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Highly pathogenic clade 2.3.4.4 H5N8, H5N2, and H5N1 influenza A viruses were first detected in wild, captive,
and domestic birds in North America in November-December 2014. In this study, we used wild waterbird sam-
ples collected in Alaska prior to the initial detection of clade 2.3.4.4 H5 influenza A viruses in North America to
assess the evidence for: (1) dispersal of highly pathogenic influenza A viruses from East Asia to North America
by migratory birds via Alaska and (2) ancestral origins of clade 2.3.4.4 H5 reassortant viruses in Beringia. Al-
though we did not detect highly pathogenic influenza A viruses in our sample collection from western Alaska,

ﬁﬂgm& we did identify viruses that contained gene segments sharing recent common ancestry with intercontinental

Beringia reassortant HSN2 and H5N1 viruses. Results of phylogenetic analyses and estimates for times of most recent

H5N1 common ancestry support migratory birds sampled in Beringia as maintaining viral diversity closely related to

H5N2 novel highly pathogenic influenza A virus genotypes detected in North America. Although our results do not elu-

glﬂuenza cidate the route by which highly pathogenic influenza A viruses were introduced into North America, genetic ev-
eassortment

idence is consistent with the hypothesized trans-Beringian route of introduction via migratory birds.

Published by Elsevier B.V.

1. Introduction

Highly pathogenic (HP) HS5N1 subtype influenza A viruses (IAVs) of the
A/goose/Guandong/1/1996 (Gs/Gd) lineage have circulated among domes-
tic poultry in eastern Asia since 1996, resulting in outbreaks of disease in
wild birds, domestic poultry, and humans (Li et al., 2004; Chen et al.,,
2005) and ultimately leading to the emergence of numerous HP
reassortants including H5N2, H5N5, H5SN6, and HS5N8 (Zhao et al., 2012,
2013; Qi et al.,, 2014). In 2014, Gs/Gd lineage H5N8 IAVs were detected in
South Korea and associated with widespread outbreaks of clinical disease
in domestic poultry and wild birds (Jeong et al., 2014; Lee et al., 2014). De-
spite extensive efforts to control and eradicate HP H5N8 IAVs in South
Korea, these viruses were purportedly maintained in domestic and wild
waterfowl in the region (Hill et al,, 2015), dispersed through migration to
breeding grounds in northern Russia, and eventually detected in wild, cap-
tive, and domestic birds in Europe and North America beginning in
November-December 2014 (Ip et al., 2015; Lee et al,, 2015; Verhagen
et al., 2015). Although evidence for the intercontinental spread of HP
H5NB8 IAVs by wild birds is circumstantial, previous research conducted in
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western Alaska provides evidence for dispersal of viruses by migratory
birds between East Asia and North America via a trans-Beringian pathway
(Ramey et al,, 2015).

Concurrent with the initial detection of Gs/Gd lineage H5N8 IAVs in
North America, a reassortant HP H5N2 subtype virus was associated with
an outbreak of disease in domestic poultry in British Columbia, Canada
(Pasick et al., 2015) and, shortly thereafter, a highly similar virus was iden-
tified from a sample collected from a wild northern pintail (Anas acuta) in
Washington, USA (Ip et al,, 2015). These viruses were characterized as hav-
ing five gene segments (PB2, PA, HA, M, and NS) closely related to Gs/Gd
lineage H5N8 IAVs, including an H5 subtype hemagglutinin gene segment
designated as belonging to clade 2.3.4.4, as well as three North American
lineage gene segments (PB1, NP, and NA). Viruses of the HSN2 subtype
were subsequently associated with numerous outbreaks of disease in do-
mestic poultry in the Midwestern USA (OIE, 2015). Additionally, HP clade
2.3.4.4 (henceforth HP) reassortant IAVs of the H5SN1 subtype were detect-
ed from two samples collected from wild ducks in Washington, USA during
December 2014-January 2015 (OIE, 2015; Torchetti et al., 2015). Similar to
the intercontinental reassortant HP HSN2 viruses, these H5N1 viruses were
comprised of gene segments closely related to Gs/Gd lineage H5N8 1AVs
(PB2, HA, NP, and MA) and others of North American wild bird lineages
(PB1, PA, NA, and NS).
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In the autumn of 2014, prior to the detection of clade HP H5 IAVs in
North America, we collected samples from wild waterbirds in western
Alaska as part of ongoing research to understand the intercontinental
dispersal of viruses. In this study, our objectives were to analyze these
samples to assess the evidence for: (1) the dispersal of HP H5 IAVs
from East Asia to North America by migratory birds via Alaska and
(2) possible ancestral origins of HP reassortant viruses in Beringia. Spe-
cifically, we screened samples from western Alaska collected temporally
proximate to the first detection of HP H5 viruses in North America for
HP IAVs, viruses with highly similar gene segments to HP H5N8 IAVs
associated with outbreaks in East Asia, and possible progenitor strains
to intercontinental reassortant HP HSN2 and H5N1 viruses detected in
North America.

2. Materials and methods

During September and October of 2014, cloacal and environmental
samples were collected from wild birds at Izembek National Wildlife
Refuge (NWR) located on the Alaska Peninsula (Fig. 1). Cloacal samples
were collected from hunter-harvested birds and environmental
samples were obtained by swabbing freshly deposited feces from loca-
tions where monospecific flocks were congregated. Swab samples
were submersed in viral transport media and frozen in dry shippers
charged with liquid nitrogen prior to laboratory analysis. A total of
993 samples were collected from 19 species (Table 1). Samples were
screened for the influenza A virus MA gene using real-time RT-PCR
(Spackman et al., 2002) and those yielding cycle threshold values <45
were inoculated into embryonated chicken eggs (n = 99) for virus
isolation (Woolcock, 2008) resulting in the recovery of 41 isolates
(Table 1).

