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Abstract

Background Viola diffusa is used in the formulation of various Traditional Chinese Medicines (TCMs), including anti-
viral, antimicrobial, antitussive, and anti-inflammatory drugs, due to its richness in flavonoids and triterpenoids. The
biosynthesis of these compounds is largely mediated by cytochrome P450 enzymes, which are primarily located

in the membranes of mitochondria and the endoplasmic reticulum.

Results This study presents the complete assembly of the mitogenome and plastome of Viola diffusa. The circu-

lar mitogenome spans 474,721 bp with a GC content of 44.17% and encodes 36 unique protein-coding genes,

21 tRNA, and 3 rRNA. Except for the RSCU values of 1 observed for the start codon (AUG) and tryptophan (UGG),

the mitochondrial protein-coding genes exhibited a codon usage bias, with most estimates deviating from 1, similar
to patterns observed in closely related species. Analysis of repetitive sequences in the mitogenome demonstrated
potential homologous recombination mediated by these repeats. Sequence transfer analysis revealed 24 homolo-
gous sequences shared between the mitogenome and plastome, including nine full-length genes. Collinearity

was observed among Viola diffusa species within the other members of Malpighiales order, indicated by the presence
of homologous fragments. The length and arrangement of collinear blocks varied, and the mitogenome exhibited

a high frequency of gene rearrangement.

Conclusions We present the first complete assembly of the mitogenome and plastome of Viola diffusa, highlighting
its implications for pharmacological, evolutionary, and taxonomic studies. Our research underscores the multifaceted
importance of comprehensive mitogenome analysis.
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Introduction
Viola diffusa Ging, a member of the Violaceae fam-
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endosymbiosis [3, 4]. These organelles have their own
genetic material (DNA), which encodes essential genes;
allowing them to perform certain functions indepen-
dently, such as energy production (mitochondria) and
photosynthesis (chloroplasts) [5].

The mitochondrion is a vital organelle for the survival
of eukaryotic cells, as it is involved in various functions
such as energy production, cell proliferation, differentia-
tion, apoptosis, and stress response [6]. The structure of
the mitogenome in plants differs from that in animals,
and a wide range of mitochondrial complexities has been
reported in many plant species [7, 8]. The largest plant
mitogenome has been sequenced from angiosperms, and
the general plant mitogenome size ranges from 66 kb
to over 11.3 Mb [9, 10]. The length of the mitogenome
of seed plants is larger than that of other plants because
they can contain non-coding sequences, including those
originated from intracellular gene transfer (IGT) or hori-
zontal gene transfer (HGT) sequences. The presence of
repetitive sequences in the mitogenome enhances the
chances of homologous recombination, which subse-
quently contributes to the formation of multipart struc-
tures of the mitogenome of flowering plants [11].

The mitogenome is large, complex, and non-conserv-
ative compared to the plastome. The heterogeneity of
mitogenome reflects the acquisition of foreign genetic
material through intracellular gene transfer (IGT) and
horizontal gene transfer (HGT) [12, 13]. Gene migration
has been reported between mitochondria and plastids
and between mitochondria and chloroplasts in differ-
ent plants [14—16]. However, there is no report on gene
transfer between the mitogenome and plastome of V.
diffusa.

The GC content of the mitogenome may indicate how
well species have adapted to global environmental fluctu-
ations through mutations and alterations in gene expres-
sion profiles [17]. Furthermore, the plant mitogenome is
a crucial tool for studying species’ origin, classification,
and phylogeny. It is characterized by extreme variation in
size, sparse gene distribution, a large number of non-cod-
ing sequences, abundant repetitive sequences, the abil-
ity to incorporate foreign DNA, highly conserved gene
sequences, and numerous RNA editing sites [18—20].

Since the structure of the plant mitogenome is more
complex than that of chloroplast or plastid. By Decem-
ber 25, 2022, fewer mitogenomes (560) have been pub-
lished in the NCBI database compared with chloroplast
genomes (9,479) and plastid genomes (1,253).

Similar to mitogenome, plastome sequence analysis is
also a very useful tool for studying the evolution and phy-
logenetic relationships among various lineages because
it is haploid, maternally inherited, and possesses highly
conserved genes [21, 22]. The plastome’s single-parent
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inheritance (maternal) and recombination-free nature
make it a valuable tool for phylogenetic studies, under-
standing gene flow, cytoplasmic diversity, and population
differentiation [23, 24].

The combined analysis of the mitogenome and plas-
tome will significantly enhance our understanding of
the evolution of V. diffusa and other similar species. The
sequencing data from the mitogenome and plastome
will help elucidate the evolutionary history of V. diffusa
and promote research on its phylogeny, population, and
genetic engineering to optimize the production of flavo-
noids and terpenoids in this medicinal plant.

In this study, Illumina and Nanopore high-throughput
sequencing technologies were employed to sequence the
whole mitogenome and plastome of V. diffusa. Addition-
ally, functional annotation, codon usage analysis, repeat
sequence identification, comparative mitogenome and
plastome analysis, gene transfer, and RNA editing anal-
ysis were performed. This study provides a theoretical
basis for understanding the evolution, classification, and
better identification of V. diffusa, which can also facilitate
the exploitation of its germplasm resources.

