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Abstract

Background Camellia tachangensis F. C. Zhang is an endemic Camellia species of the junction of Yunnan, Guizhou
and Guangxi Provinces in China. It is characterized by a primitive five-chambered ovary morphology and serves

as the botanical source of the renowned “Pu’'an Red Tea" Unfortunately, the populations of the species have declined
due to the destruction of their habitats by human activities. The lack of mitochondrial genomic resources has hin-
dered research into molecular breeding and phylogenetic evolution of C. tachangensis.

Result In this study, we had sequenced, assembled, and annotated the mitochondrial genome of C. tachangensis

to reveal its genetic characteristics and phylogenetic relation with other Camellia species. The assembly result indi-
cated that the mitochondrial genome sequence of C. tachangensis was 746,931 bp (GC content=45.86%). It consisted
of one multibranched sequence (Chr1) and one circular sequence (Chr2), with Chr1 capable of producing 7 substruc-
tures. The comparative analysis of the mitochondrial and chloroplast DNA of C. tachangensis revealed 23 pairs of chlo-
roplast homologous fragments, with 10 fully preserved tRNA genes within them. Interspecies comparison of Ka/Ks
ratios revealed that mutations in mitochondrial protein-coding genes (PCGs) of C. tachangensis were predominantly
shaped by purifying selection throughout its evolution (Ka/Ks < 1). The mitochondrial CDS-based phylogenetic tree
indicated that within the Camellia lineage, C. tachangensis was phylogenetically independent of the species of sec-
tions Oleifera, Camellia, Heterogenea, and Chrysantha. However, it also did not support the clustering of C. tachangensis
with certain variants of C. sinensis, due to the extremely low support (BS=22, PP=0.41). Meanwhile, the chloroplast
PCG-based phylogenetic analysis revealed that C. tachangensis formed a strongly supported basal clade (BS=100,
PP=1.00), alongside C. makuanica (NC_087766), C. taliensis (NC_022264), and C. gymnogyna (NC_039626).

Conclusions Our study deciphered the mitochondrial genome and its multibranched structure of C. tachangensis.
These findings not only enhanced our comprehension of the complexity and diversity of mitochondrial genome
structures in Camellia species, but also established a foundational genetic data framework for future research

on molecular breeding programs and phylogenetic relationship involving C. tachangensis and its related species.
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Introduction

Camellia tachangensis F. C. Zhang, belonging to sect.
Thea (L.) of the genus Camellia, is an endemic species
native to the border regions of Yunnan, Guizhou, and

;?Eesmndence: Guangxi Provinces in China [1]. This species has a dis-
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Zli7@gzu.educn tinctive morphological features of a capsule with five-
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within sect. Thea Dyer in genus Camellia [2, 3]. Some
studies on the systematic taxonomy of Camellia plants
showed C. tachangensis has high scientific value for
exploring the origin and evolution of Camellia in south-
west China [4-7]. At the same time, as a member of sect.
Thea, C. tachangensis was served as a processing raw
material for “Pu’an red tea” with unique aroma and flavor
that it is a product of China’s national geographical indi-
cation [8]. Due to environmental degradation and human
interference, coupled with its relatively low reproduc-
tive capacity, the survival of C. tachangensis was facing
a significant crisis [9]. To improve the survival status of
C. tachangensis, researchers had conducted comprehen-
sive and in-depth studies on its physiological, breeding,
propagation, biochemical characteristics and so on [10—
13]. However, there were few studies in genome biology,
and most of them only focused on population genetics
and chloroplast genomes [14-16]. Studies concerning the
complete mitochondrial genome were still lacking.

Mitochondria in plant cells are essential organelles
that not only participate in cellular respiration but also
play crucial roles in regulating intracellular metabolic
networks [17, 18]. In botanical research, the mitochon-
drial genes of plants hold significant value for study.
First, mitochondrial genes are involved in the synthesis
of essential enzymatic components such as ATP syn-
thase, cytochrome c oxidase, and NADH dehydrogenase,
which are crucial for the respiratory metabolism of plants
[19-21]. Investigating the composition and evolution of
these genes will provide novel insights into the genetic
improvement of C. tachangensis and its related species.
Furthermore, most plant mitochondrial DNA exhibits
maternal inheritance characteristics, with a lower level of
heterozygosity than nuclear genes [22, 23]. Consequently,
the mitochondrial genome can be effectively utilized
for the classification and identification of species within
the genus Camellia, which display significant genetic
heterozygosity and phenotypic diversity [24—26]. Addi-
tionally, structural variations and the insertion of chlo-
roplast-derived fragments occur relatively frequently in
mitochondrial DNA. These processes typically take place
during different stages of plant lineage differentiation.
By comparing the similarities and differences in mito-
chondrial genome structures and chloroplast-derived
fragments across different species, we can gain deeper
insights into the evolutionary history of the Camellia
genus [27-29].

This study employed a combination of high-through-
put sequencing and long-read sequencing to achieve
the first complete sequencing, assembly, and annota-
tion of mitochondrial genome of C. tachangensis while
also exploring its substructure. Comprehensive analyses
were performed to investigate multiple genomic features
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including codon wusage patterns, chloroplast-derived
homologous sequences, repetitive element distribu-
tion, RNA editing sites, evolutionary selection pressures
through Ka/Ks ratio calculations, and phylogenetic rela-
tionships. The findings of this work established a foun-
dational genetic data framework for future research on
molecular breeding programs and evolutionary dynamics
involving C. tachangensis and its related species.

Materials and methods

Material collection, DNA extraction and sequencing

In this study, we selected the leaves of C. tachangen-
sis from the forestry center in Longli County, Guizhou
Province (N 26°24'49”-26°44'30", E 106°48'12" -
107°8750”), as the research materials. Fresh leaves were
collected and preserved in liquid nitrogen at —80 °C.
Total DNA was extracted by CTAB method [30].

