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Introduction
Globally, the Icacinaceae family consists of approxi-
mately 58 genera and 400 species, distributed mainly 
across tropical and subtropical regions, with the South-
ern Hemisphere being their primary habitat [1]. In 
China, this family includes around 13 genera and 25 spe-
cies, primarily located in the southern and southwestern 
regions. Among these, 10 genera have been identified 
in Yunnan Province, including Nothapodytes, Pittospo-
ropsis, Platea, Mappianthus, Apodytes, Gomphandra, 
Gonocaryum, Natsiatum and Iodes. Many genera contain 
plants with notable medicinal value [2–4]. For instance, 
Mappianthus iodoides is traditionally used by the Dai 
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Abstract
The Icacinales order includes numerous genera and species, many of which have medicinal properties. Iodes 
seguinii, a species from this order, is traditionally used for treating rheumatic and inflammatory diseases. This 
study presents the first complete mitochondrial genome (mitogenome) of I. seguinii, the first characterized in the 
Icacinales order. A hybrid sequencing approach combining Oxford Nanopore long reads and Illumina short reads 
was used to assemble a 423,925 bp circular mitogenome, which includes 32 protein-coding genes, 3 rRNAs, and 
23 tRNAs, as well as repeat elements that mediate homologous recombination. Additionally, RNA editing analysis 
revealed extensive post-transcriptional modifications, with C-to-U conversions primarily occurring in genes related 
to mitochondrial energy metabolism. The chloroplast genome, with a length of 150,599 bp, was also reconstructed. 
It contains typical features such as large and small single-copy regions and inverted repeats, with genes for 
photosynthesis, carbon fixation, and energy production. Mitochondrial plastid sequences suggested active inter-
organelle gene transfer. Phylogenetic analysis based on mitochondrial genes positioned I. seguinii as a distinct 
lineage within basal eudicots, closely related to Eucommia ulmoides. Comparative mitogenome analyses revealed 
lineage-specific rearrangements and structural evolution. These findings provide insights into the evolution and 
functional dynamics of mitogenomes in Icacinales, offering a valuable genomic resource for future studies on plant 
mitochondrial biology and medicinal applications.
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community for conditions such as irritability, excessive 
urination, and injuries, while the Yao people employ 
its roots and stems to treat jaundice, menstrual irregu-
larities, and snake bites [5]. Within China, the genus 
includes species such as Iodes cirrhosa, Iodes balansae, 
Iodes vitiginea, and Iodes seguinii (Lévl.) Rehd, primar-
ily distributed in Yunnan Province. Studies on I. cirrhosa 
have identified various phenolic compounds, including 
lignans and phenylpropanoids, which show promise in 
managing inflammation, rheumatic diseases, kidney dis-
orders, and even cancer [6–8]. Genomic research on this 
genus is scarce, with I. cirrhosa being the only species 
investigated at the genomic level. Its chloroplast genome, 
comprising 151,994 base pairs and encoding 80 protein-
coding genes (PCGs), 28 tRNA genes, and 4 rRNA genes, 
has been reported and serves as a reference plastome for 
the genus [9]. However, the overall lack of genomic stud-
ies has impeded comprehensive research on the genus.

Distinguished by its nodular lenticels and aromatic, 
sweet fruit, I. seguinii is regarded for its medicinal appli-
cations (Fig. 1a of [10]). In Guangxi Province, it is tradi-
tionally used to treat nephritis and is often employed as 
an alternative to Stephania tetrandra, a remedy for allevi-
ating rheumatic pain and edema [4, 11]. Recent research 
has made significant advancements in understanding this 
species, including the first chromosome-level nuclear 
genome assembly of I. seguinii. This was achieved using 
PacBio HiFi and Hi-C sequencing technologies, produc-
ing a genome with a total length of 273.58 Mb anchored 
into 13 pseudochromosomes. The genome annotation 
revealed 25,270 PCGs, including those involved in the 
biosynthesis of secondary metabolites. Metabolomic 
profiling identified 84 active compounds, with luteolin 
highlighted for its therapeutic potential in treating rheu-
matoid arthritis (RA) [12]. Network pharmacology and 
molecular docking studies confirmed luteolin targets key 
RA-related proteins, such as AKT1 and TNF, through 
pathways like NF-κB and Toll-like receptor signaling 
[13–18]. These findings underscore the value of I. seguinii 
in managing immune and inflammatory conditions, pro-
viding a robust foundation for further genomic, metabo-
lomic, and pharmacological exploration.

This study marks the first-ever reconstruction and 
annotation of the mitochondrial genome (referred to 
as mitogenome) of a plant from the family Icacinaceae, 
specifically I. seguinii. It provides a detailed analysis 
of the mitogenome, alongside the chloroplast genome 
(referred to as cpgenome), emphasizing the investiga-
tion of repeat sequences and codon usage preferences. 
A systematic prediction of RNA-editing sites within 
mitochondrial PCGs was performed, shedding light on 
potential post-transcriptional modifications. Further-
more, the mitochondrial plastid sequences (MTPTs) 
were analyzed to elucidate inter-organellar gene transfer 

events. Phylogenetic analysis incorporating mitochon-
drial PCGs from 25 plant species was conducted, offer-
ing insights into evolutionary relationships. Additionally, 
homologous collinear blocks were identified and com-
pared across four species, enhancing our understanding 
of genomic synteny and structural evolution. As the first 
mitogenome characterized in the Icacinaceae family, this 
study provides a foundation for exploring the biologi-
cal characteristics of I. seguinii and serves as a valuable 
resource for studying genetic evolution and diversity in 
plant mitogenomes.

Materials and methods
Plant material collection, dual-platform library 
preparation, and sequencing using second- and third-
generation technologies
Whole plants of I. seguinii were gathered from the wild 
from Xichou County, located in the Wenshan Zhuang 
and Miao Autonomous Prefecture (23.368075° N, 
104.246194° E), Yunnan Province. The species was identi-
fied by two qualified taxonomists, and the voucher speci-
men has been documented and made publicly accessible 
via the iNaturalist platform (​h​t​t​p​​s​:​/​​/​w​w​w​​.​i​​n​a​t​​u​r​a​​l​i​s​t​​.​o​​r​
g​/​​o​b​s​​e​r​v​a​​t​i​​o​n​s​/​3​4​6​3​6​0​7​8​2), ensuring traceability and ​c​
o​m​p​l​i​a​n​c​e with data availability requirements. To pre-
serve their integrity, the samples were rapidly frozen in 
liquid nitrogen and stored at − 80  °C. Detailed observa-
tions and photographs were taken to capture the plants’ 
dimensions, morphology, coloration, surface texture, 
and other distinguishing features. The collected samples 
were identified by Prof. Xiaobin Ou from the Gansu Key 
Laboratory of Protection and Utilization for Biologi-
cal Resources and Ecological Restoration in Longdong, 
Longdong University.

