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Summary

In order to control Highly Pathogenic Avian Influenza (HPAI) H5N1 and Low Pathogenic Avian
Influenza (LPAI) HON2 virus spread in endemically infected countries, a detailed understanding of
infection patterns is required. We conducted cross-sectional studies in Bangladesh in 2016 and 2017,
on 144 backyard, 106 broiler and 113 layer chicken farms. Although all sampled birds were negative
for HS virus by RT-PCR, H5 antibodies were detected in unvaccinated birds on all three farming
systems. Higher H5 antibody prevalence was observed in ducks raised on backyard farms, 14.2% (95%
CI: 10.0-19.8%), compared to in-contact backyard chickens, 4.2% (95% CI: 2.8-6.1%). The H5
antibody prevalence was lower in broiler chickens, 1.5% (95% CI: 0.9-2.5%), compared to layer
chickens, 7.8% (95% CI: 6.1-9.8%). H9 viruses were detected by RT-PCR in 0.5% (95% CI: 0.2-1.3%)
and 0.6% (95% CI: 0.3-1.5%) of broilers and layers respectively, and in 0.2% (95% CI: 0.0-1.2%) of
backyard chickens. Backyard chickens and ducks showed similar H9 antibody prevalence, 16.0% (95%
CI: 13.2-19.2%) and 15.7% (95% CI: 11.3-21.4%), which was higher compared to layers, 5.8% (95%
CI: 4.3-7.6%), and broilers, 1.5% (95% CI: 0.9-2.5%). Over the course of a production cycle, H5 and
H9 antibody prevalence increased with the age of backyard and layer chickens. Usually, multiple ducks
within a flock were H5 antibody positive, in contrast to backyard chickens, broilers and layers where
only individual birds within flocks developed HS5 antibodies. Our findings highlight low virus
circulation in healthy chickens of all production systems in Bangladesh, which is in contrast to high
virus circulation reported from live bird markets. Data generated in this project can be used to adopt
risk-based surveillance approaches in different chicken production systems in Bangladesh and to inform

mathematical models exploring HPAI infection dynamics in poultry from the source of production.
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1| INTRODUCTION

Highly Pathogenic Avian Influenza (HPAI) H5N1 virus is considered to be endemic in Bangladesh,
China, Egypt, India, Indonesia and Vietnam (CDC, 2019; FAO, 2011), causing sporadic cases in
humans, generally associated with exposure to infected poultry or contaminated environments (Fournié,
Hog, Barnett, Pfeiffer, & Mangtani, 2017). In addition, it is feared that the ongoing co-circulation of
Low Pathogenic Avian Influenza (LPAI) virus subtype HON2 in H5SN1-endemic areas might promote
the emergence of reassortants able to spread effectively among humans (Marinova-Petkova et al., 2016;
Parvin et al., 2019; Parvin et al., 2018; Thuy et al., 2016). In fact, out of the 861 H5N1 (as of January
2020) and 59 HIN2 (as of June 2019) laboratory-confirmed human cases in the world, 86.8% (747)
H5N1 (Bangladesh: 8, China: 53, Egypt: 359, India: 0, Indonesia: 200, Vietnam:127) and 86.4% (51)
HON2 (Bangladesh: 3, China: 44, Egypt: 4, India:0, Indonesia: 0, Vietnam: 0) cases were reported in

endemically infected countries (Peacock, James, Sealy, & Igbal, 2019; WHO, 2020).

H5N1 infection had also an severe impact on poultry populations in endemically infected
countries, for example, resulting in Bangladesh in the death and culling of more than 2.7 million poultry
between 2007 and 2019 (DLS, 2019). However, the average number of reported poultry outbreaks is
declining in Bangladesh, i.e. from 83 and 10 outbreaks in commercial and backyard poultry in 2007-
12, to 2 and 0 respectively, in 2013-19 (DLS, 2019). Underreporting might be one reason for this decline
as compensation policies were discontinued (Chattopadhyay et al., 2018) or because farmers might have
accepted the ubiquity of HPAI outbreak occurrence similar to the endemicity of Newcastle Disease in

many developing countries (Spradbrow, 1996).

Investigations of HPAI outbreaks have generated insights in possible risk factors associated
with sudden deaths of birds (Biswas et al., 2009; Loth, Gilbert, Osmani, Kalam, & Xiao, 2010; Osmani
et al., 2014), but they don’t provide information about the circulation of avian influenza virus in farmed
poultry populations in endemically infected countries. Additionally, studies aiming to assess the level
of viral circulation in poultry are generally conducted in live bird markets (LBM) (EIMasry et al., 2017,
Kimetal., 2018; Negovetich et al., 2011; Thuy et al., 2016), and rarely on poultry farms. This can partly

be explained by the ease of sampling at, as birds raised under different production systems are brought
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together in a single market location. However, prevalence of infection estimated from marketed poultry
populations cannot be extrapolated to farmed populations. Furthermore, although research has focussed
on range of farmed poultry such as backyard poultry (Henning et al., 2011 Khatun et al., 2013;
Nooruddin, Hossain, Mohamma, & Rahman, 2006), nomadic or stationary ducks (Haider et al., 2015;
Henning et al., 2010; Sarkar et al., 2017) and commercial chickens (Ansari et al., 2016; Haque, Kabir,
Ali, Rahman, & Islam, 2015), a comparison of H5 and H9 infection status between poultry production

systems has not been conducted.

