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ABSTRACT

RNA editing and maturation are critical regulatory mechanisms in plant organelles, yet their quantification remains technically
challenging. Traditional Sanger sequencing lacks sensitivity and reproducibility, whereas advanced next-generation sequencing
(NGS) approaches, such as rRNA-depleted long non-coding (Inc) RNA-seq or targeted amplicon-seq, involve high costs, complex
workflows, and limited accessibility. To address these limitations, I developed a rapid and cost-effective long-read sequencing
approach, termed Target-Indexed-PCR (TIP) sequencing, for digital quantification of RNA editing and intron retention events
in targeted chloroplast transcripts. This method combines multiplexed high-fidelity PCR amplification with Oxford Nanopore
sequencing and custom in-house Perl and Python scripts for streamlined data processing, including barcode-based demultiplex-
ing, strand reorientation, alignment to a pseudo-genome, manual editing-site inspection, and splicing variant identification. As
a proof of concept, TIP sequencing was applied to ndhB and ndhD transcripts, two chloroplast NAD(P)H dehydrogenase genes
with the highest number of known editing sites in Arabidopsis thaliana. These transcripts were analyzed both in an inducible
CRISPR interference (iCRISPRi) system targeting MORF2, a key RNA-editing factor, and in MORF2-YFP transgenic lines with
either overexpression or co-suppression silencing. My findings revealed dose- and development-dependent impacts of MORF2 on
C-to-U editing efficiency. Moreover, I identified an accumulation of intron-retaining ndhB transcripts, specifically in Dex-treated
iCRISPRI lines and in both MORF2-YFP overexpression and silencing rosette leaves, indicating impaired chloroplast splicing
functions when MORF2 expression is perturbed beyond an as-yet-undefined threshold. The platform achieves single-molecule
resolution, robust reproducibility, and high read coverage across biological replicates at a fraction of the cost of IncRNA-seq.
Collectively, this study establishes TIP sequencing as a versatile, scalable, and affordable tool for targeted post-transcriptional
analysis in plant organelles and expands our understanding of MORF2's role in chloroplast RNA maturation. By overcoming key
limitations of existing approaches, TIP sequencing enables routine, site-specific quantification of post-transcriptional regulation
in organelles, including RNA editing and splicing, making it broadly accessible to researchers studying plastid biology, stress
responses, and organelle-nucleus communication.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

The presence of multiple genomes in eukaryotic cells necessi-
tates distinct regulatory mechanisms to coordinate gene expres-
sion between nuclear and organellar genomes, such as those
found in mitochondria and chloroplasts in plant cells. This ge-
nomic compartmentalization has driven the evolution of intri-
cate signaling networks essential for proper development and
physiological adaptations through coordinated gene expres-
sion (Woodson and Chory 2008; Jarvis and Lopez-Juez 2013).
Among these regulatory mechanisms, RNA editing represents a
distinctive post-transcriptional modification predominantly ob-
served in mitochondria and chloroplasts. Through site-specific
conversion primarily of cytidine (C) to uridine (U), RNA edit-
ing modifies transcripts to restore conserved codons, gener-
ates functional AUG start codons, eliminates premature stop
codons, and influences RNA structure, splicing, and stability
(Takenaka, Zehrmann, Verbitskiy, Hartel, et al. 2013; Small
et al. 2020). These modifications are critical for organelle bio-
genesis and have been increasingly recognized as dynamic reg-
ulators of stress responses and developmental signaling (Hao
et al. 2021; Hu et al. 2024; Mohamed et al. 2024).

RNA editing is particularly abundant in the organellar tran-
scripts of land plants, with approximately 40 and 500 editing
sites identified in chloroplast and mitochondrial RNAs, re-
spectively, in Arabidopsis thaliana (Chateigner-Boutin and
Small 2007; Bentolila, Elliott, et al. 2008). These editing events
often lead to amino acid substitutions crucial for the function-
ality of proteins involved in photosynthetic electron trans-
port, ATP synthesis, and ribosome assembly (Sun et al. 2013;
Takenaka, Zehrmann, Verbitskiy, Hartel, et al. 2013; Small
et al. 2020). Recent studies further demonstrated dynamic
regulation of editing efficiency in response to environmental
stimuli such as temperature (Cui et al. 2019; Wu et al. 2025),
light (Hu et al. 2025), and drought (Mohamed et al. 2024), un-
derscoring RNA editing as an adaptable mechanism for envi-
ronmental acclimation and signaling.

Despite its biological importance, quantitative analysis of RNA-
editing efficiency remains technically challenging. Multiple
methodological strategies have been employed to measure RNA-
editing efficiency in plant organelles, each offering distinct ad-
vantages and limitations in terms of resolution, scalability, cost,
and accessibility.

The traditional approach, Sanger sequencing of reverse tran-
scription PCR (RT-PCR) products, remains widely used for
small-scale validation of editing events (Takenaka, Zehrmann,
Verbitskiy, Kugelmann, et al. 2012; Zhao et al. 2019; Tang
et al. 2024; Wu et al. 2025). This method provides direct visual-
ization of cytosine (C) to thymine (T) peak shifts in sequencing
chromatograms and requires only basic laboratory infrastruc-
ture (Takenaka, Zehrmann, Verbitskiy, Kugelmann, et al. 2012).
However, it is inherently low-throughput and semi-quantitative,
and exhibits poor reproducibility, particularly when editing ef-
ficiencies are modest (<20%) or high (> 80%), where chromato-
gram peak ratios are difficult to distinguish (Tang et al. 2024).
Consequently, Sanger sequencing is not suitable for extensive
comparative analyses across multiple genes, conditions, or bio-
logical replicates.

To improve throughput and quantification, strand- and
transcript-specific PCR sequencing (STS-PCRseq) and tar-
geted amplicon-seq have been employed. These techniques
involve the PCR amplification of specific organelle transcript
fragments, followed by the preparation of a next-generation
sequencing (NGS) library and deep sequencing on Illumina
platforms. STS-PCRseq offers single-nucleotide resolution
and high sensitivity, facilitating comprehensive and high-
resolution profiling of RNA editing events in plastids and mi-
tochondria of A. thaliana (Bentolila, Oh, et al. 2013). However,
these targeted approaches still require comprehensive NGS
workflows, including PCR amplicon fragmentation, adapter
ligation, quality controls, and multiplexed sequencing, which
collectively result in high experimental costs, extended turn-
around times, and multiple labor-intensive steps. Additionally,
they depend heavily on access to sequencing facilities and
PCR reproducibility.

