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A B S T R A C T

HRSV is a principle cause of infant hospitalization, childhood wheezing and a common pathogen in the elderly.
Limited information exists regarding HRSV genotypes in Iran. In order to better understand HRSV strain di-
versity, we performed an in-depth evaluation of the genetic variability of the HRSV F protein detected in
children under two years of age that, presented with acute respiratory symptoms during 2015–2016 in Tehran. A
total of 180 nasopharyngeal swabs were evaluated. The HRSV positive samples were genotyped for G and F gene
sequences using RT-PCR and sequencing methods. Phylogenetic analysis was performed using the neighbor-
joining and maximum likelihood methods. Genetic and antigenic characteristics of the F gene, nucleotide and
amino acids in significant positions and immune system binding regions, as well as the p-distance, positive/
negative selection site, linear epitopes and glycosylation sites were investigated in all selected sequences. Among
the 83 HRSV positive samples, the Fifty-five cases were successfully sequenced. All of them were classified as
subgroup A and belonged to the ON-1 genotype, which possessed 72-nt duplication in the G gene. This study is
the first report on the emergence of ON-1 in Iran. ON-1 Iranian sequences clustered in three lineages according to
virus fusion (F) gene variations. F gene sequence analysis showed that all genetic changes in the isolates from
Iran were base substitutions and no deletion/insertions were identified. The low dN/dS ratio and lack of posi-
tively selected sites showed that the fusion genes found in the strains from Iran are not under host selective
pressure. Continuing and long-term molecular epidemiological surveys for early detection of circulating and
newly emerging genotypes are necessary to gain a better understanding of their epidemic potential.

1. Introduction

Human respiratory syncytial virus (HRSV) infects about 60–70% of
children by the end of the first year of their life, and nearly all children
by three years of age (Nair et al., 2010). HRSV is a principle cause of
infant hospitalization and childhood wheezing, and a common pa-
thogen in elderly and immunocompromised patients, all with severe
consequences (Shi et al., 2017; Scheltema et al., 2017). HRSV is a
member of the genus Ortopneumovirus in the family Pneumoviridae with
non-segmented, a negative-sense RNA genome of approximately 15,
200 nucleotides encoding 11 proteins. The G, SH and F proteins are
three structural trans-membrane glycoproteins that are embedded in

the viral envelope (Gimferrer et al., 2015). The attachment (G) glyco-
protein is the most variable protein both between and within the major
antigenic groups of HRSV (Cane, 2001).HRSV has two antigenic sub-
groups, A and B, the differentiation of which is based on antibody cross-
reactivity patterns against the G glycoprotein and genetic analysis (Tan
et al., 2012). These subgroups A and B have been further classified into
20 genotypes (GA1-7, SAA1-2, NA1-4, ON1-4, CB-A and TN1-2) and at
least 36 genotypes (GB1–13, THB, BA1–14, BA-CCA, BA-CCB, SAB1–4,
and URU1–2), respectively, based on variability in the distal third of G
gene (Kimura et al., 2016; Gaymard et al., 2018). BA and ON-1 are two
novel HRSV genotypes with unique genetic characteristics. ON-1 pos-
sesses72-nucleotide tandem duplication within the G protein 2nd
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hypervariable region of HRSV-A and BA has 60-nucleotide duplication
within the c-terminal region of the G gene of HRSV-B, which has now
spread globally (Trento et al., 2003; Eshaghi et al., 2012). Epidemio-
logical studies have demonstrated that more than one genotype from
the same HRSV subgroup co-circulate in a community (Kuroiwa et al.,
2004; Salimi et al., 2016). There is still little information regarding
HRSV circulating genotypes in Iran. One preliminary study about HRSV
genotypes reported a prevalence of GA1, GA2, and GA5 during
2007–2008 in Iran (Faghihloo et al., 2011a). The same group identified
GA1, GA2, and BA between 2009 and 2013 (Faghihloo et al., 2011b;
Faghihloo et al., 2014).

