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Preface 

 

 Influenza viruses belong of the Orthomyxoviridae family which are enveloped, 

segmented, negative single-stranded RNA genome viruses. At present, the 

Orthomyxoviridae family consists of 7 genera: Alphainfluenzavirus, Betainfluenzavirus, 

Gammainfluenzavirus and Deltainfluenzavirus (commonly known as influenza types A, 

B, C and D), Thogotovirus, Isavirus and Quaranjavirus (King et al., 2018). Only 

Influenza A virus species of the Alphainfluenzavirus genus can infect human, mammalian 

and avian species and cause cross-transmission between these species (Webster, 1972; 

Kida, 2008; Long et al., 2018). Influenza A virus (IAV) particles have a size range of 80–

120 nm in diameter and a simple structure which includes envelope, capsid and a core 

containing genetic material (viral genome). The lipid envelope derived from the host cell 

is comprised by three integral membrane proteins: hemagglutinin (HA), neuraminidase 

(NA) and matrix 2 protein (M2). The matrix 1 (M1) protein forms a layer beneath the 

envelope and under the M1 layer is the core of the virus particle which is made of the 

ribonucleoprotein (RNP) complex. The RNP complex consists of the viral RNA segments 

coated with nucleoprotein (NP) and the heterotrimeric RNA-dependent RNA polymerase 

proteins of ‘polymerase basic 1 and 2’ and ‘polymerase acidic’ subunits (PB1, PB2 and 

PA). The IAV genome comprises eight single-stranded RNA gene segments that typically 

encode for 10 or 11 viral proteins (Palese, 1977; Long et al., 2018). The HA is the major 

membrane glycoprotein of IAVs that has at least two functions: it recognizes sialic acid-

containing receptors on the cell surface and mediates fusion of the viral envelope with 

the endosomal membrane of host cells, leading to the release of the nucleocapsid into the 

cytoplasm (Webster and Rott, 1987; Long et al., 2018). The HA might also have a role 

for virus budding and particle formation. Further, HA is also the primary target for 

humoral immune response in infected hosts to IAV infection (Yewdell et al., 1979). 
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 IAVs are further classified into different subtypes based on antigenic relationships 

of the surface glycoproteins of the HA and NA. To date, 16 HA subtypes (H1–H16) and 

9 NA subtypes (N1–N9) have been recognized (Yewdell et al., 1979; Webster et al., 1992; 

Long et al., 2018). All subtypes have been detected in wild aquatic birds except for the 

recently discovered H17N10 and H18N11 viruses of which genetic materials were only 

detected in bats (Tong et al., 2013). It is well known that simultaneous infection of a 

single cell by two different IAVs can lead to gene exchanges so called genetic 

reassortment which generates a novel influenza virus. It is believed that most human 

pandemic IAVs arose in this manner (Webster et al., 1982; Long et al., 2018). 

 To initiate infection and replication, IAVs bind to neuraminic acids (sialic acids) 

on the surface of host cells. On the basis of binding specificity of HA protein to the 

sialylated glycan receptors, IAVs exhibit host restriction in different species. Avian 

influenza viruses (AIVs) were found to have a binding preference for sialic acids that are 

linked to the galactose in an α2,3 linkage. In contrast, human influenza viruses 

(commonly in H1, H2 and H3 subtype viruses) preferentially bind to sialic acids that are 

linked to galactose in an α2,6 linkage. Swine influenza viruses are able to bind both α2,3- 

and α2,6- sialic acids. These differences in receptor binding specificity are important 

determinants of virus host range and tissue tropism of IAVs (Rogers et al., 1983; Ito and 

Kawaoka, 2000; de Graaf and Fouchier, 2014; Long et al., 2018). 

 The evolution of IAVs is defined by their constant antigenic variation to escape 

the host immune response via two distinct mechanisms of variability in the surface HA 

and NA glycoproteins – antigenic shift and antigenic drift (Yewdell et al., 1979; Webster 

et al., 1982). Antigenic shift is a sporadic event caused by a genetic reassortment which 

generates a new combination of HA and NA subtypes. The new subtype virus might have 

distinct antigenicity in which population has no preexisting immunity. Antigenic drift is 

a continuous process that occurs as results from the accumulation of point mutations in 
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the viral HA and NA, which is driven by antibody-mediated selective pressure and a high 

rate of viral mutations due to the absence of proofreading ability of the viral RNA-

dependent RNA polymerase. Antigenic drift confers IAVs an ability to escape from host 

immunity induced by previous infection or vaccination and it is major cause of annual 

influenza epidemics. In the laboratory, antigenic drift can be mimicked by virus 

propagation in the presence of polyclonal immune antisera or monoclonal antibodies 

targeting a single site (Yewdell et al., 1979). 

Natural reservoirs of IAVs are the orders waterfowl species such as Anseriformes: 

ducks, geese, swans and Charadriiformes: gulls, terns, shorebirds (Webster, 1972; Kida, 

2008; Long et al., 2018). IAV infection in these species typically causes no or mild 

diseases; however, phenotypic infection of IAVs in terrestrial poultry is highly variable. 

Based on pathogenicity in chickens, IAVs are classified into two pathotypes: highly 

pathogenic avian influenza viruses (HPAIVs) and low pathogenic avian influenza viruses 

(LPAIVs) (Alexander, 2000). LPAIVs cause mild respiratory disease, depression and/or 

a decrease in egg production but sometimes can result in morbidity or mortality. On the 

other hand, infection with HPAIVs, caused by some IAVs of H5 and H7 subtypes, results 

in at least 75% mortality in the infected poultry. The World Organization for Animal 

Health (OIE) defines an AIV to be HPAIV under one of the following criteria: (i) if it is 

lethal for six, seven, or eight of eight 4 to 8weekold susceptible chickens within 10 

days following intravenous inoculation with 0.2 ml of a 1/10 dilution of a bacteriafree, 

infectious allantoic fluid or (ii) if it has an intravenous pathogenicity index (IVPI, the 

mean clinical score of ten 6weekold chickens intravenously infected) greater than 1.2 

or (iii) all H5 and H7 LPAIVs possessing a multibasic sequence at the HA cleavage site 

are also considered highly pathogenic (OIE, 2015). 

 One of the most high risk HPAIVs are Asian-origin H5Nx viruses descended from 

A/goose/Guangdong/1/1996 (H5N1) (Gs/GD) which was first isolated from sick 



 

4 

 

domestic geese in 1996 in Guangdong province, China. In 1997, outbreaks of H5N1 

HPAI occurred in poultry with high mortality rates (70–100%) in Hong Kong. These 

viruses were identified as H5N1 reassortant viruses that had acquired its HA gene from 

the Gs/GD-lineage virus with a multibasic sequence at the cleavage site, its NA gene from 

another AIV, and its remaining six internal genes from other AIVs (Xu et al., 1999). Until 

late 2003, outbreaks of H5 HPAIVs were reported concurrently in eight countries in 

South East Asia including China, Cambodia, Indonesia, Japan, Korea, Laos PDR, 

Thailand and Vietnam and then rapidly disseminated over large portions of Asia, Europe 

and Africa (Sims et al., 2005). In addition, H5N1 HPAIVs of the Gs/GD-lineage imposed 

pandemic concerns since several fatal human cases caused by H5N1 HPAIVs were also 

reported in association with poultry outbreak occurrence. 

 Although, almost all of worldwide circulating H5 HPAIVs evolved from only the 

Gs/GD strain, reassortment and antigenic drift have created a large genetic and antigenic 

diversification of the lineage. Reassortment between H5 HPAIVs with other AIVs has 

led to replacement of most internal genes of the original H5N1 virus but the H5 HA has 

retained in all isolates and showed large variability (WHO/OIE/FAO H5N1 Evolution 

Working Group, 2014). Owing to the large genetic diversity of H5 HA, the standard 

nomenclature of H5 phylogenetic clade of H5 HAs was developed, first adopted in 2008, 

based on the evolution and divergence of H5 HPAIVs that evolved from the original HA 

gene of the Gs/GD lineage. At first, from 1996 to 2008, 10 distinct clades (0–9) had been 

recognized (WHO/OIE/FAO H5N1 Evolution Working Group, 2008); however currently, 

more than 40 distinct clades and subclades of the H5 HA gene have been identified (Smith 

et al., 2015). 

 For the control of HPAI in poultry, traditional strategies have comprised four 

basic components: (i) education, (ii) biosecurity, (iii) diagnostics and surveillance, and 

(iv) elimination of infected poultry through depopulation (Swayne and Suarez, 2000). The 
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fifth component, mass poultry vaccination, was recently admitted to increase host 

resistance and reduce virus load shed into the environment, thereby to minimize further 

spread in poultry and likelihood of zoonotic potentials. Therefore, eradication of HPAI 

can be achieved through the synergized strategy of these components (Swayne et al., 

2000; Sims et al., 2016). 

 Due to serious damage and zoonotic concerns of Gs/GD-lineage H5 HPAIVs, 

mass vaccination policy has been implemented in several countries including China, 

Hong Kong, Vietnam, Indonesia and Egypt (Swayne et al., 2000). At first, vaccination in 

some countries seemed successful to reduce H5 HPAI incidence as China, Hong Kong, 

and Vietnam but outbreaks are still occurring and viruses have persisted in poultry 

(Swayne, 2012; Sims et al., 2016), meaning that vaccines and vaccination have some 

limitations for control and prevention of HPAI. Vaccination failure might result from 

multiple factors. One of the notorious factors is the emergence of antigenic variants of 

H5 HPAIVs under immune pressure from vaccination or natural exposure (Swayne et al., 

2000). It has been assumed that vaccination might contribute to the rapid evolution and 

antigenic change of HPAIVs, generating antigenically drifted viruses to escape from 

vaccine-mediated protection (Cattoli et al., 2011b; WHO, 2018a). Several studies have 

reported that antigenically drifted H5 HPAIV mutants were selected and able to escape 

from neutralizing activities of monoclonal and/or polyclonal antibodies in vitro condition 

(Kaverin et al., 2002; Salzberg et al., 2007; Sitaras et al., 2014; Nguyen et al., 2018). Thus, 

the present study aimed to demonstrate the adverse effects of vaccination using an in vivo 

setting. Results of selection of antigenic variants under immune pressure from chicken 

vaccination are described in Chapter I. On the basis of Chapter I, this thesis was extended 

for the control of H5 HPAIVs with antigenic variation in the field through development 

of rapid diagnostic kit in Chapter II and monitoring virus evolution in field setting in 

Chapter III. 
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Emergence of antigenic variants triggers not only a failure of vaccination, but also a 

failure of diagnostic efficacy. For instance, in response of widespread H5N1 HPAIVs, an 

immunochromatographic diagnosis (IC) kit, Linjudge Flu A/H5, was previously 

developed in our laboratory as a rapid method to detect H5 AIVs. The original kit was 

manufactured by a single monoclonal antibody (MAb) recognizing an H5 LPAIV (Tsuda 

et al., 2007). Initially, the Linjudge Flu A/H5 showed its efficacy to detect H5 AIVs. 

However, the kit was found to have lower sensitivity to H5 HPAIVs isolated in recent 

years due to their antigenic variation. In the present study, a new advanced H5 IC kit, 

New Linjudge Flu A/H5, was established by a combination of two anti-H5 HA MAbs, a 

novel MAb produced for a clade 2.3.4.4 H5 HPAIV and the original MAb. In Chapter II, 

diagnostic efficacy and applicability of the new H5 IC kit is demonstrated. Therefore, this 

kit shows suitability for the control of diverse H5 HPAIVs in the field as described in 

Chapter III. 

 For the field study, Vietnam, one of the most affected countries of GS/GD-lineage 

H5 HPAIVs since 2003, was selected as a site of the field study to monitor and control 

of H5 HPAIV divergence. Unless intensive control measures have been implemented 

including mass poultry vaccination since mid-2005, H5 HPAIVs have persisted and 

caused thousands of outbreaks in poultry in Vietnam (Pfeiffer et al., 2007; Sims et al., 

2016). H5 HPAIVs in Vietnam also exhibited a large genetic and antigenic divergence 

with existence of multiple clade/subclade variants of H5 HPAIVs. Intensive active 

surveillance of AIVs in Vietnam has been routinely conducted by our OIE reference 

laboratory for AIVs in Japan following previous studies (Nomura et al., 2012; Okamatsu 

et al., 2013; Chu et al., 2016). In the present study, our longitudinal surveillance program 

was routinely performed in geographically representative provinces in Vietnam to 

investigate evolutionary and epidemiological dynamics of recent H5 HPAIVs. Results of 

virological and epidemiological characterizations of currently circulating H5 HPAIVs 
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isolated in Vietnam are shown in Chapter III. In addition to the surveillance program, 

several epidemiological studies have been carried out to investigate risk factors for 

persistence of AIVs in Vietnam. Recently, Chu D.H et al. (2017) applied a logistic 

regression model and identified several knowledge, attitude and practice of sellers might 

be associated with positivity of AIVs including H5 HPAIVs in live birds markets (LBMs) 

in Vietnam. Therefore, the present epidemiological study was performed to further 

identify other risk factors for H5 HPAI outbreak occurrence towards better surveillance 

and control efforts. Results of the epidemiological study are shown in Chapter IV. 

Findings of this study will additionally fill gap in epidemiological knowledge of H5 

HPAIV persistence in the field and contribute to provisional control measures against 

HPAI. 
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Selection of antigenic variants of an H5N1 highly pathogenic 
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Introduction 

 

 In 1996, H5N1 HPAIVs were first detected from a goose population in 

Guangdong, China (Xu et al., 1999). After its reemergence in 2003, the virus has 

subsequently caused devastating mortality in domestic poultry and spread rapidly 

worldwide (OIE, 2018). The continuous circulation of H5 HPAIVs in a variety of avian 

species and wild birds has resulted in considerable genetic diversity represented by 

multiple phylogenetic lineages of H5 HA gene, classified as 10 distinct clades (0–9) and 

sub-clades (WHO/OIE/FAO H5N1 Evolution Working Group, 2014; Smith et al., 2015). 

In addition to the genetic diversity, H5 HPAIVs have exhibited large antigenic divergence 

through the variability of the HA protein to escape from host immunity so-called 

antigenic drift (Yewdell et al., 1979; Webster et al., 1982). Antigenic drift mainly occurs 

by amino acid mutation(s) on the surface glycoprotein HA or NA, but the NA is usually 

less taken into account (Yewdell et al., 1979; Webster et al., 1982; Wilson and Cox, 1990; 

Long et al., 2018). Large antigenic variation have been well documented in human IAVs 

and human vaccine strains must be frequently updated for antigenic match with 

circulating viruses to ensure sufficient protection (Koel et al., 2013; Li et al., 2016). 

Owing to the antigenic and genetic diversity of the H5 HPAIVs, several vaccine 

candidates have been developed and routinely changed to match the circulating strains 

for poultry vaccination and preparedness for a potential human pandemic (Chen, 2009; 

Swayne, 2012; Zeng et al., 2016; WHO, 2018a; Wu et al., 2019). 

 The spread of Gs/GD-lineage H5 HPAIVs with their severe consequences has 

necessitated the implementation of vaccination campaigns in domestic poultry to control 

H5 HPAI in several countries including China, Vietnam, Indonesia and Egypt (Swayne, 

2012; Zeng et al., 2016). Despite intensive vaccination efforts, infections caused by H5 

HPAIVs have still become endemic in poultry in these countries and have spread 
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worldwide via wild bird migrations (Lycett et al., 2016). Multiple empirical studies have 

documented that antigenically drifted H5 HPAIVs have continuously been selected 

through poultry herd immunity, either in defined case reports or large regions where mass 

vaccination is administered (Kilany et al., 2010; Cattoli et al., 2011a; Ma et al., 2014; 

Swayne et al., 2015; Cuong et al., 2016; Nguyen et al., 2016). Indeed, escape mutants 

that were antigenically distinct from the original H5 HPAIVs were positively selected to 

evade neutralizing antibodies in vitro experiments (Kaverin et al., 2002; Salzberg et al., 

2007; Sitaras et al., 2014; Nguyen et al., 2018). Furthermore, it has been experimentally 

demonstrated that H5 HPAIVs antigenically distinct from vaccine strains had a selective 

advantage for replication in vaccinated animals; consequently, antigenic variants seemed 

to be selected (Connie Leung et al., 2013; Herve et al., 2015; Sitaras et al., 2016a; Peeters 

et al., 2017; Salaheldin et al., 2017). However, these studies did not provide direct 

evidence for impacts of vaccination on the selection of antigenic variants in poultry. 

 The present study aims to elucidate whether vaccination in chickens accelerates 

the selection of antigenically drifted variants and its impacts on driving the antigenic 

evolution of H5 HPAIVs in an in vivo setting. 
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Materials and Methods 

 

Viruses and cells 

 An H5N1 HPAIV genetically belonging to the clade 2.3.2.1c, A/whooper 

swan/Hokkaido/4/2011 (H5N1) (Ws/Hok/11), isolated from a dead whooper swan in 

Hokkaido, Japan (Sakoda et al., 2012) was used. The virus was propagated in 10-day-old 

embryonated chicken eggs at 35°C for 30–48 h and infectious allantoic fluids were stored 

at −80°C until use. Madin–Darby canine kidney (MDCK) cells maintained in minimum 

essential medium (MEM), supplemented with 0.3 mg/mL L-glutamine, 100 U/mL 

penicillin G, 0.1 mg/mL streptomycin, 8 mg/mL gentamicin and 10% calf serum, were 

used for virus titration and plaque cloning. 

 

Vaccine preparation and vaccination of chickens 

 Infectious allantoic fluids of Ws/Hok/11 were inactivated with 0.1% formalin for 

vaccine preparation. White-leghorn chickens hatched and raised in our laboratory were 

used. Five hundred microliters of diluted inactivated vaccine containing 16 

hemagglutination units (HAU) were intramuscularly injected without adjuvant into the 

4–10-week-old naïve chickens. The vaccines were not formulated with adjuvant for the 

immunization in order to prime improper vaccination-induced immunity in chickens. 

Three weeks after the immunization, sera of the vaccinated and non-vaccinated chickens 

were collected to measure antibody titers by the hemagglutination inhibition (HI) test. 

 

Ethics statements 

 All of the animal experiments were authorized by the Institutional Animal Care 

and Use Committee of the Graduate School of Veterinary Medicine, Hokkaido University 

(approval number: 15-0063) and all experiments were performed according to the 
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guidelines of the committee. All applicable international, national and/or institutional 

guidelines for the care and use of animals were followed. The Graduate School of 

Veterinary Medicine, Hokkaido University has accreditation from the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC 

International) since 2007. 

 

Consecutive passages of Ws/Hok/11 in chickens 

 Two serial consecutive passage studies, study-I and study-II, were carried out 

using vaccinated and non-vaccinated chickens. In study-I, three chickens in each of the 

vaccinated and non-vaccinated groups were intranasally challenged with 200 µl of 

untitrated infectious allantoic fluids containing the wild-type Ws/Hok/11 at the first 

passage. Challenge titers in each passage were indicated in Table 1 and Table 4. All 

chickens were monitored for clinical signs for 7 days post-challenge (dpc). Clinical signs 

of chickens were numbered as ‘0–no clinical sign’, ‘1–sick’, ‘2–severely sick’ and ‘3–

dead’ according to the intravenous pathogenicity index test (OIE, 2015). To examine 

virus shedding, oropharyngeal and cloacal swab samples of the infected chickens were 

collected daily and suspended in virus transport medium as described previously (Chu et 

al., 2016). The suspension was inoculated into the allantoic cavities of 10-day-old 

embryonated chicken eggs for virus isolation. After 30–48 h incubation at 35°C, allantoic 

fluids showing hemagglutination activity were collected and stored at −80°C. The last 

virus isolated from cloacal swabs in each vaccinated and non-vaccinated group during 

the virus shedding period was used for the next challenge, resulting in a consecutive 

passage. Individual chicken in each group was housed in a self-contained isolator unit at 

a biosafety level (BSL)-3 facility at the Faculty of Veterinary Medicine, Hokkaido 

University, Japan. 
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 To further validate the selection of antigenic variants from vaccination after 

updating the vaccine strain, another consecutive passage study was subsequently 

performed, study-II. A vaccine strain containing 16 HAU was prepared from the virus 

isolated from the ninth passage in the vaccinated group in study-I, named Ws/Hok/11-

VacP9 and used to immunize chickens. The vaccinated chickens were consecutively 

challenged with the homologous virus of Ws/Hok/11-VacP9 at the first passage with the 

same protocols as in study-I.  

 

Antiserum preparation and antigenic analysis  

 Antisera from chickens immunized with a single dose of inactivated wild-type 

Ws/Hok/11 and its antigenically drifted viruses isolated from the last consecutive 

passages in study-I and study-II were used for the antigenic analysis. To produce the 

antisera, naïve chickens were intramuscularly immunized with 500 µl of non-adjuvanted 

vaccine containing 256 HAU of inactivated virus. Twenty-one days after the 

immunization, the chickens were sacrificed for whole blood collection. The antisera were 

collected from the supernatants after the centrifugation at 3,000 rpm for 10 min and stored 

at −30°C until use.  

 Antigenic analysis was performed by neutralization (NT) and HI tests according 

to previously described protocols (Ohkawara et al., 2017). For the NT test, 2-fold serial 

dilutions of serum samples in MEM were mixed with 100 50% tissue culture infectious 

dose (TCID50) of virus and incubated at 35°C for 1 h. Next, the mixture was added into a 

96-well microtiter plate containing confluent monolayers of MDCK cells. After 1-h 

incubation, the suspension was removed and the cells were maintained in MEM. After 

incubation at 35°C for three days, the number of wells with cytopathic effects was 

counted in quadruplicate cultures. The NT titer was calculated as the reciprocal value of 

the highest serum dilution that caused complete neutralization in more than 50% of the 
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wells. For the HI test, 25 µl of 8 HAU of virus was added to 25 µl of 2-fold dilutions of 

serum in phosphate buffered saline (PBS) and the mixtures were incubated at room 

temperature for 30 min. After the incubation, 50 µl of 0.5% chicken red blood cell 

suspension in PBS was added and incubated at room temperature for 30 min. HI titer was 

calculated as the reciprocal value of the highest serum dilution that caused complete HI. 

The NT and HI results of three independent and reproducible experiments are presented. 

 

Sequencing of viral HA and NA genes and visualization of mutation sites in the HA  

 Viral RNA extraction and amplification of full-length cDNAs of the HA and NA 

segments were performed as described previously (Chu et al., 2016). Direct sequencing 

of HA and NA genes of each virus was performed using an ABI 3500 Genetic Analyzer 

(Thermo Fisher Scientific, Santa Clara, CA, USA). Complete amino acid sequences of 

the HA and NA were deduced from the cDNA information using Bioedit Sequence 

Alignment Editor v7.0.5 (Hall, 2016). Residues in the HA and NA are numbered 

according to the wild-type Ws/Hok/11 throughout the text. Methionine encoded by the 

AUG start codon was defined as position 1. The HA and NA sequences of the wild-type 

Ws/Hok/11 were previously deposited in the DDBJ/EMBL/GenBank database under the 

accession numbers of AB610972 and AB610974, respectively (Sakoda et al., 2012). The 

HA protein of Ws/Hok/11 was plotted on the 3-dimensional structure of an H5 HA 

obtained from the Protein Data Bank (PDB), accession number: 4KTH (Shore et al., 

2013), by PyMOL presentation (DeLano Scientific, San Carlos, CA, USA). 

 

Deep sequencing  

 Next generation sequencing method was applied to analyze the whole genome 

sequences and potential antigenic variants with low frequencies of the passaged viruses 

in study-I and II. Briefly, total viral RNAs were extracted from infectious allantoic fluids 
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using the QIAamp Viral RNA Mini kit (Qiagen, USA). MiSeq libraries were prepared 

using a NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, 

Ipswich, MA, USA) and sequenced by the MiSeq system (Illumina, San Diego, CA, 

USA). Sequence reads were assembled de novo using CLC Genomic Workbench v10.0.1 

(CLC bio, Aarhus, Denmark). Single-nucleotide polymorphisms (SNPs) were examined 

to identify quasispecies variants in viral population at a particular deduced amino acid 

position in the HA. SNPs with the coverage of at least 100 sequence reads were used for 

the analysis and cut-off frequency was set at value of more than 1% (Dinis et al., 2016). 

 

Plaque cloning 

 To identify variants selected from consecutive passages, cloacal swabs of 

individual chickens in each group were used for plaque cloning using MDCK cells as 

previously described (Shichinohe et al., 2013). Ten plaques were selected using a sterile 

capillary pipette and suspended in MEM. Each cloned virus was propagated in 10-day-

old embryonated chicken eggs at 35°C for 30–48 h. Residues of the HA of each cloned 

virus were determined as previously described. Numbers of viruses which harbor 

identical amino acids of the HA per 10 clones isolated from each individual chickens 

were determined.  

 

Evaluation of variability of the HA1 protein residues using the information entropy 

 Approximately 1,000 HA1 sequences of H5 HPAIVs genetically belonging to 

clade 2.3.2 of the A/goose/Guangdong/1/1996 lineage were downloaded from the 

Influenza Research Database (IRD) on March 12, 2017. Duplicate sequences and 

laboratory-generated strains were excluded using web-available options. All downloaded 

strains were further edited to remove sequences with lengths less than 300 residues and 
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sequences containing miscellaneous residues. After these manipulations, 924 sequences 

were included for alignment by Clustal Omega (Sievers and Higgins, 2014). 

 The information entropy method was used to measure mutation frequency of each 

amino acid position in the HA1 (Pan and Deem, 2011; Suptawiwat et al., 2016). The 

entropy value at each amino acid position was determined as 𝐻(𝑥) = −∑ 𝑝𝑖𝐿𝑛𝑝𝑖𝑛20
𝑖=1 ; 

where pi is frequency of amino acid i at a defined position in the HA1 alignment. Entropy 

scores were calculated with Bioedit Sequence Alignment Editor v7.0.5 (Hall, 2016). The 

cut-off value was determined from a Z-score of 0.5 [Z-score = (X-)/SD] as previously 

described (Suptawiwat et al., 2016). 
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Results 

 

Consecutive passages of Ws/Hok/11 in chickens 

 Two consecutive passage studies, study-I and study-II, of an H5N1 HPAIV 

(Ws/Hok/11) in vaccinated chickens were performed to generate antigenic variants of the 

H5 HPAIV under immune pressure from vaccination. These two studies were designed 

using the homologous combination of vaccine and challenge strains.  

 In study-I, nine consecutive passages were concurrently conducted in both 

vaccinated and non-vaccinated chickens. Inactivated vaccine of Ws/Hok/11 induced 

antibody responses against the homologous virus in the vaccinated chickens with the 

range of 4–32 HI titers (Table 1). Antibody responses of vaccinated chickens against 

challenge viruses were also confirmed and showed significantly lower HI titers from the 

third to ninth passages. Non-vaccinated chickens were confirmed as immunologically 

naïve with Ws/Hok/11 by HI titers less than the detection limit (Table 2). Viruses were 

thoroughly isolated in each consecutive passage during 1–7 dpc in vaccinated chickens 

and 1–4 dpc in non-vaccinated chickens (Table 1 and Table 2). In addition, it was evident 

that increased morbidity and mortality were observed in the vaccinated chickens 

following serial passages (Table 3). Particularly, all non-vaccinated chickens survived 

until 4 dpc in the first challenge with the wild-type Ws/Hok/11 and then survival duration 

was only 2 dpc in the subsequent passages (data not shown).  

 Next, consecutive passage study-II was subsequently performed using an updated 

vaccine strain to confirm the selection of antigenic drift after renewing vaccine. In study-

II, chickens were vaccinated with an inactivated virus isolated from the nine passages in 

vaccinated chickens of study-I, named Ws/Hok/11-VacP9 and were challenged with the 

homologous virus strain in the first passage. A total of four consecutive passages were 

carried out in vaccinated and non-vaccinated chickens. Antibody titers of the vaccinated 
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chickens against the vaccine strain were found at comparable levels with study-I in the 

range of 2–32 HI titers (Table 4). Slight differences in antibody titers of several 

vaccinated chickens against vaccine and challenge strains were observed in the third and 

fourth passages. Non-vaccinated chickens were also confirmed to be immunologically 

naïve before challenge (Table 5). Similar to study-I, virus shedding periods of vaccinated 

chickens (1–6 dpc) were longer than those of non-vaccinated chickens (1–2 dpc) (Table 

4 and Table 5). Overall, these results highlighted that the partial vaccination in poultry 

might protect vaccinated chickens from lethal infection in both studies, but also resulted 

in silent spread of H5 HPAIVs and prolonged virus shedding from vaccinated chickens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Virus recovery from chickens vaccinated with Ws/Hok/11 after challenging 

with passaged viruses derived from Ws/Hok/11 in study-I
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Table 1. Virus recovery from chickens vaccinated with Ws/Hok/11 after challenging with passaged viruses derived from Ws/Hok/11 in study-I. 

