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Figure 3 | Phylogenetic tree of the VP3 gene in HRV-C constructed using the Bayesian MCMC method. A phylogenetic tree based on VP3 gene
sequences. In the tree, the triangle size expresses the number of strains, while only one representative strain is listed for each genotype. The strains are
presented as follows: virus species/ GenBank accession no./year. The GenBank accession numbers of the reference strains are indicated in bold letters. The

scale bar represents the unit of time (year).

shown in Fig. 7 (a), an overall high similarity of the VPI coding
region was found when compared to the VP3 coding region. The
minimum similarities of the VP2, VP3 and VPl genes were
approximately 70, 68 and 72%, respectively. Additionally, the

similarities of the 5'-terminal VP3 coding region and the 3’-
terminal VPI coding region were low (approximately 70%),
whereas the similarities of the 3'-terminal VP3 coding region and
the 5'-terminal VPI coding region were high (approximately 80%).
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Additionally, we calculated the similarity of the deduced amino acid
‘sequences of the VP1 and VP3 genes in the present strains and the
prototype strain (HRV-QPM strain) (Fig. 7 (b)). The minimum
similarities of the VP2, VP3, and VPI proteins were approximately
86, 83 and 87%, respectively. The Recombination Detection Program
(RDP) found no evidence of a recombination event. The results
suggested that high genetic divergence was found in the VP3
coding region compared to the VP2, and VPI coding region.

Association between positive selection sites and the possible
structures of the VP1, VP2 and VP3 proteins. Using SLAC, FEL,
and IFEL methods, we estimated the positive selection sites in the
VP1, VP2, and VP3 proteins in HRV-C. No positively selected sites
were detected in any position by any method, while many sites under
negative selection (>100) were found. Next, we constructed a
molecular model of the complex containing the HRV-C VP1, VP2,
and VP3 proteins. The model showed that these proteins are rich in
loop structures that are primarily positioned on the exterior surface
of the capsid complex (Figs. 8 (a) and 8 (b)). Our Shannon entropy
data show that these exterior loops of VP1, VP2 and VP3 are highly
variable compared to the interior of the capsid within the HRV-C
population analyzed in this study (Figs. 8 (a) and 8 (b)).

Discussion

We studied the molecular evolution of the full length VP1, VP2, and
VP3 genes in HRV-C detected from ARI. Analysis of the full
sequences of the major 3 viral protein genes in the current HRV-C
strains was performed using NGS with an improved RT-PCR
method. Time-scaled phylogenetic analysis with evolution rate for

the genes was analyzed using the Bayesian MCMC method.
Additionally, we constructed the VP1, VP2, and VP3 proteins using
an in silico method. First, the phylogenetic trees based on the VPI,
VP2, and VP3 genes showed that the current HRV-C strains were
classified into 3 or 4 major lineages, and these lineages were subdi-
vided into many genotypes (>40). The most recent common
ancestor (tMRCA) of all the strains based on the VPI, VP2, and
VP3 genes was found in the years 1652, 1125 and 1628, respectively.

. The evolution rates of both genes were fast. Similarity plot data
showed high genetic divergence of the 5'-terminal VP3 coding
region. Moreover, no positively selected site was found in the VP1,
VP2 and VP3 proteins. Additionally, no recombination of the VP1,
VP2, and VP3 genes was found in the studied strains. The exterior
surfaces of the VP1, VP2, and VP3 proteins are rich in loops and are
highly variable within the HRV-C population. The results suggested
that the VPI, VP2 and VP3 genes, which encode major structural
proteins of HRV-C, uniquely and rapidly evolved without positive
selections.

Comprehensive molecular evolutionary and/or molecular epide-
miologic studies of HRV-ABCs have been reported'>". However,
almost all studies were partially analyzed with regard to the VP4/
VP2 coding region of HRV'", The genes coding the VP proteins
have many hypervariable regions; thus, it is difficult to design com-
mon primers for the amplification of the VPI, VP2, and VP3
genes'>'®. In addition, it may not be possible to isolate HRV-C using
conventional methods at this time?. Thus, the antigenicity of HRV-C
is still unknown. In the present study, we used an improved RT-PCR
method with new primer sets and NGS, and we detected and ana-
lyzed the full length VPI, VP2 and VP3 genes with a high probability
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similarity to a 50% consensus sequence from each species’ polyprotein compared to HRV-QPM.

(>70%). To the best of our knowledge, this may be the first large
study of the complete VPI, VP2, and VP3 genes using many clinical

strains.
Although HRV-C was recently discovered, it is thought that it may

have a long history as a species. Indeed, Kiyota et al. showed that
(a) Top view

VP3

Japanese HRV-C strains could be dated back to the 1870s, according
to the analysis of the VP4/VP2 coding region'. The present strains
dated back approximately 400 to 900 years (Fig. 1-3). Previous
reports have suggested that HRV-C and HRV-A are frequently
detected in patients with various ARIs". Additionally, with regards

(b) Side view

Exterior

VP1

Interior

0
bits

2.2

Figure 8 | Shannon entropy scores expressed on the structural models of HRV-C VP1, VP2, and VP3 proteins. The HRV-C VP1, VP2, and VP3 models
were constructed by homology modeling as described in Materials and Methods and were superimposed on the VP1, VP2, and VP3 in those of the HRV2
capsid (PDB code: 3VDD). The entropy scores are expressed on the HRV-C VP1, VP2, and VP3 models. (a) Top view. (b) Side view.
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to the analysis of the VP4/VP2 coding region, both viruses exhibited
large genetic divergence with many genotypes™. For example,
Arakawa et al. showed that the VP4/VP2 coding region in HRV-
ABCs had over 0.3 divergence'. In the present study, greater than
0.3 divergence was found in the VP1, VP2 and VP3 genes. High
genetic divergence in the 5'-terminal VP3 coding region and the
3'-VPI coding region was found. The results from the partial analysis
were compatible with our findings'**. These results suggested that
HRV-C might have a long history dating back at least 100 years;
however, further studies are needed to confirm this.

