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ABSTRACT

Due to enzootic infections in poultry and persistent human infections in China, influenza A (H7N9) virus has remained a public
health threat. The Yangtze River Delta region, which is located in eastern China, is well recognized as the original source for
H7N9 outbreaks. Based on the evolutionary analysis of H7N9 viruses from all three outbreak waves since 2013, we identified the
Pearl River Delta region as an additional H7N9 outbreak source. H7N9 viruses are repeatedly introduced from these two sources
to the other areas, and the persistent circulation of H7N9 viruses occurs in poultry, causing continuous outbreak waves. Poultry
movements may contribute to the geographic expansion of the virus. In addition, the AnH1 genotype, which was predominant
during wave 1, was replaced by JS537, JS18828, and AnH1887 genotypes during waves 2 and 3. The establishment of a new source
and the continuous evolution of the virus hamper the elimination of H7N9 viruses, thus posing a long-term threat of H7N9 in-
fection in humans. Therefore, both surveillance of H7N9 viruses in humans and poultry and supervision of poultry movements
should be strengthened.

IMPORTANCE

Since its occurrence in humans in eastern China in spring 2013, the avian H7N9 viruses have been demonstrating the con-
tinuing pandemic threat posed by the current influenza ecosystem in China. As the viruses are silently circulated in poul-
try, with potentially severe outcomes in humans, H7N9 virus activity in humans in China is very important to understand.
In this study, we identified a newly emerged H7N9 outbreak source in the Pearl River Delta region. Both sources in the
Yangtze River Delta region and the Pearl River Delta region have been established and found to be responsible for the
H7N9 outbreaks in mainland China.

MATERIALS AND METHODS

Virus isolation and subtyping. Fifty-three human H7N9 and avian origin
H7NO9 viruses have been previously sequenced (4). Between May 2013 and
May 2015, a total of 232 H7N9 viruses were isolated from H7N9-positive
human swabs (n = 189) or environmental samples (n = 43) confirmed by
real-time PCR results in this study.

Virus isolation was conducted in a biosafety level 3 facility by inocu-
lating 0.2-ml original samples allantoically into 9- to 11-day specific-
pathogen-free (SPF) embryonated chicken eggs. After incubation at 37°C
for 48 to 72 h, the allantoic fluids were harvested and tested for hemag-
glutinin (HA) agglutination by turkey red blood cells (TRBC). RNA was

Since the first emergence of influenza A (H7N9) virus in East-
ern China (1), the novel virus has caused three outbreak waves
in humans. The first outbreak emerged in late February 2013 and
decreased rapidly after the middle of April 2013. The second wave
began in October 2013, peaked in January 2014, and decreased in
late February 2014. The number of H7N9 cases increased again in
late 2014 and peaked in January 2015 during the third wave (Fig.
1A). By the end of September 2015, a total of 17 provinces or
municipalities had been affected in Mainland China (Fig. 1), and
656 H7N9 cases had been reported, 268 of which were fatal. Im-

ported cases were documented in Hong Kong SAR, in Taiwan,
China, in Malaysia, and in Canada. Since October 2015, over 60
additional laboratory-confirmed cases of human infection with
avian influenza A (H7N9) virus have been notified, indicating the
beginning of the fourth outbreak wave.

Previous studies on the H7N9 virus have elucidated the poten-
tial origin and source of the virus (2-6). Dynamic reassortment
among H7N9 and HIN2 viruses has been reported to increase the
diversity of the virus (3-5, 7, 8). Frequent poultry movement and
the silent spread of H7N9 viruses in poultry might have contrib-
uted to the H7N9 virus being enzootic in China (5). Several mam-
mal-adapted mutations detected in H7N9 viruses have enhanced
the threat of the novel virus in humans. It is important to monitor
the virus evolution for pandemic preparedness. Hence, we con-
ducted a panoramic molecular epidemiology study to analyze the
three waves of H7N9 viruses.
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extracted for each virus using the RNeasy minikit (Qiagen, Hilden, Ger-
many), and the subtype was further confirmed by sequencing.

Genome sequencing. Based on the real-time reverse transcription
(RT)-PCR results, H7N9-positive RNAs were selected for Sanger se-
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FIG 1 H7N9 case distribution from wave 1 to wave 3 in mainland China. From 9 Feb 2013 to 21 August 2015, a total of 656 H7N9 cases have been reported. (A)
Epicurve of human H7N9 cases by date of illness onset. The cases were accumulated weekly. Colors indicate the H7N9-affected provinces. (B to D) H7N9 case
distribution from the emergence of H7N9 to September 2013 (wave 1) (B), from October 2013 to July 2014 (wave 2) (C), and from October 2014 to August 2015
(wave 3) (D). H7N9-affected provinces are highlighted in light green. Solid violet circles vary from smallest to largest, indicating that the case number of H7N9

patients increased from 1 to >100.

quencing. Gene segments were amplified using the Qiagen OneStep RT-
PCR kit. A total of 48 primer pairs were used to generate PCR amplicons
among 378 and 1,123 bp in length for full-genome sequencing. Primer
sequences are available from the authors on request. Amplified PCR prod-
ucts were purified using ExoSAP-IT reagent (USB, Cleveland, OH, USA).
Complete genome sequencing was performed with an ABI 3730XL auto-
matic DNA analyzer (Applied Biosystems, Foster City, CA, USA) using
the ABI BigDye Terminator v3.1 cycle sequencing kit (Applied Biosys-
tems), according to the manufacturer’s recommendations.

