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Abstract 45 

We performed molecular evolutionary analyses of the G gene C-terminal 3rd hypervariable 46 

region of RSV-A genotypes NA1 and ON1 strains from the paediatric acute respiratory infection 47 

patients in central Vietnam during the 2010-2012 study period. Time-scaled phylogenetic analyses 48 

were performed using Bayesian Markov Chain Monte Carlo (MCMC) method, and pairwise 49 

distances (p-distances) were calculated. Bayesian Skyline Plot (BSP) was constructed to analyze the 50 

time-trend relative genetic diversity of central Vietnam RSV-A strains. We also estimated the 51 

N-glycosylation sites within G gene hypervariable region. Amino acid substitutions under positive 52 

and negative selection pressure were examined using Conservative Single Likelihood Ancestor 53 

Counting (SLAC), Fixed Effects Likelihood (FEL), Internal Fixed Effects Likelihood (IFEL) and 54 

Mixed Effects Model for Episodic Diversifying Selection (MEME) models. The majority of central 55 

Vietnam ON1 strains detected in 2012 were classified into lineage 1 with few positively selected 56 

substitutions. As for the Vietnamese NA1 strains, four lineages were circulating during the study 57 

period with a few positive selection sites. Shifting patterns of the predominantly circulating NA1 58 

lineage were observed in each year during the investigation period. Median p-distance of central 59 

Vietnam NA1 strains was wider (p-distance = 0.028) than that of ON1 (p-distance = 0.012). The 60 

molecular evolutionary rate of central Vietnam ON1 strains was estimated to be 2.55 × 10-2 61 

(substitutions/site/year) and was faster than NA1 (7.12 × 10-3 (substitutions/site/year)). Interestingly, 62 

the evolutionary rates of both genotypes ON1 and NA1 strains from central Vietnam were faster than 63 

the global strains respectively. Furthermore, the shifts of N-glycosylation pattern within the G gene 64 

3rd hypervariable region of Vietnamese NA1 strains were observed in each year. BSP analysis 65 

indicated the rapid growth of RSV-A effective population size in early 2012. These results suggested 66 

that the molecular evolution of RSV-A G gene detected in central Vietnam was fast with unique 67 

evolutionary dynamics.  68 
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1. Introduction 69 

Human respiratory syncytial virus (RSV) belongs to the genus Pneumovirus, the family of 70 

Paramyxoviridae and is one of the leading causes of acute respiratory infections (ARIs) including 71 

bronchitis, bronchiolitis and pneumonia in humans (Collins and Karron, 2013). The global death risk 72 

of RSV infection may be greater than that of seasonal influenza (Weiss and McMichael, 2004). The 73 

under 5-childhood mortality due to RSV infection has a huge socioeconomic burden in developing 74 

countries (Anderson et al., 1990; Nair et al., 2010). In addition, RSV reinfections among elderly 75 

people may result in severe ARIs such as bronchiolitis and pneumonia (Lee et al., 2013). 76 

RSV genome encodes 10 genes that translate into 11 proteins (Collins and Karron, 2013). Of 77 

them, attachment glycoprotein (G) and fusion (F) proteins are the two major surface antigens, which 78 

play pivotal roles during infection to the host respiratory epithelial cells, although their virological 79 

functions are distinct (Collins and Karron, 2013). Moreover, the G gene has C-terminal 3rd 80 

hypervariable region with high genetic variability and contains epitopes that induce neutralizing 81 

antibody response (Kim et al., 2014; Melero et al., 1997; Palomo et al., 1991). Substitutions of amino 82 

acid composition within the G gene hypervariable region may be responsible for lifetime recurrence 83 

of RSV infection and respiratory illnesses in human (Hall et al., 1991; Tan et al., 2013). 84 

RSV is classified into two major subgroups, RSV-A and B, based on genetic variability and 85 

antigenic characterization of the G gene (Anderson et al., 1985; Mufson et al., 1985). Each subgroup 86 

is further subdivided into numerous genotypes: 12 genotypes (GA1-7, SAA1, NA1-2 and ON1-2) for 87 

RSV-A and 20 genotypes (GB1-4, SAB1-4, BA1-10 and URU1-2) for RSV-B (Eshaghi et al., 2012; 88 

Hirano et al., 2014; Shobugawa et al., 2009; Trento et al., 2006). Of all the RSV genotypes, RSV-A 89 

ON1-2 and NA1, while RSV-B BA9 and 10 are the dominant types in various regions worldwide 90 

(Duvvuri et al., 2015; Hirano et al., 2014; Nagasawa et al., 2015). RSV-A genotype ON1 emerged in 91 

Canada in November 2010 (Eshaghi et al., 2012) and had rapidly spread and replaced the previously 92 

dominant NA1 in some countries (Agoti et al., 2014; Auksornkitti et al., 2013; Cui, 2013; Khor et al., 93 
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2013; Kim et al., 2014; Panayiotou et al., 2014; Pierangeli et al., 2014; Prifert et al., 2013; 94 

Tsukagoshi et al., 2013; Valley-Omar et al., 2013). Furthermore, it was suggested that ON1 with a 95 

72-nucleotide tandem repeat insertion within G gene C-terminal 3rd hypervariable region was 96 

derived from the ancestral genotype NA1 (Eshaghi et al., 2012; Hirano et al., 2014). However, 97 

detailed molecular epidemiological information on ON1 has not been clearly understood up to date 98 

in many regions including Southeast Asia. 99 

In Vietnam, the first RSV-A ON1 related paediatric ARI hospitalization case was detected in 100 