The VP proteins of picornaviruses, which include HRV, play roles
in their biology’. VP1, VP2, and VP3 protein are located at the
surface of the viral capsid and are exposed to immune pressure,
whereas VP4 is located inside the capsid®. For example, the VP1,
VP2, and VP3 protein of many types of enteroviruses, such as EV71,
is essential for the virus’s ability to infect the host cells and acts as a
protective protein in the viral shell”. Additionally, these proteins are
recognized as major antigens in the host*. Indeed, the VP1 protein of
many EVs, including HRV-A, is a major antigen'. However, the VP1,
VP2, and VP3 proteins are major antigens for some types of HEVs®.
It has been suggested that positive pressure in the host is associated
with positive selection sites in major antigens’. Positive selection
shows a survival advantage under the selective constraints that con-
front the viral population’. In the studied HRV-C strains, positive
selection site was not found in the VP1, VP2 and VP3 proteins. Thus,
HRV-C may be hardly affected under positive selection in our
immune system.

Next, many negative selection sites (>>100) were found in VP
proteins in the present HRV-C strains. In general, negative selection
plays an important role in maintaining the long-term stability of
biological structures by removing deleterious mutations”. In the pre-
sent study, many negative selection sites (>200) were found in both
genes. Kiyota et al. showed that over 100 sites were found in the VP4/
VP2 coding region in HRV-C'. Thus, the negative selection sites in
the VP1, VP2 and VP3 proteins may play the same roles as those in
the VP4/VP2 coding regions® .

Our in silico structural analysis disclosed that the exterior surfaces
of the VP1, VP2, and VP3 proteins are rich in loops, highly variable
within the HRV-C population. It is conceivable that the exterior
loops contain neutralization epitopes of HRV-C. In contrast, the
interior regions of the VP1, VP2, and VP3 proteins were less diverse,
suggesting the presence of functional and/or structural constraints
on the diversity of this region. Some sites within these regions may be
important for interactions with the infection receptor or the forma-
tion of a functional capsid complex structure. However, further stud-
ies may be needed to determine whether the VP1 protein is the major
antigen in the infective HRV-C strains.

In conclusion, HRV-C was detected in various ARI patients, and
the virus exhibited large genetic divergence with a uniquely rapid
evolution. Additionally, these viruses have been agents of ARI for a
lot longer than previously thought.

Methods

Samples and patients. Nasopharyngeal swabs were collected from 2,922 patients
with ARI between November 2007 and March 2013. ARI patients were diagnosed
mainly with upper respiratory infection (URI) or lower respiratory infection (LRJ;
bronchitis, bronchiolitis, and pneumonia). The samples were obtained by the local
health authorities of the Fukui prefecture, Kumamoto prefecture, Tochigi prefecture,
and Yokohama Medical Center for the surveillance of viral diseases in Japan.
Informed consent was obtained from the patients or their guardian for the donation
of the samples.

RNA extraction, RT-PCR and de novo sequencing by NGS. Viral RNA was
extracted from 140 pL of supernatant using the QIAamp Viral RNA Mini Kit without
carrier RNA (Qiagen, Valencia, CA). RT-PCR was performed using the PrimeScript®
1I High Fidelity One Step RT-PCR Kit (TaKaRa Bio, Otsu, Japan) and the primer pair
HRV-C_546F: 5'- CTACTTTGGGTGTCCGTGTT -3’ and HRV-C_6410R: 5'-
CCRTCATARTTDGTRTARTCAAA -3'. The PCR reactions are described in Suppl.
Fig. S1. The NGS DNA library was prepared using a Nextera XT DNA sample prep kit

(Ilumina, San Diego, CA) with 96 indexing, followed by 200-mer paired-end de novo
sequencing with MiSeq (Illumina). The obtained sequencing reads were assembled
using the A5 assembler with the default parameters™. .

Phylogenetic analysis and estimation of the evolutionary rate using the Bayesian
Markov chain Monte Carlo method. We aligned the nucleotide sequences of the
VP1, VP2 and VP3 genes (positions; 2302-3126; 825 bp for HRV-QPM strain,
positions 814-1602; 789 bp for HRV-QPM strain, positions 1603-2301; 699 bp for
HRV-QPM strain) using CLUSTAL W [http://www.ddbj.nig.ac.jp/index-j.html]. To
estimate the evolutionary rate and the time-scaled phylogeny, we used the Bayesian
MCMC method in the BEAST package version 1.8.0*. The dataset was analyzed with
a strict clock using the general time reversible with gamma-distributed rates across
sites (GTR + I") substitution model”** selected by the Kakusan4 program version
4.0 [http://www fifthdimension.jp/products/kakusan/}*”. The MCMC chain was run
for 50 million steps to achieve convergence, with sampling every 1000 steps.
Convergence was assessed by the effective sample size (ESS) after a 10% burn-in using
the Tracer program version 1.6 [http://tree.bio.ed.ac.uk/software/tracer]. Only
parameters with an ESS above 200 were accepted. Uncertainty in the estimates was
indicated by the 95% highest posterior density (HPD) intervals. The maximum clade
credibility tree was obtained using the Tree Annotator program version 1.8.0, and the
first 10% of the trees were removed as burn-in. The phylogenetic tree was viewed in
the FigTree program version 1.5 [http://tree.bio.ed.ac.uk/software/figtree/].

Recombination analyses. Similarity plots showing the relationships between the
aligned nucleotide sequences were generated using SimPlot, version 3.1 [http://sray.
med.som.jhmi.edu/RaySoft/[**. The level of nucleotide similarity in each sequence,
with a window size of 200 nt and a step size of 20 nt, was calculated using the Kimura
2-parameter method, and similarity plot analyses based on the deduced amino acid
sequences of the VP2, VP3 and VP1 proteins were performed with a window size of
100 aa. In this analysis, 1 aa was calculated using the Kimura 2-parameter method.
"The sequences were applied to RDP 3 [http://darwin.uvigo.es/rdp/rdp.html] to
predict the recombination events using RDP, GENECONYV, BootScan, Maxchi,

2

Chimaera, SiSscan and 3Seq™*.

