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Phylogenetic Analysis of H5N8 Highly Pathogenic
Avian Influenza Viruses in Ukraine, 2016–2017

Maryna Sapachova,1,* Ganna Kovalenko,2,3,* Mykola Sushko,1 Maksym Bezymennyi,4 Denys Muzyka,5,i

Natalia Usachenko,1 Andrii Mezhenskyi,1 Artur Abramov,6 Stephen Essen,7 Nicola S. Lewis,7,8 and Eric Bortz3,4

Abstract

Highly pathogenic avian influenza viruses (HPAIV) can be carried long distances by migratory wild birds and
by poultry trade. Highly pathogenic avian influenza (HPAI) is often lethal in domestic poultry and can sporad-
ically infect and cause severe respiratory or systemic disease in other species including humans. Since 2003, the
H5 subtype of HPAIV have spread from epicenters in China to neighboring regions in East and Southeast Asia,
and across Central Asia to the Indian subcontinent, Europe, Africa, and North America. Outbreaks of H5N1
HPAIV struck poultry in Ukraine in 2005. In 2016, A H5N8 clade 2.3.4.4b HPAIV outbreaks occurred in wild
and domestic birds in Ukraine concurrently with outbreaks in Central Europe, Russia, and the Middle East. We
report outbreaks of HPAI in domestic backyard poultry in (2016–2017) in the southern region of Ukraine, in
proximity to mass gathering sites for migratory waterfowl including mute swans (Cygnus olor). All eight ge-
nome segments of three novel H5N8 HPAIV isolated in November 2016 from two domestic backyard chickens
(Gallus gallus) and one backyard mallard duck (Anas platyrhynchos) found dead of HPAI in Azov-Black Sea
region of Ukraine were cladistically related to H5N8 2.3.4.4b HPAI viruses isolated from wild shelduck
(Tadorna tadorna) and white-fronted goose (Anser albifrons) in Askania Nova Biopreserve (Kherson district,
Ukraine) in 2016–2017 and to other contemporary H5N8 HPAIV strains sequenced from wild birds and poultry
in Eurasia. Amino acid variations in hemagglutinin were outside of the polybasic cleavage site (PLREKRRKR/
GLF), and D224G suggested avian-like receptor binding specificity; neuraminidase did not have mutations
characteristic of oseltamivir drug resistance. Outbreaks of HPAI in Ukraine highlight the continual need for
biosurveillance and genomic sequencing of avian influenza viruses along wild bird flyways and interfaces with
domestic poultry in Eurasia.
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Introduction

The H5N8 subtype of highly pathogenic avian influenza
viruses (HPAIV) have been detected in wild birds and

poultry in East Asia since 2010 (Verhagen et al. 2015). This

subtype spread widely along wild bird migratory flyways
across Eurasia to Europe, the Middle East, and Africa, and
to North America (Lee et al. 2015, Verhagen et al. 2015). Of
note, H5N8 (clade 2.3.4.4) strains infected both wild birds
and domestic poultry and, in some cases, reassorted with
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local low pathogenic avian influenza viruses (LPAIV). The
clade 2.3.4, which is one of the major genotypes in Asia,
continues to evolve as subclades, resulting in generation of
2.3.4.1, 2.3.4.2, 2.3.4.3, and 2.3.4.4.

In addition, clade 2.3.4.4 appears in various neuraminidase
(NA) subtypes such as H5N2, H5N5, and H5N8 ( Jackson
et al. 2008, Gao et al. 2011, Xu et al. 2012, Lee et al. 2015, Li
et al. 2017, Selim et al. 2017). In North America, a reassortant
H5N2 HPAIV had led to a widespread outbreak in chickens
in the United States, which resulted in the culling of over
44 million birds (Lee et al. 2015). In May 2016, novel re-
assortant H5N8 viruses of clade 2.3.4.4b were detected in
wild birds at Qinghai Lake in China and Lake Uvs-Nuur at
the Russia–Mongolia border, and once again spread to many
countries in Europe, Asia, and the Middle East (Verhagen
et al. 2015, Lee et al. 2017, Li et al. 2017, Selim et al. 2017).

