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Dynamic Variation and Reversion in the Signature Amino 
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Background. Signature amino acids of H7N9 influenza A virus play critical roles in human adaption and pathogenesis, but their 
dynamic variation is unknown during disease development.

Methods. We sequentially collected respiratory samples from H7N9 patients at different timepoints and applied next-generation 
sequencing (NGS) to the whole genome of the H7N9 virus to investigate the variation at signature sites.

Results. A total of 11 patients were involved, from whom 29 samples were successfully sequenced, including samples from mul-
tiple timepoints in 9 patients. Neuraminidase (NA) R292K, basic polymerase 2 (PB2) E627K, and D701N were the 3 most dynamic 
mutations. The oseltamivir resistance-related NA R292K mutation was present in 9 samples from 5 patients, including 1 sample 
obtained before antiviral therapy. In all patients with the NA 292K mutation, the oseltamivir-sensitive 292R genotype persisted and 
was not eliminated by antiviral treatment. The PB2 E627K substitution was present in 18 samples from 8 patients, among which 12 
samples demonstrated a mixture of E/K and the 627K frequency exhibited dynamic variation. Dual D701N and E627K mutations 
emerged but failed to achieve predominance in any of the samples.

Conclusions. Signature amino acids in PB2 and NA demonstrated high polymorphism and dynamic variation within individual 
patients during H7N9 virus infection.
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Since its first report in spring 2013, the novel avian H7N9 virus has 
continued to circulate in China and has caused 5 waves of human 
infection [1]. Unlike the highly pathogenic avian influenza (HPAI) 
H5N1 virus, the original avian H7N9 is weakly pathogenic to 
poultry and spreads silently in poultry populations, increasing the 
chances for human exposure and leading to human infections [2]. 
The novel H7N9 virus is undergoing rapid evolution, and several 
HPAI H7N9 strains were recently identified in human cases and 
poultry outbreaks [3, 4]. As of 30 October 2017, there have been 
>1565 laboratory-confirmed human cases of avian influenza H7N9 
infection in China, with a fatality rate of approximately 39% [5].

 The H7N9 virus shows distinct biological characteristics 
compared to the HPAI H5N1 virus [6]. H7N9 hemagglutinin 

(HA) demonstrates a dual receptor profile, binding to both 
α2,3- and α2.6-linked sialic acid, which allows it to replicate ef-
ficiently in both the upper and lower human respiratory tracts 
[7]. H7N9 virus shows moderate transmissibility among both 
ferrets and guinea pigs in transmission evaluation studies [8]. 
Accumulating evidences have indicated that signature amino 
acids in the HA and basic polymerase 2 (PB2) play an impor-
tant role for the avian H7N9 virus to cross species barrier and 
for mammalian adaption [7–10]. Moreover, some amino acid 
substitutions in the neuraminidase (NA) segment significantly 
reduce the inhibitory activity of oseltamivir in infected ferrets 
[11]. These molecular markers are critical for viral pathogenesis 
and related to clinical outcome of human infection [12, 13].

Due to the low fidelity of its RNA polymerase, the repli-
cation of influenza virus is error prone and the virus popu-
lation in a host is not a genetically homologous colony, but a 
collection of viruses coupled by diverse mutations [14]. This 
community of closely coupled viruses is termed a viral quasi-
species. Quasispecies analysis could detect dynamic variation 
in the virus signature amino acids during disease develop-
ment. Notably, the oseltamivir-resistant NA R292K mutation 
increased during antiviral treatment in a fatal case of H7N9 in-
fection [12], and the PB2 E627K mutation was also identified 
with increasing frequency during infection in a fatal human 
case of avian H7N7 influenza virus [15]. Thus, these molecular 
markers undergo dynamic evolution during human infection. 
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However, the kinetics of their variation throughout the whole 
infection stage is unknown at present. In this study, we sequen-
tially collected respiratory samples throughout disease progres-
sion from patients infected with avian H7N9 influenza virus 
and performed deep sequencing of the virus genomes amplified 
directly from clinical samples. Our results described the dy-
namic variation in signature amino acids across the whole ge-
nome of the H7N9 virus during human infection.

METHODS

Patients and Samples

We included 11 patients diagnosed with A/H7N9 infection 
admitted to the China–Japan Friendship Hospital (4 cases), the 
First Affiliated Hospital of Soochow University (4 cases), and the 
First Affiliated Hospital of Nanchang University (3 cases). Table 1 
outlines the demographic details, comorbidities, antiviral and 
corticosteroid treatments received, and final disposition of each 
patient. All patients had received antiviral treatment with osel-
tamivir after disease onset, and 5 patients also received peramivir 
therapy. After admission and confirmation of infection, clinical 
samples were sequentially collected per day from patients during 
disease development, till the day there was no virus shedding in 
the respiratory tract, tested by real-time reverse-transcription 
polymerase chain reaction (RT-PCR). The study protocol was 
approved by the Medical Ethical Committee of all 3 hospitals, 
and written informed consent was obtained from all subjects who 
participated in the study and/or their families.

Next-Generation Sequencing

Viral RNA was extracted from respiratory samples using a 
QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany), and the 
whole genome was amplified with 3 universal primers targeting 
the conserved termini of influenza A virus, as previously described 
[16, 17]. The PCR products were sheared, end-repaired, A-tailed, 
and ligated to Illumina sequencing adaptors containing molecular 
identifier tags using the NEBNext DNA Library Prep reagent set 
(NEB, Ipswich, Massachusetts) to allow multiplex sequencing per 
lane. The libraries were pooled, clustered, and sequenced on an 
Illumina HiSeq 2500 platform (TruSeq version 3 chemistry) with 
a paired-end 500-cycle sequencing protocol with indexing. Ten 
samples achieved insufficient reads, and their PCR products were 
resequenced with the same protocol in a second run.

