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Abstract There were three epidemic waves of human
infection with avian influenza A (H7N9) virus in
2013-2014. While many analyses of the genomic origin,
evolution, and molecular characteristics of the influenza A
(H7N9) virus have been performed using sequences from
the first epidemic wave, genomic characterization of the
virus from the second epidemic wave has been compara-
tively less reported. In this study, an in-depth analysis was
performed with respect to the genomic characteristics of 11
H7N9 virus strains isolated from confirmed cases and four
H7NO virus strains isolated from environmental samples in
Shenzhen during the second epidemic wave. Phylogenetic
analysis demonstrated that six internal segments of the
influenza A (H7N9) virus isolated from confirmed cases
and environmental samples in Shenzhen were clustered
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into two different clades and that the origin of the influenza
A (H7N9) virus isolated from confirmed cases in Shenzhen
was different from that of viruses isolated during the first
wave. In addition, HON2 viruses, which were prevalent in
southern China, played an important role in the reassort-
ment of the influenza A (H7N9) virus isolated in Shenzhen.
HA-R47K and -T122A, PB2-V1391, PB1-1397M, and
NSI1-T216P were the signature amino acids of the influenza
A (H7N9) virus isolated from confirmed cases in Shen-
zhen. We found that the HA, NA, M, and PA genes of the
A(H7N9) viruses underwent positive selection in the
human population. Therefore, enhanced surveillance
should be carried out to determine the origin and mode of
transmission of the novel influenza A (H7N9) virus and to
facilitate the formulation of effective policies for preven-
tion and containment of a human infection epidemics.

Introduction

Human infection with avian influenza A (H7N9) virus was
first identified in eastern China in April, 2013 [4, 14]. As of
December 27, 2015, a total of 686 laboratory-confirmed
cases of infection with the virus had been reported in
China, and 274 of these patients had died [7]. There is a
great concern worldwide regarding the human-to-human
transmission ability of the new virus [5].

An earlier study demonstrated that avian influenza A
(H7N9) virus is possibly a triple reassortant in which the
HA and NA genes originated from A/duck/Zhejiang/2/
2011(H7N3) and A/wild bird/Korea/A14/2011(H7N9),
respectively, while the internal genes were closely related
to A/brambling/Beijing/16/2012-like viruses (HON2) [14].
Subsequent studies indicated that the N9 gene of the
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influenza A (H7N9) virus was more closely related to
H1IN9 and H2N9 viruses found in the migratory wild
birds of Hong Kong in 2010-2011 [19]. In addition, the
internal genes of the H7N9 virus displayed much higher
genetic heterogeneity after sequential and multistep reas-
sortments with local prevalent HON2 viruses [8, 11, 18,
20, 35].

Since avian influenza A (H7N9) virus emerged in
March 2013, there have been three epidemic waves of
human infection. The first epidemic wave was concen-
trated from March to May 2013, whereas the second
epidemic wave occurred from December 2013 to May
2014, and the third epidemic wave occurred from
December 2014 to May 2015. Between the earlier two
epidemic waves, from early June 2013 to late November
2013, there was only one confirmed case of infection with
avian influenza A (H7N9) virus reported in Guangdong
province on August 10, 2013. To date, many studies
regarding the origin and characteristics of the novel
influenza A (H7N9) virus have been performed using
sequences obtained from the first epidemic wave [15, 38,
41], and therefore, changes in genomic characteristics of
the H7N9 virus between the earlier two epidemic waves
remain to be elucidated.

During the second epidemic wave of human infection
with the H7N9 virus, 27 confirmed cases of infection were
identified from December 30, 2013 to April 15, 2014 in
Shenzhen, a city in southern China bordering Hong Kong.
All nasal swab samples of the 27 confirmed cases were
cultured in embryonated chicken eggs; 11 strains of avian
influenza A (H7N9) virus were successfully obtained and
the entire genome was sequenced. At the same time, the
genomes of four strains of the H7N9 virus obtained from
environmental samples were fully sequenced. In this study,
the genome characteristics of the 15 strains of avian
influenza A (H7N9) virus obtained from the second epi-
demic wave were thoroughly analyzed to better understand
the selective pressures and the specific amino acid muta-
tions driving its viral evolution. The findings of this study
may facilitate further study regarding the evolution of
avian influenza A (H7N9) virus.

Materials and methods
Sample collection and virus isolation

Nasopharyngeal swabs from confirmed cases of infection
with avian influenza A (H7N9) virus with severe pneu-
monia and acute respiratory distress syndrome were col-
lected [13]. Environmental samples were collected from
chicken feces, wastewater from slaughterhouses, chicken
cage surfaces, and poultry chopping boards in live-poultry
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markets, all of which were epidemiologically associated
with confirmed cases or the workplaces of confirmed cases.
Collection of all samples was conducted under the guide-
lines of the standard operation procedures (SOPs) of the
China Center for Disease Control and Prevention. All
samples were transferred to our laboratory in a viral
transport medium at 4 °C for avian influenza A (H7N9)
virus detection.

RNA was extracted from nasopharyngeal swabs and
environmental samples using MagNA Pure LC 2.0 (Roche,
Switzerland) with a MagNA Pure LC Nucleic Acid Isola-
tion Kit (Roche, Germany). H7 and N9 genes were
detected using real-time reverse transcription polymerase
chain reaction (RT-PCR) assays according to the SOPs of
the World Health Organization [34].

Only samples testing positive for both the H7 and N9
genes were propagated in 10-day-old embryonated chicken
eggs and then cultured at 37 °C for 2 days in a biosafety
level 3 laboratory. Allantoic fluid was extracted and tested
for H7 and N9 genes by RT-PCR assays and, if positive,
used for further genomic sequencing.

Genomic sequencing

All eight segments of isolated positives from the H7N9
RT-PCR assays were sequenced using a high-throughput
sequencing strategy on an Illumina HiSeq 2500 sequencer.
The sequencing methods were developed in a previous
study [39]. The nucleotide sequences for the viral genome
of the H7NO isolates have been submitted to GISAID, and
the accession numbers are listed in Table 1.

