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ABSTRACT H9N2 avian influenza virus (AIV) is regarded as a principal donor of viral
genes through reassortment to cocirculating influenza viruses that can result in zoo-
notic reassortants. Whether H9N2 virus can maintain a sustained evolutionary impact
on such reassortants is unclear. Since 2013, avian H7N9 virus had caused five sequen-
tial human epidemics in China; the fifth wave in 2016 to 2017 was by far the largest,
but the mechanistic explanation behind the scale of infection is not clear. Here, we
found that just prior to the fifth H7N9 virus epidemic, H9N2 viruses had phylogeneti-
cally mutated into new subclades, changed antigenicity, and increased their preva-
lence in chickens vaccinated with existing H9N2 vaccines. In turn, the new H9N2 virus
subclades of PB2 and PA genes, housing mammalian adaptive mutations, were reas-
sorted into cocirculating H7N9 virus to create a novel dominant H7N9 virus genotype
that was responsible for the fifth H7N9 virus epidemic. H9N2-derived PB2 and PA
genes in H7N9 virus conferred enhanced polymerase activity in human cells at 33°C
and 37°C and increased viral replication in the upper and lower respiratory tracts of
infected mice, which could account for the sharp increase in human cases of H7N9 vi-
rus infection in the 2016–2017 epidemic. The role of H9N2 virus in the continual
mutation of H7N9 virus highlights the public health significance of H9N2 virus in the
generation of variant reassortants of increasing zoonotic potential.

IMPORTANCE Avian H9N2 influenza virus, although primarily restricted to chicken
populations, is a major threat to human public health by acting as a donor of variant
viral genes through reassortment to cocirculating influenza viruses. We established
that the high prevalence of evolving H9N2 virus in vaccinated flocks played a key
role as a donor of new subclade PB2 and PA genes in the generation of a dominant
H7N9 virus genotype (genotype 72 [G72]) with enhanced infectivity in humans dur-
ing the 2016–2017 H7N9 virus epidemic. Our findings emphasize that the ongoing
evolution of prevalent H9N2 virus in chickens is an important source, via reassort-
ment, of mammalian adaptive genes for other influenza virus subtypes. Thus, close
monitoring of the prevalence and variants of H9N2 virus in chicken flocks is neces-
sary for the detection of zoonotic mutations.
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Since the first human outbreak in 2013 of avian H7N9 influenza virus, there had
been a total of five waves of the virus in China (1, 2). The fifth wave of 2016 to 2017

was by far the largest epidemic to date, where the number of human cases (n=758)
was almost the same as the sum of the cases from all four previous outbreaks (2). In
the fifth wave, the affected regions had expanded from eastern and southern China to
the central and western provinces (2). Highly pathogenic avian influenza (HPAI) H7N9
viruses were first identified in this epidemic to cause clinical infections in both chickens
and humans (3–5); however, most human cases continued to be from low-pathogenic-
ity avian influenza (LPAI) H7N9 viruses (6). Although human-to-human H7N9 virus
transmission has not been conclusively documented, the risk still exists (5, 7).

H9N2 avian influenza virus (AIV) has been in circulation in chickens in China for
over 20 years (8, 9). To reduce the impact of H9N2 virus infection, flocks have been vac-
cinated since 1998 with commercial inactivated vaccines (10–12); however, the virus
continues to circulate in vaccinated chickens (10, 11, 13). We previously showed that a
particular genotype (genotype 57 [G57]) of H9N2 virus was responsible for outbreaks
in chicken flocks across the country between 2010 and 2013 and that through reassort-
ment, it provided six internal genes to generate the novel H7N9 virus of 2013 (8).
Subsequently, the H7N9 virus crossed the human barrier to cause the first epidemic
wave (14). The cocirculation of H9N2 and H7N9 viruses in chickens has continued to
perpetuate H7N9 virus evolution, resulting in increased viral diversity in subsequent
waves of infection (14–19). Several studies have described molecular characteristics of
the evolving H7N9 virus of the fifth wave (4–6, 20). However, it remains unclear
whether H9N2 influenza viruses can maintain a sustained evolutionary impact on the
largest H7N9 epidemic in humans so far.

Here, we found that the evolution of H9N2 virus in chickens has continued to
impact H7N9 virus genetic changes and contributes to the largest epidemic of human
infection in the fifth wave. Through systematic analysis of the evolution of H9N2 influ-
enza viruses in chickens in China in the period from 2014 to 2017, we discovered that
H9N2 viruses isolated since 2015 have undergone significant genetic and antigenic
changes, with a corresponding increased prevalence in vaccinated chicken flocks. The
evolving H9N2 virus reassorted its PB2 and PA genes containing mammalian adaptive
mutations with cocirculating H7N9 virus, thus creating a novel dominant H7N9 geno-
type that led to the fifth H7N9 virus epidemic. These findings highlight the ongoing
public health threat posed by avian H9N2 viruses in generating novel or variant reas-
sortants of H7N9 virus with epidemic/pandemic potential.