The HRSV F protein mediates not only virus-cell membrane fusion
but also acts on the syncytium formations between infected cells
(Kimura et al., 2016). This type I membrane glycoprotein is a key an-
tigenic determinant that elicits neutralizing antibodies and cytotoxic T-
lymphocyte immunity (Papenburg et al., 2012). Moreover, the F protein
has gained attention as a major antigen for HRSV vaccine design and
antibody development (Gálvez et al., 2017). Currently no licensed
vaccine exists for HRSV; however considerable amount of vaccine
candidates are in development (Hause et al., 2017). Likewise; Palivi-
zumab, a humanized neutralizing monoclonal antibody which reduces
the incidence of both lower and upper severe respiratory disease caused
by HRSV (Smith et al., 2012). Motavizumab is an enhanced second
generation humanized mAb which is under investigation for preventing
the HRSV infection. Notably, both aforementioned candidates target
conserved epitopes in the HRSV F protein (Simões et al., 2018). The
HRSV F protein has been synthesized as an inactive precursor (F0) of
the574 amino acid homotrimers, which is cleaved by furin in the trans-
Golgi at two sites, generating two disulfide-linked polypeptides (F2-F1)
(González-Reyes et al., 2001; Bolt et al., 2000). Despite the important
roles of HRSV F in pathogenesis, immunity and prevention strategies,
its molecular mechanism of action has yet to be characterized
(Papenburg et al., 2012). Interestingly, we found many variations in the
F gene among clinical strains; especially among HRSV subtypes, despite
previous reports of F gene relatively conserved sequence. Due to the
importance of elucidating variations in HRSV F protein epitopes, the F
gene was the focus of current study. Furthermore, little is known about
the prevalence of mutations in key amino acid residues within the pa-
livizumab binding site and their potential association with resistance to
palivizumab in clinical samples. Since genetic and antigenic variations
have been shown to occur more frequently in the G protein rather than
F protein, most previous phylogenetic studies have been conducted
based on the analysis of HRSV-G glycoprotein (Gilca et al., 2006; Peret
et al., 2000). In order to better understand the HRSV strain diversity;
apart from phylogenetic analysis based on the G gene, in this study we
evaluated in-depth the genetic variability and evolutionary patterns
inherent to the HRSV F protein detected in children less than two years
old presenting with acute respiratory symptoms. The nucleotide se-
quences of Long strain, the lab adapted historical reference strain of
HRSV subgroup A, were also used for comparison in order to increase
the power of study. This study provides the first genetic analysis of the F
gene of HRSV isolates from Iran.

2. Materials & methods

2.1. Patients and samples

Between December 2015 and April 2016, nasopharyngeal swabs
were collected from 180 children less than two years of age with
symptoms of acute lower respiratory tract infection (i.e., sneezing,
runny nose, cough, dyspnea, and fever) in the pediatric ward of
Bahrami Children's Hospital in Tehran, Iran, and stored at −80 °C. The
current human study was approved by the ethics committee of Tehran
University of Medical Sciences (No. 26939). The details of demographic
and clinical data according to patient history are shown in Table 1 of
our previously published paper (Tahamtan et al., 2018). None of these

patients had already received the monoclonal antibody palivizumab.
Viral RNA extraction, HRSV detection and genotyping of the strains

based on G gene:
Viral RNA was extracted from 200 μl of each sample using the High

Pure Viral Nucleic Acid Kit (Roche Diagnostics, Mannheim, Germany).
Nucleoprotein (N) gene were amplified by one-step RT-PCR (Qiagen)
for HRSV detection, as previously described (Malekshahi et al., 2010).
G gene strain-specific RT-PCR for both A and B subgroups were per-
formed using the method of Sato M et al. (Sato et al., 2005). DNA was
sequenced using the ABI Big Dye Terminator cycle sequencing kit v3.1
on the ABI 3130 genetic analyzer (Applied Biosystems Foster City,
California, USA).

2.2. F gene primers

Primers were designed on the basis of highly conserved genomic
regions of the F gene (Table 1) in order to enhance the efficiency of the
primers to recognize all HRSV-A strains.

2.3. RT-PCR and genotyping of the strains based on F gene sequences

Selected positive samples were tested for the HRSV-F gene using
One-Step RT-PCR Kit (Qiagen, Hilden, Germany), according to the
manufacturer's instructions. PCR analysis was performed as follows: the
anterior half of the F gene (nucleotides 274–1451) was amplified using
the F-RSVF1 and R-RSV-F1 primer, the central part (nucleotides
1242–1677) was amplified using F-RSVF2 and R-RSVF2 primers, which
overlapped at nucleotides 1560–1677.The C-terminal half (1560-
2532 nt) of the F gene was amplified using the F-RSVF3 and R-RSVF3
primers. The PCR products were detected via gel electrophoresis on
1.0% agarose gel with SYBR®Safe DNA Gel Stain. Discrete bands cor-
responding to the sizes of the fragments were obtained for all of the PCR
products. The PCR products were purified using QIA quick Spin
Columns (Qiagen, Valencia, CA). Positive samples were subjected to
sequencing of the F gene using the same primers which were applied for
amplification except for the F3 fragment (reverse primer: GGTCAAAT
AGCGAACCATTG) by the ABI Prism Big Dye Terminator Cycle
Sequencing Kit v3.1 on the ABI 3130 genetic analyzer (Applied
Biosystems Foster City, California, USA).

Nucleotide sequences were assembled and manually rechecked to
find possible base errors using BioEditv.7.2.5software. To assign the
genotypes of the Iranian strains based on the F gene sequences, phy-
logenetic tree based on clustering was employed using references se-
quences. The reference strains were A2 (accession number
KJ155694.1), Long (accession number JX198112.1) and ON1 (USA.
Texas 2012).

The detected viruses were named using the nomenclature virus
name/city. Country / subtype/ week. Year/ isolate number/genotype,
for example: HRSVs/Tehran.IRN/A/53.15/2 (ON-1).

2.4. Phylogenetic analysis of G and F gene sequences

As the first step, phylogenetic trees were separately constructed
using positive sequences by comparing them to the G and F gene

Table 1
RSV F gene amplification, primers and products.

