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The subtype prevalence, drug resistance- and pathogenicity-associated mutations, and
the distribution of the influenza A virus (IAV) isolates identified in Bangladesh from 2002
to 2019 were analyzed using bioinformatic tools. A total of 30 IAV subtypes have been
identified in humans (4), avian species (29), and environment (5) in Bangladesh. The
predominant subtypes in human and avian species are H1N1/H3N2 and H5N1/H9N2,
respectively. However, the subtypes H5N1/H9N2 infecting humans and H3N2/H1N1
infecting avian species have also been identified. Among the avian species, the
maximum number of subtypes (27) have been identified in ducks. A 3.56% of the
isolates showed neuraminidase inhibitor (NAI) resistance with a prevalence of 8.50,
1.33, and 2.67% in avian species, humans, and the environment, respectively, the
following mutations were detected: V116A, I117V, D198N, I223R, S247N, H275Y, and
N295S. Prevalence of adamantane-resistant IAVs was 100, 50, and 30.54% in humans,
the environment, and avian species, respectively, the subtypes H3N2, H1N1, H9N2,
and H5N2 were highly prevalent, with the subtype H5N1 showing a comparatively
lower prevalence. Important PB2 mutations such D9N, K526R, A588V, A588I, G590S,
Q591R, E627K, K702R, and S714R were identified. A wide range of IAV subtypes
have been identified in Bangladesh with a diversified genetic variation in the NA, M2,
and PB2 proteins providing drug resistance and enhanced pathogenicity. This study
provides a detailed analysis of the subtypes, and the host range of the IAV isolates
and the genetic variations related to their proteins, which may aid in the prevention,
treatment, and control of IAV infections in Bangladesh, and would serve as a basis for
future investigations.
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INTRODUCTION

Influenza caused by influenza viruses (types A, B, C, and D) is a
contagious respiratory infection distributed worldwide. Influenza
has a wide host range depending on the strains of the influenza A
virus (IAV). Based on the circulating strains of the influenza virus,
a myriad range of hosts have been described. Many avian and
mammalian species such as chicken, duck, quail, and crow, and
human, swine, horse, and cat, respectively, might be infected with
IAV (Taubenberger and Kash, 2010; Hussain et al., 2017). Every
year, millions of people are infected with influenza worldwide,
with increasing economic losses due to diagnosis, treatment, and
vaccine development costs (Molinari et al., 2007; Mao et al., 2012;
Palekar et al., 2019). Likewise, some strains of the IAV with a
high morbidity and mortality rate severely impact the poultry
industries (Thomas and Noppenberger, 2007; Yoo et al., 2018).

IAV is an enveloped virus of around 100-nm diameter. It
belongs to the Alphainfluenzavirus genus and Orthomyxoviridae
family. It is a segmented RNA virus, which is negative-sense,
single-stranded, and contains eight RNA segments (Eisfeld et al.,
2015). The entire genome is around 13,588 bases encoding
at least 10 viral proteins (Eisfeld et al., 2015). The major
proteins encoded by the viral genomes are hemagglutinin
(HA), neuraminidase (NA), nucleoprotein (NP), matrix proteins
(M1 and M2), polymerase proteins (PB1, PB2, and PA), and non-
structural proteins (NS1 and NEP) (McCauley and Mahy, 1983).

