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Abstract

Asian lineage A/H5N1 highly pathogenic avian influenza viruses (HPAIVs) have been responsible for continuous out-
breaks in Bangladesh since 2007. Although clades 2.2.2 and 2.3.4.2 HPAIVs have disappeared since poultry vaccination
was introduced in 2012, clade 2.3.2.1a viruses have continued to be detected in Bangladesh. In this study, we identified
A/H9N2 (n¼15), A/H5N1 (n¼19), and A/H5N1-A/H9N2 (n¼18) mixed viruses from live bird markets, chicken farms, and
wild house crows (Corvus splendens) in Bangladesh from 2016 to 2018. We analyzed the genetic sequences of the H5
HPAIVs, to better understand the evolutionary history of clade 2.3.2.1a viruses in Bangladesh. Although seven HA genetic
subgroups (B1–B7) and six genotypes (G1, G1.1, G1.2, G2, G2.1, and G2.2) have been identified in Bangladesh, only subgroup
B7 and genotypes G2, G2.1, and G2.2 were detected after 2016. The replacement of G1 genotype by G2 in Bangladesh
was possibly due to vaccination and viral competition in duck populations. Initially, genetic diversity decreased after
introduction of vaccination in 2012, but in 2015, genetic diversity increased and was associated with the emergence of
genotype G2. Our phylodynamic analysis suggests that domestic Anseriformes, including ducks and geese, may have
played a major role in persistence, spread, evolution, and genotype replacement of clade 2.3.2.1a HPAIVs in Bangladesh.
Thus, improvements in biosecurity and monitoring of domestic Anseriformes are needed for more effective control of
HPAI in Bangladesh.
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1. Introduction

The A/H5 and A/H7 subtype of low pathogenicity avian influenza
viruses (LPAIVs) could evolve into highly pathogenic avian influ-
enza viruses (HPAIVs) by mutations resulting in trypsin-
independent replication from insertion of multibasic amino acids
at the hemagglutinin (HA) cleavage site (Lee, Criado, and Swayne
2020). While LPAIVs replicate only in the respiratory and digestive
tract, HPAIVs replicate systemically damaging vital organs and
tissues, which results in high mortality in chickens (Webster et al.
1992). The Goose/Guangdong (Gs/Gd) lineage A/H5 HPAIV that
was first detected from geese in Guangdong China in 1996 have
caused severe economic loss in the global poultry industry and
are a serious threat to public health (Xu et al. 1999; Swayne,
Suarez, and Sims 2020). The Gs/Gd lineage A/H5 HPAIVs have
evolved into multiple HA clades (0–9) and have been dissemi-
nated to various geographic regions (Sonnberg, Webby, and
Webster 2013; Lee et al. 2017). At least six countries (Bangladesh,
China, Egypt, India, Indonesia, and Vietnam) are endemic for Gs/
Gd lineage A/H5 HPAIV in poultry (Sutton 2018).

In Bangladesh, the Gs/Gd lineage A/H5 HPAIV has caused con-
tinuous outbreaks since it was first detected in 2007 (Parvin et al.
2018). Clade 2.2.2 virus was introduced into Bangladesh in
February 2007, followed by clade 2.3.4.2 and 2.3.2.1a viruses in
2011 (Islam et al. 2012; Marinova-Petkova et al. 2014). These vi-
ruses have caused infection in various host species including
chickens, ducks, geese, migratory wild waterfowl, quail, pigeons,
crows, and humans in Bangladesh (Khan et al. 2014; Chakraborty
et al. 2017; Parvin et al. 2018). Since 2012, A/H5 HPAIV vaccination
has been implemented for commercial chickens in addition to
stamping-out of infected flocks for control of HPAIVs in
Bangladesh (Rimi et al. 2019; Hill et al. 2018). In particular, RE-6
inactivated vaccine (Merial, clade 2.3.2.1b) and Potsdam/1986
H5N2 inactivated vaccine (NobilisVR , Intervet, Potsdam/1986) were
used in breeders and layers, and rHVT-H5 vectored vaccine
(VectormuneVR , Ceva, clade 2.2) was used in day-old-chicks with
the latter providing protection when administered at hatch or in
ovo (OIE 2014). While clade 2.2.2 and 2.3.4.2 viruses disappeared in
2012, clade 2.3.2.1a viruses have continued to circulate and cause
outbreaks in Bangladesh despite the use of vaccine (Ansari et al.
2016; Parvin et al. 2018; Barman et al. 2019).

Various subtypes of LPAIV have been identified in poultry in
Bangladesh, including H9N2 belonging to G1 lineage which is
endemic in chickens (Shanmuganatham et al. 2014; Gerloff
et al. 2016; Parvin et al. 2018). Previous phylogenetic studies in-
dicated that domestic ducks in Bangladesh are commonly
infected with various LPAIVs that are related to viruses in wild
waterfowl populations migrating along the Central Asian flyway
(Gerloff et al. 2016; Khan et al. 2018). Particularly, domestic
ducks in free-range farms that are in frequent contact with wild
waterfowl are vulnerable to introduction of a novel AIV
(Barman et al. 2017). Repeatedly novel genotypes of A/H5
HPAIVs have emerged by reassortment with these prevailing
LPAIVs in poultry of Bangladesh (Monne et al. 2013; Gerloff et al.
2014; Barman et al. 2017, 2019). In addition, eight human cases
for A/H5N1 HPAIV infection have been reported in Bangladesh
from 2008 to 2015 (Rimi et al. 2019; WHO 2019). Previous studies
indicated that live bird markets (LBM) in Bangladesh have a
high incidence of A/H5N1 and A/H9N2 viruses and these LBMs
could be a major contact point between humans and infected
birds (Ansari et al. 2016; Khan et al. 2018; Kim et al. 2018).

Previous studies indicated that clade 2.3.2.1a HPAIVs are cir-
culating in LBMs and domestic ducks and play a major role in
the maintenance and emergence of novel reassortant viruses in

Bangladesh (Biswas et al. 2017; Khan et al. 2018; Barman et al.
2019). However, the evolution and transmission dynamics of
HPAIV in Bangladesh are poorly understood. In this study, we
isolated A/H5 HPAIVs from LBMs, chicken farms, and house
crows in Bangladesh during 2016–8 and analyzed the full-
genome sequences. The molecular evolution and reassortment
patterns of clade 2.3.2.1a A/H5 HPAIVs in Bangladesh were ana-
lyzed using comparative phylogenetic analysis. Finally, we
characterized the interaction between host species in viral
spread and persistence in Bangladesh by incorporating host
species into a statistical Bayesian phylogenetic model.

