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Abstract

The large size and complex structural rearrangements inherent in the mitochondrial genomes of land plants pose
challenges for their sequencing. Originally, the assembly of these genomes required the cloning of mitochondrial
DNA fragments followed by Sanger sequencing. Subsequently, the advent of next-generation sequencing signifi-
cantly expedited the process. This review highlights examples of plant mitochondrial genome assembly employing
various technologies, including 454 sequencing, lllumina short sequencing reads, and Pacific Biosciences or Oxford
Nanopore Technology long sequencing reads. The combination of short and long reads in hybrid assembly has proven
to be the most efficient approach for achieving reliable assemblies of land plant mitochondrial genomes.

Keywords: Hybrid assembly, land plants, mitochondrial genome, next-generation sequencing, rearrangement, recombination,

Unicycler.

Introduction

Unlike the uniform mitochondrial genomes (mitogenomes) of
animals, which have standard sizes of 15—20 kb and conserved
genomic structure and gene order (Taanman, 1999), plant
mitogenomes are considerably variable in terms of size, struc-
ture, and gene ordering (Chevigny ef al., 2020).This diversity is
more pronounced in land plants than in algae (Archaeplastida),
and reaches its maximum in angiosperms (Christensen, 2021).
A typical mitogenome of flowering plants is ~400-600 kb
in length, mitogenomes as large as 11.7 Mbp (Larix sibirica;
Putintseva et al., 2020) and 11.3 Mbp (Silene conica; Sloan et al.,
2012a) have been reported. This increase in mitogenome size
is attributed to the enlargement of intergenic regions, whereas
the number of genes remains relatively stable, ranging between
40 and 70 (Palmer and Herbon, 1988; Mower 2020).

The estimation of the complete sequence (assembly) of land
plant mitogenomes presents a challenging task, not only due
to their large size but also because of structural rearrange-
ments mediated by recombination across numerous repeats.
The rearrangements in plant mitogenomes are likely associ-
ated with double-strand breaks, which disrupt DNA integrity
(Abdelnoor et al., 2003; Shedge et al., 2007). DNA repair of
double-strand breaks relies on homologous recombination or
non-homologous end joining, which generate crossovers, chi-
meric genes, new repeats, and structural changes (Christensen,
2013). Mitogenomes exist in several configurations, which
often consist of individual DNA molecules (subgenomes) that
may be mutually joint or remain autonomous, forming a multi-
partite genome genome (Sloan et al., 2012b;). This complexity
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is further amplified by frequent transters of DNA from plastids
and the nucleus to plant mitochondria (Ellis, 1982; Goremykin
et al.,2012; Gandini and Sanchez-Puerta, 2017).

The fluidity of mitogenomes (particularly the variability
of intergenic regions and frequent genomic rearrangements)
has slowed down their sequencing compared with plastid
genomes, which are conserved in size and structure (Ruhlman
and Jansen, 2014). Complete mitogenome sequences of ~600
species were available in NCBI GenBank as of November
2023, compared with more than 13 000 complete plastid ge-
nome sequences. Only a few species, primarily crops, are repre-
sented by multiple completely sequenced mitogenomes (Pisuim
sativum, Zea mays, Oryza sativa, Solanum tuberosum, Arabidopsis
thaliana, and Silene vulgaris). This contrasts with the dramatic
increase of complete plastid genomic sequences, which are
now often used to decipher phylogenetic relationships at both
interspecific and intraspecific levels (Skuza et al., 2023; Zhang
et al., 2023). The recent surge in next-generation sequencing
(NGS) techniques, particularly those capable of generating
long reads such as Pacific Biosciences (PacBio) and Oxford
Nanopore Technologies (ONT), has facilitated the assembly of
complex mitogenomes. However, no universal pipeline has yet
been developed to reliably assemble any plant mitogenome.
Although comprehensive reviews dealing with the structure
and evolution of plant mitogenomes have been published
(Gualberto and Newton, 2017; Mower, 2020; Petersen et al.,
2020), a summary of current progress in the methods used to
assemble complex mitogenomes in land plants is still missing.
This review aims to fill this gap.

