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Carya illinoinensis is an economically important nut tree, and its chloroplast (cp.) genome has 
been reported; however, its mitochondrial (mt) genome remains unknown. In the present study, 
we assembled the first mt genome of C. illinoinensis. The circular mt genome of C. illinoinensis is 
495,205 bp long, with 37 protein-coding genes(PCGs), 24 tRNA genes, and 3 rRNA genes. All the 
tRNAs could be folded into typical cloverleaf secondary structures, with lengths of 58–88 bp. A 
conserved U-U-C-x-A-x2 consensus nucleotide sequence was discovered in the Ψ–loops of tRNA 
sequences. In addition, 447 dispersed repeats were detected, as well as found 482 RNA editing 
sites and 9,960 codons in the mt genome. Furthermore, a total of 27 DNA sequences with a length 
of 43,277 bp were transferred from the cp. to the mt genome, and eight integrated cp-derived 
genes (trnL-CAA, trnV-GAC, trnD-GUC, trnW-CCA, trnN-GUU, trnH-GUG, trnM-CAU, and rps7) were 
identified. We also obtained 1,086 hits, including 364.023 kp of nuclear genome sequences, that were 
transferred to the mt genome. To determine the evolutionary position of C. illinoinensis, we conducted 
a phylogenetic analysis of the mitogenomes of C. illinoinensis and 14 other taxa. The results strongly 
suggested that C. illinoinensis and Fagus sylvatica formed a single clade with 100% bootstrap support. 
This study sequenced comprehensive data on the C. illinoinensis mitochondrial genome and provided 
insights into the conserved sequences of tRNA genes, which could facilitate evolutionary research in 
other Carya trees in the future.
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The mitochondrion is a semiautonomous eukaryotic organelle that participates in energy conversion, 
biosynthesis, and signal transduction in living cells1. The animal mt genome is about 16 to 17  kb long and 
forms a single circular assembly molecule2. In contrast, the plant mitogenome is more highly complex and 
diverse in terms of size, structure, gene content, and gene order3. The size of plant mitogenomes varies greatly, 
ranging from 66 kb (Viscum scurruloideum)4 to 11,300 kb (Silene conica)5, with most genomes between 200 and 
800 kb in length6. The gene content of plant mitogenomes also varies considerably, ranging from 32 to 67 genes, 
and some genes, such as those encoding NADH dehydrogenase, ATP synthase, ubiquinol cytochrome, and 
cytochrome c biogenesis, are highly conserved7. For most seed plants, nuclear genetic information is inherited 
from both parents, whereas the DNA of cp. and mt are derived from maternal genes8. This genetic mechanism 
makes it easier to study genetics because the genetic information comes from the maternal line9. In addition, 
recent studies have reported intergenomic gene transfer among the nuclear, plastid, and mt genomes, which is a 
common phenomenon in plant evolution10,11.

C. illinoinensis, commonly known as pecan, belongs to the Juglandaceae family and is the most valuable 
nut tree native to North America. It is widely distributed and can tolerate various environmental conditions 
(between 30° N and 42° N)12. The pecan is commercially produced in New Mexico, Georgia, Louisiana, and 
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Texas, as well as Mexico13. It was introduced to China at the end of the 19th century. In recent years, pecan has 
been proven to be suitable for planting in southern areas of the Yangtze River valley, including Jiangsu, Anhui, 
and Zhejiang Provinces, and is widely grown in China14,15. In comparison with most other nuts, pecans contain 
high quantities of unsaturated fatty acids and high levels of antioxidants, as well as a series of phytochemicals 
such as phenolic compounds16. Pecans are also a rich source of dietary fibre, protein, minerals, and vitamins17. 
Recently, the cp. genomes of C. illinoinensis cv. pawnee18, C. illinoinensis cv. Wichita19, C. illinoinensis cv. 87MX3-
2.11, and C. illinoinensis cv. Lakota20 were identified, and nuclear genome sequencing has been performed in 
C. illinoinensis21. The sequencing of more cp. genomes and genomes will facilitate the identification of genetic 
variations, and provide new insights into the study of interspecific relationships of pecans. However, to date, 
there have been no reports on the mt genomes of any species.

In this study, we aimed to assemble the full mt genome of C. illinoinensis via a combination of third-
generation sequencing and second-generation sequencing techniques. After the mt genome was assembled, the 
secondary structure and conservation of tRNAs were identified. The repeat sequences, synonymous codon use, 
RNA editing, DNA transfer, and phylogenetic relationships were also analysed. These results may help to better 
elucidate the features of the C. illinoinensis mt genome.

Results
Genomic features of the C. illinoinensis mt genome
The C. illinoinensis genome sequence was submitted to the GenBank database (accession number PRJNA824975). 
We assembled and annotated a high-quality mitogenome for C. illinoinensis via second- and third-generation 
sequencing methods. The Illumina sequencing yielded 19,113,015 reads, with a minimum coverage depth of 52x 
and an average of 355.4x across the entire genome (Figure S1, and Tables S1). For the Nanopore sequencing, we 
obtained 1,629,169 reads, with an average read length of 6,007 bp and an N50 of 10,756 bp (Figure S2, and Tables 
S2). The C. illinoinensis mt genome is circular with a length of 495,205 bp (Fig. 1). The nucleotide composition 
of the mt genome was 27.32% A, 27.70% T, 22.52% G, and 22.46% C, and the GC content was 44.98% (Table S3). 
There were 64 genes annotated in the mt genome, including 37 PCGs, 24 tRNA genes, and 3 rRNA genes. PCGs, 
tRNAs, and rRNAs made up 6.11%, 0.36%, and 1.12% of the total mt genome, respectively.

