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Abstract
Background  Trachelospermum jasminoides has medicinal and ornamental value and is widely distributed in China. 
Although the chloroplast genome has been documented, the mitochondrial genome has not yet been studied.

Results  The mitochondrial genome of T. jasminoides was assembled and functionally annotated using Illumina 
and nanopore reads. The mitochondrial genome comprises a master circular molecular structure of 605,764 bp and 
encodes 65 genes: 39 protein-coding genes, 23 transfer RNA (tRNA) genes and 3 ribosomal RNA genes. In addition 
to the single circular conformation, we found many alternative conformations of the T. jasminoides mitochondrial 
genome mediated by 42 repetitive sequences. Six repetitive sequences (DRS01–DRS06) were supported by nanopore 
long reads, polymerase chain reaction (PCR) amplifications, and Sanger sequencing of the PCR products. Eleven 
homologous fragments were identified by comparing the mitochondrial and chloroplast genome sequences, 
including three complete tRNA genes. Moreover, 531 edited RNA sites were identified in the protein-coding 
sequences based on RNA sequencing data, with nad4 having the highest number of sites (54).

Conclusion  To our knowledge, this is the first description of the mitochondrial genome of T. jasminoides. Our results 
demonstrate the existence of multiple conformations. These findings lay a foundation for understanding the genetics 
and evolutionary dynamics of Apocynaceae.
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Background
Trachelospermum jasminoides, an evergreen liana of 
Apocynaceae, is widely distributed in the eastern, south-
ern, and southeastern regions of China [1]. In traditional 
Chinese medicine, it has been used to treat inflamma-
tion-related diseases such as rheumatic arthralgia and 
traumatic injuries [1, 2]. Various secondary metabolites 
of T. jasminoides, including lignans [3], flavonoids [4], 
terpenoids [5], and alkaloids [6], have anti-inflammatory, 
antioxidant, analgesic, antitumor, and antibacterial activ-
ities, indicating the potential for the use of T. jasminoides 
in modern medicine.

High-throughput sequencing technology greatly 
facilitates the study of plant genome structure, which is 
crucial for exploring plant secondary metabolites and 
understanding plant genetic variation at the molecular 
level. Thus, numerous plant chloroplast genomes, such 
as Brassica napus [7], Gelsemium elegans [8], and Gly-
cine max [9] have been reported. The chloroplast genome 
of T. jasminoides has also been reported [10] However, 
owing to the complexity of plant mitochondrial genomes, 
only 11 complete mitochondrial genomes of Gentianales 
species have been reported and deposited in the NCBI 
nucleotide database ((July 15, 2023), namely, six Rubia-
ceae, three Apocynaceae, and two Gentianaceae species. 
To date, the mitochondrial genome sequence of T. jasmi-
noides has not been reported, severely restricting follow-
up research.

Mitochondria are semi-autonomous organelles of 
endosymbiotic origin derived from early alpha-archaeal 
bacteria [11]. Mitochondria are signalling organelles 
that regulate a wide variety of cellular functions and can 
dictate cell fate, such as generating ATP, releasing cyto-
chrome c and activating transcription factors [12]. Mito-
chondria contain their own DNA (mitochondrial DNA) 
but are still regulated by the nuclear genome. Given 
that simple repetitive sequences in plant mitochondrial 
genomes have a high rate of evolution, they are widely 
used as molecular markers in modern molecular biol-
ogy research [13]. RNA editing is common in plant 
mitochondria [14], and RNA editing events most often 
occur at the first or second codon positions in mito-
chondrial genomes. Therefore, they mainly affect the 
non-synonymous positions of protein-coding regions 
[15–17], changing the resulting amino acid sequences 
[18]. Furthermore, the plant mitochondrial genome is 
complex and contains various rearrangements [19, 20]. 
The plant mitochondrial genome is large, structurally 
complex, and genetically diverse. The structure of the 
mitochondrial genome is intricate in contrast to the mas-
ter circular structure. It may involve a single or multiple 
chromosomes, each capable of exhibiting either a lin-
ear or circular architecture. However, some DNA repair 
mechanisms protect the stability of the mitochondrial 

genome, especially base excision repair and homolo-
gous recombination (HR) [21]. Additionally, the process 
of genome evolution may lead to the horizontal migra-
tion of genes [22]. This horizontal migration of genes 
among chloroplast, mitochondrial, and nuclear DNA has 
been reported in some Apocynaceae species. The mito-
chondrial genes sdh3 and rps14 were transferred to the 
nucleus in Rhazya stricta, with rps14 undergoing a single 
transfer to the nucleus followed by a duplication event 
[23]. The chloroplast gene rpoC2 was transferred to the 
mitochondria in Asclepias syriaca, and the mitochon-
drial DNA insert rpl2 migrated from the mitochondrial 
genome to the plastome of A. syriaca [24].

In the present study, we sequenced and assembled the 
complete mitochondrial and chloroplast genomes of T. 
jasminoides, deciphered the possible structure of T. jas-
minoides mitochondrial genome, and performed a series 
of comparative analyses of repetitive sequences, phylo-
genetic relationships, HR, gene migration in organelles, 
and RNA editing events. The results show that multiple 
mechanisms lead to the diversity of the T. jasminoides 
mitochondrial genome. This study provides an important 
theoretical foundation for understanding the evolution of 
T. jasminoides organelle genomes and genetic variations 
in medicinal plants.