RESULTS
New subclades of H9N2 AIVs in surface and internal genes emerged before the

fifth wave of H7N9 virus infection in humans. To ascertain the possible role of H9N2
virus in the fifth H7N9 virus epidemic (2016 to 2017), we examined the evolutionary
changes of chicken H9N2 viruses before and during the human H7N9 virus outbreak.
The genomes of 143 chicken-derived H9N2 viruses from chicken flocks and live-bird
markets collected between 2014 and 2017 in China were sequenced for phylogenetic
analysis of all eight gene segments, supplemented by publicly available H9N2 sequen-
ces from the 2010–2017 period.

We found that H9N2 virus strains from the 2014–2017 period were all of the previ-
ously identified G57-like clades (Fig. 1A and B; see also Fig. S1 in the supplemental ma-
terial) (8) but had formed relatively independent branches (identified as subclades) in
the eight segments. In the hemagglutinin (HA) phylogenetic tree, a new subclade, 9.1,
was evident in G57-like clade 9; most of the 2014–2017 strains formed this 9.1 sub-
clade. In the phylogenetic tree of PB2, PB1, or PA, most isolates from 2014 onward
were different from the earlier isolates and formed relatively independent subclades
(PB2-6.2, PB1-3.2, and PA-3.1).

According to their subclades, the viruses analyzed could be categorized into multi-
ple subgenotypes (G57-S1 to -S162) (Table S1). Notably, this diversity was reduced
over time. Viruses from 2016 to 2017 had the lowest diversity, with two major
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FIG 1 Phylogenetic analysis of H9N2 influenza viruses isolated from chickens. (A) HA phylogenetic
tree of H9N2 influenza viruses from 2010 to 2017 denoted by different colors. Viruses labeled with a
red dot were selected for HI assays. (B) PB2 phylogenetic tree of H9N2 influenza viruses. (C)
Abundance of the subgenotypes of H9N2 influenza virus during the period from 2014 to 2017. The
top graph depicts the percentages of strains of the five most dominant subgenotypes in each year;
the bottom graph depicts the total numbers of subgenotypes in each year from 2014 to 2017. The
total numbers of H9N2 viruses in each year are 72, 101, 29, and 41.
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dominant subgenotypes (Fig. 1C), which had the same evolved genes of PB2, PB1, and
PA, indicating that H9N2 viruses with such a gene constellation were prevalent in
chickens during this period.

Rising rates of isolation of H9N2 virus in vaccinated chickens preceded and
overlapped the fifth human outbreak of H7N9 virus infection. As most H9N2 viruses
isolated between 2014 and 2017 belonged to a new HA subclade, the associated HA
gene changes would amount to viral antigenic drift (21–24). To determine the extent
of antigenic drift, hemagglutination inhibition (HI) assays, using 7 selected sera, were
performed on 23 representative H9N2 viruses from the 2010–2017 period (Fig. 2 and
Table S2). Three of the seven sera were previously identified as being specific for viral
antigenic group F (8), and the remaining four were derived from the viruses from 2015
to 2017. H9N2 isolates from 2010 to 2013 belonged to antigenic group F, as previously
found (8). However, some strains in 2014 showed distinct antigenic changes. By 2015
to 2017, significant antigenic drift was commonly found; most isolates had HI titers
that were 4 to 32 times lower than those of the F group viruses. Thus, these new var-
iants were classified as belonging to novel antigenic group G. Out of the 23 representa-
tive H9N2 viruses tested, 5 from HA clade 9 belonged to antigenic group F; the remain-
ing 18 viruses were from HA subclade 9.1, of which 15 belonged to antigenic group G
(Fig. 2 and Table S2).

To determine if the antigenic drift of the H9N2 virus was connected to a rising prev-
alence of H9N2 virus infection in chicken flocks, we retrospectively examined the rates
of isolation of H9N2 virus in vaccinated chickens across 21 provinces in China from
January 2014 to December 2017 (Table S3). Out of a total of 1,455 flocks, 465 were pos-
itive for H9N2 virus infection, with a virus isolation rate of 31.96% (Table S3). Mean
H9N2 isolation rates varied annually. Compared with our previously determined isola-
tion rate (47.08%) in 2013 (8), the isolation rate declined in 2014 (41.13%), followed by

FIG 2 Antigenic cartography representation of the HI data generated by a panel of chicken antisera.
The map was drawn by performing multidimensional scaling (MDS) with downscaling of the HI data
to three-dimensional space after log2 transformation, using K-means clustering. Circles and triangles
represent the locations of strains classified as belonging to the F and G antigen groups, respectively.
Different colors represent different years of isolation. Virus names are indicated by using their
abbreviations, and details of the HI data are shown in Table S2 in the supplemental material.
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a further reduction in 2015 (25.20%). However, in the 2016–2017 period, isolation rates
began to rise again and reached 31.15% in 2017. Notably, the rising H9N2 virus preva-
lence in chickens over the 2016–2017 period preceded and overlapped the fifth H7N9
virus epidemic (Fig. 3), which suggests that these recent H9N2 viruses could have been
sources of genetic transmission via reassortment to H7N9 viruses.

