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The advent of long-read (LR) sequencing technologies has provided a direct opportunity to determine the structure of transcripts with potential for end-to-end sequencing of full-length RNAs. LR methods that have been described to date include commercial offerings from Oxford Nanopore Technologies (ONT) and Pacific Biosciences. These kits are based on selection of polyadenylated (polyA+) RNAs and/or oligo-dT priming of reverse transcription. Thus, these approaches do not allow comprehensive interrogation of the transcriptome due to their exclusion of non-polyadenylated (polyA-) RNAs. In addition, polyA + specificity also results in 3′-biased measurements of PolyA+ RNAs especially when the RNA input is partially degraded. To address these limitations of current LR protocols, we modified rRNA depletion protocols that have been used in short-read sequencing: one approach representing a ligation-based method and the other a template-switch cDNA synthesis-based method to append ONT-specific adaptor sequences and by removing any deliberate fragmentation/shearing of RNA/cDNA. Here, we present comparisons with poly+ RNA-specific versions of the two approaches including the ONT PCR-cDNA Barcoding kit. The rRNA depletion protocols displayed higher proportions (30%–50%) of intronic content compared to that of the polyA-specific protocols (5%–8%). In addition, the rRNA depletion protocols enabled ∼20–50% higher detection of expressed genes. Other metrics that were favourable to the rRNA depletion protocols include better coverage of long transcripts, and higher accuracy and reproducibility of expression measurements. Overall, these results indicate that the rRNA depletion-based protocols described here allow the comprehensive characterization of polyadenylated and non-polyadenylated RNAs. While the resulting reads are long enough to help decipher transcript structures, future endeavors are warranted to improve the proportion of individual reads representing end-to-end spanning of transcripts.
Keywords: RNA-seq, Oxford Nanopore, cDNA, full-length, polyadenylated and non-polyadenylated, long-read, transcriptome, Ribosomal RNA depletion
INTRODUCTION
Whereas short-read sequencing platforms continue to be powerful in transcriptome characterization and quantification, they rely on computational assembly tools to generate contiguous sequences from short reads and thereby extrapolate on transcript structural variations such as alternate transcription start sites, splice isoforms, alternative polyadenylation and fusion transcripts. Linked-read technologies (Tilgner et al., 2015; Tilgner et al., 2018) have partially improved such assessments but more significant improvements have been made with the advent of long-read (LR) technologies from Pacific Biosciences (PacBio) (Sharon et al., 2013) and Oxford Nanopore Technologies (ONT) (Oikonomopoulos et al., 2016). LR platforms have provided an opportunity to directly determine the structure of transcripts including the possibility of end-to-end sequencing of full-length RNAs.
Ribosomal RNAs (rRNAs) represent >90% of the total RNA mass within cells (Lucas et al., 1977; Sturani et al., 1979) thereby limiting the sensitivity of RNA-seq to detect mRNA transcripts. Several methods that either enrich for mRNAs or deplete rRNAs have been developed. Capture of non-rRNA transcripts can be attained by targeting their poly(A) tails (Aviv and Leder, 1972), as most rRNAs are not polyadenylated (Kuai et al., 2004). However, poly(A) enrichment strategies can result in a strong bias towards recovery of only the 3′-ends of transcripts if the input RNA samples are degraded. Alternatively, methods that specifically remove rRNAs can be targeted (Adiconis et al., 2013; Morlan et al., 2012; Hrdlickova et al., 2017). These protocols also allow the assessment of non-polyadenylated mRNAs and they include the affinity purification-based Ribo-Zero Gold kit (Illumina) (Adiconis et al., 2013) and the enzyme-based New England Biolabs (NEB) protocol (Morlan et al., 2012) that work at the RNA level. Alternatively, protocols that use enzymatic probe-directed degradation approach at the cDNA level have been reported (Archer et al., 2014; Verboom et al., 2019).