With extensive wetlands in the south (Azov-Black Sea and
Danube Delta regions) that serve as spring and autumn stop-
over sites for mass migration of wild birds, and large popu-
lations of resident or semi-resident waterfowl, Ukraine lies
at an apparent ecological ‘‘hotspot’’ for emergence of avian
pathogens including avian influenza viruses (AIV) and avian
paramyxoviruses carried by wild birds (Muzyka et al. 2014,
2018). Moreover, Ukraine has widespread commercial and
backyard poultry farms, and outbreaks of highly pathogenic
avian influenza (HPAI) in poultry have been reported in-
cluding H5N1 in 2005 and H5N8 in 2014 and 2016–2017
(Muzyka et al. 2018, OIE 2021).

In this study we report the genomic analysis of three H5N8
HPAIV isolates from domestic birds found dead of HPAI in a
rural village in Ukraine in 2016–2017 and compare the
viruses with other HPAIV from similar studies in Ukraine
and other European countries to understand the origin and
genetic relationships among strains.

Materials and Methods

Outbreak sample sources and PCR diagnostics

On November 14, 2016, mass mortality of chickens and
ducks was observed in private backyard farms in Novoo-
leksandrivka village, Kherson oblast (a province-level ad-
ministrative region) in the south of Ukraine. Entire carcasses
of dead birds in good condition were submitted for necropsy
to the regional state laboratory at the oblast level. Using
standard biosafety procedures established for HPAI outbreak
response in Ukraine, the tissue samples (internal organs),
from dead birds were transported to the State Research

Institute of Laboratory Diagnostics and Veterinary and Sani-
tary Expertise (SSRILDVSE, Kyiv, Ukraine), the Ukrainian
national reference laboratory.

All procedures were followed in accordance with the state
Instruction for the Prevention and Elimination of Avian In-
fluenza in Birds (Verkhovna Rada of Ukraine 2011), which
establishes the procedure for conducting laboratory diagnosis
and veterinary and sanitary measures in cases of suspected
avian influenza in the country.

Diagnosis of HPAIV was performed by quantitative real-
time RT-PCR (qRT-PCR). First, viral RNA was extracted
from subsamples of internal organs (lung) using QIAamp
cador Pathogen Mini Kit (Qiagen). Positive AIV diagnosis
was based on qRT-PCR using universal primers targeting the
Matrix Protein (M) gene (Spackman et al. 2003). Samples
positive for AIV were typed for H5 and H7 HPAIV subtypes
by qRT-PCR using commercial test kits: Avian Influenza
Virus RNA Test Kit (VetMax Gold AIV Detection Kit),
SureFast Influenza A H5/H7 3plex; LSI RT-PCR TaqMan
Avian Influenza H5 Typing Kit; and/or LSI RT-PCR TaqMan
Avian Influenza H7 Typing Kit.

Sample selection and sequencing

As subtyping RT-PCR assays do not provide additional
genetic information to differentiate HPAI from LPAI, full
genome sequence analysis was performed. In this study, three
HPAIV H5N8-positive samples from domestic birds found
dead (two chickens and one duck) were selected for sequ-
encing; the major selection criteria identified samples that
were of sufficient RNA quality and titer (estimated by RT-
PCR Ct value) such that the samples were likely to yield high-
quality short-read data to sequence the whole virus genome.
The samples were collected in November 2016 at the start
of the outbreak in Novooleksandrivka village, Kherson ob-
last. Sample origin details are provided in Table 1.

