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Abstract
Camellia pitardii Coh.-St., an economically important tree species in the genus Camellia valued for both
its seed oil and ornamental traits, currently lacks a systematically characterized mitochondrial genome.
In this study, we assembled and annotated the complete mitogenome of C. pitardii using a hybrid
approach that combined Illumina NovaSeq 6000 short reads and Oxford Nanopore long reads. Using
bioinformatics tools, we systematically analyzed repetitive sequences, codon usage bias, and RNA
editing sites. Furthermore, we constructed phylogenetic trees based on conserved protein-coding genes
from both mitochondrial and chloroplast genomes to elucidate the phylogenetic position of these genes.
The assembled C. pitardii mitogenome is 895,290 bp in length with a GC content of 45.68%. Annotation
revealed a total of 38 protein-coding genes (PCGs), three rRNA genes, and 30 tRNA genes. We identified
260 simple sequence repeats (SSRs), 33 tandem repeats, and 620 pairs of dispersed repeats. Among
these, three pairs of long repeats are predicted to mediate the formation of eight potential genomic
substructures. The mitogenome exhibited a distinct codon usage bias, with 92.86% of the highly
preferred codons (relative synonymous codon usage [RSCU] > 1) ending in A or U. Additionally, 667 RNA
editing sites were predicted across the 38 PCGs, encompassing 14 types of amino acid substitutions;
46.48% of these editing events resulted in the conversion of hydrophilic residues to hydrophobic ones.
Phylogenetic analyses revealed topological incongruence between the mitochondrial and chloroplast
gene trees regarding the placement of several Camellia clades, suggesting a complex evolutionary
history for the organelles of C. pitardii and its close relatives. In conclusion, this study characterizeed the
fundamental features of the C. pitardii mitogenome, providing valuable baseline data for comparative
organellar genomics, phylogenetic reconstruction, and the utilization of germplasm resources within the
genus Camellia.

1. Introduction
Camellia pitardii a member of the family Theaceae, is a wild woody species primarily distributed across
southwestern mountainous regions of China and adjacent territories. Its natural range encompasses the
provinces of Guizhou, Sichuan, Yunnan, Guangxi, and Hunan. Notably, many wild forest stands remain
intact in specific locations, such as Panzhou (Guizhou) and Panxi (Sichuan) [1]. C. pitardii is highly valued
for both its oleaginous and ornamental traits. The seed kernels yield a substantial amount of oil rich in
unsaturated fatty acids, highlighting its potential for commercial edible woody oil production.
Furthermore, its vibrant floral pigmentation and extended blooming period confer significant ornamental
value [2–5]. Given these distinct phenotypic traits and broad economic utility, C. pitardii represents a
critical genetic resource for germplasm conservation, woody oil development, and ornamental plant
breeding.

Currently, research on C. pitardii predominantly focuses on germplasm exploration, fruit morphology, lipid
content, fatty acid profiling, floral phenotypic variation, and agronomic practices [6, 7]. These
investigations reveal substantial phenotypic and genetic diversity across populations, establishing a
foundational framework for germplasm evaluation and the selection of elite genotypes [8]. Despite these
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advances in phenotypic and applied research, the molecular genetics of C. pitardii remain insufficiently
explored. Although recent efforts have utilized ISSR markers to assess the genetic diversity of wild
populations in Guizhou and have successfully generated a high-quality nuclear genome assembly,
systematic investigations into its organelle genomes are notably absent [9, 10]. Specifically, the
structural architecture, gene content, and evolutionary dynamics of the C. pitardii mitochondrial genome
remain completely uncharacterized.

As essential organelles for cellular energy metabolism, mitochondria primarily synthesize ATP via
oxidative phosphorylation to drive plant growth and development [11]. Plant mitochondrial genomes
typically encode critical subunits of respiratory chain complexes, including NADH dehydrogenase,
cytochrome c oxidase, and ATP synthase, which are indispensable for maintaining proper mitochondrial
function [12, 13]. Consequently, elucidating the structural architecture and genetic composition of the C.
pitardii mitogenome is a prerequisite for comprehensively characterizing the organellar genetics of this
species. In contrast to their animal counterparts, plant mitogenomes exhibit highly complex structural
features characterized by substantial size variations, abundant repetitive sequences, frequent
recombination events, and diverse structural conformations [14–16]. Extensive research has
demonstrated that intragenomic repeats frequently mediate homologous recombination, driving the
formation of dynamic configurations in which multiple isoforms coexist. Thus, a single linear or circular
sequence often fails to accurately capture its true in vivo architecture [17–19]. To address the current
lack of genomic data for C. pitardii, this study presents a systematic assembly and structural analysis of
its mitogenome. This work not only resolves the organellar genetic profile of C. pitardii but also fills a
critical gap in the mitogenomic resources available for the genus Camellia. Ultimately, these findings
provide essential foundational data for future comparative organellar genomics, phylogenetic analyses,
investigations of genetic differentiation, and the utilization of elite Camellia germplasm.

