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Abstract

Background
Averrhoa carambola L. belonging to the family Oxalidaceae of the order Oxalidales, is a commercially
valuable fruit tree extensively grown in tropical and subtropical regions. However, its mitochondrial
genome remains uncharacterized.

Results
In this study, we report the first complete assembly and comprehensive characterization of the A.
carambola mitochondrial genome, providing an essential genomic resource for evolutionary and
functional studies. The assembled mitochondrial genome is a circular, double-stranded DNA molecule of
421,040 bp with a GC content of 44.56%. It contains 39 protein-coding genes and exhibits a pronounced
A/T bias in codon usage. We identified 163 simple sequence repeats (SSRs), 448 long repetitive
sequences (≥ 30 bp), and 32 chloroplast-derived DNA fragments. C-to-U RNA editing was the predominant
type, with 567 predicted editing sites, mainly concentrated in the nad4 gene. Comparative collinearity
analysis revealed extensive structural rearrangements relative to related species, and phylogenomic
analysis robustly placed A. carambola within the order Oxalidales.

Conclusions
These findings significantly expand the available mitochondrial genomic resources for Oxalidales and
provide a foundational framework for phylogenetic inference, germplasm authentication, and molecular
breeding of A. carambola.

Background
Mitochondria are essential organelles in eukaryotic cells, serving as the primary sites of energy
metabolism by supplying ATP through oxidative phosphorylation. They also participate in key biological
processes, such as apoptosis and stress responses, playing irreplaceable roles in plant growth,
development, and environmental adaptability [1]. Mitochondrial DNA (mtDNA) is characterized by
maternal inheritance, a relatively high mutation rate, and limited recombination, making it a valuable tool
for investigating species evolution, organelle interactions, and adaptive mechanisms [2].

Unlike their animal and fungal counterparts, plant mitochondrial genomes exhibit unique complexity,
reflected in extreme size variation (typically 200 kb to 3 Mb in angiosperms), diverse structural
conformations (circular, linear, multicyclic, or branched), a high proportion of non-coding sequences, and
frequent inter-organellar gene transfer [3]. Despite their biological significance, the technical challenges
associated with assembling plant mitochondrial genomes have resulted in far fewer fully resolved
genomes compared to chloroplast genomes, leaving many species uncharacterized [4].
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Current research on plant mitochondria focuses on four key areas: the evolutionary dynamics and
structural plasticity of mitochondrial genomes; the molecular mechanisms governing RNA editing, intron
splicing, and post-transcriptional regulation; the functional integration of mitochondrial metabolism with
photosynthesis, photorespiration and stress tolerance; and mitochondrial retrograde signaling in
development and environmental adaptation [5]. However, most studies have concentrated on model or
well-studied plants, while tropical fruit trees such as Averrhoa carambola L. (Fig. 1) remain largely
unexplored at the mitochondrial genome level [6].

A. carambola belonging to the family Oxalidaceae (order Oxalidales), is a widely cultivated economic fruit
tree in tropical and subtropical regions [7]. Its fruits are rich in vitamins, minerals, and bioactive
compounds, with high nutritional and medicinal value [8, 9]. The species also exhibits strong
environmental adaptability, making it an ideal candidate for studying stress response mechanisms in
tropical plants [7, 10, 11]. To date, research on A. carambola have primarily focused on cultivation
practices, fruit-content composition, and pest and disease control [8, 12–14]. Genomic studies have been
limited to nuclear genome and the chloroplast genome, with no complete mitochondrial genome
assembly available [15–17].

In this study, we report the first complete assembly and annotation of the mitochondrial genome of A.
carambola, which represents the first mitochondrial genome for any species within the order Oxalidales.
This work fills a significant gap in the genomic resources of this order. Beyond providing a high-quality
reference genome, our study offers new insights into genome structure, repeat dynamics, and
inter‑organellar gene transfer in a previously uncharacterized lineage, and establishes a robust molecular
foundation for phylogenetic analyses and evolutionary studies both within Oxalidales and across related
orders.