The majority of existing LR methods, including commercial offerings, are based on selection of polyadenylated mRNAs (polyA+ RNAs) and/or oligo-dT priming of reverse transcription (Soneson C et al., 2019). Thus, these approaches do not allow comprehensive interrogation of the transcriptome due to their exclusion of non-polyadenylated RNAs (polyA- RNAs). In addition, polyA+ specificity also results in 3′-biased measurements of polyA+ RNAs when the RNA input is partially degraded. An exception is an approach that is based on the (PCR-free) direct RNA ONT sequencing kit but its application is limited to mostly cell line-derived RNA as the input requirement for the protocol is >100 μg (Ibrahim et al., 2021).
To address the aforementioned limitations of current LR protocols, we modified two ribosomal RNA (rRNA) depletion and cDNA-based protocols that have been employed in short-read sequencing and adapted them for ONT sequencing. One of these represents a cDNA ligation-based method using the NEB’s rRNA depletion kit at the RNA level (Morlan et al., 2012; Haile S et al., 2019) and the other involves a template-switch cDNA synthesis method that employs rRNA depletion at the cDNA level (Verboom et al., 2019; Haile S et al., 2021). Here, we compare these protocols with polyA+ RNA-specific versions of the two approaches including the commercially available ONT PCR-cDNA barcoding kit for the method that is based on template-switch cDNA synthesis.
METHODS AND MATERIALS
Samples
Universal Human Reference (UHR) total RNA (Stratagene catalog #740000) was quantified using the RNA 6000 Nano Kit (Agilent, catalog #5067–1511). The SIRV-Set four synthetic RNA spiking mix (Lexogen, catalog # 141) was added to UHR total RNA to allow for assessments of expression accuracy, sensitivity, and transcript isoform detection. A 1.12 μL volume of the spike-in mix stock was used per 10 μg UHR total RNA (this is equivalent to ∼6 pg and ∼120 pg of the spike-in RNA mix per the 10 ng and 200 ng total RNA input amounts, respectively).
Library construction
Modified RNase H-based rRNA depletion
New England Biolabs’ (NEB) RNase H-based rRNA depletion protocol (cat.no. E6310X, NEB, United States) was applied to 200–1000 ng of DNase-I treated total RNA as previously described (Haile S et al., 2019).
Following rRNA depletion, cDNA synthesis and library construction steps were performed as described (Haile et al., 2021; Haile S et al.,, 2019) with the following modifications: (1) bead-based purifications were modified to allow bead to reaction mix ratio of 1:1 during cDNA synthesis, (2) mechanical shearing of cDNA was omitted, (3) bead-based purification after ligation with ONT specific adaptor was performed using a bead to reaction mix ratio of 0.8:1, (4) Digestion of dUTP containing cDNA strand using Uracil-Specific Excision Reagent (USER) was applied as a separate step after bead-based purification of the ligated product, (5) LongAmp PCR enzyme from NEB was used for PCR enrichment with ONT multiplexing primers that are part of the ONT PCR-barcoding kit (SQK-PCB111.24) and (6) only one bead-based purification was performed after 13 cycles of PCR with a bead to reaction mix ratio of 0.7:1. Detailed step-by-step library construction protocol is described in the supplementary section.
Modified SMARTer total RNA library prep
The SMART-Seq® Stranded Kit (Takara Bio; cat no 634444) was used with the following modifications: (1) Universal ONT-compatible primers were used for the first PCR (PCR-1) instead of the indexing primers that come with the SMART-Seq® Stranded Kit; (2) ONT multiplexing primers that are part of the ONT PCR-barcoding kit (SQK-PCB111.24) were used for the second PCR (PCR-2); (3) Five cycles and two cycles of PCR-1 were applied for the 10 ng UHR and 200 ng UHR, respectively. Twelve cycles of PCR-2 were applied to both input amounts. Of note, PCR-1 is light amplification that is applied to bring the cDNA levels to an appreciable narrower range of yield before the rRNA depletion step (Figure 1). The second (PCR-2) is an enrichment step to bring to a library amount sufficient for sequencing while also completing the adapter constructs needed for sequencing and where multiplexing barcodes were also introduced. Bead-based purifications were modified to allow bead to reaction mix ratio of 1:1 before PCR-2 and 0.7:1 following PCR-2.
