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Highly pathogenic avian influenza A(H5N8) viruses have
been detected in several continents. However, limited viral se-
quence data are available from countries in the Middle East.
We report full-genome analyses of highly pathogenic HSN8 vi-
ruses recently detected in different provinces in Saudi Arabia.

n December 19, 2017, a high number of dead birds

from various species was reported in a live bird mar-
ket in Riyadh, Saudi Arabia, by the Department of Animal
Resources Services, Ministry of Environment, Water, and
Agriculture. Oropharyngeal and cloacal swab samples were
collected from affected birds and investigated for highly
pathogenic avian influenza (HPAI) viruses in Riyadh Veteri-
nary Diagnostic Laboratory using reverse transcription PCR
(RT-PCR) (7). These tests detected HPAI A(H5NS) virus. Af-
ter this index outbreak, HPAI was reported in adjacent prov-
inces. Surveillance studies were performed in all provinces
(>1 major poultry market and 10 backyard farms per prov-
ince) to estimate disease prevalence. As of May 2018, a total
of 7,273 birds had been investigated; 805 were positive for
HSNS, which was detected in 7 provinces (Riyadh, Eastern,
Al-Qasim, Makkah, Al-Madinah, Asir, and Jizan). The high-
est number of positive results was reported in Riyadh (693
samples), in which different commercial poultry farms (22
farms for laying hens, 2 for broiler breeders, and 1 for quail)
were affected. A contingency plan, based on a stamping-out
policy, was implemented to control the disease. More than
8.8 million birds were depopulated.

"These authors contributed equally to this article.
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Positive clinical specimens (N = 14) collected from dif-
ferent settings, different provinces, different avian species
or a combination were sent to a World Health Organization
HS5 reference laboratory in Hong Kong for confirmation.
All samples tested positive for membrane protein (M) and
hemagglutinin (HA) subtype H5 genes by RT-PCR (online
Technical Appendix Table 1, https://wwwnc.cde.gov/EID/
article/24/10/18-0846-Techapp.pdf). Samples that had a
cycle threshold value <29 in the M gene assay also tested
positive for N8 by RT-PCR. Ten of these samples were pos-
itive for virus isolation in embryonated chicken eggs and
were associated with death of the chicken embryos by day
3 postinoculation.

We amplified viral RNA extracted from the clinical
specimens and virus isolates using a multisegment RT-PCR
approach for full-genome amplification (2). We subjected
the RT-PCR products to next-generation sequencing on an
[llumina MiSeq (PE300) platform (Illumina, San Diego,
CA, USA). We edited the deduced consensus sequences
(average sequence coverage >10,000x) using BioEdit
(https://www.mbio.ncsu.edu/BioEdit/bioedit.html) and
analyzed them phylogenetically using MEGA7 (https:/
www.megasoftware.net) (GISAID accession nos. for refer-
ence sequences, EP11215422—-EP11215461, EPI1215137—-
EPI1215184; http://platform.gisaid.org).

The deduced sequences revealed that HSNS viruses (n
= 11) from different sites in Saudi Arabia are almost iden-
tical (sequence identity >99.7%), indicating a common
origin for this outbreak. Phylogenetic analyses of HA se-
quences showed that they belong to clade 2.3.4.4 group B
(Figure) (3). Polymerase acidic protein (PA), HA, nucleo-
protein (NP), neuraminidase (NA), M, and nonstructural
protein (NS) segments were genetically similar to those
derived from recent group B H5NS8 viruses (online Tech-
nical Appendix Table 2, Figure 1). No genetic markers as-
sociated with mammalian host adaptation, 02,6 receptor-
binding specificity, or antimicrobial drug resistance were
detected (data not shown) (4). The gene constellation of
PA, HA, NP, NA, M, and NS segments of these HSNS vi-
ruses is similar to those of some HSNS viruses detected in
wild migratory birds from different geographic areas (e.g.,
A/Anser_cygnoides/Hubei/FW44/2016 and A/green-
winged teal/Egypt/877/2016) (4,5). The polymerase basic
protein (PB) I and 2 segments of these viruses are similar
to those of HPAI H5NS5 viruses detected in the Far East
(e.g., A/environment/Kamchatka/18/2016) and Europe
(e.g., A/swan/Germany-SN/R10645/2016) (online Tech-
nical Appendix Figure 1). HSNS viruses of this lineage
were previously proposed to be reassortants of an HSNS§
virus (6), with the PB1 and PB2 segments derived from
an H10 virus (A/duck/Mongolia/245/2015-like virus) and
the PA, HA, M, and NS segments derived from a H5NS§
virus. Our results agree with previous observations that
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HS5NS viruses of this lineage continue to evolve and reas-
sort with other influenza virus subtypes in migratory bird
populations (7,8).

The studied samples were collected from multiple
avian species in different settings from 3 provinces (on-
line Technical Appendix Table 1). Of 986 samples from
poultry holding sites, 182 (18.5%) tested positive for
HSNS virus. The transmission pathway of H5N8 virus
in Saudi Arabia is being investigated. Molecular dating
analyses suggest that the most recent common ancestor of
these HSNS viruses emerged in this country in September
2017 (online Technical Appendix Figure 2). The poten-
tial roles of wild birds, backyard poultry practices, poul-
try trading, and other human activities in dissemination
of these viruses are yet to be determined. However, our
results suggest wide circulation of H5NS§ viruses caused
by a single introduction.

