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Highlights
» We analysed the full genome sequences of one hundred 2.3.2.1¢c H5N1 viruses isolated from
Nigerian poultry.

* Phylogenetic analyses showed evidence of co-circulation of distinct genotypes and the
emergence of reassortant viruses.

+ One reassortant strain with a genetic marker for antiviral resistance in the NA gene became
predominant in 2016.

* Nigerian isolates demonstrated close evolutionary relationships with European and Middle
Eastern strains of H5NL1.

Abstract:

Phylogenetic analyses of the complete genomes of the highly pathogenic avian influenza (HPAI)
2.3.2.1c H5N1 virus strains causing outbreaks in Nigeria’s poultry population from 2014 to 2016
showed evidence of distinct co-circulating genotypes and the emergence of reassortant viruses.
One of these reassortants became the predominant strain by 2016, and the NA protein of this
strain possessed the V96A substitution known to confer reduced susceptibility to neuraminidase
inhibiting antiviral drugs. Our findings also demonstrated evolutionary relationships between
Nigerian isolates and European and Middle Eastern strains of HSN1 which provides further
evidence for the proposed role of migratory birds in spreading the virus, although the
involvement of the live poultry trade cannot be excluded. Efforts must be directed towards
improving biosecurity and gaining the cooperation of poultry farmers for more effective control
of HPALI, in order to mitigate the emergence of HPAI strains in Nigeria with biological properties
that are potentially even more dangerous to animals and humans.
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1. Introduction

Avian influenza is caused by influenza A viruses of the Orthomyxoviridae family which are
segmented, negative sense, single-stranded RNA viruses (McCauley et al., 2012). The genome
consists of eight segments encoding at least eleven functional proteins: polymerase basic 2 (PB2)
on segment 1, polymerase basic 1 (PB1) plus mitochondria-associated protein (PB1-F2) on
segment 2, polymerase A (PA) plus PA-X fusion protein on segment 3, haemagglutinin (HA)
glycoprotein on segment 4, nucleocapsid protein (NP) on segment 5, neuraminidase (NA)
glycoprotein on segment 6, matrix protein (M1) plus the ionic channel protein (M2) on segment
7, and nonstructural protein 1 (NS1) plus nuclear export protein (NEP/NS2) on segment 8 (Cai et
al., 2010; Wright et al., 2007). Influenza A viruses are further classified into subtypes based on
the antigenic relationship of their surface glycoproteins, HA and NA (Munster & Fouchier,
2009). To date, 18 HA (H1 to H18) and 11 NA (N1 to N11) subtypes have been identified
(Swayne & Halvorson, 2003; Fouchier, 2005; Watanabe et al., 2014)

The HA protein is responsible for viral attachment, and is produced as a precursor molecule,
HAO, which must be cleaved to HA1 and HA2 to expose the fusion protein by host proteases.
This proteolytic activation of the HA molecule is a prime determinant of the pathogenicity of
avian influenza viruses which express large variation in cleavability (Klenk and Rott, 1988; Vey
et al, 1992; Horimoto & Kawaoka, 1994). The typical cleavage site of LPAI viruses has single
basic amino acids and is limited to activation by localized trypsin-like proteases mostly found in
the respiratory and intestinal tract of the host. HPAI viruses however possess multiple basic
amino acids at the HAO cleavage site cleavable by more ubiquitous proteases probably subtilisin-
related endoproteases such as furin (Stieneke-Grober et al., 1992). HPAI viruses are thus able to
replicate throughout the host system, damaging multiple vital organs and tissues, resulting in
severe clinical manifestations and possibly death. Another important factor influencing HA
cleavability is the presence of a carbohydrate side chain (glycosylation) close to the cleavage site
which interferes with protease accessibility. Loss of this molecule enhances cleavability and
hence pathogenicity (Klenk et al., 2013).

HPAI outbreaks caused by the H5 or H7 subtypes have continued to adversely impact the global
poultry and associated industries. Great economic losses during outbreaks result from excessive
mortalities in affected flocks and culling of in-contact or susceptible birds as part of control
measures. In 2006, the first incursion of HPAI H5N1 in Nigeria was reported, sequel to the
emergence of the A/Goose/Guangdong/1/1996 H5N1 (GsGD) in Guangdong province of China
in 1996 which circulated extensively in Asia and was subsequently disseminated to Europe and
Africa (Xu et al., 1999; Joannis et al., 2006; Fusaro et al., 2009; 2010). Control measures,
largely based on depopulation and decontamination employed by the Government in partnership
with donor agencies, led to the eradication of the virus from the country within two years
(Oladokun et al., 2012). Seven years after the last HPAI H5N1 outbreaks in the country, two
incidences were reported simultaneously from Kano and Lagos states between late 2014 and
early 2015 (OIE, 2015). Phylogenetic analysis of the HA showed that the virus belonged to the



genetic clade 2.3.2.1c and clustered with H5 viruses collected in China in 2013 and with an
H5N1 virus (A/Alberta/01/2014) isolated from a Canadian resident who had recently visited
China (Monne et al., 2015). Clade 2.3.2.1c, which was first reported from China in whooper
swans (Bi et al,2015) has been isolated from several other wild birds species, along the Central
Asian flyway and demonstrated high virulence in mice and ferrets (Bi et al., 2016; Marchenko et
al., 2016; Pearce et al, 2017). The virus subsequently spread to other states of Nigeria as well as
other West African countries including Burkina Faso, Ghana, Ivory Coast, Niger, Cameroon and
Togo; some of which are still reporting outbreaks (OIE, 2017). Two genetic groups within clade
2.3.2.1c, namely WAL and WAZ2 were identified in seven of the gene segments (Tassoni et al.,
2016). Specifically, the WAL group was described in Ghana, Burkina Faso, Nigeria and Niger,
whereas the WA2 group was restricted to Niger and Ivory Coast. Subsequently, a more recent
analysis of the HA gene of 14 Nigerian viruses demonstrated co-circulation of both groups in the
country (Shittu et al., 2017). Previous analyses were limited in the number of samples analysed
(Tassoni et al., 2016), or by analysis of only the HA (Shittu et al., 2017). Here, we analysed the
complete genomes of 100 representative isolates collected between 2015 and 2016 from 16 states
and the Federal Capital Territory, to provide a better understanding of the genetic characteristics
and evolution of the 2.3.2.1c H5N1 viruses circulating in Nigeria.

