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ABSTRACT

Direct RNA nanopore sequencing allows for the identification of full-length RNAs with a
~10% error rate consisting of mismatches and small deletions. These errors are thought
to be randomly distributed and structure-independent since RNA/cDNA duplexes are
generated to prevent RNA structure formation prior to sequencing. When analyzing
citrus yellow vein associated virus (CY1) reads during infection of Nicotiana
benthamiana, viral (+/-)foldback RNAs (i.e., viral plus [+]-strands joined to [-]-strands)
showed significantly higher error rates (mismatches and deletions) in the 5' (+)RNA
portion with errors that were relatively evenly distributed, while errors in the attached
(-)RNA portion were less frequent and unevenly distributed. Non-foldback CY1 (+)RNAs
from infected plants also showed an uneven distribution of errors, which correlated with
errors in in vitro transcribed CY1 (+)RNA reads in both position and frequency. Hotspot
errors in non-foldback CY1 (+)RNA and (-)RNA reads only weakly correlated, and
hotspots were frequently located 5' of known structural elements. Since nanopore
sequencing is also used to identify RNA modifications, which depend on base-specific
sequencing errors, algorithms for RNA modification detection were also examined for
bias. We found that multiple programs predicted RNA modifications in in vitro
transcribed CY1 RNA at the same positions and with similar confidence levels as with in
planta CY1 RNA. These data suggest that direct RNA sequencing contains inherent
error biases that may be associated with post-translocation RNA folding and low
sequence complexity, and therefore extrapolations based on sequencing error require

special consideration.
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INTRODUCTION

During nanopore sequencing, either DNA or RNA is directly sequenced by threading
individual nucleic acids through a protein pore and measuring the change in voltage as
each base translocates’. For direct RNA sequencing (DRS), the prior generation of an
RNA/cDNA duplex is required to prevent secondary and tertiary RNA structures from
forming prior to translocation that could vary the translocation speed?. Although more
costly than traditional sequencing methods, DRS has many advantages. For example,
amplification of the genetic material is not required**#, and thus relative quantification of
DNA and RNA is less affected by possible amplification bias®. Furthermore, the entire
length of the nucleic acid is read continuously, allowing for confident assemblies of
traditionally troublesome regions such as GC-rich and repetitive elements®’. However,
DRS results in a higher error rate than other sequencing methods?®, which occurs when
the voltage signature of a translocating base is not correctly identified. For example, an
incorrect base may be called if the voltage too closely resembles another base, or if the
base signal cannot be distinguished from the signal of the previous base. Alternatively,
if a voltage shift occurs too rapidly to be identified, the base may be missed, resulting in
an apparent deletion of the translocating base. While errors have been found to occur at
higher frequency in homopolymeric stretches®, errors during nanopore sequencing are

generally considered to be randomly distributed™.
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Since each base is analyzed directly, DRS has also been reported to detect RNA
base modifications''2. Over 170 RNA modifications are known™, with functions that
include crucial roles in RNA stability™, protein interaction', translation efficiency'®, and
plant RNA intercellular movement'”'®. While the gold standard for RNA modification
detection is RNA pulldowns using antibodies specific to the modification', this often
deters exploratory analyses where RNA modification is not suspected. Antibody-based
sequencing techniques can also fail to detect low-frequency modifications or produce
nonspecific capture of unmodified RNA resulting in false positives. While antibody-
independent assays have been developed using next-generation sequencing, these
techniques still include the inherent biases and limitations of short read sequencing.
Thus, uncovering RNA modifications via DRS through detection of signal intensity
perturbations caused by modified bases has the potential to significantly expand the
identification and localization of RNA modifications in a wide variety of cellular and viral
RNAs.

The advantages of DRS have been especially useful in the study of RNA
viruses®2, Umbra-like viruses (ULVs) are a newly discovered group of single-stranded
plus-sense RNA ([+]RNA) viruses found in wild and agricultural plants worldwide?.
While most plant viruses either encode movement proteins and one or more silencer
suppressors, or are associated with a helper virus that provides those functions, some
ULVs do not encode either a movement protein or silencer suppressors and are
frequently found in plants without an accompanying virus®. The simplest ULV is citrus
yellow-vein associated virus 1 (CY1; 2692 nt), which only encodes a replication-

associated protein and the RNA-dependent RNA polymerase (RdRp) frameshift
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extension product, and yet is able to infect a variety of unrelated plants®. We recently
leveraged the power of direct RNA nanopore sequencing to analyze the transcriptome
of a CY1 infection in Nicotiana benthamiana and found evidence of undescribed long
non-coding (Inc)RNAs, defective (D)-RNAs, and (+/-)foldback RNAs??”. CY1 foldback
RNAs are hypothesized to form during the transcription of plus-strand (+)RNA, when the
RdRp releases the (-)RNA template but continues transcription using the newly
synthesized (+)RNA as template, thus generating a single-stranded RNA with a 5
(+)RNA segment attached to a nearly perfectly complementary 3' (-)RNA segment??,
RNA foldbacks, which are predicted to form long, dsRNA helical structures with a
single-stranded apical loop, have unknown functions during viral infection.

