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ABSTRACT: Rorippa indica is a wild oilseed crop of Brassicaceae with good environmental adaptability and strong
stress resistance. This plant has become an important wild relative species for rapeseed (Brassica napus L.) and is used
to improve its agronomic traits, with important development and utilization value. However, the research of R. indica
genetics is still lacking. And no mitochondrial genome (mitogenome) in the genus Rorippa has been expounded. To
analyze the structural characteristics of the R. indica mitogenome, second-generation and third-generation sequencing
techniques were made to assemble its mitogenome. The results showed that its mitogenome is composed of a single
master circle DNA molecule, with 59 genes (33 protein-coding, 23 tRNA, and 3 ribosomal RNA genes) annotated. The
length of the circular genome is 219,775 bp, with a GC content of 45.24%. The mitochondrial genome contains 55 SSRs, 17
tandem repeats, and 252 scattered repeat sequences, with scattered repeat sequences accounting for 77.78%. The top two
codons with the highest expression levels are TTT and AUU. Moreover, 377 RNA editing sites were forecasted in the R.
indica mitogenome. And 22 collinear gene fragments were discriminated in the R. indica chloroplast and mitogenomes,
with a total 13,153 bp length, accounting for 4.08% of the mitogenome sequence. The longest gene migration fragment
is 2186 bp, and the shortest fragment is 42 bp. Furthermore, 12 genes undergo complete migration between the two
genomes, and 10 genes undergo partial migration. Systematic evolutionary analysis shows that R. indica and Brassica
napus are grouped, indicating a close genetic relationship between the two. Herein, the R. indica mitogenome was
sequenced and annotated, and it was compared with other Brassicaceae mitogenomes. A genomic data foundation was
supplied for elucidating the R. indica origin and evolution.
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1 Introduction

Mitochondria are the energy powerhouses of plant cells and are semi-autonomous organelles coming
of prokaryotes through endosymbiosis, containing the genetic material necessary for cellular functions [1,2].
Unlike the dual lineage inheritance of the nuclear genome, mitochondrial genome DNA (mtDNA) is typically
inherited through the maternal lineage, hence it is also known as the cytoplasmic genome [3]. Due to the
genetic diversity and the restriction of biparental inheritance limiting cross-recombination, the plant cyto-
plasmic genome has served as an important material in plant systematic studies, crop domestication tracing,
plant breeding, and plant genetic engineering [4-6]. Mitochondria are the primary site of respiration in
living organisms, and mtDNA is a double-stranded DNA molecule, mainly in a closed circular structure [7].
To date, the mitochondrial genomes (mitogenomes) of over 1,595,364 animals have been registered, but
only 309,132 complete plant mitogenome sequences and 314,312 entire fungi mitogenome sequences have
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been reported (https://www.ncbinlm.nih.gov/genome/browse#!/organelles/, accessed on 25 March 2025).
Among these, the animal mitogenome size ranges from 14 to 39 kb, fungal mitogenomes from 17 to 176 kb,
while plant mitochondrial genomes mainly range from 200 to 2500 kb, exhibiting greater complexity [8,9].
As an extranuclear genetic system, the mtDNA genome is characterized by polymorphism, semi-autonomy,
and possessing a unique expression system, but it contains relatively few genes and has a limited variety
of synthesized proteins, thus requiring coordination with nuclear genes to participate in normal biological
functions [10]. Organelle DNA is primarily maternally inherited, and most higher plant chloroplast genomes
owned little homologous recombination, showing conservation in gene number, order, and composition [11].
In contrast, mitogenomes show a high degree of conservation in gene composition, are relatively larger
than chloroplast genomes, exhibit significant structural variation, and contain abundant repeat sequences,
providing extensive phylogenetic information and addressing classification and identification issues among
closely related species [12,13].

