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1 | INTRODUCTION

Abstract

Vietnamese poultry are host to co-circulating subtypes of avian influenza viruses,
including H5N1 and H9N2, which pose a great risk to poultry productivity and to
human health. AlVs circulate throughout the poultry trade network in Vietnam, with
live bird markets being an integral component to this network. Traders at LBMs ex-
hibit a variety of trading practices, which may influence the transmission of AlVs. We
identified trading practices that impacted on AlV prevalence in chickens marketed
in northern Vietnamese LBMs. We generated sequencing data for 31 H9N2 and
two H5N6 viruses. Viruses isolated in the same LBM or from chickens sourced from
the same province were genetically closer than viruses isolated in different LBMs or
from chickens sourced in different provinces. The position of a vendor in the trading
network impacted on their odds of having AlV-infected chickens. Being a retailer
and purchasing chickens from middlemen was associated with increased odds of in-
fection, whereas odds decreased if vendors purchased chickens directly from large
farms. Odds of infection were also higher for vendors having a greater volume of
ducks unsold per day. These results indicate how the spread of AlVs is influenced by
the structure of the live poultry trading network.

KEYWORDS
Avian influenza, H9N2, live bird markets, phylogenetics, poultry trading habits, risk factors,
Vietnam

mortality (Alexander, 2007; Otte, Hinrichs, Hinrichs, Rushton,
Roland-Holst, & Zilberman, 2008; Qi et al., 2014). Humans are im-

Avian influenza viruses (AlVs), including H5N1 and H9N2, are en-
demic within poultry production systems in many low- and mid-
dle-income countries (LMICs) and pose a significant threat to food
security and to human health. Zoonotic outbreaks incur a severe
economic burden through patient medical costs and stamping out
programmes that can run into billions of dollars, while persistence

of AlVs in poultry rearing systems causes poultry morbidity and

munologically naive to AlVs; however, sporadic human cases are
reported each year from countries with high levels of AlV endemic-
ity, and although sustained transmission in humans does not occur,
there is a clear ongoing threat of pandemic emergence for these vi-
ruses (Uyeki et al., 2002).

Poultry production and trade in LMICs are heterogeneous, with

different species being brought together from various size farming
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systems, often without robust biosecurity (Fournié et al., 2016;
Webster, 2004). Live bird markets (LBMs) are a traditional aspect of
these systems that facilitate the storage and sale of live poultry in-
cluding chickens, ducks, quail and pigeons. As a consequence, LBMs
play a significant role in the maintenance and spread of AlVs and
thus pose a zoonotic risk to poultry workers and consumers, and
to temporary workers enlisted during stamping out programmes
(Bridges et al., 2002; Mounts et al., 1999). LBMs have been a pri-
mary target for AlV control strategies; during a zoonotic outbreak of
H7N9 in China in 2013, closure of LBMs was shown to be remark-
ably effective in reducing the risk of human infection by up to 99%
(Yu et al., 2014). Control strategies in LBMs have also been shown
to significantly reduce AlV detection in chickens: the most effective
strategies include monthly rest days that involve routine market clo-
sure followed by slaughter of unsold poultry, a ban to the sale of live
quail and a ban to overnight storage of live poultry (Kung et al., 2003;
Lau et al.,, 2007; Leung et al., 2012). However, although rest days are
effective at breaking the viral amplification cycle in LBMs, they do
not prevent reintroduction of virus. Indeed, rest days/nights are an
important component of long-term AlV control but are not sufficient
alone to eliminate infection (Kung et al., 2003). Furthermore, risk
factor studies in LBMs have shown that having a greater variety of
poultry species, including ducks being sold alongside other species,
having poor sanitary conditions, storing poultry in floor pens instead
of cages and having 21 wholesaler trading in LBMs, all increase the
odds of having AlV-infected poultry and/or having AlV-contami-
nated environments (Kim et al., 2018; Kirunda et al., 2015; Santhia
et al., 2009; Sayeed et al., 2017; Wang et al., 2018).

Vietnam has enzootic H5N1 and H9N2 and is at risk of incur-
sion by H7N9 due to a shared border with China (Thuy et al., 2016).
Poultry traders are an integral component of poultry production in
Vietnam. They transport poultry from farms to LBMs, shaping a live
poultry trading network through which AlVs may spread. Traders’
practices may thus impact on the likelihood of introducing AlVs in
LBMs and also facilitate the amplification of AIV circulation within
marketed chicken populations (Fournié et al., 2012). However, a
quantitative assessment of the association between poultry manage-
ment practices and AlV prevalence in marketed chickens is lacking.
To address this gap, AlV infection status of chickens in Vietnamese
LBMs was assessed and the practices of traders offering them for
sale characterized. This allowed us to assess the extent to which
those practices may impact on the risk of viral circulation in LBMs.

2 | METHODS

2.1 | Sample collection

Eight live bird markets (six retail and two wholesale) in four prov-
inces of northern Vietnam were included in our study, which was
conducted between 2 October 2017 and 3 December 2017. Markets
were selected if they had previously been confirmed positive for
AlV in chickens within the past 12 months according to FAO-sup-
ported surveillance conducted by the National Centre for Veterinary

