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ABSTRACT
Background: Whole-genome sequencing (WGS) provides critical insights into the respiratory syncytial virus (RSV) transmis-
sion and any emerging mutations that could impair the efficacy of monoclonal antibodies or vaccines that have been recently 
licenced for clinical use worldwide. However, the ability to sequence RSV genomes at large scale is limited by expensive and 
time-consuming sequencing methods. Oxford Nanopore Technology (ONT) offers significant improvements in next generation 
sequencing (NGS) both in turnaround time and cost, compared with other platforms for viral WGS.
Methods: We have developed and modified an RSV long amplicon-based WGS protocol for the ONT platform using a one-step 
multiplex RT-PCR assay and the rapid barcoding kit. One hundred thirty-five RSV positive Australian clinical specimens (91 
RSV-A and 44 RSV-B) sampled in 2023 with cycle threshold (Ct) values between 14 to 35 were tested in this study. This ONT 
workflow was compared with other recent RSV WGS amplification assays based on short amplicons.
Results: A PCR amplicon clean-up step prior to library preparation significantly improved WGS result for samples with poor 
amplicon generation, but it is not necessary or beneficial for ones that generated high concentrations of amplicons. Overall, a 
success rate of 85.9% was achieved for WGS. This method performed as well as the more complex short amplicon methods in 
terms of genome coverage and sequencing depth.
Conclusions: The workflow described here was highly successful in generating RSV WGS on ONT platform and had improved 
turnaround times and excellent results with RSV clinical samples with Ct values up to 30.

1   |   Introduction

Human respiratory syncytial virus (RSV) is a respiratory patho-
gen that can have a severe impact on human health, especially in 
infants, young children, older adults and immunocompromised 
individuals [1, 2]. RSV is a single-stranded negative-sense RNA 

virus with a genome of 15.2 kb in length that can be transcribed 
into at least 11 proteins.

Recently, a long-acting monoclonal antibody (Mab) (nirsevimab) 
and three RSV vaccines have been introduced into the market 
to reduce the burden of RSV in newborns and in people aged 
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60 years and over [3–8]. All of these RSV preventatives target the 
RSV pre-fusion (F) protein, a key surface protein that is responsi-
ble for fusing the virus and cell membranes and allowing release 
of the viral genome into the cytoplasm and subsequent virus 
replication [9]. Two of these vaccines are based on recombinant 
pre-F proteins [one for the pregnant women and persons over 
60 years of age (Abrysvo) and another for those over 60 years of 
age (Arexvy)] and one based on mRNA which encodes the pre-F 
protein (for persons over 60 years of age (mRESVIA)). In addi-
tion, other Mabs and vaccines to combat RSV that also target the 
F protein or other viral proteins such as L or NS1 protein are in 
various stages of clinical development as well as live attenuated 
RSV vaccines [5]. Therefore, ongoing surveillance of circulating 
RSV strains by sequencing of the entire viral genome is needed 
to monitor viral evolution and the rise and spread of mutations 
that might generate resistance to these newly introduced pre-
ventatives, that could reduce their effectiveness against circu-
lating RSV. The loss in effectiveness of several Mabs Antibodies 
against viral infections due to viral evolution was exemplified 
during the recent SARS-CoV-2 pandemic [10] as well as an RSV 
Mab which failed due to a 2–amino acid substitution in the 
RSV-B in the suptavumab epitope that led to loss of neutralisa-
tion activity [11].