In rapeseed (Brassica napus L.) and many vegetables belonging to the Brassicaceae family, a wealth of
genetic resources with many advantageous traits are available for crop genetic improvement, such as disease
and pest resistance, salt and alkali tolerance, drought resistance, moisture tolerance, and high oil content,
making it a valuable gene pool that is significant for the genetic improvement and germplasm innovation
of Brassicaceae crops like rapeseed [14]. Rorippa indica (L.) Hiern is a biennial herbaceous plant belonging
to the genus Rorippa in Brassicaceae, commonly known as wild rapeseed, which possesses excellent traits
such as good resistance and a high seed set rate, with an average of over 70 seeds per pod, significantly
higher than that of ordinary rapeseed varieties, marking it as a highly valuable genetic resource [15,16]. R.
indica also exhibits high resistance to Sclerotinia sclerotiorum (Lib.) de Bary, a significant disease that restricts
global rapeseed production, particularly severe in China’s main winter rapeseed production areas [17,18].
Many researchers have introduced the excellent traits of R. indica into rapeseed through distant hybridization
and protoplast fusion, creating new germplasm resources, aiming to provide intermediate materials for
the genetic improvement of rapeseed varieties, which not only benefits the yield and stability of rapeseed
but also holds significance for ensuring the secure supply of plant oils [19,20]. However, the R. indica
mitogenome has not been reported, and the mechanisms, evolutionary characteristics, and genetic diversity
of its superior traits remain unclear. Thus, the aims of this study were to: (1) supply newly sequenced complete
mitogenomes for the genus Rorippa and understand their overall genome structures; (2) compare these
reported mitogenomes and identify highly divergent regions for the genus Rorippa; (3) reconstruct phylogeny
using the mitogenome protein-coding gene (PCG) sequences in the Brassicaceae family.

2 Methods
2.1 Plant Material

Samples were obtained from R. indica on the campus of Nanchang Normal University, Changbei
Campus (81°17'56.52" E, 40°32'36.90" N). One gram of healthy and tender leaves from the upper middle
part of ten individual plants was selected, preserved in liquid nitrogen, and its genomic DNA was extracted.


https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/

Phyton-Int ] Exp Bot. 2025;94(7) 2017

2.2 Construction and Sequencing of Genomic Libraries

The Covaris ultrasonic disruptor was used to fragment the qualified DNA, and magnetic beads were
used to enrich and purify the large fragment DNA. Damaged DNA was repaired and underwent end repair.
The ends of the sequence were linked to stem loops, and unacceptable sequences were removed using
exonucleases. The constructed library was sequenced with Illumina NovaSeq 6000 (San Diego, CA, USA)
and Oxford Nanopore PromethION (Oxford, UK).

2.3 Mitochondrial Genome Assembly

A combination of Illumina and Nanopore strategies was used to assemble the mitogenome. Specifically,
loRDEC was first used to correct errors in Nanopore sequencing data using Illumina data [21]. Then,
GetOrganelle was used to extract the chloroplast genome from Illumina sequencing data as a reference
chloroplast genome [22]. Next, Minimap2 was made to align Nanopore data to the chloroplast genome, and
the matching parts were removed to exclude interference from the chloroplast genome during assembly [23].
Finally, using rapeseed as the mitochondrial reference genome (NC_008285.1), the aligned parts were
extracted. The extracted data were assembled into the mitogenome using GetOrganelle [22], Canu [24], and
Spades [25]. The second-generation data in Spades came from GetOrganelle [22], and the third-generation
data were the mitochondrial parts aligned with Minimap2 [23]. Geneious was used for alignment analysis
to check overlaps and fill gaps [26].

2.4 Mitochondrial Gene Annotation

MitoFinder (https://github.com/RemiAllio/MitoFinder, accessed on 25 March 2025) were used for
annotation with default settings, employing tRNA scan-SE to annotate tRNA (http://lowelab.ucsc.edu/
tRNAscan-SE/, accessed on 25 March 2025). Geneious was utilized to manually correct annotation issues [26]
and OGDRAW (https://chlorobox.mpimp-golm.mpg.de/OGDraw.html, accessed on 25 March 2025) was
made to draw genomic maps [27].

