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Abstract

We investigated the molecular epidemiology of respiratory syncytial virus (RSV) isolated from children during 28 consecu-
tive seasons (1990-2018) and the genetic variability of the duplication region of RSV genotypes ON1 and BA in South
Korea. RSV was identified using culture-based methods in Hep-2 cells and was grouped as RSV-A or RSV-B by an immu-
nofluorescence assay. The second hypervariable region of the G gene was sequenced for genotyping. The nucleotide and
deduced amino acid sequences of the duplication region of RSV ON1 and BA were analyzed. A total of 670 RSV-A and
233 RSV-B isolates were obtained. For RSV-A, the NA1 genotype predominated during the 2004/2005-2011/2012 seasons.
The ON1 genotype was first detected in 2011 and has since replaced all other genotypes. For RSV-B, the GB3 genotype
predominated during the 1999/2000-2005/2006 seasons, but the BA genotype also replaced all other genotypes of RSV-B
after the first season in which it was isolated (2005/2006). In ON1 and BA genotype RSV strains, novel sequence types of
the duplication region of the G gene were identified in 50-95% and 33-80% of the isolates, respectively, in each season. The
ON1 and BA9 genotypes are responsible for the current epidemics of RSV infection in South Korea. The sequences in the
duplication region of the G gene have evolved continuously and might be sufficient for the identification of specific strains
of the RSV-A ON1 and RSV-B BA genotypes.

Introduction to March, with peak incidence in December in South Korea

[2, 3]. This virus can infect young children in the presence of

Respiratory syncytial virus (RSV), a major cause of bronchi-
olitis and pneumonia in infants, is associated with substan-
tial morbidity in children [1]. Additionally, in South Korea,
RSV is the most common lower respiratory tract infection
(LRTI)-related pathogen in hospitalized children younger
than 5 years of age [2]. RSV usually circulates from October
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maternal antibodies, and recurrent infections occur through-
out life because natural infection results in only partial pro-
tection [4, 5].

RSV is an enveloped single-stranded negative-sense RNA
virus belonging to the species Human orthopneumovirus,
genus Orthopneumovirus, family Pneumoviridae. The viri-
ons are pleomorphic and include spheres and long, frag-
ile filaments [5, 6]. Two subgroups, namely, RSV-A and
RSV-B, have been described on the basis of reactions with
monoclonal antibodies. Extensive analyses of clinical iso-
lates worldwide have demonstrated substantial antigenic and
genetic variation both between and within these subgroups
[7, 8].

Surface glycoprotein G is mainly involved in virus attach-
ment to host cell receptors. The G protein is also a potent
immunogen and a candidate vaccine target for RSV. Due to
immunological pressure exerted on the G protein, its nucleo-
tide and amino acid sequences have been shown to be the
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most divergent in the RSV genome [9, 10]. Therefore, RSV
epidemics can be investigated by sequencing the G gene.
Tracking the emergence and spread of new RSV genotypes
is valuable for obtaining new insight into how RSV persis-
tently causes recurrent infections and for providing future
directions for the treatment and prevention of RSV infection
[4,5,11].

However, previous Korean studies on the molecular epi-
demiology of RSV have reported sequences of isolates from
a relatively short period and from a limited number of iso-
lates [3, 12, 13]. Thus, in this study, we evaluated genotype
changes in a large number of RSV-A and RSV-B isolates
from children from 28 consecutive seasons in South Korea
and investigated the genetic variability of the ON1 and BA
genotypes, which are the dominant strains worldwide.

Materials and methods
Viral isolates

The viral isolates in this study consisted of all RSV iso-
lates obtained from nasopharyngeal aspirates (NPA) of chil-
dren < 18 years of age who were hospitalized or visited the
emergency room (ER) with a diagnosis of LRTI in Seoul
National University Children’s Hospital (SNUCH) between
November 1990 and July 2018. All RSVs were identified
using culture-based methods in Hep-2 cells and were sub-
grouped using an immunofluorescence assay with monoclo-
nal antibodies as described previously [14]. Isolated RSV
was kept frozen at -80 °C until use. The RSV data collected
from 1990-1999 were retrieved from a previous study [15].
The handling and propagation method for RSV was identi-
cal throughout the study period, including 1990-1999. This
study was approved by the Institutional Review Board of
SNUCH (IRB registration number 1102-084-353). The Eth-
ics Committee waived informed consent because this study
included only information about the virus and the age of the
patients from whom the viruses were obtained.