In contrast, transcriptome-wide RNA sequencing (RNA-seq)
has become increasingly popular for concurrently analyzing
RNA editing, gene expression, and splicing, employing special-
ized bioinformatics pipelines such as ChloroSeq and REDItools
(Malbert et al. 2018; Lo Giudice et al. 2020). However, conven-
tional RNA-seq typically utilizes poly(A) enrichment, prefer-
entially capturing nuclear-encoded transcripts while excluding
non-polyadenylated organellar RNAs. This underrepresentation
severely limits statistical power for detecting RNA-editing vari-
ations (Yapa et al. 2023).

To address this limitation, specialized rRNA-depleted long non-
coding (Inc) RNA sequencing (IncRNA-seq) protocols have
been developed. These protocols employ ribosomal RNA deple-
tion followed by reverse transcription using random primers,
facilitating comprehensive and unbiased recovery of organellar
transcripts (Xu et al. 2023; Tang et al. 2024). Although IncRNA-
seq significantly improves organellar transcriptome coverage, it
remains the most costly method due to both the high price of
rRNA depletion kits and the deep sequencing required for suffi-
cient coverage of editing sites.

Collectively, the biological importance of organelle RNA editing
and the limitations of current analytical methods underscore the
critical need for a rapid, affordable, and scalable approach that
delivers absolute, digital quantification of RNA-editing events
at defined sites without the high costs associated with exten-
sive NGS pipelines. Here, I introduce Oxford Nanopore Target-
Indexed-PCR (TIP) sequencing, a novel method specifically
designed to provide fast turnaround (< 24 h), cost-effective anal-
ysis ($5 per replicate per gene, lower than Sanger sequencing),
high reproducibility, and digital quantification of RNA-editing
efficiency across multiple full-length gene transcripts. This
approach leverages Oxford Nanopore's long-read sequencing
platform to capture full-length amplicons with single-molecule
precision.

TIP sequencing fills a critical methodological gap by enabling
precise, absolute quantification of RNA-editing events with
exceptional sensitivity, rapid turnaround, robust reproducibil-
ity, and scalable throughput, while eliminating the need for
complex bioinformatics analyses and costly deep sequencing
workflows.
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2 | Results

2.1 | Transcriptome Complexity Leads to
Differential RT-PCR Products of Chloroplast Genes

In one of our previous studies, we developed an inducible CRISPR
interference (ICRISPRi) strategy for repressing the expression of
MULTIPLE ORGANELLAR RNA EDITING FACTOR 2 (MORF2)
by co-expressing a single guide RNA (sgRNA) targeted to the tran-
scriptional start site (TSS) of MORF2 and a Kriippel-associated-box
(KRAB) domain fused to the carboxyl terminus of endonuclease-
deactivated Cas9 (dCas9-KRAB). Because morf2 null mutants are
albino and developmentally lethal (Bisanz et al. 2003; Takenaka,
Zehrmann, Verbitskiy, Kugelmann, et al. 2012; Yapa et al. 2023),
the expression of dCas9-KRAB was driven by a dexamethasone
(Dex)-inducible promoter (Aoyama and Chua 1997), whereas
the sgRNA was constitutively expressed under the Arabidopsis
U6-26 promoter (Xing et al. 2014). Thus, only upon Dex treat-
ment is dCas9-KRAB expressed and guided by the sgRNA to the
TSS of MORF?2, enabling its transcriptional repression in a dose-
dependent manner. This inducible suppression allows the other-
wise lethal iCRISPRi-MORF?2 transgenic plants to remain viable
(Yapa et al. 2023).

Given the known role of MORF2 in regulating the chloroplast
RNA-editing process, our previous work also utilized both
Sanger sequencing of RT-PCR products and high-throughput
short-read RNA-Seq to verify reduced RNA-editing efficiency
in Dex-treated, 7-day-old iCRISPRi-MORF2 seedlings. However,
Sanger sequencing lacked sensitivity and reproducibility (Yapa
et al. 2023). To further demonstrate this technical challenge, I
examined the C-to-U editing efficiency at the first editing site of
chloroplast NAD(P)H dehydrogenase B (ndhB) transcripts. I gel-
extracted and cleaned a 317-bp RT-PCR amplicon encompassing
the site for Sanger sequencing analysis. Among three biological
replicates obtained from the iCRISPRi-MORF?2 line P1-12, only
Replicate 3 yielded a relatively clean chromatogram, which al-
lowed estimation of ~70% C-to-U editing efficiency based on the
peak areas of C and T (arrowhead, Figure S1). In contrast, the
chromatograms from the other two replicates showed multiple
overlapping peaks at nearly every position, making it impossible
to determine the correct sequence, editing site, or editing effi-
ciency. This inconsistency highlights a persistent limitation of
Sanger sequencing-based RNA-editing assays, which are not
only insensitive and poorly reproducible but also laborious due
to the need for separate RT-PCR reactions and gel-purification
steps to isolate clean products for sequencing.

To overcome the limitations of Sanger sequencing-based
RNA-editing analysis while avoiding the high cost associated
with RNA-seq-based approaches (see Section 1), I revisited
the same iCRISPRi-MORF2 lines to develop a nanopore-
based long-read sequencing platform, termed TIP sequencing,
paired with custom bioinformatics tools for accurate and cost-
effective analysis of chloroplast RNA editing and transcript
maturation (Figure 1). I focused on ndhB and ndhD, two chlo-
roplast NAD(P)H dehydrogenase genes that harbor the highest
number of C-to-U editing sites among chloroplast transcripts
(nine and five, respectively; Bentolila, Oh, et al. 2013). Notably,
ndhB also contains a group II intron (Ostheimer et al. 2003),
enabling additional investigation of MORF2's potential role

7-d-old 5 uM-Dex treated seedlings
(WT, KRAB, P1-10 and P1-12)
¢ RNA extraction

5 ug RNA

¢ DNase | treatment
cDNA synthesis

6 uL 1:30 diluted cDNA

Barcoded PCR (3
¢ replicates per genotype
for ndhB and ndhD)

135 uL pooled PCR products from ndhB and
ndhD per genotype

¢ PCR clean up

60 uL elutate for WT and KRAB
30 ulL eluate for P1-10 and P1-12
¢ QUBIT dsDNA BR assay
Equimolar mixtures of ndhB and ndhD amplicons

Nanopore sequencing
(Plasmidsaurus, <24 hr turnaround)

4 raw fastq files (one for each genotype)

¢ Method S1:
filter_barcoded_fastq_segs.pl

12 strand-corrected fastq files (3 files per genotype)

Method S2:
¢ run_minimap_alignments.sh
Alignment to pseudo-genome

12 coordinate-sorted and indexed BAM files

¥ N

Method S3: IGV:
count_groupll_inserts_and_extract.py C-to-T conversion counts

Y Y

Editing efficiency
calculated at each known
site per replicate

Frequencies and fasta files of unspliced
ndhB reads (650-700 bp insert)

