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A B S T R A C T   

Few evolutionary studies of the human respiratory virus (HRV) have been conducted, but most of them have 
focused on HRV3. In this study, the full-length fusion (F) genes in HRV1 strains collected from various countries 
were subjected to time-scaled phylogenetic, genome population size, and selective pressure analyses. Antige
nicity analysis was performed on the F protein. The time-scaled phylogenetic tree using the Bayesian Markov 
Chain Monte Carlo method estimated that the common ancestor of the HRV1 F gene diverged in 1957 and 
eventually formed three lineages. Phylodynamic analyses showed that the genome population size of the F gene 
has doubled over approximately 80 years. Phylogenetic distances between the strains were short (< 0.02). No 
positive selection sites were detected for the F protein, whereas many negative selection sites were identified. 
Almost all conformational epitopes of the F protein, except one in each monomer, did not correspond to the 
neutralising antibody (NT-Ab) binding sites. These results suggest that the HRV1 F gene has constantly evolved 
over many years, infecting humans, while the gene may be relatively conserved. Mismatches between compu
tationally predicted epitopes and NT-Ab binding sites may be partially responsible for HRV1 reinfection and 
other viruses such as HRV3 and respiratory syncytial virus.   

1. Introduction 

Human respirovirus 1 (formerly called human parainfluenza virus 1, 
HRV1) is an RNA virus that belongs to the genus Respirovirus of the 
family Paramyxoviridae. HRV1 is a causative agent of acute respiratory 
diseases, such as common colds, acute laryngotracheobronchitis 
(croup), bronchiolitis, and pneumonia, and is distributed world-wide as 
the most prevalent type of the former human parainfluenza virus as well 

as HRV3 (Henrickson, 2003; Karron, 2007). Epidemiological studies 
showed that HRV is a causative agent for croup in children under five 
years of age, among which approximately 26–74% experience HRV1 
infection (Denny et al., 1983). HRV1 reinfection and HRV3 may occur 
throughout life; however, the reinfection mechanisms are not exactly 
known (Henrickson, 2003). 

The HRV1 genome encodes six genes that are translated into seven 
proteins (Karron, 2007). Among these, fusion protein (F protein) and 
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haemagglutinin-neuraminidase (HN) proteins are the major viral anti
gens (Karron, 2007). In particular, the F protein consists of a homo
trimer and may be associated with infection of airway epithelial cells in 
the host (Karron, 2007). Moreover, the existence of two conformations 
of the F protein, prefusion and postfusion, have been confirmed (Yin 
et al., 2006). However, detailed F protein structure is not well under
stood (Shao et al., 2021). 

Antibody responses are central to acquired immunity against viral 
infections. Epitopes are classified into two categories: conformational 
and linear epitopes (Van Regenmortel, 2001). Linear epitopes are 
continuous amino acid sequences of the primary antigen structure. 
Conformational epitopes are composed of discontinuous residues that 
are in proximity on the protein three-dimensional (3D) structure. Both 
epitopes are recognised by the immune system, triggering the produc
tion of antibodies (Sharon et al., 2014; Collins and Karron, 2013; Van 
Regenmortel, 2001). A previous report showed that over 90% of B cell 
epitopes are conformational, and only a few are linear (Van Regen
mortel, 2001). In contrast, due to an explicit distinction between anti
genicity and immunogenicity, these epitopes in antigenic proteins may 
not be adequately recognised by a neutralising antibody (NT-Ab) 
(Sharon et al., 2014; Collins and Karron, 2013). Our previous data 
suggested that the computationally predicted conformational epitopes 
in the respiratory syncytial virus (RSV) and HRV F proteins do not 
correspond to the NT-Ab binding sites of these proteins (Aso et al., 2020; 
Saito et al., 2021). However, to the best of our knowledge, the rela
tionship between conformational and linear epitopes and the NT-Ab 
binding sites of the HRV1 F protein is not known. Moreover, the 
detailed phylogeny of the viral fusion (F) gene is unknown. Therefore, 
detailed molecular evolutionary analyses of the HRV1 F gene were 
performed in strains collected globally, using bioinformatic 
technologies. 