Bioinformatics Analysis

Next-generation sequencing (NGS) data analysis was conducted 
with CLC Genomic Workbench 10.1.1 software (Qiagen). First, a 
trimming step was performed to remove reads with an error rate 
>1% or reads with a length <200 bp. As signal calling in the ter-
minal base was error-prone, we trimmed 20 bases at the 5ʹ end 
and 1 at the 3ʹ end for all reads. The reads passing quality con-
trol were assembled de novo with the “de novo assembly” tool in 
the CLC package under the parameters “word size = 20, bubble 

size  =  50.” After assembly and scaffolding, contigs with lengths 
>800  bp were extracted and blasted against an H7N9 genome 
sequence collection downloaded from the National Center for 
Biotechnology Information (NCBI) Influenza Virus Database 
(accessed 1 October 2017). The 8 segments with the highest scores 
in the blast hits were selected as references for reads mapping using 
the CLC mapping tool with parameters set as match score = 1, 
mismatch score = 2, insertion cost = 3, deletion cost = 3, length 
fraction = 0.8, and similarity fraction = 0.8. After mapping, a con-
sensus sequence was extracted from the mapping result for each 
segment with every base covered by at least 10 reads (depth >10×). 
When disagreement happened on the base at a given position, the 
vote option was selected to make sure the majority of the reads 
decide which base was recalled. The consensus sequences of HA, 
NA, and PB2 of the avian H7N9 virus were used for phylogenetic 
analysis. Sequences available from NCBI and GISAID (Global 
Initiative on Sharing Avian Influenza Data) were downloaded to 
construct neighbor-joining trees with the Kimura 2-Parameter 
model and 1000 bootstraps using Mega 7 software [18].

The basic variant detection tool in the CLC package was used 
for variant detection from the mapping result of each segment 
with defaulted parameters but adjusted the minimum cov-
erage  =  10, minimum count  =  3, minimum frequency  =  1% 
(calculated as “count/coverage”). The variant nucleotides were 
then transformed into amino acid variants using standard 
genetic code. We used the χ2 test to compare amino acid vari-
ations among different timepoints with SPSS 20.0 (IBM SPSS, 
Chicago, Illinois). Detailed methods for bioinformatics analysis 
are provided in the Supplementary Appendix.

Validation Test of the NA R292K Mutation

We used a single-nucleotide polymorphism (SNP)–specific 
RT-PCR assay to validate the NA R292K mutation detected by 
NGS [19]. The reaction was performed by using a SensiFAST 
probe No-ROX One-Step Kit (Bioline, London, United 
Kingdom) with 4 µL of RNA added as template. The assay was 
performed on a LightCycler 480 Instrument II, and the data 
were processed by using LightCycler 480 SW 1.5.1 software 
(Roche, Basel, Switzerland).

RESULTS

Evolutionary Relationships of H7N9 Virus In Vivo

We included 11 patients aged 16–81  years in our study. All 
patients developed pneumonia, and 9 patients required mechan-
ical ventilation, among whom 3 patients also required extracor-
poreal membrane oxygenation (ECMO) (Table 1). Although all 
patients were treated with NA inhibitors (NAIs), 6 patients ulti-
mately died, including 1 who received ECMO support.

Viral genome information was obtained from a total of 29 
samples by NGS, and 9 patients had samples from >1 timepoint 
(Table 2). The HA and NA clustered with those of viruses iso-
lated in the Yangtze Delta Region from late 2016 to early 2017 

https://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data


588 • JID 2018:218 (15 August) • Zou et al

Ta
bl

e 
1.

 
D

em
og

ra
ph

ic
 D

et
ai

ls
, T

he
ra

py
, a

nd
 O

ut
co

m
e 

of
 P

at
ie

nt
s 

W
ith

 A
(H

7N
9)

 In
fe

ct
io

n 
In

vo
lv

ed
 in

 T
hi

s 
St

ud
y

C
as

e 
N

o.
H

os
pi

ta
l

S
ex

A
ge

, y
C

om
or

bi
di

tie
s

D
at

e 
of

 D
is

ea
se

 
O

ns
et

Ti
m

e 
Fr

om
 

D
is

ea
se

 
O

ns
et

 t
o 

A
dm

is
si

on
, d

D
at

e 
of

 
A

nt
iv

ira
l 

Th
er

ap
y

A
nt

iv
ira

l R
eg

im
en

C
or

tic
os

te
ro

id
 (M

et
hy

lp
re

dn
is

ol
on

e)
  

(T
im

e 
A

ft
er

 D
is

ea
se

 O
ns

et
)

O
ut

co
m

e 
(T

im
e 

A
ft

er
 

D
is

ea
se

 O
ns

et
)

M
ild

 g
ro

up

1
C

JF
H

M
48

N
on

e
31

 J
an

 2
01

7
8

21
 F

eb
 2

01
7

O
se

lta
m

iv
ir 

15
0 

m
g 

bi
d

N
on

e
D

is
ch

ar
ge

 (d
ay

 3
1)

2
FA

N
U

M
67

D
ia

be
te

s
1 

Fe
b 

20
17

7
6 

Fe
b 

20
17

O
se

lta
m

iv
ir 

15
0 

m
g 

bi
d;

 p
er

am
iv

ir 
30

0 
m

g 
qd

40
 m

g 
bi

d 
(d

ay
 7

–1
3)

