicken_Suphanburi_NIAH7540_2004

GU186642-A_unknown_Prachinburi_Thailand__6231_2004

AB450608-A_chicken_Suphanburi_NIAH7618_2004

#1.1.1-AB727937_A_duck_Vietnam_OIE-0062_2012_2012-02-19

HM590799-A_chicken_Thailand_ICRC-7372_2010

#2.1.1-CY029274_A_duck_Hunan_795_2002_2002-01-01

FJ868035-A_chicken_Uthaithani_NIAH115067_2008

EF541470-A_Thailand_16_2004

DQ236086-A_pigeon_Thailand_KU-03_2004

EF112323-A_open-billedstork_Nakhonsawan_BBD1821J_2005
EF112320-A_open-billedstork_Nakhonsawan_BBD1421J_2005

EF593104-A_chicken_Thailand_vsmu-3-BKK_2004

AY577316-A_Thailand_4_SP-528__2004

EF112336-A_open-billedstork_Nakhonsawan_BBA2911M_2005

EF112333-A_open-billedstork_Nakhonsawan_BBA2711M_2005

AB450625-A_open-billstork_Thailand_VSMU-29-NSN_2005

AB450600-A_quail_Phathumthani_NIAH2711_2004

AB450599-A_duck_PhangNga_NIAH181_2004

#AF144304_A_Goose_Guangdong_1_96_1996-01-01

AB450603-A_chicken_Loei_NIAH2373_2004

EU620661-A_chicken_Thailand_PC-340_2008

DQ990005-A_open-billedstork_Nakhonsawan_BBA3011M_2005

EU676311-A_duck_Thailand_ICRC-V629_2008

DQ989997-A_open-billedstork_Nakhonsawan_BBD2616F_2005

#6-DQ997095_A_duck_Hubei_wg_2002_2002-01-01

MG668909-A_Thailand_NBL1_2006

#1-CY047459_A_chicken_Thailand_CU-354_2008_2008-11-14

AB450596-A_chicken_Kalasin_NIAH316_2004

#2.1.3-GQ122493_A_chicken_Central_Java_UT3091_2005_2005-01-01

MG668925-A_Thailand_NBL1_2006

#7-DQ349118_A_chicken_Hebei_326_2005_2005-01-01

DQ360836-A_Thailand_676_2005

AY649383-A_chicken_Thailand_CH-2_2004

EF112334-A_open-billedstork_Nakhonsawan_BBA2811M_2005

AB450613-A_chicken_Kalasin_NIAH3776_2005

EU616826-A_moorhen_Thailand_CU-317_2006

DQ372593-A_Thailand_NK165_2005

JQ794465-A_chicken_Thailand_TS03_2006

DQ334770-A_quail_Thailand_NakhonPathom_QA-161_2005

#2.4-DQ095664_A_Chicken_Yunnan_447_05_2005-01-01

EF112332-A_open-billedstork_Nakhonsawan_BBA2611M_2005

FJ868016-A_chicken_Thailand_ST-351_2008

EF178519-A_goldenpheasant_Thailand_VSMU-21-SPB_2005

AY555151-A_Thailand_1_KAN-1__2004

EF178530-A_tiger_Thailand_VSMU-11-SPB_2004

FJ750821-A_chicken_Sukhothai_NIAH114843_2008

JQ794480-A_pigeon_Thailand_TS01_2007

EF541472-A_Thailand_SP83_2004

JQ794472-A_duck_Thailand_TS04_2006

AY679513-A_Thailand_LFPN-2004_2004

EU875388-A_chicken_Thailand_ICRC-618_2008

DQ885620-A_Thailand_NA60_2005

#2.5-AB189063_A_crow_Osaka_102_2004_2004-01-01

FJ750814-A_chicken_Uthaithani_NIAH115067_2008

EF112337-A_open-billedstork_Nakhonsawan_BBA2911M_2005

MG668933-A_Thailand_NBL1_2006

#3-AF509092_A_Chicken_Hong_Kong_FY77_01_2001-01-01

FJ868027-A_chicken_Sukhothai_NIAH114843_2008

AY651439-A_Ck_Thailand_1_2004

DQ989971-A_open-billedstork_Nakhonsawan_BBD0404F_2004

EU676327-A_brown-headgull_Thailand_vsmu-4_2008

AB450614-A_chicken_Phichit_NIAH606988_2006

EF112343-A_open-billedstork_Nakhonsawan_BBD3616M_2005

AY553832-A_littlegrebe_Thailand_Phichit-01_2004

EF112330-A_open-billedstork_Nakhonsawan_BBD3509M_2005

EU233418-A_chicken_Thailand_ICRC-V143_2007

AB450604-A_chicken_Samutprakan_NIAH6604_2004

CY047453-A_chicken_Thailand_CU-353_2008

#1.1.2-JN588855_A_Cambodia_U0417030_2010_2010-04-18

EF112325-A_open-billedstork_Nakhonsawan_BBD2316F_2005

AB440328-A_duck_Angthong_72_2004

AB450612-A_quail_NakhonPathom_NIAH7562_2005