Phylogenetic analysis

All full-length genomic segments of avian influenza A
(H7N9) virus were downloaded from the influenza virus
database in GenBank. The full-length HA gene of the
H7Nx virus, the full-length NA gene of the HXNO virus,
and the six internal full-length segments (PB2, PB1, PA,
NP, M, and NS) of the HON2 virus from 2010 to 2014 [35]
were randomly downloaded from influenza virus databases.
All sequences, including those from the Shenzhen influ-
enza A (H7N9) virus strains (11 from confirmed cases and
4 from environmental samples) and those downloaded from
GenBank, were subjected to multiple sequence alignment
using the ClustalW program, and the amino acid mutations
were analyzed using the Highlight model in MEGA soft-
ware (version 5.0). Preliminary phylogenetic trees were
generated using the neighbor-joining (NJ) method and a
bootstrap analysis of 1000 replications using MEGA soft-
ware (version 5.0). A detailed analytical phylogenetic tree
for each segment was generated by including only
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Table 1 Accession numbers for the H7N9 viruses isolated in Shenzhen for this study
PB2 PB1 PA HA NP NA M NS Strain name
Accession Accession Accession Accession Accession Accession Accession Accession
number number number number number number number number
EPI632069  EPI632070  EPI632071  EPI630217  EPI632072  EPI632073  EPI632074  EPI632075  A/Shenzhen/1/2013
EPI632062  EPI632063  EPI632064  EPI630218  EPI632065  EPI632066  EP1632067  EPI632068  A/Shenzhen/2/2014
EPI632055  EPI632056  EPI632057  EPI630219  EPI632058  EPI632059  EPI632060  EPI632061  A/Shenzhen/3/2014
EPI632048  EPI632049  EPI632050  EPI630220  EPI632051  EPI632052  EPI632053  EPI632054  A/Shenzhen/4/2014
EPI632041  EPI632042  EPI632043  EPI630221  EPI632044  EPI632045  EPI632046  EPI632047  A/Shenzhen/5/2014
EPI632034  EPI632035 EPI632036  EPI630222  EPI632037  EPI632038  EPI632039  EPI632040  A/Shenzhen/6/2014
EP1632027  EPI632028  EPI632029  EPI630223  EPI632030  EPI632031  EPI632032  EPI632033  A/Shenzhen/7/2014
EP1632020  EPI632021  EPI632022  EPI630224  EPI632023  EPI632024  EPI632025  EPI632026  A/Shenzhen/8/2014
EPI632013  EPI632014  EPI632015  EPI630225  EPI632016  EPI632017  EPI632018  EPI632019  A/Shenzhen/9/2014
EPI632006  EPI632007  EPI632008  EPI630226  EPI632009  EPI632010  EPI632011  EPI632012  A/Shenzhen/16/2014
EPI631999  EPI632000  EPI632001  EPI630227  EPI632002  EPI632003  EPI632004  EPI632005  A/Shenzhen/17/2014
EPI631936  EPI631937  EPI631938  EPI630329  EPI631939  EPI631940  EPI631941  EPI631942  A/environment/
Shenzhen/01/2013
EPI631957  EPI631958  EPI631959  EPI630233  EPI631960  EPI631961  EPI631962  EPI631963  A/environment/
Shenzhen/2/2013
EPI631950  EPI631951  EPI631952  EPI630234  EPI631953  EPI631954  EPI631955  EPI631956  A/environment/
Shenzhen/3/2013
EPI631943  EPI631944  EPI631945  EPI630235  EPI631946  EPI631947  EPI631948  EPI631949  A/environment/
Shenzhen/4/2013
sequences belonging to the same evolutionary branch as  Results

the novel influenza A (H7N9) virus strains and nearby
branches.

Adaptive evolution analysis

Adaptive evolution was analyzed by measuring positive
selection, which drives viruses to evolve through cross-
species transmission. To understand whether the novel
influenza A (H7N9) virus was driven by positive selec-
tion, the standard McDonald-Kreitman test (MKT) was
used to detect natural selection pressure [9, 10]. The
MKT was designed to compare the amount of variation
(synonymous and nonsynonymous) within a species and
the divergence across species. The ratio of nonsynony-
mous to synonymous polymorphisms within species (Pn/
Ps) and the ratio of nonsynonymous to synonymous fixed
substitutions between species (Dn/Ds) were calculated to
derive the neutrality index (NI) using the formula NI =
PnDs/PsDn. If the NI value was <1, then positive selec-
tion must have driven the virus through cross-species
transmission by an excess of fixation of non-neutral
replacements. If the NI value was 1, then neutral selection
must have driven viral evolution. If the NI value was >1,
then negative selection precluded the fixation of harmful
mutations, which generally leads to coexistence of mul-
tiple viral genotypes.

Phylogenetic analysis

In total, 15 influenza A (H7N9) virus strains were isolated
from confirmed cases and environmental samples in
Shenzhen during the second epidemic wave, and all
genomic segments were sequenced. Together with genomic
sequences downloaded from influenza virus datasets, these
15 genomic sequences were analyzed to elucidate the ori-
gin and evolution of the influenza A (H7N9) virus in
Shenzhen, and the phylogenetic trees of all eight segments
of the influenza A (H7N9) viruses were constructed as
shown in Fig. 1(1A-H).

For the HA and NA genes, all 15 avian influenza A
(H7N9) virus strains isolated from Shenzhen clustered into
a classic H7N9 clade with other influenza A (H7N9)
viruses previously isolated during the first epidemic wave
(Fig. 1A and B); however, the HA gene of the 15 strains
from Shenzhen was concentrated on the far end of the
phylogenetic tree and formed a distinct subclade (Fig. 1A).
This implied that the HA gene of the influenza A (H7N9)
virus from the second epidemic wave underwent continu-
ous evolution and was divergent from those isolated during
the first epidemic wave, although there was a high degree
of nucleic acid sequence similarity between the influenza A
(H7N9) virus isolated from the first and the second

@ Springer
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Fig. 1 Phylogenetic trees of all
eight segments of influenza A
(H7N9) viruses isolated in
Shenzhen during the second
epidemic wave. The
phylogenetic trees were
constructed by the NJ method
using MEGA 5.0, and the
reliability of the tree was
evaluated by the bootstrap
method with 1,000 replications.
Only bootstrap values of >50
are shown at the corresponding
nodes. Sequences labeled in red
with red dots represent the
H7NO virus isolated from
confirmed cases in Shenzhen,
and those labeled in blue with
blue triangles represent the
H7N9 virus isolated from
environmental samples in
Shenzhen. Sequences in green
represent the reference strains
that are most closely related to
influenza A (H7N9) virus. The
branches in red indicate the
other H7NO viruses, and those
in black are HON2 or other
subtype viruses
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@ EPI630217 A/Shenzhen/1/2013(HTNS) 2013/12
A EPI630235 A/environment/Shenzhen /4 2013(HN9) 201312
A EPI630234 A/environment/Shenzhen 3/ 2013(HTN9) 201312

87} A EPI630233 AlenvironmentShenzhen22013(HTN9) 201312
A EPI630329 A/environment/Shenzhen/1 2013(H7N9) 2013/12

@ EPI630223 A//Shenzhen/7/2014(H7NS) 2014/1
@ EPI630219 A/Shenzhen/3/2014(HTNS) 2014/1

@ EPI630224 A/Shenzhen/8/2014(HTNS) 2014/1

@ EPI630220 A/Shenzhen/4/2014(HTN9) 2014/1

KJ023067 A/Guangdong/03/2013(HNS) 2013/12/15

@ EPI630222 A/Shenzhen/62014(HTN9) 2014/1

@ EPIS30218 A/Shenzhen 2/ 2014(HTNS) 20141

@ EPI630226 A/Shenzhen/16 2014(ETN9) 2014/1

@ EPIS30221 A/Shenzhen/S2014HTN9) 20141

7! @ EPIG302 20041

KF952508 A/Hong Kong/470129/2013HTN9) 2013/11/30

@ EPI630227 A/Shenzhen/17/2014(H7NY) 2014/1

KJ023074 A/Guangdong/04/2013(HTN9) 2013/12/16

KJ023082 A/Guangdong 05/ 2013(HTNS) 2013/12/17

L KJ415824 A/environment Guangzhow/1 2014(HTNY) 2014/0126

A/Shenzhen/9/2014(

{~ KJ415825 A/chicken/Guangzhow/1/2013(H7N9) 2013/07/12

@

5-{:\'14'121 Aenvironment'Shanghai/S1088/2013(H 7N

KFO01519 A/environment Hangzhow 34/ 2013(HNS) 2013/04 04

L— CY147196 A wild pigeon Jiangsu/'SD001/2013 (HTN9)2013/04/17

KF007068 A/Wuxi/3/2013(HN) 2013/04/07
KF00700¢ A/environment/Suzhow/8 2013(HTN9) 2013/04/ 08
KF007148 A/Nanjing/7/2013(HN9) 2013/04/13