Recently, outbreaks of HSN8 viruses were reported in
the Middle East (Israel, Iran, Iraq, and Kuwait) (/). How-
ever, with the exception of a few HA sequences (n = 12),
no other H5N8 viral sequences from this region are avail-
able in major sequence databases, which has hampered the
investigation of HSN8 viruses in this region. Multiple in-
troductions of HSN8 viruses with different gene constella-
tions have been reported in Egypt (9,/0), but their genetic
relationship to HSNS viruses detected in other countries in
the Middle East is not clear. Further surveillance using full-
genome analyses is urgently needed to identify major risk
factors for HPAI HSNS viruses in the Middle East.
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Figure. Phylogenetic analysis of hemagglutinin sequences of influenza A(H5N8) viruses detected in oropharyngeal and cloacal swab
samples from birds in Saudi Arabia. Aligned sequences were analyzed in MEGA7 (http://www.megasoftware.net). We constructed the
phylogenetic tree using the neighbor-joining method. Representative viral sequences and viral sequences that are highly similar to those
reported in this study were included in the analysis. H5N8 viruses reported in this study are labeled. Bootstrap values 260% are shown.
Representative viruses sharing a similar gene constellation as the H5N8 viruses found in Saudi Arabia are underlined (see text for
details). Virus isolate numbers (EPI ISL) in GISAID (http://platform.gisaid.org) or gene accession numbers in GenBank for corresponding
viral sequences are provided. Scale bar indicates estimated genetic distance.
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We describe an outbreak of severe respiratory illness as-
sociated with human coronavirus NL63 in a long-term care
facility in Louisiana in November 2017. Six of 20 case-pa-
tients were hospitalized with pneumonia, and 3 of 20 died.
Clinicians should consider human coronavirus NL63 for pa-
tients in similar settings with respiratory disease.

Human coronaviruses (HCoVs) OC43, 229E, NL63,
and HKUT are frequently associated with upper respi-
ratory tract infection but can also cause lower respiratory
tract infections (LRTIs), such as pneumonia or bronchitis.
Transmission of these viruses primarily occurs through
respiratory droplets and indirect contact with secretions
from infected persons. Signs and symptoms of illness often
include runny nose, headache, cough, sore throat, and fe-
ver. LRTI occurs less frequently, but young children, older
adults, and persons who are immunosuppressed appear to
be at higher risk for these types of infections (/-3).

A wide range of respiratory viruses are known to cir-
culate in long-term care facilities (LTCFs) and contribute
to respiratory illness in the residents who live in them (4).
Although outbreaks of HCoV-OC43 have been described
among elderly populations in long-term care settings (3),
outbreaks of severe respiratory illness associated with
HCoV-NL63 have not, to our knowledge, been document-
ed in LTCF settings.

On November 15, 2017, the Louisiana Department of
Health (Baton Rouge, Louisiana, USA) was notified of a
possible outbreak of severe respiratory illness by a repre-
sentative of an LTCF that provides nursing home care and
short-term rehabilitation services to 130 residents. At the
time of notification, the facility reported 11 residents with
chest radiograph—confirmed pneumonia. For this inves-
tigation, we defined a case-patient as any LTCF resident
with respiratory tract symptoms of new onset in November
2017, and we considered LRTI diagnoses that were based
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Technical Appendix Table 1. Influenza A(H5N8) samples reported in this study, Saudi Arabia*

Arabia

Sampling Sampling Sampling Type of Virus
Sample province site date bird Mt H5t% N8§ isolate  NGS
AlTurkey/Riyadh/Al1/2017 Riyadh Bird market 2017 Dec 21 Poultry 19.6 23.6 18.0 + +
A/Duck/Riyadh/Al2/2017 Riyadh Bird market 2017 Dec 21 Poultry 20.7 24.8 19.8 + +
A/Holland Riyadh Bird market 2017 Dec 21  Poultry 26.2 30.9 255 + +1
pigeon/Riyadh/Al3/2017
A/Bulbul/Riyadh/Al4/2017 Riyadh Bird shop 2017 Dec 21  Kept bird  30.7 34.0 —# + +1
A/Falcon/Riyadh/AI5/2017 Riyadh Private 2017 Dec 21 Kept bird 24.6 28.0 23.1 + +1
owner
A/Chicken/Riyadh/AI6/2017 Riyadh Poultry farm 2017 Dec 21 Poultry 17.4 20.7 15.7 + +
A/Chicken/Al-Ahsaa/Al7/2017  Eastern Backyard 2017 Dec 26 Poultry 19.6 23.1 18.7 + +
Province
A/Chicken/Al-Ahsaa/Al8/2017  Eastern Backyard 2017 Dec 26  Poultry 25.2 28.6 23.8 + +1
Province
A/Ornamental bird/Al- Al-Qasim Backyard 2017 Dec 26  Kepthird 25.0 28.7 24.4 - +
Qasim/Al9/2017
A/Chicken/Riyadh/Al10/2017 Riyadh Poultry farm 2017 Dec 28  Poultry 13.9 17.6 12.7 + +
A/Chicken/Eastern Eastern Backyard 2017 Dec 28 Poultry 32.5 35.5 - - -
Province/Al11/2017 Province
A/Goose/Eastern Eastern Backyard 2017 Dec 28  Poultry 29.5 33.1 - - -
Province/Al12/2017 Province
A/Duck/Eastern Eastern Backyard 2017 Dec 28  Poultry 29.4 32.8 - - -
Province/Al13/2017 Province
A/Chicken/Riyadh/A15/2018 Riyadh Bird shop 2018 Jan 3 Poultry 22.8 26.2 21.0 + +

*Numbers denote cycle threshold (CT) values. NGS, next-generation sequencing
tPrimer and probe sets were modified from WHO RT-PCR protocols for influenza diagnosis

(http://www.who.int/influenza/gisrs_laboratory/molecular_diagnosis/en/). M gene: one-step real-time RT-PCR procedures for the detection of

influenza A viruses (protocol 2); H5: one-step real-time RT-PCR procedures for the detection of influenza subtypes H5, H57N9, and H9 (protocol 4).