Method S4:
¢ local_align_inserts_vs_intron_blast.pl
Alignment to ndhB reference intron sequence

Unspliced intron sequence

identity and alignment length
FIGURE 1 | Workflow of TIP sequencing and data analysis for
RNA-editing efficiency and intron retention. A schematic diagram il-
lustrating the experimental and analytical steps of the TIP sequencing
platform. Custom open-source bioinformatics scripts (Methods S1-S4)
were developed in-house to streamline the workflow for barcode de-
multiplexing, strand correction, pseudo-genome alignment, editing-site
quantification, and intron-retention analysis.

in RNA maturation and splicing, given its known interac-
tions with multiple Pentatricopeptide Repeat (PPR) proteins
that are implicated in chloroplast RNA splicing (Takenaka,
Zehrmann, Verbitskiy, Kugelmann, et al. 2012; Bayer-Csaszar
et al. 2017; Small et al. 2023; Zhang et al. 2023) and in matura-
tion of the plastid ribosomal RNAs (Bisanz et al. 2003).

Using quantitative PCR (QPCR), I verified that MORF2 transcript
levels were substantially reduced by 5-uM Dex to 50.2% +10.8%
in P1-10 and 20.1% +3.9% in PI1-12 relative to wild type (WT)

Plant Direct, 2025

30f 13



a
14
(]
R
2N 0384 o
&6 4
g3 oo I
© 0.4 mie
SO it
o 02 &
04
WT KRABP1-10 P1-12
b
ndhB ndhD

WT KRAB WT KRAB
kb R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

ndhB ndhD

P1-12 P1-10 P1-12 P1-10
kb RT R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

1570 S o o o |

C

WT KRAB P1-12 P1-10 WT
kb R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 gDNA
0.57

- <

0.25 | e e - e e <

(mean=+SD). In contrast, KRAB plants expressing only Dex-
inducible dCas9-KRAB retained 84.3%+3.9% of WT MORF2
transcript levels, which were not statistically different from WT
(Figure 2a). This gradient of MORF?2 repression enabled quan-
titative comparison of its dose-dependent effect on ndhB and
ndhD transcripts.

To obtain long cDNA products for nanopore sequencing, I
synthesized first-strand cDNA using a combination of oligo
(dT)25 and random hexamer primers, followed by high-fidelity
PCR amplification of ndhB and ndhD cDNAs. The resulting
amplicons displayed genotype-dependent differences in both
yield and complexity. Robust PCR products were observed for
both ndhB and ndhD in WT and KRAB. In contrast, ndhB am-
plicons were moderately and strongly reduced in PI-10 and

FIGURE 2 | MORF2 suppression by iCRISPRi alters ndhB tran-
script profiles. (a) Quantitative PCR analysis showing suppression of
MORF2 transcript levels in 7-day-old seedlings treated with 5-uM Dex.
Expression values are normalized to one WT replicate. ACT2 and PP2A
were used as internal reference genes. Bars represent the mean+SD
of three biological replicates, each measured in technical duplicate.
Individual data points (maroon dots) show biological replicates. ## de-
note statistically significant differences from WT (p <0.01; Student's ¢
test, one-tailed with unequal variance). (b) Gel electrophoresis images
of RT-PCR products for ndhB and ndhD amplified from the same cDNAs
used in Subpart (a). R1-R3 indicate three biological replicates. Forward
primers were barcoded for multiplexing. Five microliters of each 50-uL
PCR reaction were loaded on a 1% agarose gel stained with ethidium
bromide. The arrowhead marks a putative unspliced ndhB amplicon.
(c) Gel images of RT-PCR products of ACT2 from the same cDNAs as
in Subpart (b), along with a genomic PCR control using ACT2 primers
on DNA from 7-day-old WT seedlings. Open and solid arrowheads in-
dicate genomic (containing a 78-bp intron) and properly spliced cDNA
products, respectively.

PI-12, respectively, whereas ndhD products were only mildly
affected in the same two genotypes, suggesting gene-specific
sensitivity of transcript processing to MORF2 suppression
(Figure 2b).

Notably, in addition to the expected full-length ndhB band
(~1.4Kkb), larger amplicons appeared specifically in Dex-treated
P1-10 and PI-12 lines, with the signal particularly pronounced
in PI-12. These upper bands likely correspond to intron-
retaining, premature mRNA isoforms (arrowheads, Figure 2b).
To rule out the possibility of genomic DNA (gDNA) contami-
nation, I compared the PCR products of ACT2 from the cDNAs
with those from WT gDNA. All produced a clean band, but the
WT gDNA yielded a longer amplicon than the cDNAs, confirm-
ing that the cDNAs were derived from properly spliced tran-
scripts (Figure 2c).

These complex banding patterns precluded standard Sanger
sequencing for editing analysis, as clean chromatograms could
only be obtained from single, specific PCR products. In our
previous studies, we had to design internal primers to amplify
smaller ndhB fragments, followed by gel extraction; however,
this process was time consuming, poorly reproducible, and
yielded inconsistent sequencing results (Yapa et al. 2023).

2.2 | High Read Coverage of ndhB and ndhD
Transcripts From Nanopore Long-Read Sequencing

Because nanopore long-read sequencing analyzes DNA strands at
the single-molecule level, I indexed the ndhB and ndhD PCR ampl-
icons from each biological replicate using their respective forward
primers and pooled the three replicates, 135uL in total (each with
45uL per replicate from an initial SOuL PCR reaction), without
performing an additional gel extraction step. Based on the stronger
band intensity of ndhB and ndhD PCR products observed in WT
and KRAB than in P1-10 and PI-12 from DNA gel electrophoresis
(Figure 2b), I eluted the cleaned DNA in 60uL for WT and KRAB,
and 30uL for PI-10 and P1-12. Using the Qubit double-stranded
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(ds)DNA Broad Range (BR) assay, I confirmed that each cleaned
product exceeded 50ng/uL in concentration.

To ensure an unbiased representation of ndhB and ndhD PCR
amplicons in each final nanopore sequencing library, I prepared
equimolar mixtures of ndhB and ndhD PCR products from each
genotype. As expected, the resulting sequencing output yielded
comparable read counts for ndhB and ndhD within each genotype,
with totals ranging from 891 to 1300 reads (Table S1; Appendix S1).

Interestingly, the barcode sequence appeared to influence the num-
ber of reads obtained in TIP sequencing. Among the three barcode
samples, ATGCTAGC (Replicate 1) produced the highest number
of reads, followed by CGTACGTA (Replicate 2) and TACGATCG
(Replicate 3) (Table S2), suggesting that barcode sequence may af-
fect read recovery efficiency in nanopore sequencing.

