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Human infections with influenza A(H5N1) virus in Cambodia increased sharply during 2013. Molecular characterization of vi-
ruses detected in clinical specimens from human cases revealed the presence of mutations associated with the alteration of recep-
tor-binding specificity (K189R, Q222L) and respiratory droplet transmission in ferrets (N220K with Q222L). Discovery of quasi-
species at position 222 (Q/L), in addition to the absence of the mutations in poultry/environmental samples, suggested that the
mutations occurred during human infection and did not transmit further.

Early detection of avian influenza A virus infection in humans
and characterization of the viruses remain a global public
health goal to better anticipate pandemic threats. Although there
is little evidence of person-to-person transmission of these viruses
to date, mutations in the hemagglutinin (HA) and internal pro-
tein genes associated with human adaptation have been reported
in some groups of highly pathogenic avian influenza (HPAI)
A(H5N1) viruses, as well as in A(H7N9) viruses in China (1-3). A
glutamine-to-leucine substitution in the HA receptor-binding
domain 220-loop (Q222L by H5 numbering) is recognized as one
of the critical substitutions, altering the binding preference of the
virus for host cells displaying sialic acid in a2,3 linkage to galactose
on carbohydrate side chains (avian receptor) to sialic acid in a2,6
linkage to galactose (human receptor) (4, 5). Two recent studies
identified additional HA (6, 7) and internal gene (7) mutations in
H5N1 viruses with efficient respiratory droplet transmission in
ferrets. While the exact contribution of each individual mutation
described in either study has not been fully elucidated, the com-
bination of as few as four HA mutations compared to parental
strains (N154D, N220K, Q222L, T315I [6] and H103Y, T156A,
Q222L, G224S [7]) was sufficient to facilitate aerosol droplet
transmission. To date, only one of these four mutations, which
results in loss of a glycosylation site at the 150 loop (either N154D
or T156A), has been routinely identified in naturally occurring
viruses detected in birds and humans. The other mutations re-
main extremely rare or undetected among circulating strains of
HPAI H5N1 viruses (2).

During 2013, the number of reported H5N1-positive human
cases detected in Cambodia (n = 26) exceeded the cumulative
number identified from 2005 to 2012 (n = 21) (8) (Table 1). Twenty-
six clinical specimens, one from each of the human cases positive
for H5 HA by real-time reverse transcription (RT)-PCR, were
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inoculated into MDCK cells and/or embryonated chicken eggs,
yielding 15 virus isolates (Table 1). The HA genes from 20 cases
were sequenced directly from clinical specimens and/or virus iso-
lates, and full-genome sequences were generated from the cases
producing virus isolates. In addition to sequences obtained from
human cases, sequences from 72 viruses obtained from poultry,
environmental sources, and civet cats were determined.
Nucleotide sequence analysis of the HA genes revealed that all
viruses belong to the clade 1.1.2 phylogenetic group (9, 10). While
all 2013 data from neighboring countries may not be available, the
Cambodian viruses clustered in a discrete group made up of
samples collected only in Cambodia during 2013 (Fig. 1).
Amino acid sequence comparisons to clade 1 progenitor strains
(e.g., A/Vietnam/1203/2004) revealed that all viruses in the 2013
group shared mutations at four positions (HA S123P, S133A,
S155N, and K266R). Three of these four HA substitutions were
previously recognized as contributing to increased binding of H5
viruses to mammalian host cell sialic acid receptors in a2,6 linkage
either alone (S133A, S155N) or in combination with other muta-
tions (S123P) (11-13). While the S155N mutation resides within
the 150-loop glycosylation motif, the mutation of serine to aspar-
agine does not change the predicted N-linked glycosylation motif
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FIG 1 Neighbor-joining phylogenetic tree of the HA genes of clade 1 highly pathogenic avian influenza A(H5N1) viruses constructed in MEGAS. The nearest
reassortant WHO candidate vaccine viruses (CVV) for each group of clade 1 are denoted by CVV at the end of the strain name. Viruses collected in 2012-2013
are denoted with an asterisk. Sequences were aligned using MUSCLE, and amino acid differences at branch nodes indicate shared HA1 substitutions relative to
the reference strain, A/Vietnam/1203/2004. Mutations to the right of a strain name indicate amino acid changes found only in that individual virus. Underlined
amino acid substitutions indicate previously recognized molecular markers and/or markers of note as listed in the H5N1 Genetic Changes Inventory (24).
Branches on the tree with HA sequences from human cases are in bold. Bootstraps greater than 50 generated from 1,000 replicates are shown at branch nodes.
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FIG 2 Neighbor-joining phylogenetic tree of the neuraminidase (NA) and internal genes of highly pathogenic avian influenza A(H5N1) viruses constructed in
MEGAS5. Viruses collected in 2012-2013 are denoted with an asterisk. Sequences were aligned using MUSCLE; amino acid differences at branch nodes indicate
substitutions relative to reference strain A/Vietnam/1203/2004 for the NA gene and A/Hubei/1/2010 for the internal genes. Mutations to the right of each strain
name indicate amino acid changes found only in that individual virus. Underlined amino acid substitutions indicate previously recognized molecular markers
and/or markers of note as listed in the H5N1 Genetic Changes Inventory (24). Branches on the tree with sequences from human cases are in bold. Bootstraps
greater than 50 generated from 1,000 replicates are shown at branch nodes. The scale bar represents the number of nucleotide substitutions per site.

jviasm.org 13901


http://jvi.asm.org

Rith et al.