2.5 Repeat Sequence Analysis

Microsatellite repeats were discriminated with MISAv2.1 (https://webblast.ipk-gatersleben.de/misa/
index.php?action=1, accessed on 25 March 2025) with parameters ‘1-10 2-5 3-4 4-3 5-3 6-3. Tandem repeat
sequences were checked using TRF with parameters: 277 8010 50 500 -f -d -m’ [28]. Dispersed repeats were
checked with REPute (https://bibiserv.ebitec.uni-biele-feld.de/recorter/, accessed on 25 March 2025) using
hamming distance, 3; maximum computed repeats, 5000; minimal repeat size, 30; e-value le—4 [29]. Finally,
the repeats were visualized with the Circos2D software implemented in TBtools [30,31].

2.6 Mitochondrial PCGs Selection Pressure Analysis

The value of non-synonymous (Ka) and synonymous (Ks) substitutions is significant for reconstructing
the phylogeny and understanding the PCGs dynamics among closely related species [32]. To analyze
the Ks and Ka substitution rates in the R. indica mitogenome PCGs and other higher plants (Arabidop-
sis thaliana, OW119601.1; Brassica napus, NC_008285.1; Cardamine chenopodiifolia, OZ000492.1; Draba
incana, OY755218.1; Hirschfeldia incana, CM048459.1; Lepidium didymium, OY986989.1; Raphanus sativus,
NC_018551.1; and Sinapis arvensis, NC_031896.1) were selected as references. The corresponding PCGs from
the R. indica mitogenome and these references were extracted and aligned using Clustal W [33]. The PCG
substitution rates were calculated in DnaSP v5 [34].
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2.7 Codon Usage Preference and Mitochondrial RNA Editing Analysis

Codon usage preference analysis was conducted using the Sequence Manipulation Suite online tool
(http://wheatomics.sdau.edu.cn/sms2/about.html, accessed on 25 March 2025), and the output results were
stored as tables for statistical analysis in Excel. RNA editing is a post-transcriptional modification that
transforms the genetic information of mRNA [35]. Mitochondrial RNA editing sites were estimated with an
online tool (http://www.prepact.de/prepact-main.php, accessed on 25 March 2025).

2.8 Horizontal Gene Transfer between Organelles in R. indica

The sequence similarity between the chloroplast and mitogenome was utilized to appraise homologous
sequences. BLASTN was applied with an e-value cutoff of le-5 [36]. The homology was visualized with
the Circos software in TBtools [31]. The homology sequences between the chloroplast and mitochondria
were searched with Blast, with similarity set to 70% and E-value to le-5 [36]. To represent homologous
segments between the chloroplast and mitogenomes, Circos v0.69-5 was used for visualization (https://
circos.ca/software/download/, accessed on 25 March 2025).

2.9 Phylogenetic Analysis Based on Mitogenome Sequences

In this study, 30 mitochondrial PCGs were extracted from the 33 species mitogenomes for analysis.
MAFFT was used for alignment [37], trimAL for trimming [38], and concatenate sequence for concatenated
alignment. The maximum likelihood (ML) tree was built with the coding genes (CDS), with interspecies
sequences aligned using MAFFT software, then concatenated and trimmed. The model was estimated with
jmodeltest-2.1.10 software, determining it to be of GTR type [39], and then RAXML v8.2.10 software was
made to construct the ML evolutionary tree [40].

