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A B S T R A C T

Human respiratory syncytial virus (RSV) is a severe threat to children and a main cause of acute lower respiratory
tract infections. Nevertheless, the intra-host evolution and inter-regional diffusion of RSV are little known. In this
study, we performed a systematic surveillance in hospitalized children in Hubei during 2020–2021, in which 106
RSV-positive samples were detected both clinically and by metagenomic next generation sequencing (mNGS).
RSV-A and RSV-B groups co-circulated during surveillance with RSV-B being predominant. About 46 high-quality
genomes were used for further analyses. A total of 163 intra-host nucleotide variation (iSNV) sites distributed in
34 samples were detected, and glycoprotein (G) gene was the most enriched gene for iSNVs, with non-
synonymous substitutions more than synonymous substitutions. Evolutionary dynamic analysis showed that the
evolutionary rates of G and NS2 genes were higher, and the population size of RSV groups changed over time. We
also found evidences of inter-regional diffusion from Europe and Oceania to Hubei for RSV-A and RSV-B,
respectively. This study highlighted the intra-host and inter-host evolution of RSV, and provided some evi-
dences for understanding the evolution of RSV.
1. Introduction

Respiratory syncytial virus (RSV) belongs to the genus
Orthopneumovirus within the family Pneumoviridae (Rima et al., 2017),
and is a severe threat to infants and young children worldwide. RSV was
estimated to be associated with 33.0 million lower respiratory tract
infection cases in children younger than 5 years in 2019, causing 3.6
million hospitalizations and 101 thousand deaths (Li et al., 2022). The
health and economic burden of RSV infection in young children exceeded
that of influenza (Di Giallonardo et al., 2018), and has now raised con-
cerns by the World Health Organization (Graham, 2017). However, there
are currently no licensed RSV vaccines, only some in the process of
clinical trials. Notably, RSV reinfection in children can be as frequent as
wh.iov.cn (D. Liu).
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more than 30% under three years old, which is a severe challenge for the
vaccine development (Kurzweil et al., 2013; Kutsaya et al., 2016).

The genome of RSV is a non-segmented, single-stranded, negative-
sense RNA, approximately 15 kb long. It consists of 10 genes in the
following order from 30 to 50 terminal: nonstructural protein 1 (NS1) gene
- nonstructural protein 2 (NS2) gene - nucleoprotein (N) gene - phos-
phoprotein (P) gene - matrix (M) gene - short hydrophobic protein (SH)
gene - glycoprotein (G) gene - fusion protein (F) gene -transcription
processivity factor (M2) gene - large polymerase complex (L) gene
(Collins et al., 1986, 2013). Each gene translates into one corresponding
protein except M2 gene, which has two overlapping open reading frame
(ORF) that encodes two proteins (Collins and Melero, 2011). The virion
of RSV is enveloped by lipid and three surface glycoproteins, G, F and SH,
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and the M protein was located on the inner surface of the envelope,
enclosing ribonucleoprotein composed of genome RNA, N, P and L
(Pangesti et al., 2018).

RSV has only one serotype and can be divided into two antigenic
groups: RSV-A and RSV-B mainly based on the epitope of glycoprotein
(Anderson et al., 1985; Mufson et al., 1985). These two groups diverged
from the common ancestor phylogenetically about 350 years ago (Zla-
teva et al., 2005). Both groups can be further subdivided into many ge-
notypes but a consensus on genotype allocation criteria has not been
established yet (Goya et al., 2020). Two classification approaches were
usually adopted: bootstrap values > 78% and nucleotide similarity >

96% (Peret et al., 1998), or bootstrap values > 70% and pairwise dis-
tance < 0.07 (Venter et al., 2001). According to such criteria, RSV-A is
generally classified into 13 genotypes (GA1-GA7, NA1-4, ON1 and SAA1)
and RSV-B is generally classified into 20 genotypes (GB1-4, SAB1-4,
URU1-2 and BA1-10) (Goya et al., 2020; Martinelli et al., 2014; Pan-
gesti et al., 2018). Some genotypes were reported to be associated with
clinical features, nevertheless relevant studies were limited and discor-
dant (Midulla et al., 2019).