Amplification of the G gene

RSV-A isolates collected since the 1999/2000 season were
selected for G gene analysis based on the following criteria:
For seasons in which more than 15 viruses were isolated, all
viruses from months in which no more than five viruses were
isolated were included, but only half of the viruses were
included from months in which more than five viruses were
isolated. For seasons with no more than 15 isolates, all of the
isolates were included in the analysis. RSV-B isolates were
selected in the same manner as RSV-A isolates.

The frozen stocks of the selected RSV-A and RSV-B
isolates were propagated in Hep-2 cells, and viral RNA
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was extracted when an extensive cytopathic effect was evi-
dent, using a QIAamp Viral RNA Mini Kit according to
the manufacturer’s recommendations (QIAGEN, Valencia,
USA). The extracted viral RNA was converted to cDNA, and
PCR was performed with Taq DNA polymerase (Takara Bio
Inc., Shiga, Japan). The amplification was performed for 35
cycles in a C1000 Touch Thermal Cycler (Bio-Rad, Foster
City, USA). The complete G gene was amplified for both
RSV-A and RSV-B using the same primers: AIF (5’-GGC
AAATGCAAACATGTCCAAAA-3’) and F164 (5’-GTT
ATGACACTGGTATACCAACC-3).

Nucleotide sequencing

A Wizard SV Gel and PCR Cleanup System was used for
PCR product purification (Promega, Madison, USA). Cycle
sequencing was performed using a BigDye Terminator 3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City,
USA). The PCR primers (A1F and F164) were also used for
sequencing the G gene for both RSV-A and RSV-B, and two
additional primers (A482F [5’-ATGATTTTCACTTTGAAG
TGTT-3’] and A650R [5-TGGTTGTCTTGATGGTTG
GTT-3"]) were used for RSV-A. Nucleotide sequencing was
carried out on both strands, and primary editing was per-
formed using Sequencher version 4.6 (Gene Codes Corpora-
tion, Ann Arbor, USA). When a double peak was observed
without baseline noise, the cDNA was reamplified and rese-
quenced. Then, the base that gave a higher peak on the chro-
matogram was finally called. If there were more than two
mixed sequences with considerable baseline noise even after
resequencing, the sequencing quality was regarded as low,
and the ends, including this location, were trimmed off. No
sequencing errors were present within the final sequenced
region of the G gene for more than 10 RSV strains, which
were checked with the original and resequenced cDNAs.

Further editing, alignment, and analysis were performed
using CLC Main Workbench ver. 6.6.5 software (CLC bio,
Aarhus, Denmark). Complete or partial sequences of the G
gene were deposited in the GenBank database under acces-
sion numbers MK633970 to MK634300 for RSV-A and
MK947219 to MK947359 for RSV-B.

Genotyping and phylogenetic analysis

The 264 nucleotides at the 3’ end (the second hypervari-
able region [HVR]) of the G gene of both RSV-A and
RSV-B, except the ON1 (336 nucleotides) and BA (324
nucleotides) genotypes, are commonly used to determine
the genotype and perform phylogenetic analysis of RSV
[16]. The nucleotide and deduced amino acid sequences of
the second HVR of all RSV-A and RSV-B strains in this
study were compared to those of the prototype strains A2
(accession number JX198138) and CH18537 (accession
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number M17213), respectively. In addition, the sequences
of the second HVR of RSV-A and RSV-B with genotype
information were retrieved from GenBank and compared
with the sequences of RSVs in this study for genotyping
(Supplementary Table 1 and Supplementary Figs. 1 and 2).
Furthermore, a comprehensive collection of the sequences
of the second HVR of RSV-A ON1 and RSV-B BA strains
identified worldwide during the 2009/2010-2012/2013 (Sup-
plementary Table 2) and 2005/2006-2008/2009 (Supple-
mentary Table 3) seasons, respectively, was obtained from
GenBank to establish relationships between early Korean
and international isolates. Phylogenetic analysis using the
maximum-likelihood method and determination of the sta-
tistical significance of the tree topology by bootstrapping
(1,000 replicates) were performed using CLC Main Work-
bench ver. 6.6.5 software.

