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Abstract 

Background  As a key genus in Zingiberaceae, Curcuma is widely studied for its taxonomic diversity, the presence 
of bioactive curcuminoids and volatile oils, and its extensive applications in traditional medicine and economic prod-
ucts such as spices and cosmetics. Although chloroplast genomes have been assembled and published for over 20 
Curcuma species, mitochondrial genomic data remain limited.

Results  We successfully sequenced, assembled, and annotated the mitogenome of Curcuma amarissima (C. amaris-
sima) using both Illumina short reads and Nanopore long reads, achieving the first complete mitogenome charac-
terization in the Zingiberaceae family. The C. amarissima mitogenome features a unique multi-branched structure, 
spanning 6,505,655 bp and consisting of 39 distinct segments. It contains a total of 43 protein-coding genes, 63 tRNA 
genes, and 4 rRNA genes, with a GC content of 44.04%. Codon usage analysis indicated a weak bias, with neutrality 
plot analysis suggesting natural selection as a key factor shaping mitochondrial codon usage in C. amarissima. The 
mitogenome provides valuable insights into genome size, coding genes, structural features, RNA editing, repetitive 
sequences, and sequence migration, enhancing our understanding of the evolution and molecular biology of multi-
branched mitochondria in Zingiberaceae. The high frequency of repeat sequences may contribute to the structural 
stability of the mitochondria. Comparing chloroplast genome, phylogenetic analysis based on the mitochondrial 
genome establishes a foundation for further exploration of evolutionary relationships within Zingiberaceae.

Conclusions  In short, the mitochondrial genome characterized here advances our understanding of multi-branched 
mitogenome organization in Zingiberaceae and offers useful genomic resources that may support future breeding, 
germplasm conservation, and phylogenetic studies, though further research is necessary.
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Background
Plant mitochondria, organelles measuring about 0.5 to 
1.0 μm in diameter and enclosed by a double membrane, 
contain their own genetic material and system [1], is crit-
ical for plant development and growth [2]. As the main 
site for aerobic respiration and energy production, they 
are widely present in eukaryotic cells [3]. Mitochondria 
are essential for energy production and management, 
supplying the energy required for diverse cellular func-
tions, and they influence cell growth and the cell cycle 
[4]. Additionally, mitochondria play a vital role in essen-
tial cellular processes, including differentiation, apopto-
sis, division, and the synthesis and breakdown of specific 
molecules [5]. Mitochondria originated from ancient 
bacteria capable of respiration, with their cell membranes 
folding inward to form a primitive membrane structure 
with oxidative respiration and genetic material, eventu-
ally evolving into modern mitochondria over a long evo-
lutionary history [6].

The mitogenome in plants is more structurally complex 
than the chloroplast genome [7]. Recent advancements 
in sequencing and assembly techniques have facilitated 
the assembly of numerous plant mitogenomes, enhanc-
ing our understanding of their complex structures [8]. 
Plant mitogenomes display diverse complex structures, 
such as circular master molecules, circular subgenomic 
forms, linear molecules, and highly branched variants 
[9]. For example, both “master circles” and multiple “sub-
genomic circles” have been identified in the mitogenome 
of Panax notoginseng [10]. Additionally, recent studies 
have revealed that some plant mitogenomes also display 
multi-branch structures [11]. Mitochondria are special-
ized organelles with unique functions, playing a crucial 
role in long-term symbiosis. They participate in various 
metabolic activities, including energy generation and the 
synthesis and breakdown of different compounds. The 
mitogenome contains a amount of repetitive sequences, 
RNA editing sites, and nucleotide polymorphisms, all of 
which are linked to mitogenome variation and recombi-
nation [12]. The exchange of similar genetic fragments 
among different genomes plays a key role in the evolu-
tion of plant mitogenomes. During prolonged symbiosis, 
mitochondria have lost some of their original DNA, with 
only the transferred portions responsible for encoding 
certain functions remaining [6]. Exploring mitogenome 
variations through complete genome analysis offers cer-
tain advantages in phylogenetic reconstruction [13]. 
For most plants, both chloroplast and mitogenomes are 
maternally inherited [20], a genetic mechanism that sim-
plifies genetic studies and has recently been widely used 
for deeper phylogenetic inference in taxonomy [14, 15].