2.3 | Digital Quantification Confirmed MORF2
Dose-Dependent RNA-Editing Changes

The high read coverage from each TIP sequencing run, ranging
from 122 to 636 reads per replicate (Table S2), provided strong
statistical power to digitally quantify RNA-editing efficiency
across genotypes. Using an in-house Perl script that incorporates
three BioPerl modules, Bio::SeqlO, Bio::Seq, and Bio::Seq::Quality
(Figure 1; Method S1), I processed the sequence and quality data
in each raw FASTQ file (Appendix S1) into strand-corrected
versions. Each read sequence and its corresponding quality
score were oriented to match the sense strand of ndhB and
ndhD. Based on the presence of a specific barcode within each
sequence, I reconstructed three strand-corrected FASTQ files
from each TIP sequencing run for the ndhB and ndhD ampli-
cons, with each file representing the sequencing result of one
biological replicate per genotype, as indicated in Figure 2b.

I then aligned the strand-corrected reads to a pseudo-genome
(Figure 1; Method S2; Appendix S2), which is composed of six
synthetic chromosomes, each corresponding to a barcoded ver-
sion of the ndhB or ndhD reference cDNA sequences. This yielded
three binary alignment map (BAM) and BAM index (BAI) files
for the three biological replicates of each genotype. Because the
positions of the known editing sites were predefined, I manually
quantified the number of cytosine (C) and thymine (T) bases at
each site across genotypes by visualizing the indexed BAM files
using the Integrative Genomics Viewer (IGV) browser (Table 1;
Robinson et al. 2011).

In total, I observed 65 to 556 valid reads per editing site across
all sequencing files (median count=217), providing strong sta-
tistical power to quantify C-to-U editing efficiency (Table 1).
TIP sequencing results revealed statistically significant reduc-
tions in editing efficiency at six out of nine ndhB and two out of
five ndhD editing sites in P1-12 compared with WT (Figure 3;
p<0.05, Student's ¢t test, two-tailed with unequal variance). In
contrast, no significant differences were found in PI-10, sug-
gesting that RNA-editing defects, at least in ndhB and ndhD,
occur in a MORF2 dose-dependent manner. These findings
are consistent with our prior Sanger sequencing results at five
ndhB editing sites, which also demonstrated a dose (threshold)-
dependent effect of MORF2 on RNA editing (Yapa et al. 2023).

However, our earlier results indicated more severe reductions
in editing efficiency in PI-12, with editing efficiencies of ~20%
and ~10% at the ndhB2 and ndhB3 sites, respectively, based on
Sanger sequencing of poly(A)-derived RT-PCR products (Yapa
et al. 2023). In contrast, TIP-sequencing in this study detected
86.6% +5.8% and 93.5% +3.9% editing efficiency at ndhB2 and
ndhB3, respectively (Figure 3a). To resolve this discrepancy, I
used the new set of cDNAs and conducted Sanger sequencing
of the RT-PCR products spanning the ndhB2 and ndhB3 sites.
Chromatogram peak area analysis from three biological rep-
licates revealed editing efficiencies of ~80% and ~85% in WT,
and ~67% and ~85% in P1-12 at ndhB2 and ndhB3, respectively
(Figure 3b), which are closely matching the TIP-sequencing re-
sults (Figure 3a).

The differences observed in our earlier study likely arose from (1)
the use of poly(A)-primed cDNA synthesis, which may introduce
bias when analyzing chloroplast transcripts, (2) analog estimation
of editing levels from low-resolution chromatograms, and (3) re-
liance on a single biological replicate. In contrast, the agreement
between the current Sanger and TIP-sequencing results at both
ndhB2 and ndhB3 sites reinforces the accuracy and utility of TIP-
sequencing for digital quantification of RNA-editing efficiency.

Interestingly, I also detected a modest but statistically signifi-
cant reduction in editing efficiency at ndhB5 in KRAB compared
with WT (Figure 3a, 99.0% in WT vs. 97.9% in KRAB; p=0.035,
Student's ¢ test, two-tailed with unequal variance), suggesting
a possible off-target or stress-related effect of dCas9-KRAB ex-
pression. Such minor but statistically significant differences
could not be detected by Sanger sequencing (Yapa et al. 2023;
Tang et al. 2024), further highlighting the increased sensitivity
of our approach.

2.4 | A High Frequency of Unprocessed Premature
ndhB Transcripts in P1-10 and P1-12 Upon Dex
Treatment

The presence of an additional PCR product band with a molec-
ular weight higher than the expected 1405-bp ndhB transcript
(Figure 2b, indicated with an arrowhead), and its apparent cor-
relation with the extent of MORF2 suppression, suggests that
this band represents a precursor ndhB transcript retaining a
685-bp group II intron (TAIR, https://www.arabidopsis.org). To
test this hypothesis, I included rigorous DNase treatment during
RNA isolation and prior to cDNA synthesis and confirmed the
absence of genomic DNA contamination by demonstrating no
RT-PCR amplification of the intron-containing fragment of
nuclear gene ACT2 in any of the 12 cDNA samples (Figure 2c).
These results support the hypothesis that the larger ndhB ampl-
icons originated from unspliced premature RNAs rather than
from genomic DNA.

To determine the nature of these long-insert transcripts, I de-
veloped a Python script to extract reads containing insertions
ranging from 650 to 700bp from all three replicates of each
genotype (Figure 1; Method S3). Using BLASTN pairwise se-
quence alignment (Figure 1; Method S4), I identified that these
inserts shared 98.9% +2.1% sequence identities and an average
alignment length of 685+ 5bp with the reference ndhB group

Plant Direct, 2025

50f 13


https://www.arabidopsis.org

‘sajeorjdai [eorSo1o01q Juapuadapur 911} 2JBIIPUT £Y-TY "99uanbas urpod s ouad yoes Jo 9prI0a]ont ISIIJ AY) 0) PISUAIJaI Tk suonisod a)1s SuNIpH,

