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ABSTRACT

Over the course of two waves of infection, H7N9 avian influenza A virus has caused 436 human infections and claimed 170 lives
in China as of July 2014. To investigate the prevalence and genetic diversity of H7N9, we surveyed avian influenza viruses in
poultry in Jiangsu province within the outbreak epicenter. We found frequent occurrence of H7N9/H9N2 coinfection in chickens. Molecular clock phylogenetic analysis confirms coinfection by H7N9/H9N2 viruses and also reveals that the identity of the
H7N9 outbreak lineage is confounded by ongoing reassortment between outbreak viruses and diverse H9N2 viruses in domestic
birds. Experimental inoculation of a coinfected sample in cell culture yielded two reassortant H7N9 strains with polymerase segments from the original H9N2 strain. Ongoing reassortment between the H7N9 outbreak lineage and diverse H9N2 viruses may
generate new strains with the potential to infect humans, highlighting the need for continued viral surveillance in poultry and
humans.
IMPORTANCE

We found frequent occurrence of H7N9/H9N2 coinfection in chickens. The H7N9 outbreak lineage is confounded by ongoing
reassortment between H7N9 and H9N2 viruses. The importance of H9N2 viruses as the source of novel avian influenza virus
infections in humans requires continuous attention.

T

he avian influenza A (H7N9) virus has caused 436 human
infections and claimed 170 lives in China as of 31 July 2014. A
second wave of human infection is under way in mainland China,
suggesting the potential for further epidemic spread of this strain
(1). This novel influenza A virus had not been detected previously
in animals or humans and is a reassortant of multiple influenza A
virus lineages, including H7, N9, and H9N2 subtype viruses circulating in avian populations (2–7). Although a few studies have
now surveyed the genetic diversity of this new strain (8, 9), the
exact time, location, and host species distribution of the H7N9
virus remain uncertain, largely due to the relative paucity of systematic surveillance data before the detection of the outbreak. The
geographic distribution of cases of human infection is extensive
and covers a 1,000-km stretch of coastal China from Shanghai to
Beijing, indicating that the virus is already spatially widespread.
Domestic ducks have been shown to harbor predecessor strains of
the H7N9 influenza A virus that subsequently underwent reassortment and cross-species transmissions to chicken populations.
Chickens are thought to be the immediate source of the zoonotic
infections reported in humans (7). Because the virus is of low
pathogenicity in birds and spreads among avian populations without causing noticeable mortality (10), it is important to identify
the bird reservoirs that serve as disease sources in order to reduce
human exposure.
Recent studies have demonstrated that current H7N9 viruses
most likely originated through multiple reassortment events, with
the internal genes reassorted from circulating H9N2 strains in
poultry (9, 11). The continuing circulation of H7N9 has resulted
in the coexistence of H7N9 and H9N2 viruses in poultry populations and in further reassortment between them. Understanding
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the complex reassortment history of H7N9 necessitates widespread influenza virus surveillance, not only of H7N9 influenza
viruses but also of H9N2 strains. Cocirculation and coinfection of
H7N9 and H9N2 viruses, despite their importance for the generation and emergence of novel influenza virus lineages, have been
reported only from Zhejiang (11), Shandong (7), and Guangdong
(12). The molecular epidemiology of H7N9 and H9N2 viruses in
Jiangsu, a key region in the outbreak epicenter in eastern China, is
largely unclear.
We conducted a field survey of avian influenza virus infection
in poultry from Jiangsu province, which is within the outbreak
epicenter in eastern China. Samples were obtained in April 2013
during the first wave of H7N9 infection in humans. Cloacal and
tracheal swabs were collected from various species of poultry at a
number of bird markets and farms and screened by real-time
quantitative PCR (RT-qPCR) for H7N9 avian influenza A viruses.
Selected positive samples were subjected to further genome se-
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FIG 1 Map of Jiangsu Province, China (Data Sharing Infrastructure of Earth System Science, http://www.geodata.cn/), showing the sites sampled in this study.
Blue circles show the locations where birds with H7N9 single infections were found. Red circles show the locations where birds with H7N9/H9N2 coinfection
were found. Black circles show the location of human cases of H7N9 infection. The position of Jiangsu province within mainland China is shown in the inset.