RSV infection is not a notifiable disease in most countries, with the
surveillance being usually combined with other respiratory diseases, and
a global systematic surveillance network for RSV infection has not been
developed (Pangesti et al., 2018). Currently, the Global Initiative on
Sharing All Influenza Data (GISAID, https://www.gisaid.org/) is con-
structing a global surveillance of RVS to further investigate and elucidate
the transmission and genetic backgrounds of RSV. Local surveillances
were carried out in specific geographic regions including Africa, the
Netherlands, China, Australia, Italy, Argentina and Kenya, and these
studies focusing on RSV evolution highlighted the distribution of pre-
dominant RSV variants and co-circulation of local endemic sub-lineages
(Agoti et al., 2015; Brandenburg et al., 2000; Chen et al., 2021; Di
Giallonardo et al., 2018; Martinelli et al., 2014; Trento et al., 2010).
However, RSV intra-host genetic diversity and evolution during infection
was little known (Grad et al., 2014; Ha Do et al., 2015). In this study, we
collected more than 700 samples in hospitalized children in Hubei, China
during September 2020 to April 2021. A total of 46 high-quality RSV
genome were obtained by mNGS, and intra-host variation, recombina-
tion, evolutionary dynamic and inter-regional diffusion analyses were
performed to reveal the evolution of RSV. The findings highlighted the
intra-host and inter-host evolution of RSV, and the importance of sur-
veillance of the virus.

2. Materials and methods

2.1. Patients and specimens

The study was performed from September 30, 2020 to April 14, 2021
at Wuhan Children's Hospital, a tertiary care hospital in Wuhan, China.
Research subjects included hospitalized children with cough and other
typical respiratory symptoms without severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infected. Samples were collected using
oropharyngeal swabs and stored at �80 �C for subsequent treatment.

2.2. Nucleic acid extraction and amplification

Total nucleic acids were extracted using the BeaverBeads™ Viral DNA/
RNA Kit 70406-32FU (Beaverbio, Suzhou, China) on TGuide S32 Auto-
mated Extraction (Tiangen, Beijing, China) following the manufacturer's
instructions. The RNA library was prepared using TruePrep® RNA Library
Prep Kit for Illumina TR503 (Vazyme, Nanjing, China) according to the
manufacturer's instructions with several adjustment (Lu et al., 2021). For
each library, 8 μL of total nucleic acids extracted from each sample was
used without rRNA removal. During reverse transcription, the 1 μL of
Oligo(dT)20VN primer was replaced by 2 μL of Oligo(dT)20VN primer and
random hexamers at a 1:1 ratio, and the reaction time under 37 �C was
increased to 45 min. Then, Tn5 VR10 (Vazyme, Nanjing, China) was
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applied for nucleic acids fragmentation. During the PCR process, N5 and
N7 PCR primers with a final concentration of 0.2 μmol/L were used. After
18 PCR cycles, the library was purified twice using 1� Agencourt AMPure
XP beads (Beckman Coulter, Brea, USA) and eluted in 12 μL of
nuclease-free water. Concentration of the resulting library was determined
by Qubit 3.0 fluorometer with the Qubit dsDNA HS Assay kit (Thermo-
Fisher Scientific, Waltham, USA) and the size distribution of the library
was evaluated by Agilent 2100 Bioanalyzer (Agilent, Palo Alto, USA).

2.3. Sequencing and raw reads preprocessing

Sequencing was carried out on the MGISEQ-T7 platform with 150 bp
of paired-end raw reads generated, after converting sequencing library
style to T7 library. In-house python and Perl scripts were used for quality
control and adaptor trimming of raw reads with the quality threshold of
Q20 and the minimal length of read 20 nt.

2.4. Taxonomic classification

Taxonomic classification of clean reads was carried out by Kraken2
(version 2.0.9-beta) with nucleotide custom database downloaded
through the script “kraken2-build –download-library nt” (Wood et al.,
2019). Report files were uploaded to Pivian (https://fbreitwieser.shi
nyapps.io/pavian/) where the composition rates of reads were calcu-
lated and displayed by the percentage bar chart.

2.5. Assembly of virus genome

To confirm the antigen group of RSV and select the reference
sequence for genome mapping, de novo assembling of clean reads was
performed inMEGAHIT (version 1.2.9) (Li et al., 2015). Contigs in results
were searched against the RSV database downloaded from NCBI Virus
Database (https://www.ncbi.nlm.nih.gov/labs/virus/) by BLAST
2.11.0þ. Genome UU01A-0176-V02 (Genbank accession number:
MZ516039) and UU02-0005-V01 (Genbank accession number:
MZ516025) were chosen as the reference genome for RSV-A and RSV-B,
respectively. Clean reads were aligned to the reference genomes using
Samtools (version 1.10) and Bcftools (version 1.11), with the coverage
and sequencing depth calculated.