Materials and Methods

Plant Materials and Sequencing Data
Fresh leaves of A. carambola were collected from healthy mature plants cultivated at the Guangxi
Subtropical Crops Research Institute, Nanning, China (22.90414709°N, 108.35362343°E). Immediately
after collection, the leaf samples were snap-frozen in liquid nitrogen and stored at -80°C for subsequent
nucleic acid extraction.

Total genomic DNA was extracted from the leaf tissues using a modified cetyltrimethylammonium
bromide (CTAB) method [18]. The integrity, concentration, and purity of the extracted DNA were assessed
by agarose gel electrophoresis combined with a Nanodrop 2000 ultraviolet spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Qualified DNA samples passing quality control were divided
equally into two aliquots for the construction of Illumina short-read genomic libraries and Oxford
Nanopore Technologies (ONT) long-read genomic libraries, respectively. Specifically, the short-read
libraries were subjected to high-throughput sequencing on an Illumina NovaSeq 6000 sequencer (Illumina
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Inc., San Diego, CA, USA), while the long-read libraries were sequenced on a PromethION sequencer
(Oxford Nanopore Technologies, Oxford, UK).

For transcriptome sequencing, total RNA was extracted from the same batch of leaf samples using a
commercial RNA extraction kit. RNA purity was assessed using a Nanodrop 2000 ultraviolet
spectrophotometer, concentration was quantified using a Qubit 4 Fluorometer, and integrity was verified
by agarose gel electrophoresis. mRNA was enriched from total RNA using oligo(dT) magnetic beads, and
RNA-seq libraries were constructed following standard protocols. The libraries were sequenced on the
Illumina NovaSeq 6000 platform, generating 150 bp paired-end reads.

The resulting raw sequencing data from all three platforms were subjected to quality control and used for
the subsequent assembly and analysis of the A. carambola mitochondrial genome.

Mitochondrial Genome Assembly and Annotation
The mitochondrial genome was assembled based on long-read sequencing data using Flye v2.9 [19] with
default parameters, generating graphical assembly results in the GFA format. All assembled contigs were
constructed in a local database using makeblastdb. Subsequently, the BLASTn program [20] was
employed to identify contig fragments containing the mitochondrial genome using mitochondrial genes
from closely related species as query sequences. Since no complete mitochondrial genomes of species
in the order Oxalidales have been published to date, four high-quality complete mitochondrial genomes
from the phylogenetically closest orders Malpighiales and Celastrales were selected as reference
sequences to identify mitochondrial-derived contig fragments via homologous alignment. The reference
genomes included S. dunnii (NC_058734.1), P. alba (NC_041085.1), E. alatus (NC_053921.1), and T.
wilfordii (NC_082972.1). The BLASTn analysis was performed with the following parameters: -evalue 1e-5
-outfmt 6 -max_hsps 10 -word_size 7 -task blastn-short.

Mitochondrial contigs were visualized and curated with Bandage v0.8.1 [21] to obtain a preliminary
mitochondrial genome draft. Subsequently, long and short reads were mapped to the identified
mitochondrial contigs using minimap2 v2.26-r1175 [22], and all reads aligned to mitochondrial sequences
were extracted and retained. Finally, the high-quality cleaned long and short reads were subjected to
hybrid co-assembly using Unicycler v0.5.0 [23], resulting in the complete circular mitochondrial genome
of A. carambola.

The complete mitochondrial genome of A. carambola was initially annotated using the Plant
Mitochondrial Genome Annotation (PMGA) platform [24] against a curated reference database
comprising 319 published plant mitochondrial genomes. Transfer RNA (tRNA) genes were predicted
using tRNAscan-SE v2.0.11 [25], while ribosomal RNA (rRNA) genes were identified via homologous
alignment using BLASTn v2.13.0 [26]. All putative misannotations were manually inspected and corrected
using Apollo v1.11.8 [27]. Finally, a schematic circular map of the annotated mitochondrial genome was
generated using OGDRAW v1.3.1 [28].
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Mitochondrial Genome Bioinformatic Analyses
Codon usage bias analysis: Protein-coding sequences (CDSs) were extracted from the annotated A.
carambola mitochondrial genome using PhyloSuite v1.1.16 [29], and relative synonymous codon usage
(RSCU) values were calculated using MEGA7 [30].

