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Asian highly pathogenic avian influenza A(H5N8) viruses
spread into North America in 2014 during autumn bird migra-
tion. Complete genome sequencing and phylogenetic analy-
sis of 32 H5 viruses identified novel HSN1, H5N2, and H5N8
viruses that emerged in late 2014 through reassortment with
North American low-pathogenicity avian influenza viruses.

Highly pathogenic avian influenza (HPAI) viruses cause
systemic infection and high mortality in poultry spe-
cies and belong to either the HS or H7 hemagglutinin (HA)
subtypes. In particular, the Asian-origin influenza A(H5N1)
A/goose/Guangdong/1/1996 (Gs/GD) lineage of HPAI vi-
ruses has become widespread across 4 continents, affecting
poultry, wild birds, and humans (7).

The H5SN1 HPALI virus has evolved into 10 genetically
distinct virus clades (0-9) and subclades (2). During 2005—
2006, clade 2.2 viruses spread from Qinghai Lake, China, to
countries across Asia, Europe, and Africa (3). Since 2008,
HPALI viruses bearing the HA gene of the Gs/GD lineage
H5 clade 2.3.4 with N2, N5, and N8 neuraminidase (NA)
subtypes have been identified in mainland China (4,5). In
early 2014, outbreaks of novel reassortant HSN6 viruses of
clade 2.3.4.4 HA were reported in China, Laos, and Viet-
nam (6) and of H5N8 viruses of the same clade in Japan
and South Korea (7). Subsequently, HS clade 2.3.4.4 HPAI
viruses originating in East Asia were detected in countries
of Asia and Europe and, in late 2014, in North America
(8). Since first being identified in the Pacific Northwest of
the United States, HPAI viruses have been detected in 21
states. Approximately 7.5 million turkeys and 42.1 million
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chickens have died or have been depopulated as a result
(https://www.aphis.usda.gov/wps/portal/aphis/ourfocus/
animalhealth/sa_animal disease information).

In this study, we conducted a comparative phylogenet-
ic analysis of 32 newly sequenced H5 clade 2.3.4.4 HPAI
viruses identified in the United States, including 2 H5N1,
12 H5N2, and 18 H5N8 viruses, to estimate the evolution-
ary history and to elucidate diversification patterns since
emergence in North America. The methods used are de-
tailed in online Technical Appendix 1 (http://wwwnc.cdc.
gov/ElD/article/22/7/16-0048-Techapp1.pdf).

Phylogenetic analyses confirmed the wide geographic
dispersion of Gs/GD-lineage HS5 clade 2.3.4.4 HPAI viruses
since late 2014 and movement of this virus from East Asia
to North America, West Asia, and Europe (online Techni-
cal Appendix 1 Figure 1). High bootstrap values (>70%)
and long branches in the HA phylogeny supported the de-
lineation of these viruses into 4 groups (online Technical
Appendix 1 Figure 2). Group intercontinental A (icA) com-
prises HSN8 viruses identified from China in early 2014
and South Korea, Japan, Taiwan, Canada, the United States,
and European countries. The estimated time to most recent
common ancestor (tMRCA) was June 2013 (95% Bayesian
credible interval [BCI] April-October 2013). Group icA
includes reassortant HSN2 and H5N3 viruses from Taiwan
and H5N1 and H5N2 viruses from North America. Group
B comprises H5NS viruses identified from China in 2013
and Korea in 2014 (tMRCA April 2013, 95% BCI Octo-
ber 2012—August 2013). Group C comprises HSN6 viruses
identified from China and Laos during 2013-2014 and
HSNI viruses identified from China and Vietnam in 2014
(tMRCA November 2012, 95% BCI March 2012-May
2013). Group D comprises H5SN6 viruses identified from
China and Vietnam during 2013-2014, including isolates
from infected humans (A/Sichuan/26221/2014[HSN6] and
A/Guangzhou/39715/2014 [H5N6]) (tMRCA September
2012, 95% BCI February 2012—-February 2013). These HS
reassortant viruses were descendants of clade 2.3.4 H5N1
viruses identified in 2005 (online Technical Appendix 1
Figure 1).