Sequence alignment and phylogenetic analysis. The nucleotide se-
quences generated were assembled using Lasergene (Dnastar, Inc.) and
combined with publicly available sequences of influenza A virus available
in Global Initiative on Sharing All Influenza Data (GISAID) databases
(http://www.gisaid.org). Reference sequences, which were phylogeneti-
cally related to the H7N9 viruses and had full-length sequences, were
included with our sequences for phylogenic analysis.

A maximum likelihood phylogenetic tree for nucleotide sequences of
each gene of selected influenza viruses was constructed under the
GTRCAT model (a computational workaround for the general time-re-
versible model of nucleotide substitution under the Gamma model of rate
heterogeneity) with 1,000 bootstrap replicates, using RAXML (9) via
CIPRES Science Gateway (10). According to the bootstrap value and
branch length, we classified each viral gene into clades. Combinations of
the clades of all six internal genes of an isolate were defined as one geno-
type.

For BEAST analysis, virus sequences without sampling date informa-
tion were excluded and the missing dates were set as the middle of month.
According to the virus isolation locations, all sequences were classified
into three regions as the Yangtze River Delta, the Pearl River Delta, and
other regions.

The time-resolved Bayesian phylogenetic tree of HA gene was esti-
mated by BEAST v1.8.2. The GTR + Gamma + Invariant substitution
model was selected using jModelTest-2.1.4. The uncorrelated log-normal
relaxed-clock model was employed to account for lineage-specific rate
heterogeneity. The coalescent Bayesian sky grid model was used. Phylo-
geographic patterns were estimated using a symmetric continuous-time
Markov chain (CTMC) model for discrete state reconstructions. The
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prior ucld.mean was set as uniform distribution. Markov chain Monte
Carlo (MCMC) was run 3 times, each with 50 million steps sampled every
5,000 steps with burn-in of 5 million steps and samples combined. The
effective sample size (ESS) of all priors was greater than 200. The migra-
tion rates were calculated using posterior analysis of coalescent trees
(PACT) from Github.

Nucleotide sequence accession numbers. Full-genome sequences of
232 H7N9 viruses in our study have been deposited into GISAID with the
accession numbers EP1626978 to EP1628832.

RESULTS

Evolutionary relationships of hemagglutinin genes of H7N9 vi-
ruses during waves 1 to 3. Based on both RAXML and BEAST
analyses of the H7 hemagglutinin (HA) genes (Fig. 2 and 3), all
viruses from all affected regions in wave 1 clustered into one group
and originated exclusively from the Yangtze River Delta region.
This result further supported that the Yangtze River Delta region
was the source responsible for the wave 1 H7N9 outbreak (4). In
contrast to wave 1, the HA gene of wave 2 viruses clustered into 6
clades (W2-1, W2-2, W2-3, W2-4, W2-5, and W2-6 [Fig. 2A]). All
outgroup viruses of these six clades were detected from wave 1,
indicating that all H7N9 viruses of wave 2 originated exclusively
from wave 1. In each clade, H7N9 viruses of human and avian
origins shared numerous similarities and clustered together (Fig.
2D), further verifying the avian-to-human transmission of influ-
enza A (H7N9) viruses.

Clade W2-1 included primarily viruses isolated in the Pearl
River Delta region, including Guangdong province and Hong
Kong SAR, China (Fig. 2B and C). In agreement with a previous
study (5), clade W2-1 includes a large number of H7N9 viruses of
both human and avian origins, suggesting that influenza A
(H7N9) viruses may have become established in poultry during
the second wave (Fig. 2D). Thus, the establishment of H7N9 in
poultry caused the large number of human infections in wave 2 in
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FIG 2 Phylogenetic trees of HA genes of influenza A (H7N9) viruses from wave 1 to wave 3 estimated using RAXML. Trees are presented in a circular format with
the same topology in all panels. (A) H7N9 viruses collected during the first wave are highlighted with the background shading in pink, and those during the second
and third waves are in light blue and light yellow, respectively. (B) H7N9 viruses isolated from the Yangtze River Delta regions, the Pearl River Delta regions, and
other regions are shown in red, blue, and green, respectively. (C) Different colors indicate the provinces from which the corresponding H7N9 viruses came. (D)
Black or gray denote the human or nonhuman H7N9 viruses, respectively. Reference viruses representing each subclade are listed in Table 7.
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thisarea. As shown in Fig. 2B and C, clade W2-1 viruses originated
from the Yangtze River region and persisted in Guangdong Prov-
ince. Some viruses of this clade spread to the Guangxi and Hunan
provinces, indicating that another potential source in the Pearl
River Delta region readily emerged during wave 2.

