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Abstract: In this comprehensive review, we explore the significant role that nanopore sequencing
technology plays in the study of plant organellar genomes, particularly mitochondrial and chloroplast
DNA. To date, the application of nanopore sequencing has led to the successful sequencing of over
100 plant mitochondrial genomes and around 80 chloroplast genomes. These figures not only
demonstrate the technology’s robustness but also mark a substantial advancement in the field,
highlighting its efficacy in decoding the complex and dynamic nature of these genomes. Nanopore
sequencing, known for its long-read capabilities, significantly surpasses traditional sequencing
techniques, especially in addressing challenges like structural complexity and sequence repetitiveness
in organellar DNA. This review delves into the nuances of nanopore sequencing, elaborating on its
benefits compared to conventional methods and the groundbreaking applications it has fostered
in plant organellar genomics. While its transformative impact is clear, the technology’s limitations,
including error rates and computational requirements, are discussed, alongside potential solutions
and prospects for technological refinement.
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1. Introduction

Plant organellar genomes, encompassing mitochondrial DNA (mtDNA) and chloro-
plast DNA (cpDNA), are fundamental to understanding plant cellular functions and evolu-
tionary history. Mitochondrial genomes are central to energy production, while chloroplast
genomes are essential for photosynthesis and other biosynthetic activities. Both organelles
are hypothesized to have originated from ancient endosymbiotic events [1], a concept
further substantiated by similarities in their genome structures and gene content compared
to their bacterial ancestors [2].

Plant mitochondrial genomes are characterized by significant variability in size, rang-
ing from 109 kb to over 10 Mb, and structural complexity [3]. This variation is attributed to
frequent recombination, horizontal gene transfer, and gene loss [4]. Unlike animal mtDNA,
plant mtDNA includes a broader range of genes, encoding elements of the electron transport
chain, ribosomal proteins, tRNAs, and unique functional elements [5].

Chloroplast genomes, generally more conserved than mitochondrial genomes, range
from 120 to 160 kb and contain genes crucial for photosynthesis, ribosomal proteins, and
RNA components [6]. Despite this conservation, cpDNA exhibits structural and content
variations among plant lineages, indicative of a complex evolutionary trajectory involving
gene duplication and transfer [7].

The exploration of these genomes has been propelled by advancements in sequencing
technologies, which has provided deeper insights into their structure and evolution [8].
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These studies are vital for understanding plant biology, including cellular processes, phy-
logeny, evolutionary adaptation, and responses to environmental stresses [9,10], thereby
offering avenues for agricultural innovation and conservation strategies.

Recent advancements in molecular biology and genomics have revolutionized the
study of plant evolution, barcoding, and phylogeny, particularly through the exploration
of chloroplast and mitochondrial genomes. This review focuses on the application of
cutting-edge nanopore sequencing technology in these realms, emphasizing its impact on
our understanding of plant genetic diversity and evolutionary history.

Nanopore sequencing, characterized by its ability to produce long reads of native
DNA, allows for comprehensive genome mapping, including the resolution of repetitive
sequences and complex genomic regions. This technology significantly enhances our ability
to assemble complete chloroplast and mitochondrial genomes, facilitating detailed compar-
ative genomic studies across diverse plant taxa [11,12]. Moreover, nanopore sequencing
has improved the accuracy of plant barcoding, enabling precise species identification and
tracing of plant lineage relationships, vital for biodiversity conservation and ecological
studies [13].

By integrating recent scientific findings and technological breakthroughs, this review
aims to shed light on the growing importance of nanopore sequencing in plant evolutionary
studies, providing a roadmap for future research in this dynamic field.

2. Challenges, Limitations, and Recent Improvements in Nanopore
Sequencing Technology

Despite the revolutionary impact of nanopore sequencing in plant organellar genomics,
the technology is not without its challenges and limitations. A primary concern is the rela-
tively high error rate associated with nanopore sequencing compared to more established
techniques like Illumina sequencing. While error rates have been steadily decreasing with
technological advancements, they still pose a challenge, particularly for precise applications
like single-nucleotide polymorphism (SNP) detection or quantitative gene expression anal-
ysis [14]. This necessitates the use of sophisticated bioinformatic tools and error-correction
algorithms to ensure data accuracy [15].

