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A B S T R A C T

The prevalence of avian influenza viruses is commonly found to increase dramatically as birds are transported
from farms to live bird markets. Viral transmission dynamics along marketing chains are, however, poorly un-
derstood. To address this gap, we implemented a controlled field experiment altering chicken supply to a live
bird market in Chattogram, Bangladesh. Broilers and backyard chickens traded along altered (intervention) and
conventional (control) marketing chains were tested for avian influenza viruses at different time points. Upon
arrival at the live bird market, the odds of detecting avian influenza viruses did not differ between control and
intervention groups. However, 12 h later, intervention group odds were lower, particularly for broilers, indi-
cating that viral shedding in live bird markets resulted partly from infections occurring during transport and
trade. Curtailing avian influenza virus prevalence in live bird markets requires mitigating risk in marketing chain
nodes preceding chickens’ delivery at live bird markets.

1. Introduction

Multiple subtypes of avian influenza viruses (AIVs) are endemic in
poultry populations throughout Asia. In Bangladesh, the H9N2 and
H5N1 subtypes are predominant, threatening both commercial poultry
production and the livelihoods of small-scale poultry farmers (Biswas
et al., 2008; Otte et al., 2008; Kim et al., 2018; Rimi et al., 2019; Das
Gupta et al., 2021; Hassan et al., 2020; Rahman et al., 2021; Ripa et al.,
2021; Islam et al., 2023). Moreover, the co-circulation of both subtypes
and their potential reassortment raise concerns about the emergence of
new variants with pandemic potential (Carnaccini and Perez, 2020).

Chickens, the main source of animal protein in the country, are
raised in diverse production systems and traded along complex

marketing chains (Moyen et al., 2018, 2021). The latter often involve
multiple stakeholders (e.g., mobile traders) and therefore make trans-
port and trade processes difficult to trace. Common risks include
insufficient cleaning of transport vehicles, mixing of poultry of different
origins or species, and prolonged transport durations (ranging from
several hours to several days, depending on the production system and
origin as well as the number of live bird markets (LBMs) visited) (Moyen
et al., 2018, 2021). A marketing chain is hereinafter defined as all steps
(transport, storage and transactions) taking place between poultry pro-
duction sites and points of sale to consumers.

LBMs, where poultry from different origins and species are mixed
(Moyen et al., 2021), slaughtered and sold to consumers, are often
referred to as viral reservoirs (Webster, 2004; Cardona et al., 2009;

Abbreviations: AIV, avian influenza virus; CVASU, Chattogram Veterinary and Animal Sciences University; LBM, live bird market; rRT-PCR, real-time reverse
transcription PCR.
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Fournié et al., 2011; Hassan et al., 2018; Youk et al., 2020). AIVs are
ubiquitous and their prevalence in poultry is typically high (Turner
et al., 2017; Biswas et al., 2018; Kim et al., 2018; Chowdhury et al.,
2020; Islam et al., 2023). Indeed, the estimated prevalence of influenza
A(H9) (A(H5)) viruses in chickens marketed in Dhaka and Chattogram
cities ranged between 6.8 %–13.1 % (A(H5): 0.9 %–1.3 %), depending
on chicken and LBM type (Kim et al., 2018). In contrast, influenza A(H9)
(A(H5)) viruses were found in <0.5 % (A(H5): none) of farmed chickens
in a cross-sectional study conducted in areas supplying Chattogram
city’s LBMs (Das Gupta et al., 2021), indicating a more than 10-fold
increase in AIV prevalence along poultry marketing chains in
Bangladesh.

Once introduced, poultry remain in LBMs for only a short period of
time. In Chattogram city, the probability of a chicken spending>24 (48)
hours in a market stall was estimated at 0.14 (0.03) (Moyen et al., 2021).
Depending on the length of the latent period (Spickler et al., 2008), most
chickens may not spend enough time in LBMs to become infected with
and start shedding AIVs. Therefore, the high AIV prevalence observed in

marketed chickens may not only result from transmission occurring
within LBMs but also at upstream stages of marketing chains. We
hypothesise that chickens shedding AIVs in market stalls may have
already been exposed at the farm gate or during transport before
reaching LBMs at an advanced stage of infection.

We aimed to explore the extent to which transport and trade prac-
tices contribute to the increase in AIV prevalence from farms to LBMs. By
implementing a controlled field experiment through which marketing
chains were altered, we assessed whether reducing the risk of infection
for chickens along all stages reduced viral shedding in LBMs.