2.6. Intra-host single nucleotide variations detection

Mapping results were subjected to call iSNVs using the tool bam-
readcount. Sites with a sequencing depth �100 and a minor allele fre-
quency �5% were selected as candidate samples for iSNV calling (Ni
et al., 2016). Sites with insertion or deletion in coding regions were
excluded to avoid possible influence in codon position and translation.

2.7. Evolutionary rate estimation and Bayesian skyline plot

All full-length RSV genomes with clear sampling date were down-
loaded from GISAID to form the local BLAST database. To generate the
datasets, sequences of RSV-A and RSV-B in this study were queried
against the local database by the BLASTN program with default param-
eters and an e-value cutoff of 1� 10�10. For the two groups, sequences of
the top 100 hits were combined with sequences in this study to form two
datasets, RSV-A (n¼ 119) and RSV-B (n¼ 238), which were then aligned
by MAFFT with default parameters. Bayesian Markov Chain Monte Carlo
(MCMC) approach was implemented by BEAST software (version 1.10.4)
to estimate the substitution rates of full genome and each coding
sequencing precisely. For all runs, the GTR Gamma model with Gamma
value 4 was used for nucleotide substitution model, along with Relaxed
Clock Log Normal and Coalescent Constant Size. The MCMC analyses
were carried out using 500 million chain length with sampling every 50
thousand chain length. Tracer software was used to calculate mean
evolutionary rate with 10% burn-in.

https://www.gisaid.org/
https://fbreitwieser.shinyapps.io/pavian/
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To clarify the effective population size of the prevalent RSV variants
in this study, Bayesian skyline plot (BSP) analyses were conducted for
full-length datasets in this part with the tree prior Coalescent Bayesian
Skyline and remaining parameters the same. Tracer software was used to
generate the BSP plot with 10% burn-in, mean root height and other
parameters default.

2.8. Detection of recombination

All full-length RSV genomes with clear sampling date were down-
loaded from GISAID, and combined with sequences in this study to form
two datasets, RSV-A (n ¼ 1130) and RSV-B (n ¼ 1225). Alignments were
performed in MAFFT (v7.475). Each alignment was subjected to RDP4
(version 4.101.0.0) to detect recombination under method RDP (Martin
and Rybicki, 2000), GENECONV (Padidam et al., 1999), Bootscan (Sal-
minen et al., 1995), Maxchi (Smith, 1992), Chimaera (Posada and
Crandall, 2001), 3 Seq (Boni et al., 2007) and SiScan (Gibbs et al., 2000)
with default parameters. Datasets used in evolutionary rate estimation
were also analyzed in RDP4 for recombination detection. The recombi-
nation events detected in RDP4 were further confirmed in SimPlot
(version 3.5.1) with window size 200 nucleotides, step size 20 nucleotide
and other parameters default.

2.9. Discrete phylogeographic analysis

All RSV sequences with clear sampling date and location were
downloaded from GISAID to form the local BLAST database. To generate
the datasets for discrete phylogeographic analysis, G gene sequences of
RSV-A and RSV-B in this study were queried against the local database
with the same steps and parameters as mentioned above. Two datasets
were obtained: RSV-A (n ¼ 179) and RSV-B (n ¼ 299). For each datasets,
sequences from public database in each dataset were divided into six
geographical regions: Africa (AF), Asia (AS), Europe (EU), North America
(NA), Oceania (OA), South America (SA) and geographical region of
sequences in this study was China/Hubei (CN/HB). To estimate the
diffusion rates among geographical regions, the asymmetric substitution
model with Bayesian stochastic search variable selection (BSSVS) option
was used in BEAST to infer asymmetric diffusion rates between any
pairwise location states with other parameters the same as mentioned
above. Treeannotator (version 1.10.4) was used to generate a maximum
clade credibility (MCC) tree with mean bode heights and 10% burn-in.
The same analysis were also carried out on the whole genome datasets
used in evolutionary rate estimation.