Primer Sequence (5′-3′) Location Tm Product size

F-RSVF1 TCAATCAACATGCAGTGCAGT 274–294 57.88 1196
R-RSVF1 ATTGTCACAGTACCATCCTCT 1470–1451 57.88
F-RSVF2 TGGTACTGTGACAATGCAGGA 1242–1262 57.88 436
R-RSVF2 GAGGGGAACACTAATGGATCA 1677–1655 57.88
F-RSVF3 GTGGATACTGTGTCTGTAGGT 1560–1580 57.88 973
R-RSVF3 GGTGAGTTTGGCTCTTCATTG 2532–2511 57.88
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reference strains. The amplified region of HRSV genome was located in
the hypervariable region 2 of the G gene.

The phylogenetic trees were constructed using MEGA X software
using the neighbor joining (NJ) and maximum likelihood (ML) methods
related to the sequence dataset. The topological accuracy and statistical
significance of each tree were evaluated using the bootstrap method
(1000 replicates) (Efron et al., 1996) with a cut-off of 70%. The best
substitution model was determined by selecting best-fit substitution
models as implemented in MEGA x software package. Each dataset
analyzed for its own best fit model. For this purpose, pairwise distances
between the genotypes at the nucleotide level were calculated using
Tamura-Nei (TN93+G) model for G gene and Kimura's2 parameter
(K2+G) model for F gene. Mean nucleotide distances within and
among different lineages and sub-lineages were also estimated using the
Kimura model for F gene.

Next, Phylogenetic trees were constructed for the designated Iranian
F gene sequences, as well as the major international sequences of the F
gene reported from various parts of the world (overall 206 sequences).
Phylogenetic analysis of F Iranian sequences was performed by com-
paring the ON-1 sequences obtained from Iranian samples with those of
other countries. Mean nucleotide distances within sub-lineages were
⩽0.004, while mean nucleotide distances between lineages were
⩾0.011. The nucleotide sequences of G and F genes described in this
report were deposited at GenBank.

2.5. F gene sequence analysis

Nucleotide and amino acid sequences of the entire F gene were
analyzed and compared to the related reference sequences via multiple
sequence alignments using BioEdit v.7.2.5 software. The F gene ON1
references sequences obtained from confirmed G gene ON1 sequences.
Specific mutations and proportion of differences (p-distance) were
identified at the nucleotide and amino acid levels.

2.6. Positive selection site analysis

To test whether any sites in the F gene were under positive selec-
tion, the synonymous (dS) and nonsynonymous (dN) mutation rates
were determined at every codon in the alignment. Ratios (dN/dS mu-
tation between species) of> 1 were considered as positive selection.
Analyses were performed on the Datamonkey website interface (http://
www.datamonkey.org) (Pond and Frost, 2005) using the following four
methods: SLAC (single likelihood ancestor counting), FEL (fixed effects
likelihood), IFEL (internal fixed effects likelihood), and MEME (mixed
effects model for evolution).

2.7. Amino acid analysis of published CTL (cytotoxic T cell) and
neutralizing antibody epitopes

We predicted the B-cell epitope for HRSV F gene sequences using
Bepipred Linear Epitope Prediction method (http://tools.iedb.org/
main/bcell/). Two websites www.allelefrequencies.net and www.
bimas.cit.nih.gov/molbio/hla-bind were used to predict putative CTL
epitopes for the HRSV F protein. For the predictions, only HLA types
were used which were shown to be dominant in at least 10% of the
different ethnic groups of Iran.

2.8. N-glycosylation and O-glycosylation sites analysis

The acquisition or loss of potential N- and O-glycosylation sites in
the complete amino acid sequence of the F protein was tracked using
NetNGlyc1.0Server (www.cbs.dtu.dk/services/NetNGlyc) and
NetOGlyc1.0 Server (www.cbs.dtu.dk/services/NetOGlyc), respec-
tively.

2.9. Secondary structure &3D structure

Secondary (linear) and 3D structure predictions (α-helices, β-
strands and turns) for the Fprotein amino acid sequences were per-
formed with I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-
TASSER) database.

3. Results

3.1. HRSV detection and genotyping

Of the 180 nasopharyngeal swab samples (90 inpatients and 90
outpatients), HRSV was detected in 83 (46.1%). The mean age of the
patients was 4.65months and among HRSV positive individuals males
(57.8%) were more affected than females (42.2%). The results showed
that the prevalence of HRSV was highest in January, followed by
February and March. The most common clinical symptoms were de-
fined as cough, dyspnea, sneezing, the runny nose and fever. In children
with HRSV infection, runny nose was the leading symptom (97.6%)
followed by a cough (96.4%), sneezing (94%) and nasal congestion
(84.3%). The G gene was sequenced for 55 outof 83 positive samples.
All of these were classified as subgroup A and belonged to the ON-1
genotype, which possessed 72-nt duplication in the G gene (Fig. 1). In
addition, all HRSV-positive samples were selected for F gene amplifi-
cation, phylogenetic analysis and genetic characterization, and 27 se-
quences underwent successful F gene sequencing. (Fig. 2). Accession
numbers for Iranian HRSV G sequences are MH174870 - MH174924
and accession numbers for Iranian HRSV F sequences are MH187282-
MH187308.