The HA and NA proteins are present on the outermost surface
of the virion and play crucial roles in the attachment of the
virus to the host cells to initiate the infection cycle, leading
to the subsequent release of the viral progeny (Suzuki, 2005;
Cohen et al., 2013). The currently available anti-influenza drugs
primarily target the NA protein (Wilson and von Itzstein, 2003).
The IAV can be classified into different subtypes based on the
antigenic properties of the HA and NA proteins. To date, 16 HA
and 9 NA subtypes have been reported based on their amino
acid variations (Lynch and Walsh, 2007; Proença-Módena et al.,
2007). The HA protein determines the host specificity of IAV.
The HA proteins of the avian and human influenza viruses
bind with two to three sialic acid and two to three sialic acid
receptors, respectively, whereas the swine influenza binds both
(Trebbien et al., 2011; Byrd-Leotis et al., 2017). However, many
of IAV subtypes, H5N1, H7N9, and H9N2, can infect both birds
and humans (Mostafa et al., 2018). On the other hand, the
M2 protein activated during the IAV entry into the host cells
releases the ribonucleoprotein into the cytoplasm to initiate the
viral replication (Jalily et al., 2020). The drug adamantane blocks
the viral replication during the uncoating step by inhibiting
the IAV M2 ion transport (Takeda et al., 2002; Jalily et al.,
2020). However, mutations in the NA and M2 proteins might
affect the drug susceptibility, and resistant IAV strains have
been reported (Hussain et al., 2017). Drug-resistant and mutated
highly pathogenic IAVs are distributed worldwide (Wen et al.,
2018; Moasser et al., 2019).

Surveillance, vaccines, and antiviral drugs are essential to
control and eradicate IAV from a region (Hussain et al.,
2017). The rapid spread of drug-resistant IAVs interrupts the
management and prevention strategies (Ormond et al., 2017).

Hence, researchers have been investigating and designing various
next-generation antivirals that are effective against drug-resistant
IAVs (Shin and Seong, 2019; Musharrafieh et al., 2020; Toots and
Plemper, 2020; Yin et al., 2021). In addition, current influenza
vaccines provide only partial protection and may fail to protect
against the mutated and novel variants of IAVs (Vanderlinden
and Naesens, 2014; Paules and Fauci, 2019). Therefore, the
surveillance and analysis of the IAV mutations associated with
drug resistance are important for the prevention and treatment
of IAV infection.

Among the three subunits of IAV polymerases (PB1, PB2, and
PA), PB2 is an important virulence determinant (Graef et al.,
2010). PB2 initiates the genome replication of IAV by modulating
the ribonucleoprotein complex and regulating the host immune
system and antiviral signaling pathways (Carr et al., 2006; Graef
et al., 2010). Many clinical and experimental studies have shown
that mutations in PB2 affect the activity of this polymerase and
the pathogenicity of IAV (Tian et al., 2012; de Jong et al., 2013;
Song et al., 2014; Wen et al., 2018). PB2 mutations are also
responsible for the interspecies transmission of IAV (Yamada
et al., 2010; Wen et al., 2018; Wang et al., 2019). Therefore,
the mutational analysis of PB2 in terms of the pathogenicity
and interspecies transmission of IAV will be very helpful in
preventing and controlling IAV infections.

Human and avian IAV infections were reported in Bangladesh
in 2002 and 2006, respectively (Chi et al., 2005; Rimi et al., 2019).
On the other hand, highly pathogenic avian influenza (HPAI)
H5N1 was reported in poultry in 2007 for the first time and posed
a serious threat to public health (Rimi et al., 2019). Moreover,
HPAI H5N1 and low pathogenic avian influenza (LPAI) H9N2
caused significant damage to the poultry industry in Bangladesh
(Turner et al., 2017; Kim, 2018; Parvin et al., 2018). In addition,
the genetic reassortment of HPAI and the introduction of the
new clades of IAV are now very common in Bangladesh (Parvin
et al., 2014; Marinova-Petkova et al., 2016; Nooruzzaman et al.,
2019). However, to our knowledge, the overall prevalence of the
different IAV subtypes and their host range in Bangladesh have
not yet been reported. The analysis of the genetic mutations
associated with drug resistance and pathogenicity is necessary for
the development of vaccines and treatment strategies to eradicate
IAV from Bangladesh. Therefore, this study analyzed the overall
prevalence of the IAV subtypes in Bangladesh from 2002 to 2019
along with the determination of their specific host distribution.
Moreover, mutational analyses were performed to determine the
prevalence of the drug resistance-associated mutations in the NA
and M2 proteins and the pathogenicity-associated mutations in
the PB2 protein of IAV.