Material and methods

Plant materials, DNA extraction, and sequencing

The entire plant of Viola diffusa was harvested from
Baishajiang area in Shuangpai County, Yongzhou, Hunan
Province, China (111°38'47.31” E, 25°54'59.238” N). Dr.
Yuan Yu, a professor at the North China University of
Science and Technology, taxonomically identified the col-
lected plants and snap-froze them using liquid nitrogen.
A voucher specimen (NCST20240327YY) is deposited at
the Herbarium of North China University of Science and
Technology. Genomic DNA was subsequently extracted
using the CTAB method [25]. The integrity of the
extracted genomes was determined using gel electropho-
resis and quantified using a Nanodrop spectrophotom-
eter. A Qubit assay (Thermo Fisher Scientific, USA) was
then performed to quantify DNA for library construction
and sequencing.

The sequencing of the mitogenome and plastome was
performed on the NovaSeq 6000 platform (Illumina,
San Diego, CA, USA) and the PromethION 48 (Oxford
Nanopore Technologies, Oxford, UK) high-through-
put sequencing platforms, with the services provided
by Qiantang Biotechnology Co., LTD (China). Illumina
sequencing was performed using the NovaSeq 6000
to generate short paired-end reads, with the genomic
libraries prepared using the NEBNext® library prepara-
tion kit (New England Biolabs) [26]. For single long-read
sequencing, genomic DNA was sheared into fragments
averaging 10 kb using the g-TUBE device (Covaris,
USA) and centrifugation at 8000 rpm for 60 s [27]. The
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long-read library was prepared and loaded onto a Flow
Cell for sequencing on the MinION platform, following
the manufacturer’s instructions. The sequencing was per-
formed by BioMarker [28].

Assembly and annotation of mitogenome and plastome
GetOrganelle software (v1.7.7.0) [29] was employed to
assemble high-throughput sequencing data of plastome
(cpDNA). We assembled V. diffusa chloroplast sequenc-
ing data using the Higher Plant Chloroplast Genome
database (embplant_pt) as a seed in the software [30]. We
assembled the complete mitogenome of V. diffusa using
long-read sequencing data, using Flye software [31] with
its default settings to assemble the long reads into a com-
plete genome. The results were generated in GFA format,
which provides a graphical representation of the assem-
bly [32].

We used makeblastdb to build a BLAST database from
all assembled contigs. Then, we employed the BLASTn
program [33] to identify contigs corresponding to the
mitochondrial genome, using conserved plant mito-
chondrial genes from Arabidopsis as query sequences.
The parameters -perc_identity 80 -evalue le-5 -outfmt 6
-max_hsps 10 -word_size 7 -task blastn-short were used
to identify high-confidence mitochondrial contigs. Band-
age software (v0.8.1) [34] was used to visualize the GFA
file and filter the mitochondrial contigs, which facilitated
the assembly of the draft mitogenome of V. diffusa from
the library of contigs. Then, the long and short reads
were aligned to the mitochondrial contigs using BWA
(v0.7.17) with the MEM algorithm [35]. The reads aligned
with mitochondrial contigs were filtered, exported, and
saved using the BWA (v0.7.17) and Samtools (v1.6) [35,
36] for subsequent hybrid assembly into the mitogenome
of V. diffusa. The hybrid assembly of the mitogenome was
performed using Unicycler [37] with default parameters.
The long reads were aligned to the repetitive sequences
and determined if they spanned the repetitive regions.
The alignment results and coverage of repetitive regions
by long reads allowed us to deduce the most probable
structure of the mitogenome from these fragmented
sequences. Bandage software was again used to visualize,
explore, and verify the structure and completeness of the
assembled mitogenome [34].

The cpDNA of V. diffusa was annotated using the
2544-plastomes library in CPGAVAS2 [38]. The CPG-
view-RSG was employed to evaluate the annotation’s
accuracy and remove potential irregularities such as
missing transcription origins, uncertain intron bounda-
ries, the presence of pseudogenes, and incorrect anno-
tation of genes [39]. AGORA was used to identify and
annotate the genes and other features of mitogenome
[40]. The accuracy of protein-coding genes (PCGs) and
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rRNAs of mitogenome annotations was evaluated using
Apollo [41]. Finally, the graphical map of the mitogenome
was created and visualized by OGDRAW (1.3.1) [42].

Analysis of repetitive and homologous sequences

in the mtDNA

The repeated sequences present in DNA can be cat-
egorized into two types: tandem repeat sequences and
scattered (or dispersed) repeat sequences [43]. The key
difference between tandem repeats and scattered repeats
lies in the arrangement of the repeated segments [44].
Tandem repeats refer to adjacent repeats, while scattered
repeats are non-adjacent. Microsatellite repeats, which
are no longer than 6 bp, represent a specific type of tan-
dem repeats. Microsatellite repeats are commonly used
in the development of molecular markers due to their
codominant inheritance, high polymorphism, abundance
in genomes, and ease of detection [45].