Materials and methods
Plant materials and DNA and RNA extraction and 
sequencing
Fresh leaves of T. jasminoides were collected from the 
Medicinal Botanical Garden of the Institute of Medici-
nal Plant Development, Beijing, China (40°2’33.239” N, 
116°16’35.867” E). The plant species was identified as T. 
jasminoides by Professor Jinghong Zhang of the School 
of Medicine, Huaqiao University. The total DNA and 
RNA were extracted using the Plant Genomic DNA Kit 
and the RNAprep Pure Plant Plus Kit (Tiangen Biotech, 
Co., Ltd., Beijing, China), respectively, and stored in a 
refrigerator at − 80  °C. Total DNA was divided into two 
separate parts for different sequencing approaches. One 
part underwent library construction using the NEBNext 
DNA Library Prep Kit and sequenced with a 2500 plat-
form (Illumina, San Diego, CA, USA). The other part, 
with an insert size of 10 kb, was prepared and sequenced 
with the PromethION sequencer (Oxford Nanopore Tech-
nologies, USA). The strand-specific RNA sequencing 
(RNA-seq) library was prepared according to ribosomal 
RNA (rRNA) depletion and stranded sequencing meth-
ods. First, rRNA was depleted from total RNA using an 
rRNA Removal Kit, following the manufacturer’s instruc-
tions. Subsequently, a TruSeq Stranded mRNA Library 
Prep kit (Illumina) was used to construct a sequencing 
library that involved involved RNA fragmentation, first-
strand complementary DNA (cDNA) synthesis, RNA 
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degradation, second-strand cDNA synthesis, blunt-end 
conversion, adenylation and adaptor ligation, polymerase 
chain reaction (PCR) enrichment, and library purifica-
tion. The quantified library was subjected to Illumina 
PE150 sequencing.

Genome assembly and annotation
In the present study, the chloroplast genome was assem-
bled using GetOrganelle software [25] with the param-
eters “-R 15 -k 21,45,65,85,105 -F embplant_pt”. The 
default reference genomes provided in Getorganelle 
software were used to assemble the chloroplast genome. 
The process of assembling the mitochondrial genome 
involved a hybrid assembly strategy to mitigate potential 
false positives arising from nuclear and plastid DNA with 
mitochondrial origin [26]. First, mitochondria-derived 
Illumina short reads were obtained using GetOrganelle 
[25] with the parameters “-R 20 -k 21,45,65,85,105 -P 
1000000 -F embplant_mt” Second, the short reads were 
assembled using SPAdes software [27], which is embed-
ded in Unicycler software [28]. The assembly resulted in 
a unitig graph. Third, Bandage [29], which can manually 
remove chloroplast- and nuclear-derived nodes, was used 
to visualize the unitig graph. Finally, the double bifurcat-
ing structures (DBSs) in the unitig graph were analyzed 
with nanopore long reads using Unicycler software [28].

The chloroplast genome was annotated by CPGAVAS2 
[30], and the annotation was viewed by the CPGView 
web server tool [31]. Meanwhile, the mitochondrial 
genome was annotated using GeSeq [32] and IPMGA 
(http://www.1kmpg.cn/mgavas/). The annotation results 
were manually corrected using Apollo software [33]. 
The structures of the mitochondrial genome were plot-
ted using PMGmap [34]. Finally, the organelle genome 
sequences and annotations were submitted to GenBank 
with accession numbers OR286427.1 for the chloroplast 
genome and OR333986.1 for the mitochondrial genome.

Identification of repetitive sequence
Three types of repetitive sequence, namely, simple 
sequence repeats (SSRs), tandem repeat sequences 
(TRSs), and dispersed repeat sequences (DRSs), were 
analyzed in the mitochondrial genome of T. jasminoides. 
SSRs were detected using MISA [35] with the following 
thresholds: 10 units for mononucleotides, 5 units for 
dinucleotides, 4 units for trinucleotides and 3 units for 
tetra-, penta- and hexa-nucleotides. TRSs were predicted 
using Tandem Repeats Finder [36] with the default set-
tings of two for matches and seven for mismatches and 
indels. The minimum alignment score and maximum 
period size were set to 50 and 500, respectively. DRSs 
were analyzed using ROUSFinder2.0.py [37] with default 
parameters.

Identification and validation of repeat-mediated 
recombination
To identify recombination mediated by repeat sequences, 
we detected the DRSs of the mitochondrial genome using 
ROUSFinder2.0.py [37]. Then, we extracted each pair of 
repetitive sequences, as well as the 500 bp long flanking 
sequences on both sides, corresponding to one confor-
mation. Subsequently, we recombined the two sequences 
in silico to generate sequences corresponding to the 
other recombined conformations. We then mapped the 
nanopore long reads for the four DNA sequences of the 
two conformations and counted the number of mapped 
reads using BWA [38] and Samtools [39]. Finally, the 
mapping results of the reads were visualized using IGV 
software [40].

Although reversing the position of the reverse prim-
ers could yield repeat sequence-mediated recombination 
products, we designed the optimal PCR primers to verify 
these hypothetical recombination products using Primer 
BLAST. These primer sequences are listed in Table S1. 
The PCR amplification was performed using approxi-
mately 1  µl DNA, 1  µl 10 µM each of the forward and 
reverse primers, 25 µl 2× Easy Taq SuperMix, and 22 µl 
ddH2O for PCR under the following conditions: 94 °C for 
2 min; 35 cycles of 94 °C for 30 s, 58 °C for 30 s and 72 °C 
for 1 min; followed by a final extension at 72 °C for 2 min. 
PCR products were checked using 1% agarose gel electro-
phoresis. DNA markers ranging from 100 bp to 2000 bp 
(Sangon Biotech, Co., Ltd., China) were used to deter-
mine the size of the PCR products. Finally, the PCR prod-
ucts were further sequenced using the Sanger method, 
and the chromatograms were visualized using Seqman 
software [41].

