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Abstract: The plant mitochondria play a crucial role in various cellular energy synthesis and conver-
sion processes and are essential for plant growth. Watercress (Oenanthe javanica) is a fast-growing
vegetable with strong adaptability and wide cultivation range, and it possesses high nutritional value.
In our study, we assembled the O. javanica mitochondrial genome using the Illumina and Nanopore
sequencing platforms. The results revealed that the mitochondrial genome map of watercress has a cir-
cular structure of 384,074 bp, containing 28 tRNA genes, 3 rRNA genes, and 34 protein-coding genes.
A total of 87 SSR (simple sequence repeat) loci were detected, with 99% composed of palindrome
repeats and forward repeats, while no complementary repeats were identified. Codon preference
analysis indicated that watercress prefers to use codons encoding leucine, isoleucine, and serine with
a preference for A/U-ending codons. Phylogenetic analysis showed that watercress is closely related
to species of Bupleurum, Apium, Angelica, and Daucus, with the closest evolutionary relationship
observed with Saposhnikovia divaricata and Apium graveolens. This study provides a valuable resource
for the study of the evolution and molecular breeding of watercress.

Keywords: watercress; mitochondrial genome; repetitive sequence; phylogenetic analysis

1. Introduction

Plant genomes consist of nuclear, chloroplast, and mitochondrial components, with
each exhibiting different genetic and evolutionary patterns [1]. Among them, mitochon-
dria are essential organelles in most eukaryotes and play a crucial role in cellular energy
production [2]. Plant mitochondrial genomes, known as the largest organelle genomes,
exhibit low synonymous substitution rates, relatively frequent rearrangements, and high
levels of inversions and recombinations [3]. Horizontal transfer of mitochondrial genes
was observed in early stages of plant evolution [4], and most transferred mitochondrial
genes are ribosomal-protein-coding genes [5]. The transferred genetic information includes
not only complete functional genes but also noncoding sequences and gene fragments [6].
Repeat sequences play a vital role in maintaining the structure of noncoding regions in
the plant mitochondrial genome through their involvement in genome rearrangements [7],
inversions, insertions, and deletions [8,9]. Plant mitochondrial genomes are known to vary
significantly between species, and scattered repeat sequences can give rise to multipartite
structures within a species [10]. In addition, plant mitochondria have lower mutation rates
than their nuclear or chloroplast genomes with high variation in genome size, gene order,
and intergenic sequences but high conservation in protein-coding sequences [7]. Hence, the
highly conserved features of the mitochondrial genome can provide valuable information
for the study of plant evolution and phylogenetics [11].
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Plant mitochondrial genomes have generally received less attention than plastid or
nuclear genomes. This is mainly due to the larger size of plant mitochondrial genomes (typ-
ically around 400 kb) compared to animal mitochondrial genomes (usually 10–39 kb) [12]
as well as the substantial differences in genome size, structure, and rearrangement patterns,
leading to extensive variation in structural dynamics and repetitive DNA content [13].
Consequently, the complexity of the structure presents a challenging task for mitochondrial
genome sequencing [14]. However, with the rapid development of sequencing platforms
and assembly programs, a growing number of mitochondrial genomes have been com-
pletely sequenced [2], providing a rich source of data for molecular breeding of plant
genetic resources, such as Coptis chinensis [15], Physcomitrella patens [16], Nymphaea col-
orata [17], Piper betle [18], Actinidia chinensis [19], Apium graveolens [20], etc. Against this
research background, exploring the intrinsic information of mitochondrial genomes at a
broader taxonomic scale will provide a theoretical basis for the study of plant genetics,
evolution, and genetic resources.

Watercress (Oenanthe javanica (Blume) DC.) is a perennial aquatic herb of the Oenanthe
genus in the Apiaceae family [21], cultivated in tropical and temperate regions of Asia for
thousands of years [22]. Watercress is highly nutritious, containing fiber, vitamins, minerals,
flavonoids, and other substances in its edible stems and leaves [23,24]. It aids digestion
and has medicinal properties such as anti-inflammatory, antioxidant, and antihypertensive
effects, making it a vegetable with both culinary and medicinal value [25]. In addition,
watercress is appreciated for its unique texture and flavor, which makes it popular with
people [26]. With its fast growth, wide geographical distribution, high adaptability, and
extensive growing range, watercress is a desirable off-season vegetable and a favorite
with consumers. Currently, research on watercress has mainly focused on its nutritional
composition and cultivation physiology, and the lack of comprehensive genomic data has
limited in-depth studies on watercress. Although some phylogenetic studies have reported
the chloroplast genome sequence, transcriptome, and miRNA data of watercress [27,28], a
complete mitochondrial genome sequence is still lacking. Therefore, analyzing the sequence
structure characteristics of watercress mitochondria will help to enrich its genomic data
and elucidate the phylogenetic relationships between watercress and other species in the
Apiaceae family.

