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Abstract

Background Respiratory Syncytial Virus (RSV) disease in young children ranges from mild cold symptoms to severe
symptoms that require hospitalization and sometimes result in death. Studies have shown a statistical association
between RSV subtype or phylogenic lineage and RSV disease severity, although these results have been inconsistent.
Associations between variation within RSV gene coding regions or residues and RSV disease severity has been largely
unexplored.

Methods Nasal swabs from children (< 8 months-old) infected with RSV in Rochester, NY between 1977-1998
clinically presenting with either mild or severe disease during their first cold-season were used. Whole-genome RSV
sequences were obtained using overlapping PCR and next-generation sequencing. Both whole-genome phyloge-
netic and non-phylogenetic statistical approaches were performed to associate RSV genotype with disease severity.

Results The RSVB subtype was statistically associated with disease severity. A significant association between phy-
logenetic clustering of mild/severe traits and disease severity was also found. GA1 clade sequences were associated
with severe disease while GB1 was significantly associated with mild disease. Both G and M2-2 gene variation was sig-
nificantly associated with disease severity. We identified 16 residues in the G gene and 3 in the M2-2 RSV gene associ-
ated with disease severity.

Conclusion These results suggest that phylogenetic lineage and the genetic variability in G or M2-2 genes of RSV
may contribute to disease severity in young children undergoing their first infection.
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Introduction

RSV infection most often presents clinically as a mild
respiratory disease with symptoms of rhinitis and cough.
For some individuals, especially young children during
their first cold season, the virus presents as severe dis-
ease with severe fever, cough, and wheeze leading to sig-
nificant morbidity and sometimes death [1-4]. Studies
have shown an association between severe RSV disease
and increased incidence of asthma and allergic disease
in young children [3, 5]. Understanding the risk factors
associated with RSV disease severity in children has been
a continuous subject of study in the RSV field.

RSV viruses can be grouped into two subtypes (RSVA
and RSVB). Early studies found RSVA had a greater
association with severe disease than RSVB [6—11] while
other studies showed a worse disease outcome with
RSVB [12, 13], or no difference [14-18], or differences
specific to the symptom [13].

RSV can be further subclassified into phylogenetic
clade genotypes [19, 20] using the second hypervariable
region of the RSV G protein [21, 22]. Association with
RSV genotypes has also been variable between studies
with some showing clades GA3 being associated, but no
other A or B clades [16], some showing NA1 genotypes
as causing more frequent lower respiratory tract infec-
tions [23]. With the emergence of a new genotype (ON1)
for RSVA due to a duplication in the G protein studies
have shown variable results with some showing increased
severity in individuals infected with ON1 compared to
NA1 [24] while others showing milder disease with ON1
[15, 25] and others showing no association with geno-
type [26]. Still others showed associations with disease
severity in some sub-clades of ON1, but not others [27].
Further studies have shown association with specific
mutations in the RSV G gene [28, 29].

Several positively selected sites have been identified
on the RSV suggesting an adaption to external pressure
[30]. Twelve positively selective sites in the RSV B pro-
tein were identified in G protein ectodomain sequences
suggesting immune pressure [31]. Infection with RSV A
viruses containing 5 specific amino acids substituted in
G has been shown to less often presented with wheez-
ing [29]. Moreover, mutations in the central conserved
domain of G alter the host immune response and
decrease severity [32—35]. Additionally, mutations in the
F protein result in changes in the host immune response
to RSV infection and increased RSV-induced disease
severity in mice [12]. Significant genetic variation occurs
in other RSV genes besides G including NS2 and M2-1
and M2-2 [36]. Moreover, M2-2 has been found to be
under positive selection [22].

Whether variation in RSV genes is associated with dis-
ease severity has been largely unexplored. Furthermore,
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genetic variation that does not affect phylogeny may still
increase the likelihood of disease severity but has not
been assessed [37].

Methods

Sample selection

Subject identifiers for cryogenically frozen nasal swab
samples from RSV positive individuals that were col-
lected routinely from patients in both inpatient and
outpatient settings in the Rochester, New York area
from 1977-1998 and used for a variety of research stud-
ies. Subjects were limited to those with phenotypic and
clinical information, including age and notes on clini-
cal presentation. Samples were randomly selected for
subjects that were in their first RSV season and with no
documented previous RSV infection resulting in subjects
between 0 and 8 months old of age.

Mild and severe disease grouping

Severe disease cases was defined as those admitted to the
hospital for RSV infections (inpatient) while mild cases
consisted of RSV positive cases not requiring hospitali-
zation (outpatient). Using archived medical records, sub-
jects were first grouped into severe and mild based on
impatient or outpatient status. Second, individual records
were clinically-evaluated and subjects were removed
whose symptoms did not match the mild or severe phe-
notype or did not contain adequate notes to determine
severity level.

Whole-genome RSV sequencing

Whole-genome RSV sequences were generated using
overlapping PCR amplicons spanning the RSV genome.
The amplicons were pooled by sample, barcoded, and
sequenced using the Ion Torrent PGM Next Genera-
tion Sequencing platform (355.5%sequencing depth).
The RSV reference (clc_ref_assemble_long v. 3.22.55705)
was used for assembly. The consensus sequences of the
internal PCR primer hybridization sites were manually
verified using reads from amplicons that spanned across
the sites. The final dataset contained 160 whole-genome
sequences.