Identification of mitochondrial plastid sequences
In the present study, mitochondrial plastid sequences 
(MTPTs) were identified by comparing the chloroplast 
and mitochondrial genomes using BLASTN software tool 
[42] with default parameters. BLASTN hits of > 100  bp 
were retained. The MTPT gene cluster was annotated 
according to the annotation result of the T. jasminoi-
des mitochondrial genome. To confirm the presence 
of MTPT sequences, we extracted the MTPT sequence 
along with its 1000  bp upstream and downstream 
sequences regions to create a reference sequence. We 
then aligned the nanopore long reads to these reference 
sequences using BWA software [39] with default param-
eters. Finally, the mapping results of nanopore long reads 
to MTPT regions were visualized using the IGV software 
[40]. In addition, we extracted MTPTs of the organelle 
genomes from 12 Gentianales species (T. jasminoides, 
A. syriaca, R. stricta, Scyphiphora hydrophyllacea, Psy-
chotria viridis, Psychotria serpens, Coffea arabica, Gen-
tiana crassicaulis, Gentiana straminea, Neolamarckia 

http://www.1kmpg.cn/mgavas/
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cadamba, Hoya lithophytica and Damnacanthus indicus) 
and performed cluster analyses using CD-HIT software 
[43] with a parameter of 0.85. Finally, the MTPT genome 
map was plotted using Tbtools software [44].

Construction of phylogenetic tree
In our phylogenetic analysis, we employed a dataset con-
sisting of 12 mitochondrial genomes from Gentianales 
species. Salvia officinalis (OQ001564.1-OQ001565.1), 
which belongs to Lamiales, was set as the outgroup. 
All mitochondrial genomes were obtained from the 
NCBI GenBank database with the following acces-
sion numbers: T. jasminoides (OR333986.1), A. syriaca 
(NC_022796.1), R. stricta (NC_024293.1), S. hydrophyl-
lacea (NC_057654.1), P. viridis (NC_066984.1), P. serpens 
(NC_069806.1), C. arabica (OL789880.1-OL789881.1), G. 
crassicaulis (OM320814.1), G. straminea (OM328072.1), 
N. cadamba (MT320890.1-MT364442.1), H. lithophytica 
(MW719051.1), and D. indicus (MZ285076.1). For our 
phylogenetic analysis, we initially extracted the common 
coding sequence (CDS) of protein-coding genes (PCGs) 
from these species using PhyloSuite software [45]. Subse-
quently, the CDSs sequences were aligned using MAFFT 
software [46]. The resulting aligned sequences were con-
catenated and used to construct a phylogenetic tree using 
IQTREE2 software [47] with the maximum-likelihood 
method. Bootstrap analysis was assessed using UFBoot 
with 1,000 replicates [48]. Finally, the resulting phyloge-
netic tree was visualized using iTOL software [49].

Prediction and validation of RNA editing sites within PCGs 
of T. jasminoides mitochondrial genome
First, to identify RNA editing sites in the T. jasminoides 
mitochondrial genome, we mapped the strand-specific 
RNA-seq data to the sequences of 38 PCGs and their 
5’ and 3’ flanking regions by 100  bp using BWA [38] 
and extracted alignment reads that match the reference 
sequence using Samtools [39]. Then, the RNA editing 
sites were predicted by REDItools software [50] with the 
following parameters: coverage ≥ 5 and frequency ≥ 0.1 
[51]. To enhance the accuracy of our predictions, we 
further visualized the RNA editing sites using the IGV 
software [40], focusing on sites with a frequency ≥ 0.2. 
To eliminate the influence of single nucleotide polymor-
phism (SNP) sites on the results, we performed SNP pre-
diction and excluded RNA editing sites that overlapped 
with SNP results. In parallel, for the identification of SNP 
in the T. jasminoides mitogenome, we mapped Illumina 
short reads of whole genome sequencing to the CDS 
sequences of the PCGs, along with their 5’ and 3’ flank-
ing regions by 100 base pairs using BWA (Li and Durbin, 
2009) and extracted alignment reads that match the ref-
erence sequence using Samtools (Li et al., 2009). Subse-
quently, SNP sites were determined using the REDItools 

software (Picardi and Pesole, 2013) with parameters 
requiring coverage ≥ 5 and frequency ≥ 0.1. Finally, pre-
dicted RNA editing sites that overlapped with the SNP 
sites were removed from subsequent analyses.

To validate RNA editing sites within the T. jasminoi-
des mitochondrial genome, we randomly selected ten 
PCGs for PCR amplification. The PCR primers for all 
PCGs was designed using Primer BLAST (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_
LOC=BlastHome); the details are provided in Table S3. 
Subsequently, we extracted both total DNA and RNA 
from the same sample as described in section  “Plant 
Materials and DNA and RNA Extraction and Sequenc-
ing”. Total RNA was reverse transcribed into cDNA using 
the TransScript First-Strand cDNA Synthesis SuperMix 
kit. Total DNA and cDNA were then separately utilized 
for PCR amplification, following the experimental condi-
tions specified in section “Identification and Validation of 
Repeat-mediated Recombination”. Finally, the resulting 
PCR products were sequenced using the Sanger method, 
and the chromatograms were visualized using the Seq-
man software [41].

Results
Graph-based mitochondrial genome and general genomic 
features
We employed a hybrid assembly approach to construct 
the mitochondrial genome of T. jasminoides, using nano-
pore long and Illumina short reads obtained through 
whole genome sequencing. Initially, we acquired approxi-
mately 10 Gb of Illumina short reads and nanopore long 
reads (Table S2). The read length N50 for Illumina short 
reads and nanopore long reads were 150 and 23,739 bp, 
respectively. We then utilized the GetOrganelle software 
to extract and elongate the short reads derived from 
the mitochondrial genome. Subsequently, we employed 
SPAdes software, integrated within the Unicycle soft-
ware, to assemble them into a unitig graph (Fig. 1A). The 
unitig graph contained 18 contigs, including six DBSs. 
The longest contig, cg2, was 170,035 bp, while the short-
est, cg6, was only 65  bp (Table  1). The nanopore long 
reads were then used to resolve the DBSs using Unicycle 
software. Finally, a circular molecule was independently 
obtained and visualized using Bandage software (Fig. 1B). 
In the following description, we refer to this master cir-
cular molecule as “MC,” which has 605,764 bp and a GC 
content of 44.65% (Fig.  2). It was closely related in size 
to the mitochondrial genome of R. stricta (Genome size: 
548608 bp, NCBI Accession Number: NC_024293.1), A. 
syriaca (Genome size: 682498 bp, NCBI Accession Num-
ber: NC_022796.1) and C. auriculatum (Genome size: 
426495 bp, NCBI Accession Number: NC_041494.1). To 
assess the accuracy of the assembly, both Illumina short 
reads and nanopore long reads were individually mapped 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
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to the MC. The correctness of the assembly was then 
established by calculating the sequencing depth at each 
site. The sequencing depth across all genomic locations 
remained consistently with no observable gaps. In addi-
tion, the average depth of coverage was > 500× (Figures 
S1A and Figure S1B).