quencing. Phylogenetic molecular clock analyses were performed
to trace the molecular evolutionary history of the virus and to
identify reassortment events.
MATERIALS AND METHODS
Sampling locations. We conducted active surveillance of poultry in Jiangsu province, the epicenter of the H7N9 epidemic where early human
cases were reported (Fig. 1). Sampling sites were randomly set at seven live
poultry markets and poultry farms where several avian species were available. Four kinds of birds— chicken, duck, goose, and pigeon—were sampled. Cloacal and tracheal swabs and fecal samples were collected. Each
sample was placed in 2 ml of minimal essential medium supplemented
with penicillin and streptomycin and transferred on ice to the laboratory
for detection. A target sample size of 300 was chosen in order to detect a
10% H7N9 prevalence with a 95% confidence interval of ⫾5%. However,
because multiple avian species were surveyed, the target sample size was
not reached for each species individually.
Ethics statement. All animal studies were approved by the Institutional Animal Care and Use Committee at Beijing Institute of Microbiology and Epidemiology, Beijing, China, and performed according to institutional guidelines for animal welfare.
Virus detection and subtyping by RT-PCR. Viral RNA extraction was
performed from samples using a QIAamp Viral RNA minikit (Qiagen,
Maryland, MD, USA), according to the manufacturer’s instructions.
Briefly, 140 l of the filtered specimens was mixed with 560 l of AVL
buffer (Qiagen) and incubated for at least 10 min at room temperature.
After the addition of 560 l of absolute ethanol, the mixture was vortexed
and applied to a spin column. After washing and drying steps, RNA was
eluted in 60 l of RNase-free water. The RNA samples were subjected to
universal detection of type A influenza viruses by quantitative real-time
reverse transcription-PCR (RT-qPCR) using WHO-recommended primers and probes (13). To confirm the existence of H9 and N2 in the coinfected samples, two pairs of specific primers for the H9 fragment (H9_2f,
5=-ATCGTCGAGAGACCATCAGC-3=; H9_2r, 5=-GCAGTGTTTGACC
CGGTTTT-3=) and N2 fragment (N2_4f, 5=-TGGCGACACACCAAGAG
ATG-3=; N2_4r, 5=-GATATTCGCTCCATCAGGCCA-3=) were used to
amplify the H9 and N2 genes, and the amplified products were then sequenced by the Sanger method.

November 2014 Volume 88 Number 22

Virus isolation and propagation. The swab samples were treated with
an antibiotic mixture comprising penicillin (2,000 U/ml), gentamicin
(250 g/ml), and ofloxacin-HCl (60 g/ml) at 4°C for 24 h. Antibiotictreated samples (0.2 ml each) were inoculated into the allantoic cavity of
10-day-old specific-pathogen-free (SPF) embryonated chicken eggs for 48
to 72 h at 37°C in order to culture virus. Allantoic fluid of each virus was
collected and centrifuged at 3,000 rpm for 5 min at 4°C before storage at
⫺70°C.
Viral genome amplification. Viral genomic RNA extracts from filtered supernatant of virus culture were reverse transcribed into cDNAs,
followed by PCR to amplify viral genome sequences using a Superscript
One-Step RT-PCR with Platinum Taq kit (Invitrogen). A pair of universal
full-length primers (MBTuni-12 and MBTuni-13) (14) were used to reverse transcribe and amplify all eight segments of the virus genome. To
minimize the risk of contamination, template isolation and PCR setup
were performed with specified pipettor sets in separate rooms. Certified
RNase-free filter barrier tips were used to prevent aerosol contamination.
Nested PCR was avoided, and all PCR assays were performed with appropriate negative controls.
Viral genome sequencing. After one-step RT-PCR amplification, the
PCR products were purified with an EZNA Cycle-Pure kit (Omega) and
then subjected to next-generation sequencing (NGS) using an Ion Torrent Personal Genome Machine (PGM; Life Technologies, South San
Francisco, CA). First, primary cDNA libraries were built with an NEBNext
Fast DNA Library Prep Set for Ion Torrent (New England BioLabs, Ipswich, MA) according to the manufacturer’s instructions (NEB E6270S/L
10/50 reaction kits). The primary libraries were then diluted to appropriate concentrations for emulsion PCR amplification with an Ion OneTouch 200 Template kit, version 2 DL, on a OneTouch machine (Life
Technologies). The emulsion PCR products generated on magnetic beads
were then enriched and purified and loaded onto 318 chips (Life Technologies) for parallel sequencing by synthesis using an Ion Torrent PGM (Life
Technologies). In total 640 flowgrams were captured, and base calling was
performed by PGM built-in software. Raw sequencing data in fastq format were obtained from the PGM and split into individual samples according to the bar code sequences. The genome sequences of the viruses