Viruses of other clades of wave 2 (W2-2, W2-3, W2-4, W2-5,
and W2-6) contain viruses detected in multiple provinces, espe-
cially W2-4 and W2-5 (Fig. 2C). Human isolates from Jilin and
Xinjiang, which are geographically far away from eastern China,
involved clades W2-4 and W2-5, respectively. Outgroup viruses of
these two clades were detected exclusively in the Yangtze River
region (Fig. 2B). This result indicated that viruses of these clades
may have originated and spread from the Yangtze River region to
other regions. In addition, several viruses in clade W2-4 were iso-
lated from Guangdong (Fig. 2B and 3E), suggesting the repeated
introduction of H7N9 viruses from the Yangtze River region to
the Pearl River Delta region.

The majority of viruses from wave 3 were clustered into three
clades (W3-1, W3-2, and W3-3) (Fig. 2). The viruses of wave 3
were descended exclusively from the viruses of wave 2. Among the
viruses, W3-1 and W3-2 viruses circulated primarily in Guang-
dong and originated from viruses of W2-1, indicating that the
virus historically circulating in Guangdong during wave 2 was
persistent in this area during wave 3. More importantly, viruses
isolated from Fujian Province clustered into clade W3-1 (Fig. 2C
and 3C), further supporting the notion that the Pearl River Delta
region was an additional source of H7N9 outbreaks. W3-3 viruses
that originated from W2-5 constituted the primary circulated
cluster during wave 3. It contained viruses circulated in the Yang-
tze River Delta region and in Guangdong, providing evidence on
the introduction of genes from the Yangtze River Delta region to
the Pearl River Delta region (Fig. 2 and 3). Besides, clade W3-3
viruses caused human infections both in the Yangtze River Delta
region and in other provinces, including northwestern and south-
eastern China (Fig. 2). This result strongly supports the conten-
tion that the Yangtze River Delta region was an important source
for H7N9 outbreaks.

Evolutionary relationships of NA gene and six internal genes
of H7N9 viruses during waves 1 to 3. As shown in Fig. 4A, the
phylogenetic tree of the neuraminidase (NA) gene (N9) exhibited
a topology similar to that of the HA tree, with the wave 2 viruses
divided into 6 corresponding clades and wave 3 viruses separated
into 3 clades. Of note, six human H7N9 viruses isolated from the
Fujian province [A/Fujian/1/2015(H7N9) and others] in wave 3
had HA genes descended from viruses detected in Guangdong
(clade W3-1) and the NA genes grouped into clade W3-3, indicat-
ing that the H7N9 viruses were transmitted from Guangdong to
Fujian and generated new variants.

Six internal genes of all H7N9 viruses studied were broadly
classified into multiple clades. The PB2 and PB1 genes were di-
vided into four major clades, and the NP and M genes were di-

Pearl River Delta Region as a New H7N9 Outbreak Source

A Province

Wave 1
Wave 2
Wave 3

B Anhui
Beijing
I Hunan
I Guangdong
B Zhejiang
Jiangsu
B Jiangxi
I Jilin
I shandong
I shanghai
B Fujian I
0 Henan
[ Xinjiang
B Guangxi
Guizhou
Hebei
Il HongKong
[ Taiwan

-z

W3-3

G-ZM

L-ZM

| w23

1 W2-6
Tw2-2

0.002

3
00 TN e

FIG 4 Evolution of NA (A) and six internal genes (B) of influenza A (H7N9)
viruses from wave 1 to wave 3. RAXML was used to estimate the phylogenetic
relationships. In the phylogenetic tree, H7N9 viruses collected during the first
wave are highlighted with the background shading in pink, and those during
the second and third waves are in light blue and light yellow, respectively.
Colors in the right side of panel A indicate the provinces from which the
corresponding H7N9 viruses came.

vided into three clades. For the PA and NS genes, two major clades
were clustered (Fig. 4B).

Classification of H7N9 genotypes during waves 1 to 3. Based
on different clade combinations of 6 internal genes, at least 93
genotypes were identified (Fig. 5). Most of the genotypes (83/
93) were circulated only transiently. During wave 1, AnH1, JS1,
and SH7 genotype viruses were the predominant viruses, while
in wave 2, JS537, which was detected only once during wave 1,
rapidly became a dominant H7N9 virus genotype. In addition,
another six genotypes (JS18828, AnH1887, GD1, GD10, GD2,
and GD429) were cocirculated as well; however, only two

FIG 3 Bayesian maximum clade credibility (MCC) phylogeny of H7 gene sequences of wave 1 to wave 3. All viruses isolated in the Yangtze River Delta region,
the Pearl River Delta region, and other regions are highlighted in red, blue, and green, respectively. (A) BEAST tree of the H7N9 viruses estimated using the HA
gene sequences. (B and C) Representative clades showing virus expansion from the Pearl River Delta region to other regions. (D and E) Representative clades
showing virus expansion from the Yangtze River Delta region to the Pear] River Delta region. (F) Representative clades showing virus expansion from the Yangtze
River Delta region to the Pearl River Delta region or other regions. (G) Virus migration rate among the Yangtze River Delta region, the Pearl River Delta region,
and other regions. Colors in the solid circles correspond to the regions shown in the phylogenetic tree. Thicker arrows indicate the higher migration rate between

two indicated regions. The migration rates were calculated using PACT.
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FIG 5 Timeline of influenza A (H7N9) virus genotypes during three outbreak waves. Ten predominant genotypes (GD429, GD2, GD10, GD1, AnH1887,
JS18828,]S537, SH7, JS1, and AnH1) are listed on the left. All 83 transient genotypes are on the bottom line. Symbols represent the corresponding genotypes of

H7N09 viruses and their time of isolation.