2. Materials and Methods

2.1 Genome sequencing, assembly, and annotation
The C. pitardii samples used in this study were collected from Yunwu Mountain, Niaowang Village,
Guiding County, Guizhou Province, and healthy fresh leaves were taken for total genomic DNA extraction.
The geographical coordinates of the sampling site are 107°00′58.8228″ E, 26°12′57.1870″ N, with an
elevation of 1352.5 m. The plant samples were identified as C. pitardii based on their morphological
characteristics.All plant materials used in this study were formally authenticated by Professor Shixiong
Yang, a Camellia taxonomist at the Kunming Institute of Botany, Chinese Academy of Sciences. A
voucher specimen (accession No. 011209) has been deposited in the Herbarium of the Guizhou
Academy of Forestry (GZAF). Total DNA was extracted using the CTAB method [20], DNA integrity was
assessed using agarose gel electrophoresis [21], and DNA purity and concentration were measured
using NanoDrop and Qubit [22, 23]. The qualified DNA was used for Illumina short-read and Oxford
Nanopore long-read sequencing library construction [24, 25].
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Paired-end genomic libraries were constructed and subsequently sequenced on an Illumina NovaSeq
6000 platform to generate short-read data [26]. Raw short reads were subjected to quality control using
fastp [27] to remove adapter sequences, low-quality reads, and reads with a high proportion of
undetermined bases (Ns). This process yielded clean short reads for downstream error correction and
assembly validation. For long-read sequencing, high-molecular-weight (HMW) DNA was prepared
according to the manufacturer's protocol, which included end repair, dA-tailing, and adapter ligation. The
resulting library was subsequently sequenced on an Oxford Nanopore PromethION platform [28]. Raw
long reads were filtered using Filtlong to obtain high-quality data for mitochondrial genome assembly
and structural validation. Summary statistics for all sequencing datasets are provided in Supplementary
Table S1.

To initiate mitochondrial genome assembly, Nanopore long reads were mapped against a plant
mitochondrial reference database using minimap2 to identify candidate reads of mitochondrial origin.
On the basis of the initial alignments, core mitochondrial gene distribution, and sequencing depth, high-
confidence sequences were selected as seeds. The raw long reads were then iteratively mapped to these
seeds via minimap2 to enrich the pool of mitochondria-associated reads. Following error correction with
Canu [29], these enriched long reads were subjected to de novo hybrid assembly alongside Illumina clean
reads using Unicycler [30]. Assembly graphs were visualized in Bandage, and contig connectivity and
branching topologies were resolved by integrating long-read mapping profiles. Finally, ambiguous
configurations near complex repeats were resolved using long reads that spanned the entire repetitive
regions and their flanks.

The mitochondrial genome was annotated through a combination of homology-based sequence
alignment and manual curation. Initially, the assembled sequences were aligned against protein-coding
and rRNA genes from previously published mitochondrial genomes of the genus Camellia and other
angiosperms using BLASTN [31]. These preliminary annotations were subsequently subjected to manual
curation, utilizing the mitochondrial genome of the tea plant (C. sinensis, GenBank accession PP212895)
and related species as reference frameworks. Putative tRNA genes were identified using tRNAscan-SE
[32]. Open reading frames (ORFs) were predicted using ORFfinder [33], after which of redundant
sequences and those overlapping with known genes were removed. The remaining ORFs exceeding 300
bp were queried against the NCBI non-redundant (nr) protein database to identify potential functional
annotations. Finally, the mitochondrial genome map of the C. pitardii was visualized using OGDRAW [34].

2.2 Mitochondrial DNA repeat sequence analysis
To characterize the repeat sequence profile of the C. pitardii mitochondrial genome, simple sequence
repeats (SSRs), tandem repeats, and dispersed repeats were systematically analyzed. SSRs were
detected using MISA v1.0 [35, 36], with the minimum repeat thresholds set to 10 for mononucleotides, 5
for dinucleotides, 4 for trinucleotides, and 3 for tetra-, penta-, and hexanucleotides. Tandem repeats were
identified using Tandem Repeats Finder v4.09 [37] under default parameters (Match = 2, Mismatch = 7,
Delta = 7, PM = 80, PI = 10, Minscore = 50, MaxPeriod = 500). Sequences satisfying the length and
alignment criteria were extracted to record their genomic position, repeat unit length, copy number, and
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sequence identity. Dispersed repeats were identified via BLASTN v2.10.1, applying a word size of 7 and
an E-value threshold of 1e-5. The resulting alignments were filtered to exclude self-hits, redundant
records, and regions overlapping with tandem repeats [38]. On the basis of their sequence orientation
and arrangement, the dispersed repeats were subsequently categorized as forward, reverse, or
palindromic. Finally, Circos v0.69-5 was employed to visualize the genomic distribution of all identified
repeat sequences across the C. pitardii mitochondrial genome[39].

2.3. Codon usage bias analysis
On the basis of the mitochondrial genome annotation of C. pitardii, the coding sequences (CDSs) of
protein-coding genes (PCGs) were extracted using PhyloSuite v1.22 [40]. To ensure sequence integrity,
pseudogenes and truncated sequences were excluded, and only intact, full-length PCGs were retained
for downstream analysis. The relative synonymous codon usage (RSCU) values were subsequently
calculated using MEGA v7.0 [41]. In this metric, an RSCU value > 1.0 denotes a positive codon usage bias
(preferred codons), whereas an RSCU < 1.0 signifies a lower relative frequency among synonymous
codons.