D
is

ch
ar

ge
 (d

ay
 2

7)

3a
FA

S
U

F
66

D
ia

be
te

s;
 R

A
; 

os
te

op
or

os
is

9 
Ja

n 
20

17
5

14
 J

an
 2

01
7

O
se

lta
m

iv
ir 

15
0 

m
g 

bi
d;

 p
er

am
iv

ir 
60

0 
m

g 
bi

d
40

 m
g 

qd
 (d

ay
 5

–1
0)

D
is

ch
ar

ge
 (d

ay
 2

7)

S
ev

er
e 

gr
ou

p

4a
FA

S
U

F
59

Po
st

op
er

at
io

n 
of

 t
hy

m
om

a
16

 D
ec

 2
01

6
8

24
 D

ec
 2

01
6

O
se

lta
m

iv
ir 

15
0 

m
g 

bi
d

40
 m

g 
bi

d 
(d

ay
 8

–1
4)

D
ea

th
 (d

ay
 1

6)

5ab
FA

N
U

M
81

H
yp

er
te

ns
io

n;
 d

ia
be

te
s

28
 J

an
 2

01
7

11
6 

Fe
b 

20
17

O
se

lta
m

iv
ir 

15
0 

m
g 

bi
d;

 p
er

am
iv

ir 
60

0 
m

g 
bi

d
40

 m
g 

bi
d 

(d
ay

 8
–1

2)
D

ea
th

 (d
ay

 1
5)

6a
FA

S
U

F
61

C
O

P
D

18
 D

ec
 2

01
6

7
27

 D
ec

 2
01

6
O

se
lta

m
iv

ir 
15

0 
m

g 
bi

d
40

 m
g 

qd
 (d

ay
 7

–1
7)

D
ea

th
 (d

ay
 1

9)

7a
FA

N
U

F
69

A
tr

ia
l fi

br
ill

at
io

n
27

 J
an

 2
01

7
9

4 
Fe

b 
20

17
O

se
lta

m
iv

ir 
15

0 
m

g 
bi

d;
 p

er
am

iv
ir 

60
0 

m
g 

bi
d

40
 m

g 
bi

d 
(d

ay
 2

0–
25

)
D

ea
th

 (d
ay

 2
8)

8a
FA

S
U

M
67

S
ili

co
si

s;
 h

yp
er

te
ns

io
n;

 
ce

re
br

al
 in

fa
rc

tio
n

7 
Ja

n 
20

17
4

11
 J

an
 2

01
7

O
se

lta
m

iv
ir 

15
0 

m
g 

bi
d;

 p
er

am
iv

ir 
30

0 
m

g 
qd

40
 m

g 
qd

 (d
ay

 4
–1

0)
D

ea
th

 (d
ay

 1
3)

9ab
C

JF
H

M
16

N
on

e
2 

Ju
ne

 2
01

7
1

6 
Ju

ne
 2

01
7

O
se

lta
m

iv
ir 

15
0 

m
g 

bi
d

32
0–

20
0 

m
g 

qd
 (d

ay
 2

6–
29

)c ,
  

16
0–

40
 m

g 
qd

 (d
ay

 3
0–

40
)

D
is

ch
ar

ge
 (d

ay
 1

35
)

10
ab

C
JF

H
M

31
N

on
e

10
 J

un
e 

20
17

6
16

 J
un

e 
20

17
O

se
lta

m
iv

ir 
15

0 
m

g 
bi

d;
 p

er
am

iv
ir 

60
0 

m
g 

bi
d

32
0–

20
0 

m
g 

qd
 (d

ay
 1

9–
22

)c ,
  

80
–4

0 
m

g 
qd

 (d
ay

 2
2–

27
)

D
is

ch
ar

ge
 (d

ay
 1

09
)

11
a

C
JF

H
F

55
N

on
e

2 
A

pr
 2

01
7

15
19

 A
pr

 2
01

7
O

se
lta

m
iv

ir 
15

0 
m

g 
bi

d
80

 m
g 

qd
 (d

ay
 2

5–
27

)
D

ea
th

 (d
ay

 4
4)

A
bb

re
vi

at
io

ns
: b

id
, t

w
ic

e 
da

ily
; C

JF
H

, C
hi

na
–J

ap
an

 F
rie

nd
sh

ip
 H

os
pi

ta
l; 

C
O

P
D

, c
hr

on
ic

 o
bs

tr
uc

tiv
e 

pu
lm

on
ar

y 
di

se
as

e;
 F,

 fe
m

al
e;

 F
A

U
N

, F
irs

t A
ffi

lia
te

d 
H

os
pi

ta
l o

f N
an

ch
an

g 
U

ni
ve

rs
ity

; F
A

S
U

, F
irs

t A
ffi

lia
te

d 
H

os
pi

ta
l o

f S
oo

ch
ow

 U
ni

ve
rs

ity
; M

, m
al

e;
 q

d,
 o

nc
e 

da
ily

; R
A

, r
he

um
at

oi
d 

ar
th

rit
is

.
a M

ec
ha

ni
ca

l v
en

til
at

io
n 

w
as

 a
pp

lie
d 

to
 t

hi
s 

pa
tie

nt
.

b E
xt

ra
co

rp
or

ea
l m

em
br

an
e 

ox
yg

en
at

io
n 

w
as

 a
pp

lie
d 

to
 t

hi
s 

pa
tie

nt
.

c O
rg

an
iz

in
g 

pn
eu

m
on

ia
 d

ev
el

op
ed

 in
 c

as
es

 9
 a

nd
 1

0,
 a

nd
 h

ig
h 

do
se

s 
of

 c
or

tic
os

te
ro

id
s 

w
er

e 
us

ed
 fi

rs
t 

an
d 

lo
w

er
ed

 a
s 

cl
in

ic
al

 c
on

di
tio

n 
re

lie
ve

d 
la

te
r.