Viral RNA for the 41 isolates was extracted using MagMax Al/NDV
RNA extraction kit (Ambion Inc.). Virus genomes were amplified in a
multiplex RT-PCR using Super ScriptTM IIl One-Step RT-PCR System
with Platinum® Taq High Fidelity (Invitrogen), and primers and proto-
cols described in Zhou et al. (2009). Excess dNTPs and primers were

Fig. 1. Map depicting the location of Izembek National Wildlife Refuge (yellow star) within
overlapping (green polygon) northern regions of the East Asian-Australasian (yellow
polygon) and Pacific Americas (blue polygon) flyways. South Korea, which experienced
repeated outbreaks of clade 2.3.4.4 H5N8 influenza A in wild and domestic birds in early
2014, prior to the breeding season of migratory birds, is indicated in red. The approximate
location of Whatcom County, Washington (USA) at which clade 2.3.4.4 H5N1, H5N2, and
H5NS8 influenza A viruses were first detected in wild birds in North America in December
2014 (or a captive bird that had recently fed on wild birds in the case of H5SN8), subse-
quent to the breeding season for migratory birds, is depicted with a red star.(For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 1

Number of wild bird samples collected at [zembek National Wildlife Refuge, Alaska during
September-October 2014 by species and results of molecular screening (MA+) and virus
isolation (VI+)'.

Species n= MA+ VI+
American green-winged teal (Anas crecca) 69 17 8
American wigeon (Anas americana) 11 1 0
Black brant (Branta bernicla) 21 0 0
Black scoter (Melanitta americana) 1 0 0
Bufflehead (Bucephala albeola) 10 2 2
Canvasback (Aythya valisineria) 1 0 0
Common eider (Somateria mollissima) 1 0 0
Common goldeneye (Bucephala clangula) 2 0 0
Emperor goose (Chen canagica)” 294 14 3
Eurasian wigeon (Anas penelope) 1 0 0
Greater scaup (Aythya marila) 21 0 0
Glaucous-winged gull (Larus glaucescens)” 348 6 3
Gyrfalcon (Falco rusticolus) 1 0 0
Harlequin duck (Histrionicus histrionicus) 2 0 0
Mallard (Anas platyrhynchos) 49 18 8
Northern pintail (Anser acuta) 147 40 17
Northern shoveler (Anas clypeata) 5 1 0
Red-breasted merganser (Mergus serrator) 6 0 0
White-winged scoter (Melanitta deglandi) 3 0 0
Totals 993 99 41

* Unpooled fecal samples; all other samples were cloacal swabs.
T MA +, cycle threshold value <45 using real-time reverse transcriptase PCR specific for
influenza A virus matrix gene; VI+, virus isolated in specific pathogen free eggs.

removed using ExoSAP-IT ® (USB Corporation). PCR products were
quantified using a Quant-iT dsDNA HS Assay Kit (Invitrogen) and pre-
pared for sequencing using a Nextera XT DNA library preparation kit
(Illumina, Inc.). Indexed libraries were pooled and sequenced on the
[llumina MiSeq using a 500 cycle reagent kit with paired-end reads. Se-
quence reads were assembled with Bowtie 2 version 2.2.3 (Langmead
and Salzberg, 2012) using reference data for IAVs obtained from
GenBank (Bao et al., 2008) to map reads. Consensus sequences were
generated with SAMtools version 1.1 (Li et al., 2009). An average of
627,843 reads were aligned per isolate (range 133,986-1,096,362). For
sequences with gaps and poor coverage resulting in low alignment
quality scores, Sanger sequencing data was generated using specific
primers to complete consensus sequences. Consensus sequences were
verified using FLuANotation (FLAN). GenBank accession numbers for
viruses isolated as part of this study are: KT338310-KT338613.
Nucleotide sequences for the complete coding regions of isolates
originating from wild birds sampled at [zembek NWR were compared
to those reported for the initial isolates of HP H5N8, H5N2, and H5N1 re-
covered from wild birds (or a captive bird that had recently fed on wild
birds in the case of HSN8) in North America as available on the GenBank
public database (Ip et al., 2015; Torchetti et al., 2015). The phylogenetic
relationships of gene segment sequences of isolates from Izembek NWR
that shared >99% nucleotide identity with reference HP H5SN8, H5N2,
and H5NT1 isolates from North America were further explored using
BEAST version 1.8.2 (Drummond et al., 2012). Phylogenies were recon-
structed using sequence data for gene segments from Izembek NWR
isolates and HP H5 AV isolates from North America identified as sharing
99% nucleotide identity, as well as the top 100 BLAST (Zhang et al.,
2000) hits per gene segment for each HP H5 reference isolate (BLAST
searches performed on 15 July 2015; incomplete sequences for the full
coding region of each gene were excluded from analyses; n = 99-115
sequences per analysis;). Nucleotide sequences were aligned using
Sequencher version 5.1 (Gene Codes Corp.) and trimmed to the com-
plete open reading frame per gene segment. Maximum clade credibility
(MCC) Bayesian phylogenetic trees were estimated for each gene
segment with an uncorrelated lognormal relaxed molecular clock
(Drummond et al., 2006) that allows for rate variation across lineages.
The SRDO6 codon model with two partitions (codon position 1 + 2
and codon position 3), incorporating a HKY85 model for each partition,
was used with a Bayesian skyline coalescent tree prior (10 groups). A



178 A.M. Ramey et al. / Infection, Genetics and Evolution 40 (2016) 176-185

minimum of three independent chains of 50 million generations were
combined after removal of burn-in (~10-25% of the samples) to achieve
an Effective Sample Size of >200 as diagnosed in Tracer v1.6.

3. Results

We did not detect HP H5 IAVs through genomic characterization of
41 isolates from samples collected at Izembek NWR in autumn of
2014, although we did isolate two low pathogenic H5 subtype viruses
(A/American green-winged teal/Alaska/472/2014 (H5N2) and A/
mallard/Alaska/103/2014 (H5N3)) as inferred through deduced
amino acid motifs of the HA gene at the fusion cleavage site. Additional-
ly, we did not identify any isolates that shared >99% nucleotide identity
with any gene segment of A/gyrfalcon/WA/41009-6/2014(H5N8), the
initial HP HSN8 [AV isolate recovered in North America (Supplemental
Tables S1-S8). We did, however, identify isolates recovered from wild
birds in western Alaska that shared >99% identity with all three North
American lineage gene segments (PB1, NP, and NA) of A/northern
pintail/WA/40,964/2014 (H5N2), the initial HP H5N2 IAV reassortant
isolate recovered from a wild bird in North America (Table 2). Addition-
ally, we identified isolates recovered from our sampling efforts that
shared >99% identity with gene segments (PA and NS) of A/American
green-winged teal/WA/19570/2014 (H5N1), the only HP H5N1 IAV
isolate recovered to date in North America for which nucleotide se-
quence information was publically available at the time of manuscript
preparation (Table 2).