The mitochondrial genome of T. jasminoides was anno-
tated to contain a total of 65 genes (62 unique genes), 

including 39 PCGs (38 unique genes), 23 tRNA genes 
(21 unique genes), and 3 rRNA genes. The atp9 gene was 
duplicated, and the two copies have 100% identity. The 
PCGs were further categorized into 10 functional groups 
(Table  2). All the core genes were found within the T. 
jasminoides mitochondrial genome. We also identified 
three categories of variable genes, which encompassed 
nine small subunit ribosome genes (rps1, rps3, rps4, rps7, 
rps10, rps12, rps13, rps19), four large subunit ribosome 
genes (rpl10, rpl16, rpl2, rpl5), and two subunit succinate 
dehydrogenase genes (sdh3 and sdh4) (Fig. 2; Table 2).

Repetitive sequence analysis
SSRs, also known as microsatellites or short tandem 
repeats, are repetitive DNA sequences that typically con-
sist of one to six nucleotides [52]. These sequences are 
widely used as genetic markers in fields, such as foren-
sics, population genetics, and disease diagnosis [53]. In 
this study, we employed the MISA online platform [35] to 
identify SSRs within the mitochondrial genome of T. jas-
minoides. A total of 57 SSRs were detected in the mito-
chondrial genome, including 39 monomers, 5 dimers and 
trimers, 6 tetramers, and 2 pentamers (Table S4).

TRSs are defined as a series of nucleotide sequences 
that repeat consecutively and are located adjacent to each 
other on a DNA molecule [54, 55]. These sequences can 
play important roles in gene regulation, chromosome sta-
bility, and genome evolution [56]. In the study, TRSs were 
predicted in the mitochondrial genome of T. jasminoides 
using Tandem repeats Finder program [36]. Based on 
these results, eight TRSs were predicted (Table S5). TRS3 
had the longest repeat unit at 24 bp, whereas TRS1 had 
the shortest repeat unit of only two bp.

Table 1  Attribution of assemble of contigs in the mitogenome 
of T. jasminoides
No. Name Length 

(bp)
Depth for 
Illumina 
short 
reads

Depth for 
Nanopore 
long reads

Bifur-
cation 
struc-
tures

1 cg1 152,646 946 470 No
2 cg2 170,035 1,250 758 No
3 cg3 57,069 1,155 644 No
4 cg4 45,415 1,217 711 No
5 cg5 40,517 1,058 693 No
6 cg6 65 948 406 No
7 cg7 34,448 1,064 542 No
8 cg8 25,683 919 423 No
9 cg9 2,678 1,149 527 No
10 cg10 22,286 1,063 607 No
11 cg11/DBS1 518 1,952 1,026 Yes
12 cg12 16,491 940 443 No
13 cg13 13,567 1,025 428 No
14 cg14/DBS2 266 2,017 926 Yes
15 cg15/DBS3 129 1,853 798 Yes
16 cg16/DBS4 7,460 2,395 1,044 Yes
17 cg17/DBS5 3,931 1,833 891 Yes
18 cg18/DBS6 128 1,993 938 Yes
DBS: double bifurcating structures

Fig. 1  The unitig graph of the T. jasminoides mitochondrial genome. (A) The green and purple contigs belongs to the master circular molecular (MC), and 
the purple contigs is double bifurcation structures (DBS). Each DBS has four conformations (c1, c2, c3, and c4), as shown in the top left corner with cg18 
as an example. (B) The graph is presented after resolving the DBSs using long reads
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DRSs, also known as scattered repetitive sequences, are 
repeated at different locations throughout the genome 
and can be applied in various fields, such as biological 
evolution, disease diagnosis, and individual identifica-
tion [57]. ROUSFinder2.0.py [37] was employed to pre-
dict DRSs in this study. Our analysis revealed a total of 42 

DRSs within the mitochondrial genome of T. jasminoi-
des. Among these, 14 were inverted repetitive sequences 
and 28 were direct repetitive sequences (Table S6). The 
longest DRS identified was DRS1, with 7,460 bp.

