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A B S T R A C T   

Background: Advances in high-throughput sequencing (HTS) technologies and reductions in sequencing costs 
have revolutionised the study of genomics and molecular biology by making whole-genome sequencing (WGS) 
accessible to many laboratories. However, the analysis of WGS data requires significant computational effort, 
which is the major drawback in implementing WGS as a routine laboratory technique. 
Objective: Automated pipelines have been developed to overcome this issue, but they do not exist for all or
ganisms. This is the case for human respiratory syncytial virus (RSV), which is a leading cause of lower respi
ratory tract infections in infants, the elderly, and immunocompromised adults. 
Results: We present RSV-GenoScan, a fast and easy-to-use pipeline for WGS analysis of RSV generated by HTS on 
Illumina or Nanopore platforms. RSV-GenoScan automates the WGS analysis steps directly from the raw 
sequence data. The pipeline filters the sequence data, maps the reads to the RSV reference genomes, generates a 
consensus sequence, identifies the RSV subgroup, and lists amino acid mutations, insertions and deletions in the 
F and G viral genes. This enables the rapid identification of mutations in these coding genes that are known to 
confer resistance to monoclonal antibodies. 
Availability: RSV-GenoScan is freely available at https://github.com/AlexandreD-bio/RSV-GenoScan.   

1. Introduction 

The use of high-throughput sequencing (HTS) technologies and the 
decreasing cost of sequencing have transformed the way viruses are 
studied, making whole-genome sequencing (WGS) accessible to many 
laboratories. The ability to routinely generate viral genome sequences 
has many applications, including clinical and laboratory strain and 
mutant analysis, pathogen surveillance and outbreak detection 
(Houldcroft et al., 2017). The latest HTS platforms enable the generation 
of whole viral genome sequences in just a few hours, providing a 
detailed understanding of the genomic content of the target virus that 
can inform public health decisions in various ways (Beerenwinkel et al., 
2012; Stockdale et al., 2022). Despite the increasing accessibility and 
affordability of WGS for laboratories, analysing the large amount of data 
generated requires advanced computational skills that can be difficult 
and time-consuming to learn for microbiologists or clinicians. Therefore, 

WGS analysis software are needed to facilitate genomic investigations 
for specific viruses. 

Currently, there is no automated tool to simplify genomics analyses 
of the human respiratory syncytial virus (RSV), which is a leading cause 
of lower respiratory tract infections in infants, the elderly, and immu
nocompromised adults (Falsey et al., 2005; Shi et al., 2017). RSV is a 
non-segmented, single-stranded, negative-sense RNA human orthop
neumovirus of ~15.2 kb in length, encoding 11 viral proteins. The two 
main proteins of clinical interest are the G and F surface glycoproteins, 
which mediate viral entry and are major targets of the human immune 
response (Levine et al., 1987; Connors et al., 1991; Yin et al., 2006; 
McLellan et al., 2013). RSV infections are classified into two 
co-circulating groups, named A and B, that diverged about 350 years ago 
(Mufson et al., 1985), and each of them is further divided into several 
subgroups. Until now, the therapeutic armamentarium was very limited. 
Ribavirin was the only approved drug, and it only has a modest effect 
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when used to treat severe RSV infections. In 2023, the Food and Drug 
Administration (FDA) and the European Medicines Agency (EMA) have 
approved vaccines targeting the F protein in its pre-fusion form for 
pregnant women and adults over 60 years of age. In addition, a new 
monoclonal antibody, nirsevimab, was approved for infants under two 
years of age. These therapies aim to prevent severe lower respiratory 
tract infections in two vulnerable populations: neonates and the elderly. 
However, the use of new treatments may put selective pressure on RSV, 
potentially leading to the selection of resistance mutations, as seen with 
SARS-CoV-2 after the widespread use of vaccines. Consequently, moni
toring the evolution of the RSV genome, and in particular the G and F 
glycoproteins, is essential to track novel resistance mutations to thera
peutic solutions. Several techniques are being developed to sequence the 
entire RSV genome, which will help to track the emergence and spread 
of such mutations. 

Here we present RSV-GenoScan, an easy-to-use pipeline for WGS 
analysis of RSV sequences generated by HTS on Illumina or Nanopore 
platforms. Designed primarily for microbiologists and clinicians, RSV- 
GenoScan automates the steps required for WGS analysis directly from 
the raw sequence data. The pipeline first filters the sequence data, then 
maps the reads to the RSV reference genomes and outputs genome 
coverage and depth statistics. It then generates the fasta consensus 
sequence and identifies the RSV subgroup using a phylogenetic 
approach. The pipeline also provides a complete list of mutations on the 
F and G glycoproteins – including those already known to confer resis
tance to monoclonal antibodies. We demonstrate the performances and 
usefulness of this software using two RSV sequence datasets generated 
with Illumina or Nanopore platforms. 