MCC phylogenetic analyses provided support for the formation of
clades comprised of sequences for the PB1, NP, and NA genes of isolates
derived from wild birds at [zembek NWR and wild and domestic birds
infected with HP H5N2 IAVs (Figs. 2-4). For the PB1 gene, 15 isolates
from Izembek NWR formed a clade with 24 HP H5N2 IAV isolates
from North America (Fig. 2). The mean time of most recent common
ancestry (TMRCA) between clades comprised of 24 HP H5N2 1AV
isolates from North America and the five most closely related isolates
derived from wild birds in western Alaska was estimated to be late
2013 (mean TMRCA; 95% Bayesian credible interval [BCI]: 2013.8;
2013.3-2014.3) for the PB1 gene segment (Fig. 2). For the NP and NA
genes, nucleotide sequence data for the low pathogenic isolate
A/American green-winged teal/Alaska/472/2014 (H5N2), derived
from a sample collected at [zembek NWR on 10 October 2014, formed
a clade with sequence data for HP H5N2 IAV isolates derived from

Table 2

Nucleotide identity among gene segments of influenza A virus isolates derived from mi-
gratory birds at Izembek National Wildlife Refuge, Alaska and highly pathogenic clade
2.3.4.4 H5 influenza A virus isolates detected in North America, 2014. Only information
for isolates from Alaska sharing >99% identity with one or more highly pathogenic clade
2.3.4.4 H5 influenza A virus is presented here. For complete nucleotide identity compari-
sons refer to Supplemental Tables S1-S8. Values >99% are shaded gray.

H5N2' H5N1*
PB1 NP NA PA NS
Alemperor goose/Alaska/50/2014 (H11N2) 99.2% 97.4% 97.6% 91.1% 96.4%
AJmallard/Alaska/103/2014 (H5N3) 993%  939% <85.0%  909%  96.0%
A/mallard/Alaska/138/2014 (HIN1) 943%  941%  <85.0%°  992%  96.3%
A/American green-winged teal/Alaska/306/2014 (H3N3) 99.1% 97.3% < 85.0%% 90.9% 96.1%
A[mallard/Alaska/417/2014 (H4N1) 99.0% 93.7% < 85.0%% 90.8% 95.8%
Almallard/Alaska/441/2014 (mixed) 99.1% NC¥ < 85.0%% NC¥ 96.0%
Alemperor goose/Alaska/462/2014 (mixed) 99.2% 97.4% 97.4% NC¥ 96.2%
Almallard/Alaska/468/2014 (H4N6) 99.2% 93.7% < 85.0%¢ 90.9% 96.0%

A/American green-winged teal/Alaska/472/2014 (H5N2) 96.9% 99.8% 99.6% 88.7% 99.8%
A/American green-winged teal/Alaska/478/2014 (H3N1) 99.1% 93.8% < 85.0%% 90.6% 96.0%

Afnorthern pintail/Alaska/576/2014 (HIN1) 993%  940% <85.0%  91.0%  96.3%
Alglaucous-winged gull/Alaska/670/2014 (H11N2) 99.2% 97.3% 97.8% 91.0% 96.2%
Alemperor goose/Alaska/676/2014 (H4N6) 99.1% 93.7%  <85.0% 90.8% 96.0%
AlAmerican green-winged teal/Alaska/816/2014 (H4N6) 99.1% 93.7% < 85.0%% 90.8% 96.0%
Afnorthern pintail/Alaska/819/2014 (H4N6) 990%  937% <850%  90.6%  95.8%
Alnorthern pintail/Alaska/861/2014 (H3N8) 99.1%  93.7% <85.0%  909%  95.7%
Almallard/Alaska/898/2014 (H4N6) 99.1% 93.7% < 85.0%% 90.8% <85.0%°

wild and domestic birds in Canada and the USA. The TMRCA was esti-
mated to be early 2014 in both cases (2014.3; 2013.8-2014.6 and
2014.0; 2013.4-2014.6, respectively; Figs. 3, 4).

Relatively close genetic relationships were also identified between
nucleotide sequences for PA and NS gene segments of isolates derived
from samples collected at Izembek NWR and the HP H5N1 IAV detected
in Washington, USA through MCC analyses (Figs. 5, 6). Sequence data
for the PA gene of Izembek NWR isolate A/mallard/Alaska/138/
2014(H1N1) and A/American green-winged teal/Washington/195750/
2014 (H5N1) were nested within the same clade and had an estimated
TMRCA of early 2011 (2011.1; 2009.6-2013.0; Fig. 5). Similarly, se-
quence data for the NS gene of Izembek NWR low pathogenic isolate
A/American green-winged teal/Alaska/472/2014 (H5N2) formed a
clade with HP H5 isolate A/American green-winged teal/Washington/
195750/2014(H5N1) and the TMRCA was estimated to be late 2013
(2013.8; 2012.7-2014.7; Fig. 6).

4. Discussion

The lack of detection of HP H5 IAVs at Izembek NWR in autumn of
2014 does not provide any direct evidence that such viruses were
present in western Alaska during September-October; although, the
geographic coverage of sampling was limited and not all taxa potential-
ly involved in IAV ecology in this region were adequately sampled so as
to provide rigorous statistical support for absence of HP IAVs. The detec-
tion of viruses at Izembek NWR comprised of gene segments sharing
high nucleotide similarity to intercontinental reassortant HP H5N2
and H5N1 viruses is, however, consistent with the hypothesis of dis-
persal of HP H5N8 IAVs to Beringia by migratory birds and subsequent
reassortment. Furthermore, inferred phylogenetic relationships and es-
timates of the TMRCA provide support for common ancestry between
viruses detected in western Alaska during autumn 2014 and interconti-
nental reassortant HP H5 IAVs detected at lower latitudes of North
America in late autumn/winter of 2014-2015.

Although HP H5 IAVs were not identified at [zembek NWR during
autumn of 2014, it is possible that the extent or timing of sample collec-
tion precluded detection despite our surveillance strategy targeting:
(1) species well-established as contributing to the natural reservoir of
[AVs, (2) taxa in which Gs/Gd lineage IAVs have previously been detect-
ed, and (3) locally abundant species with intercontinental migratory
tendencies, such as northern pintail ducks and emperor geese (Chen
canagica; Miller et al., 2005; Hupp et al., 2007, 2011). The probability
of detection for HP H5 IAVs in wild birds is unknown and sampling of lo-
cally uncommon species with intercontinental migratory tendencies
was limited at Izembek NWR during 2014 (e.g., Eurasian wigeon
[Anas penelope]; Table 1). Thus, the possibility that HP H5 viruses were
present yet undetected at [zembek NWR during September-October
2014 cannot be excluded.

