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ABSTRACT Human respiratory syncytial viruses (HRSVs) are divided into subgroups A
and B, which are further divided based on the nucleotide sequence of the second
hypervariable region (HVR) of the attachment glycoprotein (G) gene. Understanding the
molecular diversity of HRSV before and during the coronavirus disease 2019 (COVID-19)
pandemic can provide insights into the effects of the pandemic on HRSV dissemination
and guide vaccine development. Here, we analyzed HRSVs isolated in Fukushima Prefecture
from September 2017 to December 2021. Specimens from pediatric patients were collected
at two medical institutions in neighboring cities. A phylogenetic tree based on the
second HVR nucleotide sequences was constructed using the Bayesian Markov chain
Monte Carlo method. HRSV-A (ON1 genotype) and HRSV-B (BA9 genotype) were detected
in 183 and 108 specimens, respectively. There were differences in the number of HRSV
strains within clusters prevalent at the same time between the two hospitals. The
genetic characteristics of HRSVs in 2021 after the COVID-19 outbreak were similar to
those in 2019. HRSVs within a cluster may circulate within a region for several years,
causing an epidemic cycle. Our findings add to the existing knowledge of the molecu-
lar epidemiology of HRSV in Japan.

IMPORTANCE Understanding the molecular diversity of human respiratory syncytial
viruses during pandemics caused by different viruses can provide insights that can
guide public health decisions and vaccine development.
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Human respiratory syncytial viruses (HRSVs) are a major cause of lower respiratory
tract infections, particularly in children and elderly individuals (1). A meta-analysis

estimated that approximately 33.1 million episodes of acute lower respiratory tract infec-
tions were caused by HRSVs worldwide in 2015, with 3.2 million cases requiring hospital-
ization and approximately 60,000 deaths in children under the age of 5 years (2). In the
United States, approximately 14,000 HRSV infection-related deaths of individuals aged
65 years and older are reported annually (3, 4). Palivizumab, a monoclonal antibody
against the HRSV fusion (F) protein, is the sole drug used to treat HRSV infection and is
indicated only for high-risk pediatric patients to alleviate severe HRSV infections (5).
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Owing to the high disease burden, along with a lack of therapeutic agents and universal
vaccines, HRSV infection is considered a global health problem (6).

Human respiratory syncytial viruses belong to the family Pneumoviridae, which con-
sists of nonsegmented negative-sense single-stranded enveloped RNA viruses. They are
divided into major subgroups A and B based on monoclonal antibody studies (7). Both
subgroups exhibit 1- to 3-year cyclic variations worldwide (8, 9). An epidemiological
study has shown that both subgroups can co-occur during a single epidemic period;
however, even in the event of coendemicity, temporal and geographic aggregations can
occur (10). Antigenic differences between the HRSV subgroups possibly contribute to
their reinfection ability (11).

Among all relevant HRSV genes, the attachment glycoprotein gene (G) has the high-
est number of variations that can affect viral infection and transmission (12). Currently,
HRSV typing is based on the nucleotide sequence of the second hypervariable region
(HVR) of G (13). Phylogenetic analysis based on the alignment of HRSV G sequences,
including those from HRSV-A and HRSV-B reference strains, has been conducted (9).
HRSV-A comprises 15 genotypes (GA1 to -7, SAA1, NA1 to -4, CB-A, ON1, and ON2) (9,
13–18), and HRSV-B comprises 29 genotypes (GB1 to -5, SAB1 to -4, URU1, URU2, CB-B,
BA-C, CB-1, THB, and BA1 to -14) (9, 13, 14, 16, 19–27). An eight-nation study showed
that BA9 HRSV-B and ON1 HRSV-A were the predominant cocirculating genotypes in
most regions during 2017 and 2018 (28). According to a nationwide Japanese survey
during 2012 to 2015, ON1 replaced NA1 as the predominant HRSV-A genotype during
2014 and 2015. BA9 and BA10 were the predominant HRSV-B genotypes during 2013
and 2014, whereas only BA9 was detected during 2014 and 2015 (29).

Although similar genotypes of HRSVs are prevalent globally, further analysis of the
genotypes at the lineage and cluster levels could provide deeper insights into the mo-
lecular diversity of HRSVs in different regions. Several phylogenetic studies from vari-
ous countries have been published, but only a few have made in-depth comparisons
of the molecular epidemiology of HRSVs in small communities.

Similar to other countries, Japan had fewer HRSV infection outbreaks in 2020 than in
previous years, perhaps because of a reduction in human movement and the implementa-
tion of infection prevention and control measures in December 2019 as coronavirus dis-
ease 2019 (COVID-19), which originated in Wuhan, China, progressed to become a global
pandemic (30, 31). Therefore, it is reasonable to investigate the evolution of HRSVs before
and after their re-emergence in 2021.

We performed an evolutionary/epidemiological study based on the second HVR of G
to investigate the temporal and geographic changes in circulating HRSVs at two medical
institutes in neighboring cities in Fukushima Prefecture, Japan, from September 2017 to
December 2021.

RESULTS
Study area. This study involved two medical institutions in Fukushima Prefecture

(referred to here as hospital O, in Fukushima City, and hospital H, in Koriyama City). The
distance between the two institutions is approximately 40 km. The two cities are con-
nected by highways and railways; therefore, a large number of people regularly visit these
cities. However, the cities belong to different medical regions; each city has different insti-
tutions where comprehensive medical care, ranging from disease prevention to inpatient
treatment, is provided. Each city has a population of approximately 300,000 individuals,
including a pediatric population of 30,000 to 40,000 individuals. At each institution,
approximately 350 patients with respiratory tract infections are hospitalized per year.

Detection and epidemiological characterization of HRSV. From September 2017
to March 2020, of the 1,838 patients admitted to the two hospitals, specimens collected
from 667 patients tested positive for HRSV using quantitative PCR (qPCR). Of these
HRSV-positive specimens, five were collected at the beginning of each month at each
hospital; when fewer than five specimens were collected per month, all specimens were
included. Thus, 219 specimens were included in this study. The second HVR of G was
successfully sequenced in 203 specimens. From April 2020 to December 2021, specimens
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collected only at hospital O were included. Of the 492 patients admitted to hospital O,
112 tested positive for HRSV using qPCR. The second HVR of G was successfully sequenced
in 87 specimens. Therefore, 290 specimens were included in the final analysis. Of the 290
specimens, 183 were HRSV-A positive and 108 were HRSV-B positive. One specimen was
from a patient infected with both HRSV-A and HRSV-B. The number of HRSV-A- and HRSV-B-
positive specimens detected using qPCR is shown in Fig. 1.

Next, we analyzed patient demographic and clinical characteristics based on HRSV
subgroups in the 203 specimens collected at hospitals O and H from September 2017
to March 2020 and successfully sequenced. One specimen from a patient infected with
both HRSV-A and HRSV-B was excluded; therefore, the comparison between HRSV-A
and HRSV-B involved 202 patients (Table 1). Although the age groups differed signifi-
cantly between the subgroups, no significant differences were found in sex, choice of
hospital, or clinical symptoms.

We analyzed patient demographic and clinical characteristics by sample collection
year with 135 specimens collected from September 2017 to December 2021 in hospital
O (Table 2). HRSV-B was excluded from the analysis because of the small number of
specimens. A comparison of the specimens collected from 2017 to 2020 and in 2021
revealed no differences in patient age, sex, or clinical symptoms.

Subgroups and genotypes. Genotypes of all HRSV-A and HRSV-B clinical strains
were determined by identifying closely related strains of each clinical strain using the
Basic Local Alignment Search Tool (BLAST) (32). The genotypes were confirmed through
the findings of nucleotide sequencing and phylogenetic tree analysis as described
below. HRSV-A clinical strains were classified as ON strains because of the presence of a
72-base repeat sequence in the second HVR of G. In addition, based on the results of
phylogenetic tree analysis using the maximum-likelihood (ML) method, HRSV-A clinical
strains were clustered with ON1 strains identified in the BLAST analysis (see Fig. S1 in the
supplemental material). In the Bayesian phylogenetic tree, the clinical strains branched

FIG 1 Detection of HRSV-A and HRSV-B in the hospitals included in the study. From September 2017 to March 2020, 667 specimens
tested positive for HRSV in both hospitals, and from April 2020 to December 2021, 112 specimens tested positive for HRSV in hospital O.
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off from ON1 strains (Fig. S2). HRSV-B clinical strains were classified as BA strains because
of the presence of a 60-base repeat sequence in the second HVR of G. Furthermore,
based on the phylogenetic tree analysis using the ML method, HRSV-B clinical strains
were clustered with BA9 strains identified in the BLAST analysis (Fig. S3). In the Bayesian
phylogenetic tree, the clinical strains branched off from BA9 strains (Fig. S4).

