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Abstract (250 max) 10 

Copyback viral genomes (cbVGs) are truncated viral genomes with 11 

complementary ends produced when the viral negative-sense RNA virus polymerase 12 

detaches from the replication template and resumes elongation from the nascent strand. 13 

Despite advances in methods to identify cbVGs based on the site of polymerase break 14 

and rejoin, PCR-based tools cannot provide full length sequences of most cbVGs and/or 15 

can introduce errors and artifacts during cbVG amplification. These limitations have 16 

painted a limited picture of the diverse population of cbVGs generated during infection. 17 

To improve our ability to obtain native full-length sequences of cbVGs, we optimized 18 

Direct RNA Sequencing (DRS) as a fast and simple tool to sequence full-length cbVGs 19 

and designed a BLAST-based analysis approach to identify cbVGs from long-read 20 

sequencing data. We analyzed the DRS outputs of multiple Sendai virus stocks to 21 

highlight both the utility and limitations of this tool. We found that to capture the 22 

dominant 546 nucleotide cbVG produced by Sendai virus strain Cantell, the length of 23 

complementarity between the virus trailer and the DRS oligonucleotide should optimally 24 
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be increased to up to 32 nucleotides. We also demonstrate comparable quality of cbVG 25 

sequences by DRS from as little RNA as 17.6ng from the media fraction or 50ng of from 26 

the cellular fraction of cells infected with SeV, in contrast to the recommended 1000ng. 27 

Importantly, we validated different cbVG species from two recombinant Sendai virus 28 

stocks, including for the first time cbVGs whose break positions occurred at or near 29 

position one in the reference genome. 30 

 31 

Importance (150 words max - no references or abbreviations) 32 

Most viruses of the order Mononegavirales has been demonstrated to naturally 33 

generate copyback viral genomes. These genomes are critical determinants of infection 34 

outcomes; they interfere with standard virus replication by competing for viral resources, 35 

activate antiviral responses, and inhibit protein translation. Despite their critical roles in 36 

infection, current tools to study copyback viral genomes rely either on preexisting 37 

knowledge of the sequence of a target RNA or require reverse-transcription and 38 

amplification of the target RNA, biasing toward short cbVGs and introducing relatively 39 

high rates of errors. Our lab has long advocated for RNA virologists to sequence their 40 

stocks to assess the role cbVGs may have in their infections. Toward this effort, we 41 

detail the optimization of Direct RNA Sequencing to sequence full-length cbVGs while 42 

maintaining the integrity of the native cbVG RNA and present the Long-Read cbVG 43 

Analysis (LoCA; https://github.com/lopezlab-washu/LOCA.git) script as a highly 44 

accessible BLAST-based tool for cbVG detection.  45 

 46 

 47 

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


 3 

Introduction. 48 

Negative-sense (ns)RNA viruses generate a diverse population of viral particles 49 

defined by their genomic content. Viral genomes include the standard viral genomes 50 

copied exactly from the positive sense antigenomic intermediate, and replication-51 

competent viral variants that harbor non-lethal mutations (1). RNA viruses also produce 52 

nonstandard viral genomes (nsVGs), whose replication requires the standard virus 53 

polymerase (2, 3). In nsRNA viruses, the majority of these nsVGs are copyback viral 54 

genomes (cbVGs) generated when the viral polymerase detaches from the replication 55 

template at a “break position” and resumes elongation downstream at a “rejoin position”, 56 

copying back a sequence complementary to the 5’-end of the nascent genome (Fig. 1A, 57 

adapted from (4)) (1). cbVG generation appears to be restricted to but conserved 58 

among negative-sense RNA viruses, with cbVGs identified within every virus of the 59 

order Mononegavirales (1, 5). To understand how RNA viruses establish infections, 60 

promote transmission to other hosts, and are maintained within the host population, it is 61 

important to consider all components of the virus community, including both standard 62 

and nonstandard viral genomes.  63 

During infection, cbVGs interfere with standard virus replication by competing for 64 

viral resources, activating antiviral responses, and by inhibiting protein translation (6). 65 

We have demonstrated that cbVGs arise naturally in vivo during infection with 66 

respiratory syncytial virus (RSV) in children and with Sendai virus (SeV) in mice (7-9). 67 

cbVGs were established as the primary triggers of robust antiviral responses to RSV in 68 

children, making them candidate biomarkers to predict the outcome of infections and 69 

the rate of virus spread in a population (8). Timing matters for this effect; detection of 70 
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cbVGs early after infection is associated with low viral load and mild disease, where 71 

worsened clinical outcomes are seen in patients that generate cbVGs late in infection or 72 

present for prolonged periods (10).  With mounting evidence that nsVGs are naturally 73 

produced and amplified during infection, cbVGs are now proposed as agents for 74 

therapeutic interventions (11-14). 75 

To investigate the impact of specific cbVGs in an infection, one must first know 76 

which cbVGs are present. Existing strategies typically employ Illumina Sequencing to 77 

predict cbVG species complemented by RT-PCR to validate them. cbVG detection from 78 

short read sequencing data is based on the reference genome sequence, where cbVG 79 

reads contain a junction of two oppositely oriented regions of genome sequence, called 80 

a break-rejoin junction or position (Fig. 1A). While Illumina sequencing is highly 81 

sensitive and has dramatically increased our ability to detect cbVGs from diverse 82 

samples, the requisite fragmentation and short read length are severely limiting when 83 

trying to study full-length cbVGs, especially the presence or function of their molecular 84 

motifs. Further, like all RT-PCR based methods, Illumina sequencing relies on cDNA 85 

synthesis which can create artificial chimeric cDNA from template switching during RT 86 

and mis-priming in PCR (15-17). Thus, cbVG research can be limited by artifacts 87 

introduced both during the initial identification of a cbVG from Illumina sequencing and 88 

in its validation by RT-PCR.  89 

By contrast, Oxford Nanopore Technologies’ (ONT) Direct RNA Sequencing 90 

(DRS) eliminates biases from reverse transcription and/or amplification and does not 91 

require fragmentation of the RNA, allowing for sequencing of full-length native RNA 92 

molecules. In DRS, native RNA molecules pass through protein nanopores embedded 93 
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in an electrically charged membrane, with each nucleotide characteristically disrupting 94 

the ionic current to generate sequencing reads. DRS has already been appreciated for 95 

its ability to reveal unexpected transcriptional and genomic complexity from viral 96 

pathogens (18-20). 97 

To optimize DRS for sequencing of full-length cbVGs, we utilized SeV because it 98 

is a well-studied murine paramyxovirus related to human parainfluenza viruses (7, 21-99 

