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ABSTRACT
Avian influenza virus (AIV) subtypes H5N1 and H9N2 co-circulate in poultry in Bangladesh, causing significant bird
morbidity and mortality. Despite their importance to the poultry value chain, the role of farms in spreading and
maintaining AIV infections remains poorly understood in most disease-endemic settings. To address this crucial gap,
we conducted a cross-sectional study between 2017 and 2019 in the Chattogram Division of Bangladesh in clinically
affected and dead chickens in farms with suspected AIV infection. Viral prevalence of each subtype was
approximately 10% among farms for which veterinary advice was sought, indicating high levels of virus circulation in
chicken farms despite the low number of reported outbreaks. Co-circulation of both subtypes was common in farms,
with our findings suggest that in the field, the co-circulation of H5N1 and H9N2 can modulate disease severity, which
could facilitate an underestimated level of AIV transmission in the poultry value chain. Finally, using newly generated
whole-genome sequences, we investigate the evolutionary history of a small subset of H5N1 and H9N2 viruses. Our
analyses revealed that for both subtypes, the sampled viruses were genetically most closely related to other viruses
isolated in Bangladesh and represented multiple independent incursions. However, due to lack of longitudinal
surveillance in this region, it is difficult to ascertain whether these viruses emerged from endemic strains circulating
in Bangladesh or from neighbouring countries. We also show that amino acids at putative antigenic residues
underwent a distinct replacement during 2012 which coincides with the use of H5N1 vaccines.
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Introduction

Low and highly pathogenic avian influenza viruses
(LPAIVs and HPAIVs, respectively) are endemic to
many regions of Africa and Asia [1–4]. The highly
pathogenic avian influenza (HPAI) H5N1 A/goose/
Guangdong/1996 lineage (Gs/GD) of H5 viruses are
a major lineage that has evolved and diversified over
the past ∼25 years with descendant viruses making
up distinct and complex clades. Contemporary H5
viruses circulate in aquatic and terrestrial poultry
and periodically transmit to wild birds which facili-
tates enhanced geographical dispersion and extended
virus reassortment and evolution [5,6]. While HPAIVs
(e.g. H5N1 hereafter referred to as H5) are associated
with high mortality in poultry, LPAIVs (e.g. H9N2)
typically cause mild or subclinical disease. However,

co-infection of LPAIVs with other viruses or bacteria
can cause severe morbidity and mortality [7,8].
Besides posing a threat to poultry health and food
security, H5 and H9N2 viruses also sporadically infect
humans [9,10]. Their potential to mutate and reassort
drives viral fitness in avian hosts but also perpetuates a
risk for new variants to emerge that are capable of
zoonotic and human-to-human infection [11,12].
Therefore, surveillance for AIVs is important to
characterize the genetic and phenotypic properties of
viruses and to assess the potential impact on both
food systems and putative zoonotic risk. Such moni-
toring is also required to assess virus dissemination,
establish hotspots of viral diversity, and inform the
design of risk-based surveillance and control
programmes.
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Live bird markets (LBMs) are an essential com-
ponent of the poultry value chain where H5 and
H9 viruses are frequently detected [13–15]. In con-
trast, detection of AIVs on farms is rare. This obser-
vation likely reflects low viral prevalence in farms
[16] and underreporting of disease outbreaks by
farmers due to limited access to veterinary services
and concerns about the financial consequences of
confirming HPAIV on their premises. Surveillance
activities predominantly target LBMs where poultry
from different species, breed, and geographical ori-
gins intermingle. This approach is cost-effective as
it can assess the virus genetic diversity circulating
in chicken populations supplied to LBMs from a
variety of sources. However, this surveillance strat-
egy suffers from limitations. First, it is difficult to
ascertain the source location of the viruses detected
in the markets. As a result, we have limited insight
into how viruses disseminate at relevant spatiotem-
poral scales. Second, the complex viral transmission
dynamics along the trading networks suggests that
the virus composition could markedly differ between
market and farms. Specifically, it is unclear if
lineages observed in farming systems are absent or
present at a low prevalence in the markets. Third,
unless AIV infections are detected in farms, it is
difficult to assess their associated mortality under
field conditions. Therefore, surveillance and genomic
sequencing of H5 and H9 viruses in farmed chickens
is critical to improving our understanding of AIV
diversity and dissemination in endemically affected
regions.