were assembled using Roche 454 Newbler, version 2.8, software (Roche).
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Sequence preparation and alignment. All available influenza virus
genome nucleotide sequences were downloaded from the GenBank (http:
//www.ncbi.nlm.nih.gov/GenBank/) and Global Initiative on Sharing
Avian Influenza Data (GISAID [http://platform.gisaid.org/]) databases.
The sequences were sorted into different gene segments and then combined with the new sequences obtained in this study. Each gene data set
was aligned using the MUSCLE program, version 3.5 (15), with manual
adjustment.
Initial phylogenetic analysis. An initial large-scale phylogeny was
constructed for each large gene data set using RAxML, version 7.8.6. The
H7N9 outbreak lineages and our newly sequenced viruses were identified
in the global phylogeny, and strains closely related to these were extracted
to form a refined alignment that contained all evolutionarily relevant
sequences for studying H7N9 emergence. Phylogenies of these smaller
data sets were estimated using the maximum-likelihood method and the
GTR⫹I⫹⌫4 (general time-reversible model with a proportion of invariant sites and gamma-distributed rate variation across sites) nucleotide
substitution model implemented in PhyML, version 3.0 (16). Bootstrap
analysis with 1,000 replicates was performed to evaluate the robustness of
the estimated phylogenetic topology.
Bayesian molecular clock phylogenetic analysis. To estimate divergence times and rates of nucleotide substitution for influenza A H7N9
viruses, we used the Bayesian Markov chain Monte Carlo method
(BMCMC) as implemented in BEAST, version 1.8 (17). A relaxed molecular clock model with uncorrelated log-normally distributed rates
(UCLD), the SRD06 (Shapiro-Rambaut-Drummond 2006) nucleotide
substitution model, and the Bayesian Skyride demographic model were
used (18). We computed out two independent chains for 40 to 80 million
generations and sampled 40,000 to 80,000 trees for each chain to ensure
adequate effective sample size (⬎200) of all parameters. MCMC convergence and effective sample sizes were assessed using Tracer, version 1.5
(http://tree.bio.ed.ac.uk). The first 10 to 20% of each chain was discarded
as burn-in.
Isolation of H7N9 and H9N2 viruses from coinfected samples. For
samples that were shown by RT-PCR to be H7N9/H9N2 coinfected, various approaches were undertaken to characterize both virus strains, including plaque purification and the use of anti-H9N2 antibodies (with the
aim of allowing the strain at lower concentration to preferentially propagate). Briefly, confluent monolayer MDCK cells were inoculated at 37°C
for 1 h with 10-fold serially diluted samples. Prior to inoculation, the
sample was treated with an antibiotic mixture comprising penicillin
(2,000 U/ml), gentamicin (250 g/ml), and ofloxacin-HCl (60 g/ml) at
4°C for 24 h. After the removal of the inoculum, cells were washed once
with phosphate-buffered saline (PBS) and overlaid with 1:1 low-meltingpoint agarose (1.8%) and 2⫻ Dulbecco’s modified Eagle’s-F12 (DMEF12) medium supplemented with GlutaMAX (Invitrogen, Carlsbad, CA),
insulin-transferrin-selenium (ITS; Invitrogen), and 3 g/ml acetylated
trypsin (Sigma, St. Louis, MO). After the agar was allowed to solidify, the
plates were incubated for ⬃48 h at 37°C and stained with 0.025% neutral
red containing 1% agarose. Plaques were then isolated by plaque picking
and propagation in SPF chicken embryos. Progeny virus clones (100 per
sample) were subjected to reisolation by plaque purification. The H7N9
or H9N2 virus isolates were selected separately after three serial rounds of
plaque purification.
For the coinfected samples with significantly higher quantities of
H9N2 than H7N9 virus, a chicken polyclonal antibody to H9N2 viruses
(Lianshi Biotech Co., Shanghai, China) was applied to neutralize the
H9N2 virus for 1 h at 37°C, and then virus was inoculated in MDCK cells
for plaque assay and plaque purification. All virus isolation procedures
were conducted in a biosafety level 3 facility.
Epidemiological analysis. We used observed-to-expected ratios to
determine if the numbers of coinfections were statistically significant (10).
The expected number of coinfections under the null hypothesis was calculated as the product of (i) the frequency of H7N9 infections, (ii) the
frequency of the H9N2 infections, and (iii) total sample size. The ob-
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TABLE 1 Summary of study samples
No. of samples (tracheal, cloacal, fecal) by
subtype (%)a

