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Abstract

In Cambodia, highly pathogenic avian influenza A(H5N1) subtype viruses circulate endemi-
cally causing poultry outbreaks and zoonotic human cases. To investigate the genomic
diversity and development of endemicity of the predominantly circulating clade 2.3.2.1c A
(H5N1) viruses, we characterised 68 AlVs detected in poultry, the environment and from a
single human A(H5N1) case from January 2014 to December 2016. Full genomes were
generated for 42 A(H5N1) viruses. Phylogenetic analysis shows that five clade 2.3.2.1c
genotypes, designated KH1 to KH5, were circulating in Cambodia during this period. The
genotypes arose through multiple reassortment events with the neuraminidase (NA) and
internal genes belonging to H5N1 clade 2.3.2.1a, clade 2.3.2.1b or A(HIN2) lineages. Phy-
logenies suggest that the Cambodian AlVs were derived from viruses circulating between
Cambodian and Vietnamese poultry. Molecular analyses show that these viruses contained
the hemagglutinin (HA) gene substitutions D94N, S133A, S155N, T156A, T188] and K189R
known to increase binding to the human-type a2,6-linked sialic acid receptors. Two A
(H5N1) viruses displayed the M2 gene S31N or A30T substitutions indicative of adaman-
tane resistance, however, susceptibility testing towards neuraminidase inhibitors (oseltami-
vir, zanamivir, lananmivir and peramivir) of a subset of thirty clade 2.3.2.1c viruses showed
susceptibility to all four drugs. This study shows that A(H5N1) viruses continue to reassort
with other A(H5N1) and A(H9N2) viruses that are endemic in the region, highlighting the risk
of introduction and emergence of novel A(H5N1) genotypes in Cambodia.
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Introduction

Avian influenza viruses (AIVs; family Orthomyxoviridae) continuously circulate globally in
their natural reservoir, wild waterbirds (Orders Anseriformes and Charadriiformes). Frequent
spill over and establishment in domestic poultry species increases risk of zoonotic infection.
The majority of AIVs circulate as low pathogenic avian influenza viruses that cause mild or no
disease in domestic poultry [1,2]. However, subtype A(H5) and A(H7) AIVs are also capable
of mutating to form highly pathogenic avian influenza (HPAI) viruses that can cause high
morbidity and mortality in poultry flocks [3,4]. The first outbreak of A(H5N1) HPAI viruses
occurred among geese in Guangdong, China during 1996 [5]. Since that time, the A/goose/
Guangdong/1/1996 (Gs/Gd) A(H5N1) lineage has disseminated globally causing intermittent
outbreaks in domestic poultry and sporadic human infections [6,7]. As of September 2019,
861 confirmed human cases of A(H5N1) infection, resulting in 455 fatalities (case fatality rate,
CFR: 53%) have been reported from 17 countries [8]. The primary risk factor for human infec-
tion with AIVs is close contact to poultry [9,10] and in vivo studies have shown that A(H5)
viruses (with as few as five amino acid substitutions) can acquire aerosol transmissibility in fer-
rets [11,12]. Fortunately, sustained transmission of A(H5) AIVs between humans has not been
documented, though mutations enabling greater transmissibility among humans greatly
increases the pandemic threat [13,14].

Influenza A viruses consist of eight negative sense single-stranded RNA segments, each
encoding one or more viral proteins. Influenza A viruses are subtyped based on the hemagglu-
tinin (HA) and neuraminidase (NA) glycoproteins that are present on the surface of the viral
envelope. There have been eighteen HA subtypes (H1-H18) and eleven NA subtypes
(N1-N11) identified. Subtypes H1-H16 and N1-N9 have mainly been identified in avian spe-
cies, whereas H17-H18 and N10-N11 have only been detected in bats. The HA protein, which
is responsible for initiating viral infection by binding to sialic acid receptors on the surface of
host cells, is particularly important in host restriction and pathogenicity. The HAs of AIVs
preferentially bind to alpha 2,3 (0:2,3)-linked sialic acid receptors found in the intestinal and
respiratory tract of avian species [15]. While human seasonal influenza viruses preferentially
bind to 0:2,6-liked sialic acid receptors predominantly found in the human upper respiratory
tract. Amino acid substitutions in the receptor binding pocket of the HA gene, such as Q222L
and G224S (H5 numbering), have been associated with a switch in receptor binding preference
from avian-type 02,3 to human-type 02,6 receptors [16]. The acquisition of 02,6 specificity is
of concern as it increases AIV transmissibility in mammalian species, increasing their pan-
demic potential [11,12].

AlVs are a major concern in Southeast Asia. In Cambodia, AIV outbreaks can have devas-
tating socioeconomic consequences as a large proportion of Cambodians rely on agriculture
for their livelihoods [17]. A(H5N1) HPAI viruses were first detected in Cambodia during an
AIV outbreak in poultry during January 2004 [6]. Since then, A(H5N1) has become endemic
in the country, resulting in 56 human infections with 37 deaths (CFR 66%, June 2019) [18].
AIV surveillance in Cambodian poultry has been conducted since 2006 and consists of active
surveillance in prominent live bird markets (LBMs) and passive detection following investiga-
tions of disease outbreaks in poultry. Human monitoring for zoonotic AIVs consists of a coun-
try-wide influenza-like-illness sentinel system, severe acute respiratory illness and event-based
surveillance [19,20].

Based on the A(H5) HA clade nomenclature described by the WHO/OIE/FAO H5 Evolu-
tion Working Group [21], all Cambodian A(H5N1) viruses identified prior to 2014 belonged
to clade 1, or its associated subclades (1.1, 1.1.1 and 1.1.2) [22]. In 2013, a reassortant clade
1.1.2 A(H5N1) virus emerged in Cambodia. The HA and NA genes were from clade 1.1.2,
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whereas the MP and all internal genes clustered with clade 2.3.2.1a [21-23]. This reassortant
caused numerous outbreaks in poultry and was associated with a dramatic increase in human
cases during 2013 (n = 26) [23] and early 2014 (n = 8) [24]. The reassortant virus was subse-
quently replaced by a clade 2.3.2.1c virus after March 2014. Interestingly, only one human case
has been detected since this time. Here, we seek to understand the diversity and molecular evo-
lution of A(H5N1) clade 2.3.2.1c viruses in Cambodia, particularly in regard to human and
avian disease risk. This study reports the genetic diversity and molecular evolution of Cambo-
dian A(H5N1) clade 2.3.2.1¢ viruses detected from 2014 to 2016 through routine surveillance
in LBMs, from poultry outbreak investigations and human cases.

Materials and methods
Ethical approval

Animal sampling was conducted by the National Animal Health and Production Research
Institute (NAHPRI) under the direction of the General Directorate for Animal Health and
Production, Cambodian Ministry of Agriculture, Forestry and Fisheries as part of routine dis-
ease surveillance activities; thus, poultry sampling was not considered as experimental animal
research. The analysis of poultry samples for avian influenza testing was approved by the
Cambodian National Ethics Committee for Health Research (approval #051NECHR). The
Institut Pasteur du Cambodge (IPC) serves as a World Health Organization H5 Reference Lab-
oratory and the Cambodian National Influenza Center, with approvals and infrastructure nec-
essary to work on highly pathogenic avian influenza. No animal experimentation was
performed at IPC.

Sample collection

Samples included in this analysis were collected as part of passive and active surveillance sys-
tems used to monitor AIV circulation in Cambodia from 2014 to 2016. Surveillance efforts in
poultry were co-ordinated by the Virology Unit at IPC and NAHPRI under the direction of
the General Directorate for Animal Health and Production, Cambodian Ministry of Agricul-
ture, Forestry and Fisheries. Poultry outbreaks of influenza A(H5N1) were investigated by
NAHPRI and positive samples were sent to IPC for confirmation and viral characterization.