CY147116 A/environment Shandong/SD049/2013(HTN9) 20130503

KF007140 A/Suzhou'5/2013(H7N9) 2013/04/12

KF007140 A/Suzhow/5/2013(H7N9) 2013/04/12
KF278745 A/Tangsu/1.2013(HTN9) 2013/0420

0
{‘{xcawu A/Nanjing/12013(H7N9) 2013/0328

CY146940 A/chicken/JiangswSCS37/2013(HTN9) 2013/04/16
KF997831 AShanghai/S190T/2013(H7N9) 2013/05/ 4
KF018039 A/ Taiwan/1/2013(HTN9) 2013/ 4
KJS08890 A tree sparow/Shanghai/01/2013(HTNS) 2013/05/09
CY147156 A/environment/Shanghai/S1439/2013(H7N) 20130403
7| CY147140 Alenvironment/Shanghai/S1437/2013(HTNS) 20130403
CY147164 A/homing pigeon Jiangsw SDI84 2013(HTN9) 2013104120
CY147188 A/pigeon/Shanghai/S14232013(HTNS) 201310403
CY147012 A/chicken/Shanghai/S1358/2013HTNS) 2013/04/03
CY146916 A/chicken/Jiangsw/S002/2013(HTNS) 2013/04/16
KF007060 A/Zhenjiang/1/2013(H7NS) 2013/04/07
KFS00922 A/Zhejiang/DTID-ZJU02/2013(HTNY) 2013/04
KC396763 Aenvironment Nanjing/2913/2013(HTN9) 20130329
KF150608 A/environment Wuxi/1/2013(HTN9) 2013/04/02
KF001516 A/Hangzhou/32013(HTN9) 2013/04/08
85/ KF055470 A Zhejiang/HZ12013(HIN9) 2013/04
CY146956 A /chicken/Shanghai/S1053/2013(HTNS) 2013/04/03
) 2013104103

- KF542876 A/chicken/Shanghai/017/2013(H7NS) 2013/04
KC994453 A Fujian/1 2013(HTNG) 2013/04724

- KF007108 A/Suzhow’3/2013(HTNY) 2013/04/09

KJ633809 A Zhejiang DTID-ZJU012013(HTNG) 2013/04/03

{— CY147076 A/environment Fujian/SC337/2013(HTNS) 2013/04/30
|- KC853766 A/Hangzhow1/2013(HTNS) 2013/03/24

|— CY146508 A/chicken/Guangdong/SD641/2013(HTNS) 2013/05/03
KF938946 A/chicken Jiangsu/1021/2013(H7N9) 2013/04

|— KF259042 A/chicken/Rizhao/515/2013(H7N) 2013/04

CY147036 A/chicken Zhejiang/SD00/2013(HTNS) 20130422

|- CY147060 A/duck/Anhui/SCT022013(HN9) 2013/04/16

|- KFO34911 A/Wuni/1 2013(HTN9) 2013/03/31

|- KF667746 A environment Guangdong/25/2013(HTNS) 2013/0426
CYIS7618 A/Anhui’l-DEWHT30/2013(HTN9) 2013/4

CYISI513 A/Anhui DEWHT2-012013(HTNS) 2013/4

E|  CY181529 A/Anhui DEWH?2-03/2013(H7NS) 2013/4

CYI81545 A/Anhui DEWHT2-05/2013(HTNS) 2013/4

64| CY181561 A/ Anhui DEWHT2-07/2013(HTNS) 2013/4
CYI81577 A/Anhui DEWH72-09/2013(HTNS) 2013/4

CY147068 A/duck Zhejiang/SC410/2013(HTN9) 2013/04/16

- CY147052 Achicken/Zhejiang/SD033/2013(HTN) 2013/04/11

(- CY147084 Aenvironment/Henan/SC232/2013(HTNS) 2013/0424
KF420296 A/Changsha/12013(HTN9) 2013/03/22

KF261988 A/Nanchang/1/2013(H7NY) 2013/04/24

KFI193404 A Zhejiang/KLED32 2013(HN9) 2013/04

2

881 CY146948 A/chicken Jiangxi/SD001/2013(HTN9) 2013/05/03

- CY147100 A/environment/Shandong/SD038/2013(HTN9) 2013/05/03
CY146996 A/chickenShanghai/$1079/2013(HTNS) 2013/04/03

-\» CY146972 A/chicken/Shanghai/S1076/2013(H7NS) 2013/04/03
CY147172 A/pigeon/Shanghai/S1069/2013(HTNS) 2013/04/02

| CY147172 A/pigeon/Shanghai/$1069/2013(HTN9) 2013/04/02
L KF007052 A/Nanjing/4/2013(H7N9) 2013/04/07
KJ411975 A/Shanghai/01/2014(H7N) 2014/01/03

— x
ol

The second wave

The first wave
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Fig. 1 continued