In Bangladesh, about 80-90% of rural households (HHs) rear small flocks of poultry in their
backyard. These backyard chickens are referred to as Deshi (‘indigenous’ in Bangla) and they are
usually reared under scavenging or free ranging conditions (Barua & Yoshimura, 1997; FAO, 2008).
Many backyard chicken farmers also rear ducks, and sometimes pigeons and geese (Alam, Ali, Das, &
Rahman, 2014; FAO, 2008). In contrast, commercial broiler and layer farmers raise exotic strains or
cross-breeds of chickens (e.g. Cobb 500 strain, Hisex brown strain, Sonali cross-breed) under
confinement, with provision of commercial poultry feed (FAO, 2008; Huque, Saleque, & Khatun,
2011).

In order to control and prevent the spread of HSN1 and HON2 viruses in chickens, a detailed
understanding of infection patterns at bird and flock-level is required. It is hypothesized that different
poultry species as well as different poultry husbandry systems might play different roles in the
transmission and maintenance of avian influenza viruses (Alexander, 2000; Zhang et al., 2014). The
study presented here quantifies the extent of H5 and H9 virus circulation on backyard chicken farms,
and on commercial broiler and layer chicken farms in two representative districts of Bangladesh. We
estimated 1) bird and flock-level prevalence of current and past H5 and H9 infection, 2) the magnitude
of spread of the infection within flocks, 3) variations in antibody prevalence with age and 4) the spatial

distribution of H5 and H9 infection in backyard flocks.
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2 | MATERIALS AND METHODS

2.1 | Targeted population

Chittagong is the second largest city in Bangladesh representing 19.7% of the country’s urban
population and generating 30% of Bangladesh’s national GDP (BBS 2011c; Hassan & Nazem, 2016).
Chittagong and Cox’s Bazaar districts are the two main suppliers’ of chickens to the Chittagong City
Live Bird Markets (CCLBM) (Moyen, 2019; Moyen et al., 2018). A total of 1796 (1507 broiler and 289
layer) and 627 (397 broiler and 230 layer) farmers rear commercial broiler and layer chickens in the
Chittagong and Cox’s bazaar districts, respectively (DLS, 2014). In addition, an estimated 0.7 and 0.3
million households rearing backyard poultry in the Chittagong and Cox’s bazaar districts (BBS, 2014;
BBS, 2015) providing an important income for livelihood of the rural population (FAO, 2008). Due to
the national importance of poultry production and trade in these two districts, farms in the Chittagong
and Cox’s Bazaar districts were considered as the target population for this study.

2.2 | Study design

Two cross-sectional studies were conducted in the Chittagong and Cox’s Bazaar districts of Bangladesh.
Backyard chicken farms were visited between February and April 2016, and commercial broiler and

layer chicken farms between February and April 2017.

2.2.1 | Sample size

For the sample size calculations, H5 bird- and flock-level antibody prevalence were assumed to differ
between poultry species and production systems. For each poultry species (i.e. ducks and chickens) and
each production system (i.e. backyard, commercial broiler and layer), a two stage sampling approach
was used to estimate 1) the number of farms, and 2) the number of birds per farm to be sampled
(Humphry, Cameron, & Gunn, 2004). Input parameters for sample size calculations and estimated
sample sizes are listed in Supplementary Table 1. The assumed design prevalence, i.e. the expected bird
and flock-level HS antibody prevalence for backyard and commercial birds, were based on Henning et

al. (2011) and Hassan (2017), respectively.
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2.2.2 | Sampling approach

2.2.2.1 | Selection of administrative areas

The selection of sub-districts (upazillas) for the sampling of backyard farms in the Chittagong district
was based on features identified to influence avian influenza viral transmission (Ahmed et al., 2012),
which included: 1) Density of backyard poultry farms, 2) Density of backyard chickens, 3) Location of
the sub-districts within the district, 4) Environmental characteristics of the sub-district, and 5) Distance
of the sub-district to Chittagong City, where most live bird markets are located (Supplementary Table
2). The density of backyard poultry farms per square kilometre was calculated from census data: it was
based on the number of rural households (BBS, 2014, 2015), assuming that 80% of households raise
backyard poultry (FAO, 2008). The density of backyard chickens was also based on census data (BBS,
2011a, 2011b). Quartiles of backyard farm density and backyard chicken density were computed and
each sub-district was assigned to one of those quartiles. To cover most of a district’s geographical area,
the Chittagong district was divided into regions (south, north, east, west, middle), and sub-districts were
identified from each of these regions. Furthermore, we classified subdistricts according to the presence
of water reservoirs (rivers/canals/access to the sea), woodlands (forest/hill), and the sub-district’s
centroid distance to Chittagong City. A ranking matrix was then developed for all sub-districts in the
Chittagong district, and eight sub-districts were selected representing combinations of all five selection
criteria. The two sub-districts in the Cox’s Bazaar district, which were the main suppliers of poultry for
CCLBMs, were also selected (Moyen, 2019). The same sub-districts selected for the backyard farm
sampling were also used for the sampling of commercial layer and broiler farms.

2.2.2.2 | Selection of villages and backyard chicken farms

Quartiles for the number of households (or backyard farms) per village in each sub-district were
calculated and each village in the selected sub-district was assigned to a quartile. Then one village was
randomly selected from each quartile within the subdistrict (using syntax RANDBETWEEN in
Microsoft Excel 2013, Microsoft Corporation, USA). Thus, 4 villages were selected from each of the 8
selected subdistricts in the Chittagong district, and 5 villages were selected from each of the 2 selected

subdistricts in the Cox’s Bazaar district.
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We aimed to sample at least 123 backyard chicken farms, of which 99 also raised ducks.
Therefore, in each of the 42 selected villages, 3 to 4 farms (of which 2 to 3 had to raise both chickens
and ducks) needed to be recruited. Starting from the village entrance, we counted farms as we walked
through the village, and recruited farms matching randomly generated numbers that were produced
before the field visit. If a selected farm owner was not available or had an insufficient number of birds
to be sampled, the neighbouring farm was used as a replacement. Following this procedure, we selected
144 backyard farms of which 102 also raised ducks.
2.2.2.3 | Selection of commercial chicken farms
For each selected sub-district, a sampling frame of commercial broiler and layer farmers was generated
through consultations with subdistrict livestock officers, feed and chick dealers, veterinary
pharmaceutical representatives, private veterinarians, feed company representatives and hatchery
representatives. Information about the flock sizes of those farms was not available.