3 Results
3.1 R. indica Mitogenome Basic Characteristics

The results indicate that the R. indica mitogenome is assembled into a typical single circular molecule,
with a 219,775 bp length and a NCBI accession number of PP780168.1 (Fig. 1). The mitogenome contains
59 functional genes, mostly composing of inter-genic regions, and the gene sequences occupying only a
small proportion. The mitogenome comprises three rRNA genes (0.26%) and 21 tRNA genes (0.84%), along
with 33 PCGs (7.89%). And no succinate dehydrogenase (sdh3 and sdh4) genes were found. Based on their
functions, the 33 PCGs can be classified into 10 categories. Most genes in the mitogenome are single-copy
genes, with three tRNA genes (trnH-GTG, trnM-CAT and trnY-GTA), having multiple copies. Moreover, 11
genes contain introns. Rps3, rpl2, cox2, ccmFec, trnl-AAT, and trnT-GGT had one intron. Meanwhile, nadl,
nad2, nad4, nad5, and nad7 owned four introns (Supplementary Table S1). Furthermore, the longest PCG is
NADH dehydrogenase gene (nad5) with a 2010 bp length, the second longest PCG is Maturases (matR) with
a 1974 bp length, and the shortest PCGs are ATP synthase gene (atp9) and ribosomal protein gene (rpl10)
with a length of 225 bp each (Supplementary Table S2).
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Figure 1: Rorippa indica mitogenome map

3.2 Repetitive Sequences

The total simple sequence repeats (SSRs) number in the R. indica mitogenome is 55, while the total SSR
number in the chloroplast genome is 315 (PP780169.1). Compared to the chloroplast, mitochondrial SSR loci
are relatively few. According to the statistics of repeat types, the most common type is the mononucleotide
repeat type, with a total of 20, accounting for 36.36% of all repeat sequences, among which the A base repeat
is the most abundant, with 12 occurrences. And 18 mononucleotide repeats are combinations of A or T, and
only two is a combination of C. The next most common type is the tetranucleotide repeat type, with a total
of 18, accounting for 32.72% of all repeat sequences. The least frequent is the pentanucleotide repeat type,
with only one occurrence, and no hexanucleotides were detected. Tandem repeats exist in the DNA of all
sequenced organisms. These sequences consist of multiple contiguous repeat units, and due to their tendency
to gain or lose repeat units, showing extremely high mutation rates [41]. In this study, 17 repeated sequences
were found across the mitogenome (Supplementary Table S3), with tandem repeat sequences ranging in
size from 3 to 39 bp and a repetition range from 1.9 to 8.3 times. In the mitogenome, 253 dispersed repeat



2020 Phyton-Int ] Exp Bot. 2025;94(7)

sequences were identified, including 108 forward repeat sequences and 144 palindromic repeat sequences.
They account for 42.85% and 57.15% of all dispersed repeats, respectively. The lengths of dispersed repeats
range from 29 to 2427 bp, with only 20 sequences longer than 100 bp (Supplementary Table S4), indicating
that most of the repeats in the R. indica mitogenome are small fragments. In summary, 55 SSRs, 17 tandem
repeats, and 253 dispersed repeats were checked in the R. indica mitogenome (Fig. 2).
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Figure 2: Repeat sequence distribution in Rorippa indica mitogenome

3.3 Selection Pressure on Mitochondrial PCGs

In genetics, the rates of Ka and Ks are significant for understanding the PCGs evolutionary dynamics.
It is well known that when Ka/Ks equals one, indicating neutral evolution; when Ka/Ks is greater than one,
showing positive selection; and when Ka/Ks is less than one, demonstrating negative selection [42]. In this
study, 15 PCGs from the mitogenomes were used to count the substitution rates of Ka and Ks for the R. indica
mitogenome. As shown in Fig. 3, the ratio of Ka/Ks in most PCGs is significantly less than one, indicating

negative selection during evolution. In conclusion, this study concludes that mitochondrial genes are highly
conserved in Brassicaceae.
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Figure 3: Ka/Ks value in Rorippa indica mitogenome
3.4 Mitochondrial RNA Editing Analysis