The mitochondrial genome was sequenced and assem-
bled via a combination of high-throughput sequenc-
ing (Illumina Novaseq 6000) and long-read sequencing
(Oxford Nanopore R10.4). The high-throughput sequenc-
ing strictly conformed to the standard operating pro-
cedures provided by Illumina. First, DNA quality and
concentration were assessed via 1% agarose gel elec-
trophoresis and a NanoDrop 2000. The high-quality
DNA samples were then fragmented through ultrasonic
mechanical disruption. The fragmented DNA subse-
quently underwent purification, end repair, and ligation
of sequencing adapters. Finally, the selected DNA was
amplified via PCR to construct the sequencing library.
The constructed library underwent quality control, and
those that conformed with the quality assessment were
sequenced via the Illumina Novaseq 6000 platform (Illu-
mina, San Diego, California, United States) [31]. The raw
data were subsequently filtered via fastp v0.23.4 software
(https://github.com/OpenGene/fastp) [32]. The specific
filtering criteria were as follows: (1) sequencing adapt-
ers and primer sequences were removed from the reads;
(2) reads with average quality scores below Q5 were
excluded; and (3) reads containing more than 5 N bases
were eliminated. In the process of the long-read sequenc-
ing, genomic DNA was first randomly fragmented. Sub-
sequently, magnetic beads were utilized for enrichment
and purification to obtain large DNA fragments. Follow-
ing this step, gel extraction was performed on the large
fragments, and damage repair was conducted on the
fragmented DNA. The purified fragments subsequently
underwent end repair and A-tailing. The SQK-LSK109 kit
was used to ligate adapters, thereby constructing a DNA
library for quantitative assessment. Next, an appropri-
ate amount of the DNA library was loaded onto the flow
cell and subjected to real-time single-molecule sequenc-
ing on the Oxford Nanopore PromethION sequencer
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[33]. Finally, the long-read sequencing data were filtered
via Filtlong v0.24 software, and a Perl script was used for
data analysis.

Assembly and annotation of mitochondrial genome

First, the raw long-read sequencing data were aligned
with the plant mitochondrial gene database via mini-
map2 v2.1. Subsequently, sequences with alignment
lengths greater than 50 bp were selected as candidate
sequences. Among these candidates, those exhibiting
a greater number of aligned genes (a single sequencing
read containing multiple core genes) and superior align-
ment quality (exhibiting a relatively complete coverage of
core genes) were chosen as seed sequences. Minimap2
was subsequently employed to align the original sequenc-
ing data against the seed sequences, filtering for overlaps
greater than 1 kb and similarity exceeding 70% to incor-
porate additional sequences into the seed sequences [34].
The third-generation assembly software Canu v2.2 was
employed to correct the obtained third-generation data
[35]. Subsequently, Bowtie2 v2.3.5.1 was utilized to align
the second-generation data with the corrected sequences.
The paired high-throughput data and the corrected long-
read sequencing data were then assembled via the default
parameters of Unicycler v0.4.8 [36]. Subsequently, Band-
age software v0.8.1 was employed to visualize the assem-
bly results and make manual adjustments as necessary.
Owing to the presence of multiple subcircular structures
or even non-circular complex physical configurations in
mitochondrial genomes, the corrected third-generation
sequencing data were aligned to the contigs generated by
Unicycler via minimap2. The branch directions were sub-
sequently manually determined to obtain the final assem-
bly results.

The annotation of the mitochondria genes was carried
out through the following steps: utilizing the Basic Local
Alignment Search Tool-Nucleotide (BLASTN) (https://
blast.ncbi.nlm.nih.gov/) [37], the protein-coding genes
and rRNA genes were compared with publicly avail-
able reference mitochondrial genome sequences from
plants. Manual adjustments were subsequently made
using the closely related species C. sinensis var. sinensis
cv. Dahongpao (Genbank ID: PP212895) as a reference
genome [2-7, 29]. In addition, tRNA genes were anno-
tated via tRNAscan-SE (http://lowelab.ucsc.edu/tRNAs
can-SE/) [38]. The Open Reading Frame Finder (http://
www.ncbi.nlm.nih.gov/gorf/gorf.html) was used for ORF
annotation [39]. The minimum length was set to 102 bp,
with redundant sequences and overlapping known genes
excluded. Sequences longer than 300 bp were aligned
against the NR database for annotation. The mitochon-
drial genome map was constructed via OGDraw (https://
chlorobox.mpimp-golm.mpg.de/OGDraw.html) [40].
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Analysis of repeat sequences and RNA editing prediction
To clarify the 3 types of repetitive sequences in the mito-
chondrial genome of C. tachangensis, simple sequence
repeat (SSR), tandem repeat, and dispersed repeat, MISA
v1.0 was employed (https://webblast.ipk-gatersleben.de/
misa/) for the identification of SSRs [41, 42]. Tandem
repeats were identified via Tandem Repeats Finder v4.09
(http://tandem.bu.edu/trf/trf.submit.options.html) [43].
The identification of dispersed repeats was conducted
via BLASTN software (v2.10.1, parameters: -word size 7,
evalue le-5). During this process, redundant and tandem
repeat sequences were removed [44]. Ultimately, all the
identification results were visualized via Circos v0.69-5
[45]. To further investigate the RNA editing sites, we
utilized the online tool PREPACT3 (http://www.prepa
ct.de/) to predict RNA editing events, setting a critical
threshold of 0.001 [46]. In Excel 2021, the distribution
of RNA editing sites for different genes and the number
of amino acid variation types were visualized using bar
charts; while the proportion of hydrophilic and hydro-
phobic group change types was presented through pie
charts to show their ratio relationship.

Analysis of relative synonymous codon usage

(RSCU) and mitochondrial plastid DNAs (MTPTs)

in the mitochondrial genome

The protein-coding sequences were obtained via the
default settings of Phylosuit v1.22 software [47]. The rela-
tive synonymous codon usage rates (RSCU) based on
mitochondrial genome protein-coding genes were calcu-
lated via MEGA v7.0 software [48].

