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Abstract
Camellia tianeensis, a rare member of sect. Chrysantha Chang of the family Theaceae, is widely known for its 
ornamental and medicinal importance and is often referred to “Queen of the Tea Family”. Despite its biological 
and economic value, little is known about the structure and evolution of its organellar genomes. In this study, we 
assembled and compared the complete chloroplast and mitochondrial genomes of C. tianeensis using combined 
short- and long-read sequencing. The chloroplast genome was 156,865 bp in length and encoded 131 genes, 
whereas the mitochondrial genome measured 1,098,121 bp and contained 51 genes. Four protein-coding genes—
rps12, rps14, rps16, and rps7—were shared by both organelles. The mitochondrial genome exhibited 404 RNA-
editing sites, about 6.2 times more than the chloroplast genome (65 sites), primarily resulting in conversions from 
hydrophilic to hydrophobic amino acids. The mitochondrial genome contained more simple sequence repeats 
(SSRs) and dispersed repeats than the chloroplast genome, with complementary repeats absent in both. Codon-
usage analysis revealed a strong bias toward A/U-ending codons in both genomes, with ten optimal codons 
shared, suggesting the action of translational selection. Phylogenetic analysis confirmed that C. tianeensis belongs 
to sect. Chrysantha and showed close affinity to C. nitidissima. Moreover, nine chloroplast-derived fragments 
totaling 42.9 kb were identified within the mitochondrial genome, indicating active inter-organelle DNA transfer. 
These results provide the first comprehensive organellar genomic resources for sect. Chrysantha and offer valuable 
insights into organelle evolution, RNA-editing diversity, and horizontal DNA exchange in higher plants.
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Introduction
Plants, as the foundation of terrestrial ecosystems, pos-
sess three interdependent genomes: the nuclear, chlo-
roplast, and mitochondrial genomes. Among these, 
chloroplasts and mitochondria are semi-autonomous 
organelles that play crucial roles in photosynthesis and 
energy metabolism, respectively. Each organelle contains 
its own genome, with distinct mechanisms for replica-
tion, transcription, and translation, which function in 
coordination with the nuclear genome to ensure normal 
plant growth and development [1]. Comparative studies 
of plant organellar genomes have revealed notable differ-
ences in genome structure, gene content, and evolution-
ary rate between chloroplasts and mitochondria. These 
differences not only provide important clues for under-
standing genome evolution but also offer practical appli-
cations in molecular breeding and conservation genetics 
[2, 3]. Recent advances in high-throughput sequencing 
and bioinformatics have further enabled the discovery 
of widespread DNA fragment exchanges between chlo-
roplasts and mitochondria across multiple plant lin-
eages [4–6]. Such inter-organelle DNA transfers, also 
known as intracellular horizontal gene transfer (HGT), 
have profound evolutionary implications, contribut-
ing to genome expansion, sequence rearrangement, and 
functional innovation [7, 8]. Moreover, transferred genes 
and sequences often influence key biological processes 
such as photosynthesis, respiration, and stress response, 
thereby contributing to the adaptation and diversification 
of plants across different ecological conditions [9, 10].

The genus Camellia (Theaceae) comprises more 
than 200 species distributed mainly in East and South-
east Asia. Within this genus, sect. Chrysantha Chang is 
morphologically unique, being the only lineage bear-
ing golden-yellow petals. Members of this section are of 
high ornamental and pharmacological value due to their 
bioactive compounds with antihypertensive, hypolipid-
emic, and antioxidant effects [11–14]. Approximately 40 
species and five varieties of sect. Chrysantha are native 
to southern China and northern Vietnam, with the great-
est diversity found in Guangxi Province [11, 12, 15, 16]. 
The section has attracted growing attention in horticul-
ture and medicinal research, and several molecular stud-
ies have investigated its chloroplast genomes, secondary 
metabolite pathways, and phylogenetic relationships [17–
20]. However, mitochondrial genome information for this 
group remains largely unexplored.

Camellia tianeensis S. Yun Liang & Y. T. Luo is an 
endemic member of sect. Chrysantha characterized by 
elliptic leaves, solitary yellow flowers, and brown seeds. 
Since its description in 1995 [21], studies have mainly 
focused on its morphology, conservation, and popula-
tion structure [22–27]. Despite its significance, no com-
prehensive molecular data have been reported for this 

species. Therefore, in the present study, we sequenced 
and assembled the complete chloroplast and mitochon-
drial genomes of C. tianeensis for the first time. We con-
ducted comparative analyses of genome structure, repeat 
sequences, RNA editing, codon usage bias, and inter-
organelle DNA transfer. Our findings aim to: (1) enrich 
genomic resources for sect. Chrysantha; (2) clarify the 
evolutionary relationship of C. tianeensis within Camel-
lia; and (3) provide a molecular basis for future studies 
on its evolution, conservation, and applied utilization.

Results
Genome assembly and general features
The complete chloroplast genome of C. tianeensis was 
assembled into a typical quadripartite circular structure 
with a total length of 156,865  bp, consisting of a large 
single-copy (LSC) region of 86,579  bp, a small single-
copy (SSC) region of 18,236 bp, and two inverted repeat 
(IR) regions of 52,050 bp each (Fig. 1A). The overall GC 
content was 37.32%, with the IR region showing the high-
est GC content (42.99%) and the SSC region the lowest 
(30.59%). The chloroplast genome encoded 131 unique 
genes, including 90 protein-coding genes (PCGs), 37 
tRNA genes, and four rRNA genes (Table  1). Among 
these, 14 genes were duplicated in the IRs, one gene was 
triplicated, and 13 genes contained introns (Table S1).