Active surveillance was conducted at two prominent Cambodian LBMs: Phnom Penbh, the
capital city of Cambodia (Orussey market) and a provincial market in Takeo (Takeo market;
Fig 1). Active surveillance was performed from 2015 to 2016, but not in 2014. The LBM sur-
veillance strategies and AIV screening methods have been described previously for the 2015
study [25]. The methods used in the 2016 LBM study were the same as described for 2015,
however the sampling strategy varied. In 2016, samples were collected solely from Orussey
market and collections were performed around three Cambodian festival periods that are
known to have high levels of AIV circulation [22]: Lunar New Year (February), Khmer New
Year (April) and Pchum Ben (October).

Surveillance for human zoonotic influenza infections was conducted through: A) a coun-
try-wide influenza-like-illness sentinel surveillance system; B) severe acute respiratory illness
(SARI) surveillance at two major paediatric hospitals (in Phnom Penh and Siem Reap); and C)
event based surveillance focused on SARI cases with a history of contact with sick or dead
poultry. All samples were screened as previously described [25] using influenza A virus and A
(H5N1) qRT-PCR assays available at the International Reagent Resource (https://www.
internationalreagentresource.org/Home.aspx).
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Fig 1. Map of Cambodia showing the locations of live bird market sampling sites, clade 2.3.2.1c AIV human cases and poultry outbreaks from
2014 to 2016. Poultry outbreaks were reported in the provinces: Battambang, Kampong Cham, Kampot, Kandal and Siem Reap. The approximate
locations of each outbreak (n = 5) are shown by red circles, with the month and year of the outbreak listed below each site. The LBM surveillance sites
were Orussey market in Phnom Penh and Takeo market in Takeo; both markets are indicated by black circles. The location of the single human AIV

case caused by a clade 2.3.2.1¢ virus in Tboung Khmum is indicated by a green star. The map was produced using QGIS version 2.18.4 using public
domain data obtained from Natural Earth (http://www.naturalearthdata.com/) [26].

https://doi.org/10.1371/journal.pone.0226108.9001

Viral isolation

Samples that had a high viral load (cycle threshold (CT) < 30 measured by qRT-PCR) were
inoculated into embryonated chicken eggs (ECEs) for viral isolation. High viral load samples
were prioritised as it becomes increasingly difficult to isolate viruses from samples with high
CT values and the supply of ECEs in Cambodia is limited. Prior to inoculation, original sam-
ples were diluted 1:1 with antibiotics (a penicillin-streptomycin solution) and passed through
a filter (0.22 uM) to prevent bacterial growth. The filtered solution was injected into the allan-
toic cavity of 10 to 12 day ECEs and incubated at 35°C for 48 to 72 hours in a humid chamber.
After incubation, ECEs were chilled for a minimum of 4 hours to kill the embryo and constrict
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blood vessels. A hemagglutination assay (HA) was performed on the collected allantoic fluid
using 0.5% chicken red blood cells. To confirm the presence of influenza A virus in HA posi-
tive samples a qRT-PCR was performed targeting the influenza A MP gene. Samples with a
low or negative HA titre (0 or < 8 HA units) were re-passaged in ECEs. Viral isolation was
considered unsuccessful if after three successive passages the allantoic fluid in ECEs had no
HA titre and tested negative for influenza A via qRT-PCR.

Sequencing of viral isolates

Influenza A(H5N1) ECE isolates were shipped to the WHO Collaborating Centre for Refer-
ence and Research on Influenza, Melbourne, Australia to obtain whole genome sequences
using the Ton Torrent Personal Genome Machine™ (Thermo Fisher Scientific, Waltham, MA,
USA). RNA was extracted from isolates using the NucleoMag™ VET kit (Macherey-Nagel,
Bethlehem, USA) that purifies RNA using a magnetic-bead based system. A single RT-PCR
reaction was performed to amplify all eight viral genomic segments [27]. The concentration of
the PCR products was assessed using Agilent 2200 Tapestation. PCR products were then nor-
malised and fragmented using the Ion Xpress™ Plus Fragment Library Kit (Thermo Fisher Sci-
entific) to produce a 200 base-read library. The fragmented library was purified using the
Agencourt™ AMPure™ XP Kit (Beckman Coulter, Brea, CA, USA) and barcoded using both
the Ion Xpress™ P1 Adapter and a specific Ion Xpress™ Barcode (Thermo Fisher Scientific) for
each individual sample. The barcoded library was pooled, purified and quantified by qPCR
with the Ion Library TagMan™ Quantitation Kit (Thermo Fisher Scientific). A 20 pM library
was used for the emulsion PCR to obtain template positive, enriched Ion Sphere Particles™
(ISPs). The emulsion PCR was performed using the Ion PGM™ HiQ™ View OT2 Kit and run
on the Ion OneTouch™ 2 Instrument (Thermo Fisher Scientific). The enriched ISPs were then
loaded onto a 318™ Chip v2 (Life Technologies, Carlsbad, CA, USA) and run on the Ion Tor-
rent PGM (Thermo Fisher Scientific).

Quality control of the resulting NGS reads was performed using CLC Genomic Workbench
v10 (Qiagen, Valencia, CA, USA). Reads less than 50 nucleotides in length were removed and
the remaining sequences were trimmed to only contain reads with a minimum Phred score of
20. High quality reads were then assembled to a reference genome. Any sequences with low
coverage or gaps were completed using Sanger sequencing. A combination of segment specific
primers and universal primers were used to amplify gene products for Sanger sequencing.
PCR products were sequenced using Big Dye Terminator Reaction Mix (Thermo Fisher Scien-
tific) on an ABI 3500xL Genetic Analyzer. Consensus sequences were generated and collated
with available NGS data using Geneious™ 9.1.8 (Biomatters Ltd, Newark, NJ, USA). All
sequencing accession numbers for the viral sequences generated and/or utilized in this study
are listed in S1 Table.

Phylogenetic analysis

AIV sequences used in the phylogenetic analysis were downloaded from GISAID or GenBank
[28], curated and aligned using MAFFT v7.308 [29]. Each gene was tested for evidence of
recombination using Genetic Algorithm for Recombination Detection (GARD) [30], using the
datamonkey webserver [31]. Maximum Likelihood (ML) trees were estimated for each gene
segment using IQ-Tree [32], under the General Time Reversible nucleotide substitution model
with a gamma rate of heterogeneity (GTR+ I'). Phylogenetic support was estimated using
1,000 ultrafast bootstrap replicates [33,34]. ML trees were visualized with the graphical viewer
FigTree v1.4.3 [35].
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A Bayesian phylogenetic analysis using the Markov chain Monte Carlo (MCMC) frame-
work was performed for the HA and NA genes of Cambodian A(H5N1) clade 2.3.2.1c viruses
using BEAST v1.8.4 [36] run using the CIPRES Science Gateway web portal [37]. Viral collec-
tion dates were parsed with variable precision. The analysis was run using an uncorrelated log-
normal relaxed molecular clock [38] with the SRD06 nucleotide substitution model [39]. This
model separates codons into two partitions, one containing the first and second codon posi-
tion and the second partition containing the third codon position. The GTR + I' substitution
model was then applied to each partition [34]. Change in relative genetic diversity was esti-
mated through time using a Bayesian skyride analysis utilising a Gaussian Markov Random
Field (GMRF) smoothing prior [40]. For each gene, two independent analyses were performed
for 100 million generations sampled to produce 10,000 states. A summary maximum clade
credibility (MCC) tree was produced using TreeAnnotator v1.8.4 with 10% of the burnin
removed. MCC trees with confidence intervals were visualised using FigTree v1.4.3 [35]. The
GMREF plot was produced using Tracer v1.5.

