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Abstract: Highly pathogenic avian influenza H5 viruses have pandemic potential, cause significant
economic losses and are of veterinary and public health concerns. This study aimed to investigate
the distribution and diversity of hemagglutinin (HA) subtypes of avian influenza virus (AIV) in
poultry and wild birds in Bangladesh. We conducted an avian influenza sero-surveillance in wild
and domestic birds in wetlands of Chattogram and Sylhet in the winter seasons 2012–2014. We tested
serum samples using a competitive enzyme-linked immunosorbent assay (c-ELISA), and randomly
selected positive serum samples (170 of 942) were tested using hemagglutination inhibition (HI) to
detect antibodies against the 16 different HA sero-subtypes. All AIV sero–subtypes except H7, H11,
H14 and H15 were identified in the present study, with H5 and H9 dominating over other subtypes,
regardless of the bird species. The diversity of HA sero-subtypes within groups ranged from 3
(in household chickens) to 10 (in migratory birds). The prevalence of the H5 sero-subtype was 76.3%
(29/38) in nomadic ducks, 71.4% (5/7) in household chicken, 66.7% (24/36) in resident wild birds, 65.9%
(27/41) in migratory birds and 61.7% (29/47) in household ducks. Moreover, the H9 sero-subtype was
common in migratory birds (56%; 23/41), followed by 38.3% (18/47) in household ducks, 36.8% (14/38)
in nomadic ducks, 30.6% (11/66) in resident wild birds and 28.5% (2/7) in household chickens. H1,
H4 and H6 sero-subtypes were the most common sero-subtypes (80%; 8/10, 70%; 7/10 and 70%; 7/10,
respectively) in migratory birds in 2012, H9 in resident wild birds (83.3%; 5/6) and H2 in nomadic
ducks (73.9%; 17/23) in 2013, and the H5 sero-subtype in all types of birds (50% to 100%) in 2014.
The present study demonstrates that a high diversity of HA subtypes circulated in diverse bird species
in Bangladesh, and this broad range of AIV hosts may increase the probability of AIVs’ reassortment
and may enhance the emergence of novel AIV strains. A continued surveillance for AIV at targeted
domestic–wild bird interfaces is recommended to understand the ecology and evolution of AIVs.
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1. Introduction

Avian influenza viruses (AIVs) are of great significance to public health due to their potential
to cause influenza epidemics and pandemics. Influenza is caused by negative sense single-stranded
RNA viruses which belong to the Orthomyxoviridae family [1]. Orthomyxoviridae includes seven genera,
of which only influenza A, B, C and D cause influenza in vertebrates, whereas the influenza A virus
genus is mostly known to infect wild and domestic birds [2]. High pathogenicity avian influenza
(HPAI) H5N1 is a continuous major pathogen causing high mortality in a variety of avian species
and is capable of causing sporadic human infections and mortality [3]. HPAI H5 viruses continue to
be a devastating threat to the poultry industry and an incipient threat to humans with a low level of
infection. Since 1997, the HPAI H5 virus has continued to spread and evolve. Since 2004, the HPAI H5
virus has spread to many countries worldwide and has been responsible for the destruction of many
millions of birds. Wild birds are often blamed for the dispersal of AIVs including HPAI H5 viruses, but
definitive proof is often lacking. To date, all human influenza pandemics are associated with H1, H2
and H3 subtypes, but H5, H6, H7, H9 and H10 can also cross the species barrier and infect mammalian
species including humans by either antigenic drift or viral strain re-assortment with a human strain as
the antigenic shift [4,5]. The outbreak of HPAI has occurred in over 60 countries [6], though it was first
identified in China in 1996, and the influenza A/Goose/Guangdong/1/96 (H5N1) isolate is regarded as
the ancestor of the present zoonotic H5N1 virus evolution of H5N1 AIVs across Asia [7].

Bangladesh first experienced the outbreak of HPAI in poultry in March 2007. Since then, several
outbreaks have been reported in different poultry sectors which were affected by a massive economic
loss [8]. There is a huge influx of migratory birds of about 60 different species and approximately
50,000 individual birds [9] which are in close proximity to and mixing with resident wild birds during
winter seasons in the major wetlands of Hakaluki and Tanguar haors (wetland ecosystems) of the
Sylhet division in Bangladesh. The water bodies in Bangladesh might have played a significant role
in the epidemiology and ecology of HPAI (H5N1) outbreaks in local poultry through mixing with
domestic waterfowl [10]. However, this statement was not well proven as the prevalence estimates of
AIV in domestic and migratory birds were identical in Bangladesh [11], which justifies conducting the
present study.

Domestic household ducks shed influenza viruses asymptomatically and have an important role
in the transmission of AIVs (low-pathogenic avian influenza (LPAI) and HPAI) to other susceptible
poultry species such as domestic chickens when they intermingle in a common place [12,13]. Nomadic
domestic ducks were considered as a connector species between wild or migratory birds and domestic
chickens, which may be the key species in the spreading of AIVs. Previous H5N1 outbreaks in domestic
poultry have been provoked by nomadic (free-range) ducks in Thailand [14]. The large-scale trading
of poultry and poultry products, the presence of live bird wet markets, and wild and migratory bird
movements are drivers for spreading AIVs in several countries in Asia including Bangladesh [15,16],
China, Hong Kong and South Korea. In China, LPAI H7N9 viruses were transmitted to chicken in live
bird markets from domestic ducks and then transmitted to humans [17]. In late 2013 and early 2014 in
Jiangxi, China, cases of human infections with H10N8 virus were identified, and a similar serotype
was also detected in live bird markets [18].