2. Materials and methods
2.1 Detection of AIV

Environmental swab samples from LBMs and oropharyngeal
swab samples from poultry on outbreak farms and dead house
crows (Corvus splendens) were collected during 2016–8.
Environmental swab samples were collected from three areas of
each LBM (arrival area, slaughter/processing area, and sales/ex-
posure area) and pooled for the AIV detection test. RNA was
extracted using the MagMAX 96 AI/ND Viral RNA isolation kit
(Ambion Inc., Austin, TX) with the KingFisher magnetic particle
processor (Thermo Scientific, Waltham, MA) and tested for AIV
by matrix (M) gene real-time reverse transcription PCR (rRT-
PCR) as described previously (Spackman 2014). The AIV positive
samples were inoculated into 9- to 11-day-old embryonated
chicken eggs and incubated 3–5 days at 37 �C (Spackman and
Killian 2020). RNA was extracted from allantoic fluids and was
tested for AIV by M gene rRT-PCR. The AIV positive RNAs were
used for next generation sequencing (NGS). The subtype of AIV
positive samples were determined by H5- and H9-specific rRT-
PCR (Spackman and Suarez 2008) and NGS.

2.2 Full-length genome sequencing by NGS

The extracted RNA was amplified by random-priming mediated
sequence-independent, single-primer amplification (SISPA) as
previously described (Chrzastek et al. 2017). Briefly, first-strand
cDNA was synthesized by SuperScript IV Reverse Transcriptase
(ThermoFisher scientific) with primer K-8N (GACCATCTAG
CGACCTCCACNNNNNNNN) and the first-strand cDNA was con-
verted to double-strand DNA by Klenow polymerase (NEB) and K-
8N primer. The dsDNA products were purified using Agencourt
AMPure XP beads (Beckman Coulter), and PCR amplification was
conducted using primer K (GACCATCTAGCGACCTCCAC) and
Phusion DNA polymerase (NEB). PCR products were purified us-
ing Agencourt AMPure XP beads (Beckman Coulter), and dsDNA
quantification was conducted by Qubit dsDNA HS assay
(Invitrogen) according to the manufacturer’s instruction.

The sequencing library was prepared using the Nextera XT
DNA Sample Preparation Kit (Illumina, San Diego, CA) and
0.2 ng/ll (1 ng total) of purified PCR product according to the
manufacturer’s instruction. We generate dual-indexed libraries
by appended unique dual index (i7 and i5) sequences to each
sample to allow to be pooled and sequenced together. The li-
braries were adjusted to 4 nM concentration and equal volumes
of 5 ll of each library were pooled. The barcoded multiplexed li-
brary sequencing was performed on an Illumina MiSeq platform
(Illumina) using 500 cycle MiSeq Reagent Kit v2 (Illumina).

The de novo genome assembly of sequencing reads was per-
formed using MIRA3 algorithm in GALAXY platform (Afgan
et al. 2018) and searched the most similar sequence by the
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BLAST. Using these BLAST results as the reference genome, we
repeated genome assemblies by mapping the original NGS reads
to the reference genome using Geneious 11 software (https://
www.geneious.com/). The consensus sequences of reference
mapping results were determined as definitive sequences and
used for following genetic analysis. A total of thirty-six HA gene
sequences and nineteen full-length genome sequences of A/H5
HPAIVs and sixteen HA gene sequences of A/H9 AIVs were ana-
lyzed and deposited in GenBank (accession numbers
MN994085–MN994269).

2.3 Bayesian phylogenetic analysis and effective
population size

All available HA gene sequences of A/H5 HPAIVs identified from
Bangladesh belonging to clade 2.3.2.1a (n¼ 270) were downloaded
from the Influenza Research Database (IRD) (http://www.fludb.
org/) and GISAID Epiflu database (https://www.gisaid.org/) on 1
April 2019. Sequences were aligned with 36A/H5 sequences that
isolated and sequenced in this study by MAFFT method (Katoh
et al. 2002) and manually trimmed to equal lengths (1,612 bp) us-
ing Geneious 11 software (https://www.geneious.com/).

Bayesian phylogenetic tree of 306 HA gene sequences was
estimated using BEAST v.1.10.4 (https://beast.community) with
an uncorrelated lognormal relaxed molecular clock. The
Hasegawa–Kishino–Yano nucleotide substitution model with
gamma-distributed rate variation among sites with four rate
categories (HKYþG) (Hasegawa, Kishino, and Yano 1985) was
used along with a Gaussian Markov random field (GMRF)
Bayesian skyride coalescent tree prior (Minin, Bloomquist, and
Suchard 2008). The Markov Chain Monte Carlo (MCMC) was run
in parallel for three chains, each with 50 million steps and the
parameters and trees sampled every 5,000 steps. The resulting
log and tree files were combined with LogCombiner v1.10.4
(https://beast.community/logcombiner) after 10 per cent burn-
in yielding a total 27,003 parameter states and posterior trees.
The parameters were analyzed with TRACER v1.5 (http://tree.
bio.ed.ac.uk/software/tracer/) and all parameters had an effec-
tive sample size >200. A time-scaled maximum clade credibility
(MCC) tree was generated using TreeAnnotator (https://beast.
community/treeannotator) in BEAST and visualized using
FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). The
GMRF Bayesian skyride plot of effective population size over
time was reconstructed using TRACER v1.5. To estimate the
times for the most common ancestor (tMRCA) of each genotype
and substitutional rate, a time-scaled MCC tree for each gene
was generated as described above.

2.4 Reassortment analysis

All available complete coding sequences of A/H5 HPAIVs identi-
fied from Bangladesh belonging to clade 2.3.2.1a in IRD and
GISAID Epiflu databases (n¼ 171) and A/H5N1 sequences se-
quenced in this study (n¼ 19) were used for reassortment analy-
sis. The A/H5N1–A/H9N2 mixed viruses isolated in this study
were excluded in this analysis because the genome constellation
of mixed viruses was not verifiable. Additionally, all available
full-genome sequences of LPAI viruses isolated in Bangladesh af-
ter 2011 were downloaded. We excluded the sequences that have
a same collection date and identical nucleotide sequences and se-
lected twenty-seven H9N2 viruses and nineteen non-H9N2
LPAIVs. For the NGS gene, we excluded the sequences belonging
to B allele. We included the previously reported LPAI viruses that
contributed their genes to the genesis of reassortant 2.3.2.1a A/

H5N1 viruses in Bangladesh (Monne et al. 2013; Gerloff et al. 2014;
Barman et al. 2017, 2019), including forty-six polymerase basic 2
(PB2), polymerase basic 1 (PB1), polymerase acidic (PA), nucleopro-
tein (NP), and M and forty nonstructural (NS) gene sequences of
LPAI viruses isolated in Bangladesh.