Curcuma, a genus within the Zingiberaceae family with 
over 100 species, consists of perennial herbaceous plants 

with fleshy, aromatic rhizomes. The Plant List (http://​
www.​thepl​antli​st.​org/) indicates that these plants are typ-
ically found in tropical and subtropical areas. Most spe-
cies are mainly located in East and Southeast Asia, with 
some also present in northern Australia and the South 
Pacific. Research indicates that Curcuma species contain 
over 40 chemical compounds, with their rhizomes and 
tubers being particularly rich in curcuminoids and vola-
tile oils, and also possess resins, sugars, fatty acids, pep-
tides, alkaloids, curcumin acid, and trace elements [16]. 
Beyond their medicinal USES, Curcuma are economi-
cally valuable in the production of pigments, spices, dyes, 
cosmetics, and insecticides [17, 18]. As a key genus in 
the Zingiberaceae family, Curcuma holds importance in 
plant taxonomy, phytochemistry, and medicinal botany.

Although research on the biological characteristics 
of Curcuma continues to expand, there are still rela-
tively few studies specifically focused on mitochondrial 
genomes within this genus, as well as within Zingib-
eraceae and Zingiberales, limiting our comprehensive 
understanding of mitochondrial biology in these taxa. 
Our study provides the first complete mitochondrial 
genome of C. amarissima, offering valuable preliminary 
insights into mitochondrial genomic structure and biol-
ogy. The results presented here can serve as an important 
initial resource to support further mitogenome research 
and comparative analyses within the Zingiberaceae fam-
ily and beyond.

Materials and methods
Sequencing, assembly, and annotation of the mitogenome
Samples of C. amarissima leaves were collected at 
MengA Farm in Xishuangbanna, Yunnan, China. They 
were immediately frozen in liquid nitrogen and subse-
quently stored at − 80 °C. High-quality genomic DNA was 
obtained using the TIANamp Genomic DNA Kit from 
Tiangen, known for its efficient and high-purity extrac-
tion method. We utilized a combination of third-gen-
eration sequencing via Oxford Nanopore Technologies 
(ONT) and second-generation sequencing using Illumina 
to construct the genomic library. The second-generation 
sequencing experiment was carried out according to the 
standard protocol provided by Illumina, including sam-
ple quality assessment, library construction, library qual-
ity control, and sequencing. After confirming the quality 
of the genomic DNA samples, the DNA was fragmented 
using ultrasonic sonication. The fragmented DNA then 
underwent purification, end repair, addition of a 3’ A tail, 
and ligation of sequencing adapters. Size selection was 
performed using agarose gel electrophoresis, followed by 
PCR amplification to create the sequencing library. The 
constructed library was quality checked, and the qualified 
library was sequenced using the Illumina Novaseq6000 
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platform. After confirming the quality of the samples, 
genomic DNA is randomly fragmented. Large fragments 
of DNA are then enriched and purified using magnetic 
beads, followed by gel extraction. The fragmented DNA 
undergoes damage repair. After purification, end repair 
and 3’ A addition are performed on the DNA fragments, 
and the adapters from the SQK-LSK109 kit are ligated. 
Finally, the constructed DNA library is quantified. Once 
the library is complete, a specific concentration and vol-
ume of the DNA library is added to the flow cell, which 
is then transferred to the Oxford Nanopore PromethION 
sequencer for real-time single-molecule sequencing. The 
third-generation sequencing data is filtered using Filt-
long (v0.2.1, https://​github.​com/​rrwick/​Filtl​ong) with the 
parameters: –min_length 1000 –min_mean_q 7.

The mitogenome was assembled using the following 
methods. We utilized minimap2 (v.2.24) [19] to align 
sequences from closely related species. The aligned data 
were then processed with Flye (v.2.9.3) [20] and corrected 
using Racon [21]. Subsequently, second-generation data 
were aligned to the corrected results with Bowtie2 [22]. 
Finally, Unicycler (v.0.5.1) [23] was employed for hybrid 
assembly, and the genome was circularized based on 
coverage from third-generation data to obtain the final 
result.

For mitogenome annotation, BlastN [24] was initially 
employed to identify mitochondrial genes against the 
NCBI database. Next, tRNA genes were identified using 
tRNA scan-SE software (v.2.0.12) (http://​lowel​ab.​ucsc.​
edu/​tRNAs​can-​SE/). The boundaries of protein-coding 
genes (PCGs) and rRNA genes were established by com-
paring them with homologous genes in other species 
while considering tRNA gene locations. To further vali-
date the predicted positions, we used R script to assess 
the completeness of the nucleotide sequences of the 
PCGs and to translate them into amino acids. The mitog-
enome map was created using OGDRAW [25].