[image: Figure 1]FIGURE 1 | Schematic depictions of the library preparation approaches evaluated in this study. (A) The Oxford Nanopore kit, “ONT kit”, is based on cDNA synthesis upon priming at the 3′-end polyadenylation tails of mRNAs and template-switch priming at the 5′-end. (B) RNAse H-based rRNA depletion in-house protocol, RBD-GSC, involves ligation of full-length double-stranded cDNA products with ONT-specific adaptors. The protocol involves random priming for first strand cDNA synthesis. A variation of this ligation-based protocol, “GSC-PolyA”, starts with poly(A)-selected mRNAs. (C) Modified SMARTer total RNA protocol, “SMARTer-GSC”, involves the removal of rRNA after conversion to cDNA. Brown circles represent magnetic bead-based purifications.
Bioinformatic analyses
Base calling of the raw fast5 signal files was performed using Guppy 6.3.7 and the model “dna_r9.4.1_450bps_sup_prom.cfg” after which sequence reads passing default quality filters were stored in fastq format. Reads were reverse complemented when the barcode variant in the sequencing_summary.txt file listed the orientation as “var2”.
Each of the five conditions (four protocols, five input amounts) were randomly down-sampled to 12 million reads. RNA alignment metrics, including 3′-5′ coverage plots, were generated using gatk-4.1.9.0 CollectRNASeqMetrics after aligning the down-sampled reads with Minimap 2.25-r1173 (minimap2 -t 16 -ax splice) to a reference containing contigs from hg38, ERCC, and SIRVs. BamSlam (downloaded in April 2023) was used to collect metrics related to transcript completeness after minimap aligning (minimap2 -ax map-ont--sam-hit-only) the down-sampled reads to transcript models from GenCode42, ERCC and SIRVs. To generate TPM expression estimates, Salmon 1.9.0 (salmon quant -l A--ont -g gencode_gene_transcript.txt--gencode) was applied to the transcript-aligned reads using a.gtf file containing GenCode42, ERCC, and SIRV transcripts.
RESULTS AND DISCUSSION
Protocol development and evaluation overview
Currently, the only commercially available protocol for cDNA sequencing on Oxford Nanopore platforms is based on cDNA synthesis upon priming at the 3′-end polyadenylation tails of mRNAs and template-switch priming at the 5′-end (Figure 1A). This kit (henceforth referred to as “ONT kit”) is, therefore, not suitable for sequencing non-polyadenylated RNAs. To address this limitation, we modified an RNase H-based rRNA depletion protocol that we previously applied to short-read sequencing (Haile S et al., 2019) (Figure 1B). This protocol (“RBD_GSC”) involves ligation of full-length double-stranded cDNA products with ONT-specific adaptors. Of note, the first strand cDNA synthesis in this protocol involves random priming to be able to capture transcripts comprehensively regardless of their polyadenylation status. A variation of this ligation-based protocol (“PolyA_GSC”) that starts with poly(A)-selected mRNAs is also included for comparison (Figure 1B). The RBD_GSC protocol included significant manipulation of the RNA including high temperature incubations during the rRNA depletion steps which may result in partial degradation. We, therefore, considered another protocol that involves the removal of rRNA after conversion to cDNA with minimal opportunity to degrade RNA. This protocol (“SMARTer-GSC”) is based on the SMART-Seq® Stranded Kit from Takara Bio (Verboom et al., 2019; Haile S et al., 2021) following our modifications to render it ONT compatible (Figure 1C). An added advantage of SMARTer-GSC is that it allows the use of lower input amounts (as low as picograms of total RNA). Besides the addition of ONT adapters, all the modified protocols also avoided any deliberate shearing/fragmentation of RNA/cDNA to capitalise on the long read feature of the ONT platform.
Here, we sought to compare the aforementioned protocols using Universal Human Reference (UHR) total RNA as input. cDNA libraries were made from 200 ng total RNA for all protocols. We also included a 10 ng input amount for the SMARTer-GSC protocol. Libraries were made in triplicate for each protocol and two randomly selected replicates from each protocol were pooled for sequencing on one PromethION flowcell. After seeing reproducible results from replicates at shallower sequencing level (data not shown), reads from replicates for each of the protocols/input amounts were merged and randomly down-sampled to 12 million for normalization of sequencing depth.
Read length distributions