AnH1 viruses and one JS1 virus were detected during the early
stage of wave 2. During wave 3, four genotypes, including
JS18828, AnH1887, JS537, and JS1, were persistent from wave
2. Another 4 genotypes (GD1, GD10, GD2, and GD429), which
dominated in wave 2, on the other hand, were not detected
during this period.

Formation and establishment of two outbreak sources of
H7N9 viruses. The genotype geographical distribution data iden-
tified the Pearl River Delta region as the subsource of H7N9 vi-
ruses, which were generated from the Yangtze River Delta region
(Fig. 6). Six dominant genotypes, including AnH1, JS1, SH7,
JS537, JS18828, and AnH1887, were generated in the Yangtze
River Delta region and responsible for the majority of cases in
other affected regions. Genotypes AnH1, JS1, JS537, and JS18828
were introduced into the Pearl River Delta region. Genotypes
GD1, GD10, GD2, and GD429, which were generated by reassort-

“Chin

ment with local HON2 viruses (11), circulated mainly in Guang-
dong Province. Genotypes GD1 and GDI10 further spread to
Guangxi Province and genotype GD429 to Hunan Province. Be-
cause the AnH1 genotype disappeared rapidly after wave 2 and
JS537 genotype viruses were detected widely and persistently dur-
ing all three waves, we speculated that JS537 might have replaced
AnH1 genotype and become the predominant circulated geno-
type.
As shown in Fig. 1B to D, the geographic distribution of H7N9
cases further supported the two sources of H7N9 outbreaks. Dur-
ing wave 1, the majority of H7N9 cases were distributed in the
Yangtze River Delta region, including Jiangsu, Shanghai, and Zhe-
jiang Provinces (Fig. 1A and B and Table 1). The H7N9 virus from
the Yangtze River Delta region was introduced into Guangdong
Province and caused the first human infection in Huizhou City at
the end of wave 1 (early August 2013 [12]) (Fig. 1B). During waves
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FIG 6 Genotype flow of the influenza A (H7N9) viruses. All H7N9-affected regions are highlighted in light yellow. Two H7N9 sources, the Yangtze River Delta
and the Pearl River Delta regions, are highlighted with larger and smaller dotted black triangles, respectively. Dominant genotypes in each source are listed below
the corresponding triangles. Virus spreads are indicated by solid arrows. The dotted arrows indicate that the imported H7N9 cases occurred in Taiwan, China,

in Malaysia, or in Canada.
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TABLE 1 Geographic distribution of influenza A (H7N9) cases during
the three waves

TABLE 2 Posterior estimate of migration rates between regions”

Posterior migration rate

. . No. of cases Statistic mean (95% interval)

Region and province

or city First wave  Second wave  Third wave  Total =~ YRD to PRD 0.26 (0.16, 0.38)

Yangtze River Delta 136 61 22 219 YRDto OR 0.94(071,1.2)

Zhejiang 41 46 14 101 PRD to YRD 0.11 (0.05,0.2)

Jiangsu 48 8 8 64 PRD to OR 0.25 (0.19, 0.34)

Shanghai s 5 5 OR to YRD 0.38 (0.19, 0.62)
OR to PRD 0.22 (0.12, 0.35)

Pearl River Delta 16 297 28 341 “ The migration rate is calculated as migration events per lineage per year between two
Guangdong 16 286 25 327 regions, using PACT. Abbreviations: YRD, Yangtze River Delta; PRD, Pearl River Delta;
Hongkong 11 3 14 OR, other region.

Other regions 44 191 63 298
Jiangxi 8 126 134 For the HA gene, most viruses contained G186V and
Fu}m} 3 16 Z7 46 Q226L/1 substitutions (H3 numbering), increasing the human
Anhui 5 12 11 28 R . .