Analysis of relative synonymous codon usage (RSCU) 
and Effective Number of Codons (ENC)
Codon usage bias, the variation in synonymous codon 
frequency, commonly influences speciation and evo-
lutionary divergence among species [26]. MEGA7 [27] 
was used to examine codon usage patterns, calculating 
the RSCU for the mitogenome’s PCGs. Additionally, the 
online tool CUSP (https://​www.​bioin​forma​tics.​nl/​cgi-​
bin/​emboss/​cusp) was utilized to assess the GC content 
of these coding genes. This combined analysis provides a 
comprehensive view of codon bias and nucleotide com-
position in C. amarissima’s mitogenome. The effective 
number of codons (ENC) was assessed with CodonW 
[28] to reflect deviations in codon usage.

RNA editing sites of C. amarissima
A previous study demonstrated that mitochondrial genes 
undergo numerous RNA editing events [29]. RNA editing 
sites for the protein-coding genes in each species were 
identified using PREPACT [30], combined with BLASTx 
(e-value cutoff = 0.001, filter threshold = 30%). A Perl 
script was then used to generate the coding sequences 
resulting from RNA editing for the species.

Analysis of repeat sequences
Repetitive sequences are features of genomes, influenc-
ing their evolution, inheritance, and variability. They 
are crucial for gene expression, transcription regulation, 
chromosomal structure, and metabolic processes. Sim-
ple sequence repeats (SSRs) were detected using MISA 
software (v1.0) with parameters set to 1–10, 2–5, 3–4, 
4–3, 5–3, and 6–3. Tandem repeats were identified using 
TRF software (trf409.linux64) with the following settings: 
2, 7, 7, 80, 10, 50, 2000, -f, -d, -m. For dispersed repeats, 
BLASTN (v2.10.1) was employed with a word size of 7 
and an e-value of 1e- 5, ensuring that redundancy and 
tandem repeats were excluded. The final results were vis-
ualized using Circos (v0.69–5).

Migration analyses of chloroplast‑to‑mitochondrial DNA
The assembly of the chloroplast genome of C. amarissima 
was primarily based on NGS data. We used GetOrganelle 
for the assembly, employing default parameters. Anno-
tation was carried out using CPGAVAS2, and all anno-
tation results were subsequently edited and corrected 
manually to ensure accuracy. Homologous sequences 
between the chloroplast and mitogenomes were identi-
fied using BLAST (version 2.6, https://​blast.​ncbi.​nlm.​nih.​
gov/​Blast.​cgi), applying an E-value threshold of 1e- 5 and 
requiring at least 70% similarity.

Comparative genomics analysis
For lack of published mitochondrial Zingiberales 
genomes, we selected the closest relative and representa-
tive species, Pontederia crassipes (PP905391), Aechmea 
fasciata (PP436815), and Phoenix dactylifera (JN375330) 
from sister order of the Commelinanae for compara-
tive analysis. To evaluate the relationship between the 
mitogenome of C. amarissima and other species within 
Commelinanae, we performed a pairwise alignment of 
mitogenomes with BLASTN (v2.10.1) [31], identifying 
homologous sequences with a minimum collinear block 
length cutoff of 500 bp. Visualization and collinearity 
analysis for the four species were conducted using Mauve 
software [32].

We used Phylosuite software to extract PCGs and 
identified homologous sequences through BLAST. 

https://github.com/rrwick/Filtlong
http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
https://www.bioinformatics.nl/cgi-bin/emboss/cusp
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https://blast.ncbi.nlm.nih.gov/Blast.cgi
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These sequences were aligned using MAFFT (v7.149b) 
[33]. Following alignment, Ka and Ks values for each 
gene pair were calculated with KaKs_Calculator v2.0 
(available at https://​sourc​eforge.​net/​proje​cts/​kaksc​
alcul​ator2/), applying the MLWL method. We compiled 
the Ka/Ks ratios for all gene pairs and created box plots 
to visualize the results. Nucleotide diversity (Pi) for 
PCGs genes was calculated by using DnaSP6 [34].

Phylogenetic tree construction
Phylogenetic trees were constructed using both maxi-
mum likelihood (ML) and Bayesian inference (BI) 
methods. The phylogenetic analysis involved a total of 
9 species, Pontederia crassipes, Avena longiglumis, Sac-
charum officinarum, Aechmea fasciata, Poa pratensis, 
Oryza sativa, Phoenix dactylifera, Apostasia fujianica 
and Dracaena cochinchinensis, with PCGs from both 
mitochondrial and chloroplast genomes. We deter-
mined the best evolutionary model for the PCGs using 
ModelTest-NG based on the AIC criterion. Maximum 
likelihood (ML) analysis was performed on both data-
sets with RAxML-NG [35], utilizing 1,000 rapid boot-
strap replicates. For Bayesian inference (BI), we ran 
MrBayes (v3.2.7) with a Markov Chain Monte Carlo 
(MCMC) analysis over 1,000,000 generations, sampling 
every 100 generations and discarding 25% of the phylo-
genetic trees as burn-in [36].