Passage  
No. 

Chicken  
No. 

 
HI titers of chicken sera against Challenge strains 

(challenge titer)a 

  Virus isolation from oropharyngeal/cloacal swabs on days post challengeb 

Vaccine strain Challenge strains    0 1 2 3 4 5 6 7 
               

1 1  8 8 Ws/Hok/11  -/- +/- -/+* -/- -/- -/- -/- -/- 

2  4 4 (107.3)  -/- +/- +/+ +/- -/- -/- -/- -/- 

3  16 16   -/- +/- +/- +/- -/- -/- -/- -/- 
               

2 4  16 16 Ws/Hok/11-VacP1  -/- -/- -/- +/- -/- -/- -/- -/- 

5  16 16 (107.8)  -/- +/- +/- +/- +/+ -/+* -/- -/- 

6  16 16   -/- -/- -/- +/- -/- -/- -/- -/- 
               

3 7  16 2 Ws/Hok/11-VacP2  -/- +/- +/- +/- +/+ -/+ -/- -/- 

8  16 8 (109.0)  -/- +/- +/- +/- +/+ -/+ -/+* -/- 

9  16 4   -/- +/- +/- +/+ +/+ -/+ -/- -/- 
               

4 10  16 <2 Ws/Hok/11-VacP3  -/- +/- +/- +/- +/+ +/+ -/+ -/- 

11  8 4 (108.3)  -/- +/- +/- +/- +/+ +/+ -/+* -/- 

12  16 <2    -/- +/- +/+ +/+ +/+ -/+† NA NA 
               

5 13  16 <2 Ws/Hok/11-VacP4  -/- +/+ +/+ +/+† NA NA NA NA 

14  8 <2 (107.8)  -/- +/- +/+ +/+ +/- +/+ +/+†* NA 

15  32 2   -/- +/- -/- +/- +/+ -/- -/- -/- 
               

6 16  8 <2 Ws/Hok/11-VacP5  -/- +/- +/+ +/+ +/+† NA NA NA 

17  32 2 (108.0)  -/- +/- +/- +/+ -/- -/- -/- -/- 

18  32 4   -/- +/- +/+ +/+ +/+ -/+* -/- -/- 
               

7 19  32 <2 Ws/Hok/11-VacP6  -/- +/+ +/+ +/+ +/+† NA NA NA 

20  16 <2 (107.3)  -/- +/+ +/- +/+ +/+† NA NA NA 

21  32 <2   -/- +/- +/+ +/+ +/+ -/+* -/- -/- 
               

8 22  32 <2 Ws/Hok/11-VacP7  -/- +/- +/- +/+ +/+ -/+ -/+†* NA 

23  32 <2 (108.0)  -/- +/- +/+ +/+ +/+ +/+ -/- -/- 

24  16 <2   -/- +/- +/- +/- +/+† NA NA NA 
 

 

              

9 25  16 2 Ws/Hok/11-VacP8  -/- +/+ +/+ +/+ +/+ +/+ -/+† NA 

26  8 <2 (107.3)  -/- +/- +/+ +/+ +/+ -/+† NA NA 

27  8 <2   -/- +/- +/+ +/+ +/+ +/+ +/+ -/+†* 
a Challenge titer is expressed as TCID50 
b Positive (+) or negative (-) results of virus isolation from swab samples 
* Recovered virus was used for the next challenge 
† Chicken died 

NA: not available 
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Table 2. Virus recovery from non-vaccinated chickens challenged with passaged viruses derived from Ws/Hok/11 in study-I 

Table 2. Virus recovery from non-vaccinated chickens after challenging with passaged viruses derived from Ws/Hok/11 in study-I. 

Passage  
No. 

Chicken  
No. 

 HI titera 
Challenge strains 
(challenge titer)b 

  Virus isolation from oropharyngeal/cloacal swabs on days post challengec 

  0 1 2 3 4 5 6 7 
               

1 40  <2 Ws/Hok/11  -/- +/- +/- +/+ +/+† NA NA NA 

41  <2 (107.3)  -/- +/- +/+ +/+ +/+†* NA NA NA 

42  <2   -/- +/- +/- +/+ +/+† NA NA NA 
              

2 43  <2 Ws/Hok/11-NonvacP1  -/- -/- -/- +/+† NA NA NA NA 

44  <2 (107.8)  -/- +/- +/- +/+†* NA NA NA NA 

45  <2   -/- -/- -/- +/+† NA NA NA NA 
              

3 46  <2 Ws/Hok/11-NonvacP2  -/- +/- +/+† NA NA NA NA NA 

47  <2 (107.8)  -/- +/- +/+†* NA NA NA NA NA 

48  <2   -/- +/- +/+† NA NA NA NA NA 
              

4 49  <2 Ws/Hok/11-NonvacP3  -/- +/- +/+†* NA NA NA NA NA 

50  <2 (107.3)  -/- +/- +/+† NA NA NA NA NA 

51  <2   -/- +/- +/+† NA NA NA NA NA 
              

5 52  <2 Ws/Hok/11-NonvacP4  -/- +/+ +/+† NA NA NA NA NA 

53  <2 (109.0)  -/- +/- +/+†* NA NA NA NA NA 

54  <2   -/- +/- +/+† NA NA NA NA NA 
              

6 55  <2 Ws/Hok/11-NonvacP5  -/- +/- +/+† NA NA NA NA NA 

56  <2 (108.0)  -/- +/- +/+†* NA NA NA NA NA 

57  <2   -/- +/- +/+† NA NA NA NA NA 
              

7 58  <2 Ws/Hok/11-NonvacP6  -/- +/+ +/+† NA NA NA NA NA 

59  <2 (109.0)  -/- +/+ +/+†* NA NA NA NA NA 

60  <2   -/- +/- +/+† NA NA NA NA NA 
              

8 61  <2 Ws/Hok/11-NonvacP7  -/- +/- +/+†* NA NA NA NA NA 

62  <2 (107.3)  -/- +/- +/+† NA NA NA NA NA 

63  <2   -/- +/- +/+† NA NA NA NA NA 
              

9 64  <2 Ws/Hok/11-NonvacP8  -/- +/+ +/+† NA NA NA NA NA 

65  <2 (107.8)  -/- +/- +/+†** NA NA NA NA NA 

66  <2   -/- +/- +/+† NA NA NA NA NA 
a HI titers of chicken sera against Ws/Hok/11 
b Challenge titer is expressed as TCID50. 
c Positive (+) or negative (-) results of virus isolation from swab samples 

* Recovered virus was used for the next challenge 

** Recovered virus was used as the last passaged virus 
†Chicken died 

NA: not available 
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Table 3. Clinical signs of chickens vaccinated with Ws/Hok/11 after challenging with passaged viruses derived from Ws/Hok/11 in study-I 

Table 3. Clinical signs of chickens vaccinated with Ws/Hok/11 after challenging with passaged viruses derived from Ws/Hok/11 in study-I. 

Passage No. 
Chicken  

No. 
 
HI titers of chicken sera against Challenge strains 

(challenge titer) a 

  Score of clinical signs (dpc)b 

Vaccine strain Challenge strains    0 1 2 3 4 5 6 7 
               

1 1  8 8 Ws/Hok/11  0 0 0* 0 0 0 0 0 

2  4 4 (107.3)  0 0 0 0 0 0 0 0 

3  16 16   0 0 0 0 0 0 0 0 
               

2 4  16 16 Ws/Hok/11-VacP1  0 0 0 0 0 0 0 0 

5  16 16 (107.8)  0 0 0 0 0 0* 0 0 

6  16 16   0 0 0 0 0 0 0 0 
               

3 7  16 2 Ws/Hok/11-VacP2  0 0 0 0 0 0 0 0 

8  16 8 (109.0)  0 0 0 0 0 0 0* 0 

9  16 4   0 0 0 0 0 0 0 0 
               

4 10  16 <2 Ws/Hok/11-VacP3  0 0 0 0 1 1 0 0 

11  8 4 (108.3)  0 0 0 0 0 0 0* 0 

12  16 <2   0 0 0 0 0 3 3 3 
               

5 13  16 <2 Ws/Hok/11-VacP4  0 1 1 3 NA NA NA NA 

14  8 <2 (107.8)  0 0 0 2 2 2 3* NA 

15  32 2   0 0 0 0 0 1 0 0 
               

6 16  8 <2 Ws/Hok/11-VacP5  0 0 1 2 3 NA NA NA 

17  32 2 (108.0)  0 0 1 1 1 1 1 1 

18  32 4   0 0 0 0 1 1* 3 NA 
               

7 19  32 <2 Ws/Hok/11-VacP6  0 0 1 1 3 NA NA NA 

20  16 <2 (107.3)  0 1 2 2 3 NA NA NA 

21  32 <2   0 0 0 1 1 1* 0 0 
               

8 22  32 <2 Ws/Hok/11-VacP7  0 0 1 1 1 2 3* NA 

23  32 <2 (108.0)  0 0 1 1 2 2 1 0 

24  16 <2   0 0 0 2 3 NA NA NA 
               

9 25  16 2 Ws/Hok/11-VacP8  0 0 0 1 1 2 3 NA 

26  8 <2 (107.3)  0 0 0 1 1 3 NA NA 

27  8 <2   0 0 0 1 2 2 2 3* 
a
 

Challenge titer is expressed as TCID50 
b
 

Clinical signs of chickens were numbered as ‘0–no clinical sign’, ‘1–sick’, ‘2–severely sick’ and ‘3–dead’ 

* Recovered virus was used for the next challenge 

NA: not available 
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Table 4. Virus recovery from the chickens vaccinated with Ws/Hok/11-VacP9 after challenging with passaged viruses derived from 

Ws/Hok/11-VacP9 in study-II 

Table 4. Virus recovery from the chickens vaccinated with Ws/Hok/11-VacP9 after challenging with passaged viruses derived from 

Ws/Hok/11-VacP9 in study-II. 

Passage 

No. 
Chicken 
No. 

 
HI titers of chicken sera against Challenge strains 

(challenge titer)a 

 
Virus isolation from oropharyngeal/cloacal swabs on days post 

challengeb 

Vaccine strain  Challenge strains  0 1 2 3 4 5 6 7 
               

1 28  8 8 Ws/Hok/11-VacP9  -/- +/- +/- +/- -/- -/- -/- -/- 

29  2 2 (108.0)  -/- +/- +/+ +/+ +/+ -/+* -/- -/- 

30  8 8   -/- +/- +/- +/- -/- -/- -/- -/- 
               

2 31  2 2 Ws/Hok/11-  -/- +/+ +/+ +/+ +/+ +/+† NA NA 

32  8 8 VacP9/VacP1  -/- +/- +/- +/+ +/+ -/+ -/- -/- 

33  16 16 (107.0)  -/- +/- +/- +/+ +/+ -/+ -/+* -/- 
               

3 34  8 8 Ws/Hok/11-  -/- +/- +/- +/+ -/- -/- -/- -/- 

35  16 16 VacP9/VacP2  -/- +/- +/- +/- -/+ -/+ -/+* -/- 

36  4 2 (107.5)  -/- +/- +- +/- -/- -/- -/- -/- 
               

4 37  2 <2 Ws/Hok/11-  -/- +/- +/+ +/+ +/+ +/+ -/- -/- 

38  32 16 VacP9/VacP3  -/- +/- +/- +/- -/- -/- -/- -/- 

39  8 2 (107.3)  -/- +/- +/+ +/+ +/+ -/+** -/- -/- 
a
 
Challenge titer is expressed as TCID50 

b
 
Positive (+) or negative (-) results of virus isolation from swab samples 

* Recovered virus was used for the next challenge 
** Recovered virus was used as the last passaged virus 
† Chicken died 

NA: not available 
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Table 5. Virus recovery from non-vaccinated chickens after challenging with passaged viruses derived from Ws/Hok/11-VacP9 in study-II  

Table 5. Virus recovery from non-vaccinated chickens after challenging with passaged viruses derived from Ws/Hok/11-VacP9 in 

study-II. 

Passage 

No. 

Chicken  

No. 
 HI titer a 

Challenge strains 

(challenge titer) b 
  Virus isolation from oropharyngeal/cloacal swabs on days post challenge c 

  0 1 2 3 4 5 6 7 
              

1 67  <2 Ws/Hok/11-VacP9  -/- +/- +/+† NA NA NA NA NA 

68  <2 (108.0)  -/- +/- +/+†* NA NA NA NA NA 

             
              

2 69  <2 Ws/Hok/11-  -/- +/- +/+†* NA NA NA NA NA 

70  <2 VacP9/NonvacP1  -/- +/- +/+† NA NA NA NA NA 

   (109.3)          
              

3 71  <2 Ws/Hok/11-  -/- +/- +/+†* NA NA NA NA NA 

72  <2 VacP9/NonvacP2  -/- +/- +/+† NA NA NA NA NA 

   (108.5)          
              

4 73  <2 Ws/Hok/11-  -/- +/+ +/+† NA NA NA NA NA 

74  <2 VacP9/NonvacP3  -/- +/- +/+†** NA NA NA NA NA 

   (107.5)          
a
 
HI titers of chicken sera against Ws/Hok/11-VacP9 

b
 
Challenge titer are expressed as TCID50 

c
 
Positive (+) or negative (-) results of virus isolation from swab samples 

* Recovered viruses were used for the next challenge 

** Recovered virus was used as the last passaged virus 
†
 
Chicken died 

NA: not available 
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Table 6. Clinical signs of the chickens vaccinated with Ws/Hok/11-VacP9 after challenging with passaged viruses derived from 

Ws/Hok/11-VacP9 in study-II.  

Table 6. Clinical signs of the chickens vaccinated with Ws/Hok/11-VacP9 after challenging with passaged viruses derived from Ws/Hok/11-VacP9 in 

study-II. 

Passage 

No. 
Chicken  
No. 

 
HI titers of chicken sera against Challenge strains 

(challenge titer)a 
  Score of clinical signs (dpc)b 

Vaccine strain Challenge strains    0 1 2 3 4 5 6 7 
               

1 28  8 8 Ws/Hok/11-VacP9  0 0 0 0 0 0 0 0 

29  2 2 (108.0)  0 0 0 0 0 0* 0 0 

30  8 8   0 0 0 0 0 0 0 0 
               

2 31  2 2 Ws/Hok/11-  2 0 0 0 1 2 3 NA 

32  8 8 VacP9/VacP1  4 0 0 0 0 0 0 0 

33  16 16 (107.0)  8 0 0 0 0 0 0* 0 
               

3 34  8 8 Ws/Hok/11-  0 0 0 0 0 0 0 0 

35  16 16 VacP9/VacP2  0 0 0 0 0 1 1* 0 

36  4 2 (107.5)  0 0 0 0 0 0 0 0 
               

4 37  2 <2 Ws/Hok/11-  0 0 1 1 1 1 0 0 

38  32 16 VacP9/VacP3  0 0 1 0 0 0 0 0 

39  8 2 (107.3)  0 0 0 1 1 1** 1 1 
a
 

Challenge titer is expressed as TCID50 
b
 

Clinical signs of chickens were numbered as ‘0–no clinical sign’, ‘1–sick’, ‘2–severely sick’ and ‘3–dead’ 

* Recovered virus was used for the next challenge 

** Recovered virus was used as the last passaged virus 
NA: not available 
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Antigenicity and deduced amino acid sequences in the HA and NA of the passaged 

viruses 

 The passaged viruses isolated from the vaccinated and non-vaccinated chickens 

were antigenically characterized by NT and HI tests and genetically examined by 

deducing the amino acid sequences of the HA and NA genes. Chicken immune sera 

against wild-type Ws/Hok/11 and Ws/Hok/11-VacP9 strains were used to monitor 

antigenicity of the passaged viruses in study-I and study-II, respectively.  

 In study-I, the passaged viruses isolated from the vaccinated groups in the first 

and the second passages, Ws/Hok/11-VacP1 and Ws/Hok/11-VacP2, respectively, 

showed similar antigenicity to the parental virus Ws/Hok/11 with the same NT and HI 

titers (Table 7). However, the subsequent passaged viruses, from Ws/Hok/11-VacP3 to 

Ws/Hok/11-VacP9, were significantly antigenically distinct, defined by the more than 

16-fold difference in NT and HI titers, from their parental viruses. In contrast, the 

passaged viruses isolated from non-vaccinated chickens, Ws/Hok/11-NonvacP9, did not 

exhibit any antigenic change over the nine passages. For the HA gene, after the third 

passage in the vaccinated chickens, an amino acid substitution of G179D was identified 

in the HA protein of the passaged viruses. This change was followed by the appearance 

of viruses with double amino acid substitutions of Q131R/G179D in the fourth passage 

and these substitutions were conserved until the ninth passage as the consensus sequence 

of Ws/Hok/11-VacP9. In addition, no mutation was found in the NA of these viruses. 

Further, no amino acid change in the HA and NA was observed in the passaged viruses 

recovered from non-vaccinated groups (Table 7). The results showed that antigenicity of 

the passaged viruses was changed after three passages in the vaccinated chickens in 

association with the mutation at position 179 in the HA. 

 In study-II, antigenic drift of the passaged viruses was identified after three 

consecutive passages in the vaccinated chickens as determined by substantial reduction 
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of antibody binding. The passaged viruses recovered from the first and second passages 

in vaccinated chickens, Ws/Hok/11-VacP9/VacP1 and Ws/Hok/11-VacP9/VacP2, 

respectively, were antigenically similar to Ws/Hok/11-VacP9. On the other hand, an 

approximately 8-fold difference in NT and HI titers were identified for Ws/Hok/11-

VacP9/VacP3 and Ws/Hok/11-VacP9/VacP4 in comparison with Ws/Hok/11-VacP9. 

Further, passaged viruses isolated from non-vaccinated chickens from the fourth passage, 

Ws/Hok/11-VacP9/NonvacP4, had common antigenicity with Ws/Hok/11-VacP9 (Table 

8). For amino acid sequences of the HA, in the vaccinated groups, the single amino acid 

substitution of R339G was identified in the HA of Ws/Hok/11-VacP9/VacP1 and 

Ws/Hok/11-VacP9/VacP2. Additional single substitutions of H256R and S144P in the 

HA were observed for the passaged viruses isolated from the third and fourth passages, 

respectively; these mutations were likely related to the antigenic change of the passaged 

viruses Ws/Hok/11-VacP9/VacP3 and Ws/Hok/11-VacP9/VacP4. For the NA, a single 

mutation of D179E was found after the first passage in the vaccinated groups; this 

mutation was unlikely associated with antigenic change of the passaged viruses. Further, 

consensus sequences of the HA and NA were highly conserved in the viruses recovered 

from non-vaccinated chickens (Table 8). Thus, the results from study-II definitively 

confirmed the selection of antigenic variants under immune pressure from vaccination, 

and antigenic variants persistently emerged under vaccination-primed immunity despite 

updating to the matched vaccine strain. 
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Table 7. Antigenicity and deduced amino acids in the HA of the passaged viruses in 

study-I 

Table 7. Antigenicity and deduced amino acids in the HA of the passaged viruses in 

study-I. 

Virusesa 
Chicken 
 No. a 

NT  
 titerb 

 HI  
 titerb 

 
Amino acid positions in 

the HAc 

 131 179 

Ws/Hok/11 – 32 32  Q G 

Ws/Hok/11-VacP1 1 32 32    

Ws/Hok/11-VacP2 5 32 32    

Ws/Hok/11-VacP3 8 <2 2   D 

Ws/Hok/11-VacP4 11 <2 2  R D 

Ws/Hok/11-VacP5 14 <2 2  R D 

Ws/Hok/11-VacP6 18 <2 2  R D 

Ws/Hok/11-VacP7 21 <2 2  R D 

Ws/Hok/11-VacP8 22 <2 2  R D 

Ws/Hok/11-VacP9 27 <2 2  R D 
       

Ws/Hok/11-NonvacP9 65 32 32    

a The last virus recovered from a cloacal swab of the chicken which had the longest virus 

shedding period in each passage was used 
b
 

Chicken serum against Ws/Hok/11 was used. The homologous titers are underlined 
c ‘’ indicates the same amino acids as Ws/Hok/11 
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Table 8. Antigenicity and deduced amino acids in the HA and NA of the passaged 

viruses in study-II 

Table 8. Antigenicity and deduced amino acids in the HA and NA of the passaged 

viruses in study-II. 

Virusesa 
Chicken 
 No. a 

NT 

titerb 
HI 

titerb 

 

Amino acid positions in the 

HA and the NAc 

HA 
 

NA 

 144 256 339 179 

Ws/Hok/11-VacP9 27 16 16  S H R  D 

Ws/Hok/11-VacP9/VacP1 29 16 16    G  E 

Ws/Hok/11-VacP9/VacP2 33 16 16    G  E 

Ws/Hok/11-VacP9/VacP3 35  <2 <2   R G  E 

Ws/Hok/11-VacP9/VacP4 39  <2 <2  P R G  E 
          

Ws/Hok/11-VacP9/NonvacP4 74 16 16       

a
 

The last virus recovered from a cloacal swab of the chicken which had the longest virus 

shedding period in each passage was used 
b
 

Chicken serum against Ws/Hok/11-VacP9 was used. The homologous titers are underlined 
c ‘’ indicates the same amino acids as Ws/Hok/11-VacP9 
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Amino acid changes in the whole genomes of the passaged viruses during serial 

passages  

 To characterize the genetic evolution of the H5 HPAIV acquired during serial 

passages in chickens, whole genomes of the passaged viruses in study-I and study-II were 

sequenced by deep sequencing method and compared with their parental viruses. In 

study-I, 13 mutations were identified in the PB1, PB2, PA, HA, M1, M2, NS1 and NS2. 

In particular, in non-vaccinated group, three amino acid substitutions of M317V in the 

PB1, P208L in the NS1 and H56Y in the NS2 early emerged and remained highly 

conserved during the serial passages (Table 9). In study-II, except for the amino acid 

changes in the HA and NA which were previously mentioned, only two amino acid 

substitutions (V212I and I385V) occurred in the PB2 of the passaged viruses isolated 

from vaccinated chickens (Table 10). On the contrary, no amino acid substitution was 

identified in the passaged viruses recovered from non-vaccinated chickens (Table 10).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

30 

 

 

Table 9. Amino acid substitution in the whole genome of the passaged viruses in study-I 

Table 9. Amino acid substitution in the whole genome of the passaged viruses in study-I. 

Viruses 

 Amino acid substitutiona 

 PB1   PB2  PA   HA    M1  M2  NS1   NS2 

 195 317  292  44 263  131 179 237  174  28  208 221  56 

Ws/Hok/11  I M  I  V A  Q G G  R  F  P I  H 

Ws/Hok/11-VacP1                      

Ws/Hok/11-VacP2                      

Ws/Hok/11-VacP3  V         D           

Ws/Hok/11-VacP4          R D           

Ws/Hok/11-VacP5          R D           

Ws/Hok/11-VacP6          R D           

Ws/Hok/11-VacP7          R D   K        

Ws/Hok/11-VacP8        E  R D           

Ws/Hok/11-VacP9        E  R D           
                      

Ws/Hok/11-NonvacP1   V         E          

Ws/Hok/11-NonvacP2   V               L   Y 

Ws/Hok/11-NonvacP3   V               L   Y 

Ws/Hok/11-NonvacP4   V    I           L   Y 

Ws/Hok/11-NonvacP5   V               L   Y 

Ws/Hok/11-NonvacP6   V               L   Y 

Ws/Hok/11-NonvacP7   V         E      L   Y 

Ws/Hok/11-NonvacP8   V         E      L V  Y 

Ws/Hok/11-NonvacP9   V  V           L  L V  Y 

a ‘’ indicates the same amino acids as Ws/Hok/11 
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Table 10. Amino acid substitution in the whole genome of the passaged viruses in study-

II 

Table 10. Amino acid substitution in the whole genome of the passaged 

viruses in study-II. 

Viruses 

 Amino acid substitutiona 

 PB2   HA    NA 

 212 385  144 256 339  179 

Ws/Hok/11-VacP9  V I  S H R  D 

Ws/Hok/11-VacP9/VacP1       G  E 

Ws/Hok/11-VacP9/VacP2  I     G  E 

Ws/Hok/11-VacP9/VacP3  I V   R G  E 

Ws/Hok/11-VacP9/VacP4  I V  P R G  E 
          

Ws/Hok/11-VacP9/NonvacP1          

Ws/Hok/11-VacP9/NonvacP2          

Ws/Hok/11-VacP9/NonvacP3          

Ws/Hok/11-VacP9/NonvacP4          

a ‘’ indicates the same amino acids as Ws/Hok/11-VacP9 
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Population analysis of variants with mutation in vaccinated chickens 

 To assess the selection of antigenic variants in each individually vaccinated 

chickens, HA sequences of ten cloned viruses obtained from cloacal swabs of individually 

infected chickens were determined. The deduced amino acid sequences of the HA gene 

were compared with those of the wild-type Ws/Hok/11 (Table 11). 

 In study-I, two distinct variants with amino acid substitutions G179V and G179D 

were isolated independently from vaccinated chicken No. 7 and No. 8 in the third passage, 

respectively; these variants accounted for 10/10 and 7/10 of cloned viruses, respectively, 

selected from the corresponding individual chickens. The variant harboring G179D 

isolated from chicken No. 8, which showed the longest period of virus shedding, was 

selected for the next passage. Until the ninth passage, all cloned viruses recovered from 

the three vaccinated chickens harbored the double mutations of Q131R/G179D in the HA. 

In non-vaccinated chickens, two viruses, including the Ws/Hok/11 and a variant 

possessing an amino acid substitution of G237E in the HA which was previously 

identified in the wild-type Ws/Hok/11, coexisted in the ninth passage. The result from 

plaque cloning analysis was reinforced by deep sequencing methods. Indeed, SNPs 

indicated that a large quasispecies population could exist during the consecutive passages 

(Table 12). 

 In study-II, multiple variants were identified through the consecutive passages 

with different amino acid substitutions in the HA including G339R, A143D/R339G, 

H256R/R339G, D179N/R339G and S144P/H256R/R339G (Table 13). These variants 

were isolated independently from vaccinated chickens during the consecutive passages 

(Table 11). In particular, the mutation H256R, which was identified as the cause of the 

antigenic change of the passaged viruses, emerged from the third passage as the dominant 

virus. Consequently, 9/10 variants with the substitutions H256R/R339G were maintained 

until the fourth passage, followed by 1/10 variant possessing a newly appeared mutation 
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S144P/H256R/R339G isolated from chicken No. 39. Noteworthily, the minor variant 

S144P/H256R/R339G found in the swab sample was previously identified as the 

passaged virus Ws/Hok/11-VacP9/VacP4 (Table 8 and Table 9). On the other hand, all 

cloned viruses recovered from non-vaccinated chickens through the fourth passage shared 

the identical HA sequence with Ws/Hok/11-VacP9. Taken together, the findings from 

study-I and study-II indicated that vaccination-derived immunity accelerated the 

selection of HA variants of the H5 HPAIV and replication of the H5 HPAIV in naïve 

chickens did not provide selective pressure for the mutation in either HA or NA. 
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Table 11. Number of plaque-cloned viruses with amino acid substitutions in the HA in study-I and study-II 

 

Table 11. Number of plaque-cloned viruses with amino acid substitutions in the HA in study-I and study-II. 

Study 
Passage  

No. 
 Challenge strains 

Chicken  

No. 
 Sample (dpc) 

 # of 

virusesa 
 
Amino acid positions in the HAb 

131 143 144 179 237 256 339 

I – Ws/Hok/11  – –          9‡  Q A S G G H R 

1      E   
   

 3 Ws/Hok/11-VacP2   7 Cloacal (5) 10     V    

 8* Cloacal (6)          7‡     D    

3         

 9 Cloacal (5) 7         

3     D    
        

  
 

   

 9 Ws/Hok/11-VacP8  25 Cloacal (6) 10  R   D    

26 Cloacal (5) 10  R   D    

27* Cloacal (7) 10‡  R   D    
   

 9 Ws/Hok/11-NonvacP8  64 Cloacal (2) 7      E   

3         

65 Cloacal (2) 6‡         

4      E   

66 Cloacal (2) 6         

4      E   
        

  
  

 
 

II 3 Ws/Hok/11-VacP9/VacP2  34 Cloacal (3) 9  R   D   G 

1  R D  D   G 

35* Cloacal (6) 10‡  R   D  R G 

36 Oropharyngeal (3) 5  R   D   G 

5  R   N   G 
        

  
 

  
 

 4 Ws/Hok/11-VacP9/VacP3 37 Cloacal (5) 8  R   D  R G 

2  R   D   G 

38 Oropharyngeal (3) 9  R   D   G 

1  R   D  R G 

39 Cloacal (5) 9  R   D  R G 

1‡  R  P D  R G 
        

 
  

 
  

 4 Ws/Hok/11-VacP9/NonvacP3 73 Cloacal (2) 10  R   D    

74 Cloacal (2) 10‡  R   D    

a # of plaque-cloned viruses which contained identical HA sequences per 10 clones recovered from each individual chicken are indicated 
b ‘’ indicates the same amino acids as Ws/Hok/11 

* Viruses recovered from chickens used for the next challenge 
‡ Representative HA sequence of the viruses previously identified as the consensus sequence of the passaged viruses in Table 7 and Table 8 
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Table 12. Quasispecies population defined by the codon sites in the HA of passaged viruses in study-I 

Table 12. Quasispecies population defined by the codon sites in the HA of passaged viruses in study-I. 