The C. illinoinensis mt genome encodes 37 different proteins, which can be divided into 10 categories 
(Table 1). The start codon of all PCGs was ATG, and the use rates of the TAA, TGA, and TAG stop codons 
were quite different. The use rates of TAA, TGA, and TAG were 54.05% (20/37), 32.43% (12/37), and 13.51% 
(5/37), respectively, with the stop codon TAA being the most prevalent. In addition, 10 intron-containing genes 
were identified in the mt genome of C. illinoinensis, among which the ccmFC, cox2, rps2, rps19, and rps4 genes 
included one intron; nad4 contained three introns; and nad1, nad2, nad5, and nad7 included four introns.

Conservation sequences of the tRNA gene secondary structures
Twenty-four distinct tRNA genes were found in the C. illinoinensis mt genome. All the tRNA genes were involved 
in the transport of the 20 amino acids, suggesting that two or more tRNAs might transport the same amino acid 
to different codons. For example, trnS-GCT and trnS-TGA are associated with the synonymous codons GCU and 
GCA, which are involved in the transportation of serine. All the tRNAs could be folded into typical cloverleaf 
secondary structures and possessed an acceptor arm, anticodon arm, anticodon loop, D-arm, D-loop, Ψ-arm, 
and Ψ-loop (Fig. 2). We observed that tRNAs trnD-GTC and trnM-CAT had different structures, and that five 
tRNAs (trnD-GTC, trnL-CAA, trnS-GCT, trnS-TGA, and trnY-CTA) possessed an additional variable region that 
formed a stem loop.

The 24 tRNA sequences of the pecan mt genome were analysed for consensus bases (Table 2), and no conserved 
sequences were found in the acceptor arm, D-arm, or D-loop. However, the first positions of the acceptor arm 
and D-arm were both G nucleotides, accounting for 75% and 83.33%, respectively. The first and end positions of 
the D-loop were mostly A nucleotides, accounting for 75% and 95.83%, respectively. The number of base pairs 
in the acceptor arm was 6 and 7; most D-arms had 3 bp and 4 bp, and only trnY-GTA had 2 bp. The number of 
bases contained in the D-loop was 7–11 bp and 13 bp; the highest proportion of bases was 9 bp (25%), and the 
lowest was 13 bp (0.04%). The number of base pairs in the anticodon arm and anticodon loops was relatively 
stable. The anticodon arm was mainly 5 bp in length, accounting for 91.67%, and the remaining 4 bp, accounted 
for only 8.33%. The anticodon loops all had 7 bp, and the common sequence mainly appeared in the last two 
positions, which were A-A nucleotides, accounting for 70.83%. Each Ψ-arm had 5 bp, the last two positions of 
which were mainly G-G nucleotides, except for trnV-GAC, which ended in A-G nucleotides. Each Ψ-arm had 
5 bp, and the last two positions were mainly G-G nucleotides, except for trnV-GAC nucleotides, which ended 
in A-G nucleotides. The position of the Ψ-loop was the most conserved, and all the Ψ-loops were 7 bp. The first 
three base pair combinations were U-U-C nucleotides, and the fifth position was an A nucleotide. The conserved 
region was U-U-C-x-A-x2 nucleotides in the Ψ-loops of the C. illinoinensis mt genome.

A total of 6 bp mismatches were observed in the 24 tRNAs. Three mismatches occurred in the anticodon, 
specifically, U-U (twice) and G-A mismatches, and the other three occurred in the codon, U-U (twice) and C-A 
mismatches.

Repeat sequence analysis
Dispersed sequences are repetitive sequences scattered throughout the genome. In the present study, a total 
of 447 dispersed repeats were identified in the C. illinoinensis mt genome, including 241 forward (53.91%), 
201 palindromic (44.97%), 2 reverse (0.45%), and 3 complementary (0.67%) repeats. The distribution of the 
dispersed repeats is shown in Fig. 3. Most repeats were 30–39 bp long (298 repeats, 64.88%); however, three 
sequences were longer than 200 bp. Most of the repeats were concentrated in intergenic spacers (IGSs), and the 
remaining repeats were located in coding regions.
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SSRs are DNA fragments with lengths of 1–6 bp. Unique SSR markers are excellent tools for intraspecific 
population genetic variation research, interspecific evolutionary studies, and identification studies22,23. In this 
study, a total of 432 SSRs were detected in the C. illinoinensis mitogenome, including 162 (37.50%) monomers, 
189 (43.75%) dimers, 22 (5.09%) trimers, 54 (12.50%) tetramers, and 18 (1.16%) pentamer repeats (Table S4). 
Among all the SSRs, more than 81% were monomeric or dimeric repeats. Further analysis of SSR repeat units 
revealed that 87.65% of the monomers had A/T contents and that 66.48% of the dinucleotide repeats were AT/
TA or AG/TC.

Codon preference analysis
In C. illinoinensis, 9,960 amino acids are encoded. The most frequently used amino acids were Ser (905, 9.09%), 
Leu (834, 8.37%), and Ile (750, 7.3%), and the least common amino acids were Trp (1.50%) and Cys (1.36%) 
(Fig. 4). Owing to the degeneracy of codons, each amino acid is encoded by more than one codon (synonymous 
codon) in organisms24. The utilization rate of codons varies greatly among different species; this inequality of 

Fig. 1.  The circular map of C. illinoinensis mt genome. Genes positioned on the exterior and interior of the 
circle are transcribed in a clockwise and counterclockwise direction, respectively. The dark gray area in the 
inner ring indicates the GC content. The different color blocks inside represent different functional gene 
groups.
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Group of genes Gene name Length Start codon Stop codon Amino acids