Genotypes were assigned as described previously [17].
First, RSV-A with a 72-nt duplication and RSV-B with a
60-nt duplication in the second HVR were assigned to the
well-known genotypes ON1 and BA, respectively. Sequences
were then arbitrarily assigned to a genotype if they clustered
together with bootstrap values >70%. The criteria were fur-
ther refined to include strains with a pairwise nucleotide
distance (p-distance) <0.07 to all other members in the same
phylogenetic cluster. The p-distance is the number of pair-
wise nucleotide differences divided by the total number of
nucleotides in the sequenced segment, and it was calculated
using CLC Main Workbench ver. 6.6.5 software.

Sequence analysis of the ON1 and BA genotypes

To investigate the genetic variability of the ON1 and BA
genotypes, the nucleotide and amino acid sequences of
144-nt and 120-nt duplication regions, respectively, were
further analyzed. The original and duplicated regions were
compared with each other within the individual strain, and
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the amino acid sequences in the entire duplication region
of all ON1 and BA strains in this study were aligned and
compared by season.

Results

Frequency of isolation of RSV groups and genotypes
during the 1990/1991-2017/2018 seasons

Of the 903 RSV isolates obtained from 28 consecutive
seasons, 670 (74.2%) were RSV-A and 233 (25.8%) were
RSV-B. As shown in Fig. 1, RSV-A was more frequently
isolated than RSV-B, except in seven (25.0%) seasons. In
the seasons when RSV-A was dominant, the median pro-
portion of RSV-A isolates was 89.8% (range, 61.8-100%).
When RSV-B was dominant, the median proportion of
RSV-B isolates was 66.7% (range, 59.1-100%). Among
all the RSV isolates, 355 (53.0%) RSV-A and 153 (65.7%)
RSV-B isolates were sequenced for genotyping. Six geno-
types of RSV-A were detected: GA2, GAS, GA7, NA1, NA2,
and ON1 (Fig. 2a and Supplementary Table 4). Until the
2003/2004 season, GA2 or GA7 predominated, but during
the 2004/2005-2011/2012 seasons, NA1 predominated. The
ONI1 genotype after the first detected in November 2011,
replacing all genotypes of RSV-A since 2012/2013 season.

In total, 12 genotypes of RSV-B were detected: GB1,
GB2, GB3, GB4, SAB2, SAB3, SAB4, URU1, URU2,
BA7,BA9, and BA10 (Fig. 2b and Supplementary Table 5).
Although a small number of RSV-B isolates were typed
during the 1990/1991-1998/1999 seasons, three genotypes,
namely, GB2 (n=1), GB4 (n=5), and SAB2 (n=5), were
identified. Between the 1999/2000 and 2005/2006 seasons,
various genotypes were detected, but GB3 predominated,
representing 44.2% of the total (n=19). Similar to the ON1
genotype of RSV-A, the BA genotype replaced all other
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genotypes of RSV-B after the first season in which it was
isolated (2005/2006). In particular, BA9 was exclusively
identified in high numbers during the last three seasons
(2015/2016-2017/2018).

Characterization of South Korean RSV-A ON1
genotype strains

Among the 355 RSV-A isolates sequenced, full-length G
gene sequences (969 bp in ON1 and 897 bp in others) were
obtained for 162 (45.6%) isolates. In the other 193 RSV-
As, partial sequences (30-400 bp) of the 5’ region of the G
gene were trimmed due to low sequencing quality. For the
ONI1 genotype, the G gene was sequenced fully in 38.8%
(n=40) and partially (759-919 bp) in the remainder (n=63,
61.2%). We compared the partial sequences (870 bp, 89.8%
of the whole sequence) of the G gene of most (n=94, 91.3%)
RSV-A ONI strains in this study, which showed high 95.6-
100% sequence identity at the nucleotide level and 91.0-
100% at the amino acid level.