2. Material and methods

Chickens traded along altered (intervention) and conventional
(control) marketing chains were tested for AIVs by screening oropha-
ryngeal swab samples collected at different stages between farms and
market stalls. The effect of the intervention in reducing bird-level
prevalence in LBMs was assessed by comparing the proportions of

Fig. 1. Structure and components of the field experiment. A) first part: (1) recruitment of intervention groups and pre-tests (T0), (2) transport and storage of
intervention groups, (3) recruitment of control groups, (4) post-tests (T1) and matching of intervention and control groups; B) second part: longitudinal sampling in
market stalls.
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positive chickens between intervention and control groups.
This study took place in south-eastern Bangladesh between March-

–August 2019 (Appendix A). Study locations comprised Chattogram
Veterinary and Animal Sciences University (CVASU), production sites in
Chattogram and neighbouring districts, and LBMs in Chattogram city.
We targeted chickens reared for meat production, specifically broilers,
raised in commercial farms, and indigenous backyard chickens, raised
for meat and egg production in rural households. The field experiment
was repeated for 64 batches (30 and 34 for broilers and backyard
chickens, respectively; sample size estimation in Appendix B) of 10
chickens and comprised two successive parts (Fig. 1, Table 1).

2.1. Field experiment

In the first part (Fig. 1A, Table 1), for each batch, 5 chickens were
purchased from either a commercial farm (broilers) or 5 rural house-
holds (backyard chickens) in a village. Those chickens were sampled
upon purchase (T0, pre-tests) and exposed to the intervention, which is
described in the following paragraph. The practice of selling batches to
multiple stakeholders over several days and their frequent visits in the
last days of a production cycle likely increase the risk of viral incursion.
We therefore aimed to select commercial farms with ≥2–3 days left on
their current production cycle tominimise the risk of purchasing broilers
already infected with AIVs. Farms and villages were recruited as follows.
For each farm, a sub-district (‘upazila’) was randomly selected with a
probability proportional to the estimated number of chickens it supplied
to Chattogram city’s LBMs (Appendix C) (Moyen et al., 2021). In the
absence of census data, eligible farms were identified through feed
dealers operating in the selected sub-districts. Feed dealers, who pro-
vided farmers with production inputs and credits, were randomly
selected from lists compiled by consulting other relevant stakeholders.
The origins of backyard chickens supplied to Chattogram city’s LBMs are
geographically diverse and only a fraction could be covered (Chatto-
gram, Cox’s Bazar and Feni districts, accounting for 17.1 % of the
poultry flow). For villages, as census data were not available, we used
QGIS 3.0.0-Girona to generate as many random coordinates within the
selected study area as the number of villages to be recruited. The nearest
village to each generated point was included. Within each village, we
then selected 5 rural households willing to sell backyard chickens. In-
clusion criteria for recruited chickens are described in Appendix C.

The intervention consisted in the rigorous implementation of
standardised biosecurity measures during transport, storage and de-
livery of chickens to Pahartali Kacha Bazar, our study LBM (altered
marketing chain, Appendix D). In brief, our research team acted as
mobile traders, transporting intervention groups, one at a time, on our
own vehicle to CVASU, where they were stored in a purpose-built
poultry shed for 2.5 days. This was meant to reflect the extended
transport durations observed along certain marketing chains and to
assess whether intervention groups testing negative at the farm gate
might have been infected without showing clinical signs or shedding
enough virus to be detected. Keeping chickens from different batches
always separate, thoroughly cleaning and disinfecting all surfaces in
contact with chickens reduced risks of contamination between

intervention groups and from the environment. After 2.5 d, we trans-
ferred our intervention groups to the LBM always before 7 AM, when
most mobile traders supply poultry. Upon arrival, 5 chickens, each
forming a control group, were purchased from a mobile trader. If none
was found, 5 chickens were purchased from a stallholder reportedly
supplied only shortly before (median=1.4 h). For backyard chickens,
control groups were purchased in a different LBM, from which stall-
holders in the study LBMwere supplied. Intervention and control groups
were sampled (T1, post-tests), tagged with leg bands and caged together
in one of twomarket stalls selected according to stallholders’willingness
to participate and current capacity.