3.2. HRSV phylogeny according to F gene

All 27 F gene sequences from Iranian patient samples were com-
pared with GA1-GA7, ON-1 and SAA1 reference sequences and a
complete sequence of the F gene (n=179) that had been deposited in
GenBank in 2017 as representative sequences of samples from the
United States, Canada, Mexico, Argentina, Peru, South Africa, Kenya,
Netherlands, Germany, Italy, Australia, China, Philippines, Singapore,
India, New Zealand and Saudi Arabia (Fig. 3). Fig. 2 compares the 72
ON-1 sequences from Iran and those from the rest of the world with
using the ML method. Three lineages and three sublineages were
identified among these ON-1 sequences (Fig. 4). All sequences from Iran
were in lineage 1 and most were in sublineage 1. Only one sequence
from Iran along with ON-1 sequences reported from the USA and the
Philippines, were in sublineage 2 (I-II). The position of some strains
relatively differed when comparing the NJ and ML trees (Data not
shown). However, there was no significant difference between these
tree topologies.

3.3. F gene nucleotide analysis

The complete sequence (1725 nt) of the F gene of all 27 isolates
from Iran were aligned and compared with the three reference strains
and analyzed for the presence of possible mutations. Only nucleotide
mutations, which occurred in>50% of the isolates, were reported. All
genetic changes in the isolates from Iran were base substitutions; no
deletions, insertions, or frame-shift mutations were identified. Most of
the F gene sequences exhibited mutations in the heptad repeat-2 (HR2)
position when compared with the ON-1 reference sequence. These do-
mains are known to be involved in trimerization of the F protein and
potentially could influence the viral pathogenesis. Compared to the ON-
1 reference strain, the only major mutation was A1041G at a frequency
of 63%.

The average nucleotide similarity among the sequences from Iran
was 99.3% with a range of 98.4% to 99.9% and, an average p-distance
of 0.007. Given that the A2 and long strains are from the GA1 genotype,
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Fig. 1. RSV G gene of strains from Iran compared with the RSV group A reference sequences displayed in a phylogenetic tree determined using the Neighbor-joining method
with MEGA X software. Only bootstrap values>70% are displayed at the branch nodes. The ON-1 genotypes of samples from Iran are indicated as solid black triangles.
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Fig. 2. RSV F gene of strains from Iran compared with the RSV group A reference sequences displayed in a phylogenetic tree determined using the Neighbor-joining method
with MEGA X software. Only bootstrap values>70% are displayed at the branch nodes. The ON-1 genotypes of samples from Iran are indicated as solid black triangles.
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one would expect changes over time; thus, Iranian sequences were
compared with the A2 and Long strain. The results of pair-wise com-
parisons of the nearly whole F gene sequences show the following,
nucleotide similarities: 94.8% between Iranian isolates and A2 strain,
99.5% between Iranian isolates and ON-1 strain and 95% between the
Iranian isolates and the Long strain.

3.4. Amino acid analysis of F gene

The predicted amino acid sequences of the HRSV F strains from Iran
were compared with those of the A2, ON-1 and Long reference strains.
All subgroup A Iranian viruses showed high similarity to the reference
strains with minimal variation. The high level of amino acid sequence
similarity between strains suggests that the present HRSV-A F gene is
highly conserved. No mutation was found in the palivizumab and mo-
tavizumab binding site (antigenic site II) in any of the specimens
(Fig. 5). Furthermore, no mutation was found in the cysteine residues
(C21, C37, C69, C212, C313, C322, C333, C343, C358, C367, C382,
C393, C416, C422, C439) of any of the specimens. The average simi-
laritybetween sequences from Iran at the amino acid level was 99.4%
with a range of 98.4%–100%. The average p-distance between Iranian
isolates was 0.006.

When compared with the Long and A2 strains, only the N276S
mutation in antigenic site II was observed in all sequences. When an-
tigenic site Ø was compared with the A2 strain, the only mutation
observed among the strains from Iran was K66E. When antigenic site I
was compared with the Long strain, only the V384I mutation was found
in all sequences from Iran (Table 2).

3.5. Selection pressure on F gene

Analysis of the codons under positive selection in the F gene was
undertaken in order to further assess the evolutionary pressures acting
on HRSV. The 335, 356 and 546 codons were reported as episodic di-
versifying selection sites by the MEME method and the IFEL, FEL and
SLAC methods showed negative pressure at the 53, 17 and 8 sites, re-
spectively. Overall these three methods showed seven common codons
(73, 347, 378, 454, 550, 560, 569) with potential negative selection.
None of these codons are related to the palivizumab binding site. No
positively selected codons were identified by the IFEL, FEL and SLAC
methods. It could be suggested that the F genes among the samples from
Iran are not under host selective pressure; however this study is from
just one epidemic with a small sample size and this subject deserves
further evaluation.