March 2012. The emergence of genotype ON1 in our study site was associated with the dramatic 101 

increase in paediatric ARI hospitalization incidences and clinical severity of paediatric respiratory 102 

illnesses compared to previously dominant genotype NA1 (Yoshihara et al., 2016). Therefore, in the 103 

current study, we further analyzed the molecular evolutionary and antigenic characteristics of RSV-A 104 

genotypes NA1 and ON1 circulating in central Vietnam to gain a better understanding of a molecular 105 

epidemiological aspect of RSV in Vietnam. 106 

2. Material and methods 107 

2.1. RSV-A strains used in the current study 108 

An ongoing paediatric ARI surveillance at Khanh Hoa province, Nha Trang, central Vietnam 109 

was utilized in the present study (Yoshida et al., 2010). After obtaining informed consent from the 110 

guardians, all the children with ARI symptoms hospitalized to the paediatric ward of Khanh Hoa 111 

General Hospital (KHGH) were enrolled in the study. Respiratory virus screening including RSV and 112 

nucleotide sequencing of the RSV G gene C-terminal 3rd hypervariable region for the RSV-A 113 

confirmed paediatric ARI samples were performed as previously described (Yoshida et al., 2010; 114 

Yoshihara et al., 2016). The approximate lengths of the analyzed region within G gene 3rd 115 

hypervariable region were 336bp for genotype ON1 and 264bp for NA1 respectively. For 116 

phylogenetic and molecular evolutionary analyses in the current study, we included a total of 236 117 

RSV-A global reference strains from GenBank (including 93 ON1 and 125 NA1 strains) used in the 118 
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previous study (Hirano et al., 2014). The nucleotide sequences of RSV-A partial G gene from central 119 

Vietnam used in the current study have been submitted to GenBank under accession numbers: 120 

KX946220 – KX946477. 121 

2.2. Phylogenetic and molecular evolutionary analyses with Bayesian Markov Chain Monte 122 

Carlo (MCMC) and Maximum Likelihood (ML) methods 123 

Nucleotide sequences of RSV-A G gene 3rd hypervariable region were aligned and edited using 124 

ClustalW within MEGA ver.6.0.6 (Tamura et al., 2013). KAKUSAN4 125 

(http://www.fifthdimension.jp/products/kakusan/) was utilized for the selection of best-fit nucleotide 126 

substitution model (Tanabe, 2011). Phylogenetic and molecular evolutionary analyses were 127 

performed with Bayesian Markov Chain Monte Carlo (MCMC) method using BEAST ver.1.8.0 128 

(Drummond and Rambaut, 2007; Nagasawa et al., 2015; Tsukagoshi et al., 2013). In the current 129 

study, four clock models (Strict clock, Uncorrelated lognormal relaxed clock, Uncorrelated 130 

exponential clock and Random local clock) and four demographic models (Constant size, 131 

Exponential growth, Logistic growth and Expansion growth) were compared to select the best-fit 132 

model for each sequence dataset based on the value of Akaike’s Information Criterion through 133 

MCMC (AICM) (Suchard et al., 2001) using Tracer ver.1.6 (http://tree.bio.ed.ac.uk/software/tracer/). 134 

The model with the lowest AICM value was selected to be the best-fit model in each sequence 135 

dataset and used for analysis (Kimura et al., 2015; Nagasawa et al., 2015) (Supplementary Table 1). 136 

The detailed condition for each Bayesian MCMC analysis was summarized in Supplementary Table 137 

2. The MCMC chains were run for 200,000,000 steps for all the analyses to achieve convergence 138 

with sampling every 2,000 steps. The convergence was assessed using Tracer ver.1.6, and the 139 

parameters with effective sample sizes (ESS) of 200 or greater after 10% burn-in were accepted 140 

(Kushibuchi et al., 2013). The time-scaled Maximum Clade Credibility (MCC) trees were generated 141 

by TreeAnnotator ver.1.8.0 after removing the first 10% of trees as burn-in. The time-scaled MCC 142 

trees were viewed and edited with FigTree ver.1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). 143 

http://www.fifthdimension.jp/products/kakusan/
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/figtree/
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Furthermore, the molecular evolution rates were estimated using BEAST ver.1.8.0 under the models 144 

summarized in Supplementary Table 2 (Drummond and Rambaut, 2007). 145 

Also, the phylogenetic trees of RSV-A genotypes ON1 and NA1 were generated using 146 

Maximum Likelihood (ML) method under HKY85-gamma nucleotide substitution model with 1,000 147 

bootstrap replications using MEGA ver.6.0.6 to estimate the evolutionary distances. 148 

2.3. Estimation of the pairwise distance (p-distance) frequency distributions 149 

In order to investigate the genetic variability of central Vietnam RSV-A NA1 and ON1 strains, 150 

the frequency distributions of pairwise distance (p-distance) were estimated using MEGA ver.6.0.6 as 151 

previously described (Tamura et al., 2013; Tsukagoshi et al., 2013). Strains with 100% nucleotide 152 

sequence identity were excluded from the analyses. 153 

2.4. Bayesian Skyline Plot (BSP) analysis 154 

To assess the time course trend of effective population size (EPS) of overall RSV-A strains 155 

circulating in central Vietnam during the investigation period, Bayesian Skyline Plot (BSP) was 156 

constructed using BEAST ver.1.8.0 as previously described (Drummond and Rambaut, 2007; Kimura 157 

et al., 2015; Nagasawa et al., 2015). KAKUSAN4 was used for the selection of best-fit nucleotide 158 

substitution model. The best-fit clock model was selected using Tracer ver.1.6 based on the AICM 159 

value comparison among four clock models (Supplementary Table 3). The MCMC chains were run 160 

for 200,000,000 steps with sampling every 2,000 steps under the uncorrelated exponential relaxed 161 

clock model and HKY85-gamma substitution model (Supplementary Table 2). 162 

2.5. Estimation of potential N-glycosylated sites 163 

Potential N-glycosylation sites within the G gene 3rd hypervariable region were analyzed using 164 

