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Introduction: Tea-oil Camellia species play a crucial economic and ecological
role worldwide, yet their mitochondrial genomes remain largely unexplored.

Methods: In this study, we assembled and analyzed the complete mitochondrial
genomes of Camellia oleifera and C. meiocarpa, revealing multi-branch
structures that deviate from the typical circular mitochondrial genome
observed in most plants. The assembled mitogenomes span 953,690 bp (C.
oleifera) and 923,117 bp (C. meiocarpa), containing 74 and 76 annotated
mitochondrial genes, respectively.

Results: Comparative genomic analyses indicated that C. oleifera and C. meiocarpa
share a closer genetic relationship, whereas C. drupifera is more distantly related.
Codon usage analysis revealed that natural selection plays a dominant role in shaping
codon bias in these mitochondrial genomes. Additionally, extensive gene transfer
events were detected among the three species, highlighting the dynamic nature of
mitochondrial genome evolution in Tea-oil Camellia. Phylogenetic reconstruction
based on mitochondrial genes exhibited incongruence with chloroplast phylogenies,
suggesting potential discordance due to hybridization events, incomplete lineage
sorting (ILS), or horizontal gene transfer (HGT). Furthermore, we identified species-
specific mitochondrial markers, which provide valuable molecular tools for
distinguishing Tea-oil Camellia species.
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Discussion: Our findings enhance the understanding of mitochondrial genome
evolution and genetic diversity in Tea-oil Camellia, offering essential genomic
resources for phylogenetics, species identification, and evolutionary research in

woody plants.
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mitochondrial genome, Tea-oil Camellia, comparative genomics, homologous

fragments, phylogeny

1 Introduction

Tea-oil Camellia refers to a group of tree species within the
Camellia genus of the Theaceae family. These are endemic
economic forest tree species with a long history of utilization in
China, comprising about 60 species (Yao and Ren, 2022). Currently,
C. oleifera has the largest cultivation area, followed by C. meiocarpa,
with C. drupifera ranking third (Zhu et al., 2024). These species
represent three of the major Tea-oil Camellia crops in China
(Figure 1). Among them, the cultivated C. meiocarpa is tetraploid,
C. oleifera is primarily hexaploid, and C. drupifera is mainly
octaploid (Qin et al, 2018). C. drupifera produces the largest
fruits, while C. meiocarpa bears the smallest (Yao and Ren, 2022).
The evolutionary dynamics of oil crops have long been a topic of
interest, yet the phylogenetic relationships among C. oleifera, C.
meiocarpa, and C. drupifera remain unclear due to frequent
hybridization, apomixis, rapid radiation, and a rich history of
diversity. Previous studies have attempted to classify these species
based on morphological traits, cytological analyses, and molecular
markers, but significant controversies persist (Qin et al., 2018; Qi
et al., 2020, 2023). Besides that, reticulate evolution, driven by
hybridization and introgression, plays a major role in shaping plant
mitochondrial genomes. Unlike nuclear DNA, which undergoes
biparental inheritance, mitochondrial DNA is maternally inherited
and thus is particularly susceptible to cytoplasmic gene flow,
horizontal gene transfer (HGT), and recombination events
(Gogarten and Townsend, 2005; Soucy et al., 2015). Previous
studies suggest that in Camellia species, mitochondrial genome
restructuring may result from interspecific hybridization, leading to
complex phylogenetic signals (Xiao et al., 2025). Additionally, the
phenomenon of chloroplast-to-mitochondria gene transfer is
frequently observed in angiosperms, influencing gene content and
structural variation within mitochondrial genomes (Smith, 2014).
However, in Tea-oil Camellia, whether these processes contribute to
the observed phylogenetic discordance between mitochondrial and
plastid genomes remains unclear.

In practical production, significant variations exist in both the
quality and pricing of Tea oil derived from different species (Shi
etal., 2020). Due to the difficulty in distinguishing between the three
during the seedling stage, issues such as misuse, mislabeling, and
substandard products are common, disrupting the tea-oil market
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(Liang et al., 2024). Therefore, understanding the phylogenetic
relationships among the three major cultivated Tea-oil Camellia
species and developing efficient methods for species identification
have become urgent issues for the healthy development of the Tea-
oil industry. Compared to single or limited gene fragments,
organellar genomes contain a wealth of genetic information,
providing numerous variable sites for plant phylogenetic studies
(Wang et al,, 2024). Specific molecular markers developed from
organellar genomes can enable rapid identification of these species
(Elyasigorji et al., 2023; Jo and Park, 2024). Additionally, the
structural characteristics of mitochondrial genomes and gene
transfer events between mitochondrial and chloroplast genomes
hold significant importance in the study of speciation (Wang et al,,
2007; Butenko et al, 2024; Liu et al, 2024a). Currently, most
phylogenetic studies on major cultivated Tea-oil Camellia species
have relied on single or limited universal fragment sequences,
providing relatively few informative sites—some sequences even
lack variation in certain species (Li et al., 2023). As a result, these
studies may not accurately reflect the phylogenetic status of the
major Tea-oil Camellia species.

Plant mitochondria are semi-autonomous organelles surrounded
by two membranes, widely present in eukaryotic cells. They possess
their own genetic material and genetic system, which are critical for
energy conversion and function as the key site for oxygen-dependent
respiration in eukaryotic cells (Moller et al., 2021; Wu et al,, 2022).
Unlike chloroplast genomes, the mitochondrial genome information
available on the NCBI website is currently fewer than a thousand
entries (as of November 01, 2024). Additionally, compared to the
predominantly circular structure of chloroplast genomes,
mitochondrial genomes exhibit a more complex range of structural
features, including multipartite circular, Y-shaped, and H-shaped
configurations (Robinson and Kunji, 2006). There are significant size
variations in mitochondrial genomes among different plant species.
Generally, mitochondrial genomes fall within the range of 200 kb to
3,000 kb, with the smallest terrestrial plant mitochondrial genome at
about 66 kb and the largest at 11,300 kb (Sloan et al., 2012; Skippington
etal, 2015). Even within the same plant species, mitochondrial genome
sizes can vary significantly; for example, in the Cucurbitaceae family,
the sizes of mitochondrial genomes among different species can differ
by approximately sevenfold (Alverson et al., 2010). While nuclear and
chloroplast genomes are widely used for species classification and
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FIGURE 1

The morphology of three main Tea-oil Camellia (Camellia spp.) species fruit. (A) C. oleifera; (B) C. meiocarpa and (C) C. drupifera

phylogenetic analysis, mitochondrial genomes offer additional
evolutionary insights that are not readily accessible from other
organellar genomes ( ). For instance, mitochondrial
genomes can reveal structural complexities and inter-organellar gene
transfers that are critical for understanding the broader genomic

dynamics within plant species ( ).
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Complete mitochondrial genomes offer distinct advantages in
studies of speciation, population genetics, phylogenetics, and
phylogeography ( ; ).
Mitochondrial genomes, unlike nuclear or chloroplast genomes,
exhibit unique characteristics such as multi-branch structures, high
recombination rates, and gene content variations that provide
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valuable insights into plant evolutionary processes. While nuclear
and chloroplast genomes are widely used for species classification
and phylogenetic analysis, mitochondrial genomes offer additional
evolutionary insights that are not readily accessible from other
organellar genomes. For instance, Tang et al. (2023) sequenced and
characterized the mitochondrial genomes of 34 species from the
Selaginellaceae family, focusing specifically on the Selaginella genus
(Tang et al, 2023). They found that the mitochondrial genome
structures were complex, with a positive correlation among GC
content, mutation rates, and the quantity of RNA editing sites. The
phylogenetic tree constructed in their analysis provided new
insights into the evolutionary dynamics within the genus.
Horizontal gene transfer is the process by which organisms
acquire genetic material from unrelated species rather than
through vertical inheritance (Kurland et al., 2003; Gogarten and
Townsend, 2005; Soucy et al., 2015). In flowering plants, horizontal
gene transfer (HGT) is uncommon in nuclear DNA but frequently
occurs in mitochondrial genomes (Bock, 2010). In multicellular
eukaryotes, HGT involving chloroplast and mitochondrial DNA
can significantly influence gene content (Chang et al, 2013).
Typically, in higher plants, DNA fragments migrate
unidirectionally from chloroplasts to mitochondria, with few
instances of transfer in the opposite direction (Smith, 2014). HGT
disrupts reproductive barriers and complicates gene flow, making it
a significant factor in molecular and macroevolution studies. In
recent years, mitochondrial genome information has also been
applied to research in plant phylogenetics. Yang et al. (2023)
sequenced the mitochondrial genome associated with Panax
notoginseng, constructed a phylogenetic tree to clarify the
relationships among five medicinal species in the Panax genus,
and developed specific molecular markers for their rapid
identification based on intron region comparisons (Yang et al,
2023). Previous studies on Tea-oil Camellia mitochondrial genomes
have focused primarily on single species or limited regions of the
genome. For example, the mitochondrial genome of C. drupifera
was recently assembled, revealing its multi-branch conformation, a
structure that deviates from the commonly circular form observed
in most plants (Liang et al,, 2025). Similarly, the mitochondrial
genomes of C. oleifera and C. lanceoleosa have been analyzed in
other studies, but comprehensive comparisons and broader
genomic surveys across main Tea-oil Camellia species are still
lacking (Xiao et al., 2025). Furthermore, few have examined the
extent of mitochondrial genome variation, genome rearrangements,
or gene transfer events in Tea-oil Camellia species.

This study proposes the following research questions based on
current studies and industry needs: (1) What are the structural
characteristics of the mitochondrial genomes of the three main tea-
oil Camellia species? (2) Compare phylogenetic relationships
inferred from mitochondrial and chloroplast genomes to assess
whether hybridization and incomplete lineage sorting (ILS) have
influenced the evolutionary relationships among the Tea-oil
Camellia species (3) Can mitochondrial genome information be
used to develop specific molecular markers for these species?
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Through the study of these questions, we aim to reveal the
structural features and variations of the mitochondrial genomes
of three main Tea-oil Camellia species. Based on this information,
we will construct a phylogenetic tree to infer their evolutionary
relationships. Additionally, we will design specific molecular
markers to lay the foundation for the in-depth identification,
evaluation, and utilization of tea-oil resources, providing reliable
genomic information for the assessment of other Tea-oil species.
This study aims to address these gaps by providing a comprehensive
assembly and analysis of the mitochondrial genome of major Tea-
oil Camellia species. By integrating comparative genomics,
phylogenetics, and molecular marker development, it offers new
insights into their evolutionary history and genome dynamics,
contributing essential resources for species identification and
conservation efforts.