The actual non-zero rates and mean indicators for all diffusions could
be obtained in result log files with 10% burn-in, and the Bayes factor (BF)
was calculated in SpreaD3 (version 0.9.6). Significant diffusion pathways
were defined as satisfying both BF > 3 and the mean indicator > 0.5.
Previous studies defined the degree of rate support as follows: BF� 1000
indicates decisive, 100 � BF � 1000 indicates very strong support, 10 �
BF � 100 indicates strong support and 3 � BF � 10 indicates supported.
Cytoscape (version 3.7.0) was used to present the diffusion results.

2.10. Statistical analysis

Linear regression between the number of iSNVs in one sample and the
average sequencing depth was carried out in python (version 3.6) using
the statsmodels (version 0.12.0) package and visualized by the mat-
plotlib (version 2.1.2) package.

3. Results

3.1. Epidemiology of RSV

A total of 744 samples were collected and sequenced throughout the
duration of this study, among which 106 (14.3%) RSV-positive samples
were both diagnosed clinically and detected by mNGS (Supplementary
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Table S1). The positive rate was lower in October 2020 (1/72, 1.4%) and
November 2020 (6/102, 5.9%), and peaked (22/81, 27.2%) in February
2021 (Fig. 1A). Among all 106 cases, 68 (64.2%) were boys and 38
(35.8%) were girls with a boy/girl ratio of 1.8:1 (Fig. 1B). The ages of
patients ranged from 1 month to 6 years with a median of 13 months.
76.41% (81/106) of patients were under three years old, showing an
obvious pattern that younger children were more susceptible to RSV
infection. Patients under one year of age showed the highest detection
rate of 21.6%. The detection rates of the group “0–1”, “1–2”, “2–3”, “3–4”
and “> 4”were 21.6%, 16.7%, 7.8%, 16.5%, and 2.7%, respectively. The
chi-square test showed significant differences among age groups, but the
positive rate did not strictly decrease with age. In all age groups, the
number of RSV-positive samples of boys exceeded that of girls. No RSV-
positive patients died during the study period.

3.2. Taxonomic classification and quality of RSV genome

Taxonomic classification of clean reads revealed that host and bac-
terial reads occupied the majority (>50%, ranging from 52.6% to 93.6%
with an average of 76.9%) in all RSV-positive samples (Supplementary
Fig. S1). Viral reads had an average ratio of 0.4% (ranging from 0.01% to
9.46% with a median of 0.08%). Nearly the whole genome sequence
(coverage > 99%) was able to be acquired from 46 samples, among
which 15 genomes were completely covered (Supplementary Table S1).
The average sequencing depth of these samples ranged from 25� to
7629� . Only 3 of 46 RSV belonged to RSV-A while others belonged to
RSV-B. The average and median depth of no loci in RSV-B genomes were
zero (Fig. 2), and the sequencing depth of sites in three RSV-A genomes
was also greater than zero except some end sites and several internal sites
(Supplementary Fig. S2). These 46 genomes were submitted to the
GISAID RSV database (EPI numbers are provided in Supplementary
Table S1) and used for further analyses in this study.

3.3. Distribution of iSNVs along the RSV genome

To reveal the viral-host interactions, iSNV analysis was performed. A
total of 163 iSNV sites distributed in 34 samples were detected, of which
6 sites were in 2 RSV-A samples while 157 sites were in 32 RSV-B sam-
ples. The result of linear regression between the number of iSNVs and the
mean sequence depth showed that they were unrelated (R-square ¼
0.049) (Fig. 3A), suggesting that the number of iSNVs was not affected by
the NGS data volume and the results could be used to measure differences
in samples (Ni et al., 2016). The iSNV sites in RSV-B samples were used
for further analyses.

At the population level, 85.4% (134/157) of iSNVs accumulated in
the coding regions (Fig. 3B), which covered about 90% of the entire
genome. When normalized by length, the intergenic region was the most
iSNV-enriched region with 0.51 iSNV/kb, while the coding region and 30-
UTR showed similar normalized values (Fig. 3B). For each ORF, G gene
was the most iSNV-enriched gene before and after normalization
(Fig. 3B). A previous study pointed that under neutral selection, the
iSNVs should distribute equally in each codon position and the non-
synonymous/synonymous (N/S) ratio tends to be similar in all genes
(Ni et al., 2016). Here we investigated the iSNVs distribution in codon
positions and N/S ration of genes. To exclude the effect of frame shift
mutation, samples with insertion or deletion in coding regions were
excluded. As expected, most iSNVs (59/98, 60.20%) accumulated in the
third codon position, while the numbers of non-synonymous and syn-
onymous mutations were nearly equal (N/S ration 46/52) (Fig. 3C and
D). Higher N/S ratio was observed in G and F gene (1.89 and 1.57,
respectively), and N/S ratio was no more than one in other genes.