The dominant H7N9 genotype (G72) identified in the fifth wave of human
infection comprised PB2 and PA genes from chicken H9N2 virus. Using chicken
H7N9 virus sequences generated in this study, along with all available public H7N9
sequences from humans and chickens, we constructed phylogenetic trees of the six in-
ternal segments to examine genotype evolution (Fig. S2) as previously described (6,
18). We found that the internal genes of H7N9 virus formed diversified clades as
reported previously (5, 6, 20, 25). Based on the genomic diversity of the internal genes,
the five waves of H7N9 virus could be classified into 78 genotypes (Table S1); each ge-
notype with 10% or more of the total number of strains in each epidemic was regarded
as a major genotype (Fig. 4A). Genotype diversity showed a sharp increase from the
first to the second wave and was followed by successive reductions, with the lowest di-
versity being found during the fourth and fifth waves (Fig. 4A). H7N9 genotype 13
(G13) was the most dominant genotype in the third wave of human infection (Fig. 4A).
In this third wave, G72 was first detected in January 2015 (Fig. 4B and Table S1); its rate
of isolation subsequently rose going into the fourth and fifth waves to replace the
dominance of G13 (Fig. 4A) in frequency and geographical distribution (Fig. S3). The
number of G72 viruses isolated from humans (n=15) in the fourth wave rose sharply
(n=287) into the fifth wave (Fig. 4B). It is worth noting that the number of G72 viruses
from humans showed an abrupt increase after November 2016 (Fig. 4B) and was

FIG 3 Rate of isolation (percent) of H9N2 influenza viruses in chicken flocks reporting illness and number of human H7N9 cases in the five epidemic
waves. Red horizontal lines (with connecting dots) indicate mean annual isolation rates, and gray horizontal dashed lines indicate 95% confidence intervals
(CIs). The 2013 H9N2 isolation rate data obtained during the first epidemic wave are from our previous study (8). The total numbers of human cases from
wave 1 to wave 5 were 135, 320, 226, 119, and 758, respectively.
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preceded a year earlier by an increased prevalence of avian H9N2 virus with newly
evolved genes in chicken flocks (Fig. 3).

We compared the genetic makeups of G72 and G13 genotypes and found distinct
PB2 and PA gene combinations (Fig. 4C and Table S1), where the two genes in G72,
distinct from G13, could contribute to the prevalence of G72 in the fifth wave. As
changes in PB2 and PA segments were found in both recent H9N2 and the dominant
(G72) H7N9 viruses, these genes could have been donated from cocirculating H9N2 to
H7N9 viruses. We constructed PB2 and PA phylogenetic trees using all available H9N2
sequences from 2010 to 2017 and H7N9 strain sequences from 2013 to 2017, which
clearly showed that the PB2 and PA genes of the H7N9 G72 strains, but not the H7N9
G13 strains, were derived from H9N2 viruses (Fig. 5A and B and Fig. S4). The PB2 and
PA genes of the G72 genotype were from the H9N2 PB2-6.2 and PA-3.1 subclades,
respectively.

To confirm the delivery of PB2-6.2 and PA-3.1 from H9N2 virus to the G72 genotype
of H7N9, we compared the temporal prevalences of PB2 and PA genes in both

FIG 4 Genetic evolution of H7N9 influenza viruses from epidemic wave 1 through wave 5. (A)
Abundance of different genotypes of H7N9 influenza virus. The top graph shows the rate of prevalence
of the five most abundant genotypes, and the bottom graph illustrates the total number of genotypes
in each wave. (B) Number of G13 and G72 H7N9 strains in each month from 2013 to 2017 in humans.
The first isolation of G72 H7N9 virus was in January 2015 during the third wave. The total numbers of
G72 viruses isolated from humans in the third, fourth, and fifth waves were 3, 15, and 286, respectively.
(C) Genomic constitution of G13 and G72 H7N9 viruses. Virus particles are represented by ovals. The
eight gene segments are horizontal bars (from the top, PB2, PB1, PA, HA, NP, NA, MP, and NS). Scarlet
bars represent the internal segments in the G72 genotype that are different from the G13 H7N9
viruses.
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subtypes. As shown in Fig. 5C, PB2-6.2 and PA-3.1 genes first appeared in the 2011
H9N2 virus strains, while those from G72 H7N9 virus were first found in 2015. The
increasing prevalence of PB2-6.2 and PA-3.1 in H9N2 viruses preceded a similar rise in
their prevalence in H7N9 viruses. Thus, H9N2 viruses were likely to be responsible for
the provision of PB2 and PA genes to the H7N9 viruses to form the G72 genotype.
Furthermore, comparisons of PB2 and PA amino acid sequences revealed the delivery
of 12 possible critical mammalian adaptive residues from H9N2 virus to the H7N9 virus,
including PB2-588V (26), PA-70V (27), PA-100V (28), and PA-343S (29, 30) (Fig. 5D and