Mitochondrial plastid DNAs (MTPTs) refer to DNA
fragments of plasmid origin present in the mitochondrial
genome. In this study, chloroplast genome sequences
from the same samples were extracted, and BLASTN
software was used to identify homologous sequences
between the chloroplast and mitochondrial genomes,
with a similarity threshold set at 70% and an E value of
le-5. To visualize the homologous segments between the
chloroplast and mitochondrial genomes more intuitively,
Circos v0.69-5 was used [49].

Analysis of nucleotide diversity (Pi) and selection pressure

To comprehensively analyze the diversity and the impact
of selection between C. tachangensis and other species
within sect. Thea, as well as between C. tachangensis
and species from other sections of the genus Camellia,
this study selected mitochondrial genomes from 9 rep-
resentative species (including C. tachangensis) within 5
related taxonomic groups of genus Camellia: sect. Thea,
sect. Chrysantha, sect. Camellia, and sect. Heteroge-
nea, and sect. Oleifera for comparison. Subsequently,
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the Pi analysis and the Ka/Ks analysis were conducted
as follows: mitochondrial sequences of 8 Camellia spe-
cies were downloaded from the NCBI database (http://
www.ncbi.nlm.nih.gov/genome/organelle/): C. sinensis
var. sinensis cv. Dahongpao (PP212895), C. sinensis var.
sinensis cv. Rougui (PP212896), C. sinensis var. pubil-
imba (ON782577), C. sinensis var. assamica cv. TV-1
(NC_043914), C. tianeensis (PP727208), C. chekiango-
leosa (NC_086749), C. gigantocarpa (OP270590), and
C. oleifera (PP579569). The MAFFT v7.427 software was
used for global alignment of these plant mitochondrial
genomes along with that of C. tachangensis [50, 51]. The
resulting alignment file was used to calculate Pi values for
each shared gene with DnaSP v6.12.03 and Ka/Ks ratios
for shared PCGs with KaKs_Calculator v3.0 [52, 53]. The
Ka/Ks ratio data were visualized in the form of a box plot
using Excel 2021.

Phylogenetic analysis

In the phylogenetic analysis of mitochondrial and chlo-
roplast genomes, while we both primarily focused on
species within the genus Camellia, the study adopted
differentiated phylogenetic tree construction strate-
gies due to the data imbalance between the 2 organelle
genomes in the NCBI database (http://www.ncbi.nlm.
nih.gov/genome/organelle/): For mitochondrial genomes
with relatively scarce data, the mitochondrial CDS based
phylogenetic tree incorporated 15 represented Camel-
lia species (including C. sinensis variants, C. oleifera, C.
chekiangoleosa, etc.) to investigate the phylogenetic posi-
tion of C. tachangensis. It also included 14 species from
different angiosperm families (e.g., Ericaceae, Solanaceae
and Apiaceae) and the gymnosperm Taxus wallichiana
as outgroups. Tbtools software (https://github.com/
CJ-Chen/TBtools/releases) was utilized to extract 24
conserved mitochondrial protein-coding genes (PCGs)
among these species [54], including atpl, atp4, atp6,
atp8, atp9, ccmB, ccmC, cemFc, ccmFn, cob, coxl, cox2,
cox3, matR, mttB, nadl, nad2, nad3, nad4, nad4l, nad5,
nad6, nad7, and nad9. The coding sequences (CDSs)
of these genes within the mitochondrial genomes of 28
species were aligned via MAFFT v7.427 for interspecies
sequence comparison [50, 51]. The aligned sequences
were concatenated and trimmed via trimAl v1.4. Model
prediction was subsequently conducted with jmodeltest
v2.1.10 to identify the GTR model. The maximum likeli-
hood phylogenetic tree was then constructed via RAXML
v8.2.10 with the GTRGAMMA model and a bootstrap
value of 1000 [55]. The Bayesian phylogenetic tree was
constructed via MrBayes v3.2.7 with the Markov chain
Monte Carlo method for 1,000,000 generations, and sam-
pling trees every 100 generations[56]. In the phylogenetic
analysis based on chloroplast PCGs, 23 representative
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Camellia species (covering 10 significant sections includ-
ing sect. Thea, sect. Chrysantha, and sect. Oleifera), due
to they are closely related in Camellia genus. Mean-
while, the sister group (Polyspora axillaris and Schima
superba) of Camellia genus was selected as the out-
group. The maximum likelihood phylogenetic tree and
the Bayesian phylogenetic tree were constructed based
on 53 conserved chloroplast PCGs among these species:
accD, atpA, atpE, atpF, atpH, atpl, matK, petA, petB,
petD, petG, petL, petN, psaA, psaB, psaC, psbA, psbC,
psbD, psbE, psbF, psbH, The analysis methods employed
were identical to those used for mitochondrial genomes.
Finally, visualization was performed via Interactive Tree
Of Life (ITOL) software v4.0 (https://itol.embl.de/) [57].