To address this gap, we investigated the molecular
epidemiology and pathogenicity of H5N1 and H9N2
viruses isolated from farmed chickens in Chattogram
division, Bangladesh. Samples were collected as part
of a cross-sectional study between October 2017 and
April 2019, from clinically sick or dead birds sub-
mitted by commercial farmers to two veterinary
clinicians and a veterinary diagnostic laboratory in
Chattogram. Our findings revealed a high co-occur-
rence of H5 and H9 viruses in clinically affected
farms for which veterinary advice was sought, and
we found this to be indicative of an underappre-
ciated level of AIV circulation in farms, possibly
due to reduced chicken mortality compared to
farms with H5N1 alone. Furthermore, whole-gen-
ome sequences from four H5N1 and seven H9N2
viruses indicate multiple independent viral incur-
sions over the study period, which likely emerged
from endemic lineages circulating in Bangladesh.
Lastly, analysis of genetic markers suggests there is
notable selective pressure acting on H5N1 viruses,
which has led to the apparent fixation of amino
acids at putative antigenic residues that coincides
with the introduction of H5N1 vaccines in Bangla-
desh in 2012.

Materials and methods

Ethical statement

This study was approved by the Ethics Committee
(EC) of the Chattogram Veterinary and Animal
Sciences University under the Memo no. CVASU/
Dir (R&E)EC/2019/126/(8).

Sample collection

The two veterinarians and the Animal Disease Diag-
nostic Laboratory (ADDL) hosted at the Poultry
Research and Training Centre (PRTC) were based at
the Chattogram Veterinary and Animal Sciences Uni-
versity (CVASU). A total of 262 farms were recruited,
allowing the estimation of a prevalence of infection of
10% among clinically affected chicken flocks, with a
precision of 4% and a confidence level of 95%. For
each farm, two to five sick and/or dead chickens
were sampled, depending on the number of birds sup-
plied. Oropharyngeal swabs from sick chickens, and
tracheal or oropharyngeal swabs from dead chickens
were collected in a falcon tube containing 3 mL of a
virological transport medium (VTM). The VTM was
prepared locally, following the Standard Operating
Procedure (Ref. BPU 1551; Implementation date 27/
11/2013) of the UK Animal and Plant Agency, with
penicillin G being replaced with benzathine penicillin.
After collection, samples were stored at −80°C until
laboratory investigations. The farm owner or their
representative was asked about the flock size, manage-
ment practices and mortality rate in the week preced-
ing the sample collection using a structured
questionnaire.

Viral RNA extraction and RT-PCR

MagMax-96 Viral RNA Isolation Kit (Ambion life
technologiesTM) or QIAamp Viral RNA Mini Kit
(QiagenTM) was used to extract viral RNA from the
swab samples stored in VTM following the manufac-
turer’s instructions. The extracted RNAs were pre-
served at −80°C until further investigations. The
CSIRO (The Commonwealth Scientific and Industrial
Research Organization) (www.csiro.au) Australian
Animal Health Laboratory protocols were used to
detect the presence of the M (matrix) gene of AIV,
and subsequently, the presence of H5 and H9 in the
samples tested positive for the M gene, by real-time
reverse transcription polymerase chain reaction
(rRT-PCR) assays [17]. AgPath–ID One-Step RT-
PCR kit for 100 reactions (ThemoFisher Scientific)
was used for all these assays. An rRT-PCR test for
any of the genes was done with 25 µL volume. The
sequences of primers and probes are shown in Table
S2. The test assays were run on an AB 7500 Fast
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Real-Time PCR System (Applied BiosystemTM). A Ct
(cycle threshold) of less than 40 with a characteristic
amplification curve was considered as a positive result
for any of the genes tested.

Whole-genome sequencing

Positive samples were shipped to the OIE/EU/FAO
Reference Laboratory for Avian Influenza, Newcastle
Disease and Swine Influenza at the Animal and Plant
Health Agency (APHA) in the UK for sequencing.
The whole-genome sequence (WGS) data were
obtained from four isolates of H5 and seven isolates
of H9.

Data availability statement

New sequences generated in this study have been submitted
to GISAID and can be downloaded using the accession
numbers in Table S1. GISAID Acknowledgement table.

Phylogenetic analysis

The newly generated sequences were combined with
all whole-genome sequences available on GISAID,
where sampling dates were known and had been
sampled from Asian countries. Sequence alignments
were curated for H5N1 and H9N2 viruses separately
for each gene segment. Maximum likelihood phyloge-
nies reconstructed with RAxML 8.2.11 [18] revealed
that the newly generated sequences clustered with pre-
viously published Bangladeshi viruses. Molecular
clock phylogenies were reconstructed for a subset of
the data separately for H5N1 and H9N2 viruses
using the Bayesian phylogenetic package BEAST
v1.10.4 [19] with a hierarchical phylogenetic model
with the following parameters: SRD06 substitution
model [20], strict molecular clock, and a Skygrid
coalescent prior [21]. For each virus, two independent
chains of 50 million steps were executed. The datasets
for H5N1 and H9N2 viruses comprised 147 and 95
whole genome sequences, respectively.