The mitochondrial genome was also circular, totaling 
1,098,121 bp (Fig. 1B), and encoded 51 genes: 31 PCGs, 
18 tRNAs, and two rRNAs. The GC content was higher 
(45.71%) than that of the chloroplast genome. The total 
CDS length accounted for 2.5% (27,387 bp) of the mito-
chondrial genome (Table  1). Functional annotation 
grouped the PCGs into three main categories: (1) elec-
tron transport and ATP synthesis; (2) transcription and 
translation; and (3) miscellaneous functions (Table S2). 
Four ribosonal protein genes—rps12, rps14, rps16, and 
rps7—were shared between the chloroplast and mito-
chondrial genomes.

Repeat sequence analysis
A total of 69 simple sequence repeat (SSR) loci were 
identified in the chloroplast genome of C. tianeensis. 
Mononucleotide SSRs were the most abundant type, 
accounting for 75% of all SSR loci, a proportion substan-
tially higher than that of the other repeat types (Fig. 2A). 
In terms of genomic regions, 48 SSR loci were located in 
the LSC region, 11 in the SSC region, and 10 in the IR 
region (Fig.  2B). We also detected 38 dispersed repeats 
belonging to three types, 15 forward (F), one reverse 
(R), and 22 palindromic (P), whereas no complement 
(C)-type repeats were found (Fig.  2C). With respect to 
motif composition, these 69 SSRs comprised 52 mono-
nucleotides (mono-) (A-21, T-31), four dinucleotides 
(di-) (AT-3, TA-1), one trinucleotide (tri-) (TTC-1), and 
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12 tetranucleotides (tetra-) (AGAT-1, AAAT-1, AATA-
1, ATAG-1, GTCT-1, GAAA-1, GAGG-1, CCCT-1, 
TCTT-1, TTTC-1, TCTA-1) (Fig.  2D). However, penta-
nucleotides (penta-) and hexanucleotides (hexa-) were 
not detected. The long dispersed repeats ranged from 
30 to 70 bp in length, with most falling between 30 and 
34  bp (Fig.  2E). Mononucleotide SSRs were particularly 
enriched in the LSC region, where 40 sites were recorded, 
accounting for 77% of all SSRs in the LSC (Fig. 2F).

In the mitochondrial genome, 306 SSRs were detected, 
including six repeat types, of which tetranucleotides 
were the most abundant (124, 40.5%). A total of 2,010 
dispersed repeats were found, predominantly forward 
repeats (1,024), while no complementary repeats were 
present. Long repeat sequences were most frequent 
within the range of 30–1,036 bp. After normalization, the 
mitochondrial genome still exhibited significantly higher 
repeat content, with 0.279 SSRs per kilobase (kb) com-
pared to 0.440 SSRs per kb in the chloroplast genome, 
a 63% reduction in SSR content. The mitochondrial 
genome had 1.83 dispersed repeats per kb, compared to 
0.242 per kb in the chloroplast genome, resulting in a 
7.57-fold higher content of dispersed repeats.

RNA-editing site prediction
RNA editing sites in 90 chloroplast and 31 mitochondrial 
protein-coding genes of C. tianeensis were predicted 
using Prep-Cp and Prep-Mt, respectively. In the chloro-
plast genome, 32 genes were predicted to contain RNA 
editing sites, with a total of 65 C to U edits (Fig. 3A). In 
the mitochondrial genome, 404 RNA-editing sites were 
identified across 23 genes (Fig.  3B). At the codon level 
(Fig. 3C), chloroplast editing events were confined to the 
first and second positions: 15 sites occurred at the first 
codon position and 50 at the second, with no edits at the 
third position. In contrast, mitochondrial editing sites 
were more broadly distributed but showed a strong bias 
toward the second codon position, which accounted for 
66% of all mitochondrial edits.

Table 1  Features of the complete chloroplast and mitochondrial 
genomes of C. tianeensis

cpDNA mtDNA
Genome size (bp) 156,865 1,098,121

GC (%) 37.32 45.71

LSC size (bp) 86,579 -

SSC size (bp) 18,236 -

IR size (bp) 52,050 -

GC in LSC (%) 35.33 -

GC in SSC (%) 30.59 -

GC in IR (%) 42.99 -

GC in CDS (%) 37.58 44.08

1st position GC (%) 45.19 48.68

2nd position GC (%) 37.91 43.86

3rd position GC (%) 29.62 39.71

Length of CDS (bp) 81,273 27,387

Number of genes 131 51

Number of PCG 90 31

Number of tRNA 37 18

Number of rRNA 4 2

Fig. 1  Gene map of the chloroplast (A) and mitochondrial (B) genomes of C. tianeensis (Genes on the outside and inside of the outer circle are transcribed 
in clockwise and counter-clockwise directions, respectively. The inner grey circle shows the GC-content distribution along each genome)
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All 65 chloroplast editing sites resulted in amino 
acid changes, which could be grouped into 11 types: 
A(Ala)→V(Val), H(His)→Y(Tyr), L(Leu)→F(Phe), 
P(Pro)→L(Leu), P(Pro)→S(Ser), R(Arg)→C(Cys), 
R(Arg)→W(Trp), S(Ser)→F(Phe), S(Ser)→L(Leu), 

T(Thr)→I(Ile), and T(Thr)→M(Met) (Fig.  3D). The 
most frequent changes was S(Ser)→L(Leu), which 
appeared 23 times and accounting for 35% of all chlo-
roplast edits. Two amino acid changes, R(Arg)→C(Cys) 
and R(Arg)→W(Trp), were observed only once each, 

Fig. 2  Comparative analysis of repetitive sequences of C. tianeensis chloroplast and mitochondrial genomes. A The numbers of the six SSR types; (B) The 
number of SSRs in different regions of the chloroplast genome; (C) The number of six types of SSRs in different regions of the chloroplast genome; (D) 
The numbers of different SSR repeat unit types; (E) The numbers of the four dispersed repeat sequence types. F The length of the four dispersed repeat 
sequence types
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whereas the remaining eight types occurred between 3 
and 10 times. Overall, 84.6% of the edited chloroplast 
sites involved hydrophobic amino acids, compared 
with 15.4% involving hydrophilic ones.