Another plausible scenario is that HP H5 viruses were dispersed to
North America via Alaska after the September-October sampling period
at Izembek NWR. HP H5 IAVs were not initially detected in North
America until late November 2014 (Pasick et al., 2015). During approx-
imately 7-9 November 2014, western Alaska was affected by the stron-
gest storm on record for the Bering Sea (as measured by barometric
pressure) as Typhoon Nuri dissipated and the associated weather sys-
tem moved across the Pacific Ocean from East Asia to North America.
It is well established that meteorological factors such as wind speed
and direction, precipitation, and changes in temperature may affect
bird migration (Richardson, 1978). Thus, it is plausible that HP H5 virus-
es were dispersed from East Asia to North America via wild bird move-
ments associated with this storm event. Anecdotally, waterfowl hunters
at Izembek NWR observed unusually large numbers of Eurasian teal
(Anas crecca crecca) coincident with this storm (J. Wasley pers. comm.).

A third possibility is that HP H5 IAVs were introduced into western
Alaska at a location other than Izembek NWR, such as the Yukon-
Kuskokwim Delta, where evidence for interhemispheric dispersal of
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KT002498 turkeleA/14318-1/2015%H5N2)
KT002522 chicken/IA/14399-4/201 H5N2{
KT002529 chicken/IA/14589-1/2015(H5N2
KT002482 turkey/IA/13541-1/2015(H5N2)
KT002490 chicken/IA/13542-2/2015(H5N2)
KT002506 turkey/IA/14319-1/2015(H5N2)
KT002514 chicken/IA/14322-6/201 éHSNZ)
KR492975 chicken/IA/04-20/2015(H5N2)
KR234039 turkey/MN/9845-4/2015(H5N2)
KT002474 turkey/IA/11762-1/2015(H5N2)
KR233983 turkey/MN/9892-2/2015(H5N2)
KR234015 turkey/MO/7458-1/2015(H5N2)
KR234007 turkeylMN/7172-1/2015g SNZ%
KR234031 chicken/K $/8395-3/2015(H5N2)
KP307958 turkey/BC/FAV10/2014(H5N2)
KR233999 chicken/OR/A01819044l201S%HSNZ)
KR234023 turke! /AR/7791—1/2015$\|‘-|5N )
KP307977* NOPI/WA/40964/2014(H5N2)
KR233991 chicken/WA/3490-18/2015(H5N2)
KP795730 chickenlBClFAV8/20145H5N2)
KR150910 pheasant/WA/3147-2/2015(H5N2
KP739390 domestic duck/WA/61-16/2014(H5N2)
KP739382 chicken/WA/61-9/2014(H5N2)
KP795738 chicken/BC/FAV9/2014(H5N2)
KT338413 A/AGWT/AK/472/2014(H5N2)
KJ568306* AGWT/OH/13052086/2013(HEN8)
KJ568250 AGWT/OH/13081844/2013(H3N8)
CY186735 BWTE/IL/1208292912012§H3N8‘}
CY186694 NSHO/IL/12085138/2012(H1N1)
CY186425 MALL/IL/12085130/2012(H1N1
CY186484 BWTE/OH/12084593/2012(H4N6)

CY166317 BWTE/WI/11083052/2011(H3N2
CY166107 MALL/WI/11054085/2011(mixed)
CY186440 BWTE/IL/120S2986/2012(H3N8)

CY167006 MALL/IL/110S4420/2011(H2N3)
CY 166253 NSHO/W1/11084110/2011(H4NG)
CY186670 MALL/IL/12085 80/2012(H5N1k
CY186791 AGWT/MS/12085061/2012(H5N2)
CY186882 BWTE/OH/12052229/2012(H3N6)
CY166699 MALL/WI/11084309/2011(H4N6)
CY166707 MALL/WI/11084310/2011(H4N6)
CY167023 NSHOIILI11OS4707/2011L 4N6)
CY167049 NOPI/IL/11084796/2011(H5N3)
i KJ568082 AGWT/OH/13082060/2013(HEN8)
CY191294 MALL/MD/13083035/2014%H10N7)
CY 189942 MALL/MD/130S3019/2014(mixed)
KR077941 REDH/OH/13080406/2013(H7N3)
CY166365 MALL/IL/11054121/2011(H6N2)
CY 166560 NSHO/WI/11OSSO13/2011(SH4N8
CY191030 ABDU/MD/110S3898/2012(H2N1)
CY191038 ABDU/MD/11083978/2012(H2N1)
CY191022 MALL/MD/11083833/2012(H2N1
- CY191014 MALL/MD/11083829/2012(H2N2
CY191262 MALL/MD/1208565/2012(H2N2)
CY166129 NSHO/WI/11084631/2011(mixed)
CY186914 BWTE/OH/12082154/2012(H3N2)
_%CYH}GS()Z BWTE/OH/12082123/2012(H3N2)
CY186898 BWTE/OH/12082244/2012(H4NG)
CY132952 MALL/WII1OOS2773/2010&HSNS)
KJ567922 BWTE/IA/13052338/2013(H4N6)
CY133788 MALL/MO/10MO084/2010(H5N9)
CY157489 MALL/CA/3471/2012(H4N6)
CY133652 NSHO/MS/1108145/2011(H7N9)
CY133104 BWTE/WI/10052862/2010(H3N2
CY191110 environment/MD/120S1476/2012(H3N6
CY 191078 environment/MD/120S81472/2012(H3N6
CY191198 environment/MD/12081500/2012(H3N6
CY 191222 environment/MD/12081505/2012(H3N6
CY 191134 environment/MD/12051479/2012(H3N6
CY191062 environmenthD/1ZOS1467/2012%H3N6]

] CY 191086 environment/MD/12081473/2012(H3N6
CY191190 environment/MD/12081499/2012(H3N6
CY191102 environment/MD/12081475/2012(H3N6
CY191150 environment/MD/12081484/2012(H3N6
CY191070 environment/MD/120S1469/2012(H3N6
CY191214 environment/MD/12081502/2012(H3N6
CY191166 environment/MD/12OS1487/2012gH3N6]

