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The influenza A (H7N9) virus has been seriously concerned for its potential

to cause an influenza pandemic. To understand the spread and evolution

process of the virus, a spatial and temporal Bayesian evolutionary analysis was

conducted on 2,052 H7N9 viruses isolated during 2013 and 2018. It revealed

that the H7N9 virus was probably emerged in a border area of Anhui Province

in August 2012, approximately 6 months earlier than the first human case

reported. Two major epicenters had been developed in the Yangtze River

Delta and Peral River Delta regions by the end of 2013, and from where the

viruses have also spread to other regions at an average speed of 6.57 km/d. At

least 24 genotypes showing have been developed and each of them showed

a distinct spatio-temporal distribution pattern. Furthermore, A random forest

algorithm-based model has been developed to predict the occurrence risk of

H7N9 virus. The model has a high overall forecasting precision (> 97%) and

the monthly H7N9 occurrence risk for each county of China was predicted.

These findings provide new insights for a comprehensive understanding of the

origin, evolution, and occurrence risk of H7N9 virus. Moreover, our study also

lays a theoretical basis for conducting risk-based surveillance and prevention

of the disease.
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Introduction

In February 2013, human infections with a novel avian influenza A (H7N9)
virus were reported in China (Gao et al., 2013). Since then, five epidemic waves
of human infections with the H7N9 virus have occurred in China, resulting in
1,565 laboratory confirmed cases and 615 fatal cases, with a case fatality rate
of ∼40% (Su et al., 2017; Artois et al., 2018; Xiang et al., 2018; Zhu et al.,
2018). Therefore, a great concern about a novel influenza pandemic has been
raised by this virus. Initial investigations on the human cases proved that some
patients were associated with a history of direct exposure to poultry or close
contact with live-bird markets before disease onset, suggesting that the H7N9 virus
was probably originated from poultry (Cowling et al., 2013; Liu et al., 2013b;

Frontiers in Microbiology 01 frontiersin.org

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.1002522
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.1002522&domain=pdf&date_stamp=2022-09-15
https://doi.org/10.3389/fmicb.2022.1002522
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1002522/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1002522 September 9, 2022 Time: 15:21 # 2

Shi et al. 10.3389/fmicb.2022.1002522

Lu et al., 2013). During the initial survey conducted in poultry
farms and live poultry markets, H7N9 viruses have been isolated
mainly from bird and environmental samples collected in live
bird markets, which supported the hypothesis on the source of
human infections (Shi et al., 2013a). The expanding circulation
of the viruses has posed a serious threat to both the public
health and poultry industry of China, and the situation has
even developed much worse when the highly pathogenic avian
influenza (HPAI) H7N9 virus emerged in 2017 (Dong et al.,
2017; Imai et al., 2017; Ke et al., 2017; Shi et al., 2017; Su
et al., 2017). To eliminate the threat posed by the H7N9 virus,
a compulsory vaccination in chickens has been launched by
the Ministry of Agriculture and Rural Affairs of China since
September 2017. This has resulted in a rapid decline of human
infections, and only four human cases were reported between
2018 and 2019 (Yin et al., 2021). However, H7N9 virus has
not been eradicated from poultry and the viruses have been
continuously detected from poultry populations, reminding that
the risk of H7N9 outbreak should not be neglected (Li and Chen,
2020).