Final data sets were aligned by MAFFT method and manu-
ally trimmed to equal lengths. We inferred maximum likelihood
(ML) phylogenetic trees by the MEGA7 software (https://www.
megasoftware.net) using the HKYþG nucleotide substitution
model (Hasegawa, Kishino, and Yano 1985). Statistical analysis
of the phylogenetic tree was performed by bootstrap analysis
carried out on 500 replicates. Backronymed adaptable light-
weight tree import code (BALTIC) (https://bedford.io/projects/
baltic/) was used for comparison and visualization of ML phylo-
genetic tree of each gene segment. The phylogenetic position of
each strain was traced and colored according to genotypes.
Figures were generated by modifying the Jupyter Notebook doc-
ument used in previous studies (Bell and Bedford 2017; Poen
et al. 2019). In Supplementary Fig. S3, the genome constellation
of each virus is plotted in the MCC tree of the HA gene using the
ggtree R package (Yu et al. 2018).

To identify the evolutionary relationship between geno-
types, a median-joining phylogenetic network was constructed
for the HA gene using the NETWORK ver. 5.0.1.1 (http://www.
fluxus-engineering.com/). In addition, a Bayesian discrete-trait
phylodynamic model were adopted on MCC tree of the HA gene
to estimate the directional changes of genotypes. We defined
genotypes as discrete nominal categories and reconstructed an-
cestral genotype. MCMC was run in parallel for two chains, each
with 50 million steps and the parameters and trees sampled ev-
ery 5,000 steps. The resulting log and tree files were combined
with LogCombiner v1.10.4 (https://beast.community/log-
combiner) after 10 per cent burn-in yielding a total of 18,002 pa-
rameter states and posterior trees. The parameters were
analyzed with TRACER v1.5 (http://tree.bio.ed.ac.uk/software/
tracer/) and all parameters had an effective sample size >200.
An MCC tree was generated using TreeAnnotator (https://beast.
community/treeannotator) in BEAST and visualized using
FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).

2.5 Analysis of selective pressure

The selective pressure was analyzed using the codon-based
fixed effects likelihood (FEL) method (Kosakovsky Pond and
Frost 2005) on the Datamonkey server (http://www.datamon
key.org/). The FEL method infers nonsynonymous to synony-
mous substitutions (dN/dS) ratio and P value of selective pres-
sure for each site based on the inference of the ancestral
sequence. We compared the selective pressure of each gene
segment of genotype G1 and G2 and estimated positively se-
lected amino acid sites showing statistical significance (P value
< 0.05).

The nucleotide substitution rates (substitution/site/year) of
each gene segment of genotype G1 and G2 were estimated by
Bayesian phylogenetic analysis using BEAST v.1.10.4 (https://
beast.community) with HKYþG substitution model and uncor-
related lognormal relaxed molecular clock model. To analyze
statistical significance in difference of substitution rate (r)
between G1 and G2, we estimated the 95 per cent Bayesian cred-
ible intervals (BCIs) of mean difference of substitution rate
between the groups (i.e., mean of r2 � r1). If the 95 per cent BCI
does not contain null hypothesized value zero, it is considered
as statistical significance in the difference between genotypes
(Hespanhol et al. 2019).
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2.6 Host dynamics

Among the HA gene data set, we selected the sequences having
information on host species and isolate dates, except environ-
ment isolates. The final data set consisted of 249 taxa, which
were coded into three host species: wild birds (n¼ 20), domestic
Galliformes (n¼ 83), and domestic Anseriformes (n¼ 146).

The Bayesian phylogenetic tree of the HA gene was esti-
mated using BEAST v.1.10.4 (https://beast.community) as above.
We reconstructed the ancestral host state and estimated the
asymmetric viral exchanges between host species using a non-
reversible continuous-time Markov chain model. We applied a
Bayesian stochastic search variable selection procedure to sup-
port the transition rate between host species statistically and to
construct a Bayes factor (BF) test (Lemey et al. 2009). The BF test
was conducted for each transition using SPREAD software v1.0.6
(https://beast.community/spread). We identify a transition as
significant when posterior probability >0.5 and Bayesian factor
>4 (Bahl et al. 2016). We also estimated the rate and number of
transitions between hosts (Markov jump) and the time spent in
specific hosts (Markov rewards) using stochastic mapping tech-
niques implemented in the BEAST package (Minin and Suchard
2008).

The MCMC was run in parallel for four chains, each with 50
million steps and the parameters and trees sampled every 5,000
steps. The resulting log and tree files were combined with
LogCombiner v1.10.4 (https://beast.community/logcombiner) af-
ter 10 per cent burn-in yielding a total of 36,004 parameter
states and posterior trees. The parameters were analyzed with
TRACER v1.5 (http://tree.bio.ed.ac.uk/software/tracer/) and all
parameters had an effective sample size >200. An MCC tree was
generated using TreeAnnotator (https://beast.community/
treeannotator) in BEAST and visualized using FigTree 1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/).

We analyzed posterior trees using the program PACT (http://
www.trevorbedford.com/pact) to compute the number of transi-
tion events and the proportion of hosts through time. After
resampled the posterior trees every 20,000 states, we broke the
posterior trees (n¼ 9,001) up into multiple temporal sections
(0.25 year per section). The host state transition at the tree
nodes were counted for each time windows for each posterior
tree. The proportion of each host type indicated the proportion
of the branches residing in specific host type relative to the total
length of the tree over time.

3. Result
3.1 Virus detection and sequence analysis

During AIV surveillance in Bangladesh in 2016–8, a total of 270
samples collected from LBMs (n¼ 140) and clinical cases from
chicken farms (n¼ 130) were positive for the AIV M gene rRT-
PCR, and of these 270 samples, 115 samples (fifty-one from LBM
and sixty-four from chicken farm outbreak cases) had virus iso-
lated using embryonating chicken eggs. Fifty-two isolates were
randomly selected for subtype analysis and nucleotide sequen-
ces for genetic characterization. Of the fifty-two isolates, fifteen
were A/H9N2 viruses, nineteen were A/H5N1 viruses, and eigh-
teen were A/H5N1–A/H9N2 mixed viruses and were obtained
from environmental samples of LBM (n¼ 34), chickens farms
(n¼ 12), and house crows (n¼ 6) (Table 1). The sequence of H5
HA genes of seventeen A/H5N1–A/H9N2 mixed viruses and full
genomes of nineteen A/H5N1 viruses were analyzed using an
NGS system with Illumina MiSeq (Illumina). All HA genes of A/
H5N1 isolates had identical multiple basic amino acids motif at

the proteolytic cleavage site (PQRERRRKR/GLF) and shared high
nucleotide identities (97.70–100%). Our phylogenetic analysis in-
dicated that all HA genes of A/H5 isolates belong to clade
2.3.2.1a and clustered with the A/H5 viruses identified in
Bangladesh during 2015–8 (Supplementary Fig. S1), suggesting
that both clade 2.3.2.1a A/H5N1 HPAIV and A/H9N2 LPAIV were
cocirculating in poultry in Bangladesh.