Virus genome sequencing

Next-generation sequencing of full genomes (eight seg-
ments) of the three putative HPAIV isolates was performed at
the Animal and Plant Health Agency (APHA, Weybridge,
United Kingdom). In brief, cDNA libraries were amplified
from viral RNA with end repair, A-tailing, adaptor liga-
tion, and barcoded (NEBNext; New England Biolabs, and
NexteraXT; Illumina, Cambridge, United Kingdom) accord-
ing to the manufacturer’s instructions, and paired-end se-
quenced on an Illumina MiSeq (v2; Illumina, Inc., San Diego,

Table 1. Origin of Ukrainian Highly Pathogenic Avian Influenza Viruses

Isolates Sequenced in This Study

No. Strain name Subtype
GISAID accession

numbers Location
Collection

date
Sample
material

Type
of farm

1 A/chicken/Ukraine/1/
2016

H5N8 EPI_ISL_1121143 Kherson Oblast,
Kalanchatskiy
District,
Novooleksandrivka
village

November 14,
2016

Lungs Backyard
poultry

2 A/chicken/Ukraine/3/
2016

H5N8 EPI_ISL_1121144

3 A/duck/Ukraine/4/2016 H5N8 EPI_ISL_1121145

An oblast is a province-level administrative region in Ukraine.
GISAID, Global Influenza Sharing Database.
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CA) platform as described (Venkatesh et al. 2018). Complete
AIV genomes were constructed by reference-based assembly
following previous protocols, using contemporary H5 clade
2.3.4.4 reference genomes (Lee et al. 2017, Li et al. 2017).

Sequence alignment and phylogenetics

Consensus sequences were analyzed using Geneious R11
software and submitted to the Global Influenza Sharing Da-
tabase (GISAID) EpiFlu� nucleotide sequence database
(accession numbers: EPI_ISL_1121143; EPI_ISL_1121144;
and EPI_ISL_1121145). The consensus sequences obtained
for the three Ukrainian isolates were aligned using the MAFFT
v7 online service (Kuraku et al. 2013, Katoh et al. 2019) with
a broad set of H5N8 HPAIV genomic sequences identified
in the GISAID EpiFlu and NCBI GenBank databases. Con-
temporary H5N8 HPAIV genomes used in the tree construc-
tion set included three H5N8 HPAIV strains from Askania
Nova (AN) Biopreserve (Kherson oblast, Ukraine), which were
isolated from wild birds and sequenced previously (Muzyka
et al. 2018) by the Freidrich Loeffleur Institute, Germany:
A/white-fronted goose/AN/1-15-12/2016(H5N8), A/ruddy
shelduck/AN/2-14-12/2016(H5N8), and A/environmental
(EM)/AN/2/17(H5N8); sequences for these three strains are
available in GISAID EpiFlu database under accession num-
bers EPI_ISL_300547, EPI_ISL_300548, and EPI_ISL_
300562, respectively. Phylogenetic trees for each gene
were generated by the maximum likelihood (ML)
method using IQ-TREE (Nguyen et al. 2015), phyloge-
nomic web-server by ML with the ultrafast bootstrap
(1000) branch supports. For each gene segment the
substitution model was determined using ModelFinder
through the IQ-TREE (Kalyaanamoorthy et al. 2017) and
the best-fit models according to Bayesian information
criteria were used. The best-fit substitution models and

input sequence data varied for each segment (Table 2).
Phylogenetic trees were summarized, visualized, and
annotated in FigTree v1.4.4.

Phylogenetic assignment of H5 HPAIV clades followed es-
tablished H5 HPAIV nomenclature standards (Lee et al. 2017,
Li et al. 2017, Muzyka et al. 2018, Venkatesh et al. 2018).