The BLASTn program with an e-value of 1e-6 was used
to compare the mitochondrial genome to itself in order to
identify homologous and repetitive sequences [46]. MISA
(Microsatellite Identification Tool) (v2.1) (https://webbl
ast.ipk-gatersleben.de/misa/), Tandem Repeats Finder
(https://tandem.bu.edu/trf/trf.unix.help.html), and the
REPuter web server (v4.09) (https://bibiserv.cebitec.uni-
bielefeld.de/reputer/) were used to identify microsatellite,
tandem repeats, and duplicated repeat sequences [47—
49]. The results were visualized using the Circos package
(v0.69-9) [50].

To improve the completeness of the assembled mitog-
enome, the long reads were first aligned to the selected
repeats, and the 1000 bp flanking regions on either side
were used as reference sequences for the major con-
formation analysis. One side of the flanking region was
subsequently exchanged to simulate the reconstituted
reads, which served as reference sequences for the sec-
ondary conformation. We extracted sequences with
homology >80% from the BLASTn comparison results to
verify homology and identify repetitive sequences. Sub-
sequently, we used Primer-BLAST [51] to design primers
to amplify selected regions.

Then, the upstream and downstream primers of repeats
(FIR1 and F2R2 in Fig. 3) were exchanged (F1R2 and
F2R1) to verify mediating recombination, respectively.
The PCR reaction mixture (25 ul) was prepared using the
following reagents: mitochondrial DNA (2.5 ul), Prime-
Star HS DNA polymerase (0.25 pl), forward primer
(0.5 pl), reverse primer (0.5 pl), ANTPs (2.5 pl), 5x buffer
(5 pl), and ddH,O (13.75 pl). The PCR amplification was
carried out for 30 cycles, with each cycle consisting of
three steps: denaturation at 98 °C for 10 s, annealing at
56 °C for 15 s, and extension at 72 °C at a rate of 1 kb per
minute.
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Analysis of intracellular horizontal gene transfer (IHGT)

To date, there is no report on the sequencing of the
nuclear genome of V. diffusa. Therefore, we could only
detect intracellular horizontal gene transfer (IHGT)
between the mitogenome and plastome. BLASTn was
performed between mtDNA and cpDNA to investigate
the incidence of intracellular horizontal gene transfer
(IHGT) between the mitogenome and plastome. The
parameters to run the BLASTn program were set as fol-
lows: percentage identity greater than 80%, e-value le-5,
word size 9, gap open 5, gap extend 2, reward 2, penalty
—3, and dust set to ‘no’ [52-56]. The results obtained
from running the BLASTn program were visualized using
the Circos package (v0.69-9) [50]. The DNA sequences
showing evidence of IHGT were identified and extracted
from the overall dataset based on their gene locations
within the mitochondrial or plastome genomes. These
sequences were then annotated using GeSeq [57].

Analysis of codon bias and RNA editing events

The preference for codon usage reflects the complex
interplay of evolutionary forces, such as natural selec-
tion and genetic drift. These forces fine-tune codon pref-
erences to balance translation efficiency, accuracy, and
gene expression, ultimately contributing to the survival of
organisms [58, 59].

Three independent laboratories from Canada, France,
and Germany first reported the C-to-U RNA editing phe-
nomenon in plant mitochondrial RNA [60]. Subsequent
studies revealed that RNA editing is prevalent in higher
plant mitochondria and plays a crucial role in gene
expression within the plant mitogenome.

RNA editing is a post-transcriptional modification
process, categorized under RNA processing. This pro-
cess involves the deamination of cytosine (C) into uracil
(U) at specific sites, typically at the second position of
codons. Most of these sites are fully edited, enhancing
the homology of mitochondrial protein sequences across
different species. It has been reported that approxi-
mately 92% of RNA editing sites result in amino acid
changes, often converting a hydrophilic amino acid to a
hydrophobic one, thereby enhancing protein folding and
functionality [61]. Additionally, RNA editing can create
start and stop codons that are not encoded in the origi-
nal genome sequence. The generation of these new start
and stop codons during mRNA processing increases the
conservation of the encoded proteins and enhances their
homology with corresponding proteins in other species.
This process also contributes to the evolutionary stabil-
ity, functional integrity, and expression of mitochondrial
genes.

For codon bias determination, Phylosuite software
(v1.1.16) [62] was used to extract the protein-coding

Page 4 of 14

sequences, and the relative synonymous codon usage
(RSCU) values of the amino acid composition of pro-
tein-coding genes from the mitogenome were calculated
using MEGA (v7.0) [63]. Deepred-mt [64], a tool based
on a convolutional neural network (CNN), was employed
to predict RNA editing sites in all protein-coding genes
(PCGs) of the V. diffusa mitogenome. We focused solely
on the prediction of C-to-U RNA editing sites in PCGs,
and results with a probability greater than 0.9 were
retained for further analysis.