Then, simple random sampling (using syntax RANDBETWEEN in Microsoft Excel 2013, Microsoft
Corporation, USA) was used to select broiler or layer farmers within each sub-district. To sample at
least 103 broiler farms, 10-13 farms were randomly selected in each of the 10 selected subdistricts. In
order to sample at least 102 layer farms, 10-11 farms were required per subdistrict. As only six and
eight layer farms were identified in two subdistricts, all of those farms were selected in these two sub-
districts, and 10-15 farms were selected from the other eight sub-districts.

2.2.2.4 | Selection of birds

As backyard chickens and in-contact ducks are free-ranging, birds were conveniently recruited by the
backyard flock owner capturing available birds until the sample size was reached. A total of 4 chickens
and 2 in-contact ducks were selected from backyard farms that had both, chickens and ducks, and 4
chickens were selected from farms that had chickens only.

For commercial farms, chickens were selected from different parts of the poultry shed until 8
layer and 9 broiler chickens were obtained. Selection of birds was purely based on their location within
a shed and not influenced by the bird’s appearance (e.g. clinical signs, plumage colour, body weight

etc.). If several sheds were present on a commercial farm, the shed with oldest birds was selected
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assuming that these birds had a higher chance of being exposed to avian influenza viruses throughout
their production cycle.

2.3 | Sample collection and processing

Informed written consent (signature or thumb impression) was provided by each farmer before sampling
of the birds and before commencement of the interview. A blood sample, a cloacal and an oro-
pharyngeal swab were collected from each bird, and bird’s age, sex and apparent clinical signs (if any)
were recorded. Depending on the body weight, 1-3 ml blood were collected from the wing or jugular
vein of each bird and transferred to individual sterile plastic tube immediately after collection. Oro-
pharyngeal swabs were taken by gently rolling the swab tip around the inside of the bird’s mouth and
behind the tongue. Cloacal swab were collected by inserting the swab into the cloaca and rotating it
several times. Swabs were placed into separate cryovials containing viral transport media. Tubes and
cryovials collected in the Chittagong District were kept in a cool box filled with ice packs and
transported to the Chattogram (previously Chittagong) Veterinary and Animal Sciences (CVASU)
laboratory within the same day. All cryovials were stored at -80°C. Blood samples were refrigerated
overnight, then the serum was separated by centrifugation at 10,000 rpm for 30 minutes at 4°c and
transferred into Eppendorf tubes. The serum was stored at -20% until further processing. In Cox’s
Bazaar, samples were transported immediately to the local office of the Department of Livestock
Services. Blood samples were processed as indicated above, while cryovials were stored in liquid
nitrogen for up to 8 days, before being transported and stored in a -80°C freezer at CVASU.

2.4 | Diagnostic tests

2.4.1 | Serological tests

The serum samples were first screened for the presence of antibodies against Influenza A virus using a
commercially available Enzyme Linked Immunosorbent Assay (ELISA). For backyard chicken and
duck samples, the IDEXX® AI MultiS-Screen ELISA (product code: 5004.20, IDEXX Laboratories,
Inc.,USA) was used (chicken: sensitivity 98.0%, specificity 99.3%; duck: sensitivity 87.5%, specificity
98.9%). For, commercial chicken samples, either the ID Screen® Influenza A Antibody Competition
Multi-Species ELISA (product Code: FLUACA ver 1216 GB, ID.vet, FRANCE) (sensitivity 98.7%,
specificity 98.7%) or the IDEXX® AI ELISA (product code: 5004.00, IDEXX Laboratories, Inc.,USA)

8|Page



were used (sensitivity 100.0%, specificity 99.6%). We used manufacturer recommended cut-off values
to consider the sample antibody positive for Influenza A. Thus, for the IDEXX® Al MultiS-Screen
ELISA, a sample was considered to be antibody positive for Influenza A if the Sample to Negative
(S/N) ratio was <0.50, whereas a sample tested by ID Screen® Influenza A Antibody Competition Multi-
Species ELISA was considered Influenza A antibody positive if the S/N ratio was <0.45. A sample
tested by IDEXX® AI ELISA, was considered antibody positive, if the Sample to Positive (S/P) ratio
was >0.50.

The Influenza A positive samples were then tested for the presence of HS5 and H9 specific
antibodies using the Haemagglutination Inhibition (HI) test. Inactivated antigens prepared by the
Animal and Plant Health Agency in Surrey, United Kingdom were used in the HI test (HSNI-
A/CKk/Scot/59, H5N3-A/Teal/Eng/7394-2805/06, HON2-A/Tky/Wisc/1/66, HY9N9-
A/knot/Eng/SV497/02). A serum sample was considered HS and H9 antibody positive if there was an
inhibition at a dilution of 1/16 (2*) or more against 4 Haemagglutinating units of antigen (OIE, 2015).
2.4.2 | Virological tests
Swab samples were pooled at the CVASU laboratory with respect to their type (cloacal and
oropharyngeal) and bird species, with a maximum of five samples per pool. RNA was extracted from
the pooled samples using the MagMax™.-96 extraction kit (Ambion Life Technologies Corporation®,
2013). Real-time Reverse Transcription Polymerase Chain Reaction (real-time RT-PCR) was used to
identify the presence of Influenza A virus by targeting the Matrix gene (M-gene). For all M-gene
positive pools, RNA was extracted from the corresponding individual samples and tested by real-time
RT-PCR for H5 and H9 genes (AAHL, 2014). A C; (cycle of threshold) value <40 was considered as
Influenza A virus (M-gene) positive, whereas for H5 and H9 subtypes the cut-off values were C; <38
and C;<40, respectively (Heine et al., 2015; Heine, Trinidad, Selleck, & Lowther, 2007; Monne et al.,
2008). A bird was considered RNA virus positive, if either it’s cloacal or oropharyngeal swab or if both