Technical challenges also persist, including the need for high-quality, high-molecular-
weight DNA samples and the complexity of data management and analysis due to the
large volume of data generated. The long-read nature of nanopore sequencing produces
significantly larger datasets, requiring substantial computational resources for data pro-
cessing and storage [16]. Single flow cell of a PromethION device can produce up to
2 Tb raw data, which should be kept in mind during the design of an experiment and the
planning of data storage resources. The recently introduced Dorado basecaller for optimal
performance and high-quality models with enabled modified base identification requires a
top-tier GPU to keep up with real-time data processing [17]. This can be a limiting factor,
particularly in low-resource settings or for researchers without access to adequate compu-
tational infrastructure. Moreover, while nanopore sequencing is adept at handling larger
and more complex genomes, its efficiency can vary depending on the genomic context
and the specific organism under study. For example, regions with significantly high GC
content or repetitive sequences may still pose challenges, necessitating the integration of
other sequencing methods or specialized sample preparation techniques [18,19].

In the last two years, Oxford Nanopore has made significant advancements across
multiple areas to improve nanopore sequencing’s quality and output. These include
introducing Kit14 chemistry that enables modal raw read accuracies above Q20 (99%+) in
simplex mode and approaching Q30 (99.9%) in duplex mode [20]. The new R10.4.1 pore
further boosts accuracy by incorporating a modified motor protein and optimized run
conditions, achieving up to 99.3% raw read accuracy at high yields with Kit14.

Moreover, the percentage of duplex reads constantly increase from 1% in Kit12 (with
10.4 pores) to 10–20% in Kit14 [21,22] and even further using recently developed High-
Duplex flow cells (10.4.1 HD)
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Basecalling methods have been also advanced through machine learning optimiza-
tions, now reaching Q50 for human consensus accuracy and 99% indel accuracy. Key factors
powering these improvements are enhanced enzyme processivity, tuned pore dimensions,
better current resolution (increased sampling rate from 4 kHz to 5 kHz), and larger training
datasets for basecalling algorithms. Altogether, progress in sequencing accuracy achieved
in the last two years enabled the assembly of high-quality genomes based exclusively on
nanopore technology (Figure 1).
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Figure 1. Comparison of mapping simplex and duplex reads onto accD gene of Riccia fluitans plastome.

In comparison, Illumina sequencing platforms have long been the gold standard for
high-throughput sequencing in terms of accuracy, achieving read accuracies above Q30
(99.9%) across their range of instruments, such as the NovaSeq, HiSeq, and MiSeq series.
Illumina’s technology is based on sequencing by synthesis (SBS) and is renowned for its
high accuracy, especially for short-read sequencing applications. However, the recently
introduced short-read Onso platform by PacBio can outperform NovaSeq by promising a
delivery of 90% of reads with >Q40.

3. Organellar Genomes Sequenced Using Nanopore Technology

In the investigation of chloroplast genome sequencing employing nanopore technology,
a progressive increase in the number of sequenced genomes was observed over the years,
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as delineated by the collected data. Commencing in 2018 with a solitary genome, a gradual
escalation was evident, with totals of 3, 7, 9, and 8 genomes sequenced in the years 2019,
2020, 2021, and 2022, respectively (Figure 2). Notably, the year 2023 marked a peak in this
trend, with 12 chloroplast genomes being sequenced.
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The temporal analysis of mitochondrial genome (mitogenome) sequencing from 2015
to 2023 reveals a notable escalation in the volume of sequencing endeavors. The inception
of this period in 2015 is marked by the sequencing of a solitary mitogenome. A latent
period follows until 2018, with a marginal increase of two sequences, and a steady yet
modest growth is observed in subsequent years, with counts of three and four in 2019 and
2020, respectively. The year 2021 stands as a pivotal point, witnessing a significant surge
to 25 sequenced mitogenomes, indicative of technological advancements and heightened
research interest in this domain. Although a slight reduction to 22 sequences occurs in 2022,
the upward trajectory is reinstated in 2023 with the sequencing of 27 mitogenomes. This
dataset underscores the progressive intensification in mitochondrial genome research, re-
flecting broader trends in molecular biology and genomics, and highlighting the expanding
scope of mitochondrial studies in diverse organisms.