EU669199-A_chicken_Thailand_ICRC-V586_2008

AB450618-A_commonmyna_Thailand_VSMU-10-BRM_2005

AB440327-A_chicken_Suphanburi_1_2004

AY651438-A_Ck_Thailand_73_2004

AY651442-A_Qa_Thailand_57_2004

EU268221-A_Thailand_16_2004

HM627931-A_openbillstork_Thailand_VSMU-6-BKK_2004

AB450609-A_duck_Angthong_NIAH8246_2004

#4-DQ997406_A_goose_Fujian_bb_2003_2003-01-01

AB450602-A_chicken_NaraThiwat_NIAH1703_2004

EU616832-A_quail_Thailand_CU-320_2006

#2.3.4-EU128239_A_Anhui_1_2005_2005-11-08

AY651444-A_Gs_Thailand_79_2004

AB450623-A_open-billstork_Thailand_VSMU-15-ATG_2005

#7.2-FJ538949_A_chicken_Vietnam_NCVD-093_2008_2008-01-01

EF178533-A_tiger_Thailand_VSMU-23-CBI_2004

GQ466177-A_Thailand_NBL1_2006

#2.3.4-HM172189_A_Anhui_1_2005_2005-11-08

AB576204-A_pigeon_Thailand_VSMU-7-NPT_2004

AB450611-A_chicken_Suphanburi_NIAH108192_2005

EF112322-A_open-billedstork_Nakhonsawan_BBD1721J_2005

#2.1.2-DQ493018_A_turkey_Kedaton_BPPV3_2004_2004-01-01

EF112324-A_open-billedstork_Nakhonsawan_BBD2316F_2005

EF112342-A_open-billedstork_Nakhonsawan_BBD3516M_2005

#2.2-DQ659325_A_Bar_headed_goose_Qinghai_1A_2005_2005-01-01

EF512562-A_Prachinburi_6231_2004

AY577315-A_Thailand_3_SP-83__2004

EF112341-A_open-billedstork_Nakhonsawan_BBD4411M_2005

AB450622-A_treesparrow_Thailand_VSMU-14-KRI_2005

DQ989981-A_open-billedstork_Suphanburi_TSD0912F_2004

AY627886-A_Thailand_5_KK-494__2004

AY651441-A_bird_Thailand_3.1_2004

AY651440-A_Ck_Thailand_9.1_2004

#7.1-HM172172_A_chicken_Shanxi_10_2006_2006-01-01

AB450621-A_treesparrow_Thailand_VSMU-12-KRI_2005

AB450615-A_open-billstork_Thailand_VSMU-2-NSN_2004

EF112329-A_open-billedstork_Nakhonsawan_BBD3309M_2005

EF112335-A_open-billedstork_Nakhonsawan_BBA2911M_2005

GU052435-A_pigeon_Thailand_1B_2004

JN634876-A_chicken_Thailand_KU14_2004

GU186650-A_duck_AngThong_71_2__2004

DQ083600-A_whitepeafowl_Bangkok_Thailand_CU-16_2004

#2.4-DQ366340_A_duck_Guangxi_13_2004_2004-01-01

#1.1.1-HQ200598_A_Cambodia_S1211394_2008_2008-12-11

AB450616-A_open-billstork_Thailand_VSMU-9-BKK_2004

CY111600-A_Thailand_1_KAN-1__2004

JQ794456-A_chicken_Thailand_TS02_2006

#9-HM172180_A_chicken_Anhui_39_2004_2004-01-01

JQ794448-A_duck_Thailand_TS01_2006

EF112339-A_open-billedstork_Nakhonsawan_BBD4011M_2005

EF112326-A_open-billedstork_Nakhonsawan_BBD2416F_2005

EU669188-A_chicken_Thailand_ICRC-195_2007

#1-DQ360836_A_Thailand_676_2005_2005-01-01

#2.2-EF205169_A_chicken_Omsk_14_05_2005-01-01

HQ025951-A_SilverPheasant_Thailand_VSMU-1-CBI_2005

HM627939-A_openbillstork_Thailand_VSMU-8-BKK_2004

EU221251-A_duck_Nong-Khai_Thailand_KU-56_2007

EU676319-A_Kalijpheasant_Thailand_vsmu-1_2008

HM627947-A_openbillstork_Thailand_VSMU-12-BKK_2003

DQ334762-A_chicken_Thailand_Kanchanaburi_CK-160_2005

#2.3.3-EF124305_A_chicken_Guiyang_3055_2005_2005-01-01

EF112318-A_open-billedstork_Bangkok_LBD0511F_2004

#2.3.1-HM172178_A_duck_Hunan_70_2004_2004-01-01

EF112317-A_open-billedstork_Bangkok_LBD0111F_2004

DQ989963-A_open-billedstork_Nakhonsawan_BBD0104F_2004
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Figure 2 Maximum likelihood phylogenetic analysis of NA among H5N1 isolates reported in Thailand
between 2003 and 2010. The percentage of bootstrapping (>80) in which the associated taxa clustered to-