In the second part (Fig. 1B), each batch of 10 chickens was kept in the
same cage for 84 hours and sampled longitudinally (Table 1). Study
chickens were exposed to the same market stall environment and
practices as other poultry offered for sale. If a chicken died between two
time points, a last sample was collected at the latter.

2.2. Sample collection

We collected oropharyngeal swabs from chickens at different time
points (Table 1, Appendix E). They were placed in individual tubes
containing viral transport medium, stored in a cool box during transport
and frozen at –80◦C in the laboratory.

2.3. Laboratory analysis

We extracted viral RNA with MagMAX™-96 Viral RNA Isolation Kits
(Thermo Fisher Scientific, Applied Biosystems™) and performed real-
time reverse transcription PCR (rRT-PCR) with AgPath-ID™ One-Step
RT-PCR Reagents (Thermo Fisher Scientific, Applied Biosystems™) to
screen for the matrix (M), H9 haemagglutinin (HA) and H5 HA genes
(Appendix F) according to the protocols of the Australian Centre for
Disease Preparedness (ACDP, formerly known as the Australian Animal
Health Laboratory) at the Commonwealth Scientific and Industrial
Research Organisation (CSIRO, Australia) (Ripa et al., 2021). A sample
was considered positive if the cycle threshold (Ct) value was <40. We
also considered an alternative positivity threshold, Ct<33, to minimise
concerns about a positive sample with high Ct value having resulted
from contamination of the bird’s oropharynx as opposed to actual viral
shedding following infection. Testing algorithms are further described in
Appendix F. A subset of 152 samples were sequenced, with all H9- and
H5-positive samples being related to H9N2 (n=129), H5N1 (n=17), or
both (n=6). Complete test results, including Ct values, are available in
Appendix G.

2.4. Data analysis

For each gene and positivity threshold, we computed the cumulative
number and proportion of chickens positive at each time point (T0–T4)
with respect to group (intervention and control) and chicken type
(broilers and backyard chickens) (Table 2). An intervention or control
group is hereinafter defined as a sub-batch and broilers and backyard
chickens as strata. Time points were clustered within chickens and

Table 1
Characteristics of samples collected at different time points*.

Time point Location Time Sample collection Part of the
field experiment

Description Day of the
field experiment

Intervention Control

T0 Commercial farm / Rural households Before the intervention (pre-tests) 1 Yes No† First
T1 LBM After the intervention (post-tests) 4 Yes Yes First
T2 LBM 12 h after T1 4 Yes Yes Second
T3 LBM 24 h after T2 5 Yes Yes Second
T4 LBM 48 h after T3 7 Yes Yes Second

*LBM, live bird market. †Pre-tests were only performed for intervention groups at the time of recruitment.

L. Kohnle et al.
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chickens were clustered within sub-batches (up to T1) or batches (after
T1).

To assess whether the intervention reduced the proportion of posi-
tive chickens entering the LBM (T1), we implemented, for each combi-
nation of gene, positivity threshold and stratum, a logistic regression
model with random intercepts for sub-batches. The binary test status of
chickens and group were used as response and explanatory variables,
respectively. Confidence intervals were computed with the Wald
method.

We investigated the effect of the intervention on the proportion of
chickens in negative batches (at T1) becoming positive by all following
time points (T2–T4) by applying conditional logistic regression models
with batches as matched sets, for each combination of gene, positivity
threshold and stratum.

Models were implemented in R v4.1.2 (R Core Team, 2021), using
the lme4 (Bates et al., 2015) and survival (Therneau and Grambsch,
2000; Therneau, 2023) packages.

3. Results

Of the 640 chickens recruited, 43 dropped out of the study: 41 died
suddenly (Appendix Figure 8) and two were slaughtered for welfare
reasons. Of those 43 chickens, 30, 21 and 11 had previously tested
positive for the M, H9 HA and H5 HA genes, respectively. Seventy-five
T0 and/or T1 samples from 8 successive broiler batches were dis-
carded due to suspected sample contamination (Appendix F).

Our results indicate that only a few chickens entered the LBM already
infected or contaminated with AIVs (12.9 % and 6.8 % for Ct<40 and
Ct<33, respectively), whereas cumulative incidence increased substan-
tially over time, with most chickens testing positive for the M (92.4 %
and 86.8 % for Ct<40 and Ct<33, respectively) and H9 HA genes
(86.2 % and 79.6 % for Ct<40 and Ct<33, respectively) by T4 (after
84 h) (Table 2, Fig. 2).