—— CY147046 A/chicken Zhejiang/SD019/2013(E7N9) 2013/04/11
B CY147166 A/homing pigeon Jiangsw/SD184/2013(H7N9) 2013/04/20
- KC853765 A/Hangzhou/1/ 2013(HTN9) 20130324
- KJ633810 A/Zhejiang/DTID-ZJU01 2013(H7N9) 2013/04/03
1 KF150618 A/Xuzhou/1/ 2013(HTN9) 2013/0425
- CY147062 A/duck/Anhui’SCT022013(HTNS) 2013/04/16
- KF021599 A/Shanghai/02/2013(H7NS) 2013/03/05
I~ KF018047 A/Taiwan/S02076 201 3(H7N9) 2013/04122
+— KF997832 A/Shanghai/S190T 2013(H7NS) 2013/05 The first wave
KF001520 A/environment Hangzhou/34 2013(H7N9) 2013/04/04
+— KF001520 A/environment Hangzhou/34 2013(H7NS) 2013/04/04
KF542880 A/chicken/Shanghai 017201 3(7NS) 2013/04
1 KC994454 A/Fujian/1/2013(HTNS) 2013/0424
CY147134 Alenvironment/Shanghai'S1436 201 3(HNY) 2013/04/03
KF732006 A/Zhejiang/DTID-ZJU102013(HN9) 2013/10/14
KJ508892 A/tree sparrow/Shanghai/01 2013(H7N9) 2013/05/09
I KF667748 A/environment Guangdong 25 2013(HTNY) 2013/04/26
KF662949 A/Guangdong/1/2013(HTN9) 2013/08/10
CY147030 A/chicken/Shanghai’S1413 2013(H7NS) 2013/04/03
{ KF007006 A/environment/Suzhow $ 2013(H7N9) 2013/04/08
KF007078 A/Wuxi/4/2013(H7NS) 2013/04/07
-— K(C899671 A/chicken Zhejiang/ DTID-ZJU01 2013(E7NS) 2013/04
CY187620 A/Anhui/l-DEWHT30/ 2013(H7NS) 2013/4
CY181531 A/Anhu/DEWH?72-03 2013(H7NS) 2013/4
HCY181547 A/Anhui/ DEWH72-052013(7N9) 20134
- CY181563 A/Anhui/ DEWH72-07/2013(HTN9) 2013/4
CY181579 A/Anhu/ DEWH?2-09/2013(H7N9) 2013/4
CY146910 A/chicken/Guangdong/SD6412013(HN9) 2013/05/03
ssf‘— CY147078 A/environment Fujian'SC337/2013(HTN9) 2013/04/30
[xF007110 A/Suzhow3/2013(7N9) 20130409
KJ411977 A/Shanghai 01/ 2014(HTNS) 2014/01/03
-EC-FOMOH Alenvironment/Zhenjiang 4 2013(E7N9) 2013/04/07
@ EPI632017 A/Shenzhen 9/ 2014(HTNS) 20141
I—— @ EPI632010 A/Shenzhen/16 2014(HTN9) 20142 The second wave
{— @ EPI632024 A/Shenzhen/82014(HTN9) 20141
KJ023069 A/Guangdong/032013(HTN9) 2013/12/15
L @ EPI632066 A/Shenzhen22014(H7N9) 20141
CY147070 A/duck/Zhejiang/SC4102013(HTN9) 20130416 The first wave
CEPIéS:O}S A/Shenzhen/62014(HTNS) 20141
@ EPI632052 A/Shenzhen 4 2014(H7N9) 2014'1 The second wave
E @ EPI632045 A/Shenzhen/S 2014(HTN9) 2014/1
— CY147102 A/environment/Shandong SD038/2013(HTNS) 2013/05/03
KF469231 A/Nanchang/12013(H7NS) 201304124
CY146950 A/chicken/JTiangxi/SD001 2013(H7NS) 2013/05/03 The first wave
CY146990 A/chicken/Shanghai’S1078 2013(7N9) 2013/04/03
CY147094 A/environment Henan/SD4292013(HTNY) 2013/04/24
CY147110 A/environment Shandong 'SD039 2013(H7N9) 2013/05/03
CY147174 A/pigeon/Shanghai/S1069/ 2013(HTN9) 2013/04/02
- KF420298 A/Changsha/1/2013(HTN9) 2013/03/22
— CY147006 A/chicken/Shanghai/S1080.2013(HN9) 2013/04/03
A EPI631947 Aenvironment/4/ 2013(H7NS) 2013/12
@ EPI632073A/Shenzhen’1 2013(HTNS) 2013/12
@ EPI632059 A/Shenzhen/32014(H7N9) 20141 The second wave
64| @ EPI632031 A/Shenzhen 7/ 2014(HTNS) 20141
A EP1631940 A/environment 'Shenzhen'1 2013(H7NY) 2013/12
A EPI631961 A/environment/Shenzhen 2 2013(HTN9) 2013/12
A EPI631954 Alenvironment/Shenzhen/3 2013(H7N9) 2013/12
L— @ EPI632003 A/Shenzhen/17/2014(H7N) 201472
69 KC896765 A/environment/Nanjing 2913/ 2013(H7N9) 2013/03/29
CY146958 A/chicken/Shanghai/S1053 2013(HTN9) 2013/04/03
KF278746 A/Jiangsu/1/2013(HTN9) 2013/0420
65 ‘ixcmm A/Nanjing/12013(H7NS) 20130328
- CY146934 A/chicken/JiangswSC0992013(HTNS) 2013/04/16
KF007062 A/Zhenjiang/12013(HNS) 2013/04/07
sf{ CY146918 Alchicken/Jiangsu/S002/2013(H7NS) 2013/04/16
6416 A'c JiangsuRD: 2 3

B3

18

The first wave

|IN244223 A/wild bard Korea A3 2011(HTN9) 2011/02
99 17N244223 A/wild bird Korea/A3/2011(HXN9) 2011/02
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KF001518 A/ervironment Hangzhow 342013 (HTN9) 2013/04/04
- KF667744 A/environment Guangdong 252013 (HTN9) 2013/04/26
CY146913 A/chicken Tiangsu/S0022013 (HTN9) 2013/04/16
| CY146905 A/chicken Guangdong/SD641/2013 (HTNS) 2013/05/03
KFO042111 A/chicken Zhejiang C4812013 (HTNS) 2013/04
L CY147073 A/environment Fujian'SC337/2013 (HTN9) 2013/04/30

464595 ATt 216 211

2

KC417067 Achicken Shanghai C1/2012(HON2) 2012
Q356884 A chicken Zhejang/329/2011(HIN2) 2011/03
CY146657 A/duck Hunan $4111201 1(HON2) 20111111
CY146945 Alchicken Jiangxi’SDO01 2013 (H7N9) 2013105103
A EPI631943 A Environment Shenzhen/4/2013(HTN9) 2013/12
ARPIG1958 A Environment Shenzhen 2/ 2013HNS) 2013/12
90! A EPI631950 A Environment Shenzhen3/2013(H7N9) 2013/12
KF007009 A/ervironment Zhenjiang 42013 (HTN9) 2013/04/07
KC951119 Alchicken G1/2013(HON2) 2013/01
— KFS00984 A chickenShanghai/020/2013(HON2) 2013/04
KJ411982 A'Shangh (HTN9) 2014/01/03

The second wave

b [ The first wave

KF260932 Achicken Wenzhow 253 2013(HON2) 2013

CY146929 A/chicken Jiangsw'SC099/2013 (HTN9) 2013/04/16

KJ128369 A'pigeon/Shanghai/JC1/2013(HIN2) 2013/04
KI726731 A/chicken Shanghai’ A 2010(HON2) 2010/06
KC779062 A/swine Shanghai'Y12009(HIN2) 2009/10/13
ABS36736 A/chicken Quang Ninh/26/2013(HIN2) 2013/04/10
TN869521 Alchicken Zhejang /Q1D4/2010(HIN2) 2010/02
IN369528 A chicken Tiangsw Q3 2010HIN2) 201002
KE714780 A chicken Hunan/122011(HSN2) 20111203
TX312549 A/chicken Antu HF 2010(H9X2) 201004
KE715241 Achicken/Gansw/419/2012(HON2) 2012/0324

AEPIG31936 1/2013(H7N9) 201312 The second wave
KF260871 A/chicken/Hong Kong TV752011(HON2) 2011
KF260879 A/chicken Hong Kong CSW45W/2011(HIN2) 2011
IN869535 Achicken Guangdong ZHJ 201 1(HIN2) 2011/06
KF260897 Alchicken Hong Kong FY10SW/2012(HON2) 2012
KF260885 A/chicken Hong Kong TCS/2012(HIN2) 2012
KF260865 Achicken/Hong Kong/CRA45/2010(HIN2) 2010
3 i i