2. Materials and methods 

2.1. Strains used in this study 

To better understand the molecular evolution of the HRV1 F gene, 
nucleotide sequences, including the full-length coding region of the gene 
(positions 5060–6727; 1668 nt for the hPIV1/USA/ATCC VR-94/1957 
strain; GenBank accession No. JQ901971) was retrieved from Gen
Bank on 11 June 2019. Among these, sequences from strains with 
confirmed information on the detected/isolated years and regions were 
selected. In addition, data of strains that displayed ambiguity with 
undermined sequences (e.g., N, Y, R, and V) were omitted from the 
dataset, providing data from 71 strains for the analysis. Homologous 
sequences were identified using Clustal Omega (Sievers and Higgins, 
2021). When three or more similar sequences were present, only two 
among them were randomly retained, which reduced the final sequence 
set to those from 66 strains. 

Temporal signal analysis of the sequences from 66 HRV1 strains was 
performed to determine whether the dataset was suitable for molecular 
clock analysis. Maximum likelihood method was used to generate a 
phylogenetic tree using molecular evolutionary genetics analysis version 
7.0 (MEGA 7; for bigger datasets) software. The data were analysed 
using TempEst software (version 1.5.3) (Rambaut et al., 2016). 

All data are presented in Supplementary Table S1. These sequences 
were aligned using MAFFT version 7 (Katoh and Standley, 2013) and 
subsequently trimmed to 1668 nt based on the prototype F gene 
sequences. 

2.2. Time-Scaled phylogenetic analysis and phylodynamic analyses using 
the bayesian markov chain monte carlo method (BMCMC) 

To investigate the evolution of HRV1 strains, a time-scaled phylo
genetic analysis of full-length sequences of the HRV1 F gene was con
ducted using the Bayesian Markov chain Monte Carlo (BMCMC) method 

in BEAST (version 2.4.8) (Bouckaert et al., 2014). To select a suitable 
substitution model, jModelTest program (version 2.1.10) was used 
(Darriba et al., 2012). The path-sampling implemented in the BEAST 
package was used to determine the best of four clock models (strict 
clock, exponential relaxed clock, log-normal relaxed clock, and random 
local clock) and three prior tree models (coalescent constant population, 
coalescent exponential population, and coalescent Bayesian skyline). 
The TrN + I substitution model, log-normal of the relaxed clock model, 
and coalescent exponential from the tree prior model were used for 
BMCMC analysis of all strains. An BMCMC tree was constructed using 
BEAST software with the obtained strains and selected models. We 
analysed the MCMC chains for the 100,000,000 steps with sampling 
performed after every 2000 steps. To confirm convergence, the effective 
sample sizes (ESS) were evaluated using Tracer (version 1.6), and values 
above 200 were considered acceptable. After burn-in of the first 10% of 
the trees, a maximum clade credibility tree was generated using 
TreeAnnotator (version 2.4.8) in the BEAST package. The BMCMC 
phylogenetic tree was visualised using FigTree (version 1.4.03), and the 
95% highest posterior densities (HPDs) of all internal nodes were 
computed. Moreover, strain clustering in the constructed phylogenetic 
tree of the HRV1 F gene followed the illustrated tree topology. Simul
taneously, the evolutionary rates of the 66 HRV1 strains and strains of 
each lineage determined by the BMCMC phylogenetic tree were esti
mated using the BMCMC method, and the values were confirmed using 
the Tracer software. The marginal likelihood (ML) values for model 
selection and the detailed parameters of the BMCMC analyses are shown 
in Supplemental Tables S2 and S3. The statistics calculated by Tracer for 
each dataset are listed in Supplementary Tables S2–S6. Statistical 
analysis for comparing evolutionary rates between the lineages was 
performed using the Kruskal–Wallis test with the EZR software (Kanda, 
2013). The evolutionary rates sampled every 2000 steps from the MCMC 
chains after discarding the 10% burn-in (45,001 samples) were used for 
statistical analysis. Statistical significance was defined as p < 0.05. Past 
genome population dynamics of the HRV1 F gene were examined using 
Bayesian skyline plots (BSPs) in BEAST. A coalescent Bayesian skyline 
was selected as the prior tree model. 