gether is shown on the nodes. Thai H5N1 and reference viruses are shown in blue and black, respectively.
The reference clades are shown with the sharp symbol (#) in the front of each tip. The ML tree was rooted
to A/goose/Guangdong/1/96 (H5N1).
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Figure 3 Maximum clade credibility tree based on HA of H5N1 clade 1 viruses. Time-scale tree was es-
timated in BEAST package v1.10.4 with GTR model, strict clock, and exponential growth tree prior. The
tMRCA and 95% HPD are indicated with a black arrow, and posterior probability (PP) value is indicated.
The name of each taxon is presented in order of GenBank accession number, virus name, and year of col-
lection.
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Figure 4 Maximum clade credibility tree based on HA of H5N1 clades 2.3.4, 2.3.4.1, 2.3.4.2, 2.3.4.3,
and 2.3.4.4 viruses. Time-scale tree was estimated in BEAST package v1.10.4 with GTR model, strict clock,
and exponential growth tree prior. The tMRCA and 95% HPD are indicated with a black arrow, and pos-
terior probability (PP) value is indicated. The name of each taxon is presented in order of GenBank acces-
sion number, virus name, and year of collection.
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and Malaysia reported in 2004 (Fig. 5). Moreover, the MCC reconstructed tree based
on NA of H5N1 clade 2.3.4 viruses revealed that these viruses emerged in 2001.06 (95%
HPD: 2000.13–2001.04). The introduction of H5N1 NA corresponding to H5 clade 2.3.4
Thailand viruses was estimated to be 2005.32 (95% HPD: 2005.05–2005.61) with PP = 1.
Thailand viruses formed a cluster together with Laos and Vietnam viruses with a similar
collection date from 2006–2007 (Fig. 6).

ML phylogenetic analysis of HA between H5N1 clade 2.3.4 Thailand
viruses and H5Nx clade 2.3.4.4 viruses
We constructed the ML phylogenetic tree of four H5N1 viruses belonging to clade 2.3.4
(A/chicken/Mukdahan/NIAH403901/2007, A/duck/Nong-Khai/Thailand/KU-56/2007,
A/chicken/Thailand/NP-172/2006 and A/chicken/Nongkhai/NIAH400802/2007), and
H5Nx clades 2.3.4, 2.3.4.1, 2.3.4.2, 2.3.4.3 and 2.3.4.4 reference strains. The tree topology
demonstrated that H5N1 clade 2.3.4 Thailand viruses were closely related to clades
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Figure 5 Maximum clade credibility tree based on NA of H5N1 clade 1 viruses. Time-scale tree was es-
timated in BEAST package v1.10.4 with GTR model, strict clock, and exponential growth tree prior. The
tMRCA and 95% HPD are indicated with a black arrow, and posterior probability (PP) value is indicated.
The name of each taxon is presented in order of GenBank accession number, virus name, and year of col-
lection.
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Figure 6 Maximum clade credibility tree based on NA of H5N1 clades 2.3.4, 2.3.4.1, 2.3.4.2, 2.3.4.3 and
2.3.4.4 viruses. Time-scale tree was estimated in BEAST package v1.10.4 with GTR model, strict clock, and
exponential growth tree prior. The tMRCA and 95% HPD are indicated with a black arrow, and posterior
probability (PP) value is indicated. The name of each taxon is presented in order of GenBank accession
number, virus name, and year of collection.