For the current study, we further analyzed CY1 foldback RNAs, finding that the
(+)RNA portions were basecalled with significantly higher mismatches and deletions
than the already threaded (-)RNA portion in the same read. Additionally, non-foldback in
planta (+)RNA reads and in vitro transcribed (IVT) (+)RNA reads showed a similar,
nonrandom distribution of mismatches and deletions that were enriched in stretches of
purines or pyrimidines and often appeared upstream of known stable RNA structures.
Examination of IVT and in planta CY1 (+)RNA reads using a variety of RNA modification
detection software predicted modifications at the exact same positions, and with
similarly high confidences, despite IVT reads being devoid of any modifications. These
data suggest that regions of low nucleotide complexity as well as post-translocation re-
folding of RNA structures cause perturbations in the nanopore sequencing signal

resulting in inherent, nonrandom basecalling errors. Furthermore, since RNA
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modification prediction software also relies on signal perturbation during DRS, these

predictions should be viewed with caution without additional confirmatory evidence.

MATERIALS AND METHODS

Growth of N. benthamiana

Laboratory strain N. benthamiana seeds, originally collected by Benjamin Bynoe and
housed at the Royal Botanic Gardens?®, were initially seeded onto damp soil and
germinated at 25°C with a 12 h light cycle and 70% humidity. After approximately 2
weeks, seedlings were transplanted into individual pots and grown at 25°C with a 12 h

light cycle and 70% humidity until vacuum infiltration.

Agroinfiltration of N. benthamiana with CY1

Agrobacterium tumefaciens strain GV3101 was transformed by electroporation with
binary vector pCB301 containing full-length CY1 (NC_040311.1) immediately
downstream of duplicated cauliflower mosaic virus 35S promoters and immediately
upstream of a hammerhead ribozyme sequence. Transformed A. tumefaciens cultures
were grown to an OD between 1.0 and 1.2 in 0.5 L of Luria-Bertani broth supplemented
with antibiotics [rifampicin (20 pg/mL) and kanamycin (50 ug/mL)] over the course of
~18 h, along with A. tumefaciens cultures transformed with standard RNA silencing
suppressor p19. A. tumefaciens cultures were centrifuged at 5K rpm for 10 min using a
Sorvall SLA-1500 rotor, resuspended in infiltration buffer (10 mM MgCl,; 10 mM MES;
100 ng/mL acetosyringone) at an OD of 1.2 for viral cultures and 0.4 for RNA silencing

suppressor cultures, mixed in a 1:1 ratio of viral culture to RNA silencing suppressor
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137 culture, and incubated for 2 h at room temperature. N. benthamiana containing six true
138 leaves were then submerged inverted in the mixed A. tumefaciens cultures and vacuum
139 infiltrated using a negative pressure of -25 inHg for 30 sec. Plants were grown at 25°C
140 with a 12 h light cycle. Systemic leaf and primary root stalk samples were harvested
141 from infiltrated plants at 2 or 6 wpi.

142
143 Extraction of RNA from infected plant samples

144 Total RNA was extracted from infected plant samples using 1 mL of TRIzol reagent

145 (#15596026, Invitrogen) following the manufacturer’s instructions. Root samples were
146 thoroughly ground with a mortar and pestle after being frozen in liquid nitrogen

147 immediately prior to TRIzol extraction. Following TRIzol extraction, extracted root RNA
148 samples were precipitated twice with equal volumes of 5M LiCl to remove excess

149 polysaccharides in the RNA samples. All extracted RNA samples were purified using 65
150 pL of RNACIean XP beads (#A63987 Beckman Coulter) and analyzed by ethidium

151 bromide-stained agarose gel electrophoresis prior to any downstream procedures.

152

153 In vitro transcription of CY1 RNA

154 pET17b plasmid containing full-length CY1 gRNA sequence (GenBank: JX101610)

155 immediately downstream of a T7 promoter was linearized with Hindlll (#R0104M New
156 England Biolabs) and used as template for in vitro transcription using T7 polymerase. In
157 vitro transcribed CY1 gRNA sample volume was raised to 100 yL with ddH,O followed

158 by addition of 100 pL of 5M LiCl and incubation at -20°C for 30 min. Samples were
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159 centrifuged at top speed for 30 min at 4°C followed by a 75% ethanol wash, air drying,
160 and resuspension in ddH20.

161

162 Poly(A) tailing of RNA

163  Approximately 500 ng of RNA was mixed with ddH,0 to a volume of 15.5 pL. Two

164 microliters of 10X buffer (#B0276S New England Biolabs), 2 pL of 10 mM ATP

165 (#B0756A New England Biolabs), and 0.5 pL of E. coli poly(A) polymerase (# M0276S
166 New England Biolabs) were then added. Reactions were incubated at 37°C for 3 to 5
167 min and then terminated by addition of 5 uL of 50 mM EDTA. Poly(A) tailed RNA was
168 purified using 65 pL of RNAClean XP beads (#A63987 Beckman Coulter) following
169 manufacturer’s instructions and resuspended in 12 to 16 pL of ddH,0.