Diagnostics (NCVD) and the Department of Animal Health (DAH,
Hanoi). Markets were also selected if they were open seven days
per week, facilitated the trade of live chickens, ducks and pigeons,
and had more than 10 poultry traders operating in them. There were
no quail (live or dead) at any of the LBMs, although this was not by
design. Each LBM was sampled daily for seven consecutive days. On
each day the LBM was sampled, the first 10 traders to arrive who
contained at least five chickens in their flocks were recruited for the
study and oropharyngeal swabs were collected from 5 chickens in
each of their respective flocks, which were then pooled together.
Selected traders were then asked about their recent trading prac-
tices in a closed-ended questionnaire (Supplementary information
Data S1). A total of 493 pools were collected from 2,465 chick-
ens, and swabs were pooled in 2 ml virus transport medium (VTM)
(Eagle's minimum essential medium supplemented with gentamicin,
penicillin, streptomycin, bovine serum albumin, fungizol and HEPES
solution) per trader and linked to traders and their questionnaire
responses (on some days, less than 10 traders were sampled). Of
the 493 sampled poultry traders, seven were removed during uni-
variable and multivariable analysis due to incomplete feedback.
Environmental swabs were taken from three discrete areas of
markets to determine the level of influenza virus A contamination
of LBM environments. These discrete areas represented different
poultry-related work activities which had previously been recom-
mended to be included in routine monitoring and surveillance pro-
grammes for avian influenza viruses in LBMs (Indriani et al., 2010):
(a) slaughter area including equipment used for slaughtering birds, (b)
waste area including bins and containers used for disposing of bird
waste such as feathers and (c) poultry stall including cages and the
vicinity where birds were stored during LBM trading hours. Three
swab samples were taken from each area and pooled each day (three
separate pools representing three sampled areas generated per day).
All pooled swabs were maintained in cold chain for transportation
to NCVD, Hanoi, where they were stored at -70°C until further
processing.

2.2 | Sample screening and virus isolation

Virus RNA was extracted from pooled swab VTM using the QlAamp
Viral RNA Mini kit (Qiagen) as per manufacturer's protocol. Viral RNA
was screened for influenza virus A by RT-qPCR using primers for M
gene detection (M-5 forward: AGATGAGYCTTCTAACCGAGGTCG;
M-5 reverse: TGCAAANACATCYTCAAGTCTCTG; Probe: FAM-
TCAGGCCCCCTCAAAGCCGA-BHQ1). The threshold for influenza
virus-positive samples was Ct < 35. Subtyping using H5, H7 and
H9-specific primers was conducted on M gene-positive samples
with Ct < 26, and the threshold for subtype positivity was Ct < 38.
Thermal cycling conditions were as follows: 50°C for 15 min, 95°C
for 2 min, then 40 cycles of 95°C for 10 s and 60°C for 30 s.

To ensure we could obtain sequencing data from our samples,
we employed next-generation sequencing (NGS) on PCR products
generated from viral RNA taken directly from pooled swab samples
(Passage 0) and from infected allantoic fluid (Passage 1). Embryonated
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hens’ eggs were inoculated with VTM from pooled swabs which had
a Ct < 27 for H9 or any Ct for H5 and “unknown” subtype-positive
samples. Allantoic fluid was harvested after 48 hr of incubation and
confirmed for influenza virus A by haemagglutination (HA) assay. Viral
RNA was extracted from allantoic fluid as above. In total, 50 samples
meeting the above criteria were passaged in eggs, and this yielded 34
samples positive for HA activity. Passage O and Passage 1 samples
were both subjected to NGS, and where possible, sequencing data for
Passage O were used in phylogenetic analysis. Sequencing data were
generated for a total of 33 viruses (31 H9N2 and 2 H5Né).

2.3 | Next-generation sequencing

Multisegment RT-PCR was conducted on viral RNA yielded directly
from the VTM of pooled swabs and from inoculated allantoic fluid.
Briefly, this involved multigene amplification using the SuperScript™
1l One-Step RT-PCR kit (Life Technologies) and the MBTUni12/13
universal primer set with specificity towards the conserved un-
translated regions (UTRs) of each influenza virus gene (Zhou et al,,
2009). These PCR products were used to generate DNA libraries
using the Nextera XT DNA Library Prep kit (Illumina), and an Illumina
MiSeq was used to sequence pooled DNA libraries. The resultant se-
quencing reads were assembled via templated assembly in SeqMan
NGen and consensus-level sequences generated in SeqMan Pro
(DNASTAR). Sequences were uploaded to the NCBI database with ac-
cession numbers: MN176637-MN176652, MN176660-MN176690,
MN176731-MN176746, MN176999-MN177029, MN177055-
MN177085, MN177086-MN177116, MN177518-MN177548 and
MN177635-MN177665.

2.4 | Phylogenetic analysis

Alignment and analysis of nucleotide and deduced amino acid se-
quences were conducted using MEGA7 (Kumar, Stecher, Stecher, &
Tamura, 2016). Neighbour-joining trees with 1,000 bootstrap repli-
cates were also generated using MEGA7, and reference sequences
for use in analysis alongside sequencing generated in this study were
downloaded from the NCBI and GISAID databases.

2.5 | Statistical analysis

All statistical analyses were conducted using RStudio 2016. Data from
hard copy questionnaires were entered into a Microsoft Access da-
tabase. Logistic regressions were used to conduct univariable analy-
sis of explanatory variables where Influenza virus A infection status
of each pool of 5 chicken swabs was used as the response variable.
Explanatory variables with p < .05 were explored for collinearity by
computing VIF values with the vif() function in the “car” package.
All variables with p < .05 from univariable analysis had VIF < 5 so
were kept for subsequent stepwise variable selection. A final model
of explanatory variables with LBMs as random effects was used in
multivariable analysis. Final selection of explanatory variables was
conducted by backward stepwise variable selection in R. Mantel tests
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were conducted in the R package, “ecodist”, where virus isolates with
whole-genome sequencing data were included (Mantel, 1967). For
each of the virus isolates, the ORF of each gene segment was concat-
enated and a dissimilarity matrix, or genetic distance matrix, was con-
structed from the pairwise nucleotide differences in MEGA (Kumar et
al., 2016). Additional dissimilarity matrices were also constructed from
the explanatory variables of same dimension as the genetic distance
matrix, and related to the characteristics of the poultry from which
the viruses were isolated. We refer to them as sample characteristic
matrices M. For any of those matrices, an element m; = 1 if strains i
and j are from samples with the same characteristic (e.g. poultry sold
in the same market, poultry originating from the same type of prem-
ise, farm or market, and poultry originating from the same province), if
not, mij = O (e.g. poultry sold in different markets, poultry originating

from different types of premises and from different provinces).