HA gene lineages were defined by using nomenclature from the WHO/OIE/FAO A(H5N1)
Evolution Working Group [21]. MP and internal gene lineages were described in a manner
similar to previous reports [41-43]. Lineages were assigned based on gene ML phylogenies.
Internal gene lineage designations consisted of the genomic segment number followed by a let-
ter specific for each lineage e.g. gene: PB2, lineage A: 1A (S2a-S2g Figs). For genotypes identi-
fied, a two-letter country designation was provided (KH for Cambodia) followed by a
systematic number. Genotyping was performed in this manner as it is similar to conventions
used in Vietnam and allows us to easily compare A(H5) genetic constellations circulating
between the two regions.

Reassortment analysis

Phylogenetic congruence was used to investigate the occurrence of viral reassortment in Cam-
bodian A(H5N1) viruses. ML phylogenetic trees were produced for all eight viral segments, as
mentioned previously, and the topological position of each virus was tracked across the phy-
logenies. Incongruence is evident when there is deviation in the phylogenetic topology of indi-
vidual viruses and can indicate putative reassortment events.

Molecular analysis

The Centers for Disease Control and Prevention (CDC) have created a molecular inventory
describing mutations and features in A(H5N1) and their overall effect on viral fitness [44].
This inventory was used in conjunction with an updated inventory of AIV molecular markers
produced by Suttie et al., 2019 [45] to screen the Cambodian A(H5N1) clade 2.3.2.1c viruses
for mutations of interest. Post translation modifications such as N-linked glycosylation sites
were predicted for HA and NA using the NetNGlyc1.0 Server [46]. The numbering systems
used throughout this text, unless otherwise specified, are: H5 for HA, N1 for NA. Internal
genes are numbered relative to mature proteins from A/Vietnam/1203/2004(H5N1), however
deletions in NA and internal gene segments are numbered relative to A/goose/Guangdong/1/
96 [47].

Selection pressure

To analyse the site specific selection pressures acting on each gene of the Cambodian A
(H5NT1) clade 2.3.2.1c¢ viruses the ratio of non-synonomous substitutions (dN) and synony-
mous substitutions (dS), the dN/dS ratio denoted omega (w), was computed using the HyPhy
software package [48] accessed through the datamonkey webserver [31]. Selection is
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interpreted based on the value of w, when w < 1 sites are considered to be under negative
selection, w > 1 indicates positive selection and w = 1 indicates neutrality. To perform this
analysis, a combination of four methods: fixed-effects likelihood (FEL), fast unconstrained
Bayesian approximation (FUBAR), mixed effects model of evolution (MEME) and single-like-
lihood ancestor (SLAC) were used [49-51]. FEL, FUBAR and SLAC estimate sites experienc-
ing pervasive or diversifying selection pressure. Whereas, MEME detects pervasive or episodic
positively selected codons. The analysis was based on the nucleotide alignment, the ML phy-
logeny and the best-fit nucleotide substitution model for each gene. To limit the number of
false-positives, statistically significant sites (FEL, MEME and SLAC p-value <0.1 and FUBAR
with a posterior probability >0.90) that were identified using more than one method were
considered valid.

Neuraminidase activity assay

A NA activity assay was performed to determine the appropriate dilution of each sample to
use for the NAI susceptibility testing as described previously [52]. Briefly, gamma irradiated
samples were serially diluted 2-fold and MUNANA substrate was added in a 1:1 volume ratio.
After an incubation period of 1 hour at 37°C the reaction was stopped by adding a solution of
0.1 6M NaOH in absolute ethanol. Fluorescence was measured using a Fluoroskan Ascent™
Microplate Fluorometer (Thermo Scientific) with standard filters for excitation (A 360 nm)
and emission (A 448nm). The NA enzymatic activity was plotted and a viral dilution in the lin-
ear region of the curve was used to perform the NAI inhibition assay.

Neuraminidase inhibition assay

The susceptibility of each virus to four NAI drugs (oseltamivir, zanamivir, laninamivir and
peramivir) was quantified by comparing the fluorescence of the uninhibited virus compared to
the virus after it had been incubated with varying concentrations of NAI drugs (final drug con-
centrations ranged from 0.01 nM to 10,000 nM). Briefly, samples were diluted according to
NA activity assay results and incubated at room temperature for 45 minutes with the varying
drug concentrations. NA activity was then measured as above. The drug concentration that
inhibited NA enzymatic activity by 50% was defined as the ICs, value, and this was calculated
using the JASPR™ v1.2 software (CDC, Atlanta, GA, USA).

The WHO Influenza Antiviral Working Group have established criteria for determining
ATV susceptibility to NAI drugs based on the fold change in ICs, values [53]. Viruses are
described as having either: normal (< 10-fold change), reduced (10 to 100-fold increase) or
highly reduced (> 100-fold increase) inhibition. Three control viruses (A/Perth/82/2015,
A/Osaka/180/2009 and B/Memphis/20/96-R152K) that have established ICs, ranges were
included in the NAI assay in duplicate. If the mean ICs, value of each control virus was within
the accepted range, the assay was considered valid.

Results
Viral isolation

During 2014-2016, 42 A(H5N1) clade 2.3.2.1c¢ viruses were isolated from poultry (21 chickens
and 21 ducks) in Cambodian LBMs (S1 Table). Of these, 38 were obtained from an LBM sur-
veillance study conducted in 2015 [54] and four from spot-testing in Cambodian LBMs during
2016. Additionally, partial A(H5N1) genomes from nine environmental samples, collected
from containers used to wash poultry carcasses in 2015 were also included in the analysis [25].
In addition, 16 clade 2.3.2.1c viruses were isolated from five poultry outbreaks during passive
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surveillance of poultry illnesses and deaths. In total, 67 clade 2.3.2.1c viruses from Cambodian
LBMs and poultry outbreaks were analysed in this study (S1 Table), with 42 full genome
sequences and 25 partial sequences.

Since the introduction of A(H5N1) clade 2.3.2.1¢c into Cambodia only one human case has
been detected (February 2014) [18]. This virus (A/Cambodia/Y0219302/2014) could not be
isolated due to low viral load in the clinical samples. As such, only limited HA and full length
NP genes could be generated for this virus (S1 Table). The HA and NP sequences of this
human sample were also included in this study.

Sequence analysis of A(H5N1) clade 2.3.2.1c genes

Sequence and phylogenetic analyses revealed that the Cambodian clade 2.3.2.1c HA genes
formed a monophyletic clade with viruses identified in Vietnam from 2012 to 2017. The HA
nucleotide sequence identity of all Cambodian 2.3.2.1c viruses from 2014 to 2016 ranged from
96.2 to 100% and were broadly separated into four main groups (Fig 2). HA group 1 was an
outlier to the three other groups and contained all clade 2.3.2.1c viruses identified in 2014

(n = 6; including the human case) and a single virus from 2015. HA groups 2 and 3 contained
the majority of isolates detected in the 2015 LBM study (n = 12 and 34, respectively). Addition-
ally, a single isolate from the 2016 LBM study clustered with HA group 3. HA group 4 con-
tained all of the A(H5N1) viruses from 2015 and 2016 poultry outbreaks (n = 7 and 4
respectively), as well as the majority (3/4) of the 2016 LBM viruses. The HA groups are closely
related; Group 2 is the parental clade to groups 3 and 4, which are sister clades.

Bayesian estimates of the time to most recent common ancestor (TMRCA) for the HA gene
of the Cambodian clade 2.3.2.1c viruses indicated that the six groups diverged from a common
ancestor around April, 2012 with a 95% Highest Posterior Density (HPD) interval ranging
from February to June, 2012 (S1 Fig). The viruses from HA groups 3 and 4, along with viruses
sampled in Vietnam during 2014-2017, shared a more recent common ancestor around April
2013 (95% HPD: November 2012 to August 2013).