RNA editing is commonly present in the activities of animals, plants, and microorganisms, and occurs
commonly among the three genomes (mitogenome, chloroplast genome, nuclear genome) [43]. A significant
difference existed in the RNA editing site number between mitochondrial and chloroplast genomes; although
they share similar editing patterns, the editing site number in chloroplasts is far fewer than in plant
mitochondria [44]. RNA editing was predicted in the R. indica mitogenome, and 377 RNA editing sites were
checked in 31 PCGs, while no editing sites were predicted in the remaining two PCGs (atp8 and coxI) (Fig. 4).
Among these editing sites, 60.21% (227) are positioned at the first codon base, 35.54% (134) occur at the
second codon base. Meanwhile, two bases were co-changing, containing six CCC (P) — TTC (F) and ten
CCT (P) —» TTT (F). In the R. indica mitogenome, 21.48% of amino acids maintain their hydrophobicity
after RNA editing, whereas 78.25% of amino acids will change from hydrophilicity to hydrophobicity
(Supplementary Table S5). Additionally, RNA editing may lead to PCG premature termination.
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Figure 4: RNA editing site in Rorippa indica mitogenome
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3.5 Horizontal Gene Transfer

The transfer of mitochondria and chloroplast DNA to the nucleus is regarded part of ongoing genomic
evolution and affects the eukaryote evolution. This process occurs not only between organelles and the
nucleus but also between chloroplast and mitochondrial DNA [45,46]. For example, during the angiosperm
evolution, the chloroplast gene rbcL has been transferred multiple times into the mitogenome [47]. To
examine whether chloroplast DNA has been transferred into its mitogenome, this study used BLASTN
to recognize potential homologous sequences between chloroplast and mitogenomes, with a critical e-
value of 1le-05. And 22 DNA fragments were sought out between the two organellar genomes. The total
length is 13,153 bp, making up 8.57% of the entire chloroplast genome and 4.08% of the entire mitogenome.
And the longest mitogenome fragment is 2186 bp, while the shortest fragment is 42 bp. The positions of
the 22 homologous fragments between the mitogenome and chloroplast genome are unveiled in Fig. 5.
Furthermore, 12 annotated genes were displayed on these genomic fragments, and all of which are tRNA
genes: trnl-GAU, trnL-CAA, truN-GUU, trnD-GUC, trnW-CCA, trnL-CAA, trnM-CAU, trnW-CCA, trnN-
GTT, trnM-CAT, trnD-GTC, and trnl-AAT. Other transferred sequences were partially gene fragments
(Supplementary Table S6).
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Figure 5: DNA transfer between Rorippa indica chloroplast genome and mitogenome
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3.6 Codon Preference

The codon preference analysis results for the R. indica mitochondrial genes are displayed in Fig. 6 and
Supplementary Table S7. The 33 mitochondrial coding genes used a total of 9685 codons, with the most
preferred codon being phenylalanine (Phe-TTT), encoding a total of 380. The next are isoleucine (Ile-AUU)
and methionine (Met-AUG), encoding 328 and 270, respectively. The least preferred is cysteine (Cys-UGC
and Cys-UGU), encoding only 137. Among all codons, those ending with A or T total 6023, accounting for
61.31%, indicating a certain preference for A/T bases.

RSCU

Ala Arg Asn Asp Cys GIn Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

CGT TIG TCT
GG TTA TCG
aer | cae GGT cTT ccr | Toc | act

Figure 6: RSCU value in Rorippa indica mitogenome

3.7 Mitochondrial Sequence Collinearity

Using the nucmer software (4.0.0beta2) (https://taylorreiter.github.io/2019-05-11-Visualizing-NUCmer
-Output/, accessed on 25 March 2025), genomic comparisons were made between R. indica mitogenome and
selected Brassicaceae sequences, generating a Dot-plot graph. As shown in Fig. 7, no significant conserved
collinear blocks were observed among R. indica and other eight cruciferous plants, which may be related
to the extensive recombination experienced by the R. indica genome. Conserved collinear regions are
only sparsely distributed across different regions of the genome, most of which are where the conserved
mitochondrial gene sequences are located, suggesting that a large number of non-coding regions are specific
to R. indica. The non-coding regions in R. indica may be caused by redundancy from a large of repeat
sequences and exogenous sequences, among which the R. indica chloroplast genome may be a major
contributor to the exogenous sequences.
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Figure 7: Collinearity mitogenome arrangement between Rorippa indica and other Cruciferae plants