Dynamic Variation in H7N9 Patients • JID 2018:218 (15 August) • 589

Ta
bl

e 
2.

 
Si

gn
at

ur
e 

A
m

in
o 

A
ci

d 
Va

ri
at

io
n 

of
 In

flu
en

za
 A

(H
7N

9)
 V

ir
us

es
 D

ur
in

g 
D

is
ea

se
 D

ev
el

op
m

en
ta

H
A

 (H
3 

N
um

be
rin

g)
N

A
 (N

2 
N

um
be

rin
g)

P
B

2
P

B
1

Fa
vo

r 
M

am
m

al
ia

n 
R

ec
ep

to
r 

B
in

di
ng

N
A

I R
es

is
ta

nc
e

In
cr

ea
se

d 
V

iru
le

nc
e 

in
 M

am
m

al
ia

n 
M

od
el

s

In
cr

ea
se

d 
Tr

an
sm

is
si

on
 in

 
Fe

rr
et

s

C
as

e 
N

o.
S

am
pl

e 
D

at
e

V
iru

s 
N

am
e 

(S
am

pl
e 

Ty
pe

)
T1

60
A

G
18

6V
/I

Q
22

6L
/I/

P
H

27
4Y

R
29

2K
K

52
6R

E
62

7K
D

70
1N

V
47

3L

1
10

 F
eb

 2
01

7
A

/B
ei

jin
g/

M
S

D
01

/2
01

7（
B

A
LF
）

A
G

L
H

R
27

b
R

10
3E

30
63

D
/3

37
N

91
V

13
 F

eb
 2

01
7

A
/B

ei
jin

g/
M

S
D

02
/2

01
7（

B
A

LF
）

A
G

L
H

R
R

17
3E

14
74

9D
/1

01
7N

51
V

2
11

 F
eb

 2
01

7
A

/J
ia

ng
xi

/Y
B

01
/2

01
7 

(N
P

)
16

8A
V

17
4 

L/
46

P
H

18
3K

/3
24

R
R

E
D

V

13
 F

eb
 2

01
7

A
/J

ia
ng

xi
/Y

B
02

/2
01

7 
(N

P
)

13
A

c
c

12
2H

11
3R

c
c

c
c

3
16

 J
an

 2
01

7
A

/J
ia

ng
su

/H
FJ

01
/2

01
7 

(N
P

)
A

G
L

H
R

R
95

9K
/4

3E
D

V

19
 J

an
 2

01
7

A
/J

ia
ng

su
/H

FJ
02

/2
01

7 
(N

P
)

58
A

71
G

81
L

13
H

12
R

20
R

73
K

D
V

4
24

 D
ec

 2
01

6
A

/J
ia

ng
su

/L
JP

/2
01

6 
(N

P
)

62
A

80
V

81
L

13
9H

R
92

K
61

K
/3

0E
49

94
D

/3
96

N
10

4V

5
9 

Fe
b 

20
17

A
/J

ia
ng

xi
/W

LJ
/2

01
7 

(N
P

)
10

90
T

/1
78

80
A

V
L

H
15

36
7K

/1
1 

 1
92

R
K

E
D

V

6
29

 D
ec

 2
01

6
A

/J
ia

ng
su

/Y
X

F0
1/

20
16

 (S
pu

tu
m

)
A

V
L

14
0H

R
36

K
21

K
/4

0E
19

67
3D

/1
47

N
70

V

7 
Ja

n 
20

17
A

/J
ia

ng
su

/Y
X

F0
2/

20
17

 (S
pu

tu
m

)
15

5A
19

8V
L

60
H

11
0R

66
K

50
K

27
7D

/1
6N

67
V

7
7 

Fe
b 

20
17

A
/J

ia
ng

xi
/X

ZS
01

/2
01

7 
(N

P
)

41
9T

/1
17

4A
V

I
25

48
H

/8
57

Y
21

07
K

/1
44

6R
K

K
D

16
33

V
/1

92
I

13
 F

eb
 2

01
7

A
/J

ia
ng

xi
/X

ZS
02

/2
01

7 
(N

P
)

4T
/1

0A
22

V
25

I
68

H
68

K
/3

3R
c

c
c

c

8
12

 J
an

 2
01

7
A

/J
ia

ng
su

/Y
G

S
01

/2
01

7 
(N

P
)

A
V

I
H

R
K

E
68

34
3N

/1
84

4D
V

16
 J

an
 2

01
7

A
/J

ia
ng

su
/Y

G
S

02
/2

01
7 

(N
P

)
A

V
L

H
R

50
K

17
2E

34
78

N
/2

08
D

86
V

19
 J

an
 2

01
7

A
/J

ia
ng

su
/Y

G
S

03
/2

01
7 

(N
P

)
A

V
L

H
R

90
K

52
E

11
61

N
/4

1D
13

1V

9
5 

Ju
ne

 2
01

7
A

/H
eb

ei
/Z

LQ
01

/2
01

7 
(B

A
LF

)
A

34
71

I/
64

2V
L

H
87

79
K

/1
31

2R
K

K
D

V

9 
Ju

ne
 2

01
7

A
/H

eb
ei

/Z
LQ

02
/2

01
7 

(B
A

LF
)

