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 28 

ABSTRACT  29 

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infections in 30 

children worldwide, while human noroviruses (HuNoV) are a leading cause of epidemic and 31 

sporadic acute gastroenteritis. Generating full-length genome sequences for these viruses is 32 

crucial for understanding viral diversity and tracking emerging variants. However, obtaining 33 

high-quality sequencing data is often challenging due to viral strain variability, quality, and low 34 

titers. Here, we present a set of comprehensive oligonucleotide probe sets designed from 1,570 35 

RSV and 1,376 HuNoV isolate sequences in GenBank. Using these probe sets and a capture 36 

enrichment sequencing workflow, 85 RSV positive nasal swab samples and 55 (49 stool and six 37 

human intestinal enteroids) HuNoV positive samples encompassing major subtypes and 38 

genotypes were characterized. The Ct values of these samples ranged from 17.0-29.9 for RSV, 39 

and from 20.2-34.8 for HuNoV, with some HuNoV having below the detection limit. The mean 40 

percentage of post-processing reads mapped to viral genomes was 85.1% for RSV and 40.8% for 41 

HuNoV post-capture, compared to 0.08% and 1.15% in pre-capture libraries, respectively. 42 

Full-length genomes were>99% complete in all RSV positive samples and >96% complete in 43 

47/55 HuNoV positive samples—a significant improvement over genome recovery from pre-44 
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capture libraries. RSV transcriptome (subgenomic mRNAs) sequences were also characterized 45 

from this data. Probe-based capture enrichment offers a comprehensive approach for RSV and 46 

HuNoV genome sequencing and monitoring emerging variants. 47 

 48 

IMPORTANCE 49 

Respiratory syncytial virus (RSV) and human noroviruses (HuNoV) are NIAID category C and 50 

category B priority pathogens, respectively, that inflict significant health consequences on 51 

children, adults, immunocompromised patients, and the elderly. Due to the high strain diversity 52 

of RSV and HuNoV genomes, obtaining complete genomes to monitor viral evolution and 53 

pathogenesis is challenging. In this paper, we present the design, optimization, and 54 

benchmarking of a comprehensive oligonucleotide target capture method for these pathogens. 55 

All 85 RSV samples and 49/55 HuNoV samples were patient-derived with six human intestinal 56 

enteroids. The methodology described here results has a higher success rate in obtaining full-57 

length RSV and HuNoV genomes, enhancing the efficiency of studying these viruses and 58 

mutations directly from patient-derived samples. 59 

  60 

KEYWORDS Respiratory syncytial virus (RSV), human norovirus (HuNoV), capture enrichment, 61 

genome sequencing. 62 

 63 

INTRODUCTION 64 

Respiratory syncytial virus (RSV) and human norovirus (HuNoV) are clinically significant 65 

pathogens due to the considerable burden of disease they impose globally(1, 2). RSV is the 66 
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leading cause of severe respiratory illness and mortality especially in infants and young 67 

children, and a major cause of illness in the elderly(3). HuNoV is the most common cause of 68 

acute gastroenteritis globally(4). While all viruses warrant attention in virology and public 69 

health, the high prevalence and broad impact of RSV and HuNoV infections underline their 70 

particular importance. 71 

RSV and HuNoV are RNA viruses, with distinctive genome structures and characteristics that 72 

define their respective families(5,6). RSV belongs to Pneumoviridae family and 73 

Orthopneumovirus genus and carries a single-stranded, negative-sense, non-segmented RNA 74 

genome. The RSV genome consists of approximately 15,200 bp containing 10 genes encoding 75 

11 proteins. Each gene encodes for a separate mRNA except M2, which contains two 76 

overlapping open reading frames (ORFs) (5). HuNoV is a positive-sense, single-stranded RNA 77 

virus that belongs to the Caliciviridae family. The genome is between 7,500 to 7,700 bp in 78 

length and is divided into three overlapping ORFs(7) ORF1 encodes a large polyprotein cleaved 79 

into six non-structural proteins, while ORF2 and ORF3 encode the major (VP1) and minor (VP2) 80 

capsid proteins respectively. The HuNoV genome is covalently linked at the 5' end to a small 81 

viral protein (VPg), which is instrumental for the initiation of protein synthesis(6, 8, 9), and is 82 

polyadenylated at the 3′-end. 83 

RSV and HuNoV are known for their substantial strain diversity(3, 9) and are divided into 84 

numerous genotypes, each bearing unique genetic sequences. RSV is divided into two major 85 

subtypes: RSV-A and RSV-B, based on major antigenic differences in the G glycoprotein and 86 

reactivity to monoclonal antibodies(10, 11). These groups are further classified into genotypes 87 

based on the nucleotide sequence of the second hypervariable region of the C-terminal end of 88 
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the G gene. The number of RSV genotypes keeps evolving, with 24 lineages within RSV-A and 16 89 

within RSV-B identified thus far(12, 13). However, there is no consensus on the classification for 90 

assigning genotypes or their nomenclature. The most recent genotypes circulating worldwide 91 

are RSV/A/Ontario (ON) and RSV/B/Buenos Aires (BA), with a unique 72 and 60 nucleotide 92 

duplication in the distal third of the G gene, respectively. Based on phylogenetic analysis of 93 

major capsid protein VP1 amino acid sequences, noroviruses are divided into ten genogroups 94 

(GI-GX), of which human infections are caused by viruses in GI, GII, GIV, GVIII, and GIX 95 

genogroups. Each genogroup is divided into genotypes and some genotypes are further divided 96 

into variants. The prototype HuNoV is the GI.1 Norwalk virus. GII.4 viruses are responsible for a 97 

majority of the HuNoV outbreaks worldwide(8, 13). Although other genotypes such as GII.17 98 

have emerged as the leading cause of gastroenteritis in some countries in some years(14). 99 

Therefore, obtaining full-length genomes to facilitate accurate characterization of RSV and 100 

HuNoV genotypes is important to monitor their epidemiology.  101 

There are several demonstrated approaches to obtain genomic sequences from viruses(15). 102 

RSV sequencing has been reported using NGS methods such as overlapping amplicon-based and 103 

targeted metagenomic sequencing(16-19). For HuNoV, amplicon-based sequencing(20), 104 

capture probe-based enrichment(21, 22), PolyA+ enrichment (23) and long read sequencing(24) 105 

have been described. Each of these methods has its caveats, and obtaining full-length genomes 106 

from these viruses has been challenging due to the sequence heterogeneity among different 107 

genotypes and low viral titers in some samples. Furthermore, the current commercial options 108 

such as the Twist Comprehensive Viral Research Panel, for capture-based enrichment are 109 

designed to enrich and detect a broad range of viruses rather than targeting RSV and HuNoV 110 
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viruses and all their known genotypes for complete genome sequencing(25). This study aims to 111 

provide comprehensive probe sets for these two important viral pathogens and a single 112 

workflow that can be used to recover full-length genomes and facilitate accurate genotyping of 113 

both viruses. Furthermore, the generated sequence data has been demonstrated for the first 114 

time to study the RSV genome ORF expression patterns. 115 

 116 

RESULTS 117 

We utilized capture probes and a streamlined target enrichment workflow for sequencing and 118 

analysis of RSV and HuNoV genomes (Fig.1). To demonstrate the utility of the capture 119 

enrichment methodology, sequencing data from pre-and post-capture libraries of both RSV and 120 

HuNoV were analyzed for efficiency of genome recovery and accuracy of genotyping. Samples 121 

used in this study were all RSV or HuNoV positive and their subtypes/genotypes were 122 

previously determined using qPCR assays as detailed in the methods. For RSV, 85 post-capture 123 

libraries and 24/85 pre-capture libraries belonging to RSV-A and RSV-B subtypes were 124 

sequenced (Table 1). For HuNoV, 55 post- and pre-capture libraries were sequenced. These 55 125 

HuNoV represent GI.1, GII.4, and other GII genotypes (GII.3, GII.6, and GII.17) (Table 1). 126 