swabs were positive.
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2.5 | Data analyses
Laboratory test results were entered into Microsoft Excel 2013 spreadsheets, coded and checked for
integrity, with the final dataset exported into STATA 14.1 (Stata Corporation, College Station, Texas,
USA) for further statistical analysis.
2.5.1 | Bird and flock-level prevalence
Bird and flock-level apparent virus prevalence were calculated separately for Influenza A, HS and H9.
A flock was positive for a specific serological or virological test if at least one of its birds tested positive.
The 95% logit confidence intervals (Dean & Pagano, 2015) were calculated for prevalence values using
the -prop- command in STATA 14.1. If the prevalence was zero, the 97.5% binomial exact or Clopper-
Pearson confidence interval (Clopper & Pearson, 1934; Dean & Pagano, 2015) was calculated using
the —cii prop- command in STATA 14.1. To describe infection patterns over the duration of a production
cycle, the bird-level apparent antibody prevalence was stratified by age groups and presented with 95%
confidence intervals.

Considering the sensitivity and specificity of the HI test (Comin, Toft, Stegeman, Klinkenberg,
& Marangon, 2013), the true bird-level H5 and H9 antibody prevalence with 95% confidence intervals
(Blaker, 2000; Reiczigel, Foldi, & Ozsvari, 2010) was calculated. The true prevalence was estimated as
described by Rogan and Gladen (1978):

t+p—-1

P v p=1

Where, p = true prevalence, t = apparent prevalence, a = sensitivity, = specificity

True prevalence calculations were conducted in R (R Core Team, 2017) using the epiR package
(Stevenson et al., 2017).

The proportion of antibody positive backyard chickens versus antibody positive backyard in-contact
ducks and the proportion of antibody positive broiler chickens versus antibody positive unvaccinated

layer chickens were compared using the Fisher’s Exact test (Fisher, 1935).
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2.5.2 | Relationship between bird-level and flock-level antibody prevalence
We estimated the correlation between the serological antibody status of individual birds sampled within

a flock (Shrout & Fleiss, 1979) by computing the individual intra-class correlation (ICC):

p= ICC = Corr(y.. y,) = O-—"g
Yoy 02 + o?
Where, ;2= variance between flocks and g2= error variance or variance within flocks
In our study, individual chickens (backyard, commercial broiler, layer) and in-contact ducks were

considered as “raters” for the serological antibody status of a flock (represented as “target™) in a one-

way random effects model:

Yij =H+T1tE;
where y;; is the /" rating on the /" target (where i= 1,..., n; j=1,..., k); p is the mean rating; 7; is the

target random effect and €;; is the random error (StataCorp., 2019).

2.5.3 | Spatial clusters for HS/H9 antibody positivity of backyard farms

To explore spatial patterns in viral transmission, we assessed whether H5/H9 antibody positive birds
were clustered across the two study districts. The total number of antibody positive and antibody
negative birds on each farm were used as the outcomes of a discrete Bernoulli probability model
implemented in the SaTScan software version 9.4.4 (SaTScan™, 2016, Boston, USA). The longitudes
and latitudes of the visited backyard farms were used as spatial information in the analysis. Spatial
clusters of infection were identified based on 999 Standard Monte Carlo replications. The maximum
size of a spatial cluster was 25% of the population at risk (Kulldorff, 1997). The analysis was conducted

separately for backyard chickens and in-contact ducks, and for both, H5 and H9 subtypes.
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3| RESULTS

A total of 576 backyard chickens and 204 in-contact ducks were sampled across 144 backyard flocks,
and a total of 954 broiler and 904 layer chickens were sampled from 106 broiler and 113 layer chicken
flocks. None of the sampled backyard and broiler flocks, but 13 layer flocks were vaccinated against
HS5. HPAI outbreaks or mass mortality events were not reported in any of the backyard and commercial
farms in the 12 months preceding the sampling.

The average (minimum, maximum) flock size of sampled backyard poultry, commercial broiler,
unvaccinated and vaccinated commercial layer flocks were 21 (5, 73), 1,657 (200, 6,000), 2,118 (60,
7,500) and 2,831 (975, 10,500), respectively.

3.1 | Bird-level virus prevalence

Influenza A virus prevalence was 0.2% (1/576) (95% CI: 0.0-1.2%) for backyard chickens, 1%
(2/204) (95% CI: 0.2-3.9%) for backyard in-contact ducks, 1.8% (17/954) (95% CI: 1.1-2.8%) for
broiler chickens, 1.6% (13/800) (95% CI: 0.9-2.8%) for unvaccinated layer and 1.9% (2/104) (95% CIL:
0.5-7.4%) for vaccinated layer chickens (Figure 1). None of the sampled birds on backyard and
commercial farms was H5 virus RNA positive (Figure 1).

On backyard farms, 0.2% (1/576) (95% CI: 0.0-1.2%) of chickens, but none of the in-contact ducks
were H9 virus RNA positive (Figure 1). Similarly, low bird-level H9 virus RNA prevalence was
observed for broiler and unvaccinated commercial layer chickens, with 0.5% (5/954) (95% CI: 0.2-

1.3%) and 0.6% (5/800) (95% CI: 0.3-1.5%), respectively.