CY191094 environment/MD/120$1474/2012(H3N6

CY191118 environment/MD/120$1477/2012(H3N6

CY191142 environment/MD/120$1482/2012(H3N6

CY191206 environment/MD/120$1501/2012(H3N6

CY191246 environment/MD/120$1510/2012(H3N6

CY191158 environment/MD/120S 1486/2012(H3N6

CY141108 RNGR/MN/AI10-2528/2010(H4N8)

CY138165 BWTE/Nova Scotial00067/2010(mixed)

CY133663 AGWT/MS/1108247/2011(mixed)
ErEFCY133343 MALL/WI/10053866/2010(H3N6)
CY097179 MALL/IL/3974/2009(H5N2)

CY097045 BWTE/WI/2753/2009(H4N6)

CY140470* MALL/MN/Sg-00930/2008(H11N9)

CY140048* MALL/MN/Sg-00620/2008(H1N1)

CY140280 MALL/MN/Sg-0617/2008(H1N1)
Y120614 MALL/CA/3134/2010(H1N1)

CY094344 NSHO/CA/10024/2008(H4N4)

CY093753 NSHO/CA/9079/2008(H4N4)

— == CY094320 NSHO/CA/9228/2008(H4N6
CY094328 NSHO/CA/9267/2008(H4N6
CY103486 MALL/Alberta/507/2008(H3N8
CY095334 RNDU/Ontario/155630/2005(H3N2)

2006 2008 2010 2012 2014 2016

Fig. 3. Maximum clade credibility phylogeny for influenza A virus gene segments depicting inferred genetic relationship among nucleotide sequences for genetically similar influenza A
virus NP gene segments (see Materials and methods). Nucleotide sequences for NP gene segments of highly pathogenic clade 2.3.4.4 H5N2 subtype influenza A viruses (red branch tips)
and strains derived from samples collected at [zembek National Wildlife Refuge (bold) are indicated. Nucleotide sequences for viruses that share 100% identity with other strains reported
on the GenBank public database are identified with an asterisk. Complete strain names (year/month/day) appear on tip labels with American Ornithologists' Union four letter codes used
for wild bird taxa and standard two letter abbreviations for United States. Bayesian credible intervals for estimates of common ancestry are depicted with horizontal purple bars for clades
with Bayesian posterior probability values >0.5. Clades with Bayesian posterior probability values >0.95 are indicated with thickened branches. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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KT002530 chicken/IA/14589-1/2015(H5N2
KT002507 turkey/IA/14319-1/2015
K7002499 turkey/IA/14318-1/2015(H5N2
KT002523 chicken/IA/14399-4/2015(H5N2)
KT002491 chicken/IA/13542-2/2015 H5N2)
KT002483 turkey/IA/13541-1/2015(HEN2
KR492976 chicken/IA/04-20/2015( H5N22
KT002475 turkey/|A/11762-1/2015| H5N£
KR233984" turkey/MN/9892-2/2015(HON.
KR234032 chicken/K $/8395-3/2015( 5N2)
KR234016 turkey/MO/7458-1/2015(H5N2)
KR234008 turkey/MN/71 72-1/2015%\‘ 5N2;

KT002515 chicken/IA/14322-6/201 53H5N2%

KR234024 turkey/AR/7791-1/2015(H5N2
KP739399 turkey/WA/61-22/2014(H5N2)
KP739391* domestic duck/WA/61-16/2014(H5N2)
KP307978 NOPI/WA/40964/2014(H5N2)
KR234000 chicken/Oregon/A01819044/2015(H5N2)
KR233992 chicken/WA/3490- 18/2015(H5N2;
KR150911 pheasant/WA/3147-2/2015(H5N2
L KP307959 turkey/BC/FAV10/2014(H5N2)
BKP795731 chicken/BC/FAV8/2 14§H N2

KP795739 chicken/BC/FAV9/2014(HEN2
KT338414 AJAGWT/AKI472/2014(HSN2)
=_ CY177031 NSHO/CA/3769/2012( HGNZL
m CY177055 BUFF/CA/4935/2012(H11N2)
CY133155 AGWT/WI/10083127/2010(H5N2)
CY166802* NSHO/MS/11086077/2011(H11N2)
CY132824 AGWT/MS/110898/2011 (mlxed&
— CY167251 NOPI/MS/120842 l2012£m|xed)
e == CY167269 NSHO/MS/1208456/201 EH14N2)
CY166778 NSHO/MS/11085875/2011(H5N2)
CY134297 NSHO/CA/3676/2010$H8N2)
CY132640 MALL/IL/10083245/2010(mixed)
CY157520 NOPI/CA/2789/2011(HIN2)
CY120689 MALL/CA/2396/2010(H5N2)
CY132935 MALL/WI/100S2638/2010(H3N2)
CY 133458 AMWI/IA/10082748/2010(H2N2)
CY140995 BWT3E/ LA/AIOQL%?QOOQ( H11 N28
CY133015 AGWT/IL/100$3589/201 HGN%
CY 132683 BWTE/IL/100S3610/2010( GNZ%\‘
M CY1333OB NSHO/MS/10084526/2010(H6N2)
284 GADW/MS/10 OS4531/2010 H6N2)
CY133811 GADW/MO/10MO0280/2010(H5N2)
CY097745 AGWT/MS/404/2010(mixed

CY132183 MALL/OH/11082213/2011(H11N2
_] CY186790 AGWT/MS/12085061/2012(H5N2)
CY166260 NOPI/WI/11084111/2011(HEN2)
B CY 133803 MALL/MO/10M00253/2010(H1N2)

= CY096634 BWTE/Guatemala/CIP049-1 1/20095H1 1N2
N CY096626* BWTE/Guatemala/CIP043-10/200f £H11N ?
——— CY133292 MALL/MS/10084593/2010(H1N
CY132861 MALL/IL/10083249/2010(H11 N2)

—————— KM244054 chicken/TX/473-2/2010(HEN2)
CY094303 NSHO/CA/9017/2008 H1 1 N2)