NADH dehydrogenase

nad1**** 978 ATG TAA 326

nad2**** 1467 ATG TAA 489

nad3 357 ATG TAA 119

nad4*** 1488 ATG TGA 496

nad4L 273 ATG TAA 91

nad5***** 2013 ATG TAA 671

nad6 618 ATG TAA 206

nad7**** 1185 ATG TAG 395

nad9 573 ATG TAA 191

ATP synthase

atp1 1530 ATG TGA 510

atp4 597 ATG TAG 199

atp6 951 ATG TAA 317

atp8 480 ATG TAA 160

atp9 258 ATG TAA 86

Cytohrome c biogenesis

ccmB 615 ATG TGA 205

ccmC 1047 ATG TGA 349

ccmFC* 1317 ATG TGA 439

ccmFN 1734 ATG TGA 578

Cytochrome c oxidase

cox1 1584 ATG TAA 528

cox2* 783 ATG TAA 261

cox3 798 ATG TGA 266

Ubichinol cytochrome c reductase cob 1182 ATG TGA 394

Maturases matR 1971 ATG TAG 657

Transport membrance protein mttB 348 ATG TAG 116

Ribosomal proteins (LSU)

rpl10 489 ATG TAA 163

rpl16 249 ATG TAA 83

rpl2* 999 ATG TAA 333

rpl5 552 ATG TAA 184

Ribosomal proteins (SSU)

rps1 606 ATG TAA 202

rps10 330 ATG TAA 110

rps12 378 ATG TGA 126

rps14 261 ATG TAG 87

rps19* 297 ATG TGA 99

rps4 825 ATG TAA 275

rps7* 432 ATG TAA 144

Succinate dehydrogenase sdh3 318 ATG TGA 106

sdh4 387 ATG TGA 129

Ribosomal RNAs rrn18 2050

rrn26 3396

rrn5 117

Transfer RNAs trnC-GCA(2) (73, 71)

trnD-GTC(2) (74, 58)

trnE-TTC 72

trnF-GAA 74

trnG-GCC 72

trnH-GTG 74

trnK-TTT 73

trnL-CAA 71

trnM-CAT(5) (74, 74, 74, 73, 73)

trnN-GTT 72

trnP-TGG(2) (75, 74)

trnQ-TTG 72

Continued
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codons is called relative synonymous codon usage (RSCU). The RSCU is thought to be the result of natural 
selection in organisms, and amino acids are thought to preferentially use codons whose RSCU higher than 125. 
Codon preference analysis was performed on 37 unique PCGs of C. illinoinensis mt, and the codon usage of 
individual amino acids is shown in Table S5. The results revealed that all the genes were encoded by 9,960 codons, 
and 64 different codons encoded the 20 amino acids. The most frequently used codons were UUU (Phe), AUU 
(Ile), and UUC (Phe), which were used 373 (3.74%), 338 (3.39%), and 289 (2.90%) times, respectively. There 
were 31 codons (one stop codon) with an RSCU > 1, indicating that the usage frequency of these codons was 
greater than that of other synonymous codons. Among these codons, 27 ended with the A/U base, accounting 
for 87.10% (27/31), suggesting that high-frequency codons tend to end in A/U bases.

Prediction of RNA editing sites
RNA editing is a posttranscriptional process that converts specific cytidines to uridines in the cp. and mt genomes 
of land plants26. This process is necessary for gene expression, as it increases protein conservation among plants 
by modifying codons. In this study, 482 RNA editing sites in 37 PCGs were predicted in the mt genome of C. 
illinoinensis (Table 3). Among those PCGs, only 1 gene (rps19) encoded none of the RNA editing sites, and 36 
genes had RNA editing sites. The nad4 encoded the most RNA editing sites (43 sites, 8.92%), followed by the 
ccmB gene, which had 36 RNA editing sites. The rps14 and rps1 genes had the lowest number of RNA editing 
events, with only one and two editing sites, respectively (Fig. 5). Among those sites, 69.29% (334 sites) were 
located at the second position of the triplet codon, 30.71% (148 sites) occurred in the first position of the codon, 
and none were locate at the predicted third base position.

RNA editing results in diverse start and stop codons, which might lead to the premature termination of 
PCGs27. Additionally, further analysis revealed that 45.85% (221 sites) of the RNA edited amino acids were 
converted from a hydrophilic to a hydrophobic amino acid, 33.20% (160 sites) from a hydrophobic to another 
hydrophobic amino acid, 12.86% (62 sites) from a hydrophilic to another hydrophilic amino acid, and 7.68% 
(37 sites) from a hydrophobic to a hydrophilic. Only two amino acids, glutamine and arginine, were converted 
to a stop codon. Among these amino acids, most tended to be converted from proline to leucine (24.27%, 117 
sites), serine to leucine (213.03%, 111 sites), or serine to phenylalanine (13.07%, 63 sites). The remaining 191 
RNA editing sites were distributed in other RNA editing types, including arginine to cysteine, proline to serine, 
arginine to tryptophan, histidine to tyrosine, leucine to phenylalanine, proline to phenylalanine, alanine to 
valine, threonine to isoleucine, threonine to methionine, and glutamine and arginine to X, where X represents a 
stop codon. The results revealed that amino acids tended to be leucine after RNA editing, which was supported 
by the fact that 47.30% (228 sites) of the edits were converted to leucine.

DNA migration among cp., mt, and nuclear
The C. illinoinensis mitogenome sequence (495,205 bp) is approximately 3.08 times longer than its cp. genome 
(160,819 bp)28. A total of 27 fragments with a length of 43,277 bp, accounting for 8.74% of the mitogenome, 
migrated from the cp. to the mt genome of C. illinoinensis (Fig. 6). The homologous fragments varied widely, 
with the shortest being 39 bp and the longest being 15,012 bp. Eight integrated cp-derived genes were located 
on these fragments, including seven tRNA genes and one PCG gene, namely, trnL-CAA, trnV-GAC, trnD-GUC, 
trnW-CCA, trnN-GUU, trnH-GUG, trnM-CAU, and rps7. The data also revealed that some PCGs, such as rpl23, 
rpl2, psaB, rpoC2, and psbE, migrated from the cp. to the mitogenome. However, most of these genes lost their 
integrity during evolution, and only partial sequences of these genes can be found in the mitogenome (Table 4). 
The different completeness levels of the transferred PCGs and tRNA genes suggested that tRNA genes were much 
more conserved in the mt genome than PCGs, indicating that tRNAs play an indispensable role in mitochondria.