2.3. Phylogenetic distance calculation 

The phylogenetic distances among all HRV1 strains were analysed to 
estimate F gene diversity. A phylogenetic tree of all HRV1 strains was 
constructed using the ML method with MEGA7 software (Kumar et al., 
2016), and branch reliability was supported by 1000 bootstrap repli
cations. The jModelTest program was used to select the best substitution 
model for the ML method. Subsequently, the phylogenetic distance of 
the ML tree was calculated using Patristic (Fourment and Gibbs, 2006). 

2.4. Selective pressure analyses 

The selective pressure sites for the F protein of HRV1 were analysed 
by calculating the non-synonymous (dN) and synonymous (dS) substi
tution rates at each amino acid site using the Datamonkey web server 
(https://www.datamonkey.org/) (Weaver et al., 2018). 
Single-likelihood ancestor counting (SLAC), fixed effects likelihood 
(FEL), internal fixed-effects likelihood (IFEL), fast unconstrained 
Bayesian approximation (FUBAR) (Murrell et al., 2013), and the 
mixed-effects model of evolution (MEME) (Murrell et al., 2012) were 
used to estimate positive selection sites, whereas, SLAC, FEL, IFEL, and 
FUBAR were used to predict negative selection sites. The positive 
(dN/dS > 1) and negative (dN/dS < 1) selection was determined based 
on the p values (p < 0.05) for SLAC, FEL, IFEL, and MEME and on the 
posterior probability values (> 0.9) for FUBAR. 

2.5. Modelling of three-dimensional structure of the HRV1 F protein 

Experimentally validated 3D structure of the HRV1 F protein is not 

T. Takahashi et al.                                                                                                                                                                                                                             

https://www.datamonkey.org/


Virus Research 333 (2023) 199142

3

available. Hence, we employed a homology modelling method to 
construct trimeric structural models of the prefusion F protein of HRV1 
for representative strains from each group, determined using the 
BMCMC phylogenetic tree (prototype, ATCC VR-94/USA/1957 strain, 
JQ901971; lineage 1, HPIV1/WI/629–008/1997 strain, JQ901978; 
lineage 2, HPIV1/WI/629–007/1997 strain, JQ901979; and lineage 3, 
HPIV1/USA/629-D02161/2009 strain, KF687308). The cryo-electron 
microscopy structure of HRV3 F protein (Protein Data Bank accession 
ID: 6MJZ) was selected as the template based on the results from BLAST 
web server (Shao et al., 2021). The amino acid sequences of each strain 
and template were aligned using MAFFT. The percentage sequence 
identity of each strain to the template was calculated using Clustal 
Omega. Based on the template sequence, 3D structures were constructed 
using Modeller software (version 10.2). The generated models were 
assessed by Ramachandran plot analyses using WinCoot implemented in 
the CCP4 package, and the models with the best scores were selected. 
Energy minimisation of the generated structures was performed using 
GROMOS96, which was implemented in Swiss PDB Viewer (version 
4.1.0) (Guex and Peitsch, 1997). 

2.6. Analyses of conformational and linear epitopes and amino acid 
substitution sites 

To accurately analyse the pressure of human immune defence 
against the natural state of the HRV1 F protein, epitopes in the trimeric 
prefusion state were predicted. The conformational epitopes of the 
constructed models were analysed using Disco-Tope (version 2.0) 
(Kringelum et al., 2012), ElliPro (Ponomarenko et al., 2008), SEMA 
(Shashkova et al., 2022) and SEPPA (version 3.0) (Zhou et al., 2019) 
with cut-off values of − 3.7, 0.5, 0.76, and 0.064, respectively. The ac
curacy of the analyses was also supported by the consensus sites pre
dicted by more than three of the four methods, and regions with residues 
close to two of the sites on the trimeric structure models were deter
mined as conformational epitopes. Subsequently, the linear epitopes 
were analysed using LBtope (Singh et al., 2013) and BECEPS (Ras Car
mona et al., 2021), BepiPred (version 2.0) (Galgonek et al., 2017) and 
ABCpred (Saha and Raghava, 2006). Cut-off values were set as 80% 

(LBtope), 0.5 (BECEPS), 0.5 (BepiPred 2.0), and 0.51 (ABCpred), 
respectively. 