3 | RESULTS

3.1 | Influenza virus A prevalence in live bird
markets

Of 493 pooled oropharyngeal swabs from chickens, 169 (34%) were
confirmed positive for influenza virus A by reverse transcription-
gPCR (RT-gPCR) targeting the matrix (M) gene (Ct < 35) (Table 1).
Subtyping of M gene positives with a Ct < 26 (n = 113) showed that
96% (n = 109) of pools had H9, 14.1% (n = 16) had H5, 12.3% (n = 14)
had H9 and H5 co-detected and 1.7% (n = 2) could not be subtyped.
There were no samples with detectable H7 influenza virus. Influenza
virus prevalence varied greatly between LBMs with the two whole-
sale LBMs having the least amount of detectable influenza virus
(Table 1). Of the 154 pooled environmental swabs, 70 (45%) were
confirmed positive for influenza virus A. The proportion of positive
pooled samples was similar across the different market areas that
were sampled: poultry stall area (38%, n = 27); waste area (34%,
n = 24); and slaughter area (27%, n = 19) (birds were not slaughtered
in one LBM, for which it was not therefore possible to collect swabs

samples for slaughter or waste sites).

3.2 | Phylogenetic analysis

Next-generation sequencing (NGS) of M gene-positive samples
yielded whole-genome sequence data for 12 H9N2 viruses and partial
genomes for 19 H9N2 and 2 H5N6 viruses. H9N2 viruses sequenced
in this study were most closely related to previously sequenced
H9N2 viruses from Vietnam (Thuy et al., 2016) (Figure 1 and Figure
S1). For example, BLASTn analysis of the PB1 gene of A/chicken/
Vietnam/1D010/2017 from this study was most closely related to A/
chicken/Vietnam/H7F-BG4-383 with nucleotide homology of 98%.
These viruses retained the G57-like genotype, a prevalent genotype
of H9N2 viruses in China known to be donors of all six internal genes
to zoonotic H7N9 and H10N8 viruses (Pu et al., 2015).

We assessed whether the genetic distance between viral iso-
lates was associated with their sampling location and the origin of
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TABLE 1 Influenza virus A prevalence in selected LBMs
M gene Ct < 35 Subtype

LBM Province Type (%) H9 gene Ct < 38 H5 gene Ct < 38 undetermined
Thi Cau Bac Ninh Retail 21(12.4) 15 2 0
Do Bac Ninh Retail 31(18.3) 18 3 2
Ga Bac Ninh Wholesale 6(3.5) 1 0
Ha Vy Hanoi Wholesale 2(1.1) 0 0 0
Ngu Hiep Hanoi Retail 46(27.2) 26 7 0
Tuc Duyen Thai Nguyen Retail 11 (6.5) 7 0 0
Ngan Hung Yen Retail 17 (10) 14 0 0
Pho Hien Hung Yen Retail 35 (20.7) 26 3 0

Total 169 109 16 2

Note: Data represent pooled oropharyngeal swabs. From the 169 pools positive for influenza virus A, 113 were subtyped.

Fourteen samples were positive for both H5 and H9.

Subtype undetermined refers to samples that were positive for M gene but negative for H5, H7 and H? subtype by RT-qPCR.

No sequencing data were available for these samples.

chickens (i.e. the LBM that chickens were sampled in, the LBM/
farm type that poultry originated from or the province that poul-
try originated from). To do this, we utilized the 12 Vietnamese
H9N2 viruses which we had full-genome sequence data for and
concatenated their open reading frames. The genetic distance be-
tween any two of the 12 fully sequenced H9N2 isolates decreased
if these two isolates originated from the same LBM (Mantel test,
r=-.41, p =.004), or sampled chickens were sourced in the same
province (r = -=.37, p = .031) (see Table S1 for genotype distribution
between sampled LBM and province source). In the light of this, we
were able to classify viruses into seven different sub-genotypes
using a > 98% nucleotide difference cut-off for each gene segment
(for viruses where full-genome sequencing data were available)
(Figure 2). From this, we could see that several strains which orig-
inated from the same LBM were also grouped into the same geno-
type; genotype VN4 contained three viruses from LBM Pho Hien,
and genotype VN5 contained three viruses from LBM Do. HA and
NP genes had the greatest maximum nucleotide pairwise distance
with 6.7% and 6.9%, respectively, followed by NS with 5.7%, NA
with 5%, PB1 with 4%, PB2 with 3.9%, M with 1.6% and PA with
1.5%.