3.8 Nucleotide Diversity Analysis

Nucleotide diversity (Pi) value indicates the extent of nucleotide sequence variation, with highly variable
regions potentially regarding as genetic molecular markers [48]. Using the MAFFT software (v7.427, -
auto mode) (https://mafit.cbrcjp/alignment/software/, accessed on 25 March 2025), a global homologous
gene sequence alignment among different species was performed, and the Pi values were calculated using
Dnasp v5 [34]. We compared the mitogenomes of R. indica and nine cruciferous plants, and statistics were
made on the genes with nucleotide sequence variations. As shown in Fig. 8, 33 genes were found to have
nucleotide sequence variations in R. indica, with Pi values ranging from 0.00018 to 0.02153, most of which
are below 0.002, with the highest being 0.02153 for the cox2 gene. Moreover, the Pi values of these genes
(cox3, nad6, rrn5, and nad4L) are all 0 (Supplementary Table S8). These diversity sites can be used for further
analysis of the evolutionary process of mitogenomes in the genus Rorippa.
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Figure 8: Pi value in Rorippa indica mitogenome

3.9 Phylogenetic Relationship

A phylogenetic tree was built with the ML method based on PCGs in this research (Fig. 9). And
Physcomitrella patens (NC_007945.1) and Marchantia paleacea (NC_001660) were used as the outgroup. It
was found that among the 20 nodes constructed in the phylogenetic tree of the mitogenome, 17 nodes had
values exceeding 82%, and 15 nodes had values of 100%. The phylogenetic tree built from the mitogenome
strongly supports the divergence of R. indica from other Brassicaceae plants. In this phylogenetic tree, the
33 species were first separated into four major branches: one branch consisting of 20 dicotyledonous plants,
one branch of nine monocotyledonous plants, one branch of two gymnosperm plants, and one branch
of two bryophyte plant. The phylogenetic tree strongly stands up for the dividing of monocotyledonous
and dicotyledonous plants, with a support rate of 100%, as well as the separation of angiosperms and
gymnosperms (100%). Additionally, according to the ML tree, R. indica and Brassica napus are most closely
related, with a support rate of 100%.
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Figure 9: Phylogenetic tree constructed from Rorippa indica and other Cruciferae plant mitogenomes

4 Discussion

The plant mitogenome has complex combinations, diverse structures, highly recombinant repetitive
sequences, and fluctuating non-coding sequences, making it difficult to study plant mitochondria [46,49].
This is based on the fact that the plant organelle copy number is much higher than its nuclear genomes, and
the second-generation Illumina and third-generation Nanopore sequencing technology were utilized to fulfil
the assembly of the R. indica mitogenome. The results indicate that the mitogenome (219,775 bp, GC content:
45.24%) is similar in size and GC value to the mitogenomes of other Brassicaceae plants, such as Brassica
napus (221,853 bp, GC content: 45%, NC_008285.1), Sinapis arvensis (240,024 bp, GC content: 44.78%,
NC_031896.1), Raphanus sativus (258,426 bp, GC content: 44.82%, NC_018551.1), and Lepidium didymium
(262,678 bp, 0Y986989.1, 45.18%). The R. indica mitogenomes and Brassica napus are structurally the most
similar, both exhibiting a circular shape structure. In addition, this study identified 59 genes, constituting
23 PCGs, 23 tRNA, and 3 rRNA genes. The type and number of genes were consistent with most of the
terrestrial plant circular mitogenome [50]. More than 80% of the R. indica mitogenome comprised non-
coding regions, with coding regions accounting for only 8.99% of its total length. This may be due to
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the gradual increase of repetitive sequences and insertion of exogenous fragments in the mitochondrial
genome [51].