Next generation sequencing (NGS) has become an invaluable 
tool in genomic surveillance of infectious diseases. It has greatly 
facilitated the monitoring of SARS-CoV-2 evolution, especially 
the appearance of concerning variants with enhanced infectiv-
ity and transmissibility during COVID-19 pandemic period [12]. 
However, obtaining full genome coverage with NGS can be chal-
lenging as it requires an even coverage with high sequencing 
depth to accurately detect important mutations and polymor-
phisms. Amplicon-based NGS assays have been widely used for 
viral whole-genome sequencing as they are generally sensitive, 
cost- and time-effective methods. With the SARS-CoV-2 pan-
demic, primers designed with the Primal Scheme pipeline that 
generated tiled PCR fragments fully covering viral genome [13], 
known as the real-time molecular epidemiology for outbreak 
response (ARTIC) protocol, were popularised for sequencing 
either on the Illumina or Oxford Nanopore Technologies (ONT) 
platform [13–15]. This protocol was developed by the ARTIC 
network based on an earlier strategy for sequencing single-
stranded RNA viruses from high cycle threshold (Ct) clinical 
samples and involved the use of nearly 100 primer pairs to cover 
the ~30 kb genome of SARS-CoV-2 [16]. When comparing se-
quencing platform, ONT sequencing has the advantages of real-
time read-out of sequencing, long read length, portability, short 
turnaround time and low cost compared with the Illumina plat-
form, making it highly suited to rapid viral pathogen detection 
and whole-genome sequencing (WGS), as was seen in outbreak 
investigations of SARS-CoV-2 [17].

For RSV, sequencing full-length genome rather than partial 
genome covering the G and/or F genes provides more informa-
tion and is therefore a more powerful tool for studying virus 
evolution and identifying mutations associated with current 
and future interventions [18–20]. We previously established a 
long amplicon method for RSV based on one-step multiplex RT-
PCR (mRT-PCR) followed by NGS on either Illumina or ONT 
platform for RSV WGS [21] using only two PCR reactions per 
sample. Here, we describe an improved method using the ONT 

NGS workflow and the ONT rapid barcoding kit (RBK), which 
enabled easier library preparation with PCR amplicons result-
ing in a simple, rapid and cost-effective method for RSV whole-
genome sequencing (WGS). This method was compared with 
other ‘ARTIC-like’ methods that have been developed recently, 
in terms of the NGS coverage.

2   |   Methods and Materials

2.1   |   Clinical Specimens

De-identified RSV positive respiratory samples were used in 
this study. Sample types including nasal swabs, nasopharyn-
geal swabs, nasal washes or nasopharyngeal aspirates were col-
lected between September and November 2023 from Australian 
patients aged from 0 to 84. Samples were shipped to the WHO 
Collaborating Centre for Reference and Research on Influenza, 
Melbourne (WHOCCRRI) and stored at −80°C until analysis.

2.2   |   RNA Extraction and Real-Time RT-PCR Assay 
for Characterizing RSV Subgroups and Viral Loads

QIAamp 96 Virus QIAcube HT (QIAGEN) reagents were used 
to extract viral RNA from 200 μL of clinical sample according 
to manufacturer's instruction. RSV subgroups (RSV A or B or 
mixed) and viral loads were determined with the CDC respira-
tory syncytial virus real-time RT-PCR panel (RSV_RUO-01) as 
described previously [21, 22]. The resulting cycle threshold (Ct) 
values for evaluating viral load in samples were rounded to the 
nearest whole number in this study.

2.3   |   RSV Amplicon Generation by One-Step 
mRT-PCR for RSV WGS

SuperScript IV one-step RT-PCR system with ezDNase 
(Invitrogen) was used for the long PCR amplicon protocol. 
Primers and RT-PCR conditions were modified to accommodate 
some changes in the more recent RSV sequences (Table S1) [21]. 
Briefly, DNase treatment of extracted RNA was performed ac-
cording to the manufacturer's instructions for human genomic 
DNA removal. The reactions were set up according to Table S2. 
Thermocycling conditions were 10 (minutes) min at 50°C for 
reverse transcription, 2 min at 98°C for reverse transcriptase 
enzyme inactivation followed by 40 cycles of 98°C for 10 s, 55°C 
for 30 s and 72°C for 3 min, and final extension step at 72°C for 
5 min. mRT-PCR products were quantified with QuantiFluor 
dsDNA System reagents (Promega) according to the manufac-
turer's instructions and read on a FLUOstar Omega Microplate 
Reader (BMG Labtech). mRT-PCR products from representative 
samples were visualised on TapeStation using D5000 Tapes. An 
equimolar mixture of RT-PCR products from the two reaction 
tubes per sample were normalised and used for downstream 
ONT NGS library preparation and sequencing.