Since the shedding period of AIVs is varied [19–21] in many species of migratory and resident wild
birds [22,23], virological or molecular studies do not capture the full temporal picture of AIV circulation
and ecology. The viral shedding period in chickens and ducks is longer (up to 2 weeks), but still limited
in time [21]. Therefore, a sero-epidemiological study of avian influenza (AI) is justified to explore
the exposure status of AIVs belonging to a broad range of hemagglutinin (HA) subtypes. Hence, the
current study was conducted to understand the distribution and diversity of HA sero-subtypes of AI
in different bird species including domestic and wild birds in Bangladesh.



Vet. Sci. 2020, 7, 73 3 of 12

2. Materials and Methods

2.1. Ethical Approval

The capturing of free-living and domestic birds was approved by the Bangladesh Forest Department,
The People’s Republic of Bangladesh (Reference number: WASU/FAO/PSWMID-6/2012/58). The handling
and sampling of birds were approved by the Animal Experimentation Ethics Committee of the Chattogram
Veterinary and Animal Sciences University, Bangladesh (Reference number: CVASU/Dir (R and E)
AEEC/2015/02). Free living birds were released into the wild after sampling. All efforts were made
to minimize animal suffering throughout the research project.

2.2. Bird Capture

A wide variety of migratory (Ferruginous duck, Gadwall, Lesser whistling duck, Little
grebe, Northern pintail, Ruddy shelduck, Tufted duck, etc.) and resident (Asian pied starling,
Brown-headed gull, House crow, House sparrow) wild birds, along with domestic poultry from major
wetlands in Bangladesh (Figure 1, Supplementary Table S1), were captured during the winter season
(January–March) over three consecutive years, 2012–2014.Vet. Sci. 2020, 7, x  4 of 13 
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Migratory wild birds visiting the Hakaluki (Moulavibazar) and Tanguar Hoar (Sunamganj)
wetlands were sampled. Bangladeshi resident wild birds at roosting sites in the area of Hakaluki and
Tanguar haors and Chattogram were sampled as well. Domestic birds such as household chickens,
ducks and nomadic ducks (a group of free range ducks raised at the bank of waterbodies) were
randomly sampled, at the rate of one bird per household (flock size: five to ten birds for chickens; four
to ten birds for ducks) and five birds per nomadic flock (200 to 1000 birds per flock). All resident and
migratory wild birds were caught using mist nets under the permission of the Wildlife Division of the
Department of Forestry, Bangladesh.

2.3. Sample Collection, Competitive Enzyme-Linked Immunosorbent Assay and Haemagglutination
Inhibition Test

Blood samples were collected from each individual bird as previously described [11]. Serum
samples were initially evaluated using a competitive enzyme-linked immunosorbent assay (c-ELISA)
(AI Multi-screen kit; IDEXX Laboratory Inc., Westbrook, ME, USA, lot: AM688) according to the
manufacturer’s instructions [24], and samples were considered as reactive when a sample had a mean
value of 40% inhibition or more. Of the 2985 serum samples tested, 942 were c-ELISA AI antibody
reactive. From the c-ELISA reactive samples, 170 (41 migratory birds, 36 resident wild birds, 38 nomadic
ducks, 47 household ducks and 7 household chickens) were randomly selected for a haemagglutination
inhibition (HI) test. The HI test used a panel of inactivated AIV HA antigens (H1–H16) for this study,
provided by the Australian Animal Health Laboratory (AAHL), to determine the distribution of AIV
HA sero-subtypes infecting birds as previously described [24,25]. Sera showing inhibition at dilutions
of 1:16 or greater against four haemagglutination units of AIV antigen were considered reactive for
the antibody of migratory or resident aquatic wild birds as was previously reported [24], whereas
sera showing inhibition of 1:64 or more against four haemagglutination units of AIV antigen were
considered reactive for domestic chickens and ducks as was previously reported [25].

2.4. Statistical Analysis

Data were entered into Microsoft Excel 2010 and checked for integrity before exporting to STATA/IC
13 (Stata Corp, College Station, TX, USA). A descriptive statistical analysis of the HI results was
performed. The AIV serological distribution was shown by subtypes, bird groups, study sites and year.
The results were expressed in frequency numbers and percentages in tables and graphs.

3. Results

The distribution of AIV HA serotypes was presented as the diversity of subtypes and ranged from
three (H5, H9 and H12) in household chickens to ten (H1, H2, H3, H4, H5, H6, H9, H12, H13 and H16)
in migratory birds. Moreover, we also detected five subtypes (H1, H2, H5, H9 and H12) in resident
wild birds, 7 (H1, H2, H4, H5, H9, H10 and H12) in nomadic ducks and eight (H1, H2, H4, H5, H8,
H9, H12 and H13) in household ducks. In general, the H5 serotype was highly prevalent in all study
locations (Figure 1) and across all bird groups, followed by H9, H2, H12 and other serotypes (Table 1,
Supplementary Table S1).