3.4. Recombination and evolutionary dynamic of RSV

Recombination analysis was performed to ensure that viruses for
evolutionary dynamic analyses originated from a common ancestor and



Fig. 1. Prevalence of RSV in Hubei during 2020–2021. A The number of RSV detections. Green line represents positive rate and yellow bars show the number of
positive samples. B Age and gender of patients. Labels around the bar represent the number of patients.

Fig. 2. Genome coverage of RSV-B. Genome coverage of sequenced samples across the RSV-B genome. The x-axis represents the viral genome position, and the y-axis
represents the log 10 depth of each site. Sites with zero depth are labeled by �1. Blue Line represent the median sequencing depth, and grey region represents lower
quarter to upper quarter percentile of sequencing depth.
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no recombination events occurred. None of the genomes used for
evolutionary dynamic analysis was recombinant according to the RDP4
of the combined datasets including RSVs in this study and those down-
loaded from GISAID (Supplementary Table S2). To elaborate on this,
recombination analysis of datasets used in the evolutionary analysis was
also performed in RDP4, and there were possible recombination events
detected in three genomes (Supplementary Table S3). However, no sig-
nificant recombination signal was observed by SimPlot in all three ge-
nomes (Supplementary Fig. S3).

To estimate the evolutionary rates of RSV and explore the temporal
relationships of RSVs in this study and related viruses, Bayesian dating
and BSP analyses were carried out using BEAST v1.10.4. The evolu-
tionary rates of whole genomes were 3.17 � 10�4 (95% HPD: 2.16 �
10�4

–4.21 � 10�4) and 1.01 � 10�3 (95% HPD: 9.18 � 10�4
–1.11 �

10�3) nucleotide substitutions/site/year for RSV-A and RSV-B, respec-
tively (Fig. 4A and B). Likewise, the mean evolutionary rates of almost all
genes in RSV-B were higher than that in RSV-A, except the SH gene. In
both RSV groups, the mean evolutionary rates of L genes were the lowest,
lower than the whole genomes, and NS2 genes evolved fast with the
evolutionary rate being the highest in RSV-A and the second highest in
RSV-B. Surface protein G gene in RSV-B showed divergent evolutionary
rate compared with F gene and SH gene in RSV-B and G gene in RSV-A,
with 3 times, 2.24 times and 4.22 times, respectively (Fig. 4A and B).
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BSP analysis revealed the effective population sizes and the root dates
of the most recent common ancestor of a virus. Analyses of RSV in the
present study and related strains with close relatives showed that RSV-A
emerged in May 2002 (95% HPD: Feb. 1995–Jun. 2008), underwent a
rapid growth and peaked around 2012 (Fig. 4C). Then, the population size
decreased slowly and remained stable in 2019. It was estimated that RSV-B
first appeared in August 2012 (95% HPD: Jan. 2012–Mar. 2013), and did
not change in population size until 2016 (Fig. 4D). After two outbreaks in
early 2016 and 2017, the virus population remained at a high level for
about three years. At the end of 2019, the population size experienced a
fluctuation, where it first decreased then returned to the previous level
quickly. It showed that the current population size of both RSV subtypes is
at a relatively high level at present, which is likely to persist.

3.5. Inter-regional gene flow of RSV

Considering that the number of whole genome sequences in public
database was fewer than G gene of RSV (there may be missing samples at
some key nodes in the transmission chain), G gene sequences of RSV
obtained in this study and the most related viruses were used to infer
inter-regional gene flow. RSV-A in this study were clustered with viruses
isolated from Europe (Supplementary Fig. S4A), and RSV-B in this study
were clustered with viruses isolated from Oceania and Europe



Fig. 3. RSV iSNV distributions along the viral genome. A #iSNV versus mean sequencing depth for each site over RSV genomes of patients. Dashed line shows the
linear regression. B Total iSNV numbers (left panel) and sum of #iSNV/kb values (right panel) for RSV-B in the study along genomic regions and ORF regions. C, D
Distribution of iSNVs at codon positions (C) and non-synonymous (N)/synonymous (S) iSNVs (D) of ORFs.
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(Supplementary Fig. S4B). Viruses in this study from both groups showed
rather distant phylogenetic relationships with viruses prevailing previ-
ously in Asia including China. It could be observed that location transi-
tions of related viruses from other regions to China/Hubei have taken
place at least four times for RSV-B (Fig. 5).