The H7N9 virus was a reassortant of H7, N9 subtype viruses
from migratory birds and avian influenza H9N2 viruses that
were circulating in the poultry population of China. This virus
was recognized initially as a lowly pathogenic avian influenza
virus (LPAI) in chickens with a capacity of binding both human
and avian cell receptors (Gao et al., 2013; Lam et al., 2013; Shi
et al., 2013b; Tharakaraman et al., 2013; Xiong et al., 2013; Xu
et al., 2013; Zhou et al., 2013). Several studies proved that the
H7N9 virus is transmittable between ferrets through respiratory
droplets, which raised great concerns about human-to-human
transmission (Belser et al., 2013; Zhang et al., 2013). Although
several family clusters of H7N9 infections have been reported, it
is believed that the H7N9 virus hasn’t acquired the capability to
transmit efficiently between humans (Liu et al., 2014; Yi et al.,
2015; Wang et al., 2019; Zhang et al., 2019). However, H7N9
virus has undergone continuous evolution and reassortment
with other subtypes of avian influenza viruses, and resulted in
the genesis of many different genotypes of the viruses. Mutations
accumulated in the genes of certain genotypes of the H7N9
virus have increased its adaptation of mammalian hosts (Li and
Chen, 2020). Furthermore, 27 human cases in the fifth wave of
epidemic were caused by the HPAI H7N9 viruses (Imai et al.,
2017; Kang et al., 2017; Ke et al., 2017; Lee et al., 2017; Yang et al.,
2017, 2018; Zhou et al., 2017; Liu et al., 2018; Yamayoshi et al.,
2018), indicating that the currently circulating HPAI H7N9
viruses are more serious threats to public health.

The H7N9 virus has developed high genetic diversity and
formed more than 20 genotypes (Shi et al., 2017; Li and
Chen, 2020). However, the genesis and evolution of these
different genotype viruses was unclear, especially in terms
of spatial and temporal distribution patterns, which is the
key to understand the driving forces to the evolution of a
novel influenza virus. Therefore, the aim of this study was

to explore the spatio-temporal spread and evolution of H7N9
virus based on their genetic connections. We conducted spatial
and temporal Bayesian evolution analyzes on 2,052 H7N9
viruses, and revealed the spreading and evolutionary patterns
of different genotypes of the H7N9 viruses over space and
time. We also developed a random forest algorithm-based
prediction model for forecasting the occurrence risks of H7N9
virus. Our findings provide new insights into the spread and
evolution of H7N9 virus, and lays a theoretical basis for
eliminate the potential risks for human and avian infections and
provide a tool for planning risk-based virus surveillance and
control.

Materials and methods

Data

A total of 2,052 H7N9 virus genome sequences were
downloaded from the Global Initiative on Sharing All
Influenza Data (GISAID)1 and GenBank database.2 The relative
information on these viruses including the hosts, isolation
time, and isolation sites (latitude and longitude) were compiled
according to the reference materials provided during the
sequence submission and the data obtained from the National
Avian Influenza Reference laboratory of China.

Social and environmental factors are always associated with
the occurrence of an infectious disease. To build a H7N9
occurrence risk prediction model, we also prepared a model
training database, which included the data on five risk factors:
the density of poultry population (DP), the density of human
population (DH), the monthly average temperature (AT), the
density index of water system (DIW), the number of live
bird markets (NLBMs). The data on poultry productions were
retrieved from the National Statistics Bureau (NSB)3 and the
Ministry of Agriculture’s Animal Husbandry Bureau (AHB)4

and then standardized as DP for each county. The data on DH
and AT were downloaded from the Nation Data Centre (NDC)
(see text footnote 3) and the National Earth System Science
Data Center,5 respectively. The DIW referred to the proportion
of the water area (including Rivers, Lakes, and Reservoirs)
to the county area. A web-based data mining program was
employed to obtain the data on NLBMs in China. A H7N9
positive county/city was defined as which had at least one
H7N9 virus isolated either from human, avian species, or
environmental samples.

1 http://www.gisaid.org

2 http://www.ncbi.nlm.nih.gov

3 https://data.stats.gov.cn/english/

4 http://english.moa.gov.cn/

5 http://gre.geodata.cn
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Descriptive analysis

Previous studies showed that there were five waves of H7N9
human infections. To facilitate the comparison between human
cases and viral isolation, we divided the viruses into five groups
accordingly and designated Wave 1–5. An epidemic curve was
drawn based on the monthly accumulated number of virus
isolation. Based on the isolation numbers by the end of each
wave, spatial distribution maps of H7N9 viruses against human
and poultry population densities were produced by using QGIS
3.4.6