LOT  vZ €L 9¢ 16C IS €91 LE €9C CSC <CO¥ +vS L81 LT LST TE T9¢ o6 ILI CTE 9l T ¢€O¥y TS DODDL L88 saypu
0T ve SvI €9 g€ OIT ST Lb 0SCT 6¢ L9¢ L6 €81 +¥¢ 8SC 8¢ €9¢ IS 891 9¢ GIT 6¢£ L6E 09 VVDLL 8L8 raypu
6¢1 6 ¢0Cc ST seg€ € 00Cc IT 08 6 9vvy LT LOC ¥I 06C ST SOy LZ 10C 11 +vvC 61 0Oty 1v OVOLV VL9 £eqypu
6l L vCC 6 SS€ 0¢ 00C €I +v6c I 8Ly LT vCCT L ¢l ¥I 9¢y CI vCc 9 S9C O 86¥ OI LVDLV €8¢ caypu
¢ ovl Ty vel 99 9¢ I8 €SI 8ET I8T 6vC LOE OCI €€1 LST L8L ¢vC G€¢ TIIT TEL O0ST 8YL L8CT 6LC VDOVD [4 Iaypu
0 ST OIT O0C ¢CLT Le 06 OT ¥91T ¢TI €L ¢€C 601 € 6Ic ¢TI 9L LT 90T O <C€C 11T TST 91 DVOIV 1811 6qypu
0L L Ovl TC ¢Ce¢C €€ €I 1T 20 8 0¢e 91 oOvf ¢ T6C OI ¥#PE 6 IFL T OIc O LOE 1T LVDD.L GSCI 8qypu
L9 9 ¢¢r L 10C 61 LOT ¢ 68T 9 LIc IT 8T 8 8SC T¢I 8¢e 6 vl € TIIc 6 06C S LVDLD L8 LgYpu
09 <SI LIT 9¢ 18T 6¢ +v6 8L 681 II +v0E€ CSC OvL 6 LST ST 0Oce ST LeT 9 €0€ ST S8C II DVOLL 9¢€8 9gypu
0L G G L 90T 91 <CIT T 68T Or Tce 8 9¥I € 1L 9 Lce L vl T 6l T S6CT ¢ DVOLL 0€8 sqypu
L9 ¥ 8¢l €I 861 8T 66 v ¢ v 10¢ O Tl O 09¢ ¢ LOo¢ TII SeT € ¢8C 8 CTLC L JLOLL oL raypu
8L ¢ 8ST I1 S¢¢c 9¢ SIT v+ ¥0C 11 0¢€c ST 6ST T €8¢ 8 se¢ LT ¢ST T 8IE €I 90¢ OI LVDLL 989 £qypu
YL L 0ST 0C Ol ¢ OIT +I ¢ +vI 9¢e +vI LST ¥ 8L 91T Lee 91T IST € TI¢e LT 80¢€ 8 DVIODL L9V cqypu
6L 6 IST ST ¥ycc ¢§ ¢l ¥ 8l € Ss¢ ST 09T T 96T 1T LS 1T 9¥1 L vee ST CTie O VVDOLL 6Vl rgypu
XL o) L o L o) XL o) L o L o) XL o) L o L o) XL o) L o L o) soprjodpnu  LUoONISoOqd oM)s
€ (4. | 1R | €d (4. | 1R | €d (4. | 1R | €d (4. | 1R | Burpunosims
rid or'1d qvay Im
'sad£jouad 1noj woag syonpoid YD J-LY qypu pue gypu Ul 31s SUNIP-YNY UMOUY Je SOp1od[onu (1) sauIprwAy) pue (D) saurpnojosjuno) | [ ATIV.L

Plant Direct, 2025

6of 13



2 100+ #

° # —

3 [ WI' E—Ir ;-i— M - & M

= # ]i#

g f ' A

Eel 80 | I #

k3

< i

- 60-

o

c

.9 [

S

E 40

w

o

£

S 20 i

2

2 ﬁ

6 0- o — o = =
ndhB1 ndhB2 ndhB3 ndhB4 ndhB5 ndhB6 ndhB7 ndhB8 ndhB9 ndhD1  ndhD2  ndhD3  ndhD4  ndhD5

RNA Editing Site
b WT P1_12
R1 R2 R3 R1 R2 R3

e V\AM V\/\M WM W\M WM
TCcuAg TCcuAg TCcuAg TCcuAg TCcuAg TCcuAg

o WAL WA W/ A/ W' WA
T TCUA T T TCUA T T TCUA T T TCUA T T TCUA T T TCUA T

FIGURE 3 | Reduced MORF2 transcription impairs RNA editing in ndhB and ndhD transcripts. (a) TIP sequencing reveals a dose (threshold)-
dependent effect of MORF2 on C-to-U RNA-editing efficiencies in ndhB and ndhD transcripts. The editing efficiencies were digitally quantified
from Oxford Nanopore TIP sequencing of RT-PCR amplicons, as shown in Figure 2b. Data represent the mean+SD of three biological replicates
(see Table 1). Refer to Table 1 for the positions and surrounding nucleotide contexts of each RNA-editing site. Statistically significant differences
from KRAB are indicated (#p <0.05, ##p <0.01; Student's ¢ test, two-tailed with unequal variance). (b) Sanger sequencing chromatograms of RT-PCR
products spanning the ndhB2 and ndhB3 sites in three biological replicates of WT and P1_12. Partial C-to-U editing at each site is indicated by over-

lapping peaks (C/U).

II intron (Table S3), indicating that they are indeed unspliced
intron sequences present in the premature ndhB transcripts.

I next quantified the frequency of these unprocessed ndhB
transcripts in each genotype. Both P1-10 and PI-12 iCRISPRIi-
MORF?2 lines treated with 5-uM Dex exhibited significantly
higher frequencies of premature ndhB transcripts compared
with WT (Table 2), consistent with the more intense high-
molecular-weight bands observed in their RT-PCR products
(Figure 2b). Although the KRAB control line also showed a
slightly elevated mean frequency compared with WT, this dif-
ference was not statistically significant (Table 2).

2.5 | Broad Applications of TIP Sequencing in
Defining RNA-Editing and Splicing Variations

To expand the scope of TIP sequencing application, I applied it to
examine RNA-editing changes in ndhB and ndhD and splicing
variations of ndhB in Arabidopsis across developmental changes
as well as in response to both up- and downregulation of MORF2
in adult rosette leaves (RL) in Yellow Fluorescent Protein (YFP)

tagged 35S:MORF2-YFP overexpression transgenic plants (Yapa
et al. 2023).

The MORF2-YFP transgenic plants were generated in our pre-
vious studies and show spontaneous co-suppression of both
the transgene and endogenous MORF2 across individuals and
tissues, resulting in a chlorotic phenotype (Figure 4a). To ver-
ify the expression changes of the endogenous MORF2 gene
across developmental stages/tissues and the MORF2-YFP
transgene between silencing (sil) and non-silencing green (g)
RLs, I conducted qPCR analysis using primers specific to the
endogenous MORF2 3'-untranslated region and YFP. I unex-
pectedly discovered that the endogenous MORF2 expression is
developmentally regulated, with expression in adult RLs from
4-week-old plants reduced to 29.6% =+ 5.6% of that in 7-day-old
seedlings (Figure 4b). As expected, this developmental reduc-
tion did not result in a significant difference in the adult RLs
between 4-week-old WT and gMORF2-YFP plants, whereas the
expression of MORF2 was dramatically reduced to 6.1%+1.0%
of 7-day-old seedlings in sil_RLs (Figure 4b). Consistently,
the expression of the MORF2-YFP transgene was suppressed
to 3.2%+0.7% in sil_RLs compared with g RLs (Figure 4b),
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Frequency of unspliced ndhB transcripts across seven genotypes or tissues.