2. Materials and Methods
2.1. Sample collection and virus isolation

Field outbreaks of a disease with case definitions consistent with HPAI were reported in poultry
from late December 2014 in Nigeria (Fig 1). Whole carcasses from affected farms and live bird
markets were collected by the Avian Influenza Control Project (AICP) surveillance officers and
shipped cold to the Regional Lab for Animal Influenzas and other Transboundary Animal
Diseases, National Veterinary Research Institute, Vom, for definitive diagnosis. Liver, spleen,
lung, trachea and intestine were harvested aseptically, pooled during necropsy and processed for
virus isolation according to standard protocol (OIE, 2015). Briefly, 5 grams of pooled tissues
were homogenized in a 20% (w/v) suspension with antibiotics and isotonic phosphate-buffered
saline (PBS), pH 7.0-7.4. After centrifugation at 1000 g for 5 minutes, 0.2ml supernatant of the
tissue homogenate was inoculated into each allantoic cavity of five 9-11 day-old embryonating
chicken eggs (ECE) obtained from a specific antibody negative flock (SAN).



* Outbreaks
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Fig. 1. A map of Nigeria showing all the states as well as the Federal Capital Territory (FCT) with orange diamond
shapes indicating the location of the 2015-2016 H5N1 viruses included in this study.

Inoculated eggs were incubated in a humidified chamber at 37°C and examined daily for embryo
vitality. Eggs containing dead embryos 24 hours post inoculation were chilled at 4°C. Allantoic
fluid (ALF) was harvested and tested for haemagglutination (HA) activity using 10% chicken red
blood cells and all positive ALFs were bio-banked. HA positive ALFs were tested for avian
influenza in a one-step RT-PCR assay targeting the matrix (M) gene (Fouchier et al., 2000) using
the GeneAmp® Gold RNA PCR core kit in a 9700 thermocycler (Life Technologies, Foster City,
CA, USA). M-gene positive samples were further subtyped for H5 (Slomka et al 2007) and N1
(Huang et al., 2013). Amplified PCR products were analysed by gel electrophoresis with 1.5%
agarose stained with ethidium bromide (SIGMA, Germany) and visualized using Gel
Documentation system (Biostep, Germany). Samples were only declared negative if the virus
failed to amplify in embryonating chicken eggs after two successive passages.

One hundred H5N1 isolates were randomly selected from a pool of HA positive samples
(Supplemental Table 1), packaged according to IATA regulations and sent for further genetic
characterization to the World Organization for Animal Health Reference Laboratory and the
Food and Agriculture Organization of the United Nations Reference Centre for Animal Influenza
at the Istituto Zooprofilattico Sperimentale delle Venezie, Italy.



2.2. Library preparation, lllumina sequencing, and data analysis

Viral RNA was extracted from the 100 H5N1-infected ALFs using a Nucleospin RNA 11 kit
(Macherey-Nagel, Duren, Germany). Complete influenza A virus genomes were amplified using
the SuperScript 111 one-step reverse transcription-PCR (RT-PCR) system with PlatinumTaq high
fidelity (Invitrogen, Carlsbad, CA) and one pair of primers complementary to the conserved
elements of the influenza A virus promoter as described by Zhou et al. (2009). All amplified
products were visualized on a 0.7% agarose gel stained with GelRed. Sequencing libraries were
obtained using a Nextera DNA XT sample preparation kit (Illumina) according to manufacturer’s
instructions and quantified using a Qubit dsSDNA high-sensitivity kit (Invitrogen). The average
fragment length was determined using an Agilent high-sensitivity bioanalyzer kit. Finally, the
indexed libraries were pooled in equimolar concentrations and sequenced in multiplex for 300-bp
paired-end Illumina MiSeq analysis according to the manufacturer’s instructions.

To obtain consensus sequences, raw sequence reads were inspected using FastQC v0.11.2 to
assess the quality of data coming from the high-throughput sequencing pipelines. Raw data were
filtered by removing: a) reads with more than 10% of undetermined (“N”) bases; b) reads with
more than 100 bases with Q score below 7; ¢) duplicated paired-end reads. Remaining reads
were clipped from Illumina adaptors Nextera XT with scythe v0.991 (https://github.cohe) and
trimmed with sickle v1.33 (https://github.com/najoshi/sickle). Reads shorter than 80 bases or
unpaired after previous filters were discarded.

High quality reads were aligned against a reference genome using BWA v0.7.12 (Li and Durbin,
2010). Alignments were processed with SAMtools v0.1.19 (Li et al., 2009) to convert them in
BAM format and sort them by position. Single Nucleotide Polymorphisms (SNPs) were called
using LoFreq v2.1.2 (Wilm et al., 2012). According to LoFreq usage recommendations, each
alignment was first processed with Picard-tools v2.1.0 (http://picard.sourceforge.net) and GATK
v3.5 (McKenna et al., 2010; Van der Auwera et al., 2013) in order to correct potential errors,
realign reads around indels and recalibrate base quality. LoFreq was then run on the correct
alignments to produce a vcf file from which the consensus sequences were generated. SNPs with
a frequency lower than 25% were filtered out.

Gene sequences were submitted to the GenBank database under accession numbers MF112254-
MF113041.

2.3. Phylogenetic and sequence analysis

A BLAST search for each gene segment of the 100 HPAI H5N1 viruses was performed in the
GISAID database and the most closely-related sequences were downloaded (November, 2016),
as well as sequences of H5N1 viruses from the 2006-8 Nigerian outbreaks. Alignments were
performed using the on-line program Mafft v.7.0 (Katoh, 2013). Maximum likelihood (ML)
phylogenetic trees were generated using PhyML v.3.1 (Guindon et al., 2010), incorporating a
general time-reversible (GTR) model of nucleotide substitution with a gamma-distribution of



among-site rate variation (with four rate categories, I'4) and a subtree pruning and regrafting
(SPR) branch-swapping search procedure. To confirm the tree topologies, additional Neighbour-
joining trees were constructed in MEGAG6 (Tamura et al., 2013). In both cases, bootstrap
resampling process (1,000 replications) was used to assess the robustness of individual nodes on
the trees (Darriba et al., 2012). The ML trees were visualized in FigTree v 1.4.2.
(http://tree.bio.ed.ac.uk/software/figtree/). The genetic distance within the group of viruses
isolated in each of the two years was computed in MEGAG6. Amino acid sequences were
translated in BioEdit (Hall, 1999), and translated HA gene sequences were scanned for potential
N-linked glycosylation sites using the NetNGlyc1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/) Tate et al, 2014. The O-glycosylation sites were
similarly predicted with the NetOGlyc4.0 algorithm (http://www.cbs.dtu.dk/services/NetOGlyc/)
(Steentoft et al., 2015).