170

171 Direct RNA and cDNA nanopore sequencing

172 For all DRS sequencing runs, sequencing libraries were prepared from poly(A)-tailed
173 RNA samples using the direct RNA sequencing kit (SQK-RNAO002) following

174 manufacturer’s instructions and including the reverse transcription step to generate

175 RNA/cDNA hybrids. Sequencing runs (6 to 18 h) were performed using version R9.4.1
176 flow cells and a MinlON Mk1B device. Used flow cells were cleaned between runs using
177 the flow cell wash kit (EXP-WSHO004) following the manufacturer’s instructions. The

178 MinKNOW desktop application (Oxford Nanopore) was used for basecalling of

179 nanopore sequencing reads using the standard quality score threshold of 7 for direct
180 RNA sequencing (corresponding to at least 80% read accuracy). For cDONA sequencing,

181 500 ng of poly-A tailed IVT CY1 RNA were used to generate a cDNA using oligo dT
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182 (IDT) using SuperScript Il reverse transcriptase (#56575 Invitrogen) following the

183 manufacturer’s instructions. The sequencing library was generated from the cDNA using
184 the ligation sequencing kit (SQK-LSK114) and sequenced using a FLO-MIN114 R10
185 flowcell and a MinlON Mk1B device. DNA reads were basecalled using the MinKNOW
186 desktop application using the standard quality score threshold of 8 for DNA sequencing.

187
188 Analysis of nanopore reads

189 Direct RNA and cDNA sequencing reads were aligned to the CY1 reference genome
190 (NC_040311.1) or the N. benthamiana 5S ribosomal RNA (KP824744.1) using a locally
191 run blast search (BLAST 2.12.0+) using the default parameters to a JSON output format
192 expect for the foldback RNA, which were analyzed using the ‘blastn’ task parameter.
193 JSON output files were analyzed using the custom analysis scripts deposited in the
194 following GitHub repository:

195 github.com/gr3nd31/Simon_lab/tree/main/nanopore data analysis. Using the blast

196 alignments, positional abundance and relative error rates were calculated. Mismatch or
197 deletion hotspots are defined as bases with error more than 2 standard deviations from
198 the median IVT error, except for (-)RNA hotspots that are more than 2 standard

199 deviations from the (-)RNA median. Data was visualized using R (4.4.3) in RStudio

200 (2024.12.1.563). Error-prone positions were mapped onto structures published for

201 CY1% or 5S rRNA (http://combio.pl/rrna/).

202

203 RNA modification analysis
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Tentative RNA modification predictions were performed using tombo 1.5.1
(https://nanoporetech.github.io/tombo/), NanoPsu
(https://github.com/sihachuanguc/Nanopore_psU), and m6Anet v-2.1.0
(https://github.com/GoekelLab/m6anet) to detect 5mC, ¥, and m6A, respectively. For

each prediction algorithm, the developer’s protocol was followed.

Statistical analysis and data availability

Statistical analyses were performed using R (4.4.3) in RStudio (2024.12.1.563) as

described in the figure legends.

RESULTS AND DISCUSSION

CY1 foldback RNAs have an uneven distribution of errors

We previously reported that over 30% of the (-)-strand reads generated from DRS of
samples from CY1-infected N. benthamiana were from (+/-)foldbacks, with the (-)RNA
portion always downstream of the complementary (+)RNAZ2. While these (+/-)foldbacks
varied in length (likely due to premature transcription termination by the RdRp during
(+)RNA synthesis), the (-)RNA aligned portion consistently spanned 50% of the read
(Fig. S1 A-C). While the (-)RNA portion of the (+/-)foldbacks aligned with high identity to
CY1 reference sequence by BLASTNn, the (+)RNA portion often failed to align unless a
less stringent alignment algorithm was used (Fig. 1A, Fig. S1). The alignment failure
was caused by the (+)RNA portion having an average mismatch/deletion frequency for
all residues that was ~3-fold higher than for the downstream (-)RNA portion (Fig. 1B and

C, Fig. S1D and E). DRS has been reported to produce an error rate of ~10%>°, and all
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other CY1 (+)RNA reads (full-length gRNA, D-RNAs, INcCRNAs, etc.) conformed to this
error rate, as did reads generated from IVT CY1 gRNA (Fig. 1B and C). Thus, the
elevated error rate in the (+)RNA portion of the (+/-)foldback was not due to any intrinsic
characteristic of nanopore sequencing of CY1 (+)RNA.

To determine if basecalling errors in the (+)RNA region of (+/-)foldbacks occurred
at identical locations in the (-)RNA portions (i.e., the errors reflect natural in vivo
generated alterations since the [+]RNA segment was the template for the [-]RNA
segment), the error rate at each residue was normalized to non-foldback RNA. As
shown in Fig. 1D, no correlation of mismatch/deletion errors was found between the
(+)RNA and (-)RNA portions, indicating that errors were likely generated during
sequencing. In addition, the (+)RNA portions showed a more even distribution of errors
while distinct error hotspots were common for the (-)RNA portions (Fig. 1E and 1F).
Whereas the average error rate for the (-)RNA portions was lower than the error rate for
the (+)RNA portions, error hotspots within the (-)RNA portions occurred at similar rates
as the average residue error rate for the (+)RNA portions. These findings suggest that a
similar mechanism induced nanopore sequencing errors on both (+)RNA and (-)RNA
portions of (+/-)foldbacks, but these errors occurred at a higher frequency consistently
across the (+)RNA portion.