Based on the experimental design described in our 
previously published studies [19–23], leaf samples were 
treated with DEPC water and stored at − 80 °C prior to 
nucleic acid extraction. For Oxford Nanopore Technolo-
gies (ONT) sequencing, high-quality genomic DNA was 
extracted by the sequencing service provider using an 
optimized CTAB-based protocol. The quality and quan-
tity of this sequencing-grade DNA were assessed by 
0.75% agarose gel electrophoresis, a NanoDrop One spec-
trophotometer (Thermo Fisher Scientific), and a Qubit 
3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA), 
with OD260/OD280 ratios maintained between 1.7 and 
1.9. ONT libraries were prepared using the SQK-LSK110 
ligation sequencing kit and sequenced on the Prometh-
ION platform (Oxford Nanopore Technologies, Oxford, 
UK). Raw ONT reads were processed using Porechop_
ABI (v0.5.0) to remove adapter sequences and NanoFilt 
(v2.8.0) to filter low-quality reads [24–26]. For Illumina 
sequencing, genomic DNA was extracted by the sequenc-
ing service provider using a commercial kit-based 

https://www.inaturalist.org/observations/346360782
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method for short-read library construction. Paired-end 
libraries with an insert size of approximately 300 bp were 
prepared using the Nextera DNA Flex Library Prep Kit 
(Illumina, San Diego, CA, USA) and sequenced on the 
Illumina NovaSeq platform. Raw Illumina reads were 
quality-filtered and adapter-trimmed using fastp (v0.22.0) 
with default parameters [27]. In addition, total genomic 
DNA was independently extracted in our laboratory 
using the EZ-10 Spin Column Plant Genomic DNA Puri-
fication Kit (B518261-0100, Sangon Biotech, China) for 

subsequent Polymerase Chain Reaction (PCR) validation. 
This DNA was used exclusively for downstream valida-
tion experiments and was not subjected to sequencing-
related quality control.

Species identification methodology using DNA barcoding
A detailed comparison of the samples was conducted 
using the National Plant Specimen Resource Center 
of China Digital Herbarium to ensure correct identi-
fication. Specimens of this species are available in the 

Fig. 1  Morphological characteristics and organellar genome structure of I. seguinii. A Morphological features of I. seguinii: freshly collected plant materi-
als (left) and the corresponding herbarium specimen deposited at the Chinese National Herbarium (right). B Circular genome structures obtained from 
long-read sequencing and hybrid assembly. The larger circle represents the complete mitogenome (423,925 bp; red), while the smaller circle corresponds 
to the cpgenome (150,599 bp; blue). The mean sequencing coverages for the mitogenome and cpgenome are approximately 100× and 7.69×, respec-
tively. C Gen e map of the I. seguinii mitochondrial genome. Genes are color-coded according to their functional categories: respiratory complexes (I–V), 
ribosomal proteins (SSU and LSU), transfer RNAs (tRNAs), and ribosomal RNAs (rRNAs)
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Guangxi Institute of Botany Herbarium under specimen 
number IBK00425721 (Fig. 1A), which was primarily 
used for comparison with the collected samples. After 
confirming the accuracy of the identification, the rbcL, 
matK, and psbA-trnH gene regions were amplified from 
genomic DNA for precise species identification. The 
primer sequences and corresponding PCR protocols for 
amplifying these DNA barcodes are provided in Table S1 
[10]. Sequencing results for rbcL and matK were com-
pared with reference sequences in the BOLD Systems 
database (https://www.boldsystems.org), while psbA–
trnH sequences were aligned using the online BLASTn 
tool provided by NCBI (​h​t​t​p​​s​:​/​​/​b​l​a​​s​t​​.​n​c​​b​i​.​​n​l​m​.​​n​i​​h​.​g​o​v​/​B​
l​a​s​t​.​c​g​i) against the Core Nucleotide Database (core_nt). 
Species identification was determined based on compari-
son scores, sequence similarity, and E-values from these 
databases.

Mitogenome assembly and annotation
The mitogenome of I seguinii was assembled using a 
hybrid approach that integrated Oxford Nanopore (ONT) 
long reads and Illumina short reads [21]. First, the clean 
ONT reads were subjected to comprehensive quality 
control, including evaluation of read length distribution, 
read quality distribution, and other standard sequenc-
ing quality metrics, and reads shorter than 1000 bp were 
removed prior to downstream analyses. The remaining 
ONT reads were then aligned with a reference mitoge-
nome from Arabidopsis thaliana (GenBank: BK010421) 
using a customized BASH script (Supplemental_code_1). 
The initial alignment was performed with a minimum 
matching length of 50 bp and quality control criteria, 
such as a mapping quality threshold of 60 and a minimum 
ratio of 0.7 between the match length and total alignment 
length. Seed sequences were iteratively extracted across 
five cycles, with the length threshold increasing to 1000 
bp in subsequent iterations, and the requirement of at 
least 2 matching genes for each sequence. The iterative 
process continued until no new candidate mitochon-
drial fragments were identified, at which point the cycle 
for extracting candidate mitochondrial fragments was 
concluded. Next, Canu (v2.2) [9] was used to correct 
and trim the filtered mitochondrial-related ONT reads, 
with parameters such as corOutCoverage set to 120, 
corMinCoverage at 2, and minOverlapLength set to 1000 
to optimize read overlap. The correction and trimming 
steps were performed on a high-performance comput-
ing server equipped with dual Intel® Xeon® E5-2698 v4 
processors (80 CPU cores in total) and 755 GB of sys-
tem memory, utilizing multi-threaded parallel computa-
tion to accelerate processing. Illumina short reads were 
then mapped to the trimmed mitochondrial long reads 
with Bowtie 2 (v2.5.1) with default parameters [10] to 
select the relevant mitochondrial short reads. A hybrid 

assembly of long and short mitochondrial reads was con-
ducted using Unicycler (v0.4.8) [11] with default settings. 
The generated GFA format assembly was visualized using 
Bandage (v0.8.1) [12].

After the genome assembly, gene annotation was con-
ducted using the Plant Mitochondrial Genome Anno-
tator (PMGA, v1.5.3), which is tailored for organelle 
genome annotation (Li et al., 2025). The PMGA tool was 
run within a reproducible computational setup managed 
by mamba and utilizing a singularity-based containerized 
system (v3.7.2) to ensure cross-platform compatibility. 
For accurate gene annotation, the internal reference data-
set (Dataset1) bundled with PMGA, which includes care-
fully curated mitochondrial gene models, was employed. 
The initial annotation, generated automatically, was then 
thoroughly examined and refined using Apollo (v2.5.0) 
(Lee et al., 2013), making necessary adjustments to gene 
boundaries and structural features. The finalized high-
confidence GFF3 annotation file, together with the cor-
responding FASTA genome sequence, was submitted to 
the GenBase database (​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​g​​e​n​b​a​s​e​/​
?​l​a​n​g​=​e​n) for public availability and future reference (Bu 
et al., 2024).