MATERIALS AND METHODS

Collection and Processing of Influenza A
Virus Sequences
The genome sequences of the IAV isolates from Bangladesh
were retrieved from GISAID.1 The data about IAV isolates

1https://www.gisaid.org/
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deposited between 2002 and 2019 in GISAID was acquired. The
sequences were either full or partial. The IAV isolates from
Bangladesh were cross-checked with the NCBI influenza virus
database (Bao et al., 2007) and Influenza Research Database.2 The
retrieved sequences were downloaded, processed, and analyzed
using several bioinformatic tools, such as CLC Sequence viewer,3

NCBI influenza virus database (Bao et al., 2007), and Influenza
Research Database (see text footnote 2). The CLC Sequence
viewer is a basic bioinformatics tool used to view, create, and edit
alignments, and analyze the genomic sequences. The Influenza
Virus Sequence Annotation Tool of the NCBI influenza virus
database is an online application that can predict influenza
protein sequences coded by the nucleotide sequences with
specific drug resistance- and virulence-associated mutations. The
Influenza Research Database contains surveillance data of the
non-human and avian species and the clinical data of humans
with the phenotypic, genomic, and proteomic data of the isolated
virus strain. This database is used to analyze and visualize various
features such as alignment, point mutations in specific proteins,
and drug resistance (see text footnote 2).

Analysis of the Prevalence of the
Influenza A Virus Subtypes
A total of 2,005, either full or partial genome sequences of IAV
isolates, were used to determine subtype prevalence. According
to the GenBank and NCBI Influenza Virus Database, a few
sequences were designated as mixed by the sequence submitter.
On the other hand, the subtype of some sequences could not be
determined by the sequence submitter. Therefore, these mixed
or undetermined subtypes were excluded from the analysis. The
sequences were screened either using the NCBI influenza virus
database or Microsoft Excel for the specific subtypes and their
host distribution, and the prevalence was analyzed accordingly.

Analysis of Drug Resistance-Associated
Mutations in Neuraminidase and M2
Proteins
A total of 1,828 amino acid sequences of the viral NA protein
of the IAV isolates were analyzed for mutations associated
with neuraminidase inhibitor (NAI) resistance. Among these,
1,200, 553, and 75 sequences were from human-, avian-, and
environment-derived IAVs, respectively. The mutations were
determined using the “Antiviral Resistance Risk Assessment” tool
of the Influenza Research Database (Zhang et al., 2016). Based
on the previously submitted data, this tool determines the amino
acid mutations in the sequences associated with the alteration
of susceptibility to antiviral drugs. A total of 1,761 amino
acid sequences of M2 protein were retrieved (human: 1,220,
avian: 465, and environment: 76), and adamantane resistance-
associated mutations were analyzed using the “Identify Point
Mutations in Proteins” tool of the Influenza Research Database
(Bao et al., 2007; Dong et al., 2015). This tool had three
parameters set as default: type of protein to scan for the specified

2https://www.fludb.org/
3http://www.clcbio.com

mutation (s), specific mutation coordinate, and specific subtype
(s). Within these parameters, the subtype, protein, and mutation
name with their amino acid positions were changed every time
based on the purpose of the analysis.

Analysis of the PB2 Amino Acid
Mutations Associated With Influenza A
Virus Virulence
In total, 1,568 amino acid sequences of the PB2 protein were
analyzed for the mutations associated with IAV virulence using
the “Identify Point Mutations in Proteins” tool of the Influenza
Research Database (Bao et al., 2007; Kim et al., 2010; Wen et al.,
2018). Of these, 1,050, 456, and 62 sequences were from human-,
avian-, and environment-derived IAVs.