3.2 | Flock-level virus prevalence
The flock-level Influenza A virus prevalence was 0.7% (1/144) (95% CI: 0.1-4.9%) for backyard flocks,
7.5% (8/106) (95% CI: 3.8-14.5%) for broiler flocks, 5.0% (5/100) (95% CI: 2.1-11.6%) for

unvaccinated layer and 7.7% (1/13) (95% CI: 1.0-41.6%) for vaccinated layer flocks (Figure 1).

Relatively more unvaccinated commercial flocks were H9 virus RNA positive compared to
backyard flocks, with only 0.7% (1/144) (95% CI: 0.1-4.9%) of backyard flocks, but 1.9% (2/106) (95%
CI: 0.5-7.4%) and 2.0% (2/100) (95% CI: 0.5-7.8%) of broiler and unvaccinated layer flocks,
respectively being H9 RNA positive (Figure 1).
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3.3 | Bird-level antibody prevalence

Bird-level Influenza A antibody prevalence was 71.7% (413/576) (95% CI: 67.9-75.2%) for backyard
chickens, 75.5% (154/204) (95% CI: 69.1-80.9%) for backyard in-contact ducks, 9.3% (89/954) (95%
CI: 7.6-11.3%) for broiler chickens, 33.1% (265/800) (95% CI: 29.9-36.5%) for unvaccinated layer
chickens, and 69.2% (72/104) (95% CI: 59.7-77.4%) for vaccinated layer chickens (Figure 2).

In backyard chickens, bird-level HS apparent antibody -prevalence was lower compared to H9 apparent
antibody prevalence - it was 4.2% (24/576) (95% CI: 2.8-6.1%) and 16.0% (92/576) (95% CI: 13.2-
19.2%), respectively; while bird-level H5 and H9 apparent antibody prevalence were similar in in-
contact ducks, with 14.2% (29/204) (95% CI: 10.0-19.8%) and 15.7% (32/204) (95% CI: 11.3-21.4%),
respectively (Figure 2). The proportion of antibody positive backyard chickens versus antibody positive
backyard in-contact ducks differed significantly for HS antibodies (p<0.001), but not for H9 antibodies
(p>0.05).

In broiler chickens, bird-level apparent antibody prevalence was 1.5% (14/954) (95% CI: 0.9-2.5%)
and 1.5% (14/954) (95% CI: 0.9-2.5%) for H5 and H9, respectively. In unvaccinated layer chickens,
bird-level apparent antibody prevalence was 7.8% (62/800) (95% CI: 6.1-9.8%) for H5 and 5.8%
(46/800) (95% CI: 4.3-7.6%) for H9, while in vaccinated layer chickens HS apparent antibody
prevalence was 10.6% (11/104) (95% CI: 5.9-18.2). The proportion of antibody positive broiler
chickens versus antibody positive unvaccinated layer chickens differed significantly for H5 antibodies
(p<0.001) and H9 antibodies (p<0.001).

The estimated bird-level H5 and HO true antibody prevalence in backyard and commercial chickens
is shown in Table 1. Considering the high sensitivity (98.8%) and specificity (99.5%) of the HI test,
there was no considerable discrepancy between the apparent prevalence derived from the test results

only and the true prevalence considering the test characteristics.

3.4 | Flock-level antibody prevalence

The flock-level Influenza A antibody prevalence was 97.2% (140/144) (95% CI: 92.8-99.0%) for

backyard flocks, 17.9% (19/106) (95% CI: 11.7-26.6%) for broiler flocks, 52.0% (52/100) (95% CIL:
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42.1-61.7%) for unvaccinated layer flocks, and 84.6% (11/13) (95% CI: 53.0-96.4%) for vaccinated
layer flocks (Figure 2).

In backyard poultry, flock-level antibody prevalence was 27.8% (40/144) (95% CI: 21.0-
35.7%) for HS and 60.4% (87/144) (95% CI: 52.1-68.2%) for H9 antibodies (Figure 2). In contrast,
flock-level H5 antibody prevalence was higher than H9 antibody prevalence in broiler and unvaccinated
layers flocks: it was 9.4% (10/106) (95% CIL: 5.1-16.8%) and 5.7% (6/106) (95% CI: 2.5-12.2%) in
broilers and 31.0% (31/100) (95% CI: 22.6-40.9%) and 22.0% (22/100) (95% CI: 14.9-31.3%) in
unvaccinated layer flocks. The flock-level HS antibody prevalence in vaccinated layer flocks was 38.5%

(5/13) (95% CI: 16.2-66.9%).

3.5 | Relationship between bird-level and flock-level antibody prevalence

In 70.0% of H5 antibody positive and in 66.7% of H9 antibody positive backyard flocks, only single
birds (either chickens or ducks) tested positive within the flock. Interestingly, in only 5.0% of backyard
flocks, both chickens and ducks were found to be H5 antibody positive, while in 13.8% of backyard
flocks, both chickens and ducks were found to be H9 antibody positive.

The clustering effect of birds being antibody positive within a flock was represented by the ICC (Figure
3). As usually only single chickens were H5 or H9 antibody positive within backyard flocks, the ICC
was low for backyard chickens (H5: ICC=0.07, 95% CI: 0.0-0.2; H9: ICC=0.04, 95% CI: 0.0-0.1). In
contrast, often multiple ducks with a backyard flock were antibody positive (HS: ICC=0.48, 95% CI:
0.3-0.6; H9: ICC=0.19, 95% CI: 0.0-0.4).