Viruses 

Potential amino acid change in the HA positionsa 

(Frequency value of particular amino acid change) 

2 5 45 50 51 124 131 147 179 198 210 218 237 388 434 436 521 529 

Ws/Hok/11 
– – AT 

(38.5) 

– – – – – – NY 

(38.5) 

PL 

(1.9) 

TA 

(1.0) 

GE 

(47.3) 

– – – – YC 

(37.9) 

Ws/Hok/11-VacP1 
– – – – – – – – – – – – – KR 

(6.2) 

– – – – 

Ws/Hok/11-VacP2 
– – – – – – – – – – – – – KR 

(1.1) 

– – – – 

Ws/Hok/11-VacP3 
– – – – – – – – DG 

(1.2) 

– – – – – – – – – 

Ws/Hok/11-VacP4 
– – – – – – RQ 

(1.5) 

– – – – – – – LI 

(2.9) 

– – – 

Ws/Hok/11-VacP5 
– – – – – – – – – – – – – – – – – – 

Ws/Hok/11-VacP6 
– – – – – – – – – – – – – – – – – – 

Ws/Hok/11-VacP7 
– – – – – – – – – – – – – – – – – – 

Ws/Hok/11-VacP8 
– – – – – – – – – – – – – – – – – – 

Ws/Hok/11-VacP9 
– – – – – IV 

(22.5) 

– – – – – – – – – VI 

(10.1) 

– – 

Ws/Hok/11-NonvacP1 
– – – – – – – – – – PS 

(2.9) 

– EG 

(31.2) 

– – – – – 

Ws/Hok/11-NonvacP2 
– – – – – – – – – – – – GE 

(45.8) 

– – – – – 

Ws/Hok/11-NonvacP3 
– – – – – – – – – – – – GE 

(16.6) 

– – – – – 

Ws/Hok/11-NonvacP4 
– – – – – – – – – – – – – – – – – – 

Ws/Hok/11-NonvacP5 
– VM 

(1.2) 

– – – – – – – – – – GE 

(5.4) 

– – – – – 

Ws/Hok/11-NonvacP6 
EK 

(1.0) 

– – EG 

(1.5) 

KR 

(3.9) 

– – – – – – – GE 

(33.2) 

– – – – – 

Ws/Hok/11-NonvacP7 
EK 

(3.3) 

– – – – – – VM 

(2.8) 

– – – – EG 

(37.7) 

– – – VA 

(1.2) 

– 

Ws/Hok/11-NonvacP8 
– – – – – – – VM 

(1.4) 

– – – – EG 

(10.1) 

– – – – – 

Ws/Hok/11-NonvacP9 
– – – – – – – – – – – – GE 

(1.5) 

– – – – – 

a Arrow indicated potential amino acid substitution from residue in the consensus HA of the major virus to low-frequency variants in viral population 

‘–’indicates that no potential amino acid change was detected at the position with frequency higher 1% 
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Table 13. Quasispecies population defined by the codon sites in the HA of passaged viruses in study-II. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 13. Quasispecies population defined by the codon sites in the HA of passaged viruses in study-II. 

Viruses 

Potential amino acid change in the HA positionsa 

(Frequency value of particular amino acid change) 

27 32 124 144 157 169 198 218 239 256 339 372 436 528 

Ws/Hok/11-VacP9 – – IV 

(22.5) 
– – – – – – – – – VI 

(10.1) 
– 

Ws/Hok/11- 

VacP9/VacP1 
– – – – – – – TA 

(1.0) 
– – GR 

(7.4) 
– – – 

Ws/Hok/11- 

VacP9/VacP2 
– – – – – – – – – – – – – – 

Ws/Hok/11- 

VacP9/VacP3 

NS 

(1.9) 
– – – – – – – – RH 

(22.9) 
– – – – 

Ws/Hok/11- 

VacP9/VacP4 
– – – PS 

(38.8) 
– – – – – – – – – – 

Ws/Hok/11-

VacP9/NonvacP1 
– – – – – KR 

(1.3) 
– – – – – – VI 

(1.1) 
– 

Ws/Hok/11-

VacP9/NonvacP2 
– – – – – – – TA 

(1.2) 
– – – – – IT 

(1.1) 

Ws/Hok/11-

VacP9/NonvacP3 
– VI 

(1.2) 
– – SP 

(1.0) 
– NS 

(2.2) 
– RG 

(1.1) 
– – SN 

(2.6) 
– 

 

IT 

(2.1) 

Ws/Hok/11-

VacP9/NonvacP4 
– – – – – – NS 

(42.8) 
– RG 

(3.2) 
– – – – – 

a Arrow indicated potential amino acid substitution from residue in the consensus HA of the major virus to low-frequency variants in viral population 

‘–’ indicated that no potential amino acid change was detected at the position with frequency higher 1% 
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Table 14. Antigenic characterization of plaque-cloned viruses recovered from study-I and study-II by a cross HI test 

 

Table 14. Antigenic characterization of plaque-cloned viruses recovered from study-I and study-II by cross HI test. 

Virusesa 
Chicken  
 No. 

 HI titerb   Amino acid positions in the HAc 

Ws/Hok/11 
Ws/Hok/11- 

VacP9 
Ws/Hok/11- 
VacP9/VacP4 

 
131 143 144 179 237 256 339 

Ws/Hok/11 #1 – 32 <2 4  Q A S G G H R 

Ws/Hok/11 #8 – 32 <2 4      E   

Ws/Hok/11-VacP3 #1 7 4 <2 4     V    

Ws/Hok/11-VacP3 #2 8 4 16 4     D    

Ws/Hok/11-VacP9 #1 27 4 16 4  R   D    

Ws/Hok/11-VacP9/VacP1 #1 29 4 16 4  R   D   G 

Ws/Hok/11-VacP9/VacP3 #10 34 4 16 4  R D  D   G 

Ws/Hok/11-VacP9/VacP3 #1 35 4 <2 8  R   D  R G 

Ws/Hok/11-VacP9/VacP3 #2 36 4 <2 4  R   N   G 

Ws/Hok/11-VacP9/VacP4 #10 39 4 <2 32  R  P D  R G 

Ws/Hok/11-VacP9/NonvacP4 #1 74 4 16 4  R   D    

a
 

‘#’ indicates plaque-clone identification number 
b
 

Chicken sera against Ws/Hok/11, Ws/Hok/11-VacP9 and Ws/Hok/11-VacP9/VacP4 were used 
 The homologous titers are underlined 
c ‘’ indicates the same amino acids as Ws/Hok/11 
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Antigenic characterization of plaque-cloned viruses 

 To confirm the antigenic drift of the selected viruses, antigenicity of plaque-

cloned variants identified in study-I and study-II were characterized by cross-reactivity 

HI with antisera against Ws/Hok/11, Ws/Hok/11-VacP9 and Ws/Hok/11-VacP9/VacP4. 

As expected, the variants harboring amino acid substitutions at position 179 (G179D, 

G179V) in study-I and 256 (H256R) in study-II were antigenically distinct from the 

homologous viruses Ws/Hok/11 and Ws/Hok/11-VacP9, respectively (Table 7 and Table 

8). In addition, the minor population, Ws/Hok/11-VacP9/VacP3 #2, isolated from 

chicken No. 36 in study-II, containing the substitution D179N also exhibited distinct 

antigenicity in comparison to Ws/Hok/11-VacP9. Thus, the results suggested that 179 

and 256 were likely the key positions for antigenic variation of the virus.  

 The positions of amino acid substitutions found in this study were plotted on the 

three-dimensional structure of the HA protein (Figure 1). All of these substitutions are 

located on the globular head domain of the H5 HA molecule and positions 179 and 256, 

associated with viral antigenicity, are located proximally to predicted antigenic sites of 

the HA based on the H1 HA antigenic mapping (Caton et al., 1982). The position 339 is 

unable to display in the visualization since this residue is positioned at the cleavage site 

which is unavailable in the crystal structure.  

 To analyze genetic patterns of the two key amino acid positions 179 and 256 in 

the HA found in this study, information entropy was applied to characterize variability of 

the residues (Pan and Deem, 2011; Suptawiwat et al., 2016) and compared amino acid 

representation at the sites with that of the genetic clade 2.3.2 H5 HPAIVs that are publicly 

deposited. Interestingly, position 179 possessed the highest entropy score of 0.96 in 

addition to the high entropy value of position 256 of 0.59, among all positions of the 924 

HA1 sequences examined. These scores were remarkably higher than the average entropy 

used as the cut-off value of 0.17 (Figure 2A). This finding signified that positions 179 
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and 256 are highly mutated sites in the HA1 of clade 2.3.2 H5 HPAIVs. Furthermore, 

most of the amino acid substitutions at 179 and 256 found in this study (G179D, G179V, 

D179N and H256R) were identical with the amino acids observed in nature (Figure 2B). 
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Figure 1. Amino acid substitutions in the HA associated with vaccination-induced 

immune escape. Crystallographic structure of the H5 trimer HA of A/Hubei/1/2010 

(H5N1), PDB accession: #4KTH (Shore et al., 2013), is represented. The positions 179 

and 256 in addition to 131, 143, 144 and 237 are shown in red, blue, pink, brown, cyan 

and yellow, respectively. The position 339 is unable to display in the visualization since 

this residue is positioned at the cleavage site which is unavailable in the crystal structure. 

The antigenic sites and receptor-binding domain of HA are shown in orange and green, 

respectively. Entropy values of the positions 179 and 256 are indicated in parentheses. 

Figure 1. Amino acid substitutions in the HA associated with vaccination-induced 

immune escape 
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Figure 2. (A) Entropy value of 924 HA1 sequences of H5 HPAIVs belonging to the 

genetic clade and sub-clades 2.3.2. Entropy values of the positions 179 and 256 are 

indicated in parentheses. The line on the graph represents the cut-off value (Z-score = 

0.5). (B) Amino acid residues at positions 179 and 256 of 924 HA1 sequences. Gradient 

background colors of each letter indicate the corresponding numbers of sequences. 

Underlined letters indicate the same amino acid residues as observed in this study. 

 

Figure 2. Entropy value of HA1 sequences of the H5 HPAIVs belonging to the genetic 

clade 2.3.2 and frequency of amino acid residues at the positions 179 and 256 
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Discussion 

  

 Mass vaccination campaigns in poultry have been implemented as a control 

strategy against the spread of H5 HPAIVs in some endemic countries in Asia. Initially, 

the programs were likely successful in reducing the burden of the disease (Ellis et al., 

2005; Chen, 2009; Magalhaes et al., 2010). Nevertheless, H5 HPAIVs remained endemic 

in large poultry populations and eradication of H5 HPAIVs seemed to be unachievable in 

these countries. Empirically, vaccine failures mainly result from the appearance of 

antigenically drifted H5 HPAIVs (Kilany et al., 2010; Cattoli et al., 2011a; Ma et al., 

2014; Swayne et al., 2015; Cuong et al., 2016; Nguyen et al., 2016). The present study 

clearly demonstrated the impacts of vaccination in driving the selection of antigenic 

variants by the consecutive passages of an H5N1 HPAIV in vaccinated chickens. 

Although the generation of antigenic variants under vaccination-mediated immunity has 

been well investigated in human influenza viruses using a mouse model (Hensley et al., 

2009), our demonstration is the first report for H5 HPAIVs in chickens.  

 Two serial passage studies in vaccinated chickens were performed to clearly 

demonstrate the selection of antigenic variants under immune pressure conferred from 

the vaccination. The chickens vaccinated with the homologous vaccine strains were 

clinically protected from lethal infection in both studies; however, long-period virus 

shedding was maintained in these chickens (Table 1 and Table 4). This finding 

emphasized the disadvantage of vaccination in poultry that improper vaccination more 

likely increases the risk of further transmission by H5 HPAIVs from asymptomatically 

infected birds (Savill et al., 2006; Isoda et al., 2008; Cuong et al., 2016; Salaheldin et al., 

2017). It is noteworthy that less proper vaccination was set in this study and the 

transmission of H5 HPAIVs might be prevented by optimal vaccination (Sitaras et al., 

2016a; Sitaras et al., 2016b; Peeters et al., 2017). 
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 Prior to initiating consecutive passages, pilot experiments using 2–256 HI titers 

of vaccinated chickens were pre-evaluated to obtain the most appropriate conditions for 

virus recovery in this study model (data not shown). As a result, single-shot vaccination 

was used to induce low immunity pressure in the vaccinated chickens. The vaccination 

mediated the average antibody titers of 2–32 HI thereby clinical signs of chickens were 

obviously alleviated after homologous lethal challenges in study-I and study-II. In fact, 

the vaccinated chickens were apparently healthy after the lethal challenges at the first and 

second passages (Table 3 and Table 6) in which the challenge viruses did not exhibit 

antigenic change. However, in the subsequent consecutive passages, the vaccinated 

chickens gradually displayed morbidity and mortality after challenge that were likely 

associated with the antigenic drifts of the passaged viruses. Surprisingly, antigenic 

variants were easily selected from vaccinated chickens during three consecutive passages, 

although an insufficient immunity level for chickens was adopted in our experimental 

design. On the other hand, severity of the infection in chickens could be affected by the 

adaptability of the H5 HPAIV acquired during serial passages, especially in non-

vaccinated group in study-I (data not shown). Several amino acid substitutions in the 

internal genes, M317V in the PB1, P208L in the NS1 and H56Y in the NS2 (Table 9), 

likely contributed to the higher pathogenicity of the virus in chickens. 

 Although single-shot vaccination with the absence of adjuvant was applied to 

induce low immunity in the laboratory setting, our demonstration of the emergence of 

vaccination-derived antigenic variants is of practical value. The average immunity level 

from vaccination was previously evaluated as the serological potency to prevent 

morbidity in vaccinated chickens (Sitaras et al., 2016a; Sitaras et al., 2016b; Peeters et al., 

2017) and was frequently documented in field reports as well (Henning et al., 2011; El-

Zoghby et al., 2012; Poetri et al., 2014). Indeed, inconsistent immune responses with 

mass vaccinations under particular conditions against either vaccine or challenge strains 
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were observed, and multiple infection events more frequently occurred in large 

susceptible populations as in nature (Hafez et al., 2010; Kayali et al., 2013; Swayne et al., 

2015). Therefore, it is probably impossible to ensure vaccination coverage at a robust titer 

for prevention of infection in a field context; this predicament consequently accelerates 

the emergence of antigenic variants. It is also necessary to imply that our demonstration 

might be only suitable at less protective immunity conferred from the non-adjuvanted 

vaccines. The fact that adjuvants are widely formulated to commercial vaccines to 

enhance and prolong robust immunity by vaccination (Lone et al., 2017). On the other 

hand, proper vaccination with sufficient efficacy has been highly recommended as a 

control measure against H5 HPAIVs and its antigenic variants in poultry (Sitaras et al., 

2016a; Sitaras et al., 2016b; Peeters et al., 2017). 

 With the attempts to characterize antigenicity and fine antigenic structure of H5 

HA, several neutralizing epitopes in the HA have been identified (Rudneva et al., 2010; 

Velkov et al., 2013). Moreover, previous studies revealed that antigenic transition of H5 

HPAIVs was restricted to a few positions in the HA head domain during evolution 

(Cattoli et al., 2011b; Koel et al., 2014; Sitaras et al., 2014). This study newly identified 

multiple amino acid substitutions at positions 179 (G179D, G179V, D179N) and 256 

(H256R) that were associated with antigenic drift of Ws/Hok/11, an H5 HPAIV 

belonging to the genetic clade 2.3.2.1c (Table 7, Table 8, Table 12 and Table 13). 

Our antigenic analysis clearly indicated that the single amino acid substitutions at 179 

and 256 are sufficient to lead to antigenic changes of Ws/Hok/11 (Table 14). In addition, 

these substitutions are positioned adjacent to the receptor-binding pocket and putative 

antigenic sites of the HA (corresponding H1 antigenic region) (Figure 1). Therefore, the 

results suggest that positions 179 and 256 are likely key residues for antigenic variation 

of the clade 2.3.2.1c H5 HPAIVs. 
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 To clarify the impact of vaccination as the main driver of genetic and antigenic 

divergence of H5 HPAIVs, virus populations were determined by plaque cloning of 

samples collected from individually infected chickens. Obviously, multiple variants with 

amino acid substitutions in the HA were isolated from only the vaccinated chickens 

(Table 11). On the other hand, HA consensus sequences were highly conserved for 

viruses isolated from non-vaccinated chickens lacking protective immunity against H5 

HPAIVs. Furthermore, in our study design, the viruses isolated from an individual bird, 

which had the longest virus shedding, were used for next passages; as a consequence, two 

distinct virus lineages were created with viruses with the amino acid substitution G179D 

in study-I and H256R in study-II being the dominant virus population. Further, the 

minority variants with different amino acids substitutions were isolated from other 

individually vaccinated chickens. Thus, it is assumed that antigenic variants with higher 

replication and transmission advantages in certain conditions could be selected to 

establish dominance, together with minor viruses as seen in nature. In particular, no 

mutation was found in the HA or NA during virus replication in non-vaccinated chickens 

(Table 11) despite quasispecies variants could persistently exist in the viral population. 

This indicates that virus propagation in the absence of vaccine-associated immune 

pressure negatively selected antigenic variants in this setting. Collectively, our results 

clarified that the genetic and antigenic divergence of H5 HPAIVs was mainly expedited 

by vaccination.  

 Several approaches, including information entropy, were applied to measure 

mutation frequency of a single position in the HA (Pan and Deem, 2011). Previous studies 

reported that numerous key sites with high entropy values were inferred as the antigenic 

epitopes in the HA during the evolution of H5 HPAIVs (Peng et al., 2014). This study 

further identified high variability of the positions 179 and 256 among clade and sub-clade 

2.3.2 H5 HPAIVs (Figure 2A). Overall, it is reasonable to conclude that the highly 
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mutated sites 179 and 256 in the HA more likely contribute to the antigenic transition of 

the viruses in this clade. Indeed, antigenic drift of clade 2.3.2.1c H5 HPAIVs associated 

with the mutations at 179 and 256 was previously documented in the field reports 

(Marinova-Petkova et al., 2014; Nguyen et al., 2016). In addition, most amino acid 

substitutions identified in this study resembled the amino acids observed from field H5 

HPAIVs (Figure 2B). These results also implied that the laboratory setting is valid for 

investigating and simulating the ongoing selection of antigenic variants in nature. The 

present study clearly demonstrated that antigenic drift rapidly and persistently occurred 

under vaccination-primed immunity despite updating the matched vaccine strain. Indeed, 

mass vaccination has been applied for more a decade in the endemic countries, but H5 

HPAIVs have evolved more rapidly by continuous emergence of antigenically drifted 

variants (Swayne, 2012; WHO, 2018a). 

 In summary, the Chapter I study demonstrated the direct contribution of 

vaccination in chickens on the selection of antigenically drifted H5 HPAIVs and the 

updating of a matched vaccine strain could not prevent the emergence of antigenic 

variants. Therefore, vaccination should be used only as a tool in conjunction with primary 

strategies such as reinforcement of education, biosecurity, rapid diagnosis, surveillance 

and eliminating infected poultry for the sustainable control of H5 HPAI. 
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Brief summary 

  

 Vaccination-primed immunity in poultry has been suggested for selection of 

antigenically drifted HPAIVs. In this study, two consecutive passage studies of an H5N1 

HPAIV in vaccinated chickens, namely, study-I and study-II, were carried out to select 

antigenic variants under immune pressure from the vaccination. In study-I, nine 

consecutive passages of a wild-type H5N1 HPAIV were carried out in chickens 

vaccinated with the homologous challenge strain. Antigenically drifted variants with 

mutations at position 179 in the HA were selected after three passages. Similarly, in 

study-II, a vaccination-mediated antigenic variant isolated in study-I was used as the 

vaccine and challenge strain to confirm further antigenic drift after updating the vaccine; 

after the third passage, additional antigenic variants with a mutation at position 256 in the 

HA were selected. Thus, this study demonstrated the contribution of vaccination in the 

selection of antigenic variants of H5 HPAIVs in chickens. 
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Chapter II 

 

Rapid and broad detection of H5 hemagglutinin by an 

immunochromatographic kit using novel monoclonal 

antibody against highly pathogenic avian influenza virus 

belonging to the genetic clade 2.3.4.4 
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Introduction 

 

 IAVs have been classified into different subtypes according to their surface 

glycoproteins, HA and NA, in which 16 HA (H1–H16) and 9 NA (N1–N9) subtypes were 

recognized (Yewdell et al., 1979; Webster et al., 1992; Long et al., 2018). Among IAVs, 

an H5 subtype virus has become a major global concern for the poultry industry since its 

first emergence in Guangdong, China in 1996, causing HPAI with at least 75% fatality in 

infected birds (Xu et al., 1999). After its reemergence in 2003, Gs/GD-lineage H5 

HPAIVs have consequently caused thousands of outbreaks in poultry and spread rapidly 

across the world via migratory wild birds (OIE, 2018). In addition, the zoonotic potential 

of the H5 HPAIV has been recognized since the first human case of an H5 HPAIV 

infection in Hong Kong in 1997 (Chan, 2002). To date, a total of 856 human infections 

with H5 HPAIVs were reported (WHO, 2018b). For controls of H5 HPAI in birds and 

H5 virus infection in humans, a simple, rapid and accurate diagnostic tool is in critical 

need (WHO, 2005). 

 The typical diagnoses of IAVs comprise serology, genetic identification and virus 

isolation; however, these methods are time-consuming and require appropriate facilities 

and biosafety (Okamatsu et al., 2016). In recent years, the simple and rapid IC technique, 

mainly based on antigen detection by MAbs, has been in focus because of its useful 

clinical diagnosis in humans and surveillance of infection in the field in birds (Okamatsu 

et al., 2016). Several IC kits for detecting IAV and their specific subtypes are widely used 

for these purposes (Tsuda et al., 2007; Manzoor et al., 2008; Mizuike et al., 2011; Wada 

et al., 2011; Baas et al., 2013; Sakurai et al., 2013; Sakai‐Tagawa et al., 2014; Sakurai 

et al., 2015). Efficacy of IC diagnosis for IAV to detect internal NP, a highly conserved 

protein of IAV and large-quantity expression in cells (Yewdell et al., 1985), is stable. 

Meanwhile, detection of HA determining specific subtypes of influenza viruses remains 
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relatively less sensitive due to lower expression in cells and large variation of the surface 

protein (Okamatsu et al., 2016). In addition, persistent circulation of H5 HPAIVs in 

domestic poultry and wild birds has led to extensive antigenic diversification, so-called 

antigenic drift (Yewdell et al., 1979; Webster et al., 1982). This viral property has caused 

specific and sensitive diminution of MAb reactivity against varied antigens and 

consequently reduced efficacy of rapid diagnosis (Huzly et al., 2016; Overmeire et al., 

2016). A previously developed H5 IC kit manufactured by a single MAb recognizing 

A/duck/Pennsylvania/10218/1984 (H5N2), Linjudge Flu A/H5 (Tsuda et al., 2007), 

reduced the sensitivity and specificity to detect recent H5 HPAIVs. Therefore the primary 

component of IC kit, MAbs specifically recognizing variable H5 HA antigens, should be 

formulated according to antigenic variation of circulating viruses for more effective 

detection (Okamatsu et al., 2016). 

 In the present study, an H5 IC rapid diagnostic kit (New Linjudge Flu A/H5) was 

developed using two MAbs comprising a newly generated MAb A32/2 against a clade 

2.3.4.4 H5 HPAIV (Ohkawara et al., 2017) and A64/1 originally used in the Linjudge Flu 

A/H5. The New Linjudge Flu A/H5 showed higher specificity and sensitivity to a broad 

range of H5 HPAIVs isolated in recent years compared to the original Linjudge Flu A/H5 

kit. In addition, its diagnostic efficacy was comparable with an influenza detection kit 

recognizing NP, ImunoAce Flu (NP). The diagnostic applicability of the New Linjudge 

Flu A/H5 was reinforced by detecting H5 HA antigens from the swabs and tissue 

homogenates of naturally infected birds and experimentally infected chickens with the 

most recent H5N6 HPAIVs in Japan. Moreover, oropharyngeal and cloalcal swabs 

collected from healthy chickens in commercial poultry farms were tested to demonstrate 

the new kit has no potential to give false-positive detection. 
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Materials and Methods 

 

Development of the IC kit to detect H5 HA antigen 

 Two MAbs, A64/1 and A32/2, were used in the New Linjudge Flu A/H5. The 

MAb, A64/1, was previously produced using a hybridoma cell line against an H5 LPAIV, 

A/duck/Pennsylvania/10218/1984 (H5N2) (Soda et al., 2008) and a novel MAb, A32/2, 

was prepared in a similar method against a clade 2.3.4.4 H5 HPAIV, 

A/chicken/Kumamoto/1-7/2014 (H5N8) (Ohkawara et al., 2017). The new H5 IC kit was 

manufactured following similar protocol as previously described (Tsuda et al., 2007). 

Briefly, the mixture of the anti-H5 HA MAbs, A64/1 and A32/2, were conjugated with 

colloidal gold with a proper ratio. Anti-mouse immunoglobulin antibodies and the 

cocktail of A64/1 and A32/2 were then immobilized onto a nitrocellulose membrane to 

capture antibodies in the control and test judgment regions, respectively. Schematic 

diagram of the New Linjudge Flu A/H5 is shown in Figure 3. 

 

Viruses 

 A total of 28 strains of influenza viruses including 26 strains of IAVs, 17 strains 

of non-H5 viruses, 9 strains of H5 viruses and 2 strains of influenza B viruses were used 

(Table 15 and Table 16). These viruses were propagated in the allantoic cavity of 10-day-

old embryonated chicken eggs for 30–48 h at 35°C. The infectious allantoic fluid was 

collected and stored at –80°C until use. 
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A) 

B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) Schematic diagram and (B) appearance of the New Linjudge Flu A/H5. 

 

Figure 3. Schematic diagram and appearance of the New Linjudge Flu A/H5 
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Virus titration 

 Virus titration was performed based on the TCID50 value by using MDCK cells 

maintained in minimum essential medium supplemented with 0.3 mg/mL L-glutamine, 

100 U/mL penicillin G, 0.1 mg/mL streptomycin, 8 mg/mL gentamicin and 10% calf 

serum. Ten-fold dilutions of viruses in serum-free minimal essential medium were 

inoculated onto confluent monolayers of cells and incubated at 35°C for 1 h. After 72 h 

of incubation at 35°C, the cytopathic effects of the cells were observed. TCID50 titers 

were calculated by the method of Read and Muench (Reed and Muench, 1938). In 

addition to TCID50, the virus infectivity of H5 AIVs was measured as the 50% egg 

infectious dose (EID50) by using 10-day chicken embryos. Dilution and titer calculation 

were performed as described in the TCID50 method. The virus titration by EID50 and 

TCID50 was performed using the same original working aliquot of each virus. 

 

Evaluation of the specificity and sensitivity of the New Linjudge Flu A/H5, Linjudge 

Flu A/H5 and ImunoAce Flu (NP) 

 The detection efficacy of the present kit was compared with a human influenza 

commercial diagnosis kit, the ImunoAce Flu (NP antigen detection) (TAUNS 

Laboratories, Inc. Shizuoka, Japan) and the Linjudge Flu A/H5 kit (Tsuda et al., 2007). 