In the phylogenetic tree constructed for the second HVR
with international RSV-A ONI1 strains from the 2009/2010
to 2012/2013 seasons (Fig. 3a), most (n=12, 83.3%)
Korean RSV-A ONI1 strains from 2011/2012 (n=3) and
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2012/2013 (n=12) seasons are clustered together and sep-
arated from the earliest international strains (09/10 MEX
and 10//11 CAD).

We compared two duplicated 72-nt sequences and
deduced 23-aa sequences within all individual RSV-A
ONI strains. None of the RSV-A ON1 strains in this study
had an identical nucleotide sequence between the origi-
nal and duplicated regions (data not shown). However,
the original and duplicated sequences were identical in
the first Korean RSV-A ON1 at amino acid level. This
repeating unit of 23 aa, QEETLHSTTSEGYLSPSQVY-
TTS, exactly matched those of the earliest ON1 strains
in 2009 from Mexico. This sequence type of the duplica-
tion region, arbitrarily named here as “11/12 (ON1) A01”,
was identified in all subsequent seasons except 2015/2016,
exhibiting particularly high incidence in the 2013/2014
(45.5%) and 2014/2015 (28.9%) seasons. In the 2012/2013
season and thereafter, amino acid substitutions occurred in
the duplication region of the G gene, and the amino acid
substitutions were asymmetric between the two duplicates.
As aresult, a total of 40 sequence types were identified in
the duplication region of the G gene of the ON1 genotype
from the 2011/2012 to 2017 2018 seasons. Among the
sequence types identified in each season, 50-95% were
novel types.
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Fig.3 Phylogenetic tree of our respiratory syncytial virus (RSV)-A
ON1 isolates during the 2009-2013 season (a) and RSV-B BA iso-
lates during the 2005-2009 season (b) with international isolates
from the same seasons. The dotted red circles indicate the group-
ing of most Korean RSV-A ON1 and RSV-B BA genotypes in this
study. The tree was generated using the second hypervariable region
of the G gene. Strains isolated in the same month of the year from
the same country were not included. A total of 38 sequences from
international RSV-A ONT1 strains and 15 sequences from our strains

Characterization of South Korean RSV-B BA
genotype strains

Among the 152 RSV-B isolates sequenced, 108 (71.1%)
were of the BA genotype. A full G gene sequence (954 bp)
was retrieved from 34 (31.5%) BA isolates, and partial
sequences (875-915 bp) were retrieved from the remainder
of the BA isolates. We compared the partial sequence of the
G gene (870 bp, 97.0% of the whole sequence) of all BA
genotype RSV-B strains in this study. The overall nucleotide
and amino acid identity levels were over 93.5% and 88.3%,
respectively.

The BA genotype was first detected in our study sub-
jects in November 2005 as the BA9 genotype. In the phylo-
genetic tree constructed for the second HVR with interna-
tional RSV-B BA strains from the 2005/2006 to 2008/2009
seasons (Fig. 3b), our isolates from the first detection sea-
son (2005/2006) were found to be closely related to those
from Japan and Spain in the same season. Most Korean

(b) S
P
VY
g
o
S
€
s
3
. <
%%
%, .
KN o N
%, N % *//
0‘3‘r¢ %V}’
/5 7/
<« Y
o .
i AR~
o
o,
Bsn,
3 B
055, V8 oR06-0017f
06/071ppy. Sty A
NY1 g4 V1 84 06/07JPN_BA
96/07BR23_ga
07, ~
05/068RZ_ga leﬁ""zts,q
05/06JPN_ BA =] ___----eeee___ Yo
o7l08ND_BA
s ®
5.‘\“
oR® 3
{15! g “‘\
Wi 2
N = \
\“*5? B & et oa’ﬂe i
¢ ¢ 4 s 2 7""0 e,
P a 7 'w3 [l
NN N > 2 « 9
& &5 R * 5% '
Sy £§% 8 $ % /
S 5\ 8 CO X /
g & 2 /001
x X v,

were included (a); 28 sequences from international RSV-B BA strains
and 19 sequences from our strains were included (b). Blue asterisks
indicate our RSV-A ON1 and RSV-B BA strains from the first season
in which they were detected. Isolates are labeled as ‘Isolated season_
isolated country_genotype’ for international strains obtained from
GenBank and as ‘KOR_strain name_genotype’ for our strains in this
study. Abbreviations: RSV, respiratory syncytial virus; MEX, Mex-
ico; CND, Canada; PAN, Panama; KOR, South Korea; JPN, Japan;
TLD, Thailand; GMN, Germany; ITL, Italy; SAF, South Africa

RSV-B BA strains in the following seasons clustered with
our BA strains in the previous season.