In the mitochondrial genome, three editing sites were 
predicted to generate premature stop codons (Q→stop, 
R→stop), while the remaining 401 sites were predicted to 
cause amino acid substitutions (Fig.  3D). Among these, 
Pro→Leu was the most frequent change, occurring 91 
times. Hydrophobic amino acid changes accounted for 
86.5% of all mitochondrial editing events. Taken together, 
these results indicate that RNA editing in both organelles 
preferentially increases protein hydrophobicity and fre-
quently results in substitutions toward leucine residues.

Codon-usage bias
The CDSs of the C. tianeensis chloroplast and mitochon-
drial genomes were filtered to remove sequences shorter 
than 300 bp and then analyzed. The mean total GC con-
tents (GCall) of the chloroplast and mitochondrial CDSs 
were 38.25% and 42.44%, respectively (Tables S3). In the 
chloroplast genome, the mean GC1, GC2 and GC3 values 
were 47.07%, 39.71% and 27.99%, respectively, whereas 
in the mitochondrial genome they were 47.77%, 42.61% 
and 36.95%. In both organelles, GC content at each 
codon position was below 50% and followed the pattern 
GC1 > GC2 > GC3, indicating a general preference for 

A/U-ending codons, with the third position showing the 
strongest bias. The ENC values of chloroplast and mito-
chondrial CDSs ranged from 34.68 to 56.27 and from 
37.79 to 61, with mean values of 44.99 and 51.65, respec-
tively, consistent with overall weak codon usage bias.

Correlation analysis of the GCall, GC1, GC2, GC3, GC12, 
and ENC revealed distinct patterns in the two organ-
elles (Fig. 4A). In the chloroplast genome, GC1 and GC2 
were significantly positively correlated with each other 
(P < 0.01), but both were negatively correlated with GC3 
(although not significantly), suggesting that codon com-
position varies more at the third position than at the first 
and second positions. ENC was highly positively cor-
related with GC3, indicating that variation at the third 
codon position has a strong influence on chloroplast 
codon usage bias. In the mitochondrial genome, GCall 
showed highly significant correlations with GC1, GC2, 
GC3, GC12 and ENC. By contrast, GC3 was not correlated 
with GC1 or GC2, suggesting that the third position dif-
fers from the first and second positions, whereas GC3 
was highly significantly correlated with both GCall and 
ENC, implying that mitochondrial codon usage is mainly 
shaped by changes in GC3 content.

Neutrality plot analysis further supported the role 
of selection in shaping codon usage (Fig. 4B). The GC12 
values of chloroplast and mitochondrial genes ranged 
from 32.54% to 55.035% and from 36.915% to 51.59%, 

Fig. 3  C. tianeensis chloroplast and mitochondrial genomes RNA editing sites. A Number of RNA-editing sites in cpDNA; (B) Number of RNA-editing sites 
in mtDNA; (C) Codon changes at different positions; (D) Characterization of RNA editing sites
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Fig. 4  Codon preferences in the C. tianeensis chloroplast and mitochondrial genomes. A Correlation analysis of codon parameters; (B) Analysis of neutral-
ity plot; (C) Relative synonymous codon usage; (D) Analysis of PR2 plot; (E) Analysis of ENC plot; (F) Optimal codon
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respectively. Most genes in both genomes were located 
far from the expected standard curve, indicating that 
codon usage is strongly influenced by natural selection. 
The regression slopes were − 0.12287 for chloroplast 
genes and 0.03072 for mitochondrial genes, showing a 
negative correlation between GC12 and GC3 in the chlo-
roplast genome and a weak positive correlation in the 
mitochondrial genome, consistent with the correlation 
analysis above.

Relative synonymous codon usage (RSCU) values for 
all 64 codons were calculated for both organelles (Fig. 4C, 
Table S4). RSCU values ranged from 0.3368 to 1.9959 in 
the chloroplast genome and from 0.1368 to 1.8632 in the 
mitochondrial genome. Excluding the three stop codons 
(UAG, UAA and UGA), the codons with the highest 
RSCU values were Leu (UUA) in the chloroplast genome 
and Trp (UGG) in the mitochondrial genome, whereas 
the lowest values were observed for Ser (AGC) and Tyr 
(UAC), respectively. Among the 61 sense codons, 30 
chloroplast codons and 29 mitochondrial codons had 
RSCU > 1, indicating that they are strongly preferred 
and represent high-frequency codons. Of these, 13 and 
10 codons ended with A, 1 and 2 with G, 16 and 16 with 
U, and 0 and 1 with C in the chloroplast and mitochon-
drial genomes, respectively. Thus, 96.6% and 89.6% of 
high-frequency codons ended in A or U, confirming that 
both organellar genomes preferentially use A/U-ending 
codons.