Spatio-temporal Bayesian evolutionary
analysis

To perform spatial-temporal Bayesian evolutionary analysis,
the database was sub-divided into three subsets including HA
(1,878 records), NA (1,933 recodes), and PB2 (1,827 recodes)
according to the sequence quality. The HA, NA, and PB2
gene sequences were aligned using ClustalW implemented
in MEGA 6.06 (Tamura et al., 2013). The spatial-temporal
Bayesian evolution analysis was performed using the BEAST
1.10.0 (Drummond and Rambaut, 2007; Suchard et al., 2018)
with the following settings: the HKY85 nucleotide substitution
model was used to describe the process of one nucleotide being
substituted for another; the uncorrelated relaxed clock with a
lognormal distribution, which indicated no a priori correlation
between a lineage’s rate and that of its ancestor, was applied
to model rate heterogenicity; and the expansion growth with
growth rate tree prior was applied for the analysis based on
the occurrence dynamics of the H7N9 virus. Other parameters
were set to default values as recommended by the BEAST (Shi
et al., 2017). A Markov Chain Monte Carlo (MCMC) chain
was selected with 10,000,000 steps and sampled every 1,000
steps. The first 10% of samples were cut-off as burn-in by the
TreeAnnotator program in the BEAST package. The generated
maximum clade credibility (MCC) trees were viewed in Figtree
1.4.3.7 Spatio-temporal evolutionary analysis based on the MCC
trees with continuous traits of HA, NA, and PB2 was performed
using Spread D3 (Bielejec et al., 2016).

Genotyping of H7N9 virus

Given many genotypes of the H7N9 viruses have been
developed since 2013, to explore the spatio-temporal spread and
evolution of different genotypes of the H7N9 viruses, a total of
1,436 H7N9 isolates were genotyped based on the gene groups

6 https://www.qgis.org

7 http://tree.bio.ed.ac.uk/software/figtree/

inferred by the MCC trees of HA, NA, and PB2. Then the
number of the viruses belonging to each genotype was calculated
at a provincial level in each wave. The temporal distribution
of the genotypes was depicted by a heat map, while the spatial
distribution of the genotypes was displayed on a Chinese map.

Long-distance transmission of H7N9
virus

Based on the spatio-temporal Bayesian evolutionary analysis
of the HA of H7N9 viruses, ten long-distance spreading
routes were selected and analyzed. The information on these
routes, including original strain, start place, stopover place,
end place, start time, end time, and distance between start
place and end place, were extracted and compiled. According
to this information, the spreading speed of H7N9 virus for
each route and an average spreading speed of the ten routes
were calculated, respectively. A long-distance spread map was
generated using QGIS 3.4.

Development of occurrence risk
prediction model for H7N9 virus

The prediction model was developed by using the random
forest algorithm implemented in the R package caret. The
dataset used for training and verifying the model included 2,486
records, of which 64 were positive for H7N9 virus and the rest
were negatives. Seventy percent of the records were randomly
selected by the algorithm and used to train the model, and the
30% rests were used to verify the model. The modeling process
principally included two stages: in the first stage, the random
forest algorithm generated a model through training multiple
decision trees; in the second stage, the well-trained trees were
employed to generate classifies. The values of the mtry and ntree
were optimized to 8 and 250, respectively. We adopted a 10-
fold cross-validation method to evaluate the prediction accuracy
of the model. Finally, the model was employed to predict the
monthly occurrence risk of H7N9 virus for each county of
China. The risk maps were visualized using QGIS 3.4. The
significance of the risk factors was plotted using the pheatmap
tool in R 3.5.1.