In migratory birds, the frequency of the H5 serotype was found to be the most prevalent (65.9%;
27/41) followed by H9 (56%; 23/41), H1 (41.5%; 17/41), H12 (41.5%; 17/41) and H2 (34.2%; 14/41).
In resident wild birds, the distribution of HA serotypes was 66.7% (24/36) H5, 30.6% (11/36) H9 and
25% (9/36) H2. In domestic birds, the HA serotype frequencies were 61.7% for H5 (29/47) and 38.3% for
H9 (18/47) in household ducks, 76.3% for H5 (29/38), 55.3% for H2 (21/38) and 36.8% for H9 (14/38) in
nomadic ducks, and 71.4% for H5 (5/7) and 28.5% for H9 (2/7) in household chickens (Table 1).
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The grouping of the HA sero-subtype distribution by the sampling year resulted in the finding
that the dominant subtype in 2012 was H1 (80%; 8/10) in migratory birds, followed by H4 (66.6%; 4/6)
in household ducks and H5 (64.3%; 18/28) in resident wild birds. In 2013, H9 (83.3%; 5/6) and H5
(66.6%; 4/6) were the most common sero-subtypes in resident wild birds, followed by H2 (73.9%; 17/23)
and H5 (69.6%; 16/23) in nomadic ducks. In 2014, H5 (100%; 15/15) and H9 (66.7%; 10/15) were the
most common sero-subtypes in migratory birds, followed by H5 (100%; 2/2) in resident wild birds,
H5 (86.7%; 13/15) in nomadic ducks and H5 (64.9%; 24/37) and H9 (40.5%; 15/37) in household ducks
(Table 2).

The grouping of the HA sero-subtype distribution by the sampling site demonstrated that both
hoars were the most infected hub by H5 and H9 in comparison to other sites. The following was found:
39.1% (9/23) in Hakaluki haor vs. 100% (17/17) in Tanguar haor vs. 100% (1/1) in Chattogram for H5
and 52.2% (12/23) in Hakaluki haor vs. 58.8% (10/17) in Tanguar haor vs. 100% (1/1) in Chattogram for
H9 in migratory birds; 100% (1/1) in Hakaluki haor vs. 100% (3/3) in Tanguar haor vs. 62.5% (20/32) in
Chattogram for H5 and 0% (0/1) in Hakaluki haor vs. 33.3% (1/3) in Tanguar haor vs. 31.3% (10/32) in
Chattogram for H9 in resident wild birds; 86.7% (13/15) in Hakaluki haor vs. 69.6% (16/23) in Tanguar
haor vs. 0% in Chattogram for H5 and 33.3% (5/15) in Hakaluki haor vs. 39.1% (9/23) in Tanguar
haor vs. 0% in Chattogram for H9 in nomadic ducks; 50% (11/22) in Hakaluki haor vs. 76.9% (10/13)
in Tanguar haor vs. 61.5% (8/13) in Chattogram for H5 and 18.2% (4/22) in Hakaluki haor vs. 53.8%
(7/13) in Tanguar haor vs. 53.8% (7/13) in Chattogram for H9 in household ducks. It was found that
sero-subtypes H1, H2, H3, H4, H6, H8, H10, H12, H13 and H16 were detected across the study sites in
different bird types (Table 3).
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Table 1. Matrix of bird type and avian influenza haemagglutinin (HA) serotype in Bangladesh.

HA Subtype H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16

Migratory bird
(n = 41, N = 170)

•••••

•••••

•••••

••

•••••

•••••

••••

••

•••••

•••••

•••

•••••

•••••

•••••

•••••

•••••

••

•••••

•••••

•••••

•••••

•••••

•••••

•••

•••••

•••••

•••••

••

•••• •

Resident wild bird
(n = 36, N = 170) •

•••••

••••

•••••

•••••

•••••

•••••

•••

•••••

•••••

•

••

Nomadic duck
(n = 38, N = 170) •

•••••

•••••

•••••

•••••

•

••

•••••

•••••

•••••

•••••

•••••

••••

•••••

•••••

••••

••
•••••

•

Household duck
(n = 47, N = 170) •

•••••

••••
••••

•••••

•••••

•••••

•••••

•••••

••••

•

•••••

•••••

•••••

•••

•••• •

Household chicken
(n = 7, N = 170)

•••••
•• •

n = number of c-ELISA reactors tested for HA serotype; N = Total number of c-ELISA positive serum samples used for HA serotype. •: frequency number of serotypes (multiple serotypes
in individual samples were counted individually).
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Table 2. Year versus haemagglutinin (HA) serotypes for different groups of birds in Bangladesh.