23). Further, we employed the historically available Sendai virus strain Cantell because 100 

it naturally produces and accumulates one specific well-characterized cbVG of 546 101 

nucleotides (nt) long (cbVG 546), that confers strong immunostimulatory ability to the 102 

virus and shuts off protein translation (7, 24-27). We detail the optimization of DRS for 103 

sequencing full-length cbVGs and apply these findings to gain novel insight into the 104 

cbVG populations of two virus stocks with diverse cbVG species. While DRS was 105 

limited in its ability to quantitative absolute cbVG numbers, the tool successfully 106 

validated full and partial-length cbVGs of variable lengths, including for the first time 107 

cbVGs with break and rejoin positions at opposite ends of the reference genome, in 108 

accordance with our previous predictions from both, virus passaged in vitro and clinical 109 

samples (28). Apart from some partial length cbVGs whose 5’ read ends terminated 110 

prematurely, all the cbVGs we validated were sequenced in their entirety, with no 111 

evidence of internal deletions (also called “mosaic” cbVGs). We show that DRS is a fast 112 

and accurate tool for validation and characterization of cbVGs from virus stocks and 113 

infected samples. 114 

 115 

 116 
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 117 

 118 

Results.  119 

 120 

DRS optimization for cbVG detection 121 

Direct RNA Sequencing kits sold by ONT include an adapter oligonucleotide that 122 

contains 10 d(T) nt, designed to bind the terminal 3’ end of mRNA, within the poly A tail. 123 

To capture cbVGs originating from the trailer, we designed our adapter oligonucleotide 124 

to bind the terminal nucleotides in the trailer sequence of the SeV antigenome. This 125 

positive-sense trailer sequence is present in all cbVGs regardless of their specific 126 

break-rejoin junction, as well as in the standard full-length viral antigenomes (Fig. 1A). 127 

However, we noted that adapter oligonucleotides designed to target the terminal 10nt of 128 

the antigenome would have several potential off-target binding sites within the SeV 129 

genome due to similarity in sequences. To investigate whether the adapter 130 

oligonucleotide could be optimized by increasing the oligonucleotide length, we 131 

designed and tested DRS adapter oligonucleotides of 10, 20, and 32 nt 132 

complementarity (Fig. 1B-C). Initial optimization experiments were performed at the 133 

manufacturer’s recommendation of 1000ng input (total) RNA, collected from SeV-134 

infected A549 cells 24 hours post infection (hpi) at a multiplicity of infection (MOI) 1.5 135 

TCID50/cell. Data were analyzed using our publicly available Long-Read cbVG Analysis 136 

script (LoCA; https://github.com/lopezlab-washu/LOCA.git). Host read filtered 137 

sequencing data can be input into LoCA, which only requires a BLASTn nucleotide 138 

database for the virus reference genome. In summary, LoCA sorts and reports reads 139 

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


 7 

that align in exactly one range as virus reads and reads that align in two oppositely 140 

oriented ranges as cbVG reads (Fig. 1D).  141 

First, we investigated the requisite length of virus complementarity within the 142 

adapter oligonucleotides for cbVG capture and indeed found that the 10nt long adapter 143 

oligonucleotide was suboptimal to sequence cbVG546. By contrast, longer adapter 144 

oligonucleotides of up to 32nt increased each the total number of non-host (total) reads 145 

(Fig. 2A), virus reads (Fig. 2B), and cbVG reads (Fig. 2C). We next investigated 146 

whether increasing the concentration of the adapter oligonucleotide from the 147 

recommended 2M to 4M or 8M would increase the number of cbVGs and stVGs but 148 

found that providing more adapter oligonucleotide decreased cbVG capture (Fig. 2D). In 149 

addition, excess adapter oligonucleotides during library preparation increased the 150 

frequency of background reads (non-host and non-virus aligned) (Fig. 2E). Further, as 151 

expected when sequencing a stock that makes one short dominant cbVG, most reads in 152 

a representative sequencing experiment were shorter than 2kB, but this strategy also 153 

captured some nearly full-length (15kB) standard viral genome reads (Fig. 2F).  154 

 155 

DRS application along a time course 156 

Next, we validated DRS in SeV infections of A549 cells over a time course, 157 

collecting both cellular fraction RNA (to capture active replication in the cells) and the 158 

more dilute media fraction RNA to reduce contamination by host RNA. In panels A and 159 

B of Figure 3 are two independent experiments sequencing cellular RNA 6 - 24hpi. In 160 

panel C is one experiment sequencing RNA from the media fraction 12-48hpi. We found 161 

that 6hpi is too early to capture cbVGs by DRS, that cbVGs are detectible although 162 
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more variable between experiments at 12hpi, and that cbVG levels are consistently 163 

sufficient and comparable between experiments beginning at 24hpi (Fig. 3 A-C). A 164 

detailed alignment of the DRS generated cbVG 546 sequence from the 24hpi, 1000ng 165 

cellular RNA condition in Panel A of Fig. 3 can be found in Fig. S1. The cbVG 546 166 

sequences are high quality, with mismatches typically occurring as deletions within 167 

nucleotide repeats, also called homopolymers (Fig. S1). This type of error is expected 168 

because cbVGs are highly structured and have shorter read lengths, resulting in more 169 

variable translocation speeds than stVG. When sequencing long stretches of the same 170 

base by DRS, the signal does not change, so if the RNA translocation speed is not 171 

constant, the number of bases in homopolymeric regions can be misrepresented (29).  172 

Of note, while all cellular RNA experiments sequenced a library made from 173 

1000ng input RNA, far less than 1000ng was extracted from the media fractions (Fig. 174 