In this study, we assembled the complete mitochondrial genome of watercress and
analyzed its gene content, repetitive sequences, codon preference, RNA editing sites, Pi
nucleotide diversity, and phylogenetic relationships. In addition, we studied the struc-
tural analysis of the mitochondria and the gene transfer between the chloroplast and the
mitochondrial genome. These findings will improve our understanding of the organellar
genome and genetic diversity of watercress and provide opportunities for further genomic
breeding research in watercress.

2. Materials and Methods
2.1. Plant Materials

Watercress samples were collected from Xiongshi Village, Qixingguan District, Bijie
City, Guizhou Province. The plants were transplanted to the greenhouse of the Institute of
Horticulture Research, Guizhou Academy of Agricultural Sciences, in January 2022. During
the stage of vigorous leaf growth in April 2022, the leaves were harvested and rapidly
frozen in liquid nitrogen and stored at −80 ◦C for mitochondrial genome sequencing.
High-quality total genomic DNA was extracted from fresh leaves using a plant DNA
extraction kit (TransGene, Beijing, China), and the DNA quality and concentration were
checked using 1% agarose gel electrophoresis and NanoDrop ND 2000 (ThermoFischer,
Waltham, MA, USA).

2.2. Mitogenome Assembly and Annotation

To obtain the full-length mitochondrial genome with high accuracy, short-read and
long-read sequencing technologies were combined in this study. The short-read sequencing
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platform was Illumina Novaseq 6000 (Illumina, San Diego, CA, USA), and the paired-end
sequencing (PE) read length was 150 bp. The fastp software (v0.20.0, https://github.com/
OpenGene/fastp, accessed on 15 June 2022) was used to filter the original data and obtain
high-quality reads [29]. The long-read sequencing platform was Nanopore PromethION
(Nanopore, Oxford, UK), and the sequencing data were filtered by filtlong (v0.2.1) software.
Plant mitochondrial genes (CDS and rRNA) are highly conserved. Taking advantage of
this characteristic, the alignment software Minimap2 (v2.1) was used to align the raw
long-read sequencing data with the reference gene sequences (plant mitochondrial core
genes, https://github.com/xul962464/plant_mt_ref_gene, accessed on 15 June 2022) in
order to obtain all the long-read sequencing data of the mitochondrial genome. Then, the
assembly software canu [30] was used to correct the long-read sequencing data obtained,
and bowtie2 (v2.3.5.1) was used to align the short-read sequencing data to the corrected
sequence. Then, the default parameter Unicycler (v0.4.8) was used to compare the above
short-read sequencing data and the corrected long-read sequencing data for concatenation.
Finally, the complete mitochondrial genome of watercress was submitted to the NCBI
database under the accession number OR209169.

2.3. Mitochondrial Gene Annotation and Analysis

Protein-coding genes and rRNA genes were annotated by comparing them with
published plant mitochondrial sequences and further adjusted based on closely related
species. Related species included Apium graveolens (MZ328722.1), Apium leptophyllum
(MZ328723.1), Ferula sinkiangensis (OK585063.1), Bupleurum chinense (OK166971.1), Saposh-
nikovia divaricate (MZ128146.1), and Daucus carota (NC_017855.1). tRNA annotation was per-
formed using tRNAscan-SE software (http://lowelab.ucsc.edu/tRNAscan-SE/, accessed
on 17 June 2022) [31]. ORFs were predicted using the NCBI Open Reading Frame Finder
(https://www.ncbi.nlm.nih.gov/orffinder/, accessed on 17 June 2022) with a minimum
length of 102 bp. Redundant sequences and sequences overlapping with known genes were
excluded. Sequences longer than 300 bp were annotated by searching against the nonre-
dundant database (nr) using BLASTn software (v2.10.1). The mitochondrial genome map
was generated using OGDRAW (https://chlorobox.mpimp-golm.mpg.de/OGDraw.html,
accessed on 17 June 2022).

