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A novel avian influenza A(H7N9) virus causing human
infection emerged in February 2013 in China. To eluci-
date the mechanism of interspecies transmission, we
compared the signature amino acids of avian influenza
A(H7Ng) viruses from human and non-human hosts and
analysed the reassortants of 146 influenza A(H7N9)
viruses with full genome sequences. We propose a
genetic tuning procedure with continuous amino acid
substitutions and reassorting that mediates host
adaptation and interspecies transmission. When the
early influenza A(H7N9) virus, containing ancestor
haemagglutinin (HA) and neuraminidase (NA) genes
similar to A/Shanghai/os virus, circulated in water-
fowl and transmitted to terrestrial poultry, it acquired
an NA stalk deletion at amino acid positions 69 to
73. Then, receptor binding preference was tuned to
increase the affinity to human-like receptors through
HA G186V and Q226L mutations in terrestrial poultry.
Additional mammalian adaptations such as PB2 E627K
were selected in humans. The continual reassortation
between H7Ng and HgN2 viruses resulted in multiple
genotypes for further host adaptation. When we ana-
lysed a potential association of mutations and reas-
sortants with clinical outcome, only the PB2 E627K
mutation slightly increased the case fatality rate.
Genetic tuning may create opportunities for further
adaptation of influenza A(H7N9) and its potential to
cause a pandemic.
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Introduction

Human infections with a novel avian influenza A(H7Ng)
virus were reported in Yangtze river delta region in
March, 2013 [1], the virus further spread to northern
and southern China within one month and human cases
decreased during summer time [2]. Human infection
with influenza A(H7Ng) virus re-emerged in late 2013
and became the most prevalent avian influenza affect-
ing humans in China. The virus caused 379 human
cases with 135 deaths in mainland China by 10 March
2014 [3]. Most of the affected regions were areas with
a high density of poultry and humans and were con-
sidered as the most likely hotspots for the generation
of novel reassortant influenza viruses [4]. In addition,
these areas are on the East Asia/Australian migratory
flyway, indicating potential contributions of wild birds
to the emergence of H7N9g viruses [1]. The complicated
circumstances make it difficult to fully determine the
origin of the novel emerging virus or to predict its fur-
ther epidemic tendency. Previous studies suggested
that the H7Ng virus contained several mammalian-
adaptive mutations such as HA 226L and PB2 627K, and
that the internal genes were diverse [5,6]. However, the
genetic evolution pathway of the H7Ng viruses during
interspecies transmission was not comprehensively
illustrated. Here, we conducted a molecular epidemiol-
ogy investigation of 173 influenza A(H7N9) viruses in
China to extrapolate the potential interspecies trans-
mission mechanism.



Methods

Virus sampling and isolation

Specimens as well as clinical and epidemiologi-
cal information were collected from human cases.
Environmental samples and avian samples were col-
lected in the area where human cases identified. Virus
isolation was conducted by Chinese National Influenza
Center (CNIC) in a biosafety level 3 facility using nine-
day-old specific pathogen-free (SPF) embryonated
chicken eggs and incubated at 37 °C for 48-72 hours.
The allantoic fluid was harvested, aliquoted and stored
at -80 2C until use.

RNA extraction and genome sequencing

Viral RNA was extracted using QlAamp Viral RNA
Mini Kit (Qiagen, Hilden, Germany). Gene segments
were amplified using the Qiagen OneStep RT-PCR
Kit. A total of 48 primer pairs were used to generate
PCR amplicons between 378 and 1,123 bp in length
for full genome sequencing. Primer sequences are
available from the authors on request. Amplified PCR
products were purified using ExoSAP-IT reagent (USB,
Cleveland, US). Complete genome sequencing was per-
formed with an ABI 3730XL automatic DNA analyser
(Applied Biosystems, Foster City, US) using the ABI
BigDye Terminator v3.1 cycle sequencing kit (Applied
Biosystems; Foster City, US).

