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20 Abstract 

21 The complete mitochondrial genome of Caryocar brasiliense (Caryocaraceae), an ecologically and 

22 economically important species native to the Brazilian savannas, was assembled and annotated. Using 

23 a hybrid assembly approach combining Oxford Nanopore and Illumina sequencing data, we assembled 

24 a 533,641 bp bipartite mitogenome organized into two circular chromosomes. A high density of 

25 dispersed repeats and simple sequence repeats (SSRs) was detected, along with extensive DNA transfers 

26 from the chloroplast and nuclear genomes (MTPTs and NUMTs). The variation of mitogenome size is 

27 positively correlated with the number of dispersed repeats (R² = 0.88). Genome annotation revealed 74 

28 protein-coding genes, including sequences derived from both mitochondrial and chloroplast origins, as 

29 well as 376 predicted RNA editing sites, particularly concentrated in energy metabolism genes such as 

30 ccm and nad gene family. Comparative analysis across ten Malpighiales species identified conserved 

31 core mitochondrial genes and revealed topological differences between mitochondrial and plastid 

32 phylogenies. These findings offer new insights into the structural and evolutionary dynamics of 

33 angiosperm mitochondrial genomes and provide a foundational resource for future genetic, 

34 evolutionary, and conservation studies in C. brasiliense and related taxa. 

35 Keywords: Organelle genome, Inter Organellar DNA transfer, Repetitive DNA, Genome evolution.
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36 Introduction

37 Mitochondria are organelles involved in many cellular processes in plants and play key roles in 

38 development, fitness, and reproduction (Gualberto et al., 2014; Li et al., 2021). Unlike chloroplast 

39 genomes, plant mitochondrial (mtDNA) genomes show extensive variation in genome size, gene 

40 content, and genome organization (Gualberto et al., 2014; Li et al., 2021). Regarding genome size, plant 

41 mitochondrial DNA (mtDNA) ranges from 66 kb in Viscum scurruloideum Barlow (Skippingtona et 

42 al., 2015) to 11 Mb in Silene conica L. (Sloan, Alverson, Chuckalovcak, et al., 2012). mtDNA size is 

43 highly variable, even among closely related species, and this variation may be associated with the 

44 presence of repeat sequences, introns, nuclear DNA (nDNA), plastid DNA (cpDNA), as well as viral 

45 and bacterial sequences (Gualberto et al., 2014; Zardoya, 2020). Repeat sequences can promote 

46 recombination events in the mitochondrial genome, contributing to the genomic plasticity of plant 

47 mtDNA. These recombination events result in different mtDNA structures, which can be found in linear, 

48 circular, and branched-linear patterns (Chevigny et al., 2020). 

49 Despite their large size, plant mitochondrial genomes contain a relatively small number of genes 

50 when compared to other genome compartments. Over the course of evolution, mtDNA has lost many 

51 genes due to functional redundancy and gene transfer to the nuclear (nDNA) or plastid (cpDNA) 

52 genomes, retaining only a reduced set of protein-coding genes (Mower, 2020; Zardoya, 2020). The 

53 retained genes are mainly involved in oxidative phosphorylation, as well as in the biogenesis of 

54 respiratory complexes and ribosomal proteins (Mower, 2020; Li et al., 2021). The complexity and 

55 instability of plant mitochondrial DNA (mtDNA) have contributed to a notable delay in mtDNA 

56 research compared to the cpDNA. Currently, the National Center for Biotechnology Information 

57 (NCBI) Organelle database contains approximately 465 mitochondrial genomes (NCBI, 2025) from the 

58 angiosperm clade. In contrast, more than 13,761 chloroplast genomes are available in the same database 

59 (NCBI, 2025). These numbers are continuously increasing as new organelle genomes are deposited. 

60 Expanding the availability and knowledge of plant mitochondrial genomes is essential for 

61 understanding evolutionary dynamics, adaptive processes, and biological diversity, as well as serving 

62 as a valuable tool for plant breeding. Furthermore, comparative analyses of phylogenies reconstructed 
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63 from mitochondrial, nuclear, and plastid genomes in angiosperms have revealed that each genomic 

64 compartment may display distinct evolutionary histories and topologies (Bogdanova et al., 2021). Thus, 

65 exploring the congruence and differences among nuclear, mitochondrial, and plastid phylogenies 

66 provides important insights into plant evolution and lineage diversification (Hu et al., 2023).

67 The generation of complete mitochondrial genome sequences from underrepresented lineages 

68 within Malpighiales, such as Caryocaraceae, can provide a valuable opportunity to help address existing 

69 gaps. In this context, the species Caryocar brasiliense, popularly known as “pequi tree”, emerges as an 

70 interesting Caryocaraceae representative for comparative genomics studies. This plant is an important 

71 fruit species of the Brazilian savannas (Choubey and Rajam, 2015; Nunes, Gonçalves, and Telles, 2019; 

72 Nascimento-Silva, Mendes, and Silva, 2020; Nunes, de Lima, et al., 2020; Nunes, de Souza, et al., 

73 2020) and has been identified as a priority species for conservation and sustainable use by Brazil’s 

74 Ministry of the Environment (Vieira, Camillo, and Coradin, 2016). Previous efforts have made available 

75 a draft of the nuclear genome and SSR markers (Nunes, Gonçalves, and Telles, 2019), as well as the 

76 complete plastidial genome (Nunes, de Souza, et al., 2020). However, the mitochondrial genome 

77 remains a scientific gap for this species and for the Caryocaraceae family as a whole. 