Results
Multibranched structure assembly and annotation of the C. 
amarissima Mitogenome
After sequencing and assembly, and excluding nodes 
originating from nuclear and chloroplast genomes, we 
successfully generated the complete mitogenome of C. 
amarissima using the ‘3 + 2’ method strategy with Band-
age (Fig.  1). The mitogenome of C. amarissima, with 
6,505,655 bp in total size, displayed a complex multi-
branched conformation, assembled into 39 segments, 
and contains a GC content of 44.04%. Only contig 15 
showed a single circular molecule, other 38 segments 
organized into a linear molecule. The segments varied 
in size, with contig 39 measuring 2,651 bp and contig 1 
measuring 675,091 bp. Contig 35 exhibited the highest 
GC content at 48.72%, while contig 38 had the lowest at 
37.48%.

In annotating the 39 segments of C. amarissima, we 
identified a total of 43 unique PCGs, which included 24 
core mitochondrial genes and 12 non-core genes, along 
with 63 tRNA genes (two of which were multicopy), four 
rRNA genes (including one multicopy), and 11 pseudo-
genes (Table S1). The 24 core genes consisted of five ATP 
synthase genes (atp1, atp4, atp6, atp8, and atp9), nine 
NADH dehydrogenase genes (nad1, nad2, nad3, nad4, 
nad4L, nad5, nad6, nad7, and nad9), four cytochrome c 
biogenesis genes (ccmB, ccmC, ccmFc, and ccmFN), three 
cytochrome c oxidase genes (cox1, cox2, and cox3), a 
transport membrane protein (mttB), maturases (matR), 

Fig. 1  The assembly result of the mitochondrial genome of C. amarissima 
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and a ubichinol cytochrome c reductase gene (cob). The 
non-core genes included four large ribosomal subunits 
(rpl10, rpl16, rp2, and rpl5), eight small ribosomal subu-
nits (rps1, rps12, rps13, rps14, rps19, rps3, rps4, and rps7), 
along with two succinate dehydrogenase genes (sdh3 and 
sdh4). The arrangement and orientation of these genes 
are depicted in Fig. S1. No complete genes were found in 
contigs 20, 21, 25, 27, 30, 32, 33, 35, 36, 37, 38, and 39.

Codon usage patterns of PCGs and RNA editing site 
predictions
The total length of PCGs in the C. amarissima mitoge-
nome is 34,771 bases, with the majority starting with the 
standard ATG codon (Table S1). Notably, the genes nad1 
and rps10 utilize ACG as their start codon, likely due to 
C-to-U RNA editing at the second position. Three ter-
mination codons (TAA, TGA, and TAG) were identified, 
but no RNA editing was detected in these codons.

The analysis of codon usage in the mitogenome of C. 
amarissima revealed distinct patterns in codon pref-
erence (Fig.  2A and Table  S2). Methionine (Met) was 
predominantly encoded by AUG, which exhibited the 
highest relative synonymous codon usage (RSCU) value 
of 3.00 among the PCGs. Alanine (Ala) was mainly repre-
sented by GCU, showing the second highest RSCU value 
of 1.61. Additionally, histidine (His), glutamine (Gln), and 
tyrosine (Tyr) all demonstrated strong preferences, with 
maximum RSCU values exceeding 1.45. In plant mitog-
enomes, ATG serves as the sole initiation codon, result-
ing in the lowest RSCU values of 0 for CUG and UUG, 
both encoding Met. A notable preference for A or T(U) 
at the third position was observed across the mitog-
enome. The effective number of codons (ENC) for the 
PCGs ranged from 35.64% to 61%, with an average ENC 
exceeding 50, indicating relatively weak codon usage bias 
(Table S3). Neutrality plot analysis revealed a low corre-
lation between GC12 and GC3 (Fig. 2B), indicating that 
natural selection significantly influences mitochondrial 
codon usage. To explore factors influencing codon pat-
terns, we plotted ENC values against GC3 for the PCGs 
(Fig. 2C and Table S3). Most genes were positioned below 
the standard curve, except for three genes (rps11, rps14, 
and atp4), indicating that selection pressure likely influ-
ences codon preferences.