FIG 5 Genetic relatedness of H7N9 and H9N2 influenza viruses in PB2 and PA genes. (A) PB2 phylogenetic tree of H7N9 and H9N2 influenza
viruses. On the right side of the tree, PB2 genes of G13 H7N9, G72 H7N9, and 6.2 subclade H9N2 viruses are denoted by different-colored
bars. (B) PA phylogenetic tree of H7N9 and H9N2 influenza viruses. On the right side of the tree, PA genes of G13 H7N9, G72 H7N9, and 3.1
subclade H9N2 viruses are denoted by different-colored bars. (C) Prevalence of PB2-6.2 and PA-3.1 in H7N9 and H9N2 viruses over time. (D)
Prevalence of critical amino acid residues encoded by the PB2 and PA genes of the indicated H7N9 and H9N2 viruses. Red indicates high-
prevalence (up to 100%) substitutions, and blue indicates no mutation or no virus isolated in the given year.
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Table S4). Thus, the earliest PB2 and PA reassortments between H9N2 and H7N9
viruses had likely taken place in or before 2015, which led to the generation of the pre-
dominant G72 genotype responsible for the fifth H7N9 virus outbreak in humans.

H9N2-derived PB2 and PA genes increased polymerase activity in the dominant
G72 genotype H7N9 virus in human cells. Adaptation of viral polymerase is necessary
for efficient virus replication in new host species (31). To determine the effect of the
H9N2 PB2 and PA gene substitutions on H7N9 viral polymerase function, viral minige-
nome polymerase assays were performed in human 293T cells at 33°C and 37°C,
respectively. We used the PB2, PB1, PA, and NP genes from an LPAI H7N9 G13-like virus
as the backbone of the polymerase complex and generated a series of recombinant
polymerase complexes by replacing G13-like PB2 and PA genes with PB2-6.2 and PA-
3.1 genes derived from different H9N2 viruses and G72 H7N9 viruses (Fig. 6 and Table
S5). PB2-6.2 and PA-3.1 genes from the test H9N2 and G72 H7N9 viruses carry 16 spe-
cific amino acid residues reported to confer mammalian adaptive functions (Table S6).
Viral minigenome polymerase assays showed that replacement with PB2-6.2 and PA-
3.1 genes of H9N2 or G72 H7N9 virus significantly enhanced the polymerase activity of
the LPAI H7N9 polymerase complex at both 33°C and 37°C by 4.4- to 11.2-fold
(P, 0.001) (Fig. 6A). Thus, the recent H9N2-derived PB2 and PA genes conferred

FIG 6 Contribution of H9N2-derived PB2 and PA genes to polymerase activity in H7N9 virus. Viral polymerase
activities in 293T cells (A) were determined by minigenome replication assays at 33°C and 37°C, and those in
DF-1 cells (B) were determined at 37°C and 39°C (expressed as mean percentages 6 standard deviations, with
the activity of the corresponding wild-type G13 H7N9 virus being set to 100%, from three independent
experiments). Test RNP complexes were variants of a G13 H7N9 virus with the indicated substitutions of PB2
and PA genes. rG13:PB2/PA-H9N2 refers to the RNP complex with the PB2 and PA genes from an H9N2 virus;
rG13:PB2/PA-G72-1 and rG13:PB2/PA-G72-2 refer to RNP complexes with the PB2 and PA genes from different
G72 H7N9 viruses. All substituted genes were from the H9N2-derived PB2-6.2 and PA-3.1 subclades. Details of
segment and viral information for these reassortants are shown in Table S5 in the supplemental material.
Statistical significance was based on one-way ANOVA (ns, not significant; *, P, 0.05; **, P, 0.01; ***, P, 0.001).
EV, empty vector.
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increased polymerase activity in H7N9 viruses, possibly making the G72 genotype rep-
licate better in mammals. The new subclade of PB2 and PA genes also increased the vi-
ral polymerase activity of H7N9 viruses in chicken DF-1 cells at 37°C and 39°C, respec-
tively, by 1.4- to 2.7-fold (P, 0.05), with the exception of genes from one G72 H7N9
virus (Fig. 6B).