Genomic signature and phylogenetic analysis
All sequences were submitted to the Global Initiative
on Sharing All Influenza Data (GISAID) database.
Genomic signature and phylogenetic analyses were
performed with sequences retrieved from GenBank
and GISAID databases. The novel influenza A(H7Ng)
virus sequences used in this study were from samples
collected between 26 February 2013 and 5 February
2014 in China. A maximum likelihood phylogenetic tree
for the nucleotide sequences of each gene of selected
influenza viruses was constructed using MEGA5.1 [7].
In the phylogenetic analysis, six internal genes of
these viruses were compared with sequences of influ-
enza A(Hg9N2) viruses. All datasets for the phylogenetic
analyses had been tested in jModelTest to determine
the best substitution model for each segment [8]. The
GTR+1+T, model was used as substitution model for the
polymerase genes PB2, PB1, PA genes and the nucleo-
protein (NP) genes; GTR+[, was used as substitution
model for haemagglutinin (HA) and neuraminidase
(NA) genes; K8o+I, was used for the matrix (M) and the
genes for the non-structural proteins (NS). The robust-
ness of each node of the tree was assessed using a
bootstrap resampling analysis (1,000 replicates, with
topologies inferred using the maximum likelihood
method). The clade definition of each internal gene
was based on the following criteria: each clade shared
a common ancestral node with a bootstrap value of
260, and percentage pairwise nucleotide distances
between clades of »1.5%.

Selective pressure calculating

We estimated the number of non-synonymous (dN) to
synonymous (dS) nucleotide changes for codons 627
and 701 on the PB2 genes of both human-infecting H7Ng
virus and recent avian HgN2 virus with the method of
the fixed effects likelihood method available in the
hypothesis testing using phylogenies (HyPhy) package
accessed through the Datamonkey website [9]; dN>dS
was an indication of positive selection.

Results

To analyse the molecular evolution of the novel avian
influenza A(H7Ng) virus during interspecies transmis-
sion, we compared the signature amino acids between
103 human and 70 non-human (animal and envi-
ronmental) H7N9 viruses from available databases
including 53 viruses isolated by the Chinese National
Influenza Center (CNIC) between 26 February 2013 and
5 February 2014 (51 from human, one from environ-
ment, one from chicken; Tables 1 and 2). The substi-
tutions G186V and Q226L/I (H3 numbering) in the HA
gene have been reported to increase the affinity of
avian influenza virus to human-like receptors [10,11].
Only A/Shanghai/1/2013 and A/Shanghai/o5/2013 had
186G and 226Q; two human and 11 non-human H7Ng
viruses had 186V and 226Q; 95 human and 58 non-
human viruses had G186V and G226L/l mutations, one
human virus had G186V and G226P mutations (Table

2).

A deletion in the NA stalk region in avian influenza
A(H5N1) viruses has been suggested to be associated
with adaptation and transmission in domestic poultry
[12,13]. All H7Ng viruses analysed in this study had a
deletion of five amino acids (positions 69-73) in the
stalk region, except the A/Shanghai/os/2013 virus
(Figure 1).

E627K and/or D701N mutations in the PB2 protein are
considered critical for mammalian adaptation of avian
influenza viruses [14,15]. All 59 PB2 segments from
non-human viruses had PB2 627E and 701D except
A/Tree sparrow/Shanghai/o1/2013(H7Ng) with 627K.
Among the 87 H7Ng viruses from humans, 63 pos-
sessed PB2 627K and 701D, 18 possessed 627E and
701D, and six had the 627E and 701N mutation. Dual
mutations of E627K and D701N were not detected. We
identified significantly higher dN than dS in PB2 posi-
tion 627 (dN=20.17, d5=1.68x105, p=0.0023), indi-
cating positive selection pressure. Full length PB1-F2
protein (87-90 amino acids) has been connected with
increased virulence in mice [16]. A PB1-F2 protein with
90 amino acids was detected in 70 of 88 human and
42 of 59 non-human H7Ng viruses (Table 2). The poten-
tial human-like signatures in the PA gene have been
reported previously [17]. In this study, the PA genes
from 88 human and 60 non-human viruses were ana-
lysed, with 100A found in 74 human and 47 non-human
viruses, 356R in 84 human and 59 non-human viruses,
409N in 84 human and 53 non-human viruses (Table 2).
In addition, all H7Ng viruses had a truncated NS gene
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TABLE 2

Characterisation of selected molecular markers of novel avian influenza A(H7N9) viruses* China, 26 February 2013-5
February 2014