The 60-nt (20-aa) duplication was not an exact replicate
of the preceding original region in both nucleotide and
amino acid sequences in all RSV-B BA strains in this study
(Fig. 4b). There were 52 different amino acid sequences in
the duplication region of the BA genotypes. None of these
sequences were the same as that of the first identified BA
strain from Argentina (BA/1370/99). The mutations also
occurred asymmetrically between the two duplicates, as
observed in the ON1 genotype.

In the 2008/2009 season and thereafter, the novel
sequence types in the duplication region were identified
in each season at a frequency of 33.3-100.0%. Sequence
type 05/06 (BA10) 01 was detected during the longest time
period from the 2005/2006 to 2014/2015 seasons, and
the prevalent sequence type in the most recent years was
sequence type 13/14 (BA09) 04: 2014/2015 (n=1, 12.5%),
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(a) Original region | |

Duplicated region

Reference QEETLHSTTS EGYLSPSQVY TTSGQEETLH STTSEGYLSP SQVYTTS

2011/2012 [ 11/12(ON1)OT (N=4) . . . .. oo

1112 (ON1) 01 (n=5)

12/13 (ON1) 01 (n=2) K
12/13 (ON1)02 (n=1) . . . . .. LKL

2012/2013 | 1513 (on1) 03 (net)

12/13 (ON1) 04 (n=1)

12/13 (ON1) 05 (n=1) Y K

11/12 (ON1) 01 (n=1)
2013/2014 13/14 (ON1)01 (n=1) . K P
11/12 (ON1) 01 (n=13)

12/13 (ON1) 01 (n=3)
14/15 (ON1) 01 (n=1) F

= x

14115 (ON1)02 (n=2) ..D
14/15 (ON1) 03 (n=3) T

14/15 (ON1) 04 (n=1) L
14/15 (ON1) 05 (n=1) P

14/15 (ON1) 07 (n=1)

)
)
)
)
)
)
2014/2015 | 4415 (ON1) 08 (n=1)
)
)
)
)
)
)M
)

= x

14/15 (ON1
14/15 (ON1
14/15 (ON1
14/15 (ON1

)
T
S
= x
= x
»

14/15 (ON1
14/15 (ON1
14/15 (ON1
14/15 (ON1) 16 (n=1) | s

14115 (ON1)07 (n=1) . K
2015/2016 | 15/16 (ON1)01 (n=2) . . . . e
15/16 (ON1) 02 (n=4) Y s

11/12(ON1) 01 (n=2)
14/15 (ON1) 07 (n=5) .K
14115 (ON1)13 (n=1) .. .| P . P
16/17 (ON1) 01 (n=2) |
16/17 (ON1) 02 (n=1) |
16/17 (ON1) 03 (n=1)
16/17 (ON1) 04 (n=1)
2016/2017 | 16/17 (ON1)05 (n=1) A P

16/17 (ON1)06 (n=1) . .K
16/17 (ON1) 07 (n=1)
16/17 (ON1) 08 (n=1)
16117 (ON1)09 (n=1) ... .P . .
16/17 (ON1) 10 (n=5) ALY K s |
16/17 (ON1) 11 (n=1) LAY K s
16/17 (ON1) 12 (n=1) P F PR
1112 (ON1) 01 (n=1)
14115 (ON1) 07 (n=3) . K

16117 (ON1) 07  (n=2) P P AH
2018/2019 | 1715 Onty 01 (net) HP
17/18 (ON1) 02 (n=1) N | v
17/18 (ON1) 03 (n=1) Y K P.S 1

P
p
p
13 (n=5) 1 P
P
15 P
p

TVTTT
T

==

v

R R R
>
T

Fig.4 Comparison of duplication region amino acid sequences in
respiratory syncytial virus (RSV)-A genotype ON1 (a) and RSV-B
genotype BA (b). The reference sequences at the top of the alignment
of RSV-A and RSV-B were extracted from the prototype strains A2
(accession number JX198138) and BA/1370/99 (accession number
DQ227364), respectively. Nucleotides that are identical to those in

2015/2016 (n=1, 6.7%), 2016/2017 (n=6, 42.9%), and
2017/2018 (n=18, 51.4%).