RESULTS

Prevalence of Influenza A Virus Subtypes
in the Human, Environmental, and Avian
Species
The human IAVs were first reported in Bangladesh in 2002,
whereas avian influenza was reported in 2006, according to the
GenBank information (Chi et al., 2005; Bao et al., 2007; Parvin
et al., 2014). Furthermore, a highly pathogenic IAV (H5N1)
was reported in 2007 (Rimi et al., 2019). However, during
the last two decades, many IAV subtypes have been reported
sporadically in Bangladesh. Therefore, the overall prevalence
of the identified subtypes in Bangladesh, from 2002 to 2019
from a total of 2,005 IAV isolates, was analyzed (human: 1,311,
avian: 618, and environment: 76). To date, 30 subtypes of IAV
have been identified in Bangladesh among which only 4 infect
humans, 5 were from non-human and non-avian environmental
sources, and 29 subtypes infect avian species (Figure 1A).
Among the avian IAV subtypes, the subtype H5N1 is highly
prevalent (56.80%) followed by H9N2 (26.70%) (Figure 1B). The
prevalence of the subtypes H3N2 (52.48%) and H1N1 (47.22%)
in humans was higher though sporadic infections were found
with H5N1 (0.23%) and H9N2 (0.08%) (Figure 1C). However, in
the environment, the prevalence of H9N2 was higher (60.53%)
compared with that of H5N1 (34.21%), H7N9 (2.63%), H5N3
(1.32%), and H11N3 (1.32%) (Figure 1D). In summary, among
the 30 IAV subtypes circulating in Bangladesh, H5N1 and H9N2
predominantly infect avian hosts or are primarily isolated from
the environment, whereas H3N2 and H1N1 infect humans. The
subtypes H5N1 and H9N2 were also sporadically identified in
humans though they are primarily found in the environment
and avian species.

Distribution of the Influenza A Virus
Subtypes in Various Species of Birds
As 29 out of the reported 30 subtypes of IAV (618 isolates)
have been found in avian species, the distribution of the specific
subtypes in different avian hosts was analyzed. These 29 subtypes
can infect 10 different avian species (Figure 2). The maximum
number of subtypes (27) were isolated from ducks followed by
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FIGURE 1 | Emergence and prevalence of influenza A virus (IAV) subtypes in humans, environment, and avian species. Data regarding 2,005 IAV isolates (human:
1,311, avian: 618, and environment: 76) collected in Bangladesh from 2002 to 2019 were retrieved from GISAID, and the prevalence of the different subtypes was
determined. (A) Year of first reporting of the emergence of subtypes from 2002 to 2019. Prevalence of IAV subtypes in the avian hosts (B), humans (C), and
environment (D).

chickens (5) and two each were found in quails, geese, and
waterfowls; the remaining five avian species were each found to
host only one subtype (Figure 2). Moreover, H5N1 was found

to be distributed among the highest number of avian species
(eight), followed by H9N2 (four species), H5N6 (three species),
and H5N2 and H10N7 (two species each) (Figure 2). Next, the
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FIGURE 2 | Distribution of the IAV subtypes in various avian species in Bangladesh. Distribution was analyzed using 618 IAV isolates from 2006 to 2019 retrieved
from GISAID. Distribution of 256 IAV duck isolates into subtypes (A). Distribution of 284 chicken, 43 quail, 7 goose, and 3 waterfowl IAV isolates among subtypes
(B,C). Distribution of mentioned avian IAV isolates in different subtypes (D).

prevalence of the different subtypes in the specific avian hosts
was analyzed. From the total of 27 IAV subtypes identified in
ducks, 62.5% were H5N1 (Figure 2A). In addition, among the five

subtypes circulating in chicken, H5N1 (55%) and H9N2 (40.49%)
were found to be highly prevalent (Figure 2B). However, at least
two subtypes were identified in quails, geese, and waterfowls
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(Figure 2C). The other five avian species showed the prevalence
of only one subtype of IAV (Figure 2D). In conclusion, though
29 IAV subtypes were identified in the avian hosts in Bangladesh,
the subtypes H5N1 and H9N2 were found to be the most
predominant. A large number of subtypes (27) were determined
to be circulating in ducks.