Phylogenetic tree

Whole-genome RSV sequences were translated in silico
into amino acids sequences and aligned with ClustalO-
mega using the MSA package [38] for R Statistical Soft-
ware version 4.2.2. BEAUti v1.10.4 [39] was used to create
an XML document from our aligned AA sequences. Tip
dates were set to the sample collection year, a HKY sub-
stitution model was used and the Site Heterogeneity
Model was set to Gamma model with gamma number of
4. An uncorrelated relaxed clock was utilized. The Tree
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Prior was set to Coalescent: Bayesian SkyGrid, the num-
ber of parameters equal to the number of sequences, with
a time at last transition point set to 1.0. The length of
MCMC chain was set to 10,000,000 with echo state and
log parameters set to 1000. XML files were input into
BEAST v1.10.4 [39] and 5 independent runs were per-
formed and combined with Logcombiner and highest
credibility tree was determined with Treeannotator. The
phylogenetic tree was visualized using Figtree v1.4.4.

Phylogeny and trait association

The Bayesian Tip-association Significance testing (BaTS)
software [40] was to statistically associate phylogenic
topology with disease severity (mild/severe). The BaT$S
algorithm was used to apply three statistical methods to
test the association between phylogeny and a trait: par-
simony score, association index, and maximum exclusive
single-state clade size [40].

Genotype assignment

Sequences were assigned to RSV genotype clades using
genotype reference sequences [21]. Statistical association
of RSV genotype and disease severity (mild/severe) was
performed using Pearson’s Chi-Square test and permuta-
tion test (R v4.2.2).

Association of viral-gene coding-sequence variation
and disease severity using ssTA
Here we introduce a statistical approach based on an
immunological shape space [41] called the Shape Space
Trait Association (ssTA) algorithm (https://github.com/
wbender1/ssTA) ssTA uses viral-gene coding-sequence
as input and places each sequence in a genetic distance
space in which the distance between any two sequences
in the space represents the number of amino acid differ-
ences between the coding sequences [42, 43]. Categorical
traits, such mild/severe disease, can then be associated
with the sequences distribution within the genetic dis-
tance space using spatial permutation tests [44].
Sequences were translated in silico for each of the 11
protein-coding-regions for each RSV genome. Protein
sequences were aligned using the MUSCLE algorithm
[45]. Pairwise Hamming distances between all aligned
sequences were determine using the “stringdist” package
in R version 3.4.4. resulting in a 160X 160 distance matrix
representing all pairwise genetic distances. To determine
if the distribution of sequences in the 160-dimensional
space was associated with disease severity trait (mild/
severe) we used two statistical methods (Adonis2 [46]
and Anosim [47] Vegan package, R version 3.4.4). For
the adonis2 method, 9999 permutations were performed
to determine empirical null. For the anosim method,
which is less affected by limited degrees of freedom, 9999
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permutations were performed to determine empirical
null. P values of less than 0.05 after adjustment (BH) was
considered significant.

Association of disease severity and amino acid usage

at each residue

The meta-CATS algorithm [48] was used to identify sta-
tistically associate residue positions of RSV amino acid
sequence with disease severity status (mild/severe). Pro-
tein sequences were aligned using MUSCLE. Subtypes
(RSVA and RSVB) were tested separately. P values of less
than 0.05 were considered significant.

Results

Subjects were roughly equally split by sex (Table 1;
42% Female and 58% male) and disease severity (mild:
87/160 (54%) and severe: 73/160 (46%)). RSV subtypes
were roughly equally represented (RSVA=58% and
RSVB=42%). The number of samples varied year to year
(2—14 samples per year) with an average of 7.27 samples
per year over the 21-year time frame.

RSV strains separated into two distinct linages corre-
sponding to the RSV A and B subtypes (Fig. 1). We found
a significant association with mild/severe and subtype
(Chi-square p-value 0.002) with RSVB more likely of
being a severe case compared to RSVA. RSVA contained
93 total sequences and was found to be represented by
3 different genotypes: GA1 (n=30), GA2 (n=24), GA3
(n=39), Table 2. RSVB contained 67 total sequences and
was represented by 4 different genotypes: GB1 (n=17),
GB2 (n=32), GB3 (n=9), GB4 (n=9). GA1 was signifi-
cantly associated with severe disease (p-value=0.047)
while GB1 was significantly associated with mild disease
(p-value=0.008). The GB4 genotype was exclusively seen
in severe cases.