78 Therefore, in this study, we present, for the first time, the complete sequence and annotation of the 

79 mitochondrial genome of C. brasiliense, and use it in a comparative and evolutionary analysis of 

80 mitogenomes within the order Malpighiales. Especially, we hypothesized that i) variation in 

81 mitogenome size among Malpighiales is associated with the accumulation of repetitive elements; ii) 

82 recurrent DNA transfers from the nucleus and plastid contribute substantially to the composition and 

83 expansion of the mitochondrial genome in C. brasiliense; iii) mitochondrial RNA editing events are 

84 predominantly concentrated in genes associated with energy metabolism; and iv) comparative analyses 

85 of mitochondrial and plastid phylogenies reveal topological differences among families within 

86 Malpighiales.

87 Material and methods

88 DNA extraction and Oxford Nanopore sequencing
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89 Leaf tissue was collected from a Caryocar brasiliense individual located at the Escola de 

90 Agronomia of the Universidade Federal de Goiás, Goiânia, Goiás, Brazil (16°35'49.8" S 49°16'46.8" 

91 W). DNA extraction was performed according to the protocol by Doyle and Doyle (1987). Its integrity 

92 and quantity were verified using 1% agarose gel stained with ethidium bromide, an Agilent 4150 

93 TapeStation with a Genomic DNA ScreenTape (Agilent Technologies, Santa Clara, CA, USA), and a 

94 Qubit® with the dsDNA High Sensitivity Kit (Thermo Fisher Scientific, United States). Library 

95 preparation was performed using the Ligation Sequencing Kit V14 – SQK-LSK114 (Oxford Nanopore 

96 Technologies, United Kingdom), according to the manufacturer's protocol. The final library was 

97 quantified and loaded into a FLO-PRO114M flow cell on a PromethION 2 at a final concentration of 

98 1372 ng and configured for a 72 h run. After 24 hours, the flow cell was washed and the library was 

99 reapplied for a further 48 h run. 

100 Mitochondrial genome assembly and annotation

101 Mitochondrial genome assembly was performed using Illumina short reads available in the 

102 NCBI database (GenBank GCA_004918865.1, Nunes, Gonçalves, and Telles, 2019) and Oxford 

103 Nanopore long-read data generated herein. First, we generated a database with 51 mitochondrial 

104 genome sequences from Malpighiales species (Supplementary File S01), available in the NCBI 

105 database. We aligned the long reads and short reads to the database using Minimap2 2.24-r1122 (Li, 

106 2018) and extracted only the aligned reads. Then, we used Unicycler v0.5.0 (Wick et al., 2017) for 

107 hybrid assembly using the filtered long reads and short reads. Subsequently, we aligned the complete 

108 set of Illumina short reads to the sequences generated using Minimap2. Afterward, we used the 

109 alignment to polish the assembly using Pilon v.1.24 (Walker et al., 2014).

110 For genome annotation, we used the CHLOROBOX platform with the software GeSeq (Tillich et 

111 al., 2017), MFannot v. October 2019 (Beck and Lang, 2010), and Mitofy v. March 22, 2012 (Alverson 

112 et al., 2010), using the mitogenome of Ricinus communis (NC_015141.1) as a reference. For tRNA 

113 gene annotation, we used tRNAscan-SE v.2.0.7 (Lowe and Eddy, 1997) and Aragorn v.1.2.38 (Laslett 

114 and Canback, 2004). Manual curation of annotations was performed using Geneious Prime v.2023.2.1. 

115 For chloroplast genes, we retained only complete genes with  ≥ 90% coverage,  ≥ 80% identity, and the 
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116 presence of both start and stop codons. Putative chloroplast pseudogenes were defined by the presence 

117 of internal stop codons in the best-supported alignments, based on coverage and sequence identity. 

118 Frameshift mutations were not explicitly evaluated in the classification of pseudogenes. The genome 

119 map was drawn using OGDRAW v.1.3.1 (Greiner, Lehwark, and Bock, 2019).

120 Intracellular gene transfer, repeat sequences, and comparative analysis among Malpighiales  

121 mitochondrial genomes

122 The thresholds used to identify MTPTs (≥80% identity, ≥50 bp) and NUMTs (≥80% identity, 

123 ≥500 bp) were based on previous studies of inter-organellar transfers in plants (Wei et al. 2023; Nhat 

124 Nam et al. 2024; Kong et al. 2025). The higher threshold for NUMTs (500 bp versus 50 bp for MTPTs) 

125 was chosen to minimize spurious matches between mitochondrial and nuclear sequences, particularly 

126 considering that the nuclear genome used in this study is at draft level. These criteria represent a balance 

127 between sensitivity to detect genuine transfers and specificity to avoid false positives due to sequence 

128 similarity from ancestral homology or convergence.

129 To detect internal repeats in each mitochondrial chromosome of C. brasiliense, we used the 

130 nucmer command from NUCmer 4 v.4.x (Marçais et al., 2018). For dispersed repeats, REPuter was 

131 employed with a hamming distance of 3 and a minimum repeat size of 30 bp (available at: 

132 https://bibiserv.cebitec.uni-bielefeld.de/reputer). Simple sequence repeats (SSRs) were identified using 

133 MISA (available at: https://webblast.ipk-gatersleben.de/misa/), with a minimum value of ten repetitions 

134 defined for mononucleotide SSR, five for dinucleotides, four for trinucleotides, and three for 

135 tetranucleotides, pentanucleotides, and hexanucleotides. The Tandem Repeat Finder v 10-2022 

136 (Benson, 1999) program was used to identify the other tandem repeats.

137 To analyze the evolutionary relationships among mitochondrial genome size (bp) and number 

138 of repeats, and total repeat length (bp), respectively, we used a Phylogenetic Generalized Least Squares 

139 (PGLS), incorporating the phylogenetic covariance structure derived from the mitogenome tree. The 

140 PGLS models were constructed using mitochondrial genome size as the response variable and modelled 

141 against the two predictors (number of repeats and total repeat length) and fitted using the Caper R 

142 package (Orme et al., 2023). The choice of this method is due to the potential non-independence of the 
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143 data due to the phylogenetic structure of the data. PGLS models were fitted using the caper package in 

144 R, and Pagel’s λ used to model phylogenetic covariance was estimated via Maximum Likelihood for 

145 each regression. Because of the relatively small sample size, maximum likelihood estimates of Pagel’s 

146 λ may be unstable, so we also fitted a standard multiple regression OLS model (which is actually a 