Discussion

In this study, we investigated genotypic variation in the
second HVR of RSV-A and RSV-B over the past 28 sea-
sons. Although different genotypes have cocirculated within
most individual seasons, the RSV-A ON1 and RSV-B BA
genotypes have completely replaced the previous types
since 2013/2014 and 2006/2007, respectively. Korean
RSV-A ON1 and RSV-B BA strains appear to have evolved
within the domestic niche, and novel sequence types of
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(b) Original region | |

Reference KTTERDTSTS QSTVLDTTTS KHTERDTSTS QSTVLDTTTS

Duplicated region |

05/06 (A7) 01 (n=1) P
05/06 (BA9) 01 (n=1) P L 1A
05/06 (BA9) 02 m 1) AP 1A
2005/2006 | 05/06 (BA10) 01 (n=3) P 1
05/06 (BA10) 02 (n 1) P K. 1
05/06 (BA10) 03 (n 1) P N 1
05/06 (BA10) 04 (n=1) P 1N
2006/2007 | 05/06 (BA10) 01 (n=3) P |
05/06 (BA9) 01 (n=2) P L 1A
08/09 (BA9) 01 1n 1) G P K 1A
08/09 (BA9) 02 (n=1) Q P G L 1A
2008/2009 | 500 (gp9) 03 m 1) P G L 1A
05/06 (BA10) 01 (n=1) P |
08109 (BA10) 01 m 1) G P
09/10 (BA9) 01 (n=1) P FA
2009/2010 | oq/16 8pg)02 (n=1) P Q. KK K. 1A
09/10 (BA9) 01 (n=2) P FA
10/11 (BA9) 01 m 1) P
10/11 (BA9) 02 (n=1) 1KG P .
10111 (BA9) 03 (n=1) P K. 1A
2010/2011 | 4511 Bag) 04 (n=1) P K.FA
10/11 (BA9) 05 (n=1) | P 1A
10/11 (BA9) 06 m 1) P Q. .KG K. 1
05/06 (BA10) 01 (n=1) P |
2011/2012 ] 1112 (BA9)01 (n=1) G..G.P N.G 1A P
13/14 (BA9) 01 (n=1) [ N K. 1A
13/14 (BA9) 02 1n 1) P N 1A
2013/2014 | 1314 8pg) 03 (n=1) P 1A
13/14 (BA9) 04 (n=1) P | 1A
05/06 (BA10) 01 (n=3) P 1
10/11 (BA9) 03 (n=1) P K. 1A
13/14 (BA9) 03 (n=1) P 1A
2014/2015 | 1314 (ag) 04 (n 1) P 1 1A
1415 (BA9) 01 (n=1) N.P 1A
14/15 (BA9) 02 (n=1) P K 1A
13/14 (BA9) 04 (n=1) P 1 1A
15/16 (BA9) 01 (n=1) P A P 1AP
15/16 (BA9) 02 (n=1) P P P
15/16 (BA9) 03 (n=1) | P 1 K K.1.P
15/16 (BA9) 04 (n=1) P | K K.1.P
2015/2016 | 1516 8ag) 05 (n=2) | P | K 1P
15/16 (BA9) 06 (n=2) P | K 1P
15/16 (BA9) 07 (n=1) P Al 1A
15/16 (BA9) 08 (n=2) P | IA.N
15/16 (BA9) 09 (n=1) Q 1 K. A
13/14 (BA9) 04 (n=6) P 1 1A
15/16 (BA9) 07 (n=1) P Al 1A
16/17 (BA9) 01 (n=2) P P A
16/17 (BA9) 02 (n=1) P Al K. 1A
2016/2017 16/17 (BA9) 03 (n=1) P | K.IA
16/17 (BA9) 04 (n 1) G P Yi 1A
16/17 (BA9) 05 (n=1) P Yi 1A
16/17 (BA9) 06 (n=1) P 1 N 1
13/14 (BA9) 04 (n=18) P | 1A
16/17 (BA9) 03 (n=2) P | K. 1A
15/16 (BA9) 07 (n=1) P Al 1A
17118 (BA9) 01 (n=4) P | A
17/18 (BA9) 02 (n=1) P A P A
17/18 (BA9) 03 (n=1) P | P 1A
1718 (BA9) 04 (n=1) P | | 1A
2017/2018 | 17/18(BA9)05 (n=1) | P | 1A
17/18 (BA9) 06 (n=1) P 1 Q 1A
17/18 (BA9) 07 (n=1) P | FIA
17118 (BA9) 08 (n=1) P | K.
17/18 (BA9) 09 (n=1) P P 1A
1718 (BA9) 10 (n=1) P | | A A
1718 (BA9) 11 (n=1) P 1 1AP
17118 (BA9) 12 (n=1) P 1 K. IAP