In addition, we isolated A/H5N1 viruses from dead house
crows found near waste deposit areas that contained poultry in-
ternal organs discarded from LBM. The ingestion of infected
poultry internal organs was suspected as a source for house
crow infection.

3.2 Bayesian phylogenetic analysis of HA gene

Phylogenetic tree of HA genes showed that A/H5 clade 2.3.2.1a
viruses in Bangladesh evolved into at least seven distinct ge-
netic subgroups (B1–B7) in the latter half of 2012, which was
supported by high posterior probability in Bayesian phyloge-
netic tree (>99%) (Fig. 1A and Supplementary Fig. S1). Most of
the subgroups (B1–B6) have not been detected since March 2016,
but the B7 subgroup was continuously identified in poultry of
Bangladesh since March 2016. All A/H5N1 viruses isolated in
this study belonged to subgroup B7.

The analysis of the virus population dynamic revealed a
gradual decrease in genetic diversity with fluctuations through
time from the beginning of 2012 to the middle of 2015, followed
by a sudden increase from late 2015 to early 2016 (Fig. 1B). The
evolutionary rate estimated for the HA gene of clade 2.3.2.1a A/
H5N1 viruses identified during 2010–8 was 5.517� 10�3 substitu-
tion/site/year (95% BCI: 4.781� 10�3–6.247� 10�3).

3.3 Emergence of novel reassortant genotypes

ML phylogenetic trees and time-scaled MCC trees for eight
genes of clade 2.3.2.1a Bangladesh A/H5 viruses were con-
structed and a total of six genotypes (G1, G1.1, G1.2, G2, G2.1,
and G2.2) were detected (Figs 2A, 3 and Supplementary Figs S2–
S4). The Genotype G1.1 was detected during 2011–5, which had
PB1 derived from H9N2 LPAIV circulating in Bangladesh. Only
three strains isolated in 2013 (A/duck/Bangladesh/
14VIR1121_16/2013, A/duck/Bangladesh/14VIR1121_17/2013, and
A/duck/Bangladesh/14VIR1121_18/2013) belong to Genotype
G1.2, which had PB2, PB1, PA, NP, and NS genes derived from
LPAIVs of domestic ducks in Bangladesh. From 2015, the
Genotype G2, which had PB2, PB1, PA, NP, and NS genes of other
LPAIVs of domestic ducks, were detected. All genes of genotype
G2.1 had identical genome constellation with genotype G2 ex-
cept the PA gene that clustered with other domestic duck
LPAIVs. An A/H5N2 isolate (A/chicken/Bangladesh/34722/2018),
which has the PB2, PB1, HA, NP, and NS genes derived from G2
and the PA gene from G2.1 and neuraminidase (NA) and M gene
of Bangladesh H9N2 LPAIV, was classified as the G2.2.

To identify the evolutionary relationship between geno-
types, we constructed the median-joining phylogenetic network
(Fig. 2B). In addition, to identify the ancestral genotype for each
genotype, the ancestral genotype was reconstructed in MCC
trees for the HA gene (Fig. 2C and Supplementary Fig. S4). These
phylogenetic analyses indicated that G1.1, G1.2, and G2 geno-
types emerged from G1, and G2.1 and G2.2 genotypes emerged
from G2 by reassortment with local LPAIVs. All genes of G1.1 ex-
cept PB1 did not cluster together in phylogenetic analysis, indi-
cating that multiple independent reassortments repeatedly
occurred between the genotype G1 A/H5N1 viruses and PB1
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gene of H9N2 viruses (Fig. 2 and Supplementary Figs S3 and S4).
In our analysis, at least four independent reassortment events
were detected during 2011–5 (Fig. 2 and Supplementary Figs S3
and S4). Although the PA genes of G2.1 and G2.2 genotypes clus-
tered together in phylogenetic analysis, the HA gene of G2.2 was
phylogenetically distinct from G2.1 in MCC tree and network
analysis indicating that G2.2 genotype emerged through inde-
pendent reassortment between G2 and LPAIVs of domestic

ducks. The time-scaled phylogenetic analysis indicated that the
dominant genotype was replaced from G1 to G2 after 2015 and
HA genes of genotype G2, G2.1, and G2.2 belong to HA subgroup
B7 (Fig. 2C and Supplementary Fig. S3).

To identify the time of reassortment, the tMRCA of each
gene segment was inferred (Table 2 and Supplementary Fig. S4).
G1 genotype emerged between September 2009 and November
2010 and G1.2 emerged between May 2012 and March 2013. The

Table 1. Avian influenza viruses isolated in this study, from June 2016 to February 2018.

Isolates Collection date Sample Location
(division)

Subtype GenBank accession
number (HA gene)