53/

@ EPI631999 A Shenzhen/17/2014(HN9) 201472
KF944958 A/Guangdong/02/2013(HTN9) 2013/11/04
KJ023079 A/Guangdong/05/2013(HTN9) 2013/12/17
KF667736 A/Huizhow 01/ 2013(H7NY) 2013/08/08
KF952511 AHong Kong/470129/2013H7N9) 20131130 | The second wave
@ EPI632055 A/Shenzhen/3/ 2014(H7N9) 2014/1
@ EPI632027 A/Shenzhen/7/2014(H7NS) 2014/1
@ EPI632069 A/Shenzhen/1 2013(HTN9) 2013/12
% @ EPI632045 A Shenzhen/4/2014(HINS) 2014/t
@ EPI632034 A'Shenzhen/62014(HTN9) 20141
@ EP1632020 A 'Shenzhen 8 2014(HTN9) 2014/1
@ EPI632013 A Shenzhen/92014(HTNY) 2014/1
@ EPI632041 A/Shenzhen/S 2014(HTN9) 2014/1
@ EPI632062 A Shenzhen 2 2014(HNY) 2014/1
@ EPI632006 A/Shenzhen/162014(HTNY) 201472
KC763061 A/duck Shanghai/C1632009(HIN2) 2009/11/04

INS69514 A chicken Fujian G92009(H5N2) 2009/12
m A/duck Shanghai/ 60 2007(HIN2) 2007/12/25

% JF906203 A/chicken China/AH-10-012010(H9X2) 201012102
—:mm‘ Alchicken Funan/1 2012(H9N2) 20120201
100, AB7S3214 A/African Stonechat Vietnam'$2009(HIN2) 2009/11
AB753190 A/Japanese Quail Vietnam/4 2009(HON2) 2009/11
JF795141 A chicken Shandong 01/2009(HSN2) 200902

100 JF795035 AlchickenShandong 01/2010(HON2) 201001
FJ581429 Alchicken Zhejiang HI2007(HON2) 2007
ABS74672 A/duck Chiba/12007(HIN2) 2007

7
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Fig. 1 continued - KF007066 A/ Wi’ 2013(HNS) 20130407
G |— KF609525 A'tree spamrowShanghai 01/ 2013(H7N9) 2013/05/09

{- KC899667 A/chicken Zhejiang DTID-ZJU01/2013(H7N9) 2013/04
KF997837 A/Shanghai 5190T 2013(H7N9) 2013/05
f—— KF542888 A 'chicken 'Shanghai 017/2013(H7NY) 2013/04
|— KF001508 A Hangzhow 1/ 2013(H7N9) 20130324
- CY147074 Aenvironment Fujian/SC337 2013(H7NS) 2013/04/30
f— KF018038 A Taiwan'12013(H7N9) 2013

KJ633806 A Zhegiang DTID-ZJUO12013(HTN9) 2013/04/03
gﬂr«sm A/Zhejiang HZ1 2013(HTNS) 201304
- CY146922 A/chicken Jiangsw SC035 2013(HTNS) 2013/04/16

KF021595 A/Shanghai 02/2013(H7N9) 20130305

-l—- KC853230 A'Shanghai 4664T/2013(H7N9) 2013/03/05
69 KJ411981 A/Shanghai 01 2014(H7N9) 2014/01/03

{;147058 A/duck/Anhui'SCT022013H7N9) 20130416
CYIS1519 A/Anhui DEWH72-01 201 XHTNS) 2013/4
(CY181559 A/ Anhu DEWH72-06 201 3(HTN9) 2013/4
- CY147026 A chicken Shanghai S14132013(H7N9) 2013/04/03

CY181535 A/Anhui DEWH72-03 201 XH7N9) 2013/4

sdcmms A/Anhui DEWH72-08 201 XHTN9) 2013/4
KF278743 A/Jiangsu/1 2013(H7N9) 2013/0420
KF042096 A 'chicken Zhepang C483 2013(HN9) 2013/04

L
100 1

— IN869529 A/chicken Jiangsu/Q3/2010(HIN2) 201002
A EPI631958 A/environment Shenzhen2/2013(HTN9) 2013/12

A EPI631951 A environment Shenzhen/32013(HN9) 2013/12 The second wave
A EPI631944 A environment Shenzhen/4/ 2013(HTN9) 2013/12

KF715242 A/chicken Gansu'4192012(H9N2) 20120324

The first wave

8

A chicken C

100 IN222386 A/canine Guangxi/l 2011(HON2) 2011
—E!Qmm Alequine/Guangei’3/201 1(HON2) 2011/03/18
KF714781 A/chicken/Hunan/122011(HIN2) 2011/12/03
KF007010 A/environment Zhenjiang/4 2013HTN9) 2013/04/07
KF3500983 A/chicken Shanghai/0202013(HIN2) 2013/04
CY147098 A/environment Shandong /SD038 2013(ENY) 2013/05/03
KJ128368 A/pigeon Shanghai JC12013(HON2) 2013/04
KF420309 A/Changsha 22013(H7N9) 2013/0429
0 KF420308 A/Changsha/1/2013(H7N9) 2013/03/22

54 CY146946 A/chicken Jiangxi'SD001/2013(H7N9) 2013/05/03

KCA1706¢ A/chicken Shanghai C12012(H9X2) 201201
_E‘jlosssw.-\. chicken Zhejiang/329/2011(HSN2) 2011/03
KJ726727 A/chicken/Shanghai C201 [(H9N2) 2011106

JF795060 Achicken Shandong 02 2010(EIN2) 2010102

KF260621 A/chicken Hong Kong/CRA5/2010(HON2) 2010

KF260653 A/chicken Hong Kong FY105W/2012(H9N2) 2012

KF260635 A/chicken Hong Kong/ CSW445W/2011(HON2) 2011

IN869536 A/chicken Guangdong ZHJ/2011(HIN2) 2011/06

KF260634 A/chicken Hong Kong/NT305W/2011(HON2) 2011

KF952512 A/Hong Kong/470129/2013(H7NY) 2013/11/30

A EPI631937 A/environment/Shenzhen/1/2013(HN9) 2013/12

KF260637 A/sillie chicken Hong Kong YUS9SW/2011(HON2) 2011

KF260624 A/chicken Hong Kong TC18/2011(HIN2) 2011

KF260641 A/chicken Hong Kong TCS2012(H9N2) 2012

KF746800 A/chicken/Shandong/5132011(HON2) 2011/08/18
1 e C

100

The second wave

@ EPIS32070 A/Shenzhen/1 2013(HTNS) 201312
KF62945 A/Guangdong/1/2013(HTNY) 2013/08/10
@ EPI62014 A/Shenzhen 9 2014(HTNS) 20141
KF94959 A/Guangdong/02/2013(HTNS) 2013/11/04
@ EPIS32049 A/Shenzhen/4 2014(HTNY) 20141