Early assemblies of plant mitogenomes
relied on cloned mitochondrial fragments

The first completely sequenced mitogenome of land plants was
that of Marchantia polymorpha (Oda et al.,1992). It was described
as a single circular molecule of approximately 184 400 bp.The
authors used Sanger sequencing of genomic fragments cloned
into cosmid vectors, which, despite being the best available
method at the time, was slow and laborious. The circular struc-
ture of the mitogenome was confirmed by electron micros-
copy (Oda et al., 1992). However, a detailed examination of
the M. polymorpha mitogenome using pulsed-field gel electro-
phoresis revealed that circular molecules represented only a
small portion of mitochondrial DNA. The majority of the M.
polymorpha mitogenome existed as linear subgenomic or con-
catemeric molecules, sometimes forming branched structures
(Oldenburg and Bendich, 2001). Although it was known that
the depiction of plant mitogenomes as circular molecules was
not entirely accurate, this convention persisted due to technical
difficulties in recognizing their multiple conformations. The
‘master circle” proved to be useful for comparing gene con-
tent, open reading frames, and specific intergenic sequences
among individual mitogenome assemblies (Allen ef al., 2007;

Goremykin et al., 2009; Cuenca et al., 2013). Plant mitoge-
nomes were sequenced, using the Sanger method, from frag-
ments of mitochondrial DNA cloned into cosmids or bacterial
artificial chromosomes in the first decade of the 21st century
(Unseld et al., 1997; Kubo et al., 2000; Notsu et al., 2002).

NGS methods made it possible to
assemble plant mitogenomes without
previous cloning of mitochondrial DNA

The first NGS method, 454 sequencing (or pyrosequenc-
ing), generated hundreds of thousands of sequencing reads
of ~600 bp in size, an amount sufficient for the assembly of
highly rearranged angiosperm mitogenomes. The GS De Novo
Assembler (Newbler) developed by Roche appeared to be an
ideal tool to decipher multiple configurations of land-plant
mitogenomes. It assembles individual contigs, that is, sets of
overlapping DNA fragments representing contiguous ge-
nomic regions. The contigs generated by Newbler correspond
to repeats and unique regions between them. The output file
454ContigGraph.txt provided information about contig con-
nections necessary to reconstruct the rearrangements of the
plant mitogenome produced by recombination across the
repeats. Newbler did not include a tool for the visualization
of the graph, but lorizzo et al. (2012) created the Perl program
bb.454con-tignet (http://www.vcru.wisc.edu/simonlab/
sdata/software/), which is capable of depicting connections
among the contigs. Unfortunately, Newbler 3.0 cannot be cur-
rently downloaded from a public link, because Roche stopped
supporting it.

The 454 sequencing method was used to assemble, for ex-
ample, the mitogenome of rice (Fujii et al., 2010), Raphanus
sativus (Tanaka et al., 2012), Liriodendron tulipifera (Richardson
et al., 2013), and the highly rearranged mitogenome of S. vul-
garis (Sloan et al., 2012b; Storchové et al., 2018). The assembly
was facilitated by using purified or enriched mitochondria
for DNA extraction, but no cloning procedure was necessary
with this method. The contigs corresponding to plastid inserts
in mitogenomes could have been distinguished from plastid
DNA based on their coverages.

Short reads generated by lllumina
sequencing cannot resolve large repeats

[Mlumina sequencing generates millions of highly accurate
reads, which decreases the cost of analyses (Satam et al., 2023).
However, the reads are short (50-300 bp) and the size of insert
from which paired-end reads are derived is typically 500 bp or
less. Unlike 454 reads, which are somewhat longer, the short
[llumina reads are less suitable for assembling multiple configu-
rations of land-plant mitogenomes; this is because they cannot
resolve large repeats, as they do not span them.
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Several programs, such as Velvet (Zerbino, 2010), SPAdes
(Bankevich et al., 2012), and NOVOplasty (Dierckxsens ef al.,
2016), were developed for the assembly of organellar genomes
from whole-genome short-read sequencing data. The SPAdes
assembler cuts the reads into shorter strings, called k-mers,
whose sizes depend on the read length. The software connects
individual k-mers based on their overlaps and constructs a de
Bruijn graph by traversing through the edges connecting the
k-mers (Pevzner et al., 2004). The final genomic assembly is
generated as a path through all the edges of the graph, revisit-
ing the repeats two or more times according to their copy
number. If the repeats are not properly identified, the assembly
is not accurate and simple paths are not found.