 127 

Sequencing results and capture enrichment efficiency 128 

The sequences were trimmed to remove low-quality regions, and the resulting non-human 129 

reads were analyzed using the VirMAP pipeline (24). A summary of the mapping and assembly 130 

statistics can be found in Table 1 and Table S1. Overall, most post-processing reads in the post-131 
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capture libraries mapped to their respective target virus; this proportion was significantly lower 132 

in pre-capture libraries (Fig. 2).    133 

A total of 1.74 billion raw reads were generated from 85 RSV post-capture libraries with an 134 

average of 20.58 million (SD = 54 million) total raw, 300,000 (SD = 6,7000) host-mapped, and 14 135 

million (SD = 39.1 million) viral genome mapped reads. (Table 1). The mean percentage of post-136 

processing reads mapped to the RSV genome was 85.1%. This pattern was similar between RSV-137 

A and RSV-B subtypes (Fig. 2). To assess the enrichment efficiency of post-capture libraries 138 

compared to pre-capture libraries, a subset of 24 pre-capture libraries were randomly selected 139 

and sequenced they generated a total of 0.32 billion raw reads with an average of 13.3 million 140 

(SD= 5.4 million) total raw, 6.7 million (SD= 4.5 million) host-mapped, and 661 (SD= 1,3000) RSV 141 

mapped reads (Table 1). The mean percentage of post-processing reads mapped to the RSV 142 

genome in the pre-capture libraries was 0.08% (Fig. 2).  143 

The 55 HuNoV post-capture libraries generated a total of 1.31 billion raw reads with an average 144 

of 23.9 million (SD = 55.5 million) total raw, 81123 (SD = 304,000) host mapped, and 13.6 145 

million (SD = 44.1 million) HuNoV mapped reads (Table 1). To assess the capture efficiency 55 146 

pre-capture libraries were sequenced. They generated a total of 2.54 billion raw with an 147 

average of 46.2 million (SD= 57.8 million) total raw, 12.5 million (SD = 40.5 million) host 148 

mapped, and 128,000 (SD = 638,000) HuNoV mapped reads (Table 1). The mean percentage of 149 

post-processing reads mapped to HuNoV genomes was 40.8% in post-capture libraries and 150 

1.15% in the pre-capture libraries. The percentage of reads that mapped to the HuNoV 151 

genomes varied among the genotypes as shown in (Fig. 2). Detailed statistics for RSV and 152 

HuNoV genomes can be found in Table S1. 153 
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 154 

The comprehensiveness of genome recovery and genotyping 155 

To evaluate the capability of the capture methodology to assemble full-length genomes, the 156 

VirMAP pipeline was used to reconstruct RSV and HuNoV genomes. The VirMAP summary 157 

statistics are shown in Fig. 3 and Table 1. Genome recovery success using the capture probe 158 

sets was evaluated, by classifying the genome reconstruction as ‘complete’ (within expected 159 

length range, >90% completeness & >20x coverage), ‘complete with low coverage’ (within 160 

expected length range, >90% completeness & <20x coverage) or ‘incomplete’ (below expected 161 

length range, <90% completeness & <20x coverage).  162 

Complete genomes were successfully reconstructed for all 85 post-capture RSV libraries. In the 163 

24 pre-capture libraries, there was one complete genome, six complete with low coverage, and 164 

17 incomplete genomes (Fig. 3). The assembled genome length for the post-capture libraries 165 

was between 15,116 and 15,346 bp, and between 11,948 and 15,253 bp in pre-capture libraries 166 

(Table 1). The average coverage ranged from 3,153x to 3.05 million x with a mean of 123,000 167 

(SD= 342,000) in post-capture. In 24 pre-capture libraries, it ranged from 1x to 59x, with a mean 168 

of 6x (SD =11) (Fig. 3 and Table S1). The 85 RSV post-capture genomes had a completeness of 169 

99-100%, allowing the assignment of subtype as RSV-A or RSV-B (Table S1). 170 

Of the 55 HuNoV post-capture libraries, 47 yielded complete genomes. Of the remaining eight 171 

samples, two samples resulted in low coverage complete genomes; four had incomplete 172 

genomes, and in the remaining two samples, genome assembly failed (Fig. 3 and Table 1). 173 

Sample p1540-BCM18-4 with a Ct value of 30.4 produced a low coverage (10x) complete 174 

genome and sequencing of the pre-capture library recovered an incomplete (12.9%) genome at 175 
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only 1x coverage. Similarly, a low coverage complete genome (90% and 15x) was recovered 176 

from sample p1540-BCM18-5-AP however this sample had a high Ct value of 34.4. The four 177 

samples with incomplete genomes had Ct values ranging from 34.5 to Ct below the detection 178 

limit. The remaining two samples that failed to produce genome assemblies had Ct values of 179 

28.3 and below the detection limit, respectively, and both underperformed in the pre-capture 180 

libraries, pointing to sample-related issues. 181 

Of the 55 HuNoV pre-capture, 18 samples yielded complete genomes. There were 7 samples 182 

with complete low coverage, 17 with incomplete genomes, and 13 samples for which the 183 

genome assembly failed (Fig. 3 and Table 1).  184 

The assembled genome lengths of the HuNoV post-capture libraries were between 0 and 7,671 185 

bp and for pre-capture libraries between 0 and 7,651 bp (Table 1). The genome coverage 186 

ranged from 0x to 3.64 million x, with a mean of 241,000 x (SD = 782,000) in the post-capture 187 

libraries. The pre-capture libraries yielded a genome coverage range between 0 – 78,000x, with 188 

a mean of 2,284x (SD = 113,000) (Table 1 and Table S1).  189 

Complete HuNoV genome reconstructions were genotyped via the CDC-developed Human 190 

Calicivirus Typing Tool (https://calicivirustypingtool.cdc.gov/bctyping.html). Of the 47 samples 191 

with complete genomes, 22 belonged to GI.1, 15 belonged to GII.4 and the remaining 10 192 

belonged to other GII genotypes. (Fig. 3 and Table 1). In both RSV and HuNoV data sets, there 193 

was agreement in subtype or genotype assignment between the complete post-capture and 194 

pre-capture genomes. 195 

To assess the ability of this probe-based capture enrichment method to enhance viral genome 196 

coverage depth, we realigned reads to either a reference genome (RSV) or individual sample-197 
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assembled genomes (HuNoV) and calculated the percentage of bases in the genome that are 198 

covered at a minimum of 20x in both post- and pre-capture libraries. Through this analysis, 199 

three HuNoV samples that met the first genome completeness criteria showed a relatively low 200 

breadth of 20x coverage. (Fig 4). To rule out any process-related issues or problems with the 201 

capture probe itself, fresh pre- and post-capture libraries were sequenced for these three 202 

samples (p1540-723-100595-AP, p1540-TCH-17-78-AP, and p1540-BCM18-5-AP). The results 203 

were the same as the first time, indicating that the problem is sample-related. 204 

 205 

RSV ORF expression 206 

To identify and quantitate sub-genomic mRNAs, the sequenced RSV reads were aligned to RSV-207 

A or RSV-B reference genomes. The RSV genome has a total of 11 ORFs and the ORF read 208 

coverage for genotypes RSV-A and RSV-B are presented as normalized read pair counts (FPKM-209 

reads per kilobase million) (Fig. 5).  210 

A total of 46 samples were infected with RSV-A subtype. All 11 ORFs were quantified in post-211 

capture libraries (Fig. 5). ORFs SH and G had the highest expression with an average of 124,303 212 

and 109,011 FPKM respectively (Table S2). ORF M2-2 & M2-1, on the other hand, had the 213 

lowest expression with 19,890 and 26,690 FPKM respectively. 214 

In comparison, 13 pre-capture libraries belonging to the RSV-A genotype, ORFs SH and G 215 

showed the highest expression, with an average of 139,449 and 109,086 FPKM respectively. 216 