3.6. Neutralizing epitope variation on F gene

With regard to the monoclonal antibody binding sites reported in
the literature, the sequences in this study showed several important
mutations (V284I, S285I, N276S, R213S, and K66E) that were present
in all sequences. Tables 3 summarizes the comparison of the Long, A2
and ON-1 reference strain sequences within the neutralizing mono-
clonal antibodies versus the sequences obtained in this study. Multiple
mutations were also observed in the predicted linear epitopes (Fig. 6).

3.7. F gene CTL epitope variation

In Table 4, the mutations of Iranian sequences were compared with
the Long, ON-1 and A2 reference strains reported in the global MHC-I

Fig. 3. Phylogenetic analysis of 179 major international sequences of the F gene
reported from various parts of the world and group A reference sequences gene
along with 27 sequences from Iran. A phylogenetic tree was drawn with F genes
by using the maximum-likelihood method using MEGA X software. Only
bootstrap values> 70% are displayed at the branch nodes.
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restricted CTLs. The predicted putative CTL epitopes in the Iranian
sequences are summarized in Table 5. Compared to the ON-1 reference
strain, Iranian sequences showed E356V and T122A mutations in the
predicted putative CTL epitopes in most sequences.

3.8. F gene N-glycosylationand O-glycosylation sites analysis

Analysis of the amino acid sequences of the Iranian and reference
strains (Long, ON-1 and A2) showed different patterns from potential
sites for N-glycosylation. Six N-glycosylation sites (N27, N70, N116,
N120, N126, N500) were similar between the Long and ON-1 reference
strains. The HRSV A2 strain had five potential sites for N-glycosylation
(N27, N70, N116, N126, N500). The predicted sites with N-glycosyla-
tion potential in most of our samples were similar to those of the Long
and ON-1 reference strains.

Different patterns were observed from potential sites for O-glyco-
sylation. The ON-1 strain showed two more possible sites with O-gly-
cosylation potential when compared with the Long and A2 reference
strains. As shown in Table 6, the predicted sites with O-glycosylation
potential in Iranian samples were similar to the ON-1 reference strain at
six amino acids 101, 103, 109, 121, 131, and 254.

4. Discussion

In order to explore the molecular epidemiology of HRSV in Tehran
(Iran), we determined the genotypes of the strains circulating from
December 2015 to April 2016. Phylogenetic analysis revealed that all of
the isolated strains were clustered in the ON-1 genotype first described
by Eshaghi et al. in Ontario, Canada in 2010 (Eshaghi et al., 2012). A
total of 83 out of 180 patients with HRSV infection (46.1%) were de-
tected with HRSV group A by a strain-specific RT-PCR test. Previous
phylogenetic analyses of the HRSV distribution in Iran have reported
that the majority of viruses belonged to the group A of HRSV viruses. A
total of 55 out of 83 positive samples were successfully sequenced and
all belonged to the ON-1 genotype (Fig. 1). While the previous phylo-
genetic analyses of HRSV genotype distribution in Iran from 2007 to
2013 has been reported to be 85 HRSV-A (52 strains were GA-2, 32 GA-
1 and 1 GA-5) and all 9 cases of HRSV-B were BA. However, we found a
striking shift in HRSVA circulation patterns from GA2 to ON-1.

Our findings demonstrate that four distinct lineages of the ON-1
genotype (Fig. 4) co-circulate in Tehran, supporting previous reports of
simultaneous co-existence of multiple ON-1 lineages in a given season
(Agoti et al., 2014; Duvvuri et al., 2015). Detailed analysis of the ge-
netic characteristics of the novel HRSV-A genotype is provided herein.
Given that the genotypes prevailing in samples from Iran were reported
to be GA1, GA2 and BA (Faghihloo et al., 2014), this study is the first to
report the emergence of ON-1 in Iran. Since its identification in Ontario,
Canada in 2010, ON-1 was detected in Malaysia, India, South Korea,
Germany, Italy, South Africa, Japan, China, and Kenya from 2010 to
2012 (Agoti et al., 2014). To date, the highest prevalence of the ON-1
genotype has been reported in Kenya (Agoti et al., 2014), Spain
(Gimferrer et al., 2015) and the USA (Avadhanula et al., 2015). These
findings confirmed that the ON-1 viruses have rapidly disseminated
globally and demonstrates their strong ability to survive and replace
other HRSV genotypes (Zheng et al., 2017).