Selective pressure analysis and the calculation of pairwise distances. To obtain
estimates of the positively and negatively selected sites among the present strains
during each season, we calculated the synonymous (dS) and nonsynonymous (dN)
rates at every codon in the alignment using Datamonkey [http://www.datamonkey.
org/]*'. We used the following three different methods: single likelihood ancestor
counting (SLAC), fixed effects likelihood (FEL), and internal fixed effects likelihood
(IFEL). The SLAC and FEL methods were used to detect sites under selection at the
external branches of the phylogenetic tree, while the IFEL method investigated sites
along the internal branches. The SLAC method is best for large alignments but
appears to underrate the substitution rate. Positively (AN > dS) and negatively (dN <
dS) selected sites were determined by a p-value of <<0.05 (SLAC, FEL, IFEL).
Additionally, to assess the frequency distribution, we calculated the p-distance for the
present strains, as previously described'”.

Molecular modeling of the HRV-C VP1, VP2, and VP3 proteins and analysis of
amino acid diversity. Three-dimensional (3-D) models of the HRV-C VP1, VP2 and
VP3 complex were constructed by homology modeling using ‘MOE-Align’ and
‘MOE-Homology’ in the Molecular Operating Environment (MOE) (Chemical
Computing Group Inc., Quebec, Canada) as described for norovirus capsid protein
modeling***. The X-ray crystal structures of HRV2 VP1 (PDB code: 3VDD),
rhinovirus 14 capsid (PDB code:1R08) and human coxsackievirus VP3 (PDB code:
4GB3)** were used as the modeling templates for HRV-C VP1, VP2, and VP3
proteins, respectively, because these templates exhibited high scores with low E-
values. The HRV-C VP1, VP2, and VP3 models were superimposed on VP1, VP2,
and VP3 in the complex containing VP1, VP2, VP3, and VP4 of HRV?2 strain (PDB
code: 3VDD). Amino acid diversity at individual sites in the HRV-C sequences
obtained in this study was analyzed with Shannon entropy scores as previously
described®.

Ethical approval. The study was approved by the National Institute of Infectious
Disease Ethics Committee (No. 495), and the study was conducted in compliance
with the principles of the Declaration of Helsinki.

Nucleotide sequence accession numbers. The sequences generated in this study have
been assigned the GenBank accession numbers LC004772 to LC004910.
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We conducted a comprehensive genetic analysis of the C-terminal 3rd hypervariable region of the attach-
ment glycoprotein (G) gene in human respiratory syncytial virus subgroup A (HRSV-A) genotype ON1 (93
strains) and ancestor NA1 (125 strains). Genotype ON1 contains a unique mutation of a 72 nucleotide
tandem repeat insertion (corresponding to 24 amino acids) in the hypervariable region. The Bayesian
Markov chain Monte Carlo (MCMC) method was used to conduct phylogenetic analysis and a time scale
for evolution. We also calculated pairwise distances (p-distances) and estimated the selective pressure.
Phylogenetic analysis showed that the analyzed ON1 and NAT1 strains formed 4 lineages. A strain belong-
ing to lineage 4 of ON1 showed wide genetic divergence (p-distance, 0.072), which suggests that it might
be a candidate new genotype, namely ON2. The emergence of genotype NA1 was estimated to have
occurred in 2000 (95% of highest probability density, HPD; 1997-2002) and that of genotype ON1 in
2005 (95% HPD; 2000-2010) based on the time-scaled phylogenetic tree. The evolutionary rate of geno-
type ON1 was higher than that of ancestral genotype NA1 (6.03 x 1073 vs. 4.61 x 107 substitutions/site/
year, p < 0.05). Some positive and many negative selection sites were found in both ON1 and NAT1 strains.
The results suggested that the new genotype ON1 is rapidly evolving with antigenic changes, leading to
epidemics of HRSV infection in various countries.
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Human respiratory syncytial virus (HRSV) of genus Pneumovirus
in family Paramyxoviridae is a major causative agent of acute lower
respiratory infections. Specifically, primary HRSV infections may
be responsible for about 50-90% of bronchitis, bronchiolitis, and
pneumonia cases in children under 2 years of age (Leung et al,
2005; Shay et al, 1999; Yorita et al, 2007). Moreover, HRSV
reinfections can occur throughout life and may result in bronchitis
and pneumonia in elderly people (Lee et al, 2013). Thus, the
impact of the disease burden of HRSV infection may be compara-
ble to that of influenza (Lee et al, 2013; Weiss and McMichael,
2004).
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HRSV contains two major antigens, fusion protein (F protein)
and attachment glycoprotein (G protein) (Coliins and Crowe,
2008). F protein is conserved, while rapid evolution (mutation)
may be seen in the C-terminal 3rd hypervariable region of the G
protein (Melerc et al., 1997). This variable region contains some
epitopes that induce neutralizing antibodies (Palomo et al,
1991). Thus, the ability of HRSV to establish reinfections through-
out life may be due to the evolution of G protein, similar to the
reinfections that occur with influenza virus subtype A(HIN1) due
to the evolution of hemagglutinin (HA) gene (Hall et al, 1991%;
Taubenberger and Kash, 2010). HRSV have been classified into
two subgroups, HRSV-A and HRSV-B, by genetic analysis of G
gene/G protein (Mufson et al., 1985). Furthermore, HRSV-A and -
B have been subdivided into 11 genotypes (GA1-GA7, SAA1, NA1,
NA2, and ON1) and 20 genotypes (GB1-4, BA1-10, SAB1-4, and
URU1-2), respectively (Cui et al, 2013; Trento et al, 2006). Of
them, HRSV-A genotype ON1 was initially detected in 2010 in
Ontario, Canada (Eshaghi et al., 2012). The results of genetic anal-
yses suggest that new genotype ON1 evolved from genotype NA1
(Eshaghi et al, 2012). Notably, a tandem replication (correspond-
ing to 24 amino acid residues) of 72 nucleotides was found in
the C-terminal 3rd hypervariable region of the G gene of ON1
strains (Eshaghi et al., 2012). Furthermore, this genotype is rapidly
replacing other genotypes, such as'NA1, in some countries (Agoti
et al, 2014; Kim et al, 2014; Pierangell et al, 2014; Tsukagoshi
et al,, 2013). Another HRSV-B genotype BA first emerged in 1999
in Buenos Aires, Argentina (Galiano et al,, 2005) and rapidly spread
to various countries resulting in the current prevalence of HRSV-B
infections (Trento et al, 2010). A tandem duplication of 60
nucleotides (corresponding to 20 amino acid residues) in the G
gene C-terminal 3rd hypervariable region was also found in this
genotype. Previous reports have suggested that the ancestor of
genotype BA was another genotype, namely GB3 of HRSV-B
(Galiano et al, 2005). BA has been subdivided into 10 genotypes
(BA1-10) during the last 15years (Dapat et al, 2010; Trento
et al, 2008). However, the molecular evolution of the G gene in
ONT1 is not precisely known.