Host
species

No. of samples
(tracheal, cloacal,
fecal)

H7N9 only

H9N2 only

H7N9/H9N2

Pigeon
Chicken
Duck
Goose

28, 32, 62
28, 51, 28
13, 18, 9
6, 4, 4

1, 1, 2 (3.2)
0, 4, 0 (3.7)
1, 4, 2 (18)
1, 0, 0 (7.1)

3, 0, 3 (4.9)
4, 6, 3 (12)
0, 1, 0 (2.5)
0, 0, 0

1, 0, 0 (0.8)
6, 6, 2 (13)
0, 0, 0
0, 0, 0

Total

283

16 (5.6)

20 (7.1)

15 (4.9)

a

Based on RT-PCR detection.

served-to-expected ratio of the number of coinfections was then used to
measure whether specific subtype combinations were more or less likely to
coinfect using Fisher’s exact test.
Nucleotide sequence accession numbers. The genomic sequences generated in this study have been deposited in the Global Initiative on Sharing
Avian Influenza Data (GISAID, http://platform.gisaid.org/) database under
accession numbers EPI_ISL_159062 through EPI_ISL_159069.

RESULTS

A total of 283 tracheal, cloacal, and fecal samples were collected
from a variety of birds in poultry markets and farms in Jiangsu
province (Table 1), which were subsequently screened for H7N9
and H9N2 subtypes by specific RT-PCR assay. H7N9 viruses were
detected in 16 birds (4 chickens, 7 ducks, 1 goose, and 4 pigeons).
H9N2 viruses were identified in 20 birds (13 chickens, 1 duck, and
6 pigeons). Significant differences in the frequencies of H7N9 and
H9N2 infections among bird species were observed (Fisher’s exact
test; P ⫽ 0.008 for H7N9, and P ⫽ 0.013 for H9N2). Fourteen
H7N9/H9N2 coinfections were found. The observed frequency of
H7N9/H9N2 coinfection in chickens was significantly higher than
that expected under random occurrence, given the observed frequencies of H7N9 and H9N2 viruses we found in chickens (contingency table analysis, Fisher’s exact test; P ⬍ 0.001). Both single
infections and coinfections with H7N9 viruses occurred close to
locations where human cases have been reported (Fig. 1). By performing H7- and H9-specific amplification with RT-qPCR on
coinfected samples, we found that the ratio of H7N9 to H9N2
viruses was between 1:10 and 1:100. Thus, H9N2 appears to be the
dominant strain in all coinfected samples.
In order to gain further insights into the molecular evolution of
H7N9 viruses, we attempted to isolate and sequence virus from
positive samples. Two H7N9 isolates and two H9N2 isolates were
obtained from four single-infection samples (samples 759, 761,
503, and 023): A/chicken/Nanjing/759/2013 (H7N9), A/chicken/
Nanjing/761/2013 (H7N9), A/chicken/Nanjing/503/2013 (H9N2),
and A/chicken/Nantong/023/2013 (H9N2). Isolation was successful for three coinfected samples (samples 097, 106, and 031). For
the coinfected samples 031 and 106, a significantly higher quantity
of H9N2 virus was present (the ratio of H9N2 to H7N9 was about
100:1, as determined by quantitative RT-PCR). The H7N9 virus
could not be isolated from these samples by plaque purification.
The samples were then subjected to neutralization using antiH9N2 antibody, followed by a plaque purification assay. Even
with these efforts, only two H9N2 strains (A/chicken/Nanjing/
106-2/2013 and A/chicken/Nantong/031-2/2013) were obtained.
However, in samples 106 and 031 we did observe H7- and N9-like
gene sequences when the original samples were subjected to deep
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A/duck/Anhui/SC702/2013_H7N9
A/environment/Huzhou/C357/2013_H7N0
A/environment/Huzhou/C291/11/2013_H7N0
A/China/2013_H7N9
A/Hangzhou/2/2013_H7N9
A/Wuxi/1/2013_H7N9
A/China/2013_H7N9
A/Zhejiang/22/2013/A_H7N9
A/Zhejiang/2/2013_H7N9
A/chicken/Jiangsu/K89/2013_H7N9
A/Huzhou/1/2013/A_H7N9
A/environment/Huzhou/C291/9/2013_H7N0
A/chicken/Jiangsu/S002/2013_H7N9
A/Hangzhou/3/2013_H7N9
A/environment/Wuxi/1/2013_H7N9
A/environment/Nanjing/2913/2013_H7N9
A/chicken/Jiangsu/K27/2013_H7N9
A/Nanjing/1/2013_H7N9
A/Jiangsu/2/2013_H7N9
A/chicken/Shanghai/S1358/2013_H7N9

Major H7N9 outbreak lineage

A/chicken/Jiangsu/SC099/2013_H7N9
A/Huzhou/3/2013_H7N9
A/environment/Shandong/SD039/2013_H7N9
A/Wuxi/2/2013_H7N9
A/chicken/Zhejiang/SD033/2013_H7N9
A/Huzhou/6/2013_H7N9
A/chicken/Huzhou/C56/16/2013_H7N0
A/chicken/Huzhou/C57/15/2013_H7N0
A/Huzhou/4/2013_H7N9
A/chicken/Shanghai/017/2013_H7N9
A/chicken/Shanghai/S1055/2013_H7N9
A/chicken/China/S1053_H7N9
A/environment/China/S1088_H7N9
A/Shanghai/4/2013_H7N9
A/chicken/Shanghai/S1413/2013_H7N9
A/pigeon/Shanghai/S1421/2013_H7N9
A/Fujian/1/2013_H7N9
A/duck/Zhejiang/SC410/2013_H7N9
A/Zhejiang/20/2013/A_H7N9
A/chicken/Huzhou/C72/2013_H7N2
A/Shanghai/4664T/2013_H7N9
A/Shanghai/3/2013_H7N9
A/Changsha/1/2013_H7N9
A/chicken/Jiangxi/SD001/2013_H7N9
A/Nanchang/1/2013_H7N9
A/environment/Henan/SC232/2013_H7N9
A/Changsha/2/2013_H7N9
A/Zhejiang/32/2013/2013/04_H7N9
A/Zhejiang/1/2013_H7N9
A/China/2013_H7N9
A/environment/Shanghai/S1436/2013_H7N9
A/homing/pigeon/Jiangsu/SD184/2013_H7N9
A/Taiwan/1/2013_H7N9
A/chicken/Suzhou/097-1/2013_H7N9
A/pigeon/Shanghai/S1423/2013_H7N9
A/environment/Shanghai/S1439/2013_H7N9
A/environment/Shanghai/S1437/2013_H7N9
A/environment/Shanghai/S1438/2013_H7N9
A/chicken/Huzhou/C54/2013_H7N0

TMRCA

A/Guangdong/1/2013_H7N9
A/environment/Hangzhou/34/2013_H7N9
A/China/2013_H7N9
A/chicken/Guangdong/SD641/2013_H7N9
A/chicken/Nanjing/759/2013_H7N9
A/chicken/Nanjing/761/2013_H7N9
A/environment/Fujian/SC337/2013_H7N9

TDIV

A/China/2013_H7N9

Ck/ZJ/626/2013_H7N7
SCk/ZJ/816/2013_H7N7
Ck/ZJ/698/2013_H7N7
Ck/ZJ/685/2013_H7N7
Ck/ZJ/602/2013_H7N7
Ck/ZJ/624/2013_H7N7
Ck/ZJ/640/2013_H7N7
Dk/ZJ/771/2013_H7N3
Dk/ZJ/775/2013_H7N2
Dk/ZJ/47/2013_H7N7
Pg/ZJ/559/2013_H7N7
Gs/ST/7472/2012_H7N7