The BSSVS method was applied to provide statistical support for
spatial diffusion. The results showed that no diffusion from Asia to
China/Hubei was detected (Fig. 6A and B). RSV-A in this study might
come from Europe with strongly supported rates (Fig. 6A), and the
inter-regional diffusion event was likely to occur in the first half of 2019
from England (Fig. 6C). As for RSV-B group, the diffusion fromOceania to
China/Hubei with strongly supported rates could be observed (Fig. 6B),
which could have occurred more than one time (Fig. 5), including one
diffusion event in the end of 2019 (Fig. 6D). Diffusion of RSV-B in this
study to Asia was observed with strongly supported rates (Fig. 6B).
Combining with the result of phylogenetic tree, it was highly probable
that viruses isolated from Thailand had the same ancestor with viruses in
this study, as they both originated in Australia (Fig. 6D).

The inter-regional diffusion analyses were also carried out on the
whole genome datasets to assess the possible impact of insufficient data
on the results. The analysis results centered on the RSV strains in this
study are basically the same between the two datasets, RSV-A and RSV-B
have close phylogenetic relationships with strains in Europe and
Oceania, and far away from strains in other regions of Asia. The statistical
results of inter-regional diffusion also support that RSV-A was spread
from Europe and RSV-B was spread from Oceania (Fig. 6). While the
results are quite different for the related RSV strains. For RSV-A, three
additional diffusions and one diffusion with reversed direction were
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obtained based on whole genome datasets compared with those based on
G genes (Fig. 6A, Supplementary Fig. S5A; Supplementary Fig. S6A). As
for RSV-B, a key node (North America) and five diffusion disappeared
and two diffusions with reversed direction in the analysis on whole ge-
nomes (Fig. 6B, Supplementary Fig. S5B; Supplementary Fig. S6B). These
divergences indicated that the lack of some surveillance data would lead
to disparate or even opposite results.

4. Discussion

RSV is the most frequently identified viral pathogen in children with
acute lower respiratory tract infection (ALRTI), and is one of the major
causes of morbidity and mortality in children younger than five years (Li
et al., 2022). In this study, we investigated RSV infection in hospitalized
children in Hubei, China during 2020–2021. A total of 744 samples were
collected and 106 were RSV-positive. The detection rate of 14.25% was
lower than those reported in previous studies focusing on RSV surveil-
lance in hospitalized children, which could reach 30% or even higher
(Chen et al., 2021; Rha et al., 2020; Yu et al., 2019; Zhang et al., 2010).
One reason for this might be that the preventive measures taken against
COVID-19 changed the pathogen spectrum in children hospitalized with
ALRTI (Lin et al., 2021). Previous studies pointed out RSV-A and RSV-B
groups co-circulated during specific epidemics with one group predom-
inating (Sullender, 2000). Surveillance on RSV in China previously
showed that RSV-A was dominant in most years (Yu et al., 2019; Zhang
et al., 2010), while it was observed in this study that RSV-B was pre-
dominant compared with group RSV-A, reflecting the dynamic of geno-
type shift of viruses.



Fig. 4. Evolutionary dynamics of related RSV viruses. A, B Evolutionary rates (substitutions per site per year � 10�3) and 95% HPD values of whole genome and each
ORF for related RSV-A (A) and RSV-B (B) viruses. C, D Bayesian skyline plot (BSP) of the whole genome of related RSV-A (C) and RSV-B (D) showing changes in
population size. The thick solid black line is the median estimate, and the grey area is the 95% HPD of the genetic diversity estimates. The vertical dash line represents
upper 95% HPD of the root.
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About 46 high-quality genomes were attained in this study, which
occupied about 1/6 (46/293) of data from China uploaded to GISAID
RSV database since 2015. These data also represent the first surveillance
of RSV in China after COVID-19 outbreak worldwide. We did not sub-
divided strains into genotypes further as there is no universal criteria. It
has been pointed that a universal standard for the assignment of RSV
genotypes is essential to explore the correlation between genotypes and
disease severity or geographical or temporal constraints of the virus cycle
(Goya et al., 2020).