CY093880 GWTE/C, %
CY094511 NOPI/CA/S791I2008£ 11N

CY094095 MALL/CA/6420/2008(HEN2)
CY093704* MALL/CA/11100/2! 08&H1 1N2)
CY093904 GWTE/CA/11285/2008(mixed)
CY033446 AGWT/CA/HKWF609/2007(H5N2)
— CY134175* MALL/CA/2571P/201 1gH1 1N2)
—— CY133911 NSHO/CA/2815/2011(H5N2)
CY097077 MALL/IA/3195/2009(mixed)
L CY093744 NSHO/CA/8855/2008(H5N2)

L— GQ923255 avian/MO/466554-6/2006(HEN2)
CY166228 AGWT/WI/11083580/2011(H12N2)
== CY166244 MALL/WI/110S4104/2011(H1N2)
CY133244 MALL/WI/10083051/2010 H4N2%
CY133236 AGWT/WIN 0082955/201 (H5N )

133260 MALL/WI/100:

CY166316* BWTE/W!/H 830 2/2011(H3N2)
CY166396 GRSC/WI/11085760/2011(H10N2)
CY166332 MALL/WI/110S3079/2011(H3N2)
L CY166172 MALL/WI/11054492/2011(H4N2)
S— CY166340 MALL/WI/110S3092/2011(H3N2)

CY132927 MALL/WI/100S2524/2010(H11N2)
CY097213 BWTEIWI/3060/2009£H3N2)
CY079350" GADW/WI/080S2293/2008(H3N2)
CY079342 AGWT/WI/080S2292/2008(H3N2)
CY140633 GWTE/MN/Sg-01073/2008(HEN2)
CY132127 MAL MI/1OOS1497/2010$H3N2)
CY166454* MALL/WI/11083491/2011(H4N2)
CY132095* MALL/OH/10081467/2010(H3N2)
CY 140429 MALL/MN/Sg-00847/2008(mixed
CY 140585 MALL/MN/Sg-01040/2008(H3N2
——— (CY079438* GADW/WI90803229612 08(HEN2)
JX081128 BRAN/AK/44332-426/200 2
CY145745 MALL/NJ/Sg 0088 /2008(H11N2)
— GU050260 wild bird/WI/433163-1/2006(H5N2)
| GU050176" wild bird/W1/439436/2006(H5N2)
(GQ923343 MALL/AR/473507-9/2006| H5N2

CY028237 MALLMaryland/182/2006
.% CY045321 NOPI/Saskatchewan/22910/2007(H3N2)
6923157 wild bird/MN/4B0613-12/2008(HEN2

GQY23447 MALL/Nevadal449567-3/2006(H5N2)
GU050191 MALL/NV/449567- 1/20065H5N2?-I
(GQ923455" MALL/Nevada/450206-4/2006(HON2)
— GU049996 NOPINVI/462764/2006%H5N22\J

= GU050236 MALL/NV/453350-8/2006(H5N2)

2004 2006 2008 2010 2012 2014 2016

Fig. 4. Maximum clade credibility phylogeny for influenza A virus gene segments depicting inferred genetic relationship among nucleotide sequences for genetically similar influenza A
virus NA gene segments (see Materials and methods). Nucleotide sequences for NA gene segments of highly pathogenic clade 2.3.4.4 H5N2 subtype influenza A viruses (red branch tips)
and strains derived from samples collected at Izembek National Wildlife Refuge (bold) are indicated. Nucleotide sequences for viruses that share 100% identity with other strains reported
on the GenBank public database are identified with an asterisk. Complete strain names (year/month/day) appear on tip labels with American Ornithologists' Union four letter codes used
for wild bird taxa and standard two letter abbreviations for United States. Bayesian credible intervals for estimates of common ancestry are depicted with horizontal purple bars for clades
with Bayesian posterior probability values >0.5. Clades with Bayesian posterior probability values >0.95 are indicated with thickened branches. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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CY078952 duck/Interior AK/7TMP1591R1/2007(H3N8)

CY035806 AMW!/Interior AK/1/2007(H3N8)

- CY077385 AGWT/Interior AK/7MP1049/2007(H3N8)

CY038369 NOPI/Interior AK/2/2007(H4N8)

GY 130337 AMW!/Interior AK/9BM2501R1/2009(H3N8)

CY043989 NOPI/AK/7MP1092/2007(H3N8)

4t CY077353 NSHO/Interior AK/7MP1670/2007(H3N8)

CY035814* NSHO/Interior AK/1/2007(H3N8)

4 CY036658 GWTE/Interior AK/1/2007(H3N8)
CY043949 NOPI/AK/7TMP0608/2007(H3N8)

|- CY078656 GWTE/Interior AKIBMP0936R1I2006w3N8
CY078592 MALL/Interior AK/6MP0878/2006(H3

CY078464 MALL/Interior AKIGMPO758I2006(H1ON8)

4 CY079048 NOPI/Interior AK/7MP1460R2/2007(H3N8)

CY045412 NOPI/Interior AK/7MP0343/2007(H3N8)

JX080983 BRAN/AK/44332-536/2007(H11N9)

[ CY039777 NOPI/Interior AK/1/2007(H3N8)
CY078560 NSHO/Interior AK/6MP1339/2006(H3N8)

CY017762 NOPI/AK/779/2005(H3N8)

CY078688 NOPI/Interior AK/6MP1080R1/2006(H3N8)

I CY141380 NSHO/Interior AK/9BM12350R0/2009(H8N4)

45— CY047032 AGWT/Interior AK/7MP2225/2007(H3N8)

CY039754 MALL/Interior AK/6/2007(H3N8)

JX080971 AGWT/AK/44155-169/2006(H3N8)

CY045444 NSHO/AK/7MP1708/2007(H3N8)

CY143449 AGWT/Interior AK/9BM12714R1/2009(H3N8)

CY088718 avian/Japan/8KI0184/2008(H4NG)

CY079224 avian/Japan/8KI0185/2008(H4NG)

JX454766 wild bird/KorealYJ117/2007(H4NG)

CY103167 MALL/Alberta/279/2006(H3N8)

JX454726 wild bird/Korea/GD42/2005(H4N6)

CY077299* NSHO/Interior AK/7MP1077/2007(H1N1)

CY039825 NSHO/Interior AK/4/2007(H3N8)

CY079064 NOPI/Interior AK/8BM2528R1/2008(H3N8)

CY079072 MALL/Interior AK/8BM2967/2008(H12N5)

CY039801 AGWT/Interior AK/4/2007(H3N8)