NetNGlyc ver1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/). Amino acid sequences containing 165 

Asn-Xaa-Ser/Thr stretch where Xaa were any amino acids except Proline were considered to be 166 

potential N-glycosylation sites. 167 

http://www.cbs.dtu.dk/services/NetNGlyc/
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2.6. Positive and negative selection pressure analyses 168 

Amino acid substitutions within the G gene 3rd hypervariable region under positive and 169 

negative selection pressure for central Vietnam RSV-A NA1 and ON1 strains were estimated by 170 

calculating synonymous (dS) and non-synonymous (dN) substitution rates at every codon with 171 

Datamonkey (http://www.datamonkey.org/) (Pond and Frost, 2005). Four selective pressure models, 172 

Conservative Single Likelihood Ancestor Counting (SLAC), Fixed Effects Likelihood (FEL), 173 

Internal Fixed Effects Likelihood (IFEL) and Mixed Effects Model for Episodic Diversifying 174 

Selection (MEME) models were performed for accurate estimation (Kobayashi et al., 2015). In the 175 

selection pressure analyses, p-values less than 0.05 were considered to be statistically significant 176 

(Kimura et al., 2015; Kobayashi et al., 2015). 177 

2.7. Statistical analyses 178 

Mann-Whitney U test was performed to compare the median values of p-distance between 179 

central Vietnam RSV-A ON1 and NA1 strains. For the proportion comparisons between two 180 

independent groups, two-tailed Fisher’s exact tests were performed. Furthermore, mean molecular 181 

evolutionary rates between two independent groups were compared using Welch’s test. All the 182 

statistical analyses were performed using STATA ver.12.1 (StataCorp LP, College Station, TX, USA), 183 

and p-values less than 0.05 were considered to be statistically significant. 184 

3. Results 185 

3.1. Central Vietnam RSV-A strains in the current study 186 

During the three years investigation period (January 2010 - December 2012), we detected 123 187 

RSV-A genotype ON1 and 138 NA1 strains as previously reported (Yoshihara et al., 2016). As 188 

shown in Table 1, RSV-A genotype NA1 was the most prevalent type in both 2010 and 2011 season. 189 

The first ON1 related paediatric ARI hospitalization case was detected in March 2012 in our study 190 

site and rapidly replaced the previously dominant NA1. Along with the dramatic genotype 191 

http://www.datamonkey.org/
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replacement by genotype ON1, we observed an increased incidence of paediatric ARI hospitalization 192 

with lower respiratory tract infection (LRTI). 193 

3.2. Phylogenetic analyses of RSV-A using Maximum Likelihood (ML) and Bayesian Markov 194 

Chain Monte Carlo (MCMC) method 195 

To understand the genetic relationship and evolutionary distances of central Vietnam RSV-A 196 

strains compared to globally circulating strains, we constructed phylogenetic trees of RSV-A 197 

genotypes ON1 and NA1 respectively using Maximum Likelihood (ML) method (Fig. 1 (a) and (b)). 198 

It was previously reported that both RSV-A genotypes NA1 and ON1 diverged into four genetically 199 

distinct lineages (Duvvuri et al., 2015; Hirano et al., 2014). With respect to the genotype ON1 strains 200 

circulating in central Vietnam, lineage 1 was the most prevalent type (n=120, 97.6%) (Table 2). As 201 

for central Vietnam NA1 strains, we observed the co-circulation of multiple NA1 lineages in each 202 

season during the investigation period (Table 2). However, one NA1 lineage predominated over the 203 

other lineages in each year; lineage 2 predominated in 2010 (n=56, 84.9%), lineage 4 in 2011 (n=19, 204 

55.9%) and lineage 1 in 2012 (n=26, 68.4%) respectively. The shifting patterns of circulating NA1 205 

lineages were statistically significant during the three years investigation period. 206 

Next, phylogenetic trees with Bayesian Markov Chain Monte Carlo (MCMC) method were 207 

constructed in order to estimate the time-scaled evolution of RSV G gene hypervariable region for 208 

Vietnamese NA1, ON1 and global strains, (Fig. 2). The time-scaled Maximum Clade Credibility 209 

(MCC) tree illustrated that time to the most recent common ancestor (tMRCA) were estimated to be 210 

around 1998 (95% highest probability density (HPD): 1996 - 2000) for NA1 and 2009 (95%HPD: 211 

2007 - 2011) for ON1 genotype respectively. 212 

Regarding the RSV-A genotype ON1, majority of central Vietnam ON1 strains formed a unique 213 

genetic cluster within lineage 1 that possessed genetic homogeneity with Yamaguchi/ST164/2013 214 

(AB808777), 1251-066AN (KC858199) and HD12101 (KJ710387) strains, all of which possessed 215 

E262K amino acid substitution (Fig. 3). The time-scaled MCC tree presented that this particular 216 
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genetic cluster of ON1 lineage 1 with E262K diverged around August 2011 (95%HPD: March 2011 - 217 

January 2012). 218 

3.3. Molecular evolution rate comparison of central Vietnam RSV-A NA1 and ON1 with global 219 

strains 220 

The molecular evolution rate of overall central Vietnam RSV-A strains was estimated to be 8.67 221 