Phylogeny-trait association demonstrated significant
differences between the distribution of mild/disease traits
and tree topology (Table 3). The association index, which
tests the association between traits (mild/severe) and
phenotypic clustering, was significant (p-value=0.023)
between phylogenetic cluster and disease severity. Addi-
tionally, the parsimony score, which determines the num-
ber of state changes required to explain the observed
trait distribution in the phylogenetic tree, showed a

Table 1 Subject Demographics

Characteristic Total Mild Severe pvalue
Subjects 160 73 (46%) 87 (54%)

Age, Yr (SD) 0.29 04 (0.17) 0.2 (0.14) <0.001
Sex (MF) 94, 66 42,31 52,35 0.77
RSV Strain (A, B) 93,67 51,22 42,45 0.009
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Fig. 1 Genomic Variation of the RSV Genome. Sequence genotyping resulted in 7 genotypes (3 RSVA, 4 RSVB). Subtype A contained 93 total
sequences falling into 3 different genotypes colored Red(GA1), Cyan(GA2), and Purple(GA3). Subtype B contained 67 total sequences and the 4
different genotypes are colored Green(GB1), Blue(GB2), Orange(GB3), and Pink(GB4). Each sequence name contains metadata representing

the subtype, year, and severity (name.subtype.year.severity). Severity is colored Black (Mild) and Red (Severe)
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Table 2 Association of Genotype and Severity
Mild Severe (#seqs) p-value
(#seqs)
GA1 12 18 0.047
GA2 15 9 0.381
GA3 24 15 0.269
GB1 10 7 0.008
GB2 9 23 0432
GB3 3 6 0972
GB4 0 9 -

significant association (p-value=0.012) between disease
severity and phylogeny. Lastly, the maximum exclusive
single-state clade size, which is expected to be larger
when tips all share the same trait, were significantly asso-
ciated for the severe trait (p-value=0.027), but not mild
(p-value=0.503).

Of the 11 RSV protein coding regions, the G protein,
for both subtypes, showed the maximum number of total
amino acid substitutions (RSVA G protein=64, RSVB
G protein=>53; Fig. 2A) as well as the greatest percent
change per amino acid length of any protein (RSVA G
protein=21%, RSVB G protein =17%; Fig. 2B). The M2-2
protein was also one of the most variable proteins both
in the number of total amino acids (RSVA M2-2 pro-
tein=16, RSVB M2-2 protein=11) and percent change
per protein length (RSVA M2-2 protein=18%, RSVB
M2-2 protein=12%). The L protein showed many sub-
stitutions for both subtypes (RSVA L protein=43, RSVB
L protein=30) although the per amino acid change was
moderate (RSVA L protein=2%, RSVB L protein=1%).
Alternatively, the SH protein and F protein showed
lower numbers of amino acid substitutions (RSVA SH
protein=>5, RSVB SH protein=6; RSVA F protein=14,
RSVB F protein =10), but SH showed a moderate change
per amino acid compared to other proteins (RSVA SH
protein=_8%, RSVB SH protein=9%) and the F protein
showed a minimal number of substitutions per protein
length (RSVA F protein=2%, RSVB F protein=2%). All
other proteins showed both minimal substitutions (3—6)
and percent changes (1 — 4%).

Table 3 Association of Phylogeny and Severity

The G protein for RSVA was significantly associated
with disease severity for both statistical tests (Table 4;
Fig. 3). The M2-2 protein of RSVA and RSVB were signif-
icantly associated with disease severity for both statistical
tests. The NS2 protein was also significantly associated
with disease severity in the RSVB subtype, but only for
one statistical test.

Association of severity disease and residue posi-
tion amino acid usage for G and M2-2 sequences was
accessed (Table 5). RSVA G-protein had four amino acids
associated with severity status, three were found in the
Mucin-like-1 domain and one was found in the Heparin-
binding-domain (HBD). RSVB G-protein had nine amino
acids associated with severity status, three were found in
the Mucin-like-1 domain, two were found in the HBD,
and four were found in the Mucin-like-2 domain. RSVA
M2-2 protein had one amino acid associated with sever-
ity status, while the RSVB M2-2 protein had two amino
acids associated.

Discussion

Severe RSV disease is multifactual and the contribution
of the virus genetics is still debated. Here we sought to
provide evidence RSV-associated severe respiratory dis-
ease in young children (0-8 months old) experiencing
their primary infection is associated with virus geno-
type. In the study, we assessed genomic variation of RSV
viruses that circulated in Rochester, New York from 1977
—1998. Our findings agree with others that the RSV gen-
otype changes over time and multiple genotypes circle

Statistic Observed Lower Upper Null mean Lower Upper Significance
mean 95% Cl 95% CU 95% ClI 95% Cl

Al 7.025 6.305 7.752 8.862 7.387 10.371 0.023

PS 45.935 44.000 47.000 53.798 48308 58.778 0.012

MC (Severe) 9.000 9.000 9.000 4.809 3.153 7.233 0.027

MC (Mild) 4.022 4.000 4.000 3.896 2632 6.000 0.503
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Fig. 2 Comparison of Amino Acid Variation in Across RSV Proteins. The number of amino acid substitution between each gene coding region
of the whole-genome RSV sequence was calculated. A Boxplot of the number of amino acid substitutions for each gene within subtype for each
RSV gene coding region. B Boxplot of the percentage of number of amino acid substitutions divided by the amino acid length of the coding

sequence within subtype for each RSV gene coding region

each year demonstrating that local regions are exposed to
a multitude of genetically unique RSV variants each year
[19, 49-51].

