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Abstract
Background  Cinnamomum longepaniculatum(Gamble) N. Chao ex H. W. Li (C. longepaniculatum), a species 
renowned for its leaves and twigs yielding essential oils, is extensively utilized as a vital raw material in traditional 
Chinese medicine, spice, and daily chemical products, and thus possesses both high economic value and significant 
scientific research value. However, to date, no detailed information on the mitochondrial genome (mitogenome) has 
been reported.

Results  The mitogenome of C. longepaniculatum was characterized by a linear structure, spanning 870,686 bp with 
46.94% GC content. It encompassed 44 protein-coding genes (PCGs), 28 tRNAs, and 3 rRNAs. Numerous repetitive 
sequences were observed, including 317 simple sequence repeats (SSRs), 52 tandem repeats and 874 pairs of 
dispersed repeats. Phylogenetic analysis based on the 41 conserved mitochondrial PCGs of C. longepaniculatum 
reflected its close evolutionary affinity to C. camphora, followed by C. chekiangense and C. insularimontanum. 
Furthermore, dot-plot analysis revealed diverse homologous collinear regions between C. longepaniculatum and 
other species belonging to the Laurales. Specifically, the largest collinear blocks, spanning over 861 kb, accounted for 
95.59% of the total proportion between C. longepaniculatum and Cinnamomum camphora, indicating a high degree 
of conservation and similarity in their mitogenome structures.

Conclusions  This study presents the initial assembly and annotation of C. longepaniculatum mitogenome, thereby 
enriching the limited repository of mitogenome sequences available for Laurales plants. These findings provide crucial 
molecular evidence for further studies on the evolutionary relationships and genomic evolution within the Laurales.

Keywords  Mitochondrial genome, Cinnamomum longepaniculatum, Repeat sequence, Phylogenetic analysis, Linear 
structure

Assembly and comparative analysis of the 
complete mitochondrial genome of the spice 
plant Cinnamomum longepaniculatum
Yanling Fan1, Linxin Tan1, Ruizhang Feng2, Xin Zhao2 and Xiangdong Xu1*

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12870-025-06839-6
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06839-6&domain=pdf&date_stamp=2025-7-15


Page 2 of 16Fan et al. BMC Plant Biology          (2025) 25:916 

Background
The family Lauraceae, a significant group within the order 
Laurales of the Magnoliidae, encompasses approximately 
60 genera and 3500 species, accounting for one-third of 
the Magnoliid plants [1]. Despite its long history in taxo-
nomic research, traditional classification methods based 
on morphological characteristics have exhibited limita-
tions and uncertainties in both species definition and reso-
lution of phylogenetic relationships [2]. DNA sequence 
analysis of the semi-autonomous organelles, chloroplasts 
and mitochondria, which possess their own genomes, has 
emerged as an indispensable tool in plant taxonomy, aug-
menting classification precision and advancing phylogenetic 
research. Compared to the conserved plastid genome, the 
plant mitochondrial genome (mitogenome) exhibits a rela-
tively low mutation rate but a high frequency of genomic 
structural rearrangements, making it an important genetic 
system for studying the evolution of genome structure and 
functional content [3, 4].

Mitochondria are the central hub of cellular energy 
metabolism, underpinning the vitality and proliferation 
of life forms across the eukaryotic domain [5]. Mitochon-
dria originated from α-Proteobacteria that were engulfed 
by early eukaryotic cells, leading to a symbiotic relation-
ship where the engulfed bacteria provided energy produc-
tion capabilities, and in return, received protection from the 
host cell's environment [6, 7]. Mitogenome in most organ-
isms is inherited exclusively from the mother, a pattern 
known as maternal inheritance [8]. This mode of inheri-
tance simplifies genetic studies by providing a clear lineage 
of transmission, which is why mitogenome is often utilized 
in phylogenetic and evolutionary research [9]. Plant mitoge-
nome, compared to plant chloroplast genome and animal 
mitochondrial genome, varies tremendously in size among 
different species, spanning a 170-fold range from ~ 66 Kb 
in Viscum scurruloideum to 11,300 Kb in Silene conica 
(Caryophyllaceae) [10–13]. Plant mitogenome exhibit a high 
degree of plasticity, with genome architecture subject to fre-
quent changes such as gene loss, transfer of genetic material 
to the nucleus, and various structural mutations and rear-
rangements [14, 15].

The morphology and organization of mitochondria are 
much more diverse and dynamic than previously thought. 
Their structure can range from circular to linear or even 
branched forms, enriched with repetitive sequences and 
introns, and they can also be organized into single or 
multipartite chromosomes [16–20]. The intricate nature 
of plant mitogenomes often arises from intracellular gene 
transfer (IGT) and mitogenome recombination events, 
which are facilitated by extensive repeat sequences. These 
transfers commonly take place between the chloroplast 
genome and mitogenome, as well as between the mito-
chondrial and nuclear genomes. The cumulative effect 
of such IGT contributes to the enhanced complexity 

observed in plant mitogenome. Extensive studies on the 
sequence and structure of plant mitogenome can reveal 
the primary mechanism, underlying the replication of 
plant mitogenome, offering genetic diversity, species evo-
lutionary histories, and adaptive mechanisms.

Cinnamomum longepaniculatum (Gamble) N. Chao ex 
H. W. Li (C. longepaniculatum), a unique and valuable 
natural spice tree species belonging to the family Lau-
raceae, is primarily found in the Yibin region of Sichuan 
Province, China [21, 22]. C. longepaniculatum possesses 
an exceptionally strong aroma and contains rich concen-
tration of natural essential oils extracted from its leaves 
and twigs, which exhibit significant applications in the 
spices, pharmaceuticals, and perfume production [23]. 
Furthermore, C. longepaniculatum plays a pivotal role in 
ecology, with its robust environmental adaptability and 
ecological service functions, such as soil improvement 
and air purification, contributing immeasurably to main-
taining regional ecological balance [24]. Consequently, 
the significance of C. longepaniculatum extends beyond 
its potential economic value, encompassing its crucial 
role in preserving biodiversity and supporting ecosystem 
functions.