HRSV-A phylogeny. We constructed a phylogenetic tree of our HRSV-A clinical
strains, representative strains of each genotype, strains closely related to our clinical strains,
and ON1 strains detected worldwide (Fig. 2). The evolutionary rate of HRSV-A strains
included in this analysis is shown in Table S1. Considering the four recognized ON1 lineages
(15, 33), most clinical strains belong to lineage 1, and so do most of the ON1 strains circulat-
ing worldwide. Six clusters were present in lineage 1. Additionally, a few strains were clus-
tered in lineage 2 or 3 (one cluster each). Eight clusters (numbered 1 to 8) were identified.
Clusters 1, 5, and 6 were commonly detected during 2017 to 2019. Clusters 2 and 7 were
detected only in 2019. All HRSVs detected at hospital O in 2021 were in clusters 1, 3, and 4,
forming genetically close populations within each cluster (Table S2). The pairwise distance

TABLE 2 Demographic and clinical characteristics of patients infected with HRSV-A in hospital O (n5 135)a

Characteristic

Total (n5 135)
2017–2020 seasons
(n5 52) 2021 season (n5 83)

PNo. % No. % No. %
Age (yrs) 0.891
,1 4 3.0 2 3.9 2 2.4
1–5 68 50.4 26 50.0 42 50.6
.5 63 46.7 24 46.2 39 47.0

Sex 0.504
Male 73 54.1 30 57.7 43 51.8
Female 62 45.9 22 42.3 40 48.2

Clinical characteristic
Fever 105 77.8 42 80.8 63 75.9 0.508
Cough 131 97.0 51 98.1 80 96.4 0.573
Rhinorrhea 115 85.2 44 84.6 71 85.5 0.883
Wheeze 40 29.6 12 23.1 28 33.7 0.187

aThis analysis included 135 specimens collected at hospital O from September 2017 to December 2021 and sequenced. The collection periods were compared using the chi-
square test or Fisher’s exact test. Statistical significance was set at a P value of,0.05.

TABLE 1 Patient demographic and clinical characteristics based on HRSV subtypes detected at hospitals O and H during 2017 to 2020
(n5 202)a

Characteristic

Total (n5 202) HRSV-A (n5 99) HRSV-B (n5 103)

PNo. % No. % No. %
Age (yrs) 0.040
,1 97 48.0 50 50.5 47 45.6
1–5 100 49.5 44 44.4 56 54.4
.5 5 2.5 5 5.1 0 0.0

Sex 0.685
Male 107 53.0 51 51.5 56 54.4
Female 95 47.0 48 48.5 47 45.6

Hospital 0.789
Hospital O 106 52.5 51 51.5 55 53.4
Hospital H 96 47.5 48 48.5 48 46.6

Clinical characteristic
Fever 168 83.2 79 79.8 89 86.4 0.209
Cough 195 96.5 95 96.0 100 97.1 0.661
Rhinorrhea 160 79.2 80 80.1 80 77.7 0.583
Wheeze 56 27.7 27 27.3 29 28.2 0.889

aThis analysis included 202 specimens collected at two hospitals from September 2017 to March 2020 and sequenced. One sample from a patient coinfected with HRSV-A
and HRSV-B was excluded. Subgroups were compared using the chi-square test or Fisher’s exact test. Statistical significance was set at a P value of,0.05.
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per cluster of HRSV-A detected at hospitals O and H during 2017 to 2021 is shown in Table
S3. Details of the HRSV-A strains are shown in Fig. S2.

HRSV-B phylogeny. We constructed a phylogenetic tree for HRSV-B strains using
the same approach (and the relevant control strains) (Fig. 3). The evolutionary rate of
HRSV-B strains included in this analysis is shown in Table S1. BA9 is currently divided
into three lineages (34); however, all our clinical strains belonged to lineage 2, similar
to most BA9 strains detected worldwide recently. Six clusters belonged to lineage 2.
Clusters 1 and 2 were commonly detected during 2017 to 2019, whereas clusters 3, 4,
and 5 were detected only in 2017 and 2018. Cluster 6 was detected only in 2017. In
2021, all four HRSVs detected at hospital O were in cluster 2, forming genetically close
populations within each cluster (Table S2). The pairwise distance per cluster of HRSV-B
detected at hospitals O and H during 2017 to 2021 is shown in Table S3. Details of the
HRSV-B strains are presented in Fig. S4.

Genome networks. We included clinical strains of HRSV-A and HRSV-B, strains
closely related to our clinical strains, and ON1 and BA9 strains detected worldwide in
the data set and performed a network analysis on each of them (Fig. 4 and 5). For
HRSV-A, as shown in the aforementioned phylogenetic tree, most clinical strains were
in lineage 1, and eight clusters were easily distinguished. Five clinical strains, including
1 from hospital O and 4 from hospital H, belonged to lineage 2, whereas two clinical
strains from hospital H belonged to lineage 3. Most ON1 strains detected in other
countries also belong to lineage 1. Regarding HRSV-B, all clinical strains were from line-
age 2, similar to most BA9 strains detected in other countries.

DISCUSSION

In this study, we investigated the molecular diversity and epidemiology of HRSVs col-
lected at two hospitals in neighboring cities of Fukushima Prefecture using the second HVR
of G. We compared the prevalent clusters between the cities to determine whether there
are differences in the molecular diversity of HRSVs even between neighboring regions. We
also assessed the evolution of HRSV before and during the COVID-19 pandemic. We found

FIG 2 Time-scaled maximum clade credibility tree using the best model (general time-reversible [GTR] model) of the second HVR of
G from HRSV-A constructed using the Bayesian MCMC method under the exponential molecular clock. A 10-year timeline is shown
below the tree. Strains detected at hospital O are shown in red, and those detected at hospital H are shown in blue. Strains
circulating in different countries are shown in purple. Representative strains of each genotype are shown in green. On the right are
the number and detection time of HRSVs detected in each cluster at hospitals O and H.
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that the directionality of both HRSV-A and HRSV-B clinical strains was similar to that of
global epidemic strains. The clinical strains formed clusters with unique characteristics, as
indicated by our extensive phylogenetic and network analyses. We observed differences in
the epidemic status and epidemic clusters of both HRSV-A and HRSV-B clinical strains even
between neighboring regions. The re-emergence of HRSV in 2021 after the COVID-19 out-
break possibly originated from endogenous circulating HRSVs.

In 2017 and 2018, the globally predominant HRSV genotypes were ON1 for HRSV-A
and BA9 for HRSV-B, with the latter being predominant in most countries (28, 35–41). The
HRSV genotypes BA and ON1 showed 60- and 72-bp overlaps, respectively, in the second
HVR of G because of gene duplication events (22, 40). These HRSVs with overlapping ge-
notypes spread worldwide within a few years of identification, likely because the global
population is immunologically naive (42). The emergence of a greater number of G var-
iants can be attributed to the selective pressure exerted by host immunity, as a way to
escape cross-protective immune responses (43, 44). This hypothesis is supported by the
results of a longitudinal whole-genome sequencing study of HRSV specimens collected
from infants with severe combined immunodeficiency before and after bone marrow
transplantation, which showed increased G diversity after immune reconstitution (45).

All HRSV-A and HRSV-B clinical strains in this study were identified as ON1 and BA9,
respectively. Most HRSV-A clinical strains were in lineage 1, whereas a few strains were in
lineage 2 or 3; in contrast, all HRSV-B clinical strains were in lineage 2. Strains of the
same genotypes circulating in other countries were predominantly in lineage 1 for ON1
and lineage 2 for BA9. Our results suggest that the epidemic pattern in a small commu-
nity shows a trend similar to that observed worldwide. Based on our Markov chain
Monte Carlo (MCMC) phylogenetic analysis, a graph was plotted for each cluster with
the number of clinical strains and time of detection at hospitals O and H. Together, our
results showed differences in the detection time and duration of the clusters of both
HRSV-A and HRSV-B prevalent at hospitals O and H.