PB2

R175G

E304D ~]

N711D

A/duck/Vietnam/NCVD-1253/2012 *
o L_osjA/chicken/Vietnam/NCVD-1248/2012 *

A/duck/Vietnam/NC
Q368R

A/duck/Vietnam/NCVD-126

52
S497N

81

D195N

D680N jA/duck/Vietnam/|
_F'A/duckNietnam/

61

i,

1411V M631L T683K

T —arc:

L Achicken/Car

AJ/chicken/Cambodia/X0124310/2013 *

V560L
L716F 9 . "
" T58A! A/chicken/Vietnam/NCVD-1247/2012 *

A/duck/Vietnam/NCVD-

1312/2012
VD3-8/2011

99! A/duck/Vietnam/NCVD3-31/2011

o A/duck/Vietnam/LBM136/2012 *
Al/duck/Vietnam/LBM133/2012 *
o1 A/duck/Vietnam/LBM132/2012 *

9/2012 *

A/duck/Vietnam/LBM140/2012 *
97 = A/duck/Vietnam/LBM139/2012 *

NCVD-1212/2012 *
NCVD-1210/2012 *

98- A/muscovy duck/Vietnam/NCVD-1220/2012 *

Al/Cambodia/X0212301/2013 * WHO#28 F *
Alchicken/Cambodia/X0815301/2013 *
AlCambodia/X1024307/2013 * WHO#43 *
Al/Cambodia/X0808305/2013 * WHO#36 F *
AlCambodia/X0916322/2013 * WHO#41 *
AlCambodia/X0817302/2013 * WHO#38 *
Al/Cambodia/X0828324/2013 * WHO#39 *

A/Cambodia/X0207301/2013 * WHO#27 F *

AlCambodia/X0123312/2013 * WHO#24 F *

AlCambodia/X0913301/2013 * WHO#40 *

i | E A/duck/Cambodia/261W7M2/2013 *

90— A/duck/Cambodia/191W5M4/2013 *

T Acivet c

Al/Cambodia/X0628313/2013 * WHO#34 F * m2si
Alcivet cat/Cambodia/X0313307/2013 *

— A/Cambodia/X0219301/2013 * WHO#29 F *

95

63

L

A/Cambodia/X0125302/2013 * WHO#25 F *

'— A/duck/Cambodia/143W4M4/2013 *

L ac:

AlCambodia/X0123311/2013 * WHO#22 *

AJ/chicken/Cambodia/X0305302/2013 *

A/duck/Cambodia/46\W2M4/2013 *

uck/Cambodia/250W7M1/2013 *

Alchicken/Vietnam/NCV

P4

A/duck/Cambodia/202W6M1/2013 * T339K

A/duck/Vietnam/OIE-1287/2012 *

D-1255/2012 *

A/duck/Vietnam/NCVD-1234/2012 *

90§ A/duck/Vietnam/NCVD-1232/2012 *

571 Alchicken/Vietnam/NCVD
A/muscovy duck/Vietnam/|

-1223/2012 *
LBM113/2012 *

A/duck/Vietnam/NCVD-931/2011
A/duck/Vietnam/NCVD-935/20

V667! E
9

9

A/duck/Vietnam/NCVD
A/duck/Viethnam/NCVD1-4
A/duck/V

86 A/chicken/Vietn

A/duck/Vietnam/

11

Al/duck/Vietnam/NCVD-712/2011
Alchicken/Vietnam/NCVD-700/2011

1-37/2011
8/2011
ietnam/NCVD-1221/2012 *

94— A/duck/Vietnam/NCVD-1018/2011

am/NCVD-1040/2011

A/duck/Vietnam/NCVD-1042/2011
Al/duck/Vietnam/NCVD-1044/2011
A/duck/Vietnam/NCVD-1029/2011
A/duck/Vietnam/NCVD-952/2011
M483v I A/duck/Vietnam/NCVD-948/2011

957 A/duck/Vietnam/NCVD-947/2011
——— A/duck/Vietnam/NCVD-760/2011

—L aehic

NCVD-1584/2012 *

chicken/Vietnam/NCVD-1059/2011

—— A/chicken/Vietnam/NCVD-715,

/2011

A/muscovy duck/Vietnam/NCVD-1049/2011

L2011
86,

K61R D309G

—1_ A/duck/Vietnam/NCV

Alduck/Vietnam/NCVD-825/2011
D-815/2010

A/duck/Vietnam/NCVD-943/2011
Alchicken/Vietnam/NCVD-1034/2011

991 A/duck/Vietnam/NCV

D-946/2011

V338D 1615V | A/duck/Vietnam/NCVD-945/2011
A/Hubei/1/2010

0.005

13902 jviasm.org

FIG 2 continued

Journal of Virology


http://jvi.asm.org

Human Infections with H5N1 Virus in Cambodia

7 A/duck/Cambodia/191W5M4/2013 *
P B 1 A/duck/Cambodia/261W7M2/2013 *

s A/lCambodia/X0123311/2013 * WHO#22 *

p731' AliCambodia/X0123312/2013 * WHO#24 F *
A/chicken/Cambodia/X0124310/2013 *
62 A/duck/Cambodia/202W6M1/2013 *
Alcivet cat/Cambodia/X0313307/2013 *