Phylogenetic and Collinearity analyses

We downloaded the mitogenomes of 23 previously
reported species belonging to the order Malpighiales
from NCBI [65] and used them as references. These
species include members of families such as Salicaceae
Mirb., Euphorbiaceae Juss., and Rhizophoraceae Pers.
Additionally, two mitogenomes from the Zygophyllaceae
family were used as an outgroup. MAFFT software
(v7.505) [66] was used for multiple sequence alignment
analysis. Subsequently, IQ-TREE software (v1.6.12) [67]
was employed to reconstruct the phylogenetic tree using
concatenated sequences of 24 PCGs (atpl, atp4, atpé,
atp8, ccmB, cemC, ccemFC, ccmEN, cob, coxl, cox2, cox3,
matR, nadl, nad2, nad4, nads, nadé, nad7, nad9, rps3,
rps4, rpsl12, sdh4) shared by the 26 species. The param-
eters for phylogenetic tree construction were set to
‘GTR+F+1+ G4 with a bootstrap of 1000. The results
of the phylogenetic analysis were visualized using ITOL
software (v6) [68]. The mitogenomes of closely related
species, including Salix wilsonii Seemen, Populus davidi-
ana Dode, Bruguiera sexangula (Lour.) Poir., and Ricinus
communis L., were used for homology analysis. To visu-
alize synteny and identify conserved genomic regions,
multiple synteny plots were generated for V. diffusa and
its closely related species using the MCscanX toolkit [69].

Results

Characterization of the mitogenome of V. diffusa

We obtained 41,790,910 sequences of the mitogenome,
each 150 bp in length, through sequencing on the Illu-
mina platform. Additionally, we obtained 17,943,395
sequences from the Oxford Nanopore platform, with
an average length of 14,063 bp, including 1,217,030
sequences longer than 2,000 bp. The combination of short
and long reads was processed to distinguish between two
mitogenome conformations: a single circular genome
structure and a more complex structure that could con-
sist of multiple intersecting circles. The results of mitoge-
nome obtained from both short and long reads exhibited
a high degree of sequence similarity. Illumina short read
sequencing assembled a complete mitogenome of V. dif-
fusa, which spans 474,721 bp and comprises 44.17% GC
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content (GenBank accession number: PP952082). Addi-
tionally, a draft plastome of 157,904 bp was also obtained
through GetOrganelle assembly (GenBank accession
number: PP952083).

The analysis of the long reads revealed a single cir-
cular mitogenome structure (Figure S1A). In contrast,
the examination of short reads revealed the presence of
numerous repetitive sequences in the mitogenome of V.
diffusa, that could result in the formation of the complex
structure of multiple intersecting circles (Figure S1B).
During the assembly process, long reads can effectively
cover the entire span of repetitive regions, resulting in a
uniquely resolved path. However, this does not imply that
repetitive sequences are absent in the assembly results.
In contrast, short reads lack this advantage, as repetitive
sequences longer than the read length can complicate the
selection of the best assembly path, leading to multiple
possible outcomes.

To overcome the issue associated with the presence of
repetitive regions in the mitogenome, Unicycler pipe-
line used in this study aligns long reads to these repeti-
tive sequences and helps resolve the complex regions
that challenge short read assembly alone. The alignment
results provide the most probable structure of the mitog-
enome (Figure S1C).

While the sequence of a circular contig was resolved
based on long-read data, particular attention was given
to the branching nodes generated due to repetitive
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sequences, which are depicted as red nodes, with each
red node representing a potential repetitive sequence.
This focus on branching nodes highlights the challenges
posed by repetitive regions in the assembly process (Fig-
ure S1D).

The annotation of the mitogenome of V. diffusa reveals
its intricate genetic architecture, highlighting 36 unique
protein-coding genes. Among these, 24 genes are classi-
fied as mitochondrial core genes, while 12 are classified
as non-core genes. The core genes encompass five ATP
synthase genes (atpl, atp4, atp6, atp8, and atp9), nine
NADH dehydrogenase genes (nadl, nad2, nad3, nad4,
nad4l, nad5, nad6, nad7, and nad9), four cytochrome C
biogenesis genes (ccmB, ccmC, ccemFC, and ccmEN), three
cytochrome C oxidase genes (coxl, cox2, and cox3), one
membrane transport protein gene (mttB), one maturase
gene (matR), and one pantothenate-cytochrome C reduc-
tase gene (cob). Conversely, the non-core genes com-
prise four ribosomal large subunits (rpl2, rplS, rpl10, and
rpl16), six ribosomal small subunits (rps3, rps4, rpsi0,
rpsl2, rpsi4, and rps19), and two succinate dehydroge-
nase genes (sdh3 and sdh4) (Fig. 1A, Table 1). The anno-
tation results were similar to those of related species in
the Malpighiales order, but only quantitative differences
were observed in most genes. These quantitative differ-
ences refer to variations in the number of specific genes
annotated across related species. This includes differ-
ences in the copy number of certain genes or variations
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Fig. 1 Organelle genome map. A. Map of mitogenome. The map denotes annotated genes grouped based on different functions, which are
color-coded on the outer circle as transcribed clock-wise (inside) and counter clock-wise (outside). B. Map of plastome. The map denotes annotated
genes grouped based on different functional, which are color-coded on the outer circle as transcribed clock-wise (inside) and counter clock-wise