Results

Genomic features of C. tachangensis mitochondrial
genome

The total mitochondrial DNA of C. tachangensis was
sequenced, and the raw data were prepared for assem-
bly, resulting in 16.34 Gb Illumina sequencing data (Q20
=96.36%,Q30 =90.75%) and 20.5 Gb Nanopore Prome-
thION sequencing data with a N50 read length of 21,799
bp. The assembly results indicated that the mitochon-
drial genome sequence of C. tachangensis was 746,931 bp
(GC content =45.86%), consisting of one multibranched
sequence and one circular sequence, which were desig-
nated chromosome 1 (Chrl) and chromosome 2 (Chr2),
with lengths of 525,875 bp and 221,056 bp, respectively
(Fig. 1). The results of the read mapping indicated that
there were no reads present between Chrl and Chr2 (Fig.
S1), suggesting that Chrl and Chr2 were relatively inde-
pendent. Additionally, Chrl was capable of producing 7
kinds of substructures, whereas Chr2 didn’t exhibit any
substructures. A total of 24 core protein-coding genes, 16
variable protein-coding genes, 3 ribosomal RNA (rRNA)
genes, and 30 transfer RNA (tRNA) genes were identi-
fied. The core protein-coding genes could be catego-
rized into 7 functional groups: ATP synthase (atpl, atp4,
atp6, atp8, and atp9), Cytochrome ¢ maturation proteins
(cemB, ccmC, cemFe, and ccmFn), Ubiquinol cytochrome
¢ reductase (cob), Cytochrome c oxidases (coxl, cox2,
and cox3), Maturases (matR), Transport membrane pro-
teins (mttB), and NADH dehydrogenases (nadl, nad2,
and nad3) (Table 1). Notably, the exons of nadl and nad2
were distributed on both Chr1l and Chr2; these segments
require post-transcriptional RNA splicing to assemble
into complete gene sequences. The analysis of 14 variable
protein-coding genes revealed 8 types of small subunit
ribosomal proteins (rpsl, rpsl3, rpsl4, rps3, rpsd, rps7,
rps12, and rps20), 4 types of large subunit ribosomal pro-
teins (rpl10, rpll6, rpl2, and rpl5), and 2 types of succi-
nate dehydrogenases (sdh3 and sdh4). Notably, both sdh3
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Fig. 1 Circular map of the mitochondrial genome of C. tachangensis
Table 1 List of genes in the mitochondrial genome of C. tachangensis
Group of genes Gene name(Chr1) Gene name(Chr2)
Core genes ATP synthase atpl, atpé, atp8, atp9 atp4
Cytohrome c biogenesis ccmB, ccmFc ccmC, ccmFn
Ubichinol cytochrome c reductase cob
Cytochrome c oxidase cox1,cox2,cox3
Maturases matR
Transport membrane protein mttB
NADH dehydrogenase nad1-TS, nad2-TS, nad4, nad5s-TS, nad6é nad1-TS, nad2-TS,
nad3, nad4l, nad7,
nad9
Variable genes Ribosomal proteins (LSU) o0, rplé, rpl2, rpl5
Ribosomal proteins (SSU) rps1, rps13, rps14, rps3, rps4, rps7, #rps19 rps12, rps19

Succinate dehydrogenase
Ribosomal RNAs

#sdh3, sdh3, sdh4
rrn18, rrn26, rrn5

Transfer RNAs

trnC-GCA, trnD-GTC,
trnF-GAA, trnK-TTT,
trnM-CAT(5), trnN-GTT,
trnP-TGG, trnS-CGA,
trnS-GCT, trnS-TGA(2),
trnT-TGT, trnY-GTA

trnA-TGC, trnE-TTC,
trnF-AAA, trnG-GCC,
trnH-GTG, trnl-GAT(2),
trnM-CAT, trnN-ATT,
trnP-TGG, trnQ-TTG,
trnV-GAC, trnW-CCA

Note: Numbers after gene names are the number of copies. Genes preceded by the # symbol represent pseudogenes. Genes followed by -TS need to be spliced into
complete genes by RNA splicing after transcription

and rps19 appeared twice in the genome: once as func-  Chrl, trnl-GAU was annotated twice on Chr2, and ¢rnP-
tional genes and another as pseudogenes. A total of 30 UGG was noted once on both Chrl and Chr2. Further-
tRNA genes were annotated. Among these annotations, more, 14 genes contained introns. Among these genes,
truM-CAU was recorded 5 times on Chrl and once on  ten possess one intron each (ccmFc, rpl2, rpsl, rps3,
Chr2. Additionally, trnS-UGA was annotated twice on  trnA-UGC, truF-AAA, trul-GAU (2), trnS-UGA, and



Jiang et al. BMC Genomics (2025) 26:490

trnT-UGU); one gene contained 2 introns (nad4); and 4
genes had 4 introns (nadl, nad2, nad5, and nad?7).

Different configurations of the C. tachangensis
mitochondrial genome

The phenomenon of recombination mediated by homol-
ogous fragments was commonly observed in the mito-
chondrial genome of cells. On Chrl, 3 pairs of dispersed
repeats (homologous fragments), designated R7, R8, and
R10, with lengths ranging from 1,190 to 8,440 bp, were
identified. The similarity between the paired repeat
units reached as high as 99.965% to 100%. Among these
sequences, R7 and R8 were classified as direct repeats,
whereas R10 was categorized as a palindromic repeat.
Collectively, these 3 pairs of repeats facilitated the forma-
tion of 7 substructures within Chr1 (Fig. 2).
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The homologous fragments of the mitochondrial
genome in C. tachangensis mediated recombination
through 2 distinct mechanisms, which were primarily
determined by the orientation differences between these
segments: (1) In M1, the arrangement directions of the
homologous segments R7 and R8 within their respective
groups were identical. When either R7 or R8 broke, the
2 homologous segments recombined in a head-to-tail
manner, resulting in M1 splitting from a large ring into
2 smaller rings, producing either M8 or Mé. If both R7
and R8 break simultaneously, M1 could recombine to
form a new large ring designated M5. At this point, in
a clockwise direction, the sequence order of the non-
homologous fragments changes from Cl1 —C5 —C9
—-C4 -C6 -C3to Cl1 -C6 -C3 -C9 -C4 - C5.
The distinction between M1 and M5 lies in the reciprocal
positioning of C6 and C3 relative to C5. However, there

N

+R'
M6-2

+7

+7+10

976

M4

»