We predicted and analyzed RNA editing events in the 
mitogenome (Fig.  2D). A total of 35 unique PCGs were 
assessed, resulting in the identification of 492 potential 
RNA editing sites, all of which involved cytidine to uri-
dine (C–T/U) conversions. The ccmFn gene exhibited the 
highest number of RNA editing sites, with 38 identified, 
followed closely by ccmB, which had 37 editing events. 
Conversely, rps7 and cox1 were the least edited genes, 
each with only one predicted editing site. Following RNA 

editing (Table  S4), we found that 12.20% and 29.47% of 
amino acids remained unchanged in terms of hydropho-
bicity. Additionally, 48.37% of amino acids changed from 
hydrophilic to hydrophobic, 8.74% changed from hydro-
phobic to hydrophilic, and only 1.22% transitioned from 
hydrophilic to stop codons.

Repeat sequence analysis
The mitochondrial genome of C. amarissima contains 
numerous repetitive elements, including simple sequence 
repeats (SSRs), tandem repeats, and dispersed repetitive 
sequences, indicating structural complexity and frequent 
genomic rearrangements. We identified three distinct 
types of repeat sequences in this genome (Fig. 3A). Dis-
persed repeats are sequences that recur at different loca-
tions throughout the genome [7]. In the mitogenome of 
C. amarissima, we identified 3,901 dispersed repeats that 
are 500 bp or longer, including 1,783 forward and 2,118 
palindromic repeats (Table  S5). The longest forward 
repeat was 2,103 bp, while the longest palindromic repeat 
measured 2,141 bp, both located in chr6. Most of these 
repeats fell within the 500–2,141 bp range.

Simple sequence repeats (SSRs), consist of 1–6 bp DNA 
fragments, are valuable for phylogenetic analysis, popula-
tion genetics, and species identification due to their poly-
morphism and widespread distribution in the genome. In 
the mitogenome of C. amarissima, we identified a total 
of 1,957 SSRs, including monomers, dimers, trimers, 
tetramers, pentamers, and hexamers (Table S6). Tetram-
ers were the most common, representing 39.99% of the 
total, followed by dimers at 27.39% and trimers at 14.67%. 
Monomers and hexamers were less frequent. Notably, 
more than 90% of monomer SSRs comprised A/T bases, 
while 64.55% of dimer repeats contained AG/CT bases.

Tandem repeats, also known as satellite DNAs, con-
sist of repeated core units typically ranging from 1 to 
200 bases. In the mitogenome of C. amarissima, we 
identified a total of 4,863 tandem repeats. Among these, 
3,915 tandem repeats fell within the length range of 9 to 
39 bp, while the overall lengths varied from 2 to 524 bp 
(Table S7).

Homologous Fragment analysis between mitochondria 
and chloroplasts
The transfer of genetic material between cellular orga-
nelles, particularly within mitogenomes, is a common 
occurrence in higher plants [37]. In contrast, chloro-
plast-derived sequence fragments exhibit relatively lower 
conservation [38]. To examine this in C. amarissima, we 
performed a sequence similarity analysis to detect poten-
tial instances of sequence migration from the chloroplast 
to the mitochondrion (Fig. 3B).
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Fig. 2  The statistics of codon in C. amarissima mitogenome. A The relative synonymous codon usage (RSCU). Codon families displayed 
on the x-axis. RSCU values represent the frequency of a specific codon relative to the expected frequency of that codon under uniform synonymous 
codon usage. B GC content of different positions from PCGs. C ENC-plot against GC3 of mitochondrial genome of C. amarissima. D Number of RNA 
editing sites predicted by individual PCGs
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Fig. 3  The distribution of repetitive sequences and homologous in C. amarissima mitogenome. A Distribution of repetitive sequences. 
The outermost circle represents the mitochondrial genome; the inner circle is SSR, tandem repeat (red), and dispersed repeat (turquoise). B 
Homologous analysis based on different organelles shows the arc representing mitogenome DNA
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We identified over 200 homologous fragments sharing 
between the chloroplast and mitogenomes of C. amaris-
sima. These fragments ranged in alignment lengths from 
10 to 511 bp, with mismatches ranging from 0 to 210. 
These fragments, 69,219 bp in total, account for approxi-
mately 1.06% of the C. amarissima mitochondrial DNA 
(Table  S8). Upon annotating these sequences, we iden-
tified 16 complete genes: 18 tRNA genes (trnA-TGC, 
trnD-GTC, trnE-TTC, trnF-GAA, trnH-GTG, trnK-CTT, 
trnL-CAA, trnL-TAG, trnM-CAT, trnN-GTT, trnP-TGG, 
trnR-ACG, trnR-TCT, trnS-GGA, trnS-TGA, trnT-TGT, 
trnV-GAC​ and trnW-CCA​). These tRNA genes in the 
mitogenome may have lost their functionality or under-
gone changes to become pseudogenes.