Alchicken/Cambodia/X0305302/2013 *
= AlCambodia/X0913301/2013 * WHO#40 *

Y E———— AlCambodia/X1024307/2013 * WHO#43 *
% A/Cambodia/X0916322/2013 * WHO#41 *

S748F | AlCambodia/X0817302/2013 * WHO#38 *
700 | D76N FA/CambodialXO808305/2013 *WHO#36 F *
82 = A/chicken/Cambodia/X0815301/2013 *
—— A/Cambodia/X0628313/2013 * WHO#34 F *
1179M — A/Cambodia/X0207301/2013 * WHO#27 F *
S213N — A/Cambodia/X0828324/2013 * WHO#39 *
1384T +————— A/Cambodia/X0219301/2013 * WHO#29 F *
- A/Cambodia/X0125302/2013 * WHO#25 F *
— A/Cambodia/X0212301/2013 * WHO#28 F *
f———————— A/duck/Cambodia/143W4M4/2013 *
Al/duck/Cambodia/250W7M1/2013 *
—— A/duck/Cambodia/46W2M4/2013 *
k ﬂl— A/duck/Vietnam/LBM133/2012 *
1179M 89 ' A/duck/Vietnam/LBM132/2012 *
S213N A/muscovy duck/Vietnam/LBM113/2012 *
1384T Alchicken/Vietnam/NCVD-1255/2012 *
A/duck/Vietnam/NCVD-1234/2012 *
92! A/duck/Vietnam/NCVD-1232/2012 *
Alchicken/Vietnam/NCVD-1223/2012 *
Al/duck/Vietnam/LBM139/2012 *
A/duck/Vietnam/OIE-1287/2012 *
A/duck/Vietnam/LBM140/2012 *
A/duck/Vietnam/NCVD-1269/2012 *
A/duck/Vietnam/NCVD-931/2011
—— A/duck/Vietnam/NCVD-935/2011
i‘—A/duckNietnam/NCVD-1 253/2012 *
Alchicken/Vietnam/NCVD-1248/2012 *
M79M SZI3N~S b 78! A/chicken/Vietnam/NCVD-1247/2012 *
82 56 [ A/duck/VVietnam/NCVD-1312/2012 *
A/duck/Vietnam/NCVD-1212/2012 *
6 A/muscovy duck/Vietnam/NCVD-1220/2012 *
3 A/duck/Vietnam/NCVD-1210/2012 *
99[_— A/duck/Vietnam/NCVD3-31/2011
1179M S213N = A/duck/Vietnam/NCVD3-8/2011
A/duck/Vietnam/NCVD-1022/2011
Alchicken/Vietham/NCVD-700/2011
A/duck/Vietnam/NCVD-712/2011
A/duck/Vietnam/NCVD-760/2011
Alchicken/Vietham/NCVD-715/2011
Alchicken/Vietnam/NCVD-1059/2011
D464N A/duck/Vietnam/NCVD1-37/2011
100= A/duck/Vietnam/NCVD1-48/2011
A/muscovy duck/Vietnam/NCVD-1049/2011
—————————— A/duck/Vietnam/NCVD-1029/2011
K386R Alduck/Vietnam/NCVD-1221/2012 *
92| | Al/duck/Vietnam/NCVD-1048/2011
80 A/duck/Vietnam/NCVD-1044/2011
s152L V5251 K578R|A/chicken/Vietnam/NCVD-1038/2011
A/duck/Vietnam/NCVD-1042/2011
A/chicken/Vietnam/NCVD-1040/2011
— A/duck/Vietnam/NCVD-1018/2011
A/duck/Vietnam/NCVD-952/2011
A726S A/duck/Vietnam/NCVD-948/2011
— M372v! A/duck/Vietnam/NCVD-947/2011

1179M K208R 8213N\ 69— A/chicken/Vietnam/NCVD-1034/2011
N M372V Q621RE_. A/duck/Vietnam/NCVD-945/2011
1179M T182I 100" A/duck/Vietnam/NCVD-946/2011
66 A/duck/Vietnam/NCVD-943/2011

SRIRSSEN \ ——————————— A/Hubei/1/2010
a6 ——— A/duck/Vietnam/NCVD-1306/2012 *

98| A/duck/Vietnam/NCVD-1207/2012 *
9 A/duck/Vietnam/NCVD-1206/2012 *
56| N314S A/duck/Vietnam/NCVD-1217/2012 *

99! A/duck/Vietnam/NCVD-1219/2012 *
A/duck/Vietnam/NCVD-825/2011
1179M S213N V525I I—A/duckNietnam/NCVD-815/2010

1=

100

179M 8213N/

0.005

FIG 2 continued

December 2014 Volume 88 Number 23 jviasm.org 13903


http://jvi.asm.org

Rith et al.