Results and Discussion

HPAI outbreaks in southern Ukraine

The threat of the emerging H5N8 subtype of HPAI to wild
birds and poultry in Eurasia was well known in Ukraine and
nearby countries in Eurasia (Verhagen et al. 2015). Typically,
HPAI outbreaks had occurred in late autumn and were often
detected in poultry. In Ukraine, in November 2016, HPAI was
first detected in domestic birds (backyard poultry) found dead
in Kherson oblast, Ukraine (Fig. 1A and Table 3). After
2 weeks the Ukrainian veterinary service was informed of mass
mortality of birds in the village, and an outbreak investigation
was undertaken, including inquiry with local population, and
biosecurity measures for transport of carcasses and specimens
to a veterinary laboratory. The first clinical signs of disease
appeared about 2 weeks before collection in a backyard farm
with mixed poultry (chickens, Muscovy ducks, geese, and
turkeys) in the village Novooleksandrivka, and were consistent
with HPAI. Signs and symptoms included body dampness,
elevated temperature (>42�C), severe gastrointestinal distress
(green and white diarrhea), and death. Autopsy revealed single
pinprick hemorrhage in the gizzard, stomach, intestine, and
heart; red swollen lungs; and enlarged kidneys and spleen.
Samples were taken from *10 dead birds and analyzed by
qRT-PCR diagnostic assays for AIV and HPAIV, which con-
firmed AIV diagnosis and HPAIV of H5 pathotype (OIE 2021)
for all 10 dead birds. There were *2500 captive birds in the
Novooleksandrivka outbreak zone (outbreak no. 1, Table 3).

Poultry in Novooleksandrivka village had been vaccinated
against Newcastle disease virus (NDV) 5 months before the
outbreak using dry NDV La-Sota SPF strain (series 10, control
10) vaccine. On December 16, 2016, 10 dead wild mute swans
(Cygnus olor) were found in the same region (Fig. 1A).

The outbreaks among domestic poultry and wild birds con-
tinued and spread toward the southwestern and western parts of
the country (Fig. 1B) and were reported by veterinary authorities
in Ukraine to alert the international community (OIE 2021). As
of January 2017, a large commercial poultry farm was also af-
fected (outbreak no. 7, Table 3). In February 2017, H5N8 virus
was detected in Indian peafowl (Pavo cristatus) from a zoo in
Mykolaiv oblast (outbreak no. 9, Table 3). In the zoo there were
931 birds of 104 different species; 10 Indian peafowl died.

In total, during 2016–2017, there were nine outbreaks of
HPAI in wild and domestic birds (Table 3) in Kherson,
Odessa, Mykolaiv, Chernivtsi, and Ternopil oblasts in the
southern region of Ukraine (Fig. 1A, B). Among them, 10
positive samples were collected from wild mute swan in
Chernivtsi and Ternopil oblasts, 12 positive samples from
poultry in Chernivtsi and Odessa oblasts, and 5 positive sam-
ples from Indian peafowl in the zoo in Mykolayiv city. In
domestic poultry and zoo HPAI outbreaks, the rapid onset of
disease and spread of HPAI, and standard biosecurity mea-
sures implemented to restrict international trade in live birds
in Ukraine, suggests that contact with wild migratory birds
were the most likely route of virus introduction.

Table 2. Substitution Models Which Were Used

in the Molecular Phylogenetic Analyses

No. Segment

Best-fit substitution
model according

to BIC
Input sequence

data

1 PB2 GTR+F+G4 123 sequences with
2280 nt sites

2 PB1 GTR+F+G4 127 sequences with
2274 nt sites

3 PA GTR+F+I+G4 124 sequences with
2151 nt sites

4 HA GTR+F+G4 103 sequences with
1602 nt sites

5 NP TIM2+F+I+G4 106 sequences with
1497 nt sites

6 NA TPM2+F+G4 82 sequences with
1413 nt sites

7 MP K3P+G4 112 sequences with
982 nt sites

8 NS K3Pu+F+G4 98 sequences with
838 nt sites

BIC, Bayesian information criteria; HA, hemagglutinin; MP,
matrix protein; NA, neuraminidase; NP, nucleoprotein; NS,
nonstructural; PA, polymerase acidic; PB1, polymerase basic 1;
PB2, polymerase basic 2.
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Genetic analysis of HPAIV

All eight gene segments were sequenced for three HPAIV
study strains from the first reported outbreak in domestic poultry
(Table 1) in Novooleksandrivka village, Kalanchatskiy district
Kherson oblast (Fig. 1A). These three viruses are named:
A/chicken/Ukraine/1/2016 (H5N8); A/chicken/Ukraine/3/2016
(H5N8); and A/duck/Ukraine/4/2016 (H5N8). Genetic analysis
showed that these isolates from Ukraine were HPAIV H5N8
clade 2.3.4.4b strains, and closely related to each other. The

three study isolates shared 99–100% nucleotide identity across
all eight genes: hemagglutinin (HA), NA, polymerase basic 2
(PB2), polymerase basic 1 (PB1), polymerase acidic (PA), nu-
cleoprotein (NP), matrix (M), and nonstructural (NS), sug-
gesting a common origin for the outbreak.