The ONT kit libraries displayed a very high spike of <125 nucleotides (nt) (Figure 2A), the majority of which could not be mapped to the human genome and contain stretches of Ts presumably corresponding to truncated reads largely limited to the polyA tail region of transcripts (data not shown). There were also other spikes of >500 nt (Figure 2A). The 10 ng and 200 ng SMARTer_GSC libraries displayed the highest median read length (3,699 and 4,450 nt, respectively) and the RBD_GSC libraries displayed the lowest (1,634 nt) while the ONT_KIT and PolyA_GSC showed a median length in between the two protocols; 2,278 nt and 2,000 nt, respectively. (Supplementary Figure 1A). The trend in read distribution is consistent with what was observed when the final libraries were size profiled using an Agilent Bioanalyzer (Supplementary Figure 1B). However, there appears to be higher proportion of smaller fragments upon ONT sequencing (Figure 2A) compared to the proportion of smaller fragments observed using the Bioanalyzer assessment reflecting the sequencing bias towards smaller fragments and/or inaccuracy of Bioanalyzer size profiling (Supplementary Figure 1D).
[image: Figure 2]FIGURE 2 | Read length distribution and gene-level metrics. (A) Read length distribution upon sequencing of libraries that were generated using the various protocols. (B) Various alignment-based quality metrics. (C) Number of expressed genes. All libraries were generated from 200 ng total Universal Human Reference (UHR) RNA. For “GSC-SMARTer”, libraries were also generated from 10 ng total RNA.
Genome-level post-alignment metrics and sensitivity of detection of expressed genes
The proportion of reads that mapped to the human genome was high (>98%) for all protocols except the ONT-kit (∼82%) (Figure 2B), which in part might be due to the polyA tail mapping artifacts mentioned above. Residual rRNA levels were low for all protocols (<5%) with the RBD-GSC protocol displaying the lowest (∼0.4%) compared to the others (1.6%–4.2%) (Figure 2B).
As expected, the two rRNA depletion protocols (SMARTer-GSC and RBD-GSC) yielded higher proportions (30%–50%) of reads mapping to intronic regions compared to the two polyA-specific protocols (PolyA_GSC and ONT-kit) which displayed 5%–8% intronic content (Figure 2B). This trend is consistent with what we previously observed from similar UHR libraries that were sequenced on the Illumina platform (Haile et al., 2021; Haile S et al., 2019) and reflects the capacity of the rRNA depletion-based protocols to capture non-polyadenylated RNAs.
Strand-specificity was high for all protocols with >92% of reads mapping to the expected strand with the rRNA depletion protocols showing lower strand-specificity (92%–94%) compared to the polyA-specific protocols (∼98%) (Figure 2B); perhaps due to higher representation of unannotated anti-sense non-polyadenylated transcripts in the former.
Sensitivity of detection of expressed genes was measured by counting the number of genes with >0 read counts. This analysis demonstrated that the ONT_kit displayed the lowest number of expressed genes (∼24,000) and the PolyA_GSC displayed the next highest number of genes (∼27,000). RBD_GSC and SMARTer_GSC protocols exhibited even higher numbers of genes detected (31–38,000) (Figure 2C); consistent with the expectation that the rRNA depletion-based protocols are more comprehensive in detecting polyA and non-polyA transcripts.
Capacity to represent full-length transcripts and the degree of uniformity of transcript body coverage
Transcriptome-level analysis was performed using the BamSlam pipeline that was specifically developed for assessing long-read RNA-seq data (Gleeson J et al., 2022). This analysis showed that the ONT-kit detected the lowest number of unique transcripts (93,917) compared to the other protocols (148,394–189,292) (Figure 3A); consistent with the sensitivity trend observed at the gene level (Figure 2C). Median length of uniquely identified transcripts was highest for the ONT-kit (1,999 nt), followed by PolyA_GSC (1,403 nt), and the lowest for RBD_GSC (1,333 nt) and SMARTer_GSC (1,327 nt) (Figure 3B). This may in part be due to the differences in the length of polyA+ vs polyA-transcripts and the relative abundances of RNAs therein.
[image: Figure 3]FIGURE 3 | Transcript-level metrics. Various metrics representing sensitivity of detection of transcripts (A), median length of unique transcripts (B), read length of contiguous alignments to transcripts (C), and transcript coverage (D, E). All libraries were generated from 200 ng total Universal Human Reference (UHR) RNA. For “GSC-SMARTer ”, libraries were also generated from 10 ng total RNA.