Single-stranded (+/-)foldback RNAs are unusual in that they fold into fully base-
paired hairpins. Prior to nanopore sequencing, all intramolecular RNA structure is
eliminated since RNAs are reverse transcribed to generate RNA/cDNA duplexes ™.
Once the RNA separates from the cDNA and is translocated through the membrane

pore, intramolecular folding can then place. Since the (-)RNA portion of a (+/-)foldback
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250 is sequenced first, the translocated (-)RNA sequence should initially adopt structures
251 comparable with non-foldback sequenced (-)RNA. However, once the complementary
252 (+)RNA portion begins translocation, the foldback RNA should adopt a highly stable,
253 double-stranded conformation. We hypothesize that the enhanced (+)RNA error rate is
254  due to either torsional stress across the membrane pore or rapid shifts in translocation
255 speed induced by the elongated dsRNA helix that forms when the (+)RNA segment
256 translocates. Another possibility is that, similar to dsDNA, the dsRNA helix undergoes
257  supercoiling®', which would induce novel torque and buckling pressures during (+)RNA
258 basecalling. Any of these possibilities would account for both the higher

259 mismatch/deletion frequencies during (+)RNA segment basecalling and the

260 accompanying more uniform error distribution as the translocated RNA would be

261 uniformly double-stranded.

262

263 Non-foldback reads have a non-random distribution of

264 mismatch/deletion errors

265 The apparently non-random nature of errors in the 3' (-)RNA foldback segment

266 suggested that initial secondary/tertiary structure folding within the translocated (-)RNA
267 portions might affect the base-calling of nearby upstream nucleotides. If correct, then
268 post-translocational RNA folding should also affect the sequencing error rate found for
269 non-foldback RNAs, with hotspots occurring at specific locations upstream of local

270 secondary/tertiary structure. Furthermore, these non-random hotspot errors should also

271 be found at identical locations in the same RNA sequence generated by IVT.
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To determine if non-random error hotspots occurred in non-foldback CY1 RNA
reads, we analyzed CY1 reads from the same dataset as the (+/-)foldbacks as well as a
dataset generated from DRS of IVT CY1 transcripts?. We selected reads that contained
only a single (+)sense alignment and compared the mismatch and deletion error rates of
individual bases between the two datasets (Fig. 2). A significant (r> = 0.92, p < 0.001)
positive correlation was found between the mismatch frequencies of in planta CY1
(+)RNA and IVT (+)CY1 RNA (Fig. 2A). While most bases were miscalled at a relatively
low rate (median=1.8%, SD=3.5%), 130 bases of in planta CY1 (+)RNA possessed
mismatch rates over 10%, which was more than 2 standard deviations from the
average, and IVT (+)CY1 RNA sequences had similar mismatch rates for the same
bases. We also compared the error rate of CY1 reads across multiple datasets
generated from different tissues and from different timepoints post-infiltration and found
remarkable consistencies in both the positions and rates of these errors (Fig. S2A and
B).

Both IVT and in planta reads showed a similar bias in the identity of miscalled
bases, with cysteine (C) and uracil (U) more likely to be miscalled than adenine (A) and
guanine (G), despite CY1 gRNA containing a relatively equal amount of each residue
(Fig. 2B). Since a previous study found that A-to-G/G-to-A transversions were 3 to 5
times more likely in nanopore sequencing of DNA?®, our finding that C-to-U/U-to-C
transversion were more common in DRS suggests that the mismatch errors observed
for DRS are distinct from known DNA nanopore sequencing biases.

Rates of deletions also strongly correlated between the IVT and in planta DRS

reads, suggesting that deletion rates are also not randomly distributed across the CY1
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295 sequence (Fig. 2C and F). As with mismatch errors, most bases exhibited a low deletion
296 rate (median=1.9%, SD=6.5%), however the same182 positions in in planta and IVT
297 (+)RNA possessed a deletion rate of greater than 15%. These same positions and

298 deletion rates were present in in planta reads from multiple samples across time points
299 and tissue types (Fig. S2C and D).

300 Previous studies reported that deletions in nanopore reads are frequently near
301 homopolymer tracks, where inconsistent translocation speeds make it difficult to resolve
302 the homopolymer®. Since homopolymer deletions are limited to the length of the

303 homopolymer track and CY1 contains few homopolymer tracks longer than 3 nt, only
304 deletions of greater than 4 nt were compared to reduce deletion hotspots that may be
305 caused by homopolymer tracks and deletion hotspots occurring for other reasons (Fig.
306 2D). We found no differences in overall deletion size or in the distribution of deletion
307 lengths between IVT and in planta CY1 RNA, suggesting that deletions in the reads

308 resulted from nanopore error and were not legitimate deletions resulting from viral

309 replication during infection. Altogether, these results strongly suggest that CY1 DRS
310 mismatch and deletion sequencing errors are neither randomly distributed nor acquired
311 during in planta infection and thus are intrinsic to the CY1 sequence.