Repeat sequence analysis: Simple sequence repeats (SSRs) were identified using MISA v2.1 [31], with
minimum repeat thresholds set to 10, 5, 4, 3, 3, and 3 for mono-, di-, tri-, tetra-, penta-, and hexanucleotide
motifs, respectively. Tandem repeats were detected using Tandem Repeats Finder v4.09 [32] under
default parameters. Interspersed repeats were analyzed using the REPuter online server [33] with a
minimum repeat length of 30 bp and a Hamming distance of 3. All repeat analysis results were visualized
using Excel 2021 and Circos v0.69.9 [34].

Inter-organellar sequence transfer analysis: The complete chloroplast genome of A. carambola was
assembled using GetOrganelle v1.7.5 [35], annotated using CPGAVAS2 [36], and manually curated using
CPGView [37]. Homologous fragments longer than 100 bp between the mitochondrial and chloroplast
genomes were identified via BLASTn (E-value ≤ 1e-5) and visualized using Circos.

RNA editing prediction: Mitochondrial reads were extracted from the transcriptome dataset and uniquely
mapped to the A. carambola mitochondrial genome. Sequence differences between genomic DNA and
RNA transcripts were detected using REDItools v2.0 [38], and high-confidence RNA editing sites
supported by at least 10 uniquely mapped reads, a base quality score ≥ 30 and an editing frequency ≥ 10%
were retained for further analysis.

Collinearity analysis: Conserved collinear blocks between A. carambola and related species were
identified via all-vs-all BLASTn with the following parameters: -evalue 1e-5 -word_size 9 -gapopen 5 -
gapextend 2 -reward 2 -penalty − 3. Only homologous fragments longer than 500 bp were retained for
subsequent analysis. Synteny plots were then constructed and visualized using MCscanX [39] based on
the BLASTn alignment results.

Phylogenetic analysis: Complete mitochondrial genomes of closely related species were downloaded
from the NCBI GenBank database. Single-copy orthologous genes shared by all species were extracted
using PhyloSuite v1.1.16 [29] and aligned using MAFFT v7.505 [40]. A maximum likelihood (ML)
phylogenetic tree was subsequently constructed using IQ-TREE v1.6.12 [41] with the parameters --alrt
1000 -B 1000. The resulting tree was visualized using iTOL v6 [42], with two mitochondrial genomes from
the order Fabales (Psophocarpus tetragonolobus NC_086919.1 and Glycine max NC_020455.1)
designated as outgroups for rooting.

Results

Structural Features and Functional Annotation
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The mitochondrial genome of A. carambola is a single circular molecule of 421,040 bp. Its nucleotide
composition is A: 27.42%, T: 28.02%, G: 22.18%, and C: 22.38%, resulting in a GC content of 44.56%
(Fig. 2). The assembly achieved an average sequencing depth of 95×, confirming high coverage and
assembly quality. A total of 62 mitochondrial genes were annotated, including 39 unique protein-coding
genes (PCGs), 20 tRNA genes, and three rRNA genes (Table 1). Among the PCGs, 24 are core
mitochondrial genes essential for oxidative phosphorylation and related biogenesis, while the remaining
15 are non-core genes involved in ribosomal function and auxiliary metabolism.

The core gene set includes five ATP synthase subunit genes (atp1, atp4, atp6, atp8, atp9); nine NADH
ubiquinone oxidoreductase subunit genes (nad1–nad9, excluding nad8); four cytochrome c biogenesis
factors (ccmB, ccmC, ccmFC, ccmFN); three cytochrome c oxidase subunits (cox1–cox3); one
mitochondrial membrane transporter (mttB); one maturase (matR); and one apocytochrome b (cob). The
non-core PCGs comprise four large ribosomal subunit proteins (rpl2, rpl5, rpl10, and rpl16), nine small
ribosomal subunit proteins (rps1, rps3, rps4, rps7, rps10, rps12, rps13, rps14, and rps19), and two
succinate dehydrogenase subunits (sdh3, sdh4). The tRNA genes encode 20 distinct anticodons, with five
tRNAs present in multiple copies (trnF-GAA×2, trnK-UUU×2, trnP-CGG×3, trnP-UGG×2, and trnV-GAC×2). The
rRNA genes include rrn5 (×2), rrn18 (×2), and rrn26 (×1) (Table 1).