2.4. Repeat Sequence Analysis and Chloroplast-to-Mitochondrial DNA Transfer Analysis

SSRs were identified using MISA v1.0 software. Tandem repeats were identified using
TRF software (trf409.linux64), and dispersed repeats were identified using BLASTn soft-
ware (v2.10.1) with the redundant and tandem repeats removed. The identified repeats
were visualized using Circos (v0.69-5). Chloroplast data of watercress with the GenBank ac-
cession number MT622521 were downloaded from the NCBI. BLAST search was performed
to find homologous sequences between the chloroplast and mitochondrial genomes, with
the similarity threshold set at 70% and the E-value set at 10-5. The results of homologous
sequences were visualized using Circos (v0.69-5).

2.5. Mitochondrial Genome Feature Analysis

RNA editing sites were predicted using the online software PREP Suite (http://prep.
unl.edu/, accessed on 18 June 2022). Codon usage bias analysis was performed using a Perl
script developed in-house following the method described by Li et al. [32] for analyzing
codon usage bias in protein-coding genes. Multiple sequence alignment of homologous
gene sequences from different species was performed using MAFFT v7.427 software, and
the pi value for each gene was calculated using DnaSP. The software CGVIEW (RELEASE-
2017_09_19, http://stothard.afns.ualberta.ca/cgview_server/, accessed on 18 June 2022)
was used with default parameters for comparative analysis of mitochondrial genome
structures among closely related species.

https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
https://github.com/xul962464/plant_mt_ref_gene
http://lowelab.ucsc.edu/tRNAscan-SE/
https://www.ncbi.nlm.nih.gov/orffinder/
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
http://prep.unl.edu/
http://prep.unl.edu/
http://stothard.afns.ualberta.ca/cgview_server/
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2.6. Genome Comparative Analysis

Sequences from six species in the Apiaceae family, including Saposhnikovia divaricate
(MZ128146.1), Apium leptophyllum (MZ328723.1), Daucus carota (JQ248574.1), Bupleurum
chinense (KX887330.1), and Ferula sinkiangensis (OK585063.1), were download for compara-
tive analysis of mitochondrial genomes. The software nucmer (4.0.0beta2) was used for
genome alignment of other sequences and assembled sequences to generate dot plot graphs.
The assembled species were compared with the selected species using the blastn (2.10.1+)
algorithm, setting the -word_size to 7 and the E-value to 1 × 10−5 and selecting fragments
with a comparison length greater than 300 bp to construct the multiplexed synteny map.

2.7. Phylogenetic Analysis

Mitochondrial genome sequences of 29 species in the family Apiaceae, including
Bupleurum chinense (OK166971.1), Saposhnikovia divaricata (MZ128146.1), and Lactuca sativa
(MK642355.1), were selected from the NCBI database for collinearity analysis with Oenan-
the. Multiple sequence alignment of shared CDS sequences was performed using MAFFT
in auto mode, and the aligned sequences were concatenated and trimmed using trimAl
(v1.4.rev15, parameter: -gt 0.7). The model was predicted using jmodeltest-2.1.10 software,
and the GTR model type was determined. Finally, the maximum likelihood phylogenetic
tree was constructed using RAxML (v8.2.10) with the GTRGAMMA model and 1000 boot-
strap replicates.