312

313 Error hotspots were frequently located upstream of known structural

314 elements

315 High frequency error hotspots were identified as bases with local mismatch or deletion
316 frequencies greater than 2 standard deviations from the median of all local frequencies

317 (calculated from the IVT data). To better characterize the positions and sequence
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composition of these hotspots, the mismatch and deletion frequency for each residue in
non-foldback CY1 RNAs was calculated by averaging a 5-nt sliding scale of
mismatch/deletion frequencies (2 nt upstream and 2 nt downstream). As expected from
the single nucleotide correlation plots (Fig. 2A and C), averaging local frequencies of
mismatches (Fig. 2E) and deletions (Fig. 2F) showed a high correlation between IVT
and in planta CY1 reads, with 22 hotspots for mismatches and 29 hotspots for deletions
containing an average length of 7.8 £ 3 nt (Fig. 3). The average deletion rate for
hotspots was higher than mismatch frequencies (17.9£3.9% vs 9.61£2.5%, respectively).
While mismatch and deletion hotspots occasionally overlapped, different regions were
more prone to generate either a mismatch or a deletion error during sequencing.

To determine if DRS hotspot errors in non-foldback reads were more common in
purine or pyrimidine stretches, 4-nt stretches across the CY1 genome were evaluated,
with 32% (867) of all possible windows consisting of consecutive purines or pyrimidines.
Sixty three percent of these homopolymeric regions contained mismatch hotspots and
83% contained deletion hotspots, supporting the previous study’s findings®. However,
many areas of low complexity did not present as error hotspots, suggesting that low
complexity alone is insufficient and other parameters, including post-translocation
structure folding, may also play a role. Since the elevated error rate of the (+/-)foldback
RNA was only observed upstream of the proposed hairpin, we hypothesized that error
hotspots arise from low complexity regions upstream of recently translocated RNA that
folds into stable local structures. Such a mechanism is known to exist for bacterial
terminators, where local hairpins form behind the RNA polymerase to terminate

transcription at a downstream run of uracil residues®?.
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Error hotspots for non-foldback (+)RNA reads (31 mismatch and 32 deletion
hotspots, a total of 51 unique hotspots) were mapped on the known secondary structure
of CY1 (+)RNA3**** (Fig. 3). Of the unique hotspots, 29 (57%) regions were within
homopolymer stretches consisting of 6 or more purines or pyrimidines (Fig. 3, asterisk);
35 (69%) were within 11 nt upstream of a known structure that could be formed during
translocation of the hotspot (Fig. 3, circles); and 22 (43%) were both within a
homopolymer stretch and upstream of a known structure (Fig. 3, circles with asterisk).
Although the CY1 genome contains 55 homopolymer stretches (Fig. 3, black bases or
asterisk), only 5 (9%) of such stretches were upstream of a known structure and not
associated with an error hotspot (Fig. 3, squares). In contrast, 15 (27%) of low
complexity regions were neither upstream of a known structure nor associated with an
error hotspot further supporting the model that low complexity sequence is insufficient to
generate an error hotspot. Note that while RNA naturally folds co-transcriptionally 5' to
3', post-translocation folding is 3' to 5' and thus some local structures will likely differ.
Furthermore, structures may form transiently and not be present in the gRNA secondary
structure map, which could explain the presence of error hotspots without a downstream
structure (Fig. 3, triangles). Regardless, the association of the nonrandom mismatch
and deletion hotspots with known structural elements in CY1, combined with data for
the (+/-)foldbacks, suggest that DRS can be influenced by local folding of post-
translocated 3' RNA.

Aside from CY1 reads, the sequencing data also contained a high number of
ribosomal RNAs, which are known to fold into stable structures necessary for their

function®***, As with CY1 reads, we found that 5S rRNA sequences had similar
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364 mismatch and deletion error rates between multiple datasets (Fig. S3). Many of these
365 error hotspots also occurred near known structural elements, suggesting that 5S DRS
366 errors are also nonrandomly distributed based in part on post-translocation folding. Like
367 the CY1 error hotspots, mismatch and deletion hotspots did not occur at the same

368 positions suggesting that these errors are generated by similar, yet distinct,

369 mechanisms. A mismatch theoretically occurs when the electrical signal of the base is
370 altered such that it mimics the signal of alternative bases. In contrast, a deletion likely
371 occurs when the basecalling is unable to identify the signal transition between adjacent
372 bases and thus only the initial base is identified. Therefore, it is likely that mismatch and
373 deletion errors are associated with distinct sequence or structural elements that perturb
374 base and transition signals, respectively. While the CY1 and 5S rRNA support this

375 model, additional DRS data and solved structures are needed to further refine the

376 hypothesis.

377
378 cDNA sequencing does not recapitulate DRS error hotspots

379 Due to G/U and other non-canonical base-pairings, single-stranded (ss)RNA readily
380 forms more complex secondary and tertiary structures than ssDNA®. If DRS error

381 hotspots are due to folding of post-translocated RNA, then the distribution of errors from
382 sequencing an RNA should differ from its cDNA version. Alternatively, if nanopore

383 sequencing errors are solely a consequence of sequence complexity, then sequencing
384 errors should correlate between (+)RNA, (-)RNA, and cDNA generated from IVT

385 (+)RNA. To distinguish between these possibilities, cDNA was generated from IVT CY1