The test procedure was performed as previously described (Tsuda et al., 2007). In short, 

10 μL sample solution was suspended in 90 μL of test solution (TAUNS Laboratories, 

Inc. Shizuoka, Japan) and the 100 μL suspension was applied to the sample port of each 

kit. Serial two-fold dilutions of each virus were tested. Results of the kit detection were 

recorded after 15 min of incubation at room temperature. A single colored line in the 

control judgment region (C) indicated the absence of H5 HA antigen. The concurrent 

presence of colored lines in both control and test judgment lines (T) indicated a positive 

test for H5 HA antigen in the samples. Results of antigen detection were indicated by +/-. 
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The intensity of the positive test line was further recorded on a scale from + to 6+. To 

standardize the visual judgment of the test line, the optical absorbance value was 

measured by the fluorescent immunochromato reader DiaScan 10-T (Otsuka Electronics 

Co., LTD., Osaka, Japan). The detection limit showing the lowest virus titer detectable 

by each kit was calculated by the equivalent proportion of the original virus titers to the 

last dilution that was able to yield positive detection. The detection limit was expressed 

as log10 EID50/test and log10 TCID50/test as previously described. 

 In addition, oropharyngeal and cloalcal swabs collected from 25 healthy chickens 

in commercial poultry farms were tested to examine cross reactivity of the New Linjudge 

Flu A/H5 with the field specimens. These samples were also confirmed to be negative 

with IAV by virus isolation using embryonated chicken eggs as previously described. 

 

Swabs and tissue homogenates of naturally infected birds and experimentally 

infected chickens with H5N6 HPAIVs 

 A dead black swan and a dead whooper swan suspected of having natural 

infections with H5 HPAIVs were transferred to our laboratory for diagnosis. Two H5N6 

HPAIVs were isolated from these birds and named A/black swan/Akita/1/2016 (H5N6) 

and A/whooper swan/Hokkaido/X12/2017 (H5N6), respectively (Okamatsu et al., 2017). 

Simultaneously, tissue homogenates of these birds were prepared for evaluation with the 

IC kits. Ten percent tissue homogenates were prepared in transport medium (minimal 

essential medium containing 10 000 U/mL Penicillin G, 10 mg/mL Streptomycin, 0.3 

mg/mL Gentamicin, 250 U/mL Nystatin and 0.5% bovine serum albumin fraction V) as 

test samples and titration of infectivity. Swab samples from these naturally infected birds 

were not tested since multiple swabbings were formerly performed and used for 

emergency diagnosis and virus isolation, the subsequent swabs collected in the necropsy 

might not give appropriate results for kit evaluation. In addition to the natural cases, 
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experimental infection of chickens was performed. Briefly, 12-week-old white-leghorn 

chickens hatched and raised in our laboratory were used in this study. Three chickens 

were intranasally infected with 108.4 EID50 of A/black swan/Akita/1/2016 (H5N6). Each 

chicken was housed in a self-contained isolator unit at the BSL3 facility in our laboratory. 

All chickens were monitored every 24 hours after the inoculation according to the 

standard protocol (OIE, 2015). After two days post inoculation, swabs and organs of dead 

chickens were collected for kit evaluation as described above. The test samples were 

diluted five-fold with the test solution and tested as previously described. The viral 

infectivity titers in the swabs and tissue homogenates were measured and expressed as 

log10 TCID50/test. 

 

Ethics statements 

 All the animal experiments were authorized by the Hokkaido University Animal 

Care and Use Committee (approval numbers: 13-0138) and all experiments were 

performed per the guidelines of the committee. All applicable international, national 

and/or institutional guidelines for the care and use of animals were followed. 

 

 

 

 

 

 

 

 

 

 



 

56 

 

Results 

 

Specificity of the New Linjudge Flu A/H5 

 The diagnostic specificity of the New Linjudge Flu A/H5 was compared with that 

of the original Linjudge Flu A/H5 kit and ImunoAce Flu (NP) by using a panel of 18 

reference strains of IAVs including H1–H16 subtypes together with two strains of 

influenza B viruses (Table 15). The New Linjudge Flu A/H5 specifically detected each 

of the H5 AIVs tested and did not show cross-reactivity with any of the other HA subtypes 

(Table 16). The IAV and influenza B virus samples were positively tested with ImunoAce 

Flu (NP). 

 To demonstrate the New Linjudge Flu A/H5 had no potential to give false-positive 

detection, a total of 50 oropharyngeal and cloalcal swabs confirmed to be negative with 

IAVs were used for the kit evaluation. It was evident that the New Linjudge Flu A/H5 

did not yield any false positivity with the field negative samples (Table 17).  
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Table 15. Specificity of the New Linjudge Flu A/H5, Linjudge Flu A/H5 and ImunoAce 

Flu (NP) with IAVs and influenza B viruses 

 

Table 15. Specificity of the New Linjudge Flu A/H5, Linjudge Flu A/H5 and ImunoAce 

Flu (NP) with IAVs and influenza B viruses. 

Viruses 
Subtypes or 

lineages 

Results a 

New Linjudge 

Flu A/H5  

Linjudge  

Flu A/H5 

ImunoAce 

Flu (NP) 

A/duck/Tottori/723/1980 H1N1 – – 6+ 

A/Hyogo/YS/2011 H1N1(pdm09) – – 6+ 

A/duck/Hokkaido/17/2001 H2N3 – – 6+ 

A/duck/Mongolia/4/2003 H3N8 – – 6+ 

A/Hokkaido/M1/2014 H3N2 – – 6+ 

A/duck/Czech/1956 H4N6 – – 6+ 

A/duck/Pennsylvania/10218/1984 H5N2 5+ 5+ 6+ 

A/turkey/Massachusetts/3740/1965 H6N2 – – 6+ 

A/seal/Massachusetts/1/1980 H7N7 – – 6+ 

A/turkey/Ontario/6118/1968 H8N4 – – 6+ 

A/turkey/Wisconsin/1966 H9N2 – – 6+ 

A/chicken/Germany/N/1949 H10N7 – – 6+ 

A/duck/England/1/1956 H11N6 – – 6+ 

A/duck/Alberta/60/1976 H12N5 – – 6+ 

A/gull/Maryland/704/1977 H13N6 – – 6+ 

A/mallard/Astrakhan/263/1982 H14N5 – – 6+ 

A/duck/Australia/341/1983 H15N8 – – 6+ 

A/black-headed gull/Sweden/5/1999 H16N3 – – 6+ 

B/Hokkaido/M2/2014 B/Victoria – – 3+ 

B/Hokkaido/30-4/2014 B/Yamagata – – 6+ 

a Positive/negative result of each test is indicated by +/–. Intensity of the positive test line was further 

recorded on a scale from + to 6+ based on visual judgments 
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Table 16. Detection limit of the New Linjudge Flu A/H5, Linjudge Flu A/H5 and 

ImunoAce Flu (NP) to detect H5 HA antigens 

 

Table 16. Detection limit of the New Linjudge Flu A/H5, Linjudge Flu A/H5 and ImunoAce Flu (NP) 

to detect H5 HA antigens. 

Viruses Subtypes Clades 
Original 

virus titersa 

Detection limitsa 

New Linjudge  

Flu A/H5  

 Linjudge  

 Flu A/H5 

ImunoAce 

Flu (NP) 

A/duck/Pennsylvania/10218/1984 H5N2 –  9.6/7.5 4.8/2.8 4.8/2.8 4.6/2.6 

A/chicken/Taiwan/0502/2012 H5N2 –  8.2/6.0 4.2/2.0 4.2/2.0 4.2/2.0 

A/Muscovy duck/Vietnam/OIE-559/2011 H5N1 1.1  9.3/8.5 6.3/5.5 6.3/5.5 5.3/4.5 

A/whooper swan/Mongolia/3/2005 H5N1 2.2  9.2/7.5 5.2/3.5 5.2/3.5 4.9/3.2 

A/whooper swan/Hokkaido/4/2011 H5N1 2.3.2.1c  8.6/7.8 6.5/5.7 –b 3.7/2.9 

A/duck/Vietnam/HU3-16/2015 H5N1 2.3.2.1c  9.8/8.0 6.1/4.3 7.8/6.0 5.8/4.0 

A/chicken/Kumamoto/1-7/2014 H5N8 2.3.4.4  8.8/5.2 4.8/1.2 5.8/2.2 3.8/0.2 

A/duck/Vietnam/HU1-1151/2014 H5N6 2.3.4.4  9.5/7.5 5.5/3.5 –b 5.8/3.8 

A/black swan/Akita/1/2016 H5N6 2.3.4.4  9.1/8.0 5.4/4.3 –b 5.4/4.3 

a Original virus titers and detection limits were indicated by log10 EID50 / log10 TCID50 
b ‘–’ indicates negative result of the test with undiluted virus titer 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 

 

 

Table 17. Specificity of the New Linjudge Flu A/H5 with the swab samples from 3 

experimentally infected chickens and 26 healthy chickens 

 

Table 17. Specificity of the New Linjudge Flu A/H5 with the swab 

samples from 3 experimentally infected chickens and 26 healthy chickens. 

Result of  

kit detection 

Virus isolation (oropharyngeal/cloalcal) 

Positivea  Negativeb 

Positive  3/3  0/0 

Negative  0/0  26/26 
a Results of virus isolation and detection of the New Linjudge Flu A/H5 with the 

swab samples from experiementally infected chickens 
b Result of virus isolation and detecion of the New Linjudge Flu A/H5 with the 

swab samples from 26 healthy chickens 
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Sensitivity of the New Linjudge Flu A/H5 

 The sensitivity of the new H5 kit was then evaluated with nine strains of H5 

influenza viruses including LPAIVs and HPAIVs. Serial two-fold dilutions of each virus 

stock were concurrently examined by the New Linjudge Flu A/H5, the Linjudge Flu A/H5 

and ImunoAce Flu (NP). The detection limit shows the lowest virus titer which was 

detectable by the individual tests (Table 16). The result indicates that the minimal 

detection limit of the New Linjudge Flu A/H5 was in the range of 104.2–106.5 EID50/test 

against all H5 influenza viruses examined in this study. On the other hand, the Linjudge 

Flu A/H5 detected HA antigens from classical clade 1.1 and 2.2 H5 HPAIVs with a 

comparable detection limit to the New Linjudge Flu A/H5 (105.2–106.3 EID50/test). 

However, for recent H5 HPAIVs classified in clade 2.3.2.1c and 2.3.4.4, the detection 

limit of the original Linjudge Flu A/H5 is higher and the kit could not detect several 

strains in these sub-clades. Furthermore, the comparable range of detection limits of the 

New Linjudge Flu A/H5, the Linjudge Flu A/H5 and ImunoAce Flu (NP) were observed 

to detect LPAIVs and HPAIVs in a clade of 2.2 viruses (Table 16). Slight difference of 

limit detection was observed between virus titration in EID50 and TCID50 amongst 

examined H5 AIVs. However, due to inefficient replication of A/chicken/Kumamoto/1-

7/2014 (H5N8) strain in MDCK cells, infectivity of the virus titrated by TCID50 was much 

lower compared with EID50. 

 

Detection of H5 HA antigen from swabs and tissue homogenates of naturally 

infected birds and experimentally infected chickens with H5N6 HPAIVs 

 The applicability of the New Linjudge Flu A/H5 for the diagnosis of H5 influenza 

infection was demonstrated by detecting H5 HA antigen in infected animals. Two 

naturally infected birds, a black swan and a whooper swan, confirmed infection with 

H5N6 HPAIVs and three chickens experimentally infected with an H5N6 HPAIV, 
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A/black swan/Akita/1/2016 (H5N6) were used for kit evaluation. A dead black swan from 

a local zoo was found on November 15, 2016 and stored at –20°C for shipment. Necropsy 

was performed on November 20, 2016 in the BSL3 facility in our laboratory. Similarly, 

the carcass of the whooper swan, a wild bird, was found on January 15, 2017 and 

transferred to our laboratory for necropsy on January 17, 2017.  

 In addition, three chickens were intranasally challenged and died two days post 

inoculation. Swab and tissue samples were then collected from black swan and dead 

chickens for subsequent kit testing. Viral titration in the swabs and tissue homogenates 

were performed to determine diagnostic sensitivity of the kits in clinical specimens. It 

was clear that the New Linjudge Flu A/H5 and ImunoAce Flu (NP) could detect the 

presence of H5 antigen and NP antigen, respectively in most specimens of infected birds; 

however, the presence of H5 antigen could not be detected with the original Linjudge Flu 

A/H5 kit (Table 18). Interestingly, the New Linjudge Flu A/H5 could detect H5 antigen 

in swabs samples from infected chickens that normally contain low virus load (102.2–103.4 

TCID50/test). On the other hand, all three kits evaluated in this study did not show non-

specific reactivity with specimens with the absence of H5 antigen from the uninfected 

chicken as control (Table 17). All results emphasize the applicability of the New Linjudge 

Flu A/H5 for on-site diagnosis. 
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Table 18. Antigen detection from the swabs and tissue homogenates of naturally infected 

birds and experimentally infected chickens with H5N6 HPAIVs 

 

Table 18. Antigen detection from the swabs and tissue homogenates of naturally infected 

birds and experimentally infected chickens with H5N6 HPAIVs. 

Birdsa Infection 
Swabsb    Tissue homogenatesb 

Trachea Cloacal   Brain Trachea Lung Kidney Spleen Colon 

Black 

swan 

Natural NTc NTc   3+,–,5+ 

(5.1) 

+,–,4+ 

(2.1) 

+,–,6+ 

(3.1) 

+,–,5+ 

(3.1) 

+,–,5+ 

(2.8) 

–,–,6+ 

(2.1) 

Whooper  

swan 

Natural NTc NTc  –,–,4+ 

(2.1) 

–,–,4+ 

(0.8) 

+,–,5+ 

(2.8) 

+,–,6+ 

(3.8) 

+,–,6+ 

(3.3) 

–,–,3+ 

(1.3) 

           

Chickens Experimental 2+,–,6+ 

(3.4) 

+,–,6+ 

(3.4) 

  +,–,6+ 

(3.3) 

3+,–,6+ 

(4.1) 

4+,–,6+ 

(3.3) 

4+,–,6+ 

(3.8) 

5+,–,6+ 

(4.1) 

2+,–,6+ 

(3.8) 

Experimental +,–,6+ 

(2.2) 

+,–,6+ 

(2.9) 

  +,–,4+ 

(1.8) 

+,–,6+ 

(2.1) 

3+,–,6+ 

(5.1) 

+,–,6+ 

(3.6) 

4+,–,6+ 

(2.8) 

+,–,6+ 

(2.8) 

Experimental +,–,6+ 

(2.9) 

+,–,6+ 

(2.2) 

  +,–,6+ 

(3.3) 

+,–,6+ 

(2.8) 

4+,–,6+ 

(3.8) 

2+,–,6+ 

(4.1) 

6+,–,6+ 

(4.1) 

+,–,6+ 

(3.1) 

None –,–,– 

(–) 

–,–,– 

(–) 

  –,–,– 

(–) 

–,–,– 

(–) 

–,–,– 

(–) 

–,–,– 

(–) 

–,–,– 

(–) 

–,–,– 

(–) 

a The black swan and whooper swan were naturally infected with A/black swan/Akita/1/2016 (H5N6) and 

A/whooper swan/Hokkaido/X12/2017 (H5N6), respectively. The chickens were experimentally inoculated with 

A/black swan/Akita/1/2016 (H5N6).  
b Results of antigen detection of the New Linjudge Flu A/H5, Linjudge Flu A/H5, ImunoAce Flu (NP). The 

number in parentheses is the virus infectivity as log10 TCID50/test. (–) indicates virus infectivity under limit of 

detection 
c NT indicates samples were not tested. Since the first swabs were used for emergency diagnosis and virus 

isolation, the subsequent swabs collected in the necropsy might not give appropriate results for kit evaluation  
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Discussion 

 

 For the controls of H5 HPAI in birds and H5 virus infection in humans, rapid and 

accurate diagnosis of the causative viruses plays a vital role to facilitate subsequent 

countermeasures (WHO, 2005; Swayne, 2012). Multiple studies have documented that 

antigenicity of the H5 HPAIVs is highly divergent; several strains of H5 HPAIVs 

belonging to distinct clades and sub-clades impede serological diagnosis by antisera 

against their earlier strains (WHO, 2018a). The changing antigenicity of the H5 HPAIVs 

has reduced the sensitivity of the IC technique against specific H5 subtypes viruses. Our 

laboratory testing has revealed the Linjudge Flu A/H5, previously established by our 

laboratory, failed to detect several H5 HPAIVs isolated in recent years (Table 16). In this 

study, a new H5 IC kit was developed using a combination of two MAbs. The MAb, 

A64/1, generated from an H5 LPAIV, A/duck/Pennsylvania/10218/1984 (H5N2), which 

was applied in the original Linjudge Flu A/H5 and a new MAb, A32/2, generated from 

A/chicken/Kumamoto/1-7/2014 (H5N8), an H5 HPAIV belonging clade 2.3.4.4 

(Ohkawara et al., 2017). The novel MAb, A32/2, was selected amongst the four generated 

MAbs against A/chicken/Kumamoto/1-7/2014 (H5N8) since the A32/2 exhibited broad 

cross-clade reactivity with recently isolated H5 HPAIVs (Ohkawara et al., 2017). 

Furthermore, an escape mutant selected by the MAb possess an amino acid substitution 

at the relatively conserved position in the receptor domain and the amino acid substitution 

was found in several H5 strains. However, this MAb could not detect a few classical 

strains of H5 HPAIVs and LPAIVs (Ohkawara et al., 2017). The combination of A32/2 

and A64/1 aimed to compensate the recognizing reactivity of each MAb for broad 

detection of H5 influenza viruses of the new kit. The New Linjudge Flu A/H5 shows 

apparent improvement over the original kit in terms of sensitivity and specificity to detect 

more recent H5 HPAIVs (Table 16). The sensitivity of the New Linjudge Flu A/H5 was 
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determined and compared with that of Linjudge Flu A/H5 and ImunoAce Flu (NP) by 

using distinct LPAIVs and HPAIVs (Table 16). The minimal detection limit of each kit 

was determined as both standard methods of EID50 and TCID50 (Tsuda et al., 2007; 

Manzoor et al., 2008; Baas et al., 2013; Sakai‐Tagawa et al., 2014). Since, this study 

examined various strains of H5 AIVs, each strain has different genetic backgrounds that 

might significantly affect virus replication in certain conditions either in chicken embryos 

or MDCK cells. Therefore, considerable differences in EID50 and TCID50 were observed 

in this study (Table 16). These results suggested that virus titration assays should be 

appropriately selected to evaluate diagnosis efficacy of rapid detection techniques against 

influenza viruses. On the other hand, virus infectivity of the samples from infected birds 

was titrated by TCID50 to minimize usage of live chicken embryos. Our evaluation 

indicates that the detection limit of ImunoAce Flu (NP) is in the range of 103.7–105.8 

EID50/test which is almost comparable to other commercial kits to detect viral NP protein 

(Sakai‐Tagawa et al., 2014). Significantly, the minimal detection limit of the New 

Linjudge Flu A/H5, in this study, is almost equal to that of the ImunoAce Flu (NP) to 

detect H5 HA antigen from LPAIVs and clade 2.2 and 2.3.4.4 HPAIVs; meanwhile, NP-

targeting detection kits are generally more sensitive than that of anti-HA kits when using 

cultured viruses (Mizuike et al., 2011). The detection limit of the present kit is comparable 

to the commercially available kits for specific subtype influenza viruses for H5 subtype 

(Tsuda et al., 2007; Wada et al., 2011; Sakurai et al., 2013) or for H7 subtype (Manzoor 

et al., 2008; Baas et al., 2013). Although, combination of two MAbs, A64/1 and A32/2, 

allowed significantly improved sensitivity and specificity compared to the original 

Linjudge Flu A/H5 to detect recently expansive H5 HPAIVs, the sensitivity level of the 

New Linjudge Flu A/H5 as well as the ImunoAce Flu (NP) generally remained relatively 

low. This poses further challenges to improve the diagnostic efficacy of our methods in 

terms of sensitivity enhancement. 
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 Point-of-care applicability of the New Linjudge Flu A/H5 was examined by 

detecting H5 antigen from clinical specimens of infected animals. A zoo bird and a wild 

bird, confirmed to be naturally infected with H5N6 HPAIVs, were transferred to our 

laboratory for further virological diagnosis. The New Linjudge Flu A/H5 could detect H5 

HA antigen from most tissue homogenates tested. Owing to considerable roles of 

migratory birds in the transmission of the H5 HPAIVs, the surveillance of H5 HPAI and 

LPAI in wild birds has become a global emphasis (Rose et al., 2006; Lycett et al., 2016). 

Ordinary specimens, such as oropharyngeal and cloacal swabs collected within 24 h of 

dead or captured birds are preferred for viral detection; other necropsied organs are 

generally histopathologically examined to determine the cause of infection (Rose et al., 

2006). Here, it is suggested the internal organs, which normally retain high viral loads, 

could be used for the scrutiny of viral detection in wild birds in addition to swab samples. 

Early and accurate diagnosis of the New Linjudge Flu A/H5 would be significant to 

minimize complexity of sample handlings and shipments in case of negative cases, or to 

conduct proper corresponding protocols with infection of H5 HPAI in wild birds, 

especially in remote areas. In addition, diagnostic efficacy was evaluated by detecting H5 

HA antigen in chickens intranasally infected with the isolate, A/black swan/Akita/1/2016 

(H5N6). The result of visual judgment of the kit was in accordance with virus titration. 

In particular, the New Linjudge Flu A/H5 detected H5 HA antigen from swab samples 

despite low virus titer, which was elusive in previous studies studies (Tsuda et al., 2007; 

Manzoor et al., 2008; Slomka et al., 2012) and highlighted the advanced improvement 

for the new kit. Non-specific reactivity was not observed in samples with the absence of 

H5 antigen, indicating the specificity of the New Linjudge Flu A/H5 in clinical diagnosis. 

 It was previously concluded that the point-of-care rapid antigen detection kits are 

appropriate for wildlife surveillance of AIVs despite low specificity and sensitivity of the 

methods (Cattoli and Capua, 2007). In this study, the New Linjudge Flu A/H5 achieves 
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highly sensitive and specific diagnosis against H5 HPAIVs regardless of the divergence 

of antigenicity of newly isolated viruses. This study emphasizes the ability of the New 

Linjudge Flu A/H5 to detect H5 HA antigens from broadly circulating viruses of H5 

HPAIVs belonging to clade 2.3.2.1c and 2.3.4.4 (Dhingra et al., 2016; Lycett et al., 2016; 

Okamatsu et al., 2017; Si et al., 2017) and LPAIVs. It is conceivable to indicate that our 

New Linjudge Flu A/H5 could detect these occasionally emerged H5 viruses since the 

new kit efficiently detected their H5 LPAI prototype strains. Nevertheless, it is also 

necessary to further evaluate the diagnostic efficacy of the New Linjudge Flu A/H5 to 

detect a broader range of H5 AIVs.  

 Development of the New Linjudge Flu A/H5, in fact, was initiated as an adjunct 

tool for laboratory rapid diagnosis against H5 HPAI. The New Linjudge Flu A/H5 has 

been frequently used and its applicability was truly recognized by detecting recent 

multiple outbreaks of H5 HPAI in Japan (Okamatsu et al., 2017). Furthermore, the newly 

validated kit might carry practical significance on preparedness for a potential human 

pandemic caused by H5 HPAIVs. Although, diagnosis efficacy of the New Linjudge Flu 

A/H5 was clearly demonstrated, the result might only give preliminary conclusion on the 

infection and classical standard techniques such as virus isolation and antigenic and 

genetic characterization are essential for further diagnosis validity and virological 

investigation (Okamatsu et al., 2016).  

 In summary, the Chapter II study is the first report to evaluate diagnostic efficacy 

of the point-of-care rapid antigen detection method to detect H5 HPAIVs belonging to 

clade 2.3.4.4 which expansively spread and cause multiple outbreaks in domestic and 

wild birds in over the world (Lycett et al., 2016; Okamatsu et al., 2017; Si et al., 2017). 

This study revealed suitability of the New Linjudge Flu A/H5 for surveillance of H5 AIVs 

in domestic and wild birds and its significance for urgent control measures against H5 

HPAIVs. 
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Brief summary 

 

 Gs/GD-lineage H5 HPAIVs have persistently caused outbreaks in domestic 

poultry and wild birds worldwide and sporadically infected humans. Rapid and accurate 

diagnosis is one of the key strategies for the control of H5 HPAIVs. However, the 

sensitivity of the diagnosis of H5 HPAIVs has gradually reduced due to extensive 

antigenic variation during their evolution. Particularly, the previously developed IC 

diagnosis kit for H5 AIVs, Linjudge Flu A/H5, exhibits reduced detection of H5 HPAIVs 

isolated in recent years. The present study established a new advanced H5 rapid IC 

detection kit (New Linjudge Flu A/H5) by a combination of two anti-H5 HA MAbs, 

A64/1 previously applied in the Linjudge Flu A/H5 and A32/2, a novel monoclonal 

antibody generated from a clade 2.3.4.4 H5 HPAIV. The new kit broadly detected all 

classical and recent H5 AIVs and showed a higher specificity and sensitivity than the 

original Linjudge Flu A/H5 with recently circulating H5 HPAIVs. Furthermore, the 

applicability of the New Linjudge Flu A/H5 was demonstrated by detecting antigens from 

the swabs and tissue homogenates of naturally infected birds and experimentally infected 

chickens with H5N6 HPAIVs belonging to the genetic clade 2.3.4.4. This study, therefore, 

can provide an effective point-of-care rapid antigen detection kit for the surveillance of 

H5 AIVs and as a prompt countermeasure against the current widespread of the clade 

2.3.4.4 H5 HPAIVs in domestic and wild birds. 
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Chapter III 

 

A systematic study towards evolutionary and epidemiological 

dynamics of currently predominant H5 highly pathogenic 

avian influenza viruses in Vietnam 
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Introduction 

 

In 2001, H5N1 HPAIVs were detected for the first time in geese in Vietnam 

(Nguyen et al., 2005). By December 2003, other Gs/GD-lineage H5N1 viruses had been 

detected in the North of Vietnam and by end-2004 had caused large poultry outbreaks in 

57 out of 64 provinces (Nguyen et al., 2005; Sims et al., 2005; Le and Nguyen, 2014). 

Since then, H5 HPAIVs have remained enzootic and primary causative agents of several 

thousand outbreaks in poultry (Sims, 2013; DAH, 2014–2017). In addition, Gs/GD-

lineage H5 HPAIVs have posed great public health concerns. To date, 127 H5 HPAIV 

clinical cases have been reported in Vietnam of which 64 were fatal (fatality rate 50%) 

(WHO, 2018b). 

H5 HPAIVs have diversified into multiple clades that are based on genetic 

variation of the gene encoding the HA protein. The large genetic diversity of Vietnamese 

Gs/GD-lineage H5 HPAIVs is the result of multiple virus introductions and divergence 

of viruses circulating domestically (Sims et al., 2005; Le and Nguyen, 2014). Clade 1 H5 

HPAIVs, the main cause of outbreaks in Vietnam during 2003–2005, spread from North 

to Central and South of Vietnam and became enzootic in the entire country. After 2006, 

clade 1 H5 HPAIVs in the North and Central regions were replaced by other imported 

Gs/GD-lineage viruses such as clade 2.3.2 in 2005–2008 and 2.3.4 in 2007–2010. Clade 

1 viruses persisted in the South region and evolved to produce clade 1.1.1 and 1.1.2 

variants (Wan et al., 2008; Nguyen et al., 2012; Le and Nguyen, 2014). Besides, several 

H5 HPAIVs of the clade 5, 7 and 8 viruses were sporadically detected in Vietnam (Le 

and Nguyen, 2014). Since 2013, clade 1.1.2, 2.3.2.1c and 2.3.4.4 H5 HPAIVs have been 

concurrently predominant in Vietnam (Le and Nguyen, 2014; Nguyen et al., 2016). Due 

to persistent circulation of various H5 HPAIVs in Vietnam and the broader regions, 

reassortment events resulted from exchanging gene segments between H5 HPAIVs and 
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other AIVs increases genomic diversification. Approximately 56 distinct genotypes, 

ranging from VN1–VN56, of Vietnamese H5 HPAIVs have been identified (Wan et al., 

2008; Nguyen et al., 2012; Creanga et al., 2013; Nguyen et al., 2016). 