Results

Spatial and temporal distribution of the
H7N9 viruses

A total of 2,052 H7N9 viruses used in this study were
classified into five groups and designated Wave 1–5 according
to the time periods of previously reported human epidemics
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(Wang et al., 2017). The spatial distributions of the viruses are
shown in Figure 1A. As indicated by the maps, the viruses
isolated during Wave 1 to Wave 4 were mainly distributed in
the eastern and southern regions of China, especially in Yangtze
Delta Region (YDR) and Pearl Delta Region (PDR) areas, with
a small number of viruses detected in other provinces, such
as Hebei, Shandong, Hunan, Xinjiang, and Jilin. In contrast,
a geographically striking expansion of the viruses occurred
during Wave 5, with 33 out of 34 provinces or municipalities in
mainland China affected, indicating an increased risk of H7N9
infections in both poultry and humans. However, the isolation

of H7N9 viruses has dropped dramatically both in humans
and poultry after the implementation of vaccination policy in
chicken in late 2017. An epidemic curve was drawn based on
monthly accumulated virus isolation number (Figure 1B). The
number of the H7N9 viruses belonging to each of the waves
were 222, 708, 274, 92, and 756, respectively. Only three viruses
isolated after Wave 5 until 2018. These viruses were isolated
from humans (50.96%), avian (36.61%), and environmental
samples (12.43%). Overall, the spatio-temporal distribution
patterns of the H7N9 viruses are largely consistent with that of
human cases.

FIGURE 1

Spatial and temporal distribution of Influenza H7N9 viruses during 2013–2018. (A) Geographic distribution of the H7N9 viruses isolated during
Wave 1–5 in mainland, China. The red circles represent locations of the viruses isolated. The background is a population density of human and
poultry. The maps were generated using QGIS 3.4 (see text footnote 7). (B) An epidemic curve of the H7N9 viruses. The curve was generated
based on the monthly cumulative numbers of the H7N9 viruses isolated during 2013–2018. Viruses isolated from human, poultry, and
environment are colored blue, orange, and gray, respectively.
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Genesis and spread of the H7N9
viruses

Several studies have proved that the H7N9 virus is a multiple
reassortant of avian originated influenza viruses (Chen et al.,
2013; Lam et al., 2013; Liu et al., 2013a; Wu et al., 2013), but

the occurrence of this reassortment event was a mystery. The
spatial-temporal Bayesian evolutionary analysis based on the
nucleotide sequences of HA, NA, and PB2 genes of the H7N9
viruses disclosed that the reassortment event possibly occurred
in a border area of Anhui province in August 2012, which
was 6 months earlier than the first human H7N9 infection

FIGURE 2

Genesis and spatio-temporal spread and evolution of the H7N9 viruses. (A) Genesis and initial spreading trajectory of the H7N9 virus. The large
map shows the site (indicated by the cyan star) and time of the occurrence of the reassortment event. The enlarged small maps show the
occurrence and initial spread route of the ancestors of the HA, NA, and PB2 of the H7N9 virus. (B) Spatio-temporal spread and evolution of the
H7N9 viruses. The spatio-temporal Bayesian evolutionary analysis was conducted based on the gene sequences of HA of the H7N9 viruses. The
analysis was performed using BEAST software with the HKY nucleotide substitution model and the expansion growth with growth rate tree prior.
The maps are snapshots at the end of each wave. The posterior value shows the possibility of the occurrence of a new H7N9 virus strain.

Frontiers in Microbiology 05 frontiersin.org

https://doi.org/10.3389/fmicb.2022.1002522
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1002522 September 9, 2022 Time: 15:21 # 6

Shi et al. 10.3389/fmicb.2022.1002522

FIGURE 3

Phylogeny of the H7N9 viruses. (A) The maximum clade credibility (MCC) tree based on the HA nucleotide sequences of the H7N9 viruses.
(B) The MCC tree based on the NA nucleotide sequences of the H7N9 viruses. (C) The MCC tree based on PB2 nucleotide sequences of the
H7N9 viruses. For generating the MCC trees, the gene sequences were aligned by ClustalW in MEGA 6.06. The trees were build using BEAST
1.10.0 based on the spatio-temporal evolution analysis of gene sequences and then were visualized by Figtree 1.4.3. The color of the branches
ranges from red to blue representing the tMRCA of the tree root to the most recent strains. Bar represents 0.2 calendar years. (D) Genotypes of
the H7N9 viruses classified according to the gene lineages of HA, NA, and PB2.
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reported. From then on, the viruses have spread toward the
western, northern, and southern areas. Before the first human
cases reported in late February 2013, the H7N9 viruses have
probably presented in four provinces including Anhui, Jiangsu,
Shanghai, and Jiangxi (Figure 2A). At the end of Wave 1, the
majority of the H7N9 viruses circulated in YDR region, but a
longitudinal spread was also found and led to the development
of a new epicenter in PDR. It was noticeable that several long-
distance transmissions toward northern and western provinces
occurred during Wave 2, but which weren’t much developed
in Wave 3 and 4. The Wave 5 was the largest among the
others indicated by both the number of the isolations and
their geographical distribution. An inland expanding trend was
significant in this wave, resulting in almost all provinces in
mainland China affected except for Hainan Province (Figure 2B
and Supplementary Videos 1–3).