The lowest expression was seen in ORFs NS2 and M2-2, with an average of 13,659 and 23,684 217 

FPKM, respectively. Incomplete expression of ORFs was recorded in 9 pre-capture libraries, 218 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


11 
 

likely due to low read coverage. Notably, NS2 and M2-2 were not detectable in 7 and 6 of the 219 

pre-capture libraries, respectively (Table S2).  220 

The remaining 39 samples were infected with the RSV-B subtype, all 11 ORFs were expressed in 221 

post-capture. ORFs G and M had the highest average FPKM values of 98,558 and 49,966, 222 

respectively, and ORFs M2-2 and N had the lowest values of 16,173 and 25,708 FPKM, 223 

respectively (Fig. 5). 224 

In the 11 pre-capture libraries, the expression level was highest in ORFs G and NS1 with average 225 

values of 106,693 and 50,260 FPKM, and the lowest values of 13,829 and 20,336 were in ORFs 226 

M2-2 and M2-1 respectively. In 6 pre-capture libraries, incomplete expression of ORFs 227 

occurred. Expression was not detected in 5 libraries for ORFs M2-2 and M2-1, while SH ORF 228 

expression was not detected in 4 libraries (Table S2).  229 

 230 

DISCUSSION 231 

In this study, comprehensive capture probes were designed and used in conjunction with the 232 

capture enrichment method to sequence complete RSV and HuNoV genomes from clinical 233 

samples. These viruses represent two significant pathogens responsible for respiratory and 234 

gastrointestinal infections worldwide, requiring reliable methods for studying their genomic 235 

variability and evolution. The use of capture enrichment methodology overcomes any PCR 236 

primer design problems across the diverse viral strains and reduces non-target sequencing 237 

typically seen in standard RNA-seq.  238 

Recently, Baier et al., designed their RSV capture probe set using a total of 1,101 complete 239 

genome sequences and used it to characterize the RSV-B outbreak in 2019 in four patients(16). 240 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


12 
 

Previously probe-based capture enrichment for HuNoV from human samples(26) and infected 241 

oysters (16) were reported. Brown et al.(21) reported the largest HuNoV probe set of the two 242 

studies which was designed using 622 norovirus partial or complete genomes and tested using 243 

different isolates of GI and GII(26). In this study, we report the custom-designed RSV probe set, 244 

based on 1,570 genomic sequences, covering 99.79% of targeted isolates, and the HuNoV 245 

probe set, designed from 1,376 sequences, covering 99.68% of targeted isolates which, to our 246 

knowledge, this represents the most comprehensive probe sets designed to date for 247 

sequencing the RSV and HuNoV.  248 

Several process improvements such as sorting samples based on the Ct values (from high titer 249 

to low titer) on a plate during cDNA and library construction and arraying samples in alternate 250 

columns on a plate, were implemented to mitigate any potential contamination between 251 

samples. For target enrichment, to manage uneven sequence yields among samples, based on 252 

our previous experiences with SARS-CoV-2 enrichment, library pools were created based on Ct. 253 

values(27). While the uneven yields were still noted in these pools, enough reads were 254 

obtained for all 85 RSV and 47/55 HuNoV samples to generate full-length genomes.  255 

A comparison between post-and pre-capture libraries for both RSV and HuNoV samples 256 

revealed that the percentage of reads aligning to the target virus genome (Table 1; Fig. 2), as 257 

well as the number of samples that resulted in full-length genomes (Fig. 3 and Fig. 4), was 258 

significantly higher in the post-capture libraries compared to the pre-capture libraries. Post-259 

capture libraries showed 85.1% of reads mapping to the RSV genome, an 850x enrichment over 260 

the 0.08% in pre-capture libraries. In HuNoV samples, 40.8% of reads mapped post-capture, a 261 
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40.8x increase from the 1.15% in pre-capture libraries. These results are in line with previously 262 

reported probe-based enrichment methods for viral sequencing(27, 28). 263 

Complete genomes were successfully assembled for all 85 RSV post-capture libraries, while only 264 

one complete genome was recovered from 24 pre-capture libraries. There were six samples 265 

under the ‘complete with low coverage’ genomes category and 17 samples with ‘incomplete’ 266 

genomes. (Table 1 and Table S1). Subtypes could be assigned to all 85 samples with 46 RSV-A 267 

subtypes and 39 RSV-B subtypes. RSVAB-WGS(29) is an amplicon-based protocol for RSV 268 

genome sequencing designed using 12 primers to cover both subtypes, producing PCR 269 

fragments of 1.5–2.5 kb. In 34 clinical samples, over 90% of the genome was recovered for Ct. 270 

values ≤ 25, while coverage dropped to 60–90% for Ct. 26-27 and 50% for Ct. above 27. In our 271 

study, we recovered full-length genomes from RSV A and B subtypes up to Ct. 30.  272 

Complete genomes were successfully reconstructed for 47/55 HuNoV post-capture libraries. 273 

Among the remaining eight, two samples were categorized as ‘complete with low coverage’, 274 

four had ‘incomplete’ genomes and two samples failed to generate genome assemblies. These 275 

samples either had Ct higher than 33 (6/8 samples) or had failed in both post and pre-capture 276 

sequencing (2/8 samples), suggesting low viral titers or poor sample quality. As previous works 277 

have demonstrated, for reliable genome recovery the upper Ct threshold is approximately 30-278 

33 cycles(27, 30). In the pre-capture set, only 18 out of 55 yielded complete genomes (Fig. 3), 279 

suggesting that capture enrichment is highly desirable.  280 

The breadth of coverage at 20x depth was calculated to assess the efficiency of capture 281 

enrichment to enhance viral genome coverage depth (Fig 4). Notably, a substantial increase 282 

was observed in RSV, with both RSV-A and RSV-B samples exhibiting a dramatic post-capture 283 
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rise in 20x coverage. HuNoV samples also displayed increased coverage post-capture, with 284 

remarkable coverage improvement across distinct genotypes, suggesting that the capture 285 

method offers significant benefits for RSV and HuNoV genome sequencing. 286 

Both the results of this study and previous reports have shown that oligonucleotide capture 287 

methods show robust performance as the probes can tolerate variation in target sequences 288 

during enrichment, have overlapping designs, and can enrich from degraded samples, thereby 289 

greatly improving the chances of complete genome recovery(27, 28, 31).  290 

The capture probes and the methodology described in this paper have been previously utilized 291 

to generate whole genome sequencing of both RSV and HuNoV clinical samples(32) 292 

https://www.biorxiv.org/content/10.1101/2023.05.30.542907v1.full.pdf). In the RSV study, 69 293 

samples were collected longitudinally from HCT adults with normal (<14 days) and delayed (>14 294 

days) RSV clearance enrolled in a Ribavirin trial. Full-length genomes obtained from post-295 

capture sequencing were analyzed across RSV-A or RSV-B to determine the inter-host and intra-296 

host genetic variation and the effect on glycosylation(32).   297 

In the HuNoV study, the evolutionary dynamics of human norovirus in healthy adults were 298 

studied using 156 HuNoV sequential samples from a controlled infection study(32) 299 

(https://www.biorxiv.org/content/10.1101/2023.05.30.542907v1.full.pdf). 300 

Complete genomes were assembled for 123 of 156 samples (79%) including 45% of samples 301 

with Ct values below the limit of detection (>36 cycles) of the GI.1 genotype and collected up to 302 

28 days post-infection. Non-synonymous amino acid changes were observed in all proteins, 303 

with capsid VP1 and nonstructural protein NS3 showing the highest variations. These findings 304 
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indicate limited conserved immune pressure-driven evolution of the GI.1 virus in healthy adults 305 

and highlight the utility of capture-based sequencing to understand HuNoV biology. 306 