(outside)
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Table 1 Mitochondrial coding genes in V. diffusa
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Group of protein/RNAs

Name of genes

ATP synthases

NADH dehydrogenases
Cytochrome b

Cytochrome ¢ biogenesis
Cytochrome c oxidases
Maturase

Protein transport subunit
Ribosomal protein large subunits
Ribosomal protein small subunits
Succinate dehydrogenases
Ribosome RNAs

Transfer RNAs

atpl, atp4, atpé, atps, atp9 (X 2)
nadl, nad2, nad3, nad4, nad4l, nad5, nade, nad7, nad9
cob

ccmB, ccmC, ccmFC, ccmFN

cox1, cox2, cox3

matR

mttB

rpl2, rpl5, o0, rpl16

1ps3, rps4, rps10, rps12, rps14, rps19
sdh3, sdh4

rrn5, rrn18, rrn26

trnA-UGG, trnC-GCA, trnD-GUG, trnE-UUC, trnF-GAA, trnfM-CAU, trnG-GCC,
trnH-GUG, trnl-AAU, trnl-CAU, trnl-GAU, trnK-UUU, trnM-CAU (X 2), trnN-GUU,
trnP-UGG (X 2), trnQ-UUG, trnS-GCU, trnS-GGA, trnS-UGA, trnW-CCA, trnY-GUA

Numbers in parentheses indicate the copy number of each gene, such as (x 2) to denote two copies

in the presence of specific non-coding regions, while
the overall gene content remains relatively consistent
[70-73].

Similarly, chloroplast assembly using GetOrganelle
resulted in a single circular plastome containing 131
genes, including ycfI, ycf2, ycf3, ycf4, psaA, psaB, psal,
psbA, psbB, psbC, and psbD (Fig. 1B).

Analysis of repetitive and homologous sequences

in the mitogenome

We identified approximately 244 simple sequence repeats
(SSRs) in the mitogenome of V. diffusa. The monomeric
(single repeat units) and dimeric (two repeat units) forms
accounted for about 48.77% of the total SSRs (Fig. 2A).
The adenine-rich monomeric repeats constituted 54.76%
(46) of the 84 monomeric SSRs. The tandem repeat
sequences (satellite DNA) consist of core repeat units
ranging from~7 to 200 bp, found in tandem multiple
times. These sequences are prevalent in both eukaryotic
and prokaryotic genomes. The results demonstrated that
the mitogenome of V. diffusa possesses 9 tandem repeats
with a sequence identity greater than 81%, with lengths
ranging from 14 to 36 bp.

Further examination of scattered repeat sequences
revealed 321 repeat pairs with a length of 30 bp or
greater. The longest palindromic repeat was 360 bp, while
the longest forward repeat measured 455 bp. In sum-
mary, we identified 9 tandem repeats, 170 palindromic
repeats, and 151 forward repeats in the mitogenome of V.
diffusa (Fig. 2B and Tables S1-3). A chord plot of repeti-
tive sequence homology was generated based on the
position of each repeat type on the mitogenome of V. dif-
fusa (Fig. 2C).

We selected four pairs of repetitive sequences, R2, R6,
R7, and R11-through a comprehensive analysis of the
repetitive sequences in the mitogenome of V. diffusa.
These sequences span over 1000 bp flanking regions of
mitogenome (Table S4). DNA sequencing of PCR-ampli-
fied products indicated that the fragment between the R6
repeat was reversed relative to the mitogenome sequence.
In contrast, sequencing of the R2 repeat sequence
showed the amplification of two relatively complete ring
structures through cross-primer PCR, suggesting that
R2, most likely, mediates the conversion from single-ring
to two subgenomic structures. These findings indicate
that R6 has a distinct function, facilitating the reversal of
fragment orientation between repetitive sequences, while
R2 enables the conversion of single-loop mitochondria to
two subgenomic structures (Fig. 3).

Analysis of intracellular horizontal gene transfer (IHGT)
During the annotation of the mitogenome, we observed
the presence of chloroplast-like gene sequences. This
observation indicated the putative occurrence of the
IHGT phenomenon between these two organelles and
was confirmed by BLASTn. The results of the BLASTn
displayed the presence of 24 homologous sequences
spanning over 12,894 bp, accounting for 2.72% of the
mitogenome (Table S5).