2.4 Prediction of RNA editing sites
To identify putative C-to-U RNA editing sites within the mitochondrial protein-coding genes (PCGs) of C.
pitardii, the corresponding coding sequences (CDSs) were analyzed using the PREPACT 3.0 web server
(http://www.prepact.de/) applying a stringent cutoff threshold of 0.001 [42]. The computational output
detailes the specific gene loci of the editing sites, the pre- and post-editing codon conversions, and the
resulting amino acid substitutions. Because empirical validation via RNA-seq was not performed in the
current study, all the identified loci are strictly designated as putative RNA editing sites. Microsoft Excel
2021 was used to compile and visualize the frequency of these putative sites, the spectrum of amino
acid substitutions, and the subsequent alterations in protein hydropathy.

2.5. Phylogenetic analysis
To determine the phylogenetic position of C. pitardii within the genus Camellia, independent phylogenetic
trees were constructed using mitochondrial and chloroplast protein-coding genes (PCGs). The dataset
included C. pitardii and representative Camellia species with available mitochondrial or chloroplast
genomes in GenBank. Closely related taxa and other representative plant species were designated as
outgroups [14–19, 43–52]. Comprehensive taxonomic information and GenBank accession numbers for
all the sampled taxa are detailed in Supplementary Table S2.

For the mitochondrial phylogeny, PhyloSuite v2 [53] was employed to extract conserved PCGs from the
assembled genomes. To mitigate potential phylogenetic biases introduced by missing data or
fragmented genes, only intact PCGs shared across all sampled taxa were retained, yielding a core set of
37 mitochondrial coding sequences. Each gene was individually aligned using MAFFT v7.471 [54]. The
resulting alignments were trimmed to remove poorly aligned regions using Gblocks v0.91b [55] and
subsequently concatenated into a single supermatrix, resulting in a final alignment length of 37,236 bp.
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Taxon sampling for the chloroplast phylogenetic analysis was consistent with that for the mitochondrial
dataset. In total,64 shared protein-coding genes (PCGs) were extracted from the chloroplast genomes of
the selected species using PhyloSuite. Each PCG was individually aligned using MAFFT and
subsequently trimmed with Gblocks. The refined alignments were then concatenated to construct a
chloroplast phylogenetic supermatrix with a total length of 41,730 bp.

Phylogenetic trees were reconstructed using both maximum likelihood (ML) and Bayesian inference (BI)
approaches. The optimal nucleotide substitution models were determined using ModelFinder 2 [56] on
the basis of the Akaike information criterion (AIC). ML analysis was performed in IQ-TREE v3.0.0, with
nodal support evaluated via 1,000 bootstrap replicates [57]. BI analysis was conducted using MrBayes
v3.2.7a. The Markov chain Monte Carlo (MCMC) algorithm was run for 1,000,000 generations, with
sampling every 100 generations. The first 25% of the sampled trees were discarded as burn-in, and a
50% majority-rule consensus tree was generated after confirming convergence [58]. Ultimately, the ML
bootstrap support (BS) and BI posterior probabilities (PP) were mapped onto the corresponding nodes of
the resulting phylogenetic trees.

3 Results

3.1 C. pitardii mitochondrial genome assembly and
annotation
Using a hybrid assembly strategy that integrates Illumina short reads and Nanopore long reads, we
successfully assembled the mitochondrial genome (mitogenome) of C. pitardii. Topological analysis of
the assembly graph revealed a complex, multibranched structure. On the basis of this topology and
supported by long-read spanning evidence, the master conformation of the C. pitardii mitogenome was
determined to be 895,290 bp in length, with a GC content of 45.68%. The resolved assembly path is as
follows: contig3–contig7–LR11–contig2–LR10–contig4–LR12–contig8–LR11–contig6–contig1–
LR10–contig9–LR12–contig5 (Fig. 1A, B). Within this sequence, LR10, LR11, and LR12 denote long
repeat sequences—specifically comprising two pairs of forward repeats and one pair of inverted repeats
—that mediate this structural complexity. Finally, mapping the raw sequencing reads back to the
assembly demonstrated continuous coverage across the genome, validating the accuracy and reliability
of the final assembly (Supplementary Figure S1).

Annotation of the C. pitardii mitochondrial genome (mitogenome) revealed a total of 38 protein-coding
genes (PCGs), three ribosomal RNA (rRNA) genes, and 30 transfer RNA (tRNA) genes (Fig. 2, Table 1).
The identified PCGs encode ATP synthase subunits (atp1, atp4, atp6, atp8,and atp9), cytochrome c
biogenesis proteins (ccmB, ccmC, ccmFc,and ccmFn), cytochrome c oxidases (cox1, cox2,and cox3),
NADH dehydrogenase subunits (nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7,and nad9), and various
ribosomal proteins. Additionally, single pseudogenized copies were detected for cox2, rps19, and sdh3.
The three rRNA genes were identified as rrn5, rrn18, and rrn26. Several tRNA genes are present in
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multiple copies; notably, trnM-CAT has the greatest redundancy, with five annotated copies, whereas
trnC-GCA, trnI-GAT, trnP-TGG, trnS-GCT, trnS-TGA, and trnT-TGT each have two copies.

Table 1
Gene content of the C. pitardii mitochondrial genome.