The rapid distribution of BA and ON-1 genotypes harboring unique
insertions suggest that these duplications may provide advantages to

Fig. 4. Phylogenetic analysis of 27 full sequence of RSV-A F gene along with 72
ON-1 reference strains and other strains. A phylogenetic tree was drawn with F
genes by using the Maximun-likelihood method using MEGA X software. Only
bootstrap values> 70% are displayed at the branch nodes. The black Roman
numerals indicate the lineages (I,II and III) and sublineages (IeI, I-II and I-III)
among the RSV-A sequences. JN257687.1 is a GA5 reference strain as an out of
ON-1cluster.
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Fig. 5. Comparison of F protein sequences (574 amino acids) with ON1 reference strain. Similar residuals with dot and codon end are marked with star. Amino acid
sequence of monoclonal antibody site “Palivizimab “(IIF255–276) is indicated in a pink box with a dotted point. Green boxes represent CTL epitopes and pink boxes
representing antigenic sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the virus (Korsun et al., 2017). The longer attachment protein of the 72-
nt duplication in the ON-1 viruses appears to offer increased fitness
over previous group A genotypes (Agoti et al., 2014). In this regard, the
possibility of an ON-1 outbreak in Tehran should be expected. Whether
the non-ON-1 genotypes are replaced by a variation of the ON-1 gen-
otypes found in the Iranian population during consecutive seasons or if
its emergence is temporary is an issue of great interest. As present, the
data indicate that the ON-1 genotype of HRSV has entered the largest
city of Iran and become the most common circulating virus and that this
virus is undergoing active genetic evolution. HRSV-A and -B genotypes
show that complex fluctuating dynamics and consistent shifts in the
dominance of an HRSV group can occur at different times in a com-
munity (Cui et al., 2013). We speculate that high levels of herd im-
munity against the GA1, GA2 and GA5 subgroups that were prevalent in
Tehran (Salimi et al., 2016) might be a reason for the disappearance of
these genotypes by restricting their effective population size.

It should be mentioned that the failure of sequencing of the positive
samples could result from the decrease in the RNA concentration in the
samples due to RNA degradation because of improper sample transport
conditions and reduced viral load due to the late referral of patients
(Chu et al., 2013; Chu et al., 2014).

Further surveillance of circulating genotypes in unanalyzed regions
is needed to determine the future trend and distribution of HRSV
genotypes. Besides the epidemiological impact, novel variants may in-
fluence clinical outcomes, which underlines the importance of mon-
itoring their spread. Diverse sets of circulating viruses can adapt to herd
immunity, but the ability of HRSV to evade previously induced herd

immunity is a challenge to the development of an effective vaccine
(Schobel et al., 2016).

Molecular epidemiological data based on the F protein character-
istics of HRSV strains from various regions of the world is scarce. To
date, the molecular evolution and phylogenetic analyses of the HRSV F
protein have not been reported for viruses circulating in Iran or any
other Middle Eastern country. Our molecular analysis found that the F
protein was highly conserved among the strains from Iran, which
confirms previous findings in other countries (Tapia et al., 2014; Xia
et al., 2014). It was found that the similarity at the nucleotide level
between Iranian sequences was 99.3% and the similarity between these
sequences with reference strains in the subtype A was 98%. Because the
mean p-distance between the Iranian sequences at the nucleotide level
was 0.007 and at the amino acid level was 0.006, it shows less amino
acid divergence when compared with the nucleotide divergence.
Moreover, most of the changes resulted in silent mutations (synon-
ymous substitutions) and, to a lesser extent, led to amino acid altera-
tions which implies an absence of positive immune selection within the
protein. Additionally, despite the reports that show F gene mostly
contains conserved regions, our results indcate that, this gene can also
be used for HRSV genotyping.

Sequencing of the second hypervariable region of the G gene has
been widely used to further subdivide the HRSV-A and HRSV-B sub-
groups into genotypes and facilitated differentiation of the RSV isolates.
Because duplication in the second hypervariable region of the G gene is
characteristic of the ON-1 genotype and a major difference from the
previously circulating NA-1 genotype and because the F gene is known
to contain more conserved regions, the exclusive analysis of the F gene
alone is not an appropriate method for HRSV genotyping.

All sequences in the present study showed the N276S mutation in
antigenic site II, which is the target site for palivizumab monoclonal
antibody (Hause et al., 2017). Residue 276 is important because it is
located next to the palivizumab binding site (Song et al., 2018). For-
tunately, N276S substitution does not affect the efficacy of the palivi-
zumab antibody (Ren et al., 2014) and it binds to the defined epitopes
(Asn258 - Val278) (Smith et al., 2012). This is an important finding, as
palivizumab prophylaxis at specific doses is recommended during the
HRSV season for high-risk children with preterm births (≤32weeks of
gestation and a subset of those between 32 and 35weeks) and infants
under two years of age with chronic lung problems or congenital heart
disease at specific times (Boivin et al., 2008).

In the F1 polypeptide, five antigenic sites (I, II, IV, V and VI) have
been mapped and are composed of conformational epitopes that are
involved in the neutralization and fusogenic activity of the protein

Table 2
Variations in HRSV F gene sequences compared to those of reference strains at
antigenic sites.

Domains (amino acid no.) Mutation of Iranian sequences compared to reference
sequences

Long strain A2 strain ON1 strain

Antigenic site II N276S(All) N276S(All) No mutation
PZ and MZ binding sites
(255–276)
Antigenic site I V384I(All) V384I(All) No mutation
(380–400)
Antigenic site IV,V,VI No mutation No mutation No mutation
(422–438)
Antigenic site Ø No mutation K66E(All) No mutation
(62–69), (196–210)

Table 3
Mutation of Iranian F sequences compared to ON1, Long and A2 strains in reported and predicted B cell epitopes.