BLAST analysis showed that all gene segments of H5N8
HPAIV study isolates were also closely related to other
contemporary (2016–2017) clade H5N8 2.3.4.4b strains from
Europe and Asia, suggesting that the HPAI outbreak in poul-
try in Ukraine was caused by HPAIV introduced through wild

FIG. 1. (A) HPAI H5N8
cases in wild and domestic
birds in Ukraine, November–
December 2016. Locations
of wild bird (green circle)
and domestic poultry (red
triangle) HPAI outbreaks.
The first reported outbreak in
domestic poultry in Novoo-
leksandrivka village, Kalan-
chatskiy district (Kherson
oblast), is marked (blue cir-
cle). Three HPAIV from this
outbreak were sequenced.
(B) Continuation of HPAI
H5N8 outbreaks in wild and
domestic birds in Ukraine,
January–February 2017.
Locations of wild bird (green
circle) and domestic poultry
(red triangle) HPAI out-
breaks. HPAI, highly path-
ogenic avian influenza;
HPAIV, highly pathogenic
avian influenza viruses. Color
images are available online.
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birds and occurred contemporaneously with outbreaks in
Russia, Europe, and the Middle East in wild birds and poultry
(El-Shesheny et al. 2017, Lee et al. 2017, Li et al. 2017, Selim
et al. 2017).

Analysis of HA

The receptor-binding specificity of the HA protein is a
major determinant of influenza A virus host range. The amino
acid sequence of the protease cleavage site of the HA gene
revealed multiple basic amino acids, PLREKRRKR/GLF, in
all three study strains, supporting observations of a HPAI
phenotype in poultry, where proteolytic activation of the HA
protein by ubiquitous proteases enables systemic spread of
virus (Lee et al. 2017). The receptor binding site (RBS) of the
HA protein contained the Gln 222 and Gly 224 residues (H5
numbering; Q226 and G228 in H3 numbering), indicating an
avian-like receptor binding specificity (a-2,3-linked sialic
acids) (de Vries et al. 2017).

Other mutations in the HA protein such as D183N, K189N,
Q192K, and S223R were also found in all H5N8 Ukrainian
study isolates. Of note, Koel et al. (2014) identified that HPAI
H5N1 viruses of clade 2.1 in Indonesia with amino acid changes
at positions immediately adjacent to the RBS (e.g., D183N and
R189M) are in part responsible for antigenic changes, and es-
cape from neutralizing antibody response (Koel et al. 2014). An
S133A antigenic site mutation in the HA in the three H5N8
study strains might also suggest immune evasion (Matrosovich
et al. 2008). However, how the amino acid variations in HA
might associate with disease phenotypes is unknown.

Analysis of NA

The enzymatic activity of the catalytic site of influenza A
virus NA proteins cleaves a2-3- and a2-6-linked sialic acid
and other glycans on the host cell membrane, releasing viral
particles containing the glycan-binding HA virion surface

glycoprotein from host cells (Colman 1994). Thus, NA has
been an attractive target for antiviral drug development.
Particularly in human N1 and N2 viruses, increased use of
NA inhibitors (NAI) and the error-prone nature of viral RNA
polymerase can result in the development of NAI-resistant
influenza viruses (Spackman et al. 2003, Venkatesh et al.
2018). In the Ukrainian H5N8 viruses from this study, ab-
sence of substitution H274Y, the presence of R152 in the
catalytic site, I222, and R292 (N2 numbering) suggest sen-
sitivity to oseltamivir.