Avian H7N3

L1701/Dk/A_H7N6
L1710/Dk/A_H7N6
L1671/Qa/N_H7N1

Wenzhou H7N7

SCk/ZJ/792/2013_H7N7

sequencing prior to plaque purification (not studied further here).
The complete genomes of these eight virus isolates were sequenced and deposited in the Global Initiative on Sharing Avian
Influenza Data (GISAID) database in March 2014 (accession
numbers are provided in Table S1 in the supplemental material).
For the remaining coinfected sample (097) with a high titer of
H7N9, one H7N9 strain (A/chicken/Suzhou/097-1/2013) and one
H9N2 strain (A/chicken/Suzhou/097-2/2013) were obtained by
plaque purification. Sample 097 was passaged by experimental
inoculation and serial propagation three times in embryonated
chicken eggs (100 PFU for each inoculation). Progeny viruses
were subjected to plaque purification. A total of 100 clones were
obtained from each sample and subjected to genome sequencing.
Phylogenetic analyses indicated that the H7N9 strains obtained
from the coinfected samples clustered with the major H7N9 outbreak lineage in 7 out of 8 genome segments (Fig. 2 and 3; see also
Fig. S1 to S6 in the supplemental material), with the exception of
sample 097 (A/chicken/Suzhou/097-1/2013) in the M segment
(see Fig. S5). Interestingly, in the M phylogeny, this strain is found
in a minor clade that contains a human isolate from Taiwan (A/
Taiwan/1/2013/H7N9), as well as other H7N9 avian viruses, with
high posterior probability (see Fig. S5), suggesting that an extra
reassortment event might have occurred.
In contrast, the H9N2 strains are phylogenetically dispersed
and cluster with divergent avian H9N2 lineages (Fig. 3; see also
Fig. S1 to S3, S5, S6, and S8 to S10 in the supplemental material).
Although the H9N2 strain from the coinfected sample 097 (A/
chicken/Suzhou/097-2/2013) typically clusters with other H9N2
avian viruses, in the NP (nucleoprotein) phylogeny it groups with
a high posterior probability with H7N9 viruses sampled in 2013
from the environment, together with a human isolate (A/Shanghai/1/2013/H7N9) (Fig. 3). Further, Fig. 3 shows that this cluster
is one of several, with posterior support of ⬎0.99, to contain human H7N9 isolates (shown in pink in Fig. 3) outside the major
H7N9 outbreak lineage. However, the potential for undersampling precludes a definitive assessment as to when these H7N9
clusters were generated; for example, the cluster containing
A/Guangdong/1/2013/H7N9 is preceded by a long branch, indicating substantial unsampled diversity (Fig. 3). Despite this caveat, the cluster comprising poultry infections from Rizhao
(China) illustrates that new H7N9 reassortant viruses can be generated by ongoing reassortment between avian H7N9 and H9N2
lineages (Fig. 3).
The time of the most recent common ancestor (TMRCA) of
the major H7N9 outbreak lineage was estimated for each segment
(Table 2). Table 2 also shows the lineage’s time of divergence
(TDIV) from all other strains (Fig. 2 highlights the positions of
TMRCA and TDIV). The date estimates are broadly consistent
among segments but are older for neuraminidase (NA) than for

L1672/Dk/A_H7N8/KOR
L1683/Dk/A_H7N7/JPN
L1704/Dk/A_H7N7/JPN

FIG 2 A molecular clock phylogeny tree of the hemagglutinin (HA) gene of

WDK/JX/9157/2005_H7N8
L1696/Dk/A_H7N9/MGL
L1693/Br/B_H7N3/KOR
WDK/JX/10179/2005_H7N3
L1631/Br/B_H7N8/KOR
L1631/Md/A_H7N8/KOR

L1700/Dk/A_H7N1/MGL

Avian H7N1
2000.0

2005.0

2010.0

November 2014 Volume 88 Number 22

2015.0

H7N9 viruses sampled from humans and birds during the 2013 outbreak, plus
related avian H7 viruses. The tree is a maximum clade credibility tree. Isolate
names in pink are H7N9 viruses sampled from humans. Strains sampled in this
study are highlighted with circles on the tree: red circles show single infections,
and blue circles show mixed infections. Green triangles indicate clusters of
influenza viruses sampled from the wild-bird reservoir. Posterior clade probabilities for selected nodes are displayed. Some taxa have been removed from
the tree for visual clarity; a full phylogeny with all taxa shown is provided in Fig.
S7 in the supplemental material.
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Minor H7N9
outbreak lineage