AIV
Subtype

2012 (January–March) 2013 (January–March) 2014 (January–March)

MB RW ND HD HC MB RW ND HD HC MB RW ND HD HC

(N=10) (N = 28) (N = 0) (N = 6) (N = 0) (N=16) (N = 6) (N = 23) (N = 5) (N = 3) (N = 15) (N = 2) (N = 15) (N = 37) (N = 4)

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

H1 8 (80) 0 (0) 0 (0) 0 (0) 0 (0) 7 (43.8) 1 (16.7) 0 (0) 0 (0) 0 (0) 2 (13.3) 0 (0) 1 (6.7) 1 (2.7) 0 (0)
H2 3 (30) 8 (28.6) 0 (0) 2 (33.3) 0 (0) 6 (37.5) 1 (16.7) 17 (73.9) 2 (40) 0 (0) 5 (33.3) 0 (0) 4 (26.7) 5 (13.5) 0 (0)
H3 2 (20) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H4 7 (70) 0 (0) 0 (0) 4 (66.6) 0 (0) 3 (18.8) 0 (0) 2 (8.7) 0 (0) 0 (0) 3 (20) 0 (0) 0 (0) 0 (0) 0 (0)
H5 2 (20) 18 (64.3) 0 (0) 3 (50) 0 (0) 10 4 (66.7) 16 (69.6) 2 (40) 3 (100) 15 (100) 2 (100) 13 (86.7) 24 (64.9) 2 (50)
H6 7 (70) 0 (0) 0 (0) 0 (0) 0 (0) 3 (18.8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H7 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H8 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (20) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H9 6 (60) 6 (21.4) 0 (0) 2 (33.3) 0 (0) 7 (43.8) 5 (83.3) 9 (39.1) 1 (20) 2 (66.7) 10 (66.7) 0 (0) 5 (33.3) 15 (40.5) 0 (0)

H10 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (8.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H11 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H12 5 (50) 2 (7.1) 0 (0) 2 (33.3) 0 (0) 6 (37.5) 0 (0) 5 (21.7) 0 (0) 1 (33.3) 6 (40) 0 (0) 1 (6.7) 2 (5.4) 0 (0)
H13 3 (30) 0 (0) 0 (0) 0 (0) 0 (0) 1 (6.3) 0 (0) 0 (0) 1 (20) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H14 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H15 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H16 1 (10) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

MB: Migratory bird; RW: Resident wild bird; ND: Nomadic duck; HD: Household duck; HC: Household chicken.
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Table 3. Area versus haemagglutinin (HA) serotypes for different groups of birds in Bangladesh.

AIV
Subtype

Hakaluki Hoar Tanguar Hoar Chittagong

MB RW ND HD HC MB RW ND HD HC MB RW ND HD HC

(N = 23) (N = 1) (N = 15) (N=22) (N = 4) (N = 17) (N = 3) (N = 23) (N = 13) (N = 0) (N = 1) (N = 32) (N = 0) (N = 13) (N = 3)

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

H1 14 (60.9) 0 (0) 1 (6.7) 0 (0) 0 (0) 3 (17.6) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (3.1) 0 (0) 1 (7.7) 0 (0)
H2 9 (39.1) 0 (0) 4 (26.7) 3 (13.7) 0 (0) 5 (29.4) 0 (0) 17 (73.9) 2 (15.4) 0 (0) 0 (0) 9 (28.1) 0 (0) 4 (30.8) 0 (0)
H3 2 (8.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H4 9 (39.1) 0 (0) 0 (0) 0 (0) 0 (0) 4 (23.5) 0 (0) 2 (8.6) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 4 (30.8) 0 (0)
H5 9 (39.1) 1 (100) 13 (86.7) 11 (50) 2 (50) 17 (100) 3 (100) 16 (69.6) 10 (76.9) 0 (0) 1 (100) 20 (62.5) 0 (0) 8 (61.5) 3 (100)
H6 10 (43.5) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H7 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H8 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (7.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H9 12 (52.2) 0 (0) 5 (33.3) 4 (18.2) 0 (0) 10 (58.8) 1 (33.3) 9 (39.1) 7 (53.8) 0 (0) 1 (100) 10 (31.3) 0 (0) 7 (53.8) 2 (66.7)

H10 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (8.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H11 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H12 9 (39.1) 0 (0) 1 (6.7) 0 (0) 0 (0) 7 (41.2) 0 (0) 5 (21.7) 0 (0) 0 (0) 1 (100) 2 (6.3) 0 (0) 4 (30.8) 1 (33.3)
H13 4 (17.4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (7.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H14 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H15 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
H16 1 (4.3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

MB: Migratory bird; RW: Resident wild bird; ND: Nomadic duck; HD: Household duck; HC: Household chicken.
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4. Discussion

In the present study, multiple AIV HA sero-subtypes were detected in migratory birds, household
ducks and nomadic ducks [26], which corroborates that waterfowl are the natural reservoir for a
wide range of AIVs [7–12]. The highest HA sero-subtype diversity was observed in migratory birds,
consistent with the fact that AIV diversity is driven by this group, which introduces new AIVs through
migration. The finding that eight different HA serotypes circulated in resident wild birds in Bangladesh
further suggested that resident wild birds may have been infected with AIVs from aquatic birds
(migratory birds and household ducks) when they roosted at the same roosting sites of wetlands of
Hakaluki and Tanguar Hoars and Chattogram. The resident birds are suggested to have played a role
as accidental hosts of AIVs. The presence of multiple HA sero-subtypes in resident birds is supported
by several previous studies from different parts of the world [27,28]. The detection of fewer numbers of
HA sero-subtypes in domestic chickens, which is similar to other studies [5], is consistent with the fact
that these birds are not yet identified as enzootic or natural hosts for a wide range of AIVs. However,
the low number of sera from household chickens which were subjected to the serotype-specific analysis
may lead to an underestimation of diversity which mandates further studies.