CY038385 AGWT/Interior AK/3/2007(H3N8)

CY039849 MALL/Interior AK/7/2007(H3N8)

CY077401 MALL/Interior AK/7MP1094/2007(H3N8)

CY076482 AGWT/OR/44336-183/2007(H3N8)

HM193760 MALL/AK/44243-071/2006(H4N6)

HM193759 MALL/AK/44244-097/2006(H3N8)

HM193743 MALL/AK/44244-158/2006(H4NG)

HM193757 MALL/AK/44243-025/2006(H4NG)

CY076266 NSHO/WA/44249-664/2006(H7N3)
CY075954 DCCO/CA/20119-001/2007(H3N8)

JX080950 SPEI/AK/44173-055/2006(H3N8)

CY078880 MALL/Interior AK/6MP0124/2006(H3N8)

CY078680 MALL/Interior AK/6GMPQ160AR1/2006(H3N8)

CY078432 MALL/Interior AK/6MP0155/2006(H3N8)

CY103524* MALL/Alberta/417/2009(H2N3)

HMO059983 KIEI/AK/44397-858/2008(H10N9)

GQ923298 NOPIIUTI469648/2006£H5N2)

JX080927 GWFG/AK/44299-002/2007(H3N8)
JX080979 GWFG/AK/44299-054/2007(H3N8)
JX080936 GWFG/AK/44299-055/2007(H3N8)
CY081287 NOPI/AK/314/2005(mixed)

CY096771 NOPI/AK/246/2005(mixed)
CY039388 MALL/Alberta/12017/2005(H2N3)
i GUOS1373" NOPI/TX/161/2002(HGN2)

GU051397* NOPI/TX/184/2002(H6N4)
JX908508 chicken/Jalisco/12283/2012(H7N3)

4 JX465636 chicken/Jalisco/CPA1/2012(H7N3)
CY125727 Mexico/InDRE7218/2012(H7N3)
CY187149 AGWT/WI/12084577/2012(mixed)
CY187124 MALL/WI/12084331/2012(H3N8)
CY 134356 GWTE/CA/123/2012(H1N1)
KM244091 chicken/TX/9686-3/2014(H6N5)
5 CY186986 GADW/OH/12085632/2012(H5N2)
CY186589 GADW/OH/12085640/20125H5N2
*KM244107 chicken/FL/14810-2/2014(H6N2)
KJ568120 AGWT/WI/130S3465/2013(HEN8)
CY186688 NSHO/IL/12085128/2012(H2N5)
KJ568344 BWTE/lowa/13052316/2013(H7N3)
CY166263 NOPI/W1/11084111/2011(H6N2)
CY166944 BWTE/MO/11082563/2011(H12N4)
CY166677 MALL/WI/11083468/2011(H2N3)
CY166634 AGWT/WI/110S3425/2011(H12N5)
CY167034 NOPI/IL/11084756/2011(mixed)
KJ195681 BWTE/Guatemala/CIP049H105-15/2011(H14N3)
KP739420 AGWT/WA/195750/2014(H5N1)
KT338328 MALL/AK/138/2014(H1N1)
KM374025 MALL/AK/ND0006301/2013(H3N8)
T CY137759 MALL/AIberta/569/2008(H1N1)
4 CY 186644 BWTE/IL/12084763/2012(mixed)
CY186704 MALL/IL/12084466/2012(mixed)
CY134340 BUFF/CA/3118/2011(H4NS)
CY103253 MALL/Alberta/115/2007 (mixed)
CY097691 AGWT/MS/300/2010(H11N9)
CY097156 AGWT/MS/383/2010(H11N9)
CY133214* MALL/WI1/10082917/2010(H4N6)
KF424121 MALL/MO/466554-14/2007(H1N1)
EF655833 NOPI/Barrow/38/2005(H8N4)
CY017754 MALL/AK/708/2005(H8N4)
—— CY 137045 NOPI/Alberta/207/2000(H1N1)
CY016161 GADW/OH/37/1999(H6N2%
CY101302 MALL/Alberta/127/2000(mixed)
GU050880 BWTE/TX/108/2000(H10N7)

1992 1996 2000 2004 2008 2012 2016

Fig. 5. Maximum clade credibility phylogeny for influenza A virus gene segments depicting inferred genetic relationship among nucleotide sequences for genetically similar influenza A
virus PA gene segments (see Materials and methods). Nucleotide sequences for PA gene segments of highly pathogenic clade 2.3.4.4 H5N1 subtype influenza A viruses (red branch tips)
and strains derived from samples collected at [zembek National Wildlife Refuge (bold) are indicated. Nucleotide sequences for viruses that share 100% identity with other strains reported
on the GenBank public database are identified with an asterisk. Complete strain names (year/month/day) appear on tip labels with American Ornithologists' Union four letter codes used
for wild bird taxa and standard two letter abbreviations for United States. Bayesian credible intervals for estimates of common ancestry are depicted with horizontal purple bars for clades
with Bayesian posterior probability values >0.5. Clades with Bayesian posterior probability values >0.95 are indicated with thickened branches. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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=f CY186531 MALL/OH/12081867/2012(H11)

— CY186524* MALL/OH/12051866/2012(H11)
CY186517 MALL/OH/12081879/2012(H11)
CY167147 NSHO/AR/1208158/2012(H7N1)

i~ KJ413679 BWTE/LA/AIM3- 1420/2013(H7N7%
— KJ413561* BWTE/LA/AI13-1226/2013(H7N7)
CY167236 AGWT/MS/1208397/2012(H7N7)
CY120615 MALL/CA/3134/2010(H1N1)
CY133057 MALL/WI/10084194/2010(H11N9)
— CY133394* NSHO/MO/100S4700/2010(mixed)
CY133412 GADW/MO/10084731/2010(H7N3)
*KR077968 REDH/OHH3080367/20135H10N7;
*KR077952 REDH/OH/13080391/2013(H10N7
CY187065 REDH/OH/13050507/2013(H10N7)
S CY167171 MALLIARM208184/2012(H10N7}
CY167244 AGWT/MS/1205405/2012(H10N7)
CY133733 NSHO/MS/11085289/2011(H7N3)

CY187172 BWTE/WI1/12054224/2012(H4N8)
CY166166 MALL/WI/11054489/2011(H8N4)
[ [ CY133336 MALL/WI/10033845/2010(H5N2&
CY166820 GADW/MS/11086085/2011(H6N1)