  Gene Category Gene Name

Core
Genes

ATP synthase atp1, atp4, atp6, atp8, atp9

Cytochrome c
biogenesis

ccmB, ccmC, ccmFc*, ccmFn

Ubiquinol
cytochrome c
reductase

cob

Cytochrome c
oxidase

#cox2, cox1, cox2, cox3

Maturases matR

Transport
membrane protein

mttB

NADH
dehydrogenase

nad1****, nad2****, nad3, nad4**, nad4L, nad5****, nad6
nad7****, nad9

Variable
Genes

Ribosomal proteins
(LSU)

rpl10, rpl16, rpl2,* rpl5

Ribosomal proteins
(SSU)

#rps19, rps1, rps12, rps13, rps14, rps19, rps3*, rps4, rps7

Succinate
dehydrogenase

#sdh3, sdh3, sdh4

Ribosomal RNAs rrn18, rrn26, rrn5

Transfer RNAs trnA-TGC*, trnC-GCA(2), trnD-GTC, trnE-TTC, trnF-GAA, trnG-GCC,
trnH-GTG, trnI-GAT*(2), trnK-TTT, trnM-CAT(5), trnN-ATT, trnN-
GTT, trnP-TGG(2), trnQ-TTG, trnS-GCT(2), trnS-TGA, trnS-TGA*,
trnT-TGT*(2), trnV-GAC, trnW-CCA, trnY-GTA

Note: Numbers adjacent to gene names indicate copy numbers. The prefix “#” denotes pseudogenes.
The number of asterisks “*” appended to a gene represents the number of introns it contains.

Structural analysis revealed the presence of introns within several mitochondrial genes. Specifically,
single introns were identified in ccmFc, rpl2, rps3, and a subset of tRNA genes. Furthermore, nad4
contains two introns, whereas nad1, nad2, nad5, and nad7 each harbor four introns. Interestingly,
structural variations were observed among multicopy tRNAs; for instance, one copy of trnS-TGA contains
an intron, whereas the second copy is intronless.
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3.2. Repeat sequence analysis of the C. pitardii
mitochondrial genome
Analysis of the C. pitardii mitochondrial genome revealed three categories of repetitive sequences:
simple sequence repeats (SSRs), tandem repeats, and dispersed repeats (Fig. 3). In total, 260 SSRs were
identified, comprising 35 mono-, 68 di-, 38 tri-, 99 tetra-, 19 penta-, and single hexanucleotide repeats
(Supplementary Table S3A). Tetranucleotide motifs were the most abundant, followed by dinucleotides,
whereas hexanucleotide repeats were the rarest.

Furthermore, 33 tandem repeat loci were detected, with motif lengths ranging from 13 to 39 bp. The copy
number per locus varied between 1.9 and 3.0, indicating a predominance of low-copy-number repeats.
The locus situated within the 376,477–376,548 bp region presented the maximum copy number (3.0).
Notably, two sets of overlapping tandem repeat units were identified within the 438,595–438,665 bp
region; both motifs were 27 bp in length and shared 97% sequence identity (Supplementary Table S3B).

With respect to dispersed repeats, 620 sequence pairs were identified, consisting of 299 forward and
321 palindromic repeats. These elements ranged from 30 to 1,747 bp in length, with the vast majority
(525 pairs) concentrated within the 30–100 bp size fraction (Supplementary Table S3C). Three
exceptionally long and highly homologous repeat pairs were characterized: two forward and one
palindromic. The two forward repeat pairs measured 1,747 bp and 505 bp, respectively, both of which
exhibited > 99% sequence similarity. The single palindromic repeat spanned 1,514 bp with 99.67%
sequence identity. These long, high-identity repetitive elements are likely to mediate homologous
recombination and the subsequent generation of isomeric conformations within the C. pitardii
mitogenome, making them primary targets for future structural dynamics analyses.

3.3 Potential mitogenome substructures mediated by long
repeats
Within the mitochondrial genome of C. pitardii, LR10, LR11, and LR12 represent highly similar, long repeat
sequences that are likely to drive homologous recombination and subsequent structural
rearrangements. Specifically, LR10 and LR12 are direct repeats, whereas LR11 is an inverted repeat. On
the basis of their genomic positions, orientations, and topological relationships within the assembly
graph, we hypothesize that these three pairs of long repeats mediate the formation of multiple
alternative substructures (Fig. 1C). In the primary conformation, the direct repeat LR10 connects contig2
to contig4 (contig2→LR10→contig4) and contig1 to contig9 (contig1→LR10→contig9). Homologous
recombination across LR10 generates two alternative structural associations: contig2→LR10→contig9
and contig1→LR10→contig4. Similarly, the primary configurations surrounding the direct repeat LR12
(contig4→LR12→contig8 and contig9→LR12→contig5) could recombine to yield
contig4→LR12→contig5 and contig9→LR12→contig8. Concurrent recombination events at both LR10
and LR12 consequently generate novel chimeric conformations. In contrast to direct repeats, the
inverted repeat LR11 triggers different structural dynamics. Its native arrangement in the primary
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genome is contig7→LR11→contig2→LR10→contig4→LR12→contig8→LR11→contig6. Recombination
across this inverted repeat typically induces the inversion of the intervening segment, generating an
alternative conformation: contig7→LR11→contig8→LR12→contig4→LR10→contig2→LR11→contig6.
This event reverses the orientations of contig2, LR10, contig4, LR12, and contig8. Consequently, several
previously direct repeats may be converted into inverted repeats, further amplifying the structural
complexity of the mitogenome.

By integrating the combinatorial recombination events mediated by LR10, LR11, and LR12, we predict
that the C. pitardii mitogenome can transition between eight distinct structural conformations. Although
long-read mapping profiles provide preliminary evidence for these complex genomic associations,
validating the in vivo presence and relative stoichiometry of these substructures will require more in-
depth long-read sequencing or targeted experimental assays.