386 RNA using random hexamers and sequenced using the direct DNA ligation kit and a
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DNA flow cell. DRS reads of in planta CY1 from 6 weeks-post-infiltration (wpi) plants
were split into (+)RNA and (-)RNA reads and compared with the positional
mismatch/deletion error rates for the cDNA (Fig. 4). Unlike the high correlation of
positional errors between in planta (+)RNA and IVT (+)RNA, there was no correlation
between the mismatch error rates (Fig. 4A and 4B) nor deletion error rates (Fig. 4D and
4E) for in planta CY1 (+)RNA and (-)RNA, despite the RNA possessing similar regions
of low complexity. Furthermore, there was no correlation between the error rate of the
cDNA and the (-)RNA (Mismatches: Fig. 4A and 4C, Deletions: Fig. 4D and 4F). Since
cDNA and (-)RNA share the same nucleotide complexity, this further supports the
hypothesis that low nucleotide complexity alone is not causing error hotspots. While this
distinction may be due to differences in DNA and RNA basecalling algorithms, the
(+)RNA and (-)RNA also do not show the same error distributions despite possessing
the same regions of low complexity and being generated from the same sequencing run
(Fig. 4B and 4E). While cDNA and RNA sequences showed no correlation in positional
error, a slight positive correlation was found between (-)RNA and (+)RNA positional
errors (note linear regression marked by the hatched red lines in Fig. 4B and 4E relative
to 4C and 4F, respectively), suggesting that some errors occur in similar regions.
Interestingly, unique (+)RNA and (-)RNA error hotspots were found more than expected
on opposing sides of complimentary regions (Fig. 4G and Fig. S4). Since DRS
sequences RNA from the 3' to 5' direction, this further supports a model in which local

folding of RNA post-translocation affects the sequencing fidelity of DRS.
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409 RNA modification detection programs did not distinguish between IVT

410 and in planta CY1 (+)RNA reads

411 In addition to providing long read data, DRS is frequently used to predict DNA

412 nucleotide modifications® and, more recently, RNA modifications such as 5-

413 methylcytosine (5mC), pseudouridine (W), and N6-methyladenosine (m6A)'"*°. These
414 RNA modifications are predicted with high confidence in in vivo RNA samples by

415 analyzing either the electrical signal generated during sequencing or the relative

416 mismatch rates of specific nucleotides. Since mismatches are predicted based on

417 variation in the electrical signal, and there is a high correlation between the mismatch
418 frequencies of IVT and in planta (+)RNA CY1 reads (Fig. 2), we hypothesized that RNA
419 modification detection programs may be incorrectly reporting modified nucleotides due
420 to the nonrandom error distribution.

421 To determine if RNA modification software mis-identifies modified residues, we
422 analyzed IVT and in planta (+)RNA reads for three modifications: 5mC using Tombo®
423 (Fig. 5A and B), W using NanoPsu*® (Fig. 5C and D), and m6A using m6Anet*' (Fig. 5E
424 and F). For each modification calling system, the IVT and 6 wpi CY1 reads were

425 independently analyzed to predict modified residues.

426 Within the IVT reads, which could not legitimately contain 5mC modifications,
427 Tombo identified 198 residues as containing 5mC with an average probability of 38%,
428 and 215 residues in the in planta reads with an average probability of 39% (Fig. 5A). Of
429 these positions, a substantial majority (190) were identified in both the IVT and in planta
430 reads. Direct comparison of the modification probability from the 190 positions identified

431 in both sets of reads revealed a high correlation (Fig. 5B, r?> = 0.86, p <0.001). Although
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432 itis possible that the 25 positions identified only in the in planta reads may be legitimate
433 5mC modifications, the average probability of these in planta specific positions (19.2%)
434 was both lower than the overall probability of the in planta positions and similar to the
435 average probability of the IVT-specific positions (15.5%). While this suggests these in
436 planta-specific positions are false-positives, we did note several positions identified in
437 both the IVT and in planta reads that had a higher 5mC probability in the in planta reads
438 than in the IVT reads. The high degree of correlation between IVT and in planta

439 positions for predicted modifications, including several with confidence levels close to
440 100%, suggests that 5SmC calling using Tombo is biased by nonrandom nanopore

441 sequencing errors.

442 While Tombo directly analyzes electrical signals to predict 5mC modification,

443 NanoPsu uses mismatch frequencies to calculate the probability of W modification of
444 uracils. Since NanoPsu generates modification probabilities for every uracil in an RNA,
445 we limited our initial analysis to uracils with modification probabilities of at least 2

446 standard deviations from the mean (Fig. 5C). This resulted in a roughly equal number of
447 hits in the IVT and in planta reads (57 and 53 hits, respectively) with 32 residues being
448 selected in both read sets. Since the respective hit sets showed similar modification

449 probabilities, we performed a linear regression analysis on all positions and found a

450 strong positive correlation between the modification probabilities of IVT and in planta
451 uracils (Fig. 5D, r’=0.57, p < 0.001) despite the lack of W modification in IVT RNA.

452  Although there were several positions in the in planta data with a higher probability than
453 the same positions in the IVT data, the majority of W probabilities demonstrated a strong

454  correlation, suggesting that NanoPsu W calling is also affected by nonrandom error.
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As with Tombo, m6anet directly analyzes the electrical signal to predict m6A
modifications but relies on Nanopolish to extract and analyze the electrical data. Since
the RRACH motif for m6A modification has been well established, modification
probabilities were only generated for the 46 possible RRACH motifs found in the CY1
genome*?. Again, the overall probability of m6A modification was similar between the
IVT and in planta reads (Fig. 5E), although the average probability of an m6A
modification (~9%) was much lower than that generated for 5mC (~39%) and W (~20%).
Linear regression analysis of m6A probabilities for IVF and in planta CY1 reads again
showed a positive correlation (Fig. 5F, r’=0.56, p < 0.001). Altogether, these results
suggest that all three modification detection software generate significant correlations
for IVT and in planta CY1 RNA, indicating a strong bias in various modification-calling
algorithms. Since we found that DRS results in consistent, nonrandom errors, we
hypothesize that current base modification algorithms may fail to discriminate between
legitimate RNA base modifications and nonrandom nanopore errors caused by

properties intrinsic to the RNA.