Spatial and temporal evolution of the
H7N9 viruses

To understand the evolution of the H7N9 viruses over
space and time, the HA, NA, and PB2 gene sequences of 1,436

H7N9 viruses were used to develop MCC trees. According to
the HA MCC tree, the H7N9 viruses were classified into four
groups and designated G1-4 (Figure 3A), which is consistent
with the previous reports (Shi et al., 2017). The H7N9 viruses
were classified into three and six gene groups based on
the MCC trees of NA (Figure 3B) and PB2 (Figure 3C),
respectively. Then, those viruses were further divided into 24
genotypes according to the gene groups defined by the HA,
NA, and PB2 MCC trees, and designated as genotypes G01-24
(Figure 3D).

According to their occurrence and duration, these genotypes
were broadly divided into three groups: those occurred in the
first wave and lasted till Wave 5, including G01 and G02;
those emerged during the first wave, but disappeared before
Wave 5, including G03 to G13; and those appeared after Wave
1, including G14-24. Noticeably, the G01 and G02 were the
only two groups of the viruses that circulated all through
the five waves with a gradual increasing in genetic diversity.
A striking phenomenon was that several dominant genotypes
(G03-05) in the first two waves disappeared before Wave 5,
the underlying reasons need to be explored. There were also
several genotypes developed after Wave 1 and became the
dominant groups during Wave 5, such as G14, G16, and G22

FIGURE 4

Spatio-temporal distribution of the H7N9 viruses belonging to the 24 genotypes. (A) The number of the viruses corresponding to each
genotype isolated in each wave. (B) Provincial distribution of ten major genotypes. Layers of the doughnut chart from the outside to the inside
represent G01, G02, G03, G04, G05, G07, G14, G15, G16, and G22, respectively. The number labels the percentage of the viruses isolated from
each province.
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(Figure 4A). To learn the geographical distribution of the
viruses belonging to different genotypes, a doughnut chart was
plotted based on the provincial isolation percentage of the top
ten genotypes including G01, G02, G03, G04, G05, G07, G14,
G15, G16, and G22 (Figure 4B). It revealed that these ten
genotypes were grouped into two distinct spatial distribution
clusters: cluster one, mainly including genotypes G01-04, was
mainly isolated from the four provinces in YDR (Anhui, Jiangsu,
Zhejiang, and Shanghai) and spread to other distant places,
such as the northeastern and northwestern provinces; while the
rest genotypes were dominantly distributed in Guangdong and
Fujian provinces, with a small number of provinces affected by
those genotypes of the viruses.

To further explore the genetic diversity of the H7N9
viruses at provincial levels, a spatial distribution map of the
24 genotypes was produced and the number of the provinces

affected by each of the genotypes during Wave 1–5 was
calculated (Figure 5). It was very clearly that four provinces,
including Guangdong, Fujian, Zhejiang, and Anhui, had the
highest genetic diversities of the H7N9 viruses by showing more
than ten genotypes presented and the highest of which (16
genotypes) occurred in Guangdong Province. Those provinces
that having a medium number of genotypes (5 ≤ genotype
number < 10) were largely the neighbors of the above four
provinces. Strikingly, the number of provinces affected by the
G01 and G02 groups increased steadily from Wave 1 to Wave
5, especially the G01 viruses that took over 26 provinces by
the end of Wave 5. Although the viruses in G04 spread to ten
provinces during Wave 2, but they disappeared after Wave 3.
The G14 was another group of viruses showing a great impact
in terms of geographic distribution and they emerged in Wave 2
and affected ten provinces in Wave 5.