Irrespective of bird groups, H5 and H9 HA sero-subtypes were the most commonly detected
sero-subtypes, which suggested that the birds at the study areas were in close contact (e.g., common
roosting places), allowing the transmission of AIVs. This possibility is strongly supported by several
reports [29–31]. The presence of the H5 sero-subtype in nomadic ducks may be explained by their
mixing with migratory birds in the wetland environment. Migratory birds, resident wild birds and
free-ranging domestic birds, the type of farming system [32], and the nature of wetland ecosystems are
key factors in maintaining the circulation and spread of different AIV HA subtypes in Bangladesh.

Along with H5 subtypes, the finding of H9 sero-subtypes in domestic birds in the present study is
similar to a previous report [33]. The potential for humans to be infected with AIVs is due to the fact
that chickens and ducks in many households are mixed together in night shelters at human dwellings.
AI H5 and H9 subtypes are the most well-known virus subtypes to cause human infections [34].
The movement of resident wild birds between different places in live bird markets and the abundance
of live bird markets pose a risk of interspecies transmission of AIVs [26], and represent a serious threat
for human health due to the emergence of AIVs with pandemic potential.

The diversity of different subtypes varied among different wetlands. It was found that H2, H5 and
H9 sero-subtypes were the most prevalent in Tanguar Hoar, whereas H1, H9, H6 and H12 sero-subtypes
were predominantly found in Hakaluki Hoar. In Chattogram, H5, H9 and H12 sero-subtypes were
frequently found among different bird types. These disparities of HA sero-subtypes can be partially
explained by the variation of sampling location, mixing of bird types and the susceptibility to AIVs.
The discrepancy is supported by a previous study [35]. The common detection of H5 and H9
sero-subtypes in all sampling sites suggested that these subtypes are established in Bangladesh,
whereas other subtypes may be more transient and potentially introduced by exotic migratory birds.
AIV antibodies corresponding to multiple HA subtypes were frequently detected in individual birds
in the present study. Moreover, previous studies reported more than one AIV subtype infecting
individual wild ducks [36,37]. These previous results, along with the sero-typing results in the current
study, indicate that wild birds can be infected with more than one AIV subtype throughout their lives.
The co-infection with more than one AIV subtype further increases the risk of virus reassortment.
In the present study, multiple sero-subtypes were found in a single sample, which indicated that
bird groups were exposed to multiple subtypes during their lifetime. However, the potential for
cross-contamination of HA serotypes in the HI testing of the serum samples could have occurred,
although the high cut-off HI titre was used to confirm the sero-positivity of different HA serotypes.
Sero-surveillance offers estimates of the immunity of populations against preventable diseases such as
AIV, and it is important to evaluate the immunity level of populations against certain diseases [38].
In addition, the correlation between the strength of an HI result and the possible time since a bird was
infected is not straightforward. In general, HI titres decrease over time, but sometimes sub-clinical
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infection raises the antibody titre again, and reservoir species may also have some degree of immunity
but still infect other susceptible species. The results of the present study therefore suggest that AIVs
could spill over to resident or domestic birds from migratory birds and potentially spill back to
migratory birds (for some HA sero-subtypes) from the resident or domestic birds. Therefore, it is likely
that the AIV ecology in birds in Bangladesh allows for evolution (e.g., through reassortment), and
it is important to identify warning signs which may point to the emergence of a potentially virulent
AIV strain in domestic birds and highly transmissible AIVs to humans [39]. Thus, further studies are
required to investigate the direction and extent of AIV exchange between wild and domestic birds.
In addition, future molecular studies are required to determine the evolutionary patterns of AIVs in
the country.

5. Conclusions

Avian influenza (AI) has pandemic potential, causes significant economic losses in poultry in
Bangladesh and is of great concern to public health. The current study underlines the importance
of sero-surveillance in wild and domestic birds. In the present study, the diversity of HA sero
sub-types ranged from minimum in household chickens to maximum in migratory birds. In general,
the prevalence of all HA sero-subtypes was higher in migratory birds in comparison with other bird
types. Little variation of HA subtype patterns was observed in different sites and over the sampling
years. Furthermore, the prevalence of the H5 sero-subtype was high in all locations. The findings of
the present study showed a high diversity of HA subtypes circulating in diverse wild bird species
(both migratory and resident). The findings also suggest expanding the current host range of the
AIV reservoir, which may increase the probability of AIV reassortment and the emergence of novel
strains. Continuous surveillance efforts for AIVs are recommended to fully understand the ecology
and evolutionary patterns of HA subtypes in wild and domestic birds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-7381/7/2/73/s1,
Table S1: metadata of bird samples during avian influenza surveillance in 2012–2014 in Bangladesh.

Author Contributions: Conceptualization, M.M.H. and M.A.H.; Data curation, M.M.H., M.E.E.Z.; Formal analysis,
M.E.E.Z., M.M.H., S.A.K., M.K.R. and J.D.J.; Funding acquisition, M.A.H. and J.D.J.; Investigation, M.M.H.,
M.E.E.Z., A.I., S.A.K., J.D.J., and M.K.R.; Methodology, A.I., S.A.K. and M.K.R.; Project administration, M.A.H.;
Resources, M.A.H.; Supervision, M.M.H. and M.A.H.; Validation, M.E.E.Z. and J.D.J.; Writing—Original draft,
M.M.H., M.E.E.Z. and J.D.J.; Writing—Review & editing, M.M.H., M.E.E.Z. and J.D.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Food and Agricultural Organization, Bangladesh (FAO’B)
[Grant number AIV/Wildbirds/01/2012] for M.A.H. and by the Swedish Research Council (Vetenskapsrådet) grant
number 02606 for J.D.J.