The emergence of high-throughput sequencing tech-
nology has greatly advanced the study of mitogenome, 
enabling the characteristics of mitogenome in non-
model, understudied eukaryotes to be revealed. It has 
also facilitated the sequencing of large, fragmented, or 
repetitive-rich mitochondrial genomes, which were dif-
ficult to achieve with traditional cloning, standard/long 
polymerase chain reaction (PCR), and sequencing meth-
ods [25, 26].

Although the mitogenome of several species have been 
reported [27–29], the mitochondrial genomes of fam-
ily Lauraceae are still poorly studied, severely imped-
ing the in-depth understanding of mitochondrial level 
biological characteristics. In this study, the assembly of 
the mitochondrial genome of C. longepaniculatum was 
conducted, and comparative genomics analysis was per-
formed to examine their structural stability and sequence 
variations. The insights obtained are pivotal for under-
standing the evolutionary pathway and biochemical attri-
butes of Laurales plants.

Materials and methods
Plant materials, DNA extraction, sequencing of 
mitochondrial genome
The leaves of C. longepaniculatum for mitogenome deter-
mination were collected from the germplasm resource 
nursery with elite mother trees of Hongyan Mountain, 
Yibin, Sichuan Province (28°44′N, 104°48′E), China. In 
April 2024, six randomly selected healthy C. longepa-
niculatum mother trees aged 20 years were chosen. From 
each tree, a total of 12 mature leaves were collected in 
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four different directions (east, west, north, and south), 
with three leaves obtained from the upper, middle, and 
lower parts of the crown. After being collected, these 
leaves were thoroughly mixed together, rapidly frozen in 
liquid nitrogen, and subsequently stored in an ultra-low 
temperature refrigerator at −80 °C for total DNA analysis.

Both the Illumina Novaseq6000 platform (Illumina, San 
Diego, CA, USA) and Nanopore PromethION sequenc-
ing platform (Nanopore, Oxford, UK) were utilized 
for the DNA sequencing of C. longepaniculatum. The 
genomic DNA for Illumina was extracted using the plant 
genomic DNA kit (Tiangen Biotech, Beijing, China), 
while the samples for PromethION were extracted using 
the CTAB procedure. The quality and concentration of 
DNA were assessed through 1% agarose gel electropho-
resis, One drop spectrophotometer, and Tanon-1600 
Fluorometer.

The high-quality clean reads, totaling 60.83 Mb, were 
obtained by applying the fastp software [30] to filter the 
raw Illumina sequencing data. For PromethION sequenc-
ing, a total of 4.95 Mb high-quality clean reads were 
obtained after filtering by filtlong (v0.2.1, ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​
c​​o​m​/​​r​r​w​i​​c​k​​/​F​i​l​t​l​o​n​g) software.

Assembly and annotation of C. longepaniculatum
The PromethION data were aligned to the reference 
gene sequence of plant mitochondrial core genes (​h​t​t​p​​s​
:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​x​u​l​9​​6​2​​4​6​4​​/​p​l​​a​n​t​_​​m​t​​_​r​e​f​_​g​e​n​e) using the 
minimap2 (v2.1) [31]to obtain the mitogenome sequence. 
Core genes are highly conserved genes in the mitochon-
drial genome of most eukaryotes and are usually involved 
in the core functions of mitochondria (such as oxidative 
phosphorylation, energy metabolism). These genes are 
highly homologous between species and are the focus of 
mitochondrial genome research. Variable genes refer to 
genes that are present exclusively in specific taxa. These 
genes exhibit functional diversity and are generally less 
conserved, potentially reflecting the adaptive evolution of 
species [32, 33].

Subsequently, the assembly software canu (v2.2) [34] 
was employed for correcting the obtained Prometh-
ION data, while bowtie2 (v2.3.5.1) [35] was utilized for 
aligning the Illumina data with the corrected sequence. 
Following this step, Unicycler (v0.4.8) [36], employ-
ing default parameters, was used to assemble both the 
aligned Illumina and corrected PromethION datasets 
together. Bandage (v0.8.1) software [37] facilitated visu-
alization of assembly results and allowed for manual 
adjustments.

Mitochondrial genes of C. longepaniculatum were 
annotated by GeSeq [38] software using Cinnamomum 
camphora (C. camphora) (NC_086632.1), Cinnamo-
mum chekiangense (C. chekiangense) (NC_082065.1) 
and Caryodaphnopsis henryi(NC_088584.1) as reference 

sequences. Default settings of tRNAscan-SE [39] were 
used to accurately annotated tRNAs. All obtained results 
underwent thorough review and manual correction prior 
to final annotation. Visualization of the C. longepanicu-
latum mitogenome was carried out using the Organellar 
Genome Draw (OGDRAW) (v1.3.1) software [40].

Codon usage analysis
Due to codon concatenation, each amino acid corre-
sponds to a minimum of one codon and a maximum of 
six codons. There exists considerable variation in the 
rate of codon usage across the genomes of different spe-
cies and organisms. This disparity in synonymous codon 
usage is referred to as Relative Synonymous Codon Usage 
(RSCU). The numerical value is the ratio of the actual 
frequency of codon usage to the theoretical frequency 
of codon usage. A script written in Perl was used to filter 
Uniq CDS (​h​t​t​p​​:​/​/​​c​l​o​u​​d​.​​g​e​n​e​p​i​o​n​e​e​r​.​c​o​m​:​9​9​2​9​/​#​/​t​o​o​l​/​a​l​l​
t​o​o​l​/​d​e​t​a​i​l​/​2​1​4) (choosing one of multiple copies of CDS) 
and do the calculations.