Fig. 2  Schematic representation of the T. jasminoides mitochondrial genome. The graph was drawn using PMGmap (http://www.1kmpg.cn/pmgmap). 
The graph is represented from inside out: (1) the relationship between dispersed repeat sequences; (2) the distribution of dispersed repeat sequences on 
the chromosome, where yellow represents direct dispersed repeat sequences and green represents inverted dispersed repeat sequences; (3) the distribu-
tion of tandem repeat sequences on the chromosome; (4) the distribution of simple sequence repeat sequences on the chromosome; (5) the distribution 
of GC content on the chromosome; (6) the scale coordinate axis; (7) genes located on the negative strand and positive strands
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Repeat-mediated recombination
Subgenomic structures are primarily formed by repeat-
mediated recombination within plant mitochondrial 
genomes [58]. Consequently, DRSs have the potential to 
mediate HR [59]. To investigate the recombination of the 
T. jasminoides mitochondrial genome, we initially iden-
tified 42 DRSs within the mitochondrial genome using 
the ROUSFinder software [37]. We then extracted each 
pair of repetitive sequences along with the 500 bp flank-
ing sequences, creating reference sequences that repre-
sent the four potential conformations for recombination 
(Fig.  3A). Additionally, through comparative analysis of 
DBS and DRSs, we observed that all six DBS sequences 
were consistent with certain repeat sequences (Table  1 
and S6). These repetitive sequences corresponded to 
DBS04, DBS05, DBS01, DBS02, DBS03, and DBS06 
(Table  3). We then mapped the nanopore reads to the 
42 DRS conformations, designating them as DRS01 to 
DRS42. Notably, we found corroborating evidence for six 
repetitive sequences (DRS01-DRS06) through the long 
nanopore reads (Table 3 and Figure S2). Moreover, nearly 
no nanopore long reads supported the conformations 
mediated by the remaining DRSs (Table S7).

To validate the presence of recombination confor-
mations mediated by DRS01, DRS02, DRS03, DRS04, 
DRS05, and DRS06, specific primers were designed 
for PCR amplification. These primers targeted DNA 
sequences corresponding to the c1–c4 conformations 
for each DRS. Given the length of DRS01 and DRS02 
exceeded the limits for PCR amplification, we were only 
able to verify their boundaries. Subsequently, the PCR 
products were subjected to Sanger sequencing, and the 

results of gel electrophoresis and Sanger sequencing are 
presented in Fig.  3B and S3-S8. The sequencing results 
were aligned with the reference sequences of c1-c4 for 
each DRS, confirming mitochondrial genome recombi-
nation events.

Moreover, we created a diagram illustrating the circu-
lar molecules that may have resulted from recombina-
tion events facilitated by the repetitive sequences DRS01, 
DRS02, DRS03, DRS04, DRS05 and DRS06 (Fig.  4). We 
then defined the genomic conformation as a set of chro-
mosomes that can contain all genomic contents. We 
defined the genomic conformation prior to rearrange-
ment as MC (Fig.  4). Other genomic conformation, 
namely, MC1, MC2, MC3, MC4, MC5, and MC6, can 
be formed after recombination, mediated by DRS01, 
DRS02, DRS03, DRS04, DRS05 and DRS06 alone, respec-
tively. Moreover, if the genomic conformation has two 
circles, the large circle is named MCn-1, while the small 
circle is named MCn-2 (n = 2, 3, 4, 5). MC1 and MC6 
each consisted of a single chromosome mediated by 
inverted repeats, while MC2-5 comprised two chromo-
somes (MC2-1 and MC2-2, MC3-1 and MC3-2, MC4-1 
and MC4-2, MC5-1 and MC5-2) mediated by directed 
repeats.

Chloroplast genome assembly, annotation, and MTPT 
prediction
MTPTs are plastid-derived DNA fragments in mitochon-
drial genomes [60]. In this study, e used the same data-
set as that used for mitochondrial genome (OR333986.1) 
to assemble to assemble the chloroplast genome 
(OR286427.1) of T. jasminoides. The chloroplast genome 
of T. jasminoides spans 154,757  bp and has a GC con-
tent of 38.43%. The chloroplast genome encompasses a 
total of 130 genes (112 unique genes), including 85 pro-
tein-coding genes (78 unique genes), 37 tRNA genes (30 
unique genes), and 8 rRNA genes (4 unique genes) (Table 
S8 and Figure S9).

Then, we identified a total of 11 MTPTs between the 
chloroplast and mitochondrial genome of T. jasminoides 
by conducting sequence similarity calculations. Among 
these, MTPT7 was found to be localized at two differ-
ent positions on the mitochondrial genome and in the 
“small single copies” (SSC) region of chloroplast genome. 
MTPT1 (Complete: ycf15, trnV-GAC) and MTPT3 (par-
tial: rpl2) were observed to have two copies localized 
within the “inverted repeat” (IR) region of the chloroplast 
genome, while only one copy migrated to the mitochon-
drial genome. The remaining MTPTs were located in the 
“large Single Copies” (LSC) region of chloroplast genome 
(Fig.  5). These MTPTs were 9,131  bp, representing 
approximately 1.51% of the total length of the T. jasmi-
noides mitochondrial genome and 5.90% of the chloro-
plast genome. The longest MTPTs observed was MTPT1 

Table 2  Genes predicted in the mitogenome of T. jasminoides
Group of genes Name of genes
Subunit of ATP synthase atp1, atp4, atp6, atp8, atp9(×2)
Cytochrome c biogenesis ccmB, ccmC, ccmFC, ccmFN
Apocytochrome b cob
Subunit of cytochrome c 
oxidase

cox1, cox2, cox3

Maturase related protein matR
Transport membrane protein mttB
Subunit of NADH 
dehydrogenase

nad1, nad2, nad3, nad4, nad4L, nad5, 
nad6, nad7, nad9

Small subunit of ribosome rps10, rps12, rps13, rps19, rps3, rps4, rps1, 
rps7,

Large subunit of ribosome rpl16, rpl2, rpl5, rpl10
Subunit of succinate 
dehydrogenase

sdh3, sdh4

Transfer RNAs trnL-CAA, trnR-CCG, trnS-CGA(×2), trnT-
UGU, trnC-GCA, trnD-GUC, trnE-UUC, 
trnF-GAA, trnG-GCC, trnH-GUG, trnK-
UUU, trnI-CAU, trnfM-CAU, trnN-GUU, 
trnP-UGG(×2), trnQ-UUG, trnS-GCU, 
trnS-UGA, trnV-GAC, trnW-CCA, trnY-GUA

Ribosomal RNAs rrn18, rrn26, rrn5
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with 3,857 bp, while the shortest MTPTs was 109 bp. The 
chloroplast and mitochondrial genomic positions of the 
MTPTs are shown in Table S9a. We further validated the 
accuracy of MTPTs by mapping nanopore long reads to 
MTPTs and flanking sequences (Figure S10).