The annotation of these homologous sequences
revealed the presence of nine complete genes, includ-
ing one protein-encoding gene (ycfI5) and eight tRNAs
(trnD-GUC, trnH-GUG, trnl-GAU, truN-GUU, trnM-
CAU, trnP-UGG, trnS-GGA, trnW-CCA) (Fig. 4). Among
these sequences, MTPT22 was the longest, measuring
2,891 bp. We found that not all of the mitochondrial and
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Fig. 2 Analysis of mitochondrial genome repeat sequence. A. Bar chart of SSRs. The abscissa represents the type of SSRs, ordinate represents

the number of repeats sequences, purple legend represents the monomer SSRs, green legend represents the dimer SSRs, yellow legend

represents the trimer SSRs, red legend represents the tetramer SSRs, gray legend represents the pentamer SSRs, and blue legend represents

the hexamer SSRs. B. Bar chart of repeat sequence. The abscissa indicates the type of repeat sequence, ordinate indicates the number of repeat
sequences, yellow legend indicates tandem repeats, blue legend indicates palindromatic repeats, and orange legend indicates forward repeats.
Inverted and complementary repeats sequences were not detected in the mitogenome. C. Chordogram of repeats of mitogenome. The colored
lines on the innermost circles connect the two repeats of the dispersed repeats, with purple lines representing Palindromic repeats and green

lines representing Forward repeats. The black line segment on the second circle represents tandem repeats, and the black line segment

on the outermost circle represents microsatellite repeats
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Fig. 3 Validation of homologous mediated recombination by repeats. A: Validation of repeat sequence in the mitogenome of V. diffusa; B:
Schematic representation of repeat sequence-mediated conformational recombination of the mitogenome of V. diffusa
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Fig. 4 Sequence migration analysis. The blue arc represents

the mitogenome, green arc represents plastome, and corresponding
genomic sequences of the purple lines between the arcs are
homologous sequences

chloroplast homologous sequences identified were 100%
similar, but most were greater than 90% similar. This
observation indicates that the majority of homologous
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sequences have undergone significant evolutionary
changes, leading to a loss of integrity. Consequently,
only partial sequences of these genes are retained in the
mitochondrial and chloroplast in contemporary species.
The sequences atpA and atpF, trunW-CCA and trnP-
UGG, and trnl-GAU and trnA-UGC were found in close
genomic proximity in the mitogenome, suggesting their
critical role in IHGT.

Analysis of codon bias and RNA editing events

The codon usage frequency exhibit the synonymous
codon usage ratio in protein coding genes (RSCU), and
values greater than 1 indicating amino acid bias (Fig. 5).
The RSCU value for the start (AUG) and tryptophan
(UGG) codons were equal to 1, but a notable preference
was observed for other codons. For example, the stop
codon UAA had the highest RSCU value of 1.63 among
mitochondrial PCGs, indicating a preference for this spe-
cific codon. Similarly, alanine (Ala) showed a preference
for the GCU codon, with an RSCU value of 1.58, indicat-
ing a bias towards using GCU to encode alanine. Addi-
tionally, the calculation results from MEGA showed that
the RSCU values for phenylalanine (Phe) and cysteine
(Cys) codons were less than 1.2, ranging from 0.8 to 1.1,
indicating no obvious codon usage bias and a relatively
flexible codon usage pattern.

0
Ala Arg Asn Asp Cys End Gin Glu GIy His lle Leu Lys Met Phe Pro Se Thr Trp Tyr Val

Fig. 5 Codon bias analysis of mitogenome of V. diffusa
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In this study, we identified 430 potential RNA editing
sites in the 36 protein-coding genes (PCGs) of V. dif-
fusa, with the most common mutations being from cyti-
dine (C) to uridine (U) (Table S6). The highest number
of RNA editing sites (37) was observed in the ccmB and
nad4 genes. The second highest number of RNA edit-
ing sites (28) was observed in the ccmC gene (Fig. 6).
The majority of RNA editing sites (80 in total) displayed
a 100% probability of mutation, while all the remaining
RNA editing sites demonstrated a probability higher than
90%. Mutations at the second codon position accounted
for the highest number of 259 sites or 60.2%, followed
by the first codon position (151 or 35.1%). Most of the
RNA editing events resulted in transitions to leucine (189
times), with serine to leucine accounting for the highest
number (98), followed by proline to leucine (85), and five
synonymous mutations. The presence of a higher number
of RNA editing sites causing mutations into leucine in
the mitogenome of V. diffusa also corroborates the find-
ings of Sheng and Wang et al. [16, 74].

Phylogenetic and collinearity analyses
The mitogenome sequences of specific plant species
used in this study are listed in Table S7, which contains
the mitogenomic data necessary for the phylogenetic
analysis. This analysis focused on 24 conserved mito-
chondrial PCGs, including atpl, atp4, atp6, atp8, ccmB,
cemC, cemFC, ccmFN, cob, cox1, cox2, cox3, matR, nadl,
nad2, nad4, nads, nad6, nad7, nad9, rps3, rpsd, rpsi2,
and sdh4. The resulting topology of the phylogenetic tree,
based on mitochondrial DNA, aligns with the latest clas-
sification proposed by the Angiosperm Phylogeny Group
(APG). In this phylogenetic tree, V. diffusa belongs to
the family Violaceae within the order Malpighiales, and
clusters closely with species from the family Salicaceae
(Fig. 7A).