147 PGLS assuming Pagel’s λ = 0, thus without phylogenetic structure in data).  

148 In addition to C. brasiliense we used other nine Malpighiales species for comparative genomic 

149 analysis: Banisteriopsis caapi (Malpighiaceae, OR473419.1), Bruguiera sexangula (Rhizophoraceae, 

150 NC_056359.1), Calophyllum soulattri (Calophyllaceae, NC_079842.1), Populus alba (Salicaceae, 

151 NC_041085.1), Salix brachista (Salicaceae, NC_058733.1), Salix dunnii (Salicaceae, NC_058734.1), 

152 Viola diffusa (Violaceae, PP952082.1), Manihot esculenta (Euphorbiaceae, NC_045136.1) and Ricinus 

153 communis (Euphorbiaceae, NC_015141.1). All the selected species have their mitochondrial genomes 

154 completely sequenced and available in the NCBI RefSeq database or NCBI GenBank. They were 

155 selected for the reliability of their annotations and to minimize redundancy among genera, with the 

156 exception of two Salix species included to evaluate intra-genus variation..

157 Molecular evolution in Malpighiales mitochondrial genomes 

158 The complete sequence for both mitochondrial chromosomes of C. brasiliense was used to 

159 predict RNA editing sites in protein-coding genes. The prediction was performed in the online plant 

160 RNA editing site prediction tool PREPACT3 (Lenz and Knoop, 2013) (available at: https://www. 

161 prepact.de/prepact-main.php), in BLASTX mode, using the mitogenome of Vitis vinifera 

162 (NC_012119.1) as a reference. The relative synonymous codon usage (RSCU) was calculated for 

163 protein-coding genes using MEGA v4 software.

164 We recovered a phylogenetic tree for mitochondrial and chloroplast genomes. The phylogenetic 

165 tree was recovered using the 15 species for Malpighiales and the sequence of C. brasiliense recovered 

166 in this study and C. brasiliense cpDNA available in NCBI (Nunes, et al., 2020) (Supplementary File 

167 S02), with Delonix regia (Fabales) as an outgroup. For both genomes (mtDNA and ptDNA), all protein-

168 coding genes were extracted from these, and the orthologous genes were identified using the orthofinder 

169 v. 2.5.4 (Emms and Kelly, 2019). We recovered 64 orthogroups, among which 21 orthogroups were 
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170 found in all species, and only 17 are single-copy genes for the mitochondrial genome. For the 

171 chloroplast, we recovered 80 orthogroups, among which 63 were found in all species and 55 are single-

172 copy genes. These single-copy genes were aligned using Mafft version 7.50 (Katoh, Rozewicki and 

173 Yamada, 2018) and phylogenetically informative regions were selected using Gblocks 0.91b 

174 (Castresana, 2000). The sequences were concatenated using the script catfasta2phyml.pl 

175 (https://github.com/nylander/catfasta2phyml). We performed phylogenetic inference using the 

176 maximum likelihood method with IQ-TREE3 (Wong et al., 2025). The ModelFinder, which is also 

177 implemented in IQ-TREE3, was used to select the optimal nucleotide substitution model (GTR + F + 

178 R2) (Wong et al., 2025). A consensus tree was generated with 1,000 bootstrap replicates. 

179 To evaluate the two phylogenies obtained with the different regions (For both genomes 

180 (mtDNA and cpDNA), we first used standardized Robinson–Foulds (RF) distances (Robison and 

181 Foulds, 1981), which basically compare the number of partitions between them and standardize it by 

182 the total. RF values close to zero reveal a good match between the two topologies. We also compared 

183 them by means of a Mantel test (Manly, 2020) between the cophenetic pairwise distances matrices, in 

184 terms of the overall similarity between matrices (considering thus both topology and branch lengths). 

185 All analyses were performed using the R package ape (Paradis et al., 2004).

186 Results 

187 General features of Caryocar brasiliense mitogenome and comparative analysis among 

188 Malpighiales mitochondrial genomes 

189 A total of 866,975 long reads and 30,515 short reads were used for the assembly of the Caryocar 

190 brasiliense mitochondrial genome. The complete mitogenome has 533,641 bp in size, organized into 

191 two circular chromosomes: chromosome 1 (299,593 bp) and chromosome 2 (234,048 bp) (Figure 1).  

192 The non-coding regions were 62.24% of the total genome in chromosome 1 and 64.23% in chromosome 

193 2. The GC content in C. brasiliense was 44% in both chromosomes. A total of 74 protein-coding genes 

194 were identified, comprising 34 in chr1 (20 mitochondrial and 14 chloroplast-derivated genes) and 40 in 

195 chr2 (18 mitochondrial and 22 chloroplast-derivated sequences). Among the chloroplast-derived 

196 sequences (MTPT genes, Supplementary file S03), nine were classified as pseudogenes. For the transfer 
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197 RNA genes (tRNA), a total of 33 were identified, of which 15 genes originated from the chloroplast 

198 genome. Regarding the ribosomal RNA (rRNA) genes, seven genes were identified, of which three 

199 originated from the chloroplast genome (Table 1).  

200 In our analysis within species from the order Malpighiales, we identified a conserved set of 

201 core mitochondrial genes, comprising ATP synthase subunits (atp), cytochrome c oxidase subunits 

202 (cox), cytochrome c maturation genes (ccm), NADH dehydrogenase subunits (nad), as well as mttB, 

203 matR, and cob. Among the species analyzed, M. esculenta was the only one lacking the cox1 gene. 

204 Notably, B. sexangula exhibited two copies of both atp6 and ccmB genes, whereas B. caapi has two 

205 copies of atp4 and ccmB. The ribosomal protein gene families (rpl and rps) displayed greater variability 

206 among the species, with only rps3 and rps12 consistently present across all taxa (Figure 2). Patterns of 

207 shared gene absence were observed among closely related taxa, which are consistent with the possibility 

208 of ancestral gene losses within these lineages. Based solely on the observed presence/absence patterns, 

209 the absence of rps13 in C. brasiliense, C. soulattri, P. alba, S. brachista, S. dunnii and V. diffusa may 

210 reflect an early loss along the lineage leading to this group; however, explicit ancestral-state 

211 reconstruction would be required to formally test this hypothesis.