Peret et al. (46) analyzed HRSV community circulation patterns and reported that sev-
eral strains are likely to be introduced into each community each year and cocirculate

FIG 3 Time-scaled maximum clade credibility tree using the best model (GTR model) of the second HVR of G from HRSV-B constructed using the Bayesian
MCMC method under the exponential molecular clock. A 10-year timeline is shown below the tree. Strains detected at hospital O are shown in red, and
those detected at hospital H are shown in blue. Strains circulating in different countries are shown in purple. Representative strains of each genotype are
shown in green. On the right are the number and detection time of HRSVs detected in each cluster at hospitals O and H.
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with endemic strains, with local factors determining the predominant strains. A previous
study reported that both community factors and global spread can affect the circulation
of strains in a community (13). In a study of 15 outbreaks of infection with HRSV-B BA in
Kilifi, Kenya, the viruses circulating in a year were not from a single phylogenetic cluster
but from multiple clusters. In contrast, sequences of viruses from successive epidemics
were more clustered, suggesting the persistence of some variants between HRSV epi-
demic seasons (47). Annual HRSV infection outbreaks are caused by variants resulting
from locally evolved clades, not by distantly introduced viruses (48, 49). However, the
possibility that closely related viruses may be introduced from other locations each year
cannot be ruled out (50). In the present study, we identified clusters that disappeared af-
ter one or two seasons and clusters that were persistently detected. Therefore, HRSVs
that mutate in each region and are introduced from other regions could lead to an epi-
demic that may be repeated with the emergence of a mutant virus adapted to the envi-
ronment of a particular region and its spread globally. In Japan, HRSVs are prevalent in
the fall and winter; however, during 2017 to 2019, they were prevalent in the summer
and fall (51). Our results also revealed an HRSV epidemic during this period. We found
clusters that were detected every year as well as some that were detected in only 1 year.
Each year, multiple strains are introduced from other regions or circulate endogenously
within a region. In neighboring cities, regional factors such as the immune status of the
population affect the circulation of HRSVs and produce clusters with distinctive charac-
teristics. In 2021, HRSVs from hospital O were closely related to the cluster detected in
2019, with many strains of the same sequence type or with a low pairwise distance
(Table S2). This finding suggests that the HRSV strains that circulated in 2021 after the

FIG 4 HRSV-A ON1 median-joining network based on the sequences of the second HVR of G depicting the relationships between clusters
and lineages. The internodal line lengths are proportional to the number of mutations. The size of the circles represents the number of
strains with matching sequences. Strains circulating in different countries are color coded. Strains detected at hospital O are shown in red,
and those detected at hospital H are shown in blue.
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end of the HRSV epidemic in 2019 and following a nonendemic period in 2020 contin-
ued to circulate within the local community and re-emerged.

According to a national HRSV surveillance in Japan (RSV infection cases reported per
sentinel weekly by the National Institute of Infectious Diseases, Japan [https://www.niid.go
.jp/niid/ja/10/2096-weeklygraph/1661-21rsv.html]), there was no HRSV epidemic in 2020,
when nonpharmaceutical interventions (NPIs) were used to prevent human movement and
control the COVID-19 pandemic; in contrast, a major HRSV epidemic, whose magnitude was
greater than that observed in previous years, occurred in 2021. In South Africa, France, Israel,
Australia, and the United States, COVID-19-related NPIs markedly reduced RSV activity; how-
ever, increased RSV activity was observed when the NPIs were lifted (52–57).

As Japan continued to restrict international travel after 2020 as a measure to prevent
the spread of infection, it is unlikely that the HRSV strain that caused the outbreak in
2021 was introduced from another country. Our phylogenetic tree analysis confirmed
the evolution from clusters endemic to each region in the previous year, especially for
HRSV-A, suggesting that strains circulating within these areas re-emerged. The incidence
of HRSV infection in children aged 2 years and above increased in 2021 compared with
that in previous years in Japan (58). This may be because of the lack of exposure to
HRSVs in 2020, leading to the formation of an immunologically naive population and an
increased number of susceptible infants, which may have caused the epidemics of
HRSVs, with a few genetic mutations. In a study on HRSV epidemic in Australia after the
ease of COVID-19-related restrictions, whole-genome analysis showed that the genetic
diversity of HRSVs decreased significantly after the start of the COVID-19 pandemic, sug-
gesting that although the origin and detection time of the epidemic strains were not
clear, they may have been circulating within the country (59). A study examining the evo-
lutionary dynamics of seasonal influenza virus circulating worldwide during the COVID-19
pandemic revealed that genetic diversity had declined and that most residual transmission
lineages were independently maintained and circulated within small regions (60). The results
of these studies support our observations.

FIG 5 HRSV-B BA9 median-joining network based on the sequences of the second HVR of G depicting the relationship between clusters and
lineages. The internodal line lengths are proportional to the number of mutations. The size of the circles represents the number of strains
with matching sequences. Strains circulating in different countries are color coded. Strains detected at hospital O are shown in red, and
those detected at hospital H are shown in blue.

Molecular Diversity of HRSV in Two Japanese Cities Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.02606-22 8

https://www.niid.go.jp/niid/ja/10/2096-weeklygraph/1661-21rsv.html
https://www.niid.go.jp/niid/ja/10/2096-weeklygraph/1661-21rsv.html
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02606-22


This study had some limitations. First, the number of specimens analyzed was lim-
ited, and some specimens could not be sequenced because of small sample volume.
Second, as we observed differences in the number of HRSV strains in clusters prevalent
at the same time in neighboring cities, we consider that HRSVs in each region may be
diverse. However, this could not be proven in the present study because the number
of specimens was small and specimens from only two regions were analyzed. To prove
this hypothesis, we need to increase the number of specimens and include samples
from other regions in the same prefecture as well as other prefectures in Japan for
comparison. Third, the number of global strains included in the analysis was limited. It
should be considered that our results may differ from those of other studies that
included different strains. However, this is unlikely, because the reference strains used
in this study represent all current major genotypes. Fourth, the second HVR of G was
analyzed using a method adopted in most epidemiological studies. However, this
approach has not been used in all studies; some studies have used the ectodomain of
G for improved HRSV genotype classification (61, 62), whereas others have used whole-
genome sequencing (63). However, G remains the basis for understanding the molecu-
lar epidemiology of HRSVs, and analysis of the same gene region allows comparison of
results among studies.

In conclusion, by analyzing the second HVR of G, we found that the molecular epi-
demiology of HRSVs in neighboring cities in Japan is similar to that in other parts of
the world. We found differences in the number of HRSV strains within clusters that
were simultaneously prevalent at the same time in each region. Given that the genetic
characteristics of HRSVs circulating in 2021 after the COVID-19 outbreak were similar to
those of strains circulating in 2019, HRSVs in the same cluster could circulate for several
years, thereby initiating an epidemic cycle, in addition to the introduction of strains
from other areas. These results substantially add to our knowledge of the molecular
epidemiology of HRSV infection. Continued surveillance is required to gain deeper
insights into the molecular diversity of HRSVs.

MATERIALS ANDMETHODS
Patients and specimens. Nasopharyngeal swab specimens were collected from 2,330 patients

admitted to the pediatric wards of the two hospitals (1,500 in hospital O and 830 in hospital H) for respi-
ratory tract infections (upper respiratory tract infections, lower respiratory tract infections, croup syn-
drome, and otitis media) between September 2017 and December 2021. Specimens from patients from
whom informed consent could not be obtained were excluded from the study. The specimens were im-
mediately stored in a freezer at 280°C in the Fukushima Medical University laboratory until analysis.

RNA extraction and real-time quantitative reverse transcription-PCR. Viral RNA was extracted
from 140mL of each specimen using the QIAamp viral RNA minikit (Qiagen, Valencia, CA, USA) according
to the manufacturer’s instructions. Thereafter, reverse transcription-qPCR (RT-qPCR) was performed
using the AgPath-ID one-step RT-PCR reagent (Thermo Fisher Scientific, Waltham, MA, USA) as described
previously (64).