1The high Ct values found in this assay were caused by primer mismatches at the reverse primer (5-AATTCCCTTCCAACGGCCTCAAAC-3';

mismatches are underlined).

§The N6 and N8 RT-PCR assays were modified from Hoffman et al. (https://www.nature.com/articles/srep27211).
fVirus isolates were used as RNA sources for next-generation sequencing.
# — indicates that the assay produced a negative result.

Technical Appendix Table 2. Viral sequences with the highest sequence identity to those from A/Turkey/Riyadh/Al1/2017

Segment* GISAID accession no. Virus (subtype) Sequence identity

PB2 EPI11010642 A/barnacle goose/Netherlands/2/2014 (H3N6) 98.3%
PB1 EP1961474 Alenvironment/Kamchatka/18/2016 (H5N5) 98.5%

PA EP1858843 Alpainted stork/India/10CA03/2016 (H5N8) 99.4%

HA EP1909452 Alwild duck/Tatarstan/3059/2016 (H5N8) 98.7%

NA EP1926614 Aldomestic duck/Siberia/103/2016 (H5N8) 99.1%

NA EPI1159827 A/Cygnus atratus/Hubei/HF-1/2016 (H5N8) 98.4%

M EPI11010490 Algreen-winged teal/Egypt/871/2016 (H5N8) 99.5%

NS EPI926617 A/domestic duck/Siberia/103/2016 (H5N8) 99.5%

*HA, hemagglutinin; M, membrane protein; NA, neuraminidase; NS, nonstructural protein; PA, polymerase acidic protein; PB, polymerase basic

protein
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Aurkey/RiyadAI 2017 in Saudi Arabia
ws| A/Chicken/Al-Ahsaa/A18/2017
A/Chicken/Al-Ahsaa/AI7/2017
| AIDuck/RiyadhlAI22017

| ArchickenRiyadhiA1572018
A/Ornamental bird/ Al-Qasim/A19/72017

EPIISL 243698 | Amute swan/Croatia4212017
EPI ISL 300746 | Alswan/Polandi81/2017
EPIISL 256462 | AMute swan/Hungary/S879/2017
EPIISL 259074 | Alcommon -SNR1117/2017
EPIISL 255017 | Aimute swan/Poland/64/2017
EPI ISL 262056 | Algreylag goose/Germany-NIAR11353.L0214212016
| 7| EPLISL 240893 | Alswan/Germany-SNR10845/2016
"Lepiis. 26132 | Alchicken/Croata/104/2017 H5NS
EPI ISL 260059 | AlcormoranyGermany-SH/R896/2017
EPI ISL 240101 | Almute swan/Croatial102/2016
EPIISL 267585 | AM Swan/NL-Groningen/16015626-001/2016
EPIISL 250525 | Alegret/Germany-
EPI ISL 260058 | Algrey heron/Gemmany-SN/R572/2017
EPIISL 255169 | Algadwallitaly/1 7VIR133-2:2017
0! EPI ISL 243085 | Atwigeonhaly/16VIR616-3:2016
L EPI ISL 267243 | Abamacle goose/Netherlands/22014  H3N6
H1ON3

190 | EP ISL 181677 | Alduck/Jiangxir33753/2013
EPI ISL 181680 | Alduck/Jiangx/33763/2013
72— EPI ISL 181116 | Aimuscovy duck/VietnamvLBM115/2012
EPI ISL 208808 | Alduck/Yunan'V286/2012
EPI ISL 270269 | A/mallard/Beijing/27-MA2011
EP1 ISL 143935 | Alduck/Hunan/$ 1189372012
EPI ISL 170533 | Aimallard/Novomychalivka/2-23-12/2010
EP1 ISL 243574 | Aimaltard duck/Netherlands/2/2011
EPIISL 129146 | Alduck/Vietnam/LBM1/2011
EP1ISL 156079 | Awid duck/Korea/CSM42-34/2011

761 EPI ISL 240672 | Alshoveler/Chany/B2K12014

EPIISL 171695 |
| EP1ISL 171716 | AimallarciKorealH297/2014

% I{EPI ISL 177732 | Abaikal teal/Korea/1452/2014
5L EPIISL 166630 | Amallard/Korea/W452/2014
ISL 135091 | A/mallardCalifornia/2559P/2011