The multiple synteny plot of V. diffusa with closely
related species highlights regions of inversion (red

Number of RNA editing sites
2

04
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arced areas) and good homology (grey areas) (Fig. 7B).
Short collinear blocks (< 0.5 kb) were excluded from the
analysis to reduce noise, focus on significant conserved
regions, and improve the clarity and interpretability of
the results. While several homologous collinear blocks
were identified between V. diffusa and closely related spe-
cies within the Malpighiales order; the lengths of these
collinear blocks were relatively short. This suggests that
while synteny exists, the regions of conserved gene order
are relatively small, indicating potential mitogenomic
rearrangements and evolutionary changes that have
occurred over time. Furthermore, distinct regions were
observed in the V. diffusa mitogenome that exhibited no
homology with the mitogenomes of other species. These
findings demonstrate that the arrangement of collinear
blocks among the five species was inconsistent, and the
mitogenome of V. diffusa has undergone significant rear-
rangements compared to its close relatives. The mitog-
enome sequences of these five species exhibit substantial
variation in organization and have probably undergone
frequent recombination (Table S8).

Discussion

In previous studies by Dai J-J (2015) and Dai Nin (2023),
Viola diffusa was shown to possess anti-inflammatory,
antiviral, detoxifying, and other medicinal activities,
primarily attributed to its triterpenoids, flavonoids, and
polysaccharide compounds [2, 75]. Mitochondria express
a various key enzymes involved in numerous metabolic
pathways, including the biosynthesis of triterpenoids,
steroids, and flavonoids. For example, mitochondria pro-
vide ATP and reducing equivalents to the mevalonate
pathway, which is critical for the synthesis of triterpe-
noids. Additionally, mitochondria supply energy and
reducing equivalents necessary for flavonoid biosynthe-
sis. Therefore, analyzing the mitochondrial genome of V.
diffusa can provide valuable insights into the biosynthetic
pathways of these medicinal compounds, ultimately

ATP synthase
I Cytochrome c biogenesis
Cytochrome b
Cytochrome ¢ oxidase
M Maturases
NADH dehydrogenase
I Ribosomal protein
B Succinate dehydrogenase

apl  apd aps  atps  atpd_latp9_2 comB comC comFC cemFN cob  coxl cox2 cox3 matR mttB nadl nad2 nad3  nadd naddL

Genes

Fig. 6 Number of RNA editing sites in individual mitochondrial PCGs

nadS nad6 nad7 nadd rpll0 rpll6  rpIS rpsi0 rpsi2 eps19 mps3 rpsd sdh3  sdhd
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Populus davidiana |

miDNA
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NC056359.1

Ricinus communis

Fig. 7 Evolutionary analysis of V. diffusa. A. Phylogenetic tree based on 24 conserved protein-coding genes from 26 typical plant mitogenomes.
The number on each node is the bootstrap support value. Tribulus terrestris and Zygophyllum fabago were used as outgroups. B. Pairwise synteny
analysis of mitogenome of five species of the genus Cinerea. Bars represent the mitogenome, and bands represent homologous sequences

between adjacent species

enhancing our capacity to develop effective plant-derived
medicines for disease management.

The duplicate sequences in higher plant mitogenomes
contribute to their complex ring or linear structures and
facilitate gene recombination [76]. Recent studies have
revealed structural variations across plant species’ mitog-
enomes. For instance, Populus simoni’s mitogenome
has three ring chromosomes, while Aeginetia indica’s
includes a ring chromosome and a linear chromosome.
Thonningia sanguinea’s mitogenome is notable for its
18-ring chromosomes [77-79]. The main structure of the
mitogenome of V. diffusa was found to be a single-cir-
cle, similar to previously sequenced plant mitogenomes
in the Malpighiales order. The annotation of sequenc-
ing data indicated the presence of 321 pairs of dispersed
repetitive sequences in the mitogenome of V. diffusa;
however, only 13 of these repeats were longer than
200 bp. A set of R2 and R6 sequences that may support
homologous recombination was also identified within
these repetitive sequences through long-read alignment,
flanking sequence extension, and cross-primer PCR.
Using cross-primer PCR, two relatively complete circular
structures were amplified: one corresponding to the main
mitochondrial circular sequence and the other to the
sequence between the R2 repeats. The amplification of
two distinct circular structures suggests that the mitog-
enome of V. diffusa can exist in more than one structural
form, implying subgenomic conformations. Based on the
structural variability of mtDNA, it can be concluded that
repetitive and homologous sequences may be involved
in mitochondrial gene recombination events, leading to

the formation of non-dominant mitogenome structures
[43, 48, 49]. Zhou Hong et al. proposed the existence of
sub-loop or polyloop structures in the mitogenome, sug-
gesting that a single loop can appear at different stages
of plant growth to support development [80]. This
aspect may not have been considered in most mitoge-
nome sequencing studies; however, we plan to sequence
and assemble the mitogenome of V. diffusa at different
growth stages to investigate the impact of these stages on
the configuration of the mitogenome in our forthcoming
study.