Sequencing. Viral cDNA was generated from the extracted RNA using the PrimeScript RT-PCR kit
(TaKaRa Bio, Otsu, Japan). The second HVR of G was amplified using the PrimeScript RT-PCR kit (TaKaRa
Bio) as described previously (13, 65). The primers used in the experiment were as follows: forward primer
F1 (59-CAACTCCATTGTTATTTGCC-39) with reverse primers nRSAG (59-TATGCAGCAACAATCCAACC-39)
and nRSBG (59-GTGGCAACAATCAACTCTGC-39). The PCR conditions were as follows: 95°C for 2 min; 40
cycles of 94°C for 1 min, 54°C for 1 min, and 72°C for 2 min; and a final extension step at 72°C for 7 min.
After electrophoresis, the PCR products were purified using the MinElute PCR purification kit and
MinElute gel extraction kit (both from Qiagen). Next, they were labeled using the BigDye Terminator
V3.1 cycle sequencing kit (Thermo Fisher Scientific) and sequenced using the ABI 3730xl DNA analyzer
(Applied Biosystems, Foster City, CA, USA).

Genotyping. The nucleotide sequence length of HRSV-A clinical strains was 336 bp, whereas that of
HRSV-B strains was 324 bp. BLAST analysis was performed on this segment to find closely related strains
of all clinical strains and to identify genotypes.

RSV sequence database. To understand the molecular evolution of the RSV G protein, we down-
loaded the nucleotide sequence of the second HVR of HRSV G from GenBank. We used the 1956 strain
Long (JX198112) and 1961 strain A2 (KT992094) of HRSV-A and the 1962 strain CH18537 (JX198143) of
HRSV-B as outgroups. Other strains incorporated into the data set were as follows: 15 HRSV-A strains
and 29 HRSV-B strains were selected as representatives of each genotype, 16 HRSV-A strains and 6
HRSV-B strains were selected as close relatives from the BLAST research results, and 37 HRSV-A strains
and 48 HRSV-B strains were selected as global strains based on previous studies (9, 14–27, 34–39, 46,
66–72). The data are presented in Table S4.
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Classification of lineages and clusters. For lineage classification, the strains classified in each line-
age were incorporated into the data set and classified based on their positions in the Bayesian phyloge-
netic tree as described by Hirano et al. (15) for HRSV-A and Haider et al. (34) for HRSV-B.

Furthermore, cluster classification of each clinical strain was performed using a BLAST search to iden-
tify closely related strains, which were then incorporated into the data set and classified based on their
position in the Bayesian phylogenetic tree.

Phylogenetic analyses. Nucleotide sequences of the second HVR of G were aligned and edited
using ClustalW in MEGA version 7.0.26 (73). jModelTest version 2.1.10 (74) was used to select the appro-
priate nucleotide substitution model. First, a phylogenetic tree was constructed using the ML method
with 1,000 bootstrap replicates using MEGA version 7.0.26. Thereafter, PA phylogenetic analysis was per-
formed using the Bayesian MCMC method in BEAST version 2.4.8 (75). We compared four clock models
(strict clock, relaxed clock exponential, relaxed clock log-normal, and random local clock) with two tree
prior models (coalescent constant population and coalescent exponential population) to identify the
best model (76). To verify the convergence of the MCMC method, we used the path-sampling method
using the path sampler included in BEAST. To confirm the convergence of the MCMC method, we further
evaluated the effective sample size using Tracer version 1.7.1 (77) and confirmed that the value of all pa-
rameters exceeded 200. The first 10% of the phylogenetic data obtained were excluded (burn-in)
because of potential unreliability, and the best phylogenetic tree was designed using TreeAnnotator in
BEAST. MCMC phylogenetic trees were constructed using FigTree version 1.4.0 (http://tree.bio.ed.ac.uk/
software/figtree/).

Median-joining network analysis. To evaluate the geographical determinants of HRSV evolution,
data sets were converted to NEXUS files using DnaSP version 6.12.03 (78), and information regarding the
area was added to Word 2019 version 1808 and analyzed using PopART (full-feature software for haplo-
type network construction) version 1.7 (79), with the median-joining algorithm.

Statistical analysis. Demographic and clinical characteristics based on the HRSV subgroups and col-
lection periods were compared using the chi-square test or Fisher’s exact test. Statistical significance
was set at a P value of ,0.05. All analyses were performed using IBM SPSS Statistics version 27 (SPSS
Inc., Chicago, IL, USA).

Ethics statement. This study was approved by the Ethics Committee of Fukushima Medical University
(no. 29006) and conducted according to the ethical standards of the Declaration of Helsinki. Informed con-
sent was obtained from the legal guardians of all patients included in the study.

Data availability. The DNA sequences generated in this study have been submitted to the GenBank
database under accession numbers LC712443 to LC712625 (HRSV-A) and LC712626 to LC712733 (HRSV-
B). The data sets generated and analyzed in this study are available from the corresponding author
upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.1 MB.

ACKNOWLEDGMENTS
This study was supported by Grant-in-Aid fk0108119h0001 from the Japan Agency

for Medical Research and Development. The funders had no role in study design, data
collection and interpretation, or the decision to submit the work for publication.

We have no conflicts of interest to declare.

REFERENCES
1. Lee N, Lui GC, Wong KT, Li TC, Tse EC, Chan JY, Yu J, Wong SS, Choi KW,

Wong RY, Ngai KL, Hui DS, Chan PK. 2013. High morbidity and mortality in
adults hospitalized for respiratory syncytial virus infections. Clin Infect Dis
57:1069–1077. https://doi.org/10.1093/cid/cit471.

2. Shi T, McAllister DA, O'Brien KL, Simoes EAF, Madhi SA, Gessner BD, Polack
FP, Balsells E, Acacio S, Aguayo C, Alassani I, Ali A, Antonio M, Awasthi S,
Awori JO, Azziz-Baumgartner E, Baggett HC, Baillie VL, Balmaseda A, Barahona
A, Basnet S, Bassat Q, Basualdo W, Bigogo G, Bont L, Breiman RF, Brooks WA,
Broor S, Bruce N, Bruden D, Buchy P, Campbell S, Carosone-Link P, Chadha M,
Chipeta J, Chou M, Clara W, Cohen C, de Cuellar E, Dang DA, Dash-Yandag B,
Deloria-Knoll M, Dherani M, Eap T, Ebruke BE, Echavarria M, de Freitas Lazaro
Emediato CC, Fasce RA, Feikin DR, Feng L, RSV Global Epidemiology Network,
et al. 2017. Global, regional, and national disease burden estimates of acute
lower respiratory infections due to respiratory syncytial virus in young children
in 2015: a systematic review and modelling study. Lancet 390:946–958. https://
doi.org/10.1016/S0140-6736(17)30938-8.

3. Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N, Anderson LJ,
Fukuda K. 2003. Mortality associated with influenza and respiratory syncy-
tial virus in the United States. JAMA 289:179–186. https://doi.org/10.1001/
jama.289.2.179.

4. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE. 2005. Respiratory
syncytial virus infection in elderly and high-risk adults. N Engl J Med 352:
1749–1759. https://doi.org/10.1056/NEJMoa043951.

5. Alansari K, Toaimah FH, Almatar DH, El Tatawy LA, Davidson BL, Qusad
MIM. 2019. Monoclonal antibody treatment of RSV bronchiolitis in young
infants: a randomized trial. Pediatrics 143:e20182308. https://doi.org/10
.1542/peds.2018-2308.

6. Mazur NI, Higgins D, Nunes MC, Melero JA, Langedijk AC, Horsley N, Buchholz
UJ, Openshaw PJ, McLellan JS, Englund JA, Mejias A, Karron RA, Simões EA,
Knezevic I, Ramilo O, Piedra PA, Chu HY, Falsey AR, Nair H, Kragten-Tabatabaie
L, Greenough A, Baraldi E, Papadopoulos NG, Vekemans J, Polack FP, Powell
M, Satav A, Walsh EE, Stein RT, Graham BS, Bont LJ, Respiratory Syncytial Virus
Network (ReSViNET) Foundation. 2018. The respiratory syncytial virus vaccine
landscape: lessons from the graveyard and promising candidates. Lancet
Infect Dis 18:e295–e311. https://doi.org/10.1016/S1473-3099(18)30292-5.

7. Mufson MA, Orvell C, Rafnar B, Norrby E. 1985. Two distinct subtypes of
human respiratory syncytial virus. J Gen Virol 66:2111–2124. https://doi
.org/10.1099/0022-1317-66-10-2111.