Acknowledgments: Authors would like to thank the Food and Agricultural Organization, Bangladesh for support.
We thank the Bangladesh Department of Forestry for their permission to sample wild birds. We also thank
field and laboratory staff members for their support during the project. Authors would like to thank the two
anonymous reviewers for their efforts and insightful comments which significantly improved the manuscript.

Conflicts of Interest: The authors have declared that no competing interests exist.

References

1. Bouvier, N.M.; Palese, P. The biology of influenza viruses. Vaccine 2008, 26 (Suppl. 4), D49–D53. [CrossRef]
[PubMed]

2. MacLachlan, N.J.; Dubovi, E.J. (Eds.) Chapter 21—Orthomyxoviridae. In Fenner’s Veterinary Virology, 5th ed.;
Academic Press: Boston, MA, USA, 2017; pp. 389–410. [CrossRef]

3. Swayne, D.; Suarez, D. Highly pathogenic avian influenza. Rev. Sci. Tech. Off. Int. Epizoot. 2000, 19, 463–475.
[CrossRef] [PubMed]

4. Chen, H.; Yuan, H.; Gao, R.; Zhang, J.; Wang, D.; Xiong, Y.; Fan, G.; Yang, F.; Li, X.; Zhou, J. Clinical and
epidemiological characteristics of a fatal case of avian influenza A H10N8 virus infection: A descriptive
study. Lancet 2014, 383, 714–721. [CrossRef]

http://www.mdpi.com/2306-7381/7/2/73/s1
http://dx.doi.org/10.1016/j.vaccine.2008.07.039
http://www.ncbi.nlm.nih.gov/pubmed/19230160
http://dx.doi.org/10.1016/B978-0-12-800946-8.00021-0
http://dx.doi.org/10.20506/rst.19.2.1230
http://www.ncbi.nlm.nih.gov/pubmed/10935274
http://dx.doi.org/10.1016/S0140-6736(14)60111-2


Vet. Sci. 2020, 7, 73 11 of 12

5. Yuen, K.-Y.; Chan, P.; Peiris, M.; Tsang, D.; Que, T.; Shortridge, K.; Cheung, P.; To, W.; Ho, E.; Sung, R. Clinical
features and rapid viral diagnosis of human disease associated with avian influenza A H5N1 virus. Lancet
1998, 351, 467–471. [CrossRef]

6. Dhama, K. Avian/Bird Flu Virus: Poultry Pathogen Having. J. Med. Sci. 2013, 13, 301–315. [CrossRef]
7. Li, K.; Guan, Y.; Wang, J.; Smith, G.; Xu, K.; Duan, L.; Rahardjo, A.; Puthavathana, P.; Buranathai, C.;

Nguyen, T. Genesis of a highly pathogenic and potentially pandemic H5N1 influenza virus in eastern Asia.
Nature 2004, 430, 209–213. [CrossRef]

8. Hamid, M.; Rahman, M.; Ahmed, S.; Hossain, K. Status of poultry industry in bangladesh and the role of
private sector for its development. Asian J. Poultry Sci. 2017, 11, 1–13. [CrossRef]

9. Alam, A.; Chowdhury, M.; Sobhan, I. Biodiversity of Tanguar Haor: A Ramsar Site of Bangladesh Volume I:
Wildlife; IUCN Bangladesh: Dhaka, Bangladesh, 2012; 234p.

10. Ahmed, S.S.; Ersbøll, A.K.; Biswas, P.K.; Christensen, J.P.; Hannan, A.S.; Toft, N. Ecological determinants of
highly pathogenic avian influenza (H5N1) outbreaks in Bangladesh. PLoS ONE 2012, 7, e33938. [CrossRef]

11. Hassan, M.M.; Hoque, M.A.; Debnath, N.C.; Yamage, M.; Klaassen, M. Are poultry or wild birds the main
reservoirs for avian influenza in Bangladesh? Ecohealth 2017, 14, 490–500. [CrossRef]

12. Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A
viruses. Microbiol. Mol. Biol. Rev. 1992, 56, 152–179. [CrossRef]

13. Vandegrift, K.J.; Sokolow, S.H.; Daszak, P.; Kilpatrick, A.M. Ecology of avian influenza viruses in a changing
world. Ann. N. Y. Acad. Sci. 2010, 1195, 113. [CrossRef] [PubMed]

14. Gilbert, M.; Chaitaweesub, P.; Parakamawongsa, T.; Premashthira, S.; Tiensin, T.; Kalpravidh, W.; Wagner, H.;
Slingenbergh, J. Free-grazing ducks and highly pathogenic avian influenza, Thailand. Emerg. Infect. Dis.
2006, 12, 227. [CrossRef]