Shandong 13 10 5 5 receptor binding of the viruses (13-16). 'Durlng the three
Hunan 4 9 5 18 waves, a reduced number of human H7N9 viruses retained the
Beijing 4 1 1 6 residue with 186G or 226Q. The majority of human origin
Henan 3 3 H7N9 viruses of each wave acquired PB2-E627K, which in-
Hebei 1 1 creased viral pathogenicity in mice (17-19). Of note, almost all
Guangxi 3 1 4 of the human- or avian-origin H7N9 viruses possessed the
Guizhou 1 1 2 1368V mutation in PBI protein, which would increase the
Xinjiang 3 11 14 H5N1 viral transmissibility in ferrets (20). A total of 5.4% (19/
gi?} ) 7 . Z 352) of the H7N9 viruses possessed substitutions associated
ubel

2 and 3, the H7N9 viruses were persistent and continually reas-
sorted their six internal genes with local HON2 viruses circulating
in poultry in the Pearl River region. The progeny H7N9 viruses
were disseminated to the neighbor provinces, such as Guangxi,
Hunan, and Fujian Provinces. Supported by the distribution and
expansion of H7N9 viruses, human cases in Guangdong increased
and the largest numbers of H7N9 cases were reported in the same
province during wave 2, followed by Zhejiang and Jiangsu Prov-
inces (Fig. 1C and Table 1). Moreover, the majority of H7N9 cases
were distributed along the southeastern coastal line provinces in
wave 3, covering both the Yangtze River Delta and Pearl River
Delta regions (Fig. 1D and Table 1). The Yangtze River Delta re-
gion persistently acted as the main source during all three waves
and was responsible for the H7N9 cases in most affected regions,
limited not only to the neighboring provinces but also to the dis-
tant provinces, such as Xinjiang in northwestern China and Jilin in
northern China (Fig. 1B to D).

We further calculated the migration rates among the Yang-
tze River Delta region, the Pearl River Delta region, and the
other regions. As shown in Fig. 3G and in Table 2, the migra-
tion rate from Yangtze River Delta region to other regions was
the highest (mean, 0.94), further supporting the Yangtze River
Delta region as the major H7N9 outbreak source. Besides, the
migration rate from the Pearl River Delta region to the other
regions is 0.25, indicating this region as another potential
H7N9 outbreak source.

Host adaption mutations and antigenic characterization
during waves 1 to 3. Given the wide distributions of the viruses
and the frequent reassortment among H7N9 and HIN2 viruses,
we further analyzed the amino acid mutations associated with
mammalian adaptation and antiviral drug resistance. The results
are summarized in Table 3.
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with drug resistance in the NA protein, indicating the sensitiv-
ity of neuraminidase inhibitors. More specifically, a total of 4,
1, and 14 human-origin H7N9 viruses possessed either E119V,
A246T, or R292K substitutions in NA protein, respectively
(21). None of the mutations occurred in avian-origin H7N9
viruses. All H7N9 viruses were resistant to adamantine due to
the S31N mutation in M2 protein (1, 16, 22).

Hemagglutinin inhibition assays were conducted on the se-
lected viruses representing each subclade of all three waves ac-
cording to standard protocols using 0.5% turkey red blood cells
(23, 24). The results showed that all H7N9 viruses reacted well
with the antisera of the vaccine virus A/Anhui/1/2013 (Tables 4, 5,
and 6). No antigenic differences were observed.

DISCUSSION

Due to the asymptomatic infections of H7N9 viruses in poultry
(25-27), humans acted as the sentinels for the presence of these
viruses in avian infections. After three outbreak waves, the fourth
epidemic is ongoing. In view of influenza pandemic preparedness,
H7N9 activities of the past three waves in humans in China are
very important to understand. Thus, genomic, epidemic, and
antigenic analyses of the three waves of H7N9 viruses were con-
ducted in this study.

The results have shown that two H7N9 sources have been es-
tablished in China (Fig. 6). The larger one is the Yangtze River
Delta region, which is well recognized as the original source of the
H7NO9 outbreaks, and the other is the Pearl River Delta region,
where viruses also originated from the Yangtze River Delta region.
Multiple introductions of the viruses from the Yangtze Delta re-
gion into the Pearl River region and the spread of the virus from
these two sources to other regions resulted in the virus expansion
and human infections.

Several contributions may facilitate the Pearl River Delta re-
gion as the subsource of H7N9 outbreaks. The extensive and semi-
intensive poultry production systems and live poultry markets in
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TABLE 3 Key amino acid substitutions of influenza A (H7N9) viruses during the three waves®