FIGURE 5

Geographical distribution of the 24 genotypes of the H7N9 viruses. The 24 genotypes are indicated by colored dots on the map of China at a
provincial level. The table shows the number of affected provinces by each genotype during Wave 1–5.
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FIGURE 6

Diffusion of the H7N9 viruses over long distance. Ten long-distance spread routes of the H7N9 viruses are showed as colored arrows on the
map of China. The enlarged maps display the starting places for these 10 routes, with red pushpins marking the location of the starting sites,
violet lines representing highways, and light gray triangles showing the location of live bird markets. The table shows the statistics of the 10
long-distance spread events.

Long-distance transmission of H7N9
virus

To understand the occurrence of long-distance spreading of
the H7N9 viruses, we sampled ten of such events and the details
of these events are shown in Figure 6. As expected, the sources of
the viruses that led to these long-distance spreading events were
environmental samples (6/10) and avian (4/10). Three of these
events followed northward routes, while the rest seven followed
westward routes. The distances of those transmissions varied
from 391 to 2,684 km. Two of them happened between 2013 and
2014, while the others occurred during 2015–2017. About 70%
of them had at least one stopover. The average speed of these
long-distance spreading was 6.57 ± 2.20 km/d. The root viruses
of these ten routes were almost all located in the areas with a high
live bird market density, suggesting that they were transmitted
probably through poultry transport systems.

Occurrence risk of H7N9 virus

To predict the potential occurrence risk of H7N9 virus,
we developed a prediction model based on the random forest
algorithm. This model involved five risk factors as we listed

in the method section. The well-trained model was then used
to predict the monthly occurrence risk of H7N9 virus for
each county of mainland China. After kernel smoothing, the
prediction results are shown in Figure 7A. It showed that the
high-risk areas varied monthly with several hot spots presented
in the eastern and southeastern areas of China, strikingly the
YDR and PDR regions showed a constantly high risk all through
the year. We also evaluated the accuracy of the prediction. It
revealed the overall accuracy of the predictions was greater
than 97%, and the monthly accuracy are showed in Figure 7B.
The importance of each variable was assessed based on a time
scale of a month. It showed that all the variables contributed
differently to the monthly occurrence risk of H7N9. It seemed
that all of them were important to the occurrence of H7N9
in January, February, and December, but not in other months.
Comparing with the other factors, human population density
was the most important one to the occurrence risk all through
the year (Figure 7C).

Discussion

In dealing with a zoonosis, integration of epidemiological
evidences obtained by stakeholders, particularly the
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FIGURE 7

Occurrence risk of H7N9 in mainland, China. (A) Monthly occurrence risk of H7N9 in mainland, China. The occurrence risk was predicted using
the random forest algorithm implemented in R. The risk maps were generated using QGIS 3.4. (B) Accuracy of the predictions. (C) Importance
of the risk factors. “AT” represents the monthly average temperature; “DH” represents the density of human population; “DP” represents the
density of poultry population; “NLBMs” represents the number of live bird markets; “DIW” represents the density index of water system.

departments of public health and veterinary medicine, is
the key to understand the transmission of the pathogen among
human-environment-animal interface. However, it was difficult
to achieve in the case of H7N9 outbreak. Initially, the H7N9

virus caused no clinical signs in poultry, making it difficult
to find an infected chicken or a flock (Zhang et al., 2013).
Furthermore, the rapid movements of live poultry through
value chain systems hindered a retrospective investigation on
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the possible sources of human or poultry infections (Li et al.,
2018). In this study, we connected the epidemiological data
on the H7N9 viruses together by their genetic relationships,
and then studied the spatio-temporal spread and evolution
of the viruses, which revealed new insights into the H7N9
viruses in terms of genesis, spatial and temporal distributions,
major spreading routes, and potential risks of human and avian
infections.