Analysis of Neuraminidase Inhibitor
Resistance-Associated Mutations
Some IAV isolates show resistance against NAIs due to mutations
in their neuraminidase (NA) proteins (Abed et al., 2006; Zürcher
et al., 2006; Orozovic et al., 2011; WHO, 2018; Moasser et al.,
2019). Based on the analysis of 1,828 isolates/sequences of
IAV NA proteins, we found 65 IAV isolates showing resistance
to oseltamivir and two showing resistance to oseltamivir and
zanamivir. The overall prevalence of NAI-resistant IAV isolates
was 3.56% (65/1,828). The prevalence in humans, birds, and
the environment was 1.33% (16/1220), 8.50% (47/553), and
2.67% (2/75), respectively (Figure 3A). The distribution of the
NAI-resistant human and environmental isolates was limited
to H1N1 and H7N9. The avian IAV isolates resistant to NAI
were distributed among a wide range of subtypes (Figure 3C).
Among 47 NAI-resistant avian IAV isolates, 78.72% (37/47)
were found in ducks, 12.76% in chickens, 6.38% in geese, and
2.12% in waterfowls (Figure 3B). The corresponding mutations
were V116A, I117V, D198N, D199M, I223R, S247N, H275Y, and
N295S, which were previously shown to occur naturally in the
infected hosts (Table 1).

Analysis of the Mutations in the M2
Protein Associated With Adamantane
Resistance
Several mutations, such as L26F, V27A, A30T, A30V, S31N, and
G34E in the M2 protein, have been reported to be associated
with the adamantane resistance of IAVs isolated from infected
hosts (Bao et al., 2007; Dong et al., 2015). The prevalence
of adamantane-resistant isolates was 78.88% (1389/1761); these
isolates were limited to only five subtypes: H9N2, H5N1, H3N2,
H1N1, and H5N2 (Figure 4B). Almost 100% (1,209/1,220) of
the human IAV isolates from Bangladesh were found to be
resistant to adamantanes, followed by the environment-derived
IAVs (50%; 38/76), and the avian host-derived IAVs (30.54%;
142/465) (Figure 4A). Moreover, almost 100% of the H3N2,
H1N1, and H9N2 subtypes were adamantane-resistant, whereas
the least number of the H5N1 isolates (6.67%) showed resistance
to adamantanes (Figure 4B). Besides, in the case of avian isolates,
the adamantane-resistant IAVs were found only in chickens,
ducks, quails, and pigeons (Figure 4C).

Mutation in the PB2 Protein Associated
With Virulence of Influenza A Viruses
Mutations in the protein PB2 increase the viral polymerase
activity and pathogenicity of the IAV (Tian et al., 2012; de
Jong et al., 2013; Song et al., 2014; Wen et al., 2018). Our
analysis showed that almost 100% of the human IAV isolates
contained PB2 mutations. These mutations are required for

FIGURE 3 | Prevalence of NAI resistance-associated mutations and their
distribution in hosts and virus subtypes. The prevalence of NAI
resistance-associated mutations among 1,828 isolates/sequences (human:
1,200, avian: 553, and environment: 75) was analyzed using the “Antiviral
Resistance Risk Assessment” tool of the Influenza Research Database (A).
The distribution of 47 NAI-resistant isolates among avian species was
analyzed (B). The distribution of 65 isolates found resistant to NAI in humans,
avian hosts, and the environment (C). H0N0 means mixed isolates.

TABLE 1 | Mutations associated with the drug resistance and pathogenicity of the
influenza A virus (IAV) isolates found in this study.

Proteins Mutations Properties

NA V116A Resistance to oseltamivir or zanamivir

I117V

D198N

D199N

I223R

S247N

H275Y

N295S

M2 L26F Resistance to adamantanes

V27A

S31N

PB2 D9N Increased pathogenicity

K526R

A588I/V

G590S/Q591R

E627K

K702R

S714R

adaptation in mammalian hosts, and many of them might
be associated with the increased pathogenicity. Nearly all
of these mutations belonged to H1N1 (46.19%) and H3N2
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FIGURE 4 | Prevalence of adamantane resistance-associated mutations and their distribution in host and virus subtypes. Isolates, 1,761 (human: 1,220, avian: 465,
and environment: 76), were screened for M2 protein mutations associated with adamantane resistance, and prevalence was analyzed (A). The prevalence of
adamantane-resistant mutations among 1,489 isolates of the abovementioned subtypes was analyzed (B). The distribution of all 1389 isolates showed
adamantanes resistant mutations among the different hosts (C).