212

213  

214
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215 Figure 1. Genome map of the two mitochondrial chromosomes of Caryocar brasiliense. The genes in 

216 the inner part of the circles are transcribed clockwise, and the genes in the outer part are transcribed 

217 counterclockwise. The genes are colored according to the functional group to which they belong, as 

218 indicated in the legend. A gray bar plot on the internal circle represents the GC content distribution. 

219 The smaller pink and green circles in the image show the graph generated during assembly for each 

220 chromosome.

221 Table 1. Description of the genes identified in both chromosomes of the Caryocar brasiliense 

222 mitochondrial genome.  

Group of genes Gene
Complex I (NADH dehydrogenase) nad12*, nad22*, nad32, nad4 †, nad4L†*, nad6†, nad72* and 

nad92

Complex II (succinate 

dehydrogenase) sdh3† and sdh4†

Complex III (ubiquinol cytochrome 

c reductase) cob†

Complex IV (cytochrome c 

oxidase) cox1‡, cox2†* and cox3‡

Complex V (ATP synthase) atp1†, atp4†, atp6‡, atp8† and atp9†

Cytochrome c biogenesis ccmB‡, ccmC‡, ccmFC‡* and ccmFn†

Ribosomal proteins (SSU) rps1†, rps3†*, rps4†, rps7‡*, rps10‡*, rps12†‡2# and  rps19‡

Ribosomal proteins (LSU) rpl5†, rpl10† and rpl16†

Maturase matR‡

Transport membrane proteins mttB†

tRNA trnC-GCA†,‡,§, trnD-GUC†, trnE-UUC†, trnF-GAA‡, trnG-

GCC†,#, trnH-GUG†, trnK-UUU‡, trnL-CAA†, trnM-CAU†,‡,#,§, 

trnN-GUU‡,§, trnP-UGG‡,§, trnQ-UUG†,#, trnR-ACG†, trnS-
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GCU†,‡,#, trnS-GGA†, trnS-UGA†,#, trnV-GAC†, trnW-CCA‡,§, 

trnY-GUA‡

rRNA rrn4.5†, rrn5†, #, rrn16†, rrn23†, rrnL† and rrnS†

ptDNA genes accD‡, atpA‡, atpE†, atpH‡, atpI‡, cemA‡, petA‡, petB‡, petG‡, 

petN‡, psaI‡, psaJ‡, psbB‡, psbC†, psbH‡, psbI†, psbK†, psbN‡, 

psbT‡, psbZ†, rpl20‡, rpl33‡, rps2‡, rps18‡, ycf4‡

pseudogenes atpB†, atpF‡*, ndhB†*, psaA†, psaB†, psbA†, psbD†, psbF†, 

rpoB†

223 † Genes on chromosome 1; ‡ Genes on chromosome 2; * Genes with introns; # Duplicated genes in 

224 chromosome 1. § Duplicated genes in chromosome 2. 
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225

226 Figure 2. Gene variation across the mitogenomes of ten Malpighiales species. Circle colors indicate the 

227 number of gene copies in each species, as shown in the legend. Species were sorted according to the 
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228 mitochondrial phylogeny, inferred in IQ-TREE3 using the GTR+F+R2 substitution model with 1000 

229 ultrafast bootstrap replicates. 

230 Intracellular gene transfer and repeat sequences of the mitochondrial genome

231 We identified a total of 58 shared regions between the chloroplast and mitochondrial genomes 

232 (MTPTs) of C. brasiliense (Figure 3A). Of these, 28 MTPTs are located in mitochondrial chromosome 

233 one, corresponding to 50,532 bp (16.91%) of total genome size, and 30 MTPTs are located in 

234 chromosome two, corresponding to 31,803 bp (13.62%) of total genome size (Supplementary File S03). 

235 These shared regions include a total of 52 chloroplast genes: 34 protein-coding genes, 15 tRNA genes, 

236 and 3 rRNA genes. The largest MTPT was found in chromosome one, with a total length of 9,208 bp 

237 (Cbr-chr1_MTPT1). This MTPT involves five genes located in the inverted repeat (IR) region of the 

238 chloroplast (trnV, rrn16, rrn23, rrn5, and trnR). Chromosome two contains the second-largest MTPT 

239 (Cbr-chr2_MTPT1), with a total length of 6,026 bp and involving five chloroplast genes located in the 

240 large single-copy (LSC) region (accD, psaI, ycf4, cemA, and petA).
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241

242 Figure 3. Schematic diagram of the Caryocar brasiliense genome architecture. A) Mitochondrial DNA 

243 of plastid origin (MTPTs) was identified in both mitochondrial chromosomes. B) Repetitive sequences 

244 identified in mitochondrial chromosome one. C) Repetitive sequences identified in mitochondrial 

245 chromosome two.  The links between the regions in part A represent the MTPTs. The links in parts B 

246 and C represent the positions of complex repetitions, coloured according to type.  The gene positions 

247 are indicated by the large boxes.

248 We identified 77 putative NUMT regions. Among these, 33 are located on chromosome 1, 

249 spanning 92,238 bp (30.78%), and 44 are located on chromosome 2, totaling 83,636 bp (35.72%) 

250 (Supplementary File S04). Four nuclear genes were found to be associated with these NUMT regions. 

251 In Cbr-chr1_NUMT10, we identified a segment corresponding to intron 2 of the P-loop NTPase 
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252 domain-containing protein LPA1 homolog gene. In Cbr-chr2_NUMT6, a segment matching intron 1 of 

253 the Serine/threonine-protein kinase gene was detected. In Cbr-chr2_NUMT10, the NUMT includes 

254 both exon five and intron 4 of a gene belonging to the chaperonin (HSP60) family. Notably, only one 

255 NUMT (Cbr-chr2_NUMT42) contains a complete nuclear gene: ribonuclease H protein At1g65750-

256 like. The largest NUMT (6,905 bp) was found on chromosome 2 (Cbr-chr2_NUMT35) and is not 

257 associated with any gene region.