In general, the evolution of the virus may be associated with
nucleic acid type (DNA or RNA), genome structure, and genome
size (Gago et al., 2009; Holmes, 2011; Sanjuén et al,, 2010). To gain
a better understanding of HRSV epidemics, it is essential to analyze
the G gene, the major antigen coding gene. Therefore, we con-
ducted detailed genetic analyses of the global molecular evolution
of the G gene of new prevalent HRSV genotype ON1 and its ances-
tor, NA1.

2. Materials and methods
2.1. Clinical samples

We collected nasopharyngeal swabs from patients with acute
respiratory infection after verbal informed consent was obtained
from the patients or their guardians. Samples were obtained
between January 2009 and December 2013 in Fukui Prefecture.
Patients were mainly diagnosed as having bronchitis. The study
protocol was approved by the Ethics Committee of the National
Institute of Infectious Diseases (approval No. 417).

2.2. RNA extraction, RT-PCR, sequencing, and BLAST search

RNA extraction was performed using a QlJAamp Viral RNA Mini
kit (QIAGEN, Valencia, CA), according to the manufacturer’s
instructions. Primescript RT reagent kit (Takara Bio, Otsu, Japan)
was used to synthesize cDNA. We performed PCR using Takara
ExTaq (Takara Bio) to amplify a part of the G gene, as previously

described (Peret et al.,, 1998). The primer sequences used for PCR
were as follows: first PCR primer set, forward primer F1 (5'-CAA
CTCCATTGTTATTTGGC-3'), reverse primers GPA (5-GAAGTGTTCA
ACTTTGTACC-3’) and GPB (5-AAGATGATTACCATTTTGAAG-3);
second PCR primer set, forward primer F1, reverse primers GSA
(5'-AACCACCACCAAGCCCACAA-3') and GSB (5-AAAACCAACCAT
CAAACCCAC-3'). PCR was carried out under the following condi-
tions of 95 °C for 5 min, 30 cycles at 94 °C for 1 min, 50 °C for
1 min, and 72 °C for 2 min, followed by a final extension at 72 °C
for 7 min.

Amplicons were purified with MinElute PCR purification kit
(QIAGEN), and cycle sequenced by BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA) using the sec-
ond PCR primer sets. The products were purified with BigDye XTer-
minator® Purification Kit (Applied Biosystems). Sequence analysis
was performed by an ABI PRISM 3130 Genetic Analyzer (Applied
Biosystems).

We conducted a BLAST search for the segments and genotyped
all strains of HRSV-A. BLAST analyses indicated that there were 22
and 58 HRSV strains of ON1 and NA1 in the present samples,
respectively. Of them, we omitted the strains with 100% nucleotide
identity. Thus, we used 3 strains of ON1 and 20 strains of NA1 in
this study.

2.3. Other strains used in this study

To estimate the global evolution of HRSV-A G gene in genotypes
ONT1 and its ancestor NA1, we obtained a comprehensive collection
of the target region (C-terminal 3rd hypervariable region of G gene)
from GenBank and the sequences were added to the dataset of the
present strains. After alignment of the G gene sequences, we omit-
ted the strains with 100% nucleotide identity. As a result, we ana-
lyzed 93 strains of genotype ON1 and 125 strains of NA1. Detailed
data of the strains are shown in Table S1.

2.4. Calculation of pairwise distances

The nucleotide sequences of segments of the G gene (positions
658-894, 237bp for strain AUS/A2/61, Genbank: Nucleotide
M11486; positions 673-984, 309bp for strain ON67-1210A,
Genbank: Nucleotide JN257693) were aligned. The frequency dis-
tribution of pairwise distances (p-distances) among the strains of
genotypes ON1 and NA1 were calculated using MEGA 6.0
(Tamura et al, 2013).

2.5. Phylogenetic analyses by the Bayesian Markov chain Monte Carlo
and neighbor joining methods

Phylogenetic analyses by the Markov chain Monte Carlo
(MCMC) method were performed as previously described
(Kushibuchi et al,, 2013). Briefly, we used Kakusan4 (http://www.
fifthdimension.ip/products/kakusan/) to select the nucleotide sub-
stitution model (Tanabe, 2011). The datasets were analyzed by
BEAST package program v1.7.5 (Drummond and Rambaut, 2007)
under an uncorrelated lognormal relaxed clock model or a strict
clock model (Drummond et al, 2008). The MCMC chains were
run to achieve convergence with sampling every 1000 steps. Con-
vergence was confirmed using Tracer v1.6.0 (http://tree bio.ed.ac.
uk/software/tracer/). We accepted parameters with effective
samples size above 200 after 10% burn-in. The maximum clade
credibility tree was generated by Tree Annotator v 1.7.4 after
removing the first 10% of trees as burn-in and the phylogenetic tree
was viewed in FigTree v.1.4.0 (hitp://tree.bic.ed.acuk/software/
figtree/). The evolutionary rates of genotypes NA1 and ON1 were
also calculated as described above. Detailed conditions are shown
in Table 1. We also constructed a phylogenetic tree by the neighbor
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Table 1
Conditions for the estimation of the evolutionary time scale.

Genotype No. of strain Substitution model” Clock model Length of chain
ON1 93 HKY85-1" Lognormal relaxed clock 30,000,000
NA1 125 HKY85-1" Lognormal relaxed clock 15,000,000
All strains 236 HKY85-T" Strict clock 40,000,000

2 HKY85: Hasegawa, Kishino and Yano 1985 model.

joining (NJ) method based on the analyzed region (Saitou and Nei,
1987). Evolutionary distances were estimated using Kimura's two-
parameter method (Iirura, 1980). The reliability of the tree was
estimated using 1,000 bootstrap replications.