The NA glycoprotein possesses pockets that consist of
several residues with enzymatic activity (Colman 1994). All
three study strains had the common mutation G147D (N2
numbering), critical for the conformation of a cavity con-
taining residues 147–152 in the NA enzyme active site that
binds to NAI with similar affinities in N1 and N2 subtypes
(Wang et al. 2011, Wu et al. 2013). The majority of AIV
possess G at residue 147 of NA protein, whereas AIV of the
N5 subtype and human viruses of the N2 subtype mainly have
N at this position, resulting in an extended form of the cavity
(Wang et al. 2011) that confers NAI resistance, but is not
found in clinical samples after NAI treatment (Orozovic et al.
2011, Wu et al. 2013). Although the G147R substitution
found in the N9 subtype conferred NAI susceptibility similar
to that of the parental virus (Song et al. 2015), the novel
G147V in the N5 subtype and N147I in the N8 subtype re-
duced inhibition by zanamivir. Thus, the sensitivity of N8 NA
possessing G147D to NAI requires empirical data. Moreover,
the genetic stability of variant amino acids and NAI pheno-
types at residue 147 is poorly understood (Choi et al. 2017).

Other NAI resistance mutations, for example, E119A,
H274Y, and N294S (N2 numbering), were not found.

Analysis of polymerase genes

Polymerase proteins play important roles in restricting
viral transmission from avian species to humans (Gabriel

Table 3. Highly Pathogenic Avian Influenza Disease Outbreak Summary, Ukraine, 2016–2017

No. Outbreak location Start date Affected species Susceptible
HPAI
cases Deaths Culled

1 Kherson Oblast, Kalanchatskiy
District, Novooleksandrivka village

November
14, 2016

Domestic poultry
(backyard)

2500 410 410 0

2 Kherson Oblast, Genicheskiy District,
Novodmytrivka village

December
16, 2016

Domestic poultry
(backyard)

98 6 6 92

3 Kherson Oblast, Kakhovskiy District,
Tsukury village

December
16, 2016

Domestic poultry
(backyard)

30 2 2 28

4 Kherson Oblast, Kakhovskiy District,
Novokamyanka village

December
16, 2016

Wild birds; mute
swan (Cygnus olor)

Not available 10 10 0

5 Chernovtsy Oblast, Kitsmanskiy
District, Chortoryia village

January 3,
2017

Domestic poultry
(backyard)

37 14 14 23

6 Chernovtsy Oblast, Kitsmanskiy
District, Chortoryia village

January 1,
2017

Wild birds; mute
swan (C. olor)

Not available 23 23 0

7 Odesa Oblast, Kiliyskiy District,
Myrne village

January 3,
2017

Domestic poultry
(commercial farm)

10,251 1099 1099 9152

8 Ternopil Oblast, Borschivskiy
District, Vilkhovets village

January 15,
2017

Wild birds; mute
swan (C. olor)

Not available 21 21 0

9 Mykolayiv Oblast, Mykolayiv city February 14,
2017

Captive zoo birds;
Indian Peafowl
(Pavo cristatus)

931 10 10 0

Domestic poultry were predominantly chickens, with a lesser number of ducks and geese; zoo birds included 931 birds 104 species, only
Indian peafowl was affected by HPAI; an oblast is a province-level administrative region in Ukraine. Data source: OIE (2021).

HPAI, highly pathogenic avian influenza.
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et al. 2007, Manz et al. 2013). PB1 amino acid residues N375
and S678, and PA T97 and T552, were characteristic of
strains adapted to avian cells (Gabriel et al. 2007).

The H5N8 HPAIV study strains have not acquired adap-
tive changes (phenotypic markers) in polymerase complex

proteins. The PB2 protein of the Ukrainian strains did not
have mutations that have been experimentally associated
with adaptation to mammals (Gabriel et al. 2007, Bortz et al.
2011). Nor did they carry other changes, such as PB1
(Y436H), and PA (T515A, T97I), that are associated with