@ EPI632000 A/Shenzhen/172014(HTN9) 20142
@ EPI632063 A/Shenzhen 2 2014(HTN9) 2014/1
@ EPI632007 A'Shenzhen/16 2014(HTN9) 20142
@ EPI632035 A/Shenzhen/6 2014(HTN9) 2014/1
65/ @ EPI632021 A'Shenzhen'S2014(H7N9) 2014/1

———— IN869522 A/chicken Zhejiang QID4 2010(HIN2) 201002
70 KC768058 A’duck Shanghai C1632009(HIN2) 2009/11/04
KC779059 A/swine Henan Y12009(HIN2) 2009/07/02

_SS:KCTTN A/swine/Shanghai’Y1/2009(HON2) 2009/10/13

KF367737 A/chicken Guangxi/G8 2009(HIN2) 200911
JF906204 A chicken China’ AH-10-012010(H9N2) 2010/12/02
KJ726725 A/chicken 'Shanghai’ A/ 2010(HIN2) 201006

FJ581435 A/chicken Zhejiang HJ 2007(HON2) 2007

F1499467 A/chicken/Hebei/4 2008(ESN2) 2008 01,01
GU474548 Alenvis Hunan/1.18/2007(HON2) 2007/03
JF795142 A/chicken Shandong 01 2009(HON2) 200902
AB753215 A/Afnican Stonechat Vietnam/8 2009(HON2) 2009/11
100! AB753191 A Japanese Quail Vietnam 4 2009(HON2) 2009/11

The second wave

|8
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Fig. 1 continued

(—— KF278744 A/Tiangsu/1 2013(HTNS) 2013/0420
H CY146955 A/chicken/Shanghai/S1053/2013(HTNS) 2013/04/03
|- CY146907 A/chicken/Guangdong/SD641/2013(HTNS) 2013/05/03
|—KF667745 A/environment/Guangdong/25/2013(HTNY) 2013/04/26
KF021596 A/Shanghai/02/2013(HTNS) 2013/03/05
|—— KF007059 A/Zhenjiang/1/2013(HTNS) 2013/04/07
|— KF277195 A/Nanchang/1/2013(HTNY) 2013/04/24
{187623 A/Anhui/1- DEWHT3022013(H7N9) 2013/4
cy

The first wave

181518 A/Anhui DEWH72-012013(H7NS) 2013/4

CY181558 A/Anhui DEWH72-06 2013(H7N9) 2013/4
|— KF061025 A/Fujian/1/2013(H7N9) 2013/04124
|— CY147171 AlpigeonShanghai’$1069/2013(HTN9) 2013/04/02
|— CY147099 Alenvironment Shandong/SD038/2013(HTN9) 2013/05/03
CY147187 A/pigeon/Shanghai/S1423/2013(HTNS) 2013/04/03
KF178672 Aenvironment Zhejiang/132013(HTN9) 201310325

€ |- KF997836 A/Shanghai/S190T 2013(H7NS) 2013/05
CY147163 A/homing pigeon Jiangsw SD184 2013(H7N) 2013/04/2
|- CY146923 Achicken/Jiangsw/SC035/2013(HTNS) 2013/04/16
KJ411980 A/Shanghai/01/2014(HN9) 2014/01/03
|— CY147059 A/duck/Anhui/SC702/2013(H7N9) 2013/04/16
L CY147043 A/chicken/Zhejiang/SD019/2013(HTNS) 2013/04/11
@ EPI632001 A/Shenzhen/17/2014(HTNS) 201472
KF662946 A/Guangdong/1/2013(H7N9) 2013/08/10
@ EPI632071 A/Shenzhen/1/2013(HTN9) 2013/12
63| @ EPI 632057 A/Shenzhen’3/2014(HTN9) 2014/1 The second wave
@ EPI632043 A/Shenzhen'S/2014(H7NS) 2014/1
@ EPI632008 A/Shenzhen/162014(HTN9) 201472
@ EPI632015 A/Shenzhen/92014(HTN9) 2014/1
@ EPI632050 A/Shenzhen/4/2014(HTN9) 2014/1
@ EPI632029 A/Shenzhen/7/2014(HTN9) 2014/1
@ EPI632064 A/Shenzhen 2 2014(HTNS) 2014/1
@ EPI632036 A/Shenzhen/6/2014(HTNS) 2014/1
97 @ EPI632022 A/Shenzhen/8/2014(HTN9) 2014/1
L CY146947 A/chicken/Jiangxi/SD001/2013(H7NS) 2013/05/03
® L KF542886 Achicken Shanghai 017/2013(HTN9) 2013/04 The firstwave
KC853226 A i/4664T/2013(HTNS) 2013/03/05

74

KC464597 A 16/2

KC885955 A/Zhejiang/DTID-ZJUO1/2013(HTNS) 2013/04/03
ﬂ: KI633807 A/Zhejiang/ DTID-ZJU01 2013(HTN9) 2013/0403 | The first wave
63 CY147067 A/duck Zhejiang/SC410/2013(HTNS) 2013/04/16
KF007011 A/environment/Zhenjiang/4/2013(H7N9) 2013/04/07
CY147131 Alenvironment/Shanghai/S1436 2013(H7NS) 2013/04/03
KF500982 A/chi 1ghai/020/2013(HON2) 2013/04
CY147035 A/chicken/Zhejiang/SD007/2013(HTN9) 2013/04122
KF042085 A/pigeon/Zhejiang/P12013(HTNS) 2013/04
KJ128367 A/pigeonShanghai/IC12013(HON2) 2013/04
54 KF260448 A/sillie chicken/Wenzhow$12/2013(EIN2) 2013
KI726724 Alwild chi /C1/2014(HON2) 2014/03
KC417063 A/chicken/Shanghai/C3/2012(HON) 201201
KI726721 A/chicken/Shanghai/C/2011(HON2) 2011/06
KC951121 A/chicken/Guangdong/LG1/2013(HIN2) 2013/01
AEPIG31938 A 1/2013(7N9) 2013/12
A EPI631945 A/environment Shenzhen'4/2013(H7N9) 2013/12 The second wave
A EPI631959 A/environment/Shenzhen/22013(HTNS) 2013/12
911 A EPI631952 Avenvironment/Shenzhen'32013(H7N9) 2013/12