3D). However, DRS still produced high quality complete cbVG546 sequences from as 175 

little as 17.6ng of input RNA (Fig. 3D). Since the media fraction is more diluted and has 176 

less host RNA than the cellular fraction, we wondered if cbVG sequencing will still be 177 

successful after decreasing the input RNA from the cellular fraction, where cbVGs are 178 

selected for among a greater population of potential contaminants. To test this, we 179 

decreased the cellular fraction input RNA to 500ng and 50ng and found reduced 180 

numbers of both cbVG and virus reads (Fig. 3E and 3F). However, pairwise identity was 181 

comparable between the cbVG sequences obtained from the 50ng and 1000ng 182 

conditions (Fig. 3G). These results suggest that for most applications, 50ng of total RNA 183 

is sufficient for sequencing cbVGs. For assessments of pairwise identity, the DRS 184 

sequence was aligned to a hypothetical full-length reference cbVG 546 sequence 185 
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generated to contain every nucleotide from the end of the trailer until the break position, 186 

immediately followed by every nucleotide from the rejoin position back to the end of the 187 

trailer. As before, offering more adapter oligonucleotide during library preparation did 188 

not improve capture of cbVG or full-length virus (Fig. 3H and 3I).  189 

 190 

DRS validates diverse cbVGs predicted from Illumina data. 191 

We next evaluated whether DRS can validate and provide complete cbVG 192 

sequences in a system with more diverse cbVGs that includes longer species not 193 

previously validated. To do this, we employed two newly generated high cbVG 194 

producing stocks of rescued recombinant SeV, named rSeVA and rSeVB, which have 195 

cbVG profiles distinct both from each other and from the cbVG 546-producting historical 196 

SeV Cantell stock described above. First, we used previously designed primers (7) to 197 

detect cbVGs in the rSeVA and rSeVB stocks by PCR, producing the bands in Fig. 4A. 198 

Whole plasmid sequencing after these bands were cloned into pGEM-T plasmids 199 

validated the break-rejoin junctions of four short cbVG species as listed in Fig. 4B. Of 200 

note, these are partial sequences, limited by the location of the primers. Further, the 201 

enzymatic nature of RT-PCR also biases shorter species, which can be limiting when 202 

validating very long cbVGs. For these and many other viruses, RT-PCR for cbVG 203 

validation is extremely low throughput as compared to Illumina sequencing. 204 

Thus, we next used Illumina sequencing to generate short sequencing reads 205 

from these samples, which we analyzed by VODKA2 to predict cbVGs from each rSeVA 206 

and rSeVB stocks (30). Briefly, VODKA2 uses Bowtie2 to align the short reads from 207 

Illumina sequencing to a catalog of hypothetical break-rejoin junctions, generated based 208 
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 10 

on the sequence of the reference genome (30). VODKA2 then validates by BLASTn that 209 

the predicted cbVG read is aligned in two oppositely oriented ranges, before generating 210 

a report of all predicted cbVGs (30). By contrast to RT-PCR, analysis of Illumina 211 

sequencing data by VODKA2 detects hundreds of thousands of cbVG break-rejoin 212 

junctions. Reads with similar break-rejoin junctions and lengths can be classified as 213 

cbVG species. We represented each cbVG species as a magenta dot whose size is 214 

correlated with its predicted frequency on a scatter plot, whose axes represent the 215 

position of each cbVG break (x-axis) and rejoin (y-axis) in the reference genome (Fig. 4 216 

C, F). However, these break-rejoin junctions are only predicted and must undergo 217 

secondary validation like RT-PCR or DRS. 218 

Thus, to validate and obtain complete sequences of the more complex cbVG 219 

population predicted from short read data, we sequenced the rSeVA stock twice and the 220 

rSeVB once by DRS, each time with 50ng of RNA as input for the library. DRS validated 221 

16 predicted cbVGs with N≥3 reads from rSeVA and 9 predicted cbVGs with N≥3 reads 222 

from rSeVB. DRS validated cbVG species (N≥3) DRS reads with shared break-rejoin 223 

positions ± 5nt are indicated as cyan dots in Fig. 4C and 4F for rSeVA and rSeVB 224 

respectively. Full-length DRS-validated cbVGs ranged in length from 396nt to 3240nt. 225 

These included both cbVG species validated by RT-PCR from each stock in Fig. 4 A-B.  226 

Of note all cbVGs sequenced at N≥3 DRS reads followed the paramyxovirus 227 

“rule of 6” where the paramyxovirus genome size must be a precise multiple of six to be 228 

replicated efficiently (Fig. S2, S3). As expected, and as reflected by the increased 229 

number of DRS reads and corresponding larger dots on the scatter plot, most of the 230 

validated cbVG break-rejoin junctions are near the trailer end of the genome (zoomed 231 

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


 11 

views in Fig. 4D, 4G). For the first time, this tool also enabled us to validate cbVG 232 

break-rejoin junctions in each sample characterized by distal break positions as far as 233 

position 1 in the reference genome, with rejoin positions in or near the trailer (Fig 4E, 234 

4H). Of note, although not every Illumina cbVG was validated, all cbVGs sequenced by 235 

DRS corresponded to a cbVG predicted from the Illumina data. A complete list of all 236 

validated cbVGs and their properties is provided in Fig. S2 for rSeVA and Fig. S3 for 237 

rSeVB.  238 

 239 

DRS cbVG reads are high quality  240 

During basecalling of DRS data, each read is assigned a quality score (Q score), 241 

frequently used as a filter to exclude poorly sequenced and basecalled reads (31). Q10 242 

corresponds to an error rate of 10% and Q20 corresponds to an error rate of 1% (31). 243 

The default recommended DRS Q score threshold is Q=9, by which we find that the 244 

cbVG reads are, on average, very high quality. Specifically, Fig. 5A reports an average 245 

score of 21 from a fastQC analysis conducted on the pooled rSeVA and rSeVB DRS 246 

cbVG reads basecalled at Q=9, corresponding to an average basecall accuracy of 247 

99.2%. However, the Q score threshold is a parameter that can be modified by the user 248 

to include more prospective sequences if desired. When we decrease from Q=9 to Q=7, 249 

total cbVG read numbers increase 69.7%, with some cbVG species increasing 250 

dramatically more than others (Fig. 5B). We find that many of the cbVG reads with Q 251 

scores <9 are partial length cbVGs, so while these are not our target, they may prove 252 

useful to a user searching for the maximum possible number of reads corresponding to 253 

a specific cbVG.  254 
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 255 

DRS validates distal break-rejoin junctions 256 

Diagramed in Fig. 6A is the longest full-length cbVG sequenced, cbVG3240 257 

(from rSeVA; named for its full length in nt). In general, cbVG sequence integrity by 258 