To investigate the functions of the 11 MTPTs, we anno-
tated their DNA fragments. These result revealed 13 
unique genes within the MTPTs. Four complete genes 
were identified: one PCG and three tRNA genes (ycf15, 
trnV-GAC, trnW-CCA, trnD-GTC, respectively). How-
ever, most PCGs were pseudogenized (ycf15, rpoC2, ndhJ, 
rps11, rpl36, ndhF, rpoB, psaB, psbE), excluding rpl2. The 
phenomenon of non-functional genes in migrating frag-
ments is a more common trait in plant mitochondrial 
genomes [60].

Moreover, we extracted MTPTs of the organelle 
genomes of 12 Gentianales species and performed clus-
ter analyses using CD-HIT [43] with 85% identity. We 
observed that MTPT3 from T. jasminoides, MTPT4 from 
G. straminea, and MTPT25 from H. lithophytica clus-
tered together. Additionally, MTPT9 from T. jasminoides 
clustered with MTPT2 from C. arabica, MTPT1 from 
T. jasminoides clustered with MTPT9 from R. stricta, 
MTPT8 from T. jasminoides clustered with MTPT20 
from C. arabica, MTPT11 from T. jasminoides clustered 
with MTPT14 from P. serpens, and MTPT5 from T. jas-
minoides clustered with MTPT47 from A. syriaca (Table 
S9b-g). This finding indicates that the migration of chlo-
roplast genes to the mitochondria, as observed in T. jas-
minoides, is present in other species of Gentianales.

Fig. 3  PCR verification of recombination products by repetitive sequences. (A) Schematic representation of the four conformations (c1–c4) by recombi-
nation. The repetitive sequence and flanking sequence were composed of four configurations (c1, c2, c3 and c4). F1, F2, F3 and F4: Forward primers. R1, 
R2, R3 and R4: Reverse primers. c1, c2, c3 and c4: conformations. M: DL2000 marker, M1: DL5000 marker. (B) Electrophoretic gel of PCR products amplified 
with forward and reverse primers to DNA molecules corresponding to conformations c1-c4 for each DRS. The figure was cropped and the full-length elec-
trophoretic gel was shown in the Figure S14A-C of Supplementary file. Four conformations (c1-4) were found in lanes 1–11 of Figure S14A, corresponding 
to recombination products of DRS01 and DRS03. Among these, the bands in DRS03 in the Fig. 3B were from different gels and were clearly delineated 
by white space, where the left was from lanes 6–8 of Figure S14A and the right was from lanes 9–11. Four conformations (c1-4) were found in Figure 
S14B, corresponding to DRS06 and DRS02, and four conformations (c1-4) were found in lanes 1–10 of Figure S14C, corresponding to DRS04 and DRS05
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Phylogenetic analysis
To analyze phylogenetic relationships of the 12 mito-
chondrial genomes of Gentianales species, we established 
a phylogenetic tree using the CDS of 23 shared PCGs 
from these mitochondrial genomes: 21 core genes (atp1, 
atp4, atp6, atp8, atp9, ccmB, ccmC, cox1, cox2, cox3, cob, 
matR, nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, 
nad9) and two variable genes (rps3, rps13). The phylo-
genetic tree showed that T. jasminoides, A. syriaca, H. 
lithophytica, and Rhazya stricta clustered together with 
100% bootstrap values. These results illustrated that spe-
cies in Apocynaceae are closely related to each other. 
Meanwhile, all nodes had bootstrap support values > 75%, 
demonstrating the higher reliability of the phylogenetic 
relationship among the 12 Gentianales species based on 
the mitochondrial genomes (Fig. 6).

The phylogenetic distribution of PCGs among the 11 
Gentianales is shown in Fig. 6. This analysis revealed sev-
eral shared and unique PCG and intron gains and losses 
within the Gentianales. The mitochondrial genomes of 
Gentianales shared 29 PCGs (Table S10): 24 core genes 
and 5 variable genes (rpl5, rps3, rps12, rps13, and sdh4). 
The presence of rps14 was unique to R. stricta among the 
Gentianales species analyzed. Additionally, the absence 
of sdh3 was exclusive to R. stricta among the Apocyna-
ceae species analyzed. Similarly, the absence of rps1 was 
distinctive to Psychotria species. Furthermore, Gentiana 
species lack several genes, including rps14, rps7, rps19, 
rpl10, rpl2, sdh3, and rps10. In all species within Gen-
tianales, the introns cox2i691 and nad7i676 were absent 
(Table  4). Moreover, cox1i729 was absent in the mito-
chondrial genome of D. indicus and N. cadamba, whereas 
cox2i373 and rps3i74 were absent in the mitochondrial 
genome of C. arabica. The phylogenetic distribution 
of the introns cox1i729, cox2i373, and rps3i74 sug-
gests independent losses of these introns. Among these, 
deletion of the start sites of the atp4 and ccmFC genes 
occurred in the mitochondrial genome of A. syriaca, and 
mttB in T. jasminoides exhibited considerable sequence 
loss, accounting for more than half of its sequences com-
pared to that in other Apocynaceae species (Figure S11). 
These findings provide a reference for further explora-
tion of the mitochondrial genomes of other species in 
Apocynaceae.