258  The repeat regions are shown in Figure 4. About the repeat regions, Chromosome 2 showed a 

259 higher abundance and wider size range of internal and dispersed repeats than chromosome 1, including 

260 the longest repeats detected in the dataset. In both chromosomes, forward and palindromic types 

261 dominated dispersed repeats, whereas reverse repeats were rare and no complementary repeats were 

262 detected. The size of dispersed repeats ranged from 30 to 222 bp in chromosome 1, and from 30 to 1000 

263 bp in chromosome 2. Among the tandem repeats, we found eight repeats in chromosome one and seven 

264 repeats in chromosome 2. In comparison to the other Malpighiales species, M. esculenta exhibited the 

265 highest number of dispersed repeats, followed by P. alba. B. sexangula presented the lowest number. 

266 Regarding short tandem repeats (SSR) (1 to 6 bp), S. dunnii showed the highest count, while V. diffusa 

267 exhibited the lowest, as well as the tandem repeats (Figure 4).  In all species, forward repeats are the 

268 most frequent dispersed repeat and the mononucleotide motif was the most frequent type of SSR. 

269 Regarding the tandem repeats, we found eight in chromosome 1 and seven in chromosome 2.  

270 About the SSR repeats, we found 76 repeats in chromosome 1 and 64 in chromosome 2. The 

271 mononucleotide motifs are the most frequent, followed by the tetranucleotide motifs. In chromosome 

272 2, we did not find hexanucleotide motifs. The most frequent repeat motifs were A/T (45 repeats) and 

273 AAAG/CTTT (20 repeats), in both chromosomes.
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274

275 Figure 4.  Repetitive elements identified in the mitochondrial genome of Caryocar brasiliense 

276 compared with other Malpighiales species. A) Comparison of dispersed repeats between the 

277 mitochondrial genome of C. brasiliense and those of nine Malpighiales species; B) SSRs identified in 

278 the mitochondrial genome of ten Malpighiales species.

279 Our investigation into the relationship between mitochondrial genome size and both the number 

280 of dispersed repeats and the total size of dispersed repeats, using PGLS, revealed a significant positive 

281 correlation for the number of repeats only (t = 3.17; P = 0.015). The overall adjusted R2 of the PGLS 

282 was equal to 0.85, with maximum likelihood estimate of lambda equal to 1, indicating thus a linear 

283 phylogenetic structure underlying the model, corresponding to a Brownian motion evolutionary model. 

284 The PGLS analysis confirmed a strong positive correlation between mitogenome size and the number 

285 of dispersed repeats (β = 963.14,  R² = 0.88, adjusted R² = 0.87, F₁,₈ = 61.02, p = 5.18 × 10⁻⁵), with an 

286 estimated increase of approximately 963 bp in genome size per additional repeat unit (95% CI: [692, 

287 1234] bp). However, as Pagel’s λ for each variable were actually low (i.e., equal to 0.519, 0.559 and 

288 0.746 for genome size, number of repeats and total repeat length, respectively), we also fitted a standard 

289 multiple regression (OLS) model. The results of OLS were qualitatively similar to those in PGLS, even 

290 though the relative effect of total repeat was slightly higher and marginally significant (P = 0.061), as 

291 expected due to its slightly higher Pagel’s λ. The overall fit of OLS is much smaller than the PGLS (R2 

292 = 0.62). In any case, despite the uncertainty in Pagel’s λ for PGLS, the main explanations for the 
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293 mitochondrial genome size are relatively stable along the full gradient of phylogenetic structure in data. 

294 Importantly, other factors, such as number of analysed taxons, foreign DNA and variations in 

295 recombination rates, may also contribute to genome expansion. The limited number of mtDNA 

296 sequences available for Malpighiales species could restrict the robustness of this inference and could 

297 be more explored in future studies.

298 RNA editing sites, codon usage, and phylogenetic analysis 

299 A total of 376 RNA editing sites were predicted across 35 protein-coding genes (Supplementary 

300 File S05). The genes nad4 (29), ccmFn (27), ccmFc (22), and nad7 (20) had the highest number of RNA 

301 editing sites (Figure 5). Two types of RNA editing were identified: C→U (cytosine to uracil), with 259 

302 sites, and U→C (uracil to cytosine), with 141 sites. Regarding amino acid changes, 25 modifications 

303 were found, with the most frequent being S→L (serine to leucine), P→L (proline to leucine), S→F 

304 (serine to phenylalanine), and L→P (leucine to proline), occurring 58, 57, 38, and 31 times, 

305 respectively. The gene ccmFc contained an editing site in the last codon of the sequence, changing the 

306 amino acid arginine to a stop codon (R→*).

307

308 Figure 5. Total RNA editing sites for the 35 protein-coding genes present in the mitochondrial genome 

309 of Caryocar brasiliense. Genes are separated according to the functional group.
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310 The RSCU values were calculated considering all protein-coding genes of C. brasiliense 

311 (Figure 6). A total of 32 codons showed values greater than 1, indicating a preference for these codons. 

312 The stop codon AGA exhibited the highest RSCU value (2.65), followed by GCU coding for alanine 

313 (1.61) and CAU coding for histidine (1.52). We observed a preference for the AUG codon (methionine), 

314 with RSCU values of 1.07. Additionally, there was a notable preference for codons ending with A and 

315 U.

316

317 Figure 6.  RSCU of the codons in the mitochondrial genome of the Caryocar brasiliense.

318 The phylogenetic analyses based on mitochondrial and chloroplast genomes, using 17 and 55 

319 single-copy genes, respectively, grouped all species into their corresponding families (Figure 7). 