Repeat sequence analysis
Repeat sequences, encompassing simple sequence 
repeats (SSRs), tandem repeats, and dispersed repeats 
were identified. The SSRs were identified utilizing MISA 
software (v1.0) [41]. Tandem repeats were recognized 
through the application of TRF software (v4.09), which 
was executed with a defined set of parameters [42]. Dis-
persed repeats were discovered by employing BLASTN 
software (v2.10.1), operating with a specified range of 
parameters that included the removal of redundancy and 
crosstalk duplicates. Subsequently, the visualization of 
these identified repeat sequences was facilitated by Cir-
cos (v0.69–5) software [43].

Homologous sequence analysis
Homologous sequences between chloroplast genome and 
mitogenome were identified using BLAST software [44]. 
The E-value was set to 1e-5, while other parameters were 
kept at their default settings.

Phylogenetic analysis
Sequences from different species were compared with 
multiple sequences using MAFFT software (v7) [45]. 
The aligned sequences were subsequently concatenated, 
trimmed with TrimAl (v1.4) using the parameter -gt 
0.7, and model selection was performed via jModelTest 
(v2.1.10) [46] to confirm that the appropriate model was 
of GTR type. Following this, a Maximum likelihood (ML) 
phylogenetic tree was constructed utilizing RAxML soft-
ware (v8.2.10) [47], employing the GTRGAMMA model 
and conducting 1000 bootstrap replicates to assess the 
stability of the resulting tree.

https://github.com/rrwick/Filtlong
https://github.com/rrwick/Filtlong
https://github.com/xul962464/plant_mt_ref_gene
https://github.com/xul962464/plant_mt_ref_gene
http://cloud.genepioneer.com:9929/#/tool/alltool/detail/214
http://cloud.genepioneer.com:9929/#/tool/alltool/detail/214
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RNA editing site prediction of C. longepaniculatum
RNA editing site predictions were performed using 
PmtREP tools available at (​h​t​t​p​​:​/​/​​c​l​o​u​​d​.​​g​e​n​e​p​i​o​n​e​e​r​.​c​o​m​
:​9​9​2​9​/​#​/​t​o​o​l​/​a​l​l​t​o​o​l​/​d​e​t​a​i​l​/​3​3​6) [48]. Based on multiple 
sequence alignments, the amino acid sequence of the tar-
get sequence was compared with multiple sequences in 
the database. Variations occurring at corresponding posi-
tions of the target sequence across the database are then 
tallied. If the conditions for RNA editing are met, the site 
is considered a potential RNA editing site.

Collinearity analysis
The assembled C. longepaniculatum mitogenome 
sequences were compared with those of six closely 
related species using nucmer software (v4.0.0) [49] for 
genomic comparisons. Dot-plot plots were generated by 
utilizing the –maxmatch parameter.

Results
Genome features of the mitogenome of C. 
longepaniculatum
The mitogenome of C. longepaniculatum was success-
fully assembled in a computationally efficient manner, 
employing a unique linear model to encapsulate the 
entire mitogenome sequence based on long-reads data 
obtained from PromethION sequencing. The total length 
of the mitogenome was 870,686 bp, with a GC content 

of 46.94% (Fig. 1A). This mitogenome size is shorter than 
that of C. camphora, Caryodaphnopsis henryi, and Chi-
monanthus praecox, yet longer than observed in four 
other species within the Laurales (Fig. 1B).

A total of 75 genes were annotated in the C. longepa-
niculatum mitogenome, comprising 44 protein-coding 
genes (PCGs), which included 26 core mitochondrial 
genes and 18 non-core genes (Table S1) [50]. Based on 
their functional characteristics, the PCGs were cat-
egorized into ten categories: ATP synthase genes (6), 
Cytochrome C biogenesis (4), Ubichinol cytochrome C 
reductase (1), Cytochrome C oxidase (3), Maturases (1), 
Transport membrance protein (1), NADH dehydrogenase 
(10), Ribosomal proteins (LSU) (4), Ribosomal proteins 
(SSU) (11), Succinate dehydrogenase (3) (Table 1). Addi-
tionally, 28 tRNA and 3 rRNA (rrn18, rrn26, rrn5) genes 
were also annotated in C. longepaniculatum mitoge-
nome, with 6 tRNAs identified as multicopy (Table  1). 
Notably, within the mitogenome of C. longepaniculatum, 
a total of 13 genes were found to contain introns. Specifi-
cally, the genes ccmFc, cox2, rpl2, rps1, rps2, rps3, rps10 
and trnT-TGT each contained one intron. The gene nad4 
contained three introns, while nad1, nad2, nad5 and 
nad7 each possessed four introns (Table 1).

The schematic comprised nine contigs, with its name, 
sequence length, and sequencing depth as provided 
in Fig.  2A. The nine contigs formed a complex and 

Fig. 1  Mitogenome map of C. longepaniculatum and PCGs composition of Laurales mitogenomes. A Mitogenome map of C. longepaniculatum. B The 
composition of PCGs in the mitogenomes of eight Laurales species. White square represents absent genes and varying shades of red blocks reflects dif-
ferent gene copy numbers
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branched structure, representing the complete mitoge-
nome of C. longepaniculatum. Contig 7 and contig 9 
were two sequences of key nodes. The resulting genome 
sequence followed the path 6-9_copy-1–7-3–5-2–9-4-7_
copy-8 (Fig. 2B). It is important to note that this method 
was not the exclusive form due to the dynamic nature of 
plant mitogenome structures. However, it was chosen to 
facilitate subsequent analysis.