Similar to the HA gene, the NA and internal genomic segments all clustered with Vietnam-
ese viruses identified from 2012 to 2017. The defined HA groups were also relatively well con-
served for NA and the internal genomic segments (S2a-S2g Figs). The nucleotide sequence
identity of the Cambodian A(H5N1) genes were as follows; NA: 96.9-100%, PB2: 96.6-100%,
PB1: 88.7-100%, PA: 95.8-100%, NP: 94.1-100%, MP: 85.6-100%, NS: 93.2-100%. The lower
sequence identity of the PB1 and MP segments were the result of reassortment between A
(H5N1) and A(HIN2). Excluding the A(HIN2) reassortant viral segments the sequence iden-
tity of PB1 and MP ranged from 97-100% and 95.4-100% respectively.

The human clade 2.3.2.1¢ virus (A/Cambodia/Y0219302/2014) HA gene was 99.5% identi-
cal to that of two viruses detected in poultry around the same period (A/duck/Cambodia/
Y0210303/2014 and A/duck/Cambodia/Y0210304/2014). These three viruses differed by only
eight bases resulting in two amino acid changes in the human AIV, I151L and F364Y. Neither
mutation has been documented to be associated with a significant increase in viral fitness. The
NP gene for A/Cambodia/Y0219302/2014 was 99.7% identical to A/duck/Cambodia/
Y0224302/2014 and differed by only five synonymous nucleotide changes.

Detection of reassortment in A(H5N1) clade 2.3.2.1c viruses

The phylogenetic analyses performed for all eight genomic segments showed no evidence of
recombination, however there was evidence of numerous reassortment events. Analysis of the
genomic constellations shows five genotypes (KH1-KH5) of clade 2.3.2.1¢ viruses circulated in
Cambodia from 2014 to 2016 (Fig 3). Genotypes KH1 and KH2 were originally identified in

PLOS ONE | https://doi.org/10.1371/journal.pone.0226108 December 9, 2019 8/25


https://doi.org/10.1371/journal.pone.0226108

-PLOS |IONE Evolution of A(H5N1) avian influenza in Cambodia

HA

73
S
AF144305|H5N1|A/goose/Guangdong/1/96]0,
|= & 5 SNT /Hor?gkogn é «©
AFSDQD OlelHENTIAchicken, Won/FY77/0113 o
1rlA{‘g oseNietnathy 113/200113
EF587277|HSN1|A/Beijing/01/2003|7
— PI594523 |51 |A/environment/Hubei/950/201317.2
8424761H5N1|A/ch\cken/V|etnam/N 5-016/2008]7.
EF541405\HSNILJduck/Vletnam Nevd1/2003
EF5a14 1{Archicken/Laos/7152/2004
HM006759]H5N1|A/Vietnam/1203/2004 1
651333 5N1 A/Vietnam/1194/2004
30 \ 1 ken, mbodia/1/2004
A LaﬁtcdmrF’J‘ZZD ZOO
1|A/chick J (‘vnl 67F4/2008 G| 1
{ N A/Carr a/RO: }(l‘:l)‘)h 2007 &
g 081025|H5N1 A/chlcken/Vletnam/l/ZOlD
er r,(a\rn a
w)é%o/ HEN 111
s AB Ub935\HSNIJA/duck/V\etnam((J)IE 0952/2012 o
888 bodin 5
FQ01474| N1 | Avcivet cat/Cambodialx0313306/2013
RES18506| HENT| A/ cambodla/ XBos S50 01 142
KF918470|HSN1| /Cambodla/x0810301/2013
CV028953|{_§|5N1 A/duck; Hunar:/795/2002 12.1.1
7561 RSN |A/duck/Guiyang/ 3242/200512.3.3
160 Y171725|H5N6|A/chicken/Vietnam/NCVD 15A59; 2015&2.3. .4
KKP307984|HSNB|A/gryflacon/Washington/41088/201412.3.4.4
CY0987231HSNL|A/Hunan/1/200912.3.4.1
A Anhui/1/2005|2.3.4
LA{‘d uck, Laos/3295 '20062.. 3 4
; Nl / hicken/\ |etnam 'MUO16, 200842 3.4.3
055370 1]Achicken/Vietnam)18082/2005[3.3.4.3
bty [HSNE[#/chicken)Hong Kong/AR15 542 08]2.3.4
EP1340404 HEN] 1A chicken) Bangfadechy1 Lrs 30/201112.3.4.2
EP1420386 [FSNL | A/Guizhou 152 2.34
GU156716éH5N1|A/chicken/Lang Son, 2006 00: 3 2
CY017051[HSNT|A/quall/Vietnam/ 15/200512,
Y036173H5N1]A/common ma 7 Hong Kong/5052/200712,3.2.1 -
14084 HSNl?/%barn swallow/Hong Kong/1161/2010
A/muscovy duck/Vietnam/LEM66/2011 23.2.1b
KR73241 |H5N1|A duck/vmtnam/ C\/D 672/2! -
ToR7324251HSN1|A/chicken/ Vet D-308/201
N1|yduck§Bang}adesh/19097/2013
KF277182|H50 1] Vletnam 1132720 2321
Y9878 HONT|A/Hubel/1/2010 .3.2.1a
5, EPI899023[H /duck Vietnam/NCYD-0033/2013

VT7LA78 N, Lh{cmcdenQICt am/NCVD-2749/2013
uc|

MF116309]H:! hln?/ 26,
1 cmcken/Lebanon/157 2016
084806 (HSNE A/ ickan Taao 40450
MK034857h5N1Wcmcken/ ;? dad/l/ZDl
KP742923[HSN1|A/environment/Kota Depok/0813082/2013
—@742936{H5 1]Afenvironment/Jakarty Pusag 3207/ 013
5N [A/chicken/Denpasar/06160095/2016
KNSRIk VieRam NG 0004/ 013
LCotos0dH dyckyQuang Ninh/13¢1°2-1/2013
[PepLazassa smw uck/Vietnam/NCVD-1584/2012
$1898800]HoN1 | A/duckyVietnam/NCVD:-2848/2013
KP093027\H5N2 A/d K/ 2012
AB786684|HON1] oy ek stham LBITS28/5012
KY171552 HSNIlJK/duck/Vletnam CVD o] 21{2012

Genotypes
' Groups

KUS11481]HONI | /pheasant/TienGlang/0022/2013
i} \A/envuonmsn Cambodla/Z4ZE\/9M1/2015 T36A, N475D
EP!954450J SN ’\IA/C /Y0219302/2014
99, 954442 H5 1|A k/Cambcd\a/YOZlDEOS 2014
|A/duck/cambod| VOZIU304 2014 %
duck/Vietnam/NCVD14 A490/2014
\Achicken/Vietham/NCVD 14 A459/2014 1
JAlmuscovy duckyLong An 3
N1[A/duck/Vietnam/NCVD14 A389/2014
luck/Cambodia/Y0224304/2014 *
duck/Cambodia/¥0234.302/2014 *
|A/duck/Cambodia/Y0224303/201
/chicken/Vienam/NCUD14 A380/30 _
1]A/chicken/Cambodi /Z7OWIOM1/20|5 D120N, A185E, 1336K r
Nl\A/th\(keﬂ/Camed\ﬂ/ZéO M3/2015 MS331
|H5N1[A/chicken/Cambodia/. 57W9M3/2015 T276A
73038 HSN){A ‘chicken, Cambodwa/ZNWB M3/2015

1

Vg

.
!
3
ey
Tl

1;%171 183|H!
Y1711!
AB97273

m
&
=
SRy
g
BOT:
SETEIT
tgey
Tz
ZUE
>
S
&
]

et
34N
ook

N
TUn;