2.6. Selective pressure analysis

To evaluate the selective pressures on the partial G gene among
the strains, positive selection sites in each genotype were esti-
mated by Datamonkey (http://www.datamonkey.org/), as previ-
ously described (Pond and Frost, 2005a). The synonymous (dS)
and nonsynonymous (dN) substitution rates at every codon were
calculated using the following three methods: single likelihood
ancestor counting (SLAC), fixed effects likelihood (FEL), and inter-
nal fixed effects likelihood (IFEL). The cut-off p-value was set at
0.1 (Kushibuchi et al., 20132),

2.7. Statistical analysis

Statistical analyses were performed using Welch’s test by EZR
v1.24 (¥anda, 2013). A p-value of <0.05 was considered to be sta-
tistically significant.

3. Results

3.1. Phylogenetic analyses of the global ON1 and NA1 strains by MCMC
and NJ methods

We constructed global time-scaled phylogenetic trees by the
MCMC method using strains detected in various countries, includ-
ing Japan, which were comprehensively collected from GenBank
(Fig. 1a and b). We also constructed a phylogenetic tree by the NJ
method to obtain a clear presentation of the genetic distances
(Fig. 2). First, the phylogenetic trees obtained by MCMC method
estimated that genotype ON1 diverged from genotype NA1 in
2005, while NA1 diverged from GA2 in 2000 (Tzble 2). An ancestor
of all present strains could be dated back to 1953 (Fig. 1a and
Table 2). These NA1 strains could be classified into 4 lineages
(lineages 1-4, Fiz. 1a). The new genotype ONT1 strains were also
classified into 4 lineages (lineages 1-4) on the phylogenetic trees
constructed by both the MCMC and Nj methods (Figs. 1a and b
and 2). The ON1 strains may have derived from lineage 1 of geno-
type NA1 (Fig. 1a). The ON1 strains belonging to lineage 1 (45
strains) were the dominant strains detected in many countries,
namely Germany, Italy, Canada, Croatia, Thailand, Japan, South

Table 2
Evolutionary rates and branched years of the analyzed HRSV-A genotypes.

Genotype Mean rate* (95% HPD) Branched year (95% HPD)
ON1 6.03 x 1077 (3.43-9.10 x 1073)" 2005 (2000-2010)

NA1 461 x 1073 (3.33-5.98 x 107%)" 2000 (1997-2002)

All strains®  5.36 x 1073 (4.42-6.39 x 1073) 1953 (1949-1956)

* p<0.05.

@ Substitutions/site/year.
b All strains are in the phylogenetic tree in this study.

Korea, Philippines, China, and South Africa. Strains of lineage 2
(21 strains) were detected in Germany, Italy, Japan, and South
Korea. Lineage 3 strains (25 strains) were from Kenya, Germany,
Japan, Italy, and Croatia. Notably, the 2 strains detected in Italy
(1301-118RM: Genbank: Nucleotide KC858255, 1301-125RM:
Genbank: Nucleotide KC858256) independently formed lineage 4.

Next, the estimated divergence times for each lineage of new
genotype ON1 were April 2009 (lineage 1), February 2010 (lineage
2), April 2010 (lineage 3), and August 2010 (lineage 4) (Fig. 1b). In
addition, the evolutionary rate of ON1T strains in the analyzed
region was higher than that of NAT (mean rate, 6.03 x 1073 vs.
4.61 % 10™? substitutions/sitefyear, p < 0.05) (Table 2). The results
suggested that new genotype ON1 evolved rapidly and spread
quickly throughout many countries.

3.2. The p-distance values and phylogenetic locations of lineages 1 to 3
of the ONT strains

The distributions of the p-distances are shown in Fig. 2a and b.
First, the mean values of the p-distances of genotypes ON1 and
NAT1 were relatively short (less than 0.025) and no significant dif-
ferences were found; however, the distribution patterns differed.
Next, the p-distance values of the present ON1 strains belonging
to lineages 1-3 were <0.062.

3.3. New genotype candidate strain ON2 belonging to lineage 4 based
on p-distance values and phylogenetic analyses by MCMC and NJ
methods

It has been proposed that the assignment of each HRSV geno-
type corresponds to a p-distance value of less than 0.07 (Venter
et al., 2001). To clearly demonstrate the p-distances of the present
ONT1 strains, we constructed a phylogenetic tree by the NJ method
(Fig. 2). In the present study, two strains of ON1 formed an inde-
pendent cluster as lineage 4 on the phylogenetic trees (Figs. ia
and b and 2). Of them, one strain (1301-118RM) had a large
p-distance value of 0.072 (this value was calculated by the proto-
type ON1 strain, ON67-1210A). The other strain, 1301-125RM,
had a relatively large p-distance value of 0.065. These results impli-
cated that strain 1301-118RM is a candidate new genotype,
namely ON2.

3.4. Positive and negative selection sites in the present strains

We estimated the positive and negative selection sites in the
C-terminal 3rd hypervariable region of G gene in the present
strains (Tables 3 and 4). In the ONT1 strains, some sites under posi-
tive selection were found (Table 3). Of them, 2 substitutions were
genotype specific (Asn251Asp, Asn251Tyr, or Asn251Ser; and
Tyr297His). In particular, an amino acid substitution (Tyr297His)
was found in ONT1 strains in the newly inserted sites of the region
(72 nt duplication). In the NA1 strains, 3 genotype specific sites
under positive selection (Thr253Ile or Thr253Lys; Pro276Leu or
Pro276Ser; and Thr296Ser, Thr296lle, or Thr296Ala) were found
(Table 3). Many sites under negative selection were found in both
NA1 and ON1 strains (Table 4). These results suggested- that
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Table 3
Positive selection sites in C-terminal hypervariable region of G gene.
Genotype Model Positive selection site” Mean dN/dS
ON1 t SLAC 1.274P, 1.274R 0.822
FEL N251D, N251Y, N251S, 1274P, L274R, Y297H" .
IFEL S260N, Y273H, Y297H"
NA1 SLAC 1274p 0.818
FEL T2531, T253K, S260N, S2601, N273Y, N273H, Y273N
IFEL N273Y, N273H, Y273N, P276L, P276S, T2965, T2961, T296A
p-Value <0.1.