Statistical analyses

We assessed whether co-circulation of H5N1 and
H9N2 in a farm was more frequent than expected by
chance using a permutation-based test. Permutations
were first computed over all farms, regardless of
their characteristics. We refer to the number of
farms positive to hazard i, hazard j and both hazards
i and j as ni, nj and nij, respectively. In a simulation,
we first sampled independently and randomly ni
farms and nj farms, and then computed Sij, the simu-
lated number of farms positive for both hazards i and
j. A total of 10,000 simulations were conducted, and
the proportions of simulations for which Sij ≥ nij

and Sij ≤ nij were computed. These corresponded to
the p-values associated with the observed number of
co-infected farms being higher and lower, receptively,
than expected by chance. The lowest of the two pro-
portions was reported. In order to assess whether
co-infection patterns were influenced by farm charac-
teristics, permutation-based tests were repeated while
controlling for the production type (broiler, layer or
other), rearing system (deep litter or cages), and the
season of the reported outbreak. Nkre referred to the
number of farms of production system k, rearing sys-
tem r, and reporting in season e. Among these Nkre

farms, nkrei and nkrej were detected as positive for
hazards i and j, respectively. In a simulation, for all
possible combinations of farm characteristics
{k, r, e}, we sampled nkrei farms and nkrej farms, and
computed skreij, the simulated number of farms of
characteristics {k, r, e} positive for both i and j. The
simulated number of co-infected farms was
Sij =

∑

k

∑

r

∑

e
skreij, and p-values were computed as

explained above.
We aimed to assess whether the detection of H5

and/or H9 AIV subtypes were associated with a high
mortality in the week preceding the report of a disease
outbreak in affected chicken flocks. We used logistic
regression models with the reported mortality rate in
the week preceding sample collection being ≤5% or
>5% as the binary outcome variable. Models were
built by sequentially introducing sets of variables.
The first model included H5 and H9 rRT-PCR results
as unique covariates, an interaction term between H5
and H9 rRT-PCR results was added in the second
model, and farm characteristics in the third.

Results

Occurrence of H5N1 and H9N2 infection in
clinically affected chicken flocks

Sick and dead chickens were sampled from 262 farms
for which veterinary advice was sought. Most of the
recruited farms raised exotic broiler chickens (60.3%,
n = 158), which refers to a fast-growing broiler
breed, such as Ross and Cobb 500, or laying hens
(29.8%, n = 78). Other farms raised either cross-bred
sonali broiler chickens (sonali, Golden in Bengali, an
F1 generation of Fayoumi (♀) and Rhode Island Red
(♂)) (8.4%, n = 22) or breeders (1.5%, n = 4). About
a third of farms had 1000–2000 chickens (36.3%, n
= 95), and 92.4% (n = 242) between 500 and 5000
chickens. We set out to test samples by RT-PCR to tar-
get the M gene for the identification of influenza-posi-
tive samples. We next conducted RT-PCR on
influenza-positive samples targeting the HA gene
using primers for H5 and H9 (Table S2). We sub-
sequently showed through sequencing that H5-posi-
tive isolates were H5N1, and H9-positive isolates
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were H9N2. Out of 262 farms, 28 (10.7%) and 27
(10.3%) were positive for H5 and H9 viral subtypes,
respectively. Twelve were positive for both subtypes.
Most were layer farms (58.1%, n = 25), with broiler
farms accounting for 39.5% (n = 17) (Table 1). The
study population covered 19 sub-districts, or upazilas,
of Chattogram division, and eight thanas of Chatto-
gram city area. RT-PCR positive farms were identified
from 14 upazilas and three thanas (Figure 1). The
observed number of farms co-infected with H5 and
H9 AIV subtypes (n = 12) was higher than expected
if those infections occurred independently (permu-
tation-based simulations, median: 3 (2.5th–97.5th per-
centiles: 0–6), p = 0), even after controlling for farm
characteristics (median: 6 (2.5th–97.5th percentiles:
4–10), p = 0.001).