A/environment/Bangladesh/NRL-AI-893/2016 6/8/2016 LBM Dhaka H9N2 MN994085
A/environment/Bangladesh/NRL-AI-894/2016 6/9/2016 LBM Dhaka H9N2 MN994113
A/environment/Bangladesh/NRL-AI-921/2016 6/13/2016 LBM Dhaka H9N2 MN994122
A/environment/Bangladesh/NRL-AI-923/2016 6/13/2016 LBM Dhaka H9N2 MN994088
A/environment/Bangladesh/NRL-AI-933/2016 6/14/2016 LBM Dhaka H9N2 MN994124
A/environment/Bangladesh/NRL-AI-979/2016 7/11/2016 LBM Dhaka H9N2 MN994087
A/environment/Bangladesh/NRL-AI-979-2/2016 7/11/2016 LBM Dhaka H9N2 MN994111
A/environment/Bangladesh/NRL-AI-990/2016 7/12/2016 LBM Dhaka H5N1 MN994265
A/environment/Bangladesh/NRL-AI-1003/2016 7/13/2016 LBM Dhaka H5N1 MN994249
A/environment/Bangladesh/NRL-AI-1005/2016 7/13/2016 LBM Dhaka H5N1/H9N2 MN994110
A/environment/Bangladesh/NRL-AI-1072/2016 7/24/2016 LBM Dhaka H9N2 MN994086
A/environment/Bangladesh/NRL-AI-1085/2016 8/17/2016 LBM Dhaka H5N1/H9N2 MN994116
A/environment/Bangladesh/NRL-AI-1087/2016 8/17/2016 LBM Dhaka H9N2 MN994112
A/environment/Bangladesh/NRL-AI-1088/2016 8/17/2016 LBM Dhaka H5N1/H9N2 MN994089
A/environment/Bangladesh/NRL-AI-1106/2016 8/21/2016 LBM Dhaka H9N2 MN994120
A/environment/Bangladesh/NRL-AI-1117/2016 8/22/2016 LBM Dhaka H9N2 MN994115
A/environment/Bangladesh/NRL-AI-1398/2016 11/22/2016 LBM Dhaka H9N2 MN994109
A/environment/Bangladesh/NRL-AI-1400/2016 11/17/2016 LBM Dhaka H5N1/H9N2 MN994091
A/environment/Bangladesh/NRL-AI-1406/2016 11/17/2016 LBM Dhaka H9N2 MN994105
A/environment/Bangladesh/NRL-AI-1418/2016 11/21/2016 LBM Dhaka H9N2 MN994102
A/environment/Bangladesh/NRL-AI-1423/2016 11/21/2016 LBM Dhaka H5N1/H9N2 MN994106
A/environment/Bangladesh/NRL-AI-1424/2016 11/21/2016 LBM Dhaka H5N1/H9N2 MN994125
A/environment/Bangladesh/NRL-AI-1425/2016 11/21/2016 LBM Dhaka H5N1/H9N2 MN994123
A/environment/Bangladesh/NRL-AI-1447/2016 11/23/2016 LBM Dhaka H5N1/H9N2 MN994104
A/environment/Bangladesh/NRL-AI-1555/2016 12/18/2016 LBM Dhaka H5N1/H9N2 MN994103
A/environment/Bangladesh/NRL-AI-1578/2016 12/20/2016 LBM Dhaka H5N1/H9N2 MN994119
A/environment/Bangladesh/NRL-AI-1579/2016 12/21/2016 LBM Dhaka H5N1/H9N2 MN994101
A/environment/Bangladesh/NRL-AI-1602/2016 12/27/2016 LBM Dhaka H5N1/H9N2 MN994108
A/environment/Bangladesh/NRL-AI-1603/2016 12/27/2016 LBM Dhaka H5N1/H9N2 MN994114
A/environment/Bangladesh/NRL-AI-1607/2016 12/28/2016 LBM Dhaka H5N1/H9N2 MN994090
A/environment/Bangladesh/NRL-AI-1610/2016 12/27/2016 LBM Dhaka H5N1 MN994257
A/environment/Bangladesh/NRL-AI-2553/2017 1/15/2017 LBM Dhaka H5N1/H9N2 MN994117
A/environment/Bangladesh/NRL-AI-2559/2017 1/15/2017 LBM Dhaka H5N1/H9N2 MN994107
A/environment/Bangladesh/NRL-AI-2566/2017 1/15/2017 LBM Dhaka H5N1/H9N2 MN994118
A/crow/Bangladesh/NRL-AI-689/2016 2/9/2016 Crow Rajshahi H5N1 MN994217
A/crow/Bangladesh/NRL-AI-690/2016 2/9/2016 Crow Rajshahi H5N1 MN994225
A/crow/Bangladesh/NRL-AI-1615/2017 1/17/2017 Crow Rajshahi H5N1 MN994201
A/crow/Bangladesh/NRL-AI-1616/2017 1/17/2017 Crow Rajshahi H5N1 MN994209
A/crow/Bangladesh/NRL-AI-8471/2017 12/31/2017 Crow Dhaka H5N1 MN994233
A/crow/Bangladesh/NRL-AI-8473/2017 12/31/2017 Crow Dhaka H5N1 MN994241
A/chicken/Bangladesh/NRL-AI-1613/2017 1/17/2017 Chicken farm Dhaka H5N1 MN994129
A/chicken/Bangladesh/NRL-AI-1614/2017 1/17/2017 Chicken farm Dhaka H5N1 MN994137
A/chicken/Bangladesh/NRL-AI-8251/2017 1/30/2017 Chicken farm Rajshahi H5N1 MN994169
A/Chicken/Bangladesh/NRL-AI-2109/2017 4/3/2017 Chicken farm Dhaka H5N1 MN994095
A/chicken/Bangladesh/NRL-AI-3237/2017 4/23/2017 Chicken farm Dhaka H5N1 MN994145
A/chicken/Bangladesh/NRL-AI-3238/2017 4/23/2017 Chicken farm Dhaka H9N2 MN994100
A/chicken/Bangladesh/NRL-AI-8051/2017 8/22/2017 Chicken farm Dhaka H5N1 MN994153
A/chicken/Bangladesh/NRL-AI-8052/2017 8/22/2017 Chicken farm Dhaka H5N1 MN994161
A/chicken/Bangladesh/NRL-AI-8323/2017 12/8/2017 Chicken farm Dhaka H5N1 MN994177
A/chicken/Bangladesh/NRL-AI-8468/2017 12/31/2017 Chicken farm Mymensingh H5N1 MN994185
A/chicken/Bangladesh/NRL-AI-8469/2017 12/31/2017 Chicken farm Dhaka H5N1 MN994193
A/chicken/Bangladesh/NRL-AI-8682/2018 2/18/2018 Chicken farm Dhaka H5N1/H9N2 MN994121
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time for emergence of new dominant genotype G2 was between
May 2013 and March 2015 and the time for further reassortment
for G2.1 genotype was between October 2015 and November
2016. The genotype G1.1 and G2.2 were excluded from tMRCA
analysis because multiple independent reassortments were
detected for genotype G1.1, and only one full-genome sequence
was available for genotype G2.2.