The C. illinoinensis mt genome was searched against its available nuclear genome, and 1,086 hits were obtained, 
including 364.023 kp of nuclear genome sequences that were transferred to the mt genome. The mitochondrial–
nuclear alignment showed that hits occurred on every chromosome (Fig.  7A). However, the total length of 
the hits and the percent coverage on every chromosome were different. Chromosome 16 had the maximum 
total length of hits (53.643 kb) and the highest coverage (0.18%). In contrast, chromosomes 5, 7, and 8 had the 
lowest coverage (0.03%). In addition, the fragment lengths were mainly between 35 bp and 200 bp (Fig. 7B), 
and the largest fragment was 15.012 kb in length on chromosome 16, with a homology of 98%. Interestingly, we 
found that most of the homologous sequences (19/27) of the cp. and mt genes were located on chromosome 16 
(Table S6), indicating that the exchange of genetic material between the organelles and the nuclear genome of C. 
illinoinensis occurred mainly on chromosome 16.

Group of genes Gene name Length Start codon Stop codon Amino acids

trnS-GCT 88

trnS-TGA 87

trnV-GAC 72

trnW-CCA 74

trnY-GTA 83

Table 1.  Gene profile and organization of C. Illinoinensis mitogenome. Notes: The numbers after the gene 
names indicate the duplication number, and the superscripts *,***, and****represent one, three and four 
introns contained, respectively.
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Phylogenetic analysis
To understand the evolution of C. illinoinensis, we downloaded 14 plant mitogenomes from GenBank 
(https://www.ncbi.nlm.nih.gov/genome/browse/) and constructed a phylogenetic tree based on 36 conserved 
mitochondrial PCGs. As shown in Fig. 8, all the nodes in the generated tree had bootstrap support values greater 
than 98%, including 12 nodes with 100% support. The phylogenetic tree strongly suggested (100% bootstrap 
support) the close phylogenetic relationship between C. illinoinensis and Fagus sylvatica, and these two plants 

Fig. 2.  Structure of C. illinoinensis mt genome tRNAs.
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belong to the order Magnoliales, and the family Lauraceae. Overall, the results of our analysis of the mitogenomes 
provide a valuable foundation for future analyses of the phylogenetic affinities of Carya species.

Discussion
Compared with those of animals, Plant mitochondria have more complex structures because they have variable 
genome sizes, multiple types of repeated sequences, and a large number of noncoding regions29,30. The rapid 
development of next-generation sequencing technology has accelerated the release of complex mt genomes, 
including Acer truncatum (2022)31, Salix wilsonii (2022)32, Momordica charantia (2023)33, and Apostasia 
shenzhenica (2023)34. In this study, for the first time, we described the basic characteristics of the C. illinoinensis 
mt genome. These findings provide important information for understanding the function, inheritance, and 
evolutionary relationships of the mt genome. The C. illinoinensis mt genome was a circular sequence with a 
length of 495,205 bp and a 44.98% GC content. The GC content was comparable to that of other sequenced 
plant mitogenomes, for example, A. truncatum (45.68%)31, S. glauca (44.07%)9, and Beta vulgaris (45.68%)35, but 
higher than that of the C. illinoinensis cp. genome (36.15%)18. The GC content is an the important component 
of different genomic regions, and variation in the GC content can be used to understand the evolution of 
genomes36. In addition, most sequences are noncoding in the C. illinoinensis mitogenome, and PCGs account 
for only 6.11%, which is probably due to the frequent recombination of repeated sequences and the integration 
of foreign sequences in the mitogenome during evolution.

Usually, tRNAs are composed of 70–100 nucleotides and are commonly found in all organisms. The 
nucleotide sequence of a tRNA forms a cloverleaf secondary structure through hydrogen bonds and then folds 
into an L-shaped tertiary structure37. This study predicted that all the pecan mitochondrial tRNA genes had a 
typical cloverleaf structure, and the results showed that trnD-GTC and trnM-CAT possessed different structures, 
and trnD-GTC, trnL-CAA, trnS-GCT, trnS-TGA, and trnY-CTA had an additional variable region. Owing to 
the particularity of the plant mitochondrial genome, analysing its tRNA genes can help in understanding its 
molecular composition, conservation, evolutionary history, and other information38. Previous studies reported 
that there was a conserved nucleotide sequence in tRNA, which was limited to the Ψ-loop39. This study 
revealed that the Ψ-loops of the tRNAs in pecan mitochondria was also the most conserved, with 7 nucleotides 
conserved. The conserved sequence could be summarized as U-U-C-x-A-x2, with a common sequence U-U-C 
in the Ψ-loop. In other regions of the tRNA, no completely conserved sequences were found, only some more 
conserved nucleotides. The first nucleotide of the tRNA in the acceptor arm was mostly the G nucleotide, and 
the first nucleotide with the highest frequency in the D-arm was also the G nucleotide. The first position in the 
D-loop was usually the A nucleotide, and the last position is usually the A nucleotide. In the anticodon loop, the 
last two positions were dominated by A-A nucleotides. The last two positions of the Ψ-arm were mainly G-G 
nucleotides.