Codon Usage analysis of PCGs
Among the annotated protein-coding genes, both start and stop codons exhibit typical characteristics of
angiosperm mitochondrial genomes, and functional modifications of codons mediated by post-
transcriptional RNA editing are prevalent.

For initiation codons, most genes employ the canonical ATG as the start codon, while seven genes adopt
non-canonical initiation patterns. The genomically encoded native start codons of rps4, rps10, nad1,
nad4L and sdh3 are all ACG. Among them, the start codons of rps10 and sdh3 are unambiguously
annotated to be generated by C-to-U RNA editing, which converts the genomically encoded ACG codon
into the canonical AUG initiation codon. For rps4, nad1 and nad4L, their start codons are likewise
genomically encoded as ACG, with corresponding C-to-U RNA editing sites located at the second position
of the codon. However, due to conservative annotation criteria and varying strengths of supporting
evidence, these codons are annotated as putative or undetermined. The remaining two genes, mttB and
rpl16 employ native non-canonical initiation codons that do not rely on RNA editing, with ATA for mttB and
GTG for rpl16. Both codons are directly recognized by the mitochondrial translation machinery and initiate
translation with methionine. With respect to termination codons, most genes harbor genomically encoded
TAA or TAG as canonical termination signals.

The functional stop codons of four genes, namely atp6, atp9, ccmFC and rps10, are all generated by C-to-U
RNA editing. Specifically, atp6 and atp9 feature the CAA-to-UAA editing pattern, while ccmFC and rps10
feature the CGA-to-UGA editing pattern, with all editing sites located at the first position of the codon.
Furthermore, rps10 is the only gene in which both the start and stop codons are generated via C-to-U RNA
editing (Table 1).
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Codon usage analysis revealed a strong preference for A/T-ending codons among the PCGs (Fig. 3).. The
relative synonymous codon usage (RSCU) values for the start codon AUG and tryptophan codon UGG
were exactly 1.0. Among stop codons, UAA was the most frequently used (RSCU = 1.63), followed by UGA
(RSCU = 0.86) and UAG (RSCU = 0.51). The most preferred codons were GCU (RSCU = 1.59), UAU and CAU
(RSCU = 1.52), whereas GCG, CAC and UAC (RSCU = 0.48) were the least utilized (Fig. 3).
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Table 1
Protein-coding genes in the mitochondrial genome of A. carambola