H9N2-derived PB2 and PA genes increased the infectivity of G72 genotype H7N9
virus in mice. To further assess the contribution of the H9N2-derived PB2-6.2 and PA-
3.1 genes to the pathogenicity and replication of H7N9 virus in mammals (Fig. 7), we
used LPAI G13 H7N9 virus as a backbone control virus (rG13) (Table S5 and Fig. S5) to
generate three reassortants (rG13:PB2/PA-H9N2, rG13:PB2/PA-H7N9-1, and rG13:PB2/
PA-H7N9-2). These reassortants had PB2-6.2 and PA-3.1 genes from H9N2 and G72
H7N9 viruses (Table S5). The resulting 50% mouse infective dose (MID50) values of

FIG 7 Contribution of PB2 and PA genes of H9N2 virus origin to infectivity of H7N9 virus in mice. (A) Weight loss and
percent survival of mice (n= 5) inoculated with 106 TCID50 of each virus. Mice that lost .25% of their baseline weight
were euthanized. (B) Virus production from nasal turbinates and lungs. Five mice from each group were euthanized at
3 and 5 dpi to determine viral titers in nasal turbinates and lung tissues. Statistical significance was based on one-way
ANOVA (*, P, 0.05; **, P, 0.01; ***, P, 0.001). (C) Representative histopathological changes in lung sections at 3 dpi
by hematoxylin and eosin (H&E) staining (left) and immunodetection of influenza viral NP antigen (right). Mice
infected with rG13:PB2/PA-H9N2, rG13:PB2/PA-H7N9-1, and rG13:PB2/PA-H7N9-2 viruses presented with more severe
histopathology and a greater abundance of viral antigen-positive cells in the lung fields.
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rG13, rG13:PB2/PA-H9N2, rG13:PB2/PA-H7N9-1, and rG13:PB2/PA-H7N9-2 were 4.5, 3.5,
3.5, and 1.5 log10 50% tissue culture infective doses (TCID50), respectively, demonstrat-
ing that PB2-6.2 and PA-3.1 genes conferred increased infectivity by between 10- and
1,000-fold (Table S7).

Next, the four viruses were inoculated into mice to determine their pathogenicity
and viral load in the respiratory tract. Each mouse was intranasally inoculated with
the indicated virus at a dose of 106 TCID50. Nasal turbinate and lung samples from
five mice per group were collected for viral titration at 3 and 5 days postinfection
(dpi). rG13-infected mice showed no obvious weight loss; the other three reassor-
tants caused a range of weight losses, with a maximum loss of 15.4% to 22.86% (Fig.
7A). All mice infected with the rG13 virus recovered; those infected with the other
three reassortants showed 1 to 3 deaths from each group, although they were not
statistically different from the rG13 group (Fig. 7A). For viral loads in the nasal turbi-
nates and lungs, the three reassortants produced significantly higher viral titers than
those of rG13 virus at 3 and 5 dpi (P, 0.05) (Fig. 7B). Among the three reassortants,
rG13:PB2/PA-H7N9-2 virus produced the highest titers in the turbinates (.100-fold)
and lungs (.200-fold) relative to rG13 virus. Histopathology findings of virus infec-
tion in mice were consistent with the clinical response. Lungs from rG13 virus infec-
tion showed mild bronchitis (Fig. 7C), while the 3 reassortant viruses caused exten-
sive and severe peribronchiolitis and bronchopneumonia; interstitial pneumonia
was detected (Fig. 7C). Viral-antigen-positive cells in the lung were also more abun-
dant with the 3 reassortant viruses (Fig. 7C). In summary, recent substitutions of
H9N2-derived PB2 and PA genes with those in H7N9 virus conferred increased infec-
tivity in mice.

DISCUSSION

We demonstrated here that continually evolving H9N2 virus not only resulted in
its increased prevalence in vaccinated chickens but also led to the transfer of its PB2
and PA gene variants to cocirculating H7N9 viruses that in turn caused the largest
H7N9 virus epidemic to date between 2016 and 2017. Our findings highlight chicken
H9N2 virus as a key donor in virus reassortment and thus an ongoing threat to public
health.

In recent years, the H9N2 virus has undergone rapid mutational changes, leading to
repeated outbreaks in vaccinated chicken flocks. In 1998, H9N2 virus caused the first
epizootic in chickens along the eastern coast of China (11). Despite an existing nation-
wide poultry vaccination program, during 2010 to 2013, it caused a second large-scale
outbreak in chickens across most provinces in China (8). Subsequently, updated vac-
cines were able to reduce the virus prevalence in 2014 to 2015, according to our find-
ings. However, a year later, between 2016 and 2017, the prevalence of H9N2 virus in
vaccinated flocks had again risen. Although this increase was not as high as that in
the 2010–2013 outbreak in chickens, it produced new H9N2 subclades of zoonotic
significance.