The number of positive chickens in a batch at T1 ranged between 1–7

(1–6), for Ct<40 (Ct<33) (Fig. 3), and a large proportion of AIV-positive
chickens were also H9-positive.

By T4, influenza A(H5) viruses were only detected in 45 (14 %)
backyard chickens from 14 batches, but not in broilers (Table 2, Fig. 2).

The proportion of AIV-positive broilers at T1 was slightly higher for
control than intervention groups, for both M and H9 HA genes and both
positivity thresholds. This was also the case for backyard chickens for
Ct<33, whereas the opposite was true for Ct<40. The intervention was,
however, not associated with AIV detection at T1, as all odds ratio (OR)
CIs were large and encompassed 1 for all combinations of gene, posi-
tivity threshold and stratum (Table 3).

Although broilers were less frequently AIV-positive at T1 than
backyard chickens, they accounted for a higher proportion of H9-
positive chickens. Within 12 h upon arrival at the LBM (T2), the
numbers of M- and H9-positive broilers had increased more than 7-fold,
and after 36 h (T3) the cumulative incidence was ≥95 % for both
intervention and control groups. The rise in cumulative incidence was
slower for backyard chickens, with a fraction (17.4 %) of them having
remained negative by the end of the study. Indeed, the numbers of M-
and H9-positive backyard chickens increased 2-to-3-fold by T2, and
cumulative incidence ranged between 37.8–71.3 % at T3, and between
64.4–86.7 % at T4. Likewise, the proportion of positive chickens in
affected batches increased over time (Fig. 3).

Among broiler batches that tested negative at T1, the evidence of
lower odds of AIV detection in intervention than control groups by T2
was stronger for Ct<33 than Ct<40 and for the M than the H9 HA gene
(M gene, Ct<33: OR=0.42 [95 % CI: 0.20–0.87]) (Table 4). The absence
or low number of negative broilers at T3–T4meant that ORs could not be
computed or were associated with wide CIs.

There was also stronger evidence that the intervention lowered the
odds of H9 detection in backyard chickens by T2 for Ct<33 than Ct<40,
but the upper bound of the OR remained slightly higher than 1 (95 % CI:
0.07–1.03). In contrast to broilers, this effect was stronger at T4, with
the intervention being associated with similar OR~0.3 (Ct<33: 95 % CI:

Table 2
Cumulative incidence of AIVs in chickens at different time points*†.

Ct value Gene Type Group T0 T1 T2 T3 T4

40 M Broilers I 4.0 % (5/125) 8.1 % (10/123) 71.3 % (87/122) 100.0 % (120/120) 100.0 % (120/120)
C –‡ 11.2 % (14/125) 75.2 % (94/125) 98.4 % (123/125) 100.0 % (125/125)
Total 4.0 % (5/125) 9.7 % (24/248) 73.3 % (181/247) 99.2 % (243/245) 100.0 % (245/245)

Backyard chickens I 14.1 % (24/170) 16.6 % (28/169) 37.3 % (62/166) 71.1 % (118/166) 85.7 % (138/161)
C –‡ 14.1 % (24/170) 37.6 % (64/170) 71.6 % (121/169) 87.7 % (143/163)
Total 14.1 % (24/170) 15.3 % (52/339) 37.5 % (126/336) 71.3 % (239/335) 86.7 % (281/324)

H9 HA Broilers I 4.0 % (5/125) 5.7 % (7/123) 63.9 % (78/122) 100.0 % (120/120) 100.0 % (120/120)
C –‡ 9.6 % (12/125) 66.4 % (83/125) 98.4 % (123/125) 100.0 % (125/125)
Total 4.0 % (5/125) 7.7 % (19/248) 65.2 % (161/247) 99.2 % (243/245) 100.0 % (245/245)

Backyard chickens I 2.9 % (5/170) 7.7 % (13/169) 18.3 % (30/164) 53.0 % (87/164) 68.6 % (109/159)
C –‡ 4.7 % (8/170) 17.8 % (30/169) 58.1 % (97/167) 82.7 % (134/162)
Total 2.9 % (5/170) 6.2 % (21/339) 18.0 % (60/333) 55.6 % (184/331) 75.6 % (242/320)