Previous studies have revealed that the original H7N9 virus
is a reassortant of wild bird, duck, and chicken source viruses
(Gao et al., 2013; Lam et al., 2013; Liu et al., 2013a). But the
occurrence of the reassortment event was unclear. Therefore,
we depicted this process based on the Bayesian evolutionary
analysis. Given that the HA, NA, and the internal genes of the
H7N9 virus were obtained from different origins, we therefore
conducted Bayesian evolutionary analyzes based on the gene
sequences of HA, NA, and PB2 (representing the internal genes)
of the H7N9 viruses, respectively. These analyzes revealed that
the root viruses bearing the HA, NA, and PB2 of the H7N9
virus emerged in different locations and times. The reassortment
event happened probably in an area in Anhui Province when
these three types of the viruses met each other in August 2012.
This place is located by the Yangtze River and near the Tai
Lake, and is one of the major habituating places for many
migratory bird species in winter. The local areas have a high
density of chicken and waterfowl populations. The natural and
social environment provided a suitable condition for the genesis
of a reassortant influenza virus. The predicted reassortment
event occurred about 6 months earlier than the first human
case reported in late February in 2013. The modeling disclosed
that the virus had already presented in four provinces including
Anhui, Jiangsu, Shanghai, and Jiangxi before the time of
human infections, which was supported by a survey conducted
in poultry populations that showed all these provinces were
positive for the H7N9 virus isolation (Zhang et al., 2013).

Avian influenza viruses, especially the HPAIV, are always
characterized by rapid spreading among poultry populations.
However, the spread of the H7N9 virus was relatively slower.
During the initial wave of the epidemics, most of the viruses
clustered in the YDR epicenter and circulated locally, only
with a small number of the virus spread to two farthest
destinations of Beijing in the north and Guangdong in the
south. The later site has developed into another epicenter
designated PDR. The low spreading speed of the H7N9 virus
was possibly contributed by their low pathogenicity in chickens
and less adaptation to mammalian hosts (Zaraket et al., 2015).
With the accumulation of the mutations in the viral proteins,
their capability to adapt to mammalian and avian hosts has
increased continuously, which could explain in partially the
observation of a rapidly geographical expansion occurred
during Wave 5. The common features of the two epicenters
include high densities of chickens, waterfowls, water system,
live-bird markets, and human population as well, suggesting that

areas having similar conditions with these two epicenters might
be suitable circumstances for an avian influenza virus to root and
spread.

The H7N9 virus has been undergoing continuous
evolution and reassortment, resulting in increased biological
characteristics and genetic diversity. The evolution of the H7N9
virus has been intensively investigated. It showed that at least
23 genetic lineages and mutations had been developed in the
H7N9 viruses by the end of 2017 (Shi et al., 2017). In this study,
we investigated the evolution of 1,436 H7N9 viruses based on
the MCC trees of HA, NA, and PB2. These viruses were placed
into 24 genotypes (G01∼24), which was largely consistent with
the above-mentioned results. In addition, our study revealed in
details about the evolving process, geographical distribution,
and final fate of each genotype viruses. The distinct spatial and
temporal patterns of the genotypes of the H7N9 viruses are
valuable for generating hypotheses about the risk factors that
associated with the spread of the viruses, and identifying the
key amino acid residues in the viral proteins that affected the
transmission and pathogenicity of the H7N9 viruses in different
host species. Interestingly, although the H7N9 viruses emerged
in YDR, the highest genetic diversity of the viruses has been
developed in PDR, from where 16 out of the 24 genotypes of
the viruses were isolated, but the affected areas by these groups
of the viruses were smaller than by the G01 viruses. One of
the reasons was that the poultry outward transportation in
YDR was higher than that in PDR, and the true mechanism
need to be explored in the future. It’s worth noting that several
genotypes, such as G08 to G13, disappeared in a relatively short
period of time for unknown reasons. One possible explanation
is that they died out because either of the control measures
taken in the infected chicken population or they did not adapt
well in their host species.