'
=955
S

&
2!
£
T
ul

N
N
HSN.
5
8

No!
0
=}
i~

D120N
hess. 66[HSN1 015 D124N, A16T,

NG4S, K119, K29 285274 H5N1]A/chicken/Cambodia/Z207W17M1/2015 T167], D183, 2
JH5 15 - R18OK, P104L

| N4O2K  T195D, 1198V,
S217P, 1375M

Qte2k
AMS6T, TI96A -

37
EP]127308 en,
R189K -F?MHzSSKM\H Nl\A/duck/Cambod\a/ZS 4W35M1/2015

EPLIZZ3270)HeN 2 9M

Gte3s, 2145, RaZT, NATED — 'a%‘” i
0

S136P, N165D, NaozK ] i
E270K] 05331 |HSN1|A/ ('nvunmnmvl/cambod\a/ZZEPI(‘3W7MI/ZO!5
KV171079\H5N1L‘A{C icken/Vietnam/NCVD14 A381/201.
(oF", £ £1676861HSN] (A/envifonment/Victnam/HU3 870/2015
167662 |HSN1 2 1

D120G chi cken/V etnam/HUH
1127

3/2015 Tigal Hadon
|A/duck/Cambodia/z208W171i1/2015 Risso, e 2. 8281l

1
A/duck/Cambodia/ 2765 WaSM /20
A/duck/Cambodia/Z7 \‘/46M3/20
A/chicken/Cambodia/Z89W11M1/2

1
Key 11
5
duckVietnam/ U3 1265/2015 3
430/2015 209 oo, s

Il 2005-2012 &%mmlsma‘ :
t/v etnam gu?,zas%/zo

. 2013 kseer SECi67598] o1 ehicken/Viemam/Hu3
s EPI1273272|H5N1|A/environment/Cambodia/. llEW7M3/?Ul5 !TH sz 7P, Q322P
EPI11273290|H5N1|A/environment/Cambodia/Z101EW12M1/20
. 2014 PI1273288]HaN1[A/environment/Ca bum%z/gzocxsumz/zms e, serr, noso

sV 73054 1 cam
M 2015 273134|H5N1{A/duck/Cambodia/Z146W 14M1/2015va30l DassN
1P11273§ GSNl\Al/CAmé\ronment m xa/z72£w1gM} /2015 N14os
- uck/Ca
. 2016 LsasF
@ Human ALV ——
~% Poultry outbreak

_
5
o
5
3
3
%
SE=
3
g
z%
33

nment/Cambodi

IA/chicken/Cambodia/ 2268 W0M 1/

A/duck/Cambodia/Z266W20M1/2015

A/chicken/Cambodia/Z267W20M1/2015

HSN1|A/chicl en/Cambo ia/al7W9M1/2016 R169Q, N236K, 1336K
‘A/(h\( en/Cambodia/2800W4oH 32015

T711, R169Q, 207L

6+
LC167614|HSNT
EPI11272990
B0

Genotypes:
== VN48 HaR, K11oR, 158V
= KH1 D126N, TH95A, 513V
= KH2
KH3
= KH4
== KH5
= Unknown

/ WOM1/
EPI1. A/chicken, Cambad\a/aZ7W9M1/2015
LC167526|H5N1|A/duck/Vietnam/HU3 567/2015
LC167590 H5N1 %duck/V|etnam/HU3 708/2015
3§C167502£ SNlé uClé/Vletnam HU3 386/ 015
o 201 Cambodia/Z1120504/2015% 4
dia/Z1 0.

EP1962549 SN ‘
EPI9625571HAN

1516V

962092 | HoN

H125L, 1513V 4 L

0.02

Fig 2. Maximum likelihood phylogenetic tree for the HA gene of A(H5) AIVs. The tree was generated with IQ-Tree
using GTR+ I" and 1,000 ultrafast bootstrap replicates. Cambodian viruses are coloured based on the year they were
collected. Viruses detected prior to 2013 are coloured orange, viruses from 2013 are green, viruses from 2014 are
purple, 2015 are blue and 2016 are red. Viruses detected during poultry outbreaks are indicated by an asterisk (*) and
the single clade 2.3.2.1c Cambodian human A(H5N1) is indicated by a black circle next to the taxa name. Viral clades,
HA groups and genotypes are indicated on the right hand side of the tree. Viral clades not listed on the right hand side
of the tree have been appended to the end of taxa names. Amino acid differences relative to the closest related WHO
candidate vaccine virus (A/duck/Vietnam/NCVD-1584/2012) are shown next to the phylogeny in grey. Mutations
listed at branches on the left side of the tree prevail in descendant viruses. Mutations listed next to viral taxa on the
right side of the tree are found in the individual virus. Underlined mutations are those that have been previously
reported to affect viral fitness. Bootstrap values of 70 or greater are displayed on nodes.

https://doi.org/10.1371/journal.pone.0226108.9002
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Fig 3. Genotypes of highly pathogenic A(H5N1) viruses detected in circulation in Cambodia from 2014 to 2016.
Genomic segments are colour coded to show their possible ancestry. A(H5) clade 2.3.2.1a is shown in red, clade
2.3.2.1b in blue and clade 2.3.2.1c in black. Segments from A(H9N2) viruses are shown in green. Designated KH
genotypes (KH1-KH6), any Vietnamese genotype equivalents (VN52, VN53) and the number of Cambodian isolates
detected are shown below the associated genome constellations.

https://doi.org/10.1371/journal.pone.0226108.g003

Vietnamese poultry and originated from reassortment events between clades 2.3.2.1a
(A/Hubei/1/2010-like), 2.3.2.1b (A/barn swallow/Hong Kong/1161/2010-like) and 2.3.2.1¢
viruses [41]. KH1 was the only clade 2.3.2.1c genotype detected in 2014 (n = 2), with a single
isolate detected in 2015 and was consistent with the Vietnamese genotype VN52. ML trees
showed that all KH1 PB2, PA and NP segments clustered with clade 1.1.2 reassortant viruses
detected in Vietnam and Cambodia in 2013 that obtained their NA and internal genomic seg-
ments from clade 2.3.2.1a viruses (S2b, S2d and S2e Figs). The KH1 MP genes were also from
the A/Hubei/1/2010-like lineage, though only the KH1 viruses detected in 2014 cluster with
clade 1.1.2 reassortant viruses (S2f Fig). The phylogenetic congruency map shows the KH1
virus from 2015 acquired its MP gene through a separate reassortment event (Fig 4). The NA,
PB1 and NS segments were from the A/barn swallow/Hong Kong/1161/2010-like lineage. The
KH1 genotype has not been detected since March, 2015.

KH2 was the most frequently identified genotype in 2015 (n = 31) and the sole genotype
detected in 2016 (n = 7; Fig 3). The genomic constellation of KH2 —strictly identical to the
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https://doi.org/10.1371/journal.pone.0226108.9004

Vietnamese genotype VN52 —differed from KH1 only in its NP gene, which was from the
A/barn swallow/Hong Kong/1161/2010-like lineage. A single KH2 virus, designated A/duck/
Cambodia/Z934W53M3/2015, had an atypical PB2 gene (relative to this genotype) that clus-
tered with clade 1.1.2 reassortant viruses (S2b Fig). The phylogenetic congruency map showed
that the KH2 genotype also gave rise to KH5 (n = 1), that acquired a PB1 segment from circu-
lating A(H9N2) AIVs (Fig 4).