SSRs (typically one to six bp in length) are abundant in higher plant genomes and show rich
polymorphism. Thus, SSRs are often treated as genetic markers for distinguishing similar species [52].
SSRs can be categorized into mono-, di-, tri-, tetra-, penta-, and hexanucleotide repeats based on their
primary repeating unit length. This study differentiated 315 SSRs in chloroplast sequences and 55 SSRs in
mitochondrial sequences. The most abundant SSR in the chloroplast is mononucleotide SSRs, accounting for
79.61%. However, the SSRs in the R. indica mitogenome are mainly composed of tetranucleotide polymers,
accounting for 36.36%. The SSR type in the mitogenome are distributed more evenly than those in the
chloroplast. Tandem repeats occur in the DNA of all sequenced organisms. These sequences make up
multiple contiguous repeat units and own high mutation rates in both eukaryotes and prokaryotes due to
their tendency to repeat unit change [53]. This study checks out 125 tandem repeats in the chloroplast and
17 tandem repeats in the R. indica mitogenome. The applicability of repeat sequences as DNA fingerprint
markers can be further tested. Additionally, this study identified 68 dispersed repeats in the chloroplast and
252 dispersed repeats in the mitogenome. In most PCGs, the ratio of Ka/Ks is significantly less than one,
indicating negative selection during evolution. Mitochondrial genes are highly conserved in the evolutionary
process, which is similar to findings in other species of the same family [54].

Compared to other herbaceous and shrub plants in Brassicaceae, R. indica grows in harsh environments,
requiring mitochondria to provide a large amount of energy to survive in adverse conditions. Studies
have found significant differences in the types of codon transfer in mitochondrial RNA editing between
flowering plants (monocots and dicots) and other plant groups, with a marked increase in codon conversion
types among flowering plants [55]. Mitochondrial RNA editing can affect plant growth and development,
the pentatricopeptide repeat gene in Oryza sativa can regulate the RNA editing of mitochondrial genes,
influencing the energy metabolism of cultivated rice under drought stress [56]. In cotton, RNA editing of the
mitochondrial atpl gene is related to fiber growth and development, regulating the development of epidermal
hairs and roots [57]. This study indicated that after RNA editing, the codon pattern of amino acids tends
towards leucine and favors hydrophobic amino acids. It is speculated that hydrophobic residues are generally
located inside proteins, but if hydrophilic mutations increase within the protein, it may lead to structural
instability and failure to fold [58].

A phylogenetic tree was established using 30 PCGs from the mitogenome, revealing that at larger
taxonomic ranks, mitogenome data can distinguish different groups, including the separation of mosses,
gymnosperms and angiosperms, as well as the separation of Brassicaceae plants and other angiosperms,
confirming the application value of mitogenome data at higher taxonomic levels. The phylogenetic tree also
shows that R. indica is closely related to Brassica napus, which aligns with traditional classification results.
Meanwhile, 22 homologous fragments are determined between the chloroplast genome and its mitogenome.
Among these fragments, there are 12 annotated genes, all of which are tRNA genes. The data from this
study also indicate that some chloroplast PCGs, namely atpB, rrnl6S, and atpA, have transferred from the
chloroplast to the mitochondria. Although most of them have lost integrity, only partial sequences can
currently be found in the mitogenome. The atpA gene is involved in abiotic stress; studies have shown that
in high salinity environments, atpA may promote ATP synthesis to meet energy consumption under stress
conditions, and its expression begins to increase under low-temperature stress. AfpA is also related to plant
salt tolerance and disease resistance [59-61]. R. indica grows in barren and damp conditions, and over a long
period of adaptation to the environment, some genes related to poor land environment tolerance and disease
resistance may have gradually transferred from the chloroplast to the mitogenome. Although only partial
gene sequences are found in the mitochondria, it cannot be ruled out that they may completely transfer to
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the mitochondria during long-term evolution. It is speculated that these genes may gradually migrate from
the chloroplast to the mitochondria, potentially enhancing the resistance of R. indica to external stress. The
different destinations of transferred PCGs and tRNA genes indicate that they are more conserved than the
mitogenome PCGs, suggesting that they may take an indispensable role in the mitogenome [62].

5 Conclusion

In conclusion, we reported the mitochondrial genome of R. indica. This study also verified that the
coding sequences in the mitochondrial genome can distinguish classification systems above the family level.
A data foundation was provided for the genomic research of R. indica.
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