Two ARTIC-like short amplicon WGS methods were also com-
pared with the long amplicon method in this study. The first 
protocol was developed by Maloney et  al. and modified by us 
with Invitrogen SuperScript IV One-Step RT-PCR System and 
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similar thermocycling conditions as described above for the long 
PCR amplicon assay for amplicon generation except with 72°C 
for 30 s instead of 3 min [23]. A second ARTIC-like protocol de-
veloped by Talts et al. was carried out according to their pub-
lished method [24]. The same published primers were used in 
this study for evaluating both ARTIC-like short amplicon WGS 
assays.

2.4   |   ONT Library Preparation and Sequencing on 
an ONT Platform

ONT NGS libraries were prepared with ONT Rapid Barcoding 
Kit (Oxford Nanopore Technologies, SQK-RBK114.96) or 
Rapid PCR Barcoding Kit (Oxford Nanopore Technologies, 
SQK-RPB114.24) according to the manufacturer's instructions. 
Briefly, NGS libraries were prepared with Rapid Barcoding Kit 
by using 50 ng of normalised amplicons supplemented with 
water to 10 μL or Rapid PCR Barcoding Kit by using 2 ng of nor-
malised amplicons supplemented with water to 3 μL as input. 
PCR product clean-up was performed with AMPure XP Beads 
(Beckman Coulter) supplied in the kits or similar DNA binding 
beads with 1:1 of beads-to-sample ratio. PCR product clean-up 
and enrichment was carried out the same as above steps but 
with all normalised PCR products used for purification and 
eluted in 10 μL EB buffer from ONT RBK kit.

2.5   |   Data Analysis

Consensus sequences submitted to GISAID (https://​gisaid.​
org/​) were generated using an in-house bioinformatic pipeline 
modified based on IRMA pipeline [21, 25]. Version 1.5.1 ARTIC 
pipeline (https://​github.​com/​artic​-​netwo​rk/​field​bioin​forma​tics) 
was used to better trim off PCR primers and evaluate coverage 
breadth and depth for all three assays tested in this study. For 
coverage breadth evaluation, genome coverage depth was set at 
a minimum read depth of 40×. Phylogenetic analysis was per-
formed as previously described [21].

3   |   Results

3.1   |   The Performance of ONT Rapid Barcoding 
Method for RSV WGS

A total of 91 RSV-A and 44 RSV-B, with Ct values ranging from 
14 to 35, were tested (Figure S1A). All six amplicons with simi-
lar yields were generated from representative RSV-A and RSV-B 
samples as visualised by TapeStation analysis (Figure S1B).

Samples were divided into two groups based on the quantity of 
amplicons generated: 115 samples with sufficient long ampli-
cons (≥ 50 ng of normalised amplicons in 10 μL) were chosen for 
a standard library preparation with the ONT Rapid barcoding 
kit (RBK), and 20 samples that had insufficient amplicons (with 
less than 50 ng of normalised amplicons in 10 μL) were selected 
for the low input protocol (Figure 1A).

From the 115 samples with sufficient amplicons, RSV WGS 
were obtained from 89 samples with Ct values up to 28 (77.4%), 

while incomplete RSV genome sequences but with full-length 
G and F genes (GF) were obtained from a further four viruses, 
four samples had partial RSV genome with complete G gene (G) 
(Figure 1B). As shown in Figure 1C, both representative RSV-A 
and RSV-B samples had complete coverage and a minimum 
depth above 40 reads throughout the whole genome.