Domains (nucleotide) Mutation of Iranian sequences compared to reference sequences

Long strain A2strain ON1strain

Reported neutralizing mAb epitopes R213S(All) K66E(All) E295D
(62–69,196–210) N276S(All) N276S(All)
(205–225)(221–236) E295D E295D
(262–276)(262–268) V384I(All) V384I(All)
(289–298)(380–400)
(422–438)
Predicted B-Cell epitopes with IEDB F20L(All), T100S G25S(All), K66E(All) T100S, A103T
(25–35)(64–74) S101P(All), A103T T100S, T103A(All) N121D, T122A
(83–89)(99–110) N105S(All),N121D N105S(All), N121D K132R, K327T
(119–132)(238–248) T122A A122T, K124N(All) T335Q, E356V
(265–273)(321−331) K124N(All), K124H K124H, K132R E356A, T357K
(338–361)(397–405) K132R, K327T K327T, E356V Q462L, N496T
(419–430)(436–452) E356V, E356A E356A, T357K E497D, K498T
(460–470)(482–500) T357K, Q462L Q462L, N496T A518V, T558K
(517–523)(553–566) N496T, E497D E497D, K498T K561E

K498T, A518V A518V, T558K
T558K, K561E K561E
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(Tomé et al., 2012). Previous reports have stated that the F1 subunit
was more conserved than the F2 subunit (Chi et al., 2013; Plows and
Pringle, 1995). The F2 subunit showed more variation than the F1
subunit, because of the large number of sites with potential for glyco-
sylation in this subunit (usually 4 or 5 sites, depending on the strains)
(Plows and Pringle, 1995). In a study in South Korea the highest genetic
divergence also was observed in F2 (Kim et al., 2007). The cleavage
sites were unchanged in the Iranian sequences. Also, the number and
position of cysteine residues were conserved among all sequences,
which is similar to studies in the UK in 1995 (Plows and Pringle, 1995)
and South Africa (Agenbach et al., 2005). Genetic variation in the HRSV

for each of its genes occurs with different patterns and can occur during
viral RNA synthesis or by the nucleotide hypermutation. A high degree
of conservation in the F1 domain is required to retain a functional fu-
sion mechanism (Schobel et al., 2016).

Overall, the IFEL, FEL and SLAC methods of positive selection site
analysis showed seven common codons (73, 347, 378, 454, 550, 560
and 569) in the Iranian sequences with potential negative selection. A
low dN/dS ratio and lack of positively selected sites indicate that the
fusion genes in strains found in Iran are not under host selective pres-
sure and this negative selection pressure only leads to variability. This
might indicate that changes in the F protein are deleterious, probably

Fig. 6. A: Linear schematic of fusion protein. Palivizumab binding site and its sequences are shown. B: The three-dimensional structure of the F protein of ON1 strain
from two angles. Monoclonal antibodies epitope is shown in pink and CTL epitopes are shown in green. The nucleotides that were mutated in ≥50% of the sequences
were marked with black solid circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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due to stringent structural or functional constraints (Gaunt et al., 2011).
It is important to determine whether genotype-specific mutations

that occur in the F protein altered the antibody and CTL epitopes of
HRSV. Changes such as G25S, T103A, and A122T, which are specific to
subtype A, have been observed in the Iranian sequences and may affect
the secondary protein structure as they can cause biochemical changes.
Table 3 shows that, at specific sites coding for the neutralization of
monoclonal antibody-binding sites, several important mutations, in-
cluding K66E at the DM25 binding region, R213S at the RS-348 binding
region, and N276S at the palivizumab binding region, occurred in all
sequences. Lawlor et al. in 2013 reported that a change at aa 66 in
HRSV F in the F2 fragment alters fusion activity. As mentioned, the
importance of residue 276 is due to the fact that it located next to the
palivizumab binding site (Song et al., 2018). Recent studies have con-
cluded that the N276S substitution does not affect the efficacy of the

palivizumab antibody (Zhu et al., 2012; Xia et al., 2014), but single
amino acid substitutions at residues 262, 272, 275 could confer re-
sistance to palivizumab (Zhu et al., 2012). There were multiple muta-
tions in the predicted linear epitopes for B lymphocytes; these regions
are considered good candidates for vaccine development; further re-
search on the effects of these mutations on the pathogenicity of the
virus, as well as the efficacy of the antibodies are needed.

In the current study, in addition to the MHCI-restricted CTL epitopes
previously reported in various parts of the world, the predicted CTL
epitopes related to predominant HLAs in Iran were investigated. The
Iranian sequences showed E356V and T122A mutation in the predicted
putative CTL epitopes in most sequences. The description of the CTL
epitopes in context of the Iranian strains is new and is an important
addition to the literature. This can aid in the design of a new vaccine
and determine antibody candidates against HRSV.

Table 4
Predicted epitopes of MHC-I restricted CTLs for common MHC-I allels in Iran.