A comparative analysis of the sequencing trends for mitochondrial and chloroplast
genomes from 2015 to 2023 reveals distinct patterns and intensities in research trajectories.
Mitochondrial genome sequencing exhibits a latent initial phase with minimal activity
up to 2018, followed by a gradual increase and a striking surge in 2021, culminating in
27 sequenced mitogenomes by 2023. This pattern suggests a significant technological or
research impetus around 2021, possibly reflecting a maturation of nanopore sequencing
technology in both wet lab and bioinformatics fields. In contrast, chloroplast genome
sequencing, tracked from 2018, shows a more uniform and steady increase year-by-year,
starting with a single genome and consistently rising to 12 by 2023.

In plant organellar genomics, nanopore sequencing is often the method of choice
for assembling mitochondrial genomes (mitogenomes) due to its unique advantages in
addressing the complexities of these genomes, which are generally larger and more intricate
than chloroplast genomes, which in most cases can be successfully assembled using a
usually low DNA demand and well establishes short-read technologies. Plant mitogenomes
are characterized by a high degree of repetitive DNA and significant intergenic regions,
alongside frequent recombination, horizontal gene transfers, and structural variations [23].
The long-read capability of nanopore sequencing is particularly beneficial in spanning
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across these repetitive sequences, which can be up to 40 kbp long [24,25]. This technology
also adeptly resolves structural variations and recombination events, providing a more
comprehensive understanding of plant mitochondrial DNA. A recent studies highlights
the efficacy of long-read sequencing in unravelling the intricacies of plant mitochondrial
genomes, reflecting its growing importance in plant genomics research [26,27].

Most of the studies on plant organellar genomes, performed using older pores or
chemistries, also used short-read sequencing to improve the quality of an assembly [25,28,29].
The integration of data from both Oxford Nanopore and Illumina technologies in organellar
genome studies leverages the long reads of nanopore for contiguous assembly and the
high accuracy of Illumina for base-level detail. This hybrid sequencing strategy has been
widely adopted for its synergistic benefits, effectively addressing the unique assembly chal-
lenges posed by organellar genomes due to their structure and size variability [25,30,31].
The combined approach not only enhances the quality of genome assemblies but also
exemplifies the evolving strategies in genomic research to overcome specific technological
limitations [18].

Recent improvement in nanopore sequencing technology enable the elimination of
short-read technologies from laboratory pipelines and open new possibilities of assembling
high-quality organellar genomes based exclusively on nanopore technology [22,32–35].
This trajectory underscores the growing adoption and efficacy of nanopore technology
in the realm of organellar genome sequencing, reflecting its expanding role in molecular
biology and genomics research.

4. Plastid and Mitochondrial DNA Extraction and Enrichment

Extracting high-molecular-weight (HMW) DNA from plant tissues presents a suite
of challenges that are both unique and demanding, largely due to the complex nature
of plant cell walls and the abundance of secondary metabolites. Plant cell walls, com-
posed of cellulose, hemicellulose, and lignin, create a robust barrier that is difficult to
penetrate [36]. This necessitates the use of harsh physical or enzymatic methods to disrupt
the cell wall processes, which can often result in the shearing of DNA and the reduction in
its molecular weight. Furthermore, the high content of polysaccharides and polyphenolic
compounds in plant tissues complicates the extraction process [37]. These compounds
can co-precipitate with nucleic acids, leading to impure DNA samples that are unsuitable
for downstream applications such as long-read sequencing or genome assembly. The
presence of mentioned contaminants and undigested RNA can significantly hinder the
sequencing process. These substances can clog the nanopores, leading to interruptions in
sequencing runs, reduced efficiency, and increased sequencing error rates. Polysaccharides
and polyphenolic compounds, often co-extracted with DNA from biological samples, can
adhere to DNA molecules and interfere with their passage through the nanopore, while
RNA, if not adequately removed during the DNA purification process, can similarly block
nanopores and compete with DNA for sequencing, thereby diluting the focus on target
DNA sequences [38]. This pore clogging not only affects the throughput of the sequencing
process but also compromises the quality of the sequencing data, making it challenging to
achieve a high quality.