Next, we tested if PCR amplicon clean up prior to library prepa-
ration could further improve WGS results as this step is recom-
mended in the Rapid Barcoding kit manual from ONT for the 
removal of PCR artifacts. Twenty-six samples that failed to gen-
erate full length sequences were chosen for PCR amplicon clean 
up. Most of them had low concentrations of amplicons. After 
PCR clean up, 13 out of 26 samples generated complete genomes 
(Figure 1D). Furthermore, we did a side-by-side comparison on 
five samples, with the same PCR products divided equally into 
two parts, one for direct library preparation and one for ampli-
con purification followed by library preparation. The resulting 
libraries were loaded on the same flow cell ONT run for NGS 
data output comparison. More RSV specific NGS reads (about 
13-fold increase) was observed from libraries made from puri-
fied amplicons compared with non-purified amplicons for both 
RSV-A and RSV-B samples for these five samples (Figure 1E–G). 
However, the same amplicon purification step was also tested 
on 30 samples with high concentration of amplicons (> 20 ng/
μL normalised amplicons), and results showed no improvement 
(Figure 1H).

3.2   |   Comparison of Sequencing Samples With 
Insufficient Amplicons for ONT NGS Library 
Preparation by Using Rapid Barcoding (RBK) 
and Rapid PCR Barcoding (RPB) Kits

To further increase the sensitivity of ONT sequencing, we inves-
tigated two protocols for samples with very low quantity of PCR 
products produced (normalised amplicons < 5 ng/μL): one was 
to add a purification and concentration step with DNA binding 
beads before RBK library preparation; the other was to use the 
rapid PCR barcoding (RPB) kit that included 20 PCR cycles to 
amplify the library before loading it to flow cells. Twenty sam-
ples with insufficient amplicons (normalised amplicons < 5 ng/
μL) were used for this comparison. Better coverage and depth 
were achieved using the ONT RBK kit with a simple concentrat-
ing step compared with RPB kit (Figures S2A,B, Table S3).

3.3   |   Comparison With ARTIC-Like Methods 
for RSV WGS

Our method was compared with two short PCR amplicon 
ARTIC-like based NGS: one with an average amplicon size of 
400 bp by Maloney et  al. (hereinafter referred to as Maloney's 
method) [23] and the other one with amplicons ranging from 
630 to 1000 bp by Talts et al. (hereinafter referred to as Talts' 
method) [24]. Ten RSV-A samples with Ct's between 22 and 33 
and 10 RSV-B samples with Ct values from 21 to 30 were chosen 
for this comparison. As shown in Figure 2, good and even cover-
age depth was achieved by Talts' method for both representative 
RSV-A and RSV-B samples, which was comparable to that ob-
tained from our assay. However, the coverage depth of Maloney's 

https://gisaid.org/
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FIGURE 1    |    The performance of ONT rapid barcoding method mediated NGS with library preparation from samples with sufficient amplicons. 
(A) Histograms of the Ct value distribution for clinical samples having sufficient (dark green) and insufficient (dark red) amplicons generated for 
ONT libraries. (B) Histograms of the Ct value distribution for clinical samples within sufficient amplicons group with RSV full-length genome 
(blue), G plus F genes (brown), only G gene (dark red) and missing G and F gene sequenced (also called ‘other’), respectively. (C) Coverage depth of 
sequenced representative RSV-A (red) and RSV-B (blue) in genomic position covered by six overlapping amplicons. (D) Histograms of the Ct value 
distribution for clinical samples within sufficient amplicons group having RSV whole genome (blue), G plus F genes (brown), only G gene (dark red) 
and missing G and F gene sequenced (also called ‘other’ in dark green), whole genome rescued by DNA purification (purple), respectively. Coverage 
depth of sequenced representative RSV-A (E) and RSV-B (F) in genomic position with (blue) and without (red) PCR amplicon clean-up. Bar plots 
showing the fold change of NGS reads mapped to RSV reference genomes from sequenced samples of low (G) and high (H) concentration of ampli-
cons generated without and with PCR amplicon purification. NGS reads of libraries from washed PCR amplicons were normalised and expressed as 
fold changes to ones from unwashed PCR amplicons that were set to 1. Data are expressed as mean ± SD. t-test analysis was performed for statistical 
significance. P values less than 0.05 were considered as statistically significant and labelled as * in the figures.
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method was very patchy and with many gaps across the RSV ge-
nome for both RSV-A and RSV-B samples. In line with our result, 
one recent study indicated modifications to Maloney's original 
primer design were needed to accommodate more recent RSV 
strains [26]. Overall, the long amplicon method and the Talts 
protocols successfully generated 10/20 (50%) and 9/20 (45%) 
WGS from the clinical samples respectively while the Maloney 
protocol generated 0/20 WGS (Table 1). Moreover, the length of 
all RSV-A genomes sequenced with both short amplicon-based 
PCR assays were slightly shorter than those generated with our 
assay (Figure 2A). All 10 tested RSV-A samples had only partial 
RSV genomes sequenced with both short amplicon generation 
assays, due to the first 3′ end forward primers being located in 
RSV-A NS1 open reading frame (ORF) for both short amplicon 
assays leading to the loss of 12 nucleotides from the RSV full-
length genome. In addition, the Talts' method was 100 nucleo-
tides short as the final 5′ end reverse primer was located within 
the RSV-A L gene body. PCR amplicon clean-up was performed 
for samples which failed to generate full length sequences but 
did not improve RSV genome coverage showed in Table 1.