2 Materials and methods

2.1 DNA sequencing assembly and
annotation of C. oleifera and C. meiocarpa

Young leaves of C. oleifera and C. meiocarpa collected from the
Hainan Academy of Agricultural Sciences (HAAS) were used as
materials for this study. Genomic DNA of high quality was isolated
from the leaves using a modified CTAB method (Porebski et al.,
1997). We employed a sequencing strategy that combined third-
generation “ONT” with second-generation “Illumina” technologies
to construct libraries. Following the construction of libraries with
SQK-LSK109 (Oxford Nanopore Technologies, Cambridge, UK),
DNA sequencing was carried out on the Nanopore PromethION
platform, resulting in the generation of 23.17 Gb in C. oleifera and
21.32 Gb in C. meiocarpa of raw data. The data were subsequently
filtered and refined using NanoFilt and NanoPlot tools from
Nanopack (De Coster et al, 2018). At the same time, libraries
with an average fragment length of 350 bp were created from the
high-quality DNA using the NexteraXT DNA Library Preparation
Kit. Sequencing was subsequently conducted on the Illumina
Novaseq 6000 platform (Illumina, San Diego, CA, USA),
generating 42.02 Gb in C. oleifera and 41.03 Gb in C. meiocarpa
raw sequence data (Patel and Jain, 2012). The data were then
processed using the NGS QC Tool Kit v2.3.3 for editing.

The assembly method for the mitochondrial genomes was as
follows: (1). Use minimap2 to align the mitochondrial sequences
among related species C. drupifera (Li, 2018). (2). Assemble the
aligned data using Flye v 2.9.5 (Kolmogorov et al., 2019), followed
by correction with Racon v1.4.3 (Vaser et al, 2017). After
correction, align the corrected results with the second-generation
sequencing data using Bowtie2 v2.5.4 (Langmead and Salzberg,
2012). (3). Perform hybrid assembly using Unicycler v0.5.1 (Wick
et al., 2017), and finally, split the GFA file based on the coverage
from the third-generation data for the purpose of obtaining the final
assembly results by MUMmer v4.0.0 (Marcais et al., 2018).
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The protein-coding genes (PCGs) and rRNA of the
mitochondrial genome were identified using blastn (Alverson
et al., 2010) against closely related species C. drupifera, while
tRNA was identified via tRNA scan-SE software (http://
lowelab.ucsc.edu/tRNAscan-SE/). The introns’ boundaries were
manually checked and corrected to ensure that the protein-coding
genes had a complete structure. OGDRAW was utilized to construct
the mitochondrial genome map (Greiner et al.,, 2019).

2.2 Comparison and analysis of three main
Tea-oil species mtDNA

The mitochondrial genome of C. drupifera used in this study
was retrieved from the Genbank of NCBI (accession numbers:
PQO041261 and PQ041262) (Liang et al., 2025). Using MUMmer
v4.0.0 (Marcais et al., 2018) with the -maxmatch parameter, we
conducted pairwise genomic alignments to generate a dot-plot. We
performed a pairwise alignment of the mitochondrial genomes with
BLASTn software (v2.7.1) (Chen et al, 2015), identifying
homologous sequences among them while applying a minimum
collinear block length cutoff of 500 bp. For visualization and
collinearity analysis of the three main Tea-oil Camellia species,
we utilized Mauve v2.4.1 software (Darling et al., 2004).

Using Phylosuite (Zhang et al, 2020) software, we extracted the
PCGs of the three major tea-oil Camellia species and aligned the
homologous sequences with MAFFT. After alignment, utilizing
KaKs_Calculator v2.0 (https://sourceforge.net/projects/kakscalculator2/)
with the MLWL method, we calculated the Ka and Ks values for
each gene pair. We then computed the Ka/Ks ratios for each gene
pair and visualized the results with a box plot. Additionally, we
analyzed haplotype diversity (Hd) using DnaSP6 (Rozas et al., 2017)
software, generating a nexus haplotype data file. Nucleotide
diversity (Pi) values were also calculated with DnaSP6. Finally, we
employed Rscript to illustrate the collinearity relationships among
gene orders in the three Tea-oil Camellia species.

2.3 Repeat sequences of three main Tea-
oil species

Repeated sequences are significant features of genomes that
influence evolution, heredity, and variation (Jurka et al., 2007).
These elements are critical for regulating gene expression,
transcription processes, chromosome architecture, and
physiological metabolism (Li et al., 2018). Simple sequence
repeats (SSRs) were detected using MISA software with the
following parameters: 1-10 2-5 3-4 4-3 5-3 6-3 (Beier et al,, 2017).
For tandem repeats, TRF software was employed (parameters: 2 7 7
80 10 50 2000 -f -d -m). Dispersed repeats were identified via
BLASTn (v2.10.1) with parameters set to -word_size 7 and evalue
le-5, while redundancies and tandem repeats were removed. The
outcomes were visualized using Circos.
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2.4 Investigating relative synonymous
codon usage and effective codon count

MEGA software facilitated the analysis of codon usage and the
determination of RSCU from the mitochondrial genomes’ protein-
coding genes (Kumar et al., 2016). The coding genes’ GC content
was evaluated with the CUSP tool (https://www.bioinformatics.nl/
cgi-bin/emboss/cusp), and the ENC was derived using CodonW to
assess the randomness of genomic codon usage (Sharp and Li,
1986). Using Microsoft Excel 2021, we count the frequency of the
third base of the RSCU greater than 1 and generated a scatter plot in
two dimensions.

2.5 Investigation of DNA migration from
chloroplasts to mitochondria

Utilizing BLAST v2.7, homologous sequences between the
chloroplast and mitochondrial genomes were identified, with an
E-value threshold of le-5 and a minimum similarity of 70%.

2.6 RNA editing sites of three main Tea-oil
species mtDNA

A previous study indicated that mitochondrial genes experience
numerous RNA editing events (Shi et al., 2016). RNA editing sites
were predicted in the shared PCGs of three major Tea-oil species,
utilizing the PREP-Mt online server (http://prep.unledu/) with a
threshold score set at C = 0.2 (Mower, 2005).

2.7 Construction of phylogenetic trees of
three main Tea-oil species mtDNA

The phylogenetic tree analysis involved a total of 16 species with
shared PCGs from both mitochondrial and chloroplast genomes,
including two outgroup species. The best evolutionary model for the
PCGs was determined using ModelTest-NG relying on the Akaike
Information Criterion (AIC). We executed a maximum likelihood
(ML) analysis of the two datasets was performed using RAXML
v8.2.13 (Darriba et al,, 2020), involving 1,000 rapid bootstrap
resampling. Using MrBayes v3.2.7, Bayesian inference (BI) trees
were generated through a Markov Chain Monte Carlo (MCMC)
approach, totaling 1,000,000 generations, sampling every 100
generations, and applying a burn-in of 25% (Ronquist et al., 2012).

2.8 In silico analysis of molecular markers
in three main Tea-oil species

The polymorphism of plant mitochondrial genomes provides

a valuable tool for distinguishing closely related species. We used
MUMmer4 (Marcais et al., 2018) with C. oleifera as the reference
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to detect SNPs and indels between genomes. Each identified
variant has been compiled into a table to facilitate species
identification and downstream analysis. Primer design was
conducted using Primer3 (Untergasser et al, 2012) with the
parameters set to PRIMER_PRODUCT_SIZE_RANGE=150-300
and PRIMER_MAX_END_STABILITY=250.

3 Results

3.1 The mitochondrial genome architecture
of C. oleifera and C. meiocarpa

The newly sequenced genomes of C. oleifera and C. meiocarpa
were reported (Supplementary Tables S1, S2). Based on the
assembled results, the whole mitochondrial genomes of C. oleifera
and C. meiocarpa were 953,690, and 923,117 bp, respectively
(Table 15 Figures 2A, B). The GC content in their mitochondrial
genomes were 45.68% (C. oleifera) and 45.73% (C. meiocarpa),
aligning closely with the GC content found in mt genomes of other
plant species that have been fully sequenced (Alvarenga et al., 2024;
Liu et al,, 2024b). The two Tea-oil Camellia species mitochondrial
genome were found to possess peculiarities of multi-branch
conformation (the same as another main Tea-oil Camellia species
C. drupifera), which were not the typical circular structure. To
present the structural and positional information of all genes, we
linearized the branched genomes (Figures 2C-F). For convenience
in detailing the genomic characteristics, we structured the assembly
as one chromosome (three contigs—ctg3, ctgl and ctg2) in C.
oleifera and two chromosomes (seven contigs—ctg2, ctg9, ctg8,
ctgl, ctg9_copy, ctg5 and ctg7; and three contigs—ctg6, ctg3 and
ctg4) in C. meiocarpa. Through read mapping, we validated the
quality of the assembly, confirming that all sites had adequate
support from the reads. The depth was 332.6 to 391.7 in C. oleifera
and 778.4.6 to 1780.6 in C. meiocarpa, respectively. To assess the
quality and accuracy of our newly assembled C. oleifera
mitochondrial genome, we compared it with the previously
published mitochondrial genome (Xiao et al, 2025). Our new
assembly, spanning approximately 86,148 bp, reveals structural
features consistent with a multi-branch conformation, similar to
those reported for other Camellia species (Liang et al., 2025; Xiao
et al., 2025). This evidence further suggests that Camellia
mitogenome deviates from the traditional circular structure and
instead consists of multiple units.

TABLE 1 The assembly statistics in C. oleifera and C. meiocarpa.