We compared RSV sequence variation and disease
severity using both phylogenetic and non-phylogenetic

approaches. Phylogenetic approaches demonstrated
that specific RSVA and RSVB genotypes (GAl and
GB1) were associated with disease severity and GB4 was
exclusively seen in severe cases. This is in contrast with
other studies showing that GA3 was more associated
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Table 4 Association of Protein Variation and Severity
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Protein Subtype Anosim Rval Anosim pval Anosim pval.adj Adonis2 Fval Adonis2 pval Adonis2 pval.adj
G A 0.122 0.001 0011 9438 0.001 0011
G B -0.140 0.999 0.999 -4.832 1.000 1.000
L A 0.026 0.068 0.166 2916 0.071 0.137
L B -0.005 0515 0.629 2.083 0.081 0.137
M2-2 A 0.119 0.001 0.011 7251 0.004 0.022
M2-2 B 0.105 0.007 0.051 5.078 0.002 0.015
F A 0.038 0.040 0.126 2.602 0.093 0.138
F B 0.085 0.068 0.166 3573 0.023 0.072
M2-1 A 0.014 0.153 0.259 2.843 0.073 0.137
M2-1 B 0.040 0.209 0.307 3.178 0.036 0.088
N A 0.004 0.306 0.396 2.398 0.100 0.138
N B 0.101 0.024 0114 2179 0.095 0.138
p A 0011 0.197 0.307 1.129 0337 0412
p B 0.109 0.026 0114 6.393 0.017 0.072
SH A 0.020 0111 0218 2676 0.075 0.137
SH B -0.079 0.975 0.999 0.327 0.765 0.842
NS1 A 0.041 0.036 0.126 4.224 0.026 0.072
NS1 B -0.066 0.940 0.999 0.097 0.885 0.927
NS2 A 0.020 0.119 0218 1.148 0321 0412
NS2 B -0.027 0.695 0.805 7.075 0.001 0011
M A 0.021 0.091 0.200 5.191 0.021 0.072
M B 0.022 0.303 0.396 0.244 0.721 0.835

with increased disease severity [16], but given the dif-
ference in genotypes and years in which sequences were
sampled it is difficult to make direct comparisons. For
instance, in our study both GB3 and GB4 had less than
ten sequences, making comparisons between mild and
severe cases difficult to interpret. Interestingly, phylo-
genetic tree topography, including monophyletic clades,
were associated with severe disease suggesting that dis-
ease severity may be tied to RSV evolution as previously
suggested [16, 52, 53].

Using a non-phylogenetic approach, we found that
variation in specific RSV genes were associated with dis-
ease severity. Specifically, the G protein from RSVA was
associated with disease severity, but not G from RSVB.
It is perhaps not surprising given the G variation was
associated with disease severity given the affect the G
protein has on attachment to the host [32, 33], immune
cell migration [32], host response [34, 54, 55], and anti-
genic differences [56]. RSVA also showed greater varia-
tion over the time period compared to RSVB which may
have contributed.

We found that M2-2 protein variation was associ-
ated with disease severity for both RSVA and RSVB.
M2-2 has been shown to be involved in the regulation
of viral RNA transcription and replication balance. RSV

viruses with a deletion of M2-2 show decreased virion
production and increased protein creation [57]. For
that reason, a current RSV vaccine candidate uses an
attenuated-virus with an M2-2 gene deletion [57-59].
This work suggests that variation of the M2-2 gene may
affect the transcription/replication regulation leading
to differences in host disease severity.

A significant association of RSVB NS2 variation and
disease severity was found, but only for the adonis2
test, possibly because NS2 gene showed limited vari-
ability and the Anosim test is affected when there are
limited degrees of freedom. The inconsistency between
the two statistical tests make the NS2 results inconclu-
sive. Given the role NS2 plays in immunomodulation
[60, 61], additional studies will be needed to determine
if NS2 plays a role in severe disease during primary
infection.

The impact specific amino acid substitutions RSV have
on disease severity is still largely unexplored. State-of-
the-art methods were used to associate specific amino
acid substitutions in the G or M2-2 proteins with disease
severity in young children. Multiple studies have looked
at positive selection sites in RSV and have found signifi-
cantly drifting sites in both G and M2-2. Multiple studies
have shown positive selection sites in G [22, 23, 31, 62].
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Fig. 3 Amino Acid Variability Among RSV G and M2-2 Proteins. Protein sequences for G and M2-2 proteins from RSVA and RSVB subtypes were
aligned separately. The number of amino acid substitutions were calculated between all strains and Principal Coordinate Analysis was performed

to demonstrate amino acid variability in reduced dimensional space. Ellipses are centered on centroids with 1 standard deviation. Points are colored
by disease severity status; red =mild, black=severe. When points contain multiple sequences and from patients of both disease types, points are

colored by the more numerous disease type

In a cohort of RSV positive infants in Vietnam, M2-2 was
found to be under positive selection [22].