3. Results

3.1 The origins of clade 2.3.2.1c in West Africa
The complete genomes of 100 H5N1 viruses collected from January 2015 to June 2016 in
Nigerian poultry were sequenced. The deduced amino acid sequence of the HA cleavage site
(HAOQ) in all viruses was PQRERRRK _R*GLF, typical of HPALI. This HAO cleavage site motif is
one amino acid shorter at position 329 (H5 numbering) compared to clade 2.2 viruses previously
reported in Nigeria (Joannis et al., 2006), a variation that has been reported in other viruses of
clade 2.3.2.1 (Haque et al., 2014; Marinova-Petkova et al., 2012) and has been shown to increase
pathogenicity of the virus in mallard ducks (Tang et al., 2008). The HA sequences of all
Nigerian viruses from 2015-2016 fall within clade 2.3.2.1c and cluster with H5N1 viruses
identified since 2014 in Asia, the Middle East, Eastern Europe and other West African countries
including Niger, Ghana, Burkina Faso and Ivory Coast (Fig 2). Specific amino acid signatures
were considered in defining sub-groups observed within this clade. The Nigerian viruses
collected in 2015 are dispersed throughout the HA tree, indicating the plausible occurrence of
multiple independent introductions or the evolution of the virus into multiple genetic groups,
locally after the introduction of the WAL and WAZ2 into the country. In particular, 46 viruses (23
isolated in 2015 coloured in red in Fig. 2 and all isolated in 2016, coloured in green) belong to a
previously described sub group, WA2 (Tassoni et al., 2016). The sub-clade containing these 46
viruses had a bootstrap value of 62% and clustered with viruses from Niger, Ivory Coast,
Bulgarian and Romanian wild birds (similarities range from 98% to 99%). All the viruses of this
group shared the amino acid signature D154N and they further acquired the mutation R145G
during their evolution. Interestingly, all 23 viruses collected in 2016 in Nigeria (apart from
isolate 5840-77) formed a separate group within the WAZ2 cluster, supported by a high bootstrap
value (98%) and were characterized by an additional amino acid signature (1200V). This group
also included a virus collected in Niger in 2016 and two Nigerian viruses from 2015.
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Fig. 2. Maximum-likelihood phylogenetic tree of the HA gene segment of highly pathogenic avian influenza
(H5N1) viruses from Nigeria and related viruses obtained from public database. All the 2016 viruses (except 5840-
77) cluster within the green group with good bootstrap value, 98%. This group also clusters with some 2015 viruses

(red) viruses, which appear to be the progenitor. While the remaining 2015 viruses (blue) cluster separately. Only
bootstrap values > 50% are indicated on the tree.
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The remaining 2015 Nigerian viruses (n = 54, coloured blue in Fig 2) cluster separately with
H5N1 from Burkina Faso, Ghana and Niger within the group designated as WAL by Tassoni et
al. (2016). With a bootstrap value of only 43%, this group is not well supported in the HA gene
phylogeny, probably due to the low phylogenetic signal in the Nigerian sequence data. Indeed,
no amino acid signature characteristic of the group was identified in the HA gene. Other
mutations observed were limited to some of the viruses but not common to the entire group (data
not shown)

Similar to the HA gene, topologies of the phylogenetic trees obtained from the remaining seven
gene segments indicate that the Nigerian viruses cluster with viruses of 2.3.2.1c clade collected
in African, Middle Eastern and Asian countries since 2014 (Fig 3, Supplemental figs 1 to 6).
Characteristic amino acid signatures were observed in all the proteins, especially for the 2016
Nigerian viruses (data not shown). Both WA1 and WA2 groups were observed in the
phylogenetic trees obtained for the NA and internal genes except the NS1/ NS2 gene, but only
supported by high bootstrap values in the PA/PA-X (97%) and PB2 (63%) genes.

3.2 Intra-clade reassortment
Analyses of the HA, NA and each of the internal gene segments show that the 2016 Nigerian
viruses cluster together, supported by high bootstrap values (>87%) and long branches in the
segments encoding the PB2, PB1, PA/PA-X, M1/M2 and NS1/NS2 genes, but not the NP gene.
In the HA and NS phylogenies, the 2016 viruses clustered with a group of 2015 Nigerian viruses
(in red in Fig. 2 and Supplemental Fig 3), the presumed ancestors, and with viruses collected in
2015-16 in Niger. In the remaining genes however, the 2016 viruses cluster with different 2015
viruses (coloured in blue in Fig. 3, Supplemental figs 1, 2, 4, 5, 6) providing evidence of
reassortment between the two groups, which gave rise to this strain circulating in 2016. Other
reassortment events are apparent by the presence of both WAL and WA2 subgroups in the
phylogenies inferred for the different gene segments, except the NS1/NS2 gene. (Table 1). The
WAL sub-clade was responsible for the initial outbreaks reported from Lagos and Kano states
during late 2014 and early 2015 respectively, whilst subsequent outbreaks that occurred in these
two states within two weeks, fall within the WA2 group. Based on the gene constellations, we
observed nine reassortant viruses, most of which had limited circulation (Table 1). However, one
reassortant strain first detected in Katsina State with an HA belonging to the WAL group but NA
and internal genes of the WAZ2 group, apparently became the predominant strain by 2016 and
across the different states of the Federation. This strain was also identified among 2016 viruses
from Niger in the public database.



Table 1: Genome constellations of the reassortant H5SN1 viruses isolated in 2015-2016 in Nigeria

Nos HA M NA NP NS PA PBI PB2
A 42 WA1 WA1 WA1 WA1 WA1 WA1  WAI1
B 17 WA2 WA2 WA2 WA2 WA2 WA2  WA?2
Ro 3 WAL WA1 WA1 WA1 WA1 WA2  WA1
Ri1 5 WAL WA?2 WAL WA1 WA1 WA1  WAI1
Rz 1 WAL WA1 WA1 WA2 WA1 WA1  WAI1
Rs 25 WA2 WA1 WA1 WA1 WA1 WAl WA1
R4 1 WAL WA2 WA1 WA2 WA1 WAl  WA?2
Rs 1 WA2 WA?2 WA1 WA2 WA2 WA2  WA?2
Re 3 WA1 WA?2 WAL WAL WA1 WAl  WA1
R7 1 WA2 WA1 WA1 WA1 WA2 WAl  WA?2
Rs 1 WA2 WA?2 WA1 WA1 WA2 WA2  WA1

Column one represents the different gene constellations observed in the virus isolates, A and B having all genes of
WAL and WAZ2 respectively while R« have combination of genes from both groups. NS gene had a poor resolution to
determine the different groups.