RNA editing events analysis
RNA editing is an essential post-transcriptional bio-
logical process that specifically changes the nucleotide 
sequence of a primary transcript, enabling the altera-
tion of genetic information at the transcriptional level. 
This process regulates translation and expands the infor-
mation content of the original DNA template. In plant 
organelles, RNA editing occurs mainly in the form of 
cytidine-to-uridine conversion [61, 62].Ta
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We identified 533 RNA-editing sites in the T. jasmin-
oides mitochondrial genome based on RNA-seq data. To 
eliminate false positive results resulting from polymor-
phic sites in the mitochondrial genome, we identified 
single nucleotide polymorphisms (SNPs) through DNA-
seq data obtained from the same sample as the RNA-
seq data. We found two overlaps, namely, nad3-102 and 
nad5-87, by comparing the detected RNA editing sites 
with the SNP sites (Table S11). Consequently, we iden-
tified 531 RNA editing sites in the T. jasminoides mito-
chondrial genome (Table S12 and Figure S12). Among 
these, 66 (12.43%) RNA-editing sites resulted in synony-
mous amino acid codons, while 465 (87.57%) resulted in 
non-synonymous amino acid codons. The non-synony-
mous codons were changed mainly to Ser, Pro, and Arg 
amino acids. Among them, 113 (21.28%) RNA editing 

sites changed from Ser to Leu, 112 (21.09%) editing sites 
changed from Pro to Leu, 74 (13.94%) RNA editing sites 
changed from Ser to Phe, and 57 (10.73%) RNA editing 
sites changed from Arg to Cys (Table S12). RNA edit-
ing events in the T. jasminoides mitochondria occurred 
mainly at the first and second base positions of codons, 
accounting for 32.96% (175) and 62.52% (332) of all the 
RNA editing sites, respectively. Moreover, we found that 
all 38 unique protein-coding genes in the mitochondrial 
genome of T. jasminoides underwent RNA editing events. 
Among these, nad4 exhibited the highest number of 
RNA editing sites at 54, followed by ccmB at 44 (Fig. 7A).

To confirm RNA editing at these sites, we randomly 
selected ten genes containing the 110 detected RNA edit-
ing sites. The corresponding genomic DNA (gDNA) and 
cDNA sequences were amplified using specific primers. 

Fig. 4  The diagram illustrates the products of HR mediated by the repetitive sequences (DRS01-06). Each pair of repeat sequences is divided into DRSa 
and DRSb. The green fragments represent DRS01a and DRS01b. The moonlight silver fragments represent DRS02a and DRS02b. The lemon-yellow frag-
ments represent DRS03a and DRS03b. The coral-colored fragments represent DRS04a and DRS04b. The black fragments represent DRS05a and DRS05b. 
The red fragments represent DRS06a and DRS06b. The black lines represent the contigs (cg) between repeats. The black box represents a set of genomic 
conformations. The circles show master circular molecule. MC is the genomic conformation prior to rearrangement. MC1-6 are the rearranged genomic 
conformation. MC1 and MC6 have only one chromosome, and MC2-5 have two chromosomes (MC2-1 and MC2-2, MC3-1and MC3-2, MC4-1 and MC4-2, 
MC5-1 and MC5-2)
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Fig. 6  Phylogenetic relationships of T. jasminoides and other 12 species. The phylogenetic tree based on the coding sequences of 23 PCGs from the mi-
togenome. The numbers indicate the bootstrap values for the maximum likelihood (ML) tree. The number on each branch node represents the bootstrap 
number. The mitochondrial genome NCBI accession number for each species follows the Latin name. The families of these species are shown on the right 
side. Lost genes were labelled on branches

 

Fig. 5  Mitochondrial plastid DNAs (MTPTs) of the T. jasminoides mitochondrial genome. The blue arcs represent the mitochondrial genome, and the 
green arcs represent the chloroplast genome. The blue and pink arcs inside the circle represent the homologous regions between the mitochondrial and 
the chloroplast genome. The chloroplast genome of T. jasminoides is divided into LSC, IRa, SSC, and Irb by red line
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The amplified products were sequenced by Sanger 
sequencing. The genomic DNA and cDNA-amplified 
sequences are shown in Fig.  7B and S13. Finally, we 
successfully identified 104 (94.5%) RNA editing sites. 
Notably, among these RNA editing site changes, a par-
ticularly remarkable outcome is the generation of start 
and stop codons. Specifically, codon changes in atp6-
718 and atp9-223 transformed CAA into TAA and CGA 
into TGA, respectively, effectively creating stop codons 
(Fig. 7B and S13B).

Discussion
Overview of the T. jasminoides mitochondrial genome
Plant mitochondrial genomes are complex, rich in repeti-
tive sequences, and have dynamically variable features, 
making their assembly remarkably challenging. In the 
present study, we identified the complete mitochondrial 
genome of T. jasminoides. To understand the diversity 
and evolution of the mitochondrial genome, we assem-
bled and annotated the mitochondrial genome of T. jas-
minoides using a combination of Illumina short reads and 
Oxford Nanopore long reads. We then characterized the 
gene content and number, SSRs, TRSs, DRSs, MTPTs 

Fig. 7  Numbers of RNA editing sites and validation of nine predicted RNA editing sites in the T. jasminoides mitochondrial genome. (A) The graph 
was drawn using ChiPlot (https://www.chiplot.online/). The x-axis represents the name of the gene undergoing RNA editing. The y-axis represents the 
number of RNA editing for the gene. Different colours represent different family genes. (B) The figure above shows the sequence and chromatogram of 
the PCR amplified using gDNA as template (atp9). The upper panel shows the sequence and chromatogram of the PCR product amplified on the gDNA 
template. The lower panel shows the sequence and chromatogram of the PCR product amplified on the cDNA template. RNA editing sites are shown in 
red rectangle

 

https://www.chiplot.online/
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and RNA editing events within the mitochondrial 
genome of T. jasminoides. Finally, we analyzed the phy-
logenetic relationships of 12 Gentianales species based 
on conserved PCGs of their mitochondrial genomes. This 
study provide a reference for the genomes of other spe-
cies in Apocynaceae and an important theoretical basis 
for understanding the diversity and evolution of T. jasmi-
noides mitochondrial genome.