Out of the 262 farms recruited in this study, 99
(37.8%) reported a high mortality in the flock,
with more than 5% of chickens having died in the
week preceding sample collection. The odds of a
farm reporting a weekly mortality rate >5% was
higher if it was positive for H5 AIVs. There was
no evidence of higher odds of reporting high mor-
tality in H9-positive farms, with the odds being
reduced if a farm was positive for both H5 and
H9 subtypes. The strength of these associations
increased when adjusting for farm characteristics,
with layer farms having lower odds of reporting
high mortality than broiler farms (Table 2).

Phylogenetic analysis of H5N1 and H9N2 avian
influenza viruses

We undertook phylogenetic analysis to ascertain the
genetic relationships among the H5N1 and H9N2
viruses detected in the clinically affected farms and
their putative closest ancestors. For both H5N1 and

H9N2, the sampled viruses clustered closely with
other Bangladeshi isolates available on GISAID
suggesting that they have emerged from endemic
strains circulating in Bangladesh. However, due to
limited surveillance in this region, we cannot rule
out the possibility of importation outside of Bangla-
desh. Also, as detailed geographic information for
genetically related viruses sampled within Bangladesh
was severely limited, we could not determine the
spatial dissemination of the sampled viruses in Ban-
gladesh. The H5 HA gene segments all fell within
the 2.3.2.1a clade, while the H9 HA gene segments
clustered within the G1-W lineage, previously ident-
ified as circulating in Bangladesh [10]. As noted by
previous studies, despite high levels of co-circulation
of H5N1 and H9N2 viruses in the farms, we did not
find any evidence for inter-subtype reassortment.

To further understand the emergence of the H5N1
and H9N2 viruses detected in the farms, we recon-
structed time-resolved phylogenies for all eight gene
sequences from multiple sequence alignments using
BEAST v1.10.4 [19] (Figures 2 and 3). In addition to
the newly sampled isolates from the farms, we
included closely related isolates with whole-genome
sequences from GISAID (indicated by grey circles in
Figures 2 and 3).

H5n1 phylogeny
The H5N1 viruses clustered in the same clade within
the 2.3.2.1a lineage in all eight gene segments (Figure
2), which consisted of the same set of virus isolates
except for PB1, which included an additional isolate.
The average time to the most recent ancestor
(TMRCA) of this clade ranged from Aug 2nd, 2016
(95% HPD = Feb 3rd–Nov 28th 2016) to December
20th, 2016 (95% HPD =Aug 31st 2016–Mar 19th
2017), indicating that this clade was circulating in
Bangladesh between 2 and 3 years prior to the latest
sample detection in early 2019. Furthermore, apart
from the two isolates sampled contemporaneously
from the two contiguous farms (indicated in blue
and green in Figure 2), the H5N1 isolates clustered
separately within this clade with high phylogenetic
support (posterior probability = 1.0) and non-overlap-
ping node ages (i.e. 95% HPD interval of node ages did
not overlap), which suggests that they were introduced
independently into this region and correspond to dis-
tinct epidemics. However, due to the lack of available
metadata, we cannot rule out the possibility that clo-
sely related GISAID isolates were also circulating in
the same region.

H9n2 phylogeny
Figure 3 depicts the evolutionary relationship of the
H9N2 viruses sampled from Bangladesh for all eight
gene segments. The origins of the seven virus isolate
from farms are more complex compared to the

Table 1. Number of farms positive for H5 and H9 subtypes.

Variables All
H5-

positive
H9-

positive
H5 & H9-
positive

n (%) 262 (100%) 28 (10.7%) 27 (10.3%) 12 (4.6%)
Type of production
Broiler 158 (60.3%) 7 (4.4%) 16 (10.1%) 6 (3.8%)
Layer 78 (29.8%) 20 (25.6%) 11 (14.1%) 6 (7.7%)
Other 26 (9.9%) 1 (3.8%) 0 (0%) 0 (0%)

Rearing system
Deep
littera

219 (83.6%) 12 (5.5%) 19 (8.7%) 8 (3.7%)

Cages 43 (16.4%) 16 (37.2%) 8 (18.6%) 4 (9.3%)
Flock size
<1000 80 (30.5%) 5 (6.2%) 9 (11.2%) 4 (5.0%)
1000–
2000

95 (36.3%) 9 (9.5%) 12 (12.6%) 3 (3.2%)

>2000 87 (33.2%) 14 (16.1%) 6 (6.9%) 5 (5.7%)
Period of disease onset
Sep–Nov 100 (38.2%) 2 (2.0%) 5 (5.0%) 1 (1.0%)
Dec–Feb 79 (30.2%) 15 (19.0%) 11 (13.9%) 6 (7.6%)
Mar–May 71 (27.1%) 10 (14.1%) 10 (14.1%) 4 (5.6%)
Jun–Aug 12 (4.6%) 1 (8.3%) 1 (8.3%) 1 (8.3%)

aThe whole or only part of the poultry house. Percentages of RT-PCR posi-
tive farms is specified with the number of farms for each variable
modality (e.g. broiler, layer or other) as the denominator.