The second most prevalent genotype in 2015 was KH3 (n = 10), produced from the reas-
sortment of clade 2.3.2.1c and clade 1.1.2 reassortant viruses. The NA and PB1 segments clus-
ter with clade 2.3.2.1c viruses (A/barn swallow/Hong Kong/1161/2010-like). Whereas the PB2,
PA, MP and NS genes all stem from clade 1.1.2 reassortant viruses (S2b, S2d, S2f and S2g
Figs). The NP genes of KH3 viruses also stem from clade 2.3.2.1a viruses, forming sister clades
with the 1.1.2 reassortant viruses (S2e Fig, group 5A). The KH3 genotype was last detected in
March, 2015 though it may have been circulating undetected for a longer period as this geno-
type gave rise to KH4 (n = 1) identified in November 2015 (Fig 3). The KH4 genotype differed
from KH3 only in the clustering of the MP gene as it was acquired from A(HIN2).
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Spatial phylogenetic patterns

The Cambodian A(H5N1) clade 2.3.2.1c AIVs detected within the LBM system do not show
strong spatial segregation. The two main LBM sampling sites in Cambodia were Orussey mar-
ket and Takeo market, 76 km apart by road (Fig 1). HA groups 2 and 3 that collectively
account for 92% (n = 47/51) of the LBM AIVs analysed in this study, all contain viruses from
both LBMs with no strong subgrouping based on sampling location. Comparatively, HA
groups 1 and 4 contain viruses identified from Orussey market or from poultry outbreaks in
multiple Cambodian provinces. HA group 1 contains viruses from two poultry outbreaks in
Kampong Cham and Kandal from February 2014. These viruses are closely related, belonging
to the same cluster, however they form clearly distinguishable subgroups based on outbreak
location. Comparatively, HA group 4 contains viruses from three different poultry outbreaks
from 2015 and 2016 with less distinct spatial clusters. This is interesting, considering in some
instances these viruses were detected approximately six months and over 400 km apart.

Phylodynamics

The Bayesian skyride analysis of Cambodian, and closely related Vietnamese, clade 2.3.2.1c A
(H5N1) viruses shows fluctuations in genetic diversity from 2012 to 2017. From 2012 to 2013,
when clade 2.3.2.1c A(H5N1) was initially detected in Vietnam there was a marked increase in
relative genetic diversity (Fig 5) [41]. This is typical when pathogens are newly introduced into
a geographical region with a naive population. From 2013 to 2016, genetic diversity oscillated
with peaks occurring each year around December and January. These months have been asso-
ciated with higher prevalence rates of AIVs in Cambodian LBMs [22,54]. From 2012 to 2015,
the effective population size was generally increasing. In 2015, there were more fluctuations in
genetic diversity and throughout the year the effective population size was gradually declining.
In 2016, after the initial peak around January, genetic diversity became relatively stable, with a
slight increase in the effective population size in the latter half of the year.

1.E2

1.E17

1.E07

Effective population size (Ner)
o )

1.E-2 T T T T T
2012 2013 2014 2015 2016 2017

Time
Fig 5. Bayesian skyride analysis of Cambodian clade 2.3.2.1c AIV genetic diversity. Genetic diversity was estimated
using the Gaussian Markov Random Field (GMRF) model using the HA BEAST dataset. The x-axis measures time in
years and the y-axis is an estimate of genetic diversity calculated from Ner (effective population size and the generation

length in years) shown in log scale. The median estimate of genetic diversity over time is shown as a solid black line
and the purple shading represents the 95% HPD intervals.

https://doi.org/10.1371/journal.pone.0226108.9005
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Cambodian A(H5N1) clade 2.3.2.1c viruses display molecular markers

of pathogenicity, adaptation and transmission

Markers of increased virulence in mammalian and/or avian models of disease were identified
in the PB2, PB1-F2, HA, NP, NA, M1, M2 and NS genes (summarised in Table 1, a full list of
markers investigated is available in S2a-S2h Table). All Cambodian A(H5N1) clade 2.3.2.1¢
viruses analysed in this study (n = 68) possessed HA genes with multibasic cleavage sites char-
acteristic of A(H5) HPAI viruses. HA sequences also contained mutations associated with an
increase in sialic acid receptor binding to 02,6 human-type receptors, including: D94N,
S133A, S155N, T156A, T188 and K189R. Though, numerous substitutions were also identified

Table 1. Summary of amino acid substitutions in Cambodian A(H5N1) viruses associated with changes in viral fitness.
Protein | Phenotype Mutation/Motif | Cambodian Isolates References
(%)

PB2 | Increased virulenceinmice = L 63T ] 1) G7l
Increased polymerase activity, replicative capacity, virulence in mice and contact transmission in E627K E (99),Q (1) [11]
guinea pigs D701N D (100) [58]

PBI1 | Increased polymerase activity and virulence in mice D622G G (100) [59]

PB1-F2 | Truncations to the 90 aa protein increase AIV pathogenicity in chickens Truncation 25 aa (4) [60,61]
57 aa (94)
90 aa (2)
PA-X | Truncations to the 253 aa protein increases A(H5) viral replication and virulence in mice, chickens | Truncation 253 aa (100) [62-64]
and ducks
HA | Multibasic cleavage site can increase viral pathogenicity Multibasic PPRERRRKR/GLEF (1) | [65]
PQREKRRKR/GLF (1)
PQREKRRKR/GLF (1)
PQRERRRKR/GLF
(94)
_______________________________________________________________________________________________________________________________ PQRERRRRR/GLE(3) |
Increased in specificity for 02,6 human-type receptors D94N N (99) [66]
S133A A (100) [67]
S155N N (97) [68]
T188I 1(1) [67]
KI189R R (94) [68]
Q222L Q (100) [55,56]
____________________________________________________________________________________________________________ Gas G000
Increased in specificity for 02,6 human-type receptors, increased transmission in guinea pigs T156A A (94) [68]
NP | Increased replication in avian cells and virulence in chickens M105V V (100) [69]
A184K K (100) [70]

NA | Enhanced virulence in mice 49-68 deletion | 49-68 deletion (100) [71]

M1 | Enhanced virulence in mice N30D D (100) [72]
____________________________________________________________________________________________________________ TASA AQ)
Enhanced virulence in mice, chickens and ducks 143M M (100) [73]

M2 | Increased resistance to amantadine and rimantadine A30T T (2) [74,75]

S3IN N (2)
NS1 | Decreased antiviral response and increased virulence in mice 80-84 aa 80-84 deletion (100) [76]
deletion
P428 S (100) [77]
DS7E E (77) [76]
L98F F (100) [78]
https://doi.org/10.1371/journal.pone.0226108.t001
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that are associated with a binding preference for 02,3 receptors (52d Table). The well-known
Q222L and G224S substitutions associated with increased binding to 02,6 receptors and
decreased 02,3 binding were not observed [55,56].

A number of the mutations identified in the NA, MP and NS genes are conserved in con-
temporary A(H5N1) viruses [44]. For instance, the NA and NS1 stalk deletions, and the NS1
substitutions: P42S, D87E, L98F and 1101 M residues that have been shown to increase AIV vir-
ulence in mice [76-80]. In the MP gene, all Cambodian A(H5N1) viruses contained the M1
N30D and T215A residues associated with increased mammalian pathogenicity in vivo [72].
No major molecular markers associated with AIV adaptation to mammalian species were
identified in the polymerase proteins, such as PB2 E627K or D701N.

Analysis of selection pressures

The site-specific selection pressures acting on each gene of the Cambodian clade 2.3.2.1¢
viruses were analysed using a combination of four methods (FEL, FUBAR, MEME and SLAC)
that calculate omega (w). The majority of codons in all genes of the Cambodian A(H5N1)
clade 2.3.2.1c viruses were under either neutral or purifying selection pressure (S3 Table). A
total of six codons were detected to be under positive selection, including: HA (169), NA (74),
PB2 (107, 339) and PB1 (54, 739; S3 Table). The HA and NA codons do not lie in major anti-
genic sites. Whereas, the PB1 codons 54 and 739 are part of PB1-PA or PB1-PB2 binding
domains, respectively [81,82]. Substitutions at all the detected codons, excepting PB2 339, have
not been shown to affect viral fitness. The positively selected codon in PB2 at position 339 is
located on the surface of A(H5N1) PB2 at the edge of a putative cap binding site [83]. At this
site Cambodian clade 2.3.2.1c viruses predominantly contained threonine (339T), with a single
isolate from 2015 containing methionine at this site (339M). Reports on the effect of PB2
mutations at position 339 on viral virulence vary and so the effect of mutations at this codon
on viral fitness remain unclear [84-86].