8. Korsun N, Angelova S, Tzotcheva I, Georgieva I, Lazova S, Parina S, Alexiev
I, Perenovska P. 2017. Prevalence and genetic characterisation of respiratory

Molecular Diversity of HRSV in Two Japanese Cities Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.02606-22 10

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://www.ncbi.nlm.nih.gov/nuccore/LC712443
https://www.ncbi.nlm.nih.gov/nuccore/LC712625
https://www.ncbi.nlm.nih.gov/nuccore/LC712626
https://www.ncbi.nlm.nih.gov/nuccore/LC712733
https://doi.org/10.1093/cid/cit471
https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1001/jama.289.2.179
https://doi.org/10.1001/jama.289.2.179
https://doi.org/10.1056/NEJMoa043951
https://doi.org/10.1542/peds.2018-2308
https://doi.org/10.1542/peds.2018-2308
https://doi.org/10.1016/S1473-3099(18)30292-5
https://doi.org/10.1099/0022-1317-66-10-2111
https://doi.org/10.1099/0022-1317-66-10-2111
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02606-22


syncytial viruses circulating in Bulgaria during the 2014/15 and 2015/16 win-
ter seasons. Pathog Glob Health 111:351–361. https://doi.org/10.1080/
20477724.2017.1375708.

9. Cui G, Zhu R, Qian Y, Deng J, Zhao L, Sun Y, Wang F. 2013. Genetic varia-
tion in attachment glycoprotein genes of human respiratory syncytial vi-
rus subgroups A and B in children in recent five consecutive years. PLoS
One 8:e75020. https://doi.org/10.1371/journal.pone.0075020.

10. Hendry RM, Talis AL, Godfrey E, Anderson LJ, Fernie BF, McIntosh K. 1986.
Concurrent circulation of antigenically distinct strains of respiratory syncy-
tial virus during community outbreaks. J Infect Dis 153:291–297. https://doi
.org/10.1093/infdis/153.2.291.

11. Sullender WM. 2000. Respiratory syncytial virus genetic and antigenic di-
versity. Clin Microbiol Rev 13:1–15. https://doi.org/10.1128/CMR.13.1.1.

12. Melero JA, García-Barreno B, Martínez I, Pringle CR, Cane PA. 1997. Anti-
genic structure, evolution and immunobiology of human respiratory syn-
cytial virus attachment (G) protein. J Gen Virol 78:2411–2418. https://doi
.org/10.1099/0022-1317-78-10-2411.

13. Peret TC, Hall CB, Schnabel KC, Golub JA, Anderson LJ. 1998. Circulation
patterns of genetically distinct group A and B strains of human respira-
tory syncytial virus in a community. J Gen Virol 79:2221–2229. https://doi
.org/10.1099/0022-1317-79-9-2221.

14. Baek YH, Choi EH, Song MS, Pascua PN, Kwon HI, Park SJ, Lee JH, Woo SI,
Ahn BH, Han HS, Hahn YS, Shin KS, Jang HL, Kim SY, Choi YK. 2012. Preva-
lence and genetic characterization of respiratory syncytial virus (RSV) in
hospitalized children in Korea. Arch Virol 157:1039–1050. https://doi.org/
10.1007/s00705-012-1267-1.

15. Hirano E, Kobayashi M, Tsukagoshi H, Yoshida LM, Kuroda M, Noda M,
Ishioka T, Kozawa K, Ishii H, Yoshida A, Oishi K, Ryo A, Kimura H. 2014. Mo-
lecular evolution of human respiratory syncytial virus attachment glyco-
protein (G) gene of new genotype ON1 and ancestor NA1. Infect Genet
Evol 28:183–191. https://doi.org/10.1016/j.meegid.2014.09.030.

16. Venter M, Madhi SA, Tiemessen CT, Schoub BD. 2001. Genetic diversity
and molecular epidemiology of respiratory syncytial virus over four con-
secutive seasons in South Africa: identification of new subgroup A and B
genotypes. J Gen Virol 82:2117–2124. https://doi.org/10.1099/0022-1317
-82-9-2117.

17. Shobugawa Y, Saito R, Sano Y, Zaraket H, Suzuki Y, Kumaki A, Dapat I,
Oguma T, Yamaguchi M, Suzuki H. 2009. Emerging genotypes of human
respiratory syncytial virus subgroup A among patients in Japan. J Clin
Microbiol 47:2475–2482. https://doi.org/10.1128/JCM.00115-09.

18. Eshaghi A, Duvvuri VR, Lai R, Nadarajah JT, Li A, Patel SN, Low DE, Gubbay
JB. 2012. Genetic variability of human respiratory syncytial virus A strains
circulating in Ontario: a novel genotype with a 72 nucleotide G gene dupli-
cation. PLoS One 7:e32807. https://doi.org/10.1371/journal.pone.0032807.

19. Auksornkitti V, Kamprasert N, Thongkomplew S, Suwannakarn K,
Theamboonlers A, Samransamruajkij R, Poovorawan Y. 2014. Molecular char-
acterization of human respiratory syncytial virus, 2010–2011: identification
of genotype ON1 and a new subgroup B genotype in Thailand. Arch Virol
159:499–507. https://doi.org/10.1007/s00705-013-1773-9.

20. Blanc A, Delfraro A, Frabasile S, Arbiza J. 2005. Genotypes of respiratory
syncytial virus group B identified in Uruguay. Arch Virol 150:603–609.
https://doi.org/10.1007/s00705-004-0412-x.

21. Arnott A, Vong S, Mardy S, Chu S, Naughtin M, Sovann L, Buecher C, Beauté
J, Rith S, Borand L, Asgari N, Frutos R, Guillard B, Touch S, Deubel V, Buchy
P. 2011. A study of the genetic variability of human respiratory syncytial vi-
rus (HRSV) in Cambodia reveals the existence of a new HRSV group B geno-
type. J Clin Microbiol 49:3504–3513. https://doi.org/10.1128/JCM.01131-11.

22. Trento A, Viegas M, Galiano M, Videla C, Carballal G, Mistchenko AS,
Melero JA. 2006. Natural history of human respiratory syncytial virus
inferred from phylogenetic analysis of the attachment (G) glycoprotein
with a 60-nucleotide duplication. J Virol 80:975–984. https://doi.org/10
.1128/JVI.80.2.975-984.2006.

23. Dapat IC, Shobugawa Y, Sano Y, Saito R, Sasaki A, Suzuki Y, Kumaki A,
Zaraket H, Dapat C, Oguma T, Yamaguchi M, Suzuki H. 2010. New geno-
types within respiratory syncytial virus group B genotype BA in Niigata, Ja-
pan. J Clin Microbiol 48:3423–3427. https://doi.org/10.1128/JCM.00646-10.

24. Yu X, Kou Y, Xia D, Li J, Yang X, Zhou Y, He X. 2015. Human respiratory
syncytial virus in children with lower respiratory tract infections or influ-
enza-like illness and its co-infection characteristics with viruses and atypi-
cal bacteria in Hangzhou, China. J Clin Virol 69:1–6. https://doi.org/10
.1016/j.jcv.2015.05.015.

25. Khor CS, Sam IC, Hooi PS, Chan YF. 2013. Displacement of predominant re-
spiratory syncytial virus genotypes in Malaysia between 1989 and 2011.
Infect Genet Evol 14:357–360. https://doi.org/10.1016/j.meegid.2012.12.017.

26. Bashir U, Nisar N, Mahmood N, Alam MM, Sadia H, Zaidi SS. 2017. Molecu-
lar detection and characterization of respiratory syncytial virus B geno-
types circulating in Pakistani children. Infect Genet Evol 47:125–131.
https://doi.org/10.1016/j.meegid.2016.11.024.

27. Ábrego LE, Delfraro A, Franco D, Castillo J, Castillo M, Moreno B, López-
Vergès S, Pascale JM, Arbiza J. 2017. Genetic variability of human respira-
tory syncytial virus group B in Panama reveals a novel genotype BA14. J
Med Virol 89:1734–1742. https://doi.org/10.1002/jmv.24838.

28. Tabor DE, Fernandes F, Langedijk AC, Wilkins D, Lebbink RJ, Tovchigrechko
A, Ruzin A, Kragten-Tabatabaie L, Jin H, Esser MT, Bont LJ, Abram ME. 2020.
Global molecular epidemiology of respiratory syncytial virus from the
2017–2018 INFORM-RSV Study. J Clin Microbiol 59:e01828-20. https://doi
.org/10.1128/JCM.01828-20.

29. Hibino A, Saito R, Taniguchi K, Zaraket H, Shobugawa Y, Matsui T, Suzuki
H, Japanese HRSV Collaborative Study Group. 2018. Molecular epidemiol-
ogy of human respiratory syncytial virus among children in Japan during
three seasons and hospitalization risk of genotype ON1. PLoS One 13:
e0192085. https://doi.org/10.1371/journal.pone.0192085.