2226 R. N. RIPA ET AL.



Figure 1. Geographical location of recruited farms. The grey-shaded map shows the sub-districts within Chattogram division
where at least one farm was recruited. Farms positive for H5N1 (triangle), H9N2 (star), both subtypes (circle), and negative
farms (rectangle) are shown.

EMERGING MICROBES & INFECTIONS 2227



H5N1 viruses; the evolutionary histories support sub-
stantial reassortment shaping H9N2 virus genetic
diversity, and the detected viruses likely emerged
from endemic strains that have been co-circulating
in Bangladesh for extended periods (between 3 and 9
years). The seven virus isolates correspond to three
different clades in HA and four clades in NA (Figure
3). In PB2, NP, and MP, the H9N2 virus isolates fell
into multiple distinct clades, while in PA and NS,
these isolates clustered into a monophyletic clade
with a strong Bayesian statistical support (posterior
probability = 1.0; Figure 3). Additionally, these virus
isolates did not cluster with a similar group of GISAID

isolates in the internal segments, which is consistent
with high levels of reassortment.

Molecular characterization of H5N1 and H9N2
avian influenza viruses

Antigenicity
The HA protein is the primary immunogen of
influenza viruses, and neutralizing antibodies are
directed to this surface glycoprotein during an
immune response. As such, mutations in HA can
drive antigenic drift, and enable host immune evasion
[22]. Analysis of HA amino acid sequences showed

Table 2. Results of the multivariable logistic regression models with the weekly mortality rate as the outcome variable.

Variables Levels

Weekly mortality Model 1 Model 2 Model 3

<5% >5% OR (95% CI) p OR (95% CI) p OR (95% CI) p

H5 No 153 (58.4%) 81 (30.9%) Reference Reference Reference
Yes 10 (3.8%) 18 (6.9%) 3.14 (1.31–

7.52)
0.01 6.00 (1.87–

19.25)
0.003 11.26 (2.81–45.18) 0.001

H9 No 150 (57.3%) 85 (32.4%) Reference Reference Reference
Yes 13 (5.0%) 14 (5.3%) 1.25 (0.52–

3.04)
0.62 2.29 (0.8–6.55) 0.12 2.52 (0.79–8.03) 0.12

Coinfection (H5 and H9) No 157 (59.9%) 93 (35.5%) Reference Reference
Yes 6 (2.3%) 6 (2.3%) 0.15 (0.02–0.99) 0.049 0.08 (0.01–0.64) 0.02

Type of chicken
production

Broiler 90 (34.4%) 68 (26.0%) Reference
Layer 54 (20.6%) 24 (9.2%) 0.35 (0.15–0.86) 0.02
Other 19 (7.3%) 7 (2.7%) 0.40 (0.14–1.13) 0.09

Rearing system Deep
littera

135 (51.5%) 84 (32.1%) Reference

Cages 28 (10.7%) 15 (5.7%) 0.71 (0.23–2.20) 0.55
Flock size <1000 47 (17.9%) 33 (12.6%) Reference

1000–
2000

59 (22.5%) 36 (13.7%) 0.84 (0.44–1.60) 0.59

>2000 57 (21.8%) 30 (11.5%) 1.19 (0.55–2.55) 0.66
Period of disease onset Sep–Nov 71 (27.1%) 29 (11.1%) Reference

Dec–Feb 39 (14.9%) 40 (15.3%) 2.14 (1.10–4.16) 0.03
Mar–May 44 (16.8%) 27 (10.3%) 1.32 (0.66–2.63) 0.43
Jun–Aug 9 (3.4%) 3 (1.1%) 0.92 (0.22–3.79) 0.91

aThe whole or only part of the poultry house; OR: odds ratio; p: p-value.

Figure 2. Molecular clock phylogenies of clinical samples of the H5N1 viruses (indicated by coloured circles) isolated from farms
(2017–2019). All virus sequences fall within the same subclade in lineage 2.3.2.1.a. Map on the right provide geographic context of
where samples were isolated in Chattogram. See Main text and Methods for further details about the analysis.
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that H9N2 viruses detected in the farms were largely
homogenous at known antigenic sites; however, a
single virus contained L at residue 115 and 150, two
antigenic sites, whereas all other viruses contained
glutamine (Q) at both these residues. Analysis of anti-
genic residues in H5N1 viruses sequenced here
showed only antigenic residue 115 had any variation
(R/Q115) (Figure 4).