The PR2-plot analysis (Fig. 4D) showed that both chlo-
roplast and mitochondrial genes were unevenly distrib-
uted across the four quadrants and most points were 
located away from the centre, indicating that codon 
usage in C. tianeensis organellar genomes is influenced 
by both natural selection and mutational bias rather 
than by a perfect A = T and G = C equilibrium. ENC-plot 
analysis provided further support for the predominant 
role of selection (Fig. 4E). Only a few genes were located 
on or near the expected standard curve, whereas most 
genes fell below and at some distance from the curve, 
suggesting that codon usage patterns in both chloro-
plast and mitochondrial genomes are less constrained by 
mutational pressure and more strongly shaped by natu-
ral selection. This result is consistent with the neutrality 
plot.

A codon was defined as optimal when it simultaneously 
satisfied RSCU > 1 and ∆RSCU ≥ 0.08. According to this 
criterion, the C. tianeensis chloroplast genome contained 
15 optimal codons and the mitochondrial genome con-
tained 20 (Fig. 4F, Table S5). Most optimal codons in both 
genomes ended in A or U, with codons ending in U being 
more frequent. Ten optimal codons were shared between 
the two organelles: CGA, UGU, CAA, GAA, GGU, 
UUA, AAA, CCU, ACU and CUU, indicating a partially 

common set of preferred codons in the chloroplast and 
mitochondrial genomes.

Phylogenetic relationships
The chloroplast genomes of 23 plants were downloaded 
from the NCBI (6 of the plants were close relatives of C. 
tianeensis) to determine the phylogenetic position of C. 
tianeensis. The results showed that the phylogenetic trees 
constructed using the maximum likelihood and Bayesian 
methods based on the protein-coding genes of 24 plants 
had the same topological structure (Fig. 5A). There was 
high support for all of the nodes in the generative tree. C. 
tianeensis and its six close relatives clustered on Branch 
Cade I (BS = 89%; PP = 0.77).

Due to the paucity of reports on plant mitochon-
drial genome data, we found only one report of a mito-
chondrial genome from a closely related species. It was 
therefore not possible to select species with identical 
chloroplast genomes for comparative analyses. However, 
we selected protein-coding genes from the mitochondrial 
genomes of 19 species for phylogenetic position explo-
ration. As shown in Fig. 5B, the phylogenetic trees con-
structed by the two methods had the same topology, and 
both methods yielded highly supported branch nodes. 
C. tianeensis and Camellia nitidissima were clustered in 
branch Cade III (BS = 61%; PP = 0.69), and all the other 
Theaceae species were in branch Cade II (BS = 100%; 
PP = 1.00).

DNA fragment transfer between organelles
Nine chloroplast-derived DNA fragments were identi-
fied in the mitochondrial genome of C. tianeensis, rang-
ing from 127 to 9,572 bp in length and totaling 42,875 bp 
(3.9% of the mitochondrial genome and 27.3% of the 
chloroplast genome) (Fig.  6; Table  2). These fragments 
originated mainly from chloroplast CDSs (psbC, atpB, 
rpl16, rpl23, and rpl2), rRNAs, and tRNAs. The largest 
fragment (9,572 bp) comprised rRNA, tRNA, exon, and 
intron regions, and likely represents a hotspot of inter-
organelle DNA transfer. Most transferred sequences 
showed > 95% identity to their chloroplast counterparts, 
suggesting relatively recent transfer events with limited 
subsequent divergence. These results indicate extensive 
plastid-to-mitochondrion DNA transfer in C. tianeensis 
and point to intracellular gene transfer as a important 
contributor to the structural evolution of its mitochon-
drial genome.

Discussion
Overall organellar genome features
Chloroplasts and mitochondria are the two major 
energy-producing organelles in plant cells, and com-
parative analyses of their genomes provide comple-
mentary perspectives on genome evolution and species 
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diversification [28–31]. In this study, we assembled and 
analyzed the complete chloroplast and mitochondrial 
genomes of C. tianeensis, allowing a joint assessment 
of genome architecture, repeat dynamics, RNA editing, 
codon-usage patterns and inter-organelle DNA transfer 
in this rare yellow-flowered species of sect. Chrysantha. 
Both organellar genomes exhibited circular structures 
typical of most higher plants [32–34]. Several genes con-
tain one or more introns, which may play important roles 
in the regulation of gene expression [35]. The chloroplast 
genome of C. tianeensis (156,865 bp) is similar in size and 

structure to those reported from other Camellia species 
(150–160 kb), whereas its mitochondrial genome (1.10 
Mb) is considerably larger, consistent with the wide size 
variation observed among plant mitochondrial genomes 
(66 kb–11.3 Mb) [36]. The low proportion of coding 
DNA, in the mitogenome reinforces the view that plant 
mitochondrial genomes expand mainly through accu-
mulation of noncoding sequence, repeats and foreign 
(including plastid-derived) DNA rather than through an 
increase in core gene content [37–39].

Fig. 5  Construction of a phylogenetic tree based on protein-coding genes (A) chloroplast and genome; (B) mitochondrial genome
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Repetitive elements and genome structure
Repetitive sequences are major contributors to plant 
organelle genome size variation and structural rear-
rangement [40]. The chloroplast genome of C. tianeensis 
contained 69 SSRs and 38 dispersed repeats, whereas its 
mitochondrial genome harbored 306 SSRs and more than 
2,000 dispersed repeats. Such repeat inflation is char-
acteristic of many mitochondrial genomes and is often 
associated with intramolecular recombination, which 
can give rise to multipartite structures and alternative 
chromosomal isoforms [41, 42]. In C. tianeensis, forward 
and palindromic repeats dominate the mitochondrial 
repeat landscape, and complement-type repeats were not 

detected. Although we did not directly assess recombi-
nation activity, the abundance and distribution of these 
repeats suggests that the mitochondrial genome may be 
structurally dynamic, with repeated elements likely con-
tributing to subtle rearrangements and the generation 
of subgenomic molecules. These processes may in turn 
influence gene copy number and expression among tis-
sues or developmental stages [43, 44]. In the chloroplast 
genome, SSRs and long repeats are concentrated in the 
LSC region and are largely composed of A/T-rich motifs, 
a pattern consistent with many land-plant plastomes [45]. 
Such repeats can serve as useful sources of polymorphic 
markers for population genetic and conservation studies 

Fig. 6  Covariance analysis of homologous fragments of C. tianeensis chloroplast and mitochondrial genomes
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in this highly endangered species and its close relatives, 
particularly in the karst habitats where effective popula-
tion sizes are often small and fragmented.