Our results suggest that RSV variation in the G
or M2-2 G can impact disease severity in in the very
young experiencing a primary RSV infection. It is worth
noting that age was significantly different between mild
and severe subjects and we cannot rule out that our

result indicate variants more likely to infect younger
children, who are more susceptible to severe disease.
Although our studies were not designed to investigate
mechanism or causality, they do suggest RSV genes
that may play a role in disease severity. Whether these
changes that are associate with disease severity arise
due to the adaptive pressures, or just random genetic
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Table 5 Association of Residue Variation and Severity
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Subtype Protein Position Chisquare P-value MC P-value Degree Severe Residue Mild Residue Diversity
Value Freedom Diversity

A G 81 6.830 0.0328 N.S 2 15N,35S 22N,20S

A G 107 10.405 0.0341 N.S 4 121,2N,36T 181,4N,20T

A G 110 9.8392 0.0432 N.S 4 11L39Q 141,4P24Q

A G 197 6.1812 0.0454 N.S 2 39K 11R 24K, 18R

B G 77 6.1049 0.0472 0.0408 2 22Q 36Q9S

B G 137 7.3658 0.0251 0.0305 2 101,127 71,38T

B G 150 7.3658 0.0251 0.0305 2 12P10S 38R 7S

B G 208 7.3658 0.0251 0.0305 2 101,127 71,38T

B G 222 10.1967 0.0372 N.S 4 10M, 12T 7A7M31T

B G 246 7.4062 0.0246 N.S 2 22T 45T

B G 285 71572 0.0279 0.0252 2 155, 7Y 42S,3Y

B G 291 13.6980 0.0331 N.S 6 12R10S 2F5L,33R5S

B G 300 9.7366 0.04510 N.S 4 101,127 71,38T

A M2-2 71 6.4908 0.0389 N.S 2 38N, 11S 23N,185S

B M2-2 31 7.7613 0.0206 0.0238 2 71,15V 291,14V

B M2-2 43 6.3626 0.0415 N.S 2 21N, 1S 34N,95S

drift, is still unknown and future studies will be needed
to confirm mechanistically the effect this variation has
on RSV infection and disease. As we approach a new
era with newly licensed therapeutics and vaccines, their
ability to effect public health may be dependent on
their ability to protect against severe variants.

Authors’ contributions

WB, Y.Z, and C.S.A wrote the code and performed the data analysis. A.C. com-
piled, translated, and aligned the sequences. C.C,, AG, LW, X.Q, MM, CSA
oversaw and designed the statistical and analytical approaches. D.J.T. EEW,,
TJM, RS, MT.C, conceptualized the study. M.T.C. oversaw sample selection.
W.B. and C.S.A. wrote the initial draft of the manuscript. All authors contributed
to editing the manuscript.

Funding

This original work was supported by the NIH/NIAID HHSN272201200005C,
the University of Rochester Pulmonary Training Fellowship NIH/NHLBI
T32-HL066988, University of Rochester HSCCI Pilot Award, the University of
Rochester SAC Incubator Award, and NIH/NIAID KO1 Award KOTAI168445.

Availability of data and materials

Sequence data that support the findings of this study were previously depos-
ited to the National Library of Medicine (NCBI) with the primary accession
code PRINA262901.

Declarations

Ethics approval and consent to participate

Not applicable. All research was performed on unidentifiable human speci-
mens which were de-identified prior to the research study and were uniden-
tifiable to the researchers. No identifiable information of human subjects is
included in this manuscript.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Division of Infectious Disease, Department of Medicine, School of Medicine
and Dentistry, University of Rochester, University of Rochester Medical Center,
Rochester, NY, USA. 2J. Craig Venter Institute, San Diego, CA, USA. *Department
of Biostatistics and Computational Biology, University of Rochester Medical
Center, Rochester, NY, USA. “Division of Neonatology, Department of Pediat-
rics, University of Rochester Medical Center, Rochester, NY, USA. 5Departmem
of Microbiology and Immunology, University of Rochester Medical Center,
Rochester, NY, USA. ®Division of Infectious Diseases, Department of Pediatrics,
University of Rochester Medical Center, Rochester, NY, USA.

Received: 26 February 2024 Accepted: 11 June 2024
Published online: 19 June 2024

References

1. Caserta MT, Qiu X, Tesini B, Wang L, Murphy A, Corbett A, Topham DJ,
Falsey AR, Holden-Wiltse J, Walsh EE. Development of a global respiratory
severity score for respiratory syncytial virus infection in infants. J Infect
Dis. 2017;215(5):750-6.

2. ShiT, McAllister DA, O'Brien KL, Simoes EAF, Madhi SA, Gessner BD, Polack
FP, Balsells E, Acacio S, Aguayo C, et al. Global, regional, and national
disease burden estimates of acute lower respiratory infections due to
respiratory syncytial virus in young children in 2015: a systematic review
and modelling study. Lancet. 2017;390(10098):946-58.

3. Sigurs N, Gustafsson PM, Bjarnason R, Lundberg F, Schmidt S, Sigurb-
ergsson F, Kjellman B. Severe respiratory syncytial virus bronchiolitis in
infancy and asthma and allergy at age 13. Am J Respir Crit Care Med.
2005;171(2):137-41.

4. Fields BN, Knipe DM, Howley PM, Griffin DE. Fields virology. 4th ed. Phila-
delphia: Lippincott Williams & Wilkins; 2001.

5. Wu P, Hartert TV. Evidence for a causal relationship between respira-
tory syncytial virus infection and asthma. Expert Rev Anti Infect Ther.
2011,9(9):731-45.

6. McConnochie KM, Hall CB, Walsh EE, Roghmann KJ. Variation in severity
of respiratory syncytial virus infections with subtype. J Pediatr. 1990;117(1
Pt 1):52-62.



Bender et al. BMC Medical Genomics

20.

21

22.

23.

24.

25.