HLA type Population Score result Start Sequence (9mer)

B*51:02 Iranian 55 7 KANAITTIL
A*01 Iranian 90 58 TIELSNIKK
A*03 Iranian 180 77 KLIKQELDK
A*24 Iranian 440 85 KYKNAVTEL
CW*04:01 Iranian 440 85 KYKNAVTEL
B*51:02 Iranian 181.5 88 NAVTELQLL
B*51:01 Iranian 60.5 88 NAVTELQLL
B*51:01 Iranian 157.3 111 LPRFMNYTL
CW*04:01 Iranian 88 111 LPRFMNYTL
B*51:02 Iranian 60.5 111 LPRFMNYTL
B*35:01 Iranian 60 111 LPRFMNYTL
B*51:01 Iranian 73.205 121 NAKKTNVTL
CW*04:01 Iranian 50 136 RFLGFLLGV
A*02:01 Iranian 177.566 140 FLLGVGSAI
B*51:01 Iranian 57.2 144 VGSAISAGV
B*51:01 Iranian 110 146 SAIASGVAV
B*51:02 Iranian 300 146 SAIASGVAV
B*51:03 Iranian 110 146 SAIASGVAV
B*51:02 Iranian 72.6 150 SGVAVSKVL
B*51:01 Iranian 65 152 VAVSKVLHL
B*51:02 Iranian 150 152 VAVSKVLHL
A*02:01 Iranian 257.342 170 ALLSTNKAV
A*02:01 Iranian 83.527 187 VLTSKVLDL
A*02:01 Iranian 266.579 191 KVLDLKNYI
CW*04:01 Iranian 200 222 FFQQKNNRL
A*24 Iranian 330 249 TYMLTNSEL
CW*04:01 Iranian 240 249 TYMLTNSEL
A*02:01 Iranian 128.67 250 YMLTNSELL
A*02:01 Iranian 135.105 272 KLMSNNVQI
A*02:01 Iranian 80.527 273 LMSNNVQIV
B*52:01 Iranian 100 284 QSYSIMSII
B*51:01 Iranian 173.03 297 LAYVVQLPL
B*51:02 Iranian 302.5 297 LAYVVQLPL
B*51:03 Iranian 54.45 297 LAYVVQLPL
CW*04:01 Iranian 50 298 AYVVQLPLY
B*52:01 Iranian 720 301 VQLPLYGVI
B*51:02 Iranian 880 352 FPQAETCKV
B*51:01 Iranian 260 352 FPQAETCKV
CW*04:01 Iranian 380 365 VFCDTMNSL
A*01 Iranian 50 383 NVDIFNPKY
B*35:01 Iranian 180 388 NPKYDCKIM
A*02:01 Iranian 123.846 394 KIMTSKTDV
B*51:01 Iranian 242 423 TASNKNRGI
B*51:02 Iranian 266.2 423 TASNKNRGI
B*51:03 Iranian 121 423 TASNKNRGI
A*24 Iranian 75 467 LYVKGEPII
A*01 Iranian 112.5 470 KGEPIINFY
CW*04:01 Iranian 75 487 EFDASISQV
CW*04:01 Iranian 50 504 RFLGFLLGV
B*51:01 Iranian 242 517 NAGKSTTNI
B*51:02 Iranian 242 517 NAGKSTTNI
B*51:03 Iranian 110 517 NAGKSTTNI
A*02:01 Iranian 80.527 525 IMITTIIIV
A*02:01 Iranian 138.354 536 VILLSLIAV
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The variability of positions with the potential of N-glycosylation and
O-glycosylation in the fusion protein, which seems to play a role in
evading the humoral immune response, may explain the prolonged
duration of some genotypes in HRSV outbreak seasons (Reiche and
Schweiger, 2009). We found that in most Iranian sequences (74%),
there is a consistent profile of 6 positions with the potential for N-linked
glycosylation in the F protein (N27, N70, N116, N120, N126 and
N500). There were no mutations in these positions in Iranian sequence.
Modulation of the number and distribution patterns of the N- and O-
linked glycosylation sites can influence epitope expression either by
masking or by contributing to recognition by carbohydrate specific
antibodies, thereby aiding in the escape of HRSV from the host immune
responses (Reiche and Schweiger, 2009; Bashir et al., 2013; Baek et al.,
2012). However there were no mutations in these glycosylation posi-
tions in any of the Iranian sequences.

In conclusion, this study confirms the predominance of the novel
ON-1 genotype in Tehran. It is evident that the ON-1 genotype is dis-
seminating quickly throughout the world, highlighting the significance
of studying HRSV genotypes at the local level. Data regarding selective
pressures driving amino acid changes, and glycosylation sites can po-
tentially help determine antigenicity of HRSV protein and its suscept-
ibility to palivizumab treatment, as well as the development of vac-
cines. It is reasonable to postulate that the prevalence of dominant new
HRSV genotypes can occur by evading host immunity and lessening the
potential of vaccine-induced herd immunity in a population.
Continuous long-term molecular epidemiological surveillance that aim
at early detection of circulating HRSV strains and newly emerging
genotypes will ensure a better understanding of HRSV potential epi-
demic impact as well as improve the prospects of developing targeted
therapies.
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