Pearl River Delta Region as a New H7N9 Outbreak Source

Amino First Second Third Nonhuman
Gene Function Mutation acid wave wave wave isolate
HA Altered receptor specificity A160S/T A 97 166 92 490
S/T 1 3 0 0
Favor mammalian adaptation, G186V G 3 0 0 0
Receptor binding site A% 95 170 84 487
A 0 0 8 3
Q226L/1 Q 5 1 0 20
L 87 168 84 460
I 5 0 7 5
S 0 1 1 1
p 1 0 0 0
NA Related to drug resistance E119V E 91 163 92 488
\% 1 3 0 0
R292K R 86 160 92 488
K 6 6 0 0
PB2 Mammalian host adaptation D256G D 91 160 90 476
G 1 0 1 0
Enhance the 627K and 701N function K526R K 84 159 89 474
R 8 1 2 2
Altered replication efficiency and Q591K Q 86 152 87 475
virulence in mice K 4 4 3 1
L 0 3 0 0
Increased virulence in mice E627K E 29 32 32 475
K 62 122 52 1
Q 0 0 1 0
\Y% 0 2 2 0
Enhanced transmission in guinea pigs D701IN D 83 146 88 474
N 8 14 3 1
Species-associated signature positions K702R K 92 157 91 473
R 0 3 0 3
PB1 Increased transmission in ferret 1368V I 11 0 0 6
\Y% 75 161 92 467
Increased replication in mammalian L598P L 85 162 91 473
cells Q 0 0 1 0
M 1 0 0 0
PB1-F2 Increased pathogenicity in mice 87-90 amino acids 11AA 1 0 0 0
in length 25AA 11 1 0 24
27AA 0 0 1 0
34AA 0 0 11 45
57AA 0 17 0 35
76AA 3 0 1 13
79AA 0 0 1 0
90AA 71 144 76 355
101AA 0 0 1 0
Altered virulence and antivirus Ne66S N 86 162 92 473
response in mice S 0 2 0 0
PA Species-associated signature positions V100A \Y% 9 55 35 261
A 77 87 55 202
I 0 21 2 2
T 0 0 0 1
Increase the polymerase activity in L336M L 86 129 90 368
mice M 0 34 2 98
Species-associated signature positions K356R K 0 35 2 99
R 86 128 90 367
S409N S 6 12 7 60
N 80 151 85 406
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TABLE 3 (Continued)

Amino First Second Third Nonhuman
Gene Function Mutation acid wave wave wave isolate
NS1 Altered virulence in mice D92E D 89 164 92 476
E 2 0 0 0
Altered antiviral response in host N205S N 0 3 0 6
S 91 161 90 464
C 0 0 0 5
R 0 0 2 1
G210R G 91 164 92 472
R 0 0 0 4

“Values indicate the number of isolates with the given mutation. Identical molecular markers that exist in all influenza A (H7N9) virus isolates and have been reported to have
functions in other influenza virus subtypes are not listed in this table. They include the following: PB2 (89V and 357H, indicating increased pathology in mice), PB1 (473V,
indicating increased replication in mammalian cells), PA (36A, reported to be related to increased replication), M1 (30D and 215A, related to increased virulence in mice), M2
(31N, indicating reduced sensitivity to amantadine), NS1 (425, indicating increased virulence in mice; PDZ motif deletion, indicating decreased virulence in mice). Mixed residues
are not included for analysis. The HA gene was under the H3 numbering system and the NA gene under the N2 numbering system. Other internal genes were numbered from the
start codon (M).

TABLE 4 Hemagglutination inhibition reactions of influenza H7N9 viruses in experiments conducted on 15 February 2016"

Titer

Passage Collection date Phylogenetic

Isolate no. Virus description HA AH1 SH2 history (yr-mo-day) clade
1 A/Anhui/1/2013 (reference) 256 160 320 E2 2013-03-20 W1

2 A/Shanghai/2/2013 (reference) 64 160 320 E2 2013-03-05 W1

3 A/Guangdong/24997/2013 1,024 320 320 El 2013-11-30 W2-1
4 A/Guangdong/24999/2013 128 160 320 El 2013-12-16 W2-1
5 A/Guangdong/02125/2014 128 160 320 El 2014-01-08 W2-1
6 A/Guangdong-Guangzhou/XN00509/2014 512 320 320 El 2014-02-10 W2-1
7 A/Guangdong-Guangzhou/XN08763/2014 256 160 160 El 2014-02-21 W2-1
8 A/Shandong/02/2014 512 160 320 El 2014-03-04 W2-3
9 A/Jiangsu/09041/2014 512 160 320 El 2014-01-20 W2-3
10 A/Guangdong/15SF017/2015 64 160 320 El 2015-01-15 W3-2
11 A/Jiangsu/19758/2015 512 160 160 El 2015-01-23 W3-3
12 AlJiangsu/18828/2014 256 80 80 El 2014-12-31 W3-3
13 A/Anhui/01887/2014 64 80 80 El 2014-05-20 W3-3
14 A/Anhui/33228/2015 128 160 160 El 2015-04-08 W3-3
15 A/Beijing/40610/2015 64 80 80 El 2015-05-26 W3-3
16 A/Anhui/40095/2015 64 80 160 El 2015-05-23 W3-3
17 A/Guangdong/15SF010/2015 512 160 320 El 2015-01-06 W3-1
18 A/Environment/Guangdong/22351/2015 1,024 80 160 El 2015-01-11 W3-1
19 A/Environment/Guangdong/21123/2015 256 160 320 El 2015-01-20 W3-1

“In Tables 4 to 6, the virus description gives the type/region/strain number/year of isolation. The first two are reference strains, and the rest are test strains. Values in boldface
indicate homologous titers of reference viruses.