TABLE 2

P1_10 P1-12 WT_RL g RL sil_RL

KRAB

WT

R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

R1

Replicates

14

34

27

40

21

15

10

Unspliced reads

439 196 614 471 215 585 337 186 501 330 122 594 270 96 756 310 136 787 233 70

531

Aligned reads

2.4+0.8 2.7+£0.8* 7.8 £0.4%* 0.6+0.4 2.3+1.0%** 6.3 £2.1%+*

1.2+0.7

Frequency (mean + SD)?

Abbreviations: g, green non-silencing; RL, rosette leaf; sil, silencing.

2Frequency values represent the mean + SD percentage of reads containing a 650-700bp insert relative to total aligned reads per replicate. R1-R3 indicate three independent biological replicates as in Table 1.

*p<0.05 (Students' t-test against WT, one-tailed, unequal variance).

**p <0.01 (Students' ¢ test against WT, one-tailed, unequal variance).

**%p < 0.05 (Student's ¢ test against WT_RL, one-tailed, unequal variance).

confirming co-suppression-mediated downregulation of both
endogenous MORF2 and MORF2-YFP in sil_RLs.

I then conducted a second proof-of-concept test on RNA-
editing changes in ndhB and ndhD, and splicing variations of
ndhB in these new tissues. RT-PCR detected multiple ndhB
products across WT_RL, g_RL, and sil_RL, but only sil_RL,
similar to PI1_12, yielded a distinct band larger than the ex-
pected 1.4-kb ndhB amplicon (Figures 2b and 4c). RT-PCR
of the ACT2 gene from the cDNAs of g RL and sil_RL pro-
duced only a band smaller than that from WT genomic DNA,
confirming the absence of genomic DNA contamination
(Figure 4d).

Using the same TIP sequencing pipeline as illustrated in
Figure 1, I found no RNA-editing changes in either ndhB or
ndhD transcripts, or splicing variations in ndhB, between
7-day-old seedlings (WT_SDs) and 4-week-old adult RLs (WT_
RLs) in WT, despite the fact that the expression of MORF2 in
WT_RLs is only about one-third of that in WT-SDs (Figure 4e).
This finding further supports a dose (threshold)-dependent im-
pact of MORF2 on RNA editing. In contrast, consistent with pre-
vious studies (Takenaka, Zehrmann, Verbitskiy, Kugelmann,
et al. 2012; Bentolila, Oh, et al. 2013; Zhao et al. 2019; Yapa
et al. 2023; Tang et al. 2024), I discovered significant RNA-
editing changes at most sites of both ndhB and ndhD upon
MORF2 overexpression in g_RLs and suppression in sil_RLs: six
out of nine ndhB sites and four out of five ndhD sites in g_RLs,
and eight out of nine ndhB sites and four out of five ndhD sites
insil_RLs.Ialso detected 2.3% +1.0% and 6.3% + 2.1% unspliced
ndhB variants in g_RLs and sil_RLs, respectively, which were
significantly higher than 0.6% +0.4% unspliced ndhB variants
in WT_RLs (Table 2).

Collectively, this second batch of TIP sequencing analysis
demonstrated that chloroplast RNA editing is buffered against
moderate changes in MORF2, but once MORF2 levels cross cer-
tain thresholds, the editing efficiencies are altered. The consis-
tent discoveries of TIP sequencing in ndhB and ndhD editing
efficiency analysis with previous data further highlight its accu-
racy and scalability.

3 | Discussion

Despite the well-recognized biological importance of RNA ed-
iting in plant organelles, quantifying editing efficiencies with
high accuracy and scalability remains technically challenging
(Tang et al. 2024). Traditional Sanger sequencing approaches,
although simple and accessible, lack the resolution and repro-
ducibility necessary for quantitative comparisons across multi-
ple sites and conditions. Meanwhile, advanced next-generation
sequencing (NGS) strategies, such as targeted amplicon-seq
and rRNA-depleted IncRNA-seq, require complex workflows,
substantial sequencing depth, and high costs, making them im-
practical for routine applications, particularly for targeted gene
analysis or research conducted without access to extensive se-
quencing infrastructure.

To address these methodological limitations, I developed a
rapid, cost-effective, and reproducible long-read sequencing
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FIGURE 4 | Comparative RNA editing efficiencies in ndhB and ndhD across developmental stage and MORF2 perturbation. (a) Growth pheno-
types of 4-week-old plants grown on soil. Adult rosette leaves (RLs) selected for RNA extraction and editing analysis are marked. (b) Quantitative
PCR analysis showing developmental downregulation or transgene co-suppression of the endogenous MORF2 and MORF2-YFP transgenes in RLs
from the indicated genotypes. Expression values are normalized to one WT_SD replicate (left panel) or one g_RL replicate (right panel). ACT2 and
PP2A were used as reference genes. Individual data points and statistical analysis are as described in Figure 2a. Double hash tags (##) indicate
statistically significant differences from WT_SD (left panel) or g_RL (right panel) (p <0.01; Student's ¢ test, one-tailed with unequal variance). (c)
Gel electrophoresis of RT-PCR products for ndhB and ndhD amplified from the same cDNAs used in Subpart (b). R1-R3 indicate three biological
replicates. Primer indexing and gel conditions are as described in Figure 2b. The arrowhead marks a putative unspliced ndhB amplicon, and the as-
terisk indicate a non-specific amplicon. (d) RT-PCR of ACT2 confirming the absence of genomic DNA contamination in the cDNA samples used in
Subparts (b) and (c). Solid and open arrowheads indicate spliced cDNA and genomic DNA products (containing a 78-bp intron), respectively. (e) TIP
sequencing reveals a threshold-dependent effect of MORF2 on C-to-U RNA-editing efficiencies in ndhB and ndhD transcripts. The editing efficien-
cies were digitally quantified from Oxford Nanopore TIP sequencing of RT-PCR amplicons in Subpart (c). RNA editing sites and data analysis are
as described in Figure 3a. Statistically significant differences from WT_SD are indicated (# or *p <0.05, ##p <0.01; Student's ¢ test, two-tailed with
unequal variance).

approach, termed TIP sequencing, performed by Plasmidsaurus with nanopore sequencing and custom in-house bioinformatic
using Oxford Nanopore Technology, for digital quantification pipelines, this method enables direct and absolute quantifica-
of RNA editing and transcript maturation at targeted organel- tion of C-to-U editing events with single-molecule resolution
lar genes. By combining indexed high-fidelity PCR amplicons across multiple editing sites. Importantly, the protocol avoids
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labor-intensive gel purification, fragmentation, or adapter liga-
tion steps, thus offering significant time and cost advantages
over conventional NGS methods.