3.2.1 | Molecular characteristics of virus isolates

All H9N2 viruses were low pathogenic avian influenza (LPAI) vi-
ruses due to the presence of a dibasic cleavage motif RSSR/G in
the haemagglutinin (HA) glycoprotein. However, the partial se-
quencing data for the HA genes of the H5Né6 viruses contained
the polybasic cleavage motif RRKR/G, classifying them as highly
pathogenic avian influenza (HPAI) viruses (Chen et al., 1998). All
sequenced NA genes of the HPN2 viruses contained a three amino
acid deletion between residues 62 and 64. Deletions in the stalk of
NA are associated with adaptation of avian influenza viruses (AlVs)

to chickens (Sorrell, Song, Song, Pena, & Perez, 2010); however,

a functional balance between HA and NA must be maintained
which may be reflected here by the retention of a NA stalk de-
letion, the continued HA1 glycosylation at residues 11, 123, 200
(6/16 sequenced HAs), 280, 287 and 295, and the receptor bind-
ing site residues A/T180, L216 and M217 (mature H9 numbering),
which may have a variable impact on receptor binding (Baigent &
McCauley, 2001; Castrucci & Kawaoka, 1993; Sealy et al., 2019).
As previously reported, H9N2 viruses in Vietnam continue to re-
tain the PB2 E627 amino acid and show no markers of resistance
to neuraminidase inhibitors (Thuy et al., 2016).

3.2.2 | Risk factors associated with influenza virus A
infection in chickens

Univariable analysis was used to identify potential risk factors
related to the origin and management of poultry by traders, and
subsequently included in multivariable analysis. Thirteen of 19
explanatory variables were identified as having a significant as-
sociation with influenza virus A infection in chickens (Table 2): for
example poultry being sold by retailers, sourced from other LBMs,
sourced from middlemen, increased frequency of having unsold
birds, having greater numbers of unsold ducks per day, storing un-
sold birds at home, increased number of days of trading in the LBM
and had a strong positive association with influenza virus infection
in chickens. Sourcing birds from large commercial farms and selling
more chickens per day were negatively associated with influenza
virus infection in chickens.

In the final multivariable model, the sampled LBM was used as
a random effect because poultry traders were naturally grouped
into the eight selected LBMs. Three risk factors and one protective
factor were identified. The risk factors included sourcing poultry
from middlemen, selling poultry to consumers and having a greater
number of ducks unsold per day (Table 3). The protective factor was

selling more chickens per day.
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FIGURE 1 Phylogenetic tree of H9 HA. Neighbour-joining tree representing phylogeny of H9HA sequences generated in this study;
reference strains from NCBI and GISAID databases are included for comparison. Trees were formed with 1,000 bootstrap replicates, and
bootstrap values <70 are not shown. In blue are reference Vietnam strains, in red are strains from this study, in black are non-Vietnam
strains, and in fuchsia are recent (2016-2018) human isolates. Blue markers represent sub-genotypes which contain more than one virus
sequenced in this study: filled circle is VN2, filled diamond is VN4, and filled square is VN5
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3.2.3 | Summary of poultry vendor practices

To put the identified risk factors into a broader context, we
summarized poultry trading practices that were associated with
the identified risks. Vendors who reported sourcing their birds
from large commercial farms also sold a relatively large volume
of chickens, with a median of 200 (IQR = 434) chickens sold per
day. These vendors also primarily sold to other vendors (selling
to vendors = 75, consumers = 14 and both = 69). In contrast, ven-
dors who reported sourcing their birds from middlemen sold a
relatively small volume of chickens, with a median of 15 (IQR = 20)
chickens sold per day. These vendors were also seen to primarily
sell directly to consumers (selling to vendors = 9, consumers = 60
and both = 27).

4 | DISCUSSION

In our study, we have shown the G57-like genotype of LPAI HPN2
viruses continues to co-circulate with HPAI H5 viruses in Vietnam.
We show there is reduced virus diversity between viruses from the
same LBM and from the same province as compared to viruses from
different LBMs and different provinces. This may indicate that popu-
lations of viruses that are genetically distinct are present within dis-
crete parts of the poultry trade network. We also showed that trade
practices influence the risks of influenza virus A detections in chick-
ens. Given that H9N2 and H5Nx viruses are co-circulating, risk miti-
gation strategies are likely to be effective against multiple subtypes.

A previous study by Fournié et al. (2012) have shown that it
is possible to identify specific and distinct trader profiles of LBM
sellers in Vietnam. As such, traders are classified as retailers or
wholesalers based on who they primarily sell poultry to; retailers
primarily sell directly to consumers, whereas wholesalers primar-
ily sell to other poultry vendors within the trading network. In our
study, we show retailers experienced higher odds of infection due
to their trading practices. The retailers in our study were those who
sourced their birds from middlemen, sold a relatively small volume of

chickens and primarily sold directly to consumers. The risk factors

Genotype

associated with influenza virus A infection in chickens, selling only to
consumers and buying from middlemen, can therefore be linked to
retailers, which highlights their potential role in disseminating virus
through the poultry trade network. In contrast, the wholesalers in
our study were those who sourced from large commercial farms,
sold a large volume of chickens and primarily sold to other vendors.
The protective risk factor of selling more chickens is associated with
the practices of wholesalers and identifies this group of poultry trad-
ers as relatively low risk.

When considering the potential impact on AIV dissemination
that these traders can have, it is important to take note of the posi-
tion that vendors have in the poultry trade network. Vendors who
have strong connections to a network of contacts operating in and
around LBMs would be expected to have a more pronounced role in
disseminating AlVs, whereas vendors holding a loose link to a net-
work of contacts may have a reduced impact on AlV dissemination
(Fournié et al., 2016). Thus, middlemen are mobile, highly connected
poultry traders that travel between farms and LBMs to purchase
and sell birds, mixing poultry from many different sources. As a con-
sequence, they facilitate a network of LBMs that are tractable to
the circulation of influenza viruses (Fournié et al., 2013, 2012). The
identification of middlemen supplying poultry to traders as a risk
factor for influenza virus infection could be explained by their mobil-
ity and propensity to mix poultry, and their high connectivity to the
poultry trade network. Likewise, retailers could be associated with
higher odds of infection because they may purchase birds that have
“changed hands” multiple times, promoting the amount of time spent
by birds within the trade network and facilitating the mixing of birds
from different sources. All the LBMs included in this study were
open seven days a week, which would allow for greater connectiv-
ity between traders as they have more opportunity to interact at
LBMs, potentially increasing the risk posed by retailers in particular.
Although we did not explicitly capture the structure of the trade net-
work in our study, the trading practices that we assessed can be used
as indicators for the position of traders within the trade network.