All broiler flocks had only 1-2 chickens that tested H5 antibody positive across the 9 birds
sampled per flock (H5: ICC=0.06, 95% CI: 0.0-0.1), whereas for H9 antibodies, about half of the broiler
flocks had 1-2 birds, and the other half had 3-4 birds, that tested positive (H9: ICC=0.22, 95% CI: 0.2-
0.3). As similar low clustering effect for H5 and H9 antibody positivity was observed for unvaccinated
layer flocks with 1-2 birds of the 8 birds sampled tested H5 antibody positive in 71% of flocks and with
1-2 birds of the 8 birds sampled tested H9 antibody positive in 73% of flocks (H5: ICC=0.15, 95% CI:
0.1-0.2; H9: ICC=0.17, 95% CI: 0.1-0.2). Surprisingly, in 60% of vaccinated layer flocks only 1-2 birds
tested HS antibody positive (layer HS: ICC=0.19, 95% CI: 0.1-0.5).
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3.6 | Antibody prevalence by age groups
Over the course of a production cycle, higher bird-level HS and H9 antibody prevalence was, in general,
observed in older backyard chickens and ducks as well as in older unvaccinated layers (Figure 4).
Interestingly, HS5 antibody prevalence peaked around 1.5 years in backyard chickens and in
unvaccinated layers, but then declined afterwards. A similar decline in older birds was not observed
for H9 antibody positivity in backyard chickens and unvaccinated layers.
An increase in H5 and H9 titres with age was not so prominent in broilers.

Surprisingly, HS titres in vaccinated layers were low in the first year of age (when vaccination

of layers is conducted) and only peaked at 1.5 years of age and drastically declined afterwards.

3.7 | Spatial clusters for HS/H9 antibody positivity of backyard farms

The relatively high flock-level antibody prevalence of backyard flocks and a strong clustering of ducks
being antibody positive within backyard flocks, intrigued us to further explore the spatial distribution
of H5 and H9 antibody positivity of backyard poultry within our study area.

When analysing the locations of chickens being positive within backyard farms, a high-risk
cluster for H5 antibody positivity (RR=5.4, p=0.004, radius=16.8 km) and a spatially overlapping high-
risk cluster for H9 antibody positivity (RR=15.2, p=0.036, radius=15.2 km) were identified in the
central part of the Chittagong district (Figure 5). This area is represented by high densities of backyard
poultry farms, proximity to the Chittagong city (where most live bird markets are located), and
importantly, the largest river in the Chittagong district, the Karnaphuli river, passes through the clusters.

Interestingly, when locations of ducks being positive within a backyard farm were analysed,
only a small high risk cluster for H9 (RR=7.7, p=0.048, radius=0.6 km) was identified, highlighting
that the risk of ducks being H5 and H9 antibody positive was uniform throughout the study area (Figure

6).
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4 | DISCUSSION
This is the first study comprehensively investigating the extent of H5 and H9 virus circulation among
populations of backyard, commercial broiler and layer chickens in a HSN1-endemic country.

Recently, avian influenza virus prevalence was estimated for Bangladeshi LBMs, including
LBMs in Chittagong City, which are supplied by poultry farms located in our study area (Kim et al.,
2018). HS5 and H9 virus prevalence on markets was 1.3% and 8.3 % in backyard chickens, 7.6% and
3.4% in waterfowl (including ducks and geese), 0.9% and 13.1% in broiler chickens, respectively (Kim
et al., 2018). In contrast, all birds in our study were H5 virus RNA negative and H9 virus RNA
prevalence on our poultry farms was much lower compared to the LBMs investigated by Kim et al.,
2018. This may be due to the amplification of the avian influenza virus along the trading networks from
farms to LBMs or at the LBMs themselves (Kung et al., 2007).

Interestingly, the proportion of flocks positive for the Influenza A (M-gene) and for H9 virus
RNA was similar for broiler and layer farms. This suggests that the level of exposure of broiler flocks
to avian influenza viruses may be similar to layer flocks. Although avian influenza vaccination
programmes usually focus on layer farms, our results indicate that vaccinations of broilers should be
considered as well. However, a detailed cost-benefit analysis is required before such an avian influenza
prevention strategy could be implemented for broiler flocks.

We used serological and virological testing to evaluate the infection status of birds. As infected
birds may shed avian influenza viruses only for 3-7 days, serological testing is useful to assess the past
infection status of birds (Achenbach & Bowen, 2011; Leigh Perkins & Swayne, 2002; Saito et al., 2009;
Spackman, Pantin-Jackwood, Swayne, & Suarez, 2009; Sturm-Ramirez et al., 2004). For example, it
has been shown that H5 antibodies persist up to 40 weeks post-vaccination in HSN3 vaccinated chickens
and ducks (Boltz et al., 2009), while HON2 antibodies had been detected for up to 15 weeks in
unvaccinated chickens (Imai et al., 2007).

In our study, H5 bird-level antibody prevalence was higher in ducks than in chickens on
backyard farms. Such patterns were also described for backyard poultry populations in Vietnam and
Indonesia (Henning et al., 2011; Henning et al., 2010). One plausible explanation is that chickens
infected by HPAI H5 will most likely die, whereas ducks may survive (Kishida et al., 2005), although
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farmers in our study did not report any significant increase in chicken mortality over the year preceding
the sampling. Other possible explanations for the higher antibody prevalence in ducks are that
antibodies might persist for longer in ducks, or that ducks might be exposed more frequently to H5
viruses as they are frequently mingle with (potentially infected) wild waterfowls on water bodies (Hill
et al., 2015; Khatun et al., 2013). Thus, as suggested previously, ducks may be a major source of H5
virus infection for backyard chickens and other poultry (Henning et al., 2011; Hulse-Post et al., 2005;
Kishida et al., 2005; Sarkar et al., 2017).

Whereas previous studies (Ansari et al., 2016; Karki, Lupiani, Budke, Manandhar, & Ivanek,
2014; Khatun et al., 2013) generally only reported bird-level prevalence, we estimated the clustering
effects of birds being antibody positive within a flock. Our results indicated that usually multiple ducks
in a flock are antibody positive, which is in contrast to backyard chickens and broiler and layer chicken
flocks, where only single birds within these flocks developed H5 antibodies.