Regions that had more than 10 continuous amino acids and were 
estimated in common by at least three of the four methods were regar
ded as linear epitopes. Finally, the predicted and previously identified 
epitopes were mapped onto the constructed, pre-fusion F protein models 
using PyMOL (version 2.3) (WL, 2002.). 

3. Results 

3.1. Time-Scaled phylogenetic analysis and phylodynamic analysis of the 
HRV 1 F gene using the BMCMC method 

To estimate the time-scaled evolution of the HRV1 F gene, a phylo
genetic tree was constructed using the BMCMC method. In this study, we 
used only the sequences from HRV1 strains (66 strains) that were 
detected in humans, because sequence data from bovine respiratory 
virus (BRV) type 1, which may be a common ancestor of both BRV and 
HRV, were not available. Before constructing the BMCMC tree, the 
temporal signal of the dataset was estimated using TempEst (version 
1.5.3). The plots of root-to-tip genetic distance against sampling time 
exhibited a positive correlation between genetic divergence and sam
pling time, and the R square value was calculated as 0.87 (Figure S1). 
These results suggest that the dataset of the 66 HRV1 strains was 
adequate for molecular clock analysis. Hence, we used this dataset to 
carry out the BMCMC method. 

As shown in Fig. 1, a common ancestor of the HRV1 prototype strain 
(hPIV1/USA/ATCC_VR-94_1957; GenBank accession No. JQ901971) 
and other existing HRV1 strains diverged in 1957 (95% HPD, 
1956–1957), resulting ultimately in the formation of three major line
ages 1–3. After the first divergence in 1957, strains belonging to lineage 
1 further diverged from a common ancestor of strains belonging to the 
three lineages in 1992 (95% HPD, 1989–1994), and the opposite side of 
lineage 1 diverged into lineages 2 and 3 in 1994 (95% HPD, 
1991–1996). Currently, strains belonging to lineage 3 are widespread 
and form several clusters. 

Next, the evolutionary rate of HRV1 F gene was estimated (Table 1). 

Fig. 1. Time-scaled evolutionary tree of the full length Human respirovirus 1 (HRV1) fusion gene constructed by the Bayesian Markov chain Monte Carlo 
(BMCMC) method. The scale bar represents time (years). Green bars indicate the 95% highest posterior density (HPD) for each branch year. 
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The evolutionary rate of all strains was estimated to be 8.504 × 10− 4 

substitutions/site/year (s/s/y) (95% HPD, 7.003 × 10− 4 to 1.0008 ×
10− 3 s/s/y). The calculations for each of the above lineages showed that 
the evolutionary rate of strains belonging to lineage 2 was 6.580 × 10− 4 

s/s/y (95% HPD, 4.784 × 10− 4 to 8.4595 × 10− 4 s/s/y), and that of 
strains belonging to lineage 3 was 1.205 × 10− 3 s/s/y (95% HPD, 7.159 
× 10− 4 to 1.6866 × 10− 3 s/s/y). The evolutionary rate of the strains in 
lineage 1 with the same detection year (1997) was not calculated. The 
evolutionary rate of strains belonging to lineage 3 was significantly 
higher than that of strains belonging to lineage 2 (p < 2 − 16), which may 
indicate that strains belonging to lineage 3 are more adapted to humans, 
although the mechanisms underlying the significance of these values are 
not known. 

3.2. Phylodynamics of the HRV1 F gene using the bayesian skyline plot 
(BSP) analysis method 

As shown in Fig. 2, the phylodynamics of the F gene in HRV1 strains 
were analysed using the BSP analysis method to detect fluctuations in 
effective population size. The genome population size of all the strains 
doubled between 1995 and 2008 (Fig. 2A). Similarly, strains belonging 
to lineage 2 showed a two-fold increase in genome population around 
2003 and 2008 (Fig. 2B). In contrast, in lineage 3, a steep increase in 
genome population size was observed, even though it occurred only 
once around 2008 (Fig. 2C). Because the detection year of the strains 
belonging to lineage 1 was the same (1997), we could not calculate the 
genome population size of this lineage. To summarise the results of these 
BSP analyses, the rapid increase in genome population size around 2008 
for all strains was speculated to be mainly due to an increase in the 
genome population size of lineage 3. 

