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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, 

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 BaTS 
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/ 
wbend er1/ 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 160 × 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 

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 0.4 (0.17) 0.2 (0.14)  < 0.001

Sex (M,F) 94, 66 42, 31 52, 35 0.77

RSV Strain (A, B) 93, 67 51, 22 42, 45 0.009

https://github.com/wbender1/ssTA
https://github.com/wbender1/ssTA
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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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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%).

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 

Table 2 Association of Genotype and Severity

Mild
(#seqs)

Severe (#seqs) p‑value

GA1 12 18 0.047

GA2 15 9 0.381

GA3 24 15 0.269

GB1 10 7 0.008

GB2 9 23 0.432

GB3 3 6 0.972

GB4 0 9 -

Table 3 Association of Phylogeny and Severity

Statistic Observed Lower Upper Null mean Lower Upper Significance
mean 95% CI 95% CU 95% CI 95% CI

AI 7.025 6.305 7.752 8.862 7.387 10.371 0.023

PS 45.935 44.000 47.000 53.798 48.308 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 2.632 6.000 0.503
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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 (GA1 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 

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
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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]. 

Table 4 Association of Protein Variation and Severity

Protein Subtype Anosim Rval Anosim pval Anosim pval.adj Adonis2 Fval Adonis2 pval Adonis2 pval.adj

G A 0.122 0.001 0.011 9.438 0.001 0.011

G B -0.140 0.999 0.999 -4.832 1.000 1.000

L A 0.026 0.068 0.166 2.916 0.071 0.137

L B -0.005 0.515 0.629 2.083 0.081 0.137

M2-2 A 0.119 0.001 0.011 7.251 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 3.573 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 0.114 2.179 0.095 0.138

P A 0.011 0.197 0.307 1.129 0.337 0.412

P B 0.109 0.026 0.114 6.393 0.017 0.072

SH A 0.020 0.111 0.218 2.676 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 0.218 1.148 0.321 0.412

NS2 B -0.027 0.695 0.805 7.075 0.001 0.011

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
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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 

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
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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.
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