Group of genes Name of
genes

Length Start
codon

Stop
codon

Amino
acid

ATP synthase atp1 1500 ATG TAA 499

atp4 597 ATG TAG 198

atp6 720 ATG CAA 239

atp8 480 ATG TAA 159

atp9 225 ATG CAA 74

NADH dehydrogenase nad1 978 ACG TAA 325

nad2 1467 ATG TAA 488

nad3 357 ATG TAA 118

nad4 1488 ATG TAA 495

nad4L 303 ACG TAA 100

nad5 2016 ATG TAA 671

nad6 681 ATG TAA 226

nad7 1185 ATG TAA 394

nad9 573 ATG TAA 190

Cytochrome b cob 1179 ATG TAA 392

Cytochrome c biogenesis ccmB 621 ATG TAA 206

ccmC 762 ATG TAA 253

ccmFC 1317 ATG CGA 438

ccmFN 1722 ATG TAA 573

Cytochrome c oxidase cox1 1584 ATG TAA 527

cox2 783 ATG TAA 260

cox3 798 ATG TAA 265

Maturases matR 1968 ATG TAA 655

Protein transport subunit mttB 939 ATA TAA 312

Ribosomal protein large
subunit

rpl2 897 ATG TAA 298

rpl5 558 ATG TAA 185

Page 8/26



Group of genes Name of
genes

Length Start
codon

Stop
codon

Amino
acid

rpl10 489 ATG TAA 162

rpl16 435 GTG TAA 144

Ribosomal protein small
subunit

rps1 726 ATG TAA 241

rps3 1692 ATG TAA 563

rps4 1050 ACG TAA 349

rps7 447 ATG TAA 148

rps10 429 ACG CGA 142

rps12 378 ATG TAA 125

rps13 177 ATG TAA 58

rps14 303 ATG TAA 100

rps19 327 ATG TAA 108

Succinate dehydrogenase sdh3 525 ACG TAA 174

sdh4 426 ATG TAA 141

Ribosome RNA rrn5(×2) 118      

rrn18(×2) 1938      

rrn26 3026      

Transfer RNA trnC-GCA 71      

trnD-GUC 74      

trnE-UUC 72      

trnF-GAA(×2) 74/73      

trnfM-CAU 74      

trnG-GCC 72      

trnH-GUG 74      

trnI-CAU 77      

trnK-UUU(×2) 73/75      

trnM-CAU 73      

trnN-GUU 72      

trnP-CGG(×3) 74/93/96      
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Group of genes Name of
genes

Length Start
codon

Stop
codon

Amino
acid

trnP-UGG(×2) 75/68      

trnQ-UUG 72      

trnS-GCU 88      

trnS-GGA 87      

trnS-UGA 87      

trnV-GAC(×2) 72      

trnW-CCA 74      

trnY-GUA 83      

(Note: The numbers in parentheses indicate the copy number of the corresponding gene.)

Characteristics of Repetitive Sequences
A total of 163 simple sequence repeats (SSRs) were identified (Fig. 4A, Table S1). Monomeric SSRs were
the most abundant (65, 39.88%), followed by tetrameric (43, 26.38%), dimeric (29, 17.79%), trimeric (16,
9.82%), and pentameric (9, 5.52%) repeats. Only one hexameric repeat was detected. Among monomeric
repeats, A-rich repeats dominated (37 out of 65, 56.92%), followed by T-rich repeats (26 out of 65,
40.00%). Only two C-rich mononucleotide repeats were identified, and no G-rich mononucleotide repeats
were detected. Dinucleotide SSRs were primarily composed of AT and TA motifs, while only one CG
dinucleotide repeat was found. The total length of each SSR locus ranged from 10 bp to 30 bp. The sole
hexameric SSR reached the maximum length of 30 bp, whereas the majority of SSR loci fell within the
length range of 10–16 bp.

A total of 448 interspersed repetitive sequences (≥ 30 bp) were identified (Fig. 4B, Table S2), including
forward repeats (252, 56.25%), palindromic repeats (188, 41.96%), reverse repeats (7, 1.56%), and
complementary repeats (1, 0.22%). The longest palindromic repeat spanned 11,551 bp, and the longest
forward repeat was 3,626 bp. All E-values of these dispersed repeats were far below the standard
significance threshold of 0.01, corroborating the authenticity of all detected repeat pairs. Specifically, six
forward dispersed repeats with an E-value of 0 represented ultra-high-confidence homologous matches,
with sequence lengths ranging from 143 bp to 3,626 bp. The interval distance between these high-
confidence repeat pairs was zero, indicating that the two matching segments were adjacently positioned
in the mitogenome with no intervening nucleotides. Additionally, 34 tandem repeat units were detected
(Table S3), with core motif lengths ranging from 3 bp to 36 bp, sequence similarity of ≥ 79%, and copy
numbers varying from 1.9 to 11.
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A circular visualization of repeat distribution (Figure S1) revealed extensive intra-genomic homologous
pairings, highlighting the structural plasticity of the A. carambola mitochondrial genome. In the diagram,
orange lines represent forward repeats and purple lines represent palindromic repeats; the two prominent
highlighted long lines colored red and blue correspond to complementary repeats and reverse repeats,
respectively. Black segments on the second concentric circle indicate tandem repeat sequences, and
those on the outermost ring denote microsatellite repeats.