Studying viral ORF expression is important to understanding viral pathogenesis, differentiation 307 

factors between subtypes, and the effects of genomic mutations on gene function including 308 

vaccine development. The RSV genome codes for 11 viral proteins, including three 309 

transmembrane glycoproteins G, F, and SH; matrix protein (M) and two 310 

transcription/replication regulating proteins (M2-1 and M2-2); three proteins related to 311 

nucleocapsid (N, P, L), and lastly two non-structural proteins NS1 and NS2(33). There are 312 

multiple reports of RSV ORF expression analysis where earlier studies suggested a gradient of 313 

gene transcription across the genome. ORF NS1 had the highest and ORF L had the lowest 314 

expression. Later reports demonstrated non-gradient mRNA levels, with the highest expression 315 

levels of the attachment ORF G(34-36). Differential patterns in RSV ORF expression in 316 

genotypes are also known(37). None of these studies used data from capture-enriched libraries 317 

that provide higher efficiency in RSV sequence recovery directly from patient samples.   318 

Here we for the first time demonstrated the use of RSV sequence data generated from strand-319 

specific libraries to study ORF expression. RSV is a negative-sense RNA virus and the ORFs are 320 

positive-strand mRNAs therefore, the reads from a strand-specific library derived from the 321 

sense strand (mRNA) will map onto the antisense strand of the reference genome, while those 322 

obtained from the genomic RNA map onto the sense strand. 323 

While the ORF expression between post-capture and pre-capture libraries showed similar 324 

trends (Fig. 5) differences in ORF expression were not observed in a substantial number of both 325 

the RSV-A and RSV-B pre-capture libraries. This is not surprising given the low percentage of 326 
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viral reads observed in these libraries. These results strongly suggest that the capture 327 

methodology significantly increased our ability to analyze ORF expression patterns without 328 

inducing any technical biases. Additionally, ORF expression differences were also noted 329 

between the two subtypes (Fig. 5). RSV-A subtype samples showed the highest expression in 330 

transmembrane ORFs SH and G, while ORFs M2-2 and M2-1 showed the lowest expression. 331 

RSV-B subtype samples had the highest expression in ORFs G and M and the lowest in ORFs M2-332 

2 and N. Such genotype-specific differences were also reported by our group as well as 333 

others(17, 38). ORF gene expression generated from this approach can be utilized to investigate 334 

differences in viral gene expression in vitro within organoid models across various strains and 335 

hosts aiding in the study of RSV pathogenesis. 336 

ORF analysis in HuNoV samples is not possible using the short reads generated in this study, as 337 

both the genome and ORFs in HuNoV are positive-strand RNA. Further, unlike the SARS-CoV-2 338 

genome, where each ORF has a 5’ leader sequence, there are no such key ORF sequence 339 

differentiators in HuNoV that could be used to identify reads specifically originating from ORFs. 340 

Long-read sequencing data is recommended to identify and analyze HuNoV ORF expression 341 

profiles.   342 

In conclusion, we describe two comprehensive probe sets and the capture enrichment 343 

methodology to successfully recover complete genomes from diverse genotypes of two 344 

important human viral pathogens. The methodology described to obtain the complete genome 345 

sequences is already in use to study viral genome evolution in these viruses. This type of 346 

sequencing data is also useful, as demonstrated here, in studying the RSV ORF expression 347 

patterns.  348 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


17 
 

MATERIALS AND METHODS: 349 

Samples used in this study 350 

RSV samples are part of active surveillance of pediatric acute respiratory illness (ARI) through 351 

the CDC’s New Vaccine Surveillance Network (NVSN) 352 

(https://www.cdc.gov/nvsn/php/about/index.html).  353 

RSV-positive samples were collected from patients enrolled at the Houston NVSN site only. 354 

Mid-turbinate nasal and throat swab samples were obtained after informed consent was 355 

obtained verbally from the parent/guardian of the eligible children. Institutional review board 356 

approval was obtained locally from Baylor College of Medicine (H-37691) and at the CDC. 357 

HuNoV positive stool samples were collected as part of a controlled human infection model for 358 

GI.1 virus(39) as well as residual stool samples that were tested for gastrointestinal pathogens 359 

at Texas Children’s Hospital under an IRB-approved protocol.  360 

In total 85 RSV samples and 55 HuNoV samples were characterized. All 85 RSV samples and 361 

49/55 HuNoV are collected from patients while the remaining 6 HuNoV samples are from 362 

HuNoV-infected human intestinal organoids. 363 

 364 

RNA isolation  365 

For the 85 RSV samples, approximately 200ul of each primary sample was extracted using the 366 

PureLink Pro Viral 96 DNA/RNA extraction kit (Thermo 12280096A) following the 367 

manufacturer’s instructions. Samples were eluted in 100ul. 368 

For the 55 HuNoV stool samples, three RNA extraction kits were used starting with 0.2g of 369 

primary sample. For 33 samples, the MagAttract PowerMicrobiome DNA/RNA extraction kit 370 
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(Qiagen 27500-4-EP) and for 16 samples, the AllPrep PowerFecal Pro DNA/RNA extraction kit 371 

(Qiagen 80254) was used. For the 6 HuNoV infected human intestinal enteroids, RNA was 372 

isolated using the MagMAX-96 viral RNA isolation kit. Samples were eluted in 100ul.  373 

 374 

Viral titer quantification 375 

Real-time qPCR of RSV was performed using primers targeting the N gene as previously 376 

described(40).   377 

HuNoV titers were assessed by reverse transcription-quantitative polymerase chain reaction 378 

(RT-qPCR), using the qScript XLT One-Step RT-qPCR ToughMix reagent with ROX reference dye 379 

(Quanta Biosciences). The primer pair and probe COG2R/QNIF2d/QNIFS(41) was used for GII 380 

genotype and NIFG1F/V1LCR/NIFG1P(42) was used for GI.1 genotype. Per sample Ct values can 381 

be found in Table S1. 382 

Capture probe design 383 

The RSV probe set size was 23.77Mb and was designed based on 1,570 publicly available 384 

genomic sequences of RSV isolates. There are 87,025 unique probes of 80 bp length covering 385 

99.79% of the targeted RSV isolates. The HuNoV probe set size was 9.6Mb and was designed 386 

based on 1,376 publicly available genomic sequences of HuNoV isolates, there are 39,300 387 

unique probes of 80 bp length covering 99.68% of the targeted HuNoV isolates.  The GenBank 388 

IDs for the references can be found in the capture design files of both RSV and HuNoV (see 389 

Table S3 and Table S4). 390 

 cDNA preparation 391 
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Samples were processed in alternate columns on a 96-well plate and sorted from top left to 392 

bottom right from the highest titer to the lowest titer, because these libraries were prepared 393 

for capture enrichment, rRNA depletion, or Poly A+ RNA isolation steps were not performed.   394 

 Capture enrichment and sequencing 395 

RSV and HuNoV cDNA were hybridized in separate pools with biotin-labeled RSV and HuNoV 396 

capture probes. The 85 RSV samples were enriched in three library pools consisting of 24 397 

samples with Ct. values 17 to 21.5, 31 samples with Ct. values 21.8 to 25, and 30 samples with 398 

Ct. values 25.1 to 29.9 along with samples with Ct ND. The 55 HuNoV libraries were grouped as 399 

three pools, with one pool containing 14 samples with Ct. values between 21.5 - 25.7 and a 400 

second pool containing 13 samples with Ct. values between 26.3 and 34.5 along with samples 401 

with Ct values ND, and the third pool containing 28 samples with Ct. values between 20.2-402 

34.88. 403 

 All six pools of cDNA libraries were incubated at 70°C for 16 hours followed by enrichment PCR 404 

as previously reported(27). The amount of each cDNA library pooled for hybridization and post-405 

capture amplification of 12-20 PCR cycles was determined empirically according to the virus Ct 406 

values. Between 1.8–4.0 μg pre-capture library was used for hybridization with the viral probes 407 

and the post-capture libraries were sequenced on Illumina NovaSeq S4 flow cell, to generate 408 