3.3. Phylogenetic distances calculation of the HRV1 F gene 

The phylogenetic distance and distribution between strains were 
evaluated based on their nucleotide sequences. A histogram of the dis
tances between the sequence pairs of all the strains revealed a bimodal 
distribution (Fig. 3). Furthermore, histograms of lineages 1 and 2 
showed bimodal distributions, although the apparent phylogenetic 

distances of lineage 1 may not represent the phylogenetic distances of 
the actual lineage, owing to the small sample size (Fig. 3B and 3C). In 
contrast, the histogram of lineage 3 showed a unimodal pattern 
(Fig. 3D). The mean distance (± SD) between each pair of F gene 
sequence in the 66 HRV1 strains examined in this study was 0.018575 ±
0.01227. The results of the study showed that lineages 1, 2 and 3 had 
phylogenetic distances of 0.0022 ± 0.0012, 0.0073 ± 0.0030, and 
0.0092 ± 0.0058, respectively. Thus, the phylogenetic distance for each 
of the lineage was less than 0.02, suggesting conservation of the F gene 
sequence. 

3.4. Homology modelling 

To visualise the relationship between NT-Ab binding sites and pre
dicted B-cell conformational epitopes, we constructed the homotrimer 
(chains A, B, and C) of the HRV1 pre-fusion protein structure (Fig. 4). 
The amino acid sequence of the template covered amino acids 24–98 
and 126–550 in each strain (Fig. 5). In this range, the amino acid resi
dues on the protein surface were the same between representative 
strains of lineages 1–3. Moreover, from homologous analysis using 
Clustal Omega, the percentage sequence identity value of the prototype 
strain against the representative strains was high (96.8%). Hence, we 
presented the prototype structural model alone and showed the sites 
where amino acid substitutions occurred in representative strains from 
lineages 1 to 3 (Figs. 4 and 5). Both the prototype and lineage 1 repre
sentative strains had the same sequence identity (44.3%) as the 
template. 

3.5. Selective pressure analyses of HRV1 F protein 

The rates of dS and dN substitutions were estimated using the 
DataMonkey web server to identify the positive and negative selection 
sites of F proteins in all 66 strains (Table S7). Only one method (FUBAR) 
predicted a positive selection site (amino acid residue 5), and the other 
four methods identified no positive selection sites. Thus, a positive se
lection site of the F protein is absent. In contrast, many negative selec
tion sites were identified (Table S7). Among them, four negative 
selection sites (amino acids 150, 382, 460, and 473) were detected using 
all methods employed (Fig. 5). 

3.6. Analyses of B-Cell epitopes and amino acid substitution sites 

The amino acid substitution sites, NT-Ab binding sites, and predicted 
epitopes are shown in the HRV1 F chain A amino acid sequences and the 
trimeric structural model of the prototype (Figs. 4 and 5). First, the 
amino acid substitution sites in the F protein chain A among the pro
totype strain and the representative strains of lineages 1, 2, and 3 were 
compared. Seventeen amino acid substitutions were common in lineages 
1, 2, and 3 (Fig. 5 and Table S8). An amino acid substitution unique to 
lineage 1 is present in Glu5Lys. Moreover, four amino acid residues 

Table 1 
Evolutionary rates of all HRV1 strains and each lineage.   

Evolutionary rates (95% HPD) 
(substitutions/site/year) 

Effective sample 
size 

All strains (66 
strains) 

8.504 × 10− 4 (7.003 × 10− 4 to 1.0008 ×
10− 3) 

220 

Lineage 1 (6 
strains) 

– – 

Lineage 2 (23 
strains) 

6.580 × 10− 4 (4.784 × 10− 4 to 8.4595 ×
10− 4) 

4053 

Lineage 3 (36 
strains) 

1.205 × 10− 3 (7.159 × 10− 4 to 1.6866 ×
10− 3) 