Codon usage preference of PCGs
The cumulative length of PCGs in C. longepaniculatum 
amounted to 35,367 bp, accounting for 4.06% of the 
whole mitogenome (Table S2a). In the C. longepanicula-
tum mitogenome, a total of 11,378 codons were utilized 

to encode 44 PCGs. All annotated PCGs initiated with 
the ATG codon and exhibited three types of termina-
tion codons (TAA, TGA, and TAG), with frequencies of 
utilization at 45.45%, 34.09%, and 20.45%, respectively 
(Table  2). The three most frequently employed amino 
acids were Ser (9.78%), Leu (9.44%), and Ile (7.49%), 
whereas Ter was the least frequent, occurring only 41 
times (0.36%) (Table  2). Further analysis revealed 31 
codons were found to be more prevalent (RSCU > 1), 
while 30 codons were less frequently employed (RSCU 
< 1). Notably, the codons for Met (AUG), Ser (AGU) 
and Trp (UGG) exhibited RSCU values of 1, indicating 
their standard levels of utilization. Among these high-
frequency codons (RSCU > 1), 28 ended in either A or 

Table 1  Gene organization in the mitogenome of C. longepaniculatum
Group of genes# Gene names

PCGs-Core genes ATP synthase atp1, atp4(2), atp6, atp8, atp9
Cytohrome c biogenesis ccmB, ccmC, ccmFc*, ccmFn
Ubichinol cytochrome c reductase cob
Cytochrome c oxidase cox1, cox2*, cox3
Maturases matR
Transport membrance protein mttB
NADH dehydrogenase nad1****, nad2****, nad3, nad4***, nad4L(2), nad5****, nad6, nad7**** nad9

PCGs-Variable genes Ribosomal proteins (LSU) rpl10, rpl16, rpl2*, rpl5
Ribosomal proteins (SSU) rps1*, rps10*, rps11, rps12, rps13, rps14, rps19, rps2*, rps3*, rps4, rps7
Succinate dehydrogenase sdh3(2), sdh4

rRNAs Ribosomal RNAs rrn18, rrn26, rrn5
tRNAs Transfer RNAs trnC-GCA, trnD-GTC(2), trnE-TTC(2), trnF-GAA, trnG-GCC, trnH-GTG, trnK-CTT, 

trnK-TTT, trnL-CAA(2), trnM-CAT(3), trnN-GTT, trnP-TGG(3), trnQ-TTG, trnR-
GCG, trnS-GCT, trnS-TGA, trnT-GGT, trnT-TGT*, trnW-CCA, trnY-GTA(2)

other
Note: *, ***, **** represent the total count of introns; # indicates the Pseudo gene; (2) (3) represent the copy number of multi-copy genes

Fig. 2  A Schematic of C. longepaniculatum mitogenome based on Flye assembly. B Unicycler hybrid assembly-based mitogenome of C. longepanicula-
tum (node ID labeled in the figure). The mitogenome schematic was generated using Bandage software based on PromethION data. Each contig repre-
sented a sequence obtained from the assembly process. Contigs connected by a black line indicated an overlapping region between them
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U, accounting for a significant proportion of 90.3%. This 
indicated a strong inclination towards codons ending in 
NNA or NNU in the mitogenome of C. longepanicula-
tum (Table 2).

In the eight complete mitogenome sequences of Laura-
les plants, a total of 64 different types of codons encoding 
all 20 amino acids were also identified. The three most 
frequently utilized amino acids were also Ser, Leu, and 
Ile, with total count of more than 1066, 1090 and 795, 
respectively (Table S2b). Among the mitochondrial PCGs 
of C. longepaniculatum, alanine (Ala) exhibited a distinct 
preference for GCU with highest RSCU value of 1.58. 
Following closely was histidine (His), which favored CAU 
with an RSCU value of 1.54 (Table  2). Similarly, in the 
seven species of Laurales plants, the preferred codons for 
alanine and histidine were also GCU and CAU, respec-
tively, which demonstrates a strongly conserved prefer-
ence across Laurales species (Table S2b, Fig. 3).

Repeat sequences analysis
The repetitive sequence, including simple sequence, tan-
dem, and dispersed repeats, was analyzed in the mitoge-
nome of C. longepaniculatum (Fig.  4). A total of 317 
SSRs were identified, encompassing repeat types rang-
ing from monomeric to hexameric nucleotides in length. 
Notably, the monomeric and tetrameric repeats were the 
predominant types with 86 and 121 repeats, accounting 
for 27.1% and 38.2%, respectively (Table S3). This pat-
tern of distribution aligned closely with observations in 
the mitogenomes of Machilus pauhoi, hernandia nym-
phaeifolia and Chimonanthus praecox. However, in the 
mitogenomes of C. camphora, C. chekiangense, C. insu-
larimontanum and Caryodaphnopsis henryi, monomeric 
and dimeric repeats were more abundant, particularly in 
Caryodaphnopsis henryi, where monomeric repeats con-
stituted as high as 75.8% of the SSRs (Table S3, Fig. 5A).

A total of 52 tandem repeat sequences were identi-
fied within the C. longepaniculatum mitogenome, with 