The presence of these secondary metabolites not only interferes with the purity and
integrity of the extracted DNA but also with the efficacy of enzymatic reactions in library
preparation process, as they can inhibit enzymes critical to DNA repair process and ligation
steps. Moreover, the wide diversity of plant species, each with its unique set of secondary
metabolites and cell wall compositions, means that a one-size-fits-all approach to HMW
DNA extraction is often impractical. Developing species-specific protocols or adapting
existing ones to mitigate these issues requires extensive empirical optimization, further
complicating the extraction process.

Another challenge in extracting HMW DNA from plant tissues is the requirement
to maintain the integrity of the DNA during extraction. High-molecular-weight DNA is
particularly susceptible to mechanical shearing forces introduced during tissue homoge-
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nization and liquid handling. Thus, gentle and carefully optimized protocols are essential
to preserve the long fragments necessary for certain types of genomic analyses. The com-
bination of these challenges necessitates innovative approaches and methodologies for
HMW DNA extraction from plant tissues, emphasizing the need for continued research
and development in this area to facilitate advancements in plant genomics and breeding
programs. Researchers are continually seeking to refine and develop methods that can over-
come these obstacles, ensuring the extraction of high-quality, high-molecular-weight DNA
that is essential for the comprehensive analysis and understanding of plant genomes [39].

The enrichment of plastid and mitochondrial DNA prior to sequencing is an extremely
beneficial step in plant genomics, addressing several pivotal challenges inherent to the
sequencing process. In plant cells, organelle DNA represents a relatively minor fraction of
the total cellular DNA, with chloroplast DNA typically constituting about 0.5% to 1% and
mitochondrial DNA ranging from 0.1% to 1% of the total cellular DNA content, depending
on the tissue type and developmental stage [40]. This disparity underscores the importance
of reducing the proportion of nuclear DNA in sequencing samples, as unenriched samples
can lead to the inadequate representation of organelle genomes. The challenge is further
compounded by the presence of nuclear sequences resembling organelle DNA, known as
nuclear mitochondrial DNA segments (NUMTs) and nuclear plastid DNA (NUPTs), which
can result in misassemblies and incorrect genomic interpretations if not adequately filtered
out [41].

From a cost-effectiveness perspective, the financial implications of high-throughput
sequencing necessitate the maximization of useful data output. Enrichment enables a higher
proportion of sequencing reads to be directly relevant to the targeted organelle genomes,
thus optimizing the sequencing efforts and ensuring more comprehensive coverage without
the need for prohibitively deep sequencing of the entire sample. This approach is especially
crucial in large-scale or multi-sample studies, where the cost savings can be substantial [42].

The enhancement of data quality and accuracy is another crucial benefit of organelle
DNA enrichment. In the context of organelle genomics, the integrity of the sequence data
is paramount, particularly given the complex evolutionary history and genomic mosaicism
characteristic of plant organelles. Enrichment minimizes the inclusion of non-target DNA,
thus reducing the risk of chimeric sequence assembly and misinterpretation. This is
critical in research focused on understanding the evolutionary dynamics, gene content,
and functional roles of organelle genomes. The accuracy of organelle genome assembly
is essential for deciphering their evolutionary trajectories and functional contributions to
plant physiology and development [43].

Enrichment of organellar genome DNA for nanopore sequencing can be performed
using PCR-based methods or by capturing native plastid or mitochondrial DNA using
bead-based probes [44,45].

Amplifying the entire chloroplast genome using Long-Range PCR (LR-PCR) often
involves the use of universal primers, which are designed to bind to conserved regions
across a wide range of plant species [46]. This approach, exemplified by studies like
Goremykin et al. [47] and Raubeson et al. [48], is advantageous for its broad applicability.
Universal primers facilitate the amplification of large sections of the chloroplast genome
in diverse plant groups, from angiosperms to gymnosperms. The use of these primers
simplifies the process of amplifying the entire chloroplast genome by reducing the need for
species-specific primer design, making LR-PCR more accessible and efficient. However,
the reliance on universal primers also brings challenges. While they are designed to target
conserved regions, variations in these regions across different species can lead to inconsis-
tent amplification results. Furthermore, the optimization of LR-PCR conditions remains
complex, as it requires careful calibration to ensure efficient and accurate amplification of
large DNA fragments. The subsequent assembly of these overlapping fragments, especially
in genomes with high repetitive content, adds another layer of complexity. This approach
can be improved by tuning the primers toward being taxon-specific, narrowing the tax-
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onomic groups, but increasing the successful amplification rate and completeness of the
assembly [31].