3.4 Comparing evolutionary rates and selective
pressures between genotypes

We compared evolutionary rate and selective pressure between
genotype G1 and G2, including related genotype such as G1.1,
G1.2, G2.1, and G2.2, to determine if this genotype replacement
in Bangladesh related to positive selection by vaccination
(Table 3). All genes of clade 2.3.2.1a HPAIVs are under purifying

Figure 1. Bayesian phylogenetic tree and changes of effective population size of clade 2.3.2.1a H5 HPAIVs in Bangladesh. (A) Bayesian phylogenetic MCC tree of HA gene

of clade 2.3.2.1a H5N1 HPAIVs in Bangladesh. Coding region of HA was used for reconstruction of phylogenetic tree. Horizontal bars on the nodes indicate the 95 per

cent BCIs of divergence time estimates. (B) GMRF Bayesian skyride plots indicating effective population size (relative genetic diversity) over time.
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selection (dN/dS ratio < 1), indicating that the nonsynonymous
mutations affecting their function have been removed by puri-
fying selection. Although there was no significant difference in
dN/dS ratio between genotypes, amino acid residues under pos-
itive selection were more frequently identified in genotype G1
than G2. Two amino acid residues in HA gene (position 123 and
189 in H5 numbering), two amino acid residues in NA gene (po-
sition 320 and 362), and one amino acid residue in PA gene (po-
sition 618) were under positive selection in genotype G1, but
only one amino acid residue in PA gene (position 538) was under
positive selection in genotype G2 (Table 3), respectively. In

selective pressure analysis of all HA gene, two amino acid resi-
due, 123 and 136, were identified to be under positive selection
and these sites were located in the H5 antigenic site A (Yang
et al. 2016). Notably, the RE-6 vaccine strain had different amino
acid (P123 and S136) compared with recent Bangladesh viruses
at these positions. While G1 genotype viruses had P (7/105, 6.7%)
or S (95/105, 90.5%) at position 123 and P (95/105, 90.5%) or S (10/
105, 9.5%) at position 136, most of genotype G2 viruses had S123
(84/85, 98.8%) and P136 (83/85, 97.6%). The rHVT-H5 vaccine (A/
Swan/Hungary/4999/2006) and Potsdam/1986 H5N2 inactivated
vaccine had S123 and P136. In addition, the nucleotide

Figure 2. Reassortemnt of clade 2.3.2.1a H5 HPAIVs in Bangladesh. (A) Phylogenetic incongruence analysis. Maximum likelihood phylogenetic trees of eight gene seg-

ments compared and the gene segments from equivalent strains were connected across the trees. Tips and connecting lines are colored according to genotypes. (B)

Median-joining phylogenetic network for HA gene of clade 2.3.2.1a H5N1 HPAIVs in Bangladesh. Each unique sequence is represented by a circle sized relative to its fre-

quency in the data set. Branch length is proportional to the number of mutations. Isolates are colored according to genotypes. (C) Bayesian phylogenetic MCC tree for

HA gene of clade 2.3.2.1a H5N1 HPAIVs in Bangladesh. Branches are colored according to genotypes.
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substitution rate of HA of genotype G1 viruses (6.09� 10�3, 95%
BCI: 4.98� 10�3–7.21� 10�3) was significantly higher than that of
genotype G2 viruses (4.22� 10�3, 95% BCI: 3.22� 10�3–
5.28� 10�3). However, there was no significant difference in the
nucleotide substitution rate of other genes between genotype
G1 and G2. These results indicated that genotype G1 viruses
were under stronger positive selection than recent genotype G2
viruses, and RE-6 vaccine may have contributed to the positive
selection of clade 2.3.2.1a A/H5N1 viruses in Bangladesh.

3.5 Host dynamics

To evaluate the contribution of host species on viral transmis-
sion and circulation, the number of host transition (Markov
jump) were estimated by incorporating host species in Bayesian
phylogenetic analysis and ancestral host reconstruction
(Fig. 4A, Supplementary Fig. S5, and Table 4). The frequent bidi-
rectional host transition between domestic Anseriformes and
domestic Galliformes was detected with high BF (>100) and

Figure 3. Schematic diagram for probable genesis of genotypes of clade 2.3.2.1a H5 HPAIV identified in Bangladesh. Eight gene segments in each of the schematic virus

particles are arranged from top to bottom to represent the PB2, PB1, PA, HA, NP, NA, M, and NS genes. The circle and arrow of HPAI viruses are colored in red, and LPAI

viruses are colored in blue. For each gene segment, different phylogenetic groupings are in different colors.
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posterior probability (1.00). The number of host transition from
domestic Anseriformes to domestic Galliformes (27.81) was
higher than from domestic Galliformes to domestic
Anseriformes (10.18). The transitions from domestic
Anseriformes to wild birds and from wild birds to domestic
Galliformes were also well supported with high BF and posterior
probability, but the number of transitions was relatively low
(4.23 and 6.12).

The ancestral host species of Bangladesh clade 2.3.2.1a
viruses were estimated as wild birds with high posterior proba-
bility (99.63%), indicating this virus was introduced into
Bangladesh by wild birds (Fig. 4A). The host transition from wild
birds to domestic Galliformes was detected in late 2010, and the
transition from domestic Galliformes to domestic Anseriformes
was detected during late 2010 to early 2012 (Fig. 4A and C). After
2012, the host trunk proportion of domestic Anseriformes was
increased and domestic Anseriformes became the dominant
species infected by HPAIV in Bangladesh (Fig. 4B). The high
number of host transitions from domestic Anseriformes to do-
mestic Galliformes was detected from 2013 to 2017 (Fig. 4A, C).

The contribution of the house crow to viral transmission was
detected in the latter half of 2015 in this study (Fig. 4A, C).
However, considering these house crows were found near LBM
waste deposit areas, undetected viruses in LBM were suspected
as a source of these viral transmissions rather than house
crows. These results suggested that while clade 2.3.2.1a viruses
were introduced into domestic Galliformes in Bangladesh
by wild birds during late 2010 and early 2012, domestic
Anseriformes played a major role in long-term circulation and
dissemination of viruses in Bangladesh after 2013.

4. Discussion

Clade 2.3.2.1a HPAIVs have caused continuous outbreaks in
Bangladesh and evolved into multiple subgroups and genotypes
since 2011, despite the use of vaccine. Although seven HA gene
subgroups and six genotypes were identified in this study, six
subgroups (B1–B6) and three genotypes (G1, G1.1, and G1.2) have
disappeared since 2016. Novel reassortant genotype G2 became

Table 2. tMRCA for each gene segment of the four genotypes of clade 2.3.2.1a H5N1 viruses identified in Bangladesh.