DNA Transfer between Mitochondrial and Chloroplast Genomes
A total of 32 mitochondrial plastid DNA (MTPT) fragments were identified, spanning 29,617 bp in total
and accounting for 7.03% of the mitochondrial genome length (Fig. 5, Table S4). Sequence identity of
these homologous fragments relative to their chloroplast counterparts ranged from 96.39% to 100%, and
the longest fragment spanned 3,959 bp. The majority of protein-coding genes within these transferred
segments occurred as partial truncated fragments, suggesting pseudogenization subsequent to
interorganellar transfer. In total, 16 complete genes were detected, including seven chloroplast-derived
PCGs (petG, psaJ, psbB, rpl20, rpl33, rps11, rps18) and nine tRNA genes (trnD-GUC, trnF-GAA, trnH-GUG,
trnM-CAU, trnN-GUU, trnP-UGG, trnS-GGA, trnV-GAC, trnW-CCA).

RNA Editing Sites
we systematically profiled RNA editing sites across all protein-coding genes (PCGs) using transcriptome
sequencing data. A total of 567 high-confidence C-to-U RNA editing sites were identified in PCGs (Figure
S2, Table S5), and no U-to-C reverse editing events were detected in this study. The amino acid
conversions resulting from RNA editing exhibited a distinct preference, with Pro→Leu, Ser→Leu, and
Ser→Phe being the predominant substitution types. Nearly all editing events were non-synonymous and
altered the encoded amino acids; only 42 synonymous editing events were identified, involving 10 amino
acid types: Ala, Gly, Ile, Leu, Phe, Pro, Ser, Thr, Tyr, and Val.

At the gene level, nad4 harbored the largest number of editing sites (n = 40), followed by ccmB and ccmFN
(n = 36 each), nad7 (n = 33), and nad2 and nad5 (n = 31 each). In contrast, atp8, rps14, and rps7 each
contained only two editing sites. Notably, PCGs encoding subunits of respiratory complex I (the nad
family) and cytochrome c biogenesis factors (the ccm family) collectively accounted for a large
proportion of editing sites, whereas ribosomal protein genes (rps and rpl) possessed relatively fewer
editing loci.

Phylogenetic Analysis
To resolve the phylogenetic placement of A. carambola, a maximum likelihood (ML) phylogeny was
inferred from the concatenated nucleotide alignments of 14 conserved mitochondrial PCGs (atp1, atp4,
atp6, atp8, ccmB, ccmFC, cob, cox3, matR, nad2, nad3, nad5, nad6, and nad7) from 24 angiosperm species
representing four orders, with two Fabales species Psophocarpus tetragonolobus (L.) DC. and Glycine max
(L.) Merr. as outgroups. The resulting tree (Fig. 6) fully supported the APG IV classification [43], with A.
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carambola forming an independent monophyletic clade within Oxalidales. Consistent with the tree
topology, Fabales occupied the basal position of the phylogeny as the earliest-diverging lineage.
Oxalidales formed a sister clade to the combined Celastrales–Malpighiales group, while Celastrales and
Malpighiales were resolved as reciprocally sister orders.

Collinearity Analysis
Comparative collinearity analysis of the A. carambola mitochondrial genome was performed against three
representative angiosperm species (Jatropha curcas, Euonymus alatus, and Psophocarpus
tetragonolobus). The results revealed extensive structural rearrangements, including large-scale
inversions and genome-wide reshuffling of syntenic blocks (Fig. 7), indicating low structural conservation
of the mitogenome. All homologous syntenic segments were supported by high-confidence BLAST
alignments, with nearly all entries exhibiting an E-value of 0 and sequence identities ranging from 73.64%
to 98.99% (Table S6). To improve visualization clarity, syntenic blocks shorter than 0.5 kb were excluded
from the plot.