C. oleifera C. meiocarpa

Number of contigs 3 9
Largest contig 777, 214 232,662
Smallest contig 64,817 3,693

Undetermined bases None None
GC content 45.68 45.73
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A total of 76 characteristic genes of the mitochondrial genome
(39 PCGs, 32 tRNA genes, three rRNA genes and two pseudo genes)
in C. oleifera and 74 (38 PCGs, 31 tRNA genes, three rRNA genes
and two pseudo genes) in C. meiocarpa were annotated. For the
purpose of comparing, we split the mitochondrial conformation
into linear molecules. In C. oleifera, the majority Chromosome 1
encodes 76 genes (39 PCGs, 32 tRNA genes, three rRNA genes, and
two pseudo genes). In C. meiocarpa, the majority Chromosome 1
encodes 47 genes (25 PCGs, 20 tRNA genes, one rRNA gene and
one pseudo gene), and the minority Chromosome 2 encodes 27
genes (four PCGs, 13 PCGs, 11 tRNA genes, two rRNA genes and
one pseudo gene) (Figure 3). Of the identified PCGs, 24 were
classified as core genes, and 14 were considered non-core genes. The
core gene set consists of five ATP synthase-related genes (atpl, atp4,
atp6, atp8, atp9), nine genes related to NADH dehydrogenase
(nadl, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9), four
genes involved in cytochrome ¢ biogenesis (ccmB, ccmC, ccmFc, and
ccmEN), three cytochrome ¢ oxidase genes (coxI, cox2, and cox3),
one gene for a transport membrane protein (mttB), a maturase gene
(matR), and a gene for ubiquinol-cytochrome c reductase (cob).
Conversely, the non-core gene set includes four genes coding for
large ribosomal subunits (rpl10, rpl16, rpl2, and rpl5), eight genes
coding for small ribosomal subunits (rps1, rps12, rps13, rps14, rps19,
rps3, rps4, and rps7), along with two succinate dehydrogenase genes
(sdh3 and sdh4). Most of gene arrangement of all the three main
Tea-oil Camellia species were the same. Only the Gene dosage in
trnP-TGG, trnS-CGA, trnS-GCT and trnW-CCA were different in
three main Tea-oil Camellia species (Supplementary Table S3).

3.2 Comparison of the three main Tea-oil
Camellia species mtDNA

For exploration of the evolutionary characteristics of
mitochondrial genome of the three main Tea-oil Camellia species,
we first compared them by synteny analysis. A visual representation
of their relationships in Figure 4A. Dot-plot analysis revealed that
C. oleifera and C. meiocarpa have longer and more similar synteny
sequences compared to those found between C. oleifera and C.
drupifera, and C. meiocarpa and C. drupifera. Pairwise synteny
analysis identified numerous homologous collinear blocks, their
arrangement varied across individual mitogenomes. These
significant rearrangements suggest that the mitogenomes of the
three main Tea-oil Camellia species exhibit considerable structural
conservation. To further evaluate the connection among the three
main Tea-oil Camellia species, the BLASTN program was used to
compare homologous genes and their sequence organization. We
specifically focused on conserved collinearity blocks of 500 bp or
longer, retaining those exceeding 0.5 kb to clearly illustrate the
collinear results. (Figure 4B). The plant mitogenomes displayed a
dispersion of homologous sequences, particularly among closely
related species, which shared the most homologous sequences.
Moreover, collinear blocks across the mitochondrial genomes
displayed irregular arrangements, with three main Tea-oil
Camellia species showing multiple gene rearrangements that led
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to shorter collinear blocks. This suggested that while the
mitochondrial genomic arrangement was highly conserved among
three main Tea-oil Camellia species, they have also experienced the
frequent gene recombination events.

We conducted synteny and rearrangement analyses among the
three main Tea-oil Camellia species. Between the mitogenomes of
C. drupifera and C. meiocarpa, eight conserved PCG segments were
identified, including rpl10 to nad4, nad4L to matR, rps19 to nad9,
rpll6 to coxl, nad2-2 to nadl-1, nad3 to rps12, cox2 to cob, and atp8
to nad6 (Figure 4C). In the comparison between C. meiocarpa and
C. oleifera, 11 conserved PCG segments were noted, encompassing
rpll5 to cob, sdh4 to atp8, nadl-1 to rpsll, nadl5-1 to rpsi2, rpl2 to
rpl16, rps13 to nadl-2, nadl-4 to nad5-2, rpsl to rps7, matR to nadl-
3, atp4 to nad4L, and cox2 to nad7.

In addition, we looked at the mutation sites in the nine shared
genes among the three main Tea-oil Camellia species to construct
haplotype networks for a more in-depth analysis of genetic
variation (Figure 4D). Notably, C. drupifera displayed the most
distinct haplotype composition, whereas C. oleifera and C.
meiocarpa shared an identical composition in these genes. Our
analysis aimed to explore the phylogenetic relationships of three

10.3389/fpls.2025.1549185

main Tea-oil Camellia species, the evolutionary characteristics of
the three main Tea-oil Camellia species showed C. oleifera and C.
meiocarpa have a close relationship then C. drupifera.

In order to assess the variation in PCGs and explore evolutionary
patterns, we calculated the Pi and Ka/Ks ratios for each PCG across
the three primary Tea-oil Camellia species, finding that the average Pi
values ranged from 0 to 0.0019. The nine genes with the Pi values
were rps13 (0.0019), sdh4 (0.00154), atp8 (0.00139), rrn26 (0.00113),
rps4 (0.00063), nad7 (0.00056), atpl (0.00044), coxI (0.00042) and
rps3 (0.00039); the Pi values in most genes was 0, such as mttB, ccmB,
rpl10 et al. Patterns in genetic distance among PCGs were consistent,
with rps13 (0.0019), sdh4 (0.00154), atp8 (0.00139), and rrn26
(0.00113) recognized as genes with rapid evolutionary rates than
other PCGs, whereas coxI (0.00042), and rps3 (0.00039) were slow
evolving genes (Figure 5A; Supplementary Table S4). To assess the
evolutionary rate of PCGs, C. drupifera as the reference, we calculated
the average Ka/Ks ratio, which serves as a key metric for molecular
adaptation. The Ka/Ks of most of genes were NA. The average Ka/Ks
of three genes exist values, including cox1(Ka/Ks=0), nad7 (Ka/Ks=0)
and rps3 (Ka/Ks= 0.23), which were consistently less than one
(Figures 5B, C; Supplementary Table S5). The results showed that

FIGURE 2
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The assembly result of the mitochondrial genome of C. oleifera (A, C, E) and C. meiocarpa (B, D, F). (A, B): the original structure; (C, D): re-drawing
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The order, orientation, and size of the genes within (A): C. oleifera and (B) C.

all genes have experienced relaxed selection and demonstrate
minimal evolutionary change. These genes may be crucial for the
adaptive processes of Tea-oil Camellia species.

Regions with significant nucleotide divergence are often utilized to
create species-specific markers, particularly in closely related species
that share similar morphological traits. While the coxI gene is
commonly regarded as a universal DNA barcode for species
identification and phylogenetic studies, this study revealed it to be
the least variable and slowest evolving among the analyzed genes. In
contrast, the rps13, sdh4, and atp8 genes displayed the highest levels of
variability and the fastest evolutionary rates. Consequently, these genes
may serve as more suitable candidates for population genetic research
and for distinguishing the three primary Tea-oil Camellia species.

3.3 Repetitive sequences present in the
mitochondrial genome of three main Tea-
oil Camellia species

Short Sequence Repeats (SSRs) are defined as repeating units
varying in length from 1 to 6 base pairs. Our analysis identified a
total of 254 SSRs within the mitochondrial genome of C. oleifera,
including 29 mononucleotides, 70 dinucleotides, trinucleotides 36,
tetranucleotides 106, 11 pentranucleotides and 2 hexanucleotides
repeats; 262 SSRs in C. meiocarpa, including 29 mononucleotides,
73 dinucleotides, 37 trinucleotides, 107 tetranucleotides, 14
pentranucleotides, and 2 hexanucleotides repeats and 269 SSRs in
C. drupifera, including 27 mononucleotides, 73 dinucleotides, 40
trinucleotides, 108 tetranucleotides, 17 pentranucleotides and 4
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hexanucleotides repeats (Figure 6A). Tetrameric and dimeric SSRs
made up a significant portion of the total, comprising 69.29% in C.
oleifera, 68.70% in C. meiocarpa, and 67.29% in C. drupifera. In
contrast, pentametric forms were 11, 14 and 17, and only 4, 2, and 2
hexametric SSRs were found among the three main Tea-oil
Camellia species (Figure 6B).

The four types of dispersed repeats include forward repeats,
reverse repeats, complementary repeats, and palindromic repeats.
Each type has distinct characteristics and plays different roles in
genetic variation and functionality. In Figure 6C, we identified 153
(C. drupifera), 158 (C. oleifera) and 167 (C. meiocarpa) repeats in
30-39 bp. The longest repeat, exceeding 1,000 bp, was identified
exclusively in C. drupifera (12) and C. meiocarpa (2). It was
observed that the majority of dispersed repeats had lengths under
100 bp. Tandem repeats consist of sequences made up of repeating
units that vary in length from 1 to 200 bp, appearing consecutively
multiple times. A total of 43, 40 and 39 tandem repeats were
identified in C. drupifera, C. oleifera and C. meiocarpa (Figure 6D).
The total number of dispersed and tandem repeats also showed a
strong correlation with the lengths of the mitochondrial genomes.

3.4 Analysis of codon usage in the
mitochondrial genome of three main Tea-
oil Camellia species

To analyze codon usage preferences in the mitogenomes of the
three main Tea-oil Camellia species, we computed the relative
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synonymous codon usage (RSCU), as shown in Table 2. An RSCU
value greater than one indicates that the codon is preferentially used
for its associated amino acid. The mitochondrial DNA of the three
main Tea-oil Camellia species encoded all 21 amino acids, with a
total of 61 distinct codon types identified. RSCU also showed the
tendency to favor A/U bases, and U was used more frequently at the
third base of the value of RSCU>1, highlighting a common pattern
of codon usage bias across different species. Leucine had the highest
number of codons, followed by Serine, while Cysteine had the
fewest. Of the codons analyzed, 31 were utilized more often than
anticipated (RSCU > 1), while another 31 were employed less
frequently (RSCU < 1). Notably, Methionine (AUG) and
Tryptophan (UGG) did not show codon preferences, each with
an RSCU of 1. Most amino acids, except Methionine (ATG) and
Tryptophan (TGG), displayed biases in their codon usage patterns.
Most amino acids had at least two codons; for instance, Arginine,
Leucine, and Serine each had six codons. This suggests that the
protein-coding genes in the three main Tea-oil Camellia species
mitogenome exhibit a general codon usage preference.