3.3 Genetic and antigenic drift in clade 2.3.2.1c
None of the mutations known to be related to resistance to neuraminidase inhibitors, such as
R152K, R292K, E119V, D198N, H274Y, N294S (Ferraris and Bruno, 2008), were observed in
any of the 2015 Nigerian viruses, but all viruses isolated from Nigerian poultry in 2016
possessed an alanine substitution from valine at position 96 in the NA protein. The V96A
substitution is known to confer reduced susceptibility to zanamivir and oseltamivir (Hurt et al.,
2007; Boltz et al., 2010; llyushina et al., 2010). Of note are a group of 2015 Nigerian viruses,
together with viruses from Niger and Ivory Coast, that share some common amino acid
signatures in both the NA (V8M, L55F and E57D) and NP (1217T, N319K) proteins. The N319K
mutation has been associated with enhanced replication efficiency in mammalian cells (Gabriel
et al., 2008).

Specific amino acid signatures were also observed across the internal genes. Of note are those in
the NS protein that suggest a correlation between the molecular markers and geographical
location including S59R, G72E, L1241, which are confined to viruses from Nigeria only. D134N,
E224K and Y242H mutations in the NS protein were limited to viruses isolated in 2016. The
polymerase also contained mutations that are confined to Nigeria only, namely M195T in PB1
and D161E, R175K, E195K/G, R299K in PB2 (data not shown).

The predicted N-glycosylation sites identified in the HA of all the HSN1 viruses analysed
(11Asn-Ser-Thrl3, 23Asn-ValThr25, 165Asn-Asn-Thrl67, 286Asn-Ser-Ser288, 484AsnGly-
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Thr486 and 543Asn-Gly-Ser545) were conserved across all isolates. Two predicted O-
glycosylation sites at positions144 and 336 in the HA were conserved in only a few of (n=10) the
viruses, isolated in both 2015 and 2016. O-glycosylation in the HA protein is also thought to
affect receptor-binding (Rauff et al, 2016)

4. Discussion

Since 2003, HPAI H5N1viral infections have increased in severity in terms of reported outbreaks
in poultry as well as the economic impact in affected countries/regions and the virus has
expanded its host range from several avian species to mammalian species including humans.
Thus it has been regarded as the most threatening influenza A subtype, and should HPAI HSN1
viruses acquire adaptations for sustained human-to-human transmission, a human pandemic
could still ensue (Webster et al., 2006).Globally, there have been 859 human cases of HSN1 with
453 deaths as at July 2017 (WHO, 2017). Thus far, only one human fatality has been reported in
Nigeria following infection with a clade 2.2 H5N1 virus (Breiman et al., 2007; Monne et al.,
2008).

In the current study, phylogenetic analysis of the HA gene showed a clustering of 2015-2016
H5N1 Clade 2.3.2.1c Nigerian viruses with strains from Eastern Europe (Bulgaria, Romania), the
Middle East (United Arab Emirates and Lebanon) and Asia (India). An earlier study established
an epidemiological link between Nigerian and Asian H5N1 strains (Monne et al., 2015) but it
was unclear whether human activities such as importation of poultry/poultry products or
migratory birds were responsible for introducing the virus to Nigeria. The number of sequences
analysed in the previous study was limited (n = 2) compared to 100 sequences employed in the
present study, here we demonstrate clearer evolutionary relationships between Nigerian isolates
and European and Middle Eastern strains of HSN1 which were recently released in public
databases.

The role of migratory birds in the transmission of HPAI H5N1 has often been debated since
2005, when bar-headed geese and other species were infected with HPAI around the Qinghai
Lake and subsequent spread to European, Middle Eastern and African countries (Webster et al.,
2006). Migratory birds from Eastern Europe or Russia seem to have played an important role in
the introduction of the 2.2 clade in Nigeria, responsible of the 2006-2008 epidemic (Fusaro et al.
2009), where the genomes of H5NI clade 2.2 viruses detected in Gombe State within the
expansive Hadejia Nguru wetland axis in Nigeria was 99.3% in the HA; 99.8% in the NA and
100% in the M1/M2 genes identical to those of a virus isolated from a migratory bird- Cygnus
olor from Czech Republic in Eastern Europe. During the 2006-2008 epidemics, the country
experienced increased number of outbreaks in the December to January cold period, which
coincided with winter migration of waterfowl from Europe to sub Saharan West Africa (Munster
and Fouchier, 2009). Shortly after the current virus was detected in Nigeria, a closely related
strain of H5N1 clade 2.3.2.1c was also detected in wild birds, including a hunting falcon in
Dubai in the Middle East (Naguib et al., 2015) and the authors described an intercontinental
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spread and a relationship with the strain found in Nigeria. This study suggests that migratory
birds might have played a role in the introduction of HPAI H5N1 clade 2.3.2.1c to West Africa,
as an epidemiological linkage of HPAI introduction from Eastern Europe through migratory
waterfowls has been reinforced by our findings. In addition, the spatio-temporal distribution of
the H5N1 clade 2.3.2.1c along major migratory birds’ flyway connecting Europe/Middle East
and Africa suggests the possibility of such scenario (Bi et al., 2016). Whereas this work does not
primarily consider the more recent HPAI H5N8 outbreaks in Africa the outbreaks of HPAI
H5NS8 virus have aligned near-perfectly with the known international fly pathways of wild
migratory birds (OIE, 2017). This, however, cannot exclude the role of poultry/poultry products
trade between Nigeria and these countries. Further study, especially within the migratory birds,
may be required to ascertain their role in the introduction of the virus.

Previous report of the index H5N1 clade 2.3.2.1c virus in Nigeria showed a high degree of
identity with Chinese H5N1 viruses from 2013. The HA gene sequence was shown to cluster
with H5 viruses collected in China in 2013 and with an H5N1 virus (A/Alberta/01/2014) isolated
from a Canadian resident who had returned from China (similarity 99.3%—-99.5%) (Pabbaraju et
al., 2013). Just as for the virus from Canada, 7 of 8 gene segments of the virus from Nigeria
clustered with HPAI A (H5N1) virus circulating in Vietnam and China, while the PB2 gene
segment resulted from reassortment with viruses circulating in the same Asian countries but
belonged to the HIN2 subtype (Monne et al., 2015).