Comparative mitogenome analysis
To investigate the evolutionary characteristics of the 
mitogenome of C. amarissima, we compared it with 
three species from Commelinanae. The GC content of 
their mitogenomes varied from 44.04% in C. amarissima 
to 47.01% in Pontederia crassipes. The mitogenome sizes 
of four species varied from 397,847 bp (Pontederia cras-
sipes) to 6,505,655 bp (C. amarissima). Additionally, the 
number of rRNAs, tRNAs, introns, and PCGs ranged 
from 4 to 3, 63 to 18, 31 to 19, and 32 to 43, respectively 
(Table 1).

To assess variation in PCGs and clarify evolution-
ary patterns in C. amarissima, we calculated the non-
synonymous/synonymous mutation ratio (Ka/Ks) and 
nucleotide diversity (Pi). Our study focused on how envi-
ronmental stress affects mitogenome evolution. The aver-
age Pi for genes ranged from 0.01392 in nad7 to 0.09955 
in atp9 (Fig.  3A and Table  S9). Atp9 had the highest Pi 
at 0.09955, whereas nad7 had the lowest at 0.01392. Fast-
evolving genes included atp9 (0.09955), rps10 (0.07576), 
atp8 (0.05379), atp4 (0.05353), and rps19 (0.05243). In 
contrast, slow-evolving genes were nad7 (0.01392), cob 
(0.01549), and rrn5 (0.01709) (Fig.  4A). The analysis 
revealed that median Ka/Ks values exceeding 1 for ccmB, 
mttB, rps1, and rps13 indicated positive selection, while 
other genes showed purifying selection (Fig. 4B).

We focused on conserved collinearity blocks of at least 
500 bp, retaining those over 0.5 kb to effectively illus-
trate the collinear results (Fig. 4C). Our findings identi-
fied several co-linear genomic blocks exhibiting diverse 
structural arrangements, suggesting notable genomic 
rearrangements within the mitochondrial genome of C. 
amarissima compared to Commelinanae species.

Phylogenetic analysis
We extracted protein-coding gene sequences from 
seven Commelinanae species, and two outgroup spe-
cies (Apostasia fujianica and Dracaena cochinchinensis). 
In the phylogenetic tree based on mitochondrial PCGs, 
seven out of eight nodes showed strong bootstrap sup-
port (BS > 90%) and posterior probabilities (PP = 1). Only 
one node had lower BS values (BS = 77) in Poaceae clade 
(Fig. 5A). We also obtained a tree with a topology iden-
tical almost universal to that derived from chloroplast 
PCGs, but only six out of eight nodes showed higher sup-
port (BS > 80 and PP = 1). Among Commelinanae spe-
cies, Phoenix dactylifera formed the basal clade (though 
BS < 90 and PP = 1). C. amarissima clustered with Pon-
tederia crassipes (BS = 100 and PP = 1), while Saccha-
rum oficinarum and Oryza sativa were clustered in one 
branch in Poaceae clade (Fig.  5A). In contrast, Oryza 
sativa was nested within the three samples of Poaceae 
(Fig. 5B). The reasons for this discrepancy require further 
investigation.

Discussion
Sequencing and analyzing plant mitogenomes presents 
challenges due to their complex structure, character-
ized by numerous repetitive elements, integration of 
chloroplast genetic material, and extensive rearrange-
ments, which complicate the assembly process [8, 39]. 
Plant mitogenomes, characterized by elevated recom-
bination rates, display a flexible structure with various 
forms, including major loops, subloops, and linear con-
figurations within the mitochondria. [40, 41]. In here, the 
C. amarissima mitogenome features a complex, multi-
branched conformation with a length of 6,505,655 bp and 
a GC content of 44.04%, differing from the conventional 
circular arrangement found in terrestrial plant genomes. 
To date, the mitogenomes of Zingiberales have not been 
publicly released, limiting direct comparisons among 
them.

Codons are essential for translating genetic information 
into proteins [42]. Some studies have found that codon 
usage rates vary widely across species, likely resulting 
from a long-term equilibrium shaped by evolutionary 
selection [43]. In C. amarissima, the majority of PCGs 
initiated with the standard ATG codon, and the amino 
acid composition aligned with that of other angiosperms 