CY097674 NSHO/MS/252/2010(H10N7)

1 CY097774 MALL/MS/442!2010(H1N1)

CY141085* RNGR/MN/AI10-1948/2010(H1N1)

CY096700 BWTE/Guatemala/CIP049-07/2010(H8N4)

CY141069 BWTE/TX/AI09-6182/2009(H6N2

KJ568285 AGWT/OH/13051867/2013(H3N2)

5 CY186553* BWTE/OH/12082123/2012(H3N2)

CY186596 ABDU/OH/12085557/2012(H5N2?3

KJ568261* AGWT/OH/13081778/2013(H3N2)

CY166804 NSHO/MS/11086077/2011(H11N2)

—|l166764 MALL/MS/11085863/201 1§H11N9)

| CY177065 GWTE/CA/514/2013(H11N9
CY186923 AGWT/OH/12082161/2012(H11N2)

KJ568133 BWTE/IA/13052359/2013(H4N6)
CY132745 GADWIWI/10053122/2010(H11N9)

CY133081 MALL/WI/10082672/2010(HON1)

CY133278 ABDU/WI1/10053949/2010(H7N8)

CY133213* MALL/WI1/10082917/2010(H4N6

CY133501 MALL/IL/10084111/2010(H10N7)
CY133294 MALL/MS/10084593/2010(H1N2)

— 5 CY187009 MALL/OH/12082218/2012(H5N1)
—| ==\ R077960 REDH/OH/13080376/2013(H4NS)
CY166286 MALL/IL/110S5564/2011(H1N8)
- CY133821* NSHO/MO/10M00294/2010(H11N9)
i CY140907 BWTE/ND/AI09-3881/2009(H4N6)
CY097666* MALL/OH/1695/2009(HANG)
CY146517 MALL/AR/AI09-5649/2009(HIN2)
: CY120505 MALL/CA/1475/2010(H3N8)
—|__m0848’ BWTE/MN/AI09-3575/2009{H4N8)
CY157506 NSHO/CA/6535/2009(HIN2)
CY140555 NOPI/LA/Sg-01033/2008(H4NS)

- CY097022 BWTE/WI/2713/2009(H4N2)
CY133009 GADW/IL/10083384/2010(H11N2)
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Fig. 6. Maximum clade credibility phylogeny for influenza A virus gene segments depicting inferred genetic relationship among nucleotide sequences for genetically similar influenza A
virus NS gene segments (see Materials and methods). Nucleotide sequences for NS gene segments of highly pathogenic clade 2.3.4.4 H5N1 subtype influenza A viruses (red branch tips)
and strains derived from samples collected at Izembek National Wildlife Refuge (bold) are indicated. Nucleotide sequences for viruses that share 100% identity with other strains reported
on the GenBank public database are identified with an asterisk. Complete strain names (year/month/day) appear on tip labels with American Ornithologists' Union four letter codes used
for wild bird taxa and standard two letter abbreviations for United States. Bayesian credible intervals for estimates of common ancestry are depicted with horizontal purple bars for clades
with Bayesian posterior probability values >0.5. Clades with Bayesian posterior probability values >0.95 are indicated with thickened branches. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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viruses is also relatively common (Reeves et al., 2013). Thus, the
geographic coverage of our autumn sampling effort may not have
been sufficient for the early detection of HP H5 IAVs into North
America. Finally, a fourth possibility is that HP IAVs were not introduced
into North America via migratory birds and that common ancestry of
gene segments between HP viruses and those isolated from samples
collected at Izembek NWR is a function of broad geographic distribution
of these lineages in avian hosts during 2014, including areas spatially
and temporally proximate to the initial point of introduction.

MCC phylogenetic analyses provide support for recent common
ancestry for PB1, NP, and NA gene segments of influenza A virus
isolates from Izembek NWR and HP H5N2 IAVs detected in North
America. Given estimates of TMRCA and overlap of associated BCIs, it
is plausible that the intercontinental dispersal of viruses leading to
the reassortment of a HP H5N8 virus with IAVs comprised of North
American genes occurred during the spring of 2014 in Beringia with
the arrival of birds on breeding grounds. However, given this scenario,
it remains unclear from our analysis if the subsequent reassortment
event or events between HP H5N8 and other IAVs with North
American lineage gene segments occurred in northeastern Russia,
Alaska, or areas further south. Although limited data exist regarding
[AVs infecting wild birds inhabiting northeastern Russia, intercontinen-
tal reassortant IAVs are relatively common in western Alaska (Ramey
et al,, 2010; Reeves et al.,, 2013). It is therefore reasonable to infer that
interhemispheric reassortment events may commonly occur in western
Beringia (i.e., northeastern Russia).

Alternatively, TMRCA estimates also provide support for the possi-
bility that the reassortment event(s) leading to HP H5N2 IAVs detected
in North America occurred during late autumn/winter of 2013-2014.
However, under this scenario, progenitor IAVs to the HP H5N2 viruses
would have circulated undetected for approximately one year despite
surveillance efforts for [AVs in East Asia and the USA. Furthermore, the
reassortment event(s) leading to HP H5N2 IAVs would have presum-
ably coincided with more southerly staging/wintering distributions of
migratory birds when and where the detection of intercontinental
reassortants has been less common (i.e., as compared to Alaska;
Pearce et al., 2009). The identification of additional nucleotide se-
quences for PB1, NP, and NA gene segments that are closely related to
North American HP H5N2 IAVs may help to refine inference of the
genetic ancestry of these emergent pathogenic viruses.

Our analyses also provide support for common genetic ancestry be-
tween IAV isolates originating from Izembek NWR and a HP H5N1 IAV
detected in an American green-winged teal (Anas crecca carolinensis)
in Washington, USA. However, we found closely related genetic
sequences for only two of the four North American lineage gene
segments of A/American green-winged teal/Washington/195750/
2014(H5N1) in isolates derived from samples collected at [zembek
NWR in September-October 2014. Additionally, mean TMRCA
estimates had relatively large confidence intervals for both the PA and
NS genes (i.e., >2 years). Thus, although there is evidence that viral di-
versity maintained in migratory birds in Beringia may have contributed
towards the emergence of this HP H5N1 [AV in North America;
additional nucleotide sequence information is needed to make robust
conclusions about the genetic ancestry of this reassortant virus.
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