Mutations such as the D94N, S133A, S155N that increases binding to a-2, 6, sialic acid receptor
of the HA which potentiate mammalian host adaptation (Wang et al., 2010; Pearce et al., 2017),
were not observed in this study suggesting that the Nigerian viruses still maintain preference for
avian hosts as suggested by Shittu and colleagues, 2017. However, co-circulation of the observed
genotypes led to the emergence of a predominant strain which possessed a mutation in the NA
protein (V96A) known to confer reduced susceptibility to neuraminidase inhibitors. We also
observe some characteristic amino acid signatures in the NS and polymerase proteins of the
Nigerian viruses, suggesting a correlation between molecular markers and geographical location.
These demonstrate how continuous virus replication in susceptible hosts in endemic regions
potentially drives virus evolution. Although, the implication of some of the mutations observed
in this study are yet to be reported, experimental investigations may yet reveal a significant role
they play, either in isolation or together, in virulence or host preference of the virus.

The reassortment events observed are not unexpected given the intensity and magnitude of
outbreaks and continuous detection and isolation of the virus in the field from 2015 through 2016
within the poultry population. At the time of this report, the HPAI H5N1 epidemic was still
ongoing in Nigeria. In addition, the HPAI H5N8 clade 2.3.4.4 has been reported in the country
(OIE, 2017). Hence, the possible occurrence of reassortment events between these co-circulating
viruses should be closely monitored, since new strains with unpredictable virulence may arise. These
may have the potential to infect new susceptible hosts across species, especially when contact
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spread is not effectively prevented. Reassortant virus may acquire gain of functions through
continued circulation in susceptible hosts, which could enhance its ability to infect new
susceptible hosts with potential to drive evolution in an unknown direction (Dennehy, 2017). The
identification of the predominant reassortant strain in Niger suggests that it also spread outside
Nigeria possibly through poultry /poultry product movements within the West African region
(Ekong et al., 2017).

The incremental changes and host adaptations of the phylogenetically distinguishable groups
WAL and WAZ2 co-circulating in the country as observed in this study and in an earlier report by
Shittu et al., (2017) raises concerns around poor biosecurity, especially in backyard poultry and
live bird markets compounded by uninhibited movement of poultry and poultry products across a
wide expanse of ecological zones. This study shows that one of the reassortant strains between
the two subgroups became predominant by 2016. We did not find any correlation between
genetic divergence and geographic distance among the Nigerian H5N1 viruses for any of the
eight gene segments (data not shown). This finding indicates that the different genetic variants
have been dispersed throughout the country, probably through the commercial movement of
poultry.

The short evolutionary span of less than a year, within which co-circulating strains of influenza
virus have reassorted and emerged as independent lineages in Nigerian poultry, have both
ecological and economic implications. Evidently, it is a consequence of protracted circulation
due to shortcomings in control measure policy. Control efforts must therefore address lapses in
biosecurity and ensure the cooperation of owners of birds for more effective control of HPAI,
and so-doing reduce the risk of emergent strains with biological properties that are potentially
even more dangerous to animals and humans.
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Supplementary Data

Supplemental Table 1: Strain name, collection date, and location of highly pathogenic avian influenza H5N1

viruses sequenced from Nigerian poultry during 2015-2016

S/No  Virus Collection date Location
1. AJchicken/Nigeria/16VIR-5840-1/2015 2015 Jan 14 Ringi, Kano state
2. AJduck/Nigeria/16VVIR-5840-2/2015 2015 Jan 14 Ifo, Ogun State
3. A/geese/Nigeria/16VIR-5840-3/2015 2015 Jan 13 Victoria Garden City, Lagos State
4. A/duck/Nigeria/16VIR-5840-4/2015 2015 Jan 13 Onipanu, Lagos State
5. Alchicken/Nigeria/16VIR-5840-5/2015 2015 Jan 17 Kano state
6. AJchicken/Nigeria/16VIR-5840-6/2015 2015 Jan 19 Gwarzo Road, Kano state
7. AJchicken/Nigeria/16VIR-5840-7/2015 2015 Jan 20 Tarauni LGA, Kano state
8. Alchicken/Nigeria/16VIR-5840-8/2015 2015 Jan 21 Lengel Village, Kano state
9. AJavian/Nigeria/16VIR-5840-9/2015 2015 Jan 24 lkorodu, Lagos State
1C AJchicken/Nigeria/16VIR-5840-10/2015 2015 Jan 25 Jajira, Kano state
11 AJchicken/Nigeria/16VIR-5840-11/2015 2015 Jan 26 State Low-cost, Plateau State
12 AJchicken/Nigeria/16VIR-5840-12/2015 2015 Jan 27 Chiranchi, Kano state
13 AJchicken/Nigeria/16VIR-5840-13/2015 2015 Jan 27 Kududdufawa, Kano state
1¢ AJchicken/Nigeria/16VIR-5840-14/2015 2015 Jan 28 Port Harcourt, Rivers State
1t AJchicken/Nigeria/16VIR-5840-15/2015 2015 Jan 29 Wasinmi, Ogun State
1€ AJchicken/Nigeria/16VIR-5840-16/2015 2015 Jan 29 Janguza, Kano state
17 AJavian/Nigeria/16VIR-5840-17/2015 2015 Jan 30 Oshimili North, Delta State
1& AJchicken/Nigeria/16VIR-5840-18/2015 2015 Jan 31 Apata street, Plateau State
1¢ AJchicken/Nigeria/16VIR-5840-19/2015 2015 Feb 2 Sabonbirni, Sokoto State
2( AJchicken/Nigeria/16VIR-5840-20/2015 2015 Feb 4 Narabi, Bauchi State
21 AJchicken/Nigeria/16VIR-5840-21/2015 2015 Feb 5 Narabi, Bauchi State
2% AJchicken/Nigeria/16VIR-5840-22/2015 2015 Feb 6 Ungwan Rimi, Kaduna State
2% Alchicken/Nigeria/16VIR-5840-23/2015 2015 Feb 8 Ogba, Lagos State
2¢ AJchicken/Nigeria/16VIR-5840-24/2015 2015 Feb 8 Kumbotso, Kano state
2t AJchicken/Nigeria/16VIR-5840-25/2015 2015 Feb 10 Inkil, Bauchi State
2¢ Alchicken/Nigeria/16VIR-5840-26/2015 2015 Feb 11 Igbesa, Ogun State
271 AJchicken/Nigeria/16VIR-5840-27/2015 2015 Feb 11 Zamfara State
2¢ AJchicken/Nigeria/16VIR-5840-28/2015 2015 Feb 13 Bauchi Road, Plateau State
2¢ AJchicken/Nigeria/16VIR-5840-29/2015 2015 Feb 13 Airport, Bauchi State
3( Alchicken/Nigeria/16VIR-5840-30/2015 2015 Feb 16 Abukur, Katsina State
31 AJchicken/Nigeria/16VIR-5840-31/2015 2015 Feb 16 Apata, Plateau State
3z AJchicken/Nigeria/16VIR-5840-32/2015 2015 Feb 17 Dange/Shuni, Sokoto State
3% AJchicken/Nigeria/16VIR-5840-33/2015 2015Feb 18 Bakori, Katsina State
3¢ AJchicken/Nigeria/16VIR-5840-34/2015 2015 Feb 18 Rangaza, Kano state
3t AJchicken/Nigeria/16VIR-5840-35/2015 2015 Feb 22 Igbesa road, Ogun State
3€ AJchicken/Nigeria/16VIR-5840-36/2015 2015 Feb 23 Rantya, Plateau State
37 AJchicken/Nigeria/16VIR-5840-37/2015 2015 Feb 23 Gusau, Zamfara State
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Alavian/Nigeria/16VIR-5840-38/2015
AJchicken/Nigeria/16VIR-5840-39/2015
AJchicken/Nigeria/16VIR-5840-40/2015
AJchicken/Nigeria/16VIR-5840-41/2015
Alavian/Nigeria/16VIR-5840-42/2015