A/Nanchang/1/2013/H7N9
A/environment/Shandong/SD038/2013/H7N9
A/pigeon/Shanghai/S1069/2013/H7N9
A/Changsha/1/2013/H7N9
A/environment/Henan/SC232/2013/H7N9
A/chicken/Shanghai/S1078/2013/H7N9
A/chicken/Shanghai/S1076/2013/H7N9
A/chicken/Hangzhou/50/2013/H7N9
A/chicken/Jiangxi/SD001/2013/H7N9
A/environment/Shandong/SD049/2013/H7N9
A/environment/Shandong/SD039/2013/H7N9
A/environment/Henan/SD429/2013/H7N9
A/chicken/Shanghai/S1079/2013/H7N9
A/Changsha/2/2013/H7N9
A/chicken/Shanghai/S1077/2013/H7N9
A/chicken/Shanghai/019/2013/H7N9
A/chicken/Jiangsu/NTTZ/2013/H9N2
A/chicken/Jiangsu/CZWJ5/2013/H9N2
A/Nanjing/1/2013/H7N9
A/chicken/Jiangsu/ZJDT1/2013/H9N2
A/chicken/Jiangsu/XZ38/2012/H9N2
A/chicken/Jiangsu/WJHRG/2012/H9N2
A/chicken/Jiangsu/CZZWQ/2012/H9N2
A/chicken/Hangzhou/48/2013/H7N9
A/chicken/Zhejiang/SD007/2013/H7N9
A/quail/Hangzhou/35/2013/H9N2
A/chicken/Wenzhou/666/2013/H7N7
A/chicken/Wenzhou/614/2013/H9N2
A/chicken/Wenzhou/678/2013/H7N7
A/chicken/Shanghai/020/2013/H9N2
A/duck/Jiangsu/YC2/2013/H9N2
A/chicken/Nanjing/503/2013/H9N2
A/chicken/Nanjing/106-2/2013/H9N2
A/chicken/Jiangsu/HA2/2013/H9N2
A/chicken/Jiangsu/CZJT2/2013/H9N2
A/chicken/Jiangsu/ZJ4/2013/H9N2

*

*
*

*

Major H7N9 outbreak lineage

A/wild/pigeon/Jiangsu/SD001/2013/H7N9
A/Zhejiang/22/2013/H7N9
A/Wuxi/1/2013/H7N9
A/chicken/Shanghai/S1413/2013/H7N9
A/environment/Shanghai/S1437/2013/H7N9
A/environment/Hangzhou/109/2013/H5N1/H5N1
A/chicken/Nanjing/761/2013/H7N9
A/chicken/Nanjing/759/2013/H7N9
A/Zhejiang/1/2013/H7N9
A/chicken/Shanghai/017/2013/H7N9
A/duck/Zhejiang/SC410/2013/H7N9
A/chicken/Jiangsu/SC035/2013/H7N9
A/pigeon/Shanghai/S1423/2013/H7N9
A/homing/pigeon/Jiangsu/SD184/2013/H7N9
A/Taiwan/1/2013/H7N9
A/chicken/Zhejiang/SD019/2013/H7N9
A/chicken/Shanghai/S1055/2013/H7N9
A/chicken/Rizhao/1339/2013/H9N2
A/chicken/Rizhao/515/2013/H7N9
A/chicken/Rizhao/867/2013/H7N9
A/Shanghai/2/2013/H7N9
A/Wuxi/2/2013/H7N9
A/Anhui/1/2013/H7N9
A/chicken/Shanghai/S1410/2013/H7N9
A/chicken/Suzhou/097-1/2013/H7N9
A/chicken/Jiangsu/SC537/2013/H7N9
A/chicken/Shanghai/S1053/2013/H7N9
A/chicken/Zhejiang/DTID/ZJU01/2013/H7N9
A/environment/Hangzhou/34/2013/H7N9
A/Zhejiang/2/2013/H7N9
A/Zhejiang/DTID/ZJU01/2013/H7N9
A/duck/Anhui/SC702/2013/H7N9
A/chicken/Guangdong/SD641/2013/H7N9
A/environment/Fujian/SC337/2013/H7N9
A/environment/Shanghai/S1088/2013/H7N9
A/chicken/Zhejiang/SD033/2013/H7N9
A/chicken/Jiangsu/S002/2013/H7N9
A/Hangzhou/1/2013/H7N9
A/Shanghai/4664T/2013/H7N9
A/Fujian/1/2013/H7N9
A/pigeon/Shanghai/S1421/2013/H7N9
A/Jiangsu/2/2013/H7N9
A/chicken/Jiangsu/SC099/2013/H7N9
A/Hangzhou/3/2013/H7N9
/A/environment/Nanjing/2913/2013/H7N9
A/environment/Wuxi/1/2013/H7N9
A/Hangzhou/2/2013/H7N9

DISCUSSION

A/duck/Hunan/S4111/2011/H9N2
A/chicken/Zhejiang/611/2011/H9N2
A/chicken/Qianzhou/12/2010/H9N2

*

A/environment/Shanghai/S1436/2013/H7N9
A/environment/Shanghai/S1439/2013/H7N9
A/Shanghai/1/2013/H7N9
A/environment/Shanghai/S1438/2013/H7N9
A/chicken/Suzhou/097-2/2013/H9N2
A/duck/Shanghai/C163/2009/H9N2
A/chicken/Hebei/1102/2010/H5N2
A/chicken/Zhejiang/Q1D4/2010/H9N2
A/chicken/Hong/Kong/TC8/2012/H9N2
A/Guangdong/1/2013/H7N9
A/chicken/Hong/Kong/YU214/2010/H9N2
A/chicken/Shandong/03/2010/H9N2

*

*

*

*

2000.0
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2005.0
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2010.0

*

A/chicken/Rizhao/871/2013/H7N9
A/chicken/Rizhao/85/2013/H9N2
A/chicken/Rizhao/723/2013/H9N2
A/chicken/Rizhao/1313/2013/H9N2
A/chicken/Rizhao/651/2013/H9N2
A/chicken/Nanjing/023/2013/H9N2
A/chicken/Nantong/031-2/2013/H9N2