Assembly of the cpgenome and detection of mitochondrial 
plastid-derived sequences
In the mitogenome assembly process described in Sect. 
2.3, a product resembling the chloroplast genome was 
also obtained, as indicated by its circular structure and 
length. To verify this observation, the sequence was sub-
sequently annotated using the CPGAVAS2 web server (​
h​t​t​p​​:​/​/​​4​7​.​9​​6​.​​2​4​9​.​1​7​2​:​1​6​0​1​9​/​a​n​a​l​y​z​e​r​/​a​n​n​o​t​a​t​e) for ​f​u​n​
c​t​i​o​n​a​l prediction of the genes [28]. The plastome maps 
for I. seguinii were visualized using OGDRAW (v1.3.1) (​
h​t​t​p​​s​:​/​​/​c​h​l​​o​r​​o​b​o​​x​.​m​​p​i​m​p​​-​g​​o​l​m​​.​m​p​​g​.​d​e​​/​O​​G​D​r​a​w​.​h​t​m​l), 
which allowed for a detailed graphical representation of 
the genome’s structure [29].

Mitochondrial plastid DNAs transfer (MTPTs) con-
tributes to the variability in mitogenome structures 
across plant species, with dispersed repetitive sequences 
facilitating homologous recombination. This recombi-
nation results in the formation of multiple genome con-
formations and increased complexity [30–33]. To detect 
homologous sequences transferred between the plastome 
and mitogenome of I. seguinii, BLASTn (v2.13.0) was 
applied [34]. This analysis identified the presence of 
MTPTs—fragments of plastid DNA integrated within 
the mitogenome, a common occurrence in plants [33, 
35]. In this case, the mitogenome was used as the tar-
get sequence for constructing the database, while the 
plastome served as the query sequence, with BLASTn 
parameters set to ‘evalue 1e-6’. The resulting MTPTs 
were visualized using TBtools (v2.010) [36] and further 

https://www.boldsystems.org
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://ngdc.cncb.ac.cn/genbase/?lang=en
https://ngdc.cncb.ac.cn/genbase/?lang=en
http://47.96.249.172:16019/analyzer/annotate
http://47.96.249.172:16019/analyzer/annotate
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
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annotated through the GESeq platform (​h​t​t​p​​s​:​/​​/​c​h​l​​o​r​​o​b​o​​
x​.​m​​p​i​m​p​​-​g​​o​l​m​​.​m​p​​g​.​d​e​​/​g​​e​s​e​q​.​h​t​m​l) [37].

Analysis of repeats and repeat-mediated homologous 
recombination in mitogenome
Eukaryotic genomes are known to contain a considerable 
proportion of repetitive elements, which can be catego-
rized into simple repetitive sequences, tandem repeats, 
and dispersed repeats, depending on their structure and 
distribution within the genome. Simple Sequence Repeats 
(SSRs), which are tandem repeats of 1–6 nucleotides, are 
widely spread across eukaryotic genomes [38–41]. SSRs 
were identified using the misa.pl (v2.1) tool [42], with 
thresholds set for mono-, di-, tri-, tetra-, penta-, and 
hexanucleotides as 10, 5, 4, 3, 3, and 3, respectively. A 
maximum difference of 1000 bp between two SSRs was 
allowed. Tandem repeats consist of multiple adjacent 
copies of repeat units of at least 7 nucleotides in length, 
and are found extensively in both eukaryotic and certain 
prokaryotic genomes. To detect these, Tandem Repeats 
Finder (TRF v4.09) [43] was employed, using the param-
eters ‘2 7 7 80 10 50 500 -f -d -m’. Dispersed repeats were 
identified with REPuter (​h​t​t​p​​s​:​/​​/​b​i​b​​i​s​​e​r​v​​.​c​e​​b​i​t​e​​c​.​​u​n​i​​-​b​i​​e​l​e​
f​​e​l​​d​.​d​e​/​r​e​p​u​t​e​r​/) [44], using the following settings: ​H​a​m​
m​i​n​g Distance of 3, Maximum Computed Repeats of 500, 
and a Minimal Repeat Size of 30. The identified repeat 
elements were visualized using Circos (v0.69-8) [45].

To explore the role of repeat elements in the mitoge-
nome as potential mediators of homologous recombina-
tion, pairs of repeats and their 100  bp flanking regions 
were extracted. These sequences were used to construct 
two genomic conformations: a reference and a recombi-
nant conformation, based on recombination. Nanopore 
sequencing reads were aligned to both conformations to 
assess the potential of repeat pairs to facilitate recom-
bination. For verification, PCR amplification was per-
formed with a reaction mixture containing 1 µl (60–200 
ng) of genomic DNA template, 1 µl of 8 µM forward and 
reverse primers, 13 µl of 2× Taq plus Mater Mix with Dye 
(BL553A, biosharp, China; containing Taq DNA poly-
merase, dNTPs, Mg²⁺, and reaction buffer), and 10 µl of 
ddH2O. The PCR program included an initial denatur-
ation at 96  °C for 3 min, followed by 32 cycles of dena-
turation at 94  °C for 30  s, annealing at 62  °C for 30  s, 
extension at 72 °C for 1 min, and a final extension at 72 °C 
for 10 min. The PCR products were then sequenced using 
the Sanger method.

RNA-editing sites prediction and codon usage analysis
RNA editing is a widespread post-transcriptional modi-
fication found in the mitogenomes of plants [46, 47]. The 
PREPACT3 tool (available at ​h​t​t​p​​:​/​/​​w​w​w​.​​p​r​​e​p​a​​c​t​.​​d​e​/​p​​r​
e​​p​a​c​t​-​m​a​i​n​.​p​h​p) was employed to predict RNA-editing 
sites, with the data accessed on June 6, 2024. For the 

analysis, a set of 25 species from the mitochondrion data-
base was selected as protein references, and the BLASTX 
threshold was set to 0.001 [48].

Codon usage refers to the non-random usage of synon-
ymous codons in protein-coding sequences and has been 
widely described across both prokaryotic and eukary-
otic organisms [49, 50]. This preference is believed to be 
influenced by factors such as natural selection, species-
specific variations, and genetic drift [51, 52]. To analyze 
codon preference in I seguinii, PCGs were extracted from 
the mitogenome using TBtools (v2.010), and the relative 
synonymous codon usage (RSCU) values were calculated 
with CodonW (v1.4.4) [36].