FIG. 2. (A) Maximum likelihood phylogenetic tree of the HA gene of the H5N8 subtype. H5N8 HPAIV collected in
Ukraine from domestic (red) and wild (blue) (Muzyka et al. 2018) birds. Bootstrap supports are indicated next to the nodes,
whereas branch lengths are scaled according to the number of nucleotide substitutions per site. H5N8 clade 2.3.4.4b is
highlighted in yellow; H5N8 clade 2.3.4.4a in green and H5N6 subtype in orange. (B) Maximum likelihood phylogenetic
tree of the NA gene of the H5N8 subtype. H5N8 HPAIV collected in Ukraine from domestic (red) and wild (blue) (Muzyka
et al. 2018) birds. Bootstrap supports are indicated next to the nodes, whereas branch lengths are scaled according to the
number of nucleotide substitutions per site. H5N8 clade 2.3.4.4b is highlighted in yellow; H5N8 clade 2.3.4.4a in green. HA,
hemagglutinin; NA, neuraminidase. Color images are available online.
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increased potential for virulence and viral replication in
mammals (Cheng et al. 2014). However, the study strains PB1
carried P13 and V473 that have been reported to increase in
viral polymerase activity in mammalian cells (Gabriel et al.
2007, Xu et al. 2012).

Analysis of M, NP, and NS genes

Markers of amantadine resistance (V27A and S31N) in M2
protein were not found in the H5N8 HPAIV study strains
from Ukraine. The NP is highly conserved among influenza
A viruses. NP amino acids were avian type in the Ukrainian
study strains, including N319, associated with enhanced viral
RNA synthesis in mammalian cells (Gabriel et al. 2007); and
G16, L283, F313, and Q357, residues that can modulate
NP evasion of MxA in mammalian cells (Gao et al. 2011).

Influenza NS1 is a multifactorial protein that inhibits host
immune responses and regulates viral replication. NS1 of the
H5N8 HPAIV study strains was 217 a.a. long, possessing a
common 13 a.a. truncation [length variation type LVT(-13)].
This NS1 with LVT(-13) has no mammal-adaptive ‘‘avian-
like’’ ESEV motif at the C-terminus ( Jackson et al. 2008),
lacking nuclear location signals and the poly(A)-binding
protein II (PABII) binding site (Melén et al. 2007, Jackson
et al. 2008). Some H6N1 AIV with LVT(-13) can infect
minor poultry species more easily than chickens (Tai et al.
2007). NS1 positions D92, F103, M106, and D125 were avian
adaptive (Schrauwen and Fouchier 2014).

Phylogenetic analysis of the Ukrainian H5N8 HPAIV
study strains

We conducted phylogenetics analyses by generating trees
using ML method for each gene segment, in comparison with
a subset of other H5N8 HPAIV and AIV. For all eight gene
segments, the Ukrainian study strains had significant ho-
mology to other H5N8 HPAIV strains isolated in Europe
and Asia during 2016–2017, clustering with strains from
Ukraine, Europe (Belgium, Denmark, Switzerland, etc.) and
the Russian Federation, as separate groups on the phyloge-
netic trees.

The study suggests that the three H5N8 HPAIV study
strains from Ukraine were likely derived from the H5N8
clade 2.3.4.4b group HPAIV circulating among poultry in
eastern China in 2015, and shared a common ancestor with
A/duck/eastern China/S0215/2014 (H5N8) and descendent
strains (Fig. 2A, B and Supplementary Fig. S1). Ukrainian
study isolates shared genetically similar HA, NA, PB1, M,
and NS segments to those of H5N8 viruses detected in wild
birds in Qinghai Lake in China (Li et al. 2017), and proto-
typical clade 2.3.4.4b strains from Lake Uvs-Nuur at
Russia–Mongolia in spring in 2016 (Lee et al. 2017). The
PB2, PA, and NP segments of the three study viruses also
grouped most closely with these HPAIV; however, related
gene segments were found in both H5N5 and H5N6 HPAIV,
and LPAIV, in Europe and Asia (Mongolia, Bangladesh,
China, and Singapore).