320 Bootstrap values in the mitochondrial phylogeny ranged from 53 to 100, while in the chloroplast 

321 phylogeny, they ranged from 17 to 100. However, the two trees exhibited slightly different topologies, 

322 with standardized RF equal to 0.25, but overall similarity considering the branch lengths is very high 

323 (Mantel test equal to 0.91, P << 0.01), due to high similarity within some genus (e.g., Populus, Salix), 

324 as well as common long and isolated  branches in others (e.g., Bruguiera, Banisteriopsis and 

325 Callophyllum). An important point in respect of the focal species is that, in the mitochondrial tree, C. 
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326 brasiliense formed a sister group to the clade composed of Salicaceae, Violaceae, and Calophyllaceae, 

327 following the topology Caryocaraceae + (Calophyllaceae (Violaceae + Salicaceae)). In contrast, the 

328 chloroplast phylogeny placed Caryocaraceae as a sister clade to Euphorbiaceae (Caryocaraceae + 

329 Euphorbiaceae).

330

331 Figure 7. Comparison between Mapighiales phylogenetic trees reconstructed using the Maximum 

332 Likelihood method. A) Phylogenetic tree of 17 single-copy genes from the mitochondrial genomes. B) 

333 Phylogenetic tree of 55 single-copy genes from the chloroplast genomes. The species Delonix regia 

334 (Fabales, Fabaceae) was used as an outgroup to root the trees. The values on the nodes represent 

335 bootstrap values for 1,000 replicates.

336

337 Discussion 

338 Plant mitochondrial genomes are highly dynamic, exhibiting high variation in structure, gene 

339 content, and genome size. Unlike the compact mitogenomes of animals, plant mitogenomes display 

340 frequent structural rearrangements, abundant repeats, and incorporation of foreign DNA, which 

341 complicate their genome assembly and annotation (Wei et al., 2022; Wang et al., 2024; Gui et al., 2025; 

342 Huang et al., 2025; Ma et al., 2025).  The mitochondrial genome size among species of the Malpighiales 

343 order varied considerably, ranging from 303,026 bp in B. sexangula to 838,420 bp in P. alba. We 
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344 identified two circular contigs that together constitute the mitochondrial genome of Caryocar 

345 brasiliense. Within the order Malpighiales, other species have also exhibited a multi-chromosomal 

346 mitochondrial structure. For example, Populus tomentosa C.K. Schneid (Salicaceae) possesses four 

347 mitochondrial chromosomes (Gao, Guo and An, 2025) while Sapria himalayana Griff. (Rafflesiaceae) 

348 has as many as 23 (Guo et al., 2023).

349 Although circular mitogenomes are often considered the most common configuration, linear 

350 and branched structures have also been reported in plants (Z. Q. Wu et al., 2022). For example Uncaria 

351 rhynchophylla (Miq.) Miq. ex Havil., has been described as having one circular and two linear 

352 mitochondrial chromosomes (Gui et al., 2025). In Caryocar brasiliense, we confirmed the presence of 

353 two mitochondrial chromosomes using graph visualization, which resulted in a circular graph, and the 

354 annotation of genes. We additionally inspected long-read coverage across the main junction supporting 

355 chromosome circularization. For each mitochondrial chromosome, an approximate 20 kb window 

356 spanning the junction (approximate 10 kb upstream and downstream) was examined, and the region 

357 was fully covered by Nanopore reads, with high mean depth (2,349× for chromosome 1 and 2,219× for 

358 chromosome 2). These results provide additional support for the circular representation of both 

359 mitochondrial chromosomes (Supplementary file S06). Nevertheless, we did not perform a systematic 

360 assessment of read spanning or coverage across all potential recombination breakpoints. Given that 

361 recombination-mediated isoforms are common in plant mitochondrial genomes, alternative linear or 

362 branched conformations may coexist but remain unresolved or underrepresented in the current 

363 assembly.

364 Given the extensive structural rearrangements, recombination, and incorporation of foreign 

365 DNA characteristic of plant mitochondrial genomes, the reference-guided pre-filtering of Nanopore and 

366 Illumina reads may introduce assembly biases, potentially leading to the underrepresentation of highly 

367 divergent or lineage-specific regions in C. brasiliense. Although the long read (longer than 1000 bp) 

368 could allow the capture of specific regions as long as they contain a conserved region, such as protein-

369 coding regions.  This strategy was necessary to reduce interference from abundant nuclear and plastid 

370 sequences; we cannot fully exclude the possibility that extremely divergent mitochondrial sequences 

371 were not captured during reference-based read selection. While long-read sequencing substantially 
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372 improves contiguity and enables the resolution of multipartite mitogenome structures compared to 

373 short-read approaches (Wu et al., 2022), alternative recombination-mediated conformations may 

374 coexist but remain unresolved or underrepresented in the current assembly.

375 Although our assembly and coverage analysis supports a bipartite circular representation of the 

376 C. brasiliense mitochondrial genome, it is important to recognize that plant mitochondrial genomes 

377 often exist in vivo as heterogeneous populations of molecules with multiple structural conformations 

378 (Kozik et al. 2019; Hao et al. 2024). Recombination mediated by repeated sequences can generate 

379 alternative isoforms, including linear and branched configurations, that coexist with circular forms 

380 (Yang et al. 2022). Our circular representation reflects the predominant topology detected in long-read 

381 sequencing data but does not exclude the existence of lower-abundance alternative conformations that 

382 may be functionally relevant. Future studies using complementary approaches, such as fluorescence 

383 microscopy or single-molecule analysis, could more completely characterize the structural dynamics of 

384 the C. brasiliense mitogenome.

385 The bipartite organization observed in plant mitogenomes may confer adaptive advantages, 

386 particularly by enabling greater control over gene expression, as distinct chromosomes can be replicated 

387 and transcribed independently (Wu et al., 2022). In addition, the abundance of repetitive sequences 

388 promotes intragenomic recombination, fostering isoform diversity and genomic plasticity (Gui et al., 

389 2025). Future studies integrating reference-free assembly strategies, recombination-aware analyses, and 

390 deeper long-read sequencing will be essential to further elucidate the structural dynamics and lineage-

391 specific mitochondrial genome architecture of Caryocaraceae.