Application of TIP sequencing to ndhB and ndhD, two chlo-
roplast transcripts containing numerous editing sites, demon-
strated robust read coverage, high reproducibility across
biological replicates, and substantial cost savings. The ed-
iting efficiency data obtained with this method not only re-
capitulated previous findings based on Sanger sequencing
(Yapa et al. 2023), but also extended them by resolving quan-
titative differences in a MORF2 dosage-dependent manner
(Figures 2a and 3). Notably, I observed significant reductions
in editing efficiency at six ndhB and two ndhD sites in the
strongly repressed iCRISPRIi line P1-12, while only modest or
no changes were detected in the mildly repressed line P1-10
and the KRAB control.

In a second batch of TIP sequencing analysis on adult rosette
leaves, I further tested the scope and reproducibility of the plat-
form. These experiments showed that both upregulation and
downregulation of MORF2 by overexpression of MORF2-YFP
or by co-suppression silencing, respectively, altered RNA ed-
iting, whereas developmental downregulation of MORF2 did
not (Figure 4). Together with the analysis from iCRISPRi lines
(Figures 2 and 3), these findings suggest that chloroplast RNA ed-
iting is buffered against moderate changes in MORF2 expression
but shifts once a threshold of MORF2 perturbation is crossed.
This threshold-dependent behavior reinforces the central role of
MORF?2 as a dosage-sensitive regulator of plastid RNA editing
and highlights the capacity of TIP sequencing to capture subtle
yet functionally relevant differences. Additionally, the practice
of indexed multiplexing, which combines three replicates and
two genes into one TIP sequencing reaction, reduced the cost to
only $30 per reaction (i.e., $10 per replicate), dramatically lower-
ing the cost compared with IncRNA-Seq, which typically aver-
ages around $300 per replicate.

Beyond RNA editing, TIP sequencing also uncovered a strik-
ing accumulation of intron-retaining ndhB transcripts in Dex-
treated iCRISPRi-MORF?2 lines and in adult rosette leaves with
MORF2-YFP overexpression or co-suppression. These events
cannot be resolved by Sanger sequencing. The increased fre-
quency of reads containing 650-700bp insertions, correspond-
ing to the unspliced group II intron, directly correlated with the
extent of MORF2 suppression (Figures 2a and 4b; Table 2). These
results not only validate the presence of intron-containing iso-
forms observed by gel electrophoresis (Figures 2b and 4c), but
also provide direct molecular evidence supporting the proposed
role of MORF?2 in coordinating RNA maturation and splicing.
The observed intron retention phenotype upon MORF2 pertur-
bation expands its known molecular functions in chloroplast
RNA processing, which is likely attributable to its holdase chap-
eron activity for broad involvement in chloroplast processes,
including RNA editing (Takenaka, Zehrmann, Verbitskiy,
Kugelmann, et al. 2012), splicing (this study), tetrapyrrole bio-
synthesis (Yuan et al. 2022), and retrograde signaling (Yapa
et al. 2023). This discovery of MORF2's involvement in ndhB
group II intron splicing further underscores the utility of TIP
sequencing in resolving transcript isoforms and splicing inter-
mediates at the single-molecule level.

Previous research using full-length transcriptome nanopore se-
quencing reported that ~32% of ndhB transcripts remained un-
spliced in 5-week-old Arabidopsis leaves (Guilcher et al. 2021),
a value much higher than the intron-retention frequencies
detected by TIP sequencing in this study (~0.6%-7.8%). This
discrepancy likely reflects both methodological and biological
factors. Guilcher et al. (2021) employed SMART-based cDNA
synthesis from rRNA-depleted total RNA, which captures both
spliced and incompletely spliced chloroplast transcripts and
tends to preserve longer, partially processed RNAs. In contrast,
TIP sequencing uses gene-specific primers to amplify the full
coding regions of ndhB and ndhD. In this setup, PCR tends
to favor the shorter, spliced products over the longer intron-
retaining intermediates, leading to an underrepresentation of
unspliced variants. Thus, the former method may inflate the
proportion of unspliced isoforms, whereas TIP sequencing un-
derestimates them. In addition, MORF2 expression is develop-
mentally downregulated (Figure 4b). It is possible that in the
5-week-old leaves used by Guilcher et al. (2021), MORF2 expres-
sion dropped below a functional threshold, leading to stronger
impacts on RNA processing and greater accumulation of un-
spliced variants. Importantly, Guilcher et al. (2021) analyzed
only a single biological sample, likely due to the complex and
expensive workflow, limiting the statistical power of their esti-
mates. By contrast, TIP sequencing is simple, cost-effective, and
highly replicable across biological replicates, providing stronger
statistical confidence for cross-genotype and cross-tissue com-
parisons. Taken together, these comparisons suggest that the ab-
solute values of unspliced variants or RNA-editing efficiencies
are highly method-dependent, whereas the reproducibility of
TIP sequencing across biological replicates provides the statis-
tical confidence essential for revealing biologically meaningful
differences among genotypes and developmental stages.

Another key innovation of this study lies in the suite of bioin-
formatic tools and scripts I developed to streamline every stage
of the data processing workflow, from barcode demultiplexing
and strand reorientation to pseudo-genome alignment and cus-
tom intron retention analysis (Figure 1, Methods S1-S4). These
bioinformatics tools, written in Perl and Python, are modular,
lightweight, and optimized for full-length amplicon data from
Oxford Nanopore platforms. By eliminating the need for large-
scale RNA-seq pipelines and complex annotation-dependent
software, the open-source scripts empower other laboratories to
adopt long-read digital RNA editing and splicing variant anal-
ysis with minimal computational overhead. To facilitate use,
I have included a step-by-step usage guide alongside the raw
FASTAQ files and scripts in a GitHub repository (https://github.
com/hualab/Organelle_RNA _sequencing_analysis). Users can
simply substitute their own FASTQ files and barcode sequences
to analyze their own datasets. I anticipate that these resources
will be broadly useful for studying plastid and mitochondrial
RNA maturation, RNA-editing factors, and stress-responsive
transcript isoform dynamics across diverse plant species, and
potentially even in other eukaryotic systems, given the wide-
spread presence of RNA editing. In addition, this method can be
adapted to analyze splicing variants of nuclear genes in a scalable
and cost-effective manner by multiplexing RT-PCR amplicons.
For example, increasing the number of indexed primers allows
more replicates or samples to be included in a single sequencing
reaction, further reducing time and cost without significantly
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compromising data quality. Hence, TIP sequencing is particu-
larly well suited for cross-genotype or treatment comparisons
by focusing on target (marker) genes, where full-transcriptome
RNA-seq would be impractical or cost-prohibitive.