TABLE 5 Hemagglutination inhibition reactions of influenza H7N9 viruses in experiments conducted on 15 August 2014

Titer Passage Collection date Phylogenetic

Isolate no. Virus description HA AH1 SH2 history (yr-mo-day) clade
1 A/Anhui/1/2013 (reference) 256 160 640 E2 2013-03-20 W1

2 A/Shanghai/2/2013 (reference) 512 160 640 El 2013-03-05 W1

3 A/Fujian/16/2014 512 160 1,280 El 2014-03-28 W2-6
4 A/Zhejiang/24/2014 1,024 320 1,280 El 2014-01-24 W2-4
5 A/Zhejiang/23/2014 512 320 1,280 El 2014-02-09 W2-4
6 A/Zhejiang/22/2014 512 80 640 El 2014-02-08 W2-4
7 A/Zhejiang/21/2014 128 160 1,280 El 2014-02-10 W2-4
8 A/Zhejiang/20/2014 128 160 1,280 El 2014-02-03 W2-4
9 A/Zhejiang/17/2014 4,096 80 640 El 2014-02-03 W2-4
10 A/Zhejiang/16/2014 4,096 160 320 El 2014-02-03 W2-4
11 A/Zhejiang/15/2014 256 320 1,280 El 2014-01-25 W2-4
12 A/Zhejiang/14/2014 512 160 640 El 2014-01-14 W2-4
13 A/Zhejiang/13/2014 512 160 640 El 2014-01-27 W2-3
14 A/Fujian/15/2014 64 160 640 El 2014-02-26 W2-2
15 A/Jiangxi/27569/2014 512 160 1,280 El 2014/4/21 W2-4
16 A/Hunan/26937/2014 256 160 640 El 2014/4/19 W2-1
17 A/Hunan/26938/2014 256 80 640 El 2014/4/19 W2-1
18 A/Environment/Xinjiang/73033/2014 128 80 80 El 2014/7/25 W2-5
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TABLE 6 Hemagglutination inhibition reactions of influenza H7N9 viruses in experiments conducted on 17 June 2013

Pearl River Delta Region as a New H7N9 Outbreak Source

Titer Passage Collection date Phylogenetic
Isolate no. Virus description HA AH1 SH2 history (yr-mo-day) clade
1 A/Anhui/1/2013 (reference) 16 320 640 El 2013-03-20 W1
2 A/Shanghai/2/2013 (reference) 256 320 640 E1l 2013-03-05 W1
3 A/Shanghai/1/2013 256 160 320 E2 2013-02-26 W1
4 A/Shanghai/3/2013 256 320 640 El 2013-02-27 W1
5 A/Shanghai/4/2013 512 320 640 E2 2013-03-09 W1
6 A/Jiangsu/01/2013 64 320 640 E2 2013-03-30 W1
7 A/Zhejiang/01/2013 512 320 640 El 2013-03-25 W1
8 A/Shanghai/05/2013 1,024 80 160 E1l 2013-04-02 W1
9 A/Shanghai/07/2013 128 640 1,280 C2 2013-03-18 Wil
10 A/Jiangsu/02/2013 64 320 1,280 El 2013-03-31 W1
11 A/Jiangsu/03/2013 1,024 320 640 E1l 2013-04-06 W1
12 A/Jiangsu/04/2013 512 160 320 El 2013-04-05 W1
13 A/Beijing/01-A/2013 512 320 640 El 2013-04-12 W1
14 A/Shanghai/06-A/2013 256 320 640 E1l 2013-04-10 W1
15 A/Shanghai/10/2013 512 640 1,280 El 2013-04-09 Wil
16 A/Shanghai/11/2013 128 320 640 El 2013-04-10 W1
17 A/Shanghai/12/2013 256 640 1,280 E1l 2013-04-10 W1
18 A/Shanghai/13/2013 32 160 320 El 2013-04-10 W1
19 A/Shanghai/14/2013 1,024 640 1,280 El 2013-04-10 W1
20 A/Shanghai/17/2013 512 160 640 E1l 2013-04-03 W1
21 A/Shanghai/8/2013 32 320 1,280 El 2013-04-07 Wil
22 A/Shanghai/9/2013 256 320 640 El 2013-04-08 W1
23 A/Zhejiang/02/2013 128 320 640 E1l 2013-04-03 W1
24 A/Shanghai/15/2013 128 320 640 E2 2013-04-09 W1
25 A/Shanghai/16/2013 512 640 1,280 E2 2013-04-10 W1
26 A/Henan/01/2013 12 160 320 E1l 2013-04-16 W1
27 A/Shandong/01/2013 256 320 640 El 2013-04-21 W1
28 A/Fujian/01/2013 512 320 640 El 2013-04-23 W1
29 A/Jiangxi/01/2013 128 320 640 E1l 2013-04-24 W1
30 A/Hunan/01/2013 256 160 640 El 2013-04-24 Wil
31 A/Hunan/02/2013 128 320 640 El 2013-04-25 W1
32 A/Jiangsu/05/2013 512 160 640 E1l 2013-04-08 W1
33 A/Jiangsu/06/2013 128 320 640 El 2013-04-10 W1
34 A/Jiangsu/07/2013 512 320 640 El 2013-04-03 W1
35 A/Jiangsu/08/2013 512 640 1,280 E1l 2013-04-11 W1
36 A/Jiangsu/09/2013 512 320 640 El 2013-04-09 W1
37 A/Anhui/02/2013 512 320 1,280 El 2013-04-14 W1
38 A/Anhui/03/2013 64 640 1,280 E1l 2013-04-21 W1
42 A/Chicken/Anhui-Chuzhou/01/2013 512 320 1,280 El 2013-03-29 Wil
43 A/Environment/Shandong/1/2013 128 320 640 El 2013-04-27 W1