Significance Mutation® Amino acid Human Fatale Recovered®
i G 2 0 1 1
Favours man_1mal|an G186V
adaptation Vv 98 70 22 26
11 2 1
HA cl_l 42 8 20 2
Receptor-binding site Q226L/1 I 93 > 3
P 1 (o] o
E 6 6 22 2
E119V 2 / LL
\" 1 o 1 [6)
R 6 2 26
NA Related to drug resistance R152K = a =
K 2 (o] (o] 1
R 2 6 20 2
R292K 2 / £
K 5 o] 3 (o)
E 2 10
Increased virulence in mice E627K = =L =
PBa K 63 1 19 17
Enhanced transmission in D 81 60 22 24
. . D701N
guinea pigs N 6 0 3
ission i | 10 1
Increased transmission in 1368V 4 3
oB1 ferrets \" 78 58 19 24
ication i L 8 22 2
Increased rgpllcatlon in L598P 7 59 7
mammalian cells M 1
11AA 1
icityi 25AA 1 1
PB1-F2 Increased pa.thogenluty m 87-90 amino acids in length > £ Z
mice 76AA 3 0 1
90AA 70 42 19 19
Vv 12 13 2 3
V100A | 2 0
Speci iated signat A 74 47 21 23
PA pecies-associated signature K 4 ) o o
positions K356R
R 84 59 23 27
S 1 1
S4o09N & 4
N 84 53 22 26

HA: haemagglutinin; NA: neuraminidase; PA, PB1, PB2: polymerase subunits.

2 |dentical molecular markers that exist in all influenza A(H7Ng) virus isolates and have been reported to have functions in other influenza
virus subtypes are not listed in the Table. They include the following: HA (a single R at the link peptide; 160A, without N-glycosylation at
this position and indicating increased virus binding to human-type receptors), PB2 (89V and 357H, indicating increased pathology in mice),
PB1 (99H, indicating increased transmission in ferrets; 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 (428, indicating increased virulence in mice; PDZ motif deletion, indicating decreased virulence in mice).

The HA gene(w)as under H3 numbering system. The NA gene was under N2 numbering system. Other internal genes were numbered from
start codon (M).

¢ Only viruses with available data on clinical outcome were included.
53 viruses were from the Chinese National Influenza Center.
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FIGURE 1

Phylogenetic trees of haemagglutinin (HA) and neuraminisdase (NA) genes of influenza A(H7N9) viruses, China, 26
February 2013-5 February 2014 (n=170 for HA, n=164 for NA)
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with a PDZ motif deletion (Table 2). The PDZ motif dele-
tion in H5N1 viruses has been shown to determine the
virulence of the virus in mice, without affecting the rep-
lication of the virus [18]. PDZ deletion might influence
the pathogenicity of H7Ng viruses in human or avian
hosts.

HA and NA genes each formed a single phyloge-
netic group including a subgroup consisting of A/
Shanghai/os/2013 (SHs) and A/Shanghai/1/2013 (SH1).
SHs5 located most closely to the common ancestor
(Figure 1). The topologies of the maximum likelihood
phylogenetic trees exhibited higher diversity of inter-
nal genes than of surface HA and NA genes, consistent
with previous studies [1,5,6] (Figure 2). PB2, PB1, PA,
NP, M and NS genes were divided into four, six, eight,
six, three and five clades, respectively. Combination of
the clades of the individual internal genes in an isolate
defined a genotype.

Among 146 H7N9g viruses with full genome sequences,
we detected at least 26 genotypes. The abbreviation
of one selected virus was used to name each geno-
type (Figure 3A). Among all the genotypes, 20 were
detected only once or twice in this study; this might
suggest transient circulation of these genotypes in
avian species. Genotype AnHi, represented by A/
Anhui/1/2013 virus, was detected in nine Chinese prov-
inces and applied to 45% (66/146) of all H7Ng viruses
throughout the study period (Figure 3). Genotype SH7,
represented by A/Shanghai/7/2013, was distributed
in eight provinces but only comprised 17% (25/146)
of the H7Ng viruses. Genotype JS1, represented by A/
Jiangsu/1/2013, occurred in only three provinces and
contained 15% (22/146) of the H7Ng viruses. Most gen-
otypes (20/26) could be detected in the Yangtze river
delta region.