The formation of the H7N9 virus G72 genotype, responsible for the fifth epidemic
wave, was the result of newly acquired subclade PB2 and PA gene segments from
cocirculating H9N2 virus. Previous studies have also analyzed the internal genes of the
dominant H7N9 virus genotype of the fifth wave (4–6, 20); most identified H7N9 PB2
and PA genes were from the cocirculating H9N2 virus, but the functional and genetic
details of these genes are hitherto unclear. Here, we found that the PB2 and PA genes
of 2016–2017 H7N9 virus were different from those isolated in 2013. The PB2 and PA
genes from the dominant H9N2 virus subclades had undergone further mutations to
carry more mammalian adaptive variations. Experimentally, we demonstrated that the
PB2 and PA genes donated by H9N2 virus significantly enhanced the polymerase activ-
ity of the recipient H7N9 virus in human cells at 37°C and 33°C. The latter temperature
could favor G72 H7N9 virus replication along the nasal passage, thus promoting initial
upper respiratory tract infection in humans. A challenge study in mice confirmed that

Pu et al. Journal of Virology

June 2021 Volume 95 Issue 11 e01578-20 jvi.asm.org 10

https://jvi.asm.org


the 2016–2017 H7N9 virus with the recently acquired H9N2-originating PB2 and PA
genes produced significantly higher viral titers in nasal turbinates and lungs at 3 and
5 dpi. Notably, the H9N2 virus-derived PB2 and PA genes carried a number of known
mammalian adaptive residues, PB2-588V, PA-70V, PA-100V, and PA-343S, in PB2 and
PA (26–28). We previously reported additional mammalian adapted amino acid resi-
dues, such as PA-356R and PB2-292V, in recent chicken H9N2 isolates (32–34). Thus,
H9N2 virus is highly adept at producing mammalian adaptive mutations in its natural
chicken host and contributes to viral transmissibility to humans.

There are at least three major factors behind the largest H7N9 virus epidemic to
date (2, 35). First, over the four previous waves, the H7N9 virus had steadily spread
through chickens from the original center of infection (the Yangtze River Delta) to
across China (2, 25, 35). With the growing cocirculation of H7N9 and H9N2 viruses in
most of China, it is not surprising that reassortment events took place. Second, the
2016–2017 H7N9 virus was more infectious. We found that the new subclade of PB2
and PA genes increased the viral polymerase activity of H7N9 viruses in chicken cells,
which would facilitate viral spread among chicken populations. Moreover, the H7N9
viruses were found to replicate better than their predecessor in the upper and lower
respiratory tracts of mice, which suggests more effective transmission of G72 H7N9 vi-
rus from chickens to humans. Third, other gene segments, in addition to PB2 and PA
genes, with mammalian mutations could have contributed to increased human infec-
tion by H7N9 virus (2, 6).

The clinical severity of human cases in the fifth H7N9 virus wave was not signifi-
cantly different from those in previous waves (36). Our mouse challenge results also
found no significant difference in survival rates between G13 and its reassortants with
H9N2-derived PB2 and PA genes. Thus, the evolved PB2 and PA genes of H9N2 virus
could have conferred higher infectivity of H7N9 virus in humans without significantly
enhancing its pathogenicity. In addition to H7N9 virus, H5N6 and other viruses with
H9N2-original genes are also widely prevalent in poultry populations in China (37). The
impact of H9N2 virus on these reassortants should also be given more attention.

In summary, the dominant G72 genotype H7N9 virus, responsible for the largest
2016–2017 H7N9 virus epidemic to date, had arisen from the reassortment of new sub-
clade PB2 and PA genes from continually evolving H9N2 virus. At present, H9N2 virus
is the most dominant AIV in China and shows little seasonality of transmission in
chicken populations (7, 8). Although the number of H7N9 virus isolates in chickens has
recently declined (4), H9N2 virus with mammalian adaptive mutations remains wide-
spread among chickens. Therefore, it is necessary to continue to gather epidemiologi-
cal data on H9N2 virus and its reassortants in chickens throughout the country to chart
their evolutionary progress and better predict zoonotic transmission to humans.

MATERIALS ANDMETHODS
Ethics statement. All animal research was approved by the Beijing Association for Science and

Technology and performed in compliance with Beijing Laboratory Animal Welfare and Ethics guidelines,
as issued by the Beijing Administration Committee of Laboratory Animals, and in accordance with China
Agricultural University (CAU) Institutional Animal Care and Use Committee guidelines (SKLAB-B-2010-
003).