Table 1  General characteristics of four species mtDNAs

C. amarissima P. dactylifera A. fasciata P crassipes

Size(bp) 6,505,655 715,001 1,166,331 880,048

GC% 44.04 45.14 44.27 45.57

rRNAs 4 3 3 3

tRNAs 63 18 37 18

introns 31 24 28 19

PCGs 38 43 42 32
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Fig. 4  Variation in mitochondrial genes and the evolutionary characteristics of C. amarissima. A Ka/Ks ratio calculated for the PCGs. B nucleotide 
diversity of the PCGs. C Collinear analysis of C. amarissima and other Commelinanae species. The red arcs indicate inverted regions, while the gray 
arcs indicate better homologous regions
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Fig. 5  Molecular phylogenetic analysis was conducted using sequences from both mitochondrial and chloroplast genomes. A A phylogenetic tree 
based on conserved mitochondrial proteins was analyzed using ML and BI. ML support values and BI posterior probabilities are shown at the nodes. 
B A similar tree was constructed from conserved chloroplast proteins using the same methods
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[44]. Analysis of codon usage indicated a weak preference 
in the C. amarissima mitogenome, with 30 codons exhib-
iting an RSCU > 1. Most of these codons ended in A or T, 
reflecting a notable A/T bias at the third position, a trend 
often observed in plant mitogenomes [45].

RNA editing is a posttranscriptional modification 
occurring in the mitochondrial and chloroplast genomes 
of higher plants, altering mRNA sequences [46, 47]. Iden-
tifying RNA editing sites enhances our understanding of 
gene expression in plant mitochondria [48]. In this study, 
492 RNA editing sites were predicted in the C. amaris-
sima mitogenome, the numerous of RNA editing sites is 
similar to most angiosperm species eg. Solanum muri-
catum (585) [49], and lower than gymnosperms such as 
Taxus cuspidata (974) [50]. Besides, RNA editing is also 
common in mitochondrial transcripts and plays a vital 
role in generating functional proteins [51]. This process 
often introduces non-synonymous changes, which fre-
quently result in codons that code for hydrophobic amino 
acids [52]. These edits help enhance protein folding and 
functionality, often leading to the production of more 
stable or functional proteins. In the NJCMS2B soybean 
maintenance line, two editing sites within a conserved 
region were identified that convert hydrophilic serine to 
hydrophobic leucine, impacting the orientation of the 
protein’s transmembrane segments. In contrast, no RNA 
editing was observed in the atp9 transcript of the sterility 
line NJCMS2 A [53]. In our study, all identified editing 
sites were C-to-T transitions located in 35 PCGs, with 
most resulting in amino acid changes favoring hydropho-
bic residues. Moreover, RNA editing in the C. amaris-
sima mitogenome may lead to premature termination of 
translation, potentially affecting gene function. We iden-
tified 307 RNA editing sites that occurred at the second 
position of the triplet codon, including 207 that resulted 
in a hydrophilic-to-hydrophobic shift and 110 indicated 
a hydrophobic-to-hydrophobic change. These positions 
were the most susceptible to RNA editing, with a prefer-
ence for leucine in the resulting amino acids. However, 
further investigation is required to fully understand their 
functional significance.

Repeated sequences are abundant in mitogenomes 
and serve as valuable resources for developing mark-
ers used in population and evolutionary studies. These 
repeats also play a critical role in genome recombina-
tion, which may lead to dynamic structural changes in 
the mitogenome [54]. In this study, we examined the 
three categories of repetitive sequences present in the C. 
amarissima mitogenome as previously described. These 
repeats are crucial for mitogenome recombination, as 
they contribute to variations in its size and structure 
[55]. The presence of such repeated sequences increases 
the likelihood of recombination, potentially resulting in 

structural changes that may influence gene expression 
and function [56]. In comparison to other mitogenomes, 
the C. amarissima mitogenome exhibits a high number 
of repetitive sequences, indicating that frequent intermo-
lecular recombination may occur, potentially resulting in 
dynamic structural changes during evolution [57]. The 
identified monomer SSRs primarily consisted of A and T 
bases, which are linked by two hydrogen bonds. Previous 
studies have shown that this configuration requires less 
energy to break than the bonds in GC pairs, aiding in the 
structural stability of the mitogenome [58].