3.4 Codon usage bias analysis
We analyzed the relative synonymous codon usage (RSCU) of all intact protein-coding genes (PCGs) in
the C. pitardii mitochondrial genome. For clarity, codons are denoted using the RNA alphabet (where U
replaces T). All 64 standard codons, comprising 61 sense codons and three stop codons, were identified
within the C. pitardii mitochondrial PCGs (Fig. 4; Supplementary Table S4).

Among the 61 sense codons, 28 had RSCU values > 1.0, reflecting a usage preference among their
synonymous counterparts. Specifically, GCU (Ala) demonstrated the highest RSCU value (1.5906),
followed by UAU (Tyr; 1.5389) and CAU (His; 1.5379). Notably, 26 of these 28 preferred codons
terminated in either U (n = 16) or A (n = 10), whereas only two terminated in C (n = 1) or G (n = 1). This
distribution reveals a pronounced A/U-ending bias among the preferred codons in the C. pitardii
mitogenome.

With respect to the termination signals, UAA was the most frequently utilized stop codon (RSCU = 
1.5789). These codon usage patterns are inherently linked to the overall base composition of the C.
pitardii mitochondrial genome, which is characterized by a strong preference for A/U-terminating
codons.

3.5 RNA editing prediction
PREPACT 3.0 was used to predict RNA editing sites within the mitochondrial protein-coding genes
(PCGs) of C. pitardii. In total, 667 candidate RNA editing sites were identified across the analyzed PCGs.
These modifications are predicted to yield 14 distinct types of amino acid substitutions: H(His)→Y(Tyr),
R(Arg)→C(Cys), T(Thr)→I(Ile),T(Thr)→M(Met), R(Arg)→W(Trp),S(Ser)→L(Leu), S(Ser)→F(Phe),
Q(Gln)→X,R(Arg)→X, P(Pro)→S(Ser), P(Pro)→L(Leu), P(Pro)→F(Phe), L(Leu)→F(Phe) and
A(Ala)→V(Val), where X denotes a premature stop codon.

S→L conversion was the most frequent, occurring at 143 sites and comprising 21.44% of the total
predicted edits. Conversely, events generating stop codons (Q→X and R→X) were the least frequent,
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with only three occurrences (0.45%) each (Fig. 5A; Supplementary Table S5A). Analysis of
physicochemical property alterations revealed that 310 editing events (46.48%) converted hydrophilic
residues to hydrophobic ones,whereas 50 events (7.50%) resulted in hydrophobic-to-hydrophilic shifts.
The hydrophobicity of 301 sites (45.13%) remained unaltered post-editing. The six sites generating
premature stop codons were excluded from the hydrophobicity analysis (Fig. 5B).

Analysis of the gene-specific distribution revealed that ccmFn contained the greatest number of
candidate editing sites (45), closely followed by nad2 (42). In contrast, sdh3 contained the fewest
predicted sites, with only three (Fig. 5C; Supplementary Table S5B). Overall, the mitogenome of C. pitardii
contains a substantial number of RNA editing sites that are heterogeneously distributed across its PCGs.
However, as these findings are derived from in silico predictions, subsequent validation using
transcriptomic data or empirical experimental approaches is necessary to confirm the actual editing
events.

3.6 Phylogenetic analysis
To elucidate the phylogenetic placement of C. pitardii within the genus Camellia, phylogenetic trees were
reconstructed using conserved mitochondrial and chloroplast protein-coding genes (PCGs). Both the
mitochondrial and chloroplast PCG phylogenies supported the monophyly of the genus Camellia.
However, topological incongruences were observed between the two organellar datasets regarding the
specific placement of certain Camellia species.

The mitochondrial PCG phylogeny resolved the Camellia species into two primary clades (Fig. 6). Clade �,
which was well-supported (BS = 74, PP = 1.00), included C. pitardii, C. drupifera, C. oleifera var. oleifera, C.
sinensis var. sinensis, and C. sinensis var. pubilimba. Clade Ⅱ contained C. chekiangoleosa, C.
granthamiana, C. nitidissima, C. huana, and C. sinensis var. assamica. Notably, the Bayesian posterior
probability for Clade II was distinctly low (PP = 0.32), indicating poor phylogenetic resolution within this
group; consequently, the internal topology of this clade should be interpreted with caution.

Phylogenetic reconstruction based on chloroplast protein-coding genes (PCGs) strongly supports the
monophyly of the genus Camellia (BS = 100, PP = 1.00); however, its intrageneric topology diverges from
that of the mitochondrial PCG tree (Fig. 7). Within the chloroplast phylogeny, C. huana diverges early as
an independent lineage, while all the other Camellia species form a highly supported major clade (Clade
III, BS = 100, PP = 1.00). A distinct subclade within Clade III (Clade IV, BS = 100, PP = 1.00) comprises C.
pitardii, C. granthamiana, C. sinensis var. sinensis, C. chekiangoleosa, C. gigantocarpa, and C. drupifera.
Within this group, C. pitardii, C. oleifera var. oleifer, C. chekiangoleosa, and C. gigantocarpa form a further
subdivision (Clade VI, BS = 90, PP = 1.00). C. pitardii occupies a basal position within Clade VI, whereas C.
chekiangoleosa and C. gigantocarpa are recovered as sister taxa (BS = 78, PP = 1.00).