The most recent assembler, GetOrganelle (Jin et al., 2020),1s a
complex toolkit that uses a number of programs and scripts, in-
cluding SPAdes, BLAST, or Bowtie2 (Langmead and Salzberg,
2012). It successfully assembles plastid genomes that are con-
served in size (~150 kb) and structure with two single copy
regions and a large inverted repeat. However, its application
to the assembly of land-plant mitogenomes is limited by the
short length of repeats. For example, GetOrganelle was used
to assemble the mitogenome of the carnivorous plant Genlisea
tuberosa from Illumina MiSeq with paired ends of 2 X 300 bp,
which was ~730 kb in size, but the repeats were shorter than

300 bp (Matos et al., 2022).

Long-read sequencing and hybrid
assembly

Long-read sequencing technologies such as single-molecule
real-time sequencing from PacBio and ONT have improved
the accuracy in the assembly of large nuclear genomes, partic-
ularly in repetitive regions (Satam et al. 2023). Their disadvan-
tage, compared with the more accurate [llumina sequencing, is
a high error rate of ~10%. The assembler Canu (Koren ef al.,
2017) performs sequence correction of long reads as the first
step using the alignment of homologous reads. The recently

Plastid genome

developed PacBio high fidelity (HiFi) technology produces
highly accurate long reads by finding consensus from circular
sequencing. The pipeline MitoHiFi (Uliano-Silva et al., 2023)
makes it possible to assemble eukaryotic mitogenomes from
HiFi sequencing reads, but it was optimized for small, compact
animal mitogenomes. Canu could be used to decipher plant
mitogenome sequences from long PacBio HiFi sequencing
reads (Lu et al., 2022).

However, frequent rearrangements of plant mitogenomes
caused by recombinations across large repeats present a chal-
lenge even for long-read-based assembly methods. The pres-
ence of reads derived from various genomic configurations
prevents the assembly of long continuous sequences, resulting
in highly fragmented output. The Flye assembler (Kolmogorov
et al.,2019) takes repeats into consideration and generates con-
catenates derived from disjointed genomic regions. The final
assembly graph is created with the help of individual reads
bridging the repeats. Flye is therefore more suitable for plant
mitogenome assembly than Canu, which generates a more frag-
mented assembly. The performance of Flye, and the resulting
assembly, depends on the correct identification of the repeats.
This is more challenging in highly recombinogenic mitoge-
nomes with complex repeats consisting of several shorter re-
peat units (subrepeats). As an illustration, the complex repeat
could be depicted as ABCDE, whereas the repeats BCE, ACD,
BE, or A, B, D are located somewhere else in the mitogenome.

The Flye assembly derived from ONT whole-genome
sequencing data visualized by using Bandage is shown in Fig. 1
(Wick et al., 2015). Although the plastid genome was assembled
accurately, the mitogenome is represented by a spider-like graph
through which an unequivocal path cannot be found. Some
repeats were assembled as short individual edges and at the same
time as a part of long edges, which obscures mutual connections.

The most promising way to achieve a reliable assembly of
land-plant mitogenome became hybrid assembly, which com-
bines long- and short-read sequencing data. The Unicycler
pipeline (Wick et al.,2017) was originally developed to assemble
short circular bacterial genomes, using numerous software tools,

Mitogenome

Fig. 1. Flye output graph made of ONT whole-genome sequencing data of Silene fabaria visualized by Bandage. The plastid genome is displayed on the
left. The large and small loops correspond to the single-copy regions; the stem depicts inverted repeats. The mitochondrial genome is represented by the
complex graph on the right. Unlike the plastid genome, a simple path through this mitochondrial graph cannot be found.
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as shown in Fig. 2. In the first step, SPAdes creates a graph from
short reads with minimum dead ends, then the coverage depth
is assigned to the contigs, which helps to recognize the repeats.
The graphs are simplified by resolving repeats by bridging with
short and long reads. The final assembly joins adjacent contigs
and repeats, and is corrected by Pilon (Walker et al., 2014).