Mitochondria are maternally inherited organelles
that contain genetic information distinct from that of
the nucleus. The study of mitochondrial phylogeny
can reveal different evolutionary patterns compared to
nuclear genome, which is significant for understand-
ing hybridization and incomplete lineage sorting during
species evolution [81, 82]. The comparison of the mitog-
enome of V. diffusa with those of 23 species from the
same order, along with 2 species from the Zygophyllaceae
family as an outgroup, revealed that V. diffusa and spe-
cies from the Salicaceae family were grouped together.
This grouping pattern aligns with the latest APG IV clas-
sification, indicating a close evolutionary relationship
between these species. Furthermore, we observed signifi-
cant inconsistencies in short homology blocks and their
arrangement between the mitogenome of V. diffusa and
those of related species. This suggests that gene rear-
rangements occurred over evolutionary time within this
group of plants. The comparative analysis of homolo-
gous blocks between V. diffusa and P. davidiana helped
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to identify 30 conserved genes (nadl, nad2, nad3, nad4,
nad5, nad6, nad7, rps3, rps4d, rpsl9, coxl, cox2, ccmB,
rpl2, rplS, rpll0, rpll6, atp4, atp6, rrnS, rrnl8, rrn26,
sah3, cob, truM-CAU, truN-GUU, trnS-UCA, trnl-CAl,
trnP-UGG, trnA-UGC). However, many of these genes
within homologous blocks were gene fragments, and
their sequence identity ranged from 80 to 100%. These
findings support the hypothesis of gene rearrangements
in the mitogenome of V. diffusa, while highlighting the
important role of these large-scale rearrangements in
plant evolution [83]. The sequence similarity analysis
helped to identify 24 homologous sequences transferred
from the plastome to the mitogenome due to IHGT.
The annotation of these genes revealed the presence of
nine complete genes, including one protein-coding gene
(ycf15) and eight tRNA (trnD-GUC, trnH-GUG, trunl-
GAU, truN-GUU, trnM-CAlU, trnP-UGG, trnS-GGA,
trunW-CCA) in the mitogenome. The discovery of ycf15,
a highly conserved protein-coding gene in the plastome,
suggests that gene migration from the plastome to the
mitogenome has occurred, similar to the observation in
other higher plants [84—86]. Additionally, eight translo-
cated tRNAs in the plastome may have become pseudo-
genes [87, 88]. Previous studies have reported the loss or
alteration of similar pseudogenes in the mitogenome of
Angelica biserrata and the Cistanche genus [76, 89].

In addition to sequence migration and gene recombi-
nation, RNA editing is also a significant contributor to
variations in the mitogenome of angiosperms [90, 91].
RNA editing primarily involves changes in nucleotide
sequences through insertions, deletions, and substitu-
tions, resulting in modifications of genetic information
[92].

Studies have demonstrated that RNA editing is pri-
marily facilitated by enzymes called deaminases, which
catalyze base substitution reactions, such as cytosine to
uracil (C to U), uracil to cytosine (U to C), and adenine to
hypoxanthine (A to I) transitions in organelles [93]. RNA
editing alters the sequences, even introns, making them
more compatible with the splicing machinery. Addition-
ally, RNA editing plays a vital role in the evolutionary
adaptation and development of plants [94]. Furthermore,
alterations in the proportion of hydrophilic amino acids
are vital for the proper folding of proteins [95-97]. The
sequencing results of the mitogenome of V. diffusa
demonstrated the presence of 430 RNA editing sites,
with ~95.59% located in the first and second codons. The
primary RNA editing events identified involved changes
from cytosine to thymine (C to T). The remaining 4.41%
of editing sites were situated in the third codon, all of
which also involved transitions from cytosine to thymine
(C to T). It was observed that RNA editing sites were
extensively found in most protein-coding genes of the
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mitogenome, suggesting that these editing events may
influence gene expression. Among the identified RNA
editing sites, there were 2 stop codon mutations and 24
synonymous amino acid mutations, including 17 sites
with alterations in the third codon position. This finding
suggests that RNA editing events may be associated with
codon bias and the optimization of codon usage for more
efficient gene expression.

The codon is crucial for gene expression as it plays a
key role in translating genetic information. The study of
codons becomes even more important in the context of
mutations in genes, which can lead to variations in pro-
tein structure and function [98, 99]. The utilization of
specific synonymous codons is influenced by species-
specific preferences, which play a vital role in shaping the
genetic traits of organisms [59, 98].

Understanding these preferences can provide insights
into the molecular mechanisms of protein synthesis and
the genetic characteristics of V. diffusa at the mitochon-
drial level.

Conclusions

In this study, the mitochondrial genome (mitogenome)
of Viola diffusa was sequenced, assembled, and anno-
tated with high precision. A mitogenome of 474,721 bp
in length, with a GC content of 44.17%, was obtained,
including 36 unique protein-coding genes, 21 tRNAs
and 3 rRNAs. Additionally, 430 RNA editing sites, with
a bias toward C to U, were predicted in the mitogenome.
Homology analysis suggested a potential complex con-
formation of the mitogenome, and alignment analysis
revealed collinearity between organelles, including evi-
dence of IHGT from the chloroplast. Phylogenetic and
collinearity analyses uncovered numerous gene rear-
rangement events in the mitogenome of Viola diffusa,
indicating an evolutionary trend. This study provides
valuable insights into the evolutionary history and phy-
logenetic analysis of Viola diffusa, laying a foundation for
future research.
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