2x150 bp paired-end reads. Pre-capture libraries for 24 RSV samples and all 55 of the HuNoV 409 

samples were also sequenced. 410 

 411 

RSV and HuNoV genome assembly 412 
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Following sequencing, raw data files in binary base call (BCL) format were converted into 413 

FASTQs and demultiplexed based on the dual-index barcodes using the Illumina ‘bcl2fastq’ 414 

software. Demultiplexed raw fastq sequences were processed using BBDuk 415 

(https://sourceforge.net/projects/bbmap/) to quality trim, remove Illumina adapters, and filter 416 

PhiX reads. Trimmed FASTQs were mapped to a combined PhiX (and human reference genome 417 

database (hg38) using BBMap (https://sourceforge.net/projects/bbmap/) to determine and 418 

remove human/PhiX reads. Trimmed and host-filtered reads were processed through VirMAP 419 

(24) to assemble complete RSV or HuNoV genomes. The VirMAP summary statistics include 420 

information on reconstructed genome length, the number of reads mapped to the 421 

reconstruction, and the average coverage across the genome. 422 

HuNoV genome reconstructions were genotyped via the CDC-developed Human Calicivirus 423 

Typing Tool (https://calicivirustypingtool.cdc.gov/bctyping.html). Final reconstructions were 424 

manually inspected using Geneious Prime® 2022.1.1 and aligned against the relevant HuNoV or 425 

RSV reference genomes to determine the quality of assemblies. The breadth of coverage at 20x 426 

depth was calculated by re-aligning the raw reads reference genome (RSV) or individual sample-427 

assembled genome (HuNoV) using BWA MEM https://arxiv.org/abs/1303.3997 (version 0.7.17-428 

r1188) with standard parameters. Coverage for each sample was assessed using “samtools 429 

depth” (version 1.6), applying a mapping quality filter of 20 phred scores (-q 20). Downstream 430 

analysis of summary statistics was done using R (https://www.r-project.org/). 431 

 432 

RSV expression profile analysis 433 
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VirMAP(43) trimmed reads from both the pre-and post-capture datasets were mapped to RSV-434 

A ON and RSV-B BA reference genomes(32), according to the sample genotypes, using BBMap 435 

version 39.01. Gene annotation for the reference genomes ON and BA was conducted using 436 

VIGOR(44). Since RSV is a negative-stranded RNA virus, read pairs with read 1 mapped to the 437 

negative strand are from the viral genome, while read pairs with read 1 mapped to the positive 438 

strand of the reference genome are from the viral mRNAs. Read pairs were assigned to each 439 

gene using featureCounts version 2.0.1(45) with “-s 1 -p” options for counting read pairs 440 

mapped to the positive strand of the reference genome. The read pair counts assigned to each 441 

gene were then normalized to the number of read pairs per kb gene length and per million 442 

mapped reads (FPKM) and plotted using the R ggplot2 package (https://ggplot2.tidyverse.org/). 443 
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ACKNOWLEDGEMENTS 445 

The authors are grateful to the production teams at The Alkek Center for Metagenomics and 446 

Microbiome Research and Human Genome Sequencing Center for data generation. We would 447 

also like to thank Frederick Neill from the HuNoV group. This work was supported by the 448 

National Institute of Allergy and Infectious Diseases (Grant#1U19AI144297). No additional 449 

external funding was received for this study. 450 

 451 

AUTHOR AFFILIATIONS 452 

 1Human Genome Sequencing Center, Baylor College of Medicine, Houston, TX, USA 453 

2Molecular Virology & Microbiology, Baylor College of Medicine, Houston, TX, USA  454 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://ggplot2.tidyverse.org/
https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


22 
 

3Alkek Center for Metagenomics and Microbiome Research, Department of Molecular Virology 455 

and Microbiology, Baylor College of Medicine, Houston, TX, USA       456 

4Department of Pediatrics, Baylor College of Medicine, Houston, TX, USA 457 

5Department of Medicine, Baylor College of Medicine, Houston, TX, USA 458 

 459 

AUTHOR ORCIDs. 460 

Sara Javornik Cregeen: https://orcid.org/0009-0000-2698-6478 461 

Harsha Doddapaneni: https://orcid.org/0000-0002-2433-633X 462 

 463 

FUNDING 464 

This work was supported by the National Institute of Allergy and Infectious Diseases 465 

(Grant#1U19AI144297). No additional external funding was received for this study. 466 

 467 

AUTHOR CONTRIBUTIONS 468 

S.J.C and H.D: Conceptualization 469 

S.V.B, A.S, D.P.A, S.J.C and H.D: Writing and Analysis.  470 

S.V.B, D.P.A, H.C, K.K, Z.M, G.W, N.E, F.M, J.H, V.K.M, Q.M: Data Generation 471 

A.S: Project Administration 472 

Q.X, A.S, K.W, R.S, D.H, F.S, Z.K, G.A.M, V.A, P.O, S.R, R.A, M.E, D.M.M: Review & Editing 473 

R.A.G, J.F.P: Funding Acquisition 474 

 475 

DATA AVAILABILITY 476 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://orcid.org/0009-0000-2698-6478
https://orcid.org/0000-0002-2433-633X
https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


23 
 

Complete genomes and raw fastq files for the samples used in this study are being uploaded to 477 

NCBI GenBank and SRA, respectively, under BioProjectID XXXX. Analysis and figure code is 478 

available at the following GitHub link: https://github.com/BCM-479 

GCID/Capture_benchmarking_paper 480 

 481 

REFERENCES 482 

1. Ahmed SM, Hall AJ, Robinson AE, Verhoef L, Premkumar P, Parashar UD, Koopmans M, Lopman 483 

BA. 2014. Global prevalence of norovirus in cases of gastroenteritis: a systematic review and 484 

meta-analysis. Lancet Infect Dis 14:725-730. 485 

2. Li Y, Wang X, Blau DM, Caballero MT, Feikin DR, Gill CJ, Madhi SA, Omer SB, Simoes EAF, Campbell 486 

H, Pariente AB, Bardach D, Bassat Q, Casalegno JS, Chakhunashvili G, Crawford N, Danilenko D, Do 487 

LAH, Echavarria M, Gentile A, Gordon A, Heikkinen T, Huang QS, Jullien S, Krishnan A, Lopez EL, 488 

Markic J, Mira-Iglesias A, Moore HC, Moyes J, Mwananyanda L, Nokes DJ, Noordeen F, Obodai E, 489 

Palani N, Romero C, Salimi V, Satav A, Seo E, Shchomak Z, Singleton R, Stolyarov K, Stoszek SK, von 490 

Gottberg A, Wurzel D, Yoshida LM, Yung CF, Zar HJ, Respiratory Virus Global Epidemiology N, Nair 491 

H, et al. 2022. Global, regional, and national disease burden estimates of acute lower respiratory 492 

infections due to respiratory syncytial virus in children younger than 5 years in 2019: a systematic 493 

analysis. Lancet 399:2047-2064. 494 

3. Yu JM, Fu YH, Peng XL, Zheng YP, He JS. 2021. Genetic diversity and molecular evolution of human 495 

respiratory syncytial virus A and B. Sci Rep 11:12941. 496 

4. Yen C, Wikswo ME, Lopman BA, Vinje J, Parashar UD, Hall AJ. 2011. Impact of an emergent 497 

norovirus variant in 2009 on norovirus outbreak activity in the United States. Clin Infect Dis 498 

53:568-71. 499 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://github.com/BCM-GCID/Capture_benchmarking_paper
https://github.com/BCM-GCID/Capture_benchmarking_paper
https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