In summary, TIP sequencing represents a versatile and acces-
sible platform for targeted analysis of RNA editing and pro-
cessing in plant organelles. Its key strengths include simplicity,
affordability, single-molecule precision, robust reproducibility,
and scalable throughput across multiple genotypes or treatment
conditions. By coupling a streamlined experimental workflow
with open-access analytical tools, this method lowers the bar-
rier to entry for plant biologists interested in RNA metabolism
and supports a wide range of applications from basic research to
translational crop biotechnology.

4 | Experimental Procedures
4.1 | Plant Materials, Growth, and Treatments

The iCRISPRI transgenic lines targeting MORF2 were devel-
oped as described in our previous study (Yapa et al. 2023).
Briefly, the dCas9-KRAB fusion protein was expressed under
a Dex-inducible promoter (Aoyama and Chua 1997), while
the sgRNA targeting the TSS of MORF2 was driven by the
Arabidopsis U6-26 promoter (Xing et al. 2014). Four geno-
types were used in this study, including the WT and KRAB
controls (expressing Dex-inducible dCas9-KRAB only) and
two independent iCRISPRI lines (P1-10 and P1-12). Seedlings
were grown on half-strength Murashige and Skoog (1/2 MS)
plates supplemented with 5-uM Dex under long-day (LD) pho-
toperiod conditions (16h light at 125umolm=2s!, 21°C; 8h
dark, 19°C). Seven-day-old seedlings were harvested 2-3h
after dawn for RNA extraction.

Stable 35S:MORF2-YFP transgenic plants in the Col-0 back-
ground were also generated in our previous study (Yapa
et al. 2023). Synchronized transgenic seeds and Col-0 WT were
grown under LD conditions on a soil mix (1/3 vermiculite, 1/3
peat moss, 1/3 compost soil) for 4 weeks before harvesting adult
rosette leaves 2-3h after dawn for RNA extraction.

4.2 | RNA Extraction, Reverse Transcription,
and PCR Amplification

Total RNA was extracted using the NucleoSpin RNA Plus kit
(Macherey-Nagel) according to the manufacturer's protocol,
followed by DNase I treatment (Thermo Fisher Scientific) to
remove residual genomic DNA. For reverse transcription, re-
actions were performed either with 0.5ug of oligo (dT)25 (IDT)
plus random hexamer primers (Thermo Fisher Scientific) using
SuperScript III (Thermo Fisher Scientific), or directly with
gScript Ultra SuperMix (QuantaBio), to capture full-length tran-
scripts of ndhB and ndhD. PCR amplification was performed
in a 50-uL reaction using gene-specific primers flanking the
full-length coding regions of ndhB and ndhD, with Phusion
High-Fidelity DNA Polymerase (New England Biolabs) under
standard cycling conditions. PCR amplicons were visualized on
1% agarose gels stained with ethidium bromide and quantified

using a Qubit Flex Fluorometer with the dsDNA Broad Range
(BR) assay kit (Thermo Fisher Scientific).

4.3 | PCR Amplicon Pooling and Nanopore
Sequencing

Forward primers for ndhB and ndhD PCR products were in-
dexed with unique barcodes for each of the three biological rep-
licates (Tables S2 and S4). PCR products were cleaned using the
NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) and
pooled by genotype. Equimolar mixtures of ndhB and ndhD
amplicons were prepared based on DNA concentrations and
product lengths to ensure unbiased representation in the se-
quencing library (Table S1). Each pooled sample was prepared
for nanopore sequencing using the Q20+XKit V14 chemistry
(Oxford Nanopore Technologies) and sequenced on a MinION
flow cell (R10.4.1 chemistry) through a commercial service
(Plasmidsaurus).

4.4 | Raw Data Processing and Barcode
Demultiplexing

Raw FASTQ reads were basecalled and demultiplexed using
Guppy (Plasmidsaurus). To ensure consistent strand orientation,
a custom Perl script was developed using Bio::SeqlO, Bio::Seq,
and Bio::Seq::Quality modules to reorient each read to the sense
strand of ndhB and ndhD (Method S1). Based on unique 8-nt
barcodes in the forward PCR primers, strand-corrected FASTQ
files representing three biological replicates were reconstructed
for each genotype or tissue.

4.5 | Alignment to Pseudo-Genome and C-to-U
Editing Quantification

A custom pseudo-genome was constructed containing six syn-
thetic chromosomes corresponding to the indexed ndhB (chrl-3)
and ndhD (chr4-6) sequences (Appendix S2). The strand-
corrected FASTQ files reconstructed as above were aligned to
the pseudo-genome using minimap2 (v2.24) with the follow-
ing parameters for full-length cDNA amplicon alignment: -ax
map-ont (Method S2). The resulting SAM files were converted
to coordinate-sorted BAM files using samtools. The Integrated
Genomics Viewer (IGV, v2.16.0) was used to visualize align-
ments for manually counting cytidine (C) and thymidine (T)
nucleotides at known RNA-editing sites. Editing efficiency was
calculated as T/(C+ T) x 100% for each site.

4.6 | Insert Size Profiling and Unspliced
Transcript Quantification

To identify unprocessed ndhB transcripts retaining the group II
intron, a Python script was developed to parse CIGAR strings
from aligned BAM files for extracting insertions with lengths
from 650 to 700bp (Method S3). Reads containing such large in-
sertions in chrl, chr2, or chr3 (representing the three indexed
ndhB sequences in the pseudo-genome) were counted and nor-
malized to the total number of reads mapped to the respective
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chromosome. The frequency of unspliced ndhB transcripts
was defined as the proportion of total reads with a 650-700bp
insertion.

4.7 | Extraction and Local Sequence Alignment
of Inserted Introns

Reads containing large insertions were cross-referenced to the
raw FASTQ files to retrieve their full insert sequences, which
were saved into separate FASTA files grouped by genotype. A
Perl pipeline was used to conduct local sequence alignments
between these insert sequences and the ndhB group II intron
sequence using BLASTN with default parameters (Method S4).
The sequence similarities and alignment lengths were extracted
and analyzed.

4.8 | Statistical Analysis

Editing efficiencies and intron retention frequencies were com-
pared among genotypes using Student's ¢ test. Statistical signif-
icance was defined as p<0.05. For multiple replicates, means
and standard deviations (SD) are reported.

4.9 | Use of Artificial Intelligence Tools

ChatGPT (OpenAl) was used during manuscript preparation
to assist with language editing and to refine custom Perl and
Python scripts for data analysis. All scientific content, includ-
ing experimental design, data interpretation, and final code
implementation, was independently developed, verified, and
approved by the author. No Al-generated content was used to
create or alter research data or conclusions.
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