(2024) 17:165

Hall CB, Walsh EE, Schnabel KC, Long CE, McConnochie KM, Hildreth SW,
Anderson LJ. Occurrence of groups A and B of respiratory syncytial virus
over 15 years: associated epidemiologic and clinical characteristics in
hospitalized and ambulatory children. J Infect Dis. 1990;162(6):1283-90.
Walsh EE, McConnochie KM, Long CE, Hall CB. Severity of res-

piratory syncytial virus infection is related to virus strain. J Infect Dis.
1997;175(4):814-20.

Perkins SM, Webb DL, Torrance SA, El Saleeby C, Harrison LM, Aitken JA,
Patel A, DeVincenzo JP. Comparison of a real-time reverse transcriptase
PCR assay and a culture technique for quantitative assessment of viral
load in children naturally infected with respiratory syncytial virus. J Clin
Microbiol. 2005;43(5):2356-62.

Jafri HS, Wu X, Makari D, Henrickson KJ. Distribution of respiratory syncy-
tial virus subtypes A and B among infants presenting to the emergency
department with lower respiratory tract infection or apnea. Pediatr Infect
Dis J. 2013;32(4):335-40.

. Tran DN, Pham TM, Ha MT, Tran TT, Dang TK, Yoshida LM, Okitsu S, Hay-

akawa S, Mizuguchi M, Ushijima H. Molecular epidemiology and disease
severity of human respiratory syncytial virus in Vietnam. PLoS ONE.
2013;8(1): e45436.

Hornsleth A, Klug B, Nir M, Johansen J, Hansen KS, Christensen LS, Larsen
LB. Severity of respiratory syncytial virus disease related to type and
genotype of virus and to cytokine values in nasopharyngeal secretions.
Pediatr Infect Dis J. 1998;17(12):1114-21.

LiuW, Chen D, Tan W, Xu D, Qiu S, Zeng Z, Li X, Zhou R. Epidemiology and
clinical presentations of respiratory syncytial virus subgroups A and B
detected with multiplex real-time PCR. PLoS ONE. 2016;11(10): e0165108.
Haddadin Z, Beveridge S, Fernandez K, Rankin DA, Probst V, Spieker

AJ, Markus TM, Stewart LS, Schaffner W, Lindegren ML, et al. Respira-

tory syncytial virus disease severity in young children. Clin Infect Dis.
2021;73(11):24384-91.

Luchsinger V, Ampuero S, Palomino MA, Chnaiderman J, Levican J, Gag-
gero A, Larranaga CE. Comparison of virological profiles of respiratory
syncytial virus and rhinovirus in acute lower tract respiratory infections
in very young Chilean infants, according to their clinical outcome. J Clin
Virol. 2014;61(1):138-44.

Martinello RA, Chen MD, Weibel C, Kahn JS. Correlation between
respiratory syncytial virus genotype and severity of illness. J Infect Dis.
2002;186(6):839-42.

Mclntosh ED, De Silva LM, Oates RK. Clinical severity of respiratory syncy-
tial virus group A and B infection in Sydney. Australia Pediatr Infect Dis J.
1993;12(10):815-9.

Tabatabai J, Ihling CM, Rehbein RM, Schnee SV, Hoos J, Pfeil J, Grulich-
Henn J, Schnitzler P. Molecular epidemiology of respiratory syncytial virus
in hospitalised children in Heidelberg, Southern Germany, 2014-2017.
Infect Genet Evol. 2022;98: 105209.

Peret TC, Hall CB, Hammond GW, Piedra PA, Storch GA, Sullender WM,
Tsou C, Anderson LJ. Circulation patterns of group A and B human
respiratory syncytial virus genotypes in 5 communities in North America.
JInfect Dis. 2000;181(6):1891-6.

Peret TC, Hall CB, Schnabel KC, Golub JA, Anderson LJ. Circulation pat-
terns of genetically distinct group A and B strains of human respiratory
syncytial virus in a community. J Gen Virol. 1998;79(Pt 9):2221-9.

Goya S, Galiano M, Nauwelaers |, Trento A, Openshaw PJ, Mistchenko

AS, Zambon M, Viegas M. Toward unified molecular surveillance of

RSV: A proposal for genotype definition. Influenza Other Respir Viruses.
2020;14(3):274-85.

Rios Guzman E, Hultquist JF. Clinical and biological consequences

of respiratory syncytial virus genetic diversity. Ther Adv Infect Dis.
2022;9:20499361221128092.

Esposito S, Piralla A, Zampiero A, Bianchini S, Di Pietro G, Scala A, Pinzani
R, Fossali E, Baldanti F, Principi N. Characteristics and their clinical rel-
evance of respiratory syncytial virus types and genotypes circulating in
northern italy in five consecutive winter seasons. PLoS ONE. 2015;10(6):
€0129369.

Yoshihara K, Le MN, Okamoto M, Wadagni AC, Nguyen HA, Toizumi M,
Pham E, Suzuki M, Nguyen AT, Oshitani H, et al. Association of RSV-A ON1
genotype with Increased pediatric acute lower respiratory tract infection
in Vietnam. Sci Rep. 2016,6:27856.

Panayiotou C, Richter J, Koliou M, Kalogirou N, Georgiou E, Christodoulou
C. Epidemiology of respiratory syncytial virus in children in Cyprus during

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 10 of 11

three consecutive winter seasons (2010-2013): age distribution, seasonal-
ity and association between prevalent genotypes and disease severity.
Epidemiol Infect. 2014;142(11):2406-11.