TRNA Acceptor arm D-arm D-loop Anti-codon arm Anti-codon loops Ψ-arm w Ψ-loop Variable region

trnC-GCA ​G​G​A​A​C​C​G GCC ​A​A​G​U​G​G​C​U​A​A GAGU ​C​U​G​C​A​A​A GUCGG ​U​U​C​G​A​A​U

trnC-GCA ​G​G​C​U​A​G​G ACAU ​A​A​U​G​G​A​A UUGGA ​C​U​G​C​A​A​A GACGG ​U​U​C​G​A​C​C

trnD-GTC ​G​G​A​G​G​U​A GCU ​G​A​G​U​G​G​C​U​U​A​A UUGGU ​U​U​G​C​U​A​A AUGGG ​U​U​C​G​A​A​U AUACAA/GAAGA

trnD-GTC ​G​G​G​A​U​U​G GUUC ​A​A​U​C​G​G​U​C​A CCGCC ​C​U​G​U​C​A​A GCGGG ​U​U​C​G​A​G​C

trnE-TTC ​G​U​C​C​C​U​U GUCC ​A​G​U​G​G​G​U​U​A UCGUC ​U​U​U​U​C​A​U ACGGG ​U​U​C​G​A​U​U

trnF-GAA ​G​U​U​C​A​G​G GCUC ​A​G​C​U​G​G​U​U​A AAGGA ​C​U​G​A​A​A​A AGUGG ​U​U​C​G​A​A​U

trnG-GCC GCGGAA GCUU ​A​A​U​G​G​U​A UAGCC ​U​U​G​C​C​A​A GAGGG ​U​U​C​A​A​G​U

trnG-GTG ​G​C​G​G​A​U​G GCC ​A​A​G​U​G​G​A​U​C​A​A GUGGA ​U​U​C​U​G​A​A GCGGG ​U​U​C​A​A​U​C

trnK-TTT ​G​G​G​U​G​U​A GCUC ​A​G​U​U​G​G​U​A UUGGG ​C​U​U​U​U​A​A GCAGG ​U​U​C​G​A​G​U

trnL-CAA ​G​C​C​U​U​G​G GUG ​A​A​A​U​G​G​U​A​G​A CGAGA ​C​U​C​A​A​A​A GGAGG ​U​U​C​G​A​G​U GCU/AAAG

trnM-CAT GCGGGG GAG ​G​A​A​U​U​G​G​U​C​G​A UCAGG ​C​C​C​A​U​G​A GCAGG ​U​U​C​G​A​A​U

trnM-CAT ​G​G​G​C​U​U​A GUUU ​A​A​U​U​G​G​U​U​G ACCG ​C​U​C​A​U​A​A GUAGG ​U​U​C​G​A​G​C

trnM-CAT ​G​C​A​U​C​C​A GCU ​G​A​U​G​G​U​U​A​A CCCAA ​C​U​C​A​U​A​A GUAGG ​U​U​C​A​A​U​U

trnM-CAT ​A​C​C​U​A​C​U GCUC ​A​G​C​A​A​U​U​A UUGCU ​C​U​C​A​U​A​A AUUGG ​U​U​C​A​A​A​U

trnM-CAT ​A​C​C​U​A​C​U ACUC ​A​G​C​G​G​U​U​A UCGCU ​U​U​C​A​U​A​C AUUGG ​U​U​C​A​A​A​U

trnN-GTT ​U​C​C​U​C​A​G GCUC ​A​G​U​G​G​U​A GUCGG ​C​U​G​U​U​A​A GUAGG ​U​U​C​A​A​A​U

trnP-TGG ​C​G​A​G​G​U​G GCGC ​A​G​U​C​U​G​G​U​C​A UCUGU ​U​U​U​G​G​G​U AUAGG ​U​U​C​G​A​A​U

trnP-TGG ​A​G​G​G​A​U​G GCGC ​A​G​C​U​U​G​G​U​A UUUGU ​U​C​U​G​G​G​U ACGGG ​U​U​C​C​A​A​U

trnQ-TTG ​U​G​G​A​G​U​A GCC ​A​A​G​U​G​G​U​A​A UCGGU ​U​U​U​U​G​G​U AAAGG ​U​U​C​G​A​A​U

trnS-GCT ​G​G​A​G​G​U​A GCU ​G​A​G​U​G​G​C​U​U​A​A UUGGU ​U​U​G​C​U​A​A AUGGG ​U​U​C​G​A​A​U AUACAA/GAAGA

trnS-TGA ​G​G​A​U​G​G​A UCU ​G​A​G​C​G​G​U​U​G​A​A UCGGU ​C​U​U​G​A​A​A GGGGG ​U​U​C​G​A​A​U GUAUU/GAUAGG

trnV-GAC ​A​G​G​G​A​U​A ACUC ​A​G​C​G​G​U​A UCACC ​U​U​G​A​C​G​U AUCAG ​U​U​C​G​A​G​C

trnW-CCA ​G​C​G​C​U​C​U GUUC ​A​G​U​U​C​G​G​U​A UGGGU ​C​U​C​C​A​A​A GUAGG ​U​U​C​A​A​A​U

trnY-GTA ​G​G​G​A​G​A​G GC ​C​G​A​G​U​G​G​U​C​A​A​A​A ACAGA ​C​U​G​U​A​A​A GUAGG ​U​U​C​G​A​A​U GAA/CUUU

Table 2.  Nucleotide sequence in mitogenome tRNA of C. Illinoinensis.
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The repeat sequences are potentially important markers for population and evolutionary analyses40. Repeats 
in mt are essential for intermolecular recombination, which can contribute to extreme mitogenome sizes and 
structural variations6,41. In this study, dispersed repeats and SSR loci were intensively investigated. A total of 
447 dispersed repeats were identified in the C. illinoinensis mitogenome, and 357 repeats were less than 50 bp 
long, accounting for 2.47% of its genome. The maximum length of the repeats was 335 bp, and the repeats were 
not of medium or large size. This finding suggests that intermolecular recombination is less frequent in the 
mitogenome34. We also detected 432 SSRs in the C. illinoinensis mitogenome; among these SSRs, the number of 
monomeric and dimeric repeats was the greatest. SSRs containing AT/TA repeat motifs are more likely to appear 
in the cp. genome of Carya18,42, as well as in the mt genome.