ADuck/RIyadh/AI2/2017
AMolland pigeon/Riyadh/AI32017
A/Chicken/Riyadh/Al10/2017
A(Chicken/Riyadh/A1512018 H5N8
A/Ornamental bird/ Al-Qasim/AI9/2017 in Saudi Arabia
A/Chicken/Riyadh/Al6/2017
| AFalcon/Riyadh/AIS12017
[ | ABBulbuliRlyadh/AI4/2017
ATurkey/Riyadh/Ai112017
AChicken/Al-AhsaalAI7/2017
a4 AChicken/Al-Ahsaa/Al8/2017
EPIISL 237554 | Alpainted stork/india/10CA03/2016
_‘ EPIISL 240677 | Aldomestic duck/Siberia/103/2016
$a' EPIISL 250231 | Aigadwall/Chany/97/2016
EPI ISL 254745 | Aimallard duck/KoreaWA13712017
EPI ISL 266417 | Alcommon teal/Korea/W547/2016
EPI ISL 266419 | A/common teal/Korea/W548/2016
EPI ISL 272859 | Algrey heron/W77912017
EPI ISL 254725 | Alchicken/KorealH90312017
EPI ISL 266421 | Alcommon tealiKorea/W555/2017
_*EPI ISL 267135 | Algreen-winged teallEgypU871/2016
EPLISL 267136 | Alg 201
EPI ISL 295027 | Alchicken/Kostroma/1718/2017
EPI ISL 297463 | A/chicken/Kostroma/1717/2017
b EPI ISL 297464 | A/chicken/Kostroma/1719/2017
EPI ISL 207465 | Alchicken/Kostroma/1720/2017
EPI ISL 2974686 | A/chicken/Kostroma/1721/2017
| EP ISL 205492 | A/Anser 44
L EPI ISL 255182 | Aurkeyitaly/17VIR538-172017
EPI ISL 285625 | ADuck/South Africa/S2017/08 0481 P212017
EPY ISL 285604 | A/Ostrich/South Africa/S2017/08 0046 P3/2017
190]- EPI ISL 285608 | A/Ostrich/South Africa/S2017/08 0362 P8 33/2017
e EPY ISL 285916 | A/Chicken/South Africa/S2017/08 0581 P2/2017

109

EPI ISL 163619 | Alduck/Guangxi/125D17/2012
EPI ISL 267186 | A/mallard duck/Netherlands/8/2014
EPI ISL 238024 | A/duck/Akita/212/05

EP1ISL 12424 | A/duck/Jiang Xi2374/2005

EPI ISL 252872 | Alduck/Shanxi/3180/2010

EPI11SL 298538 | A/duck/Mongolia/50/2010

EPI ISL 70550 | A/mallard/Korea/GH171/2007

EPI ISL 108521 | Alduck/Suphanburi/Al157/2005

EPIISL 156815 |
EPIISL 1717 | Afbroiler duck/Korea/H145/2014
Joo| EP!ISL 171678 | Albean goose/Korea/H40/2014
74! EPI ISL 171675 |A/broller duck/Korea/M47/2014
EPIISL 135091 | A/mallard/California/2559P/2011
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&3 AlChicken/Al-Ahsaa/AIB12017

AChicken/Al-Ahsaa/AI7/2017

AMolland pigeon/Riyadh/AI312017

AFalcon/Riyadh/AISIZ017

A/Chicken/Riyadh/AI1012017 HS5N8
hicken/RI 1 3 . .

| Nomamentat i mcasmanzorr | i Saudi Arabia

ADuCkRiyadh/AIZ12017

AChicken/Riyadh/AI612017

ABUIbUVRIyadh/AI4/2017

ATurkey/Riyadh/AI172017 =

EPI ISL 255017 | Almute swan/Poland/6412017

EPI ISL 300746 | Alswan/Poland/81/2017

EPIISL 259074 | Alcommon buzzar/Germany-SN/R111712017

EPIISL 256462 | AMute swan/Hungary/587912017

EPIISL 240101 | Almute swan/Croatia' 10212016

EPI 1SL 255189 | Algadwallitaly/17VIR133-2:2017

EPI SL 243696 | Almute swan/Croatia/42/2017

|

&

EPI ISL 262056 | Algreylag NIAR11353-L

EPI ISL 260058 | Algrey heron/Germany-SN/R572/2017

EPY ISL 287565 | AIM Swan/NL-Groningen/16015626-001/2016
| EP1 1SL 243085 | Awigeontaly/ 16VIR9616-32016

EPIISL 206307 | Aiduck/Monqgolta/245/2015
qElﬂ ISL 206308 | A/duck/Mongolia/326/2015 } H10
L EP1 ISL 206696 | Alduck/Mongolia/709/2015
k | EPIISL 252817 | Alduck/HubeliZYSYG3/2015
€PI ISL 252818 | AiduckHuberzvsvGr201s - HEN2
EPI ISL 252619 | Alduck/HubelZYSYG812015
L EP11SL 189692 | A/mallard/Republic of Georgia/12:2011 H10N4
EPI ISL 243553 | A/mallard duck/Netherlands/6/2013
EPI ISL 267161 | A/mallard duck/Sweden/139937/2012
— EPIISL 234918 | Aichicken/France/150169a/2015
10— EPI ISL 267261 | A/mallard duck/Netherlands21/2014
EPI ISL 120195 | A/shoveler/Egypt/14879-NAMRU3/2006
“—— EPIISL 30804 | Alcommon elder/Netherlands/1/2006
EPI ISL 158187 | A/mallard/Sweden80261/2008
- EPI ISL 234327 | Algraylag goose/Poland/74/2010
{106 EPI ISL 267289 | Alwhite-fronted goose/Netheriands/3/2010
u ﬁ EPI ISL 216877 | Almallard/Novomyhalivka/10-23-12/2010