× 10-3 (substitutions/site/year) (95%HPD: 6.27 × 10-3 - 1.16 × 10-2), which was faster than that of 222 

global RSV-A strains reported in the previous study (5.36 × 10-3 (substitutions/site/year) (95%HPD: 223 

4.42 - 6.39 × 10-3)) (p-value < 0.001) (Hirano et al., 2014) (Table 3). Furthermore, the molecular 224 

evolution rate of central Vietnam genotype ON1 strains was estimated to be 2.55 × 10-2 225 

(substitutions/site/year) (95%HPD: 3.98 × 10-3 - 5.04 × 10-2) and was faster than that of global ON1 226 

strains (6.03 × 10-3 (substitutions/site/year) (95%HPD: 3.43 × 10-3 - 9.10 × 10-3) (p-value < 0.001)). 227 

Similar tendency was observed in the evolutionary rate comparison between central Vietnam NA1 228 

and global NA1 strains (p-value < 0.001). 229 

3.4. Pairwise distance (p-distance) frequency distributions of central Vietnam RSV-A NA1 and 230 

ON1 strains 231 

A total of 89 (42 ON1 and 47 NA1) central Vietnam RSV-A genotype confirmed strains were 232 

analyzed for pairwise distance (p-distance) frequency distribution. The median p-distances were 233 

0.039 (IQR: 0.023 - 0.053) for overall central Vietnam RSV-A strains, 0.012 (IQR: 0.006 - 0.028) for 234 

ON1 and 0.028 (IQR: 0.019 - 0.036) for NA1 strains respectively (Supplementary Fig. 1). The 235 

difference in the median p-distances between central Vietnam RSV-A ON1 and NA1 strains was 236 

significant (p-value < 0.001), which indicated the greater genetic variability in genotype NA1 strains 237 

compared to ON1. 238 

3.5. Phylodynamics of central Vietnam RSV-A strains with Bayesian Skyline Plot (BSP) 239 

We assessed the time-course trend of the relative genetic diversity of G gene 3rd hypervariable 240 

region based on the effective population size (EPS) estimated for overall RSV-A strains circulating 241 
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in central Vietnam during the three-years investigation period. The Bayesian Skyline Plot (BSP) 242 

presented that EPS remained relatively steady during first two years of the investigation period 243 

(January 2010 - December 2011), in which NA1 had been circulating as the only RSV-A genotype 244 

(Fig. 4). However, starting from January until March 2012, the rapid increase in the size of EPS was 245 

observed, which was followed by a short and relatively stable stage of EPS until the end of the 246 

investigation period. In fact, the timing of rapid EPS growth detected in the current study was 247 

consistent with the first appearance of ON1 related ARI hospitalization case in central Vietnam in 248 

March 2012 (Yoshihara et al., 2016). 249 

3.6. Estimation of N-glycosylation sites in central Vietnam RSV-A NA1 and ON1 strains 250 

Regarding the N-glycosylation sites within G gene 3rd hypervariable region of central Vietnam 251 

NA1 strains, the patterns of N-glycosylation site shifted every year during the investigation period 252 

(Table 4). The majority of NA1 strains from 2010 possessed two conserved N-glycosylation sites at 253 

251-254 (NTTG) and 273-276 (NLSP). In addition, N-glycosylation at 318-321(NTTK / NTTE) 254 

became prevalent in 2011 due to I320T substitution. The overall N-glycosylation pattern of central 255 

Vietnam NA1 strains between 2010 and 2011 seasons was significantly different (p-value < 0.001). 256 

The NA1 strains from 2012 had three common N-glycosylated sites at 237-240 (NTTK), 251-254 257 

(NTTG) and 318-321 (NTTK / NTTE), the pattern of which was significantly different from that of 258 

2011 (p-value < 0.001). In 2012, N-glycosylation at 237-240 (NTTK) became prevalent due to 259 

D237N substitution whereas 273-276 (NLSP) became less common due to N273Y. Importantly, each 260 

genetically distinct NA1 lineage (1 - 4) detected in the current study possessed distinct 261 

N-glycosylation pattern (Supplementary Table 4). 262 

With respect to the N-glycosylation pattern of central Vietnam ON1 strains, two conserved 263 

N-glycosylation sites at 237-240 (NTTK / NTSK) and 318-321 (NTTK) were detected (Table 4). In 264 

comparison with the N-glycosylation pattern of overall central Vietnam NA1 strains (January 2010 - 265 

December 2012), N-glycosylation at 251-254 (NTTG) and 273-276 (NLSP) were less prevalent due 266 
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to common T253K and N273Y substitutions among ON1 strains. Overall, N-glycosylation pattern of 267 

central Vietnam NA1 and ON1 strains were significantly different (p-value < 0.001) (Table 4). 268 

3.7. Selection pressure analyses among central Vietnam RSV-A NA1 and ON1 strains 269 

We estimated the amino acid substitution sites under positive selection pressure using four 270 

selection models: SLAC, FEL, IFEL and MEME. Several positively selected amino acid 271 

substitutions were detected among the central Vietnam NA1 strains (Table 5). In 2010, substitutions 272 

at L215P, N237D, S250F, K262E, P274L and T320I were under positive selection pressure, of which 273 

K262E and P274L were agreed by all four selection models. There was no positive selection site 274 

among NA1 strains in 2011. NA1 strains from 2012 season possessed D237N, F250S, N273Y and 275 

I320T positively selected substitutions. 276 

Regarding the central Vietnam genotype ON1 strains, amino acid substitutions at D237N, 277 

E262K and P314L were under positive selection pressure (Table 5). Among them, substitution at 278 