(53.52%). The prevalence of mutated IAV isolates with increased
pathogenicity was 48.46% (221/456) and 30.65% (19/62) in
the avian host and environment, respectively. The mutations
were found in the H5N1 (208/226), H9N2 (7/135), H5N2
(2/3), H3N8 (2/6), H7N1 (1/7), and H7N2 (1/1) isolates. Most
of the PB2 mutations of avian IAVs were found in H5N1
(208/226) and were primarily distributed in ducks (62%) and
chickens (28.96%) (Figures 5A,B). All environmental isolates of
H5N1 contain mutated PB2. Several mutations were identified
in the sequences of the IAV isolates, namely, D9N, K526R,
A588I/V, G590S/Q591R, E627K, K702R, and S714R. These
mutations were previously reported to be associated with
increased pathogenicity (Table 1; Tian et al., 2012; de Jong
et al., 2013; Song et al., 2014; Wen et al., 2018). However,
many isolates contained multiple mutations in PB2, especially
isolates of human IAVs.

DISCUSSION

A total of 16 HA and 9 NA subtypes have been identified
worldwide, and many of these have been reported as zoonotic
(Proença-Módena et al., 2007; Mostafa et al., 2018). Several
subtypes (H1N1, H2N2, and H3N2) of IAV are pandemic in
humans, but genetic reassortment of other zoonotic subtypes
may increase the risk of infection in humans (Taubenberger
and Kash, 2010; Chastagner et al., 2019). In the last few
decades, mutations in the IAV genes have made the selection of
appropriate antiviral drugs tremendously challenging. Therefore,
proper IAV subtyping is essential for selecting the appropriate
antiviral drug to cure the specific IAV infection and to identify
new therapeutic targets, as several subtypes are resistant to the
currently available antiviral drugs (Kaul et al., 2010; Parida et al.,
2016). Moreover, IAV vaccine efficacy may vary depending on the
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FIGURE 5 | Prevalence of PB2 protein mutations associated with increased
pathogenicity and distribution in host and subtypes. Data of 1,568 isolates
(human: 1,050, avian: 456, and environment: 62) were retrieved and analyzed.
In avian hosts, 221 isolates showed PB2 mutations associated with increased
pathogenicity, which were from 376 isolates of the abovementioned subtypes
(A). Distribution of the 221 isolates among different avian species (B).

virus strain such as against a specific subtype, H3N2 (Belongia
et al., 2016). IAV infects a wide range of hosts, and interspecies
transmission is possible (Joseph et al., 2017). In this study, 30
subtypes of IAV were identified in Bangladesh from 2002 to 2019.
Of these, 29 were found in avian species with a predominance of
H5N1 and H9N2. Four human IAV isolates were reported, with
99.7% belonging to H1N1 and H3N2 (Komadina et al., 2014).
However, the interspecies transmission and genetic reassortment
of IAVs occurred in Bangladesh and correlated with the global
cases (Zhou et al., 2011; Lai et al., 2016; Briand et al., 2018).
Interestingly both H3N2 and H1N1 were identified only in
ducks, which were found to be infected with a total of 27
subtypes of IAVs in Bangladesh (Wilcox et al., 2011). Ducks
might be reservoirs of various IAV subtypes, and coinfection
with more than one subtype may be very common, and may
facilitate the emergence of a more pathogenic new strain of
IAV following genetic reassortment (Hinshaw et al., 1980; Sharp
et al., 1997; Wilcox et al., 2011; Deng et al., 2013). Moreover,
the emergence of H3N2 from ducks after genetic reassortment
with other subtypes is alarming as novel virus strains infecting
humans or other mammals may emerge (Zhou et al., 2011;
El-Shesheny et al., 2018).