PA

E399D)
93

99
V323

59

M861 T208K M261V
I330R A343S

$648C L7111
D547N

|

Alenvironment/Bangladesh/1019-G/2012 *
154M S225N ~y

[ AduckiBangladesh/4120T/2011
Alwaterfowl/Bangladesh/31935/2011
58 Alchicken/Bangladesh/4070T/2011

161V 1573 A/duck/Bangladesh/32077/2012 *
Alenvironment/Bangladesh/1017-1/2011

El:;/tE(en/Bangladesh/42010/2012 *

_ A/duck/India/02AF1/2011
Alchicken/Bangladesh/11303/2011
Alcrow/Bangladesh/1061/2011

| A/lcrow/Bangladesh/1058/2011
Alenvironment/Bangladesh/1011/2011

[ Achicken/India/CA0302/2011

Alchicken/Sagaing/295/2010

Alduck/Vietnam/NCVD-1219/2012 *

A/duck/Vietnam/NCVD-1217/2012 *
A/duck/Vietnam/NCVD-1306/2012 *

A/duck/Vietnam/NCVD-1206/2012 *

Alduck/Vietnam/NCVD-1207/2012 *

S4211

99
S6

95

A3 Hubeir1/2010

S421 A/duck/Vietnam/NCVD-825/2011
—G|9B A/duck/Vietnam/NCVD-815/2010
A/duck/Vietnam/NCVD-935/2011
A/duck/Vietnam/NCVD-943/2011
A/duck/Vietnam/NCVD-946/2011
Alchicken/Vietnam/NCVD-1034/2011
A/duck/Vietnam/NCVD-945/2011
A/duck/Vietnam/NCVD-931/2011
V100A T208R A343S A/muscovy duck/Vietnam/NCVD-1220/2012 *
D38 98 Alduck/Vietnam/NCVD-1212/2012 *
99 A/duck/Vietnam/NCVD-1210/2012 *
_ A/duck/Vietnam/NCVD-927/2011
Az43s - A/duck/Vietnam/NCVD3-31/2011
Toaor_1A/duck/Vietnam/NCVD3-8/2011
%8 Al/chicken/Vietnam/NCVD-1247/2012 *
Alchicken/Vietnam/NCVD-1248/2012 *
A/duck/Vietnam/NCVD-1253/2012 *
A/Cambodia/X0123311/2013 * WHO#22 *
P2218 M261™A/Cambodia/X0123312/2013 * WHO#24 F *
A/Cambodia/X0219301/2013 * WHO#29 F *
Al/Cambodia/X0628313/2013 * WHO#34 F *
A/Cambodia/X0207301/2013 * WHO#27 F *
Alduck/Cambodia/191W5M4/2013 *
Alcivet cat/Cambodia/X0313307/2013 *
AlCambodia/X0828324/2013 * WHO#39 *

S558P
9%

59

= |

.

M261Vm—_]

A/Cambodia/X0913301/2013 * WHO#40 *

Al/Cambodia/X0817302/2013 * WHO#38 *

Al/Cambodia/X0810301/2013 * WHO#37 *

Alchicken/Cambodia/X0815301/2013 *

AlCambodia/X0808305/2013 * WHO#36 F *
AlCambodia/X0916322/2013 * WHO#41 *

7 A/Cambodia/X1024307/2013 * WHO#43 *

Aduck/Cambodial261W7M2/2013 *

A/Cambodia/X0125302/2013 * WHO#25 F *

A/duck/Cambodia/250W7M1/2013 *
AJchicken/Cambodia/X0305302/2013 *
A/duck/Cambodia/202W6M1/2013 *
A/duck/Cambodia/143W4M4/2013 *
A/duck/Cambodia/46W2M4/2013 *
Alchicken/Cambodia/X0124310/2013 *

AlCambodia/X0212301/2013 * WHO#28 F *

___ A/muscovy duck/Vietnam/LBM113/2012 *

| A/chicken/Vietnam/NCVD-1255/2012 *

Alduck/Vietnam/LBM139/2012 *
A/duck/Vietnam/LBM140/2012 *
|__ A/duck/Vietnam/NCVD-1022/2011
A/duck/Vietnam/NCVD-1312/2012 *

A/duck/Vietnam/OIE-1287/2012 *
A/duck/Vietnam/LBM136/2012 *

A/duck/Vietnam/LBM132/2012 *

A/duck/Vietnam/LBM133/2012 *

A/duck/Vietnam/NCVD-1269/2012 *

| |A/duck/Vietnam/NCVD-1232/2012 *

A/duck/Vietnam/NCVD-1234/2012 *

Alchicken/Vietnam/NCVD-1223/2012 *

A/duck/Vietnam/NCVD-760/2011

)
]

A343S E399K
97

113V
1348\(;

-

M261V —]

98
4] 60!

5
M261V 1596

T1511 S296N
A343S 1596V []

98

78

A343S

53
©
2

6’

A34 Alchicken/Vietnam/NCVD-715/2011
o7 Alchicken/Vietnam/NCVD-700/2011
F315Y E538G F707L — A/duck/Vietnam/NCVD-712/2011

0.005

13904 jviasm.org

________ A/muscovy duck/Vietnam/NCVD-1049/2011
AJchicken/Vietnam/NCVD-1059/2011
___ A/duck/Vietnam/NCVD-1221/2012 *
| A/duck/Vietnam/NCVD-1029/2011
A/duck/Vietnam/NCVD-1044/2011
Alchicken/Vietnham/NCVD-1038/2011
A/duck/Vietnam/NCVD-1048/2011
A/duck/Vietnam/NCVD-1042/2011
Alchicken/Vietnam/NCVD-1040/2011
A/duck/Vietnam/NCVD-1018/2011
M261L, Al/duck/Vietnam/NCVD1-37/2011
A/duck/Vietnam/NCVD1-48/2011
A/duck/Vietnam/NCVD-952/2011
A/duck/Vietnam/NCVD-948/2011
A/duck/Vietnam/NCVD-947/2011