¢ AJchicken/Nigeria/16VVIR-5840-43/2015

AJchicken/Nigeria/16VIR-5840-44/2015
AJchicken/Nigeria/16VIR-5840-45/2015
AJchicken/Nigeria/16VIR-5840-46/2015
AJchicken/Nigeria/16VIR-5840-47/2015
AJchicken/Nigeria/16VIR-5840-48/2015
AJchicken/Nigeria/16VIR-5840-49/2015
Alchicken/Nigeria/16VIR-5840-50/2015
AJchicken/Nigeria/16VIR-5840-51/2015
Alchicken/Nigeria/16VIR-5840-52/2015

¢ AJchicken/Nigeria/16VVIR-5840-53/2015

AJchicken/Nigeria/16VIR-5840-54/2015
Alchicken/Nigeria/16VIR-5840-55/2015
AJchicken/Nigeria/16VIR-5840-56/2015
Alchicken/Nigeria/16VIR-5840-57/2015
Alchicken/Nigeria/16VIR-5840-58/2015
AJchicken/Nigeria/16VIR-5840-59/2015
Alchicken/Nigeria/16VIR-5840-60/2015
AJchicken/Nigeria/16VIR-5840-61/2015
AJchicken/Nigeria/16VIR-5840-62/2015

. Alchicken/Nigeria/16VIR-5840-63/2015

AJchicken/Nigeria/16VIR-5840-64/2015
Alchicken/Nigeria/16VIR-5840-65/2015
Alchicken/Nigeria/16VIR-5840-66/2015
AJchicken/Nigeria/16VIR-5840-67/2015
Alchicken/Nigeria/16VIR-5840-68/2015
AJchicken/Nigeria/16VIR-5840-69/2015
AJchicken/Nigeria/16VIR-5840-70/2015
AJchicken/Nigeria/16VIR-5840-71/2015
AJchicken/Nigeria/16VIR-5840-72/2015

: Alchicken/Nigeria/16VIR-5840-73/2015

AJchicken/Nigeria/16VIR-5840-74/2015
AJchicken/Nigeria/16VIR-5840-75/2015
AJchicken/Nigeria/16VIR-5840-76/2015
AJchicken/Nigeria/16VIR-5840-77/2016
AJchicken/Nigeria/16VIR-5840-78/2016

2015 Feb 23
2015 Feb 27
2015 Feb 27
2015 Mar 9
2015 Mar 13
2015 Mar 18
2015 Mar 21
2015 Mar 23
2015 Mar 23
2015 Mar 23
2015 Mar 25
2015 Mar 25
2015 Mar 24
2015 Mar 24
2015 Mar 27
2015 Mar 30
2015 Mar 30
2015 Apr 2
2015 Apr 14
2015 Apr 23
2015 Apr 24
2015 Apr 28
2015 Jul 14
2015 Jul 29
2015 Aug 5
2015 Aug 10
2015 Aug 17
2015 Aug 20
2015 Aug 21
2015 Aug 22
2015 Aug 24
2015 Sep 17
2015 Sep 30
2015 Oct 7
2015 Oct 27
2015 Nov 13
2015 Dec 11
2015 Dec 31
2015 Dec 28
2016 Jan 5
2016 Jan 5

Gadama, Kano state

Zaria Road, Plateau State
Sabo, Kaduna State
Kumbotso, Kano state
Ado-Odo/Ota, Ogun State
Toro, Bauchi State

Makarfi, Kaduna State
Jimpi, Bauchi State

Jos North, Plateau State
Dausayi, Kano state

Jimpi, Bauchi State

Zaria Road, Plateau State
Durawa, Kano state

Kofar Dawanau, Kano state
Federal Low-cost, Plateau State
Badde, Katsina State
Rantya Gyel, Plateau State
Dandishe, Kano state

Jaba, Kano state

Federal Low-cost, Plateau State
Sabuwar Gandu, Katsina State
Kakuri, Kaduna State
Ibeshe, Lagos State
Erinkorodo, Lagos State
Agbede village, Oyo State
Aiyedoto, Lagos State
Agbor, Delta State
Poromope, Lagos State
Apapa, Oyo State

Rumuosi, Rivers State
Erinkorodo, Lagos State
Eligbolo, Rivers State
Elekahia, Rivers State
Majia, Jigawa State

Mowe, Ogun State

Bayelsa State

Ayedoto, Lagos State

Kano state

Okpanam Road, Delta State
Ozalla junction, Enugu State

Tudun Yola, Kano state
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Alturkey/Nigeria/16VIR-5840-79/2016
AJchicken/Nigeria/16VIR-5840-80/2016
AJavian/Nigeria/16VIR-5840-81/2016
AJchicken/Nigeria/16VIR-5840-82/2016

¢ A/duck/Nigeria/16VIR-5840-83/2016

AJchicken/Nigeria/16VIR-5840-84/2016
AJchicken/Nigeria/16VIR-5840-85/2016
AJchicken/Nigeria/16VIR-5840-86/2016
AJchicken/Nigeria/16VIR-5840-87/2016
AJchicken/Nigeria/16VIR-5840-88/2016
AJchicken/Nigeria/16VIR-5840-89/2016
AJchicken/Nigeria/16VIR-5840-90/2016
AJavian/Nigeria/16VIR-5840-91/2016