Intra-host variation is an inherent characteristic of RNA viruses, due
to the lack of a proofreading mechanism and the high replication rate of
RNA-dependent RNA polymerase, causing the original virus to become a
group of variants (Andino and Domingo, 2015). The dynamics of the
virus variant population have been highly applied in studying the bio-
logical features of human pathogens, including RSV (Grad et al., 2014;
Ha Do et al., 2015). The criteria for iSNV site selection could affect the
results because there would be many sites with low-frequency mutations
if the threshold was too low, making the analysis meaningless. On the
other hand, if the threshold is too high, some sites would be missed. In
this study, we performed iSNV analysis referring to a previous study (Ni
et al., 2016). We identified a total of 163 iSNV sites distributed in 34
samples, and the G gene was the most iSNV-enriched gene with the
highest iSNV/kb. The results were in accordance with the current un-
derstanding that the G gene is the most variable region in RSV genome
because it encodes a surface glycoprotein with cell receptor sites and
neutralizing antibody epitopes (Escribano-Romero et al., 2004). From the
point of codon position and substitution type, iSNV sites mainly
distributed in the third position of each codon and caused synonymous
mutations in amino acids (Fig. 3C and D). The ratio of non-synonymous
substitution/synonymous substitution of G and F genes is 1.89 and 1.57
respectively, which is greater than 1. According to a previous study (Ni
et al., 2016), means that these two genes are under positive selection
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pressure within the host, and evolution driven by the immune pressure
played an important role in this process (Ha Do et al., 2015). Phase III
clinical trial of Nirsevimab (Hammitt et al., 2022) has successfully proved
that it can protect healthy infants from RSV. The mechanism of its pro-
tective effect is to prevent virus infection from fusing with host cells and
entering cells by combining with specific regions of RSV F protein. At
present, F gene is under positive selection pressure, which is likely to
produce mutations that escape Nirsevimab immune protection, thus
making its protection ineffective. Therefore, it is more important to
monitor the evolution of RSV genome.

Recombination is an important way for virus evolution, and the
genome of recombinant contains nucleic acid fragments from different
parental viruses. However, recombination in RSV was rarely reported
except for one mixed infection study in vitro (Spann et al., 2003), and
the co-infection caused by different RSV genotypes was also rarely re-
ported (Yu et al., 2021). In this study, we carried out recombination
analysis to exclude its effect on the calculation of evolutionary rates,
and no significant recombination signal was discovered (Supplemen-
tary Tables S2 and S3). The evolutionary rates of whole genomes were
3.17 � 10�4 and 1.01 � 10�3 nucleotide substitutions/site/year for
RSV-A and RSV-B, respectively. Both rates were lower than that re-
ported by previous studies (Pretorius et al., 2013; Yu et al., 2021; Zla-
teva et al., 2005), indicating a potential sampling bias. Previous studies
have reported that the evolutionary rates were different between two
groups, particularly that the evolutionary rate of G gene was signifi-
cantly higher in RSV-B than that in RSV-A (Schobel et al., 2016; Tan
et al., 2013). In this study, we observed similar result that the rates in
RSV-B were over four times as many as that in RSV-A. In addition, it has
been noticed that the evolutionary rate of G gene was significantly
higher than that of F gene in RSV-B, but not as high as that documented
in previous studies where the evolutionary rate of G genes was ten times
higher (Kimura et al., 2016, 2017). Another noteworthy result was that