A343|

79

FIG 2 continued

Journal of Virology


http://jvi.asm.org

Human Infections with H5N1 Virus in Cambodia

—— A/Cambodia/X0628313/2013 * WHO#34 F *
—— Alchicken/Cambodia/444W13M1/2013 *
—— A/Cambodia/X0207301/2013 * WHO#27 F * A
67 Alenvironment/Cambodia/C1190W38M4/2013 *
NP A/duck/Cambodia/1295W40M4/2013 *

A/enwronment/Cambodla/E‘I285W40M4/2013 *
Alenvironment/Cambodia/C1094W35M4/201

A/enV|ronment/Cambod|a/E1382W42M4/2013 =
Alenvironment/Cambodia/E1240W39M4/2013 *

Alenvironment/Cambodia/E1 1 30W37M3/2013 *
A/Cambodia/X0913301/2013 * WHO#40 *

A/enV|ronment/Cambod|a/E1082W35M3/201 3*

AlCambodia/X0817302/2013 * WHO#38 *
A/Cambodia/X1024307/2013 * WHO#4.
Alenvironment/Cambodia/E1006W37M1/201 3 *
A/duck/Cambodia/1281W40M3/2013 *
65 AlCambodia/X0810301/2013 * WHO#37 *
A/Cambodia/X0916322/2013 * WHO#41 *
Alchicken/Cambodia/X0815301/2013 *

64! A/Cambodia/X0808305/2013 * WHO#36 F *
Alenvironment/Cambodia/E290W9M1/2013 *

A/Cambodia/X0123312/2013 * WHO#24 F *
Alcivet cat/Cambodia/X0313307/2013 *
87 — A/environment/Cambodia/E1178W38M3/2013-1049A *

Alenvironment/Cambodia/E1178W38M3/2013-1049G *

— A/Cambodia/X0828324/2013 * WHO#39 *

Alenvironment/Cambodia/E1202W39M1/2013 *
_W:k/CambodlaM 162W38M1/2013 *

951 A/environment/Cambodia/C1154W38M1/2013 *

Alenvironment/Cambodia/E434W1 3M1/201 3=
Alenvironment/Cambodia/C303W9M2/2013

A/duck/Cambodia/202W6M1/2013 *

A/Cambodia/X0219301/2013 * WHO#29 F *
85 — A/Cambodia/X0212301/2013 * WHO#28 F *

— A/duck/Cambodia/261W7M2/2013 *
|— A/Cambodia/X0125302/2013 * WHO#25 F
[—— A/Cambodia/X0123311/2013 * WHO#22 *
—E Alchicken/Cambodia/492W14M1/2013 *
A/enV|ron ment/Cambod|a/E328W9M4/201 3"

_|__ ‘duck/C ambodla/250W7M1/2013*
A/duok/Cambodla/443W13 1/2013 *

|— A/chicken/Cambodia/X0305302/2013 *

Alenvironment/Cambodia/E301W9IM2/2013 *
A/duck/Cambodia/526W14M4/2013 *

Mk/Cambodla/467W1 3M3/2013 *

67 A/envnronment/Cambodla/C445W1 3M2/2013 *
A/duck/Cambodia/46W2M4/2013

A/duck/Cambodia/143W4M4/2013 *
A/duck/Cambodia/191W5M4/2013 *

Ad A{(%cl;en/(}/angq‘(ga/Xm 24310/2013
ucl letham, -
.

A/duck/Vietnam/NCVD-1269/2012 *

_,— A/duck/Vietnam/LBM140/2012 *
A/duck/Vietnam/LBM139/2012 *

70 A/duckNletnam/NCVD 1234/2012
R4fhok| 'A/duck/Vietnam/NCVD-1232/2012 *
— [z Alchicken/Vietnam/NCVD-1255/2012 *
AJchicken/Vietnam/NCVD-1223/2012 *
A/muscovy duck/Vietnam/LBM113/2012 *
A/duck/Vietnam/LBM132/2012 *
A/duck/Vietnam/LBM136/2012 *

88 A/duck/Vietnam/NCVD-1253/2012 *
_| |:A/chicken/Vietnam/NCVD-1247/2012 =
65 75  Alchicken/Vietnam/NCVD-1248/2012 *

il — A/duck/Vietnam/NCVD3-8/2011
A/duck/Vietnam/NCVD3-31/2011

——— A/duck/Vietnam/NCVD-1312/2012 *
A/duck/Vietnam/NCVD-935/2011

A/duck/Vietnam/NCVD-1022/2011
] A/duck/Vietnam/NCVD-931/2011
961 A/duck/Vietnam/NCVD-1212/2012 *
4:' A/duck/Vietnam/NCVD-1210/2012 *
% A/muscovy duck/Vietnam/NCVD-1220/2012 *

V186l r Alchicken/Vietnam/NCVD-700/2011
A/duck/Vietnam/NCVD-712/2011

A/duck/Vietnam/NCVD-943/2011
[ | Alchicken/Vietnam/NCVD-1034/2011
A/duck/Vietnam/NCVD-946/2011