Full-size DOI: 10.7717/peerj.14419/fig-6

2.3.4, 2.3.4.1, 2.3.4.2, and 2.3.4.3, and clearly separated from the clade 2.3.4.4 with 100%
bootstrapping support (Fig. 7A and Fig. S1). They had nucleotide similarities ranging
from 92.4–96.8% and 90.1–94.8% to H5Nx clade 2.3.4.4 and clades 2.3.4.4a-h viruses,
respectively (Fig. 7B and Table S3).

DISCUSSION
H5Nx viruses, which have H5 HA in combination with various NA subtypes, caused global
poultry disease outbreaks. These viruses, particularly the H5N1 subtype pose a pandemic
threat to humans. A H5N1 virus that caused human infections in Hong Kong in 1997 was
a reassortant virus that acquired HA from a Gs/GD/1/96 (H5N1)-like virus, NA from a
A/teal/Hong Kong/W312/97(H6N1)-like virus, and internal genes from a A/quail/Hong
Kong/G1/97(H9N2)-like virus or A/teal/Hong Kong/W312/97 (H6N1)-like virus (Guan et
al., 2002; Puthavathana et al., 2005;Gutiérrez et al., 2009). Also, the Gs/GD/1/96 virus was a
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Figure 7 Maximum likelihood phylogenetic analysis (A) and genetic comparison between Thai H5N1
clade 2.3.4 and H5Nx clade 2.3.4.4 (B).

Full-size DOI: 10.7717/peerj.14419/fig-7

progenitor which providedHA andNA genes for the re-emerged H5N1 viruses that caused
outbreaks in East and Southeast Asia in 2003 (Gutiérrez et al., 2009), and for descendant HA
clade 2.3.4.4 of currently circulating reassortant H5Nx viruses (Smith et al., 2015; Antigua
et al., 2019). Thailand first reported H5N1 virus infection in both poultry and humans
in January 2004. The first laboratory-confirmed human case occurred in Kanchanaburi
province on January 23rd, 2004 (Puthavathana et al., 2005), and the most recent human
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case was confirmed in September 2006 in Nong Bua Lum Phu province in Northeast
Thailand (Sangsiriwut et al., 2021). The causative H5N1 viruses belonged to genotype Z or
clade 1 viruses, which subsequently became the predominant viruses circulating in poultry
in the central and lower-north region (Uchida et al., 2008; Chaichoune et al., 2009; Amonsin
et al., 2010). All human cases in Thailandwere infected with the clade 1 virus (Puthavathana
et al., 2005; Sangsiriwut et al., 2021). However, genotype V or the clade 2.3.4 virus caused
the poultry outbreaks in northeast provinces during 2006 to 2007 (Chutinimitkul et al.,
2007).

HA and NA genes, which encode major viral surface glycoproteins, are hypervariable
and continuously evolve (Gutiérrez et al., 2009). The biological properties and immune
responses against HA and NA glycoproteins of these H5N1 viruses have been previously
characterized (Panaampon et al., 2012; Noisumdaeng et al., 2013; Noisumdaeng et al., 2014;
Changsom et al., 2016; Noisumdaeng et al., 2021). This study comprehensively analyzed
the genetic evolution of Thai H5N1 HA and NA nucleotide sequences available in the
GenBank database from 2003 to 2010. No newer H5N1 data from Thailand were available.
ML phylogenetic analysis demonstrated that two clades, the predominant clade 1 and
clade 2.3.4, were found in Thailand, corresponding to several previously reports (Uchida
et al., 2008; Chaichoune et al., 2009; Amonsin et al., 2010). The replacement of clade 1 with
clade 2.3.4 viruses was observed in Southeast Asian countries (Wan et al., 2008; Gutiérrez
et al., 2009). Moreover, genetic characterization demonstrated that all H5N1 Thailand
viruses were HPAI regarding the presence of multiple basic amino acids (81% of viruses
possessed RE RRRKKR↓GLF) at proteolytic cleavage sites on HA. These viruses showed
an avian receptor preference by presenting 190E, 225G, 226Q, and 228G (H3 numbering)
(Long et al., 2019; Centers for Disease Control and Prevention, 2012). Nevertheless, probable
human-to-human transmission was first reported in Thailand (Ungchusak et al., 2005).
Additionally, H5N1 NA of all Thailand viruses had a 20-amino acid deletion at the stalk
region, which contributed to the high pathogenicity and host adaptation of the virus (Li
et al., 2014; Stech et al., 2015). The presence of histidine at amino acid position 275 (N1
numbering) or 274 (N2 numbering) in NA suggested that all viruses were oseltamivir
sensitive. Gene-constellation analyzes revealed the intra-H5N1 clade 1 reassortment in
poultry (Chaichoune et al., 2009; Amonsin et al., 2010), and one human case (Sangsiriwut
et al., 2021).