Phylogenetic and collinearity analyses
For the phylogenetic analysis, a total of 29 species with 
high-quality mitogenome assemblies were selected, rep-
resenting a broad taxonomic range across 10 plant fami-
lies and six orders, along with I. seguinii (Icacinaceae) 
(Table S2). These taxa included representatives from 
Apocynaceae, Solanales, Gentianales, Lamiales, Fabales, 
Garryales, Sapindales, and other related groups, thereby 
providing a comprehensive framework for resolving the 
phylogenetic placement of I. seguinii within angiosperms. 
Arabidopsis thaliana (Brassicaceae) was designated as 
the outgroup.

Mitogenome sequences in GenBank format were 
imported into PhyloSuite (v1.2.3) for dataset standardiza-
tion and feature extraction [53]. Using the “EXTRACT” 
module, all mitochondrial protein-coding genes (PCGs), 
tRNAs, and rRNAs were retrieved from each species. 
Multiple sequence alignment was then performed using 
MAFFT (v7.313) [54, 55], and the alignment accuracy 
was further optimized with MACSE (v2.0) to correct 
potential frameshifts and stop codon errors [56–58]. 
Conserved sequence blocks were subsequently identi-
fied using Gblocks (v0.91b) to remove poorly aligned or 
ambiguous regions. The best-fit nucleotide substitution 
model for each partition was determined using the Mod-
elFinder module integrated within IQ-TREE2 (v2.1.4) 
[59]. Phylogenetic inference was then conducted under 
the maximum likelihood (ML) framework, with boot-
strap support values and SH-aLRT branch test with 1000 
replicates calculated to assess node reliability. The result-
ing tree topology was visualized and annotated in iTOL 
(v6) (https://itol.embl.de/) [60].

Following the phylogenetic reconstruction, the types 
and numbers of mitochondrial PCGs from all analyzed 
species were statistically summarized using an in-house 
Python script to ensure consistency across taxa (Sup-
plemental_code_2). Subsequently, the PCGs used for 
phylogenetic analysis were employed to calculate the 
nonsynonymous (Ka) and synonymous (Ks) substitu-
tion rates using KaKs_Calculator (v3.0) [61, 62], with I. 

https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://bibiserv.cebitec.uni-bielefeld.de/reputer/
https://bibiserv.cebitec.uni-bielefeld.de/reputer/
http://www.prepact.de/prepact-main.php
http://www.prepact.de/prepact-main.php
https://itol.embl.de/
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seguinii serving as the reference species. The aligned 
PCG sequences generated by MAFFT were finally visu-
alized and manually inspected using Geneious Prime 
(v2024.0.7) to evaluate codon alignment accuracy and 
confirm the distribution of conserved and variable 
regions.

For the collinearity analysis, five representative species 
from distinct evolutionary lineages were selected based 
on the phylogenetic relationships inferred from the mito-
chondrial genome dataset. These included I. seguinii and 
four other angiosperms representing diverse taxonomic 
clades, ensuring a broad comparison across lineages. 
Conserved collinear blocks among these mitogenomes 
were identified using BLASTn (v2.13.0) with an E-value 
threshold of 1e − 6, retaining homologous sequences 
longer than 500 bp [34]. The structural synteny and con-
served genomic regions were visualized using both NGe-
nomeSyn (v1.41) [63] and Mauve (v2.3.1) [64], which 
enabled the detection of locally collinear blocks (LCBs) 
and lineage-specific genome rearrangements. This com-
bined approach provided a comprehensive view of mito-
chondrial genome conservation and structural evolution 
among distantly related species.

Results
Genomic features and structure of the I. seguiniiis 
mitogenome
All of the raw sequencing data of Iodes seguinii are 
available in the Genome Sequence Archive (GSA) of 

the National Genomics Data Center (NGDC, ​h​t​t​p​s​:​
/​/​n​g​d​c​.​c​n​c​b​.​a​c​.​c​n​​​​​) under project accession number 
PRJCA034565 and GSA accession number CRA021844, 
with the Illumina dataset registered as CRX1326754 and 
the ONT dataset as CRX1326755 [65].The sequencing 
process generated approximately 52 Gb of ONT long-
read data, achieving an N50 value of 1,531 bp, and 26 
Gb of paired-end Illumina reads, each 150 bp in length. 
Second-generation sequencing generated 95,907,578 
high-quality reads, while third-generation sequencing 
produced 18,793,638 clean reads. The final assembly 
yielded a complete circular mitochondrial genome of 
423,925 bp, as shown in Fig. 1B. This genome has been 
deposited in GenBase at the NGDC under the registra-
tion number C_AA107961.1.

The mitogenome of I. seguinii encodes a total of 32 
PCGs, including both core and variable genes, along with 
three ribosomal RNA (rRNA) genes and 23 transfer RNA 
(tRNA) genes (Table 1). Among the core PCGs, five are 
associated with ATP synthase (atp1, atp4, atp6, atp8, 
atp9), nine with NADH dehydrogenase (nad1, nad2, 
nad3, nad4, nad4L, nad5, nad6, nad7, nad9), one with 
ubiquinol cytochrome c reductase (cob), four with cyto-
chrome c biogenesis (ccmB, ccmC, ccmFC, ccmFN), and 
three with cytochrome c oxidase (cox1, cox2, cox3). The 
mitogenome also contains a single maturase gene (matR) 
and a transport membrane protein gene (mttB). The vari-
able PCGs include four large subunit ribosomal protein 
genes (rpl2, rpl5, rpl16), five small subunit ribosomal 

Table 1  Gene composition and functional categorization of the I. seguinii mitogenome. The mitochondrial genes of I. seguinii can 
be categorized into several functional groups. These include core genes involved in essential processes such as ATP synthesis (ATP 
synthase), NADH dehydrogenation, ubiquinol cytochrome c reductase activity, cytochrome c biosynthesis, cytochrome c oxidation, 
and maturase functions. Additionally, there are variable genes, which encompass ribosomal proteins from both the large and small 
subunits, succinate dehydrogenase, and membrane transporters. The genome also contains sequences derived from plastids, as well 
as genes encoding ribosomal RNA and transfer RNA
Gene classification Functional role Gene list
Core genes ATP synthase atp1, atp4, atp6, atp8, atp9