EPIISL 216879 | Aimallard/Askania-Nova/39-15-02/2011
] EPI ISL 209380 | Asheiduck/Yasnopolyanske/4-08-02/2011
EP!ISL 189729 | Aftufted duck/Republic of Georgia/1/2012
“1 EPI ISL 207463 | Alchicken/Kostroma/1717/2017
EPI ISL 240102 | Aldomestic goose/Poland/33/2016
EPI ISL 277426 | Alduck/Kagoshima/KU57/2014
EP| ISL 240672 | A/shoveler/Chany/82Ki2014
93— EPI ISL 257049 | Alduck/Bangladesh/24706/2015
EPI ISL 257048 | Alduck/Bangladeshi26980/2015
EPI ISL 207029 | Alduck/Mongolia/20/2015
EPIISL 208124 | Alduck/Mongolia/208/2015

EP1ISL 157609 | Albreeder duck/Korea/Gochang1/2014
E EPI ISL 177738 | Albaikal lealKorea/240212014
EPIISL 177742 | Albaikal teal/Korea/241672014

m
JEPI 1SL 171708 | Abroller duck/Korea/H 145/2014
EPI ISL 135091 | A/mallard/California/2559P/2011

A/Chicken/Riyadh/A15/2018
ADuck/Riyadh/AI2/2017
ATurkey/Riyadh/AI1/2017
AHolland pigeon/Riyadh/AI3/2017

| EPIISL 229599 | Alpigeon/EgypUS10409A72014
| EPI ISL 267297 | Aimallard duck/Netherlands/16/2014
[ EP116L 213807 | A/Anas platyhynchos/Beighy 173%0ck42/2013
EPI ISL 224753 | Alchicken/Netherlands/15007212/15

EPIISL 189721 | Almallard/Republic of Georgia/3/2010

o0/ EPI ISL 231684 | Aild duck/Tyva/3512016
1oo[|EPI ISL 231685 | Alblack-headed gull Tyva/d 12016
P ISL 224560 | Agrea crested grebe/Uve-Nuur Lake/341/2016
EPI ISL 257087 | Alblack-tailed
o~ EPI ISL 138236 | Alduck/Vietnam/LBM30012012

EPI ISL 298543 | A/duck/Mongolia/62/2013

——— EPI ISL 243495 | A/mallard duck/Netherlands/78/2006

EPI ISL 156815 | Aimallard duck/Shanghai/SH-8/2013
EPIISL 171711 | Aimallard/Korea/H207/2014

“oo EPI ISL 171657 | Abroiler duck/Korea/H31/2014

EPIISL 177727 | Abaikal teal/Korea/1445/2014

EPIISL 171700 | A/Baikal teal/Korea/H68/2014

EPIISL 135091 | Aimallard/California/2559P/2011

~ HSNS



AlChicken/Riyadh/AI1012017
E AHolland pigeon/Riyadh/AI3/2017 F
AlChicken/Riyadh/AI6/2017
AlTurkey/Riyadh/Al1/12017
A/Chicken/Riyadh/A15/2018 H5N8 .
%! A/ornamental bird/ Al-Qasim/AI9/2017 in Saudi
AlChicken/Al-Ahsaa/AI8/2017 Arabia
AlChicken/Al-AhsaalAl7/2017
&2 |AFalcon/RiyadhiAISi2017
ABulbuliRIyadh/Al412017
ADuck/RIyadh/AI2/2017
EPIISL 295492 | A/Anser cygnoides/Hubel/FW44/2016
84 .1 | A/Cygnus 112016
MF040682.1 | A/ICygnus alratus/Hubei/222-0/2016
EPI ISL 237553 | Alduck/india/10CA01/2016
e ist. 303837 | Algrey-headed guliUganda/MUWRP-538/2017
'® EPI ISL 224747 | ABrown-headed GulliQinghal/ZTO5-B/2016
EPI ISL 224728 | A/Bar-headed Goose/Qinghal/BTY 12-LU/2016
EPI ISL 224723 | ABar-headed Goose/Qingha/BTY10-8/2016
EPI ISL 224709 | ABar-headed Goose/Qinghai/BTY3-8/2016
EPI ISL 224742 | ABBrown-headed GulliQinghai/ZTO1-B/2016
}EPI ISL 224726 | A/Bar-headed Goose/Qinghai/BTY11-LU/2016

i

MF155634.1 | Algrey heronW779/2017
KY576089.1 | Alcommon teal/Korea/W550/2016

| EPI ISL 224580 | A/great crested grebe/Uvs-Nuur Lake/341/2016
o 78!

MF037848.1 | Algreen-winged tealEgypV/871/2016

EPIISL 250231 | Algadwall/Chany/97/2016

EPI ISL 240677 | A/domestic duck/Siberia/103/2016

EPIISL 237554 | A/painted stork/India/10CA03/2016

MF073919.1 | A/Cygnus olor/Belgium/1567/2017

EPI ISL 268941 | A/mute swan/Czech Republic/1060-17/2017
EPI ISL 255216 | A/Mallard/Hungary/5821/2017

EPI ISL 255192 | A/Goose/Hungary/982/2017

EPI ISL 268936 | Aimute swan/Czech Republic/964-17/2017
EPIISL 239802 | A/Common-coot/Egypt/CA285/2016
I’ MF073903.1 | A/chicken/Belgium/807/2017
21 MF926479.1 | A/swan/Voronezh/2/2017