2015.0

Wenzhou H7N7

A/chicken/Wenzhou/640/2013/H7N7
A/silkie/chicken/Wenzhou/792/2013/H7N7
A/chicken/Wenzhou/305/2013/H7N7
A/silkie/chicken/Wenzhou/812/2013/H9N2
A/chicken/Wenzhou/610/2013/H7N7
A/chicken/Wenzhou/89/2013/H7N7
A/chicken/Wenzhou/602/2013/H7N7
A/silkie/chicken/Wenzhou/816/2013/H7N7
A/chicken/Wenzhou/642/2013/H9N2
A/chicken/Wenzhou/645/2013/H7N7

other segments. These results are consistent with previous estimates and indicate that the major outbreak lineage is likely to have
emerged between mid-2011 and mid-2012. Figure 4 summarizes
the main findings from the time-resolved phylogenies estimated
for the H7N9 viruses in this study. Phylogenies for each influenza
virus genome segment are shown; in each the major and minor
lineages are highlighted in orange and yellow, respectively, and
their relative dates of common ancestry are shown (Fig. 4). While
the major H7N9 outbreak lineage is observed in all segments, in
three of the internal segments (NP, M, and PB1), there is also
evidence of a minor outbreak lineage comprising both human and
poultry H7N9 infections (Fig. 3; see also Fig. S1 and S5 in the
supplemental material). The emergence of the minor H7N9 outbreak lineage is estimated to date between mid-2012 and early
2013 (Fig. 3; see also Fig. S1 and S5) and resulted from reassortment between the major H7N9 outbreak lineage and cocirculating
avian H9N2 viruses. This minor lineage was likely generated after
the origin of the major outbreak lineage because the MRCA of the
major lineage is older (between mid-2011 and mid 2012) (Table 2
and Fig. 4). Future surveillance of the current H7N9 epidemic may
likely reveal other H7N9 lineages that are continually being generated by reassortment.
Genome analysis revealed that the hemagglutinin (HA) genes
of all the H7N9 viruses obtained in this study have acquired the
“human-like” residue leucine at position 226 but have retained
the “avian-like” residue glycine at position 228 at the HA receptor
site (H3 numbering) (see Fig. S5 in the supplemental material),
implying that these viruses have partially acquired binding specificity for human receptors (2). The lack of an HA multibasic cleavage site, which is a molecular signature conferring high pathogenicity, suggests that these viruses have low pathogenicity in avian
populations (6). All of the H7N9 viruses sequenced in this study
have a 627E residue in the PB2 protein, instead of the mammalianadapted 627K mutation that is present in many (47/70) human
isolates (see Fig. S6). Like most published H7N9 strains, all of the
strains sequenced here lacked the R292K mutation in NA and
carried the S31N residue in the M2 gene, which means that they
are probably sensitive to oseltamivir and resistant to amantadine
(13, 19).
Coinfection of influenza A viruses in wild and domestic birds is
thought to be an important condition for the diversification of
influenza virus phenotypes by reassortment (10, 20). Such a
mechanism was responsible for development of the highly pathogenic H5N1 avian influenza virus that appeared in Hong Kong in
1997, which was derived from the reassortment of the H5 gene

FIG 3 A molecular clock phylogeny tree of the nucleoprotein (NP) gene of
avian influenza viruses related to the human and avian H7N9 viruses sampled
during the 2013 outbreak. The tree is a maximum clade credibility tree. Isolate
names in pink are H7N9 viruses sampled from humans. Strains sampled in this
study are highlighted with circles on the tree: red circles show single infections,
and blue circles show mixed infections. Furthermore, the minor H7N9 lineages are highlighted by orange stars, and time of emergence of the major
outbreak lineage is indicated by the purple vertical bar. Blue triangles indicate
clusters of avian H9N2 viruses while green triangles indicate clusters of influenza viruses sampled from the wild-bird reservoir. Posterior clade probabilities for selected nodes are displayed. Some taxon names are not displayed for
visual clarity. A full phylogeny with all taxon names shown is provided in Fig.
S8 in the supplemental material.
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TABLE 2 Divergence time estimates for each segment of the 2013 major H7N9 human outbreak
Gene

TDIV (mo yr [95% HPD])a

TMRCA (mo yr [95% HPD])a

Mean evolutionary rate
(10⫺3 substitutions/site/yr [95% HPD])

PB2
PB1
PA
HA
NP
NA
MP
NS

Nov. 2011 (July 2011, Mar. 2012)
July 2011 (Nov. 2010, Feb. 2012)
Dec. 2011 (July 2011, May 2012)
Jan. 2011 (May 2010, Aug. 2011)
Feb. 2011 (Sept. 2010, May 2011)c
Oct. 2010 (Nov. 2009, July 2011)
Sept. 2011 (Mar. 2011, Mar. 2012)
May 2011 (Sept. 2010, Jan. 2011)b

Mar. 2012 (Nov. 2011, July 2012)
Mar. 2012 (Sept. 2011, July 2012)
June 2012 (Feb. 2012, Sept. 2012)
Jan. 2012 (July 2011, May 2012)
Apr. 2012 (Sept. 2011, Aug. 2012)
Oct. 2011 (Dec. 2010, Feb. 2012)
Feb. 2012 (Oct. 2011, July 2012)
Feb. 2012 (Sept. 2011, June 2012)