961 A/duck/Vietnam/NCVD-945/2011

- A/muscovy duck/Vietnam/NCVD-1049/2011
Alduck/Vietnam/NCVD-760/2011
52 A/duck/Vietnam/NCVD-1221/2012 *
A/duck/Vietnam/NCVD-1018/2011
A/duck/Vietnam/NCVD-1048/2011
A/duck/Vietnam/NCVD-1029/2011
A/duck/Vietnam/NCVD-1044/2011
Y52H| A/chicken/Vietnam/NCVD-1040/2011
86| A/duck/Vietnam/NCVD-1042/2011
Alchicken/Vietnam/NCVD-1038/2011

80, Al/duck/Vietham/NCVD1-37/2011
A/duck/Vietnam/NCVD1-48/2011
A/duck/Vietnam/NCVD-952/2011
%guckNietnam/NCVD-948/201 1

uck/Vietnam/NCVD-947/2011
A/duck/Vietnam/NCVD-815/2010
EA/Chlcken/Vletnam/NCVD 715/2011
A/duck/Vietnam/NCVD-825/.
duck/Vletnam/NCVD 1306/2012 *
A/duck/Vietnam/NCVD-1207/2012 *
99 A/c}_{]/gkNletnam/NCVD 1206/2012 *

uck/Vietnam/NCVD-1217/2012 *
95 A/duck/Vietnam/NCVD-1219/2012 *

53

5

0.005

—— A/Hubei/1/2010

FIG 2 continued

December 2014 Volume 88 Number 23 jviasm.org 13905


http://jvi.asm.org

Rith et al.

A/duck/Cambodia/1281W40M3/2013 *
AlCambodia/X0828324/2013 * WHO#39 *

A/duck/Cambodia/261W7M2/2013 *
55| A/duck/Cambodia/191W5M4/2013 *
Alenvironment/Cambodia/E591W16M2/2013 *
A/duck/Cambodia/586W16M1/2013 *
Alenvironment/Cambodia/C386W12M1/2013 *
AlCambodia/X1024307/2013 * WHO#43 *
1 —| AlCambodia/X0916322/2013 * WHO#41 *
[ — A/Cambodia/X0817302/2013 * WHO#38 *
1 A/lCambodia/X0810301/2013 * WHO#37 *
AlCambodia/X0808305/2013 * WHO#36 F *
Alchicken/Cambodia/X0815301/2013 *
55 Alcivet cat/Cambodia/X0313307/2013 *
AlCambodia/X0913301/2013 * WHO#40 *
AlCambodia/X0125302/2013 * WHO#25 F *
AlCambodia/X0123312/2013 * WHO#24 F *
A/duck/Cambodia/298W9M1/2013 *
AlCambodia/X0628313/2013 * WHO#34 F *
| A/Cambodia/X0207301/2013 * WHO#27 F *
A/enV|ronment/Cambodla/C303W9M2/2013 *
A116S ——[AjCambodia/X0219301/2013 * WHO#29
Al/environment/Cambodia/E99W4M1/201 3 &
A/duck/Cambodia/250W7M1/2013 *
AlCambodia/X0212301/2013 * WHO#28 F *
D264G , A/environment/Cambodia/E375W11M4/2013 *
571 Alenvironment/Cambodia/E316W9M3/2013 *
A/duck/Cambodia/23W2M2/2013 *
K252R| A/chicken/Cambodia/X0305302/2013 *
N30D 63 | A/lduck/Cambodia/141W4M4/2013 *
12154 51 A/duck/Cambodia/311W9M2/2013 *
A/duck/Cambodia/202W6M1/2013 *
Alenvironment/Cambodia/C373W11M4/2013 *
A/duck/Cambodia/46W2M4/2013 *
A/duck/Cambodia/143W4M4/2013 *
Alchicken/Cambodia/X0124310/2013 *
A/duck/Vietnam/OIE-1287/2012 *
A/duck/Vietnam/NCVD-1269/2012 *
AlCambodia/X0123311/2013 * WHO#22 *
Alenvironment/Cambodia/E73W3M3/2013 *
A/duck/Cambodia/58W3M1/2013 *
A/duck/Vietnam/LBM132/2012 *
5T Alduck/Vietnam/LBM140/2012 *
—— I Alduck/Vietnam/LBM139/2012 *
Alchicken/Vietnam/NCVD-1255/2012 *
A/muscovy duck/Vietnam/LBM113/2012 *
A/duck/Vietnam/NCVD-1232/2012 *
A/duck/Vietnam/NCVD-1234/2012 *
Alchicken/Vietnam/NCVD-1223/2012 *
A/muscovy duck/Vietnam/NCVD-1220/2012 *
A/duck/Vietnam/NCVD-1212/2012 *
1 A/duck/Vietnam/NCVD-1210/2012 *
A/duck/Vletnam/NCVD 931/2011
A/duck/Vietnam/NCVD-1022/2011
A/duck/Vietnam/NCVD-935/2011
A/duck/Vietnam/NCVD-1253/2012 *
Alchicken/Vietnam/NCVD-1248/2012 *
Alchicken/Viethnam/NCVD-1247/2012 *
Al/duck/Vietnam/NCVD-1312/2012 *
A/duck/Vietnam/NCVD3-8/2011
A/duck/Vietnam/NCVD3-31/2011
V205! A/duck/Vietnam/NCVD1-37/2011
64 Alduck/Vietnam/NCVD1-48/2011
Alchicken/Vietnam/NCVD-700/2011
A/duck/Vietnam/NCVD-712/2011
A/duck/Vietnam/NCVD-760/2011
A/duck/Vietnam/NCVD-815/2010
A/muscovy duck/Vietnam/NCVD-1049/2011
Alchicken/Vietnam/NCVD-1059/2011
A/duck/Vietnam/NCVD-1306/2012 *
A/Hubei/1/2010
A/duck/Vietnam/NCVD-947/2011
A/duck/Vietnam/NCVD-952/2011
A/duck/Vietnam/NCVD-948/2011
A/duck/Vietnam/NCVD-825/2011
___ AJduck/Vietnam/NCVD-1221/2012 *
— Al/duck/Vietnam/NCVD-1042/2011
Alchicken/Vietnam/NCVD-1038/2011
64| A/duck/Vietnam/NCVD-1044/2011
A/duck/Vietnam/NCVD-1048/2011
Alchicken/Vietnam/NCVD-1040/2011
S121T T209A 57| A/duck/Vietnam/NCVD-1029/2011