In Vietnam, outbreaks of highly pathogenic avian influenza in spa-
tially dispersed communes were shown to be closely linked to prac-

tices in agri-livestock farming systems, which involve communities

PB2
PBl ‘

VN4 VN5 VN6 VN7
n=3 n=3 n=1 n=1

FIGURE 2 Sub-genotypes of HON2
viruses. Viruses with full-genome
sequencing data could be assigned to
seven sub-genotypes and are represented
here. Gene segments of a different colour
indicate >2% nucleotide difference
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TABLE 3 Multivariable analysis identifying risk factors for
influenza virus A infection in chickens

Cly; for
Potential risk factors ~ Odds Ratio (OR) OR P-value
Selling only to 2.72 1.52-4.84 <.001
consumers
Buying from 2.05 1.14-3.66 .02
middlemen

Number of chickens 0.48
sold/day

Number of ducks 1.33
unsold/day

0.24-0.97 .04

1.02-1.78 .03

producing rice, and domestic aquatic birds and chickens (Pfeiffer,
Minh, Minh, Martin, Epprecht, & Otte, 2007). These systems neces-
sitate the use of areas with surface water such as river deltas, and
therefore introduce the risk of mixing wild aquatic birds with domes-
tic aquatic birds and chickens. Duck farming often involves raising
and storing ducks in open bodies of water, which introduces the risk
for wild waterfowl to mix with farmed ducks and transmit influenza
viruses. In addition, studies have shown longer virus shedding times
for LPAIl-infected ducks, up to 11.5 days, compared with LPAI-in-
fected chickens, up to 6 days (Hénaux & Samuel, 2011; James et
al., 2016). Therefore, poultry traders with larger numbers of unsold
ducks could increase the transmission window for ducks to infect
chickens, especially as unsold ducks may have repeated exposures to
wild waterfowl when traders store unsold ducks at home.

Effective control of avian influenza requires understanding risk
factors associated with contamination of all aspects of poultry pro-
duction. Contamination of the environment in LBMs and of utensils
used for handling live and slaughtered poultry has been well docu-
mented; risk factors associated with environmental contamination
of LBMs include “in-house” poultry slaughtering, and their location
in regions which see great chicken density and poultry-related ac-
tivity (Indriani et al., 2010). Avian influenza viruses are frequently
detected in shared poultry water (Leung et al., 2007), wooden ta-
bletops, cages, bins and floors (Indriani et al., 2010). In our study,
we have confirmed the importance of environmental contamination
by showing influenza virus A prevalence in three areas of LBMs:
slaughter area, waste area and poultry storage area. Traders who
bring infected birds to LBMs play a role in perpetuating environ-
mental contamination, while traders with healthy birds run the
risk of contaminating their birds by storing them in contaminated
environments.

Analysis of the N2NA amino acid sequences revealed a stalk
deletion is present in all viruses, highlighting the sustained poultry
adaptation of HON2 AlVs in Vietnam (Sorrell et al., 2010, Thuy et al.,
2016). However, amino acid diversity at residue 180 of the HA pro-
tein could play an important role in zoonotic potential. Previously,
we and others have shown that HON2 viruses carrying the A180T/V
substitution gain the ability to bind to human-like receptor ana-
logues (Sealy et al., 2019; Teng et al., 2016; Yang et al., 2017). The

A180T/V substitution also enhances binding avidity towards avian-
like receptor analogues, which can attenuate virus replication in
vitro; however, the impact of this mutation in conjunction with a NA
stalk deletion is currently unknown.

Finally, vaccination against H?N2 has not been adopted in
Vietnam; however, vaccination programmes against H5 are a key
component of outbreak response measures (Nguyen et al., 2014).
Both large commercial farms and backyard flocks are included in
emergency response H5 vaccination programmes (Domenech et al.,
2009), and discretionary use of routine anti-H5 vaccines is practiced
within some commercial farms in provinces believed to be high risk.
Going forward, vaccination in farms in highly connected trade net-
works where high-risk traders operate, as identified in this study,
may be beneficial in mitigating AlV dissemination.

The primary limitation to our study was that poultry and poul-
try traders may have been repeatedly sampled and questioned
during our repeated visits to each LBM. We did not record who we
had included in our study during the seven-day sampling periods
at each LBM, which meant that if a vendor had unsold chickens
from a previous day then we could have sampled those birds mul-
tiple times. Likewise, we may have received feedback on poultry
trading practices from the same vendors multiple times over the
sampling period. However, the infection status of unsold chick-
ens and associated poultry trading practices of a vendor may have
changed as the week progressed, that is chickens may have been
free of AIV infection at the start of the sampling week, but by
day 2 or day 3, the chickens of the repeatedly sampled poultry
trader may have become AlV-positive. This may be reflected by
the repeatedly sampled poultry trader having more unsold birds
compared to earlier in the week.