Similarly to a study on ducks in Vietnam (Henning et al., 2011), H5 and H9 antibody prevalence
increased with the age of backyard and layer birds. Indeed, it is expected that the likelihood of multiple
exposures to endemic viruses increases with a higher age of birds. However, we did not observe the
same magnitude of increased H5 antibody prevalence in broilers compared to layers and backyard
chickens. Considering the short production cycle of broilers there are reduced opportunities to observe
a significant rise of antibody titres. In fact, field research had highlighted that avian influenza antibodies
(H9) could only be observed 2 weeks past infection (Nili & Asasi, 2002), highlighting that due to the
shorter lifespan of broilers, there are limitations in monitoring an immune response in broilers. We also
did not find any H5 antibodies in very young broiler and layer chicks indicating that no maternal
antibodies from the vaccinated breeder or parent birds were detectable in this age group (based on
Bangladeshi government regulations breeder or parent stock of broilers and layers should be vaccinated
against HS5, DLS (2013)).

Interestingly no major mortalities or clinical HPAI symptoms were observed in backyard and
commercial chicken flocks, although birds did developed antibodies. The HS antibodies detected might
have resulted from infection with LPAI H5 strains, which would not caused deaths of birds. A number
of studies reported LPAI H5 viruses (HSN2, H5N3, H5N8) occurring in Asia (Duan et al., 2007;
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Nguyen et al., 2005), including LPAI H5N2 virus in Bangladesh (Gerloff et al., 2016). Another
explanation might be a reduction in HSN1 pathogenicity due to viral evolution (Li et al., 2017; Londt,
Banks, & Alexander, 2007) and the development of cell-mediated immunity that contributes to host
resistance (Kapczynski, 2008; Wang, Loh, Kedzierski, & Kedzierska, 2016).

In Bangladesh, two inactivated vaccines are used for commercial layers and parent stocks: (1)
Re-6 from Merial (produced in China), containing the HA gene from a clade 2.3.2.1 H5N1 virus, and
(2) Nobilis Influenza H5, an inactivated HSN2 vaccine from Intervet (produced in the Netherlands). In
addition, one live vector vaccine, Vectormune HVT-AIV from CEVA-Biomine (produced in the USA),
comprising of an innocent vector virus containing HA gene of Al virus, is used for vaccination of day-
old layer and broiler chicks (this vaccine is endorsed by the Bangladeshi government and is used in
hatcheries). Surprisingly, we found that a substantial proportion of vaccinated layer chickens did not
developed an immune response. This limited immune response might be due improper vaccination
procedures or poor vaccine quality. However, higher bird-level HS antibody prevalence was observed
in older vaccinated birds, which might be due to repeated vaccinations, or exposure to LPAI H5S field
viruses.

Our spatial cluster analysis revealed consistent H5 (past) infection of ducks across the whole
study area. In contrast, for backyard chickens, H5 and H9 antibody positive cases were clustered in a
specific location, with the Karnaphuli River, the largest river in the Chittagong district, passing through
this cluster. Indeed, river systems in Bangladesh have been hypothesized to represent high-risk areas
for HPAI H5N1 infection, although no biological sampling of birds had been conducted in such river
systems (Ahmed et al., 2012; Muzaffar et al., 2008).

There are some limitations in our study. Firstly, the HI test antigens were prepared from field
virus isolated from a range of countries, but not from a field virus collected in Bangladesh. However, a
study conducted by Yamamoto et al. (2007) estimated sensitivity and specificity of the HI test to be
99% and 90%, respectively, when different antigens were used. Considering this good specificity of the
HI test using different antigens, we are confident that our estimated antibody prevalence was not

overestimated due to many false-positive results.
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Secondly, recall bias may have led to an incorrect estimation of the age of chickens. This would
only relate to backyard farmers, as commercial flock owners usually record the dates when they start a
production cycle with day-old chicks. Unfortunately, dates of vaccinations were not recorded by layer
farmers, and therefore we were unable to relate antibody titres observed to the timing of farm-specific
vaccination programmes.

Finally, we conducted this study in two districts of Bangladesh and, although these districts
represent administrative areas with a significant poultry population, our research findings might not be
able to be extrapolated to the entire country of Bangladesh. Also due to the cross-sectional nature of
our study design we were not able to describe seasonal variations in avian influenza infection patterns.

In conclusion, this research provided unique insights into current and past HS and H9 infection
pattern across all chicken production systems in the Chittagong and Cox’s Bazaar districts of
Bangladesh.

Data generated in this research can be used to adopt risk-based surveillance approaches adjusted
to the expected risk of infection in different chicken production systems in Bangladesh. In addition, the
estimated avian influenza prevalence in farmed poultry populations can inform mathematical models

exploring HPAI infection dynamics commencing at the source of poultry production.
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TABLE 1 True bird-level prevalence of H5 and H9 antibodies in birds sampled in backyard and

commercial chicken production systems in Bangladesh (2016-2017).