DRS is high; across all experiments, mismatches observed by DRS were typically 259 

deletions instead of substitutions. This holds true for cbVG 3240, where all 20 260 

mismatches were deletions, often in regions of repeated nucleotides reflecting a 261 

technical limitation of DRS, not reflecting a biological feature of cbVGs (Fig. 6B). 262 

Concerning the overall architecture of full-length cbVGs, we did not observe any large 263 

internal deletions or rearrangements resembling mosaic cbVG architecture.  264 

Finally, as mentioned previously, these DRS experiments validated cbVGs in 265 

both rSeV stocks characterized by a distal break at position 1 in the reference genome, 266 

and a rejoin in the final gene (L, polymerase gene) encoded by the virus genome. Of 267 

note, some of these reads also follow the rule of 6, as highlighted in Fig. 6C. This is the 268 

first direct validation that these species exist, which have long been predicted among 269 

clinical and complex infection samples (10, 28). Like the diagram in Fig. 6A, the length 270 

from the trailer to the break position in these cbVGs is much longer than the length from 271 

the rejoin position back to the trailer, where the oligonucleotide is positioned. This 272 

enables us to directly validate for the first time break-rejoin junctions from cbVGs with 273 

predicted full lengths up to 16,830nt, even though we don’t sequence every nucleotide. 274 

Previously, we have lacked adequate tools to validate whether these are true cbVGs or 275 

simply artifacts introduced during the library preparation for Illumina sequencing. By 276 

DRS, we are highly confident in the verity of these cbVG species. 277 
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 278 

DRS shortcomings  279 

DRS would be maximally helpful to us as a quantitative tool, to assess how many 280 

cbVGs are produced compared to standard viral genomes, or to compared cbVG 281 

accumulation levels between species. However, even in the most optimal conditions 282 

tested, we found that a large percentage of the reads aligned to the host genome or 283 

were called as background reads. To dive deeper into this issue, we investigated which 284 

RNAs were represented in the reads from the 8M oligonucleotide condition, where 285 

nearly 80% of all sequenced reads align to the host genome (Fig. S4A). Among the 286 

20% non-host reads, most reads aligned to the standard virus, with 7.4% cbVG reads 287 

and 29.4% background reads (non-host and non-virus aligned) (Fig. S4A). The host 288 

reads were enriched in the most prominent cellular RNAs in a typical A549 cell. 289 

Specifically, chromosome 17 is the most highly sequenced because of a polysomy of 290 

this chromosome in A549 cells (32), followed by ribosomal RNAs, long non-coding 291 

RNAs, and mitochondrial RNAs (Fig. S4B). Examination of the background reads in this 292 

sample showed that most cannot be classified as they are primarily composed of either 293 

G/C or A/U repeats (Fig. S4C). The background reads that could be manually classified 294 

included some very short reads aligning to common host RNAs (Fig. S4C). The high 295 

level of host reads sequenced from infections in A549 cells was not seen from infections 296 

in highly permissive monkey LLCMK2 cells (Fig. S4D). 297 

To reduce the proportion of host reads sequenced from A549-infected cells, we 298 

tested two methods for host RNA depletion before library preparation: Ribozero 299 

ribodepletion and Dynabeads mRNA depletion, as well as adaptive depletion through 300 
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MinKNOW during sequencing for targeted depletion of the most common host reads 301 

sequenced previously. However, all these strategies similarly failed to significantly 302 

reduce the percentage of host reads in the sample (Fig. 7A). To verify successful 303 

ribodepletion, we confirmed by Bioanalyzer that the 18S and 28S peaks present in total 304 

RNA infected with SeV (Fig. 7B) are depleted after Ribozero Ribodepletion (Fig. 7C), 305 

which can be confirmed using a higher sensitivity assay (Fig. 7D). Comparing Ribozero 306 

Ribodepletion before library preparation to Adaptive Depletion during MinKNOW during 307 

data acquisition, we did not find proportionally higher levels of virus or cbVG reads, 308 

although we did sequence more reads overall compared to DRS without any host 309 

depletion, with increases in total numbers of both virus and cbVG reads (Fig. 7E).   310 

 311 

Discussion.  312 

 As cbVG generation is broadly conserved among the Mononegavirales, and 313 

cbVGs are highly influential in infections, it is critical that virologists have quick, simple, 314 

and reliable tools to identify cbVGs from virus stocks and infection samples. Toward this 315 

end, we describe the optimization of DRS to sequence full-length cbVGs and its 316 

application to simultaneously sequence multiple variable length cbVGs at the native 317 

RNA level without potential amplification-induced errors. We first found that to prepare 318 

successful libraries for DRS of cbVGs, users could increase the length of SeV 319 

sequence-specific adapter oligonucleotides complementary up to 32 nt. We also found 320 

that preparing libraries with only 50ng of input RNA is sufficient for most applications. 321 

Further, we showed that depletion of host RNA, either by Ribozero Ribodepletion or by 322 

MinKNOW Adaptive Depletion, increased the total number of sequenced reads and the 323 
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number of both virus and cbVG reads, although didn’t increase the percentage of virus 324 

or cbVG reads in the sample. In these cases, removing host reads from the sample that 325 

could otherwise occupy and clog nanopores enabled the sequencing of more RNA 326 

molecules in total, although this did not affect the proportion of host RNA likely because 327 

the adapter oligonucleotide binds nonspecifically to prominent RNAs in the host cell. 328 

Together, this suggests that DRS is sufficient to sequence full-length cbVGs and stVG 329 

but is not yet quantitative.  330 

Furthermore, we describe LoCA (https://github.com/lopezlab-washu/LOCA.git), 331 

an entirely BLAST-based analysis workflow to identify cbVGs (virus aligned in two 332 

orientations) from long-read sequencing data. Existing cbVG detection pipelines are 333 

specialized for Illumina reads and classify cbVG reads by aligning the experimental data 334 

to a catalog of hypothetical break-rejoin rejoins (30). The BLAST-based analysis we 335 

describe here to identify cbVGs from long-read sequencing data offers several 336 

advantages by comparison. First, there is reduced computational and labor demand 337 

because it is only necessary to generate and store a BLAST nucleotide database for the 338 

reference genome, not a catalog of hypothetical break and rejoin positions. This 339 

strategy is also unbiased and highly specific because it classifies cbVG reads based on 340 