Table 2  Codon counts and RSCU in C. longepaniculatum mitochondrial PCGs
Amino Acid Symbol Codon Count RSCU Amino Acid Symbol Codon Count RSCU
* Ter UAA 19 1.39 M Met AUG 311 1.00
* Ter UGA 13 0.95 N Asn AAU 248 1.36
* Ter UAG 9 0.66 N Asn AAC 117 0.64
A Ala GCU 288 1.58 P Pro CCU 240 1.35
A Ala GCA 184 1.01 P Pro CCA 202 1.14
A Ala GCC 158 0.87 P Pro CCC 148 0.83
A Ala GCG 98 0.54 P Pro CCG 121 0.68
C Cys UGU 93 1.16 Q Gln CAA 240 1.49
C Cys UGC 68 0.84 Q Gln CAG 82 0.51
D Asp GAU 261 1.41 R Arg AGA 184 1.33
D Asp GAC 110 0.59 R Arg CGA 180 1.30
E Glu GAA 316 1.32 R Arg CGU 170 1.22
E Glu GAG 162 0.68 R Arg CGG 108 0.78
F Phe UUU 345 1.06 R Arg AGG 102 0.73
F Phe UUC 307 0.94 R Arg CGC 89 0.64
G Gly GGA 294 1.44 S Ser UCU 242 1.30
G Gly GGU 256 1.26 S Ser UCA 214 1.15
G Gly GGG 152 0.75 S Ser UCC 188 1.01
G Gly GGC 112 0.55 S Ser AGU 186 1.00
H His CAU 229 1.54 S Ser UCG 171 0.92
H His CAC 68 0.46 S Ser AGC 112 0.60
I Ile AUU 365 1.29 T Thr ACU 198 1.36
I Ile AUC 256 0.90 T Thr ACC 153 1.05
I Ile AUA 231 0.81 T Thr ACA 147 1.01
K Lys AAA 295 1.19 T Thr ACG 86 0.59
K Lys AAG 202 0.81 V Val GUA 211 1.20
L Leu UUA 237 1.32 V Val GUU 194 1.10
L Leu CUU 231 1.29 V Val GUG 172 0.98
L Leu UUG 223 1.25 V Val GUC 128 0.73
L Leu CUA 155 0.87 W Trp UGG 153 1.00
L Leu CUC 123 0.69 Y Tyr UAU 236 1.49
L Leu CUG 105 0.59 Y Tyr UAC 80 0.51
Note: The asterisk (*) denotes a stop codon
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matching degrees exceeding 76% and lengths ranging 
from 2 to 48 bp. The copy number variation of these 52 
tandem repeat sequences ranged between 1.9 and 16.2, 
among them, three nucleotide sequences had copy num-
bers exceeding 10, specifically the dinucleotide repeat 
sequences AT and TA, and the tetranucleotide repeat 
sequence AAAG (Table S4).

The REPuter software also detected dispersed repeats 
in the C. longepaniculatum mitogenome [51], revealing 
a significant number of dispersed repeats totaling 874 
pairs, with lengths equal to or greater than 30 bp. Among 
these, there were 414 pairs of forward repeats (F) and 460 
pairs of palindromic repeats (P), without any reverse or 
complementary repeats (Table S5). The longest palin-
dromic repeat was found to be 958 bp in length, while 
the longest forward repeat spanned an impressive length 
of 9991 bp (Table S6). Additionally, an analysis of the 
mitogenomes of seven other Laurales species revealed 
that Machilus pauhoi exhibited a similar number of for-
ward repeats (381) and palindromic repeats (472) as 
compared to C. longepaniculatum (Table S5). Particu-
larly, our analysis of C. longepaniculatum mitogenome 
did not reveal any reverse or complementary repeats, a 
finding that was consistent with observations in mitoge-
nomes of Machilus pauhoi, hernandia nymphaeifolia 
and Chimonanthus praecox (Fig. 5B).

Homologous analysis of genome sequences
The chloroplast genome of C. longepaniculatum exhib-
ited a length of 152,730 bp, encompassing 129 genes 
(Table S7). Through sequence similarity analysis, a total 
of 35 fragments were homologous sequences to the chlo-
roplast genome and mitogenome, with more than 75.8% 
similarity. The length of these fragments ranged from 32 
to 4,741 bp, with six fragments exceeding 1000 bp (Table 
S8). These homologous sequences had a cumulative 

length of 15,462 bp, constituting approximately 1.78% 
of the overall mitogenome length (Fig. 6). By annotating 
these homologous sequences, a total of 10 tRNA genes 
(trnH-GTG, trnL-CAA, trnN-GTT, trnT-GGT, trnM-
CAT, trnE-TTC, trnY-GTA, trnP-TGG, trnW-CCA, trnD-
GTC) in mitogenome were completely located within 
these homologous sequences, while two rRNA genes 
(rrn18, rrn26) were partially located within them. Addi-
tionally, some chloroplasts genes were also observed 
on these homologous sequences, including three PCGs 
(rps7, ndhB and petN) and eleven tRNA (Table S9).

Phylogenetic analysis
Based on the DNA sequences of 41 conserved mtPCGs 
(atp1, atp4, atp6, atp8, atp9, ccmB, ccmC, ccmFc, ccmFn, 
cob, cox1, cox2, cox3, matR, mttB, nad1, nad2, nad3, 
nad4, nad4L, nad5, nad6, nad7, nad9, rpl10, rpl16, rpl2, 
rpl5, rps1, rps10, rps11, rps12, rps13, rps14, rps19, rps2, 
rps3, rps4, rps7, sdh3, sdh4), a phylogenetic tree was 
constructed for 26 species belonging to four orders of 
magnoliids. In the resulting phylogenetic tree analysis, 
22 out of 25 branching nodes exhibited bootstrap values 
exceeding 99%, with 20 nodes having a bootstrap value of 
100%. The topological arrangement of the phylogenetic 
tree aligned consistently with the latest identification by 
the Angiosperm Phylogeny Group (APG) when rooted in 
mitogenome sequences. It was worth noting that the C. 
longepaniculatum was classified within the family Lau-
raceae of the Laurales order and demonstrated a close 
phylogenetic relationship with C. camphora, followed by 
the C. chekiangense and the C. insularimontanum species 
(Fig. 7).