Previous studies reported novel reassortant HSN1 and
HSN2 viruses of group icA (9,1/0); the HSN1 and H5N2
viruses we sequenced in this study in had identical genome
constellations (Figure; Technical Appendix 1 Figures
3-5). Reassortment events after the initial introduction of a
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group icA H5NS8 virus to low-pathogenicity avian influen-
za (LPAI) viruses led to the divergence of H5 viruses into
distinct subtypes, including H5SN1, H5N2, and reassortant
HSNS. Sixteen H5NS viruses sequenced in this study had
identical genome constellations with previously reported
H5NS8 viruses from East Asia. In addition, 2 H5NS reas-
sortant isolates identified from Oregon in January 2015 (A/
American wigeon/Oregon/AH0012525/2015 and A/Cana-
da goose/Oregon/AH0012452/2015) had polymerase basic
1 and polymerase acidic genes derived from North Ameri-
can lineage LPAI viruses that did not cluster with the HSN1
and H5N?2 reassortant viruses (online Technical Appendix
1 Figure 5). Ongoing analysis of existing wild bird surveil-
lance data might aid in filling in the relatively long hori-
zontal branches of the NA and internal genes of HS reas-
sortant viruses derived from North American LPAI viruses.
The occurrence of multiple reassortment events means that
group icA H5NS virus was infecting the same wild birds
that were infected with North American LPAI viruses but
also that the tissue tropism of Asian HSN8 HPAI and North

American LPAI viruses were overlapping, most likely in
the cells lining the respiratory and intestinal tract (/7).

The estimated tMRCA of HS5 viruses identified in
the United States was October 2014 (95% BCI July—No-
vember 2014). The estimated tMRCA of reassortant vi-
ruses identified in the United States was December 2014
for H5N1 (95% BCI December 2014—December 2014),
November 2014 for HSN2 (95% BCI October 2014—No-
vember 2014), and December 2014 for HSNS (95% BCI
November 2014—January 2015) (Table). The tMRCA of
H5N8 viruses corresponded to the autumn bird migration
season, supporting the hypothesis that Eurasian H5NS§
clade 2.3.4.4 virus spread via migratory birds (8,/2,13).
Subsequently, HSN2 reassortant viruses emerged in No-
vember 2014, and H5N1 and H5NS reassortant viruses
emerged in December 2014 (Table; online Technical Ap-
pendix 1 Figures 3-5).

Wild bird migration and illegal trade of infected poultry,
eggs, and poultry products have caused the spread of HPAI
viruses (/4). The South Korea H5NS outbreak in January

Table. tMRCA for H5 highly pathogenic avian influenza viruses, by gene, United States, 2014-2015

tMRCA (95% BClI, posterior probability)

Gene H5N8 H5N8 reassortant H5N1 reassortant H5N2 reassortant
HA Oct 2014 Dec 2014 Dec 2014 Nov 2014

(Jul 2014—Nov 2014, 0.81) (Nov 2014—Jan 2015, 0.67)  (Dec 2014—-Dec 2014, 1.00)  (Oct 2014—Nov 2014, 0.99)
NA Jul 2014 Dec 2014 Mar 2014 Sep 2014

(Feb 2014-Nov 2014, 0.76)  (Nov 2014—Jan 2015, 1.00) (Jul 2013—Oct 2014, 1.00) (Jun 2014— Nov 2014, 1.00)
PB2 Oct 2014 Dec 2014 Nov 2014 Nov 2014

(Aug 2014—Nov 2014, 1.00)  (Oct 2014— Jan 2015, 0.48)  (Oct 2014—-Dec 2014, 0.95)  (Oct 2014— Nov 2014, 0.99)
PB1 Oct 2014 Dec 2014 Dec 2014 Oct 2014