¢ Sites inside 72 duplication position are indicated asterisks.

Table 4
Negative selection sites in C-terminal hypervariable region of G gene.

Genotype Model Negative selection site”
ON1 SLAC  T227, P230, T231, T239, T245, 5291*
FEL P222, 224, P230, T231, 1243, T245, T259, $277, Q285,
§291%, S307*
IFEL 1231, 5277, 0285, S291°
NA1 SLAC  T245, T268
FEL E232, T239, 1248, G254, E257, 1265, 1266, T268, S270,
T282, 5287

IFEL 1248, G254, T268, 5270, 5283

p-Value <0.1.
2 Sites inside 72 duplication position are indicated asterisks.

frequent amino acid substitutions have occurred in the analyzed
region of genotypes NA1 and ONT.

4. Discussion

We studied the molecular evolution of the C-terminal 3rd
hypervariable region of HRSV-A G gene in new genotype ONI1
and its ancestor NA1. The phylogenetic trees with evolutionary
time scales constructed by the MCMC method indicated that geno-
type ON1 diverged in 2005 from a lineage (lineage 1) of genotype
NAT (Fig. 1a). Four lineages of ON1 have emerged in various coun-
tries over some years and show a significantly rapid evolutionary
rate in the analyzed region compared with genotype NA1 (Fig. 1a
and Table 2). Furthermore, p-distance values and phylogenetic
analyses suggested that a candidate new genotype (namely ON2),
which likely derived from ONT1, diverged in 2010. Some sites under
positive selection and many under negative selection were found
in both genotypes. The results suggested that new genotype ON1
is rapidly evolving with essential amino acid substitutions in the
hypervariable region of the G gene.

Previous reports have deduced that new genotype ON1 of
HRSV-A emerged in 2010 in Canada (Eshaghi et al, 2012) and
may have been rapidly spreading and replacing another prevalent
HRSV-A genotype, NA1, in many Asian, European, American, and
African areas over a period of 3years (Agoti et al, 2014
Auksornkitti et al, 2013; Cui et al, 2013; Eshaghi et al, 2012;
Forcic et al, 2012; Kim et al,, 2014; Pierangeli et al., 2014; Prifert
et al, 2013; Tsukagoshi et al,, 2013; Valley-Omar et al, 2013). This
genotype has unique nucleotide insertions (72 nt duplication) in
the C-terminal 3rd hypervariable region of HRSV-A G gene
(Eshaghi et al., 2012). Genotype NA1, the likely ancestral strain of
ONT1, emerged in 2004 and became a prevalent type of HRSV-A
infection in many areas in Asia, Europe, America, and Africa over
a period of 10years (Cui et al, 2013; de-Paris et al, 2014;
Etemadi et al, 2013; Forcic et al, 2012; Khor et al, 2013;
Kushibuchi et al, 2013; Pretorius et al, 2012; Rebuffo-Scheer
et al, 2011;Shobugawa ef al,, 2009; Tran et al, 2013; Yamaguchi
et al,, 2011). A similar insertion has been confirmed in HRSV-B

genotype BA (60 nt, corresponding to 20 amino acid insertions)
(Trento et al, 2003). This genotype emerged in 1999 in Argentina
(Galiano et al, 2005). The ancestral strain is thought to be geno-
type GB3 of HRSV-B, a prevalent type during the 1990s (Galianc
et al, 2005), Furthermore, many divergent genotypes (BA1-10)
have evolved from genotype BA over a period of 10 years, and
are prevalent types of HRSV-B (Cui et al, 2013; Dapat et al,
2010; Trento et al, 2006). Previous reports have suggested that
such nucleotide insertions in the G gene might be linked to changes
in the antigenicity of the G protein (Trento et al., 2003). Thus, the
mutations seen in HRSV-A genotype ON1 and HRSV-B genotype
BA may lead to future epidemics of HRSV infections.

The analyzed region of ON1 strains showed a high evolutionary
rate in comparison with ancestral genotype NA1 (Table 2). In
addition, lineage 4 of ON1 showed wide genetic divergence in
the phylogenetic tree (Fig. 2). Notably, the p-distance of one strain
was calculated to be 0.072, based on the sequence of the prototype
ON1 (ON67-1210A). This strain was detected in Rome, Italy
in 2013. Previous reports proposed that the genetic distance
(p-distance) range in the same genotype was <0.07 (Cui et al,
2013; Venter et al,, 2001). When we apply the p-distance value,
this strain may be a candidate new genotype (namely ON2) that
evolved from ONT1 (Figs. ib and 2).-Moreover, this strain formed
a unique lineage (lineage 4) that may have emerged in August
2010 as estimated by the present phylogenetic tree (Fig. 1b). How-
ever, since we analyzed and evaluated only a part of the G gene,
additional analysis of the strain, including whole genome analysis,
may be needed.

The evolution of antigens of various respiratory viruses may be
involved in the infectivity toward the host, including the ability to
establish reinfections (Domingo, 2008). For example, the rapid evo-
lution of HA gene in seasonal influenza viruses, such as subtypes
A(H3N2) or A(H1N1), is closely related to the ability of influenza
to reinfect the host (Taubenberger and Kash, 2010). Similarly, the
evolution of HRSV G gene might be associated with the ability of
HRSV to reinfect humans (Botosse et al, 2009; Collins and
Melers, 2011). In the present study, we analyzed the evolution of
the G gene in the prevalent genotypes of HRSV-A. Rapid rates of
evolution were found in the analyzed region in both ON1 and
NAT1 strains, although the rate of ON1 was faster than that of
NA1 (Table 2). The C-terminal 3rd hypervariable regions are known
to be involved in the function of epitopes against neutralizing anti-
bodies (Palomo et al., 1951). Thus, the high evolutionary rate of the
analyzed region of HRSV may be associated with the ability of the
virus to reinfect the host (Botosso et al., 2009; Collins and Melero,
2011).