A
41

5I
/6

7V
L

H
86

7K
/2

65
R

c
c

c
V

10
 J

un
e 

20
17

A
/H

eb
ei

/Z
LQ

03
/2

01
7 

(B
A

LF
)

A
35

36
I/

74
6V

L
H

18
00

K
/6

93
R

K
K

D
V

11
 J

un
e 

20
17

A
/H

eb
ei

/Z
LQ

04
/2

01
7 

(B
A

LF
)

18
1A

20
4I

/2
8V

L
12

1H
92

K
/2

3R
20

K
K

D
38

V

10
17

 J
un

e 
20

17
A

/H
eb

ei
/L

Q
G

01
/2

01
7 

(B
A

LF
)

A
V

L
H

R
10

6K
16

4K
/4

3E
D

V

18
 J

un
e 

20
17

A
/H

eb
ei

/L
Q

G
02

/2
01

7 
(B

A
LF

)
A

V
L

H
R

30
K

14
5K

/4
7E

D
V

27
 J

un
e 

20
17

A
/H

eb
ei

/L
Q

G
03

/2
01

7 
(B

A
LF

)
A

V
L

H
R

51
K

12
3K

/3
5E

D
V

29
 J

un
e 

20
17

A
/H

eb
ei

/L
Q

G
04

/2
01

7 
(B

A
LF

)
32

A
36

V
46

L
47

H
66

R
c

c
c

c

11
19

 A
pr

 2
01

7
A

/B
ei

jin
g/

D
S

L0
1/

20
17

 (s
pu

tu
m

)
A

V
L

H
1,

65
4R

K
35

6K
/1

35
E

D
13

0V

22
 A

pr
 2

01
7

A
/B

ei
jin

g/
D

S
L0

2/
20

17
 (s

pu
tu

m
)

A
V

L
H

23
93

R
/6

6K
K

28
9K

/4
02

E
D

14
5V

23
 A

pr
 2

01
7

A
/B

ei
jin

g/
D

S
L0

3/
20

17
 (s

pu
tu

m
)

A
V

L
H

65
6R

17
1K

98
K

/7
3E

D
83

V

24
 A

pr
 2

01
7

A
/B

ei
jin

g/
D

S
L0

4/
20

17
 (s

pu
tu

m
)

A
V

L
H

R
K

33
1K

/1
33

E
D

11
2V

28
 A

pr
 2

01
7

A
/B

ei
jin

g/
D

S
L0

5/
20

17
 (s

pu
tu

m
)

83
A

11
1V

12
5L

H
R

46
K

78
K

/4
5E

D
c

29
 A

pr
 2

01
7

A
/B

ei
jin

g/
D

S
L0

6/
20

17
 (s

pu
tu

m
)

50
A

75
V

92
L

H
R

66
K

35
K

/7
0E

D
c

A
bb

re
vi

at
io

ns
: B

A
LF

, b
ro

nc
ho

al
ve

ol
ar

 la
va

ge
 fl

ui
d;

 H
A

, h
em

ag
gl

ut
in

in
; N

A
, n

eu
ra

m
in

id
as

e;
 N

A
I, 

ne
ur

am
in

id
as

e 
in

hi
bi

to
r;

 N
P,

 n
as

op
ha

ry
ng

ea
l s

w
ab

; P
B

1,
 b

as
ic

 p
ol

ym
er

as
e 

1;
 P

B
2,

 b
as

ic
 p

ol
ym

er
as

e 
2.

a S
ig

na
tu

re
 a

m
in

o 
ac

id
 s

ite
s 

lis
te

d 
in

 t
he

 t
ab

le
 m

us
t 

be
 c

ov
er

ed
 b

y 
at

 le
as

t 
10

 r
ea

ds
 (d

ep
th

 ≥
10

×
). 

Va
ria

nt
s 

be
lo

w
 t

hi
s 

de
pt

h 
w

er
e 

om
itt

ed
. S

ig
na

tu
re

 a
m

in
o 

ac
id

s 
pr

on
e 

to
 m

am
m

al
ia

n 
ad

ap
tio

n 
or

 t
ra

ns
m

is
si

on
 a

re
 la

be
le

d 
w

ith
 b

ol
d 

fo
nt

. 
b C

ou
nt

s 
of

 m
ap

pe
d 

re
ad

s 
to

 t
hi

s 
am

in
o 

ac
id

 (d
ep

th
 ≤

20
0×

, o
r 

co
ex

is
te

nc
e 

of
 h

et
er

ol
og

ou
s 

am
in

o 
ac

id
s)

. S
ite

s 
w

ith
ou

t 
nu

m
be

r 
at

ta
ch

ed
 m

ea
ns

 it
s 

de
pt

h 
w

as
 >

20
0×

. 
c S

ite
s 

w
er

e 
no

t 
co

ve
re

d 
w

ith
 e

no
ug

h 
re

ad
s 

(<
10

 r
ea

ds
) a

nd
 v

ar
ia

nt
 c

al
lin

g 
w

as
 u

na
va

ila
bl

e.



590 • JID 2018:218 (15 August) • Zou et al

(Figure 1). Specifically, HA and NA were grouped with viruses 
isolated from Jiangsu and Zhejiang provinces, although several 
cases in our study were from the north of China (cases 1 and 
8–10). Moreover, all viral HA and NA showed similar topolog-
ical structures, in which the virus from a specific patient were 
located in a similar position in both phylogenetic trees. Viruses 
from the same person obtained on different dates formed a 
single cluster and had the same branch length. When topology 
alone was investigated, viruses from the early timepoint occu-
pied a superior evolutionary position and served as the ances-
tors of later viruses (Figure 1, cases 8–11).