alignment ranges instead of percent identity to a predicted reference. Finally, this also 341 

enables classification of partial or mutated reads; cbVGs can be reported independent 342 

of their predicted or actual length, and regardless of whether there are mutations or 343 

even truncations outside of the break-rejoin junction. In all the optimization and 344 

application experiments, cbVG reads reported by LoCA were true cbVG reads; there 345 

was no evidence of artifactual recombination like we have to consider when using other 346 
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methods. One limitation of this study is that we analyzed LoCA reads with precisely two 347 

alignment ranges; we may have detected cbVGs with more complex architecture by 348 

investigating reads with more than two alignment ranges.  349 

When we applied DRS to SeV stocks with more diverse populations of cbVGs, 350 

we validated 16 cbVGs from two sequencing experiments and 9 cbVGs from one 351 

sequencing experiment, each using only 50ng RNA per library. Full-length (>99%) 352 

validated cbVGs ranged in length from 396-3240nt and in the case of partial length 353 

cbVGs sequenced by DRS, we find that the 5’ end of the cbVG sequence may be 354 

incomplete. As in DRS RNA molecules are translocated across the pore 3’->5’ but 355 

flipped during basecalling to generate 5’->3’ oriented reads, it is expected that the 5’ 356 

ends of some reads are missing as the most distal sequences supposed to pass to the 357 

pore can be lost due to RNA degradation or nanopore clogging. Among these partial 358 

length cbVGs, we validated for the first time the existence of cbVGs with distal break-359 

rejoin junctions, specifically those with break positions at/near position 1 in the 360 

reference genome and rejoin positions in the trailer region. These very long cbVGs may 361 

be an intermediate species during the diversification of cbVG species during infection 362 

(28). We hypothesize that long cbVGs occur early during infection an act as templates 363 

for smaller cbVGs generated later during infection, 364 

One limitation of DRS is that cbVGs with a very short loop region but very long 365 

complementary ends would be more difficult to sequence both because of their length 366 

and their likelihood to form secondary structure. As DRS technology continues to 367 

improve, we hope to validate and investigate this type of cbVG species. Furthermore, 368 

the frequency at which a break-rejoin junction was sequenced by DRS didn’t always 369 
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correspond with the frequency predicted by Illumina, but we cannot conclude from our 370 

data whether this is representative of the actual amount of RNA present in the sample 371 

because we did not investigate the relative efficiencies of adapter oligonucleotide 372 

binding to different RNAs. 373 

DRS addresses the need for an affordable, timely, and sensitive tool to validate 374 

cbVG sequences. This tool is not yet quantitative, but we have seen vast improvements 375 

in the DRS kits since their initial release, which make us confident that cbVG 376 

quantitation by DRS will eventually be possible. Our sequencing outputs for cbVGs 377 

continue to increase as new kit improvements are released; to sequence cbVGs by 378 

early versions of the DRS kit, we initially had to maximize RNA concentration and 379 

supplement additional adapter oligonucleotide in the library preparation. While we 380 

sequence most of the dominant cbVG species predicted by Illumina, DRS doesn’t 381 

always capture the lower frequency cbVGs. It is also apparent that cbVG secondary 382 

structure may affect DRS outcomes; beyond physically blocking the nanopores to 383 

decrease flow cell health during DRS, cbVG translocation speeds can be variable. 384 

Longer cbVG reads that have more nucleotides available to average this translocation 385 

speed tend to be higher quality reads.  386 

Sequence validation of cbVGs is a critical first step to study the presence of or 387 

functional impacts of molecular motifs in cbVGs. Following the recommendations 388 

herein, virologists will now be able to use DRS to sequence full-length cbVGs in their 389 

samples and use LoCA to detect and extract those reads for further study. DRS is a 390 

critical supplement to existing tools in this field, both for cbVG specialists to uncover 391 
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hidden sequence features of cbVGs, and for non-specialists to discover dominant 392 

cbVGs with prospective significance in their systems. 393 

 394 

 395 

 396 

Materials and Methods.  397 

 398 

Cell lines, virus infection 399 

A549 cells were cultured and infected with SeV as previously described in (33).  400 

 401 

rSeVA and rSeVB virus rescue and cbVG high stocks development 402 

Two independent rSeVCeGFP viruses, named rSeVA and rSeVB, were rescued as 403 

previously described (33) and tittered as described in 404 

dx.doi.org/10.17504/protocols.io.ewov1d73yvr2/v1. cbVG high virus stocks were 405 

developed from the rescued viruses as described in 406 

https://dx.doi.org/10.17504/protocols.io.j8nlk9xqwv5r/v1. 407 

 408 

RNA extraction 409 

Total RNA was extracted from the either the cellular or media fraction of infected cells 410 

as described in https://dx.doi.org/10.17504/protocols.io.x54v922pml3e/v1/. Cellular 411 

fractions were extracted in 1mL TRIzol reagent while media fractions (1mL) and virus 412 

stocks (500L) were extracted in Trizol-LS reagent.  413 

 414 
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cbVG RT-PCR and PCR bands sequencing 415 

SeV cbVG RT-PCR was done as described in 416 

https://dx.doi.org/10.17504/protocols.io.5qpvok3j7l4o/v1. cbVG bands were cut and 417 

inserted into the pGEM-T vector as described in 418 

https://dx.doi.org/10.17504/protocols.io.yxmvme389g3p/v1. The plasmids containing 419 

cbVG bands were then sequenced through Plasmidsaurus.  420 

 421 

RNA sequencing, RNA-seq data preprocessing, and VODKA2 cbVG detection  422 

RNA sequencing library preparation was performed using Illumina TruSeq Stranded 423 

Total RNA kits and sequenced at 30 million reads per sample by RNA Seq NextSeq 424 

High output 2x150. As used to generate part of Figure 5, RNA sequencing, RNA 425 

sequencing data preprocessing, and cbVG detection with VODKA2, were performed as 426 

described in (30).  427 

 428 

Direct RNA Sequencing library preparation 429 

DRS libraries were prepared using sequencing kit SQK-RNA004, following the 430 

manufacturer’s instructions of the protocol and performing the optional RT step using 431 

SR+SRT-III (version DSS_9197_v4_revA_20Sep2023-minion-2). The only modification 432 

we made to this protocol is that unless otherwise specified, we designed our DRS 433 

adapter oligonucleotide to bind 32nt of the SeV trailer, instead of only the recommended 434 