Among various library preparation protocols dealing mainly with native DNA, options
for low-input samples are also included, comprising whole genome amplification and low
input by PCR protocols, and offering two alternative approaches to sample for amplification.
Since organellar DNA is usually obtained in high yields in both PCR and rolling circle
amplification (RCA) methods, the increase in cpDNA and mtDNA in the final sequencing
result is often 2–3 fold higher in comparison to native DNA sequencing. The downside of
this approach, besides the loss of modification signals, is inconsistent coverage of assembled
genomes (Figure 3). Both RCA and EXP-PCA001 kits do not deliver coverage smoothness as
provided by native DNA sequencing. Another issue of PCR-based enrichment methods is
the possibility of random introduction of errors during the DNA synthesis and generation
of false polymorphism [49]. This phenomenon occurs because the DNA polymerases
used in PCR, despite their high fidelity, are not infallible and can incorporate incorrect
nucleotides during DNA synthesis. Over multiple cycles of amplification, these errors can
accumulate, leading to mutations that were not present in the original DNA template. This
aspect of PCR-based methods can result in the generation of false polymorphisms, where
variant sequences appear to exist but are in fact artifacts of the amplification process rather
than genuine genetic variations present in the sample [50].

For many plant samples or herbarium specimens, the availability of tissue is limited;
therefore, the application of these protocols may enable complete organellar genomes
sequences even from small amounts of input DNA like 1–10 ng. PCR-enriched libraries,
despite the above issues, usually generate higher yield from flow cells than native DNA-
based libraries, even without mid-run flushing.

Enriching organellar DNA using magnetic beads is a refined and effective method
in plant genomics, characterized by its specificity and the saving of the epigenetic signal
of native nucleotides. In this process, magnetic beads coated with specific ligands or
antibodies selectively bind to total DNA. After extracting total DNA from plant tissues,
the DNA is incubated with these prepared beads, allowing for the selective binding of
cpDNA and/or mtDNA. A magnetic field is then applied to separate the bead-bound
cpDNA/mtDNA from nuclear DNA, followed by the elution of the organellar DNA. This
method offers the rapid processing of samples with a high level of purity and specificity.
However, it requires a significant investment in both the cost of specialized beads and
technical expertise [12,44].

Although the custom enrichment kits are relatively expensive, the standard microbial
DNA enrichment kits work well with both plastid and mitochondrial DNA [22,51].

This kit achieves enrichment by selectively binding and removing the CpG-methylated
nuclear DNA using MBD2-Fc protein prebound to magnetic beads. Using this approach
enabled an increase in the organellar DNA fraction by up to 50% in some liverworts
species [22]. The use of bead-based methods for organellar DNA enrichment, while effective
in certain contexts, has notable drawbacks, particularly concerning the large amount of
input DNA required and the low recovery of targeted DNA. Firstly, the necessity for a
substantial quantity of input DNA can be a significant limitation, especially when working
with samples that are small, rare, or difficult to collect. This requirement often renders the
method impractical for studies involving endangered species and small plant samples or
herbarium specimens, where the DNA quantity is inherently limited.

In addition to the experimental enrichment of plastid and mitochondrial DNA, the
recently developed nanopore adaptive sampling (NAS) technology offers a method to
enhance specific preselected sequences during the sequencing process. Adaptive sampling,
also known as “Read Until”, is a feature that enables real-time, selective sequencing of
DNA molecules as they pass through the nanopore. This technology allows the sequencing
device to actively decide whether to continue reading a particular DNA strand or eject it in
favor of a different fragment [52,53].
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glauca (adaptative sampling using Riccia fluitans plastome as a reference).

This advanced technique has been effectively utilized to acquire complete mitochon-
drial genomes from endangered species by enriching the genomic DNA in fecal samples
of the host animals. Interestingly, this method can work with bait sequences that have as



Diversity 2024, 16, 173 9 of 13

low as 70% sequence identity to the target, indicating its potential utility in sequencing
unknown species using reference sequences from distantly related organisms [54].