It has been suggested that the evolution of major antigens of
various respiratory viruses including HRSV is associated with
selective pressure in the host (Botosso et al, 2009). Furthermore,
negative selection may be associated with preventing deterioration
of viral functions (Domingo, 2006). Thus, we analyzed sites under
positive and negative selection in the analyzed regions. In both
ON1 and NA1 strains, some sites under positive selection were
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found, with two unique sites found in the ON1 strains (Asn251Asp,
Asn251Tyr, or Asn251Ser; and Tyr297His). Of them, Tyr297His was
located in the new tandem duplication regions of the genotype. In
this study, we analyzed sites under positive selection using SLAC,
IFL, and IFEL methods (Botosso et al, 2009; Kushibuchi et ai,
2013). SLAC is the more conservative of the three methods and
appropriate for large alignments (Pond and Frost, 2005b).
However, the number of positively selected sites may be underes-
timated (Pond and Frost, 2005b). In contrast, FEL and IFEL methods
take synonymous and nonsynonymous rate variations into account
and may be efficiently parallelized (Pond and Frost, 2005b). Thus,
we used the three different methods to obtain an accurate estimate
of sites under positive selection in the present study (Betosso et al.,
2009; Kushibuchi et al,, 2013).

Furthermore, many sites under negative selection were found in
both ON1 and NAT1 strains (Table 4). In general, negative selection
may act to prevent deterioration of various viruses (Domingo,
2006). For example, the sites under negative selection in neutral-
ization epitopes of polioviruses may be involved in receptor recog-
nition and in the formation of altered particles (Domingo et al,
1993). Although the roles of many sites under negative selection
in HRSV G protein are not exactly known, it is possible that these
amino acid substitutions are involved in preventing the deteriora-
tion of antigenic function (Dominge, 2006; Kushibuchi et al., 2013).

5. Conclusion

A prevalent new genotype, ON1 of HRSV-A, with some posi-
tively selected amino acid substitutions emerged during a few
years of rapid evolution. Although we analyzed only a part of the
G gene, this genotype may have diverged to 4 lineages, including
a lineage with new genotype ON2. Genotypes ON1 and ON2 may
be potential agents of continuous epidemics of HRSV-A strains in
the future.
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Human respiratory syncytial virus (HRSV), a mem-
ber of the family Paramyxoviridae and genus Pneu-
movirus, is a notable viral agent that causes acute
respiratory infections (ARI) in humans (1). HRSV may
also cause severe ARI such as pneumonia in infants (1).
However, the epidemiology and pathogenicity of HRSV
in elderly persons has not been elucidated. We encoun-
tered an outbreak of ARI due to HRSV in a nursing
home for the elderly in Ibaraki, Japan during the winter
of 2014. Here we report the molecular epidemiological
analysis of the outbreak.

Epidemiological investigation suggested that 3 of the
99 residents showed symptoms, such as cough, sore
throat, and acute wheezing in the middle of January
2014. They were also diagnosed with pneumonia by
chest radiography. Within 9 days, 21 other residents
presented with similar symptoms. During this outbreak,
the prevalence of infection in the residents was approxi-
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Diseases, 4-7-1 Gakuen, Musashimurayama-shi, Tokyo
208-0011, Japan. Tel: +81-42-561-0771, Fax: +81-42-
565-3315, E-mail: kimhiro@nih.go.jp
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mately 24% (24/99), but the infection route could not
be determined. Patients were aged from 68 to 97 years
(81.5 £ 8.5 years; mean =+ standard deviation [SD]).
Clinical manifestations among the patients were as
follows: fever (20/24 residents, 83.3%; 37.7 £ 0.8°C, .
mean + SD), rhinorrhea (8/24, 33.3%), cough (21/24,
87.5%), sore throat (7/24, 29.1%), and wheezing (7/24,
29.1%). In total, 5 cases (20.8%) were diagnosed with
pneumonia by chest radiography. No underlying con-
ditions including cancer and/or immunosuppressive
diseases were observed in all patients with pneumonia.
The majority of the patients (21/24) resided on the
second floor of the nursing home.

We collected 10 nasopharyngeal swab samples after
obtaining verbal informed consent from the patients.
We tried to detect and isolate HRSV, influenza A, B,
and C viruses, human rhinovirus, enteroviruses, parain-
fluenza viruses (types 1-4), coronavirus, adenoviruses,
Chlamydophila pneumoniae, Mycoplasma pneumo-
niae, Streptococcus pneumoniae, and Haemophilus
influenzae using polymerase chain reaction (PCR),
reverse transcription (RT)-PCR, or culture methods
(2-4). Although HRSV was not isolated using cell
culture methods, it was detected from samples by RT-
PCR. No other viruses or bacteria were detected or iso-
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Fig. 1. Phylogenetic tree constructed on the basis of partial sequences of the HRSV G gene. Distance was calculated

using Kimura’s two-parameter method and the tree was plotted using the neighbor-joining method. Numbers
above the branches represent the bootstrap probabilities (%). The present strains are shown in bold letters.
Numbers in parentheses indicate GenBank accession numbers. The reference strains were as follows: Long
(AY911262), A2 (M11486), MOO02 (AF233910), NY CHO09 93 (AF065254), SA97D1289 (AF348803), SA98V603
(AF348807), SA99V1239 (AF348808), LL.C242-282 (AY114150), LLC235-267 (AY114149), MO55 (AF233915),
DEL/609/03 (DQ248941), 18537 (M17213), AL19734-4 (AF233924), BA4128/99B (AY333364), BE13417/99
(AY751131), Chl0b (AF065250), CH93 9b (AF065251), Ken/2/00 (AY524575), MO35 (AF233929), NYO01
(AF233931), SA98D1656 (AF348826), SA98V192 (AF348811), SA99V429 (AF348813), SA99VE00 (AF348821),
SA99V1325 (AF348822), RSV/Tochigi/32/2010 (AB775986), RSV/Tochigi/511/2011 (AB775999), RSV/
Gunma/433/2009 (AB683222), RSV/Gunma/775/2010 (AB683226), RSV/Gunma/780/2010 (AB683229), RSV/
YOK/07/33 (AB551084), RSV/YOK/08/118 (AB551108), RSVi/Kanagawa.JPN/Jan.06/Ka-13 (AB500656),

RSVi/Kanagawa.JPN/Sep.05/Ka-1 (AB500659), and RSV/YOK/08/84 (AB551106).