The trend of the length of primary alignments (Figure 3C) was consistent with read length distributions (Figure 2A). The BamSlam tool defines reads representing full-length transcripts as those that span 95% of the transcript they primarily align to. The percentage of reads representing full-length transcripts was ∼31.6% for the ONT-kit libraries whereas this metric for the other libraries generated using the other protocols was 0.7%–2.9% (Figure 3D). Visual inspection of IGV read distribution supported this trend (data not shown). Despite this trend, the median coverage fraction for all unique transcripts was comparable for the four protocols, ranging between 0.22 and 0.28 (Figure 3E); indicating that the higher percentage of reads representing full-length transcripts for the ONT kit is skewed towards a limited number of transcripts.
The higher representation of full-length transcripts in the ONT kit could be explained by the unique combination of two features of the protocol: ligation of the adapter at the 3′-end of the polyA tail and priming of the cDNA synthesis from the distal end of the polyA tail on one hand, and attachment of the 5′ adaptor via a strand-switch mechanism on the other. The strand switching capacity is known to be greatly enhanced by the 5′-cap structure, which together with the 3′ distal start of cDNA synthesis may enrich for full-length transcripts (Wulf MG et al., 2019; Wulf MG et al., 2022). Random priming of the first cDNA synthesis is common to all three of the other protocols. Internal priming can, therefore, occur even though this should be limited via strand-displacement from downstream priming. The other protocol that has the 5′-end strand-switch feature is the SMARTer_GSC protocol but this approach is based on 3′-end random priming. Assessment of 5′-3′ gene body coverage of the top 1000 highly expressed genes (Figure 4A) and 5′-3′ ratios of the coverage of distal ends (Figure 4B) is at least partly consistent with these explanations. Specifically, the ONT-kit displayed the most uniform end-to-end coverage for transcript sizes up to 2 kb. For 2–20 kb size range, the ONT-kit increasingly showed 3′-end bias. Consistent with the strand-switch feature at the 5′end and random priming at the 3′-end, the SMARTer protocol displayed higher coverage at the 5′-end, displaying increasingly more severe 5′-end bias with increased transcript size. The RBD_GSC protocol was the most consistent across transcript sizes with persistent less coverage of the 50–100 bp at the very 5′-and 3′-ends. The PolyA_GSC protocol showed a similar trend to RBD_GSC except for transcripts of >5 kb where there was progressive but modest bias toward the 3′end, consistent with the protocol being polyA-based and the possibility that more opportunity for degradation exists in the case of longer transcripts. Supplementary Figure 2 shows an example of a large transcript (∼26 kb long) as visualized via IGV where the read distribution displayed the strong 3′-end bias of the ONT-kit protocol. Another difference between the protocols that may have affected these results is the number of beads-based purifications involved as depicted in Figure 1.
[image: Figure 4]FIGURE 4 | Transcript body coverage. (A) Comparison of the normalized coverage of transcript bodies, from 5′(left; 0 in x-axis) to 3′(right; 100 in x-axis) of all annotated termini between the various protocols. (B) Ratio of 5′-end coverage to 3′-end coverage representing distal 100 nt ends. All libraries were generated from 200 ng total Universal Human Reference (UHR) RNA. For “GSC-SMARTer “, libraries were also generated from 10 ng total RNA.
Expression accuracy and dynamics, isoform detection, and variability
We next assessed the ability of the protocols to represent the expression levels of transcripts of varying abundance. To provide a “ground truth” for transcript abundance, we exploited the synthetic SIRV-Set 4 RNAs that were spiked into the UHR total RNA before library preparation. These have known sequences and predetermined amounts. They are subjected to the same steps of library preparation and sequencing as the endogenous UHR RNAs and their status is discerned only at the bioinformatics level after sequencing. SIRV-Set four is comprised of 92 ERCC synthetic RNAs with non-overlapping sequences at various concentrations that are ∼0.2–2 kb long, 69 SIRV isoform RNAs derived from seven model genes at the same concentration that are ∼0.2–2.5 kb long, and 15 equimolar long-SIRV RNAs with non-overlapping sequences that are 4–12 kb long (https://www.lexogen.com/sirvs/sirv-sets/). Thus, the ERCC RNAs allow assessment of dynamic range of expression levels, the SIRV isoform set is meant to represent transcriptome complexity better in terms of splice isoforms, and the long SIRVs mimic the range of average sizes of eukaryotic protein coding genes (Piovesan et al., 2019).