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

Ubichinol cytochrome c reductase cob

Cytochrome c biogenesis ccmB, ccmC, ccmFC, ccmFN

Cytochrome c oxidase cox1, cox2, cox3

Maturases matR

Transport membrane protein mttB (tatB)#

Variable genes Large subunit of ribosome rpl2, rpl5, rpl16

Small subunit of ribosome rps1, rps3, rps4, rps7, rps12*, rps13, rps14*, rps19

Succinate dehydrogenase sdh3 (x2), sdh4

rRNA genes Ribosome RNA rrn5, rrn18, rrn26

tRNA genes Transfer RNA trnI-AAU, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, 
trnG-GCC, trnH-GUG (x2), trnK-UUU, trnI-CAU (x2), 
trnM-CAU (x4), trnN-GUU, trnP-UGG (x2), trnQ-UUG, 
trnS-GCU, trnS-UGA, trnW-CCA, trnY-GUA

Gene copy numbers are indicated in parentheses where applicable. Asterisks (*) are used to highlight genes that exhibit variable presence in angiosperm 
mitogenomes, or those that may have undergone pseudogenization or are located in dual genomic regions [66–69]. Genes marked with a hash symbol (#) are 
infrequently found in land plant mitochondria, and their annotations should be considered provisional, potentially representing prokaryotic or horizontally 
acquired genes

https://ngdc.cncb.ac.cn
https://ngdc.cncb.ac.cn
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protein genes (rps1, rps3, rps4, rps7, rps19), and two 
succinate dehydrogenase genes (sdh3, sdh4). The three 
rRNA genes include rrn5, rrn18, and rrn26, while the 
tRNA genes span 21 different codons, including trnC-
GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnH-GUG, and 
trnY-GUA. The presence of both core and variable genes 
provides a basis for exploring mitochondrial biology and 
evolution in I. seguinii.

  

Structural organization, genomic interactions, and 
evolutionary dynamics in the organellar genomes of I. 
seguinii
The cpgenome of I. seguinii was successfully assembled 
and annotated, and has been deposited in GenBase at the 
NGDC under the registration number C_AA070695.1. 
The annotated cpgenome reveals a typical circular struc-
ture containing functional gene regions related to pho-
tosynthesis, NADH dehydrogenase activity, ribosomal 
RNA, and transfer RNA, as well as large and small sin-
gle-copy regions separated by a pair of inverted repeats 
(Fig. 2A). The gene arrangement and functional annota-
tions highlight its role in photosynthetic and metabolic 
processes. A comparative analysis of the cpgenomes 
among I. seguinii, I. cirrhosa (GenBank: MF574684), 
E. ulmoides, and Ipomoea x leucantha (GenBank: 
NC_041208; Convolvulaceae) revealed significant con-
servation across species, including the presence of LSC, 
SSC, and IR regions. However, I. seguinii exhibited dis-
tinct differences in genome length and the size of the SSC 
and IR regions compared to its relatives (Fig. 2B). Nota-
bly, the SSC region of I. seguinii was shorter than that of 
I. cirrhosa, while its LSC region was elongated.

The interaction between the I. seguinii mitogenome 
and cpgenome was analyzed through the identification of 
shared sequences, termed MTPTs. A total of 33 MTPTs 
were identified in the mitogenome of I. seguinii, includ-
ing several that contained partial plastidial PCGs. For 
instance, MTPT1 encoded fragments of psbE, MTPT9 
contained parts of atpA, MTPT13 harbored sections of 
ycf3, MTPT15 also included atpA, while MTPT18 and 
MTPT19 contained fragments of ycf2 (Fig. 2C).

Lastly, syntenic relationships between the I. segui-
nii mitogenome, cpgenome, and nuclear chromosomes 
were examined to identify NUMTs and NUPTs (Table 
S3). Collinear blocks and sequence alignments revealed 
homologous regions shared between the mitogenome 
and nuclear chromosomes (Fig. 2D) [70–73]. These 
observations describe the presence and distribution of 
organellar-derived sequences within the nuclear genome 
of I. seguinii. Together, these analyses provide a descrip-
tive overview of the organellar genome features exam-
ined in this study.

Codon usage patterns and evolutionary insights in 
mitogenome of I. seguinii
The codon usage analysis revealed that certain codons 
with high relative synonymous codon usage (RSCU) val-
ues are preferentially used in the mitochondrial PCGs 
of I. seguinii, indicating their higher frequency in mito-
chondrial gene expression. Among the codons with 
RSCU values greater than 1.3, the most frequently used 
codons include AGA (Arg), UCU (Ser), GGA (Gly), GUU 
(Val), and CUU (Leu) (Fig. 3A, Table S4). These codons 
are likely optimized for more efficient protein transla-
tion in the mitochondrial environment [74–77]. In con-
trast, codons like CUG (Leu), CGC (Arg), and GGC (Gly) 
exhibited lower RSCU values, which suggests a reduced 
frequency of usage and potentially reflects translational 
or regulatory constraints within the I. seguinii mitoge-
nome. Furthermore, the analysis showed a clear A/T 
bias at the third codon position, a common feature in 
plant mitogenomes, which may be linked to the replica-
tion and repair mechanisms specific to plant mitochon-
drial DNA [78]. Additionally, stop codons did not show 
a strong preference for specific codons, indicating func-
tional neutrality in their selection across mitochondrial 
genes. These results provide a better understanding of 
the codon usage patterns within I. seguinii mitochondria.

Repeat element composition and structural insights into 
the single circular mitogenome of I. seguinii
As shown in Fig. 3B, the distribution of repeat types in 
the I. seguinii mitogenome reveals a clear dominance 
of forward repeats, which greatly outnumber the other 
categories (Table S5). The forward repeats, defined as 
direct repeat pairs oriented in the same direction (5′→3′ 
/ 5′→3′), range in length from 75 to 339 bp, while the 
palindromic repeats, which exhibit inverted symme-
try within a single sequence, vary between 75 and 343 
bp, indicating substantial diversity in repeat structure 
[79]. Tandem repeats are also abundant, though slightly 
less frequent than forward repeats (Table S6), whereas 
reverse repeats, characterized by inverted orientation 
between paired sequences (5′→3′ / 3′←5′), occur in rela-
tively smaller numbers. The types, lengths, and distribu-
tion of these repeat elements are summarized in Fig. 3C.

SSRs, comprising 86 units (Table S7), represent a signif-
icant feature of the I. seguinii mitogenome. As depicted 
in Fig.  3D, the most abundant SSR type is compound 
SSRs, consisting of combinations of multiple repeat units, 
particularly those involving hexanucleotide and longer 
repeats. Mono- and di-nucleotide SSRs are also present 
but less frequent compared to compound repeats. Tri-, 
tetra-, and penta-nucleotide SSRs are distributed mod-
erately throughout the mitogenome. The overall distribu-
tion indicates that compound SSRs, especially those with 
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more than six repeat units, are a characteristic of the I. 
seguinii mitogenome.