the corresponding position of the reference sequence are shown as a
dot. Each line indicates the sequence types in the duplication regions.
The sequence types are labeled as ‘First isolated season_genotype_
arbitrarily given number_(number of strain).” Other sequences are all
nonidentical sequences detected during the corresponding season

the duplication region of the G gene of these strains were
detected in the following season.

The G protein consists of three regions, including the
cytoplasmic tail, transmembrane domain, and ectodomain.
RSV-A and RSV-B are further characterized into several
genotypes based on the antigenic and genetic variability of
the second variable region in the C-terminal ectodomain of
the G protein [7, 9]. To date, at least 14 genotypes of RSV-A
have been identified, including GA1-7, SAA1-2, NA1-4, and
ONI1. For RSV-B, at least 24 genotypes have been identified,
including GB1-4, SAB1-4, URU1-2, and BA1-14 [18, 19].
In this study, six RSV-A and eight RSV-B genotypes were
detected.

Throughout the past 28 consecutive epidemic seasons,
RSV A was dominant in three times as many seasons as
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RSV-B. The dominance of either RSV-A or RSV-B and
the relative size of the epidemic of RSV infection in a par-
ticular season were not the same as those observed in other
countries [18-23] but matched those reported for previ-
ous Korean studies [3, 13]. For RSV-A, a relatively large
number of isolates (n>50) was obtained in the 2001/2002,
2004/2005, 2011/2012, and 2014/2015 seasons. GA7,
NAIL, and ON1 were dominant genotypes in the 2001/2002,
2004/2005 and 2011/2012, and 2014/2015 seasons, respec-
tively. Although the NA1 genotype was dominant from the
2004/2005 to 2011/2012 seasons, it mostly cocirculated with
the GAS genotype based on the data obtained in this study.
Since the 2013/2014 season, the ON1 genotype was exclu-
sively detected.

The RSV-A ON1 genotype was first detected in Canada
in December 2010 and has since extended worldwide [24].
However, two additional early RSV-A ON1 viruses detected
in Panama in November 2010 and in Mexico in November
2009 were reported later [21, 25]. It has been speculated that
the ON1 genotype separated from the GA2/NA1 genotype
between 2005 and 2009 [25]. In this study, we detected the
first RSV-A ONI1 virus in November 2011. This isolate is the
second-earliest RSV-A ON1 strain detected in South Korea;
the first strain was isolated in August 2011 by others [26].
Previous Korean studies based on nationwide surveillance of
outpatients of all ages with acute respiratory illness showed
that the ON1 genotype rapidly replaced previously circulat-
ing strains and became the predominant strain in the season
following the one in which it was first isolated [12, 13].
The same replacement pattern was also shown for children
who were hospitalized or visited an ER in this study: the
proportion of RSV-A genotype ON1 increased from 11.8%
in 2011/2012 to 91.7% in the next season. A similar pattern
has been observed in other countries as well [21, 22].