The performance of the four protocols in detecting ERCC RNAs was comparable, representing 50%–67% of the ERCC RNAs with the SMARTer protocol displaying the highest sensitivity (60%–67%). We compared the observed levels in the nanopore sequencing data to the expected yield of ERCC levels for comparison of the accuracy of the measurements, and we found that all four protocols displayed high ERCC correlation values (r > 0.86) with SMARTer-GSC protocol exhibiting higher correlation values (0.94–0.96) as compared to the other protocols (0.86–0.90) (Figure 5A).
[image: Figure 5]FIGURE 5 | Validation of expression quantification accuracy. (A) Log-log plots of observed versus expected ERCC RNAs. Dots represent amounts of individual spike-in RNAs. (B) TPM Measurement of Isoform SIRV levels (upper panel) and long SIRV levels. TPM measurement assumes individual reads represent RNA molecules without transcript length correction.
The SIRV isoform analysis demonstrated that all four protocols performed similarly well in representing the various isoforms for a given detectable SIRV model gene locus. However, the ONT kit displayed the most variability in SIRV isoform measurements (Figure 5B upper panel). In particular, there were three outlier isoforms (SIRV 602, 609 and 615) that were measured at very high levels (35 to 43-fold higher than median expression value) in the libraries that were generated using the ONT kit (Supplementary Figure 3); all of which were from the same SIRV model locus (SIRV 6).
The detection and coverage of long SIRVs was the poorest for the ONT_kit, followed by the PolyA_GSC. The rRNA depletion protocols performed better (Figure 5B lower panel; Supplementary Figure 4), consistent with what was observed for endogenous UHR long transcripts (Supplementary Figure 2).
Although producing longer reads, the ONT long-read platform has typically produced reads with less overall sequence accuracy than short read platforms. This accuracy issue did not seem to hamper the sensitivity of detection of transcripts and splice variant profiling, for example, as evidenced by “ground truth” assessments we presented in the form of the data on ERRCs and SIRVs. In addition, iterative advancements in pore biophysical chemistry and base calling (Fu et al., 2019; Dohm et al., 2020; Sahlin and Medvedev, 2021; Ni et al., 2023; Kumari et al., 2024; Safar et al., 2024) are continually improving the accuracy for which our library construction method will be able to take advantage of. Of note, our approaches can also be adapted to other long-read platforms such as the PacBio technology.
In conclusion, this study demonstrates the adaptation of rRNA depletion protocols for ONT long read sequencing thereby presenting the opportunity to characterise polyadenylated and non-polyadenylated transcripts. These protocols do allow long read coverage of transcripts of various sizes and, as such, present substantial improvements over short read applications. A major area of improvement for these protocols is to render the resulting reads better at representing end-to-end spanning of full-length transcripts.
DATA AVAILABILITY STATEMENT
The original data presented in the study is publicly available at National Center for Biotechnology Information’s Sequence Read Archive (identifier: PRJNA1186217). The data can be found at the following link: www.ncbi.nlm.nih.gov/bioproject/PRJNA1186217.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.
AUTHOR CONTRIBUTIONS