24 
 

5. Pangesti KNA, Abd El Ghany M, Walsh MG, Kesson AM, Hill-Cawthorne GA. 2018. Molecular 500 

epidemiology of respiratory syncytial virus. Rev Med Virol 28. 501 

6. Ludwig-Begall LF, Mauroy A, Thiry E. 2021. Noroviruses-The State of the Art, Nearly Fifty Years 502 

after Their Initial Discovery. Viruses 13. 503 

7. Atmar RL, Estes MK. 2001. Diagnosis of noncultivatable gastroenteritis viruses, the human 504 

caliciviruses. Clin Microbiol Rev 14:15-37. 505 

8. Robilotti E, Deresinski S, Pinsky BA. 2015. Norovirus. Clin Microbiol Rev 28:134-64. 506 

9. Chhabra P, de Graaf M, Parra GI, Chan MC, Green K, Martella V, Wang Q, White PA, Katayama K, 507 

Vennema H, Koopmans MPG, Vinje J. 2019. Updated classification of norovirus genogroups and 508 

genotypes. J Gen Virol 100:1393-1406. 509 

10. Anderson LJ, Hierholzer JC, Tsou C, Hendry RM, Fernie BF, Stone Y, McIntosh K. 1985. Antigenic 510 

characterization of respiratory syncytial virus strains with monoclonal antibodies. J Infect Dis 511 

151:626-33. 512 

11. Mufson MA, Orvell C, Rafnar B, Norrby E. 1985. Two distinct subtypes of human respiratory 513 

syncytial virus. J Gen Virol 66 ( Pt 10):2111-24. 514 

12. Goya S, Ruis C, Neher RA, Meijer A, Aziz A, Hinrichs AS, von Gottberg A, Roemer C, Amoako DG, 515 

Acuna D, McBroome J, Otieno JR, Bhiman JN, Everatt J, Munoz-Escalante JC, Ramaekers K, Duggan 516 

K, Presser LD, Urbanska L, Venter M, Wolter N, Peret TCT, Salimi V, Potdar V, Borges V, Viegas M. 517 

2024. Standardized Phylogenetic Classification of Human Respiratory Syncytial Virus below the 518 

Subgroup Level. Emerg Infect Dis 30:1631-1641. 519 

13. Nishita M, Park SY, Nishio T, Kamizaki K, Wang Z, Tamada K, Takumi T, Hashimoto R, Otani H, 520 

Pazour GJ, Hsu VW, Minami Y. 2017. Ror2 signaling regulates Golgi structure and transport 521 

through IFT20 for tumor invasiveness. Sci Rep 7:1. 522 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


25 
 

14. Chan MCW, Hu Y, Chen H, Podkolzin AT, Zaytseva EV, Komano J, Sakon N, Poovorawan Y, 523 

Vongpunsawad S, Thanusuwannasak T, Hewitt J, Croucher D, Collins N, Vinje J, Pang XL, Lee BE, 524 

de Graaf M, van Beek J, Vennema H, Koopmans MPG, Niendorf S, Poljsak-Prijatelj M, Steyer A, 525 

White PA, Lun JH, Mans J, Hung TN, Kwok K, Cheung K, Lee N, Chan PKS. 2017. Global Spread of 526 

Norovirus GII.17 Kawasaki 308, 2014-2016. Emerg Infect Dis 23:1359-1354. 527 

15. Fitzpatrick AH, Rupnik A, O'Shea H, Crispie F, Keaveney S, Cotter P. 2021. High Throughput 528 

Sequencing for the Detection and Characterization of RNA Viruses. Front Microbiol 12:621719. 529 

16. Baier C, Huang J, Reumann K, Indenbirken D, Thol F, Koenecke C, Ebadi E, Heim A, Bange FC, Haid 530 

S, Pietschmann T, Fischer N. 2022. Target capture sequencing reveals a monoclonal outbreak of 531 

respiratory syncytial virus B infections among adult hematologic patients. Antimicrob Resist Infect 532 

Control 11:88. 533 

17. Lin GL, Golubchik T, Drysdale S, O'Connor D, Jefferies K, Brown A, de Cesare M, Bonsall D, Ansari 534 

MA, Aerssens J, Bont L, Openshaw P, Martinon-Torres F, Bowden R, Pollard AJ, Investigators R. 535 

2020. Simultaneous Viral Whole-Genome Sequencing and Differential Expression Profiling in 536 

Respiratory Syncytial Virus Infection of Infants. J Infect Dis 222:S666-S671. 537 

18. Talts T, Mosscrop LG, Williams D, Tregoning JS, Paulo W, Kohli A, Williams TC, Hoschler K, Ellis J, 538 

Lusignan S, Zambon M. 2024. Robust and sensitive amplicon-based whole-genome sequencing 539 

assay of respiratory syncytial virus subtype A and B. Microbiol Spectr 540 

doi:10.1128/spectrum.03067-23:e0306723. 541 

19. Wang L, Ng TFF, Castro CJ, Marine RL, Magana LC, Esona M, Peret TCT, Thornburg NJ. 2022. Next-542 

generation sequencing of human respiratory syncytial virus subgroups A and B genomes. J Virol 543 

Methods 299:114335. 544 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


26 
 

20. Fitzpatrick AH, Rupnik A, O'Shea H, Crispie F, Cotter PD, Keaveney S. 2023. Amplicon-Based High-545 

Throughput Sequencing Method for Genotypic Characterization of Norovirus in Oysters. Appl 546 

Environ Microbiol 89:e0216522. 547 

21. Brown JR, Roy S, Ruis C, Yara Romero E, Shah D, Williams R, Breuer J. 2016. Norovirus Whole-548 

Genome Sequencing by SureSelect Target Enrichment: a Robust and Sensitive Method. J Clin 549 

Microbiol 54:2530-7. 550 

22. Strubbia S, Schaeffer J, Besnard A, Wacrenier C, Le Mennec C, Garry P, Desdouits M, Le Guyader 551 

FS. 2020. Metagenomic to evaluate norovirus genomic diversity in oysters: Impact on hexamer 552 

selection and targeted capture-based enrichment. Int J Food Microbiol 323:108588. 553 

23. Fonager J, Stegger M, Rasmussen LD, Poulsen MW, Ronn J, Andersen PS, Fischer TK. 2017. A 554 

universal primer-independent next-generation sequencing approach for investigations of 555 

norovirus outbreaks and novel variants. Sci Rep 7:813. 556 

24. Flint A, Reaume S, Harlow J, Hoover E, Weedmark K, Nasheri N. 2021. Genomic analysis of human 557 

noroviruses using combined Illumina-Nanopore data. Virus Evol 7:veab079. 558 

25. Kapel N, Kalimeris E, Lumley S, Decano A, Rodger G, Lopes Alves M, Dingle K, Oakley S, Barrett L, 559 

Barnett S, Crook D, Eyre DW, Matthews PC, Street T, Stoesser N. 2023. Evaluation of sequence 560 

hybridization for respiratory viruses using the Twist Bioscience Respiratory Virus Research panel 561 

and the OneCodex Respiratory Virus sequence analysis workflow. Microb Genom 9. 562 

26. Charlton JA, Armstrong DG. 1989. The effect of an intravenous infusion of aldosterone upon 563 

magnesium metabolism in the sheep. Q J Exp Physiol 74:329-37. 564 

27. Doddapaneni H, Cregeen SJ, Sucgang R, Meng Q, Qin X, Avadhanula V, Chao H, Menon V, 565 

Nicholson E, Henke D, Piedra FA, Rajan A, Momin Z, Kottapalli K, Hoffman KL, Sedlazeck FJ, Metcalf 566 

G, Piedra PA, Muzny DM, Petrosino JF, Gibbs RA. 2021. Oligonucleotide capture sequencing of the 567 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


27 
 

SARS-CoV-2 genome and subgenomic fragments from COVID-19 individuals. PLoS One 568 

16:e0244468. 569 

28. Kuchinski KS, Loos KD, Suchan DM, Russell JN, Sies AN, Kumakamba C, Muyembe F, Mbala 570 

Kingebeni P, Ngay Lukusa I, N'Kawa F, Atibu Losoma J, Makuwa M, Gillis A, LeBreton M, 571 