Drug Resistance Mutations in NA During Antiviral Treatment

We conducted nucleotide polymorphism analysis of the sites 
related to NAI resistance in the NA segment, including R118K, 
E119V, D151E, R152K, I222V, R224K, H274Y, E276D, R292K, 

N294S, and R371K (N2 numbering). R292K, the most prevalent 
mutation, was observed in 9 samples from 5 patients (Table 2). 
In all the samples with 292K identified, wild-type (WT) 292R 
persisted and was not overwhelmed or eliminated at the final 
timepoint. In patients who were sampled at several timepoints, 
the R292K mutation expressed dynamic variation (Figure 2A). 
In case 2, the R292K mutation was detected in 183 reads (36%) 
5  days after NAI treatment but was not detected 2  days later. 
A similar situation happened with case 11; this patient received 
antiviral treatment on April 19, 2017, and no mutation was 
observed at this timepoint. Then, the R292K substitution was 
detected in 2.7% of 2459 total reads on 22 April but faded by the 
next day. Cases 7 and 9 each had a mixed 292K/R population 
that was sustained over 6 days during NAI treatment. In case 7, 
2107 reads (59.5%) acquired the R292K mutation 3 days after 
antiviral therapy, but the proportion of NAI-resistant genotypes 
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Figure 1. Phylogenetic analysis of hemagglutinin (HA) and neuraminidase (NA) of influenza A(H7N9) virus from the patients in this study. Bootstrap values are marked in 
the tree nodes, and values <50% are hidden in the trees. Viruses from this study are labeled with a black triangle and colored red. Viruses from the same patient at different 
timepoints were further investigated in a topology subtree.
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only slightly increased to 67.3% with another 6  days of NAI 
treatment, and there was no significant difference (Figure 2A). 
In case 9, 87.0% of the reads in the bronchoalveolar lavage fluid 
obtained on 5 June contained the R292K mutation; at this time-
point, the laboratory test for H7N9 was not complete, and anti-
viral treatment was not yet implemented. The patient was given 

NAI antiviral therapy starting on the second day, and the ratio 
of resistant reads slightly decreased to 76.6% and 72.2% on the 
third and fourth days, respectively. Throughout 6 days of anti-
viral treatment, the drug-resistant genotype did not eliminate 
the WT but expressed a downward trend (Figure 2A). Moreover, 
we validated the R292K mutation in these samples with a SNP 
RT-PCR assay [19]. All samples were positive in the assay target-
ing the H7 segment, but 2 samples, A/Jiangxi/YB02/2017 in case 
2 and A/Beijing/DSL02/2017 in case 11, were negative in the 
assays targeting NA 292K/R and NA292K, respectively (Table 3).

Among 10 other amino acids related to NAI resistance, only 
the H274Y mutation was detected in 1 sample from case 7; 
however, this resistant genotype reverted to the WT genotype 
6 days later (Table 2). Sustained dual R292K and H274Y muta-
tions were not detected in any of the samples. No mutation was 
detected at the other 9 sites (Supplementary Table 1).

Mammalian Adaption-Related Mutation in PB2

The PB2 E627K mutation was detected in 18 samples from 7 
(77.78%) patients; among these samples, 12 from 5 patients 
demonstrated coexisting 627K/E (Table  2). In cases 3 and 6, 
WT 627E was detected in the first sample and disappeared in 
the second. However, in cases 10 and 11, the WT genotype per-
sisted alongside mutant genotypes. In case 10, the mammalian 
genotype dominated the viral population, but the WT virus 
persisted for 9 days, and its proportion only varied slightly over 
time (Table 2; Figure 2B). In case 11, the mammalian-adapted 
genotype (627K) predominated in the viral population in the 
first sample (356K vs 135E), but its predominance was over-
taken by the WT genotype 3  days later, at which point 627K 
constituted only 41.8% of total reads (Table 2). Throughout the 
7-day period investigated, the ratio of mutant to WT genotypes 
fluctuated, and the mammalian-adapted genotype did not rees-
tablish dominance by the final timepoint (Figure 2B).

Table 3. Reverse-Transcription Polymerase Chain Reaction Validation of the R292K Mutation Detected by Next-Generation Sequencing