We analyzed the PCGs from the mitochondrial DNA of three
main Tea-oil Camellia species, determining the GC content for the
GCl1, GC2, and GC3 of codons. In C. drupifera, GC1 ranged from
36.88% to 57.84%, GC2 from 35.51% to 55.86%, and GC3 from
23.93% to 58.38%. For both C. oleifera and C. meiocarpa, GC1
values were between 36.88% and 57.84%, GC2 ranged from 35.51%
to 55.86%, and GC3 varied from 24.79% to 58.41% (Supplementary
Table S6). On average, the GC content across all three codon
positions in these species was under 50%, suggesting a preference
for A/T bases and codons ending with A/T in their mtDNA.
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The ENC values for the protein-coding genes ranged from 33.62
to 61, with an average exceeding 35, reflecting a relatively weak
codon usage bias in the mitochondrial DNA of the three main Tea-
oil Camellia species. Moreover, neutrality plot analysis indicated a
correlation of 0.1 to 0.2 between GC12 and GC3, with a significance
level (P = 0.05) that was lower than anticipated (Figure 7A). This
implies that the primary factor influencing codon usage bias in the
mitochondrial DNA of the three main Tea-oil Camellia species is
natural selection pressure.

To investigate the determinants of codon usage patterns in the
mitochondrial genomes of the three main Tea-oil Camellia species,
we examined 38 PCGs. We calculated the ENC and generated a plot
of ENC using GC3 values (Figure 7B). Most genes were found below
the standard curve, with only a few above, indicating that selection
pressure significantly shapes codon preferences.

3.5 Gene transfer between chloroplasts
and mitochondrial genome in three main
Tea-oil Camellia species

During the evolution of higher plants, the exchange of genetic
material between cellular organelles, particularly within
mitochondrial genomes, is a common occurrence (Martin and
Herrmann, 1998). Mitochondrial plastid sequences (MTPTs) are
sequences within mitogenomes that originate from plastids. The
homologous fragments between the three main Tea-oil Camellia
mitogenome and chloroplast genome were detected and examined.
The mitochondrial (mt) genomes of the three main Tea-oil
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Camellia species were approximately six times larger than their  of their mitochondrial genomes (Supplementary Table S7). Within
corresponding chloroplast (cp) genomes. A total of 17,141 bp in C.  the mt genomes, 31-34 fragments, totaling 27,468-27,802 bp and
oleifera, 16,781 bp in C. meiocarpa, and 16,785 bp in C. drupifera  comprising 17.5-17.76% of the cp genome, were identified as
were derived from chloroplast genomes, accounting for ~1.7-1.8%  having relocated from the cp genome (Figure 8; Supplementary

TABLE 2 Relative synonymous codon usage in three main Tea-oil Camellia species’ mitochondrial genome.

Camellia drupifera Camellia oleifera Camellia meiocarpa

No. RSCU [\[e} RSCU \[e} RSCU
* UAA 20 1.5789 20 1.5789 20 1.5789
* UAG 6 0.4737 6 04737 6 0.4737
* UGA 12 0.9474 12 0.9474 12 0.9474
A GCA 165 0.9593 165 0.9607 165 0.9607
A GCC 164 0.9535 163 0.9491 163 0.9491
A GCG 87 0.5058 87 0.5066 87 0.5066
A GCU 272 1.5814 272 1.5837 272 1.5837
C UGC 56 0.7368 56 0.7368 56 0.7368
C UGU 9 1.2632 96 1.2632 96 1.2632
D GAC 102 0.6036 103 0.6077 103 0.6077
D GAU 236 1.3964 236 1.3923 236 1.3923
E GAA 295 1.3288 295 1.3288 295 1.3288
E GAG 149 0.6712 149 0.6712 149 0.6712
F uuC 298 0.8949 298 0.8949 298 0.8949
F uuu 368 1.1051 368 1.1051 368 1.1051
G GGA 275 1.4686 275 1.4686 275 1.4686
G GGC 102 0.5447 101 0.5394 101 0.5394
G GGG 135 0.721 136 0.7263 136 0.7263
G GGU 237 1.2657 237 1.2657 237 1.2657
H CAC 61 0.4604 61 0.4604 61 0.4604
H CAU 204 1.5396 204 1.5396 204 1.5396
I AUA 228 0.8291 228 0.8311 228 0.8311
I AUC 235 0.8545 234 0.853 234 0.853
1 AUU 362 1.3164 361 1.3159 361 1.3159
K AAA 268 1.1729 268 11729 268 1.1729
K AAG 189 0.8271 189 0.8271 189 0.8271
L CUA 159 0.8712 159 0.8728 159 0.8728
L cuc 113 0.6192 113 0.6203 113 0.6203
L CUG 102 0.5589 102 0.5599 102 05599
L cuu 241 1.3205 240 13175 240 13175
L UUA 260 1.4247 260 1.4273 260 1.4273
L uuG 220 1.2055 219 1.2022 219 1.2022
M AUG 285 1 286 1 286 1

(Continued)
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TABLE 2 Continued

Camellia drupifera

10.3389/fpls.2025.1549185

Camellia oleifera Camellia meiocarpa

No. RSCU No. RSCU \[o} RSCU
N AAC 117 0.6802 117 0.6822 117 0.6822
N AAU 227 1.3198 226 1.3178 226 1.3178
P CCA 175 1.1532 175 1.1532 175 1.1532
P CCC 115 0.7578 115 0.7578 115 0.7578
P CCG 98 0.6458 98 0.6458 98 0.6458
P CCU 219 1.4432 219 1.4432 219 1.4432
Q CAA 222 1.5 222 1.5 222 1.5
Q CAG 74 0.5 74 0.5 74 0.5
R AGA 178 1.4278 179 1.4358 179 1.4358
R AGG 92 0.738 91 0.7299 91 0.7299
R CGA 166 1.3316 166 1.3316 166 1.3316
R CGC 75 0.6016 75 0.6016 75 0.6016
R CGG 87 0.6979 87 0.6979 87 0.6979
R CGU 150 1.2032 150 1.2032 150 1.2032
S AGC 100 0.6036 100 0.603 100 0.603
S AGU 171 1.0322 172 1.0372 172 1.0372
S UCA 189 1.1408 189 1.1397 189 1.1397
S uccC 159 0.9598 159 0.9588 159 0.9588
S UCG 146 0.8813 146 0.8804 146 0.8804
S UCU 229 1.3823 229 1.3809 229 1.3809
T ACA 132 0.9565 132 0.9565 132 0.9565
T ACC 143 1.0362 143 1.0362 143 1.0362
T ACG 80 0.5797 80 0.5797 80 0.5797
T ACU 197 1.4275 197 1.4275 197 1.4275
\% GUA 198 1.2073 198 1.2073 198 1.2073
\4 GUC 119 0.7256 119 0.7256 119 0.7256
\% GUG 144 0.878 143 0.872 143 0.872
v GUU 195 1.189 196 1.1951 196 1.1951
w UGG 160 1 161 1 161 1
Y UAC 75 0.4644 75 0.4644 75 0.4644
Y UAU 248 1.5356 248 1.5356 248 1.5356

* is termination codon.

Table 7). These fragments exhibited sequence identities exceeding
70%, with alignment lengths ranging from 15 to 174 bp and
mismatches between 0 and 42. Additionally, eight complete cp
genes (rrn23, rrnl6, psbL, psb], psbE, psbF, petG, and petL) and eight
tRNAs (trnW-CCA, trnA-UGC, trnV-GAC, trnP-UGG, trnM-CAU,
truN-GUU, trnD-GUC, and trnl-CAU) were observed in both the cp
and mt genomes. Moreover, fragmentary sequences of over ten
other genes (e.g., rps12, rpl23, ndhK, and atpE) were also detected in

Frontiers in Plant Science

all three species. Interestingly, the migration of cp gene migration
occurred unevenly, where the large single copy (LSC) region played
a more significant role compared to the inverted repeat (IR) region.
Interestingly, MTPTs were predominantly located within repeat-
rich regions, suggesting that repeat-mediated recombination might
facilitate gene transfer events. This pattern is consistent with
observations in other plant species, where organelle genome
interactions play a crucial role in mitogenome evolution.
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3.6 Predict RNA editing sites in three main
Tea-oil Camellia species

In all eukaryotes, RNA editing is defined as the process where
bases are added, removed, or substituted located in the coding
segment of the tRNA (Eisenberg and Levanon, 2018). We identified
549, 546 and 545 RNA editing events across 38 PCGs in the C.
oleifera, C. meiocarpa and C. drupifera mitochondrial genomes,
respectively (Figure 9A). The ccmFn gene had the highest number
of editing sites, with counts of 39, 40, and 39, followed by nad2 with
30, 30, and 29. The rpsi, rpl10, rpsi4, rps19, rps7, sdh3, and sdh4
genes exhibited two to four RNA editing events, associated with
ribosomal protein and succinate dehydrogenase functions. Most
RNA editing resulted in modifications in amino acids, notably at the
first and second base locations, with the latter being more frequently
altered (Delaunay et al., 2024). These findings corroborate earlier
studies, highlighting substitutions such as Serine (S) to
Phenylalanine (F), Proline (P) to Leucine (L), and Serine (S) to
Leucine (L), which improve protein stability in the three main Tea-
oil Camellia species (Figure 9B).