RNA editing is a posttranscriptional process that can alter genetic information at the mRNA level in the mt 
genomes of higher plants, resulting in more efficient protein folding7. In this study, 482 RNA editing sites were 
identified in 37 PCGs of the C. illinoinensis mt genome. Among the codon transfer types, TCA = > TTA was 
the most common, with 70 editing sites, followed by CCA = > CTA, with 50 editing sites. After RNA editing, 
7.68% of the hydrophobic amino acids became hydrophilic, and 45.85% of the hydrophilic amino acids became 
hydrophobic. Consistent results were found in the genomes of both Bupleurum chinense35 and Diospyros oleifera43, 
where the most abundant transfer type in this plant was TCA = > TTA, which had been edited to change the 
hydrophobicity of more than half of the amino acids. In previous studies, RNA edits that occurred at the second 
position of a codon accounted for more than half of the total edits9. In the C. illinoinensis mt genome, 69.29% of 
the editing sites were also located at the second-position base of the triplet codon. In addition, the selection of 
mt genome editing sites in C. illinoinensis showed a strong bias, with C-T editing being the most common type 
of editing, except for one T-C editing, which is the most popular editing type in plant mt genomes according to 

Fig. 3.  The dispersed repeat sequences in the C. illinoinensis mt genome. (A) The four different types of repeats 
are distributed in the genome; the mt genome is represented by the two black lines, and the line segments are 
linked to the same repeats. (B) Distribution of lengths of dispersed repeats in the mt genome. The X-axis shows 
the type of dispersed repeats; the Y-axis shows the number of scattered repeats.
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several studies35,44. After RNA editing, some of the encoded amino acids became stop codons (TAA, TAG, and 
TGA). In the C. illinoinensis mt genome, two codons (CGA = > TGA, CAA = > TAA) were edited to generate 
a stop codon, which resulted in the coding process being stopped prematurely, thereby altering the function of 
the related gene.

Information on DNA transfer events between different genomes (mt, cp., and nuclear) has been obtained 
by sequencing analysis in many plants45,46. Previous studies revealed that DNA transfer events occur primarily 
from organelle genomes to the nuclear genome in angiosperms, followed by transfer from the nuclear genome 
and plastid genome to the mitogenome31,47–49. The transfer of DNA sequences among the cp. and mt genomes 
has been frequently observed in the mitogenome50. In many cases, the cp. DNA content in the mt genomes of 
most plants is 3–6%, sometimes as high as approximately 10% 51. In this study, a total length of 43,277 bp, was 
found to be transferred from the cp. genome to the mt genome, accounting for 8.74% of the mitogenome, which 
was greater than the mt genome lengths of A. truncatum (2.36%)31, Liriodendron tulipifera (3%)52, and Suaeda 
glauca (5.18% )9, which is comparable to those of Vitis vinifera (8.8%)53 and less than those of Cucurbita pepo 
(11.5%)41. The transfer of tRNA genes is most commonly observed in the transfer of DNA fragments from the 
cp. genome to the mt genome54. A total of 27 homologous fragments transferred from the cp. genome to the 
mt genome were identified, and these homologous fragments contained 8 integrated genes, 7 of which were 
tRNA genes. The different levels of integrity of the transferred PCGs and tRNA genes indicated that the tRNA 
genes were much more conserved in the mt genome, suggesting that they played an indispensable role in the mt 
genome. The metastases of tRNAs can be traced back to the memory of early horizontal gene transfer events. 
According to previous studies, cp-derived trnM-CAU first appeared in gymnosperms55; cp-derived trnD-GUC 
mainly appeared in dicotyledons44; and both trnM-CAU and trnD-GUC were found in the C. illinoinensis mt 
genome. However, the lack of cp-derived trnA-UGC, which is commonly detected in angiosperms, was lost 
during the early evolution of terrestrial plants45,51, suggesting that special evolutionary events may have occurred 
during C. illinoinensis formation.

In high plants, the total length of transferred DNA varies depending on the plant species, ranging from 50 
kb (Arabidopsis thaliana) to 1.1 Mb (Oryza sativa subsp. Japonica)56. According to our study, a total of 1,086 hits 
covering 364.023 kp of nuclear DNA have been transferred into the mitogenome of C. illinoinensis. Although 
the nuclear–mt transfer process has occurred in every pecan chromosome, the total length of hits and the 
percent coverage differ. Cheng et al.9 and Ma et al.31 reported similar results in Acer truncatum and Glycine 
max, respectively. Chromosome 16 had the longest total length (53.643 kb), whereas chromosome 8 had the 
shortest total length (10.559 kb). The transferred fragment lengths were mainly between 35 bp and 200 bp, and 

Fig. 4.  Relative synonymous codon usage (RSCU) in the C. illinoinensis mt genome. The X-axis shows the 
various amino acids and codon families; the Y-axis shows RSCU values. The boxes below represent all the 
codons that encode each amino acid, and the height of the top column represents the sum of all the codon 
RSCU values.
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Fig. 5.  Distribution of RNA-editing sites in the C. illinoinensis mt PCGs. The X-axis shows the name of genes; 
the Y-axis shows the number of RNA-editing sites.