Discussion
Structural Characteristics of the A. carambola Mitochondrial Genome

The mitochondrial genome of A. carambola is a circular molecule of 421,040 bp with a GC content of
44.56%, features that are broadly consistent with the typical architecture of angiosperm mitochondrial
genomes. Compared with the A. carambola chloroplast genome (155,965 bp) [17], the mitochondrial
genome is substantially larger and exhibits a higher proportion of non-coding regions and repetitive
sequences, reflecting two well-documented evolutionary trends in plant mtDNA: rampant size variation
and structural complexity [44]. The GC content of 44.56% lies well within the narrow, evolutionarily
conserved range of 43–45% reported for most flowering plants [45]. This compositional stability is not
accidental; it results from strong purifying selection acting on evolutionarily conserved protein-coding
genes, particularly those encoding core respiratory chain components. Mutations that alter GC content in
these functionally constrained regions are likely to be deleterious and are therefore efficiently removed
[2]. The conservation of GC content across diverse angiosperm lineages, including the newly sequenced
A. carambola, underscores the long-term functional and structural constraints that govern plant mtDNA
evolution [46]. As the first representative of Oxalidales, the A. carambola mitochondrial genome fills a
critical phylogenetic gap and confirms that this lineage conforms to the same fundamental
compositional rules observed across angiosperms.

Repeat Sequences in the A. carambola Mitochondrial Genome

Plant mitochondrial genomes are characterized by extraordinary structural flexibility, in which repetitive
sequences serve as core substrates for homologous recombination and represent a primary driver of
genome size expansion and architectural rearrangement [47]. In the A. carambola mitogenome, we
identified 448 interspersed repetitive sequences (≥ 30 bp) and 34 tandem repeat units. Forward and
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palindromic repeats accounted for the vast majority of interspersed repeats, with the longest palindromic
repeat extending to 11,551 bp and the longest forward repeat reaching 3,626 bp. The abundance of long
homologous repeats provides abundant templates for intra-genomic recombination, which directly
underlies the high structural plasticity of the A. carambola mitogenome [48]. This repeat composition is
consistent with the general evolutionary pattern observed in angiosperm mitochondrial genomes, where
repeat-mediated recombination acts as a pervasive force shaping mitogenome architecture [49–50].

RNA Editing Events in the A. carambola Mitochondrial Genome

The distribution of C-to-U RNA editing sites in the A. carambola mitogenome aligns with the canonical
pattern observed in most angiosperms [5]. The nad4 gene harbored the largest number of sites (n = 40),
and genes encoding NADH dehydrogenase subunits (complex I) and cytochrome c biogenesis factors
generally contained more editing sites, whereas ribosomal protein genes possessed relatively fewer loci
[51]. Editing frequencies varied widely across individual sites, indicating the coexistence of fully edited
and partially edited transcripts, reflecting that core respiratory genes are under stronger functional
constraint and thus retain more conserved editing events [52]. The presence of partially edited sites
further implies potential spatiotemporal specificity in RNA editing regulation, which may fine-tune
mitochondrial function across developmental stages or tissue types [53].

Plastid-to-Mitochondrion DNA Transfer and Organellar Co-
Evolution
The transfer of chloroplast-derived sequences is a hallmark of plant mitochondrial genome evolution [54].
In this study, 32 chloroplast-derived homologous fragments were identified in the A. carambola
mitochondrial genome, totaling 29,617 bp and representing 7.03% of the mitogenome. This substantial
proportion confirms extensive chloroplast-to-mitochondrial DNA transfer in A. carambola [55]. These
fragments include seven protein-coding genes and nine tRNA genes, which not only enrich the sequence
diversity of the mitochondrial genome but also potentially provide functional complementation for
mitochondria and improve the stability of the mitochondrial translation system [56]. Moreover, the
ongoing acquisition and stabilization of chloroplast-derived sequences constitute a key mechanism
driving structural innovation and adaptive functional refinement in the A. carambola mitogenome [47]. The
predominance of pseudogenized protein-coding genes and the preferential retention of intact tRNA genes
conform to the universal pattern of plastid-to-mitochondrion transfer in angiosperms [57]. The intact
plastid-derived tRNA genes may be functionally recruited by the mitochondrial translation system,
reflecting functional coordination and co-evolution between the two organellar genomes [58].