Virus isolation, identification, and genomic sequencing. In our retrospective survey for the period
from January 2014 to December 2017, samples (chicken carcasses and lung samples) from 1,455 chicken
flocks located across 21 provinces in China (Anhui, Beijing, Guangxi, Guansu, Fujuan, Hebei,
Heilongjiang, Henan, Hubei, Jiangsu, Jiangxi, Jilin, Liaoning, Neimenggu, Ningxia, Shanxi, Shaanxi,
Shandong, Sichuan, Yunnan, and Zhejiang) were received by our laboratory for diagnosis (see Table S1
in the supplemental material). Samples were from H9N2 virus-vaccinated chicken flocks that showed re-
spiratory signs and/or a 5 to 20% drop in egg production. During 2014 to 2017, H9N2 virus vaccines
used in chickens in China were mostly derived from strains belonging to antigen group F (38). Virus iso-
lation using 10-day-old specific-pathogen-free (SPF) embryonated chicken eggs and virus identification
by a hemagglutination inhibition (HI) assay were carried out as previously described (8). Typically, sev-
eral chickens or lung samples from each flock were sent to the laboratory each time. If H9N2 virus was
isolated from one or more samples, the flock was considered H9N2 virus positive. The virus isolation rate
was determined by dividing the number of H9N2-positive flocks by the total number of flocks.
Oropharyngeal and cloacal swabs from healthy chickens from live poultry markets were also taken in
four provinces (Beijing, Gansu, Hebei, and Shandong) for virus isolation. H9N2 viruses (n= 143) isolated
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from 2014 through 2017 and H7N9 viruses (n= 17) isolated from 2013 through 2017 were sequenced as
previously described (8). All isolated H7N9 viruses were LPAI viruses.

Human cases of H7N9 virus infection in China. The number of confirmed human cases of H7N9 vi-
rus infection cited in this study were derived from data from the World Health Organization (www
.who.int/influenza/human_animal_interface/avian_influenza/archive/en/) and the National Health
Commission of the People’s Republic of China (www.nhc.gov.cn).

Sequence collection and alignment. All previously published sequences of H9N2 chicken influenza
A virus isolated in China (2010 to 2017) and related sequences were obtained from the Global Initiative
on Sharing Avian Influenza Data (www.gisaid.org) and the Influenza Virus Resource at the National
Center for Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov/genomes/FLU) (Tables S8 and S9).
All sequences of H7N9 virus published before September 2017 were acquired from the above-men-
tioned databases. H9N2 and H7N9 virus sequences, combined with sequences generated in this study
(Table S9), were used for further analysis. All duplicate submissions were removed by identifying sets of
isolates with identical viral names and sequences in submitted segments. The resulting sequences of
each gene segment were aligned using MUSCLE v3.7 (39) via the CIPRES Science Gateway (40), manually
adjusted to correct frameshift errors, and subsequently translated. Downstream phylogenetic analyses
were performed on regions of the alignments containing few gaps across sequences. These regions con-
sist of the following intervals (nucleotide numbers are from the start of the untranslated region): PB2 nu-
cleotides 28 to 2307, PB1 nucleotides 25 to 2298, PA nucleotides 25 to 2175, HA nucleotides 34 to 1716,
NP nucleotides 46 to 1542, NA nucleotides 20 to 1420, MP nucleotides 26 to 1007, and NS nucleotides
27 to 864.

Phylogenetic analysis and clade classification. IQ-TREE was used to construct maximum likelihood
phylogenies for each segment (41). A generalized time-reversible substitution model with a gamma
distribution (GTR1G) was used, and branch supports were assessed through the Shimodaira-Hasegawa
approximate likelihood-ratio test (SH-aLRT) (42) with 1,000 replicated tests. Clades with SH-aLRT support
of $90% in the tree were selected as clusters. Clades were then manually merged, if necessary, based
on the branch length (.0.01) and reported classification (6, 8). In the identified clades, clusters that
formed relatively independent branches (SH-aLRT support of .90% and branch length of .0.001) were
identified as subclades. Each clade/subclade was assigned a unique clade/subclade identification num-
ber. Figures were generated using iTOL (43).

Genotypic analysis. Isolates were genotyped/subgenotyped if sequences and clade/subclade
assignments were available for all eight segments of H9N2 viruses (8) or for all six internal segments of
H7N9 viruses (6, 18, 20). Virus subgenotypes were analyzed in chicken H9N2 viruses isolated in China
from 2010 to 2017. Virus genotypes were analyzed in H7N9 viruses isolated from humans and other
hosts in China during wave 1 to wave 5. Genotype/subgenotype identifications were assigned according
to the isolation time of the initial founder isolate.