To reduce virus loads in poultry and human health risk, mass poultry vaccination 

against H5 HPAIVs was implemented in Vietnam in mid-2005 (Pfeiffer et al., 2007; Sims 

et al., 2016). Vaccination was followed by a 12 month period in which no new outbreaks 

in poultry were reported and 18 months before a human case was reported (Pfeiffer et al., 

2007; Magalhaes et al., 2010; Swayne, 2012). Currently, two commercial vaccines are 

used in poultry vaccination programs. The first contains a clade 1 antigen which is 

produced from inactivated split-virion A/Vietnam/1194/2004 (H5N1). The second is 

based on a clade 2.3.2 antigen which produced from inactivated 

rgA/duck/Guangdong/S1322/2010 (H5N1) (DAH, 2014–2017). Updating of vaccine 

antigens has not been performed since the clade 2.3.2 vaccine was introduced (Le and 

Nguyen, 2014). Though mass vaccination has been implemented, it was never anticipated 

that vaccination would eliminate Gs/GD-lineage H5 HPAIVs from Vietnam. Vaccine 

failure can occur by several factors including insufficient doses, concurrent 

immunosuppressive disease and antigenic variants (Swayne, 2012). Under experimental 

condition, Chapter I study demonstrated that poultry vaccination accelerates selection of 

antigenic variants of H5 HPAIVs. In addition, novel strains of Gs/GD-lineage H5 

HPAIVs that have a poor antigenic match with existing vaccines have been imported to 

Vietnam (Le and Nguyen, 2014). From a general epidemiological perspective, H5 

HPAIV persistence is facilitated by agro-ecological condition in which mobile free-

ranging ducks, low biosecurity of backyard/small-scale production sectors and poorly 

bio-secure LBMs are all considered as key risk factors for H5 HPAIV persistence 

(Pfeiffer et al., 2013; Delabouglise et al., 2017; Mellor et al., 2018). Thus, comprehensive 

knowledge of viral, host and environmental factors affecting H5 HPAIV evolution is 
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essential for successful control and prevention of H5 HPAIVs. Therefore, this study 

aimed to investigate virological and epidemiological features of contemporary 

Vietnamese H5 HPAIVs for the 2014–2017 period, using the results of our active 

surveillance, global surveillance data and longitudinal literature review. 
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Materials and Methods 

 

Sampling, virus isolation and sequencing in our surveillance 

 Active surveillance program of AIVs in the period 2014–2017 was routinely 

conducted in representative provinces across the three geographic regions of Vietnam, 

North, Central and South. A total of 12,585 swabs were sampled from apparently healthy 

domestic birds and environment in farms, LBMs and other live poultry marketing places 

(LBM-like locations). The presence of AIVs was tested using M gene detection qRT-

PCR. Virus isolation of M gene positive samples using chicken embryos and subtyping 

were performed following standard protocols (Chu et al., 2016). Representative H5 

HPAIVs based on geography and year were selected for full genome or single RNA 

segment sequencing using next generation or conventional Sanger sequencing, 

respectively as previously described in Chapter I. H5 HPAIV strain details and sequence 

profiles were registered in GenBank/EMBL/DDBJ to obtain the accession numbers. 

 

Data collection of active and passive surveillance programs 

 H5 HPAI outbreak occurrence in poultry, following passive surveillance in 

Vietnam during the study period, was obtained from the EMPRES-i, FAO database 

(EMPRES-i, 2018). Active surveillance program profile of AIVs in Vietnam was 

obtained from the annual reports of animal diseases by the national Department of Animal 

Health (DAH) and collated with notifiable outbreak cases as surveillance entity (DAH, 

2014–2017). 

Entire Vietnamese H5 HPAIV strains detected for the period 2014–2017 were 

obtained from the Global Initiative on Sharing All Influenza Data (GISAID) and IRD. 

Background details of each strain such as infected species, sampling origins and years 

were available within these databases or shared by our international collaborators. 
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Phylogenetic analysis, genotyping and molecular characterization 

 RNA segment sequences of the 192 representative H5 HPAIVs from our 

surveillance program and other H5 HPAIVs collated from GISAID and IRD were 

subjected to phylogenetic analyses. Nine sequence partitions derived from eight viral 

RNA segments (N1 and N6 NA gene segments were computed separately) were 

separately aligned using Muscle v3.8.3 (Edgar, 2004). The alignments were manually 

inspected and poorly aligned sequence regions were removed using BioEdit v7.0.5 (Hall, 

2016). The best-fit substitution model for each partition was selected based on the 

Bayesian Information Criterion using jModelTest v2.1.10 (Darriba et al., 2012). General 

time-reversible (GTR) substitution model following a gamma distribution and other 

assessed parameters were used for the genetic analysis of each sequence partition. An 

maximum likelihood (ML) tree for each partition was constructed using RAxML v8.2.4 

(Stamatakis, 2014) with a resampling process of 1,000 rapid replicates. All ML trees were 

rooted with a corresponding gene segment of the Gs/GD precursor as expected topology. 

Phylogenetic trees were annotated and visualized using Figtree v1.4.3 (Rambaut, 2017) 

or ggtree package (Yu et al., 2017) implemented in R v3.4.4 (R Development Core Team, 

2018). Clade assignments and genotyping were determined from common phylogenetic 

relationships observed among the eight gene segments, following the standard criteria of 

WHO/OIE/FAO nomenclature and previous classification reports (Wan et al., 2008; 

Nguyen et al., 2012; Creanga et al., 2013; Smith et al., 2015; Nguyen et al., 2016).
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Table 19. Dataset of 8 gene segments, best-fit substitution model and methods used for phylogenetic analysis 

Table 19. Dataset of eight gene segments, best-fit substitution model and methods used for phylogenetic analysis. 

Gene segment   Taxa 
Length 

(nucleotide) 

Substitution  

models 

Phylogenetic 

inference method 
Program Clock state 

Relaxed 

distribution 
Tree models 

PB2 157 2,280 GTR+G Maximum likelihood RAxML N/A N/A N/A 

PB1 149 2,276 GTR+G Maximum likelihood RAxML N/A N/A N/A 

PA 157 2,151 GTR+G Maximum likelihood RAxML N/A N/A N/A 

HA 219 1,711 GTR+G Maximum likelihood RAxML N/A N/A N/A 

NP 151 1,497 GTR+G Maximum likelihood RAxML N/A N/A N/A 

N1 NA 142 1,410 GTR+G Maximum likelihood RAxML N/A N/A N/A 

N6 NA 56 1,410 GTR+G Maximum likelihood RAxML N/A N/A N/A 

M 178 981 GTR+G Maximum likelihood RAxML N/A N/A N/A 

NS 158 838 GTR+G Maximum likelihood RAxML N/A N/A N/A 

Clade 2.3.2.1c HA 338 1,696 GTR+G Bayesian BEAST1 Uncorrelated 

relaxed 

Lognormal Exponential 

growth 

Clade 2.3.4.4 HA 385 1,702 GTR+G Bayesian BEAST1 Uncorrelated 

relaxed 

Lognormal Exponential 

growth 

N/A: Not available 
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HI assay, antigenic cartography and antibody assessment 

 MDCK plaque-cloned viruses representing each H5 HA clade assignment were 

obtained for antigenic analysis. Antigenicity of these cloned H5 HPAIVs within and 

between clade assignments was determined by cross-HI test using a panel of chicken 

antisera as previously described (Chu et al., 2016; Shibata et al., 2017). To obtain an 

overall picture of antigenic evolution, the contemporary Vietnamese viruses, progenitor 

viruses including A/Hong Kong/483/1997 (H5N1) clade 0 virus; A/tern/South 

Africa/1961 (H5N3) standard reference virus; and the A/chicken/Scotland/1959 (H5N1) 

reference antigen were included for antigenic cartography. Intentionally, all the viruses 

were formalin-inactivated as a comparable form to the commercial reference antigen 

purchased from APHA Scientific, UK. These antigens cross-reacted with several 

reference laboratory antisera (Chu et al., 2016; Shibata et al., 2017) and antisera collected 

from two chickens and two ducks immunized with commercial clade 1 and 2.3.2 vaccines 

under laboratory condition. Each chicken and duck was intramuscularly immunized with 

0.5 mL clade 1 or 2.3.2 vaccines as manufacturer’s instruction. The resulting data 

containing cross-HI titers was loaded to the web-based software (http://www.antigenic-

cartography.org/) to obtain x/y coordinates of each antiserum and antigen. Antigenic 

cartography was then visualized using R v3.4.4. 

Field antisera from chickens and ducks vaccinated with commercial vaccines in 

Vietnam were collected to test antibody titers. Vaccination status of individual birds was 

confirmed by farmers and local veterinarians. Field antisera were transferred to Japan and 

tested using the HI test as described above. 

 

Spatiotemporal phylodynamic analysis using Bayesian method 

 A Bayesian method using BEAST v1.8.4 (Drummond et al., 2012) was performed 

to explore spatiotemporal phylodynamics of two predominant clade 2.3.2.1c and 2.3.4.4 
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H5 HPAIVs since their first detection in Vietnam to 2017 (from 2012 for clade 2.3.2.1c 

viruses and 2013 for clade 2.3.4.4 viruses, respectively) (Creanga et al., 2013; Le and 

Nguyen, 2014; Nguyen et al., 2016). HA sequences of H5 HPAIV strains in Cambodia, 

Laos and southern neighboring Chinese provinces were combined with our HA sequence 

partition of each clade. The sampling dates and locations for each sequence were provided 

to Bayesian evolution analysis sampling trees (BEAST) to estimate space-time 

divergence. The lognormal uncorrelated relaxed clock model, the exponential growth tree 

prior and other parameters were used. For each clade dataset, the Bayesian Markov Chain 

Monte Carlo (MCMC) chains (one chain per dataset) were run for 90 million states, 

sampled every 5,000 iterations in a web-based CIPRES Science Gateway v3.3 (Miller et 

al., 2010). Convergence of the chains was assessed using Tracer 1.7 (Rambaut et al., 

2018). Maximum clade credibility (MCC) trees were summarized using Tree Annotator 

v1.8.4; with 10% of the first sampled trees removed. Each MCMC analysis was 

independently performed at least twice and compared to ensure reproducibility. The final 

MCC trees containing space-time divergence were converted to a keyhole markup 

language file using SPREAD v1.0.7 (Bielejec et al., 2011). Then, spatial-temporal 

dispersal linkages of the two predominant H5 HPAIV population were visualized using 

several spatial visualization packages (ggplot2, ggmap, rgeos, sp and maptools) 

implemented in R v3.4.4. 

 

Ethical approval and informed consent 

 All the viral experimentation was conducted in BSL3 facility in our affiliation 

(approval number: 13-0108). Animal experiments for preparing laboratory antisera 

(approval number: 13-0093) were performed according to the guidelines of the 

Institutional Animal Care and Use Committee of the Faculty of Veterinary Medicine, 

Hokkaido University, which is accredited by the AAALAC. The active surveillance 
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program was authorized by the Vietnam DAH, Hokkaido University, Agency for Medical 

Research and Development, Japan (AMED) and the Ministry of Agriculture and Forestry 

and Fisheries of Japan (MAFF). Informed consent of farmers, sellers and other 

participants for our sampling was obtained. 
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Results 

 

Surveillance programs and identifying specific hosts of H5 HPAIVs 

 Profiles gathered from passive and active surveillance programs in poultry in 

Vietnam were reviewed. The choropleth map in Figure 4 illustrated space-time 

distribution of provinces reporting H5 HPAIV outbreaks as denoted via passive 

notification and provinces conducting active surveillance for the period 2014–2017. 

Outbreaks of disease associated with H5 HPAIVs were reported in all regions (North, 

Central and South) in each year, indicating that H5 HPAIVs persisted or occurred in a 

wide geographic and temporal range. Some variation in the number of provinces reporting 

outbreaks was apparent, ranging from 8 in 2016 to 35 in 2014 (Figure 4). 

Active surveillance programs were deployed in all three regions of Vietnam. The 

number of H5 HPAIV strains detected in each province that were available in public 

influenza virus databases were co-plotted in the choropleth map. Within the 4-year period, 

a substantial number of Vietnamese H5 HPAIV strains (n=192) were deposited in the 

public databases (Figure 6). More viruses were deposited in 2014 compared to 2016 in 

line with the increase in the number of outbreaks (Figure 4). These results demonstrate 

the importance of surveillance for monitoring H5 HPAIVs in Vietnam and its 

contribution to global influenza surveillance. 

Regarding our work, 183 H5 HPAIVs were isolated from 12,585 swab samples 

from our surveillance program (Table 20). Of these, 77 geographically and temporally 

representative isolates were selected for sequencing (Figure 6). The results from virus 

isolation in our active surveillance of apparently healthy birds showed that domestic 

ducks (51 isolates) and Muscovy ducks (72 isolates) were the species from which H5 

HPAIVs were most frequently isolated (Figure 5A). Likewise, the number of infected 

birds with other Vietnamese H5 HPAIV strains deposited in global surveillance databases 
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(unknown whether passive or active sources) showed a similar pattern (Figure 5B). 

Therefore, domestic and Muscovy ducks are preferred species for detection of H5 

HPAIVs in active surveillance. 
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Table 20. Summary statistics of H5 HPAIVs isolated from our Hokkaido University 

surveillance program in Vietnam during 2014–2017 

 

Table 20. Summary statistics of H5 HPAIVs isolated from our Hokkaido University 

surveillance program in Vietnam during 2014–2017. 

Year Month Province Region 
Total collected 

samples 

No. H5 HPAIV 

isolates 

2014a August Thua Thien-Hue Central 2,385 7 

2014a December Thua Thien-Hue Central 660 1 

2015 August Vinh Long South 1,400 130 

2015 November Thua Thien-Hue Central 2,040 13 

2016 August Vinh Long South 1,500 5 

2016 December Vinh Long South 1,800 0 

2017 August Lang Son North 1,000 6 

2017 August Vinh Long South 1,800 21 

Total 12,585 183 
a Sampling was previously reported in Chu D.H. et al., Vet. Microbiol., 2016 
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Figure 4. Distribution of passive and active surveillance programs of H5 HPAIVs in Vietnam 

 

Figure 4. Space-time distribution of provinces reporting H5 HPAIV outbreaks and active surveillance programs 

and the number of H5 HPAIV strains publicly registered (in GISAID and/or IRD) in given provinces during 

2014–2017. Province centroids are used to localize total number of H5 HPAIV strains published in each province. 

* and † indicate H5 HPAIVs detected from human cases of clade 1.1.2 and 2.3.2.1c viruses, respectively. 
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Figure 5. Summary statistics of domestic poultry species and environmental samples positive for H5 HPAIVs in our surveillance program 

and in the public databases 

Figure 5. Summary statistics of domestic poultry species and environmental samples positive for H5 

HPAIVs (A) in our surveillance program and (B) in public databases (excluding our surveillance program). 

Number and size of each circle indicates sum of infected individuals. 
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Figure 6. Summary statistics of eight gene segment sequences of Vietnamese H5 HPAIV 

strains registered in public databases by our surveillance program (red) and other 

organizations (blue). 

 

Figure 6. Summary statistics of eight gene segment sequences of Vietnamese H5 HPAIV 

strains registered in public databases by our surveillance program and other 

organizations 
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Distinct phylogeography and genomic diversity of contemporary Vietnamese H5 

HPAIVs 

 To determine clade and genotype designation of Vietnamese H5 HPAIVs, RNA 

sequences of the 77 representative viruses from our surveillance study were combined 

with H5 HPAIV sequence data deposited in the global influenza virus databases during 

2014–2017. The ML phylogenetic tree of H5 HA genes constructed from this combined 

dataset showed that predominant H5 HPAIVs during 2014–2017 belonged to the 2.3.2.1c 

and 2.3.4.4 HA clades. Only one strain in the clade 1.1.2 was reported from a human case 

in 2014 (Figure 7). It was evident that clade 2.3.2.1c and 2.3.4.4 viruses formed distinct 

phylogenetic and geographic groups. Clade 2.3.2.1c viruses were detected in all three 

North, Central and South regions and with few exceptions clustered phylogenetically 

within each region. Indeed, clade 2.3.2.1c viruses circulating in the South formed an 

independent cluster from 2.3.2.1c viruses in the North and Central regions. On the other 

hand, clade 2.3.4.4 viruses only reported in the North and Central regions formed two 

distinct clusters within clade 2.3.4.4, previously assigned as 2.3.4.4C and 2.3.4.4D 

(Hiono et al., 2017; Lee et al., 2017) (Figure 8A). In 2017, clade 2.3.4.4C H5 HPAIVs 

were also detected and these viruses formed phylogenetically distinct from progenitor 

clade 2.3.4.4C viruses (100% nodal support). We have referred these as the clade 2.3.4.4 

group C1 (2.3.4.4C1) and that met the WHO/OIE/FAO nomenclature criteria (Smith et 

al., 2015) (Figure 8A). Similarly, phylogenetic relationships were observed for the NA 

gene segment. N1 NA genes were inferred to be descendants of N1 genes of H5N1 

HPAIVs that previously existed in Vietnam and mostly grouped by the three geographic 

regions (Figure 8B). The N6 NA genes formed into three distinct groups following the 

clade assignments of HA gene segment, 2.3.4.4C, 2.3.4.4C1 and 2.3.4.4D (Figure 8C). 

Phylogeny of the other six internal gene segments were assigned following 

previous systems (Wan et al., 2008; Nguyen et al., 2012; Creanga et al., 2013; Nguyen et 
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al., 2016), each gene segment (i.e., PB2, PA, NP, M or NS) formed into 2–3 clusters 

(Figure 8-D, F, G, H and I). PB1 genes were likely more diverse and formed four distinct 

clusters in the phylogenetic tree (Figure 8E). In addition, this study identified novel gene 

cluster(s) in the PB2, PB1, PA, NP and NS gene segments (Figure 8-D, E, F, G and I). 

On the basis of viral reassortment capacity, a total of 132 H5 HPAIV strains (63 

strains from our surveillance), which have full genome sequences, were grouped into 12 

genotypes, four of which were identified for the first time in this study (Figure 7 and 

Table 21). Clade 2.3.2.1c viruses had a greater number of genotypes (n=7) compared to 

the number of genotypes in clade 2.3.4.4 (n=4). The result indicates that Vietnamese H5 

HPAIVs have continued its diverse genomic evolution although it is not clear whether 

these viruses have reassorted in Vietnam or elsewhere. 

To study genotypic transition of Vietnamese H5 HPAIVs, genotype identification 

from previous studies for the period 2010–2013 (Creanga et al., 2013; Nguyen et al., 

2016) was collated in our analysis. Figure 9 schematically represents spatial-temporal 

genotypic dynamics of Vietnamese H5 HPAIVs from 2010 to 2017. Overall, genotypes 

VN48, VN52, VN53 and VN60 of clade 2.3.2.1c viruses were identified in recent years. 

The VN54, VN55 and VN57 genotypes of clade 2.3.4.4 viruses concurrently existed in 

the Central and the North regions. Several transient genotypes (VN46, VN47, VN49, 

VN50, VN51, VN56, VN58 and VN59) were also identified. Furthermore, temporal 

likelihood of genotype replacement was observed in 2012–2013. Since the VN3 genotype 

of clade 1.1 viruses and the VN12, VN45, VN46, VN47 and VN50 genotypes of clade 

2.3.2.1c viruses predominantly co-circulated in earlier years, but had disappeared by 2013. 

Conversely, clade 2.3.4.4 viruses also first emerged in 2013 and became dominant with 

several genotypes (Figure 9). These results reveal that Vietnamese H5 HPAIVs have 

evolved with considerable genetic diversity and replacement of genotypes and clades over 

time. 
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Figure 7. Phylogeography and genotypes of contemporary H5 HPAIVs in Vietnam 

during 2014–2017 

Figure 7. Maximum likelihood phylogenetic tree of H5 HA gene segments (left panel) 

and viral genotypes (right panel) of Vietnamese H5 HPAIVs during 2014–2017. Viruses 

isolated by our Hokkaido University (HU) surveillance program are indicated in 

corresponding horizontal gray lines (middle column panel). Figure 8A shows annotated 

tree with full strain names. Bootstrap values are shown for key nodes. The total (n) of H5 

HPAIV strains per genotype is indicated in parentheses. Asterisks (*) indicate newly 

identified genotypes in this study. For detailed color interpretation, readers are advised to 

refer the online version of the thesis. Geographic origins of each virus/genotype are 

shape-coded as North (), Central () and South () regions. 
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Figure 8A. ML phylogenetic tree of H5 HA gene segment. Newly identified cluster(s) are highlighted in the red branch. Bootstrap values are shown for key nodes.
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Figure 8B. ML phylogenetic tree of N1 NA gene segment. Bootstrap values are shown for key nodes.
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Figure 8C. ML phylogenetic tree of N6 NA gene segment. Bootstrap values are shown for key nodes.
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Figure 8E. ML phylogenetic tree of PB1 gene segment. Newly identified cluster(s) are highlighted in the red branch. Bootstrap values are shown for key nodes.
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Figure 8G. ML phylogenetic tree of NP gene segment. Newly identified cluster(s) are highlighted in the red branch. Bootstrap values are shown for key nodes.
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Figure 8H. ML phylogenetic tree of M gene segment. Bootstrap values are shown for key nodes.
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Figure 8I. ML phylogenetic tree of NS gene segment. Newly identified cluster(s) are highlighted in the red branch. Bootstrap values are shown for key nodes.
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Figure 9. Genotypic transition of contemporary H5 HPAIVs in Vietnam during 2010–

2017 

Figure 9. Schematic space-time genotypic transition of H5 HPAIVs in Vietnam from 

2010 to 2017. Genotypes are indicated inside circles. Number (#) of H5 HPAIV strains 

of each genotype per year is indicated in each square. Arrows indicate the probable 

transition of each genotype following the existence of previous homologous HA clade 

assignment. Geographic origins of each virus/genotype are shape-coded as North (), 

Central () and South () regions. 
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Table 21. List of gene assignments and its corresponding genotypic constellations 

Table 21. List of gene assignments and its genotypic constellations of H5 HPAIVs in Vietnam during 2014–2017. 

No. Strain name Region Year 
HA  

clade 

7 gene segments                                          Geno- 

NA PB2 PB1 PA NP M NS type 

1 A/muscovy_duck/Vietnam/HU7-20/2017 (H5N6) North 2017 2.3.4.4 N6 I I I G G H VN57 

2 A/muscovy_duck/Vietnam/HU7-17/2017 (H5N6) North 2017 2.3.4.4 N6 I I I G G H VN57 

3 A/muscovy_duck/Vietnam/HU7-23/2017 (H5N6) North 2017 2.3.4.4 N6 I I I G G H VN57 

4 A/chicken/Vietnam/NCVD-15A59/2015 (H5N6) North 2015 2.3.4.4 N6 H H I G G H VN54 

5 A/muscovy_duck/Vietnam/LBM817/2015 (H5N6) North 2015 2.3.4.4 N6 H H I G G H VN54 

6 A/muscovy_duck/Vietnam/LBM818/2015 (H5N6) North 2015 2.3.4.4 N6 H H I G G H VN54 

7 A/duck/Vietnam/LBM816/2015 (H5N6) North 2015 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

8 A/chicken/Vietnam/AI-1702/2017 (H5N6) North 2017 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

9 A/duck/Vietnam/QuangBinh/LBM0909/2016 (H5N6) Central 2016 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

10 A/Heron/Vietnam/QuangBinh/LBM0910/2016 (H5N6) Central 2016 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

11 A/duck/Vietnam/QuangBinh/LBM0908/2016 (H5N6) Central 2016 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

12 A/duck/Vietnam/QuangBinh/LBM0818/2016 (H5N6) Central 2016 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

13 A/duck/Vietnam/QuangBinh/LBM0911/2016 (H5N6) Central 2016 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

14 A/muscovy_duck/Vietnam/LBM823/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

15 A/duck/Vietnam/LBM824/2015 (H5N6) North 2015 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

16 A/goose/Vietnam/NCVD-15A27/2015 (H5N6) North 2015 2.3.4.4 N6 I N/A I G G H N/A 

17 A/duck/Vietnam/LBM835/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

18 A/duck/Vietnam/LBM837/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

19 A/muscovy_duck/Quang_Ninh/254/2016 (H5N6) North 2016 2.3.4.4 N6 I H I G G H VN55 

20 A/muscovy_duck/Vietnam/LBM809/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

21 A/muscovy_duck/Vietnam/LBM808/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

22 A/muscovy_duck/Vietnam/LBM810/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

23 A/duck/Vietnam/LBM813/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

24 A/duck/Vietnam/LBM812/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

25 A/chicken/Vietnam/HU4-42/2015 (H5N6) Central 2015 2.3.4.4 N6 I H I G G H VN55 

26 A/duck/Vietnam/LBM806/2015 (H5N6) North 2015 2.3.4.4 N6 I H I G G H VN55 

27 A/muscovy_duck/Vietnam/LBM806/2015 (H5N6) North 2015 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

28 A/muscovy_duck/Vietnam/LBM803/2015 (H5N6) North 2015 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

29 A/chicken/Vietnam/NCVD-15A51/2015 (H5N6) Central 2015 2.3.4.4 N6 I N/A I G G H N/A 

30 A/chicken/Vietnam/NCVD-15A55/2015 (H5N6) North 2015 2.3.4.4 N6 I N/A I G G H N/A 

31 A/duck/Vietnam/QuangBinh/DH330718/2017 (H5N6) Central 2017 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

32 A/chicken/Vietnam/QuangBinh/BoTrach1113/2017 (H5N6) Central 2017 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

33 A/chicken/Vietnam/QuangBinh/BD1113/2017 (H5N6) Central 2017 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

34 A/Common_moorhen/Vietnam/WBT226/2014 (H5N6) North 2014 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

35 A/Chinese_pond_heron/Vietnam/WBT231/2014 (H5N6) North 2014 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

36 A/Black-crowned_night_heron/Vietnam/WBT198/2014 (H5N6) North 2014 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

37 A/Little_egret/Vietnam/WBT210/2014 (H5N6) North 2014 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

38 A/Spotted_dove/Vietnam/WBT191/2014 (H5N6) North 2014 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

39 A/duck/Vietnam/LBM760/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

40 A/duck/Vietnam/LBM759/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

41 A/muscovy_duck/Vietnam/LBM757/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

42 A/duck/Vietnam/LBM758/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

43 A/duck/Vietnam/LBM751/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

44 A/duck/Vietnam/LBM752/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

45 A/muscovy_duck/Vietnam/LBM754/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

46 A/muscovy_duck/Vietnam/LBM755/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

47 A/muscovy_duck/Vietnam/LBM756/2014 (H5N6) North 2014 2.3.4.4 N6 I H I G G H VN55 

48 A/duck/Vietnam/QuangBinh/DH130723/2017 (H5N6) Central 2017 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

49 A/chicken/Vietnam/NCVD-15A17/2015 (H5N6) Central 2015 2.3.4.4 N6 H H I G G H VN54 

50 A/chicken/Vietnam/NCVD-15A22/2015 (H5N6) Central 2015 2.3.4.4 N6 I N/A D F G H VN56 

51 A/chicken/Vietnam/NCVD14-A324/2014 (H5N6) North 2014 2.3.4.4 N6 H H I G G H VN54 

52 A/Pheasant/Vietnam/NCVD14-A367/2014 (H5N6) North 2014 2.3.4.4 N6 H H I G G H VN54 

53 A/duck/Vietnam/NCVD14-A392/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I G G H VN54 

54 A/duck/Vietnam/NCVD14-A415/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I G G H VN54 

55 A/duck/Vietnam/NCVD14-A418/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I G G H VN54 

56 A/duck/Vietnam/NCVD-15A57/2015 (H5N6) North 2015 2.3.4.4 N6 H H I G G H VN54 

57 A/duck/Vietnam/NCVD14-A503/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I G G H VN54 

58 A/duck/Nha_Trang/75c131/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I G G H VN54 

59 A/duck/Vietnam/HU1-1511/2014 (H5N6) Central 2014 2.3.4.4 N6 N/A H N/A G G H N/A 

60 A/muscovy_duck/Vietnam/HU2-26/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I G G H VN54 

61 A/duck/Vietnam/HU1-1151/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I N/A G N/A N/A 

62 A/duck/Vietnam/HU1-1152/2014 (H5N6) Central 2014 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

63 A/duck/Vietnam/HU1-1507/2014 (H5N6) Central 2014 2.3.4.4 N6 H H I G G H VN54 

64 A/duck/Vietnam/HU1-1144/2014 (H5N6) Central 2014 2.3.4.4 N6 N/A N/A N/A N/A N/A N/A N/A 

65 A/duck/Vietnam/HU1-1434/2014 (H5N6) Central 2014 2.3.4.4 N6 N/A N/A N/A G G H N/A 

66 A/Vietnam/14012902/2014 (H5N1) South 2014 1.1.2 N1 C C D B C C VN49 

67 A/goose/Vietnam/HU8-1596/2017 (H5N1) South 2017 2.3.2.1c N1 C G D F C H VN53 

68 A/duck/Vietnam/HU8-1561/2017 (H5N1) South 2017 2.3.2.1c N1 C G D F C H VN53 

69 A/muscovy_duck/Vietnam/HU8-1569/2017 (H5N1) South 2017 2.3.2.1c N1 C G D F C H VN53 

70 A/muscovy_duck/Vietnam/HU8-1670/2017 (H5N1) South 2017 2.3.2.1c N1 C G D F C H VN53 

71 A/chicken/Vietnam/NCVD14-A461/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D F G H VN48 

72 A/duck/Khanhhoa/CVVI-32/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A G N/A N/A 

73 A/muscovy_duck/Vietnam/NCVD-15A11/2015 (H5N1) Central 2015 2.3.2.1c N1 C G D F G H VN48 

74 A/muscovy_duck/Vietnam/NCVD-15A12/2015 (H5N1) Central 2015 2.3.2.1c N1 C G D F G H VN48 

75 A/chicken/Vietnam/NCVD14-A380/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

76 A/duck/Vietnam/HU8-1621/2017 (H5N1) South 2017 2.3.2.1c N1 I J J F C I VN60 

77 A/muscovy_duck/Vietnam/HU8-1751/2017 (H5N1) South 2017 2.3.2.1c N1 I J J F C I VN60 
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78 A/duck/Vietnam/HU8-1817/2017 (H5N1) South 2017 2.3.2.1c N1 I J J F C I VN60 