Post translational modifications—N glycosylation

A total of nine N-glycosylation sites were predicted from the HA sequences of the Cambodian
clade 2.3.2.1c A(H5N1) viruses (S4 Table). Of these, five glycosylation sites predicted in the
HA2 stem domain were identified in all Cambodian viruses, including: ''NNS, *’NVT,
2%0NSS, ***NGT and **’NGS [87]. In the HA1 subunit four additional glycosylation sites were
identified: "*°NSS, '*NNT, *°NDT and *’NCS. The HA N-glycosylation sites have all been
identified in A(H5N1) viruses previously [87]. The glycosylation sites in the HA2 stem domain
and at position 165 are highly conserved. The '*°NSS glycosylation site emerged in clade
2.3.2.1 viruses and occurs in a HA antigenic site at epitope B [87]. From the Cambodian NA
sequences five glycosylation sites were predicted, including: **NIT, *>NHS, **NSS, '**NGT and
*I>NGS (S4 Table). The glycosylation sites '*’°NGT and *'’NGS were conserved in all Cambo-
dian A(H5N1) NA proteins. The **NSS glycosylation site was predicted for all, barring one,
NA segments. These three sites are conserved in A(H5N1) viruses [87]. Whereas, the remain-
ing two glycosylation sites predicted in the Cambodian viruses are less common: *>NHS
(n=13), ®NIT (n = 3) (54 Table) [87].

Molecular prediction and susceptibility to antiviral drugs

Two Cambodian A(H5N1) viruses belonging to clade 2.3.2.1c had predicted resistance to ada-
mantanes. The first virus, designated A/chicken/Cambodia/Z50W9M1/2015, had an M2 pro-
tein A30T substitution. The second virus, designated A/chicken/Cambodia/Z850W49M1/
2015, was a reassortant with all internal genes from A(H5N1) viruses and an MP from

PLOS ONE | https://doi.org/10.1371/journal.pone.0226108 December 9, 2019 14/25


https://doi.org/10.1371/journal.pone.0226108

@ PLOS|ONE

Evolution of A(H5N1) avian influenza in Cambodia

circulating A(H9N2) viruses, and has been described previously [88]. The A(HIN2) acquired
M2 protein contained the S31N substitution known to confer resistance to adamantanes. The
A30T and S31N substitutions are well known and many experimental studies have shown
these single amino acid substitutions render AIVs highly resistant to adamantanes.

The Cambodian clade 2.3.2.1c viruses did not contain any known markers indicative of
resistance to neuraminidase inhibitors (NAI; S2f Table). However, there were two variants
detected at position 129: V1291 (n = 3) and V129D (n = 1). The mutation V129A was previ-
ously reported to mildly decrease AIV susceptibility to zanamivir [89]. The effect of V1291/D
substitutions on AIV susceptibility to NAT drugs is unknown. To confirm NAI sensitivity, a
subset of thirty isolates were tested against four NAIs (oseltamivir, zanamivir, peramivir and
laninamivir) with no resistance detected (S5 Table). All three viruses with V1291 substitution
were included in the phenotypic testing and no decrease in susceptibility to NAI drugs was
observed. The effect of V129D could not be investigated as no isolate was available for this
sample. The mean fold change in ICs, (nM) values for oseltamivir, peramivir and zanamivir
were 1.0 and for laninamivir 1.18 (S5 Table).

Discussion

AlIVs present a threat to agriculture and could potentially cause the next pandemic, therefore it
is vital to continually monitor their circulation and evolution. A(H5N1) HPAI viruses were
introduced into Cambodia in 2004. They have since become endemic in domestic poultry,
causing substantial economic hardship. Continual circulation of A(H5N1) HPAI viruses in
Cambodian poultry is also concerning as humans that live and work in close contact to poultry
are at risk of zoonotic transmission due to the lack of biosecurity. Therefore, we sought to
investigate the phylogenetic and molecular traits of Cambodian A(H5N1) viruses collected
from LBM studies, poultry outbreaks and human infections from 2014 to 2016.

Between 2014 to 2016, five A(H5N1) clade 2.3.2.1c poultry outbreaks were reported in
Cambodia (Fig 1). In reality the number of AIV outbreaks is likely to be much higher due to
reluctance in reporting [90]. Active surveillance was also performed at Cambodian LBMs in
2015 and 2016. Previous studies have demonstrated that the Cambodian LBMs have a high
prevalence of AIVs with a diverse range of AIV subtypes detected [22,54,91].

Since March 2014, A(H5N1) viruses detected in Cambodia have exclusively been of clade
2.3.2.1c [25]. Clade 2.3.2.1c viruses are one of three viral subclades (2.3.2.1a-c) that evolved
from clade 2.3.2.1 and were initially reported in domestic poultry from Vietnam in 2012
[41,92]. However, reports show that clade 2.3.2.1c began to circulate widely throughout Asia
from 2009 onwards [41,92]. Clade 2.3.2.1c viruses have been detected in both poultry and wild
waterfowl species. The widespread circulation of clade 2.3.2.1¢ viruses in wild birds has facili-
tated their geographical dispersal, with clade 2.3.2.1c viruses reported in the Middle East,
Europe and Africa [93-96]. Aside from avian species, this clade has also been detected in
mammals, including big cats (a lion and tiger from China) [97,98] and humans (China: A/
Hong Kong/6841/2010; Cambodia: A/Cambodia/Y0219302/2014).

In the present study, we investigated the genetic diversity and evolution of Cambodian
clade 2.3.2.1c viruses circulating between 2014 and 2016. The close phylogenetic and molecu-
lar association of 2.3.2.1c¢ viruses detected in Cambodia and Vietnam suggests that these
viruses circulate endemically between the two countries. Similar trends were observed for the
introduction and evolution of clade 1 A(H5N1) HPAI viruses that were first detected in Cam-
bodia in 2004 [99]. The close relationship between the Cambodian and Vietnamese viruses is
unsurprising considering cross-border trade and farming of poultry between the two countries
is known to occur [100]. It is also possible that the transmission of AIVs between Cambodian
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and Vietnam is facilitated by the movement of wild birds. However, the role of wild birds in
the introduction of AIVs into Cambodia has not been investigated to date.

The Cambodian clade 2.3.2.1c¢ viruses circulating between 2014 and 2016 were diverse, with
five genotypes present over a 3-year period (KH1-KH5). Of these, the KH1 and KH2 geno-
types were equivalent to VN52 and VN53, which circulated in Vietnamese poultry in 2013-
2015 [42]. Whereas, KH3-KH5 were novel genotypes identified in Cambodia in 2015 that
were produced from reassortment between A(H5N1) clades or with A(HO9N2) viruses locally.
The generation of novel AIV genotypes can have important public health implications. For
instance, the acquisition of specific A(HON2) internal genomic cassettes has been associated
with an increase in zoonotic potential of A(H7N9) and A(H10N8) AIVs [101,102]. Reassort-
ment between A(H5) viruses can also produce viruses of concern for human health. Indeed,
this was demonstrated in Cambodia in 2013 with the emergence of the novel clade 1.1.2 reas-
sortant viruses that caused numerous human A(H5N1) cases.