RNA editing in chloroplasts and mitochondria
RNA editing is a widespread post-transcriptional pro-
cess in plant organelles that alters mRNA sequences 
and can increases proteomic diversity [46]. A growing 
body of work suggests that mitochondrial RNA editing 
is associated with important agronomic traits and stress 
responses in plants [47, 48]. In C. tianeensis, the mito-
chondrial genome harbors 404 predicted RNA-editing 
sites, approximately six times more than in the 65 sites 
inferred for the chloroplast genome. This editing load 
is comparable to that reported for other angiosperms, 
such as Arabidopsis thaliana (441 sites) and Oryza sativa 
(491 sites) [49, 50], and is concentrated in protein-coding 
genes involved in electron transport and ATP synthesis. 
Most mitochondrial edits are predicted to convert hydro-
philic residues to hydrophobic ones, particularly leucine, 
a pattern that has been interpreted in other species as 
potentially enhancing protein stability and facilitating 
assembly of membrane-bound respiratory complexes [51, 
52]. A small number of mitochondrial editing events in 
C. tianeensis affect codons that encode or are adjacent 
to stop codons, and are predicted to generate premature 
termination codons. The functional consequences of 
these events are currently unclear and cannot be resolved 
from in silico predictions alone. Experimental valida-
tion of editing status and protein products, especially in 
key respiratory genes such as nad, cox and atp, will be an 
important next step to link editing patterns more directly 
to mitochondrial function and stress responses.

Chloroplast editing in C. tianeensis is less frequent but 
shows similarly non-random patterns: all sites are of the 
canonical C-to-U type, confined to the first and second 
codon positions, and nearly all result in nonsynonymous 
substitutions that increase amino acid hydrophobicity. 
This falls within the range of 30–80 plastid editing sites 

typically reported for angiosperms [53, 54], and under-
scores that even modest levels of plastid editing can 
influence the composition and stability of photosynthetic 
complexes. Taken together, our results support the view 
that mitochondrial RNA editing generally exerts a stron-
ger post-transcriptional influence than chloroplast edit-
ing, while both organelles appear to use editing to adjust 
the properties of core bioenergetic proteins. However, 
functional interpretations remain tentative until tran-
script- and protein-level data become available.

Codon usage patterns in organellar genes
Both organellar genomes of C. tianeensis display a strong 
preference for A/U-ending codons, particularly at the 
third codon position, but overall codon-usage bias is 
relatively weak according to ENC values. This pattern is 
broadly consistent with codon-usage profiles reported for 
plastid and mitochondrial genomes in many seed plants, 
including other Camellia species [55, 56]. Our correla-
tion analyses, together with neutrality and PR2 plots, 
indicate that mutational bias alone cannot fully account 
for the observed codon-usage patterns and that natural 
selection is likely to make a non-negligible contribution 
[57]. In the chloroplast genome, GC3 content is tightly 
linked to ENC and is largely decoupled from GC1 and 
GC2, suggesting that codon composition varies mainly at 
the third position and that selection on synonymous sites 
may act to optimize translational efficiency and accuracy, 
particularly for highly expressed photosynthetic genes 
[58, 59]. In the mitochondrial genome, GCall and GC3 
show strong correlations with ENC, whereas GC3 is not 
strongly associated with GC1 or GC2. This suggests that 
mitochondrial codon bias is also influenced by changes in 
third-position GC content, but operates against a back-
ground of more complex mutational processes, possibly 
reflecting the interplay of DNA repair, recombination 
and the integration of foreign sequences [38].

The identification of partially overlapping sets of opti-
mal codons in chloroplasts and mitochondria, with a 

Table 2  Transfer of the C. tianeensis Chloroplast genome to mitochondrial genome gene fragments
No Length Identity Mt-start Mt-end Cp-start Cp-end Type
1 147 0.95 1,033,685 1,033,831 36,657 36,803 PsbC CDS

147 0.95 545,189 545,335 36,657 36,803

2 487 1 129,549 129,063 54,493 54,979 atpB CDS

3 174 0.98 228,546 228,719 84,563 84,736 rpl16 CDS

4 1689 1 291,351 293,039 86,640 88,328 rpl23 CDS

5 127 1 411,170 411,296 88,593 88,719 trnM-CAU exon

6 9572 0.99 681,494 672,005 100,280 109,851 23 S rRNA

9572 0.99 71,870 62,381 100,280 109,851

7 9572 0.99 62,381 71,870 133,594 143,165 trnV-GAC intron

9572 0.99 672,005 681,494 133,594 143,165

8 127 1 411,296 411,170 154,726 154,852 trnM-CAU exon

9 1689 1 293,039 291,351 155,117 156,805 rpl2 CDS
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strong enrichment of A/U-ending codons, further sug-
gests that organellar translation systems in C. tianeensis 
may be co-adapted to a broadly similar codon landscape. 
From an applied perspective, these patterns provide a 
useful reference for codon optimization in transgene 
design and for tailoring plastid- or mitochondrion-
targeted constructs in Camellia breeding programs. At 
the same time, more direct measures of gene expression 
and tRNA abundance would be valuable to quantify the 
extent to which translational selection shapes codon 
usage in this species.