Prediction of RNA editing sites
The PmtREP software was used to predict RNA editing 
events in 44 unique PCGs from C. longepaniculatum 

Fig. 3  Relative synonymous codon usage (RSCU) of PCGs within eight species of Laurales. The x-axis represents codon families. The stacked bar graph for 
each codon from left to right is the species of C. longepaniculatum, C. camphora, C. chekiangense, C. insularimontanum, Machilus pauhoi, Caryodaphnopsis 
henryi, Hernandia nymphaeifolia and Chimonanthua praecox. RSCU values represents specific codon frequency in comparison to uniform synonymous 
codon usage expected frequency
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mitogenome. A total of 761 potential RNA editing sites 
were identified, characterized by consistent C to T con-
versions. The RNA editing sites identified involve changes 
in 25 codons, which mainly at the second base (n = 491, 
64.52%), followed by the first base (n = 240, 31.54%), 
with the both changes occurring at the first and second 
base (n = 30, 3.94%) (Table S10). Notably, the nad4 gene 
exhibited the highest frequency of RNA editing sites with 
a total of 64 edits, while rps1, rps7, rps11 and rps14 had 
only 3 editing site each. The number of change sites in the 
remaining genes ranged from 4 to 45 (Fig. 8). In addition, 
there were a total of 31 codon variations implicated in 

RNA editing sites. Among them, 43.76% of amino acids 
showed no alteration in hydrophobicity. Conversely, 
46.52% were predicted to transition from a hydrophilic to 
a hydrophobic state, while 8.94% were anticipated to shift 
from hydrophobic to hydrophilic (Table S11). Further-
more, it was found that RNA editing events could poten-
tially introduce stop codons in the atp6, atp9, rps10, 
rps11, rpl16 and ccmFc genes (Table S10. Table S11).

Collinearity analysis
The dot-plot analysis revealed a substantial number of 
variations in collinearity among the mitogenomes of 

Fig. 4  Distribution of repetitive sequences within mitogenome of C. longepaniculatum. The outermost circle represented the mitogenome sequence, 
followed inward by simple sequence repeats, tandem repeated sequences, and dispersed repeated sequences

 



Page 9 of 16Fan et al. BMC Plant Biology          (2025) 25:916 

C. longepaniculatum and seven related species within 
the Laurales order. Notably, the largest co-linear blocks, 
spanning 861,135 bp, were observed in comparison with 
C. camphora, accounting for approximately 95.59% of the 
total proportion, followed by C. chekiangense and C. insu-
larimontanum with 72.98% (Table S12). These findings 
indicate that C. longepaniculatum shared a high degree 
of genetic similarity and evolutionary conservation with 
species within the Lauraceae family, particularly with C. 
camphora. Conversely, the collinearity between C. longe-
paniculatum and species from other families in the order 
Laurales is markedly lower, with only 38.92% in Her-
nandia nymphaeifolia (Hernandiaceae) and 26.88% in 
Chimonanthus praecox (Calycanthaceae) (Fig.  9). These 
results suggest greater divergence in mitogenome struc-
ture and evolution across these lineages.

Discussion
Structural characteristics of the C. longepaniculatum 
mitogenome
Plant mitogenome exhibits a higher level of complex-
ity compared to those of animals, characterized by 

substantial variations in size, intricate sequence arrange-
ments, abundant repetitive content, and a remarkably 
conserved coding sequence [13, 52, 53]. Deciphering 
the architecture of these mitogenomes is crucial for elu-
cidating their functionalities, replication mechanisms, 
modes of inheritance, as well as their evolutionary path-
ways. Although the plant mitogenomes are frequently 
assembled and depicted in the form of circular maps, it 
is most probably not a single, large, circular DNA mol-
ecule. Instead, it primarily exists as an intricate and ever-
changing assortment of linear DNA segments, along with 
a mix of smaller, circular, and branched DNA molecules 
[54–56]. The mitogenome of order Laurales that has 
been identified exhibits complex and varied structures, 
which included branched (C. camphora) [27], one large 
linear plus two small circular structures (Caryodaphnop-
sis henryi) [28], single circular (C. chekiangense) [29], and 
double circular structure (Machilus pauhoi) [57]. The 
mitogenome of our C. longepaniculatum displayed a lin-
ear arrangement and consisted of 9 contigs with a total 
genome size of 870,686 bp, which added another dimen-
sion to this structural repertoire (Fig. 1, Table 1).

Fig. 5  Histogram of repetitive sequence analysis. A SSRs Types in eight Laurales species. The horizontal axis represented SSR types, while the vertical 
axis displayed the number of repetitive fragments. B Tandem and dispersed repeats in eight Laurales species. The horizontal axis represented the types 
of repeats, while the vertical axis illustrated the number of repeats

 



Page 10 of 16Fan et al. BMC Plant Biology          (2025) 25:916 

Despite these structural variations, C. longepanicula-
tum shares core PCGs essential for oxidative phosphory-
lation (e.g., atp1, cox1, nad2) with other Laurales species, 
probably highlighting the conservation of fundamental 
energy-production mechanisms in mitogenomes of this 
family. Notably, 24 core PCGs were all identified in C. 
longepaniculatum mitogenome, which were inconsis-
tent with the identification results of missing matR core 
genes in C. camphora, C. chekiangense and C. insulari-
montanum. This indicates that the core PCGs sequence 

in mitogenome of C. longepaniculatum are not lost dur-
ing mitochondrial symbiosis. The specific function and 
related mechanism of this mitochondrial gene still need 
to be further explored and verified.

Codon usage analysis of PCGs
The eukaryotic genome comprises 64 codons, with sub-
stantial variation in the frequency of codon utilization 
among different species. This preference is thought to be 
the result of a relative equilibrium that gradually develops 

Fig. 6  Homology analysis of the mitochondrial and chloroplast genomes of C. longepaniculatum. The upper arcs symbolized the mitogenome, the lower 
arcs denoted the chloroplast genome, and blue lines connecting the arcs indicated homologous sequences. Blocks of the same color symbolized genes 
from the same complex, with outer and inner circles indicating genes on the positive and negative strands, respectively
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Fig. 8  Illustration of RNA editing site distribution across individual mitochondrial PCGs in C. longepaniculatum. The blue bars depict the number of RNA-
editing sites for each gene

 