Hybrid assembly of plant mitogenomes does not require
isolated or enriched mitochondria as the starting material for
DNA extraction, and so whole-genome sequencing data are
often used. However, more accurate assembly is achieved when
the reads derived from mitochondrial DNA are selected before
inputting them to Unicycler. Minimap2 (Li, 2018) or BLAST
can retrieve long reads based on their similarity with related
completely sequenced plant mitogenomes (Fig. 3). Flye or Canu
create mitochondrial contigs, which are used as a reference for
a second round of similarity searching and assembly. Short reads
and long reads are then mapped against the mitochondrial con-
tigs and uploaded to Unicycler. This approach was applied, for
example, on the mitogenomic assembly of Avena longiglumis
(Liu ef al., 2023). Alternatively, short reads may be assembled by
GetOrganelle (Jin ef al. 2020) and the resulting output used to
retrieve mitochondrial long reads (N1 et al., 2023;Yu ef al., 2023).

Itisadvantageous to try several analytical pipelines and to com-
pare the assemblies obtained by various methods. Mitochondrial
short and long reads can be uploaded to Newbler, regardless of
whether they were produced by 454 sequencing. The output
454ContigGraph.txt provides independent identification of re-
petitive and unique regions, which helps to refine and confirm
the final assembly (Fischer et al., 2022).

Mitochondrial heteroplasmy, defined as the coexistence of
two or more distinct mitogenomes in the same cell, is common
in plants (Woloszynska, 2010). The final mitogenomic assembly
represents the prevalent genomic structural variant, supported by
the majority of reads and omitting less frequent rearrangements.
The heteroplasmy in single nucleotide variants is concealed in
the consensus sequences obtained by the last polishing steps. It
can be revealed in the read alignments produced by using var-
ious variant call programs such as samtools/pileup and Genome
Analysis Toolkit (GATK), as summarized by Yao et al. (2020).

Unicycler enables the distinction between the mitochon-
drial DNA of the mitogenome and the mitochondrial DNA
inserted into the nuclear genome (NUMT), by considering
their coverages. Mitochondrial DNA is more abundant than
nuclear DNA, especially in organs rich in mitochondria, such as
flower buds (Sloan et al., 2012b). The 454ContigGraph displays
NUMTSs as contigs with low coverage and without any con-
nection to other contigs. The validation of the final assembly
by an independent method, such as Southern hybridization, is
highly recommended (Sloan et al., 2010; lorizzo et al., 2012).

Conclusions

Recent advances in NGS and the development of new bioin-
formatic programs have provided sufficient tools to assemble
highly recombinogenic and rearranged mitogenomes of land
plants. Using a combination of several methods, rather than a
single assembler, is helpful. The sequencing of complete plant
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Fig. 2. Unicycler hybrid assembly of mitochondrial short- and long-read sequencing data of Silene fabaria. The process initiates with SPAdes assembly,
followed by the resolution of repeats, and correction of the final sequence. Manual editing may be necessary to enhance the continuity of the assembly,
such as connecting dead ends when supported by long reads. Unique contigs are marked in blue, while yellow and red bars represent repetitive
sequences. The pink regions indicate bridges formed from long reads aligned to two adjacent unique contigs. Two final contigs (brown and violet) may be

manually connected into a single circle.
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Fig. 3. Simplified view of the land plant mitogenome assembly pipeline.
The pre-selection of mitochondrial reads is a recommended step in the
pipeline.

mitogenomes will contribute to phylogenetic studies, because
mitogenomes are larger than plastid genomes and may con-
tain a greater total number of polymorphisms than plastid
DNA despite a lower mutation rate (Duminil and Besnard,
2021). Dense sampling of completely sequenced mitogenomes
in plant genera and families, known to have rapid accelera-
tion of substitution rates (Mower et al., 2007) or pervasively
rearranged mitogenomes (Sloan ef al., 2012b), will shed light
on the origin and evolution of these extreme traits. Complete
sequences of plant mitogenomes will facilitate the search for
chimeric mitochondrial genes, which are often responsible for
cytoplasmic male sterility in crops. They will also contribute to
better understanding of the relationship between the evolution
of plant reproduction systems and mitochondrial DNA.
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