H5 HA Backyard chickens I 0.0 % (0/170) 3.0 % (5/169) 7.3 % (12/165) 10.9 % (18/165) 16.4 % (26/159)
C –‡ 2.4 % (4/170) 6.5 % (11/170) 7.7 % (13/168) 11.7 % (19/162)
Total 0.0 % (0/170) 2.7 % (9/339) 6.9 % (23/335) 9.3 % (31/333) 14.0 % (45/321)

33 M Broilers I 4.0 % (5/125) 4.9 % (6/123) 51.6 % (63/122) 98.3 % (118/120) 100.0 % (120/120)
C –‡ 8.0 % (10/125) 62.4 % (78/125) 98.4 % (123/125) 100.0 % (125/125)
Total 4.0 % (5/125) 6.5 % (16/248) 57.1 % (141/247) 98.4 % (241/245) 100.0 % (245/245)

Backyard chickens I 2.4 % (4/170) 6.5 % (11/169) 15.2 % (25/165) 44.2 % (73/165) 68.8 % (110/160)
C –‡ 7.6 % (13/170) 20.6 % (35/170) 55.4 % (93/168) 84.6 % (137/162)
Total 2.4 % (4/170) 7.1 % (24/339) 17.9 % (60/335) 49.8 % (166/333) 76.7 % (247/322)

H9 HA Broilers I 4.0 % (5/125) 4.9 % (6/123) 41.8 % (51/122) 95.0 % (114/120) 99.2 % (119/120)
C –‡ 7.2 % (9/125) 52.8 % (66/125) 96.0 % (120/125) 100.0 % (125/125)
Total 4.0 % (5/125) 6.0 % (15/248) 47.4 % (117/247) 95.5 % (234/245) 99.6 % (244/245)

Backyard chickens I 1.8 % (3/170) 3.6 % (6/169) 7.3 % (12/164) 34.1 % (56/164) 54.1 % (86/159)
C –‡ 4.7 % (8/170) 11.2 % (19/169) 41.3 % (69/167) 74.5 % (120/161)
Total 1.8 % (3/170) 4.1 % (14/339) 9.3 % (31/333) 37.8 % (125/331) 64.4 % (206/320)

H5 HA Backyard chickens I 0.0 % (0/170) 1.8 % (3/169) 1.8 % (3/165) 3.6 % (6/165) 10.1 % (16/159)
C –‡ 1.2 % (2/170) 2.4 % (4/170) 3.0 % (5/168) 8.6 % (14/162)
Total 0.0 % (0/170) 1.5 % (5/339) 2.1 % (7/335) 3.3 % (11/333) 9.3 % (30/321)

*AIV, avian influenza virus; C, control; Ct, cycle threshold; HA, haemagglutinin; I, intervention; M, matrix. †A total of 75 samples were excluded for T0 and T1 due to
suspected contamination. ‡Pre-tests were only performed on intervention groups upon recruitment.
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0.17–0.54) for both positivity thresholds (Table 4).
The intervention was not associated with variations in the odds of

detecting the H5 subtype.

4. Discussion

Our innovative study design, which involved the alteration of actual
poultry marketing chains in the field, effectively assessed the impact of
transport and trade practices on viral shedding in marketed chickens in
Bangladesh. The interventional nature of the field experiment allowed
us to unravel viral transmission dynamics that could not be captured
through observational studies.

Our results suggest that a substantial proportion of chickens sold in
LBMs in Chattogram district have already been exposed to AIVs at the
farm gate or during transport. By altering usual marketing chains, we
demonstrated that reducing the risk of infection along those stages
decreased the frequency of AIV detection in market stalls. While there
was no apparent effect of the intervention upon arrival at the LBM (T1),
it was associated with lower odds of detection at later time points. To
our knowledge, this is the first study in which poultry were tested for
AIVs upon arrival at the LBM and longitudinally thereafter. A study
collecting samples along different stages of poultry marketing chains in
Guangdong, China, found that detection rates of AIVs steadily increased
and were highest downstream (Wu et al., 2019).