To get an appreciation of how Bangladesh H5N1
and H9N2 viruses have evolved historically and in

an antigenic context, we analysed our HA sequences
alongside previously sequenced H5 and H9 HA
genes from Bangladesh (n = 305 and 134, respectively).
For H9HA there was considerable amino acid diver-
sity at residues 149 and 150, where 25% of viruses
after the year 2012, when vaccines were potentially
introduced, had drifted from the pre-2012 amino
acid species [23]. Namely, G149S and L150F/Q. For
residue 149, phylogenetic analysis showed that in
some cases, the G149S substitution was continuously
maintained for up to 4 years within sub-clades of
viruses. Furthermore, the L150F substitution was pre-
dominant in quail isolate viruses (n = 28/33, 85%). In
comparison, only a single chicken isolate contained
L150F indicating a role for F150 in H9N2 adaptation
of quails (Table S3). For H5HA, nearly complete
replacement of amino acids species at residues associ-
ated with antigenicity was seen. From the year 2012,
residues 53, 115, 120, 129 and 140 saw the replacement
of their amino acid species compared to pre-2012. The
substitutions R53 K, Q115R, S120D, S129L and
R140N first appeared in 2010 in isolates from
migratory birds and then subsequently in chicken,
duck, quail and crow throughout 2011. However,
throughout 2011, there was still variability at each of
these residues and it was not until 2012, when vaccines
were introduced, that these residues became fixed
[24,25] (Table S3). No further changes occurred after
this event.

Host adaptation, pathogenicity, and drug
resistance
Increased fitness of avian influenza viruses to endemic
hosts e.g. chickens, or to novel hosts e.g. humans,

Figure 3. Molecular clock phylogenies of clinical samples of the H9N2 viruses (indicated by coloured circles) isolated from farms
(2017–2018). All virus sequences fall within the G1 Western lineage. Map on the right provides geographic context of where and
when the samples were isolated in Chattogram. See Main text and Methods for further details about the analysis.

Figure 4. Location of HA amino acid substitutions at antigenic
residues in contemporary Bangladesh H5N1 and H9N2 viruses
sequenced in this study. Identified residues were mapped
onto the crystal structure of H5N1 and H9N2 HA proteins
(PDB 5E34 and 1JSH, respectively) [58,59]. HA trimers are
shown in cartoon and surface representations with individual
amino acid residues represented as red spheres. In green is an
LSTa receptor analogue proximal to the receptor binding
pocket. Structures were rendered with PyMol [60].
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requires mutations across several viral proteins. Such
mutations need to alter virus receptor binding pheno-
type, pH and thermal stability, and the ability to co-
opt host proteins. Therefore, virus adaptation and
pathogenicity can involve each viral protein. Analysis
of H5N1 and H9N2 sequences highlighted several
molecular markers associated with putative host adap-
tation, pathogenicity, and drug resistance (Tables 3
and 4). Analysis of the cleavage motifs showed all
H5N1 viruses contained RRRKR/GLF which is a clea-
vage motif associated with HPAIVs. H9N2 viruses
contained the cleavage motif PAKSKR/GLF, which is
a tribasic cleavage motif associated with increased tis-
sue tropism of LPAI viruses in chickens, however, it is
currently unclear whether this cleavage site can be
associated with enhanced pathogenicity in chickens
[26,27]. H5N1 viruses sequenced here contained a
single molecular marker for resistance to amantadine
and rimantadine in the M2 protein. There was insuffi-
cient sequencing coverage of the H9N2M2 open read-
ing frame to assess molecular markers in the M2
protein. Both H5N1 and H9N2 viruses in Bangladesh
carry amino acids markers associated with enhanced
adaptation to mammalian hosts, however, two key dri-
vers of mammalian adaptation were absent (Tables 2
and 3). No viruses contained the PB2 E627K amino
acid mutation required for polymerase activity in
mammalian cells [28], and markers for receptor bind-
ing suggest that these H9N2 viruses would preferen-
tially bind sulphated 2,3 linked sialic acid moieties
on cell surface receptors, typical of avian viruses. A
previous study has assayed the receptor binding phe-
notype of H9N2 viruses from Bangladesh and found
this to be the case [29]. Sequence analysis of the

H5N1 viruses also showed that these viruses would
likely preferentially bind 2,3 linked sialic acid moieties
due to a lack of key markers for human-like 2,6 linked
sialic acid binding [30] and lack of human infections
with this clade of H5.