It was believed that the movement of live poultry has led
to the spread of H7N9 virus (Zhou et al., 2015). According to
the poultry transportation system of China, an infected flock
can be transported to most areas of China within 2 days (Fang
et al., 2008; Yang et al., 2020). To estimate the spread speed
of the H7N9 virus, we sampled ten long-distance spreading
events and calculated the spreading speed of the viruses. It
showed that the average spreading speed of the H7N9 viruses
was 6.57 ± 2.20 km/d, which means that almost 10 days were
needed for a H7N9 virus to spillover from an infected county
to its neighboring counties in China. This created a favorite
condition for controlling H7N9 in poultry population through
a vaccination campaign. Furthermore, the root viruses leading
to the long-distance transmissions were all originated from
chicken or environmental samples, suggesting that eradicating
the viruses in poultry populations was the key to control the
spread and human infections with the H7N9 virus.

Given the concurrence of H7N9 virus showed obvious
spatial and temporal patterns, combining with the previous
studies showing that many social and environmental risk factors
were associated with the outbreak of H7N9 (Zhou et al., 2015;
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Artois et al., 2018; Zheng et al., 2020), we, therefore, determined
to build a model to predict the occurrence risk of H7N9.
Machine learning methods are valuable in many fields, especially
with the boom of big data acquisition and treating techniques,
its applications have shown a spurt growth (Ngiam and Khor,
2019; Goodswen et al., 2021). In the field of infectious diseases,
many predictive models based on the machine learning methods
have been developed and successfully applied in predicting
the disease outbreak risks (Gussow et al., 2020; Carlson et al.,
2021). We then built an occurrence prediction model for H7N9
virus based on the random forest algorithms, which is one of
the most popular machine learning algorithms in the field of
artificial intelligence. A total of 2,486 records were prepared as
the training database, and 70% of them were used to train the
model, the rest were used to test its accuracy. The assessment
showed an overall 97% accuracy of the model, suggesting
that this model was in a good performance in predicting
H7N9 virus. The model also revealed the importance of each
indicator. Risk-based surveillance on animal diseases, especially
in developing countries, has been advocated by FAO (The Food
and Agriculture) and OIE (the International Organization of
Animal Health) recently. The predicted H7N9 risks provided
monthly based geographical targets for conducting risk-based
H7N9 virus surveillance and eliminating the potential outbreak
risks. Furthermore, this model can be adapted to predict the
risks for other zoonoses.

In summary, influenza A (H7N9) virus has developed
high genetic diversity and affected more than 30 provinces in
mainland China during 2013–2018. This study has profiled
the process in detail and identified the spatio-temporal
distribution patterns of each genotype H7N9 viruses, which are
valuable for exploring the environmental and genetic factors
associated with those patterns and eliminating potential disease
risks in the future.
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SUPPLEMENTARY VIDEO 1

Spatio-temporal evolution of H7N9 virus referred to the analysis of HA
gene. A total of 1,878 HA sequences were aligned using ClustalW
implemented in MEGA, and then used to perform the spatial-temporal
Bayesian evolution analysis by BEAST. Spatial-temporal evolutionary

analysis based on the generated maximum clade credibility (MCC) tree
with continuous traits of HA was performed using SpreadD3.

SUPPLEMENTARY VIDEO 2

Spatio-temporal evolution of H7N9 virus referred to the analysis of NA

gene. A total of 1,933 NA sequences were aligned using ClustalW
implemented in MEGA, and then used to perform the spatial-temporal

Bayesian evolution analysis by BEAST with parameters that mentioned in
method section. Spatial-temporal evolutionary analysis based on the
generated maximum clade credibility (MCC) tree with continuous traits
of NA was performed using SpreadD3.

SUPPLEMENTARY VIDEO 3

Spatio-temporal evolution of H7N9 virus referred to the analysis of PB2
gene. A total of 1,827 PB2 sequences were aligned using ClustalW
implemented in MEGA, and then used to perform the spatial-temporal
Bayesian evolution analysis by BEAST with parameters that mentioned in
method section. Spatial-temporal evolutionary analysis based on the
generated maximum clade credibility (MCC) tree with continuous traits
of PB2 was performed using SpreadD3.
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