Architecture of one master circular molecular structure 
and multiple variable forms for the T. jasminoides 
mitochondrial genome
The T. jasminoides mitochondrial genome contains 
one master circular molecular of 605,764  bp (Fig.  1B). 
Plant mitochondrial genomes generally have multiple 
alternative conformations owing to several repetitive 
sequences [58, 63]. In the present study, we identified six 
repetitive sequences (DRS01-06) in the mitochondrial 
genome of T. jasminoides that could mediate recombi-
nation, resulting in alternative conformations. We pre-
dicted six alternative genomic conformations MC1–6 
based on independent repetitive sequences. Among 
these, the repetitive sequence-mediated recombinations 
DRS01-05 were double-ended recombinations, produc-
ing four conformations. However, DRS06 was different. 
Its mediated recombination was verified by nanopore 
long reads mapping, and PCR experiments showed it to 
be a single-ended recombination, producing only three 
conformations. Although we did not find single-ended 
recombination mediated by repetitive sequences in the 
mitochondrial genomes of plants such as Salvia miltior-
rhiza [64] and C. arabica [65], this phenomenon is not 
erroneous and has been mentioned in previous stud-
ies [66]. Thus, single-ended recombination mediated by 
repetitive sequences in the mitochondrial genome of T. 
jasminoides provides new insights into its genetics and 
the evolution of mitochondrial genomes. Moreover, 
repeat-mediated HR is an intrinsic drivers of structural 
diversity in plant mitochondrial genomes. By comparing 
six pairs of repetitive sequences that mediate recombina-
tion in R. stricta and T. jasminoides, we discovered that 
they have no sequence similarity. Therefore, the mecha-
nism of recombination mediated by repetitive sequences 
in other Apocynaceae species requires further experi-
mental evidence. Although a series of mitochondrial 
genomic conformations of T. jasminoides was generated 
owing to recombination, the dominant conformation was 
a single circle.

Research trends of the T. jasminoides mitochondrial 
genome
Plant mitochondrial genomes are dynamically chang-
ing, and studies of the structure, function, and evolu-
tion of plant mitochondrial genomes must present 

both their major and minor conformations [59, 67, 68]. 
Repetitive sequence-mediated recombination leads to 
he formation of secondary conformations. Plant mito-
chondrial genomes usually have repetitive sequences 
[58, 69]. Therefore, SSRs could potentially function as 
valuable molecular markers for future investigations. 
However, further experimental evidence is necessary 
to determine whether these repetitive sequences can 
facilitate HR. Additionally, future mitogenomic research 
should thoroughly investigate repeat sequence-mediated 
recombination.

MTPTs are relatively common phenomenon in plant 
mitochondrial genomes and show a high degree of diver-
sity [60]. MTPTs contain numerous PCGs and tRNA. 
The same phenomenon was observed in T. jasminoides. 
The MTPTs of T. jasminoides mitochondrial genome 
contained three complete tRNA genes and some par-
tial PCGs. Furthermore, MTPT7 from chloroplasts 
migrated to two different locations in the mitochon-
drial genome. However, MTPT3 (partial rpl2) is local-
ized in the mitochondrial and chloroplast genomes, 
and we cannot accurately determine whether MTPT3 
is derived from mitochondrial or chloroplast genome of 
the T.jasminoides. Nevertheless, rpl2 is a horizontaliy 
transferred genes that migrates from the mitochondrial 
genome to the plastome of A. syriaca [24]. In addition, A. 
syriaca and T. jasminoides belong to Apocynaceae. Thus, 
MTPT3 (partial rpl2) is most likely a mitochondrial 
DNA insert derived from the mitochondria of T. jasmi-
noides. However, the reasons for the migration of these 
fragments and their specific roles in the mitochondrial 
genome require further exploration.

RNA editing is a widespread phenomenon in higher 
plants organelles and has multiple biological functions, 
including influencing the biogenesis of plant organelles 
[70]. In addition, RNA editing events have been reported 
in the mitochondrial genomes of several higher plants; 
for example, 441 RNA editing sites exist in Arabidopsis 
thaliana [71]. Furthermore, RNA editing events occur 
most often at the first or second codon position in the 
mitochondrial genome. In the present study, we identi-
fied 531 single-base-altering RNA editing sites and dis-
covered only 84 (15.8%) RNA editing sites occurring at 
the third codon position and 477 (84.2%) RNA edit-
ing sites occurring at the first or second codon posi-
tion. All PCGs in the T. jasminoides had RNA editing 
events. Therefore, the regulatory role of RNA editing at 
the RNA level may considerably affect PCGs functions. 
However, the detailed reason for and timing of RNA edit-
ing occurrences require further study. We found that the 
coverage of the atp9 is much greater than that of other 
genes (Table S12), and atp9 had two copies in the mito-
chondrial genome of T. jasminoides. The results of the 
BLASTN analysis revealed 100% identity between the 
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two copies of atp9. Plant mitochondrial atp9 is not only 
a key gene for energy synthesis in the inner mitochon-
drial membrane but also directly related to cytoplasmic 
male sterility in some plants such as tobacco and onion 
[72, 73]. We also compared atp9 of T. jasminoides and 
tobacco by BLAST [42] and found that the shared 95.07% 
identity, indicating that atp9 is likely able to regulate 
cytoplasmic male sterility in T. jasminoides. This finding 
can facilitate research on plant breeding and the evolu-
tion of reproductive systems.

Conclusion
In this study, we showed that the predominant confor-
mation of the T. jasminoides mitochondrial genome is a 
master circular molecular structure. Although multiple 
conformations likely coexist, they are transformed from 
single conformations via repeat-mediated recombination. 
We identified 12 mitochondrial plastid DNAs and 531 
RNA-editing sites in the T. jasminoides mitochondrial 
genome. Our results provide a reference for studying 
the evolutionary relationships between mitochondria in 
Apocynaceae species.
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