Fig. 7  The phylogenetic associations of C. longepaniculatum. alongside 28 other plant species. Phylogenetic tree constructed by maximum likelihood 
method based on 41 conserved mitochondrial genomic PCGs. Numerical values at each node represented bootstrap probability. Different colors indi-
cated the respective orders that the specific species belong. Ginkgo biloba and Pinus taeda were used as outgroup species
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within the cell over a long period of evolutionary selec-
tion [58]. The PCGs in the mitogenome of C. longepa-
niculatum accounted for only 4.06% (35,367/870,686) of 
the total sequence length, similar to 3.59% observed in 
Caryodaphnopsis henryi [47]. This suggests a significant 
presence of non-coding sequences within the mitoge-
nome, which might contain regulatory elements crucial 
for replication, transcription, and expression regulation 
of mitogenome. Alternatively, this low proportion of 
PCGs could suggest a more streamlined and efficient 
encoding strategy employed by C. longepaniculatum 
to prioritize the synthesis of essential mitochondrial 
proteins, while minimizing the metabolic cost associ-
ated with mitogenome replication and maintenance 
[59]. Analysis of codon usage through RSCU unveiled a 
notable adenine/thymine (A/U) richness (90.3%) at third 
codon position within C. longepaniculatum mitogenome. 
Similarly, the proportion in the other Laurales species 
ranged from 90.6% to 93.9% (Table S2). The prevalence of 
NNA and NNU codons underscores a pronounced bias 
towards a nucleotide at the third codon. This observed 
pattern likely results from a combination of mutational 
pressure and selection for efficient translation within the 
mitochondria [60]. Further investigation is needed to 
elucidate the specific functional and regulatory roles of 
these codon usage patterns in the mitochondrial biology 
of C. longepaniculatum.

The PCGs of eight Laurales plants exhibited a significant 
preference for the codons encoding Ser, Leu and Ile, while 
the usage frequency of Ter was relatively low. This phe-
nomenon likely reflects the functional requirements of the 
mitogenome. Specifically, Leu and Ile participate in energy 
metabolism through the branched-chain amino acid meta-
bolic pathway, and Ser supports mitochondrial function 
through the one-carbon metabolic pathway. These pro-
cesses are crucial for maintaining the normal function of 
mitochondria [61]. In addition, the low-frequency usage of 
termination codons may be related to the small size of the 
mitogenome and the efficient gene expression regulation 
mechanism to reduce the risk of functional disorders caused 
by premature termination [62].

Repeat sequences
Repeated sequences are important sources of informa-
tion for the development of population and evolution-
ary analysis markers. Tandem, SSR, and long repeats are 
widely present in mitochondrial genomes. The repeated 
sequences in plant mitogenome are critical to intermo-
lecular recombination, which can generate structural 
variations and extreme mitogenome sizes [63–65]. The 
detection of 52 tandem repeat sequences in C. longepa-
niculatum, with high matching degrees (more than 76%) 
and varying copy numbers (from 1.9 to 16.2), indicates a 
dynamic region of the mitogenome that may be subject to 
frequent recombination events. The presence of tandem 

Fig. 9  Dot-plots analysis. The sequence of C. longepaniculatum were plotted along the horizontal axis in each box, while the sequences of the other 
seven species were represented along the vertical axis. The numbers in parentheses indicated the proportion of homologous sequences in relation to the 
total genome. The red lines in the box denoted forward alignment, whereas the blue lines represented reverse complementary alignment
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repeats with high copy numbers, such as the dinucleo-
tide repeats AT and TA, and the tetranucleotide repeat 
AAAG, could have implications for genome stability 
and gene expression regulation (Table S4). The high A/T 
composition in SSRs likely contributes to the overall AT 
richness observed in C. longepaniculatum mitogenome. 
This trend aligns with broader patterns observed across 
land plants, suggesting a consistent evolutionary trajec-
tory in terms of base composition within plant organelle 
genomes [66–68].

Interestingly, C. longepaniculatum exhibits a similar 
number of forward and palindromic repeats to Machilus 
pauhoi, further supporting the shared structural features 
among these closely related species. However, the signifi-
cantly longer palindromic repeat (958 bp) and forward 
repeat (9,991 bp) identified in C. longepaniculatum high-
light its unique genomic complexity. Importantly, these 
repetitive sequences not only facilitate the expansion of 
the size of mitogenome but also signify the recurrent and 
frequent occurrence of intermolecular recombination 
within mitogenome molecules [39, 69]. Further research 
into the functional implications of these repeat sequences 
could provide deeper insights into the molecular mecha-
nisms shaping the evolution of mitochondrial genomes in 
plants.

Homology analysis
Angiosperms exhibit substantial exchange of genetic 
material among organelle genomes, facilitated by the 
transfer of DNA from chloroplasts to the mitochondrial 
DNA, a process termed MTPTs (Mitochondrial plas-
tid DNAs) [70]. Monitoring gene migration is crucial 
for unraveling the evolutionary trajectory of the plant 
mitogenome. This phenomenon primarily accounts for 
the variations in the number of coding genes observed 
across diverse plant species [71]. Based on the data, it 
was found that 15,462 bp of homologous sequences 
between the mitogenome and chloroplast genome of C. 
longepaniculatum, representing approximately 1.78% of 
the total length of the mitogenome. Generally, genes that 
migrate from chloroplast genome to mitogenome fre-
quently evolve into pseudogenes, losing their functional 
significance, potentially as a result of sequence recom-
bination events [72, 73]. Previous studies have demon-
strated that the two pseudogenes ψndhB and ψcemA in 
the Aeginetia indica mitogenome were transferred from 
its plastid genome [74]. These homologous segments 
vary interspecifically in terms of both their length and 
sequence composition. In this study, 10 intact tRNA 
genes were completely located in homologous sequences, 
accounting for 35.71% (10/28) of the total tRNA in the 
C. longepaniculatum mitogenome. The translocation of 
tRNA genes from chloroplast genome to mitogenome 
a represents a recurring pattern in plant evolutionary 

history. Notably, as plants evolve from simpler to more 
complex taxonomic groups, the incidence of such tRNA 
transfers intensifies, paralleling the escalating require-
ments for protein biosynthesis [75]. The chloroplast 
genome of C. longepaniculatum significantly contributes 
numerous sequences to the mitogenome, thereby enrich-
ing the diversity of its mitogenome. However, the under-
lying mechanisms that govern the migration of sequences 
between these genomes and the expression patterns of 
genes within the transferred sequences remain elusive, 
necessitating further exploration and research.