E262K was agreed by all four selection models. 279 

In addition to the positively selected amino acid substitution sites, we also estimated the amino 280 

acid substitutions under negative selection pressure using three selection models: SLAC, FEL and 281 

IFEL models. There was a total of six amino acid substitutions, I236, T245, T246, T249, E263 and 282 

S317, under negative selection pressure among the overall central Vietnam RSV-A strains 283 

(Supplementary Table 5). 284 

4. Discussion 285 

In the present study, we performed molecular evolutionary analyses of the G gene C-terminal 286 

3rd hypervariable region in RSV-A genotypes NA1 and ON1 strains detected from the paediatric 287 

ARI surveillance in Khanh Hoa General Hospital, Nha Trang, Vietnam during 2010 - 2012 season. In 288 

the previous study, we described that NA1 was the dominant genotype among RSV-A during January 289 

2010 - December 2011 in our study site; however, ON1 suddenly emerged in March 2012 and 290 

rapidly spread in the studied population (Yoshihara et al., 2016). In the current study, we found that 291 
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majority of Vietnamese ON1 strains with a few positively selected amino acid substitutions were 292 

classified into lineage 1 with E262K, while co-circulation of multiple NA1 lineages was observed 293 

during the investigation period. With respect to central Vietnam NA1 strains, the pattern of 294 

circulating lineages drastically shifted in each season. The genetic variation of Vietnamese NA1 295 

strains was greater than that of ON1. Interestingly, the evolutionary rate of the G gene 3rd 296 

hypervariable region among central Vietnam ON1 strains was faster than that of NA1. Regarding the 297 

N-glycosylation pattern within the G gene hypervariable region, significant shifts were observed 298 

among Vietnamese NA1 strains in each year. Importantly, the overall N-glycosylation pattern of 299 

Vietnamese NA1 and ON1 strains were significantly different. Moreover, the Bayesian Skyline Plot 300 

(BSP) presented the rapid growth of effective population size (EPS) in early 2012. Therefore, these 301 

results suggested that RSV-A genotypes ON1 and NA1 in our study site not be the only prevalent 302 

types but also were rapidly evolving and possessed unique antigenic characteristics. 303 

The genotype ON1 was firstly detected in Canada in November 2010 (Eshaghi et al., 2012) and 304 

derived from the ancestral genotype NA1 (Eshaghi et al., 2012; Hirano et al., 2014). ON1 has 305 

72-nucleotide tandem repeat insertion (corresponds to 24-amino acid) within the G gene C-terminal 306 

3rd hypervariable region. Since the initial discovery of genotype ON1, it has rapidly spread to 307 

various countries worldwide (Agoti et al., 2014; Auksornkitti et al., 2013; Avadhanula et al., 2015; 308 

Balmaks et al., 2014; Choudhary et al., 2013; Cui, 2013; Eshaghi et al., 2012; Gimferrer et al., 2015; 309 

Hirano et al., 2014; Khor et al., 2013; Kim et al., 2014; Lee et al., 2012; Malasao et al., 2015; 310 

Panayiotou et al., 2014; Pierangeli et al., 2014; Prifert et al., 2013; Ren et al., 2014; Tabatabai et al., 311 

2014; Tsukagoshi et al., 2013; Valley-Omar et al., 2013). The time-scaled Maximum Clade 312 

Credibility (MCC) tree suggested that ON1 diverged from the ancestral NA1 around 2009, which 313 

diverged from NA2 around 1999 (Fig. 2). Previous reports also suggested that ON1 emerged around 314 

the same period (Agoti et al., 2014; Hirano et al., 2014; Kim et al., 2014). 315 
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Recent studies described both genotypes NA1 and ON1 had diverged into four genetically 316 

distinct lineages and the new ON1 variant, namely ON2 (Duvvuri et al., 2015; Hirano et al., 2014). 317 

In the current study, circulation of multiple NA1 lineages with one dominant lineage was detected in 318 

each year during the investigation period (Table 2). Among the central Vietnam ON1 strains, lineage 319 

1 was the predominant type and possessed genetic similarity with Yamaguchi/ST164/2013 320 

(AB808777), 1251-066AN (KC858199) and HD12101 (KJ710387), all of which possessed E262K 321 

substitution (Fig. 3). In fact, E262K was located within one of the previously described B-cell 322 

epitope regions of ON1 G gene 3rd hypervariable region at 251-265 (NTKGNPEHTSQEETL) in 323 

GN425/11 (JX627336) and GG818/12 (AB860239) (Kim et al., 2014), which may link with host 324 

immune evasion mechanism. ON1 strains from other neighboring countries including Malaysia 325 

(2011-2012), Philippine (2012-2013) and Thailand (2010-2012) also presented lineage 1 as the 326 

prevalent ON1 type (Duvvuri et al., 2015). These results suggested that ON1 have suddenly emerged 327 

in various Asian countries including Vietnam around 2012. To our best knowledge, this study is the 328 

first report regarding the molecular evolutionary analysis of RSV-A genotypes ON1 and NA1 strains 329 

in Vietnam. 330 

The evolutionary rate of the central Vietnam RSV-A genotypes ON1 and NA1 strains were 331 

estimated to be 2.55 x 10-2 (substitutions/site/year) and 7.12 x 10-3 (substitutions/site/year), 332 

respectively (Table 3). The previous report by Hirano et al. presented that the molecular evolutionary 333 

rate of ON1 and NA1 detected in Japan and other countries were estimated to be 6.03 x 10-3 334 

(substitutions/site/year) for ON1 and 4.61 x 10-3 (substitutions/site/year) for NA1 (Hirano et al., 335 