-7

Fig. 2 Hypothetical products generated by recombination mediated by R7, R8, and R10. The black arrows indicate the repetitive sequences R7,
R8, and R10 (simply written as 7, 8, and 10) involved in recombination, with the arrow direction showing their orientation. The colored segments
represent the DNA fragments C1, C3, C4, C5, C6, C9, and C10 (simply written as 1, 3,4, 5, 6,9, and 10) located between these repetitive sequences
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is no alteration in the arrangement direction of each
sequence. (2) In contrast, within M1, owing to opposing
orientations between the 2 homologous segments associ-
ated with R10, an inversion phenomenon occurs among
adjacent non-homologous fragments. Specifically, during
the recombination from M1 to M2 mediated by R10, seg-
ment C6 — C4 experiences a 180° inversion in its clock-
wise orientation, thus altering the sequence order of the
non-homologous fragments from C1 - C5 - C9 —Cé6
—-C4 - C3toCl -C5—-C9 —C4 —C6 —C3. Further-
more, one homologous segment of R8 is located between
fragments C4 and C6. Consequently, this inversion
involving fragment pairings from C4 to C6 resulted in an
inverse arrangement for that particular homologous seg-
ment: it is transformed from R+ 8 to R-8. Both homologs
of R8 now exhibit opposite orientations, leading to an
inverted recombination mechanism for R8 that allows for
the transformation of M2 into M3. A similar outcome is
observed during the transition from M5 to M4 through
recombination processes. The above hypothesis can be
observed in the coverage validation map aligned to the
assembly results of long reads, confirming the presence
of 7 potential substructures on Chrl (Fig. S1).

This phenomenon revealed that recombination medi-
ated by specific pairs of homologous segments within
mitochondrial genomes could influence alternative pairs’
modes of recombination, thereby enriching DNA with
diverse substructures.

Analysis of repeat sequences

A total of 223 SSRs were identified in the mitochondrial
genome of C. tachangensis (Fig. 3, Table S1 A), with 160
located on Chrl and 63 on Chr2. On Chrl and Chr2,
there are 19 and 12 mononucleotide (mono-), 48 and 12
dinucleotide (di-), 22 and 7 trinucleotide (tri-), and 61
and 25 tetranucleotide (tetra-) SSRs, respectively. There
is 1 hexanucleotide (hexa-) SSR present on both Chrl
and Chr2. The highest proportion of SSRs on both chro-
mosomes were found to be tetranucleotides, account-
ing for approximately 38.125% on Chrl and 39.682% on
Chr2. Furthermore, we observed that A/T is the most
prevalent type among the mononucleotide SSRs. In total,
there were also 28 tandem repeat sequences within the
mitochondrial genome; the longest sequence was located
on Chrl, with a copy number of 2, measuring 78 bp in
length, whereas the shortest sequence resided on Chr2,
with a copy number of 2, measuring only 24 bp in length
(Table S1B). The mitochondrial genome contains a sub-
stantial number of dispersed repetitive sequences, total-
ing 479. This dataset included 266 palindromic repeat
sequences and 213 forward repeat sequences, with
lengths ranging from 29 to 8,452 bp (Table S1 C). Nota-
bly, 88.28% of these sequences were shorter than 100 bp,
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with the most common lengths falling between 29 and
49 bp. Furthermore, the analysis of dispersed repetitive
sequences indicated that transposon exchange between
Chrl and Chr2 occurred quite frequently; 161 sequences
were copied from Chrl to Chr2, and only 28 sequences
were transferred in the opposite direction (from Chr2
to Chrl). Among all the homologous fragments identi-
fied, only 3 segments exceeded a length of 1,000 bp, each
exhibiting greater than or equal to 99.96% similarity. Of
these longer segments, 2 were classified as direct repeat
sequences, whereas one was categorized as a palindromic
repeat sequence; these specific sequences played a role
in mediating recombination within the mitochondrial
genome.

Prediction of RNA editing sites

In this study, we predicted RNA editing sites in the
mitochondrial genome of C. tachangensis, focusing on
38 protein-coding genes. A total of 537 non-synony-
mous editing sites were identified (Fig. 4A, Table S2 A),
involving changes in 14 amino acids, including H(His)
—Y(Tyr), R(Arg) — C(Cys), T(Thr) —I(lle), T(Thr)
—M(Met), R(Arg) — W(Trp), S(Ser) —L(Leu), S(Ser)
— F(Phe), P(Pro) — S(Ser), P(Pro) — L(Leu), P(Pro)
— F(Phe), L(Leu) — F(Phe), A(Ala) — V(Val), Q(GIn)
—*, and Arg(R) —* (* represents a stop codon). Among
these changes, the most common alteration was Ser
to Leu, with a total of 128 RNA editing sites account-
ing for 23.84% of the total. Among all the amino acid
changes observed, 259 (48.23%) of the hydrophilic amino
acids were converted to hydrophobic ones; conversely,
39 (7.26%) of the hydrophobic amino acids were trans-
formed into hydrophilic ones, whereas 235 (43.76%)
amino acids exhibited no change in hydrophobicity.
Additionally, 4 (0.74%) codons encoding hydrophilic
amino acids were converted into stop codons (Fig. 4B).
Specifically, 3 instances of CGA(R)—UGA(*) conver-
sion occurred at the last codon positions of the ccmFc,
atp9, and sdh4 genes; one instance of CAG(Q)—TAG(*)
conversion was found at the 13 codon position of the
rpl16 gene, which might lead to premature termination
of mRNA translation. In terms of genetic analysis, the
ccmFn gene presented the highest frequency of RNA
editing sites, with a total of 39 occurrences. This was fol-
lowed by the ccmB and ccmC genes, which had 34 and 32
instances, respectively. In contrast, the sdh3 gene had the
lowest frequency of RNA editing sites, with only 2 identi-
fied editing locations (Fig. 4C, Table S2B).