Phylogenetic position of C. tianeensis
Phylogenetic analyses based on both chloroplast and 
mitochondrial genomes confirmed the placement of C. 
tianeensis within sect. Chrysantha. The phylogenetic 
trees constructed from chloroplast genomes and mito-
chondrial genomes consistently showed that C. tianeensis 
clustered with its close relatives in distinct clades. Spe-
cifically, in the chloroplast tree, C. tianeensis and its six 
close relatives clustered in branch cade I, while in the 
mitochondrial tree, C. tianeensis and C. nitidissima were 
positioned together in branch cade III. Despite the differ-
ence in species sampled between the two trees, the simi-
lar topological structure and clustering patterns observed 
in both trees suggest a consistent phylogenetic position 
of C. tianeensis within sect. Chrysantha. These findings 
align with previous phylogenetic studies, which have 
also placed C. tianeensis within sect. Chrysantha, rein-
forcing the stable phylogenetic grouping based on both 
chloroplast and mitochondrial data [60–62]. However, it 
is important to note that mitochondrial genomes gener-
ally evolve more rapidly than chloroplast genomes and 
are subject to frequent recombination and DNA transfer 
events [63, 64]. These evolutionary dynamics can occa-
sionally introduce complexities that result in topological 
discrepancies. In the present study, although the mito-
chondrial tree corroborates the findings from the chlo-
roplast tree, the different support values observed in the 
two trees (BS = 89%, PP = 0.77 for the chloroplast tree; 
BS = 61%, PP = 0.69 for the mitochondrial tree) reflect 
the differences in evolutionary rates and biological pro-
cesses between the two genomes.

To further refine the understanding of the phyloge-
netic relationships within sect. Chrysantha, expanding 
the taxon sampling and integrating nuclear genomic data 
will be essential. Such approaches could provide more 
resolution, especially in light of the complex evolution-
ary mechanisms such as horizontal gene transfer, recom-
bination, and mutation rates in mitochondrial genomes, 
which may obscure deeper evolutionary signals. Includ-
ing nuclear data will be crucial for providing a more com-
prehensive understanding of the evolutionary processes 
shaping this lineage.

Plastid-to-mitochondrion DNA transfer
DNA fragment transfer between chloroplasts and mito-
chondria is a major force shaping organellar genome 
evolution. In C. tianeensis, nine chloroplast-derived frag-
ments totaling 42.9 kb were identified in the mitochon-
drial genome. Most of the transferred segments originate 
from coding regions (psbC, atpB, rpl16, rpl23, rpl2), 
rRNAs and tRNAs, and retain > 95% sequence identity 
to their plastid counterparts, suggesting relatively recent 
transfer events and limited subsequent divergence [65, 
66]. The proportion of the mitochondrial genome occu-
pied by chloroplast origin sequences (3–5%) is compara-
ble to that reported for other angiosperms [67, 68].

Similar chloroplast-to-mitochondrion transfers have 
been reported in other Camellia species [61] and in a 
wide range of angiosperms, where they are thought to 
occur via non-homologous end joining and recombina-
tion during double-strand break repair [69]. The func-
tional consequences of these transfers can vary: some 
fragments degrade into pseudogenes or contribute to 
structural rearrangements, while others, particularly 
intact tRNA genes, may be co-opted into the mitochon-
drial translation machinery. The conservation of com-
plete trnM-CAU copies in the C. tianeensis mitogenome 
suggests a plausible functional role of at least some 
transferred genes, and raises the possibility that plastid 
derived tRNAs help to expand or stabilize the mitochon-
drial tRNA repertoire.

The overall picture emerging from C. tianeensis is that 
extensive, recent plastid-to-mitochondrion DNA transfer 
has contributed substantially to mitochondrial genome 
expansion and structural complexity. Mapping these 
transferred regions across additional sect. Chrysantha 
species will be informative for reconstructing the timing 
of transfer events and for disentangling lineage-specific 
from shared mtpt insertions. Such comparative work 
could also help identify potential associations between 
mtpt dynamics, mitochondrial genome architecture and 
ecological specialization on karst substrates. Moreover, 
further investigations into the functional consequences 
of these transfers in relation to ecological adaptation are 
warranted. The high rate of plastid-to-mitochondrion 
DNA transfer observed in C. tianeensis may be linked to 
the species’ adaptation to its unique karst habitat. How-
ever, Although this study primarily focuses on plastid-
to-mitochondrion DNA transfer (MTPT), we have not 
excluded the possibility of mitochondrial-to-plastid DNA 
transfer (PTMT), which, although rare, should not be dis-
missed. DNA transfer between mitochondria and plastids 
is facilitated by repair and recombination mechanisms, 
and these processes may not be limited to one direc-
tion. While research has primarily focused on MTPTs, 
PTMTs, though less studied, could also influence genome 
dynamics and adaptive evolution in certain species or 



Page 12 of 17Ran et al. BMC Genomics          (2026) 27:270 

environments [70, 71]. Given the rarity of PTMT, future 
genomic and transcriptomic studies should investigate 
its occurrence and role in plant evolution. Expanding 
sample sizes, conducting comparative studies, and inte-
grating functional validation will help assess the ecologi-
cal and evolutionary significance of PTMT. Moreover, 
combining genomic data with experimental analysis and 
exploring the relationship between inter-organelle DNA 
transfer dynamics, mitochondrial complexity, and envi-
ronmental adaptation could provide deeper insights into 
plant speciation and ecological specialization.