 

Type RNA-editing Number Percentage

Hydrophobic CTC(L) = > TTC(F) 7 33.20%

CTT(L) = > TTT(F) 10

CCA(P) = > CTA(L) 50

CCC(P) = > CTC(L) 8

CCC (P) = > TTC (F) 6

CCG (P) = > CTG (L) 33

CCT (P) = > TTT (F) 10

CCT(P) = > CTT(L) 25

GCA (A) = > GTA (V) 1

GCG (A) = > GTG (V) 7

GCT (A) = > GTT (V) 3

Hydrophilic CGC (R) = > TGC (C) 9 12.86%

CGT (R) = > TGT (C) 28

CAC (H) = > TAC (Y) 9

CAT (H) = > TAT (Y) 16

Hydrophobic-hydrophilic CCA(P) = > TCA(S) 9 7.68%

CCT (P) = > TCT (S) 16

CCC (P) = > TCC (S) 9

CCG(P) = > TCG(S) 3

Hydrophilic-hydrophobic TCA (S) = > TTA (L) 70 45.85%

TCC (S) = > TTC (F) 27

TCG (S) = > TTG (L) 41

TCT (S) = > TTT (F) 36

ACA (T) = > ATA (I) 4

ACC (T) = > ATC (I) 2

ACG (T) = > ATG (M) 6

ACT (T) = > ATT (I) 5

CGG(R) = > TGG(W) 30

Hydrophilic- stop CGA (R) = > TGA (X) 1 0.41%

CAA (Q) = > TAA (X) 1

Table 3.  Prediction of RNA editing sites.
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the largest fragment length was 15.012 kb. The transfer from the nucleus to the mt can be ambiguous because of 
the difficulty in determining the orientation of the transfers9.

In conclusion, we presented the first mt genome assembly of a juglandaceae plant, C. illinoinensis. The C. 
illinoinensis mitogenome was circular, with a length of 495,205 bp. The conserved U-U-C-x-A-x2 consensus 
nucleotide sequence was found in the Ψ-loop of the tRNA. Furthermore, sequence repeats, codon preference, 
and RNA editing were analysed in the mitogenome, and DNA transfer events were detected among the cp., mt, 
and nuclear genomes. Finally, the evolutionary status of C. illinoinensis was verified by phylogenetic analysis. 
This study provides insights into the conserved sequences of tRNA genes and the evolution of the C. illinoinensis 
mitogenome.

Materials and methods
Plant materials and DNA sequencing
The plant materials of the pecan cultivar Xinxuan-4, which were collected from the seedling57 in Jintan District, 
Changzhou, Jiangsu Province, China (31° 42’ N, 119° 21’ E), were planted at Nanjing Botanical Garden, Jiangsu 

Fig. 6.  DNA transfer between mt and mcp genomes in C. illinoinensis. The graph displays the entire genomes 
of mt and cp. in cyan and purple, respectively. The different color blocks represent different functional gene 
groups.
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Province, China, (32° 03’ N, 118° 49’ E). Fresh leaves of Xinxuan-4 were collected and rapidly stored at -80 °C. 
Total genomic DNA was extracted via the modified CTAB method58.

The samples with good purity were retained for sequencing, following the standard sequencing protocol 
according to the manufacturer’s instructions (Illumina Inc., San Diego, CA, USA). Library construction was 
performed via the Truseq Nano DNA HT Sample Preparation Kit (Illumina USA). DNA underwent sonication 
and fragmentation to achieve a target size of 350 bp, which was subsequently amplified through PCR. Purified 
PCR products were obtained via the AMPure XP purification kit, and size distribution was assessed with the 
Agilent 2100 Bioanalyzer. Quantification of the library was performed via real-time PCR. Sequencing was done 
with paired-end PE-150 bp on the Illumina HiSeq 2500 platform, while the same DNA sample also underwent 
single-molecule real-time sequencing via Nanopore-based ONT (Oxford Nanopore Technologies). After 
sequencing, Trimmomatic v0.36 was used to remove low-quality bases and adaptor sequences from the raw 
Illumina reads59.

After the samples successfully underwent quality control, the third-generation sequencing experiment was 
conducted. Genomic DNA was randomly fragmented, and large DNA fragments were enriched and purified 
via magnetic beads. These large fragments were then cut and recovered, with any damage to the fragmented 
DNA repaired. After purification, end repair was performed on both ends of the DNA fragments, and an A tail 
was added. The connection reaction utilized the joints from the SQK-LSK109 kit. The constructed DNA library 
was then quantitatively assessed. Once a library of appropriate concentration was prepared, it was loaded into 
the flow cell and transferred to the Oxford Nanopore PromethION sequencer for real-time single molecule 
sequencing. The third-generation sequencing data were filtered via Filtlong v0.2.1 software and analyzed with 
Perl scripts.

Assembly and annotation of the mt genome
To obtain a high-quality C. illinoinensis mt genome, second-generation data were used fastp v0.20.0 ​(​​​h​t​t​p​s​:​/​/​
g​i​t​h​u​b​.​c​o​m​/​O​p​e​n​G​e​n​e​/​f​a​s​t​p​​​​​) software to obtain high-quality reads. The original third-generation data were 
spliced via Canu assembly software to obtain the contigs60, the parameters setting were “ genome size = 5 m, 
and correctedErrorRate = 0.03, then the contigs were compared to the plant mt gene database via BLAST 
v2.6 (https://blast.ncbi. nlm nih gov/ Blast.cgi). The contigs that aligned with mt genes were used as the seed 
sequences, which were extended and cyclized using the original data to determine the master structure (or 

Fragments
Length 
(bp) start end Cp genes Mt genes

1 15,012 91,918 106,928 rpl23 (partical: 6.38%), trnI-CAU, ycf2, ycf15, trnL-CAA, ndhb, rps7, trnA-UGC, trnV-GAC, rrn16S 
(partical: 42.32%)

trnV-GAC, rps7, trnL-
CAA, trnM-CAU

2 15,012 14,3934 158,944 rrn16S (partical: 42.32%), trnV-GAC, trnA-UGC, rps7, ndhb, trnL-CAA, ycf15, ycf2, trnI-CAU, rpl23 
(partical: 6.38%)

trnV-GAC, rps7, trnL-
CAA, trnM-CAU

3 1,379 159,052 160,430 rpl23 (partical: 55.67%), rpl2 (partical: 79.05%) ORF

4 1,379 90,432 91,810 rpl2 (partical:79.05%); rpl23 (partical: 55.67%) ORF

5 1,470 73,194 74,643 rpl33, rps18, rpl20 ORF

6 999 32,610 33,607 trnD-GUC trnD-GUC

7 936 30,335 31,270 petN ORF

8 684 18,580 19,263 rpoC2 (partical: 16.29%) ORF

9 726 44,030 44,755 psaB (partical: 6.53%); psaA (partical: 24.72%) ORF

10 425 142,348 142,772 ORF ORF

11 425 108,090 108,514 ORF ORF

12 458 72,531 72,988 psaJ ORF

13 777 69,916 70,670 psbE (partical: 51.59%) ORF

14 640 71,428 72,059 petG, petL, trnW-CCA trnW-CCA

15 889 143,488 144,351 rrn16S (partical: 57.95%) rrn18 (partical: 41.90%)