954  

Fig. 2. Bayesian skyline plot for the Human respirovirus 1 (HRV1) fusion gene. Each panel illustrates the phylodynamics of all 66 strains (a), lineage 2 (b), and 
lineage 3 (c). Y and x-axes indicate the effective population size and time in years, respectively. Thick black lines show the median values over time; thin blue lines 
represent the 95% highest posterior density (HPD) intervals. 
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(Thr493Lys, Val526Thr, Met545Ile, and Arg546Lys) showed sub
stitutions that were unique to lineage 3. However, some of the common 
substitution regions of these amino acid substitution sites are not located 
on the surface of the 3D structure. Similarly, uncommon substitution 
residues between lineages 1 and 3 were not present in the 3D structural 
model. Thus, only seven residues (Glu63Gln, Ile155Val, Leu163Phe, 
Asn184Asp, Arg338Lys, Arg410Lys, and Arg442Gly) of the common 
substitution regions in each lineage were located on the surface of the 3D 
structure model. 

Next, conformational and linear B-cell epitopes on HRV1 F protein 
were analysed. Six conformational epitope sites and seven linear epitope 
sites were identified for the prototype HRV1 F protein chain A (18 
conformational epitopes and 21 linear epitopes in the trimeric structure) 
(Figs. 4 and 5 and Table S9). No amino acid substitutions were found at 
these sites of strains in lineages 1, 2, or 3, whereas only one residue 
substitution (Glu63Gln) was found near one of the predicted confor
mational epitope sites (Fig. 5). Notably, in the HRV1 F protein chain A, 
five of the six conformational epitope sites and all the linear epitope sites 
failed to coincide with the experimentally determined NT-Ab binding 
sites, whereas only one residue of the conformational epitope (aa 473) 
coincided (Fig. 5). This mismatch may be a possible mechanism by 
which HRV1 can reinfect humans. 

4. Discussion 

Evolutionary studies of HRV have been reported (Bose et al., 2019; 
Mao et al., 2012; Mizuta et al., 2014), but most of these focus on HRV3 
(Mao et al., 2012; Mizuta et al., 2014). A few reports regarding the HRV1 

Fig. 3. Distribution of phylogenetic distances between the full-length sequences of the fusion gene of all Human respirovirus 1 (HRV1) strains. Each panel 
illustrates the histogram of all 66 strains (a), lineage 1 (b), lineage 2 (c), and lineage 3 (d). The y-axis and x-axis indicate the number of sequence pairs and 
phylogenetic distances, respectively. 

Fig. 4. Structural models of the prefusion protein of USA/1957 strain. 
Chains of the trimeric structures are given in white (chain A), light grey (chain 
B), and dark grey (chain C). The conformational and linear epitopes have been 
indicated in green and blue, respectively. Areas where the conformational and 
linear epitopes overlap are shown in purple. Experimentally identified epitopes 
(neutralising antibody binding sites) are indicated in red, and those overlapping 
with the conformational epitope are coloured yellow. 
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F gene have been published involving domestic or partial F gene ana
lyses (Ambrose et al., 1995; Aso et al., 2020). To study the detailed 
molecular evolution of the full-length F gene in HRV1 strains from 
various countries, we performed time-scaled phylogenetic, genome 
population size, and selective pressure analyses on the gene, as well as 
antigenicity analysis of the F protein. From the time-scaled phylogenetic 
tree, constructed using the BMCMC method, it was estimated that the 
common ancestor of the HRV1 F gene diverged in 1957 and that their 
progenies continuously evolved and formed three lineages (lineages 
1–3, Fig. 1). Strains belonging to lineage 3 predominate in various 
countries. Second, phylodynamic analyses using the BSP method 
showed that the genome population size of the F gene doubled over 
approximately 80 years. Third, phylogenetic distances among the strains 
were short (< 0.02; Fig. 3). Finally, no positive selection sites were 
detected in the F protein, whereas many sites were identified as negative 
selection sites. Moreover, five sites of the six conformational epitopes 
and all linear epitopes in each chain of the F protein lacked correspon
dence to the NT-Ab binding sites (Figs. 4 and 5). These results suggest 
that despite the apparent conservation, the HRV1 F gene has evolved 
over many years. Yet, the conformational and linear epitopes did not 
correspond to the NT-Ab binding sites in either the pre or postfusion 
forms of the protein. This mismatch may be partially responsible for 
HRV1 reinfection and may extend to related viruses, such as HRV3 and 
RSV. 