To understand its effectiveness, it is crucial to compare its performance with traditional
nanopore sequencing methods. The research conducted in this field demonstrates that NAS
is quite efficient at enriching specific reference sequences [55–58]. The enrichment levels
observed in these studies vary, showing an increase from as little as 0.96 times to as much
as 5.4 times when compared to standard sequencing experiments. This targeted approach
is particularly advantageous for organellar genome sequencing, where specific regions of
interest can be enriched in the sequencing data, thereby enhancing the efficiency and depth
of coverage for mitochondrial and chloroplast genomes.

The application of adaptive sampling in organellar genomics creates exciting possibili-
ties. For instance, it can facilitate the selective enrichment of mitochondrial and chloroplast
DNA in mixed samples, effectively bypassing the predominance of nuclear DNA. This selec-
tive sequencing is especially beneficial in studies where organellar genomes are present in
low copy numbers relative to nuclear DNA, a common scenario in plant cells. By focusing
sequencing efforts on these organelles, researchers can achieve higher coverage and more
detailed insights into their structure and function with reduced sequencing effort and cost.
However, the availability and quality of input material still play a main role in sample
processing workflows (Figure 4).
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5. Dedicated Long-Reads Assemblers for Organellar Genomes

Currently, there are several tools available for assembling organelle genomes using
long-read and hybrid data, such as organelle_pba [59], canu [60], unicycler [61], and
flye [62]. However, these tools have specific limitations. organelle_pba, designed for PacBio
data, is constrained as its Sprai [63] and Celera [64] assemblers are no longer updated,
hindering its use with hybrid datasets. Syme et al.’s [65] method necessitates an additional
step of manually filtering raw reads for the plastome, and it can result in multiple contigs.
Canu’s outcomes vary with different read coverages [30], and the unicycler, tailored for
hybrid data, becomes significantly slower with larger input. Alternatively, a “fishing
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approach” using either shasta for nanopore data [66] or hifiasm for PacBio data [67] could
be employed to first assemble raw reads, followed by extracting plastid contigs using a
reference genome. However, this method is time-consuming and resource-intensive for
large datasets, and the accuracy of the assembly might be compromised by redundant
sequences [68].

Recently published ptGAUL [69] stands out in the field of plastome assembly, offering
accurate results in under 10 min using approximately 16 Gb of memory for datasets smaller
than 10 Gb. This efficiency positions it as a notably faster option compared to previously
published tools; however, for an optimal performance, it requires a relatively high N50. As
a result, ptGAUL is particularly useful for phylogenetic and molecular evolutionary studies
involving plastomes with extensively long repeat regions. However, it is important for
researchers to remain vigilant when dealing with species that have multiple plastome types,
such as Eleocharis [70] and Monsonia [71], even when using ptGAUL for plastome assembly.

6. Conclusions

In this review, we have explored the emerging role of nanopore sequencing technology
in the study of plant organellar genomes, delving into its advantages, challenges, and future
potential. Nanopore sequencing, with its capability to generate long reads, has shown
immense promise in deciphering the complex and diverse structures of mitochondrial
and chloroplast DNA in plants. This technology has addressed some of the longstanding
limitations of short-read sequencing, allowing for a more comprehensive understanding of
organellar genome architecture, evolutionary dynamics, and functional roles. Despite its
transformative impact, challenges such as error rates and computational demands persist,
necessitating ongoing technological and bioinformatic advancements.

The introduction of adaptive sampling technology by Oxford Nanopore marks a piv-
otal advancement in targeted sequencing, offering the potential to revolutionize organellar
genomics further. By enabling the selective sequencing of specific genomic regions, this
approach can significantly enhance the efficiency and depth of organellar genome analysis.
As the technology continues to evolve, its application in plant organellar genomics is
poised to provide critical insights into plant biology, contributing to advancements in crop
improvement, conservation, and our understanding of plant evolution and diversity.

Overall, nanopore sequencing technology stands as a cornerstone in modern plant
genomics, offering a powerful tool for exploring the intricate world of plant organelles. Its
ongoing development is not just a testimony to technological innovation but also a beacon
for future discoveries in plant science and beyond. As we continue to harness and refine
this technology, we edge closer to unraveling the full complexity and potential of plant
organellar genomes, paving the way for groundbreaking research in plant biology and
biotechnology.
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