30. Fukuda Y, Tsugawa T, Nagaoka Y, Ishii A, Nawa T, Togashi A, Kunizaki J,
Hirakawa S, Iida J, Tanaka T, Kizawa T, Yamamoto D, Takeuchi R, Sakai Y,
Kikuchi M, Nagai K, Asakura H, Tanaka R, Yoshida M, Hamada R, Kawasaki
Y. 2021. Surveillance in hospitalized children with infectious diseases in
Japan: re- and post-coronavirus disease 2019. J Infect Chemother 27:
1639–1647. https://doi.org/10.1016/j.jiac.2021.07.024.

31. Takashita E, Kawakami C, Momoki T, Saikusa M, Shimizu K, Ozawa H,
Kumazaki M, Usuku S, Tanaka N, Okubo I, Morita H, Nagata S, Watanabe S,
Hasegawa H, Kawaoka Y. 2021. Increased risk of rhinovirus infection in
children during the coronavirus disease-19 pandemic. Influenza Other
Respir Viruses 15:488–494. https://doi.org/10.1111/irv.12854.

32. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403–410. https://doi.org/10.1016/
S0022-2836(05)80360-2.

33. Duvvuri VR, Granados A, Rosenfeld P, Bahl J, Eshaghi A, Gubbay JB. 2015.
Genetic diversity and evolutionary insights of respiratory syncytial virus A
ON1 genotype: global and local transmission dynamics. Sci Rep 5:14268.
https://doi.org/10.1038/srep14268.

34. Haider MSH, Khan WH, Deeba F, Ali S, Ahmed A, Naqvi IH, Dohare R,
Alsenaidy HA, Alsenaidy AM, Broor S, Parveen S. 2018. BA9 lineage of respi-
ratory syncytial virus from across the globe and its evolutionary dynamics.
PLoS One 13:e0193525. https://doi.org/10.1371/journal.pone.0193525.

35. Saez-Lopez E, Cristovao P, Costa I, Pechirra P, Conde P, Guiomar R, Peres
MJ, Viseu R, Lopes P, Soares V, Vale F, Fonseca P, Freitas L, Alves J,
Pessanha MA, Toscano C, Mota-Vieira L, Veloso RC, Corte-Real R,
Branquinho P, Pereira-Vaz J, Rodrigues F, Cunha M, Martins L, Mota P,
Couto AR, Bruges-Armas J, Almeida S, Rodrigues D, Portuguese Labora-
tory Network for the Diagnosis of Influenza Infection. 2019. Epidemiology
and genetic variability of respiratory syncytial virus in Portugal, 2014–
2018. J Clin Virol 121:104200. https://doi.org/10.1016/j.jcv.2019.104200.

36. A-S HA, El-Kafrawy SA, Yousef JM, Kumosani TA, Kamal MA, Khathlan NA,
Kaki RM, Alnajjar AA, Azhar EI. 2020. Dominance of the ON1 genotype of
RSV-A and BA9 genotype of RSV-B in respiratory cases from Jeddah, Saudi
Arabia. Genes (Basel) 11:1323. https://doi.org/10.3390/genes11111323.

37. Thongpan I, Suntronwong N, Vichaiwattana P, Wanlapakorn N,
Vongpunsawad S, Poovorawan Y. 2019. Respiratory syncytial virus, human
metapneumovirus, and influenza virus infection in Bangkok, 2016–2017.
PeerJ 7:e6748. https://doi.org/10.7717/peerj.6748.

38. Hindupur A, Menon T, Dhandapani P. 2019. Genetic diversity of human
respiratory syncytial virus in children with acute respiratory infections in
Chennai, South India. Indian J Med Microbiol 37:248–254. https://doi.org/
10.4103/ijmm.IJMM_19_193.

39. Kang HM, Park KC, Park J, Kil HR, Yang EA. 2020. Circulating respiratory
syncytial virus genotypes and genetic variability of the G gene during
2017 and 2018/2019 seasonal epidemics isolated from children with
lower respiratory tract infections in Daejeon, Korea. J Korean Med Sci 35:
e422. https://doi.org/10.3346/jkms.2020.35.e422.

40. Abou-El-Hassan H, Massaad E, Soudani N, Assaf-Casals A, Shaker R, Lteif
Khoury M, Ghanem S, Karam M, Andary R, Saito R, Dbaibo G, Zaraket H.
2019. Detection of ON1 and novel genotypes of human respiratory syncy-
tial virus and emergence of palivizumab resistance in Lebanon. PLoS One
14:e0212687. https://doi.org/10.1371/journal.pone.0212687.

41. Liu H, Lu B, Tabor DE, Tovchigrechko A, Wilkins D, Jin H, Madhi SA, Soofie
N, Esser MT, Nunes MC. 2020. Characterization of human respiratory syncytial
virus (RSV) isolated from HIV-exposed-uninfected and HIV-unexposed infants

Molecular Diversity of HRSV in Two Japanese Cities Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.02606-22 11

https://doi.org/10.1080/20477724.2017.1375708
https://doi.org/10.1080/20477724.2017.1375708
https://doi.org/10.1371/journal.pone.0075020
https://doi.org/10.1093/infdis/153.2.291
https://doi.org/10.1093/infdis/153.2.291
https://doi.org/10.1128/CMR.13.1.1
https://doi.org/10.1099/0022-1317-78-10-2411
https://doi.org/10.1099/0022-1317-78-10-2411
https://doi.org/10.1099/0022-1317-79-9-2221
https://doi.org/10.1099/0022-1317-79-9-2221
https://doi.org/10.1007/s00705-012-1267-1
https://doi.org/10.1007/s00705-012-1267-1
https://doi.org/10.1016/j.meegid.2014.09.030
https://doi.org/10.1099/0022-1317-82-9-2117
https://doi.org/10.1099/0022-1317-82-9-2117
https://doi.org/10.1128/JCM.00115-09
https://doi.org/10.1371/journal.pone.0032807
https://doi.org/10.1007/s00705-013-1773-9
https://doi.org/10.1007/s00705-004-0412-x
https://doi.org/10.1128/JCM.01131-11
https://doi.org/10.1128/JVI.80.2.975-984.2006
https://doi.org/10.1128/JVI.80.2.975-984.2006
https://doi.org/10.1128/JCM.00646-10
https://doi.org/10.1016/j.jcv.2015.05.015
https://doi.org/10.1016/j.jcv.2015.05.015
https://doi.org/10.1016/j.meegid.2012.12.017
https://doi.org/10.1016/j.meegid.2016.11.024
https://doi.org/10.1002/jmv.24838
https://doi.org/10.1128/JCM.01828-20
https://doi.org/10.1128/JCM.01828-20
https://doi.org/10.1371/journal.pone.0192085
https://doi.org/10.1016/j.jiac.2021.07.024
https://doi.org/10.1111/irv.12854
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/srep14268
https://doi.org/10.1371/journal.pone.0193525
https://doi.org/10.1016/j.jcv.2019.104200
https://doi.org/10.3390/genes11111323
https://doi.org/10.7717/peerj.6748
https://doi.org/10.4103/ijmm.IJMM_19_193
https://doi.org/10.4103/ijmm.IJMM_19_193
https://doi.org/10.3346/jkms.2020.35.e422
https://doi.org/10.1371/journal.pone.0212687
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02606-22


in South Africa during 2015–2017. Influenza Other Respir Viruses 14:403–411.
https://doi.org/10.1111/irv.12727.

42. Malasao R, Okamoto M, Chaimongkol N, Imamura T, Tohma K, Dapat I,
Dapat C, Suzuki A, Saito M, Saito M, Tamaki R, Pedrera-Rico GA, Aniceto R,
Quicho RF, Segubre-Mercado E, Lupisan S, Oshitani H. 2015. Molecular
characterization of human respiratory syncytial virus in the Philippines,
2012–2013. PLoS One 10:e0142192. https://doi.org/10.1371/journal.pone
.0142192.

43. Botosso VF, Zanotto PM, Ueda M, Arruda E, Gilio AE, Vieira SE, Stewien KE,
Peret TC, Jamal LF, Pardini MI, Pinho JR, Massad E, Sant'anna OA, Holmes
EC, Durigon EL, VGDN Consortium. 2009. Positive selection results in fre-
quent reversible amino acid replacements in the G protein gene of
human respiratory syncytial virus. PLoS Pathog 5:e1000254. https://doi
.org/10.1371/journal.ppat.1000254.