A phylogenetic analysis of HRV1 F gene was performed using the 
BMCMC method. It revealed that this gene continuously evolved and 
formed three lineages with many clusters (Fig. 1). Our previous report 
showed full-length F protein genes in HRV1 among patients with acute 
respiratory infections in Eastern Japan during 2011–2015 (Tsutsui et al., 
2017). Phylogenetic analyses using the ML method showed that HRV1 
strains formed three lineages and that the lineage 3 strains were domi
nant during the investigation period (2011–2015). This finding is 
consistent with the results of the present study. However, the 
time-scaled phylogeny of the HRV1 F gene was not assessed in the 
previous study (Tsutsui et al., 2017). Here, time-scaled phylogenetic 
analyses were done using the BMCMC method. As a result, the 

divergence year of a common ancestor and each lineage was estimated 
(Fig. 1). Although the analysed gene was distinct, our previous report 
suggested that the HRV1 haemagglutinin-neuraminidase (HN) glyco
protein gene (full-length) isolated from Yamagata prefecture, in north
ern Japan, was classified into two lineages and formed many clusters 
using different phylogenetic analysis methods, including 
neighbour-joining and ML methods (Mizuta et al., 2011, 2014). Thus, to 
the best of our knowledge, the present study may be the first time-scaled 
phylogenetic analysis of the HRV1 F gene based on full-length sequences 
from globally collected strains. However, the present study has some 
limitations, including, the relatively small number of strains used. This is 
due to the paucity of studies on HRV1 molecular epidemiology. Another 
limitation is selection bias owing to the limited number of countries 
studying HRV1 and HRV3 (Aso et al., 2020). 

The evolutionary rate of the HRV1 F gene has also been estimated. 
The mean evolutionary rate was 8.504 × 10− 4 s/s/y. This is similar to 
the rates reported for the F genes of HRV3 and RSV (Aso et al., 2020). 
Furthermore, the evolutionary rate of HRV1 strains belonging to lineage 
3 was found to be faster than that of lineage 2, whereas a previous 
evolutionary study on the HRV3 F gene did not find this difference (Aso 
et al., 2020). Moreover, these findings were not found for the RSV F 
gene, a virus belonging to a different genus and species (Saito et al., 
2021). Thus, these findings were only observed for HRV1 F gene, which 
to the best of our knowledge, is the first report of lineage differences in 
evolutionary rate. In addition, the rapid evolutionary rate reflects short 
generation times and/or strong positive selection, which may generate a 
phenotype that is more adapted to the host (Collins and Karron, 2013). 
Together, the strains belonging to lineage 3 were more adaptive to 
humans and could become dominant strains, although our study did not 
address the mechanisms underlying the difference in the evolutionary 
rate. 

The mean phylogenetic distance of the F gene HRV1 strains was 
approximately 0.02 (Fig. 3). This agrees with our previous study of 
Japanese strains, which reported a phylogenetic distance for the HRV1 F 
gene of 0.026 (Tsutsui et al., 2017). Moreover, the distribution of dis
tances in our study was similar to that in previous reports on the HRV3 F 

Fig. 5. The Human respirovirus 1 (HRV1) fusion (F) protein chain A amino acid sequences investigated in this study. The amino acid residue numbers used 
for constructing HRV1 F protein three-dimensional (3D) structure are highlighted in yellow. The amino acid residues of neutralising antibodies (NT-Ab) binding sites 
and mutation are highlighted in orange and light green, respectively. The black and green line boxes in the sequences are the conformational epitope and linear 
epitope sites, respectively. Blue line boxes in the sequence indicate negative selection sites detected by all four methods (single-likelihood ancestor counting, fixed 
effects likelihood, internal fixed-effects likelihood, and fast unconstrained Bayesian approximation). 
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gene (Aso et al., 2020) as well as the HRV3 HN gene (Mao et al., 2012; 
Takahashi et al., 2018). These data suggest that the diversity of various 
viruses carrying the F gene may be similar and restricted within each 
species. With its high conservation and pivotal role in entry, the HRV1 F 
protein can be an attractive target for prophylaxis therapy, as it does for 
RSV F protein (Battles and McLellan, 2019). 