AJavian/Nigeria/16VIR-5840-92/2016

. Alchicken/Nigeria/16VIR-5840-93/2016

AJchicken/Nigeria/16VIR-5840-94/2016
AJchicken/Nigeria/16VIR-5840-95/2016
Alchicken/Nigeria/16VIR-5840-96/2016
AJchicken/Nigeria/16VIR-5840-97/2016

AJguinea fowl/Nigeria/16VVIR-5840-98/2016

Alchicken/Nigeria/16VIR-5840-99/2016
AJavian/Nigeria/16VIR-5840-100/2016

2016 Jan 6
2016 Jan 9
2016 Jan 12
2016 Jan 14
2016 Jan 11
2016 Jan 17
2016 Jan 18
2016 Jan 19
2016 Feb 1
2016 Feb 1
2016 Feb 5
2016 Feb 12
2016 Feb 16
2016 Mar 4
2016 Mar 7
2016 Mar 7
2016 Mar 7
2016 Marl10
2016 Mar 16
2016 Mar 19
2016 Apr 2
2016 June 24

Gwagwalada Federal Capital Territory (Abuja)
Rantya, Plateau State

Sabo Narabi, Bauchi State
Ogwashu-Uku, Delta State

Gwale Kano state

Albasawa Area, Katsina State
Rukuba Road, Plateau State

Kabala Costain, Kaduna State

Kuje, Federal Capital Territory (Abuja)
Danbare, Kano state

Tudun Wada, Plateau State

Burnin Magaji Road, Zamfara State
Batagarawa Katsina State
Kurtufamani Road, Katsina State
Rantya, Plateau State

Sabon Barki, Plateau State
Yankatsari, Kano state

Kwannawa Area, Sokoto State
Ikpoba-Okha, Edo state

Kera Village, Kano state

Jos, Plateau State

Magbon-Olorunda, Lagos State

20



Alchicken/Nigeria/16VIRE840-6/2015_HEN1
Alchicken/Nigeria/16VIR5840-16/2015_H5N1

Supplemental Figure 1: Maximum-likelihood VI

Alchicken/Nigeria/16VIRS840-21/2015

phylogenetic tree of the M gene segment of highly Nemekenisera/iovncea S0z01s 1

40-32/2015_H5N1

pathogenic avian influenza (H5N1) viruses from Aopemicmarelinsads sersore s

Alchicken/Nigeria/16VIRE840-43/2015_HS|

Alchicken/Nigeria/16VIR5840-46/2015_H5N1

Nigeria and related viruses obtained from public AR S

database e e e

Alchicken/Nigeria/16VIRS840-8/2015,
Alchicken/Nigeria/16VIRS840-53/2015_HSN
Alchicken/Nigeria/16VIR5840-54/2015_H5N1

Alchicken/Nigeria/16VIRE840-57/2015_H5N1
Aschicken/Nigeria/16VIRS840-64/2015_H5N1
Alchicken/Nigeria/16VIRE840-67/2015_H5N1

/2015_H5N1

Aschicken/Nigeria/16VIRS840-69,
Alchicken/Nigeria/16VIR5840-70/2015_H5N1
Aschicken/Nigeria/16VIRS840-72/2015_HSN1
Alchicken/Nigeria/16VIR5840-62/2015_H5N1
_|64 Alchicken/Nigeria/16VIRS840-66/2015_H5N1
Alchicken/Nigeria/16VIR5840-76/2015_H5N1
Avavian/Nigeria/16VIR5840-9/2015_H5N1
A/chicken/Niger/15VIR2060-6/2015_H5N1

Alchicken/Nigeria/16VIRS840-77/2016_H5N1

Alchicken/Nigeria/16VIRS840-75/2015_H5N
Alchicken/Nigeria/16VIRE840-97/2016_HEN1

Alchicken/Nigeria/16VIR5840-94/2016_H5N1

Avavian/Nigeria/16VIR5840-81/2016_H5N1

e A/avian/Nigeria/16VIR5840-100/2016_H5N1

Alchicken/Nigeria/16VIR5840-80/2016_H5N1

Alchicken/Nigeria/16VIRS840-85/2016_H5N1
5840-86/2016_H5N1

5840-88/2016_H5N1
plehickon/igerial1ovIRo040-60/2010_HON

i 5840-90/2016_H5N1
/\/’deﬂn/N\gerw/1£v\/IRJR40 -92/2016_|
Alchicken/Nigeria/16VIR5840-93/2016_H5N1

A/chicken/Nigeria/16VIRS840-99/2016_HENT T309A

Asguinea_f /16 0-98/2016_HSN1
/Nigeria/16VIR5840-96/2016_HSN1
key/Nigeria/16VIR5840-79/2016_H5N1
/Nigeria/16VIR5840-73/2015_H5N1
ia/16VIR5840-78/2016_H5N1
Alchicken/Nigeria/16VIRS840-95/2016_H5N1
Alchicken/Nigeria/16VIRE840-22/2015_H5N1
Alchicken/Nigeria/16VIRS840-23/2015_H5N1
Alchicken/Nigeria/16VIRE840-26/2015_H5N1
Alchicken/Nigeria/16VIRS840-35/2015_H5N1
Alavian/Nigeria/16VIR6840-42/2015_HEN1
Alchicken/Nigeria/16VIRS840-44/2015_HSN1
Aschicken/Nigeria/15VIR339-2/2015_HSN1

Alchicken/Nigeria/16VIR5840-28
Alchicken/Nigeria/16VIR5840-31

Alchicken/Nigeria/16VIRE840-39/2015_H5N1
Alchicken/Nigeria/16VIR5840-49/2015_H5N1
Alchicken/Nigeria/16VIRE840-61/2015_HEN1
Alchicken/Nigeria/16VIRS840-52/2015_HSN1

Alchicken/Nigeria/16VIRE840-45/2015_H5N1
Alchicken/Nigeria/15VIR339-1/2015_HSN1
16VIR5840-60/2015_HSN1
Alchicken/Nigeria/16VIR5840-15/2015_H5N1
Alchicken/Nigeria/16VIR5840-1/2015_H5N1
__Faso/15VIR1774-22/2015_HSN1
v

Aschicken/Nigeria/16VIR5840-20/20
Asduck/Nigeria/16VIR5840-2/2015_H:
Alehicken/@anal15VIRS480-26/2015_HEN1

ZZ 100 anay
o | N irnore e sz]

Alchicken/Ilvory_Coast/15VIR2742-3/2015_H5N1
Alchicken/@ana/20/2015_H5N1
Alchicken/®ana/15VIRE480-10/2015_H5N1
Alchicken/Burkina_Faso/15VIR1774-35/2015_H5N1
Aldomestic_bird/Burkina_Faso/15VIR1774-24/2015_HSN1
_H5NT
Alchicken/Burkina_Faso/15VIR1774-37/2015_H5N1
A/duck/Ilvory_Coast/15VIR2742-2/2015_HSN1
-18/2015_H5N1