Phylogenetic Relationships of the A. carambola Mitochondrial Genome

Compared with nuclear and chloroplast genomes, plant mitochondrial genomes evolve more slowly at the
nucleotide sequence level but exhibit pronounced structural dynamism, rendering them particularly
powerful for resolving deep phylogenetic relationships among angiosperm lineages [5]. Phylogenetic
reconstruction based on conserved mitochondrial protein-coding genes has therefore become a robust

Page 13/26



complementary strategy for validating higher-level angiosperm clades, especially for recalcitrant nodes
where plastid and nuclear datasets yield conflicting topologies [59]. The COM clade (Celastrales,
Oxalidales, Malpighiales) is a well-delineated major lineage within the rosids, yet the inter-ordinal
relationships among its three constituent orders have remained a long-standing point of systematic
debate [60]. Our study provides independent genome-scale mitochondrial evidence that Oxalidales forms
a sister clade to the combined Celastrales–Malpighiales group, with Celastrales and Malpighiales
resolved as reciprocally sister lineages. These results corroborate the current taxonomic placement of A.
carambola and provide new genome-scale mitochondrial evidence for inter-ordinal relationships within
the COM clade. The complete mitochondrial genome of A. carambola obtained in this study, together with
the phylogenetic analysis results, provides a solid foundation for further research on the origin,
evolutionary diversification, and adaptive evolution of Oxalidales species.

Conclusions
We present the first complete, high-quality mitochondrial genome assembly of A. carambola. The
mitogenome exhibits a typical circular molecular architecture with a total length of 421,040 bp and a GC
content of 44.56%. Genome annotation revealed 39 protein-coding genes, 20 transfer RNA genes, and 3
ribosomal RNA genes. The genome harbors abundant simple sequence repeat (SSR) loci, as well as
widely distributed forward and palindromic repeats; these repetitive sequences serve as core substrates
for intramitochondrial homologous recombination and represent key drivers of genomic structural
rearrangement. We detected extensive interorganellar DNA transfer from plastids to mitochondria, with
32 chloroplast-derived fragments (MTPTs) identified in the A. carambola mitogenome. Codon usage
analysis revealed distinct usage bias. RNA editing events were overwhelmingly dominated by C-to-U
conversions, with 567 high-confidence editing sites predicted across protein-coding genes. The nad4
gene was identified as the primary editing hotspot, and the global editing distribution pattern is
consistent with the conserved post-transcriptional regulatory paradigm observed across angiosperm
mitochondria. Phylogenetic reconstruction based on 14 conserved mitochondrial protein-coding genes
robustly places A. carambola within the Oxalidales clade, which is congruent with both classical
morphological classification and the APG IV taxonomic framework. Comparative synteny analysis
uncovered extensive genomic structural rearrangements, highlighting the highly dynamic and rapidly
evolving nature of angiosperm mitochondrial genomes. The complete mitogenome of A. carambola
reported herein enriches the available organellar genomic resources for Oxalidales, and provides an
essential foundation for future studies on evolutionary biology, germplasm evaluation, and molecular
breeding of Averrhoa species.
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Figure 1

Morphology of the A. carambola plant and fruit. (A) Whole plant; (B) Inflorescence; (C) Whole fruit (left)
and transverse section (right).
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Figure 2

Circular map of the A. carambola mitochondrial genome.
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Figure 3

RSCU analysis of the A. carambola mitochondrial genome.
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Figure 4

Analysis of repetitive sequences in A. carambola. (A) Distribution of different types of simple sequence
repeats (SSRs). (B) Distribution of different types of interspersed repetitive sequences (length ≥30 bp).
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Figure 5

Distribution of mitochondrial-plastid homologous fragments in the mitochondrial genomes of A.
carambola.
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Figure 6

ML phylogenetic tree based on concatenated mitochondrial PCGs, with SH-aLRT test (1000 replicates,
left) and ultrafast bootstrap (UFBoot, 1000 replicates, right) for branch support estimation.

Figure 7

Collinearity comparison of mitochondrial genomes between A. carambola and related species. Red arcs
indicate inverted regions, while gray arcs denote conserved homologous segments.
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