a7 JF795061 A/chi 02/2010(H9N2) 2010/02
KF746850 A/chi 397, N2) 20100907

The first wave

93

ki

KF715243 A/chicken 2012(HON2) 2012/03/24
CY146639 A 112011(HIN2) 2011/11/11
JX312547 A/chicken/Anhui/HF 2010(HN2) 201004
IN222380 A/canine/Guangxi/1/2011(HON2) 2011
1Q228397 A/equine Guangxi/3/2011(HON2) 2011/03/18
IN869530 A/chicken Jiangsu/Q3/2010(HON2) 2010/02
IN869523 A 01002
KF260409 A Kong/FY105W/2012(HON2) 2012
KF260405 A/chicken/Hong Kong/YU1S0W/2012(HON2) 2012
KF260377 A/chicken/Hong Kong/CRA45/2010(HON2) 2010
IN869545 A/chicken/Guangdong/ZCY/2011(HIN2) 2011/07
IN869537 Alchicken ZHI2011(HON2) 2011/06
KF260380 A chicken/Hong Kong/TC182011(HON2) 2011
Emozsou A/Guangdong/04IEN) 011216 | 1 cecond wave
100 KJ023081 A/Guangdong/05/2013(H7N9) 2013/12/17
KF944960 A /Guangdong/02/2013(HTNS) 2013/11/04
KF260403 A/chicken/Hong Kong/TV17/2012(HON2) 2012
KF260393 A/silkie chicken Hong Kong/YUS9SW/2011(HON2) 2011
AB36738 Alchicken Quang Ninh/26/2013(HIN2) 2013/04/10
ABS$1271 A/muscovy duck Vietnam/LBM417/2013(HIN2) 2013/05/07
KF260391 A/chicken/Hong Kong/CSW445W/2011(HON2) 2011
KF952513 A/Hong Kong/470129/2013(H7NS) 2013/11/30
%3 KI725011 Alturtledov /49B6/2013(HON2) 2013/03/14
KF367738 A/chicken/Guangsi/G8/2009 2009/11/ 3 (HON2-PA)

86

100

51

100
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epidemic waves. The HA gene of the influenza A (H7N9)
virus from Shenzhen originated from the A/duck/Zhejiang/
2/2011(H7N3)-like virus, which is consistent with previous
reports [14, 21]. Inconsistent with previous analyses [17,
21], our study revealed that the NA gene from local strains
seemed most likely to have originated from an H2N9 or
HIIN9 virus found in migratory birds in the southern
regions of China. This is because the H2N9 virus or HI1 IN9
virus from southern China and the avian influenza virus
from Korea clustered into two different clades in the
phylogenetic tree for the NA gene, and the former viruses
were more closely related to the novel influenza A (H7N9)
virus (Fig. 1B).

For internal genes, phylogenetic analysis of the PA gene
showed that the 11 strains from the confirmed cases in
Shenzhen segregated into a single distinct subclade within
a major clade that covered almost all influenza A (H7N9)
virus strains isolated in the first epidemic wave [35]. The
four strains isolated from the environmental samples in
Shenzhen clustered into another single subclade, which
was the closest to the local HIN2 virus (A/chicken/
Guangdong/L.G1/2013) (Fig. 1H). It did not appear that the
internal segments of the H7N9 virus isolated from the
confirmed cases in Shenzhen directly originated from the
local H7N9 virus in live poultry markets; the most likely
donor may have been local HON2 viruses. For the M gene,
9 out of the 11 H7N9 virus strains from the confirmed cases
were clustered into a separate subclade within a minor
clade that included H7NO virus strains from the first epi-
demic wave. The other two strains, i.e., A/Shenzhen/4/
2014(H7N9) and A/Shenzhen/17/2014(H7N9), were scat-
tered in this minor clade (Fig. 1D).

Further analysis of the phylogenetic trees of the other
four internal genes (NP, NS, PB2, and PB1) revealed that
their sources were diverse and complex, were inconsistent
with some previous reports from the first wave [8, 12, 14,
28, 35], and were partially consistent with two other pre-
vious reports from the second wave [23, 24]. For the NP
gene, except for A/ Shenzhen/16/2014, the other 10 H7N9
virus strains from the confirmed cases fell into a separate
subclade that was closest to the local HON2 virus (A/
chicken/Gongdong/LLG1/2013(H9N2)) within a major
clade of H7N9 and H9N2 viruses (Fig. 1C). The four
H7N9 virus strains from the environmental samples and A /
Shenzhen/16/2014 were segregated into another distinct
clade that was far away from the major H7N9 virus clusters
and closer to the HON2 viruses isolated in southern China
in 2011-2013.

The NS, PB2, and PB1 genes of the H7N9 virus strains
isolated from confirmed cases belonged to a single cluster,
as shown in Figs. 1E, F, and G, respectively. Sequences in
this single cluster showed a closer relationship to an HON2
virus that was prevalent in poultry in southern China,

@ Springer

especially in Hong Kong and Guangxi, in 2010-2012. This
indicated that the origins of the NS, PB2, and PBI seg-
ments of the H7NO virus strains isolated from confirmed
cases from the second epidemic wave were different from
those from the first epidemic wave. The NS, PB2, and PB1
segments of the H7NO virus strains isolated from the
environmental samples formed a distinct subclade within a
major cluster that included H7N9 virus sequences isolated
in the first epidemic wave and related HON2 sequences.
This implied that there were different gene donors for the
influenza A (H7N9) viruses isolated from confirmed cases
and those isolated from the environmental samples in the
second epidemic wave.

Purifying selection drives the evolution of influenza
A (H7N9) viruses in humans

Avian influenza virus can acquire the ability to undergo
cross-species transmission and even human-to-human
transmission through adaptive mutation and reassortment
of multifarious lineages [27]. Previous studies have
demonstrated that animal viruses experienced positive
Darwinian selection in the process of cross-species trans-
mission and in the initial stages of human outbreaks, fol-
lowed by purifying (negative) selection when the virus
adapted to the new host in a later epidemic [30, 40]. To
explore whether positive selection pressure drove the
influenza A (H7N9) virus to adapt to humans in the second
epidemic wave, the MKT was performed to analyze the
sequences of each segment of the influenza A (H7N9) virus
isolated in Shenzhen (taxon name labeled in red in Fig. 1A-
H), and the sequences closest to the H7N9 virus clade were
referred to as the background clade (isolate names labeled
in green in Fig. 1A-H). The results are summarized in
Table 2.

The NI values for the HA, NA, PA, and M genes were
0.267, 0.514, 0.708, and 0.618, respectively. The HA
gene, which encodes the most important surface protein
for determining host range, had NI values <l. Impor-
tantly, the posterior probability (p) value achieved statis-
tical significance (0.004), implying that a strong positive
selection pressure acted on the influenza A (H7N9) virus
isolated from Shenzhen in the second epidemic wave.
These four segments, particularly the HA gene, may play
important roles in the cross-species transmission from
poultry to humans as a result of mutations. In contrast, the
NI value for PB2, PB1, and NP were 3.418, 2.645, and
3.097 respectively, indicating that negative selection acted
on these segments and caused multifarious genotypes to
co-prevail. The relatively stable NS sequence of the
influenza A (H7N9) virus isolated from Shenzhen may
exist for a long time due to its NI value being close to 1
(1.093).
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Table 2 McDonald-Kreitman test for each segment of A (H7N9) virus in Shenzhen

PB2 PB1

PA HA

Polymorphism Divergence

Polymorphism Divergence Polymorphism Divergence

Polymorphism Divergence

Neutral 41 25.84 60 13.23 17 3.01 94 13.30
Non-neutral 15 3.00 12 1.00 8 2.00 19 10.05
Neutrality index 3418 2.645 0.708 0.267

(ND
Proportion of -2.148 -1.645 0.291 0.732

adaptive

substitutions
x> value 3.054 0.862 0.117 7.937
p-value 0.08 0.353 0.731 0.004

NP NA M NS
Polymorphism Divergence Polymorphism Divergence Polymorphism Divergence Polymorphism Divergence