In conclusion, we have identified poultry trade practices that im-
pact the risk of influenza virus A infection in chickens, and we have
been able to attribute these practices to certain types of poultry
trader. Being able to identify a specific type of poultry trader re-
sponsible for impacting AlV dissemination due to their poultry trad-
ing practices is novel and could be useful in future surveillance and
control programmes. H9N2 viruses continue to cause significant
poultry outbreaks and expand their global distribution within poultry
producing countries. It is therefore increasingly important to moni-
tor trends in HPN2 epidemiology, by using both active and passive
surveillance systems that are already in place for H5 pandemic pre-
paredness. Surveillance of AlVs is particularly important in countries
where there is co-circulation of multiple subtypes. Prevention and
control of zoonotic risks associated with endemic AlVs require con-
tinued surveillance efforts, and cost-effective targeted approaches
to identify and protect high-risk poultry traders in highly connected
trade networks.

ACKNOWLEDGEMENTS

We would like to thank the veterinary and laboratory staff at NCVD
in Hanoi, Vietnam, for their assistance during the study. We would
like to thank Dr Rod Daniels at the Francis Crick institute in London,



SEALY ET AL.

UK, for the use of the NGS platform. We would also like to thank
Ms Nghiem Nguyen Minh Trang at the Oxford University Clinical

Research Unit in Hanoi, Vietnam, for supporting the study.

ETHICS STATEMENT

The approval for the study was obtained from the Department
of Animal Health (DAH), Hanoi, and from each sub-department
(SDAH) with jurisdiction over the provinces where selected LBMs
were situated. FAO-supported surveillance of avian influenza
viruses in LBMs is routinely conducted in northern Vietnam by
NCVD and DAH, Hanoi, who enabled the implementation of this
study.

CONFLICT OF INTERESTS

The authors declare no competing interests.

AUTHOR CONTRIBUTIONS

JES, GF and JEB conceptualized the data. JES and GF involved in
formal analysis. MI acquired funding. JES, PHT and NHD investi-
gated the data. JES and GF provided methodology, resources and
software. GF, HRvD, JEB and Ml supervised the data. JES wrote the
original manuscript. All reviewed and editing the manuscript.

ORCID

Joshua E. Sealy https://orcid.org/0000-0001-8466-9358

Munir Igbal https://orcid.org/0000-0001-5165-5339

REFERENCES

Alexander, D. J. (2007). An overview of the epidemiology of avian in-
fluenza. Vaccine, 25(30), 5637-5644. https://doi.org/10.1016/j.vacci
ne.2006.10.051

Baigent, S. J., & McCauley, J. W. (2001). Glycosylation of haemagglutinin
and stalk-length of neuraminidase combine to regulate the growth
of avian influenza viruses in tissue culture. Virus Research, 79(1-2),
177-185.

Bridges, C. B., Lim, W., Hu-Primmer, J., Sims, L., Fukuda, K., Mak, K H,
... Katz, J. M. (2002). Risk of influenza A (H5N1) infection among
poultry workers, Hong Kong, 1997-1998. The Journal of Infectious
Diseases, 185(8), 1005-1010. https://doi.org/10.1086/340044

Castrucci, M. R., & Kawaoka, Y. (1993). Biologic importance of neur-
aminidase stalk length in influenza A virus. Journal of Virology, 67(2),
759-764.

Chen, J,, Lee, K. H., Steinhauer, D. A., Stevens, D. J.,, Skehel, J. J., & Wiley,
D. C. (1998). Structure of the hemagglutinin precursor cleavage
site, a determinant of influenza pathogenicity and the origin of the
labile conformation. Cell, 95(3), 409-417. https://doi.org/10.1016/
S0092-8674(00)81771-7

Domenech, J., Dauphin, G., Rushton, J., McGrane, J., Lubroth, J., Tripodi,
A., ... Sims, L. (2009). Experiences with vaccination in countries en-
demically infected with highly pathogenic avian influenza: The Food

J:Sansboundary and Emeriné [ﬁs s':} 4]
and Agriculture Organization perspective. Revue Scientifique Et
Technique, 28(1), 293.

Fournie, G., Guitian, J., Desvaux, S., Cuong, V. C., Dung, D. H., Pfeiffer,
D. U, ... Ghani, A. C. (2013). Interventions for avian influenza A
(H5N1) risk management in live bird market networks. Proceedings
of the National Academy of Sciences, 110(22), 9177-9182. https://doi.
org/10.1073/pnas.1220815110

Fournié, G., Guitian, J., Desvaux, S., Mangtani, P, Ly, S., Cong, V. C,, ...
Vong, S. (2012). Identifying live bird markets with the potential to act
as reservoirs of avian influenza A (H5N1) virus: A survey in northern
Viet Nam and Cambodia. PLoS One, 7(6), e37986.

Fournié, G., Tripodi, A., Nguyen, T. T. T,, Tran, T. T, Bisson, A., Pfeiffer,
D. U., & Newman, S. H. (2016). Investigating poultry trade patterns
to guide avian influenza surveillance and control: A case study in
Vietnam. Scientific Reports, 6, 29463.

Hénaux, V., & Samuel, M. D. (2011). Avian influenza shedding patterns
in waterfowl: Implications for surveillance, environmental transmis-
sion, and disease spread. Journal of Wildlife Diseases, 47(3), 566-578.
https://doi.org/10.7589/0090-3558-47.3.566

Indriani, R., Samaan, G., Gultom, A., Loth, L., Indryani, S., Adjid, R., ...
Lokuge, K. (2010). Environmental sampling for avian influenza virus
A (H5N1)in live-bird markets, Indonesia. Emerging Infectious Diseases,
16(12), 1889.