While both the mitochondrial and chloroplast PCG phylogenies consistently place C. pitardii within the
genus Camellia, topological discordance between the two organellar trees is evident. This incongruence
is particularly pronounced in terms of the phylogenetic placements of C. pitardii, C. chekiangoleosa, and
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C. huana. This mito-plastid discordance suggests a complex evolutionary history for Camellia organellar
genomes. Furthermore, given that organellar loci do not always reflect the true species tree and that
certain nodes currently lack robust statistical support, clarifying the exact phylogenetic relationships of
Camellia sect. Camellia and its closely related taxa will necessitate broader taxon sampling combined
with nuclear genomic data.

4 Discussion

4.1. Structural features and comparative analysis of the C.
pitardii mitochondrial genome
Plant mitochondrial genomes are typically characterized by structural complexity, extensive repetitive
sequences, and frequent recombination events [14–19, 43–51]. Conventional short-read sequencing
platforms are inherently limited by their read lengths, rendering them ineffective at spanning long
repetitive sequences and complex genomic junctions. Consequently, assemblies relying solely on these
technologies are often highly fragmented or erroneously collapse complex multipartite conformations
into a single sequence representation. Conversely, third-generation long-read sequencing can bridge
these extensive repeats, facilitating the accurate resolution of branched structures and alternative
recombinational conformations inherent to plant mitogenomes [59, 60]. By integrating Illumina short-
read and Oxford Nanopore long-read data, this study successfully assembled the master conformation
of the C. pitardii mitogenome, yielding a total length of 895,290 bp with a GC content of 45.68%. These
genomic data substantially expand the available mitogenomic resources for the genus Camellia and
highlight the pronounced structural complexity of the C. pitardii mitochondrial genome.

Relative to previously published mitochondrial genomes within the genus Camellia [15, 16, 43–47, 51],
the C. pitardii mitogenome falls at the larger end of the size spectrum. Size variations among plant
mitogenomes are typically driven by the accumulation of repetitive sequences, the integration of foreign
DNA, intergenic region expansion, and structural recombination. In the C. pitardii mitogenome, we
identified an extensive array of repetitive elements, comprising 260 simple sequence repeats (SSRs), 33
tandem repeat loci, and 620 pairs of dispersed repeats. Notably, LR10, LR11, and LR12 are represent
highly homologous long repeats that likely mediate the formation of alternative recombination
conformations. Specifically, the forward repeats LR10 and LR12 may facilitate recombination between
distinct genomic fragments, whereas the inverted repeat LR11 is likely involved in structural inversions
[61]. On the basis of the physical positions and orientations of these long repeats, we propose that the C.
pitardii mitogenome forms eight potential subgenomic conformations. However, because these
substructures were inferred primarily from assembly graphs, repeat orientations, and long-read mapping
profiles, their in vivo existence and relative stoichiometric abundances require further experimental
validation using high-depth long-read sequencing or PCR assays.

With respect to gene content, the C. pitardii mitogenome encodes 38 protein-coding genes, 3 rRNA
genes, and 30 tRNA genes, an inventory broadly consistent with most angiosperm mitogenomes [14–19,
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43–51]. Interestingly, pseudogenized copies of cox2, rps19, and sdh3 were identified, indicating
structural alterations driven by gene duplication, degradation, or genomic recombination [62–64]. Among
the tRNAs, trnM-CAT has the highest copy number (five copies), while several others—including trnC-
GCA, trnI-GAT, trnP-TGG, trnS-GCT, trnS-TGA, and trnT-TGT—are also multicopy. The proliferation of these
tRNA genes likely stems from repeat sequence expansion, localized fragment duplications, or inter-
organellar DNA transfer. Elucidating their precise functional significance, however, will require future
integration with transcriptomic data [62, 63, 65].

The mitochondrial genome of C. pitardii is characterized by substantial architectural complexity, driven
by its variable size, repetitive sequence landscape, and the presence of recombination-mediated
alternative conformations. Rather than relying solely on conventional metrics such as genome length
and gene inventory, incorporating long-repeat analysis alongside assembly graph topologies provides a
more rigorous understanding of this structural diversity. Nevertheless, as the current findings rely
predominantly on in silico genome assembly and bioinformatics predictions, empirical validation is
necessary. Future in vivo investigations are needed to determine the relative stoichiometry of these
multipartite conformations and to elucidate their downstream effects on mitochondrial gene expression
and cellular function.

4.2 Codon usage bias of mitochondrial protein-coding
genes in C. pitardii
Codon usage bias (CUB) describes the non-random selection of synonymous codons, a phenomenon
primarily driven by mutational pressure (e.g., base composition) and translational selection (e.g., tRNA
availability) [65–67]. In this study, a relative synonymous codon usage (RSCU) analysis of the protein-
coding sequences (CDSs) in the C. pitardii mitogenome revealed 28 preferred codons (RSCU > 1).
Notably, 92.86% of these preferred codons terminate in A/U, whereas only 7.14% end in C/G, indicating a
pronounced A/U-ending preference. This bias aligns with the overall A/T-rich nature of the C. pitardii
mitogenome, which has a GC content of only 45.68%. Similar codon usage patterns have been
documented across the mitogenomes of various angiosperms [14–19, 43–51]. These findings suggest
that mutational pressure acting on base composition is a primary driver of this A/U preference,
representing a conserved evolutionary feature among plant mitochondrial genes.