10nt (Table 1). SeV libraries were prepared using 1000ng total RNA unless otherwise 435 

indicated, while rSeV libraries were prepared using 50ng total RNA (Quantitation 436 

performed using a Qubit RNA HS assay kit on a Qubit fluorometer). All DRS 437 
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experiments were sequenced for 72 hours on a MinION Mk1b using a new, previously 438 

unused FLO-MIN004RA, flow cell. Raw datasets were basecalled in MinKNOW at the 439 

high accuracy basecalling setting before passed reads were mapped to the human 440 

genome (GRCh38) using BLASTn. Nonhost reads were extracted and input into the 441 

LoCA script as described below. 442 

Table 1: SeV DRS Adapter Oligonucleotides  

Length of 
Complementary 

to SeV 
ONT DRS Oligo B sequencesa  

10nt 
5’-
GAGGCGAGCGGTCAATTTTCCTAAGAGCAAGAAGAAGCC(AC
CAGACAAG) 

20nt 
5’-
GAGGCGAGCGGTCAATTTTCCTAAGAGCAAGAAGAAGCC(AC
CAGACAAGAGTTTAAGAG) 

32nt 
5’-
GAGGCGAGCGGTCAATTTTCCTAAGAGCAAGAAGAAGCC(AC
CAGACAAGAGTTTAAGAGATATTTATTCTA) 

aSequences complementary to 3’ end of SeV trailer are colored in red within 443 

parentheses. 444 

 445 

cbVG detection with LoCA 446 

LoCA is freely available in Github (https://github.com/lopezlab-washu/LOCA.git). BLAST 447 

nucleotide databases for the full-length virus reference genome sequences were 448 

created using BLAST 2.2.31--pl526h3066fca_3. NonHost DRS reads were input into the 449 

LoCA R script, which uses BLAST alignment and samtools to generate several files for 450 

each the virus and cbVG reads: txt file with IDs of aligned reads, fastq and fasta files of 451 

classified reads, and a LoCA report. The LoCA report summarizes the cbVG break-452 
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rejoin junctions, their predicted lengths, the size of the loop compared to the stem and 453 

the read sequence, and whether the cbVG follows the rule of 6 (can be modified or 454 

removed for viruses that are not constrained by this rule). Furthermore, LoCA outputs a 455 

mode column that is helpful for quantitating cbVGs, as it classifies into common species 456 

those cbVGs with lengths and break-rejoin junctions separated by only +/- 5 nt. 457 

 458 

Alignment of cbVG reads 459 

Alignment of cbVG reads for secondary analysis was performed in MegAlign software 460 

(DNAStar, Lasergene 17) using the MUSCLE algorithm. Comparisons of sequence 461 

identity were performed using the pairwise alignment function in MegAlign to align the 462 

consensus sequence from all cbVGs sharing a break-rejoin junction to a reference 463 

cbVG sharing the same break-rejoin position.   464 

 465 

Dava availability 466 

Raw sequencing data of Sendai virus infections used herein are available in SRA under 467 

accession number PRJNA1232176.  468 

 469 

Appendices.  470 

Supplemental material is available for this article. 471 
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Figure Legends 587 

 588 

Figure 1: LoCA identifies copyback viral genomes (cbVGs) from long-read Direct 589 

RNA sequencing data. (A) cbVGs are generated when the viral polymerase detaches 590 

from the replication template at a “break position” and resumes elongation downstream 591 

at a “rejoin position”, copying back a sequence complementary to the 5’-end of the 592 

nascent genome. Adapted from [22]. (B) Sequence-specific adapter oligonucleotides of 593 

lengths 10, 20, and 32 nucleotides were designed and tested against the Sendai virus 594 

(SeV) trailer for Direct RNA Sequencing (DRS). Oligo design in trailer permits cbVG 595 

capture independent of break-rejoin junction. (C) The final DRS adapter oligonucleotide 596 

is annealed by mixing Oligo A and Oligo B 1:1 in buffer (1.4 μM in 10 mM Tris-HCl pH 597 

7.5, 50 mM NaCl), heating to 95º C for 2 minutes, and cooling slowly at 0.1º C/sec. 598 

Oligo A is an ONT-specified sequence while Oligo B contains 10 dT nt, which were 599 

replaced by the corresponding SeV binding sites represented in red arrows. (D) The 600 

DRS workflow for cbVGs begins with the removal of host-aligned reads from the 601 

sequencing data. Next, NonHost reads are aligned by BLASTn to the virus reference 602 

genome from which reads with one alignment range are reported as virus reads and 603 

reads with two alignment ranges in opposite orientations are reported as cbVG reads. 604 

cbVG reads with common break-rejoin junctions are grouped into a single cbVG 605 

species.  606 

 607 

Figure 2: The length of sequence-specific oligonucleotide is critical for capture of 608 

cbVGs. DRS output from cellular RNA extracted from A549 cells 24 hours after 609 
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infection by SeV Cantell at MOI 1.5. The library was prepared using sequence-specific 610 

adapter oligonucleotides with the indicated lengths of complementarity to the virus 611 

trailer and sequenced for 72 hours. Increasing the length of trailer-specific adapter 612 

oligonucleotide improved capture of (A) total (non-host) reads, (B) virus-aligned reads, 613 

and (C) cbVG reads. However, increasing the adapter oligonucleotide concentration 614 

from 2μM to 8μM decreases capture of (D) cbVG reads and increases (E) background 615 

reads. (F) Histogram showing the lengths of Sendai virus-aligned reads in an example 616 

DRS sample using 2μM of a 32nt trailer-specific adapter oligonucleotide. Read length 617 

bins every 2,000 nucleotides.  618 

 619 

Figure 3: DRS can be used to sequence SeV copyback and standard viral 620 

genomes from RNA extracted from both cells and media. Infections of A549 cells 621 

were performed using Sendai virus strain Cantell at MOI 1.5 for indicated time points. 622 

Libraries were prepared using sequence-specific adapter oligonucleotides with 32nt 623 

complementarity to the virus trailer and sequenced for 72 hours. (A-C) Virus and cbVG 624 

reads by sequencing libraries from either the cellular or media RNA fractions as 625 

indicated. (D) Library input RNA for each condition of the cellular and media time course 626 

experiments in Panels A-C. (E-F) cbVG and virus reads identified from cellular fraction 627 