The Talts' method was however more sensitive than our assay 
for four RSV-B samples (90008172, 90008161, 90008207 and 
90007819) and two RSV-A samples (90008229 and 90008224) 
in terms of RSV genome coverage (Table  1). DNase treat-
ment of RNA samples was not performed for both Talts' and 
Maloney's methods, but they produced very low human genome 

background if any, (except for samples of high Ct values such as 
samples 90008144 with Ct at 29, 90008203 with Ct at 33, and 
90008224 with Ct at 30), suggesting DNase treatment of RNA 
prior to the generation of short amplicons is generally not re-
quired unlike the long amplification method that is generally 
improved by DNase treatment.

3.4   |   Phylogenetic and F Gene Analysis 
of Australian RSV A and B Viruses

All WGS obtained in this study were analysed phylogenetically 
and showed that the RSV-A genomes clustered into three main 
clades including A.D.1, A.D.3 and A.D.5 (Figure  3A) while 
the RSV-B genomes clustered into two main clades including 
B.D.E.1 and B.D.E.4 (Figure 3B).

Amino acids encoded by the RSV genomes obtained in this 
study were examined for mutations in the binding sites of the 
licensed monoclonal antibodies palivizumab or nirsevimab. No 
mutations were found in the palivizumab-binding site between 
256 and 276 amino acids of F protein for both RSV-A and RSV-B 
sequences  [27]. In the case of nirsevimab, 19 out of 38 RSV-B 
sequences had S211N substitution in F protein, which has been 
reported previously but does not cause increased resistance to 
nirsevimab based on neutralisation tests [28].

4   |   Discussion

In this study, we improved our previously published one-step 
multiplex RT-PCR and ONT workflow using a much simpler and 
quicker solution for library preparation. With this workflow, a 
total of 116 RSV WGS were successfully generated from 135 RSV 
positive clinical samples (85.9%) when setting a minimum read 
depth of 40x. The portable MinION sequencer provides field se-
quencing and is already commonly used in sequencing facilities 
for performing viral whole-genome sequencing, especially for 
SARS CoV-2. Two library preparation methods are commonly 
used for amplicon based NGS with the ONT platform. One is 
ligation-based that was used in the ARTIC protocols and our 
previous paper, and another that is based on fragmentation was 
used in this current study and produced as equally good results 
but was much quicker and simpler.

Several limitations of previously developed multiplex RT-PCR 
amplification and NGS assays for RSV WGS have been addressed 
with this updated method. A significant increase in the sensitiv-
ity achieved on samples with low RSV viral load, in addition the 
library preparation time has been reduced along with the cost. 
Modifications made to our previous method [21] included using 
the ONT rapid barcoding kit that replaced both the Illumina 
DNA preparation kit and the ONT ligation sequencing kit. For 
samples with lower quantity of PCR amplicons, an extra PCR 
amplicon clean-up step prior to ONT RBK library preparation 
significantly improved generation of WGS. This modification 
worked better than ONT RPB kit for low amplicon input samples 
in this study with more even coverage depth, probably due to the 
extra PCR step involved in ONT RPB method [29]. However, this 
PCR amplicon clean-up step is not beneficial for samples that 
generate higher concentrations of amplicons.