16 889 106,511 107,374 rrn16S (partical: 57.95%) rrn18 (partical: 41.90%)

17 147 69,242 69,388 psbJ ORF

18 83 136,237 136,319 trnN-GUU trnN-GUU

19 83 114,543 114,625 trnN-GUU trnN-GUU

20 368 33,198 33,556 trnD-GUC (partical: 89.19%) trnD-GUC

21 86 20 105 trnH-GUG trnH-GUG

22 78 57,284 57,361 trnM-CAU trnM-CAU

23 88 140,924 141,011 ORF ORF

24 88 109,851 109,938 ORF ORF

25 77 57,284 57,360 trnM-CAU trnM-CAU

26 40 81,667 81,706 ORF ORF

27 39 126,557 126,595 ndhA (partical: 1.71%) ORF

Table 4.  Fragment transferred from cp. To mt in C. Illinoinensis.
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Fig. 7.  Characteristics of mt and nuclear homologous sequences in C. illinoinensis. A. The percentage 
distribution between shared mt and nuclear matches. Blue boxes show the number of matches. The red lines 
represent the coverage of matches on mt and nuclear genomes. B The length distribution between shared mt 
and nuclear matches .
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subloop) of the ring; then the assembly was performed by NextPolish v1.3.1 61 ​(​​​h​t​t​p​s​:​/​/​b​l​a​s​t​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​
v​/​B​l​a​s​t​.​c​g​i​​​​​) using second- and third-generation data sequencing for correction. The specific parameters were 
“rerun = 3, -max_depth = 100 ”.

The annotation of the draft mt genome of C. illinoinensis was performed as previously described35. The 
encoded proteins and rRNAs were annotated via BLASTn searches of the published plant mt sequences at the 
National Center for Biotechnology Information (NCBI), and further adjustments were made on the basis of 
closely related species. The tRNAs were annotated via tRNAscanSE62 (http://lowelab.ucsc.edu/tRNAs can-SE/). 
ORFfinder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) was used to examine open reading frames (ORFs), 
and OrganellarGenomeDRAW1 (https://chlorobox.mpimp-golm.mpg.de/OGDraw.html) was used to construct 
the mt genome. The software of tRNAScan-SE 2.0 was used to predict the tRNA gene structure63 ​(​​​h​t​t​p​:​/​/​l​o​w​e​l​a​
b​.​u​c​s​c​.​e​d​u​/​t​R​N​A​s​c​a​n​-​S​E​​​​​)​.​​

Analysis of repeat sequences
Repeat structures including the forward (F), reverse (R), complement(C), and palindromic (P) repeats were 
analysed by vmatch v2.3.0 (http://www.vmatch.de/) software and Perl scripts. The minimum length was set 
to 30 bp, and the hamming distance was set to 3. A simple repeat sequence (SSR) is a type of tandem repeat 
sequence with a dozen nucleotides consisting of several nucleotides (usually 1 to 6) as repeat units. The software 
of the MicroSAtellite identification tool (Misa, https://webblast.ipk-gatersleben.de/misa/)64 was used to analyse 

Fig. 8.  The phylogenetic relationships of C. illinoinensis.
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the mt SSRs. The parameters used were as follows: mono-nucleotides repeated 8 times; di-nucleotides repeated 5 
times; trinucleotides repeated 4 times; and tetra-, penta-, and hexa-nucleotides repeated 3 times.

Synonymous Codon usage analysis
Relative synonymous codon usage (RSCU) was used to characterize the synonymous codon usage with 
CodonW1.4.4 (http://codonw.sourceforge.net/) of the mt genome, and the R package ggplot2 was used for 
plotting.

RNA editing analyses
The editing sites in the mt RNA of C. illinoinensis were identified via the mt gene-encoding proteins of plants as 
reference proteins. Site analysis was conducted via the Plant Predictive RNA Editor (PREP) suite ​(​​​h​t​t​p​:​/​/​p​r​e​p​.​u​
n​l​.​e​d​u​/​​​​​)​, with a cut-off value of 0.2.

DNA transformation
The genomes (cp. and nuclear) of C. illinoinensis28,65 were downloaded from the NCBI Organelle Genome 
Resources Database. The homologous fragments in the mt and cp. genomes were identified via BLAST v2.10.1 
software. The screening criteria were as follows: ≥ 70%, E-value ≤ 1e−10, and length ≥ 40.

Phylogenetic analysis
The conserved PCGs from the mt genomes of C. illinoinensis and 14 other taxa were used for phylogenetic tree 
analysis. The 15 mt genomes were downloaded from NCBI, and the conserved PCGs were extracted via TBtool 
software. The acquired sequences were subsequently aligned via Muscle software with default parameters.
Bayesian analysis was conducted via the MrBayesv3.2.7 software, with Markov chain Monte Carlo (MCMC) 
iterative calculations performed. A total of 1  million iterations were conducted, with sampling every 100 
iterations. The results showed that the first 25% of the system tree (burn-in) was removed, and a consensus tree 
was obtained with the majority of rules agreeing.

Data availability
The data were deposited under the NCBI SRA accession PRINA824975 (submission numberSRR18718033) 
(https:​​​//w​ww.n​cbi​.nl​m.n​ih.gov​/se​​arch​/al​l/?term=%20SRR18718033).
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