Conclusions

DRS is increasingly being used for long-read sequencing and identification of RNA base
modifications™"'. Although DRS is associated with a 10% error rate, these errors are
generally considered to be random with the exception of a general prevalence for
homopolymeric stretches®. We show here that CY1 (+/-)foldbacks identified during DRS
of infected N. benthamiana have an elevated frequency of mismatches and deletions in

the 5' (+)RNA segment only. This suggests that the increased error rate is driven by the


https://doi.org/10.64898/2025.12.02.691860
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.02.691860; this version posted December 4, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

available under aCC-BY-NC-ND 4.0 International license.

fully complimentary structure of the foldback RNA. This hypothesis is supported by the
observation that non-foldback CY1 RNAs from multiple sequencing runs have
comparable error rates for the same nucleotides regardless of IVT or in planta
generation. Furthermore, nucleotides with the highest error rates were frequently found
in purine or pyrimidine stretches just upstream of known RNA structures. We therefore
propose a model whereby transient torsional stress of local stable RNA structures that
form just after translocation contribute to upstream sequencing errors by affecting either
the electrical signal or translocation speed (Fig. 6A and B). While this stress may
contribute generally to errors in upstream sequences, problematic sequences such as
homopolymer stretches would be especially prone to increased error during basecalling.
For a perfectly complementary sequence, such as the CY1 foldbacks, this results in an
increased rate of evenly distributed errors during basecalling of the 5' portion (Fig. 6C).
While DRS technology possesses many benefits over traditional or next generation
sequencing, these findings suggest caution in drawing conclusions from DRS data
based solely on error rates as currently used by some RNA modification prediction

programs.
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Figure 1. (+)RNA portions of CY1 foldback RNAs analyzed by DRS have a high error
rate. (A) Representative (+/-)foldback CY1 sequences (n=87) collected from
systemically infected leaves at 6-weeks post-infiltration (wpi). Nanopore reads that
contained both (+)RNA and (-)RNA were aligned to the CY1 genome using BLASTn.
Mismatches are in red and deletions are represented by gaps. (B) Average frequency of
mismatches for residues in (+)RNA or (-)RNA reads from IVT CY1 RNA (in vitro), and
(+/-)foldback (Foldback) and non-foldback reads from CY1-infected leaves (in planta).
Error bars represent standard error and statistical significance from the in vitro sample
was determined by one-way ANOVA and a Tukey post-hoc (*** : p < 0.001). (C) Average
frequency of deletions in the reads described in (B). (D) Dot plot correlation of mismatch
and deletion frequency at nucleotide positions in (+)RNA or (-)RNA aligned sequences
in (+/-)foldback reads. Red dotted line represents a perfect 1:1 correlation. (E-F)
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Aggregate alignment of (+/-)foldback reads denoting mismatch frequency (E) or deletion
frequency (F) normalized to the same position on the non-foldback reads in the same
sample.
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Figure 2. Mismatches and deletions reported for IVT and in planta CY1 RNA reads
correlate in frequency and location. (A) Dot plot correlation of mismatch frequencies for
each nucleotide of IVT RNA and RNA collected from 6 wpi leaves (in planta). Red dotted
line represents a perfect 1:1 correlation and the statistics of the linear regression are
shown. (B) The frequency of each nucleotide in CY1 gRNA (in black) compared to the
frequency of that nucleotide being miscalled in in vitro or in planta (+)RNA reads (blue:
less than expected based on composition, red: greater than expected based on
composition). (C) Same correlation analysis as in (B) but comparing the deletion
frequencies of each position within (+)RNA-aligned CY1 reads from in vitro and in
planta reads. (D) Violin plot of the length of deleted stretches found for in vitro or in
planta CY1-aligned reads. Since DRS frequently reports <4 nt deletions, deletions less
than 4 nt in length were omitted from this analysis to enrich for less frequent deletion
events. (E) Aggregate alignment of in vitro and in planta CY 1-aligned reads colored by
the average mismatch or deletion (F) frequency of a 4 nt sliding frame.
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Figure 3. Deletion and mismatch hotspots mapped to CY1 secondary structure. Deletion
and mismatch hotspots were identified by first averaging the deletion or mismatch

frequency in a 4 nt sliding frame. Bases with an error rate greater than 2 standard
deviations from the mean were classified as a deletion hotspot (orange), mismatch
hotspot (blue) or both (green) and mapped back onto the solved secondary structure of
CY1. Hotspots within a stretch of 6 or more purines/pyrimidine (low complexity regions)
are indicated with an asterisk (*) for a pyrimidine stretch. Error hotspots that are less
than 11 nucleotides upstream from a structure that could form during translocation are
marked with a circle. In contrast, low complexity regions that were not associated with
an error hotspots and were less than 11 nucleotides upstream from a structure are

marked with a square. Error hotspots not associated with a known RNA structure or
region of low complexity are marked with a triangle.