10.3389/fpls.2025.1549185

3.7 Phylogenetic analysis

In this study, the phylogenetic relationships and taxonomic
statuses within the Theaceae family were systematically utilized
Maximum Likelihood (ML) and Bayesian Inference (BI) methods
for analysis. We utilized the PCGs from 13 published complete mt
and cp genomes, along with data from three Tea-oil Camellia
species, resulting in a total of 16 species for phylogenetic tree
reconstruction (Supplementary Table S8). In the mt-based
phylogenetic tree (Figure 10A), 10 out of 14 nodes showed strong
bootstrap support values above 90%, with posterior probabilities of
1. Of these, only 4 out of 8 nodes corresponded to the Theaceae
family. The phylogenetic results indicated that C. drupifera
occupied a basal position, while C. oleifera and C. meiocarpa
formed a sister clade. Additionally, the five Tea-oil Camellia
species were not grouped into a single cluster. In contrast, the cp
tree (Figure 10B) showed higher branch credibility compared to the
mt tree. In Theaceae family, the Tea-oil Camellia species were
clustered together, with C. oleifera and C. meiocarpa closely related
to C. drupifera.
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3.8 Development of molecular markers in
mitochondrial genomes of three main Tea-
oil Camellia species

In our study, we aligned and compared mitochondrial
sequences from the three main Tea-oil Camellia species,
identifying a total of 1,030 SNPs and 460 indels across these
regions (Supplementary Table S9). The intergenic regions (IGS)
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nypothetical chloroplast reading frames (yef)

i

contained 1,456 SNPs and indels, while 34 variants were located
within gene regions. We tallied the results, and found three IGS
(cox2-trnS-TGA, nad6-trnS-TGA-2 and rpll6-rpsl) existed one
hundred more polymorphic sites. These polymorphic sites
provide valuable mitochondrial markers for distinguishing
between species and hold potential for applications in species
identification and population genetics. The result of the design of
primers showed in Supplementary Table S10.
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4 Discussion

4.1 Structural characteristics and variation
of mitochondrial genomes of three main
Tea-oil Camellia species

The mitogenome, derived from o-proteobacterial
endosymbionts, has experienced numerous transformations, such
as structural mutations, rearrangements, gene deletions, and
transfers in the genome (Wu et al, 2022). Additionally, the
evolutionary path of mitogenomes shows considerable divergence
across species, leading to substantial differences among plant
species regarding their mitogenomic structures. However,
assembling mitogenome in Tea-oil Camellia species presents
challenges due to the complex structural alterations and the high

10.3389/fpls.2025.1549185

prevalence of repetitive sequences (Xiao et al., 2025). In our study,
we further confirmed that Tea-oil Camellia species exhibit a multi-
branch mitochondrial conformation, which aligns with the
mitogenome of the Tea-oil Camellia species (C. drupifera and C.
lanceoleosa) (Liang et al., 2025; Xiao et al., 2025). Each site of the
three mitogenomes were reinforced by reads showing ample depth
of coverage. Previous study published the mitogenome of Tea-oil
Camellia species C. gigantocarpa (GenBank: OP270590), which was
a circular structure (Lu et al,, 2022). According to the GenBank
data, the mitogenome is a partial genome, which may explain the
structural differences compared to the three main Tea-oil Camellia
species. In comparison, C. lanceoleosa, a diploid relative, exhibits a
simpler mitogenome structure, which further highlights the
variability in mitogenome architecture within Tea-oil Camellia
species (Xiao et al., 2025). This phenomenon was also found in C.
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drupifera (Liang et al., 2025). Our study provides additional
evidence suggesting that mitochondrial genomes within Camellia
species are subject to significant structural complexity, including
frequent recombination and rearrangement events, as well as
polyploidy, which contribute to the formation of multipartite
structures (Wang et al., 2024; Liang et al,, 2025). All 24 core
genes were annotated, which indicates a complete set based on
the coverage of core genes. Therefore, the mitogenomes of C.
oleifera and C. meiocarpa obtained in this study is regarded as
high-quality and complete.
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4.2 The presence of MTPTs and
evolutionary dynamics in three main
Tea-oil Camellia

Over time, plants undergo gene transfers between chloroplasts
and mitochondria (Stegemann et al, 2012), which can lead to
changes in open reading frames (Filip and Skuza, 2021). This
genetic exchange has a significant impact on the evolutionary
trajectories of plant organelles. The quantity of these MTPTs
(mitochondrial plastid DNA sequences) varies widely among
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different angiosperm species (Wang et al, 2018). Our analysis
revealed that the three main Tea-oil Camellia species exhibit
varying levels of plastid-derived sequences, with a total of ~17 kb
MTPTs detected across all three species, supporting the hypothesis
of historical chloroplast-to-mitochondria gene migration. These
transferred segments primarily originated from protein-coding
genes, tRNA genes, and intergenic regions, suggesting that gene
transfer events occurred prior to the divergence of these species.
psaB and rrn23, are functionally conserved, suggesting they play a
role in mitochondrial function. Such as psaB, supports the
hypothesis that ancient organellar gene exchanges have shaped
mitogenome evolution in angiosperms (Wang et al., 2007).

Additionally, our study demonstrated a strong correlation
between mitogenome size and the abundance of dispersed and
tandem repeats, reinforcing the idea that mitochondrial genome
expansion is largely driven by repetitive sequences rather than
polyploidy (Wang et al., 2021). Repetitive sequences dominated
intracellular gene transfer regions, likely facilitating recombination-
mediated gene migration between chloroplast and mitochondrial
genomes (Scelfo et al,, 2024). This observation suggest that repeat
sequences act as recombination hotspots, influencing genome
rearrangements and stability (Emamalipour et al., 2020).

Beyond their structural impact, repetitive sequences contribute
to biological functions, such as gene regulation, DNA repair, and
transposable element capture, which may enhance environmental
adaptability (Gong et al., 2022). For instance, C. drupifera, which
contains a higher number of repeats, exhibits stronger heat
resistance compared to C. oleifera and C. meiocarpa. These
findings provide new insights into how genome architecture
influences species adaptation. By integrating evidence from
plastid-to-mitochondria gene transfer, repetitive sequence
distribution, and phylogenetic comparisons, this study advances
our understanding of mitochondrial genome evolution and
organellar interactions in Tea-oil Camellia species.

RNA editing is a complex process that modifies nucleotide
sequences at various positions in protein-coding genes, non-coding
regions, introns, and tRNA genes (Eddy, 2001; Nishikura, 2016). In
the mitogenome of three Tea-oil Camellia species, the ccrmFn gene
had the most editing sites. The ccmFn, a key subunit of this
complex, is vital for the assembly of holocytochrome, which plays
an essential role in electron transport between complex III and
complex IV in the respiratory chain (Rayapuram et al., 2008). In the
wild-type plant Hordeum vulgare subsp. spontaneum, four ccmFn
cDNAs were analyzed under high salt stress (Ramadan et al., 2023).
A total of 47 nucleotide and amino acid modifications that
correspond to ten distinct types of RNA editing. This study raises
questions about the mechanisms behind these new editing types
and explores the relationship between site C749 and salinity
tolerance, which could inform future efforts to enhance plant
resilience. The three Tea-oil Camellia species has strong
adaptability, and has many good character such as drought-
resistance, disease-resistance, enduring salt-aphis and so on.
Identifying these RNA editing events in ccmFn is crucial for
understanding the expression and function of mt genes in the
RNA evolution of Tea-oil Camellia.
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4.3 Adaptive evolution and phylogenetic
implications of three Tea-oil Camellia
species

The identification of high Ka/Ks ratios in cox1, nad7, and rps3
suggests that these genes may be under relaxed selection or
undergoing adaptive evolution, particularly in response to
environmental stresses. Interestingly, C. drupifera, which exhibits
greater heat resistance, also harbors the highest number of repetitive
sequences, indicating a potential link between genome architecture
and stress adaptation. Moreover, we also found the mitochondrial
heteroplasmy among them. The presence of multiple mitochondrial
genome variants within an individual, is a significant factor in plant
evolution (Stewart and Chinnery, 2015; Khachaturyan et al., 2024).
While our study did not directly assess heteroplasmy, the observed
genome recombination events and gene duplications suggest that
Tea-oil Camellia species may exhibit heteroplasmic variation.
Further studies utilizing long-read sequencing at the single-cell
level could provide deeper insights into the role of heteroplasmy in
shaping mitochondrial genome diversity and adaption.

The phylogenetic relationships among three main Tea-oil Camellia
species remain contentious and uncertain, as previous analyses have
not produced robust or consistent trees (Zhao et al., 2023). In our
study, we aimed to reconstruct phylogenetic trees by different datasets
and discuss the phylogenetic relationships of the three Tea-oil Camellia
species. Based on our results, C. oleifera and C. meiocarpa in
relationship were near with each other while they were far with C.
drupifera. Generally, species that are closely related evolutionarily tend
to have more homologous blocks in common. Homology analysis also
support the results of phylogenetic trees. The inconsistency in the
Camellia phylogeny may be attributed to several factors, including
hybridization events, incomplete lineage sorting (ILS), and horizontal
gene transfer (HGT), all of which are known to affect organellar
phylogenies (Liu et al,, 2024¢; Park et al,, 2025; Yang et al., 2025). To
enhance our understanding of the phylogeny and evolution of
Camellia, it is essential to sequence more mitochondrial genomes, as
there is currently a lack of sufficient representative samples.
Furthermore, future research incorporating nuclear genome data
could further resolve these complex evolutionary relationships.

4.4 Molecular markers developed by three
Tea-oil Camellia species mtDNA

Molecular markers in the mitogenome offer a robust tool for
comparing genetic material variation among populations and
individuals improves the accuracy and reliability of plant
classification. Previous studies have reported the successful design
of such markers within the mitogenome (Shan et al., 2023; Yang
et al,, 2023). In this study, we identified thousands of variable loci
across the three Tea-oil Camellia species. In comparison with the
Tea-oil Camellia cpDNA markers we developed, mtDNA markers
were more conserved (Liang et al., 2024). These newly developed
mitogenome markers have the potential to distinguish among the
three Tea-oil Camellia species.
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5 Conclusion

In our study, we sequenced the mitochondrial genomes of C.
oleifera and C. meiocarpa, revealing a multibranch structure in their
mtDNA. Comparative analysis of the three Tea-oil Camellia species
showed the unique mtDNA features. Gene transfer between organelles
and collinear blocks indicate rearrangement and recombination,
yielding significant genetic insights. RNA editing events highlighted
that the ccmFn gene had the most editing sites, potentially enhancing
salt resistance. Phylogenetic analysis further clarified evolutionary
relationships among these species, with the developed mitogenome
markers showing strong potential for species identification. Our
findings also highlight the role of repetitive sequences in
mitogenome expansion, the prevalence of inter-organellar gene
transfer, and the functional significance of RNA editing events.
Overall, these results contribute valuable resources for Tea-oil
Camellia breeding, species identification, and evolutionary studies in
woody plants.