Discussion

Our study has characterized the molecular epidemiol-
ogy of H5N1 and H9N2 viruses in chickens from com-
mercial farms in Bangladesh, which remains a crucial
gap in our understanding of AIV transmission in
endemically affected regions. Four H5N1 outbreaks
in domestic birds in Bangladesh were reported to the
OIE in 2017, two in 2018, and none in 2019 [31],
suggesting a high level of under-reporting in key poul-
try populations given the evidence for AIV infections
shown here. When facing an outbreak, some farms
may not report cases to veterinary authorities due to
lack of awareness or concerns about large-scale culling
of flocks without any financial compensation, which
have long-lasting impacts on their livelihoods [32].
Therefore, HPAI H5 is likely to be more common in
commercial farms than suggested by passive surveil-
lance. The co-circulation of H5 and H9 on farms
was higher than expected by chance, with the odds
of a farm reporting a high mortality rate decreasing
in the case of co-infection. If one assumes that viral
infections are more likely to be reported if mortality
occurs, this could further promote under reporting,

Table 3. Molecular markers of host adaptation, pathogenicity,
and drug resistance in H9N2 viruses.
Virus protein Phenotype Reference

Haemagglutinin
Cleavage site
PAKSKR

Tribasic residues associated with
enhanced tissue tropism in chickens

[26,27]

A29 Adaptation to chickens [41]
A364 Adaptation to mice [42]
Neuraminidase
S79 Expanded host range [41]
N356 Enhanced pathogenicity in mice [43]
Polymerase basic 1
T39 Adaptation to mice [44]
A448 Adaptation to mice [44]
M523 Adaptation to mice [44]
P607 Adaptation to mice [44]
Polymerase acidic
S291 Enhanced pathogenicity in mice [43]
252 aa PA-X (full
length)

Virulence factor [45]

87–90 aa PB1-F2
(full length)

Increase virus shedding in chickens and
pathogenesis in mice

[46]

Nucleoprotein
Q231 Adaptation to mice [44]
T433 Adaptation to mice [42]
N492 Adaptation to mice [44]
Non-structural protein 1
K20 Adaptation to mammals [43]
V180 Adaptation to mammals [42]

Table 4. Molecular markers of host adaptation, pathogenicity,
and drug resistance in H5N1 viruses.
Virus protein Phenotype Reference

Haemagglutinin
Cleavage site
RRRKR

Multibasic residues associated with
highly pathogenic avian influenza

[47]

Neuraminidase
49–68 aa stalk
deletion

Enhanced pathogenicity in mice [48]

Polymerase basic 1
G622 Increased polymerase activity in mice [49]
V3 Increased polymerase activity in avian

and mammalian cells
[49]

Polymerase acidic
D383 Increased polymerase activity in avian

and mammalian cells
[50]

Polymerase basic 2
R526 Increased polymerase activity in

mammalian cells
[51]

N715 Reduced virulence in mice [51]
Nucleoprotein
V105 Virulence in chickens [52]
K184 Virulence in chickens [52]
Matrix proteins
M1 D30 Enhanced virulence [53,54]
M1 M43 Enhanced virulence [53–55]
M1 A215 Enhanced virulence [54,55]
M2 N31 Resistance to amantadine and

rimantadine
[54]

Non-structural protein 1
S42 Increased virulence in mice and chickens [56]
A149 Increased virulence in mice and chickens [56,57]
PDZ domain
motif ESEV

Enhanced virulence in mice [57]
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leading to significant levels of undetected H5 infec-
tions in farming systems. Furthermore, primary infec-
tion of chickens with H9N2 can modulate disease
severity from secondary infection with H5N1 [33].
There is evidence that H5N1 continues to shed even
when morbidity and mortality are reduced, strongly
suggesting that H5N1 and H9N2 infections interact
in the field. Although vaccines have been reported to
be in use in Bangladesh since 2012, there is insufficient
data on their precise implementation on farms. There-
fore, it is difficult to conclude whether vaccines are
having an impact on disease severity reported here.
However, if one were to assume that farms reporting
H5N1 infection and farms reporting H5N1 and
H9N2 co-infection were equally likely to implement
H5N1 vaccines then it is indeed likely that H5N1
and H9N2 infections interact in the field to facilitate
reduced chicken mortality.