3. Results
3.1. Assembly and Basic Features of the O. javanica Mitochondrial Genome

The mitochondrial genome of O. javanica was sequenced, resulting in a total of
7,359,287,400 base pairs (bp) of gene sequences. The mitochondrial genome showed a
complex multibranched structure. After excluding repetitive regions, a high quality clean
read dataset of 24,530,958 bp was obtained. Finally, the mitochondrial genome of watercress
was assembled and mapped to a circular structure with 384,074 bp (Figure 1 and Table
S1). The GC content was 44.97%, and the base composition showed an AT bias. Only
three tRNA genes contained one intron each, indicating that the watercress mitochondrial
genome is compact. The watercress mitochondrial genome was annotated, revealing a total
of 65 genes, including 28 tRNA genes, 3 rRNA genes, and 34 protein-coding genes (Table 1
and Table S2). The protein-coding genes (PCGs) included 25 unique core mitochondrial
genes: five ATP synthase genes, nine NADH dehydrogenase genes, one cytochrome c bio-
genesis gene, four cytochrome c oxidase genes, two transporter membrane protein genes,
one mature enzyme gene, and three cytochrome c oxidase genes. In addition, nine noncore
mitochondrial genes were identified, including four large subunit ribosomal protein genes
and five small subunit ribosomal protein genes. Among the tRNA genes identified, trnI-
GAT and trnP-CGG contained one intron each. Among all the mitochondrial genes, five
were found to be multicopy genes, including the membrane transport protein gene (mttB),
the ribosomal large subunit gene (rpl10), and three tRNA genes (trnM-CAT, trnP-TGG, and
trnS-TGA). The trnM-CAT gene had up to seven copies, while the other genes (mttB, rpl10,
trnP-TGG, and trnS-TGA) had two copies each.

3.2. Repeat Sequence Analysis

Microsatellites, also known as simple sequence repeats (SSRs), consist of single, dou-
ble, triple, quadruple, or quintuple repeated DNA motifs [33]. They exhibit dominant
inheritance and are important for genetic and evolutionary studies of plant mitochondrial
genomes [34]. A total of 87 SSRs were identified in the mitochondrial genome of watercress.
Mononucleotide and dinucleotide SSRs accounted for 35.63% of the SSRs, with adenine
(A) mononucleotide repeats accounting for 60.00% of the mononucleotide SSRs. AG and
CT repeats were the most common types of dinucleotide SSRs, accounting for 62.50% of
the dinucleotide SSRs. Hexanucleotide SSRs are widespread in eukaryotic and prokaryotic
genomes, but only two were identified in the mitochondrial genome of watercress, repre-
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senting the lowest proportion (Figure 2A). In addition, the basic composition of SSR motifs
in the watercress mitochondrial genome showed a strong bias towards AT-rich sequences.
Research has shown that plant mitochondrial genomes may undergo recombination at
the locations of scattered repetitive sequences, especially longer ones [18]. The distribu-
tion of scattered repetitive sequences in the mitochondrial genome was analyzed and a
distribution map was generated (Figure 2B and Tables S3 and S4). A total of 585 pairs of
repetitive sequences with a length ≥ 30 were observed, including 278 pairs of palindromic
repeats, 301 pairs of forward repeats, and 6 pairs of reverse repeats. No complementary
repeats were found. The longest palindromic repeat and forward repeat were 4018 and
4801 bp, respectively.
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Table 1. Gene composition of the mitogenome of O. javanica.

Types Group of Genes Name of Genes

Protein coding genes (PCGs)

ATP synthase atp1, atp4, atp6, atp8, atp9
NADH dehydrogenase nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9
Cytochrome c biogenesis cob
Ubiquinol cytochrome c reductase ccmB, ccmC, ccmFC, ccmFN
Cytochrome c oxidase cox1, cox2, cox3
Maturases matR
Transport membrane protein mttB(×2)
Ribosomal proteins (LSU) rpl5, rpl10(×2), rpl16
Ribosomal proteins (SSU) rps3, rps4, rps7, rps12, rps13

Ribosomal RNAs rrn5, rrn18, rrn26

Transfer RNAs

trnC-GCA, trnD-GTC, trnE-TTC, trnF-AAA, trnF-GAA,
trnG-GCC, trnH-GTG, trnI-GAT *, trnK-TTT,
trnM-CAT(×7), trnN-GTT, trnP-CGG *, trnP-TGG(×2),
trnQ-TTG, trnS-GCT, trnS-GGA, trnS-TGA(×2),
trnT-TGT *, trnW-CCA, trnY-GTA

Notes: * indicates that the gene contains one intron; the number in parentheses represents the number of copies of
the gene (×2 means having two copies).
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scattered repeats in the innermost concatenation.