This study identified nine chloroplast-derived frag-
ments in the mitochondrial genome of C. tianeensis, 
indicating ongoing plastid-to-mitochondrion DNA 
transfer. The mitochondrial genome is larger and repeat-
rich compared to the conserved plastome. Phylogenetic 
analyses place C. tianeensis within sect. Chrysantha 
and show a close relationship with C. nitidissima. Addi-
tionally, the mitochondrial genome contains chloro-
plast-derived sequences, which likely contribute to its 
structural complexity. These findings provide valuable 
genomic resources for sect. Chrysantha and offer insights 
into the role of DNA transfer in organellar genome evo-
lution. Future research combining nuclear genomic data, 
population-level sampling, and functional validation of 
RNA-editing sites and transferred genes will be crucial 
for linking these organellar features to ecological adapta-
tion and conservation priorities in this species.

Conclusions
This study presents the first integrated analysis of the 
chloroplast and mitochondrial genomes of C. tianeen-
sis, a rare yellow-flowered species of sect. Chrysantha. 
The plastome exhibits the typical quadripartite structure 
and conserved gene content characteristic of Camel-
lia, whereas the mitogenome is strongly expanded and 
highly enriched in dispersed repeats and plastid-derived 
DNA, illustrating the contrasting evolutionary trajecto-
ries of the two organelles. Across both genomes, codon-
usage analyses reveal a shared preference for A/U-ending 
codons and indicate that codon bias is shaped by a com-
bination of mutational bias and translational selection, 
with several lines of evidence pointing to an important 
role of selection at synonymous sites. Mitochondrial 
RNA editing is far more frequent than chloroplast edit-
ing and predominantly increases protein hydrophobic-
ity. Phylogenetic reconstructions based on complete sets 
of organellar protein-coding genes consistently place C. 
tianeensis within sect. Chrysantha and recover a close 
evolutionary relationship with C. nitidissima, in broad 
agreement with previous plastid and mitochondrial stud-
ies, although mitochondrial support values remain mod-
erate. This congruence across genomic compartments 
strengthens confidence in the inferred relationships and 

provides a framework for future taxonomic and biogeo-
graphic work on golden camellias. Finally, the identifica-
tion of nine large chloroplast-derived fragments in the 
mitochondrial genome demonstrates ongoing intracel-
lular DNA transfer and underscores its contribution to 
mitochondrial genome expansion and structural com-
plexity in C. tianeensis. Together, these results deepen 
our understanding of organellar genome evolution in 
sect. Chrysantha and furnish valuable genomic resources 
for subsequent studies on systematics, conservation 
genetics and molecular breeding of sect. Chrysantha 
species, including the development of molecular mark-
ers and codon-optimized genes tailored to the organellar 
genetic background of this group.

Materials and methods
Material collection, DNA extraction, and sequencing
The C. tianeensis plant samples in this study were col-
lected as transplants from Tianba village (N 25.583482, 
E 106.964236), Luodian County, Guizhou Province (Fig. 
7). The specimens were preserved in the Tree Speci-
men Laboratory, School of Forestry, Guizhou University 
(GZAC, LZ-20221101-1). Fresh, young leaves were sam-
pled and ground to break the cells and release the organ-
elles. Then, chloroplasts and mitochondria were isolated 
from the ruptured cells using density gradient centrifu-
gation. Finally, chloroplast and mitochondrial DNA were 
extracted using an optimized cetyl-trimethylammonium 
bromide (CTAB) method [72]. The integrity of the DNA 
was determined by 1% glucose agar gel electrophoresis, 
and the purity and content of the DNA were assessed by 
nucleic acid proteomics. Sequencing libraries were then 
constructed by fragmenting, end-repairing, and ligating 
the DNA at the junctions. Libraries were sequenced using 
an Illumina NovaSeq 6000 platform with 150 bp paired-
end read lengths. The short raw reads were assessed using 
FastQC and trimmed using Trimmomatic v0.39, with the 
following parameters: Remove adapters (ILLUMINA-
CLIP: TruSeq3-PE.fa:2:30:10), Remove leading low qual-
ity or N bases (below quality 3) (LEADING:3), Remove 
trailing low quality or N bases (below quality 3) (TRAIL-
ING:3), Scan the read with a 4-base wide sliding window, 
cutting when the average quality per base drops below 15 
(SLIDINGWINDOW:4:15), and Drop reads below the 
36 bases long (MINLEN:36). The long raw reads were 
base-called using Albacore v2.1.7 (mean q-score > 7) on a 
Oxford Nanopore platform with barcode demultiplexing 
and converted to fasta format using SAMtools Fasta.

Assembly and annotation of chloroplast and mitochondrial 
genomes
To improve the reliability of the assembled genomes, 
we used two strategies to assemble both the chloroplast 
and mitochondrial genomes of C. tianeensis. For the 
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first strategy, short clean reads were de novo assembled 
with GetOrganelle v1.6.4 [73], and potential chloroplast 
and mitochondrial contigs were extracted via alignment 
against chloroplast and mitochondrial protein-coding 
genes from plant chloroplast and mitochondrial data-
bases via BLAST v2.8.1. Then, the putative long chloro-
plast and mitochondrial reads were baited by mapping 
the PacBio long reads to the potential chloroplast and 
mitochondrial contigs using BLASR v5.1. Finally, the 
putative long chloroplast and mitochondrial reads were 
assembled by Canu v2.1.1 [74]. In the second strategy, 
all PacBio long reads were assembled de novo by using 
Canu directly. Subsequently, we used Burrows–Wheeler 
Aligner (BWA) to map the short clean reads to the draft 
contigs and improved the draft contigs with Pilon v1.22. 
Then, MUMmer v3.23 was used to check whether these 
contigs were circular. Finally, the corrected contigs 

obtained from the above two assembly strategies were 
aligned with each other using MUMmer. The results 
showed that these two contigs were identical. Based on 
the above assembly steps, we generated a master cir-
cle for the C. tianeensis chloroplast and mitochondrial 
genomes.