MF926471.1 | Alswan/Krasnodar/44/2017
KP732686.1 | A/duck/Eastern China/S1109/2014
KU042827.1 | Algoose/Zhejiang/925037/2014
KX227141.1 | AVon Schrenck s bittern/Jiangxi/Y9/2014
KP286576.1 | Alduck/Ningbo/3262/2013
KJ413836.1 | Albreeder duck/Korea/Gochang1/2014
KP732676.1 | A/duck/Eastern China/S1210/2013
KP732670.1 | A/duck/Eastem China/L0423/2011
KP732671.1 | Alduck/Eastern China/L0611/2011
KJ509062.1 | Afbroiler duck/Korea/H133/2014

od KJ508070.1 | Asbroiler duck/Korea/H145/2014
KJ508982.1 | A/Baikal teal/Korea/H62/2014
KJ508926.1 | Albean goose/Korea/H40/2014
KJ511814.1 | Alwaterfowl/Korea/S005/20 14
KJ756657.1 | Albaikal teal/Korea/1437/2014
KX297923.1 | Alenvironment/Korea/W471/2014

EPIISL 135091 | A/mallard/California/2559P/2011

G A/Chicken/Al-Ahsaa/Al8/2017
AlHolland pigeon/Riyadh/AI3/2017
AlChicken/Riyadh/Al6/2017
A/Duck/Riyadh/Al2/2017 H5N8
ATurk iyadh/Al1/2017 . N
L Whl::?n:\lymhmwmﬂ in Saudi
AFalcon/Riyadh/Al5/2017 Arabia
ABulbul/Riyadh/Al4/2017
A/Chicken/Al-Ahsaa/Al7/2017
A/Ornamental bird/ Al-Qasim/A19/2017
AlChicken/Riyadh/A15/2018
MF040676.1 | A/Anser cygn Hubei/FW44/2016
MF155636.1 | A/grey heron/W779/2017
KY576096.1 | Alcommon teal/Korea/W547/2016
KY576097.1 | Alcommon teal/Korea/W548/2016
ol KY576098.1 | Aicommon teal/Korea/W549/2016
KY576100.1 | Alcommon teal/Korea/W555/2017
KY576099.1 | Aicommon teal/Korea/W550/2016
o) EPIISL 250231 | A/gadwall/Chany/97/2016
“H MF037854.1 | Algreen-winged teal/EgypU871/2016
F037861.1 | A/green-winged teal/Eqypt/877/2016
EPI ISL 240678 | A/domestic duck/Siberia/50K/2016
EPI ISL 240677 | A/domestic duck/Siberia/103/2016
EPI ISL 237554 | A/painted stork/India/10CA03/2016
EPI ISL 285936 | A/Ostrich/South Africa/S2017/08 0046 P11/2017
EPI ISL 285606 | A/Duck/South Africa/S2017/08 0340 P1/2017
EPI ISL 285938 | A/Ostrich/South Africa/S2017/08 0268 P5/2017
90| EPI ISL 285941 | A/Guineafowl/South Africa/S2017/08 0274 P2/2017
EPI ISL 285657 | A/Chicken/South Africa/S2017/08 0561 P2/2017
EPI ISL 285948 | A/Swan/South Africa/S2017/08 0517 P1/2017
o EPIISL 231684 | Alwild duck/Tyva/35/2016
EPI ISL 231685 | A/black-headed gull/Tyva/41/2016
|- MGB881923.1 | Algrey-headed gulllUgandaMUWRP-538/2017
EPI ISL 237553 | A/duck/India/10CA01/2016
JE{ 1| AlCygnus 012016
a7/ MF040692.1 | AICygnus atratus/Hubei/HF-1/2016
EPIISL 240110 | Aichicken/Astrakhan/3131/2016
|EF| ISL 271709 | A/Goose/Hungary/59763/2016
o) .1 | AlAnas 7
EPI ISL 271714 | A/Mulard duck/Hungary/59163/2016
MF073913.1 | Alpeacock/Belgium/1017/2017
EPI ISL 247716 | A/Ural owl/Voronezh/14/2017
EPI ISL 247723 | Aimute swan/Krasnodar/25/2017
MF073921.1 | A/ICygnus olor/Belgium/1567/2017
% EPI ISL 256462 | AMute swan/Hungary/5879/2017

EPI ISL 260058 | A/grey heron/Germany-SN/R572/2017
EPI ISL 260059 | A/cormorant/Germany-SH/R896/2017
KP732725.1 | Aigoose/Eastern China/S0408/2014
KX013025.1 | A/duck/Eastern ChinalJY/2014

KY415913.1 | A/duck/Hubei/ZYSYF18/2015

JX307222.1 | Alduck/Thailand/CU-LM7283C/2010

KT022259.1 | A/duck/Guangxi/05706/2010

EPIISL 135091 | A/mallard/California/2559P/2011

EPI ISL 170563 | A/quail/California/K1400794/2014
EPIISL 177727 | A/baikal teal/Korea/1445/2014

99' EPI ISL 171699 | A/Baikal teal/Korea/H66/2014
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A/Chicken/Riyadh/A152018
AChicken/RiyadhiAI10/2017
A/Ornamental bird/ Al-Qasim/Al9/2017

HSN8
A/Chicken/Al-Ahsaa/AlTI2017 in
|AChicken/RIyadh/AIE2017 saudi
AfFalcon/Riyadh/AIS/2017 audi
ABuIbuURIyadh/AI4I2017 Arabia
AHolland pigeon/Riyadh/AI32017
ADucK/Riyadh/AIZI2017
ATurkey/Rlyadh/AI12017
— MEQ40675.1 |
ME037855.1 | Algreen-winged 1esVEQYpUST7(2016
— MF155635.1 | Algrey heron'W77812017
EPI ISL 237554 | Afpainted stork/india/10CA03/2016
MF037852.1 | Algroen-winged tealEgypus7112016
KY576084 1 | Alcommon teal/KoreaW55012016
KY576081.1 | Alcommon teal/KoreaW 5472016
5| EP1 15L 266418 | Aicommon tealiKorea 54912016
EPIISL 250231 | AlgadwallChany/97/2016
KY576082.1 | Alcommon teal/KoreaW54812016