15. Parvin, R.; Kamal, A.H.; Haque, M.E.; Chowdhury, E.H.; Giasuddin, M.; Islam, M.R.; Vahlenkamp, T.W.
Genetic characterization of highly pathogenic H5N1 avian influenza virus from live migratory birds in
Bangladesh. Virus Genes 2014, 49, 438–448. [CrossRef] [PubMed]

16. Hassan, M.M.; Hoque, M.A.; Ujvari, B.; Klaassen, M. Live bird markets in Bangladesh as a potentially
important source for Avian Influenza Virus transmission. Prev. Vet. Med. 2018, 156, 22–27. [CrossRef]
[PubMed]

17. Lam, T.T.-Y.; Wang, J.; Shen, Y.; Zhou, B.; Duan, L.; Cheung, C.-L.; Ma, C.; Lycett, S.J.; Leung, C.Y.-H.; Chen, X.
The genesis and source of the H7N9 influenza viruses causing human infections in China. Nature 2013, 502,
241–244. [CrossRef]

18. Ma, C.; Lam, T.T.-Y.; Chai, Y.; Wang, J.; Fan, X.; Hong, W.; Zhang, Y.; Li, L.; Liu, Y.; Smith, D.K. Emergence
and evolution of H10 subtype influenza viruses in poultry in China. J. Virol. 2015, 89, 3534–3541. [CrossRef]

19. Hénaux, V.; Samuel, M.D. Avian influenza shedding patterns in waterfowl: Implications for surveillance,
environmental transmission, and disease spread. J. Wildl. Dis. 2011, 47, 566–578. [CrossRef]

20. Costa, T.P.; Brown, J.D.; Howerth, E.W.; Stallknecht, D.E. Variation in viral shedding patterns between
different wild bird species infected experimentally with low-pathogenicity avian influenza viruses that
originated from wild birds. Avian Pathol. 2011, 40, 119–124. [CrossRef]

21. Germeraad, E.A.; Sanders, P.; Hagenaars, T.J.; Jong, M.C.M.d.; Beerens, N.; Gonzales, J.L. Virus Shedding of
Avian Influenza in Poultry: A Systematic Review and Meta-Analysis. Viruses 2019, 11, 812. [CrossRef]

22. Grear, D.A.; Dusek, R.J.; Walsh, D.P.; Hall, J.S. No evidence of infection or exposure to highly pathogenic
avian influenzas in peridomestic wildlife on an affected poultry facility. J. Wildl. Dis. 2017, 53, 37–45.
[CrossRef]

23. Hoye, B.J.; Fouchier, R.A.; Klaassen, M. Host behaviour and physiology underpin individual variation in
avian influenza virus infection in migratory Bewick’s swans. Proc. Biol. Sci. 2012, 279, 529–534. [CrossRef]
[PubMed]

24. Hoque, A. Risk of Spill-Over of Diseases (in Particular Avian Influenza) from Wild Aquatic Birds in North
Queensland. Ph.D. Thesis, James Cook University, Townsville, Australia, 2011.

25. Selleck, P. Influenza A Virus: A Competitive ELISA for the Detection of Antibodies to Influenza A Viruses in Equine
Sera; CSIRO Livestock Industries, CSIRO Publishing: Canberra, Australia, 2008.

26. Sarker, R.D.; Giasuddin, M.; Chowdhury, E.H.; Islam, M.R. Serological and virological surveillance of avian
influenza virus in domestic ducks of the north-east region of Bangladesh. BMC Vet. Res. 2017, 13, 180.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(98)01182-9
http://dx.doi.org/10.3923/jms.2013.301.315
http://dx.doi.org/10.1038/nature02746
http://dx.doi.org/10.3923/ajpsaj.2017.1.13
http://dx.doi.org/10.1371/journal.pone.0033938
http://dx.doi.org/10.1007/s10393-017-1257-6
http://dx.doi.org/10.1128/MMBR.56.1.152-179.1992
http://dx.doi.org/10.1111/j.1749-6632.2010.05451.x
http://www.ncbi.nlm.nih.gov/pubmed/20536820
http://dx.doi.org/10.3201/eid1202.050640
http://dx.doi.org/10.1007/s11262-014-1118-0
http://www.ncbi.nlm.nih.gov/pubmed/25256256
http://dx.doi.org/10.1016/j.prevetmed.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29891142
http://dx.doi.org/10.1038/nature12515
http://dx.doi.org/10.1128/JVI.03167-14
http://dx.doi.org/10.7589/0090-3558-47.3.566
http://dx.doi.org/10.1080/03079457.2010.540002
http://dx.doi.org/10.3390/v11090812
http://dx.doi.org/10.7589/2016-02-029
http://dx.doi.org/10.1098/rspb.2011.0958
http://www.ncbi.nlm.nih.gov/pubmed/21733894
http://dx.doi.org/10.1186/s12917-017-1104-6
http://www.ncbi.nlm.nih.gov/pubmed/28623934


Vet. Sci. 2020, 7, 73 12 of 12

27. Verhagen, J.H.; Lexmond, P.; Vuong, O.; Schutten, M.; Guldemeester, J.; Osterhaus, A.D.; Elbers, A.R.;
Slaterus, R.; Hornman, M.; Koch, G. Discordant detection of avian influenza virus subtypes in time and
space between poultry and wild birds; Towards improvement of surveillance programs. PLoS ONE 2017,
12, e173470. [CrossRef] [PubMed]