2. Methods 

RSV-GenoScan is a pipeline for WGS analysis of RSV from raw 

sequences obtained from Illumina or Nanopore platforms (Fig. 1). RSV- 
GenoScan requires third-party software (Supplementary Table S1), but 
can be easily installed using a script provided by us. Once installed, RSV- 
GenoScan prompts for the fastq files (either single-end or paired-end 
reads) to be deposited in a specified folder. The algorithm then aligns 
the reads to two RSV reference genomes (GenBank accession: 
NC_001803.1, group A; AY353550.1, group B) using the bwa mem al
gorithm (default parameters) for Illumina data (Li and Durbin, 2009) or 
Minimap2 (option: -ax map-ont) for Nanopore data (Li, 2018). Aligned 
reads are then sorted and indexed using SAMtools (Danecek et al., 
2021), then a pileup file containing information on matches, mis
matches and indels is generated using the mpileup function of SAMtools 
(parameters: -a -B). The pileup is then used as input to Python scripts to 
perform a variety of analyses. The first step is to identify the RSV group 
for each sample by calculating which of the two genomes (RSV group A 
or B) is best covered. The whole-genome sequence in fasta is then 
generated if at least 70% of the genome is covered with at least 10 reads. 
All coverage and depth statistics (especially for F and G glycoproteins) 
are summarised in a table and in a graph showing the number of reads 
along the genome (Fig. 1). As F and G proteins are important therapeutic 
targets, their consensus sequences are also generated in separate files, 
even if the whole-genome does not meet the coverage and depth re
quirements. The genome sequences are then compared with previously 
published sequences belonging to different RSV subgroups to determine 
the most likely subgroup (Fig. 1 and Supplementary Table S2) according 
to a phylogenetic approach using IQ-TREE (Nguyen et al., 2015). We 
used the nomenclature proposed by Goya and collaborators (Goya et al., 
2020), which to our knowledge is the most accurate RSV classification. 
Of note, this database can be enriched with additional sequences by the 
user before the analysis. Finally, the pipeline reports all mutations 
detected in F and G glycoproteins (Fig. 1). Mutations known to confer 
reduced susceptibility to a monoclonal antibody are indicated (note that 

Fig. 1. – RSV-GenoScan workflow.  
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this list will be updated periodically) (Zhu et al., 2018; Wilkins et al., 
2023). All files generated during the WGS analysis are stored in different 
directories according to the different steps of the analysis. A video 
tutorial was made to easily install and use RSV-GenoScan: https://y 
outu.be/8LQlHOGjkfI. 

RSV-GenoScan was developed under Linux Ubuntu 20.04 system and 
Python v.3.4.3 and can be run on any computer with a Linux system. In 
this study, a machine consisting of 32 Go random access memory (RAM) 
and an Intel Core I7–6820HQ was used. The RSV-GenoScan software 
and instructions for its use can be found at https://github.com/Alexandr 
eD-bio/RSV-GenoScan. To demonstrate the usefulness of RSV- 
GenoScan, the software was tested with two different datasets, with 
RSV sequencing performed using either Illumina or Oxford Nanopore 
technology (list of accession numbers for fastq files in Supplementary 
Table S3). 

3. Results 

RSV-GenoScan was initially tested on RSVs detected in 14 naso
pharyngeal swabs from immunocompromised patients diagnosed at the 
Foch Hospital (Suresnes, France) between January 1 and March 31, 
2021. The viral genome sequences were generated using a hybrid 
capture-based approach and a Miseq system (Illumina, Inc.) in a paired- 
end run (2 ×150 bp). The full procedure is described elsewhere (Coppée 
et al., 2022). Raw fastq reads were submitted directly to the pipeline 
without further bioinformatic processing. The analysis was completed in 
18 minutes on 8-core CPUs. The whole-genome sequence was generated 
for all samples, with a genome coverage at 10× ranging from 99.48% to 
99.89% and a median coverage depth between 545 and 7054× (Sup
plementary Table S3). Ten samples belonged to group A and were 
classified as subgroup GA2.3.5, and four samples belonged to group B 
and were classified as subgroup GB5.0.5a. The sequences of the F and G 
glycoproteins were fully interpretable for all samples. From eight to nine 
mutations were found in the F glycoprotein, including the A103V, 
L172Q and S173L mutations, which were present in all group B samples 
but are not predicted to confer resistance to either palivizumab or 
nirsevimab. 