FIGURE 2    |    RSV NGS achieved by one long and two short amplicon-
based RSV WGS assays. Coverage depth of sequenced representative 
RSV-A (A) and RSV-B (B) in genomic position with long amplicon-
based (red), Maloney's short amplicon-based (green) and Talts' short 
amplicon-based (blue) assays.
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The current workflow was also compared with two short 
amplicon-based RT-PCR (ARTIC-like) assays for RSV WGS. All 
RSV-A genomes produced by both short PCR amplicons-based 
methods had slightly abridged WGS with a 12-nucleotide gap at 
start of the NS1 gene due to the primer design. While this small 
region is not an important site in the RSV genome, it would be 
preferable for their primers to be modified to fully cover the ge-
nome of RSV in the future. The Talts' method also generated 
WGS that lacked the final 100 nucleotides at the final 5′ end of 
the genome, which is within the RSV-A L gene body.

Long amplicon and short amplicon based sequencing methods 
have their own pros and cons. Long amplicon-based multiplex as-
says only require a small number of primers in each reaction and 
minimise the chance of introducing too many PCR products am-
plified differentially in the same tube [30]. Independent studies 
on SARS-CoV-2 WGS demonstrated that long amplicons-based 
sequencing not only reduced the possibility of amplicon drop-
out and coverage bias, but also improved overall quality of the 
consensus sequences [31, 32]. In addition, as the mutation rate is 
normally high in RNA virus, the larger number of primers used 
in the amplicon generation method for WGS the higher chances 
of primer mismatch or drop-out it will have. This can contribute 

to uneven coverage of the WGS and may even cause the loss of 
a whole region of the genome. Significant loss of SARS-CoV-2 
genome coverage was reported due to constant viral evolution 
and especially short amplicon-assays designed with Primal 
Scheme [31, 33]. Therefore, continuous implementation of new 
primer sets has been used for SARS-CoV-2 surveillance work 
to restore WGS capability over the entire COVID-19 pandemic 
period [33, 34]. Moreover, it has been widely reported that multi-
plex RT-PCR assays were likely to generate uneven amplification 
across the genome and optimisation of the primer concentration 
was considered as a useful strategy to increase the PCR effi-
ciency in poorly covered regions [35]. With a smaller number of 
primers used for amplifying RSV whole genomes, it is easier for 
long amplicon-based assays than short amplicon-based ones to 
update the primers when it is needed to cover new variants for 
each epidemiological season and optimise RT-PCR reaction to 
have amplicons generated at similar efficiency [33, 34, 36].

On the other hand, one of the major drawbacks of the long 
amplicon-based assays is its lower sensitivity for degraded 
or low viral load clinical samples in which case human ge-
nome normally represent a higher percentage of the sequence 
data. Compared with long amplicon-based assays, short 

TABLE 1    |    Comparison of long and short amplicon based NGS assays.