Phylodynamic analyses of HRV1 F gene (Fig. 2) showed that the 
genome population of the gene has doubled over approximately 80 
years. These fluctuations corresponded to the emergence of strains 
belonging to lineages 2 and 3 (Figs. 1 and 2). Our previous report 
showed that the genome population size of HRV3 F gene increased only 
once between 2000 and 2010 (Aso et al., 2020). Thus, genome fluctu
ations between HRV1 and 3 were different. 

The selective pressure analyses of the HRV1 F gene did not reveal any 
positive selection sites for the present strains, whereas many negative 
selection sites were identified. In general, positive selection sites reflect 
escape from host defence mechanisms, such as cellular or humoral im
munity (Barreiro and Quintana-Murci, 2010). Thus, HRV1 F protein may 
not be affected by such defence mechanisms. Conversely, negative se
lection sites may act to prevent deterioration of antigenicity (Holmes, 
2013; Loewe, 2008). These findings may reflect the essential role the 
HRV1 F protein plays in host cell infection. Similar findings have been 
reported for the HRV3 F protein (Henrickson, 2003; Tsutsui et al., 2017). 
The negative selection sites of the HRV1 F protein were clustered near 
predicted epitopes, based on the 3D structural modelling. This indicates 
that these sites play important roles, for example, in the cellular receptor 
binding domain. 

Finally, we analysed the amino acid substitutions and conforma
tional and linear epitopes in the HRV1 F protein and evaluated their 
relationship with the NT-Ab binding sites (Figs. 4 and 5). Notably, amino 
acid substitutions were not estimated for computationally predicted 
epitopes or NT-Ab binding sites. Furthermore, almost all experimentally 
determined NT-Ab binding sites were incompatible with the computa
tionally estimated conformational epitopes and linear epitopes. Anti
body responses play a pivotal role in virus neutralisation or elimination, 
and antigenicity and immunogenicity differ explicitly (Collins and 
Karron, 2013). Conformational and linear epitopes may stimulate the 
production of antiviral antibodies (Lo et al., 2021; Sharon et al., 2014). 
In contrast, predicted epitope sites on antigenic proteins may not be 
adequately recognised by NT-Abs, which might mean that these pre
dicted epitopes have weak potential for producing NT-Abs (Collins and 
Karron, 2013; Lo et al., 2021; Sharon et al., 2014). Thus, in
compatibilities between NT-Ab binding sites and predicted epitopes may 
indicate low immunogenicity of the F protein and may be partially 
responsible for HRV1 reinfection, as has been reported for reinfections 
with HRV3 and RSV (Aso et al., 2020; Saito et al., 2021). However, the 
paucity of antigenic/antibody complex structures may lead to a 
mismatch between the NT-Ab binding sites and the predicted epitopes. 
Hence, the interpretation of the computationally conducted epitope 
analyses in this study may be limited, although conformational and 
linear epitopes were investigated using multiple computational methods 
for increased accuracy. 

5. Conclusions 

In this study, molecular evolutionary analyses of HRV1 F gene were 
performed based on full-length sequences collected globally. The time- 
scaled phylogenetic tree generated by the BMCMC method estimated 
that the common ancestor of the HRV1 F gene diverged in 1957, and that 
their progenies have continuously evolved and formed three lineages. 
The phylodynamic analyses using the BSP method showed that the 
genome population size of the F gene doubled over approximately 80 
years. The phylogenetic distances among the strains were short with no 
positive selection sites. Almost all conformational and linear epitopes in 
the F protein did not correspond to NT-Ab binding sites. These results 
showed that the HRV1 F gene has evolved over many years, although the 

gene may be relatively conserved. Moreover, incompatibility between 
predicted epitopes and the NT-Ab binding sites in both the pre and 
postfusion forms of the protein may be responsible for HRV1 virus 
reinfection, as well as reinfections with HRV3 and RSV. 
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