2014). Our current results suggested that each Vietnamese RSV-A ON1 and NA1 strains were 336 

evolving with faster rates than other global strains. Although we could not elucidate the exact reason 337 

for the difference in evolutionary rates, factors such as the difference in investigation period 338 

(Kushibuchi et al., 2013), the herd immunity against RSV in the community, pre- and co-circulating 339 

viruses and genotypes in the studied area may affect the viral evolutionary rate. In addition, the 340 
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difference in RSV seasonality in tropical and temperate climate region may also play an important 341 

role in the viral evolution. Further surveillance with a larger population would be necessary to gain a 342 

better understating of the molecular evolutionary characteristics of RSV globally. 343 

To assess the phylodynamics of the RSV G gene hypervariable region of both Vietnamese ON1 344 

and NA1 strains, we analyzed the time-trend effective population size (EPS) during the investigation 345 

period using Bayesian Skyline Plot (BSP) (Fig. 4). The result of BSP suggested that size in EPS of 346 

RSV-A remained relatively constant during January 2010 - December 2011, which was followed by 347 

a slight dip in EPS in late 2011. One possible explanation for a slight dip in EPS may be viral 348 

interference with other circulating viruses such as influenza viruses and previously circulating RSV 349 

genotypes. Indeed, the dip in EPS that we detected around November 2011 - January 2012 period 350 

coincided with seasonal influenza season in central Vietnam. However, it is difficult to confirm this 351 

factor without detailed influenza and other respiratory viruses’ seroprevalence and virus monitoring 352 

data during the current investigation period. Furthermore, the rapid EPS growth was detected, 353 

starting from January until March 2012. Interestingly, the timing of rapid EPS growth was consistent 354 

with the detection of the first ON1 related ARI hospitalization case in our study site. Also, the 355 

previous studies from Korea and Philippine demonstrated similar findings (Kim et al., 2014; Malasao 356 

et al., 2015). In our study site, we observed dramatic RSV-A genotype replacement of previously 357 

dominant NA1 (in 2010 and 2011) by genotype ON1 in 2012 season, which associated with 358 

increased LRTI associated paediatric ARI hospitalizations and clinical severity of paediatric 359 

respiratory illnesses (Yoshihara et al., 2016). This could be the primary reason why we observed the 360 

exponential growth in the size of EPS as the previous literature described that relative genetic 361 

diversity of the RSV-A G gene hypervariable regions were significantly correlated with the 362 

emergence and prevalence of the ON1 genotype (Kim et al., 2014). 363 

Furthermore, we assessed the potential N-glycosylated sites within the C-terminal 3rd 364 

hypervariable region of G gene. Our results presented that the pattern of N-glycosylation among 365 
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Vietnamese NA1 strains shifted every year (Table 4), which was consistent with the shifting of 366 

dominantly circulating NA1 lineage in each year (Supplementary Table 4). Alteration of the NA1 367 

N-glycosylation pattern may impart various biological advantages such as viral antigenicity, 368 

virulence, host immune evasion, etc. (Vigerust and Shepherd, 2007). Therefore, shifting of the 369 

prevalent NA1 lineage with lineage-specific N-glycosylation pattern in each season might be due to 370 

the viral evolutionary mechanism for host immune evasion. More importantly, the overall pattern and 371 

the number of the G gene hypervariable region N-glycosylated site were significantly different 372 

between central Vietnam NA1 and ON1 strains (p-value < 0.001) (Table 4). It was previously 373 

described that addition of N-glycosylation within haemagglutinin (HA) glycoprotein globular head 374 

region of the 1918 H1N1 influenza strain was linked with attenuation of viral virulence (Sun et al., 375 

2013). Therefore, it is necessary to further investigate the biological role of N-glycosylation pattern 376 

within G gene hypervariable region on RSV-A genotype-specific viral antigenicity and virulence. 377 

Selection pressure on RSV may be associated with the molecular evolutionary mechanism of 378 

the C-terminal 3rd hypervariable regions of G gene (Melero et al., 1997). In the current study, we 379 

found several amino acid substitutions under positive selection pressure (Table 5). With regard to the 380 

Vietnamese NA1 strains, the positive selection at K262E, P274L and I320T were agreed by all four 381 

selection models (SLAC, FEL, IFEL and MEME), which were within or genetically proximity to the 382 

potential G gene N-glycosylation sites. Furthermore, the positive selections at 237, 250 and 321 383 

underwent “flip-flop” substitutions, which may be associated with the viral evolutionary mechanism 384 

for host immune evasion as previously described (Botosso et al., 2009; Palomo et al., 2000). 385 

Moreover, among several positively selected substitutions in Vietnamese ON1 strains, E262K was 386 

located within one of the previously described B-cell epitope regions (Kim et al., 2014). Therefore, 387 

these results suggested that positive selection pressure was likely to be associated with the alteration 388 

of viral antigenicity and may play a major role in host immune evasion mechanism. In addition to the 389 

positive selection pressure, several amino acid substitutions under negative selection pressure were 390 
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detected within the G gene 3rd hypervariable region using SLAC, FEL and IFEL models. These may 391 

be associated with the viral mechanism for preventing the deterioration of functional viral protein 392 

(Domingo, 2006). 393 

5. Conclusions 394 

In our study site, genotype NA1 was the dominant type in 2010 and 2011, and then ON1 395 

emerged and immediately became predominant type in 2012. All four NA1 lineages were observed 396 

with the shifting patterns of the dominant lineage in each season while lineage 1 was the major type 397 

among ON1 strains during the investigation period. The genetic variability of Vietnamese NA1 398 

strains was greater than ON1; however, the faster molecular evolutionary rate was found in ON1 399 

strains. Furthermore, significant shifts of the N-glycosylation pattern within G gene hypervariable 400 

region of NA1 strains were observed every year. In comparison to NA1, fewer and distinct pattern of 401 

N-glycosylated sites were found in the Vietnamese ON1 strains. Therefore, our finding in the current 402 

study indicated that RSV-A ON1 and NA1 strains circulating in central Vietnam area were rapidly 403 

evolving and possessed unique antigenic characteristics. 404 

  405 
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Highlights: 

 Shifting patterns of RSV-A NA1 linages were observed in 2010 - 2012 seasons. 