lated. Nucleic acids were extracted from the samples
using the QIAamp MinElute Virus Spin Kit (Qiagen,
Valencia, CA, USA) and suspended in DNase/RNase-
free water. After DNA/RNA extraction, PCR or RT-
PCR was performed as described previously (2-4).
Amplicons were purified using the QIAquick PCR
Purification Kit (Qiagen), and the nucleotide sequences
were determined by direct sequencing (5). Next, we per-

formed phylogenetic analysis on the basis of G gene

nucleotide sequences of HRSV (nucleotide positions:
670-969, 300 nucleotides for the genotype BA reference
strain [BA4128B/99B]) using Molecular Evolutionary
Genetics Analysis software version 4 (2). Evolutionary
distances were estimated using Kimura’s two-parameter
model, and a phylogenetic tree was constructed using
the neighbor-joining method (6,7). The reliability of the
tree was estimated using 1000 bootstrap replications.
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The GenBank accession numbers of the nucleotide
sequences obtained are AB918645 and AB918693 to
AB918698.

HRSV alone was detected in 7 of the 10 samples col-
lected, and no other pathogens were detected. The
nucleotide identity of the analyzed regions (G gene)
among the present strains was 100%. Phylogenetic anal-
ysis based on the HRSV G gene nucleotide sequences
showed that the strains were HRSV subgroup B (HRSV-
B) genotype BA (Fig. 1). In addition, the present strains
genetically resembled other domestic HRSV-B genotype
BA strains detected in nearby areas (within a 100-km
radius) including in Gunma, Tochigi, and Kanagawa
prefectures (93.2-99.9% nucleotide identity). All
patients recovered without sequelae. Moreover, we care-
fully examined amino acid substitutions in the C-termi-
nal hypervariable region among the present strains and



other domestic strains. As a result, 2 amino acid substi-
tutions (T2591 and T281A) were found. These substitu-
tions might be unique, although further studies are
warranted (2,5).

Primary HRSV infection mainly occurs in infants (1).
Moreover, HRSV reinfections in the elderly may be as-
sociated with severe respiratory infection (pneumonia)
or exacerbation of asthma and chronic obstructive
pulmonary disease (8). However, the epidemiology of
HRSV infection in adults including elderly people is not
exactly known. In the present cases, HRSV was detected
in 70% of the collected samples. In addition,
phylogenetic analysis (Fig. 1) showed that the genotypes
of the strains were identical (HRSV-B genotype BA),
and the analyzed G gene nucleotide sequences complete-
ly matched each other. The present strains may be
prevalent domestic strains and thus may be closely relat-
ed genetically. Acute wheezing was observed in approxi-
mately 29% (7/24) of patients, and pneumonia was
identified in approximately 21% (5/24) of patients.

- Among them, 4 of the 7 patients presented with pneu-
monia plus acute wheezing. All 4 of these patients were
women, and no chronic pulmonary diseases such as
asthma or chronic obstructive pulmonary disease were
found. A previous report suggested that wheezing might
occur in 6-35% of elderly patients with HRSV infection
(8). Thus, constant acute wheezing as a complication of
HRSYV infection could be observed in the elderly as well
as in infants with primary infection of the virus (8-10).
In conclusion, HRSV should be considered a possible
cause of outbreaks among elderly persons with ARI
presenting with pneumonia and acute wheezing.

This article appeared in the Infectious Agents Surveil-
lance Report (IASR), vol. 35, p. 146-147, 2014 in
Japanese.
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Abstract: Trichodysplasia spinulosa-associated polyomavirus (TSV) was identified in a seven-month-old girl with myo-
carditis. The number of TSV genomes detected was higher in the heart than in the other organs. The full-length TSV
genome was cloned from the heart. This suggests a possible role of TSV infection in the pathogenesis of myocarditis

in infants.
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Introduction

Myocarditis is a rare but important cause of
sudden death in childhood. lts etiology is wide
ranging and often difficult to identify. Viral in-
fection is thought to be one of the most fre-
quent etiological agents of myocarditis [1].
Various viruses, including influenza virus, cox-
sackievirus B, parvovirus B19, adenoviruses,
and cytomegalovirus, have been detected in
myocarditis tissue samples. However, it remain-
s unclear whether such viral infections are
associated with the pathogenesis of myocardi-
tis in all patients. In this report, we describe an
autopsy case of fulminant myocarditis in which
trichodysplasia spinulosa-associated polyoma-
virus (TSV), a human polyomavirus identified in
2010, was detected with next-generation se-
quencing [2].

Case description

In autumn 2012, a seven-month-old female
infant suffering from respiratory discomfort at
night attended our emergency outpatient
department. She was admitted with acute,

severe respiratory distress. She and her family
had no appreciable past history, including asth-
ma, congenital heart diseases, and immunode-
ficiencies. At the initial visit, her bodyweight
was 6.3 kg, which was lower than the normal
limit of Japanese seven-month-old female in-
fants. Her developmental history was normal.
She was appropriately immunized. She did not
have any remarkable history of sick contact.
Her body temperature was 36.0°C, pulse rate
was 132/min, respiratory rate was 70/min, and
oxygen saturation was 89% (ambient air). Her
blood pressure was not measured. Marked
wheezes in both lungs but no abnormal cardiac
murmurs were heard on chest auscultation.
Chest retraction and skin cyanosis were obvi-
ous. Laboratory findings were unremarkable,
except for an elevated white blood cell count
(14,510/ul) and a reduced hemoglobin level
(9.3 g/dl). A venous blood gas analysis demon-
strated mild acidemia and hypercapnea (pH
7.252, pCO, 45.6 mmHg, base excess -6.9
mEg/l, HCO,~ 19.4 mEq/1). No immunological
test could be conducted because the patient
came to the hospital at night, and no blood
sample was preserved due to difficulty drawing



TSV and myocarditis in an infant girl

Figure 1. Macroscopic and histological findings in the heart. A, B. Macroscopic view of the heart. A. Petechial
hemorrhage was observed on the surface. B. Left ventricle was enlarged and small petechiae were found on the
cut surface. C-F. Histological views of the heart. C, D. Hematoxylin and eosin staining of the myocardial tissue. The
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