A/duck/Vietnam/NCVD-1018/2011
59 A/duck/Vietnam/NCVD-943/2011

‘Alchicken/Vietnam/NCVD-1034/2011
5 ‘Alduck/Vietnam/NCVD-945/2011
— 65] A/duck/Vietnam/NCVD-946/2011

0.002 L AJlchicken/Vietnam/NCVD-715/2011

MP

a
=1

50

o
2]

FIG 2 continued

13906 jvi.asm.org Journal of Virology


http://jvi.asm.org

Human Infections with H5N1 Virus in Cambodia

Alenvironment/Bangladesh/1011/2011
____ A/duck/Bangladesh/4120T/2011
Alchicken/Bangladesh/42010/2012 *
|__ A/chicken/Bangladesh/11303/2011
| Al/waterfowl/Bangladesh/31935/2011
Alenvironment/Bangladesh/1019-G/2012 *
G267R A/duck/Bangladesh/32077/2012 *

30! Alenvironment/Bangladesh/1017-1/2011
Alchicken/Bangladesh/4070T/2011
Alcrow/Bangladesh/1058/2011
Alcrow/Bangladesh/1061/2011
AJchicken/India/CA0302/2011
s6L A/duck/India/02AF1/2011
A/duck/Vietnam/NCVD-1306/2012 *

____ A/Hubei/1/2010
A/muscovy duck/Vietnam/NCVD-1049/2011
79 A/duck/Vietnam/NCVD-1221/2012 *
A/duck/Vietham/NCVD-1018/2011
R100K R140Q A/duck/Vietnam/NCVD1-37/2011
20 Alduck/Vietnam/NCVD1-48/2011
Alduck/Vietnam/NCVD-1048/2011
57S| _ A/chicken/Vietnam/NCVD-1038/2011
51| A/duck/Vietnam/NCVD-1029/2011
A/duck/Vietnam/NCVD-1044/2011
Alchicken/Vietnam/NCVD-1040/2011
A/duck/Vietnam/NCVD-1042/2011
| A/duck/Vietnam/NCVD-943/2011
D74N A/duck/Vietnam/NCVD-952/2011
A/duck/Vietnam/NCVD-948/2011
924[|AIduck/Vietnam/NCVD—947/201 1
Alchicken/Vietnam/NCVD-1248/2012 *
b2o7N|A/chicken/Vietnam/NCVD-1247/2012 *
64l A/duck/Vietnam/NCVD-1253/2012 *
A/duck/Vietnam/NCVD-1212/2012 *
V256F A/duck/Vietnam/NCVD-1210/2012 *
89 A/muscovy duck/Vietnam/NCVD-1220/2012 *
_| |A/duck/Vietnam/NCVD-1022/2011
L] | A/duck/Vietnam/NCVD-1312/2012 *
A/duck/Vietnam/NCVD-931/2011
Al/duck/Vietnam/NCVD-935/2011

AB0V L77F R171S
N217H S240N H257Y
99 S73F

NS

91

A/Cambodia/X0916322/2013 * WHO#41 *

A/duck/Cambodia/1281W40M3/2013 *
A/Cambodia/X1024307/2013 * WHO#43 *

AJchicken/Cambodia/X0815301/2013 *

T205 |A/Cambodia/X0808305/2013 * WHO#36 F *

A/Cambodia/X0810301/2013 * WHO#37 *

AlCambodia/X0817302/2013 * WHO#38 *

_v{sol A/duck/Cambodia/261W7M2/2013 *

—{ AlduckiCambodia/191W5M4/2013 *

| A/duck/Cambodia/202W6M1/2013 *

| A/Cambodia/X0913301/2013 * WHO#40 *

|___ Alcivet cat/Cambodia/X0313307/2013 *

| A/Cambodia/X0125302/2013 * WHO#25 F *

1 |__ A/Cambodia/X0123312/2013 * WHO#24 F *
— A/Cambodia/X0219301/2013 * WHO#29 F *