 RSV-A ON1 lineage 1 with E262K appeared as the major genetic cluster in 2012. 

 Vietnamese RSV-A ON1 and NA1 were evolving with the faster substitution rates. 

 N-glycosylation patterns within G gene of Vietnamese NA1 shifted every year. 

 N-glycosylation pattern of Vietnamese NA1 and ON1 strains were distinct. 
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Figures 1 

Figure legend 2 

Figure 1 (a) and (b). Phylogenetic trees of RSV-A ON1 / 2 (a) and NA1 (b) G gene 3 

hypervariable region with Maximum Likelihood (ML) method 4 

RSV-A strains from central Vietnam are indicated as the RED-colored line. Bootstrap values higher 5 

than 70 were considered to be statistically significant and shown at each branch node. Scale bar 6 

indicates nucleotide substitutions per site. 7 

Figure 2. Time-scaled phylogenetic tree of RSV-A G gene hypervariable region with Bayesian 8 

Markov Chain Monte Carlo (MCMC) 9 

RSV-A strains from central Vietnams are indicated as the BLACK-filled objects. Uncertainties for 10 

the year of divergences are indicated as 95% highest probability density (95%HPD) in the horizontal 11 

light BLUE boxes at each branch point. Scale bar represents the unit of time (in year). 12 

Figure 3. Time-scaled phylogenetic tree of RSV-A ON1 / 2 G gene hypervariable region with 13 

Bayesian Markov Chain Monte Carlo (MCMC) 14 

RSV-A strains from central Vietnam are indicated as “●” with the 4-digit strain specific ID numbers. 15 

Uncertainties for the year of divergences are indicated as 95% highest probability density (95%HPD) 16 

in the horizontal light BLUE boxes at each branch point. Scale bar represents the unit of time (in 17 

year). 18 

Figure 4. Phylodynamics of central Vietnam RSV-A strains G gene hypervariable region with 19 

Bayesian Skyline Plot (BSP) 20 

The Y-axis represents the effective population size, and the X-axis represents the generation time (in 21 

year). The BLACK-solid line indicates the median effective population size, and the two light purple 22 

lines present the range for 95% highest probability density (HPD). 23 
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Figure 1 (a) and (b). Phylogenetic trees of RSV-A ON1 / 2 (a) and NA1 (b) G gene hypervariable region with Maximum Likelihood (ML) 25 

method 26 

 27 
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Figure 2. Time-scaled phylogenetic tree of RSV-A G gene hypervariable region with Bayesian 29 

Markov Chain Monte Carlo (MCMC) 30 

 31 
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Figure 3. Time-scaled phylogenetic tree of RSV-A ON1 / 2 G gene hypervariable region with 34 

Bayesian Markov Chain Monte Carlo (MCMC) 35 

 36 
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Figure 4. Phylodynamics of central Vietnam RSV-A strains G gene hypervariable region with 38 

Bayesian Skyline Plot (BSP) 39 

 40 

 41 



Tables 1 

Table 1. Summary demographic and clinical information of RSV-A paediatric ARI 2 

hospitalization cases in central Vietnam 3 

 4 

 Year of sample collection (January 2010 - December 2012) 

 (Jan - Dec 2010) (Jan - Dec 2011) (Jan - Dec 2012) 

Paediatric ARI cases (n) 542 513 797 

RSV-A ARI cases (%) 66 (12.2%) 34 (6.6%) 169 (21.2%) 

Genotype NA1 (n) 66 34 38 

Genotype ON1 (n) 0 0 123 

Demographic information    
Sex    

Male (%) 310 (57.2%) 294 (57.3%) 448 (56.2%) 

Female (%) 232 (42.8%) 219 (42.7%) 349 (43.8%) 

Age (in month)a 17 (IQR: 8 - 27) 18 (IQR: 8 - 31) 15 (IQR: 7 - 25) 

Clinical symptom(s)    
URTI (%)b 443 (81.7%) 460 (89.7%) 551 (69.1%) 

LRTI (%)c 99 (18.3%) 53 (10.3%) 246 (30.9%) 
a Data are presented in median (IQR (Interquartile Range): 1st - 3rd). 
b URTI: upper respiratory tract infection 
c LRTI: lower respiratory tract infection 
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Table 2. Prevalence of RSV-A genotypes NA1 and ON1 lineages in central Vietnam during 2010 6 

- 2012 7 

 8 

RSV-A genotype(s) Genotype NA1 (n=138) Genotype ON1 (n=123) 

Year of sample collection (Jan - Dec 2010) (Jan - Dec 2011) (Jan - Dec 2012) (Jan - Dec 2012) 

Number of strains (n) (n=66) (n=34) (n=38) (n=123) 

  Lineage 1 0 6   (17.7%) 26  (68.4%) 120  (97.6%) 

  Lineage 2 56  (84.9%) 7   (20.6%) 2   (5.3%) 1    (0.8%) 

  Lineage 3 1   (1.5%) 2   (5.9%) 8   (21.1%) 1    (0.8%) 