IAV-infected patients can be treated with two groups
of anti-IAV drugs; adamantanes that block the viral M2
ion channel activity and NAIs, which inhibit the enzymatic
activities of the viral NA protein (Hussain et al., 2017; Jalily
et al., 2020; Musharrafieh et al., 2020). However, mutated
adamantane-resistant IAV strains have been emerging since

1980 due to mutations in the M2 protein, and their prevalence
is increasing (Heider et al., 1981; Dong et al., 2015). The
IAV subtypes circulating in humans worldwide, especially the
H1N1, and H3N2, show significant resistance to amantadine
(Hussain et al., 2017). Few reports showed that the prevalence
of adamantane-resistant IAVs exceeds 90% in Asian countries
(Nelson et al., 2009; Dong et al., 2015). Accordingly, more than
99% of the human isolates in this analysis showed resistance to
adamantanes, and they belong to the H1N1 and H3N2 subtypes.
Moreover, more than 90% of H9N2 isolates from humans, avian
hosts, and the environment also showed adamantane resistance.
In addition, a small percentage of avian and environmental H5N1
isolates were also found to be resistant to adamantanes, consistent
with previous findings (Cheung et al., 2006; Govorkova et al.,
2013).

Though several NAIs are available in the market, oseltamivir
and zanamivir have been used worldwide (Principi et al., 2019).
However, mutations in the NA protein affecting the sensitivity of
these drugs and IAV resistance have also emerged (Abed et al.,
2006; Zürcher et al., 2006; Hussain et al., 2017; WHO, 2018;
Moasser et al., 2019). During the study period of 2002 to 2019,
3.56% of the IAV isolates have been found to be resistant to
oseltamivir. Interestingly the resistance rate is higher in avian
species than in humans. All of the oseltamivir-resistant IAVs
were of the H1N1 subtype, which is supported by the findings
of a previous global analysis (Hussain et al., 2017). However, a
wide range of IAV subtypes with NAI resistance were primarily
found in ducks (Earhart et al., 2009; Järhult, 2012; Achenbach and
Bowen, 2013).

Many mutations in the PB2 protein identified in human IAV
isolates are present in avian species confirming the possibility
of interspecies transmission (Yamada et al., 2010; Wen et al.,
2018; Wang et al., 2019). PB2 mutations E627K and D701N
are found in H5N1 among human isolates, whereas avian type
PB2 exhibits the mutations 526K, 627E, and 701D (Chen et al.,
2005; Mehle and Doudna, 2008). The PB2 K526R mutation
is found in H3N2 among mammalian isolates, whereas the
H1N1 subtype shows the mutation 590S/591R for replication
in humans (Mehle and Doudna, 2009; Song et al., 2014). PB2
K702R is also supposed to be a host marker as it is found in
human H5N1 in Indonesia and has not been reported in avian
species (Finkelstein et al., 2007). The mutational analysis of
human IAV viral PB2 polymerase from 2002 to 2019 showed
that all H1N1 subtypes contained G590S/Q591R mutations,
whereas almost all of the H3N2 subtypes contained K526R,
E627K, and K702R simultaneously. Interestingly, more than 90%
of the avian and 100% of the environmental H5N1 PB2 also
contained the K526R, E627K, or K702R mutations, and these
mutations were mostly distributed in ducks and chickens. This
might be due to interspecies transmission and natural selection
(Wang et al., 2019).

In summary, a total of 30 subtypes of the IAV were identified
in Bangladesh. Among them, H5N1 and H9N2, are predominant
in the avian host and environment, whereas H3N2 and H1N1 are
prevalent in humans. The subtypes H1N1, H5N1, and H9N2 have
been isolated from humans and avian species. A wide range of
subtypes (27) has been found in ducks. All human IAV isolates
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are resistant to adamantanes. Though the prevalence is low,
NAI-resistant IAVs have been circulating in Bangladesh. A high
number of avian isolates contained PB2 mutations associated
with increased pathogenicity in the human IAV.
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