FIG. 2. Continued.
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When the H5N8 clade 2.3.4.4b HPAIV strain reached
Ukraine in November 2016, mass mortality in domestic
and wild birds was reported (Table 3). For all eight gene
segments, other three H5N8 HPAIV contemporary strains
(Muzyka et al. 2018) that were identified in wild birds in
Askania Nova Biopreserve appear in the same clade as the
three Ukrainian poultry strains that we sequenced (Fig. 2A, B
and Supplementary Fig. S1). These wild bird strains, A/white-
fronted goose/AN/1-15-12/2016 (H5N8), A/ruddy shelduck/
AN/2-14-12/2016 (H5N8), and A/environmental (EM)/
AN/2/17 (H5N8), were extracted from the virus-containing
allantoic fluid after two egg passages, perhaps explaining mi-
nor nucleotide changes among the six Ukrainian viruses.

We conducted a comparative analysis of three novel H5N8
clade 2.3.4.4b HPAIV strains in Ukraine from late 2016.
Direct or indirect contact with wild birds was the most likely
route of virus introduction into backyard poultry farms and
a zoo. In 2016–2017, H5N8 HPAIV infections were also
reported in Poland, Romania, Austria, Hungary, Germany,
Russia, Egypt, Iran, and other countries, suggesting that mi-
gration of wild birds carrying H5 clade 2.3.4.4b viruses were
the cause of contemporaneous outbreaks along Eurasian fly-
ways (Fig. 2A) (Lee et al. 2015, 2017, Verhagen et al. 2015,
Li et al. 2017, Selim et al. 2017, Muzyka et al. 2018). HPAIV
outbreaks usually occurred in the late autumn and winter
periods (November–February) that coincide with the south-
ern migrations of wild birds.

Although a similar outbreak pattern has again been ob-
served in recent H5 clade 2.3.4.4b HPAI outbreaks in Europe
and Asia in 2019–2021 (Lewis et al. 2021), including Ukraine
(OIE 2021), resident or semi-resident waterfowl also have
been suggested to be reservoirs involved in local amplifica-
tion of outbreaks in 2016–2017 (Poen et al. 2018). H5 clade
2.3.4.4b viruses have also reassorted with LPAIV strains,
with reassortants identified in both wild birds and poultry
(Lycett et al. 2020, Lewis et al. 2021); this phenomenon was
also observed in this outbreak in Ukraine (E.B., pers. comm.).

Conclusion

In our study we analyzed the phylogenetic proximity of
domestic poultry H5N8 HPAIV to wild bird viruses in all
eight gene segments, and suggest that wild migratory birds
have played a key role in the introduction of H5N8 HPAIV in
Ukraine. This is not unprecedented, with wild birds as initial
drivers of numerous HPAI outbreaks that subsequently
spread and amplify in poultry (Verhagen et al. 2015, Poen
et al. 2016, Muzyka et al. 2018, Lewis et al. 2021). Tens of
thousands of migrating waterfowl crossing Europe, Asia, and
Africa use the wetlands of southern Ukraine as a resting
stop, a ‘‘hotspot’’ for avian viruses (Muzyka et al. 2014).

Of importance, the identification of closely related HPAIV
in both domestic poultry and wild birds in the same eco-
geographic region highlights the risk of wild bird:poultry
spillover. The veterinary sector in Ukraine has an integrated
network of regional (oblast or provincial level) laboratories,
and central laboratories in the capital (Kyiv). Ukraine, like
other countries in the region, is part of the World Organiza-
tion for Animal Health (OIE), and maintains close relation-
ships with reference laboratories in the EU and the United
States. Recent Ukrainian, U.S. and E.U.-funded programs
have supported systematic surveillance in wild and domestic

birds, and built genomic sequencing capacity for AIV gen-
otyping, to inform outbreak control measures and potentially
provide early warning of the introduction of HPAI.

Data Availability Statement

Sequence accession numbers in GISAID (‘‘global initiative
on sharing avian influenza data’’) are as follows: EPI_ISL_
1121143 for A/chicken/Ukraine/1/2016; EPI_ISL_1121144
for A/chicken/Ukraine/3/2016; and EPI_ISL_1121145 for
A/duck/Ukraine/4/2016.
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