Codon usage analysis of protein-coding genes (PCGs)

Relative synonymous codon usage frequency (RSCU)
analysis was conducted on 64 codons of the mito-
chondrial genome of C. tachangensis. The results



Jiang et al. BMC Genomics (2025) 26:490

Qi 0
Q1 0€

v
©
5

Page 8 of 18

40 kb
50 kb

Fig. 3 Repeat analysis of the mitochondrial genome in C. tachangensis. The arc represents Chr1 (green) and Chr2 (purple). The ticks inner circles are
SSR (Blue) and tandem repeat (red). The ribbons represents dispersed repeat

indicated that all 64 codons are expressed in PCGs
(Fig. 5, Table S3). Among these, the GCU (encoding
alanine) exhibited the highest RSCU value of 1.5743,
whereas the CAC (encoding histidine) had the lowest
RSCU value of 0.4586. In the PCGs, the start codon
was consistently ATG, with no codon usage bias (RSCU
=1). The stop codons included UAA, UAG, and UGA,
among which only UAA had an RSCU value greater
than 1. Among the 61 coding amino acid codons

analyzed, 29 had RSCU values exceeding 1, indicating
a strong preference for their use. There were 10 A-end-
ing codons and 17 U-ending codons; conversely, there
was only one C-ending or G-ending codon each. The
proportion of high-frequency codons (RSCU > 1) end-
ing with A or U reached 93.103%, whereas those end-
ing with C or G accounted for only 6.897%. Therefore,
it could be concluded that in the mitochondrial genome
of C. tachangensis, there was a notable preference for
the use of A- or U-ending codons.
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Mitochondrial plastid DNAs (MTPTs) in the mitochondrial
genome

To investigate the sequence transfer between the mito-
chondrial and chloroplast genomes of C. tachangensis,
we conducted a comparative analysis of both organellar
genomes. The results indicated that there were a total of
23 groups of chloroplast homologous fragments within
the C. tachangensis mitochondrial genome, with MTPT
1-7 located on Chrl and MTPT 8-23 located on Chr2
(Fig. 6, Table S4). These fragments collectively spanned
a length of 16,396 bp, accounting for approximately
2.1951% of the total length of the mitochondrial genome.
Among these fragments, MTPT1 was the longest at 9,556
bp and was located within the range of 221,056-211,509
bp on Chr2. In contrast, MTPT23 was the shortest frag-
ment, with a length of only 32 bp, and was found within
the range of 216,692-216,661 bp on Chrl. The annota-
tion results indicate that these fragments originate from
protein-coding genes, rRNA genes, tRNA genes, and
intergenic regions of the chloroplast genome. How-
ever, all the chloroplast protein-coding genes and rRNA

coding genes were not retained after the insertion of
the mitochondrial sequences, whereas the tRNA coding
genes were preserved relatively intact within the mito-
chondria. A total of 7 completed tRNA genes were dis-
tributed across 7 homologous sequences: trnA-UGC,
trul-GAU, trnV-GAC, trnW-CCA, trnP-UGG, truM-
CAU, and truN-GUU.

Analysis of Pi and Ka/Ks

To analyze the sequence differences between C. tachan-
gensis and its related species, we calculated the nucleo-
tide diversity (Pi) values for 41 common genes across 9
species of the genus Camellia (Table S5). The data indi-
cate significant differences in nucleotide diversity (Pi val-
ues) among the mitochondrial genomes of 9 Camellia
species across different genes, ranging from 0 to 0.06435.
The highest Pi value was observed in rrnl8 at (0.06345),
followed by nad5 (0.01662) and cox2 (0.00253). While,
8 genes (e.g., nad6, coxl,and nad4l) exhibited Pi values
of 0, indicating their high conservation. Some shorter
regions showed a higher number of mutations despite
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their limited length (e.g., sdh3 [length: 321 bp; mutations:
6; Pi =0.00848]), while longer regions like rrn26 (length:
3614 bp; mutations: 48; Pi =0.00564) displayed lower
mutation density.

To further investigate the impact of environmental
stress on mitochondrial PCG mutations in the afore-
mentioned species, we conducted Ka/Ks analysis and
screened 22 genes with Ka/Ks ratios. The results (Fig. 7,
Table S6) showed that nearly all Ka/Ks ratios of mito-
chondrial PCGs in C. tachangensis were less than 1 when
compared with Camellia species (only cox2 showed
Ka/Ks =1.01438 in C. tachangensis vs. C. pubilimba
(ON782577), nadl showed Ka/Ks =1.41208 in C. tachan-
gensis vs C. assamica (NC_043914), and rpl2 showed Ka/
Ks =1.03902 in C. tachangensis vs. C. gigantocarpa). This
indicated that C. tachangensis, as a endemic species of
China, had undergone predominantly purifying selec-
tion during evolution. Notably, some genes exhibited
a wide range of Ka/Ks ratios due to their higher muta-
tion rates. For example, the protein-coding gene nad5,
which had the highest Pi value, yielded 16 distinct Ka/Ks
ratios, primarily ranging between 0.3 and 0.65. In con-
trast, certain genes such as rpl2 and sdh3, demonstrated
both conservation and heterogeneity across species com-
parisons, resulting in relatively limited Ka/Ks variations.

Taking rpl2 as an example, its sequence exhibited either
complete identity or divergence across different spe-
cies comparisons, yielding only 3 distinct Ka/Ks ratios:
1.03902 (C. tachangensis/C. chekiangoleosalC. oleif-
era vs. C. gigantocarpa), 0.783174 (C. tachangensis/C.
chekiangoleosa/C. oleifera vs. C. sinemnsis variants
PP212895/PP212896/0ON782577), and 0.304929 (C. sin-
ensis variants PP212895/PP212896/ON782577 vs. C.
gigantocarpa).