Data availability statement

The mitochondrial genomes of C. oleifera and C. meiocarpa are
deposited in the GenBank of the National Center for Biotechnology
Information (NCBI) repository, accession numbers PQ557234 for
C. oleifera and PQ557235-PQ557236 for C. meiocarpa. All the raw
data are available and have been deposited in the NCBI Sequence
Reads Archive (SRA) with accession number PRINA1226724.

Author contributions

HL: Conceptualization, Data curation, Writing - original draft,
Writing - review & editing. HQ: Conceptualization, Data curation,
Formal analysis, Writing — original draft. CW: Formal analysis,
Funding acquisition, Writing — original draft. YW: Formal analysis,
Investigation, Writing — original draft. ML: Methodology, Project
administration, Writing — original draft. JC: Project administration,
Resources, Software, Writing - original draft. XS: Software,
Supervision, Writing - original draft. TX: Supervision, Validation,
Writing - original draft. SF: Validation, Writing — original draft.
CC: Visualization, Writing - original draft. DZ: Validation,
Visualization, Writing - original draft, Writing - review & editing.

References

Alvarenga, M., D’Elia, A. K. P., Rocha, G., Arantes, C. A., Henning, F., de
Vasconcelos, A. T. R., et al. (2024). Mitochondrial genome structure and
composition in 70 fishes: a key resource for fisheries management in the South
Atlantic. BMC Genomics 25, 215. doi: 10.1186/512864-024-10035-5

Alverson, A. J., Wei, X,, Rice, D. W,, Stern, D. B., Barry, K., and Palmer, J. D. (2010).
Insights into the evolution of mitochondrial genome size from complete sequences of
Citrullus lanatus and Cucurbita pepo (Cucurbitaceae). Mol. Biol. Evol. 27, 1436-1448.
doi: 10.1093/molbev/msq029

Frontiers in Plant Science

10.3389/fpls.2025.1549185

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported by
the Basic scientific research business expenses of HAAS
(ITH2024ZD02), Scientific and technological innovation team of
Hainan Academy of Agricultural Sciences (HAAS2023TDYDO05),
State Key Laboratory of Resource Insects (SKLRI-ORP202420), the
National Natural Science Foundation of China (32360414) and Hainan
Province Science and Technology Special Fund (FW20230002).

Acknowledgments

We thank Lei Xu (Genepioneer Biotechnologies Co. Ltd,
Nanjing) for assistance with the data analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1549185/

full#supplementary-material.

Beier, S., Thiel, T., Miinch, T., Scholz, U., and Mascher, M. (2017). MISA-web: a web
server for microsatellite prediction. Bioinformatics 33, 2583-2585. doi: 10.1093/
bioinformatics/btx198

Bock, R. (2010). The give-and-take of DNA: horizontal gene transfer in plants.
Trends Plant Sci. 15, 11-22. doi: 10.1016/j.tplants.2009.10.001

Butenko, A., Lukes, J., Speijer, D., and Wideman, J. G. (2024). Mitochondrial
genomes revisited: why do different lineages retain different genes? BMC Biol. 22, 15.
doi: 10.1186/s12915-024-01824-1

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1549185/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1549185/full#supplementary-material
https://doi.org/10.1186/s12864-024-10035-5
https://doi.org/10.1093/molbev/msq029
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1016/j.tplants.2009.10.001
https://doi.org/10.1186/s12915-024-01824-1
https://doi.org/10.3389/fpls.2025.1549185
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liang et al.

Chang, S., Wang, Y., Lu, J., Gai, J., Li, J., Chu, P,, et al. (2013). The mitochondrial
genome of soybean reveals complex genome structures and gene evolution at
intercellular and phylogenetic levels. PloS One 8, e56502. doi: 10.1371/
journal.pone.0056502

Chen, Y., Ye, W., Zhang, Y., and Xu, Y. (2015). High speed BLASTN: an accelerated
MegaBLAST search tool. Nucleic Acids Res. 43, 7762-7768. doi: 10.1093/nar/gkv784

Cheng, X, Shi, C,, Yang, T., Ge, Q., Kress, W. ], and Liu, X. (2025). Unveiling the
conserved nature of Heliconia chloroplast genomes: insights from the assembly and
analysis of four complete chloroplast genomes. Front. Plant Sci. 15, 1535549.
doi: 10.3389/fpls.2024.1535549

Darling, A. C., Mau, B, Blattner, F. R, and Perna, N. T. (2004). Mauve: multiple
alignment of conserved genomic sequence with rearrangements. Genome Res. 14,
1394-1403. doi: 10.1101/gr.2289704

Darriba, D., Posada, D., Kozlov, A. M., Stamatakis, A., Morel, B., and Flouri, T.
(2020). ModelTest-NG: a new and scalable tool for the selection of DNA and protein
evolutionary models. Mol. Biol. Evol. 37, 291-294. doi: 10.1093/molbev/msz189

De Coster, W., D’hert, S., Schultz, D. T., Cruts, M., and Van Broeckhoven, C. (2018).
NanoPack: visualizing and processing long-read sequencing data. Bioinformatics 34,
2666-2669. doi: 10.1093/bioinformatics/bty149

Delaunay, S., Helm, M., and Frye, M. (2024). RNA modifications in physiology and
disease: towards clinical applications. Nat. Rev. Genet. 25, 104-122. doi: 10.1038/
541576-023-00645-2

Eddy, S. R. (2001). Non-coding RNA genes and the modern RNA world. Nat. Rev.
Genet. 2, 919-929. doi: 10.1038/35103511

Eisenberg, E., and Levanon, E. Y. (2018). A-to-I RNA editingfimmune protector
and transcriptome diversifier. Nat. Rev. Genet. 19, 473-490. doi: 10.1038/s41576-018-
0006-1

Elyasigorji, Z., Izadpanah, M., Hadi, F., and Zare, M. (2023). Mitochondrial genes as
strong molecular markers for species identification. Nucleus 66, 81-93. doi: 10.1007/
s13237-022-00393-4

Emamalipour, M., Seidi, K., Zununi Vahed, S., Jahanban-Esfahlan, A., Jaymand, M.,
Majdi, H., et al. (2020). Horizontal gene transfer: from evolutionary flexibility to disease
progression. Front. Cell Dev. Biol. 8, 229. doi: 10.3389/fcell.2020.00229

Filip, E., and Skuza, L. (2021). Horizontal gene transfer involving chloroplasts. Int. J.
Mol. Sci. 22, 4484. doi: 10.3390/ijms22094484

Gogarten, J. P, and Townsend, J. P. (2005). Horizontal gene transfer, genome
innovation and evolution. Nat. Rev. Microbiol. 3, 679-687. doi: 10.1038/nrmicro1204

Gong, W., Xiao, S., Wang, L., Liao, Z., Chang, Y., Mo, W., et al. (2022).
Chromosome-level genome of Camellia lanceoleosa provides a valuable resource for
understanding genome evolution and self-incompatibility. Plant J. 110, 881-898.
doi: 10.1111/tpj.v110.3

Greiner, S., Lehwark, P., and Bock, R. (2019). OrganellarGenomeDRAW
(OGDRAW) version 1.3. 1: expanded toolkit for the graphical visualization of
organellar genomes. Nucleic Acids Res. 47, W59-W64. doi: 10.1093/nar/gkz238

Jo, J.-R,, and Park, T.-H. (2024). Complete chloroplast genome of Solanum jamesii
and development of PCR-based markers to discriminate between S. jamesii and other
Solanum species. J. Plant Biotechnol. 51, 143-151. doi: 10.5010/JPB.2024.51.015.143

Jurka, J., Kapitonov, V. V., Kohany, O., and Jurka, M. V. (2007). Repetitive sequences
in complex genomes: structure and evolution. Annu. Rev. Genomics Hum. Genet. 8,
241-259. doi: 10.1146/annurev.genom.8.080706.092416

Khachaturyan, M., Santer, M., Reusch, T. B., and Dagan, T. (2024). Heteroplasmy is
rare in plant mitochondria compared with plastids despite similar mutation rates. Mol.
Biol. Evol. 41, msael35. doi: 10.1093/molbev/msael35

Kolmogorov, M., Yuan, J., Lin, Y., and Pevzner, P. A. (2019). Assembly of long, error-
prone reads using repeat graphs. Nat. Biotechnol. 37, 540-546. doi: 10.1038/s41587-
019-0072-8

Kong, J., Wang, J., Nie, L., Tembrock, L. R, Zou, C, Kan, S, et al. (2025).
Evolutionary dynamics of mitochondrial genomes and intracellular transfers among
diploid and allopolyploid cotton species. BMC Biol. 23, 1-20. doi: 10.1186/s12915-025-
02115-z

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Kurland, C. G., Canback, B., and Berg, O. G. (2003). Horizontal gene transfer: a
critical view. Proc. Natl. Acad. Sci. 100, 9658-9662. doi: 10.1073/pnas.1632870100

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357-359. doi: 10.1038/nmeth.1923

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094-3100. doi: 10.1093/bioinformatics/bty191

Li, X., Egervari, G., Wang, Y., Berger, S. L., and Lu, Z. (2018). Regulation of
chromatin and gene expression by metabolic enzymes and metabolites. Nat. Rev.
Mol. Cell Biol. 19, 563-578. doi: 10.1038/s41580-018-0029-7

Li, J.-W., Li, H,, Liu, Z.-W., Wang, Y.-X,, Chen, Y., Yang, N,, et al. (2023). Molecular
markers in tea plant (Camellia sinensis): Applications to evolution, genetic
identification, and molecular breeding. Plant Physiol. Biochem. 198, 107704.
doi: 10.1016/j.plaphy.2023.107704