Case No. Sample Date Virus Name

No. of Reads Cycle Threshold Valuea

292K 292R H7 292K 292R

2 11 Feb 2017 A/Jiangxi/YB01/2017 183 324 32.17 34.83 34.91

13 Feb 2017 A/Jiangxi/YB02/2017 0 113 37.36 Noneb None

5 9 Feb 2017 A/Jiangxi/WLJ/2017 15 367 11 192 21.85 26.7 26.86

7 7 Feb 2017 A/Jiangxi/XZS01/2017 2107 1446 25.95 33.15 33.18

13 Feb 2017 A/Jiangxi/XZS02/2017 68 33 28.97 32.54 32.63

9 5 June 2017 A/Hebei/ZLQ01/2017 8779 1312 25.81 29.48 30

9 June 2017 A/Hebei/ZLQ02/2017 867 265 24.22 24.45 24.9

10 June 2017 A/Hebei/ZLQ03/2017 1800 693 29.41 29.29 29.56

11 June 2017 A/Hebei/ZLQ04/2017 92 23 32.53 31.54 31.59

11 19 Apr 2017 A/Beijing/DSL01/2017 0 1654 30.8 None 33.19

22 Apr 2017 A/Beijing/DSL02/2017 66 2393 32.74 None 30.27

23 Apr 2017 A/Beijing/DSL03/2017 0 656 35.93 None 31.88

aCt values of reverse-transcription polymerase chain reaction (RT-PCR) assay targeting HA, NA 292K, and NA 292R of the H7N9 influenza virus.
bSamples with negative RT-PCR assay results and unavailable Ct values are noted as “None.”
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Figure  2. The kinetics of R292K and E627K mutations in sequential samples 
obtained from patients during disease development. A, The percentage of 292K 
reads exhibiting variation in 4 patients at multiple timepoints. A χ2 test was applied 
to cases 7 and 9 (underlined). *Significant (P < .05 with 95% confidence interval) 
differences between 2 timepoints. &Insignificant differences between 2 timepoints. 
B, The percentage of variation in 627K reads in sequential samples collected from 
4 cases. The day antiviral therapy was initiated was defined as day “0” and marked 
with a black arrow. The dashed line indicates the position of 50% on the y-axis.
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The D701N substitution was identified in 8 samples from 
4 patients, and this mutation coexisted with WT genotypes 
in all samples (Table 2). Moreover, in 3 patients with multiple 
timepoint samples, the proportion of the mammalian-adapted 
genotype (701N) varied slightly during disease development, 
ranging from 90.08% to 93.55%, 99.44% to 94.53%, and 97.37% 
to 96.59% in cases 1, 6, and 8, respectively (Table  2). Dual 
D701N and E627K mutations failed to achieve predominance 
in any sample. Among other signature amino acids in the PB2 
segment, the L89V and A588V mutations were detected in 
all the samples (Supplementary Table 1), while K526R substi-
tutions occurred in 3 patients (Table  2). The D256G, T271A, 
M535L, Q591K, and H357N mutations were not detected in 
these samples (Supplementary Table 1). The coexistence of het-
erologous amino acids was not detected at these sites.

Signature Amino Acid Variations in Other Segments

Molecular signature sites showed less variation in HA, PB1, PA, 
and NS1. No multiple basic amino acids were detected in the HA 
cleavage site, indicating the low pathogenicity of these viruses 
to poultry (Supplementary Table  1). The T160A mutation 
occurred in all the samples, with 3 samples containing a mixed 
T/A population (Table  2). The G186V mutation was detected 
in 9 patients, potentially favoring the mammalian adaption 
of avian influenza virus. Additionally, we detected coexisting 
186I/V in 4 samples collected serially from case 9 over 6 days. 
Q226L/I mutations occurred in all patients, and a few prolines 
(20.9%) were detected at this site in case 2. G228S mutation did 
not happen in any sample (Supplementary Table 1).

For PB1, viruses in all the samples maintained the WT 99H 
genotype, but the I368V mutation was present in 9 patients 
(Supplementary Table 1). V473L and P598L substitutions were 
not detected in our study, but a sample from case 7 showed 
the minor occurrence (10.5%) of isoleucine in position 473 
(Table 2; Supplementary Table 1). In the PA segment, the mam-
malian-associated signature K356R and S409N mutations were 
detected in all available samples, whereas the V100A substitu-
tion was not detected (Supplementary Table 1). For NS1, all the 
samples contained the P42S mutation (Supplementary Table 1), 
which enhances the pathogenicity of H5N1 avian influenza 
viruses in mice. Among 3 other signature sites in NS1, which 
antagonizes type I interferon and tumor necrosis factor α, only 
N205S was detected, while D92E and G210R mutations were 
not detected (Supplementary Table 1).

DISCUSSION

Due to the low fidelity of its RNA polymerase, the influenza virus 
shows high variation and diversity during the development of 
infection not only at the ecosystem scale but also at the clone 
level. In this study, we collected sequential samples from H7N9 
patients at different timepoints and characterized the genetic 
variation in the virus during disease development using NGS 

technology. NA and PB2 exhibited the most dynamic variation, 
and the majority of signature sites contained both mutant and 
WT genotypes. Specifically, the signature sites related to anti-
viral resistance and mammalian adaption underwent dynamic 
variation during disease progression.

Phylogenetic analysis of HA, NA (Figure  1), and PB2 
(Supplementary Figure 1) showed that viral genomes from the 
same patient at different timepoints clustered together with 
nearly the same branch length, indicating that viruses from one 
patient are highly homologous and that intrapatient virus diver-
sity is higher than interpatient diversity. Although several infec-
tions in our study occurred in the north of China, the infecting 
viruses grouped with the eastern virus clade, indicating that 
the Yangtze Delta remains one of the major sources of human 
H7N9 virus infection [20].