Gene tMRCA (95% BCI)

G1 G1.2 G2 G2.1

PB2 May 10 (Jan 10–Sep 10) Feb 13 (Dec 12–Mar 13) Jul 14 (Jan 14–Jan 15) Jul 16 (Mar 16–Nov 16)
PB1 Apr 10 (Nov 09–Sep 10) Sep 12 (May 12–Jan 13) Jul 14 (Jan 14–Dec 14) Jul 16 (Mar 16–Oct 16)
PA Jun 10 (Mar 10–Sep 10) Jan 13 (Oct 12–Mar 13) Sep 14 (May 14–Jan 15) Apr 16 (Oct 15–Oct 16)
HA Jun 10 (Mar 10–Sep 10) Feb 13 (Jan 13–Mar 13) Dec 14 (Sep 14–Mar 15) Sep 16 (Jul 16–Nov 16)
NP Jun 10 (Feb 10–Sep 10) Jan 13 (Oct 12–Mar 13) Aug 14 (Feb 14–Jan 15) Jul 16 (Feb 16–Oct 16)
NA Sep 10 (Jul 10–Nov 10) Jan 13 (Dec 12–Mar 13) Nov 14 (Jun 14–Mar 15) Jun 16 (Mar 16–Oct 16)
M Mar 10 (Sep 09–Sep 10) Jan 13 (Aug 12–Mar 13) Jul 14 (Dec 13–Jan 15) Aug 16 (Mar 16–Nov 16)
NS Mar 10 (Oct 09–Aug 10) Feb 13 (Dec 12–Mar 13) Jan 14 (May 13–Sep 14) Jun 16 (Feb 16–Oct 16)

Table 3. Nucleotide substitution rate and selection pressures in the clade 2.3.2.1a H5N1 viruses in Bangladesh.

Gene Genotype Substitution rate (10�3 subs/site/year) Mean dN/dS ratio Positively selected
site (P< 0.05)

Mean 95% BCI

HA All 5.18 4.44–5.90 0.139 123, 136b

G1, G1.1, G1.2a 6.09 4.98–7.21 0.149 123, 189
G2, G2.1, G2.2 4.22 3.22–5.28 0.130 NDc

NA All 6.41 5.47–7.44 0.246 320, 362
G1, G1.1, G1.2 7.36 6.21–8.54 0.251 320, 362
G2, G2.1 6.12 4.24–8.33 0.239 ND

PB2 G1, G1.1 5.34 4.40–6.24 0.113 ND
G2, G2.1, G2.2 4.83 3.62–6.12 0.123 ND

PB1 G1 4.44 3.70–5.22 0.089 ND
G2, G2.1, G2.2 4.41 3.36–5.54 0.124 ND

PA G1, G1.1 5.12 4.36–6.03 0.164 618
G2 4.46 3.38–5.68 0.172 538
G2.1, G2.2 7.53 2.37–14.30 0.175 ND

NP G1, G1.1 4.96 3.97–5.93 0.047 ND
G2, G2.1, G2.2 4.29 3.22–5.58 0.058 ND

M All 5.27 3.74–6.97 M1 ¼ 0.049, M2 ¼ 0.553 ND
G1, G1.1, G1.2 5.16 3.10–7.44 M1 ¼ 0.041, M2 ¼ 0.955 ND
G2, G2.2 5.66 3.14–8.57 M1 ¼ 0.035, M2 ¼ 0.478 ND

NS G1, G1.1 5.72 4.45–7.06 NS1 ¼ 0.424, NEP ¼ 0.230 ND
G2, G2.1, G2.2 4.7 3.36–6.22 NS1 ¼ 9.464; NEP¼ 0.254 ND

aThe nucleotide substitution rate of HA gene of genotype G1 and related viruses is significantly higher than that of genotype G2 and related viruses.
bH5 numbering used for HA protein.

cND, not detected.
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Figure 4. Phylogenetic estimation of viral transitions between host species. (A) Bayesian phylogenetic MCC tree of HA gene of clade 2.3.2.1a H5N1 HPAIVs in

Bangladesh. Branches are colored according to host type and thickness of branches indicate posterior probabilities of the ancestral host type. Horizontal bars on the

nodes indicate the 95 per cent BCIs of divergence time estimates. (B) The proportion of the trunk belonging to each host type over time. (C) Heat maps showing the

number of transition events between each host type.
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the dominant genotype since 2015, and two novel genotypes,
G2.1 and G2.2, emerged by additional reassortment of genotype
G2 with local LPAIVs. The decreasing genetic diversity corre-
sponded to the use of vaccination since 2012, while the sudden
increase after the middle of 2015 indicated rapid spread and
diversification of viruses despite the use of vaccine.

Our data indicate the genotype G1 was under stronger posi-
tive selective pressure than the new genotype (G2), possibly due
to the vaccination. Previous studies demonstrated that vaccina-
tion in poultry could accelerate genetic evolution and nucleo-
tide substitution rate of the HA gene (Cattoli et al. 2011; Wang
et al. 2012). The general nucleotide substitution rate of HA gene
of Bangladesh clade 2.3.2.1a HPAIVs (5.517� 10�3 substitution/
site/year) was faster than those of viruses of nonvaccinated
poultry populations (China 1996–4: 3.37� 10�3, Thailand 2004–8:
2.69� 10�3, Turkey 2005–8: 4.04� 10�3, and Nigeria 2006–8:
5.20� 10�3) and was similar or slower than those of viruses of
vaccinated poultry populations (China 2005–0: 7.28� 10�3,
Indonesia 2003–9: 6.13� 10�3, and Egypt 2006–0: 5.36� 10�3)
(Cattoli et al. 2011; Wang et al. 2012). However, the nucleotide
substitution rate of the HA gene of recent viruses was signifi-
cantly lower than previous viruses. In addition, genetic diversity
has increased again following the emergence and expansion of
novel G2 genotype in 2015 in Bangladesh. These results indi-
cated that vaccination in commercial chickens in Bangladesh
has accelerated the evolution of clade 2.3.2.1a viruses during
early stages of outbreak in Bangladesh, but recent viruses
are rapidly spreading in Bangladesh with, respectively, low
positive selection pressure despite the use of vaccine. Thus, the
antigenicity of the vaccine against recent viruses needs to be
reevaluated.

Because vaccine-induced evolution has typically impacted
mutation of external proteins of influenza virus, such as HA
and NA protein (Wang et al. 2012; Youk et al. 2019), other factors
may also contribute to the genotype replacement in
Bangladesh. The viral competition in duck populations is also
suspected as another factor for genotype replacement. During
early stage of the outbreak, 2010–2, chickens were a major
source of HPAIV, but domestic ducks became the dominant spe-
cies for HPAIV infection in Bangladesh after 2012. This host
change and cocirculating of LPAIVs could have induced replace-
ment of the dominant genotype. For example, previous studies
indicated that A/H5N1 HPAIV was replaced by A/H5N6 HPAIV in
ducks, and these A/H5N6 viruses showed higher replicability
and transmissibility in ducks than previous A/H5N1 viruses in
China (Bi et al. 2016; Sun et al. 2016; Kwon et al. 2019). The vi-
ruses that have high replicability and transmissibility in ducks
may be selected in duck populations, and this selection may
have contributed to genotype replacement. However, these

biological characteristics of Bangladesh viruses in duck species
have not been fully evaluated.