3.3. Analysis of Codon Usage Bias

Research has shown that there are differences in the usage of codons in the mitochon-
drial genomes of different species. This preference provides a basis for studying species
evolution [35]. Codon usage bias analysis was performed on the watercress mitochondrial
genome, and codon usage for each amino acid is shown in Table S5. A total of 9900 codons
were detected, with leucine, isoleucine, and serine having the highest frequency of use
with 1022, 918, and 764 occurrences, respectively. Cysteine and tryptophan had the lowest
number of codons used with 133 and 145 occurrences, respectively. These results are con-
sistent with observations in other plant mitochondrial genomes [36,37], indicating that the
watercress mitochondrial genome is relatively conserved. Generally, codons with a relative
synonymous codon usage (RSCU) value greater than 1 are considered to be preferred
by amino acids. As shown in Figure 3, most mitochondrial protein-coding genes (PCGs)
show a general preference for certain codons. For example, histidine (His) has a high
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preference for the AUG codon, with the highest RSCU value of 3.00 among mitochondrial
PCGs, followed by alanine (Ala) with a preference for the GCU codon and an RSCU value
of 1.60. It is worth noting that phenylalanine (Phe), valine (Val), and tryptophan (Trp)
have maximum RSCU values less than 1.2, indicating a weak codon usage bias. There are
6485 codons with RSCU values greater than 1.00, of which 614 codons end with G (UUG,
UGG, and AUG), and as many as 5871 codons end in A/U, suggesting a preference for
A/U-ending codons in the protein-coding genes of the watercress mitochondrial genome.
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3.4. Analysis of Pi Nucleotide Diversity

Pi values can reveal variation in the nucleic acid sequences of different plants, and
regions of higher variability can provide potential molecular markers for population
genetics [38]. Pi values were calculated for 35 genes in watercress and ranged from 0.00217
to 0.03741 (Figure 4). It is worth noting that rpl5 had the highest Pi value (0.03714),
followed by atp8, nad1, and rps3 with corresponding Pi values of 0.037, 0.02838, and
0.02251, respectively. We speculate that these four hotspots may contain information about
evolutionary sites and could potentially serve as molecular markers [32]. Furthermore, in
terms of the total number of mutations, rps3 has the highest number of mutations, reaching
97, with a region length of 1896 bp, followed by nad1 and matR with 72 and 71 mutations,
respectively (Table S6). These three genes with the highest mutation rates may be the main
sources of variation in Apiaceae plants.
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3.5. Analysis of Chloroplast-to-Mitochondria Genomic Transfers in Watercress

We identified 24 fragments of the chloroplast genome that were transferred to the
mitochondrial genome of watercress. These fragments included both genes and intergenic
regions (Table S7), and their homologous segments are shown in Figure 5. The total length
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of homologous sequences between the watercress mitochondrial and chloroplast genomes
was 18,959 bp, which accounts for approximately 4.94% of the assembled mitochondrial
genome. The lengths of these transferred fragments ranged from 30 to 4333 bp. Among the
fragments with more than 95% sequence identity, we found 17 fragments, with the smallest
being psaA and trnS-GCU with 34 and 30 bp, respectively. Furthermore, by aligning the
chloroplast nucleotide sequences with the mitochondrial genome, we discovered sequences
with 100% identity in trnS-GGA, trnH-GUG, ycf2, psaA, and trnS-GCU. The longest gene
fragment among these was trnS-GGA, which spanned 459 bp.
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3.6. RNA Editing Site Analysis

We identified RNA editing sites in the protein-coding genes encoded by the watercress
mitochondrial genome. The results revealed a total of 512 RNA editing sites in watercress
(Figure 6A,B). The genes with the highest number of RNA editing sites were the NADH
dehydrogenase genes nad4 and nad2 with 45 and 30 substitution sites, respectively. This
was followed by the cytochrome C biogenesis genes ccmFn, ccmB, and ccmC, which had
36, 34, and 30 substitution sites, respectively. In contrast, ribosomal protein genes (rps3,
rps4, rps7, rps12, and rps13) and ribosomal large subunit genes (rpl5, rpl10, and rpl16) had
relatively few RNA-editing-induced substitutions (2–14 sites). These results indicate that
RNA editing substitutions in Oenanthe are mainly distributed in core genes, whereas fewer
substitutions are found in noncore genes (Figure 6A). To date, the most common type of
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RNA editing discovered is C→T, and in watercress, all RNA editing types were C→T,
which is consistent with other species. RNA editing leads to changes in the hydrophilic
and hydrophobic properties of amino acids. Among the altered properties, hydrophilic
to hydrophobic editing accounted for the highest percentage at 47.85%, followed by hy-
drophobic to hydrophilic at 30.08%. The lowest score corresponding to GCT (A) ≥ GTT (V)
in the rpl5 was only 0.22 (Figure 6B and Table S8).
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3.7. Comparative Analysis of Mitochondrial Structures