  Lineage 4 9   (13.6%) 19  (55.9%) 0 0 

  p-valuea  < 0.001b < 0.001c  
  (Undetermined lineage) 0 0 2   (5.3%) 1    (0.8%) 

a Lineage proportion comparisons between years were performed with two-tailed Fisher's exact test. Values of p-value 
less than 0.05 were considered to be statistically significant and indicated as bold style. 
b NA1 lineage proportion comparison between (Jan - Dec 2010) and (Jan - Dec 2011). 
c NA1 lineage proportion comparison between (Jan - Dec 2011) and (Jan - Dec 2012). 
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Table 3. RSV-A molecular evolutionary rate comparison between central Vietnam and global strains 10 

 11 

Study site / reference study RSV-A categorization (subgroup / genotype) Molecular evolution rate (substitutions/site/year) (95%HPD)a Year of divergence (95%HPD)a 

Central Vietnam paediatric ARI surveillance Overall RSV-A (with global reference strains) 5.99 × 10-3 (5.00 × 10-3 - 7.03 × 10-3) 1954 (1951 - 1956) 

(Yoshihara et al., 2016)  Overall RSV-A (only from central Vietnam) (Jan 2010 - Dec 2012) 8.67 × 10-3 (6.27 × 10-3 - 1.16 × 10-2)b N/A 

   Genotype ON1 (Jan 2012 - Dec 2012) 2.55 × 10-2 (3.98 × 10-3 - 5.04 × 10-2)c 2009 (2007 - 2011) 

 Genotype NA1 (Jan 2010 - Dec 2012) 7.12 × 10-3 (4.24 × 10-3 - 1.02 × 10-2)d 1998 (1996 - 2000) 

RSV-A global strains Overall RSV-A (global reference strains) 5.36 × 10-3 (4.42 × 10-3 - 6.39 × 10-3) 1953 (1949 - 1956) 

(Hirano et al., 2014) Genotype ON1 (2010 - Aug 2013) 6.03 × 10-3 (3.43 × 10-3 - 9.10 × 10-3) 2005 (2000 - 2010) 

 Genotype NA1 (Aug 2004 - Nov 2013) 4.61 × 10-3 (3.33 × 10-3 - 5.98 × 10-3) 2000 (1997 - 2002) 

a 95%HPD stands for 95% highest probability density. 
b Mean molecular evolution rates comparison between overall RSV-A (only from central Vietnam) and RSV-A global reference strains. 
c Mean molecular evolution rates comparison between central Vietnam genotypes ON1 and ON1 global reference strains. 
d Mean molecular evolution rates comparison between central Vietnam genotypes NA1 and NA1 global reference strains. 

Statistically significant values were indicated in bold style. 
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Table 4. N-glycosylation pattern of central Vietnam RSV-A NA1 and ON1 G gene 13 

hypervariable regions 14 

 15 

RSV-A genotype(s) Genotype NA1     Genotype ON1 

Year of sample collection (Overall) (Jan - Dec 2010) (Jan - Dec 2011) (Jan - Dec 2012) (Jan - Dec 2012) 

Number of strains (n) (n=138) (n=66) (n=34) (n=36) (n=122) 

N-glycosylation site(s) n (%)    n (%) 

  237-240 (NTTK / NTSK) 33   (23.9%) 0 6   (17.7%) 27  (75.0%) 122  (100%) 

  251-254 (NTTG) 124  (89.9%) 64  (97.0%) 32  (94.1%) 28  (77.8%) 1    (0.8%) 

  273-276 (NLSP) 79   (57.3%) 47  (71.2%) 26  (76.5%) 6   (16.7%) 0 

  309-312 (NLSQ) 1    (0.7%) 0 0 1   (2.8%) 0 

  318-321 (NTTK / NTTE) 63   (45.7%) 10  (15.2%) 26  (76.5%) 27  (75.0%) 121  (99.2%) 

  p-valuea   < 0.001b < 0.001c < 0.001d 
a Statistical analyses for the proportion comparison of N-glycosylation pattern between two independent groups were performed with 
two-tailed Fisher's exact test. Values of p-value less than 0.05 were considered to be statistically significant and indicated as bold style. 
b N-glycosylation pattern comparison between NA1 (Jan - Dec 2010) and NA1 (Jan - Dec 2011). 
c N-glycosylation pattern comparison between NA1 (Jan - Dec 2011) and NA1 (Jan - Dec 2012). 
d N-glycosylation pattern comparison between overall NA1 (Jan 2010 - Dec 2012) and ON1 (Jan 2012 - Dec 2012). 
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Table 5. Positively selected amino acid substitution sites of central Vietnam RSV-A NA1 and 17 

ON1 G gene hypervariable regions 18 

 19 

RSV-A genotype(s) Positively selected site(s) SLACa FELb IFELc MEMEd 

Genotype ON1 D237N  * *  

(Jan - Dec 2012) E262K * * * * 

(n=123) P314L   *  

Genotype NA1 L215P  * * * 

(Jan - Dec 2010) N237D  * *  

(n=66) S250F *   * 

 K262E * * * * 

 P274L * * * * 

 T320I  * * * 

Genotype NA1  
(Jan - Dec 2011) (No positive selection site detected) 

(n=34)  
Genotype NA1  F250S *   * 

(Jan - Dec 2012) N273Y  * * * 

(n=38) I320T * * * * 

Values of p-value less than 0.05 were considered to be statistically significant and indicated as the asterisk 
(*)  
a SLAC: Single Likelihood Ancestor Counting 
b FEL: Fixed Effects Likelihood 

c IFEL: Internal Fixed Effects Likelihood 

d MEME: Mixed Effects Model for Episodic Diversifying Selection 
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