392  All of the core protein-coding genes have been annotated on the C. brasiliense mitochondrial 

393 chromosome. In contrast, the ribosomal protein gene families and succinate dehydrogenase subunit 

394 genes (sdh3 and sdh4) exhibit greater variability, both present in C. brasiliense mitogenome. The 

395 mitochondrial genome of plants typically contains a diverse gene set; however, a conserved core of 

396 approximately 24 protein-coding genes is usually maintained (Kan et al., 2021; Wei et al., 2022). These 

397 gene families have frequently been transferred to the nuclear genome or, in some cases, substituted by 

398 homologous genes from the chloroplast genome (Mower, Sloan, and Alverson, 2012; Mower, 2020; 

399 Zardoya, 2020).
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400 We identified 28 functional cpDNA genes transferred to the mitogenome, including 25 protein-

401 coding genes and three rRNA genes. These transferred genes may contribute to genomic instability by 

402 facilitating recombination and structural rearrangements, previously reported in other plant species 

403 (Jackman et al., 2016; Zardoya, 2020; Han et al., 2022; Wei et al., 2022; Qiao et al., 2024; Gui et al., 

404 2025). Among the genes involved in MTPTs, eight were considered pseudogenes due to the presence 

405 of multiple stop codons within their sequences. All identified genes shared at least 80% similarity with 

406 their corresponding chloroplast genes, indicating that these sequences have undergone significant 

407 evolutionary changes, leading to a gradual loss of integrity.

408 Furthermore, certain cpDNA regions are known to be more susceptible to transfer to the 

409 mitochondrial genome, particularly those involving the genes trnW-CCA, trnA-UGC, rpl2, rpl23, trnI-

410 GAU, rps16, trnQ-UUG, psbK, psbI, trnS-GCU, trnG-UCC, trnS-UGA, psbZ, trnG-GCC, ndhF, rpl32, 

411 trnL-UAG, ccsA, and ndhD (Wang et al., 2007; Nam, 2024). Regarding the origin of the MTPT regions 

412 in the C. brasiliense mitogenome, 32 originated from the Large Single Copy (LSC) region and 26 from 

413 the Inverted Repeat (IR), both previously described as more prone to transfer. In contrast, MTPTs 

414 originating from the Small Single Copy (SSC) region were less frequent (Nam, 2024).

415 The transfer of sequences between chloroplast and mitochondrial genomes is a frequent 

416 evolutionary event, contributing between 1% and 10% to the total size of the mitogenome (Wei et al., 

417 2022; Jo et al., 2024). These transferred regions have been associated with genome expansion, 

418 recombination, and structural rearrangement events within plant mitogenomes (Sloan, Alverson, Wu, 

419 et al., 2012; Gualberto and Newton, 2017). 

420 The proportion of plastid-derived DNA in the C. brasiliense mitogenome (~17% of the 

421 mitogenome) is notably high but falls within the wide variation observed in angiosperms. Recent studies 

422 have documented proportions ranging from ~1.5% in Viburnum chinshanense (Ma et al. 2022) to 

423 exceptional cases where plastid transfers represent 28-42% of the plastid genome incorporated into the 

424 mitogenome (Paphiopedilum micranthum, Yang et al. 2023; Vitis vinifera, Fang et al. 2012). This 

425 variation reflects lineage-specific differences in transfer rate, retention of transferred sequences, and 

426 recombination dynamics (Park et al. 2020). The high proportion in C. brasiliense may be related to 

427 recent transfer events or a reduced rate of loss of incorporated plastid sequences. Additional 
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428 comparative studies within Caryocaraceae and Malpighiales will be necessary to determine whether 

429 this feature is specific to C. brasiliense or represents a broader pattern in the family.

430 The presence of MTPTs highlights the complexity of plant mitochondrial genomes. This 

431 genomic complexity, driven by frequent inter-organellar DNA transfer events, distinguishes plant 

432 mitogenomes from those of other eukaryotic lineages, where such transfers are less common (Wang et 

433 al., 2007; Mower, Sloan, and Alverson, 2012; Mower, 2020; Zardoya, 2020). The high number of 

434 pseudogenes among the transferred cpDNA sequences also suggests that, although these transfers occur 

435 recurrently, many of the incorporated sequences gradually lose functionality over time due to the 

436 accumulation of mutations and structural rearrangements. Moreover, the preferential transfer of LSC 

437 and IR regions, along with the clustering of MTPTs in specific genomic areas, supports the hypothesis 

438 that recombination hotspots play a significant role in shaping the mitogenome structure throughout plant 

439 evolution.

440 The mechanisms underlying the transfer of mitochondrial DNA segments to the nuclear 

441 genome remain unclear. The complexity of both nuclear and mitochondrial genomes, along with 

442 limitations in available genomic data, makes the identification of these transferred segments particularly 

443 challenging. In C. brasiliense, the presence of 77 NUMT regions in the nuclear genome suggests that 

444 mitochondrial DNA transfer is a relatively frequent evolutionary event.  Notably, most of the NUMTs 

445 identified, which are not associated with any annotated gene, support the hypothesis that many of these 

446 insertions may be functionally neutral and retained passively over time. Previous studies have shown 

447 that the number of NUMTs is often positively correlated with nuclear genome size and that these 

448 insertions tend to accumulate preferentially in intergenic regions (Ko and Kim, 2016; Park et al., 2025). 

449 Although we detected significant evidence of DNA sequence transfer between the nucleus and the 

450 chloroplast, our findings likely underestimate the true number of NUMTs. This is primarily due to the 

451 preliminary stage of the C. brasiliense draft nuclear genome, with only an estimated 49% of the genome 

452 currently assembled (Nunes, Gonçalves, and Telles, 2019). We therefore encourage further genomic 

453 and transcriptomic studies to improve the completeness and quality of the reference genome.