Validation of forward and palindromic repeats in the I. 
seguinii Mitogenome
The structural analysis of the I. seguinii mitogenome 
revealed the presence of forward and palindromic 
repeats, which were experimentally validated to con-
firm their configuration and potential role in genomic 
organization. Forward repeats were identified as regions 
with high sequence similarity, represented schematically 

in [80, 81]. These repeats were hypothesized to facilitate 
homologous recombination and contribute to structural 
rearrangements within the mitogenome. An example of 
forward repeat validation through PCR amplification is 
shown in Fig. 4A, demonstrating the precise mapping 
and connectivity of the repeat region.

In addition to forward repeats, palindromic repeats 
were analyzed and visualized. These palindromic repeats, 
characterized by their sequence identity when read in 
both directions, were experimentally validated using spe-
cifically designed primer pairs to target junction regions 

Fig. 2  Comprehensive analysis and interactions between the cpgenome and mitogenome of I. seguinii.A Circular map of the I. seguinii cpgenome. Func-
tional gene categories are color-coded, including photosystem I and II, cytochrome b6/f complex, NADH dehydrogenase, and ribosomal RNA genes. The 
inner circle represents GC content variation, while the central region illustrates repeat-mediated connections across the genome. B Structural comparison 
of cpgenomes between I. seguinii and other species (I. cirrhosa, E. alatum, P. amurense, and I. lacunosa). Conserved regions, including LSC, SSC, and IR, are 
shown along with genome lengths. C Circos plot depicting homologous sequences shared between the I. seguinii cpgenome (cpDNA) and mitogenome 
(mtDNA). Red lines indicate regions of sequence homology, highlighting inter-organellar gene transfer events. D Circos plot illustrating syntenic relation-
ships between the I. seguinii mitogenome, cpDNA and its nuclear chromosomes (chr1–chr12). Blue and red lines represent homologous connections, 
showcasing genomic interactions between the chloroplast, mitochondria, and nucleus
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[82, 83]. Three such major repeats, P94, P103, and P127, 
were investigated in detail (Table 2). PCR amplification 
using forward-forward, reverse-reverse, and forward-
reverse primer combinations produced distinct bands 
corresponding to expected fragment sizes, confirm-
ing the structural integrity of the inverted repeats (Fig. 
4B-D). These results underscore the role of repetitive 
sequences in the structure of the I. seguinii mitogenome, 
a concept well-documented in the existing literature [80, 
82, 84, 85]. Forward and palindromic repeats are likely 
involved in homologous recombination, contributing 
to genomic stability and facilitating potential structural 
rearrangements [86].

RNA editing patterns and their functional implications in I. 
seguinii mitogenome
RNA editing sites in protein-coding genes (PCGs) of the 
I. seguinii mitogenome were analyzed, describing pat-
terns of post-transcriptional modification observed in 
this study (Table S8). A total of 501 RNA-editing sites 
were identified across 32 PCGs, predominantly involv-
ing C-to-U transitions. These edits resulted in amino 
acid changes that are critical for the functionality of the 
mitochondrial proteins (Fig. 5A). Among the PCGs, nad6 
and ccmFN displayed the highest number of RNA-edit-
ing sites, with 35 and 33 sites, respectively, followed by 
ccmFC and nad1, each with more than 25 editing sites. 
These findings suggest that RNA editing is highly con-
centrated in genes essential for mitochondrial energy 
metabolism and biogenesis.

Fig. 3  Analysis of repeats and SSRs in the I. seguinii mitogenome. A RSCU distribution in the I. seguinii mitogenome. Each block corresponds to codons 
encoding a specific amino acid, with the height of the column representing the cumulative RSCU values for all codons associated with that amino acid. B 
Circos plot illustrating the distribution of dispersed repeats within the I. seguinii mitogenome. The colored lines represent different types of repeats, high-
lighting the genomic regions involved in repeat-mediated homologous recombination. C Classification and frequency of repeats in the mitogenome. 
The repeats are categorized into tandem, forward, palindromic, and reverse types, with forward repeats being the most prevalent. D Distribution of SSRs 
by type and repeat number. The SSR types include mononucleotide, dinucleotide, trinucleotide, and tetranucleotide repeats, with trinucleotide repeats 
showing the highest abundance across all categories
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The analysis of amino acid substitutions resulting from 
RNA editing revealed clear and biologically meaningful 
patterns in the I. seguinii mitogenome (Fig. 5B). The most 
frequent conversions were Ser-to-Leu, Pro-to-Leu, and 
Ser-to-Phe, which together accounted for the majority of 
editing events. These transitions typically involve a shift 
from polar to hydrophobic residues, suggesting that RNA 
editing contributes to enhancing the structural stability 
and hydrophobicity of mitochondrial proteins, thereby 
promoting proper folding and membrane integration 
(Table S9). Beyond these dominant substitutions, addi-
tional changes such as Thr-to-Met, Ala-to-Val, and His-
to-Tyr were also identified, indicating a broader spectrum 
of amino acid remodeling. Notably, several editing events 
led to the formation of novel start or stop codons, which 

could play a regulatory role in maintaining correct trans-
lation and protein maturation.

Comparative genomic features and evolutionary dynamics 
of mitochondrial PCGs across plant species
The analysis of the mitogenome size and GC content 
across 29 plant species, as shown in Fig. 5C, reveals sig-
nificant variation in genome size, with species like C. 
maxima and S. melongena having larger mitogenomes 
compared to smaller ones such as A. reptans and V. 
radiata. The GC content also fluctuates across species, 
with a notable dip in C. maxima and S. melongena, sug-
gesting potential correlations between genome size and 
nucleotide composition. Additionally, the large differ-
ences in mitogenome length across species imply cor-
responding variation in the length and organization of 

Fig. 4  PCR validation of forward and palindromic repeats in the I. seguinii mitogenome. A Gel electrophoresis results confirm the presence of Forward 
Repeat F373 in the I. seguinii mitogenome, with amplification products obtained using various primer combinations. B PCR amplification of Palindromic 
Repeat P94 shows the expected product size, while (C) PCR results for Palindromic Repeat P103 reveal the corresponding amplification bands. Finally, (D) 
PCR validation of Palindromic Repeat P127 demonstrates the presence of the repeat through the amplification of the expected product size

 



Page 11 of 17Yu et al. BMC Genomics          (2026) 27:541 

PCGs, reflecting species-specific genomic evolution. 
This is further illustrated in Fig.  5D, which presents a 
heatmap visualizing the copy number distribution of 
mitochondrial PCGs across 29 species. It shows vary-
ing copy numbers for mitochondrial genes such as ATP 
synthase, cytochrome c oxidase, and NADH dehydroge-
nase, with I. seguinii exhibiting higher copy numbers for 
genes like atpA and atp9. Notably, S. miltiorrhiza in the 
heatmap contain the rbcL gene, which is typically associ-
ated with the chloroplast genome, not the mitogenome. 
This is unusual, as it suggests possible horizontal gene 
transfer events between the mitochondria and plastid 
genomes, or potential contamination during sequencing. 
Such occurrences emphasize the need for careful genome 
annotation and validation to ensure accurate classifica-
tion of genes within their respective organelles.