Frontiers in Plant Science

10.3389/fpls.2025.1549185

Liang, H., Qi, H., Chen, J., Wang, Y., Liu, M., Sun, X, et al. (2025). Assembly and
analysis of the first complete mitochondrial genome sequencing of main Tea-oil
Camellia cultivars Camellia drupifera (Theaceae): revealed a multi-branch
mitochondrial conformation for Camellia. BMC Plant Biol. 25, 13. doi: 10.1186/
s12870-024-05996-4

Liang, H., Qi, H., Wang, Y., Sun, X., Wang, C,, Xia, T,, et al. (2024). Comparative
chloroplast genome analysis of Camellia oleifera and C. meiocarpa: phylogenetic
relationships, sequence variation and polymorphism markers. Trop. Plants 3, e023.
doi: 10.48130/tp-0024-0022

Liu, J., Hu, J.-Y.,, and Li, D.-Z. (2024b). Remarkable mitochondrial genome
heterogeneity in Meniocus linifolius (Brassicaceae). Plant Cell Rep. 43, 36.
doi: 10.1007/500299-023-03102-w

Liu, L, Long, Q., Lv, W., Qian, J., Egan, A. N,, et al. (2024). Long repeat sequences
mediated multiple mitogenome conformations of mulberries (Morus spp.), an
important economic plant in China. Genomics Communications. 1, €005.
doi: 10.48130/gcomm-0024-0005

Liu, M., Yang, M,, Liang, H., Luo, B, Deng, J., Cao, L., et al. (2024c). Polyploidy
drives autophagy to participate in plant-specific functions. iMeta 3, €252. doi: 10.1002/
imt2.v3.6

Liu, D., Zhang, Z., Hao, Y., Li, M, Yu, H,, Zhang, X, et al. (2024a). Decoding the
complete organelle genomic architecture of Stewartia gemmata: an early-diverging
species in Theaceae. BMC Genomics 25, 114. doi: 10.1186/512864-024-10016-8

Lu, C, Gao, L.-Z,, and Zhang, Q.-J. (2022). A high-quality genome assembly of the
mitochondrial genome of the oil-tea tree Camellia gigantocarpa (Theaceae). Diversity
14, 850. doi: 10.3390/d14100850

Margais, G., Delcher, A. L., Phillippy, A. M., Coston, R., Salzberg, S. L., and Zimin, A.
(2018). MUMmer4: A fast and versatile genome alignment system. PloS Comput. Biol.
14, €1005944. doi: 10.1371/journal.pcbi.1005944

Martin, W., and Herrmann, R. G. (1998). Gene transfer from organelles to the
nucleus: how much, what happens, and why? Plant Physiol. 118, 9-17. doi: 10.1104/
pp.118.1.9

Moller, I. M., Rasmusson, A. G., and Van Aken, O. (2021). Plant mitochondria-past,
present and future. Plant J. 108, 912-959. doi: 10.1111/tpj.15495

Mower, J. P. (2005). PREP-Mt: predictive RNA editor for plant mitochondrial genes.
BMC Bioinf. 6, 1-15. doi: 10.1186/1471-2105-6-96

Nishikura, K. (2016). A-to-I editing of coding and non-coding RNAs by ADARs.
Nat. Rev. Mol. Cell Biol. 17, 83-96. doi: 10.1038/nrm.2015.4

Park, S., Hwang, Y., Kim, H., and Choi, K. (2025). Insights into the nuclear-organelle
DNA integration in Cicuta virosa (Apiaceae) provided by complete plastid and
mitochondrial genomes. BMC Genomics 26, 102. doi: 10.1186/512864-025-11230-8

Patel, R. K., and Jain, M. (2012). NGS QC Toolkit: a toolkit for quality control of next
generation sequencing data. PloS One 7, €30619. doi: 10.1371/journal.pone.0030619

Porebski, S., Bailey, L. G., and Baum, B. R. (1997). Modification of a CTAB DNA
extraction protocol for plants containing high polysaccharide and polyphenol
components. Plant Mol. Biol. Rep. 15, 8-15. doi: 10.1007/BF02772108

Qi, H,, Sun, X,, Wang, C,, Chen, X,, Yan, W, Chen, J,, et al. (2023). Geographic
isolation causes low genetic diversity and significant pedigree differentiation in
populations of Camellia drupifera, a woody oil plant native to China. Ind. Crops
Products 192, 116026. doi: 10.1016/j.indcrop.2022.116026

Qi, H,, Sun, X,, Yan, W, Ye, H., Chen, J., Yu, J., et al. (2020). Genetic relationships
and low diversity among the tea-oil Camellia species in Sect. Oleifera, a bulk woody oil
crop in China. Front. Plant Sci. 13, 996731. doi: 10.3389/fpls.2022.996731

Qin, S., Rong, J., Zhang, W., and Chen, J. (2018). Cultivation history of Camellia
oleifera and genetic resources in the Yangtze River Basin. Biodiversity Sci. 26, 384-395.
doi: 10.17520/biods.2017254

Ramadan, A., Alnufaei, A. A, Fiaz, S., Khan, T. K., and Hassan, S. M. (2023). Effect of
salinity on ccmfn gene RNA editing of mitochondria in wild barley and uncommon
types of RNA editing. Funct. Integr. Genomics 23, 50. doi: 10.1007/s10142-023-00978-5

Rayapuram, N., Hagenmuller, J., Grienenberger, J. M., Bonnard, G., and Giege, P.
(2008). The three mitochondrial encoded CcmF proteins form a complex that interacts
with CCMH and c-type apocytochromes in Arabidopsis. J. Biol. Chem. 283, 25200~
25208. doi: 10.1074/jbc.M802621200

Robinson, A. J., and Kunji, E. R. (2006). Mitochondrial carriers in the cytoplasmic
state have a common substrate binding site. Proc. Natl. Acad. Sci. 103, 2617-2622.
doi: 10.1073/pnas.0509994103

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Hohna, S.,
et al. (2012). MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice
across a large model space. Systematic Biol. 61, 539-542. doi: 10.1093/sysbio/sys029

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J. C., Guirao-Rico, S., Librado, P.,
Ramos-Onsins, S. E., et al. (2017). DnaSP 6: DNA sequence polymorphism analysis of
large data sets. Mol. Biol. Evol. 34, 3299-3302. doi: 10.1093/molbev/msx248

Scelfo, A., Angrisani, A., Grillo, M., Barnes, B. M., Muyas, F., Sauer, C. M., et al.
(2024). Specialized replication mechanisms maintain genome stability at human
centromeres. Mol. Cell 84, 1003-1020. e1010. doi: 10.1016/j.molcel.2024.01.018

Shan, Y., Li, J., Zhang, X., and Yu, J. (2023). The complete mitochondrial genome of
Amorphophallus albus and development of molecular markers for five

frontiersin.org


https://doi.org/10.1371/journal.pone.0056502
https://doi.org/10.1371/journal.pone.0056502
https://doi.org/10.1093/nar/gkv784
https://doi.org/10.3389/fpls.2024.1535549
https://doi.org/10.1101/gr.2289704
https://doi.org/10.1093/molbev/msz189
https://doi.org/10.1093/bioinformatics/bty149
https://doi.org/10.1038/s41576-023-00645-2
https://doi.org/10.1038/s41576-023-00645-2
https://doi.org/10.1038/35103511
https://doi.org/10.1038/s41576-018-0006-1
https://doi.org/10.1038/s41576-018-0006-1
https://doi.org/10.1007/s13237-022-00393-4
https://doi.org/10.1007/s13237-022-00393-4
https://doi.org/10.3389/fcell.2020.00229
https://doi.org/10.3390/ijms22094484
https://doi.org/10.1038/nrmicro1204
https://doi.org/10.1111/tpj.v110.3
https://doi.org/10.1093/nar/gkz238
https://doi.org/10.5010/JPB.2024.51.015.143
https://doi.org/10.1146/annurev.genom.8.080706.092416
https://doi.org/10.1093/molbev/msae135
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1186/s12915-025-02115-z
https://doi.org/10.1186/s12915-025-02115-z
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1073/pnas.1632870100
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1038/s41580-018-0029-7
https://doi.org/10.1016/j.plaphy.2023.107704
https://doi.org/10.1186/s12870-024-05996-4
https://doi.org/10.1186/s12870-024-05996-4
https://doi.org/10.48130/tp-0024-0022
https://doi.org/10.1007/s00299-023-03102-w
https://doi.org/10.48130/gcomm-0024-0005
https://doi.org/10.1002/imt2.v3.6
https://doi.org/10.1002/imt2.v3.6
https://doi.org/10.1186/s12864-024-10016-8
https://doi.org/10.3390/d14100850
https://doi.org/10.1371/journal.pcbi.1005944
https://doi.org/10.1104/pp.118.1.9
https://doi.org/10.1104/pp.118.1.9
https://doi.org/10.1111/tpj.15495
https://doi.org/10.1186/1471-2105-6-96
https://doi.org/10.1038/nrm.2015.4
https://doi.org/10.1186/s12864-025-11230-8
https://doi.org/10.1371/journal.pone.0030619
https://doi.org/10.1007/BF02772108
https://doi.org/10.1016/j.indcrop.2022.116026
https://doi.org/10.3389/fpls.2022.996731
https://doi.org/10.17520/biods.2017254
https://doi.org/10.1007/s10142-023-00978-5
https://doi.org/10.1074/jbc.M802621200
https://doi.org/10.1073/pnas.0509994103
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1016/j.molcel.2024.01.018
https://doi.org/10.3389/fpls.2025.1549185
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liang et al.