74-23/2015_H5N1

Alchicken/Burkina_Faso/15VIR1774-4/2015_H5N1

Alchicken/@anal15VIR5480-7/2015_H5N1

Alchicken/@anal15VIR5480- a/zms H5N1
Aspartridge/@ana/15VIR5480-5/2015_HSN1
Alduck/Ghana/15VIR5480-24/2015_H5N1

Alchicken/Banar SVIRE480-12/2018_HEN1
Alchicken/@ana/24/2015,
Alduck/Ghana/15VIRE480- 16/2015 H5N1

[T —— K27R

A 6 )-38/2015_HEN
Alchicken/Nigeria/ 1 6VIRS840-14/2015_H5N1
Alchicken/Nigeria/16VIRE840-34/2015_H5N1
Alchicken/Nigeria/16VIR5840-59/2015_H5N1
Aschicken/Nigeria/16VIR5840-68/2015_H5N1
Adturtiedove/Ivory_Coast/15VIR2742-7/2015_H5N1
Aschicken/lvory_Coast/15VIR2742-5/2015_HEN1
Alchicken/Niger/15VIR2060-1/2015_HSN1
Avavian/Nigeria/16VIR5840-17/2015_H5N1
Ngeese/Nigeria/16VIRS40-2/2015 HON 1
icken/Nigeria/16VIR5840-12/2015_H5N1
A/chvcken/N\ger\aHLyVIRJBdD 25/2015_H5N1
Alchicken/Nigeria/16VIR5840-27/2015_H5N1
Alchicken/Nigeria/16VIR5840-20/2015_H5N1
Aschicken/Nigeria/16VIR5840-41/2015_H5N1
Alchicken/Nigeria/16VIR5840-61/2015_H5N1
A/chicken/Nigeria/16VIR5840-65/2015_H5N1

63

IlIIII |

_H5NT

e A\/Chicken/Nigeria/16VIRE840-

PV A K27R]

Aschicken/Nigeria/16VIRE840-13/2015_H5N1

Alchicken/Nigeria/16VIR5840-10/2015_H5N1
A/duck/India/11TRO3/2014_H5N1
= A/chicken/Nigeria/16VIR5840-63/2015_H5N1

1
8/2015_HSN1

——  Achic

A/Quail/Dubai/AR3445-25043/2014_HEN1
A/Stone_curlew/Dubai/AR3444-25042/2014_HSN1
A/Sea_Gll/Dubai/AR3443-25041/2014_HEN1
 VFalcon/Dubai/2506/2014.

Oy 014_H5N

D a_m
A/Hoabara/Dubai/2455_5/2014_HSN1
57 A/duck/india/12CA05/2014_H5N1
Alduck/India/O3CA01/2015_HSN1
AlFalcon/DubalAR3430-2253/2014_HSN1
A/Alberta/01/2014.

A rzh 2ng/112090/2014_HEN1
A emicken ARS8 7 5014 BN
Are ook/l:bvo\noe/sc/2015 N1

5_EN1
_' V7" Arrook/Chany/32/2015_HsN1
Alturkey/India/01CA01/2015_HSN1
_ | 1/2015_HSN1
Alenviroment/Henan/SNK1/2015_HSN1
~_Nsngolia/Ty 15_HSN1
A/pochard/Henan/SM1/2015_H5N1
A/whooper_swan/Henan/SKB/2015_H5N1
Alwhooper_swan/Henan/SKi/2015_H5N1
5 A/Great_black-headed_GI/Ginghai/Y(5/2015_HSN1
A/Bar-headed_Gose/Qnghai/BTY2/2015_HSN1
» 15_HSN1

Alwhooper_swan/Henan/018/2015_H5N1

Alduck/VietnarfNCVD-1968/2012_HSN1
Alchicken/VietnasiCVD-1927/2012_HEN

oo apanese. white-oye/Taoyuani6n/2012_HEN1

AU IotnarNCV 193872012 HSN

Aftiger/Jiangsu/01/2013_HSN1
A/muscovy_duck/@anh_Ninh/6/2013_HSN1
A/muscovy_duck/@ang_Ninh/7c121/2013_H5N1

Alduck/Quang_Ninh/15c111/2013_H5N1

5 A/muscovy_duck/@anh_Ninh/9/2013_H5N1

_HSN1

5 A/duck/Qiang_Ninh/13c1-2-1/2013_H5N2
o1 Alduck/Vietnar BMEE0C1-4-1/2013_HENG
Asdu VVI-36/2014_HEN1

4_H5N1
Ng/727098/2014_H5N1

"
- T Asgoose/Zheji

Alduck/Khanhhoa/CVVI-23/2013_H5N1

f————  A/chicken/VietnafiCVD-KA432/2013_HSN1
13_HSN1

{__8iruscovy_duck/VietnamBM227/2012_HSN1
_HEN1
duck/\VietnadNCVD-KA311/2012_H5N1
LB o iatmarie. 1905/2012_H5N1
f—e  A/dUCK/VietNaMQT 1726/2013_H5N1
VVI-32/2014_HEN1
A/muscovy_duck/Vietnam BMA36/2013_H5N1
Almuscovy_duck/Vietnamh BMA38/2013_H5N1
_H5NT

a

Alpheasant/Tien@ng/0020/2013_HSN1
-1 A/pheasant/Tien@ng/0021/2013_HSN1

1071-9/2007_HSN1

55 _H5N1
Alduck/chicken/Nigeria/08RS848-120/2007_H5N1

100
— _H5N1

H5N1

1/2006_H5N1

©0.003



Supplemental Figure 2: Maximum-likelihood
phylogenetic tree of the NP gene segment of
highly pathogenic avian influenza (H5N1) viruses
from Nigeria and related viruses obtained from
public database
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Supplemental Figure 3: Maximum-likelihood
phylogenetic tree of the NS gene segment of highly
pathogenic avian influenza (HSN1) viruses from
Nigeria and related viruses obtained from public
database
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Supplemental Figure 4: Maximum-likelihood
phylogenetic tree of the PA gene segment of highly
pathogenic avian influenza (HSN1) viruses from
Nigeria and related viruses obtained from public

database
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Supplemental Figure 5: Maximum-likelihood
phylogenetic tree of the PB1 gene segment of highly
pathogenic avian influenza (HSN1) viruses from
Nigeria and related viruses obtained from public
database
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