454 When compared to other Malpighiales species, the number of dispersed repeats and SSRs 

455 identified in C. brasiliense is intermediate, with higher counts than B. sexangula but lower than M. 
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456 esculenta and P. alba. Notably, in C. brasiliense, forward repeats were the most frequent type of 

457 dispersed repeat, and mononucleotide motifs predominated among SSRs, a pattern consistently 

458 observed across all analyzed species. This predominance of forward and mononucleotide repeats has 

459 also been widely reported in other angiosperm mitogenomes (Cai et al., 2024; Wang et al., 2024), 

460 suggesting that these repetitive elements can be used in the recombination process, contributing to 

461 mitogenome structural rearrangements and size variation (Gui et al., 2025; Huang et al., 2025; Ma et 

462 al., 2025). The chloroplast genome of C. brasiliense contains 49 dispersed repeats, including 18 

463 forward, 30 palindromic, and one reverse repeat. Additionally, 85 SSRs were identified, with 

464 mononucleotide repeats being the most abundant (Nunes et al., 2020). In comparison, the mitochondrial 

465 genome of C. brasiliense exhibits a higher repeat density than the chloroplast genome. Together with 

466 MTPT transfers, the accumulation and recombination of repeat sequences represent key drivers of plant 

467 mitogenome size evolution, shaping its dynamic and complex architecture. 

468 RNA editing is an essential post-transcriptional process that ensures the accuracy of gene 

469 expression and the production of functional proteins. In plants, RNA editing plays crucial roles in 

470 various biological processes, including signal transduction, environmental adaptability, and the 

471 biosynthesis of essential components within mitochondria and chloroplasts (Chen et al., 2025). The 

472 number of RNA editing sites can vary across different plant tissues and species, with cytosine-to-uridine 

473 conversions being the most predominant type of editing event (Ouyang et al., 2025). Among 

474 mitochondrial genes, members of the cytochrome c maturation (ccm) gene family consistently exhibit 

475 the highest number of RNA editing sites, followed by nad4 and nad7 (Cai et al., 2024; Wang et al., 

476 2024; Zhang, Liu, and Wei, 2024). In this work, the nad4, ccmFn, ccmFc, and nad7 genes exhibited the 

477 highest number of RNA editing sites. These genes play essential roles in the mitochondrial respiratory 

478 chain and cytochrome c maturation, suggesting that RNA editing may modulate bioenergetic efficiency. 

479 Notably, an editing event in ccmFc converts an arginine codon into a stop codon (R→*), potentially 

480 regulating translation termination and influencing protein structure and function. The computational 

481 prediction of 376 C-to-U RNA editing sites provides testable hypotheses about post-transcriptional 

482 regulation in the C. brasiliense mitogenome. However, it is essential to recognize the limitations of 

483 predictive approaches: sequence-based methods do not fully capture the biological determinants of 
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484 editing, including trans-acting factors (PPR and auxiliary proteins) and transcript structural contexts 

485 (Gutmann et al. 2021; Brehme et al. 2015). Validation studies in other species show that while 

486 computational prediction is useful, confirmation rates vary. For example, Zheng et al. (2020) validated 

487 87.5% (14 of 16) of predicted sites in Salvia miltiorrhiza using RT-PCR and Sanger sequencing, while 

488 other studies show variable rates depending on method and organism.

489 The potential functional consequences of predicted editing sites in energy metabolism genes, 

490 including possible changes in protein structure and translational efficiency, should be considered 

491 hypothetical until confirmed by transcriptomic analysis (strand-specific RNA-seq), cDNA sequencing, 

492 or proteomic analysis. Future studies combining RNA sequencing with functional analysis of mutants 

493 will be necessary to determine which predicted sites are actually edited in vivo and their consequences 

494 for mitochondrial function and plant fitness.

495 The RSCU values ranged from 0.25 (UAG - stop codon) to 2.65 (AGA - stop codon). RSCU 

496 values greater than 1 indicate a preference for specific codons under random usage conditions, and in 

497 this study, we observed a preference for codons ending with A and U, consistent with previous reports 

498 (Zhang, Liu and Wei, 2024; Hu et al., 2025; Ma et al., 2025). The amino acids leucine and serine were 

499 the most frequently used in C. brasiliense, and a preference for these codons in plant mitogenomes has 

500 also been reported in species of the genus Scaevola (Asterales) (Meng et al., 2025) and the genus 

501 Cymbaria (Orobanchaceae) (Ma et al., 2025). Understanding codon usage preference is essential for 

502 several biological processes, including protein structure, gene expression, genome evolution, and 

503 adaptability.

504 The position of the Caryocaraceae family in the phylogenetic tree for the order Malpighiales is 

505 not well defined. Studies based on chloroplast genomes have shown Caryocaraceae as a sister clade to 

506 the other families of the order (Nunes, de Souza, et al., 2020). However, the low support values observed 

507 in the chloroplast-based tree may be related to the limited number of species and genes analyzed. 

508 Increasing both taxa and gene sampling may help improve support for phylogenetic relationships more 

509 clearly. In our mitochondrial phylogenetic tree, the position of the Caryocaraceae family is supported 

510 by moderate bootstrap values. The complexity of the mitochondrial genome, combined with the lower 

511 availability of mitochondrial data, makes phylogenetic reconstruction particularly challenging.

Page 25 of 36 Genome (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
18

9.
5.

15
3.

16
0 

on
 0

6/
19

/2
6

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



512 In this study, we report the first complete mitochondrial genome of Caryocar brasiliense, 

513 revealing a bipartite structure and providing a detailed annotation and comparative analysis within 

514 Malpighiales. Our findings highlight the dynamic nature of plant mitochondrial genomes, including 

515 high levels of intergenomic transfer and extensive RNA editing. The results provide valuable insights 

516 into mitochondrial genome evolution and offer a new genomic resource for the conservation, 

517 phylogenetics, and genetic characterization of C. brasiliense. This type of study is significant for C. 

518 brasiliense, a species that remains underexplored despite its significant socio-economic importance.
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537 All DNA sequence data generated in this study have been deposited in the NCBI. The assembly mtDNA 

538 was deposited at the GenBank database under the accession numbers PX396084 (Cbr_mt-Chr1) and 

539 PX396085 (Cbr_mt-Chr2). The raw reads generated in this study were deposited at the SRA database 

540 under the accession numbers SRR37028966 (Cbr_chr1) and SRR37028965 (Cbr_chr2). 
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