Previous studies have shown that some nuclear, mito-
chondrial, and chloroplast genes, as well as heterologous 
sequences, have been identified in many plant mitog-
enomes [8, 59]. A portion of these sequences are either 
noncoding or pseudogenes, though some are within cod-
ing regions. Understanding the fate of these transferred 
genes is crucial for tracking evolutionary changes in the 
mitogenome [8, 56]. A considerable portion of these 
sequences consists of noncoding regions or pseudogenes, 
although some are found within coding regions [60]. 
Some mitochondrial genes in plants contain introns, pos-
sibly due to intergenomic transfer (IGT); however, these 
features have minimal influence on the size and variabil-
ity of plant mitogenome [56]. In the mitogenome of C. 
amarissima, the transfer of sequences from chloroplast 
to mitogenomes is conserved, showing a lower propor-
tion of chloroplast sequence fragments (1.06%; 23,053 
bp) than observed in other angiosperms. Additionally, 
18 complete tRNA genes have migrated from the chlo-
roplast DNA of C. amarissima. Previous studies have 
shown that the transfer of tRNA genes from the chloro-
plast to the mitogenome is common in angiosperms [61]. 
In C. amarissima, those tRNA genes were transferred 
from the chloroplast genome as complete sequences, 
suggesting they may contribute to regular mitochondrial 
functions [62]. Since comprehensive genome data for 
C. amarissima are currently lacking, the potential influ-
ence of nuclear genome transfer on the expansion of the 
mitogenome has not been fully explored. Moreover, ear-
lier research has suggested two main scenarios regard-
ing the fate of foreign genes within the mitogenome: (1) 
Transferred genes often become nonfunctional, while 
functional native copies remain [63]; and (2) Endogenous 
genes may be lost, allowing exogenous copies to take on 
roles in supporting normal cellular functions [64]. Under-
standing these patterns of sequence transfer is crucial for 
tracking historical recombination events and structural 
changes in plant mitogenomes, emphasizing the need for 
further investigation.

In genetics, the Ka/Ks ratio is an important measure 
used to evaluate the selection pressure acting on PCGs 
throughout evolution [65]. In our study, four PCGs 
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under positive selection were identified, which is in line 
with previous findings [12, 66–68]. The Ka/Ks analysis 
revealed that most conserved PCGs in the mitochondrial 
genome have been retained, indicating a strong selective 
pressure to maintain their function across evolutionary 
time. The genes under positive selection have shaped the 
evolutionary trajectory of local adaptation. For instance, 
rps1 (with a Ka/Ks ratio greater than 1) plays a cru-
cial role in activating the heat stress response in higher 
plants, potentially facilitating communication that initi-
ates nuclear gene expression necessary for heat tolerance. 
Our study also identified two RNA editing sites in the 
rps1 gene within the mitogenome of C. amarissima. This 
suggests that rps1 may have been transformed from non-
functional to translatable mRNA through RNA editing, 
enhancing the plant’s heat resistance. Identifying these 
RNA editing sites in the genes under positive selection 
also could provide vital insights into the gene functions 
with new codons, improving our understanding of gene 
expression and local adaptation in the plant mitogenome.

The mitochondrial genome assembled in this study 
provides a valuable new resource for resolving the com-
plex evolutionary relationships within the genus Cur-
cuma and the broader Zingiberaceae family. Previous 
phylogenetic studies relying primarily on chloroplast or 
nuclear genomes have encountered challenges due to 
inter- and intraspecific morphological similarities within 
Curcuma [69, 70]. Despite recent advancements from 
chloroplast [71, 72] and nuclear genomes [73, 74], the 
lack of mitochondrial genome data in Zingiberaceae lim-
its comprehensive evolutionary analyses. Our mitochon-
drial genome data from C. amarissima offers preliminary 
insights into the evolutionary relationships and highlights 
possible structural rearrangements that could influence 
phylogenetic inference. However, given the current lim-
ited mitochondrial genomic resources for Zingiberaceae 
and the potential existence of hybridization events, our 
conclusions remain preliminary. Additional mitochon-
drial genome assemblies from various species within the 
family are necessary to resolve existing conflicts and fully 
understand the evolutionary history of Zingiberaceae 
and Zingiberales [75–79].

Conclusions
In this study, we characterized the first complete 
mitochondrial genome of C. amarissima, expand-
ing mitochondrial genomic resources available for 
the Zingiberaceae family. The mitogenome, span-
ning 6,505,655 bp, exhibited a unique multi-branched 
structure. Codon usage analysis revealed weak bias, 
suggesting natural selection influences mitochon-
drial gene evolution. Comparative genomics analyses 

highlighted distinct structural rearrangements and fre-
quent sequence migration events between mitochon-
drial and chloroplast genomes. Phylogenetic analysis 
provided valuable preliminary insights into evolution-
ary relationships within the Zingiberaceae family, sug-
gesting that mitochondrial genome data offer distinct 
advantages compared to chloroplast genomes. How-
ever, given the limited availability of mitochondrial 
genomic data within Zingiberaceae, the phylogenetic 
conclusions drawn here should be viewed as prelimi-
nary. Future studies involving additional mitochondrial 
genome sequencing within Zingiberaceae and related 
taxa are essential to provide comprehensive insights 
into the evolutionary history and genetic relationships 
within this important plant family.
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