Fig. 5. Maximum clade credibility tree of RSV-B G gene. Red numbers represent potential inter-regional diffusion events. Colors of branches and labels represent
geographical region: AF, Africa; AS, Asia; EU, Europe; NA, North America; OA, Oceania; SA, South America; CN/HB, China/Hubei (this study).
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the evolutionary rates of NS2 gene in both RSV groups were high
(Fig. 4A and B). It was reported that the nonstructural proteins (NS1
and NS2) only existed in RSV and not in other viruses belonging to the
subfamily Pneumovirinae (Pangesti et al., 2018). Previous studies
showed that NS1 and NS2 might antagonize against interferon pro-
duction and signaling to escape from host immune responses both in
vitro and in animal models (Lo et al., 2005; Ramaswamy et al., 2006;
Spann et al., 2003; Swedan et al., 2009). It seems that the NS proteins
could also inhibit cell apoptosis and facilitate and regulate viral repli-
cation (Bitko et al., 2007; Spann et al., 2004).
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Analyzing whole-genome data is helpful to understand the evolu-
tionary processes of RSV more comprehensively (Agoti et al., 2015), and
we followed this in iSNV analysis and evolutionary dynamic analysis.
However, only G gene sequences were available in many local studies, so
we performed inter-regional diffusion analysis using G genes rather than
the whole genomes to prevent missing some key information. According
to phylogenetic analysis, we observed that the prevalence of RSV was a
combination of global transmission and local prevalence, and viruses
detected throughout the duration of this study might have undergone
several inter-regional diffusions (Fig. 5). Statistical analysis showed that



Fig. 6. Inter-regional diffusion of RSV G genes. A–B Spatial diffusion pathways of RSV-A (A) and RSV-B (B). Arrows show the direction of spatial diffusion. Node color
and annotation represents the geographical locations: AF, Africa; AS, Asia; EU, Europe; NA, North America; OA, Oceania; SA, South America; CN/HB, China/Hubei
(this study). Line width and type represent statistically supported migration rates with a mean indicator of >0.5: decisive rates with BF � 1,000, very strongly
supported rates with 100 � BF < 1,000, strongly supported rates with 10 � BF < 100 and supported rates with 3 � BF < 10. C–D Partial maximum clade credibility
tree of G gene of RSV-A (C) and RSV-B (D) virus. Colors of branches and labels represent geographical region as mentioned above.
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RSV-A viruses in this study might come from Europe with strongly sup-
ported rates (Fig. 6A), and RSV-B viruses might originate from Oceania
with strongly supported rates (Fig. 6B). However, lacking data on other
cities in China may lead to the neglect of some key geographical trans-
mission nodes. It is well likely that RSV first seeded from Europe or
Australia to a populated city in China and then spread to other locations.
At the same time, it is unclear whether any surveillance data on key
transmission nodes overseas were missing on account of limited global
data. The disparate results obtained from regional diffusion based on all
current G gene data and whole genome data underscores the urgent need
for global surveillance for whole genomes of RSV. Globalization has
facilitated the spread of numerous infectious pathogens worldwide,
raising serious concerns for public health (Smith et al., 2007). A recent
epidemiological and genomic monitoring of RSV in Australia showed
that RSV broke out non-seasonally after the downgrade of COVID-19
prevention and control (Eden et al., 2022), which also reminded us of
the importance of monitoring other respiratory pathogens after the
adjustment of current epidemic prevention and control measures. It is
urgent to establish a global detection network and strengthen customs
inspection of other infectious pathogens including RSV but not only
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SARS-CoV-2, so as to provide information for disease control and pre-
vention. At the same time, clinical information on infected patients
should be collected and more comprehensive data should be used to
detect genomic characteristics of the virus that are statistically related to
age/sex preference of infection and disease severity. And a global
genomic surveillance network for RSV could help us understand the
transmission of the virus worldwide, predict the effectiveness of pre-
ventive treatment, and support countermeasure development for all
circulating virus variants.

5. Conclusions

In summary, we performed a systematic surveillance in hospitalized
children in Hubei during 2020–2021, and found that RSV was still a
severe threat to children's health. RSV-A and RSV-B co-circulated during
surveillance with RSV-B being predominant. Intra-host variations
revealed that G and F genes of RSV-B were under persistent interaction
with the host immune system and positive selection pressure. Evolu-
tionary dynamic analysis showed that the evolutionary rates of G and
NS2 genes were higher, and the population size of RSV groups changed
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over time. We also found evidences of inter-regional diffusion of RSV.
This study highlighted the intra-host and inter-host evolution of RSV,
which would contribute to the control of RSV, and warns of the potential
for monoclonal resistance. However, due to the limitations of the current
data set, it is difficult for us to obtain more detailed genome sequences
domestically and globally, and some key propagation nodes may be
missing from statistical results such as geographical diffusion specula-
tion. Therefore, we emphasized that strengthening surveillance by sam-
pling widely, especially during suspected outbreaks, is essential to
improve our understanding of the ecology and evolution of RSV.
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