Fodha I, Vabret A, Ghedira L, Seboui H, Chouchane S, Dewar J, Gued-
diche N, Trabelsi A, Boujaafar N, Freymuth F. Respiratory syncytial virus
infections in hospitalized infants: association between viral load, virus
subgroup, and disease severity. J Med Virol. 2007;79(12):1951-8.

Midulla F, Di Mattia G, Nenna R, Scagnolari C, Viscido A, Oliveto G, Petrarca
L, Frassanito A, Arima S, Antonelli G, et al. Novel variants of respiratory
syncytial virus A ON1 associated with increased clinical severity of bron-
chiolitis. J Infect Dis. 2020;222(1):102-10.

Human S, Hotard AL, Rostad CA, Lee S, McCormick L, Larkin EK, Peret

TCT, Jorba J, Lanzone J, Gebretsadik T, et al. A Respiratory Syncytial Virus
Attachment Gene Variant Associated with More Severe Disease in Infants
Decreases Fusion Protein Expression, Which May Facilitate Immune Eva-
sion. J Virol. 2020;95(2):10-128.

LiW,Wang Y, Yu B, Tan Q, Zhou J, Hu J, Wu Y, Wang B, Li H. Disease severity
of respiratory syncytial virus (RSV) infection correlate to a novel set of five
amino acid substitutions in the RSV attachment glycoprotein (G) in China.
Virus Res. 2020,281: 197937.

Trento A, Abrego L, Rodriguez-Fernandez R, Gonzalez-Sanchez MI, Gonza-
lez-Martinez F, Delfraro A, Pascale JM, Arbiza J, Melero JA. Conservation of
G-Protein epitopes in respiratory syncytial virus (Group A) despite broad
genetic diversity: is antibody selection involved in virus evolution? J Virol.
2015;89(15):7776-85.

Zlateva KT, Lemey P, Moes E, Vandamme AM, Van Ranst M. Genetic vari-
ability and molecular evolution of the human respiratory syncytial virus
subgroup B attachment G protein. J Virol. 2005;79(14):9157-67.
Anderson CS, Chirkova T, Slaunwhite CG, Qiu X, Walsh EE, Anderson LJ,
Mariani TJ. CX3CR1 Engagement by Respiratory Syncytial Virus Leads to
Induction of Nucleolin and Dysregulation of Cilia-related Genes. J Virol.
2021;95(11):10-128.

Anderson CS, Chu CY, Wang Q, Mereness JA, Ren'Y, Donlon K, Bhattacharya
S, Misra RS, Walsh EE, Pryhuber GS, et al. CX3CR1 as a respiratory syncytial
virus receptor in pediatric human lung. Pediatr Res. 2020;87(5):862-7.
Bergeron HC, Kauvar LM, Tripp RA. Anti-G protein antibodies target-

ing the RSV G protein CX3C chemokine region improve the interferon
response. Ther Adv Infect Dis. 2023;10:20499361231161156.

Powell TJ, Jacobs A, Tang J, Cardenas E, Palath N, Daniels J, Boyd JG,
Bergeron HC, Jorquera PA, Tripp RA. Microparticle RSV Vaccines Present-
ing the G Protein CX3C Chemokine Motif in the Context of TLR Signaling
Induce Protective Th1 Immune Responses and Prevent Pulmonary
Eosinophilia Post-Challenge. Vaccines. 2022;10(12):2078.

Agoti CN, Otieno JR, Munywoki PK, Mwihuri AG, Cane PA, Nokes DJ,
Kellam P, Cotten M. Local evolutionary patterns of human respira-

tory syncytial virus derived from whole-genome sequencing. J Virol.
2015;89(7):3444-54.

Anderson LJ, Peret TC, Piedra PA. RSV strains and disease severity. J Infect
Dis. 2019;219(4):514-6.

Bodenhofer U, Bonatesta E, Horejs-Kainrath C, Hochreiter S. msa: an R pack-
age for multiple sequence alignment. Bioinformatics. 2015;31(24):3997-9.
Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH, Xie D, Suchard MA,
Rambaut A, Drummond AJ. BEAST 2: a software platform for Bayesian
evolutionary analysis. PLoS Comput Biol. 2014;10(4): €1003537.

Parker J, Rambaut A, Pybus OG. Correlating viral phenotypes with
phylogeny: accounting for phylogenetic uncertainty. Infect Genet Evol.
2008;8(3):239-46.

Perelson AS, Oster GF. Theoretical studies of clonal selection: minimal
antibody repertoire size and reliability of self-non-self discrimination. J
Theor Biol. 1979,81(4):645-70.

Anderson CS, DeDiego ML, Thakar J, Topham DJ. Novel sequence-based
mapping of recently emerging H5NX influenza viruses reveals pandemic
vaccine candidates. PLoS ONE. 2016;11(8): e0160510.

Anderson CS, McCall PR, Stern HA, Yang H, Topham DJ. Antigenic
cartography of HIN1 influenza viruses using sequence-based antigenic
distance calculation. BMC Bioinformatics. 2018;19(1):51.