The phylogenetic analysis shows limited signs of spatial segregation. Viruses identified at
LBM:s from 2015 to 2016 cluster closely together in HA groups 2 and 3 (Fig 2). This is unsur-
prising considering the high degree of poultry movement within the LBM network and that
poultry bought at Takeo market are commonly sold to individuals that transport the poultry to
the capital city to resell at Orussey market (Fig 1). Spatial segregation was, at times, more evi-
dent in viruses detected during poultry outbreaks as seen from the distinct grouping of out-
break samples from Kampong Cham and Kandal, isolated in February, 2014. Comparatively,
in outbreak samples detected in 2015 and 2016 spatial segregation was less evident despite the
fact that these samples were collected approximately six months apart at sites that were, in
some cases, separated by more than 400 km. These findings demonstrate the persistent circula-
tion and spread of highly pathogenic A(H5N1) viruses in Cambodia outside of the LBM
network.

As expected, all of the Cambodian A(H5N1) clade 2.3.2.1¢ viruses had multibasic HA cleav-
age site motifs characteristic of HPAI viruses. The Cambodian viruses contained six amino
acid substitutions that have been shown to increase receptor binding preference for 02,6
human receptors, including: D94N, S133A, S155N, T156A, T188I and K189R [66-68,89]. Typ-
ically, five out of six of these mutations were detected. None of the viruses analysed contained
the Q222L or G224S substitutions that are associated with mammalian adaptation. Most of the
HA molecular sites associated with host specificity that were investigated are indicative of a
preference for avian 02,3 receptors (52d Table). The identified mutations associated with
increased specificity for 02,6 are unlikely to switch the receptor specificity of the Cambodian A
(H5NT1) viruses entirely. No other mutations associated with AIV adaptation to mammals,
such as E627K and D701N in PB2 [103,104], were identified in the internal genes of the Cam-
bodian A(H5N1) viruses.

Post translational modifications, such as the N-glycosylation, are important for protein
folding, maturation and biological functionality. In AIVs, the presence of N-glycans on the
HA and NA can affect viral pathogenicity and virulence as N-glycans can shield antigenic sites
enabling viruses to evade detection by the host immune system [105-107]. They have also
been shown to affect HA receptor binding preference and cleavability [108,109]. The T156A
mutation, detected in 64 out of 68 of the Cambodian clade 2.3.2.1c AIVs, removes an impor-
tant glycosylation site in HA. The absence of glycosylation at position 154-156 is common in
viruses that stem from clade 2.3.2.1 [87] and has been shown to increase viral affinity for 02,6
sialic acid receptors [68,110]. Furthermore, multiple independent studies have shown that
mutations at these positions, such as N154D and T156A, are important factors in the transmis-
sibility and pandemic potential of AIVs when combined with Q222L and G224S [11,12].
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A small number of codons were determined to be under positive selection pressure, includ-
ing: HA (169), NA (74), PB2 (107, 339) and PB1 (54, 739) (S3 Table). The NA codon 74 is part
of the stalk region, PB1 codon 54 is part of the PB1-PA binding domain, 739 is part of the
PB1-PB2 binding domain [82] and PB2 codon 339 is located at the edge of a PB2 cap binding
site [83]. Substitutions at all the detected codons, excepting PB2 339, have not been shown to
affect viral fitness. At PB2 position 339 Cambodian clade 2.3.2.1c viruses predominantly con-
tain threonine (339T). There are contradictory reports about the effect of 339T on viral replica-
tion and pathogenicity. One report showed that when in combination with 147T and 588T,
339T increased the polymerase activity and replication of H5N1 AIVs in mammalian cells and
increased pathogenicity in mice [84]. Whereas, another report suggested that 339T attenuates
PB2 cap binding capabilities, decreasing viral polymerase activity, replicative efficiency and
decreases H5N1 AIV virulence in mice [85]. A single isolate from 2015 had a methionine sub-
stitution at this position (339M). The T339M mutation has been suggested as an A(H5N1)
adaptation to humans and was shown to enhance the growth in a mammalian cell line, partic-
ularly when in combination with PB2 mutations 249G or 309D [86]. The precise effect of
mutations in PB2 at position 339, particularly 339T, remains unclear.

Vaccination is an effective way to prevent influenza infection [111]. Given that there are no
A(H5NT1) vaccines commonly used in humans, antiviral prophylaxis and treatment is the best
option for limiting A(H5N1) infection and transmission. Therefore, we screened the NA and
MP genes from Cambodian A(H5N1) isolates for markers indicative of resistance to the two
classes of antiviral drugs available to treat influenza infections: adamantanes (adamantine and
rimantadine) and neuraminidase inhibitors (oseltamivir, zanamivir, peramivir and laninami-
vir). Resistance to adamantanes is widespread and has been reported in seasonal influenza
viruses as well as A(H5N1) AIVs [74,112]. In this study, two A(H5N1) clade 2.3.2.1c¢ viruses
had M2 amino acid substitutions indicative of resistance to adamantanes, S31N and A30T
(Table 1). Whereas none of the viruses had molecular markers indicative of resistance to NAIs.
NAI sensitivity was confirmed in a subset of thirty Cambodian A(H5N1) isolates with all
viruses tested being highly susceptible to all four NAIs (S5 Table).

The A(H5N1) clade switch that occurred in Cambodia in 2014 suggests that the clade
2.3.2.1c viruses may have better fitness than the clade 1.1.2 reassortant viruses in poultry. How-
ever, the decrease in human cases indicates their zoonotic potential may be reduced. The clade
1.1.2 A(H5N1) reassortant viruses caused 64% (n = 34) of the overall Cambodian A(H5N1)
human cases during a period of approximately 15 months from 2013 to 2014. Comparatively,
only a single human case has been documented in Cambodia as the result of infection with
clade 2.3.2.1c, despite nearly 6 years of circulation in the country. A molecular analysis of the
clade 1.1.2 A(H5N1) viruses performed previously showed they do not typically contain major
markers associated with ATV adaptation to mammals [23]. However, four HA mutations asso-
ciated with an increase in binding to human-type 02,6 receptors were conserved in the popula-
tion, including: S123P, S133A, S155N, and K266R [23]. Comparatively, the Cambodian clade
2.3.2.1c A(H5N1) viruses also have the S133A and S155N substitutions in 100% and 97% of
viruses, respectively (Table 1). Though they do not have the S123P and K226R substitutions,
other molecular markers associated with an increase in 02,6 binding were identified that are
not common to clade 1.1.2 AIVs. It is possible differences in the viral genes other than HA
contribute to this phenotype. The molecular basis for the decrease in Cambodian clade
2.3.2.1c A(H5N1) transmissibility to humans, compared to the previous circulating clade 1.1.2
viruses remains unclear.

It is important to note that the majority of data available for analysis is from 2015, as limited
LBM sampling was performed in 2014 and 2016. Therefore, it is likely the viral diversity in
these two years was higher than was presented in this study. Analysis of the genetic diversity of
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the Cambodian clade 2.3.2.1c A(H5N1) viruses shows fluctuations occurred each year from
2014 to 2016 with peaks typically occurring around December or January (Fig 5). This coin-
cides with the Cambodian dry season that has previously been documented as a period of high
AIV prevalence in Cambodia [22,54]. Sampling and analysing the molecular traits of viruses in
subsequent years will be crucial to track viral evolution and diversity in Cambodia. Analysing
molecular markers associated with changes in viral fitness is useful to rapidly assess the biolog-
ical characteristics and risk associated with AIVs. However, moving forward it is important to
verify the molecular profile of the Cambodian viruses by performing further in vitro and in
vivo virulence testing. Particularly as the effect of substitutions can be context dependent and
novel substitutions associated with an increase in viral fitness may emerge. This will provide a
more comprehensive assessment of the risk Cambodian A(H5N1) pose to the community.

Opverall, in this study we genetically characterised clade 2.3.2.1c A(H5N1) viruses circulat-
ing in Cambodia from 2014 to 2016. Analysis shows that reassortment of internal genes
between A(H5N1) clades and other AIV subtypes does occur in the region. Continual surveil-
lance and characterisation of AIVs is essential to limit the impact of this disease on animals,
the economy and human health.
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