SH: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Supervision, Validation, Visualization, Writing–original draft, Writing–review and editing. RDC: Data curation, Formal Analysis, Software, Validation, Visualization, Writing–original draft. KO’N: Formal Analysis, Software, Writing–review and editing. JX: Methodology, Writing–review and editing. DS: Validation, Writing–review and editing. PP: Data curation, Writing–review and editing. AB: Data curation, Writing–review and editing. MB: Funding acquisition, Project administration, Writing–review and editing. EC: Funding acquisition, Project administration, Writing–review and editing. RJC: Funding acquisition, Project administration, Writing–review and editing. RM: Funding acquisition, Project administration, Writing–review and editing. KM: Funding acquisition, Project administration, Writing–review and editing. YZ: Funding acquisition, Project administration, Supervision, Writing–review and editing. YM: Funding acquisition, Project administration, Writing–review and editing. MM: Funding acquisition, Supervision, Writing–review and editing. SJ: Funding acquisition, Supervision, Writing–review and editing. AM: Funding acquisition, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was funded by the Genome Canada/Genome British Columbia (Grant No. 262SEQ). We gratefully acknowledge the support of the BC Cancer Foundation and the Canada Foundation for Innovation.
ACKNOWLEDGMENTS
We are grateful for the contributions from staff at Canada’s Michael Smith Genome Sciences Centre at BC Cancer, including staff from the Biospecimen, Quality Assurance, Library Construction, Instrumentation, Sequencing, LIMS, Purchasing, Project Management, and Bioinformatics teams.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2024.1466338/full#supplementary-material
REFERENCES
 Adiconis, X., Borges-Rivera, D., Satija, R., DeLuca, D. S., Busby, M. A., Berlin, A. M., et al. (2013). Comparative analysis of RNA sequencing methods for degraded or low-input samples. Nat. Methods 10, 623–629. doi:10.1038/nmeth.2483
 Archer, S. K., Shirokikh, N. E., and Preiss, T. (2014). Selective and flexible depletion of problematic sequences from RNA-seq libraries at the cDNA stage. BMC Genomics 15 (1), 401. doi:10.1186/1471-2164-15-401
 Aviv, H., and Leder, P. (1972). Purification of biologically active globin messenger RNA by chromatography on oligothymidylic acid–cellulose. Proc. Natl. Acad. Sci. U.S.A. 69, 1408–1412. doi:10.1073/pnas.69.6.1408
 Dohm, J. C., Peters, P., Stralis-Pavese, N., and Himmelbauer, H. (2020). Benchmarking of long-read correction methods. Nar. Genom Bioinform 2 (2), lqaa037. doi:10.1093/nargab/lqaa037
 Fu, S., Wang, A., and Au, K. F. (2019). A comparative evaluation of hybrid error correction methods for error-prone long reads. Genome Biol. 20, 26–17. doi:10.1186/s13059-018-1605-z
 Gleeson, J., Leger, A., Prawer, Y. D. J., Lane, T. A., Harrison, P. J., Haerty, W., et al. (2022). Accurate expression quantification from nanopore direct RNA sequencing with NanoCount. Nucleic Acids Res. 50 (4), e19. doi:10.1093/nar/gkab1129
 Haile, S., Corbett, R. D., Bilobram, S., Mungall, K., Grande, B. M., Kirk, H., et al. (2019). Evaluation of protocols for rRNA depletion-based RNA sequencing of nanogram inputs of mammalian total RNA. PLoS One 14 (10), e0224578. doi:10.1371/journal.pone.0224578
 Haile, S., Corbett, R. D., LeBlanc, V. G., Wei, L., Pleasance, S., Bilobram, S., et al. (2021). A scalable strand-specific protocol enabling full-length total RNA sequencing from single cells. Front. Genet. 12, 665888. doi:10.3389/fgene.2021.665888
 Hrdlickova, R., Toloue, M., and Tian, B. (2017). RNA-Seq methods for transcriptome analysis. WIREs RNA 8, e1364. doi:10.1002/wrna.1364
 Ibrahim, F., Oppelt, J., Maragkakis, M., and Mourelatos, Z. (2021). TERA-Seq: true end-to-end sequencing of native RNA molecules for transcriptome characterization. Nucleic Acids Res. 49 (20), e115. doi:10.1093/nar/gkab713
 Kuai, L., Fang, F., Butler, J. S., and Sherman, F. (2004). Polyadenylation of rRNA in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.S.A. 101, 8581–8586. doi:10.1073/pnas.0402888101
 Kumari, P., Kaur, M., Dindhoria, K., Ashford, B., Amarasinghe, S. L., and Thind, A. S. (2024). Advances in long-read single-cell transcriptomics. Hum. Genet. 143, 1005–1020. doi:10.1007/s00439-024-02678-x
 Lucas, M. C., Jacobson, J. W., and Giles, N. H. (1977). Characterization and in vitro translation of polyadenylated messenger ribonucleic acid from Neurospora crassa. J. Bacteriol. 130, 1192–1198. doi:10.1128/JB.130.3.1192-1198.1977
 Morlan, J. D., Qu, K., and Sinicropi, D. V. (2012). Selective depletion of rRNA enables whole transcriptome profiling of archival fixed tissue. PLoS One 77, e42882. doi:10.1371/journal.pone.0042882