28. Krauss, S.; Obert, C.A.; Franks, J.; Walker, D.; Jones, K.; Seiler, P.; Niles, L.; Pryor, S.P.; Obenauer, J.C.;
Naeve, C.W. Influenza in migratory birds and evidence of limited intercontinental virus exchange. PLoS Pathog.
2007, 3, e167. [CrossRef] [PubMed]

29. Pepin, K.M.; Wang, J.; Webb, C.T.; Hoeting, J.A.; Poss, M.; Hudson, P.J.; Hong, W.; Zhu, H.; Guan, Y.; Riley, S.
Anticipating the prevalence of avian influenza subtypes H9 and H5 in live-bird markets. PLoS ONE 2013,
8, e56157. [CrossRef] [PubMed]

30. Tolba, H.M.; Elez, R.M.A.; Elsohaby, I.; Ahmed, H.A. Molecular identification of avian influenza virus
subtypes H5N1 and H9N2 in birds from farms and live bird markets and in respiratory patients. PeerJ 2018,
6, e5473. [CrossRef]

31. Morales, A.C., Jr.; Hilt, D.A.; Williams, S.M.; Pantin-Jackwood, M.J.; Suarez, D.L.; Spackman, E.;
Stallknecht, D.E.; Jackwood, M.W. Biologic characterization of H4, H6, and H9 type low pathogenicity avian
influenza viruses from wild birds in chickens and turkeys. Avian Dis. 2009, 53, 552–562. [CrossRef]

32. Martin, V.; Sims, L.; Lubroth, J.; Pfeiffer, D.; Slingenbergh, J.; Domenech, J. Epidemiology and ecology of
highly pathogenic avian influenza with particular emphasis on South East Asia. Dev. Biol. 2006, 124, 23–36.

33. Parvin, R.; Begum, J.A.; Nooruzzaman, M.; Chowdhury, E.H.; Islam, M.R.; Vahlenkamp, T.W. Review analysis
and impact of co-circulating H5N1 and H9N2 avian influenza viruses in Bangladesh. Epidemiol. Infect. 2018,
146, 1259–1266. [CrossRef]

34. Peiris, J.M. Avian influenza viruses in humans. Rev. Sci. Tech. (Int. Off. Epizoot.) 2009, 28, 161–173. [CrossRef]
[PubMed]

35. Barman, S.; Marinova-Petkova, A.; Hasan, M.K.; Akhtar, S.; El-Shesheny, R.; Turner, J.C.; Franks, J.; Walker, D.;
Seiler, J.; Friedman, K. Role of domestic ducks in the emergence of a new genotype of highly pathogenic
H5N1 avian influenza A viruses in Bangladesh. Emerg. Microbes Infect. 2017, 6, 1–13. [CrossRef]

36. Halvorson, D.; Karunakaran, D.; Senne, D.; Kelleher, C.; Bailey, C.; Abraham, A.; Hinshaw, V.; Newman, J.
Epizootiology of avian influenza: Simultaneous monitoring of sentinel ducks and turkeys in Minnesota.
Avian Dis. 1983, 22, 77–85. [CrossRef]

37. Jackwood, M.W.; Stallknecht, D.E. Molecular epidemiologic studies on North American H9 avian influenza
virus isolates from waterfowl and shorebirds. Avian Dis. 2007, 51, 448–450. [CrossRef] [PubMed]

38. Osborne, K.; Weinberg, J.; Miller, E. The European Sero-Epidemiology Network. Euro Surveill. Bull. Eur. Mal.
Transm. Eur. Commun. Dis. Bull. 1997, 2, 29–31. [CrossRef] [PubMed]

39. Su, S.; Bi, Y.; Wong, G.; Gray, G.C.; Gao, G.F.; Li, S. Epidemiology, evolution, and recent outbreaks of avian
influenza virus in China. J. Virol. 2015, 89, 8671–8676. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0173470
http://www.ncbi.nlm.nih.gov/pubmed/28278281
http://dx.doi.org/10.1371/journal.ppat.0030167
http://www.ncbi.nlm.nih.gov/pubmed/17997603
http://dx.doi.org/10.1371/journal.pone.0056157
http://www.ncbi.nlm.nih.gov/pubmed/23409145
http://dx.doi.org/10.7717/peerj.5473
http://dx.doi.org/10.1637/8877-041509-Reg.1
http://dx.doi.org/10.1017/S0950268818001292
http://dx.doi.org/10.20506/rst.28.1.1871
http://www.ncbi.nlm.nih.gov/pubmed/19618624
http://dx.doi.org/10.1038/emi.2017.60
http://dx.doi.org/10.2307/1590374
http://dx.doi.org/10.1637/7536-032706R.1
http://www.ncbi.nlm.nih.gov/pubmed/17494604
http://dx.doi.org/10.2807/esm.02.04.00167-en
http://www.ncbi.nlm.nih.gov/pubmed/12631820
http://dx.doi.org/10.1128/JVI.01034-15
http://www.ncbi.nlm.nih.gov/pubmed/26063419
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethical Approval 
	Bird Capture 
	Sample Collection, Competitive Enzyme-Linked Immunosorbent Assay and Haemagglutination Inhibition Test 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