Amorphophallus species based on mitochondrial DNA. Front. Plant Sci. 14, 1180417.
doi: 10.3389/fpls.2023.1180417

Sharp, P. M., and Li, W.-H. (1986). Codon usage in regulatory genes in Escherichia
coli does not reflect selection for ‘rare’codons. Nucleic Acids Res. 14, 7737-7749.
doi: 10.1093/nar/14.19.7737

Shi, X., Germain, A., Hanson, M. R, and Bentolila, S. (2016). RNA recognition motif-
containing protein ORRM4 broadly affects mitochondrial RNA editing and impacts plant
development and flowering. Plant Physiol. 170, 294-309. doi: 10.1104/pp.15.01280

Shi, T, Wu, G, Jin, Q, and Wang, X. (2020). Camellia oil authentication: A
comparative analysis and recent analytical techniques developed for its assessment.
A review. Trends Food Sci. Technol. 97, 88-99. doi: 10.1016/j.tifs.2020.01.005

Skippington, E., Barkman, T. J., Rice, D. W., and Palmer, J. D. (2015). Miniaturized
mitogenome of the parasitic plant Viscum scurruloideum is extremely divergent and
dynamic and has lost all nad genes. Proc. Natl. Acad. Sci. 112, E3515-E3524.
doi: 10.1073/pnas.1504491112

Sloan, D. B., Alverson, A. J., Chuckalovcak, J. P., Wu, M., McCauley, D. E., Palmer, J.
D., et al. (2012). Rapid evolution of enormous, multichromosomal genomes in
flowering plant mitochondria with exceptionally high mutation rates. PloS Biol. 10,
€1001241. doi: 10.1371/journal.pbio.1001241

Smith, D. R. (2014). Mitochondrion-to-plastid DNA transfer: it happens. New
Phytol. 202, 736-738. doi: 10.1111/nph.2014.202.issue-3

Soucy, S. M., Huang, J., and Gogarten, J. P. (2015). Horizontal gene transfer: building
the web of life. Nat. Rev. Genet. 16, 472-482. doi: 10.1038/nrg3962

Stegemann, S., Keuthe, M., Greiner, S., and Bock, R. (2012). Horizontal transfer of
chloroplast genomes between plant species. Proc. Natl. Acad. Sci. 109, 2434-2438.
doi: 10.1073/pnas.1114076109

Stewart, J. B, and Chinnery, P. F. (2015). The dynamics of mitochondrial DNA
heteroplasmy: implications for human health and disease. Nat. Rev. Genet. 16, 530-542.
doi: 10.1038/nrg3966

Tang, J.-Y., Wei, R, Zhang, X.-C,, and Xiang, Q.-P. (2023). Mitogenome-based
phylogenomics provides insights into the positions of the enigmatic sinensis group and
the sanguinolenta group in Selaginellaceae (Lycophyte). Mol. Phylogenet. Evol. 179,
107673. doi: 10.1016/j.ympev.2022.107673

Untergasser, A., Cutcutache, I, Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., et al.
(2012). Primer3—new capabilities and interfaces. Nucleic Acids Res. 40, el15-e115.
doi: 10.1093/nar/gks596

Vaser, R,, Sovi¢, L, Nagarajan, N., and Siki¢, M. (2017). Fast and accurate de novo
genome assembly from long uncorrected reads. Genome Res. 27, 737-746. doi: 10.1101/
gr.214270.116

Wang, X.-C., Chen, H., Yang, D., and Liu, C. (2018). Diversity of mitochondrial
plastid DNAs (MTPTs) in seed plants. Mitochondrial DNA Part A 29, 635-642.
doi: 10.1080/24701394.2017.1334772

Frontiers in Plant Science

20

10.3389/fpls.2025.1549185

Wang, J., Kan, S., Liao, X., Zhou, J., Tembrock, L. R., Daniell, H,, et al. (2024). Plant
organellar genomes: Much done, much more to do. Trends Plant Sci. 29 (7), 754-769.
doi: 10.1016/j.tplants.2023.12.014

Wang, D., Wu, Y.-W.,, Shih, A. C.-C,, Wu, C.-S,, Wang, Y.-N,, and Chaw, S.-M.
(2007). Transfer of chloroplast genomic DNA to mitochondrial genome occurred at
least 300 MYA. Mol. Biol. Evol. 24, 2040-2048. doi: 10.1093/molbev/msm133

Wang, D., Zheng, Z,, Li, Y., Hu, H,, Wang, Z., Du, X,, et al. (2021). Which factors
contribute most to genome size variation within angiosperms? Ecol. Evol. 11, 2660—
2668. doi: 10.1002/ece3.7222

Wang, S., Qiu, J., Sun, N,, Han, F.,, Wang, Z., et al. (2025). Characterization and
comparative analysis of the first mitochondrial genome of Michelia (Magnoliaceae).
Genomics Communications. 2, €001. doi: 10.48130/gcomm-0025-0001

Wick, R. R,, Judd, L. M., Gorrie, C. L., and Holt, K. E. (2017). Unicycler: resolving
bacterial genome assemblies from short and long sequencing reads. PloS Comput. Biol.
13, €1005595. doi: 10.1371/journal.pcbi.1005595

Wu, Z., Liao, X,, Zhang, X., Tembrock, L. R, and Broz, A. (2022). Genomic
architectural variation of plant mitochondria—A review of multichromosomal
structuring. J. Systematics Evol. 60, 160-168. doi: 10.1111/jse.12655

Xiao, Z., Gu, Y., Zhou, J., Lu, M., Wang, J., Lu, K,, et al. (2025). De novo assembly of
the complete mitochondrial genomes of two Camellia-oil tree species reveals their
multibranch conformation and evolutionary relationships. Sci. Rep. 15, 2899.
doi: 10.1038/s41598-025-86411-2

Yang, Z., Liang, L., Xiang, W., Wu, Q., Wang, L., and Ma, Q. (2025). Phylogenomic
analyses re-evaluate the backbone of Corylus and unravel extensive signals of reticulate
evolution. Mol. Phylogenet. Evol. 204, 108293. doi: 10.1016/j.ympev.2025.108293

Yang, H,, Ni, Y., Zhang, X,, Li, J., Chen, H., and Liu, C. (2023). The mitochondrial
genomes of Panax notoginseng reveal recombination mediated by repeats associated
with DNA replication. Int. J. Biol. Macromolecules 252, 126359. doi: 10.1016/
j.ijbiomac.2023.126359

Yao, X., and Ren, H. (2022). Oil-tea camellia genetic resource in China (Beijing:
Science Press).

Zhang, D., Gao, F,, Jakovlig, 1., Zou, H., Zhang, J., Li, W. X,, et al. (2020). PhyloSuite:
An integrated and scalable desktop platform for streamlined molecular sequence data
management and evolutionary phylogenetics studies. Mol. Ecol. Resour. 20, 348-355.
doi: 10.1111/1755-0998.13096

Zhao, D. W., Hodkinson, T. R., and Parnell, J. A. (2023). Phylogenetics of global
Camellia (Theaceae) based on three nuclear regions and its implications for systematics
and evolutionary history. J. Systematics Evol. 61, 356-368. doi: 10.1111/jse.12837

Zhu, H,, Wang, F,, Xu, Z., Wang, G. H,, Hu, L,, Cheng, J., et al. (2024). The complex
hexaploid oil-Camellia genome traces back its phylogenomic history and multi-omics
analysis of Camellia oil biosynthesis. Plant Biotechnol. J. 22, 2890-2906. doi: 10.1111/
pbi.14412

frontiersin.org


https://doi.org/10.3389/fpls.2023.1180417
https://doi.org/10.1093/nar/14.19.7737
https://doi.org/10.1104/pp.15.01280
https://doi.org/10.1016/j.tifs.2020.01.005
https://doi.org/10.1073/pnas.1504491112
https://doi.org/10.1371/journal.pbio.1001241
https://doi.org/10.1111/nph.2014.202.issue-3
https://doi.org/10.1038/nrg3962
https://doi.org/10.1073/pnas.1114076109
https://doi.org/10.1038/nrg3966
https://doi.org/10.1016/j.ympev.2022.107673
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1101/gr.214270.116
https://doi.org/10.1101/gr.214270.116
https://doi.org/10.1080/24701394.2017.1334772
https://doi.org/10.1016/j.tplants.2023.12.014
https://doi.org/10.1093/molbev/msm133
https://doi.org/10.1002/ece3.7222
https://doi.org/10.48130/gcomm-0025-0001
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1111/jse.12655
https://doi.org/10.1038/s41598-025-86411-2
https://doi.org/10.1016/j.ympev.2025.108293
https://doi.org/10.1016/j.ijbiomac.2023.126359
https://doi.org/10.1016/j.ijbiomac.2023.126359
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1111/jse.12837
https://doi.org/10.1111/pbi.14412
https://doi.org/10.1111/pbi.14412
https://doi.org/10.3389/fpls.2025.1549185
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Analysis of the complete mitogenomes of three high economic value tea plants (Tea-oil Camellia) provide insights into evolution and phylogeny relationship
	1 Introduction
	2 Materials and methods
	2.1 DNA sequencing assembly and annotation of C. oleifera and C. meiocarpa
	2.2 Comparison and analysis of three main Tea-oil species mtDNA
	2.3 Repeat sequences of three main Tea-oil species
	2.4 Investigating relative synonymous codon usage and effective codon count
	2.5 Investigation of DNA migration from chloroplasts to mitochondria
	2.6 RNA editing sites of three main Tea-oil species mtDNA
	2.7 Construction of phylogenetic trees of three main Tea-oil species mtDNA
	2.8 In silico analysis of molecular markers in three main Tea-oil species

	3 Results
	3.1 The mitochondrial genome architecture of C. oleifera and C. meiocarpa
	3.2 Comparison of the three main Tea-oil Camellia species mtDNA
	3.3 Repetitive sequences present in the mitochondrial genome of three main Tea-oil Camellia species
	3.4 Analysis of codon usage in the mitochondrial genome of three main Tea-oil Camellia species
	3.5 Gene transfer between chloroplasts and mitochondrial genome in three main Tea-oil Camellia species
	3.6 Predict RNA editing sites in three main Tea-oil Camellia species
	3.7 Phylogenetic analysis
	3.8 Development of molecular markers in mitochondrial genomes of three main Tea-oil Camellia species

	4 Discussion
	4.1 Structural characteristics and variation of mitochondrial genomes of three main Tea-oil Camellia species
	4.2 The presence of MTPTs and evolutionary dynamics in three main Tea-oil Camellia
	4.3 Adaptive evolution and phylogenetic implications of three Tea-oil Camellia species
	4.4 Molecular markers developed by three Tea-oil Camellia species mtDNA

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