James, J., Howard, W., Igbal, M., Nair, V. K., Barclay, W. S., & Shelton,
H. (2016). Influenza A virus PB1-F2 protein prolongs viral shedding
in chickens lengthening the transmission window. Journal of General
Virology, 97(10), 2516-2527. https://doi.org/10.1099/jgv.0.000584

Kim, Y., Biswas, P. K., Giasuddin, M., Hasan, M., Mahmud, R., Chang,
Y.-M,, ... Fournié, G. (2018). Prevalence of Avian Influenza A(H5) and
A(H9) Viruses in Live Bird Markets, Bangladesh. Emerging Infectious
Diseases, 24(12), 2309-2316. https://doi.org/10.3201/eid24
12.180879

Kirunda, H., Mugimba, K. K., Erima, B., Mimbe, D., Byarugaba, D. K., &
Wabwire-Mangen, F. (2015). Predictors for risk factors for spread
of Avian Influenza viruses by poultry handlers in live bird markets
in Uganda. Zoonoses and Public Health, 62(5), 334-343. https://doi.
org/10.1111/zph.12151

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular evolu-
tionary genetics analysis version 7.0 for bigger datasets. Molecular
Biology and Evolution, 33(7), 1870-1874. https://doi.org/10.1093/
molbev/msw054

Kung, N., Guan, Y., Perkins, N., Bissett, L., Ellis, T., Sims, L., ... Peiris, J.
S. M. (2003). The impact of a monthly rest day on avian influenza
virus isolation rates in retail live poultry markets in Hong Kong. Avian
Diseases, 47(s3), 1037-1041.

Lau, E., Leung, Y., Zhang, L. J., Cowling, B. J., Mak, S. P,, Guan, Y., ...
Peiris, J. (2007). Effect of interventions on influenza A (H9N2) iso-
lation in Hong Kong’s live poultry markets, 1999-2005. Emerging
Infectious Diseases, 13(9), 1340-1347. https://doi.org/10.3201/eid13
09.061549

Leung,Y.H.C,, Lau, E. H. Y, Zhang, L. J., Guan, Y., Cowling, B. J., & Peiris,
J. S. M. (2012). Avian influenza and ban on overnight poultry stor-
age in live poultry markets, Hong Kong. Emerging Infectious Diseases,
18(8), 1339-1341. https://doi.org/10.3201/eid1808.111879

Leung, Y. H. C., Zhang, L.-J., Chow, C.-K., Tsang, C.-L., Ng, C.-F., Wong,
C.-K., ... Peiris, J. S. M. (2007). Poultry drinking water used for Avian
Influenza surveillance. Emerging Infectious Diseases, 13(9), 1380-
1382. https://doi.org/10.3201/eid1309.070517

Mantel, N. (1967). The detection of disease clustering and a generalized
regression approach. Cancer Research. 27(2 Part 1), 209-220.

Mounts, A. W., Kwong, H., lzurieta, H. S., Ho, Y.-Y., Au, T.-K,, Lee, M, ...
Fukuda, K. (1999). Case-control study of risk factors for avian influ-
enza A (H5N1) disease, Hong Kong, 1997. The Journal of Infectious
Diseases, 180(2), 505-508. https://doi.org/10.1086/314903


https://orcid.org/0000-0001-8466-9358
https://orcid.org/0000-0001-8466-9358
https://orcid.org/0000-0001-5165-5339
https://orcid.org/0000-0001-5165-5339
https://doi.org/10.1016/j.vaccine.2006.10.051
https://doi.org/10.1016/j.vaccine.2006.10.051
https://doi.org/10.1086/340044
https://doi.org/10.1016/S0092-8674(00)81771-7
https://doi.org/10.1016/S0092-8674(00)81771-7
https://doi.org/10.1073/pnas.1220815110
https://doi.org/10.1073/pnas.1220815110
https://doi.org/10.7589/0090-3558-47.3.566
https://doi.org/10.1099/jgv.0.000584
https://doi.org/10.3201/eid2412.180879
https://doi.org/10.3201/eid2412.180879
https://doi.org/10.1111/zph.12151
https://doi.org/10.1111/zph.12151
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.3201/eid1309.061549
https://doi.org/10.3201/eid1309.061549
https://doi.org/10.3201/eid1808.111879
https://doi.org/10.3201/eid1309.070517
https://doi.org/10.1086/314903

SEALY ET AL.

© | wiLey

Nguyen, D. T., Bryant, J. E., Davis, C. T., Nguyen, L. V., Pham, L. T,
Loth, L., ... Pham, D. V. (2014). Prevalence and distribution of avian
influenza a (H5N1) virus clade variants in live bird markets of
Vietnam, 2011-2013. Avian Diseases, 58(4), 599-608. https://doi.
org/10.1637/10814-030814-Reg

Otte, J., Hinrichs, J., Rushton, J., Roland-Holst, D., & Zilberman, D. (2008).
Impacts of avian influenza virus on animal production in developing
countries. CAB Reviews: Perspectives in Agriculture, Veterinary Science,
Nutrition and Natural Resources, 3(080), 18.

Pfeiffer, D. U., Minh, P. Q., Martin, V., Epprecht, M., & Otte, M. J. (2007).
An analysis of the spatial and temporal patterns of highly patho-
genic avian influenza occurrence in Vietnam using national sur-
veillance data. The Veterinary Journal, 174(2), 302-309. https://doi.
org/10.1016/j.tvjl.2007.05.010

Pu, J.,, Wang, S., Yin, Y., Zhang, G., Carter, R. A., Wang, J., ... Webster, R. G.
(2015). Evolution of the H9N2 influenza genotype that facilitated the
genesis of the novel H7N9 virus. Proceedings of the National Academy of
Sciences, 112(2), 548-553. https://doi.org/10.1073/pnas.1422456112

Qi, X., Jiang, D., Wang, H., Zhuang, D., Ma, J., Fu, J., ... Meng, Y. (2014).
Calculating the burden of disease of avian-origin H7N9 infections in
China. British Medical Journal Open, 4(1), e004189.