Neutral 47 20.81 27 8.13 22 3.02 11 1.00
Non-neutral 7 1.00 12 7.03 9 2.00 12 1.00
Neutrality index 3.097 0.514 0.618 1.093

(ND
Proportion of -2.097 0.485 0.381 -0.093

adaptive

substitutions
x* value 1.154 1.164 0.237 0.003
p-value 0.282 0.28 0.625 0.951

Characteristic amino acids for influenza A (H7N9)
viruses isolated in Shenzhen during the second
epidemic wave

To further elucidate how the influenza A (H7N9) virus
evolved during the second epidemic wave in Shenzhen, the
full-length amino acid sequences of the 15 H7N9 virus
strains were aligned with other downloaded sequences.
Characteristic amino acids for the influenza A (H7N9)
viruses isolated in Shenzhen were defined as those present
only in the H7NO viruses from Shenzhen and were dif-
ferent from those observed in the H7N9 viruses from the
first epidemic wave. The amino acids characteristic of the
influenza A (H7N9) viruses from Shenzhen are summa-
rized in Table 3 and supplementary files (Figure SI-
Figure S10).

Discussion

Since its emergence in March 2013, the novel influenza A
(H7N9) virus has experienced continuous evolution, and
multiple genotypes have formed and circulated in poultry in
several provinces of China [8, 21, 35]. Many studies have
revealed the molecular characteristics of H7N9 viruses
using sequences from the first epidemic wave. For example,
HA-Q226L of the influenza A (H7N9) virus from the first

wave is associated with human-virus-like receptor binding
and may enable the virus to gain the ability to infect
humans; this virus has a single basic residue at the HAO
cleavage site (EIPKGR|G), indicating that it is a low-
pathogenic virus [31]. The presence of NA-292R in most
H7NO9 viruses indicates that the virus is sensitive to osel-
tamivir and zanamivir [26, 36]. PB2-R627K may be asso-
ciated with bird-to-human transmissibility and increased
virulence of influenza A (H7N9) virus [2]. Deletion of
amino acids 67-73 in NA may be associated with increased
virulence [25]. M2-S31N is associated with resistance of the
influenza A (H7N9) virus to the ion channel blockers
amantadine and rimantadine [3]. However, there has been
little information on the molecular characteristics of the
H7NO9 virus from the second epidemic wave. The current
study has helped to fill that gap. We found that, aside from
the molecular characteristics of the H7N9 virus from the
first wave mentioned above, some new characteristic amino
acids were present in the influenza A (H7N9) virus isolated
in Shenzhen during the second epidemic wave (see Table 3
and supplementary materials). HA-R47K and T122A, par-
ticularly T122A as it is near the receptor-binding site (130
loop), may affect receptor binding and, consequently, alter
the virulence of the virus [22, 32]. Our study shows that
amino acid mutations in HA seem to decrease the virulence
of H7N9 viruses isolated in Shenzhen during the second
epidemic wave (mortality rate 2/27 [7.4 %] in Shenzhen vs.
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Table 3 Characteristic amino acids for genomic segments of H7N9 virus isolates collected during the second wave in Shenzhen

Subtype Source Region Period HA M2 NP NSI PB2 PBI PA
47 122 24 239 406 216 139 397 394

H7N9 Human China 1% wave R T E M v T A% 1 N
H7N9 Avian/LPMs China 1*" wave R T D M v T v 1 N
H7N3 Avian China 2010-2012 R T / / / / / / /
HON2 Avian Southeast Asia 2010-2013 / / D \" I P I M D
HON2 Avian East Asia 2010-2013 / / D / / / / / D
1/SZ/HTN9 Human Shenzhen 2" wave K A E M \" P I M N
2/SZ/HTN9 Human Shenzhen 2™ wave K A E M A% P I M N
3/SZ/HTN9 Human Shenzhen 2" wave K A E M \Y P I M N
4/SZ/HTN9 Human Shenzhen 2" wave K A D M \Y p I M N
5/SZ/HTN9 Human Shenzhen 2" wave K A E M v P I M N
6/SZ/HTN9 Human Shenzhen 2" wave K A E M \" P I M N
7/ISZ/HTN9 Human Shenzhen 2" wave K A E M v P I M N
8/SZ/HTN9 Human Shenzhen 2" wave K A E M \" P I M N
9/SZ/HTN9 Human Shenzhen 2™ wave K A E M v P I M N
16/SZ/HTN9 Human Shenzhen 2™ wave K A E \% I P I M N
17/SZ/HTN9 Human Shenzhen 2" wave K A E M A% P I M N
1/EV/SZ/HTN9 Environment Shenzhen 2" wave K A D \'% I T \Y 1 D
2/EV/SZ/HTN9 Environment Shenzhen 2" wave K A D \% I T A" 1 D
3/EV/SZ/HTN9 Environment Shenzhen 2" wave K A D v I T \Y 1 D
4/EV/SZ/HTN9 Environment Shenzhen 2" wave K A D \'% I T v 1 D

Note: The amino acid position is according to H7 numbering

47/144 [32.6 %] in China during the first wave), although
further study is needed to confirm this result [6]. Further-
more, the presence of PB2-V1391, PB1-1397M, and NS1-
T216P indicated that the source of the internal segments
from the second wave was different from that from the first
wave. Phylogenetic analysis of the PB2, PB1, NP, and NS
genes revealed that there were complex donors for internal
segments of the influenza A (H7N9) virus isolated in
Shenzhen, perhaps due to frequent poultry transport or
various traditions.

To better understand the selection pressure that drove
the genomic evolution of the novel influenza A (H7N9)
virus during the second epidemic wave, and to understand
whether the virus had gained the ability of cross-species
transmission and human-to-human transmission, we per-
formed a standard and generalized McDonald-Kreitman
test [10] on eight genomic segment sequences of the
influenza A (H7N9) virus from the second wave. We found
that the NI values for HA, NA, PA, and M were 0.267,
0.514, 0.708, and 0.618, respectively, indicating that the
novel virus had possibly gained the capability of trans-
mission from birds to humans.

The emergence of the influenza A (H7N9) virus in China
raises concerns about potential virus adaptation to mammals
[1,14,24,29,33,37,41] and human-to-human transmission

@ Springer

[16]. Previous studies showed that the influenza A (H7N9)
virus was a triple reassortant with the HA gene from avian
influenza viruses that circulated in ducks, the NA gene from
avian influenza viruses in wild birds, and the internal genes
from an earlier HON2 lineage [14]. Migratory birds and wild
ducks, particularly mallards, may have played an important
role in the emergence and transmission of the influenza A
(H7NO) virus at the early stage, because these species were
frequently infected with or carried H7 viruses. At the later
stages of the epidemic, poultry, especially asymptomatic
chickens, infected with the avian influenza A (H7N9) virus
became the primary source of infection due to the large
numbers of birds being transported [35]. Therefore
enhanced surveillance of migratory birds and poultry should
be implemented to determine the origin and mode of
transmission of the novel influenza A (H7N9) virus, which
would facilitate the formulation of effective prevention and
containment strategies.
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