I3

EPIISL 254745 | Almaliard duck/KoreaWA137/2017
EPIISL 240677 | Aldomestic duckiSberia/1032016
EPI ISL 240678 | Aldomestic duckiSberia/50Ki2016
EPIISL 266417 | Alcommon tealKoreaW547/2016
EPI ISL 266420 | Alcommon tealiKoreaWV550/2016
KY576083.1 | Alcommon teal/KoreaW549/2016
KYS576085.1 | Alcommon teal/KoreaWs5512017
EPI ISL 266421 | Alcommon tealiKorea/WSS55/2017
EPI ISL 295027 | AlchickenKostroma/ 17182017
EPI ISL 297463 | Alchicken/ostroma/1717/2017
7| EPY ISL 297464 | AlchickenKostroma/1 71912017
EPI ISL 207466 | Alchicken/ostroma/1721/2017
EPI ISL 207465 | Alchickenostroma/ 17202017
{[L— MGBB1968.1 | A/grey-headed guiUganda/MUWRP-538/2017
&

PIISL 237553 | Alduck/indial10CAQ1/2016
1A
62l MF040691,1 | A/Cygnus atratusiHubeiHF-112016
EPIISL 256301 | Alenvironment/Kamchatka/ 182016
Ja[ EPIISL 224717 | VBar.nsaded Goose/OnghalBTY7-LU1 2016
EP1 ISL 231684 | AMilS duck/Tyvar3512016
EPI ISL 240101 | Almute swan/Croatia' 10272016
EPI ISL 256462 | A/Mute swan/Hungary/587972017
EPI ISL 287565 | AM Swan/NL-Groningen/16015626-001/2016
EPI ISL 224580 | Algreat crested grebe/Uvs-Nuur Lake/34112016
EPI 1L 268633 | A/DK/NL-Rotterdam/16014008-001-005:2016
EPIISL 268645 | A/Eur WigINL-Leldschendam/16015697-007/2016
EPI1SL 247724 | AWid duck/Tatarslan/305972016
EPIISL 271704 | AlGoosarHungaryl1726172017
EPI ISL 237730 | Aimute swan/Hungary/51049/2016.
EP ISL 255203 | AlMute swan/Hungany3513/2017
EPISL 268930 | AlgooselCzech Repubic/136-17 172017
EPIISL 135091 | Aimallard/California/2559P12011

KJ509006.1 | A/Balkal teal/Korea/H68/2014 oo

EPIISL 156815 |
£ EPIISL 171678 | Albean goose/Korea/H4012014.
o EPY 6L 177732 | Abalkal tealKoroa! 145212014

EPIISL 177739 | Albalkal tealKorea240372014



Technical Appendix Figure 1. Phylogenetic analyses of HSN8 viruses detected in Saudi Arabia: A)
polymerase basic protein 2 (PB2); B) PB1; C) polymerase acidic protein (PA); D) nucleoprotein (NP); E)
neuraminidase (NA); F) membrane protein (M); G) nonstructural protein (NS). Aligned sequences were
analysed by MEGAY7 (https://www.megasoftware.net/). Phylogenetic trees were constructed using the
neighbor-joining method. Representative viral sequences and viral sequences that are highly similar to
those reported in this study were included in these analyses. HSN8 viruses reported in this study are
highlighted as shown. Bootstrap values >60% are shown. Representative viruses that share a similar
gene constellation (PB2 and PB1; PA, HA, NP, NA, M, and NS) of H5N8 viruses found in Saudi Arabia
are underlined (see main text for details). GISAID accession numbers for corresponding viral sequences

are shown as indicated. Scale bar indicates the estimated genetic distance of these viruses.
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A/Ornamental_bird/Al-Qasim/AI9/2017_2017-12-26
AiChicken/Al-Ahsaa/Al7/2017_2017-12.26
AiChicken/Al-Ahsas/Al8/2017_2017-12.26
AlFalcon/Riyadh/A_I5/2017_2017-12-22 H5N8
AfBulbul/Riyadh/Al4/2017_2017-12.21 , 5
AlHolland_pigeon/Riyadh/AI3/2017_2017-12-21 n Sa ud|
AlDuck/Riyadh/A12/2017_2017-12-21 .
A/Chicken/Riyadh/A15/2018_2018-01.03 Arabia
AlChicken/Riyadh/AI8/2017_2017-12-24