We further analysed the potential association of mam-
malian-adaptative mutations and genotypes with clini-
cal outcome of human infection. Most of the mutations
did not affect the case fatality rate, only the PB2 E627K
mutation slightly increased the case fatality rate (29%
for E, 53% for K) without statistical significance (cor-
rected chi-squared test, p=0.22019) (Table 2). The case
fatality rate of patients infected with AH1, SH7, JS1
genotype viruses was 46% (12/26), 43% (3/7) and 50%
(4/8), respectively.

Discussion

Since the emergence of the novel avian influenza
A(H7Ng) viruses in China, its unusual features indi-
cated a potential pandemic risk that may persist over
a long time [19,20]. Previous studies have demon-
strated that the HA of this virus could be of duck ori-
gin, the NA was most likely to be related to Ng viruses
detected in migratory birds, and the six internal genes
could be from avian influenza H9N2 viruses [1,5,21].
Further studies suggested that domestic ducks may
act as key intermediate hosts for the generation of
H7Ng viruses, and may, after transmission to chickens

www.eurosurveillance.org

and reassortment with distinct HgN2 donor viruses in
at least two sequential steps have generated the cur-
rently circulating H7N9g virus with their high diversity of
internal genes, using BEAST analysis [6,21]. However,
the procedure of interspecies transmission of the avian
influenza A(H7Ng) virus has not been fully character-
ised. Here, we propose that a genetic tuning procedure
with continuous amino acid substitutions and reassor-
tations, mediates the host adaptation and interspecies
transmission of H7Ng viruses (Figure 4).

The SHs virus contained the most likely ancestral
HA and NA genes of the H7N9g virus, as both located
most closely to the common ancestor. The NA of SHs
virus had a long stalk, similar to the influenza viruses
in wild birds such as A/Wild birds/Korea/A14/2011
(H7N9), while all the other novel H7Ng viruses had a
deletion of five amino acids (position 69-73) in the
stalk region. NA deletion is considered a hallmark of
aquatic bird viruses adapted to terrestrial poultry
[12,13]. SH5 virus also contained HA 186G and 226Q,
which are recognised as typical molecular markers of
avian-origin influenza viruses. Thus, when the early
H7Ng virus that contained similar HA and NA genes as
A/Shanghai/os virus circulated in waterfowl, it trans-
mitted to terrestrial poultry and acquired the NA stalk
deletion at position 69—73, creating SH1-like viruses,
which were better adapted to terrestrial poultry. In ter-
restrial poultry, the receptor-binding preference was
tuned to increase the affinity to human-like receptors
through G186V and Q226L mutations in the receptor-
binding site of HA. Through this tuning procedure, the
virus acquired dual receptor-binding capacity. The pre-
vious 858 H7 subtype viruses before 2013 for which
sequences were available in GenBank, rarely had the
G186V (n=61) or Q226L (n=0) substitutions. The novel
H7Ng viruses may have acquired the mutations either
in chickens, as observed for avian influenza A(H9N2)
virus which acquired the HA Q226L mutation in the
year 2000 [22], or in other potential hosts containing
human-like receptors such as quail or pigeon [23,24].
Finally, additional mammalian adaptation mutations
such as PB2 E627K were positively selected for in
humans (Figure 4). That dN was significantly higher
than dS in PB2 627 due to a burst of adaptive evolu-
tion in a new host, indicated that the H7N9g virus was
at the early stage of interspecies transmission from
avian to human. The 627K and/or 701N mutations in
the PB2 protein, which confer enhanced replication at
the temperature of the upper airway of mammalian and
possibly human hosts, are considered critical for mam-
malian adaptation of avian influenza viruses [14,15].

In addition to the fine tuning of amino acid substitu-
tions, the dynamic reassortment of H7Ng virus with
HgoN2 virus resulted in at least 26 genotypes based on
the internal genes, indicating another way of genetic
tuning for further host adaptation. The genotype
diversity of the novel H7Ng viruses indicated that the
internal genes of H7Ng and HgN2 viruses were geneti-
cally compatible and that, because of the phylogenetic



FIGURE 2

Phylogenetic trees of PB2 (n=153), PB1 (n=152), PA (n=153), NP (n=154), M (n

163) and NS (n=162) genes of the novel avian

influenza A(H7N9) viruses, China, 26 February 2013-5 February 2014
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FIGURE 2

Phylogenetic trees of PB2 (n=153), PB1 (n=152), PA (n=153), NP (n=154), M (n=163) and NS (n=162) genes of the novel avian
influenza A(H7N9) viruses, China, 26 February 2013-5 February 2014
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FIGURE 2