After processing the mitogenomes of 29 species 
through the PhyloSuite pipeline, a multiple sequence 
alignment of 13 mitochondrial PCGs was generated for 
Ka/Ks value analysis (Fig.  6A). This analysis provides 
insights into the selective pressures acting on these genes 
across species. The Ka/Ks ratio, which reflects the degree 
of selection, revealed distinct patterns for different genes. 
For example, the nad9 gene (Fig. 6B) showed a relatively 
high Ka/Ks value, suggesting a degree of positive selec-
tion, while ccmFC (Fig.  6C) exhibited a ratio close to 1, 
indicating a neutral evolutionary pattern. In contrast, 
nad3 (Fig.  6D) displayed a lower Ka/Ks value. More-
over, specific amino acid substitutions were observed at 
unique positions, with a distinctive mutation at position 
11 in nad9 and another at position 104 in ccmFC, both of 
which appear exclusive to I. seguinii. These unique sub-
stitutions, along with several other rare mutations found 
across the dataset, may reflect lineage-specific adaptive 

evolution in mitochondrial function.These variations in 
Ka/Ks ratios highlight the different evolutionary pres-
sures and functional constraints that shape the mito-
chondrial genome across diverse plant species.

Synteny and repeat analysis reveal structural dynamics of 
the I. seguinii mitogenome
Comparative mitogenomic analyses revealed substan-
tial genomic divergence and rearrangements in I. segui-
nii, emphasizing its distinct evolutionary history within 
angiosperms (Table S10). In the maximum likelihood 
phylogenetic tree constructed from concatenated mito-
chondrial PCGs (Fig.  7A), I. seguinii was positioned as 
a unique representative of the order Icacinales, clearly 
separated from other analyzed taxa. It formed a well-
supported sister relationship with E. ulmoides (order 
Garryales), indicating a relatively close evolutionary 
connection between these two basal lineages within the 
malvid clade. Bootstrap support values at major nodes 
were consistently high, confirming the robustness of this 
phylogenetic placement. The color-coded branches, rep-
resenting different plant families, further highlight the 
distinct evolutionary separation of I. seguinii from Sola-
nales, Lamiales, and Brassicales species.

Synteny analysis between I. seguinii and four repre-
sentative species—C. maxima, N. attenuata, R. serrata, 
and V. radiata—revealed extensive genomic rearrange-
ments and variable degrees of collinearity (Fig.  7B). I. 
seguinii exhibited the highest syntenic coverage with N. 
attenuata (29.7%), followed by C. maxima (25.8%), R. 
serrata (21.7%), and V. radiata (19.9%). Despite moder-
ate sequence identity across these comparisons, the rear-
ranged homologous blocks indicate a history of structural 
reshuffling and repeat-mediated recombination events 

Table 2  Primer design and PCR conditions for repeated sequences in I. seguinii mitogenome
Repeats Primers Sequence 5’-3’ Product Length of F1R1 

and F2R2 (bp)
PCR 
Pro-
gram

Forward Repeat F373 F373-F1 GGTTCGCAGCTTCTTAGAT 325 95℃ 
3 min;
94℃ 
15 s, 
53℃ 
30s, 
72℃ 
1 min 
(32 
cy-
cles);
72℃ 
5 min

F373-R1 TAGTCTTAGTAGTGGTTCTTCC

F373-F2 CAGAACTGGCTGACTAGAC 375

F373-R2 GAGAGTACGATAGGTACGATT

Palindromic Repeat P94 P94-F1 TGCTGACTCTCCTAGTTAGA 219

P94-R1 AGTGTGCTGTTGACTTCAT

P94-F2 CTTAACCAGGAACAAGATAACG 179

P94-R2 ATGGAGTCTCGCAGAAGAA

Palindromic Repeat P103 P103-F1 ATTCCGCTCGTTCCCTAT 225

P103-R1 GCAGATGGACTTACTTTACTAC

P103-F2 TTATAGTGCGGATGGACTTA 216

P103-R2 AACTCACTCTTCCAGATCC

Palindromic Repeat P127 P127-F1 CGGATGCAGCTTTCTTTG 209

P127-R1 TGTACGAGTCAAGGATATGG

P127-F2 CAAAGAATCTCCGTCCCTA 150

P127-R2 GGCTAACTGAACTTACTTGA
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that have contributed to the mitogenome’s structural 
diversification.

Further comparative alignment of I. seguinii with A. 
thaliana and E. ulmoides (Fig.  7C) revealed numerous 
inversions, translocations, and segmental duplications. 
While E. ulmoides displayed a more conserved mito-
chondrial architecture, I. seguinii showed extensive frag-
mentation and reorganization of collinear blocks. This 
pattern supports the notion that I. seguinii has undergone 
lineage-specific mitochondrial evolution, likely shaped by 
repeat-mediated recombination and inter-organelle DNA 
transfer.

Discussion
The Iodes genus has long been recognized for its medici-
nal importance, with species regionally used in tradi-
tional remedies due to their rich bioactive compounds 
and therapeutic potential. Among these, I. seguinii, an 

endemic species native to China, stands out for its poten-
tial in treating rheumatic immune diseases. However, 
genomic studies on I. seguinii, particularly its taxonomic 
classification and phylogenetic relationships, have been 
limited. Investigating its genetic architecture through 
mitogenomic analysis provides an excellent opportu-
nity to uncover its evolutionary significance and further 
its medicinal applications. This study presents the first 
assemble and annotation report of the mitogenome of 
I. seguinii, providing describe features into its structural 
organization, evolutionary dynamics, and inter-organ-
ellar interactions within Icacinaceae. The 423,925  bp 
circular mitogenome of I. seguinii exhibits a conserved 
gene repertoire typical of angiosperms but also displays 
multiple repeats and rearrangements. This complexity is 
largely shaped by repeat-mediated recombination, exten-
sive RNA editing, and MTPTs, all of which contribute to 
its structural divergence in this dataset.