Anderson MJ. A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 2001;26(1):32-46.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 2004;32(5):1792-7.



Bender et al. BMC Medical Genomics (2024) 17:165 Page 11 of 11

46. Warton DI, Wright ST, Wang Y. Distance-based multivariate analy-
ses confound location and dispersion effects. Methods Ecol Evol.
2011;3(1):89-101.

47. Somerfield PJ, Clarke KR, Gorley RN. A generalised analysis of similari-
ties (ANOSIM) statistic for designs with ordered factors. Austral Ecol.
2021;46(6):901-10.

48. Pickett BE, Liu M, Sadat EL, Squires RB, Noronha JM, He S, Jen W, Zaremba
S,Gu Z, Zhou L, et al. Metadata-driven comparative analysis tool for
sequences (meta-CATS): an automated process for identifying signifi-
cant sequence variations that correlate with virus attributes. Virology.
2013;447(1-2):45-51.

49. Munoz-Escalante JC, Comas-Garcia A, Bernal-Silva S, Noyola DE. Respira-
tory syncytial virus B sequence analysis reveals a novel early genotype.
SciRep. 2021;11(1):3452.

50. Munoz-Escalante JC, Comas-Garcia A, Bernal-Silva S, Robles-Espinoza CD,
Gomez-Leal G, Noyola DE. Respiratory syncytial virus A genotype classifi-
cation based on systematic intergenotypic and intragenotypic sequence
analysis. Sci Rep. 2019;9(1):20097.

51. Song J, Zhu Z, Song J, Mao N, Cui A, Xu W, Zhang Y. Circulation pattern
and genetic variation of human respiratory syncytial virus in China during
2008-2021. J Med Virol. 2023;95(3): €28611.

52. Papadopoulos NG, Gourgiotis D, Javadyan A, Bossios A, Kallergi K, Psarras
S, Tsolia MN, Kafetzis D. Does respiratory syncytial virus subtype influ-
ences the severity of acute bronchiolitis in hospitalized infants? Respir
Med. 2004;98(9):879-82.

53. Johnson TR, Graham BS. Contribution of respiratory syncytial virus G
antigenicity to vaccine-enhanced illness and the implications for severe
disease during primary respiratory syncytial virus infection. Pediatr Infect
Dis J. 2004;23(1 Suppl):S46-57.

54, Arnold R, Konig B, Werchau H, Konig W. Respiratory syncytial virus
deficient in soluble G protein induced an increased proinflammatory
response in human lung epithelial cells. Virology. 2004;330(2):384-97.

55. ChirkovaT, Boyoglu-Barnum S, Gaston KA, Malik FM, Trau SP, Oomens
AG, Anderson LJ. Respiratory syncytial virus G protein CX3C motif
impairs human airway epithelial and immune cell responses. J Virol.
2013,87(24):13466-79.

56. Beach SS, Hull MA, Ytreberg FM, Patel JS, Miura TA. Molecular modeling
predicts novel antibody escape mutations in the respiratory syncytial
virus fusion glycoprotein. J Virol. 2022;96(13): €0035322.

57. McFarland EJ, Karron RA, Muresan P, Cunningham CK, Libous J, Perlowski
C, Thumar B, Gnanashanmugam D, Moye J, Schappell E, et al. Live
Respiratory syncytial virus attenuated by M2-2 deletion and stabilized
temperature sensitivity mutation 1030s is a promising vaccine candidate
in children. J Infect Dis. 2020;221(4):534-43.

58. Bermingham A, Collins PL. The M2-2 protein of human respiratory syncy-
tial virus is a regulatory factor involved in the balance between RNA repli-
cation and transcription. Proc Natl Acad Sci U S A. 1999,96(20):11259-64.

59. Shan J, Britton PN, King CL, Booy R. The immunogenicity and safety of
respiratory syncytial virus vaccines in development: A systematic review.
Influenza Other Respir Viruses. 2021;15(4):539-51.

60. Kotelkin A, Belyakov IM, Yang L, Berzofsky JA, Collins PL, Bukreyev A. The
NS2 protein of human respiratory syncytial virus suppresses the cytotoxic
T-cell response as a consequence of suppressing the type | interferon
response. J Virol. 2006;80(12):5958-67.

61. Chiok K, Pokharel SM, Mohanty |, Miller LG, Gao SJ, Haas AL, Tran KC,
Teng MN, Bose S: Human Respiratory Syncytial Virus NS2 Protein Induces
Autophagy by Modulating Beclin1 Protein Stabilization and ISGylation.
mBio 2022;13(1):e0352821.

62. Eshaghi A, Duvvuri VR, Lai R, Nadarajah JT, Li A, Patel SN, Low DE, Gub-
bay JB. Genetic variability of human respiratory syncytial virus A strains
circulating in Ontario: a novel genotype with a 72 nucleotide G gene
duplication. PLoS ONE. 2012;7(3): €32807.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Association of disease severity and genetic variation during primary Respiratory Syncytial Virus infections
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Sample selection
	Mild and severe disease grouping
	Whole-genome RSV sequencing
	Phylogenetic tree
	Phylogeny and trait association
	Genotype assignment
	Association of viral-gene coding-sequence variation and disease severity using ssTA
	Association of disease severity and amino acid usage at each residue

	Results
	Discussion
	References