Santhia, K., Ramy, A., Jayaningsih, P., Samaan, G., Putra, A. A. G., Dibia,
N., ... Kandun, N. (2009). Avian influenza A H5N1 infections in Bali
province, Indonesia: A behavioral, virological and seroepidemiologi-
cal study. Influenza and Other Respiratory Viruses, 3(3), 81-89. https://
doi.org/10.1111/j.1750-2659.2009.00069.x

Sayeed, M. A., Smallwood, C., Imam, T., Mahmud, R., Hasan, R. B., Hasan,
M., ... Hoque, M. A. (2017). Assessment of hygienic conditions of live
bird markets on avian influenza in Chittagong metro, Bangladesh.
Preventive Veterinary Medicine, 142, 7-15.

Sealy, J. E., Yaqub, T., Peacock, T. P., Chang, P., Ermetal, B., Clements,
A., ... Bryant, J. E. (2019). Association of Increased Receptor-Binding
Avidity of Influenza A (H9N2) Viruses with Escape from Antibody-
Based Immunity and Enhanced Zoonotic Potential. Emerging
Infectious Diseases, 25(1), 63.

Sorrell, E. M., Song, H., Pena, L., & Perez, D. R. (2010). A 27-amino-acid de-
letion in the neuraminidase stalk supports replication of an avian H2N2
influenza A virus in the respiratory tract of chickens. Journal of Virology,
84(22), 11831-11840. https://doi.org/10.1128/JV1.01460-10

Teng, Q., Xu, D., Shen, W., Liu, Q., Rong, G., Li, X, ... Li, Z. (2016). A single
mutation at position 190 in hemagglutinin enhances binding affinity
for human type sialic acid receptor and replication of HPN2 avian in-
fluenza virus in mice. Journal of Virology, 90(21), 9806-9825. https://
doi.org/10.1128/JVI1.01141-16

Thuy, D. M., Peacock, T. P, Bich, V. T. N., Fabrizio, T., Hoang, D. N., Tho,
N. D, ..., Bryant, J. E. (2016). Prevalence and diversity of H9N2 avian

;[Scnsboundary and Emeriné Diseg es":} a3

influenza in chickens of Northern Vietnam, 2014. Infection, Genetics
and Evolution. 44(Supplement C): 530-540.

Uyeki, T. M., Chong, Y.-H., Katz, J. M., Lim, W., Ho, Y.-Y,, Wang, S. S,,
... Rowe, T. (2002). Lack of evidence for human-to-human transmis-
sion of avian influenza A (H9N2) viruses in Hong Kong, China 1999.
Emerging Infectious Diseases, 8(2), 154.

Wang, X.-X., Cheng, W., Yu, Z., Liu, S.-L., Mao, H.-Y., & Chen, E.-F. (2018).
Risk factors for avian influenza virus in backyard poultry flocks and
environments in Zhejiang Province, China: A cross-sectional study.
Infectious Diseases of Poverty, 7(1), 65.

Webster, R. G. (2004). Wet markets—a continuing source of severe acute
respiratory syndrome and influenza? The Lancet, 363(9404), 234-
236. https://doi.org/10.1016/50140-6736(03)15329-9

Yang, W., Punyadarsaniya, D., Lambertz, R., Lee, D., Liang, C., Hoper, D.,
... Beer, M. (2017). Mutations during the adaptation of H9N2 Avian
Influenza virus to the respiratory epithelium of pigs enhance sialic
acid binding activity and virulence in mice. Journal of Virology, 91(8),
e02125-e2116.

Yu, H., Wu, J. T,, Cowling, B. J., Liao, Q., Fang, V. J., Zhou, S., ... Leung,
G. M. (2014). Effect of closure of live poultry markets on poultry-
to-person transmission of avian influenza A H7N9 virus: An ecologi-
cal study. The Lancet, 383(9916), 541-548. https://doi.org/10.1016/
S0140-6736(13)61904-2

Zhou, B., Donnelly, M. E., Scholes, D. T., George, K. S., Hatta, M.,
Kawaoka, Y., & Wentworth, D. E. (2009). Single-reaction ge-
nomic amplification accelerates sequencing and vaccine pro-
duction for classical and Swine origin human influenza a vi-
ruses. Journal of Virology, 83(19), 10309-10313. https://doi.
org/10.1128/JV1.01109-09

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Sealy JE, Fournie G, Trang PH, et al.
Poultry trading behaviours in Vietnamese live bird markets as
risk factors for avian influenza infection in chickens.
Transbound Emerg Dis. 2019;00:1-10. https://doi.
org/10.1111/tbed.13308



https://doi.org/10.1637/10814-030814-Reg
https://doi.org/10.1637/10814-030814-Reg
https://doi.org/10.1016/j.tvjl.2007.05.010
https://doi.org/10.1016/j.tvjl.2007.05.010
https://doi.org/10.1073/pnas.1422456112
https://doi.org/10.1111/j.1750-2659.2009.00069.x
https://doi.org/10.1111/j.1750-2659.2009.00069.x
https://doi.org/10.1128/JVI.01460-10
https://doi.org/10.1128/JVI.01141-16
https://doi.org/10.1128/JVI.01141-16
https://doi.org/10.1016/S0140-6736(03)15329-9
https://doi.org/10.1016/S0140-6736(13)61904-2
https://doi.org/10.1016/S0140-6736(13)61904-2
https://doi.org/10.1128/JVI.01109-09
https://doi.org/10.1128/JVI.01109-09
https://doi.org/10.1111/tbed.13308
https://doi.org/10.1111/tbed.13308