Fig. 5  RNA editing, amino acid substitutions, and genomic features in the I. seguinii mitogenome. A Distribution of RNA editing events across PCGs in 
the I. seguinii mitogenome, shown as a circular bar chart, with darker shades indicating genes with a higher number of editing events. B Circular bar chart 
illustrating the frequency of amino acid substitutions caused by RNA editing in the I. seguinii mitogenome, with prominent changes such as Ser→Leu and 
Pro→Leu. C Comparison of mitogenome size and GC content across 28 plant species. D Heatmap displaying the copy number of mitochondrial PCGs 
across 28 plant species, with functional categories indicated by color, revealing variation in gene retention and duplication among species

 



Page 13 of 17Yu et al. BMC Genomics          (2026) 27:541 

The repeat composition analysis demonstrated that 
forward and tandem repeats constitute the predominant 
types within the I. seguinii mitogenome, indicating their 
involvement in maintaining and reorganizing mitochon-
drial structure. Experimental validation through PCR 
further confirmed that both forward and palindromic 
repeats are capable of mediating homologous recombi-
nation, resulting in alternative genomic configurations. 
Such recombination events, frequently reported in other 
plant mitochondrial genomes, are recognized as major 
forces driving structural rearrangements and promoting 
genomic diversity during evolution [87–90]. Moreover, 
given the multicopy nature of plant mitochondria, even 
low-frequency recombination between dispersed repeats 
may give rise to coexisting structural isoforms, thereby 
enhancing the overall plasticity and evolutionary adapt-
ability of the I. seguinii mitogenome.

Beyond structural variation, repeat-mediated recom-
bination has been discussed in previous studies in the 
context of mitochondrial genome organization and 
diversity in plants [80, 91, 92]. In some cases, excessive 
or aberrant recombination gives rise to cytoplasmic male 
sterility (CMS), a phenomenon of considerable agricul-
tural importance resulting from chimeric or rearranged 
mitochondrial genes that impair pollen development [83, 
93]. Collectively, these findings highlight the dual role of 
repeat-mediated recombination in maintaining genomic 
stability while driving evolutionary innovation in the I. 
seguinii mitogenome and other angiosperms.

Analysis of nonsynonymous and synonymous substi-
tution rates (Ka/Ks) among 13 conserved mitochondrial 
protein-coding genes revealed distinct evolutionary pres-
sures. Most genes were under strong purifying selection, 
consistent with their essential roles in energy metabolism 

Fig. 6  Comparative Ka/Ks analysis and sequence alignment of mitochondrial genes across 14 species. A Pairwise Ka/Ks ratios for shared mitochondrial 
genes across 14 species, indicating selective pressures acting on each gene. Genes with a Ka/Ks value greater than 1 suggest positive selection, while 
values below 1 indicate purifying selection. B Multiple sequence alignment of the nad9 gene, showing conserved regions and variation among species. 
C Alignment of the ccmFC gene, with corresponding sequence conservation and amino acid substitutions. D Sequence alignment of the nad3 gene, 
highlighting the variation in amino acid residues and sequence identity across species
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and cellular respiration. However, nad9 exhibited a rela-
tively high Ka/Ks ratio, suggesting episodes of adaptive 
evolution possibly related to mitochondrial respiratory 
adaptation. In contrast, ccmFC showed near-neutral 
evolution, whereas nad3 was highly conserved, reflect-
ing strong functional constraints. Notably, unique amino 
acid substitutions—such as those at positions 11 in nad9 
and 104 in ccmFC—were exclusive to I. seguinii, suggest-
ing lineage-specific adaptive signatures.

Comparative phylogenomic analyses across major 
angiosperm lineages showed that I. seguinii represents 
the only sampled representative of the order Icacinales 
in the current dataset. The maximum-likelihood phy-
logenetic reconstruction placed I. seguinii as a separate 
branch within the phylogeny, most closely related to E. 
ulmoides (Garryales), while A. thaliana—a well-estab-
lished model species—was used as the outgroup for tree 
rooting. This phylogenetic placement indicates an early 
divergence of the Icacinales lineage relative to other sam-
pled malvid orders, based on the current taxon sampling. 
The relatively long branch length associated with I. segui-
nii reflects substantial sequence divergence in the mito-
chondrial genome.

Synteny and collinearity analyses revealed pronounced 
genomic rearrangements between I. seguinii and other 
representative angiosperms, such as N. attenuata (Sola-
nales) and C. maxima (Cucurbitales), consistent with 
the phylogenetic distances inferred from the tree topol-
ogy. In contrast, I. seguinii shared relatively fewer collin-
ear blocks with A. thaliana, indicating a higher degree of 
mitochondrial genome differentiation. Collectively, these 
observations describe notable structural divergence in 
the mitochondrial genome of I. seguinii relative to other 
sampled malvid taxa, based on comparative phylogenetic 
and synteny analyses.

This comprehensive mitogenomic assembly provides a 
foundational resource for studying the genetic and evo-
lutionary dynamics of I. seguinii. The identification of 
recombination events, nucleotide composition biases in 
SSRs, and repeat-mediated genomic variations enhances 
our understanding of plant mitogenome plasticity. These 
findings also contribute to comparative genomics and 
phylogenetics, supporting future investigations into the 
taxonomy, evolutionary relationships, and genetic diver-
sity within the Iodes genus.

Fig. 7  Phylogenetic relationships and comparative mitogenomic synteny of I. seguinii and related species. A Maximum likelihood phylogenetic tree con-
structed from concatenated mitochondrial PCGs of I. seguinii and 28 representative angiosperm species, with A. thaliana used as an outgroup. Bootstrap 
support values are indicated at each node, and different colors represent distinct plant families, illustrating the evolutionary placement of I. seguinii within 
the Icacinaceae clade. B Synteny analysis of I. seguinii and four representative species (C. maxima, N. attenuata, R. serrata, and V. radiata), highlighting 
homologous genomic regions and sequence collinearity. The bar chart (right) summarizes overall coverage and sequence identity among the aligned 
mitogenomes. C Collinearity comparison among the mitogenomes of A. thaliana (top), I. seguinii (middle), and Eucommia ulmoides (bottom), showing 
conserved locally collinear blocks and major rearrangements, indicating lineage-specific structural evolution
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Conclusion
This study reports the first complete mitochondrial 
genome of I. seguinii and represents the first mitogenome 
reported for the order Icacinales. Using a hybrid assem-
bly strategy combining Oxford Nanopore long reads and 
Illumina short reads, a circular mitochondrial genome 
was assembled. Analyses of repeat elements, codon 
usage, RNA editing sites, and MTPTs were conducted. 
Repeat-mediated recombination was experimentally 
examined, and multiple genomic configurations associ-
ated with repeat regions were identified. Phylogenetic 
and synteny analyses described the placement of I. segui-
nii within the sampled angiosperm taxa and documented 
patterns of structural variation relative to other species. 
Overall, this study provides a descriptive mitochondrial 
genome dataset for I. seguinii that may serve as a refer-
ence for future comparative and evolutionary studies.
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