Ayukekbong JA, Lerminiaux NA, Monagin C, Joly DO, Saylors K, Wolfe ND, Rubin EM, Muyembe 572 

Tamfum JJ, Prystajecky NA, McIver DJ, Lange CE, Cameron ADS. 2022. Targeted genomic 573 

sequencing with probe capture for discovery and surveillance of coronaviruses in bats. Elife 11. 574 

29. Iglesias-Caballero M, Camarero-Serrano S, Varona S, Mas V, Calvo C, Garcia ML, Garcia-Costa J, 575 

Vazquez-Moron S, Monzon S, Campoy A, Cuesta I, Pozo F, Casas I. 2023. Genomic characterisation 576 

of respiratory syncytial virus: a novel system for whole genome sequencing and full-length G and 577 

F gene sequences. Euro Surveill 28. 578 

30. Xiao M, Liu X, Ji J, Li M, Li J, Yang L, Sun W, Ren P, Yang G, Zhao J, Liang T, Ren H, Chen T, Zhong H, 579 

Song W, Wang Y, Deng Z, Zhao Y, Ou Z, Wang D, Cai J, Cheng X, Feng T, Wu H, Gong Y, Yang H, 580 

Wang J, Xu X, Zhu S, Chen F, Zhang Y, Chen W, Li Y, Li J. 2020. Multiple approaches for massively 581 

parallel sequencing of SARS-CoV-2 genomes directly from clinical samples. Genome Med 12:57. 582 

31. Wylie KM, Wylie TN, Buller R, Herter B, Cannella MT, Storch GA. 2018. Detection of Viruses in 583 

Clinical Samples by Use of Metagenomic Sequencing and Targeted Sequence Capture. J Clin 584 

Microbiol 56. 585 

32. Avadhanula V, Agustinho DP, Menon VK, Chemaly RF, Shah DP, Qin X, Surathu A, Doddapaneni H, 586 

Muzny DM, Metcalf GA, Cregeen SJ, Gibbs RA, Petrosino JF, Sedlazeck FJ, Piedra PA. 2024. Inter 587 

and intra-host diversity of RSV in hematopoietic stem cell transplant adults with normal and 588 

delayed viral clearance. Virus Evol 10:vead086. 589 

33. Sullender WM. 2000. Respiratory syncytial virus genetic and antigenic diversity. Clin Microbiol Rev 590 

13:1-15, table of contents. 591 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


28 
 

34. Aljabr W, Touzelet O, Pollakis G, Wu W, Munday DC, Hughes M, Hertz-Fowler C, Kenny J, Fearns 592 

R, Barr JN, Matthews DA, Hiscox JA. 2016. Investigating the Influence of Ribavirin on Human 593 

Respiratory Syncytial Virus RNA Synthesis by Using a High-Resolution Transcriptome Sequencing 594 

Approach. J Virol 90:4876-4888. 595 

35. Levitz R, Gao Y, Dozmorov I, Song R, Wakeland EK, Kahn JS. 2017. Distinct patterns of innate 596 

immune activation by clinical isolates of respiratory syncytial virus. PLoS One 12:e0184318. 597 

36. Noton SL, Fearns R. 2015. Initiation and regulation of paramyxovirus transcription and replication. 598 

Virology 479-480:545-54. 599 

37. Piedra FA, Qiu X, Teng MN, Avadhanula V, Machado AA, Kim DK, Hixson J, Bahl J, Piedra PA. 2020. 600 

Non-gradient and genotype-dependent patterns of RSV gene expression. PLoS One 15:e0227558. 601 

38. Piedra FA, Henke D, Rajan A, Muzny DM, Doddapaneni H, Menon VK, Hoffman KL, Ross MC, 602 

Javornik Cregeen SJ, Metcalf G, Gibbs RA, Petrosino JF, Avadhanula V, Piedra PA. 2022. Modeling 603 

nonsegmented negative-strand RNA virus (NNSV) transcription with ejective polymerase 604 

collisions and biased diffusion. Front Mol Biosci 9:1095193. 605 

39. Atmar RL, Opekun AR, Gilger MA, Estes MK, Crawford SE, Neill FH, Ramani S, Hill H, Ferreira J, 606 

Graham DY. 2014. Determination of the 50% human infectious dose for Norwalk virus. J Infect Dis 607 

209:1016-22. 608 

40. Avadhanula V, Chemaly RF, Shah DP, Ghantoji SS, Azzi JM, Aideyan LO, Mei M, Piedra PA. 2015. 609 

Infection with novel respiratory syncytial virus genotype Ontario (ON1) in adult hematopoietic cell 610 

transplant recipients, Texas, 2011-2013. J Infect Dis 211:582-9. 611 

41. Loisy F, Atmar RL, Guillon P, Le Cann P, Pommepuy M, Le Guyader FS. 2005. Real-time RT-PCR for 612 

norovirus screening in shellfish. J Virol Methods 123:1-7. 613 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613242doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613242
http://creativecommons.org/licenses/by-nd/4.0/


29 
 

42. Miura T, Parnaudeau S, Grodzki M, Okabe S, Atmar RL, Le Guyader FS. 2013. Environmental 614 

detection of genogroup I, II, and IV noroviruses by using a generic real-time reverse transcription-615 

PCR assay. Appl Environ Microbiol 79:6585-92. 616 

43. Ajami NJ, Wong MC, Ross MC, Lloyd RE, Petrosino JF. 2018. Maximal viral information recovery 617 

from sequence data using VirMAP. Nat Commun 9:3205. 618 

44. Wang S, Sundaram JP, Spiro D. 2010. VIGOR, an annotation program for small viral genomes. BMC 619 

Bioinformatics 11:451. 620 

45. Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient general purpose program for assigning 621 

sequence reads to genomic features. Bioinformatics 30:923-30. 622 

 623 

Figure legends 624 

Fig. 1. Schematic workflow. Presented in the workflow are the different steps involved in the 625 

RSV and HuNoV capture and sequencing methodology. First row—RNA was isolated from mid-626 

turbinate nasal swab samples (RSV) and from stool samples or infected human intestinal 627 

enteroids (HuNoV) followed by Real-Time RT-PCR to detect these viruses. Positive samples were 628 

quantified, and RNA was converted to cDNA. Second row–The cDNA was used to generate 629 

Illumina libraries with molecular barcodes and these libraries were pooled based on the Ct. 630 

values. Capture enrichment was performed with either RSV or HuNoV probe set, and enriched 631 

libraries were then sequenced on the Illumina NovaSeq 6000 instrument to generate 2x150 bp 632 

length reads. Pre-captured libraries were also sequenced followed by downstream genome 633 

reconstruction, variant, and lineage analyses. 634 

 635 
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Fig. 2. Viral read recovery efficiency. Percent of trimmed, non-human sequence reads (post-636 

processing) that mapped to the target viral genome in pre-capture (circles) and post-capture 637 

(triangles) libraries. CT value range of samples: ‘CT <20’ (red), ‘CT 20 to 30’ (light blue), ‘CT > 30’ 638 

(green) & ND (not detected) (pink). A: Viral reads mapping to RSV genomes, split by two 639 

subtypes. B: Viral reads mapping to HuNoV genomes, split by genotypes (GI.1, GII.4, Other GII). 640 

 641 

Fig. 3. Average genome coverage obtained in post-capture (triangles) and pre-capture (circles) 642 

samples. Genome reconstruction was classified as follows: ‘complete’ (within expected length 643 

range, >90% completeness & >20x coverage), ‘complete with low coverage’ (within expected 644 

length range, >90% completeness & <20x coverage), or ‘incomplete’ (below expected length 645 

range, <90% completeness & <20x coverage). CT value range of samples: ‘CT <20’ (red), ‘CT 20 646 

to 30’ (light blue), ‘CT > 30’ (green) & ‘ND’ (pink). A: RSV samples split by RSV-A or RSV-B 647 

genotype. B: HuNoV samples split by five genotypes (GI.1, GII.4, Other GII).  648 