79 A/duck/Khanhhoa/CVVI-33/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A G N/A N/A 

80 A/duck/Vietnam/NCVD14-A335/2014 (H5N1) North 2014 2.3.2.1c N1 H G D F G H VN51 

81 A/duck/Vietnam/NCVD14-A340/2014 (H5N1) North 2014 2.3.2.1c N1 C G D G C H VN59 

82 A/muscovy_duck/Vietnam/LBM668/2014 (H5N1) North 2014 2.3.2.1c N1 H G D F G H VN51 

83 A/muscovy_duck/Vietnam/LBM670/2014 (H5N1) North 2014 2.3.2.1c N1 H G D F G H VN51 

84 A/muscovy_duck/Vietnam/LBM669/2014 (H5N1) North 2014 2.3.2.1c N1 H G D F G H VN51 

85 A/duck/Vietnam/HU3-408/2015 (H5N1) South 2015 2.3.2.1c N1 C G D B C H VN52 

86 A/duck/Vietnam/NCVD14-A389/2014 (H5N1) South 2014 2.3.2.1c N1 C G D B C H VN52 

87 A/duck/Vietnam/NCVD-15A60/2015 (H5N1) Central 2015 2.3.2.1c N1 C G D B C H VN52 

88 A/chicken/Vietnam/HU4-1312/2015 (H5N1) Central 2015 2.3.2.1c N1 C G D B C H VN52 

89 A/chicken/Vietnam/HU4-1316/2015 (H5N1) Central 2015 2.3.2.1c N1 C G D B C H VN52 

90 A/chicken/Vietnam/HU4-1326/2015 (H5N1) Central 2015 2.3.2.1c N1 C G D B C H VN52 

91 A/chicken/Vietnam/HU4-1328/2015 (H5N1) Central 2015 2.3.2.1c N1 C G D B C H VN52 

92 A/muscovy_duck/Long_An/86/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

93 A/muscovy_duck/Long_An/88/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

94 A/muscovy_duck/Long_An/87/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

95 A/muscovy_duck/Long_An/89/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

96 A/muscovy_duck/Long_An/90/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

97 A/Vietnam/14011801/2014 (H5N1) South 2014 2.3.2.1c N1 C G D B C C VN58 

98 A/chicken/Vietnam/NCVD14-A501/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

99 A/duck/Vietnam/NCVD14-A502/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

100 A/duck/Vietnam/NCVD14-A499/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

101 A/duck/Phuyen/CVVI-47/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

102 A/duck/Khanhhoa/CVVI-45/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

103 A/chicken/Khanhhoa/CVVI-28/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

104 A/chicken/Khanhhoa/CVVI-44/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

105 A/duck/Khanhhoa/CVVI-34/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

106 A/chicken/Khanhhoa/CVVI-42/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

107 A/duck/Khanhhoa/CVVI-26/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

108 A/chicken/Khanhhoa/CVVI-39/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

109 A/duck/Vietnam/NCVD14-A447/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

110 A/duck/Vietnam/NCVD14-A494/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

111 A/chicken/Khanhhoa/CVVI-41/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

112 A/chicken/Khanhhoa/CVVI-40/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

113 A/duck/Khanhhoa/CVVI-35/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

114 A/chicken/Vietnam/NCVD14-A498/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

115 A/chicken/Vietnam/NCVD14-A458/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

116 A/chicken/Vietnam/NCVD14-A459/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

117 A/duck/Vietnam/NCVD14-A476/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

118 A/duck/Khanhhoa/CVVI-37/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

119 A/chicken/Khanhhoa/CVVI-43/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

120 A/duck/Khanhhoa/CVVI-29/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

121 A/chicken/Vietnam/NCVD14-A463/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

122 A/chicken/Khanhhoa/CVVI-27/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

123 A/duck/Khanhhoa/CVVI-38/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

124 A/chicken/Khanhhoa/CVVI-31/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

125 A/duck/Khanhhoa/CVVI-30/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

126 A/duck/Vietnam/NCVD14-A451/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

127 A/duck/Khanhhoa/CVVI-25/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

128 A/duck/Khanhhoa/CVVI-46/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A C N/A N/A 

129 A/duck/Vietnam/NCVD14-A490/2014 (H5N1) Central 2014 2.3.2.1c N1 C G D B C H VN52 

130 A/duck/CaMau/0237/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

131 A/duck/CaMau/0238/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

132 A/chicken/Vietnam/NCVD14-A384/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

133 A/duck/Vietnam/NCVD14-A387/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

134 A/chicken/Vietnam/HU3-737/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

135 A/duck/Vietnam/HU5-1572/2016 (H5N1) South 2016 2.3.2.1c N1 C G D F C H VN53 

136 A/duck/Vietnam/HU5-1573/2016 (H5N1) South 2016 2.3.2.1c N1 C G D F C H VN53 

137 A/duck/Vietnam/HU5-1571/2016 (H5N1) South 2016 2.3.2.1c N1 C G D F C H VN53 

138 A/duck/Vietnam/HU5-1574/2016 (H5N1) South 2016 2.3.2.1c N1 C G D F C H VN53 

139 A/duck/Vietnam/HU5-1575/2016 (H5N1) South 2016 2.3.2.1c N1 C G D F C H VN53 

140 A/Muscovy_duck/Vietnam/HU3-589/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

141 A/duck/Vietnam/HU3-617/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

142 A/duck/Vietnam/HU3-386/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

143 A/duck/Vietnam/HU3-708/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

144 A/duck/Vietnam/HU3-562/2015 (H5N1) South 2015 2.3.2.1c N1 N/A N/A N/A N/A N/A N/A N/A 

145 A/muscovy_duck/Vietnam/HU3-355/2015 (H5N1) South 2015 2.3.2.1c N1 N/A N/A N/A N/A N/A N/A N/A 

146 A/Muscovy_duck/Vietnam/HU3-584/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

147 A/Muscovy_duck/Vietnam/HU3-579/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

148 A/Muscovy_duck/Vietnam/HU3-662/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

149 A/duck/Vietnam/HU3-567/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

150 A/duck/Vietnam/HU3-574/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

151 A/Muscovy_duck/Vietnam/HU3-575/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

152 A/chicken/Vietnam/NCVD14-A390/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

153 A/chicken/Vietnam/HU3-1317/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

154 A/chicken/Vietnam/HU3-1308/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

155 A/Muscovy_duck/Vietnam/HU3-97/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

156 A/muscovy_duck/Vietnam/HU3-159/2015 (H5N1) South 2015 2.3.2.1c N1 N/A N/A N/A N/A N/A N/A N/A 

157 A/chicken/Vietnam/HU3-83/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

158 A/chicken/Vietnam/HU3-1055/2015 (H5N1) South 2015 2.3.2.1c N1 N/A N/A N/A N/A N/A N/A N/A 

159 A/muscovy_duck/Vietnam/HU3-21/2015 (H5N1) South 2015 2.3.2.1c N1 N/A N/A N/A N/A N/A N/A N/A 

160 A/chicken/Vietnam/HU3-67/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 
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161 A/duck/Vietnam/HU3-16/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

162 A/duck/Vietnam/HU3-1126/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

163 A/chicken/Vietnam/HU3-770/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

164 A/chicken/Vietnam/HU3-800/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

165 A/environment/Vietnam/HU3-861/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

166 A/Muscovy_duck/Vietnam/HU3-1360/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

167 A/Muscovy_duck/Vietnam/HU3-1079/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

168 A/Muscovy_duck/Vietnam/HU3-Z10/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

169 A/Muscovy_duck/Vietnam/HU3-Z2/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

170 A/environment/Vietnam/HU3-1485/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

171 A/chicken/Vietnam/HU3-Z12/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

172 A/environment/Vietnam/HU3-726/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

173 A/chicken/Vietnam/HU3-721/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

174 A/Muscovy_duck/Vietnam/HU3-759/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

175 A/chicken/Vietnam/HU3-1518/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

176 A/Muscovy_duck/Vietnam/HU3-353/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

177 A/environment/Vietnam/HU3-490/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

178 A/duck/Vietnam/HU3-1265/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

179 A/Muscovy_duck/Vietnam/HU3-1408/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

180 A/Muscovy_duck/Vietnam/HU3-1411/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

181 A/Muscovy_duck/Vietnam/HU3-1403/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

182 A/chicken/Vietnam/NCVD14-A383/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

183 A/chicken/Vietnam/NCVD14-A381/2014 (H5N1) South 2014 2.3.2.1c N1 C G D F C H VN53 

184 A/chicken/Vietnam/HU3-881/2015 (H5N1) South 2015 2.3.2.1c N1 N/A N/A N/A N/A N/A N/A N/A 

185 A/chicken/Vietnam/HU3-885/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

186 A/duck/Vietnam/HU3-898/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

187 A/chicken/Vietnam/HU3-879/2015 (H5N1) South 2015 2.3.2.1c N1 C G D F C H VN53 

188 A/duck/Khanhhoa/CVVI-36/2014 (H5N1) Central 2014 2.3.2.1c N1 N/A N/A N/A N/A G N/A N/A 

189 A/chicken/Vietnam/RTD1302/2014 (H5N1) North 2014 2.3.2.1c N1 N/A N/A N/A N/A N/A N/A N/A 

Phylogenetic assignments (from A to I) of internal gene and genotypes were referred from previous classification reports in Wan et al., 2008; Nguyen 

et al., 2012; Creanga et al., 2013; Nguyen et al., 2016 

N/A: not available 
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Molecular characterization of the two predominant clade H5 HPAIVs 

 Conceptually translated viral protein sequences of clade 2.3.2.1c and 2.3.4.4 H5 

HPAIVs in Vietnam were characterized to examine genotypic changes when compared 

to the Gs/GD, the parent of Gs/GD-lineage H5 HPAIVs. For the HA protein sequences, 

both clade 2.3.2.1c and 2.3.4.4 viruses had four cleavage site motifs containing multi-

basic amino acids and all of the motifs differed from the Gs/GD motif which had an 

additional basic amino acid (Table 22). The majority of clade 2.3.2.1c and 2.3.4.4 H5 

HPAIVs either harbored the cleavage site motif QRRRRKR↓G (90.2%) or 

LRRRRKR↓G (70.7%), respectively. Receptor binding sites in the HA were examined to 

identify host-specific receptor binding preferences. All of clade 2.3.2.1c and 2.3.4.4 H5 

HPAIVs retained avian-type receptor binding signatures, resembling to the Gs/GD virus. 

All strains examined had residues of 190E, 225G, 226Q and 228G (note: mature H3 HA 

numbering is used throughout in this chapter) in the 190-helix and 220-loop, respectively 

(except for the 130-loop motif). Similarly, almost all of the H5 HPAIV strains did not 

possess any known mutation for potential mammalian adaptation at positions 627, 701 

and 526 in the PB2. Considerable molecular change between the Gs/GD and recent 

Vietnamese H5 HPAIVs was found in the NA protein stalk truncation. All of clade 

2.3.2.1c viruses had 20 amino acid deletions in the N1 NA protein as compared to N1 NA 

of the Gs/GD (N1 numbering). On the other hand, 36% of clade 2.3.4.4 viruses had full 

length N6 NA, 470 amino acids similar to the A/environment/Zhenjiang/C13/2013 

(H5N6) (Qi et al., 2014). The remaining 64% of the viruses lacked 11 amino acids in their 

stalk region (N6 numbering). It has been demonstrated that NA stalk truncation has arisen 

from evolutionary adaptation of H5 HPAIVs from wild aquatic birds to terrestrial poultry. 

Therefore, it might be concluded that recent Vietnamese H5 HPAIVs have retained 

typical avian-specific motifs and high adaptability in terrestrial avian species although 

most of these viruses were isolated from aquatic poultry. 
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Residues in the putative antigenic regions in the HA were highly variable. 

Antigenic region B had more mutated sites than the A, C, D and E regions (Table 22). 

Particularly, positions with highly frequent mutations were found at the region A: 125, 

144 and 145; region B: 128, 129, 158, 159, 166, 167, 188 and 193; and region C: 271. 

These highly variable sites were presumably associated with antigenic variation of H5 

HPAIVs. 
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Table 22. Molecular characterization of the viral proteins of predominant H5 HPAIVs 

viruses in Vietnam during 2014–2017 
Table 22. Molecular characterization of the viral proteins of predominant H5 HPAIVs in Vietnam during 2014–2017.  

Viral 

protein 
Phenotype Gs/GD motifa 

Amino acid motifs (%)b 
Function 

2.3.2.1c H5 HPAIVs  2.3.4.4 H5 HPAIVs 

HA Cleavage site QRRRRKKR↓G QRRRRK-R↓G (90.2) 

QRRRKK-R↓G (4.0) 

QKRRRK-R↓G (2.9) 

QRRRRR-R↓G (2.9) 

LRRRRK-R↓GLF (70.7) 

LRKRRK-R↓GLF (23.1) 

LRRRKK-R↓GLF (4.6) 

LRKRRR-R↓GLF (1.6) 

Signature of HPAIVs 

  130-loop 130-DASS-133 130-EASL-133 (100.0) 130-ETSL-133 (93.9) 

130-ETSS-133 (4.6) 

130-EASL-133 (1.5) 

 Receptor binding pocket 

  190-helix 190E 190E (100.0) 190E (100.0) Receptor binding pocket  

  220-loop 225G 

226Q 

228G 

225G (100.0)  

226Q (100.0)  

228G (100.0) 

225G (100.0)  

226Q (100.0) 

228G (100.0) 

Receptor binding pocket  

  Antigenic region A 124P, 125S 124K, 125D (87.0) 

124K, 125N (9.7) 

124K, 125G (2.6) 

124K, 125S (100.0)  Antigenic relatedness 

    144R, 145S 144N, 145S (96.7) 

144N, 145P (43.3) 

144M, 145P (70.1) 

144T, 145P (24.6) 

144V, 145P (4.6) 

Antigenic relatedness 

  Antigenic region B 128S, 129N 128S, 129D (83.7) 

128S, 129N (14.6) 

128P, 129D (0.8) 

128L, 129D (0.8) 

128P, 128N (64.6) 

128T, 128N (17.8) 

128S, 128N (7.7) 

Antigenic relatedness 

  Antigenic region B 158N, 159S 158N, 159N (58.5) 

158D, 159N (38.2) 

158N, 159D (3.3) 

158N, 159D (100.0) Antigenic relatedness 

  Antigenic region B 166R, 167S 166K, 167G (87.8) 

166K, 167D (8.1) 

166K, 167S (4.1) 

166M, 167S (67.7) 

166I, 167S (26.2) 

166V, 167S (6.2) 

Antigenic relatedness 

  Antigenic region B 187D, 188B 187D, 188E (97.6) 

187D, 188G (1.6) 

187N, 188E (0.8) 

187N, 188A (53.8) 

187N, 188E (36.9) 

187D, 188A (7.5) 

187N, 188G (1.5) 

Antigenic relatedness 

  Antigenic region B 193K, 194L 193R, 194L (92.6) 

193K, 194L (7.4) 

193N, 194L (56.9) 

193S, 194I (33.8) 

193D, 194L (6.2) 

193N, 194I (1.5) 

193S, 194L (1.5) 

Antigenic relatedness 

  Antigenic region C 271L, 272E 271V, 272E (68.3) 

271V, 272K (30.0) 

271M, 272E (1.7) 

271M, 272E (60.0) 

271V, 272E (62.1) 

271I, 272E (13.8) 

Antigenic relatedness 

NA N1 stalk deletionc No deletion 50-69del (100.0) N/A Enhanced pathogenicity in 

chickens 

  N6 stalk deletiond No deletion N/A 59-69del (64.0)  

No deletion (36.0) 
Enhanced pathogenicity in 

chickens 

  E119A/G 119E 119E (100.0) 119E (100.0) Neuraminidase inhibitor 

resistance 

  I222M 222I 222I (100.0) 222I (100.0) Neuraminidase inhibitor 

resistance 

  R292K 292R 292R (100.0) 292R (100.0) Neuraminidase inhibitor 

resistance 

  R371K R371 R371 (100.0) R371 (100.0) Neuraminidase inhibitor 

resistance 

PB2 E627K 627E 627E (100.0) 627E (100.0) Enhanced polymerase activity 

and virulence in mammalian 

  D701N 701D 701D (100.0) 701D (100.0) Enhanced polymerase activity 

and virulence in mammalian 

  K526R 526K 526K (98.2)  

526R (1.8) 

526K (100.0) Enhances the function of 

627K and 701N 

M2 N31S 31S 31S (100.0) 31S (100.0) Reduced susceptibility to 

amantadine/rimantadine 
aAmino acid motif of the A/goose/Guangdong/1/1996 (H5N1) 
bHighly variable sites in the antigenic regions of HA are underlined 
cN1 NA of A/goose/Guangdong/1/1996 (H5N1) is referred 
dN6 NA of A/environment/Zhenjiang/C13/2013 (H5N6) is referred 

N/A: not available 
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Antigenic diversity of H5 HPAIVs and antibody titers of field vaccinated poultry 

antisera 

 Antigenicity of Vietnamese H5 HPAIVs representing all clades and subclades 

detected in this study was characterized using cross HI test (Table 23). Homologous HI 

titer of the clade 1.1 virus was 1,024 HI, which demonstrated 32–256 fold higher titers 

compared to viruses from the clade 2.3.4.4 and 2.3.2.1c. Similarly, the homologous titer 

of the old 2.3.2.1c (Dk/VN/2202/2012) virus was 1,024 HI, which was 4–256 fold higher 

compared to the heterologous clade viruses and 4–16 folds greater than the more recent 

clade 2.3.2.1c viruses. Antiserum against a recent clade 2.3.2.1c virus, Dk/VN/386/2015, 

reacted well with other clade 2.3.2.1c viruses isolated from 2015 to 2017 (1–2 fold 

differences in titers). Antisera against the clade 2.3.4.4 viruses (Ck/Kum/1-7/2014 and 

Bs/Akt/1/2016) reacted well with other homologous clade 2.3.4.4 viruses but did not react 

well with clade 2.3.2.1c viruses by a reduction of 4–512 folds. These results demonstrated 

that contemporary clade 2.3.2.1c and 2.3.4.4 viruses were antigenically distinct from each 

other and from clade 1.1 viruses. 

To examine the antigenic evolution of Vietnamese H5 HPAIVs, representative 

viruses were cross-reacted with laboratory reference antisera and antisera against the 

commercial clade 1 and 2.3.2 vaccines produced in laboratory condition using HI test. 

The resulting cross-HI titers in Table 24 were used to produce antigenic cartography. 

Many of the inactivated viruses and homologous antisera formed independent groups 

with distances of at least approximately two antigenic units (4-fold HI difference) 

following distribution of each H5 HA gene assignment (Figure 10). For instance, the 

commercial inactivated Ck/Scot/1959 virus, the reference antigen commonly used for 

assessing vaccination coverage in Vietnam, displayed a large antigenic distance from 

2.3.2.1c and 2.3.4.4 H5 HPAIVs, regardless of the close antigenic relationship to clade 0 

H5 HPAIV (HK/483/1997). Laboratory antisera produced from chickens and ducks 
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immunized with the commercial clade 1 and 2.3.2 vaccines antigenically surrounded the 

clade 1.1 and 2.3.2.1c H5 HPAIVs of Mdk/VN/559/2011 and Dk/VN/2202/2012, 

respectively, but were distant from the contemporary 2.3.2.1c and especially 2.3.4.4 

viruses. This result confirmed that clade 2.3.4.4 viruses were antigenically different from 

progenitor H5 HPAIVs, the reference antigen and commercial vaccine antigens currently 

used in poultry vaccination in Vietnam. Recent clade 2.3.2.1c H5 HPAIVs showed some 

minor antigenic variation from clade 2.3.2 vaccine and major variation from clade 1 

vaccine and the reference antigen. In other words, use of clade 1 and 2.3.2 vaccines would 

be expected to provide little protection for clade 2.3.4.4 H5 HPAIVs. Updates of vaccine 

strains and reference antigen that have close antigenic match with recent viruses should 

be considered for better vaccination programs. 

To evaluate antibody titers of vaccinated birds in the field, 60 field antisera 

samples from vaccinated domestic poultry were tested with the reference antigen and 

representative inactivated Vietnamese H5 HPAIVs. Detectable titers of the 44 antisera 

samples were shown in Figure 11. The majority of field antisera exhibited protective HI 

titers (>8HI) (Sitaras et al., 2016a) against the Ck/Scot/1959 reference antigen and the 

inactivated clade 1.1 Mdk/VN/559/2011 virus. Median HI titers of field antisera against 

the clade 2.3.2.1c H5 HPAIVs isolated in 2015 and 2016 stayed at 8 HI but gradually 

reduced 2–4 folds against clade 2.3.2.1c and 2.3.4.4 viruses isolated in 2017, respectively. 

Taken the above results together, commercial clade 1 vaccine might provide potent 

protection from earlier viruses but partial protection recently circulating H5 HPAIVs. The 

clade 2.3.2 vaccine likely remains effective against recent 2.3.2.1c H5 HPAIVs, but 

effectiveness of the 2.3.2 vaccine against clade 2.3.4.4 viruses was uncertain. 
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Table 23. Cross-reactivity of plaque-cloned H5 HPAIVs with reference laboratory antisera using HI test 

Table 23. Cross-reactivity of plaque-cloned H5 HPAIVs with reference laboratory antisera using HI test. 

Virusesa 
Clade/ 

subclade 

Antiserum tob 

Mdk/VN/ 

559/11 
Dk/VN/ 
2202/12 

Dk/VN/ 
386/15 

Ck/Kum/ 
1-7/14 

Dk/VN/ 
1151/14 

Bs/Akt/ 
1/16 

A/Muscovy duck/Vietnam/OIE-559/2011 (H5N1) 1.1 1,024 32 512 512 32 64 

A/duck/Vietnam/OIE-2202/2012 (H5N1) 2.3.2.1c 32 1,024 1,024 64 32 128 

A/duck/Vietnam/HU3-386/2015 (H5N1) 2.3.2.1c 16 256 2,048 256 64 64 

A/chicken/Vietnam/HU4-1328/2015 (H5N1) 2.3.2.1c 16 64 512 128 16 16 

A/duck/Vietnam/HU5-1571/2016 (H5N1) 2.3.2.1c 16 256 1,024 8 16 16 

A/duck/Vietnam/HU8-1817/2017 (H5N1) 2.3.2.1c 16 64 512 8 8 16 

A/chicken/Kumamoto/1-7/2014 (H5N8) 2.3.4.4icA 16 16 256 2,048 1,024 256 

A/Muscovy duck/Vietnam/HU2-26/2014 (H5N6) 2.3.4.4D 16 8 64 512 1,024 256 

A/duck/Vietnam/HU1-1151/2014 (H5N6) 2.3.4.4D 16 8 64 1,024 2,048 512 

A/black swan/Akita/1/2016 (H5N6) 2.3.4.4C 16 8 64 256 256 512 

A/chicken/Vietnam/HU4-42/2015 (H5N6) 2.3.4.4C 16 16 256 512 512 512 

A/duck/Japan/AQ-HE72/2015 (H5N6) 2.3.4.4C 8 8 256 1,024 2,048 512 

A/chicken/Japan/AQ-HE144/2015 (H5N6) 2.3.4.4C1 16 8 256 1,024 1,024 512 

A/Muscovy duck/Vietnam/HU7-20/2017 (H5N6) 2.3.4.4C1 16 8 256 512 512 512 
a Viruses isolated in this study are highlighted in bold 
b Homologous titers are underlined 

 

 



 

 

 

1
0
6

 

 

Table 24. Cross-reactivity of inactivated H5 HPAIVs with reference laboratory antisera using HI test 

Table 24. Cross-reactivity of inactivated H5 HPAIVs with reference laboratory antisera using HI test. 

Antigen Abbreviation 
Lineage/ 

clade 

Antiserum toa 

Tn/SA/61 HK/483/97 Mdk/VN/559/11 Hc/HK/7677/08 Dk/VN/2022/12 Dk/VN/1151/14 C#1b C#2c C#3d C#4e D#1f D#2g D#3h D#4i 

A/tern/South Africa/1961 (H5N3) Tn/SA/61 NonGs/GD 1,024 64 32 64 16 16 32 16 64 32 8 2 16 16 

A/chicken/Scotland/1959 (H5N1) Ck/Scot/59 NonGs/GD 512 512 32 128 32 16 64 32 128 64 32 4 32 32 

A/Hong Kong/483/1997 (H5N1) HK/483/97 0 256 512 32 64 32 16 64 64 512 64 8 16 128 128 

A/Muscovy duck/Vietnam/OIE-
559/2011 (H5N1) 

Mdk/VN/559/11 1.1 32 64 128 64 32 16 4 8 512 512 16 4 128 64 

A/duck/Vietnam/OIE-2202/2012 

(H5N1) 
Dk/VN/2022/12 2.3.2.1c 8 32 16 512 1,024 8 512 1,024 32 32 512 128 16 16 

A/Muscovy duck/Vietnam/HU3-

159/2015 (H5N1) 
Mdk/VN/159/15 2.3.2.1c 8 32 8 256 128 8 128 128 16 8 32 32 8 8 

A/chicken/Vietnam/HU3-
737/2015 (H5N1) 

Ck/VN/737/15 2.3.2.1c 8 32 8 256 256 4 128 256 16 16 64 64 8 16 

A/duck/Vietnam/HU5-1571/2016 
(H5N1) 

Dk/VN/1571/16 2.3.2.1c 8 32 4 256 256 8 64 64 16 8 64 128 16 16 

A/duck/Vietnam/HU8-1817/2017 

(H5N1) 
Dk/VN/1817/17 2.3.2.1c 4 32 4 256 64 2 128 128 8 8 64 32 8 8 

A/Muscovy duck/Vietnam/HU7-

20/2017 (H5N6) 
Mdk/VN/20/17 2.3.4.4C1 16 2 32 8 2 128 <2 2 8 16 <2 <2 <2 <2 

a Homologous titers are underlined 
b C#1: Clade 2.3.2 vaccine chicken antiserum 
c C#2: Clade 2.3.2 vaccine chicken antiserum 
d C#3: Clade 1 vaccine chicken antiserum 
e C#4: Clade 1 vaccine chicken antiserum 
f D#1: Clade 2.3.2 vaccine duck antiserum 
g D#2: Clade 2.3.2 vaccine duck antiserum 
h D#3: Clade 1 vaccine duck antiserum 
i D#4: Clade 1 vaccine duck antiserum 
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Figure 10. Antigenic cartography of representative Vietnamese H5 HPAIVs. Both 

vertical and horizontal axes represent antigenic distance. The spacing between gridlines 

is equivalent to an antigenic unit distance corresponding to a 2-fold HI difference. The 

dot lines indicate a combination of the homologous viruses and antisera. Vaccine-primed 

antisera were prepared in laboratory condition. Abbreviation and HI titers are described 

in Table 24.  

 

Figure 10. Antigenic cartography of representative Vietnamese H5 HPAIVs 
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Figure 11. Detectable HI titers of 44 vaccinated poultry antisera collected in the field 

against the reference antigen and representative inactivated H5 HPAIVs. The linear black 

lines indicate the median of antibody level within each population. The horizontal dot 

line at 8 HI is the minimum protective level (Sitaras et al., 2016a). 