Graphical genome maps have been widely used to assess genome features and se-
quence characteristics [39]. In this study, we used CGView to compare and analyze the
sequence similarity between the mitochondrial genomes of watercress and other closely
related species within the watercress genus using the annotated mitochondrial genome
sequence of watercress as a reference. The results indicate a high degree of similarity in
the rRNA and tRNA coding regions in watercress, with a relatively high GC content in
the regions corresponding to rRNA genes (Figure 7). Homologous collinear blocks were
detected between watercress and its closely related species (Figure 8A). However, the
arrangement order of collinear blocks differed within individual mitochondrial genomes.
The absence of longer diagonal segments in Figure 8B suggests structural variations in
watercress during the process of evolution compared to other closely related species. In
conclusion, the mitochondrial genome of watercress has undergone extensive genomic
rearrangements with closely related species, indicating a highly nonconservative structure
in the mitochondrial genome.
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Figure 8. Mitochondrial sequence covariance analysis of watercress. (A) Multiple synteny plot
of watercress with closely related species. The boxes in each row indicate a genome, and the
connecting lines in the middle indicate regions of homology. (B) Dot plot of watercress with closely
related species. The horizontal coordinate in each box indicates the assembled sequence, the vertical
coordinate indicates the other sequences, the red line in the box indicates the forward comparison,
and the blue line indicates the reverse complementary comparison.

3.8. Phylogenetic Analysis

In this study, a maximum likelihood method was used to construct a phylogenetic
tree of 29 plants, including watercress. The results showed that of the 27 nodes in the
generated tree, 21 nodes had bootstrap support values greater than 70%, with 14 nodes
having 100% support (Figure 9). The phylogenetic tree showed that watercress forms a
clade with the genera Ferula, Apium, Angelica, and Daucus. Bupleurum formed another
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clade, while Nymphaea formed a distinct major clade, with most nodes showing 100% sup-
port. The closest evolutionary relationships of watercress were observed with S. divaricata
(MZ128146.1) and A. graveolens (MZ328722.1), which is consistent with the collinearity
analysis results (Figure 8A). It is worth noting that watercress emerged as a monophyletic
lineage independently without sister relationships with other genera. Ferula and Apium
appeared as sister groups with 100% support, while Angelica and Daucus formed a sister
group with 100% support.
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4. Discussion

The emergence of high-throughput sequencing technologies has greatly facilitated the
study of plant mitochondrial genomes [17]. In this study, we successfully assembled the
high-quality mitochondrial genome of watercress, which could serve as a valuable resource
for future investigations into the evolution of watercress mitochondrial genomes. Sequence
assembly revealed that the watercress mitochondrial genome is a circular molecule of
384,074 bp with a typical AT bias in base composition. It contains 28 tRNA genes (including
3 with introns), 3 rRNA genes, and 34 protein-coding genes. Among them, the trnM-CAT
gene has up to seven copies. Studies have shown that the variation in size among plant
mitochondrial genomes is not determined by the number of genes or introns in these coding
genes [19]. Instead, most plant mitochondrial genomes contain noncoding sequences of
varying sizes [40]. As products of biological evolution, repetitive sequences are often used to
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reveal the historical imprints of long-term exchange and recombination of genetic material
between species [41]. Dispersed repetitive sequences are associated with the generation of
genetic diversity and make a significant contribution to genome evolution. In our study,
the watercress mitochondrial genome contained a total of 87 SSRs, the majority of which
were mononucleotide or dinucleotide repeats, suggesting that the size variation in the
watercress mitochondrial genome may be due to repetitive short sequences. Dispersed
repetitive sequences typically include forward repeats, reverse repeats, complementary
repeats, or palindromic repeats [42]. In the watercress mitochondrial genome, 99% of the
repeats were composed of palindromic repeats and forward repeats, with only six pairs of
reverse repeats detected and no complementary repeats identified, which is consistent with
the findings in other species [43].