The prevalence of AIVs in chickens present in farms and rural
households (T0) was higher than previously described (Das Gupta et al.,
2021; Dutta et al., 2022). For broilers, all AIV-positive chickens origi-
nated from a single farm, whereas the particularly high proportion of
positive backyard chickens (14.1 %) may have resulted from selection
bias. Refusal rate was high and the willingness of rural households to sell
chickens may have been associated with ongoing or recent disease
outbreaks in the village or their own flock (Høg et al., 2019). Moreover,
due to logistic constraints, we recruited backyard chickens in only a
small fraction of the catchment area supplying Chattogram city’s LBMs
(Moyen et al., 2021), where prevalence of infection may be heteroge-
neous. If rapid diagnostic tests had been available in the field (Parvin
et al., 2022), we would have been able to ensure that only negative
chickens were recruited for the intervention. Alternatively, if there had
been greater laboratory capacities for diagnostic testing, we could have
analysed samples collected at T0 without further delay. This approach
would have allowed us to directly exclude positive batches at T0 and to
recruit new ones instead.

While the intervention was not associated with AIV detection at T1,
the odds of detecting AIVs at T2 were higher in control than intervention
groups. This may have partly been due to the limited sample size and
low number of positive chickens at T1, but also due to a higher pro-
portion of chickens in control than intervention groups having been
latently infected at T1, resulting in a delayed effect of the intervention.

Fig. 2. Temporal distribution of the cumulative proportion of positive chickens (M, H9 HA and H5 HA genes) in intervention and control groups, considering two
different positivity thresholds (the y-axis scale is different for the H5 HA gene compared to the other genes due to the smaller number of positive samples). Ct, cycle
threshold; HA, haemagglutinin; T0, before the intervention (pre-test); T1, after the intervention (post-test); T2, 12 h after T1; T3, 24 h after T2; T4, 48 h after T3.
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We introduced a lower positivity threshold, Ct<33, to increase the
likelihood of a positive test result being indicative of infection rather
than mere contamination of the birds’ oropharynx (Wille et al., 2014) or
regressing, past infection (Aranha et al., 2021; Salvatore et al., 2021).
The differences between intervention and control groups being more
pronounced at Ct<33 are further evidence that control chickens were
more likely to have already been infected with AIVs when entering the
LBM. Selling poultry to multiple stakeholders over several days and
transport conditions are likely to promote infection of chickens prior to
their delivery at LBMs. In Chattogram city, mobile traders commonly
supply multiple LBMs on a single trip, which, in the case of backyard
chickens, may even be located in different cities (Moyen et al., 2021).

Mobile traders’ role in introducing AIVs into LBMs has been
described in multiple settings (Sealy et al., 2019). In Dhaka city, envi-
ronmental contamination was higher in LBMs hosting both wholesalers
and retailers than retail-only LBMs (Kim et al., 2018; Chakma et al.,
2021). Similar observations have been reported from mixed LBMs in
eastern China (Zhou et al., 2015), where AIVs were also found on
transport vehicles (Wu et al., 2019). Moreover, mobile traders and
shared transport of birds have been associated with the dissemination of
AIVs between LBMs (Van Kerkhove et al., 2009; Indriani et al., 2010)
and between farms (Scott et al., 2018; Singh et al., 2018), respectively.
Our results also indicate that newly introduced susceptible chickens
rapidly become infected and start shedding AIVs. High AIV prevalence
in chickens entering LBMs, re-offering of poultry left unsold the previous
day (Leung et al., 2012; Offeddu et al., 2016) – a common practice in
Bangladesh (Chowdhury et al., 2020; Moyen et al., 2021) –, lack of
effective cleaning and disinfection (Sayeed et al., 2017; Chowdhury
et al., 2020), and the high density at which poultry are kept in market
stalls are factors likely promoting a high pressure of infection on sus-
ceptible chickens. Further research is required to quantify the relative
contribution of those different factors to AIV transmission.

AIV infection spread more slowly among backyard chickens, with
some of them, contrary to broilers, remaining negative throughout the
study. Due to their longer production period and different environment,
backyard chickens were more likely to have already been exposed to
multiple AIV subtypes (Das Gupta et al., 2021), conferring them a level
of cross- or subtype-specific immune protection. High Ct values (>35)
were reported during recruitment (T0), suggesting reduced viral shed-
ding due to regressing infection (Aranha et al., 2021; Salvatore et al.,
2021). Moreover, backyard chickens are often thought to be more

Fig. 3. Proportion of positive chickens in a batch by T1–T4. HA, haemagglutinin; T0, before the intervention (pre-test); T1, after the intervention (post-test); T2, 12 h
after T1; T3, 24 h after T2; T4, 48 h after T3.

Table 3
Outputs of the generalised linear mixed models with the intervention as fixed
effect at T1*.