AlTurkey/Riyadh/AI1/2017_2017-12.21
AIChicken/Riyadh/AI10/2017_2017-12-28

EPI_ISL_265935_|_A/Mute_swaniHungary/6276/2017_2017-02-16
EPI_ISL_271708_|_A/Gaose/Hungary/17985/2017_2017-04.20
EPI_ISL_271711_|_A/Mulard_duckiHungary/62902/2016_2016-12-07
EPI_ISL_239420_|_A/duck/Hungary/60441/2016_2016-12.02
EPI_ISL_256216_|_A/Mallard/Hungary/5821/2017_2017.02-13
EPI_ISL_255213_|_A/GuineaFowl/Mungary/596/2017_2017-01-06
EPI_ISL_237731_|_A/domestic_turkey/Mungary/53433/2016_2016-11-02
EPI_ISL_255197_|_A/Mute_swan/Hungary/1955/2017_2017-01-18
EPI_ISL_255036_|_A/PheasantMungary/6553/2017_2017-02-16
EPI_ISL_255398_|_A/Goose/Hungary/58712/2016_2016-11-26
EPI_ISL_249681_|_Alturkey/Germany-BB/R23411/2017_2017-01-08
EPI_ISL_24B866_|_A/bronze_turkey/Czech_Republic/1414-17/2017_2017.01-30
EPI_ISL_257731_|_Afturkey/Germany-BB/R3T7#/2017_2017-01-17
EPI_ISL_262059_|_Algreylag_goose/Germany-NI/ART03-L02138/2017_2017-01-25
EPI_ISL_240107_|_Afturkey/Paland/78/2016_2016-12-16
5 EPLISL_247724_|_Alwil_tuckTatarstanf30562016_2016-10-02
EPI_ISL_240109_|_Alchicken/Kalmykia/2661/2016_2016-11.23
EPI_ISL_268641_|_A/Eur_Wig/NL-Gouda/16015824.001/2016_2016-1213
EPI_ISL_268652_|_A/Eur_Wig/NL-Zoelerwoude!16015702-010/2016_2016-12-10
EPI_ISL_253037_|_A/chicken/Wales/000023/2016_2016.12-31
EPI_ISL_239801_|_Afturkey/England/052131/2016_2016-12.15
EPI_ISL_255212_|_A/Greylag_goose/Hungary/320/2017_2017-01.04
o EPI_ISL_255914_|_AJE _Wig (9/2016_2016-12-04
EPI_ISL_208649_|_Afturkey/lsrael/184/2017_2017-02-05
EPI_ISL_247717_|_Aflong-eared_owl/Voronezh/16/2017_2017.01-06
EPI_ISL_247716_|_A/Ural_owl/Voronezh/14/2017_2017-01-06
EPI_ISL_247721_|_Afturkey/Rostav-on-Don/1112017_2017-01.01
== EPI_ISL_247723_|_A/mute_swan/Krasnadar/25/2017_2017-01.08
EPI_ISL_208647_|_Alcormorant/lsrael/1035/2016_2016-12-19
EPI_ISL_240677_|_A/domestic_duck/Siberia/103/2016_2016-10-0¢
EPI_ISL_250231_|_A/gadwall/Chany/87/2016_2018-09-10
MF037851.1_|_Algreen-winged_teal/Eqypl/871/2016_2016-12-08
MF037862.1_|_Algreen-winged_teal/Eqypl/877/2016_2016-12-08
EPI_ISL_208653_|_Alperegrine_falcon/israel/1086/2016_2016-12-25
L £ EPI_ISL_208650_|_Alturkey/lsrael/1076/2016_2016.12.24
L] L Epi_isL_254745_|_A/mallard_duckiKorealWA137/2017_2017-01-24
[E=_ Epi_isL_224580_|_Algreat_crested_grebe/Uvs-Nuur_Lake/341/2016_2016-05-25
EPI_ISL_231685_|_Ablack-headed_gullTyva/é1/2016_2016.05-25
MF040880.1_|_A!Cygnus_atratus/Hubei/222.0/2016_2016-12-28
_EE MF040688.1_|_AICygnus_atratus/HubeifHF-1/2016_2016-12-20
MF186575.1_|_Alchicken/Israel/881/2016_2016-12.07
MGBA1987.1_|_Algrey-headed_gull/Uganda/MUWRP-538/2017_2017-01-04
EPI_ISL_298842_|_Alchicken(lsrael/1048/2016_2016.12:20
MF166579.1_|_Alchicken/Israel(1048/2016_2018.12.20
pa— MF186581.1_|_Algrey_gooseilsrael/986/2016_2016-12.12
MF040672.1_|_A/Anser_cygnoides/Hubei/FW44/2016_2016-12-13
EPI_ISL_224738_|_A/Bar-headed_Goose/Qinghai/BTY17-LU2016_2016-05.15~t
KJ509140.1_|_A/bean_goose/Korea/H328/2014_2014.02-01
ABO32558.1_|_A/Chicken/Kumamoto/1-7/2014_2014-04-13
— EPI_ISL_169273_|_Alturkey! 2485-86-L 14~1_2014-11-04~
EPI_ISL_169380~1_|_Alcrane/Kagoshima/KU1/2014_2014-11-23~¢
= KU201782.1_|_Alchicken/California/15-004812/2015_2015.02.06
EPI_ISL_181081_|_A/mallard/Korea/KU3-2/2015_2015.01-20~¢
N EPI_ISL_199149_|_Alchicken/Saga/1-1/2015_2016.01-17

L— KP732629.1_|_A/duck/Eastern_China/L0405/2010_2010-04.05
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Technical Appendix Figure 2. Phylogenetic tree of hemagglutinin (HA) sequences with dating estimated
by BEAST (http://beast.community/). Median (in years) and the estimated posterior probabilities of nodes
are shown. Node bars indicate 95% highest posterior density regions of node dating. The median date of
the most recent common ancestor of H5N8 viruses in Saudi Arabia is estimated to be September 11,

2017 (95% CI May 23—November 20, 2017). GISAID accession numbers of the reference sequences are

indicated.
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