the Pearl River Delta region resulted in the fact that multiple spe-
cies of poultry shared the same environment (28). A large diver-
sity of avian influenza subtypes, including H5N1 and HIN2
subtype viruses, have been identified from both wild and do-
mestic birds in the Pearl River Delta region (29-31). These may
benefit the reassortment of H7N9 viruses with local avian in-
fluenza viruses (11, 32) and enhance the opportunity for the
genesis and transmission of different genotypes of H7N9 vi-
ruses. Moreover, poultry movements could increase opportu-
nities for the spread of the virus from this contaminated region
to other regions.

Our results have shown that the H7N9 viruses generated in the
Yangtze River Delta or Pearl River Delta region could spread to
other regions in Mainland China, including Xinjiang and Jilin,
which were distant from these sources but in which human infec-
tions still occurred. The poultry trade or movement of poultry
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may contribute to the geographic expansion of H7N9 viruses,
thereby increasing the risk of the H7N9 viruses crossing the border
and spreading to other regions or countries. Regional expansion
of H7N9 viruses increased the possibilities of reassortment among
H7N9 and other subtype viruses. Furthermore, the accumulation
proportion of the mammal-adapted substitutions, such as substi-
tutions occurring in position 186 or 226 in HA protein, could
increase the likelihood of the viral interspecies transmission.
Therefore, these two regions should be monitored to control any
H7NO9 outbreaks, and the following should be encouraged: relo-
cation of the poultry productions systems away from live poultry
markets, raising of the biosecurity level in farms and markets,
closure of live poultry markets, active surveillance in humans and
avian species, and supervision of poultry movement from affected
regions. In addition, regular serosurveys of high-risk personnel
(e.g., live poultry markets workers) as well as the general public
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TABLE 7 Reference viruses representing each subclade on the HA
phylogenetic tree

GISAID

accession no. Isolate name Subclade
EPI447598 A/Shanghai/05/2013 W1
EPI447629 A/Anhui/02/2013 Wi
EPI447614 A/Zhejiang/02/2013 W1
EPI439507 A/Anhui/1/2013 W1
EPI447599 A/Shanghai/07/2013 Wi
EP1447596 A/Jiangsu/01/2013 W1
EP1627705 A/Guangdong-Guangzhou/XN08763/2014 W2-1
EP1628512 A/Guangdong/24999/2013 W2-1
EP1627649 A/Guangdong-Guangzhou/XN08423/2014 W2-1
EP1627745 A/Guangdong/0010/2014 W2-1
EP1628520 A/Guangdong/24997/2013 W2-1
EP1628096 A/Guangdong/0012/2014 W2-1
EP1628440 A/Environment/Guangdong/02621/2013 W2-1
EP1627928 A/Fujian/15/2014 W2-2
EP1628056 AlJiangsu/09387/2014 W2-2
EPI1628032 A/Anhui/09186/2014 W2-2
EP1628248 A/Jiangsu/09041/2014 W2-3
EPI1627593 A/Zhejiang/13/2014 W2-3
EPI576623 A/Environment/Shanghai/PD-JZ-01/2014 Ww2-3
EPI627808 A/Shandong/01/2014 W2-4
EPI627537 A/Zhejiang/23/2014 W2-4
EPI1627808 A/Shandong/01/2014 W2-4
EPI552399 A/Zhejiang/17/2014 W2-4
EPI1628312 A/Zhejiang/07803/2014 W2-4
EP1627441 A/Anhui/01887/2014 W2-5
EP1627912 A/Environment/Xinjiang/73033/2014 W2-5
EP1628416 A/Environment/Jiangsu/03137/2013 W2-5
EP1628224 A/Fujian/6/2014 W2-6
EP1628272 A/Fujian/3/2014 W2-6
EP1628160 A/Fujian/13/2014 W2-6
EPI566044 A/Guangdong/155F010/2015 W3-1
EP1628712 A/Environment/Guangdong/22351/2015 W3-1
EP1627489 A/Fujian/19/2014 W3-1
EPI559417 A/Hong Kong/2550/2015 W3-1
EPI566036 A/Guangdong/15SF018/2015 W3-1
EP1627209 A/Guangdong/15SF002/2015 W3-2
EP1628648 A/Environment/Guangdong/21123/2015 W3-2
EPI1627057 A/Guangdong/15SF051/2015 W3-2
EP1628728 A/Anhui/33228/2015 W3-3
EPI1627385 A/Guangdong/02497/2014 W3-3
EPI1627097 A/Jiangsu/19758/2015 W3-3
EP1628568 A/Anhui/40095/2015 W3-3
EPI1627017 A/Jiangsu/18828/2014 W3-3
EPI628544 A/Beijing/40610/2015 W3-3
EPI566052 A/Xinjiang/05916/2014 W3-3

could be conducted to monitor in a timely fashion potential in-
fections in humans.
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