Sample ID Subtype
RSV 

Ct

Coverage 
of long PCR 

amplicon WGS
Coverage of 
Talts' WGS

Human 
reads for 

Talts' WGS

Coverage of 
Maloney's 

WGS

Human reads 
for Maloney's 

WGS

90008203 A 33 Other Other 22% Other 5%

90008224 A 30 G GF 24% Other 17%

90008235 A 31 G F 2% Other 0.9%

90008229 A 32 G GF 11% Other 11%

90008197 A 28 G F 0.8% Other 0.2%

90008179 A 26 Full-length GF 9% G 3%

90008173 A 22 Full-length GF 6% G 4%

90008215 A 24 Full-length GF 5% G 0.5%

90008234 A 23 Full-length GF 1% G 0.1%

90008191 A 27 Full-length GF 0.9% G 0.06%

90008144 B 29 Other Other 38% Other 24%

90008172 B 29 G Full-length 2% Other 2%

90007815 B 24 Full-length Full-length 0.5% Other 0.3%

90008161 B 28 GF Full-length 8% Other 8%

90008183 B 23 Full-length Full-length 0.7% Other 0.6%

90008207 B 21 G Full-length 2% Other 0.7%

90008205 B 25 Full-length Full-length 3% Other 2%

90007819 B 30 Other Full-length 2% Other 1%

90007808 B 22 Full-length Full-length 0.3% Other 0.2%

90007817 B 27 Full-length Full-length 0.3% Other 0.09%

Note: NGS results were characterised into five groups including full-length (successful RSV WGS obtained), G (full G sequence only), F (full F sequence only), GF (full 
F and G sequence obtained) and other (no full G and F sequences obtained). Percentage of human reads was estimated with Kraken 2.
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amplicon-based assays are less affected by RNA degradation 
and more efficient in generating viral PCR fragments rather 
than non-specific human fragments as they have shorter lengths 
of amplicons generated. There is clearly a trade-off between 
the genome coverage and sensitivity when choosing between 
short and long amplicon-based assays. Therefore, it has been 
suggested that long amplicon-based assay could be used as the 
first round of viral genome amplification and any failed samples 
could then be amplified with a short amplicon-based assay [30].

From the publicly available RSV full genomes, most have been 
sequenced with amplicon-based approaches with all 10 genes 
completely obtained but many are lacking a small part of the 
155-nt extragenic trailer region at 5′ end of the RSV genome. In 
addition, most of the RSV-A genomes deposited in NCBI and 
GISAID databases lacked a large portion of 44-nt extragenic 
leader region at the 3′ end of the genome [37]. Both leader and 
trailer regions are untranslated, but they were found to be as-
sociated with viral replication [38]. Notably, these regions are 
important for designing primers for amplicon-based RSV WGS 
and using reference sequences missing these nucleotides may 

account for the failure of both tested short amplicon-based RSV 
WGS to generate the full NS1 gene of RSV-A samples.

Mutations were observed in the binding sites of palivizumab and 
nirsevimab in RSV-A and RSV-B we sequenced here, but none 
of them were associated with increased resistance. Samples were 
collected in Australia in late 2023 when palivizumab was recom-
mended in the Australian Immunisation Handbook, but uptake 
was not audited and was likely limited, and before the introduc-
tion of nirsevimab. An RSV-A mutation N276S, adjacent to the 
palivizumab binding site, was observed in 31 out of 84 the se-
quences studied. This mutation has been extensively reported and 
characterised [27]. It did not change the neutralisation potency of 
palivizumab, but that this mutation was associated with selective 
pressure of palivizumab and promoted selection of a secondary 
mutation K272E that become complete resistance to palivizumab 
[39]. A recent study looking for nirsevimab escape variants in in-
fants in France during 2023–2024 season highlighted the impor-
tance of RSV genomic surveillance. In two infants who received 
one dose of nirsevimab before their RSV infection, WGS revealed 
two different mutations in the RSV-B F gene (F: N208D or F: 

FIGURE 3    |    Phylogenetic analysis of full-length of RSV-A and RSV-B. (A) Phylogenetic analysis of full-length of RSV-A generated using the ONT 
workflow described in this method. RSV-A full-length genome sequences generated using this method were analyzed phylogenetically and showed 
that the RSV-A genomes clustered into 3 main clades. (B) Phylogenetic analysis of full-length of RSV-B generated using the ONT workflow described 
in this method. RSV-B full-length genome sequences generated using this method were analysed phylogenetically and showed that the RSV-B ge-
nomes clustered into two main clades.
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I64M + K65R combination), resulting in high levels of nirsevimab 
resistance in a fusion-inhibition assay [40]. The ONT NGS work-
flow described here is a powerful tool that can be used for screen-
ing of both vaccine and monoclonal breakthrough cases and for 
general RSV surveillance and evolution studies.

Overall, a rapid and sensitive ONT NGS workflow was estab-
lished for RSV whole-genome sequencing of clinical respiratory 
samples based on a long PCR amplicon assay (Figure 4). It can 
also be easily adapted beyond RSV genomic sequencing to in-
clude other viruses and pathogens present in clinical respiratory 
samples such as influenza.
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