Phylogenetic trees of PB2 (n=153), PB1 (n=152), PA (n=153), NP (n=154), M (n=163) and NS (n=162) genes of the novel avian
influenza A(H7N9) viruses, China, 26 February 2013-5 February 2014
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FIGURE 3

Multiple genotypes of influenza A(H7N9) viruses (A) and geographic distribution of different genotypes (B), China, 26

February 2013-5 February 2014 (n=142)
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FIGURE 4

Proposed genetic tuning mechanism of avian influenza A(H7N9) viruses during interspecies transmission
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diversity and genotypic complexity existing in HgN2
viruses, there could have been multiple introductions
of internal genes from HgN2 viruses [25]. Based on the
comparison with different subtypes in publicly avail-
able databases, all six internal genes of the H7Ng virus
shared the highest similarity with HgN2 viruses. The
gene pool of H7Ng viruses was the result of multiple
reassortment events with HgN2 viruses only; no other
avian influenza virus subtype was identified that might
have provided the internal genes to the H7Ng virus,

Our results showed that most genotypes were detected
in the region of the Yangtze river delta (Figure 3B),
further supporting the hypothesis that H7Ng viruses
originated from this area [5]. Only six genotypes were
detected outside this region, namely GD1, GD2, GX8970
and HKadetected in southern China, and RZ871 and
SD1 in northern China. All these genotypes contained
at least one difference in an internal gene compared
with the genotypes detected in the Yangtze river delta,
indicating that those genotypes may have been gener-
ated through inter-provincial poultry trade and further
reassortment with local H9N2 viruses. Genotypes AHz1,
SH7 and JS1 were detected more frequently than oth-
ers, which may imply that these three genotypes pos-
sess better fitness in poultry and/or were more prone
to infect humans [26]. However, the infectivity, trans-
missibility and pathogenicity of different genotypes
have not been characterised yet. New genotypes with
better fitness may be generated by genetic tuning in
the future.

Our study had several limitations. Firstly, biases may

have been introduced through the sampling of poten-
tial influenza A(H7N9g) cases as well as virus isolation

www.eurosurveillance.org

and Sanger sequencing, because some genotypes may
have been be missed or not yet identified. Secondly,
the association of genotypes with clinical outcomes
could not be statistically analysed owing to the limited
number of cases for each genotype. Thirdly, the num-
ber and proportion of genotypes may change when
more data become available.

In conclusion, we proposed that a genetic tuning pro-
cedure mediated host adaptation during interspecies
transmission. However, the mechanism driving genetic
tuning could not be fully elucidated yet. One possibility
is that the favoured molecular evolution and compat-
ible reassortment occurred to a large extent in poul-
try because of the backyard poultry breeding system
and the ubiquitous live poultry markets in China where
chickens and ducks are kept together [27].The frequent
contact among different avian species enabled reas-
sortment between different avian influenza viruses,
and some poultry species that contain both human and
avian like receptors [23,24], such as quail and pigeon,
may facilitate the mammalian-adaptative mutations.
Avian-to-human host transmission may be positively
influenced by the diversity of the avian host species
infected by influenza A(H7N9), while human-to-human
transmission may be restricted by the single human
species infected by influenza A(H7N9g). Hence, it is
important to change the breeding system and to close
live poultry markets in order to control the spread of
avian influenza A(H7N9) virus and to reduce the chance
for emergence of avian influenza viruses with pan-
demic potential.

Our well-developed national influenza surveillance net-
work made it possible to discover the host adaptation
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sequence of the novel influenza A(H7Ng) virus at an
early stage when the virus infected both birds and
humans. Genetic tuning not only mediated species
switching, but may also allow the virus to adapt so that
it infects humans more easily and transmits among
people more efficiently. Recently, Malaysia reported
its first human case of influenza A(H7N9), imported
from Guangdong province, China [28]. Rapid transpor-
tation and frequent travelling have made it possible to
transfer the virus from China to other regions. Overall,
due to the genetic tuning procedure, the potential pan-
demic risk posed by the novel avian influenza A(H7N9)
viruses is greater than that of any other known avian
influenza viruses. A response to this threat requires the
combined effort of different sectors related to human
health, poultry and wild birds, as well as vigilance and
co-operation of the world.
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