Antigenic analysis. HI assays, performed as previously described (44), were used to antigenically
characterize H9N2 viruses isolated in China in this study. The HI titer was expressed as the reciprocal of
the highest serum dilution in which hemagglutination was inhibited. For analysis of antigenic variation,
the HI data were log2 transformed, and the transformed data were downscaled to three-dimensional
space by multidimensional scaling (MDS) (45) with an explained variance of 96.78%. Antigenic clustering
of virulent strains was performed using K-means clustering (46).

Plasmids and cells. Protein expression plasmids, pcDNA-PB2, pcDNA-PB1, pcDNA-PA, and pcDNA-
NP, were generated by subcloning the corresponding coding segments into the pcDNA3.1 vector.
Human embryonic kidney (293T) cells, human lung adenocarcinoma epithelial (A549) cells, and chicken
embryo fibroblast (DF-1) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/ml of penicillin, and 100mg/ml of strep-
tomycin at 37°C in a 5% CO2 atmosphere.

Polymerase activity assay. A dual-luciferase reporter assay system (Promega, Madison, WI, USA)
was used to compare the polymerase activities of different viral RNP complexes (32). PB2, PB1, PA, and
NP gene segments of the indicated viruses were separately cloned into the pCDNA3.1 expression plas-
mid. PB2, PB1, PA, and NP plasmids (125 ng each plasmid) along with the pLuci luciferase reporter plas-
mid (10 ng) and the renilla internal control plasmid (2.5 ng) were used to transfect 293T cells or DF-1
cells. 293T cell cultures were incubated at 33°C or 37°C; DF-1 cell cultures were incubated at 37°C or
39°C. Cell lysates were analyzed at 24 h posttransfection for firefly and renilla luciferase activities using
a GloMax 96 microplate luminometer (Promega). The PB2, PB1, PA, and NP genes from an LPAI G13 ge-
notype H7N9 virus (A/chicken/Shandong/M0303-10/2017) were used as a reference viral RNP complex
in polymerase activity assays. Series of recombinant viral RNP complexes were generated by replacing
the reference complex with specific PB2 and PA genes from H9N2 and G72 genotype H7N9 viruses,
whose PB2 and PA genes were from the PB2-6.2 and PA-3.1 subclades, respectively. The H9N2 viruses
used were A/chicken/Shandong/217/2017 and A/chicken/Hebei/M1211-20/2016, and the G72 geno-
type H7N9 viruses used were A/chicken/Shandong/F0513-60/2017 and A/chicken/Beijing/F0606-1/
2017. Further details of virus and segment information are shown in Table S5 in the supplemental
material.

Generation of reassortant viruses by reverse genetics. A recombinant reference vG13 genotype
(rG13) virus was generated by reverse genetics (47). All six internal gene segments were amplified by
reverse transcription-PCR (RT-PCR) from the LPAI G13 genotype H7N9 virus (A/chicken/Shandong/
M0303-10/2017), and two surface genes were from the LPAI G13 virus (A/chicken/Jiangsu/BD145/2014).
Each gene was individually cloned into a dual-promoter plasmid, pHW2000. Based on the rG13 virus,
three additional reassortants (rG13:PB2/PA-H9N2, rG13:PB2/PA-H7N9-1, and rG13:PB2/PA-H7N9-2) were
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generated by substituting the PB2 and PA genes (from the PB2-6.2 and PA-3.1 subclades) of H9N2 and
G72 H7N9 viruses. Rescued viruses were generated in 293T cells as previously described (47). Further
details of segment and viral information for these reassortants are shown in Table S5.

Mouse challenge study. Fifteen mice (6-week-old female BALB/c mice; Vital River Laboratory,
Beijing, China) per group were anesthetized with tiletamine-zolazepam (Zoletil; Virbac SA, Carros,
France) (20mg/g), and each mouse was inoculated intranasally with 106 TCID50 of the indicated test vi-
rus diluted to 50ml with phosphate-buffered saline (PBS). Five mice from each group were monitored
daily for 14 days, and mice that lost .25% of their original body weight were humanely euthanized.
Five mice from each group were euthanized at 3 and 5 days postinfection (dpi) for the determination
of virus titers and histopathology. Nasal turbinates and lungs were collected and homogenized in 1ml
of cold PBS. Virus titers were determined by TCID50 assays. A portion of the lung from each euthanized
mouse at 3 dpi was fixed in 10% phosphate-buffered formalin for histopathological examination, which
was performed as described previously (48). The MID50 was determined according to a previous study
(49).

Statistical analysis. Experimental groups were statistically compared by analysis of variance
(ANOVA). A P value of ,0.05 was considered to indicate a statistically significant difference.

Data availability. The sequences generated in this study have been deposited in the GenBank data-
base, and the accession numbers are listed in Table S9 in the supplemental material.
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