Codon usage bias refers to the differential frequency of synonymous codons used in
coding sequences by an organism [44]. RCUS, based on the hypothesis that codon usage
affects translation dynamics, has been proposed to regulate translation efficiency, accuracy,
and protein folding, which provides a basis for the study of species evolution [45]. The
highest codon usage frequencies in the watercress mitochondrial genome were observed
for leucine, isoleucine, and serine. Screening for codons with RSCU values greater than
1.00 revealed that 90.53% of protein-coding genes in the watercress mitochondrial genome
preferentially use A/U-ending codons, while the remaining 9.47% use A/G ending codons
(UUG, UGG, and AUG). Nucleotide diversity analysis is commonly used to detect hotspots
in the genome, and Pi values reflect the variation of nucleotide sequences in plants [38]. The
Pi values of the watercress genes ranged from 0.00217 to 0.03741, with the rpl5 gene having
the highest Pi value among the 35 genes. In addition, the rps33, nad1, and matR genes had
the highest mutation levels in watercress. We also identified 24 plastid genome fragments in
the watercress mitochondrial genome, representing 4.94% of the assembled mitochondrial
genome. Chloroplast genome transfer to the mitochondria is associated with potential
molecular functions and physiological processes in plants [46]. The genes with the most
RNA editing in the watercress mitochondrial genome were NADH dehydrogenase genes
and cytochrome c biogenesis genes. So far, the majority of RNA editing types discovered in
plant species are C→T, and all RNA editing types in watercress were also C→T, showing a
high degree of consistency with other species.

In recent years, with the increasing abundance of genomic and related genomic infor-
mation, the convenience and novelty of graphical genome maps have been widely applied
in the assessment of genomic features [39]. We utilized CGView to analyze the collinearity
among mitochondrial genomes of closely related species in the Apiaceae family to inves-
tigate DNA rearrangement events within the mitochondrial genome. The mitochondrial
genome sequences of seven species in the watercress genus exhibited certain collinearity but
with significant structural variations, indicating a highly nonconservative structure in the
watercress mitochondrial genome. Using the annotated mitochondrial genome sequence
of watercress as a reference, we compared it with the assembled sequences of the other
six species and no significant structural variations were found. In previous studies, the
methods used to construct phylogenetic trees were based on one or more relatively short
sequences [47]. However, due to horizontal gene transfer between populations and differ-
ences in rates of genetic evolution, phylogenetic trees based on single or few genes cannot
fully represent the phylogenetic relationships. As DNA sequencing techniques mature,
whole genome sequencing is increasingly being used in plant phylogenetics and popula-
tion genetics [48,49]. In this study, the phylogenetic relationship of watercress was further
analyzed based on mitochondrial genome information, and a sequence-based phylogenetic
tree was constructed using protein-coding genes. The results indicate a close relationship
between watercress, S. divaricata, and A. graveolens. Therefore, under the assumption of
mitochondrial genome evolution and diversification mechanisms, the watercress mito-
chondrial genome may provide a potential for studying the evolution and development of
the watercress genus and provide an important theoretical basis for improving watercress
production, developing varietal resources, and maintaining stable morphology.
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5. Conclusions

The watercress mitochondrial genome is a circular molecule of 384,074 bp. The nu-
cleotide composition has a typical AT bias and contains 28 tRNA genes, 3 rRNA genes, and
34 protein-coding genes. A total of 87 SSR sites were detected, with 99% consisting of palin-
dromic and forward repeats, only 6 pairs of reverse repeats, and no complementary repeats
detected. Codon preference analysis revealed that watercress shares have the same codon
preferences as most plant species, preferring to use codons encoding leucine, isoleucine,
and serine and showing a preference for A/U-ending codons. In addition, the phylogenetic
tree based on the mitochondrial genomes of 29 species helps in the scientific classification
of watercress. In conclusion, this study provides information on the genetic characteristics,
phylogenetic relationships, and evolution of watercress and provides a basis for species
identification and biological studies of watercress and other species of Apiaceae.
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amino acid pairs of codons in the mitogenome of watercress; Table S6: Analysis of Pi nucleic acid
diversity in watercress; Table S7: Chloroplast nucleic acid sequences compared to mitogenome
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