https://doi.org/10.64898/2025.12.02.691860
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.02.691860; this version posted December 4, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A % Mismatches B D % Deletions E
[ . [ .
010 20 Mismatches 0 20 40 Deletions
1.0 1.0
(+)RNA (+)RNA
0.5 0.5
=10 =1.0
= a
'] D
(=1 a
=05 z0.5 )
o & F Deletions
o =] -
N o
510 510 601 -
E (-JcDNA E % 40/
= = (]
0.5 0.5 2.0
= oe.
0 n'-o o2
0 0
i 1000 2000 o 10 20 i 1000 2000 0 20 40
(-}RNA (-)RNA
G (+*)RNAdeletion hotspot (-)RNA deletion hotspot swecatacecaCecySacouy a° A UCA } .
. S LA S I S L N
S A co S c G=C
ey o ) G Y c-c
v A, 5, ALY,G Ures AmU
gY=c GV 3 ey CnG
mCC=cucy S uel "LI'GC aS %6t AC=C
GG, GAGA c uCee o’ 8 GcA s F
AcagA Ua U Calon AS, U ) &
G G« CaA -
Usi Cag UutAA U sumA AusA
C=G Sey v ls uS U=G
u=a uu cCug G G CG\U‘AC U=A
Uep uCgauUC Souc AcS, % 4 C=G
CaG U LLRE=EGAE_ S Cuthe A% %A A=U
o ve ot < A'A‘U‘UC Uoa
P c'-'"b U'C'GL;'J GG-A‘U‘” ¢ UmA
C=G 6" g Uy cUsc G=C
A=U s A ¢ u=A
] 2y AU FaUAGAC=GCGCCCY
53

Figure 4. Error rates of (+)RNA and (-)RNA from DRS do not correlate with nanopore
cDNA sequencing. (A) Aggregate alignment of the (+)RNA and (-)RNA reads from 6 wpi
leaves and cDNA generated from reverse transcription of in-vitro transcribed CY1
(+)RNA using random hexamers. Positions are colored by the average mismatch
frequency of a 4 nt sliding frame. (B) Dot plot and linear regression (red dotted line) of
positions on the CY1 genome from (+)RNA and (-)RNA sequences shown in (A). (C) Dot
plot and linear regression (red dotted line) of positions on the CY1 genome from (-)RNA
and (-)cDNA sequences shown in (A). (D) Similar analysis as shown in (A) but colored
by the average deletion frequency of a 4 nt sliding window. (E-F) Same dot plot and
linear regression analysis as shown in (B-C) but comparing deletion frequencies. (G)
Representative images of deletion hotspots for (+)RNA (red) and (-)RNA (blue) DRS
reads mapped to secondary structure elements in the (+)CY1 genome.
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Figure 5. Predicted RNA modification in IVT CY1 reads mirror predictions in in planta
reads. (A) Venn diagram of cytosine residues predicted to be methylated (5mC) in IVT
(blue) or in planta (green) CY1 reads using Tombo. The mean 5mC probability and
standard deviation for each set of cytosines is shown. (B) Dot plot and linear regression
(red hatched line) of cytodine residues predicted to be 5mC. Statistics from a linear
regression analysis are shown. (C) Venn diagram of predicted pseudouridine (V)
modifications in IVT (blue) or in planta (green) CY1 reads with probabilities at least 2
standard deviations above the mean modification probability. Mean W probabilities and
standard deviations for each set are indicated. (D) Dot plot and linear regression (red
hatched line) of uracils predicted to be pseudouridines. Statistics from a linear
regression analysis are shown. (E) Bar graph of the methylation probabilities of 46
adenosines in IVT and in planta reads in RRACH motifs. Error bars represent standard
deviation and p-value was calculated by Student’s t-test. (F) Dot plot and linear
regression (red hatched line) of methylation probabilities of adenosines within a RRACH
motif in IVT or in planta CY1 reads. Statistics from a linear regression analysis are
shown.
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Figure 6. Model of 3' structure-induced Nanopore error. (A) RNA/cDNA duplex (black
and blue helix) prevents secondary structures in an RNA from interfering with
translocation. Duplex is unwound before translocation and the RNA translocates
through the pore in the 3' to 5' direction. Electrical signals are basecalled and aligned to
the reference genome with a relatively low frequency and errors are evenly distributed
across the read if translocated RNA does not quickly fold into a stable structure. (B) If
the just translocated RNA forms a stable local structure, this results in torsional stress
and/or alters translocation speed, which impairs basecalling and results in a nonrandom
increase in mismatch and deletion errors upstream of these elements. We suggest that
these errors are more likely if a stretch of purines or pyrimidines is just upstream of the
structure. (C) During the sequencing of (+/-)foldback RNAs, basecalling of the initial
(-)RNA sequence is only affected by local structure. After the complementary (+)RNA
sequence begins to translocate through the pore, the (-)RNA base pairs with the (+)RNA
to form dsRNA (transition point between the (-)RNA and the (+)RNA is marked by grey
dashed line). This results in constant torsional stress and/or translocation speed, which
is basecalled as an even distribution of elevated mismatch and deletion errors.
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