RNA editing sites prediction
RNA editing refers to the phenomenon of insertion, dele-
tion, and substitution of bases in the coding region of 
RNA after transcription [76]. This is a common phenom-
enon in the transcriptome, particularly in the transcrip-
tion process of plant mitochondrial genes, which can lead 
to great diversity of posttranscriptional gene sequences 
[77]. Earlier studies have reported 782 RNA editing sites 
in 40 PCGs of C. camphora, 1119 in 41 C. chekiangense 
PCGs [27, 29]. In this study, the 761 RNA editing sites 
were identified across 44 PCGs, with nad4 showing the 
highest frequency of RNA editing (64 sites) (Fig. 8). This 
finding is consistent with the observation of the highest 
editing events (68 sites and 77 sites) for the nad4 gene in 
C. camphora and C. chekiangense. The nad4 gene, encod-
ing a core subunit of Complex I (NADH dehydrogenase) 
in the electron transport chain, plays a critical role in 
ATP synthesis and mitochondrial energy production 
[78]. RNA editing at multiple sites within nad4 may fine-
tune its catalytic efficiency or regulatory interactions, 
ensuring adaptation to metabolic demands.

The RNA editing sites in C. longepaniculatum exclu-
sively exhibited transitions from C to T, mainly occur-
ring at the first (31.54%, 240 sites) and second (64.52%, 
491 sites) editing position in codon (Table S10). This 
positional preference aligns with the observed pattern 
of RNA editing changes in other angiosperms, where 
editing at the second base often modulates amino acid 
hydrophobicity or maintains conserved protein domains 
[79, 80]. The impact of RNA editing on protein structure 
is highly significant, as it alters the start and stop codons 
of PCGs, thereby modifying the placement of the ini-
tiation and termination signals for translation [81]. For 
instance, cox1, nad1, nad4L and rps10 were found to pos-
sess ACG start codons that are corrected to the universal 
AUG start codon via RNA editing [79]. In C. camphora, 
an ACG-to-AUG editing event in nad4L generates the 
correct start codon [27]. Additionally, in Asparagus offi-
cinalis, five amino acid coding sites (0.82%) resulted in 
stop codons, specifically located in the atp9 and ccmFc 
gene (CGA-TGA), rps11 and atp6 gene (CAA-TAA), and 
rpl16 gene (CAG-TAG) [54]. The generation of new start 
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and stop codons through RNA editing leads to the pro-
duction of more evolutionarily conserved proteins, which 
exhibit high homology with corresponding proteins in 
other species. This conservation enhances the expression 
of mitochondrial genes [82].

Phylogenetic analysis and collinearity
The phylogenetic analysis of mitogenome has gained 
increased attention to elucidate the intricate evolutionary 
relationships. In this study, we used 41 conserved PCGs 
to reconstruct the phylogenetic trees of 26 Magnoliids 
species. Eight species of Laurales formed a closely related 
cluster and exhibit a close phylogenetic relationship with 
Magnoliales, as compared to Piperales and Ranuncu-
laceles. This finding aligns with the results reported by 
Han et al. concerning C. camphora [27] and is consis-
tent with the Angiosperm classification system APG IV 
[83]. It is worth noting that although plant mitogenome 
play a key role in plant evolutionary studies and provide 
unique evolutionary information, the total number of 
plant mitogenomes that have been completely sequenced 
is still limited, and constructing a phylogenetic tree solely 
based on mitogenome may not precisely mirror the accu-
rate phylogenetic relationships. Therefore, the complete 
DNA information of species can be obtained by whole 
genome sequencing in the future, and the problem of 
data bias can be better solved by constructing molecular 
phylogenetic trees at the gene level [84, 85].

We identified homologous co-linear blocks among 
C. longepaniculatum and other seven species of Lau-
rales in the comprehensive comparative analysis. The 
dot-plot analysis revealed distinct patterns of genomic 
conservation and divergence. High collinearity, such as 
the 95.59% similarity observed between C. longepanicu-
latum and C. camphora, was concentrated in dense red 
forward alignments along the diagonal, suggesting that 
these two species likely share a relatively recent common 
ancestor within the Lauraceae family. The low collinear-
ity from other families may reflect differences in genomic 
conservation and the potential influence of evolutionary 
processes such as gene rearrangements, insertions, or 
deletions across these lineages. Such extensive rearrange-
ments are likely drivers of evolution and contributors to 
the observed mitogenome diversity in this species [20, 
86]. Further investigation into the specific mechanisms 
underlying these rearrangements can provide insights 
into the molecular basis of evolutionary adaptation and 
the generation of biodiversity in Laurales species.

Conclusions
In this study, we completed the assembly and annota-
tion of the entire C. longepaniculatum mitogenome. The 
assembled mitogenome exhibited a linear structure with 
a length of 870,686 bp and a GC content of 46.94%. A 

total of 75 genes, comprising 44 PCGs, 28 tRNA genes, 
and 3 rRNA genes were annotated. Codon usage prefer-
ence analysis revealed that among the 31 codons with 
RSCU > 1, there was a strong preference for ending in 
A/U, highlighting conserved translational optimization 
strategies. Repeat sequence analysis uncovered 317 SSRs 
and abundant tandem/dispersed repeats. Phylogenetic 
analyses based on 41 conserved mitochondrial PCGs 
illustrated its close evolutionary affinity to C. camphora 
and other Laurales species. Collinearity analysis indi-
cated that the mitogenome of C. longepaniculatum had 
undergone extensive genomic rearrangements with its 
close related species. In conclusion, this research offered 
comprehensive insights into the organelle genetic charac-
teristics and phylogenetic relationships of C. longepanic-
ulatum, serving as an essential reference for subsequent 
investigations into the genomes of Laurales plants.
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