Beyond mutational pressure, translational selection via tRNA availability likely contributes to shaping this
bias. However, mitochondrial CUB is not solely dictated by the endogenous tRNA pool. Because plant
mitogenomes frequently lose tRNA genes during evolution, organellar translation heavily relies on the
import of nucleus-encoded tRNAs, alongside expanded codon recognition facilitated by wobble base
pairing [68, 69]. Consequently, the observed A/U bias in C. pitardii is likely a synergistic outcome of
intrinsic base composition and complex tRNA utilization dynamics.

Furthermore, post-transcriptional RNA editing can alter codon composition, leading to non-synonymous
amino acid substitutions [70]. Although our in silico analysis predicted an abundance of candidate RNA
editing sites—indicating extensive transcript modification—these sites await experimental validation. The
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lack of corresponding RNA-seq data, coupled with unmeasured tRNA expression profiles and translation
efficiencies, currently precludes a definitive assessment of the causal relationships among RNA editing,
CUB, and translational dynamics. Future multiomics studies integrating transcriptomic, tRNA profiling,
and proteomic data are needed to systematically elucidate the mechanistic basis and functional
significance of mitochondrial CUB in C. pitardii.

4.3 Prediction and potential biological significance of
mitochondrial RNA editing sites in C. pitardii
RNA editing is a critical post-transcriptional modification in plant organelle gene expression, primarily
manifested as cytidine-to-uridine (C-to-U) conversion within the mitochondrial genome [70, 71]. These
conversions alter the codon identities of transcripts, potentially leading to amino acid substitutions or
the creation of novel initiation and termination codons. In this study, PREPACT 3.0 was used to evaluate
the mitochondrial protein-coding genes of C. pitardii, yielding a total of 667 candidate RNA editing sites.
Because these loci were identified in silico and await experimental validation via RNA-seq or RT‒PCR,
they are strictly considered candidate sites.

These predicted sites encompass 14 distinct types of amino acid substitutions, with serine-to-leucine (S-
to-L) transitions being the most prevalent. Hydropathy analysis indicated that several editing events
likely mediate the conversion of hydrophilic residues to hydrophobic ones. This finding aligns with the
general consensus that plant mitochondrial RNA editing frequently increases amino acid conservation
and protein structural stability [72–74]. While these substitutions presumably preserve the functional
integrity of mitochondrial respiratory chain complexes, their precise biological effects require further
validation through protein structural modeling, transcriptomic profiling, and functional assays.

With respect to translation initiation, in silico predictions suggest that the start codons of cox1 and
nad4L undergo C-to-U editing, converting genomic ACG triplets to functional AUG codons in the mature
transcripts. Such start codon reconstitution is a well-documented phenomenon in plant mitochondrial
genomes and is essential for accurate translation initiation [75]. Although empirical transcriptomic
evidence is currently lacking to definitively confirm these initiation corrections in C. pitardii, future
validation can be readily achieved using RNA-seq alignments or RT‒PCR coupled with Sanger
sequencing. Furthermore, mitochondrial RNA editing has been increasingly implicated in plant stress
responses. For instance, specific editing events in the Arabidopsis nad3 transcript influence complex I
functionality and subsequent stress adaptation [76]. We identified analogous candidate editing sites
within the C. pitardii nad3 homolog, highlighting these loci as promising targets for future investigations
into the interplay between mitochondrial function and environmental stress tolerance in this species.

In summary, the substantial number of candidate RNA editing sites predicted within the C. pitardii
mitochondrial genome suggests that its transcripts undergo extensive post-transcriptional modification.
These findings establish a bioinformatics baseline for future empirical validation, mitochondrial gene
expression profiling, and stress-response evaluations. Integrating multiomics approaches with protein
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structural analyses and physiological stress assays will ultimately elucidate the definitive biological roles
of these post-transcriptional modifications.

4.4 Comparative phylogenetic analysis of mitochondrial
and chloroplast genomes
To determine the phylogenetic position of C. pitardii within the genus Camellia, we reconstructed
phylogenetic trees using mitochondrial and chloroplast protein-coding genes (PCGs). While both
organellar datasets confirmed the placement of C. pitardii within Camellia, topological incongruences
emerged between the two phylogenies, indicating divergent evolutionary trajectories between the two
organellar genomes.

On the basis of the mitochondrial PCG phylogeny, C. pitardii formed a highly supported clade (Bootstrap
support [BS] = 74, Posterior probability [PP] = 1.00) with C. drupifera, C. oleifera var. oleifera C. sinensis var.
Sinensis and C. sinensis var. pubilimba. Surprisingly, C. chekiangoleosa, a fellow member of sect.
Camellia, failed to group as a sister to C. pitardii but instead fell into a distinct lineage. However, the low
Bayesian posterior probability (PP = 0.324) for this divergence suggests that this topological placement
lacks robust statistical support. Consequently, the monophyly of sect. Camellia and the precise
evolutionary relationship between C. chekiangoleosa and C. pitardii cannot be definitively ascertained by
relying solely on mitochondrial phylogenetics. Conversely, the chloroplast PCG tree placed C. pitardii in a
subclade containing C. chekiangoleosa, C. oleifera var. oleifera, and C. gigantocarpa, revealing a stark
topological contrast with the mitochondrial phylogeny.