We then applied RSV-GenoScan to HTS reads obtained from 46 
clinical specimens (40 nasopharyngeal swabs and 6 bronchoalveolar 
lavages collected during the 2022–2023 and 2023–2024 winter seasons) 
that were positive for RSV using the FilmArray RP2.1plus assay (Bio
Merieux). All specimens were obtained from patients hospitalized at the 
Bichat Claude-Bernard University Hospital (Paris, France). DNA 
extraction, library preparation and quality control are described in 
Supplementary Method S1. Viral genome sequences were generated on a 
GridION system (Nanopore Oxford Technology) using a Flowcell R9.4.1 
(for the samples collected in the 2022–2023 winter season; n = 25) or 
R10.4.1 (for the samples collected in the 2023–2024 winter season; n =
21). A negative control (water only) was also included as a negative 
control. After sequencing, the raw fastq reads were submitted to the 
pipeline without any treatment. The analysis was completed in 
37 minutes on 8-core CPUs. The whole-genome sequence of RSV was 
generated for 42/46 samples, with a genome coverage at 10× ranging 
from 35.90% to 100% and a median coverage depth between 7 and 
3886× (Supplementary Table S3). The negative control had only 54 
reads mapping to the RSV genome and was logically uninterpretable. 
Out of the 42 samples, 10 samples belonged to group A and were clas
sified as subgroup GA2.3.5. The 32 remaining samples belonged to 
group B and were classified as subgroup GB5.0.5a. For the samples 
collected during the 2022–2023 winter season, the F glycoprotein 
sequence was complete in 24/25 samples and contained between 8 and 
15 mutations compared to the reference sequence. All the samples had 
the mutations A103V+L172Q+S173L. Three of these samples had the 
additional mutation I206M, while 21 of them had the additional mu
tations I206M+Q209R. Regarding the samples from the 2023–2024 
winter season, all group B samples carried the A103V+L172Q+S173L 

mutations. They also harboured the I206M+Q209R mutations, except 
one that had only the I206M mutation. As these mutations are not 
associated with resistance, all samples were predicted to be sensitive to 
nirsevimab and palivizumab. 

Overall, using reads obtained either with the Illumina or Oxford 
Nanopore Technology platforms, our pipeline was able i) to identify the 
RSV group and subgroup; ii) to generate the consensus sequence for the 
whole-genome and for the F and G glycoproteins; iii) to list all mutations 
within the F and G glycoproteins; and iv) to predict the sensitivity to 
drugs within a few minutes. 

4. Discussion 

HTS has transformed several fields, including virology. The devel
opment of rapid microbial genome sequencing, coupled with a steady 
decline in sequencing prices, has led to its implementation in many 
microbiology laboratories and it may become the gold standard in a few 
years (Houldcroft et al., 2017). However, several drawbacks limit the 
use of WGS as a routine laboratory technique. Despite the increasing 
availability of sequencing data, its processing and interpretation re
quires scientists trained in bioinformatics. To overcome this bottleneck, 
easy-to-use software and pipelines are being developed to facilitate 
genomic analyses by individuals without bioinformatics training. 

Here, we have developed RSV-GenoScan, an open-source bioinfor
matics pipeline for direct analysis of RSV raw reads obtained with the 
Illumina or Nanopore HTS platforms. The software generates whole- 
genome RSV sequences, summarises coverage and depth statistics, 
identifies subgroups, and lists all mutations present in the F and G gly
coproteins. All result files are generated in a tabular format that can be 
easily viewed and manipulated in any spreadsheet software. The tool 
can be run using simple commands and could be a method of choice for 
researchers without a strong bioinformatics background. The data ob
tained can be used to guide public health decisions by monitoring the 
evolution of RSV genomes in a population and tracking the potential 
emergence of mutations at positions associated with reduced suscepti
bility to existing monoclonal antibodies or at amino acids located in the 
epitopes of the F or G proteins targeted by vaccines. Furthermore, an
tivirals targeting other viral proteins (nucleoprotein, polymerase) are 
being developed. Mutations conferring reduced susceptibility to these 
inhibitors could also emerge and, if they are detected in a patient, this 
could lead to a change in therapy. 

We aim to regularly update this software with user feedback and/or 
new subgroups and resistance mutations identified after the release of 
this tool. 
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