The chloroplast and mitochondrial genes were anno-
tated using the online GeSeq tool [75] with default 
parameters to predict protein-coding, transfer RNA 
(tRNA), and ribosome RNA (rRNA) genes. The posi-
tion of each coding gene was determined using BLAST 
searches against the reference chloroplast and mito-
chondrial genes [76]. Manual corrections of genes 
for start/stop codons and for intron/exon boundar-
ies were performed in SnapGene Viewer by referencing 
the reference chloroplast genome and mitochondrial 
genome. The circular C. tianeensis chloroplast genome 

Fig. 7  Morphology of C. tianeensis (A) Tree; (B) Bud; (C) Flower; (D) Fruit
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and mitochondrial genome map were drawn using the 
OGDRAW tool [77].

Repeat sequence analysis and RNA editing analysis
MISA v2.1 [78] software was used to search for simple 
sequence repeats (SSRs) in the chloroplast and mito-
chondrial genome sequences of C. tianeensis. The mini-
mum number of repeat units and the number of repeats 
were set as follows: 10 for a single nucleotide unit, 5 for 
a dinucleotide unit, 4 for a trinucleotide unit, 3 for a tet-
ranucleotide unit, 3 for a pentanucleotide unit, and 3 for 
a hexanucleotide unit [79]. Dispersed repeat sequence 
analyses were performed using the software REPuter 
[80] (​h​t​t​p​​:​/​/​​b​i​b​i​​s​e​​r​v​.​​t​e​c​​h​f​a​k​​.​u​​n​i​-​​b​i​e​​l​e​f​e​​l​d​​.​d​e​/​r​e​p​u​t​e​r​/) 
with parameters set to a minimum repeat size of 30 bp, a 
Hamming distance of 3, and a maximum number of com-
puted repeats of 5000. The four types were forward (F), 
reverse (R), complement (C), and palindromic (P). Edit-
ing site prediction for C. tianeensis mitochondrial and 
chloroplast-encoded protein genes was performed using 
the online tools Prep-Cp and Prep-Mt ​(​​​h​t​t​p​:​/​/​p​r​e​p​.​u​n​l​.​e​d​
u​/​​​​​)​, with the parameter threshold set at 0.8 [81].

Codon preferences and phylogenetic tree construction
The coding DNA sequence (CDS) of the chloroplast and 
mitochondrial genomes were analyzed using CodonW 
v1.4.2 [82] and EMBOS (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​
n​​l​/​e​​m​b​o​s​​s​e​​x​p​l​o​r​e​r​/) online software, respectively, and 
the sequences were counted in Excel software for GCall, 
GC1, GC2, GC3 (GC1, GC2, GC3, representing the content 
of guanine and cytosine in positions 1, 2, and 3, respec-
tively); GC12, A3, T3, G3, C3 (representing the content of 
A, T, G, and C of the third position of the codon, respec-
tively); the effective number of codons (ENC); and rela-
tive synonymous codon usage (RSCU). In Excel software, 
an ENC plot was constructed with GC values as the 
X-axis and ENC values as the Y-coordinate; GC3 values 
were used as the horizontal coordinates and GC12 values 
as the vertical coordinates to plot scatter plots; and a PR2 
plot was generated with G3/(G3 + C3) and A3/(A3 + T3) 
values as the horizontal and vertical coordinates, respec-
tively, and the standard deviation of the midpoint exten-
sion of the diagonal line. The RSCU values for codons, 
GC content, and phase relationship analysis plot for each 
codon were generated in RStudio [83]. The ENC values 
and CodonW v.1.4.2 software were used to construct 
high- and low-expression gene libraries, and the RSCU 
values and △RSCU values were calculated (△RSCU 
= highly expressed gene RSCU minus weakly expressed 
gene RSCU). The determination of the optimal codon 
was then required to satisfy the conditions of both the 
high-expression codon and the high-frequency codon.

To elucidate the C. tianeensis phylogenetic relation-
ships, the chloroplast and mitochondrial genomic 

sequences of 23 and 18 plant species, respectively, were 
downloaded from the NCBI (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​m​.​
n​i​h​.​g​o​v​/), and conserved protein-coding genes were 
extracted using Tbtool software. After a comparison 
using MAFFT7 [84], the phylogenetic tree was mod-
eled using MEGAX [85] with manual correction, and the 
best maximum likelihood (ML) method was selected. 
The phylogenetic tree was subsequently constructed in 
IQ-TREE v2.2.0, and the self-expansion support was set 
to 1000 [86]. The optimal model was identified using 
MrModeltest V2.3, and a Bayesian inference (BI) phyloge-
netic tree was subsequently reconstructed using MrBayes 
v3.2.7 [87]. The phylogenetic tree topology was analyzed. 
Finally, the phylogenetic tree was landscaped using the 
online tool iTOL V4 (https://itol.embl.de/) [88].

Mitochondrial genome and chloroplast genome fragment 
exchange
The protein-coding and tRNA genes transferred from 
chloroplasts to mitochondria were identified and tested 
for homology using BLASTN and LASTZ software [89]. 
Finally, mitochondrial and chloroplast colocalization 
were mapped in RStudio.
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