3.32 (2.88, 3.77)
3.97 (3.49, 4.45)
3.77 (3.27, 4.30)
5.22 (4.71, 5.72)
3.35 (2.92, 3.80)
3.07 (2.36, 3.83)
3.48 (2.86, 4.11)
3.57 (3.05, 4.12)

a

Estimated dates are shown for the time of divergence (TDIV) and time of most recent common ancestor (TMRCA) of the H7N9 outbreak lineage. All data are node supported by
a posterior probability of ⬎0.95 except as noted. HPD, highest posterior density.
Node supported by a posterior probability of ⬎0.85.
c
Node supported by a posterior probability of ⬍0.5.
b

from H5N1 viruses, the N1 gene from H6N1 viruses, and internal
genes from H9N2 viruses (21, 22). This study is the first report of
the molecular epidemiology of cocirculating H7N9 and H9N2
viruses in poultry populations at Jiangsu, an epicenter of the

H7N9 epidemic where early human infections were reported. We
found that H7N9/H9N2 coinfection occurred frequently, yet almost all instances of coinfection were in chickens, indicating that
chickens, rather than other birds, represent the most probable

H7

PB2

PB1

PA

N9

NP

MP

NS

FIG 4 A schematic summarizing the main findings inferred from the time-resolved phylogenies of the H7N9 viruses sampled from poultry and humans (full
phylogenies are provided in Fig. S1 to S10 in the supplemental material). The major and minor outbreak lineages are highlighted in orange and yellow, respectively. The
blue arrows indicate the times of the most recent common ancestors of these lineages, illustrating that the minor lineage is likely to have arisen after the emergence of the
major lineage, which supports the hypothesis of ongoing reassortment among H7N9 and cocirculating viral lineages. MP, matrix protein.
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mixing vessel of the two viral subtypes. It is surprising that the
observed frequency of H7N9/H9N2 coinfection in chickens was
significantly higher than expected as it has been previously shown
that a well-adapted influenza virus in an infected bird can restrict
coinfection by another strain, and thus observed coinfections
might be expected, a priori, to be rare (5). On the other hand,
H9N2 appears to be the dominant strain in all coinfected samples,
suggesting the hypothesis that H9N2 is better adapted than H7N9
during coinfection of both subtypes in chickens though the H7N9
strain is not being competitively excluded.
The phylogenetic analysis results suggest that there have been
several opportunities for different H7N9 reassortant viruses to
initiate widespread transmission in birds and humans, but only
one lineage (the major outbreak lineage) has been highly successful. For example, inspection of the NP phylogeny identifies at least
five distinct H7N9 lineages that were generated around the time
that the major outbreak lineage emerged in poultry and humans
(highlighted by orange stars in Fig. 3).
The strains isolated from the coinfected sample 097 highlight
the complex origins of the outbreak lineage, whose identity is
made complex by ongoing reassortment with the contemporaneous avian viral reservoir. The number of coinfections sampled in
chickens in this study suggests that coinfection with antigenically
distinct strains may be common in the domestic avian reservoir.
For the coinfected sample 097, it is intriguing that although the
H9N2 virus was dominant in the original sample, as demonstrated
by RT-PCR, only H7N9 virus was isolated after inoculation of the
sample in chicken embryos (see Materials and Methods). Further,
two different reassortant H7N9 genotypes were isolated after serial propagation in embryonated chicken eggs of the original sample, as revealed by RT-PCR analysis of individual progeny virus
clones. The dominant genotype (90% of total isolates, as revealed
by RT-qPCR) harbored PB2 and PB1 segments from the original
H9N2 virus, while the minority genotype acquired only PB1 from
the original H9N2 virus. The original, nonreassortant H7N9 virus
was no longer observed in the serially propagated culture. This
suggests that during growth in culture, the PB1 and PB2 segments
of the locally circulating H9N2 virus reassorted with the original
H7N9 virus, and the resulting reassortant replaced the original
H7N9 and H9N2 strains, perhaps because it can grow more rapidly in chicken embryos at 37°C. However, we are not able to
determine whether the reassortment event occurred within the
sampled avian host or in vitro during passage in chicken embryos.
The reassortant genomes observed were not monotypic after only
three passages, suggesting that the reassortment process was complex and dynamic.
Taken together, the occurrence of H7N9/H9N2 coinfection
observed in our survey suggests that the reassortment process is
ongoing. The high prevalence, broad host range, and high genetic
diversity of H9N2 avian influenza viruses in the epidemic center
mean that they continue to represent a source of further genetic
diversity for H7N9 viruses through reassortment and thus may be
involved in future epidemic and pandemic strains. We stress the
need for surveillance of all avian influenza virus subtypes, especially in chickens, using whole-genome sequences in order to detect novel reassortment combinations. The results presented here
concerning H7N9/H9N2 competition during coinfection are circumstantial and remain to be formally validated by viral challenge
experiments using immunologically naive birds under controlled
conditions. Whether the newly generated H7N9 virus and its re-
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assortants possess bird species-specific transmissibility or pathogenicity also requires future investigation.
This study reflects the unavoidable constraints placed on field
sampling in the period immediately following the discovery of the
novel H7N9 virus in humans. Convenience sampling was undertaken at live poultry markets and poultry farms, from which the
number of accessible samples was limited. The small sampling size
prevents us from deriving formal population-level estimates of the
prevalence of H7N9/H9N2 coinfection. In particular, the sample
sizes from geese are low and may not reflect the true ecological
circumstances in the sampled region.
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