44. Esposito S, Piralla A, Zampiero A, Bianchini S, Di Pietro G, Scala A, Pinzani
R, Fossali E, Baldanti F, Principi N. 2015. Characteristics and their clinical
relevance of respiratory syncytial virus types and genotypes circulating in
northern Italy in five consecutive winter seasons. PLoS One 10:e0129369.
https://doi.org/10.1371/journal.pone.0129369.

45. Grad YH, Newman R, Zody M, Yang X, Murphy R, Qu J, Malboeuf CM,
Levin JZ, Lipsitch M, DeVincenzo J. 2014. Within-host whole-genome
deep sequencing and diversity analysis of human respiratory syncytial vi-
rus infection reveals dynamics of genomic diversity in the absence and
presence of immune pressure. J Virol 88:7286–7293. https://doi.org/10
.1128/JVI.00038-14.

46. Peret TC, Hall CB, Hammond GW, Piedra PA, Storch GA, Sullender WM, Tsou
C, Anderson LJ. 2000. Circulation patterns of group A and B human respira-
tory syncytial virus genotypes in 5 communities in North America. J Infect
Dis 181:1891–1896. https://doi.org/10.1086/315508.

47. Kamau E, Otieno JR, Lewa CS, Mwema A, Murunga N, Nokes DJ, Agoti CN.
2020. Evolution of respiratory syncytial virus genotype BA in Kilifi, Kenya, 15
years on. Sci Rep 10:21176. https://doi.org/10.1038/s41598-020-78234-0.

48. Griffiths C, Drews SJ, Marchant DJ. 2017. Respiratory syncytial virus: infec-
tion, detection, and new options for prevention and treatment. Clin
Microbiol Rev 30:277–319. https://doi.org/10.1128/CMR.00010-16.

49. Agoti CN, Otieno JR, Ngama M, Mwihuri AG, Medley GF, Cane PA, Nokes
DJ. 2015. Successive respiratory syncytial virus epidemics in local popula-
tions arise frommultiple variant introductions, providing insights into virus
persistence. J Virol 89:11630–11642. https://doi.org/10.1128/JVI.01972-15.

50. Trovão NS, Khuri-Bulos N, Tan Y, Puri V, Shilts MH, Halpin RA, Fedorova
NB, Nelson MI, Halasa N, Das SR. 2021. Molecular characterization of respi-
ratory syncytial viruses circulating in a paediatric cohort in Amman, Jor-
dan. Microb Genom 7:000292. https://doi.org/10.1099/mgen.0.000292.

51. Miyama T, Iritani N, Nishio T, Ukai T, Satsuki Y, Miyata H, Shintani A, Hiroi
S, Motomura K, Kobayashi K. 2021. Seasonal shift in epidemics of respira-
tory syncytial virus infection in Japan. Epidemiol Infect 149:e55. https://
doi.org/10.1017/S0950268821000340.

52. Tempia S, Walaza S, Bhiman JN, McMorrow ML, Moyes J, Mkhencele T,
Meiring S, Quan V, Bishop K, McAnerney JM, von Gottberg A, Wolter N,
Du Plessis M, Treurnicht FK, Hellferscee O, Dawood H, Naby F, Variava E,
Siwele C, Baute N, Nel J, Reubenson G, Zar HJ, Cohen C. 2021. Decline of
influenza and respiratory syncytial virus detection in facility-based sur-
veillance during the COVID-19 pandemic, South Africa, January to Octo-
ber 2020. Euro Surveill 26:2001600. https://doi.org/10.2807/1560-7917.ES
.2021.26.29.2001600.

53. Casalegno JS, Ploin D, Cantais A, Masson E, Bard E, Valette M, Fanget R,
Targe SC, Myar-Dury AF, Doret-Dion M, Massoud M, Queromes G, Vanhems
P, Claris O, Butin M, Pillet S, Ader F, Bin S, Gaymard A, Lina B, Morfin F,
Javouhey E, Gillet Y. 2021. Characteristics of the delayed respiratory syncy-
tial virus epidemic, 2020/2021, Rhône Loire, France. Euro Surveill 26:
2100630. https://doi.org/10.2807/1560-7917.ES.2021.26.29.2100630.

54. Weinberger Opek M, Yeshayahu Y, Glatman-Freedman A, Kaufman Z,
Sorek N, Brosh-Nissimov T. 2021. Delayed respiratory syncytial virus epi-
demic in children after relaxation of COVID-19 physical distancing meas-
ures, Ashdod, Israel, 2021. Euro Surveill 26:2100706. https://doi.org/10
.2807/1560-7917.ES.2021.26.29.2100706.

55. Olsen SJ, Winn AK, Budd AP, Prill MM, Steel J, Midgley CM, Kniss K, Burns E,
Rowe T, Foust A, Jasso G, Merced-Morales A, Davis CT, Jang Y, Jones J, Daly
P, Gubareva L, Barnes J, Kondor R, Sessions W, Smith C, Wentworth DE,
Garg S, Havers FP, Fry AM, Hall AJ, Brammer L, Silk BJ. 2021. Changes in
influenza and other respiratory virus activity during the COVID-19 pandemic—
United States, 2020–2021. Am J Transplant 21:3481–3486. https://doi.org/10
.1111/ajt.16049.

56. Foley DA, Yeoh DK, Minney-Smith CA, Martin AC, Mace AO, Sikazwe CT,
Le H, Levy A, Moore HC, Blyth CC. 2021. The interseasonal resurgence of
respiratory syncytial virus in Australian children following the reduction
of coronavirus disease 2019-related public health measures. Clin Infect
Dis 73:e2829–e2830. https://doi.org/10.1093/cid/ciaa1906.

57. Yeoh DK, Foley DA, Minney-Smith CA, Martin AC, Mace AO, Sikazwe CT,
Le H, Levy A, Blyth CC, Moore HC. 2021. Impact of coronavirus disease
2019 public health measures on detections of influenza and respiratory
syncytial virus in children during the 2020 Australian winter. Clin Infect
Dis 72:2199–2202. https://doi.org/10.1093/cid/ciaa1475.

58. Ujiie M, Tsuzuki S, Nakamoto T, Iwamoto N. 2021. Resurgence of respira-
tory syncytial virus infections during COVID-19 pandemic, Tokyo, Japan.
Emerg Infect Dis 27:2969–2970. https://doi.org/10.3201/eid2711.211565.

59. Eden JS, Sikazwe C, Xie R, Deng YM, Sullivan SG, Michie A, Levy A,
Cutmore E, Blyth CC, Britton PN, Crawford N, Dong X, Dwyer DE, Edwards
KM, Horsburgh BA, Foley D, Kennedy K, Minney-Smith C, Speers D,
Tulloch RL, Holmes EC, Dhanasekaran V, Smith DW, Kok J, Barr IG, Austra-
lian RSV study group. 2022. Off-season RSV epidemics in Australia after
easing of COVID-19 restrictions. Nat Commun 13:2884. https://doi.org/10
.1038/s41467-022-30485-3.

60. Dhanasekaran V, Sullivan S, Edwards KM, Xie R, Khvorov A, Valkenburg
SA, Cowling BJ, Barr IG. 2022. Human seasonal influenza under COVID-19
and the potential consequences of influenza lineage elimination. Nat
Commun 13:1721. https://doi.org/10.1038/s41467-022-29402-5.

61. Trento A, Ábrego L, Rodriguez-Fernandez R, González-Sánchez MI, González-
Martínez F, Delfraro A, Pascale JM, Arbiza J, Melero JA. 2015. Conservation of
G-protein epitopes in respiratory syncytial virus (group A) despite broad
genetic diversity: is antibody selection involved in virus evolution? J Virol 89:
7776–7785. https://doi.org/10.1128/JVI.00467-15.

62. Muñoz-Escalante JC, Comas-García A, Bernal-Silva S, Robles-Espinoza CD,
Gómez-Leal G, Noyola DE. 2019. Respiratory syncytial virus A genotype
classification based on systematic intergenotypic and intragenotypic
sequence analysis. Sci Rep 9:20097. https://doi.org/10.1038/s41598-019
-56552-2.