Phylogenetic analysis

The phylogenetic tree based on mitochondrial cod-
ing sequences (CDS) was constructed with Taxus wal-
lichiana as the outgroup. This analysis revealed that
Diospyros kaki (NC_082859) and Rhododendron sim-
sii (NC_053763), both belonging to Ericales, formed a
well-supported clade (BS =100, PP =1.00) alongside
various Camellia species. Within the Camellia lineage,
C. tachangensis was phylogenetically independent of
species of sections Oleifera, Camellia, Heterogenea and
Chrysantha. However, this phylogenetic tree also did
not support the clustering of C. tachangensis with cer-
tain variants of C. sinensis, as their placement in Clade
I exhibited extremely low support (BS =22, PP =0.41)
(Fig. 8). The chloroplast PCG-based phylogenetic tree
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utilizing Polyspora axillaris (NC_035709) and Schima
superba (NC_035545) as outgroups demonstrated high
phylogenetic resolution for C. tachangensis: Among the
Camellia species analyzed, this species formed a strongly
supported basal group in Clade II (BS =100, PP =1.00),
alongside C. makuanica (NC_087766), C. taliensis
(NC_022264), and C. gymnogyna (NC_039626) (Fig. 9).
Although different species selections were employed for
the two organellar PCGs’ phylogenetic tree, the com-
parison between them revealed that the mitochondrial

CDS-based phylogenetic tree did not support a basal
position for C. tachangensis within the genus Camellia.
Meanwhile, chloroplast PCGs demonstrated superior
phylogenetic resolution for clarifying species relation-
ships within the genus.

Discussion

Although branched structures had been widely reported
in plant mitochondrial genomes [58—60], the mitochon-
drial DNA of most Camellia species (e.g., C. sinensis,
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C. assamica, and C. nitidissima) were traditionally pre-
sented as circular structures due to differing assembly
strategies [29, 61-64]. Only 3 species of sect. Oleifera (C.
drupifera, C. oleifera, and C. lanceoleosa) exhibit mito-
chondrial genomes with multibranched configurations
[27, 28]. In this study, we achieved the first complete
mitochondrial genome sequencing and assembly for C.
tachangensis, which revealed its unique dual-component
architecture comprising a multibranched sequence and
a circular sequence. Subsequent structural analysis fur-
ther identified the multibranched sequence could form 7
substructures via 3 pairs of dispersed repeats over 1000
bp. These findings not only enhanced our comprehension

of the complexity and diversity of mitochondrial
genome structures in Camellia species, but also estab-
lished a foundational genetic data framework for future
research on molecular breeding programs targeting C.
tachangensis.

Beyond structural variations, the mitochondrial
genome length of C. tachangensis significantly differed
from other Camellia species. The total mtDNA length
of C. tachangensis was 746,931 bp, while other Camellia
species range from 1,082,025 bp in C. sinensis var. sinensis
cv. Dahongpao (CSSDHP, PP212895) (longest) to 707,441
bp in C. sinensis var. assamica cv. TV-1 (NC_043914)
(shortest), representing a 374,584 bp difference [27-29,
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61-64]. Among these, C. huana (733,752 bp) showed
the closest genome length to C. tachangensis, differ-
ing by only 13,179 bp. However, the length of repetitive
sequences identified in the studies cannot directly explain
the differences in mitochondrial DNA length between
these Camellia species. This is evidenced by the contrast-
ing repetitive sequence lengths between CSSDHP and
C. tachangensis: SSR (4,548 vs. 2,688 bp, including tan-
dem repeats) and dispersed repeats (33,871 vs. 46,509
bp). Even when combining the total lengths of simple
sequence repeats and dispersed repeats, CSSDHP still
exhibits a reverse correlation in total repetitive sequence
content compared to C. tachangensis (38,419 vs. 49,197
bp). This paradoxical phenomenon may be attributed to
3 possible factors: first, differential loss and transfer of
mitochondrial DNA fragments between the 2 species;
second, frequent recombination and mutation events
in intergenic regions of plant mitochondrial DNA that
obscure detection of original repetitive sequences; third,
CSSDHP’s mitochondrial DNA had acquired longer chlo-
roplast-derived homologous sequences compared to C.
tachangensis (20,733 vs. 16,448 bp) [29, 65, 66]. However,
the first 2 factors still require further exploration and val-
idation specifically for Camellia species.

Although C. tachangensis possessed complete mito-
chondrial PCG composition, it only retained pseudogene
copies for rps19 and sdh3. In contrast, other Camel-
lia species exhibited varying PCG duplications. For
Instance, CSSDHP contained 8 duplicated PCGs (e.g.,
atp8, atp9, nad6, cox3), C. tianeensis shows 2 duplicated
PCGs (ccmFn and rps16), and C. oleifera retained 4 dupli-
cated PCGs (coxl, rpll6, rps3, and rpl2) [28, 29, 64].
These differences likely resulted from combined effects
of transposon activity and environmental adaptation
[67], offering new perspectives for exploring plant mito-
chondrial genome evolution through further investiga-
tion. While other tRNA gene copy numbers vary among
Camellia species, all of them (including C. tachangensis)
exhibited high copies of the truM-CAU gene. This might
relate to its role in transporting the initiation codon
AUG. truM-CAU likely enhances its expression to com-
petitively occupy ribosomal P-sites, preventing non-ini-
tiator tRNA misbinding and ensuring protein synthesis
fidelity [68]. The GC content (45.86%) and codon usage
bias of C. tachangensis showed remarkable conservation,
being highly similar to both Camellia and other species,
reflecting the evolutionary stability of these genetic fea-
tures in Angiosperms [27-29, 58—64].

RNA editing is a widely occurring post-transcriptional
mechanism that modified RNA by altering the types of
nucleotides present within it [69]. To determine the
final protein sequences of the mitochondrial genes in C.
tachangensis, it is essential to predict RNA editing events
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for each gene. In this study, 537 RNA editing sites across
38 genes in C. tachangensis were identified. Previous indi-
cated that these editing sites played a crucial role in gene
expression. RNA editing in plants could restore codons
altered by mutations, thereby ensuring that mRNAs
encode proteins with normal functionality [70]. In addi-
tion, RNA editing is a prerequisite for the proper trans-
lation of certain mRNAs. In the mitochondrial genome
of C. tachangensis, the initial codons for cox1 and nad4lL
are ACG. Through RNA editing, these start codons could
be converted from ACG to ATG, thereby ensuring the
proper function of mRNA translation. More importantly,
RNA editing had been demonstrated to play a crucial
role in regulating responses to environmental stress in
certain plant species. Research indicated that specific
RNA editing modifications—such as enhanced editing
of mitochondrial genes nad3, nad7, and ccmFn in Oryza
sativa L., alongside deficient editing of nad4 and cox3 in
Arabidopsis thaliana (L.) Heynh.—are correlated with
improved tolerance to salt and drought stress, respec-
tively [71, 72]. However, although previous studies had
described possible interactions between PLS-CsPPR pro-
teins and target sequences of RNA editing sites in mito-
chondrial and chloroplast genes in Camellia species (C.
sinensis) [73], a direct link between mitochondrial RNA
editing and environmental stress adaptation in Camel-
lia plants had not yet been established. To address this
research gap, future studies could employ multi-omics
correlation analysis methods, integrating the predicted
RNA editing site data from this study, to investigate the
potential mechanisms and roles of mitochondrial gene
RNA editing in stress physiological responses of C.
tachangensis and other Camellia species. This approach
would provide theoretical support for developing precise
conservation strategies.