 

Figure 11. Antibody titers of field vaccinated poultry antisera 
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Distinct spatiotemporal phylodynamics of the two predominant clade H5 HPAIVs 

 The BP method was implemented to infer phyloepidemiology of the two 

predominant viruses via tracing genetic traits of H5 HA gene segments. HA gene 

sequences of clade 2.3.2.1c and 2.4.4.4 H5 HPAIVs since their first detection in Vietnam 

and homologous clade viruses in Laos, Cambodia and southern neighboring provinces of 

China were included in the analysis. Phylogenetically, clustering of the two clade HA 

segments in the BP trees was highly identical to ML trees on the basis of clade assignment 

as above described (Figure 12-A and B). The BP trees of clade 2.3.2.1c and 2.3.4.4 HA 

segments had distinct topological patterns. HA gene segments of the Vietnamese clade 

2.3.2.1c H5 HPAIVs during 2014–2017 were genetically distinct from the clade 2.3.2.1c 

viruses detected in China during 2014–2016 (no genetic information of clade 2.3.2.1c 

virus was reported in China in 2017). HA gene segments of recent 2.3.2.1c Vietnamese 

viruses were more likely descended from homologous clade viruses previously 

introduced in Vietnam and/or preexisting Chinese viruses during 2012–2013 (Figure 

12A). Differently, the 2.3.4.4 HA genes formed multiple small clusters aggregated with 

abundant homologous clade viruses circulating concurrently in China (Figure 12B). This 

indicated that for the period 2014–2017, these two predominant clade 2.3.2.1c and 2.3.4.4 

viruses in Vietnam had distinct genetic evolution. 

To explore the phylodynamics of these populational viruses further, dispersal 

traits annotated from the BP trees were spatiotemporally constructed and visualized in 

Figure 13. During 2014–2017, incursion of the clade 2.3.2.1c viruses was more likely 

enclosed within Vietnam and with multiple internal linkages. A few dispersal linkages of 

clade 2.3.2.1c viruses in Vietnam and other neighboring countries were identified (Figure 

13A). It is noteworthy that clade 2.3.2.1c viruses during 2012–2013, period of their first 

introduction in Vietnam, had multiple genetic linkages with Chinese viruses. On the other 

hand, most of Vietnamese clade 2.3.4.4 viruses in the period of 2014–2017 had multiple 
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genetic linkages with homologous clade 2.3.4.4 viruses currently predominant in China. 

The first introduction of the clade 2.3.4.4 viruses in 2013 was traceable by a 

transboundary linkage of highly identical genetic traits to the Guangdong viruses (Figure 

13B). Afterward, at least two more introductory linkages were spatiotemporally traced 

from the southern bordering region of China to northern Vietnam in 2014, 2015 and 2017 

(Figure 13B). Therefore, it might be concluded that emergence/re-emergence of hetero-

subclade 2.3.4.4 viruses in Vietnam were consequent from spillovers of foreign viruses. 

Finally, these results revealed that the predominant Vietnamese 2.3.2.1c and 2.3.4.4 

viruses underwent distinct evolution during 2014–2017 and emergence/re-emergence of 

clade 2.3.4.4 H5 HPAIVs in Vietnam during the study period likely resulted from 

transboundary spillovers. 
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Figure 12A. Bayesian phylogenetic tree of H5 HA gene segments of clade 2.3.2.1c H5 HPAIVs detected in Vietnam, Cambodia, Laos and southern bordering provinces  of China. Posterior probabilities are shown for key nodes.
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Figure 12B. Bayesian phylogenetic tree of H5 HA gene segments of clade 2.3.4.4 H5 HPAIVs detected in Vietnam, Cambodia, Laos and southern bordering provinces  of China. Posterior probabilities are shown for key nodes.
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Figure 13. Spatiotemporal phylodynamics of two predominant clade 2.3.2.1c and 2.3.4.4 H5 HPAIVs in Vietnam and other 

neighboring countries from 2012 to 2017. 

 

Figure 13. Spatiotemporal phylodynamics of two predominant clade 2.3.2.1c (A) and 2.3.4.4 (B) H5 HPAIVs in Vietnam 

and other neighboring countries from 2012 to 2017. Epidemiological dispersal linkages from one location to another are 

indicated by arrows.  
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Discussion 

 

Vietnam is regarded as being endemically infected with Gs/GD-lineage H5 

HPAIVs. Various control measures have been taken but virus elimination is not regarded 

as possible in the medium term. Studies aimed to identify viral, host and environmental 

dynamics of recently circulating H5 HPAIVs are essential to reinforce provisional control 

measures. The present study was able to systematically elucidate evolutionary and 

epidemiological dynamics of recent Vietnamese H5 HPAIVs using interdisciplinary 

analysis. 

Regarding the surveillance of H5 HPAIVs in Vietnam, our spatial descriptive 

analysis illustrated that active and passive surveillance system in Vietnam allowed 

detection of viruses and disease outbreaks although it also demonstrated that some gaps 

exist that could result in non-detection of viruses. This work significantly contributed to 

global influenza surveillance via publishing substantial genetic data of detected viruses 

(Figure 6). However, it is also critical to discuss some constraints in the system. For 

instance, in the passive surveillance program, genetic information of H5 HPAIVs that 

caused outbreaks remained limited. The majority of virus sequences available in public 

databases were derived from active surveillance programs. A human case infected with a 

clade 1.1.2 virus was reported in a southern province in 2014, but no outbreak case and 

genetic information of clade 1.1.2 virus were reported in poultry, posing uncertainty about 

the actual circulation of viruses in this area (Figure 4). These examples emphasize the 

need to further develop surveillance, particularly virus investigation post surveillance and 

more focus on high risk areas. In addition, close collaboration between veterinary and 

human health sectors is needed for effective monitoring and control of AIVs. 

In our surveillance, H5 HPAIVs were largely and frequently detected in 

apparently healthy domestic and Muscovy ducks (Figure 5). Role of domestic ducks for 
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H5 HPAIV persistence has been demonstrated (Hulse-Post et al., 2005; Meyer et al., 

2017), but the role of Muscovy ducks remains uncertain. Previous studies have reported 

that Muscovy ducks were more susceptible to Gs/GD-lineage H5 HPAIVs and 

vaccination was less effective in preventing infection compared with domestic ducks 

(Phuong et al., 2011; Cagle et al., 2012). This result reinforces the epidemiological 

importance of domestic ducks and justifies further exploration of the role of Muscovy 

ducks. They remain good targets for active surveillance (Figure 5). Moreover, all H5 

HPAIVs in our surveillance were isolated in LBMs and LBM-like locations, indicating 

that LBMs play important roles for virus persistence and dissemination (Chu et al., 2017; 

Mellor et al., 2018). These findings confirmed relatively constant epidemiology of H5 

HPAIVs in regards that abundance of waterfowl species and live poultry trading activities 

facilitate H5 HPAIV persistence and these elements should be primary targets of the 

surveillance and control system. 

This study extended the genetic analysis of H5 HPAIVs to include all Vietnamese 

viruses that were uploaded in global influenza surveillance databases during the study 

period. This analysis allowed us to identify novel cluster(s) in the viral segments and 

elucidate the distinct phylogeography of two predominant clade 2.3.2.1c and 2.3.4.4 

viruses (Figure 7 and Figure 8). Clade 2.3.4.4 viruses likely exhibited greater divergence 

with the presence of at least three distinct HA subclades comprising the 2.3.4.4C, 

2.3.4.4C1 and 2.3.4.4D. The novel subclade 2.3.4.4C1 detected in a border province in 

the North of Vietnam in 2017 shared a common ancestor with overseas spillovers (Shibata 

et al., 2017). Not surprisingly, clade 2.3.2.1c viruses persisted across regions of Vietnam 

and 2.3.2.1c viruses circulating in the South phylogenetically evolved into an independent 

population. The similar evolutionary process was also observed for clade 1.1 and its 

derivatives in the South of Vietnam and Cambodia. This persistent evolution is probably 
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facilitated by the abundance of waterfowl species and some degree of trading segregation 

of the South (Hulse-Post et al., 2005; Meyer et al., 2017). 

In addition to high variability of the HA gene segment, the entire genomic 

backgrounds of H5 HPAIVs were divergent. A total of four novel genotypes out of 12 

circulating genotypes were identified during the period 2014–2017 (Figure 7). Despite 

multiple reassortment events from exchanges of internal gene segments, only N1 and N6 

NA gene segments were consistently assembled with clade 2.3.2.1c and 2.3.4.4 H5 HA 

segments, generating two high risk H5N1 and H5N6 subtype viruses, respectively. These 

combinations of the two surface proteins HA/NA probably affords a fitness advantage for 

H5 HPAIV persistence in Vietnam. From our longitudinal review analysis, genotype 

transition of Vietnamese H5 HPAIVs was highly dynamic; several genotypes (VN48, 

VN52, VN53, VN54 and VN55) frequently emerged and then gained dominance from 

2012 to 2017 (Figure 9). Once a genotype disappeared it did not tend to reappear, 

suggesting that genomic transition of Vietnamese Gs/GD-lineage H5 HPAIVs followed 

continuing process in accordance with existence of the HA assignments. 

Molecular characterization via viral protein sequences provides information on 

likely phenotypic characteristics of viruses. Generally, H5 HPAIVs have remained 

adapted to domestic terrestrial birds and this was also the case with recent H5 HPAIVs in 

Vietnam which did not contain any mutation makers associated with mammalian 

adaptation and/or virulence (Table 22). Nonetheless, the threats to human health are 

always present; in fact, H5 HPAIVs possessing typical avian phenotypes triggered human 

infections in 2014 (Figure 4) (Le et al., 2013; Thor et al., 2015; Takayama et al., 2016). 

This implies complexity of virological and epidemiological interactions and gaps of our 

understanding H5 HPAIV human infection in nature. 

Our antigenic analysis results were highly consistent with previous studies, 

indicating that H5 HPAIVs recently detected in Vietnam had considerable antigenic 
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variation (Nguyen et al., 2016; Ohkawara et al., 2017; Nguyen et al., 2018). The two 

predominant clade 2.3.2.1c and 2.3.4.4 H5 HPAIVs from 2014 to 2017 antigenically 

differ from each other and from clade 1.1 H5 HPAIVs (Table 22). Importantly, these 

predominant H5 HPAIVs had a large antigenic distance with progenitor H5 HPAIVs, the 

reference antigen and clade 1 vaccine. Recent clade 2.3.2.1c H5 HPAIVs also exhibited 

minor antigenic variation with clade 2.3.2 vaccine currently used in poultry in Vietnam 

(Figure 11). Thus, current vaccines should be reassessed through challenge trials. Clade 

1 vaccine was unlikely to provide appropriate protection from disease (Cha et al., 2013; 

Nguyen et al., 2016; Nguyen et al., 2018). Clade 2.3.2 vaccine is expected to be effective 

against recent 2.3.2.1c H5 HPAIVs but this needs to be monitored closely as some 

antigenic drift was apparent. Besides, vaccination assessment should be performed using 

both vaccine antigens and field strains and old reference antigens such as Ck/Scot/1959 

should be changed to match the antigenic characteristics of circulating viruses. 

Little is known about actual immunity of vaccinated poultry in the field against 

circulating viruses. Therefore, the field antisera of vaccinated poultry were assessed using 

the reference antigen and recent H5 HPAIVs (we have assumed that the titers are the 

result of vaccination and not field exposure but this possibility needs to be recognized in 

interpreting the data). Our results were in line with other reports that vaccination achieved 

sufficient coverage and protective antibody titers against the reference antigen and 

classical H5 HPAIVs (Figure 11). However, vaccination likely reduced effectiveness to 

recently circulating viruses (Desvaux et al., 2012; Cha et al., 2013). Supposedly, 2.3.4.4 

viruses likely become more outspread due to its greater ability to escape from current 

vaccine-induced immunity. Therefore, it is necessary to reconsider selection of vaccine 

strains that have close antigenic match to currently circulating H5 HPAIVs to enhance 

vaccination effectiveness. 
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Strikingly, this study could pinpoint spatiotemporal phylodynamics of 

Vietnamese H5 HPAIVs using large-scale sequence datasets of HA gene segments. 

During 2014–2017, two predominant 2.3.2.1c and 2.3.4.4 viruses had distinct 

phyloepidemiology. Recent clade 2.3.2.1c H5 HPAIVs more likely evolved from 

homologous clade viruses that were previously introduced in Vietnam and/or preexisted 

in China during 2012–2013 and persisted across Vietnam via internal dispersals; whereas 

emergences of heterologous subclade 2.3.4.4 H5 HPAIVs were due to sporadic spillovers 

of contemporary Chinese 2.3.4.4 viruses to upper parts of Vietnam (Figure 13). Much 

greater genetic linkages of Vietnamese and Chinese clade 2.3.4.4 viruses compared to 

clade 2.3.2.1c viruses were identified during 2014–2017. This might be due to the fact 

that 2.3.4.4 H5 HPAIVs recently became dominant and replaced 2.3.2.1c viruses in 

southern Chinese provinces (Bi et al., 2016; Yang et al., 2016). These results underlined 

the notion that transboundary epidemiological linkages for virus importation to Vietnam 

exist. In fact, a live poultry movement network between Vietnam and other neighboring 

countries, including China and Cambodia likely accelerates divergence of Vietnamese 

H5 HPAIVs (Meyer et al., 2018). Our speculation is supported by the notion that 

emergence/re-emergence of H5 HPAIVs in Vietnam is the primary consequence of 

transboundary spillovers (Le and Nguyen, 2014). Yet, I avoided to deeply interpret 

outwards dispersal linkages derived from Vietnam since interpretation lacks supportive 

evidence and carries biases. For instance, only H5 HPAIV strains in several Chinese 

provinces bordering Vietnam were computed and inferred dispersal linkages of the 

studied Chinese viruses may be modulated if other geographic Chinese viruses were to 

be included. However, it is worthy to restate that virus dispersals from China to Vietnam 

were highly certain (Figure 12  and Figure 13). Finally, this study highlights the critical 

epidemiological role of live poultry movement, particularly cross-border poultry 

movement, to the transboundary dissemination of H5 HPAIVs and the necessity for 
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preventive control against H5 HPAIV spillovers, including risks of introducing H7 

HPAIVs (Shibata et al., 2018). 

Even though we attempted to provide a robust elucidation of H5 HPAIVs in 

Vietnam, this study remains some unavoidable limitations. First, for instance, the present 

study investigated all Vietnamese H5 HPAIVs available via public databases but might 

not capture circulation of all H5 HPAIVs in the field. Second, this study was unable to 

definitively clarify determinants for annual outbreak occurrence (i.e., low outbreak 

occurrence and virus detection in 2016); this may be due to interconnected effects of 

viral-agro-ecological factors. Thus, more systematic studies are needed to identify the 

determinants for outbreak occurrence of H5 HPAIVs. 

In summary, the present study indicated that H5 HPAIVs persist in Vietnam and 

new virus strains are being introduced. During 2014–2017, clade 2.3.2.1c and 2.3.4.4 

viruses were predominant and exhibited a large genetic and antigenic diversity. 

Considerably, these viruses were antigenically distinct from current vaccines and 

reference antigen used in poultry vaccination programs. Thus, this study highlighted an 

urgent necessity for reinforcing the provisional control measures in Vietnam including 1) 

strengthening surveillance for monitoring evolution of H5 HPAIVs, in particular more 

focus on surveillance and strict poultry movement control in border areas to prevent 

invasion of H5 HPAIV spillovers and 2) enhancing effectiveness of vaccination programs 

through updating vaccines and reference antigen to antigenically match currently 

circulating H5 HPAIVs. 
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Brief summary 

 

 This study aimed to elucidate virus, host and environmental dynamics of H5 

HPAIVs isolated in Vietnam during 2014–2017. Epidemiologically, H5 HPAIVs were 

frequently detected in apparently healthy domestic and Muscovy ducks and therefore 

these are preferred species for H5 HPAIV detection in active surveillance. Virologically, 

clade 2.3.2.1c and 2.3.4.4 H5 HPAIVs were predominant and exhibited distinct 

phylogeographic evolution. Clade 2.3.2.1c viruses clustered phylogenetically in North, 

Central and South regions, whilst clade 2.3.4.4 viruses only detected in North and Central 

regions formed small groups. These viruses underwent diverse reassortment with 

existence of at least 12 genotypes and retained typical avian-specific motifs. These H5 

HPAIVs exhibited large antigenic distance from progenitor viruses and commercial 

vaccine antigens commonly used in poultry. Bayesian phylodynamic analysis inferred 

that clade 2.3.2.1c viruses detected during 2014–2017 were likely descended from 

homologous clade viruses imported to Vietnam previously and/or preexisting Chinese 

viruses during 2012–2013. Vietnamese clade 2.3.4.4 viruses closely shared genetic traits 

with contemporary foreign spillovers, suggesting that there existed multiple 

transboundary virus dispersals to Vietnam. This study provides insights into the evolution 

of Vietnamese H5 HPAIVs and highlights the necessity of strengthening control 

measures such as, preventive surveillance and poultry vaccination. 
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Chapter IV 

 

Spatiotemporal and risk analysis of H5 highly pathogenic 

avian influenza occurrence in Vietnam during 2014–2017 
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Introduction 

 

H5 HPAIVs of the Gs/GD lineage have caused devastating morbidity/mortality 

in domestic poultry (Xu et al., 1999; Sims et al., 2005). Importantly, the viruses have 

spread globally via migratory wild birds and/or trade of poultry commodities, posing a 

major concern to the poultry industry worldwide (Lycett et al., 2016; Sims et al., 2017). 

In addition, H5 HPAIVs pose a threat to human health due to their zoonotic potential 

(WHO, 2018b).  

In Vietnam, the first outbreaks of H5 HPAI in poultry were reported in late 2003. 

Thereafter the disease spread rapidly and triggered severe epidemics in domestic birds 

across the country between 2003 and 2005 (Nguyen, 2005). Despite intensive control 

efforts, H5 HPAI outbreaks continue to occur in Vietnam (OIE, 2018). Several studies 

have been carried out to clarify the ecological and epidemiological features of H5 HPAI 

in Vietnam, however the determinants of disease occurrence are still not fully understood. 

From a general epidemiological perspective, H5 HPAIVs are maintained through 

circulation in wild birds and domestic waterfowl such as ducks, Muscovy ducks and geese 

(Hulse-Post et al., 2005; Kida, 2008). Limitations on identifying key risk factors and 

sources of H5 HPAI have impeded the effectiveness of control efforts for the H5 HPAI 

(Pfeiffer et al., 2013; Sims et al., 2016).  

A number of studies have demonstrated the complexity of agro-ecological, 

anthropogenic and topographic risk factors that are associated with H5 HPAI disease 

dynamics (Gilbert and Pfeiffer, 2012; Paul et al., 2014; Delabouglise et al., 2017). In 

particular, eco-anthropogenic interaction is thought to be one of the most important risk 

factors for H5 HPAI (Pfeiffer et al., 2013; Delabouglise et al., 2017). A characteristic of 

Vietnamese agriculture is its traditional farming practice of intensive rice cultivation 

associated with poultry production, where ducks are used to scavenge leftover grains from 
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rice paddies following harvest. This increases the frequency of contacts between humans 

and domestic birds and leads to continuing exposure of domestic poultry to other infected 

waterfowl or wild birds (Sims et al., 2005; Pfeiffer et al., 2013). Furthermore, the 

Vietnamese poultry industry is comprised of large numbers of backyard and small-scale 

producers. Approximately half of the households in rural areas raise backyard poultry 

(Otte et al., 2006). Continuous mixing of poultry species together with a low level of 

biosecurity in these flocks facilitates incursion and maintenance of H5 HPAIVs.  

The Vietnamese poultry industry has experienced rapid growth recently, mainly 

due to an increase in the number of intensively managed, commercial sector farms. While 

total bird numbers have increased, commercial sector farms account for only a relatively 

small proportion (approximately 3.25%) of the total number of poultry farms in Vietnam 

(World Bank, 2017). Further anthropogenic factors such as cultural practices, food 

preferences and trading activities are important elements for H5 HPAI occurrence 

(Fournie et al., 2016; Delabouglise et al., 2017; Meyer et al., 2017). In regards to 

topography, several characteristics have been identified as risk factors for H5 HPAI, 

including the density of paddy fields, proximity of poultry flocks to water, annual 

precipitation and elevation (Loth et al., 2011; Paul et al., 2014). 

In Vietnam, a number of studies have been carried out to describe and explain the 

spatiotemporal distribution of outbreak occurrence during the early phase of the H5 HPAI 

epidemic (Pfeiffer et al., 2007; Minh et al., 2009). Most recently, Mellor et al. (2018) 

investigated the spatiotemporal epidemiology of H5N1 and H5N6 HPAIVs using active 

surveillance programs deployed in LBMs during 2011–2015 (Mellor et al., 2018). 

Because H5 HPAI outbreaks continue to occur throughout Vietnam, there is a need to 

provide better understanding of characteristics that increase the risk of disease.  

With this background, the objectives of this study were to: (i) describe the spatial 

and temporal distribution of H5 HPAI outbreaks at the provincial level in Vietnam for 



 

124 

 

the period 2014 to 2017; and (ii) identify risk factors and high risk areas for H5 HPAI 

outbreak occurrence. Outcomes of this study provide impetus for development of 

effective control measures against H5 HPAI together with promoting sustainable 

development in the poultry industry in Vietnam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

125 

 

Materials and Methods 

 

Study areas and period 

Administrative units of Vietnam are categorized into three hierarchical levels 

corresponding to province/centrally-governed cities, districts and communes (wards). 

The country is comprised of 63 provinces/centrally-governed cities, 678 districts and 

10,805 communes. The spatial unit of interest in this study was the province. Provincial 

level datasets and digital maps were retrieved from the open-source DIVA geographic 

information system website (http://www.diva-gis.org/gdata). The period of interest for 

this study was January 01, 2014 to December 31, 2017. 

 

Outbreak information, definition of outbreak cases and outbreak districts  

Details of officially confirmed outbreaks of H5 HPAI in poultry in Vietnam from 

January 01, 2014 to December 31, 2017 were obtained from the EMPRES-i, FAO 

database. The dataset was collated with animal disease reports compiled by the DAH to 

ensure data consistency (DAH, 2014–2017). The final outbreak dataset comprised details 

of each reported disease investigation including the names and numeric identifiers of the 

affected province, district and commune in which the first affected flock in each outbreak 

occurred. Additional details included the first detection date of clinical signs, the affected 

species and the virus subtype responsible for the outbreak. Details of the number of birds 

at risk, the numbers of birds that died and the number of birds culled as a result of the 

outbreak were recorded but not used in these analyses. We report the frequency of 

detected H5 HPAI outbreaks at the provincial level as the number of districts where H5 

HPAI outbreaks were reported (outbreak districts) per 100 districts at risk per year (DAH, 

2015).  
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Data census of poultry population and demography 

Datasets providing details of the number of poultry enterprises including details 

of the approximate number of domestic chickens, ducks, Muscovy ducks and geese per 

province per year were obtained from census datasets of the General Statistics Office 

(GSO) (GSO, 2014–2017) and DAH (DAH, 2014–2017) (Table 25). The GSO also 

provided estimates of human population counts and human population counts in 

agricultural areas at the provincial level for the same time frame. These explanatory 

variables were expressed as the number of individuals per square kilometer of provincial 

agricultural area and were rescaled to have a mean of zero and a standard deviation of 

one.  
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Table 25. Summary statistics of poultry industry and demography 
Table 25. Summary statistics of poultry industry and demography in Vietnam during 2014–

2017. 

Explanatory variables Year Unit Total Mean SD Min Max 

Demographic variables        

   Total province 2016 Province 63 – – – – 

   Total district 2016 District 678 10.76 4.72 5 31 

   Total commune/ward 2016 Commune/ward 10,805 171.50 107.50 52 634 

   Agricultural areas 2016 Km2 115,291 1,830 1,450 68 8,014 

   Human population in rural areas 2016 .000 person 60,709 964 597 131 3,400 

   Density human in rural areas 2016 .000 person/Km2 – 0.77 0.57 0.12 2.33 
        

Poultry industry variables               

   Density of domestic poultry 2014 .000 bird/Km2 – 4.246 3.945 0.241 14.986 

 2015 .000 bird/Km2 – 4.397 4.067 0.253 15.348 

 2016 .000 bird/Km2 – 4.593 4.163 0.264 15.844 

 2017 .000 bird/Km2 – 4.934 4.397 0.282 16.888 

   Density of chicken 2014 .000 bird/Km2 – 3.187 3.099 0.209 12.016 

 2015 .000 bird/Km2 – 3.329 3.229 0.221 12.892 

 2016 .000 bird/Km2 – 3.514 3.342 0.233 13.626 

 2017 .000 bird/Km2 – 3.778 3.545 0.247 14.542 

   Density of commercial chicken 2014 .000 bird/Km2 – 0.996 1.638 0.008 8.837 

 2015 .000 bird/Km2 – 0.977 1.543 0.007 8.915 

 2016 .000 bird/Km2 – 1.083 1.785 0.008 10.315 

 2017 .000 bird/Km2 – 1.117 1.820 0.008 10.634 

   Density of duck 2014 .000 bird/Km2 – 1.029 1.126 0.003 6.285 

 2015 .000 bird/Km2 – 1.276 1.271 0.015 5.834 

 2016 .000 bird/Km2 – 1.336 1.446 0.021 6.878 

 2017 .000 bird/Km2 – 1.398 1.475 0.022 7.078 

   Density of Muscovy duck 2014 .000 bird/Km2 – 0.1833 0.2726 0.0001 1.5507 

 2015 .000 bird/Km2 – 0.1790 0.2637 0.0006 1.5592 

 2016 .000 bird/Km2 – 0.1705 0.2124 0.0034 0.9369 

 2017 .000 bird/Km2 – 0.1887 0.2065 0.0030 0.9312 

   Density of goose 2014 .000 bird/Km2 – 0.0078 0.0095 0.0001 0.0543 

 2015 .000 bird/Km2 – 0.0078 0.0095 0.0004 0.0555 

 2016 .000 bird/Km2 – 0.0080 0.0099 0.0004 0.0564 

 2017 .000 bird/Km2 – 0.0103 0.0130 0.0005 0.0779 

   Meat production per area 2014 Tons/Km2 – 11.508 12.916 0.425 63.269 

 2015 Tons/Km2 – 11.789 13.485 0.445 68.220 

 2016 Tons/Km2 – 12.468 13.916 0.431 68.380 

 2017 Tons/Km2 – 13.408 14.968 0.482 75.507 

   Egg production per area 2014 .000 eggs/Km2 – 116.724 155.785 1.859 662.641 

 2015 .000 eggs/Km2 – 120.686 159.065 2.206 735.838 

 2016 .000 eggs/Km2 – 126.403 161.415 4.540 764.483 

  2017 .000 eggs/Km2 – 141.224 173.397 4.841 811.127 
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Descriptive spatial analyses 

Standardized morbidity ratios (SMRs) were used to describe the spatial 

distribution of H5 HPAI risk at the provincial level. Expected counts of the number of 

H5 HPAI outbreak districts per province 𝑒𝑖 where calculated as: 

 

𝑒𝑖 =  
∑ 𝑦𝑖

𝑁=63
𝑖=1

∑ 𝑛𝑖
𝑁=63
𝑖=1

 . 𝑛𝑖 (Equation 1) 

where 𝑦𝑖  denotes the observed counts of outbreak districts in province 𝑖 and 𝑛𝑖 is the total 

number of administrative districts in province  𝑖 . The SMR of outbreak districts per 

province 𝑖 where then calculated as:  

 

𝑆𝑀𝑅𝑖 =  
𝑦𝑖

𝑒𝑖
 (Equation 2) 

 

Spatial regression analyses 

Due to the relatively large number of province-years (n = 165 out of 252 in total) 

that had districts where H5 HPAI outbreaks were not reported (either because H5 HPAI 

did not occur or H5 HPAI did occur but it was not reported, Figure 14), regression 

coefficients and their standard errors were estimated using a Bayesian zero-inflated 

Poisson (ZIP) model (Lambert, 1992). This technique addresses over dispersion in the 

data and allowed us to quantify the effect of factors influencing the number of reported 

H5 HPAI outbreak districts in each province. Using this approach, the expected number 

of outbreak districts per province per year 𝑍𝑖𝑡 was modelled conditional on the observed 

number of outbreak districts per province per year, 𝑦𝑖𝑡: 

 

𝑍𝑖𝑡  ~ {

𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 (𝑝) 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑝𝑖𝑡 𝑖𝑓 𝑦𝑖𝑡 = 0,

𝑃𝑜𝑖𝑠𝑠𝑜𝑛 (𝜇)
 (Equation 3) 
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In Equation 3, 𝑦𝑖𝑡 was an independent Bernoulli random variable with a mean of 

𝑝 if 𝑦𝑖𝑡 = 0; otherwise 𝑦𝑖𝑡 was assumed to follow a Poisson distribution with mean 𝜇. The 

parameters 𝑝 and 𝜇 were allowed to vary for each province and year as a function of a 

series of explanatory variables as follows: 

 

𝑙𝑜𝑔𝑖𝑡(𝑝𝑖𝑡) =  𝛼0 +  𝛼1𝑥1𝑖𝑡 + ⋯ +  𝛼𝑚𝑥𝑚𝑖𝑡 (Equation 4) 

and 

𝑙𝑜𝑔(𝜇𝑖𝑡) = log(𝑒𝑖𝑡) +  𝛽0 +  𝛽1𝑥1𝑖𝑡 + ⋯ +  𝛽𝑚𝑥𝑚𝑖𝑡 (Equation 5) 

 

Residuals from the fixed-effects ZIP model described in Equation 3 were plotted 

as a choropleth map and the presence of spatial autocorrelation in the model residuals 

assessed using Moran’s I statistic (Moran, 1950). Moran’s I statistics for the model 

residuals for a series of first to fifth spatial lags were calculated and plotted as a 

correlogram. A Moran’s I statistic greater than its expected value over one or more spatial 

lags was indicative of unaccounted-for spatial autocorrelation in the data (Figure 15). To 

account for unaccounted-for spatial autocorrelation in the data, the Poisson component of 

the model (described in Equation 5) was extended into mixed effects Poisson model as 

follows: 

 

𝑙𝑜𝑔(𝜇𝑖𝑡) = log(𝑒𝑖𝑡) +  𝛽0 +  𝛽1𝑥1𝑖𝑡 + ⋯ +  𝛽𝑚𝑥𝑚𝑖𝑡 + 𝑆𝑖 + 𝑈𝑖  (Equation 6) 

 

In Equation 6, the terms 𝑆𝑖 and 𝑈𝑖 represent the structured (spatially correlated) 

and unstructured (spatially uncorrelated) heterogeneity (random effect) terms to account 

for unobserved spatially correlated and spatially uncorrelated risk factors for H5 HPAI in 

each of the 𝑖 provinces (Besag et al., 1991; Mollié, 1996).  
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We assumed uninformed normal prior distributions for the intercepts and each of 

the regression coefficients for the binomial and Poisson components of the model. The 

structured heterogeneity terms were computed by assuming a conditional intrinsic 

Gaussian autoregressive (CAR) structure with mean 0 and precision 𝜆 (Besag et al., 1991; 

Besag and Kooperberg, 1995; Stevenson et al., 2005) (Besag et al., 1991; Besag and 

Kooperberg, 1995; Stevenson et al., 2005). The CAR structure models the log of the 

relative risk in province 𝑖, conditional on the risks in all other provinces 𝑖 ≠ 𝑗 being 

normally distributed about the weighted mean of the log relative risks in the remaining 

provinces, with the variance inversely proportional to the sum of a spatial proximity 

matrix where 𝑤𝑖𝑗 = 1 if provinces shared a common boundary and 𝑤𝑖𝑗 = 0 otherwise. 