This cytonuclear discordance highlights the intricate evolutionary history of C. pitardii and its close
relatives. Such phylogenetic incongruence between mitochondrial and plastid signals in Camellia is
frequently driven by factors such as introgressive hybridization, organellar capture, incomplete lineage
sorting (ILS), or taxon sampling artifacts [77–79]. While plausible, determining the exact mechanisms
underlying this is beyond the scope of the current organellar datasets.

Previous studies have demonstrated that traditional morphological sections within Camellia often fail to
form monophyletic clades in molecular phylogenies [80]. Our findings corroborate this phenomenon,
given the inconsistent placement of sect. Camellia species between the two organellar trees.
Nevertheless, owing to limited taxon sampling and a strict reliance on organellar genomes, we cannot
definitively reject the monophyly of sect. Camellia at this stage. Accurately delimiting the phylogenetic
relationships within sect. Camellia and its allied taxa requires an integrative taxonomic approach
incorporating broader sampling, nuclear genomic markers, and detailed morphological evidence.
Ultimately, these organellar phylogenies provide a valuable baseline for deciphering the evolutionary
framework of C. pitardii. The observed topological discordance highlights the reticulate evolutionary
history of the genus and reinforces the paradigm that organellar gene trees do not strictly equate to
species trees. Future studies integrating nuclear phylogenomics, expanded mitochondrial genome
sampling, and population-level genetics are imperative to robustly elucidate the evolutionary history and
phylogenetic relationships within the genus Camellia.
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5. Conclusion
By integrating Illumina short-read and Nanopore long-read sequencing technologies, this study
assembled, annotated, and comprehensively analyzed the mitochondrial genome of C. pitardii. The
principal findings are as follows:

1. The C. pitardii mitogenome was assembled into a master circle conformation of 895,290 bp with a
GC content of 45.68%. Genomic annotation revealed 38 protein-coding genes (PCGs), three rRNA
genes, and 30 tRNA genes. Several tRNA genes are present in multiple copies, and pseudogenized
paralogs were detected for cox2, rps19, and sdh3.

(2) Structural analysis revealed an extensive repeat landscape, including 260 simple sequence repeats
(SSRs), 33 tandem repeats, and 620 pairs of dispersed repeats. Notably, three pairs of long repeats (two
forward and one palindromic) were predicted to mediate homologous recombination, potentially
generating eight alternative subgenomic conformations. While these findings highlight the structural
complexity of the C. pitardii mitogenome, the in vivo presence and relative stoichiometry of these
substructures require further experimental validation.

(3) Codon usage analysis revealed 28 highly preferred codons (RSCU > 1) in the mitochondrial PCGs,
92.86% of which ended in A or U, demonstrating a strong AT-ending bias. Furthermore, 667 putative RNA
editing sites were predicted across the PCGs, encompassing 14 distinct types of amino acid
substitutions, with the serine-to-leucine (S→L) transition being the most abundant. These data provide a
valuable resource for future studies on mitochondrial post-transcriptional modifications and gene
regulation.

(4) Phylogenetic reconstructions based on mitochondrial CDS and chloroplast PCG datasets confirmed
the placement of C. pitardii within the genus Camellia. However, organellar discordance of topological
placement was observed for certain taxa, notably C. pitardii, C. chekiangoleosa, and their close
relatives.This incongruence underscores the complex evolutionary history of Camellia organelles and
precludes definitive conclusions regarding the monophyly of section Camellia on the basis solely of
organellar datasets. Comprehensive resolution of these relationships will require broader taxon sampling
integrated with nuclear phylogenomics and morphological trait analysis.

Overall, this study provides foundational genomic resources for C. pitardii by elucidating its mitogenomic
architecture, repeat landscape, codon preferences, RNA editing profiles, and phylogenetic context. These
findings will facilitate future comparative organellar genomics and evolutionary studies within the genus
Camellia, while supporting the conservation and utilization of C. pitardii germplasm resources.
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Figures

Figure 1

Assembly graph of the C. pitardii mitochondrial genome. Yellow rectangles indicate repeat sequences
located at the branching nodes. (A) The initial branched configuration of the genome. (B) The complete
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linearized sequence following the resolution of genomic branches. (C) Eight subgenomic structures
mediated by two pairs of repeat sequences within the genome.

Figure 2

Circular map of the C. pitardii mitochondrial genome.
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Figure 3

Distribution of repeat sequences in the C. pitardii mitochondrial genome. The outer ring (turquoise)
represents the mitochondrial DNA sequence. Tick marks on the inner rings indicate the locations of
simple sequence repeats (SSRs, blue) and tandem repeats (red). The central ribbons (brown) denote
dispersed repeats.
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Figure 4

Relative synonymous codon usage (RSCU) in the mitochondrial genome of C. pitardii
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Figure 5

Predicted RNA editing sites in the C. pitardii mitogenome. (A) Characteristics of the RNA editing sites.
(B) Relative proportions of different RNA editing types. (C) Number of RNA editing sites across the
mitochondrial DNA.
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Figure 6

Phylogenetic tree inferred from mitochondrial protein-coding gene (PCG) sequences. The topology
represents both Maximum Likelihood (ML) and Bayesian Inference (BI) analyses. Values above the
branches indicate ML bootstrap support and BI posterior probability (BS/PP), respectively.

Page 27/28



Figure 7

Phylogenetic tree inferred from chloroplast protein-coding genes (PCGs). The topology represents both
Maximum Likelihood (ML) and Bayesian Inference (BI) analyses. Values above the branches indicate ML
bootstrap support and BI posterior probability (BS/PP), respectively.
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