 649 

Fig. 4. The breadth of coverage for a minimal 20x coverage was calculated from the post-650 

capture and pre-capture RSV and HuNoV libraries. Sample pairs (i.e. the same sample 651 

processed with or without capture) are shown connected by a line. Samples that could not be 652 

detected by PCR were represented with ND (not detected). The left panel represents RSV and 653 

the right panel HuNoV subgroups. 654 

Fig. 5. ORF expression levels in RSV-A (top panels) and RSV-B; (lower panels) pre-capture (left 655 

panels) and post-capture (right panels) samples.  656 
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Sample details RSV (pre-capture) RSV (capture) HuNov (pre-capture) HuNov (capture) 

Number of samples 24 85 55 55 

Subtype & genotype distribution RSV-A: 13; RSV-B: 11 RSV-A: 46; RSV-B: 39 
GI.1: 28; GII.4: 17; Other 

GII: 10 

GI.1: 29; GII.4: 16; Other 

GII: 10 

CT value range 17.0 - 29.9 17.0 - 29.9 20.2 - 34.8; ND 20.2 - 34.8; ND 

Mapping and assembly statistics 

Raw read count* 13,387,243 (5,497,877) 20,583,294 (54,079,506) 46,289,134 (57,813,028) 23,991,234 (55,562,802) 

Reads mapping to human* 6,701,050 (4,587,648) 300,517 (6,700) 12,591,275 (40,509,574) 81,123 (304,768) 

Reads mapping to target virus* 661 (1,367) 14,103,914 (39,111,126) 128,035 (638,298) 13,644,596 (44,125,310) 

Average genome coverage* 6 (11) 123,524 (342,306) 2,285 (11,398) 241,333 (782,026) 

Genome length** 11,984 / 15,253 15,116 / 15,346 0 / 7651 0 / 7,671 

Genome completeness*** 

Complete genome (correct length range, >90% complete & >20x 

coverage) 
1 (4%) 85 (100%) 18 (33%) 47 (85%) 

Low coverage complete genome (correct length range, >90% 

complete, but <20x coverage) 
6 (25%) 0 (0%) 7 (13%) 2 (4%) 

Incomplete genome (below length range, <90% complete & 
<20x 

coverage) 

17 (71%) 0 (0%) 17 (30%) 4 (7%) 

No genome assembled 0 (0%) 0 (0%) 13 (24%) 2 (4%) 

* Average (standard deviation); ** Minimum/Maximum; *** n (% of total), ND - Not detected 657 

 Table 1. Sample composition, mapping, and genome assembly statistics. 658 
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 659 

 660 

 661 

 662 

 663 

Table 2. The number of isolates used and the final capture probe design details.  664 

  RSV HuNoV 

Strains A&B GI, GII, GIV 

# of Seq (Isolates) 1,570 1,376 

Bases Targeted 23.77 Mb 9.6 Mb 

% Bases Covered 99.79 99.68 

Unique Probes (80 bp) 87,025 39,300 
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Fig. 1. Schematic workflow. Presented in the workflow are the different steps involved in the 

RSV and HuNoV capture and sequencing methodology. First row—RNA was isolated from 

mid-turbinate nasal swab samples (RSV) and from stool samples or infected human 

intestinal enteroids (HuNoV) followed by Real-Time RT-PCR to detect these viruses. Positive 

samples were quantified, and RNA was converted to cDNA. Second row–The cDNA was used 

to generate Illumina libraries with molecular barcodes and these libraries were pooled based 

on the Ct. values. Capture enrichment was performed with either RSV or HuNoV probe set, 

and enriched libraries were then sequenced on the Illumina NovaSeq 6000 instrument to 
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generate 2x150 bp length reads. Pre-captured libraries were also sequenced followed by 

downstream genome reconstruction, variant, and lineage analyses. 
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Fig. 2. Viral read recovery efficiency. Percent of trimmed, non-human sequence reads (post-

processing) that mapped to the target viral genome in pre-capture (circles) and post-capture 

(triangles) libraries. CT value range of samples: ‘CT <20’ (red), ‘CT 20 to 30’ (light blue), ‘CT > 

30’ (green) & ‘ND’ (not detected) (pink). A: Viral reads mapping to RSV genomes, split by two 

subtypes. B: Viral reads mapping to HuNoV genomes, split by genotypes (GI.1, GII.4, Other 

GII). 
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Fig. 3. Average genome coverage obtained in post-capture (triangles) and pre-capture 

(circles) samples. Genome reconstruction was classified as follows: ‘complete’ (within 

expected length range, >90% completeness & >20x coverage), ‘complete with low coverage’  

(within expected length range, >90% completeness & <20x coverage), or ‘incomplete’ (below 

expected length range, <90% completeness & <20x coverage). CT value range of samples: 

‘CT <20’ (red), ‘CT 20 to 30’ (light blue), ‘CT > 30’ (green) & ‘ND’ (pink). A: RSV samples split by 

RSV-A or RSV-B genotype. B: HuNoV samples split by 5 genotypes (GI.1, GII.4, Other GII).  
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Fig. 4. The breadth of coverage for a minimal 20x coverage was calculated from the post-

capture and pre-capture RSV and HuNoV libraries. Sample pairs (i.e. the same sample 

processed with or without capture) are shown connected by a line. Samples that could not 

be detected by PCR were represented with ND (not detected). The left panel represents 

RSV and the right panel HuNoV subgroups. 
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       RSV-A Pre-capture                                                                                      RSV-A Capture 

       

       RSV-B Pre-capture                                                                                      RSV-B Capture 

        

Fig. 5. ORF expression levels in RSV-A (top panels) and RSV-B; (lower panels) pre-capture (left panels) and post-capture (right 

panels) samples.   
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Sample details RSV (pre-capture) RSV (capture) HuNov (pre-capture) HuNov (capture) 

Number of samples 24 85 55 55 

Subtype & genotype distribution RSV-A: 13; RSV-B: 11 RSV-A: 46; RSV-B: 39 
GI.1: 28; GII.4: 17; Other 

GII: 10 

GI.1: 29; GII.4: 16; Other 

GII: 10 

CT value range 17.0 - 29.9 17.0 - 29.9 20.2 - 34.8; ND 20.2 - 34.8; ND 

Mapping and assembly statistics 

Raw read count* 13,387,243 (5,497,877) 20,583,294 (54,079,506) 46,289,134 (57,813,028) 23,991,234 (55,562,802) 

Reads mapping to human* 6,701,050 (4,587,648) 300,517 (6,700) 12,591,275 (40,509,574) 81,123 (304,768) 

Reads mapping to target virus* 661 (1,367) 14,103,914 (39,111,126) 128,035 (638,298) 13,644,596 (44,125,310) 

Average genome coverage* 6 (11) 123,524 (342,306) 2,285 (11,398) 241,333 (782,026) 

Genome length** 11,984 / 15,253 15,116 / 15,346 0 / 7651 0 / 7,671 

Genome completeness*** 

Complete genome (correct length range, >90% complete & >20x 

coverage) 
1 (4%) 85 (100%) 18 (33%) 47 (85%) 

Low coverage complete genome (correct length range, >90% 

complete, but <20x coverage) 
6 (25%) 0 (0%) 7 (13%) 2 (4%) 

Incomplete genome (below length range, <90% complete & <20x 

coverage) 
17 (71%) 0 (0%) 17 (30%) 4 (7%) 

No genome assembled 0 (0%) 0 (0%) 13 (24%) 2 (4%) 

* Average (standard deviation); ** Minimum/Maximum; *** n (% of total), ND - Not detected 

   Table 1. Sample composition, mapping, and genome assembly statistics. 
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Strains A&B GI, GII, GIV 

# of Seq (Isolates) 1,570 1,376 

Bases Targeted 23.77 Mb 9.6 Mb 

% Bases Covered 99.79 99.68 

Unique Probes (80 bp) 87,025 39,300 
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