Our Bayesian phylogenetic analysis of HA revealed that H5 HA viruses emerged
approximately in 1990, although the first isolate was reported in 1996 in China (putative
ancestor strainGs/GD/1/96). The viruses circulated among avian host species until 1999 and
subsequently re-emerged in 2003. Our analysis postulated thatH5HA clade 1 viruses had an
emergence time around 1999, but they were discovered in several cities in China and Hong
Kong beginning in 2002. Similarly, the virus strain A/openbilledstork/Thailand/VSMU-
12-BKK/2003 (H5N1) (GenBank accession no. HM627945) was the first isolate reported
in Thailand, but it may have been introduced into Thailand in 2001. Several reports
revealed that the H5 HA clade 1, which predominantly circulated in Cambodia, Thailand,
and Vietnam during 2003–2005, was responsible for human infections (Gutiérrez et
al., 2009). Likewise, the Bayesian phylogenetic analysis of NA demonstrated that the
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tMRCA estimation was comparable to the HA phylogenetic tree. The mean rate of
nucleotide substitution of HA and NA genes among clade 1 viruses was 2.46 ×10−3

substitution/site/year and 2.47 ×10−3 substitution/site/year, respectively (Suwannakarn et
al., 2009).

As the result of genetic evolution, the H5 HA clade 2 viruses emerged and
continually circulated in several regions in Asia (East, Southeast, and Middle East),
Europe and Africa. Subsequently, the clade 2 viruses genetically diverged into distinct
subclades and sub-subclades (World Health Organization , 2014; Smith et al., 2015).
Thailand reported four isolates of clade 2.3.4 (A/chicken/Mukdahan/NIAH403901/2007,
A/duck/Nong-Khai/Thailand/KU-56/2007, A/chicken/Thailand/NP-172/2006, and
A/chicken/Nongkhai/NIAH400802/2007), which were isolated to the northeast region
of the country. Those viruses were previously reported as genetically related to the Fujian-
like virus clade 2.3.4 (Smith et al., 2006; Suwannakarn et al., 2009). Our results revealed
that Thailand H5 HA clade 2.3.4 viruses possibly emerged in late 2005. Later, clades
2.3.4.1, 2.3.4.2, 2.3.4.3, and 2.3.4.4, and the proposed update clades 2.3.4.4a-h viruses
were identified in several regions in Asia, Middle East, and Europe, but those were not
detected in Thailand (World Health Organization , 2014; Smith et al., 2015; World Health
Organization , 2021b).

At present, H5Nx clades 2.3.4.4 viruses globally spread and cause outbreaks among wild
birds and poultries. H5Nx viruses are likely to become predominant and replace H5N1
viruses in the future. Reassortment has long been known as the major mechanism of viral
emergence. HPAI viruses that jump across species to infect humans have emerged through
this mechanism. The first emergence of H5N1 viruses occurred in Hong Kong in 1997,
followed by the re-emergence of new H5N1 reassortment in 2003, and the emergence of
H5N6 and H5N8 subtypes (Li et al., 2017; Antigua et al., 2019; Nuñez & Ross, 2019; Liang
et al., 2021; Li, Su & Smith, 2021; Gu et al., 2022). The emergence of these reassortants
suggested that the genetic co-evolution of HA andNA through natural genetic reassortment
among avian influenza viruses might generate novel pathogenic reassortants (World Health
Organization Global Influenza Program Surveillance Network, 2005). Even though the other
avian influenza reassortant subtypes (e.g., H7Nx) can cause serious disease in humans, our
study was confined solely to the H5 virus subtype. Laboratories worldwide should carry out
the monitoring and surveillance of novel avian influenza viruses through genetic analysis
for health and safety.

CONCLUSION
HA and NA genes continue to evolve. As such, the reassortant H5Nx viruses generated
from reassortment among pools of avian influenza genomic segments presented in avian
species. Our results provide information for a better understanding of genetic evolution
and molecular epidemiology, as well as support the need for continuous monitoring and
active surveillance of H5N1 and H5Nx viruses.
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