91

o
&

AlCambodia/X0207301/2013 * WHO#27 F *
P42S Alduck/Cambodia/46W2M4/2013 *
LogF AlCambodia/X0628313/2013 * WHO#34 F *
% AlCambodia/X0828324/2013 * WHO#39 *
1 | Alchicken/Cambodia/X0124310/2013 *
73| 50 Alchicken/Cambodia/X0305302/2013 *
r‘ AlCambodia/X0212301/2013 * WHO#28 F *
70l A/duck/Cambodia/143W4M4/2013 *
R140Q A/duck/Cambodia/250W7M1/2013 *
AlCambodia/X0123311/2013 * WHO#22 *

__ A/duck/Vietnam/OIE-1287/2012 *
s, Alduck/Vietnam/LBM136/2012 *
| A/duck/Vietnam/LBM132/2012 *

52 _iAlduckNietnam/LBM1 39/2012 *
Alchicken/Vietnam/NCVD-1255/2012 *

4 _‘A/chicken/Vietnam/NCVDJ 223/2012
6

5| A/duck/Vietnam/NCVD-1234/2012 *
A/duck/Vietnam/NCVD-1232/2012 *

| A/muscovy duck/Vietnam/LBM113/2012 *
Alduck/Vietnam/NCVD-1269/2012 *

A/duck/Vietnam/NCVD-815/2010

T1971

s A/duck/Vietnam/NCVD-825/2011
76T A/duck/Vietnam/NCVD3-8/2011

5 A/duck/Vietnam/NCVD3-31/2011

Alchicken/Vietnam/NCVD-1034/2011
1117V E227G
4%|muck/Vietnam/NCVD-945/201 1
9l A/duck/Vietnam/NCVD-946/2011
. Alchicken/Vietnam/NCVD-1059/2011

| A/chicken/Vietnam/NCVD-715/2011

A/duck/Vietnam/NCVD-760/2011
A/duck/Vietnam/NCVD-712/2011

Alchicken/Vietnam/NCVD-700/2011
FIG 2 continued

December 2014 Volume 88 Number 23 jviasm.org 13907


http://jvi.asm.org

Rith et al.

of these viruses (NST to NNT; underlining indicates the mutation
within the motif). In addition, several individual viruses from hu-
man cases had other HA mutations previously linked to increased
binding to a2,6 host cell receptors (K189R, Q222L) and enhanced
respiratory droplet transmission in a ferret model (N220K with
Q222L) (5, 6, 11). Virus sequenced from the clinical specimen of
case 24 had a mixed base population of Q222Q/L. Another virus
isolated from Cambodian case 25 had a mixed base population of
Q222R/Q. A clinical specimen collected from case 37 (A/Cambo-
dia/X0810301/2013) had both the N220K and Q222L/Q muta-
tions, and the K189R mutation was identified in the virus infecting
case 38 (Fig. 1). Although all clade 1.1.2 viruses detected to date,
including 2013 Cambodian viruses from poultry, civet cats, and
environmental samples, share three previously recognized HA
markers (S123P, S133A, S155N), other mutations associated with
mammalian adaptation were not found in the nonhuman sam-
ples, but viruses from the recently identified human cases in Cam-
bodia had four to five amino acid residues in the HA associated
with alteration of receptor-binding specificity.

In order to assess additional potential markers of mammalian
adaptation, we analyzed the other influenza virus protein se-
quences and annotated amino acids of note on phylogenetic trees
(Fig. 2). The neuraminidase (NA) of all 2013 viruses had a V129A
mutation, which has been shown to reduce susceptibility to zana-
mivir (14). Virus isolated from case 37 had a mutation associated
with reduced susceptibility to oseltamivir (NA 1203V) (15). Un-
like the HA and NA genes of the 2013 viruses, which were phylo-
genetically related to those of previous clade 1.1 viruses belonging
to genotype Z, matrix (M) and internal protein genes analyzed
from all animal, human, and environmental samples clustered
with clade 2.3.2.1a viruses circulating in Vietnam in 2012. This
finding indicated that all of these viruses represent a novel, previ-
ously undescribed genotype resulting from reassortment of clade
1.1.2 viruses with clade 2.3.2.1a viruses. The M1 protein sequences
of all viruses possessed mutations associated with increased viru-
lence in mice (N30D and T215A), which are common to the ma-
jority of circulating strains of H5N1 viruses (16). Interestingly,
replacement of the clade 1.1 (genotype Z) M gene, which had two
highly conserved markers of adamantane drug resistance (M2
L26I and S31N), with the clade 2.3.2.1a gene that possesses neither
mutation indicates a noteworthy change for possible antiviral
treatment options (17). None of the 2013 Cambodian viruses had
mutations in polymerase genes associated with mammalian host
adaptation. One polymerase basic 2 protein (PB2) mutation
(R368Q) identified in all 2013 viruses and two other mutations
(M28I, T339R) found in individual viruses were shown to alter
polymerase activity and enhance virulence in mice when found in
combination with other mutations (18-20). Finally, the NS1 pro-
tein of all viruses had four molecular markers (P42S, L98F, 1101M,
N200S) of enhanced virulence in mice and decreased the antiviral
response commonly found with circulating H5N1 viruses (21—
23).

This study provides the first identification of two HA muta-
tions (220K and 222L) in a clinical sample collected from a human
infection following exposure to poultry. These are two of the four
mutations described in the ferret-transmissible H5 mutant (6).
There was no evidence that either of these cases resulted from or
led to human-to-human transmission, as indicated by follow-up
investigations with close contacts of the human cases after these
and other cases were detected.
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