Ct value Gene Chicken type OR (95 % CI) p value

40 M Broilers 0.37 (0.02–9.09) 0.54
Backyard chickens 1.22 (0.36–4.11) 0.75

H9 HA Broilers 0.14 (0–69.13) 0.54
Backyard chickens 3.97 (0.12–132.58) 0.44

H5 HA Backyard chickens 0.77 (0.03–18.08) 0.87
33 M Broilers <0.01 (<0.01–9.21) 0.12

Backyard chickens 0.44 (0.03–6.21) 0.54
H9 HA Broilers 0.63 (0.02–21.26) 0.80

Backyard chickens <0.01 (<0.01–11.58) 0.14
H5 HA Backyard chickens 0.65 (0.01–32.87) 0.83

*CI, confidence interval; Ct, cycle threshold; HA, haemagglutinin; M, matrix; OR,
odds ratio.
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resistant to infectious diseases compared to other chicken types
(Bhuiyan et al., 2005). A recent experimental trial demonstrated that the
microbiomes of hen-raised chicks (i.e., backyard chickens) remained
more stable following exposure to H9N2 than those of chicks raised in
isolation, promoting long-lasting immunity (Li et al., 2022). On the
other hand, co-infection with infectious bursal disease has been sus-
pected to have an immunosuppressive effect and increase the incidence
of AIVs in broilers (Taifebagherlu et al., 2022). These findings highlight
that different chicken types may play different roles in AIV transmission
in LBMs.

Most M-positive chickens in this study were also positive for H9N2.
Indeed, H9N2 is the most prevalent subtype affecting marketed chickens
in Bangladesh (Kim et al., 2018). The proportion of samples testing
positive for the M but not for the H9 HA gene was higher among
backyard chickens than broilers, with H5N1 being detected only in the
former. This contrast may be attributable to differences in the timing of
sampling, as backyard chickens were recruited in March–May, coin-
ciding with the peak period for H5N1 detection in Asia (Durand et al.,
2015; Berry et al., 2022), including Bangladesh (Chakma et al., 2021),
whereas broilers were sampled from June onwards. Another factor may
have been higher exposure of backyard chickens to ducks and wild birds,
known risk factors for H5N1 infection (Hulse-Post et al., 2005; Biswas
et al., 2008; Das Gupta et al., 2022; Islam et al., 2022), which may have
also prompted infection with other AIV subtypes. The prevalence of
H5N1 was, however, generally low, possibly resulting from
cross-reactive cellular immunity induced by previous exposure to H9N2
(Seo and Webster, 2001), which may have delayed the course of H5N1
infection (Imai et al., 2007; Arafa et al., 2012; Naguib et al., 2017).

We successfully implemented a controlled field experiment to iden-
tify the stage of poultry marketing chains at which amplification of AIVs
occurs. It is the first experimental trial to create a controlled

environment under field conditions, exposing chickens to AIVs in a LBM.
Recruiting intervention and control groups from the same farms and
rural households would have allowed us to compare chickens with
equivalent pre-test exposure. Unfortunately, such study design was not
feasible due to the inability to incentivise mobile traders to synchronise
their trips with our study protocol. Collecting both oropharyngeal and
cloacal swabs could have helped distinguishing infection and shedding
from mere contamination of the birds’ oropharynx through, for
example, ingestion of contaminated drinking water (Leung et al., 2007;
Rohani et al., 2009; Turner et al., 2017; Wang et al., 2017). However,
this may not have improved H9N2 detection, for which respiratory
shedding is reportedly more common than cloacal shedding (Liu et al.,
2003; Guan et al., 2013; Seiler et al., 2018; Germeraad et al., 2019; Kye
et al., 2021).

Given that the configuration of poultry marketing chains and char-
acteristics of the associated production systems can vary substantially by
poultry type and region (Moyen et al., 2021), such study should be
conducted in other parts of Bangladesh, as well as in other countries, and
involve other chicken or poultry types to fully generalise the results.

5. Conclusions

We show that the high AIV prevalence in marketed chickens in
Bangladesh is not solely attributable to viral transmission within LBMs
but also to infection occurring upstream of marketing chains, prior to
chickens’ supply to market stalls. Trade and transport networks should
therefore be targeted to complement risk mitigation strategies already
implemented in LBMs and farms (Pepin et al., 2013).