In our phylodynamic analysis, domestic Anseriformes, espe-
cially domestic duck, became the dominant host species for
clade 2.3.2.1a from 2012 and transmitted the virus to domestic
Galliformes during 2013–7. In Bangladesh, the A/H5 vaccination
was focused on the commercial layer and breeder chickens, and
domestic ducks were not a major target for vaccination and bio-
security for HPAIV control (Rimi et al. 2019). Although HPAIV in-
duce 100 per cent mortality in unvaccinated chickens, the
mortality has varied and usually has been low in duck species
(Pantin-Jackwood et al. 2017; Kwon et al. 2019). Bangladesh
clade 2.3.2.1a viruses also caused low mortality (around 10%) in
infected duck farms during the early stage of the outbreak
(Nooruzzaman et al. 2019a). Further, nonclinically infected do-
mestic ducks were suspected as a reservoir for clade 2.3.2.1a vi-
ruses in Bangladesh. In addition, prevailing LPAIVs in domestic
ducks provided internal genes for novel reassortant of HPAIVs.
Previous studies indicated that domestic ducks in Bangladesh
had various LPAIVs originated from wild waterfowl migrating
along the Central Asian flyway and these viruses phylogeneti-
cally were related to the recent new genotypes of HPAIVs
(Barman et al. 2017, 2019; Hassan et al. 2017; Nooruzzaman et al.
2019b). These results indicated that domestic ducks played a
key role in the maintenance and emergence of new genotypes
of clade 2.3.2.1a A/H5N1 viruses in Bangladesh.

Since 2002, H5N1 viruses have been isolated from dead birds
of several wild terrestrial species, including magpie, tree spar-
row, pigeon, and crow. In Bangladesh, the detection of A/H5N1
HPAIV in a crow found dead was initially reported in 2011 (Khan
et al. 2014). The dead crow was found within three kilometers of
an LBM, which sold chickens, ducks, geese, and pigeons (Khan
et al. 2014). In this study, A/H5N1 infected house crows were
also found near LBM waste deposit areas. Based on these
results, we concluded that the viruses circulating in LBM may
have been the source of these two crow outbreaks, highlighting
crows as a possible important host in HPAIV ecology in
Bangladesh.

Although the method used in this study was less susceptible
to sampling bias, biased collection and sequencing could poten-
tially have affected the results (Bahl et al. 2016; Kwon et al.
2019). The A/H5 HPAI vaccination has been focused on chickens
in Bangladesh and vaccinated chickens could be infected with
HPAIV without detectable clinical signs but shed low titers of vi-
ruses (Swayne 2006; Rauw et al. 2012; Swayne et al. 2014; Zeng
et al.2016). Therefore, HPAIV infection in vaccinated chicken
could be less frequently detected than infection in ducks.
In addition, sampling biases could exist over both space and
time. Despite our efforts to minimize the effect of sampling

Table 4. The transition rate, number of Markov jump, and statistical support value between domestic Anseriformes, domestic Galliformes, and
wild bird populations in Bangladesh during the year 2010–8.

Transition from Transition to Mean actual transition
ratea (95% BCI)

Mean number of
Markov jump (95% BCI)

BF Posterior
probability

Domestic Anseriformes Domestic Galliformesb 1.85 (0.28–3.79) 27.81 (23, 32) >100 1.00
Wild birdsb 0.33 (0.02–0.8) 4.23 (3, 6) >100 1.00

Domestic Galliformes Domestic Anseriformesb 1.06 (0.13–2.28) 10.18 (4, 15) >100 1.00
Wild birds 0.03 (0–0.19) 0.09 (0, 1) 0.24 0.16

Wild birds Domestic Anseriformes 0.09 (0–0.53) 0.25 (0, 2) 0.45 0.27
Domestic Galliformesb 1.03 (0.12–2.29) 6.12 (4, 8) >100 1.00

aActual transition rates were calculated as rate � indicator.
bWell-supported viral transitions, a posterior probability >0.5 and a BF >3.
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biases, we cannot exclude the potential role of unsampled or
less sampled populations in the spread and maintenance of
HPAIV. However, the emergence of new G2 genotype by reas-
sortment with LPAIVs in ducks and the decrease in genetic di-
versity after vaccination of chickens support the of our model
that the domestic duck played an important role in the mainte-
nance and spread of HPAIV after vaccination in Bangladesh. In
addition, previous studies indicated a high geographical correla-
tion between HPAI outbreaks and domestic duck density in
South Asia, including Bangladesh (Gilbert et al. 2010; Hill et al.
2015). Continuous and regular surveillance and field epidemio-
logical investigation will be needed for a better understanding
of HPAIV ecology in Bangladesh especially the undefined ampli-
fication role and maintenance of AIVs from unvaccinated vil-
lage poultry that move in and out of LBM, interfacing with
Anseriformes and vaccinated commercial chickens.

Consistent with the results of this study, the reassortment
events of clade 2.3.2.1a A/H5N1 HPAIVs and LPAIVs were reported
in previous studies (Monne et al. 2013; Gerloff et al. 2014; Barman
et al. 2017, 2019; Nooruzzaman et al. 2019b). However, the phyloge-
netic relationship between genotypes, the timing of emergence of
new genotypes, and the number of reassortment events were not
fully determined in previous studies. Although a previous study
indicated that new dominant genotype (G2 in this study) was de-
rived from 2013 reassortants (G1.2 in this study) (Nooruzzaman
et al. 2019b), our Bayesian phylogenetic analysis showed that G2
genotype emerged by separate reassortment during September–
December 2014. In addition, the results of this study demonstrated
the replacement of dominant genotype in Bangladesh and the
evolutionary relationship between genotypes.

A previous study indicated that HPAIV could replicate and
cause clinical illness in vaccinated chicken farms in Bangladesh,
indicating current vaccines did not confer complete protection in
chickens against clade 2.3.2.1a A/H5N1 HPAIVs in Bangladesh
(Ansari et al. 2016; Rimi et al. 2019). In 2017, novel clade 2.3.4.4 A/
H5N6 HPAIVs showing different antigenicity were detected in wild
waterfowl in Bangladesh (Yang et al. 2019). To minimize the eco-
nomic loss by future HPAI outbreaks, biosecurity needs to be im-
proved and current vaccine strategy updated, including
assessment of licensed vaccine efficacy against recent strains. Our
data suggest that domestic Anseriformes, including ducks and
goose, most likely played a key role in maintenance, spread, and
reassortment of clade 2.3.2.1a HPAIVs in Bangladesh. To prevent
and control HPAIV in Bangladesh, the control strategies should be
improved and include a new focused on domestic Anseriformes.
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