H5 H9
Species True 95% CI True 95% CI
Prevalence | Lower | Upper | Prevalence | Lower | Upper
Backyard Chickens
(N=576) 3.7 22 5.7 15.7 12.9 19.0
Backyard in-contact ducks
(N=204) 14.0 9.5 19.6 15.4 10.8 21.1
Broiler chickens
(N=954) 1.0 0.4 2.0 1.0 0.4 2.0
Unvaccinated layer chickens
(N=800) 7.4 5.6 94 5.3 3.8 7.2
Vaccinated layer chickens
(N=104) 10.3 52 17.8 - - -
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FIGURE 1 Bird-level (left panel) and flock-level (right panel) Influenza A (M-gene), H5 and H9 virus RNA prevalence detected by Reverse Transcription
Polymerase Chain Reaction ( RT-PCR) in backyard and commercial chicken production systems in Bangladesh (2016-2017). Data labels represent the apparent
prevalence values. The confidence intervals are shown as dashed lines. Confidence intervals represent 95% limits if apparent prevalence was >0% and 97.5%

limits if apparent prevalence was 0%.
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FIGURE 2 Bird-level (left panel) and flock-level (right panel) Influenza A, H5 and H9 antibody prevalence in backyard and commercial chicken production

systems in Bangladesh (2016-2017). Influenza A antibodies were detected by Enzyme Linked Immunosorbent Assay (ELISA), and HS and H9 antibodies were
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detected by Haemagglutination Inhibition (HI) test (=1/16 dilution). Data labels represent the apparent prevalence values. The 95% confidence intervals are

shown as dashed lines.
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FIGURE 3 Intraclass Correlation Coefficients (ICCs) for H5 and H9 antibody positivity of birds within backyard and commercial chicken flocks in

Bangladesh (2016-2017). The 95% confidence intervals are shown as dashed lines.
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FIGURE 4 Bird-level H5 (upper panel) and H9 (lower panel) antibody prevalence by age group in backyard and commercial chicken production systems in

Bangladesh (2016-2017). H5 and H9 antibodies were detected by Haemagglutination Inhibition (HI) test (>1/16 dilution). Apparent prevalence is shown as a
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solid line. Confidence intervals are shown as dashed lines. Confidence intervals represent 95% limits if prevalence was >0% and 97.5% limits if prevalence

was 0%.
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FIGURE 5 Spatial distribution of antibody positive and negative backyard farms in the Chittagong and Cox’s Bazaar districts of Bangladesh (2016-2017),
based on Haemagglutination Inhibition (HI) test results from backyard chickens. High-risk clusters for H5 (left panel) and H9 (right panel) antibody positivity

in chickens are highlighted.
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FIGURE 6 Spatial distribution of antibody positive and negative backyard farms in the Chittagong and Cox’s Bazaar districts of Bangladesh (2016-2017),

based on Haemagglutination Inhibition (HI) test results from backyard ducks. A high-risk clusters for H9 (right panel) antibody positivity in ducks is highlighted.
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SUPPORTING INFORMATION

SUPPLEMENTARY TABLE 1 Input parameters used for sample size calculations and estimated sample size for number of birds and farms to be sampled.

Flock sensitivity was defined as the probability that at least one sampled bird in an infected flock is found to be positive, assuming that the flock is infected at

a prevalence equal to or greater than the specified design prevalence (Sergeant & Perkins, 2015).

Parameters Backyard Backyard Commercial Commercial
chickens | in-contact ducks | broiler chickens | layer chickens

Input parameters for sample size calculations
Test sensitivity (%) 98.0 98 98 98
Confidence level (%) 95.0 95 95 95
Design bird-level H5 antibody prevalence (%) 15.0 35.0 15.0 35.0
Design flock-level H5 antibody prevalence (%) 25.0 50.0 25.0 45.0
Flock size 10 3 1500 1500
Tolerance (%) 10.0 10 10 10
Minimum desired flock sensitivity (%) 65.0 95.0 75.0 95.0
Calculated flock sensitivity (%) 65.6 98.7 76.2 96.6
Estimated sample size
Farms to be sampled 123 99 103 102
Birds to be sampled 4 2 9 8
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SUPPLEMENTARY TABLE 2

Classification of the 14 sub-districts (upazillas) in the Chittagong district based on features identified to influence avian influenza viral transmission (Ahmed et

al., 2012): 1) Density of backyard poultry farms, 2) Density of backyard chickens, 3) Location of the sub-districts within the district, 4) Environmental

characteristics of the sub-district, and 5) Distance of the sub-district to Chittagong City, where most live bird markets are located.

Environmental Characteristics

Density of Density of Location of Distance (km) Selected for
Sub-district backyard cma._&g:d m.:.-e:m.:.mn.» in Forests Hills Wide rivers Small Sea to O—.:.ammc:m s fine
poultry farms chickens the district rivers/canals access City
Anowara Quartiles 4 Quartiles 4 South West Present Present Present Present Present 19.4 YES
Banshkhali Quartiles 2 Quartiles 4 South Present Present Present Present Present 48.0 NO
Boalkhali Quartiles 4 Quartiles 1 Middle Present Present Present Present Absent 17.3 NO
Chandanish Quartiles 2 Quartiles 2 South East Present Present Present Present Absent 33.8 YES
Fatikchari Quartiles 1 Quartiles 2 North Present Present Present Absent Absent 54.4 YES
Hathazari Quartiles 4 Quartiles 1 North West Present Present Present Absent Absent 21.7 NO
Lohagara Quartiles 3 Quartiles 4 South Present Present Absent Present Absent 59.4 YES
Mirsharai Quartiles 1 Quartiles 3 North Present Present Present Absent Present 58.0 NO
Patiya Quartiles 4 Quartiles 1 Middle Present Present Present Present Absent 24.8 YES
Rangunia Quartiles 2 Quartiles 2 North East Present Present Present Absent Absent 35.4 YES
Raozan Quartiles 2 Quartiles 3 North East Present Present Present Absent Absent 35.3 YES
Sandwip Quartiles 1 Quartiles 2 Island Present Absent Absent Present Present 67.5 NO
Satkania Quartiles 3 Quartiles 4 South East Absent Absent Present Present Absent 51.3 NO
Sitakunda Quartiles 3 Quartiles 3 North West Present Present Present Present Present 36.8 YES
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