For each province neighbor pair, a weight term set to equal the proportion of the province 

perimeter that was shared provided a quantitative measure of the strength of the 

association between provinces defined as adjacent. The length of the common boundary 

between provinces was calculated using the Geographical Analysis Support System, 

GRASS (GRASS Development Team, 2017). The provincial level unstructured 

heterogeneity terms 𝑈𝑖 were estimated as having a normal distribution with mean 0 and 

precision 𝜏.  

A three-stage approach was used to identify provincial level H5 HPAI risk factors. 

In the first stage, log transformed provincial H5 HPAI SMRs were plotted as a function 

of each of the candidate explanatory variable estimates. The association between the 

provincial H5 HPAI SMRs and each of the candidate explanatory variables were 

quantified using Spearman’s rank correlation coefficient. In the second stage, explanatory 

variables showing a relationship with H5 HPAI SMR at an alpha level of less than 0.10 

were included in a fixed-effects zero-inflated Poisson model using a MCMC algorithm 

(Christian and Casella, 1999) implemented in WinBUGS v1.4 (Spiegelhalter et al., 2013). 
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Calendar year was forced into the model as a categorical variable comprised of four levels, 

with 2014 set as the reference category.  

We ran the MCMC sampler for 10,000 iterations and discarded the first 1000 

‘burn-in’ samples. None of the iterations of the MCMC were discarded. Parallel chains 

were run using diverse initial values to confirm that convergence was achieved to the 

same distribution and autocorrelation of each lag less than 0.10 (Gilks et al., 1996). 

Convergence was visually assessed by plotting cumulative path plots for each of the 

monitored parameters (Yu and Mykland, 1998; Christian and Casella, 1999) and 

quantified using the Gelman-Rubin convergence diagnostic (Gelman and Rubin, 1992).  

 

Data execution and statistical analyses 

Data collation, checking and initial manipulation was undertaken using Microsoft 

Excel. Statistical analyses, graphing and spatial visualization were carried out using R 

v3.4.4 (R Development Core Team, 2018) using the contributed packages ggplot2 

(Wickham, 2016), rgdal (Bivand et al., 2014), rgeos (Bivand, 2018), sp (Pebesma and 

Bivand, 2005), spdep (Bivand and Piras, 2015), R2WinBUGS (Sturtz et al., 2005) and 

coda (Plummer et al., 2006). 
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Figure 14. Frequency histogram of the number of reported H5 HPAI outbreak districts 

in Vietnam for the period 2014 to 2017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Frequency histogram of the number of reported H5 HPAI outbreak districts 

in Vietnam for the period 2014 to 2017. 
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Figure 15. Moran’s I (and its 95% confidence interval) computed at the first-, second-, 

third-, fourth and fifth-order spatial lags for the residual from the fixed-effects ZIP model 

described in the text (Moran’s I = 0.076, p-value = 0.15). 

 

Figure 15. Moran’s I (and its 95% confidence interval) computed at the first-, second-, 

third-, fourth, and fifth-order spatial lag for the residual from the fixed-effects ZIP 

model. 

 

 

 

Moran’s I = 0.076, p-value = 0.15 
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Results 

 

Spatiotemporal descriptive analysis of H5 HPAI outbreaks 

A total of 139 H5 HPAI outbreaks were reported in all regions of Vietnam for the 

period 2014 to 2017 (Figure 16). All of the H5 HPAI outbreaks were caused by one of 

the two subtype viruses, H5N1 or H5N6. H5N6 occurred only in the Central and North 

regions (𝑛 = 43 outbreaks), while H5N1 was reported in all three geographical regions 

with approximately twice the number of outbreaks (𝑛 = 96 outbreaks) from Figure 16A. 

It is evident from Figure 16B that H5 HPAI occurred year-round. The number of 

outbreaks peaked in the first quarter of each year (𝑛 = 75) which was much greater than 

the number of outbreaks that occurred in each of the following quarters of the year.  
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A) 
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Figure 16. Spatiotemporal distribution of reported H5N1 (red) and H5N6 (blue) 

outbreaks per year (A) and per quarter (B) in Vietnam, 2014 to 2017. The horizontal 

dashed lines on each plot indicate the latitudes delineating the North, Central and South 

regions of Vietnam. In (B), points represent the centroid of each province and the size of 

each point is proportional to the cumulative number of reported H5 HPAI outbreaks in 

each province.  

Figure 16. Spatiotemporal distribution of reported H5N1 and H5N6 outbreaks per year 

and per quarter in Vietnam during 2014–2017 



 

136 

 

SMRs of outbreak district per province 

Estimates of provincial level H5 HPAI SMRs are shown in Figure 17A. While 

provincial H5 HPAI SMRs were heterogeneous across the North, Central and Southern 

regions, there were spatial aggregations of neighboring provinces with similar H5 HPAI 

SMRs (see, for example, the aggregation of provinces with HPAI SMRs of less than one 

in the Northern region). Provincial H5 HPAI SMRs were, on the whole, greater in the 

Central region compared with other parts of Vietnam. The standard errors of the SMRs 

were greater in the high SMR provinces (Figure 17B), indicating a greater level of 

uncertainty in the H5 HPAI SMR estimates in provinces with high numbers of reported 

outbreak districts. 
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 A) SMRs                                                    B) SE of SMRs       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Choropleth map of SMRs of H5 HPAI outbreaks per province (A) and 

standard errors (SE) of SMRs (B).  

 

Figure 17. Choropleth map of SMRs of H5 HPAI outbreaks per province and standard 

errors of SMRs 
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Risk factor analysis 

Table 27 presents posterior means and their 95% credible intervals (CrI) of the 

regression coefficients in the mixed-effects model for the risk factors of H5 HPAI 

outbreak district. The final explanatory variables included in the mixed-effects model 

were year, the presence or absence of previous H5 HPAI outbreaks, the density of geese 

(following the result of fixed-effects model shown in Table 26). Our decision to include 

variables in the final model was based on a demonstrated association with H5 HPAI risk 

at the unconditional level using Spearman’s rank correlation coefficient, biological 

plausibility and consistency with the previously published H5 HPAI literature, as opposed 

to selection of only those explanatory variables where the credible interval for the risk 

ratio estimate did not include one (Grimes and Schulz, 2002; Shapiro, 2008). 

In Table 27, compared with provinces where there were no district outbreak 

reports in the previous 12 months, the risk of district outbreak reports where H5 HPAI 

had been reported in the previous 1 to 6 and 6 to 12 months was increased by a factor of 

2.11 (95% CrI 0.96 to 4.58) and 1.17 (95% CrI 0.67 to 1.96), respectively. Unit increases 

in the density of geese was associated with a 1.47 (95% CrI 1.16 to 1.91) times increase 

in the risk of district outbreak reports. Additionally, proportional population of human, 

commercial chickens, Muscovy ducks and geese in a given province per entire nationwide 

population are co-plotted in the predicted number map to re-assess the association 

between these risk factors and posterior predicted outbreak districts. Predicted number of 

outbreak district shared a similar pattern to those of observed counts, showing that high 

number of outbreak district were evenly distributed throughout the Central region, 

particularly several provinces with a large population of Muscovy ducks and geese 

(Figure 18). 
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Table 26. Regression coefficients and standard deviation from the fixed-effects ZIP 

model 

Table 26. Regression coefficients and standard deviation from the fixed-effects zero-

inflated Poisson model. 

Explanatory variable 
Posterior 

median 
       SD 

      MC  

      error 
RR (95% CrI) 

Poisson component:     

   Intercept: -1.137 0.162 0.007  

   Year:     

2014 Reference   1.00 

2015 -0.693 0.259 0.013 0.50 (0.30 to 0.82) 

2016 -2.471 0.481 0.032 0.09 (0.03 to 0.21) 

2017 -0.512 0.252 0.012 0.60 (0.36 to 0.97) 

   Previous outbreaks:     

      None Reference   1.00 

      1–6 months 1.821 0.402 0.035 6.17 (2.79 to 13.14) b 

      6–12 months 0.661 0.241 0.008 1.92 (1.21 to 3.10) 

   Density of:     

      Commercial chickens a -0.332 0.229 0.011 0.73 (0.45 to 1.10) 

      Ducks a 0.128 0.122 0.004 1.14 (0.88 to 1.43) 

      Muscovy ducks a 0.291 0.161 0.009 1.35 (0.97 to 1.85) 

      Geese a 0.213 0.078 0.003 1.24 (1.06 to 1.43) 

      Humans a -0.355 0.211 0.011 0.71 (0.44 to 1.02) 

SD: standard deviation; MC: Monte Carlo; RR: risk ratio; CrI: Bayesian credible interval 
a Density estimates expressed as the number of individuals per square kilometer 
b Interpretation: The presence of a reported H5 HPAI outbreak in the same province within 1-6 months was 

associated with 6.17 (95% CrI 2.79 to 13.14) increase in provincial level reported H5 HPAI outbreak risk 
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Table 27. Regression coefficients and standard deviation from the mixed-effects ZIP 

model 

Table 27. Regression coefficients and standard deviation from the mixed-effects zero-

inflated Poisson model. 

Explanatory variable 
Posterior 

mean 
SD 

MC  

error 
RR (95% CrI) 

Poisson component:     

   Intercept: -1.470 0.221 0.012  

   Year:     

      2014 Reference   1.00 

      2015 -0.331 0.268 0.011 0.73 (0.42 to 1.20) 

      2016 -1.983 0.419 0.016 0.14 (0.06 to 0.30) 

      2017 -0.470 0.242 0.009 0.63 (0.40 to 1.00) 

   Previous outbreaks:     

      None Reference   1.00 

      1–6 months 0.747 0.410 0.017 2.11 (0.96 to 4.58)  

      6–12 months 0.151 0.279 0.011 1.17 (0.67 to 1.96) 

   Density of:     

      Commercial chickens a -0.424 0.298 0.012 0.66 (0.37 to 1.14) 

      Ducks a -0.059 0.195 0.012 0.95 (0.64 to 1.36) 

      Muscovy ducks a 0.378 0.240 0.016 1.47 (0.94 to 2.30) 

      Geese a 0.386 0.130 0.006 1.47 (1.16 to 1.91) b 

      Humans a -0.515 0.327 0.019 0.60 (0.30 to 1.09) 

Heterogeneity terms:     

    Structured c 1.00 0.042 <0.01  

    Unstructured c 1.275 1.183 <0.01  

a Density estimates expressed as the number of individuals per square kilometer 
b Interpretation: After accounting for the effect of outbreak year, the presence or absence of 

previous outbreaks and the density of commercial chickens, ducks, Muscovy ducks and humans, 

unit increases in the number of geese per square kilometer of agricultural land was associated 

with 1.47 (95% CrI 1.16 to 1.91) increase in provincial level reported H5 HPAI outbreak risk 
c Variance of heterogeneity term 
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Figure 18. Choropleth map of observed counts of outbreak reports and posterior 

predicted number of outbreak reports sampled from mixed-effects ZIP model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Choropleth map of observed counts of outbreak reports (A) and posterior 

predicted number of outbreak reports sampled from mixed-effects ZIP model (B). In (B), 

bar graphs indicate proportional population of human, commercial chickens, Muscovy 

ducks and geese in a province per nationwide population. 
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Spatially structured and unstructured heterogeneity terms 

Choropleth maps of the exponentiated structured and unstructured heterogeneity 

terms from the mixed effects model are shown in Figure 19. Unmeasured, spatially 

correlated provincial-level H5 HPAI risk was greater for provinces in the Central region, 

compared with the North and the South (Figure 19A). The variability of the unmeasured 

non-spatially correlated provincial-level H5 HPAI risk was greater than the variability of 

the spatially correlated provincial-level H5 HPAI risk estimates (Figure 19B).  
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        A) Structure random effects        B) Unstructured random effects       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Choropleth maps showing estimates of the provincial-level relative risk of H5 

HPAI attributable to: (A) the spatially structured and (B) spatially unstructured 

heterogeneity terms included in the mixed-effects zero-inflated Poisson model. 

 

Figure 19. The spatially structured and spatially unstructured heterogeneity terms 

included in the mixed-effects ZIP model 
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Discussion 

 

After triggering enormous devastation in 2003 and 2004, H5 HPAIVs have 

persisted and caused massive damage to the poultry industry and occasional human cases 

in Vietnam. The disease is constantly changing in association with variability of viral 

dynamics, changes in the composition and distribution of the host population and 

epidemiological factors such as the use of vaccination. For these reasons, there is a need 

to continuously monitor the ever-changing pattern of H5 HPAI occurrence to better direct 

disease control efforts.  

Our descriptive spatial analyses confirm previous reports of the spatial and 

temporal epidemiology of H5 HPAI in Vietnam with a distinct spatial distribution of the 

two subtype viruses causing H5 HPAI (Figure 16). H5N6 outbreaks were only reported 

in the Central and North regions whereas H5N1 outbreaks occurred throughout the 

country (Nguyen et al., 2016). H5 HPAI outbreaks occurred throughout the year with 

greater numbers of cases in the months close to the Lunar New Year holidays 

(Delabouglise et al., 2017; Mellor et al., 2018). This is a period associated with a higher 

intensity of poultry production and poultry movement in response to an increase in 

demand for poultry over the festive period (Pfeiffer et al., 2007; Minh et al., 2009; 

Delabouglise et al., 2017).  

The provincial H5 HPAI SMRs were heterogeneous across the country with local 

aggregations of neighboring provinces with similar risk levels. Provinces around Ha Noi 

and to the north of Ho Chi Minh City had SMRs of less than unity whereas provinces 

located along the northern border of the country had SMRs greater than unity (Figure 

17A) implying the presence of geographic variability in either H5 HPAI control efforts 

(for example, the completeness and effectiveness of vaccination coverage), the risk of H5 

HPAI incursion and/or the likelihood of reporting the presence of outbreaks. Indeed, large 
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proportion of commercial chickens was found in these areas (Figure 18), thus proper 

management might be already in practice for commercial production. It is conceivable 

that the high risk of H5 HPAI in the northernmost provinces was due to movement of 

infected poultry into these provinces from neighboring countries (Desvaux et al., 2016; 

Fournie et al., 2016). The low SMRs for provinces adjacent to the Cambodian border 

(Figure 17A) are inconsistent with this hypothesis and may be due to either a lower 

frequency of H5 HPAI in poultry from Cambodia moving across the border into Vietnam 

and/or under-detection or under-reporting of H5 HPAI outbreaks in this area of the 

country (Henning et al., 2013; Nguyen et al., 2014). 

Consistent with other studies, provincial-level estimates of the densities of 

Muscovy ducks and geese increased the risk of H5 HPAI outbreak reports (RR 1.47, 95% 

CrI 0.94 to 2.30 and RR 1.47, 95% CrI 1.16 to 1.91, respectively, Table 27). Of note, the 

95% credible interval estimate for Muscovy ducks included one, meaning that there was 

a small chance that the density of Muscovy ducks was not associated with H5 HPAI 

outbreaks. Our decision to retain Muscovy ducks in the model as an explanatory variable 

was based on epidemiological plausibility population and consistency with the published 

literature as previously discussed in Chapter III. Although, role of Muscovy ducks for H5 

HPAIV persistence has not been well understood, H5 HPAIVs are more frequently 

detected from the species in active surveillance (Chapter III, Nguyen et al., 2016). 

H5 HPAI outbreaks were mainly reported in small-scale/backyard farms (DAH, 

2014–2017) consistent with our finding that higher densities of commercial poultry in a 

province were associated with a lower risk of H5 HPAI reports (RR 0.66, 95% CrI 0.37 

to 1.14). It is expected that with a longer follow-up period (allowing more cases of H5 

HPAI to be accumulated) the 95% credible interval for the effect of commercial poultry 

density on H5 HPAI risk is unlikely to include unity. In this study, there was no clear 

association between the density of domestic ducks and H5 HPAI reporting risk, contrary 
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to previous studies (Sturm-Ramirez et al., 2005; Kida, 2008; Nguyen, 2013; Meyer et al., 

2017). This might be due to the relatively small number of outbreak cases available for 

analysis or (more likely) due to heterogeneity in the way domestic ducks are managed in 

Vietnam, with substantial variation in the effectiveness of owner-driven interventions to 

reduce H5 HPAI risk. 

Increases in human population density decreased H5 HPAI reporting risk, a 

finding that was in contrast to previous studies (Gilbert and Pfeiffer, 2012; Lu et al., 2017). 

This disparity is likely to have arisen because, in contrast to previous studies, we elected 

to use estimates of human population density in agricultural land areas as opposed to 

estimates of human population density across total provincial land area. A decrease in H5 

HPAI reporting risk in provinces with higher human population densities in agricultural 

areas is consistent with a greater risk of disease in low population dense areas where 

backyard flock biosecurity is likely to be poor.  

The presence of recent provincial H5 HPAI reports (in the last one to six months) 

increased the risk of H5 HPAI reports by a factor of 2.11 (95% CrI 0.96 to 4.58). This 

implies that either the virus persists in the environment or factors that influence the 

introduction of virus into a given area persist over time. If the latter is, in fact true, 

surveillance for H5 HPAI should target those provinces with a prior history of H5 HPAI 

outbreaks.  

The choropleth maps of the provincial level relative risk estimates attributable to 

the structured and unstructured heterogeneity terms (Figure 19) are useful in that they 

identify provinces where there was an excess of H5 HPAI risk after accounting for known 

risk factors (i.e. calendar year, the presence or absence of previous H5 HPAI outbreaks 

and poultry and human population density). Figure 19A shows an area of elevated 

spatially correlated risk in the Central region of the country. It might be only speculate 

on the reasons for this high-risk area, suggesting that it is due to characteristics common 
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to most, if not all, provinces in the Central region, for example the way individual flocks 

are managed, trading practices and/or the way H5 HPAI vaccination programs are 

administered. It is noteworthy that the variability of the spatially structured heterogeneity 

terms was relatively small compared with the variability of the unstructured heterogeneity 

terms. This means that a greater part of the unexplained H5 HPAI reporting risk varied at 

the individual province level as opposed to groups of spatially adjacent provinces. A 

logical area for future investigation would be to carry out targeted investigations in 

provinces with relatively high estimates of unmeasured non-spatially correlated 

provincial-level H5 HPAI risk, for example Nghe An (‘A’ in Figure 19B), Quang Ngai 

(‘B’ in Figure 19B) and Dak Lak (‘C’ in Figure 19B). 

While our results are biologically plausible and, for the most part, consistent with 

previous studies that have described and explained the epidemiology of H5 HPAI in 

Vietnam, it is noteworthy to draw the reader’s attention to the following limitations. 

Reporting bias is likely to be present in the outbreak notification data due to failure to 

detect and report the presence of disease by poultry owners, failure to detect and report 

the presence of disease by animal health authorities and/or failure to submit details of H5 

HPAI outbreaks to the notification database. It is likely that the 139 outbreaks reported 

over the entire 4-year study period were an unknown fraction of the actual number of 

outbreaks that occurred in Vietnam. Assuming there has been no differential geographical 

bias in the reporting of H5 HPAI outbreaks we conclude that while the point estimates of 

the regression coefficients for each explanatory variable are accurate the precision of 

those estimates is likely to be less than if case ascertainment was complete.  

The ability of our model to predict numbers of H5 HPAI cases would have 

benefited from inclusion of additional variables such as estimates of H5 HPAI 

vaccination coverage by province, estimates of poultry movement events and estimates 
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of the density of backyard poultry flocks (Kim et al., 2009; Soares Magalhães et al., 2010; 

Delabouglise et al., 2017; Meyer et al., 2017).  

In summary, a total of 139 H5 HPAI outbreaks were reported in all regions of 

Vietnam during the period 2014 to 2017. All of the H5 HPAI outbreaks were caused by 

one of the two subtype viruses, H5N1 and/or H5N6. Consistent with previous studies, 

increases in the density of Muscovy ducks and the density of geese was associated with 

an increased risk of H5 HPAI outbreak reports. The presence of recent provincial H5 

HPAI reports (in the last one to six months) was associated with an increased the risk of 

H5 HPAI outbreak reports. The variability of the spatially structured heterogeneity terms 

from our mixed-effects zero-inflated Poisson model was relatively small compared with 

the unstructured heterogeneity terms, consistent with a conclusion that the greater part of 

the unexplained H5 HPAI reporting risk varied at the individual province level as opposed 

to groups of spatially adjacent provinces. A logical area for future investigation would be 

to carry out targeted investigations in provinces with relatively high estimates of 

unmeasured non-spatially correlated provincial-level H5 HPAI risk. 
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Brief summary 

 

 The aim of this study was to describe the spatiotemporal distribution of H5 HPAI 

outbreaks for the period 2014 to 2017 and to identify risk factors for H5 HPAI occurrence. 

Throughout the study period, a total of 139 outbreak cases of H5 HPAI in poultry were 

reported across the country, all of which were due to H5N1 and/or H5N6 subtype viruses. 

The frequency of H5 HPAI outbreaks varied over time and were more likely to occur 

during the first quarter of each calendar year which includes the Vietnamese New Year 

holiday, a period of increased poultry movements. The SMRs of H5 HPAI outbreaks 

reported per province were spatially heterogeneous, with some clustering amongst 

neighboring provinces. A mixed-effects, ZIP regression model including spatially 

correlated and uncorrelated random effects terms was developed to identify risk factors 

for H5 HPAI outbreak reports and to identify areas of the country where H5 HPAI 

outbreak reports occurred after known risk factors had been accounted-for. Consistent 

with previous studies, increases in the number of geese per square kilometer of 

agricultural area were associated with increases in the provincial level risk of H5 HPAI 

outbreak reports. The presence of a reported H5 HPAI outbreak in the same province in 

the previous six months increased the provincial level risk of an H5 HPAI outbreak being 

reported. The variability of the spatially structured heterogeneity terms from our mixed-

effects ZIP model was relatively small compared with the unstructured heterogeneity 

terms, consistent with a conclusion that the greater part of the unexplained H5 HPAI 

reporting risk varied at the individual province level as opposed to groups of spatially 

adjacent provinces. A logical area for future investigation would be to carry out targeted 

investigations in provinces with relatively high estimates of unmeasured non-spatially 

correlated provincial-level H5 HPAI risk. 
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Conclusion 

 

The aim of this thesis study is to investigate evolutionary and epidemiological 

dynamics of Gs/GD-lineage H5 HPAIVs which are considered as representative model 

for other HPAIVs. The whole dissertation can be defined as a systematic study covering 

basic research in laboratory to practical implementation in the field using interdisciplinary 

analyses. With obtained results, this thesis study comprehensively elucidated some of 

virological and epidemiological aspects of Gs/GD-lineage H5 HPAIVs which are causing 

huge damage to poultry industry and zoonotic concerns worldwide. Therefore, findings 

of this study carry novelty and significances to provide new insights of basic knowledge 

and leads to better control and prevention of HPAI. 

Regarding H5 HPAI, despite intensive efforts on vaccination campaigns for disease 

control, viruses have persisted in some enzootic countries for more than decade and a haft. 

The present study provided conclusive laboratory evidence regarding direct contribution 

of vaccination in chickens to antigenic drift of H5 HPAIVs and update of a matched 

vaccine strain even could not prevent the emergence of antigenically drifted variants. 

Therefore, mass vaccination in poultry has limitation for the control and prevention of 

H5 HPAIVs. More recently, poultry vaccination campaign has been in place for the 

control of newly emerged H7 HPAIVs in China, thus evolution of H7 HPAIVs are 

presumed to be divergent as its counterpart H5 HPAIVs due to immune selection pressure 

from vaccination. Therefore, poultry vaccination should be taken into careful 

reconsideration and implemented only as an assistant tool for the control of HPAI. 

In response of detecting antigenically drifted H5 HPAIVs, particularly the spreading 

2.3.4.4 HPAIVs and human infection preparedness, an advanced rapid diagnostic kit, 

New Linjudge Flu A/H5 IC, was developed to replace of our original Linjudge Flu A/H5. 

Diagnosis efficacy of the New Linjudge Flu A/H5 exhibited greater than the original kit 
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regarding sensitivity. In addition, the applicability of the New Linjudge Flu A/H5 was 

demonstrated through detecting antigens from the swabs and organs of naturally infected 

birds for the first time and experimentally infected chickens with H5N6 HPAIVs 

belonging to the genetic clade 2.3.4.4. This study revealed suitability of the New Linjudge 

Flu A/H5 for surveillance of H5 AIVs in domestic and wild birds and its significance for 

control measures against H5 HPAIVs in the field. 

In the field setting, the present study systematically elucidated distinct virological 

and epidemiological characterizations of currently circulating H5 HPAIVs in Vietnam 

through longitudinal active surveillance program. This study has provided multiple 

important results towards recent H5 HPAIVs in Vietnam: (i) this study highlights 

importance of routine surveillance and public sharing for the monitoring and control of 

H5 HPAIVs; (ii) H5 HPAIVs persisted most parts of Vietnam and domestic ducks and 

Muscovy ducks are likely important species for virus detection in active surveillance; (iii) 

clade 2.3.2.1c and 2.3.4.4 H5 HPAIVs are currently predominant in Vietnam and show 

distinct phylogeographic evolution; (iv) these predominant viruses exhibited large 

antigenic distance from its progenitor viruses and commercial poultry vaccines currently 

used in Vietnam, meaning that vaccine and vaccination might be less effective for the 

control of recently circulating H5 HPAIVs; (v) importantly, the present study discovered 

phylodynamics of H5 HPAIVs and highlights necessity of preventive control of 

transboundary spillovers to Vietnam. 

The last part of the thesis study is to investigate epidemiology of recent outbreak 

occurrence of H5 HPAIVs in poultry in Vietnam. A total of 139 H5 HPAI outbreaks were 

reported during the period 2014 to 2017. Consistent with previous studies, Muscovy 

ducks, geese and presence of recent provincial H5 HPAI outbreak occurrence were 

positively associated with an increased risk of H5 HPAI outbreak reports. These 
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indicators could be considered as stable predictors for early morning and target for 

monitoring H5 HPAVs in Vietnam. 

To sum up, it is undeniable that eradication of causative agents from susceptible 

species is the utmost task for the control of HPAI but this work would be great 

controversial challenge under reality complex. Therefore, continuous control efforts 

should be taken in association with evolutionary dynamics of HPAIVs. Further 

systematic studies are highly important to take over effects of socioeconomics impacts 

and effective control measures in the field. 
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