RNA libraries at indicated input RNA quantities. (G) Percent identity and lengths of 628 

resulting cbVG and virus sequences for each condition of the cellular and media time 629 

course experiments in Panels E-F. (H-I) cbVG and virus reads from varying the 630 

concentration of trailer-specific adapter oligonucleotide from 2μM to 8μM while 631 

maintaining 50ng library input RNA. 632 
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 633 

Figure 4: DRS validates cbVGs from rSeV A and B stocks. (A) Agarose gel (1%) 634 

highlights amplicons resulting from cbVG-specific RT-PCR of rSeVA (left) and rSeVB 635 

(right) virus stocks. Bands from the gel were excised, purified, and sequenced. (B) 636 

Break-rejoin junctions and predicted full lengths of sequence-confirmed RT-PCR 637 

validated cbVGs. Numbering of break-rejoin junctions and predicted lengths of cbVGs 638 

assume synthesis of every nucleotide from the trailer until the break, and from the rejoin 639 

back to the end of the trailer of the SeV reference genome. (C, F) Total population of 640 

cbVGs predicted by VODKA2 from Illumina short read sequences of rSeVA and B 641 

stocks respectively (magenta dots). cbVG break-rejoin junctions validated by DRS 642 

designated as cyan dots. (D, G) Zoom view for rSeV A and B stocks respectively, 643 

highlighting the high frequency of predicted and validated cbVGs characterized by 644 

break-rejoin junctions nearest the virus trailer. (E, H) Virus gene annotations for break 645 

and rejoin positions of cbVGs validated by DRS at three or more reads from rSeV A and 646 

B stocks respectively. Break position is indicated in cyan, joined to the corresponding 647 

rejoin position in navy.   648 

 649 

Figure 5: cbVGs sequencing reads from DRS are high quality. (A) FastQC report 650 

showing quality per read of all DRS validated cbVG reads from both rSeVA and rSeVB 651 

stocks. Each sample basecalled at a minimum quality score threshold of 9 prior to 652 

fastQC analysis. (B) The quality score (Q-score) threshold can be modified by the user 653 

during basecalling and maintains or increases DRS read numbers for each break-rejoin 654 

junction species. Chart shows the NGS ranking corresponding to the relative frequency 655 
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of detection of each break-rejoin junction by NGS, the predicted length, the number of 656 

DRS reads at the recommended quality score 9, and the number of DRS reads after 657 

reducing the quality score threshold to 7. The final column shows the percent increase 658 

in read counts by decreasing the quality score threshold to 7, colored as a heat map 659 

with the smallest increases in green and the largest increases in red.  660 

 661 

Figure 6: DRS validates the existence of long cbVGs by their break-rejoin 662 

junctions. (A) Illustration of the architecture of the longest full-length cbVG validated by 663 

DRS, rSeVA-cbVG 3240 (named for its predicted length).  Sequence until cbVG break 664 

at rSeV position 13,803 represented in cyan, with sequence from cbVG rejoin at rSeV 665 

position 15,518 until the end of the trailer represented in navy. (B) Alignment overview 666 

of rSeVA-cbVG 3240, highlighting that the full length of the predicted cbVG is 667 

sequenced; there was no evidence of mosaic cbVG architecture characterized by 668 

internal deletions. The reference cbVG sequence is on top with the DRS generated 669 

sequence on bottom. Grey vertical lines in DRS sequence indicate deletions from 670 

reference sequence (no substitutions or insertions were present). (C) DRS reads 671 

validate cbVGs with distal break positions at or near position 1 in the reference genome. 672 

Shown are the predicted complete length and actual read length of each cbVG with its 673 

validated break-rejoin junction, and whether it follows the paramyxovirus “rule of six” 674 

(genome length = 6n+0). cbVG species are highlighted from each sample, grouped by 675 

shared rejoin position of +/- 6nt.  676 

 677 
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Figure 7: DRS in A549 cells is limited by nonspecific capture of host reads.  (A) 678 

Percentages of host reads (black) and non-host reads (white) from sequencing DRS 679 

libraries prepared using the sequence-specific adapter alone, in addition to Dynabeads 680 

mRNA depletion or Ribozero ribodepletion, or from MinKNOW adaptive depletion 681 

computationally during data acquisition. (B) Bioanalyzer electropherogram traces from 682 

total RNA with 18S and 28S peaks labeled in pink and green respectively. (C) 683 

Bioanalyzer electropherogram traces from Ribozero ribodepleted RNA. (D) Higher 684 

sensitivity bioanalyzer electropherogram traces from Ribozero ribodepleted RNA with 685 

18S and 28S peaks labeled in pink and green respectively. (E) Comparison of the 686 

number of total reads, virus-aligned reads, and cbVG reads from DRS of total RNA 687 

using the sequence-specific adapter alone, Ribozero ribodepleted RNA, and the 688 

sequence-specific adapter followed by MinKNOW adaptive depletion computationally 689 

during data acquisition. The percentages of virus and cbVG 546 reads are shown in 690 

parentheses below the read numbers.   691 

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


Example 
Break Position

Example 
Rejoin Position

cbVG

stVG

A
10
20

SeV
Complementarity
(bp)

Trailer

Break-Rejoin Junction

B

Trailer

Trailer

Trailer

D

32

Yes

Discard Read

NoHost 
Reference
 Genome

BLAST
Host

Read?

Raw Data Pre-Processing

DRS 
Reads

Virus 
Reference
Genome

BLAST
Virus

Aligned? 1 range

2 ranges,
oppositely-oriented

No

Virus
Reads

Long-Read cbVG Analysis (LoCA) 

cbVG X cbVG Y

Alignment

cbVG
Reads

C
SeV Ref. Antigenome

SeV DRS Oligo
3’

CAAGAAAATTTAATAGAATAAATATCTCTTAAACTCTTGTCTGGT

10203040
ATCTTATTTATAGAGAATTTGAGAACAGACCA

GAGAATTTGAGAACAGACCA
GAACAGACCA 10

20
SeV
Complementarity 
(bp)

32

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


10 20 32
0

100

200

300

400

500

Oligo Length (bp)