63. Pangesti KNA, Abd El Ghany M, Walsh MG, Kesson AM, Hill-Cawthorne
GA. 2018. Molecular epidemiology of respiratory syncytial virus. Rev Med
Virol 28. https://doi.org/10.1002/rmv.1968.

64. Wang L, Piedra PA, Avadhanula V, Durigon EL, Machablishvili A, López MR,
Thornburg NJ, Peret TCT. 2019. Duplex real-time RT-PCR assay for detection
and subgroup-specific identification of human respiratory syncytial virus. J
Virol Methods 271:113676. https://doi.org/10.1016/j.jviromet.2019.113676.

65. Sato M, Saito R, Sakai T, Sano Y, Nishikawa M, Sasaki A, Shobugawa Y,
Gejyo F, Suzuki H. 2005. Molecular epidemiology of respiratory syncytial
virus infections among children with acute respiratory symptoms in a
community over three seasons. J Clin Microbiol 43:36–40. https://doi.org/
10.1128/JCM.43.1.36-40.2005.

66. Zheng Y, Liu L, Wang S, Li Z, Hou M, Li J, Yu XF, Zhang W, Hua S. 2017. Pre-
vailing genotype distribution and characteristics of human respiratory
syncytial virus in northeastern China. J Med Virol 89:222–233. https://doi
.org/10.1002/jmv.24640.

67. Collins PL, Hill MG, Camargo E, Grosfeld H, Chanock RM, Murphy BR. 1995.
Production of infectious human respiratory syncytial virus from cloned
cDNA confirms an essential role for the transcription elongation factor
from the 5' proximal open reading frame of the M2 mRNA in gene expres-
sion and provides a capability for vaccine development. Proc Natl Acad
Sci U S A 92:11563–11567. https://doi.org/10.1073/pnas.92.25.11563.

68. Tapia LI, Shaw CA, Aideyan LO, Jewell AM, Dawson BC, Haq TR, Piedra PA.
2014. Gene sequence variability of the three surface proteins of human
respiratory syncytial virus (HRSV) in Texas. PLoS One 9:e90786. https://doi
.org/10.1371/journal.pone.0090786.

69. García O, Martín M, Dopazo J, Arbiza J, Frabasile S, Russi J, Hortal M,
Perez-Breña P, Martínez I, García-Barreno B. 1994. Evolutionary pattern of
human respiratory syncytial virus (subgroup A): cocirculating lineages
and correlation of genetic and antigenic changes in the G glycoprotein. J
Virol 68:5448–5459. https://doi.org/10.1128/JVI.68.9.5448-5459.1994.

70. Venter M, van Niekerk S, Rakgantso A, Bent N. 2011. Identification of dele-
tion mutant respiratory syncytial virus strains lacking most of the G pro-
tein in immunocompromised children with pneumonia in South Africa. J
Virol 85:8453–8457. https://doi.org/10.1128/JVI.00674-11.

71. Yamaguchi M, Sano Y, Dapat IC, Saito R, Suzuki Y, Kumaki A, Shobugawa Y,
Dapat C, Uchiyama M, Suzuki H. 2011. High frequency of repeated infec-
tions due to emerging genotypes of human respiratory syncytial viruses
among children during eight successive epidemic seasons in Japan. J
Clin Microbiol 49:1034–1040. https://doi.org/10.1128/JCM.02132-10.

Molecular Diversity of HRSV in Two Japanese Cities Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.02606-22 12

https://doi.org/10.1111/irv.12727
https://doi.org/10.1371/journal.pone.0142192
https://doi.org/10.1371/journal.pone.0142192
https://doi.org/10.1371/journal.ppat.1000254
https://doi.org/10.1371/journal.ppat.1000254
https://doi.org/10.1371/journal.pone.0129369
https://doi.org/10.1128/JVI.00038-14
https://doi.org/10.1128/JVI.00038-14
https://doi.org/10.1086/315508
https://doi.org/10.1038/s41598-020-78234-0
https://doi.org/10.1128/CMR.00010-16
https://doi.org/10.1128/JVI.01972-15
https://doi.org/10.1099/mgen.0.000292
https://doi.org/10.1017/S0950268821000340
https://doi.org/10.1017/S0950268821000340
https://doi.org/10.2807/1560-7917.ES.2021.26.29.2001600
https://doi.org/10.2807/1560-7917.ES.2021.26.29.2001600
https://doi.org/10.2807/1560-7917.ES.2021.26.29.2100630
https://doi.org/10.2807/1560-7917.ES.2021.26.29.2100706
https://doi.org/10.2807/1560-7917.ES.2021.26.29.2100706
https://doi.org/10.1111/ajt.16049
https://doi.org/10.1111/ajt.16049
https://doi.org/10.1093/cid/ciaa1906
https://doi.org/10.1093/cid/ciaa1475
https://doi.org/10.3201/eid2711.211565
https://doi.org/10.1038/s41467-022-30485-3
https://doi.org/10.1038/s41467-022-30485-3
https://doi.org/10.1038/s41467-022-29402-5
https://doi.org/10.1128/JVI.00467-15
https://doi.org/10.1038/s41598-019-56552-2
https://doi.org/10.1038/s41598-019-56552-2
https://doi.org/10.1002/rmv.1968
https://doi.org/10.1016/j.jviromet.2019.113676
https://doi.org/10.1128/JCM.43.1.36-40.2005
https://doi.org/10.1128/JCM.43.1.36-40.2005
https://doi.org/10.1002/jmv.24640
https://doi.org/10.1002/jmv.24640
https://doi.org/10.1073/pnas.92.25.11563
https://doi.org/10.1371/journal.pone.0090786
https://doi.org/10.1371/journal.pone.0090786
https://doi.org/10.1128/JVI.68.9.5448-5459.1994
https://doi.org/10.1128/JVI.00674-11
https://doi.org/10.1128/JCM.02132-10
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02606-22


72. Zlateva KT, Lemey P, Moës E, Vandamme AM, Van Ranst M. 2005. Genetic
variability and molecular evolution of the human respiratory syncytial vi-
rus subgroup B attachment G protein. J Virol 79:9157–9167. https://doi
.org/10.1128/JVI.79.14.9157-9167.2005.

73. Kumar S, Stecher G, Tamura K. 2016. MEGA7: Molecular Evolutionary Genet-
ics Analysis version 7.0 for bigger datasets. Mol Biol Evol 33:1870–1874.
https://doi.org/10.1093/molbev/msw054.

74. Darriba D, Taboada GL, Doallo R, Posada D. 2012. jModelTest 2: more mod-
els, new heuristics and parallel computing. Nat Methods 9:772. https://doi
.org/10.1038/nmeth.2109.

75. Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis
by sampling trees. BMC Evol Biol 7:214. https://doi.org/10.1186/1471
-2148-7-214.

76. Drummond AJ, Ho SY, Phillips MJ, Rambaut A. 2006. Relaxed phylogenetics
and dating with confidence. PLoS Biol 4:e88. https://doi.org/10.1371/
journal.pbio.0040088.

77. Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. 2018. Posterior
summarization in Bayesian phylogenetics using Tracer 1.7. Syst Biol 67:
901–904. https://doi.org/10.1093/sysbio/syy032.

78. Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P,
Ramos-Onsins SE, Sánchez-Gracia A. 2017. DnaSP 6: DNA sequence poly-
morphism analysis of large data sets. Mol Biol Evol 34:3299–3302. https://
doi.org/10.1093/molbev/msx248.

79. Leigh JW, Bryant D, Nakagawa S. 2015. popart: full-feature software for
haplotype network construction. Methods Ecol Evol 6:1110–1116. https://
doi.org/10.1111/2041-210X.12410.

Molecular Diversity of HRSV in Two Japanese Cities Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.02606-22 13

https://doi.org/10.1128/JVI.79.14.9157-9167.2005
https://doi.org/10.1128/JVI.79.14.9157-9167.2005
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/2041-210X.12410
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02606-22

	RESULTS
	Study area.
	Detection and epidemiological characterization of HRSV.
	Subgroups and genotypes.
	HRSV-A phylogeny.
	HRSV-B phylogeny.
	Genome networks.

	DISCUSSION
	MATERIALS AND METHODS
	Patients and specimens.
	RNA extraction and real-time quantitative reverse transcription-PCR.
	Sequencing.
	Genotyping.
	RSV sequence database.
	Classification of lineages and clusters.
	Phylogenetic analyses.
	Median-joining network analysis.
	Statistical analysis.
	Ethics statement.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