 Ni, Y., Liu, X., Simeneh, Z. M., Yang, M., and Li, R. (2023). Benchmarking of Nanopore R10.4 and R9.4.1 flow cells in single-cell whole-genome amplification and whole-genome shotgun sequencing. Comput. Struct. Biotechnol. J. 21, 2352–2364. doi:10.1016/j.csbj.2023.03.038
 Oikonomopoulos, S., Wang, Y. C., Djambazian, H., Badescu, D., and Ragoussis, J. (2016). Benchmarking of the Oxford Nanopore MinION sequencing for quantitative and qualitative assessment of cDNA populations. Sci. Rep. 6, 31602. doi:10.1038/srep31602
 Piovesan, A., Antonaros, F., Vitale, L., Strippoli, P., Pelleri, M. C., and Caracausi, M. (2019). Human proteincoding genes and gene feature statistics in 2019. BMC Res. Notes 12 (4), 315–18231. doi:10.1186/s13104-019-4343-8
 Safar, H. A., Alatar, F., and Mustafa, A. S. (2024). Three rounds of read correction significantly improve eukaryotic protein detection in ONT reads. Microorganisms 12 (2), 247. doi:10.3390/microorganisms12020247
 Sahlin, K., and Medvedev, P. (2021). Error correction enables use of Oxford Nanopore technology for reference-free transcriptome analysis. Nat. Commun. 12, 2. doi:10.1038/s41467-020-20340-8
 Sharon, D., Tilgner, H., Grubert, F., and Snyder, M. (2013). A single-molecule long-read survey of the human transcriptome. Nat. Biotechnol. 31 (11), 1009–1014. doi:10.1038/nbt.2705
 Soneson, C., Yao, Y., Bratus-Neuenschwander, A., Patrignani, A., Robinson, M. D., and Hussain, S. (2019). A comprehensive examination of Nanopore native RNA sequencing for characterization of complex transcriptomes. Nat. Commun. 10 (1), 3359. doi:10.1038/s41467-019-11272-z
 Sturani, E., Costantini, M. G., Martegani, E., and Alberghina, L. (1979). Level and turnover of polyadenylate-containing ribonucleic acid in Neurospora crassa in different steady states of growth. Eur. J. Biochem. 99, 1–7. doi:10.1111/j.1432-1033.1979.tb13224.x
 Tilgner, H., Jahanbani, F., Blauwkamp, T., Moshrefi, A., Jaeger, E., Chen, F., et al. (2015). Comprehensive transcriptome analysis using synthetic long-read sequencing reveals molecular co-association of distant splicing events. Nat. Biotechnol. 33 (7), 736–742. doi:10.1038/nbt.3242
 Tilgner, H., Jahanbani, F., Gupta, I., Collier, P., Wei, E., Rasmussen, M., et al. (2018). Microfluidic isoform sequencing shows widespread splicing coordination in the human transcriptome. Genome Res. 28 (2), 231–242. doi:10.1101/gr.230516.117
 Verboom, K., Everaert, C., Bolduc, N., Livak, K. J., Yigit, N., Rombaut, D., et al. (2019). SMARTer single cell total RNA sequencing. Nucleic Acids Res. 47 (16), e93. doi:10.1093/nar/gkz535
 Wulf, M. G., Maguire, S., Dai, N., Blondel, A., Posfai, D., Krishnan, K., et al. (2022). Chemical capping improves template switching and enhances sequencing of small RNAs. Nucleic Acids Res. 50 (1), e2. doi:10.1093/nar/gkab861
 Wulf, M. G., Maguire, S., Humbert, P., Dai, N., Bei, Y., Nichols, N. M., et al. (2019). Non-templated addition and template switching by Moloney murine leukemia virus (MMLV)-based reverse transcriptases co-occur and compete with each other. J. Biol. Chem. 294 (48), 18220–18231. doi:10.1074/jbc.RA119.010676
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Haile, Corbett, O’Neill, Xu, Smailus, Pandoh, Bayega, Bala, Chuah, Coope, Moore, Mungall, Zhao, Ma, Marra, Jones and Mungall. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-15-1466338-g005.gif
T e






OPS/images/fgene-15-1466338-g003.gif





OPS/images/fgene-15-1466338-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Adaptable and comprehensive approaches for long-read nanopore sequencing of polyadenylated and non-polyadenylated RNAs		Introduction

		Methods and materials		Samples

		Library construction

		Bioinformatic analyses





		Results and discussion		Protocol development and evaluation overview

		Read length distributions

		Genome-level post-alignment metrics and sensitivity of detection of expressed genes

		Capacity to represent full-length transcripts and the degree of uniformity of transcript body coverage

		Expression accuracy and dynamics, isoform detection, and variability





		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiers in Genetics

Adaptable and comprehensive
approaches for long-read
nanopore sequencing of
polyadenylated and non-
polyadenylated RNAs





OPS/images/fgene-15-1466338-g001.gif
oNT it RBD/polyA_GsC

iy

TR iy +
el =
== =
SR ==
g T
s =
v






OPS/images/fgene-15-1466338-g002.gif
ade
N










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