DNA could be transferred between the mitochondrial
and chloroplast genomes within cells [74]. This process
was accompanied by the insertion of exogenous tRNA
genes to support the translation of mitochondrial PCGs
[75-77]. In this study, we identified a total of 23 MTPTs
in the mitochondrial genome of C. tachangensis, among
which 7 MTPTs contained 1-3 tRNA genes. By compar-
ing these fragments with those from other species in the
sect. Thea and sect. Oleifera, we found partial MTPTs
shared similarities across these species: these fragments
were highly similar in length, and their tRNA gene com-
positions were entirely consistent (e.g., truM-CAT, trnA-
UGC-trnl-GAU-trnV-GAC, and truD-GUC). Therefore,
we hypothesized that the transfer events of these frag-
ments could be traced back to before the divergence of
these 2 taxonomic groups. In contrast, MTPTs identified
in 4 species of the sect. Chrysantha were relatively scarce,
with only 5-14 MTPTs per species. Moreover, only 1-2
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MTPTs in each species contained tRNA genes, which
might reflect the unique evolutionary trajectory of sect.
Chrysantha.

The Ka/Ks analysis indicated that the mitochondrial
PCGs of C. tachangensis had primarily undergone puri-
fying selection during the course of evolution (Ka/Ks
<1), which aligned with previous Ka/Ks analysis results
between C. drupifera (sect. Oleifera) and species from
sect. Thea and sect. Chrysantha [27]. These phenomena
suggest that purifying selection may play a dominant
role in the evolution of mitochondrial PCGs in Camel-
lia plants. It might stem from mitochondrial genes pre-
dominantly functioning in core metabolic pathways like
oxidative phosphorylation. Non-synonymous mutations
in these genes were often deleterious, resulting in their
persistent purging through natural selection to maintain
functional evolutionary conservation [78]. Furthermore,
sequences of rpl2 and sdh3 genes detected in C. tachan-
gensis completely match those of C. chekiangoleosa (sect.
Camellia) but differed from cultivated variants (CSDHP,
CSSRG) within the sect. Thea. This pattern might arise
because C. tachangensis, as an early-diverged species of
sect. Thea, retained primitive sequence characteristics of
rpl2 and sdh3 genes shared with C. chekiangoleosa from
the initial differentiation stage between sect. Thea and
Sect. Camellia groups. In contrast, later-diverged Camel-
lia species like CSDHP and CSSRG had accumulated
mutations in these genes during evolution, ultimately
resulting in sequence divergence from their correspond-
ing genes in C. tachangensis.

Although the species selected for the 2 phylogenetic
trees were not entirely consistent, we can still observe
that the chloroplast PCG phylogenetic tree exhibits
higher resolution compared to the mitochondrial CDS-
based phylogenetic tree. Additionally, the phylogenetic
position of C. tachangensis in the mitochondrial CDS-
based tree did not appear at the base of Camellia species
as observed in the chloroplast PCG-based phylogenetic
tree. This discrepancy may be related to several fac-
tors: First, the lack of available mitochondrial genome
data for closely related species such as C. taliensis and
C. gymnogyna likely reduced the phylogenetic support
for the branch containing C. tachangensis. Future stud-
ies should prioritize generating mitochondrial genome
data for these species to resolve the phylogenetic place-
ment of C. tachangensis. Additionally, studies had shown
that mitochondrial genomes evolved at a slower rate
compared to chloroplast genomes, resulting in smaller
genetic distances among related species in mitochondrial
genomes [79, 80]. Furthermore, although mitochondrial
and chloroplast genomes were predominantly maternally
inherited, both might undergo paternal leakage dur-
ing inheritance, resulting in discrepancies in the genetic
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lineages of these 2 organellar genomes within the same
species [81]

Conclusion

This study reported the first sequencing and annotation
of the mitochondrial genome of C. tachangensis, which
exhibited a multichromosomal structure, comprising
a 525,875 bp branched molecule (resolvable into 7 sub-
structures) and a 221,056 bp circular molecule. A total
of 63 functional elements were annotated, including 30
protein-coding genes (PCGs), 30 tRNAs, and 3 rRNAs.
Comparative analysis identified 23 homologous chloro-
plast-derived fragments in the mitochondrial genome,
introducing 10 intact tRNA genes. Ka/Ks analysis indi-
cated that PCGs evolved predominantly under purify-
ing selection (Ka/Ks <1). Phylogenetic analysis based
on chloroplast genome analysis strongly supported C.
tachangensis close relationship with C. makuanica, C.
taliensis, and C. gymnogyna (BS =100, PP =1.00). How-
ever, the phylogenetic tree based on mitochondrial CDS
failed to identify species closely related to C. tachangensis
due to the current lack of comprehensive mitochondrial
genome data for the genus Camellia. Despite this limita-
tion, our study filled a critical gap in organelle genom-
ics of Camellia, offering valuable genomic resources for
elucidating evolutionary mechanisms, advancing genetic
improvement programs, and informing conservation
strategies for this ecologically and economically impor-
tant genus.
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