N
on

H
os

t R
ea

ds
BA C

10 20 32
0

2

4

6

8

10

Oligo Length (bp)

cb
VG

 R
ea

ds

10 20 32
0

50

100

150

200

250

Oligo Length (bp)
Vi

ru
s 

R
ea

ds

D F

cb
VG

 R
ea

ds

Oligo Concentration (μM)
2 4 8

0

50

100

150

B
ac

kg
ro

un
d 

R
ea

ds
 (%

)

Oligo Concentration (μM)

E

Read Length (Kb)

N
um

be
r o

f R
ea

ds

0-2 2-4 4-6 6-8 8-10 10+0

20

40

60

80

100

120

140

160

2 4 8
70

80

90

100

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


C
el

lu
la

r R
ea

ds

Virus cbVG
A Cell 1 B

C
el

lu
la

r R
ea

ds

Cell 2

0

20

40

60

80

100
150
200
250

12 24 48
Time Post Infection (hrs)
12 24 48

Su
pe

rn
at

an
t R

ea
ds

C

Hours 
Post 

Infection

Input 
RNA
(ng)

Supernatant 
RNA

MOI 1.5

Cellular RNA
MOI 1.5

12

24

12, 24, 48

48

36.7

17.6

1000

43.34

D
SeV

Sample

Time Post Infection (hrs)

0

20

300
400

0

10

20

30

300
400

6 12 24 6 12 24
Time Post Infection (hrs)

6 12 24 6 12 24

Virus cbVG

10

Virus cbVG
Media

E

Library Input RNA (ng)

cb
VG

 R
ea

ds

Library Input RNA (ng)
Vi

ru
s 

R
ea

ds

F

H I

Oligo Concentration (µM)Oligo Concentration ( µM)

Input 
RNA 
(ng)

1000

500

Pairwise 
Identity to 
Reference

98.2%

Contig 
Length 

(bp)
546

546

50

97.7%

97.8%

15,350

15,475

cbVG
Reads

Input 
RNA 
(ng)

Pairwise 
Identity to 
Reference

Contig 
Length 

(bp)

G

FL
Virus

Reads 

98.2%

1000 500 50
0

50

100

150

1000 500 50
0

200

400

600

800

1000

546

1000

500

50

98.0%

95.9%14,719

cb
VG

 R
ea

ds

Vi
ru

s 
R

ea
ds

2 4 8
0

50

100

150

200

250

2 4 8
0

10

20

30

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


rSeV A

500

1000
1200

1500

2000

4

5

1

2

3

cbVG Predicted

Break_Rejoin

4

5

1

2

3

14,827_16,183

Below detection 

limit

Predicted

Length

1548

768

1284

678

Unknown

rSeV B

15,699_16,181

15,104_16,170

15,660_16,130

rSeV cbVGs by RT-PCR
A B

C rSeV A Short-Read

Predicted cbVGs

Junction Reads

D
15,094_16,178

15,839_16,143
13,325_16,155

13,803_15,518

16,058_16,104

1500010000

Break Position

R
e
jo

in
 P

o
s
it

io
n 15000

10000

12500

12500

E

F rSeV B Short-Read

Predicted cbVGs

Junction Reads

G

1500010000

Break Position

R
e
jo

in
 P

o
s
it

io
n 15000

10000

12500

12500

15,416_15,690

14,822_16,188

12,858_16,016 15,660_16,130

16,058_16,074

H
rSeV B DRS Validated cbVGs

N

eGFP

P/V/C M F HN L

rSeV A DRS Validated cbVGs

N

eGFP

P/V/C M F HN L

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


A

B

NGS 

Ranking
Break_Rejoin

4

1

2

3

Predicted

Length

576

522

1284

792

15,839_16,143

15,839_16,197

Q9

Reads

61

300

SeV Stock A - DRS Validated cbVGs by Quality Score

5

6

3078

3240

434

182

47

227

15,094_16,178

13,325_16,155

15,585_16,181

13,803_15,518

210614,819_15,633

137

11

8

9

10

15,200_16,103

15,506_15,960

13

14

15,694_16,186

15,389_16,084

15,937_16,147

16,058_16,104

15,092_15,65515

16,055_16,095

17

1254

1092

678

474

1086

396

1806

16,830

18

1_15,727

408

3

17

21

42

14

479

3

3

45

Q7

Reads

Total cbVG Reads 1,932

89

479

699

351

71

239

20

3

23

22

81

25

956

6

3

98

3,278

Quality Score Distribution rSeVA cbVG Sequences

Mean Sequence Quality (Phred Score)

Percent (%)

Increase

45.9

59.7

61.1

92.9

51.1

5.3

53.8

0.0

35.3

4.8

92.9

78.6

99.6

100.0

0.0

117.8

69.7

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


Sample Break_Rejoin Predicted
Length

16,776

16,812

17,028

16,830

1_15,780

1_15,745

DRS Validated SeV cbVGs with Distal Break Positions

16,829

16,812

1_15,528

6_15,721

1_15,727

21_15,725

Rule of 
Six
Yes

No

Yes

Yes

Yes

Yes

16,79914_15,745

Yes1_15,745

6_15,745

24_15,877

16,812

16,657

16,807 No

No

No

997

866

665

1,819

633

611

1,223

2,168

608

1,400

Read
Length

rSeVA

rSeVB

A

B

C

rSeV A

N
eGFP

P/V/C M F HN L
rSeVA
cbVG3240

13,803
15,518

3’

rSeV 13,803_15,518

A-3240-ref

A-3240-DRS

Ruler 1 1,000 2,000 3,000

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/


A

Host Reads

NonHost Reads

19.1%

80.9%

Sequence-Specific

Adapter Alone

Dynabeads 

mRNA Depletion

27.2%

72.8%

23.9%

76.1%

Ribozero

Ribodepletion

MinKNOW 

Adaptive Depletion

24.0%

76.0%

B
Total RNA

C
RiboZero RiboDepletion

D
RiboZero RiboDepletion

Higher Sensitivity Assay

Depletion Strategy Total Reads

Library Preparation

RiboZero Ribodepletion

Virus Reads

(12.5%)

MinKNOW Computational

Adaptive Depletion

32bp Sequence-Specific

Adapter Only

cbVG546 Reads

(1.4%)

(8.9%) (1.6%)

(2.8%) (0.5%)

E

2481,988 28

2903,247 52

58821,336 101

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2025. ; https://doi.org/10.1101/2025.04.04.647164doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.647164
http://creativecommons.org/licenses/by-nc/4.0/