A previous study showed that NA R292K emerged under 
antiviral pressure conferred by NAI treatment and was associ-
ated with adverse clinical outcomes [12]. This finding led to a 
comprehensive concern that NAI treatment favors and selects 
for this drug-resistant genotype and eventually eliminates the 
WT virus, as occurs with the evolution of antimicrobial-resis-
tant bacteria under antibiotic pressure [21]. However, in cases 7 
and 9, NAI-sensitive viruses persisted throughout 6 days of anti-
viral treatment, and their proportion was only slightly affected. 
Additionally, in case 9, the viral population already contained 
substantial numbers of NAI-resistant clones prior to antiviral 
treatment, indicating that the emergence of the resistant gen-
otype was not triggered by NAI usage (Table 2). Moreover, in 
cases 2 and 11, the resistant genotype emerged at 1 timepoint 
and disappeared at the next timepoint, showing that resistant 
clones were not selected for by NAI pressure. A previous study 
indicated that the introduction of the R292K mutation into the 
NA segment leads to competitive fitness loss by avian H7N9 
influenza virus [22]. This finding may partially explain why the 
292R WT virus persisted simultaneously with resistant 292K 
under antiviral pressure and the selection of NAI-resistant 
clones was not as dramatic as that observed in bacteria under 
antibiotic pressure [21]. Other sites related to NAI resistance 
showed little variation and were stable during infection. We also 
validated 292R/K genotypes in our samples using SNP-specific 
RT-PCR, and most genotypes in the tested samples were con-
firmed by individual probes (Table  3). However, we found 2 
samples demonstrating discordant results between NGS and 
RT-PCR: a sample collected on 12 February 2017, from case 2 
(YB02), and a sample collected on 23 April 2017 from case 11 
(DSL02). The 292R/K RT-PCR assay had lower sensitivity than 
the RT-PCR assay targeting at H7 [19], which may explain the 
negative results obtained for 292K/R in these samples, as the 
cycle threshold value for H7 RT-PCR was high and indicated a 
low viral load. Similar results were also obtained in Wang’s study, 
in which 4 samples were positive in an H7 RT-PCR assay but 
negative in an NA 292R/K assay [19]. In DSL02, the ratio of 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy217#supplementary-data


Dynamic Variation in H7N9 Patients • JID 2018:218 (15 August) • 593

292K to 292R reads is extremely low, which may explain the 
negative 292K result obtained for this sample.

The amino acid at residue 627 in PB2 is the most important 
determinant of host range in influenza A viruses [23, 24]. In 
cases 3 and 6, this mutation was promoted: the mammalian 
genotype 627K dominated the viral population, and the WT 
genotypes were eliminated by the final timepoint. However, 
the E627K mutation is not always monodirectional, as the 
WT 627E genotype was maintained alongside the mamma-
lian 627K genotype throughout 10 days of infection in cases 
10 and 11, and the proportion of 627K was stable in case 10 
(Figure  2B). Moreover, the proportion of 627K mutations 
underwent fluctuation across 6 timepoints in case 11, and the 
mammalian genotype failed to achieve consistent predomi-
nance throughout 10 days of infection. The D701N mutation 
was also present in the form of a mixed 701D/N population, 
and the ratio was constant throughout disease progression 
(Table  2). Although dual E627K and D701N mutations in 
the PB2 segment confer higher H7N9 viral polymerase activ-
ity and improve viral replication in mammalian cells over a 
single E627K or D701N mutation [25], this dual mutation 
did not achieve predominance in any sample during disease 
development, potentially hampering its capacity for human-
to-human transmission. A previous study showed that certain 
“functionally equivalent” mutations emerged in viruses lack-
ing PB2 627K during the process of human adaption [26]. Our 
study also detected the PB2 K526R mutation (a “functionally 
equivalent” mutation) in cases 1 and 2, in whom the viruses 
lacked PB2 627K (Table 2). However, compensating variants 
at other sites and segments require further investigation and 
validation.

Signature amino acid variation in HA, PB1, PA, and NS1 
showed less dynamic variation. In case 2, we observed a few 
reads containing proline at the HA 226 site; this amino acid was 
detected in only 1 virus among 355 isolates tested from the first 
3 waves of human H7N9 infection [20]. In case 8, the isoleu-
cine detected at the first timepoint transformed to leucine after 
4 days and persisted thereafter, indicating that isoleucine may 
be an intermediate amino acid during the transition from gluta-
mine to leucine at the 226 position. Other molecular signatures, 
such as T160A and G186V/I mutations, were detected in some 
patients, but only a few samples contained mixed genotypes. 
Molecular signatures in PB1, PA, and NS1 showed less varia-
tion, similar to that of HA.

Overall, whole H7N9 genomes were obtained from 23 
samples (79.3%) in our study, and the majority of viral seg-
ments were fully covered in the other 6 samples. Thus, all 
known molecular markers across the H7N9 genome were 
likely detected. However, there are several limitations to our 
study. First, the patient sample size in our study was small and 
insufficient to establish relationships between variations in sig-
nature markers and patients’ clinical indices. Second, direct 

amplification of the complete viral genome from clinical sam-
ples is more difficult than that from clinical isolates; therefore, 
sequence information was missing for some timepoints, and 
the number of patients with data from multiple samples was 
small. Last, most patients were sampled after hospital admis-
sion, when some time had already passed from disease onset. 
Thus, some strong selective changes occurring during the early 
stage of infection may have been missed in this study. However, 
the sequential sample data presented here clearly indicated 
that dynamic variation and reversion happened in the H7N9 
patients in vivo.

In conclusion, the H7N9 virus underwent dynamic evolu-
tion during infection in certain patients, and the amino acids 
at NA 292 and PB2 627 were “hot spot” molecular markers 
exhibiting the most vigorous variation. Even under antiviral 
pressure conferred by NAI and the emergence of drug-re-
sistant mutation NA R292K, the WT 292R virus persisted in 
viral populations, and selection for resistant genotypes was 
not obligatory. Similarly, although the PB2 E627K and D701N 
mutations favor avian influenza virus infection in mammals, 
they undergo fluctuation and reversion during mammalian 
adaption. Therefore, the variation of H7N9 virus should be 
monitored at the quasispecies level to clarify its pathogenicity 
during disease development.
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