The number of RSV-B isolates was relatively high in
the 2005/2006 (n=26) and 2017/2018 (n=159) seasons in
this study. In the 2005/2006 season, six different genotypes
cocirculated, and the BA genotype first appeared in this sea-
son. In 1999, the RSV-B BA genotype was first detected in
Buenos Aires, Argentina [27]. Since then, BA has become
the predominant RSV-B genotype around the world [28]. In
this study, BA was the exclusive genotype of RSV-B since
the 2006/2007 season, which was the season immediately
following that in which the BA genotype first appeared in
South Korea. This phenomenon is the same as that for the
change that occurred in South Africa: all previously identi-
fied RSV-B genotypes have been replaced by the BA geno-
type since 2006, when the first BA strain was recovered [23].
Together with these findings, the results show that the dupli-
cation in the G gene might confer survival and circulation
advantages upon RSV strains, at least for the current popu-
lations. Other researchers have also suggested that genetic
and antigenic variability in the G protein might enhance

the fitness of RSV [20, 29, 30]. However, it is not certain
whether the RSV strains with a duplication have higher viru-
lence than the others [11, 31].

Analysis of the nucleotide sequences of the duplication
regions in the G gene of the earliest ON1 strains from Korea
and those from other countries showed that Korean RSV-A
ONT strains from the 2012/2013 season clustered together
with Korean strains from the 2011/2012 season in the phylo-
genetic tree rather than with those from other countries. This
suggests that Korean RSV-A ON1 strains have evolved in the
domestic niche independently after their first introduction.
Because the 72-nt duplication was not an exact replicate of
the preceding 72 nucleotides in the first RSV-A ONI1 strain
in South Korea, the Korean ON1 strain might have been
introduced from other countries rather than having devel-
oped domestically.

Additionally, Korean RSV-B BA strains from the
2006/2007-2008/2009 seasons clustered together with the
previous Korean strains rather than with those from other
countries in the phylogenetic tree, implying an independent
domestic evolution of Korean RSV-B BA as well.

In this study, we focused on the duplication region to
characterize the genetic variability of the RSV-A ON1 and
RSV-B BA genotypes. Because these two genotypes arose
by duplication, the two duplicates might have been identi-
cal in the first ON1 and BA strains. Over time, substitutions
must have started to occur and accumulated in this region.
Because the ON1 and BA genotypes appeared recently, the
sequence variation in the duplication region might be less
complex than that in other parts of the HVR of the G gene.
Therefore, we assumed that this recently created short region
is as good a surrogate for characterizing specific strains of
the ON1 and BA genotypes as the second HVR or even the
entire G gene. We observed high genetic variability in the
duplication region of the G gene in both the RSV-A ONT1 and
RSV-B BA genotypes, and the novel amino acid sequences
of the duplication region subsequently developed in the
ensuing seasons.

This study has several limitations. First, because the
viruses studied were obtained from children who were hos-
pitalized or visited the ER at a single center, the epidemiol-
ogy of the RSV genotypes might not be exactly representa-
tive of Korean strains, and these strains might be genetically
different from and more virulent than RSV isolates that
circulated in the community. The isolation and collection
rate of viruses might have fluctuated during the long study
period, even though we maintained almost the same proce-
dure and personnel. The numbers of isolates in each season
were also possibly influenced by more frequent hospitaliza-
tion/ER visits and the lower threshold for viral study using
rapid molecular diagnosis for children with LRTI in recent
years than in the early study period. In addition, the RSVs
studied were collected only by tissue culture. Therefore, the
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number of isolated viruses may not exactly represent the
magnitude of the RSV epidemics in that season. Last, there
is a validity issue regarding the sequencing of cultured RSV
rather than RSV in clinical specimens directly, which may
result in spontaneous mutation in the G gene. However, RSV
seems to have a mutational rate of 1073-107° per nucleotide
per infected cell [32], and we used RSV strains from no later
than passage 2. Therefore, the probability of amino acid sub-
stitutions or even nucleotide substitutions in the short region
of interest (duplication region) in this study is very low.

In conclusion, the results of this study suggest that the
RSV-A ONI1 and RSV-B BA genotypes, including the 72-
and 60-nt duplications, respectively, led to the current epi-
demics of RSV infection in children in South Korea. The
duplication region of the G gene of the ON1 and BA geno-
types evolved continuously, and this region alone might be
sufficient for identification of specific strains of these geno-
types. Understanding the actual effect of G gene duplica-
tion on fitness, virulence and transmissibility might allow
changes in viral phenotype and immunogenicity to be pre-
dicted. It will also provide insight into the vaccine potential
of the G protein.
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