Our findings are somewhat in contrast to the
findings from previous surveys in LBMs that reported
a higher prevalence of H9N2 relative to H5N1; typi-
cally, samples shown to be influenza A positive are
subsequently confirmed to be >90% positive for
H9N2 compared to only <1% positive for H5
[14,34]. Furthermore, mortality was less severe in the
case of H9N2 than H5N1 infection. This is despite
the prevalence of H9N2 viruses with a tribasic cleavage
motif in the HA protein. The impact of vaccines is also
unclear; H5N1 vaccines have been in use in Bangla-
desh since 2012, however, it has been shown that
H5N1 vaccinated chickens remain susceptible to
H5N1 infection [23]. Farmers reporting lower mor-
tality in our study might be paying particularly close
attention to their flock’s health, whereas most farmers
experiencing similar outbreaks may not seek veterin-
ary care. Flocks with mild H9N2 infection would
then be less likely to be recruited in our study popu-
lation. Consequently, the proportion of farms infected
by H9N2 likely remains much higher relative to
H5N1, as suggested by previous cross-sectional studies
[16]. Second, H5N1 transmission from farms to LBMs
may be reduced compared to H9N2. While rapid sales
of clinically-affected flocks have been reported in Ban-
gladesh [32] as well as in other countries [35], it might
not increase H5N1 virus importations in markets if it
operates through alternative trading channels, as
documented for pigs in Viet Nam [36].

Avian influenza viruses have historically circulated
in Bangladesh’s neighbouring countries, highlighting a
risk for cross-border transmission [37,38]. However,
our findings strongly indicate that H5N1 and H9N2
viruses in Bangladesh repeatedly emerge from ende-
mic lineages. Although the endemic status of H9N2
can be expected, the apparent endemic status of H5
is novel. Therefore, given the endemic status of two
AIV subtypes and the propensity for unreported co-
infections, it seems likely that genome reassortment

could readily occur. We did not detect evidence of
recent reassortment between H5N1 and H9N2 viruses;
all four H5N1 viruses sequenced in this study corre-
sponded to the same subclade within the 2.3.2.1a line-
age. Past reassortment between H9N2 and other
HPAIV subtypes was preceded by long-standing evol-
ution of endemic H9N2 viruses that had undergone
antigenic drift and become genetically homogenous
before successfully reassorting with “exotic” non-
endemic HPAIV viruses [39]. However, there seems
to be reduced capacity for H5N1 and H9N2 viruses
to reassort potentially due to the close relationship
of both these viruses with domestic poultry [40].

Analysis of viruses isolated from Bangladesh over
the past 15 years suggests H5 and H9 viruses have
undergone some degree of antigenic drift. However,
it is hard to associate this with vaccine use. For H5
viruses there seemed to be a distinct replacement of
amino acids at numerous antigenic residues (53, 115,
120, 129 and 140) since 2012 when H5N1 vaccines
were introduced [23]. Antigenic diversity at these
residues arose in 2010 likely due to their introduc-
tion from migratory birds. Diversity at these residues
persisted through to 2011 until 2012 when an appar-
ent fixation event occurred to homogenize the virus
population away from the pre-2010 viruses. This
event is possibly due to the introduction of H5N1
vaccines. For H9 viruses there was appreciable
amino acid diversity at two antigenic residues (149
and 150), however, this diversity persists until
today with no fixation event having occurred. If
farmers vaccinate against H5N1 and not H9N2 irre-
spective of flock health, then greater antigenic drift
in H5N1 compared to H9N2 could be expected.
However, the use of H9N2 vaccines cannot be
ruled out due to a lack of information in this area.
Indeed, information on in-use vaccine seed strains,
regions of use and modalities is scarce. Interestingly,
the majority (n = 28/33) of quail isolate H9N2
viruses carried the HA substitution L150F. Although
residue 150 has been associated with a role in anti-
genicity, its proximity to the receptor binding pocket
and the dearth of F150 in chicken isolate H9N2
viruses could be an indication for this residue
being involved quail-specific receptor binding.

Overall, our study highlights multiple LPAI and
HPAI outbreaks occurring in Bangladeshi chicken
farms, despite limited reporting. We show that
H5N1 and H9N2 co-circulate locally, likely emer-
ging from endemic strains circulating in Bangla-
desh, but are seemingly refractory to reassortment.
Their frequent co-occurrence in farms seems to
facilitate reduced disease severity, which may con-
tribute to outbreak under-reporting. Finally, we
uncover a fixation event at antigenic residues of
H5N1 viruses potentially due to the use of H5N1
vaccines.
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