In particular, mobile traders should be incentivised to adopt safer
practices, such as ensuring the proper cleaning of transport vehicles. To
prevent the mixing of birds from different origins and long transport
durations, poultry marketing chains could be restructured in their origin
to encourage more local marketing of poultry. This may require mech-
anisms to stabilise poultry prices (Høg et al., 2021). At farm level, partial
harvesting – i.e. selling a flock to multiple traders over several days – is
an adaptive strategy for farmers to navigate volatile markets. Price
stabilisation mechanisms could also reduce the need for this practice.
Moreover, structural interventions, such as empowering farmers’ asso-
ciations, would free farmers from interlocked relationships with their
feed dealers or other credit providers (Hennessey et al., 2021) and could
stimulate the uptake of biosecurity measures in the interest of their
business.

Systematic assessment of prevention and control measures applied at
farm level may identify production systems at higher risk of maintaining
AIVs and thereby facilitate the design of risk-based surveillance
strategies.

While the implementation of such interventions in the context of
complex marketing chains, involving multiple stakeholders, is likely to
be challenging, it is imperative to mitigate viral amplification and
reduce human exposure to zoonotic AIVs along trade networks.
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Barnett, T., Pfeiffer, D.U., Fournié, G., 2021. Avian influenza transmission risk along
live poultry trading networks in Bangladesh. Sci. Rep. 11 (1), 19962 https://doi.org/
10.1038/s41598-021-98989-4.

Naguib, M.M., Grund, C., Arafa, A.S., Abdelwhab, E.M., Beer, M., Harder, T.C., 2017.
Heterologous post-infection immunity against Egyptian avian influenza virus (AIV)
H9N2 modulates the course of subsequent infection by highly pathogenic AIV H5N1,
but vaccination immunity does not. J. Gen. Virol. 98 (6), 1169–1173. https://doi.
org/10.1099/jgv.0.000767.

Offeddu, V., Cowling, B.J., Peiris, J.S.M., 2016. Interventions in live poultry markets for
the control of avian influenza: A systematic review. One Health 2, 55–64. https://
doi.org/10.1016/j.onehlt.2016.03.002.

Otte, J., Hinrichs, J., Rushton, J., Roland-Holst, D., Zilberman, D., 2008. Impacts of avian
influenza virus on animal production in developing countries. CAB Rev. 3 (080),
1–18. https://doi.org/10.1079/PAVSNNR20083080.

Parvin, R., Kabiraj, C.K., Hossain, I., Hassan, A., Begum, J.A., Nooruzzaman, M.,
Islam, Md.T., Chowdhury, E.H., 2022. Investigation of respiratory disease outbreaks
of poultry in Bangladesh using two real-time PCR-based simultaneous detection
assays. Front. Vet. Sci. 9, 1036757 https://doi.org/10.3389/fvets.2022.1036757.

Pepin, K.M., Wang, J., Webb, C.T., Hoeting, J.A., Poss, M., Hudson, P.J., Hong, W.,
Zhu, H., Guan, Y., Riley, S., 2013. Anticipating the Prevalence of Avian Influenza
Subtypes H9 and H5 in Live-Bird Markets. PLoS One 8 (2), e56157. https://doi.org/
10.1371/journal.pone.0056157.

R Core Team, 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing. https://www.R-project.org/.

Rahman, M.M., Nooruzzaman, M., Kabiraj, C.K., Mumu, T.T., Das, P.M., Chowdhury, E.
H., Islam, M.R., 2021. Surveillance on respiratory diseases reveals enzootic
circulation of both H5 and H9 avian influenza viruses in small-scale commercial
layer farms of Bangladesh. Zoonoses Public Health 68 (8), 896–907. https://doi.org/
10.1111/zph.12879.

Rimi, N.A., Hassan, Md.Z., Chowdhury, S., Rahman, M., Sultana, R., Biswas, P.K.,
Debnath, N.C., Islam, S.S., Goss, A.G., 2019. A decade of avian influenza in
Bangladesh: Where are we now? Trop. Med. Infect. Dis. 4 (3), 119. https://doi.org/
10.3390/tropicalmed4030119.

Ripa, R.N., Sealy, J.E., Raghwani, J., Das, T., Barua, H., Masuduzzaman, Md,
Saifuddin, A.K.M., Huq, Md.R., Uddin, M.I., Iqbal, M., Brown, I., Lewis, N.S.,
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