(Jul 2014—Nov 2014, 1.00) (Nov 2014—Jan 2015, 1.00)  (Nov 2014-Dec 2014, 1.00)  (Aug 2014— Nov 2014, 1.00)
PA Sep 2014 Nov 2014 Nov 2014 Oct 2014

(Jul 2014—Nov 2014, 0.38) (Sep 2014—Jan 2015, 1.00)  (Oct 2014-Dec 2014, 0.98)  (Sep 2014—Nov 2014, 1.00)
NP Jul 2014 Nov 2014 Nov 2014 Nov 2014

(Mar 2014—Nov 2014, 0.53) (Jul 2014-Jan 2015, 0.67) (Oct 2014-Dec 2014, 1.00)  (Jun 2014-Nov 2014, 1.00)
M Jul 2014 Nov 2014 Dec 2014 Aug 2014

(Jan 2014-Dec 2014, 0.95)  (Jun 2014-Jan 2015, 0.38)  (Nov 2014-Dec 2014, 1.00)  (Mar 2014—Nov 2014, 0.34)
NS May 2014 Dec 2014 Nov 2014 May 2014

(Nov 2013—-Nov 2014, 0.08)

(Nov 2014-Jan 2015, 1.00)

(Sep 2014-Dec 2014, 1.00)

(Oct 2013-Oct 2014, 0.86)

*BCl, Bayesian credible interval; HA, hemagglutinin; M, membrane; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural; PA, polymerase acidic;
PB1, polymerase basic 1; PB2, polymerase basic 2; tMRCA, time to most recent common ancestor.
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2014 was the first HSNS8 virus reported outside of China.
Wild migratory birds were suspected to play a key role in the
introduction of group icA and B viruses from eastern China
and in the subsequent spread during the 2014 South Korea
outbreak (/5). Previous studies hypothesized that wild bird
migration might play a role in dispersal of these viruses; the
HS5N8 virus was identified in a long-distance migrant bird
(Eurasian wigeon, Anas penelope) in eastern Siberia in Sep-
tember 2014 and subsequently in multiple wild bird species
in Japan, Europe, and the west coast of North America in
November and December 2014 (8,/2). In contrast, group C
H5N6 HPAI viruses in Laos were most likely transmitted by
live poultry imports from China (6).

The continued reassortment of H5 clade 2.3.4.4 HPAI
viruses with co-circulating HPAI and LPAI viruses created
a diverse genetic pool of HS clade 2.3.4.4 that has spread
to various countries. This contrasts with the expansion
of H5N1 clade 2.2 from Asia to Western Europe during
2005-2006, when such frequent reassortment was not re-
corded. In eastern China, HSN2 HPALI viruses isolated in
2011 were generated from reassortment events in which the
neuraminidase and nonstructural gene segments of H5N1
HPALI viruses were replaced with those derived from lo-
cally circulating LPAI viruses (4). The HSN8 viruses of
group B had polymerase basic 2, neuraminidase, and non-
structural genes derived from local LPAI viruses (5). The
HS5NG6 viruses of group C identified in Laos were generated
through reassortment between H5N1 viruses from clade
2.3.2.1b, clade 2.3.4, and H6N6 LPAI viruses that circulate
broadly in duck populations in China (6).

HS clade 2.3.4.4 viruses have spread globally through
wild bird migration and the poultry trade (6,8,/2,13). In
addition, these viruses generated a variety of reassortant vi-
ruses that shuffled genes with prevailing local viruses. The
continued circulation of HPAI viruses in wild and domestic
avian populations contributes to the persistence and diver-
sity of circulating avian influenza viruses. Enhanced active
surveillance provides the opportunity to monitor the spread
and reassortment of clade 2.3.4.4 and to fortify the biosecu-
rity of farms in affected regions.
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